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Subsystem Integration for Tactical Missiles (SITM) 
and Design and Operation of 

Unmanned Air Vehicles (DOUAV) 
(AGARD CP-591) 

Executive Summary 

Both Tactical Missiles and Unmanned Air Vehicles (UAV) are important defence capabilities for NATO 
nations, and they will become more important in the future. The 21st century will be a turning point for 
tactical missiles and UAVs with regard to their affordability. Tactical missile suppliers are moving now 
toward efficiency which will greatly reduce the per unit costs. With dramatic improvements foreseen in 
multi-spectral sensors and secure, wide-band data links, UAVs will come into their own as 
reconnaissance assets able to provide high quality, real-time target imagery. The objective of these two 
meetings was to capture the current situation in these rapidly changing technical arenas. 

These Specialists’ Meetings met their objective. Different parts of this Conference Proceedings should 
be valuable to anyone currently: 

- considering the procurement and tactical application of UAVs and Tactical Missiles; 

- designing or developing UAVs and Tactical Missiles; 

- doing basic research in UAV. 

In the field of subsystem integration for tactical missiles, papers focused on successful examples of 
integrating advanced sensors, guidance control systems, and navigation systems. An additional session 
focused on methods for testing missiles, including lessons learned from Norway’s testing of the 
Penguin Mk2. 

The meeting on UAVs focused on design issues, payloads and their associated technologies, and 
operational issues. Specific systems described included: the French Self Contained Early Warning 
System against anti-ship missiles; the Phoenix; Boeing’s heliwing; the Crecelle, and the US Navy’s Tilt 
Rotor UAV demonstrator. 



L’intiigration des sous-syst6mes dans les missiles 
tactiques et la Conception et l’exploitation des 

viihicules sans pilote 
(AGARD CP-591) 

S ynth6se 

Les missiles tactiques, cornme les vChicules a6riens sans pilote (UAV) reprksentent des moyens de 
dkfense importants pour les pays membres de 1’OTAN et cette tendance doit s’accentuer h l’avenir. Le 
vingt-et-unikme sikcle marquera un tournant pour les missiles tactiques et les UAV en ce qui concerne 
leur acceptabilitk financikre. Les fournisseurs de missiles tactiques s’orientent actuellement vers une 
politique d’efficacitk qui doit permettre de rCduire leurs coots unitaires de faqon considerable. Avec les 
amkliorations spectaculaires prtvues pour les senseurs multispectre et les liaisons de donnkes skcurisCes 
ii large bande, les UAV prendront toute leur importance en tant que moyens de reconnaissance, capables 
de fournir des images de la cible de haute qualitC, en temps rCel. Ces deux rCunions ont eu pour objectif 
de capter 1’Ctat actuel des connaissances dans ces domaines techniques en Cvolution rapide. 

Ces rkunions de spkcialistes ont atteint leurs objectifs. Les diffkrentes sections de ce compte-rendu de 
confkrence seront riches d’enseignement pour tous ceux qui sont actuellement responsables: 

- de l’achat et de la mise en Oeuvre tactique des UAV et des missiles tactiques; 

- de la conception et du dkveloppement des UAV et des missiles tactiques; 

- de la recherche fondamentale en UAV. 

Les prksentations couvrant I’intCgration des sous-systkmes dans les missiles tactiques ont trait6 un 
certain nombre d’exemples de l’intkgration rkussie de senseurs avands, de systkmes de guidage- 
pilotage et de systkmes de navigation. Les mCthodes d’essais des missiles, y compris les enseignements 
tirks des essais du Penguin Mk2 par la Norvkge, ont fait l’objet d’une session supplCmentaire. 

La rCunion sur les UAV Ctait axCe sur des questions relatives ii la conception, aux charges utiles aux 
technologies associCes, et aux opCrations. Les systkmes spkcifiques suivants ont CtC dtcrits: le s,ystkme 
autonome franqais d’alerte lointaine contre les missiles anti-navire; le PhCnix; le “heliwing” de 13oeing; 
la CrCcelle, et le dkmonstrateur d’UAV h rotor basculant de 1’US Navy. 
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Theme 

The 21st century, will be a turning point for tactical missiles and UAVs with regard to their affordability. NATO will insist on 
more affordable systems and the tactical missile suppliers will respond with equal effectiveness at cheaper unit costs. With 
dramatic improvements in multi-spectral sensors and secure, wide-band data links, UAVs will provide high quality, real time, 
target imagery to anywhere on the battlefield. Recoverable and autonomous UAVs will expand their traditional role of 
reconnaissance and also demonstrate their capability of complementing manned aircraft in performing strike warfare. 
Reconnaissance and strike UAVs will offer NATO a dramatic improvement in affordability by reduced operation and support 
costs. 

Thkme 

Le 21kmc sikcle marquera un tournant pour les missiles tactiques et les UAV en ce qui concerne leur acceptabilitk budgktaire. 
L’OTAN insistera sur la nCcessitC de disposer de systkmes plus abordables et les fournisseurs de missiles tactiques devront 
rCpondre en mettant B disposition des produits d’efficacitC Cgale mais B moindre coot unitaire. Avec les amCliorations 
spectaculaires prCvues dans le domaine des senseurs multispectraux et les liaisons de donnCes sfires h large bande, les UAV 
pourront transmettre des images de la cible B n’importe que1 point du champ de bataille. Les UAV autonomes et ricupCrables 
permettront d’ Clargir leur r81e traditionnel d’engin de reconnaissance et aussi de faire apparaitre leur aptitude au soutien des 
avions pilot& dans les frappes atriennes. Les UAV de reconnaissance et de frappe permettront B 1’OTAN de faire un grand 
pas vers des coots acceptables en riduisant les coQts d’exploitation et de maintenance. 
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AGARD Specialists’ Meeting On 
Subsystem Integration For Tactical Missiles and 

Design and Operation of Unmanned Air Vehicles 
Introduction - The Turning Point 

Leland M. Nicolai 
Lockheed Martin Skunk Works 

101 1 Lockheed Way 
Palmdale, California 93599 

The remainder of this century is viewed 
as the turning point for tactical missiles and 
UAVs. For tactical missiles the next few years 
will see a new stable of precision tactical weap- 
ons that are affordable. Industry will be ex- 
pected to field new weapons at very challeng- 
ing unit cost targets. For UAVs the next few 
years will bring vindication and respect. 

The tactical missile affordability issue 
was recently high lighted with the cancellation 
of the AGM-137 Tri-Service Standoff Attack 
Missile (TSSAM) in the US. The TSSAM was 
to be a low signature, air-launched cruise mis- 
sile for standoff attack of high value targets. 
When the TSSAM program was started in 1985 
the unit cost target for the 2250 lb cruise tnissile 
was $400K (US). When the program was can- 
celled in December 1994 the unit cost for 4000 
units was $2.136M. The requirement for 
TSSAM still exists and the US Air Force and 
Navy have launched the Joint Air-to-Surface 
Standoff MIssile (JASSM) program with a unit 
cost target of less than $600K. 

The current precision air-to-surface 
tactical weapons under development are (all $ 
in 1995 US): 

.Joint Air-to-Surface Standoff Mis- 
sile (JASSM): A replacement for the cancelled 
AGM-137 TSSAM at a unit cost < $600K. 

.Joint Standoff Weapon (JSOW): A 
stealthy glide weapon at a unit cost < $100K 
for the baseline (GPS guidance plus CEBs). 

.Joint Direct Attack Munition 

(JDAM): A GPS/INS tailfin kit for standard 
bombs at a unit cost < $20K. 

.Conventional Armed Standoff Mis- 
sile (CASOM): Performance similar to JASSM 
at a unit cost < $ l M .  

UAVs have been fighting for respect for 
decades. In the past UAVs had a real and per- 
ceived inferiority with manned aircraft. The 
UAVs with their automation and artificial intel- 
ligence could not handle uncertain or unfore- 
seen events such a s target uncertainty or emer- 
gencies. Manned aircraft with the human brain 
aboard could handle such events. The technolo- 
gy available today in the form of sensors and 
wideband data links can transmit target scene 
imagery real time to a remote vehicle manager. 
The remote vehicle manager can view the 
transmitted imagery, make a decision, interrupt 
the autonomous operation of the UAV and tell 
it what to do next in the case of uncertain or un- 
foreseen events. 

This real time transmission of imagery 
(termed telepresence) to a remote vehicle man- 
ager essentially eliminates the real inferiority 
that UAVs have had compared to manned air- 
craft as it puts the human brain onboard the 
UAV. Telepresence opens the door for a recov- 
erable UAV performing tactical strike and sup- 
port missions and is the foundation for a new 
ARPA initiative called Unmanned Tactical Air- 
craft or UTA. 

Tactical reconnaissance is being per- 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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formed today by UAVs. Figure 1 shows the cur- 
rent and future stable of reconnaissance UAVs 
being pursued by the Defense Airborne Recon- 
naissance Office (DARO). The General Atom- 
ics Predator shown in Figure 2 is performing 
the DARO Tier 2 mission with its recce tnis- 
sions over Bosnia. Its payload of 450 lb in- 
cludes a synthetic aperature radar (SAR) which 
provides one-foot resolution from 15000 feet 
with a 6.2 mile slant range. The Predator has a 
70 knot cruise speed and 24 hour endurance at 
25000 f t  altitude. Its price is $3.2M per copy. 

The Lockheed Martin Tier 3- Darkstar 
shown on Figure 3 is currently in development. 
The first of two prototypes is scheduled to fly 
by the end of 1995. The Darkstar features low 
signature airframe and sensors in order to get 
closer to defended targets for better imagery 
and targeting. The Tier 3- has a 300 knot speed 
and 12 hour endurance at 50000 ft with a 1000 
lb payload. The payload is either a SAR or EO/ 
IR camera with one-foot resolution for SAR 
and EO, and two-foot resolution for IR in the 
spot mode. The resolution is three-feet for all 
sensors in the wide-area search. The coverage 
is as shown on Figure 1 .  The Tier 3- price tag 
is $ 1  OM per copy. 

The Teledyne Ryan Tier 2+ is in con- 
cept development and is shown on Figure 4. 
The Teledyne endurance U.4V is designed for 
42 hour endurance at 65000 feet with a 2000 Ib 
payload. The payload will feature standoff ra- 
dar, EO and IR sensors with one-foot resolu- 
tion in the spot mode and three-foot resolution 
in the search mode. The data link will permit 
transmission at 50 megabits per second allow- 
ing real time imagery by satellite link. The Tier 
2+ cost target is $ I  OM per copy. 

The near term demonstrations and op- 
erational deployment of the endurance UAVs 
plus the proposed ARPA UTA demonstrations 
of telepresence should eliminate the perceived 
inferiority of UAVs so that they can take their 
rightful place as equal to manned aircraft. The 
UAV would offer a greatly reduced LCC due to 
minimal flying required during peacetime 
training. 

The future for UAVs is certainly bright 
as the Tier-XXX is fielded next century and the 
UTAs perform tactical strike and support mis- 
sions in concert with manned aircraft. 

Figure 1 Area coverage of DARO endurance UAVs 
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Figure 2 Teledyne Ryan Tier 2+ Configuration 
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Specifications 
Length 
Span 
Height 
Max. gross weight 
Speed 
Altitude 
Radius of action 
Sensors 
Mission 

15 ft. 
69 ft. 
5 fl. 
8,600 Ibs. 
Subsonic 
More than 45.000 ft. 
More than 1,000 nautical miles 
Radar or electro-optic 
Reconnaissancelsurveillance 

Figure 3 Lockheed Martin Tier 3- Darkstar UAV 



Figure 4 General Atomics Tier 2 Predator UAV 



UNMANNED TACTICAL AIRCRAFT 

Col. Michael S. Francis 
Director Unmanned Tactical Aircraft 
ARPAfITO, 3701 N. Fairfax Drive 
Arlington, VA 22203-1714, USA 

Presentation to 
AGARD Specialists’ Meetings 

Col Michael S. Francis 
October 9, 1995 
Tilbitak, Ankara, Turkey 

Paper presented ai the FVP Specialisrs’ Meetings on “Subsystem Inlegraiwn for 
Tactiwl Missiks (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV)”, 

held in Ankara, Tu-, fmm 9-12 October 1995, and published in CP-S91. 
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+ Background 

+ The UTA Vision 

+ Initial Focus 

Unmanned Tacrical Aim@ 

+ Understand the Potential of Unmanned Tactical Aircraft 
- Force Effectiveness and Multiplication 
- New Capabilities 
- Impact on Force “Affordability” 

Understand the Enabling Technologies 
- CurrenWrojected Limitations 
- Resolution of Deficiencies 

+ Identify Near-Term Demonstration Opportunities 
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Unmanned Tactical Aircr4 

+ UTA is not a cruise missile or a UAV - it is a general purpose 
tactical aircraft 
- With remote operator 
- With full aircraft payloads and systems 

+ UTA is uninhabited, but otherwise functions like a piloted vehicle 

+ UTA captures the benefits of manned and unmanned operation 
- The remote operator control higher level mission hctions 
- The air vehicle has mostly autonomous modes augmented by operator ovemde 

- The remote operator's mission interface fused many sources of tactical 
based on judgment 

information including data from the aircraft sensors and avionics systems 

+ UTA can be designed for enhanced performance without 
pilot constraints 

* KEEP THE OPERATORS HEAD IN THE COCKPIT * 
- LEAVE THE REST OF HIM AT HOME I 

The Conhibution 
+ Critical Decisions 

- LifeorDeath 

- saw 
- Missionplanning 

- Tactics 

4 Data Interpretation I 

w - r.- 

+ Information 
Synthesis 

+ 
+ Dhd Sensing 
W) 

6 ManualControl 

Unmanned Tactical Aircraft 

The Penalty 
Environmental Adaptation 

Heat of Battle Effectiveness 

Human Interfaces 

-oxygen -Pressurization 

- Workload -Strew 

- Displays -switches 
- Comfort 

SafetyLevd of Rink 
Susceptibilities 
- MotionSich- 
- Disarientation (e.g., vertigo) 

- Acceleration (gs) 
- Gravitational Orientation 
- Endurance 
Training and Proficiency 
Additional Infrastructure 
- Airaew support systems 

Limitations 

- Search and Rescue 
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-- 
Unmanned Tacticd AircrafI A 

*on 
+ Samtehagery 
+ AdvancedCommunicatio 
+ SurveillanceUAVs 
+ CommandandContml 

+ OtherC3Nodes 
+ GPS 

Platfom (TSTARS, AWAC 

/ m  - cl \ 

On-Board Sensork 
t Radar 
+ Infrared 

+ TargetingSystems 
+ Visualhnagery 

e 
Robust Control Advanced Disital Processing 
+ DigitalFBW/FBL + Navigation 
+ VectoredThrust + Mission Functions 
+ Reconfigurable Systems + Displays 
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+ The Lockheed L-1011 Demonstrated Virtually Hands-Off 
Intercontinental might from Throttle Up to Power Off 25 Years Ago 

+ A Buffalo Hunter RPV with a Television Camera Demonstrated Live 
Bomb Drops 25 Years Ago 

+ A Large Classified UAV Recovered Autonomously from Catastrophic 
Control Systems Failures on Final Approach on Two Consecutive 
Missions Several Years Ago 

+ The F-117 Today can Fly a Complete Mission from Wheels Up to 
Wheels Down without Pilot Input Except Weapons Release Consent 

+ The F-16 Fighter is so Automated it would be Virtually Impossible to 
Fly without Systems On 

+ The Pilot in an F-22 will be an “Executive Systems Director” for 
High Level Mission Functions 

+ A 5 Gbps COTS Computer will be Available this Fall 

Unmanned Tactical Airerafl + Expanded Range of Mission Options 
-Extremely Hazardow Operations (e.g. SEAD) 
-TwgetsInappropriate for Cruise Missiles @ow Value, Last Minute Decisions Required) 
- Imprecii Target Information and Targets of Opportunity 
-Politically Sensitive Missions 

-Lower AcqGition Casts - Eliminate Man-Related Requirements, Shorter Life 
- Signifcanfly Lower O&S Costs ( - 50%) (New CONOPS, Manned Interface, 

Wartime Surge Capabii) 
-Exploit ‘Ehd of Life’ Assets 

- FundamentaUy Superior Air Vehicles 
-Larger Force due to Decreased Unit Cost 
- A New Class of Weapon Systems 

- Operafor as “The Center of Information” 

+ More Affordable Ai Power 

+ Tactical Deterrence 

Full Exploitation of The Information Revolution 
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Unmanned Taciical Aircmfl 

Keep the Pilot's Head in the Cockpit 
Leave the Rest of Him at Home 



Unmanned Tactical Aircmft 

Relocate Design the aircraft for performance, not to suit the pilot 
exploit missile smctural concepts 

for higher structural efficiency 
and reduced weight 

exploit strategic and 
tactical missile system 

technology for reduced weight 

+ LOW COST PLATFORM 

-Mil lh l lOnhdAVidW 

optimize inlet for arrange apertures and eliminate vertical tail and 
observahles and sensor locations for optimize exhaust for ohservahlea 

propulsioo efficiency greatest effectiveness and rhrust vector contml 

ELiminate mckpit 
weight and volume 

Eliminate cockpit 
side and frontal area 

Modify life cycle shape for observables forward for optimum drag and efficiency 
operatiog concepts 
- vehicle utilization 

optimize nose shift engines shorten fuselage and shape 

4 
- maintenance optimize wing position design suucnues for increased 

stiffness, reduced fatigue cycles, 
shnrer life. and higher g loadings 

for aerodynamics and new 
CG position 

virtualinterface via 
simulation (train as Supennaneuverability (ISg's) 

Reduced size (-40%) for equalperformance 
Reduced observables 

+ EVOLVED MISSIONS 

K1-7 

I Unmanned Taetical Aircrop 

: i( 
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NearTerm 
+ communications 

- Link Oriented 
- Bandwidth vs Vehicle Trades 

+ Command and Control 
- Evolved Control Station 
- Limited Number of Aircraft 

+ Airvehicles 
- Existing Manned Platforms 

- End of Life Assets 
or Derivatives 

+ Missions 
-Niche Applications 
- Relatively Simple 

Unmmned Tacticd Aircrafr 

I 
The Fhtpre 

+ Communication - Robust 
- Network Oriented 
-Agile and High Capacity 

+ Command and Control 
- Optimized Operator Interface 
- Large Vehicle Fleet 

- Low Cost Platforms 
- Low O&S Requirements 
- “Surge” Fleet for Wartime Contingency 

+ Air Vehicles 

+ Missions 
- Broad Mission Applications 
- Complex Functionality 

UnmMned Tactical Aircmfl 

- TAG Ncm Tern - 
+ Robust, Meaningful Demonstrations (...Dispel the Skeptics) 

- Routine aircraft functions - repeatedly (takeoff, landing, navigation) 
- Mission essential functions (e.g., aerial refueling) 
- Communications integrity 
- Rapid reaction and replan 
- Flexible human intervention 

+ A Product with Legacy 

+ Acceptance and Exploitation of the Capability 
- User “Buy-In” 

+ Identify the Affordability Paradigm 



K1-9 

r 

Unmanned Tuctical Aircrap 
momtion  w o n  A-- Airwaft Automation 

Enabling air vehicle and 
informationfrtsion technologies 

are oflthe shelf or available 

Computing 

F-117: Night Ground Attack 

PROS CONS - Allnmt W y  Jnwgated Night Ml.?SlOhs only 
- oigital Pcs unique, Expensive Asset 

Threat 
-Highly Automated Eil& Manned Missian 
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Unmanned Tactical Aircrap 

+ Low Cost Manufacturing Processes 
- Composite Structures for Modular Aircraft 
- “Store-and-Fly” Technologies 

+ Advanced Digital Communications 
- Distributed Bandwidth Communications 
- Agile Networks 

+ Advanced Flight Control 
- Fly-By-Light 
- Advanced Vectored Thrust 
- Vortex Management 

+ Limited Life Component Technologies 
- Low Cost Sensors 

+ High-g Air Breathing Propulsion Systems 

r- 
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Defence materiel is more or less developed 
and procured according to standard project manage- 
ment systems. The development of such systems 
starts with the threat analysis and ends with its dis- 
posal. Recent changes in the political and the strate- 
gic situations in the world resulted in new military 
scenarios. In parallel to the new advances in techno- 
logy, new military scenarios lead to more damaging 
and advanced types of weapon systems. Yet sharply 
decreasing defence budgets put limits to these deve- 
lopments. 

1. INTRODUCTION 
New military needs and advances in techno- 

logy lead to missile systems that are more costly 
thanever before. On the other hand the technological 
advances make it possible to produce new system 
that are more capable, moduler and meating higher 
performance goals. A cost effective missile design 
requires the use of fast and sophisticated aerodyna- 
mics and flight mechanics tools to optimize the con- 
figuration. The configuration is determined by not 
only aerodynamics but also considerations of vario- 
us disciplines, such as internal aerodynamics, aero 
thermodynamics, aeroacoustics, structural loads, 
flight mechanics and all types of signature. 

Use of the Total Missile Damage Concept, 
tandem warheads, smokeless and low signature pro- 
pellants , beam-riding guidance systems, GPS navi- 
gations and fiber optics based guidance systems, ab- 
sorbent structural materials for stealth are some of 
the more important examples of technological ad- 
vances that have occured in missiles. 

Also mobility of targets are increasing rapidly 
and it is required that the system reaction times must 
be shorter than before. Therefore, existing tools .ne- 
ed to be improved and new tools must be generated 
to achieve the required performance targets. 

As a result of the new geopolitical structure and 
technological advances new missiles must have high 
penetrativitiy, high efficiency and high flexibility in 
addition to their affordability and avalability chancte- 
rictics. 

2. PROGRAM DEVOLOPMENT UNDER THE 
NEW THREAT ENVIRONMENT 

The acquisition process for major defense 
systems starts with the mission area analysis and ends 
with its disposal (1). The flowchart of a standard pro- 
ject management system is shown in Fig.1. At the end 
of each phase, the need for the programme is reasses- 
sed, using milestone decision reviews, by The Secre- 
tary of Defense or the Service Secretary as required, 
before additional resource is authorized. At each revi- 
ew, the decision authority can choose to continue the 
present phase, proceed to the next phase, or cancel the 
program. 
The methodology used in Research and Development 
programs is quite similar to that explained above for 
major defense systems acquisition process (2) . The 
flowchart of this R&D methodology is explained in 
Fig.2. Military needs in the postulated geopolitical 
scenarios of peace, crisis and war that are adopted to 
the mission needs constitute the basis for the system 
concept development. A key feature is that if there is 
a changes in military priority, in the geopolitical sce- 
nario, or there are other changes, the planner should 
determine the necessary programme modifications. 

Development of military needs depends on a de- 
tailed threat analysis. Missiles can be given as a good 
example for military needs. The new political and 
strategic situation and newly emerging missile tech- 
nologies are the two basic factors taken into conside- 
ration to carry out a correct threat analysis. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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The New World Geopolitical and Threat 
Environment 

The disarmament activities after the collapse 
of the USSR have significantly changed the politi- 
cal and strategic situations in the World. Many co- 
unts of missiles and guns have been destroyed in 
the Western and Eastern Blocks respectivily. In or- 
der to control the armament proliferation, the num- 
ber and types of guns in each region have been de- 
termined. Treaties like Missile Technology Control 
Regime (MTCR )put limit on the range and warhe- 
ad types of the missiles. As a result, the risk of mass 
destructions of larger armies have been decreased 
drastically, especially for NATO countries. Howe- 
ver, new changes in the regional political structures 
created new dangers and assigned new roles to the 
NATO and the United Nations (2,3). These changes 
and the new roles are as follows; 

a. Increasing local conflicts 
b. Multinational peace keeping operations 
c. Regional conflict management using limi- 

ted size national troops 
d. National point defense tasks against terro- 

rist attacks 
e. Surveillance, reconnaissance, inspection 

and control activities in buffer zones in connection 
with boycott, disarmament measures and further de- 
fence activities. 

According to the geopolitical scenarios , as 
described for peace, crisis and war, a system con- 
cept recommendation matrix is given in Fig.3. For 
example, surveillance and monitoring systems wo- 
uld be of high priority for peace, while improved 
weaponry would be emphasized for war. Key Rese- 
arch and Technology Development Programme re- 
commendations would be prioritised in a similar 
manner (2). In result of these, R&D programmes 
are managed according to a nine step flowchart as 
shown in Fig.4. 

The above mentioned conditions, in addition 
to the declining defence budgets as shown in Table 
1 forced many nations to decrease their armed for- 
ces in terms of number of personnel and metariel 
(4). On the other hand, armed forces started to ask 
for better quality, more sensitive and cheaper wea- 
pon systems (5). Due to the regional conflicts, 

transportation of highly qualified troops and metariel 
from one place to another becoming increasingly 
important. As a result, many of the weapon systems 
are started to be designed as air transportable and air 
droppable. Therefore, it is necessary to design these 
systems as usable in diverse geographical areas un- 
der very different climatic conditions during day and 
night. Futhermore the agility of the targets necessita- 
tes high precision weapon systems to hit their tar- 
gets. All These require the use of intelligent and au- 
tonomous weapon systems with minimum human in- 
terference, a development that leads to the use of mi- 
nimum man power and maximum automation. 

The number of killed people in conflicts nor- 
mally arises political anger in international arenas. 
For this reason, non-lethal weapons such as oxide- 
zers for metal made materials, stickers for attackers, 
chemical agents which blind or faint the people tem- 
porarily and ect. are becoming increasingly impor- 
tant for the future developments. 

Finally, invisible and inaudible activities recei- 
ve highest importance and priority in the future. 

3. IMPACT OF NEW TECHNOLOGIES 
ON MISSILE DESIGN 

A lot of new technologies have emerged in re- 
cent years. Some of these technologies have signifi- 
cant impact on aeromechanical design of missiles 
(3). However the basic configurations of missiles 
are not significantly altered and more or less remain 
the same as shown in FigS. Interactions of various 
technology areas in the design of modem missiles 
can be seen in Fig.6. In the following, some of the 
basic developments that effect the design of new 
missile systems will be explained in detail. 

3.1 Lethal Payload 
The terminal accuracy achieved must match 

with the characteristics of the lethal payload carried 
by a missile. (6). 

The design goal for any warhead and the asso- 
ciated fuzing used to initiate it is to deliver as much 
damaging agent as possible to the target. A warhead 
might typically be only about 10 % of the launch 
mass of the air defence missile .On detonation, only 
about 10 % of the warhead products actually strike 
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the air target. Any means of increasing the ratio of 
lethal payload to the launch mass would clearly be 
desirable. One means of improving this ratio would 
be to use the entire missile as a source of damaging 
agents. This can be achieved by breaking up the mis- 
sile prior to intercept, thus creating a cloud of frag- 
ments which may potentially strike the target. This is 
called as "The Total Missile Damage Concept". Tra- 
jectory shaping must be arranged according to the 
miss distance and tailored very well to apply this con- 
cept. Another way to increase the effectiveness of 
warhead is to use aimable warheads. Aimable warhe- 
ads, which can be detonated in a preferred direction, 
have the potential of directing more of their dama- 
ging agents towards the target than conventional 
axisymetric designs. This has to be studied carefully 
in terms of aeromechanical and guidance considera- 
tions. 

3.2. Warheads 
Frontal part of the missiles consist of the war- 

head, so that, outer shape and weight of the warhead 
will influence the design of a missile. Submunition 
warheads are designed to be used in Multiple Launch 
Rocket Systems to put the target area under fire. Se- 
paration of submunition from a missile body is a 
problem area to be studied. During the last decade, 
armour technology has been further developed, such 
as the reactive armour, multilayer armour, composit 
armour and smart armour. Consequently much new 
progresses has occured in armour pierceing techno- 
logy. Tandem warheads and high L/D and high velo- 
city penetrators have been developed. The extensive 
increase in missile velocities creates aerodynamic he- 
ating of the sensor domes(4). For IR domes active co- 
oling or the use of covers might be a solution. The 
use of ceramic or fiber reinforced materials creates 
some favorable advantages in terms of aerothermal 
and aeroelastic properties including weight reduction 
factor. 

3.3 Propulsion Units 
New turbo propulsion units for low-velocity ve- 

hicles and smokeless and low signature propellants 
are the new challenges for designers in this field (7). 

The combination of these systems can lead to 

new missile designs with different flight paths. Very 
high missile velocities obtained by means of new pro- 
pellants cause aerothermal problems on the frontal 
part of the missile. 

3.4. Guidance 
Beam-riding guidance systems and very cheap 

and powerful electronic components, and PCs lead to 
more intelligent and autonomous missiles or to more 
elaborated launch and guidance units (3,6). 

New data links like laser beam or glass fiber-op- 
tics give the opportunity for a more precise homing 
and for transmission of a lot of data acquired. High 
power television cameras or improved IR, MW or Ra- 
dar Sensors with high sensitivity give the opportunity 
to make better picture scanning, processing and in- 
terpretation. All these new developments can provide 
better opportunities to identify a target with much hig- 
her precision on greater range. 

The use of GPS for navigation has become com- 
mon and leads also to much higher precision. Laser 
and radar altimeters are of much higher precision and 
are much more independent of the environment than 
the classical ones. 

For high velocity missiles, the use of classical 
control surfaces is a problem because of the high 
temperatures causcd by the aerodynamic heating, ma- 
inly in the wing tips. In such cases, to develop new 
control mechanisms becomes necessary. The methods 
of thrust vector control, injection technique, pyrotech- 
nique force control, and grid lines are the new control 
techniques currently under study. 

3.5 Stealth 
Stealth will be taken to mean the reduction of 

target detectability in the electro-optical as well as the 
radiofrequency bands. There are two broad levels of 
stealth ( 5  ). 

Partial stealth, in which major scattering points 
such as air intakes, cockpits and radomes are treated 
to reduce radar echoes and hot areas such as exhaust 
of turbine motors are masked. Partial stealth might 
reduce the RCS of a typical fighter aircraft from 
around 10 m2 to around 1 m2 and a cruise missile to 
0.1 m2. Yet, performance is not significantly affected. 
These measures are not excessively expensive and 



K2-4 

can be applied to substantial numbers of targets. 
Full stealth with special target shaping, meticu- 

lous care taken to deal with every scattering point and 
generous use of radar-absorbent materials, including 
absorbent structural materials. Equally elaborate me- 
asures may be taken to reduce IR radiation and opti- 
cal visibility, including visual camouflage. 

Signature management becomes a predominant 
requirement, and as the unconventional configurati- 
ons are used to mask IR sources, aerodynamics is 
compromised and performance is reduced. Develop- 
ment and production costs are very high and are only 
affordable by rich and technologically developed na- 
tions. 

3.6 Integrated Design 
In order to achieve higher velocities, it is neces- 

sary to reduce the drag of a configuration. This leads 
to the integration of intakes and sensors with the 
body and conformal camage of stores. 

For long range, low velocity vehicles, there is a 
trend to develop low velocity vehicles, stealthy confi- 
gurations. This forces the designers to optimize the 
missile geometry in terms of its aerodynamic shape 
and its signature. The same problems must also be 
solved for dispenser weapons with their unconventio- 
nal non-circular cross section shapes ( 1). 

Parachutes and gliders used to decelerate sub- 
munition or loads are another point of interest with 
their complicated aerodynamics and flight patterns. 

The targets or missions are mainly the same but 
the geopolitical scenarios changes the distribution of 
these targets all over the world. Technical develop- 
ments have increased the mobility of the possible tar- 
gets so that the new combat situations require new 
characteristics from the missiles. 

The targets and the missions that are expected 
to be important for missiles can be classified (1) and 
given in Table 2. 

4. MISSILE TYPES OF INTEREST 
Missile types are classified according to the 

new target structures and their specific characteristics 
have been derived according to the corresponding 
mission. 

4.1 Tactical Ballistic Missiles (TBM) 
JNF treaty froze the stuation by setting a range 

treshold of 500 km or less. The current range, about 
30 km of unguided Multiple Launch Artillary Rocket 
Systems are intended to increase their range up to 
100-150 km. Because their unguided characteristics 
some guidence elements has to be used to increase 
their hit probabilities. 

For the long range ballistic missiles because of- 
very high velocities in atmospheric heights, these 
missiles have similar problems to those of space ve- 
hicles. Maneuverability will be a subject to be studied 
for TBM's. The characteristics to be considered for 
the future TBM are as follows: 

Modular warhead capability (explosive to sub- 
munition) 

Good accuracy with terminal guidance (use of 
GPS) 

Excellent penetration capabilities in the current 
air defence system. 

Limited payload mass. 

4.2 Ballistic Missile Defense 
Under the Ballistic Missile Defense, early war- 

ning systems, Hawk Air Defense System and Patriot 
Missile Systems are being improved and modified, 
in order to intercept missile attacks such as Scud 
class ballistic missiles(5). 

The main improvement for Patriot Systems oc- 
cured in their radars of Patriot Systems.Under this, 
three major improvements have been accomplis- 
hed.Which are; 

a. Engagement with stealthier targets 
b. More lethal intercept capability 
c. Improved system reliability 
New program in this field is the Extended Ran- 

ge Interceptor missile (ERINT) which provides sig- 
nificantly improved capabilities against missile thre- 
ats. Here, the selected missile uses hit-to-kill techno- 
logy to destroy attacking ballistic missiles, especially 
those carrying weapons of mass destruction. The new 
ceramic radome is lighter and less expensive than the 
older radome. The ceramic radome is a high-strength 
ceramic composite that has improved performance 



characteristics in every critical area. 

4.3 Hypersonic and High Velocity Missiles 
Demands for high kinetic energy, short reaction 

time and high penetrativiy can be satisfied by reac- 
hing high velocities. According to different target and 
mission types several classes of high velocity missiles 
can be defined. Because of very high velocities, in ad- 
dition to aerodynamic and flight mechanic problems, 
aero thermal heating , severe stress distribution and 
erosion created by dust grain and rain are some prob- 
lems to be studied in detail. 
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4.6 Subsonic Cruise Missiles 
This kind of weapon is more dedicated to relati- 

vely fixed and high value targets. They are cheap and 
effective stand off weapons. They have the range bet- 
ween 100 to lo00 km with up to 500 kg payloads. To 
build such a system in a more cost effective manner, 
it is necessary to use low cost airframe and propulsion 
technology. In the future, stealthy design, excellent 
accuracy using electroptics and thermal imaging, ter- 
rain following, termal imaging and INS/GPS hybrid 
midcourse guidance are desired. On the other hand, 
the vulnerability and penetration capabilities are pro- 
bably not so good, due to their low speed. 

4.4 Hypersonic Missiles-Short Range 
High velocity short range missiles can carry the- 

ir energy to longer distances than projectiles and they 
have the maneuverability. They can be used against 
targets like TBM, missiles, aircraft, tanks and helicop- 
ters. To reduce the reaction time while keeping the 
posibility to aim at targets approaching from any di- 
rection, vertical launch followed by a fast turn manoe- 
uvre to almost horizontal flight is used in most cases. 
The velocity of these missiles lies between Mach 6 to 
8. Aero elastic structure and control devices are sub- 
jects to be studied. The selection of surface material 
and guidance unit are two other subjects for researc- 
her. 

4.5 Hypersonic Missiles-Medium to Longe 
Range 

High velocity missiles for medium to long ran- 
ges have similar features to those of short range mis- 
siles. The speed will be a little lower (around Mach 4 
to 6) and typical cruise height would be between se- 
veral hundred to several thousand meters. The aim in 
developing such systems is to obtain better penetrati- 
vity without using stealth features. If the speed is low, 
the level of signature will gain more importance with 
increasing range. The aerothermal heating is still im- 
portant for radome. If air breathing propulsion unit is 
used for this type of missile, optimisation of drag be- 
comes very important and this leads to unconventio- 
nal missile design with a body having non-circular 
cross section. 

4.7Supersonic Cruise Missiles 
Velocity, flight profile and maneuverability of a 

weapon system describe its penetration capability. 
To enhance the penetration capabilities, super- 

sonic stand off weapons can be designed for particu- 
larly nuclear versions. 

4.8 Hypersonic Projectiles 
Penetrators shot from electro thermal or electro- 

magnetic rail or coil guns are mainly intended to be 
used as antitank weapons or as ditch for TBM and for 
air defense as a kind of an improved shell. 

These kinetic energy projectiles require relati- 
vely high mass and very high velocities of around 
Mach 6 to 10. Since the velocity decreases rapidly 
their range is limited to several kilometers. 

Generally, these projectiles are fired from gun 
tubes with sabots. Separation of projectile from sabot 
creates some aerodynamic and trajectory problems. 
High L/D ratios causes some aeroelastic deformati- 
ons, also. 

The hit probability, especially for air targets can 
be increased considerably by using guided projectiles. 
A favourable guidance principle is the collision point 
oriented line of sight guidance. The control devices 
may consist of lateral thrust system or of a bending 
nose. The main problem is the prediction of drag and 
the correlation of flight path between theoretical and 
experimental values. 
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4.9 Dispensers 
The main task of a dispenser is to carry a load 

and to drop it after some distance. This load consists 
of submunitions of different kind, a penetrator with 
an acceleration device, nonlethal agents that has to 
be transported and distributed. There are dispensers 
that are carried only as stores, others with free-flight 
without propulsion for short ranges. For longer ran- 
ges, they need propulsion unit. They have a typical 
flight height around 100 m with terrain following ca- 
pability. Their average velocity is around transonic 
regime and there is tendency to increase their veloci- 
ties to low supersonic regime. Stand-off characteris- 
tic is a high value of interest for dispensers. For long 
range dispensers, system must have sufficient penet- 
ravity. The unconventional design structure and 
control surfaces creates highly separated flow field 
around missiles. Store carriage and store separation 
is a subject of study. 

4.10 Submunitions 
There is a wide variety of submunition types. 

Their targets may be tanks, tank formations, armored 
vehicles, bridges, runways and other subjects of the 
infrastructure. Penetrators, mines and other similar 
weapons can be carried as a kind of submunition by 
a dispenser. In some cases payload has to be distribu- 
ted regularly over a certain area, in some others the 
flight time and range of submunition have to be ex- 
tended to allow a longer detection time of a suitable 
target. In order to stabilize the flight condition of 
submunition after ejection, some retarders, parachu- 
tes or gliders have to be integrated on to the submu- 
nition. There is strong interference effects after ejec- 
tion between , the dispenser and submunition, betwe- 
en the submunitions and between the flight regula- 
tors and submunitions. Complicated flow conditions 
occur around a submunition which require detailed 
acrodynamic studies. 

4.11 Fiber Optic Guided Missiles 
The new technology of broad band signal trans- 

mission by optical fiber over distances up to about 
100 km offers the chance to develop systems comp- 
letely with new features. The missile cames an IR or 
visible light camera which transmits the pictures in 

real time to a screen where the information is used by 
the launch crew to guide the missile. In this way a 
very high precision in the flight performance can be 
reached. This allows surgical strikes with conventio- 
nal warheads or with non-lethal agents. The missile 
may be launched from a protected position and can 
reach protected areas, hidden places or points within 
narrow streets in cities. The new and cheaper turbo 
engines for missiles offer control of thrust and provi- 
de adaptable speed and, therefore, allow for a good 
coordination of connected missions. 

4.12 Reconnaissance and Observation Vehic- 
les 

Drones of different kind and for different types 
of mission have been used for a quite long time. Be- 
cause of the new demands in situations like out of 
area missions, confined and low-level confrontations, 
disarmament, armistace supervision, inspection, 01 

boycott control, there will be increasing requirement 
for vehicles of this type. The design goals imagined 
by possible users often sound very fabulous. An 
ideal observation vehicle would be invisible and ina- 
udible, would have unlimited flight range and 
mission time while having high manoeuverability, 
and it would observe and transmit any relevant opti- 
cal, acoustical and other information from protected 
and hidden areas, even from the inside of the buil- 
dings. To meet, at least to some extent these fantastic 
ideas, one has to develop a vehicle that has an extre- 
mely low signature not only in the various electro- 
magnetic frequencies but also in the acoustic regime. 
It needs a lift producing device capable to carry the 
necessary sensors and the transmission system. 

4.13 Supply Gliders 
As mentioned before, safe and accurate delivery 

of supply or general loads in confined and insecure 
areas has gained increasing importance under the new 
scenarios. For this several concepts have been develo- 
ped recently. A possible configuration consist of a gli- 
der and of different devices to assure for a soft and 
accurate landing. The freight may have a weight of up 
to 5 tons. The flight range will be 3 to 5 times the 
drop altitude which means up to about 50 kilometers. 
A minimum of manoeuverability is needed. Since the 

1 

i 
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system must be as cheap as possible, standard com- 
ponents have to be used. Similar to submunitions 
with parachutes the aeromechanical challenge con- 
sists of the sufficient description of the aerodynamic 
behaviour of the glider and the load and also consists 
of the flight mechanical description of the coupled 
and heavily interfering unsteady system, especially as 
far as the maneuven are to be concerned. 

4.14 Multi-Purpose Missiles 
Because of decreasing budgets, closer intemati- 

onal cooperation, smaller independent operational 
units and higher geographical and seasonal flexibi- 
lity, troops often don't have the opportunity to be 
equipped for all they wanted. They rather need missi- 
les that are appropriate against several types of tar- 
gets and that are fit for all-weather missions. The we- 
apon systems have to be adaptable easily to new or 
improved components, also of other nations, which 
means a very modular set-up, and they have to be of 
good transportability. For missiles, an ideal system 
would be the one with exchangeable warheads allo- 
wing dosable effects for different missions and per- 
haps with exchangeable guidance units with sensors 
that are optimal for different environments and tar- 
gets. In this way the number of different missile 
systems necessary for different targets should be re- 
duced considerably. 

5. DESIGN AND DEVELOPMENT 
DEMANDS 

From the description of new targets and scena- 
rios, a list of missile types of present interest was de- 
rived and given above. If one summarizes the design 
and development goals associated with them, one can 
find several general tactical design and development 
demands. In many cases technological objectives can 
be directly derived from them. The major ones are 
the following: 

5.1. High Penetrativity 
It means low detectability of the missile or low 

This can be realized by 
- High velocity which leaves not enough time to 

an attacked enemy to react properly 

change for defense for the attacked target. 

- Low altitude flight and pop-up maneuven which 
also lead to unawareness 

- Statistical maneuven like sea-weaving or screw- 
shaped flight that make it difficult for a defensive mis- 
sile or the other measures to find their target 

- Low signature features (stealthy missile) in all 
sensor regions that could be relevant for a detection. 

5.2. High Efficiency of the Mission 
It means to have a high probability to hit the tar- 

get with a correctly operating missile and to give the 
warhead an optimal change to produce the desired ef- 
fect. Several aspects are of importance here. Which are: 

- High precision directly at or after launch asks 
for small deviations of the trust vector, and small inter- 
ferences during the start phase which allows high hit 
probability for very short distances already, 

- Low structural aeroelastic or thermal loads du- 
ring the flight for all components by active or passive 
cooling, and by optimizing the flight path that guaran- 
tee the proper operation 

- Inteligent guidance realized by an autonomous 
system of a precisely working sensor and advanced 
software or by integrating the human guide into the lo- 
op by using a very good data link 

- Precisely working control devices allow high 
precision maneuven at the appropriate time and should 
provide high hit and kill probabilities even for high ve- 
locity flight or for long ranges 

- High kinetic energy at the target if penetration is 
planned. 

5.3. High Flexibility of the Missile System 
It is of increasing importance because of the new 

political situation. It makes possible for the user a wider 
field of action and reduces the overall cost. 

Important aspects are 
- Adaptability of the system to increased demands 

of advanced technologies without a new development 
phase by using the high modularity of the system. 

- Development of multi-purpose systems, also 
supported by the high modularity and decreasing cost 
for acquisition, maintanance and logistics. 

flcxible installation, modularity of the complete system 
and low-weight components. 

- High transportability and mobility including 
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- Suitability for actions within a wide range of 
regions, environmental conditions and international 
cooperations without larger adaptions. 

6. CONCLUSION 
The tactical demands explained in Section 5 

constitute also the main criteria for the missile 
system design. To meet these tactical demands ex- 
perts have to first derive special aeromechanical de- 
mands to accomplish . Consequently, these aeromec- 
hanical design criteria are the preconditions within 
this special technological field to meet the tactical 
demands. Some important points of missile design 
are: 

- Sufficiently exact prediction of all aeromec- 
hanical characteristics for all relavant geometries and 
flight conditions 

- Sufficiently exact prediction of all aeromec- 
hanical and other aeromechanical reactions to chan- 
ges in those parameters 

- Securing a sufficiently high (or low) stability 
for all flight conditions in spite of changing center of 
gravity ,and for unfavourable aerodynamic shapes li- 
ke submunitions. dispensers or stealth configurations 
or for aerodynamically optimized but unconvential 
geometries 

- Development of relatively optimal aerodyna- 
mic shapes for the complete missile or for compo- 
nents (wings, rudders) within the limits set by aero- 
mechanical or other design demands 

- Optimization of the shape to create a mini- 
mum (or, for retarders-maximum) drag 

- Description of flow parameters in areas that 
are of interest for other specialists (after body flow, 
plume, intake) 

- Development of control devices with exactly 
defineable and fastly reactable build-up of lateral for- 
ces for all flight conditions 

- Reaching a fast and high, maneuverability by 
bank-to-turn or skid-to-turn control 

- Integrated aerodynamical and flight mechani- 
cal simulation of unsteady or other highly time de- 
pendent maneuveres 

- Development of methods to rcduce the ae- 
rodynamical, mechanical and aeroelastical loads of 

the surface and the structure or development of mate- 
rials to endure these stresse 
- Development of methods to reduce the aerother- 
modynamic loads of surfaces, structures and compo- 
nents by constructive measures, by active or passive 
cooling, by finding aerothermally optimized flight 
paths or development of new meterials able to stand 
those stresses 

- Development of IR domes and of radomes sui- 
table for high velocities 

- Design of stealthy missiles with low signature 
levels in all possible domains (this is often already a 
primary demand) 

- Simulation of plume emission and transmissi- 
on characteristics. 
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PENGUIN MKZ MOD7 INTEGRATION IN THE SMORSKY S-70B HELICOYIXR 
INTEGRATION AND LIVE FIRE TESTING 

Are Christlan Sollie 
Senior Prlndpd Engineer 

NFT Aerospace Group 
P.O. Box 1003 

N-3601 Kongsberg, Norway 

I SUMMARY 
The paper describes the Penguin MKZ MOD7 (AGM-119B) 
anti-ship missile integration in the Sikorsky S-70B helicopter. 
Innovative design techniques allowed use of existing aircraft 
and missile hardware. Only sonware development was required 
to integrate the Penguin missile with the S-70B aircraft. The 
paper discusses briefly the system integration testing and 
presents some of the test results. The system integration testing 
was based on extensive simulation of mathematical models and 
a low-cost instrumentation of a caplive carry tlight test range in 
the Long Island Sound, USA. Finally. gome test results from a 
live firing demonstration performed at USN NAWCAD. 
Pauxent River are given. 

1. INTRODUCTION 
The Penguin MKZ MOD7 Missile (AGM-119B) is a fa and 
forget IR homing anti-ship missile designated for helicopter 
launch. The Penguin MK2 MOD7 was integrated in the US 
Navy SH-60B LAMPS MKIII helicopter in the late 1980s and 
became operational in 1993. 

The integration to be discussed in this paper is for a Sikorsky 
Aircraft S-70B naval helicopter which is an international 
derivative of the USN SH4OB helicopter. The S-70B aircraft 
has a simulv airframe to the SH-60B aircraft but a different 
avionics suite. Only the Missile Control System was added to 
the standard avionics configuration 

The Penguin missile was originally designed for operation in 
Norwegian fjords and coastal walers. This operation puts strong 
demands both on the missile’s ability to avoid land obstacles 
and the correct positioning of the seeker field of regard. The 
missile is therefore equippsd with an Inertial Navigation System 
(INS) and a digital autopilot with trajectory shaping. The 
missile INS components provide sufficient stability for a missile 
flight, therefore the overall missile navigation performance is 

Steve Spitz 
United Technologies 

Slknrsky h a f t  
6900 Main S h e t  

Stratford, CT 06601-1381, USA 

governed by the alignment of the INS reference frame. The 
paper will discuss more details on the design and flight testing 
of the alignment system. 

To ensure alignment fiter robustness and performance during 
dynamic flight, and to verify sufficient targeting and weapon 
control, it was necessary to perform captive carry flight testing 
over water on an inshvmented range. A cost effective solution 
was to instrument a test facility on the Long Island Sound which 
is in the vicinity of the Sikorsky Aircraft, Stratford CT. facility. 
The instrumentation consisted of a mobile telemehy ground 
system and three commercial GPS receivers with FC compatible 
software for differential position reference. 

The Penguin MKZ MOD7 integration on the Sikorsky Aircraft 
S-70B helicopter was completed by live fuing at the NASA 
Wallops Island test range. The test set-up and the main test 
results will be presented. 

2. SYSIZM GENERAL DESCRWTION 

2.1 MhUe general descrlptlon 
The Penguin MkZ Mod7 (AGM-ll9B) Missile is a true fire- 
and-forget missile which combines precision inertial guidance 
with a high-resolution IR-seeker in order to locate, identify and 
home on targets. The missile does not require any in-flight 
guidance from the launching platform during flight AU data 
needed to achieve a successful result, such as target position (or 
bearing to target), desired flight profile and seeker mode. have 
all been entered into the missile from the helicopter mission 
computer prior lo launch. 

Using inertial navigation for midcourse guidance, the missile 
flies to a predetermined position relative to computed target 
position ready ta start searching for the target When the target 
is detected the missile seeker optimizes the hit-point based on 
the dislribulion of the IR signal. 

Figure 2.1. Penguin M E  Mod7 Missile 

Paper pnsenred az the FVP Specialists’ Meetings on “Subsystem Integmrion for 
Tactical Missiles ( S m )  and &sign and Operntion of Unmanned Air Vehicles (DOUAV)”, 

held in Ankara, Turkey, fmm 9-I2 October 1955, andpublished in CP-591. 



1-2 

The missile, which is of conventional aerodynamic design, has a 
rolling airframe with cruciform wings. has a high subsonic 
speed and cruises at a low nominal altitude. Although 
originally built for use from helicopters, the MkZ Mod7 missile 
maintains the integrity of earlier Penguin shiplaunched models, 
and may he deployed from any static or slow-moving platform 
(e.g. ships and shore installations). The two-stage rocket motor 
(bwster and sustainer) will ensure successful take-off during 
the launch sequence. 

A 120 kg warhead with 43 kg high explosive (HE) and a 
delayed action fuze mechanism, will inflict serious damage on 
MY medium-size or smaller comhalant 

Mlsslle characterlsllcs: 
Designation: 
Overall length: 
Diameter: 
wing span: 

Launch weight 
Warhead weight 
Guidance: 

Cruise speed: 
Operalional range: 

Firing arc: 

Penguin Mk2 Mod7 
3020 mm 

280 mm 
Deployed: 1420mm 
Folded 764 mm 
395 kg 
120 kg (43 kg HE) 
Midcourse inertial. pm- 
granunable flight path. 
Terminal passive IR. 
High submnic 
> 3 nautical miles 
e 18 nautical miles 
360' 

2.1.1 Mkrile Seckcr 
The seeker consists of a mechanically scanning. infrared 
pseudo-imaging system with the capability of autonomously 
rearching the target area, acquiring and classifying the target. 
and swilching from search mode to a terminal tracking mode. 
Search width may be selected from one of lhree options to 
counteract reduced Larget data quality and obstacles in the target 
m a .  At a fixed distance from target interapt point. the seeker 
is automatically activated and starts scanning a ship of the sea 
surface ahead of the missile. After first having established an 
infra-red reference level based on the environmental conditions 
in the search area, the seeker SCMS the sea surface in search for 
the target recognized BE an IR contrast. Upon detection of such 
signal. the signal is automatically validated for ship-like 
characteristics. If positively confmed as a ship, the seeker will 
enter the tracking mode for terminal guidance as the seeker 
maps out the target contrast against the sea background, 
independent of target hot-spots. After making an altitude pop- 
up to gain a favourable angle of snack. the seeker will guide the 
missile lo an impact point close lo the target water-line, thus 
inflicting maximum damage in the target. The all-digital 
processing facilitates efficient schemes for discriminating 
between decoys and ships, giving the seeker a very high 
resistance against 1R counter measures in the search phase as 
well as in the tracking phase. The seeker has been made 
indifferent to changes in temperature and humidity and thus 
maintains all-weather capability. 

2.13 
To fully utilize the features in the target seeker, the missile is 
equip@ with M inertial navigation system (TIS) with accuracy 
well within the seeker's search geometry and a digital autopilot 
with the capability of trajectory shaping. 

The missile INS consists of M inertial measurement unit (IhW) 
and a navigation processing system (NAPS). The IMU has a 
semi-strapdown mechanization with a gimbal in the roll uia 
due to the missile rolling airframe. S ~ M O ~  outputs are sampled 
by the NAPS at a fixed rate. compensated and then uaed to 
perform update of the navigation solution. see figure 2.3. 
During the alignment phase (pre-launch phase) the missile is 
using a local geographic reference frame, while during free 
flight (after launch) the missile is navigating in a Wander 
Azimuth reference frame. 

The IMU gyro output is compensated for known errors 
(calibration data established in the IMU production line), 
corrected for earth rate, earth curvature (transport rate) and 
Schuler Nning and then used to update the Direction Cosines 
and Euler angles. Accelerometer output is compensated with 
the Calibration parameters, as for the gyros, corrected for the 
Coriolis effects and integrated. 

Prior to launch, the missile navigation reference system ia 
continuously aligned to the helicopter navigation reference 
system. Corrections to the missile navigation system is 
estimated by the Alignment Filter (ref. paragraph 2.3) and used 
to update the NAPS computation scheme. Estimates of both 
misalignment veloeity m r  and certain IMU sensur  OM are 
used f a  correction. 

In general a navigation system performance is a function of both 
the quality of the INS sensors snd how well the INS rrfmncc 
frame has been aligned. F a  the Penguin missile, with its INS, 
the experience has been that mrs caused by the u n c e ~ t y  in 
alignment have oflen been more signifkm than the accuracy of 
the INS itself. The transfer alignment for helicopter 
applications is further discussed in section 2.3. 

The complete position reference of the missile flight kajectory, 
from separation to predicted target impact, is computed prior to 
launch. During set-up and planning of a Penguin launch the 
missile trajectory, as computed by the missile system, is 
continuously updated and displayed for the operator on the 
helicopter Multi Function Display. The operator may at any 
time mcdify the set-up to improve the taclical scenario. During 
the launch sequence the missile is given the final Largeling data 
and trajectory data. 

The missile trajectory, separated in the vertical and the 
horizontal planes, consists of arc segments and straight lines. 
Where applicable, turn manoeuvres are co-ordinated with dive 
manoeuvres lo maximize use of the energy. 

Figure 2.4 shows the vertical trajectory and figure 2.5 shows 
some examples of horiwntal trajectories. 

Mlsslle Navlgatlna and Control Sysiem 
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Figure 2.2. Missile Inertial Navigation System (INS). 

Figure 2.3. Penguin Missile Navigation Processing System (NAPS). 
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Figure 2.4. Examples of Missile Vertical Trajectories (not to scale) 



Figure 2.5. Examples of Missile Horizontal Trajectories (not to scale) 

Anti-Submarine-Warfare (ASW), Anti-Surface-Warfare 
23. Hellcopter Dasrrlption (ASuW), Searoh and Rescve I S M )  and Surveillance . A 
23.1. ~m-1 drawing ofthe S7OB helicopts is shown in figure 2.6 withkey 

dimcnaion and weight givm in table 2.1. A total of 265 

USN SH4OB Seahawk hlicopters. The primay III~SS~OM 
oountdes: USA, Spain, Australia. Japan, Taiwan and Groefc. 

The Sirorsky Aircrnn S-7OB helicoprU is a derivative of the s~ s-70B hliooptsrs an today in savicc in ule fonowiag 

L1 1 

Figure 2.6. Sikorsky 5-708 helicopter with Penguin Missile mounted 

Length overall, mtor and tail pylon folded 
Width. rotors folded 

Height overall, pylon folded 
Weight, empty 

Weight, maximum gmss weight 

12,47 m 
3,26 m 
4.04 m 

6.191 kg 

9.926 kg 

Table 2.1. Sikorsky 5-708 key dimensions and weight. 
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233. Avlonlcs Connguratlon 
The integrated mission system is designed around a dual 
redundant MIL-STD-1553B data bus with sensors. armament. 
control and display and weapons as subsystems. Only the 
ASuW mission, which is linked to the Penguin MKZ MOD7 
integration. will be covered in this paper. lix following 
subsystems are directly or indirectly utilized in the control and 
launch of a Penguin MKZ MOD7 missile: 

Navlgatbn Sensors: 
Doppler Radar, Attitude and Heading Reference System 
(AHRS) No.1 and No.2, Radar Altimeter 

Searrb Radar, Tactical Data Processor (Z), Multi Function 
Displays (2), Control Display Units (4). Display Control 
Pane18 (2) 

Armament System Controller (ASC). Armament Control 
Panel, Jettison Control Panel. Missile Control System 

MissLon Sensors: 

Weapons Management: 

Since the helicopter mission systems are highly integrated all 
data required by the missile systems are available from the 
Tactical Data Processor (TDP). The missile integration Will 
therefors remain unchanged if the functionality of the existing 
systems are replaced by other models. Also, helicopter 
targeting data to the missile system is transferred on the MIL 
STD-IS53 data bus. The source of the targeting data may 
therefore he any targeting sensor integrated in the TDP search 
radar, infra-red sensor, third party targeting or even manually 
entered data. 

23. Penguin Mlsslb Integration In theS-708 Hellwpter 
The Penguin missile is mounted to a Missile Launch Adapter 
(MLA) on the forward left stubwing. The MLA contains the 
Missile Control System (MCS) which is the electrical interface 
between the helicopter and the uussilc and a standard BRU-14 
bomb rack with an AERO-lA extension adapln. see figure 2.7 
and figure 2.8. 

The MCS contains the following units: 

a. Alignment Unit (ALU) for signal interface between the 
missile and the helicopter, launch sequence control. transfer 
alignment, missile trajectory calculations and built-in-test. 

b. Power Units for supplying power to both the ALU and the 
missile during captive flight. 

c. Umbilical Release Unit for retraction of the missile 
umbilical cable during launch sequence 

d. Wing Lanyard Assembly for release of the wing folding 
mechanism after separation 

e. Cables 

23.1. Mechnnlcal Interface 
The missile is mounted to the BRU-14lAERO-IA bomb rack 
with two lugs. The AERO-1A adapter is used to achieve 30 i n  
lug spacing. Four sway braces prevent any movements of the 
missile when mounted to the MLA. 

The missile is gravity released from the BRU-14 bomb rack. 
Missile motor ignition occurs 2-3 meters helow the akrafC and 
is controlled by the missile sequence controller to prevent any 
booster motor plume impingement on the aircraft. 

233. Electrical Interface 
A block diagram of the electrical interface between the 
helicopter and the Penguin missile system is shown in figure 
2.9. The shadowed units indicate helicopter avionics sub- 
systems that required software modification to control the 
Penguin missile system. 

No dditionpl helicopter avionics sub-systems wen required for 
integration of the Penguin missile except for the MCS. Control 
of missile modes and inspection of missile status are performed 
on the existing Control Display Units (CDU) and Multi 
Function Display (MFD). Arming and launch control is 
performed on the existing Arming and Launch Panel. All 
interface signals required between the helicopter and the MCS 
were obtained by adapting existing torpdo control signals. 

233. Penguin Mladk Transfer Allgnrnmt 
As described in paragraph 2.1, the Penguin missile uses an 
inertial navigation system (lNS) for guidance purposes. Mor to 
launch the navigation reference frame of the missile INS must 
coincide with the hclicoptcr's computed navigation reference 
frame. The v s  of aligning the missile navigation mference 
frame to the helicopter reference frame is called Transfer 
Alignment and is performed by an Alignment System. The 
purpose of the Alignmeot System is to: 

a. Establish the missile navigation reference frame. and 
maintain this until missile launch. 

b. Initialize the missile velocity 
In addition to (a) nod @) above the Alignment System will also 
estimate corrections to certain inertial sensor calibration 
parameters to account for turn-on to turn-on vanations. The 
estimation p m s s  is located in the MCS while the correction 
process is located in the missile navigation computer. The 
alignment process is split into tbree main parts: 

a. Initial Roll Alignment: This process takes place 
immediately after power on. The missile roll gimbal is 
slaved to zero degrees. 

b. Coarse Alignment: The Coarse Alignment is an 
initialization process for tbe Fine Alignment pocess. Pitch, 
roll and azimuth data from the helicopter avionics are used 
to correct the missile direction cosine mahix. Low pass 
filtered doppler radar velocities, rotated with the present 
missile direction cosine matrix, are used to initialize the 
output of the specific force integration in the navigation 
computer. 

c. Fine Alignment Correction data to the missile navigation 
computer is estimated baaed on velocity and azimuth data 
from the missile INS and the helicopter navigation sensors. 
The estimation is performed by a recursive minimum 
variance estimator (Kalman Filter), see figure 2.10. 



Figure 2.7. Penguin Missile aunch Adapter mounted lo the 5-708 helicopter 

Figure 2.8. Cut-through drawing of the Missile Launch Adapter (MIA) 
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Figure 2.9. Block diagram of the interface between the helicopter and the missile system. 

The reset function closes the loop in the feedback system. A 
linearized model is therefore used to descrihe the error 
development in the Kalman filter. The Prefilter computes an 
average of the deviation between the helicopter and missile 
velocity and azimuth angles. The Prefilter also computes the 
time variant elements of the system matrix of the error model 
used by the Kalman filter and averages these over the filter 
interval. No attempts were made to compensate the transition 
matrix for exact averaging time. The effect by doing this was 
analysed and found to have insignificant effect on the 
performance. The lever arm effect, which is an important factor 
in a fighter aircraft application. was analysed and also found to 
have insignificant effect on the navigation data comparison 
between the missile and the helicopter. The challenges, not in 
priority, when designing and testing the Alignment System 
were: 

a. Adjustment of the Kalman Filter measurement noise level 
and process noise level to match the actual performance. 

b. Find criterias for when estimation could occur with respect 
to reliable data, and when only time update (prediction) of 
the filter could be performed. 

c. Find criteria for alignment performance, i.e., when 
sufficient alignment for a missile launch had been achieved. 

d. Tune the filter characteristics with respect to robustness. 
The main challange, however, was that the four challenges 
above do interact and can not be sep.arated. The challenge was 
solved using the Penguin Alignment Simulator (PALSIM) in 
combination with captive carry flight testing. Test data from 
captive carry flights were used to update and validate the 
simulator and to verify actual alignment performance. The 
PALSIM was used for post-simulations, design and test of 
software modifications based on test data, and for pre- 
simulations to establish additional flight procedures. This is 
illustrated in figure 2.11. 

The end product was an Alignment Filter that does not put any 
restrictions on the helicopter flight envelope, is insensitive to 
temporary transient e m r s  that are inherent in any doppler radar 
and AHRS, provides sufficient performance within minimum 
alignment time and is stable for any helicopter mission time. 

Helicopter Alignment Processing System 
Navigation 

System 

N ~ V  h t a  

I w 
Kalrrinri 

Fitter Preliltor . - + 

m 
Penguin 

Navigation 
System 

Alignment Reset Data 
. Annude correction - Vebclty oarredm . Sensor data correction 

Figure 2.1 0. Block diagram of the missile alignment filter (Fine Alignment). 
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update models 
run new simulations 

Captive Cany 

Flight test data to validate simulation models 

Figure 2.1 1. Interaction between simulations and actual flight test data 

3. TEST AND VERIFICATION 
The Penguin MK2 MOD7 had previously been integrated in the 
USN SI-1-60B helicopter. The SIL60B helicopter has identical 
airframe to the S-70B helicopter with the exception of radar 
radome size and some antenna configuration. The difference in 
airframe was, by analysis, found to have insignificant effect on 
the aerodynamic flowfield at the missile station. The missile 
captive carriage and separation from the S-70B helicopter were 
therefore qualified by similarity. 

The SI-I-60B and S-70B helicopters, however, have quite 
different avionics configurations. All integration testing 
performed was therefore related to the avionics integration. The 
avionics integration effort was highly based on mathematical 
modelling of the avionics systems and simulations. The 
Penguin Alignment Simulator and the missile telemetry system 
played a central part of the simulation analysis. 

3.1. Spcclal Test Equipment 

3.1.1. Penguin Alignment Simulator 
The Penguin Alignment Simulator (PALSIM) is a simulation 
system for design, analysis and test of the missile alignment and 
navigation system. It contain a mathematical model of the 
helicopter avionics system, the missile navigation system and 
the Missile Control System (MCS). The MCS application 
software may be simulated in a close to real environment. 
Expensive flight testing can therefore be reduced to a minimum. 
The first generation of PALSIM was presented in the AGARD 
Guidance and Control 46th Symposium in Norway 1988. A 
block diagram of the PALSIM is shown in figure 2.1. 

The helicopter trajectory generator contains a simplified 
dynamic model of the launch platform. Based on trajectory 
reference input elements (desired helicopter velocity vector and 
aItitude) the model computes the "(rue" helicopter navigation 
data. 

The helicopter navigation model contains approximate models 
of the helicopter doppler navigation radar system and attitude 
and heading reference system (AHRS). The Penguin navigation 
model contains correction for lever arm effects, a model of the 
missile inertial measurement unit and a model of the missile 
altimeter. The navigation computer program of the missile 

model contains the missile Navigation Processing System 
(NAPS) software also residing in the operational Missile 
System 

The doppler radar model computes the helicopter velocity in a 
body axis reference frame. Errors are added in accordance with 
the specification for the doppler radar. The output velocity 
includes velocity bias errors, velocity scale factor error, random 
noise and correlation effects (due to sequential sampling of four 
doppler beams). The model of the helicopter attitude and 
heading reference system computes the measured helicopter 
azimuth (true heading) angle and the helicopter pitch and roll 
angle. Magnetic heading bias errors are implemented as a look- 
up table. Helicopter pitch and roll are not used by the missile 
alignment system, therefore a simplified model (random noise) 
is modelled. A time delay has been included for the. helicopter 
navigation data to represent the misioon computer processing 
time and data bus tranmission delay. 

During the captive carry flight test program tests were planned 
and prerun using PALSIM. The flight profiles were then 
"flown" and the test data used to update and improve the 
PALSIM model. The primary objective for the PALSIM is test 
and analysis of the alignment system, but the PALSIM is also 
used to simulate the missile navigation accuracy and stability 
during missile free flight. Using operational flight program 
software in a simulated environment that has been sufficiently 
tuned to actual test data provides access to data not available 
through the missile telemetry system. 

The PALSIM system may be used in two configurations: as a 
Monte Carlo simulation system and as a Hardware-in-the-Loop 
simulation system. When used as a Monte Carlo simulation 
system a model of the MCS is used. This model contains all 
MCS operational software except interface software. When 
used as a Hardware-in-the-Loop simulation system a production 
MCS is used. The MCS can not differ from a PALSIM 
simulation and an actual captive carry flight. Monte Carlo 
simulations were done to analyse the statistical behaviour of the 
filter. Input to the filter consists of data infected with normal 
distributed Gaussian noise, and output from the Monte Carlo 
simulation is expected to show a similar statistical 
characteristic. 
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Figure 3.1. Block diagram of the Penguin Alignment Simulator (PALSIM) 

3.1.2. Telemetry Ground Equipment 
The Penguin MK2 MOD7 missile may be configured with a 
telemetry section as a replacement for the warhead section when 
recording and/or monitoring of missile internal data is essential, 
e.g. test firings and captive carry flight testing. 

The missile telemetry section contains a telemetry processing 
system (TEPS). a transmitting antenna and a battery unit. The 
TEPS receives data from the missile data bus plus a number of 
analog signals. The data is formatted, coded and modulated 
before being transmitted to ground. The telemetry data stream 
contains approximately 1000 data bus signals sampled with a 
rate up to 100 Hz and approximately 50 analog signals sampled 
with a rate up to 7 kHz. 

The telemetry signal is received and processed by the Telemetry 
Ground Equipment. The Penguin Telemetry Ground Equipment 
used in previous Penguin programmes was based on a VAX- 
730 computer. The system was installed in a standard 
transportation container with air-condition and utility hardware. 
Transportation required use of truck and C-130 air lift. It was 
decided to convert the telemetry ground processing to a system 
based on standard PC's. The ground equipment was also 
supplemented by a portable telemetry tracking antenna. Figure 
3.2 shows a block diagram of the upgraded Telemetry Ground 
Equipment configuration., 

The Pulse Code Modulated (PCM) output signal from the 
telemetry receiver is fed both to a tape recorder and to the PC 

Server. Time reference is either from an internal IRIG-B 
source, a GPS receiver which is part of the Telemetry Ground 
Equipment or range time if telemetry data shall be correlated 
with other range data such as tracking data. The time reference 
is also stored with the TM data on the tape recorder for later 
use. The PC Server may be run in either a real time application 
or in a post-processing application. In real time application 
either telemetry data is output over a Local Area Network 
(LAN) to PC laptop real time displays, or telemetry data are 
converted to analog form for output on a stripchart recorder. 
The real time display screens may at any time be dumped to a 
laser printer. A number of critical flight parameters can also be 
transferred on a serial line to a serial line receiver, e.g. a 
computer in a range control room for correlation with other 
range data. A key feature is the cancellation of telemetry drop 
outs: false data caused by a weak signal strength or erroneous 
transmission will never be displayed. 

The standard configuration uses three PC laptop real time 
displays but other units may be added to the LAN. All data 
information is equally available for all of the real time displays, 
each of the displays may therefore display any desired 
information. A number of different pre-defined screens are 
available for each of the real time displays and switching 
between the screens is done by a simple keystroke. 
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Figure 3.2. Telemetry Ground Equipment. 
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Aircraft + Missile Captive carry Live Firing Avionics Tests Aircnft Avionics 
Sikorsky Lab. Tests (hangar) - Ground Test - Flight Testsat - Demonstration 

(USN NAWCAD; (hangar) Sikorsky 

3.2. Integration Tests 
To guarantee success the integration testing was performed in 
phases. Each of the phases were completed before the next one 
was started. The majority of the testing was done without using 
live missile electronics. A flow diagram of a Weapon System 
Integration Program, with the period of each phase indicated, is 
shown in figure 3.3. 

Both the aircraft avionics system and the missile system were 
tested separately in appropriate laboratory environments. Both 
static and dynamic environments were simulated. A Penguin 

Missile System Simulator (simulated Missile + Missile Control 
System) was upgraded from earlier programs, and a Penguin 
Missile Simulator (missile only) was developed to support the 
aircraft integration tests. The simulators prevented the need for 
actual missile hardware at an early stage of the testing, and also 
provided correct missile interface and response for testing on 
prototype aircraft mission avionics equipment. The Penguin 
Missile Simulator was also successfully used throughout the test 
program to verify correct aircraft electrical interface prior to 
missile load, and will now be offered to customers as an 
Operational-level test equipment. 

System Simulator Simulator 

Missile t MCS Tests 
N n  Lab. 

Figure 3.3 System Integration flow diagram. 

The captive cany flight testing was performed over water in the 
vicinity of Sikorsky Aircraft -Stratford facility, see figure 3.4. 
The captive carry flight testing was performed over a period of 
less than 2.5 months. with a total of less than 15 flights 

3.2.1. Captive Carry Flight Test 
The main objective of the captive carry flight test was to: 

a. 

b. 

C. 

d. 

e. 

Tune the mi 
navigation 
robustness. 
Verify the 

.ssile alignment system to match the helicopter 
system with respect to performance and 

alignment filter sensitivity to helicopter 
manoeuvres, 
Verify aircraft search radar performance in a dynamic 
environment with respect to both tracking accuracy and time 
to establish a track in different environments. 
Verify missile waypoint and trajectory calculations in a 
dynamic environment with actual helicopter targeting and 
navigation data input. 

- 
including a Weapon System Performance Test where no 
modifications to the system were done. Using the Long Island 
Sound as the test range was based on program cost and test 
range availability. Only weather restrictions would limit use of 
the range and only a limited investment would be required to 
instrument the range. Effort was rather put into data analysis 
tools and wide use of mathematical models rather than 
expensive measurement equipment. The range instrumentation 
is shown in figure 3.4 with instrumentation equipment list given 
in table 3.1. Investment was limited to 3 ea. GPS 
antenndreceivers with IBM PC compatible software for 
Differential GPS computations. 

Verify the tactical display with dynamic input data with 
respect to human interface requirements. 

Helicopter instrumentation: MIL-STD-1553B data bus monitor with recording facility. 

Recording of search radar video. 

Video recording of MFD display. 

GPS antenndreceiver with recording facility 
(IBM PC computer with SW). 

Missile instrumentation: 

Target instrumentation: 

Ground instrumentation: 

Missile telemetry (missile data bus signals and analog/discrete 
signals). 

GPS antenndreceiver with recording facility 
(IBM PC computer with SW). 

Missile Telemetry Ground Equipment. 

GPS antenndreceiver with recording facility 
(IBM PC computer with SW) used as reference for GPS Differential 
post-processing. 

Table 3.1. Captive Carry Flight Test instrumentation. 



Figure 3.4. Captive Carry Test Range Test Range. 

Figure 3.8. Long Island Sound test range instrumentation 
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Distance to target 

Figure 3.6. Typical error in target position as function of distance to target. 

The helicopter search radar is an essential part of the S -  
70B/Penguin MK2MOD7 weapon system. It is therefore 
important to test the search radar with respect to the applicable 
mission in a dynamic environment. Using the test range as 
described above, any ship or boat above a certain size could be 
used for testing of the radar's tracking capability. A passenger 
ferry, for instance, would have the necessary size but also a 
fairly predictable speed, course and departure schedule, thus 
planning of test procedures would be easy. The helicopter flight 
profiles were planned to achieve different search radar aspect 
angles of the "target" (radar cross section) and different target 
course relative to the aircraft heading. Various helicopter 
manoeuvres during radar tracking were also performed to 
validate the radar's sensitivity with respect to initiate "dead- 
reckoning". time to establish a new track and time for the new 
track to converge. Figure 3.6 shows a typical example of how 
the target tracking converges as the helicopter approaches the 
target in a straight and level helicopter flight. 

The Alignment System had been extensively tested with the 
PALSIM simulator (ref. paragraph 3.1.1) prior to the captive 
carry flight testing. The simulator, however, contained 
mathematical models of the helicopter navigation system which 
needed to be validated by actual dynamic flight data. Also, a 
simulator can never give a 100% correct representation of the 
real world, therefore i t  was necessary to verify the simulated 
results with actual flights. The captive carry flight tests did not 
reveal any big surprises, however, some minor tuning of certain 
filter constants and some additional filter logic were necessary: 

a. Since the helicopter AHRS azimuth is used for both radar 
tracking and missile alignment i t  is important that the 
missile azimuth alignment is performed with minimum time 
delay. Flight testing revealed a slightly different AHRS 
characteristic than anticipated and modelled. The PALSIM 
models were updated and new simulations were run in 
different dynamic environments. Based on the simulations 
the alignment filter was modified to put more weight on the 
helicopter azimuth measurements and less weight on 
estimation of azimuth related INS sensor errors. 

b. The aircraft has two AMRS's of which the output data may 
deviate from one another. In case of a primary AHRS 
failure the system switches to the secondary AHRS. A reset 
function was therefore implemented in the Kalman filter to 
account for the possible change in azimuth reference data: 
both azimuth misalignment and related estimates were reset 

and the gains were increased. The alignment estimation is 
recovered within minimum time. 

c. A similar situation as in case (b) above may occur if a sea 
bias correction is entered or changed. The missile MCS was 
modified to survey the sea bias data from the helicopter and, 
if a change occurs, the alignment filter velocity estimates 
are reset and the filter gains are increased. The alignment 
estimation is recovered within minimum time. 

d. Based on a number of captive carry flight tests, with 
different missile uploads, the mechanical alignment was 
found to be better than originally modelled in the PALSIM. 
After updating the model, and re-run of simulations, the 
alignment filter was tuned to represent the findings. 

e. The alignment Kalman filter processes noise and 
measurement noise, except for azimuth related noise 
characteristics which is covered above, needing only minor 
tuning to give a best match with respect to robustness and 
performance. 

Figure 3.7(a) shows helicopter and missile azimuth 
measurements prior to, during and after a turn manoeuvre. 
Figure 3.7(b) shows alignment Kalman filter standard deviation 
in azimuth for the same time period. Figure 3.7(c) shows how 
missile azimuth is corrected to match the helicopter azimuth 
after completion of the turn manoeuvre. The oscillation in 
missile azimuth is caused by vibration induced by the helicopter 
rotor. 
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Figure 3.7(a) Helicopter and Missile azimuth during and after a turn manoeuvre. 

Figure 3.7(b) Standard deviation in azimuth misalignment, uncertainty in azimuth misalignmnet 
is increased during turn manoeuvers. 

Figure 3.7(c) Missile azimuth is corrected to match the helicopter azimuth (mol-azm is missile 
azimuth, m31-Ac-PlfAz is helicopter azimuth). 
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Accurate missile alignment is only a means to achieve accurate 
missile navigation. The missile has a test mode where missile 
navigation can be initiated during captive carry just as if the 
missile was launched. Each of the test runs performed during 
the captive carry flight test contained a simulated missile launch 
in order to record missile navigation data for performance 
analysis. Data frnm all of the tests were fmlly used to wmpute 
statistical numbers for the achieved missile navigation 
performance. Estimated missile navigation error for each of the 
test runs were computed based on: 

a Difference belween the missile computed position and the 
helicopter GPS position. 

b. Differeoce between missile velocity and helicopter velocity. 
integrated over a fued lime period. 

All navigation tests were done in straight and level flight, 
independent of the alignment flight profile. This was done both 
to keep the navigation scenario the same for all of the tests 
(comparable results) and to provide the best possible conditions 
for the helicopter navigation system which was used as a 
reference. 

When comparing missile navigation data with GPS data it is 
important to note that the missile INS is aligned to the 
helicopter heading reference which may deviate h m  actual true 
north. This has no effect on the weapon system performance 
since the targeting data is given in the same reference frame. 
The comparison of missile navigation data with range data, 
however, will be affect&. Since GPS position is given in a true 
northleast reference frame there will be a difference behueen the 
GPS position and the missile INS position even with a perfect 
aligned INS with no sensor errors. The difference in azimuth 
reference causes a development in position dif€erence which is 
linear with range and is not, for a captive carry flight with no 
acceleration during the navigation phase, possible to separate 
fmm the azimuth misalignment. Integration of the missile and 
helicopter velocity difference was therefore judged as a more 
reliable source for navigation perfnrmance. Figure 3.8 shows a 
typical development of the velocity deviation bctween the 
helicopter and the missile. 

Figure 3.8. Difference between missile and helicopter velocily in north. east and down directions as function of time 
during the navigation test (no corrections from the alignment system) 

32.2. Llve Flrlng Test 
A Live Firing Test must, for understandable reasons, be 
performed in a restricted area for range safety considerations. 
USN NAWCAD, Patuxent River, MD, in co-orporation with 
NASA Wallops Island. have all the neccessary facilities for 
conducting a live missile fuing. Ihe live firing of Penguin MkZ 
Mod7 from the S-70B helicopter was performed at this faility. 
The test insmmeniation at NASA Wallops Island is depicted in 
figure 3.9. 

The target was instrumented with heaters to create the IR 
signature. high speed cameras for missile impact coverage, 
temperature sensors for monitoring the heaters and GPS 
receivers for target position reference. The missile was 
instrumented with a telemelry transmitter, a Flight Termination 
System (mS) and a radar transponder to ease range radar 
tracking. Two different radars were assigned for missile 
uocking. The launch helicopter was instrumented with a 
NAWC Mid-Atlantic-Tracking-System (MATS) for high 
accuracy real time position reference and a radar transponder 
for range radar tracking in addition to the instrumentation 
package used for the captive carry flight tests. 

A common prohlem with test firings data analysis, when 
examining the weapon system accuracy, is to scparate the 
missile navigation error from tho helicopter targeting error. The 

weapon system accuracy is measured by the range radar 
tracking. These data are. however. given in a reference system 
that is rotated relative the helicopter and missile reference 
frame. A more reliable parameter is the s&r search angle in 
which the target is detected. This angle is directly related to a 
lateral miss distance since the seeker search geometry is fixed. 
The lateral miss distance. provided by the seeker, can then be 
used to compensate radar tracking for rotation. Tbe helicopter 
targeting error may be found from helicopter and target GPS 
position measurements. These data, however, suffer from the 
same rotational m r  as the radar tracking data. 

The missile was launched in a Designate Waypoint mode 
(operator selectable waypoint). After separation frnm the 
helicopter the missile accelerated from launch spxd to Mach 
0.9, performed the offset turn, the straight leg t o w d s  the 
waypoint turn, waypoint turn and fmally the straight leg towards 
the target. The seeker was activated in the last straight leg and 
the target was detected and acquired only a short distnnce to the 
right of the predicted impact position. All phases of the missile 
operation, including the pre-launch activities (alignment. 
targeting and missile set-up), performed well. 

Figure 3.11 shows the missile ground track as reporled by the 
telemetry' and the range radar tracking. Figure 3.12 shows the 
same situation in the target area. Predicted impact position is 
indicated by (1) and actual target impact position is indicated by 
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(2). The solid line shows the radar tracking which lost track of 
the missile in the terminal phase and continued with dead- 
reckoning. The dotted line, which shows the missile ground 
track repoaed by telemetry, has been corrected for the estimated 
reference systems deviation. 

I b e  weapon system position error, visible BS required missile 
flight path correction in the terminal phase, was -or and 
made separation of the missile navigation error fmm the 

helimpter targeting e m  an d e &  task. Tbe resultant m a  
range position error was comparable with estimated radar 
padring uncertaiOty, and alro witbin the uncettainty involved m 
rotation of the reference systems. 

The l ive fving test was a su-s with r e s p t  to both missile 
performance. airasft pertornuance and missile integration. 

Figure 3.9. Live Firing test instrumentation (telemetry and range radar tracking) 

Figure 3.10. Picture from live firing test, immediately after missile boost m to r  ignition. 



Figure 3.1 1. Missile north/east ground track as reported by radar tracking and missile telemetry. 
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Figure 3.12. Missile north/east ground track as reported by radar tracking and missile telemetry in the missile terminal phase. 
Dotted line is missile position reported by telemetry, solid line is missile position reported by range radar tracking. 
Symbol (1) is predicted target impact position, symbol (2) is actual target impact position. 
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Improved Engagement Envelope of a Tactical Missile 
with an Integral Rockemamjet Engine 
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SUMMARY 
A trade-off study on mission effectiveness identified 
definite benefits of the solid fuel integral-rocket-ramjet 
engine over the solid rocket motor for a medium-range 
air-to-air tactical missile. A six-degrees-of-freedom 
trajectory simulation model was first developed to 
assess the performance and operating envelope of the 
solid rocket motor and the ramjet engine for tactical 
air-to-air missile applications. The 6DOF simulation 
code includes a fully algebraic model for ramjet 
propulsion, a model for missile guidance based on the 
law of proportional navigation and a three-degrees-of- 
freedom target trajectory model. It can be used to 
evaluate missile kinematic performance and 
effectiveness against a maneuvering target. Results 
show that ramjet propulsion improves three important 
performance characteristics of a missile, namely, the 
time-of-flight (average velocity), maximum range and 
end-game maneuvrability for longer range missions. 
The solid rocket motor, with its high thrust output and 
low bum time, gives the tactical missile a higher 
average velocity and hence a better maneuvrability for 
shorter range engagements. A missile time-of-flight 
envelope with a non-maneuvering target at 10 km 
altitude shows that the IRR missile offers a time-of- 
flight advantage for launch ranges greater than 
25-35 km and improves the missile maximum range 
capability by 40%. The IRR engine also extends the 
3 g, maneuvrability boundary by 50% in slant range. 

LIST OF SYMBOLS 
a,n Coefficients in f=a fh; 
C,, C, Drag and pressure coefficients 
DOF Degree-of-freedom 
DR Ducted rocket 
DREV Defence Research Establishment Valcartier 
g, Gravitational constant [m/s2] 
HTPB Hydroxyl-terminated-polybutadiene 
IRR Integral-rocket-ramjet 
I%, 
NSW Normal shock wave 
OSW Oblique shock wave 
f 
SFRJ Solid fuel ramjet 
SRM Solid rocket motor 

Inlet air mass flow rate [kg/s] 

Solid fuel regression rate [ d s ]  

1. INTRODUCTION 
The missile subsystems must be designed and 
integrated to ensure that the missile meets prescribed 
mission requirements. An assessment of global missile 
effectiveness as a function of sub-system design can be 
performed cost-effectively by modelling the missile 
system within a trajectory simulation code. In support 
of research activities in the field of missile propulsion 
at DREV, a 6DOF trajectory simulation capability was 
acquired and improved to assess benefits of both the 
conventional solid rocket motor and the ramjet engine 
on missile performance and effectiveness. A systems 
approach is required particularly for modelling the 
ramjet propelled missile because the performance of 
the airbreathing engine depends strongly on its flight 
path. The simulation tool contains all the necessary 
elements to model this dependence in a straight 
forward manner. 

The DREV six-degrees-of-freedom (6DOF) trajectory 
simulation code was selected as the baseline. The 
6DOF code contains the usual components of a 
trajectory simulation tool. By providing a complete 
description of the missile translational and angular 
dynamics, the tool serves as a generic trajectory 
simulation platform for the study of other topics of 
interest (present and future), such as: 

effect of missile incidence on ramjet engine 
performance, 

effect of the guidance system on the missile dynamic 
response, 

effect of the control system (aerodynamic surfaces, 
thrust vectoring) on the missile dynamic response, and 

reaction jet control course correction system for a 
long-range artillery rocket (Ref. 1). 
Finally, the well organized code structure facilitates the 
integration of new models. 

The 6DOF code in its original version did not possess 
the required capability to model a guided ramjet 
propelled tactical missile against a maneuvering target. 
The original version had been developed to model an 
unguided projectile propelled by solid rocket motor 
propulsion only (Ref. 1) .  An algebraic model of the 
subsonic ramjet engine was identified and 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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implemented. The model describes the main engine 
components in sufficient details to account for engine 
adaptability to varying flight conditions. The ramjet 
model is also computationally efficient to allow the 
6DOF code to perform parametric studies in a 
reasonable time frame. Finally, with the addition of a 
missile guidance model and a 3DOF target trajectory 
model, the 6DOF code can now be used to assess the 
performance of a tactical missile in an engagement 
against a maneuvering target. 

After completion of the modifications to the 6DOF 
code, a preliminary trade-off study was performed to 
identify benefits and compare operating envelopes of 
solid rocket motor and ramjet propulsion systems for 
a medium-range air-to-air tactical missile concept. The 
missile concept was propelled by either a conventional 
solid rocket motor (SRM missile) or a solid fuel 
integral-rocket-ramjet (IRR missile). 

The ramjet engine benefits mostly medium to long- 
range missions. Straight and level flight simulations at 
10 km altitude (no engagement) show that the IRR 
missile travels faster than the SRM missile for 
distances greater than 20 km, and extends the 3 g, 
boundary to 50% longer ranges. In co-altitude 
engagement simulations at the same altitude, the IRR 
missile also presents a higher performance (time-of- 
flight, closing velocity, range) than the SRM missile 
for launch ranges to target typically above 25-35 km. 
The sustain-level thrust of the ramjet engine suits the 
longer time-of-flight and smaller average axial 
acceleration of medium and long-range missions. For 
smaller launch ranges, the SRM missile offers a higher 
average speed because the solid rocket motor delivers 
a high thrust impulse over a short duration. Finally, 
the tactical missile offers an increase of over 40% in 
maximum launch range with the ramjet engine over the 
solid rocket motor. The ramjet propulsion and 
guidance models implemented in the 6DOF code are 
discussed separately. The final section presents the 
results of the preliminary trade-off study. 

2. RAMJET ENGINE 
A brief description of the ramjet engine summarizes 
critical operational issues to be included in the ramjet 
propulsion model. 

While the engine internal flow is complex, the mass 
flow rate of air and fuel through the ramjet engine 
remains limited by the choked nozzle. The supersonic 
flow entering the engine inlet is compressed through a 
system of reflecting OSW (free-stream speed above 
design Mach number, by design) and through a normal 
shock wave (supercritical operating mode, by design). 

The flow velocity reduces to subsonic speeds before 
entry into the combustion chamber. Mass addition 
from the walls (solid-fuel ramjet) or from a separate 
gas generator (ducted rocket) as well as heat addition 
from the combustion process both increase the flow 
speed up to the combustor exit plane. The flow 
accelerates further in the convergent section of the 
nozzle up to Mach 1 at the nozzle throat and expands 
supersonically down the divergent nozzle section. A 
choked nozzle guarantees subsonic flow in the 
combustor and ensures a near-optimum thrust output. 
Because air intake conditions vary with missile velocity 
and flight path, the engine internal flow adjusts 
constantly to satisfy the choked nozzle condition. This 
capacity to adapt of the ramjet engine must be included 
in the numerical model to realistically represent the 
dependence of engine performance on flight conditions. 

In summary, the ramjet propulsion model must 
incorporate a capability to dynamically satisfy the 
choked nozzle condition at all times during the 
trajectory by changing the profile of the OSW in the 
intake duct and the position of the NSW in the 
diffuser. 

The role of the air intake duct and diffuser is to supply 
a subsonic flow of air to the combustion process. The 
flow enters the combustion chamber with speeds 
typically of Mach 0.2 to 0.3. The compression of a 
supersonic flow over the limited volume must occur 
through a series of shock waves. The departure from 
an isentropic compression is usually expressed as a 
total pressure loss, and this approach is adopted in the 
present ramjet model. 

The ramjet engine inlet is assumed to operate above 
the design Mach number and in a supercritical mode. 
Inlet operation in the subcritical mode is detrimental to 
engine performance because the resulting reduction in 
captured air flow decreases engine thrust output. In 
practice, the inlet design includes a safety margin 
against sub-critical operation (the supercritical margin), 
because a lack of control mechanisms such as variable 
geometry denies the possibility for actively maintaining 
supercritical operation. 

The propulsive power of the ramjet engine comes from 
the energy added to the airflow in the combustor by 
the combustion of a fuel. In a solid-fuel ramjet engine, 
the combustion takes place within a diffusion flame 
located near the fuel surface. Some of the energy 
released from the combustion process serves to 
vaporize the solid fuel. The inlet air and vaporized 
fuel feed the combustion process. As the fuel 
vaporizes, the fuel surface regresses and the combustor 
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inner diameter increases. In the ducted rocket engine, 
the fuel is injected in the combustor through a suitable 
supply system to mix with the incoming air. A 
suitable insulant protects the inner combustor walls 
from the intense heat generated by the combustion 
process. The present ramjet numerical model, in its 
first version, describes the combustion process with a 
single equilibrium point for simplicity. 

A missile propelled by an airbreathing ramjet engine 
requires an initial boost phase to accelerate to the 
ramjet engine start-up speed (typically between Mach 
2 and 3). Because of different operating conditions, 
the booster and ramjet nozzles have different throat 
diameters. Except where specifically stated, the 
subsequent discussion uses the term nozzle to refer to 
the ramjet nozzle. 

Proper operation of a ramjet engine requires both a 
sufficient mass flow rate and a sufficient pressure head 
at intake to drive the ramjet internal flow through the 
sonic nozzle throat. These two conditions are 
combined in the requirement for a ramjet start-up 
speed, defined as a function of altitude. The size of 
the booster also depends on the missile velocity at 
launch (typically Mach 0.9). The solid rocket motor 
model of the original code is used to compute the 
missile trajectory during the boost phase. 

3. RAMJET PROPULSION MODEL 
The algebraic ramjet propulsion model of Amichai 
(Ref. 2) was selected for implementation in the 6DOF 
code. The model accounts for ramjet engine 
adaptability to varying flight conditions but remains 
computationally efficient. Engine thrust is computed 
as a function of flight conditions using information on 
the engine internal geometry and using specified or 
computed total pressure efficiency factors. The 
original ramjet model of Amichai was first modified to 
improve the treatment of the supersonic inlet, to add a 
simple model of the ducted rocket engine and to 
implement a scheme for inlet-combustor matching 
using the secant iterative method. Inlet-combustor 
matching refers to the procedure by which the location 
of the normal shock wave (NSW) in the diffuser and 
the pressure coefficient across the system of reflecting 
oblique shock waves (OSW) are iterated upon to 
maintain the nozzle choked at all times during ramjet 
engine operation. 

Within the ramjet model, the engine is divided in two 
sections, namely the combustorhozzle and the 
inletldiffuser. The computation of the flow conditions 
in the combustorhozzle section assumes a choked 
nozzle while the inlet/diffuser flow is computed 

separately. Indices I and N identify the flow 
conditions at the combustor upstream end obtained 
from either the inlet/diffuser (I) or the 
combustorhozzle (N) sections respectively. The profile 
of the system of reflecting OSW and the position of 
the NSW in the diffuser are iterated upon using the 
secant method (two iteration cycles), thereby varying 
flow conditions I, until the difference between 
conditions I and N is less than a user-specified residue. 
Residues of are obtained within less than five steps 
with the secant method. More specifically, iterating on 
the position of the NSW adjusts the flow speed M, 
while iterating on the pressure coefficient across the 
system of reflecting OSW adjusts the total pressure PT,. 
Inlet-combustor matching is achieved at convergence of 
conditions I and N, and the resulting internal flow then 
represents the engine state at a particular trajectory 
point. The total pressure at the nozzle throat, which 
equals the free-stream total pressure minus losses in the 
inlet and combustor, is at convergence of the two 
iteration cycles (NSW and OSW cycles) the required 
pressure to drive the total flow of air and fuel at sonic 
speed through the nozzle throat. 

3.1 Intake Model 
The intake and diffuser compress the flow from 
supersonic to subsonic speeds before entry to the 
combustion chamber. To simplify the treatment of the 
inlet, the model does not describe the compression 
through the detailed system of reflecting OSW but 
rather through a single OSW only. Indeed, well-known 
two-dimensional flow relations describe the single 
OSW compression over a 2D wedge shaped inlet, 
while a semi-empirical relation (Ref. 2) approximates 
the compression over an axisymmetric conical inlet. 
After the single OSW, a diffuser accelerates the 
supersonic flow up to a NSW for the final compression 
to a subsonic flow. The remaining diffuser section 
decelerates the subsonic flow up to the sudden 
expansion with a final rapid expansion into the 
combustor. The diffusion of the flow is computed for 
an isentropic flow, complemented by an efficiency 
factor for total pressure loss. The strength (pressure 
coefficient) across this single OSW and the NSW 
position inside the diffuser are iterated upon to achieve 
inlet-combustor matching. 

The intake model currently assumes a supercritical 
intake and operation above the inlet design Mach 
number. The first assumption implies that the air 
capture area remains fixed throughout the flight of the 
missile. With the second assumption, the ramjet model 
tracks the position of the NSW in the diffuser and 
aborts if the NSW is expelled upstream out of the 
intake duct. 



2-4 

3.2 Combustor Model 
The ramjet combustion model computes the mass flow 
rate of injected fuel and the flow conditions at the 
combustor exit. An empirically based power-law 
equation computes the regression rate of the SFRJ fuel 
surface as a function of the air intake mass flow rate. 
Relations describing the change of the flow properties 
across the combustor are obtained by applying the 
principles of conservation of mass, momentum and 
energy. The associated control volume is the 
combustor itself, from the sudden expansion to the 
nozzle entrance plane. The combustor flow is 
axisymmetric and the flow is assumed to be 
one-dimensional for simplicity. 

The energy conservation principle applied to the 
combustor accounts for the energy released to the flow 
by the combustion process. A rigorous evaluation of 
the amount of energy released must be performed by 
modelling the fluid flow and the combustion finite-rate 
chemistry. A less time consuming approach is to 
compute the equilibrium conditions of a given mixture 
of fuel and air at each integration time step of the 
simulation, during ramjet engine operation. 

For its first version, the ramjet model uses a still 
simpler approach. Equilibrium conditions are 
computed for only one fuel-air ratio and only one 
temperature and pressure for each reactant (fuel and 
air). The selected reactants conditions and fuel-air 
ratio are assumed to be typical over the duration of 
engine operation. The conditions at the combustor exit 
are set equal to these equilibrium conditions, after 
including a combustion efficiency factor. The 
equilibrium code gives the total temperature, gas 
constant and the ratio of specific heats of the 
combusted mixture, while the combustion efficiency 
factor is user-specified. 

The ramjet model also accounts for total pressure 
losses and other loss mechanisms (such as heat 
transfer, boundary layer effects and wall friction) using 
global efficiency factors. Some factors are computed 
implicitly in the model while others are user-specified. 
A complete description of the ramjet model can be 
found in Ref. 3. 

4. GUIDANCE MODEL 
Simplified models for missile navigation, guidance and 
control and for the target trajectory have been 
implemented in the 6DOF code' to add a capability to 
simulate the missile trajectory during an engagement 
against a maneuvering target. The missile seeker 
provides the target-to-missile relative angular 
displacement. Since the true angular displacement is 

given exactly as a function of time by the 6DOF 
trajectory simulation, the use of a real sensor is 
modelled by including two error components, the 
gimbal boundary limit and a constant target-missile 
angulai position error. Both are user-specified. Target 
tracking ends when the maximum gimbal boundary is 
reached. 

The target-to-missile angular position change measured 
by the sensor is fed to the guidance system. The 
guidance module evaluates the corrective missile lateral 
acceleration required for a future encounter with the 
target according to the proportional navigation 
guidance law. The seeker provides the rate-of-change 
of the line-of-sight angle while a doppler radar 
provides the closing velocity. The control lateral 
acceleration vector is oriented in the direction of the 
vector of the rate-of-change of the line-of-sight angle 
plus an angular error contribution, if specified. 

The lateral acceleration computed from the guidance 
law is commanded to the missile control system. 
Implemented controls include an ideal control, 
aerodynamic control (tail or wing surfaces), thrust 
vector control (TVC) and coupled taiYTVC control. 
The ideal control provides exactly the required lateral 
corrective force computed by the guidance law. This 
control is also independent of flight conditions, is 
assumed to be located at the vehicle CG and hence 
induces no missile pitching and, finally, does not 
contribute additional missile drag. 

Aerodynamic control provides a lateral corrective force 
from the deflection of external surfaces (aerodynamic 
control coefficient derivatives must be supplied). A 
symmetrical deflection of the control surfaces provides 
a lateral force, a pitching moment and increases the 
missile total drag force. Control effectiveness now 
depends on the geometry of the control surfaces and on 
the flight conditions. A maximum deflection angle 
limits the effectiveness of aerodynamic control in the 
numerical model. The control deflection necessary to 
provide the required lateral corrective force is 
computed using a specific logic. This corrective force 
is however applied to the missile equations of motion 
only after a specific time delay to account for the 
missile overall time constant. 

Thrust vector control improves missile effectiveness in 
close-in combat. A short-range missile usually 
acquires its turning capability by flying at a high angle 
of attack. The possible missile controls (canards, tails, 
thrust vector and/or reaction jets) pitch the missile to 
the required angle of attack. For the initial missile 
flight early after launch, aerodynamic control by itself 
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cannot pitch the missile to sufficiently high incidence 
because of the low missile speed (low dynamic 
pressure). Thrust vector control on the other hand can 
provide the required pitching moment by deflecting the 
high momentum exhaust gas. 

The primary limitating factor of the thrust vector 
control is its dependence on engine thrust. In fact, the 
time required for the maneuver must not exceed the 
motor bum time. The ramjet engine however has a 
longer burn time than the solid rocket motor and, 
hence, would allow the thrust vector control unit to 
operate for a longer time. Given this possible 
application of thrust vector control to missiles 
propelled by a ramjet engine, a simplified movable 
nozzle thrust vector control was implemented in the 
6DOF code. This thrust vector control can operate 
alone or can be coupled to a tail control. 

5. MISSILE PROPULSION TRADE-OFF STUDY 
A preliminary trade-off study was performed to 
investigate the implications of propulsion (conventional 
rocket motor and ramjet engine) on the overall missile 
effectiveness. For the purpose of this study, two 
generic medium-range air-to-air tactical missile 
concepts were established using simplified design 
procedures. The first concept uses a conventional 
rocket motor while, in the second concept, the rocket 
motor is replaced by a solid-fuel IRR engine. The 
performance of each concept was evaluated using the 
improved 6DOF code and compared. 

5.1 Missile Concepts 
Figure 1 shows the concept of the medium-range air- 
to-air tactical missile propelled by a conventional solid 
rocket motor (denoted as the SRM missile). The 
radome, target seeker, warhead and flight control 
system occupy the front half of the missile while the 
propulsion unit is attached behind the control system. 
The missile overall length is 3630 m and its nominal 
diameter is 200 mm. Table I summarizes the physical 
and performance characteristics of the conceptual SRM 
missile. The missile mass reduces from 232 kg at 
launch to 169 kg at burn-out. The length of the 
cylindrical propellant grain was limited to 1300 mm to 
ensure that the missile does not exceed the aeroheating 
limit, arbitrarily set to Mach 4 at 10 km altitude. A 
total thickness of 10 mm was allocated for the insulant 
and combustion chamber casing. The nozzle throat 
area was sized to ensure that the maximum pressure is 
12.4 MPa. The solid rocket motor contains a standard 
non-aluminized HTPB/AP propellant (a reduced-smoke 
propellant, where AP refers to ammonium perchlorate) 
with a burn rate of 14 mm/s at 6.9 MPa. The motor 
produces an average thrust of 20.9 kN over a bum time 

of 7.05 s, for a total impulse of 147 kN s at sea level. 
The motor specific impulse is 240 s at sea-level, 
characteristic of reduced-smoke propellants. 

Figure 2 shows the variant of the SRM missile concept 
propelled by a solid fuel IRR engine. The engine uses 
a side-mounted inlet because the front section of the 
missile is occupied by the radome. However, this 
configuration limits the maximum deflection angle of 
the wing control surfaces. The ramjet combustion 
chamber contains the booster and ramjet solid fuels. 

The booster and the ramjet engine cannot use a nozzle 
of the same throat area. The booster requires a small 
throat area to operate at high pressures, and to produce 
a sufficiently large thrust to quickly accelerate the 
missile away from the launch aircraft. The throat area 
required for the booster is however too small for 
subsequent ramjet operation. The total pressure head 
required to drive a sonic flow through the booster 
nozzle throat would largely exceed the total pressure of 
the air supplied by the intake. Accordingly, the ramjet 
engine must operate with a nozzle of larger throat area. 
Hence, the IRR engine uses a dual nozzle, where the 
smaller nozzle of the booster is inserted within the 
ramjet nozzle and is ejected after booster operation and 
before ramjet ignition. 

Table I1 summarizes the physical and performance 
characteristics of the IRR missile while Figure 3 
describes the solid fuel ramjet engine. The missile 
mass reduces from 232 kg at launch to 191 kg at 
booster burn-out, and to 172 kg at ramjet burn-out. 
The length of the cylindrical booster propellant grain 
was set to 1600 mm to ensure that the end-of-boost 
missile speed is sufficiently high for ramjet start-up. 
A high speed at ramjet ignition implies that the total 
pressure head of the intake air is sufficiently high to 
drive the sonic flow through the ramjet nozzle throat. 
The booster nozzle throat area was sized to ensure that 
the maximum pressure is 12.4 MPa during the boost 
phase. The ramjet booster and rocket motor of the 
SRM missile both contain the same propellant. The 
booster produces an average thrust of 20.6 kN over a 
bum time of 4.73 s, for a total impulse of 97 kN s and 
a specific impulse of 240 s at sea-level. The booster 
propellant mass of the IRR missile is less than in the 
SRM missile because the ramjet solid fuel must be 
contained in the combustor total volume. 

The ramjet engine burns a pure HTPB solid fuel grain 
cast inside the combustion chamber. The nozzle throat 
area is 0.0025 m2 during the boost phase and 
0.0120 m2 during ramjet operation. A trajectory 
simulation using the improved 6DOF code has shown 
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that, when launched at 5 km altitude, at a speed of 
Mach 1.2 and an elevation of 20°, the IRR engine 
burned for 43.7 s, producing an average thrust of 
3.65 kN (a sustain-level thrust, compared with 20.6 kN 
for the booster). The 19 kg and 1500 mm long fuel 
grain produces a total impulse of 159 kN s, yielding a 
high specific impulse of 859 s. The ramjet propulsion 
model assumes an instantaneous ignition and does not 
describe variations in ignition time between different 
fuels. Further details on this simulation can be found 
in Ref. 3. 

The combustion model for the solid-fuel ramjet engine 
computes the fuel regression rate as a function of 
intake air mass flow rate using a power law equation. 
This equation contains two user-specified empirical 
constants. No experimental data was readily available 
on the regression rate of HTPB propellant in a ramjet 
combustor with air mass flow rates typical of those 
encountered in the current concept engine (typically 
5 kg/s). Accordingly, the two coefficients were taken 
from experimental data (Ref. 4) on the overall 
regression rate of a different fuel (PE) for lower air 
mass flow rates (0.3 kg/s). The estimated coefficients 
a and n are 0.0033 and 0.61 respectively for a 
regression rate in mm/s and the air mass flow rate 
in g/s. For a typical air mass flow rate of 5 kg/s, the 
resulting regression rate of HTPB fuel is 0.6 mm/s in 
the ramjet combustor. 

The combustion model of the current ramjet propulsion 
model requires the state of the combusted mixture at 
the combustor exit. A representative total temperature 
of 2000 K, a ratio of specific heats of 1.23 and a gas 
constant of 292 Jkg-K were obtained using a 
thermochemical equilibrium code and typical reactants 
conditions (Refs. 3, 5). 

5.2 6DOF Code Input Files 
The missile mass properties, aerodynamic coefficients 
and booster performance must be specified in addition 
to the ramjet engine geometry and performance data. 
Aerodynamic coefficients of the SRM missile were 
obtained using the aero-prediction code AP-81 (Ref. 6). 
The same aerodynamic coefficients were assumed for 
the IRR missile configuration, except for the drag 
coefficient. A user-specified factor increases the 
missile drag based on intake status (open/closed). The 
performance of the solid rocket motor is evaluated 
separately and specified as an input to the 6DOF code. 

One input file contains all the necessary information on 
the ramjet engine required by the numerical model, as 
well as intake drag contribution. The dimensions of all 
engine internal stations are specified. The density of 

the selected HTPB fuel is 971.56 kg/m3 (from Ref. 2). 
User-specified efficiency factors describing intake flow 
losses have been realistically set to 0.96. Except for 
the large total pressure loss across the NSW, the inlet 
total pressure recovery is then 0.92 (0.96*) times the 
total pressure loss across the OSW (typically 0.90), or 
0.83. This value of total pressure recovery is typical of 
missile supersonic inlets (Ref. 7). 

The 6DOF code requires three factors to compute the 
IRR missile drag (inlet closed, inlet open, ramjet on). 
From Table 111, the zero-lift drag coefficient of the IRR 
configuration with inlets closed is set to 30% larger 
than the coefficient of the configuration without inlets, 
and 10% larger when the inlet is open. During ramjet 
operation, the total missile drag decreases by 15% 
because of a reduction in the missile base drag. The 
three “FCD,.,” factors are representative of generic 
airbreathing missiles (Ref. 7). 

5.3 Inlet-combustor Matching 
Figure 4 indicates the rapid convergence achieved by 
the secant method to match the I and N conditions (at 
the combustor entrance plane, station 3) for Mach 
number and total pressure. A successful convergence 
is achieved within five steps for both iteration cycles. 
This rapid convergence with the secant method 
contributes to reducing the overall simulation 
computing time. Inlet-combustor matching is achieved 
at convergence of these cycles, indicating that the total 
pressure of the intake air corresponds to the required 
pressure to drive the flow of air and fuel through the 
sonic nozzle throat. 

5.4 Trade-off Study - Results 
The present section analyzes and compares the 
performance of the SRM and IRR missile concepts to 
highlight benefits and identify an operating envelope 
for each propulsion system. 

5.4.1 Effect of booster size 
The relative sizing of the booster propellant and ramjet 
fuel grains in a solid fuel IRR engine is constrained by 
the volume available in the combustor. Figure 5 shows 
the effect of varying the booster propellant mass on the 
IRR missile speed as a function of the distance 
travelled. The first missile contains the baseline 
booster (described earlier) while the second missile 
contains 15% more booster propellant (by weight) and 
therefore less ramjet fuel. The missile travels at a 
constant altitude of 10 km. 

The IRR missile with a larger booster accelerates to a 
higher end-of-boost speed than the baseline missile 
since the thrust developed by a rocket motor (the 
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booster) exceeds largely that of the ramjet engine. The 
missile with the larger booster also maintains a higher 
speed up to ramjet bum-out, but ramjet bum-out occurs 
earlier due to the smaller ramjet fuel mass carried. 
Accordingly, the higher range in a true level flight is 
achieved by maximizing the ramjet propellant and with 
the minimum boost propellant mass required to ensure 
ramjet start-up. This conclusion should not however be 
extended to apply to all IRR missile engagement 
scenarios because, in some cases, the missile could 
well benefit from a larger size booster and its increased 
initial acceleration. Hence, the relative sizing of the 
booster and ramjet fuel grains in a solid fuel IRR is 
mission-specific. 

5.4.2 Flight Mach number 
The sustain-level thrust and the longer operating time 
of the ramjet engine is suited to long-range missions. 
Figure 6 compares missile speed as a function of 
distance travelled for both IRR and SRM concepts and 
for two altitudes (7.5 km and 10 km). The x-axis title 
is purposely labeled "distance" travelled to emphasize 
that this distance should not be interpreted as a launch 
range-to-target. With a moving target, a gain in 
distance travelled is not equivalent to a gain in launch 
range because time-of-flight to the target must also be 
considered. For a missile-target engagement, this 
distance travelled will represent the distance between 
the missile launch point and the intercept point. 

Each missile is launched at a speed of Mach 1.2 and 
maintains a level flight trajectory. The IRR missile 
achieves a lower end-of-boost speed because of the 
smaller booster total impulse. The SRM missile starts 
decelerating immediately after booster bum-out, but the 
IRR missile continues to accelerate due to the sustain 
thrust produced by the ramjet engine. With regard to 
flight speed, the SRM missile travels with a higher 
average speed for ranges below approximately 20 km 
because the total impulse delivered by its rocket motor 
exceeds that of the IRR engine. The IRR missile on 
the other hand maintains a higher speed above the 
20 km threshold and also travels for a 60% longer 
range than the SRM missile before reaching the 
arbitrary minimum flight speed limit of Mach 0.95. 
Missile range depends strongly on flight altitude, 
increasing by 40% with a 2.5 km altitude change. 

5.4.3 Time-of-flight 
Figure 7 presents the time-of-flight as a function of the 
distance travelled for the same flight conditions as in 
Fig. 6. The SRM missile travels with a larger average 
speed and hence a lower time-of-flight below a 
threshold range of 25 km. The average speed and 
time-of-flight advantage of the IRR missile increases 

steadily with distance travelled above this threshold 
range. 

The performance of the IRR missile against a moving 
target depends on the time-of-flight and average speed. 
A sufficient speed advantage (Fig. 6 )  over a moving 
target is critical to allow the missile to intercept the 
target, especially in a tail chase. Similarly, the missile 
time-of-flight controls the total range travelled by the 
target before being intercepted. If the time-of-flight is 
high, the target can reach the no-escape zone outer 
boundary before being intercepted. 

5.4.4 Turning capability 
The IRR engine improves end-game maneuvrability at 
longer ranges by maintaining high missile speed. 
Figure 8 indicates the turning capability in g,'s 
achievable during each trajectory of Fig. 6 .  Although 
Fig. 6 indicates a gain in speed with altitude, the 
turning capability can be larger or smaller at the lower 
altitude as it depends on the local dynamic pressure. 
The SRM missile has a greater turning capability for 
distances smaller than the threshold range of 
approximately 20 km. The IRR missile also maintains 
a minimum 3 g, maneuvrability for 50% longer ranges 
than the SRM missile. 

5.4.5 Performance against a non-maneuvering target 
The performance of the SRM and IRR missiles against 
a non-maneuvering target are compared for various 
initial missile-to-target ranges. Each missile is launched 
at Mach 1.2 and at an altitude of 10 km against a non- 
maneuvering target travelling at the same altitude and 
speed in a tail chase (target aspect angle of 0"). 
Figure 9 presents the missile-target closing velocity as 
a function of launch range. The SRM missile performs 
better than the IRR missile for ranges smaller than 
15 km. The IRR missile however intercepts targets up 
to a 60 km range, which represents a 50% increase 
over the SRM missile maximum intercept range at this 
altitude. 

Figure 10 presents the time-of-flight and f-pole 
distance as a function of launch range for the same 
scenario. The SRM missile intercepts its target in a 
shorter time due to its higher average velocity below a 
launch range of 25 km and the IRR missile performs 
better above this range. The f-pole distance is very 
similar with either the SRM or the IRR missiles up to 
the maximum launch range of the SRM missile 
because the flight times are similar. The f-pole 
distance was computed by assuming that the aircraft 
maintains the same course after launching the missile. 
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5.4.6 Performance against a maneuvering target 
The relative performance of the IRR and SRM missiles 
follows a similar trend when the missiles engage a 
maneuvering target. Each missile is launched at a 
speed of Mach 1.2 in a co-altitude engagement against 
a maneuvering target at 10 km altitude. The target 
maintains a constant speed of Mach 1.2 but pulls a 5 g, 
turn at missile launch to a 90" heading (slicing target). 

Figure 11 shows the closing velocity between the 
missile and target as a function of launch range for 
each missile. The IRR missile again has a greater 
speed advantage than the SRM missile above a 
threshold range. This range is now lower at 10 km, 
compared with 15 km in an engagement against a 
non-maneuvering target (Fig. 9). Also, for a given 
launch range, higher closing velocities are achieved 
against the maneuvering target (Fig. 11) than against 
the non-maneuvering one (Fig. 9) because the 90" 
heading change of the target in Fig. 11 actually reduces 
missile range and flight time to intercept. This 
example shows that when selecting and optimizing a 
propulsion system for a particular tactical missile, 
trade-off studies must be performed using a set of 
engagement scenarios representative of the missile role. 

A comparison of Figs. 9 and 11 also shows that both 
the IRR and SRM missiles can intercept the target at 
longer launch ranges against a slicing target with a 90" 
turn than against the non-maneuvering target. Indeed, 
the missile uses only its speed advantage against a non- 
maneuvering target in a tail chase (Fig. 9), but can use 
both its speed and maneuvrability advantages against 
the slicing target (Fig. 11). Hence, if the target is 
approaching the missile maximum range boundary at 
missile launch, the target should maintain a straight 
course to reach the outer boundary quickly. 

Figure 12 presents the time-of-flight and f-pole 
distance as a function of launch range for the scenario 
of Fig. 11. The SRM missile offers a time-of-flight 
advantage over the IRR missile for launch ranges 
below 30 km, compared with 25 km in Fig. 10 for a 
non-maneuvering target. The threshold range observed 
in Figs. 11 and 12 do not have to agree because the 
time-of-flight advantage (Fig. 12) depends on the 
distance travelled during the intercept. Finally, from 
Fig. 12, the IRR missile offers an increasing f-pole 
advantage with launch range over the SRM missile for 
ranges greater than 35 km. 

5.4.7 Time-of-flight envelopehon-maneuvering target 
A total of three missile performance parameters are of 
particular interest to the pilot: the time-of-flight, 
maximum range and terminal velocity. Reducing the 

time-of-flight to intercept means an increased speed 
advantage, thereby improving f-pole distance. The 
maximum range represents the engagement outer 
boundary, while the terminal velocity governs missile 
maneuvrability during end-game and the no-escape 
zone. The IRR missile offers improved end-game 
maneuvrability, as shown in Fig. 8, for long ranges. A 
time-of-flight envelope shows missile performance in 
a realistic operating environment in terms of the other 
two parameters, time-of-flight and maximum range, for 
a large number of initial target locations. 

Figure 13 shows the time-of-flight envelope generated 
for both the IRR and SRM missiles. The non- 
maneuvering target, initially located at coordinates 
(O,O), travels in the direction shown at a constant speed 
of Mach 1.2 and at a constant altitude of 10 km. The 
missile is launched at any (x,y) point in the direction 
of the target initial position, at also a speed of 
Mach 1.2 and an altitude of 10 km. Each contour line 
represents a constant time-of-flight to intercept. For 
example, both IRR and SRM missiles intercept the 
target after a flight of approximately 30 s when 
launched at the position (-20,20) km. The contour 
lines are also skewed to the left because intercepts can 
be achieved at greater ranges when the target aspect 
angle is greater than 90". To generate the envelope, 
the domain was divided into 33 nodes in the 
x-direction (from -80 km to +SO km) and 17 nodes in 
the y-direction (from 0 km to 80 km). Engagement 
simulations were performed using the 6DOF code for 
each initial position of the missile. A total of 560 
simulations were performed in batch mode to generate 
the envelope of Fig. 13. 

Although all the engagements performed to generate 
the envelope are co-altitude, the missile does not 
maintain a truly constant altitude. The proportional 
navigation guidance law requires a change in the line- 
of-sight angle to effect a normal acceleration command. 
The missile loses altitude in the first part of the 
trajectory due to the gravity pull, but the normal 
acceleration commanded by the missile guidance 
increases with time from zero at launch, as the rate-of- 
change of the line-of-sight angle increases. The missile 
pitches up to the target altitude in the final part of the 
engagement. The ramjet model properly accounts for 
the effect of changing altitude on engine performance. 

The envelope confirms that the IRR missile offers a 
time-of-flight advantage over the SRM missile for 
longer ranges. The IRR missile intercepts the target in 
a shorter time than the SRM missile for flight times 
greater than about 35 s. The value of the threshold 
range depends on the missile initial position, hence on 



the engagement scenario. The time-of-flight advantage 
increases i) largely with launch range because the IRR 
missile then maintains a higher average velocity and 
ii) slightly from tail-on to head-on target aspects. 

The IRR engine also improves missile maximum range 
capability. As shown in Fig. 13, the IRR missile can 
successfully intercept targets at launch ranges 40% 
greater than the SRM missile. The last contour level 
(75 s and 65 s for the IRR and SRM missiles 
respectively) is near to but does not represent the 
truly maximum range boundary. 

6. CONCLUSIONS 
A 6DOF trajectory simulation code was acquired and 
improved to assess missile performance and 
effectiveness in a realistic operating environment. The 
code can model the trajectory of a missile propelled by 
either a conventional rocket motor or a solid fuel 
integral-rocket-ramjet engine. Modifications to the 
original version were required to implement i) a model 
of missile guidance and control based on the law of 
proportional navigation and ii) an algebraic ramjet 
propulsion model. Improvements to the selected ramjet 
model included i) a 2D intake model and ii) a 
numerical procedure based on the secant method to 
achieve a true inlet-combustor matching by iterating on 
the position of the normal shock wave in the diffuser 
and on the pressure coefficient across the reflecting 
oblique shock waves. The combustion model was 
purposely kept simple and future improvements are 
planned. The improved 6DOF code represents a 
cost-effective tool to assess missile performance and 
define the missile operating envelope. Further work 
remains in the areas of inlet and combustion modelling 
but a conservative assessment of ramjet engine 
performance is already possible with appropriate 
efficiency factors. 

A preliminary trade-off study was performed using the 
improved 6DOF code to investigate the preferred 
operating envelopes of the conventional rocket motor 
and of a solid fuel IRR engine for a tactical missile. 
Two generic 200 mm medium-range air-to-air tactical 
missile concepts were established, one for each 
propulsion system. The ramjet engine delivers a 
sustain level thrust but with a high specific impulse 
when compared to the conventional rocket motor. 
From a simulated trajectory, the booster delivers an 
average thrust of 20.6 kN with a specific impulse of 
240 s using a reduced smoke HTPB/AP, compared 
with 3.65 kN and 859 s for the ramjet engine. The 
IRR missile average speed depends on booster 
propellant to ramjet fuel ratio, and the optimum ratio 
is mission specific. 
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Ramjet propulsion improves three important 
performance criteria of a missile system, namely, the 
time-of-flight (average velocity), maximum range and 
end-game maneuvrability. The ramjet engine however 
is for longer range missions, with its higher specific 
impulse and sustain type thrust profile. The 
conventional solid rocket motor, with its high thrust 
output and low burn time, gives the tactical missile a 
higher average velocity and hence a better 
maneuvrability for shorter range engagements. A time- 
of-flight envelope generated for both missiles against 
a non-maneuvering target at 10 km altitude shows that 
the IRR missile offers a time-of-flight advantage for 
flight times greater than 35 s, which corresponds to a 
25 to 35 km launch range. The envelope also shows 
that the solid fuel IRR engine improves the missile 
maximum range capability by 40%. The IRR engine 
also extends the 3 g, maneuvrability boundary by 50% 
in slant range. 
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TABLE I 
SRM Missile Concept 

Missile 
Mass at launch 
Mass at end-of-boost 
Booster 
Propellant grain 
Nozzle throat area 
Nozzle exit plane area 
Propellant mass 
Propellant characteristic velocity 
Propellant regression rate 

Maximum operating pressure 
Burn time 
Average thrust' 
Average operating pressure 
Specific impulse' 
Total impulse' 

at sea level 

Missile 
Mass at launch 
Mass at end-of-boost 
Mass at ramjet burnout 

Booster 
Propellant grain 
Nozzle throat area 
Nozzle exit plane area 
Propellant mass 
Propellant characteristic velocity 
Propellant regression rate 

Maximum operating pressure 
Burn time 
Average thrust' 
Average operating pressure 
Specific impulse' 
Total impulse* 

Ramiet 
Propellant grain 
Nozzle throat area 
Nozzle exit plane area 
Fuel mass 
Burn time" 
Average thrust" 
Specific impulse" 
Total impulse" 

232 kg 
169 kg 

1300 mm long, 25 mm ID, 190 mm OD 
.0027 m2 
.0246 m2 
63 kg 
1524 m/s 
0.104 P:3' mm/s (P, in Pa) 
(14 mm/s at 6.9 MPa) 
12.4 MPa 
7.05 s 
20.9 kN 
4.98 MPa 
240 s 
147 kN s 

TABLE II 
IRR Missile Concept 

232 kg 
191 kg 
172 kg 

1600 mm long, 25 mm ID, 140 mm OD 
.0025 m2 
.0270 m2 
41 kg 
1524 m h  
0.104 PCo3' m d s  (P, in Pa) 
(14 m d s  at 6.9 MPa) 
12.4 MPa 
4.73 s 
20.6 kN 
5.38 MPa 
240 s 
97 kN s 

1500 mm long, 140 mm ID, 190 mm OD 
.0120 m2 
.0260 m2 
19 kg 
43.7 s 
3.65 kN 
859 s 
159 kN s 

at sea level 
** free-flight simulation: missile launched at 5 km altitude, speed of Mach 1.2 and 20" elevation angle 
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TABLE m 
6DOF Inputs for the Ramjet Model 

RAMJET MODULE INPUTS: 
1 Ramjet engine type: (I)  - SFRT; (2) - DR/LFFU 
3.630 Missile body length [m] 
0.1 Missile body nominal radius [m] 
2 Inlet type: (1) - conical and axisymmetric; (2) - 2D rectangular 
20. Wedge angle [deg], for I" estlmate of C, at ramjet star-up 
1.5 Ramjet combustor length [m] 
10.e-03 Inlet frontal area [m'] 
1. 
5.5e-03 Diffuser entrance area [m21 
1 Se-02 
0.0033 
0.61 
971.56 Ramjet fuel density @cg/m31 
14.e-02 
19.e-02 
12.e-03 
2.6e-02 
0.74 Combustion efficiency factor 
0.96 Ramjet nozzle efficiency factor 
0.96 Diffuser efficiency factor (up to NSW) 
0.96 Diffuser efficiency factor (from NSW to diffuser end) 
3.15e-02 Reference area for the thrust coefficient [m'] 
.073 Stoichiometric fuel-air ratio of ramjet fuel/air mixture ( D R A W  engine) 
,025 Minimum fuel-air ratio for combustion (for HTPB fuel in this case) 
2500. Ideal total temperature [K] 
1.23 Ratio of specific heats of the combustion products 
292. Gas constant of the combustion products [Jkg-K] 
0. Inlet bleed in % of inlet air mass flow rate 
18. Total fuel mass (DRILFRJ engine) [kg] 
ADDITIONAL INPUTS FOR 6DOF RAMJET PROPULSION MODULE 
30. Drag coefficient increase with ramjet inlet(s) closed' 
IO. Drag coefficient increase with ramjet inlet(s) open' 
15. Drag coefficient decrease during ramjet operation. 
IO Calling frequency of the ramjet module" 
***aa*aaa***a****a*****aa*****a********a****a********* 

NOTES 
* % of drag coefficient of missile without air inlets (C, mn,nk,); 

** in units of integration time step of the 6DOF simulation 
************a******a*aaa**a**+**a***a***a~***ma***a******a 

Ratio of inlet capture area to inlet frontal area 

Diffuser exit area [m2] 
Coefficient a in the SFRJ solid-fuel regression equation (f = a h,") 
Exponent n in the SFRJ solid-fuel regression equation (f = a 61,") 

Combustor inner diameter, at end-of-boost [m] 
Combustor outer diameter, at ramjet burnout [m] 
Ramjet nozzle throat area [m2] 
Ramjet nozzle exit plane area [m'] 
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Booster propellant grain 

59 D (booster nozzle throat) 

Figure 1 - SRM Missile concept 
All dimensions in rnm 

Booster propellanL grain 

Dual nozzle 

Figure 2 - IRR Missile concept 
All dimensions in mm 

Ramjet propellant grain 
(140 ID, 190 OD) 

143 
Section A-A 

All dimensions in mm 
Figure 3 - Solid fuel IRR engine concept 
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Figure 4 - Inlet-combustor matching convergence rate 

4 r  - 1  1 1 I 1 I - .  

3 -  
k 
0) n 
E 

Level flight (h= 10 km) 
Mprop/RJ + Mprop/boost = constant 

2 2 -  

4 
5 

1 -  - Baseline booster -- Larger booster (+ 15% Mprop/boost) 

0 I . .  . I .  . , I . . ,  

0 25 50 75 100 
Distance [km] 

Figure 5 - Effect of booster size on IRR missile speed 
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Figure 8 - Effect of propulsion system on missile maneuvrability 

Figure 9 - Closing velocity advantage (non-maneuvering target) 
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OPERATIONALLY REPRESENTATIVE TESTING 
OF MODERN TACTICAL WEAPONS 

Dean H. Bergevin 
50 1 Range SquadrodCC 

6067 Box Elder Ln 
Hill AFB, Utah 84056-6067 

United States 

1. SUMMARY 
Increased weapon sophistication, interaction 
between different weapon capabilities, and 
increased weapon cost have led to increased 
reliance on large scale multiple objective test 
and training exercises. This combination can 
simultaneously obtain high value training and 
weapons test data with minimum expenditure of 
weapon assets. 

This paper details the experience of Utah Test 
and Training Range (UTTR) in supporting 
increasingly sophisticated weapons test and 
training programs conducted by the U.S. Air 
Force. Objectives, procedures, and test 
equipment used by such Air Force Air Combat 
Command programs as the Weapon Systems 
Evaluation Program (WSEP) and Conventional 
Air Launched Cruise Missile are discussed. 
WSEP tests multiple precision guided munition 
types, including the sophisticated High Speed 
Anti-Radiation Missile (HARM), Maverick, and 
Have Nap missiles. All tests are conducted 
using aircraft and aircrews from operational 
units in a realistic “war game” environment 
against realistic targets to provide unmatched 
training for multiple fighter and bomber 
squadrons. Fiscal year 1994 WSEP tests 
involved nine fighter units and over 150 
weapons at UTTR. Strategic and tactical cruise 
missile tests are also conducted using 
operational aircraft, crews, and equipment 
flying long range routes simulating wartime 
requirements. Simulated missile launch areas 
add operational realism. Missile profiles are 
designed to exercise missile launch, enroute 
guidance, and terminal attack capabilities. 
Weapons data are collected and used to 
evaluate accuracy, effectiveness, and reliability. 

Methods, procedures, and test range equipment 
used by UTTR to support tactical missile tests 
are discussed. Constraints necessary to meet 

range safety requirements are discussed, as well 
as methods used to minimize the constraints. 

2. INTRODUCTION 
The United States Air Force Air Combat 
Command (ACC) operates combat-coded 
fighters, bombers, tankers and reconnaissance 
aircraft and provides nuclear-capable forces for 
US Strategic Command’. In order to 
accomplish its mission, ACC must constantly 
train the crews who maintain, load, and fly the 
aircraft, as well as periodically assess the 
performance of the weapons used. ACC uses 
multiple methods to accomplish the task, 
including continuous unit training exercises, ani 
periodic multi-unit training exercises, 
competitions, and weapons system evaluation 
programs. Unit and multi-unit training 
exercises typically use Air Combat Maneuvering 
Instrumentation systems with computer 
simulated gun and missile firings for air-to-air 
training, and small practice bombs for air-to- 
ground training. Well known examples are the 
Red Flag exercises at Nellis Air Force Base 
(AFB). The weapon systems evaluation 
programs differ in that ACC combines weapons 
testing with operational training in an intense 
exercise to test “end-to-end” system readiness. 
The crews obtain valuable training on the 
weapons they would use in combat, while data 
are also accumulated and analyzed to evaluate 
weapons performance and measure effects of 
long term storage, handling, and maintenance 
procedures. Examples are the Combat Archer 
Air-to- Air Weapon System Evaluation Program 
(WSEP) at Tyndall AFB and the Combat 
Hammer Air-to-Ground WSEP at Eglin AFB 
and UTTR. Modern, high performance 
weapons challenge test range capabilities, since 
the range must safely accomplish the tests and 
collect the necessary weapon performance data 
while minimizing the constraints to training 
scenario realism. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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This paper discusses the general support 
requirements necessary to successfully 
incorporate both test and training objectives 
into weapon system evaluations. It also 
provides examples of specific test range support 
required, scenarios used, and data gathered for 
some representative air-to-surface weapon 
system evaluations conducted at UTTR. 

3. TEST REQUIREMENTS 
Effective combination of test and training - 
objectives in a weapon systems evaluation 
requires test range locations that can 
accommodate the extended “footprints” for 
multiple high performance operational weapons. 
The weapon footprint is the surface area that 
can be reached by the weapon, given the energy 
available to the weapon at launch and the 
methods available to terminate flight in case of a 
malfunction. Weapons footprint size can be 
limited by controlling the launch parameters or 
determining stringent termination conditions. 
However, such constraints greatly detract from 
combat realism, severely limiting the training 
value of the test. The permissible launch 
parameters and constraints are associated with a 
“shoot box.” If the missile is fired within the 
shoot box and within permissible constraints, 
then it can be contained within the footprint. 
Combat realism and training value are greatly 
enhanced if the available shoot box 
accommodates a variety of representative 
launch locations, speeds, altitudes, and off- 
boresight angles relative to the target, 
encompassing as much of the weapon firing 
envelope as possible. 

Weapons system evaluation tests can also 
enhance training realism by using multiple 
participants, including operationally 
representative attacking and defending aircraft 
formations. Support elements such as “wild 
weasel” electronic combat aircraft, Airborne 
Warning and Control (AWACS) aircraft, and air 
refueling tankers are also employed. 

Strategic and conventional cruise missile test 
realism is enhanced by having terrain following 
or high altitude training routes available to 
enter the test range, coupled with representative 
terrain and targets for cruise missile profiles 
within the test range boundaries. 

method for incorporating operational realism is 
to use MUltiple Threat Emitter System 
(MUTES) radar simulators, the Threat Reaction 
Analysis and Indicator System (TRAINS), and 
other threat simulators to exercise the electronic 
combat capabilities of the operational aircraft 
and pilot. These systems are also used in 
conjunction with launches of “Smoky Sam” 
simulated surface-to-air missiles to provide a 
realistic simulation of enemy ground defensive 
systems, and to evaluate the pilot’s responses to 
the threats. 

Weapons used in the evaluations consist of‘ 
multiple samples drawn from operational 
inventories. Performance degradation due to 
manufacturing defects or effects of long term 
storage can be discovered by analyzing 
performance data acquired during the weapon 
test. Identification and correction of the 
problems vastly increases confidence that 
weapon inventories will perform reliably and 
with known capabilities when they are drawn 
upon to meet operational requirements. 

Evaluation of the weapon system performance 
typically requires Time Space Position 
Information (TSPI) tracking of the weapon by 
radars or other tracking systems for at least part 
of the flight profile, although range safety 
considerations require that the weapon be 
tracked from launch to impact (see below). If 
sufficient internal space is available, the weapon 
carries a tracking augmentation device, such as 
a radio frequency (RF) transponder. If space is 
not available, radar skin track or optical track of 
the weapon is used. High accuracy (+/- 1 
meter) tracking data is usually required at the 
weapon fusing and impact points. This terminal 
phase TSPI data is acquired with unmanned, 
remotely controlled, high-speed film or video 
camera arrays. 

Thorough evaluation of weapon system 
performance usually requires employment of a 
telemetry (TM) package, if it can be installed 
within the weapon. This TM package typically 
takes the place of the weapon warhead or some 
of the fuel. For long range or high performance 
weapons, the TM package typically also 
incorporates a flight termination system that can 
be independently controlled from ground or 
airborne flight safety stations. 

The test scenarios can optimize training value 
by incorporating a realistic battlefield 
environment and realistic weapons employment 
scenarios to the maximum extent possible. One 
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4. SAFETY REQUIREMENTS 
A fhdamental analysis required for safety is the 
footprint analysis. The footprint analysis begins 
by evaluating the kinetic and potential energy 
available to the weapon at each point, or at 
crucial points, along its flight path. The 
evaluation of available energy assumes that the 
missile suffers a catastrophic failure or 
commanded termination at the given point. The 
energy calculation determines where the 
weapon debris would impact the ground given 
the worst case failure mode or the expected 
result of the termination command. 

I 

A simple example of a footprint analysis can be 
conducted for a single stage sounding rocket 
that is launched in a near vertical trajectory to 
reach the maximum possible altitude. In the 
worst case scenario, a failure of the rocket 
guidance controls immediately after launch 
could cause it to follow any possible random 
trajectory. Since we do not know what the 
specific failure might be, we must assume that 
the rocket will fail in a manner to cause it to fly 
in any random direction, with the horizontal 
distance traveled to be any value up to the 
maximum capability of the rocket. The 
resulting circular footprint is illustrated in 
Figure 1. 

i Manned Sites 

Launch Point 
0 

= = \  

High Value Facilities 1 :=/ 
Figure 1 

Circular Footprint 
The safety officers have WO choices for 
managing the footprint. First, they can position 
the launch site and specifL the allowed launch 
conditions such that rocket impact anywhere 
within the safety footprint will not cause 
unacceptable damage. Second, a commanded 
termination system can be installed to destroy 
the rocket if it deviates substantially from the 
expected flight path. Commanded termination, 
in the form of terminated thrust, increased drag, 
and/or fragmentation, can substantially decrease 
the footprint size. 

Each weapon has unique characteristics that 
profoundly change the safety constraints and 
dictate how the weapon footprint can be 
accommodated within the range air and surface 
space. As an example, the Air-Launched Cruise 
Missile (ALCM) employs a nuclear warhead 

which is replaced with an instrumentation 
package during weapons evaluation exercises. 
However, the Conventional Air-Launched 
Cruise Missile (CALCM) version of the weapon 
replaces the nuclear warhead with a 454 Kg 
conventional blast fragmentation warhead (with 
the same destructive effect as a 970 Kg bomb). 
The live warhead requires that the weapon flight 
path be constrained to well-controlled air and 
ground space because of the potential for 
collateral damage if the weapon fails before 
reaching its intended target. These concerns 
require the range to provide extremely reliable 
real-time TSPI tracking and display, constant 
monitoring of weapon health, and positive 
safety control in the form of a commanded flight 
termination system. UTTR has for these 
reasons provided a three-dimensional weapon 
tracking display at the range safety officer’s 
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station, and air vehicle tracking displays using 
three different TSPI tracking sources. The 
safety displays also graphically display critical 
command termination system parameters such 
as battery conditions, signal strength, etc. Real- 
time displays of missile TM data also allow the 
test engineers to monitor flight control 
responses, evaluate missile performance, and 
detect failures during the flight. 

5. RANGE INSTRUMENTATION 
Range instrumentation support requirements for 
weapons evaluation tests present unique 
challenges. Since by definition the weapons 
employment scenarios must be as operationally 
realistic as possible, the test range 
instrumentation used to control the tests, 
maintain range safety, and gather needed 
weapons data for evaluation must be reliable, 
effective, and unobtrusive. 

Test data acquisition at UTTR utilizes fixed 
telemetry reception sites with wide coverage of 
the range airspace. Coverage “holes” are 
covered using mobile telemetry acquisition vans 
that can be positioned prior to the test. The 
mobile telemetry vans must be usable either in a 
manned or unmanned mode, depending upon 
the test scenario and missile footprint size. Test 
requirements for some weapons require 
telemetry data acquisition through impact. This 
requirement necessitates placement of the 
mobile telemetry vans near the actual weapon 
impact point. 

TSPI tracking of the launch aircraft is usually 
performed utilizing metric radars or multi- 
lateration tracking systems such as the Global 
Positioning System. Safety management at 
UTTR is greatly enhanced by using the High 
Accuracy Multi-Object Tracking System 
(HAMOTS) as a source of TSPI data. This 
system uses uniquely coded tracking beacons on 
participating aircraft, allowing each aircraft to 
be identified and tracked separately. TSPI 
tracking of weapons is more difficult than for 
manned aircraft because the weapon typically 
combines small size and high performance with 
inadequate internal space to install tracking aids. 
Some specially configured tracking 
instrumentation systems are.employed to track 
the weapons and supply the data needed for 
range safety control and weapons evaluation. 
They are: 

modified by replacing the boresighted video 
tracking camera with a Forward Looking tnfra- 
red (FLIR) camera. This enables the radar 
operator to more easily track a rocket or 
turbojet propelled weapon, even in light clouds 
or against background terrain. The radar was 
also modified to add an operator controlled 
joystick, which allows the operator to break 
radar track on the launching aircraft prior to 
weapons launch, manually track the weapon 
using the FLIR and joystick until it separates 
well away from aircraft, and then revert to 
automatic track using radar returns from the 
weapon skin. 

Cinetheodolite modifications: Two arrays of 
four cinetheodolites each were converted to 
remote control operation, and one array was 
fitted with auto-tracking FLIR cameras. The 
remote control modifications were developed by 
White Sands Missile Range. Each array of four 
modified cinetheodolites are connected via 
fiber-optic cable to a central van housing 
remote control operator stations. The 
modifications allow the cinetheodolites to be 
operated within the weapon safety footprint 
without endangering the operators. A 
schematic representation of a remotely 
controlled cinetheodolite array is shown in 
Figure 2. Standoff distances of up to 48 Kin 
between the cinetheodolite and the control van 
have been demonstrated. An added benefit of 
the conversion is the capability to generate real- 
time TSPI information using computer analysis 
of the azimuth and elevation position recorded 
by each tracking mount. The real-time TSPI 
information is generated within the control van 
and is distributed over range communications 
nets, allowing other tracking systems (such as 
tracking radars) to automatically acquire the 
target. Conversely, any other available tracking 
data source can supply data to the central 
control van, allowing the remotely controlled 
cinetheodolites to rapidly acquire and track the 
target. In addition to the other benefits, it has 
been found that the FLIR camera systems allow 
the cinetheodolites to detect and track rocket 
propelled weapons at much longer ranges than 
would be expected from visual spectrum 
cameras. The remotely controlled cine- 
theodolites have demonstrated the capability to 
track rocket propelled weapons from up to 42 
Kin away in clear, low humidity atmospheric 
conditions. 

Tracking radar modifications: The TPQ-39 C- 
band metric tracking radar at UTTR was 
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6. TARGET CONFIGURATIONS 
Targets should confer some operational realism 
for operational tests, they should accurately 
simulate some target that may be found in a 
wartime situation. For example, many of the 
video guided weapons are designed to be 
effective against large structures such as aircraft 
hangars, bridges, or buildings. These targets 
represent a challenge for test range support, 
since even simulated structures are expensive. 
At a minimum the structures must be able to 
withstand possible range weather conditions, 
such as wind, rain, or snow loads, prior to use 
in a test. The best approach is to provide a 
simulated structure that can be used multiple 
times as a target, usually by making it easily 
repairable. A method used at UTTR and other 
test ranges is to produce a simulated building 
using surplus sea containers. Sea containers are 
relatively large cargo containers used 
commercially to transport goods over long 
distances using multiple transportation methods. 
Sea containers generally have standardized 
exterior dimensions and incorporate a steel or 
aluminum frame. The target building is 
constructed by stacking and welding together 
multiple containers. If required, a uniform 
exterior finish can be supplied by adding a 
repairable coating, such as stucco, to simulate 
various building types. An example building is 
shown in Figure 3 .  

Test programs typically employ inert warheads 
where possible to limit the target damage and 
increase the probability that the target can be 
repaired and reused. The targets are also 

constructed to facilitate damage repair. For 
instance, a building constructed of sea 
containers can be repaired by replacing 
damaged containers as required, and then 
repairing the exterior finish. An alternative 
method used to produce target buildings is to 
use pre-cast concrete pillars and panels. This 
produces a more robust building, but damage 
can still be repaired by removing and replacing 
damaged pillars and panels. Figure 4 shows an 
example of this construction method. A third 
method is to use pre-cast concrete bridge 
sections joined together to produce stand-alone 
buildings or bunkers. Again, the buildings are 
repairable by replacing the pre-cast 
components. An example of this target type is 
shown in Figure 5 .  

Another difficult target type is the simulated 
radar target for air-to-ground anti-radiation 
missiles. Operational evaluation test scenarios 
need multiple targets that simulate not only a 
realistic mix of radio frequency emitter types, 
but also employ some simulated emitter 
responses to the weapons threat. The threat 
emitters must be capable of remote control and 
the controllers must be able to obtain test 
aircraft position information that allows them to 
employ counter tactics such as shutting the 
emitters off or switching frequencies. The 
scenario also requires utilization of a target area 
within which extraneous radio frequency 
emissions can be carefdly monitored and 
controlled. Otherwise even tracking radars and 
communications systems used for test control 
and for test data acquisition can become 
targets! The anti-radiation weapon target area 
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requirements are met at UTTR by implementing 
a specialized target area called TS-4. A 
schematic of the TS-4 target area is shown in 
Figure 6. This impactable target area was 
designed to support testing of both autonomous 
loitering and direct attack anti-radiation 
weapons. All communications and remote 
control functions for the target area utilize 
buried fiber-optic lines. All TSPI and telemetry 
data are acquired either by remotely controlled 

diameter, or manned sites located outside the 
target area. The target area is located well 
within positive control restricted airspace that 
spans from ground level to 17,678 meters above 
mean sea level. Additional unpopulated 
expanses outside the target area, but within the 
restricted airspace, allow a wide latitude in 
allowable launch conditions. A typical large 
shoot box provided in support of recent 
weapons evaluation tests is shown schematically 

systems within the target area’s 22 mile (35Km) in Figure 7. 

T A R G E T  BUILDING M A D E  O F  SEA C O N T A I N E R S  

1. ,, , ...... ,.* ..,. . . . . .A,.* 

Figure 4 
TARGET BUILDING MADE OF PRE-CAST SECTIONS I 
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TARGET MADE OF CONCRETE BRIDGE SECTIONS 
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shown in Figure 8 .  These target pads are Some weapons require other types of 
specialized targets. An example is the 
submunition dispensing class of weapons, such 
as the Cluster Bomb Unit (CBU) gravity 
weapons,, the Joint Direct Attack Munition 
(JDAM)", the Joint Standoff Weapon (JSOW)"', 
and other projected weapons.'" These systems 
need a target area which can support 
instrumentation for analyzing weapon 
separation from the launch aircraft, as well as 
dispersion. impact, and fhnctioning of the 
submunitions. The target area must also allow 
for recovery/ disposal of all unexploded 
submunitions after the test. The target surface 
must be capable of withstanding submunition 
impact and detonation, but be easily repaired 
and maintained. Example target areas are 

optimized for independent analysis of multiple 
sequential deliveries (up to four), and represents 
UTTR target area 24. 

The Air-to-Ground Missile (AGM)-65 
Maverick missile requires still another type of 
targets for operationally realistic tests. These 
targets typically include stationary or remotely 
controlled tanks arrayed to represent either 
friendly or enemy tanks. The tank targets 
typically have operating engines, or some form 
of infrared signature augmentation, to increase 
the target realism. These arrays require the 
pilots to distinguish between friendly and enemy 
forces before launching the weapons. 

I )  long 
wide 

Y 

-1 
4 

U T T R  T A R G E T  24  



3-9 

7. OPERATIONS CONDUCT 
Typical developmental weapons test and 
evaluation (DT&E) differs substantially from 
operational weapons evaluations test and 
evaluation (OT&E). Airborne participants in a 
typical DT&E weapons test consist of a launch 
aircraft and a chase aircraft, with some 
additional support aircraft, such as tankers or 
airborne data relays. The launch and chase 
aircraft fly a tight formation (within strict safety 
constraints) along a carefblly pre-determined 
flight path to a pre-determined shoot box. The 
small shoot box typically allows the wea on to 

heading from pre-approved altitude, airspeed, 
and dive angle conditions. The weapon then 
travels alon a well determined flight path with 

selected target. 

In contrast, OT&E tests can employ complex 
tactical scenarios which are constructed to gain 
the maximum combined test and training benefit 
from each weapons launch. The scenario does 
not constrain the participants to pre-determined 
flight paths, but only identifies targets, expected 
threats, and potential threat responses scenario. 
This allows the test participants much more 
freedom to employ weapons tactics. For 
example, the participants in a weapons 
evaluation may consist of a classical four-ship 
formation” with two or more of the aircraft 
carrying live wea ons. If the tactical scenario 

example, the scenario may also emplo 

identifying and prioritizing targets. The 
attacking formation can be met by a defensive 
four-ship element which use air-to-air tactics, 
with electronically simulated missiles and guns, 
to defend the target area. MUTES and 
TRAINS sites are used to provide “threat 
density” sufficient to force the attackin 

electronic warfare countermeasures. Small 
unguided “Smoky Sam” missiles can be fired to 
simulate surface-to-air threats. Range safety 
and range control officers actively monitor the 
scenario and transmit warnings or commands as 
the aircraft approach or’ exceed the allowable 
weapon shoot box boundaries. As the attacking 
aircraft ap roaches the shoot box, the range 

conditions. Red range conditions mean that the 
range is not ready for a missile launch, while 
green range conditions mean that approval can 
be given to arm the weapon. If the missile is 
equipped with telemetry, the data are checked 
by range personnel to ensure that all of its 

be launched along a carefblly controlled P aunch 

a known sa B ety footprint to impact the pre- 

requires attack o P an active radar complex, for 

supporting Wild Weasel aircraft to ai cy in 

formation to employ evasive tactics an f 

control o 2 icer calls “red” or “green” range 

required systems, particularly the command- 
destruct system, are operational. If the weapon 
condition is acceptable, permission to launch is 
relayed to the pilot. The pilot is then free to fire 
at one of several “shootable” targets provided. 
Depending U on the target type, remote target 
control may e available, allowing the target 
operators to employ defensive tactics that the 
launch aircraft must counter. Once the weapon 
is launched, range TSPI and TM systems track 
it on its flight into the target. The wea on is 
typically tracked using two or three in B ependent 
TSPI sources, since complete loss of weapon 
track is a criteria for a commanded termination. 
The weapon is also destroyed if tracking and 
telemetry data predict that it will leave the 
permissible footprint area. The TSPI sources 
are interneted so that any tracking source can be 
fed to all other tracking sources to acquire 
track, or re-acquire if track is lost. In some 
instances where the weapon cannot be reliably 
tracked by TSPI sources, a chase aircraft will 
follow the weapon to the target to ensure that 
the weapon trajectory meets safety 
requirements. If the weapon successfidly 
attacks the target, telemetry, high speed high 
accuracy film cameras, and the video 
measurement analysis system (VMAS) are used 
to provide data used for the post-flight 

robability-of-kill analysis. The VMAS can also !I e used to provide real-time video of target 
impacts. 

Weapon system evaluation of bomber launched 
strategic and tactical cruise missiles is managed 
somewhat differently from evaluations of 
shorter range tactical missiles and bombs. 
Much of the training for the bomber crew and 
support personnel is conducted away from the 
test range as missions are prepared and 
weapons are loaded at the bomber’s home base. 
Once airborne, the bomber flies a complex long 
range profile to the weapon launch point at the 
weapons test range. Once the weapon is 
released, the bomber typically exits the range 
and returns to base along the pre-planned 

rofile. The weapon meanwhile uses its on- !I oard navigation system and sensors to fly an 
independent profile to a pre-planned target. 
The target can be either a simulated enemy 
facility or a set of pre-planned coordinates, 
de ending upon the test requirements. Data is 

determine missile performance and to evaluate 
range safety. An example of a typical cruise 
missile scenario is shown in Figure 9. 

CO P lected from telemetry downlinks both to 
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Figure 9 
Typical Cruise Missile Profile 

8. RESULTS 
8.1 Weapon Systems Evaluation Program 
Last veai. in the largest Combat Hammer Air- 
to-G;ound Weapon-Systems Evaluation 
Program (WSEP) to date, the ACC 
demonstrated in 2 1 successfirl launches that the 
HARM weapon is a proven fire-and-forget 
winner. The 1993, 1994, and 1995 WSEP 
HARM tests used instrumented missiles in a 
simulated combat environment against a variety 
of live targets, thoroughly testing the missiles, 
the pilots, and their target acquisition methods. 
The HARM missiles repeatedly hit the bulls- 
eye, demonstrating their suppression of enemy 
air defenses (SEAD) capability while gathering 
valuable missile performance data. Capt 
Krafcik, HARM Program Manager, said: 
"Shooting HARM at other ranges is great for a 
development program, but their restrictions are 
not favorable to operational testing. We were 
delighted to help get more realistic HARM 
training at UTTR." Since usin HARM to its 

exposure of friendly forces to enemy fire, the 
added benefit of realistic training on a large 
range is critical to increasing the success of 
friendly forces during wartime." 

HARM was included in the UTTR WSEP 
program after demonstration tests were 
successfdly completed in December 1993. The 

firllest potential can substantial f: y decrease the 

two test launches validated UTTR's capability 
to track and acquire data for high performance 
missiles launched at low altitude or substantially 
off-axis from the target. (Off-axis profiles 
occur when the launch aircraft is not pointed in 
the direction of the intended target at launch.) 
Now ilots can practice tactics using HARM's 

launch a strike at a target radar while 
performing combat maneuvers, increasing the 
survivability rate of the strike aircraft."" 

The WSEP rogram requires the use of UTTR 

restricted airspace and land area available as a 
safety footprint. Range Safety personnel 
determine the footprint requirements after 
reviewing the missile performance capabilities 
and analyzing possible failure modes. HARM's 
high velocity gives it a very large footprint 
compared to its shoot box. The added WSEP 
requirement of realistic combat training can only 
be facilitated by a range big enough to allow for 
dynamic maneuvering with live-fire under 
simulated combat conditions. WSEP also 
requires simultaneous tracking of multiple 
aircraft and small uncooperative missiles. The 
UTTR is the only place In the United States 
where the Air Combat Command can enjoy a 
1100 m2 overland HARM shoot box, with 

low a P titude and off-axis launch capabilities to 

because o f t  R e uniquely large combination of 
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launches within the shoot box restricted only by 
operational aircraft and missile limits.V111 

The unprecedented flexibility given WSEP at 
the UTTR surprised both the planners and 
pilots. The first missions were flown very close 
to the old restrictions. It took several reminders 
that “you don’t have to worry about that 
anymore!” for them to realize their tactical 
missions could be planned with only minimal 
range considerations. Major Sipher of Eglin’s 
86th FWS, the Air-to Ground WSEP Systems 
Operations Ofher ,  stated that the “UTTR 
outclassed other candidate ranges by leaps and 
bounds. The UTTR rovided a shoot box 

tactical environment with airspace extending 
from the surface to 15,240 meters, any aspect 
angle launch profiles, and ranges out to 30 
nautical miles (55 Km). This was the best shoot 
environment seen to date!”’“ 

which allowed a high P y flexible air-to-ground 

WSEP pilots launched or drop ed 
approximately I80 munitions c f  uring the 1994 
two week exercise. In addition to HARM, 
weapons tested included AGM-l30s, GBU- 
IO/  12/ 15/24/27s, and Maverick missiles.“ 
Similar results were obtained during the 1995 
WSEP tests, which included the first 
operational F- 15E launch of an AGM-65 and an 
AGM- 130. Air Combat Command has already 
used data obtained from these tests to make 
operational readiness decisions, and to institute 
corrections to system reliability and 
effectiveness that were identified as a result of 
the test program. 

8.2 Cruise Missiles 
All types of cruise missiles have been 
successhlly flown to impact or recovery at the 
UTTR. These have included submarine, 
ground, and air launched cruise missiles; 
Advanced Cruise Missiles; and Conventional 
Air Launched Cruise Missiles. The evaluation 
results so far have been superior in terms of 
identifLing problems and advantages under live- 
fire conditions for: missile targeting, guidance, 
control, survivability, reliability, accuracy, 
probability of kill (Pk). The evaluation also 
encompasses mission operations from takeoff to 
missile launch to landing, including aircrew 
environmental-ergonomic concerns. This has 
allowed weapon employment usin realistic 
operational scenarios made possib Y e only with a 
flexible large-footprint range environment. 

The results? Warfighter customers are 
unanimous in their accolades for this type of 
test. Operationally representative testing of 
modern tactical weapons results in many 
advantages over alternative test and training 
methods. One advantage is that evaluation of 
weapon performance during the tests results in 
identification of deficiencies caused by 

manufacturing defects or long-terin storage. 
Identification and correction of weapon 
deficiencies greatly increases confidence that the 
operational inventory of weapons will perform 
reliably when called upon. In addition, 
operationally representative testing results in 
greatly enhanced training for the participatiny 
aircrews. Use of realistic scenarios allows 
participation b multiple aircraft, including 
support aircra i . Expenditure of each expensive 
weapon results not only in training the aircrew 
that launched it, but in training multiple other 
participant aircrews. In short, operationally 
representative testing of modern tactical 
weapons is a key to successfbl employment of 
those weapons today and on into the 2 1 st 
century! 

‘Airman Magazine(September 1993): p. 14. 
“Air  Force Magazine ( May 1994): p. I3 I .  
‘I’ Ibid 
I” David A. Fulghum, “TSSAM Follow-on to Take 
Shape this Year,” Aviation Week and Space Technology 
(Febniary 27, 1995):, p. 49. 
” James P. Coyne, “Fighting in Fours.” Air Force 
Magazine ( April 1993): p. 60. 
“I Captain Jeffrey S .  Davis, “ln HARMS Way!,” hfRTFB 
Gazette, (May 1995): p. 4. 

““l b i d  
Ix Ibid 

Ibid 
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ANALYSIS OF WRAP-AROUND FIN AND ALTERNATIVE DEPLOYABLE FIN SYSTEMS FOR 
MI s SILES 

SUMMARY 

Gregg L. Abate* and Gerald Winchenbach** 
Weapon Flight Mechanics Division 

Wright Laboratory, Armament Directorate 
101 W Eglin Parkway, Suite 219 

Eglin AFB, FL 32542 

INTRODUCTION 

This paper will present aerodynamic results of 
investigations of wrap around fin missile configurations. 
The investigations were carried out at Wright Laboratory’s 
Armament Directorate, Eglin AFB, FL. The investigations 
have shown that instabilities exist in the form of an 
undamped side moment induced by the pitching motion of 
the missile, a roll moment at zero degrees angle-of-attack, 
and a roll moment reversal through Mach 1 .  This paper 
will also present data for alternative deployable fin 
designs. 

List of Symbols 

= reference area (typ. nd2/4) 
= fin span 
= fin chord 
= center of gravity 
= pitching moment coefficient 

= side moment 
= Magnus moment 
= slope of side moment vs. sin a 
= pressure coefficient 
= reference length (typ. diameter) 
= moment about x, y, z axis 
= Mach number 
= pressure ratio 
= missile roll, pitch, yaw angular 

= dynamic pressure 
= spatial coordinates 
= angle of attack 
= angular coordinates 

derivative per sin CL 

velocities 

* Aerospace Engineer 
+ *  Senior Scientist 

This paper is a work of the US. Government and is not 
subject to copyright protection in the United States. 

The purpose of this research effort is to better 
understand the aerodynamics associated with wrap around 
fin (WAF) missile configurations as well as to investigate 
alternative solutions to the problem of missile fin stowage. 
The data contained herein is a culmination of tests 
conducted on free flight models at the Aeroballistic 
Research Facility ( A V )  and analysis using computational 
fluid dynamics (CFD) techniques. 

1. Background 

Missile configurations which employ wrap 
around fins have been studied extensively over the years. 
Such configurations offer excellent packaging advantages 
for tube-launched and dispenser launched applications. 
Aerodynamically, such configurations can present 
problems in the form of roll reversal through Mach 1 ,  roll 
moments at 0” angle-of-attack, and the generation of a side 
force/moment when at angle-of-attack. Although such 
configurations have been tested extensively through the 
years, results have merely shown cause-and-effect 
relations for various WAF components (i.e. fin opening 
angle, leading/trailing edge geometry, fin attachment 
method, fin planform, etc.) and offered little towards the 
complete understanding of the aerodynamic cause of such 
anomalies. 

Studies of WAF configurations date back to the 
mid 1950’s where much of the same phenomena discussed 
above was first noticed. Dahlke’’2’3*4 documented wind 
tunnel tests in which parametric studies of WAF 
configurations were tested at Mach numbers ranging from 
0.3 to 3.0. The Navy became interested in wrap around fin 
configurations and investigated unique methods of 
aerodynamic control. One of these methods involved the 
use of tin slots to help alleviate known aerodynamic 
problems. Daniels in the early 1970’s investigated fin slots 
to help alleviate spin-yaw lock-in which can lead to 
catastrophic f a i l ~ r e ~ * ~ . ’ ~ *  

The Air Force Armament Directorate became 
interested in WAF configurations in the mid 1 9 8 0 ’ ~ ~ ” ~ .  
These free-flight tests were conducted at the Aeroballistic 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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Research Facility (ARF)"." and clearly showed the 
dynamic motions associated with WAF configurations (see 
Figure I ) .  This Figure shows the angular motion about the 
center of gravity (CG) of the model as viewed from behind 
as it flies downrange (the circles represent discrete data 
points and the lines represent the fit motion profile). 
Figure 1 a represents a dynamically stable missile 
configuration with straight fins. Note the elliptic pattern 
of motion and that the magnitude damps as the model 
traverses the range. Figures 1 b- 1 d show the motion of a 
WAF missile. What stands out immediately is the circular 
motion pattern. This is due to the presence of a small side 
moment when the model is at angle of attack. This side 
moment, which if of sufficient magnitude, can cause a 
dynamic instability as illustrated in Figure I .  

1nL 

a) Straight Fin Missile Motion 

c) WAF Missile with Neutral 
Damped Side moment 

''I 

b) WAF Missile with Damped 
Side Moment 

I 

d) WAF Missile with Undamped 
Side Moment 

Figure 1. Free-Flight Motion Patterns 

Another aspect of WAF aerodynamic anomalies 
that is dramatically shown in aeroballistic testsg.'' is the 
roll moment dependence with Mach number as shown in 
Figure 2. Here we see the roll vs. down range distance 
(the slope being the roll rate) for a typical WAF missile. 
For the subsonic tests, the WAF model rolls with the fins 
cupped into the flow (clockwise looking from rear) and for 
supersonic tests, the models roll with the fins cupped away 
from the flow (counterclockwise looking from the rear). 
Of great concern are those shots whose flight Mach 
number is close to Mach 1. Here we see roll reversals of 
the models as their flight Mach number crosses from 
supersonic to subsonic. This phenomena is of great 

concern to designers of missiles it order to avoid spin-yaw 
resonance. 
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Figure 2. Wrap Around Fin Roll Motion 

RESEARCH PROGRAMS 

The following research programs described 
herein were all conducted by the Aerodynamics Branch of 
Wright Laboratory Armament Directorate. The first four 
programs describe results of  free flight tests conducted in 
the ARF and the fourth program describes results from a 
CFD analysis.' The first three free-flight programs 
employed the same basic missile shape (see figure 3) with 
variations in the fin region; all fin designs had the same 
planform area. Note that for the tests of offset fins, the 
planform is of a clipped delta. For tests which used wrap 
around fins, a rectangular fin was used. The wrap around 
fin span is determined by the missile body and the span 
was chosen to give consistent planform area (see Figure 
4). Typical flight Mach numbers for the first three free 
flight tests ranged from 0.6 to 1.8. 

1.33d 

d 

Figure 3. US Air Force Basic Research Model 
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2. Slotted Fins 

.Sdz 

Figure 4. Wrap Around Fin Geometry 

1. Offset Fins 

In an effort to preserve the packaging advantages 
of WAF missile configurations but eliminate adverse 
flight characteristics. it has been proposed to deploy a fin 
which is flexible enough to fold around the body yet stiff 
enough when deployed to provide aerodynamic control 
surfaces. The U.S. Army Missile Command (MICOM) 
investigated such a ~onfiguration'~ in which a bi-convex 
cross-section fin constructed of flexible steel could be 
folded around a missile body and deployed to a cruciform 
shape. However, the amount of bend required of such a 
fin, especially at the attachment point. could cause 
material failure andor have other adverse affects if stowed 
for long periods of time. One potential way of alleviating 
these problems is to deploy such a fin to some angle less 
than perpendicular (90"). Hence, the resulting 
configuration was termed an "offset fin." Four offset fin 
configurations were testedI4 in this program which are 
shown in Figure 5. The 0" model was constructed slightly 
different as the severe offset decreased the static stability. 
For this configuration. a heavier nose was used to move 
the CG far enough forward to maintain stability. In the 
presentation of the results however, the pitch moment 
derivatives are referenced back to the 'nominal' 
configurations. 

0 Offset 30 Offset 

45 Offset 60 Offset 

Viewed looking forward 

Figure 5. Offset Fin Models 

Slotted fins are fins in which some of the area 
has been removed to allow flow through the fins. As 
previously mentioned. Daniels5-' investigated fin slots in 
an effort to reduce the inherent instabilities of current 
wrap around fin designs. Fin slots were also investigatcd 
on the Air Force basic research model". Figure 6 dcpicts 
a typical WAF configuration with fin slots. 

I Od 

2.56 ,646 9 < 

F i n  Slot Detail 

Figure 6. Slotted Fin lode1 

3. Base Cavities 

One of the aerodynamic anomalies of wrap 
around fins is the presence of a side force when the 
missile is at angle of attack. The flow asymmetry in the 
fin region causes this small [orce when at an angle of 
attack and can result in a significant side moment which 
tends to lead to lunar angular motion of the missile. 
Reference 16 presented data suggesting that cavities in the 
base of a missile configuration with wrap around fins 
reduced both the side moment and the coning motion to 
near-zero levels. Therefore, it was also decided to test 
similar cavities on WAF missile configurations for which 
there were already significant data available". 

Figure 7 depicts the model configuration used for 
these tests. For these tests. the base of the models had a 
one half caliber extension with a semi-hemispherical 
cavity. The shape of this cavity is similar to the one 
described in Reference 16. 

. 6 4 d q  
-+ k . S d  

Figure 7. Base Cavity Model 

Yd 
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Fin Thickness- 
Length-to-Diameter Ratio 
Mach Number 
Root Chord Length 

4. Other Configurational Variations 

0.04.0.07,O. 10 inches 
7.5, 10, 12.5 
1 S O ,  2.25.3.00 
0.53,0.71, 1.08 inches 

Further tests to define the effects of various 
configurational changes, i.e., length-to-diameter ratio 
(l/d), fin sweep angle, fin root chord length, and fin 
thickness have also been accomplishedI8. The 
configurational variations used in those tests are listed in 
Table 1: however, all models used the 2.5 caliber ogive 
nose consistent with the basic research configuration 
already discussed. Although these tests only included 25 
flights, it is believed that the design of experiments 
process provided reasonable trends over the Mach number 
range tested (Mach 1.5-3.0). The results of these tests are 
presented in Reference 18 and will not be discussed in 
detail in this paper. 

Table 1. Design Factors 

Design Factor I Design Level 
Fin Sweep Angle I 0". 22.5 ", 45" 

5. CFD Analysis 

As discussed, extensive testing has been done on 
wrap around fin configurations through the use of wind- 
tunnels and aeroballistic ranges which have identified the 
aerodynamic anomalies previously mentioned. Results 
from these tests quantify these anomalies for the particular 
configuration of interest and have shown cause-and-effect 
relations for various WAF components (i.e. fin opening 
angle. leading/trailing edge geometry's, fin attachment 
method, fin planform. etc.). Complete understanding of 
the aerodynamic cause of these anomalies is still not 
known however. Conventional analysis tools have not 
been able to accurately predict the aerodynamics 
associated with curved WAF configurations. Analysis 
through the use of programs such as Missile DATCOM 
and the NWL code" usually suffice for preliminary 
analysis but side force/moment predictions can not be 
determined for WAF configurations. 

Previous CFD studies of missile configurations 
with wraparound fins have shown general agreement 
with experimental data but always lacked accuracy in roll 
moment and side force/moment determination". The 
accuracy of the CFD results are greatly determined by how 
accurately the configuration is modeled (i.e. grid 
resolution). Closer examination into these analysis 
revealed that the fins were usually modeled as being 
"infinitely thin." Since the aerodynamic anomalies of 
interest are inherent to the WAF geometry, it is important 
to model (grid) the fin area as accurately as possible. 

Therefore, it was decided to analyze a generic 
wrap around fin missile configuration using CFD paying 
particular attention to the details in the fin region". That 
is, fins would be modeled with thickness and 
computational points clustered tightly within the fin 
region. Program EAGLE" (Eglin Arbitrary Geometry 
impLicit Euler) was utilized for all the analysis contained 
herein. EAGLE is a collection of codes which contain a 
grid code. surface generation code. and a flow solver code. 
Although "Euler" is inherent in its name, program 
EAGLE does have a thin-layer Navier-Stokes flow solver 
as well as a Full Reynold's Averaged Navier-Stokes 
(FRANS) solver. 

A series of computations were performed at 
Mach numbers ranging from 0.3 to 3.5. Direct output 
from the program contains pressure data on all fin 
surfaces and the integrated forces and moments. Output 
files can also be directly imported into a post-processor 
(YAPP)23 for interactive flow visualization. 

RESULTS 

1. Offset Fin 

The complete aerodynamic coefficients and 
stability derivatives for the four offset fin Configurations 
tested are presented in Reference 14. However, the pitch 
moment derivatives are plotted vs. Mach number herein. 
see Figure 8. Also plotted here for comparison purposes 
are the baseline aerodynamicsz4. As described in 
Reference 14. there is no appreciable difference in drag 
for the four offset fin configurations. However, as shown 
in Figure 8 there is a decrease in the static stability as the 
offset angle decreases. Note here that the zero degree 
offset model's center of gravity was further forward then 
the other configurations. However, the data shown in 
Figure 9 are converted to the same reference CG. 

-20' I 
0 0.5 1 I .5 2 

Mach Number 

Figure 8. Offset Fin Pitch Moment Coefficient vs. Mach 
Number 
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Figures 9 shows representative motion plots for 
the zero and 60 degree offset fin configurations,. These 
angular motion profiles are about the center of gravity of 
the projectile viewed from the rear. The typical motion 
pattern for a damped straight-fin missile is similar to that 
of Figure 9-a. Whereas the typical motion of a wrap 
around missile configuration is similar to that of Figure 9- 
b. This lunar angular motion is caused by the out-of-plane 
side moment generated when the missile is at angle-of- 
attack. It is seen then that as the fins are offset from 60" to 
0" there is a tendency of the missile to behave like a WAF 
configuration Which is due to the increasing asymmetry of 
the fin region. 

The inclusion of the side moment due to pitch 
angle was necessary in order to adequately fit the 
measured motion patterns of the 0", 30", and some of the 
45" offset models. The tendency of the motion to develop 
into a circular pattern provides a clue to the possible 
presence of this side moment. Both Murphy" and 
NicolaidesZ6 have studied the consequences of a side 
moment due to pitch on the dynamic stability of a finned 
missile and showed that if this side moment was of 
significant magnitude then the angular motion would be 
undamped. 

2. Slotted Fin 

The aerodynamic coefficients and stability 
derivatives extracted from the experimentally measured 
trajectories are presented in Reference IS. The data shown 
in Figure I O  illustrates that there is about a 33% decrease 
in the magnitude of  C m a  for the slotted fin in the 
supersonic region. This difference increases to 67% in the 
transonic region. Also shown in Figure 10 is the slotted 
fin data with the fin area normalized to the solid fin area. 
That is, the slotted fin data has been reduced 17% (the 
amount of fin area removed) to try and separate fin area 
effects from slot effects. Here it is seen that approximately 
one half of the pitching moment loss is due to removed 
area in the supersonic region and one fourth of the pitching 
moment loss is due to removed area in the transonic 
region. 

The side moment vs. Mach number data is shown 
in Figure 1 1. A reduction in the side force of 50% is 
immediately noticed for the slotted fin configuration vs. 
the solid fin configuration. Again, this derivative is 
normalized to represent the reduced area of the slotted fin 
but it is seen that the overall reduction in side force is 
much greater leading one to believe that the slots are 
mostly responsible for the reduction vs. reduced wetted 
area. 

M = 0.59 M =  1.16 

M = 1.59 

a) Sixty Degree 

-1%- I 

b) Zero Degree 

Figure 9. Sixty Degree & Zero Degree Offset Angular 
Motions 



4-6 

0 Slaud 
0 Solid - Namalized 

-3Of P 
I / I 

0 

4oJ I 
0 0.5 1 1.5 2 

Mach Number 
Figure IO. Slotted Fin Pitch Moment Coefficient vs. Mach 
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Figure 1 1. Slotted Fin Side Moment Coefficient vs. Mach 
Number 

Figure 12 plots the roll orientation vs. downrange 
distance for the slotted and solid fin configurations. Note 
that the solid fin model in Figure 12-b demonstrates the 
classical roll rate dependence with Mach number (see for 
example Figure 2). Interestingly, the roll rate for the 
slotted fin configuration does not show this dependence 
(Figure 12-a) b) Solid Fin 

3. Base Cavity Figure 12. Slotted & Solid WAF Roll Motion 

Reference 17 presents the aerodynamic results for 
the base cavity models. In that Reference it is shown that 
there are no significant drag differences between the 
baseline and base cavity aerodynamics and only minor 
variations in the normal force and pitching moments. 
These reductions did show significant sensitivity to both 
side moment, Cna,  and Magnus moment, Cnpa. 
However, the combined magnitudes of the out-of-plane 
moments were not large enough to a cause a dynamic 
instability. 

Figures 13 shows the corresponding angular 
motion profiles about the center of gravity with and 
without base cavities. Here we see the effects of the side 
moment most clearly as demonstrated by the base cavity 
model. Note the circular motion of  the missile which is 
the classical effect of the side moment as caused by the 
asymmetric fin configuration at angle of attack. Compare 
that motion profile to the one with a base cavity also 
shown in Figure 13. Obviously the presence of the cavity 
has greatly affected the dynamics of  the model. 
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Figure 13. Effect ofthe Base Cavity on the Angular 
Motion 

4. CFD Analysis 

a. Infinite Body 

Rather than be concerned with what goes on far 
upstream or far downstream, the initial analysis focused on 
the fins themselves. That is, a wrap-around fin geometry 
was modeled on an infinitely long body. This was done 
to: I )  isolate the effects of the fins, 2) accurately model the 
fin geometry (i.e. thickness), 3) devote more points to the 
fin region, and 4) ignore base flow effects. The analysis 
utilized an Euler code, which neglects viscous effects, 
which is most appropriate for this configuration. 

A 10% thick hi-convex airfoil shape was utilized 
for the fin cross-section. This would provide not only the 
thickness effects under investigation, hut a simple CFD 
geometry with which to model. That is, it is easily 
"gridahle" and would not present the flow solver any 
problems. The hi-convex airfoil shape is rotated through 
90" to model the fin curvature. The root intersects the 
body at 45" and is blended into the cylindrical body. 
Details of the grid used in the CFD calculations are 
presented in Reference 2 I and will not be elaborated on 
herein. 

Euler flow solutions were calculated at Mach 
numbers ranging from 0.35 to 3.5. The flow visualization 
tool YAPP" was then utilized to gain insight into the 
associated flow physics. Also studied were force and 
moment data associated with the configuration. This data 
were determined from integrating pressure on the fin 
surface only. No pressure acting on the body was 
considered in the force and moment calculations. In that 
respect, the only meaningful forces calculated are the 
normal and side forces. Axial (or drag) forces are present 
only as a result of wave drag in supersonic conditions; 
subsonically, there were no axial forces present (inviscid 
flow solution). The only meaningful moment data is the 
roll moment (about the body axis). Yawing and pitch 
moments are meaningless for this infinite body case. 

Figure 14 shows the variation of rolling moment 
coefficient as a function of Mach number for this baseline 
configuration as well as for additional configurations 
which will be discussed later. First, it is seen that for the 
case of 0' a, there exists a rolling moment that varies as a 
function of Mach number. In addition, the direction of this 
rolling moment changes direction near Mach I .  This 
trend is in complete agreement with previous wind tunnel 
and experimental data. 
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Figure 14. CFD Roll Moment vs. Mach Number 

In addition to the OD a case, it was of interest to 
investigate the effect of angle of attack and roll orientation 
on thii configuration. At a Mach number of 1.5. the same 
configuration was analyzed at -2" a for various roll 
orientations. The resulis indicate a slight increase in the 
magnitude of the rolling moment (as seen in Figure 14). 
This effect of roU angle on roll moment while at -2" a 
angle of attack is shown in Figure 15. As shown, there is 
only a 5% change in roll moment as roll orientation is 
varied. 

ROU.rUI. 

Figure 15. CFD Roll Moment & Side Force vs. Roll Angle 

The fact that a roll moment was present for this 
configuration leads us to ask why no roll moment was 
observed in previous CFD studies of WAF configurations. 
As stated earlier. those configurations were modeled with 
"infinitely thin" fins. That is boundary conditions were 
applied to grid points within the flow. Additionally. those 
simulations were of the complete missile configuration 
where relatively few grid points were available for the fin 
region. With this in mind. our configuration of interest 
was modeled as having infinitely thin fins at Mach 1.5. 

As seen in Figure 14. there is no rolling moment for this 
case. Additionally, at -2" a. there is a slight. almost 
negligible. increase in the rolling moment. This analysis 
seems to indicate that fin thickness contributes 
signifgantly to the roll tendencies of wrap around fin 
configurations. 

In addition to the roll motion anomalies 
associated with WAFS, there is also the generation of a 
side forcehoment. The baseline results indicate that 
there are no lift or side forces while at 0" a as expected. 
However, at -2" a. the are lift and side forces present. 
Figure 15 shows the side force variation as a function of 
roll orientation. Here it is seen that there is a 20% 
variation in side force depending on the roll orientation. 
Even though the magnitude of this side force may be 
small. its effect on side moment can lead to undamped 
conning motion ofa  missile. Incidentally. previous CFD 
results on infmitely thin fins indicate the presence of a 
side moment alsozo. It can be concluded then that the 
generation of a side forcelmoment is mainly a function of 
the WAF geometry (i.e. asymmetric fm shape and 
attachment). 

b. Fin Attachment 

In an effort to investigate the aerodynamics 
associated with the finmody junction, an analysis was 
conducted on wrap around fins which intersect the body at 
90'. That is, a typical WAF geometry with the fins not 
fully deployed. Due to the asymmetry of the WAF 
geometry. a complete 4-fm model was used. A CFD 
solution was performed at Mach 1.5 and 0" a. Figure 16 
depicts this configuration with shading depicting pressure 
contours. Interestingly. the magnitude of the roll moment 
increased as shown again in Figure 14. 

Figure 16. CFD Pressure Contours. Perpendicular Fin, Oo 
a. +=Oo 
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Thii result leads one to question how fin 
curvature vs. f i  attachment affects WAF aerodynamics. 
In this respect a simulation of an offset fin configuration 
was performed. Figure 17 shows the pressure shading 
associated with the Mach 1.5, 0' a case. Here the 
magnikde of the rolling moment is decreased by nearly 
50% as shown in Figure 14. The only indications given 
as to why this happens is the high pressure region 
underneath the f i  that is closest to the body. As a result 
we see a dependence of the roll moment that is both a 
function of the fin curvature and also the fin attachment. 
It is easy to see that the fin attachment can cause a roll 
moment due to the asymmetry of the finbody junction. 

Figure 17. CFD Pressure Contours, Offset Fin. Oo a. eoo 
e. Fin Alone 

The investigation up to this point indicates that 
there are some unique aerodynamics associated with 
curved fins. In order to understand these effects. analysis 
was conducted on curved fins alone: isolated form the 
hloekage effects of the body. Again, the same 10% thick 
bi-convex airfoil was used. For this investigation. several 
simulations were done at Mach numbers ranging from 25 
to 1.5. All runs were carried out at 0" a. Interestingly. 
the results indicate the presence of a normal force. The 
direction of this normal force indeed changes direction at 
Mach I .  The results are shown in Figure 18. Therefore 
the mere curvature of the fms themselves lead to the 
rolliig moment at 0' a and that rolling moment changes 
direction through Mach 1. 

In order for a liR force to be produced on the fin 
there has to be a pressure differential and the computed 
chord-wise pressure distributions in Reference 21 provide 
insight into this phenomena. There it was shown that a 
defmite difference in the pressure distributions on the 
upper and lower surfaces existed. The difference between 
the two ACp's, integrated over the fin surface. provided 

the lift force and the direction of this force changes for 
subsonic/ mansonic vs. supersonic flow conditions. 

E 0.000 

2 

-0.010 1 

Figure 18. CFD Fin Alone Normal Force vs. Mach 
Number 

In Reference 21 it was also postulated that the 
effect of the pressure distribution being higher and lower 
than a n o n n a l i i  distribution and ultimately reversing in 
subsonic and supersonic flow is similar to the converging/ 
diverging nozzle flow. Figure 19 shows the classic result 
for a converging/ diverging nozzle where the flow is sonic 
in the h a t  and where there are no shocks present. Also 
shown is the pressure distribution along that nozzle. 

Figure 19. CFD Converginfliverging Nozzle Analogy 

Consider first a point in the subsonic section (A). 
A pressure slightly higher (A') and a pressure slightly 
lower (A") are also shown. The location of A' and A" in 
the converging/ diverging nozzle are as indicated. Here it 
is seen that the lower pressure corresponds to the smaller 
cross-section and the higher pressure correspond to the 
larger cross- section. In other words, the flow under the 
WAF (concave side) acts as if is being slightly compressed 
(resulting in a lower pressure) while the flow over the fin 
(convex side) acts as if it is slightly expanded (resulting in 
a higher pressure). This same analogy can be extended to 
the supersonic conditions (B. B', and B"). This time 
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however, as the flow passes under the WAF. the air is 
slightly compressed and the resulting pressure is higher 
than the normalized case. Similarly. as the flow passes 
over the WAF the air is slightly expanded and the 
pressure is slightly lower than normal. As a result of this 
phenomena. there is a net force which. when applied to a 
wrap around fin missile configuration. produce roll 
moments that are entirely consistent with experimental 
results. 

DISCUSSION 

1. Free-Flight Tests 

The free-flight tests conducted under this 
program (Offset fin, Slotted Fin. and Base Cavity) give 
aerodynamic data on alternative wrap around fin 
configurations. The underlying goal of all these tests was 
to evaluate the configurations vs. WAF and determine any 
advantage of their use. 

The shdy of offset fins was motivated by an 
innovative fin deployment scheme coupled with the need 
to reduce stress concentrations and increase shelf life. 
Additionally. the fact that the resulting fin configuration 
has straight fins rather than curved fins could lead to 
insight about curvature effects vs. fin asymmetry effects 
for missile configurations. It is seen from the results that 
as the fin offset decreased from 90" (90' being a 
conventional missile/fin configuration) the stability 
decreases indicating less effective fin area for 
aerodynamic stability. Additionally, the magnitude of a 
side moment grows from near-zero levels for the 60' case 
to relatively strong levels for the 30' and 0" cases. This 
indicates that the fin asymmetry is partially responsible 
for the generation of side moments at angles of attack and 
that the stronger this asymmetry the stronger the resulting 
side moment. 

The results of the CFD analysis (which was 
performed subsequent to the free-flight tests) provided 
additional insight into the effect of fin asymmetry vs. fin 
curvature. The results showed that both fin curvature and 
fm asymmetry contributed to rolling moment: however, 
the effects of curvature were more pronounced in roll. 

The study of the slotted fm configuration was an 
attempt to reduce or eliminate the lunar motion typical on 
WAF configurations. The motivation was previous results 
from NSWC which documented that the inclusion of fin 
slots minimired spin-yaw resonance. The results here 
indicate that indeed there is a reduction of the magnitude 
of the side moment and that the spin rate-Mach number 
dependence is reduced. Most likely there exists some 
optimal slot and/or fin shape that would reduce the side 
force to acceptable levels without adversely affecting the 

pitch stability or drag. Analysis of the governing flow 
physics for fin slots would be required to exploit their 
effects. 

The motivation behind the base cavity tests 
(Reference 16) was to investigate the possible reduction of 
coning motion for wrap around fin missiles through use of 
a base cavity. Having studied wrap around fin 
configurations for many years, it was perplexing to 
understand how base cavities could reduce or eliminate 
such motion. I t  has been well accepted that the 
asymmetry of the fins while the vehicle is a1 angle-of- 
attack produces the out-of-plane force and moment and if 
this moment is of sufficient magnitude the vehicle will be 
dynamically unstable2J26. 

Since both the out-of-plane side moment and the 
Magnus moment act in the same plane and that base 
geometry can significantly affect the Magnus moment. it 
was speculated that the base cavities prcduce an effect that 
is masking the side moment in Reference 16. The high 
spin rates (due to the 2" fin cant) causes a Magnus 
moment to be present and the cavities could alter this 
moment in a manner to counteract the outaf-plane side 
moment. 

2. CFD Analysis 

A generic wrap around fin was modeled on an 
infinitely long body to investigate the aerodynamics of 
curved fins. This allows for isolating the effects of the 
fm from that of the body. An Euler flow solver was used 
in this study to not only perform initial analysis's quickly 
but to be able to isolate effects of viscosity in future work. 

The results of a four fin wrap around 
configuration on an infiitely long body yielded the 
following results: 

Roll moments were determined at Oo a 

The roll moment varied as a function of Mach 
number and was consistent with experimental 
observations. 

"Infinitely thin" fins used in CFD modeling are 
inadequate for predicting roll moments ofwrap 
around fin configurations. 

A side force was present when the model was at angle 
of attack.. 

The side force is at least partially prcduced by the 
asymmetric fin attachment geometry associated with 
WAF'S. 
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Roll moment generation is due partially to fin 
attachment geometry and partially fin curvature. 
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1. SUMMARY 

A large number of tube launched unguided missiles of NATO 

such as 70 mm Mk 66, 122 imn FIROS, 127 mm Mk 71, 160 

inni R A Y 0  and 227 mm MLRS have wrap-aroiuid tail tins 

(WAF). These inissiles have more complicated flight 

mechanics when compared to the ones with flat a id  straight 

tail fins. This is due to the fact that WAF lack mirror 

symmetry. Detailed free flight mechanics analysis of such 

missiles were performed with particular emphasis given to the 

effect of out-of-plane static moment stability derivative C,, on 

dynamic stability. hi this study, combined effects of (.’& and 

Magnus moment stability derivative CinPp 011 dynamic stability 

are explored. Aerodynamics a id  flight mechanics of a simple 

coilfiguration with WAF are examined as a case shidy. 

2. INTRODUCTION 

Most of the current unguided missiles have tube launchers due 

to packaging, storage a id  ‘transportation conveniences. hi case 

of aerodynamically stabilized unguided missiles, tail tins art: 

hinged and have spring driven lock mechanisms. Tail tins are 

in their folded position when the missile is inside the launcher 

and they are instantly deployed just after launch by the action 

of aerodynamic forces and lock mechanisms. The most 

important disadvantage of tube launching is that tail fins are 

required to tit into a small volume. This puts restrictions on 

dimensions of them which can indirectly cause probleiiis in 

external configuration design for satisfactory range, dispersioii 

and stability performance. Tail tins that wrap-around missile 

body in their folded position have been used for some time to 

overcome the limited space problem. On the other hand, flight 

mechanics of ‘missiles with WAF are much more complicated 

compared to the ones with flat and straight tail fuis. WAF 

aerodynamics and flight mechanics have been the subject of 

many studies during the past decades. Imporhit results of this 

research are summarized in the third section of this paper. The 

fourth section focuses oil different aspects of WAF 

aerodynamics that are relevant to this study such as lack of 

mirror symmetry (Maple-Syige analysis), roll direction 

dependent aerodynamics and Magnus phenomena. Theoretical 

aspects of linear dynamic stability analysis are presented in 

section five, where combined out-of-plane and Magnus 

iiiomeiit effects will be emphasized. Practical implications of 

this theory will be discussed in section six based on a case 

study of a simple WAF configuration. 

3. WAF RESEARCH 

Start of intense research on WAF flight mechanics can be 

dated back to 1969 when The Tecluucal Cooperation Program 

(TTCP) was set up between US Armed Forces, Uiuted 

Kingdom, Canada a id  Australia during a meeting at Eglin Air 

Force Base. The purpose of TTCP was experimental 

investigation of WAF aerodynamics. One of the significant 

outcomes of TTCP is a report that was published by Dahlke 

and Craft of 11s A m y  Missile Research Development and 

Engineering Laboratory in 1973, [l].  Dahlke a id  CraA carried 

out systematic wind tuiuiel tests of twenty four configurations 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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with four WAF that were obtained by combining thee  body 

and sixteen fin shapes. Tlie aim was to obtain insiglit about 

effects of certain geometric parameters (after body shape; 

chord length, leading and trailing edge shapes, leading and 

trailing edge sweep angles, dihedral angle and thickness of tail 

tins, fin-body gap) on aerodyliamics of WAF in a Mach number 

range of 0.3 to 3.0 and an angle of attack range of -Go to +6", 

Figure 1 .  Dahlke and Craft deteniiined that static stability 

characteristics Czu, C,,,u and xcp (static force and moment 

stability derivatives and location of center of pressure from 

missile nose) of an unguided missile with WAF and with flat 

fins with the same projected area are similar. hi all 

configurations that were tested WAF liad 10% higher drag 

coefficient CD when compared to tlie corresponding cases with 

equivalent flat tail tins simply due to the increased frontal area. 

I I 

Figure 1. Wrap-around tin geometrical paraineters 

Dalilke and Cratt pointed to the fact that unguided missiles 

with WAF liave a non zero induced roll moment 'io even at 

zero total angle of attack. They did not provide any explanation 

for the mechanism that generates but focused on the 

relationship between tail fin geometry and this moment. hi all 

cases C;o was a Iiiglily oscillatory function of Mach number 

and angle of attack, and changed sign around transonic region. 

At subsonic speeds tlie tin force related with Cl0 acted towards 

tin center of curvature while at supersonic speeds it acted in 

tlie reverse direction. Dalilke and Craft, observed that lending 

edge sweep angle, aspect ratio and thickness of tail fins 

significantly altered C/o. They showed that Clo had 

considerable effect on roll rate history of unguided missiles 

which was given as a possible explanation to unexpected 

instabilities that were often observed in practice. 

Dalilke and Craft also investigated out-of-plane static moment 

stability derivative C',,,@ tliat unguided missiles with WAF can 

theoretically generate due to lack of mirror symmetry. They 

found out that C& of negligible magnitude existed regardless 

of details of WAF geometry. Humphrey and Dahlke published 

another report in 1977, [2], where they presented an extensive 

compilation of aerodynamic data of the models used by Dahlke 

and Cratt. 

,411 important report on flight mechanics of unguided missiles 

with WAF was published by Stevens of Naval Weapons 

Laboratory of US NAVY in 1973, [3]. Stevens carried out 

Maple-Synge analysis and showed that it is mathematically 

possible to obtain stability derivatives such as C-.',nfi, C . C: '"a' '+ 
and CinW in case of WAF. These derivatives are out-of-plane 

static illid damping moment and in-plane Magnus moment 

stability derivatives respectively. Stevens also noted tliat WAF 

have different roll damping stability derivatives C i -  , C'I,+ 

depending on direction of roll. He then proceeded to 

investigate linear free flight mechanics of unguided missiles 

with WAF using a procedure which is similar to the one 

presented in reference 14). Stevens derived static and dynamic 

stability criteria for a general WAF model wliicli turned out to 

be much more complicated than those of straight finned 

missiles. He snnplified Iiis analysis by considering C: as the 

only significant WAF out-of-plane effect. Tlie reduced criteria 

showed that static stability is not affected by WAF, while 

dynamic stability and resonance magiification factor changed 

drastically with C&. He stated that an unguided missile witli 

WAF becomes dynamically unstable if magnitude of C,na 

takes a value wliicli is liiglier tlian about 10% of that of C,au 

when in-plane Magnus moment stability derivative is 

neglected. Stevens also found out that unguided missiles with 

WAF exhibited circular trajectories in a versus p plane in 

case of both stable and unstable flight. Same type of motion 

pattern is also observed for unguided missiles with flat-fins in 

case of yaw-pitch-roll lock-in, catastrophic yaw-pitch-roll or 

significant nonlinear out-of-plane damping moments, [ 51. 

"a 

A direct continuation of the work discussed in above paragraph 

was published by Stevens, On a i d  Clare of Naval Weapons 

Laboratory of IJS Navy in 1974, [6] .  Tlie major aim of tlus 
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report was comparison of flight perfonnance of a 127 nun wind tuiuiel, water table and flight tests and examined effects 

unguided missile with wrap-around a id  flat tail tins. The of after body, nose and tail fin geometries on flight mechanics. 

authors pointed out to the fact that unguided missiles are They especially concentrated on the relationship between 

required to have lugh roll rotational speed especially during geometry of fin housing cavity and drag coefficient Cn. Catani 

powered flight to reduce dispersion due to inertial, et ul. determined that cavity induced drag mounts to a 

aerodynamic and t luust  asymmetries. They stated helical significant proportion of total drag. They noted that C, in case 

launcher rails and fluted n o d e s  as two major alternatives for of open cavity flow is much larger than that induced by closed 

obtaining roll during powered flight and canted tail tins as the cavity flow. They modified the original cavity shape of 122 m n  

most conunonly used solution to keep roll rate above resonance FIROS mid as a result maximum range increased from -20 lan 

roll rotational speed during free flight. Stevens, On and Clare to -25 h n  which is an iiiiportant result. 

presented WAF that induce a static roll moment even at zero 

total angle of attack as an alternative to flat canted fins which 

are difficult to manufacture accurately. At the end of their 

analysis, they concluded that aerodynanic side effects due to 

WAF do not have any significant effect on static and linear 

dynamic stability wliile they considerably iinproved dispersion 

perfonnance and reduced the risk of nonlinear yaw-pitch-roll 

coupling. 

As was discussed in above paragraphs, flight mechanists were 

aware of existence of in case of WAF froni the very 

beginning of the research in this field. However, for a long 

time period they could not provide m y  meaningfill explanation 

for tlie mechanism that induces 'io. The first attempt on this 

subject matter was niade by Bar-Haiin aiid Seginer of Israel 

histitute of Technology-Tecluiion who published an important 

paper in 1983, [ 10). They focused their attention to subsonic 

Daniels and Hardy of Naval Surface Weapons Center of IJS tlow speeds and zero total cuigle of attack. They proposed that 

Navy published a paper on roll behavior of unguided niissiles is generated by radial velocity coinponetits induced by 

at high angles of attack in 1075, [7]. They noted that WAF wake of the missile on asymmetric WAF. They tried to prove 

induce larger roll rotational speeds at high angles of attack their hypothesis qualitatively by using potential techniques. 

compared to flat fins which can be dangerous in tenns of They modeled the niissile body as a source distribution along 

Magins instability. They conducted wind tunnel tests ofa  sting its axis which is justified at zero total angle of attack mid 

mounted freely rolling model for angles of attack betweeii 0' iiegligible fin-body interference. They modeled the missile 

and 90' aiid measured steady-state roll rate bot11 for WAF and wake as a solid integral part of tlie body. Tluee types of wakes 

flat tins. They suggested that WAF can be modified by using were considered: jet-otf wake, jet-on wake and the wake in 

slots, fences and tabs so that they liave tlie same roll moment case of a sting-mounted wind tunnel missile model. They 

characteristics as tlie corresponding flat fins. Hardy continued detennined tlie flow over WAF by using a linear vortex lattice 

his work on this subject later with a report published in 1977, method that is restricted to zero total angle of attack as well. 

[ 81. He again used wind tunnel testing aiid focused on Bar-Haim aiid Seginer used one of the missile geometries that 

modeling of nonlinear roll behnvior using i i  second order were extensively tested by Dalilke et ul. as their test case. They 

differential equation. Hardy used ;I leiist-squares curve fitting obtained good correlation between nuinerica1 aiid experimental 

procedure to identify linear and nonlinear aerodyiioinic roll data. They found out that moving WAF upstream and/or 

coafticients: roll moment due to cant (...&, linear roll damping increasing trailing edge angle reduces Cl0 since interaction 

C; cubic roll dainping C, and induced roll inoment C' betweeii wake and WAF is reduced. They also investigated 

He found out that these data are suflicieiit to describe relatioiisliip betweeii (.'& and, span and dihedral angle of WAF 

nonlinear roll behavior at high angles of attack. parametrically. Bar Haini and Seginer detennined that 

P '  )'' I 4 7 J '  

> G o . / p r - ( f l  > C';OSlblg and that GO./+",, and (Go./cl-ofl  

Catani, et crl. investigated aerodynamics of 122 iiun FIKOS liave opposite signs at subsonic flows. They did not provide 

unguided artillery inissile which has four WAF, [91. IIiey used any esplanatioii for the niechanism of generation at 
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supersonic flow speeds but suggested that '. . . ttic shock uww 

focusing on the concuve side of the c u n d  j i r r  with the 

resultunt pressure difference uctirig in the direction of the 

convex s u @ ~ e .  . .' inay be a possible answer. 

Winchenbach and his colleagues investigated flight mechanics 

characteristics of an unguided missile with WAF by using 

aeroballistic range testing and published several papers, [ I l l -  

[ 131. They noted that inany unguided inissiles with WAF had 

significant stability problems which were related to the lack of 

mirror symmetry. These instabilities were often detected only 

after the start of dynarnic testing stage and caused delays in 

project schedules. Winchenbach et ul. had difficulties in 

aerodynamic data identification of a configuration with WAF 

since they did not include any moments related with WAF such 

as C&, C',,, , (..ip- and C, into their aerodynamic niodel 

Inclusion of these coeflicients iniproved the quality of their 

curve-tits significantly. They also detennined that C',,q,, had a 

profound influence on dynamic stability especially a1 

supersonic speeds. They concluded that '. , . this .si& nronient 

is syniptonzutic of WAF conjigurutions mid should he oj' 

purticulur concern to the designcir.. . I .  

/ 

P+ 

A recent contribution to WAF research was made by Vitale, et 

al. who investigated aerodynamics of two unguided niissile 

configurations with WAF by using empirical and 

coniputational aerodynamics methods (tluee dimensional 

Euler), and aeroballistic range testing, [ 141. Their work is 

interesting in two respects: Firstly, it shows that research on 

WAF flight mechanics is far from being complete. Secondly, 

one of the missile coilfigurations examined can be associated 

with extended range MLRS. Vitale et al. focused their 

attention to the nature of c),* , C&, Cn and (:io at liigli 

supersonic Mach numbers 2.75 to 5.15.  They found out that in 

tliis Mach number region there is a comples shock structure 

between WAF which have direct consequences especially in  

tenns of and (:io. They detennined that interaction 

between WAF due to shocks beconies less significant as Mach 

nuniber increases. 

. .  

Another recent study on WAF aerodynamics was made by Edge 

of LJS Anny Research Laboratory who used experimental and 

computational methods (tluee dimensional Navier-Stokes) to 

examine- the flow field around the standard TTCP 

configuration at zero total angle of attack and a Mach number 

range of 1.3 to 3.0, [IS]. He also found out that complex shock 

patterns exists over WAF at supersonic Mach numbers. His 

results indicate that shock interaction between WAF is 

responsible of generation of C:l, at this flow regime. 

4. WAF AERODYNAMICS 

Conipared to other flight vehicles such as aircraft, helicopters 

and guided missiles, i t  is easier to determine aerodynamic 

characteristics of unguided missiles since they have a higher 

level of geometrical symmetry, namely rotational synmetry and 

mirror symmetry. If a missile is rotated along its longitudinal 

axis by an angle 4 after which configuration 'of the missile is 

the same as the original configuration. then the missile is said 

to have undergone a covering operation. If a succession of such 

rotations with 4 =  2z /rr ,  ( n  = 1,2,3, ...), results in n covering 

operations, then the missile is said to have n-gonal rotational 

synunetry. If there exists a plane parallel to longitudinal axis of 

the missile such that the missile part on one side is the inirror 

image of the part on the other side, then that plane is called a 

plane of mirror symmetry. In Figure 2 cross sectional views of 

two different unguided missile configurations each with four 

tail tins are shown. Configuration A has 4-gonal rotational 

synmetry and four planes of mirror synunetry which are shown 

with dashed lines. This type of geonietry is hiown as crucifonn 

geometry. Configuration B with four WAF also has 4-gOllal 

rotational synunetry, but it lacks mirror symmetry. 

I 
Figure 2. Missiles with and without mirror synunetry. 

Maple-Synge analysis is an important mathematical tool which 

utilizes symmetry properties to explore fiuictional fonn of 
aerodynaiiiic forces and moments, [ 161. Basics of the analysis 

will be outlined brietlv in the following paragraphs: 
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Consider a11 unguided missile in free flight over non rotating 

flat earth. Rotational attitude of the missile is specified by 

yaw-pitch-roll Euler rotating frame based (32 I )  sequence 

which is defined as follows: 

y ,  6' and 4 are yaw, pitch and roll angles respectively. F, 

denotes the vehicle fixed vertical reference frame. The third 

unit vector of F, is expressed as 17;') and it points downwards 

parallel td the vector of gravitational acceleration g .  
points to north and 17;') points to east. Fb denotes the body 

fixed reference frame, unit vectors of which coincide with the 

axes of principle moments of inertia of the missile, Figure 3. 

Another important reference frame in the sequence is the 

aeroballistic reference frame F, which yaws and pitches but 

does not roll with the missile. Equations of motion are 

expressed in F,, for mathematical convenience. Air trajectory 

reference frame F, does not appear in the above sequence but 

will be utilized in this study to defuie the aerodynamic drag, 

lift and side forces. iil(w) is directed along velocity vector .(. of 

center of mass C: of the missile. Centers of all four reference 

frames are attached to C. 

Figure 3. Body fixed reference frame Fh 

Componeiits 111 Fb of Cc, relative rotational velocity G(h,v) of 

Fb with respect to F, , extenial aerodynamic moment and 

components in Fb a i d  F, of external aerodynamic force F,, 
are denoted with standard symbols in flight mechanics: 

Relative rotational position of F, with respect to Fb is defined 

by angles of attack and sideslip, a and j respectively: 

where Vis speed of C, V = Ju2 + v2 + w2 

hi flight mechanics analysis non dimensional generalized force, 

moment and velocity components are used based on the 

reference length iE = D , reference area S = (7r/4)Dz and free 

stream dynamic pressure qm = (1/2)p,V2, (D and pm are 

missile diameter and free stream density respectively): 

- P A & - - -  riE j a  
2v 2 v  2 v  2 v  2 v  

Maple-Synge analysis is perfonned by using complex 

combinations of 11011 dimeiisioiial transverse aerodynamic 

forces, moinents a id  translational a id  rotational velocity 

components: 

6 = p+ ia, (4.3) 

,U= ($1 - + i  (IC;) - (4.4) 

Non dimensional aerodynamic force and moment components 

are assumed to have the following fuictional fonns: 



In above equation fuM, tVw,  xuM and lbkl are complex 

fuictions and the bar (-) denotes complex conjugate of the 

related quantity. Figure 4 shows a covering operatioii for a 4- 

gonal missile. Original and fiial configurations of the missile 

are represented by F, and Fb respectively. Functional fonn of 

aerodynamic forces and moments can not change diuing such a 

rotational transfonnation. Using this information one can 

detennine the admissible terms in series expansions (4.5) for 

general n-gonal rotational synunetry. Some of these tenns are 

known to be sinall or zero due to aerodyuainical reasons. hi 

case of an unguided missile with thee  or niore WAF ( 1 1  2 3 ) ,  

widely used linear transverse aerodynamic force aiid rnonieiit 

expansions based on Maple-Synge rotational synuiietry 

analysis are as follows: 

(4.9) 

Maple-Synge rotational synunetry analysis also shows that the 

stability derivatives in above equations are related to each 

other as follows: 

t 
Figure 4. F, and Fb frames in covering operation 

If the unguided missile in question with n-gonal rotational 

synuiietry also has I I  planes of mirror symmetry, then 

transverse linear aerodynamic force and moment expansions 

can be shown to be inuch simpler by using a Maple-Synge 

analysis sbnilar to the one presented above: 

(> =(.',,a+(.', (&)+Cz&($), (4.11) 
4 2v 

( ',, = (.;$ + ( ;,. ($) + (. a($) (4.1 3)  



A comparison of equations (4.6)-(4.9) a id  (4.10)-(4.13) shows 

the amount of coinplication introduced into transverse 

aerodynamics by WAF. 

A widely used linear expansion for the roll moment of a 

coilfiguration with WAF is as follows: 

c, = C4 + Cl/,* ($) + c,/ (4.14) 

As this equation indicates roll aerodynaniics of configurations 

with WAF is also more complicated. Firstly, WAF induce a 

roll moment C4 which is non zero even at zero total angle of 

attack. Results of research on this moment was sununarized in 

the literature survey section. Secondly, WAF configurations 

have different roll damping stability derivatives depending 011 

roll rotation direction: C, and Cl/,+. ( h e  ciiii easily 

understand this phenoinenoii by using physical reasoning, 

Figure 5 .  Roll rotatiou dependence niay well be esteiided to 

P- 

other stability derivatives such as C,,v,J* and C ,,,"/,* 

f 

Figure 5. Roll direction dependent aerodyiimnics. 

Magiius phenomena have profouiid influeiice oil dviianiic 

stability of rolling missiles. Magnus force dne t o  C, is 

usually about S-IOYO of the static force due to Cz,, ~ but tlie 

associated out-of-plane nionient due to C,,, is still very 

iinportant in tenns of dynamic stability. Chi the other hand, it  is 

difficult to detennine C,,, accurately which has led flight 

mechanists to consider C,,, as the only significant out-of-plane 

effect in their stability analysis of couliguratioiis ivit l i  WAF 

Eiigiiieers usually conie across with Magnus plieiioiiiciia duriiig 

I:,, 

f i l  

I$ 

P 

their undergraduate fluid mechanics courses while they study 

lifting and non lifting potential flows aroiind cylinders in 

unifonn flow, [17]. A similar potential Magnus force also acts 

011 rolling missiles at non zero total angle of attack and this can 

be predicted for simple configurations and iucoinpressible flow 

by using the Method of Bryson, [ 161. Unfortunately, there are 

some viscous Magius mechanisms as well which are difficult 

to detennine by using analytical, computational and even 

experiniental methods since they are very sensitive to 5 , p ,  

geometry, free stream Mach and Reynolds numbers M, and 

Re, respectively, [ 181-[30]: 

Fin-body interference. 

Fin-cant. 

Base pressure difference offins. 

Asynunetric boundary layer over body. 

Asyimnetric vortex shedding over body. 

hiteraction of asymmetric vortex wake of body and fins. 

In references [ 18)-[30], attention was focused on missile 

configurations with niirror symnetry. A recent study whicli 

investigated Magius characteristics of a missile configuration 

with WAF was perfonned by Corby and Berry, [31]. They 

developed a special test rig that allowed accurate measurement 

of forces and iiionients acting on rolling missile contigurations. 

They investigated ii guided niissile which becomes fin 

stabilized by deployinelit of four WAF alter a brief spin 

stabilized launch stage. Corby and Beny did not present any 

new results related to effects of lack of niirror symnetry on 

Magnus characteristics. 

5. WAF 1)YNAMIC' STABILITY 

Vectorial equations of iiiotion of an unguided missile in free 

flight can be espressed as follows, 132): _- 

D,H,. = GA, (5.1) 

in D,?,. = FA i in f .  (5.2) 

U,. is tlie vector of absolute angular moinenhun about C; m is 

inass of the inissile and D,. denotes differentiation with respect 

to time in 6. .  Tluce translatioiial and t h e e  rotational scalar 

equations of inotioii caii be obtained from (5.1) and (5.2). 
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Rotational equations of motion are gouig to be expressed in 

F , :  

. -  
1,j = L ,  ( 5 . 3 )  

- 
1, y + 1, pl: = M , (5.4) 

1, y - 1, py = i. (5 .5 )  

1, and 1, are axial illid transverse moments of inertia 

respectively. (-) denotes components of a vector in F;, . 
Translational equations of motion that are expressed in 6, are 

as follows: 

Aerodynamic properties are assumed to be constant which 

is based on the fact that M ,  is a slowly varying function 

of time. Roll rotational speedy is assumed to vary slowly 

with time as well. Independent variable is changed from 

time t to non diniensional distance variable s: 

(5.11) 1 '  
s = - [Vd l .  

A '0 

The four transverse equations of motion, (5.4), (5.5), (5.7) 

and ( 5 . Q  are reduced into a single equation of motion by 

using complex variables, (4.1)-(4.4). 

Tlie resulting coniplex scalar transverse equation of motion is, 
m ( i  + G G -  FG) = x + mi,, ( 5 . 6 )  

m( i+i i ; )  = r + m i z ,  (5.7) 

m( ii - iiy ) = z + mi3. (5.8) 

In the equations presented above components of gravitational 

acceleration ui 6, are, 

gcos 6 
(S.9)  

Mathematical simplicity is obtained by expressing the first 

translational equation of motion in FM, rather than in F;, : 

mV = -D. ( 5 .  I O )  

Tlie six scalar equations ofniotion ( 5 . 3 ) - ( 5 . 5 ) ,  ( 5 .  IO), (5.7) and 

(5.8) represent dynamics of a time varying and nonlinear 

system. Several simplifications are introduced into the malysis 

to determine stability criteria that can be nsed in engineering 

design: 

Total angle of attack 5 is assumed to be smull which 

allows aerodynamic decoiipling of axial and transverst: 

equations of motion, y ii 1. Linear expansions are nsed for 

generalized aerodynamic forces, (4.6)-(4.9) and (4.14). 

Ft + [ H + i ( 1 -  P ) ]  2 - [ ( M  + PU) + i( N + P T ) ] i  = G ,  

(5.12) 

where is the coinplex angle of attack in F, and i is the unit 

imaginary number. (') denotes differentiation with respect to s 

and coefficients of the equation are as follows: 

r 7 

1 
h I = - ( :  ' 

k,2 - '"U ' 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(519) 

(5.20) 
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In above equations: Inequality (5.27) is equivalent to following inequalities: 

Equation (5.12) is a second order linear differential equation 

with constant coefficients and its solution can be expressed as, 

where, 

- c; 4 = -  (5.22) ' (M + H I )  + i ( N  + PT) ' 

AjS K, = K,,,e . ( j  = 1,2), (5.23) 

4j = 4h + <%(j  = 1,2), (5.24) 

1 
2 

R, +i< = -{-H +i(p - I) 

hi equation (5.2 1) K,eisi tenns represent homogeneous 

solution while 2, is tlie particular solution due to gravity. 

Stability of an unguided missile with WAF in free flight can be 

exaxnined by using equation (5.25). After a few derivations one 

can obtain the following expression for modal damping factors: 

,(.i = 1,2) 
2 ( N  + P T )  - H ( P -  1 )  

( P  - - 4 ( M  + P U )  

H Z O ,  

2 ( N + P T ) - H ( P - 1 )  
IHI 2 

J ( P - l ) Z  - 4 ( M + P U )  

(5.28) 

(5.29) 

If inequality (5.29) is expanded, one can obtain a quadratic 

stability condition in terms of the gyroscopic roll P 

T ( T -  H ) P 2  + ( U H 2  + 2 T N -  H N + T H l ) P  

+( M H ~  + N Z  + NHI)  s 0, (5.30) 

Inequalities (5.28) a i d  (5.31) indicate that an unguided missile 

with WAF in free flight is dynamically stable if it has positive 

in-plane damping and its roll rotational speed stays in an 

interval which is specified by Ph, and Ph2. Actual roll 

rotational speeds corresponding to P+, and Ph2 c m  be 

determined as, 

In case of a missile which has both rotational and mirror 

symmetry, 1 = 0, N = 0 and U = 0. Hence, (5.30) becomes: 

T ( T -  H ) P ~  + M H ~  S O .  (5.33) 

This is a quadratic inequality as well, but P+, = - Ph2 in 

contrast to the more general case. hi case of a stability analysis 

of a missile with WAF in which C is considered as tlie only 

significant out-of-plane effect, inequality (5.30) is reduced to, 
'"B 

Dynamic stability of the missile is assured if both of the modal 

damping factors A j ( j  = 1,2) have negative values during all 

phases of flight: 

(5.26) 

- H N P + M H ~ +  N~ S O .  (5.34) 

This is a linear inequality in teniis of P, wluch specifies tlie 

upper and lower h i t s  of roll rotational speed for dynamic 

stability for p > 0 and p < 0 respectively. 

/ l j  5 O,(j = 1 , 2 ) .  (5.27) 
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6. CASE STUDY 
A missile configuration similar to the basic fiiuier was selected 

as the subject of this case study, Figure 6. The only difference 

of the present configuration froin basic fintier is that it has four 

WAF rather than four straight fins. Cz,, C,,. C,,,, + C,,,& and 

C, data of basic fuuier were calculated by using MISSILE 

DATCUM. Cz,, Cm,, C,,, a id  C,", data of the test case 

configuration were calculated by using a t h e e  dirneiisioiial 

panel code, PANEL3D. Cz, a id  C,,,, data obtained from 

MISSILE DATCOM and PANEL3D for the two different 

configurations were seen to be 111 good match. Transonic and 

supersonic C, data of basic fiiuier which was detenniiied by 

aeroballistic range testing was available froin literature, [4]. 

Subsonic C,,,p data of basic fiiuier was estimated by using the 

Metliod of Bryson, [16]. C,,yjp data of tlie test case 

configuration was assumed to be tlie sane as that of basic 

fiiuier. Reference and inertial data of the test case 

configuration are presented in Table 1 and Table 2 

respectively: 

DP 

Table 1. Reference data. 
1 1 I 1 1 

Table 2. Inertial data. 

0.15 U. 122 

-22 j - I 1 I I 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

M, 

Figure 7. Variation of Cz, with M& 

0.70 - 

0.30 I I I I I 
- 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

M, 

Figure 8. Variation of C, with M,. 

-100 , 

Figure 6. Geometry of the test case missile 

-500 I I I I I I 

Variation of aerodynamic data with M, are presented iii 

Figure 7-Figllre 12. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

M"? 
Figure 9. Variation of C,,, + C,,,; with M,. 
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0 ,  

-60 I 
0.0 0.5 1 0  1 5 2 0  2 5  3.0 

M"? 

Figure 10. Variatioii of C,,,u with M,,, 

-4 j I I I I I 

0 0  0 5  1 0  1 5  2 0  2 5  30 

Mcn 

Figure 11. Variatioii of C,,, with M,,,. 
B 

-140 1 
0 0  0 5  1 0  1 5  2 0  2 5  3 0  

M,,> 

Figure 12. Variation of C,,, with Mc,, 
IjiJ 

0004 I 

0000 - 

-0004 - 

r -0 006 - 
6 a -0008 - 

-0010 - 

-0 012 - 

M"? 

0 0  0 5  1 0  1 5  2 0  2 5  3 0  

Figure 13. Variation of P&,,,2 with M,, (C,,,, CnVP present) 

N - i 00000 
a 

-0.0010 1 

-0.0030 -0.0020 1 1  
-0.0040 a 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

M m  

Figure 14. Variation of with M,, ( C,,VP present). 
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Variation of with M ,  111 cases of both C, and C,,,p 

present, only C, present and only C,,, present are given in 

Figure 13-Figure 15. hi Figure 13 a id  Figure 14, the 

configurations that lie between tlie P' curves are stable. hi 

Figure 15, the P' curve is the upper boundary of the stability 

region. 

BP 

BP 

7. DISCUSSION & CONCLUSION 

The case study performed in above section is alanniiig since it 

shows that one can arrive at completely wrong conclusions 

about dynamic stability of a missile configuration with WAF if 

effects of C and Cmh are not considered at tlie sane  time. A 

coniparisoii of Figure 13 and Figure 14 shows that effect of 

C,,, on dynamic stability is sigiificaxit eveii at subsonic speeds 

where its magnitude is relatively small. At supersonic spceds 

CnYj causes a complete change of the dynamic stability picture: 

P+,, and P+2 are both negative. Effect of lack of mirror 

symmetry is more pronounced in supersonic region with 

increasing M ,  since magnitude of C,,,, , C,,,q + C,,,& and C,,, 

decreases while that of C,,,,j increases. This can have serious 

implications in terms of external configuration design of a 

missile with WAF if maximum range perfoniiaiice has priority 

since high M ,  at rocket motor bum-out becomes uiiavoidable. 

Research on linear stability analysis of configurations with 

WAF should be extended with consideration of effects of C,,,, 

which can easily be obtained by panel methods. Another area 

which requires fiutlier investigation is roll direction dependent 

aerodynamics: CnVP*, C,,,?* . 

ms 
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Determination de coefficients aerodynamiques avec des 
resultats d'essais en vol 

ABSTRACT 

Practical use of flight tests results for estimations of 
aerodynamic coefficients 

G. SCHMITI' 
MATEL4 DEFENSE 

37, avenue Louis Br6guet - B.P. no 1 
78 146 VClizy-Villacoublay Caex 

France 

At the end of a missile development, the flight 
tests, limited in quantity have to validate the 
overall missile performances. They are particularly 
used for the validation of the aerodynamic 
characteristics. After them, some improvements of 
the aerodynamic modeling or even adjustments of 
the aerodynamic design can be initiated. 

The identification of the missile aerodynamics is 
important to establish its operationel performances 
by running of simulations. It allows the limitation 
of the expensive flight tests to the minimal number 
needed to perfect the guidance and control 
functions embedded in the missile. 

The aerodynamic coefficients are not directly 
measured in flight, but computed from measured 
flight datas. 

Some results obtained with a long range cruise 
missile are therefore presented. The comparison 
with wind tunnel test data are explained and are 
satisfactory. 

RESUME 
Les essais en vol de missile, exCcutCs en nombre 
restreint, sont destinCs B valider le bon compor- 
tement densemble de l'engin. En particulier, ils 
permettent de valider le bon comportement ahdy-  
namique. 11s peuvent Ctre B l'origine d'amiliora- 
tion du mod2le aerodynamique ou mtme 
dajustements de la configuration ahdynamique. 

L'identification de 1'aCrodynamique de l'engin est 
importante pour Ctablir sa performance dans son 
domaine d'emploi B partir de simulations et limiter 
le nombre d'essais en vol onCreux B la mise au 
point des fonctions embarquCes dans le missile. 

Les coefficients adrodynamiques ne sont pas 
directement mesurCs, mais diduits des paramktres 
mesuds en vol. 

Des risultats obtenus avec un missile de croisikre 
de longue portdt sont presentds B titre d'illustra- 
tion. 11s sont en bonne correlation avec les 
resultats d'essais en soufflerie. 

I. JNTRODUCIIO N 

Dans le ddveloppement des missiles, les essais en 
vol rev2tent une importance trks grande, car ils 
permettent de verifier en conditions rCelles la 
bonne exCcution de l'ensemble des fonctions 
implantdes dans l'engin : navigation, guidage, 
pilotage, propulsion . . . 
D'un coQt onCreux, les essais en vol se font en 
nombre limit6 et il n'est gu2re possible de couvrir 
tout le domaine de vol operationnel de l'engin. 
LCvaluation de la performance du missile repose 
par consequent sur la simulation numbrique 
incluant une representation de chacun des 
composants de l'engin. 

La performance en portee et en vitesse de l'engin 
depend pour partie de l'efficacitk aCrodynamique 
modClisCe B partir d'essais en soufflerie. Les 
conditions du vol libre Ctant diffkrentes de la 
soufflerie, il convient de recaler le mod2le 
aerodynamique B partir de mesures faites en vol, 
afin que Ia simulation du missile puisse rendre 
compte de l'ensemble de ses performances. 

Ce document prdsente la mCthodologie de 
restitution de I'aCrodynamique B partir de mesures 
faites au cours dun vol ainsi qu'un cas dapplica- 
tion. 

NOTATIONS 

M :  nombre de Mach du missile 
x, y, : coordonndes du centre de gravitC 

du missile dans un rep2re 
terrestre 
angles d'Euler, caractdrisant la 
position angulaire du missile par 
rapport B une rCf6rence terrestre 

61,6m, s n  : braquages des gouvernes en 
roulis, tangage et lacet 

p. q. r : vitesses de rotation du missile par 
rapport ?i un repkre terrestrre, 
exprimkes en rep2re missile 

p, 4, i : accClhtions angulaires 
Vx, Vy, Vz : vitesse du missile par rapport B 

un repkre terrestre 

0, 8, w : 

Paper presented at the FVP Specialists' Meetings on "Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV)", 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-S91. 
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Yx7w9yz: effort spCcifique en repkre 
missile 

m: masse du missile 
ti I: mamce dinertie du missile 
Ixx, Iyy, Izz : t m e s  diagonaux de j 
PO : pression statique h l'altitude de 

vol 
CXRL CYRI, CzRI 
CmRI, CnRI, ClRI coefficients aCrodynamiques 

CvaluCs avec les donnies de la 
RCfknce Inertielle 

G :  centre de gravitd du missile 
A :  positionnement de la RCfCrence 

Inertielle 
P :  poussCe du moteur 
S ref, L df : donndes de reference adrodyna- 

miques 
a, P : incidence, dCrapage 
2: altitude du missile 
0 :  rCgime moteur 
Cxa, Cya, Cza, Cla, Cma, Cna 

coefficients aCrodynamiques 
Cvaluts avec le modkle aCrody- 
namique 

coefficient de force laterale 
c x  : coefficient de mAn& 
cy : 
c z  : coefficient de portance 
Cm : coefficient de moment de 

Cn : 
a: 

rngage 
coefficient de moment de lacet 
coefficient de moment de roulis 

Ces coefficients sont dCfinis en axes missile. 

11. INFORMATIONS DISPONIBLES 

Les informations disponibles pour restituer un vol 
d'essais proviennent des senseurs embarquCs 
bord de l'engin et des dCtecteurs de poursuite du 
champ de tir. 

Movens ext6rieurs : 

Les moyens de mesure extCrieurs B l'engin 
permettent une restitution de la trajectoire du 
vkhicule teste : 

le radar tnesure la trajectoire de l'engin (x, y, z) 
dans un refire terrestre 

les camtras et cinCthCodolites assurent une 
localisation (x, y, z) dans un repkre terrestre ; 
utilisCes lors de separations sous avion, les 
camCras permettent B faible distance de moins 
de 10 m, une Cvaluation de l'attitude relative de 

l'engin par rapport h l'avion (angles d'Euler $, 
8, w) 
les mesures mCtCorologiques caractdrisent 
l'atmosph8re au moment du vol par les 
paramktres suivants : vent Vv (direction et 
amplitude), pression statique et temperature ; 
ces mesures recalent le modkle datmosphkre 
utilisC pour le calcul des coefficients aCrody- 
namiques au cas oh le vChicule test6 ne dispose 
pas de capteurs de pression pour mesurer la 
pression dynamique et la pression dmet  

Jvlovens inmes  t t lemesw 0 .  . 

Pour remplir sa mission, l'engin est CquipC d'une 
panoplie de senseurs afin dassurer correctement 
les fonctions de navigation, guidage et pilotage. 
L'Cvaluation des coefficients aCrodynamiques 
repose essentiellement sur les informations des 
capteurs de navigation et de pilotage. Les mesures 
de ces senseurs sont collectbes par un Cquipement 
de tClCmesure et envoykes au sol. 

La liste suivante contient les mesures les plus 
importantes rkalisables h bord du vChicule de test, 
mais toutes ne sont pas nkessairement dalisCes : 

senseurs inemels 

vitesses angulaires p, q, r par des 

efforts spCcifiques yx, yy, yz par des 
gyromktres 

accC1Cromktres 

La position (x, y, z), la vitesse (Vx, Vy, Vz) 
et I'attitude (+, 8, w) inertielles ou par 
rapport h la terre en sont dCduites si les 
senseurs sont de la classe navigation. 

senseurs de pilotage 

braquages des gouvernes 61, 6m, 6n par 
des potentiomktres 

incidence a et d6rapage p par des girouettes 

pressions statique PO et dynamique pi par 
une centrale anCmomCmque pour Cvaluer le 
Mach M 

regime moteur o en cas de propulsion autre 
que par moteur fuste 

dCbit de carburant par un dCbitm8tre 
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111. EOUATION DE LA DYNAMIOUE 

Le principe de restitution des coefficients aCrody- 
namiques repose sur I'Quation fondamentale de la 
dynamique : 

m.T = CF = Fp + Fa 

I . R = m  + m a  P 
m masse de l'engin 
r effort sp6cifique 
Fp force de propulsion 
Fa dsultante akrodynamique 
I mamced'inertie' 
R accClCration angulaire de l'engin 

mp 
ma 

moment de la propulsion au centre de gravitC 
moment a&odynamique au centre de gravitC 

La matrice dinertie I est en gCnCral assimilCe B une 
mamce diagonale dont les tennes diagonaux sont 
Ixx, Iyy, 122. 

IV. DETERMINATION DES COEFFICIENTS 
AERODYNAMIOUES 

L'objet de la restitution akrodynamique du vol est 
la comparaison entre les coefficients aQodyna- 
miques obtenus par deux voies diffdrentes : 

A. Le modkle akrodvnamiaue du missile 

Les six coefficients adrodynamiques s'Ccrivent : 

Cxa = Cx (M, a, p, Z,61, 6m, 6n, . ..) Trainee 
CYa = Cy (M, a, p, 61, 6m, 6n, ...) Portance 
l a W e  
Cza = Cz (M, a, p, 61,6m, 6n, . . .) Portance 
Cla = C1 (M, a, p, 61, 6m, 6n, p, ...) Roulis 
Cma = Cm(M, a, p, 61, 6m, 6n, q, xG, ...) 
Tangage 
Cna = Cn (M, a, p, 61, 6m, 6n, r, xG, .. .) Lacet 

Les paramktres entre parenthkses doivent etre 
estimCs pour chaque point de vol : 

M:Mach - - 
a et p : incidence et dkrapage 
61,6m, 6n : Braquages en roulis, tangage et lacet 
p, q, r : vitesses angulaires en roulis, tangage et 
lacet 
XG : position du centre de gravite 

D'autres paramktres peuvent intervenir, tels que 
pdsence ou non de propulsion, etc . . . 

B. L'utilisation des Ca -uations de la dvnamiaue 
vues ur - CcCdemment 

1 Fa = m.T - Fp = 3 y.pO.M2.S rkf .(Cx, Cy, Cz) 

m a  = I.R - m p  = Z ~ . ~ O . M ~ . S  ref .L ref (CI, 
Cm, Cn) 
PO pression statique h l'altitude de vol 
S df, L kf grandeurs de rkfhence 
y = 1,4 rapport des chaleurs massiques 

1 

On obtient ainsi : 

m.yx-Fpx 
CxRI - 1 

-y.pO.M*. S rdf 2 

m .  yz-Fpz 

- y.pO.M2.S kf 2 

ClRI = 1 
2 

CZN 

IXX . i, - mpx 

- y . ~ o . M ~ . s  rkf.Lrbf 

La dktermination des coefficients abrodynamiques 
par ces deux mCthodes rCclame la connaissance, 
en chaque point de vol, d'un certain nombre de 
grandeurs physiques. Celles-ci sont soit direc- 
tement mesurkes et transmises B des enregistreurs 
au sol, soit, en l'absence de mesures directes, cal- 
culCes i partir de modkles utilisant d'autres gran- 
deurs physiques plus facilement accessibles 
c o m e  indiquC ci-dessous. 

v. DETERMINATI-ON DES GRANDEURS 
PHYSIQUES NECESSAIRES AUX CAL- 
CULS DES COEFFICIENTS AERODYNA- 
MIOUES 

A. Mod *le de D ropulsion (Fpmp) 

La force de propulsion Fp n'est pas directement 
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mesurke. Selon le mode de propulsion retenu, son 
amplitude est une fonction plus ou moins 
complexe du temps de vol, des conditions de vol 
(Mach M, altitude Z, .. .), du rCgime moteur o ... 

Fp = Fp (t, M, 2, O, ...) = (Fpx, Fpy, Fpz) 

La projection de la force de propulsion (Fpx, Fpy, 
Fpz) dans le repke liC B l'engin dCpend du 
montage mCcanique et Cventuellement de la 
pdsence de gouvernes de jet. 

m p = F p A P G  
P point dapplication de la poussCe 
G position du centre de gravitC 

B. Modkledece llule 

Les caractdristiques massiques de la cellule 
concernent la masse, l'inertie et le centrage : 

la masse est une fonction du temps de vol. Des 
pedes avant tir donnent la masse finale et 
1'Cvolution de la masse au cours du vol 
propulsk est Cvalute par une fonction forfaitaire 
du temps ou estimCe g r k e  il la mesure de 
consommation du propulseur par un  
dCbitm2tre. 

la matrice d'inertie, rCduite le plus souvent B 
une forme diagonale, est une fonction calcul& B 
partir de la masse ; elle Cvolue de m a d r e  
analogue B la masse ; les estimations des 
inerties peuvent Qtre recalCes par des mesures 
des caractkristiques pendulaires de l'engin 
suspendu. 

le centrage Cvolue en fonction de la masse de 
l'engin. Son estimation est faite avec les 
procCdCs utilises pour dCfinir la masse et les 
inerties. 

C . Modkle datmosp h5r:re 

Les efforts aerodynamiques sont proportionnels B 
la pression statique. Celle-ci, ainsi que la vitesse 
du son, peuvent Qtre CvaluCes selon deux 
procCdCs : 

la mesure de la pression dynamique (pi - PO) 
par une centrale anCmomCtrique qui fournit 
directement le facteur multiplicateur des 
efficacitds aCrodynamiques 2 y . p 0 . ~ 2  
un modhle d'atmosph2re permet de dCterminer il 
partir des estimations daltitude et de vitesse 
aCrodynamique, la pression statique, la vitesse 
du son et le Mach 

' 1  

Le modhle datmosphkre est en gCnCral recale par 
une mesure ponctuelle faite par l'installation de 
tir : temperature et pression statique. 

D. Estimation des acdl4rations 

Les equations de la dynamique mettent en Cviden- 
ce l'accCKration angulaire R (p , q, i> et 
spCcifique r (yx, yy, yz). 

force 

R<p , q, i> accClCration angulaire en roulis,tangage 
lacet 
r (yx, yy, v) force spCcifique en roulis, tangage, 
lacet 

Pour les besoins du pilotage, les engins disposent 
en gCnCral d'un bloc gyromCtrique qui mesure la 
vitesse angulaire Rm (pm, qm, rm) et le plus 
souvent d'accC1Cromktres pour la mesure des 
efforts spkcifiques Trn (yxm, yym, yzm). Pour des 
engins rudimentaires dont la panoplie des senseus 
fonctionnels est plus rCduite, un  Cquipement 
spCcifique de test est en gCnCral dCveloppC et 
comporte ces senseurs. 

L'accClCration angulaire R est estimCe par filtrage 
et dkrivation de la dCtection en vitesse angulaire 

R =  

La bande passante du filtre est suffisante pour bien 
restituer l'accC1Cration angulaire aux frequences 
infkneures B 10 Hz et Climiner le bruit de mesure 
situ6 aux Mquences ClevCes. 

Rm. S 
l + a . s + b . s  2 

La force spCcifique est mesurCe par les accC1Cro- 
mktres. Cependant, la force spCcifique impliquCe 
dans 1'Cquation de la dynamique correspond au 
centre de gravitC de l'engin, alors que les 
accClCrom2tres se trouvent en general B une 
position differente. Les effets de cet Ccart de 
position peuvent ttre comgCs : 

= r m  + n A AG + R m A R m A AG 

r (yx, yy, yz) force spdcifique estimCe au centre 
de gravitd 
R <p , q , i) accClCration angulaire estimie 
Rm (pm, qm, rm) vitesse angulaire mesurCe par 
les gyromktres 
Trn (yxm, yym, yzm) force spCcifique mesurCe 
par les accClCromktres 
A position des accClCrom&res 
G position du centre de gravite 
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E. Estimation de la Dosition 

L'estimation de la position est nCcessaire pour 
identifier les coefficients adrodynamiques, car les 
efforts aCrodynamiques dependent de l'altitude et 
de la vitesse. 

L'estimation de la position est rCalis6e par des 
moyens internes ou externes au vChicule test6 : 

les moyens externes (radar, camCras, cinCt6o- 
dolites ...) spCcifiques du champ de tir sont 
toujours utilids quand la distance de l'engin au 
moyen de mesure ne dCpasse pas 20 km pour 
assurer une prCcision de mesure de l'ordre de 
100 m. La precision peut Ztre amCliorCe grice 
au montage de rCpondeur ou rCflecteur sur le 
vChicule de test. 
les moyens internes sont utilisCs en complk- 
ment des moyens externes. Leur coQt rapport6 
h celui du vChicule test6 est relativement 
important et ils ne sont souvent pas spCcifi- 
quement implant& pour les besoins de test. Les 
Cquipements de localisation embarquCs sont 
variCs : Cquipements de navigation inertiels, 
GPS, radioaltim&tre, baroaltim&re, . . . 

L'estimation de position peut etre am6liorCe par la 
fusion des mesures de plusieurs senseurs 
externes ou internes. 

Pour la restitution de l'aCrodynamique, la 
prkcision de localisation souhait& est de l'ordre de 
100 m h 300 m pour l'altitude. La localisation est 
souvent exploitCe pour estimer par ddrivation la 
vitesse de l'engin avec une erreur infbrieure & 
10 m/s. 

F. Estimation de la vitesse 

La vitesse intervient par son carrC dans 
l'expression des efforts akrodynamiques et sa 
connaissance est donc vitale pour l'estimation des 
efficacids adrodynamiques 

La grandeur incriminke est la vitesse par rapport h 
l'air Va : 

Va = V - Vv 
Va vitesse &miynamique 
V vitesse inemelle ou vitesse par rapport h la 
terre 
Vv vitesse du vent 

La centrale anCmomCtrique est le meilleur 
Cquipement . pour extraire les coefficients 
aerodynamiques & partir des efforts 
aCrodynamiques car 1'Ccart entre la pression 
statique et la pression damet donne directement le 

1 coefficient 2 y . PO . ~2 
1 pi  PO=^ y . p 0 . ~ 2  

PO, pi pression statique et pression d'arret 
M Mach 
y 1.4 rappon des chaleurs massiques 

La mesure de la pression dynamique (pi - PO) 
permet d'Cviter le recours h l'estimation de 
l'altitude pour dkterminer les coefficients 
a6rodynamiques. Elle est surtout indiquke pour les 
engins tvoluant h faible vitesse et pour lesquels la 
vitesse du vent Vv peut Ctre significative vis-&-vis 
de la vitesse de translation V de l'engin. 

Les autres mCthodes permettant de reconstituer la 
pression dynamique consistent h dCduire la 
pression statique h partir de l'altitude estimte et 
d'un mod&le d'atmosphike et h Cvaluer le Mach, 
donc la vitesse adrodynamique h partir de la 
vitesse de translation et de la vitesse du vent 
moyen mesur6 sur le champ de tir au moment du 
vol. 

La vitesse de translation peut Stre dCduite par 
filtrage et dkrivation de la localisation effectuCe 
avec les moyens du champ de tir. 

Si l'engin test6 dispose de moyens de navigation 
suffisants (inertiels, GPS, . . .) la navigation du 
vChicule fournit la vitesse de translation avec une 
erreur de un  h quelques mktres par seconde 
(jusqu'h 10 m/s pour une navigation inertielle 
mdiocre d'un missile tactique). 

La reconstitution de la vitesse a6rodynamique par 
la vitesse inertielle et une estimation du vent 
moyen ne prennent pas en compte les rafales de 
vent. 

Le recours h une centrale anCmomCtrique pour 
estimer la pression dynamique est onCreux, car au 
prix de la centrale, il faut ajouter les coQts 
d'implantation sur le vChicule et d'Ctalonnage en 
soufflerie. 

G . Estimation de l'incidence a et du dCrapage 8 
L'estimation des coefficients akrodynamiques 
rksultants en effort et en moment n'exige pas la 
connaissance de l'incidence et du dCrapage. 
Cependant, la maimse du guidage-pilotage ainsi 
que 1'Cvaluation de la port6e de l'engin ndcessitent 
la connaissance de l'amplitude des mouvements 
angulaires et de leur effet sur la trainbe. En 
consQuence, l'estimation des gradients abrodyna- 
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4 
*e,,, , , , 

miques par rapport h l'incidence et au derapage est 
primordiale pour assurer la performance du 
vChicule test& 

#7r, ,, I ,r/ 

La mesure de l'incidence et du dCrapage peut etre 
faite grlce B l'implantation de girouettes sur le 
vecteur. Cette opCration nCcessite un important 
travail en soufflerie pour le choix de l'implantation 
des girouettes et leur Ctalonnage. Ces girouettes 
sont au moins au nombre de 2 et de pr6fCrence 3 
ou 4 pour mesurer l'incidence et le ddrapage. Ce 
nombre a tendance B grandir avec le domaine 
dCvolution de l'incidence et du dCrapage. 

n 
girouettes w dCrapage girouette de 

d'incidence 

La mesure brute du potentiombre est comgCe en 
fonction de la caractCnstique d'dtalonnage relevCe 
en soufflerie pour rendre compte de l'incidence et 
du dCrapage de l'engin par rapport h 1'Ccoulement 
infini amont. 

En l'absence de girouettes, l'incidence et le 
dCrapage peuvent Ctre estimCs h partir de l'attitude 
de l'engin et de sa vitesse akrodynamique. Cette 
operation n'est rdalisable que si le vChicule de test 
dispose d'une centrale de navigation inertielle. La 
procddure utilisde est la suivante : 

le vecteur vitesse a6rodynamique est la diffdren- 
ce entre Ie'vecteur vitesse inertiel estimd par la 
navigation et l'estimation du vecteur vitesse du 
vent 

l'incidence et le dCrapage sont les angles entre 
l'axe de roulis de l'engin et le vecteur vitesse 
adrodynamique dCfmi ci-dessus 

Il est possible pendant les phases de vol stabilid 

de reconstituer l'incidence et le dkrapage selon le 
m2me procCdC sur un engin CquipC dune cenuale 
dattitude en utilisant la vitesse inertielle deduite de 
la poursuite effectuke avec les moyens de mesure 
du champ de tir. 

La prkcision de ce procCdk destimation depend de 
la justesse des hypothkses faites sur le vent et de la 
qualit6 de la navigation du vChicule test& en 
particulier de la derive de l'estimation de la vitesse 
inenielle par rapport h celle de l'attitude de l'engin. 
Plus l'engin est lent, plus l'obtention de bons 
resultats avec cette mCthode devient delicate. 

Hormis les rafales de vent, ce procMC permet une 
trks bonne estimation des variations h court terne 
de l'incidence et du ddrapage, et la mCthode reste 
toujours precise pour 1'Cvaluation des gradients 
des efficacitks aCrodynamiques d b  lors qu'elle est 
effectuCe h partir de differentes phases de vol 
stabilisC, proches dans le temps (Ccarts de 
quelques secondes). 

Pour les engins rustiques CquipCs de senseurs 
gyromktriques et accClCromCtriques n'autorisant 
pas une navigation correcte, il est possible 
d'Cvaluer les variations rapides dincidence et de 
dCrapage par les formulations suivantes : 

. .  
a, P dCriv&s de l'incidence et du dkapage 
qm, rm vitesses de tangage et de lacet mesurdes 
par les gyromktres 
V vitesse estimCe de l'engin par la poursuite des 
moyens externes 
gy, gz projection de la pesanteur sur les axes de 
lacet et de tangage 
yy, yz effort spCcifique au centre de gravitC en 
lacet et tangage 

Compte tenu de la qualitC des senseurs, cette 
mCthode n'est applicable qu'h des variations 
significatives et rapides de l'incidence et du 
dCrapage (commandes en Cchelons, . . .). 
VI. EXPLOITATION DES D O ~ E S  DE VOL 

- .  A. Coe fficients aCrodvnamiaues rest~tue~ 

Le modtle aCrodynamique m i s  au point h partir 
des mesures en soufflerie est complexe et doit 
rendre compte du torseur a6rodynamique tout 
instant. Les coefficients d'efficacitd dependent 
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d'un grand nombre de paramktres (PO, M, a, p, p 
q, r, 61,6m, an,  ...). Les estimCes instantankes de 
ces paramktres sont bruitCes et le niveau de bruit 
est particulikrement ClevC sur la mesure du 
moment, car elle dkcoule de 1'Cvaluation de l'accC- 
1Cration angulaire. 

C'est pourquoi, la meilleure estimation des 
coefficients airodynamiques est obtenue grlce B 
l'analyse d'un grand nombre de points de vol 
stabilisC (accC1Cration angulaire nulle). Une telle 
procCdure est retenue pour identifier les 
coefficients d'efforts Cx, Cy, Cz : le modkle est 
simplifid grlce B la faible valeur des vitesses et 
accClCrations angulaires et un moyennage des 
dktections permet de ruuire l'influence des bruits 
de mesure. La concordance en un grand nombre 
de points de vol des estimations des coefficients 
aCrodynamiques faites B partir du vol avec les 
sorties du modde akrodynamique 'excite par les 
mzmes param2tres de vol confere B ce dernier une 
grande craibilite. 

La restitution des coefficients d'effort est impor- 
tante pour 1'Cvaluation des performances de 
l'engin en terme de portCe, de vitesse et de 
manoeuvrabilitk. Si l'dvaluation des coefficients 
de portance est relativement aisCe, la tlche se 
rCvkle plus complexe pour le coefficient de trainee, 
car l'effort mesurd par l'accClCrom2tre longitudinal 
est le resultat de la propulsion et de la trainCe. 
L'estimation du coefficient de trainCe dkpend donc 
pendant la phase de vol propulse, de la 
connaissance du niveau de poussde. 

L'Ccart entre la vitesse inertielle et la vitesse aCro- 
dynamique est souvent mal CvaluC, car le vent 
n'est pas ou mal mesurC dans les conditions du 
vol et cela peut entrainer des erreurs destimation 
de plus de 5 % sur 1'aCrodynamique. 

La restitution des coefficients de moment est plus 
importante pour CaractCriser la pilotabiliti que pour 
dCfinir la performance (portbe, vitesse). L'analyse 
des phases de vol stabilisk permet d'obtenir des 
renseignements sur les braquages dCquilibre et 
m2me sur les gradients de moments g r k e  il 
l'examen de plusieurs points d'Cquilibre. La 
prCcision requise - .  pour le pilotage est de l'ordre de 
10 %. 

L'analyse des transitoires est plus delicate, car la 
modClisation aCrodynamique est plus complexe B 
cause de 1'Cvolution d'un grand nombre de 
paramktres et l'estimation des accClCrations 
angulaires est pCnalisCe par les bruits de mesure 
des gyromktres. Cependant, B cause des rapides 
variations des braquages des gouvernes, il est 

possible d'identifier le gradient de moment des 
gouvemes sur de brusques mises en manoeuvre. 

B .  Application au missile de croisikre Apache 

Ce missile effectue sa croisikre B Mach 0.8. Ap&s 
son largage sous avion, il rallie son altitude et son 
Mach de croisi2re. Pour des raisons de discr6tion. 
il vole B faible altitude en suivi de terrain et 
manoeuvre B vitesse constante. 

De configuration bank-to-turn, A ailes dCploya- 
bles, ce missile manoeuvre principalement en 
tangage, mais peut aussi rkaliser des facteurs de 
charge en lacet en maintenant un dCrapage 
Cquili brC. 

La propulsion est assurCe par un turbordacteur qui 
fonctionne pendant tout le vol. 

Le vol analysk ci-aprks dkbute par un largage B 
moyenne altitude et se poursuit par des 
manoeuvres pr6programmCes afin de dCcnre le 
domaine de facteur de charge opCrationnellement 
prCvu. Ce vol spCcifique a pour but la 
caractkrisation des performances akrodynamiques 
de la cellule pilode. 

Le missile est CquipC d'une tClCmesure retrans- 
mettant au sol les informations suivantes : 

la position, la vitesse et l'altitude ainsi que les 
mesures des senseurs inertiels (forces spCci- 
fiques et vitesses angulaires) issues du bloc de 
navigation inertielle 

la pression statique p0 et le Mach M dCduits des 
mesures d'une perche anCmomCtrique 
sptcialement installCe pour ce vol 

l'incidence et le dCrapage mesuris par des 
girouettes spkialement installdes pour ce vol et 
calibrCes par des essais prialables en soufflerie 
h 1'Cchelle 1 

les braquages des gouvernes mesurCs par des 
potentiomktres 

la vitesse de rotation du turboreacteur mesude 
par un tachymktre 

L'autopilote du missile contrble les mouvements 
angulaires autour des trois axes : roulis, lacet, 
tangage. Les deux gouvernes horizontales servent 
au contrble du roulis et du tangage, et les derives 
verticales supkrieures au contr6le du lacet ; les 
dCrives verticales infkrieures assurent la stabilit6 
en lacet. 
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Les rCsultats obtenus en vol sont comparks h ceux 
obtenus avec le modkle adrodynamique, ClaborC h 
partir d'essais en soufflerie de I'ONERA. Deux 
campagnes ont 6th effectuCes, avec une maquette h 
1'Cchelle 0.25, et une autre h l'tchelle 1 avec un 
turbordacteur de l  en fonctionnement. 

C. Analvse des dsultats 

Les rCsultats les plus fiables correspondent & des 
points de vol stabilid. Les planches no 1 & 5 
representant les Cvolutions de l'incidence a, du 
dCrapage p et des braquages en fonction du temps, 
mettent en Cvidence les nombreux et importants 
transitoires entre les @nodes de vol stabilisd. 

L'engin Cvoluant h faible incidence, 1'aCrodyna- 
mique est assez linCaire et il suffit d'identifier 
quelques points en incidence et dCrapage pour 
vCrifier les principales caractkristiques airodyna- 
miques : 

la portance et la minke 
les stabilites autour des trois axes 
les efficacitds adrodynamiques des gouvernes 

Ces vCrifications sont faites par comparaison de 
points de vol pour lesquels un seul des paramktres 
(a, p) vane, l'autre restant sensiblement 
constant. Ainsi, l'identification des coefficients 
akrodynamiques B ddrapage nul est dalisCe B partir 
de points de vol tels que - .2O < p e . 2O.  

Pour la portance, une comparaison directe est 
rCalisCe entre les efforts restituis par les accC1Cro- 
mhtres au centre de gravitC et ceux estimCs par le 
modkle aCrodynamique excitC par les paramktres 
dCtat du vol (a, p, p, q, r, 61, 6m, 6n, ...). Dans 
le cas prksent, la mesure en vol met en Cvidence 
un lCger deficit en portance. I1 est attribuC h l'effet 
de torsion des ailes plus important en vol riel 
qu'en soufflerie. I1 Ctait prCvu, mais les essais en 
vol ont permis de le quantifier prCcisCment. 

Les dCpouillements ont CtC rCalisCs avec deux 
dCfinitions diffkrentes du point de vol : le premier 
(no 1) part dune mesure de l'atmosphkre par la 
perche anCmomCtrique donnant les pressions 
statique et totale, le Mach et la temperature totale. 
Le second (no 2) utilise un modkle datmosphkre 
recal6 par une mesure (PO, T) sur le champ de tir. 
La premikre restitution se rCvkle plus proche du 
modkle aCodynamique. La comparaison des deux 

demarches permet dCvaluer l'apport en prdcision 
de mesure de la perche anCmomCtrique. 

L'Cvaluation de la trainCe est plus delicate h cause 
de la prCsence de la propulsion assurant une 
vitesse de croisikre constante. L'estimation de la 
trainde est tributaire de la connaissance de la 
poussCe du turbordacteur, calculCe h partir du 
regime moteur et du point de vol (altitude et 
Mach). Dans le cas present, la restitution ainsi 
rCalisCe de la trainee est trks proche de son modkle 
adrod y n amique. 

Aux points de vol stabilise, les accClCrations angu- 
laires mesurkes sont nulles. Les moments aCrody- 
namiques calculCs avec le modkle aCrodynamique 
excite par les donnCes des points de vol stabilise 
revklent l'Ccart entre la modClisation et le vol n5el 
et permettent dCvaluer s'il y a lieu dapporter des 
ajustement au modkle. 

L'examen de la voie tangage montre que les 
conditions d'dquilibre en vol (incidence a et 
braquage en tangage 6m) dCfinissent dans le 
modkle airodynamique un coefficient de moment 
Cm faible et sensiblement constant sur la plage 
dincidence examinCe. En consequence, le modkle 
akrodynamique reprisente bien la stabilitC de la 
cellule et l'efficacid des gouvernes, mais il 
convient de comger 1Cgkrement le Cm global dun 
ACmO constant. 

2. Akmdynamique. kincidencc .constante 
L'engin en vol en palier effectue des manoeuvres 
en lacet dans le plan horizontal. L'exploitation de 
points de vol stabilise differents dkrapages 
montre que la praiction de la portance latkrale par 
le modkle adrodynamique est bonne et 1Cgkrement 
infirieure h la rCalitC (planche no 9). 

La prCcision de la stabilitC est Cgalement 
satisfaisante. La cellule est bien symktrique (Cn 
= 0 pour p = 0) et un peu plus stable que ne le 
prdvoyaient les essais en soufflerie puisque les 
Cvolutions du moment de lacet en fonction du 
dCrapage restituCes 8 partir du vol et du modkle 
akrodynamique ne sont pas parallkles (planche no 
10). 

L'Cvolution du roulis induit C1 (p) est bien p r u t e  
par le modkle aCrodynamique puisque les coeffi- 
cients dauits du vol et du modkle aCrodynamique 
ont des caractCristiques parallkles. Le decalage 
constant AC1 constat6 est cohCrent avec la 
tolCrance de calage mkanique des ailes droite et 
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gauche. Cet kart AC1 ne doit donc pas Ctre pris en 
compte dans la dCfinition nominale du coefficient 
de roulis, mais comme une toldrance sur ce 
coefficient (planche no 11). 

VIII. CONCLUSION 

L'utilisation de donnCes tClCmesurCes provenant 
de rCfCrences inertielles permet deffectuer une 
estimation prdcise des forces akrodynamiques 
exercCes sur un missile pendant un essai en vol. 

La qualit6 de la restitution, pour les missiles 
subsoniques en particulier, est amCliorCe par la 
prCsence dune perche anCmomCtrique et de 
sondes dincidence et de dCrapage. 

L'analyse pendant les phases transitoires est 
possible, en tenant compte de la position physique 
des capteurs dans le missile. Elle est affinCe, dans 
le cas de missiles de croisitxe, avec les pCriodes de 
vol stabilisC. 

Dans le cas du missile Apache, l'analyse d u n  
essai en vol de dude importante a permis de 
constater que le modi9e aCrodynamique ClaborC ii 
partir des rCsultats de soufflerie Ctait trks proche 
des caractCristiques rdelles, et de proceder aux 
ajustements mineurs nCcessaires. 
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A NAVIGATION SYSTEM CONCEPT FOR A MODERN ANTI-SHIP MISSILE 

0. Hoelsaeter 
B.Jalving 

Division for Electronics 
Norwegian Defence Research Establishment 

P.0 Box 25, 2007 Kjeller, Norway 

1 SUMMARY 
A navigation system concept for a modem anti-ship missile 
has been investigated. The navigation system can be divided 
into several subsystems. At open sea altitude measurements are 
used in a Kalman filter to limit the inertial navigation system 
(INS) error propagation. Correspondingly, terrain contour 
matching (TERCOM) position updates are used when flying 
over land. A method for estimating the sea state and predicting 
extreme wave heights, which is useful in choosing sea 
skimming altitude, is also discussed. Finally, a model based 
compensator, which reduces the dynamic errors of the INS 
attitude references used for seeker stabilization, is described. 
The paper presents the theory of the various subsystems and 
how they are integrated. Results from tests with real data as 
well as simulations are presented. 

2 INTRODUCTION 
Norway has developed and produced several versions of the 
Penguin anti-ship missile. The Norwegian Defence Research 
Establishment (NDRE) and the Norwegian company NFT are 
currently developing a new missile based on new and advanced 
technology. The missile is intended for use on Fast Attack 
Crafts (FAC), frigates and in coastal missile batteries. 
The missile will have a bank-to-turn (BlT) control strategy. It 
will be equipped with a turbojet engine enabling long range 
capability. Increased range means increased time of flight and 
thus stricter specifications for the navigation system. The new 
missile will have an infrared seeker, which by nature is 
relatively near sighted. Complicating matters further, the 
navigation system must be capable of dealing with the 
dynamics of a very agile missile. 
The navigation system provides the guidance and control loops 
with estimates of missile position, velocity and orientation. The 
guidance system leads the missile to a preprogrammed point 
where it opens its imaging-IR seeker. Several factors influence 
the probability of the target appearing in the seeker field of 
view. A missile flying 100 km at high subsonic speed will have 
a time of flight of about 330 seconds. With no datalink 
allowing target data updates during the flight, the predicted 
target position uncertainty will easily become much larger than 
a typical navigation error. Designing a very accurate 
navigation system without being able to reduce the errors in the 
expected target position will thus be of little use and therefore 
not cost-effective. 
The use of GPS in cruise missiles and smart bombs is 
increasing. A properly integrated GPS-INS system will give a 
position accuracy that far exceeds the requirements of a typical 
anti-ship missile. An advantage of this solution is that the 
INS-misalignment can be estimated using GPS-velocities, thus 
giving better conditions for the seeker unit. However, the 
missile will no longer be completely autonomous, and it might 
be vulnerable to jamming. Our objective has been to design a 
navigation system that is robust, autonomous and with a 
position uncertainty that does not severely affect the 
probability of the target appearing in the seeker field of view. 
The Norwegian coastline is characterized by long fjords and 
numerous islands. This provides the opportunity of applying 
mapaided navigation methods and tactical route planning. The 
navigation system will consist of a modem inertial navigation 

system, terrain contour matching (TERCOM) and shoreline 
detection. A laser altimeter provides the input to TERCOM and 
the shoreline detection system. During open sea flight, the 
inertial navigation system will be aided by the altitude 
measurement. This limits the navigation error. 
Sea state estimation is employed because prediction of 
maximum wave height enables the missile to fly as close to the 
sea surface as possible and thus reducing the risk of being 
intercepted. The theory behind sea state estimation using a 
missile altimeter is discussed in fairly detail, since few 
publications on the matter exist. 
The navigation system provides attitude references used for 
stabilizing of the seeker unit. Due to agile maneuvering, a 
model based compensator will be used to reduce the dynamic 
errors caused by time delays in the navigation system. 

3 INERTIALMEASUREMENTUNIT 
In recent years optical gyros characterized by low cost, power 
and weight has become available. NDRE and NFT has tested 
several candidate inertial measurements units (IMU) intended 
for the tactical missile market. Both ring laser gyro and fiber 
optic gyro based systems have proven satisfactory perfor- 
mance. For tactical missiles, strapdown systems has replaced 
gimbal systems due to simpler structure, lower cost and higher 
reliability. Below the INS spesifications assumed in the simula- 
tions are listed (all values are standard deviations or spectral 
densities in the case of white noises) : 

Accelerometer bias : ba = 200 pg 
Accelerometer scale factor error : t, = 0.02 % 
Accelerometer coloured noise : Sf = 50 pg 
Accelerometer white noise : va .jHz 
Acc. noise COK. time : Tf =60 s 

Gyro bias : 
Gyro coloured noise : 
Gyro noise COK. time : 
Gyro white noise : 
Gyro scale factor error : 
Initial misalignment 

b, = 1 "/h 
60 =0.35 "/h 
T, =loos 
vg =0.07 "/hI.jHz 
t8 =0.02 % 
EN = E E  = 0.3mrad 

= 3mrad 

4 

In order to reduce the position uncertainty we have to concen- 
trate on the most important error sources, for instance misalign- 
ment in the horizontal plane. In the alignment phase prior to 
the flight, the misalignments, and eD, will be estimated 
to a relatively accurate level. During the flight the misalign- 
ments will however increase due to gyro drift. Misalignment 
cause the accelerometer measurements in the IMU coordinate 
system to be wrongly transformed to the navigation coordinate 
system, hence giving rise to position errors. In a situation 
where the missile is flying straight and level, eD does not con- 
tribute to increased velocity errors because there are no accel- 
eration in the horizontal plane. In the launch phase, the accel- 
erations will be transformed incorrectly giving an initial 

REDUCING NAVIGATION ERRORS AT OPEN 
SEA 

Paper presented at the FVP Specialists' Meetings on "Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ", 
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velocity error. This launch-phase generated velocity error will 
propagate during the entire flight. If we assume the missile to 
fly in a north direction, the east position error due to eD will 
be: 

MissileZNS 

where v, is the inertial missile velocity. 

hi,  Reset 
I 

Misalignment in the horizontal plane give rise to position errors 
in the same plane, because the lg  acceleration measurement is 
incorrectly tranformed to the navigation coordinate system. 
Thus, the position errors due to horizontal plane misalignment 
can be written: 

where g is the acceleration of gravity 

Because of the t2 dependency, it is important to reduce the 
misalignment for long flight distances. Because of gyro bias 
and gyro random walk the variance of the misalignments in- 
crease during the flight. In a situation where the sensitive axis 
of the x and y-gyros coincide with the north and east axis, the 
position error due to gyro bias can be written : 

where b, and b, are biases in the x and y-gyro. 

If the missile is maneuvering in the horizontal plane, the mis- 
alignments e,,, and eE will cause a component of the horizontal 
acceleration to be measured as a vertical acceleration. After 
integration, this will show up as an INS-altitude error. The 
vertical position error due to the misalignment can be ex- 
pressed as 

where ah iH a constant acceleration in the horizontal plane and 
e is the misalignment about an axis in the horizontal plane be- 
ing perpendicular to the acceleration. Figure l gives an exam- 
ple of the INS altitude error during and after the launch phase 
and a 90' turn. 

INS-altitude error during and after launch [m] 

31 . . : - - : . .  1.9 . . . ,  . . . .  . . . .  0 . :  . . . . . . . .  0.: . . . {  
/ 0 

0 5 10 15 
Time [sec] 

INS-altitude ermr during and after a 90 deg. tum [m] 

/I :Misalignment = ljmrad "I 

0 5 10 15 
Time [sec] 

Figure 1 

The misalignment about an axis  being perpendicular to the 
acceleration is observable through altitude measurements. After 
a maneuver in the horizontal plane, the difference between the 
INS-altitude and measurements from either a laser- or radar 
altimeter can be used in a Kalman filter for estimation of the 
misalignments. This is of course only possible when flying 
over the sea. Over land, the missile altitude can not be mea- 
sured exactly enough due to uncertainties in the map and mis- 
sile position. 

INS altitude error due to misalignment and 
accelerations 

I Reset 
I I 

Figure 2 

The INS errors was modelled in state-space form as : 

The altimeter will be integrated with the 
INS using a Kalman filter 

b& = A& + Cv (7) 

where bx represents the error states in the INS, and E is white 
noise. The model consists of 27 states. Among the states are 
position and velocity errors, misalignment and different types 
of sensor errors (e.g gyro bias and angular random walk ). The 
most important parameters and their standard deviations for a 
relevant INS are listed in Section 2. The error equations for a 
strapdown INS can be found in e.g [l]. In our simulations, the 
Kalman filter used the same model as in (7), which means that 
it is an optimal filter. The results are therefore the best obtain- 
able. The process model used in the Kalman filter can be writ- 
ten : 
b i  = Ab2 + CE (8) 

This Kalman filter will be denoted the wvigurionfilter. 
The measurement used in the filter was modelled as : 

y = bh = bh + v = hhrr - h,  (9) 

where dh is the true altitude error and v is measurement noise. 
The measurement was lowpass filtered in order to reduce the 
influence of wave noise. This is described in Section 5. The 
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measurement noise will have a relatively complex nature, being 
influenced by the altimeter, the seastate and the lowpass filter. 

In the Kalman filter used in our simulations the measurement 
noise was approximated as being white noise with spectral 
density 

V = 2a:T. (10) 

1 where T,, = - , fc is the low pass filter c u t & f  frequency, 
and U,, is the approximate standard deviation of the noise. 
We have assumed the use of a laser altimeter being developed 
at NDRE. If this altimeter is not stabilized in pitch and roll, the 
reflections from the sea will be weak if the pointing angle ex- 
ceeds about 10". The reflected signal strength is however a 
function of the sea state. We have assumed the measurements 
to be invalid during turns where the pointing angle exceeds 
10". When the measurements during turns are considered inval- 
id, only the prediction part of the KF equations is computed. 

f c  

N+h (turn) 

East (turn) 
. . . . . . . . . . . . . . ) . . . . . . . . . . . . . . . . . . . . . . . . . . ' . . .  

.... - . - - .  .Nm.(sVaight). . . . . .  ~ . . . . . .  .,I . . . . . .  

- - -  

Flight paths over open sea are often characterized by long 
straight lines. This of course, gives no acceleration in the hori- 
zontal plane. The missile therefore has to perform a few extra 
maneuvers to make the misalignments observable. 
A bank-to-turn missile will have a roll angle : 

4 

35 

3 6 E 

0) 2 

~ 2 . 5  
w c 

E cn 

(11) 

North (turn) 

East (turn) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
- - -  
. - . - .  No?h (straight) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . .  Easi (straight) . . . . . . . . . . . . . .  ) . . . . . . . . . . . . . . . . . . . . . . .  ' / " .  . ,./' 

' I' 

where ah and a, are accelerations in horizontal and vertical 
directions respectively. The required acceleration levels mean 
that altitude measurements can only be expected before and 
after a turn. This implies that turns should be separated with 
straight lines to enable measurements. Another aspect is that 
angular velocities excites scale factor errors in the gyros. A 
bank-twturn missile performing e.g. a zigzag maneuver will 
have positive and negative angular velocities in roll, with zero 
mean. An asymmetric scale factor error in the x-gyro will con- 
tribute to roll misalignment in this case. The y-gyro will, how- 
ever, measure an angular velocity with nonzero mean. This 
means that even a symmetric scale factor error in the y-gyro 
will contribute to pitch-misalignment. In the flight path design 
there must then be a tradeoff between being able to estimate the 
misalignment and avoiding excitation of other emor sources. 

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . .  
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Figure 3 Trajectory used for estimating misaligw 
ments in the horizontal plane 

The flii 
tive wa 

t path in figure 3 is an example of a simple but effec- 
of flying. The acceleration levels during the turns 

reaches about 40 m/s2. The deviation from the nominal path is 
relatively small and the time of flight is only slightly increased 
compared with a straight trajectory. The maneuvers does not 
start too early as there is little to gain when the misalignments 
are small. If the alignments are expected to be poor at launch 
time, the maneuver could start earlier. The optimum trajectory 
will of course be a function of the quality of the INS (e.g. scale 
factor errors and gyro drift ), the missile dynamics and the sea 
state. The sea state applied in the simulation and the low pass 
filtering of the altimeter measurements are discussed in Section 
5. 

E 

g 400 

600 
0 .- 
L 

. /  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 4 Comparison of the INS errors when flying 
straight and curved trajectories. 

From figure 4 it can be seen that the position errors are reduced 
by about 60% in the east direction when a curved trajectory is 
compared to a straight trajectory. It should however be noted 
that the improvement is a function of the altimeter measure- 
ment noise and thus the sea state. 

5 SEA STATE ESTIMATION 
The main reason for employing sea sea state estimation is that 
prediction of maximum wave height enables the missile to fly 
as close to the sea surface as possible and thus reducing the risk 
of being intercepted. Secondly, model based filtering of the 
altimeter will reduce the measurement noise to a certain extent 
which is beneficial to the navigation filter described in the pre- 
ceding Section. 

5.1 Statistical description of sea waves 
Sea waves are highly irregular and nonrepeatable in time and 
space. The energy transferred from winds to the surface 
spreads in space, and hence the waves propagate in different 
directions, although the predominant wave energy moves in the 
same direction as the wind. Waves which are called swell often 
travel from neighboring generating areas and are superimposed 
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on L-; local waves. The res1 
cated. Hence, waves should 
approach. 

ing wave configuration is compli- 
: characterized by a probabilistic 

There exist a comprehensive literature on waves. Most of it 
focus on marine applications. The wave theory presented in 
this paper is mainly drawn from [2,3,4]. 

Linear theory is usually used to represent wind generated 
waves. The wave elevation of a long-crested sea propagating 
along the positive x-axis can be written as the sum of a large 
number of wave components, i.e. 

N 

c ( t ,x )  = cA,sin(o! - ky + cj)  (12) 
j -  1 

Here Aj, oj, kj and ej mean respectively the wave amplitude, 
circular frequency, wave number and random phase angle of 
wave component numberj. The random phase angles are uni- 
formly distributed between 0 and ~ J Z  and time invariant. For 
deep waters oj and kj are related by the dispersion relation- 
ship kj = $/g, where g is the acceleration of gravity. The 
wave amplitude Ai of wave componentj is related to the wave 
spectral density function S(oj) as 

Aj’ = 2S(oj)Aw (13) 

where do is a constant difference between successive frequen- 
cies. Expression (12) repeats itself after a time &/do. For 
simulation purposes this problem is circumvented by choosing 
oj at random in the frequency interval do. 

The different wave spectra can be classified by their wave 
spectrum moments 

m 

The instantaneous wave elevation is Gaussian distributed with 
zero mean and variance U’ = mo. The mean wave period is 
defined as 

m0 T, = 2n- 
ml 

while the average zero-crossing period is given by 

Tz = 2JZG 
The significant wave height H, is a statistical parameter de- 
fined as the average of the highest one-third of the wave 
heights. It is widely used to represent the severity of a sea. By 
assuming the wave height Rayleigh distributed, it can be shown 
that 

H, = 4.01 6 

5.1.1 Standard Wave Spectra 
The wave spectrum can be estimated from wave measurements 
since the random wave process can be assumed stationary for a 
time period ranging from 0.5 hour to 10 hours, by far exceed- 
ing the duration of a missile flight. However, a long range mis- 
sile may fly into several sea states, especially in coastal waters. 

Several wave spectral formulations-have been proposed in the 
literature. For open sea conditions, for instance, the 15th IlTC 
(International Towing Tank Conference) recommended the use 
of the ISSC (International Ship and Offshore Structures Con- 
gress) spectral formulation for a fully developed sea, refer to 
[SI for details. 

The spectrum used in the simulations presented in Figure 4 is 
the JONSWAP spectrum, which is based upon an extensive 
measurement program in the North Sea. It was adopted as an 
I’lTC standard by the 17th IlTC, [6]. The JONSWAP spectrum 

is used to describe non-fully developed sea, hence the spectral 
density will be more peaked than for those of the fully devel- 
oped spectra. The spectrum is of the form 

S(o)-= Ao-’exp( - B w - ~ ) ~ ‘  (18) 
where 

In [7] it is suggested that y = 3.3 and 

where 

0.07 for o 5 5.24/Tl 
U =  { 0.09 for w > 5.24/Tl (21) 

This formulation can be used with other characteristic periods 
by substituting 

To is also referred to as the modal period. 
The wave frequency we observed by an altimeter mounted to a 
missile flying with forward speed U is given by 

T, = o.834T0 = 1.073Tz (22) 

(23) 
4 

0, = WO + g u c o s p  

where /? is the direction of the waves relative to the missile’s 
velocity vector. 

5.2 

5.2.1 2nd-order transfer function approximation 
The wave model in (12) is far too comprehensive to be used in 
a sea state estimator. For the linear system 

Linear Approximations to the Wave Spectra 

5 ( s )  = h(s)rl(s) (24) 
where q(s) is a zero-mean Gaussian white noise process with 
power spectrum P,(o) = 1 .O and h(s) is a transfer function, 
the power spectral density function of C(s) is given by 

Ptt(o) = Ih(jo)l2P,(o) = Ih(jo)l2 

Linear wave model approximations has been reported in the 
literature, for instance [8,9]. The transfer function 

(25) 

has the corresponding power spectral density function 

where Cz is a constant describing the wave intensity and g is a 
damping coefficient. (26) and (27) differ slightly from the mod- 
els found in literature by the fact that the variance and the sig- 
nificant wave height do not vary with 0,. That is essential in 
order to arrive at a model valid for all wave directions and 
missile speeds. 
Reasonable values for Cz and g can be found by letting the 
power spectrum of the linear model approximate S(w) of the 
JONSWAP spectrum. This is done by minimization of 

J = \(P,(w) - S ( 0 ) ) L  

Figure 5 shows how the linear wave spectrum approximates the 
JONSWAP spectrum for H, = 3.5 m and To = 7.7 s. 

m 

(28) 
0 
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Figure 5 JONSWAP spectrum and 2 n h r d e r  lin- 
ear approximation. 

5.2.2 StateSpace Model 
Since the frequency of encounter, me, is a function of missile 
speed, missile course, wave direction and wave frequency as 
shown in (23), w e  used in (26) must be estimated. Relatively 
complex models for the rate of change in me including the mis- 
sile speed, wave direction and missile heading can be derived, 
however, simulations revealed that the complex models did not 
have superior performance to the simple model 

when used in a Kalman filter. 
The laser altimeter measurement is modeled as 

he = c,t] (29) 

y = I; + dh + g + v (30) 

where is the INS height, dh is the INS height error, 5 is the 
wave height and v is altimeter measurement error modelled as 
white noise. The navigation filter estimates dh well. The dh 
estimation process in the sea state filter is modelled as a first 
order markov process with a time constant T,, roughly corre- 
sponding to the dh settling time. T,, should be sufficiently 
large to prevent dh from picking up some of the wave motion. 
A second order linear state space model can be obtained from 
(26). Combining this with the models for me and dh, we get 
the nonlinear model 

t. This model was used in a continuous+iiscrete 
L k r d t d  ialman filter, [lo]. 

5.3 Prediction of wave height 

53.1 Estimation of wave variance 
The accuracy of the wave height prediction is dependent upon 
a good estimate of mo = var(5). refer to (14). An estimate of 
mo can be calculated in real time by using the recursive formu- 
la 

A i - 1  X i i  ho,i = m o , i - , i  + - 
I 

The accuracy of the estimate improves with time. Generally, 20 
- 30 seconds of flight time is required before the estimate 
settles properly. Instead of using the estimated wave height x2 
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in (32) one could simply use j ;  - i; where j ;  is the laser altime- 
ter measurement and i; is the INS height. Simulations indicate 
less accurate estimates with this solution due to noisy and 
biased measurements. 
A long range missile in coastal waters may experience consid- 
erable changes in the severity of the sea state. Thus, when cal- 
culating ho one should put most emphasis on the most recent 
measurements. This can be achieved by either low pass filter- 
ing ho or introducing some kind of moving average in which 
(32) is reset at specified intervals or after certain incidents. 

5.3.2 Prediction of extreme waves 
The theory presented in this Section is mainly based upon [2]. 
Waves are considered to be an ergodic Gaussian process with 
zero mean. Furthermore the wave spectra are assumed narrow 
banded and the wave peaks statistically independent. Given 
these assumptions it can be derived theoretically that the wave 
height, h, is Rayleigh distributed: 

(33) 

The distribution shown in Figure 6, has a peak value for 
h = 2 6. The wave amplitude, which limits the lowest pos- 
sible missile altitude, is assumed to be half the wave height. 
The expression for the significant wave height H, in (17) is 
derived using (33). The cumulative distribution function is 
given by 

F(h) = P(H s h) = 1 - e-h2/% (34) 
The validity of using the Rayleigh distribution in predicting 
wave heights is thoroughly discussed in [2]. It is concluded that 
the results based upon the Rayleigh distribution yields accept- 
able accuracy. In fact, the effect of the narrow-band spectrum 
assumption can be ignored as far as the estimation of the ex- 
treme wave height is concerned. 
The objective is to estimate the largest wave height that is like- 
ly to occur in n wave height observations. The extreme wave 
height in n observations, denoted Y,, is a random variable and 
has its own probability density function 

while the cummulative distribution function is 

G(YJ = [[F(h)"llh,y,, (36) 
The probability density functions for f ( h )  and g(Y,,) for 
H, = 3.5 m are shown in Figure 6. 

0.8 I I 

0 2 4 6 8 10 12 
Wave height (m) 

Figure 6 The wave probability density function h(s) 
and the extreme value probability function 
g(Y,,) for n = 50 and n = 400. 

From (33) and (35) the most probable extreme wave height to 
occur in n observations can be deduced 
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(37) 
y,, is the value for which &,,) has its peak. For a missile flight 
it is more meaningful to express the extreme wave height in 
terms of remaining time of flight than as a function of the num- 
ber of wave height observations. If one assumes constant wave 
direction relative to the missile, we have 

where i, is time of flight and T2,e is the zero-crossing wave 
period observed by the missile altimeter. To account for pos- 
sible changes in wave directions and thus observed zero-cross- 
ing period, the right side of (38) may be multiplied by an "un- 
certainty" parameter y > 1. 
The probability of yn < f,, can be found by solving 

gOlJdYn = [F(fmdIn = 1 - a (39) I' 0 

where a can be interpreted as a risk parameter. In [2] f,, as a 
function of a is derived 

c 

L '  
(40) 
In Figure 7 the extreme wave amplitude A,, = fm,/2 for 
varying a and remaining time of flight t, is plotted. The risk 
parameter a should be chosen weighting the probability of 
hitting a wave against the probability of being intercepted at a 
certain altitude. 

4.5 I i 

a 
2.5 L 

E 2  E w 
1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ; '1 

0 100 200 300 400 500 
Flight time (s) 

Figure 7 Extreme wave amplitude as a function of 
the probability a of being exceeded and 
the most probable extreme wave height. 
H, = 3.5 m, T2, = 0.54 s, ,9 = 60". 

5.4 

5.4.1 Integration considerations 
The estimated height 9 from the sea state filter is low-pass 
filtered and sent to the navigation filter described in Section 4. 
The second order butterworth low-pass filter has a cut-off 
frequency of 0.5 Hz. The choice of cut-off frequency is based 
on anti-aliasing considerations. A lower cut-off frequency 
would establish 6 h  more accurate by averaging out measure- 
ment and wave noise. However, additional phase lag on the 
measurement cause stability problems in the navigation filter. 
The navigation filter in Section 4 utilizes information about 6h 
for the estimation of INS error sources. Hence, it may seem 

Integration with the navigation filter 

natural to use b^ir from the sea state filter as a navigation filter 
measurement. However, simulations revealed that this strategy 
suffered from instability. 
Instead of applying the estimated height from the sea state filter 
as input to the navigation filter one could simply use the raw 
altitude measurement. This solution is more vulnerable to mea- 
surement noise and occasional altimeter anomaly (wild points). 
Model based filtering is generally superior to other methods 
with regard to robustness and performance. 

5.4.2 Simulation results 
The sea state chosen for the simulations presented in this paper 
was characterized by 

H, = 3.5 m To = 7.7s (41) 
According to [ 11,121 this is a likely sea state in the Norwegian 
sea in winter time. The performance of the navigation filter 
degrades slightly with increased sea state. Correspondingly, the 
variance of the sea state filter innovation process increases 
with the significant wave height. However, extensive simula- 
tions has shown robust and good performance for the whole 
range of possible sea states. 
For the simulations shown in Figure 4 the wave direction was 
assumed to be 60". This implies a frequency of encounter 
U, = 11.0 rads. For comparison, head sea would have im- 
plied U ,  = 21.2 rads. Due to the low-pass filtering of the 
estimated measurement, the higher frequency of encounter the 
better performance of the navigation filter because the mean 
missile height is more rapidly established. 

5.5 

5.5.1 Results from real data 
The sea state filter has postprocessed height data obtained from 
the NDRE candidate laser altimeter when flown over sea. Fig- 
ure 8 shows the altimeter wave measurement and the estimated 
wave height of the Kalman filter. 

Sea state fdter simulation results 

1.5 
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0.5 
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. . . . . . . . . . .  

-1.5 ' I 
60 62 64 66 68 70 

Time (s) 

Figure 8 Raw altimeter measurements (thin line) 
and predicted height (thick line) from the 
sea state filter. 

5.5.2 Simulation example 
In Figure 9 the results from a simulation example is presented. 
Altimeter measurements were generated using (12), (23) and a 
simple missile model. The Kalman filter model is given by (30) 
and (31). During missile turns there are no measurements avail- 
able, as can clearly be seen on the innovation process. After a 
turn the wave direction relative to the missile's velocity vector 
and thus the observed wave frequency changes. In the figure 
the estimated frequency of encounter he is shown. The esti- 
mate is held constant when there are no measurements. After a 
turn the INS height error is changed in steps. The filter 
succeeds in estimating bh. When the sea state filter is inte- 
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have been published on this topic. e.g. [Zl and [31. After 
a paF ew 'II?RCOM-updates, the position error will be relatively 
small as the missile reach the sea In Nonuay, the DLMS- 
DTED (Digital Terrain Elevation Data) maps have a horizontal 
resolution in the mea of 100 metcr. and this of coum limits the 
amracy of the position m r  measuremmts. Shoreline maps 
often have a rwolution of about 10 m e t ~ s  (uncertainty of ti& 
and ice +sit not accounted for), but have 110 information 
about the terrain behueen the shaclincs. The Laser altimeter 
developed at NDRB has proved its hility to dwct s h o ~ .  
The principle is that the r e t k t d  signal fmm the sen is much 
weaker thanthat fmnterrain areas. The o b i m i  Wn+land 
profile can be matchedto the shoreline maps in a TERCOM- 

maoner. This will incrcasc the position ~ccurscy even Ef er Only the terrain profile matching wil l  be discussed 
funher in this papa. 

m n g r r ,  

gratcd with the navigation filter, d\ follows dh as dh a p  
pmachea m. 
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Figure 9 Sea state Hiter simulation example. 

6 REDUCING NAVIGATION ERRORS OVER LAND ~ ~~~ 

The Nomgian coastal terrain is charsctaued ' by numerous 
fjords and islands. In general. it could be said that the variance 
of the terrain is high. Onc of the roles for the new missile wil l  
be in coastal missile batteries. The missile may then have to fly 
a long distance over land before it reaches the sea Using its 
laser altimeter, the missile can compare a measured tennin 
profile with an onboprd stored map. This is the well-known 
method called TWCOM (Terrain Contour Matching). Several 

Figure 10 The terrain profile is measured with either 
a laser or radar altimeter 

The M m  Absolute Difference (MAD) comlation algorithm is 
commonly used in TFXCOM systems: 

C(dN,AE) = ~I&,,Ail - h,,,&lN,dE.i)l (42) 

AN and d E  arc p r m r b a t i ~ ~  amund the expected missile 
position, and n is the numbu of d i s m  termin elevation mea- 
surements. For visualization purposes the C" matdx can be 
c o n v e m  
c.= - C + m a X ( ~  (43) 

1-1 

The AN, AE combination giving the maximum of C.  will then 
be a position ermr measurement 
In the simulations the AN.AEpermrbatioaS had the same step 
size as the map nsolutioa The position error was expected to 
be within ill00 metcm in bath the north and cast dinctions. 
This means that the measured pmfk was compand with 576 
different map profiles starting within this ma, 

The primary laser altimem measunmnt is the distaace I ~ I  
from the missile to the terrain along the r,-axis. We then as- 
sume a non-stahilizcd lasg altiman, hence the rq-axis is not 
neccsssrily parallel with the down axis in the nangation m- 
dinate system. The z,-axis can be expressed as 

1: = [OO 11r 

This vedor can be represented in the navigation coordinate 
system: 

(45) 

where R(V, 8.9) is the transformation matrix from the body 
wordinate system to the navigation coordinate system 
The position where the laser hits the terrain is given by 
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whae e" is the INS missile position. The mc&pund terrain 
elevation above sea level is then 

iim = gw. [OOl]' (47). 

We have uscd a modified version of equation (42) whae the 
elevation man values of both the macured terrain pm6k and 
the map pomes an removcd: 

I 

C(AN,AE) = Il(h,,,,(iJ - &,,,) - (h&N.AE,iJ 
1-1 

- & & I N . A E ) ) I  (48) 

The motivation is to make the algorithm insensitive for verti- 
cal INS-em and at the same timc enable measurement of the 
W c a l  INS position mor. When the test fi map protile 

surement 
mcor system becomes: 

fmm (48) is found. then the INS-vertical error 9 uring the mea- 
' X I  can be computed. The total output fmm the 

Y - = [SP. a ~ y  ~ P J  = [AN,, AEt+n VmW 
- &&NmAEd)I (49) 

rim can priacipauy rn during turns when pitch and mll 
angles are W m t  fmm zero. Simulation8 show, however, 
that this should bc done with are as the measured terrain 
profile becomes a function of the missile to twain distaua. In 
other words, the matching pmms gos fmm king a 2-b- 
lem to a 3-blem. This is especially so in Norway because 
of the highly dynamic mountain like terrain common along the 
coast A relatively small altitude mor can for instance cause 
the laser to hit a mountain top andnot the valley behind the 
top. 

6.1 Simulntlon example 
Extensive simulations show that when using a prome length of 
5-10 km it is easy to find areas along the Norwegian coastline 

prome is in general very good. Figure 12 shows the typical 
d t  of a simulation where the missile ia performing thne 
TERCOM updates along its trajecto The tra'ecto is shown 
in Figure 11. The terrains are takengm the $ r l J a r e a  not 
far from Trondhcim The position error measurements (north , 
east, down) were sent to a 27 state Kalman mm for optimal 
estimation of the INS-=nurs. Ihe d t s  shown are fmm a 
Monte-Carlo simulation using 100 runs. The INS mor param- 

wen as dcacribed in Section 3. No alignment phase was 
simulated before the flight. and the initial error paramctrm 
wae  assumed uncomlated . Thus. the m r  p w t h  is slightly 
faster than what would have been the case if an alignment 
phase had been included. 
m e  terrain elevation measurements w a e  generated fmm the 
DLMS-DTED maps, adding white noise with s t a n W  devi- 
ation U. = 10 meters. The profile length was about 6 km and 
the distance between the measurements was approximately 90 

that Suitable fM TERmM. The ~ W ~ S  Of the mcaaund 

m. 

1 

en 

..... 3.; ....; .................... :2  : i 

- 
-20 o z u 4 o e n 8 o i m  

--won Fml 

The simulated fligM used three TERCOM 
tes.The terrains were taken from the P rland area near Trondheim. 

Figure 11 
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Figure 12 The TEACOM updates greatly improved 
the overall navigation pellonnance. 

6.1.1 Red data&& 
The TERCOM strategy has also been mted using real data. 
The laser altimaer was mountcd on a'Rvin Otter airplane fly- 
ing at ahout 70 d s .  'Ibe plane was quipped with an encrypted 
G M v w  integrated with a missile type INS. ' h e  flight 
shown hwc was from the Autevoll ana outside Bergen in the 
wcstem part of Norway. This ma is not espedally suitable for 
TERCOM. It ean be gcen from figure 13 that the ma has a lot 
of small islands. When the sea is relatively flat. the reflections 
are weak and loss of valid measurements may OCCUT. The loss 
of measmments is in fact a gcad IWsea indicator. In f i p  
13, 'GPS' is the a i r p k  altitude and 'laser' is the measured 
airplane to tmsin distance. Figure 14 shows a visualization of 
the cornlation matrix C, The best correlation is found fairly 
close to the zcro-em point. 

GPS 
4M) ..e.. . . . . .  .:. . . . . . .  . ;  . . . . . .  . . .  . . . . . .  

-0 20 40 80 80 100 
Time [sec] 

Figure 13 Measured terrain profile and map profile 
for the flight over Austevoll. 

TERCOM mmDur alat 

-1wO -WO 0 500 1wO 
East ermr [m] 

Contour plot of the C. matrix for the flight 
over Austevoll 

Figure 14 

The work done sa far on TWCOM leads us to the pnliminary 
conclusion that TWCOM is well suited for use along the Nor- 
wegian coast. 

7 REDUCING DYNAMIC ANGULAR ERRORS 
The new anti ship missile will be a very agile missile. This 
means that the engular velocities may become very large, espe- 
cially in the terminal phase when the seeker is activated. The 
seeker optical axis servo reference value is given by (the pitch 
axis is used as an example) : 
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Figure 15 Pitch angles 

where 0,- is the seeker's servo reference. for the angle be- 
tween the optical axis and the missile body. 
angle between the optical axis and the horizontal plane. 0. is 
the missile body pitch angle. 0. is an output from the INS. 
Measurement errors in 0. due to missile dynamics will be 
transferred to the optical axis. This is highly undesirable as the 
measured missile to target line of sight will be corrupted by the 
maneuvers. The line of sight measurements wil l  be used for 
estimating the position and velocity of the target vessel. 

Then will always be some angular errors as a function of the 
maneuvers because the angular measurements from the INS are 
not available in ahsolutely real time. Then are three major 
reasons for this. The fust is what we call latency, 7 This is the 
time from initiating the readout of the IMU intend registers to 
the data is available at the output. The output from the IMU is 
discrete angular and velocity increments. The second source is 
the finite IMU sampling fnquency. If we assume a zero order 
hold, the sampling will give a mean time delay : 

is the desired 

(51) 1 
7 - -  

I - 2f. 
where f, is the sampling frequency 

The third delay is the strapdown navigation computation time, 
denoted 7.. This involves m f o r m i n g  and integrating the 
IMU-measurements from the IMU coordinate system to the 
navigation cwrdinate system. With todays computers this 
should however be more or less negligible. The total delay is 
given by: 

7 = tl  + 7" + 7, (52). 

For a constant angular velocity, the angular e m  is given by 

(53) 

A hank-tc-uun missile will often ex rience a maximum roll 
rate of several hundred '/S. The an& rates in yaw and pitch 
are usually much lower due to the control strategy and the 
higher moments of inertia. The INS delay 'c can be measured 
and the delay sotuca are expected to be long-term stahle. If 
the delays are known, we can model the angular dynamics of 
the missile and then estimate the angular error. Thus, the angu- 
lar outputs from the INS can then be compensated for using the 
estimated errors. The angular error compensation principle is 
shown in Figure 16. 
It suffices for the missile model to include angular dynamics. 
The model initially consisted of one decoupled system for each 
axis. However, a bank-to-hm missile has considerable iner- 
tial as well as aerodynamic coupling between the different 
axes. For instance., the unwanted moment about the .?-axis due 
to inertial coupling is given by the Euler equations : 

M, = or& - 1,) (54). 

where I y  and I ,  are moments of inertia of the y- and x axis. 

. _ -_ - - - - - - - - - - - -  { U  - - - - - - -  
Estimator + 

Figure 16 

As the moment of inertia is usually much larger a b u t  the y- 
axis than for the x-axis , M, may, depending on the control 

become very large. This effect IS also very easy to %XA it was therefon included in the estimam.mode1. 
Aerodynamic coupling is also significant. hut was omitted due 
to its modelling complexity. An example of aerodynamic mu- 
pling is the the rolling moment due to a combination of the 
angle of attack and sideslip. The inertial moments on the other 
axis were also omitted sincc the moments of inertia of they 
and z-axis are very close to each other and thus almost cancels 
in the Euler quations. The gyroscopic and reactional moments 
from the turbojet engine are not modeled in the estimator. They 
are however included in the m e  missile simulation model. The 
sh-ucturc of the estimator single axis models was as in figun 17 
(pitch axis used as an example). The disturbance MM is as- 
sumed to be pitching moments not modeled in the estimator. 

Dynamic angular error estimator overview 

Figure 17 Sinipliied pitch axis model used in the 
estimator 

The generic missile model used in the simulations has very 
close to neutral stability in pitch for small angles of attack. 
That means there is only very small pitching moments as long 
as the angle of attack stay small. However, the pitch moment 
curyes for missiles are usually highly nonlinear for higher 
angles of attack. Thus, the simple model in figure 17 is most 
valid for relatively low-g maneuvers. 

The estimator feedhack control problem WBJ solved hy using 
simple PDcontrollers for the error signal in pitch, roll and 
azimuth. The controller parameten was designed by using 
traditional fnquency anal sis A tnon sophisticated solution 
would involve a Kalman i l k .  The PD-solution was chosen 
for its simplicity and low computational requirements. The 
computation time for the estimator should be far less than the 
time delay 7. The roll, pitch and azimuth control outputs w m  
decomposed to fictitious fin deflections and added to the esti- 
mated fin deflections. 

For testing the dynamic angular error estimator, the mu missile 
was simulated using a complex and detailed missile model. 
lhis model includes all known missile dynamics. also nonlin- 
ear effects and aerodynamic coupling not modelled in the esti- 
mator. The estimator was implemented in MatlaWSimulink. 



8-1 1 

An overview of the system used in the simulations is shown in 
figure 18. 
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Figure 18 

The INS error dynamics were assumed to be. known, hence the 
INS-model in the simulator and estimator are identical. In the 
simulations, a very conservative model was used : 

Overview of the system used in our 
simulations. 

The 5 ms time constant was intended to account for INS error 
dynamics that might be encountered during laboratory tests. 
Figure 19 shows an example where the missile is performing a 
zigzag maneuver. Figure 20 shows that without the model 
based compensator, the angular error in roll becomes very 
large. The errors are far beyond acceptable limits. When the 
INS angular data are compensated for using the estimated error, 
the results are much better and the total errors are within ac- 
ceptable limits. The missile might be subjected to more agile 
bank-to-turn maneuvers than in Figure 19. For such maneu- 
vers, a more detailed model including more of the inertial and 
aerodynamic coupling might be needed. 

-1001 
0 5 10 15 

Time [sek] 

3.5 I 1 

0 5 10 15 
Time [sec] 

Max ang.ve I = 20.35 deglsec 

-15l I 
0 5 10 15 

Time [sec] 

Figure 19 Angular dynamics for a missile performing 
zigzag maneuvers 
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Figure 20 Angular errors with and without compen- 
sation using the estimated errors. 

8 CONCLUSION 
A navigation system concept consisting of four subsystems has 
been proposed. 
Simulations indicate that INS attitude errors when flying over 
open sea can be substantially reduced by employing altimeter 
measurements in a Kalman filter. Reduced attitude errors bring 
about limited position error propagation. The actual improve- 
ment is dependent upon the missile tracjectory and the sea 
state. The Norwegian coastline is well suited for TERCOM. 
The TERCOM strategy has been verified using real data. 
TERCOM position error updates provide an efficient and ro- 
bust method for limiting INS position errors. 
Simulation and real data tests indicate that the sea state can be 
estimated using a simple model. Estimated wave variance is 
used in prediction of the maximum wave height that is likely to 
occur during a missile flight. This is useful when deciding the 
missile altitude during sea skimming. 

The agile maneuvering of the new anti-ship missile necessitate 
reduction of the dynamic errors in the INS angular data used 
for seeker stabilization. A model based compensator for this 
purpose has been proposed. 
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1. SUMMARY 
In this paper, an autopilot is designed to control a missile 
with very lightly damped bending modes, using the loop- 
shaping H, design procedure of McFarlane and Glover. 
Robustness in the face of large modelling uncertainties 
(including parameter and bending modes) is then investigated 
using real p-analysis. The autopilot of the Bank To Turn 
(BTT) missile developed by AEROSPATIALE (French 
Aerospace Industrial National Company) is finally validated 
on a non linear simulator: this will show the performances 
and the robustness of our design. 

2. INTRODUCTION 
Loop-shaping H ,  design has been first proposed by 
McFarlane and Glover [ 1.31. It leads to a procedure which 
have interesting properties: the design is based on selecting 
pre- and post- compensators to shape the open-loop transfer 
function, according to the classical rules of Automatic 
control; a particular H ,  problem is then involved where the 
optimal value ymin of the H ,  criterion is a priori known (no 
y-iteration is therefore required). Furthermore it usually 
leads to designs which exhibit a good level of robustness and 
performance, with balanced input / output behaviours. 

In this paper, the loop-shaping H ,  design is applied to the 
stabilisation of a BTT flexible missile. For this process, the 
flight control system is designed in a usual way, i .e. 
choosing one of the linearized models of nonlinear equations 
of motion. Mixed p-analysis (real and complex scalars) [4,5] 
is then performed to guarantee stability despite gain, phase 
and delay uncertainties, aerodynamic deviations and bending 
modes uncertainties. 

The paper is organized as follows. Section 3 describes the 
missile model and the design objectives. Section 4 is a 
summary of the loop-shaping H ,  design. Section 5 
describes the application to the autopilot. Section 6 is devoted 
to robustness analysis while the autopilot is finally validated 
on a non linear simulator in Section 7. 

3. MISSILE MODEL AND DESIGN OBJECTIVES 
This paper is concerned with a BTT flexible missile. Local 
linearization at various flight conditions leads to the following 
dynamic model in terms of the motion equations: 

ECOLE SUPERIEURE D‘ELECTRICITE 
Service Automatique 
Plateau de Moulon 

91 192 Gif-sur-Yvette Cedex, France 

2 

where a ,  q and vex denote the angle of attack, the pitch rate 
and the executed elevator deflection; P ,  r and rex denote the 
sideslip angle, the yaw rate and the executed rudder 
deflection; a, and a, are the normal and lateral accelerations 
(at the centre of gravity); 0 ,  p .  5, are the bank angle, the 
roll rate and the executed aileron deflection; r n ,  Q, I , ,  I , .  
I , ,  V ,  S, and L are the mass of the missile, the dynamic 
pressure, the 3 moments of inertia, the missile velocity, the 
reference area and the reference length. respectively. 
The uncertain aerodynamic coefficients are the following: 
C,,, C,,, C, (resp. C,,, C,,, C,, ) are the normal force 
(resp. moment) coefficients; CYp. Cy[, C, ( r e s p .  Cnp, 
C,[, C,,) are the lateral force (resp. moment) coefficients; 
Cl,, Cl5 and Clap are the roll moment coefficient, the roll 
moment efficiency and the Dutch roll, respectively. 

The cross-coupling between the dynamics of the yaw channel 
and the pitch and roll channels are characterized by the terms 
Clap, pa and p P  in Equations (1.e).  (1.g). In the BTT 
technique, the autopilot is designed so that the resulting roll 
rate dynamics are faster than those of the yaw and pitch 
channels: this allows to reduce the cross-coupling effects. 

Aeroelasticity is the interaction between flight control systems 
and structural dynamics. Modern missiles including long 
fuselages and new composite materials, aeroelasticity 
becomes a significant phenomenon: the flexible missile 
fuselage introduces a lot of flexible modes outside (but very 
close to) the bandwidth, with a very low damping (between 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV)”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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l o 3  and Two modes on pirch and yaw channels are 
therefore added to Model (1) (Figure 1). For the pitch 
channel. the acceleration and rate measures (by inertial unit) 
due to aeroelasticity a z e l  and qel are obtained from the 
executed deflection vex by a fourth order model. The global 
acceleration and rate measures are then: 

A similar model is used for the yaw channel, to obtain the 
global acceleration and rate measures a 
From a control point of view, the plant measurements are 
aZg. qg. a y  , rg. @ and p .  while the plant inputs are q,. 
rex and 4 ,  fFigure 1). The control plant model (1) has to be 
augmented by actuators dynamics, that are commonly 
assumed to be described by a second order model between 
qa (resp. rex and 5,) and qco (resp. r,, and t,,) where 
q,, , c,, and c,, denote the commanded elevator, rudder 
and aileron deflections. Finally a first order Pad6 
approximation is added to each actuator to model the various 
delays in the feedback loop. 

and rg . 
y g  

The considered control scheme is depicted in Figure 1. The 
rate feedback allows to stabilize the system, while ensuring 
an admissible damping. The required rise time and overshoot 
are mainly achieved by the acceleration feedback which 
includes integral actions. The motivation of the control design 
consists in ensuring relatively fast regulation dynamics while 
guaranteeing satisfactory stability and performance 
robustness. 

Figure 1. Control Scheme 

The same missile autopilot has to be applied for the stabilized 
flight and for different manoeuvres. To synthesize the missile 
autopilot we have thus selected a family P which includes 4 
models, each of them corresponding to a representative 
manoeuvre: 

P N :  Nominal model 
Po : Stabilized flight 
PI : Pull up flight 
P2 : Diving flight 

The choice of PN (which is used to design the control law) is 
an important point: it has to be selected to avoid conservatism 
in the uncertainty modelling, to optimise the performances on 

each model of P, and to insure the robustness of the control 
law. The a priori knowledge about the process has been used 
to select for PN a model between Po and P 2 .  

The controller has to insure the following specifications for 
all the family P 

- 66% settling time: lower than a pre-specified value 
(denoted z in the following) for the pitch channel; 
lower than 0.8 z for the roll channel. 

- Sideslip angle /3 as small as possible. 
- Limitations on the first and second derivatives of q,, 

- Gain, phase and delay margins: at least 6 dB, 30'. 
0.057 for the Outer and Equivalent Loops (points 2 
and 1 on Figure 1 respectively). 

- Reasonably damped closed loop responses with 
respect to a step demand (pitch and roll channels). 

r e x  and 5 e x .  

4. LOOP-SHAPING Hm DESIGN 
Let G(s) represent the p x m  real rational transfer-function 
matrix of a stable system. The H, norm of G(s) is: 

OG(s)ll, =~up{A~[G(- jw)~ G ( j w ) ]  i =  1, ..., n (2) 
0 

where A i ( A )  denote the eigenvalues of the matrix A (and 
A i  [ G ( - j w )  G ( j w ) ]  are called the singular values of 
G ( j w ) ) .  

Consider the block diagram of Figure 2, where the block 
2 x2  transfer function matrix P ( s )  relates the input vector w 
and control vector U to the output vector e and measurement 
vector y :  

Figure 2. Standard H, Problem 

When a controller K ( s )  is connected from y ( s )  to ~ ( s ) ,  it is 
simple to establish that the closed loop transfer matrix from 
w(s) to e(s) is: 
e(s)= Fl ( P ( s ) ,  K ( s ) )  w ( s )  where Fl ( P , K ) ,  which is called 

the lower linear fractionnal transformation ( L F T )  of P and 
K is: 

F l ( P , K ) = P , ,  +P12  K ( I - P 2 2  K ) - ' P 2 ,  (4) 
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The standard H, problem is: for y given, find K(s) such 
that the closed loop system of Figure 2 is stable, and 

In this paper, a particular H, problem is considered [1,2], 
which corresponds to the block diagram of Figure 3. 

11'1 ('* K)llm c Y. 

i"' 

Figure 3. A Particular H, Problem 

The transfer matrix of the closed loop system is: 

where S(s)= (Z+G(s)K(s))-' is called the sensitivity 
function. 

The corresponding H, problem is then: for y given, find 
K(s) stabilising such that: 

As an advantage, the mininlal value ymin of y can be apriori 
computed, while formulae involving 2 Ricatti equations are 
available to construct any controller achieving a value y 
arbitrarily close to ymin. Let {A,B,C} be a state space 
minimal realisation of G(s); one obtains: 

~ ( s )  = y 2  B~ x(si-  A + BB X- y 2  Z Y C ~  c1-l ZYC 

where: 

A T X +  XA- X B B T  X + C T  C= 0 

(7) 
A Y + Y A ~  - Y C ~ C Y + B B ~  = o  
Z=( ( l -  y2) I , ,  + Y X y  

I 1"' 
Furthermore some robustness result can be connected with 
this approach. Let G(s)= A?($)-' f i ( s ) ,  where f i ( s ) , R ( s )  
are stable and proper transfer matrices such that 
k(ju)k(-jw)* + fi(ju)fi(-ju)* = I. Controller ~ ( $ 1  
will stabilise all perturbed plants belonging to the following 
family: 

where E = y -'. E and y are therefore simultaneously related 
to performances (since y is the H,-norm of the closed loop 
system) and robustness (since E defines the "size" of the 
family P, ). Value of E between 0.3 and 0.5 ( y between 2 
and 3) are generally considered to be satisfying. 

In order to tune the performances, a loop-shaping procedure 
is generally performed before solving the H, problem (6). 
To this end, G(s) is replaced by G, (s) = W2 (s)G(s)W, (s) 

(Figure 4.a) where W, (s) and W2 (s) are pre- and post- 
compensators selected following the classical rules of 
Automatic Control: for instance integral action can be 
introduced to achieve zero steady state error, but one can also 
increase the open loop gain at low frequencies for 
performances, or add low pass filters to increase the roll-off 
at high frequencies. 

The H, problem to be solved is now: 

(9) 

As a result, the final controller is K j  (s)= W, (s)K(s) W2 (s) 
(see Figure 4.b). 

G 

1 K I 

Figure 4.a Loop-Shaping procedure: compensators for 
shaped plant G,  (s) 

Figure 4.b Loop-Shaping procedure: controller for 
unshaped plant G(s) 
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5. DESIGN OF THE CONTROL LAW 
The main feature of the nominal model PN is an exact 
decoupling between pitch and yaw / roll channels. It is 
therefore more convenient to design separately an autopilot 
for the pitch channel (Pc) and one for the yaw / roll channel 
(YRc). One consequence is that the robustness indicator 
E,, of each separately designed autopilot will be greater 
than the one obtained by designing a unique autopilot for all 
channels. 

To design the control law, bending modes are considered as 
neglected dynamics. Note however that on pitch and yaw 
channels the natural frequency of thefirst bending mode is 
less than 3 rimes the crossover frequency. Fifth order low 
pass filters are a prwri introduced in the loopshape to reduce 
the open-loop gain in such a way that the resonance of the 
bending mode remains below 0 dB. Stability of the closed- 
loop is then ensured. This will also reduce the high frequency 
noise, such as the sensor noise, and improve the robustness 
against other high frequency model uncertainties, such as 
other neglected dynamics, sampling time delay, ... 

5.1 Loop-Shaping 

5.1.1 Pitch channel (Pc) 
Since only the first output a z g  has to track the demand, the 
following post-compensator W2 pc  has been chosen: 

The scalar gain aq i n  W2 pc  allows to adjust the bandwidth 
of the rate feedback. The post-compensator also includes a PI 
controller on the normal acceleration to achieve zero steady- 
state error. 

The pre-compensator W, 
filter. The obtained stabilitFmargin is E,, = 0.36. 

includes a fifth order low pass 

5.1.2 Yaw /Roll channels (YRc) 
Since the first output a has to be maintained to zero and 
the third output @ has to track the demand, the following 
pre- and post-compensators W, and W2 have been 
chosen: 

y g  

YRc rRc 

y g  W2 
and b e  bank angle @ .  The scalars ar and a p  allow to 
adjust the bandwidth of the rate feedback. 

includes a PI controller. on the lateral acceleration a 

includes a fifth order low pass filter F2 (s) on the 
yaw channel and a first order low pass filter to increase the 
roll-off 011 the roll channel. The obtained stability margin is 
E,, = 0.28. 

w1 YRc 

5.2 H ,  Controllers 

5.2.1 Pitch channel (Pc) 
A Ha optimal controller K, is then generated for the shaped 
plant. It results in W, K, having 15 states, which can be 
reduced to 8 states wi&out significant degradation by using 
the Aggregation Method [ 9 ] .  The controller of the plant is 
then given by Kf l  = W, K, WzPc,  and has 9 states 
variables. The singular vaGe of the corresponding shaped 
plant Psl = W2pc Pop, Wl pc and the resulting Equivalent- 
Loop singular value are shown on Figure 5. As expected by 
the good value of E,,, the loop shape is not significantly 
altered by the inclusion of the Ha controller (i.e. the 
singular value obtained for Kf l  Pop, remains close to this of 
PSI). 

5.2.2 Yaw/Roll channels (YRc) 
A Ha optimal controller K2 is then generated for the shaped 
plant. W, K2 has 22 states, which can be reduced to 14 
states witr6ut significant degradation by the Aggregation 
Method. The controller of the plant is then 
K f 2  = W, rRc K2 W2 , and has 16 states variables. The 
singular values o p t h e  corresponding shaped plant 
' $ 2  = W2 yRC PO yRc WI yRc and the resulting Equivalent-Loop 
singular values are shown on Figure 5. Again the loop shape 
is not significantly altered by the H a  controller. 

Finally, the order of the global controller (for the 3 axes) is 
25. Henceforth Kf denotes the global autopilot obtained by 
the association of K f l  and Kf2. 

The Equivalent-Loop Bode plots with the first two bending 
modes on pitch and yaw channels are shown on Figure 6. 

6. ROBUSTNESS ANALYSIS 

6.1 LFT's and p analysis 
Linear Fractional Transformations (LF7's) provide a general 
concept to include uncertainties on transfer matrices or state- 
space realizations [ 5 ] .  Consider the general structure of 
Figure 7 .a ,  where M and A are either real, complex or 
transfer matrices, with M partitioned as: 

Assuming the invertibility of I - M ,  A ,  the upper LFT is 
defined by: 

As a special case, any rational transfer matrix G(s) with state- 
space realization ( A ,  R ,  C, D ) ,  d im(A)=nxn  ciin be 
expressed as an LFT: 
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Following this idea, any transfer matrix G(s,6, , * ' . , 6 k )  
which rationally depends on s and uncertainties 6, , . . - . 6 k  can 
be expressed as an LFT [ 111: 

where M is a state-space realization of G(s,S1 , * * ' , 6 k  ) with 
supplementary inputs and outputs in order to connect the 
uncertainties a1 ..-..6, (Figure 7.b). 

A fundamental property is that any interconnection of LFTs 
is again an LFT [ 5 ] .  Collecting all uncertainties of a closed- 
loop system therefore again results in the general structure of 
Figure 7.b. 
Consider now the set of uncertainty matrices: 

D={  =diag{ 6, I , ,  ,..., 6k Ink } /  

6; €lR or c , p ; 1 < 1  

a )  General Structure 

A, 

b) Structure with Parametric Uncertainties 

Figure 7. LFT Structure 

The structured singular value (ssv) of a complex matrix M 
(whose dimensions are compatible with A with respect to 
the set D is [41: 

})-' (17) 
k ~ [ O , m ] / 3 A ~  E D :  

det(I-k A , M) = 0 

The fundamental result concerning robust stability analysis 
using p is that the system of Figure 7.b remains stable for 
any A ,  E Difandonlyif: 

In fact p(w)-' represents the size of the smallest parameter 
perturbation which brings one closed-loop pole on the 
imaginary axis at +/-jo. Robust stability is therefore 
guaranteed for any 6; such that 

In the following, such an analysis is applied to guarantee 
robust stability against different kinds of uncertainties. The 
p-Tools software [8] has been used to obtain upper and 
lower bounds for p ( w ) .  which has been regularized by 
adding a small account of (generally 10%) complex 
uncertainty to each real uncertainty [7, 101. 

I< min(p(w)-' ). 
w 

6.2 Gain, phase and delay margins 
Gain and phase margins were evaluated at Points 1 
(Equivalent Loop) and 2 (Outer Loop) on Figure 1, for each 
model of the family P with the first 2 bending modes. For the 
single input pitch channel, the margins were deduced from 
classical analysis using Nyquist plots of the open-loop 
transfer function. For the yaw / roll channel, they were 
obtained by p-analysis as explained in the following. 

6.2.1 Gain margins 
Diagonal gain uncertainties at Point 1 or 2 were Considered 
by successively using d i ry t  and inverse multiplicative 
models: 

Let H ,  (s) be the open-loop transfer function at the point (1 
or' 2) where the margins are to be evaluated. Define 
S(S)  = ( I -  H ,  (s).)-', T(s)  = - H , (s) ( I -  H ,  (s))-' and: 

where the ssv are computed assuming diagonal real 
uncertainty. The system remaining stable for any diagonal 

Z(A ) < 1, the following gain margins are deduced: 
A d  Such that z ( d d ) < l  Or any diagonal A j  Such that 

6.2.2 Phase margins 
Diagonal phase uncertainties were similarly considered: 

Computing the ssv as in (20) but assuming diagonal complex 
uncertainty, the following phase margins are deduced: 

Irp, l,lfp2 l<sup{2Arcsin(p / 2). 2Arcsin(pz / 2)) (23) 
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Contrary to the gain margins, these phase margins are 
somewhat conservative: in fact assuming diagonal uncertainty 
does not take into account the particular, structure of the 
diagonal uncertainty matrices, A = diag(e"' - 1; e J p 2  - 1) 
and A i  =diag(e-'" -l;e-IV2 -11. 

6.2.3 Delay margins 
Uncertainties on both delays of the yaw /roll channel were 
considered by using the following LFT: 

Two independent LFTs of the type (24) are connected to the 
closed-loop system, and the corresponding ssv is computed. 
Robust stability is then guaranteed if each delay remains 
MOW zo + z1 min(p(w))-'. 

Table 1 gives the single input margins (gain, phase and 
delay) of the Equivalent and Outer Loops obtained on the 
pitch channel (Pc) for each model of the family P. Similarly, 
Table 2 gives the multivariable margins obtained for the yaw / 
roll channel (YRc). As the multivariable phase margins are 
somewhat conservative, all these values are satisfactory. 

w 

I P N  I 8.2 dB 76' 0.667 I 11 dB 63' > 0.57 I 

> 0.52 

Table 1: Gain, Phase and Delay Margins (Pitch Channel) 

Equivalent Loop 

1-13 7.8[ dB 33' 0.072 

1-28 7.8[ dB 40" 0.12 

1-15 7.8[ dB 32' 0.072 

1-30 6.5[ dB34' 0.092 

1-20 11.5[ dB 26' > 0.57 

Table 2: Gain, Phase and Delay Margins 
(Yaw / Roll Channels) 

6.3 Robustness to Parametric Perturbations 
H, methods can not take explicitly into account real 
parametric robustness objectives, so it is important to analyse 
the robustness of the design in the face of such uncertainties. 

Each of the 15 aerodynamic coefficients Ci in (1 .a)-( 1 .e) is 
assumed to be constant, but unknown, in the interval 

[Cio (1-pi)  Ci, ( l+pi ) ] ;  Ci is then represented as 
Ci = Cio (1+ s i p i  ) where pi is the nominal dispersion and 
si E IR , 16; I I1 represents the normalized uncertainty 
associated with Ci (depending on the coefficient, the nominal 
dispersion pi  is between 10% and 45%). 

The state space model of the plant can now.be written-as: 

and the corresponding closed-loop plant is transformed into 
the LFT structure of Figure 7.6 (For this study parametric 
uncertainties 6; enter linearly in the state space equations of 
the closed loop, so that they are represented by non repeated 
scalar blocks in A l ) .  The LFT structure is created using 
Morton's method [6]. 

Moreover the values of the natural frequencies of the bending 
modes are assumed to be accurate to within 15% and the 
values of damping ratio to within 50%: those data will then 
also be dissipated. 

To this end the first bending mode is modelled by: 

with U = vex for the pitch channel, U = rex for the yaw 
channel, and k is a scalar gain. 
The frequency w o  and the damping ratio to are then 
replaced by perturbed values: 

The corresponding LFT structure (see Figure 8) is then [l 11: 

= YU (M, diag(s-' I ,  ; 6{ ; 6, I 2  1) k 
s 2  + 2 5 p w p s + w p 2  

Connecting this LFT with the one obtained by Morton, a 
new LFT is obtained, which allows to analyse stability of the 
closed loop in the face of simultaneous uncertainties on 
aerodynamic and bending modes coefficients. To this end, 
the real ssv for each model Pi of the family P with by the 
same controller Kf is computed. 
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PO 

PI 

p2 

Figure 8: LFTof the 2nd order model 

[0.76 0.871 [0.60 0.711 
zw = 24.9 zo = 28.4 

[0.73 0.881 [0.61 0.701 
zo = 25.0 713 = 28.4 

f0.74 0.881 [0.60 0.711 
zw = 25.0 50 = 28.5 

The plots of p ( w )  upper and lower bounds for Model Po 
(Pc  and YRc) are shown on Figure 8:Similar curves are 
obtained for P I ,  P2 , PN . The maxima of p( W )  upper bounds 
(with the corresponding frequency w )  are listed in Table 3 
for each model of P (Pc  and YRc) . 

The maximal values of p ( w )  upper bounds being less than 1 
(for each model of P), stability is guaranteed for uncertainties 
higher than the nominal dispersions. 

[lower upper] bound [lower upper] bound 
frequency frequency 

pN I zw = 25.0 zw = 28.5 I [0.74 0.881 

Table 3: Robustness to Parametric Uncertainties 

7. NON LINEAR SIX DOF EVALUATION 
A complete nonlinear six Degrees Of Freedom (DOF) 
simulation, including the nonlinear actuators and the bending 
modes, is finally used to validate the design. All classical 
manoeuvres have been successfully tested. As an example. 
Figure 9 (resp. Figure 10) shows the missile responses to a 
sharp turn ( re sp .  diving flight) with dispersions on 
aerodynamic and bending modes coefficients. Specifications 
in terms of settling time, overshoot and decoupling are 
verified, while actuators outputs remain below the limitation 
values (this property was also verified for the first and 
second derivatives). Filially gain and delay margins were also 

verified by introducing perturbations on gains and delays in 
the simulation. 
8. CONCLUSION 
An autopilot for a flexible missile was successfully designed 
using the loopshaping H, procedure. Real p analysis was 
then used to compute multivariable stability margins and to 
check the robustness of the design against uncertainties on 
the aerodynamic coefficients and the bending modes: it 
proved the stability of a family P of linear models, despite 
the nominal dispersions. Including the uncertainties and the 
nonlinear models, the validation in a six DOF simulation of 
the missile motions confirms the performances and the 
robustness of the computed autopilot. 

9. REFERENCES 

D. McFarlane and K. Glover, "Robust Controller de- 
sign Using Normalised Coprime Factor Plant &scrip 
tions", Lecture Notes in Control and lnfonnawn 
Sciences, Springer Verlag. (1990). 

K. Glover and D. McFarlane, "Robust Stabilisation of 
Normalised Coprime Factors Plant Description with 
H, Bounded Uncertainty", IEEE Trans. Autom. 
Control, vol. 34, pp. 821-830, (1989). 

D. McFarlane and K. Glover, "A Loop Shaping Design 
Procedure Using H,-Synthesis", IEEE Tmns. 
Autom. Control, vol. 37, pp. 759-769, (1992). 

J.C. Doyle, "Analysis of Control Systems With Suuc- 
tured Uncertainty", IEEE Proc. P a .  D, vol. 129. pp. 

J.C. Doyle. A. Packard and K. Zhou. "Review of 
LFTs, LMIs. and p", 30th Conf on Deckion & 
Conrml, pp. 1227-1232, Brighton, (1991). 
B.G. Morton, "New Applications of p To Real 
Parameter Variation Problems", 24th IEEE Conf. on 
Decision & Control, pp. 233-238, (1985). 

A. Packard and P. Pandey, "Continuity Properties of 
The Real / Complex Structured Singular Value", IEEE 
Tnms. Autom. Control, vol. 38, pp. 415-428, (1993). 

G.J. Balas, J.C. Doyle, K. Glover, A. Packard and R. 
Smith, " p  Analysis And Synthesis Toolbox", The 
Math Works Inc., (1993). 

J.M. Siret, G. Michailesco and P. Bertrand, "On The 
Use of Aggregation Techniques". in Hwidbook of 
Large Scale Systems Engineering Applications. M. 
Singh and A. Titli Edts, pp. 20-37, NorthHolland. 
(1979). 

242-250, (1982). 

[ lo ]  G. Ferreres. V. Fromion. G. Duc and M. MSaad. 
"Application of Real / Mixed p Computational Tech- 
niques to a H, Missile Autopilot", Int. Joumd of 
Robust and Nonlinear Control, to be published. 

[ 1 1 1  S. Font Mkthodologie pour Prendre en Cotnpte la 
Robustesse des Syst8tnes Asservk : Optimisdon H, 
et Appmche Symbolique de la Fonire Standard. These 
de Doctorat, Sup~!lec et Paris-Sud, (1995). 



9-8 

Shaped Plant (-) / Equivalent Loop Singular Value (-) 

. . . . .  . . . . .  . . . . .  
. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . .  

. . . . . .  . . . . . .  

. . . . . . .  . . . . . .  

lo-' 1 oo 10' 1 o2 
Frequency zo 

Shaped Plant (-) / Equivalent Loop Singular Values (-) 

1 o4 
. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . I  . . . . .  . . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  

. . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . .  . . . . . .  . . . .  . . . . . .  . . . .  . . . . . .  . . . .  

. . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  

lo-' 1 oo 10' 1 o2 
Frequency zo 

Figure 5. Equivalent - Loop singular values, Pitch Channel / Yaw Roll Channels 



9-9 

40 

20 

0 

-20 

-40 

-60 

-8C 

-1 oc 

-1 2c 
1 

Equivalent Loop Singular Value (dB) 

. . . . . .  . . . . . .  

. . . . . .  

. . . . .  
. . .  . .  . .  

.......... . .  . .  
. .  . .  . .  . .  
. .  .......... . .  . .  
. .  . .  . .  . .  . .  

. .  . .  . .  . .  
...... . .  . .  . .  
. .  . .  . .  . .  . .  
. .  ...... . .  
. .  . .  . .  
. .  . .  . .  . .  

. .  . .  . .  . .  . .  . .  

. . . . . . . . .  

. .  

. .  . .  . .  . .  . .  . .  
. . . . . . . . . .  

. .  
s . . ; .  . .  . .  . .  
. .  . .  . .  . .  . .  
. .  . .  . .  . .  ..... 

. . . . .  . . . . .  . . . . .  . . . . .  .......... . . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  .... - ..... . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . . . . . . .  

. . . . .  

. . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . . .  _. ..... -_..-.- . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  .......... - ..... .......... . . . . . . . . .  . . . . . . . . .  

. . . . .  

..... 

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . .  

..... 

. . . . . . . .  , .................. , . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  ................... . . . . . . . .  . . . . . . . .  . . . . . . . .  

...y . .  . .  . .  

. . . .  . . . .  .... ... .. .-. . . . . .  . .  . .  . . . .  . . . .  . . . .  . .  . . .  . . .  

. . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  
.................. . . . .  . . . .  . . . .  . . . .  . . . .  . . .  
: : : i  a; ................ 

. . . .  . . . .  . . .  
. . . . . . . . .  ..............,.., \ . L  ....... ......,... . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . . .  

................................... 
. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . . .  . . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  
1 

1 o2 1 oo 10' 
Frequency 70 

Equivalent Loop Singular Value (dB) 

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  I : : : : : : : : :  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  

. . . . . .  . . . . .  . . . . . .  . . . . .  . . . . . .  . . . . .  . . . . . .  . . . . .  
I 

. .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  
-120' 

1 0-1 1 oo 10' 1 o2 
Frequency 2 0  

Figure 6. Equivalent -Loop Bode plots, Pitch Channel / Yaw Channel 
with the two first bending modes 



9-10 

. . . .  . . . . . . .  

Mu Upper-Lower Bounds 
. . . . . . . .  . . . . . . .  I . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  

11 

. . . -  

... - 

% .  . - 

. . . . -  

08 

0.6 - 

. . . . . .  . . . . . .  . . . . .  . . . . .  ..... , . . . . . . . . . .  . . . . . .  . . . . .  

. . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
. .  

. . . . . . . . . . . . .  
. . . . .  . . . . . . . . .  . . . . .  

. . . .  

. . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  .......................... . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . ..-. ................... . -  ........... . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . .  . . . . . . . . .  ........... , ......................... 
. . . . .  

lo-' 1 oo 1 o1 
Frequency ZO 

Mu Upper-Lower Bounds 

. .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  
. . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  

. . . .  

. . .  

1 o2 

. . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
0.81 : : : : : : : : I  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
I j ; ; : : : : : :  : : : : : : : : :  

. . . . .  

. . . . .  

I . . . . . . . . .  . . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  . . .  . . . . . . .  . . .  . . .  . . . . . . .  
0 4 . . . .  .;. . .~.u.~.~1~-~10.3301.0.~331?1.1 I ::. . . . . .  ;. . .; . _:. . . . . . . . . .  . . . . . . . . .  . . .  . . . . . . . . .  . . . . . . . . .  . . .  . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . . . . . .  : . t  . . . . . . . .  . . . . . . . . .  

lo-' 1 oo 1 o1 
Frequency ZW 

. . .  

. . .  

. . . .  

. . . .  

. . . .  

. . . .  

.. 

i . .  

. . .  

... 

. .  

1 o2 

Figure 8. p Upper and Lower Bounds for Model Po, Pitch Channel / Yaw Roll Channels 



9-1 1 

- 

w 

2 
X 
U 
B 
H 
PI 

- 

- 

z 
0 
I3 
4 

A w 
U 
U 
4 

H 

a 

3 p: 
0 z 
- 

. . . . . . . .  . . . . . . . .  

. . . . . . . .  . . . . . . . .  

. . . . . . . . . . . . . .  

............. 

. . . . . . .  . . . . . . .  

. . . . .  . . . . .  . . . . .  .......................... 

PI 
0 

Figure 9. Missile Responses to a sharp turn a)  Pitch Channel 



9-12 

3 
2 
\ 

. . . . . .  . . . . . .  . . . . . .  .......__. ____.__...____.___..... 

- 

d 
k 
3 
B 
a 
a, 
Y 
C 
Id 
PI 
I 

0 
=d 
E: 
0 
m 
k 
a, a 
3 tn 
a 
C 
3 
0 
k a 
0 
c, 
k 
.rl 
4 
- 

3 
2 

. . . . .  . . . . .  

Figure 9. Missile Responses to a sharp turn b) Yaw Channel 



9-13 

3 
2 
\ 

. . . . . . . . .  . . . . . . . . . . .  

. . . . . . . . . . .  . . . . . . . . . . .  

. . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . .  
~ .... ~ .............. 

- 

d 
k 
3 
i-l 
d 
a 
Y 
d 
td 
E9 

I 

U 
YI 

m 
k 

3 cn 
a 
d 

k e 
0 
4J 

k 
A 

E 

.d 

- 

3 
2 
% 

. . . . . . . . . . .  . . . . . . . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  

Figure 9. Missile Responses to a sharp tuim c) Roll (3annel 



9-14 

3 
2 
\ 

. . . . . .  . . . . . .  

........... ................... . . . . .  ~ 

... ............................... .... . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . .  . .̂.._..._... . . . . . . . . . . .  . . . . . . . . . . .  

.... - .................................. .̂..̂ ... . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  .............................................. .̂.. 

. . . . .  

. . . . .  . . . . .  

. . . . .  .........._... ~ 

. . . . .  ..... .... . . . . .  

3 
2 

... .. ...................... .. . .. ................. . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . ................................................................ . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  

_ _  -. ._ .-. 

. . . . . . . . . . . . .  .. .............................................................. : rz .... . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  ..... . . . . . . .  * ............................. < .... < .... ̂ ...* .... : .... ! .... : 
~..'*....,....~....)....,....(....(....<....~...~....,....,....,.... 

.... 
; : ; ; ; ; ; ; ; ; ; ; ; ;  

: .... .i .... i .... ; .... ; .... ; .... : .... i .... i .... L .... ; .... i .... ; .... i .... I &  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . . .  ;...+ .... ; .... ; .... i .... : .... i .... ; .... i .... +... .... ; .... i .... ; .... . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . .  -..__... " ................... : ......... " ...-...-... .. .............. L o  : : . : : . :  0 

. . . . .  . . . . .  

...._ .................................. . . . . . . . . .  

. . . . . . . .  . . . . . . . .  

. . . . .  ._._.___... - .............. . . . . .  . . . . .  . . . . .  

Figure 10. Missile Responses to a diving flight a )  Pitch Channel 



9-15 

3 
2 
\ 

. . . . .  . . . . .  . . . . .  .............. . . . . .  . . . . .  -...-..... 

. . . . .  

. . . . . . .  . . . . . . .  .. i.... ' .... i .... i .... a... C .... ; ,...,....,... 

? \ 

. . . . . .  . . . . . .  . . . . . .  . . . . . .  ..-...-...-... ̂ .............. 

. . . . .  . . . . .  . . . . .  

..- - .............. . . . . . .  . . . . . .  . . . . . .  . . . . . .  ........ ^___^ ................... . . . . . .  . . . . . .  . . . . . .  *..... . . . . . .  ........ .................. 

3 
2 
\ 

. . . . . . . . . . . . . .  . . . . . . . . . . . . . .  

.................................................. I ............. . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  .... ............................. . . . . . . . . . . . . .  . . . . . . . . . . . . .  

Figure 10. Missile Responses to a diving flight b) Yaw Channel 



3 
2 
\ 

. . . . . . .  . . . . . . .  

. . . . .  . . . . . .  . . . . .  -...- . . . . .  . . . . .  . . . . .  . . . . .  .... ................ . . . . .  - . . . . .  . . . . .  

. . . . . .  

. . . . . .  . . . . . .  

n 

I4 

U I 
I4 
0 
p: 

z 
0 
H 
Ec 
U w 
I4 
pc w 

I3 

Y 

n 

! 3 
H s 
J L  

Figure 10. Missile Responses to a diving flight c) Roll Channel 



10-1 

MONTE CARLO SIMULATION STUDIES OF UNGUIDED AND GUIDED MISSILES BASED ON 
PROBABILISTIC MODELLING OF AERODYNAMIC COEFFICIENTS 
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SUMMARY 

The main motivation underlying this work is to develop a 
methodology by which the effect of aerodynamic estimation 
errors on flight simulation problems are investigated. A 
“family” is defined as a predetermined class of similar missile 
configurations for which a reference aerodynamic data is 
available. The error is defined as the difference between the 
results of the “available computational method” and the 
reference data. Then the statistical characteristics of the errors 
in the aerodynamic coefficients are determined assuming 
Gaussian probability distribution for the members of the 
“family”. For a proposed missile configuration which fits to 
the “family”, the aerodynamic coefficients are first obtained 
using the “available computational method”. Afterwards, the 
errors in these aerodynamic coefficients are estimated using 
the statistical characteristics determined above. 

LIST OF SYMBOLS 

: Covariance Matrix of K 
: Pitch and yaw moment coefficients 
: Pitch and yaw derivatives 

: Axial, side and normal force coefficients 

: Side and normal force derivatives 

: Probability density function 
: Transform matrix into 7 domain 
: Mach number 
: Random variable vector 
: Transformed random variable vector 
: Angle of attack and angle of sideslip 
: Control deflection angle 
: Error vector 
: Diagonal Standard deviation matrix of 7 
: Mean value vector of R 
: Standard deviation values of 7 

: of calculated (nominal) data 
: of ith configurations 
: of reference data 

1. INTRODUCTION 

In a preliminary design stage, one needs to make flight 
simulations of the proposed missile. For this purpose, since the 
missile is not materialized yet, one necessarily uses an 
available computational method to determine the aerodynamic 
coefficients. Obviously, these computed coefficients will 
contain some uncertainties. Then, one would like to see the 
effects of these uncertainties on the simulated flight of the 
missile. Thus, it would be possible to judge the reliability of 
the simulations and based on this judgment one could take 

healthier decisions to improve the design of the missile. 
Furthermore, in the case of a guided missile, it would become 
possible to check autopilot robustness against aerodynamic 
uncertainties. Under the cover of this paper, a method based 
on a statistical analysis is illustrated [I] .  By the aid of this 
method one can statistically show the effects of uncertainties 
in the aerodynamic coefficients on the simulations of 
unguided and guided missile flights. 

A Monte Carlo error analysis procedure is proposed in this 
work, in order to investigate the flight mechanics under the 
influence of indeterminate aerodynamic coefficients. The main 
concern is to provide a computational method to the designer 
to enable him to deal with aerodynamic uncertainties, 
especially at a preliminary stage of the design. The method is 
based on a probabilistic error model from which a subsequent 
trajectory sensitivity analysis follows in the scope of the work. 
The treatment is extended to cover both unguided and guided 
missiles. 

2. FAMILY DESCRIPTION 

Aerodynamic estimation methods make similar mistakes for 
similar missile configurations. An error in the prediction of an 
aerodynamic coefficient comes from an obvious inability of 
that method to account for some physical aspects of gas 
dynamics around the body. However, this deficiency will be 
repeated for similar missile configurations, under similar 
conditions. Corollary of this fact states that an aerodynamic 
estimation error model to be established for a certain 
prediction tool under certain conditions, is likely to be over a 
range of similar missile configurations. 

A “family”, under the cover of this work, is defined as a 
predetermined class of similar missile configurations for which 
a reference aerodynamic data is available. This reference data 
may originate from flight tests or wind tunnel tests or 
advanced computational methods. The error is defined as the 
difference between the results of the “available computational 
method” and the reference data. Under the light of the fact 
discussed in the previous paragraph, which has also led to the 
definition of “family”, a correlation must exist between the 
error values belonging to the “family” members. 

Another correlation, which is used in this work, is among the 
aerodynamic coefficients at different Mach numbers .Although 
aerodynamic coefficients are treated as random numbers, the 
preservation of the physical pattern as Mach number changes 
is also considered. The variation of these random numbers 
should reflect the physical appearance of the actual 
coefficients. This fact is also taken into account thus the 
resultant error model includes correlation among the 
coefficients at several Mach numbers. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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3. RANDOM DATA GENERATION 

Let 51 be the nth order random variable vector of concern. In 
the present work, elements of 51 correspond to the values of 
an aerodynamic coefficient at different Mach numbers. For 51, 
a covariance matrix e , and a mean value vector p are defined 
as 

- 
p = E{%} 

where E{ } is expected value operator. 

With predetermined elements 
density function of K is defined as a multivariable jointly 
normal distribution, which may be expressed as [2]. 

and e ,  the probability 

where a = (27c)-: &ti (6)  

The reasons for the selection of a Gaussian distribution 
function may be stated as follows : 

i. It is simple to construct due to the fact that information 
on mean value and covariance matrix is sufficient. 

ii. It is suitable to the use of linear transform techniques. 
i i i .  Most natural random phenomena, originated from large 

number of independent sources, may readily be shown to 
obey the normal distribution equation. 

For our purpose, the random variable vector is defined as 

- x = x c + z  

where 51 is the calculated value of 51, by the available 
prediction tool, and E is the error vector, which corresponds 
to the unknown (random) part to the coefficient vector. Let 

be the error vector of the ith member of the “family”. For a 
“family” having N members, with K r,i denoting the 
reference aerodynamic coefficient associated with the i’th 
member, error vector is found as, 

- 

- -  - 
Ei = xr,i - xC,,, i = 1, 2 .__.. N 

In the above expression X , ,  are again the calculated vectors 
for each member. Since each E, represents an occurrence in 
the prediction error within the “family” of interest, it may also 
represent an occurrence in the prediction error for the new 
configuration which is also similar to the members of the 
“family”. So, a set of random vectors for the new 
configuration is defined as 

- - -  xi=x,+Ei ,  i = 1 , 2  ,..., N 

Given the above set, the mean value vector and the 
covariance matrix are calculated as 

There are several library routines in the computer domain now, 
that generate normally distributed random numbers. 
However, their usage is generally limited to the independent 
number vectors. So, in order to generate jointly normal 
random vectors, some transformations are required. Let, 

by definition. This transformation is such that A is a 
diagonal matrix, whose diagonal elements are standard 
deviation values, ai , of random elements of vector 7 . By 
this definition elements of 7 are independent random 
variables. 

Structure of covariance matrix enables this transformation. 
Upon singular value decomposition of e 

i is the required orthonormal transformation matrix, 
where A is already defined. It turns out that, 

The probability density function of 7 is given as, 

= a  exp [jiT i-2 j i ]  

Here, a is the same as before since det ( e  ) = det (A ). The: 
disjoint property of j i  leads to the following implementation: 

if 0,  are, by definition, the standard deviation values of y, 

At this point, the overall procedure can be summarized as 
follows. 

Given “family” of N members calculate the quantities 

Create a normal random vector 7 ,  with zero mean and 
standard deviation values 0,  for each y, . 
Transform it into the K domain. 
Form an ensemble on % for a Monte Carlo analysis. To 
do this, repeat the 51 generation process several times. 

- 
p ,  e .  

0 

0 

0 

The Monte Carlo analysis here can be seen as a means of 
transformation to reach a distribution in the trajectory domain 
from the aerodynamic coefficient domain. The applications 
will follow in later sections. 
A special case is that the covariance matrix e is rank 
deficient. Let, 
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rank (k)=rank(A)=r  < n 
a n d a , = O w i t h r  < j l n .  

So, upon singular value decomposition, some diagonal 
elements of A vanish. However, since the orthonormality of 
i is not affected, transformations are still valid. Besides, the 
disjoint property of f- implies that corresponding component 

7 can be dealt with separately. It can be shown that in the 
limiting case f behaves as indicated below: 

Y 

Y j  

Thus, the density function turns out an impulse function which 
tells that the corresponding 7 components form the 

deterministic modes of the distribution. So, although k-’ does 
not exist in the rank deficient case, the definition of Gaussian 
distribution is still valid. However, it can be noted that the 
corresponding components of 7 take place in the null space 

of e ,  and accordingly have no contribution to E. So it turns 
out that only the first r columns of i become useful. 

4. UNGUIDED APPLICATIONS 

In order to cover the error analysis procedure discussed so far 
a generic missile configuration is introduced here. For this 
application, a rather general set of configurations is selected 
as a family; i.e. conventional missiles with slender bodies, 
with pointed noses and with cruciform tails. 1 I configurations 
are selected as members. As the “available computational 
method”, MISSILE.DATCOM is used [3]. Compilation of the 
necessary reference data is realized by other means. 

This test case is worked out using the coefficients 
C,, C,, and C,, . A covariance matrix and a mean value 
vector is calculated for each coefficient. In order to set out the 
Monte Carlo analysis a total number of 100 coefficient-Mach 
curves are generated for each coefficient. Each coefficient 
vector comprises 27 values of the coefficient at different 
Mach number. However, degree of freedom at the random 
number generation system (also number of non-zero singular 
values) is necessarily taken to be 1 I ,  which is the number of 
reference configurations. A sample of generated curves ( 1  0 
curves of C, ) is given in Figure 1. In Figure 2, there is shown 
the mean value and standard deviation curves of C, , beside 
the nominal curve. 

Table 1 lists some data used in the unguided simulation 
applications. Total 100 simulations are performed in this 
analysis. MATRIXx software[4] is chosen as the simulation 
environment. Standard atmosphere model is used to obtain 
atmosphere data. A thrust misalignment factor is introduced 
as a disturbance source to the simulations. Lateral 
aerodynamics is calculated by means of the symmetry 
considerations (i.e. C,p = C,, , C,p = - C,, ). Finally, 
the damping derivatives are taken with their nominal values. 
For the specified application, trajectory dispersions (in y and z 
directions, and in Mach Number) with 40 samples are shown 
in Figure 4. The impact plane, with hit points (for all the 100 

samples) around the nominal hit point, with mean impact 
point and with the 50% region can be seen in Figure 3. 

5. GUIDED APPLICATIONS 

The missile defined in this section is implanted with autopilots 
which are functioning in pitch, yaw and roll directions. Then 
the configuration is controlled so as not to deviate from its 
nominal ballistic trajectory. The gains of the autopilots are 
calculated as a result of a linear quadratic regulator design, 
and are allowed to be scheduled as a function of distance. Roll 
autopilot is assumed to function efficiently, so that no spin is 
considered throughout the flight. The control is achieved by 
means of the surfaces located at the tail of the missile. This 
makes the aerodynamics of the missile more complicated as 
the coefficients become the functions of not only Mach 
number but also a and 6.  So each coefficient requires data 
presented in the form of 3-dimensional matrices. However, no 
correlation data is available in the a and 6 domains. The way 
followed here is to assume a strong correlation between the 
coefficients and their zero a and 6 counterparts, so, the 3- 
dimensional scale matrices are defined as follows : 

The procedure is that, first the random coefficients vectors are 
obtained as in the unguided case, then these vectors are 
multiplied by scale-matrices to obtain 3-dimensional 
C,, C,, C, matrices, then, it is assumed that longitudinal 
and lateral aerodynamics are similar and uncoupled, which in 
turn supplies Cy and C, data. 

The deviations from the trajectory are expressed in a cross 
plane taken perpendicular to the trajectory. y-cross axis is 
defined to be in this plane and parallel to the ground, while z- 
cross axis is in the plane and perpendicular to both the 
nominal trajectory and y-axis. Deviation curves of several 
simulations (40 samples taken here) in y-cross and z-cross 
directions are given in Figure 5 .  

Besides, control deflection history curves are also illustrated in 
the same figure for both autopilots. The impact plane 
appearance is as in Figure 6. In the figure, hit points (100 
samples), the nominal hit point, the mean hit point and the 
50% region are given. 

Since autopilots are designed with nominal aerodynamic 
coefficients, another question is how the stability of the 
control is effected due to aerodynamic uncertainty. The real 
part of the most dominant eigenvalue is taken as the stability 
margin. Figure 7 shows the autopilot robustness probability in 
the longitudinal plane for different instances of the trajectory. 
Positive stability margins imply temporary instability 
probabilities for a portion of flight. The situation in the lateral 
plane is similar, so it is not separately illustrated. 

6. CONCLUSION AND RECOMMENDATIONS 

In this analysis, a Monte Carlo Simulation technique is used in 
order to analyze the effect of errors in the aerodynamic 
coefficients on the flight simulations of an unguided and 
guided missile. Monte Carlo technique can be seen as a means 
of transformation to correlate the outputs of a nonlinear system 
to its inputs in probabilistic terms. The success of this work 
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depends on the definition of the input domain (which covers 
the uncertainties in the aerodynamic coefficients) as close to 
physical reality as possible. 

For instance, a randomly generated coefficient vs. Mach 
number curve should have a trend as similar as possible to a 
one which may occur in nature. The method developed in this 
work provides a means to define the input domain according 
to this principle. 

The output of the analysis is the dispersion of the expected 
trajectory in a probabilistic sense. In this work, the results of 
both unguided and guided analyses are presented in various 
ways. Of course, the results of such analyses are case 
dependent. The main purpose here is to illustrate how the 
designer can draw any conclusion by using this error analysis 
method. The output of the Monte Carlo simulations can be 
post-processed in various ways. Eventually, this processed 
data will lead to some design decisions. The application of this 
method can provide the following possibilities to the 
designer: 

To find out the error envelope of the flight variables. 
To observe the scattering characteristics of the flight 
variables about their nominal value. 
To perform an error tolerance analysis in the presence 
aerodynamic uncertainties. 
To deduce the sensitivity of the trajectories to the 
aerodynamic coefficients. 
To perform robustness tests on the autopilots against 
uncertainties in the aerodynamic coefficients. 
To make CEP analysis and try to identify what share of the 
dispersion of the simulated trajectories is due to the 
aerodynamic uncertainties. 
To define flight variables in terms of probability density 
functions. 

In a proper application with the availability of real reference 
data, the designer can take more advantage of the method, i f  
he or she can 

develop error models to consider error variations as the 
functions of not only the Mach Number, but also a, p, 6. 
form the “family” to include larger number of similar 
configurations. 
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Table 1 : Data About Simulations 

Empty Mass : 950 kg 
Empty Ix : 30 kg.mY 
Empty Iy : 525 kg.mA2 
Empty CoM (from back) : 2 m 
Full Mass : 1650 kg 
Full Ix : 50 kg.mY 
Full Iy : 1250 kg.mA2 
Full CoM (from back) : I .65 In 

Total Length : 3.9 m 
Diameter : 0.6 m 
Total Impulse : 1.8 MN.sec 
Thrust Misalignment Angle : 0.2 deg. 
Launch Angle : 45 deg. 
Launch Velocity : 55  m/s  
Launch Altitude : Sea level 
Launch Spin Rate (Unguided Case) : 2 redsec. 
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The Future for UAVs in NATO 

Robert C. Michelson 
Principal Research Engineer 
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Atlanta, Georgia 30332 

INTRODUCTION 
The face of NATO is changing in the light of the 

demise of the Soviet Block, h m w r  the need for 
NATO is perhaps more critical today than ewr before 
due to the fragmented w m n g  factions that haw arisen 
in the absence of the stabilizing oppression of the 
Soviet Union and the Warsaw Pact. Unfortunately, 
these changes are occurring in the face of a global 
recession that has prompted the Nations to reconsider 
past l m l s  of military spending. The demise of the 
Soviet Union is viewd as a reason to draw down 
forces and rely on existing (and sometimes antiquated) 
defense infrastructures. 

Advances in machine intelligence and robotics 
can be lewrrged to offset the negative impact of 
economically-induced factors affecting the Nations’ 
forces during the next decade. Particularly in the 
areas of reconnaissance, intelligence, early wrning, 
and even certain lethal operations, the use of 
Unmanned Aerial Vehicles (UAV) is predicted to be a 
major factor in the maintenance of an affordable 
military presence. 

Low intensity conflicts along the borders of the 
Nations (as already witnessed in Bosnia) are expected 
to continue. Coupled with the need to continue certain 
NATO activities more effectiwly, is the occurrence of 
expanded missions that will arise due to increased 
trade in contraband as the Economic Community 
facilitates a more open Europe. Both land-based and 
maritime UAVs haw a definite place within the NATO 
infrastructure, but currently the individual Nations do 
not haw a clear or unified road map to define their 
use. 

Given a coordinated plan for the use of UAVs by 
the Nations, what critical technologies must be put in 
place over the next few years to allow UAVs to meet 
the challenges of the missions expected by the year 
2000? How will the predicted burgeoning of the 
commercial market for UAVs by the year 2000 affect 
NATO interests in this technology, and how can NATO 
leverage this commercial market for its awn benefit? 

This paper will identify both the military and 
commercial UAV missions expected by A.D. 2000. 
The analysis will consider the particular regional 
requirements posed by the geography of the member 
nations. 

The contribution of the commercial sector to the 
development of these emerging technologies and 

industry’s use of UAVs for commercial applications 
such as mrnight packag delivery, security, or 
natural resource inspection will be a major factor 
considered by this paper. 

NATO STRATEGIC PLAN 
Before one can assess the future for UAVs in 

NATO, the future for NATO must first be defined. At 
their meeting in London in July 1990, NATO’s Heads 
of State and Gmrnment agreed on the need to 
transform the Atlantic Alliance to reflect the new 
European situation. While r e a r m i n g  the basic 
principles upon which the Alliance w s  based, they 
realized that the developments taking place in Europe 
would haw a far-reaching impact on the m y  NATO 
would function in the future. A new strategic 
environment would require a new strategic plan. 

Since 1989, profound political changes haw taken 
place in Central and Eastern Europe which haw 
radically improved the security environment of the 
North Atlantic Alliance and its neighbors. The former 
satellites of the USSR haw fully recovered their 
smreignty. The Soviet Union and its Republics are 
undergoing radical change. The three Baltic 
Republics haw regained their independence. Soviet 
forces haw withdrawn from Hungary, Czechoslovakia, 
Poland and Germany. The Warsaw Pact nations haw 
become nonaligned and there is even discussion about 
former foes joining NATO! The political division of 
Europe that ms the source of the military 
confrontation .of the Cold War period has ended. 
Further ameliorating the tension in Europe is the 
substantial progress in arms control that has already 
enhanced stability and security by lowering field of 
strategic nuclear arms levels and increasing military 
transparency and mutual confidence. 

In spite of the improved security environment of 
today’s Europe, NATO still faces real and ongoing 
threats. The risks facing NATO are different from what 
they %re a decade ago. The threat of a simultaneous, 
full-scale attack on all of NATO’s European fronts has 
effectively been removed and thus no longer provides 
the focus for Allied strategy. Particularly in Central 
Europe, the risk of a surprise attack has been 
substantially reduced. In contrast with the 
predominant threat of the past, the remaining risks to 
Allied security come from multiple, often unrelated 
sources of low-intensity conflict rising out of ethnic 
oppression or economic forces. As such, sources of 
future NATO risk are harder to predict and assess. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SlTM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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NATO has traditionally been concerned with 
threats to its member nations that are military in 
nature. Alliance security interests will be affected by 
other risks of a wider nature, including proliferation of 
wapons of mass destruction, disruption of the flow of 
vital resources, and acts of terrorism and sabotage. In 
the future, national threats such as the interdiction of 
contraband may warrant the attention and coordinated, 
concerted efforts of NATO forces to protect the 
populace. The NATO infrastructure that is in place to 
support military police actions could easily be turned 
to the suppression of terrorist acts and the drug trade. 

The new NATO strategy can be summarized in a 
three-prongd approach to conflict prevention, 
abatement, and resolution. The three central elements 
to this strategy are: a) dialog, b) cooperation, and c )  
physical defense. According to the 1995 NATO 
handbook1. 

“The Alliance’s ac t ix  pursuit of dialogue and 
cooperation, underpinned by its commitment 
to an effectiw collectix defence capability, 
seeks to reduce the risks of conflict arising out 
of misunderstanding or design; to build 
increased mutual understanding and 
confidence among all European states; to help 
manage crises affecting the security of the 
Allies; and to expand the opportunities for a 
gnuine  partnership among all European 
countries in dealing with common security 
problems.” 

Clearly, dialog and cooperation are preferable 
alternatixs to physical defense, but misunderstandings 
though apparent acts of aggression can stop dialog and 
cooperation. Often adequate situational awareness 
(intelligence) is key to averting misunderstandings. 
Unmanned aerial reconnaissance vehicles can play a 
central role in information gathering to avoid or defuse 
misunderstandings that could lead to military action. 
Also, should military actions become inevitable, 
unmanned aerial reconnaissance xhicles can shorten 
the engagement significantly, as demonstrated in the 
Gulf War. 

Haw UAVs will Fit into the Alliance’s Farce Posture 
The Allies haw agreed to m m  away, where 

appropriate, from the concept of forward defence 
t m r d s  a reduced f o m d  presence, and to modify the 
principle of flexible response to reflect a reduced 

Anon., “The Alliance’s Strategic Concept,” Agreed by 
the Heads of State and Government participating in the 
meeting of the North Atlantic Council in Rome on 7-8 
November 1991, as found in Appendix IX, Paragraph 26 
of the NATO Handbook. 1995. 

reliance on nuclear wapons. This new force posture 
has significant implications for the use UAVs by 
NATO. 

As the Allies pull in their talons, they will need to 
sharpen their eyes in order that they be able to go on 
the defensive quickly with conxntional wapons or 
deploy their remaining nuclear assets .without false 
alarm. Real-time reconnaissance across borders can 
only be done effectively from the air or space. The 
reaction time to divert satellite imagery for specific 
intellignce purposes may be too long logistically, or 
may conflict with the priorities already. set by the 
owner of the satellite. Few nations are willing or able 
to bear the expense of intelligence satellites, h m w r  
all of them can aford UAV reconnaissance systems. 

Another consideration is the implication of foreign 
ow-flights, be they m r  Allied countries or NATO’s 
neighbors. Reconnaissance mr-flights by manned 
fighters could send the wrong message and actually 
exacerbate ongoing dialog and cooperation- not to 
mention the risk to the pilot and the political 
repercussions were he to be shot down. 

The 1995 NATO handbook states that based on the 
security objectiws and strategic principles of the ne,w 
European environment, “the organization of the Allies’ 
forces must be adapted to provide capabilities that can 
contribute to protecting peace, managing crises that 
affect the security of Alliance members, and 
preventing war, while retaining at all times the means 
to defend all Allied territory and to restore peace.”2 

To realize the objectives stated by NA’D 
doctrine, the size, readiness, awtilability and 
deployment of the Alliance’s military forces will haw 
to reflect a strictly defensix mission and adapt to the 
new strategic environment and its arms control 
agreements, by reducing the m r a l l  size of the Allied 
forces, while not diminishing its readiness. 

Unmanned aerial vehicles can play a major role in 
resolving the contradiction of a smaller force with the 
readiness of a larger one by supplanting many manned 
aircraft missions with less expensive and less labor- 
intensix unmanned ones. The logistics burden 
required to train and support a fighter pilot and his 
aircraft is enormous compared to that of an unmanned 
system which, for many missions, can supply the same 
function better and for less cost. 

Those missions which are dull, dirty, or dangerous 
(D3) are ideally suited for unmanned systems. 
Consider reconnaissance missions (typically wry dull 

* ibid., Paragraph 45. 
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from the pilot’s perspective), or a situation in which 
aircraft may have to operate in nuclear, biological, or 
chemically dirty environments where the entire hazard 
is to the pilot, not his machine. Similarly, dangerous 
missions into territory where NATO does not have air 
superiority, risks not only the man, but the expensive 
non-expendable aircraft with its payload. When the 
NATO forces are forced to shrink due to economic and 
treaty pressures, the value of the remaining pilots 
increases by a factor that is directly proportional to the 
draw-down in the force. In the future, can NATO risk 
to send pilots on D3 missions other than those which 
are pilot-essential? 

Unmanned aerial vehicles can be organic assets 
controlled by the local NATO commanders. This is 
possible due of the size and cost of typical UAV 
systems. Because UAVs can be organically 
controlled, they can provide quicker intelligence 
information to the units that have the need to know it. 
This then translates into shorter reaction times in 
response to new regional threats. This is entirely 
consistent with the notion that the conflicts which 
NATO will encounter in the future will be local rather 
than centrally-orchestrated and strategically executed. 

To ensure that at this reduced force l m l  the 
Allies’ forces can be effectiw in managing crises and 
in countering aggression against any Ally, they will 
require enhanced flexibility and mobility. In order to 
do this, those forces available must include ground, 
air, and sea contingents in sufficient numbers and 
possessing the ability to react rapidly to a wide range 
of ewntualities, many of which are unforeseeable. 
Though largely controlled from land-based forces or 
larger ships at sea (e.g., the battleship Missouri during 
the Gulf War), UAV assets have been shown to be 
deployable by smaller combatant units. Mobility of 
smaller land, air, and sea units can be increased if 
their situational auareness can be increased through 
better real-time intelligence that is directed to their 
own immediate information needs. A platoon will 
hesitate to cross the next hill if it does not know what 
amits them on the other side. Theatre-wide 
information assets (satellites or AWACS) do not fill 
this information need with the speed or resolution 
necessary to make the fighting force move and react 
quickly. 

In the event of a major conflict, the forces of the 
Allies must be structured to permit their military 
capability to build up rapidly. This ability to build up 
by reinforcement, by mobilizing reserws, or by 
reconstituting forces, must be in proportion to potential 
threats to Alliance security. Readiness will become a 
greater problem as the interval of peace is protracted. 
It takes time to train new pilots, but aerial robots can 
be pressed into service as quickly as then can be built. 

Having an industry that can “shift gears” from 
producing 100 tractors per day to one that can produce 
100 UAVs per day is a wry real possibility. Flexible 
manufacturing is a key to NATO readiness after a 
period of defense cut-backs, treaty limitations, and 
relatiw peace, but it only has optimum effect when 
done in support of unmanned systems that can be 
deployed immediately- if the allied nations could 
build 100 new fighter aircraft per day, there w u l d  not 
be enough trained personnel to fly them proficiently. 
Simply knowing that NATO could respond rapidly with 
an armada of reconnaissance and lethal drones w u l d  
be a deterrent to aggressors. 

In the future, UAVs will be smarter and harder to 
counter militarily. Autonomous UAVs will be able to 
gather information (either intelligence before a 
military action, or battle damage assessment after an 
engagment has taken place) at close range with 
impunity. Lethal UAVs will seek out and destroy their 
targets with calculated tenacity and precision. Fully 
autonomous systems (“thinking machines”) will be 
literally unstoppable through conventional means of 
deception or jamming. An aggressor who knows that 
stirring the NATO hornet‘s nest will result in a swift 
response by pain-inflicting or ultimately lethal swarms 
of expendable flying robots, will consider his actions 
with much deliberation. 

AT WHAT COST? 
How can NATO afford the cost of new UAV 

systems when a draw down in the U.S. and European 
forces is under m y ?  Perhaps the real question is 
“how can NATO not afford to inwst in UAV systems?” 
Consider the economic ramifications already incurred 
by using manned aircraft in reconnaissance flights as 
part of Operation Deny Flight, when drones could 
serve as NATO’s e p  to scramble jets that are either 
in a perpetual state of readiness at bases within 
striking distance, or are orbiting at a safe stand-off 
range : 

In the first 780 days of Operation Deny Flight, NATO 
forces l ~ g g e d : ~  

“No-Fly” Zone fighter sorties 
flown over Bosnia-Herzegovina = 20,824 

Close Air Support and Air Strike 
sorties over Bosnia-Herzegovina = 20,920 

Sorties by NAEW, tanker, 
reconnaissance, and support aircraft = 19,146 

Total Number of Missions = 60,890 

Anon., NATO Release Number: 95-16, dated 2 June 
1995, HQ AFSOUTH, Naples. 
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The cost for this many flight hours over the 
Bosnian region is enormous, not only in operational 
costs, but also in lost aircraft and risk of death to the 
pilots. Consider that thus far during Operation Deny 
Flight, attacks against NATO aircraft were as follows: 

On 17 December 1994, a French Etendard IVP 
jet on a NATO reconnaissance flight m r  
Bosnia-Herzegovina was hit by ground fire and 
returned safely to air base in Italy. The aircraft 
which had taken off from the French aircraft 
carrier Foch receiwd tail damage. The pilot 
was not injured. 

On 15 April 1994, a French Etendard IVP 
reconnaissance aircraft safely returned to the 
French carrier Clemenceau after being hit by 
ground fire owr the Gorazde area. 

On 16 April 1994, the pilot of a Sea Harrier 
from the British carrier HMS Ark Royal safely 
ejected m r  Gorazde after his aircraft was hit 
while attempting to conduct a close air support 
mission. 

On 8 March 1994, a Spanish CASA 212 
transport aircraft, on a routine flight from 
Zagreb to Split, made a successful emergency 
landing at Rijeka Airport (Croatia) after being 
hit by ground fire while flying o w  Croatia. 
Four passengers on the aircraft w r e  slightly 
injured by shrapnel. 

On 2 June 1995, a U.S. Air Force F-16C was 
shot down m r  Bosnia. The pilot survived the 
crash of his aircraft, but had to evade enemy 
forces for six days in northwest Bosnia- 
H e r z e g ~ i n a . ~  Special Operations forces 
called upon to risk their lives to extract the 
downed airman. Their search and rescue 
mission was successful. The single-seat aircraft 
was flying a routine Operation Deny Flight 
mission when it was obserwd by accompanying 
aircraft to be shot down by a missile, at about 
1300 GMT. The aircraft was based at Aviano, 
Italy, as part of the Operation Deny Flight 
force. 

Most recently on 31 August 1995, two French 
pilots were forced to eject from their aircraft 
m r  Bosnia for reasons yet to be determined at 
the time of this writing. No w r d  as to their 
condition is known. 

Transcript of CINCSOUTH Press Conference, a0 
Grosvenor Square, London, June 8, 1995, Subject: 
RESCUE OF F-16 PILOT. 

The costs associated with manned operations are 
often not appreciated. Consider the downing of the 
U.S. Air Force F-16C on 2 June, 1995. Not only did 
the Allied forces lose millions of dollars in aircraft and 
mission equipment, but consider the costs involwd in 
the rescue of the downed pilot and the diversion of 
resources from NATO’s primary mission in Bosnia due 
to the presence of an American pilot on Bosnian soil. 
The following quote from Commander-in-Chief, Allied 
Forces Southern Europe (CINCSOUTH) Admiral 
Leighton W. Smith Jr, U.S. Navy5 indicates the extent 
of the massiw rescue effort mounted. Admiral Smith 
proudly reports: 

“The numbers of aircraft are not that important, 
but you can see we had Cobras, w had CH-53s, 
w had Harriers off of the KEARSARGE as part 
of a package - that‘s basically a 
recowry of aircraft and personnel. We had the 
suppression of enemy air defence c o w ,  with 
close air support, and fighter c o w  with A-lOs, 
F-15s, we had F-16s, F-18s, the whole shootin’ 
match up there, E - l l l s ,  EA-~Bs ,  and w had 
additional special operations forces that w r e  
backing them up. NATO - all of these were 
NATO forces, obviously - we had NATO AWACS 
up, w had tankers up. All of this was pulled 
together in roughly two hours and forty-fiw 
minutes after initial contact with the young man 
on the ground, w began launching the package 
that was going to eventually retrieve him.” 

Note that a few Predator UAVs haw been 
performing high altitude reconnaissance o w  Bosnia 
for some time under U.S. control. The Predator is a 
high-altitude, long endurance reconnaissance UAV. 
Two haw been lost to date. Both w r e  lost during 
combat action o w  Bosnia during July of 1995, and in 
both cases, the only economic impact was the loss of 
the UAV (a cost less than one f ~ t h  of that incurred by 
the June 1995 crash and rescue of the F16 pilot). 
When the Predators w n t  down, there were no multi- 
million dollar, high risk rescue attempts. There w r e  
no liws lost. 

There may be an even more compelling reason to 
be using more UAVs in Bosnia, and that is the threat 
of hostage-taking. As has already been demonstrated, 
United Nations (UN) peacekeepers haw been used as 
political pawns when they were freely taken as 
hostages. UAVs can not be taken hostage, but downed 
pilots can. This puts NATO in an awkward position at 
the negotiating table. 

ibid. 
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Costs vs. Savings 
Life cycle analyses show UAV systems to be more 

economical than manned systems for given missions, 
but there is an inwtment  to be made in producing the 
.initial systems. Where will this investment come 
from? 

The answer lies with the private sector of the 
nations’ economies. Some projections indicate that 
the market for UAVs by the year 2000 will be wr th  
approximately $10 Billion (U.S.) annually,6 and sur- 
prisingly the majority of this will be for civil 
applications. These applications will include aerial 
inspection of resources (e.g., insect damage in pulp 
m o d  forests), inspection of utilities (e.g., pipelines), 
or as an aid to the day-to-day operation of industry 
(e.g., reconnaissance for fishing fleets). 

If NATO is willing to jump-start the process by 
investing in critical enabling technologies, and 
mrking to dewlop international agreements whereby 
UAV operation becomes acceptable across borders in 
either specified corridors or internationally regulated in 
manned air space, then industry will invest in the 
manufacturing infrastructure. In this win-win scenario, 
NATO benefits from decreased fly-amy costs for UAV 
systems, the nation’s economies benefit from the 
manufacturing jobs created as w l l  as the new UAV- 
based industries that will ensue. 

NATO countries such as France, Portugal, Spain, 
Italy, and Iceland with large coastal regions will 
benefit from UAV operations in support of maritime 
monitoring, contraband interdiction, and fisheries. 
Other nations such as Turkey which border unstable 
neighbors like Iran and Syria will benefit particularly 
from the less expensive, but more comprehensive 
border monitoring that can be achiexd with UAVs. 
Package delivery to remote sections of eastern Turkey 
or to snowbound reaches of Nonvay might emerge as 
profitable markets. The safe spraying of pesticides on 
German sugar beet crops are within the realm of 
possibility for commercial UAVs during peace time. 
Even nations with highly developed infrastructures 
such as the United States could benefit from more 

advanced and less expensive methods of traffic 
surveillance, utility inspection, and border patrol. 

Sewn critical enabling technologies are proposed 
as necessary for advancement of UAV systems by the 
year 2000. These are Photonics, Acoustic Charge 
Transport (ACT), Wafer-Scale Integration of Dissimilar 
Technologies, Full Spectrum, Ultra-Resolution Sensors, 
Smart Skins, microelectromechanical systems (MEMS),  
and Knowledge-Based Systems. Clearly many other 
areas require advancement, particularly the area of 
propulsion. Howver other areas are already receiving 
funding and with respect to propulsion, the 
technological leaps to be made in the area of Wafer- 
Scale Integration of Dissimilar Technologies using the 
other six enabling technologies, will lessen the need 
for more efficient propulsion systems as the air 
vehicles and mission equipment packages get smaller, 
lighter, and more capable. NATO needs to take the 
first step by investing in research to move these 
enabling technologies f o m d .  The initial investment 
will be returned to NATO as it leverages the future 
commercial market. 

SUMMARY 
NATO has recognized that the security climate in 

Europe has changed for the better, but it faces the 
contradictory situation of having to reduce the size of 
its force while maintaining its ability to respond to 
crises quickly and effectively on multiple fronts. In 
the short term unmanned aerial vehicles present a “ay 
to realistically achieve both requirements without 
excessive cost. In the long term, UAV technology is 
expected to yield even better levels of readiness and 
response to crises, with the added feature that they 
themselves could become a non-nuclear deterrent as 
they emlve into fully autonomous agents of NATO. 
Industrial participation in the manufacture of civil 
UAVs is key to the affordable use of UAVs by NATO. 
It is incumbent upon NATO to invest in academic and 
industrial research to develop the enabling 
technologies that will create an economically viable 
market based upon UAV capabilities necessary to both 
military and civil applications. 

Wagaman, R. T., “Worldwide Use of UAVs,” 
Proceedings of the UV-95 Conference, Le MCridien, 
Paris, France, 8 - 9 June 1995. 
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LESSONS LEARNED IN TEE DEVELOPMENT AND OPERATION OF REMOTELY PILOTED HELICOPTERS 

R.G. Austin 

3 Shepherds Hill 
Aeronautical Consultant 

Bracknell, R012 2LS, 

SUMMARY 
Lessons l m ,  both in ckvelqmrlt and 
operation, of rotary wing UAVs over a period 
of sam 25 years are described. 

In particular it has been favvl that 
airvehicle and vertical flight 
capability offers operational versatility not 
available to fixd-wiq systms. 

There is M cost or reliability penalty to 
p y  for this tl-nugh design rmst take account 
of the depenclenoe of the vm.4 UAV on an 
a m a t e  height sensor and the daMnds of 
scale ( m n p a r e d w i t h m s y s t m s )  onthe 
technology. 

1. INTRODUCTION 
A xnmber of different types of 
airvehicle systerrs (avs) are in l i m i t e d  use 
by t h e m  forces of several axlntries and 
their use is p r d i c k d  to expand considerably 
w i t h i n  the mxt decade. 

NoIle of t k s e  
Wing airvehicle, althxgh i n  the field of 
manned military aircraft, rotary wing types 
are believed to acixamt for ane third of the 
total fleets. 

are based upon a rotary 

Is this not surprising, especially in view of 
the fact that many of the -1- of the 

launch and reoovery @-ases of flight? Also, 
for many missions, such as target 
designation, an ability of the airvehicle to 
renain a t  a fixed pint in space is highly 
desirable. 

current fixed wing (Fw) UAVs oc(x11: in the 

There is a vi- tha t  rotary wing UAVs m l d  
be too slow, unreliable and expensive to 
acxpire and operate. 

IS that view oarrect? This paper at- 
to amer t ha t  question whilst briefly 
describing sam of the attributes of the 
rotary wing UAV srperienced by the author, 
and sam lessons lean&, during 25 years of 
engagenent in their developnent and 

United Kingdom 

operation. 

Theauthorisindebted to westlard 
Helicc@ters Limited and to M.L.Avhth 
Limited for their permission to release the 
information CQntamd * i n t h i s p a p e r h t t h e  
views 
Ilot necessarily r epeenb t ive  of t lme of 

are those of the author and 

thea?lpanies. 

Altkugh by 1967 the author had gained  sa^ 

twenty years of experience in the design and 

configurations of IMnned klimpters, it was 
developllerrt of the several different 

not until that  year that his interest turned 
tourrnannedsysterrs. Thiswasin?E!spmeto 

Defence (UK m) for a vertical takeoff 
a need by the United KiqhnMinistry of 

and landing (V’IUL) UAV for surveillance 
roles. 
suitable configuration was a snall helicopter 
utilising two coaxial mmter-rotating rotors 
to lift what the author called “the 
plan-qm&ric helimpter (H) . 
the wble airvehicle, rotor system and body, 
is canpletely -ic in plan view. 

An analysis w that the Kost 

That is, 

It was this configuration which was proposed 
toUKm, thusbeginnirr~thewxkwhichwas 
to culminate almst  25 years later in the 
delivery of an operationally capable systgn 
to the f i r s t  custaner, the swzdish 
Govenrrrsrt. Itsckvelopllentandits 
characteristics are the subject of this 
paper. 

Interestingly, the majority of rotary wing 
UAV projects have a&pted the 
-rotating rotor system, tl-nugh it 
agpars that ,  apart fran the author, only 
CaMdair w i t h  their S e n t h l  project have 
a&pted the full PSH omfiguration. 

2. MOTE 
The westland suhnission to the UK Mp was for 
a system utilising a PSH w i t h  a body shaped 
essentially as a p l a t e  w i d  of height 
todi;nneter ration of ab.& 3 to 1. 
have a mass of ab.& 200kg and be pxexed by 

It m l d  

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SUM) and Design and Operation of Unmanned Air Vehicles (DOUAV)”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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a rn f r e e p e r  t u r b h  engine of 5 W .  

mch detailed design work was carried out on 
thisairvehl 'cle and its associated g x u m l  
control staticn (Gcs) and other SUFporting 
Systm-6. This included flight similaticn, 
and analysis of detectability, vulwabi l i ty  
and surveillance Ferformylce. Alth3ugh this 
UAV did not 

of this pericd wxe a useful qui& to future 
possibilities and pitfalls. 

to hardware, the 
analysis, sirmlation and wind turplel testing 

WewereJExqmd3 * lytreadingruwgrmundin 
this form of airvehicle amfiguraticn, 
particularly as far  as the cukml and 
stability were ooncerned. 
decided to h i l d  the d les t  and cheapest 
airvehicle (on a hcQ& of ES,OOO!) that 
wxld carry an autaMtic flight cantrol awl 
stability systen (AFCS) with the necessary 
per supplies to denonstrate control of 
pitch, roll and yaw axes. This UAV, named 
"MJlE", shown in fig.1. had a rnaximm mass of 
15kg and was pered by two mxkl aircraft 

engines each of 0.75Kw. Many other 
onpanents fran the mxkl world were -sed 
into service, inc1udir-q the radio ccnrwd 

It was therefore 

ElUipnent. 

We were quite scared that the aircraft wxld 
be difficult, or even inpossible, to cantrol, 
yet e dared not risk crashiq it - we had 
only one! So we t e t k ~ ~ 3  it loosely by oords 
attached to the urdercarriage for the f i r s t  
check flight. 

As sa3n as the lift cam3 onto the rotors the 
aircraft performcl a hiderxls dance, which 
&pressed us all, but the cords it 

of the 
"flight" indicated that all was Bteady until  
one or other of the cords becaw t€¶SiaEd 
and thus changing the dynanics of the systan. 
We decided to garble everythmg ' o n a f r e e  
flight. 

turningaverorescaping. subsequentvhing 
i n  slcw &ion of t t ~  video remm3uq ' 

superstition disregarded , t h i s w a s t r i e d o n  
Friday 13 June 1975. 
perfectly controlled flight ensued, to be 

'Ib a~ great relief, a 

followed by two or three lrore that m*. 

A nurlw of s u b s q m t  flights, uged to 
fb-etum the AFCS derivatives, anfirmad cur 
pndictions of the very lcw gust response of 
the configuration and, within the limitations 
of its d l  per win, the eaae of 
piti- it in the sky. 

The lessans fran MJlE then were:- 

a. 

b. 

C. 

d. 

3. 

tethering, d e s a  by the KOre 

SsplisticatedrreansadOptedbycaMdair, 
90 changes the dynanic characteristics of 
the aircraft as to be Uxthlesa. 
the p&ictianS of plri ty of control and 
lcw gust response of the amfiguration 
were amfirmad. 
Ccnthing tests ShaJed that the use of 
rrpdel ocnponents were not acQptable in 
the lcoger term Qe to their lcw 
resistanoe tohearandlackof  
reliability. 
the uge of glues to lockmchanl 'cal 
c q m e n t s f ~ l y f a i l e d .  'Il.lese 
glues are, of oxuse, uged w i t h  success 
in l ~ n y  other applications, and we never 
discovered the reasal for their failure 
in MJlE, but we resolved to esckwtheir 
use in the future. 

WISP _ _ _  
TheuKMI)were iqressd  with the success of 
MJlE but, of c[x1~f8e, it had no useful 
functicn other than as a limited research 
vehicle. ?waxduq lywewereexci tedtobe 
amr&d a contract by MI) to h i l d  three 
airvehicles and a anall graud oontrol 
station (Gcs). 
nrmdumm W caneras w i t h  a down-link to 

The airvehicles were to carry 

return imges to the Gcs. 

WISP, shown in fig.2., acbptd the sapne 
mechanical mnfiguration as MJlE but was 
Scaledupandbetterengineeretl toaoceptthe 
p e r  of two 3Kw twin-cylirrler 2-cycle 
engines and an all-upmass of 32kg. 
body was an all-loping glass-reinforced 
plastic shell of ellipsoid shape with a rotor 
~ l c m a b v e t o m x l n t t h e ~ r o t o r s .  The 

w s  Wical with that of MJlE but 
better hcxlsed. 
tccckicmstruction; t h e w ,  as in 
MJlE, was anprised of a light alloy sheet 
-*I 

tufnol gears and nylon drive belts. 

The 

The raters wxe of the safe 

a systen of unlubricated . .  

The videarm tubed W carera was arr- to 
be driven in elevation tzhruqh an angle of 
110O i.e. the sight line being capable of 

10 behindthevertical. Provisimwasmade 
to incarporate stabilisation of the canera in 
pitch but this was rwer incorporated. 
canera ItlRll?ted a fixed focus lens of 
3Oox4O0 field of v h .  After fairly 
extensive r ig  running, the f i r s t  flight of 
the f i r s t  aircraft took place in tkcsker 
1976 followed by 2 others in March and Jum 

di0"tion fran loo above the harm to 

The 
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respectively of 1977. 

!n-E?se aircraft ably danxlstrated their 
potenrtial as canera platfOm3 as good 
pictures were returned in spite of the lack 
of camera stabilisation. 
targets cculd be identified was, kwever, 
qui te  limited due to the inability of the 
optical systan to d c e  the field of view. 

The rarrge a t  which 

Very little vibration was agprent in t h  
aircraft body and in particular in the camera 
bay, due, m da&t, to the artifice of 
suspending the body fran a carefully tuned 

"mhanical mdule" . This, lmever, 

plants did vibrate. 
renwethe- 'cal mdule for servicing 
and test runnirq before re-inserting it into 
the airfrare was of consi&rable mhtemme 
advantage. 

rubber suspension beneath what was * the 
cmprising the rotors, transnission and p e r  

The ability to rapidly 

The omfiguration of WISP as an &late 
ellipsoid was acbpted primarily to enable the 
payload camera to have the ability to s e  
forward as W l l  as dowrsrJard, unlike the 
WIDEYE project inwhich the camera was 
stabilised to see only in a vertically 
dowrahardsdirection. Thischoicealso 
resulted in a mch lower drag configuration, 
in spite of a lengthy rotor wlm, mqmd 
with the prolate body FProposed for WIDEYE as 
wind tml tests of a range of 
configurations - fig.3. 

Another advantageous effect of the **flatter" 
bcdy was that it pmduced a lower centre of 
mass of the aircraft and offered the 
opprtunity of pruvidirq a wider 
undercarriage base. 
em- practical actvantage in operations 
fran rough or sloping ground. 

This becane cbvicusly of 

l'k large angular range of the camera in 
elevation mabled an 

restricting that  range. Limiting the camera 
sight-line to the vertical only was f d  to 
be hqractical in seeking targets, in 
mmtamuq a -ff surveillance, andoin 
the agpmach to lardirg. An effective 60 
range was m s a r y  and a full 90 effective 
range was highly desirable. 

to be mck of 
the operational penalty in 

. . .  
0 

The aircraft were operated a t  up to 200 
rretres tape height. 
was available, so the atntml of height was 
obtained l-mually. 
practice Fnwidgl that the aircraft was 

No suitable alt- 

This was achieved w i t h  

w i t h i n  sight of the uprator. 
aircraft cut of sight, the operatar f a x d  
difficulty in using the imge fran the camera 
to juctp height. Large charrps in height 
cculd take place before the qzratar 
r e c q n b d  it. 
offers an dvanhge as a significant change 
in height c a n d y  result fmn a change in 
pitch attitude which is instant l Y  
recognisable by the operator, thruqh the TV 
m, or by a gyro systan. 
7 altitude is fairly readily 
on a fixed wing aircraft but is not easy to 
m cn a heliccpter. 
control can be readily achieved cn a fixed 
wing aircraft autamtically thruqh a 
d i n a t i o n  of pitch angle sensed by gyro and 
barnmetric height -, w i t h  the 
possibility of l-mual reversion should the 
autamtic systan fail. 

The heli- UAV therefore needs an 
m a t e  height sensor. 
possibility of an altheter using a laser 

and &liver  3 pmtotypes. Unfortunately 
thse did rrot arrive until the WISP prcqame 
wasabouttobetemma ' ted. 

TheencfuranceofWISPwasonly0f order 
+kurandwi th in th is ,  theaircraftpmvd 
qui te  reliable, apart fran the gearlxDc. 
single cylinjer erqirres vibrated M y  and 
terxkd to shake loose fran their mxvlting an 
thesheetmetal'gearlxDccasing,andthedry 

With the 

m, the fixed wing aircraft 

In aklition, 

!Rus altitude 

M offered the 

systan and thqwere  contracted to develop 

The 

gears were relatively inefficient and ran 
qui te  hat. 

of the several lessons learned fran WISP, the 
follwing were prdxbly the rrpst inportant:- 

a. 

b. 

C. 

d. 

e. 

f .  

As a m a  platform, the maxidl 
rutor configuration was m k d l y  
wrperiar to the penny-f- type 
tried by other organisations. 
A w i d e  angular range in elevation for 
the camera sight line was operationally 
necessary. 
The ability of the omfiguration to fly 
w i t h  equal facility in all directions 
w i t h x t  rotating was of considerable 
tactical advantage. 
A l w  aircraft OG carpled to a W i d e  

urdercarriage base was operationally 
necessary for g r a d  stabi l i ty  in all 
terrains. 
The practical value of d l a r  
aglstructian in m&keMm3. 

used too mch aircraft volm and 
The '1- gearbcoc carried over fran M7IE 
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operating close to its limiting W 
value, was e t i n g .  
viable long-term aoluticn. 
The impartanoe of an m a t e  height 
measuring- wasrealiaedbath 
for operation at altitude and as a 
landing aid. 
Thougfi the airvehicle is cnly - 
e l m  of the Systen, i ta design has 
oonsiclerable inpact an the mrplwi ty  of 
t h e o t h e r s y s t e n e l ~ .  

It was not a 

g. 

h. 

4 .  WIDEYE 
The relative success of WISP enxxuraged UK 
bKD i n  1977 to place a antract an westlands 
for 4 Fnotatypes of the latqsz WIDEYE 
aircraft w i t h  a parallel amtract beiq 
placed on GEC &ILWIU ' t o p i d e t h e w  
payload stability sensors and the Graud 
c33ntrol Station. 
~npany structure a t  this pint r e s U l ~  in 
the author accepting a change in his area of 
mspns ib i l i ty  w i t h i n  the acnpanY and n-eant 
that he tanpararily left ckveloprent wrk of 
UAVS . 

A change in the =land 

T h e w I D E Y E F l m g r m , ~ t o b e ~ a s  
Project supenrisor, was cancelled by the UK 
KD at the end of 1979. No lessons can be 
learned f m  the mEYE/sWERvI%R prcgr- 
except perm that m-ing, and 
Pero-Eqineering in  particular, is a 
daMnding discipline. 

5 .  SPRITE 
I n  1980, the a- j o M  ML A v i a t i o n .  After 
a year of assesarent MLA decided, w i t h  sans 
encouragerent f m  UK m, to begin the 
private venture ckvelopnent of the 
systan- for sale in i t ia l ly  in 
Military markets and s&sqwntly in C i v i l  
Markets as a versatile, lcw cost, 
surveillance systan. 

A sM_11 team of pfessional aermautical 

began in 1981. As a total ly  new venture, the 

afresh and produce a new, we l l  consickred and 
integrated systan design - lllaking cgcd use of 
the lessons learned in M3.n and WISP, and of 
the considerable advance in electroIll 'cs 
technology durirg the p&al 1975-1981. In  
this titre, developnent of silim chip 

of c h i t  mnponents and of sub-systenrs such 
as pck~er gewatim, radio quiprrslt, gyros, 
and electro-optic sensors vhilst rducing 
their size and mss and increasing their 
reliability. 

engineers were assetbled and developllent 

SPRITE aircraft gave the *rtunity to begin 

technology achieved increases in perfolmnce 

Tk task was seen to be to design an 
airvehicle which: 

a. gam the specified perfarmanoe (70kts 
m3x speed, 2 haurs enrhuranz) 

b. carried a range of alternative semora 
of i3ckquateperfarmaMz 

c. had a r- CLDBB sectian of rm rmre 
than 0.osm 

d. rtlademinimmdaMndsanhandlingand 

e. 

f.  

g. 

w?ix=-t =Piprent 
was an easy 2- lift w k n  fully 

could carplete 100, t w H m r  aartiea 
behrleenOV&haUlS 
OOuLd be carrid in a d l / d u n  sized 
al1-ten-ai.n land vehicle which also 
M t h e G r t x d C b n t r o l S t a t h .  This 
was capable of being operated by only 
t w  persons w i t h  a minimm of skill. 

fuelled 

Aspects (a), (c) and (4 all PO- taJards 
the acbpttion of the oblate e l l i p i d  body of 
WISP rather than the p l a t e  fonn of WIDEYE. 
A rnnjw of scale d l s  were ccmstmcted in 
o r d e r t o r w a s u r e t h e ~  * i o n a l  
-c and the radar reflective 
characteristics of bodies of that gewal 
form h t  w i t h  slight variations. A best 
cxnpmnk was selected. 

In order to achieve the required absolute 
values of aeJxdpm 'c  drag and pitching 
rrnnent and an accqtable radar signature, it 

was reessaq to reduce t k  body size to a 
dianeterof 6oQtTn, ckpmof 3oQrmandan 
overall airvehicle height of 1 metre. 

These conclusions as to size rn also 
c o n f ~ b y ~ ~ a n s p o r t a s p e c t ( 9 ) ~ ~  
&sirability of minimising the airvelu 'cles' 
optical signature. 

This density of packaging (125kg/m3) axlld 
only be obtaimd w i t h  practical access for 

interchanging P Y l -  (b) by wing a 
and meane of rapidly 

total ly  nodular airyehl 'cle. Thus the 
airvehicle was ccmstmcted of f a x  major 
nodules (see fig 4) 

These m:- 

1. The Body 
2. 
3. 
4. 

"k E l e c t r o r u  'c  nodule (Tk Brains) 
The Mechanicdl nodule (The &am) 
'l% paylcad (or B u s h s )  mdule. 

The last  three being replaceable w i t h i n  2 
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Each nudule is i tself  -bed of a rnsrber 
of rerovable dmrdules. 

This nudular ccrmstruction was also 

Cbntrol Station i.e. w l y ,  cmtr~ls, 
Data links and displays etc., 80 that the 
sare equiprent (with specific 
variations) ccxlld be installed in the v a r h  
types of graud vehicles operated by 
different cm&amrs. 

for the Q3tenE instdlld in the Graud 

The Systen was the subject of a very ricpxus 
design and test p m g r m ~ ~ ,  appqriate design 
stardards and specifications being prqard 
at the cutset. The airvehicle, for exarple, 
was designed to meet W m i a t e  sections 
of the British Civil Airworthiness 
=4u* s 2 9 f o r r w t m c r a f t .  hrrther 
information on the SPRITE Systen m y  be famd 
in ref 1. 

SPRITE Systens have been operatd in the UK, 
USA, Germany and swaden in a range of 
terrains and bE&ix2r conditions by day and by 
night, using or mlax TV, low 
l ight level TV and Thermal Imagers. 

Aviewof aSPRITEairvelu 'cle with a Thermal 
Irtrager payload rrcuntd is ShaJn, with the 
payload a3veT mruved, in f i g  5; whilst 
f i g  6 skws  a cktackd lowl ight  level TV 
payload with mini-lights fi t ted.  

what ar2 the lessons that have been lean& 
with SPRITE? 

'Ihese f a l l  into the categories of technical 
and operational and while l ~ n y  are just  
aonfirmation of the predictxi; they are 
lnYa2l+less inportarrt for that. 

5 . 1  T e c h n i c a l  Lessons  

5 .1 .1 .Al t imeter  

the design of SPRITE was the acbgkion of a 
laser systen in the height cantrol loop for - of airvehicle height. The 
advantages that  it o f f 4  were a virtually 
zero m i l i t y  of cktecticin and a high 

already in use on oil rigs for the - of wave height. In practice, the 
systen mrked well  over solid surfaces in all 
tut very high terperatures, and gave a rapid 
and accurate respnse which enabled the 
height of the aircraft to be set to a few 
centimetres . Thus, for -le, the aircraft 
cculd be set to maintain station, say 5oCnr; 

T h e d y t e c h n i c d l m i s w c e  thatwasmadein 

of accuracy f m  a mat- srjten 

above a heaving ship's deck, rising and 
falling exactly in "fornuation" with the ship. 

UnfOrtuMtely this perfo?3lEmce was not 

 overw water or over^ * types 
of f i r  trees which absorkd or deflected the 
laser energy, thus registering a lack of 
oontact. 'Lhis caused the autaMtic fl ight 
antml system (AFCS) to prt the aircraft 
intoarapidcbent,  untiloontactwas 
re-established w k m  a rapid clinb was 
dananded. -11- prqress of this 
sart was, of auree, unacceptable, and the 
laser qstm was replaced by a cuhined 
radio/acrxlstic altimter. 

. .  

It was, as has been previausly said, possible 

''manually" provided that other kight  cues 
tens available. 
of the operatar, this was achieved with 
practice. Anirrterest ingFklMEmwastha t  
in trainirg almsst all rrew opzrators held a 
high rate of descent fa r  too late u n t i l  
checked by the instructor. The infelxnce 
made was that  operators assessed the height 
of the aircraft above cJruld in tenrrs of 
rankers of airvehicle body heights (1 m), 
so that a ver t ical  &sent lh/s or me was 
held down to 10 metres atove graud which 
then mq~hd  a 2g deQleration in order to 
save the undercarriage! 
been, say, 3 r r e t r e s a s i n t h e c a s e o f  a 
manned-size helicopter, a gentler descent 
would, it is believed, have been ckrmxkl. 

to daMnd the height of the aircraft 

For landing w i t h i n  the sight 

Had the body height 

"!+E -tic descent Bystem in SPRITE, 
therefore sckduled a vertical ra te  of 

the airvehicle height abave graud, or mre 
accurately, 1% below graud to emm a 
positive ta~ch-dam. 

&scent for landing in direct proprtion to 

5.1.2. D a t a  L i n k s  

units form interchangeab le mdules i n  both 
airvehicle and spaud station. The uplink 
transfers instructions to the airvehl. 'cle 
autopilot whilst the d a d i n k  transfers 

type) and- 'cle bxiekeping data to the 
GCS. 
instructions to the airvehl 'cle it is 
irrportant that  the uplink be inviolate. 
exarple, in SPRITE, as in other UAVs, i f  loss 
of uplink is experienced, the aitvelu 'cle w i l l  
~JXCE& on a p r o ~ ~ a m  of searchirg for the 
linkiud in the event t ha t  cantact is r K l t  

reestablished, the fl ight m y  be terminated; 
and in the case of SPRITE, an autaMtic 

The eM-Joder/decoder/transnitter/reQiver 

-r imarps (c%=ndwl * u p t h e p a y l o a d  

Tb mintah the abi l i ty  to send new 

Fbr 
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lanling pcedure is activated. 

SPRITE activities involved flying on 
Occasions, close to, and into, the main beso 
of variam fonm of el-ic 
enissions, whether intentimally or by 
accident. 

Alt2mql-1 this axlld not directly affect the 
co4ltrol of the airvehicle, very high p e r  
enissions on a e frequmcy could drown 
the incuniq CQllMnd signals and CaLlSe 
initiation of link-lost pmcedwe. In  
SEJFUTE, therefare, we acl=pted the UBe of tw3 
parallel data links in widely separated 
bards, w i t h  logic i n  the airvehl 'cle to elect 
the better signal. This worlped very we11 
afterwehadcbtarned * satisfactmyantenme 
solutions, and offered other advantages such 
as systen r e d u m h q  and a safer mans of 
transfer f m  om2 G a  to amthr. 

5.1.3. Gearbox and Transmission 
InSPRITE, t h e m  cm@ses 5 -gears 
to accept and curbine the drive fran the two 
5w engines (the airvehl 'cle can nmintah 
flight on either e n g h )  , and effect a 
reduction franthe engine speed of 8ooorpnto 
therotorspeedof1600rpn. Thegearfroc 
casing, of a light alloy casting, mxlrrts the 
gear shafts within roller bearings. In  this 
case, the square/cube l a w  is workiq for  us 
andthegearfroc casing is then2farevery 
s t i f f  and does not suffer the pxblm of 
distortion f a u d  i n  larger helicqrters, while 
the larger surface area/volm ratio a l lam 
oil c h l a t i o n  for oooling and lubrication 
to be achieved by a sinple flixp-ring. 
failures or significant VEC were experienced 
inanYgeartmc-theg-Year 
PFF-- 

No 

The transnission shafts and rotor hubs also 
perfonred sterling service except on 
occasions, i n  each caae after mm 10 
rwersals, or 20 plus flying hxrs. 
failures were caused by manufacturing faults 
not caught by inspection, one on a rotor 
blade s p m e ,  the ather on the q p r  rator 
shaft. 
bearingmxlntingthre the standard radius 
had not only been d t t e d  ht a deep swre 
mark fran the cutting tool had ccmrred. 
This led us not only to reap3iBe the 
quality copltrol ht to reaqnbe that 
aberrations in the tmchuuq proces-- 
mre critical i n  the d l  cntponents - i.e. 
an adverse scale effect. We therefore 
carried cut a redesign of all bearing 
mxlntings in order to inrrease the f i l l e t  

4" 
Both 

In each case failures were at a 

. .  

radii well  i n  excess of those i n  the stardad 

htrcducing a farm of atubwnt vasher to 
d e S i g n ~ S ~ ~ t h i s ~  

supprt the beariny (fig 7). 

5.1.4. Electronic Systems 
The el- * c  qstm-m were amcentrated i n  

mdde carprising: 
the airvehicle largely in the electmm 'c8 

a. 

b. 
C. 

d. 

e. 

f .  

g. 

Gyros: verticalanddirecthmal 
attitude gyros plus an azimrth rate gyro 
Height sensor 
Data link reQivers and trananitter with 
decodersandenmders 
w i c  c h i t s  which received the 
amMndsfmtheGcsand, interlpet ing 
the i n f m t i o n  fran the arr-board 
sensors, instructedthe ccrrtrpl systms 
to maintain or change aircraft speed, 
height or direction 
Payload interface circuits which 

payloads and the data fran 
cosltrolled the several  alternative 

thao for transnission 
Rxseheping c h i t s  which monitored 
theinternal state of the airvehl * cle 
e.g. rotor speed, fuel state, data link 
FerfoMnce, terperattms, etc and 
initiated ccntingency reaswes 
Fuex caditi- for all the above 

The electrolll 'cs mdule forrns a 
sqnmt of the airvehicle and is so mrpct 
that  the cable runs and screenirg are 
extrmely short, thus minimising Em pxblarrs 
and keep- cable weight lcw, t h q h  of 
causelnternal ===wandearthin3 
x q ~ i r e d  ri- attention. 

other electroru 'c systms, of cause, 
oonstituted the varicus alternative payloads, 
their sensors and their stabilisation. "tee 
payloads included:- 

a. 
b. 
C. 

and 

d. 
e. 
f .  
g. 

lv, rranochrane or colcur 
Irw right level lv 
l%rml I m c p x  (Infra Fkd) 

in devel0preplt:- 

Radio relay 
NBC Mmitor 
El- 'c - 
Laser designator 
all inc1udh-q a lv systen 

5.1.5. Modular Construction 
The decision to make the airvehicle very 
oarpact - largely through the 
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of a 4llpdular constrUcti.cn, paid divider& 
in many ways. 

osplstruction was easier as each type of 
&le was -led in its am -hte 
envirorment and separately tested for 
satisfactory 0perati.cn. The fcur mzdules 
viere brcught together to farm a onp1et.e 
airvehicle at the last m. 

The ability, especially Cauring aeVelqn-mt, 
to substitute d f i e d  mdules enabled 
chanps to be made and asesaedwi th  a 
minimm of interferenoe to the flight 
m-. 
I -hever,  this advantage- an 
inter~&ing p-cblen of identification of an 
aircraft and its build stadad.  No longer 
was it possible to call up an aircraft, kut 
instead an m l y  of &les e.g. 
E)32F/BQ3/PIy)4 were identified on the 
flight docxlrents. 

5.1.6.Reliability 
It is arguable as to what level of 
reliability is q i n d  of a military UAV 
systan. Sinplistically it is often argued 
that m highly trained and expensive humn 
life is at risk, and usually being mch 
cheaper than a mnned aircraft the UAV can be 
consideredtobeexperdable. Thxefore, it 
is argued, the level of reliability can be 
mch lower than that of an a i r b r m  mnned 
system- 

The author does not accept that sinple 
argunent. 
military mission of Lrportance Clxlld result 
in the mbsqwnt loss of marry lives. % 
author does not to k x n ~  the answer, 

of real operational experience. 

The failure of a UAV to ccrrplete a 

which m y  only be &tennu& * a f t e r m a n y y e a r s  

Bcprience, so far, has indicated that there 
is m reasm that the mechanical system in a 
rotary wing UAV will be any less reliable 
than the quivalent in a manmd kliapter 
given similar ckvelopllent effort, and there 
is IID -sure for then to be ttme reliable. 

The exception m y  be the e n g h  and we 
theref- duplicated than with sufficient 
per to sustain flight on ane engine. 

The UAV, has a greater &pxknce 

option of lMnual reyersion in the event of 
an electmu 'c control failure. 

upon its electraru 'csysten3asthereism 

Duplexing of electraru * cs , fortunately, is 
easier than dupleXing mchanl 'calI3ystm3and 
thismybeanc@tiontoaxlsider. sP€uTE 
alreadydoesthistoa~. 

provided that basic reliability is "des- 
, the level of prwen =liability in UAVs in" 

will &pd upan the ime&rmt 
justified in reliability testing. (aee also 
secth 5 ref 2; aecti.cn 2.3 ref 3) 

5.2 Operational Lessons 

5.2.1. General 
Trials at hane and abroad largely amfinnad 
cur expctatims of the operational 
advantages kut safe lmexp&d kmluses m. 

The lw detectability was 
darpnstrated, t h q h  this caused a p-cblen 
for the plblicity d e p & e n t ' s  photograFhers1 
The blc&like shape did not attract the eye 
as a pmfile of straight l h  m l d  do. 
Also, even if detected visually, its flight 

direction was not at a l l  dnriw. 

The stability in turbulence and the 
insensitivity to wind direction of the 
configuration inpressed imst chemers and 
enabled the systan to be operated under wind 
conditians where imst other UAVs and light 
aircraft m l d  have been gmmkd. 

5.2.2. In surveillance work, the 
ability of the aineh.~ 'cle to affupach a 
target and ocme to a stop out of detectable 
range, and to set upandlMintain 
surveillance fmn the best angle whether 
determined by incident light, terrain, or 
target geanetry was a considerable asset. 

The ability to rapidly change payloads whilst 
refuelling between soxties - for -le fmn 
a colcur TV system to a U T V  qstm at dusk 

operationally. 
was faud to be of great advantage 

5.2.3. In reconnaissance, the 
ability to reMin covert and to adapt the 
airvehicle's speed to the terrain or density 
of possible targets, right daJn to the hover 
if rurxssary, was faud to be of imnenae 
Value. 

5.2.4. In artillery operations, the 

easy and effective with the airvehicle being 
able to renain at a fixed and adv-, 
viewpoint. Sirmlation of laser target 

correction of fall of shot Firmed to be very 

designation indicated the sane advantage. 
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(A laser designator/TV Systen payload was 
desi@ for SPRITE but rat hilt) 

5.2.5.Airfield Damage Reporting 
*ationdl analysis results of airfield 
damge reparting missians were tested i n  a 
mn3w of exercises. 
full surveillance, and the detennurat inl of 
the best repir strategy, a d d  be rmpleted 
within + kur w i t h , &  r isk to qeratnra fmn 
UXBs or anti-perscsulel w. 

It was anfW t ha t  a 

The low light level 'N payloads were f d  to 
be very effective systers ,  to 
the me srpensive Thermdl Imager payloads. 

Gccdgraudimageswerecbtaindunder 
starlight W t i a n s  and with the two 60 watt 
1- SwitcM on, gmd pictures muld be 
cbtainedunderovercastconditions.fmn 
heights of 200 rtletres. 

5 . 2 . 6 .  Naval Operation 
The advantage of a mall v1(3& vehicle in 
operating f m  naval vessels was q l y  
danonstrated over a range of sea conditions. - insensitivity to wind direction and a 
low gust response ca-re into their own as did 
the deck stabil i ty pmvicled by an airvehicle 
with a low centre of mass and w i d e  

hanlever, cknvikd a w i d e r  sensor field of 
view and greater transit  speeds than land 
CeCOnnaiSSaTUZ. 

undercarriagebase. Areasearchoverwater, 

Wre, airvehicle speeds of abcut 15Okts w x e  
desirable together w i t h  a sick-to-side scan 
of the sensor and preferably enhanced by a 
pattern recognition facility. 

Design calaalatims have sbm that  such a 
speed capability is possible in a snall 
-axial rotor helicopter amfiguration 
(ref 3 - see para 3.3) thxgh this my be a t  
t h e e x p e n s e o f a m t i n c r e a s e d  radar 
siqnatm. 

5 . 2 . 7  Other Roles 
The UAV is a tool, and like 0 t h ~  tools it 
my be f d  to have mre uses than 
originally expected, ckprduq ' u p t h e  
operator's iqenuity. 
that  we have yet to see exploited the full 
range of roles of which the UAV is capable, 
especially o m  with the versatility a m f d  
by vertical flight. 

TIE a- is 8ure 

Moreover, it became cbvicxls to us that the 
c k q e r  UAV is mre likely to be riskable in 
a t w i n g  mvel uses, and the mre 

use r f r i ed ly  UAV confers greater anfidence 
i n  its operatars in aqing with the 
unexpected opratirxlal -unity. 

lk such exarples w i t h  SPRITE, inclucled: 
a. lamiirg mmtely, with the operator CUBd 

Cnlyby theWpic tue ,  inarderto 
regard a mall statimary abject at  
 close^; a d  

e~~losed site with the -a rotating 
ttunqh 360O to give a l 1 - h  ooverage, 
the range of view increasing as the 
airvehicle clinked. 

b. a vertical clink cut fmn a mall 

5.3 Costs 
anparing, as far as suitably ccnparable 
prcgr- are visible, the cleveloprent of a 
rotary w i n g  UAV System my be srpected to 
take a little longer and cost mre than the 
"equivalent" fixed w i n g  systan, largely due 
tothe testing L-€q.liredtoestablish the 

fatigue l i f e  of the mhanical system. 

In practice, hanlever, history records the 

pxutractd due to prcblerrs with the launch 
developrent of fixed wing  based system be* 

andrecoverytt&hods. 

A full, t i n@ basic, SPRITE systan was 
operat- w i t h i n  2 years of the start of the 
prcgrmne, operating abroad w i t h i n  4 years 
and equigpd with a ranp of alternative 
pyloads w i t h i n  a further two. 

Subjectively, developnent and p d u c t i o n  
costs of the basic a i r f r m  my be greater 
for the vpo& Systen, t x t  those ccds for its 

envirorrnent to d c h  t k y  are subjected in 
thevpo&UAv. T h e t o t a l a h v e t u  'cle costs are 

payloads are less due to the m M g n  

likely to be similar. 

The graud equipnent &s for the VlPcIL UAV 
System are markedly less than for the fixed 
wing  Systen, requiring m launch or reoovery 
equiprent or vehicles to transport then, mr 

@ases of the UAV flight. 
sutq&ms in the GCS to d t o r  those 

op=rating costs for the vpo& Systen w i l l  
rmain 1- than for the fixed wing  srstgn 
so long as replacgnent i t e n s  or repairs are 
re&d for the M A V  after each sortie, and a 
large nuher of land vehicles are neeid for 
its m. 

Mannirq levels for the VlPcIL UAV Systen are 
dsservably a mall pmprtion of those 
rquired to aperate the M A V  System. 
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6.1 A s p a r t o f a m V S y s t a n t h e  
plarrslnmeeric hzliaJ&tarpM.dEs an 
extrenely stable caws phtfm, with 
lcw @ mspnam and -itivity to 
w i n 3  directicn. 

6.2 Ihe PSH m V  systw offers vereatility in 
a wi& r a r q  of roles w i t h  eeee and 

of cpration frun both land and 
sea. 

6.3 lherearemunmldtedmcal . mb 
g c a m t i r g  its military pmrmmnt  and 

6.4 Ihe airveluc ’ le offers a very h 
m i l i t y  of detectrcn . andpwides 
the ahrantage of - cperation. 

6.5 It is depenaea qm the Lrluai.cn of an 
accurate and reliable - - 
nene 8o than ita FW oxntep& 

6.6 -ion fm naval yeseels and frun 
uneventerrarn ‘ isgKe3tlya8sistedbyan 
airvehicle with a lcw C of M and a wi& 
urdec’carriagebaee. lhFeisreai i ly  
achiRRd w i t h  the ablate ell ipoidal 
fOnn Of body. 

6.7 A rapidly range of pylmds 
F = U Y  - ’ -ility 

erall and lcw Uet airvehicle. 
It is hj@ly bizable that the irragirg 

thra?pl a full lmer kmi&hrical field 

theadvantagesof a . .  whi ls t  Ieamllq 

8QI&w in each pylmd are tainable 

of regard, to rake full UBe Of the 
ainrehiCle’S unipre fli#lt 

6.8 

characteristics. 

ayeten inertia is m 3 ~ e  uearfrmndly and 

mvel uBe8. 

6.9 zhe d l e r  airveluc ’ le, with i ta  laver 

thwfare Imre readily adaptable to 

6.10 lU11 nc&lar ccmstm&i.cn is of 
particukiyfvantageintheairvehzc . le, 
p w i d i q  eQse of w i t h i n  a 
very a n p c t  kuiy. nP aenriceability 
of each m x h k  can, and W d  te,proven 

availability of carnibalisation in 
Eeprately. Ihe systen also O f f e r s  the 

service. Aircraft cperatixq records, 
trxever, bemre nun3 oplplex. 

is totally +-It upcn the 
6.11 Rs in any UAV S@xm t h  eafe cpraticn 

- 7. CONCLUSIONS 
zhemti.cnerrp.eseed in the intmdlction to 
thLs paper that mtary wing mvs may be 

hasheen e t w a l t y ~ i e n o e t o h a u n t n m .  

RYtaLy W i I q  mvs offer akpate 
their e- roles, and are m i a l l y  
chaprtocperate and m less reliable than 
t h e i r f i x d w i n g a x l k p r b .  noImv€r, 

tetter geyar platfonn than the fixed wing 

to he s h ,  unreliable and ewpensive 

f a  

thq offer a nuch versatility, and 

Busten. 

syxresaful-, kaever ,  m a n  
urderstardirg of the tedniml and 
OpratiInal leeaDns -icusly learr€d, gne 
Of!ldlichhaVebeen&tald , inthispaper. 

zheir future m & p x %  qm the reccgnitial 
of their ahrantages and theiz pmlmEnt by 
Military agencies. 
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Fig. 3 Drag of ellipsoidal bodies of various aspect ratios 

Fig. 4 The four modules of SPRITE airvehicle 
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Summary 

The paper reports the most significant aspects of the 
aerodynamic design and testing of a low speed UAV 
which is being developed in Portugal as ajoint 
University I Industry project. 

Starting from a baseline configuration of the air-vehicle 
aimed at complying with mission requirements in terms 
of endurance and range, a parametric sensitivity study is 
carried out for defining the optimum lay-out of the lifting 
surfaces. The family of the wing aerofoils is selected 
from the Wortinann series and a new aerofoil is designed 
for the tip section. Predicted and wind-tunnel results for 
the fuselage and inner-wing panels are reported and 
discussed and an assessment of the aerodynamic 
behaviour of the whole configuration is made. 

1. Introduction 

A joint [Jniversity I Industry UAV project is currently 
under way in Portugal: the ARMOR project - Robotized 
Aeronefs for Observation and Reconnaissance Mssions. 
Project objectives are twofold: 
- design, construction, prototype testing and operation of 
an UAV system mainly intended for observation and 
reconnaissance missions in the civil field, viz. forest 
firewatch, home-waters patrol for fisheries control, oil- 
spillage detection, smuggling prevention, etc. 

country. 
- development of aerospace design capabilities in the 

Project participants are the Mechanical Eng. Dept. of IST 
- Instituto Superior Ttcnico (Faculty of Engineering) of 
the Technical University of Lisbon, as leading 
institution, IST’s Electrical Eng. Dept., the Polytechnic 
Institute of Setfibal and OGMA - Portugal Aeronautical 
Establishment , S .A. 

1. Associate Professor 
2. Research Assistant 
3. MSc. Student 

Numerical studies and laboratory experiments are being 
carried out in the different scientific disciplines pertaining 
to such an aerospace project - aerodynamics, composite 
structures, flight mechanics, control and robotics, 
navigation, data and image links - and a half-scale 
model (3 m span) of the ARMOR X7 air-vehicle is 
undergoing flight tests. 

The present paper details project developments in the 
aerodynamics field; a companion paper [l] dwells upon 
the autonomous flight capability aspects of the air- 
vehicle. Mission requirements and the reasonings behind 
the baseline configuration of the air-vehicle are presented 
in Section 2 of the paper; Section 3 deals with the 
optimum lay-out of the lifting surfaces, Section 4 
concerns the selection and the design of the family of 
aerofoils and Section 5 documents the shaping and the 
wind-tunnel testing of the fuselage and presents an 
assessment of the full configuration; conclusions are 
drawn in Section 6. 

2. Mission requirements and baseline 
configuration lay-out 

Given the lack of aerospace design experience in the 
country, a low-altitude medium endurance air-vehicle of 
conventional configuration and conventional wheeled 
take-off and landing was sought for a start. 

Based on historical data for such a sort of vehicles the 
following parameters were set as a goal: 
- Flight speed for endurance: = 60 knots =: 30 mls 
- Flight height above terrain: 1-2 km 
- Range: 400 km for patrolling out to the extreme end of 

- Endurance: 15 hrs. from full to dry fuel tanks 
- Gross TOW: 200 kg (empty weight: 120 kg; payload: 

- Span: 6 m with detachable wing outer panels for ease of 

the EEZ (200 cun) 

50 kg; fuel weight: 30 kg) 

ground handling, storage and transportation. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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In a quest for safety duplicated control surfaces, engines 
driving 2 separate 500 W alternators and a dual uplink 
were required. 

Although the platfonn is mainly aimed at endurance, 
consideration also has to be given to range performance, 
so that the design point should result from a weighted 
sum of endurance and range. Assuming, at the conceptual 
design phase, a confortably achievable endurance lift 
coefficient C,, = 1.1. for a parabolic drag polar of the 

where k is the overall vehicle efficiency, a range lift 
coefficient of CLR = CL&/& = 0.6 results. A design 
C,  = 1 then sounds like a reasonable and round figure to 
choose for an initial sizing of the air-vehicle. For an 
average weight w = 185 kg and for flight at a density 
altitude of 1000 m --p ISA = 1.1 kglm3 -, this C, 
value leads to a wing area S = 3.6 m2 from what follows 
a wing aspect ratio A = 10. 

Despite the natural laminar flow (NLF) aerofoils to be 
used on the lifting surfaces and the intended laminar flow 
fuselage, a cautious C,, = 0.015 was taken in view of 
the large drag contribution expected from the ventral 
dome required for housing the revolving video camera. 

For an estimated k of 90% all the above numerical values 
are seen to come into close agreement at endurance 
conditions, for which the quadratic drag contribution is 3 
times the zero lift drag: 
CL& - J- - 43z x 0.9 x 10 xo.015 - 1.13 

The overall drag at endurance then turns out as 
CDE 4C,,= 0.060, the lift to drag ratio as (LID) ,= 18 
corresponding to a maximum range 
(L ID) ,  -2/& (L/D),=21 and,fromBreguet's 
endurance equation at constant angle of attack, E = 18.5 
hours for an assumed propeller efficiency q = 70%. a 
specific fuel consumption sfc = 0.4 kglkWh = 0.65 
IblHPlh - data for the IRM type 190 DR engines were 
taken as a guide - and not taking into account the fuel 
expenditure required for driving the electric generators. 

These initial sizing considerations led to the design, 
construction and tests of a half-scale model of a X 1 
configuration, shown in Fig.1, with 2 wing-mounted 
pusher engines, a T-tail and a tandem wheels with 
outriggers arrangement for the landing gear, which didn't 
prove well in ground runs and was subsequently replaced 
by a conventional tricycle gear. 

Six paper studies later the present X7 configuration 
emerged, with the 2 engines driving the same propeller 
shaft, twin-booms and an inverted U-tail: Fig.2; the wing 
lay-out is basically the same as for the X1. Advantages 
of the latter configuration are the avoidance of an 
asymmetrical power condition following failure of one of 
the engines, a lighter structure as the engines bulk-head 
is incorporated as one of the fuselage mainframes, and an 

aerodynamically cleaner wing. The propulsive 
arrangement is presently being bench-tested. The nose 
gear is retractable; an assessment of the pros-and-cons of 
a retractable vs. fixed main gear with faired wheels clearly 
favoured the latter solution, given the requirements of 
wet wing inner panels, detachable outer panels and the 
configuration of the fuselage [2]. 

The aerodynamic design and analysis of the X7 
configuration is the subject of the remainder sections of 
the paper. 

3. Optimum lay-out of the l i f t ing surfaces 

The optimum lay-out of the lifting surfaces was searched 
in the line of the parametric sensitivity studies reported 
in [3]. Endurance and range were the key variables to 
maximize, reference values being taken as 15 hours and 
1500 km (15 hours at a flight speed of about 100 km/h); 
the 'range' designation is only used in view of Breguet's 
range formula, but the word should be understood as 
refemng to 'distance flown' and not to 'range', as such. 

Given the non-negligible amount of power required for 
driving the electric generators compared with the power 
required for propelling the air-vehicle, Breguet's range and 
endurance equations were duly modified to account for 
that extra sink of power. The starting equation, including 
a constant electrical power term P, , then takes the form: 

where W stands for the aircraft weight and t for time, c i s  
the engine specific fuel consumption and P -  DU/q is 
the engine power required from aerodynamic 
considerations, with D the air-vehicle's drag, U the 
flight speed and q the propeller efficiency. The resulting 
(and lengthy) range and endurance equations are presented 
in [3]. 

The most significant dimensions of the X7 baseline 
configuration, illustrated in Fig.2, are, as noted in the 
previous section: wing area S = 3.6 mz, wing span 
b = 6 m, a 2 m span rectangular wing inner panel, 2 m 
wing outer panels tapered at A = 0.6 with a 4" dihedral 
and a stabilizer volume coefficient of 0.58. Trimmed 
conditions were always imposed, a constant 10% static 
margin value was assumed given the stability 
requirements of the platform, a parasite drag coefficient 
cDpar= 0.010 was considered, to which corresponds an 
equivalent parasite area S,= 0.036 mz, and a Wortmann 
Fx 67- K- 1501 17 aerofoil was taken as representative of 
an average aerofoil to be used along the wing span, for 
which experimental data are available in [4]. 

The MultOp code (a Multiple-Lifting-Surface 
Optimization Program), developed by Ilan Kroo [5,6], 
was used as the main tool in the concept study phase of 
the project. MultOp is a fast running code based on a 
vortex lattice modelling of a set of trapezoidal lifting 
surfaces and on a Lagrange multipliers methodology, 
which allows evaluation of the circulation distribution 



14-3 

that produces minimum drag subjected to lift, trim, 
stability and weight constraints. The original code was 
complemented to account for the aerofoils' pitching 
moment about the aerodynamic center and for a non-zero 
equivalent parasite area and to compute range and 
endurance as referred to above. In this way i t  became 
possible to compare the performance of, and select from, 
a set of air-vehicles of fixed overall dimensions optimized 
over a range of lift coefficients. 

The sort of information so obtained is depicted in Fig. 3 
for the baseline configuration, under the form of 
Endurance vs. Range curves over a CL range from 0.6 to 
1.5 in 0.05 increments, where i t  is made clear the 
perfonnance degradation due to a pe = 1 kW electrical 
power generation: maximum range decreases from 2140 
to 1750 km and maximum endurance from 19.6 to 15.5 
hours; also the CL values for maximum range and 
endurance at f, # 0 are slightly lower than the ones 
corresponding to (CL/CD),,, and to (CLwz/CD) ma - 
e.g. CL for maximum range decreases from about b.76 to 
0.68. 

Defining a Figure of Merit as a weighted sum of 
Endurance and Range, conveniently non-dimentionalized 
by the reference values, i.e. 

E R 
F O M P  WE -+WR- 

Ere, Rref 

the design CL could be obtained from the point of 
tangency of the E/E,r vs. R/&,f curve with the 
FoM = const. straight line, with a slope controlled by 
the relative weights of endurance and range. Such a 
geometrical construction is shown in Fig. 4 for 
w,=80% and ~R=20%,fromwhichadesign CL 1.14 
is obtained. 

Both Figs. 3 and 4 show the baseline vehicle to slightly 
exceed the required goals for range and endurance, 
meaning that the mission could be accomplished with a 
bit less of fuel; in fact, by decreasing the fuel weight 
from the original 30 kg to just 29 kg the design point is 
precisely reached, as shown by the full line in Fig. 5, but 
at an overall CL of 1.18 requiring a local c1, = 1.25, 
which suggests the use of high-lift aerofoils. The 
original Wortmann aerofoil was thus replaced by the 
high-lift NASA NLF(l)-lOlS, designed for a high- 
altitude, long-endurance (HALE) UAV [7], and exhibiting 
an inevitably higher moment coefficient about the 
aerodynamic center: c,,= = - 0.22 for the NLF(l)-lOlS 
compared to - 0.09 for the FX 67-K-150 - for this 
example study only the low-drag bucket behaviour of 
both aerofoils was considered and, for simplicity, 
extended beyond their upper limits. The result of using 
the NLF(l)-lO15, as shown by the dashed curve in Fig. 
5, is a slight degradation in performance brought about 
by the increased trim drag required from an aft-loaded 
aerofoil: the stabilizer download required to trim close to 
the design point is now about 6 % of the total lift instead 
of an upload of about 2 % as for the FX 67-K-150; also 
the maximum local cI across the span is now 1.37. 

which already lies outside the low-drag bucket. The 
necessary wing area might, however, be smaller, leading 
to a smaller and lighter vehicle. The effects of the wing 
planform parameters, such as wing area, span and aspect 
ratio, on the performance characteristics of the air-vehicle 
thus need be assessed next. 

The parametric sensitivity study reported in [3] led to the 
conclusion that best performance would be achieved with 
a vehicle of the smallest wing area and the largest span 
(implying a high aspect ratio wing) compatible with 
other requirements and constraints. That study is now 
carried a step further taking into consideration the 
spanwise station where the largest cl's occur, aiming at a 
sound stall behaviour, and the desired cruise speeds. The 
effects of up and down variations around the baseline 
values for wing span at constant aspect ratio and at 
constant wing area and for wing area at constant wing 
span are shown as Figs. 6.a). b) and c), respectively - 
these three figures are all drawn at the same scales for 
better visualization of the relative influence of each of the 
parameters; a constant equivalent parasite area, not 
constant parasite drag coefficient, was assumed 
throughout this parametric sensitivity study, as i t  
concerns the assessment of the influence of the wing 
planform parameters on the performance of a vehicle with 
fixed drag producing components. 

The general trends shown in these figures are easily 
understood in view of Breguet's range and endurance 
equations for operation at constant CL and constant S, 
and assuming a parabolic drag polar, from which the 
following proportionalities yield [3]: 
R a ( S R ) 1 ' = b  

E a ( SR)y4 = by' 

 CL^,^ a (K /S)" = b / S  

deviations from these general trends are due to electric 
power generation. 

In Fig. 6.a) the increase in range with the wing 
dimelisions is due to an increase in the vehicle efficiency 
brought about by a diminishng idluence of the parasite 
drag effects: CO,,, = S , / S ;  this increased aerodynamic 
efficiency, coupled to a lower wing-loading, acts so as to 
produce increased endurances. The increase in both 
performance parameters with an increase in wing span at 
constant wing area in Fig. 6.b) results from the increased 
vehicle efficiency produced by a higher aspect ratio wing. 
In Fig. 6.c) the small influences of an increase in wing 
area at  constant span are only associated with the 
generation of electric power, the sole aerodynamic effect 
being a shift of both maximum range and endurance to 
lower CLvalues. 

These trends suggest that the performance curve for the 
baseline configuration in Fig. 5 could be shifted to lower 
operational CL 's  in the vicinity of the design point 
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simply by slightly increasing the wing area at constant 
span. Increasing S from the original 3.6 m2 value to 
3.8 In2 does in fact allow us to meet all our 
requirements, as shown in Fig. 7: the E, R design point 
is closely met at an overall CL = 1.1. cI, across the 
span is about 1.2, which lies well within the low-drag 
bucket region of the Wortmann aerofoils, and the point 
of tangency of the FoM 80%/20% line is achieved at C, 
=: 1.07; the average flight speed along the mission is = 
100 kmlh and the required average engine power, 
including a f, = 1 kW contribution, is P- 6.6 HP, 
showing that safe one-engine-only operation is 
gWallttXd. 

The optimum spanwise cl distribution at a configuration 
CL = 1.1 is shown as a dotted line in Fig. 8 for the just 
selected b = 6 m, S = 3.8 m2 wing and assuming, as for 
the baseline configuration, a 1/3 span rectangular inner 
panel and h = 0.6 tapered outer panels; the stabilizer 
upload required to trim is fairly negligible, giving no 
quantifiable trim drag, apart from the form drag resulting 
from the presence of the stabilizer itself. 

A sounder spanwise CI distribution, in  terms of stall 
behaviour, is shown as a full  line i n  Fig. 8, with cI,, 
occuning at  a quarter semi-span and with the ailerons' 
stations less loaded than i n  the former case. T h ~ s  latter 
distribution was achieved with a h = 0.9 tapered wing 
iiuier panel and a taper of h = 0.7 for the outer panels; i t  
requires a circa 4" wing wash-out in  the outer one third 
span and a stabilizer setting at nearly +So to compensate 
for the wing downwash. 

This is the final configuration of the lifting surfaces. 
Ailerons are located in  the outer one-third span and, for 
redundancy, the middle one-third span is equipped with 
flaperons, capable of operating also as air-brakes. Given 
the large amount of systematic and reliable experimental 
data available for the Wortmann aerofoils and the fact 
that, once selected the b = 6 m and S = 3.8 m2 
configuration presented above, this series does comply 
with all our requirements within the low-drag-bucket 
region, the Wortmami series of aerofoils was selected as a 
basis in the present design experiment. This point will 
now be taken further in the following section of the 
paper. 

As illustrated by the above discussed effect of a 3 % 
reduction in fuel weight ( from 30 to 29 kg, i.e. a 1/30 
reduction ), and as already stressed in [3] ,  efficiency of the 
engine-propeller assembly is the most crucial parameter 
governing the air-vehicle perfonnance. Once determined, 
from careful [light test experiments, the correct values for 
the configuration CDpar, for the engine specific fuel 
consumption. tor the propeller efficiency and for the 
electrical power demand, the methodology just presented 
points to ways of determining the best configuration of 
the lifting surfaces for achieving the design goal. 

4. Wing and tail aerofoils 

The following sequence of Wortmann flapped aerofoils 
was initially chosen for the wing: FX 67-K-170117 for 
the inner one-third span panel evolving to the FX 67-K- 
150117 at two-thirds span and to the FX 60-126 at the 
tip; the tip aerofoil was chosen in view of its high 
absolute stall angle of attack and gentle stall, as stressed 
by Prof. Wortmann himself [8], and its renowned low 
Reynolds number behaviour, which makes i t  a preferred 
aerofoil among the aeromodeller community [9] - that 
aerofoil was thus selected for the X7 1:2 scale flying 
model: half the size, half the speed of the prototype. 
For checking if these three aerofoils would produce an 
aerodynamically uniform wing, compatibility of their 
characteristics at varying Reynolds numbers was first 
assessed resorting to Mark Drela's XFOIL analysis wid 
design code [lo]; this code, specially suited to the 
analysis of low Reynolds number aerofoils with 
transitional separation bubbles, is based on an inviscid 
linear-vorticity panel method coupled to a two-equation 
lagged dissipation integral method for the viscous layers 
and an e9-type transition prediction criterium. One 
difficulty with the prediction of the real fluid flow 
behaviour of the Wortmann aerofoils stems from the fact 
that their published coordinates [4] do produce physically 
unrealistic wiggles and spikes in the C,,distributions, as 
illustrated in Fig. 9 for the FX 60- 126 at a = 3". A priori 
smoothmg out of the aerofoils coordinates then e 
mandatory, and that was achieved using a least-squares 
polynomial and cubic spline program [l 13; the required 
coordinates adjustment is, at most, of 0.04% c, and so 
hardly perceivable within graphical accuracy, but the 
resulting C ,  distributions become much more physically 
sounder, as also shown in Fig. 9. A comparison between 
XFOIL's predictions and experimental data is presented in 
Fig. 10for theFX67-K-150operatingatRe =1.5x 106; 
XFOIL generally overpredicts the aerofoils' performances 
(higher lifts, lower drags), but the predicted results are 
quite reliable in relative terms. 

The predicted polar plots for the three above mentioned 
Worbnann aerofoils are compared in Fig. 1 1 .a) for chord 
Reynolds numbers related to the local operational cI by 

and their C ,  distributions at a = 3" are shown in Fig. 
11 .b). The aerodynamic characteristics of the two thicker 
aerofoils are seen to be nearly coincident but theC, 
distribution of the thinner oue is clearly different, which 
would lead to spanwise flows inducing crossflow 
instahilities tending to promote an early transition. 

The EX 60-126 was then replaced by another aerofoil 
with a closer similitude to the FX 67-K-170 and 1SO 
ones. That new aerofoil was the S 1045, designed on 
purpose by Michael Selig using his multipoint inverse 
PROFOIL code [12, 131, an incompressible potential 
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flow inverse design method based on conformal mapping 
and coupled to a direct integral boundary layer analysis 
method. Starting from a velocity distribution 
approaching that of the FX 67-K-150, the aerofoil shape 
was optimized by iteratively switching from PROFOIL, 
for interactive design, to XFOIL, for detailed analysis; 
the aerofoil was required to be 12% thick, to exhibit a 
cm, not larger than the FX's, to have its low-drag bucket 
In the cl range predicted to occur in the tip stations, as 
from Fig. 8, and to have low aft-load for minimizing 
ailerons' hinge-moments. The aerodynamic characteristics 
of the S1045 are compared with those of the Wortmann's 
in Fig. 11. At Re = 7.Sx los transition occurs at about 
6 5 % ~  for a= 0". upstream of the ailerons' hinge line, 
and clrnax =1. 

A 12% thick symmetrical aerofoil was sought for the 
stabilizer and the double-fins, as a compromise between 
aerodynamical and structural requirements. Candidate 
aerofoils could have been the 14% thick (too thick) 
Eppler e521 [14] and the 10% thick (too thin) Selig- 
Donovan SD8020 [15], the latter one designed for the 
low Reynolds number of operation of model aeroplanes; 
XFOIL's predicted polars for these two aerofoils are 
shown in Fig. 12 for the local cruise Re of about 
6 . 2 ~  lo5. A new 12% thick aerofoil is then in the 
process of being designed, following the aforementioned 
methodology for the S1045 - call it the PAJl, as from 
the initials of one of the paper co-authors; preliminary 
XFOIL's predicted polar results for that aerofoil, aimed at 
exhibiting a flat roof-top C, distribution at a = 0" 
similar to the eS21's one, are included in Fig. 12. 

5. Fuselage and inner-wing flow fields 

In this section a comparison is made between numerical 
predictions and wind-tunnel experiments for the flow field 
about the fuselagelwing inner-sections of the baseline 
configuration. Predictions were made using VSAERO, a 
commercially available low-order panel method code 
allowing for wake relaxation and for viscouslinviscid 
interaction [16]. The reported experiments were performed 
in IST's low-speed, blow-down, 1 . 3 5 ~  0.80 m wind- 
tunnel using the center body of the X7 half scale flying 
model; the wind-tunnel and flight model Reynolds 
numbers are about the same: Re= lo6 per metre. The 
location and extent of boundary layer transition and the 
occurrence of flow separations were assessed both for the 
no-propeller and the running propeller situations. 

Fig. 13 shows VSAERO's predictions of the pressure 
coefficient C ,  and of the skin-friction coefficient C,  
distributions along the fuselage upper surface in the 
symmetry plane - the non-smooth behaviour of the C, 
curve at some locations is a consequence of the surface 
tangential discontinuities resulting from the necessity of 
braking the fuselage down to 16 different patches for 
including the wing fairings, the ventral dome and the 
engine inlets, which also impairs the predicted location 

of transition [17]. An inflow factor of 0.1 was assumed, 
which corresponds either to a steady shallow climb or to 
a level and slightly accelerated flight condition; surface 
distributions downstream of the 'actuator disk' are 
meaningless. The pressure gradient is favourable up to 
the fuselage maximum height section and extends beyond 
that point for the running propeller case, thus ensuring 
large extensions of laminar flow, as substantiated by the 
sudden jump in C, from one control point to the next 
one, indicative of the occurrence of transition. For the 
four times higher Reynolds number of the full scale 
prototype, although the C, level was expectably lower, 
transition was predicted to occur at the same stations in 
result of the destabilizing effect of the installed adverse 
pressure gradients. 

Such a late transition was not achievable in the wind- 
tunnel experiments as the boundary layer was tripped at 
the junction between the downstream end of the payload 
compartment top cover and the fuselage main body. 
Predicted and experimentally observed locations of 
transition are in fairly good agreement, though, on the 
wing upper surface, as shown in Figs. 14.15 and 16 for 
a configuration a = 0". 

In the VSAERO plot of Fig. 14 transition is identified 
by the sudden change from a dark to a light gray color. 
The computed flow behaviour in the vicinity of the wing 
tips might be misleading, though, as the geometry of the 
wake filament lines springing from the blunt tips was 
only defined in a simple but crude way; anyway, a correct 
description of this complicated tip vortex flow would call 
for a more elaborate prediction scheme, e.g. based on the 
parabolised Navier-Stokes equations [18]. Close to the 
tips, transition instead of occumng further downstream 
than on the wing inner sections, as a result of the 
predicted milder adverse pressure gradients, is 
experimentally observed to move towards the leading- 
edge due to contamination of the wing upper-surface by 
the wrapping tip vortex flow, as documented in the 
china-clay visualizations [19,20] of Fig. 15. A 
transition region of some extent, instead of a transition 
line, was clearly identified at this low Reynolds number 
by probing the boundary layer flow with a stethoscope; 
the two lines shown in Fig. 16 delimiting the transition 
region refer, the upstream one, to the onset of transition, 
as identified by a single frequency whistle, and, the 
downstream one, to complete disruption into turbulence, 
characterized by a broad band roar and generally identified 
with the transition line. 

Wool tuft visualizations of the fuselage and wing upper- 
surface flow fields are documented in Figs. 17.a) and b) at 
an extreme angle of attack of 9" for both the no-propeller 
and tlie running propeller cases, respectively; to that 
configuration a = 9" it should still be added the wing 6" 
setting angle on the fuselage and accounted for the -5" 
zero lift angle of the FX 60-126 aerofoil. which sums up 
to an absolute angle of attack of 20". The separated flow 
in the neighbourhood of the wing-fuselage intersection 
for the no-propeller situation is seen to become well 
attached with a running propeller, which demonstrates the 
faired junction to be operating properly. 
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VSAERO's predictions of the C, distribution on the 
complete X7 configuration are illustrated in Fig. 18 for 2 
viscouslinviscid iterations and 2 wake relaxation 
iterations. This figure depicts the favourable pressure 
gradients acting over most of the fuselage top surface, as 
required for achieving the intended laminar flow fuselage, 
the spanwise running of the isobars on the wing upper 
surface, leading to small cross-flows and to a sound stall 
development, and the well-behaved stabilizerlfins 
junction. 

6. Conclusions 

The paper documents the aerodynamic design of the 
ARMOR X7 UAV presently being developed in Portugal 
as a joint University I Industry project. 

Starting from a definition of the mission requirements in 
terms of endurance, range, flight speed and altitude, a 
baseline configuration of the air-vehicle was proposed: a 
vehicle of the conventional aft-tail type, with a pusher 
propeller, twin booms and an inverted U-tail, a gross 
take-off weight of 200 kg and a 6 m span wing. The lay- 
out of the lifting surfaces of that baseline configuration 
was optimized in terms of a figure of merit defined as a 
weighted sum of endurance and range. The parametric 
sensitivity study then performed led to the conclusion 
that the baseline configuration slightly exceeded the 
performance requirements and that the design point could 
be achieved with a bit less of fuel than originally thought 
(3% less) and a larger wing area: 3.8 m2 instead of the 
original 3.6 m2; the Wortmann 15% thick aerofoil taken 
as a guide at this conceptual design phase was also found 
to meet the requirements. That study demonstrated the 
correctness of the methodology for optimizing the lay- 
out of the lifting surfaces once more reliable data on 
engine specific fuel consumption, propeller efficiency, 
parasite drag is obtained from careful flight tests. 

Aerodynamic compatibility of the series of Wortmann 
aerofoils originally considered for the wing was assessed 
using Drelak XFOIL analysis code; the proposed tip 
aerofoil was found to exhibit characteristics different from 
the two inner ones and a new aerofoil was then designed 
on purpose by Michael Selig, iteratively switching from 
his PROFOIL inverse design code to XFOIL. The main 
characteristics of that new aerofoil are presented and 
shown to comply well with the requirements. 
Preliminary results are presented for a 12% thick 
symmetrical aerofoil for the stabilizer and fins which still 
is in the design stage. 

The flow about the fuselage I wing inner panels was 
assessed both numerically and in a wind-tunnel. The 
fuselage was shaped so as to produce large extensions of 
laminar flow; that requirement was shown to be met and 
improved with a running propeller. VSAERO's 
predictions of transition on the inner-wing upper surface 
are shown to be in qualitative agreement with 
experiments using both the chna-clay technique and 
probing the boundary layer flow with a stethoscope. 

Flow separations in the wing I fuselage junction were 
experimentally found to be discouraged with a running 
propeller even at extreme angles of attack. The location 
of transition and the stall development are to be assessed 
next in flight using the X7 half-scale flying model. 
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Fig. 3 Endurance vs. Range curves for the baseline 
configuration: effect of electrical power 
generation. 

Fig. 1 ARMORXl half-scaleflyingmodel. 

Fig. 2 ARMOR X7 half-scale flying model. 
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Fig. 4 Non-dimeosional performance of the baseline 
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design point. 

Fig. 5 Non-dimensional performance curves for the 
baseline configuration with 29 kg of fuel and 
for the Worlmann and NASA NLF aerofoils 
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F i g . 1 0 Comparison between XFOIL predicted and 
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Fig. 12 Polars forcandidate tail acmfoilsat 
Re = 6 . 2 ~  16. 
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Fig. 13 VSAFRO predictions of the C, and C, 
distributions along the symmetry plane of the 
fuselage upper surface at a = 0'. 

I 

Fig.  14 VSAEROpredictionsofthe C,distributiorioa 
the upper surfaces of the fuselage and of the 
wing inner sections at a = 0'. 
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a) No-proplIer. Fig. 1 5 China clay de . n of trausition on the upper 
surfaces of the fuselage and of the wing imer 
sections at a = 0'. 

. 

Fig. 16 Stethoscope detectiou of the transition regions 
011 the iuuer-wiug upper-surface at a = 0'. 

b)  Running propeller 

Fig. 17 Wool tuft visualization of the wing 1 fuselage 
junction flow at a = 9'. 
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/ Fig . 18 V S k O  prdicuon $ & e  surface pressure 
field 011 the coifiplete codiguratlou 
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Modem drones represent robotic systems which pick up 
situations in their environment by sensor payloads, assess 
them by preprogrammed mission logic and react according 
to their predefined mission. Some functions of the air 
vehicle may be controlled or supervised interactively by 
operators from a ground control station. 

Typical tasks for drone systems are 

o reconnaissance 
o surveillance 
o target localization 
o electronic warfare 
o targetcombat 

in adverse environmental conditions, e.g. considerable 
threat by enemy air defence systems (ADS). 

The different tasks lead to two major designs for the air 
vehicle: 

o the reusable drone, e.g. for recce missions 
o the expendable I tire and forget drone, e.g. for 

combat missions. 

These design criteria determine the range of the necessary 
ground equipment, e.g. for drone refurbishing, number of 
staff as well as the training effort. 

Due to the threat by ADS, the drones should have low 
signatures in the frequency bands of visual, infrared, 
acoustic and radar sensors to minimize the probability of 
being detected and jammed or shot down. 

In accordance with the mission and the environmental 
requirements, different payloads must be integrated, which 
may be sensors, data links or warheads. 

Table 1 shows the appropriate assignments of payloads, 
design characteristics and missions to the a.m. tasks. 

II 

dcfcorcl 

suppression 

o warhead 

o warhead 
o d a h  link 

target data 
mission conb 

There are some special requirements which lead to a High 
Altitude Long Endurance (HALE) drone or a fast flying 
missile-like drone. However, all the tasks shown in Table 
1 can be covered by small, light-weight drones with fixed 
wings and with a take-off-weight up to 150 kg. The 
available sensor technologies lead to payloads of less than 
50 kg. The flight velocity has to be adjusted to the sensor 
performance to achieve complete terrain coverage and 
sufficient integration time for data exploitation. The flight 
velocity of about 50 mls to 70 mls takes this into account. 
In addition, a flight endurance of more than four hours 
becomes possible. The reusable drones are operator- 
controlled (not piloted) if they are equipped with data link 
capabilities. This permits changes of the preprogrammed 
flight path according to events during mission as well as 
homing I landing control facilities. 
There is also a demand for a low weight I easy-to-operate 
drone with a take-off weight of less than 25 kg for close 
range recce. 

Therefore this paper will present two drone systems which 
are the basis for the drone family of STN ATLAS 
Elektronik, covering the entire range of the a.m. 
applications: 

o The TAIFUN defense drone, representing the tire and 
forget type 

and the 
Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
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o BREVEL system for real-time reconnaissance and 
target localization, representing the reusable type. 

2. Drone Systems and Applications 

2.1 The TAIFUN Defense Drone 

n seauem 

The TAIFUN is a fue and forget drone. It is designed to 
engage tanks, armoured vehicles, other high-value vehicles 
and individual targets, which are part of command posts, 
logistic facilities or artillery unit at firing sites. 

The mission is preprogrammed. The mission program 
comprises the flight path, the search area, the target types 
to be engaged and data for sensor control and navigation 
update. After launch, the TAIFUN operates autonomously. 
It searches for targets in a predefined search area. 
Depending on the special task and the available recce 
information, this search area is very small ( e. g. 500 m * 
500 m) or coven a region of more than 1000 km'. The 
TAIFUN is equipped with a mmW seeker for target 
acquisition, target classification and homing. The actual 
situation found in the search area cannot be predicted. 
Therefore the flight control computer (FCC) changes the 
preprogrammed mission during flight, in accordance with 
deployment, amount and behaviour of the acquired targets. 
The drone can stay above and monitor an area until the 
expected targets appear. It can recover from target homing 
mode, climb and search again if a target classification is 
not verified with sufficient reliability during terminal dive. 
If more than one individual targets are detected, all targets 
are mapped and the target with the highest value will be 
selected for engagement. The steep dive homing leads to a 
precise hit. The hit point is controlled by the FCC 
according to target type. 

Svstem overview 

The TAIFUN system consists of 

o 1 ground control unit (GCU) loaded on a 5 t-truck. 
The GCU is equipped for communication, 
mission planning, mission programming and 
crew training. The equipment is installed in a 
standard shelter. 

o 8 storage, transport and launch containers (Container) 
Xi is a 8  ft* 8 ft * IO ftcontainerwhich can be 
handled with all military and civil logistic means. 
Nine drones are stored inside under controlled 
environmental conditions. Lift gears are mounted 
to the front side for loading and unloading the 
container onto and from trucks. They are also 
used to lift the container for launching. The 
container is linked to the GCU by a fibre optics 
interface to program the drones. 

o 72 drones T A R "  (9 per container) 

TBIFUNA ir vehicle charactenstlc . .  

The air vehicle design is a cross-wing type. The advantage 
of this design is a precise homing capability and a no- 
hank-to-tum flight, which makes sensor stahilization 
easier. During storage in the container, the wings are 
folded. Gas springs unfold the wings after launch. The air 
vehicle is launched from the container hy means of a solid 
state booster. Cruise flight propulsion is by a 32 kW 
heavy-fuel piston engine. The basic air vehicle is made of 
glassfihre and carbonfibre combined with radar absorbing 
materials. Its radar cmss section is less than that of a 
pigeon. The FCC is equipped with GPS and a strapdown 
INS. The payload consists of a mmW seeker and a shaped 
charge and is installed in the front section. The dimensions 
are 2.1 m (length), 2.3 m (wing span) and 1.0m (height). 
With the a.m. payload the take off weight is 135 kg. 

The TAIFUN m m U & a  

The TAIFUN seeker is a SAR radar operating in the 35 
GHz frequency range. The doppler beam sharpening 
(DBS) mode provides high-resolution data of targets and 
terrain images which are used for navigation update. The 
various radar modes permit target classification, target 
homing, home on jam and moving target indication. Flight 
trials with a seeker preprototype of DASA ULM 
demonstrated the online target classification as well as a 
high-resolution imaging. Normally a considerable 
integration time and computing time is uecessary to 
produce high-resolution radar images. This sensor provides 
the images online after a "single look" with a 0.5 m '0.5 m 
resolution. 

' ' n TAN 

The TAN principle consists in matching a radar image of 
the terrain with a digital map stored in the flight control 
computer. The digital map is based on the Digital Land 
Mass System (DLMS) wich provides terrain elevation and 
terrain feature data as a standard. Typical features are 
roads, railway tracks, forest edges, river hanks etc.. The 
radar measures terrain elevation and computes terrain 
images during the search flight. After matching the radar 
image, the drone position is calculated with the relevant 
antenna boresight angles. Captive flight trials demonstrated 
an update accuracy better than 150 m CEP. 

. .  

A shaped charge, which penetrates even reactive composite 
armour, has been designed and tested. The test target 
included an add-on armour to ensure performance also 
when used against future tanks. The total weight, including 
fuze sensor and safety unit is less than 25 kg. 
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6-DOF simulations of the terminal dive into moving 
targets show the precision of the sensor and of the steering 
manoeuvres of the air vehicle. 

l?mammm 
The TAIFUN master plan shows the start of the 
development phase in 1996. All major components have 
already been proved by hardware trials in previous phases. 

2.2 The BREVEL Drone System 

The BREVEL is a drone system for real-time 
reconnaissance and target localization. It is a reusable 
drone. The BREVEL is equipped with a forward-looking 
inbred  sensor. 

The system comprises the BREVEL Air Vehicle, the 
Ground Control Station, the Launch Vehicle, the 
Recovery Vehicle, the Refurbishing Vehicle and the Data 
Link Vehicle. 

The Ground Control Station comprises three operator bays 
with displays for mission planning and mission control 
including a digital map, for the sensor images and image 
evaluation as well as a control and communication 
terminal. All components are installed in a cabin. The 
Launch Vehicle carries a container for transport and 
booster launch of the drone. Launch is specified for wind 
velocities of up to 15 m/s  and additional gusts of 
+/- 10 m/s.  A control unit gives a Go / NoGo indication 
after preflight check and controls the launch sequence. 
After landing, the BREVEL is recovered by a crane 
vehicle and transported to the Refurbishing Vehicle. The 
latter is used for system check after storage, post fight 
check and refurbishing including all field maintenance of 
the air vehicle. All work can be done inside the cabin. 

The telescope mast system of the ground data l i  is 
mounted on a trailer. It is linked to the Gound Control 
Station by a fibre optic cable. After orientation with the 
vehicle navigation system and a north seeking gyro, the 
slaved antenna can also be used to measure the air vehicle 
position. 

The preprogrammed BREVEL mission is operator 
supervised. The operator can take over the control of the 
air vehicle and / or the sensor and switch back to the flight 
control computer at any time. 

L Air vehicle . .  

BREVEL has a modular, compact and tailless 
configuration with low-set wings. With a length of 2.2m, a 
span of 3.4 m and a height of 0.9 m the BREVEL is a very 
small bird in comparison to other drones. The air frame is 

made of radar absorbing and radar transparent composite 
materials. It can be launched by a booster at any wind 
direction. For de-icing, the exhaust heat of the two-stroke 
piston engine is used. After completing the mission, the air 
vehicle is landed by a parachute and an air bag system at a 
commanded landing point with very high accuracy. The 
jam-resistant data link system uses a narrow-beam antenna 
inside the radome on top of the vertical fin. 

The Forward Looking Infra-Red camera provides three 
fields of view and mom function. Mounted on a tri-axis 
stabilization platform, it can be controlled by the ground 
operator or it can track targets automatically, always 
transmitting upright images to the ground station. During 
flight, the navigation system is updated by Rhomela 
using the digital data link or by correlation of the payload 
images with the digital map inside the Ground Control 
Station. GPS is available as an option. 

The commonality of the BREVEL and the TAIFUN 
system is obvious. It comprises, in particular, the modular 
air frame design and construction, the FCC including 
software, but also the ground equipment as well as 
operational and logistic procedures. 

The BREVEL is a joint German / French full scale 
development program which started at November 1992. 
The official first flight was on July 11, 1995. 

2.3 Further Drone Applications 

The following slides show examples of additional drone 
applications. 

The German and French forces have established a 
requirement for a drone which jammes the enemy VHF 
communication systems. STN ATLAS Elektronik has a 
solution for this demand, based on the reusable air vehicle. 
Mission preparation and mission sequence are very similar 
to a BREVEL or TAIFUN mission. Wind tunnel and EMC 
trials have been performed, to prepare a detailed system 
defmition. 

In a second stage, the m C K E  will be equipped for 
jamming UHF communications, precise localization of 
radio stations and radar systems and for counter measures 
against point-to-point radio links. 

For target localization, the drone has the advantage of short 
bearing ranges inside the scenario. Therefore the targ& 
localization is more precise than that achieved with stand- 
off systems. 
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M e t e o r o l o s i o  Col lection 

The Environmental UAV is a concept for using drones for 
measurement of meteorological data and atmospheric 
parameters inside the enemy airspace in various altitudes. 
The data will be transmitted to a ground station in real 
time. One advantage of precise wind data is the increase of 
hit accuracy of certain kinds of artillery ammunition, 
saving a lot of rounds. 

Naval UAV 

The NAVAL UAV is meant to provide over-the-horizon 
targeting and fue control. It shall be equipped with the 
T A m  seekerhead, using the automatic classification 
and radar imaging function for identification and 
localization of enemy vessels. The UAV is based on the 
TAIFUN cross wing drone. It is launched and controlled 
6om the engaged vessel. The radar classification results 
and high resolution images will be transmitted to the 
control center of the operation ship by data link. 
Depending on the special operational requirements, it can 
be recovered by ship or operated as a fire and forget drone. 

Close Rang e Mini Drone 

The Close Range Mini Drone will reconnoitre tanks, 
armoured and other military vehicles in the close range. 
The drone system will be integrated in and operated 60m 
a light armoured vehicle. 

In a fmt approach, the system requirements will be: 

The take-off weight of the air vehicle should be less 
than 25 kg. A simple flight control system should allow 
to preprogram waypoints for the mission and also 
permit remote control by using the images of a 
commercial video camera for orientation. A simple data 
link should provide online image transmission to a 
display in the armoured vehicle. The flight endurance 
should be at least 30 minutes. After a short 
introduction, operation of the system should be possible 
by one soldier only. 

The solution for the Close Range Mini Drone is a 213 scale 
model of the well-proven STN ATLAS “TUCAN” air 
vehicle. Flight trials in 1995 demonstrated that the small 
version had all the aerodynamic qualities of the 1 :I scale 
TUCAN. Even under rough weather conditions the smooth 
flight provided high-quality TV images with an 
unstabilized commercial camera. The drone is landed by a 
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INTRODUCTION 
Requirements for the performance of certain 

NATO missions in the 2015 - 2020 time frame have 
been examined. In addition, various unmanned aerial 
vehicle-borne sensor payloads have been identified 
which support the execution of these missions in an 
effective manne1.l Present state-of-the-art sensors and 
air vehicle systems do not provide the performance 
necessary to prosecute these missions in light of the 
anticipated future civil and military environment. This 
paper presents a discussion of the under-girding tech- 
nologies which will make the predicted unmanned 
aerial vehicle (UAV) performance possible. The 
description of these enabling technologies includes 
discussions concerning the present state of the art, 
their general applicability to a variety of UAV 
payloads, and the collateral technologies which will in 
turn facilitate the development of the chosen primary 
enabling technologies. 

Though a number of enabling technologies have 
application to the various UAV missions, seven are 
recommended for near term investment. These are 
prioritized (in order of fundamental applicability and 
return on investment) as follows: 

1. Photonics 
Integrated optical systems and devices will 

essentially replace electrons with photons for 
many military applications. The next twenty- 
five years will see the emergence of photonic 
(light wave) systems which will be incorporated 
into optical sensors, communications links, 
information processing, and directed energy 
weapons. 

2. Acoustic Charge Transport (ACT) 
UAVs will be able to perform more tasks 

autonomously. To avoid high bandwidth data 
links, the data processing will need to be 
achieved on-board the UAV in real time. 
Surface Acoustic Wave (SAW) devices, charge- 
coupled devices (CCD), and ACT devices can 
perform complex signal processing on a single 
integrated device. but ACT devices will provide 
capabilities that are not possible with any 
current technology. 

‘ Simpson, R., Michelson, R., Fentem, P., et al. “Future 
Use of Unmanned Air Vehicle Systems in the Future 
Environment:’ NATO AGARD advisory report, 
Aerospace Applications Study (AAS)-36, AGARD-AR- 
307 Vols. 1 and 2. August 1994. 

3. FuU Spectrum, Ultra-Resolution Sensors 
Many UAV missions will rely on remote 

sensors such as ultra-wideband radar, laser 
sounders, infrared sensors, and ultraviolet 
imagers. Improvements in the resolution and 
bandwidth for these sensor types will allow 
remote sensing missions to be carried out at 
greater stand-off ranges, or with increased 
information gathering capability. For example, 
focal plane arrays with IO6 active elements and 
broad spectral coverage (typically 2 to 25 
microns) will lead to surveillance systems 
having vastly increased resolution. Similarly, 
such advances in new semiconductor materials 
offer the potential for using significantly higher 
operating temperatures, thus reducing (or 
obviating) cryogenic cooling requirements. 

4. Knowledge-Based Systems 
UAVs of the 2ISt century will possess intel- 

ligence that enables them to “think” and react in 
ways that mimic the human decision-making 
process. These knowledge-based artificial intel- 
ligence systems, through the use of advanced 
component technologies such as photonics, will 
operate in real-time. In the year 201.5, UAVs 
will be directed by human speech commands. 
Expert systems will allow the UAV to make on- 
the-spot decisions regarding the fulfillment of its 
mission and use reasoning to develop alternate 
courses of action. Not only will the UAV exhibit 
intelligence as a system, but the various payload 
components will themselves be able to draw 
conclusions about potential targets or the vehi- 
cle’s environment through the use of data fusion 
and image recognition techniques. Finally, the 
air vehicle and sensors will be able to learn from 
past situations and automatically apply this 
experience to new scenarios. This will feature 
reliability afforded by fault tolerant, self-healing 
hardware and advanced introspective fault 
diagnosis. 

5. Microelectromechanical Systems (MEMS) 
MEMS combine mechanical structures and 

electronics on tiny silicon chips using 
semiconductor manufacturing methods such as 
sequential deposition, etching, and doping. 
MEMS technology offers three important assets. 
First, semiconductor processing allows smaller, 
lighter systems to be reengineered as retrofits in 

Paper presented at rhe FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SlTh4) and Design and Opemtion of Unmanned Air Vehicles (DOUAV)“. 

held in Ankara, Turkey, frorn 9-12 October 1995, and published in CP-5991. 
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current applications. Second, since it is as easy 
to build millions of MEMS components as easily 
as it is to build one, the cost for subsystems will 
continue to drop just as it has for 
microelectronics. Finally, MEMS permit much 
closer integration of microelectronics with 
electromechanics through the use of identical 
materials and processes of fabrication. 

6. Wafer-Scale Integralion of Dissimilar 
Technologies 

Wafer-scale “union” or “integration“ refers 
to an emerging technology that will combine, on 
a single 3 by 8 inch sheet of materiel, signal 
generation, signal control, information 
processing, chemical and physical sensing, 
fluidic and mechanical actuation, as well as 
radiation generation and detection. Components 
of such combinations are now possible only on 
separate, isolated and mutually incompatible 
optical, magnetic, acoustic, or electronic 
substrates. Integration of UAV payload 
subsystems into single monolithic blocks will 
increase reliability while reducing size and 
weight, which translates into longer time on 
station at a lower cost. 

7. s m  skins 
In traditional design, the skin of an air 

vehicle is a structural fabric which provides 
aerodynamic shape, strength and rigidity. When 
adding antennas and sensors to the air vehicles, 
holes are normally cut in the skin for 
installation, resulting in attendant structural, 
aerodynamic, thermal, and cost penalties. The 
concept of a smart skin is to embed the 
antennas, sensors, transmitters, receivers, signal 
and information processors, RF/ power/ 
electronic bus cables, and thermal controls 
within the skin during the design and 
construction of the air vehicle. Some structural 
surfaces could even be transparent to various 
RF, IR or optical wavelengths, and other sur- 
faces be electronically reconfigurable (e.g., wing 
or rotor blade camber). 

This paper does not provide recommendations for 
payload systems, but rather, for the enabling 
technologies which will lead to the payload system 
capabilities necessary to meet future NATO and 
private sector UAV mission requirements over the next 
two decades. 

TECHNOLOGY FORECAST 
The 1995 NATO handbook states that based on the 

security objectives and strategic principles of the new 
European environment, “the organization of the Allies’ 
forces must be adapted to provide capabilities that can 
contribute to protecting peace, managing crises that 
affect the security of Alliance members, and 
preventing war, while retaining at all times the means 
to defend all Allied temtory and to restore peace.d 

To realize the objectives stated by NATO 
doctrine, the size, readiness, availability and 
deployment of the Alliance’s military forces will have 
to reflect a strictly defensive mission and adapt to the 
new strategic environment and its arms control 
agreements, by reducing the overall size of the Allied 
forces, while not diminishing its readiness. 

Unmanned aerial vehicles can play a major role in 
resolving the contradiction of a smaller force with the 
readiness of a larger one by supplanting many manned 
aircraft missions with less expensive and less labor- 
intensive unmanned ones. The logistics burden 
required to train and support a tighter pilot and his 
aircraft is enormous compared to that of an unmanned 
system which, for many missions, can supply the same 
function better and for less cost. 

Beyond the future military missions for UAVs, 
there will be a growing commercial and law 
enforcement markets as well. NATO countries such 
as France, Portugal, Spain, Italy, and Iceland with 
large coastal regions will benefit from UAV operations 
in support of future monitoring. contraband 
interdiction, and fisheries. Other nations such as 
Turkey which border unstable neighbors like Iran and 
Syria will benefit particularly from the less expensive, 
hut more comprehensive border monitoring that can be 
achieved with UAVs. Package delivery to remote 
sections of eastern Turkey or to snowbound reaches of 
Norway might emerge as profitable markets. The safe 
spraying of pesticides on German sugar beet crops are 
within the realm of possibility for commercial UAVs 
during peace time. Even nations with highly 
developed infrastructures such as the United States 
could benefit from more advanced and less expensive 
methods of traffic surveillance, utility inspection, and 
border patrol. 

Anon., ’The Alliance’s Strategic Concept,” Agreed iy 
the Heads of State and Government participating m the 
meeting of the North Atlantic Council in Rome on 7-8 
November 1991, as found in Appendix M, Paragraph 45 
of the NATO Handbook, 1995. 
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In order for UAV systems to perform with 
sufficient accuracy, resolution, precision, and 
reliability to be effective against the projected NATO 
threadmission scenario or to provide economically 
viable services to the private sector, certain underlying 
or “enabling” technologies will have to be developed 
or perfected. Near term investment in enabling 
technologies is critical to the availability of future UAV 
systems in the 2015 - 2020 time frame. 

FUTURE CAPABILITIES AND TECHNOLOGIES 
Many enabling technologies have application to 

the various future UAV missions. Some are implicit to 
all missions while others are more specific. For ex- 
ample, ultra-light high strength structures (com- 
posites), high temperature materials (ceramics), 
advanced propulsion systems, and of course room tem- 
perature superconductivity are all important technolo- 
gies supporting the development of future UAVs. 
However, due to priorities based on fundamental de- 
velopment risk, centrality and criticality of the sup- 
porting technology to the majority of projected future 
missions, the list of enabling technologies recom- 
mended for near term investment has been limited to 
seven primary, and sometimes interrelated areas. The 
seven recommended areas for investment are (in order 
of ubiquity and return on investment): 1. Photonics, 2. 
Acoustic Charge Transport, 3 .  Full Spectrum Ultra- 
Resolution Sensors, 4. Knowledge-Based Systems, 5. 
Microelectromechanical Systems, 6.  Wafer-Scale Inte- 
gration of Dissimilar Technologies, and 7 .  Smart Skins. 

These seven areas agree with recommendations 
made by the U.S. Air Force Forecast I1 technology 
study of the mid 1980’s, having been updated during 
the AAS-36 NATO AGARD study initiated in 
November of 1991, and most recently in 1995 (this 
paper) to reflect advances in these technologies as 
they pertain to future UAV missions. 

The following subsections describe these enabling 
technologies, demonstrate how they will be generally 
useful to a variety of UAV payloads, indicate the 
current state of the art, and identify other enabling 
technologies which will in turn facilitate the 
development of these seven primary areas. 

PHOTONICS-BASED PAYLOAD CAPABILITY 
ENHANCEMENTS EXPECTED BY 2020 

Integrated optical systems and devices will 
essentially replace electrons with photons in a large 
variety of military applications. The next 25 years will 
see the emergence of photonic systems that 
incorporate optical sensors, communications links, 
information processing, and weapons (directed 
energy). An entire future UAV system could operate 
principally in the domain of photons having minimal 
interaction with electronic devices. 

The superiority of a photonic (light wave) 
communication system over an electronic system can 
be measured by information-carrying capacity (four 
orders of magnitude greater for  optical systems); energy 
loss in signal transmission (two orders of magnitude 
lower); and error rate (one order of magnitude lower). 
The development of semiconductor lasers specifically 
designed for fiber optic systems promises even greater 
improvement in information-carrying capacity. 

Photonic (optical) computing offers significant 
improvements in processing speed compared to 
electronic computing. This speed increase is due to 
the natural parallel architecture and large increases in 
throughput due to the high switching speeds of optical 
devices. Optical computer components need no 
physical connection: photons (light beams) replace 
the wiring. New distributed-processing architectures 
will also be possible by exploiting the no-wire 
advantage as well as continued improvement of fiber 
optics and lasers. 

Photonic sensors, especially when used with 
active illuminators or adaptive optics, can provide 
high-resolution target recognition information that will 
be difficult to detect or jam. Numerous system 
concepts could provide enhanced information about 
potential targets based on a fusion of data from 
multiple sources (both active and passive). For 
example, a future tactical laser radar system 
composed of binary optical elements and a coherently 
phased array of laser diodes could provide 
simultaneous range, rangernoppler, passive infrared 
(IR) imagery, and visible imagery. Multispectral 
sensor data, coupled with an optical signal processor, 
could provide recognition of both stationary and fast- 
moving targets. 

Future UAV-borne photonics systems will not be 
susceptible to electromagnetic interference or EMP 
damage. They will be radiation resistant and will have 
emanations that are difficult to detect and jam. Orders 
of magnitude improvements over electronics can be 
expected in communications, computing, and signal 
processing for advanced battle management and 
weapons systems. Photonic sensors will detect, 
recognize, and classify both mobile and stationary 
targets faster and with better resolution and greater 
precision than current lower frequency systems. Also, 
future UAVs using optical technology should benefit 
from the elimination of connections because they are a 
major source of failure in electrical systems. 

Photonics is pervasive as an technology 
underlying UAV payloads- and to the extent that it is 
used within smart skins and structures- the UAV 
airframe itself. Because of the bandwidth, hardness, 
and reliability associated with optics, all UAV payload 



systems can conceivably benefit from incorporation of 
(or total implementation with) photonic components. 
The range of potential applications for photonics 
includes sensors, communications, air vehicle 
guidance, and computing. The following specific 
applications are indicative of the potential uses for 
photonics throughout the UAV system: 

Photonic Communications 

1. Optical Secure Local Area Networks 
(UAV as a low-altitude satellite for the fleet) 

2. Laser Communication (secure extremely 
high-bandwidth air-to-space, air-to-air, 
or air-to-surface data links) 

3. C31 Applications 
4. Optical Wave Guide 
5. Over-the-Horizon Ultraviolet Communications 

Photonic Sensors 

1. 
2. Multispectral Imagery (target iden'tification 

3. Air Vehicle Monitoring/Sensing 

4. 

Tactical Laser Radars (target identification) 

under adverse conditions) 

(UA V self-awarenessJeedback, health, status) 
Secure Beacon Identification Friend or Foe 
(UAV IFF) 

Photonic Computing 

1. 

2. Artificial Intelligence (intelligent real-time 

3. 

4. Compact Real-Time SAR Processors 
5. ECMESM Signal Processors 

Digital Optical Computer (UAVflight control, 
on-board image processing, expert system) 

in-flight route planning) 
Wide Bandwidth Real-Time Spectrum Analysis 
(target identification) 

ACOUSTIC CHARGE TRANSPORT PAYLOAD 
CAPABILITY ENHANCEMENTS EXPECTED BY 2020 

Key to the future of future UAVs will be the 
ability to contain significant on-board intelligence 
capable of real-time performance. By the year 2020, 
UAVs will be able to perform more tasks 
autonomously and will be able to assimilate more data 
based on higher resolution sensors, but in order to 
avoid high bandwidth data links, the manipulation of 
information will have to be done within the UAV, and 
done in real-time. Several technologies support this 
requirement, none-the-least of which is acoustic 
charge transport devices. 

Acoustic Charge Transport (ACT) technology will 
be a major innovation in the area of signal processing. 
ACT devices promise high-bandwidth operation, with 
wide dynamic range and high-time bandwidth prod- 
ucts, in very small packages with simple architecture. 

These combinations of features will result in improved 
performance and lower cost for future signal 
processors. 

Signal processing is essential to UAV 
communications (e.g. bandwidth compression, 
encryption, antijam capability), image processing (e.g. 
target recognition), and remote sensing (e.g. clutter 
rejection, low probability of intercept {covert 
interrogations}, performance enhancements {pulse 
compression]). ACT devices will allow capabilities 
that are not possible with any current technology. 
They will allow greater processing power in a smaller, 
lower power package than is possible with alternative 
technologies. Because of the monolithic nature of 
these devices, their reliability will be much greater 
than that of the circuit boards they replace. A side 
benefit will be the higher radiation resistance of GaAs 
material from which ACT devices are fabricateti. ACT 
devices will process wider bandwidths with a greater 
dynamic range than is possible with any other 
technology. This capability is essential for wideband 
intercept systems. 

There will be many applications for devices with 
the operating characteristics of ACT devices, 
especially UAV-borne imaging sensors due to the 
ability of ACT devices to meet the demands of focal 
plane imagers for high-speed, wide-dynamic-range 
image readout. The imaging application does not 
utilize the signal-processing power of ACT technology, 
but rather its raw speed and dynamic range as an 
analog shift register. These devices will also be 
capable of performing matched filtering for highly jam- 
resistant and low probability of intercept (LPI) 
communication systems. They will be capable of 
dehopping frequency-hopped, spread-spectrum 
communications systems. Very large time-bandwidth, 
fixed-tap devices will find application in compressive 
receivers for wide and signal intercept systems. The 
analog memory capability of the devices can be used 
to capture hostile radar pulses, remodulate them, and 
retransmit them for spoofing purposes. 

One of the most promising applications of this 
technology is radar/ communication/ intercept, with 
front-end, high-speed, preprocessing data reduction and 
on-chip, high-speed, 400 mega sample/sec A/D 
capability. This capability will allow radio frequency 
(RF) or suitable intermediate frequency (IF) 
processing of signals with hundreds of MHz bandwidth 
received as analog or digital signals. The reduction of 
wide band input signals to low MHz or high KHz 
digital signals will allow cost-effective, 
microprocessor-based post processing. 

The ultimate performance of ACT technology in 
UAV payloads will be a function of the processing 
architecture. The number of multiply-and-accumulate 
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operations per second, or MAWS, represents the 
figure of merit for digital signal processors, or for any 
other digital computer, when processing signals. 
Currently the state of the art for real-time digitally- 
programmed transversal filters (PTF) is a signal 
correlation speed of 45 billion MAC& (derived by 
multiplying the sampling rate of 358 MHz by the 
number (128) of delay taps used in Comlinear’s hybrid 
IC PTF. The following table puts this performance in 
perspective by comparing a few other IC signal 
processors and computing machines which employ 
alternate technologies. 

TABLE 1 .  PROCESSING POWER COMPARISON 
FOR VARIOUS MACHINES3 

Processor Approximate MACsIs 

Comliner ACT hybrid IC 45 Billion 
Connection Machine (mainframe) 5 Billion 
Cray 2 (mainframe) 850 Million 
High-speed digital FIR filter ICs 480 Million 
Typical digital signal processor ICs 20 - 30 Million 
Typical RISC IC processors 20 - 30 Million 
i486 processor IC 0.5 Million 

Theoretical analysis has been used to project the 
performance shown below for future devices. An 
analysis of the fundamental factors limiting current 
aperture indicates that sampling apertures on the order 
of 20 picoseconds are possible, but a conservative 
figure of 100 picoseconds was used to estimate the 
other parameters. 

TABLE 2. PROJECTED ACT PERFORMANCE 

Bandwidth 5 GHz 
Sampling Rate 
Sampling Aperture 20 picoseconds 
Transport Efficiency 0.99995 
Dynamic Range 

10 GHz (parallel-channel device) 

40 dB plus 6.5 log number of taps 
No. of Taps 1,000 

Multiplying the 10 GHz sampling rate by 1,000 
taps produces an expected data retrieval rate of 1013 
samples per second. 

The monolithic integratability with GaAs ICs, 
speed, accuracy, versatility, radiation resistance, 
simplicity, and adaptability of the ACT device offer 
the potential for a magnitude of improvement in the 
performance of a wide variety of advanced systems. 
Systems benefitting from ACT device technology will 
include surveillance, identification, active stealth, 
imaging processing, artificial intelligence, as well as 
guidance and control. 

Goodenough, F., “IC Signal Processor Runs 45 Billion 
MACsls,” Electronic Design, July 23, 1992, page 54. 

Performance will be driven by future UAV system 
requirements, but the first demonstrations will probably 
be at the subsystem level. Representative subsystems 
are as follows: 

Programmable Delay Line 
Variable Delay Line 
Mu1 tiplexers/Demultiplexers 
Time Compressor/Expander 
Frequency Converter 
Adaptive Vector Processor 
Adaptive Beam Former 
Focal Plane Multiplexer 
Frequency Dehopper 
LaserlRadar Range-Sampler 

Transformer 
Analog Memory 
Noise Whitener 
Burst Processor 
A/D Converter 
Synchronizer 
Synthesizer 
Track and Hold 
Comb Filter 
Correlator 

FULL SPECTRUM ULTRARESOLUTION SENSORS 
PAYLOAD CAPABILITY ENHANCEMENTS BY 2020 

The need for improved resolution, accuracy, 
coverage, and timeliness in remote sensing of targets, 
backgrounds, and the intervening environment 
pervades a wide range of current and future UAV 
systems and mission capabilities. Projected advances 
in electronics, information processing materials, and 
computer technology will make possible major 
improvements in performance of future sensors for 
future missions. Innovative new sensor designs are 
expected to emerge in radars, integrated infrared (IR) 
and ultraviolet (UV) focal plane arrays, cryogenic 
inertial sensors, LIDARS, and microwave ,sounders. 

The cost-effective production of integrated infrared 
focal plane arrays with lo3 to lo6 active elements and 
broad spectral coverage (typically 2 to 25 microns) 
will lead to surveillance systems with vastly increased 
resolution; new semiconductor materials offer the 
potential of significantly higher operating temperatures 
thus reducing cryogenic cooling requirements. 
Compact, cryogenically cooled inertial measuring 
units will sense very accurately the linear and angular 
accelerations and gravity gradients experienced by an 
aerospace vehicle. New and improved sensors drawing 
on LIDAR and microwave approaches offer the 
opportunity to monitor the ocean environment with 
greatly enhanced coverage and resolution compared to 
current sensors. The development of digital RF 
memories, digital-beam-forming circuitry, and the 
adaptive electronic control of wide-band, arrays will 
enable the development of multistatic (from multiple 
UAV, ground-based, or ship platforms), simultaneous 
transmit and receive, and resource allocation radars 
capable of acquiring slowly moving surface and 
airborne targets with low-observable signatures. 

The integration of active and passive sensors on a 
single platform would also have an important payoff 
for future UAV systems. Passive (e.g., non 
transmitting) sensors could be used where atmospheric 
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conditions permit. For military and law enforcement 
applications, these sensors would gather target data 
without betraying their presence through detectable 
transmissions. The active sensors would be used only 
when the atmospheric conditions made passive sensors 
unusable, or if some property possessed only by active 
sensors needed to be exploited. 

As an example, advanced LIDAR sounding 
technology has good potential application to two 
areas: 

A surface-based LIDAR can make measurements of 
several atmospheric properties. In relatively clear 
areas it could also provide data on the troposphere, 
stratosphere, and mesosphere, and replace some 
meteorological balloons and rockets. At sea, it 
could detect chemical, biological, or radioactive 
agents. 

An airborne LIDAR could provide meteorological 
and atmospheric data for regions that are 
geographically or politically inaccessible. 

Recent research aimed at development of imaging 
sensors operating in the ultraviolet (UV) wavelengths 
could have high payoff for both the military and 
commercial sectors. Not only can UV sensors be used 
to detect surface and airborne target 
emissionsheflections, but they can be used to image 
the electron density in the upper atmosphere and 
ionosphere. The electron density is important for 
communication or radar transmissions that are 
reflected from the ionosphere, as well as for 
transmissions that pass through the ionosphere. Areas 
of high electron densities disrupt these transmissions 
and a precise, real-time map of electron density could 
be employed to find the best available operating 
regions for over-the-horizon radars and high-frequency 
(HF) communications systems. 

In general, UAV payload and avionics systems 
using ultrabandwidth radar, laser sounding, infrared 
sensors, ultraviolet imaging, and cryogenic inertial 
guidance all stand to benefit the most from full 
spectrum ultraresolution sensors. 

CAPABILITY ENHANCEMENTS DUE TO 

SYSTEMS 
Future UAVs of the 21St century will possess 

intelligence that enables them to “think” and react in 
ways that mimic the human decision-making process. 
This will be as a result of knowledge-based artificial 
intelligence systems which, through the use of 
advanced component technologies such as photonics, 
can operate in real time. In the year 2020, UAVs will 

INCORPORATION OF KNOWLEDGE-BASED 

respond to human speech commands and may appear 
to a remote battle commander as a human-piloted 
reconnaissance aircraft. Expert systems will al:low the 
UAV to make on-the-spot decisions regarding the 
fulfillment of its mission and use reasoning to develop 
alternate courses of action. Not only will the UAV 
exhibit intelligence as a system, but the various 
payload components will themselves be able to draw 
conclusions about potential targets through the use of 
data fusion and image understanding techniques. 
Finally, the air vehicle and sensors will be able to 
learn from past situations and apply this self-generated 
experience to new scenarios- doing all of this with 
the added reliability afforded by fault tolerant, self 
healing hardware and advanced introspective fault 
diagnosis. 

It is difficult to summarize the effects of 
knowledge-based system technology on future UAVs 
since the spectrum of payloads and their capabilities is 
diverse. One expected result is a 50-percent reduction 
in the cost of payload systems when knowledge-based 
system technology is used in systems’ acquisition, 
design, and fabrication. Maintenance costs, primarily 
manpower, should also be reduced by one-half. By 
improving the effectiveness of mission management 
and target acquisition, knowledge-based system 
technology could significantly reduce the number of 
future UAVs required to provide the equivalent of 
current capability. All of these effects together should 
provide twice the current effectiveness at somewhat 
less than current costs. Future military threats, 
however, can . also be expected to increase in 
sophistication by the year 2020. It is probable that the 
net effect of the advantages of knowledge-based 
payload technology and enemy advances will be to 
maintain the current balance of capability. 

Another benefit of knowledge-based system 
technology will be higher force readiness as a result of 
more advanced training and improved maintenance. 
The intelligent assistant for UAV system acquisition 
will also reduce acquisition. Advanced hardware and 
software technologies could thus be made available 
sooner. Intelligent assistants for embedded software 
development will shorten the development cycle, 
enhance maintenance and modification capabilities, 
and reduce costs. 

The range of applicability of knowledge-based 
system to future UAV missions and payloads is almost 
as wide as the range of applicability of computers. 
Only in areas where specific algorithms are known to 
give a suitable (i.e., optimum) solution would 
knowledge-based system technology not normally 
apply. Even then, knowledge-based system technology 
might be used in some instances to reduce 
programming cost, execution time, computing costs, or 
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computer size/weight. The following list presents 
some major examples of potential future UAV 
applications grouped according to their relative 
development risks over the next twenty five years: 

Low Risk: 
Knowledge-based systems for 

More intelligent computer-aided 

Much smarter built-in test. 

UAV maintenance 
Intelligent assistants for UAV block 
upgrade acquisition/design/fabrication 

training systems 

Medium Risk: 

Autonomous target acquisition 
Intelligence data fusion 
Robust self-converting, antijamming 

Tactical or logistics mission planners 

sensors and data links 
Realistic future UAV air vehicle - mission 
simulation. 

High Risk: 
Fully autonomous, real-time mission 

Intelligent assistance for embedded 
execution including in-flight replanning 

software development and support. 

CAPABILITY ENHANCEMENTS EXPECTED 
THROUGH THE USE OF 
MICROELECTROMECHANICAL SYSTEMS 

Microelectromechanical systems (MEMS) are 
small devices on the scale of a few millimeters or less. 
They are often made using variations on techniques 
used in fabricating electronics such as silicon etching 
to create high definition, very flat structures. However 
instead of semiconductor junctions, small motors, 
gears, and sensors are made. Other techniques such a s  
deep X-ray (synchrotron) lithography, electric 
discharge machining, and acoustic laser etching are 
also employed to create three-dimensional structures. 

Though a great deal of interest has been shown in 
MEMS, and strides are being made in basic research 
leading to laboratory demonstrations, these 
demonstrations are largely curiosities that have not 
been incorporated into fielded or even prototype 
systems. The MEMS field is still in its infancy. Little 
has been done at the systems level. 

Table 3 lists some ongoing MEMS research 
directed toward six application areas of significance to 
UAVs. 

TABLE 3. MEMS RESEARCH WITH 
APPLICATION TO UAVs. 

Application Examples MEMS Approaches 

Accelerometers 

Speed and 
position 
sensors 

Pressure 
transducer 

Displacement 
and strain 
transducers 

Electro-optical 
controls 

Chemical and 
biological 
sensors 

Piezoresistive 
accelerometers 
(aircraft nav.) 

General Motors 
magnetoresistive 
sensors 

Ford mass 
air-flow sensor, 
UM microflow 
device, gas, 
temperature, 
pressure flow 
sensors 

Rotary 
displacement 
transducer, ’ 

uni-axial strain 
transducer, 
field- effect 
transistor detector 
may 

AT&T fiber 
optic switching, 
camera 
autofocus motor 

Sandia surface 
acoustic wave 
sensor (aircraft 
icing, chemical 
sensing), gas 
analyzer chip 
Pump 

Bulk 
micromachining, 
silicon mass, 
photolithography 

Molecular beam 
epitaxy 

Capacitive 
diaphram, 
micromachining 

Silicon bonding 
micropackaging 

Metallization, 
etching, 
piezoelectric 
motors, SMA 
switches 

Piezo quartz 
plane, capaci- 
tive pressure 
sensor 

Miniature actuators are as important as sensors. 
New techniques and materials such as nitinol wire are 
being developed in this area also. In a recent 
Japanese concept, small wires of a shape-memory 
alloy act as latchable switches for handling power 
loads now switched by relays. The metal is deposited 
or drawn in a particular shape, then deformed cold into 
a another shape. When electrical currents heat the 
device above a transformation temperature, the metal 
remembers its original shape. It returns to the 

Brendley, K., Steeb, R., “Military Applications of 
Microelectromechanical Systems,” RAND Study MR- 
175-OSD/AF/A, Prepared for the Office of the Secretary 
of Defense, United States Air Force/United States Army, 
1993 (from research concluded in December of 1991). 
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alternate shape when the temperature is lowered below 
the transformation temperature (for example, by 
lowering the heating current). Relays can be latched 
by separate ratchet wires that prevent the main 
switching wire from returning to its alternate shape. 
These actuators may be used in other configurations to 
control fluids (fuels), to lock or unlock mechanical 
motions (control surfaces), to open or close slits 
(circulation control airfoils), or to puncture membranes 
(bladder inflation). 

Other MEMS implementations use silicon “flaps” 
that make surfaces rough on a microscopic level so as 
to trip boundary flow layers and set up or destroy 
turbulences upon command. This has application to 
UAV control when used en mass. 

MEMS gyros combine multiple accelerometers to 
sense angular motion. These tiny gyros and 
accelerometers could be placed all over a UAV at 
structural members and within its aerodynamic shell 
(see “Smart Skins”) to predict . fatigue-induced 
failures. A significant problem to be overcome is that 
when devices grow very small, sensor output is very 
small, and any electronic noise will mask the output 
signal. 

The Georgia Institute of Technology has produced 
a self-propelled planar’ variable reluctance magnetic 
micromotor with a micro machined nickel-iron rotor 
and a fully integrated stator, in which a new toroida- 
meander type integrated inductive component is used 
as the basis for stator flux genera t i~n .~  Such 
micromotors could ultimately be used to channel 
microwave energy like waveguide switches or 
sequentially present chemically-active substrates to 
the environment for air sampling. 

Some have even proposed using MEMS devices 
as UAVs themselves. Tiny sensor chips that float on 
air currents and can control their decent direction 
could provide reconnaissance or threat system 
disruption if sprinkled from the air in large quantities. 

The worldwide MEMS market is projected to 
double annually from a $ l B  market in 1996 to about 
$16B by the year 2000. Of this growth, seventy five 
percent will be divided almost equally between 
pressure sensing, inertial sensors, and optical 
switching, while the remaining 25% will relate to fluid 
regulationkontrol, mass data storage, and other 
applications. 

ENHANCEMENTS EXPECTED BY 2020 DUE TO 

TECHNOLOGIES 
Wafer-scale “union” or “integration” refers to an 

emerging technology that will combine, on a single 3- 
to-8-in sheet of material, signal generating, signal 
controlling, information processing, chemical and 
physical sensing, fluidic and mechanical actuating, 
radiation generating, and radiation de.tecting. 
Components of such combinations are now possible 
only on separate, isolated, and mutually incompatible 
optical, magnetic, acoustic, or electronic substrates. 
Integrating UAV payload subsystems into single 
monolithic blocks will increase reliability while 
reducing size and weight, thereby translating into 
longer time on station at a lower cost. 

WAFER-SCALE INTEGRATION OF DISSIMILAR 

Current electronic materials and advanced solid- 
state electron device structures permit limited, but 
direct processing of radar and communication signals 
in digital or analog forms at near millimeter wave 
frequencies (15 to 30 GHz) without having to down- 
convert to intermediate frequencies. However, some 
critical high-bandwidth, high-throughput processes, 
such as phase shifting, time delaying, clocking 
filtering, signal isolation, and sensing, are more 
efficiently performed using specialized ferrite-based 
devices, charge-coupled device circuits, or optical and 
acoustic wave technologies. Unfortunately, these 
specialized processing devices involve currently 
incompatible manufacturing processes, or possess 
drastically different prime power requirements, thereby 
making them difficult to combine. Further problems 
will be caused by the hand-wired interconnects 
between the separate parts used in the system. A 
unified technology set incorporating several devices on 
one chip-to-wafer-sized unit could solve almost all of 
the problems discussed, simultaneously reducing 
manufacturing costs and assembly complexity. 

Wafer-scale integration would develop techniques 
to integrate these diverse signal-handling requirements 
into monolithic structures. Accordingly, a set of 
compatible electronic materials and specialized 
fabrication processes would be developed. High-level 
integration of diverse technologies will provide 
effective, custom-built, adaptive circuits for new radar 
and communications payloads at a lower price and 
higher functional density than has been achieved to 
date. Compatibility with wideband optical and 
millimeter wave signal distribution links and flexible 
optical interconnects will permit effective use of these 
technologies and components in conformal antenna 
arrays and signal processing structures. 

Brown, A., “Mems: Macro growth for micro systems,” 
Aerospace America, a publication of the American 
Institute of Aeronautics and Astronautics, October 1994, 
pp 32 -37 
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The electron, optical, acoustic, and magnetic 
technologies currently emerging for use in future UAV 
payloads are largely isolated from one another. 
Integration of high-speed optical, magnetic, and 
electronic devices requires a common substrate (base 
material system) whose parameters and characteristics 
are tolerable to all devices. Devices and circuits must 
be fabricated using processes that do not interfere with 
one another, nor with the substrate integrity. 

Various sensor devices have been fabricated on 
semiconductor substrates, allowing physical quantities 
to be detected and measured. Pressure, acceleration, 
impedance, moisture, strain, temperature, pH, 
chemical species, and orientation sensors are currently 
under investigation. The devices are constructed using 
techniques ranging from chemical micromachining to 
selective deposition and doping. When combined with 
microelectronic analog and digital processing and fiber 
optics signal busing, the detectors and sensors promise 
to revolutionize the capabilities of miniaturized UAV 
reconnaissance systems. Examples are temperature- 
compensated, digitally integrable accelerometers, 
aneroid barometer chips with pressure accuracy 
equivalent to less than a meter of altitude, and solid- 
state “noses” for identifying chemical warfare agents 
and ship exhaust vapors. 

In summary, emerging materials, devices, 
processing methods, packaging, and cooling 
technologies support the development of devices that 
can be compatibly fabricated on a range of substrates 
without degradation due to the different processing and 
operating parameters of nearby devices. Such a 
technology should lead to enormous reductions in size 
and cost and large improvements in performance for a 
variety of sensors and controllers. Integrated analog, 
digital, acoustic, magnetic, electromagnetic, electro- 
optic, and mechanical circuitry would be beneficial to 
many future UAV payloads. Primary uses for wafer- 
scale integration will be in devices that have very high 
data throughput (analog-to-digital conversion, Fourier 
transform, and image processing), and where the 
volume is restricted (such as miniaturized sensors, 
guidance and control units, or miniature phased-array 
radar modules). Future material science advances and 
device structure inventions will continue to provide 
new opportunities for progress in this area. 

CAPABILITY ENHANCEMENTS EXPECTED BY 2020 
THROUGH THE USE OF SMART SKINS 

Future ship-based UAVs, particularly those small 
coastal combatants used by many NATO countries, 
must be small in order to launched, retrieved, and 
stored from their floating host. In order to carry out 
various missions, these same UAVs will have to be 
able to ferry various payloads aloft and maintain them 

there for hours at a time. In the case of current turret- 
mounted FLIR and LLLTV payloads, the air vehicle 
attachment seems to be more of an afterthought than 
an engineered aerodynamic design. Protuberances 
such as FLIR turrets, antennas, and even control 
surfaces add to the aerodynamic drag of the air vehicle 
and tend to make its signature more detectable by 
threat sensor systems. The result of having a low level 
of payload-air frame integration is a physically larger 
air vehicle, less time on station (due to decreased 
flight efficiency- more drag), and impaired 
survivability. 

In traditional designs, the skin of an air vehicle is 
a structural fabric to provide aerodynamic shape, 
strength, and rigidity. When antennas and sensors 
were added to the air vehicle, they were installed in 
holes cut in the skin. These installations have 
attendant structural, aerodynamic, thermal, and cost 
penalties. The concept of a smart skin is to imbed the 
antennas, sensors, transmitters, receivers, signal and 
information processors, RF cables, power cables, 
electronic control cables, and thermal controls in the 
skin during the design and construction of the air 
vehicle. Some structural surfaces should be 
transparent to various EW bands andor have 
controllable properties for transmission and reception. 
The active and passive sensors would not necessarily 
be dedicated to any single communications, electronic 
warfare (EW), radar, identification friend or foe (IFF), 
or navigation system. A distribution of antennas or 
sensors might cover 75 percent of the air vehicle 
surface and provide aperture over a range of 
frequencies from several MHz to the optical. 

Other payoffs provided by the extensive 
distribution of antennas around the air frame could be 
sensors that search a sphere around the air vehicle, 
therefore reducing the need for external pods. A grid 
of redundant power, signal, and electronic control 
cables could be embedded into the skin. This might 
be accomplished with fiber optic cables. The 
embedded fiber optic cable could offer the added 
function of measuring the temperature and stress on 
the skin panels. This information could be used for 
battle damage and failure assessment, to recognize 
that the air vehicle is approaching a structural limit, to 
record the structural history, and for nondestructive 
testing. The Smart Skin processing and associated 
logic would allow a control processor to assign 
resources to the various active and passive radiating 
systems very rapidly. If battle damage occurs, the 
processor could reassign the remaining resources on a 
logical, priority basis. 

The Smart Skin concept could be extended to 
smart control surfaces.. If various surfaces are 
damaged, the control processor could identify the 
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extent of damage and decide how to control the air 
vehicle with the remaining control surfaces and 
vectored engine thrust. Smart materials which can 
change shape, such as nitinol, can be used to modify 
the aerodynamics of a wing surface to modify lift, or 
might be modulated as part of a blown slot to effect 
circulation control and hence modify the attitude of 
the air vehicle without large moving “barn door” 
control surfaces. 

Smart Skins technology complements fault- 
tolerant systems technology and should improve 
mission reliability and supportability of the systems to 
which it is applied. 

The Smart Skins technology would increase air 
vehicle availability in two aspects. First, the concept 
of designing the antennas, sensors, and buses into the 
air vehicle would reduce the need for returning air 
vehicle to the modification line to have sensors and 
antennas installed as each new requirement appeared. 
Second, the concept of nondedicated antennas and 
sensors, in which resources are allocated by a central 
controller, would improve the reliability and sortie 
generation rate. Redundant sensors, reconfigurable 
antennas, and buses built into the air vehicle would 
allow it to continue to operate after failure or battle 
damage with only a slightly reduce capability. 

Smart Skins technology can be applied to all 
future unmanned aerial vehicles. The application will 
require designing a complete capability from the start, 
with sensors, antennas, and buses integrated into the 
external skin structure. Examples of Smart Skin 
technology applied to future UAV missions by the year 
2020 might include: 

Monolithic electronically agile (frequency, 
polarization, coding, etc.) radar 
360” scanning conformal arrays 
Integrated wide band GPS, JTIDS, 
and IFF antennas 
Fiber optically-powered sensors and 
data busses integral to the air frame 
structure/skin 
Electronically variable transmission 
radome-windows for coboresighted 
RFDR sensors 
Actuatorless airfoils that can change shape 
or lift/drag electronically 
Fault-tolerant control systems 

CONCLUSIONS AND RECOMMENDATIONS 
This paper has identified the NATO military and 

commercial requirements for the performance of 
certain UAV missions in the 2015 - 2020 time frame, 
and has established which sensor payloads will be 
required to support the execution of these missions in 
an effective manner. The present state of the art in 
sensor performance has been identified and the 
performance necessary to prosecute these missions in 
light of the future threat environment and civil markets 
has been predicted. A detailed discussion of the 
undergirding technologies which will make the 
predicted payload performance possible has been 
presented. The description of these enabling 
technologies includes discussions concerning the 
present state of the art, their general applicability to a 
variety of UAV payloads, and the collateral 
technologies which will in turn facilitate the 
development of the chosen primary enabling 
technologies. 

Though a number of enabling technologies have 
application to various future UAV missions, seven are 
recommended for near term investment by NATO. 
These are prioritized (in order of general applicability 
and return on investment) as follows: 1. Photonics, 2. 
Acoustic Charge Transport, 3 .  Full Spectrum, Ultra- 
Resolution Sensors, 4. Knowledge-Based Systems, 5.  
Microelectromechanical Systems, 6 .  Wafer-Scale 
Integration of Dissimilar Technologies, and I .  Smart 
Skins 

In conclusion, it is a recommendation that NATO 
countries pursue these seven technology areas by in- 
vesting in their maturation today, in order to have the 
required future capability (circa 2015) which will 
allow the defined missions to be performed witti a cer- 
tain effectiveness. These investment recommenda- 
tions are not for payload systems, but is for the 
enabling technologies which will lead to the 
capabilities necessary for feasible platforms and 
sensor/avionics payloads. The fallacy of the “non- 
developmental-item’’ strategies of the late 80’s only 
guarantees that out-of-date technology will be fielded 
in the year 2000. Early investment in these seven 
enabling technologies will provide the incentive for 
the private sector to advance the areas critical 1.0 UAV 
systems growth so that affordable, capable UAV 
systems will available when they are needed twenty 
five years from now. 
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As a result of various system studies and work on 
experimental and operational Data-Links for UAV 
and missile applications, MATRA CAP 
SYSTEMES of France and Daimler-Benz 
Aerospace AG “SENSOR SYSTEMS GROUP” 
of Germany are cooperating for the development of 
a high performance Data-Link for a franco-german 
UAV system. 

The organization formed for the development of 
this Data-link comprises : 

0 a joint system engineering team for refinement 
of the overall data link design, definition of 
interface and specification of requirement to 
ground data terminal and air data terminal. 

0 Separate project teams in the two companies. 
One company responsible for ground station 
development, one company for development of 
airborne station. 
Maximum commonality by using identical 

subcomponents in both stations as far as 
possible. 

0 Joint program direction comprising the 
program managers of both companies. 

Based on the system work, which was done in the 
two companies in order to win that development 
contract and the knowledge of previous data links 
which are in development or production for missile 
systems, the subject of data links for UAV 
applications is presented here. 

Starting from a discussion of general aspects for 
UAV data links and the trade-offs involved in 

getting to an optimized response to the requirement 
a highly sophisticated data link is described, which 
facilitates accurate reconnaissance which may be 
used for target engagement by ground artillery 
based on data from the UAVs sensor. 

1 Mission needs of Data-Links in Unmanned 
Air vehicles @AVs) : 

Unmanned air vehicles are qualified to perform a 
wide range of missions, some of which can be 
performed autonomously while others require a 
means of communication between the UAV and a 
ground station. 

This communications means, called data-link, can 
either be a point-to-point line-of-sight data-link, 
which will facilitate tactical missions up to 100 or 
150 km or the data-link between UAV and ground 
is maintained using relays like satellites or aircraft. 
In this case the capability to communicate can be 
over the horizon up to 500 km or more. 

If the UAV is equiped with GPS using the 
(military) P/Y code, UAV position is available with 
very high accuracy. However, in conflict situations 
one is dependent on the operating authority of the 
GPS system, which can principally paralyse such a 
system by withholding the keys for the military 
code. 

For this presentation only point-to-point data-links 
without GPS support are considered. 

The following missions will either make a data- 
link highly desireable or even mandatory. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 



18-2 

0 Missions, where the flight-path of the UAV 
shall be influenced based on information, 
which becomes available only after UAV 
launch. 

This requires a link from ground to the UAV 
to control the UAV, just like a model 
airplane. 

This link requires a low capacity (data rate) 
only (typically some KB/second). 

This link will also allow to control functions 
of the UAV payload like weapons release, 
activation of a jammer or activation of a 
recorder. 

We call this type of link TELECOMMAND 

Missions, in which the behaviour or reaction 
of the UAV itself or its payload are important 
to be known in the ground station, require a 
data-link from the UAV to ground, through 
which status information from the UAV can 
be reported. 

Also this link requires only a low capacity 
data-rate (typically some KB/second). 

We call this type of link 
TELEMONITORING (TM). 

0 In reconnaissance missions, it is often 
necessary to have the data from sensors 
onboard the UAV available on the ground 
without delay. Depending on the type of 
sensor used (IR camera, IR line-scanner, 
synthetic aperture radar) the data rate will be 
between some hundred KEVsecond up to many 
tens of MB/second. 

We call this type of link TELEVISION (TV). 

In such a reconnaissance mission the position 
of the sensor image can be known with a CEP 
of some tens to some hundred meters by using 
civilian GPS or inertial navigation. The north 
orientation of the sensor image can only be 
derived from inertial data, however. 

0 For missions, where the information from the 
UAV sensor is used for targeting, i.e for the 
aiming of artillery or rockets, the position and 
orientation of the sensor image has to be 
known with higher precision than can be 
achieved by inertial sensors or GPS using the 
civilian code. In such cases the data-link may 
also be required to measure precisely the 
position of the UAV. 

2. Data-Link Reauirements for 
Reconnaissance and Targeting : 

As shown above precision target information to be 
delivered by a UAV sensor for ground artillery or 
accurate reconnaissance leads to high requirements 
to the data-link, which can be summarized as 
follows. 

The on-board sensor of the UAV has to be 
controlled from a ground control station to 
optimize position and quality of the sensor 
image. Additionally missioncontrol of the 
UAV may be required. For this purpose a 
telecommand up link is required. 

Through this link the relative bearing from 
ground-station to UAV may be sent to allow 
the pointing of directional antennas in the 
UAV as well as position updates. 

The status of UAV and on-board equipement 
has to be reported to the ground-station for 
mission control. UAV north orientation can 
also be reported to the ground station by this 
way. 

Therefore a tele-monitoring downlink from 
the UAV to ground is required. 

The image from the UAV on-board sensor 
has to be transmitted to ground through a 
high data-rate channel for analysis. 

In order to precisely know the position of a 
target in the sensor image for engagement, 
the ground station has to measure the relative 
position of the UAV with high accuracy in 
bearing and range. This function should be 
integrated into the data-link function if 
possible. 

Due to the fact that a targeting system is used 
in a battefield environment the data-link shall 
have the following additional features. 

be stealthy i.e interception of the 
transmissions from airborne and ground 
station by enemy intelligence shall be very 
difficult or impossible. 

be jam resistant, i.e in case of interception 
the Data-link design shall make it very 
difficult to be jammed effectively. 
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- be robust, i.e errors in communication 
resulting from jamming or other 
disturbances of the communications 
channel shall be corrected to the 
maximum feasible extent. 

An example of such a UAV-System is shown in 
Fig. 1 

0 LinkBudget 

The link budget is the output of the link analysis. It 
consists of the calculations and tabulation of the 
useful signal power and the interfering noise power 
available at the receiver. The link budget is a 
balance of gains and losses : 

3 - Trade-offs in Data-Link design - Gains : 
We intend to provide an analysis of the main 
problems concerning digital communication 
systems, so called "DATA LINKS" for the 
particular purpose of UAVs. 

Throughout these topics, emphasis is placed on 
.system goals and the need to trade off basic system 
parameters such as signal to noise ratio, probability 
of error and bandwidth. 

Many complex trade-offs are involved in order to 
obtain an optimum performance and cost-effective 
solution. Key factors for data link design are the 
requirements concerning range, data rate and, 
countermeasure environment, which have to be 
fulfilled under the constraints dictated by the air- 
vehicle, which are normally more stringent than 
the constraints for the Ground Data Terminal. 

0 Constraints for Air-Vehicle Integration 

The air-vehicle imposes limitations to the airborne 
data link terminal in terms of : 

- mass, 
- size, 
- power supply, 
- thermal dissipation, 
- antenna. 

These limitations influence some key design 
features of the data link like : 

- Transmitter power is limited by power- 
supply of the AN, allowable thermal 
dissipation, mass and size. 

- Antenna type and gain are limited by the 
antenna mass, size and position, which is 
allowed by the A N  under aerodynamic 
considerations. 

- Frequency band has to be chosen based on 
the antenna size and transmitter-power, 
which allows to satisfy the link budget. 

* transmitter power (on board power is 
limited) 

* antenna gain (size is limited by UAV shape 
and aerodynamics) 

- Losses : 

* propagation losses due to atmosphere 
attenuation and earth surface effects 
dependent with frequency band (UAV 
mission area) 

* engineering (implementation inside UAV). 

c3 The result of the link budget is the first step 
of the data link design. 

It gives a fair estimation of the equipment 
that will be design to achieve the 
requirement, a good assessment of the 
margin of the system and confidence on the 
performance to be achieved. 

0 Link Desim for Si)ecified Qualitv 
(Modulation and coding) 

Based on the link budget on one hand and on the 
quality of communication which is required, some 
trade-offs have to be done on the processing gain 
between base band modulation and coding. 

c3 The result of this analysis is to dimension the 
processing inside the equipment. 

This drives particulary the computational load 
and the complexity ot the processors in base 
band technology. 

0 Threats and Countermeasures 

For the case of military applications, one of the 
specific constraint is to provide the quality required 
for the communication under threat, generally in 
the presence of hostile jammers, which represents 
also additional sources of noise in the link. 
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Electronic countercounter measures are based on 
the characteristics of the jammers ( power, 
bandwidth, time behaviour) and eliminate as much 
jammer power as possible by techniques on board 
the UAV and in the ground data terminal. 

A number of countercounter measures can be 
implemented in all the devices of the data-link in 
order to decrease the probability of interferences 
and, in case of interferences, to eliminate the 
effects on the quality of the link. Possibilities are : 

- directional antennas, 

- robustness of the modulation 

- spread spectrum or frequency hopping 

- forward error coding using convolutional 
codes. 

4 - The Daimler-Benz Aerosnace / MATRA 
CAP SYSTEMES solution : 

4.1 General 

Daimler-Benz Aerospace and MATRA CAP 
SYSTEMES are developing a flexible solution 
taking special concern of following severe 
requirements : 

high level of jamming protection associated to 
a very low level of detectability 

e high accuracy of UAV localization in severe 
jamming conditions 

0 very severe environmental conditions of the 
battefield including NEW (Nuclear 
Electromagnetic Pulse) 

large number of various operating modes and 
growth potential including jamming 
evaluation, highly safe peace time mode, 
possible guidance of two UAVs by a same 
ground station and a handover mode in 
addition to the basic modes. 

0 data transmission to the ground control 
station by means of optical links. 

The very high degree of performance of our 
solution is achieved by means of specific 
techniques : 

non coherent detection providing higher 
reliability, efficiency and robustness against 
spurious signals compared to straight forward 
designs based on camer phase recovery. 

detecting and correcting codes (FEC) 
optimized on both random errors and message 
reconstruction. 

high speed synchronization process for 
shorter acquisition and reacquisition time due 
to specific Surface Acoustic Wave (SAW) 
matched filter. 

possibility of self adaptive level of transmitted 
power to minimize detectability and to take 
the most advantage of the transmitter power 
available on board. 

highly directional antennas with high gain, 
low side lobes and accurate motorization. 

design of the most complex functions at base- 
band level providing maximum flexibility for 
possible adjustments and future growth 
extension. 

calibration free ranging technique 

high ranging accuracy thanks to shod time 
DSSS chip. 

unbiased monopulse processing for high 
azimuth localization accuracy under jamming 
conditions 

high dynamic range of the receiver associated 
with intelligent automatic gain control (AGC) 
strategy to cope with the high level of 
jamming signals. 

sophisticated and very accurate built in test 
(BIT) design to diagnose Line Replaceable 
Units (LRU) without any specific operational 
maintenance bench. 

high scale integration for devices (ASICs) 
offering the best compromise between : 

- volume/weight 
- power consumptiordtemperature 
- processing powerkomplexity 
- availabilityheliability 

0 combined Frequency Hopping (FHSS) and 
Direct Sequence Spread Spectrum (DSSS) 
modulation working above 10 GHz for three 
signals : Telecommand, Telemetry and 
Television. 



The Ground Data Terminal (GDT) and Air Data 
Terminal (ADT) of the Daimler-Benz Aerospace / 
MATRA CAP SYSTEMES solution have been 
deeply analysed and implemented to take into 
account the following features: 

0 high modularity to satisfy the maintenability 
and also to facilitate the integration between 
antenna, microwave and base band 
technology. 

identical technology in the two equipments to 
harmonize the dual functions and also to 
s imple  the spare parts. 

use of identical subunits in ADT and GDT 
wherever possible. 

0 use of solid state microwave power amplifiers 

0 NEMP hardening by means of a specially 
designed mechanical structure, state of the art 
electronic design, including suppression 
circuits and fibre-optic link to Ground 
Control Station. 

0 highly compact synthesizers. 

use of modular microchip thin films 
microwave circuits. 

use of chip carriers components on 
collaminated Printed Circuit Boards for 
signal processing circuit. 

0 Status monitoring 

Sketches of ADT and GDT are provided in Figures 
2 and 3. 

4.2 AIR DATA TERMINAL 

The Air Data Terminal (ADT) of the Daimler- 
Benz Aerospace / MATRA CAP SYSTEMES 
Data Link has been specificaly designed taking 
into account the UAV constraints : 

0 Aerodynamic : the board antenna is installed 
in the tail fin of the UAV with minimum 
impact on the flight possibility of the UAV. 

0 Weight : the Air Data Terminal has a low 
weight impact from all the electronic devices 
embedded in the UAV. 

0 Thermal : the electronics are divided in two 
units : 

- the Electronic Unit installed in the 
electronic room of the UAV. 
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- the Front-End (including power amplifier) 
installed between electronic room and board 

antenna inside the UAV. 

This permits to split the thermal dissipation 
and to dispatch it in the UAV and also to 
offer possibility of growth potential. The 
Front-End and the antenna are the only 
frequency and transmitted-power sensitive 
components, and can be redesigned to suit the 
required transmitted power and/or frequency. 

0 Accessibility : 

- Antenna mounting occurs from the tail-fin 
side 

- Electronic Unit is installed on a trail in the 
electronic room 

- Front-End has a small size and is easily 
accessible in the fuselage. 

4.3 GROUND DATA TERMINAL 

The Ground Data Terminal (GDT) of the Daimler- 
Benz Aerospace / MATRA CAP SYSTEMES 
Data Link has been specificaly designed taking 
into account the ground constraints : 

0 The GDT combines features of a precision 
tracking radar (without the radar transmitter) 
with the primaly Data-Link function. This 
way precise localization of the UAV is 
achieved. 

0 Stabilization of the GDT : due to high level 
of accuracy for localization of UAV position 
through the Data-Link, a very performant 
stabilization of the ground antenna is 
achieved. 

Protection : the GDT is designed to confrm 
with environmental constraints : NEMP, 
lightning, contamination without any 
damage. 

Mechanical performances : A sophisticated 
mechanical design has been chosen in order 
to handle the high performance antenna. 

Communication with a remote control center 
through a fibre-optic link. 
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5 - Potential for Evolution 

Due to its modular design the Daimler-Benz 
Aerospace / MATRA CAP SYSTEMES data link 
described above allows to adapt one or a few 
subunits to changing requirements without 
affecting the remaining part of the design. For 
example the following modifications could be 
envisaged. 

0 Antenna (different beamwidth, frequency 

0 Antenna stabilization (different accuracy) 
0 Front End (different transmitter-power, 

frequency band) 
0 Electronic Unit (different interface to AN or 

ground station). 

range) 

Also functions may be added (e.g. data. 
compression) or deleted/simplifkd (e.g. A” 
localization precision). 

Such changes can be made without sigifkant 
impact on the architecture of the design and with 
limited changes in sofiware. 

To summarize the design of the data link allows 
adaptation to a spectrum of requirements and has 
the potential to tailor its complexity to provide 
cost-effective solutions for requirements of 
extremely-high to medium sophistication. 
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UNMANNED TACTICAL AIRCRAFT 
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Unmanned Tactical Aircraft - A Range of ConceDts 
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UNMANNED REUSABLE PLATFORM 
Missile or Fighter? 

Unmanned Reusable Platform - Missile or Fighter? 
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An exploratory study of the human-machine interface 
for controlling Maritime Unmanned Air Vehicles 

L. van Breda 
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1. SUMMARY 

Under contract by the Royal Netherlands Navy an explor- 
atory study was conducted on the design of the user interface 
for Maritime Unmanned Air Vehicles (MUAVs) control. The 
goal of this study was to gain more insight into the various 
parameters that may influence system performance, given the 
present level of technology. 
Two simulator experiments were conducted. Results of a first 
experiment made clear that the image transmission rate of the 
downlink is a critical factor. It appeared that with a single 
MUAV, only combined sensor and airframe control leads to 
an acceptable tracking performance, in particular at short 
observation distances. For low sensor image update frequen- 
cies (<4 Hz), tracking becomes critical. Results of a second 
experiment revealed that the tracking performance in a 
MUAV supervisory control task is identical to the first exper- 
iment, even in high auditivelcognitive workload conditions. It 
is suggested to focus further research on ways to improve 
operator performance and awareness at low downlink 
transmission rates. This can be affected by integrating syn- 
thetic information on orientation and MUAV status into the 
sensor image. 

2. INTRODUCTION 

Maritime Unmanned Air Vehicles (MUAVs) are airframes 
with a payload that are launched and propelled through the 
air without an operator on board. Instead, these vehicles are 
remotely controlled by an operator who is situated in a base 
control station. The Royal Netherlands Navy (RNLN), as 
well as other participating countries in NATO PG135 are 
interested in the development of these airframes, in particular 
for anti-surfacewarfare purposes (1). This includes surface 
reconnaissance, surveillance and target acquisition (RSTA), 
as well as battle damage assessment (BDA). As MUAVs are 
not strictly autonomous, operators are closely involved, 
guiding the vehicles towards their targets while interpreting 
threat, tactical, and sensor information. Especially when 
tracking targets, the operator has to ensure that he is accu- 
rately following the target while envisioning an environment 
which is remotely obtained. As the sensor image has a lim- 
ited resolution and field of view, and no vestibular feedback 
of the airframe behaviour is obtained, it is obvious that oper- 
ator behaviour is crucial for effective MUAV operation. 
Therefore, the TNO Human Factors Research Institute was 

asked to investigate the human-machine parameters of the 
MUAV user interface that affect operator performance. 

In a first approach, a literature review (2) was performed, 
based on NATO launch, mission and recovery requirements 
(3, (4), (l) ,  (5).  It was concluded that the human-machine 
interface should be optimally designed for supervisory control 
(target acquisition phase) and tracking for RSTNBDA. R e  
quirements indicate that MUAVs should only be used under 
certain predetermined conditions. For instance, a certain 
predetermined observation distance to the target should be 
maintained in order to avoid early detection of the MUAV. 
Since target loss must be limited to a minimum, it is impor- 
tant to select the proper technology for the MUAV and c a r e  
fully design the MUAV user interface. Eisen and Passenier 
(6) concluded that MUAV operators are involved in several 
functions during MUAV missions. Therefore various levels 
of information, such as target image, tracking, and overall 
MUAV system status information, need to be presented. 
Three levels of information can be distinguished: 
- sensor information, providing a video image of the sensor 

area. This is the most local image of the MUAV system. 
Depending on the selection of the operator, either a wide 
field of view (FOV) image or a narrow FOV image may 
be displayed; 

- tactical information, providing a spatial representation of 
the search area near the target. This is information re 
garding the process of the search, encompassing a sub- 
sector of the target search area, including the actual sen- 
sor footprint (actual covered surface search area) and 
possible area of target detection (cue); 

- strategic information, providing spatial, operational and 
status information of the host ship, all involved MUAVs, 
friendly and enemy areas, and threat. 

The experiments discussed in this paper cover all these levels 
of information. The fmt  experiment is focused on the track- 
ing task with a single MUAV, when mainly sensor and tacti- 
cal levels of information are used. These levels are in partic- 
ular relevant when the MUAV is in the final stage of a p  
proaching the target and following it afterwards. The princi- 
pal goal is to control the MUAV and maintain a constant 
position and orientation relative to the target. Doing so, the 
operator is confronted with multiple degrees of freedom 
including altitude, horizontal position and yaw of the MUAV 
as well as pitch, yaw and FOV of the sensor system. These 
degrees of freedom affect the position of the sensor footprint, 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ” 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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determining its motion in addition to that of the MUAV. The 
goal of the experiment is to determine the extent to which the 
tracking performance is affected by basic system parameters. 
The second experiment concerns operator performance when 
dealing with so called multi-MUAV clusters, in which 
MUAVs are partly preprogrammed, partly manually con- 
trolled. The operator is involved in a supervisory control 
task: supervising sensor, tactical, strategic and MUAV status 
information, and simultaneously tracking targets manually. 
Under these operational circumstances operator workload 
may play an important role. 

3. EXPERIMENT 1 ''Single MUAV tracking" 

The first experiment was undertaken to determine the extent 
to which the tracking performance is affected by basic system 
parameters such as control input characteristics, observation 
distance and sensor image characteristics. A MUAV work- 
station is a man-in-theloop tracking system providing control 
input devices and visual feedback for the operator. The 
MUAV operator minimizes the deviation between the cross 
hair of the sensor image and the moving target. For accurate 
control, appropriate feedback ' is essential. Unfortunately, a 
MUAV has severe restrictions in minimum observation dis- 
tance (forward distance to the target to be maintained, also 
called "standoff distance") and field of view (FOV) to be 
used for the sensor. Information concerning the target's 
future position may be derived from the perceived target 
position and orientation (perceptual anticipation) and from 
knowledge of the MUAV and target movement (cognitive 
anticipation). Since the primary mission of the MUAV system 
in the present study is RSTA, the a-priori information on 
MUAV and target characteristics is minimal. Therefore, with 
regard to target tracking, cognitive anticipation is hardly 
supported. 

A MUAV opzrator has to perform a dual control task: track- 
ing a moving target and simultaneously maintaining a con- 
stant observation distance, the so-called standoff distance. In 
this experiment, two types of control input devices are inves- 
tigated, i.e. a separate control input device and a coupled 
control input device. 
In the separate control mode, two independent joysticks are 
used, one for controlling the MUAV forwardhackward 
acceleration and yaw rate, and one for controlling the pitch 
and yaw rate of the sensor. The operator is free to manipulate 
both sensor and MUAV airframe independently which allows 
the operator to observe a target from different viewing direc- 
tions. However, these multiple degrees of freedom require 
the operator to make mental transformations between the 
desired footprint position and appropriate control actions. 
This may deteriorate the tracking performance. 
In the coupled control mode, one single joystick controls the 
footprint (6). In this semi-automatic control mode, the control 
signa! is interpreted by a control algorithm to maintain a 
constant standoff distance. If the target distance varies, the 
sensor footprint can be controlled in forward or backward 
direction by pushing or pulling the joystick. The correspond- 
ing platform motions are calculated to restabilize at the d e  
sired standoff distance. By moving the joystick sideward, the 
horizontal viewing angle is controlled by the yaw rate of the 
MUAV airframe. 

Requirements indicate that small contacts should be detectable 
at 5000 m observation distance. For BDA, smaller observa- 
tion distances will be necessary (e.g. 2000 m). The smaller 

the observation distance, the better details of the target can be 
distinguished. However, the tracking accuracy may decrease 
because movements of nearby targets require the operator to 
make more control actions. In maritime and air situations 
visual estimation of the standoff distance is difficult under all 
circumstances, because visual distance cues are minimally 
available. 

The quality of the image depends on the sensor characteris- 
tics. The resolution of the video system is 768 X 576 pixels. 
Since the operator is in the control loop, dynamic aspects of 
the sensor image may affect the operator's tracking perfor- 
mance. Therefore the sensor image should be real-time with a 
certain minimum update frequency. 
The image is transmitted from the MUAV to the host ship by 
means of a datalink, the so-called downlink. The exact char- 
acteristics of this datalink, like transmission speed, BID not 
available yet, as these depend on the technology used (5). 
Normal analogue transmission of the image results in update 
frequencies of 10-50 Hz. However, a digital datalink is the 
aim, resulting in image update frequencies varying from 
approximately 1-4 Hz (5). As analogue transmission technol- 
ogy is more sensitive to external disturbances, this will prob- 
ably not be applied. 

In summary, the MUAV operator minimizes deviations b e  
tween the cross hair of the sensor image and the moving 
target. In the separate control mode, especially for small 
standoff distances, poor perceptual anticipation may produce 
relatively large errors in the estimated standoff distance, 
possibly in combination with disorientation with regard to the 
target position. To perform the dual control task more effec- 
tively, the coupled control mode combines sensor and air- 
frame control, with corresponding control directions, thus 
reducing the number of degrees of freedom for control. 
Therefore, for this control mode a superior tracking perform- 
ance is expected. 
With regard to the sensor image update frequency, for both 
control modes, it can be expected that low update frequencies 
will deteriorate perceptual anticipation and therefore degrade 
the tracking accuracy. 

3.1 Method 

Subjects 
Nine male subjects participated in the experiment. They were 
non-commissioned officers of the RNLN in active service and 
specialized in combat centre activities. 

Task 
For each subject, the first phase of a trial consisted of ap- 
proaching a fast moving target ship in order to achieve a 
predetermined standoff distance (5000 m or 2000 m). During 
this approach phase, the sensor was zoomed out (46.7' 
FOV). 
Once the desired standoff distance was reached, the subject 
had to zoom in on the target ship (3' FOV) and control the 
MUAV in order to maintain this distance. The other objective 
for this phase of a trial was to keep the cross hairs of the 
sensor image as accurately as possible on a special marker at 
the stem of the target ship (tracking phase). 
In case of target loss, it was allowed to zoom out the image 
in order to retrace the target ship. Each trial was finished 
after four minutes of tracking. 



Experimental design 
Since the present study involved the limits of the human- 
machine system, the values of the independent variables were 
varied considerably: 

1 Control mode: 

2 Standoff distance: 

3 Update frequency: 

separate control vs. coupled control 

2000 m vs. SO00 m 

1 Hz, 4 Hz and 10 Hz. 

These variables were independently combined within subjects 
in a balanced order. This made up a total of 12 conditions. 

Instrumentation 
The experiment was camed out on the MUAV simulator 
developed at the TNO Human Factors Research Institute. 
This simulator was based on a Silicon Graphics Iris 4D 
workstation for calculation of the position of the footprint and 
for generation and presentation of the tactical and sensor 
information. The subject was seated in a cubicle in which a 
monitor and control devices were installed. Control actions of 
the subject were fed into the Iris in which a mathematical 
model of the target ship behaviour and of the MUAV includ- 
ing sensor characteristics were implemented. In the separate 
control mode, a left-hand joystick was used to control pitch 
and viewing direction of the sensor, and a right-hand joystick 
to control speed and yaw rate of the MUAV. In the coupled 
control mode, only the right-hand joystick was used for 
combined sensor and MUAV motion control. Detailed infor- 
mation on simulator characteristics, MUAV and target behav- 
iour are presented in the Appendix. 

Procedure 
Each subject participated one day, divided over two sessions 
in which one control mode was used. At the beginning of 
each session, the subject was trained for one hour, during 
which the controls and the information on the screen were 
explicated, then followed by a number of test trials were 
performed (four test trials of six minutes per control condi- 
tion). The experimental trials were executed afterwards; each 
subject had to perform 12 blocks of 4 trials. 

Dependent variables and ana&sb 
The sample rate for collecting data of the state variables 
during the experimental trials was 4 Hz. For the data analysis 
the following dependent variables were calculated, represent- 
ing the tracking accuracy of the operator: 
- larger coverage: percentage of time during which the 

target ship's stem observation marking was visible on the 
screen; 

- standoff error: the difference between the predetermined 
standoff distance and the actual standoff distance of the 
MUAV, expressed in meters; 

- viewing error: the total angular difference between the 
cross hair of the sensor image and the marking on the 
target ship, expressed in degrees. 

The analysis concerned root mean square error (RMS error) 
of the variables, starting at the moment that the MUAV is 
within 1000 m. On these data, an analysis of variance 
(ANOVA), (7) was performed. 
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3.2 Results 

Targel coverage 
Fig. 1 shows the target coverage, for both control conditions 
and three downlink conditions, averaged over the subjects. 

standoff distance 2000 m standoff distance 5000 m 

40 .  P - 
20 ' 

e coupled control 
x separate control 

0 
1 4  10 1 4 10 

image update frequency (Hzl 

Fig. 1 Mean target coverage as a function of the sensor 
image update frequency and standoff distance, for two 
control conditions. 

As can be seen in Fig. 1 the coupled joystick control resulted 
in an overall higher coverage percentage compared to sepa- 
rate joystick control. According to a 2 (Control input device) 
x 2 (Standoff distance) x 3 (Update frequency) ANOVA 
this effect was significant [F(1,8)=81.2; p <  <0.01]. The 
significant interaction between control mode and standoff 
distance [F(11 ,O)= 1.8; p < 0,051 revealed that the effect of 
control mode was largest in the 2000 m standoff distance 
condition. A Tukey test (7) revealed that there was no signifi- 
cant effect of standoff distance on the target coverage in the 
coupled control mode. The ANOVA also indicated that there 
was a significant effect of update frequency [F(2,16)= 14.3; 
p <  < 0.011; the target coverage was decreasing with lower 
update frequencies. The Tukey test also indicated that the 1 
Hz condition significantly differed from the 4 Hz and 10 HZ 
condition (for both p <  <0,01). 

Standof error 
Fig. 2 shows the standoff error as affected by the update 
frequency of the sensor image, for both control conditions 
and three downlink conditions, averaged over the subject. 
In Fig. 2 it can be seen that coupled joystick control resulted 
in substantially smaller standoff errors compared to separate 
joystick control. According to a 2 (Control input device) X 2 
(Standoff distance) x 3 (Update frequency) ANOVA, this 
effect was significant p(1,8)=150.0; p <  <0,01]. The 
ANOVA also indicated that there was no significant effect of 
standoff distance, i.e. the standoff error was more or less 
constant over different standoff distances. The effect of u p  
date frequency was significant [F(2,16)=6.9; p<O,Ol]. The 
Tukey test indicated that the 1 Hz condition significantly 
differed from the 4 Hz (p<O,O5) and 10 Hz @< <0,01) 
condition. The standoff error was negligible in case the 
sensor update frequency was at least 4 Hz, in the coupled 
control mode. 
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Fig. 2 Mean standoff error as a function of the sensor 
image update frequency and standoff distance, for two 
control conditions. 

Viewing error 
In Fig. 3 the sensor viewing error is presented, for both 
control conditions and three downlink conditions, averaged 
over the subjects. 

standoff distance 2000 m standoff distance 5000 m 

image update frequency (Hz) 

Fig. 3 Mean values of the sensor viewing error as a 
function of the sensor image update frequency and 
standoff distance, for two control conditions. The hori- 
zontal dashed line indicates the screen limits (distance 
from screen centre to screen-edges). 

In Fig. 3 it can be seen that for all conditions the coupled 
control mode resulted in a smaller viewing error compared to 
the separate control mode. A 2 (Control input device) x 2 
(Standoff distance) X 3 (Update frequency) ANOVA indi- 
cated that this effect was significant [F(1,8)=21.0; 
p <  <0,01]. The results also showed that larger viewing 
errors occurred at smaller observation distances [F(1,8)= 
9.4; p<O.O5]. A significant interaction between control mode 
and standoff distance was found [F(1,8)=7.5; p <O,OS]. The 

Tukey test indicated that there is no significant effect of 
standoff distance on the viewing error in the coupled control 
mode. In Fig. 3 the screen limits are shown, indicating the 
visibility criterion. For separate control, viewing erron at 
2000 m standoff distance even exceeded the screen limits. No 
effect of downlink image update frequency on viewing error 
was found. 

3.3 Discussion 

The data clearly showed that the tracking performance was 
significantly better in case a single joystick control was used 
based on a coupled control algorithm. The coverage of the 
target was nearly 100% of the tracking time whereas the 
standoff distance error was negligible. As was expected, for 
this control mode tracking performance remained more or 
less constant for different standoff distances. 
In the separate control mode, the target coverage had reduced 
considerably, in particular at short standoff distance (to about 
60% of the tracking time for the 2000 m standoff distance 
condition). In this condition frequent target loss occurred. 
Observation of the subjects’ tracking behaviour indicated that 
differences between sensor viewing direction and MUAV 
heading repeatedly remained unnoticed, possibly giving rise 
to disorientation. 
For both control modes, the sensor image update frequency 
proved to be of crucial importance to the tracking perfor- 
mance. Especially in the 1 Hz condition, a significant perfor- 
mance degradation was found. 

4. EXPERIMENT 2 “MUAV supervisory control” 

Experiment 1 was focused on single MUAV operation. How- 
ever, effective over-the-horizon MUAV missions will be 
based on a cluster of airframes. For example, one MUAV for 
tracking targets or for RSTNBDA, two MUAVs as relay 
stations (the first is moving to the target area to take over the 
tracking job as soon as the actual tracking MUAV has to 
return to base for refuelling; the second is moving from the 
target area back to base to get refuelled), and one MUAV is 
being refuelled at the base. In such a MUAV configuration, 
only the tracking airframe is under direct control by an oper- 
ator, whereas the other airframes are more or less autono- 
mously flying from waypoint to waypoint, or waiting and 
hovering at predetermined positions, until action is needed. A 
global function description of a multi-MUAV mission con- 
tains the following main functions: 
- Track targets Once the targeting MUAV is at a prede 

termined observation (standoff) distance, the operator uses 
the control input devices and visual feedback to minimize 
the deviation between the cross hair of the sensor image 
and the moving target. 

- Supervise The MUAV operator has to supervise a multi- 
ple MUAV system, monitoring tactical mission informa- 
tion and controllstatus information to judge the state of 
the airframes. Therefore, the mission scenario should be 
considered as a procedure, supervised by the operator. He 
verifies the different system parameters and take the 
necessary corrective actions. 

- Communicate The MUAV operator communicates with 
the Command. It is suggested that the operator has an 
open connection through the communication network 
using a headset, scanning messages that are assigned to 
him. It is essential that the operator recognizes these 
messages correctly and acts accordingly. 
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The RNLN is interested to know whether a single MUAV 
operator is able to perform multiple tasks in order to fulfil 
the functions described above. It seems logical to think that 
tasks, being performed simultaneously, affect each other (e.g. 
calculating and discussing). But it is also known that task 
combinations exist that can very well be performed in parallel 
(e.g. steering a car and discussing with someone, or listening 
to the radio). Therefore, multiple task performance should be 
investigated before a new system is developed. A model that 
can be used to evaluate human interface principles and to 
predict workload, is the multiple resource model developed 
by Wickens (8). This model is specific for multiple (continu- 
ous) task performance and distinguishes three resources (9): 
- modnlities; channels through which information is ob- 

tained (e.g. visual, verbal), or the way response is gener- 
ated (e.g. verbal, manual); 

- stages of information processing; perceive, central pro- 
cessing, respond; 

- coding; the way information is being processed. This can 
be spatial (e.g. orientational tasks) or verbal (e.g. retain- 
ing names). 

The model predicts that, when (independent) parallel tasks 
use the same resource (interfere), the task performance on 
each individual task will decrease. This will not happen when 
parallel tasks use different resources. For instance, verbal 
tasks can easily be combined with visual tasks; a task in an 
early phase of information processing (e.g. perceive, pattern 
recognition) can easily be combined with a task that generates 
a response (e.g. steering); a task that processes spatial infor- 
mation (e.g. interpreting radar information) can easily com- 
bined with a verbal task (e.g. communicate). 

To determine the effect of verballcognitive workload on 
tracking performance, an experiment was conducted. Subjects 
had to approach a moving target in an open sea scenario and 
follow this target at a predetermined standoff distance. In the 
experiment, a coupled control input device (10) was used, in 
which one single joystick controlled footprint and airframe 
(6). The control signal was interpreted by a control algorithm 
for maintaining a f m d  standoff distance (2000 m). If the 
target distance varied, the sensor footprint could be manually 
controlled in forward or backward direction by pushing or 
pulling the joystick. The corresponding airframe motions 
were calculated and executed. By moving the joystick s i d e  
ward, the horizontal viewing angle was controlled by the yaw 
rate of the MUAV airframe. 
To vary the workload, a verballcognitive task had to be 
performed in addition to this visual-manual-spatial tracking 
task. This so called continuous memory task (CMT) (11) was 
presented to the subjects by means of an verbal display (head- 
set) and was characterized by detecting certain target letters 
and mentally counting the frequency of their appearance. The 
task difficulty was varied by the number of target letters. The 
subjects were asked to perform the tracking task as accurately 
as possible, but to give the CMT he highest priority. 

It should be noticed that the CMT only globally reflects the 
future MUAV operator task aspects when fulfilling the func- 
tions as described above. It is obvious that specific visual or 
manual (for instance emergency diagnosis and control tasks 
during erroneous MUAV functioning) could affect the opera- 
tor task performance differently. This experiment is consid- 
ered as a first test, so a normative approach was taken: the 
operator will not make procedural errors and no airframe 
malfunctioning will occur. 

According to Experiment 1, the image update frequency of is 
one of the crucial factors to influence operator tracking 
performance. Therefore, both image update and CMT work- 
load were varied in the experiment. With respect to the factor 
‘image update frequency’, the sensor video image was s u p  
posed to be obtained through a digital datalink, resulting in 
image update frequencies varying from 1 to 10 Hz. For the 
factor ‘cognitive workload’, the difficulty of the CMT was 
varied at three levels: ‘low’, ‘moderate’ and ‘high’. 

In summary, the MUAV operator has to minimize deviations 
between the cross hair of the sensor image and the moving 
target. Based on the findings of Experiment 1, it can be 
expected that low sensor image update frequencies will d e t e  
riorate perceptual anticipation, causing relatively large view- 
ing errors, and therefore decrease the operator tracking 
performance. 
Wickens’ multiple resource model predicts that the (visual/ 
manual) spatial tracking task can well be combined with a 
verbaVcognitive task. Therefore, with regard to the ver- 
ballcognitive workload introduced by the CMT, it can be 
expected that high workload will hardly influence the tracking 
task performance. 

4.1 Method 

Subjects 
Ten male subjects participated in the experiment. These 
subjects were starting College students. Their age varied 
from 21 to 39 years (average 25.6 years). 

Task 
Each subject was sitting at a desk, providing a display and 
joystick for tracking targets, and a display and headset for the 
secondary CMT. The tracking task was conform Experiment 
1: the subjects initially flew a MUAV at about 5000 m dis- 
tance from a fast moving target ship. This target ship had to 
be approached until 2000 m standoff distance. During this 
approach, the sensor remained zoomed out ( 4 6 . 7 O  FOV). 
Once the desired standoff distance was obtained, the subject 
had to mom in on the target ship (3O FOV) and track the 
target ship, which means to keep the cross hairs of the sensor 
image as accurately as possible on a special marker at the 
stem of the target ship (tracking phase). However, this target 
ship performed unexpected course changes. In case of target 
loss, it was allowed to zoom out and retrace the target ship. 
At a certain moment, an additional task had to be performed. 
If so, a set of (two or four) target letters appeared on a 
screen and a button for acceptance had to be pushed, to start 
a continuous memory task (CMT). A series of 40 letters were 
presented in the subject’s headset: one letter every 1,5 s. The 
subject had to press a ‘recognition’ button once, each time he 
recognized one of the target letters. Moreover, he had to 
push the ‘recognition’ button twice, each time any target 
letter was recognised for the third time. In case a double 
response was expected, the subject heard ‘Correct’ when 
giving a double response; the subject heard ‘Wrong’ once an 
omission was made or when the subject responded at the 
wrong moment. After the response (either ‘Correct’ or 
‘Wrong’) the tally for the letter that was presented, was reset 
to zero. A CMT with two target letters was considered to be 
of ‘moderate workload’, a CMT with four target letters of 
‘high workload’ (12), (13). 
The subject was instructed to track the target ship as accurate 
as possible, using the coupled control system. Although, the 
secondary verballcognitive task had to be considered as the 
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highest priority task. Each trial was finished after four min- 
utes of tracking. Than, the next trial would start. 

Experimental design 
The values of the independent variables were varied as fol- 
lows: 
1 Image update frequency (3 levels): 

2 VerbaVcognitive workload (3 levels): 
1 Hz, 4 Hz and 10 Hz. 

low, moderate, high. 

The variables were independently combined within subjects in 
a balanced order. 

Instrumentation 
The instrumentation of Experiment 2 was conform the instru- 
mentation used in Experiment 1. However, for generation 
and presentation of the secondary CMT task, a Taskomat was 
used (14), consisting of a IBM PC with timer response and 
speech interface for stimulus generation and verbal presenta- 
tion. 

Procedure 
The subjects came in pairs during one day. First, they were 
introduced to the MUAV simulator by the instructor, who 
explained the control input devices and the presented infor- 
mation on the screen. Then, a training session took place in 
which three tracking test trials (update frequency of 10, 4, 1 
Hz, respectively) had to be performed. Finally, the subjects 
were trained to perform the CMT secondary task (moderate, 
high workload respectively), separately from, and simulta- 
neously with the tracking task. The task performance was 
verified by the instructor. 
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Fig. 4 Mean target coverage as  a function of the sensor 
image update frequency and operator workload, aver- 
aged over the subjects. 

During the actual experiment, each subject had to perform 6 
blocks of 3 trials. When one subject was performing, the 
other was waiting and took over after each block. The in- 

structor closely monitored the subject’ task performance. In 
particular the CMT performance had to be monitored and 
kept at a maximum level. 

Dependent variables and analysis 
The dependent variables and the analysis was conform Exper- 
iment 1. 

4.2 Results 

Target coverage 
Fig. 4 shows the target coverage, for the three image update 
and workload conditions, averaged over the subjects. 
As can be seen in Fig. 4, the target coverage was decreasing 
with lower image update frequencies. This was nearly 100% 
at 10 Hz, and 95% or more at 4 Hz, but only about 60% at 1 
Hz. According to a 3 (Update frequency) X 3 (Workload) 
ANOVA this effect was significant [F(2,18)=15.09; 
p <  <0,01]. However, the ANOVA did not show any effect 
of workload (CMT). A Tukey post-hoc test indicated that the 
1 Hz condition significantly differed from the 4 and 10 Hz 
condition (for both p <  < 0.01). 

Viewing error 
In Fig. 5 the sensor viewing error is presented, for three 
image update and workload conditions, averaged over the 
subjects. 

0 high workload 

x low workload 

1 4 10 
image update  frequency (Hz) 

Fig. 5 Mean sensor viewing error as a function of the 
sensor image update frequency and operator workload, 
averaged over the subjects. The horizontal dashed line 
indicates the screen limits (distance from screen centre 
to screen-edges). 

It can be seen that the viewing error was nearly negligible tit 
image update frequencies of 4 Hz or more, and was increas- 
ing significantly at low update frequencies. However, accortl- 
ing to a 3 (Update frequency) X 3 (Workload) ANOVA this 
effect was hardly significant [F(2,18)=3.36; p=O.O5]. 
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In the figure, the screen limits are shown, indicating the 
visibility criterion of the tracking task. It can be seen that the 
viewing error only exceeded the screen limits at the lowest 
update frequency condition. This was also the only condition 
in which any effect of workload appeared. However, the 
ANOVA did not indicate any significance of this effect. 

4.3 Dwussioo 

As was expected, the experimental results showed a decrease 
of MUAV tracking performance with lower update frequen- 
cies of the sensor image. With 10 or 4 Hz, the coverage of 
the target remained at nearly 100% of the tracking time, but 
at 1 Hz this was only about 60%. This was caused by an 
increase of the viewing error, exceeding the field of view of 
the camera. 
As was predicted by Wickens’ multiple resource model, no 
significant decline in target coverage was found when the 
subjects performed the tracking task under moderate and high 
verballcognitive workload conditions. Only with 1 Hz update 
frequency the average viewing error increased. Hence, 
Wickens’ predictions on task performance were not com- 
pletely valid with regard to the most difficult tracking condi- 
tion. Tracking with low update frequencies probably required 
more central (mental) processing concerning the target’s 
behaviour. This interfered with the verballcognitive task. 
Verification of the subjects’ verballcognitive task perfor- 
mance pointed out that this task was properly executed; the 
target-letter hits, as well as the counted target-letter hits 
remained unchanged over the workload conditions. 

Results of the experiment show that moderate and even high 
workload conditions did not affect the mean target coverage 
of the sensor image. This remained at about 100% for update 
frequencies of 4 Hz and more, and at about 60% for 1 Hz 
update frequencies. However, in the latter condition, the 
tracking task became more discontinuous, decreasing oper- 
ator’s anticipation possibilities, and thereby demanding more 
central processing on the target’s behaviour. This interfered 
with the cognitive task. As the subjects’ verballcognitive task 
performance remained at a constant level, the viewing (track- 
ing) error increased. 

The fact that a significant tracking performance degradation 
was found at low image update frequencies, indicates that 
image update frequency is one of the crucial factors affecting 
operator performance. Many attempts are currently made to 
improve the MUAV downlink transmission bandwidth in 
order to increase information flow. However, high costs and 
technological limitations limit the progress in this field (9, 
(15). Since the decrease in operator performance is caused by 
lack of anticipation and orientation (lo), it should be investi- 
gated whether provisions for enhanced visual information 
may be a more efficient way to improve operator perform- 
ance. This should not only concern improvement of the 
sensor image characteristics, but also improvement of the 
operator’s awareness by depicting additional graphics infor- 
mation onto the sensor image. For example, synthetic per- 
spective graphics, creating a virtual landscape, as seen from 
the actual MUAV position, displayed at a high update rate 
(i.e. 60 Hz). It may be expected that such extra artificial 
information will improve the operator’s anticipation and 
orientation and thereby enhancing the tracking performance. 

5. GENERAL DISCUSSION 
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simulate a .range between undisturbed straight navigation 
when the UAV is distant, and avoidance manoeuvres when 
the UAV is near. The latter assumes a worst-case scenario: 
the target pilot knows he is under scrutiny, and wishes to 
make his ship difficult to track. 

MUAV motion 

Horizontal translations 
maximum translational rate of f 120 kts 
maximum yaw rate of f 3 ' Is 
acceleration control by longitudinal axis of position joy- 
stick or arrow keys (separate control only) 
rate of yaw control by lateral axis of position joystick or 
arrow keys 
fmt-order control system with 3-s time constant. 

Vertical translations 
constant altitude 6561 ft 

SensorlGimbal 
APPENDIX: Simulation Parameters 

Target area 

Surrounded by sea: a horizontal plane of infinite size and 
dark grey colour 
Sky: background of light bluish-grey 
Small area: an area of uncertainty (AOU) of 100 nm* 
provided by cue; circular in shape 
Large area: 113 of a sector, uncued. (A sector is defined 
as a 40' region, between 20 and 100 nm distance from 
ship; thus, 113 of a sector is approx. 1100 nmz.) 

Target 

class frigate 
length 100 m 
width 15 m 
height 4 m 
maximumspeed 40 kts 
turning radius 400 m 

Colour 
Dark grey hull, lighter grey deck. 
Colours approach that of sea, linearly in RGB (voltages 
of red, green, and blue electron guns of monitor), as 
distance from UAV increases (to simulate atmospheric 
effects on image). At 10 km distance, ship and sea 
colours are identical, simulating zero visibility. 

Wake 
Light grey at ship; approaches colour of water at tail; 
visibility reduces with distance from UAV (in same man- 
ner as ship does). 
Width is roughly equal to width of ship. 
Length is a function of ship speed (it lasts for 20 s; maxi- 
mum is 417 m). 

Azimuth (Yaw) 
.' maximum rate of f 30 "Is 

360" range 
rate controlled by lateral axis of position joystick or 
arrow keys (separate control only) 
gain is proportional to FOV, allowing a constant sensitiv- 
ity to input across all levels of zoom 
gain is proportional to distance to footprint centre, allow- 
ing a constant sensitivity to input across all distances. 

Elevation (Pitch) 
maximum rate of f 20 ' 1 s  
range of 20" to -120" 
rate controlled by longitudinal axis of position joystick or 
arrow keys 
gain is proportional to FOV, allowing a constant sensitiv- 
ity to input across all levels of zoom 
gain is proportional to distance to footprint centre, allow- 
ing a constant sensitivity to input across all distances. 

Field of view 
maximum FOV of 46,7" 
minimum FOV of 3,O' 
FOV increase/decrease controlled by function keys. 

Separate control 

One input device controls UAV yaw laterally and UAV 
acceleration longitudinally. The other device controls pitch 
and yaw rates. 

Coupled control 

Single input device controls UAV yaw laterally and footprint 
speed longitudinally. 

Manoeuvring 
The ship always moves at its maximum speed. Every 10 s, 
the ship has a 50% probability of turning in a random direc- 
tion. Once a turn is initiated, the duration of the turn is 
randomly chosen between 0 s and 10 s. The intention is to 
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MULTIPLE UMA’S IN-FLIGHT MANAGEMENT 

METEOR C.A.E. S.P.A. - FINMECCANICA IRI GROUP 
Ing. Carlo SlARDl 

Via M. Stoppani, 21 - 34077 Ronchi dei Legionari (GO) ITALY 

1. SUMMARY 

Up to now significant effort has been posed in 
exploiting the basic UMA functionalities and 
operational growth potentials: almost all issues 
concerning single UMA employment are currently 
being addressed and solutions are due to come. 

Instead, Multiple UMA’s control and operational 
Management (MUM) is still an open issue which has to 
pass through accurate and comprehensive operational 
scenarios evaluation and thus ending up with proper 
requirement definition. 

The present paper deals with this latter statement, 
also t m g  to outline potential problems which may arise 
operationally. 

Among the many parameters involved, timing is going 
to be the key parameter to handle, in order to allow full 
UMA utilization within multiforces operations. 

As far as multiple UMA’s controlled by a single GCS 
are concerned, this issue can be translated in how 
accurately the time windows tied to each navigational 
waypoint are intercepted by the in-flight airvehicles. 
Therefore the question moves to which parameter must 
be controlled by the UMA Flight Management System 
and how is it influenced by the en-route wind. 

Another intriguing subject is closely connected to the 
link band emploied: provided satellite links represent a 
viable and effective solution, we hereon h u t  are 
discussion to conventional ground links. 

In case of NATO standard J-Band link a narrow beam 
is necessary due to the band typical fading margin and 
energy losses. Since a GCS has to cope with several 
UMA’s performing their missions, an accurate trade-off 
must be conducted to establish a proper balance between 
several basic parametric constraints, such as ground 
antenna beam width, spatial airvehcle navigational 
accuracy, Ground Data Terminal antenna stabilization, 
GCS Man Machine Interface and so on, in order to 
guarantee a reliable airvehicle acquisition for proper 
tracking and data gaining. 

Morover, link loss and failures management during 
silent flight are going to be tough subjects to cope with, 
for they represent potential hazard w i t h  airspace 
control activities. 

Last but not least is how to demonstrate the 
fullfihent of the requirements, keeping an eye on 
testing costs and risk reduction. 

2. GLOSSARY 

AGL Above Ground Level 
AP Auto Pilot 
AV Air Vehicle 
E;TA Estimated Time of Arrival 
m Estimated Time of Departure 
FLOT Forward Line of Own b p s  
GCS Ground Control Station 

GDT 
GPS 
GS 
IAS 
mrad 
MPC 
RMS 
MEC 
MUM 
NATO 
PCST 
RF 
RGS 
TAS 
TGT 
UMA 
WP 

Ground Data Terminal 
Global Positioning System 
Ground Speed 
Indicated Air Speed 
Milliradians 
Mission Planning Console 
Root Mean Square 
Mission Evaluation Center 
Multiple UMA’s Management 
North Atlantic Treaty Organization 
Programming and Control Station 
Radio Frequency 
Remote Ground Station 
True Air Speed 
Target 
UnManned Airvehicle 
Way Point 

3. INTRODUCTION 

Todays world crisis management under Unified 
Commands call for intimate coordination and, in 
particular, quick information availability at  proper levels 
for timely situational decisions. 

Rscent operational use of UMA Systems enphasized 
the need for simultaneous airvehicles management as 
force-multiplier, thus endowing each UMA battery with 
improved flexibility, and dramatically expanding the 
range of missions which can be carried out at the same 
time and the area effectively surveilled by each GCS. 

Even in limited conflict scenarios the resulting 
Airspace Management now faces complex coordination 
among all forces emploied and requires timing control 
and other novel capabilities by all in-flight airvehicles. 

The present paper mainly focuses on Area 
Surveillance UMAS having the scope to keep si@cant 
portions of territory under constant round-the<lock 
control, whch therefore implies the utilization of several 
UMAs operating at the same time in the same or 
adjacent areas in order to assure a proper data 
refreshment rate. 

Generally speaking we distinguish between: 
- Multiple UMAe Discrete Management, 

represented by most present-day tactical 
surveillance systems and characterized by a radius 
of action function of the link range capability. 

- Multiple UMAe Continuous Management, 
being an extantion of the previous case in that it 
emploies a series of auxiliary ground stations 
disseminated along the terri torial “belt” to be 
surveilled, provided the main opera tional and 
maintenance centers are located in a specific safe 
area well away from the front line. 

On the other side, since Endurance UMAs performe 
very specific missions which usually do not require 
multiple airvehicle management, they are therefore not 
covered in t h s  paper. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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4. PRACTICAL CASES 

4.1 MULTIPLE UMAs DISCRETE MANAGEMENT 

Let's now review the tipical case of a surveillance 
system which needs to operate several UMAs under the 
control of a single GCS, employing highly directional 
antennae for detectiodamming prevention either on 
GCS and airvehicle. In this case the MUM is conceived as 
discrete real time data collection from airborne 
airvehicles, each of them separately contacted by the GCS 
on a time schedule basis. 

Svstem ComDosition 
Basically the System presents one or more AV 

Launchers, their number depending upon launch 
frequency and scenario, a GCS and a GDT. 

Both the GCS and the AV have directional antennae 
with those on the AV aiming at the GCS throughout the 
mission. 

The System Data h k  guarantees bi-directional RF 
time-shared link between AV and GDT antenna, whde 
digital modulation of the transmission data allows a high 
degree of link reliability. 

Anti-jamming techniques (eg. spread-spectrum 
frquency hopping) are implemented to secure the 
communication channel. 

Within such link architecture the GCS operates as the 
"slave" section with respect to the on-board equipment 
which actually activates the ground units for link set-up 
("master"). 

Svstem Omration 
With reference to Fig.1 each GCS can have several 

UMAs simultaneously in flight with the radio-link 
connection possible one at a time. 

Therefore it must be possible to shift from one AV to 
another with the remaining AVs performing their 
preprogrammed flight paths in silent mode, as illustrated 
in Fig.2. These passive AVs are remotely followed by the 
GCS via a simulation program, thus allowing the ground 
operator to monitor all AVs traces on a single screen, 
with their navigational accuracy function of enroute wind 
conditions. 

Practically speaking, according to the rande-vouz 
time schedule, the GDT directional antenna aims a t  a 
spatial window in wait for the arriving UMA. The 
specific mission code is then selected by the GCS for 
univocal connection with the incoming AV, in order to 
avoid any possible interference with other in-flight 
UMAs and prevent external insertions for data 
intercept. 

The possibility to manage multiple AVs 

- Mission Programming - Timing management by GCS Main Computer and 
Ground Link Equipment 

simultaneously is achieved through the following phases: 

The foundamental concept for the requirement 
fuUfiument is the dehition and allocation of the lmk 
activation timing for each AV. 

Such sequence is prepared on the W o n  Planning 
Console (MPC) with reference to the required flight plan, 
functionnlities involved and AV performance. 

Mission Promamming 
For each programmed fight leg it is defined the 

relevant percentage of leg coverage needed with the Aink; 
the choice to utilize the spatial percentage of activation 
instead of the temporal one is owed to the necessity to 
fully identify the geographical location where to activate 
the link. 

The MPC will then translate such percentage in 
relative temporal basis thus obtaining a similar sequence 
based on time rather than on space. 

The time to fly the leg is then defined on theoretical 
basis and it will be close to the actual figure, but not 
generally equal to, due to the obvious impossibility to 
foresee wind conditions along the route. 

Fig. 3 gives an example of the concept. 
All radio link activation/deactivation timing for each 

5ght  plan leg is then compared by the MPC with all 
other programmed flight plans temporal sequences. 

MPC allows timely automatic warning if there is any 
mutual link required overlapping situation along the 
routes. 

Corrective action is eventually taken by the operator 
in order to eliminate temporal incompatibilities. 

Herebelow is described a sinthetic example: 

Link Compatibility Venficatio. With reference to 
Fig. 4, the picture shows a first MPC printai t  of the link 
intervals share between four simultaneous UMAs 
missions with two e m r  warnings (dotted line): 

- 5ght  plan 4, leg 1: link ON overlap with flight 
plan 2; - fight plan 3, leg 3: Id ON overlap with flight 
plan 1: 

Following this e m r  notice the operator can manage 
the link ON/OFF sequences of the various missions in 
order to assure correct link sharing. 

In the conflicting case of simultaneous assigned target 
area overfly, an alternative re-routing will be necessary 
for one of them. 

In this specific case a possible solution may be the lay- 
out in Fig. 5 showing no link overlap. 

Once all temporal sequences are correctly defined and 
approved by the operator and are compatible with the 
requested target area coverage, they can then be passed 
to the Main GCS Computer together with the 
corresponding flight plans. 

Such data is processed by the Main Computer which 
will enable the GDT to performe its tracking functions 
accordmg to the various AVs flight plans. 

In-Flight "imine Manaament 
During the count-down procedure and upon reaching, 

say, T1=15 min. before ETD of the first flight plan, the 
Main Computer asks for the launch time c o n h a t i o n ,  
after whch it automatically initializes the Station and 
starts the final count-down. 
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The CDT antenna is commanded to point the Grst 
link- ON WP some time in advance of the expected ETA. 

The link will then be managed differently according to 
the leg having optional link or compulsory link, as 
reported by the flight plan. 

If the expected AV has not appeared in the rande-vouz 
window within a predefined amount of minutes, the GDT 
antenna automatically performs a dedicated research 
pattern in azimuth and elevation for positive AV 
acquisition. In case of definitely missed rande-vouz the 
antenna is then directed towards the following WP as last 
effort for link activation with the same AV. 

If again not so, or if the next scheduled link is due to 
be activated, the GDT antenna is commanded to point the 
next link-ON WP, belonging it to the same flight plan or 
to other AVs flight plans. 

Critical Mission Parameters 
As far as critical parameters are concerned, this 

system case represents the worst possible due to the 
utilization of a highly directional antenna beam imposed 
by operational factors, such as: - frquency band sensitivity to fading; 

- link range achievement; 
- link protection. 

The problem is conhed to: 'how precise and 
timely is the rande-vouz of our AV with the static 
ingress window viewed b y  the GDT antenna.'' (see 
Fig. 6). 

Geographical intercept is conditioned by the following: 

AV Darameters 
a) spatial navigation accuracy, needed anythmg 

better than 30 m. SEP, requiring improved 
Navigation Systems and static ports calibration, if 
emploied 

b) accurate mute navigation flight laws, allowing 
contained transients during flight; 

GDT Darameters 
c) accurate geographical north antenna alignement, 

( w i t h  f 10 mrad) and antenna mast stdfness; 
d) high antenna unit stabhzation (50 mrad); 
e) ability to sustain ground winds up to 80 Kmh; 
f, ability to correct h t e d  GDT attitude variations 

(eg. local terrain movements). 

An example of GDT window intercept probability is 
illustrated in Figure 7. 

The curves take into account an AV typical flying 
speed, on-board GPS @-Code) navigational precision and 
the above mentioned critical parameters by applying the 
Errors Propagation Theory. 

Once the AV intercepts the boundary of the GDT 
beam, mission code recognition and hnk synchronization 
take place in order to allow AV tracking. Therefore, beam 
amplitude vs. distance presents a set of minimum values 
below which AV illumination time results unsufficent for 
positive synchronization. 

Figure 8 gives an idea of the intercepted narrow beam 
amplitude as function of the relative intercept angle and 
distance. 

Of course, at a given distance, small intercept angles 
and/or low ground speed will guarantee positive GDT 
antenna lock-on. 

Window Intercept Timing gains particular importance 
when the UMA System operates within a varied mix of 
battlefield Systems coordinated by a higher level Air 
Space Management Center. 

Under such circumstances the ideal solution for en- 
route UMAs is to control their Ground Speed (GS), which 
in realty presents a series of side+ffects as reported 
herebelow. 

In ths case what affects the rande-vouz timing is: 

- AV 
a) wind components along the route (fig. 9) 

- front winds force the AV to throttle-up in order 
to maintain the preset GS; if the encountered 
wind is strong (more than 35 KTS) it may 
become necessary to employ higher rated 
engines, but then we have to deal with the 
additional fuel consumption. Besides in this 
case it wdl be wise to adopt an auto overspeed 
sequence. 
tail winds may force the AV into an hazardous 
situation since the AV is going to throttle back 
in order to reduce the build-up of extra GS, 
thus lowering its actual IAS to dangerous 
levels. Therefore it becomes mandatory to 
implement an automatic prestall recovey 
sequence for adequate stall separation. 

- 

Of course if the AV is controlled in Indicated 
Airspeed (IAS), either of the above mentioned 
problems fade away, but at  the cost of lunited 
operability within a Unified Forces Airspace 
enviroment, due to the en-route winds-depending 
heavy delays or advances it may present. 

b) fight altitude (Fig.10) 
- the higher the AV flies the less flexible its 

airspeed management becomes. Thus, at  high 
altitudes the airvehcle has very lunited flight 
speed range available ("2) in order to 
counteract enroute winds for positive VG 
control, unless it emploies supercharged 
engines and/or lift augmentation systems which 
effectively extend such airspeed envelope. 

4.2 MULTIPLE UMAs CONTINUOUS 

Continuous area survedlance in real time for civil and 
military applications is more and more requested where 
the geographic area is characterized by long extentions 
with limited depth. 

According to this statement and to more or less recent 
theatre crisis, it is herebelow presented a conceptual 
system architecture for nearly constant real-time, long 
period surveillance of geographical areas having a 
marked preferential dimension, such as national borders, 
FLOT, IDZ, territorial waters, pipehes,  roads, etc. 

MANAGEMENT 
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The length of the controlled "belt" virtually has no 
limit since the system modularity has the ability to 
guarantee the overall requested coverage. 

Svstem ComDosition 
The system is composed by a series of stand-alone and 

portable ground stations, here called Remote Ground 
Stations (RGS), having the scope to passively monitor 
images and data coming from the UMAS on-board 
sensors and perform localization, provided the AV is 
within range. 

If needed, such stations may functionally evolve 
towards AVs payload control to improve cueing. 

Additional growing potential is achieved by enabling 
the stations to command UMAS route changes or partial 
fight plan reprogramming. 

All meaningful data received via AV down-link is then 
transferred to the Mission Evaluation Centers (MEC) for 
processing and decision making. 

Close to the launcher site is located the Programming 
and Control Station (F'CS) which performes mission 
definition and programming, launches scheduling and 
general operational wordmation. 

AVs take-off or launch may either be possible through 
unprepared strips or launching station according to the 
scenario involved. 

Svstem Omration 
The conceptual description refers to a typical mllitary 

application (Beyond-FLOT Surveillance) with the 
understandment that all other mission types, including 
civil applications, fall within this case. 

With reference to Fig 11, the area is surveilled from a 
stand-off AV position with the AVs themselves covering a 
common preprogrammed fight plan at  two Merent  
altitudes (outbound and inbound). 

The launching station is tasked to deliver the AVs 
according to a strict timeschedule in order to produce a 
constant cover of the area. 

After launch each AV ingresses the assigned route 
and is progressively monitored in succession by all 
ground stations located along the FLOT. 

The number of monitoring stations emploied is 
function of the surveilled area extension, link range and 
stations location. 

If the station has the payload control capability, in 
case of target of interest it will be possible to command 
Videotraclang or Autotraclung modes for further cueing. 

Figure 12 illustrates the alternate pattern for deeper 
surveillance beyond the FLOT. Needless to say, AV route 
and flight altitude are function of link range, line-of-sight 
requirements for all stations and survivability. 

Actual surveilled area dunensions and relative 
distance from the receiving stations substantially depend 
on: 

- type and field of view of the sensor; 
- linkrange 
In the first case it depends on the chosen sensor, also 

function of the required resolution. For example a good 
compromise between area coverage and resolution for 
stand-off missions may be represented by SAR 
emploiment. For what concerns the video link it should 
be necessary to guarantee at  least a 40 Km &stance 

coverage, either acting on bandwidth, irradiated powers 
or antenna gains. Taking into account the necessity to 
disseminate the video images generally along a 
perpendicular direction to the AV route, a solution may 
be represented by the utilization of AV on-board 
directional antennae facing laterally with a, say, 90 
degrees radiation pattern and automatically switched left 
or right with reference to the FLOT position (see Fig.13). 

Ground Stations are spaced in such a way as to 
guarantee full lmk range exploitation vs. reduced number 
of stations. 

Figure 14 proposes a system architecture for MUM 
able to cope with consistent portions of territory to be 
survedled (area sweeping). 

Accordmg to this solution the area remains under 
almost constant watch with e deGnite minimum data 
refresh rate. AVs take-over scheduling for the single 
station becomes a smooth business provided that: 

- AVs routes are accurately covered with reference to 
geographical iixes and timing with all criticalities 
mentioned in para 4.1; since the number of 
simultaneously airborne AVs is supposed to be 
consistent, timing management is again a major 
step to be solved through proper routes scaling, on- 
board computer wind management and accurate 
spatial navigation. 

- AVs relative &stances are readily achieved by 
strict launch sequences. 

- no flight plan change occurs to any of the AVs 
unless all plans are contemporarily reprogrammed, 
which is a tough task to implement. 

Of course under such architecture it is not convenient 
to performe additional cueing on detected targets by a 
single AV, since it would disrupt the overall sequence of 
stations take-over. Such task wdl then be transferred to 
MEC together with all target relevant data for further 
action. 

Final Considerations 
By the development of a series of simplified ground 

survedance and control stations it is possible to offer an 
effective and almost continuous real-time Surveillance 
System, able to control long extentions of territory 
through the management of an array of LJh4As 
simultaneously in flight. 

The same System may accept an indefinite number of 
ground stations according to the area extansion. 

Data refreshment rate is function of the AV overfly 
period, and hence of the number of AVs emploied. 

Main advantage of this system architecture is its 
ability to conform to a wide range of missions both for 
civil and mhtary applications. 

The cost may also vary substancially with strict 
adherence to the user specific requirement, having the 
further advantage to furnish, as first step, basic systems 
in the "minimum operational capabhty" configuration, 
which can subsequently be improved according to a step- 
by-step plan due to its inherent modularity concept. 
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5. MUM QUALIFICATION 

Let's now spend a few words on MUM System 
QuaIScation Both cases (para 4.1 and 4.2) need to be 
field verified in the frame of System functions testing, 
and this must be carried out in the most realistic and less 
risky way possible. 

The first major step is aimed at the single AV inflight 
behaviour verification: in eg., flight qualities and 
performances, A/P gains, flight and guidance laws must 
be satisfactorily tested within manual and automatic 
flight plans. 

At this point a MUM system veriGcation can be done 
. on a basic configuration displaying two AV 

simultaneously in hght,  with all other cases (three or 
more AVs) herein contained. 

Now, since a direct verification of dual UMA's flight 
management is risky and costly, alternative solution is 
represented by the uthzation of a manned airvehcle 
simulating the second flying UMA, in what we call 
Captive Flight. 

Basically the manned airvehicle must: 

a) display flight performances comparable to those of 
the UMA. This is essential for realistic timing 
management and overall system verification, 
including navigational dmamics, target location 
and images operational evaluation; 

b) be certified to embark the complete UMA avionics 
and payload set. The light aircraft must therefore 
pass the Aviation Authority documentation, 
composition and functional examination, which 
requires a certain amount of time to be taken into 
account. The whole embarked UMA equipment 
must be totally indipendent from the aircraft 
systems apart from the common power source. 

c) present in the cockpit panel an auxiliary Flight 
Attitude Indicator whose tendency bars are h c t l y  
commanded by the on-board UMA avionics set. 
Such device allows the pilot to follow the A/P pitch 
and roll indications during autonomous fight in 
order to cover the preprogrammed plan stored in 
the UMA computer. 

d) present in the cockpit area a monitor for h c t  
cueing, in real time, of images taken by the sensor. 
Being such data extracted on-board, prior their 
processing for down link transmission, it possible 
to assess the effective images resolution by 
comparing, post-flight, this recorded data with the 
same information as visudzed and recorded on the 
Ground Station. 

Figure 15 illustrates an example of demcated manned 
airvehicle, as utilized by Meteor. The main adaption has 
been the fuselage structural moditication in order to 
accomodate the stabilized platform and directional 
antennae. 

The System test foresees the simultaneous flight of 
the two AVs according to preprogrammed routes. 

Under such conditions the manned airvehicle will be 
seen from the CCS to behave just like an actual UMA. 

Safety aspects are dealt with by assigning both the 
UMA and the light aircraft separate ovelay areas and 
altitudes. 

The pilot himself always maintains full control of his 
airvehcle throughout its visual flight. 

An additional on-board operator assures nearly real 
time monitoring of the UMA equipment functionalities. 

Scope of the test flight is checking the CM' ability to: 
- aim at geographical windows in proper timing; 
- lock on the incoming AV intercepting the window; 
- track it along the link-on leg; 
- receive AV telemetries and video images; 
- transmit commands; 
- perform localization. 

In the meantime the UMA is checked for: 
- navigational accuracy; 
- flight laws adequacy; 
- WP timing management. 

The set-up of this Captive Flight activity covers 
almost all the functional system envelope and allows a 
brief follow-on flight campaign for actual MUM 
verification with a dual in-flight AVs test pattern. 

6. MUM AIRSPACE MANAGEMENT 

Multiple UMA operations require well coordinated 

- potential flying hazard to friendly manned AVs; 
- complex routedtiming rescheduling due to erratic 

-; 
- friendlyfire. 
In the near future the see-and-avoid concept, adopted 

by low-level flying manned aircraft in combat scenarios, 
will not be acceptable due to the increasing number of 
UMAs hanging around the battlefield. 

Reliable IFF seems to be, at present, still the only 
effective means reddy avadable which, coupled with 
stringent operating procedures, may introdece this UMAS 
integration in the tactical arena, thus ending their 
isolation in space and time as conceived up to now. 

The responsibility for conducting safe multiple UMAS 
in operations is shared between the higher level Airspace 
Management and the Surveillance Systems command 
posts communities, through speciiic mission 
programming and careful procedures adherence. 

The easiest way is to allocate a UMAS airspace 
destined for multiple UMAs operation in terms of 
geographical area and assigned flight levels. For 
survivability reasons, in a war scenario all manned 
tactical tr&c generally flows above 3000 m. or below 
1000 m. AGL, thus leaving the needed altitude layer for 
unmanned operations. 

At user level the required mission is defined in terms 
of UMAs routes, flight levels and area ingress/egress 
timings. Once cleared by the competing airspace control 
agency, which also assigns the proper Mission and IFF 

and directed activities in order to minimize: 
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coding, the tlight plan gets listed on a Air Tasking Order 
by which all manned and unmanned missions are 
coordinated. 

It becomes now necessary to identify all events able to 
influence smooth airspace control within such a complex 
enviroment which are: 

a. Timing 
Timing is critical for: - ground launch window; in case of mislaunch a 

second AV should be ready for launch from a 
second station within a p r e k e d  time tolerance. - en-route tactically sigdicant WPs intercept; 

- time on station, to allow scheduled area 
ingresses by other warplanes. 

Parameters influencing timing have already been 
dealt with in paragraph 4.1. 

b. Navigational accuracy 
It doesn't anymore pose a problem since many 
current navigation Systems are able to guarantee a 
fairly good accuracy in the order of 30 m. SEP or 
less, more than sufficient for area surveillance. 

c. RPV System malfunction 
Both the flying AV and the ground stations may 
sustain malfunctions which endanger mission 
prosecution and may spoil Airspace coordmation. 
W e  can synthetically distinguish between: 

- AV 
- minor failure (mission is continued in degraded 

mode); 
- mission equipment failure (mission is 

interrupted and the AV proceedes to an 
emergency recovery point in accordance to a 
preset procedure); 

- major AV failure (if sustainable, the AV 
p m e d e s  to the above mentioned emergency 
point, otherwise the autodestroy procedure is 
initiated); 

GTD/GCS: 
- ground stations temporary malfunctions 

(stations functionabties are restored after 
reinitialization process with possible partial 
mission achieved data loss); 
delinitive link loss due to missed AV rande- 
vouz or ground stations irreversible break-up 
(the AV performs approved link loss procedures 
which foresee AV reentry along preset WPs 
once a full link loss is detected). 

- 

d. Tactical scenario variation 
Should any tactical plan change occur, all airborne 
manned and unmanned airvehicles must fit to the 
new scenario. 
On the UMAs side of the matter, this may imply 
some reprogramming work to be performed, a 
notoriously tough task if the number of AVs is 
significant. 
The cheapest solution, depending on available 
resources and if reprogramming is not possible, is 
to send-out new missions while terminating the 
existing ones through reentry procedure activation. 

e. Enviroment 
War Enviroment: 
- down-hk signal dwturbances, which renders 

the mission impossible (mission termination by 
reentry); 
UMA is shot down (the problem for the airspace 
control center is to be sure that it is not 
anymore a flying object). 

- 

Atmospheric Enviroment: 
- clouds covering the target (in case of 

electmoptical payload divert to alternate trlrget 
or activate reentry); 
en-route icing conQtions (in absence of de-icers, 
change flight level or activate reentry); 
strong winds aloft (if not manageable by the 
AV, activate reentry). 

- 
- 

For what concerned Interoperability, it is well 
known that it will become fully effective if it is introduced 
according to the following steps: 

1. at comDonent level: eg. P L  package commonality 
between different UMA Systems; 

2. at Svstem Level: eg. the ability to operate other 
System's AVs and/or sensors package from any 
Ground Station; 

3. at  battlefield level: eg. the abdity for the 1% 
Systems to fit entirely within the Multinational 
C4I Systems architecture where all interfaces and 
data formats are codified and approved for 
operational use. 

For the time being Interoperabhty is generally 
limited to the User exchanging in-flight AVs between 
front line Systems of the same type, with efforts 
starting now to achieve all three levels mentioned 
above. 
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Fig. 1 - MULTIPLE UMA's DISCRETE MANAGEMENT 

WINDOW 

Fig. 2 - MULTIPLE UMAs DISCRETE MANAGEMENT 
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1. Summary 
Unmanned Aerial Vehicles have a definite potential for 
civilian observation and reconnaissance missions such 
as forest fire detection or coastal waters surveillance. 
For a decision to use such vehicles in significant 
numbers to be taken, once the adequate legal framework 
is defined, they must be easy to operate and low cost. 
The ARMOR project aims at developing such a vehicle. 
The ease of operation requires that the vehicle is 
sufficiently autonomous to perform most of the mission 
without the contribution of an experienced pilot. To 
achieve this degree of autonomy it must have a reliable 
Vehicle Management System (VMS) capable of dealing 
with both normal and anomalous situations. A structure 
for the VMS is presented and the work being done in 
fault detection is presented. The vehicle will have to be 
extensively tested, increasing progressively its 
complexity, starting with a simple guidance system and 
finishing with the full VMS. This means that the 
guidance system is one of the frrst to be developed. The 
work being done for this system is also presented. The 
guidance system has to be highly reliable but simple for 
low cost. For the types of operation envisaged, precision 
is not a very stringent requirement. As a whole, 
simplicity induces lower costs but also lower precision. 
One of the objectives of the work being done is to define 
the minimum amount of information on the flight path 
compatible with guidance system efficiency. Some of 
the results obtained so far are shown and discussed. 

2. Introduction 
The paper describes the work and options related to the 
Unmanned Aerial Vehicle being developed in project 
ARMOR, acronym for Robotized Aircraft for 
Observation and Reconnaissance Missions. The main 
objective of the ARMOR project is the design, 
construction and operation of an unmanned air vehicle 
for observation and reconnaissance missions. The 
typical applications envisaged for the vehicle are the 
early detection and report of forest fires, and the 

surveillance of the national EEZ. This may allow a more 
regular and lower cost patrol of coastal waters, 
contributing to fisheries control and to prevent and 
detect smuggling, oil-spillage, etc. Military applications 
are also envisaged in a later stage [l]. 

This vehicle should be capable of autonomous flight, in 
the sense that a mission is loaded at the outset and the 
aircraft performs it until new instructions are received 
from the ground station. At all times, control may be 
regained by the ground station. 

To achieve such a degree of autonomy, the vehicle must 
have the capacity for replanning the mission, if so 
instructed or if there is any external or internal event that 
requires it. 

A general structure of a Vehicle Management System 
[2], accommodating for the different subsystems 
necessary to perform autonomous missions, has been 
defined. In this paper, emphasis is put on those 
subsystems that, at the moment, are the main object of 
the work of the Control and Robotics group of the 
ARMOR project: fault detection and guidance and 
control. 

As the objective is to develop a low cost vehicle, an 
important trade off has to be reached between the degree 
of autonomy and the cost, and eventually weight, 
without sacrificing safety. Therefore, the on-board 
systems should be kept as simple as compatible with the 
desired autonomy features. 

The implementation of the different subsystems will be 
done by steps and will undergo extensive testing: 
software simulation, hardware-in-the-loop testing and 
flight testing. 

3. Vehicle Management System (VMS) 

3.1 VMS Functions 

In order to give the aeroplane the required degree of 
autonomy there is the need to provide it with special 
information acquisition, representation, and processing 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for  
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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capabilities. These are gathered under the name “Vehicle 
Management System” (VMS). The VMS functions are: 

0 To receive an initial plan of a mission; 

Command and monitor the execution of a mission; 

Monitor the state of the aeroplane and of its 

Coordinate and monitor communications with the 

environment; 

ground base; 

0 Decide and take adequate measures to deal with 
emergency or fault situations; 

Allow the operator on the ground to take control of 
the aeroplane; 

Register information and data of interest during the 
mission; 

0 Command the payload action and supervise all the 
systems inside the aeroplane. 

3.2 VMS structure 
Figure 1 shows a possible conceptual structure for the 
VMS. In the following a general discussion about each 
component of this structure is presented along with its 
relationship to the functions listed above. Note that the 
chosen structure is closely related to the VMS functions. 

Two types of information processing systems inside the 
aeroplane are considered. Those which are internal to 
the VMS and the ones which are external to it. The 
chosen partition is shown in the figure. Its purpose is 
mainly to simplify the problem and to ease the 
management of the development teams. Outside the 
VMS we consider communications, navigation, sensors, 
auto-pilot and payload operation. These systems 
function as input and output information sources and 
destinations to the VMS shown in the centre. 

3.3 VMS subsystems 
Some of the VMS subsystems are described in the 
sequence. 

3.3.1 External interface 
The purpose of this interface is to allow the operators of 
the aeroplane to input mission data at the ground base 
before mission start. These include the mission plan, 
geographical data about the area where the mission is to 
be executed, etc. It also serves as a port for the output of 
reports at the end of a mission. 

3.3.2 Mission management (MM) 
This central part of the VMS is the one that integrates all 
the available data to decide about the continuation of the 
mission and to command the means that implement 
those decisions. 

The type of missions to be accomplished by the 
aeroplane is an important aspect to be considered in the 
definition of this part of VMS. In an order of growing 
complexity we list the following mission types: 

1. observation of fixed targets of known location 

2. detection of fixed or slowly moving targets of 
unknown location 

3. detection and recognition of fixed or slowly moving 
targets 

4. detection, recognition and eventual following of 
mobile targets 

To give the aeroplane the capability of executing these 
types of missions some essential features must be 
provided to the MM system: 

0 An “Executive command” 

0 A planning system. 

0 Availability and adequate representation of data and 
knowledge about the present situation. 

Adequate coordination of actions 

Their complexity is conditioned by the type of missions 
to be accomplished and by the safety requirements for 
the aeroplane. The executive command must be able to 
command the execution of the current plan coordinating 
the trajectory and attitude of the aeroplane and the 
action of the observation systems. Also the control part 
of the MM must consider the outputs of monitoring and 
diagnosis, the navigation system, the sensors, and, in 
general, all the available information to decide i l  any 
emergency action or replanning is needed. 

3.3.3 Monitoring and diagnosis (M&D) 
During a mission the operationallity of the aeroplane or 
the operational environment may change in ways that 
are important for the performance of the aeroplane or 
the observation systems inside it. The mission 
accomplishment or the safety of the aeroplane or the 
environment may be endangered. If it is possible to 
detect such changes in due time, their consequences may 
be avoided or minimised. The M&D system has the 
function of verifying the operational condition of the 
aeroplane and the state of its environment and, when 
adequate, to diagnose the causes of a detected problem. 
We note that the separation between the monitoring and 
the diagnosis is not always clear. When it is clear, there 
may be some advantage in separating the two functions. 
This is because diagnosis may not always be needed or 
as urgent as the taking of some corrective action. 

The output of the M&D subsystem will be used, for 
example, by the mission management subsystem to: 

evaluate the feasibility of the actual mission plan in 
the present conditions, 

0 replan the mission 
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change internal characteristics of controllers 

initiate emergency actions 

3.3.4 Other components 

Some of the V M S  functions mentioned above were not 
directly associated to any of the components shown in 
the figure. These are the coordination of 
communications with the ground base, the various 
interfaces needed to the external systems. Adequate 
interfaces for information exchange between the VMS 
subsystems and between VMS and the external elements 
must be defined. Also the information representation 
inside the VMS must be carefully considered and 
defined. Aspects to be considered are the representation 
of each piece of information in ways that avoid 
repetition and ensure the coherence. 

3.4 VMS Specification 
The VMS will have to be able to give the aeroplane a 
reasonable degree of autonomy, allow it a good mission 
accomplishment level and satisfy the security constraints 
that will be imposed in the future to fly civilian 
missions. As such, its requirements and specifications 
must be carefully considered before any global 
successful implementation is to be tried. 

Together with a detailed global and partial functional 
specification in a natural language we point towards the 
use of well structured real time system specification 
methodologies [3], [4] preferably integrated with the use 
of formal languages [5]. 

It is being considered to apply some techniques 
originally developed in the AI field to the functions of 
planning, guidance, monitoring and diagnosis in which 
they promise good results (see [6] and [7]). The 
integration of development techniques specific to this 
field like the “spiral development” with the specification 
techniques mentioned above will be considered. 

Note that before such a detailed specification is feasible 
a lot of preliminary work has to be done. 

4. Monitoring and Diagnosis (M&D) 
There are several types of knowledge about one device 
that may be applied to its diagnostic [7]. By instance, 
they may be identified as relating to structure or 
connectivity, behaviour, function, and compiled 
knowledge. The latter is based on rules obtained from 
experience in previous diagnostics or from use of the 
other types of knowledge. Depending on the available 
types of knowledge, different methodologies may be 
used for diagnosis. 

In a system like the M&D included in the VMS there is 
the need to include and integrate different types of 
methodologies. 

Work has been done in the application of model based 
methods and of rule based methods of diagnosis to the 
ARMOR project VMS. We have chosen to describe 
here some efforts and results in the application of model 
based methods for diagnosis to the longitudinal 
behaviour of the vehicle. They are intended also to alert 
for the type of preliminary work that must be done 
before a VMS may be completely specified. 

4.1 Model Based Sensor Failure Detection 

The sensor failure detection system developed uses a 
state space model of the longitudinal dynamics of the 
aeroplane. Five sensors are considered measuring 
horizontal speed, vertical speed, pitch rate, pitch angle, 
and altitude. For failure detection we use the analytical 
redundancy [8] in the model. A battery of Kalman filters 
[9] and [lo], is used to generate redundant estimates of 
the state vector. Each Kalman filter generates a subset of 
the states of the system using as input the input of the 
system and the output of one of the sensors. In this way 
a set of estimates of each measure is generated allowing 
for comparison. If the estimates generated from one of 
the sensors disagree in a significant manner from the rest 
of the signals, the sensor may be faulty. The fact that the 
system is subject to nonmeasured atmospheric 
turbulence and that the measurements are noisy makes it 
difficult to decide when the discrepancy is “significant”. 

Figure 2 shows the detection system structure. In the 
figure, the process is replaced by a process model 
subject to atmospheric turbulence disturbances and 
noise. The process model is a linearised five state model 
of the longitudinal dynamics of the aeroplane where the 
fifth state is the altitude and is obtained by integration of 
two other states [ l l ]  and [12]. 

X=Ax+Bu (Eq. 1) 

y =  cx (Eq. 2) 

The five output signals correspond directly to the states 
(the output matrix is the identity matrix). 

Five Kalman estimators were used, all of them derived 
from the system model. Each one uses the input to the 
model and the output from one of the sensors to generate 
a subset of the system states that depend on the 
observability of the system from the measured signal. 
Equation 3 represents the measurements and equations 4 
to 8 represent the estimates based on measures 1 to 5 
respectively: 

T 
Y =[Yl Y2 Y3 Y4 Y5-J (Eq.3) 

Yl = [Yll 

Y2 = [?*I 

573 = [Y3, 
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$42 i 4 3  ?44 P 
As the system output matrix is the identity matrix, the 
system outputs may be directly compared to the state 
estimates. Each basic fault indicator is a difference 
between an individual state estimate and its 
corresponding measured output. In the present case, due 
to state observability conditions, to turbulence and to the 
noise levels considered, only a few of the possible 
indicators are actually used. The basic indicators used 
are: 

w 12 = l i 2  - Y21 

To augment the detection scheme sensitivity and 
robustness, composite fault indicators are formed as 
products of basic indicators sensitive to faults in the 
same instrument. 

rl I =V 12V 31V 41 

q 2 =V 12V 32V 42 

rl 3 =V 3 l V  32V 34 (Eqs. 10) 

q 4 =V 4 l V  42 

q S  = V 5 2  

Each composite fault indicator is then normalised to 
unity by dividing it by its majorant in the case of normal 
functioning in project conditions. Each qi serves the 
detection of faults in one instrument. 

The decision logic compares each of the normalised 
composite fault indicators with a predefined value 
generating a logical signal meaning the presence or 
absence of faults in one instrument. 

One sensor is declared faulty if and only if its 
corresponding logical signal indicates a fault and none 
of the others do. 

4.2 Project conditions 
The longitudinal model of the aeroplane was linearised 
around a straight horizontal flight condition at the 
constant speed of 1 5 d s  and an altitude of around 700m. 

The atmospheric turbulence considered in the project 
was modelled using the Dryden model by a linear filter 
with white noise input and transfer function [13]: 

where wg is the air vertical speed. The effect of the 
horizontal component of the atmospheric turbulence was 
neglected because its influence in the aeroplane model 
states revealed to be about ten times less important than 
that of wg . The effect of atmospheric turbulence in the 
pitch rate was modelled by [ 111: 

w .  

The magnitude of atmospheric turbulence considered in 
the project corresponds to a situation between cumulus 
clouds and storm. 

The noise considered to affect each of the measures is 
white Gaussian noise of null mean. A fixed standard 
deviation was chosen for each measure. Their order of 
magnitude is between 0.2% and 0.5% of the range of 
measures. 

4.3 Selection of detection levels 
To select the decision value a trade off between the 
objectives of sensitivity and a low rate of false alarms 
must be made. In the present case the trade off was done 
by using a set of failures which were considered 
sufficiently small and levels of atmospheric turbulence 
and disturbing noise considered sufficiently high. If, in 
the presence of those noise and turbulence levels, the 
system could detect all the failures in the set it would be 
considered satisfactory. 

A set of six situations is considered, the first one is the 
absence of faults. The other five are a small fault in one 
of the five sensors. 

Considering that normal operating conditions are less 
severe than the chosen project conditions, majorants 
were found for each of the composite fault indicators qi 
by simulation of the operation during a period of '300s. 
The selected detection levels must be higher than this 
majorants. This tries to satisfy a part of the robustness 
objective, avoiding false alarms. 

Subsequently the detection levels are set to values that 
allow the scheme to detect all the five project faults and 
identify the sensor in which they occur. Adjustments 
may be made in subsequent tests if the values show any 
inadequacy. 

All simulations were 300s long and the considered faults 
occurred 150s after the simulation start. The project 
fault consists in the maintenance of the instrument 
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measure at its expected mean value from the 150s to the 
end. 

The chosen detection values are shown in table 1, were 
vin is the iIh normalised composite fault indicator. 

Table 1: 

Fault indic. I Detection level I 
5.0 I 

v 2 n  I 5.0 I 
;;-- I 1.5 I 

4.4 Tests and Results 

The performance of the sensor failure detection and 
identification scheme was tested using computer 
simulation models under MATLAB SIMULINK. 

Typically, a sensor failure will have one of the following 
effects: 

1. fixed value measure identical to one of the end-of- 
scale values; 

2. fixed measure at any value; 

3. measured value gradually deviating from the real 
value of the measured signal (drift); 

4. change in the instrument gain; 

5. randomly wrong measurements. 

Three groups of tests were prepared, where the detection 
and identification of faults from items 1-2, 3 and 4-5 
were tested. 

4.4.1 First group of tests 

In the first group of tests, we include the normal 
functioning situation and two sets of faults. The first set 
contains the five project faults, one in each sensor at 
second 150. In the second set, five similar faults were 
considered occurring at the instant 90s in the simulation. 

In the normal functioning situation no false alarm 
occurred and in all the project situations the faults were 
correctly detected and identified. 

For the faults occurring at time 90s, only those on 
sensors 2, 3 and 4 were correctly detected and 
identified. This is because the project faults are quite 
soft, corresponding to the maintenance of the measure at 
the value that the measured variable would have at the 
working point around which the simulation is being 
done. Such a fault is only detected when the 
disturbances are big enough, which was not the case at 
second 90. 

Second group (I tests 

In this group we include two sets of tests where a linear 
drift is introduced starting at time 90s in one of the 
sensors. In the first set the drift causes a deviation of 1/4 
of full-scale value after 100s. In the second set the 
deviation of the measure 100s after the drift start is 118 
of full-scale value. 

All faults in this group were correctly detected and 
identified, the faults in the second set taking a little 
longer than the faults in the first set. 

As an example, we present graphically in figure 3 the 
results for the faults in sensor 2, in the first and second 
sets. These are respectively faults 12 and 17. 

4.4.3 Third group of tests 

In this group we include the detection of faults 
corresponding to the raise in the noise affecting one of 
the measures or to a change of gain on one of the 
instruments. 

Although the- augmented noise level was detected for 
some sensors, statistical indicators [ 141 would give 
better results. 

The gain change in one of the instruments was correctly 
detected and identified for the various instruments. 

As an example, we include the results of two tests in 
figure 4. Fault 23 is a 25% raise of the gain of 
instrument 1. Fault 24 is a 25% raise in the gain of 
instrument 3. 

4.5 Conclusions 
The proposed system for sensor fault detection and 
identification works within the project assumptions. 
These include that the system is in the operating point to 
which it was conceived. Future developments must 
include ways to cope for the nonlinearity of the 
aeroplane model. 

The presented fault detection system is just a part of a 
wider monitoring and diagnosis system that will 
integrate other techniques and methods. 

5. Guidance System 
The guidance system is essential for the vehicle to be 
able to perform autonomous missions. It will have to be 
tested and operational before more advanced features of 
the VMS are flight tested. 

It is an objective to keep it as simple and robust as 
possible, requiring the minimum amount of information 
for the definition of the flight path that is compatible 
with the performance required to execute the mission. 
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5.1 Route planning 

The objective of route planning is to provide the 
guidance system with a well defined and executable 
flight path. The mission will begin by being described as 
a set of tasks, such as observation of a certain area, 
follow a given flight path, loiter above a given point, 
follow a moving object, etc. The mission tasks may be 
discrete, in the sense that between the different tasks 
there may be displacements that are not specifically 
defined at the beginning, as they are only required to 
take the vehicle from one point to the other. The tasks 
may not demand a well defined sequence or timing [15]. 

From this level of definition, given a set of constraints 
concerning time, available airspace, vehicle range, etc, a 
well defined sequence of activities, continuous in time, 
should be defined. 

Finally, this sequence of activities must be translated 
into a flight path that is not only continuous in space and 
time, but also executable by the vehicle taking into 
account its capabilities, such as the rate of climb, the 
minimum turning radius, etc. The guidance system will 
then be provided with a flight path associated with 
additional information of speed and the control mode to 
be used. 

The flight path is decomposed into a ground projection 
and altitude. For the project aircraft, the ground 
projection is considered to be defined as a sequence of 
path segments, each one consisting of a straight line or a 
circular arc segment. 

In what follows only the ground projection or horizontal 
trajectory will be discussed. 

The horizontal trajectory segments are defined using 
five variables: 

Pi - the coordinates of the initial waypoint of the path 
segment; 

Pf - the coordinates of the final waypoint of the path 
segment; 

r - the radius of the turning circle, the sign indicating 
direction of rotation and r = 0 indicating that it is a 
straight line; 

P, - the coordinates of the centre of the circle; 

0 n - an integer containing information on the number 
of complete circles to perform before entering the 
next path segment. 

In general, two sequential segments of the route make an 
angle at the waypoint common to them. Although the 
guidance system designed can cope with very important 
angles, as shown in the simulations below, limits to this 
angle or a blend segment will be introduced. The 
blending between two sequential segments is done at 
present by using the next flight path segment as 
reference when the distance to the next waypoint is less 
than a given value E. 

The work being done at present aims at testing the limits 
of the guidance system, so that the limits to flight path 
generation are established. Once these have been 
achieved, the automatic generation of the flight path 
from the sequence of activities may be developed. 

5.2 Guidance controller 

The guidance system will produce the references to the 
auto-pilot, given the errors between the reference flight 
path and the actual position (track distance error), on the 
one hand, and, on the other, between heading of the 
reference flight path segment and actual heading of 
aircraft (track heading error). For circular segments, a 
feedforward of the heading rate is also used. 

For the aircraft being designed two different 1at:eral 
auto-pilot modes are being considered, that differ in the 
turning attitude: roll control mode and side slip coritrol 
mode. The first one, the roll control mode, will be. the 
normal mode when there are no special requirements for 
the lateral attitude of the aircraft. 

In side slip control mode the aircraft will perform turns 
with a minimum of roll angle and, therefore, may be 
used in observation tasks that would be perturbed by 
rolling movements and roll angles being applied to the 
pay-load. 

5.3 Guidance controller design 

Let us then consider the horizontal trajectory, without 
time constrains and let us assume that air speed is 
maintained constant. 

The guidance controller will be designed to control and 
reduce the track distance between the defined trajectory 
and the actual position of the aircraft, issuing a 
correcting command for the auto-pilot lower level 
controller in terms of yaw rate demand as shown in 
figure 5.  

The trajectory model used describes the response of the 
aircraft as a fourth order system and covers both the two 
segment types and the selected operational auto-pilot 
modes. The track distance (d) and track heading error 
(a) are estimated from the navigation output (GPS data) 
as compared to the flight path sequence, namely to the 
relevant segment followed at a given moment. 

The trajectory error response to yaw demand may be 
approximated by a linear system and expressed using the 
state space formulation (Eq l), where x = [ x1 x2 d a] is 
the state vector, U is the yaw rate demand, 

r-2.24 -256 0 0 

1.00 0 0 0 
0 0 0 17.0 

1-3.84 256 0 0 

and B =  
0 
0 ! 
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The controller design will obey to the typical robust 
objectives of a good tracking at low frequency and noise 
rejection at higher frequencies. 

Obviously, the resulting controller has to be robust 
enough to tolerate: 

1. the different characteristics of the two segment 
types, 

the different response of the A/P modes and other 
structured model uncertainties over the whole flight 
envelope, 

3. wind unmodelled disturbances, would it be a 
constant or a turbulent wind, 

4. GPS specific akward features, namely its poor 
instantaneous accuracy and its slow output rate 

5. other model uncertainties, measurement and process 
noises 

Furthermore, to avoid any extravagant and acrobatic 
command the yaw rate demand is limited to 45 deghec. 

Finally, the guidance controller has to be implemented 
in the general purpose microprocessor to be used in the 
UAV, along with the navigation and track 
distanceheading error estimator. The estimation process 
is carried out with the GPS 1 Hz rate and the operations 
involved are time demanding. To reduce computer 
burden, the controller should be as low order as 
possible. 

The guidance controller was designed using a H_ mixed 
sensitivity methodology [16], [17] and [18]. The design 
specifications are expressed in terms of weighting 
curves (W,, W2 and W,) to shape the sensitivity 
functions, respectively sensitivity S, actuator sensitivity 
R and complementary sensitivity T. 

The weighting curves used are presented in figure 6. 

The sensitivity function W1 models the tracking 
specification and results in a low pass filter, with high 
gain at low frequencies and low gain, but impossibly 
zero, at high frequencies. The filter was chosen to be of 
second order to yield a high enough gain: final gain is 
above 120 dB. 

The complementary sensitivity function weighting W3 is 
a high pass filter and shapes the high frequencies for 
good robustness, along with the constraint derived from 
S+T=I. 

The actuator sensitivity function weighting W2 is a high 
pass filter (first order) which restrains demand 
amplitude at low frequencies (10 dB) and cuts high 
frequency demands. 

The result is a system of seventh order shown in figure 
7, with an adequate sensitivity curve (as shown in figure 
8), in accordance with expectations. 

2. 

5.4 A uto-pilo t con troller 

The auto-pilot was also designed using a robust control 
methodology. This was assumed to be the best approach, 
considering the existing uncertainties due to: 

varying weight and mass distribution during long 
missions; 

low speed and significant gust influence on speed 
variations and attitude; 

low cost and, therefore, low precision 

non-linearities and coupling between lateral and 

instrumentation; 

longitudinal behaviour; 

relative poor precision of the GPS data; 

simplified controllers and low sampling rates. 

The objectives of the auto-pilot (or inner loop) 
controller is to allow for a good heading rate tracking 
independently of the operational mode, either in a very 
precise and piecewise manner for observation purposes 
or in a more usual cruise flight, with endurance 
objectives. 

For the fourth order lateral linear model these objectives 
are well expressed as a tracking and decoupling of side 
slip and roll. 

Both modes guarantee a good heading rate response as 
shown in figure 9 

5.5 Simulation 
As a first test of the global solution, a software 
simulation of the guidance behaviour and flight path 
control was performed in MATLAB SIMULINK. Both 
controllers were introduced in discret form, with sample 
rates of 10 Hz and 5 Hz, respectively for the auto-pilot 
and the guidance controller. 

GPS data, with a period of one second, were simulated 
through the addition of a noise component with 
approximated characteristics of actually received 
differential GPS data (10 m rms), a sample shown in 
figure 10. 

The guidance behaviour was tested in the absence and in 
the presence of wind, with a constant wind of 5 m/s and 
a turbulent component of 3 m / s  - to be compared with 
the model constant air speed used of 17 m/s. 

Two trajectories are shown. The first one, in figure 11, 
corresponds to an observation mission and only involves 
straight line segments. The second, in figure 12, a 
stationary path (race course) for communications relay 
or a fixed point observation, includes straight lines and 
circular segments. The two control modes were 
considered for both trajectories. 



23-8 

Figure 11 demonstrates the stable behaviour of the 
guidance controller, independently of wind conditions 
and A/P modes. 

The race course trajectories and track error (figure 12) 
show the influence of wind and of GPS inaccuracy. 

5.6 Conclusions 

A simple flight path definition and guidance method has 
been designed, aiming at the robustness of the system 
and praticularly at: 

an easy route planning of a typical mission, 

a good behaviour with two different operational 
modes (or Ah' controllers), 

stability in the presence of constant wind or 
turbulence. 

The software simulations demonstrate a fair result in 
trajectory following, mostly dictated by the quality of 
GPS data. 

Further simulations and tests are under preparation, to 
analyse and improve the system before entering the 
flight test phase. 

6. Final remarks 
The objective of the ARMOR project is to design a low 
cost, light UAV, capable of performing autonomous 
missions. It has to be kept simple, for low cost and low 
weight, but safe and reliable. Simplicity may also be an 
argument for reliability. 

The vehicle is required to detect and react to occuring 
internal faults and the problem of obstacle avoidance, 
both static and dynamic, will have to be considered. 

A general structure for a Vehicle Management System 
(VMS) has been proposed and the work on a Monitoring 
and Diagnosis System was presented. The results of the 
design of the guidance and auto-pilot systems was 
shown. 

Extensive software, hardware in the loop and flight 
testing will be performed to develop the final system 
configuration. Flight tests will begin with a simple 
guidance configuration, increasing its complexity by 
progressively adding new VMS functions. 
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1.0 Summary 
In the first part, we review the essential 

requirements for a UAV system marine use. Then, 
we present some of the specific Freewing Tilit- 
Body MARVEL aerodynamic characteristics and a 
short description of the landing system equipment 
used during the ship deck approach. 

2.0 Introduction 
After having developed UAV programs for 

the Amy, Mam Defense is currently interested in 
the possibility of putting a UAV system on board 
ships having a helicopter platform. 

3.0 Maritime Requirements 
UAVs, or more specifically heavier-than-air 

light craft with piston engines, are increasingly 
used in combat whether as a surveillance means or 
in electronic warfhre. 

The Navy has long been a high seas force 
capable of insuring the safety of maritime routes, 
of strategic importance for supplies and logistical 
support essential in case of generalized conflict. 
Since then, the Naval forces have seen their main 
action areas get closer to shore, whether to monitor 
maritime traffic (e.g. embargo on a country), to 
participate in the launch and/or recovery of troops, 
to share in protecting units in a context of interven- 
tion, insertion or to help friendly countries. These 
* A French version of this paper follows at Section 24b. 

international missions are made in addition to the 
still common missions of territorial waters surveil- 
lance and national interest protection. The naval 
units that are part of this deployment range fiom a 
carrier group down to a simple surface craft like a 
frigate or even a patrol boat. The first requirement 
in all these missions is surveillance of the space 
around the naval force. This surveillance may need 
to be made over a hundred kilometers with varying 
time on station requirements according to the mis- 
sion, from a very short period for target recognition 
to a very long duration for the surveillance of hos- 
tile coasts. It is presently done with piloted aerial 
means, helicopter or aircraft To use UAVs instead 
gives a continuity in the case of long duration mis- 
sions and an increased safety in the case of recog- 
nition of potentially threatening targets. 
Independently from the mission itself, the UAV 
system must respond to constraints that are specific 
to a maritime use and that have to do with the 
aerial segment and the surface segment. 

The surface segment includes two main ele- 
ments: (i) the Mission Planning and Control Sta- 
tion (MPCS) in charge of mission planning, of 
flight follow up and control, of resource manage- 
ment, and of processing the mission results and (ii) 
the landing system intended to help the UAV 
approach and recovery of the aerial vehicle once it 
is on board the ship. The MPCS needs to be inte- 
grated or at least to interface with the command 
system of the ship so that it can track all data perti- 
nent to the ship’s environment (e.g. weather, tacti- 
cal situation, approach paths) and to be able to give 
in return information related to the UAV flight pro- 
file so as to insure, for example, safe integration of 
the UAV in the local ATC system. The UAV arrest- 
ing and capture gear must have minimal impact on 
the ship configuration. It should therefore be set up 
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and taken down easily and quickly.The aerial seg- 
ment also includes special constraints for it to be 
used on a naval platform. The first constraint is the 
personnel that will implement the system. The per- 
sonnel should not be specialized (for example no 
pilot). The qualifications of the pre-existing ship- 
board personnel should be sufEcient for using, 
maintaining and repairing the system. Another 
constraint has to do with the ship and its route. It is 
out of the question to stop the ship for recovery 
operations. It is also out of the question to launch 
one or several rafts or to use a helicopter to lift a 
UAV that would have fallen at sea in a regular 
recovery scenario. The only routine concession 
possible would be a maneuver to position the ship 
in such a way as to insure the appropriate wind 
conditions for recovery. 

All those requirements and constraints call 
for a UAV system: 

0 that can be integrated or interfaced with 
the existing systems on board a ship 
with the least modifications to its super- 
structures, 

that can fly quickly to the area of inter- 
est, 
that can stay there for a maximum 
period of several hours, 

and that can be recovered in an autono- 
mous way on a naval platform. 

0 

0 

0 

The response of Matra Defense that will be 
explained in the rest of this document is based on 
the aerial platform MARVEL (designed by Freew- 
ing Aerial Robotics Corp.) with a landing system 
based on a laser technology. Payloads were not part 
of this study since a good number of them have 
been developed already for land based UAV sys- 
tems. 

4.0 Description of the Aerial 
Plat form 

The MARVEL drone includes two comple- 
mentary innovations: the freewing and the tilt- 
body. The hewing means that the wing of the 

UAV is linked to the fuselage in a manner that 
allows it to rotate h e l y  around the pitch axis. The 
wing is therefore decoupled from the movements 
of the fuselage and positions itself in the relative 
wind like a weathervane. This makes it practically 
impossible for the wing to stall aerodynamically 
and it provides a strong decoupling between the 
response of the freewing and that of the body with 
regard to vertical aerodynamic turbulence and 
thereby reduces significantly the effect of turbu- 
lence on the body, giving an inherent stability to 
the payload. References 1 and 2 give some back- 
ground on freewing aircraft for ultralight applica- 
tions. Figures 1, 2, and 3 show the MARVEL 
configuration for cruise flight. Figure 4 shows a 
range of body tilt angles relative to the tail boom. 
Figure 5 shows an image of a wind tunnel model of 
the MARVEL in the University of Maryland’s 
Glenn L. Martin Wind Tunnel. Characteristic data 
for the MARVEL is shown in Table 1. 

TABLE 1. Characteristic Data of the MARVEL 
Vehicle 

Total length, body tilt = 0 
Total span 
Body length 
Maximum take off weight 
Power (Rotax 503) 
Maximum speed 

Minimum latiding speed 
Endurance 
Total Length, body tilt = 50 
Center body width 
Empty weight 
Maximumbody angle 
Cruise speed 
Minimum takeoff speed 
Rate of climb 
Ceiling 

3.6 m 
4.9 m 
1.8 m 
177 kg 
50 hp 
80 m / s  

15 m / s  
4 hours + 
3 .om 
1.3 m 
117 kg 
55 degrees 
50 m/s 
11 m/s 
11.7 m / s  

5000 m 

The wing angle of attack with regard to the 
relative wind and thus the wing’s lifting power is 
controlled by elevons on the trailing edge of the 
wing. Additional longitudinal control is provided 
by the throttle setting the propeller rotation rate 
and the angle of the body relative to the boom as 
indicated in Figure 4. Control in pitch is done by 
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setting the body angle relative to the boom and 
then making relative adjustments with the elevons 
and the throttle. The decoupling between wing 
and fuselage allows the fuselage to be at any angle 
without changing too much the wing lift values. 
The tilting of the body results in a vectoring of the 
propeller thrust which shares in the total lift of the 
aerial vehicle. This is what allows the share of the 
lift that is produced by the freewing to be reduced 
and therefore to reduce the aerodynamic speed of 
the UAV down to approximately 12 to 15 meters 
per second. This same fact is what makes it possi- 
ble to descend at steep slopes (beyond 45 degrees) 
and at a slow speed while keeping the platform 
perfectly under control. 

The lateral control is achieved by differential 
deflections of the elevons on the wings. The vehi- 
cle is autostable in yaw and does not have a 
deflectable rudder control. The lateral dynamics 
are essentially the same as for fixed wing vehicles. 

A prototype of the above description has had 
several dozen hours of flight time in the Mojave 
desert in California Numerous wind tunnel tests 
have permitted refinement of the aerodynamic con- 
figuration of the MARVEL. Due to the fact that the 
propeller is in a tractor position, the air flow gener- 
ated goes over the body and wing root. This gener- 
ates strong nonlinearities which are increased by 
the high angles of attack that the body of the UAV 
can have in a tilted position. A brief description of 
some aerodynamic properties is provided here. 

Figures 6, 7, and 8 show the lift coefficient 
variation with body angle of attack for boom 
angles of 0 degrees, 30 degrees, and 50 degrees 
respectively, all with a small fixed elevon angle, 
and with curves for three thrust coefficients. More 
details of the aerodynamic properties are given in 
Reference 3. It is instructive to consider the varia- 
tion with thrust coefficient as well as with angle of 
attack. The equilibrium angle of flight will be 
approximately at an angle of attack equal to the 
boom angle. At the 0 degree boom angle the flight 
behaviour is somewhat like a conventional aircraft 
ins0fh.r as its response to a throttle change. Note 
that in this case the lift coefficient is not strongly 
coupled to the thrust coefficient. However, in the 
30 degree and 50 degree cases the lift coefficient is 
a veIy strong function of the thrust coefficient 

which is intuitively proper and reflects that the 
throttle is a powerfid flight path control at high 
body angles. 

An indication of elevon effectiveness is 
given by the data of Figure 9. This shows that the 
elevons give expected lift changes. Figure 10 
shows the effect of elevons on pitching moment 
coefficient. Figure 11 shows an example of pitch- 
ing moment variation with angle of attack and 
thrust coefficient for a boom angle of 30 degrees. 

The piloting of the MARVEL UAV is not 
traditional due to the freewing and the tilting of the 
body. There are four controls. These are: deflection 
of elevons in unison for wing lift control, deflec- 
tion of the elevons differentially for roll control, 
engine speed control for setting thrust level, and 
body angle control to select the general flight 
regime. The elevon angle controls are the highest 
frequency controls followed by engine control at a 
somewhat slower rate, and finally the body angle is 
a very low rate control which may be considered as 
a trim control on a conventional aircraft. 

5.0 Landing 
Landing is the most delicate phase of the 

whole flight envelope for the UAV. Following its 
own means of navigations (GPS for example), the 
UAV gets to the entry point of the landing phase. 
The UAV is in tilt body position and has thus taken 
reduced its aerodynamic speed down to approxi- 
mately 15 d s .  The UAV is then taken over by the 
landing system that will take it to the waiting area 

The landing system that we will describe is 
similar to an ILS system for civilian airports. An 
ideal approach axis is defined by the central axis of 
a laser beam encoded with space and time data 
(laser pattern). The encoding is made with an 
acousto-optical modulator (time domain) that will 
give pulsed trains and a mechanical rotating modu- 
lator (space domain) in the focal plane. Each point 
of the beam represents a point on the mechanical 
modulator. This beam includes a grid of 40 x 40 
squares that has a distance code with regard to the 
center of the beam, with a resulting accuracy of 
less than one meter. The beam is generated by a 
laser source of 10.6 microns wavelength and a 
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power o less than 20 watts, assuring that the land- 
ing system is compatible with the use of the UAV. 
The beam is stabilized by a gyroscopic platform 
(stabilization is better than 0.6 mrad) and takes into 
account the motion of the ship. 

So that it can decode the information 
received, the UAV has on board a detector and its 
associated electronics, the weight of which does 
not exceed 250 grams for a very small space 
requirement (a cylinder 40 mm in diameter and 
100 mm long). 

The guidance law has sensitivity inverse to 
the distance from the landing (from beam emission 
point). This law tends to cancel the distance varia- 
tion, giving an acceleration proportional to the 
position deviation from beam center, and includes 
differential and integral terms so as to correct the 
errors due to angular speed and acceleration. 
Accelerations perpendicular to the beam axis are 
controlled by commands for acceleration sent to 
the UAV and then converted to control instructions 
for pitch and roll. 

The beam will bring the UAV into a waiting 
area where it will stay until the ship movement gets 
relatively quiet. At that time the UAV receives the 
instruction to land and comes down on the ship 
deck. Arrest and capture gear prevents the UAV 
from moving. This device can be a metallic net 
stretched a few centimeters above the deck in 
which the landing gear of the UAV gets enmeshed. 

6.0 Conclusions 
In this system, the UAV prototype already 

exists and has flown several dozen hours. A scaled 
prototype of the landing system exists and its per- 
formance has been demonstrated. The develop- 
ment of the algorithms for guidance and control for 
the crucial phase of landing has started, and that of 
the arrest and capture system will start soon. The 
algorithms for control and guidance as well as the 
specifications for ILS-type equipment and servos 
will be available in 1996. 
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Figure 1. Top View of MARVEL 

Figure 2. Front View of MARVEL 
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Figure 3. Side View of MARVEL 

Figure 4. MARVEL at Several Body Angles 
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Figure 5. MARVEL Wind Tunnel Model 
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Figure 6. Lift Coefficient, Body-Boom Angle = 0 
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Figure 7. Lift Coefficient, Body-Boom Angle = 30 
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Figure 8. Lift Coefficient, Body-Boom Angle = 50 
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Figure 9. Elevon Effectiveness 
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Figure 10. Elevon Effect on Moment 
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0. RESUME 

Apr5s avoir cite les nCcessitCs 
essentielles de l'utilisation marine d'un 
syst5me de drone, il est present6 quelques 
caracdristiques adrodynamiques spCci- 
fiques de la configuration aile libre et 
corps basculant du MARVEL ainsi qu'une 
description succincte des Cquipements 
utilisCs pendant l'approche du drone 
MARVEL. 

1. INTRODUCTION 

Les drones, ou plus exactement les 
aCrodynes 1Cgers B moteur B pistons, 
prennent une part croissante dans le 
combat qu'ils agissent dans le domaine de 
la surveillance ou de la guerre 
Clectronique. Dans la lignCe des 
programmes de drones dCveloppCs pour 
1'ArmCe de Terre, MATRA DEFENSE 
s'interesse aux possibilids d'implanter un 
systkme de drone B bord de navires 
disposant d'une plate-forme hClicoptkre. 

2. BESOINS DE LA MARINE 

La Marine a longtemps constituk 
une force de haute mer apte B assurer la 

s&uritC des routes maritimes, stratkgiques 
pour l'approvisionnement et le soutien 
logistique indispensables en cas de conflit 
de forte intensite. Depuis, les forces 
navales ont vu leur zone d'action 
principale se rapprocher des cbtes, que ce 
soit pour surveiller le trafic maritime 
(embargo sur un pays), pour participer B 
la projection edou B la rCcupCration de 
troupes, pour prendre part B la protection 
d'unitCs agissant dans un contexte 
d'intervention, d'interposition ou d'aide B 
des pays amis. Ces missions B caract5re 
international sont effectuCes en parall8le 
des missions toujours actuelles de 
surveillance des eaux territoriales et de 
participation B la protection des intCri3s 
nationaux. Les unit& navales concernCes 
par ces dkploiements vont du groupe 
aCronava1 au simple biitiment de surface de 
type frCgate ou meme, patrouilleur 
maritime. Le premier besoin dans toutes 
ces missions est la surveillance de l'espace 
autour de la force navale. Cette 
surveillance doit s'exercer B des distances 
dCpassant la centaine de kilom5tres avec 
des permanences sur site trks diffdrentes 
selon la mission : d'une durCe courte pour 
une reconnaissance B coup sQr de cible B 

Paper presented at the FVP Specialists' Meetings on "Subsystem Integration for 
Tactical Missiles (SlTM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ", 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 



24B-2 

une dude trks longue pour la surveillance 
de c6tes menaGantes. Elle est assuree 
actuellement par des moyens aeriens 
pilotes, helicoptkre ou avion. L'utilisation 
de drones en leur lieu et place donne la 
permanence dans le cas des missions de 
longue dude et une plus grande skcurite 
dans le cas de la reconnaissance B coup 
s b  de cibles potentiellement menapntes. 

Independamment de la mission, le 
systkme de drone doit satisfaire des 
contraintes spkcifiques dune utilisation 
navale qui concernent le segment aerien et 
le segment de surface. Le segment de 
surface est compose de deux elements 
principaux : (i) la station de 
programmation et contr6le du vol 
(PROCOVOL) chargee de la preparation 
de mission, du suivi et du contr6le du vol, 
de la gestion des ressources, de 
l'exploitation des eventuels resultats de la 
mission et (ii) le systkme de lancement et 
le systhme dappontage charge d'aider B 
l'approche du drone et de recuperer le 
vecteur aCrien une fois celui ci sur le 
navire. 
La station PROCOVOL doit pouvoir 
s'integrer ou tout le moins s'interfacer 
avec le systkme de commandement du 
navire afin de recevoir notamment les 
elements de la situation environnant la 
plate-forme (mktkorologie, situation 
tactique, couloirs akriens) et de pouvoir 
fournir en retour des informations 
concernant le profil de vol du drone 
permettant, par exemple, sa prise en 

compte dans une Cventuelle regulation 
locale de la circulation aerienne. Le 
systhme dappontage doit modifier de la 
mani&re la plus 1Cgkre possible, la 
configuration initiale du navire. Son 
installation et son demontage doivent Ctre 
f ades  et rapides. Le segment aerien 
comporte aussi des contraintes 
dutilisation particulikres B un emploi sur 
une plate-forme navale. La premi&re 
mnceme le personnel qui mettra en oeuvre 
le systhme. I1 ne doit pas avoir besoin 
d'une specialisation particulikre (pas de 
pilote). Les qualifications existantes du 
personnel de bord doivent suffire pour 
l'utilisation, la maintenance et la dparation 
du systkme. Une autre conceme le navire 
et sa route. I1 n'est pas question de 
stopper le batiment pour des op6rations de 
recuperation. I1 n'est pas question non 
plus de mettre une ou plusieurs 
embarcations B la mer ou d'utiliser un 
hklicoptkre avec treuillage pour ramener 
un drone tomb6 B la mer dans un sc6nario 
nominal de rkcuperation. La seule 
concession possible serait une manoeuvre 
pour positionner le navire dans une 
presentation assurant les conditions de 
vent appropriees B la r&up6ration. 

L'ensemble de ces besoins et de ces 
contraintes impose un systkme de drone : 

- integrable ou interfaqable avec les 
systkmes existants du navire en modifiant 
le moins possible les superstructures, 

- rapide pour aller sur la zone 



d'intdret, 
- susceptible de rester en place 

pendant une durCe maximale de plusieurs 
heures, 

- et surtout rCcupCrable, de faqon 
autonome, sur une plate-forme navale. 

La rCponse de MATRA-DEFENSE, 
exposCe dans la suite du document, est 
basCe sur le vecteur aCrien MARVEL 
(conp par la sociCtC Freewing Aerial 
Robotics) avec un systkme d'aide ii 
l'approche fond6 sur une technologie 
laser. La charge utile ne fait pas l'objet 
d'attention particulihe, sachant que un 
bon nombre d'entre elles a dCj2 CtC 
dCveloppC pour les syst&mes de drones 
terrestres. 

3. DESCRIPTION DU VECTEUR 
AERIEN 

Le drone MARVEL utilise deux 
innovations complCmentaires : l'aile libre 
et le corps basculant. L'aile libre signifie 
que l'aile du drone est reliCe au fuselage 
de mani$re ii assurer sa libre rotation 
autour de l'axe de tangage. L'aile se 
trouve dCsolidarisCe des mouvements du 
fuselage et se positionne dans le vent 
relatif comme une girouette. Ceci Cvite 
tout dCcrochage aCrodynamique de sa part, 
assure un dCcouplage fort entre la rCponse 
de l'aile libre et celle du corps vis B vis des 
turbulences airodynamiques verticales et 
permet une diminution importante de 
l'effet de turbulences sur le corps assurant 
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une stabilid naturelle ii la charge utile. 
Les figures 1, 2 et 3 montrent le 
MARVEL en configuration de vol de 
croisi&re. La figure 4 illustre diffkrentes 
inclinaisons du corps par rapport aux 
poutres de queue. La figure 5 est une 
photographie d'une maquette du 
MARVEL dans la soufflerie Glenn L. 
Martin de 1'UniversitC du Maryland. 

Les caractCristiques techniques du 
MARVEL sont donnCes ci-aprks : 

Longueur totale corps horizontal: 3,6 m 
Longueur totale corps basculC: 3,O m 
Envergure totale : 4,9 m 
Largeur du corps : 1,3 m 
Longueur du corps : 1,8m 
Masse (sans charge utile) : 117,O kg 
Masse maximale au decollage: 177,O kg 
Inclinaison maximale du corps : 55' 
Puissance (ROTAX 503) 
Vitesse de croisiibe : 50m/s 
Vitesse maximale : 8 0 4 s  
Vitesse de dkollage minimale: 11 m/s 
Vitesse datterrissage minimale: 15 m/s 
Vitesse ascensionnelle : 11,7 m/s 
Endurance : > 4 h  
Plafond d'utilisation : 5000m 

: 50 cv 

L'angle d'incidence de l'aile par 
rapport au vent relatif et par consQuent, la 
force de portance, est contr816 par des 
elevons sur le bord de fuite. Un contr8le 
supplCmentaire, en longitudinal, est 
obtenu par le rCgime moteur, r6gulant 
ainsi la vitesse de rotation de l'hClice et par 
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l'angle du corps par rapport aux poutres 
de queue comme le montre la figure 4. 
Cette dksolidarisation entre l'aile et le 
fuselage autorise ce dernier B prendre une 
inclinaison quelconque sans trop perturber 
les effets de portance de l'aile. Ce 
basculement aboutit B une vectorisation de 
la traction de l'helice qui participe B la 
portance globale du vecteur aerien. Cette 
contribution pexmet alors de rtkluh-e la part 
de la portance due B l'aile libre et ainsi de 
diminuer la vitesse akrodynamique du 
drone jusqu'h des valeurs de l'ordre de 12 
B 15 m/s. Elle permet aussi d'effectuer 
des descentes avec une forte pente 
(superieure B 45") et B faible vitesse, tout 
en conservant un parfait contr6le du 
vecteur. 

Le contr6le lateral est obtenu par 
un braquage differentiel des elevons des 
ailes. La cellule est autostable en lacet et 
ne poss5de pas de partie mobile sur la 
derive. Le comportement dynamique en 
mode lateral est sensiblement identique B 
celui de vecteurs aeriens conventionnels B 
voilure fixe. 

Un prototype aux dimensions 
fournies ci-dessus, a effectue plusieurs 
dizaines d'heures de vol dans le desert de 
Mojave, en Californie. De nombreux 
essais en soufflerie ont permis 
de caracteriser la configuration 
akrodynamique du MARVEL. A cause de 
la place de l'hklice en position tractrice, le 
flux d'air genere baigne le corps et 

l'emplanture des ailes. Ce fait est 
gdnerateur de fortes non-linhritds qui sont 
accrues par les forts angles d'incidence 
que peut avoir le corps du drone en 
position basculke. 

Pour illustrer ces propos, les 
figures 6,7 et 8 montrent la variation du 
coefficient de portance en fonction de 
l'angle d'incidence du corps pour des 
inclinaisons du corps par rapport aux 
poutres de queue de O", 30" et 50°, pour un 
meme braquage des elevons et pour 3 
coefficients de poussee. I1 est interessant 
d'Ctudier la variation du coefficient de 
portance aussi bien en fonction du 
coefficient de poussCe qu'en fonction de 
l'angle d'incidence. Le vol Cquilibre se 
situe B un angle d'incidence voisin de 
l'inclinaison du corps. Avec un angle 
d'inclinaison de O", le comportement en 
vol est similaire B celui d'une cellule 
classique y compris la rdponse B un 
changement de position du papillon des 
gaz. Il est B remarquer que dans ce cas, le 
coefficient de portance n'est pas fortement 
lie au coefficient de poussCe. Par contre, 
dans des configurations B 30" et 50" 
d'inclinaison du corps, le coefficient de 
portance est fortement coup16 au 
coefficient de poussee. Ce couplage, 
intuitivement correct est signe que le 
r6gime moteur est un moyen de contr6le 
efficace de la trajectoire pour des 
inclinaisons importantes du corps. 
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La figure 9 est un exemple de 
courbe defficacite des elevons qui montre 
qu'ils fournissent les variations de 
portance attendues. La figure 10 montre 
l'effet des elevons sur le coefficient de 
moment de tangage. La figure 11 est un 
exemple de variation du moment de 
tangage en fonction de l'incidence du 
corps pour 3 coefficients de poussee et 
une inclinaison du corps de 30'. 

Le pilotage du drone MARVEL 
n'est pas classique du fait de l'aile libre et 
du corps basculant . Le pilotage agit sur 3 
param5tres : (i) le braquage des elevons 
pour B la fois le contr6le de la portance des 
ailes et, en braquage differentiel, pour le 
roulis, (ii) le regime moteur pour la force 
de traction de l'helice et (iii) l'inclinaison 
du corps pour choisir la phase de vol. Les 
ordres de braquage des Clevons sont les 
ordres au temps de reponse le plus court, 
la commande moteur s'effectue B une 
frequence plus basse et l'inclinaison du 
corps est B trks basse frhuence, ce qui 
peut la faire assimiler B une commande de 
trim sur une cellule classique. 

4. APPONTAGE 

L'appontage est la phase la plus 
delicate de tout le vol du drone. Griice B 
son moyen propre de navigation (GPS par 
exemple), le drone rejoint le point dentree 
de la phase d'approche. Le drone est en 
position corps incline et a ainsi r6duit sa 

vitesse a6rodynamique horizontale jusqu'h 

environ 15 4 s .  Le drone est alors pris en 
charge par un systkme d'aide h l'approche 
qui va l'amener B une zone dattente. 

Le systkme d'aide h l'approche 
d&rit ici s'apparente au syst2me ILS des 
a6roports civils. Un axe de descente ideal 
est matCrialis6 par l'axe central d'un 
faisceau laser cod6 spatialement et 
temporellement (mire projetee). Le 
codage s'effectue au moyen d'un 
modulateur acousto-optique (pour l'aspect 
temporel) delivrant des trains 
d'impulsions et par un modulateur 
mecanique rotatif (pour l'aspect spatial) 
dans le plan focal de l'optique. Chaque 
point du faisceau est l'image dun point 
sur le modulateur mkcanique. Ce faisceau 
comporte une grille de 40 x 40 cases qui 
sont codees en distance par rapport au 
centre du faisceau donnant une precision 
sur la position inferieure au m2tre.. I1 est 
genere par une source laser de longueur 
d'onde 10,6 microns et de puissance 
inferieure B 20 watts assurant une 
disponibilite du systkme d'aide h 
l'approche compatible de l'emploi du 
drone. Le faisceau est stabilise 
angulairement par une plate-forme 
gyroscopique (stabilisation meilleure que 
0,6 mrad) et subit les effet de translation 
du centre de gravitC du navire, 
principalement le pilonnement et 
l'embardee. 
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Le drone, afin de dCcoder les 
informations regues, dispose d'un 
dCtecteur embarqud et de son Clectronique 
associbe dont la masse ne dCpasse pas 250 
g pour un encombrement tr&s rCduit 
(cylindre 40 mm de diamktre pour 
100 mm de long). 

La loi de guidage est une loi en 
alignement inverse (le drone se rapproche 
du point d'bmission du faisceau). Cette 
loi tend B annuler k a r t  mCtrique en lui 
associant une accClCration proportionnelle 
B 1'Ccart de position, B sa dCrivCe et B son 
intCgrale de manikre B corriger les erreurs 
dues B une vitesse angulaire et B une 
accClCration angulaire de dCfilement. Les 
accClCrations dans le plan perpendiculaire 
B l'axe du faisceau sont ensuite traduites 
en accClCrations commandCes au drone et 
enfin en ordres de pilotage sur les voies 
tangage et roulis. 

Le faisceau amkne le drone dans 
une zone dattente dans laquelle il va rester 
jusqu'i ce que les mouvements du navire 
atteignent une zone de tranquillit6 relative. 
A cet instant, le drone reqoit l'ordre 
d'apponter et vient se plaquer sur le pont 
du navire. Un dispositif de fixation du 
drone l'empEche alors de bouger. Ce 
dispositif peut Etre un filet metallique 
tendu B quelques centimhes du pont dans 
lequel vient se prendre le train 
d'atterrissage du drone. 

5. CONCLUSIONS 

Dans ce systkme, le prot du 
drone existe et a plusieurs dizaines 
d h e m s  de vol B son actif. Une maquette 
du systkme d'aide B l'approche existe et 
ses perforrnances ont CtC dCmontrCes. Le 
dCveloppement des algorithmes de 
guidage et de pilotage de la phase cruciale 
dappontage a dCmarrC et celui du systkme 
de maintien du drone ap*s appontage va 
debuter sous peu. Les algorithmes de 
pilotage et de guidage ainsi que les 
spkcifications des senseurs inertiels et des 
servomoteurs associCs seront disponibles 
au cours de l'annCe 1996. 
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Figure 1. Vue de Dessus du MARVEL 

1 I 

Figure 2. Vue de Face du MARVEL 



24B-8 

Figure 3. Vue de cot6 du MARVEL 

Figure 4. MARVEL Diffkrents Angles d Inclinaison 

'\ Boom Angle 

Figure 5. MARVEL Maquette de Soufflerie 
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Figure 6. Coefficient de Portance, Inclinaison = 0 

Thrust Coefficient Effects on Whole Vehicle, Boom = 0 degree 
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Figure 8. Coefficient de Portance, Inclinaison = 50 

Thrust Coefficient Effects on Whole Vehicle, Boom = 50 degree 
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Figure 9. Efficacite des Elevons 

Elevon Effect, Thrust Coefficient CT = 0. Boom = 0 degree 
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Figure 10. Effet des Elevons sur le Moment 

Figure 11. Effet de la Pousske sur le Moment 

Thrust Coefficient Effects on Whole Vehicle, Boom = 30 degree 
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s o d  
Le bilan de l'dvolution d'un s sthme 
d'appontage automati  ue d'un vJhicule 

modhle du vdhicule-t e est bas4 sur  le CL227 de 

et  la rdponse du systhme sont prdsentds. La 
conception e t  l'agencement des composantes 
d'un systhme de capteurs sont anal sds. 

bashe sur la ddcomposition du vecteur ddtat en 
composantes observables e t  non-observables. 
Cette ap roche est validde par la simulation. Le 

adrien, d u  navire, d u  capteur e t  de 
l'environnement e t  est  re 
degrds-de-libertA. Le 
sur des algorithmes du 
des mouvements du navire. Enfin, les profils de 
vols calculds par simulation sont dgalement 
prdsentds. 

Abstnrct 
The evolution o an automated ship recovery 

generic UAV model is  based on the Canadair 
CL227 VTOL UAV. Test results concentratin 

description of the data link software and 
hardware components i s  presented. The 
ap roach describin the location of the air 

vector into observable and non-observable 
components. This a proach is validated by 

six degree-of- reedom representation of the air 

environment. The data link /recovery system 
uses vehicule control and ship motion 

t4ldcommandd de type vT8 L est ici prdsentd. Le 

Canadair. Les rdsu P tats de tests sur le contr6le 

Lapproche qui ddcrit la position du vdhicu r e est 

modhle B e simulation tient compte du vdhicule 

system for a A OL UAV is  discussed. The 

on system control and response are provided. 51 

vehcle is based on t f e decompostion of the state 

simulation. The simu P ation model is based on a 

vehicle, the s f ip, the data link system and the 

______________-__-__------------- 
Ferrier est dipldmd e la Facultd des Etudes 
supdrieures de I' lf cole Polytechnique de 
Montrdal. 

1.0- Introduction 
Le but de cet article est de presenter un rdsumd 
du pro amme expdrimental dtabli entre la 

la Direction des Constructions navaleg (DCN) de 
la DGA (FRANCE) et la CERT (ONERA) qui a 

our objet la  conception d'un systhme 
X'appontage automatique pour un vdhicule 
tkldcommandd du type VTOL 

La mise en place d'un appontage automatique 
ndcessite la rdsolution d u n  certain nombre de 
problhmes: 

tout dabord celui de la localisation de l'engin 

celui de la prediction des mouvements du 

celui de la gdndration de la trajectoire 

enfin celui du pilotage de l'engin sur la 

Le schema montrant  les principales 
composantes intervenant dans un systhme 
d'appontage automatique est present6 A la  
figure 1. 

Socidtd 9;; ombardier, Inc. Canadair (CANADA), 

par rapport a u  navire 

navire 

dappon tage 

trajectoire 

Figure 1- Problbmatique gbnbrale de 
l'appontage aubmatique 

Paper presented at the FVP Specialists' Meetings on "Subsystem Integration for 
Tactical Missiles (SlTM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ", 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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Chacun des problhmes contient ses propres 
difficultes, mais dans le cadre de cet article, 
c'est princi alement du problhme de la 
localisation B ont il sera question. Ce problhme 
est rendu relativement delicat en raison du 
contexte particulier de l'application maritime. 
En effet certains capteurs servant B la 
localisation sont situ& sur le navire dont la 
position n'est pas parfaitement connue en 
raison des perturbations dues h la houle. 

Le choix de la meilleure configuration des 
capteurs pour realiser cette localisation est un 
problhme qui merite une attention articulihre. 
On peut envisager I'utilisation B e capteurs 
relativement couteux fournissant une mesure 
de position du type radar c'est h dire possedant 
trois composantes (par exemple un angle de site 
de gisement ainsi que la distance), mais 
Bgalement l'utilisation de capteurs moins 
sophistiques, fournissant une information 
incomplhte de la position. 

On sait dans ce cas que cet objectif n'est pas 
toujours atteignable. Si on considhe h titre 
dexemple le cas du suivi d'un UAV avec les 
seules mesures angulaires (angle de gisement 
et de site seulement), sa position devient 
inobservable lorsqu'il se deplace h une vitesse 
relative constante par rapport au navire. On sait 
en effet u'une tra'ectoire homothetique 
conduira h P a mQme s d rie de mesures, donc h 
I'inobservabilitR de sa position puisqu'on ne peut 
distinguer la trajectoire vraie de la trajectoire 
fausse. 

Ce problhme de l'observabilitk de la position peut 
tout d'abord Qtre resolu ar une organisation 
adequate des capteurs. 8 n peut par exemple 
utiliser deux capteurs disposes en deux 
positions distinctes sur le pont du navire. 
Lintersection des deux rayons donne une 
mesure de position com lhte. Linconvbnient de 
cette technique vient s U fait que lorsqu'on a 
plusieurs UAV h localiser simultan6ment, on 
est confront6 au problhme de la reconnaissance 
du mQme UAV par les deux capteurs. Une 
autre  approche consiste B favoriser 
l'observabilitk par l'aciionction dautres types de 
mesures: par exemple des mesures ar effet 
Doppler rendent le systhme comp P htement 
observable. I1 existe bien siir d'autres 
combinaisons de capteurs que nous ne 
passerons pas en revue ici. D'autre part, On 
eut B lement agir sur le scenario dapproche a e 1 AV. Si nous reprenons le cas d'un 

c a  teur  fournissant seulement deux 

observable la position par une manoeuvre 
appropriee dapproche. 

C'est dans ce cadre-lh que se situent les 
resultats present& ici. Les rdsultats couvrent 

in P ormations angulaires, on peut rendre 

une etude preliminaire s'interessant plus 
specialement, h la reconstruction de la position 
h l'aide des seules mesures angulaires de site et 
de gisement d'un seul capteur. Le problhme 
trait4 est celui de la fusion d'informations. Ceci 
consiste h combiner les informations angulaires 
avec les informations fournies ar les centrales 
d'inertie du navire et de FUAV, tout en 
s'assurant que le scenario envisage garantisse 
l'observabilitk de la trajectoire. 

I1 est connu que l'observabilit6 depend des 
manoeuvres relatives de I'UAV par rapport au 
navire (une etude complhte concernant le 
problhme pourra Qtre trouvee dans la reference 
[ll 1. I1 est intdressant de voir uels sont les 
scenarii d'approche de l'UA% les plus 
favorables h l'observation de sa position. En fait 
la question sous-jacente est la suivante: est-ce 
que l'algorithme d'estimation de la position est 
suffisamment efficace pour converger 
rapidement? Ou bien en d'autres termes est-ce 

compte tenu  des frequences 
l$&mtillonage envisageables et des bruits sur 
les diffdrents capteurs, le temps de recalage de 
la osition est suflisamment court par rapport A 

En fait ce type de problhme est relativement 
ancien et est similaire h celui que l'on rencontre 
dans les problhmes de navigation ou encore 
dans les problhmes de suivi de cibles. Plusieurs 
approches ont et6 utilisdes pour resoudre ce 
problhme. Lapproche classique consiste h 
utiliser un filtre de Kalman Btendu formule en 
coordonn6es carthiennes. En effet les equations 
de mesures sont non lineaires et l'implantation 
dun filtre de Kalman ndcessite dans ce cas les 
derides partielles des mesures an 

inconnues; l'incertitude sur  les gains 
correspondant du filtre conduit alors parfois B 
des difficult& de convergence et mQme B des 
problbmes de stabilit6. La fiabilit4 des resultats 
n'est donc pas toujours assurde avec cette 
approche. 

Une solution bien connue qui regle 
generalement ce roblhme consiste h 
reformuler l'dquation 8 e mesures our aboutir 
h un systhme d6quations pseudo-En6aires [21. 
C'est cette approche ui, adaptbe au cas tri- 

Comme l'on sait Bgalement que ce type de 
methode conduit gdneralement B des biais qui 
peuvent Qtre importants, une attention toute 
particulihre a et4 portbe sur le choix des 
scenarii dapproche pour leur influence sur le 
biais d'estimation, car de l'ampleur du biais 
ddpendra I'int4rQt de cette approche. 

de P a dude d'une phase dappontage? 

rapport h x, y, z qui sont e gulaires es memes par 

dimensionnel, a et6 uti 3 ishe lors de cette etude. 
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1.1- Sommaire des cornposautes du 

Les composantes principales du systhme UAV 
(s sthme d'en 'ns de reconnaissance aerienne 
tddcommand8 sont: vdhicule du type VTOL 
(ddcollage et atterrisage vertical), systhme de 
capteur, de guidage et  de communication, 
centre de contr6le d'operations (centre de 
contr6le e t  de commandes), systhmes de 
manutention de vehicule e t  d'appontage 
automatique. 

s y s h e  

VtWcule M e n  
Le modhle du vehicule utilise est le CL227 qui est 
un vehicule B helices contrarotatives et qui est 

Les modules principaux sont * le r loc 2). de 
construit de facon modulaire (voir la fi 

puissance (turbomoteur), le moduie d'helices et 
le module de charge utile. 

F'igun? 2 Modtde du CL227 

Le bloc de uissance est  compos6 d'un 
turbomoteur (Arbine h gaz) integre avec une 
boite de vitesse differentielle qui est placee au 
milieu d'un reservoir de carburant de forme 
annulaire. Le rdacteur est install6 avec l'axe 
principal B la verticale. La manche d'entree 
dair est placee vers le bas e t  le canal dejection 
vers le haut du rdacteur. 

Le module d'hdlices est compose de deux rotors 
contrarotatifs qui sont attaches aux plateaux 
oscillants et de timonerie associee. Les avionics 
e t  la soutenance des r6acteurs sont integres 
dans la section inferieure du module. Les pales 

et le train dappontage sont 6galement attaches 
B la section infdrieure. 

Finalement, les elements du systhme de 
communication sont inte 6s dans le module de 
charge utile. Le CL-22rpeut transporter une 
grande diversite de capteurs dependant de la 
mission en cours, comme, par exemple un 
d6tecteur infrarouge. 

SystAme de co- * ' n  
Le systhme de liaison de donnees (ou de 
communication) est compos6 d u n  terminal de 
donnees B bord du vehicule (a6roportt9, d'un 
terminal de donndes B bord du navire, d u n  

oupe dantennes et d'une antenne de contr6le. r e terminal de donndes h bord du v6hicule recoit 
les commandes en rovenance du centre de 
contr6le et comman x es via des emissions RF 
(frequences de radio). Les donnees 
telemetriques venant du vehicule sont 
transmises via la mdme liaison de donnees de 
f'rdquences de radio vers le centre de contr6le et 
de commande. Lorganigramme de contr6le est 
present4 B la figure 3. 

Rctaracmcnt 
a a c c t l t  UAV . 
vla la Llalion 
acrccnaonte 

V l t C l i C  et I '  
emDlaccmcnt 

Sulveur 

Inrlrumcnt 
au mowcmcnt 
ae navire 

Figure 3 - Organigramme du syst&me de 
a m i d e  

Les antennes sont separees en fonction de la 
distance entre le vehicule e t  le navire. Un 
groupe dantennes est utilise lorsque le vehicule 
est en operation de vol de longue distance. 
Quand le vdhicule est en approche finale 
l'antenne de precision de court rayon d'action 
est emplo Be. Cette antenne est intkgrde dans le 
sys@me Jappontage automatique. 
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EmDlaccmcnt 
auveI)Icule 
t 8 X C  

ac !a terre) 

Le c""d'T-09 centre opdratlons fournit en temps-rdels les 
instructions au  vdhicule tdldcommandd et  B la 
charge utile. Le centre d'opdrations recoit e t  
traite les donndes, fournit la visualisation des 
rdsultats et enregistre les donnees provenant du 
vdhicule adrien. Les donndes sont transmises 
par les communications RF(fr6quences de 
radio). Le centre comprend les appareils 
ndcessaires it la reception, l'interprdtation et  
l'exploitation des syst&mes du vdhicule, et de la 
charge utile e t  des donndes de vols. Le centre 
dopdrations est l'interface homme-machine. 
La planification des missions est realisbe avant 
les vols. Les modifications des missions sont 
faites au  centre doperation pendant les vols. 

Systbe d'appontage automatique 
La figure 4 montre l'organigramme d'un 
systeme dappontage automatique. Lorsque le 
vdhicule est pris en charge par l'antenne de 
poursuite, le vdhicule es t  contrdld par 
l'ordinateur d'appontage automatique. Les 
composantes principales du programme sont: le 
programme de la com ensation pour le 

directive de pilotage dans  les  axes 
daccdldrations du vdhicule en X e t  en Y et le 
contrdle d'altitude du vdhicule. La boucle est 
completee par un programme qui ddfinit la 
position du vdhicule par ra port B la piste 

Ce 
programme de 1'Indicateur des pdriodes 
dappontage (IPA) est int4grd dans I'ordinateur 
dappontage automatique 131. 

mouvement du navire, P es commandes de 

d'atterrissage situde sur  P e navire. 

4 

- 
EIollc a Inatr- 
urnentatton du 
rnowemcnl de 
navirc 

Sctnarlo 
M o d ~ l c  du 4 
navlrc 

- 

2.0- Formulation du pmblhe 
Considdrons le schema de la figure 5: 

Sulvcur vtnicuie 
atrlcn 

+ 

.*y: U RM .- AZA .- K 

Figtux? 6- Formulation du pmbume 
RA represente un repere lie au navire. 
RM reprdsente un repere lid B I'UAV . 
RI reprdsente un repere inertiel. 

Nous supposons que les centrales de navi6ation 
respectives de I'UAV et  du navire fournissent 
les attitudes de chacun d'eux ainsi que leur 
accdldration. 

&quation d'6tat du syst&nx? 
Les mouvements de I'UAV et  du navire peuvent 
&re ddcrits par une dquation ddtat discrete qui 
resulte d u n  ddveloppement limit4 de Taylor au 
deuxibme ordre. 

Soit pour I'UAV par exemple: 

+ + + + 
OM(k+l)=OM(k)+ Ov(k)dt + iOy(k)dt2 

0ii: 

est le vecteur v i t e s s i  de I'UAV, et: 

+ + 
YM(k ) =  ( & I 2  /RIOM(k 

est le vecteur acceleration de I'UAV. 

Nous avons dgalement des dquations du m6me 
type pour le navire. D'oii l'dquation d'6tat 
suivante: 

X(k + 1) = AX(k) + BCy(k) + v 

B condition de poser: 



.) 

ot i  yM, reprdsente l'accdldration de I'UAV, et 

A ,  reprdsente l'accdldration du navire, toutes 
aeux fournies par les centrales inertielles de 
navigation. 

Notons qu'en rdalitd l'accdldration du point A 
rdsulte dun  calcul puisque la centrale de 
navigation inertielle du navire ne peut pas 6tre 
au m6me point gdomdtrique que le capteur c'est 
B dire le point A. 

v reprdsente le bruit sur les accdldrom&tres 
(avec Q comme matrice de covariance). 

.) 

&pation de memm 

Considdrons les vecteurs i , j , k ,(voir figure 51, 
ils constituent la base dun triddre orthonormd 
R'M qui se ddduit de RA par une rotation 
dangle a autour de l'axe ZA et par m e  rotation 
dangle j3 autour de l'axe y A . On remarque que 
l'axe x de ce rephe est align6 avec l'axe de visde 

du capteur, c'est B dire l'axe AM. 

.).).) 

.) 

Par definition nous avons: 

. ) . )  

+ . )  
j . A M = O  

k.AM = O  

Ces deux dquations peuvent s'dcrire 
matriciellement sous la forme: 

.) 

H.AM =O 69 B A  

avec: 

Puisque: 

.) .) 

(6) /RI 
AM = [Rot]- '  A M  

BA 

Rot 1, dtant la matrice de changement de base 
entre le repere inertiel et le repere lid au navire 
(fournie par la centrale de navigation inertielle 
du navire), on peut dcrire: 

.) 

= I c Rotl-10 I x 
+ R A  
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0 

Ldquation de mesure s'dcrit donc: 

H. I [ R O ~ I - ~ O  I .X +w=O 0 

On trouvera en annexe I le detail des calculs 
pour la matrice H . 
Remarquons que H ne depend que des 
mesures angulaires a et j3 ( a et j3 , dtant les 
mesures fournies par le capteur situ6 sur le 
navire avec E comme bruit de mesure angulaire 
( & &ant la matrice de covariance associde). 

I1 nous reste B en ddduire la matrice de 
covariance R associde B w. Pour cela nous 
pouvons remarquer que l'dquation de mesure 
rdsulte, comme nous venons de le voir, du 

produit scalaire de deux vecteurs i ( ou j 

avec AM. I1 est facile den ddduire que le bruit 
de mesure sera donc homo &ne au produit: r E, 
r dtant la distance UA8navire. On prendra 
donc comme matrice de covariance R, la 
matrice r2h. 

.) 

.) 

&uationdufiltze 
Les dquations (1) et (8) constituent le syshime 
ddquation ddtat. Les dquations permettant la 
reconstruction de la position de I'UAV sont 
celles d'un filtre classique de KALMAN. Elles 
sont donndes en annexe 11. 

2.1- Essais en simulation 
Conditions des e888i8 
Avant de presenter les rdsultats de simulation, 
nous allons tout dabord ddcrire les conditions 
dans lesquelles sont effectudes ces essais. 

Le navire est soumis ii une houle relativement 
importante. Seuls les mouvements de 
pilonnement, de roulis et de lacet ont btd 
introduits dans la simulation. Les valeurs 
numdriques considdrdes sont les suivantes: 
soit: 

0.88 w2, pour le module de l'accdldration 
lindaire de pilonnement, 

0.17 w2, pour l'accdldration angulaire 
autour de l'axe de roulis, 

0.05 09, pour Yaccdldration angulaire 
autour de l'axe lacet. 
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avec: 

w = 0.089*2.1~ rds 

L'intdgration des 6quations de manihre formelle 
fournit la position et I'orientation du navire au 
cours du temps, c'est-A-dire le repkre RA li6 au 
navire et par consequent de la matrice C Rot 1 
qui caractkrise le changement de base du re ere 
navire par rapport au repere inertiel. Cest 1 ans 
ce rephre que sont simuldes les mesures 
angulaire a et p .  
Par ailleurs on suppose que I'UAV se rap roche 

de demi-cercles (de rayon 50 m) B la vitesse de 5 
d s ,  comme schdmatise sur la figure 6. 

du navire en effectuant une trajectoire P orm6e 

4' 
MO 

'0 

F S p  6 - Mnarii d'appmche 

Deux types de trajectoire ont et6 envisagbes, la 
trajectoire 1 correspond a une approche selon 
une altitude variant de manihre sinusoldale, la 
trajectoire 2 correspond ii une approche B 
altitude constante. 

On suppose dautre part que I'UAV B I'instant 
initial est situ6 en un point h3.0 (600,0,300). En 
ce qui concerne I'erreur destimation initiale, 
on supposera que la position de I'UAV est situde 
dans une s here de lOOm de rayon autour de la 

vitesse est contenue B l'int6rieur d'une sphkre 
de rayon 10 d s .  

LBcart type du bruit consid6r6 pour la mesure 
dacc616ration est: 10-5 m/s2 . 

L6cart type du bruit sur la mesure angulaire 
est: 0.5'. 

La p6riode d6chantillonnage choisie est de 
40ms. 

valeur r6e P le et que I'erreur sur le vecteur 

2.2- Commentaires sur les essais en 
simulation 

Plusieurs essais effectu6s avec diffdrentes 
valeurs de conditions initiales n'ont pas montre 
de diffdrences notables sur le comportement du 
filtre. Lallure du transitoire differe selon les 
valeurs initiales, mais d a m  tous les cas la 
conver ence du filtre est tout B fait acceptable et 

I'UAV termine le deuxihme demi-cercle de sa 
trajectoire, c'est B dire environ une minute 
apres I'instant initial. 

L'un des essais que nous avons effectu6 est 
prbsent.6 B la figure 7. 

Cet essai a 6t6 effectue avec une trajectoire 
dapproche de type 1, mais nous avons effectu6 
dautres essais avec des trajectoires de type 2, 
c'est B dire B altitude constante. Ces approches 
conduisent gdndralement B une convergence 
sensiblement moins bonne (une dizaine de 
secondes suppldmentaires sont ndcessaires). 
L'utilisation de rayon de courbure plus 
important pour lea trajectoires circulaires 
n'ameliore pas I'observabilitd, contrairement A 
ce qu'on aurait pu penser, et le temps de 
convergence est au contraire augmentd. 

est in f Brieure B 2% de la distance, lorsque 

D'autres essais effectu6s en presence dune 
houle plus faible, n'ont pas permis d6tablir une 
conclusion definitive sur cet aspect. 11 
semblerait plut8t que la houle ait un effet 
favorable sur la convergence du filtre. 

Nous avons Bgalement effectu6 des essais en 
considbrant un biais constant sur la mesure 
d'acc616ration, simulant ainsi un ddcala e 

de navigation du navire et celle de I'UAV. Ce 
biais sur les capteurs acc6ldrometriques qui se 
traduit par un bruit detat B moyenne non nulle 
n'affecte pas la rapidit6 de conver ence des 

est biais6 selon les composantes x et z. A titre 
indicatif une erreur de 5.10m6 m/s2 sur la 
mesures acc6ldromdtriques conduit B une 
erreur destimation denviron 2% de la distance. 

Y 

entre les informations de la centrale inertie f le 

algorithmes. En revanche l'estim6 de f a position 

3.0- Conclusion 

On sait que cette approche bas6e sur les pseudo- 
mesures r6sout gdndralement les problhmes de 
stabilite du filtre, mais en revanche conduit 
selon les scdnarii A des biais qui peuvent 6tre 
importants. Toutefois cette approche constituait 
pour nous une &ape preliminaire et il 6tait 
interessant d'analyser 1 importance de ces biais 
avant de songer B l'utilisation de techniques 
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Figure 7 - R&ultat d'essais en simulation 

lus complexes rBputBes rBsoudre ce problhme 
:e biais (comme par exemple la mdthode 
utilisant les coordonndes polaires modifides, 
ap roche connue sous le nom de "modified 

ddcompose le vecteur d'6tat en composantes 
observables et  inobservables 141, est en effet 
connue pour Bviter, non seulement les 
problhmes dinstabilite, grace ii un meilleur 
conditionnement de la matrice de covariance, 
mais Bgalement pour Bliminer les biais. 

I1 est encore trop tdt pour conclure si l'approche 
que nous avons utilishe, bade  nous le rappelons 
sur les pseudo-mesures, sera compatible avec 
I'application envisagBe. Toutefois les rdsultats 
que nous avons obtenus, semblent dBjja 
relativement satisfaisants et les biais que nous 
avons pu mettre en Bvidence sur certaines 
trajectoires d'approche sont assez faibles. 
LBtude qui va suivre et qui dbpasse largement 
le cadre du seul problhme de localisation, 
devrait nous permettre non seulement de tester 
dautres scenarii dapproche, mais Bgalement 
de confirmer si la fonction de pilotage guidage 
de I'UAV, peut ou non tolBrer ces biais et s'il 
lieu d'utiliser des techniques de filtrage p us 
sophistiqubes. 

PO P ar coordinate"). Cette approche qui 

3" 
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Annexe I 
Le rephre R M  se dBduit de RA par une rotation 
dangle a autour de l'axe ZA et par une rotation 
dangle -j3 autourdel'axe YA 

La matrice de changement de base entre RA et 
R M  s'bcrit donc: 



25-8 

1 [ sin (p 1 0 cos( p> 

cos(a)cos(p) -sin(a) -cos(a)sin( p) 
R (a $1 = s inb )cos@ 1 cos(a -sin(a )sin(p ) 

On sait que cette matrice s'bcrit aussi: 

D'oa I'expression: 

Annexe 11 
Les Bquations utilisBes sont celles d'un filtre 
classique de Kalman, rappeldes ici: 

&+fi =A.& +B. Cy& ) 

%+a = A h  AT +Q ( k  1 

K ( k+l ) = &+a HT ( k+l ) [ H&+l) 
%+m @( k+l ) +R I -1 

&+fi+l =&+a -K ( k + l  

%+m+l= 

1 H ( k+l) &+fi 

I-K ( k + l )  H ( k+l)J .%+a 
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TURKISH UNMANNED AIR VEHICLE DEVELOPMENTS 

Unver Kaynak 
TUSA$ Aerospace Industries (TA0 Inc., 

Design & Development Department 
P.K. 16, Mamak, 06261 Ankara, TURKEY 

1. FOREWORD 

In parallel with the experimentation and acquisition 
of some state-of-the-art operational UAV systems 
for the military, in-country efforts were also initiated 
toward indigeneous design and development of some 
UAV systems. Under government contracts, TAI has 
been involved in designing and developing of 
reconnaissance & survelliance UAV’s as well as 
target drone prototypes. Afier demonstrating some 
Proof-of-Capability UAV and target drone 
prototypes, development of more advanced versions 
are being planned for the future. 

2. INTRODUCTION 

There is an increase on understanding of the benefits 
of using UAV’s under certain scenarios. Acquisition 
of operational UAV’s for the Turkish military, and 
lessons learned from recent conflicts in some 
troubled areas of the world (Ref. l), give impetus to 
gaining some domestic expertise on the design and 
operation of drones.  Under contract by the 
Undersecretariat of Defense Industries, T A  I 
designed, developed and flight tested two line-of- 
sight UAV prototypes between 1990-1992. The 
intent was firstly to demostrate TAI’s design 
capabilities, and later, further develop the vehicles 
into mission capable vehicles by the addition of 
certain operational functions and mission payloads. 
The project was successfully completed with the 
delivery of the vehicles that had limited capabilities. 
TA1 was responsible for the design and development 
of the airframe, systems integration, and ground and 
flight tests. Commercially available avionics systems 
were used in the ground control station and in the 
aircraft .  The project enhanced the in-house 
knowledge base pertaining to unmanned air vehicles 
quite significantly, and encouraged the start of 
further activities that included target drones. Under 
the contract with MOD, TA1 is currently developing 
a new target drone, TAI-UKHU, for use of the air 
defense units. In this paper, basically, TAI’s efforts 
will be summarized which cover the UAV-X1 and 
the UKHU target drone. 

3. TA1 SHORT RANGE UAV : UAV-X1 

TA1 UAV-X 1 is a short range, all-composite, double 
boom, pusher propeller, reconnaissance & 
survelliance drone that was indigeneously designed 
and developed at TAI. The Ground Control Station 
subsystems and flight avionic systems were acquired 
from commercial vendors. The UAV-X1 has a 
steerable nose tri-cycle landing gear that was 
designed for conventional runway take-off and 

landings. The vehicle has a nose video camera for 
observation missions that is also used as a visual aid 
for the internal pilot during take-off, final approach, 
and landing. There is a parachute system for 
emergency situations., During the development phase, 
handbook , as well as advanced theoretical methods 
were used for the design, and extensive ground and 
air tests were carried out that included wind-tunnel 
tests, structural and propulsion bench tests, 
surrogate airplane tests, and avionic bench tests. 
Since navigation capability was not installed yet, 
flight trials included only the line-of-sight tests 
within the airport traffic pattern. However, power 
and performance characteristics of the resulting 
drones still posed some interesting challenges for the 
crew during the flight trials. 

3.1 System Description 

TA1 UAV-X1 system consists of two air vehicles, a 
ground control station including three omni- 
directional antenna, and the ground support 
equipment (Fig. 1). Currently, crew of two which 
consists of one external and one internal pilot are 
required to operate the system. Each aircraft is 
equipped with a Digital Flight Control System 
(DFCS) which includes regular autopilot functions 
with optional GPS navigation function, emergency 
modes, and management of video ind telemetry data. 
In the ground control station, there is a console that 
is comprised of a command panel for the internal 
pilot and a video monitor with telemetry data 
superimposed on it. The console also has two 
additional monitors showing digital telemetry data 
both in text and graphics format. 
The air vehicles are all-composite, conventional 
pusher propeller, double-boom, two vertical tails and 
one horizontal tail, steerable nose tri-cycle landing 
gear configuration (Fin. 2). The air vehicles were 
designed for a short-range reconnaissance and 
survelliance missions with modest design goals as 
given in Table-I. 

Table-I 

: 4.00 m. 
1.92 m. 

Length 
Height 
Fuselage Width : 0.40 m. 
wing span : 6.00m. 
Wing Chord 1.00 m. 

Max T-0 Weight : 320kg. 
Payload Weight : 45 kg. 
Fuel Weight : 50kg. 

Max. Cruise Speed 100 kt. 

Paper presented at the FVP Specialists’ Meetings on “Subsystem Integration for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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42kt. 
360 m/mh 

Stall Speed 

741 nm. 
Max. Rate of Climb 
Max. Range 
Max. Endurance 7.5 hr. 

400 m. 
300 m. 

T/O Distance 
Landing Distance 

Engine (Rotary) : 42hp 
Propeller (3-blade) 1.40m. diam 

In the flight control system, there are two flaperons 
for the roll control and high-lift requirements, one 
elevator for pitch control, and two rudders for the 
yaw control. FCS employs servos for the rudders, 
flaperons, elevator, throttle, steering and brakes. It 
was foreseen that in the initial phases of the 
developmental tests, the external pilot would fly the 
aircraft by visual contact, and the internal pilot 
would be the safety pilot monitoring the flight 
through the nose video camera, helping the external 
pilot in runway operations, particularly for aligning 
the vehicle during the final approach. In later 
phases, it was planned to use the internal pilot as the 
primary, while retaining the external pilot as the 
safety. 

3.2 System Development 

In the development phase, standard handbook, as 
well as advanced numerical and theoretical methods 
were used for the design, and extensive ground and 
air tests were carried out that included wind-tunnel 
tests, structural and propulsion bench tests, 
surrogate airplane tests, and avionic bench tests. 
CAD/CAM tools were used in the detailed design 
and production phase. A full scale actual and fully 
electronic “virtual” mock-ups (Fig. 3) were also 
prepared for systems lay-out planning and 
verification. In the following, some brief explanation 
of the kinds of methods and approaches that were 
taken in the air and ground systems development that 
cover the design, development, integration and 
ground and flight tests are explained. 

Aerodvnamic Design: Standard handbook type 
methods were used in the conceptual design phase. 
Later, the results were validated and further refined 
by using Computational Fluid Dynamics (CFD) 
tools along with graphics workstations for 
visualizing the results. A commercially available 
panel method (Ref. 2) was used to calculate the 
pressure and velocity field around the geometry. 
Figure 4 shows the surface pressure contours on the 
UAV-X 1 as visualized in the graphics workstation. 
USAF DATCOM method (Ref. 3) was employed to 
study the stability and control characteristics of the 
aircraft, and to derive the hinge moments of the 
control surfaces. Based on the flight simulations with 
and without flaps, the hinge moments of each control 
surfaces were calculated from which the required 
servo powers, rates and deflections were derived. 
The aerodynamic coefficients and flow visualizations 
were obtained at wind-tunnel experiments that were 

carried out at Middle East Technical University 
Low-Speed wind tunnel. Force and moment 
measurements were made using a mechanical 
balance, and flow visualizations were made using 
the tuft method. Also, propeller slip-stream effects 
were approximately simulated by means of an 
electrically driven powered model. 

Structural Design: The UAV-X 1 principally consists 
of four basic structures: Wing, Fuselage, Boom and 
Tails. The wing has two spars that are I-shaped and 
a channel beam, made of e-glass/epoxy laminates. 
Skin of the wing is composed of two layers of e- 
glass/epoxy laminates which cover the Styrofoam 
wing profile. The fuselage skin is a sandwich 
structure of a grid score flexible foam between two 
layers of e-gladepoxy laminates. There are four 
aluminum honeycomb bulkheads along the fuselage. 
Booms and tails  are  also made of the same 
composite material. The horizontal tail has two spars 
and vertical has one spar. The booms are composite 
laminates wrapped around a tapering rectangular 
cross-section Styrofoam block. 

Standard handbook methods were used in the 
conceptual design, and in-house developed and 
commercially available computerized design 
software were used for the preliminary sizing of the 
aircraft. Results were analyzed and verified by 
structural tests and advanced finite element 
simulations. The aircraft components were sized 
against +4.5/-1.5g loads. Starting from conceptual 
design to detailed design and production, computer 
aided design tools were utilized throughout the 
project. MSC/NASTRAN finite element software 
was used for the structural analysis (Ref. 4). Stress 
distributions and deflections of the wing, fuselage, 
tails, booms and the main landing gear strut were 
obtained. Figure 5 shows the stress distributions on 
the fuselage during flight. Structural tests were made 
to verify the calculations. The tests include material 
allowable tests like the tensile and shear testing of 
the composite laminates, adhesively bonded joint 
shear test and structural tests such as deflection test 
of the boom under tip loading, and wing test under 
distributed loading in which strains were measured at 
critical points. 

Electronics Design: Use of commercially available 
electronic and avionic systems were preferred rather 
than a lengthy design & development process. For 
this reason, S-TEC Corporation of Texas and 
Aeromet Inc. of Oklahoma in U.S.A. were chosen as 
the main suppliers of the avionics and ground 
electronics systems. The S-TEC supplied nearly all 
the major avionic and control components including 
the Central Flight Guidance Computer (CFGC), ie. 
the autopilot, and the sensors, servo actuators, and 
ground controller. The Aeromet Inc. supplied the on 
board real time video system, the data-link sub- 
system, some sensors, the Airborne Control System 
(ACS) and the rest of the ground control subsystems. 
Aeromet Inc. received the S-TEC developed 
equipment and added on their datalink, electrical 
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harness, video subsystem and ground control station 
equipment. Fiyure 6 shows the avionics architecture 
of the UAV-X1 including the ACS and CFGC. After 
accepting the systems at Aeromet by means of 
ground bench and surrogate aircraft tests, the 
harness design and manufacturing, system 
integration, ground bench tests and surrogate 
aircraft tests were done at TAI. In the following, the 
ground and airborne avionics systems will be 
described in more detail. 

The Ground Control System: T h e  G C S  i s  a 
standalone workstation to manage all the data 
manipulation, total remote control, data storage, 
numerical and graphical display of all in-flight 
parameters and telemetered data. The GCS basically 
includes two computers; the ground control 
computer and the graphics computer, and three 
monitors. The ground control computer processes 
and sends the UAV control commands to the 
autopilot processor. Meanwhile, the telemetered 
information such as the speed, altitude, attitude and 
heading are displayed as superimposed on the nose 
video camera view in the pilot’s monitor.The 
graphics computer processes and displays the 
telemetered data on two other monitors in text and 
graphics format. The telemetered data are the 
following: Altitude, IAS, Heading, Pitch/Roll/Yaw 
Attitudes, EGT, Engine RPM/Coolant TempJOil 
Level/Fuel Flow, Fuel Level, Chute Status, Battery 
Status, Alternator Status, Throttle Position, Rudder 
Position, Elevator Position, Flaperon Position. The 
GCS also includes the S-TEC ground controller, the 
data-link subsystem, the antennas, interface 
hardware, data storage medium, and power supply. 

Airborne Avionics Systems: Airborne avionics and 
flight control systems consist of the Aeromet 
Airborne Control System (ACS), the S-TEC System- 
800 Central Flight Guidance Computer (CFGC), i.e. 
the autopilot, and all the necessary parts such as the 
sensors, servos, transducers, encoders, detectors, 
and transmittedreceivers. A fast scan real time video 
system is also included in the package with necessary 
support equipment. All the systems are powered by 
24 to 28 VDC from the 28 VDC aircraft battery, or 
from the aircraft generator of 1.5 kW power. 

The ACS is the integrating factor for all the 
subsystems on the aerial vehicle. Its minimal set of 
tasks includes providing an interface between all 
airborne subsystems, signal conditioning, error 
detection, in-flight telemetry, data routing, flight path 
and way-points storage and management, and 
analog/digital I/O operations. The ACS has a 
Motorola 68030 CPU module to exercise all the 
necessary functions over a W E  bus, and connected 
to the CFGC and the VHF telemetry system through 
RS-232 serial ports (Fig. 6). 

The S-TEC System 800 autopilot is a multiple mode 
autopilot system which can use inputs from an 
onboard pilot, can be controlled by remote command 
signals, or can be operated autonomously. The 

System 800 is based around the CFGC that gets roll 
and pitch attitude information from the vertical gyro 
for h e r  loop stabilization, and steering information 
is derived from the directional gyro, navigation 
system or from remote control commands. The 
altitude encoder, altitude transducer and IAS 
transducer are used by the CFGC to determine the 
altitude, vertical speed and indicated air speed 
respectively. Normal autopilot operating modes 
include the altitude hold, heading hold, roll attitude 
hold and speed hold. In the stabilized mode, all 
commands to the autopilot are essentially attitude 
commands and the autopilot drives the roll and pitch 
servos to hold the aircraft at the. commanded 
attitudes. In case of a link loss, there is an emergency 
mode that puts the vehicle into climbing and waiting 
mode after which an engine kill and parachute 
activation commands are executed if the link is not 
reestablished after a predetermined period of time, 
say 10 minutes. However, if the speed is less than 50 
kts., it stops the engine and applies the brakes, 
because the aircraft is presumably not airborne in 
that speed. Also, the autopilot has a navigation 
system interface that uses most global type 
navigation systems including the GPS. 

System Integration and Testing:The electronic 
equipment of the Aeromet Inc. and S-Tech Corp. 
were integrated in the Aeromet facilities. The bench 
test harness specifically built for the integration test 
was utilized to check functioning and integrity of all 
components. A common bench test procedure was 
developed between TA1 and Aeromet, and 
modifications specified by TA1 were applied. The 
electronic bench-test setup with the equipment was 
loaded into a manned aircraft owned by the Aeromet, 
and the on-board equipment was tested from the 
ground control station according to the radio range 
test procedures developed by the Aeromet. The test 
verified the predicted ranges for control up-down 
link, video downlink and back-up RC up-link. Later, 
the same tests were repeated at TA1 using the TA1 
made harness in the bench and in a surrogate plane. 

At Aeromet, pilot familiarization activities were also 
conducted using a manned aircraft that was equipped 
with a system that was highly similar to TAI’s. This 
aircraft with the on-board safety pilot was flown by 
the TA1 pilot both from the ground station and from 
outside using a hand-held RC radio. The autopilot 
functions and aircraft response were accustomed 
during the RC flight using an eye-contact with the 
plane in which case the TA1 pilot acted as an 
external pilot. Alternatively, the plane was flown 
from the ground control station by the TA1 pilot 
acting as the internal pilot using the video monitor 
that supplied the nose video camera view. Relative 
merits of each approach were assessed. 

3.3 Flight Trials 

Because of yet t o  be completed navigation 
capability, only line-of-sight flights were conducted 
in the airport traffic pattern. It was known that 
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conventional take-off and landing operations and low 
altitude flight of a relatively bigger size UAVs’ flight 
testing might often times get rather complicated. 
During both the development and flight testing 
phases, significant changes were made to the aircraft 
which resulted in some overweight vehicles. Also, 
engine integration and performance goals were rather 
short which resulted in higher wing loadings and 
underpower configurations. Changed performance 
values added with a freshmen flight crew led into 
difficult test campaigns. Expert support was received 
from SADLER Aircraft Company of Arizona during 
all phases of the flight trials. 

Three flight test campaigns such as the high speed 
taxi tests, crow-up tests and full circuit flight tests 
were conducted at remote flight test locations where 
the electromagnetic interference from other sources 
would be the lowest. In all these tests, the external 
pilot acted as the primary and the internal pilot acted 
as the back-up pilot, with the hope that the external 
pilot would become the primary when certain goals 
were achieved. This choice was dictated by the need 
to observe the aircraft motion very closely by using a 
chase car in which the driver and the pilot, observer- 
engineer and the video recording engineer were also 
present. Visual contact with the control surface 
motions and the total aircraft motions were found to 
be most useful especially for makmg autopilot gain 
‘adjustments. Hand-over procedures were developed 
and practiced between the primary and the back-up 
pilots in case of an emergency such as a link loss. 
The telemeter readings were communicated to the 
chase car crew by the back-up pilot. It turned out 
that this procedure had to be followed during the 
entire flight trials, and they were conducted in three 
stages: 1) High Speed Taxi Tests, 2) Crow-Hop 
Tests, and 3) the Traffic Pattern Flight. 

1) In the high - -  weed taxi tests, runway performance 
of the vehicles were measured such as the rotation 
speed and distance, engine performance, acceleration 
qualities, throttle and nose landing gear steering 
authority and response times, braking distance etc. 
Also, hand-over procedures between the pilots for 
the runway operations were practiced. 

2) During the crow-hou tests, a sequence of high 
speed taxi, rotation, lift-off, low altitude level flight 
and landing in the short distance was practiced. This 
test helped the crew to better understand the aircraft 
runway performance, including the assessment of the 
maximum dynamic thrust available, take-off speed 
‘and rudder authority. However, one important 
element of these tests was to make the autopilot gain 
adjustments after visual contact with the aircraft 
response and i ts  att i tude against  the given 
commands. The chase car technique in time got more 
difficult to execute, but was stuck with as being a 
usefd method. During these tests, it was also 
understood that because of the insufficient power 
and thrust values, landing should be made with some 
open throttle which made the operation rather more 
difficult than with a conventional cut-off throttle. 

This phase of the trials also helped to assess the 
landing gear performance and to modify i t  as 
necessary for this relatively overweight vehicle. 

3) The full circuit pattern flight test was started after 
the assessment of the aircraft  performance, 
mechanical modifications, autopilot adjustments and 
crew training,. Again, the chase car was used, with a 
back-up pilot in the GCS and another back-up pilot 
flying in a chase plane in case the vehicle flies out of 
bounds. The chase car technique got truly difficult 
this time because of the fact that the air vehicle 
should at all times stay in a good visual range of the 
car and a good coordination between the pilot and 
driver was necessary. In this stage, after the take-off, 
the plane was followed up in the runway, and while 
the plane was making the downwind leg, the car was 
raced down in the taxiway back to the approach end 
of the runway. A left traffic pattern was used, so that 
the pilot visually followed the plane at all times to 
his right. During the final approach and landing 
phase, the chase car again raced up in the runway. It 
was originally planned that starting with the 2nd 
phase of the flight trials, i.e. during the crow-hops, 
the internal pilot would actually fly the aircraft. 
However, due to lack of time to repeat all the past 
tests with the external and internal pilots’ role 
changed, and because the external pilot reached his 
peak time, the pilots’ role change was not attempted. 
However, it was getting more clear that external pilot 
as the primary should be recommended early in the 
flight test program, but a gradual shift should be 
made to the internal pilot in time. 

4. TA1 TARGET DRONE : UKHU 

After winning an MOD contract, TA1 recently 
started indigenous design studies for a piston 
powered target drone prototype for use with the air 
defense units including air gunnery and missile units. 
The prototype called as the UKHU (which stands for 
a target drone in Turkish), is being designed for 
double use; as a target drone and as a close-range 
UAV with the addition of a payload. The prototype 
will be developed to demonstrate that it is a viable 
vehicle for simulating air attacks against air, sea and 
land forces. The body will be all composite, and will 
be usable in the naval environment also. The take-off 
will be from a catapult with a launch rail and the 
landing will be through a parachute. The first phase 
of the project only covers a flight within the visual 
range using an RC technique, and a simple auto 
stabilizer will be used to aid the operator when the 
plane is far away. The project includes the design 
and development of the catapult launcher and 
addition of some on-board mission equipment such 
as a radar reflector and a miss distance indicator 
(MDI). The drone will also tow a target banner. In 
the future, advanced capabilities will be added to the 
vehicles such as  optical and radar tracking, 
surveillance camera, autopilot and navigation 
capabilities. 



TAI-UKHU is an all-composite, pusher propeller 
vehicle with a cranked double delta wing and double 
vertical fms m. It has only elevons as control 
surfaces. The design studies of the TAI-UKHU were 
already concluded and these studies foreseen the 
following targets as given in Table-II. 

Table-ll 

: 2.50111. 
: 0.88m. Height 

Fuselage Width : 0.30m. 
wing span : 2.84111. 

Leneth 

Max T-0 Weight 
Empty Weight 

Max. Speed 
Max. Rate of Climb : 
Max. Endurance 

Engine 
Propeller (2-blade) 

80 kg. 
48 kg. 

180 kt. 
750 dmin  
1.5 hr. 

40+ hp 
0.6 m. dim 

The project is now in the full scale development 
phase which will last for 11 months. 
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prototypes. The complete system has now limited 
capabilities, but by the addition of mission 
equipment and navigation capabilities, operational 
systems could be obtained. However, rather than 
upgrading the present systems, plans are being made 
for developing an all new short range vehicle with 
advanced qualities for the future requirements. 
Furthermore, after the introduction of new target 
drones, versatile vehicles including close range 
UAVs can be developed if need arises. Finally, 
increased in-country capabilities in this area are 
b e i i  looked for in coming years. 
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5. CONCLUSION 

TAI has developed and flight tested, within the visual 
range, two short range unmanned air vehicle 
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Fig. 1 TAI UAV-X1 system is composed of two air vehicles, a ground control station with antennas 
and the ground support equipment 



Fig. 2 TAI UAV-XI all-composite unmanned air vehicle 

Fig. 3. Computerized mock-up of the airborne electronic units lay-out 



PRESSURE COEFFICIENT 
UAU-XI UIN6/8OOV/TAIL CONFI6URATION 

Fig.4 Pressure distributions on the UAV-X1 using the panel method 

Fig. 5 Finite element calculation c ;tress distributions on the UAV-Xlfuselage 
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Fig. 7 TA1 UKHU target drone 
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SYSTkME 
D’ALERTE AUTONOME DEPOPTk 

CONTRE MISSILES ANTINAVIRES BASSE ET TRES BASSE ALTITUDE 

s. FESLAND 
P. NIGRON 

THOMSON-CSFDIVISION SYSTkMES MISSILES 
DT/SEPNSD AE 

9, rue des Mathurins, B.P. 150, 
92223 Bagneux Cedex, France 

1. &SUM$ 

Ce systeme s’inscrit dans le cadre d’un steme d’alerte 

surface contre les missiles anti-navires basse et trks 
basse altitude. 

I1 s’appuie sur un concept on inal d’alerte pr thce  
utilisant des UAV, UnmannJ  Aerial Vehicle, 
autonomes. 

Une logique de commande de chaque UAV prenant en 
compte Mdrentes contraintes @as de collisions avec 
les autres UAV, deplacement du bitiment poneur) est 
present&. Elle utilise la thbrie  de la logique floue. 

Une simulation informatique rthliske par THOMSON- 
CSF a permis d’obtenir des resultats rouvant qu’un tel 

et des variantes proposks. 

2. INTRODUCTION 
Le systeme d‘alerte autonome deporte (SALAD) 
s’inscrit dans le cadre d’un systeme d’alerte pour la 
Marine participant a la defense des bitiments de surface 
contre les missiles anti-navires basse et tres basse 
altitude. 

La detection de ces missiles par les moyens du bords ne 
peut ttre envisa & qu’a une distance maximale 
comprise entre f0 et 15 km. Les fortes contraintes 
d’environnement (horizon, clutter de mer, effet image, 
...) rendent difficile une detection plus lointaine. Cette 
detection tardive limite le temps de rhction de la 
defense antiaerienne du bord et ampute d’autant la 
probabilite de survie des bitiments. 

L’alerte pr thce  doit donc ttre fournie par des moyens 
deportes voire externes au bitiment. Les solutions 
actuellement opdrationnelles dans les Marines sont 
constituks d’avions de guet avancks dont I’utilisation 
n’est envisageable que pres des cdtes amies ou par une 
force navale comportant un porte-avions. 

La reflexion men& par THOMSON-CSF pour la 
Direction des Constructions Navales de I’administration 
franpise sur les possibilitts d’integration d’UAV, au 
sein d’une force navale a montre que le concept UAV 
peut ttre une solution pour doter nos fregates de cette 
capacite. L’ttude a mis en avant Cgalement des 
contraintes d’utilisation: 

doit comporter plusieurs UAV, 

la formule aerodynamique retenue, de tres pctite taille 

pour la Marine participant A la defense 7 es bitiments de 

concept est trks prometteur. Ces re sup tats sont presentes 

pour assurer une couverture sufftsante, le systeme 

* la plate-forme UAV doit ttre, independamment de 

afin de rendre possible son integration dans un 
bitiment de type fregate, 

la mise en oeuvre ainsI que le contrdle du vol 
doivent Cue le plus automatlses possible. 

Un systeme de contrdle des UAV, centralik sur le 
bitiment p u t  ttre envisage. Les inconvenients d’un tel 
systeme resident dans la n b i t e  de ds ser d’un 

bitlment char e de la nuse en oeuvre. Un  systeme de 

gerer: en particulier le contrdle des plans de vol pour 
eviter les collisions, ceci pendant le deploiement, le 
fonctionnement et la rkupdrabon des unites., Les 
trajectoires doivent inte er des contrantes liees au 

deplacement du bitiment et donc de la zone a 
w e i l l e r ,  aux differentes vitesses de vol des lates- 

diffdrences de performan& des senseurs, ces 
differences pouvant ttre propres a chaque materiel 
(di rsion des caracteristiques des compsants, 
dygnctionnement d’un senseur, ...) ou induites par les 
conditions locales de fonctionnement @hie. brouillage, 
...). 

Pour pallier a ces inconvenients, un concept UAV 
autonome a ete imagine. Chaque UAV doit, par ses 

repondant aux exigences suivantes: 
* simplicite d’emploi et de mise en oeuvre. 
* Robustesse face a w  perturbations atmospheriques, 

aux dysfonctionnements des autres UAV, a w  
dispersions intrinskques des composants et aux 
deplacements du bltlment. 
L’action du bitiment poneur se limite alors, par une 
unique commande adressk a I’ensemble des unites, i 
contrdler la distance qui le separe du systeme d’alene 
deporte. 

On se propose d’organiser cette coopkration en utilisant 
une des techniques d’intelligence artificielle: la 
commande floue. Cette technique est tres ada tk a des 

un modele est dflicile, voire impossible a definir. Cette 
or anisation permet d’optimiser le deploiement des 
U I V  en environnement clair, brouille, et dans des 
configurations comportant un ou plusieurs biti,ments en 
mouvement. Une simulation informatique rhliske par 
THOMSON-CSF et sur fonds propres a 
d’obtenir des resultats prouvant qu’un te concept est 
trks prornetteur. 

L’ori inalite du conce t propose re se sur trois points: 

rapport aux autres, et la capacite d’autoregulauon du 

moyen de contrdle de trajectoire depuis p“ e bord du 

plusieurs UA + en vol simultanes va s’averer lourd a 

besoin de continuite de 9’ a couverture d’alerte, au 

formes ... Le systeme doit prendre en compte f es 

ropres moyens, contrdler sa tra ectoire par rapport au 
Lment-porteur et aux autres p i ates-formes, tout en 

systemes non linkaires, a commande tempore P le et dont 

permis 

* f’autonomie de c E aque plate- p“ orme volante par 

Paper presented at the FVP Specialists ’ Meetings on “Subsystem integration for  
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV) ”, 

held in Ankara, Turkey, from 9-12 October 1995, and published in CP-591. 
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systeme d’alerte deporte ainsi constitue. Le bitiment 
porteur gere globalement le systeme et non pas chaque 
unite, * le double emploi des dquipements embarques par 
I’UAV, limitant a m i  le besoin en charge utile de la 
plate-forme, 

* une commande interne de I’UAV utilisant la 
logique floue. 

3. DESCRIPTION DU SYSTEME 

Le systeme SALAD est constitue de plusieurs plates- 
formes volantes porteuses de senseurs capables de 
detecter des missiles anti-navires evoluant a basse et 
trks basse altitude. 

Pour l’ttude et la presentation du concept, la 
tion retenue est constitutk d’une ceinture 

D’autres configurations sont envisageables et des 
exemples seront presentes a la fin de ce document. 

Le concept permet une estion simple de I’ensemble 

gravite autour du bitiment. 

Pour remplir cette mission, le bitiment est dquipk: 

onde continue et a frequence commandable (El), 

message d’alerte (Rl). 

Les UAV sont, pour leur part, constitues: * d’une plate-forme volant a vitesse et altitude 
constantes pouvant effectuer des manoeuvres dans un 
plan horizontal, et asservie en altitude, 

* d’un senseur radar a couverture sectorielle capable 
de detecter la menace consideree, oriente dans I’axe de 
la plate-forme et pointe vers I’avant (E2), * d’un recepteur hyperfrequence dans la bande du 
radar, a couverture sectorielle, oriente dans I’axe de la 
plate-forme et pointe vers I’arriere, indiquant le niveau 
de signal r e p  par ra port a un niveau de bruit et 
aenwronnement & 
l’dmetteur du bitiment, a couverture sectorielle ou 
omnidirectionnelle, oriente horizontalement et ra” a irection du bitiment), indiquant la frequence du 

%!?v gravitant autour d’un bitiment porteur. 

des trajectoires des UA 4 ou un nombre a priori indefini 

* d’un emetteur hyperfrdquence omnidirecuonnel a 

* d’un systeme de reception omnidirectionnel de 

* d’un rkepteur hbrfrdquence dans la bande de 

ndiculairement a I’axe de la plate-forme (i.e. dans 

signal recu (R3), 
* d’un systeme d’dmission de message d’alerte, a 

couverture sectorielle, oriente horizonlalement et 
perpendiculairement a I’axe de la plate-forme (E3) (i.e. 

dans la direction du batiment), 
* d’un systeme de commande et contrdle des 

manoeuvres horizontales de la plate-forme, dont le 
principe est explique cidessous. 

Le deploiement s’effectue par largage successif des 
UAV qui s’organisent de maniere autonome en cercle 
autour du bitiment comme nous le montre la figure 1. 

Ainsi deploye, chague UAV utilisera son senseur (E2) 
pour detecter la presence d’une menace. En cas de 
detection d’une cible, un signal d’alerte sera 
directement transmis au bitiment au moyen du systeme 
(E3). 
La rkupkration doit Ctre effectutk par un moyen 
supplementaire. Les UAV sont desactives au fur et a 
mesure de leur recuperation. Le rapprochement des 
UAV est alors commande par le batiment, au moyen de 
l’emetteur (El). 

4. PRINCIPE DE FONCTIONNEMENT 

Deux composantes regissent le comportement de la 
plate-forme volante: 

7 i.e. la trajectoire nominale de I’unite autour du 
bitiment), 

senseurs (E2) des autres UAV qui caracterise la 
position de I UAV par rapport aux autres unites. 

Pour cette configuration du systeme. deux conditions 
doivent Ctre res 

dtfilent d&ns le m&me sens, 

constante. 

* la frdquence emise par I’dmetteur (El) du bitiment 
ui determine la distance entre I’UAV et le bitiment 

* le niveau du signal recu emis par I’ensemble des 

vth: les lates- ormes sont mobiles en vol horizontal et 

* Chaque unite volante se deplace a vitesse 

Min de respecter les exigences du systeme qui sont 
d’eviter d’une part des “trous.” de surveillance dans la 
zone d’alerte (assurer la continuite de la couverture 
d’alerte) et d’autre part des collisions entre UAV. la 
commande a appliquer a I’unite doit satisfaire aux deux 
contraintes suivantes: * ositionner I’UAV au plus pres de la trajectoire 
circuiire nominale definie par le bitiment via (El). 

* assurer une repartition uniforme des UAV sur la 
trajectoire. 

Dans la configuration envisagee, les UAV sont a 
voilure fixe, une seule commande est appli uee a la 

maintenant ainsi le module de la vitesse constant.. 

4.1 Positionnement de I’UAV sur la trajectoire 
nominale 

Le positionnement de I’unite est realise de maniere 
automatique ar mesure de la frequence emise par 

alors la fre uence recue par le recepteur (R3) B la 
frdquence 8e reference du systeme qui definit la 
trajectoire nominale sur laquelle dolt graviter touies 
plates-formes du systeme. 

La commande alors generee visera a augmenter ou 
respectivement diminuer le rayon de courbure de I’unite 
si la frequence recue se trouve Ctre superleure 
respectivement iderieure a la frequence de reference. 

4.2 Positionnement de I’UAV par rapport aux autres 
plates-formes du syst6me 

Le positionnement de I’unite fait referencc au niveau de 
signal r e p  par le recepteur (R2). si nal emis par 

systeme. 

L’action de I’unite consiste alors a eviler les autres 
plates-formes si un niveau trop important du signal recu 
est constate. 

Le mecanisme d’evitement repose, comme 
prk&iemment, sur la capacite de I’unite a,modifier son 
rayon de courbure par rapport a la trajectoire nominale 
du systeme. 

En se rapprochant du bitiment (i.e. en reduisant son 
rayon de courbure), I’unite possede alors une vitesse de 
rotation autour du bitiment plus importante ue les 

de sa vitesse constant. 

plate-forme portant sur I’acceleration latera 7 e. 

I’emetteur (E P ) du bitiment. Chaque unite compare 

I’ensemble des emetteurs (E2) des p 9 ates-formes du 

plates-formes qui le suivent. tout en gardant ? c module 
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Ceci a pour effet immtidiat d’eloigner I’unite de celles 
qui la suivent et de diminuer ainsi le Nveau du signal 
r q u  par le rkepteur (R2). 

4.3 Exemple de fonctionnement 

La figure 2 schematise les Mirents etab d’un systeme 
conmtue de 4 plates-formes volantes not& 
respectivement de UAVl a UAV4, gravitant autour 
d’un bltiment B 1 immobile. 

Quatre etats sont dkrits: 
1) etat collision: I’unite UAVl se rapproche de 

I’UAV2 pour se positionner sur la trajectoire nominale 
du steme, 7 etat hitement: UAV2 r h  ’t a la p rknce  de 
UA 1 en diminuant son rayon %Je courbure par rapport 
a la trajectoire nominale, 

3) etat eloignement: UAV2 s’eloigne de I’UAVI 
ayant une vitesse tangentielle supkrieure. 

4) etat positionnement sur trajectoire nominale: 
I’UAV2 recherche a se sitionner, sur la trajectoire 
nominale definie par legtiment. Etant eloi ne de 
I’UAV1, UAVZ n est plus perturbd et peut fonc 
retourner sur cette trajectoire, la distance entre UAVl 
et UAVZ etant devenue sufkmte. 

Ces quatre etats seront ainsi appliqub individuellement 
A I’ensemble des plates-formes qui gravitent autour du 
bltiment. 11s seront repktk jusqu’a obtenir un niveau 
stable du systeme correspondant au cas ou cha ue unite 

formes et sur la trajectoire nominale etablie par le 
bltiment. 

se trouve a la fois a bonne distance des autres p 7 ates- 

S. INTE&T DU CONCEPT UTILISE 

Par sa simplicite de fonctionnement, le systeme permet, 
sans controle supplementaire et de maniere 
automatique: 

d’agir directement sur I’ensemble des plates- 
formes pour augmenter ou rdduire la zone de 
surveillance du systeme global a partir de la frdquence 
de I’emetteur (El) du blument, 

* de maintenir en rotation autour du bltiment en 
deplacement, toutes plates-formes volantes par d W a g e  
de la frkquence, induite de I’effet Doppler genere entre 
cha ue unite et le bltiment, 

de compenser le brouillage et les penes de 
transmission atmospherique par un resserrement des 
plates-formes, maintenant ainsi les performances de 
detection et la capacite d’alerte, 

* d’eviter toute synchronisation des unites par le 
bltiment: le deploiement ou la rkupkration d’unite 
peut etre r u i s e  de maniere independante sans gestion 
principale du bltiment. 

6. SIMULATION 

Une simulation ddveloppk sur fonds ropres par 
THOMSON-CSF a permis de valider yes diffkrents 
concepts proposks. 

6.1 Description 
Le systeme developpi p o s d e  les fonctionnalites 
suivantes pour I’operateur: 

* envoyer ou supprimer individuellement une plate- 
forme volante, 

* deplacer le bltiment, 
* augmenter ou diminuer la frkquence emise par 

(El). 

La simulation modilise pour chaque unite: 

le signal r q  par (R2) par un dagramme 

* la frdquence r q e  par (R3). * le vol des unites a une vitesse constante. 
une commande a appliquer (aakleration laterale). 

Le calcul de la commande a a pliquer a I’unite est 

incertaines ou im recises. La technique de commande 

Les parametres d’entrie de la commande sont 
directement : 

le Nveau de signal r q u ,  
la frdquence emise par le bitiment. 

d’antenne simplifie, 

rdalisi a partir de re$es d’i J erence et de premisses 

floue est ainsi uti f istie. 

Des domaines d’a lication ont ete definis pour 
chacune des varia gf es d’entrie ainsi que pour la 
commande. 

Ces domaines appliques aux re les d’inference 
re issent le comportement fin af de la plate-forme 
vo f ante. 

Ces ensembles son1 subjectifs et ont ete affines en 
fonction: 

* de ]’expertise demandee du systeme: rhction de 
I’unite face a la presence d’une plate-forme, capacite 
d’atteindre la trajectoire nominale plus ou moins 
rapide, ... * des caracteristiques techniques des systemes 
embar ues dans l’unite: 

Cependant, les deux regles suivantes ont ete respectees: 
* trop peu de recouvrement tend a faire fonctionner 

le systeme comme un systeme a logique bivalente 
classique, * trop de recouvrement empkhe le systeme de faire 
la distinction entre deux ensembles. 

Un juste milieu dans le choix des domaines a ete trouve 
d in  depermettre au systeme d’etablir des solutions 
intermediaires face a des situations antagonistes fortes, 
comme de. vouloir: 

* rdduire le rayon de courbure pour eviter toute 
collision, 

* augmenter le rayon de courbure pour se 
positionner sur la trajectoire nominale. 

La simulation a permis de valider la definition de toutes 
les re les de dkision dkrite sous la forme: 

Sfantkaent. ALORS consiquent 

Cet ensemble de regles a permis de passer des sous- 
ensembles flous d’entrk ( resent dans I’antecdent de 

dans le consiquent). 

La simulation propose seulement les opkrateurs ET et 
NON pour la constitution des antkddents et 
codquents. L’o rateur OU est sousentendu, par 

plusieurs regles se rapportant au mCme ensemble flou 
de sortie est equivalent a I’utilisation de I’opirateur ou. 
C’est ainsi qu’une dizaine de re les a ete definie pour 

exem les: 

rformance de I emetteur. 
temps \e reponse de la p p” ate-forme, ... 

la regle) aux sousensemb P es flous de sortie (presents 

rdduction a une p“ orme canonique, ou I’emploi de 

reguler notre systeme, nous en B onnons ici quelques 

Sffrauence EI EST entloignement, 
ALORS commande EST a-gauche 

SI Nveau signal r q u  EST eleve, 
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ALORS commande EST a-gauche 

SI niveau signal r e p  EST nonnal, 
ALORS commande EST nulle 

avec c o m e  domaine: 

r e a u  de signal requ 

P faible nonnal eleve 

6.2 Rdsultats 

Quatre cas ont ete traites a partir de la simulation, pour 
demontrer: 

capacites d’anticollision du systeme, ou une descnption 
du conce t et I’tvolution des parametres de la 
commanBe floue sont rd is ies ,  

- cas de 6 UAV, 

- a une modification de la frequence 
commandable, - aux deplacements du batiment-porteur. 

La figure 3 repdsente merents  etats de la simulation, 
le systeme etant compods de deux UAV. La trajectoire 
nominale d’un UAV est present& en figure 3 .a. Une 
fois que I’UAV E l  est stabilid, un deuxieme UAV E2 
est lance (figure 3.b). La resence du deuxieme UAV 

dernier a modifier sa trajectoire (figure 3.c). L’UAV El  
s’est suffisamment eloigne du dewieme pour se 
repositionner sur le rayon nominal defini par la 
frequence emise par le bltiment. Nous nous retrouvons 
alors dans un etat stable du systeme (figure 3.d). 

La figure 4 presente les differentes commandes 
appliquties en cours de simulation sur deux UAV. Sont 
presentes pur chaque unite, I’acdleration laterale 
commandee (ACC), le niveau de signal r q u  (NRE) et 
la friquence commandable par le batiment 0. Au 
depart, chaque UAV percoit une forte valeur de FRM, 
ce qui nkessite de commander a la plate-forme une 
forte acceleration laterale. Le deuxieme UAV est l and  
quelgues instants apres. La presence pour la premiere 
unite d’une forte valeur pour “RE temoigne du risque 
de collision ar la deuxieme plate-forme. Les regles de 

d’acdleration laterale Ius faible, permettant de 
diminuer la valeur I d  du premier UAV. Les valeurs 
de FRM et NRE convergent ainsi progressivement vers 
la valeur nulle, signifiant la bonne position des plates- 
formes relative au bitiment. Les accelerations laterales 
tendent de mtme vers une valeur stable, proche de -1 : 
valeur nominale assurant le maintient des UAV autour 
du bitiment. 

La fi re 5 prkente la situation de la simulation, avec 6 
UAFApres la stabilisation des unites El, E2, E3, 3 
UAV (E4, E5, E6) ont ete lands du bitiment. La figure 
5.a presente la situation du systeme ut de temps apres 

bitiment une couverture fermke de la zone de 
surveillance comme le montre la figure 5.b. 

La figure 6 p r h n t e  la situation de la simulation apres 
diminution de la fr ‘ uence emise par le bitiment. 

* la faisabilite du systeme: - cas simple de 2 UAV mettant en avant le 

* la robustesse du systeme face: 

occasionne une gene sur P e premier, obligeant ce 

commande R oue dkterminent alors une valeur 

le lancement. Le systeme s’est stabi F ise pour fournir au 

Chaque UAV modi ? ie sa trajectoire pour se positionner 

progressivement sur le nouveau rayon de courbure 
determine par la frQuence du bitiment. 

Aprb stabilisation du ysteme, la fi  

bltiment (a: vertical, b: honzont;?! Chaque unite 
repercute les deplacemene du biument en adaptant sa 
trajectoire. Le systeme mantient ansi la couverture 
globale de la zone de surveillance. 

6.3 Limitations 

L’exkution en simulation du systeme SALAD, a partir 
de la commande floue, a permis de faire les 
constatations suivantes: * il exste un rayon minimum fonction du nombre 
d’unites, afin de maintenir un systeme stable et a 
couverture homogene, 

ur des besoins de continuite de la zone d’alerte 
lors*gdeplacement du bitiment porteur, la vitesse de 
ce dernier doit ttre infdrieure a une vitesse de I’ordre de 
deux fois la vjtesse des plates-formes, * la stabilite du systeme est garantie si la dispersion 
des modules des vitesses des plates-formes n’est pas 
trop importante. 

e 7 presente la 
situation de la simulauon a p r b  de P acement du 

7. VARIANTES DU SYSTEME 

Le principe peut ttre generalid a plusieurs bltiments, 
chacun portant un emetteur a frhuence commandable. 
La figure 8 presente des deploiements a plusieurs 
bltiments. 

Ces configurations ne sont possibles que sur le respect 
de la regle suivante: le rayon de courbure reste 
su ’rieur a la distance maximale entre deux bltiments 
a (p“ jacents. Le systeme permet le maintien de la zone de 
surveillance quelque soit la direction de deplacement 
des biitiments (limite a la regle etablie preckdemment). 

Nous pouvons e ement envisa er un steme d’alerte 

un mtme bitiment differentes frequences 
commandables p u r  chaque couche souhaittie. Les UAV 
des couches inferieures auront, en Ius de leur fonction 

signaux d’alerte provenant des couches supkrieures. 

D’autres variantes peuvent exister concernant les types 
d’emetteurs et de recepteurs utilises (cameras 
infrarouge, lasers, ...) par les UAV ou le bkiinent. 

Des plates-formes stationnaires a voilure tournante 
peuvent egalement Ctre utilisks. Dans ce cas, les 
commandes ne sont Ius des adlerations laterales 
mais des directions t e deplacement. Le principe reste 
ce ndant le mtme: asservissement des positions 

signal venant des autres U V et asservissement p;u 
rapport au bhment  par mesure de la frequence reque. 
Ce concept demande nhnmoins une mesure de la 
direction du bitiment (par exemple, par goniometrie). 

a plusieurs couc 8“‘ es. Pour cela, i P s y  s a i t  e definir pour 

principale d’alerte, pour r6le de re P ais transmetteurs des 

R re p” atives des plates-formes ar mesure du niveau de 

8. CONCLUSION 

Pour une a lication Marine, le deploiement d’un 
systeme d’ ep AV tel que presente dans cet article peul 
ttre une solution simple et ef€icace, ur pallier a w  

embarques. 

L’utilisation de la commande floue parait ttre une 
methode adapt&. Elle permet de demontrer rapidement 

limitations physiques des systemes 8“ e detection 



la faisabilite d’un tel systeme et le principe d’autonomie 
de chaque plate-forme. 

La simplicite d’utilisation de SALAD, la richesse des 
configurations possibles prouve qu’un tel concept est 
prometteur. Et, cou It 4 des systemes de defense 
antiaerienne, SALA peut augmenter, dans des 
configurations criti ues d’atta ue (missile basse et tres 

la force navale qu’il accompagne. 

Le dimensionnement o ‘ratiome1 du systeme reste a 

est4 nkessaire de 
obtenir une 

envisagks, du besoin o ’rationnel du systeme et de la 

base altitude, broui 9 lage, ...), ?a swivabilite globale de 

etudier: combien d’UAr, a 

connaissance a profon r ‘e du materiel embarque et de la 
plate-forme uti P is&. . . 

distance du Gtiment 

entrepris qu’a partir 

Des applications terrestres pewent Ctre envisagk et 
etendre ainsi le domaine d’action de ce systeme. I1 peut 
etre utilid pour la detecoon de cibles (nussile de 
croisiere, intercepteurs) masquks par le relief, dans la 
defense aerienne d’un convoi militaire ou dans la lutte 
contre la drogue. 

Une generalisation du concept peut deboucher sur un 
sterne de detection et d’interception de la menace. 

Zhaque UAV serait don porteur d’un senseur et d’une 
arme (missile, laser) ou de leurre. I1 participerait de ce 
fait de maniere active dans la defense antiaerienne d’un 
convoi ou d’un site. 

’ 
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: UAV 

: Batiment 

: Signal d’alerte 

: Senseur port6 par I’UAV 

Figure 1: Dispositif du systeme d’alerte - configuration omnidirectionnelle 
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a: 1 UAV l a n e  
L 

b: 2 UAVs lances 

I 

c: Gene SLK le premier UAV 
Changement de rayon 

d: les 2 UAVs se trouvent 
sur  le rayon nominal 

Figure 4: Resultats de simulation pour 2 UAV; commande floue 
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b: Stabilisauon de 6 UAVS a: Dipart simultani de 3 UAVs 
El. E2, E3 ttant stabilises 

Figure 5: Rdsultau de simulation 6 UAV 

Figure 6: Diminution de la fniquence commandable 
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Figure 8: Configurations multi-batiments 



Figure 1 Key Elements of the Phoenix System 

Paper presented at rke N P  Specialists’ Meefings on “Subsystem Integrafian for 
Tactical Missiles (SITM) and Design and Operation of Unmanned Air Vehicles (DOUAV)”, 

held in Ankara, Turkey, front 9-12 October 1995, mtd published in CP-591. 

29-1 

THE PHOENIX TARGET ACQUISITION AND SURVEILLANCE SYSTEM 

R.W. Dennis - General Manager 

Flight System Group 
Flight System Division 

GEC-Marconi Avionics Ltd. 
Airpwt Works 

Rochester 
Kent ME1 WX 

England 

SUMMARY 

Phoenix is the British Army’s Battlefield Surveillance and 
Targel Acquisition Sptem in support d medium range 
aflillefy including MRLS. Unmanned Air Vehicles 
canying Thermal Imaging msors am contrulled from a 
Ground Control Station (GCS) via a data link. This data 
linkalsosendsreal timelhermal ImagerytotheGCSfor 

reports, 
sent to the Fire Distribution Centre or direct to gun 
batteries via the Battlefield Artillery Target Engagement 
System (BATES). 
mi8 paper briefly describes system, outlines a typical 
mission. c o w  the integration, testing and evaluation d 
Ihe system. 

OUTLINE OF PHOENIX SYSTEM 

The system in Figure 1 comprises fixed wing Air Vehicles 
each carrying a roll stabilised pod in which a stabilised. 
stwable thermal imaging sensor is located. A secure 
two-way data link enables information to be relayed to 
and from the Ground Control Station via a Ground Data 

aMlySiS and fall d shot adjustment. .%IrveikzRCe 
marks and fall-d-shot adjustments can be 

TBrmiMl (GDT). The Air Vehicle is launched 
hydraulically and recovered by parachute. 

q c e  for the crew who receive instructions from 
troop command, pian and implement the Air Vehicle 
mission, interpret the imagery and initiate fire orders OT 

intelligence repom. Enclosed in an IS0 shelter mounted 
on a 4 ton mck. this mobile control Centre is provided 
with three workstations, each d which is a separate 
man/machine i m c e  forthe Mission controller (MC). 
Air Vehicle controller (AVC) and Image Analyst (IA). 

A secure communications network provides for both 
voice and data exchange and a towed ~eneratw 
provides power to the GCS. 

The GDT IS trailer mounted. At the top of a hydraulically 
erected mas! assembly is installed a narmw beam 
antenna on to which is Mted the transmitter/receiver unR. 

Processing e~ectronics are mounted on the tralier Which 
is powered by a Snai l ,  portable generator. The GDT is 
towed in a folded state by a Land Rover and the mast 
erected upon arrival at its pre-surveyed operational site 
which can be remote from the GCS by up to lkm. 

me GCS povides an ~ i m m a n t a i i y  controiied 
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The Air Vehicle systems include flight CMml and 
navigation, powerpiant management and recovery 
system. in the Target Acquisition and Surveillance role. 
the payload pod. which is roll stabilised, canles a 
m r n a l  imaging sen= mounted on a two axis gimbal. 
This enables k to be steered in both azimuth and 
elevation under control via the dataiink from the GCS 
operator. Zoom and foaa Cwnrols are also provided 
together with m u a i  gain and dfset controls which may 
be used in place dthe automatic control system. The 
Thermal Imaging sensor ertends tha utilization of the 
system to greater than 95% due to its ability 10 detect 
targets, rot only at night, bur through poor ambient 
conditions such as battlefield smoke. heat haze, rain, 
mist or fog. 
The launcher is an hydro/pneumatic catapult adapted to 
fit a standard flatbed truck thus pwiding full mobility. 
The launcher is provided with an Air Vehicle self-statter, 
hydraulic hoist and power pack to give a self-contained 
assembly. The launch rail is folded in transit and is 
deployed under hydraulic control. With an Air Vehicle 
mounted, the launcher may be manoeuvred from a hide 
to the launch point. it is operated by a two man c r ~ ~ .  

Following parachute recovery the Air Vehicle Is recOvered 
by a two man crew in a Land Rover. Handling frames 
enable the Air Vehicle modules to be loaded into the 
m w y  whicle. 

Lcgistic suppcil at the operational level is provided by a 
Fwward Maintenance Facility (FMF) which can be used 
to diagnose and repair faults in ail areas of the system to 
replaceable mcduie level. Within the FMF, electrical and 
mechanical work benches are provided whilst a 
penulouse provides an area for w r  modules and for 
powerpiant testing. 

The Phoenix system provides a target acquisition, 
adjustment of fire and an intelligence capability at bdh 
Corps and Divislonai level. To maximise the advantages 
d a real time system the Ground Control Station has 
three combat radics and a subscriber trunk access. 
Phoenix has been designed to be integrated into the 
Brltish Battlefield Artillery Target Ergagement System 
(BATES). This emles the image Analyst to pass fire 
cfdm and CMeCtions d fire directly to the gun battery 
M MLRS. These orders are passed over a data system 
via the combat ml radio M trunk communications system 
and the rrmssage routing is aulomaticaily selected by the 
BATES compaer. 

OUTLINE OF A TYPICAL MISSION 

Task AIUloutlon 

The Trwp Command post (TCP) is the centre for 
command and control of the Phoenix flight Wions. 
irtartclions fur the Phoenix T m p  anive as tasking 
mesages in the TCP where the Command post Officer 
(CPO) USBS his workstation software to asses the tasks 
and to decide which GCS is bast able to underrake each 
task. me TCP issues depioyment and tasking oreem via 
acombat net radio to each GCS. 

As tasks We completed. the resgomibie GCS sends a 
task complete msa@9 to tne TCP and the CPO 
removBs this task from his database. 

GCS Architecture 

The GCS Is built anxrnd a MlL-STD-1553B data bus, the 
Phoenix h i  Area Network (PLAN), which has three 
workstations each employing a =-be microprocassor, 
two Digital Colour Map Units (DCMU), a Frame SMre 
Unit (FSU) and three Display Unb (two colour and one 
monochrome) c o n m e d  to it. This a i i m  the operam 
to pass mission data around the GCS and to choose the 
video data to be displayed on their screens. The internal 
layout dthe GCS is shown m Figure 2. 

Figure 2 The Ground Control Station 

Each of the colour displays are formatted as in Figure 3, 
the general area can be used to display digital maps at 
one of three scales M alternatively the thermal image. 
The StaM area pmvideJ basic mission and task details 
together with key Air Vehicle parameters such as aitHude 
and airspeed. The Dialogue area indicates the menu 
options available, these will change automatically 
dependant on the role of the workstation and the phase 
of the mission. The Operation S p M c  area provides the 
operator with data relevant to the current phase of the 
mission and responses to his commands. 

Genral BIBB Operation 
specific 

Dialogue Map Details araa 

Figure 3 Phcanix Workstation Screen Layout 
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me Image Analyst’s screen is monochrome to provide 
better resolution for the thermal image and is n d  
sub-divided, the full screen being used for the image. 
Data such as targa marks or the marking cmsswire is 
overlaid directly onto the image but can be removed 
should the operator so wish. 

Launch Plannlng 

The Air Vehicle Controller (AVC) within the GCS is 
responsible for planning the launch and acquisitlon of 
the data link to the Air Vehicle. He inputs the data 
rezeiveci from the Launch and ReMxrery Deiachnmni d 
the launcher location and wind conditions and chooses 
the radial from the GDT on which the data link will be 
acquired. Using this data. the AVC software runs a 
simulation of the launch to determine the fllght path of 
the Air Vehicle after launch and to calculate the data 
needed to acquire the chcsen radial. mls data is 
displayed numerically so that the AVC can relay a 
defined set of parameters to the Launch and Recovery 
Detachment prior to the launch. 

The launch geometry is also displayed on a map 
backgmund. (see Figure 4). When the section is ready, 
the Launch Controller launches the Air Vehicle, radioing 
the instant of launch to the AVC who starts the mission 
timing sequence, and for an autonomous launch 
sequence, commands the GDT to execute a search 
pattern. In the unlikely event that the data link acquisition 
fails, Hva Air Vehicle returns to the designated recovery 
zone and recovers. After launch and data link acquisition 
the Alr Vehicle transits to the task area. 

MlMlon Plannlng 

Tasks are recelved into the Mission Convoller (MC) 
worltstation. The MC plans the sequence and timing of 
me various tasks forming me mission. As each task Is 
allocated, the software calculates the time to execute all 
previous tasks. execute the allocated task and return to 
the recovety zone. As tasks are entered into the 
wolkstatlon they are displayed automatically against the 
selected map background (Figure 5). me software 
wams the MC if tasks cannot be completed by a 
specified time or if the mission duration excwds the 
endurance of the Air Vehlcle. 

When all tasks are allocated, the MC may select an 
‘optimise’ option that reorderr the tasks to minimise the 
distance flown. Figure 6 shows the optimized misslon 
plan shown previously In Figure 5. As new tasks are 
received from the Troop Command Post they may be 
allocated to the mission and the mission revalidated. 
me MC is responsible for Initialising Me task complete 
message that is sent to the CPO. 

Transit Planning 

The mission plan is passed from the Mlssion Controller 
ovw the Phoenix Local Area Netwolk to the AVC 
workstation where the transit plan is prepared. 

On receiving the mlssion plan, the AVC prepares the 
fllght plan for the next task. me AVC can add waypoints 
to avoid air defended regions or to follow particular 
ground features, he can also define the speed and height 
of each transit. All timings and correction for wind are 
performed automatically. Figure 7 shows Me detailed 
pian for the first transit shown in Figure 6. 

Task Execution 

During transit the Air Vehlcle is commanded to fly from 
waypoint to waypoint with no direct operator involvement 
in flying the Air Vehicle. On task, me operator can 
command speciflc marcauvres such as orbit, racetrack, 
figure of eight or area searches. For all manoeuvres, 
default conditlons are supplied to allow rapid execution 
with mlnimal keystrckes. 

Task execution benefits from co-operatlon between me 
AVC and the IA. me commands available to the IA allow 
the turret to be controlled directly from the joystick 
(manual control) or ammatic modes, implemented in 
the Air Vehicle, to be engaged. These automatic modes 
provide: 

0 Fixed elevation and azimuth of me Imager in space 
independent of the Air Vehicle motion 

0 Automatic steering in azimuth ard elevation for 
searching 
Continuously updated pointing angleS to keep the 
imager pointed at a designated ground location 
(ground point) 
Continuously updated pointing angles to keep the 
imager pointed at a moving ground location (fly the 
tootprint). 

h e  Image Analyst can vary the sen= magnkation 
overthe range x2.5 to x10 with the zoom control. select 
either white or black h d  and by adjusting the offset ard 
gain controls can overrlde the automatic thermal 
sensitivity control when necsssary. An image focus is 
also available. 

Figure 8 shows a typical task display, the location of me 
Air Vehicle being shown by the circular Icon and the 
rodprint which the sencar can sae on the ground by the 
trapezoid. 

Figure 9 shows a typical thermal image display taken 
directly from the GCS sereen which losss some quality. 
In this image white is hot. 

The AVC signals task complete when mropriate and 
the system automatically sends a message to the MC. 



2 
Figure 4 Launch Planning 

Figure 5 A Mission Plan 
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Figure 6 An Optimized Mission Plan 



Figure 8 Task Display 

Figure 9 Image Analysi Display 



Repotting 

Having piacad the Air Vehicle in the lask area and 
Initiated a search with the imager, the IA is able to 
pertorm his primary role of detecting. recognising and 
reporting targets. 

me target will most dten be detded with the imager in 
wide fieid of view during a search. When the target is 
detected, the IA selects 'Hold' which initiates the grwnd 
p i n t  mode. In order to bring the target to the centre of 
his screen, he places the crass-wire over the target and 
pwses 'Mark'. The imager then ground points at the 
met location. With the wet at the screen centre, the 
IA will m m  in order to be able to recognise the target 
and wiii call up a reprt form on his screen. All system 
data (target location. grid zone, task number, tarm 
number, etc.) is Input automatically and the IA has merely 
to select the target type, sublyp and activity from coded 
11m. 
One frame of imagery can be stored and it is also 
possible to mark and store 20 pint  targets fcf later 
display on the digital map to simplify the recognition and 
Identification of enemy formations. 

The adjustment of fire function is also simplified. The IA 
fir# made the target with his crasswire and then the 
fail-of-shd. The correction is automatically computed 
and can be passed immediately to the guns via the 
BATES system. 

Recovery 

At any point in the mission. the AVC may redefine the 
recovery lmatlon 10 allow for a changing battlefield 
scanario. At the end of the mission, the AVC commands 
a return transit. 

~ecovmy is then automatically controlled from the GCS 
via the data link which signals the parachute release at 
the CMeCt time for an accurate rsmvmy at the chosen 
location. Initially the Air Vehicle descends vertically 
following parachute deployment. The Air Vehicie Is then 
turnad Into an inverted position in order to protect the 
thermal Imager and the mission pod. On lmpacl, a 
shock absorber reduces the landing loads and half the 
parachute lines are automatically released to avoid post 
remvery dragging. The reCOvery crew then dismantle 
the Air Vehicle and return It to the launcher fcf re-use. 

Test end Evaluatlon 

me objective of the test and evaluation phase was to 
demonstrate that the system functioned in accMdaW3 
with the system design speciflcatim. 

Tests and demarations were based on: 

0 System acceptance trials 

0 
Test and evaluation of the equipment t m k  piace at a 
number of dimrent workcentres, subcontrsctw 
establishments and Installations and the activities were 
co-ordinated throughwl the programme to maintain 
confidence In the results of lsstlng while EnSUring that 
duplicatian of tests was minimised. 

0 m i g n  cenlflcatlon testing 
System modelling and performance analysis 

me pwtormance of the system was validated by 
interpreting tests. analysis, simulations, environmental 
?dress screening and rig tests as well as dlrectly by 
means of flight tests. integration ofthe results in terms of 
the predicted operatiwral effectiveness of the system was 
harder to asses however, because mcst of the 
Information lhat was @erxi was statidlcai In nature or 
appropriate lo ranges of operation which only partially 
simulate the extreme8 of the battlefield. 

System Acceptance Mals 

Prcgressive inteeration of the equipment, leading to 
design and pertormance confirmation was accomplished 
by the following test phases: 

0 Ground tests and trials 
0 Hardware design tests 
0 Sdtwareacceptanceleds 
0 Reliability and maintainabllily ass8ssmenls 

0 Signature measurement 
0 Automolivetests 
0 Flighttests. 

Ground Testa 

Ground tests included qualification tests. performance 
tests, deployment trials. an ease-of-maintenance 
assessment and data link tests. 

A full programme of quaiification testing to establish lhat 
the Phoenix system functions as required In the specifled 
environmental mndltlm was completed. 

As much testing as possible was pelfwmed at a high 
level of integration. For example the complete Air 
Vehicle and Launcher have been hd and cold tested as a 
single item. Similarly many of the envlronmental tests for 
the mission system were performed on a complete 
mission pod. 

Deployment trials Included mobll~, handling and 
deployment time evaluation by the Phoenix milltafy team 
with the complete system deployed In both day and nigM 
undec realistlc operational condkions. meSa trials 
included mmil to the deployment site, operational 
preparation such as erecting the GDT, connecting and 
starting generators, deploymem of cables, fitment of 
m i m e n t  sms. chedtout using BIT and any 
alignment w lnltlallsatlon required. 

Hardware Design Teats 

Hardware design tests Included StrwIlJraI testing of the 
Air Vehicie, a 250 hours Air Vehicie endurance test and 
other tests needed to explore areas of Ferfomance 
which could not be adequately trlaled. 

the following load cases: 
0 In-flight .3~ symmetrical pullwt 
0 launch 
0 Rewvery 
0 Handlingloads 

A structural test rig waS buiil by FligM Refuelling 10 IBSL 
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Limit, pmof and ultimate loads were applied 
consecutively and relevant deflections were noted. 

The 250 hours endurance rig test was designed In order 
to demonstrate the durability of the Air Vehicle and its 
systems in flight conditions. The rig comprised a support 
frame in which the Air Vehicle was suspended via elastic 
cords and an instrumentation facilily which enabled the 
on-board systems to be monitored ‘in flight‘ and also 
enabled BIT to be performed prior to and following each 
run. During simulated flights, the control surfaces were 
exercised by the Flight Control Computer under 
representative load conditions. 

Temperatures were recorded at various sites using 
thermocouples. Powerplant performance was assessed 
via the on-board Engine Management System, recording 
critical parameters. 

During the test, normal maintenance was performed at 
the required intervals. any failures being recorded and 
rectified prior to the test continuing. 

The main findings were as follows: 

0 

0 

0 

The durability of the UAV and its systems was 
confirmed 
The powerplant which was originally designed for a 
life of 150 hours completed the test 
m e  number of failures was below that expected, 
especiallyastheUAVwasnotprovidedwithforcedair 
such as would be normal in flight. 

Software Testlng 

Software testing covered module level tests. subsystem 
functional tests and a complete system functional test. 

Within the Phoenix system there is a wide range of 
software from embedded functions, such as the Flight 
Control and Navigation System, to the operational 
software in the TCP and GCS. 

Embedded functions are implemented using Macro 
Assembler for efficiency. Operational software has been 

constructed using MASCOT which employs the High 
Order Language CORAL 66. ProcB5sors have been 
standardised to either the Intel 8086 for embedded 
functions or the Intel 8032632 bit machine, for 
operational software. Program storage is effected in 
EPROM. 

Host testing was performed using test hamesses running 
on Dec Vax computers. 

Software host testing was conducted on each module 
prior to linking into a functional group of modules. The 
functional module group was then transfened onto the 
target when a functional test was completed. 

For the flight control system the functional test was 
conducted using an in-line simulation. The Air Vehicle 
dynamics being simulated using a general purpose 
computer which was interfaced to the Flight Control 
Computer. Check t ram were obtained over all phases 
offlight and compared with predlcted results. Other 
elements of the system were functionally tested in a 
similar way. 

Finally, before release to flight test,the complete system 
was checked on the system rig, where the Air Vehicle 
dynamics were simulated on a general purpose 
computer. Complete missions were run on the rig from 
mission planning to Air Vehicle control. The only feature 
which was not provided was representalive thermal 
imagery. However, the imager was connected and its 
steering and control functions were checked out. 

The output from the Simulation was recorded on an XI 
plotter which enabled the simulated UAV pcsition and 
track to be monitored for comparison against the flight 
plan (Flgure 10). A multi-channel recorder was used to 
monitor ‘UAV’ attitude, bcdy rates, heading, height and 
airspeed which were also recorded for later analysis. 
Video recorders were used to record the mission and 
flight plan from the workstations. 

Figure 10 Trace from Systems Rig 



Signature Measurement Tests 

These comprised Radar Cross Section (RCS), Acouslic 
and Thermal signature measurements. RCS was 
measured over me l w r  hemisphere on a iadar range, 
wilh in-flight measuremernS having also been made at 
rep.esentative look up angles. 

Acoustlc Signature has been measured both on the 
ground and In-flight. mermai signature has been 
measured using a radlometer operating In the 3-5pm 
band. 
The classified nature of these tesh precludes furlher 
discussion at an unclassified symposium. 

Womotlve Tests 

Automdive tests have been pectwmed 00 tho Launcher, 
Ground Data Terminal, Recovery Vehicle, Ground Cmntrol 
statlm'roop Command Post Forward Mdinlenaricc; 
Facility and Launch Suppoll Vehicles. 

Figure 11 Automotive Tiit Tst of Launcher 

Automdive trials were performed at the IJK Goveinment 
test track at the Royal Armament Research Development 
Esiablishment (RARDE). Each vehicle, oi in the rase of 
the GDT. vehicle plus trailer. were weighed and then tilt 
tested to determine the point d tip-over. Following this, 
a track test was performed comprising a cross country 
section and a special sumrs section. such as 
cobblestones. All elemenls of the Phoenix System have 
satisfactorily completed their auto trials. Figure 11 Shows 
the launcher undergoing ma tilt section of the tW. 

FllgM Teats 

Trials dthe data link and thermal Imaging sensor have 
been cmducted on a manned surrogate aircrafl. The 
complete mission pod was rnwnted under tho wing of a 
Brlaen-Norman Islander, using a pylon such Ilia1 the pod 
muld be mll Stabilised as forthe UAV. Within the 
fuselage, the Flight Control and Navigation System 
together with associated sensors wore n7OUidRd SlJCh thdl 

pod Stabllisation and antenna pointing welu 
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r e v n a t i v e  of the Air Vehicle. me islander was flown 
over rep.usentatlve A!r Vehicle speeds and maoeuvres 
with instrumentation on board and at the GDT. 

Parforrnance at extremes of data link range were 
explwed. togettw wlth thermal imager performam over 
a raw of conditions Including night flighls. Image 
stability and quality m proven to be excellenl and the 
data link performed beyond the required range. Data link 

drop outs occuned due to fuselage and undercaniage 
screening. Full evaluatton was d6ferred 10 UAV trials. 

performance In tUmIng flight Was difflCUlt t0 assB88 a5 

UAV flight trials included Air Vehicle performance 
measurement and assessments of autonomous 
navigation accuracy. Complete mission pofilea were 
fiom from the GCS via Ihe data link IrlClUding 
~ ~ m n t  of target marking accuracy and fall-d-sm 
corntioh usirg llve flrings. Recovery accuracy was also 
ovaluatej undw a variety d wind conditions. UK range 
iimilations provided Same difficulties In assessing long 
range performance. In ordor to overcome MI6 llmitation 
the GCS an6 GDT were located at a site some dlstanca 
away from the range. while the Air Vehicle was launched 
and flown over lhe ilmlted range area. Tracking was 
provided by a calibrated tracking radar and kine 
theodolils wlth high speed cine cameras and video 
cameras recording launch and recoyery operations. 

System Modelling and Performance Anslys~~ 

Mo3ellhg was used to evaluate 1- areas of 
prforrrisncu where it was not posslble to measure 
prforrflancc uader lhe full range of snvironmental 
ccriditions. 

i'iincipai aroas were: 

0 U N  paformance - where modelling was used to 
predict pcrtormance over me range of environment. 
Spa; measurements from field trials supplement this 
analysis. 
Data Link -where benchtest and modelling wasused 
to predict performance overthe requlred environment. 
AQain field tssts using bdh the Air Vehicle and a 
manned surrogate confirmed the analysls. 
Thermal image prk~mancn where the Minlmum 
Resolvable 'Temperature Difference (MRTD) was 
modelled over the environmental range. 
MeasuremenkofpLLrametersfroin environmental ancl 
bench measurements were fed Into the model to 
enable an overall a558Ssmnt of perfwmance to be 
made. 

0 

System Acccptanco Flight Tests 

Five wnwzulive ELlCCBSsflli *missions' were conducted 
in order to demonstrate the cornpieta system under 
fpalistic opcratirlg conditions. 

The hllowing aspects wore demonsiratrxk 

0 Tactical deployment 
0 Launch and control of the Air Vehicle 
0 Planning and arnundicg missions 
0 Uctec?ion/racognnion/i~entification and marking of 

Targm 
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0 Speed ass8ssment of moving targets 
0 Observation and correction of fall-of-shot 
0 Recovery of the Air Vehicle 
0 Operation of autonomous modes such as ‘fly the 

fwtprint‘ and ‘ground port’ 
0 Hand over of control between GCSs 
In addition, deQraded modes of operation were 
demonstrated viz: 

0 

0 

Lossof data link and autonomws Air Vehicle recovery 
Individual failures of AVC/MC/IS workstations 

Loss of Digital Map facilities 
0 Autonomous flight 
0 

During the acceptance flights certain performance 
parameters were measured to confirm earlier results, 
namely: 

0 Air Vehicle 
- maximumspeed 
- climb and turn rates 
- crosswind launches 
- endurance 
- recovery accuracy 

- detection and recognition ranges 
- target location marking accuracy 
- imagestabili 

- maximum range 
- Air Vehicle location accuracy 
Deployment timings under day and night conditions 

0 Thermal Imager 

0 Datalink 

0 
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CRIkERELLE : un syseme d'avion Mger t616pilot6 de nouvelle gkn6ration. 
pour des missions de reconnaissance, de surveillance 

et d'acquisition d'objectifs 

0. THIN et P. DURIEUX 
SAGEM Le Ponant de Pais 

27, rue Leblanc 
75512 PARIS Cedex 15 

BJim& 

Le sys the  d'UAV de Reconnaissance, de Surveillance 
et d'huisition de cibles CdCERELLE concu et 
dalisi? par le Group SAGEM est en service 
op6rationnel au sein du 7kme Regiment d'Artillerie. Par 
de nombreux aspects, ce systkme rompt avec les 
caradristiques des sysames ant6riem. Cette rupture 
est le dsultat de nouvelles exigences operationnelles et 
d'un nouveau contexte gbopolitique qui ont conduit ?i 

rcaliser un des premiers syst&mes de reconnaissance 
robotid bas6 sur des technologies r6cente.s. 

Le systkme CRGCERELLZ a et6 conp  comme etant 
en premier lieu une chaine de recueil et de traitement 
de finformation schematiquement compos& d'une 
entit6 centrale, -la station sol-associee A des capteurs de 
donnks et connect& avec les h u x  d'information et 
de renseignement du champ de bataille. 

Cette chalne, repdsentative des avanc&s 
technologiques dalis&s sur C d E R E L L E  est dkrite 
dans cet article. 

On &taille aussi la methodologie d'essais de validation 
de cette chafne asswhent  nouvelle par rapport aux 
systhnes de premikre gkneration. S'appuyant sur de 
nombreux essais dlementaires et simulations, la 
validation de cette chalne a pu etre r6alisee d'une 
manikre exhaustive dans un daai court et avec un 
nombre d'essais en vol limit& - 
UAV Unmanned Aerial Vehicle 
VA Vebicule Mrien 
Gcs Ground Control Station 

1- I" 
CRlkERFLLE est un systkme d'UAV cony  au debut 
des ann& 1990 pour dpondre d'une part, aux menaces 
apparues a@ la rupture des Quilibres g6ostratQiques 
etablis au temps de la guerre h i d e  et pour d'autre part 
s'adapter au nouveau contexte politico-konomique. 

En effet, depuis la chute du mur de Berlin, on assiste ?i 
la multiplication, en de nombreuses dgions du globe, 
de zones de tensions et de conflits latents caract6ris6es 
par des 6volutions rapides. Ceux-ci exigent des 
systkmes de reconnaissance et de surveillance flexibles, 
mobiles qui permettent ?i l'utilisateur final d'aqu6rir les 
informations dans un de l i  court. 

ParallMement A cette evolution, la situation 
hnomique internationale conduit la plupart des pays A 
reduire les c a t s  et investissements en matikre 
d'armement. 

Il est donc imperatif de proposer des sysemes dont le 
c o t  global de possession est faible. 

Enfin, la perte de vies humaines sur des th&tres 
ext6rieurs. est devenue intolkrable aux yeux des 
opinions publiques occidentalw. 

Les avanu?es technologiques de ces dernisres annees 
en matikre de miniaturisation de I'electronique et de 
puissance des calculatem notamment, ont permis au 
Groupe SAGEM de daliser un systbme d'UAV 
performant et dpondant bien aux exigences 
prkedentes, en privil6giant les aspects suivants : 

- l'emploi de sous-ensembles ?i la pointe de la 
technologie, disponibles et qualifies sur d'autres 
programmes, 

- une conception compacte et modulaire. 

- un haut niveau d'automatisation. 

- une grande souplesse d'utilisation. 

La premikre panie de cet article s'attachera ?i 
d6velopper ces concepts. 

La seconde partie sera consacree 21 la description 
technique de la cbaine d'acquisition et de traitement 
d'image, illustrant la nature des avanc&s 
technoiogiques realis&~ SUI CR~CERELLE. 

Enfin, nous dkrirons la m6thcdologie d'essais que 
SAGEM a retenu pour valider cette chalne, sur la base 
de son exptrience acquise dans le cadre de dtrofit 
d'avion d'armes. 

2- e6nCrale du s v b  

Le coeur dune section d'UAV CRl?C!ERELLE se 
compose 

d'un segment vol : 
6 v6hicules driens (VA) incluant charge 
utile optronique nuivjour (capteurs lignes 
infrarouge et visible) et equipement de 
transmission radio, 

Paper presented (U the FVP Specialists' Meetings on "Subsystem Integration for 
Tacticd Missiles (SIZMJ and Design and Operation of Unmanned Air Vehicles (DOUAV)", 

held in Ankara. Turkey, &om 9-12 October 1995. and published in CP-591. 
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- dun segment sol : - 1 vdhicule station sol GCS (Ground 
Control Station) B partir de laquelle la 
mission est pdparde, contdl6e. 
dventuellement reconfigurde, et oi les 
images de I'ensemble des capteurs sont 
q u e s  en temps del puis trait6es. 

1 systkme de lancement mobile, associ6 B 
1 vdhicule de transport et de r&up6ration 
des v6hicules driens qui remorque le 
syseme de lancement. 

- 

Le lancement du vdhicule adrien s'effectue par 
catapultage, sa dcuperation s'effectue par parachute. 

Pendant la phase de pldicat ion de la mission, le plan 
de vol est entr.4 par l'op6rateur sur un fond de carte 
digitale. Sa cohdrence avec les contraintes 
tridimensionnelles du relief est ensuite v6rifi6e 
automatiquement, tant pour l'tvitement de terrain que 
pour l'intervisibilit6 radio. Le plan de vol est ensuite 
tel&hargd dans le vdhicule drien. 

Aprks le lancement du V.A., le calculateur de bord 
contrale le vdhicule drien tout au long de sa route prd- 
programmk et l'int6rieur de son domaine de vol avec 
des marges de &curite pour garantir un vol s(ir. Cette 
proc&iure automatique permet aux operatem de se 
concentrer sur les fonctions principales du systkme : le 
suivi de la mission d'observation et l'analyse des 
images q u e s .  

3- 

Le syseme CR6CERELLE est transportable par avion 
de type. C130 ou C160, sans montage ni &montage 
particulier, ce qui permet une projection rapide et aiste 
du systkme sur un thdgtre d'ophtion ext6rieur. 

. .  obihtd 

L'ensemble du systkme mont6 sur camion 4 x 4 leger 
permet au systkme d'€tre tr&s mobile sur les champs 
d'ophtion. Ceci est ddtenninant dtant donnd que les 
conflits actuels sont caract&i&s par des lignes de fmnt 
et des concentrations d'objectifs diffus, en constante et 
rapide Cvolution. 

Pour les missions d'intelligence, le systkme peut 
couvrir 1 OOO km2 B2 OOO km2 de terrain en un seul 
vol. 

Les caractdristiques des cibles ddtectks sont 
transmises en temps del sur les dseaux de donndw & 
destination du commandement ou de l'artillexie. 

Les caract6ristiques ddterminantes qui permettent 
d'atteindre ces performances sont li6es : 

- B la compacite du syst6me rendue possible par 
une forte miniaturisation de I'ensemble des 
dquipements dlectroniques tant au sol que dans 
le vdhicule drien et par l'utilisation de 
matdriaux alliant Ibgkret6 et kistance 
(mat6riaux composite de la structure du vdhicule 
adrien par exemple) ; 

B une forte automatisation des fonctions 
conduisant ?i une &pipe de mise en oeuvre de 
taille plus r&iuite que sur les sysemes ant6riem 
et B un acnoissement de la s&urit6 des 
missions. De ce fait, la mise en oeuvre du 
syseme ne requiert pas de connaissance 
dronautique specifique ; 

- 

- B la simplicit6 d'utilisation et B la convivialit6 
des interfaces operatem ohtenues grke au 
choix de stations de travail et d'outils graphiques 
de haute technologie. 

Flexhilit6 et 

C & ~ W  au meme titre que les autres sysemes 
de dram SAGEM est construit autour de sous- 
ensembles communs, edou standards gdndralement 
qualifies et prcduits en &e dans le cadre d'autres de 
ses programmes militaires (missiles, avions de combat, 
... ) 
Outre I'avantage qui en ddcoule sur le coat global 
&acquisition par effet de sdrie, cette caractdristique 
offre un int6r€t op6rationnel particulier puisqu'elle 
garantit la gennitd des 6quipements du sysgme, 
l'adaptabilit6 du syseme B des missions diffdrentes et 
un fort potentiel d'dvolutivit6 suivant au plus p&s les 
evolutions technologiques (observation / guerre. 
flectronique ...) 

CACERELLE est done un outil dynnmique et 
etacace de recud et de traitement de I'information 
nu service do commandement tactique, dot6 d'm 
fort potentiel d'6volutbit6. 

Z e s  temps de ddploiement t&s court (typiquement 2 
-hems) du systkme assure une disponihilite rapide des 
informations acquises par I'UAV. Le lancement et la 

nkupdration du vdhicule drien. s'effectuent sur des 
terrains ne n h s i t a n t  pas de @paration sp&ifique. 
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4- Descriotion fonctionnelle du sv stbme 

Cette fonction consiste B Claborer le plan de vol sur la 
base des objectifs de mission fixts et de verifier sa 
cohtrence vis B vis du relief et des performances du 
porteur. Elle assure un niveau important de stcuritt et 
de dussite de la mission avant le lancement mime du 
vthicule atrien. 

La prtparation de mission est prise en charge par un 
des postes de la station sol. Celui-ci est directement 
issu des systbmes dtveloppts par SAGEM pour la 
prtparation de mission des avions de combat. Il 
s'appuie sur une base de donntes gtograpbique stockde 
sur CD-ROM permettant de disposer de fonds de cartes 
B difftrentes tchelles ou dimages form&s par les 
satellites dobservation ou les avions de reconnaissance. 
Cette base de donn&s intkgre des caractdristiques 
dtltvation de terrain. Ce poste contient en oum une 
base de donntes contenant les zones de menaces 
adverses B tviter, les amers remarquables du terrain 
survolt, les zones suspectes B observer, les sites 
propices au lancement et B la rkcuptration de I'avion. 

La mission est crtte par simple entr& de points 
tournants sur la carte numtris&, le sysfbme vtrifie 
automatiquement la conformitd de la mission avec : 
- les performances du vtbicule atrien, 
- I'tltvation du terrain, 
- I'intervisibilitt radio entre le segment sol et le 

vthicule atrien, 
- la portte et I'endurance maximum, 
- les menaces ennemies. 

W o n  du vol 

Elle se dicompose de la facon suivante : 

- contr6le avant vol des sous-ensembles du systkme 
(station sol, liaison radio, vthicule atrien), 

- initialisation du vol : ttlkchargement du vol et des 
informations dinitialisation. 

- suivi du vol qui offre les possibilitts suivantes : 

* lancement et attemssage automatiques, 

suivi de la progression du vthicule atrien sur 
fund cartographique, 

* accbs aux informations tridimensionnelles 
disponibles en phase de prtparation de mission, 

- affichage des parambtres avion et dune vidto 
panoramique de la zone survolde. 

- gestion globale de la mission. Cette fonction 
s'appuie sur une navigation hybride GPS ou B 

I'estime en mode secours et un positionnement des 
cibles rdalisde par GPS difftrentiel. 

Elle permet la replanification tventuelle du vol qui 
est rdalist dune manibre automatique B partir des 
informations issues de la prtparation de mission 
avec des outils identiques B ceux utilists avant vol. 

L'ophateur charge du suivi de mission peut en outre 
reprendre la main sur la procedure automatique de 
vol pour guider le vthicule atrien par des ordres de 
haut niveau (consigne de cap ou de taux de virage, 
altitude, vitesse air) sur des zones d'inttrit non 
connues initialement. 

Enfin, la gestion de la skcuritt de vol et dtventuels 
incidents est daliste dune manibre automatique sur 
la base de modes de reconfigurations prt-dtfinis en 
fonction des types dincidents. 

- la gestion des Quipements bord (gestion des 
senseurs optroniques et de la liaison de donntes 
radio). 

Acquisition et traitement de s imaees 

La charge utile embarqute dans le vthicule atrien 
transmet au sol en temps de l  un flot de donntes 
composite et cohtrent contenant les informations 
suivantes : 

- signal de I'analyseur monoligne infrarouge 
(ventral), 

- signal de I'analyseur monoligne CCD (ventral). 

- parambtres de vol et de position du vdhicule atrien, 

vidto panoramique frontale. 

Cetle charge utile. dotte d u n e  capacitt dobservation 
jourlnuit, permet de btntficier de large champ de vue 
(90" B 120") et donc de balayer des surfaces de terrains 
&s importantes tout en conservant une bonne 
rtsolution d'image. 

La stabilisation des capteurs, c'est B dire la 
compensation des mouvements dsiduels de I'avion 
n'est pa rtalisde mdcaniquement mais au sol par 
logiciel en utilisant des informations de vitesses 
angulaires et d'attitude mesurtes B bord. 

Cette solution technique permet dobtenir une 
robustesse et une fiabilit4 meilleure, ainsi qu'un coat de 
charge utile dobservation plus faible que celui des 
systbmes gyrostabilids mtcaniquement de 
performance Quivalente. 
Cette orientation technologique peut itre compute h 
celle des systbmes de navigation inertielle (centrale B 
cardans I centrale B composants lids). 



- Formation 

1 000 rn 

3 500 

Chaque pixel d'image transmis est g6odfhnc6. 

Les donnks sont trait& en temps &I dans la station 
sol : les images ventrales repes  defilent sur un premier 
&an. Lorsqu'une zone d'inWt ou un objet est 
&tech%, I'image est transft& sur le poste d'analyse et 
d'exploitation d'image avec toutes les informations de 
g6odf6rencement. 

Sur cette deuxi&me station, un opCrateur interpr&te 
dispose d'outils de traitement des images, de codlation 
image I carte, de positionnement p k i s  des cibles 
identifih (plusieurs syst&mes ghd6siques de 
dference peuvent Ctre utilises). 

Les donnks relatives aux cibles sont ensuite 
transmises sur le reseau PR4G vers I'utilisateur final 
(groupe d'artillerie, C31, ... ). Les images qui ont et4 
t rai tks sont transf&&s sur cartouches magndtiques 
pour une Cventuelle post-exploitation. 

Une dizaine de secondes stparent le survol d'une cible 
de la disponibilite de ses caracteristiques pour une 
frappe d'artillerie, avec la pleine &solution et toutes les 
performances de localisation. 

La pdcision de positionnement est bien sup6rieure B 
celle du tir d'artillerie, elle ne depend pas de la distance 
entre le segment sol et le v6bicule drien. 

Reieu et formati04 

- Post exploitation des images 

Les images huiees pendant un vol peuvent Ctre 
revisualis&s a@s le vol et subir de nouveaux 
traitements ou €&e ut i l iks  pour localiser de nouvelles 
cibles. 

- Rejeu de mission 

Le rejeu de mission permet de simuler I'ensemble des 
fonctionnalites likes i la chaine image. Il peut 
s'effectuer sans mattriel spkifique dans la station sol 
ou dans une configuration installee en laboratoire ou 
salle de formation. 

, . . .  
5- a c a m  

de traitement d ' i m  

. .  5.1- 

Les principales chaines fonctionnelles sont : 

- la chalne de commande et de surveillance 
gtntrale incluant la station de travail du pilote, 
son &ran, son pupitre de commande, et les 
tquipements du vthicule drien (capteurs, 
avionique, servo-gouvemes), 

- la cbalne de transmission, incluant tous les 
tquipements R F sol et bord et leurs antennes. 
plus le systkme de poursuite automatique, 

la chaine d'acquisition des images incluant les 
camdras, les dquipements de traitement du 
signal bord et sol, et la station de travail 
d'aflichage et de traitement des images au sol. 

Nous dtcrivons ci-apr&s la chaine d'acquisition et de 
traitement de I'image. 

5.2- 

Le synoptique gtntral de la chaine d'acquisition et de 
traitement de I'image est le suivant : 

- 

L'ensemble de la mission est enregist& sur cassettes 
vi&o. Elle peut Ctre rejouk comme lors du vol en 
offrant les mCmes fonctionnalit6s de visualisation / 
selection / huitement d'images. 
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5.3- 
Les trames image contiennent toutes les informations 
infrarouge et visible, plus tourn les informations de 
base nhessaires h la compensation au sol. 

La section bord a trois fonctions principales : 

- acquisition initiale des lignes (infrarouges et 
visibles), 

l'acquisition des donnks inertielles pour la 
compensation des images, 

- 

- le traitement des lignes pour leur transmission. 

5.3.1- 

L'acquisition est confi6e aux deux cam6ras lignes : 

- pour l'infrarouge : le cyclope 2000, analyseur 
monoligne infrarouge (miroir tournant, detecteur 
in&$ r t~ge r6 ) .  

- pour le visible : une camka ligne CCD (4 096 
pixels, avec contrijle automatique de gain). 

Cbaque cam6ra d6liwe des signaux analogiques de 
type vi& a un rythme constant ; chaque ligne est 
marquee par un signal de synchronisation. 

Les deux cameras sont montks de fagon l i b  dam la 
structure de la charge utile, et donc dans le vthicule 
h e n .  Ceci implique que les mouvements dsiduels de 
roulis et de tangage doivent etre compenses de facon ir 
6viter les &formations de I ' iage dues aux 
mouvements du vthicule drien en vol. 

La compensation est effectuk au sol h partir des 
d o n n k  inertielles mesudes h bord. 

Cette disposition a l'avantage d'tviter l'installation de 
dispositifs de compensation mkanique h bord, qui sont 
delicats de conception et de f i s a t i o n  et cotlteux ; ils 
conduisent h augmenter le nombre de pikes et de 
composants mkaniques h bord, rendant le m6canisme 
plus lourd et plus fragile, notamment lors des 
dcuphtions par parachute. 

Un capteur gymm6trique mesure les vitesses angulaires 
de roulis et de tangage, pendant qu'un capteur de 
champ magnktique mesure les variations de cap. 

5.3.2- 

Le signal analogique venant des cam6m et du capteur 
gyrom6trique est numenst et subit ensuite plusiem 
traitements de fqon  h etre mis en forme pour 
transmission : compression, datation, multiplexage des 
trois sources de signal (IR, visible, mesures inertielles). 

Enfin, une trame composite est tlabok. et envoy& aux 
tmetteurs ; le ryrhme de ces trames est 6x6 h 300 Hz. 

5.4- ScgBmmI 

5.4.1- 

ImmMiatement ap&s dception W, les trames image 
composites sont envoy& vers un enregis-ur en 
parallble du reste de la cha?ne. Pendant le rejeu, le 
segment sol de la chaine image reqoit ces informations 
depuis l'enregistreur au lieu du dcepteur. Cette 
fonctionnalit6 permet d'expertiser des vols en temps 
differ6 ou de transformer la station sol en un simulateur 
d'entrainement pour les operateurs. 

5.4.2- 

Un quipement sol dtmultiplexe les trames composites 
afin de restituer les trois sources s6pdment : IR, 
visible et donnks inertielles plus datation. 

5.4.3- h a g d i h &  

Les trois sources sont envoy6es vers une unit6 qui 
6labore l'image dkfilante en affkbant les lignes les unes 
aprbs les autres sur un &ran. L'infrarouge et le visible 
sont tous deux disponibles et peuvent &tre permutds 
instantanement sur l ' h .  

5.4.4- 

Les trois sources sont envoy6es vers une autre unit6 qui 
accomplit la compensation numtrique fine, stocke en 
temps r&l les lignes numtris6es sur disque dur, et gbre 
les transfern d'images sur le bus VME. 

L'ograteur qui observe l'image &filante peut 
selectionner des zones #inter&. Les lignes 
correspondantes sont alors marquees sur le disque et 
transf6reks sur demande vers la station de traitement 
des images. 

La compensation num6rique des mouvements dsiduels 
offre une tr&s grande souplesse associk it une 
optimisation du temps de calcul. Les dtfauts 
compensts sont : les ka l ages  lattraux lits h la d&ve 
et au roulis. les abtrrations longitudinales liks aux 
mouvements de tangage, les superpositions de lignes 
l i k s  au rapport vitesse sur altitude, et e& les dtfauts 
d'uniformit6 des pixels de la cam6ra ligne visible. 

5.4.5- 

La station de traitement des images reconstitue alors la 
pleine image compensk (infrarouge et visible en 
parallble) h partir des lignes r e p s  , et effectue la 
localisation g6ographique fine sur l'ensemble de 
l'image, en utilisant les informations GPS associ6es aux 
lignes. et t ra ikks par la cbaine de td&ommande et 
t616mesure. 

Qlculs de commnsation et is& 
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L'image est alors disponible pour tout traitement, 
annotation, localisation, corrtlation avec la carte, etc ... 
Enfin, elle peut Ctre envoyte vers une unit6 de stockage 
des images traittes en vue de travaux ult6rieurs, ou 
bien vers une imprimante couleur de haute rtsolution. 
Elle peut aussi Ctre tcrite sur bande magnttique pour 
traitement sur une autre station en dehors du systime. 

6 de la c h h  
imbx 

6.1- G&k&&j 

Les essais de la chaine image effectuts au niveau 
systkme ont consist6 en : 

- essais en vol des Quipements sptcifiques et des 
sous-systkmes, 

int6gration au sol de la chaine image, 

- essais en vol de la chaine image inegr6e dans le 
systkme complet. 

Ce chapitre va dtcrire cette troisibme cattgorie de test, 
sa mtthodologie et son organisation. 

6.2- Aoercu de I'enchafnement des essais svsthne de 
la chaine imaee 

Au cows de la strie d'essais en vol du programme 
&CERELLE, une stquence particulisre fut 
consacrk B I'int6gration en vol et B I'tvaluation 
exhaustive de la chaine image. En effet, ses 
performances sont intimement lites aux autres 
fonctions du systkme notamment pour la qualit6 
d'image (les senseurs sont lids B la structure de I'avion 
et ne sont pas stabilists mtcaniquement) et la prtcision 
de localisation de cibles (qui dtpend de performances 
du systime de navigation). 

Les essais systkme en vol de la chaine image ant 
dtbutC B partir du moment ob I'ensemble de la chaine a 
616 rCuni : segment bard et segment sol. Us se sont 
d t u l t s  sur une @node de 5 mois. 

Le nombre limit6 de vols systkme n6cessaires aux 
essais de la chaine image est la constquence des 
caract6ristiques de la conception et de I'ttude de 
C R ~ E R E L L E  : 

a) utilisation gCnCralis6e de senseurs 
d'6quipements et de sous-systimes existant et 
ayant volt sur d'autres systimes, associts B du 
mattriel informatique standard ; tous les 
Cquipements Ctaient dtjh validCS au dCbut du 
programme. 

(simulateur de vol de I'avion et simulateur 
d'image dkformde). 

c) recours B de nombreux vols de tests partiels 
avant les vols systkmes. 

La forte modularitt du systkme a permis d'integrer la 
chafne image avec les autres principales fonctions 
stpartment ; Pour cette raison, le calendrier des essais 
fut divisC en trois phases : 

1) les essais initiaux de la chaine d'acquisition 
image et son inttgration avec la chaine 
transmission, 

les essais d'inttgration de la chaine image 
avec la cbafne de commande du vthicule 
a6rien (guidage, navigation, initialisation et 
interruption du vol), 

capacit6 globale de mission, vis B vis des 
performances optrationnelles de la chaine 
image. 

2) 

3) 

Cet ensemble de tests fut entitrement exkuth par les 
personnels indushiels du Groupe SAGEM. Ces tests 
ont &It suivis d'un stage d'entrainement en vol des 
utilisateurs militaires, et par une tvaluation complkte 
du systPme effechh par le client. Ces deux dernibres 
phases ne sont pas dkrites ici. 

6.3- Essais initiaux de la chaine dacauisition d'imaee 

L'ensemble de la chaine fut testCe au banc et ensuite au 
sol avec I'avion de l  et B travers les transmissions radio 
rklles. Ceci ?i permis de vtritier toutes les fonctions. 
Mais les performances en terme de qualitt d'images ant 
C t t  attest& en vol. En effet : 

a) I'utilisation d'analyseur monoligne ntcessite 
un mouvement de la camtra par rapport au 
sol. 

la focale utilisCe nCcessite d'Ctre B une 
distance du sol d'au mains 10 20 mktres, 

la performance de compensation d'image 
doit Ctre tvalute sur des schtmas de terrain 
R%I. 

b) 

c) 

b) importance donnte aux phases d'intigration au 
sol des chaines, impliquant des simulateurs 
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Au cours des vols consads aux essais image, le 
guidage n'6tait volontairement pas actif. L'avion etait 
command6 par son autopilote de base, qui maintient 
une altitude, une vitesse et un angle de roulis 
directement command6 depuis le sol. Ceci permettait 
de v6rifier les interactions entre la ch-ne image et le 
pilotage de base du V6hicule A6rien. La performance 
de l'image et de la localisation fut examinbe dans les 
conditions suivantes : 

- basse et moyenne, puis haute altitude, 

- basse B haute vitesse. 

- diff6rents types de m6t.50 et d'ensoleillement. 

- distance VA-Station Sol variant de 0 a 60 km. 

6.4 Essais f l i t i o n  cha~ h e  image / cha  *ne & 
FOmmande 

Les performances de guidage et la navigation ont et6 
test& en profondeur au banc, en utilisant un banc 
d'inttgration complet de I'avionique coup16 B un 
simulateur de vol du v6bicule a6rien A 6 degrbs de 
libert6. Le simulateur a la capacitt? de prendre. en 
compte le vent, les rafales, et tout un ensemble de 
d6fauts et d'erreurs des capteurs. Il fut coup16 B la vraie 
station sol p u r  la planification des missions simul&s, 
et la surveillance des vols simul6s. Les mesures de 
performance de guidage ont constitu6 des points 
d e n e  pour les simulations de deformation d'images. 

Lors des vols de cette phase, les performances de 
navigation (calcul de position) et de guidage (erreur par 
rapport B la route d6si& au sol) furent mesurkes par le 
biais des images repes : I'objectif6tant de s'assurer 
qu'un objectif donne sur la carte pouvait etre survoM de 
facon suffisamment precise pour etre place au centre 00 
sur les bords de I'image. 

6.5- I ales 

b u r s  buts essentiels dtaient d'dvaluer : 

- la r6solution selon I'altitude, - les erreurs de localisation dans diverses situations 
(coin d'images, ... )e t  selon I'altitude. 

Des vols ont tt.6 effectuts B des altitudes comprises 
entre 300 et 3 500 m au dessus de v6hicules et 
d' hommes placCs en diff6rents endroits ; des points de 
r6f6rence g6odesique ont aussi 6tt? d6signbs pour 
Bvaluer la localisation. 

Ces tests ont aussi et6 conduits avec un planning limitt?, 
Zi 6valuer les capacies ophtionneues. 

6.6- Conclus ions sur les essa 's svs tbes  de la c a p  

L'int6gration. la mise au point et I'bvaluation des 
performances de la c a e  image ont tt6 &lis6 dans un 
&hi court avec un nombre l i e  d'essais en vol. 
mal& I'imbrication forte de cette chahe aux autres 
cbahes fonctionnelles du systkme et le haut niveau de 
performances et de &curit6 recherch6s. 

Ceci a et6 rendu possible par : 

- le recours B des outils de simulation Cvolu6s 
permettant d'6valuer les performances du syst8me 
d'une facon exhaustive et notamment aux limites 
sans avoir B mettre en oeuvre le syseme complet, 

- une m6thodologie d'essais en vol progressive 
s'appuyant sur la forte modularit6 mat6rielle et 
fonetionnelle des chaines et confirmant au fur et B 
mesure les resultats de simulation. 

Cette m6thodologie rigoureuse est deriv6.e de celle que 
SAGEM a uttlis& pour le r6trofit d'avions depuis de 
nombreuses annees. EUe s'oppose B ceUes utilis6es sur 
les systkmes d'UAV de premi8re g6n6ration OD le 
nombre d'heures de vol accumult par le systkme etait le 
seul temoin du niveau de validation, et qui conduisait B 
des s y s h e s  insuffisamment valid& ou au contraire. 
on6reux et rapidement d6pass& technologiquement 
compte tenu du temps n6cessaire B I'obtention d'un 
niveau de validation satisfaisant 

7- CO" 

Cette presentation s'est attach& ?i d6montrer 
notamment ?i travers I'exemple de sa cba?ne image, Ies 
innovations du systkme d'UAV CR6CERELLE en 
matiare : 

- d'utilisation ophtionnelle, 
- de conception, 
- de technologie, 
- et de mtthcdologie d'essais. 

Ces innovations sont dkterminantes pour r6pondre aux 
caract6ristiques du march6 d'UAV tactiques oil les 
exigences de performance, de flexibilie, de sCcurit6 de 
planning et de coiit sont de plus en plus fortes. 

Ace titre, CR6CERELJ.E peut Stre considir6 comme 
un des premiers syseme de seconde gMration. 
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PREDATOR - Medium Altitude Endurance 

Lany Ernst 
General Atomics 

10130 Sorrento Valley Road 
San Diego, CA 92121, PSA 

MEETING TOMORROWS SURVEILLANCE 
CHALLENGES TODAY. . . WITH A FULL SPECTRUM 

OF STATE-OF-THE-ART UAVS 

mer II Medium Altitude Endurance UAV 
Expanded EOAR Payload 
SAR All-WeathW Capability 
Satellite Control - G P S ~ ~ ~ I N S  
Over 24 hours on Statlon at  524 nm 
Under Contract wlth U.S. Government 

I 
Joint Tactical UAV Maneuver Varlant 

closemnge 
Demonstrated Capablliev 
EOARPayload 
Une-of-Slght Data Unk and 

  et or occeeded Performance 
Autonomous Huht 

ReSUlI’ementr 

State-of-the-Art 
Common Ground Control Station 

MUM-UAV Control 
Multi-Davload control 
S o f i i a r i  programmable 
Advanced misslon planning 
CockDIt-like human facton 

Reliable Proven Deployed 

Paper prrsented at the FVP Specialists’ Meetings on “Subsystem Integmtion for 
Tactical Missiles ( S n U )  and Design and Operarion of Unmanned Air Vehicles (DOCJAV)”, 

held in Ankma. Turkey. from 9-12 October I995, and published in CP-59I. 
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GNAT-750 
UNMANNED SURVEILLANCE AIRCRAFT 

Endurance AOhE 
Payload Nose 140 Ibs 

GNAT-750 

COMBAT PROVEN 
- OVER 1200 FLIGHT HOURS FLOWN 
- DEPLOYED TO 13 SITES WORLDWIDE 
- THREE COMBAT DEPLOYMENTS 

OPERATlONAL WITH TURKISH FORCES 
- DEPLOYED TO FIVE SITES 

TRAINING INTEGRATION IN SlVAS 
n PILOTS FULLY QUALIFIED - PAYLOAD OPERATON FULLY QUALIFIED - TURKISHMAINTENANCE 
n DAILY TRAINING FLIGHTS 
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PREDATOR 

Length 27 ft 
Wing Span 48.7 ft 
Payload 450 IbS 
T/O Weiaht 2080 Ibs 1 

MAE o P E w n o w  REQUIREMENTS 

e MISSION 
- 24 HOURS ON STATION AT 500 NM 
- 450 LBS OF PAYLOAD 
- CLIMB TO 25,000 FT AFTER TAKE-OFF 

e PAYLOAD 
- STABIUZEDGIMBAL 

n 2DAYTV 
* 1FUR 

e s A R  
e DATAUNK 

- UHF 81 KU BAND SATELLITE LINK 
- C BAND LOS LINK 

e GROUND CONTROL STATION 
- AIR VEHICLE CONTROL 
- MlSSlON PLANNING 
- INTELLIGENCE EXPLOITATION 



MAE UAV MISSION REQUIREMENTS 

0 QUICK RESPONSE WORLD WIDE 
0 AIRTRANSPORTABLE 
0 RAPlDSETI.JP 
0 OPERATIONAL COMMANDER TASKING 
0 PRE PROGRAM MISSON BEFORE LAUNCH 
0 LAUNCH UNDER LOS CONTROL 
0 HAND OFF TO SATELLITE CONTROL 
0 AUTONOMOUS NAVIGATION AND TARGET SEARCH 
0 24 HOURS ON STATION AT 500 NM 
0 MONITOR VEHICLE STATUS AND SENSORS NEAR-REAL-TIME 
0 UPLINK MISSION PLAN CHANGE DATA 
0 CONTROL HANDOFF OF RELIEF UAV 

USAF 11th RECOGNIZANCE SQUADRON 

GLOBAI - 

1 I 
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MEDIUM ALTITUDE ENDURANCE UAV 
Concept of Operations 

I W n m  e I-- mouonmn 

PILOT AND PAYLOAD 
OPE RATOR STATIONS 



PREDATOR 
MEDIUM ALTITUDE ENDURANCE SYSTEM 

a 

I 

I Ground 
support 
Equipment 

I 

I 

~ 

Trojan Spirit (JTF C41) 

I 

-.I 

I Ground Control Station 

Global Surveillance Now A Reality 
General Atomics Aemnautica! Systems, Inc. * 10130 SomnM Valley Road * San Diego, CA W121 * (619) 455-2810 
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€OAR PAYLOAD 

0 VERSATRON MODEL 18 
0 ZOOM AND SPOlTER DAYLIGHT N 
0 MITSUBlSHl3-5 MICRON FUR 
0 14" DIAMETER GIMBAL 
0 RS-422 INTERFACE 
0 4 AXIS GYRO STABILIZED 
0 REDOFREGARD: 

- 360" CONTINUOUS AZIMUTH 
- +30" TO -120" ELEVATION PLUS STOW POSITION 

0 QO uRAD LINE OF SIGHT STABILITY ON GNAT 750 
0 >1.5 RADIS SLEW RATE, >5 RAD/S2 ACCELERATION 
0 USERTRACKER OPTlON 

SAR RADAR 

0 WESTINGHOUSE KU BAND SAR 

0 1 FTRESOLUTION 

0 4 -  11.2 KM RANGE 

0 800M SWATH WIDTH 

0 GROWIH 
- m  
- SARSPOTLIGHT 



GNAT 750-45 / PREDATOR 

PAYLOAD 
VOLUME 5CUFT 
WEIGHT 200LBS 

PAYLOAD 
VOLUME 42CUFT 
WOOM 450 LBS 

PREDATOR, GSE LOADOUT 
GI30  CARGO BAY 

IM(w GENERATOR 121 GOT PARTS 
10 SETS 

VIEW LOOKING DOWN 

AIR VEHICLES 
M.#2,bNOYS 

PAYLOADS 

VIEW LOOKING FORWARD 
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PREDATOR GCS LOADOUT 
G I 3 0  CARGO BAY 

VIEW LOOKING INBOARD 

CARGO BAV VOLUME 

VIEW LOOKING A F I  

JAN JUN 
94 94 

v 
First 

Award Flight 

v 
Contract 

w 
6 Months 

VIEW LOOKING FORWARD 

SCHEDULE 
(MONTHS AFTER CONTRACT AWARD 

OCT APR MAY JUL 
94 95 95 95 

v 
Combat 

v 
Third 

v 
Second 

v 
First 

Deployment Deployment Deployment UHF 

on Schedule 

U 9 Months 

Early 

AUG SEP 
95 95 

v 
SAR 

v 
Combat 

KU INTEGRATION 

5 Months 
Early 

1 Year Afler 
First Flight 
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TIER II 
CONTRACT AWARD - JANUARY 1994 

0 FIRST FLIGHT - JULY 1994 
- LESS THAN 6 MONTHS m E R  CONTRACT AWARD 

DEPLOYED TO FT. HUACHUCA - OCTOBER 1994 
- LESS THAN 9 MONTHS AFTER CONTRACT AWARD 
- OPERATED AND MAINTAINED BY SOLDIERS, SAILORS AND 

A I R "  

DEPLOYED TO FORT SUMNER, NEW MWCO FOR ROVING 
SANDS '95 

0 DEPLOYED TO KEY WEST, FLORIDA FOR SPECIAL OPS 
SUPPORT 

OVERSEAS DEPLOYMENT JULY 1995 

ACHIMMENTS 
SINCE CONTRACT AWARD 

SIGNIFICANT FLIGHT HOURS FLOWN 
SYSTEM DEPLOYED TO FT. HUACHUCA AND IN EXERCISE 
SUPPORT 
- NEAR DAILY FLIGHT OPS ROUTINE 
- 5 CONTRACTOR TECHNICIANS 
- PAYLOAD VIDEO ROUTINELY PASSED THROUGH TROJAN SPIRIT 

NATIONWIDE 

FIXED WING AIRCRAFT 
- ROUTINE OPERATIONS IN LANDING PAlTERN WITH OTHER 

0 40+ HOUR FLIGHT 
- ALL SYSTEMS FMC ON LANDING 
- JOINT USA, USN, USAF CREW 

0 AIRCRAFT & PAYLOAD CONTROL DEMONSTRATED OVER 
THE HORIZON VIA SATELLITE 
- UHF AND KU BAND SATELLITE CONNECTIVITY DEMONSTRATED 
- AIRCRAFT OVER EL MIRAGE CONTROLLED FROM SAN DIEGO 
- AIRCRAFT CONTROLLED OVER BOSNIA FROM ALBANIA 
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ACHIEVEMENTS 
SINCE CONTRACT AWARD 

(CONTD.) 
a DEPLOYED TO KEYWEST IN SUPPORT OF SOCOM EXERCISE 

- ROUTINE OPERATIONS WITH MIAMI CENTER 
- ROUTINE OPERATIONS IN LANDING PAllERN WITH OTHER 

- TACAN APPROACHES THROUGH AN OVERCAST SEQUENCED 
FIXED WING A I R C M  

WITH CIVIL AIR TRAFFIC 
a DEPLOYED TO FORT SUMNER IN SUPPORT OF CENTRAL 

COMMAND EXERCISE ROVING SANDWOPTIC COBRA 
I - ROUTINE OPERATIONS IN CONTROLLED AIRSPACE 

- SIGNIFICANT CAPABILITY TO LOCATE SCUD MISSILES 
a MILITARY USERS DEPLOYED TO SUPPORT BOSINA 

OPERAllONS 
- OPERATING OUT OF ALBANIA AND SUPPORTING OPERATIONS 

- ROUTINE LINE OF SIGHT DATA LINK OPERATIONS TO 150 NM 
- ROUTINE NEAR REAL TIME OVER THE HORIZON SURVEILLANCE 

OVER 260 NM AWAY IN BOSINA 

USING SATELLITE DATA LINKS 

ROVING SANE 

OPERATIONAL 
THREE PREDATORS DEPLOYED 
- 1GCS 

TRI SERVICE SUPPORT AND OPERATION 
FULL INTEGRATION WITH MANNED TACTICAL AIRCRAFT 

a OPERATED CONTINUOUSLY IN CONTROLLED & 
UNCONTROLLED AIRSPACE 
- FAAACCEPTANCE 
- INCLUDING “A’ AIRSPACE 

a NEAR CONTINUOUS REAL TIME VIDEO AND STILLS TO 
EXERCISE COMMANDERS 200 MILES AWAY 
PREDATOR PROVIDED 85% OF ALL EXERCISE IMAGERY a 

- WHICH INCLUDED NATIONAL ASSETS 

e 

ALL SCUD DETECTIONS MADE BY PREDATOR 
REPORTED AS “STAR OF THE EXERCISE 
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ROVING SANDS 
(CONTINUED) 

MAINTENANCER OGISTICS 
0 FLEW 25 FLIGHTS IN 26 EXERCISE DAYS 

- 173 FLIGHT HOURS 

0 TOTAL MAINTENANCE PERFORMANCE 
- AIRCRAFT 

- SCHEwm 30 HOURS 
- UNSCHEDULED 70 HOURS 

-Gcs 0 HOURS 

0 MAINTENANCE MANHOURS PER FLIGHT HOUR 
- SCHEwLED 10 MINUTES 
- UNSCHEDULED 23 MINUTES 

0 NO AIRCRAFT OUT OF FLIGHT STATUS OVER 1 DAY 

ROVlNG SANDS EXERCISE 
0 WORD FROM CENTCOM AT EL PAS0 IS: 

- “...EVERY SINGLE CONFIRMED SCUD KILL IN THIS EXERCISE 
WAS DIRECTLY AllRIBUTED TO PREDATOR...” 

0 85% OF ALL THE EXERCISE IMAGERY IN DISTRIBUTION WAS 
PROVIDED BY PREDATOR, ALTHOUGH THE EXERCISE ALSO 
INCLUDED A LARGE NUMBER OF NATIONAL LEVEL ASSETS. 

0 AS OF 7 MAY 1995, TWENTY FIVE FLIGHTS WERE FLOWN 
IN TWENTY SIX DAYS INCLUDING A PILOT TRAINING FLIGHT 
ON A SCHEDULED DAY OFF. 

0 FLIGHT HOURS TOTAL 173.3 

0 DID NOT LOSE A SINGLE MISSION DUE TO MAINTENANCE / 
AIRCRAFT 
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0 OPERATED FROM NAS KEY WEST 

0 SPECIAL OPS SUPPORT 

0 OPERATIONS IN CONTROLLED & UNCONTROLLED AIRSPACE 
- WITH MILITARY & CIVIL AIRCRAFT 

0 FLEW ACTUAL IFR TACAN APPROACHES 
- SEQUENCED WITH MANNED AIRCRAFT 

0 UHFTRAlNlNG 
- LIMITED SATELLITE ACCESS 

OVERSEAS DEPLOYMENT 
0 DEPLOYED TO ALBANIA JULY 7,1995 

ROUTINE OPERATIONS BEYOND 250 NM 
- THREE AIRCRAFT AND A GCS 

0 

0 ALMOST DAILY MISSION SUPPORT 
- 20 HOUR MISSIONS THE NORM 
- 100% MISSION AVAILABILITY 

0 

0 UHF CONNECTIVITY DEMONSTRATED 
0 

DIRECT LINK TO 150 NM 

ROUTINE KU BAND OVER THE HORIZON OPERATIONS 
- DEPLOYED 5 MONTHS EARLY 
- REAL TIME SURVEILLANCE BEYOND 250 NM 

0 SUPPORT FOR TACTICAL COMMANDERS AFLOAT AND ASHORE 
- DIRECT SUPPORT TO AIR COMPONENT COMMANDER 
- PRESTRIKE PLANNING 
- REAL TIME BDA ASSESSMENT 
- PREDATOR NOW AN INTEGRAL PLAYER IN ALL AIR OPERATIONS 

b> ADM. SMITH, GEN. MOORHEAD, GEN. RYAN 
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PREDATORSUMMY 

0 MAE PROWDES OPERATIONAL COMMANDERS 
- TARGETING QUALITY INTELLIGENCE 
- DAYORNIGHT 
- ALLWEATHER 
- NEARREAL-TIME 
- 24 HOURS PER DAY 
- ON MOVEABLE I RELOCATEABLE TARGETS 

The Preierred System 

State-of-the-art Technology 

Creative, Dedicated People 

Unique Mission Responsive Flexibility 

A No-nonsense Approach to Tactical Surveillance 

A Winning Combination 
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