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This thesisdeals with adaptive cooperative control lidterogeneous systemsoving
together in a given formatiomn this studywe considethe formation of nonholonomic
mobile robos and quadrotor UAVThe controller is designed based on l&kadaptive
approachl&l adaptiveis a framework for adaptiveatiilization of nonlinear sysms with

uncertain parameters.

We investigate the tracking control leéterogeneous systemmbot with uncertainties in
thedynamics 1&I adaptive controfegulates theositionof both thenonholonomic mobile
robot and quadrtor UAV. The results demotrate that the I&ladaptive cooperative
controlto track the desired path in particular formatitvle compare performanacé I&l
adaptive with L1 adaptiveontroler. The simulation results show that the &I adaptive is

betterto generate thbeterogeneouwbots to follow the desired formation.

We also develop cooperative control of nonholonomic mobile robots based on neuro &I
adaptive, where Neural Network (NN) genesatee nonlinearity of dynamicand 1&I
compute the adaptadn weight of NN. We compare the effectiveness of neuro 1&l with
I&l and L1 adaptive contrégrs In simulation, all of the control strategee® abldo follow

the desired formation.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Autonomous moite robots and quadrotor Unmann®erial Vehicle (UAV) have acquired

the attention of many researchers all around the world. We can &nabtbile robots and
guadrotors being employed in home, industry, military, entertainment, and security
applications. The mobile robot is integrated with camera, sensor, actuator, and weaponry

to achieve the desired target.

The researcpresenthereis mainly focused on nonholonomic type of mobile robotse
researchers from various research institutiond aompanies are working on the
development of nonholonomic mobile robots in order to increasedisracy precision,
repeatabilityand overcome its limitations. In the field of control of nonholonomic mobile
robots, many researchers are working on probleelated to trajectory tracking control
pertaining to its position and velocity. They proposed many control strategies in order to
make these devices more advanced, automatic, and intelligent. Alsojstlireensive
researchdedicated to improve the isking control strategies. The initial literature review

of nonholonomic mobile robot control is discussed in section 1.2.1.

Quadrotor UA\s arespecial typeof aerial vehicle without any direct contact wittman

operating both autonomously and remoteljieSe UA\S are used in applicationso



minimalize the risk of human life such as working mazardousnvironment, military
surveillancesand deep sea explorations. Quadrotor UAVintegrated with sensors,
actuators, cameras and various o#tgripmentepending on the type of applications. For
example, in militarysurveillancepurpose UAVis integrated with sensors and cameras,

which helpto track the target and make them to take appropriate action.

Many researchers are investigating different controlesgras in order to control quadrotor
UAV more efficiently. They have worked with regard to overcome the control limitations,
thus solve the control issue and making the quadrotor Dpéfatesnore autonomously
and smoothly. A brief literature review on giunator UAV control can be seen in section

1.2.2.

Formation control techniquewhich are used to control mulbbots have attracted many
researcherm recent years. The advantagfethis control technique is that orman design
indepenént controllersdr every agent ahe multragent system. The estimation of robot

parametersud as position and velocity planimportantpart in designing any controller.

In this thesis, the design of adaptive cooperative control for nonholonomic mobile robot
and quadbtor UAV based on 1&l is proposed. The nonholonomic mobile robot and
guadrotor UAV arecommandedo follow a certainpath while maintaining a particular
formation Thus, he multirobot will move together and keep the desired foionatvith

each other ba&sl on potentialiéldsbasedcontrol In potential field controlthe center
potential attracs each agento the centerwhile theinteragent potentiatepulsestwo
neighboring agents avoid collisionWe compare the effectiveness of Mith L1 adaptie

controllersfor formation control of heterogeneous systems



We alsopropose a neuraletworkbased&l adaptive controllefor formation control of
nonholonomic mobile robot®eurcl&l adaptive is a framework for adaptive stabilization

of nonlinear sygms with uncertain parameters. Neural Network (NN) generates the
nonlinearity of dynamics and I&l comps the adaptation weight of NTlNhen we compare

the effectiveness of neuro 1&l with I&l and L1 adaptive controllers.

1.2 Literature Review

1.2.1 Feedback Contrd of Nonholonomic Mobile Robot

Research on mobile robot has seen a rapid increase in recent times. Researchers previously
have worked to control the trajectory tracking of mobile robots which is one of the main
issues in the real applications. Both thaeknatic mobile robot and dynamic controller
have to be considered in designing an appropriate controller. Adaptive control and
Lyapunov stability theory are techniques used to cotitinonholonomic mobile robot

[3].

Two-wheeled mobile robot trackirgprirol having more inputs thasutputswasdiscussed

in [4]. The inverse of the decoupling matrix in the irputput linearization did not exist
when the number of inputs is not equal to the outputs. Hence, a modifieebutput
linearization technique designed, a generalized inverse is used to solve it

NN controllers possess a fast learning convergence and simple algorithm for tracking the
trajectory of mobile robot was developed in [5]. The integration of a kinematic control and

a torque control usmaNN for nonholonomic mobile robot was developed in [9]. They



proposed backstepping for kinematic control and Lyapunov theory to guarantee the
stability. Their algorithm applied for tracking the trajectory, path following and
stabilization.

Cascaded cortllers proposed in [6] to track the trajectory of nonholonomic mobile robot.
The tracking controller uses two cascades in this case. The first fuzzy controller produces
a variable presenting the path curvature and one input of the second fuzzy controller.
Adaptive Neuro Fuzzy Inference System (ANFIS) is proposed as the second stage
controller to track the desired path of mobile robots.

Adaptive control to track the desired trajectory of a wheeled nonholonomic mobile robot
(WMR) with unknown dynamics and @aneters applied in [7]. They design the robust
backstepping based on NNs without considering the previous knowledge of the dynamics.
The gains of kinematic controller designed to enhance tracking characteristics and
minimize the velocity error.

An adaptie tracking controller approach with output feedback is designed in [8] to
minimize that the tracking errors of a nonholonomic mobile robot. They proposed a new
adaptive control scheme to determine the linear and angular velocities respectively to
overcome system parameters which are not known and also a quadratic term of
immeasurable states in the mobile robot dynamic system and couplings. Adaptive tracking
controller was developed in [2] using the adaptive backstepping approach for the
integration of kineratic and torque controller with unknown parameters exists for a
nonholonomic mobile robot. A slidiagnode control was proposed in [11] for mobile
robots in twedimensional polar coordinates. The integration of kinematic control and

tracking trajectory is @plied in [12] based on adaptive fuzzy for nonholonomic mobile



robot. Neurorbased adaptive controllggresented in [13]for trajectory tracking of
nonholonomic mobile robot without velogimeasurement.

A controller using nonlinear PHbased analog NNs waleveloped in [14] to follow the
desired path of nonholonomic mobile robot and cover nonlinearity uncertainties and
disturbance issues. An adaptive robust tracking controller using modified feedback
linearization proposed in [17] for trajectory trackirg mobile robots with parametric and
nonparametric uncertainties.

Backsteppingdike feedback linearization applied a cascaded kinematic and dynamic
linearization of wheeled mobile robots for tracking control in [15]. Two controllers using
backstepping bageon kinematic model was designed in [16] separately for tracking
control of nonholonomic mobile robot. Lyapunov theory applied to guarantee the stability
and adaptive robust method proposed in [18] for trajectory tracking control of electrically

driven wreeled mobile robots with uncertainties parameter.

1.2.2 Feedback Control of Quadrotor UAV

The output feedback controller was designed in [19] via Lyapunov theory analysis for
tracking control of nonlinear smadkcaleUAVs quadrotor which only position and aegl|

are measurable. Sliding mode control based on feedback linearization compared with
sliding mode based on backstepping for tracking control presented in [20] which chatting
phenomenon occurred in sliding mode control and complex Lyapunov function was not
required according to backstepping method. Feedback linearization controller and adaptive

sliding mode controller were proposed in [22] for nonlinear quadrotor helicopter. The



sliding mode controller is able to control the system under noisy conditioastintate
uncertainty effectively. In [26] bactepping was implemented for UAVs to track the
trajectory consisting of translational dynamics and attitude kinematics. The experiment in
real indoor quadrotor that showed the resgatifiesthe validity propsed theory.

NN based output feedback controller applied in [21] a quadrotor WAK uncertain
nonlinear terms like aerodynamic friction and blade flapping. NNs and output feedback
were developed in [23] to control the nonlinear quadrotor UAV. They apiIds to learn

the complete dynamic of UAV online including uncertain nonlinear part. NN virtual
control allowed four control inputs to control 6 DOF. The output feedback control scheme
is applied to control the presence of unknown nonlinear dynamics istulbdnces of
UAV.

Time varying adaptive controller proposed in [24] for an underactuated quadrotor UAV
with uncertainties associated with mass, inertia matrix, and aerodynamic damping
coefficients. They used Lyapunov theory to track the error of posationyaw rotation.
Direct and indirect Model Referenéelaptive Control (MRAC)wasdeveloped in [25] to

track the desired trajectory tww costquadrotor UAV. The adaptive controller is able to
increase the robustness to uncertainties parameter andtenitigaeffects of a lossf-

thrust anomaly effectively.

1.2.3 Cooperative Control

Feedback linearization to control multiple robot moving together was developed in [27]

around an obstacle in a formation based on the ledodléwwer approach. The information



of local sensor is used to stabilize the distance and orientation of followers. They showed
that controller is able to control arbitrarily large numbers of robots which move together in
general type formation.

A framework was developed [28] for trajectocgntrol of the multiple nonholonomic
mobile robotsmoving together with range sensors. Lyapunov theory applied to find the
stability condition of closetbop hybrid system. Their framework allowed the system
switch automatically between continuestaite catrol laws to achieve a desired trajectory.
The synthesis of controllers was addressed in [30] for large groups of robots and sensors.
They proposed controllers allowed robots to centralize curve S as trajectory with consider
weighted sums of radial basishctions which give a high degree of control.

A framework was developed in [29] for cooperative control of robots. The controller and
planner derived based on potential field that give benefit for complex grousaatien.

They showed the cooperativentml based on potential filed successfully in many cases
without showing the sensitivity to parameters. The framework to control multiple
nonholonomic mobile robots moving together in leafddower formation was develaul

in [32]. They applied backgpping to accommodate the dynamics of the robot the
formation in contrast with kinematizased formation controllers. Lyapunov theory was
used to guarantee the stability of nonholonomic mobile robots.

Decentralized controllers were developed in [31] for augrmbot to follow the desired
two-dimensional (2D) geometric pattern. The information on range sensors was used to
allow robot to keep the distané®m each other. Decentralized controller to control the

formation mobile robot was developed in [33]. Hréficial potential fields were used to



obtain the formations. Lyapunov theory applied to find the asymptotic stability of the

system. Experiment result successfully verified to validate the theory.

1.3 Problem Formulation and Objective

Based orthe initid literature reviewwe consider the objective of this theassmentioned
below
1. To develop potential field based formation for heterogeneous systems, in this study
we considetheformation of nonholonomic mobile robot and quadrotor UAV.
2. To designadaptive cooperative control based on I& method for the above

heterogeneous systems and compare it with L1 adaptive cooperative control.

1.4 Thesis Organization

In order to achieve the objective mentioned in the previous section, we thesgjructure

of the thesis as following

1 Chapter 1 Introduction. Contains motivation, literature review, problem
formulation and objectives

1 Chapter 2, Preliminary. Contais dynamics of nonholonomic mobile robot,
dynamics of quadrotor UAVNonlinear control approach:1 adaptivecontrol

methodology, I&I adaptive control methodology.



Chapter 3Adaptive Control Design. Contaradaptive control of nonholonomic
mobile robot and quadrotor UAV based on I&l and L1 in case of presence of
parameter uncertainty on the dynami€eoperatre control based on neuro 1&I for
nonholonomic mobile robots

Chapter 4, Cooperative Control Design. Cordalasign cooperative control for
heterogeneous systems based on potential field.

Chapter 5Simulation Results. The simulation conducts to vadidiae 1&1 and L1
adaptive control performance for cooperative control of heterogeneous systems.
Chapter6, Conclusion.Concludes all the work in the thesis and suggestion for

possible extension in future work.



CHAPTER 2

PRELIMINARY

2.1 Introduction

This chaptepresents the modelimgf nonholonomic mobile robstand qudrotor UAV.
Firstly, we introducebasic concegtof nonholonomic mobile robstand qudrotor UAV,
followed byphysical parameter used tinat dynami@al systemsWe also study the basic

idea about&l and L1 adaptive control methodology.

2.2 Dynamics of nonholonomic mobile robot

In this study,we use nonholonomic mobile robot, whichdefined in[1][2][40]. The
mobile robot which have -8imensional coordination space system are subjected to

constrairts which are described in general coordinates as given by

0nn oM on ot ént 6 A_ (2.1)
where
0 AT : Symmetric PD inertia matrix
© M7 : Centripetal and coriolematrix

10



onfT : Surface friction

onTT : Gravitational vector

T : Unknown disturbance

0NTT . Input transformation matrix

T : Input vector

0 NfT . matrix associatedith constraints
_nmn : Constrainforcesvector

All kinematic equality constraints are congielé not to be tim&lependent

5N (2.2)

0 n is a full rank matrix of a set of smooth and linearly independent vector fields in null

space,

YR T (2.3)

Vector time functiorb 07 1 can be found by considering.2) and 2.3),

N “YRO O (2.4)
where
AT-© 'qo E+ (2.5
YR OEF QAT-O
T p

11



(2.6)

¥
L MOBILE
BASE

Figure 2.1 A nonholonomic catike mobile robot. [1]

Figure 21 shows the position of nonholonomic mobile robot in an inertial Cartesian frame
0 Feohtd which is presented by the vectpr  6huh— . YR is the transformation matrix
which transforms the vel wéi tbegLaoteshanvel

velocitiesr).

Now the system2.1) transforms and become appropriate for control consideration with
differentiating 2.4) and subd#iuting it into (2.1). The resultinggequationis multiplied by

Y. The final equations of motion of the nonholonomic mobile robot will be given

YO™ Y OY @Y0O O [ Yot (2.7)

whereb 0T T is avector of the velocity. Equatior2(7) can be written as
0 A0 @ Mo 00 1T ot (2.8
i 6t (2.9

12



where,

0 AT : Symmetric PD inertia matrix
w0 M7 : Centripetal and carles matrix
OoNTT : Surface friction

1 : Unknown disturbance

T . Input transformation matrix

The matrices defining the dynamics of nonholonomic mobile naithtmassi based on

figure 1 are presented i@.1) where,

" & QO EL (2.10)

S [P (2.11)
£ A 11 Y ]
@ nm I , I
u cT(a Q— Ty
on m (2.12)
0 Al-©AT-O (2.13)
6n - OE+ OB+
Y Y
+ “Tr (2.14

Table 2.1showsthe parameters of nonholonomic mobile robots used in this thesis.
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Table2.1. The vehicle parameters

Parameter Value Unit
a p T nQ
(@) v foXv)
Y ® a
I T8t L a
Q &) a

where
0 0 30 (2.15)

whereOis the initial value of inertia an@d'@hanges in the value of inertia when the robot

moves

2.3 Dynamics ofQuadrotor UAV

In this study, we use Quadrotor UAV, whichdsfined in[38][39][41]. The motions of
guadrotor UAV are relatetb the translational and rotational motions. In translational
motions, quadrotor UAV is able to move forwdrackward, lateral, and verticaln |

rotational motions quadrotor UAV kaoll, pitch, and yaw motionghe quadrotor UAV

14



has four propelleras basic movements. The four possible basic movements of the

quadrotor UAVincludes hrottle 6 ,roll  ,pitch T ,andyw t

The motion of Quadrotor UAV in-®OF considettwo coordinate framesrlhe position
and orientation are expressed with respect to the inertial frame and both linear and angular
velocities are descréda with respect tdhe body frameFigure 2.2showstwo coordinate

framesof quadrotor UAV.

vertical forward

\
) ; \
Uoyaw L f 49
JAW O
s . ¢ roll

Co D b picl

Body — Fired Frame ™,

N
N
N
\TO
B
N

Y

X
Earth/Inertial Frame

Figure2.2 Body-fixed and earth referenceafme. 1]

The 6DOF motion of a quadrotor UAV% expressed as

- -k — ofuin - %hh (2.16)



where— is composed of the position vectoris the velocity vectarf is linear velocity
and ¥ is angular velocity The inertial frame andhe body frame have the dynamic

coupling which is give by a velocity transformation.

- 0 - % - 0 - - (2.17)

where the transformation matrix — , 'Q pFa; are functions of the Euler angles. The
transformation matrix which relate the translationdbeity in the body frame tdhe

inertial frame is yen by

WET [ WEDET [ DEDER [ | Q& —H "RE %o DERo W E | —i (2.18)
0 — i QET wéwdée—+ T WeEWde% [ | Q¢ —wWOE Pol QEQLT WE I %o
i Q¢ — we i —i Q& %o WET %we i —

Lagrangian fothe generalized coordinatepresented by

OAM Y oy gd_ e (2.19)

where’Y is thekinetic energy for théranslational motion’Y is thekinetic energy of

the orientation;Yis potential energy an@®is

(2.20)

@)
C
@)
C
@)
4 30
54 O4
O34

wheret is the torqueesponsible for the rotational motion. The drag terms are represented

by notationsQ for the rotational drag, ang for the translational drag.

The translational dynamics of the quadrotor UAxpresse@ds

16



6, 0 (2.21)

wheret is the torque forotational movements is for the rotational drag, ang is for
the translational dragc  mhrifp andé Q@ Q "Q "QBs are tfng upwar
forces computed and are given'®y "Qm . The rotational motion of the quadrotor VA

on the body frame is given by

t O t @ 0Ot am 0t +t (2.22)

whereO is the total irrtia of the quadrotor UAVQ s the propeller inertia, represents
the vector cross product) is the rotational drag coefficient, angl m m m

m . The force and torques acting around the body is given by

t mnToa moa @ (2.23
T t a nm amn Q
0 T Q Q Q QQ

Y PP P P Q

wheredis the distance from the motor to the center of massj antthe ratio between drag
and thrust coefficient of thbladeTable 2.Zhowsthe parameters ofuadrotor UAV usd

in this thesis, these parameters are obtaingtDijp41].

17



Table 22. The quadrotor UAV parameters

Mass & ™ CQQ
Gravity Acceleration Q «a T

Translational Drag Coofficient o] T80 L

Rotational Drag Coofficient o) TP TtV
Ratio Between Drag and Thrust Coofficien Q X8Q Q@
Inertia Coofficient oriraxis 0 T8 TT QIR
Inertia Coofficient orwraxis O T8 T PR
Inertia Cooffcient ond-axis 0 T8I p (IR
Arm Length 0 T} o

Propoller Inertia Y o Q@

2.4 Nonlinear Control Theory

2.4.1 Immersion andlnvariance Adaptive Control

Research related to 1&l have beeevelopedin recentyears, &l controldevelopedor
underactuated capendulum systerf84], for quadrotor UAV[41], antagonistic joint with

nonlinear mechanical stiffne$35] and stabilization of a synchronous generator with a

18



controllable saes capacitof36]. The 1&l adaptive controbf nonlinear systems introduce
in [37].
L e t dnsiderdhe system structure

® Qo 00 (2.24)

wherewN s is the state of the system add s is the control of the system with an

equilibrium pointa ¥ A to be stabilized. We assume find rhe mapping wyith €

I da O A “g1 © A (2.25)
agg © A % O A
[da © A

such that the following manifold.
The target system

(2.26)

where, N a is the state with asymptotically stable equilibrium,at a1 and®

1]
yZ .

The immesion condition for all ¥ a define in @.27)

x ‘ 22
"Q 1] , "Q 1] , w 1] , T_ | , ( 7)
T,
and the set identity of implicit manifold
N A P%bow T ovNAa Y, Qi € 4,0 4 (2.28

holds

All trajectories ofthe system can be defined as
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%o, . e 2.29
:,—(b“Qw Qwl o (2:29)

and
® Qo Qo o (2.30)

are bounded and satisfyEd 0 T

Thena is an asymptotically equilibrium of the closed loop system

@ Qo Qo i ® (2.31)

2.4.2 L1 Adaptive Control

L1 adaptive control method was developed in [42] with robustness and fast adaptation.
This control strategy applied in various mechanical systems such as aeroplane needed very

high accuracy. We describe th& hdaptive control methodology in this part.
Consider the control structure of the systems

60 0 0 O O 0 O Q wo (2.32)

where6 0 is adaptive control input and@ N a rendersd T 6 @GQ Hurwitz.

The state feedback leads to the partial closed loop system

w0 0 w0 w—wo 06 0 (2.33)

20



We consider state predictor as linearly paranmgdrsystem

©O B 0o O—w0 O 0 (2.34)

where w0 N A is state of the predictor and-0 N a is estimation of—
Equation 2.35) express projion-type of adaptation law
0 30l éZDh o odd® A —m —oOnNg (239

where the state predictor error is equaldi® T @6 @O ,3N 5 is the gain of

adaptation law rate, andd 0 mwith0 0  mis the matrix solved Lyapunov

~ e ~

equationd 0 0O 0.
The projection is confined to the gethat can be found in [42].
The adaptive control input is defined in Laplace transform
6 i 6i -+ Qi (2.36)
whereQi ———and6 i is a BIBOstable strictly proper transfer function with

0 m p. The initial of statespace realization is assumed zero.
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CHAPTER 3

ADAPTIVE CONTROL DES IGN

3.1 Introduction

This chaptedeals withadaptive control design fdooth nonholonomic mobile robot and
quadrotor UAV For nonholonomic mobile roboi&l, L1 and neuro I&l adaptive
controllers are designed, and for quadrotor UR and L1 adaptive controllers are
designed taking into account #tle uncertain parameters and unknown dynamics of the

system.

3.2Nonholonomic Mobile Robot

Figure 3.1 shows control structure of nhonholonomic mobile robot based on 1&l and L1
adaptive. The robot moves to track the desired trajectory abaas well agodirection.

We apply cascaded controller where PD is the controller of outer loop and 1&l and L1
adaptive is the controller of inner loop systdR controller generate the linear and
angular velocity of mobile robot using error gas of nonholonomiamobile robot. The
error position is the gap between the desiredtijposof nonholonomic mobile robab

andw and the actual positiaandw The 1&l and L1 adaptive compute the control input
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z of nonholonomic mobile robofhe actual linear and angular velocity of nonholonomic

mobile robot are feedback input of inner loop system.

[x(f yd] € T
@ PD —n | 1&I /L1 Adaptive System Dynamics

[x ¥]

[v; v,]

0o

Adaptation Law

Figure3.1 Control structure of single nonholonomic mobile robot based on 1&l and L1 adaptive

The robot moves to track the desired trajectory aboutas well agodirection.We apply
tracking error position is to generate required input of Whé error position is the gap
between the desired position of nonholonomic mobile reboand & and the actual
positionwandw NN compute the nonlinearity of dynamics, and then 1&l adaptive compute
the weight of NN.The neuro 1&l adaptive approach compute the control irgpof

nonholonomic mobile robot

[x; v [ee] i I t
(\ Tracking Neuro |&I System Dynamics
k_ J Error
[x ¥
[vi v2]
o
— Adaptation Law
—> NN /l\
w(x)

Figure3.2 Control structure of single nonholonomic mobile robot based on neuro I&l adaptive
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3.21 Design ofl&l Adaptive Control

The dynamic model of the given nonholonomic system can be written as:

b 0 o nAmo Tov 1t o6t (3.1
b 0 oMo ov M o6f (3.2
0o 0 wAAmMmo O o0 O T O 6f (3.3

Equation(3.3) can also be expressed as

0 Q0U— ™0 O o0 0 1 "O¢6 (3.4
where
1 6 O 0 O _ —
T
Qu Qu
T

Letus assum®U mandt[ T1@8The contoller design can be given by

6 0 O— Q 00 Ui (3.5)

where0 Ttis the feedforward gain, feedback gain  Ttandi is the reference system.

In order toacheve the globally exponentigl stable closed loop stem we apply

feedforward and feedback gains as

b 00 Ol (3.6)
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To apply 1&I adaptive control on the dynamics, define the following implicit mandslid

a — — T v (3.7
and the dynamic system is expressed by
, [
Q — VU
0
a — TT—U "Qu— QU 0o (38)
The adaptation lawy c¢h— — is selected as
0 3.10
1 il — Qu — | QL 06 (310
Tu
substituting these int@(9) and @.10, and utilizing 8.8) one will achieve
' A (3.1
a — QU
T v
— [ Q 0 ,wherg Ttis selected, the following is obtained
I Edo m 4 — — 1 U (3.12
The I&I adaptive control is expressed by
6 0 QO— f Q 00 O (313
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3.22 Design ofL1 Adaptive Control

The linearly parameterized abnholonomic mobile robatynamic in equation (3)4&an

be rewritten as

w0 O ®O 'Qdwo 16 0o (314
W ® W0 Wwo
where
ol 1, 0 N1 I a known a desired Hurwitz matrix
o P 1 - 6 1 17 fl adaptive control,
Qdwo T QVU— Qv O oL O KO O (319
Equation 8.4) can be rewritten as
wd 6 wd w6 —AWE (3.16)
W ® W0 Wwo
Let consider state predictor as linearly parameterized systenil) €&
wd 6 wd ] o —AE (3.17)

where w0 N a s stae of the predictoro 0 M a is predicted output ané-and, are

estimation of—and,, respectively.
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We define the error dynamic of the systam

WO 0 WO W] o —AE (O 1 SR V) (3.18
where the errors are equalad T @6 ®o6,—0 T —0 —o0 and, 0T , O
” (‘) .

We applyLyapunov function to define the stability conditiohthe system

P (3.19)
3

o R wo®

Equation 8.20) is the derivative of Lyapunov candidate

bR 0o 0lb T —— , — (3.20)
Gk 0o e, S —— , — (3:21)
Consider [42] to apply projection operator
wohh  wle @b o-mE (322)
¢ —00HEmxE o , 00l Eow
Ol wld ¢— mEOb 0 OHEmE O (323
¢, @& 0OLE®M®
The adaptatiomechanism is expressed in equations (3.24)
—0 —0 30 OT-HE mE O ® (3.24)
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L 2 A

, 0 ,0 300Lkwww

wheres N 5 is the gain of adaptation law rate, and 0  mwith0 0  Ttis the

matrix solved Lyapunov equatiod 0 0O 0.
The adaptive control input is defined in Laplace transform

0 i oy (3.25)

whereQ i ——— H is the Laplace transform efd ¥ —O0 @& , 0 and

i i isthe Laplace transform reference .

0 i inequation (26) is the selectedlfer witho 1t bwhereO i - is strictly proper

transfer function

1 Q0 (3.26)

10 (3.27)

We can define adaptive control input of the system by substitetingtion (3.25into

(3.25 expresseds

6 i QO 1060 i +H Qi (3.28)
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3.23 Neuro 1&l Adaptive Control

The tracking error is the gap between estimated trajegtanyd desired trajectony as

given as follow

Q0 N 0 Qo (3.29)
where
C S W o0
n @ 0
and
- Wo
d @0

The filtered tracking error is expressed by
i0 Q 3Q (3.30
wheres is PD controllerand Tt
By differentiating equatior?(1), we can write the dynamics rdbo term of tracking error
Ol wi T Qf (3.3)
where
Qv 0 A onmmn sA O f (3.32

We apply NN to estimat®w which'Qandry are accessible. We design the controller for

the gstem to achieve the globally exponentially stable closed loop system.
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tre— T 011 s (339

where] @ —is the estimatedQw , — is the weight of NN from adaptation law of I&l,

0 is the gain matrix arid function of disturbance and error anis positive gain.

The dynamics of nonholonomic mobile robot can be amiftom equation (3.3%s follow

01 wli T 7 o — 1 77 (3.39

i 0 T e— 1 0 o 01 0 t o f (3:39

The equation (3.2C0can be written linearly parameterized system as

O O0— "Q "00 (3.39

where

M O wi 0O 7 0 f (3.3

To amly I&] adaptive control on the rotational dynamics, define the following implicit

manifold

O — — 1 o (3.39)
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a — L( w— Q "0o (339
T W

The adaptation law is selected as

Ho o g o (3.40)
T w

The dynamics of nonholonomic mobile robot in term of tracking error is equal to
01 ol Qi [ o — 1 Fo— 1 t 3 (341)
whereQ ands are positive gain to bring the system to zero manifold.
0F Q1 o— T o 1 T 3 (342
whereQ & Q
0F Q1 wa 7t 3 (3.43

We gply Lyapunov stability theorem to define the stability condition of the system

o Pas P Pup (3.44)

C q q
A (345)
GO ® o (346)

Assumé Tand3 TilLet— 0 "Qethen
. ., o 3.4
® a LD Y w a & Lu 1 3 (3.47

@ @
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) TT %y 7, \ 7, o TT (348
W — —L Qw w Qv —_— —

) ()
) OO0 O] W— ®f o o (3.49

3.3 Quadrotor UAV

The control strategies based on 1&l and L1 adaptivetrf@ectory tracking ofsingle

guadrotor UAV was developed by [41]. They applied cascaded control method with PD as

outer loop and 1&l ad L1 adaptive as inner lpdhat we can see in figure 3.1

Zq bd Tp 0 x
Yd Oa Tq 0 y
24 Yd Tr (0 z
Inner Rotational| _ [Translational
> PD Control [ Dynamics r Dynamics

Figure3.3 Control structure of single quadrotor UA¥1]

3.3.1 Design ofl&l Adaptive Control

Thelinearly parameterizedynamic model of thgiven nonholonomic system

equation (2.31¢an be written as:
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W Qu— Quw— Qw— Qw— "00 (3.50)
where

wi 1, O QQEM RO RO , 6 ththt |,

Equation B.5)) is the selected controller
6 0O O— O— QO— O— LV Ui (3.51)
whereu Ttis the feedforward gain, feedibagainu mtandi is the reference system.

In order toacheve the globally exponentiallgtable closed loop systemve apply

feedforward and feedback gains as
w L LI (352

To apply 1&l adaptive control on the rotational dynamidsfine the following implicit

manifold

G — — 1 @ (353
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and the dynamic system is expressed by

a — T_(bw
T o~ n o~ x
a — T_ Quw— Qw— Qw—
a — T—oo
T ®
T s
a — T_ Quw— Qw— Qw—
The adaptatioralw 7 ¢h—  — is selected as
1 o Qw — T Qu — |
T o
QUL — f a Qu —
i o Qw — T a Qu —
T
QL — T a QL —
i e Qw — 1 a Qu —
T o
QL — T a QL —
1 e Qw — T a Qu —
T o

substituting these into &4) and 3.55), and utilizing (353) one will achieve

34

Qo—

Qo—
a
Toa
(R
Toa
roa
Toa
roa
Ta

00

00

"006

"006

"006

006

(354)

(3.55)

(3.56)

(357)

(358)

(3.59)



T
T

il ,
g Q0 ¢ (3.60)

— [ Q 0 ,wherg Ttis slected, the following is obtained

I Edo m — — 1 (3.61)

The 1&I adaptive control is expressed by

"Q— T "0 — 1 LU (362

3.32 Design ofL1Adaptive Control

The linearly parameterized rotational dynamics of quadrotor WAKEquation (2.31fan

be rewritten as,

w0 O 0o Q'QIwo 16 o (3.63)

where

ol 1, O Ng T a known a desired Hurwitz matrix
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® P, 1 O, 6 1 t1 fl adaptive control,
Qowo {0 f 0t ©OFf am 0Vt O © (3.64)
Equation (2.31) can be rewritten as

WO 0 WO O] o —AE (3.65)

w0 O wd w6 —AmE (3.66)

where w0 N a s state of the predictpth 0 N a4 is predicted outpuand —and,, are

estimation of—and, respectivey.
We defineerror dynamic of the systeas

w6 O wd K6 —AE (V) | R V) (367)
where he erros areequaltow 6 I ®@0 ®O6,—O0 T —0 —O0 and, 60 T , O
. 0.
We appy Lyapunov function to define the stability conditiohthe system

O @bl o —— (368)

Equation (3%63) is the @rivative of Lyapunov candidate
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R 0o @lb T —— , —
@ Gh-h, w0® OO Q—AE
Consider [£2] to apply projection operator

® ah-h, O0® COl OAmE

N A A 2

¢ —00HEmE @ , 001 kEow

wohh wlw ¢— mE o 0 OI-HE ME O

N A

The adaptatiomechanism is expressed in equations (3.73)
—0 —0 30 OlHE ME O
, 0 ,0 300l Eo®

wheres N g is the gain of adaptation law rate, and 0  Ttwith0 0

matrix solved Lyapunov equatiod 0 00 0.

The adaptive control input is defined in Lape transform

whereQ i ———  —H isthe Laplace transfar of 4+ T —0 A0E

i i isthe Laplace transformeferenca o .
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(3.70)

(3.70)

(3.72)

(3.73

Ttis the

(3.74)

, 0 and



0 i Inequation (3.58 the selected filtawith 0 1t kwhereO i -is strictly proper

transfer function

.1 Qo (3.75)
o1l 1 T o0 ] TQO
50 Q (3.76)
iE1

We can define adaptive control input of the system by substituting equatr@h i(8o

(3.74) as

~

6 i Q0 16 i 4 Qi (3.77)
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CHAPTER 4

COOPERATIVE CONTROL DESIGN

4.1 Introduction

This chapterdeals withcooperative control design for heterogeneous systems based on
potential field In this study we considéne cooperative contrabf nonholonomic mobile
robot and quadrotor UAVMoving togetherin one formation We adopt the concepff o

cooperative control based on potential field from [40] and [43].

4.2 Shape Formation

Let the sensing range of each robot assumed™&®es s hown i n ygure 5.1
can access the position of its neighbors that are present within the sensing range. All robots
present in the peet are required to move i
around a moving leademhe distance between each two neighboring agents should be
equaltod "Y. The circumcircle of the desired polygon has a raditis.ab N 'Y is the
coordinate of the moving | eader which 1 s ge

leader. From the basic geometrywill be [33]
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0 (4.1)
Qi QETE

where¢ is number of agents.

Leader

Figure4.1 The leaderensing rangé;, £; followers

We defineO Oas the error athe formation control about desired0 in percenage (%)
and O 'Yas the error of the formation control about desired  in percenage (%)as

follows

D O 4.2
D uspnnp (4.2)

1 4.3
oY g ' ¢ prtmp (43)
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4.3 Control Design

Theformationcontrol based on the attractive aegulsive potentiabf the agenis applied

in thisthesis. Equatiord(4) expresshe cooperative control of muligent systems

6 U U0 0O (4.4
where:
0 : The center potential
O dTheinteragent potenti al (agent6s potential)

'O & Damping action

The adaptive cooperative control scheméeterogeneous systems based&nand L1
adaptive controlllustrates in figure 4.2In potential field contnl, the center potential
attracts each agent to the center while the dagent potential repulses two neighboring
agents to avoid collisiotWe considetdufi—as nonholonomic mobile robanhd chuioh—
asquadrotor UAVorientation with respecbtthe inertial frameespectivelyFor each agent,

we apply cascaded control where PD is the controller of outer loop and 1&l and L1 as

controller of inner loop.
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v

Center
Potential
ageni; Repulsive
agen
g . —>  Potential
agentn

PD —>

1&1 /L1
Adaptive

%

Robot

Figure4.2 The scheme of adaptive cooperatcontrol ofheterogeneous systems

Figure4.3 shows the adaptive cooperative control scheme of honholonomic mobile robot

based on neuro 1&In potential field control, the center potential attracts each agent to the

center while the inteagent potentiarepulses two neighboring agents to avoid collision.

We considecfuh—as nonholonomic mobile as nonholonomic mobile robot orientation with

respect to the inertial framEor each agent, we appisacking error positiono generate

required input oNN. NN compute the nonlinearity of dynamj@nd thern&l adaptive

compute the weight of NN.

agent 1

v

Center
Potential

agent 2

agentn

o

Repulsive
Potential

9a

_ da
Ga

-
1T

Tracking
error

Neuro
1&1

9

Robot

Figure4.3 The scheme of adaptive cooperative control of nonholonomic mobile robot based on neuro 1&I
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4.4 Cooperative Control of Nonholonomic Mobile Robot

4.4.1 Center Potential

Let us firsttéottactenwierhpoefreinni my¢ assf nonhol

0 n @ 0 (4.5)

wher e

pP. . . (4.6)

0 & o -0
0 & w -0

wheYa the di stance bet Meleant | eard ebre amal awleatt e

Y W W W W — — (4.7)

Now cal €htéiarei ndger ® \gatviewme i omf )ewgiutaht i roanswpéedc.t6 t o
obtain the center poclaedtt he blehhetvesetnerposh e tnfvoo

i mits dtiaitf enmems shown as

. Tw 1Y (4.8)
’ ™ 70

Now the ti mev wietrh vra@&/'sipisecgoifuen by,
Tw . . (4.9
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0O w w W W — — (4.10)

t hen

(4.11)

Let us | mphaimenrtultéd exnwdi tdh frf @sagendti att e

Ty 'ILE (4.12
TG TOTO
whermre . wle have
Y p. _ (4.13
— -0
1O ¢
and
LO LO LO LO (4.149)
o0 T T T—
erOcm ® (O ©O ¢— — (*19
To
10 v (4.16)
.lT (QuV) U
By subg4.i)tdathidd §i¢h. )L 2we wi | | get
'Y P~ . P~ (4.17)
T—G EO (QuV) 0] T U U

Thattractive peo&e natgiednh e bt eote wld eitmse ad fc udyat e d
Ssubstitutin)ygtid)@®7)8 and (4.9

v e (4.19)

P
~ Yy
vl bO 0O
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wher e
O : a positive constant

1 :the circumcircle radius of the desired polygon

4.4.2 Inter -agents Potential

The repulsive potential between two neighboring ag&asi'Qis expressed by

0 n oo 0 (4.19

where

oy 5 R Y m (4.20
m €I 0Qi Q
and

0 W ® —O0

where'Y is thedistance betweetwo neighboring agents that can be calculated as

Y W W W W — — (4.21)

The repulsive potenti®etween two neighboring agetand’ (s expressed by

C n v v . w 4.22
(0] UYU%UOUO LO LO (4.22)

where

0 . a positive constant
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Y . distance between tweeighboring agents

0 - distance between each two neighboring followers

4.5 Cooperative Control of Quadrotor UAV

45.1 Center Potential

Let us firsttéottacenwierhpoerinni m¢ assf nonhol

0 G 0 (4.23)

wher e

P. . (4.24)

and
0 & o a —O
0 @ w a —O

wheYae the di stance bet Wedetn claena doeer caanl dc ual gaetnetd

Y ®» ®  ® ® & a — — (4.25)

Now cal cthtéiarei derd gatviewne i eaf2elq wa ttiho 7 wEd.e ct
obtainet hpocenti al b@dnhdeéhet centelkrl owbot .

in thiwcatdiofnf eersens hown as

<

s 1o
V) T,Y

(4.26)

—n
CH
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Now t he ti mey wietrh vra&sipysecgo fuen by,

1o e (4.27)
W v 'Y
i f
0 o o 6 & 4 & — — (4.29)
t hen
v o (4.30)

Let us implemért anlde™ oi & ihn e Pinipaetce t o

<

! 1Y 10 (4.31)

ICANE

J—
C4
C4

where fyome(Hha2t

Ty P, _ (4.32)
— -0
TO ¢
and
1010710710710 (433)
0 T T Ta T—
T 0O , (4.34)
— (W W (W W ¢a a ¢ — —
To
(@) v (4.35)
.lT (V) 0]
By subst3ipt uvatr@dn g(i 4.0 wWedeuBiOl | g
T'Y p, - ot p 5 ot (436)
T_G EO (V) 0] Y_ U 0]

The attractiveedgotagretnhaeltobet eaeseadfcul abed
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Ssubstituytand (4.B8Basinto (4.26

y $—0'Y " G Db (4.37)

wher e
O : a positive constant

1 :the circumcircle radius of the desired polygon

4.5.2 Inter-agents Potential

The repulsive potential between two neighboringrasiGnd Qis expressed by

0 n oo 0 (4.38)
where

Poy 0 F v n (4.39)

mh M VQI Q
and
0o e 4 —

where'Y is thedistance betweetwo neighboring agents that can be calculated as

Y W W W W a a — — (4.40)
The repulsive potential between two neighboring aand (s expressed by
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where

0

Y

b

. a positive constant
: distance between two neighboring agents

. distance betweesach two neighboring followers
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CHAPTER 5

SIMULATION RESULTS

5.1 Introduction

In this chapter the effectiveness of the propasdaptive cooperative contrethems are
investigatedbased on I&land L1controltechniquesLater, the results of both the cosit
techniquesire compared for heterogeneasystemsThis chapter also presents the &I, L1
and neuro I&I approaches for adaptive cooperative control of nonholonomic mobile robots

to follow the desired formation.

5.2 Adaptive Cooperative Control of Heterogeneous Systems

In this section we will discuss two cases; case 1 when the leadee loéterogeneous
systens movein wdirection, and in case 2 the leaderlof heterogeneousystens move

in was well agodirection. The herogenous systeshereconsists of 3 agents, where first
agent is quadrotor UAV, followed by agent 2 and 3 which are nonholonomic mobile robots
surrounded by the leader in tbenter The desired distance for each agent is 1.5 for both

case 1 and case 1

Figure(5.1-5.8) showthe comparison of 1&l and Lperformancdor adaptive cooperative

control of heterogeneous systems. In fimist case, both controllers, I1&l and L1 adaptive
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are able to navigate the heterogeneous robot$oflod the leader irgroupformationon

unknown mas.

1&1 adaptive control performance at leader position:1 in 2D L1 adaptive control performance at leader position:1 in 2D
T T T T T T T T T T T T T T T T T T
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Figure5.1 Thegroup formation when the leaderat position h

Figure 5.1 shows the first agent move from (11)2second agent from (1,08 and third
agent from (10.99 respectivelyto follow the leader at (1, 1). We can see the ability of

I&l and L1 adaptive controller® navigate each agent to track the desired formation.
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1&! adaptive control performance at leader position:2 in 2D
T T T T T T T T T

L1 adaptive control performance at leader position:2 in 2D
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Figure5.2 Thegroup formation when the leaderat position  h

Figure 5.2 shows the each agent move from posttitmfollow the leader at (2, 1). We
can see the ability of I&l and L1 adaptive controllers to navigate each agent to track the

desired formation.

52



1&1 adaptive control performance at leader position:3 in 2D L1 adaptive control performance at leader position:3 in 2D
T T T T T T T T T T T T T T T T T T
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Figure5.3 Thegroup formation when the leaderat position 8 h

Figure 5.3 shows the each agent move from position 2 to follow the leader at (3.5, 1). We
can see the ability of &l and L1 adaptive controllers to navigate each sg#ack the

desired formation.
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1&1 adaptive control performance at leader position:4 in 2D L1 adaptive control performance at leader position:4 in 2D
T T T T T T T T T T T T T T T T T T
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Figure5.4 Thegroup formation when the leaderat position h

Figure 5.4 shows the each agent move from pos8&itmfollow the leader at (5, 1). We
can se the ability of I&l and L1 adaptive controllers to navigate each agent to track the

desired formation.
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1&! adaptive control performance at leader position:5 in 2D
T T T T T T T T T
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L1 adaptive control performance at leader position:5 in 2D
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L1 adaptive control performance at leader position:5 in 3D
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Figure5.5 Thegroup formation when the leaderat position 8 h

Figure 5.5 shows theach agent move from positidrto follow the leader at (6.5, 1). We

can see the ability of I&l and L1 adaptive controllers to navigate each agent to track the

desired formation.
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1&1 adaptive control performance at leader position:6 in 2D L1 adaptive control performance at leader position:6 in 2D
T T T T T T T T T T T T T T T T T T
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Figure5.6 Thegroupformation when the leadés at position h

Figure 5.6 shows the each agent move from pos&itmfollow the leader at (8, 1). We
can see the ability of I&l and L1 adaptive controllers to navigate each agent to track the

desired formation.
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1&I adaptive control performance in 2D
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Figure5.7 The group formatiomased 1&I adaptive control on unknown maps
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L1 adaptive control performance in 2D
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Figure5.8 Thegroupformation based L1 adaptive control on unknown maps
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Figure 5.7 and 5.8how the comparison between 1&l and L1 adaptive controllers
performance along the whole navigation trajectory. Both controllers are able to navigate
each agent to follow the particular position. We can segedhfermanceof 1&I is better

than L1 for adaptive cooperative control of heterogeneous systems in Ceeadlel 5.1

shows the erroposition offormation control for case ih percenage(%).

Table 5.1. Erroposition offormation control for case 1

Leader &1 L1
No Position EL (%) ER(%) EL (%) ER (%)
1 (1,1) 0.1592 0.1422 7.83 7.7431
2 (2,1) 0.1973 0.0379 8.7804 8.7367
3 (35,1 0.2776 0.1735 9.5448 9.3812
4 (5,1) 0.3514 0.3649 9.9102 9.6238
5 (6.5, 1) 0.4203 0.5437 10.1833 9.7934
6 (8,1) 0.48 0.6994 10.3575 9.8835
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Figure(5.9-5.18 showthe comparison of 1&l and L1 performance for adaptive cooperative
control of heterogeneous systems in case 2. In this case, the leadsraimowen was

well aswdirectionon unknown maps.
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Figure5.9 Thegroup formation when the leaderat position h

Figure 5.9 shows the first agent move from (1X)2second agent from (1,08 and third
agent from (10.99 respectively to follow the leader at (1, 1). Wexr e the ability of

I&l and L1 adaptive controllers to navigate each agent to track the desired formation.
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1&1 adaptive control performance at leader position:2 in 2D L1 adaptive control performance at leader position:2 in 2D
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Figure5.10 Thegroup formation when the leaderat position h

Figure 5.10 showde each agent move from position 1 to follow the leader at (2, 2). We
can see the ability of I&l and L1 adaptive controllers to navigate each agent to track the

desired formation.
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1&! adaptive control performance at leader position:3 in 2D
T T T T T T T T T

L1 adaptive control performance at leader position:3 in 2D
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Figure5.11 Thegrowp formation when the lead@arat position h

Figure 5.1 shows the each agent move from posiao follow the leader at (3,)3We
can see th&l approach is able to navigate each agent to follendesired formation and

L1 failed to track thelesired formation.
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1&1 adaptive control performance at leader position:4 in 2D L1 adaptive control performance at leader position:4 in 2D
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Figure5.12 Thegroup formation when the leaderat position h

Figure 5.12 shows the each agent move from posgtiwnfollow the leader at (4, 4). We
can see the 1&l appach is able to navigate each agent to follow the desired formation and

L1 failed to track the desired formation.
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1&! adaptive control performance at leader position:5 in 2D
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L1 adaptive control performance at leader position:5 in 2D
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Figure5.13 Thegroup formatiorwhen the leades at position h

Figure 5.13 Bows the each agent move from positdbto follow the leader at (5, 5). We
can see the 1&I approach is able to navigate each agent to follow the desired formation and

L1 failed to track the desired formation.
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