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ABSTRACT

MODELING AND CONTROL OF A TILT-DUCT VTOL UAV

OKAN, Aycan
M. S., Department of Aeronautical Engineering
Supervisor: Assoc. Prof. Dr. Ozan TEKINALP

December 2000, 138 pages

In this thesis, first the new tilt-duct VTOL UAV concept, which is an
original work of a research group where the author is an active member, is
presented. The conceptual design study process carried out until now is
summarized under related topics and some geometric and performance
characteristics are given. Then, flight mechanics equations for this VTOL UAYV are
derived. Trim flight conditions at various flight regimes are obtained using these
nonlinear equations. For this purpose a trim program, which finds the trim
conditions by solving relevant optimization problems. Various trim conditions for
hover, transition and cruise flight modes are obtained. The nonlinear equations are
1inearized at these trim flight conditions and the aircraft stability is investigated.
The automatic flight control system designed by using classical root locus analyses

as well as linear quadratic regulator design is presented.

Keywords: Unmanned aerial vehicle (UAV), tilt-duct, vertical takeoff and landing
(VTOL), flight mechanics, hover, stability, trim, transition, feedback, control.
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HAREKETLI KANAL TiPINDE DIKINE KALKIP iNEBILEN BIR
_INSANSIZ HAVA ARACININ MODELLENMESI VE DENETIMi

OKAN, Aycan
Yiiksek Lisans, Havacilik Mithendisligi Boltimii
Tez Yoneticisi: Dog. Dr. Ozan TEKINALP

Aralik 2000, 138 sayfa

Bu tezde, oncelikle yazarin da faal bir tiyesi oldugu arasgtirma grubunun
ozgiin bir ¢aligmas:t olan, hareketli kanal tipinde yeni bir dikine kalkip inebilen
insansiz hava araci kavrami sunulmustur. Gergeklestirilen kavramsal tasarim
caligmasi Ozetlenmis ve bazi geometrik ve performans karakteristikleri ilgili
tablolarda verilmigtir. Tasarlanan insansiz hava araci i¢in ugus mekanigi
denklemleri ¢ikarilmistir. Dogrusal olmayan yunuslama yoniindeki denklemler
kullanilarak degisik ugusg bolgeleri igin cesitli trim (denge) sartlar elde edilmistir.
Bu amagla, trim (denge) sartlarim1 eniyileme yoluyla hesaplayan bir program
gelistirilmistir. Bu program yardimuyla, dikine hareket, gegis bélgesi ve geleneksel
ucus icin trim (denge) kosullari elde edilmigtir. Dogrusal olmayan ugus
denklemleri bu noktalarda dogrusallastirilmis ve hava aracinin kararlihk

¢oziimlemesi gerceklestirilmigtir. Kok yeri grafigi vb. klasik denetim yontemleri ve
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dogrusal ikinci dereceden diizenleyici tasarmu gibi teknikler kullamilarak

tasarlanan otomatik ugus denetim dizgesi sunulmustur.

Anahtar Kelimeler: Insansiz hava aract (IHA), hareketli kanal, dikine kalkip
inebilme yetisi, ugus mekanigi, dikine hareket, kararlilik, denge hali, gecis bolgesi,

geri besleme, denetim.



This study is dedicated to my mother, father and grandmother.

vi



ACKNOWLEDGMENTS

I would like to express my gratitude to Assoc. Prof. Dr. Ozan Tekinalp for
his supervision, guidance, encouragement and patience during all the stages of this

thesis.

I would also like to thank to Assoc. Prof. Dr. Mehmet $. Kavsaoglu and
Prof. Dr. Ersin Tulunay for their helpful comments and suggestions.

Thanks are also extended to Ms. Ozlem Armutcuoglu for her support in the
group study, all of my friends for their encouragement, and all of the members of
the Department of Aeronautical Engineering, METU. .

Finally, I would like to express all my love to my family for their support
and patience during this study and my life.

vii
TC YUKSEXOCRETIM KURULY
ON MERKEZE



TABLE OF CONTENTS

ABSTRACT ...t e iii
OZ.. e et e e aaans iv
ACKNOWLEDGMENTS. .....tuiinitiiiiiiiriieenrneiieieiieiieentienrieenenees vii
TABLE OF CONTENTS. ..ot viii
LIST OF TABLES. ....citiititiiiieiiiteiciiterte ettt ee s e e ans Xi
LIST OF FIGURES. ...ttt et e ceecaeeee e i e e xiii
CHAPTER
1. INTRODUCTION.....cteemmiiamreeniiienteenieesieeenenieenee e e e 1
1.1 The Aim of the Thesis .......cocveiiiiiiiiiiiiininiiiiiiii e, 1
1.2 Overview of Related Work on VSTOL Aircraft ...................... 2
1.3 Uninhabited Aerial Vehicles (UAVs) with Vertical Takeoff and
Landing (VTOL) Capability .......cceeererueniieeniieeianaienennnnne 10
1.4 Unmanned (Uninhabited) Aerial Vehicles ..................oeneee.e. 10
1.5 Members of the UAV Design Group .....c...coovvveieiniieiniiinannnn. 15
1.6 Contents of this Study ...oeevnnennnn et e ettt e e aaanres 15
2. CONCEPTUAL DES.EIGN STUDY OF TILT-DUCT VTOL UAV ..... 16
2.1 Introduction .......c.eiiiniieiiiiiii e e 16
2.2 Basic VSTOL Definitions ........coveveiiiiieciniiiininiienininieeann, 17
2.3 Competitors StUAY ....oevvvnieiniiriiiniriiiireieree e 18
2.4 Mission Requirements ............... E P 20
2.5 Airfoil and Geometry Selection ............coeeveiiviiiieiniiininn.n. 20
2.6 Horsepower-To-Weight Ratio and Wing Loading Selection ....... 22
2.7 Propulsion and Fuel System Integration ...............c.cooeveevene. 23

viii



2.8 Initial SiZING ...vveneenriiirei i eere e e aens 26

2.9 Configuration Layout .........cc.eveeiiiiiiiiiiiiirieiiiiiineieanes 27
2.10 Landing Gear and Subsystems ........cocevieriinernreneneencneannn. 30
2.11 Weights and Balance ..........ccovevieiiiiiiiiiiiiiiiiiiniiieneenne. 31
2.12 Control POLICY ...uvieiiiiiiiiiiiiiieeiei e eane e 32

3. FLIGHT MECHANICS ANALYSIS ...t 34
3.1 Introduction .....ccovvuiiiiiiiiiiiiiiri e 34
3.2 Basic Principles of VSTOL Aircraft .........ccocvvveieieiiiiiininann. 34

3.3 Non dimensional Parameters and Data Correlation .................. 35
3.4 Ground Proximity Effects .......ccovvviviviiiiiiiiiiiiiiiiiciienen 35

3.5 Equations Of MOtION ...euvuvinieniiiiiinie i eciireieree e ee e 36
3.5.1 AXIS SYSIEIMS «iuviiiiniriiitiiiieeiieiaeiariereenieeentanaaneanes 36

3.5.2 Usual Equations of Motion .........ccccciviiiiiniiininennnnnnann 40

3.5.3 Modification of Rotational Equations of Motion .............. 41

3.5.4 Externally Applied Forces and Moments ....................... 48

4. LONGITUDINAL STABILITY ANALYSIS ..ottt 50
4.1 Introduction ......covuieuvneieiniieiie i e 50
4.2 Longitudinal Trim Flight Equations ...........ccccoocociiiiiiiniinn.n. 51
421 Hover Mode ......oeeiieininiiniiniiiiiiiiiieeiiciieiece e, 51

422 Cruise Mode ....c.vvvinieiniiiiiiieien e 51

4.2.3 Transition Mode .....ccceieiiiiiiiiiiiiiiiiniiieiceeae 52

4.3 Method of SOIution .......cccceviniiiiiiiiiiiiiiiic e 53
4.4 Linearized Longitudinal EQuations ..........c.coveviivriiinneeninnnn. 55
4.5 Results and DiSCUSSION ....uueueiniininiieriinrniiiiiniieeienierenn 56
4.5.1 Hover Mode ...cocvvininiiiiiiiiiiiiiiiiiivc e 56
4.52Cruise Mode ......ooiiiiiiiiiiiii e 57

4.5.3 Transition Mode ......ccvneniiiiiiiiiiiiiiiiniiiiieree e, 59

5. AUTOMATIC FLIGHT CONTROL SYSTEM .....ccccvviiiieinininnnnn 72
5.1 INtroduCtion ......e.eiienininiii i e e 72
5.2 The Functions of Automatic Flight Control Systems ................. 74

5.3 The Flying Quality Requirements ............ccceveiniierivccneevvcescaens 75

ix



5.4 Automatic Flight Control System Design for VTOL UAV
Longitudinal Dynamics ........c..cocvvririnrrneriiiinerenieenaeennenn 79

5.4.1 Hover Flight Mode Stability Augmentation System Design. 79
5.4.2 Transition Flight Mode Stability Augmentation System

| 1) 11+ R PP PPRN 88
5.4.3 Autopilots Designed for the Cruise Flight Mode .............. 100
5.4.3.1 Pitch Attitude Autopilot ............coviiiiiiiiininn, 100
5.4.3.2 Altitude-hold Autopilot ..........c.coevininininininennn.. 103
5.4.3.3 Mach-hold Autopilot .......ccocevevieieveiniiiinnennnn. 108
5.5 SUMMATY ...evniiininie e 111
6. CONCLUSIONS. .. .cctiiiiiie ettt e eeeneans 112
REFERENCES.......citiiiiieneeiet et ettt eeeeaensaeaenne 114
APPENDIX
A. Stability Derivatives Obtained Using Advanced Airplane Analysis
(AAA) SOFEWATE ...vieinieriit e et eee e ea e e nanas 117
B. Linear Simulation Model Used to Verify the Full-state Feedback
Control System Design .......cccoviiiiiiiiiiiiiiiiiiiieeie e, 118
C. Linear Simulation Results (The Full-State Feedback Control System
DESIGI) . eieiniii it e ra e 120
D. System Matrix, Input Matrix, LQR Design Gain Matrix and
Corresponding Closed Loop Eigenvalues ..........ccocveveiiienneninnnnne. 125
E. Linear Simulation Model Used to Verify the Linear Quadratic
Regulator (LQR) Design in Transition Flight Mode ..................... 130
F. Linear Simulation Results of the Overall System Designed with the 132
Linear Quadratic Regulator (LQR) ........ccooiiiiiiiiiiiiiiiiniine,



TABLE
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

2.10
2.11
2.12
2.13
3.1
4.1
42
43

4.4

LIST OF TABLES

Some Competitor UAVs Properties ..........ocovveveiiiiiinieniinnn 19
Some Performance Parameters of Selected Airfoils ................. 22
Wing and Tail Geometry Parameters ...........cocveveerniiinrinnnnnns 22
hp/Wand W/S SeleCtions ......c.oeeveeiniiiniieininininiiiiiniineninen. 23
hp/W and W/S- Performance Parameters ..............cc.ocvevuvnnenn. 23
Propulsion and Fuel System Integration Results ..................... 24
The main characteristics of Limbach L 275E ........................ 25
Initial Sizing Section Results- Weights .............ccooveiinininns 26
Initial Sizing Section Results- Performance Parameters ............ 26
Initial Sizing Section Results- Geometric Parameters ............... 26
Landing Gear- Tire Properties .........coceevviviuiiieiiieiininiiinenn 30
Approximate Component Weights and c.g. Locations .............. 31
Some Stability and Control Parameters ..............ocevvveininenene. 33
Components of related expressions in the body reference frame .. 40
Longitudinal characteristics for specified eigenvalues .............. 58
Trimmed flight parameters for various conditions .................. 58

Eigenvalues calculated from linearized equations at trimmed
flight conditions givenin Table 4.2 ............ccocevviiiiinininrinenn 58
Trim data found together with the linear constraint imposed on

the duct angle givenin Fig 4.1 ....coooeiiiiiiiiiiiiiiiiiiiniiine 60

xi



4.5

5.1
52
5.3

Trim data found together with piecewise continuous linear

constraint imposed on throttle setting, given in Figure 4.10 ........ 67
The common types of SAS, CAS and autopilot functions .......... 75
Damping ratios for short period mode ...........coceveviienininennnn 78
Limits on cu,f’sp T 78

xii



LIST OF FIGURES

FIGURES
1.1 The Bell X-14 VTOL aircraft ................... e 3
1.2 The Ryan XV-5, a fan-in-wing VTOL aircraft ....................... 4
1.3 The Curtiss-Wright X-100 VTOL aircraft ............cccoevuveninen. 5
1.4 The Boeing Vertol VZ-2 VTOL aircraft ............cccoevvenennnnen. 6
1.5 The Doak VZ-4DA VTOL aircraft .........ccoevvnviiniinininnininne, 6
1.6 The Transcendental 1-G, the first tilt-rotor VTOL aircraft ......... 7
1.7 The Bell XV-3 VTOL aircraft .........cccoevvvieiininiininiinenininnn 8
1.8 The Bell-Boeing V-22 Osprey, a tilt-rotor VTOL aircraft .......... 9
1.9 ThePioneer UAV .....cooiiiiiiiiiiiiiiiiiiiiiiiieeein e 12
1.10 The Bell Helicopter Eagle Eye (UAV  flight
demonstration Program) ........cccc.veeerernrnennrneninerereencoeneneenss 12
1.11 The categories of UAVs, from USA perspective ..................e.. 14
2.1 Interactive Design Process .........cocevveviiiiiiiieiiiniianninnnn, 16
2.2 Mission Profile for the design VTOL UAV ......c.cocvvviiininene. 20
2.3 Performance plots and airfoil profile of E-583 ....................... 21
2.4 Performance plots and airfoil profile of E-521 ....................... 21
2.5 Limbach L 275E ....cuiniiiiiiiiiiieiiiiinie e eeeans 25
2.6 Side view of tilt-duct VTOL UAYV in hover flight mode ............ 27
2.7 Side view of tilt-duct VTOL UAYV in forward flight mode ......... 28
2.8 Top view of tilt-duct VTOL UAV in hover flight mode ............ 28
2.9 Top view of tilt-duct VTOL UAV in forward flight mode ......... 29

Xiii



2.10
2.11
3.1
32

33

3.4
35

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16

5.1
52
5.3
5.4

Front view of tilt-duct VTOL UAYV in hover flight mode .......... 29
Front view of tilt-duct VTOL UAV in forward flight mode ........ 30
Relation between inertial frame and body axes frame ............... 38
Components of force, moment and velocity in the

body fiXed @XiS ..ooneiiiniiiiii i e 40
Duct angle, 4 ; duct fixed and body fixed coordinate frames ...... 42

Propeller fixed axis system ......c.coveeieiniiiinininiiiniiiininnens, 43

Exit guide vane configurations in order to obtain pitch and yaw

control during hover and transition flight mode ..................... 49
Linear constraint imposed on duct angle ...............cccouivennnn.. 60
Main Throttle Setting vs. Aircraft Velocity (Case 1) ................ 62
Aft Throttle Setting vs. Aircraft Velocity (Case 1) ................... 62
Angle of Attack vs. Aircraft Velocity (Case 1) ......cocevvvieninnnen 63
Elevator deflection vs. Aircraft Velocity (Case 1) .......ccceee.e..... 63
Root locus diagram built by using eigenvalues (Case 1) ............ 64
Root locus diagram built by using eigenvalues (Case 1)

(Sl RIS o) I PP 64
Main Throttle Setting vs. Aircraft Velocity, initial value=0.701 ... 65
Main Throttle Setting vs. Aircraft Velocity, initial value=0.72 ..... 66
Main Throttle Setting vs. Aircraft Velocity (Case 2) ................ 66
Duct angle vs. Aircraft Velocity (Case 2) ......cevvvevereirieenennn. 68
Aft Throttle Setting vs. Aircraft Velocity (Case 2) ...oocevvnennenn.e. 69
Angle of Attack vs. Aircraft Velocity (Case 2) ......cccovevenennen.. 69
Elevator Deflection vs. Aircraft Velocity (Case 2) ................... 70
Root locus diagram built by using eigenvalues (Case 2) ............ 70
Root locus diagram built by using eigenvalues (Case 2)

(ClOSEUP) +vevetitiit it ee e e e 71
Gain Scheduling Scheme ........c.cocovviiiiiiiiiiiiiiiicneee, 73
Block diagram for the pitch stabilization system for hover mode . 80
Root locus diagram for inner 1oop .........ccoeveveiiiiiiiiininennnnen. 80
Root locus diagram for inner loop (close-up) .......ccvevevnieninnnn.n 80

Xiv



5.5 The root locus diagram for the outer loop (Case 1)} ...........c.uueee 82

5.6 The root locus diagram for the outer loop (close-up) (Case 1) ..... 82
5.7 The unit-step response of the system (Case 1) ..........ccoevveneninn. 83
5.8 Linear simulation model for hovermode ...............cccceene.....e 83

5.9 Response of the system to an initial 0.2 rad/s pitch rate

disturbance (Case 1 K; =1.4046, K, =0.0991) ....c.oeveninenn.n 84
5.10 The root locus diagram for the outer loop (Case 2) .................. 85
5.11 The root locus diagram for the outer loop (close-up) (Case 2) ..... 85
5.12 The unit step response of the system

(Case 2, K} =0.0265, K5 =0.0005525) .cvvverinriniiniininninnnnn. 86
5.13 Response of the system to an initial 0.2 rad/s pitch rate

disturbance (Case 1 K; = 0.0265, K, = 0.00055265) ............. 87
5.14 The unit step response of the system (Case 2, Low damping,

K1 =0.0265, K5 =0.0017) ccvinieieninennieiiiieniieieenceeinennn, 88
5.15 Block diagram of pitch stability augmentation system (SAS) for

transition MOAE «....evininiiiiiiiiiii e 89
5.16  Fky vs. Aircraft VEIOCIEY ...eeveeienniiiieiiieeeeiieeeieecieenieennn, 93
5.17  ky vs. Aircraft VEIOCItY .......coovveeiiiniiiiiiiiiiiiiiiiiiiii e 94
5.18 k3 vs. Aircraft VeloCity .......couvvernieinieiniieiiiniiieeneciieennn, 94
5.19 k4 vs. Aircraft VEloCity .....ocuuevuvevniiniiiieiiniiniiee i veeina, 94
520 Changing of the blending coefficient with aircraft

forward VeloCity ...ovvvuieriieiiir i 95
5.21 Pitch attitude autopilot .......ccoviiiiiiiiiiiiiiriii 100

522 Block diagram for the VTOL UAV in cruise flight
mode and autopilot .........ccoiiiiiiiiiii 102
523 Root locus for the VTOL UAV in cruise flight

mode and autopilot ... .....ceciiiiiiiii e 102

5.24 Schematic diagram of altitude-hold autopilot ........................ 103

5.25 Block diagram of altitude-hold autopilot ...........ccccvveninnnnnne 104

5.26 The root locus diagram of the inner 100p ..........cccevevininennnnnnn. 105
XV

TC. YOKSEKOGRET 1 Rk
DOXDMANTASYON MERKEZ!



5.27
5.28
5.29
5.30
5.31
5.32

B.1

C.1
C2
C3
C4
E.l

F.1
F.2
F.3
F.4
F.5
F.6

Unit-step response of the designed altitude-hold autopilot ......... 107

Conceptual design for automatic velocity control system .......... 107
Block diagram of the automatic velocity control system ............ 108
Block diagram of Mach-hold Autopilot ............ccoeevviiiiiniin 109

Root locus diagram of the outer loop of the Mach-hold autopilot. 110
The unit-step response of the Mach-hold autopilot .................. 111
The linear simulation model used to verify the full state feedback

control system design with blending two inputs in transition

Flight MOdE ...vieeine it 119
Linear Simulation Results for V =5m/s ...ccocooiviiiiiiiii.. 121
Linear Simulation Results for V' =10m/s ..........coooiinnnin. 122
Linear Simulation Results for V' =15m/s .....ccooovveviiiniinn. 123
Linear Simulation Results for ¥V =20 m/s ..c.ccovovviininininnn.. 124

The linear simulation model used to verify the linear quadratic

regulator (LQR) design in transition flight mode .................... 131
Linear Simulation Results for V' =5m/s ....c.cooovvviiiininnin. 133
Linear Simulation Results for V' =7 m/s ...coooooviviieiiiiiiin. 134
Linear Simulation Results for V' =10 m/s ......cccoviviiiinnn. . 135
Linear Simulation Results for V' =15m/s .....cocooveviiiiininnnn.. 136
Linear Simulation Results for V' =20 m/s ........c.covvininnn.n. 137
Linear Simulation Results for ¥V =23 m/s ..ccocovovvvninniicnninannn 138

xvi



CHAPTER 1

INTRODUCTION

1.1 The Aim of the Thesis

The aim of this thesis is to introduce the new tilt-duct vertical takeoff and
landing (VTOL) unmanned aerial vehicle (UAV) concept developed and represent
the flight mechanics modeling of this new concept as well as to present the analysis
carried out to investigate aircraft stability. Also automatic flight control system

designed for this new concept is presented.

This study is a part of a research activity being carried out in the research
group, with members from the Department of Aeronautical Engineering and the
Department of Electrical and Electronics Engineering, Middle East Technical
University. The group introduced in Section 1.5 decided to work on UAVs due to
the challenging issues and considerable interest on UAVs in our country. The core
of the team consists of three faculty members and two research assistants. The
project had started in 1998. The main purpose of the group is to develop an
autonomously controlled VTOL UAV, which can takeoff and land vertically as
helicopter and convert to a propeller driven airplane in forward flight mode by
tilting its ducted propellers forward. In this way, the aircraft will not need a runway
for takeoff or landing besides it can reach higher speeds than a conventional

helicopter in forward flight.



1.2 Overview of Related Work on VSTOL Aircraft

Since vertical flight became accessible in the mid 1940’s, better safety, and
performance, and higher speed have always been desired. A great deal of work has
been done in search of these goals, especially in the last twenty years with the
advances in computing of tiltrotor aircraft. Many different vertical/short takeoff
and landing (VSTOL) concepts have been researched. Several have been built and
flown, and even more have been studied in depth with theoretical analysis, wind

tunnel tests and other means.

There are two primary methods by which VSTOL aircraft are classified by
mission and by propulsive lift concept.

By propulsive lift concept, the VSTOL aircraft can be listed in order of
descending disk loading as following, [2]

i) Direct Lift (Deflected Thrust)
ii) Jet Augmented Lift
iii) Fan-in-wing
iv) Propeller (tilt-propeller, tilt-wing and tilt-duct)
v) Rotor (compound helicopter, tilt-rotor, rotor-wing concept,

stoppable and stowable rotor concepts,

Direct lift concepts are those, which use turbojet or turbofan engines to
provide all lift required for vertical takeoff and substantial lift for short takeoff and
landing operation of this type of aircraft. Such engines have vertical thrust and

selective lift/cruise thrust generation applications.

The X-14, a small research aircraft built by Bell was an early version of this
type. Thrust diverter vanes in the tailpipes located below the pilot at about the c.g.
direct the exhaust gas down for hover. This method for thrust vectoring may be

called as deflected thrust or jet concept. The Harrier, having four rotating nozzles



is also direct lift aircraft. The VJ-101 from Germany, which has tilting engines
mounted in wing tip pods can be classified as tilt-jet concept. In tilt-jet concept,
two main models were used. The jet engines could be mounted so that they tilt, or
they can be fixed, with control over the thrust vector by vanes in the jet exit. By
either method, the direction of thrust can be varied by a separate control, from
vertical to horizontal at the will of the pilot. The Bell X-14 VTOL shown in Figure
1.1, was one such aircraft that has been tested extensively. The ShortSC. 1 and
the French Dassault Balzac, proposed Mirage 3V also used separate lift and cruise

engines. [2]

In the jet augmented lift concept (i.e., jet ejector concept), the engine
exhaust gases are ejected downward through an ejector nozzle, pulling additional
air through the ejector to augment the basic jet thrust by about 35-40 percent. The
Lockheed XV-4A Hummingbird was built to investigate this concept and could
achieve nearly half of the desired thrust augmentation in the flight test [2].

Figure 1.1 The Bell X-14 VTOL aircraft [3]

In fan-in-wing concept, the Ryan XV-5, shown in Figure 1.2, was a unique

configuration. Two large fans, covering much of the planform, were mounted on



each side of the airplane in the wing. These fans were driven by turbine blades
mounted directly to a ring around the fan blade tips. For vertical takeoff, panels on

the wing surface was opened and the engine exhaust was diverted to drive the tip
turbines. After transition phase from hovering to forward flight, the panels were

closed to form solid wing surface and the engine exhaust directed rearward [4].

Figure 1.2 The Ryan XV-5, a fan-in-wing VTOL aircraft [4]

There are basically three types of propeller type VSTOL aircraft. These are
tilt-propeller, tilt-wing and the tilt-duct propeller concepts.

In tilt propeller concept, the wing is fixed and only the propellers of the
aircraft tilt between a roughly vertical direction for hover and horizontal direction
for forward flight. In hover mode, pitch and yaw control was provided by the jet
deflection at the tail, and roll control was achieved by differential pitch between
two propellers. In forward flight conventional control surfaces were used. The
Curtiss-Wright X-100 VTOL aircraft, shown in Figure 1.3 is a typical example of
this concept. [2]



Figure 1.3 The Curtiss-Wright X-100 VTOL aircraft [3]

When the entire wing is immersed in the propeller slipstream and tilts with
the propellers, the aircraft is known as tilt-wing. Two early models designed to
investigate the feasibility of this concept were Hiller X-18 and the Boeing Vertol
VZ-2. The VZ-2 aircraft, shown in Figure 1.4, used flapping rotors mounted on a
tilting wing. In hover mode, control, with the wing vertical, was cyclic pitch for
longitudinal moments, differential collective for roll moments, and tail
rotor collective pitch for yawing moments. With the wing tilted over, the aircraft
gains higher speed and the conventional control surfaces could be used. The

Canadair CL-84, the LTV XC-142, Kaman K-16 were important examples for this
type [3].

With the idea of improving hover performance of propeller VSTOL
aircraft, the solution is to enclose the propellers in ducts. It is effective for hover
but it adds drag at high cruise speeds. The Doak VZ-4DA, shown in Figure 1.5 had
a ducted propeller at each wing tip. The second tilt-duct VSTOL aircraft was the
Bell Aerospace X-22A.It had four ducted propellers. The Doak VZ-4DA had
highly loaded ducted propellers on the wing tips support the aircraft in hovering,



Figure 1.4 The Boeing Vertol VZ-2 VTOL aircraft [4]

and rotate forward to produce forward thrust in cruise flight mode. In this
mode, the conventional controls were used. In hover mode, yaw and pitch control
were achieved by deflection of the jet exhaust at the tail. Roll was controlled by
differential thrust between two propellers [3,4].

There are few types of the rotor type VSTOL aircraft. These are compound
helicopters, tilt-rotor concepts, rotor-wing concept, stoppable and stowable rotor

concepts.

Figure 1.5 The Doak VZ-4DA VTOL aircraft [3]



When some forward thrust device is used in addition to the main rotor, a
helicopter can be defined as a compound helicopter. These auxiliary thrust devices
may be rotors, propellers or jet engines, and may be powered by the main power
plants or separate engines entirely. The rotor can be operated at lower lift
coefficients or “unloaded” if part of the aircraft weight can be supported by small
wings. The compound version of UH-1 was developed by the Bell Helicopter
Company. Also Lockheed AH-56A Cheyenne was an example of this type of the
aircraft [2].

Tilt-rotor aircraft are another and maybe the most important class of the
VSTOL aircraft powered by the rotors. Such rotors are mounted near the wing tips.
In the 1940s The Transcendental Aircraft Co. designed and built the Model 1-G,
shown in Figure 1.6, the first tilt-rotor VTOL aircraft. It was a single place,
research aircraft with a gross weight of 794 kg and two 5.2 m diameter, tilting

rotors [2,4].

Figure 1.6 The Transcendental 1-G, the first tilt-rotor VTOL aircraft [4]

In the mid 1950’s, Bell Helicopter and Boeing involvement in the design
and test of tiltrotor vehicles and models started. Beginning with the XV-3, shown
in Figure 1.7, Bell’s initial tiltrotor design, and maturing with the XV-15, many
different engineering methods have been used to prepare these aircraft to fly safely
and efficiently. The XV-15 is a fully researched tiltrotor aircraft. It was subject to

detailed analyses, simulations and full-scale wind tunnel tests. The program began



in the early 1970’s and continued into the 1990’s. The success of the XV-15’s
program and Boeing advances in composite structures and rotors, electronic flight
controls and aerodynamics demonstrated the maturity of the technology and
provided the necessary confidence that led to the most extensive tiltrotor program
supported by the United States government to date, the V-22 Osprey world’s first
production tiltrotor [2,3,4,5].

V-22 Osprey, shown in Figure 1.8 is the first military version tiltrotor and
is currently in production and initial deliveries of its over 500 orders to United
States Navy, began in 1999. It has an empty weight of 15025 kg and can carry 24
combat troops or up to 9070 kg of cargo. The BA 609 Civil Tiltrotor is similar in
size to the XV-15, but it is much more sophisticated because of the maturing
technology gained from the V-22 project. It has maximum gross weight of 7254 kg

Figure 1.7 The Bell XV-3 VTOL aircraft [3]

Two PT-6 turboshaft engines will be used. The corporate version will allow for 6
to 9 passengers. It may also be used as an emergency vehicle for critical patients.

The 609 is also proposed for non-civil Coast Guard service as the HV-609 [5].
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Figure 1.8 The Bell-Boeing V-22 Osprey, a tilt-rotor VTOL aircraft [4]

Stopped and stowed rotors are more advanced rotor concepts. It would be
desirable to takeoff, land and hover with a large rotor due to its good hovering
efficiency, but it would also be desirable to get rid of it for forward flight. One way
to solve this problem is stopping the rotor after takeoff procedure. Then, it might

be used as a wing, such as the Hughes Hot Cycle rotor-wing concept [2].

Another possibility is to fold up the rotor and stow it in a streamlined
compartment after it has been stopped. It would be unstowed, unfolded and started

up again for landing.

Besides these listed concepts, there are two more original concepts in the

literature. These are tail-sitters and propulsive wing concepts.

The second primary method of classifying VSTOL aircraft is by mission.
Pure research vehicles, military prototypes and/or concept development testbeds,

operational military vehicles and commercial aircraft can be listed.



1.3 Uninhabited Aerial Vehicles (UAVs) with
Vertical Takeoff and Landing (VTOL) Capability

Uninhabited aerial vehicles (UAV) have attracted considerable interest
from the military mainly for reconnaissance and surveillance purposes. It is
important to gather information without endangering the lives of pilots.
Additionally they should be much cheaper than a traditional reconnaissance
aircraft. UAVs can be cheap because, without the need to carry life support,
instruments, and escape systems for a pilot, they can be any size and can stay aloft
or violently maneuver far beyond the limits of human endurance [1]. The absence
of aircrew cuts significantly into life-cycle cost. Civilian uses, such as, aerial
surveys for agriculture, traffic monitoring, pollution control, meteorological data
collection, pipeline survey, early forest fire detection, security, natural resource

inspection, overnight package delivery are also attracting interest.

This type of aircraft combines the vertical takeoff and landing (VTOL)
capability of the helicopters with the superior forward flight performance of the
fixed-wing conventional type of airplane. Their vertical flight capabilities may

come from the various concepts that are listed in the previous section.

VTOL UAVs have their own characteristics and are generally more
difficult to pilot than either conventional aircraft or helicopters. However, they can
be operated without a need for a runway and launch-recovery system. Also, with
the recent developments in automatic flight control systems, guidance techniques,
sensor technology including electro-optical sensors, data-processing hardware,
software techniques and navigation instruments (such as GPS), it is now possible

to develop autonomous flight capability.

1.4 Unmanned (Uninhabited) Aerial Vehicles (UAVs)

Uninhabited aerial vehicles are commonly known by the acronym UAV and
nearly everybody knows what it means. The word, “uninhabited” is, especially in

Europe frequently substituted by “unmanned”. This terminology is some
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misleading nowadays, because as a matter of fact, “unmanned” implies that there is
no possibility for human intervention, once vehicle is flying. At present, a remote
pilot can intervene to cancel or to modify the mission at all times during the flight.

So “uninhabited” is more appropriate [6].

Today, there are some special types of UAVs. In general, UAVs concern
pilotless aircraft of small and medium size, mainly used for day and night
observation equipped with necessary data link and sensors. If the topic is covered
in details, it can be written that micro aerial vehicles (MAVs), tactical uninhabited
aerial vehicles (TUAVs) and uninhabited combat aerial vehicles (UCAVs) are the

members of this huge family.

Due to recent technological progress, especially in electro-optical sensors,
UAYVs have become very useful tool. At present the main accent is on military
applications. However, it is beyond any doubt that there is an important potential
for civil applications as well. Applications of UAVs in the civil and commercial
markets and regulating the flight of these types are important discussion topics in

aviation society.

UAVs have been used to achieve different missions for many years in both
military and civil services. Some programs can be listed as, Predator, Pioneer,
Perseus B, Darkstar, Outrider, Pathfinder, Apex, Hunter, Aquilla, Hermes, Global
Hawk, Scout and Searcher, Altus where most of the programs are from USA [1,6].

Pioneer, shown in Figure 1.9, based on Israeli design, is manufactured in
USA to provide imagery intelligence for tactical commanders on land and sea. It
has a wingspan of 5.18 m and fuselage length of 4.27 m. Maximum takeoff weight
is 204 kg and its payload capacity (TV/FLIR) amounts to 45 kg. It has a radius of
action of 180 km and it can stay aloft for 5 hrs [6].

11



Figure 1.9 Pioneer UAV [1]

The UAV Eagle Eye Tiltrotor, shown in Figure 1.10 is also being
researched in a flight demonstration program by Bell Helicopter. It has a maximum
speed of 103 m/s (200 knots) and a controllable radius of 926 km (500 nautical
miles) [5].

Since the very beginnings of aviation, the idea of a "remotely-piloted
vehicle" has never been far from the minds of inventors and military strategists.
The development of UAVs over the years has focused on target and training drones
and, as technology has become more sophisticated, reconnaissance vehicles. In
order to understand trend in UAVs from USA perspective, Figure 1.11 is very
useful.

Figure 1.10 The Bell Helicopter Eagle Eye
(UAV flight demonstration program) [1]
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Many other nations have recognized the utility of UAVs and are moving
rapidly to develop their own capabilities. The Israelis were one of the firsts to go
full-scale into the UAYV business. Having a different geographic and geopolitical
situation in Middle East and needing to multiply their forces by applying
technology, the Israelis initially used UAV with considerable success. Israel has
long been the preeminent developer of tactical UAVs, but with many more
countries beginning to develop UAVs, its position has diminished. UAV
development efforts in Western Europe have experienced many of the problems
such as serious funding problems. The Franco-German Brevel program has similar
problem. The Crecerelle of France has proven to be attractive. Also, it serves as the
basis for the new Dutch Sperwer, and for a new Swedish program. Britain's
Phoenix UAYV is in production after a long series of delays. Switzerland took a
more conservative route and based its new Ranger UAV on Israeli technology.
Italy has an ambitious UAV program with its Mirach Meteor effort, but it remains
to be seen whether the budget will permit fulfillment of this program. Spain has
entered the UAV arena with its new SIVA program, and a related civil effort called
ALO. UAV programs have also sprung up in Central and Eastern Europe. Russia
has a long-standing interest in UAVs, though many of their vehicles were secret
until recently. The Russian army has begun to deploy a new tactical UAV system
called the Sterkh, and the air force has several programs underway including a new
Tupolev air vehicle to replace its Reys system. The Czech Republic has developed
the Sojka system, and has been offering it on the world export market. Japan has an
active UAV program with both military and civil aspects. A helicopter drone is
under development, both as a possible army surveillance platform, and as a
possible agricultural sprayer. India has a number of UAV development efforts,
though its recent purchase of Isracli UAVs suggests that these have not been
entirely fruitful. Iran has been attempting to develop a UAV industry [1].

In Turkey, UAVs have attracted interest, too. Turkish Aerospace Industries,
Inc. (TAI) has made some research activities on conventional type uninhabited

aerial vehicle, UAV X-1 for reconnaissance and surveillance missions. However,
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this program could not reach to the success and ended because of the different
reasons. Nowadays, a new work is still continuing on UAVs including autopilot
integration into the target drone, TAI-UKHU, produced by TAI previously [7].
Also, EES, Inc. produces Dogan and Kirlangi¢ UAVs, bought with licenses from
Israel, in the Ankara facilities of the company. Also, our army is dealing with

UAVs for military purposes.

As a result, there have been increasing demands in modern world to use
UAV systems as intelligence, reconnaissance, surveillance, target acquisition and
etc. Although requirements for UAVs change based on the missions to be carried,
expectations are generally similar for each type. Cost effectiveness, reliability,
maintainability, usefulness, operational availability, mobility, transportability,
deployability, sustainability, survivability, vulnerability, growth potential,
interchangeability and modularity are general requirements that all systems should
have. UAVS are not only vehicle, they are more than this. It has subsystems such
as air vehicle, ground control station, payloads (LCD camera, etc.), data link and
support equipment. Performance parameters are closely interrelated and usually
shape these subsystems. At the beginning of the program definition phase,
requirements are always beyond the technological advances. However, an optimum
cost-performance, system definition can be reached by adequate trade-off studies,

taking operational concepts and technological capabilities as parameters [8].

WIﬁme WGL er Tt Boor, &
‘uﬂazﬂtai Launch and Becowery.

Figure 1.11 The categories of UAVs, from USA perspective [1]
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1.5 Members of the UAV Design Group

The members of the design group are listed below.

Prof. Dr. Ersin Tulunay (EE), Project Director

Assoc. Prof. Dr. Mehmet S. Kavsaoglu (AEE), Supervisor

Assoc. Prof. Dr. Ozan Tekinalp (AEE), Supervisor

Graduate Research Assistant Aycan Okan (AEE), Researcher
Graduate Research Assistant Ozlem Armutcuoglu (AEE), Researcher

1.6 Contents of this Study

In the following, the detailed summary of the conceptual design study of
this new concept is discussed under related topics, such as airfoil and geometry
selection, initial sizing, propulsion and fuel system integration, etc. The evaluated
characteristics of this aircraft are presented in the relevant tables. Three view

drawings in hover and cruise flight modes are presented.

In third chapter, the flight mechanics equations of motion are presented in
order to model this aircraft. Usual rotational equations are modified to take
account into the angular momentum changes due to moving parts, i.e. ducts and

propellers.

In fourth chapter, trim flight conditions are obtained. For this purpose a
trim program is written which minimizes a cost function. Various trim flight
conditions for hover, transition and cruise are obtained and the aircraft stability at

these particular flight conditions is discussed.

In fifth chapter, automatic flight control system designed with classical
design techniques including block diagram representations and root locus analyses
and modern control techniques including cigenvalue assignment and linear

quadratic regulator design is presented. Finally, conclusions are given.
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CHAPTER 2

CONCEPTUAL DESIGN STUDY OF TILT-DUCT VTOL UAV

2.1 Introduction

- Conceptual design is a very fluid process. New ideas and problems are very
likely to emerge as further detailed calculations are performed on a design. As new
decisions are made and relevant modifications are required, these should be

reflected to the current design where the procedure could be seen in Figure 2.1.

Although similar in many respects to conventional aircraft design, VTOL

concept presents some key differences and challenges.

It is quite self-evident that vertical takeoff and landing capability brings

many operational benefits to an aircraft. While the conventional transportation

Desizgn Concapt ’

Figure 2.1 Interactive Design Process [9]
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depends on airports and long paved runways, VTOL can be performed in a quite
compact area. It should be also taken into account how rare airports exist and how

crowded they usually are, causing delays in the air and on the ground.

The first type of VTOL aircraft developed was the helicopter. Although, it
proved to be quite useful in rescue operations and short range point-to-point

transportation, it carries the disadvantages of having speed and range limitations.

At this point tilt-duct concept comes into view offering a compromise

between helicopter-like vertical flight and efficient wing-borne cruise.

Tilt-duct concept has some basic differences than the tilt-rotor concept;
such that the propellers are located in the ducts attached to the tip of the wings.
This brings an advantage of ‘end-plate’ effect and a protection for the propellers
against strong side winds. Another difference is that, the propellers require no
hinge or swash-plate design and manufacturing. Such detajls require too much
expertise that conflicts with one of the main objectives of this design, ‘cheap and
easy manufacturing’. This design has also the purpose to combine the advantages
of VTOL capability with a UAV.

Since, this UAV is designed for civilian uses and will be manufactured in

an university type environment, it is aimed to be cheap and easy to manufacture.

In this chapter, summary of the design study is mainly based on the thesis
study, which is being carried out by research gro{lp member, Ms. Armutcuoglu.
The steps taken during this conceptual design will be presented under related sub-
titles. The results and sketches related with the topics will be presented
immediately at the relevant section. The main characteristics of the aircraft are

presented without going into details as in [10].

2.2 Basic VSTOL Definitions

Basic VSTOL definitions, which are still being used and will be used in

further chapters are given as follows; [2]
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VTOL: Vertical takeoff and landing.

VSTOL: Verical and short takeoff and landing.

Powered Lift Flight Regime: That flight regime of any aircraft in which controlled
level flight is possible below the power off stall speed and in which part of all of
the lift and for control moments are derived directly from power plant(s).

Hovering flight: Flight primarily supported by power plant(s) derived lift.

Hover: To remain stationary relative to the air mass.

Translation: Horizontal movement in any direction relative to a fixed point.
Transition flight: Flight at airspeeds below the power off stall speed, where lift is
derived both from power plant(s) and the dynamic pressure resulting from forward
flight.

Transition: The act of going from the powered lift flight regime to the aerodynamic
flight regime and vice versa.

Aerodynamic flight mode (Conventional-cruise flight mode): Flight primarily
supported by the forward flight dynamic pressure acting on non-revolving

aerodynamic surfaces (wings) at airspeeds above the power off stall speed.
2.3 Competitors Study

Before starting the conceptual design process first a literature survey is
performed to investigate similar aircraft, if exists, and have obtain an impression

about the market potential for a UAV of these characteristics.

When the market search is narrowed down to UAVs, only a limited number
of VTOL UAVs are found to exist in the market; e.g. CL-327 from Canada;
Camcopter 5.1 from Austria and Eagle Eye from USA, and some more. The main
characteristics of these aircraft are tabulated in Table 2.1. The interesting point is
that only Eagle Eye has the tilt-rotor characteristics. Other UAVs may be
considered as helicopter type VTOLSs.

As a result, it is concluded that a ‘tilt-duct” VTOL UAV will be unique in

the market.
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2.4 Mission Requirements

First, a mission profile, shown in Figure 2.2 is selected. In this figure,
various segments of the mission are numbered, with zero denoting the start of the
mission with takeoff and seven denoting the end of mission with landing. The

mission requirements of the design are:

Operational Altitude (#) =2000 m
o Cruise speed (V) > 38 m/s (124 ft/s & 73.42 knots)

Stall Speed (V) =29 m/s (50 knots) at h=1000 m.

Payload weight (7, ); 20 kg > W,>10 kg

Simple structure and sub-systems, easy manufacturing

3 4

— K _a

2 5

D__ 7
(0-1) : Vertical Takeoff  (3-4) : Cruise
(1-2) : Transition (4-5) : Descent
(2-3) : Climb (5-6) : Transition

(6-7) : Vertical Landing

Figure 2.2 Mission Profile for the design VTOL UAV

2.5 Airfoil and Geometry Selection
At this level, initial estimations of aircraft takeoff weight, fuel and empty

weights; payload and range trade-off studies are conducted. Then, airfoils, wing

and tail geometry are selected, which yield a starting point for further calculations.
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Airfoil is one of the most important parts of the airplane. It affects the
cruise speed and overall aerodynamic efficiency during all phases of the flight.
Airfoil selections are made from Eppler Series [12]. E-583 for the wing and E-521
for both horizontal and vertical tail are selected. The performance graphics and
airfoil plots are given in Figure 2.3 and Figure 2.4.

Some performance parameters of E-583 and E-521 airfoils are listed in
Table 2.2.
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Figure 2.3 Performance plots and airfoil profile of E-583 [12]
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Figure 2.4 Performance plots and airfoil profile of E-521 [12]
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Table 2.2 Some Performance Parameters of Selected Airfoils.

Parameter | C,, o ac, Comin L J t/c
-1 ~ ‘ D max, £
(rad™) (deg)
E 583 6.36 rad’ |1.45 |11° 0.0053 125 16.5%
E 521 6.36 rad”’ | 1.0 |10° 0.0058 62.5 13.78%

The main characteristics of the wing and tail geometry are also determined
at this stage. Easy production goal played an important role in making decisions.
High wing configuration is used. There is no dihedral and twist. The wing and tail

geometry selections performed under this topic are presented in Table 2.3.

Table 2.3 Wing and Tail Geometry Parameters.

Parameter Wing | Horizontal Tail | Vertical Tail
Aspect Ratio (4AR) 6 4 1.6
Taper Ratio (1) 1 0.5 0.5
Sweep Angle (A z) 0 17° 30"

2.6 Horsepower-To-Weight Ratio and Wing Loading Selection

Horsepower-to-weight ratio (;p/W) and the wing loading (#/S) are the two
most important parameters affecting the aircraft performance. As these parameters
are selected, many related aircraft performance parameters are also evaluated
accordingly.

The procedure followed in this section begins with the selection of the
engine as in the first step. Then the aircraft performance parameters will depend on
the properties of this engine. For this purpose, a market search is conducted. The

required properties of the engine were to be piston-prop, small, efficient, cheap and
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reliable. Limbach L-275-E and Limbach L-90-E are selected to drive main
propellers and the aft propeller, respectively. The detailed information is given in
the next section.

The wing loading selection is made according to the mission requirements

and competitor aircraft. The selected 4p/W and W/S are given in Table 2.4.

Table 2.4 hp/W and W/S Selections.

hp/W (hp/N) 0.0476
W/S (N/m?) 574

After selection of the hp/W and W/S and the main geometric parameters,
some of the aircraft performance parameters are evaluated by using given methods

in [9]. Some of the results are tabulated in Table 2.5.

Table 2.5 hp/W and W/S — Performance Parameters.

Cbo 0.056
L/D,n 10.72
V est Range (101/S) 34.7
V e (10/5) 88.4
V. (m/s) 45

2.7 Propulsion and Fuel System Integration

In this section, size, location and other geometric properties of the propeller
are determined. The engine is installed, the fuel system is designed and the wing
fuel tank volume is calculated and checked if sufficient volume is available for a
fuel tank.
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Two, two-blade main propellers with individual engines are used. They are
directly connected, housed in ducts, attached to the tips of the wings with a tilt
mechanism. Tilt mechanism is achieved via a central shaft, driven with a single
actuator. Electric generation is made by through a generator, attached to the aft

engine.

A four-blade aft propeller, with inlet and exit guide vanes is installed at the
aft of the fuselage. Guide vanes are closed during cruise flight mode. Exit guide

vanes are used to obtain thrust vectoring, as shown in Figure 2.6.

Three, two-cylinder, horizontally opposed, two stroke, air cooled piston
engines are used in total. Two Limbach L-275-E, horizontally opposed-piston
engine, 24 hp @ 7300 rpm, with a mass of 7.5 kg and one Limbach L-90-E,
horizontally opposed-piston engine, 4.0 hp @ 7000 rpm with a mass of 4 kg are
used.

Some parameters evaluated at this design level are given in Table 2.6.

Table 2.6 Propulsion and Fuel System Integration Results

Main Propeller Diameter 12m
Aft Propeller Diameter 0.44m
Available Wing Fuel Volume, | 63.4 cm’

Limbach Flugmotoren GmbH, German company, manufactures four-stroke
and two-stroke piston engines for very light aeroplanes and powered gliders and
UAV’s,

Limbach L 275 E, shown in Figure 2.5 is intended for low cost propulsion

of UAVs and micro-light aircraft. The main characteristics are tabulated in Table

2.7.
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Figure 2.5 Limbach L 275E [13]

In order to determine the thrust obtained by propellers and calculate the
maximum takeoff weight, the software developed by Sen and Telgeker is used
[14]. This code, written in Fortran, uses design conditions such as blade number,
tip radius, hub radius, engine speed, cruise speed, airfoil section, rpm, design lift

coefficient, and free stream conditions (density, kinematic viscosity). By using this

code, the thrust and related parameter maximum takeoff weight are calculated.

Table 2.7 The main characteristics of Limbach L 275E [15]

Type Two-cylinder horizontally opposed two stroke air-
cooled piston engine

Cylinders Cast aluminum alloy with Nicasil Liner. Bore 66
mm. Stroke 40 mm. Capacity 274 cc

Induction Two all-attitude-diaphragm carburettors

Fuel Grade 90 octane, mixed 25:1 with two-stroke oil

Ignition 12 V Bosch transistored, one Bosch WK 175T6
plug per cylinder

Accessories Leistritz type turbo silencer (muffler)

Dimensions Length overall : 226 mm , Width overall : 390 mm
, Height overall : 187 mm

Weight (with silencer) | 7.5 kg

Performance rating 18 Kw (24 hp) at 7300 rpm
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2.8 Initial Sizing

Geometry sizing is performed to estimate aircraft geometric parameters
such as, wing and tail surface areas, spans and chord, etc. These results are
tabulated in Table 2.8, Table 2.9 and Table 2.10.

Table 2.8 Initial Sizing Section Results — Weights

Maximum Takeoff Weight, 7, (N) 1008
Empty Weight, W, (N) 674
Payload Weight+Fuel Weight, W,+ W,(N) | 334

Table 2.9 Initial Sizing Section Results — Performance Parameters

#ofSet | W, (N) [ W) |V, ‘(m/s) Range (km)
Set 1 98 236 45 1400

Set 2 134 201 45 1034

Set 3 178 156 45 591

Table 2. 10 Initial Sizing Results — Geometric Parameters

Wing Span (m) 3.243
Wing Chord (m) 0.541
Fuselage Length (m) 3.713
Fuselage Diameter (m) 0.65

Wing Area (m?) 1.754
Horizontal Tail Area (m?) 0.631
Horizontal Tail Area (m?) 0.255
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2.9 Configuration Layout

The initial drawings of the conceptual design are developed at this step.
Wing, tails and fuselage wetted areas, mean aerodynamic chord locations; etc. are

also evaluated at this level.

The three-view drawings of the design VTOL UAYV are available in two
modes, hover and forward flight, respectively, in Figure 2.6 through Figure 2.11.
These following drawings are made by Ms. Armutcuoglu.

A 1218f(3.71m)

430 ft (1.31 m)

Figure 2.6 Side view of tilt-duct VTOL UAYV in hover flight mode
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Figure 2.7 Side view of tilt-duct VTOL UAYV in forward flight mode
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Figure 2.8 Top view of tilt-duct VTOL UAYV in hover flight mode
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Figure 2.9 Top view of tilt-duct VTOL UAYV in forward flight mode
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Figure 2.10 Front view of the tilt-duct VTOL UAYV in hover flight mode
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Figure 2.11 Front view of the tilt-duct VTOL UAYV in forward flight mode

2.10 Landing Gear and Subsystems

The decisions on landing gear arrangement and subsystems are made at this

level. Non-retractable, tricycle type of landing gears are used, i.e. one nose and

two main gears. Oleo pneumatic shock absorbers are used on each unit [9].

Tire selections are also performed and aerodynamic caps are used on each

tires in order to minimize drag. Tire properties are listed in Table 2.11.

Table 2.11 Landing Gear-Tire Properties [9]

Tire Data Main Tire Nose Tire

Max. Loading (N) 2890 2000

Unloaded Infl. Pressure (psi) | 45 55

Max. Diameter (cm) 254 20

Max. Width (cm) 10.4 7.6

Max. Wheel Diameter (cm) | 8.1 7.3

Rolling radius (cm) 8.25 7.25

Weight (N) 13.35 6.68

Tip back angle: 35.5° Overturn Angle: 58’
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Additionally, electrical subsystem, duct tilting subsystem, control actuation
subsystems for inlet and exit guide vanes, control surfaces, and throttle, navigation
subsystem, flight control subsystem, and other subsystems are needed and require

detail design.

Main structure is made of composite material. Also aluminium alloys are

used. Circular cross section is used.

2.11 Weights and Balance

Aircraft component weights are obtained using well-known methods [9] and
are given in Table 2.12.

Table 2.12 Approximate Component Weights and C.G. Locations.

Item Weight (N) Location (Xcg/mac’)
Wing 57.5 2.703
Horizontal Tail . 9.2 6.144
Vertical Tail 5.1 6.587
Fuselage 1314 3.253
Main Landing Gear 86.7 3.486
Nose Landing Gear 21 1.056
Main Engines | 304.4 2.491

Aft engine 85.2 4.83
Camera 78.5 =0

Aircraft Estimated cg location 2.82

*» . . ’
mac = 0.541 m. Datum is aircraft’s nose..
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2.12 Control Policy

There are two main engines and propellers in ducts located at the tips of the
wing as shown in Figure 2.8. Another engine and propeller mechanism is
integrated to the fuselage at the aft, as shown in Figure 2.7. This aft engine is used
to control pitch by controlling throttle in hover and transition flight modes. It also
contributes to lift. Additional pitch control as well as yaw control is realized
through exit guide vanes by controlling two halves of these vanes separately. Roll
control is achieved by differential thrust realized at the main engines. Engine

throttles and exit guide vanes are separately controlled.

As the ducts are tilted forward, the aircraft accelerates. The wings generate
lift as speed increases. This is the transition mode. At the beginning of transition,
hover mode is dominant. Transition flight mode is a mixture of the hover and
forward flight modes until the intended mode becomes dominant. As the aircraft

gains speed, control is gradually switched to aerodynamic control surfaces.

When the ducts become horizontal, the aircraft operates as a conventional
propeller driven airplane. The wings provide necessary lift. Conventional, rudder,
aileron, elevator control surfaces are used. All of the guide vanes (i.e., inlet and
exit) are closed during forward flight. Aft section engine is used only to obtain
electricity in this mode and disconnected from the aft propeller through and

electromagnetic clutch. Flaps are not used.

The most forward c.g. location is determined from °‘takeoff rotation’
criteria by taking moment with respect to main landing gears. The most aft c.g.
location, is so called neutral point of the aircraft is calculated by the methods given
in [9, 16]. Stability derivatives are calculated by using Advanced Airplane
Analysis software [17].

A detailed flight mechanics and stability analysis of the tilt-duct VTOL
UAYV are given in the following chapters.
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Table 2.13 Some Stability and Control Parameters

Most forward c.g location wrt | 0.5114

mac, Xegs

Most aft ¢.g location wrt mac, X, | 0.621

Neutral point location wrt | 0.813

mag, , XNP

Static Margin 0.192

33




CHAPTER 3

FLIGHT MECHANICS ANALYSIS

3.1 Introduction

The flight mechanics equations of the tilt-duct VTOL UAV are developed
in this chapter. Parts of the work given in this chapter were presented in the

international conference [18].

Modeling VSTOL type aircraft has important difficulties when compared
with related work done for conventional type aircraft. The important key features

can be listed in the following three sections.

3.2 Basic Principles of VSTOL Aircraft

VSTOL aerodynamics is concerned with the production of lift and drag
throughout the VSTOL aircraft flight regime. At low speeds, in the powered flight
regime the term “lift” in a general sense refers to the vertical force that sustains the
aircraft in flight. This may be a combination of engine thrust and the wing lift. At
higher speeds in the aerodynamic flight regime, the aerodynamic forces and
moments are produced in a more or less conventional manner and the techniques

used to determine aerodynamic forces on conventional aircraft generally apply. We
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can calculate power required (conventional) and power required (hover) by using

the principles told above [2].

3.3 Non dimensional Parameters and Data Correlation

It is extremely difficult to measure the forces and moments acting on a
VSTOL aircraft. Existing techniques for presenting forces and moments in use for
conventional aircraft are often inadequate for VSTOL aircraft study. Data
correlation and wind tunnel tests for VSTOL aircraft are very important. [2]

Data correlation for VSTOL aircraft is extremely difficult, because external
forces and moments are the sum of conventional aerodynamic effects, engine thrust
and induced aerodynamic effects. Unfortunately, each of these individual effects is
a function of different variables and selecting valid non-dimensional correlating
parameters is a matter of concern for the VSTOL designer. It is essential that a
valid parameter be used. Data on VSTOL aircraft are scarce. Extrapolation and
interpolation of this limited data will only be as accurate as the correlating

parameter.

Downwash velocity, augmentation, power required in transition, effect of
span, effect of spanwise load distribution, induced aerodynamic effects and
induced aerodynamic interference effects are important properties for VSTOL

aerodynamics [2].
3.4 Ground Proximity Effects

Aircraft possessing VSTOL capability typically operate in close proximity
to the surface for relatively long periods of the time in comparison with other
aircraft. Under these conditions, the downwash or exhaust generated by the aircraft
in producing lift can affect the environment including personnel, facilities,

equipment and the operation of the aircraft itself. The effects can be favorable or
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adverse, the characteristics depending largely on the design configuration of the
aircraft. Ground proximity effects can be considered in three categories [2]:

a ) Aircraft performance effects : When operating in the vicinity of the ground,
the aircraft downwash creates changes in the pressure and temperature patterns of
the air surrounding the aircraft. These changes can affect aircraft performance by
altering the lift generated at power levels or by reducing the power or thrust
developed by the engine(s). Lift and power effects can be listed in this category.

b ) Aircraft Stability and Control Effects : The stability and control of VSTOL

aircraft can be significantly affected while operating in the influence of downwash

deflected by the ground environment. This condition affects attitude and height
stability and control in addition to creating random disturbances in order which

increase the pilot or autopilot workload in the hover flight.

¢ ) Operational effects : The operation of VSTOL aircraft in the proximity to the

ground generates various effects on the environment, personnel or the aircraft itself

which can interfere with mission accomplishment.

3.5 Equations of Motion

To analyze the dynamics of an aircraft, it is first necessary to obtain its
equations of motion. The equations of motion are derived by applying Newton’s
Laws of Motion which relate the summation of the external forces and moments to
the linear and angular accelerations of the system or body. To explain the motion
of the aircraft, a suitable axis (coordinate) system is necessary. In the aircraft
problems, two type of axis systems, i.e. inertial axis system and body fixed axis

system, are widely used.

3.5.1 Axis Systems

There are several types of axis systems in order to use in analysing the

aircraft motion [19].
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a) Inertial (earth) axis system : It can be thought as fixed to the earth and
assumed to be non moving (inertial) in the analyses for the aircraft motion. A set of
axes commonly used are; X., is chosen to point north, y. then pointing east with the
orthogonal triad being completed when the axis, z. down.

b) Body (aircraft) fixed axis system : By definition, the center of the axis
system is located at the c.g. of the aircraft. In general the axis system is fixed to the

aircraft and rotates with it.

The axis is taken with Ox, forward, Oy, out the right wing and Oz,

downward as seen by the pilot to form a right handed axis system.

Forces, moments and velocities (linear and angular) are also defined in this
reference frame. By using a system of axes fixed in the aircraft the inertia terms,
which appear in the equations of motion, may be considered as constant.
Furthermore, the aerodynamic forces and moments depend only upon the angles,
a and A, which orient the total velocity vector, I7T , in relation to the axis, xp. The
angular orientation of the body axis system with respect to the inertial axis system
depends strictly upon the orientation sequence. This is known as Euler angles

transformation. This sequence of rotations is customarily taken as follows [20]:

1- Rotate the earth axes, Xe, Ye, Ze through some azimuthal angle @ about axis
Z. to reach some intermediate axes X, y; and z,.
2- Rotate these intermediate axes x;, y; and z;, through some angle of
elevation, & about the axis y; to reach a second intermediate set of axes x,, y; and
Z.
3- Rotate the second intermediate axes, x3, y2 and z, through an angle of bank,
¢ about the axis x; to reach the body axis system.

These rotations are shown in Figure 3.1. Taking unit vectors related to

these axes systems gives;
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Iy I,

Tb | =Ty TeT,| Je (3.5.1)
kb ke
where
cosp sinp 0 cosd 0 -—sind 1 0 0
T, =|-sing cosp Of;Typ= 0 1 0 ; Ts=|0 cosg sing
0 0 1 sind 0 cosd 0 —sing cos¢
(3.5.2)
.xz-xanxb

Figure 3.1 Relation between inertial frame and body axes frame [20]

c) Stability axis system : The axis x; is chosen to coincide with the velocity

vector, V at the start of the motion. Therefore, between the x; and xy, there is a
angle of attack, « . The equations of motion are derived by using the axis systems
are a special subset of the set derived by using body axis system. Here, the rotation

takes place through the angle of attack, a about the axis yy,.

The relation between stability axis and body reference axis can be given as

follows by the help of the unit vectors of related coordinate systems:
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cosa 0 sina | i
Js|=| O 1 0 |Jjs (3.5.3)
kg —sine 0 cosa |k,

In the compact form,
I, =TI, (3.5.4)

d) Wind Axis System : Because this system is oriented with respect to the

aircraft’s flight path, time varying terms which correspond to the moments and
cross products of inertia appear in the equations of motion. Such terms

considerably complicate the analysis of aircraft motion.

The rotation takes place through angle of sideslip, A about the axis, z.

Then the relation can be given as follows in the similar manner;

I, =Tgl, (3.5.5)
where
cosf sinff 0
Tp =|—sinf cosf 0 (3.5.6)
0 0 1
Also,
I, =TgT,1, 357

e) Sensor Signals: Because an AFCS (Automatic Flight Control Systems) uses
feedback signals from motion sensors, it is important to remember that such
signals are relative to the axis system of the aircraft. This simple fact can
sometimes cause the performance obtained from an AFCS to be modified and in
certain flight tasks may have to be taken into account. However in straight and

level flight at cruise, it is insignificant.

During the flight, forces that are exerted on the aircraft can be separated

into aerodynamic, propulsive, gravitational and other. Definitions of the forces,
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moments and velocity components in the body fixed coordinate system are given in

Figure 3.2.

AB drections shows are padsive
&, ¥, gyare the forward, dide and yvwing velicities
L, M. ¥ ave rell, pitch and vaw momests
P, Raze the angalar velories,
roll, pitch and yaw
@, 6. ¥ are ol pitch snd yaw sagles

" ?N&? N LP®
NN
2, A%

Figure 3.2 Components of force, moment and velocity in the body fixed axis[19]

The definitions in Table 3.1 will be used for body reference axis at the rest
of the thesis. Otherwise, the axis system will be shown by the help of the

superscript or subscript.

Table 3.1 Components of related expressions in the body reference frame.

Roll axis x, |Pitchaxis y, Yaw axis z,
Angular rates p q r
Velocity components U v w
Force components X Y Z
Moment components L M N
Moment of inertia about, I, I, 1,
Products of inertia I, I, I,

3.5.2 Usual Equations of Motion

Usual non-linear equations of motion of rigid aircraft in body fixed axis

system, are given as follows; [20]

Force (translational) equations:
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X =m(u+qw—rv)
Y =m@+ru— pw) (3.5.8)
Z=m(w+ pv—qu)

Moment (rotational) Equations:

L =p]xx +qr(12z "'Iyy)_(’;+pq)1xz
M=4l,, - prl, - 1) +(@* -, (3.5.9)
N =7, +pg(l,, — 1) +(qr—p),,

where

X=X +Xr+Xg+Xother L=L, + Ly + Lyy,,

Y =Y, + Y + Y + Yo M=M,+Mp+M ., (3.5.10)
Z=Zy+Zr+Zg+Zoger N =N+Nr + Ny

where, subscript a, T, g, and other represents aerodynamic, thrust, gravitational and

other externally applied forces, respectively.

The equation set Eqn. (3.5.9) is for an ﬁrcraﬁ with rotating component
effect neglected. However, in a tilt-duct aircraft such as this VTOL UAV, the right
hand side of Eqn. (3.5.9) must be modified for this new aircraft.

3.5.3 Modification of Rotational Equations of Motion

For a tilt-duct VTOL UAV, where some components have considerable
inertia, such as ducts, and propellers; the usual rotational equations of motion must
be modified. Inertia matrices must be transferred to body fixed coordinate system.
For this purpose the five additional axis systems must be defined. These are three
propeller fixed axis system for left, right and aft propellers and two ducts fixed
axis systems for right and left ducts. The relevant transformation matrices are

defined as follows:
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® Duct fixed axis system to body fixed axis system: The ducts make angle, x4 with
the x,axis shown in Fig. 3.3. Transformation matrix, T,,, are given as

follows;

cosy 0 sinu
T;=| O 1 0 (3.5.11)
—sing 0 cosu

This transformation will be the same for both left and right ducts assuming
that the duct tilt angles are the same. Two ducts are taken account as one

component and the transformation is then achieved.

e Main propellers to ducts

There are counter rotating main propellers. Due to this reason, two different

transformation matrices must be written as follows:

Left main propeller to duct: The angular velocity of the left main propeller is,

—_

B, = i,y = wyiy (3.5.12)

Figure 3.3 Duct angle, u ; duct fixed, and body fixed coordinate frames
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where i, and i, are the unit vectors for x-axis of the left propeller fixed axis

system and duct fixed axis system, respectively. The propeller axis system is

shown in Figure 3.4 Then,

1 0 0
Tpl/d =10 COSC!)lt —sina)lt (3513)
0 sinwt cosayt
I |

‘\”/1(\_’/ | J p
Figure 3.4 Propeller fixed axis system

Right main propeller to duct: Similarly the angular velocity of the right main

propeller is given as,

B, = W1, =iy (3.5.14)
where 7, o and i, are the unit vectors for x -axis of the right propeller fixed axis

system and duct fixed axis system, respectively. Then,

1 0 0

Ty g =|0 coswyt —sinw,t (3.5.15)

0 sinwyt cosw,t

e Aft propeller to body

The angular velocity of the aft propeller is given as:

- —

= ok, = o,k (3.5.16)

-

@,
where k »o and k are the unit vectors of z-axis of the aft fixed axis system and body

fixed axis system, respectively. Then,
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coswst —sinwst 0

T

pa/b =| Sin@st  coswst 0 (3.5.17)

0 0 1

The total inertia tensor for this aircraft will have contributions from

propeller and ducts.

f]= [Iboa}y ]+ [T ]+ [Ipllb]+ [Ipr/b]+ [Ipa/b] (3.5.18)

where

| PP E ) 1 o9
[Ipl/b: = Td/prl/d[I ot Thva s
[Ipr/b: = Td/prr/d[I or }rgr/dTglb (3.5.19)

[Ipa/b: = Tpa/b [Ipa]T;a/b

The final statements for the expressions given in Eqn. (3.5.19) can be

written as following;

Idxxcosz,u 0 ——Idxzsinz,u
[as]= 0 Iy 0 (3.5.20)
—I.sin®uy 0 I, cos?

oy cos? 0 0
sl=l 0 cosP(@nl,y, 0 (3.5.21)
0 0 1ot cos? pcos? (ayt)

T pro cos? 0 0
=] 0 cosP(@ai,, 0 (3.5.22)
0 0 -~ cos? pcos? (yt)



L ps €082 (@38) =1 ppr, sin’(@5t) 0
[I pa/b]= ~ gy Sin®(@31) g, cos*(@3t) 0 (3.5.23)
0 0 !z

The inertia tensor of the aircraft with taking into consideration that the

aircraft is a rigid body can be written as follows,

Iy Ly I
Mooy ]=| 1x 1, I, (3.5.24)

Iy I I,
Substituting Eqn. (3.5.21) through Eqn. (3.5.24) into Eqn. (3.5.18) gives

the total inertia tensor as follows;

Ly+eod I +1 1, |+
= P Ly~ sit’(@y) L~Isif p
I pmcosz(agt)
L, +cos (@), +
Ll=| LI sit(ey) cof (@), + I,
cos (@) Ly
g+
[:x "Idg.SirE 2] I:y 52 I‘k:'i'lplzCOSZ(a)lt)
co
I I pmcosz(wzt)
(3.5.25)
The total angular momentum of the aircraft in the body fixed axis system is
given as,
H= (plm —qlyy —rlm}F+(—pIny +qly, —rltyz)f+(-pltxz -qly, +rI,zz)E

(3.5.26)

where I, are the components of the total inertia tensor given in Eqn. (3.5.25) and

the angular velocity of the aircraft is,
@=pi +q] +rk (3.5.27)

Then, the angular momentum of this aircraft can be written as:
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fe { p[l +cos u(] ol prax +1 dxx) | cos? (w_«,t)] q[l 1 gy sin (co3t)] }
[I —1 4y, Sin ,u]

. p[l 1 payxsin (w3t‘)]

kq[lyy +cos? (D1 +cos? (@) +cos? (w3t) pgyp+1 dyy]—rl yz}+

J— p[] e sin? y]—qlzy +

Lr[l 2zt pazz +cos? ,u([ ezt pizz cos? () +1 ., cos’ (wzt))]}

|

(3.5.28)

Having written the angular momentum, the rotational equations are

obtained as follows;
=17 +M+Nk (3.5.29)

The time derivative of the angular momentum vector shall be taken in the
usual fashion, i.e.,

—H +éxH (3.5.30)

To simplify the derivation, while taking the derivatives in the body
fixed frame, propeller angular rates, @;,@,,®; may be taken constant. Even with

this assumption, the resulting equations are quite complicated as shown in Eqn.
(3.5.31) and Eqn. (3.5.32).

(ot +{pood u-sin@up) T+ Lorss+ L)+ DO @ gy SinCORI P
H‘B"dy: l {— s+ G @)+ SINQ G L~ g + FSINL gy +SINQU i g }Jr
J{— Pliy+ DS (@)] g+ SINQND P+ i+ G0OF (@A -}+
Sin@ayt)nglp, +§€0L (@ot) =SNGy, + G gy =L
|~ Pl + psm Mg +SINQu)iplyy — Gl + Pl + 7l +Fcos My —rsSinQu)irly,,
k{Fcod ,ucosz(mlt) plzz— r/.zsmcz;z)cosz(a),t) plez™ ~rcos usinQaytiarl
+Fcod ,ucosz(cozt) p,z_,—rysm(z;z)cosz(abt) —rcod ,usmawzt)mz przz

(3.5.31)
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pr(] o +COS% ,u[[ oot proe +1 dxx]+cosz (at)] pm)—rq(l ot paxysinz (a)3t))— .
J rz(Ixz —Idxzsin2 ,u)

[pz(l o =L g sin’ ,u)+ paly, - pr(] 2zt pazz + cos? p[l dez L pizz cos? (ant)+1 oy cos® (a)zt)])l

e~

= 21y~ pesin’@st))+ g 7
cos (@3t)] gy + Ly

9z —Id,,zsin2 ,u)

i I, +1,, cos (ayt +-
—qp([zx—ldmsinzy)—q212y+q Iy +1 s +c0S° s+ L O () +
| Ipmcosz(mzt) j
oxH=i4"- -
I, +cos(an)] ., +cos* (@) 5y, +
P’(Iyx — L pasin( co3z))— rq[ Wsz )y, Ol pryy®| 2 I,
L cos (@31 gy + 1, |

Ly, +cos (@) iy + OS2 (@0 oy, +] }
—prl, |+

Pl + 005 M i + s+ Lies |+ Ly cos2(@3))+ g2 (I, ~ I sin’? (az3t))+:|

b+

B

\

(3.5.32)

Substituting Eqn. (3.5.31) and Eqgn. (3.5.32) into Eqn. (3.5.30) gives

the

final statement for % that can be written in terms of externally applied moments

in the aircraft as follows;

I- pIxx+(j7cosz y—sin@y),ipXIplxx+ lpm+1m)+ 0@ yrr—SINQYID P .
o, +G ST (@3f) gy + SR NGL Ly +F SNy + SINQ )P L,

I cosz(a)zt)

Iy, +cos? (&)1 pp,, +005% (@3], +

<
pr(] -1 sinz(aJ t))—rq +riI
» ~ * payx 3 2 ¥
cos (@31 gy +1

WL

14, +1 ., cos?(wf)+
_qp(lz"_ldz"Sinzﬂ)_qzlzy+qr{lzz+1pm+coszﬂlrdzz plzz 1 .

(3.5.33)

= Pl + pSIN(@31)] e +SINQ03)D3 Pl e + 1, + G007 (41)]
sinay ) gl oy, +4 cos? (@20 pryyy —SINQRy)0291 oy, + Gl gy =PIy,
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AL+ 002 HT it s+ L+ ORI )il ~ Ty it 51~ .
rz(I = —ld,zsinz ,u)
[pz(l o1 dzxsinz y)+ paly - pr(l 2zt pazz+ cos’ ,u{[dzz + cos’ (o)+1 pmcosz(azzt)])]

(3.5.34)

—pl+ j;sin2 H gy +SI0QD DL~ Gl +71, +F pm+i~cosz M g, —rsinQu)irly,,
N={rcod ycosz(aqt)l p,zz—rﬂsinap)cosz(qt)l p,zfrcos2 psin@at)al +
+Fcod ,ucosz(cozt)l pm—rﬂsingy)cosz(akt)l orzz ~rcod usin@ant)an .,

- pZ(I),x L s sinz(co3t))+ pz{
L
= pq(l o+ cos? ,u[I oo T Loy + 1 m]+  f— cos? (w3t))+ q2 (I w L pary sin? (co3t))+]

1 +cos2( 1374 +cosz(a)t)1 + ’
» A piy 2 ey —prl,. |+

c0s? (@3)] gy, + Lz &

/

(3.5.35)

Using Eqn. (3.5.33) through Eqn. (3.5.35) modified version for equation set
Eqn. (3.5.9) is obtained.

3.5.4 Externally Applied Forces and Moments

The externally applied force and moment components are classified in Eqn.
(3.5.10). In this section, expressions for these components are presented in general.
With necessary assumptions and simplifications, they can be written for hover,

transition and forward flight modes, separately.

Gravitational forces may be written as follows [21];

X —mgsind

4

Y, |=| mgcosfsing (3.5.36)

g

Z mg cosdcos g

4
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where m, g, 6, and ¢ represents the total mass of the aircraft, gravitational

acceleration, pitch attitude and roll attitude, respectively.
Thrust forces and related moments due to power plants and
propellers should be resolved into body axis frame.
X, = (T, +T;)cos
Y, =T, cospy (3.5.37)
Zp =—(T, +T,)cos u—T; siny
and,
Ly = (5, ~T,)sin p,
M, = (T, + T, )sin ui, — T, sinyl, — (T, + T, )cos pl, (3.5.38)
N, =T, cosnl, +(T, T, )cos pl,
In the above equations, T}, T,, T; are the thrust of the left, right and aft
propellers, u,and 7 are the duct angle of the main propellers, and the resultant exit

guide vane angle of the aft propeller, as shown in Figure 3.3 and Figure 3.5

L, I, .1, 1, are the proper moment arms for the thrust vectors respectively.

In order to calculate the aerodynamic forces and moments, acrodynamic
stability derivatives for cruise and transition flight mode are obtained from the
Advanced Airplane Analysis (AAA) program [17]. These stability derivatives are
presented in Appendix A. However, since the aircraft is not a conventional type, it

requires detailed wind tunnel tests, especially for transition flight modes.

iz
(2)

Figure 3.5 Exit guide vane configurations in order to obtain pitch and yaw

control during hover and transition flight mode
a) For positive yaw b) For negative yaw c) Neutral (only pitch)
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CHAPTER 4

LONGITUDINAL STABILITY ANALYSIS

4.1 Introduction

In this chapter, first trimmed flight conditions of the tilt-duct VTOL UAV
for straight, wings level flight are presented. Only longitudinal motion is
considered. Thus, equilibrium equations corresponding to axial force, vertical force
and pitching moment are sufficient for the analysis. Three flight modes of the
aircraft are investigated; hover, transition and cruise flight mode. Then, solution
method, employed to find necessary trim conditions, is presented. Trim conditions
obtained are tabulated. Then, longitudinal stability analysis is carried out at these

trim conditions.

Trim in flight mechanics means steady flight conditions. Thus, the
derivatives of the translational velocities must be zero. This means that the
resultant force acting on the aircraft is zero. Additionally, derivatives of the
rotational rates must also be zero. This means that the resultant moment acting on

the aircraft is zero.
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4.2 Longitudinal Trim Flight Equations
4.2.1 Hover mode

During hover, there will not be any aerodynamic forces acting on the lifting
and control surfaces. Main forces acting on the system are due to gravity and thrust
force generated by the propellers. Assuming that roll and yaw moments as well as

side forces are already balanced; longitudinal accelerations must be equal to zero.

In this mode, the duct angle and exit guide vane angle, in the absence of
yawing moments, will be 90°, and the pitch attitude will be 0°. The trim flight
condition is achieved simply, by adjusting the throttle settings to keep the aircraft

in hover mode. These equilibrium equations may be written as follows,

X =(Ty + T, )cos u —mgsind = 0
Z=—(1, +T,)sin u ~ Ty sinn + mgcos@ = (I} + T, + T3 )+ mg (4.2.1)
M=(1y +T,)ly sin u=T3 I sing = () +Ty) Iy cos = (T3 + T, Jy — T3l

4.2.2 Cruise mode

In this mode, aerodynamic forces and moments are present. These forces
are usually in the stability axis system. Consequently, this axis system is used.
Then, the following equilibrium equations may be written.

X, =T"S87 cosa—mgsin(f —a)-0SCp
Z, =-T"87 sina+mgcos(f—a)-0SC, (4.2.2)
M=-T"571; +(0ScC)y,

where, «, is the angle of attack, 7™, is the total static thrust, 57" is the throttle
setting of the main propellers, Q is the dynamic pressure, S is the wing area, c is
the chord length, Cp, C; and C,,, are aerodynamic drag coefficient, lift

coefficient and pitching moment coefficient, respectively. These aerodynamic

coefficients are calculated as follows: [22]
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Cp=Cp, +kC]
CL =CL° +CLaa (42.3)

Gr=G ¥ 24 B (G 04 Go )

In these equations, ¥ is the total velocity, &,is the elevator deflection.

These coefficients are obtained from the Advanced Airplane Analysis (AAA)
program [17]. However, since straight flight condition is assumed, contributions
from dynamic derivatives will be zero in the lift coefficient, C;, and in the
pitching moment coefficient, C;, (i.e. ¢=0, & =0). For straight wings-level

flight at constant altitude, flight path angle will be zero.

The total thrust is the combined thrust forces generated by the left and right
propellers. Additionally, the magnitude of the thrust force generated by the
propellers depends on the speed of the aircraft. For this, following formulation is

used.

T" =(T1 +T5) pax —~UA 4.2.4)
. ’ ’ . oT .
where, U is the usual airplane velocity along x, axis, and A = 3T is a constant

indicating the reduction of thrust from its static value in forward flight. In trimmed
flight, the resultant forces and pitchjng moment, X, Z., M shall be zero.

4.2.3 Transition mode

Transition mode is a mixture of the cruise flight and hover modes. Thus the

following force and moment equations may be written.

X, =T"5F cos(u+a)—mgsin(@ - a)-T?6F sinnsina — 9SCp,

Z, =-T™5" sin(u+a) - T*5f sinncosa + mgcos(@ —a)— OSC,, (4.2.5)
M=T"6F lisinu—T45F lysinn~T"87" I3 cos u+QScCyy

where,
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T = (T} +Ty) o — AU cos
Tta =(T3) max

(4.2.6)

and, 67, and 87, represent the throttle setting of the main and aft propellers,

respectively.

In this case, aerodynamic coefficients will be different than those calculated
for the cruise mode. However, the main difference would be in the drag
coefficient, Cp;. This is due to the tilting duct system. A simplified model is
employed. Thus, the value of drag coefficient is interpolated between the duct full
up position and cruise flight position. Duct full up position is simply calculated
using a component build up approach by adding the drag of a cylinder to the
aircraft drag of the cruise flight by using x value.

Cpi=Cp+xsinu 4.2.7)

Again for trimmed flight, components of the resultant forces in the stability

axis system, X, Z,, and pitching moment M must be zero.

4.3 Method of Solution

As discussed in Section 4.2, solution of a trimmed flight problem requires
the solution of a set of non-linear equations containing quite number of variables,
with physical constraints on them. Such problems are usually solved by using
optimization techniques [23]. A similar approach is taken here. In all cases the

following cost function is used:

FX)=X?+Z%+M? (4.3.1)

where, X, Z represent the resultant axial, vertical forces, respectively and M
represents the resultant pitching moment. Then, the optimization problem is posed

as follows,
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find x such that
min f(x)
g(x)<0
h(x)=0

4.3.2)

The vector of optimization parameters, x, are throttle settings, duct and exit
guide vane angles, aircraft velocity, pitch attitude, elevator deflection, angle of
attack, etc. Bounds on all these optimization parameters may be specified.
Especially for cruise flight and transition flight modes, equality constraint on total
velocity, altitude, etc., may be employed.

All the programming is done in the Matlab environment [24]. A
constrained optimization routine, from Matlab Optimization Toolbox is used. The
Matlab subroutine, “constr”, is a quasi Newtonian gradient type algorithm, and it is
possible to specify upper and lower bounds on selected optimization parameters, as
well as to specify equality constraints [25].

A different cost function may also be used to obtain the trimmed flight
conditions, as following.

F(x)=V?+10042 +104° (4.3.3)

where the coefficients are selected in order to balance the relative magnitude of
each component in the cost function. The related non-linear longitudinal flight
mechanics equations for the cruise mode are given below.

, _T™67 cosa—0SCp

14 —gsin(f —a)

m

4o ~T™S87 sina —QSC; +m(Vq + g cos(f — a))
c
V+Q0SC;, —
m OSCr 4 %

4.3.4)
q. - QSCCJM - Tm5;'1[3

f=gq
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Similar non-linear equations for the transition mode which includes aft

throttle effect and modified drag force due to the tilt mechanism are,

_A{T" 57 cos(u+a)~T?87 singsina — OSCp; }
m

14 —gsin(@-a)

G {~T"SF sin(u+a)-T°5f sinncosa— OSC; +m(Vg + gcos(d — a))}
c
V+0SC;, —
mV +0S8C; ; 7

(4.3.5)

{T"S7 L sinu~T"67 1, cosu—T?S571, sing+QScCyy}

1y

b=q

4.4 Linearized Longitudinal Equations

In this section, longitudinal stability of the aircraft is analyzed using
linearized equations. Since trim conditions imply equilibrium, in each case

corresponding trim flight conditions are used for linearization [23].

The equation sets, Eqn. (4.3.4) and Eqn (4.3.5) are linearized by using
small variations from steady flight conditions. Thus, all the variables in the

nonlinear equations of motion are replaced by an equilibrium value plus a

disturbance or perturbance,
V=V,+7, a=a, +&, 0=6,+6, 9=q.+7
57'31 ___5;2;_'_575'1, 5ﬁ=5;‘r'e+gra, 5e=5ee+ge

(4.4.1)

where the subscript e implies equilibrium value and “~” implies variation from

equilibrium. Then, the linearized equations in cruise flight mode are,
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I7=afV| 7+6f,,| ’”+afV, g + afVl SF + ¥y 58
v, oal, 06|, asp| ' asf
&'=a.fal ~+afa| &_I_cy‘al a+afa| §+ afd ~77‘n+@‘a ~Yg
c?=af"| r7+af'*l a+5f"| Zj+af—q 5+ s o5+ Yy 5F
6V|e 6a|e aq|e as,|, ° asp 058
g=gq

(4.42)

where f,, f,, f, indicates the right hand side of the first three equations, given in

Eqn. (4.3.5).

Since the obtained linearized equations are quite lengthy, they are not
presented. The linearized longitudinal equations for the cruise mode may also

derived in the similar manner by using the equations given in Eqn. (4.3.4).

4.5 Results and Discussion

4.5.1 Hover mode

From Eqn. (4.2.1), and using cost function given in Eqn. (4.3.1) in the trim
program developed, the following trim flight conditions for the hover mode are

obtained:

57y=0.696, 55,=0.7306, 4 =90°, 7, =90°, 8, =0°

Hover mode takes place under the effect of thrust forces generated by the
propellers. Since the thrust forces from main and aft propellers have a fixed
direction with respect to the aircraft, we have a follower force problem. Thus, if

the aircraft is disturbed for example in a pitch up manner, the disturbance can not
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be restored. For this reason, this mode is unstable. A stability augmentation
system is needed. All three engine throttles shall be controlled during the hover

mode.
4.5.2 Cruise Mode

Using Eqn. (4.2.2) and cost function given in Eqn. (4.3.1), trimmed flight
conditions are obtained. In the program, flight altitude is specified. In this flight
mode, duct angle, u is equal to 0°. Exit and inlet guide vanes are closed. Cruise
flight velocity is imposed as an equality constraint. The trim program calculates
remaining trim flight parameters. The following nominal cruise flight conditions

are specified as follows,

Vo =45 m/s, h=2000 m
where ¥ is the nominal cruising velocity of the aircraft. Corresponding trim flight

parameters are found,
a, =3, 6,=3 5, =-0.09°, 5, =0.263

Using Eqn. (4.2.2) and cost function given in Eqn. (4.3.3) gives
approximately same trim flight conditions.

The nonlinear cruise flight equations, Eqn. (4.3.4) are linearized by using
the equations given in Eqn. (4.4.2) about the above trim conditions to obtain state

space representation of the system as follows,

7| [-o1011 38038 0  -9.81]F 0 53008
&|_|-00095 -17936 0992 0 |&| | 0  -0062 [Ee}
5| | 00249 -54654 -19242 0 |7 | |-24764 -2.4985| 85
g 0 0 1 0 |4 0 0

From these linearized equations, the following eigenvalues are calculated,
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The undamped natural frequency, @, ; damping ratio, ¢ ; period, T; time

and number of cycles to half-amplitude are tabulated in Table 4.1.

A, =—1.869 +2.3209i

Short Period Mode

4 4 =—0.040462 + 0.32418i Long Period (Phugoid) Mode

Table 4.1 Longitudinal characteristics for specified eigenvalues

Type of mode | @,, (rad/s) | & T (s) Time (s) # of cycles
Short Period | 2.98 0.627 | 2.707 |0.37 0.137
Phugoid 0.327 0.124 | 19.38 17.05 0.88

Other trimmed flight conditions are also specified and related trimmed
flight parameters given in Table 4.2 are found. Corresponding eigenvalues are

listed in Table 4.3.

Table 4.2 Trimmed flight parameters for various conditions

#ofset | Vo (/s) | ho(m) | @ (deg) | b (deg) | 7, | O, (deg)
Setl |38 1500 [ 5.33 5.33 0.195 |-0.8
Set2 |35 1200 | 6.62 6.62 0.177 |-1.23
Set3 |32 1000 | 8.42 8.42 0.165 |-1.84

Table 4.3 Eigenvalues calculated from linearized equations at trimmed

flight conditions given in Table 4.2.

# of set | Short Period Mode Long Period (Phugoid) Mode
Set 1 -1.6684 + 1.9984i -0.0313 + 0.3658i
Set 2 -1.5891 + 1.865i -0.0276 + 0.3912i
Set 3 -1.4918+ 1.713i -0.0238 + 0.4226i
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It can be scen from the above eigenvalues, the linearized longitudinal
equations are stable. The tilt-duct VTOL UAV behaves in a classical manner with

easily observable short period and phugoid modes.
4.5.3 Transition Mode

Using Eqn. (4.2.5) together with cost function given in Eqn. (4.3.1), various
transition mode trimmed flight conditions are obtained at different forward
velocities. In the following, flight conditions are listed. Flight altitude, exit guide
vane angle, are all taken the same. Flight altitude, /¢ is taken as 1000 m and exit
guide vane angle, 7, is taken as 90°. Here, transition is taken account as tilting
ducts from 90 ° (hover flight mode) to 0° (cruise flight mode). Aircraft velocities
from 0.1 m/s to 31 m/s, are specified as equality constraints and remaining

parameters are calculated by the program written in Matlab.

Since there are many parameters to optimize, it is decided to impose some
constraints on certain variables. For this purpose, two cases are proposed. Case 1
considers a linear variation of the duct angle with aircraft velocity. On the other
hand, Case 2 proposes a constraint between the main throttle setting and the

aircraft velocity. These cases are presented under separate headings below.
e Casel
The linear constraint on the duct angle as a function of aircraft velocity,

shown in Figure 4.1 is imposed and the corresponding trim data is obtained and

given in Table 4.4.
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Figure 4.1 Linear constraint imposed on duct angle

Table 4.4 Trim data found together with the linear constraint imposed on the duct
angle given in Figure 4.1

Vo (is) | 67 | 68 | #o (deg) | aq (deg) | bo (deg) | S, (deg)
0.1 0.701 | 0.689 | 88 1.781 1.781 -1.7
1 0.708 | 0.64 85.52 3.84 3.84 -5
2 0.716 | 0.573 | 82.76 6.51 6.51 -1.42
3 0.722 | 0.511 | 80 9 9 -5
4 0.727 0416 |77.24 11.46 11.46 -4.4
5 0.728 [ 0.375 | 74.48 14 14 -5.73
6 0.727 10.279 | 71.72 16.37 16.37 2.2
7 0.717 {0.225 |69 18.26 18.26 -5.8
8 0.706 |0.118 | 66.2 20.6 20.6 -3.5
9 0.68 0.1 63.5 22.5 22.5 -7.5
10 0.65 0.048 | 60.7 23.76 23.76 -8.2
11 0.6 0.099 |57.9 25.7 1257 -13
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Table 4.4 Trim data found together with the linear constraint imposed on

the duct angle given in Figure 4.1 (cont’d)

12 0.57 ]0.005 |55.2 26 26 -10.2
13 0.526 |0.005 |[52.4 273 27.3 -11
14 0.48 |0.03 |497 27.2 27.2 -11.5
15 0.438 | 0.005 |46.7 27.1 27.1 -10.5
16 0.398 10.095 |44.2 25.4 254 -12
17 0.361 |0.045 [41.4 24.6 24.6 -10.2
18 0.335 |0.07 |[38.6 22.9 22.9 -9.75
19 031 |0.005 |35.7 222 22.2 -8

20 0.289 |(0.058 |33.1 20.5 20.5 -8

21 0.272 {0.062 |30.3 19.2 19.2 7.3
22 0.258 | 0.036 |27.6 17.8 17.8 -6.3
23 0.246 |0.062 |24.8 16 16 -5.7
24 0.235 [ 0.015 |22 15.5 15.5 -5

25 0.225 [0.054 {193 14.2 14.2 -4.9
26 0.217 |0.028 | 16.5 13.3 13.3 -4.1
27 0.209 |0 13.8 12.4 124 -3.5
28 0201 |0 11 11.5 11.5 -3.15
29 0.193 (0 8.8 10.6 10.6 -2.8
30 0.185 |0 5.5 9.7 9.7 2.5
31 0.174 |0 2.75 9.5 9.5 -2.11
32 0.165 |0 0 8.42 8.42 -1.84

The trim flight parameters calculated above indicate that main throttle
setting initially increases with increasing speed. Then it drops as given in Figure
4.2, since aerodynamic forces and moments start to play an important role. As the
forward flight velocity is increased, the angle of attack attains large values (i.e.

trim flight condition for V= 12, 13,14 and 15 m/s). As the speed is increased

further, the angle of attack and elevator deflection are reduced towards the values

of cruise trim flight condition as shown in Figure 4.4 and Figure 4.5
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Figure 4.5 Elevator Deflection vs. Aircraft Velocity (Case 1)

The set of non-linear transition flight equations, Eqn. (4.3.5) are linearized
at the trim flight conditions tabulated in Table 4.4. The eigenvalues are calculated
to investigate the longitudinal stability during the transition. These eigenvalues, (i.e
root locus diagram) are plotted in Figure 4.6 where the longitudinal velocity is

taken as the parameter.
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Figure 4.7 Root locus diagram built by using eigenvalues (Case 1) (close-up)

The root locus diagram indicates that the tilt-duct VTOL UAYV is unstable
in the velocity interval of 0.1-16 m/s of the transition mode. When the aircraft
velocity reaches to 17 m/s, aircraft’s eigenvalues pass to the stable region. The

eigenvalues move smoothly towards the cruise flight values
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It should be stressed that trim flight equations are very nonlinear in all
cases. The optimization routine used is a gradient type local algorithm.
Consequently, it can not be concluded that for a given flight condition, the
obtained parameters are the only ones that satisfy the corresponding trim condition.
However, since bounds on optimization parameters are imposed, and calculated

parameters are physically reasonable, these results may be claimed to be

acceptable.

o (Case?2

As a next step, instead of a constraint on duct angle, constraints on the
aircraft main throttle settings as shown in Figures 4.8 and 4.9 are imposed.
However, with these constraints trim conditions could not be obtained since
imposed values for main throttle setting are not large enough to achieve trimmed

flight at the velocities in question.
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Figure 4.8 Main Throttle Setting vs. Aircraft Velocity, initial value=0.701
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Then, a piecewise continuous constraints on the main throttle setting,
shown in Figure 4.10, is imposed and the corresponding trim data, given in Table
4.5, is obtained.
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Table 4.5 Trim data obtained together with piecewise continuous linear constraint

imposed on throttle setting, given in Figure 4.10.

Vo (m/s) | 6% | 68y | #o (deg) | a4 (deg) | G (deg) | &, (deg)
0.1 0.701 |0.692 | 88.1 1.67 1.67 -5
1 0.706 |0.654 |86.3 3.27 3.27 -3.5
2 0.710 |0.618 |84.7 4.74 4.74 4.6
3 0.715 |0.566 | 82.4 6.78 6.78 -4.3
4 0.720 |0.498 | 79.5 9.35 9.35 4.4
5 0.724 |0.409 |76 12.5 12.5 -4.6
6 0.728 |0.264 | 70.5 17.6 17.6 4.2
7 0.706 |0.409 |76 11.9 11.9 4.25
8 0.684 |0.553 |79 8.6 8.6 -10
9 0.663 |0.704 |81.5 6 6 -14.7
10 0.641 |0.767 |79.5 7.1 7.1 -19.34
11 062 |021 |63 21.2 21.2 -11.9
12 0.598 |0.177 |62.9 20.5 20.5 9.3
13 0.576 |0.158 |63 19.5 19.5 -7.6
14 0.554 |0.505 |67.5 14.1 14.1 -13.2
15 0.533 |0.655 |68.7 12 12 -14.5
16 0.511 |{0.781 |69 10.5 10.5 -15.35
17 0.489 [0.15 |62 15.4 15.4 -5.2
18 0.468 |0.489 |63.5 12.32 12.32 9.6
19 0.446 [0.399 |[61.2 12.43 12.43 -8
20 0.425 |0.516 |60 11.35 11.35 -9
21 0.403 |0.653 |58.4 10.17 10.17 -10
22 0.381 |0.15 |53.1 12.38 12.38 -4.7
23 036 |0.243 |50.1 11.57 11.57 5.5
24 0.338 [0.174 | 46 11.46 11.46 4.8
25 0316 | 0244 |412 11 11 -5.25
26 0.295 |0.685 |36.8 9.34 9.34 -8.3
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Table 4.5 Trim data obtained together with piecewise linear constraint

imposed on throttle setting, given in Figure 4.10 (cont’d)

27 0.273 | 0.549 |30 9.46 9.46 -7

28 0.252 0392 | 235 9.57 9.57 -5.5
29 023 |0.15 16.8 9.74 9.74 -3.6
30 0.208 |[0.031 |[10.7 9.5 9.5 -2.7
31 0.187 |0.02 5.2 8.67 8.67 -2.3
32 0.165 |0 0 8.4 8.4 -1.84

The trim flight parameters calculated above indicate that duct angle changes

in a nonlinear fashion with increasing aircraft velocity, as shown in Figure 4.11.

Additional nonlinearities on the aft throttle setting, angle of attack and elevator

deflection are observable from Figures 4.12-4.14. It is very difficult to operate the

aircraft in such a nonlinear transition mode.
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However, the set of non-linear transition flight equations, Eqn. (4.3.5) are
linearized at the various trim flight conditions given in Table 4.5. The eigenvalues
are obtained to investigate the longitudinal stability during the transition trim
flight. These eigenvalues, (i.e root locus diagram), are shown in Figure 4.15.
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Figure 4.15 Root locus diagram built by using eigenvalues (Case 2)
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The root locus diagram indicates that the tilt-duct VTOL UAYV is unstable
in the velocity interval of 0.1-17 m/s of the transition mode. When the aircraft
velocity reaches to 18 my/s, the aircraft’s eigenvalues pass to the stable region. The
eigenvalues move smoothly towards the cruise flight values as can be observed

from the plot.
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CHAPTER 5

AUTOMATIC FLIGHT CONTROL SYSTEM

5.1 Introduction

The evolution of modern aircraft created a need for power driven
aerodynamic control surfaces and automatic control systems. In addition, the
widening performance envelope created a need to augment the stability of the
aircraft dynamics over some parts of the envelope. In general, aircraft envelope
covers a very wide range of dynamic pressure. For example, in the landing phase
the dynamic pressure may have low values where as at higher speeds it has higher
values. Large variations in the dynamic pressure cause correspondingly large
variations in the coefficients of the dynamic equations. Other factors also
contribute to changes in the aircraft dynamics. These factors involve Mach
number, aerodynamic angles and changing mass properties due to different
payloads and fuel loads [23].

Because of the large changes in aircraft dynamics, a dynamic mode that is
stable and adequately damped in one flight condition may become unstable or at
least inadequately damped, in an another flight condition. A lightly damped
oscillatory mode makes it difficult for the pilot to control the trajectory precisely.

These problems are overcome by using feedback control to modify the aircraft
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dynamics. The aircraft motion variables are sensed and used to generate signals
that can be fed into the aircraft control-surface actuators, thus modifying the
dynamic behaviour. This feedback must be adjusted according to the flight
condition. This adjustment process is called “gain scheduling”. In its simplest
forms, it involves only changing the amount of feedback according to a

predetermined schedule [23].

A main problem in the design of systems with gain scheduling is to find
suitable scheduling variables. This is normally done by taking knowledge about the
physics of the system as a base for the operation. The concept of gain scheduling
originated in connection with the development of flight control systems. In flight
control system applications, generally the Mach number and the dynamic pressure
are measured by air data sensors and used as scheduling variables. Figure 5.1

shows the gain scheduling scheme.

In the case of low-performance aircraft with relatively narrow envelopes
and control surfaces that are not power driven, an unsatisfactory dynamic mode
must be corrected by modifying the basic design. As in the case of the high
performance aircraft, this requires an understanding of the dynamic modes and

their dependence on the aerodynamic coefficients and stability derivatives [23].

Regulatjng Parameters Gain Schedule %erating Conditions

Command Signal
Regulator Control Signal > Process Output (y)
> ® >

Figure 5.1 Gain Scheduling Scheme [26].
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5.2 The Functions of Automatic Flight Control Systems

The description and analyses carried out on aircraft modes, which are given

in the literature show that they can be divided into two different categories.

First category contains modes that involve mainly the rotational degrees of
freedom, such as the short period, roll subsidence and dutch-roll modes. Second
category contains the modes that involve flight path changes such as phugoid (long
period) and spiral modes [21].

The frequencies of the modes belonging to the first category tend to be
sufficiently high that a pilot would find it difficult or impossible to control the
aircraft if the modes are lightly damped or unstable. Thus, it is necessary to provide
automatic control systems to give these modes suitable damping and natural
frequencies. Such control systems are called as “stability augmentation systems”
(SAS). The inherent stability of an airplane depends upon the aerodynamic stability
derivatives. The magnitude of them affects both the damping and frequency of the
longitudinal and lateral-directional motions. The stability derivatives are the
function of the aircraft’s aerodynamic and geometric characteristics. For a
particular flight regime it would be possible to design an aircraft to possess
desirable flying qualities. If the augmentation system is intended to control the
mode and to provide the pilot with a particular type of response to the control
inputs, it is called as “control augmentation system” (CAS) [21,23].

There is another class of flight control systems called “autopilots”. The
autopilots are used for establishing and maintaining desired flight conditions. Once
the autopilot is engaged, it continues to hold these flight conditions without further
intervention from the pilot. Autopilots are commonly used for maintaining pitch
attitude, altitude, Mach number, altitude, prescribed glide slope during approach
and landing, etc. The principal element of an autopilot is sensing element called

gyroscope (gyro). It may be positional gyro or a rate gyro. Whenever, there is a
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deviation from the preselected condition, the gyro senses the change and generates
electrical signals, which are amplified and are used to drive the servo devices that

move the appropriate control surfaces in the desired manner [21,23].

The common types of SAS, CAS and the autopilot functions are tabulated
in Table 5.1.

Table 5.1 The common types of SAS, CAS and autopilot functions [23]
SAS CAS Autopilots
Pitch Damper | Pitch Rate Pitch Attitude (Displacement) hold

Yaw Damper | Normal acceleration | Altitude hold, Mach hold
Roll Damper | Roll Rate Automatic landing, Bank angle hold
Lateral-directional Turn coordination, heading hold/VOR hold

53 The Flying Quality Requirements

The control system design can only be performed satisfactorily if a set of
design requirements or performance criteria is available. In the case of control
systems for piloted aircraft generally applicable quantitative design criteria are very
difficult to obtain. The reason for this is that the ultimate evaluation of a human
operator control system is necessarily subjective and, with aircraft, the pilot
evaluates the aircraft in different ways depending on the type of the aircraft and
phase of flight [20,21,23]. '

Also, pilot opinion is influenced by such factors like weather conditions,
stick force gradients, visibility, design and layout of cockpit controls, physical and
emotional condition of the pilot, etc. In view of such widely varying factors that
can affect pilot’s opinion, it is usual to conduct several tests over many flights and

many pilots and take an average of all the test results.
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The Cooper-Harper scale is a systematic method of quantifying these test

results. It assigns three levels to describe the flying qualities of an airplane as
follows [21].

Level 1: Flying qualities adequate to accomplish the mission flight
phase.

Level 2: Flying qualities adequate to accomplish the mission flight
phase when some increase in pilot workload or degradation in mission
effectiveness exists or both.

Level 3: Flying qualities such that the mission can be controlled
safely, but pilot workload is excessive or mission effectiveness is

inadequate or both.

The flight phases is divided as follows, where Category A flight phases can

be terminated safely, and Category B and C flight phases can be completed.

Category A: Nonterminal flight phases that require rapid maneuvering,
precision tracking, or precise flight path control. Air-to-air combat,
ground attack, weapon delivery and launch, aerial recovery, in flight
refuelling (receiver), terrain following, close formation flying are
included in this category.

Category B: Nonterminal flight phases that are normally accomplished
using gradual manoeuvres and without precision tracking, although
accurate flight path control may be required. Climb, cruise, loiter, in
flight refuelling (tanker), descent, aerial delivery, emergency
deceleration and etc are included in this category.

Category C: Terminal flight phases are normally accomplished using
gradual manoeuvres and usually require accurate flight path control.
Takeoff, catapult takeoff, approach, landing are included in this
category.

The aircraft are classified as follows.
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e Class I: Small, light aircraft, such as light utility, primary trainer and
light observation aircraft.

o C(Class II: Medium-weight, low-to-medium maneuverability airplane,
such as heavy utility/search and rescue, light or medium
transport/cargo/tanker, reconnaissance, tactical bomber

e Class III: Large, heavy, low-to-medium maneuverability aircraft such as
heavy transport/cargo/tanker, heavy bomber.

e Class IV: High maneuverability aircraft, such as fighter/interceptor,

attack, tactical reconnaissance.

Extensive research and development activities have been conducted by
various government agencies and the civil and military aviation authorities to relate
the Cooper-Harper flying qualities to physical parameters like the frequency and
damping ratio of the oscillatory motions of the aircraft. The military specifications
MIL-F-8785C, used also for civilian aircraft are as follows and used in this
analysis. Only, the longitudinal flying qualities are presented.

e Phugoid Mode Specifications

Level I=4 > 0.04, LevelI=¢ >0, Level II=T, > 55s

In the Level III, the aircraft is assumed to have an unstable (divergent)

phugoid mode, and 7, denotes the time required for the amplitude to double the
initial value [21].

e Short Period Mode Specifications

The damping ratios of the short period mode for various levels of flying
qualities for Category A, B and C flight phases are given in Table 5.2.
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Table 5.2 Damping ratios for short period mode [21]

Cat. AandC | Cat. Aand C Cat. B Cat. B
& sp,min S sp,max ¢ sp,min § sp,max
Level I 0.35 1.3 0.3 2
Level II 0.25 2 0.2 2
Level I 0.15 No limit 0.15 No limit

The requirements on the natural frequencies of the short period mode for

category A, B, and C flight phases according to MIL-F-8785C should lie within the

limits as given in Table 5.3.

Table 5.3 Limits on o2, /(n/a) [21]

Cat. A Cat. A Cat. B Cat. B Cat. C Cat. C
min max min max Min max
Levell |0.28 3.6 0.085 |3.6 0.16 3.6
LevelII | 0.16 10 0.038 10 0.096 10
Level III | 0.16 Nolimit | 0.038 | No limit | 0.096 No limit
Where nis the load factor as given by,
2
n=L 120V7SC, (5.3.1)
w w
For linear range of angle of attack,
L (J—)szscL (5.3.2)
a (-

2w

Thus, the ratio of Eqn. (5.3.2) depends on the flight velocity and flight altitude.
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5.4 Automatic Flight Control System Design for
VTOL UAY Longitudinal Dynamics

5.4.1 Hover Flight Mode Stability Augmentation System Design

In general, in the case of some aircraft, it is desired to increase the
damping of the short period oscillation with satisfactory natural frequency or make
the mode stable. For this purpose, the pitch stability augmentation systems are

used.

First, a pitch stability augmentation system is designed for the hover mode
of the tilt-duct VTOL UAYV. The dynamic equations are written with the help of
the hover mode static equations of (4.2.1).

mu = —mgsing
mw=-T"8r —T°8F +mgcosf (54.1)
I1,,q= T"SrL ~T641,

6=g

Then, these non-linear equations are linearized using the trim conditions

presented in Section 4.5.1. Thus, the following state space model is obtained.

#| [0 0 0 —9817#u 0 0
wi (000 0 |w| [-124586 -1.5573|5m" (542)
gl lo oo o |7 -1381 -13156| 5¢
gl [0 o1 o |6 0 0
Then, transfer function between pitch rate and aft throttle setting is found,
g(s) _~—13156 (543)

5£(s) s
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The eigenvalues of (5.4.2) show that there is quadruple pole at the origin
and the system is unstable. The block diagram shown in Figure 5.2 is used in the

analysis.
Href 57"1 q 6
—» + | p + 0.14 tyf —20 151-1.3156 1 >
- Ky - s+0.14] [s+20 s s

Gi(s)  Gy(s)

K,

Figure 5.2 Block diagram for the pitch stabilization system for hover mode

where Gj(s) and G,(s)represent transfer functions for engine time lag and aft
throttle servo, respectively. Here, the time constant for the aft engine is takenas 7
s to model the engine response time. In order to select the gain, K, the root locus

diagram, shown in Figure 5.3 is constructed for the inner loop.

It is calculated from root locus diagram that, the inner loop is stable for the

following interval,

0< K, <13.9483

20
/]
15 /]
. //
5
3
8’ 0
E
) \
-10 \
45 N
N
20
25 <20 -15 -10 .5 0 5

Real Axis

Figure 5.3 Root locus diagram for inner loop
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Figure 5.4 Root locus diagram for inner loop (close-up)

There are two opportunities to select the gain, K. These are selecting X;

to get conjugate pair of complex roots or a pair of real roots. These two cases are

investigated below.

e (Casel

In first case, K| is selected as 1.4046 to get the following inner closed loop
roots.

p; =-20.013, p, =-0.0635+0.5045i, p; =-0.0635—0.5045;

After obtaining the closed loop transfer function of the inner loop, then the
root locus diagram, shown in Figure 5.5 is obtained. Finally, the gain, K, is
selected to get good flying characteristics. The stability condition on K, is given

as follows;

0<K,=<0.194
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Figure 5.5 The root locus diagram for the outer loop (Case 1)
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Figure 5.6 The root locus diagram for the outer loop (close-up)

The gain, K,, is selected as 0.0991 and the following transfer function is

obtained,

o(s) 0.36505

= (5.4.4)
Orer (8) 5% +20.145% +2.85 +5.17415 +0.36505

where the roots of the characteristic equation, i.e., the denominator of the closed

loop transfer function of (5.4.4) are stable and given as following.
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Py =-20.013, p, =—0.0719, p; =-0.0276+0.5029, p, =-0.0276—0.5029i

The unit-step response of the system, shown in Figure 5.7 is satisfactory.

1.4

1.2

1 A[\/VVVV
0.8 /
AV

0.8

Qutput

0.4

0.2

(]
0 50 100 150 200 250 300 350 400

Time [s]

Figure 5.7 The unit-step response of the system (Case 1)

Then, the linear simulation is performed in Matlab-Simulink environment.
The model is given in Figure 5.8. There is an initial 0.2 rad/s disturbance on pitch
rate given to the system. It means, there is a disturbance of this magnitude on the

pitch rate trim value. Also saturation limits, +0.25~-0.25 is imposed on aft throttle

signal.
(-
Theta
— >+ 0.14 20 T 1
_ P — P> = >~
s+0.14 s+20 S 5
Sum G1(e G2(9 Saturation Num1 Integrator2 Integrator
p| ]
Aft Throttle
K1
K1 .__’E
<I< q
K2
K2

Figure 5.8 Linear simulation model for hover mode
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The graphics obtained for pitch attitude and pitch rate are given in Figure
5.9.

Since the system is a lightly damped, (£ = 0.055), oscillations are observed
in the graphics. This effect is mainly due to the sluggish behaviour of the aft

engine. The peak values are reasonable and the variables converge.

e (Case?2

In the second case, K is selected to have real double root at p =-0.07
(K, =0.0265). This gain led a large stability interval for X, which may be
observed from Figure 5.10 and Figure 5.11.

@)

40
T 20
s U
% 0 A A V/\VAVA il
I
-20
0 50 100 zg)o 200 250 300
0.2
)
E A
: vvuvvv
=
£
o
0.2
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Figure 5.9 Response of the system to an initial 0.2 rad/s pitch rate disturbance
(Case 1 K, =1.4046, K, =0.0991)
a) Pitch Attitude b) Pitch Rate c) Aft Throttle Setting
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Figure 5.10 The root locus diagram for the outer loop (Case 2)
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Figure 5.11 The root locus diagram for the outer loop (close-up) (Case 2)

The second gain, K,, is selected as 0.0005525. Then, the damping

coefficient of the overall closed loop system becomes 0.6 and, the following

transfer function is obtained,
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6(s) _ 0.00203

=— 3 > (5.4.5)
Orer (5) 5% +20.145° +2.85% +0.097618s +0.00203

where the roots of the characteristic equation, i.e., the denominator of the closed

loop transfer function of (5.4.5) are stable and given as following.

p1 =—-20.0002, p, =—0.1016, p3 =—0.0191+0.0253{, p, =-0.0191—0.0253

The unit-step response of the system, shown in Figure 5.12 is satisfactory.
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Figure 5.12 The unit step response of the system
(Case 2, K; =0.0265, K, =0.0005525)

Finally, by using the same model, given in Figure 5.8, but changing the
feedback gains, the graphics, given in Figure 5.13 are obtained.

From this simulation, it may be observed that, the pitch attitude attains
unfeasible values as shown in Figure 5.13 (a). Thus the design is not acceptable.
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Then, the second gain, K, is selected to obtain overall closed loop system
having relatively low damping ratio. K, is found to be equal to 0.0017 where the

damping ratio is equal to approximately 0.2. The following closed loop poles are

obtained and the unit step response of the system is given in Figure 5.14.

p1=-20, py =—0.1209, p3 =—0.0094+0.05i, p, =-0.0094—0.05i
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Figure 5.13 Response of the system to an initial 0.2 rad/s pitch rate disturbance
(Case 2 K| =0.0265, K, =0.0005525)

a) Pitch Attitude b) Pitch Rate c) Aft Throttle Setting
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Figure 5.14 The unit step response of the system
(Case 2, Low damping, K; =0.0265, X, =0.0017)

Using these new feedback gains, (KX; =0.0265, K, =0.0017), linear

simulation with the same conditions mentioned before is performed. However, the

simulation results again showed very large values for pitch attitude.

5.4.2 Transition Flight Mode Stability Augmentation System Design

The transition flight regime covers aircraft velocities from 0.1 m/s to 32
m/s where the duct angle changes from full up to full forward position gradually as
described in the previous chapter. During this time the aircraft performance is quite
unsatisfactory. For example, from 0.1 m/s to 16 m/s the aircraft is unstable. Above
this velocity the aircraft is poorly damped. At low forward velocities, the pitching
moment created by the elevator is not sufficient. Thus, aft propeller shall be used.
On the other hand, at high velocities the elevator shall be the main instrument to
control the longitudinal dynamics. Thus, the control authority shall pass from aft
engine control to elevator control as the forward velocity increases. Similarly, the

reverse shall happen in the landing phase of this tilt-duct VTOL UAV.
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A pitch stability augmentation system, shown in Figure 5.15 is initially
proposed. The system requires the measurement of angle of attack, pitch rate and
pitch attitude. The angle of attack sensor is small wind vane mounted on the side of
the aircraft forebody. The signal from this kind of a sensor is often noisy and the
noise filter is needed to reduce noise strength. In the second inner loop, the pitch
rate is measured by a rate gyro. Finally pitch attitude measurement requires an

integrating gyro.

To design the stability augmentation system for the transition flight regime,
the structure given in Figure 5.15 is used. For each velocity, related transfer
function is used and root locus analysis with sequential loop closing is performed
to obtain corresponding feedback gains. This analysis did not yield satisfactory
results. Thus, a full-state variable feedback design is used.

ere —> Engi o7 & q 6
) gine | | Throttle |~7] 4
—‘ M p-| Amplifier j. P Time Lag Servo la/5Ta gl/a »1/st»
Alpha Noise
SAS Sensor Filter
Rate
Gyro

—{  Integrating Gyro |

Figure 5.15 Block diagram of pitch stability augmentation system (SAS) for
transition mode

For state variable feedback design, all four longitudinal states, aircraft
velocity, angle of attack, pitch rate and pitch attitude must be available. The air-
velocity is usually measured by a pitot-static sensor, pitch rate and attitude are
measured by rate and integrating gyro, respectively, and the angle of attack is

measured by a vane-type angle of attack sensor.
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Using the states mentioned full state variable feedback with eigenvalue
assignment technique is applied. For this purpose, the following eigenvalues that
yield good handling qualities (Section 5.3) are selected for short period mode.

Ay =-32224i (5.4.6)

These roots have a damping ratio of 0.8 and a natural frequency of 4 rad/s for the
short period mode corresponding to Category B-Level I short-period flying
qualities. For the phugoid mode,

234 =-0.0181+0.1196i 5.4.7

are selected. These roots have a damping ratio of 0.15 and a natural frequency of
0.121 rad/s, giving good Category B-Level I phugoid flying qualities. With these
short period and phugoid roots, the following characteristic equation may be

constructed,

s* +6.4362s> +16.246352 +0.6728s + 0.2341 (5.4.8)

In full-state feedback design, the closed loop poles are assigned to the

desired poles. The system, given in the state space form,

%=Ax+Bu, xeR* , uekR" (5.4.9)

y=Cx, yeR"

where x=[V o ¢ 6]and u= [5e 574] In the velocity interval of 0.1 m/s to 15

m/s, the most effective input is aft throttle setting. Over this velocity, elevator input
shall be preferred. For each discrete velocity, 4 and Bmatrices are obtained. For

example, the following A4 and B matrices are written for 7. = 0.1 m/s,
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—-0.0006 0.0044 0 -9.81
-0.409 —-0.0022 0.9919 0

- (5.4.10)
Z0.0004 —0.0000385 —0.00472 0
0 0 1 0
0 -0.0484
go| 0 14 (5.4.11)
~0.0001 —1.2973
0 0

For the purposes of the eigenvalue assignment, we will assume that there is

only one controller, i.e. u = [57‘3 ] and express the given plant in the phase variable
(controllable canonical) form by taking only the second column of B matrix given
in Eqn. (5.4.11). The advantage of this transformation is that the elements of the
last row of a matrix in phase-variable form are the coefficients of the characteristic
equation. Then, the full-state feedback design is done in the transformed space, and
finally, an inverse transformation is made to obtain the state feedback law in the
original state space [21].
The given plant is expressed in the phase variable form as follows [21],

t=A,Z+B,u (5.4.12)

where zis a new state vector and matrices 4,and B, are in the phase-variable

form and are defined as,
z=Px
-1
A, =PAP (5.4.13)
B,=PB

The transformation matrix, P is constructed as follows,

i) Obtain the state-controllability matrix, O, given by,

0.=[p 48 4B 4B] (5.4.14)

ii) Form the matrices, P, Py, P; and P, as follows,

A=[0 0 o 1o
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P,=PA, P,=PA*, P, = R4 ' (5.4.15)

P=[n P P PR]

Then, the matrices 4,and B, are found by substituting (5.4.14) and (5.4.15) into

(5.4.13).
0 1 0 0
0 0 1 0
4, = 5.4.16
? 0 0 0 1 ( )
—-0.000146 0.00379 -0.00187 -0.0075
0
0
B,= 0 (5.4.17)
1
The input with full-state feedback in the transformed system is,
u=-Kz (5.4.18)
where K is given by,
K=[k, ky ks k4] (54.19)
Then,
2=(4,-B,K) (5.4.20)
and,
2 0 1 0 0
| 0 0 1 0
23| 0 0 0 1

z,| |—(0.000146+k) —(-0.00379+k,) —(0.00187+k;) —(0.0075+%k,)

Z
Zy

X (5.4.21)
Z3

24

The characteristic equation of this transformed phase-variable form is,
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s* +(0.0075+ k4 )s> +(0.00187 + k3)s? +(~0.00379 + ky )s +(0.000146 + k; ) = 0
(5.4.22)

After equating the coefficients of Eqn. (5.4.8) and Eqn. (5.4.22), the

following gains are obtained,
k1=0.23395 k2 =0.6766 k3=16.2444 k4 = 6.4287
Then, the desired full-state feedback control law is,
u=-KPx (5.4.23)
This procedure can be repeated for other velocities and necessary feedback
gains may be calculated. Then, using the forward velocity as a parameter, the gains

required for the flight condition may be interpolated.

The following graphics are obtained for %;, k,, k3, and k,.
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Figure 5.16 k; vs. Aircraft Velocity

93



k2

) N
>

0 \\
0.2
0.4
0 $ 10 15 20 25 30

Aircraft Velocity [m/s]

Figure 5.17 k,vs. Aircraft Velocity

£ 12 \
; N\

N

10 \
: N

0 5 10 15 20 25 30
Alreraft Velocity [mi/s]

Figure 5.18 k3 vs. Aircraft Velocity

8.5

NEEAN

~

,. N

3.8

k4
)

N

[ L 10 18 20 25 30
Aircrat Velgcity (m/s)]

Figure 5.19 k, vs. Aircraft Velocity

94




Note that the transformation matrix depends on the input matrix B, which is
different whether elevator or aft engine is used. Furthermore, since the control
cannot be switched from aft throttle setting to elevator instantaneously, a blending
between these two inputs is necessary especially in the neighbourhood of forward
velocity of 15 m/s. In this application, the blending technique is proposed
throughout the transition flight regime.

e Blending of Controls

For this purpose, a new input, which is the linear combination of elevator
deflection &, and aft throttle setting, & . Then,

5, =V (5.4.24)

58 =(1 —Vi)tl (5.4.25)

where, Vis a blending coefficient defined as follows.

V=0 0.1sV <5
V, =4{V; =-0.00333372 +0.15V - 0.66667 6<V <19} (5.4.26)
Vv, =1 20<V <32

o o
[ [

Blending Coefficient

o o
N 3

0 5 10 15 20 25 30 35
V [mis]

Figure 5.20 Changing of the blending coefficient with aircraft forward velocity
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Then, by using Eqn. (5.4.24) and Eqn. (5.4.25), the input matrix becomes,

X1 N
...... 4| ¥ 2 sz (5.4.27)
x3 Y3 0r
X4 V4
X1 N
v
...... L2 2[ ! j'[ul] (5.4.28)
x5 y3|1-V;
X4 V4

For each forward velocity not only column x and y in the above matrix
change, but blending coefficient, V, changes as well. The new input matrix, B is
different. But, feedback gains in the transformed domain remain the same (Fig.
5.16-Fig. 5.19). However, the transformation matrix, P depends on the input

matrix and is different for each forward velocity.

In order to verify the control system designed by using eigenvalue
assignment and blending technique described above, linear simulations are
performed. The linear simulation model and general information on used and

selected simulation parameters are presented in Appendix B.
The results obtained for V=5 m/s, V=10m/s, V=15 m/s and

V =20 m/sare presented in Appendix C. These results indicate that the system

responds satisfactorily. The values, which the states attain, are reasonable and no
saturation occurs with the actuators. In each case, the saturation limits for aft

engine and elevator are taken to be+0.1. This corresponds to + %10 authority in

the aft throttle and + 5.73° authority in the elevator.

Note that, the sluggish aft throttle engine dynamics is not included in these
design calculations, although aft throttle is effective for forward velocity interval of
0.1m/s <V <19 m/ s in proposed blending technique.
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When the sluggish aft throttle engine effect is added into the simulation
directly, the system did not perform well. Excessive saturation occurred in the
actuators. Thus, the design must be modified to take this effect into account. Since
the elevator dynamics is quite fast, the blending technique may become
unreasonably complicated. Thus, a linear quadratic regulator (LQR) design

technique becomes more appropriate.
e Linear Quadratic Regulator (LQR) Design

Linear quadratic regulator (LQR) controller with full-state feedback will be

examined. Given a system,
¥=Ax+Bu, xeR*¥ , ueR"

y=Cx, yeR" (5.4.29)

The goal of the LQR is to find a controller that minimizes a quadratic

performance index,
= % f(xTQx +uT Rulit (5.4.30)

This gives a state variable feedback controller,
u=-Kx (5.4.31)

and the optimal feedback gain matrix may be found by solving the algebraic
Riccati equation and Kalman gain, [23]

Algebraic Riccati Equation (ARE): ATP+PA+Q~ PBR'BTP=0 (5.4.32)

Kalman Gain: K=R'BTP (5.4.33)
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Then, the optimal cost is given by,

J= %xT (0)Px(0) (5.4.34)

First, let’s define our state and input variables.

x= « ¢ 0 s2] (5.4.35)

u= [Je 57%}

where 67, and 67, denote realized and commanded aft throttle settings,

respectively. The dynamics of the aft engine is modelled as a first order system,
68 =-0.146% +0.146%, (5.4.36)

Then, A and B matrices are constructed for each forward velocity. The
most important aspect of LQR design is the selection of the performance index
weighting matrices, Q and R. Here, they are selected as follows,

F/z 0 0 0 0 |
V* max
0 v, 0 0 0
& max 1
o= O 0 Aﬁm 0 0 (5.4.37)
0 0 0 v, 0
O max
0 0 0 0 v,
L 5Trmax_
where
Vipax =6m/s, pay =0.3rad, g =0.3rad/s,
Omax =03 rad , 87, max =0.1
and
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! 0
2
R= %5emaxvl) (5.4.38)

0 1
/(5#cmax (l _Vl))2

max =0.1rad, 68 =0.1

where

0

e
and V| is the blending coefficient, given in Eqn. (5.4.26).

The design equations, given in Eqn. (5.4.32) and Eqn. (5.4.33) are solved in
Matlab environment [24], using Matlab function “lqr”. The inputs to the function
are A, B, Q and R matrices and the outputs are the optimal gain matrix, K, the
solution of the algebraic Riccati equation, P, and the eigenvalues of the matrix [A-
BK], corresponding to new system matrix, which is obtained after applying the
feedback control law given in Eqn. (5.4.31). The matrices at various flight

conditions and corresponding feedback gains are given in Appendix D.

The performance of the design is checked by using a linear simulation
model giveri in Appendix E. Also, the general information on the simulation model

is presented in the same appendix. The simulation results obtained for ¥ =5 m/s,

V=10m/s,V =15 m/s and V =20 m/ s are presented in Appendix F.

It can be observed from the figures given in Appendix F that at low speeds
the aft throttle setting is effective input to the system. As the aircraft gains speed,
the elevator becomes more dominant. When the forward velocity reaches the value
of V' =20 m/s, it becomes the only input to the system. All of the state variables
converge to their trim value without showing any excessive values. The closed
loop system designed by linear quadratic regulator (LQR) is highly damped as
expected. However, no saturation in the final control elements is encountered.

Thus, the designs are acceptable.

To check the gain scheduling, two different forward velocity values are

chosen. These velocities are V' =7m/s and V' =23m/s. The gains for these
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forward velocities are obtained by interpolating the necessary gains from the gains
at neighbouring forward velocities. It is observed that, the system works properly

again. These results are also presented in Appendix D and Appendix F.

During transition flight the most probable mode shall be velocity acquire
mode. For this purpese an outer guidance loop shall be constructed around the
autopilot to generate necessary commands continuously. The autopilot gains (i.e.
the gains of the linear quadratic regulator) shall be continuously updated with
forward flight velocities attained. The proposed flight director algortihms shall be

designed and verified using nonlinear simulation in the future.
5.4.3 Autopilots Designed for the Cruise Flight Mode
5.4.3.1 Pitch Attitude Autopilot

The simplest form of autopilot, which is the type that first appeared in
aircraft and is still being used in some of the older transport aircraft, is the pitch
attitude type autopilot. This autopilot is designed to hold the aircraft in straight and
level flight with little or no maneuvering capability. A block diagram for such an

autopilot is shown in Figure 5.21.

Bref Verti e : e o ; 6
rtical g Amplifier J, Elevator e Aircraft
> Gyro P Servo | » Dynamics >

T

Figure 5.21 Pitch attitude autopilot

For this type of autopilot the aircraft is initially trimmed to straight and
level flight, the reference aligned, and then the autopilot engaged. If the pitch

attitude varies from the reference, a voltage, e, is produced by the signal generator

on the vertical gyro. This voltage is amplified and fed to the elevator servo. Then,
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the servo positions the elevator, causing the aircraft to pitch about y axis and so
returning it to the desired pitch attitude. In general, the elevator servo is at least a
second order system; but if properly designed, its natural frequency is higher than
that of aircraft. If the damping ratio is high enough, the elevator servo can be
represented by a sensitivity (gain) multiplied by a first-order to time lag.
Representative characteristic times vary from 0.1 to 0.03 s.

There is one disadvantage of this system, from a servo point of view; it is a
Type 0 system; i.e., there are no integrations in the forward loop. Thus, if some
fixed external moments were applied, resulting from a change in trim, there would
have to be an error in 6 to generate a voltage to drive the elevator servo. Thus, it
produces an elevator deflection to balance the interfering moment. Then, this
would require the pilot to make occasional adjustments of the reference to maintain

the desired flight path.

As given in Section 4.5.2, cruise flight mode trimmed flight conditions are
found for steady state straight, wings level flight. The following state space
representation is obtained for the cruise velocity of ¥, = 45 m/s and flight altitude,

hy =2000 m.
71 [-0.1011 3.8038 0 981 % 0 5.3008
&| |-0.0095 -1.7936 0.992 o |&|, | o -0.062 | &,
5| | 00249 -54654 -1.9242 0 |[g| |-24764 -2.4985| 5
g 0 0 1 0 |8 0 0
(5.4.39)

Using above state space representation, the following transfer function is

calculated.

4(s) _ —24.7645% — 46,2915 — 5.386

0 (5.4.40)
5,(s)  s*+3.8195 +9.28952 +1.1175 +0.947

The amplifier and elevator servo blocks are combined into one block, and

the vertical gyro replaced by a sum sign. As the aircraft transfer function is
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negative, the sign of the elevator servo transfer function is made negative in order
to obtain positive forward transfer function. Block diagram for the VTOL UAV in

cruise flight mode is shown in Figure 5.22.

6
e L K| — —247645-462915-5.386 >

s*+3.8195% +9.2895% +1.1175 +0.947

T s+15

Figure 5.22 Block diagram for the VTOL UAYV in cruise flight mode and autopilot

The root locus diagram is given in Figure 5.23. From this figure, it can be
seen that if K is equal to or larger than 23, two loci pass to the instability region.

In other words, the stability condition on K, is given as follows,

0< K, <23
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Figure 5.23 Root locus for the VTOL UAYV in cruise flight mode and autopilot

To increase the damping ratio of the short period mode an inner feedback

loop for pitch rate may be added. The pitch rate is measured by a rate gyro.
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5.4.3.2 Altitude-hold autopilot

Altitude-hold autopilots are generally used by commercial airplanes during
the cruise flight when the airplane is in the cruise mode. It allows the aircraft to be
held at a fixed altitude. The sensed altitude is normally the pressure altitude, that
is, altitude computed in the air-data computer from external pressure
measurements. Usually, with such a system, the airplane is manually operated
during the climb and descent portions of the flight. Once the aircraft has reached
the desired cruise altitude, the altitude-hold autopilot is engaged. The autopilot will
then maintain that altitude, making whatever corrections necessary when updrafts
or downdrafts tend to cause the aircraft to gain or lose altitude [21, 27]. The
schematic diagram for the altitude hold autopilot is given in Figure 5.24.

Some autopilots have the feature that enables the pilot to enter a given

flight altitude in advance. In this case, the autopilot flies the aircraft, making it ™ .

climb or descend to attain the desired altitude. On reaching that altitude, the
autopilot automatically levels the aircraft and, afterwards, it will maintain that

altitude until told to do otherwise.

h 1)
o+ Lag —» * |  Elevator y|  Aircraft
Compensator - Servo Dynamics < >

Rate
Gyro

Figure 5.24 Schematic diagram of altitude-hold autopilot
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The corresponding block diagram is shown in Figure 5.25. This aircraft
dynamics belongs to the steady state, wings level straight flight condition of ¥}, =

38 m/s and Ay =1500 m.

h q h
>t GC(S)_’+ _ 15 _}q/§e }h/q
L - s+15
K,g

Figure 5.25 Block diagram of altitude-hold autopilot

There is a lag compensator in the forward path, which is required to retain
stability on closing the outer loop. The transfer function of the lag compensator is

assumed as,

s+0.8

G.(s)=K,, 18

(5.4.41)

The transfer function for the altitude-to-elevator input can be obtained as follows,
h =V sin(y) (5.4.42)
y=0-a (5.4.43)

where ¥} is the flight velocity and y is the flight path angle. Then, taking Laplace

transform yields,

ns) v [@(s)-a(s)

5.(5) S 8,09

(5.4.44)

The necessary transfer functions for this flight condition are obtained and given as

follows,
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6(s) _ ~18.56375% —31.3975 —3.7324

= 7 3 5 (5.4.45)
0,(s) s%+3.399s° +7.125° +0.873125 +0.9136
~ _ 2 _ _
f(s) -~ 18;421s i.74s 24133 (5.4.46)
0,(s) s”+3.399s5° +7.125° +0.873125 +0.9136
~ _ 3 2 _
g(s) -— 18.5637s 312.3973 3.7324s (5.4.47)
0,(8) s57+3.399s° +7.125“ +0.873125 + 0.9136
Then, substituting (5.4.45), (5.4.46) and V;, =38 m/s into (5.4.44) gives,
2 — —
h(s) _ 542265 —1126.967s —50.125 (5.4.48)

5,(s) 5 +3.3995% +7.1253 +0.8731252 +0.9136s

The root-locus plot of the inner loop as shown in Figure 5.26 is obtained,

and a point on the root-locus corresponding to ; =0.86, which gives the gain of -
rate gyro, K,,=0.1057. This means approximately, %34improvement in the

damping ratio compared to the basic system (open loop) damping of 0.64. This
gives good short period flying qualities given in Section 5.3.

The next step is to design the outer loop. First, the closed loop transfer

function of the inner loop is obtained for the selected rate gyro gain as above.

3 2
G(s) = 278.455s° +470.9555“ + 55.9865 (5.4.49)

s° +18.399s5% +87.5375% +157.453152 +19.9281s5 +13.704

The transfer function, 4(s)/ ¢ (s) is calculated as following,

h(s) _ h(s) 5 () (5.4.50)
g(s) 6.(s) q(s)

Then,
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h(s) _ 5.4222s% +1126.967s +50.125

—~2 = (5.4.51)
g(s) 18.5637s* +31.397s> +3.7324s2
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Figure 5.26 The root locus diagram of the inner loop

The lag compensator pole (s =—8) is sufficiently away from the origin so
that it has very little effect on the short period dynamics. The root-locus diagram of
the outer loop is drawn and it is observed that almost low values of the

compensator gain, K, will make the system stable. A higher value of this gain will
make the system unstable. The value of XK. =0.078 is selected.

Then, the overall closed loop transfer function is obtained,

h(s) _ 118s° +24771s* +62252s° +40771s” +5629s +175
B () 195° +521s° +5190s7 +23391s¢ +51678s° +71360s" +74499s° + 44860s” + 60385 +175

(5.4.52)

To verify the design, simulation of the response of the system to unit-step
input is achieved using Eqn. (5.4.52), as shown in Figure 5.27. The large overshoot
is due to the low value of the damping ratio. Except for this, the system

performance is satisfactory.
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