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ABSTRACT

NONLINEAR CONTROL OF UNMANNED AIRCRAFT FORMATIONS

Ariyibi, Segun
M.S, Department of Aerospace Engineering

Supervisor: Prof. Dr. Ozan Tekinalp

February 2014, 114 pages

In this thesis, a leader-follower approach is employed to make two unmanned aircrafts fly in
a fixed geometrical formation. The first aircraft in the formation is designated as leader and
the second is treated as the follower. The leader maintains a prescribed trajectory while the
follower tracks and maintains a fixed relative distance from its leader. Since the associated
kinematic equations are nonlinear, the relative guidance of the follower using two nonlinear
control approaches, the Lyapunov based control algorithm and the State Dependent Riccati
Equation, (SDRE) based algorithms are proposed. After the formation control problem has
been solved, the follower must fly in certain attitudes for it to realize the desired flight paths
needed to fly in the desired geometrical formation. This is called the attitude control
problem.

Simulations and tests of our proposed algorithms were carried out using a linear model of the
SIG RASCAL 110 UAV for both the leader and follower UAV. Lyapunov and SDRE
algorithm were used to solve the formation control problem, while linear quadratic tracking,
(LQT) controllers were used on the linear models for the attitude control problems.

Keywords: UAV, Autonomous Formation flight, SDRE, Lyapunov, Leader-follower
approach



0z

INSANSIZ HAVA ARACLARININ KOL UCUSUNUN DOGRUSAL OLMAYAN
KONTROLU

Ariyibi, Segun
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Ozan Tekinalp

Subat 2014, 114 sayfa

Bu tezde iki insansiz ugagi sabit geometrik bir formasyonda ugurmak igin bir lider-takipgi
yaklasimi ¢aligilmistir. Formasyondaki ilk ucak lider olarak ikincisi ise takipgi olarak
belirlenmistir. Lider dnceden belirlenmis bir rotayi takip ederken takipgi lidere gore sabit bir
konumu korumay1 hedeflemektedir. ilgili kinematik denklemler dogrusal olmadigindan
takip¢inin goreceli giidiimii i¢cin Lyapunov tabanli ve Duruma Bagl Ricatti Denklemi
(SDRE) olmak tizere iki dogrusal olmayan kontrol yontemi Onerilmistir. Formasyon kontrol
problemi ¢oziildiikten sonra takipginin istenen goéreceli konumu korumasi igin takip etmesi
gereken rota belirlenir. Bu rotayi takip edebilmesi igin takipginin belli agisal konumlara
sahip olmasit gerekmektedir. Takipginin gereken agisal konumlara getirilmesi yonelim
kontrol problemi olarak adlandirilmaktadir.

Onerilen algoritmalarin simiilasyonu ve testi lider ve takip¢i i¢in SIG RASCAL 110 insansiz
Hava Aracmin (IHA) dogrusal modeli kullanilarak gergeklestirilmistir. Dogrusal IHA
modellerinin yonelim kontrolii i¢cin LQT kontrolciiler kullanilirken formasyon kontrol
problemi Lyapunov ve SDRE algoritmalart ile ¢oziilmiistiir.

Anahtar Kelimeler: Insansiz Hava Araci, Otonom Kol Ugusu, Duruma Bagli Ricatti
Denklemi, Lyapunov, Lider-Takipgi Yaklagimi
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CHAPTER 1

INTRODUCTION

1.1 Overview

Interests in unmanned aerial vehicles (UAV) have been growing over recent years and for
the right reasons. An unmanned aerial vehicle is an aircraft without a human pilot on board.
They can be controlledutonomously by computers on board or remotely controlled by a
pilot situated on the ground or in another vehicle [1]. Since UAVs do not require an aircrew,
they are much smaller in size than manned aircrafts. Their small size as well as an absence of
an drcrew thereby reduce manufacturing and operational costs and provide various
advantages over manned aircrafts. The elimination of the aircrew means that UAVs are able
to fly longer, faster and perform tighter and faster maneuvers as opposed to a manned
aircraft due to the absence of human physical limitations. The can also perform dangerous
missions without the risk of losing human lives [2]. UAVs find their use in military and
civilian operations. Civilian applications include domestic policing, oil aal €xploration,
scientific research, search and rescue, and surveillance missions like livestock monitoring,
wildfire mapping and forest fire detection. Military applications include intelligence,
surveillance and reconnaissance, maritime operations, ¢anissions (Unmanned Combat

Air Vehicle, UCAV), electronic warfare [1], [2].

When two or moraircraft fly together by keeping the relative distances among each other
the same, such a flight is called formation flight. There are a number of advantages of a
formation flight. Using formation flightsin surveillance missions enables the synthesis of
antennas with dimensions far larger than using a single aircraft thereby leading to an
increased sensitivity of the antennasd consequently leading to betténformation
gathering. Flying aircrafts in a-ffight formationleads to a reduction ithe induce drag of

each of the aircrafts in termation. NASA Dryden Research Center carried out a formation
flight test on two F/AL8 aircrafts.The results obtainedrdm this formationflight test
showedreductionin induced dragf more than 20% and a reduction in fuel consumption by
more than 18% at a flight condition of Mach 0.56 and altitude of 25000ft [3]. Fowler, J.M.
and Andrea, R.D. conducted an experiment on a large formation of 31 wings; the result
showed an induced dragduction of up to 41% is possible [4]. This reduction in drag leads
to a reduction in fuel or power needed to operate the UAVs. Military use formation flight for
defensive reasons as well as concentration of offensive power. A formation flight could also
be employed in an aerial refueling scenario.

There are numerous types of formation geometries of aircrafts depending on the number of
aircrafts in the formation and the purpose of the formation flight. Tharation flight as
discussed earlier has tleneficial effect of reducing the induced drag on the individual
aircrafts in the formation consequently leading to an increased flight range. In military
operations, especially in World War 2, thaiBcraft \-formationgeometrywas the standard
formation geometryused. It afforded a concentration of offensive power for bombers and



also improved visual contact with enemy aircrafts. This formation geometry is still been used
in the modern era as well.

Figure 1.1 V-FormationGeometry

There are severather formation geometries such as the fidger formation geometry,

wall formation geometry, ladder formation geometry, missing man formation geoametry

so on. However, this thesis focuses on the formation flight of two aircFaftsa 2aircraft
formation fight, there are three basformation geometriesThey include the echelon
formation geometry (left or right), line abreast formation geometry and the trail formation
geometry.In all the three formation geometries mentioned above, one ailsm@dsignated

as the leader and the other is designated as the follower. The job of the follower is to
maintain its relative position to the leader while the leader directs the formation as a whole.
In the echelon formatiogeometry the follower is behindnd to the side of the leader. If the
follower is to the left, it is called an echelon left formation, dride follower is to the right

of the leader, it is called an echelon right formation.

Figure 1.2: Echelon Left Formatio Figure 1.3: Echelon Right Formatio
Geometry Geometry



In the line abreast formation geometthie leader and the follower fly side by side. The
follower canbe either to the left side or the right side of the leader.

Figure 1.4: Line Abreast Formation Geometry

In the trail formation geometry, the follower is directly behind the leader.

Figure 1:5: Trail formation geometry

Any of these three basiormation geometries desibed above can also be stepped. In
other words, the leader and follower fly at different altitudeshe follower flies at a
higher altitude than the leader, it is called a stepped up formation geometry and if the
follower fliesat a lower altitude, it is called a stepped down formation geometry.

1.2 Purpose of the Thesis

The aim of this thesis is to design an algorithm for an autonomous formation flight of two
unmanned aerial vehicles. Full linear dynamicshefSIG RASCAL 110UAYV is usedin
testing the algorithm.



1.3 Literature Survey

Several researches have been carried out to tackle the problem of creating an efficient

autonomous formation flight. Individual members of the formation must avoid colliding with

RQH DQRWKHU DV ZHOO DV ZLWK REVWD Fdgedinétry hoWK HLU SDWK
be maintained during maneuvering. For example, a multitude of UAVs must fly -fight/

formation to take full advantage of the reduction in induced drag that comes with such

formation. To tackle the problems listed above as well agaevther problems that come

with an autonomous formation flight, several proposals have been made. Most of the existing

literature deal with the problem of automatic formation control while fixed formation

geometry is assumed.

There are six main apprdaes in the literature to tackle the problem of autonomous
formation flight. These approaches are:

1) LeaderFollowerapproach

2) Virtual Leader approach

3) Virtual Structure approach

4) Virtual Reference Point approach

5) Behavioral Approach
6) Formation Graph Approach

The leadeifollower approach exists predominantly in the literature because of the ease in

implementing it and also because its approach is similar the approach employed in real life

manned formation flights. In the lead®llower approach, some of the aiafts in the

formation are designated as leader and the rest of the aircrafts are treated as followers. The

leaders maintain a prescribed trajectory while the followers track a fixed relative distance

from the neighboring aircraft. Thus, the formation débr is prescribed by specifying the

relative distances that the followers must maintain. fbiflewers have the formatioold

autopilot implemented on them. The downside of this approach is that a rear aircraft usually

exhibits a poorer response thas iieference due to error propagation and it is not robust to
OHDGHUfV IDLOXUH > @ > @ 7KH 9LUWXDO /HDGHU DSSURDF
problems of the Leaddfollower DSSURDFK ,Q WKLY DSSURDFK WR FUHDWH U
failure, all theaircrafts in the formation receive the trajectory of a virtual leader. This

trajectory is usually an ideal point in the formation that the corresponding aircraft must track.

The downside of this approach is that the individual members of the formatiembadea

about their relative distances to one another and subsequently, collision avoidance might be

impossible [6]. In the virtual structure approach, the concept of leaders and followers is non

existent. The constituent aircrafts of the formation eeatéd as if they were particles of a

rigid body. In other words, the entire formation is treated like a single rigid body structure,

hence the name virtual structure [7], [8]. In [8], a virtual structure is defineéd$asy LUW XD O

structure is a collectiorof elements, e.g. robots, which maintain a (semi) rigid geometric
UHODWLRQVKLS WR HDFK RWKHDuebDtQ the Eactl thél RHé eRtire UHIHUHQFH -’
formation move as a single rigid body and the individual members of the formation always

maintain a fixe geometric relationship with one another, it is impossible to use this

approach for formations that vary with time. In the virtual reference point approach, all

4



UAVs in the formation try to maintain prescribed relative distances and angles from a virtual
reference point. This reference point is usually a moving point on-degsigned reference
trajectory. The upside of this approach is that formation reconfiguration is easy to implement
just by changing the coordinates of the reference point and thenegetrajectory [9]. The
behavioral approach entails prescribing desired behaviors for each vehicle in the formation;
these behaviors may be formation keeping, collision avoidance, obstacle avoidance. The
control action of each aircraft is a weighted ageraf the control for each behavior [6]. This
approach also makes use of an imaginary point in the formation called a Formation
Geometry Center (FGC), this FGC method was introduced by Giulietti et al. [10]. Each
aircraft in the formation maintains a prebed distance from the FGC. This distance
depends on the relative distances among the aircrafts in the formation. This FGC approach
ensures that individual members of the formation are aware of the positions of other
members in the formation and it alsmpides some sort of feedback to the formation. In the
formation graph approach, the relative positions of the aircrafts in the formation are
GHWHUPLQHG XVLQJ JUDSK WKHRU\ > @ ,Te¥orn@tion RUPDWL
graph of n aircraft is dfined as an undirected graph , Where is a

finite set of vertices (nodes) in correspondence with the n aircraft in the group, and
is a set of edges representing interaircraft position specifications. The

neighborhood set of the aircraft i, , includes all other aircraft
ZKLFK FRPPXQLFDWH ZLWK LW ~

After selecting an approach to the formation problem, a control scheme has to be adopted.
Lots of control schemes have been implemented. In [5], proportional and integral control
was used on a lead&llower approach. Firsbrder dynamics were used to nebdboth the

leader and the follower UAVSA kinematic relationship for the relative distance of the
follower UAV with respect to théeader UAV was derived. The resulting equations were
then linearized and a PI controller was designed using the resliteagized kinematic
relations In [11], Constraint forcesontrol approachwere used on a formation graph
approach Constraint forces control approach involves determining the total force required
on each aircraft in the formation to maintain the dedioechation geometryThe constraint

force control approach involved imposing geometric constraints on the system of afrgrafts
adding a set of constraint forces to the governing equations that keep the constraints
satisfied. The overall control input redqued for each aircraft to achieve or maintain a
formation is the sum of the applied force per unit mass and the constraint force per unit mass
that limits the motion of the system to be consistent withctivestraintsIn [12], potential

field method was sed on a virtual leader approach. The potential field method involves
generating a potential field for each vehicle in the formation based on the desired and actual
formation geometryThese fields are used to avoid obstacles in the path of the formation a
well as to avoid collision among the aircrafts in the formatfonumber of factors influence

the potential field generated on a particular aircraft in the formation. These factors include
the virtual leader since a virtual leader approach was empltlyedyther aircrafts in the
formation, the presence of obstacles in the path of that aircraft and the proximity of the other
aircrafts in the formation to itin [13], High order sliding mode control scheme was
implemented on a leadéollower approach. IN14], an adaptive output feedback control
scheme is used. Various other control schemes exist in literature as well.



In this thesis, SDRE control algorithm as well as.yapuvov based control schenge
implemented on a leadéollower approach. Full liner dynamics of the UAVareused in
testing the formatiomontrol algorithm.The state dependent ricatti equat{®DRE)control
method has become quite popular over the last decade. It is a nonlinear control technique for
synthesizing nonlinear feedback controls by allowing nonlinearities in the system states
while also offering great design flexibility through staepemlent weighting matriceslLp].

This method has been extensively studied by pears6n Wernli and Cook[17], and
Mracek and Cloutier]8]. The SDRE algorithm captures the nonlinearities of a system by
converting the nonlinear system to a linke strudure using statelependent coefficient
(SDC) matrices.In this way, the controller gainsare frequently computed ensuring the
stability and performance of the nonlinear systdihus, a Algebraic Riccati equation,
(ARE) with SDC matrices is then solved-tine to obtain the contrajains. Consequently,
algebraic Riccati equation becomestatedependent Ri@ati equation, or SDRE. SDRE
control algorithm is used predominantly in spacecraft attitude control problems as well as in
the development of flight comit systems for quadrotors. Howevahe SDRE control
algorithm has not been extensively utilized for the nonlinear flight regimes of fixed wing
aircrafts as well as unmanned aerial vehicles.

In this thesis, the simulations and tests of our proposed digwsiare carried out using a
linear model of the SIG RASCAL 110 UAV for both the leader and follower UAV.
Lyapunov and SDRE algorithiare used to solve the formation control probleire,, the
determination of the required guidance law for the follower U&\Vmaintain the desired
formation. Linear quadratic optimal trackingontrollers (LQT) are implementedon the

linear models for the attitude control problems. The formatiold controllers determine the
required reference signals required to track th&ekk$ormation geometry. These reference
signals are then sent to the follower, tracking this reference signals by the follower is the
attitude control problem of the follower.

1.4 Contributions of the Thesis

An SDRE based nonlinear controllas a guidance loop is the main contribution of this
thesis. In addition a Lyapunov based guidance scheme is also proposed and the effectiveness
of both guidance schemes are demonstrated.

1.5 Contents of the Thesis

In chapter 1, thelefinition and advantages of formation flight are discussed. Also, various
approaches to tackle the autonomous formation flight of UAVs as well as the control
algorithms used are discusséthe various types of formation geometries for-air2raft
formaion flight are also discussed.

In chapter 2,the formulation of the problem is discussed. The derivation of the formation
kinematics and the control algorithms chosen are discu3sed.overall structure of the



formationhold control system to be designisdcalso discussed.he design of the formation
FROQWURO DOJRULWKPTV LQQHU ORRS FRQWUROOHUYV DUH G

Chapter 3presentdhe SDRE based controller. The approach used in the application of the
SDRE to the formation flight is alggiven The SDRE tuningechnique and the impact of its
update rate is discussed as well. Three formation flight scenarios are used to test and
evaluate the performance of the SDRE based formation fligihttroller. The results of the

tests are given and discussed.

In chapter 4aLyapunovbased formation flight controller is design@dhe approach used in
designing the formation flight controller is discussad.in chapter 3, three formation flight
scenarios are used to test and evaluate the performance lofaimenovbased érmation
flight controller. The results of the tests are given and discussed.

In chapter 5Performance comparisons between the Lyapunov based and the SDRE based
formation control systems are made.

Finally, in chapter 6conclusions are made from the foemances of the two nonlinear
controllers. Also, recommendations for future works are given.






CHAPTER 2

FORMULATION OF THE PROBLEM

2.1 Formation Kinematics

In this thesis, the Leadéollower approach is the information structure chosen to solve our
formation problem. In the leadévllower approach one aircraft in the formationis
designated as leader and the rest of the aircrafts are treated as followers. The leaders
maintain a prescribed trajectory while the followers track a fixed relative distanceHeom
neighboring aircraft. fie formation behavior igherefore prescribed by pecifying the

relative distances the followers must maintain. Thus, a kinematic relation of the relative
distance between the Leader and follower UAV has to be derived.

Figure 2.1: Formation Geometry

Using the above figure, a kinematic relation of thlative distance of thieaderUAV with
respect tahe followerUAV is derived [19. In the derivation process, two reference frames
areused.An inertial horizontal reference frame and a rotating reference frameaofdiag

reference frame iattachedo the follower UAV. is the velocity vector of the leader

UAV with respect tahe inertial horizontal frame. Likewise, is thevelocity vector of the



follower UAV with respect to the inertial horizontal frame. respectively represent
the heading of the leader and follower UAVs with respect to the inertial horizontal frame.
is the position vector of the leader UAV with respect to the follower

UAV. are the components of LQ WKH IROORZHU 8%9TV URWDWLQJ UHIHU
rotating reference frame of the follower UAV has itgs, , aligned with  ; they

axis, , DORQJ WKH IROORZHU 83$9tH¥ z\axiD U BHRID thecdavbhQJ D QG
direction. DUH WKH XQLW YHFWRUV RI WKH IROORZHU 83%91TV URYV

relative velocity of thewo UAVs with respect to the inertial horizontal reference frame is
then:

(1)

Writing the parameters in equation (1) in the components of the follower UAV rotating
reference frame, we have:

(@)

@)

4
Combining equations (1§2), (3) and (4), we have:
®)
From equation (5), we obtain:
(6)
()
Equatiors (6) and (7)givesus D NLQHPDWLF UHODWLRQ RI WKH WZR 8%$9VTY L
Integrating the two equations give tie relative position of the lead&AV with respect to

the follower UAV in x and y components. For the z component of the relative position, we
simply take he difference in altitude of the twdhus,

(8)
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2.2 Formation Control

In the Leadeffollower approach tdformation flight, the leader maintains a prescribed
trajectory while the followers track a fixed relative distance from the neighboring aircratft.
Thus, the formation behavior is prescribed by specifying the relative distances that the
followers must mairtin. Then the formation control problesimplifiesto ensuring that the
kinematic relations in equations)(@nd {) track our desired reference formation geometry.
The formation geometry, which is the relative distance we warlestteerUAV to maintain

with respect tahe follower UAV, is specified by choosing desired values for x, y and z. In
other words, represents the relative position of the leader UAV with respect to the

follower UAV and a reference geomgtis specified by choosing reference values for x, y
and z.

The formation kinematic equations are nonlinear. Thus, two nonlinear controllers are
examined for the formatiehold problem.The formatiorthold problemis ensuring that

tracks , Where is the desired formation geometry.

The two nonlinear control algorithms examined in this thesis for the formiatilahproblem
are state dependeRicatti equation (SDRE) based control aifam anda Lyapunov based
control algorithm.

The overall control structure for the autonomous formation flight of the two UAVs in this
thesis is a twdoop structure. The outer loop contains the formatkiold controller or
guidance loop The formatiorhold controller ensures that , Which is the xand y

component of the leadeB $ 9 félative position to the followeJAV, track the desired
. Using equationsg] and ), the formatiorhold controller is designed using both

the SDRE based control algorithm and thgapunov based control algorithm. The
formationhold controller determines the necessary commands that the follower UAV must
realize in order to maintain the x and y componentisofelative position to the leader
UAV. The commands from the formatigrld controller are sent into the inner loop of the
overall control structure. In the inner loop, controllers are designed on the follower UAV to
enable it track the command signalsréceives from the formatielnold controller. To
specify a formation geometry i.e. desired relative position, we need three components,

but the formatiorhold controller designed here only handles two

components . However, as stated earlier, the z component of the relative position

is simply the difference in altitude between the leader and the follower UAV. Thus, an
altitude holdacquirecontroller is designed in the inner loop to handle the z compohém o
formation geometry.

Simulations were done using MATLAB and SIMULINK to test th#ectivenessof our
control approach on a formation flight involving two UAVSs. This approach was tested using
a linear model of the SIG RASCAL 110 UAV for both the leatd AV and follower UAV.

Two simulations were carried otd test our approaciThe first simulation involved using

the SDRE based controller in the outer loop lmelr quadratic optimal trackingpntroller
(LQT) in the inner loop of our control structure. The second simulation invohssd
Lyapunovbased controller in the outer loop andLQontroller as well in the inner loop.

11



Figure 2.2: Model of the Control Approach

12



2.3 Design of the Inner LoopControllers

As stated in section 2.2, the overall formation consiydtem in this thesis is twloop
structured. The outer loop contains the formatioid controller, it is the guidance loop. It
determines the signals the follower UAV must track in otdanaintain its relative position

to the leader UAV. In the inner loop, attitude controllers are designed on the follower UAV.
These controllers enable the follower UAV track the signals it receives from the guidance
loop. The design of the formatiemold controller will be discussed in subsequent chapters,
while the design of the inner loop controllers is discussed in this section. The inner loop
controllers were designed using the linear quadratic optimal tracking control algorithm
(LQT). The inner loopcontrollers designed are as followan Altitude/Velocity acquire
controller and a roll/yaw rate acquire controller.

Giventhe followinglinear observableystem20],

9)
(10)
the desired output , the error , and the performance index
(11)
where and are mxm symmetric, positive semi definitatrices. is a rxr

symmetric positive definite matrix.  is the mth order desired output and is the rth
order control vectorlt is desiredthat the output of the system, , tracks the reference
signal while minimizing the quadratic cost function in equation(1Ihe optimal
controlwhich is derived in reference [28] given by:

(12)
where the nxn symmetric, positive definite matrix is the solution of the nonlinear,
matrix differential Riccati equation (DRE)

(13)
with final condition

(14)

and the nth order is the solution of the linear, nonhomogeneous vector differential
eguation

(15)
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with final condition

(16)
and

17)

(18)

(19)
The optimal state (trajectory) is the solution of the linear state equation

(20)
And the optimal cost

(21)
where is the solution of

(22)
with final condition

(23)

However, equations 9 to 23 are for a fidil@e case problemEor the infinitehorizon
problem, consider equations (9) and (10) but wiilme invariant system matrices, and the
performance index chosen as

(24)
By using the results obtained in the firitene case above and letting , we obtain the
solutions forthe infinite time case. As , the matrix function in equation (13)

tends to the steaeltate value as the solution of the following algebraic Riccati equation

(25)
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Also, the vector function  in equation (15) tends to a finite function. For slowly varying

input signals can be obtained by setting the derivative in equation (15) to zero and
solving for . Thus,

(26)
where

(27)

(28)

Then the optimal control becomes:

(29)
Substituting equation (26) into equation (29) and factorizing:

(30)
where

(31)

and are the controller gains for a linear quadratic optimal tracking controller.

2.3.1  Altitude/Velocity Acquire Controller

As stated in section 2.3, an altitude/velocity acquire controller is one of the controllers
designed in the inner loop of our formatibald control system. The reason for this choice
will be explained in chapter 3.his controller was designed using the algorithm for a linear
guadratic optimal tracking controlldetailed in section 2.3

TheLinear model of the SIG RASCAL 110 UAV is used in this thesis. The system matrices
for this UAV are obtained from reference [2Efom reference [21], we have:

15



where and are the system matrices for the longitudinal dynamics of the SIG
RASCAL 110 UAV. is the longitudinal state vector and is thelongitudinal
control vector. is the elevator control and is the throttle control.

Figure 2.3Block Diagram for the Altitude/Velocity Acquire Control System

The elevator and throttle actuator transfer functions are also obtained from reference [21].
The elevator control surface deflection is limited t@0 degreesThe SIG RASCAL model
was linearized at IMm altitude and 20m/s velocifg1].

Using the algorithm detailed in section 2.3, gains K1 and Kz1 are obtained.

Table 2.1: LQT Gains for the Altitude/Velocity Acquire Controller

K1 Kzl
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Table 2.2: Eigenvalues of tidtitude/Velocity Acquire Control System

Eigenvalues Mode
Short Period

Phugoid

From table 2.2, the real part of all the eigenvalues are negative. Thus, we have an
asymptotically stable systerio test the performance of the altitude/velocity acquire control
system, reference signals for the velocity and altitudesame into the control systerithe
outputs and the control surface deflections are then examined tbtee reference signals

are closely tracked without saturations in the deflections of the control surfdeesay

there is a saturation in the deflection of a control surface when that control surface deflects to
its maximum allowable limits. In the sa of the elevator of our SIG RASCAL 110 UAV, the
deflection limits are 20 degrees. Thus in tracking the reference signals, we avoid a
deflection of 20 degrees in the elevator as saturations in control surface deflections tend to
cause instability in the control systeifrhe results of our test are presented below. It should
be noted that all # results presented below arariational parameters, i.¢hey are all
deflections from trim conditions. and are respectively the velocity and altitude

commands to the controller. and  are respectively theelocity and altitude outputs of
the plant.

Figure 2.4Time history of the desired velocity commaamt velocity outpudf the
altitude/velocity acquire control system
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Figure 2.5Time history of the desired altitud®mmand and altitude outpot the
altitude/velocity acquire control system

Figure 2.6:Time history of the elevator deflection and throttle of the altitude/velocity
acquire control system

18



Once again, it should be noted that the results presented fromsfiydréo 2.6 are all
deflections from the trim valueszrom figures 2.4 to 2.6, we see that our control system
tracks the reference signals without saturating the control surfacas figure 2.4, the
controller is able to closely follow the reference velocity sigalbkit a rgligible steady
state errorof 0.09m/s In figure 2.5, thaeference altitude signas also closely followed
without a steady state errdklso, looking at the elevator deflection in figure 2n& observe

no saturation. Thus, we can conclude that thegthed altitude/velocity acquire controller
has an admirable performance.

2.3.2 Roll/Yaw rate Acquire Controller

The roll/lyaw rate acquire controller is one of the controllers designed in the inner loop of our
formatiorrhold control system. The reason for this choice will also be explained in chapter 3.
This controller was designed using the algorithm for a lineadigic optimal tracking
controller detailed in section 2.3he system matrices for the SIG RASCAL 1WAV are

also obtained from reference [21]. From reference [21], we have:

where and are the system matrices for the lateral dynamics of the SIG
RASCAL 110 UAV. is the lateral state vector and is the control vector.
is the aileron control and is the rudder controll he aileron and rudder actuator transfer

functions are obtained from reference [21] as well. The aileamtrol surface deflection is
limited to 20 degrees while the rudder control surface deflection is limited i®
degrees.The controller gains K2 and Kza figure 2.7are obtained using the algorithm
detailed in section 2.3 and in figure 2.7 are respectively the ralhdyaw rate
commands to the controller. and are respectively the roll and yamaite outputs of the
plant.
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Figure 2.7: Block Diagram for the roll/lyaw rate Acquire Control System

Table 2.3: LQT Gains for the Roll/Yaw rate Acquire Controller

K2 Kz2

Table 2.4: Eigenvaluas the roll/'yaw rate Acquire Control System

Eigenvalues Mode
Dutch roll

Roll
Spiral

The real part of all the eigenvalues in table 2.4 are negative. Thus, we resygaptotically

stable system. The same approach used in section 2.3.1 is again employed here to test the
performance of the roll/lyaw rate acquire control system. Reference signals for the roll and
yaw rate are sent into the control system. The outputshencontrol surface deflections are

then examined to see if the reference signals are closely tracked without saturations in the
deflections of the control surfaceBhe results of our test are presented below. It should be
noted again that all the results presented belowariational parameters, i.e. they are all
deflections from trim conditions.

20



Figure 2.8Time history ofthe desired yaw ramommand and yawate outpubf the
roll/lyaw rateacquire control system

Figure 2.9:Time history of the desirewll commandand roll outpuof the roll/yaw rate
acquire control system
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Figure 2.10Time history of the Aileron and Ruddeéeflectiors of thealtitude/velocity
acquire control system

From figures 2 to 2.1Q we see that our control system tracks the reference signals without
saturating the control surfacds figure 2.8 the controller is able to clogefollow the
reference yaw ratsignal. In the first 10 seconds, we see a steady state error of 0.12 deg/s
which is negligible. After 10 seconds, the steady state error goes tolmnefigure 29, the
reference rollsignal is closely followed without a steady state errékle observe no
saturaipbn in the aileron deflection irigure 210. The limits for aileron deflection is 20
degrees. The deflections observed for the aileron deflection are well uriglérdegrees.

Also, there are no saturations in the rudder deflections as seen in figure 2.10. The limits for
the rudder deflection are 15 degrees. fius, we can conclude that the designellyaw
rateacquire controller has an adwaible performance.

2.4 Leader UAV Controllers

As stated in chapter 1, this thesis uses the |datlewver approach to formation flight. In the
leaderfollower approach, the leader flies at a prescribed trajectory while the follower
maintins its relative position to the leader. Thus, in order to prescribe the trajectory of the
leader, we implemented a velocity/altitude acquire controller and a heading acquire
controlleron the leader UAVSince the dynamics of the SIG RASCAL 118\Ware wed

for both the leadeand follower UAVs, the velocity/altitude acquire controller designed in
section 2.3.1 is also implemented on the leader UAV.

22



24.1 Heading Acquire Controller

This controller was designed using the algorithm for a lirpaadratic optimal tracking
controller. From reference [21], the system matrices are:

where and are the system matrices for the lateral dynamics of the SIG
RASCAL 110 UAV. is the lateral state vector and is the control vector.
is the aileron control and is the rudder control. The aileron and rudder actuator transfer

functions are obtained from reference [21] as well. The aileron control surface deflection is
limited to 20 degees while the rudder control surface deflection is limited t&5
degreesA constraint is placed on the leader UAV side sighocity, . It is desired that it
remains zero while the leader UAV tracks tiesired heading command.

Figure 211: Block Diagram for the heading Acquire Control System
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The controller gins K3 and Kz3n figure 211 are obtained using the algorithm detailed in
section 2.3. and in figure 211 are respectively the headiagd side slip

velocity commands to the controller. and are respectively thieeadingandside slip
velocity outputs of the plant.

Table 2.5: LQT Gains fahe Roll/Yaw rate Acquire Controller

K3 Kz3

Table 2.6: Eigenvalues of the roll’'yaw rate Acquire Control System

Eigenvalues Mode
Dutch roll

Roll

The real part of all the eigenvalues in table&e negative. Thus, we have an asymptotically
stable system. The same approach used in section 2.3.1 is again employed here to test the
performance of thaeadingacquire ontrol s/stem. Reference signals for heading and side

slip velocity are sent into the control system. The outputs and the control surface

deflections are then examined to see if the reference signals are closely tracked without
saturations in the deflections of the control surfaces. The results of our test are presented
bdow. It should be noted again that all the results presented below are variational
parameters, i.e. they are all deflections from trim conditions.

24



Figure 2.12Time history of the desired heading command heading outputf the
heading acquire control system

Figure 2.13Time history of the desireside slip velocity command and side slip velocity
outputof theheadingacquire control system
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Figure 2.14Time history of the Aileron and Rudder deflections of the aldtuelocity
acquire control system

From figures 212 to 214, we see that our control system tracks the reference signals without
saturating the control surfaces. In figurd2.the controller is able to closely follow the
referenceheading signal without a steady state erfdrere is also an acceptable overshoot
of about 0.4 degrees which is quite.figure 213, the side slip velocity is desired to be kept
at zero as the UAV tracks the heading command, our controller does jtisalbbe#
overshoots of about 0.08 m/s which is approximately zZerdigure 2.14, ve observe no
saturatios in the deflections of the control surfaces as the UAV performs the desired
maneuver The limits for aileron deflection is 20 degrees. The deflections observed for the
aileron deflection are well under 20 degrees. Also, there are no saturations in the rudder
deflections as seen in figure 2.1The limits for the rudder deflection arel1l5 degrees.
Thus, we can conclude that the desigreghdingacquire controller has an admirable
performance.
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CHAPTER 3

SDRE BASED CONTROL OF UNMANNED AIRCRAFT FORMATIONS

3.1 State Dependent Ricatti Equation (SDRE)

The state dependent ricatti equation control method has become quite popular over the last
decade. It is a nonlinear control technique $pnthesizing nonlinear feedback controls by
allowing nonlinearities in the system states while also offering great design flexibility
through statelependent weighting matricesy. This method has been extensively studied
by pearson16], Wernli and CooK17], and Mracek and Cloutiel§]. The SDRE algorithm
captures the nonlinearities of a system by converting the nonlinear system to dikeear
structure using statgependent coefficient (SDC) matricés.this way,the controller gains

are frequentlycomputed ensuring the stability and performance of the nonlinear system
Thus, & Algebraic Riccati equation, (ARByith SDC matrices is then solved -tine to
obtain the controgains ConsequentlyalgebraicRiccati equation becomestatedependent
Riccati equation, or SDRE.

The nonuniqueness of the parameterization creates iaddit degrees of freedom, which
can be used to enhance controller performance.

3.2 SDRE Control Approach

The State Dependent Riccati Equation (SDRE) contr@thodology uses extended
linearization as the key concept in formulating the nonlinear optimal control proR@m [
At eachtime instant, the method treats the stdgpendent coefficient matrices as being
constant, and computes a control action by sglva Linear Quadratic optimal control
problem. Similar to the linear counterparhd system has to be fufitate observable,
controllable It should also baffine in input. The weighing matrices of the quadratic cost
function may be state dependent. Gdesa system of the following for{22]:

(32
where is the state vector, is the input vector and , with functions
, and . The minimization of the following
performance index is considered.
(33
where is the reference input, and as defined by the control objectives,

must beat leastpositivesemidefinite, and must bepositivedefinite at
all times. In other to obtain the control law, the Hamiltonian and its derivatives with respect
to the control input , states and cestate variables are needed B.
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(34)

(39

(36)

(37)
Combing equations (32(33) and 34), we have:

(38)
where . Define the function including a bias term due to the tracking
problem. Let the solution be:

(39
If we take the derivative of and use equation83) and @4), we have:

(40)
Collecting the terms with state variables and equating them to zero, we have:

(41
which is the differential state dependent Riccati equation. The remaining terms become:

(42)

If we search for steady state solutions, assuming thetd  are constants, equation {41
becomes algebraic Riccati equation with walbwn solution methods.

(43
Then the solution of the auxiliary equation and the control law becomes:

(44

(49

Using equations@) and (7, a formationhold controllermay be dsigned. To do this,
equations @) and ) are written in the statéependent coefficient form.

(46)

Comparing equation (4&yith equation(32), it may be observed that in this factation, the

system matrix, A, is zero. For a givenfarence formation, , the SDRE

formationhold controller may be designed to generate the necessary control commands
to realize the desired formation i stable manner. Thus, the proposed

formation control is a guidance methodology used to generate the necessary heading rate and
velocity commands to the follower.
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A singularityproblem exists irobtaining the control law for the state dependent coefticien

matrix in equation (46hen . To obtain the control law for our SDC, we need to
calculate . From equation (44), where
When , . For , we have:

(47)

For our SDC in equation (46), the A matrix is zerbhus, for ,

in  becomes:

(48)

Thus, when , the inverse in equation (48) does not exist. Consequenily,equation
(44) cannobe computed and hence, the control lam equation (45) cannot be computed.

For cases where theseparation between the leader UAV and the follower UAV is desired

to be zero, a wodeound is developed. Whenever we have signalgoinginto

our SDRE formatiorhold contoller, the value for is set to 0.5 in the B matrix of the
formationhold controller By doing thiswe make sure never goes to zeria the B matrix

thereby avoiding the singularity problem discussed ab@e.did consider other ranges
besides , however, we got the best performance with this rambe. approach just
explained seemed to work best among the number of approaches we considered to solve the
singularity problemFor example, we stopped updating the SOB&tibackgain whenever x

goes close to zero, however this approach was unsuccessful.

3.3 SDRE Tuning Technique

The State Dependent Riccati Equation (SDRE) control methodology uses extended
linearization as the key concept in formulating the nonlinear optimal control proBm [

At eachtime instant, the method treats the stdggendent coefficient matrices as being
constant, and computes a control action by solving a Linear Quadratic optimal control
problem. Thus, tuning the SDRE formatibald controller implies choosing the proper
weighting matrices Q and R required to solverémlting linear quadratic control problem

at each respective time instant considered. The Q mpdnitalizesthe states and the R
matrix penalizeghe control commands.

To tune the SDRE formatiehold controller, a varying Q matrix and constant R masix
employed. The weights on Q vary with respect to the difference between the desired relative
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distance between the UAVs i.e. desired reference geometry and the actual relative distance
between the UAVs.

(49)

From the choice above, when the error is large, penalty on the states is low so as to prevent
saturation of the control surfaces, since the SDRE controller tries to immediately track the
reference formation. As error reduces, penalty gets higher, thereby cancelling out the steady
state error. Obviously, wheposition error approacheso zero, thediagonal terms of th®

matrix becomes very largd o prevent this undesirable situation, a®regets small, a fixed

Q is selected and no further changes are made to the Q matrix. However, if for some reason,
the error stops being zero, the Q matrix is again tweaked with respect to the error until small
enough error is again achieved.

The R matrix on the other hand, remains constant throughout the solution process. However,
its initial weight varies directly proportionally with the desired reference geometry. In other
words, the higher the reference value, the higher the initial weigtite control commands.

This is done, because initially, when the error is large, penalty on the states are low. Thus, a
larger R is required to compensate for the low penalty on Q.

At every time instant considered, a new feedback gain is computed@sind R.Thus, br
an effective controller, a good feedback gain update rate has to be chosen.

3.4 Formation Control Implementation

As stated earlier, this thesis uses a ledoower approach for the formation control
problem. In theLeaderfollower approach to formation flight, the leader maintains a
prescribed trajectory while the followers track a fixed relative distance from the neighboring
aircraft. We only have two UAVs in our case with one of them designated as the leader
while the other is designated as the follower. The follower UAV must always maintain the
desired relative distance from the leader UAV in spite of maneuvers carried out by the leader
UAV.

To enable the leader UAV carry out desired flight maneuvers (prescribésged
trajectory), as stated in section 2.4ywo LQT controllers are implemented on the leader
UAV. These conollers are the velocity/altitude acquire controller and the heaatiggire
controller. To maintain the desired formation geometry, i.e. thieedeselative position of

the follower UAV from the leader UAV, the formatidrold controller computes the desired
heading rate and velocity the follower UAV must track in order to keep up with the leader
UAV. Thus, controllers must be implemented on thiefver UAV as well to enablé track

the commands from the formatitwold controller. Considering the turn geometry, where the
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lateral acceleration is zero, the following relation between the roll angle and heading rate
may be written [3]:

(50)

The body fixed yaw rate to be realized by the follower then may be calculated from:

(51)

are the outputbom the formatiorhold controller.They are the guidance commands
the follower UAV must track in order for it to maintain the desiredtiet separation from
the leader UAV.Thus, is then sent into the inner loop of our formatlwwid control

system, however, is not directly sent into the inner loop. is first converted to and

using equations (50and 61) andthen sentinto the inner loop As stated beforén
section 2.2the formatiorhold controller provides reference signals to the follower UAV to
enable it track , Which is the x and y components of the desired relative position
of the follower UAV with respect to the leader UAV. To enableftiiower track , an
altitude controller isalsoimplemented on the follower UAV as well. Input to this altitude
FRQWUROOHU LV WKH OHDGHU 8%$91V DT, Ltk XEINERO XYV WK
signds going into the inner loop from the formatibold controllerare , , and

To enable the follower UAV track these guidance signals, an altitude/velocity acquire
controller and a roll/lyaw rate acquire controller are implemented on the follower UAV. The
design details of these controllers can be found in sectiof Be3inner lop controllers, i.e.

the controllers implemented on the follower UAV always track the guidance signals received
from the formatiorhold controller, thus, in order to prevent saturations in the deflections of

the control surfaces of the inner loop contraller is limitedto 10 deg/s. and are
dependent on as shown in equations (b@nd (&). Thus, by limiting , we also limit

and . Limiting the signals going into the inner loop ensures that overly large signals

are not sent into the inner loop thereby reducing the chances of saturating the control
surfaces.
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Figure 3.1: Block Diagram of the SDRE Formation Control System

32



3.5 Results and Discussion

The formation control systeis tested using the linearized model of the SIG RASCAL 110
model aircraft for both the leader and follower UAVEr this purposesimuation code is
written in MATLAB/SIMULINK . The block diagram for the simulation code is given in
Figure 22. To examine the effectiveness of the SDRE approach in realizing the desired
formation geometry in spite of maneuvers cariet by the leader aircraft, three cases are
considered. In each case, SDRtedback gairupdate rate was set to 1 Hize. every
1second In addition, the control surface deflections for the follower Uas/in section 2.3

are limited to 20 degrees for both the elevator and aileron ant’s degrees for the
rudder. The throttle maximum value is also constrained. The SIG RASCAL model was
linearized at 1000m altitude and 20m/s velocity, and it is given iApipendix.

Casel: In the leader follower approach, the leader flies at a prescribed trajectory while the
follower maintains the desired relation distance from the leddethis thesis, we ge
altitude, velocity and heading commands to the leader UAdscribe its trajectory. In this
flight scenario, case 1, the leader UAl\és at the velocity, altitudand heading depicted in
figure 3.3, 3.4 and 3.5 respectively. The leader and follower UAVs are initigihg at

separationdistance of m. It is desired that thdollower TV
relative positionbe brought to m. Our aim is to see if the

follower UAV can track and maintain the desired formation geometry in spite of the
maneuvers carried out lifie leader UAV.The terms relative position, separation distance
and formation geometry are all equivalent.

Figure 3.2: Initial and Desired Formation Geometries, Case 1, SDRE
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Figure 33: Time history othe OHD GHU 8 $9 JGas¥ H SIRREL W \

Figure 34: Time history othe OHD GHU 8 $ 9,T¥seDLOSUREN X G H
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Figure 35: Time history othe OHD GHU 8$ 9 fCasKk H BOREQ J

Figure 3.6 Time history othe IROORZHU 8%$99V UH@DMWrHeMBasRVLWLRQ |
SDRE

35



Figure 37: Time history ofthe IROORZHU 8%$99V UH@DMWrHeMBasRVLWLRQ \
SDRE

Figure 38: Time history othe IROORZHU 8%99V UHcbDphienMBaseRVLWLRQ ]
SDRE
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Figure3.%: Time history of theelevator deflection, Case 1, SDRE, 50 secdimds scale

Figure3.9b:Time history of theslevator deflection, Case 1, SDRE, 30 seconds time scale
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Figure 310a: Time history of the throttl€ase 1, SDRE, 50 seconds time scale

Figure 3.10b: Time history of the throttle, Case 1, SDRESe®0@nds time scale
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Figure 3.11a: Time history of the aileron deflection, Case 1, SDRE, 50 seconds time scale

Figure 3.11b: Time history of the aileron deflection, Case 1, SDRE, 30 seconds time scale
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Figure 3.12a: Time history of the ruddieflection, Case 1, SDRE, 50 seconds time scale

Figure 3.12b: Time history of the rudder deflection, Case 1, SDRE, 30 seconds time scale
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Figure 3.131Leader UAV position vs Follower UAV position, Case 1, SDRE

JLIXUH VKRZV W KelogyH Dhe veldciB/ $tificveased from 20 m/s to 26 m/s
albeit a steady state error of 0.09m/s due to the comtrioliplemented on the leadeks

seen infigure W KH O HD atitude séradhtarily rises tabout1000.8mand then
VHWWOHYV DW P 7KLV LV DV D UHVXOW RI WKH OHDGHU 8
of 0.8m is negligible, thus in this flight scenario, we can say that the altitude is kept constant
at 1000m.Figure 35 shows the time history of th©@ HDGHU 839V KHDGLQJ ZKLF
constant at O degree¥/e desire to see if the follower UAV can track and maintain the
reference formation geometry in spite of the increase in velocity of the leaderlfigure

3.6, we see thathe llower UAV is alle to trackthe desireck-separatiorbetween it and the
leaderUAV. The initial x-separation between the leader and follower UAWris andit is
desired that an-geparation of 6m be maintained. In other words, we would like to reduce
the xseparation beteen the leader and follower UAV in spiteasf increase in the velocity

of the leader UAV.The follower UAV is able to track the desirees&paration in about 23
seconds. A steady state error of 0.08m can be seen. Fhabably as a result of the steady
state error present in the design of the follower UAV controllers i.e., the inner loop
controllers of our formation control systein. figure 3.7,we see that the follower UAV is

also able to track the desiredsgparation between it and the leader UAVeTinitial v
separation between the two UAVs is 8m and a 4m separation is ddsiaddes about 23
seconds for the follower UAV to track the desireggparation. A steady state@rof 0.01m

can be seen and shalso as a result of the inner loop coliérs. In figure 3.8, the follower

UAV is also able to track the desireeseparatiorof 5m It takes about 15 seconds for the
follower UAV to track the desired-geparation. No steady state error can be seen. We can
conclude then that the follower UAV &ble to track the desired formation geomsince all

the desired x, y and z separation distances are traltkedk 23 seconds for the follower
UAYV to go from the initial formation geometry to the desired formation geomeétigures
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3.9a to 3.12b shows us the tirestories of the deflections of tHellower UAV control
surfacesas the follower UAV tracks the desired formation geomatye see no saturatisn
in the deflection of the control surfacdsgure 3.9a shows the deflectiof the follower
8%$99TV HOHY bigheRtUdleflédtidh angle was about 9 degrees and the lowest was about
0 degrees. These values are way below the maximum limit 20 degrees set for the
elevator.Figure 3.10a is the plot of theeprentage increase of the follower UAV throttle.
The throttle was initially at 6.7%, it then increases to 16% before dropping back to &hout 9
The increase in throttle isxpected because in order for the follower UAV to reduce-its x
separation from theshder in spite of the acceddion of the leader, it has to momentarily
move faster than the leader. After achieving the required separation, it then has to slow down
WR PDWFK WKH OHD GHigure 842 showdHtBeRdetlaation of the follower
UAV 1V DL QtHieflecied within the range of 12 degrees. This is also under the
maximum set range limit of 20 degrees. Figure 3.12a shows the deflection of the follower
8%9TMV UXGGHU 7KHUH LV QR VDWXUDWLRQ LQ LWV GHIOHFWLRQ
11 degrees which is below the maximum set range limit a5 degreesLooking at
figures 3.9b, 3.10b, 3.11b and 3.12b, we see that there are oscillations in the deflections of
the control surfaces. Looking closely at these figures, we see that there are 5 peaks within
every 5 second interval, i.e. 1 peadr second. This is as a result of the SDRE formation
KROG FRLQUWELR @t@. Hraf fthis simulation, an update rate of 1 second was chosen.
This implies that at every second, new gains are computed and new signals are sent to the
inner loop controlles. Thus, the control surfaces deflect at every second to track the new
signals received-igure 3.13 shows us the positions of both the leader UAV and the follower
UAV. From the figure, we see how the follower UAV changssetative y separation from
the leader UAV from 8m to 4m as desired. We can also see that the desired formation
geometry is maintained. Forcéearer picture of the relativeseparation between the leader
and follower UAV, refer to figure 3.6.

Case2: In this flight scenario, case #e leader UAV flies at the velocity, altitude and
heading depicted in figure I, 3.16 and 317 respectively. The leader and follower UAVs

are initially flying at separation distances of m. It is desired

that thefollower V tivel poBitionbe maintained in spite of the change in heading of the
leader UAV, i.e. m. In other words, we would like to see if

the follower UAV can maintain a trail formation geometry in spite of a change in heading of
the lea@r UAV.
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Figure 3.4: Initial and Desired Formation Geometries, Case 2, SDRE

JLIXUH 7LPH KLVWRU\ RI OHDGHU 8%91V YHORFL)\
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Figure 316: Time hsWRU\ Rl OHDGHU a8&2ISDREOWLWXGH &

Figure 3.7: 7LPH KLVWRU\ R Ihéadirg Gasé)2 SIRET V
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Figure 3.B: Time history othe IROORZHU 8$91V UHODWHeMHCSRYLWLRQ |
SDRE

Figure3.: 7LPH KLVWRU\ RI WKH IROOR ZHbmgsherf\CaddP?ODDWLYH ¢
SDRE
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Figure 3.20Time history of the follower8 $9 9V U H O D W L-¥dmhp8rieM,L.CAeR,Q ]
SDRE

Figure 3.24: Time history of theslevator deflection, Case 2, SDRE

46



Figure 3.22Time history of the throttle, Case 2, SDRE

Figure3.23: Time history of the aileron deflection, Case 2, SDRE
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Figure3.24: Time history of the rudder deflection, Case 2, SDRE

Figure 3.251 eader UAV position vs Follower UAV position, Case 2, SDRE

48



For this formation flight scenario, the leader UAV velocity is kept constant at 20m/s, figure
3.15. The altitude is als&ept constant at 1000m, figure 8.1 +RZHYHU WKH OHDGHU
heading is varied from O degrees to 70 degrees at a rate of 7 degrees per second, figure 3.1
It is desired that we maintaantrail formation in spite of this varying headingure 3.4.

Figure 3.B shows the time history of the relativesgparation between the leader and
follower UAV. It is desired that this-geparation be kept constant at 4m while the leader
UAV changes its heading. We see from the figure that our follower UAV was abiack

the desired sseparation with anegligible error of about 8mm. ®also desire that the y
separation be maintained at Om e want the follower to fly directly behind the leader
UAV as the leader UA\thanges its heading. Figure 3.Xhows the the history of the
relative yseparation between the leader and follower UAVs. We see from figuetBat in

the first 10 seconds, the follower UAV is to the left of the leader UAV by only about 9cm as
the leader UAV changed its heading from O degreegCtalegrees (figur&.16. As the

leader starts flying at the new heading, i.e. aftesddbnds, the follower UAXorrects its y
separation as to Om as desir€te follower UAV veers off the desired Om separation by an
acceptable 9cm in the first teeconds and tinéoy about an acceptable 3 cm in the next ten
seconds before settling at the desired Ovie also desired the throughout this formation
flight scenario, the leader and follower UAVs fly level with each other i.es@paration of

Om be mairdined. From figte 3.20 we see thabur follower UAV maintains the desired z
separationFigures 3.2 to 3.24 shows the time histories of the deflections of the control
surfaces. We see no saturations in the deflections of any of the control surfaces 3Elg

shows the | RO O R Z H Uele/&terf deflectionwe see that it deflects well under the
maximum setrangelimit of 20 degreesFigure 3.2 shows the percentage change in
throttle of the follower UAV. Figure 32 VKRZV WKH WLPH KLVWRU\ RI WKH
aileron deflectionas the follower UAV maintains its separation distance from the leader
UAV. We see a deflection range of abouB8 degrees which is well under the set limit of

20 degrees. Figure 31Zhows the rudder deflection of the follower UAV, the rudder also
deflects well under its maximum range ofl5 degreesi-rom figure 3.25, we can easily see

that the follower maintains the sieed trail formation i.e. flies directly behind the leader
UAV even as the leader UAV changes its heading.

Case 3 1n this flight scenario, case 3, the leader UAV flies at the velocity, altitude and
heading depicted in figure 323.28 and 3.2 respectively. The leader and follower UAVs
are initially flying at separation distances of m. It is desired

that these separation distances be brought to m. In other

words, it is desired that the leadmnd follower UAVs fly side by side each other while
maintaining a 3m relative-geparation distance between them. Aseparation distance of

Om is desired in this flight scenario. As discussed in section 3.2, this creates a singularity
problem in obtainig the control lawfor the SDRE formatiotinold controller.This flight
scenario was specifically tested to see if the workaround designed in section 3.2 works.

49



Figure 3.26 Initial and Degied Formation Geometries, CaseSDRE

Figure 3.27: TimeKLVWRU\ RI OHDGHU 8%$91V YHORFLW\
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JLIXUH 7LPH KLVWRU\ RI OHDGHU 8%9fV DOWLW X

JLIXUH 7LPH KLVWRU\ RI OHDGHU 8%9fV KHDGLQ.
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JLIXUH 7LPH KLVWRU\ RI WKH | RO-tRpohtut, 88seBY UHODWLYH S
SDRE

Figure 3.31 7LPH KLVWRU\ RI WK H ViepBsitidh ZEbohp8i&at] ®add B O D W L
SDRE
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JLIXUH 7LPH KLVWRU\ RI WKH |RO®RpbRHdIt, £83LBY UHOD W
SDRE

Figure 3.33aTime history of theslevatordeflection, Case 3, SDREOO seconds time scale
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Figure 3.33bTime history of theelevator deflection, Case 3, SDRE, 50 seconds time scale

Figure 3.34a: Time history of the throttle, Case 3, SDRIP seconds time scale

54



Figure 3.34b: Time history ahe throttle, Case 3, SDRE, 50 seconds time scale

Figure3.35a: Time history of the aileron deflection, Case 3, SOIRB seconds time scale
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Figure3.35b: Time history of the aileron deflection, Case 3, SDRE, 50 seconds time scale

Figure3.36a: Timehistory of the rudder deflection, Case 3, SDRE0 seconds time scale
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Figure3.36b: Time history of the rudder deflection, Case 3, SDRE, 50 seconds time scale

Figure 3.37: Leader UAV position vs Follower UAV position, Case 3, SDRE
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For this formation flight scenario, the leader UAV flies at a constant veloti®) m/s as

seen in figure 3.27Its altitude is kept constant at a 1000m, figure 3.28 and it flies at
constant heading of O degrees, figure 3.2 initial xseparation étween the leader UAV

and follower UAV is 8m. It is desired that this separation be brought to Om. Figure 3.30
shows us the time history of the relativeeparation between the leader and follower UAV.
From the figure, we see that the follower is ableack the desired-geparation in about 20
seconds without a steady state erfar a desired sseparation of Om, we normally would
have a singularity problem as shown in equation (48), but by using the workaround
developed in section 3.2 whereby the Juean the B matrix of the formatiehold controller

is set to 0.5 for cases where , we avoid this problem. The result obtained in
figure 3.30 validates the efficacy of the workaround developéglire 3.31 shows the
relative yseparation between the leader and the follower UAV, the two UAVs are initially at

a y-separation of 8m. It is desired that this separation be brought toVénsee from the
figure that the follower UAV is able to track the desiresleparation of 3nf-rom the figure,

we have a settling time of about 60 seconds and no steady state error ik seaiso
desired that the leader and follower UAV fly level with one another i.e. they maintain a z
separation of Omkrom figure 3.32, we see that the relativeeparation between the two
UAVs is practically kept at Om. In the first 15 seconds, the follower UAV is about 15cm
above the leader UAV, and in the next 5 seconds, its 25cm below the leader UAV and then it
finally settles to Om in the next 10 secondlkis deviations from Om by a few centimeters is
acceptableFigures 3.33a to 3.36b show the time histories of the deflections of the control
surfaces of the follower UAV as it tracks the desired formation geomefey.see no
saturations in any of the deflections of the control surfaces as none of them deflect to their
maximum angle limitThe deflection limit for the aileron and elevator is20 degrees, and

for the rudder, its 15 degreesin figure 3.33a, we see that the elevator deflects between 1
degree and 1.7 degreegnis little deflection angle is expected because the follower and
leader UAV are initially flying level with each other and it is desired thay theth keep

flying level. Thus, a climb or descent of the follower UAV is not necessary, hence not much
deflection is needed in the follower UAVs elevatBigure 3.33b zooms in on the first 50
seconds of figure 3.33a for a better picture of figure 3.33gure 3.34a shows the
percentage change in throttle. An initial rise in throttle can be seen, this is because the
follower UAV needs to increase its velocity to cut itseparation from the leader UAV

from 8m to Om. A drop in throttle is then seen siasesoon as the leader approaches Om, it
QHHGV WR VORZ GRZQ WR PDWFK WKH OHDGHU 8%$9MV YHORFLW\
percent for the throttle after the follower UAV has tracked the deskszparation of Om.

This is probably as a result dfe workaround developed to avoid the singularity problem in
the SDRE formatiothold controller. This is probably due to the fact that when is fed

back into our SDRE formatiehold controller, the value for is set to 0.5 in the B matrix of
WKH FRQWUROOHU 7KH FRQWUROOHU WKHS§ate &ravaatd Q WULHV WR
this translates into oscillations in the throttle and elevator as kigiire 3.34b zooms in on

the first 50 seconds ofdiure 3.34a for a better picture of figure 3.3B&ure 3.35b shows
aileron deflection. From the figure, we see a maximum deflection &5 degrees whiclsi

below the maximum deflection limit for thaileron Figure 3.36a shows é¢hrudder
deflection, we see a maximum deflection of about?2 degrees which is also below the
maximum deflection limit for the rudder.Figure 337 shows us the positions of both the
leader UAV and the follower UAV. From the figure, we see how the follower UAV changes
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its relative y separation from the leader UAV from 8m to 3m as desired. We can also see that
the two UAVs fly side by side each other.

Fromthe above simulations provided in case 1, 2, ande3can conclude that our SDRE
formation control systens very effective in enabling the follower UAV track a formation
geometry while the leader UAYV flies at a prescribed trajectory.

3.5.1 SDRE Feedback Gain Update Rate

As statedearlierin section 3.1 and 3.2, ttf®DRE algorithm captures the nonlineadtiof a

system by converting aonlinear system to a linelike structure using statdependent

coefficient (SDC) matricesAt each timeinstant, the method treats the stdegpendent

coefficient matrices as being constant, and computes a control action by solving a Linear
Quadratic optimal control problenin other words, at every time instant, a new feedback

gain is calculated by solvinthe Linear Quadratic optimal control problenfihe question

3KRZ RIWHQ VKRXOG ZH FDOFXODWH D QHZ IHHGEDFN JDLQ"
discussed in section 3.5 were obtained using a 1 second gain update rate for the formation

hold controlle. In this sectiongain feedback update ratef 0.5, 1 and 5secondswill be

compared

To test the performance of the formatioold controller while using the new feedback
update rates, thBormation flight scenario otase 1 insection 3.5 will be employed.he

result for the zZzomponent is not presented here because as explained earlier, the fermation
hold controller only handles the x and y component of the relative position. For the z
component, an altitude controller is iraplented on the follower UAV. Input to this altitude

FRQWUROOHU LV WKH OHDGHU 8%9TfV. DOWLWXGH SOXV WKH

As in case 1 of section 3.8e leader and follower UAVs are initially flying at separation
distances of m. It is desired that thiellowerfV UHODWLYH SRVI

be brought to m. Our aim is to see if the follower UAV can

track and maintain the desired formation geometry in spite of the maneuvers carried out by
the leader UAV. Refer to figures 3.3, 3.4 and 3.5 respectively for the time histories of the
OHDGHU 8%$9 1V tudelah&Rirehdviy. DOW L
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Figure 338: Time history of the xFRPSRQHQW RI WKH IROORZHU 8%$9T1V UHODWL
different SDRE update rates

Figure 3.39Time history of the yFRPSRQHQW RI WKH IROORZHU 8%$9T1V UHODWL
different SDRE updateates
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Figure 3.4@ Time history of the elevator deflection with different SDRE update rates, 70
seconds time scale

Figure 3.40: Time history of the elevator deflection with different SDRE update rates, 20
seconds time scale
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Figure 3.4&: Timehistory of the throttle with different SDRE update rates, 70 seconds time
scale

Figure 3.4b: Time history of the throttle with different SDRE update rates, 20 seconds time
scale
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Figure 3.42: Time history of the aileron deflection with different SDRttlate rates, 70
seconds time scale

Figure 3.4b: Time history of the aileron deflection with different SDRE update rates, 20
seconds time scale
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Figure 3.42c: Time history of the aileron deflection with different SDRE update raté§, 30
seconds timscale

Figure 3.4a: Time history of the rudder deflection with different SDRE update rates, 70
seconds time scale
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Figure 3.48: Time history of the rudder deflection with different SDRE update rates, 20
seconds time scale

Figure 3.43c: Time historgf the rudder deflection with different SDRE update rates530
seconds time scale
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Figure 3.38VKRZV WKH WLPH KLVWRU\ RI W-Eddarafo® @ifRZHéU 8$9TV UHO
leader UAV under three different update rates. The follower UAV was able to track to the

desired xseparation of 6m under these update rates. The responses for the 0.5 and 1 secon

SDRE update rate are quite similar. They both settle to 6m in about 20 sedomgs/er,

the response for the 5 seconds update rate is not as smooth as its counterparts. It settles to 6m

LQ DERXW VHFRQGYV DQG LWTV D ORoNpdaRUdtedRgyieELOODWRU\ WK
3.39shows the time history of the Y HSDUDWLRQ RI WKH IROORZHU 8%9YV UHODYV
the update rates being considered i.e. 0.5sec, 1 sec andheé€c5 second update rate has

the best performance. Its response is msicioother than the other update rates. It also

settles to the desired y separation of 4m in about 18 seconds which is faster than the other

two update ratesThe response for the 1 second update isate bit oscillatory but settles

slightly slower tharits 0.5 second counterpart. The 5 sesamgldate rate response is a lot

more oscillatory than the other two and it settles to the desired 4m much later then the other

two at 55secondszigures 3.40a to 3.48are the plots of theorrespondindime historie of

WKH GHIOHFWLRQV R lcovtrkl BurfaesQuiRigrHh¢ ter8e Jpdate rdimgire

3.4 is shows the deflection of the elevator under the three update rates. We see that the

elevator deflection for the Second update rate deflects with Esscillations than its

counterparts. In other words, it deflects at a lower rate. The 0.5 second update rate has the

highest rate of deflection as compared with the other two update Téiesis expected

because for an SDRE algorithm, new gains ancefoee new signals to track are generated

every time we update the SDRE. Thus, the elevator will have to deflect at a faster rate for a

0.5 second update rate as opposed to a 5 second update rate since the elevator will get 10

times more reference signatsttack Figure 3.40 zooms in on t@first 20 seconds of figure

3.40a Figure 3.4A shows the time history of the percentage change in thragtleuith the

case of the elevator deflection, the 0.5 second update rate also hasése tglection rate.

Figure 3.4b also zooms in on #hfirst 20 seconds of figure 341 or theaileron deflection

in figure 3.42 and rudder deflection figure 3.4, the 0.5second update rate again has the

highest deflection rate as compared with the 1 second updat&hatd.seconds update rate

performs much worse than the other two update rates in these two figures.

We can conclude that for a smoother tracking while using SDRE, a high update rate is
needed but at the cost a higher deflection rate of the control surfaces which might not always
be feasible. A lower gain update rate reduces the control surfaces defledddout at the
sacrifice of tracking performancBepending on the mission profile, a trade off would have

to be made between tracking performance and the load on the control surfaces. For this
thesis, we stuck with a 1 second update rate because weanrhadtceptable tracking
performance and control surface deflection rate under a 1 second upddtesaleo worth
mentioning that when we ran the above simulation for update rates higher than 5 seconds,
our formation control system was unable to tréo& desired formation geometry. For an
update rate of 20 seconds, we had an unstable sy$tam.s the case because, SDRE
algorithm tries to estimate the behavior of the nonlinear system by updating a SDC matrix at
predetermined time intervalsThus, a much shorter time interval dels to a better
approximationand a longer time intervaéducegheaccuracy of thapproximation.This is

why we got a smoother response while using a 0.5 second update rate and an unstable system
with a 20 secorslupdate rte.
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3.5.2 Inner Loop Eigenvalues vs Outer Loop Eigenvalues

As stated in earlier in section 2.2, the formation control system in this system has a two loop
structure. The outer loop contains the formatimtd controller and the inner loop contains

the controllers implemented on the follower UAV. The outer loop is the guidance loop, it
determines the necessary signals the follower UAV must track in order for it to maintain the
desired relative position from the leader UAVhe outer loop in this sdon uses the SDRE
control algorithm and the inner loop uses LQT control algorithm. Thus, there are two sets of
eigenvalues.e. the inner loop eigenvalues and the oldep eigenvalues. Theelationship
between these sets of eigenvalues willdxaminedin this section.The formation flight
scenario given in case 2 of section 3.5 will be used for this analysis. The inner loop has two
sets of controllers, an altitude/velocity acquire controller and a roll’lyaw rate acquire
controller. The details of theiredign is given in section 2.30 do this analysis, the SDRE
formation controller used in case 2 of section 3.5 is retuned to make sure it is more sluggish
than the inner loop controllers. The performance of this retuned SDRE forrhatibn
controller isthen compared with the previous one given in case 2 of sectiofr&.3he

SDRE formatiorhold controller, we knowhat at every update rate, new gains are calculated
and thus resulting in new eigenvalues. For a 50 seconds simulation and a 1 secon#t feedba
gain update rate, we would have at least 50 sets of eigenvalues to work with. For this
analysis, onlytie fastest and the slowesgenvalues are presented in the table befdthe

other eigenvalues of the SDRE formatioold controller will fall within the range of these

two eigenvalues.

Table 3.1: Inner Loop and Outer Loop Eigenvalues

Inner Loop Inner Loop SDRE Eigenvalues Retuned SDRE
Eigenvalue mode Eigenvalues Case 2 Eigenvalues

Phugoid

Short Period

Spiral

Roll

Dutch roll

From the above table, we see that for the SDRE formdutddtoh controllerin case2 of section

3.5, the eigenvalue is faster than three of the inn&yop eigenvalues i.e. the
phugoid mode, the spiral mode and . From the above table, we also see that t
eigenvalues for the retuned SDRE are slower than all the modes of the inner loop controllers.
The performance of these two BE controllers are presented below using the formation
flight scenario given in case 2 of section.3rbthat flight scenario, the leader and follower

UAVs are initially flying at separation distances of m. It is
desired that théllower 1V U HO D W b¥ Hailgdéd. iwdpRef the change in heading
of the leader UAV, i.e. m 7KH OHDGHU 8%$9TV KHDG
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FKDQJHG IURP GHJUHHV WR GHJUHHV « Hltit@iélisWKH OHDGHU
maintained at 20m/s and 1000m respectively.

JLIXUH 7LPH KLVWRU\ RI WKH |RORp@oHdut, SHPBE Cas¢HODWLYH SR
2 vs Retuned SDRE

Figure3.4 7LPH KLVWRU\ RI WKH IROOR Ztbohpsreat| SODRE&EED WLYH SRVLW
2 vs Retuned SDRE
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Figure 3.46Time history of theslevator deflection, SDRE Case 2 vs Retuned SDRE

Figure 3.47Time history of thehrottle, SDRE Case 2 vs Retuned SDRE

69



Figure 3.48Time history of thaiileron deflection, SDRE Case 2 vs Retd SDRE

Figure 3.49Time history of theudder deflection, SDRE Case 2 vs Retuned SDRE
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From figures 3.44 to 3.49ve can conclude that the two SDRE formatimid controllers

i.e. the SDRE formatichold controller used in case 2 of section 3.5 tredretuned SDRE
formationhold controller used in this section have very similar performances. The
deflections in the control surfaces for both cases are practically the same. The tracking
performance of the two controllers are really close too. The woficeable differencén
performance of the two controllecan be seen in figure 3.44 where the steady state error for
tracking the xcomponent of the relative position of the follower UAV to the leader UAV
increased from about 8mm in the SDRE formatiotd controller in Case2 of section 3.5 to
about @m in the retuned SDRE formatidmold controllerwhich is actually a slight drop in
performanceWe can draw out from these results that ensuring that the outer loop is slower
than the inner loop does notatly provide much of a performance boost. As long as the
inner loop controllers are fast enough, a good tracking performance can be adhietieer

words, it is ok for the outer loop eigenvalues to be faster than a few of the eigenvalue modes
in the inrerloop.

Due to the nature of the SDRE algorithm, it is actually quite difficult to select a set of
weighting matrices Q and R that ensures that the SDRE forntatidncontroller in the

outer loop is slower than the inner loop controllers. This is beddwesSDRE algorithm uses
VWDWH GHSHQGHQW FRHIILFLHQW PDWULFHV 6'& WR 30LC
that different formation flight scenarios means new entirely different SDC matrices. Thus,

the pair Q and R for one case that ensure a slfmmmationhold controller might not ensure

a slower formatiothold controller for another case. Since it is impractical to use a different

set of Q and R weighting matrices for every formation flight scenario, it is more practical to

focus on the innewobp controllersnsteadoy making them quite fast.
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CHAPTER 4

LYAPUNOV BASED CONTROL OF UNMANNED AIRCRAFT FORMATIONS

4.1 Lyapunov Stabity Theorem

Let be an equilibrium point of a nonlinear system . Let be a

continuoudy differentiable function on aeighborhood  of , such that and
in Cf , then is stable Moreover, if in ,

then is asymptotically stablg4].

4.2 Lyapunov Control Approach

TheLyapunov stattity theorem approacimaybe used talesign stabilizing controllers for
nonlinear systems4].

Consider the follwing Lyapunov function

(52)
Where and . Taking the derivative of equation 2&e have

(53)
To ensure that equati@@3) is negative definite, we make

(54)
where is a positive definitenatrix. Simplifying equatiori24), we have

(55

Substituting equatio(¥6) into equation $5) and solving for , we have
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(56)

is the desired control law to bring thalower aircraft to the desired formation in a

stable manner. Thus, the proposed formation control is a guidance methodology used to
generate the necessary heading rate and velocity corsraatite follower.

On closer inspection of equation (56), we see that there is a singularity problem when
The singularity occurs for because:

(57)

From equation (57), we see that the inverse always exists except whenThus for cases
where the xseparation between the leader UAV and the follower UAV is desired to be zero,
a singularity problem will be encountered obtaining the control law and hence, a
workaround isdeveloped.To solve this problenywhenever we have signal
going into ourLyapunov formatiorhold controller, the value for is set to 0.5 in the

matrix of the formatiorhold controller. By doing this, we make sure that the

inverse always exists and thereby avoiding the singularity problem.

4.3 Formation Control Implementation

The change in heading rate, and desired velocity for the follbl#é&f are computed form
the Lyapunov based guidance technique described albbeeflight control of the fllower
UAV may be easily implemented as befdRefer to section 3.4f details.
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Figure 4.1: Block Diagram of the Formation Control System
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4.4 Results and Discussion

The formation control systemsing Lyapunov based guidance approsatested using the
linearized model of the SIG RASCAL 110 model aircraft for both the leader and follower
UAVs as beforeFor this purposesimuation code is written in MATLAB/SIMULINK The

block diagram for the simulation code is given in Figu Zo examine the effectiveness of
the Lyapunovapproach in realizing the desired formation geometry in spite of maneuvers
carried out by the leader aircraft, three cases are considénede cases are exactly the
same as the formation flight scenarios discussed in section &.cdntrol surface
deflections for the follower UAV are limited to 20 degrees for both the elevator and
aileron and 15 degrees for the ruddas assumed in the previous simulatiohise throttle
maximum value is also constrained. The SIG RASCAL model was linearized at 1000m
altitude and 20m/s velocity, and it is given in the Appendix.

Casel: In this flight sceario, case 1, the leader UAV flies at the velocity, altitael
heading depicted in figure 4.3,44and 45 respectively. The leader and follower UAVs are

initially flying at separation distances of m. It is desired that
thefollowerfV UHO D W b&Bilol®RYOLW LR Q m.

Figure 4.2: Initial and Desired Formation Geometries, Case 1, Lyapunov
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JLIXUH 7LPH KLVWRU\ RI WKH OHDGHU 8%91V YHORI

Figure 4.4: Time history of th @O HDGHU 8%$91V DOWLWXGH FDVH /\
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JLIXUH 7LPH KLVWRU\ RI WKH OHDGHU 8%9TV KHDGLQJ &

JLIXUH 7LPH KLVWRU\ RI WKH |RO-tR@oHdnt, €88y UHODWLYH S
Lyapunov
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Figure 4.7: Time history of the followe8 $9 1V U H O D W L-¥dpdrieht LGEdeR,Q \
Lyapunov

Figure4 7LPH KLVWRU\ RI WKH IRO OR Zddrdpdérg,10ase HODWLYH
Lyapunov
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Figure4.9: Time history of theelevator deflection, Case 1, Lyapunov

Figure 4.10: Time history dhe throttle, Case 1, Lyapunov
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Figure 4.11: Time history of the aileron deflection, Case 1, Lyapunov

Figure 4.12: Time history of the rudder deflection, Case 1, Lyapunov
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Figure 4.13: Leader UAV position vs Follower UAV position, Case 1, Lyapunov

Figure4 VKRZV WKH OHDGHU 8%9YV YHORFLW\ 7KH YHORFLW\ LV LC
albeit a steady state error of 0.09m/s due to the controller implemented on the leader. As

seen in figured WKH OHDGHU 8%9YV DOWLWXGMOBR&EHd GMDULO\ ULVHYV
VHWWOHYV DW P 7KLV LV DV D UHVXOW Rl WKH OHDGHU 8%9YV
of 0.8m is negligible, thus in this flight scenario, we can say that the altitude is kept constant

at 1000m. Figuret.5 shows the time historlRl WKH OHDGHU 8%9fV KHDGLQJ ZKLFk
constant at 0 degrees. We desire to see if the follower UAV can track and maintain the

reference formation geometry in spite of the increase in velocity of the leader UAVuia fig

4.6, we see that the follower WAis able to track the desiredseparation between it and the

leader UAV. The initial xseparation between the leader and follower UAV is 9m and it is

desired that an-geparation of 6m be maintained. In other words, we would like to reduce

the xseparatin between the leader and follower UAV in spite of an increase in the velocity

of the leader UAV. The follower UAV is able to track the desirexbgaration in about&

seconds. A steady state error of@irOcan be seen. This is probably as a result o$tibedy

state error present in the design of the follower UAV controllers i.e., the inner loop

controllers of our formation control system. Inuig 47, we see that the follower UAV is

also able to track the desiredsgparation between it and the leadkV. The initial y-

separation between the two UAVs is 8m and a 4m separation is desired. It take$Cabout

seconds for the follower UAV to tradke desired yseparation without a steady state error.

In figure 3.8, the follower UAV is also able to tradletdesired separation of 5mit takes

about & seconds for the follower UAV to track the desiredeparation. No steady state

error can be seen. We can conclude then that the follower UAV is able to track the desired

formation geometry since all the desl x, y and z separation distances are tracked. It took
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28 seconds for the follower UAV to go from the initial formation geometry to the desired
formation geometry.Figures 49 t04.12 shows us the tint@stories of the deflections of the
follower UAV control surfaces as the follower UAV tracks the desired formation geometry.
We see no saturations in the deflection of the control surfaces. Hdarehows the

GHIOHFWLRQ RI WKH IROORZHU 8%$9T1V HOHYDW égrees KH KLJK

andthe lowest was about 0 degrees. These values are way below the maximum lir@id of
degrees set for the elevatéiigure 410 is the plot of the percentage increase of the follower

UAV throttle. The throttle was initially at 6.7%t, then increases to3% before dropping

back to about 9%. The increase in throttle is expected because in order for the follower UAV

to reduce its »separation from the leader in spite of the acceleration of the leader, it has to
momentarily move fastghan the leader. After achieving the required separation, it then has
WR VORZ GRZQ WR PDWFK W FKigliredH DsowdJthe feXgatioy of & F L W\
IROORZHU 83$9T7he defle@dhlaRglgfor the aileronwas within the range of3

degrees iad 6 degrees. These values drelow the maximum limit of 20 degrees set for

the aileron Figure 4.12VKRZV WKH GHIOHFWLRQ RI WKH IROORZHU
saturation in its deflection sint¢ke deflection angldor the udderwaswithin the range of6

degrees and degreesvhich is below the maximum set range limit ofl5 degreeskigure

4.13 shows us the positions of both the leader UAV and the follower UAV. From the figure,

we see how th&llower UAV changes its relative y separation from the leader UAV from

8m to 4m as desired. We can also see that the desired formation geometry is maintained. For
a clearer picture of the relativeseparation between the leader d&oltbwer UAV, refer to

figure 46.

Case2: In this flight scenario, case 2, the leader UAV flies at the velocity, altitude and
heading depicted in figure 4.15, 4.16 and 4.17 respectively. The leader and follower UAVs

are initially flying at separation distances of m. It is desired
that thefollower VvV U H O D W Lb¥ iHaiftd&éd. bV §pReQof the change in heading of the
leader UAV, i.e. m. In other words, we would like to see if

the follower UAV can maintain a traibrmation geometry in spite of a change in heading of
the leader UAV.
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Figure4.14: Initial and Desired Formation Geometries, Cadegyapunov

Figure 415: Time history of leadd 8$9TV YHORFLW\ &DVH I\DSXQRY
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Figure 416: Time history of leader UAYV D O W L Why&pbnow D V H

Figure 4 7LPH KLVWRU\ RI OHDGHUWy8madgw KHDGLQJ &D
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JLIXUH 7LPH KLVWRU\ RI WKH | ROR@oHdt, €aLPYY UHODWLYH S
Lyapunov

JLIXUH 7LPH KLVWRU\ Rdativgdsiti®nOycbRoHadt, EA LY
Lyapunov
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JLIXUH 7LPH KLVWRU\ RI WKH |RORpoRddt, €8Py UHODW
Lyapunov

Figure 4.21Time history of theslevator deflection, Case 2, Lyapunov
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Figure 4.22: Time history of thérottle, Case 2, Lyapunov

Figure4.23: Time history of the aileron deflection, Case 2, Lyapunov
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Figure4.24: Time history of the rudder deflection, Case 2, Lyapunov

Figure 4.25: Leader UAV position vs Follower UAV position, Case 2, Lyapunov
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For this formation flight scenario, the leader UAV velocitképt constant at 20m/s, figure

4.15. The altitude is alskept constant at 1000m, figure 4 +RZHYHU WKH OHDGHU 8%$91
heading is varied from O degrees to 70 degrees at afratdegrees pesecond, figure 47.

It is desired that we maintain a trail formation in spitehis varying heading, figure 4.14.

Figure 418 shows the time history of the relativeseparation between the leader and

follower UAV. It is desired that this-geparatiorbe kept constant at 4m while the leader

UAV changes its heading. We see from the figure that our follower UAV was able to track

the desired sseparation wh a negligible error of aboutnim. We also desire that the y

separation be maintained at Om i.e. went the follower to fly directly behind the leader

UAV as the leader BV changes its heading. Figurel®, shows the time history of the

relative yseparation between the leader and follower UAVs. We see from figl@ethat in

the first 10 seconds, ¢ifollower UAV is to the left bthe leader UAV by only aboutcén as

the leader UAV changed its heading frondégrees to 70 degrees (figurel@). As the

leader starts flying at the new heading, i.e. after 10 seconds, the follower UAV correets its y

sepaation as to Om as desired. The follower UAV veers off the deBimedeparation by an

acceptable &n in the first ten seconds@then by about an acceptablem in the next ten

seconds before settling at the desired Om. We also desired the throughduatrtigtion

flight scenario, the leader and follower UAVs fly level with each other i.eseparation of

Om be maintained. From figure20, we see that our follower UAV maintains thesired z

separation. Figures 4.21 to24 shows the time histories tie deflections of the control

surfaces. We see no saturations in the deflections of faitne @ontrol surfaces. Figure4d

VKRZV WKH IROORZHU 8%9YfV HOHYDWRU GHIOHFWLRQ ZH VHH
maximum set range limit of 20 degrees. Figure.22 shows the percentage change in

throtite of the follower UAV. Figure 4 VKRZV WKH WLPH KLVWRU\ RI WKH IRO
aileron deflection as the follower UAV maintains its separation distance from the leader

UAV. We see a deflection range of abouB degrees which is well under the set limit of

20 degrees. Figure. 24 shows the rudder deflection of the follower UAV, the rudder also

deflects well under its maximum range ofl5 degrees. From figure2b, we can easily see

that the follower maintains theéesired trail formation i.e. flies directly behind the leader

UAV even as the leader UAV changes its heading.

Case 3 1n this flight scenario, case 3, the leader UAV flies at the velocity, altitude
heading depicted in figure 27, 4.28 and4.29 respetively. The leader and follower UAVs

are initially flying at separation distances of m. It is desired
that these separation distances be brought to m. In other

words, it is desired that the leader aontlower UAVs fly side by side each other while
maintaining a 3m relative-geparation distance between them. Aseparation distance of

Om is desired in this flight scenario. As discussed in section 4.2, this creates a singularity
problem in obtaiimg the control law for the Lyapundformationthold corroller. This flight
scenario ispecifically tested to see if the workaround designed in section 4.2 works.
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Figure 426: Initial and Desed Formation Geometries, Casd-gapunov

Figure 4 7LPH KLVWRU\ RI OHDGHUWyg@madw YHORFLW\ &
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Figure4 7LPH KLVWRU\ RI OHDGHWyap$@fV DOWLWXGH FDVH

Figure 4 7LPH KLVWRU\ RI OHDGHUWy8®adgw KHDGLQJ &DVH
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JLIXUH 7LPH KLVWRU\ RdativgdsitiBnOxEbR@oHadt, EALBY
Lyapunov

JLIXUH 7LPH KLVWRU\ RI WKH | ROR@oHdt, €aLBY UHOD W
Lyapunov
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JLIXUH 7LPH KLVWRU\ RI WKH |RO®RpbHdIt, €83ELBY UHODWLYH S
Lyapunov

Figure4.33:Time history of theslevator deflection, Case 3, Lyapunov
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Figure 4.34: Time history of the throttle, Case 3, Lyapunov

Figure4.35: Time history of the aileron deflection, Case 3, Lyapunov
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Figure4.36: Time history of the rudder deflectidbase 3, Lyapunov

Figure 4.37: Leader UAV position vs Follower UAV position, Case 3, Lyapunov
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For this formation flight scenario, the leader UAV flies at a constant ¥glo€i20 m/s as
seen in figure £7. Its altitude is kept constant at a 1000m, figh@8 and it flies at a
constah heading of O degrees, figure28. The initial xseparation between the leader UAV
and follower UAV is 8m. It is desired that this segt@on be brought to Om. Figure30
shows us the time history of the relativseparation between the leader and follower UAV.
From the figure, we see that the follower is able to track the deskegaration in about 20
seconds without a steady state error. For a deshssparation ©HOm, we normally would
have a singularityproblem as shown in equation §57ut by using the warkaround

developed in section.2 whereby the x \Jae in the matrix of theLyapunov

formationhold controller is set to 0.5 for casevhere , we avoid this
problem. The result obtained in figu#e30 validates the efficacy of ehworkaround
developed. Figure.81 shows the relative-geparation between the leader and the follower
UAYV, the two UAVs ardnitially at a yseparation of 8m. It is desired that this separation be
brought to 3m. We see from the figure that the follower UAV is able to track the desired y
separation of 3m. From the figure, Wave a settling time of aboud seconds and no steady
state error is seen. It is also desired that the leader and follower UAV fly level with one
another i.e. they maintain aseparation of Om. From figure32, we see that the relative z
separation between the two UAVs is practically kept at Brom the fgure, the follower

UAYV veers off Om by about 15cm in the first 10 seconds and then by &éibain in the

next 10 secondsefore settling at zero after 30 seconds of simulatibhis deviations from

Om by a few celimeters is acceptable. Figures 4.334186 show the time histories of the
deflections of the control surfaces of the follower UAV as it tracks the desired formation
geometry. We see no saturations in any of the deflections of the control surfaces as none of
them deflect to their maximum andlmit. The deflection limit for the aileron and elevator

is 20 degrees, and for the rudder, itd5 degrees. In figur&33, we see that the elevator
deflects between.1 degree and 1.7 degrees. This little deflection angle is expected because
the follower and leader UAV are initially flying level with each other and it is desired that
they both keep flying level. Thus, a climb or descent of the follower UAV is not negessa
hence not much deflection is needed in the follower UAVs elevator. HgBdeshows the
percentage change in throttle. An initial rise in throttle can be seen, this is because the
follower UAV needs to increase its velocity to cut itseparation from the leader UAV

from 8m to Om. A drop in throttle is then seen since as soon as the leader approaches Om, it
QHHGV WR VORZ GRZQ WR PDW FKFigute H35 $hows Hilléro8 $9 TV
deflection. From the figurehe aileron deflects within the raa@f-3 degrees and 6 degrees
These values are below the maximum deflection angle limit of the aileron whict2@s
degrees. Figure.d6 shows theudder deflectionFrom the figure, the rudder deflects within

the range of6 degees and 2 degrees. These values are also below the maximum deflection
angle limit of the rudder which is 15 degrees. Figure 4.3hows us the positions of both

the leader UAV and the follower UAV. From the figure, we see howfdlewer UAV
changes its relative y separation from the leader UAV from 8m to 3m as desired. We can
also see that the two UAVs fly side by side each other.
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From the above simulations provided in case 1, 2, and 3, we can conclude thatmurov
formation control system is very effective in enabling the follower UAV track a formation
geometry while the leader UAYV flies at a prescribed trajectory.
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CHAPTER 5

PERFORMANCE COMPARISON BETWEEN THE LYAPUNOV BASED AND
SDRE BASED FORMATION CONTROL SYSTEM

5.1 Lyapunov vs SDRE

In this thesis, two nonlirsg control algorithms i.e. theypunovcontrol algorithm and the
SDRE control algorithm were employadthe desigrof a formationcontrol systenfor two

UAVs. The control approach, implementation and performance of the SDRE based and
Lyapunov based formation control systems are given in eh&pnd chapter 4 respectively.

In this chapter, comparisons between the two formation control systems will beTroatte.

this comparison, the two formatidgrold controllers i.e. Lyapunov and the SDRE are tuned

to have similarsettling time in tracking aesired formation geometrirhe resulting control

effort for both formation control systems are then compared to each other to see which of the
system require less control effort. In other words, we would like to see whicheof th
IRUPDWLRQ FRQWURO VA\VWHPV LV OHVV GHPDQGLQJ RQ WI
similar tracking performance.

The formation flight scenario in case 1 of section 4.4 is employed in testing the performance
of the two formation control systemin that formation flight scenario, the leader and

follower UAVs are initially flying at separation distances of m.
W LV GHVLUHG WKDW WKH IROORZHUYY UHODWLYH SRVLWL

P ZKLOH WKH OHIDGRIFJLWAIIYW LQFUHDVHG IURP PV WR P\
altitude and heading is kept constant at 1000m and O degree respettieigsults for the
z-component of the two formatiemold controllers is not presented here because as stated in

section 2.2, the formatiehold controller only handles the x and y component of the relative

position. For the zomponent, an altitude cootler is implemented on the follower UAV.

,QSXW WR WKLY DOWLWXGH FRQWUROOHU LV WKH OHDGHU
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Figure5.1:7LPH KLVWRU\ RI W Kélativie PoSitiva, bebmBaherfi[\Wapunowvs
SDRE

Figure 5.2:7LPH KLVWRU\ Rl WKH IROOR ZFomgdherf\LyapHtod WLYH SRVLWL
SDRE
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Figure 5.3Time history of the elevator deflection, Lyapuns/SDRE

Figure 5.4Time history of the throttle, Lyapunaxs SDRE
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Figure 5.2 Time history of the aileron deflection, Lyapunes SDRE

Figure 5.5b: Time history of the aileron deflection, Lyapunov
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Figure 5.& Time history of the rudder deflection, LyapunassSDRE

Figure 5.®: Time history of the rudder deflection, Lyapunov
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Figure 5.1 shows the time history of thekRPSRQHQW RI WKH IROORZHU
position to the leader UAYor both the lyapunov formatiorcontrol systemand the SDRE
formation control system. The two formation control systems were tuned to have similar
tracking performances, specifically, simikattling timesFrom the figure, the SDRE system

has a settling time of about 25 seconds whilelthapunov syste has a settling time of

about 26 seconds:igure 5.2 shows the time history of thegomponent of the follower
8%$9T1V UHODWLYH SRVLWarRh@h WeRlyapuol fOridddian lddntr8l Pstem

and the SDRE formation control systefihe settling tine for the two systems &bout 22
secondsHowever, the apunov system has a smoother performance as compared to the
SDRE systemWe see oscillations in the response of the SDRE system between 10 seconds
are 20 seconds which are absent inrggponse ofhe Lyapunov systemHaving tuned the

two formation control systems to have similar settling times, we now compaoaihel

effort for both systems by looking at the deflections of the control surfaces in both systems.
Figure 5.3 shows the time histoof the elevator deflection for both systeriihie elevator

for both systems deflected in a very similar manmbe deflection angles of the elevator are
practically the same for both systems. However, between 10 seconds and 20 seconds of
simulation, the diéection of the elevator for the SDRE based system is more oscillatory than
that of the Lyapunov based systdfigure 5.4 shows the time history of the throttle for both
systemsThe percentage change in throttle for the Lyapunov based system is a Itihexmoo
than that of the SDRE based system. However, magnitude wise, the percentage change is
throttle for both systems is similafhe time history of the aiten deflection for both
systems can be seen in figure &.5he Lyapunov based system outperforine SDRE

based system. We can see from the figure that the demand on thefailehenSDRE based
system is a lot higher than that of the Lyapunov based sy$teenaileron inthe Lyapunov
basedformation control system only deflects betweéndegrees ah2 degrees while the
aileron in the SDRE formation control system deflects betweeh? degreesThe aileron
deflection for the SDRE system is also a lot more oscillatory than that of the Lyapunov
based systentigure 5.6ashows the rudder deflection for both the SDRE based and the
Lyapunov based formation control systéfhe Lyapunov based system aslo outperforms the
SDRE based system in this aspédte rudder deflection in the SDRE based system is a lot
more oscillatory hian that of the Lyapunov based systdine demand on the rudder in the
SDRE based system is higher than the demand on the rudder in the Lyapunov based system.
In figure 5.6a, we see that the rudder in the SDRE based system deflects beti@en
degreeswhile in figure 5.6bwe see that the rudder for the Lyapunov based sysdtfiects
between-1.7 degrees and 0.7 degrddus, wecan conclude that foa similar tracking
performancethe Lyapunowased system requires less control effort than the SDRE based
system and henchas a better overall performance.

The results presented abowed the conclusions madee for the particular formation flight
scenario in case 1 of section 4.3, but in gehét is expected thatesponse of the SDRE

based system will be more oscillatory tieresponse of theyapunovbased systenit is

also generally expected that the control effort of the SDRE based system will be higher than
that of the Lyapunov basesy/stem.The oscillations in the response of the SDRE based
system as well as the increased control effort is as a result of the SDRE feedback gain update
rate. Every time the feedback gain is updated, the control surfaces will have to deflect to
track thenew control signals gottefereby increasing the demand on the control surfaces.
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The shorter the interval between gain update rates, the higher the deflection rate of the
control surfaces but the better the tracking performance.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this thesis, an algorithm for the autonomous formation flight of two UAVs is designed.
From the literature survey, we found out about the various approaches to solving the
autonomous formatioflight problem. The leaddiollower approach to formation flight is
employed in this thesis because of the ease in implementing it and also because its approach
is similar the approach employed in real life manned formation flightshe Leader

follower approach to formation flight, the leader maintains a prescribed trajectory while the
followers track a fixed relative distance from the neighboring aircrafsolve thdormation

control problem associated with the leaftdfower approach, two nonline&ontrollers were
designed. An SDRE based controller andypunov based controller. Nonlinear controllers

were used because the associated formation kinematic equations of the relative distances of
the two UAVs are nonlinearThese nonlinear controllerghich are the formatiothold
controllers generate the required guidance laws to enable the follddétrack the desired
formation geometry.

The formationcontrol system designed in this thesis is a-twap structured control system.

In the outer loopthe formationhold controller or the guidance algorithm is implemented

The actualelative position of the follower UAV with respect to the leader UAV as well as
the desired formation geometry i.e., the desired relative position of the follower UAV with
respect to the leader UAV are sent to the formattiolal controller. Theformationhold
controller determines the required guidance laws the follower UAV need to track to be able
to maintain the desired formation geometry. These guidance laws are eg¢heiiiner loop

of our formationcontrol systemin the inner loop, LQ controllers were designed to enable
the follower UAV to track the respective signals i.e. guidance laws it receives from the
formationrhold controller.

Simulations were carried ousimg MATLAB/SIMULINK software. To test the efficacy of

our formatiorthold control systemthree formation fligh scenarios were investigated for
both controllers i.e., the SDRE bdsgonlinear controller and theyapunov based nonlinear
controller From the simulationswe see thaboth nonlinear controllers generated the
required guidance laws to enable the follower UAV maintain the desired formation geometry
in spite of maneuvers carried out by the leader UA¥Il three flight scenarios

From aur simulation results, we arrived at the following conclusions:

x For a smoother tracking while using SDRE, a high update rate is needed but at the
cost a higher deflection rate of the control surfaces which might not always be
feasible. A lower gain updatate reduces the control surfaces deflection rate but at
the sacrifice of tracking performance. Depending on the mission profile, a trade off
would have to be made between tracking performance and the load on the control
surfaces.
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X By comparing the inner ap and outer loop eigenvalues of the SDRE formation
control systemyve found out that it is not absolutely necessary to ensure that all the
outer loop eigenvalues are slower than the inner loop eigenvdlhesouter loop
eigenvalues can be faster tharew Df the inner loop eigenvalues.

X The Lyapunov based formation control system has a better overall performance than
the SDRE based formation control systenthe sense that it is less demanding on
the control surfaces of the follower UAV.

X TheLyapunovbased formation control system provide a smoother response than the
SDRE based sytem in tracking the desired formation geonieie.SDRE based
system is more oscillatory than the Lyapunov based system as a result of feedback
gain update rate.

6.2 Future Work

Due to the fact that our formation geometry is specified in terms of relative distance,
collision among the individual members of the formation flight can be easily avoided.
However, the designed algorithm in this thesis does not take intu@icthe presence of
obstacles in the flight path of the formatiom future works, a scheme to enable the
formation avoid obstacles in its path may be designed.

The formation kinematic equations used are only valid for a planar formation flight. In the
future, a more general kinematic relation may be derived.

Simulations were carried out using linear models of UAVs. In the future, nonlinear models
may be used to test the efficacy of our algorithm.

Due to the ease of implementation, the leddibower agproach was used. However, the
downside of this approach is that it is not robust to leader failure. A different approach may
be used in the future.

All the tests carried out were all software based. In the future, this algorithm may be
implemented on actl&AVs.
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APPENDIX A

SIG RASCAL 110 LINEARIZED SYSTEM MATRICES

A.l Longitudinal Dynamics of the Leader and Follower UAVs

A.2  Lateral Dynamics of the Leader and Follower UAVs
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APPENDIX B

SIMULATION MODELS

Figure B.1: Formation kinematics Model
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Figure B.2: Lyapunov/SDRE Formatidgiold Controller Model
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