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MODEL PREDICTIVE CONTROL BASED
COOPERATIVE PURSUIT EVASION FOR UAV

SUMMARY

This thesis proposes game theoretically model predictive control based guidance
approach for pursuit-evasion problem of uav’s. The main idea is that guided swarm
uavs pursue towards to adversary uav which evade to survive as long as possible.
Game theretical approach of pursuit-evasion is based on designing the cost functions
for each pursuer to converge adversary evader. Proposed approach is examined as
decentralized. Therefore, each pursuer can be able to handle its mission independently
without being affected by the other pursuer.

Main contribution is the formulation of swarm pursuit-evasion problem as the game
theoretical which can enable to develop optimization-based algorithms that bring
superior strategies to pursuers for one-to-one, two-to-one scenarios during the air
combat.

This work proposes an algorithm to enhance applicability of the game theoretic
non-convex model predictive control problems on real-systems that have nonlinear
controland state constraints.

Proposed algorithm provide model predictive control based guidance system which
orientate the pursuers according to the evaders dynamics and positions. Nonlinear
constraints are convexified along the finite-horizon time without loss of generalityin
successive linearizations.  After discretization of dynamics, sub-optimal convex
problem can be applied in model predictiveconcept for time-critical scenarios such
as collaborative pursuit-evasion of aerial vehicles.
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MODEL ONGORU GUDUM TABANLI
SURU INSANSIZ HAVA ARACLARI ARASINDAKI ANGAJMAN

OZET

Dogadaki bir¢cok canli teknolojik sistemlere ilham vermistir. Ucak tasarimlarinin
kuglardan esinlenmesi, sahinlerin baslarini cesitli bozuntulara karsi stabil sekilde
koruyabilmeleri buna giizel birer Ornektir.  Arilar, bakteriler, baliklar, kuslarda
goriilen diger dikkat cekici bir ozellik ise siirli davramisidir.  Arlar siirii bir
sekilde igbirlik sayesinde polen toplayarak bal yaparlar. Bakteriler keza yine
siirii davranig1 sergileyerek cesitli besinlerin fermetesinde katki saglarlar.  Siirii
davranig1 dikkatli bir sekilde incelendiginde teker teker yapilan iglerin igbirligi ile
topluca yapilarak daha verimli sekilde islerin sonu¢lanmasina katkida bulundugu
goriilmiigtiir. Bu davranig modelinin sadece doga da degil teknolojik gelismelerde
de etkisi goriilmektedir. Yiizlerce kiiciikk drone’lar ile gorsel 1sikli etkinliklerin
yapilmasi, binlerce uydu ile tiim diinyaya internetin ulastirilmasi, yine ¢oklu kiiciik
robotlar ile bilyiik bir alanin temizlenmesi. Havacilikta da yakin zaman da bunun
esameleri goziikkmiistiir. Baykar TB2’lerin hava muharebe saldirisinda siirii seklinde
kullanilmas1 bunun giizel 6rneklerinden bir tanesidir. Ancak tiim bu gelismelere
ragmen, hava savunma sistemlerinin ¢oklu veya toplu hava saldirilarina karsi halen
maliyet anlaminda efektif bir ¢6ziim getiremedigi goriilmektedir. Hava savunma
sistemleri maliyet anlaminda cok efektif olmayan ve her firlatig1 roket basina
ciddi bir maddi gotiiriisiiniin oldugu agikardir. Siirii hava ataklarina kars1 savunma
zaafiyetinin saglayip saglayamadi8i ise halen biiyiik bir soru isaretidir. Bir hava
sahasina gonderilebilecek yiizlerce belki de binlerce hava araci veya mini drone’lar ile
radar sistemlerinin rahatlikla sasirtilarak bir savunma zaafiyeti olusturacagi kolaylikla
ongoriilebilir. Bu tez hava savunmasinin siirii mini drone veya hava aracglan ile
yapilabilebilecegini gosteren ¢alismalart sunmaktadir. Yapilan aragtirmalar sonucunda
bu sekilde gecmiste bir calismanin Orne8ine rastlanmamistir. Hava savunmasina
girecek olan hava araglarmin siirii insansiz hava araglart ile otonom sekilde takip
edilmesi ve hava da imhasin1 miimkiin kilmasini amaclamaktadir bu ¢alisma. Hava
savunmasina giris yapan insansiz hava aracinin belli bir bolgeyi vuracagi varsayimi
tizerinden bu bolgenin belirli bir alan icerisindeki hava miicadelesi lizerinden hava
araclari ile korunmasi planlanmaktadir. Diisman hava aracinin otonom sekilde takip
edilip imha edilmesinde pilotlarin davranigindan esinlenilmistir. Usta pilotlar hava
muharebesinde bire bir veya ikiye bir gibi hava hava saldirilarinda kars1 ugagi avlamak
veya takip etmek istediklerinde hava da diger ucaga karsi bir iistiinlik kazanmak
istediginde kast hava aracin anlik hava daki konumundan ziyade belli bir siire
sonra varmasini diisiindiigii bolgeyi tahmin ederek ona gore kendi hava aracimi o
bolgeye dogru yonlendirmektedir. Boylelik takip eden ugaga bu hava muharebesinde
avantaj sagladig1 goriilmektedir. Burada kacan hava aracinin da yonelim davranisi
bu anlamda onem arz etmektedir. Buna yonelik calismalarin DARPA’nin cesitli
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projelerinde halen ¢oziilmeye calisildigr bilinmektedir. Bu caligsma, belli bir bolge
icinde savunulacak yerin hava savunmasinin siirii hava araglar1 ile efektik olarak
yapilmasim saglayacak sistemin tasarim ve modelleme calismalarimi igermektedir.
Hava sahasina sizdig1 diisiiniilen rakip hava araglarinin, dost hava araclar ile siirii
sekilde takip edilirken kagmasinin modellenmesi, giidiim edilecek hava sistemlerinin
dogrulugu ve saglamlig1 acisindan biiyiilk onem arz etmektedir. Rakibin stratejisi
ongoriilebilir cerceve de tahmin edilebilirse takip edecek sistemlerin giidiim maliyet
ve efektifligi de o oranda artacaktir. Bu nedenle takip-kagcma problemine oyun
teorisi ile yaklasilarak bu durumun ele alinmasi diisiiniilmiistiir. Boylelikle kagmaya
calisan hava aracinin yonelim stratejisinin ele alinarak takip edecek hava sistemlerinin
giidiimii planlanmistir. Oyun teorisi ile kars1 hava aracin ve giidiim edilen sistemin
yonelimlerinin modellenip tahmin edilerek giidiim edilmesinde model ©6ngoriilii
kontrol mantig1 diisiiniilmiistiir. Model 6ngoriilii kontrol diger kontrol methodlarina
gore gelecek zaman yonelimlerini de hesaba katip kontrol etmesini imkan saglamasi
ile bu problemin ¢6ziimiinde daha uygun oldugu goriilmiistiir. Bu methoda gore bir
maliyet fonksiyonu ve ¢esitli kisitlamalar ile her zaman adiminda gelecek zaman
adimlar1 da dahil edilerek bir optimizasyon hesaplamasi yapilmaktadir. Ilk asamada
bire-bir hava miicadelesi oyun teorisi iizerinden takip-kacma’s1 modellenmigtir. Rakip
hava araci cesitli kisitlar ile igerisindeki standard bir kontrol sistemi ile giidiim
edilirken, giidiim edilen dost hava araci lineer olmayan model Ongoriilii kontrol
yontemi ile giidiim edilmistir. Lineer olmayan model 6ngoriilii kontrol methodu
hava aracina olan mesafesi gibi cesitli parametreler iizerinden olusturulan maliyet
fonksiyonu ve kisitlar ile karsi rakibin gelecek adimlarinin oyun teorisi lizerinden
model 6ngoriilii kontrol methodu ile optimizasyon hesaplamasi sonucunda giidiim
edilerek bir tasarim olusturulmustur. Lineer olmayan optimizasyon algoritmalarinin
gomiilii elektronik islemcilerindeki hesaplama kisitlamasindan 6tiirii bir ileri asama
olarak konveks olmayan maliyet fonksiyonu ve kisitlamalarin konvekslestirilerek
konveks optimizasyon problemine doniistiiriilmesine karar verilmistir.  Konveks
optimizasyon algoritmalarinin iglemcilerde hesaplamalar1 mili saniyelere diistiiglinden
dolay1 sunulan ¢oziimiin ileri de ger¢eklenmesine zemin hazirlamigtir. Boylelik giidiim
edilen hava aracinin anlik olarak tizerindeki gomiilii sistem iizerinden otonom sekilde
giidiim edilerek takip edilmesine imkan saglanmistir. Yapilan aragtirmalarda, ge¢cmiste
ve suan da bu konuda yapilan ¢alismalar da goriilmektedir ki heniiz bu tarz amacla
giidiim edilmek istenen sistemlerin ¢evrimi¢i ¢alismasina imkan saglayacak bir sonug
goriilmemistir.
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1. INTRODUCTION

Many living things in nature have inspired technological systems. Aircraft designs
being inspired by birds and hawks’ ability to stably protect their heads against various
disturbances are good examples case in point. Another remarkable feature seen in
bees, bacteria, fish and birds is swarm behavior. Bees make honey by collecting pollen
by swarm cooperative behavior. Bacteria also contribute to the fermentation of various
foods by exhibiting herd behavior. When the herd behavior is carefully examined,
it is seen that the works done one by one contribute to the conclusion of the works
in a more efficient way by doing them collectively. The effect of swarm behavior
model is seen not only in nature but also in technological developments. Making visual
light events with hundreds of small drones, delivering the internet to the whole world
with thousands of satellites, and cleaning a large area with multiple small robots. In
aviation, the effects of swarm technology have been seen recently. The use of Baykar
TB2s as a swarm in an air combat attack is one of the good example case in point.
However, despite all these developments, it is seen that air defense systems still cannot
provide an effective solution in terms of cost against multiple or collective air attacks.
It is obvious that air defense systems are not very effective in terms of cost and there
is a serious financial cost per rocket launched. It is still a big question mark whether
it can provide defense weakness against swarm air attacks. It can be easily predicted
that hundreds, maybe thousands, of aircraft or mini-drones and radar systems that can
be sent to an airspace will easily be confused and create a defense vulnerability. This
thesis proposed studies showing that air defense can be done with swarm mini drones
or aerial vehicles by controlling collaboratively. There is not any example of such a
efficient study in terms of applicability on onboard-systems is not found in literature
[1]. This study aims to enable guide autonomously swarm uavs to pursuit the adversary
unmanned aerial vehicles that will be threat to air defense. Based on the assumption
that an unmanned aerial vehicle which entering the air defense will hit a certain area,

it is planned to protect base area with swarm unmanned aerial vehicles through the air



combat as pursuit-evasion within a certain volume. Inspired by the behavior of pilots
in autonomously tracking and destroying enemy aircraft. When master pilots want to
hunt or follow the opposing aircraft in air combat, such as one-on-one or two-on-one,
when they want to gain an advantage over the other aircraft in the air, they predict the
area that they think will arrive after a certain period of time, rather than the aircraft’s
instantaneous position in the air and directs the vehicle towards that area. Thus, it
is seen that it provides an advantage to the pursuer aircraft in the air combat. The

orientation behavior of the evader aircraft is also important in that sense.

This study presents the design and modelling studies of the system that will enable
the air defense of the base area to be defended effectively guided by swarm unmanned
aerial vehicles in a certain region. Modelling the evader of adversary aircraft, which
are assumed to infiltrated the airspace, while being pursue by friendly autonomous
collaboratively controlled unmanned aerial vehicles, is of great importance in terms
of the accuracy and robustness of the air systems to be guided. If the opponent’s
strategy can be predicted within a predictable framework, the cost and effectiveness
of the pursuer systems will increase accordingly. For this reason, it is thought to
deal with this situation by approaching the pursuit-evasion problem with game theory.
Therefore, the guidance of the air systems to pursue is planned by considering the
orientation strategy of the adversary unmanned aerial vehicle trying to escape. With
game theory, the orientations of the adversary uav and the guided system are estimated
by some assumptions. Thus, model predictive control method is considered in guiding
the friendly uav by predicting counter strategies. Model predictive control has been
found to be more appropriate in solving the problem, as it allows control by taking
into account receding horizon of adversary orientations compared to other control
methods. According to MPC, calculation of optimization is made by receding horizon
in each time step with a cost function and various constraints. In the first stage,
pursuit-evasion problem is modelled as one-to-one aerial combat scenario with game
theory. While the evader UAV is guided with a standard control system with various
constraints, the guided pursuer UAV is guided with the nonlinear model predictive
control method. A design is created by contituted the cost function and constraints

created on various parameters such as the nonlinear model predictive control method,



the distance to the aircraft, and the optimization calculation of the receding horizon of
the opposing uav over the game theory with the model predictive control method. Due
to the computational constraints of nonlinear optimization algorithms in the embedded

systems, it is not usable for real-time applications.

This thesis proposes that transforming the non-convex cost function and constraints
into a convex optimization problem as a further step. Since the calculations of convex
optimization algorithms in processors are reduced to milliseconds, it allows the way for
further verifying of the presented solution. In this way, it is possible to calculate local
optimal solution for the guided pursuer uav autonomously on the embedded system

instantly.

1.1 Related Works

There are large number of examples in aerospace applications such as non-convex
problems [1], [2].As in [1] and [1], non-convexities results from minimum thrust
and dynamic relative position. In addition, receding-horizon control also takes up
time for finding first control input due to prediction of future actions on each step.
Therefore, there is needs to be taken low-demands calculation time solutions. In some
cases, linearized models are used to control the system over receding-horizon. [3]
offers controlling trajectory tracking on real-system by using linear model predictive
control. Also,as suggested by [4], it proposed efficient model predictive to controls
the vehicle along a rectangular trajectory. Even though the time response of linear
MPC is satisfactory for airborne computational power, it can not offers effective
solution in terms of tracking time of trajectory. Because of linearized on a local
point, vehicle have been controlled on limited constraints that does not satisfy agility.
There are various algorithms makes complexity of problems efficient for computational
power. To relaxing non-convex problems, lossless convexification is proposed as
in [S], [6], [7], [8]. In [S],lossless convexification is implemented to powered descent
guidance problem for minimizing usage of fuel. To do this,non-convex constraints are
modified with slack variables. In addition, the main goal of [5] has been extended to
minimum-landing-error with some modifications such that Figure 1.1. Pursuit-Evasion

of Aerial Vehicles on air space. Red dashed line represents trajectory of evaders



Figure 1.1 : Illustration of Pursuit-Evasion

and blue dashed lines represents trajectories of pursuers specifying cost function as a
relative position in [6]. Accuracy of lossless convexification have been provided with
successive convexifation that linearize the model iteratively to eliminate nonlinearites
such as drag, mass depletion in [9]. Successive convexification offers to enhance
applicability of non-convex control problems on real-system as in [10]. In [10], path

planning of the vehicles are handled with convex optimization real-time on-boards.

1.2 Main Contributions

In this thesis, main contribution is to handle to eliminate non-convexity terms without
loss of generality for game theoretic model predictive control problems such that
cooperative pursuit-evasion of aerial vehicles as illustrated in Figure 1.1. Basic
idea is to convexify non-convex constraints and successively linearized dynamics
transformed into the sub-optimal problem over the receding-horizon time. Sub-optimal
problems are solved by Second-Order Cone Programming as in [11]. Successively
convexified optimal control is formulated as differential-game and impelemented on

pursuit-evasion of cooperative aerial vehicles.



1.3 Organization

The structure of the remaining paper is organized as follows: Section 2 introduces
model predictive control and presents the differential game theory. In Section 3,
problem formulation of pursuit-evasion and controller designing are explained for
the aerial vehicles has been shown. Section 4 declared configurations of simulation
setup. In Section 5 shows the simulation results for the one-to-one scenario. Section 6

introduces the convexification of non-convex game theory problem.






2. BACKGROUND

Proposed definitions and baseline algorithms are based on [12], [13] in Section 2.

These concepts are examined for construction of the problem

2.1 Dynamics of Unmanned Aerial Vehicle

Let us define . = {x;,yi,z;} as the inertial frame of vehicles, %, = {xp,y»,25} as the

body frame of pursuer and evader.

\F3 “Fa

Figure 2.1 : Quadrotor

Now, let P, = [x, Va z4)7 and @, = [¢, 6, w,]" describe position vector in .# and
attitude of UAVs using euler angles, respectively. UAV model can be written using

kinematic and Newton-Euler equations as below:

Py =Vg,
QGZE(Qa)ileCN (2 1)
V}:mil'Rf%(q)a)'(fe‘i‘fa)_ga .

(bga =71 (—w@a X (I- a)gga) + 7, + Ta)
where m is the mass and I is the inertia matrix, whom diagonal elements (i.e.,

Ly, 1y, I;) are the principal moments of inertia.



VY = [ta,va, wa]T and 0z, = [Pa»qa,ra)T are the linear and angular velocity
vectors expressed in .# and %, respectively, while R s4(®) and E(P) stand
for the known rotation matrix and its Jacobian respectively, with regards to the
Euler ZYX angles. In addition, f, = [0,0, f,;] is the external force and 7, =
[Tex, Tey, Tez] 1s the external torque vector caused by the rotation of the propellers,
and f, = [faxsay az) = —diag(dy,dy,dy) - R g7 2(®) and similarly 7, = [Tax, Tay, Tuz] =
—diag(dy,dy,d,) - @y, are the force and torque produced by the aerodynamic drag
in which d,,d,,d,,,d,,d,,d, are positive drag constant coefficients, while g is the

gravitational acceleration vector expressed in %/

2.2 Model Predictive Control

To execute high-level target pursuit and evade planning problem, use of model
predictive control provide to exploit lookahead during the finite-horizon time as in
Figure 2.2 . With MPC, online optimization and optimal control techniques finds the
required inputs according to the finite-horizon cost values. Also, the other advantages
are that some physical and game limitations can be imported as constraints in the

optimization section of MPC.

Control-Horizon

Figure 2.2 : Logic of Receding-Horizon

2.3 Game Theory - Differential Game

In this section, game theory framework is formulated, in order to design model
predictive controller for pursuit-evasion game. Dynamical systems of two vehicles

can be written as :

&p:fp(glﬂu]??t)? &e:fe(gevu&t) (22)



where the first equation is the pursuer’s model (UAV), in which § )=
[P, @), V], @] is state’s vector, up = [Tror, Paes, Odes, Tdes) is input vector and f, is
its differential equation of pursuer, and the second describe the evader’s model (UAV),
in which (UAV) &, = [P, ®,, VS, @ 3,] is it’s state vector, ue = [Tror, Paes, Odes; I'des)
is input vector and f, is its differential equation of evader. Finally, game dynamics

defined as:

e=fo(e,up,u,t) (2.3)
where:
Xe Xp—Xe
€= |Ye| = |Yp—Ye 2.4)
Ze Zp _Ze

Xe, Ve, Ze are position errors between UAV in 3-dimensional space.

Objective functions of agents described as:

F Uy, u) = uglelg/lz(up»ue) = lg;lgyz(upaue)

— min max U, u
upe%uee‘///( P e) (2.5)

= max min U, u
uee“//u,,e%/( P e)

where U,V are admissible sets for u;, and u, and if u), and u, (optimal input vectors)

can be found,

S, = /(u;,u:) (2.6)

which is value of the game






3. CONTROL DESIGN

3.1 Model Predictive Controller in Game Theory

The main aim of this work is to design Model Predictive Controller for each player.
Purpose of pursier’s controller is minimize the position error with evader’s and the aim
of the evader’s controllere is maximize the distance between pursuer and itself. The

main advantages of this selection are two:

* Model based controller gives to each player optimal strategy by predicting future

states

» Using the predictions of either his, either his opponent’s states over a finite amount
of time, each agent can determine or even alternate his strategy for his personal

interest.

Considering fixed prediction horizon N, proposed optimization problem can be defined

as:

minmax ¢ (E,U,,U,) 3.1
U, U,

_ 1, T T 1 . — 1T T T
where E = [e(o),e(l),...,e(N)] is the state trajectory and U; = [ui(l)’ui(z)’""Mi(Nfl)]’
i € {p,e} are the input trajectories for each agent of the game through the given time

horizon N. As for objective function _# for each agent defined as:

N .
T(E U, U,) =Y Ji(ew up), ) (3.2)
k=0

Ji denotes running cost of objective function and can be written as follows:

N—1
Ji=Y el 0ew+ kzl Aujy - Ri- Auj, i € {p,e} (3.3)
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where Q,R; are positive definite matrices, which impose the selected specifications
in states and inputs, respectively, while Au; is the difference between two inputs in

succession.

For the pursuer to solve the optimal game problem using must be known, and the
equation (7), the best inputs v then proceed to minimization of its objective function to
determine its best control performance u,,. Because of the antagonistic character of the
game the pursuer must act individually and predict the expected inputs v, maximizing
the objective function. In such a way, it predicts its opponent’s best response, which
corresponds in its worst case scenario, and after that it decides its actual move. This
procedure can actually keep repeating, adding levels of thinking to the pursuing agent
before deciding its final input trajectory. As a result, the proposed pursuer UAV
controller is described in Algorithm 1, while using the same procedure, the proposed

evader UAV controller is described in Algorithm 2.

Algorithm 1 Pursuer UAV Controller

1: procedure SOLVE minmax ¢ (E,U,,U,)
2 Solve maxJ,(E,U,,U,) to determine U
3: Then solve minJ,(E,U ,U;) to determine U,
4
5

Repeat steps 2 and 3 & times, where k is level of thinking
Set final U ; as the optimal input trajectory

6: end procedure

7: Set 1) as the current UAV input vector

Algorithm 2 Evader UAV Controller

1: procedure SOLVE maxmin ¢ (E,U,,U.)
2 Solve minJ,(E,Up,Uy;) to determine U,
3: Then solve maxJ,(E,U,,U.) to determine U,
4
5

Repeat steps 2 and 3 k times, where k is level of thinking
Set final U, as the optimal input trajectory

6: end procedure

7: Set u,(1) as the current UAV input vector

12



4. SIMULATION

4.1 Game Setup

In order to see efficacy of MPC controllers, UAVs start pursuit-evasion game in certain
constrained area. Game-scoring environment was designed with the aim to test and
evaluate our different scenarios using a static perspective. The game-scoring is defined

as follows:

Every game consists of five sets and in each set the winner is either the first who has two
game-points difference or the first who reaches three game-points. The final winner is
the one who has three or more sets in the end of the game. The positioning of the two
vehicles in the start of every set is randomly chosen, as long as the two antagonistic
vehicles are inside PEG hall. The status of the game is determined by the sign of the

norm Y

D 7 (xp =) (p — ye 2+ (2p — 2e)? 1)

If= 9 < 1, Pursuer wins
12 > 1, Evader wins

This norm is calculated in every finite amount of time 7y and depending on the
condition of this norm, a point is given to one vehicle. The first that collects
one-hundred time-points, which also corresponds to the time someone wins, a

game-point is given to that vehicle.

Evader can win with two ways:

* Collect one-hunder points

¢ Avoid from Pursuer with limited time

13






5. SIMULATION RESULTS

In this section, we shared simulation results of pursuit-evasion game in constrained
3-D space. Differential Game is executed more than 30 at different initial conditions

by Monte Carlo simulation as in 5.1.

I Evader
I Pursuer

9.5 — !
Starting point for pursuer .\e. é
10 — !
"\\
£ -105 —| ~ //“{
- S
~N e —
Final point for pursuer -
11— Final point for pursuer RO~ -
. e
- ————
-11.5 —
Y St —_—
0 1 i T ————
3 a 5

x(m)

Figure 5.1 : Illustration Simulation of One-to-One Scenario

Each game is scored by pursuit-evasion rules. Depending on the starting initial
conditions, some games are won by the evader, while the pursuer won some games. In
some games. According to the results in the Monte Carlo simulations, there is no wins

in some games.
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6. CONVEXIFICATION

In this section, we describe reformulation of minimum pursuit-evasion optimizing
problem consist of minimizing the total tracking error from evader to pursuer subject
to non-convex thrust-magnitude constraint and vehicle’s angle constraints, while

guarantee to be inside limited engagement space.

6.1 Problem Formulation

Main problem present a fixed-final-time optimal control problem that performs
an pursuit-evasion game. Therefore, we use ¢ to denote t, also subscripts i,
¢ and f represent respectively initial, intermediate and final points. We used
3-degree-of-freedom (3 — DoF) translational dynamics of the vehicle’s for this
problem. Position, velocity and commanded reference input as p € R3, v € R3 and

u € R3, respectively.
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Problem 1

minimize maximize ||r(¢)||?

u(t),0(r)  u().L()

subject to:

lw*(1)[l2 < T(2)
0 < upin < F(t) < Upmax

() cos(Omar) < €l u(t)

Xmin < e{x(ﬂ < Xmax
Ymin < egy(t) < Xmax

Zmin < e3TZ(l) < Zmax

This formulation is used to solve receding horizon optimization problem to control
higher order physical dynamic system. Simply stated, lossless convexification
guarantees that if a feasible solution exists, the optimal solution to the (convex) relaxed
problem recovers the optimal solution of the original non-convex problem. We change
the input with slack variable as I'(¢), because commanded input to vehicle contain
highly non-linearity due to thrust vector. ||r(z)|| represent norm of position errors
between pursuer and evader. Our objective allows us to use lossless convexification

and ensures that less consuming time for performing of PEG.
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Problem 2

mimize (1
minimize [re (1)

subject to:
r(0)=r; v(0)=v;, u(0)=ges

. . 2
Fert = ri+ S e+ Fegr) + 55 (e — )

Fert = i+ 5 (e + ugy 1) + gAr

[u(t)[l2 <T(7)
0 < upin < F(t) < Umax

() cos(Omax) < €l u(t)

Xmin < e{x(t) < Xmax
Ymin < ezT)’(l) < Xmax

Zmin < 6’%2(0 < Zmax

Problem 1 is discritized for onboard calculations as in Problem 2. The remainder of
our solution strategy consists of solving Problem 2 in accordance to the steps outlined

in Algorithm 1.

Algorithm 1
Step]1 :Select a final time, 17 > 0

Step2 :Solve the relaxed minimum-pursuit-evasion optimizing problem

Problem 2 using ¢ for {u*(-),I"*(-)} with corresponding trajectory

Step3 : Return {u*()}

19



Figure 6.1 : Illustration Convexified Simulation of One-to-One Scenario

Tracking Optimal Time t
Nonlinear Optimization | 61.46 s
Convex Optimization | 37.12s

Difference of calculation time for nonlinear and convex optimization algorithms can

be seen as remarkable in terms of onboard solutions.

6.2 Successive Relaxed Obstacle Avoidance

In this section, successive relaxed obstacle avoidance optimization formulation is
introduced as in Problem 3. Therefore, relaxed obstacle avoidance allows pursuers
to move as collaboratively without collisions with each other just in seconds time due

to transformed convexified optimization calculation problem.

20



Problem 3

Forall j € J and fort € [0,t/]

NI (1) £ | Hark (1)) |2

ki) & 12
S = i,
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