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ABSTRACT

NONLINEAR DYNAMIC INVERSION AUTOPILOT DESIGN FOR AN
AIR DEFENSE SYSTEM WITH AERODYNAMIC AND THRUST
VECTOR CONTROL

B e y ,Rkbiya
Master of ScienceAerospace Engineering
SupervisorAssoc.Prof. Dr.K | Ryavyucuk
Co-SupervisorDr. Raziye Tekin

February 2022109 pages

The study proposes complete attitude and acceleration autopilots in all three
channels of a highly agile air defense missile by utilizing a subcategory of
nonlinear feedback linearizah methods Nonlinear Dynamic Inversion (NDI). The
autopilot design includes cressupling effects enabling batik-turn (BTT)
maneuvers and a rarely touched topic of control in the boost phase with hybrid
control which consists of both aerodynamic fimtrol and thrust vector control.

This piece of work suggests solutions to exclusive challenges of a system, such as
nonminimum phase characteristics and mechanical coupling, which can also be
referred to as the integrated mechanic desigh\6€ jet vanesand aerodynamic

fins. A physically inspired solution to a naninimum phase of a tadontrolled
system is offered by performing output redefinition on the center of percussion of
the missile. A cascaded twoop structure is established with the fast loogide

and the slower loop outside. The thesis further analyses these designs with certain
commands to create a highly coupled environment. In addition, the effects of
uncertainties observed on the system with a selection of realistic uncertainty levels

on parameters. Moreover, a realistic guided scenario inXOB simulation



environment with the implementation of realistic sensor models and available

feedbacks in real life for such air defense systems is inspected.

Keywords: Nonlinear Dynamic riversion, Air Defense Missile, Non-minimum
Phase, Thrust Vector Contr@utput Redefinition
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B u - al-@wm«k bir hava savunma fg¢zesinin |
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bir kategorisi olanDoj r us a l Ol mayan elximnyntemki Ter si
°ner mektedir. Ot olpajl loa k étrma seatr keinée r i-naip rdaah

donmeve yiksek ivme komutlu manevralaskal anak saj |l amakl a bir
dejinilen yanma fazénda hem aer odet namiKk
k a n &ahtéolil icerenh i br it bir kontBruo |l-¢a |l & pnsag maskitse
kuyruk kontrollg¢ ol maseé, farkl e fiziksel
ol masé ve bu y¢gzeylerin bu t giigstese st e ml e
O0zel zorluklara c¢ozumler UretmektediBu sorunlar icin fiziksel birtemele

dayandeéer el ar ak fé¢zenion per k¢gsyon mer kez

yapél mexkter . K- i-e i1ki d°ng¢ yapeéeseée i-e
Kekilde kurgulanméexkt éer . dlaseeesilikaderaceli y ap é
similsyon ortaménda test edi | mi k, analizl e
g¢e¢deml ¢ senaryo da dahi l edi |l mi ktir.

Vil



Anahtar KelimelerDoj r us al Ol mayan Dinamik Tersine ¢
F¢zesi, Aerodi namik Kuyr uk Ykmn tdretné ¢¢ é kKt ki

Tanéml ama

viii



To people whaareabout little things in life



ACKNOWLEDGMENTS

| would like to express mygincereacknowledgements to my supervisor Assoc.

Prof. Dr.Kkay Yavrucukfor his belief in me and his supervision.

And, I would like to expressy deepest gratituddo my co-supervisor DrRaziye
Tekin for her guidanceendless supparandprecious comments

| would like to extend mycknowledgments thesiscommitteemembers for their

insightful comments.

| would like to express my appreciation tall of my colleagues for their
unwavering help, especially Suzan Kale Guveng forkmatness.encouragement

and understanding.

My special thanks t o suEsfek forstargipgnby mennd

matter what and never withholding their love.

Last but not least, I[would like o t hank my mot her Si bel

Beyéekl é& and my sisters Nesibe ¥l ger

patience angupport.

Ceren C

Beyeéek|

and

Zey



TABLE OF CONTENTS

AB ST RACT .ttt e e \Y,
@ YA vii
ACKNOWLEDGMENTS ... e X
TABLE OF CONTENTS. ..o e ea e X
LIST OF TABLES . ... oo e e Xiii
LIST OF FIGURES. ... .ot XIvV
LIST OF ABBREVIATIONS. ... o XVii
1 INTRODUCTION L.t e et e et eean e ees 1
1.1 MOUIVALION .ttt ettt e e e e e eaanaas 3
1.2 Contribution Of TRESIS......ccouuuiiii e e 3
1.3 OULING. ..o 4
2  LITERATURE REVIEW.. ... 5
3 PRELIMINARIES. ... 9
3.1 PIANt MOGEL.. ..ot 9
3.1.1 Reference Frames and Transformation Matrices.............cccccovvveeernn. 9
3.1.2  Kinematic ReIAtIONS............iiiiiiiiiieeeeiieeee e 11
3.1.3 DynamicC RelatiONS.........ccovuuiiiiiiie e e e 11
3.1.4  Subsystem MOEIS........coeuiiiiiiii e 14
3.2 Review of Nonlinear Feedback Linearization................ccccoeevveeeeennnnnn. 23
3.2.1 Basic Idea of Nonlinear Feedbalkckearization...............ccccoeeeeeeeeennn. 23
3.2.2 Input-Output Feedback Linearizatian..................ccouviieeeriiieeeiiieeeens 26
3.2.3 Necessary Conditions and Formal Definitions...........c..c.ccoovieeeennn. 29

Xi



3.3 Review of Baseline Autalot DeSIgN.........ccovuvviiiiiiiiiiiii e 30

4 AUTOPILOT DESIGN WITH NONLINEAR FEEDBACK

LINEARIZATON ..ottt e e e e e 33
4.1 Attitude AULOPIIOL. .. .o 33
4.1.1  Prodem FOrmulation..............coouuiiiiiiiiiiiiiii e 33
4.1.2  INNEI LOOP DESIGIL....ceiiiiiieiiiiiiie ettt eeees 34
4.1.3  OULEr LOOP DESIOIL. . cciiiiiiieeiiiiii et e e 44
4.1.4 Evaluation of Nominal Attitude AUtOPIIOL............uuuiiiiiiiiiiiiii e a7
4.2 Acceleration AULOPIIOL. .........ccoveiuiiiiee it 51
4.2.1  Problem FOrmulation............coouuuiiiiiiiiiiiii e 52
4.2.2  Minimum Phase Output Definition..............cooovviiiiiiieniieiiiiiiee e 53
4.2.3  INNEI LOOP DESIGIL....cevviiiieiiiiiiiie et 56
N O 101 =1 g Moo o I L= o | o PSR 56
4.2.5 Evaluation of Nominal Acceleration Autopilot...............c.ccevviiiveeennn. 64
4.3 SenSitiVIty ANAIYSIS........uiiieiiieiiii et 75
4.3.1 Sensitivity Analysis for Attitude Autopilot..........c.cccevevveveiiiieeenenene A 7
4.3.2 Sensitivity Analysis for Acceleration Autopilot...........cocoeviieviiinnnn.... 80
4.4 Realistic Nonlinear Simulation Scenaria..............cccovvvviiiemeeieiiiiiinnnnnn, 83
5 DISCUSSION AND CONCLUSION.....coiiiiiiiiiiee e 89
REFERBNCES.. ... ..o eea s 91
A. Nonminimum Phase Inspection with Linear Analysis................ccccceeeeee 97
B. Solution for Mechanically Coupled Control Surfaces.................c......... 103

Xil



LIST OF TABL ES

TABLES

Table 1 CAS ParamMetlrS. ..ot 22
TabIE 2 IIMU PalamMeerS. ... et 23
Table 3 Urtertainties for Sensitivity Analysis............cccccccveiiieiieeiieiiiinneeeee 6

Xiii



LIST OF FIGURES

FIGURES

Figure 1 BodyFixed and Earth Fixed Coordinate Frames..............cccccceeeenne. 10
Figure 2 Generic Thrust Profile (Peterson, 1992)...........cccooovviiiiiiiciinneeeeenns 16
Figure 3 TVC Rear View and Side VIBW..........ccouuuuiiiiieiiieeeiiiee e 17
Figure 4 Angle of Attack and Angle of Side Slip.........coeiiiiiiiiiiicii s 19
Figure 5 Reference Model...........coooiiiiiiiiii et 39
Figure 6 Inner Loop Schematic for the Coast Phase...............ccccvveeeninnnne. 40
Figure7 Perfect Dynamic Inversion Visualization.............cccccceeeeiieeeennnnnennn. 40
Figure 8 Virtual Input Allocation to AC and TV.C..........iiiiiiiiiiieiieeeeeeeee 43
Figure 9 Attitude Autopilot Scheme..............ooviiiiiiiiii e, 46

Figure 10 Normalized Euler Angle Tracking Performance of Attitude Autopi®t
Figure 11 Normalized Angular Rate TrackiRgrformance of Attitude Autopild
Figure 12 Normalized Effective Fin Deflections with Attitude Autopilat....... 50
Figure 13 Normalized Values of Mach Number, Angle of Attack and Angle of
Sideslip with Attitude AULOPIIOL........cvieeiee e 51
Figure 14 Acceleration Autopilot Scheme..............ccooveviiiiieeeriie e 63
Figure 15 Nomalized Acceleration Tracking Performance for Scenaria.l...65
Figure 16 Normalized Angular Rate Tracking Performance for Scenario..1 66
Figure 17 Normalized Effective Fin Deflections for Scenaria.l................... 6.7
Figure 18 Normalized Values of Mach Number, Angle of Attack, and Angle of
Y [0 (=151 [T o BB (o] g Yo =T o F= U T T PN 68
Figure 19 Normalized Acceleration Tracking Performance in Comparison with the
Baseline Autopilot for Scenario.L........cccccooiiiiiiiiiieeer e 69
Figure 20 Normalized Effective Fin Deflections in Comparison with Baseline
WU (0] o] (o] B (o] g o =T o F- 1 To R PN 70
Figure 21 Normalized Acceleration Tracking Performance for Scenario.2..71
Figure 22 Normalized Angular Rate Tracking Performance for Scenario..2.72

Figure 23 Normalized Edictive Fin Deflections for Scenario.2...................... 72

Xiv



Figure 24 Normalized Values of Mach Number, Angle of Attack and Angle of
SIdeSlip fOr SCENA 2.....coovviii et 73
Figure 25 Normalized Acceleration Tracking Performance in Comparison with the
Baseline Autopilot for SCENAri0.2.........ccoovuiiiiiiiiiiiie e 74
Figure 26 Normalized Effective Fin Deflections in Comparison with Baseline
AULOPIlOL TOr SCENANO 2......viiiieiiiei et e 75
Figure 27 Normalized Euler Angle Tracking Performance of Attitude Autopilot
UNAEr UNCEITAINTIES. ... e ee ettt et e e e e e e eeees 17
Figure 28 Normalized Angular Rates of Attitude Autopilot under Uncertain@s
Figure 29 Normalized Effective Aerodynamic Fin Deflections with Attitude
Autopilot under UNCEraiNties.........ovvvvveviiiieeee et 79
Figure 30 Normalized Effective Jet Vane Deflections with Attitude Autopilot under
UNCEIMTAINTIES ..ottt r et e e e e e e es 79
Figure 31 Normalized Acceleration Tracking Performance for Scenario 2 under
UNCEIMTAINTIES ..ottt et e e et e e e e e s 80
Figure 32 Normalized Angular Rates for Scenario 2 under Uncertainties...81
Figure 33 Normalized Effective Aerodgmic Fin Deflections for Scenario 2 under
UNCEIMTAINTIES ..ottt e et e e e e e e e e 82
Figure 34 Normalized Effective Jet Vane Deflections for Scenario 2 under
UNCEIMTAINTIES ..ottt e e e e et e e e e e e s e 83

Figure 35 Normalized Trajectories of the Missile, and Target for Guided Scenario

(Yt initial range between missind target).........ccoooevieiiiiii e 84
Figure 36 Normalized Acceleration Tracking Performance for Guided Scei@&rio
Figure 37 Normalized Angular Rates for Guided Scenario......................... 86
Figure 38 Normalized Effective Fin Deflections for Guided Scenaria.......... 36

Figure 39 Normalized Values of Mach Number, Angle of Attack and Angle of

Sideslip for Guided SCENALIO..........cccuuiiiiiii e e 87
Figure 40 Pole&Zero Map for the Transfer Function fram@ ¢ & "Qq............. 99
Figure 41 PoleZero Map for the Transfer Function from@ & n.4............... 100
Figure 42 Center of Percussion on the Missile.............cccccoovviieeiiiinceeen. 101

XV



Figure 43 Movements of Zeros on Rdero Maps with Normalized Location of
00 0 TR 101
Figure 44 Conversion of Effectii@eflections to Real Deflections............... 104
Figure 45 Algorithm Scheme for Imposing Mechanical Coupling to Autopilot

Figure 46 Normalized Acceleration Tracking Performance Comparison for Case 1

AN G S 2.t e 106

Figure 48Normalized Elevator Deflection Comparison for Case 1 and Cad®?2
Figure ® Normalized Euler Angle Tracking Performance Comparison for Case 1

and Case 2 for Attitude AULOPIIOLS............oviiiiiiiiiiiiee e 108
Figure 50 NormalizedEffective Fin Deflection Comparison for Case 1 and Case 2
fOr AttitUde AULOPIIOT. ....ccieeeie e 108

XVi



LIST OF ABBREVIATION S

ABBREVIATIONS

AC: Aerodynamnic Control

BTT: BankTo-Turn

CAS: Control Actuation System

cg: Center of Gravity

cop: Center of Percussion

DOF: Degree of Freedom

IMU: Inertial Measurement Unit

INDI: Incremental Nonlinear Dynamic Inversion
LHP: Left Half Plane

MFC: Model FollowingControl

MIMO: Multi Input Multi Output

MRAC: Model Reference Adaptive Control
NDI: Nonlinear Dynamic Inversion

NFL: Nonlinear Feedback Linearization
PI1: Proportional Integral

RHP: Right Half Plane

SISO: Single Input Single Output

TPN: True Proportional Nagation

TVC: Thrust Vector Control

XVil



UAV: Unmanned Aerial Vehicle

VTOL: Vertical Takeoff and Landing Vehicle

Xvili



LIST OF SYMBOLS

SYMBOLS

%A : Euler roll, pitch, yaw angles

nMA : Roll, pitch, yaw ratesf the body

1 : Angular rates of the body. (A vector consist$)ifhi )
6D : Translational velocity of the body

WY Aeropropulsive forces o o hx respectively
OF RY : Momements with respect to fto hx

6 M : Coordinate transformation matrix from vehicle carried frame to body fixed

frame

"®: Forces on the body

“®: Moments on the body

& : Mass

‘Olnertia matrix

"R Gravity vector in vehicle carried coordinate system
@ : Linear momentum of theody

"® : Angular momentum of the body

@ ; : Acceleration vector of the body with respect to inertial frame written in body

frame

@; : Velocity vector of the body with respect to inertial frame written in body

frame

XiX



10 @ Angular Velocityvector of the body with respect to inertial frame written in
body frame

“Y Temperature

0: Pressure

" . Air Density

1 Speed of sound

0 & Mach Number

0: Dynamic pressure

"O RO RO : Thrust forces o o M respectively

~

O R R :Thrust moments oo fo K respectively

—h : Deflection angles of thrust with respect to body in polar coordinates,

elevation and azimuth respectively.

| : Angle of attack

I : Angle of sideslip

1 wri . Appliedfin deflectionsfor general use

1 RRR : Applied aerodynamic fin deflections
T hir - Appliedjet vanedeflections

1 R h : Effective elevator, rudder aileron inputs respectively for general use

~

1 KB & :Effective aerodynamielevator, ruddeaileron inputs respectively

~

1 h R : Effective thrust vector controklevator, rudder aileron inputs

respectively

1 h : Effective aerodynamic arjdt vanedeflections respectively

XX



6 B M : Nondimensional aerodynamic force coefficients o fo hi
respectively

6 M : Nondimensional aerodynamic moment coefficients dmhw h
respectively

1 : Natural frequency of CAS

— : Damping ratioof CAS

1 :Natural frequencies of reference models
— : Damping ratios of reference models

» . Variance

" : Virtual control input

0 : Proportional gain

0 : Integral gain

'O Effectiveness ratio of thiarust vector contrdo aerodynamicontrol

XXi






CHAPTER 1

INTRODUCTION

Air defense missiles anticipated fulfilling their task over a spectrum of flight and
target conditions. Therefore, these systems are expected to perform agile
maneuvers in nonlinear timarying environments to geheir movable targets.
Furthermore, to ensure the precise attainment of a target, equipping missiles with
different control tools may be seen as a requirement at the system design level, as
in this thesis, an air defense missile with aerodynamic coimsoandjet vanes for

thrust vector controht its tail is considered.

Control design plays an essential role in making maximum use of these systems.
As the capabilities, maneuverability, and speed increase, corresponding control
problems become more dlgmging. An apparent reason for this is that using

conventional linear controllers on such a system may limit systems' skills besides

their tiresome process of gain scheduling.

In contemplation of making the most of the capabilities of the designed system
NonlinearFeedbacKk.inearization(NFL) technique is discussed here. In brief, the
basic idea of NFL is to cancel nonlinearities and impose the desired dynamics by a
coordinate transformation of the nonlinear system into a linear filonlinear
Dynamic Inversion (DI) is a particular form of feedback linearization put in
application for many flight control problems since the late 20th century. A very
early application is provided §28]. After recasting the dynamical system in linear
form, this method allows design controllers based on linear theory. A proportional
integral (PI) controller with a secotatder reference model is preferred in this

study.

One disadvantage of NDI is that it is not applicable tomimmum phase systems

due to the direct inversion process, which may cause instability in the -ddaged



system.Aerodynamic &il-controlled missiles are also one of the fmmimum
phase systemsTo guarantee the stability of the internal dynamics with the
transformed system, output redefinition is introduced. In order to avoid the need for
accurate information of aerodynamic angles, a physically inspired output
redefinition is utilized with a te-time scale cascaded structure as it is proposed in
[33].

Another drawback of NDI is known as the robustness issue. It is usually assumed
as precise information of g$&a variables, flight parameters, physical and
aerodynamic data are essential for Ndased controllers. This issue is addressed in
literature with adaptive additions to controllers. Although this stuBsdot focus

on robustness and these adaptive augatiens, example cases are investigated
with quite uncertainties concerning to display this dependenajoirementioned
parameters. This study applies the described method for designing attitude
autopilotand acceleratioautopilots including boost andoast phases. The missile
design considered here has hybrid control, as mentioned before. The control in the
boost phase is handled in two ways regarding this issue. One solution is to allocate
to control between aerodynamic cont{@C) and thrust vector ctarol (TVC)
depending on the effectiveness of the corresponding control type, which changes
with dynamic pressure. The other solution is given for an integrated mechanical

design of these controls which is also preferred in missile designs to save space.

Even though introducedutopilots do not require a gain scheduling process, a
reference model is adaptéat the varyingflight conditions such that a faster model
is used for the higher dynamic pressure. The results of acceleaatiopilotsare
also canpared with a baselin@utopilots which are designed using model
following control (MFC). Finally, a realistic guided scenario with realistic
measurementmodelsis inspected, and all the results are tabulated within this

thesis.



1.1 Motivation

The motivation of this thesis is proposing a nonlinear fully coupled autopilot for all
pitch, yaw, and roll channels of missile airframe in boost phase and aerodynamic
tail control for all over the flight envelope in order to allow system capabilities as
much as possible such as highly coupled maneuaeds BTT maneuves, and
making observations on the robustness of the system witlcahisol scheme
Furthermore, since the missile systems are unmanned and relatively have a faster
production process tharnh@r aerial vehicles, it motivates studyidgsign schemes

that could fasten the system design process

1.2 Contribution of Thesis

The contribution of this study may be stated as such:

91 Detailed implementation of attitude and accelera@amopilotsin pitch,
yaw, and roll axes of an air defense system using NDI anditme scale
cascaded structure using aerodynamic tail controls and thrust vector
controls over a flight envelope including boost and coast phases and
designing PI controllers with a reference rabd

1 Addressing nominimum phase issue for acceleration control of an
aerodynamidail-controlled missile with output redefinition idethat built
on aphysically grounded ideainlike many applications in this area and
comparison with a baseline autopittegsigned with MFC.

1 Carrying ona sensitivity analysis ofNDI autopilots for the particular
missile system and investigating an exanglaed case for redilfe
applications

1 Discussion on the applied techniques for the particular airframe described

in this content.



1.3 Outline

The thesis is composed fe chapters. The first chapter presents the general idea
of the dissertation.

Chapter 2 summarizes the recent studies on autopilots in the literature by
specifically focusing on nonlinear autopilot approacbhasmissile systems. The
missile autopilots for both attitude and acceleration controls are skimmed.
Moreover,studies on thrust vector control atracted from literature sinceist an

important feature of the system studied here.

Chapter 3 focuseon outlining the key features of the method applied, i.e., the
chapterrecapitulatethe NFL. Also, in this chapter the baseline autopilot, which is

used for comparing the results of acceleration autopilots, is introduced.

Chapter 4demonstratethe adaptdon of theNDI to the attitude and acceleration
autopilots of the missilendetails 1t al so i ncludes the assessrt
performance in nominal cases. In this chapter, a section that consists of sensitivity

analysis of the autopilots withncertainties is added. Lastly, a realistic scenario is

scrutinized at the end of the chapter.

Chapter 5 discussthe results and concludes the thesis.



CHAPTER 2

LITERATURE REVIEW

Autopilot of a missile mainly aims to realize gaitte commands by turning them

into fin deflections via blending sensor information with dynamic knowledge of the
physical systemLinearizing a nonlinear system around a trim point and making
controller design then extending the design along with a feglelope with the
corresponding selection of gains, which is also a-wadiwn strategy called gain
scheduling, has taken its place for many years due to its reliability and widely
known analysis tools. However, to model a nonlinear system with a linear
approach, increasing the number of design points as much as possible may become
necessary, which is timeonsuming. Nevertheless, the classical approaches may

cause some informaticaand performancioss.

Air defense systems considered in this context acsvknfor their agility and are
expected to minimize the deviation from intercept point. Therefore, nonlinear
control approaches might be more suitable for such a system to exploit the system
capabilities and minimize the performance degradation. Nonlingaangic
inversion is one of the novel applications of the feedback linearization technique.
The essence of the technique roots the idea of mapping a nonlinear system to a
linear one and designing controllers based on linear methods then mapping to the
nonlinear system again. NDI is known for its ease of application because it adapts

the flight condition without gain scheduling.

One of the drawbacks of NDI is that it is not applicable for-mammum phase
systems, including tattontrolled missiles as in thistudy. This issue is mainly
overcome using one of these strategies. The first one is changing the state
variables. One example of changing the state variables might be choosing the angle

of attack as a state variable for pitch channel rather tharaceleration and



implementing a third loop to control the acceleration. The examples of this
application might be found if23], [31] and[45]. The second strategy is to redefine

the output. In literature, these output redefinitions mainly include aerodynamic
angles and angular velocity terms. However, this may require excelleltafde
measurements or observation of these values or other augmentations to the system
to ensure robustness. |83] and[34] a physically motivated output is redefined
without requirement on precise information of aerodynamic angles. This strategy is
also adopted in this study. Another drawback of NDI is known as the requirement
for accurate information of plant model likewise in linear control strategies except
that linear robust control tools are also not available. Therefore, many studies
suggest integrating adaptive control methods into the design procedure to guarantee
stability and robustnessModel Reference Adaptive Contrahd its some kind of
improved form adaptive control originates from the idea of adapting a control

signal that the system can follow in the presence of uncertainties.

Another approach frequently encountenmedhe literature is using neural networks

to cancel nonlinearities adaptively. For instanfg, and [30] utilize neural
networks on different plants. Also, a hybrid controller study using adaptive sliding
mode control and NDI was proposed[B]. The stability of NDI structures is a
topic that has been studied since many years ago, as the f26e fAvariation on

NDI is grounded on sensors is-called incremental nonlinear dynamic inversion
(INDI). 1t is also implemented for various aerospace vehicles, and there exist
studies that she the robustness enhancement of systems with these methods, as in
[46] and [48]. In addition, observation ahe disturbances plays a crucial role in

rejecting the disturbance in many applications of ldBktated ifil10].

Concerning the attitude contraeveral studies were implemented based on space
vehicles as irfl]. Also, many studies were carried out for VTOL systems §§]in
and[47].

When the studies inspected abthg TVC which is a part of this study also, it is

seen that most of the studies focus on TVC apart from the aerodynamic control as



in [16], [40]. The authorsof [24] and[29] propose a nonlinear control scheme that
applied with a new output redefinition according to avitame to provide a
holistic control both in and out of the atmosphere. On the other hand;piwss
missile control with TVC combined with aerodynamic con@elitis the case in
this study, does not have much reseavohbut one example ig41], where this
hybrid control is studied with linear analysis tools.

As [7] discussson a broad collection of recent control algorithms, a trendy robust
control tool for nonlinear systems is sliding mode control. The error caused by the
imperfect inversion due tmodeling inaccuracyand perturbation of parameters is
aimed to be overcome with this method. A comprehensive review of this method
could be found if17] and an example pficationon a BTT system similar to the

system concerned here[i25)].

Another nonlinear control approach studied numerously in literature is
backsteppingin which control command of the system is drawn from the designed
virtual control input. In order to prewt disruption, this method is usually

integrated with robust techniques such g0j.

Besides modebased linear and nonlinear controllers with robust controllers,
stochastic, optimizatiechased, integrated guidance control, edtigen, and
artificial intelligence based approaches are also popular these days. Those

interested in these subjectsuld bereferto [7].






CHAPTER 3

PRELIMINARIES

3.1 Plant Model

3.1.1 Reference Frames and Transformation Matrices

In this study, a missile performing an atmospheric flight is considémeatder to
follow a suitable system notatiothe following framesof referenceare described

as theyareaddresseth [13] comprehensively

Body Fixed Reference Franfe ): The origin of the frame is fixed to the rigid
body 6s c e ntaadthe foame rgovea withtthg body. Theaxis of the
body frame ¢ ) pointstowards the nose of the missile whilee y-axis (@ ) and
the z-axis @ ) form aright-handedcoordinate system coherently by keepihg z-

axis on symmetry plane of the missile.

Earth FixedRefaence Framd_): The origin of this reference franieattached to
the Earth which is assumed flat and nonrotating in this contBmerefore, this
frame can also be referred as NED (nae#istdown) framein addition, it is used
interchangeably with the inertial frame §. The zaxis @ ) of the frame a¢jned
with the local gravity vectorthe x-axis @ ) chosen towards the nortandthe y-

axis () points totheeast as aght-handedcoordinate system is formed.
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Figurel Body Fixed and EartRixed Coordinate Frames

The transformation okarth fixedframe tothe body fixed frame iglone here with
3-2-1 sequenceotating as described [82]. The consecutive rotations arou@d,
w ® are called Euleyaw pich yaw angleg , — %) relatively and the rotations
convert earth fixed frame, intermate framesand body frara _ respectivelySo
that, tis transformation can be carried out with the following matrix.

AA A—Q O—
HO-A A% B9 A%  OhA— (3.1)
A%ROAN Ol  A%DOQG O A%A—

Os
¢
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3.1.2 Kinematic Relations

With the help ofreference frame transformatioa kinematic relationship between
angular rateof the bodyand Euler anglescan be found Derivation of these
relations can be found Eit3].

%0 [ OE+
A% 1 OBGAT-© (3.2)
OB 1 ATSA1-O

- 55

% N NnoOBd i ATOAL
_ nAT% 1 0B& (3.3)
r noB& 1 AT%OAA

3.1.3 Dynamic Relations

In order to simulate the unsteady motion of the misdij@amic equations of dre

written within the framework of the following assumptions.

I.  The missile is a rigid body.

ii.  Earth is fixed and nonrotating.
iii.  Thecenter of gravity is a radial vector.
iv. ~ The atmophere is still relative to thedtth.

V. @ as a plane of symmetry.

The derivation of the equations of motiggiven in much detail if13]. The

equations are summarized as translational and rotational dynamics as necessary in
this study.

11



3.1.3.1 Translational Dynamics

A

The transl ational mot i on (cd) is wihiten bymi ssi | ed s
applying Newt on 06 s Ing3el)c™® regtesdnts bodydofrce vectdr,i o n .
€] islinearmomentumvectoéj iI's bodyds acceleration with
framewritten in inertial frame@ is massando stands for tim.

Qy

D - ad,

In (3.5) the velocity of the body with respect to inertial frame written in body frame

@

; and its components, 0, 0 on®, w, a are given as well as the angular

velocities about these respective axis also known as roll, pitch,nyai are
defined agp ; which is again observed from inertial frame.

@ .

rJ
J j n (3.5
i

C-c- O
=<
(V)

After those definitionskinematic relation between them is given (i8.6) by

referring to [L3].

6 n 0
&, ® 19, & 0o A U (3.6)
6 1 0

The forces on a flying object in the air consist of aero propulsive fosogs ¢ on
body frame andnd gravitational forceThese are explicitly written i(B3.7) where

‘Brepresents local gravity vector.

w i
DO o T (3.7)
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By composing(3.6) and (3.7), linear accelerations of the body in three axes are

expresseas in(3.8).
O Luvnuv a QO B+

O A0 1 6 A |- Bdb (3.9)

e 2 e

0 N6 QU A T-A 1%

3.1.3.2 Rotational Dynamics

The rotational motion of the rigid body is writtém (3.9) by using the Newton
Euler equations.The moments on the body shown wector®, whose each
element inrespectivan , @, & axes0, 0, U are given in(3.10) as well as the
inertia matrixOlIn (3.9) "® represents angular momentum vector of the body. The

other parametes are used as described before.

© H) o i 1D i k0> i (3.9)
0 O O O

§)) 0 RO O O O (3.10
0 O O (O]

Due to rigid bddymandG ymSBoetHatr tiye calculatisns in
(3.9) leads ta(3.11).

13



O On Oi I O 0Onfn
0 On IO O On i (311
06 Oi O0n ARO O Oni

From above equation rates of angular velocities can be drawr{&a$dn

b Oi RAI0O O OnAn
0

b 1A O O i
0

n

(3.12)

b On NRAO O ONni

' 0

3.1.4 Subsystem Models

3.1.4.1 AtmosphereModel

The sandardatmosphere model is implemented as explainefb@h, in which

more items on the subject greesented.

Temperaturg(): The flight here takes place the tropospheretherefore,the

temperature can be approximatedtasfollowing function of altitude Q.

Y oquygbu Tt u Q (3.13

Pressured( i Another primary variale as the temperature is pressutecdn also

be expressed asfanction. ( dSea levepressure’YdSea level temperature

. .y ?®
0 0 v (3.14)
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Air Density (QT#H ): It is defined as the mass aif per unit volume and modeled
using the ideal gas laWYdgas constant)

0 (3.15)

Speed of Soundi(fi): It is derived from the adiabatic flow formuland specific

heat for air[() is used apg.

0 Y'Y (3.16)

Mach Number: Represents the ratio of airsp@ed to the speed of sound.

(3.17)

N V]
VW —
W

Dynamic Pressur€QTh i ): It can be thought of as

unit volume. It is created by the dynamic motion of the body.

(3.18)

: P, .
0 -
G

3.1.4.2 Gravity Model

The mathematicatalculation of the gravitational acceleration on a rotating oblate

spheroidis given in[35].
Q Qp | OEL 1 OEL (3.19
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In this study for the model ofé&Er t h 6 s thegpboseviarmiuba js put into practice
with the terms defined a2 X Ymoofiw, | mMWIMLU X WP wu
T8t T TT TT ¢ pandg stands for latitude.

3.1.4.3 Propulsion System Mockl

The ®lid propellantrocket motorconceptis usedfor the boost phasas it is widely
used in missile technologiedue to its superiomacceleration capabilityo air
breathingpropulsion The thrustprofile of sucha system depends on burn area,
throatarea, grairplacemenshapepropellant typeand density, etcwhich in turn
affects the Maclprofile and directly the performance of the missilberefore, tiis

anall-inclusive design process and those concerned may rgfes|to

Neutral

Thrust

Time
Figure2 Generic Thrust Profil¢Peterson19929

A generic, typical thrust profile depending ¢time is implemented for the boost
phaseas in[22]. In addition, theautopilotdesign is considered with regard to the

thrust change throughout the flight.

3.1.4.3.1 Thrust Vector Control

Thrust vector control is based time idea of creating moment by rotating the main
thrust fromthe centerline ofthe body. Thrust vectorcontrol technologies are
reviewed in[41]]. In this study same jetane system fronfé41] is chosen only by

changing the configuration to cressnfigurationsince it is emphasized at the

16



reference that mechanically moving theyahesand aerodynamic fins together is
preferaltle. Mathematical modeling ofhtust vector controlby jet vanesis

summarized inheadvancing parts.

Figure3 TVC Rear View and Side View
Each jetvaneproducs lift (0 j75) and dragO ;) due to the flow passing by.
Theforces’O ,"O0,"0 and manens0 ,0 ,0 produced byhesevanes on

onw, w, axescan be calculateds in(3.20) and(3.21). In these equations;
stands for the moment arm along missile x axis whetestsnds for the distance

between nozzle radius and center of pressure of the jet vanes.

o (@) 0
P P P P 9 o LS LU L | S
O m o om o m oo AlOVIp p p p g, (3.20)
O T T Ty P PP P
0 adb b 0 0 m
0 GATOuI O O 0O 0 aAi©GuJO O ©O © (3.22)
0 GATOVI 0 0 O 0O O O ©

The ceflection angle of the thrufitom thecenterlineof the bodycan be calculated
asin (3.22) the elevation(—) andin (3.23) azimuth( ) of the deflection.The

forces created by each the yetne depend on the lift and drag as it is mentioned

17



previously. Those forcemegenerated in accordance with the angle of attack of the
jet vanes which in this case corresponds to jet vane deflection angles. .
Moreover, since the jet vanes are in cross configuration to use the effective
deflectiong . are found more useful rather than ;. . . . One can convert one

to another easily as it is described in the following sectidrerefore, thrust
deflection angds are estimated as functions of effective deflection angles.

— Ad A%— (3.22)
.0
[ A O AL (3.23)

The totalthrust force® ) and momentg0P ) of propulsion systens calculated
in (3.24) and(3.25) added to aerodynamic forces(3.32).
“YAT-©1 Alro]
§2) “YOET 1 (3.24)
“YOE+1 AIr07

" OE+]  AlrO "YOET I
2 "MAT-01 Alro] Yy OE+1  Alr0] (3.25)
YAT-©O7 AlTO] Y OET

The components of moment arm vedi given in(3.26).

B O (3.26)
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In addition,the roll moment component of the thrust vecior () is assumed as a
linear function of  compatiblewith the(3.21).

3.1.4.4  Aerodynamic Model

In order to propagate linear and angular acceleration equeaiemslynamic fares
and momentshould be calculated. For a specific rigid bodgrodynamic forces
andmomentsare generallymnode&d as nordimensional parameters whiclepend

on flight conditions and parameteiidierefore, firstly those parameters are defined.

Angle of Attack It is the angle between the boxhaxis and the vectogbtained by
projecting the local air velocityyf ont o t he ai r cr alffcanbse sy mme
calculated as i3.27).

(3.27)

O

>\

—_
o c

Angle of Sidebp: The wsual definition ofthe sideslipis the angle between local air
velocity (W andthe @ éplane of the bodyHowever, to take full advantage of the
physical symmetries of a missile airfranaggle of sideslips defined similaly to

theangle of attaclas it is given in3.28).

I OET% (3.28)

Aerodynamic angles are shownRigure4.

Figure4 Angle of Attack and Angle of Side Slip
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Control Surface DeflectiorControl surfaces are the fins located at the tail of the
missile. Aerodynamic forces areodekd in terms of effectivadeflections which

are referred as elevatdr (), rudderi( ), and aileron]( ) angles. However, the
missile has four fins located in cressnfiguration. Therefore, there is a relation
between the effgive deflection angles anthe actual deflection angles. It is
important to nee that this relation doest have to be uniquén this study since a
dual control is a matter of subject, effectid fin deflections are referred as
elevator( ), rudcer { ), and aileron]( ) angles, whereas effectivie/C jet
vane deflections are referred adevatori( ), rudder( ), and aileroni( )
angles. In addition, when talking about effective control surface deflections in
general, elevator ( ), rudder i( ), and aileron|( ) angles aremeant After
clarifying this,the way preferred in the scope of the studytfi@ conversion from
the actual deflections to the effective deflections is describg®.29) and the

reverse is given i3.30).

1 U TV T U n&ujI
1 ™ U T& L T[EQUT[EQU,| (3.29)
1 T U TR ULV T& UL T[EQU,I
1 PP Py
1 PP Py (3.30)
PP P,
1 P P P

Some critical parameters to generate the aerodynamic model are defined until this
point. In light of this information, aerodynamic moments and forces are modeled
using the pradescribed parameters at the beginning of the chapter and the
nondimensionalized parameters obtained for the specific rigid body by using
DATCOM. The idea of modelg aerodynamics by some ndimensional

parameters originated from small perturbation theory.
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Small perturbation theory suggests that the motion of the air vehicle is composed of
minor deviations from reference steady state condition. From this point forth, it is
statedin [14] that writing the aerodynamic forces as a linear function of state
variables is quite accurate and practical for engineering purposes. The longitudinal
and lateral state variables and the aerodynamic forces and moments depending on
them arespecifiedin [14] with further explanations on theondimensionalization

process usin@ u ¢ k i n g theorad s

~ o~

6 6 Ochhh h A
N e e e 6 ida
0 O 0Ocdvhh Hh A R
o 0 na
0 O 0Odihh Hh h h
W ww xx 0 NHa (3.31)
0 oo0odmhh N =
GHER F 5o 8 1d
0 O U R o
S 6 ia 0 Ta
0 O OchhHHh K h = =

The dimensional form of aerodynamic forces, added with propulsive forces
generates aerpropulsive forceand momentso be used in(3.8) and(3.11) and
the final equation of motion equation can be summarizea @s32).

d 06°Y O

06Y O
06Y O
N e . (3.32
L LVOY «a )]
0 00 Y & 0
O 00°Y & 0
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3.1.45 Missile Avionics Model

3.1.4.5.1 Actuator Model

After the control command is delegated to four fins as describe(8.80), the
control actuation systerfCAS) cuts into mechanization to bring the deflection
angles to their respective values. In missile systemselectrical motor actuates
the fin deflectionsand theautopilot design needs to take into consideration the
cambilities of this unit. Therefore, a representation of this unit is includedein
Simulink model as a secommider transfer functioms shown in(3.33) wherethe

related parameters are as describetiable 1.

3.33
| l - 1 1 (333
Tablel CAS Parameters
CAS Parameters Representation Value Unit
Natural frequency 1 () "Od
Damping ratio - @
Angle limit 1 oT J
Angular rate limit 1 VTT JI
3.1.4.5.2 Inertial Measurement Unit Model
Autopilots pr oposed in this cont ext require

acceleration information as feedback.appplications this information comes from
Inertial Measurement UnitINIU) to onboard missile computer where the
algorithms run. IMU generates thisformation with sensors, i.e., accelerometer

and gyroscope. The design process is carried out as feedbacks are measured

22
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perfectly, but in the preceding parts, more realistic results are tabulated by
implementing an IMU model using the specifications omHoy we | | Aer ospa
tactical grade MEMS IMU named HG1930. Also, a misalignment error is assumed

in the IMU measurements.

The IMU model mentioned is assumed with errors a$ahle 2 using[21] and
[26].

Table2 IMU Parameters

Error Type Accelerometer Channels Gyro Channels

Units Measure Value Units Measure Value

Bias i "Q P, v JQ P ¢ T
Bias in run :
N I "Q P ® JQ P, P
stability
Scale Factor 1 n a P, cmnnna p, OTn
Random o .. ® VR 5 iy T
N aww QN dwWww C |
Walk U
Misalignment & i & P ai ® P

3.2 Review ofNonlinear Feedback Linearization

3.21 Basic Idea of Nnlinear Feedback Linearization

Nonlinear feedback linearization differs from the conventional linearization
method in the sense that via feedback linearization, d@more representation of a
dynamical system is being obtained rather than an approxinj@ghrit is a usual
experience that the representation of a dynamical system may have different
complexity depending on the choice of coordinates. Likewise, the NFL strategy
aims to characterize a nonlinegstem into a more manageable form, meaiiag

it cance$ the nonlinear terms without loss of any information.
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From linear systems theory, a dynamical system has different-sgpate
realizations and an important one is the controllable canonical form (or companion

form). For a given linear tim@variant system, companion form with state

transformation can be viten asin (3.34) referring to[37].

W O0woo
a aw
] p |§: T A (3.39)
P i1 n E é & 'i[ o
‘ 11 m E p ‘ :1?.
W w 8 w L-bU

In the above representatianis ¢ dimensional state vectoo, is control input,0
and 0 are linear timeinvariant matricesg is transformation matrand finally,
o o B I are coeffigents of characteristic polynomial of this systdm, they
hold the information of poles. Froif8.34), the transformation vectot can be

written in terms of first element afi by taking derivatives of each elemeat in

(3.35).

a &« & E & a a E a (3.35)

Also, from the last line of the companion farthe relation between inpit vector

G can be stated.

o O A E ®a o (3.36)

It is seen that companion form leads a representatidheafystem, such that the
state vector is defined by onthe first stated, and&¢ order state equation is
replaced by one scalar differential equat{@®86) from whichthe related control

input can be calculated for the desired state.
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NFL tries to extend this ideglsofor nonlinear systems. A unique form of a system
Is companion form such that therivatives of the states se¢mbe in the equation
without derivatives of input term. A single input nonlinear system is considered in
[38], andin order to put it ind a similar form given ag.34), vector transformation
ofad & w is performed.
O Qw Mwo
@ odwsm R odwsm  fo (337

In the above equatioi®and"Qare nonlinear functions of statesis ¢ dimensional

state vectorg is a scalar input.

If the right-hand side othe whole nonlinear equation abowe lumped to one
variable 0 then the state equation will result in linear formhich allows
performing linear control theory. However, to find therresponding inpud,

perfect knowledge ofQand "Qwould be required. Althoughhis idea seems

complenentary to robust control theg this issuas left aside for the time being.

(3.39)

Now, U depends on the controller designtbis transformed linear systems/An
example a linear controller approach can be madech thatthe characteristic
equation will have stable roots, O 0 E 0 and0 x; symbolize

the controller gaindOne may design theto characterize the decay ratie

The nonlinear state equation seems to be linear with respect t@inpthe above
explanations, howeveit may dependn some nonlinear function afiput ( 0 )

as well, as long a8 | is exists
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The state equation can be fully linearized orly the part of it can be linearized,
I.e., input-output map[27]. Since the latter is involved in this study, that concept

will be detailed in the upcoming part.

3.2.2 Input -Output Feedback Linearization

In this part, the intuitive idea of inpwiutput feedbackinearization will be
explainedsince the applicatiomvestigated in this thesis @riginated from this
intuition. The narration pyceeded through the SISO systeamd much ofthe
details can be found {27].

An¢ orderstate variable equatn with state vectowand outputois defined.
®w Qo Mwo
W o wE o (3.39

Vector fields " "Ch"Q map subdomainO into the real spacéY with related

dimension.

QOO Yh "QPOY h Qoo Y

) 3.40
00y (349

As it is described in the previous sectitime nonlinear equation is linearized using
the input, more precisely by redefining it. Thehe linear form of the system is
controlled. Therefore, while designing feedback linearization basdtecoutput
equation, its derivative is taken repeatedly until the order in which input apljears.
the system is well defined, the inpatwill eventually appear im  order derivative

of outputwy wherei is therelative degree ahe nonlinear systenRelative degree

of a such system might be equal or less than the full order of the syistera)(
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Assuming'Qis a sufficiently smooth function in a doma@O'Y so we can take
its derivativeas expressed in t1{8.41).

0w Qw T
., TQw . T"Qd),‘Q‘
[ ) chw o W r
é
(3.41)
[ w T_F Qw T
T
[ w Tr—Qoo ”—Qooo

If we take the derivative of the output equation giver§3i39) until input coms
insight at its relative degree, and by defining a new irnptiat linearizes system
an equivalent systemantil the order ofi with new linea representation can be

written with new state vecter[12].

- 7 7 ET
mp E Tt
5 nn E é
mTmnE p
T T T L1
T, (3.42
~ 11
L
w 1 é.’.
I-hi"l
U
- b- b
The remainingpart is internal dynamics by definition widrtder € i . Thosewill

be collected at another state vecterwith similar steps described aboas in
(3.43).

— % % E %o (3.43
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A diffeomorphism that transforms the system frarto & coordinates is found by

defining the new system &s(3.44).

%0 > - .

~ |l e 2SN |
IOI ] 11 ]
|'(00 I"I |T Il
II[_ Y] 1= i
[Hén 11én
ur U u- U

Y

- 0- L
. 3.44
ok (3.44)
w 0 -
rvpl’l
1 TG,
(o] |é.‘.
|ﬁ1".

The matrices in state variable equations are in companion form. In addition, by
setting— 1T zero dynamics of the system can be obtairggto dynamics is
defined as the internal dynamics of the system when the output is kept zero by a
unique choice of théput signal. Before a controller for this system is designed,
internal stability has to be checked since the leftover dynamics are also subjected to
the same input. These remaining dynamics will be stable if and only if all the zeros
of the original sysm, which are poles of that remaining part at the same time, are
in the left halfplane. It impliesthat a minimum phase system is required. If the
zero dynamics is stable, then the system will be locally stable but, this gives no

conclusion about global stability.
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In the above progresstheni & then— terms vanishand the mapping can be

done seamlessly.

3.2.3 Necessary Conditions and Formal Definitions

After intuition of inputoutput linearizatio is addressed, the conditiofsr a
system tabe inputoutput linearizable arpresented in compact mathematical form
in this part.For this purpose, some differedtigeometry concepts, such ag
derivative andLie brackets are introduced based on the definitions of variables
(3.40) for systemin (3.39). The Dllowing explanations are all adapted fr¢&v]
and[11].

TheLie derivative ofthe scalar functioriQwith respect to vector fieldis defined

as follows:

fl Qw —_— Qw Of wwa wi (3.45

Where—— is differential of scalaiQ QQwhich is actually the gradient &

The Lie bracket also called as adjoinis defined for vector fieldsQand "Qas

follows:

o]

o Q -
BQ QQw — Q ;_oo QO VQWO ¢ (3.46)

8‘

One can see thdtie derivative results in a scaJawhereasthe Lie bracket is a

vector.

A continuouslydifferentiable map with a continuously differentiable inverse is

known as a diffeomorphisi27].When a system ir{3.39) is considered with
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smooth functiond®QandQin 0O 'Y thentheorem of inpubutput linearization
says that]f i & then for everyp N 'O, aneighborhood) of @ exists such that

themap”Yw given asin (3.47) is restricted ta) is a diffeomorphism.

o Qo Il
fl Qw -
VA 11 . N 4
Yo 1] e 1 (3 7)
Qo

Moreover,Ifi &, then for everyo N ‘O, a neighbourhood of @ and smooth
functions%o @M Mo @, which reflects the internal dynamics of the system,
exist such that the condition {8.43) is saisfied for allc™ O and the magYw

given in(3.48) is a diffeomorphism oo .

%o W -
o ~
e 5
Il(y & 1
1170 1
. 3.48
1 Qw g ( )
] e ]
gl Qo

Yo

Above, formal definition and necessary ddions for I/O linearization are
mentioned for a SISO system given ag3r89) for the sake of simple expression.
Furthermore, these explanations can be extended for a MIMO systemawith
nonlinear state variable equation in terms of input. One may[@&fefor details of

this issue.

3.3  Review of Baseline Autopilot Design

As a baseline, an autopilot designed with the model followemgtrol methodis
used. These controllers eliminate tberors between feedback asdt pointby
forcing the control variable to reach tiset pointwith a specified trend. The

desired transient response used for designing the reference model is decided by
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considering the performance specifications. The reéeremodel calculates its
control input and output. This input is corrected by dla¢opilot which tries to
match the model output with theystem outputlf the process is successful, then
the output variable isachieved with desired reference model trajectory. The
mathematical expression of this approach is summarized briefly. Notethgat,
following generalized procedure applied separately for roll, pitch, and yaw
channels and coupled effects are ignored wdeligning the baseline autopilot.

The system is expressedanstatespace form such that stateso ~ Y , control
inputd 0 M Y ,0 is system matrixd control input matrixand all the states are

assumed measurable.

w 0w 066 (3.49

Then a reference model for each channel is designed thatiollowing state
variable model with the reference input .An example of designing a reference

model can be found ifiL8]. By following the approach given if89 augmented

statew ® ® s definedandtheaugmented system is written.
& 0 T 0 & L
Tt (0] Tt o) (3_50)
) 0O w 06 o0 0 i

In this study, the above augmented system is generatedheittontrol outputs
defined as Euler angles, normal and lateral accelerations for roll, pitch, and yaw
dynamics. In order to minimizéhe steady state error in these outputs, the integral

of the error is also fed to the system. In order to generalize the equations here, these
output variables are assumed to be the first state variable for design in each

corresponding axis.

W wp wp (3.51)
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After appending the integral statbe overall system is expressed in terms of state
variabledaf input command , state variable matri@ , state input vectod , and
reference matrix

® 0 i
W p T p T T

o 0af 6 6 06 6 10

“ m m (3.52)

Then a performance vectax 0 is selectedand a positive definite matris is
defined such that weighting in this matrix penalize the corresponding state variable
P

0 a4 00 ao Qo (353

The cost function below is minimized by transforming ithe well-known linear
guadratic regulation cost functioifhis processs expressedn details in [18]

where optimal control law is obtained with synthesis.

6 oafoh O NY (3.54)

The gains are found by solving the Ricatjuation by means of MATLABAN
applicationof MFC for roll angle control can be found [d9]. The details of the
baselineautopilotdesign are not substantial in the context of this study. The thing
that matters in the scope of this study is, a structure was already available that
allows the control of the relevant parameters in many conditions. However, it
should be emphasized that while designing this structure, the coupled dynamic
effects in the system are ignored as well as the nonlinear dynamics are expressed in

linear statespae format.
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CHAPTER 4

AUTOPILOT DESIGN WITH NONLINEAR FEEDBACK LINEARIZATON

4.1  Attitude Autopilot

Attitude autopilotof the missile impes the control of Euler anglethe coupling
effectsof the missiledynamics isaken into account for the design procesiso,

the autopilothas to be valid during the boost phase as well as the coast phase. The
idea of attitude control with two loop NDI structure is originated from the
kinematic link between Euler angl@nd body angular rates, as one can &fep

for this relation

411 Problem Formulation

Attitude mathematical modas$ described ir8.1 The state vector i(8.39) consists
of rotation rates in threaxes(fmh ), Euler angles %&-h ) with the angle of
attack( ) andthe sideslip anglef(). The control vector is effective fin deflections
(¢ A A ), from which one can allocate control to four fins as describ&dlid.4

The output vector is chosen @ntrol variables directly, i.eEuler angles.

The dtitude control problem can be formulated according to the two-state
separation approacithe anglar rate dynamics cotitute theinner loopwith fast

states@), and Euler angle dynansgeneratéheouter loop with slowstates ® ).

n
® nNho Yo —m I (4.1)
i 141 [ )
g U
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T Q "Q ho

4.2
®  Qdh 42

The output functioriQis given in(3.3). The dynamic inversion process can be done
by inverting the output function in order to find the angular rate commands and
then inverting the angular rate dynamic to control the inner loop.

1T Q ch
(4.3
17 00 01 O
This approach summarized abovanspected in much more detail throughout the

following sections.

4.1.2 Inner Loop Design

Angular rates are controlled in the inner loop. In order to expresautiogilotin
the most generidorm such that it includes boost and coast phases with the coupled

effects(3.12) organizedoy adding thrust vectarontrol terms

0 0 i Aio O onn
n o)
0 0 10 O on i
n S (4.4)
.0 0 On RO O oni
i 0

Calculation of aerodynamic moments and moments that comes from thrust vector

control are given ag8.25) and(3.31), respectively.
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Since the idea of NFL is to bring the system in the forn(3044), the above
equations should be written such that it has twosparte depending on the input

(in this casefin deflection) and one independent tbe input. The agodynamic
database is regulated such that the effect of input can be extracted and expressed

separately from flight parameters.

d 0
"t OE+|] AIrOq "t OET |
o

iy o & (4.6)
U o (0] (0] co

S
Oi Ri0 O onn

S

35



Y a 0 g © 1
L 0
"YAT-O1 AlrOq Y OEF] AlrO]
0
rey x  x L, an o, al o, (4.7)
LY «a (0] (0] Td)— (0] Td)— b—O
0
1 0 O on i
0
5y N w
‘ V) a 0 a—O )
' 0
Yt AT-01 AlrO] Yt OET 1
O
L ‘ (4.8)
5oy a |1 a T
V) a (0] (0] F—o_ 0 F*)_ 'd—O
O
on N0 O oni

In the equationg4.6), (4.7), and(4.8), angular rates of the missilre written in
most detail by explicitlyshowing all the terms thas related withthe missiles
dynamic motionWith the help of these equatigribe inner loop can be written in

the following compact form(4.9) by definngo ,®w ,0 ,®w . The

elements of these matrices are give(4id0) and(4.11).
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The inner loop developed here assunmssantaneous control is applied, ignoring
the actuator dynamics. Therefore, angular rates can be directly replaced by virtual

control inputsasin (4.12).
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N (4.12)

If the coast phase of the flight is considered, the system can be easily inverted, and
a controller can beesigned using the virtual control input part. However, for the
boost phase, inverting the system is not straightforward since the superposition of
aerodynamic moments and moments originated from thrust vemttnolas shown

in (4.9) results in a more complex form. This issue will be addressed a little further
in this chapter after the controller design subject is touched in order to move
forward step by step

4.1.2.1 Coast Plase

In the coast phase, the terms relatedchtadt vector control cancelt sincethere

exists no thrust. Therefore, the system give(ifl) can be feedback linearized as

follows.
o} 1 ,
0 | o %) ’ (4.13
0 1

Once the aerodynamic coefficiemteded for the desired commaiadigured out,

thedesired ontrol deflections can be found by inverting the aerodynamic database.

: ~0 0 ¥
N} . Y
1 1 19 o ] (4 14)
) L . 1
u (0] 0] &
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Reference model with Pl controllbased orthetracking errornis used to design the
virtual control input.The reference model aims to convert the command to a
reference that is achievable tack by the missile.As illustrated inFigure 5,
refererre model is modelled as a secanrder transfer function in lpdace domain

with natural frequencie$ N y for roll, pitch and yaw channel

respectivelyand damping ratie

Ni oo N 'QQl'l'Q‘g

»

N Nase ldia o, 5 Mo Miaoe o Miae Moo liae
>O—>1 & . T »
A ﬂo:"]o,lo‘

29 4

Figure5 Reference Model

4.1
Noting that; (419

The derivative of the reference command is given above, which should also be
used forthe referencemodel tracking. Taking the Laplace transform of the

eguations above carries us to find the reference command in terms of the measured

state and commandedysal.
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n - - N (4.16)

The same ide& extended forthe pitch and yaw roll angular velocities, i.e., their
corresponding reference signalfound with thesame ideaAfter designing the
reference model, PI controller is designed for the angular rates. The inner loop
process for the coast phase is illustratedigure6.

Input Command

Nige Nigoliac

Néea Naka Gia

Moo Miaoliac

—>

L '\iza
MoMoslo

2429 40 +1 %

A

Figure6 InnerLoop Schematic for the Coash&se

By defining the virtual control input as described4til2), it can be designed with
different approaches. Just as it is said, Pl controller is found suitable. For other
approaches, one can refgt9]. Using this control structure, gains need to be
calculated. IrFigure?, a perfect dynamic inversion is described.

Moo o o Perfect Dynamic

Inverson
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Figure7 Perfect Dynamic Inversion Visualization
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However there will be errors irthe inversionprocess. Let uput togethemll the
dynamic inversion errors ithe roll channel into a variabl®i , and find the

gains of roll channelThe differential equation fatheroll channel will be:

AR 0 A RO R A O (4.17)
Upon careful examination dfigure?, the transfer function from inversion error to
trackingerror will be transfer function of PI controller subpart

YO —— (4.18)

By equatinghe characteristic equation of this transfer function to the characteristic
equation othereference model given i#.16), the Plgains can be decided. Also,
by applying same idea the pitch and yaw channebverall gains of the inner loop

arewritten as follows.

0 ¢— 1 DV
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4.1.2.2 Boost Phase

4.1.2.2.1 Case 1: Mechanically CoupledControl Surfaces

The autopilot designprocessis a bit more complicated for the boost phase.
Equations(4.9) and(4.12) still will be combined, but finding the input command
from (4.21) need some numerical process since the equation cannot be inverted
directly withthe analytical methods.

0 6 ® o 6 ™ (4.21)

In chapter3.1.4.3.1 it is already mentioned thahe fins used for thrust vector
control and the aerdynamic fins moving together are in favor of the system
design. So as to achieve that, it is seen input ve¢tor (1 1 7 ) needs to be
extracted from(4.21) such that it includes both AC inpufs § and TVC inputs

( ). The virtual control inputaredesigned same asthe coast phase wit{#.20).
From there the right-handside of the(4.21) is solved for inputwith a numerical
method innegligibletolerance. The detailsof this rumerical process are given in

Appendix B

4.1.2.2.2 Case 2 Separately ActuatedControl Surfaces

Another approach to this dual control situation might be allocating the total control
requirement The virtual control input found lik¢4.21) can be meby allocating

total moment to aerodynamic control and thrust vector comralay to distribute

the virtual corntol is considering the effectiveness of aerodynamaenentover the
moment generated by TVC which is referredGand calculated dynamically in

the simulatiordepending on the flight conditiofigr each channels in(4.22).
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(4.22)

It is clear that, at the beginning of the flight, since the velocity i®doi, there is
little dynamic pressure for aerodynamic force®é created. Therefore, usiiyC
to control the attitude would be more reasonahblehis region However, as
velocity increasesafter some poingerodynamic forces will get effective.

) )
P « o
1 L 4.23
o 6 6 (4.23
1 'O 1 Y
o) 0 O O

In Figure 8 the allocation is illustratedlhe aim of control allocation done here is
to demand total desired moment from aerodynamic control deflections and jet vane
deflections separately. Thereforehile allocating the control first the decoupling

matrices® and® is subtracted from virtual input since those consists of

bodyds cont r i teflectiboraommandst hout t he

Moment Allacation AerodynamicControl
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Figure8 Virtual InputAllocation to AC and TVC
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Once the effective fin deflections are fouedgther by imposing a mechanical
coupling or sharing the contrahe truefin deflections can be decided usi{&30).

This completes the inner loop design for attit@deopilot The formulation given
throughout4.1.2 describes a way to effectuate angular rate commands with fin
deflections.

4.1.3 Outer Loop Design

The auter loop takes the commands for tBeler angles and creates angular rate
commands for the inner loop to realitke demanded controlith the fin

commands.

Outer Loop formulation can be easily drawn frdB3) firstly by writing the
relation between Euler angular rates and angular velocitieq424).
% p OBAO AT AT%D A+ p
_ mn A% OB4h 1 (4.24)
r n OBAOAA AT%DAA I

Similar to the idea used for the inner loop, Euler angles are selected as virtual

control inputsn (4.25) to linearize the feedback.

%00
_ (4.25)
[

Then by merging4.24) and (4.25) the outer loop can be written in the form of
(3.39) as in(4.26).

g

5 1 (4.26)
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For the outer loop, agaithe commandsare passed through &econdorder
reference modeland reference command is giventhe system to be followed.
The PI controller structure is implemented as it is described in detdilli2
Therefore virtual control is designed g4.27), and theprocession of calculations
of gains isthe same as explaingu4.1.2
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4.1.4 Evaluation of Nominal Attitude Autopilot

After presenting the attitudautopilot a set of simulation studies are carried on
within the nominal conditions, i.e., with no uncertainties or disturbances in the
system and assumed as all the required measurements can be done perfectly. As an
example, the commands that are evaluated as chmerfor this system are
applied to all three channels throughout a flight regime that consists of multiple
phases boost & coast, and all responses are displayed in a normalized form, where
the value used for normalization is specified on the corresporfdinges. In

Figure 10, control performance presented with the close capture of the result in

yaw channel.
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Figure10 Normalized Euler Angl@racking Performancef Attitude Autopilot

As explained beforethe command areconverted to a reference signal tlhiag
missile should follow.In Figure 10, dthough the missile is under the highly

coupled dynamics due to the selected commangd asetexpected, all of the
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responses follovtheir reference commandsuccessfullythanks to the nonlinear
nature of the autopilot design.
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Figurell Normalized Angular Rat@&racking Performancef Attitude Autopilot

The outer loop assumes that the inner loop controls the angular rates much faster
than the outer loop and creates the corresponding commands for the inner loop.
While the outer loop realizes the Euler angle commands, the inner loop controls the

angular rates in a faster fashiasiit is observed fromigure11.
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Figure12 Normalized Effective Fin Deflectionsith Attitude Autopilot

Autopilot designed here converts angular rate commands to fin deflection
commands in coast phase or aerodynamic jahddanecommands for the boost
phase. Since the vestigated missile has two flight phasést vanescannot
produce any command after the boost phAseit is mentioned irB.1.4.4 in the
system there are foufins for AC and fourjet vanesfor TVC. The effective fin
commands pass through the actuator dynarttien they aredistributed tothe
actualfins. Then again, effective fin deflections are calculated and plottéigure

12,
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Figure13 Normalized Values of Mach Number, Angle of Attack #&mle of
Sideslipwith Attitude Autopilot

For the flight condition of the example, it is seen that spsdeases after the

boost phase due to drag and grawsyillustrated irFigure 13. Also, to realize the

commanded angles, the missile is exposed to both the angl#ack and the

sideslip angles to a considerable level, as expected from an air defense system.

4.2  Acceleration Autopilot

Acceleration autopilots aim to realize the commanded acceleration it is

usually the output of the guidance algorithm. The control of acceleratiot in

pitch and yawchannelswith theroll angle control are included in this part leading

to a total approach tihe controloft h e

mi ssi | e6sDOR Redacinggr at i or

the plant model to a linear system by choosing state variables according to their

impact on control variables is a wétown approach but has drawbacks vitih
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high angle of attack dynamics. To overcome Weaknesses of such an approach
and utilize the system's abilities more precis®&¥L control was adopted to the
problem. However, the NFL is not suitable for the -minimum phase systems
due to its inversion process. Therefore, output redefinition iSeapfo overcome
this issue.

42.1 Problem Formulation

The translaional dynamics of the missile awmgritten as(3.8). Firstly, the state
vector with systed sutput and inpuis describedsimilar to the way followed for
attitudeautopilot The states of acceleration dynamimmsudeangular rates in three
axes A ), angle of attack| () and sideslip anglg {, lateral and longitudinal
accelerations of the missilé)(, @), andlastly, the roll angle %. to deal with the
dynamics in three axes as a whdgain, the control vector is chosexs effective

fin deflections¢ R h ) for this taitcontrolled missileAlthough it is intended to
controlthemis si | eds accel er at (cgp the autput weetar ise r
taken as accelerations according to a point in fromgofThe details ofhis point

(7) and the control approach has been mentioned in degtR.i This approach is

knownas output redefinitiom literature

(8% 1]
r] T 5 %0 <'I
. Lo Hog 11, 5 s
ww N hwe M ® hpo (4.28)
i l(lf') 1 W 1
uw v

Angular rates are much faster than thegle of attack andhe acceleration

dynamics. Therefore, those are controlledha inner loop and assumed as they
reachsteady state mucfasterthan the accelerations which compose the outer
| oopb6s wariabtes. AsltHe ehdory of the NFL suggests, this cascaded

structure works as follows: by inverting the outer loop, the required command of
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the inner loop can be calculated, and the inner loop actualizes this command by
generating a control surface commanteprocesss given in(4.2) and(4.3) with
newly defined system variables.

4.2.2 Minimum Phase Output Definition

In order to create a force in a particular direction for acw@iltrolled missile in the

air, firstly, an angle of attactowards that direction should be created in order to
increasethe lift force. To point the nose of the missile in the relevant direction,
control surfaces deflect such that it creates a force in the opposite direction. Since
the tails are behind the centef gravity, the opposite force aims to create a
teetering effect. However, when this situation occurs, since the total force on the
missile body in the relevant direction decreases momentarily, the missile moves to
the opposite direction first, until tiferce on the other side prevails with the angle

of attack. This phenomenon is known as the-mammum phase behavioof
aerodynamidail-controlled missils. Mathematical representation of such systems
results in opettoop right half plane zeros in thedemain. Due to the nature of the
aerodynamictail-controlled missiles, transfer functions from control surface
deflection to accelerations have odenp zeros at the right hatflane, as one can

see an example of it lippendix A

Nonlinear dynamic inversion is a method that finds the required command for a
system by inverting the opdaop dynamics. The zeros of the system become poles
with this inversion process. Therefore, right half plane zero can cause undesirable
transient dyamics or even an instability issue. In order to avoid this problem, there
are studiessin [45] such that the angle of attack is chosethasontrol output of

the seond loop and a third loop is suggested to contha acceleration. Another
approach is to redefine output, including the angle of attadkdroutput [24].
However,the accurate measurement of the aerodynamic angles is not feasible in
real systems. A physically motivated approach is presentg@#jnwhich defines

the output accaling to IMU position to overcome this naninimum phase issue.
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However, IMU location is the result of the whole design process, and the transfer
function from control surface deflection to acceleration calculated at IMU location
does not always have to wdsin a minimum phase system. Therefore, al¢hor
proposed a more novel approach by defining the acceleration output at the center of

percussior33].

Center of Percussioni(¢)n)If a bar is hit from a point besides its center of
gravity(cg), it will produce a torque around ityy, and a rotational motion in
addition to a translationahotion will be produced. Moreover, there is a location on
the bar called the center of oscillation or equivalently center of percussion such that
forward translational and backward rotational velocity becomes equal in magnitude
and opposite in directiof6]. In fact, the center of percussion can be defined as a
point at which the forces acting on an extended object are recovered by rotational
acceleration. This definitioadapted to nominimum phase missiles §{83], and
the output redefinition in this study is made in accordance witlm i4.29), the
acceleration created Hin is equated to fin induced rotational acceleraiiothe
pitch channelvherew + shows the distance frooopto cgalongw . In Figure
42the center of percussion illustrated.

0Y a 0o Y

O 7 o -0 (4.29)

Center of percussion should be along center of gravity and its distance fram the

in vector formcan be defined as {@.30).

@ W g T (4.30)

By taking the derivation cdboveposition vector two times, acceleratiahthecop

can be foundin (4.31) @& i's missil eds capwtheréspectdot i on at

j

t

inertial framewritten in body frame@ ; i s mi ssi |l eds cgwitbel erati on
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resgect to inertialframe writtenin body frame and the other parameters are as
described irB.

‘ ‘ (4.31)
@ ¢b T ® 1D 7

By neglecting the change in center of gravibe above equation is simplified as in
(4.32).

w ¢ [ i

w ¢ I NN (4.32
@ 7y N Nl
In this study acceleration output is defined at a paimvhich equated to the ¢ n

locationas described i{4.33), which is found dynamically according to the flight

condition.

O © g (4.33

For a given flight condition (constant speed and altitiidgdire43 in Appendix A.
shows thechange in zeros of the system with. The poles of the systedo not

change with this newly defined output

Linear accelerations of poinj and the cg with respect to the inertial frame is
defined as@; and@& ; respectively. Scalar components of these vectors are

defined asn (4.34).

j

(4.34)

€ &€
3
e
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The output vecto® of the acceleration autopilot and its components are shown in

(4.35).

% ~ N ni G 1ATROAFQY

(ﬁ d') o . o o 2.
o . @ Wl nNn

u ® o noni U

(4.35)

>
>
[

Note that the roll dynamic may also be written in terms of aerodynamic angles.
However, since it is already controlled in the attitadéopilot the idea is adapted

here as well.

4.2.3 Inner Loop Design

Angular rates control forboost and coast phasevith two structural case
(aerodynamicand thrust vectorcontrol with same and different actuatoraje
explained in detail iM.1.2for the attitude autopilot This inner loop strategis
directly implemented here as wellherefore reader can refao 4.1.2for the inner

loop design.

4.2.4 Outer Loop Design

The auter loop seekto follow the reference acceleration commands via generating
angular rate commands for the inner loop to follow. The equations givEéi3as
and (3.8) are used to control roll angle, lateral and longitudinal accelerations

respectively. The @wvitational and centrifugalcceleration is neglected.

Normal force components anecludedin (3.24) and (3.32). In order to bring the
eguation into a compatible format withe nonlinear dynamic inversion method,

the components of the forces tried to be written in two parts as thdgpamdon
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inputs, and the part does not depend on imguts i.e. decoupling matrixThe
accelerations in yaw and pitch channel are tabulated4.B6) with all the

parameters descriden detail.

6 o6 |hHmch
6 Ao 6 0 dw ”:—w 436
6 | A ch
6 6 | HHch
6 |AM® 6 U dw L
Cw
6 | A ch
O "YOE+1 Alr0j
O "YORBT |

As it is explained earlier the acceleration outputs redeimédl37) as described in

4.2.2

(4.37)

By taking the derivative 0f4.37), similar representation t(3.44) is obtained in

(4.38) as it islooked for.

[ () wi N M (4.38)
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From this point on, control variables dynamics are deriventh §.39). Dynamic
equations of angular accelerations are inserted as they are already defined with

equation(4.4).

Change of aerodynamic coefficients with respect to Mach and fin deflections,
derivatives of dynamic coefficients, higherder terms are ignored since those

terms are small conaped to the angle of attack and angle of sideBfipamics.

% N ni Gk iAT%0A+

. 0"Y T6| TéT w0y & Té| TéT
w 7 "
a T T (@) T T
o 0Y a 6 0 R0 O |
w D n
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. . . (4.39)
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Note that partial derivatives can be calculated (4%10) where™Qis a sufficiently
small step size.
16 oMM 6 o MWhy 6 OB M KD

4.40
Tw Q (4.40)
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In (4.39),| andf terms should be calculated. This will be done by taking the

derivatives otheequations given i4.41).

A1

(@}

(4.42)
Al

(@}
o|c ol

The formal definitions of aerodynamic anglesre defined in 3.1.4.4 Above

equations can be arranged a¢4id?2).

A A= b 0 0
OATl OAT o :
o
6 of OAl OAT »p (4.42)
b 600AI
O 00AIl

P )
0 y (4.43)

Using the arrangements frof@42), and substituting) ando from (3.8) only with
neglecting the gravitational effects, angle of attack angle of sideslimglynamics

can be written.

I 4 NATIO1OEBETAI AT :
of p OAT OAIJ

I i NATTO nOEBETATT®AIT :
of p OAT OAf
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By inserting these int¢4.39) outer loop can be written in matrix form depending

on the inner loop control variables as(#45).

no
® onmh 5 N o
i

(y o . ~
I S B (4.45)
oF 0 0 0 n W
@ o) 0 0 i )
The terms ird matrix arecalculatedn (4.46).
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The terms irw matrixare calculated i(4.47).
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Similar to the idea followed for attitudeautopilot virtual control inputsfor the
given system is selected i@es of the outputs as given(#h439).
’ %o
® (4.48)
&

Then a secondrder reference model and a Pintoller are implemented again.
For the design methodology of virtual contawid the calculation of the gajrane
can refer to4.1.2 since the same idea is extended as well for the loop described

here.
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4.2.5 Evaluation of Nominal Acceleration Autopilot

The results are given in comparison with anotingiopilotdesigned with MFC in
order to see if the performance is @gt@ble compared to the MFC method that is
already available for the systemnder considerationMoreover, to see the
superiority of the NDI method described here due to coupled effects, two example
scenarios are generated such that for the dicehariono roll angle is expected
from missile and acceleration commands in pitch and yaw dynamics are
comparatively small, for the secordenarig crosscoupling effects are higher due

to expectations on roll control and higher acceleration commands. Thesamases
referr escde ntaor i adsc @@ amina@d 50 r e theexplahatione | y
below.

Again, as in4.1.4all the responses are displayed in a normalized form, and the

values used for normalization are given in the figures.

64

t hr ou



4251 Scenariol

05

max

Z|COm
o

alla

-0.5

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
t/t

Figure1l5 Normalized AcceleratiofirackingPerformancdor Scenario 1

It is seerin Figurel15, the acceleration on thlmp follows the reference command,

which is produced by reference model. However, when the acceleration of the
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center ofgravity (cg) is considered, it first produces acceleration to the opposite
side, which is mentioned as namnimum phase behavioand thent also follows

the reference. The roll angle sets itself according to changing dynantiespitch

and yaw chanrs.
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Figure16 Normalized Angular Rat&racking Performanctr Scenario 1

It is seenin Figure 16, the inner loop controllengalizethe angular rate commands

of the outer looguccessfully
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Corresponding fin commands are tabulated for the given commarkiguire 17.
Jet vanedeflections are not available after the boost phase, and the aileron
command is much less than the commands in the other channels due to zero

command in the roll channel.
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Sideslipfor Scenario 1

Due to similar commands on yaw and pitch channel, angle of attack and sideslip
angle displays similabehavioras it is seen irFigure 18 When the outputs are
compared with the baseline autopildtjgure 19 shows that altough some
performance degradation occurs for the baseline autopilot, such as small

fluctuations in acceleration and some separation from roll command, it also works

quite well.
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From the effective fin dédctionsin Figure 20, it is seen that baseline autopilot

applies very small deflection in the roll channel, which explains the poor roll angle

control.

425.2 Scenario 2

As mentioned before, a more challenging scenario is generated foscigrio
with higher control demands am$ a result more cros®uplingsoccur. All the
results are tabulated in normalized, and normalization valuesfisgdeon the
figures form againFigure 21 shows the performance of the NBlitopilotat both

the designedcop point and at thecg in all three axes with close capture of

performance in the pitch axiscluded.
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Figure 22 and Figure 23 display angular rate performarscand corresponding fin

deflections, respectaly.
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Figure23 Normalized Effective FiDeflectionsfor Scenario 2
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In order to preserve the integrity thfe given analysis throughout the thesis, Mach
and aerodynamic angles are giverFigure 24. When they are compared with the
Figure 18 of scenario 1, it can be seen that the angle of sideslip is dominant than
the angle of attack for scenario 2 due to the command in roll channel. This effect
resuls in an increase ithe nonlinearity, and the baseline autopilot performs in a
way that approves this iRigure 25. In the figure, while the baselingutopilot
exhibits prominent performance degaddn, the NDI autopilot handles the

situation.
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In the aboveFigure 26 fin deflections are compared for scenario 2. The reflection
of performance worsening to fin deflections is observed in the figure.
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4.3  Sensitivity Analysis

The control algorithm suggested usesferent kinds of information such as
physical parameters of the missile, aerodynamic parameters, and flight conditions.
Some of hese parameters can be measured with sensors, whereas some need to be
estimated or approximated. In order to get an idea of how much the control
algorithm can tolerate uncertainty d¢ims informationthat we cannot measure, a

sensitivity analysis with predined four cases is carried out.

In Table 3, uncertainty percentages are set tfug parameters that the algorithm
relies on, and sensors do not measure. These undetai@ decided realistically

by considering the design and marafaing process agucha missile system.
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Table3 Uncertaintesfor SensitivityAnalysis

Variable Symbol Uncertainty (%) Casel Case2 Case3 Cased
Mass a 1 + 4 + -
Inertia O 5 + + - -
Center of Gravity @ 3 + - - -
Non-dimensional Force o
6 Mm 25 ++,+ ++,+
Coefficients
Non-dimensional
Dynamic Force 6 M M 25 ++,+ - ++,+ S
Coefficients
Non-dimensional .
o M 25 ++,+ ++,+
Moment Coefficients
Non-dimensional
Dynamic Moment 6 B 25 Ghnr +ht
Coefficients
Thrust Force Y 10 + + - +
Thrust Deflection _
—fi 5 o+ ++
Angles
Aerodynamic Angles | B 10 +,+ +- -+
Dynamic Pressure 0 5 + + - -
MachNumber 0 5 + - + -

In the table( ) sign means that the defined variable is extra in thewedt
model of the simulation as much as the uncertainty percentage, i.ayttplot
used the value of that parameter less as much as the uncertainty percentage. For the

() sign, this is vice versa.

For this sensitivity analysis, the prescribed challenging caséd itand scenario
2 in4.2.5.2areused.

76



43.1 Sensitivity Analysisfor Attitude Autopilot

First, the results of sensitivity analysis for the attitadéopilotare tabulated. It is
observedin Figure 27 that although some fluctuations occur time transient

dynamics, tracking performancemains quitevell.
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Figure27 Normalized Euler Angl@racking Performancef Attitude Autopilot
underUncertainties
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Figure28 Normalized Angular Rateof Attitude AutopilotunderUncertainties

Figure 28 shows the variation of inner loop parameters in time with uncertainties.
The system seems to have some fasponsesn angular velocitydynamics. The

corresponding inputs to the system are showkigare29 andFigure30.
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4.3.2 Sensitivity Analysisfor Acceleration Autopilot

Secondly, sensitivity analysis with the same uncertainties is repeated, and the
results are listed.

The normalized accelerations shown in the beffagure31 are the acceleratiora
the center of gravity. Again, it is seen that there is no significant decrease in th

acceleration tracking performance of the missile.
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Figure31 Normalized Acceleratiofiracking Performanctr Scenario 2under
Uncertainties
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