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This thesis deals with adaptive cooperative control of heterogeneous systems moving
together in a given formation. In this study, we consider the formation of nonholonomic
mobile robots and quadrotor UAV. The controller is designed based on the 1&I adaptive
approach. 1&I adaptive is a framework for adaptive stabilization of nonlinear systems with

uncertain parameters.

We investigate the tracking control of heterogeneous system robots with uncertainties in
the dynamics. 1&I adaptive control regulates the position of both the nonholonomic mobile
robot and quadrotor UAV. The results demonstrate that the 1&1 adaptive cooperative
control to track the desired path in particular formation. We compare performance of 1&I
adaptive with L1 adaptive controller. The simulation results show that the 1&I adaptive is

better to generate the heterogeneous robots to follow the desired formation.

We also develop cooperative control of nonholonomic mobile robots based on neuro 1&I
adaptive, where Neural Network (NN) generates the nonlinearity of dynamics and I&I
computes the adaptation weight of NN. We compare the effectiveness of neuro 1&I with
I&I and L1 adaptive controllers. In simulation, all of the control strategies are able to follow

the desired formation.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Autonomous mobile robots and quadrotor Unmanned Aerial Vehicle (UAV) have acquired
the attention of many researchers all around the world. We can find the mobile robots and
quadrotors 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 research present here is mainly focused on nonholonomic type of mobile robots. The
researchers from various research institutions and companies are working on the
development of nonholonomic mobile robots in order to increase its accuracy, precision,
repeatability and overcome its limitations. In the field of control of nonholonomic mobile
robots, many researchers are working on problems related 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. Also, there is intensive
research dedicated to improve the existing control strategies. The initial literature review

of nonholonomic mobile robot control is discussed in section 1.2.1.

Quadrotor UAVs are special type of aerial vehicle without any direct contact with human

operating both autonomously and remotely. These UAVs are used in applications to



minimalize the risk of human life such as working in hazardous environment, military
surveillances and deep sea explorations. Quadrotor UAV is integrated with sensors,
actuators, cameras and various other equipment depending on the type of applications. For
example, in military surveillance purpose UAV is integrated with sensors and cameras,

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

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

1.2.2.

Formation control techniques, which are used to control multi-robots, have attracted many
researchers in recent years. The advantage of this control technique is that one can design
independent controllers for every agent of the multi-agent system. The estimation of robot

parameters such as position and velocity play an important part in designing any controller.

In this thesis, the design of adaptive cooperative control for nonholonomic mobile robot
and quadrotor UAV based on 1&I is proposed. The nonholonomic mobile robot and
quadrotor UAV are commanded to follow a certain path while maintaining a particular
formation. Thus, the multi-robot will move together and keep the desired formation with
each other based on potential fields-based control. In potential field control, the center
potential attracts each agent to the center while the inter-agent potential repulses two
neighboring agents to avoid collision. We compare the effectiveness of &I with L1 adaptive

controllers for formation control of heterogeneous systems.



We also propose a neural-network-based 1&I adaptive controller for formation control of
nonholonomic mobile robots. Neuro-1&1 adaptive is a framework for adaptive stabilization
of nonlinear systems with uncertain parameters. Neural Network (NN) generates the
nonlinearity of dynamics and 1&I computes the adaptation weight of NN. Then we compare

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

1.2 Literature Review

1.2.1 Feedback Control 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 the kinematic mobile robot and dynamic controller
have to be considered in designing an appropriate controller. Adaptive control and
Lyapunov stability theory are techniques used to control the nonholonomic mobile robot
[3].

Two-wheeled mobile robot tracking control having more inputs than outputs was discussed
in [4]. The inverse of the decoupling matrix in the input-output linearization did not exist
when the number of inputs is not equal to the outputs. Hence, a modified input-output
linearization technique is 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 using a NN 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 controllers 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 parameters 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 adaptive 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 kinematic and torque controller with unknown parameters exists for a
nonholonomic mobile robot. A sliding-mode control was proposed in [11] for mobile
robots in two-dimensional polar coordinates. The integration of kinematic control and

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



robot. Neuron-based adaptive controller presented in [13] for trajectory tracking of
nonholonomic mobile robot without velocity measurement.

A controller using nonlinear PID-based analog NNs was developed 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 tracking for mobile robots with parametric and
nonparametric uncertainties.

Backstepping-like feedback linearization applied a cascaded kinematic and dynamic
linearization of wheeled mobile robots for tracking control in [15]. Two controllers using
backstepping based on 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 wheeled 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 small-scale UAVs quadrotor which only position and angles
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 condition and estimate
uncertainty effectively. In [26] backstepping was implemented for UAVs to track the
trajectory consisting of translational dynamics and attitude kinematics. The experiment in
real indoor quadrotor that showed the result verifies the validity proposed theory.

NN based output feedback controller applied in [21] a quadrotor UAV with uncertain
nonlinear terms like aerodynamic friction and blade flapping. NNs and output feedback
were developed in [23] to control the nonlinear quadrotor UAV. They applied NNs 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 and disturbances 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 position and yaw rotation.
Direct and indirect Model Reference Adaptive Control (MRAC) was developed in [25] to
track the desired trajectory of low cost quadrotor UAV. The adaptive controller is able to
increase the robustness to uncertainties parameter and mitigate the effects of a loss-of-

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 leader - follower 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 trajectory control of the multiple nonholonomic
mobile robots moving together with range sensors. Lyapunov theory applied to find the
stability condition of closed-loop hybrid system. Their framework allowed the system
switch automatically between continuous-state control 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 basis functions 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 group inter-action.
They showed the cooperative control 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 leader-follower formation was developed
in [32]. They applied backstepping to accommodate the dynamics of the robot the
formation in contrast with kinematic-based formation controllers. Lyapunov theory was
used to guarantee the stability of nonholonomic mobile robots.

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

formation mobile robot was developed in [33]. The artificial 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 on the initial literature review, we consider the objective of this thesis as mentioned
below
1. To develop potential field based formation for heterogeneous systems, in this study
we consider the formation of nonholonomic mobile robot and quadrotor UAV.
2. To design adaptive cooperative control based on 1&1 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 design the structure

of the thesis as following

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

e Chapter 2, Preliminary. Contains dynamics of nonholonomic mobile robot,
dynamics of quadrotor UAV, Nonlinear control approach: L1 adaptive control

methodology, 1&I adaptive control methodology.



Chapter 3, Adaptive Control Design. Contains adaptive control of nonholonomic
mobile robot and quadrotor UAV based on 1&I and L1 in case of presence of
parameter uncertainty on the dynamics, Cooperative control based on neuro 1&I for
nonholonomic mobile robots.

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

Chapter 5, Simulation Results. The simulation conducts to validate the I&I and L1
adaptive control performance for cooperative control of heterogeneous systems.
Chapter 6, Conclusion. Concludes all the work in the thesis and suggestion for

possible extension in future work.



CHAPTER 2

PRELIMINARY

2.1 Introduction

This chapter presents the modeling of nonholonomic mobile robots and quadrotor UAV.
Firstly, we introduce basic concepts of nonholonomic mobile robots and quadrotor UAV,
followed by physical parameter used in that dynamical systems. We also study the basic

idea about 1&1 and L1 adaptive control methodology.

2.2 Dynamics of nonholonomic mobile robot

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

constraints which are described in general coordinates as given by

M(9)§ + Vm(q, @)q + F(@) + G(q) + 74 = B(@)T — AT (q)A (2.1)
where
M(q)eR™™ : Symmetric PD inertia matrix
V.(q, @) eR™™ : Centripetal and corioles matrix

10



F(g)eR™1 - Surface friction

G(q)eR™1 : Gravitational vector

T4eR™L : Unknown disturbance
B(q)eR™" : Input transformation matrix
TeR™1 - Input vector

AT (q)eR™xn : matrix associated with constraints
AeR™*1 : Constraint forces vector

All kinematic equality constraints are considered not to be time-dependent

A(Q)q=0 (2.2)

A(q) is a full rank matrix of a set of smooth and linearly independent vector fields in null

space,

ST(@A™(q) =0 (2.3)

Vector time function v(t)eR™ ™ can be found by considering (2.2) and (2.3),

q=S(@Qv(t) (2.4)
where
cosf§ —dsinf (2.5)
S(q)=[sin9 dcosH]
0 1
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Figure 2.1 A nonholonomic car-like mobile robot. [1]

Figure 2.1 shows the position of nonholonomic mobile robot in an inertial Cartesian frame
{0, X, Y} which is presented by the vector g = [x,y, 8]7. S(q) is the transformation matrix
which transforms the velocities of the vehicle coordinates ‘v’ to Cartesian coordinates

velocities g.

Now the system (2.1) transforms and become appropriate for control consideration with
differentiating (2.4) and substituting it into (2.1). The resulting equation is multiplied by

ST. The final equations of motion of the nonholonomic mobile robot will be given
STMSY + ST(MS + V,,S)v+ F + 7, =STBt (2.7)
where v(t)eR™ ™ is a vector of the velocity. Equation (2.7) can be written as
M(q)v + Vu(q,q)v + F(v) + T, = Bt (2.8)

T=Bt (2.9)

12



where,

M(q)eR™" : Symmetric PD inertia matrix
V.(q, @) eR™™ : Centripetal and corioles matrix
F(g)eR™1 - Surface friction

Ty : Unknown disturbance

TeR™1 . Input transformation matrix

The matrices defining the dynamics of nonholonomic mobile robot with mass m based on

figure 1 are presented in (2.1) where,

m 0 md sin 0 (2.10)
M(q) = 0 m —md cos 6
mdsin@ —mdcos@ I
[0 Dl ey
Vm(q' CI) = i r2 2R l
G(q)=0 (2.12)
cosf cos6 (2.13)
B(q) =—|sin6® sin6
"l R -R
_[" (2.14)
T= [Tz]

Table 2.1 shows the parameters of nonholonomic mobile robots used in this thesis.
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Table 2.1. The vehicle parameters

Parameter Value Unit
m 10 kg
Iy 5 kgm?
R 0.5 m
T 0.05 m
d 0.8 m
where
[=1,+AI

(2.15)

where I, is the initial value of inertiaand Al changes in the value of inertia when the robot

moves.

2.3 Dynamics of Quadrotor UAV

In this study, we use Quadrotor UAV, which is defined in [38][39][41]. The motions of

quadrotor UAV are related to the translational and rotational motions. In translational

motions, quadrotor UAV is able to move forward/backward, lateral, and vertical. In

rotational motions quadrotor UAV has roll, pitch, and yaw motions. The quadrotor UAV

14



has four propellers as basic movements. The four possible basic movements of the

quadrotor UAV includes throttle (u), roll (z,), pitch (z,), and yaw (z,.).

The motion of Quadrotor UAV in 6-DOF consider two coordinate frames. The position
and orientation are expressed with respect to the inertial frame and both linear and angular
velocities are described with respect to the body frame. Figure 2.2 shows two coordinate

frames of quadrotor UAV.

forward
A0

V)
g roll

vertical

1 yaw . 1N f 1
¢

Co D b picl

Body — Fired Frame ™,

N
N
N
\TO
B
N

Y

X
Earth/Inertial Frame

Figure 2.2 Body-fixed and earth reference frame. [41]

The 6 DOF motion of a quadrotor UAV is expressed as

n=[m"n"1T"  m=kyzl" n,=1[¢069]" (2.16)

V= [UlTIUZT]T U = [u’ v, W]T Uy = [p’ CI'r]T
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where 7 is composed of the position vector. v is the velocity vector, v, is linear velocity
and v, is angular velocity. The inertial frame and the body frame have the dynamic

coupling which is given by a velocity transformation.

1 = J1(m2)vq 11 :]1_1(772)711 (2.17)

where the transformation matrix J;(n,), i = 1,2 are functions of the Euler angles. The
transformation matrix which relate the translational velocity in the body frame to the

inertial frame is given by

cosycosl —cosyPcosp + cospsinfsing  sinpsing + cospcosfsing (2_18)
J1(mz) = |sincosd  cospcosp + cosysinfsing  —cosysing + sinpcospsind
—sinf cos@sing cos¢pcosl

Lagrangian for the generalized coordinate is presented by

1 (2.19)

) 1 T
L(q,q) = Trrans + Trot — U = Emme + EmﬂzTﬂz —mgz

where Tyr-ans 1S the Kinetic energy for the translational motion, Ty, is the Kinetic energy of

the orientation, U is potential energy and I, is

! L 0 0 (2.20)
I =01 Iy Iy=[(0 I, 0
0 0 I,

where 7 is the torque responsible for the rotational motion. The drag terms are represented

by notations k, for the rotational drag, and k; for the translational drag.

The translational dynamics of the quadrotor UAV is expressed as
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. u ke . (2.21)
N = —9z, +]1(U2)E2e _Etnl

where T is the torque for rotational movements, k,. is for the rotational drag, and k; is for
the translational drag, z, = [0,0,1]7and u = f; + f, + f5 + f4. fi’s are the upward lifting
forces computed and are given by f; = k;Q;*. The rotational motion of the quadrotor UAV

on the body frame is given by

l}z - 1_1(_(U2 X Ivz) - IR(UZ - Ze)ﬂ - krvz + T) (2.22)

where I, is the total inertia of the quadrotor UAV, Iy is the propeller inertia, X represents
the vector cross product, k, is the rotational drag coefficient, and Q = Q; — Q, + Q5 —

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

7,17 0 1 0 —I1[h (2.23)
wl | |d —d d —d||fs
1 1 1 1d[f

u

where [ is the distance from the motor to the center of mass, and d is the ratio between drag
and thrust coefficient of the blade. Table 2.2 shows the parameters of quadrotor UAV used

in this thesis, these parameters are obtained in [10][41].
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Table 2.2. The quadrotor UAV parameters

Mass m 0.52 kg
Gravity Acceleration g 9.8 m/s?
Translational Drag Coofficient k¢ 0.95
Rotational Drag Coofficient k, 0.105
Ratio Between Drag and Thrust Coofficient d 7.5e77 kgm?
Inertia Coofficient on x-axis I, 0.0069 kgm?
Inertia Coofficient on y-axis L, 0.0069 kgm?
Inertia Coofficient on z-axis I, 0.0129 kgm?
Arm Length L 0.205m
Propoller Inertia R 3.36e > kgm?

2.4 Nonlinear Control Theory

2.4.1 Immersion and Invariance Adaptive Control

Research related to 1&I have been developed in recent years, 1&I control developed for
underactuated cart-pendulum system [34], for quadrotor UAV [41], antagonistic joint with

nonlinear mechanical stiffness [35] and stabilization of a synchronous generator with a

18



controllable series capacitor [36]. The 1&I adaptive control of nonlinear systems introduce
in [37].
Let’s consider the system structure

x=f(x)+ Gu (2.24)

where x € R" is the state of the system and u € R™ is the control of the system with an
equilibrium point x, € R™ to be stabilized. We assume find rhe mapping with p < n

a:RP - RP m: RP - R" (2.25)
c:RP - R™ ¢:R" - R*7P
l/): R" — Rnx(n—p)

such that the following manifold.

The target system

£ = a(®) (2.26)

where ¢ € RP is the state with asymptotically stable equilibrium at &, € RP and x, =

m(S.).
The immersion condition for all £ € R? define in (2.27)

a .
f(r(@) + g(m(®))c(n(®)) = %a(f) (2.27)

and the set identity of implicit manifold
{x € R*¢p(x) =0} = {x € R"|x = (&)} for some & € RP (2.28)

holds

All trajectories of the system can be defined as
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2= 22 (500 + g ) 229)
and
£ = () + g(Y(x,2) (2.30)
are bounded and satisfy th—glo z(t) = 0.
Then x. is an asymptotically equilibrium of the closed loop system
& = () + gC(x Y () 2.3

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 the L1 adaptive control methodology in this part.

Consider the control structure of the systems
u(t) = um(t) + uga(t) U (8) = =k, x(t) (2.32)

where u,4(t) is adaptive control input and k,,, € R™ renders A,, = A — bk,," Hurwitz.

The state feedback k,,, leads to the partial closed loop system
x(t) = Apx(®) + b(0Tx(t) + uaq(t)) (2.33)

x(0) = xo y(®) = cTx(t)
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We consider state predictor as linearly parameterized system
£(t) = Ap2(t) + b (9Tx(t) + uad(t)) (2.34)
%(0) = xo y() =c"2()
where %(t) € R™ is state of the predictor and 8(t) € R™ is estimation of 6.

Equation (2.35) express projection-type of adaptation law
B(t) = TProj (B(t), —xT()Pbx (1)), B(0) = By(t) € (2.35)

where the state predictor error is equal to %(t) £ X(t) — x(t),I' € R* is the gain of
adaptation law rate, and P = PT > 0 with Q = QT > 0 is the matrix solved Lyapunov

equation A,,"P + PA,, = —Q.
The projection is confined to the set 0 that can be found in [42].
The adaptive control input is defined in Laplace transform

1a(s) = —C(s) (1(s) = ky7(s) ) (2.36)

1

where kg = —m

and C(s) is a BIBO-stable strictly proper transfer function with

C(0) = 1. The initial of state-space realization is assumed zero.
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CHAPTER 3

ADAPTIVE CONTROL DESIGN

3.1 Introduction

This chapter deals with adaptive control design for both nonholonomic mobile robot and
quadrotor UAV. For nonholonomic mobile robot 1&I, L1 and neuro I&I adaptive
controllers are designed, and for quadrotor UAV I&I and L1 adaptive controllers are
designed taking into account all the uncertain parameters and unknown dynamics of the

system.

3.2 Nonholonomic Mobile Robot

Figure 3.1 shows control structure of nonholonomic mobile robot based on I&I and L1
adaptive. The robot moves to track the desired trajectory about in x as well as y direction.
We apply cascaded controller where PD is the controller of outer loop and 1&I and L1
adaptive is the controller of inner loop system. PD controller generates the linear and
angular velocity of mobile robot using error position of nonholonomic mobile robot. The
error position is the gap between the desired position of nonholonomic mobile robot x,

and y, and the actual position x and y. The 1&1 and L1 adaptive compute the control input
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T of nonholonomic mobile robot. The actual linear and angular velocity of nonholonomic

mobile robot are feedback input of inner loop system.

[x(f yd] <
m PD | 1&I /L1 Adaptive

N\

System Dynamics

[v; v,]

0o

Adaptation Law

Figure 3.1 Control structure of single nonholonomic mobile robot based on 1&I and L1 adaptive.

[x ¥]

The robot moves to track the desired trajectory about in x as well as y direction. We apply

tracking error position is to generate required input of NN. The error position is the gap

between the desired position of nonholonomic mobile robot x; and y,; and the actual

position x and y. NN compute the nonlinearity of dynamics, and then I&I adaptive compute

the weight of NN. The neuro 1&I adaptive approach compute the control input t of

nonholonomic mobile robot.

[x; v [ee] i I
(\ Tracking Neuro 1&I System Dynamics
k_J Error
[vi v2]
o
— Adaptation Law
—> NN 1\
¥(x)

Figure 3.2 Control structure of single nonholonomic mobile robot based on neuro 1&I adaptive.
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3.2.1 Design of 1&1 Adaptive Control

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

v=M1(V,(q,q)v + F(v)+1T, + B1) (3.1)
v=M1V,(q,9)v + F(v)+1T,4 + B1) (3.2)
v=M1,(q,9)v+ M Fw)+M T, + M~'Bt (3.3)

Equation (3.3) can also be expressed as

v=fo(w)b + fi(w) + MTIF(v)+M~ 74 + Gu (3.4)
where
N _ i7-1b _ 1
t=u G=M"B 90_—md2+1
0 _ dr20v,
fov) = ldmrzévll fiv) = I 2R l
2R 0

Let us assume F(v) = 0 and 7, = 0. The controller design can be given by
u=G6"1(~fobp — fr — Kgv + Kpr) (3.5)
where K > 0 is the feedforward gain, feedback gain Kz > 0 and r is the reference system.

In order to achieve the globally exponentially stable closed loop system we apply

feedforward and feedback gains as

1.'7 = _KBU + KFT (36)
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To apply I&I adaptive control on the dynamics, define the following implicit manifold as
Zp = éo — 6y + Bo(v) (3.7)

and the dynamic system is expressed by

Z0—90+%U

Zy = 6'o + ﬂ(fo(”)eo + fi(v) + Gu) (3.8)

The adaptation law (w(x 0,)=0 ) is selected as

03 ( ) (3.10)
Wy = : (fo) (8o + Bo) + fr(v) + Gu)
substituting these into (3.9) and (3.10), and utilizing (3.8) one will achieve
_ 3B, (V) (3.11)
Zo = ( - fo(w )) Zo
aﬁ;f’) =vofo (v), where y, > 0 is selected, the following is obtained
lim z(t) = 0 > 6,=0,+8{) (3.12)
n—->o0o
The 1&1 adaptive control is expressed by
=G (~fo(Bo + Bo) — fo — Kgv + Kpr) (3.13)
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3.2.2 Design of L1 Adaptive Control

The linearly parameterized of nonholonomic mobile robot dynamic in equation (3.4) can

be rewritten as

#(6) = Awx(6) + b (f(£,2(0) + Witaa(©)) (3.14)
x(0) = x, y(t) = cTx(t)
where
X £ vy, A,, € R™™ 2 3 known a desired Hurwitz matrix
b=1, w =6, uy,q = T £ Lyadaptive control,
ft,x(0) 2 fo(0)8 + L) + MAFW)+M 7y, ¢ = Iy (3.15)

Equation (3.4) can be rewritten as
x(t) = Apx(t) + b(wugq + 0|x|| + ) (3.16)
x(0) = xo y(®) = cTx(t)
Let consider state predictor as linearly parameterized system in (3.16) as
x(t) = ApZ(®) + b(wugq + Ollx|lo + 6) (3.17)
%(0) = xo y() =cT2(@)

where %(t) € R™ is state of the predictor, $(t) € R™ is predicted output and 8 and & are

estimation of 8 and o respectively.
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We define the error dynamic of the system as
%(t) = ApX (@) + b(wugq + 0l1x|lw + &), %(0) = x, (3.18)

where the errors are equal to %(t) 2 £(t) — x(t), 6(t) 2 (t) — 0(t) and G(¢t) £ 6(¢t) —

o(t).

We apply Lyapunov function to define the stability condition of the system

V(%,6,6) = x"Px + % (676 + 675 (3.19)
Equation (3.20) is the derivative of Lyapunov candidate
V(% 6,6) = £P% + X"P% + % (676 +4579) (3.20)
V(%,6,6) = —%"Px + 2" Pb(B|xl. + &) + % (676 +579) (3:21)
Consider [42] to apply projection operator
V(%,0,6) =%7Qx + 2x"Pb(0||x|| + &) (3.22)
+ 2 (87Proj(8, —llxllwbP%) + 6 Proj(3,—bP))
V(%,0,6) = #7Q% + 207 (IxllwbP% + Proj(8, —|xllbP) ) (3.23)
+ 267 (bPX + Proj(G, —bP%))
The adaptation mechanism is expressed in equations (3.24)
8(t) = 6(t) = TProj(8, —llx|l.bP%) (3.24)
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&(t) = 6(t) = I'Proj(é, —bP%)

where I' € R* is the gain of adaptation law rate, and P = PT > 0 with Q = QT > 0 is the

matrix solved Lyapunov equation A,," P + PA,, = —Q.
The adaptive control input is defined in Laplace transform

C(s)

w

3.25
aa(s) = - (329

(7(5) = kgr(5))

where kg £ —m , i(s) is the Laplace transform of 7(t) 2 8(t)||x||. + &(t) and

r(s) is the Laplace transform reference r(t).

C(s) inequation (3.26) is the selected filter with C(0) = I'where D(s) = g is strictly proper

transfer function

. wkD(s) (3.26)
Cls) = I + wkD(s)
. wk (3.27)
Cls) = sl + wk

We can define adaptive control input of the system by substituting equation (3.26) into

(3.25) expressed as

ga(s) = —kD(s) (taa(s) +7(s) = ky7(s)) (3.28)
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3.2.3 Neuro 1&I1 Adaptive Control

The tracking error is the gap between estimated trajectory g and desired trajectory g, as

given as follow

e(t) = qqa() —q(®) (3.29)
where
w0 = [0
and
o [x®
10 =[5

The filtered tracking error is expressed by

r(t) = é + Te (3.30)

where T is PD controllerand T > 0.

By differentiating equation (2.1), we can write the dynamics robot in term of tracking error

Mr=-V,r—t+f+14 (3.31)

where

fG) =M(@)(Ga —Te) + Vin(q,4)(Gg +Te) + F + 74 (3.32)

We apply NN to estimate f(x) which e and g, are accessible. We design the controller for

the system to achieve the globally exponentially stable closed loop system.
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t=9(x)(8y + Bo) + Ker+6—T (3.33)

where ¥ (x)8, is the estimated f(x), 8, is the weight of NN from adaptation law of 1&l,

Ky is the gain matrix and & function of disturbance and error and T" is positive gain.
The dynamics of nonholonomic mobile robot can be written from equation (3.31) as follow
M = —Vyr —t+ () (00 + Bo) + 6 + 74 (3.34)
7 =MP0) (0o + Bo) — M Wpr + M5+ Mty — Mt (3.35)

The equation (3.20) can be written linearly parameterized system as

x =)0, + f, + Gu (3.36)
where
r&x T2u G2 -M1
fi=-—-MYWur+M 16+ M1y, (3.37)

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

manifold
Zg = 90 - 90 + ﬁo(X) (338)
and the dynamic system is expressed by

s 0
ZO :90 +ﬁx

ox
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Zy = 50 + %(lp(x)@o + f1+ Gu) (3.39)

The adaptation law is selected as

0y = — oF gix) (W) (B + Bo) + f1 + Gu) (3.40)
The dynamics of nonholonomic mobile robot in term of tracking error is equal to
M7 = —Vyr —kor —(x) (8o + Bo) + Y(x)8p + 8 + 74 — T (3.41)
where k, and T are positive gain to bring the system to zero manifold.
My =kr —y(x)0, + Y(x)fy + 8+ 14 —T (3.42)
where k = V,,, + k,
Mr=kr—yx)z+38+1t,—-T (3.43)

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

1. 1 7. 1 (3.44)
V= EZTZ + 590 0, +§XTM

Assume § = 0and ' = 0. Let 50 = M~ 1kx, then

M7k (x)|z + ZT%M_I[(S -7

(3.47)

) 20,
V. = —zT
1=72 dx
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~ 10Bp

: 3Bo1" ~ (3.48)
VZ = 90 WM_lkx + kaTM_l I:ﬂ:l 90

Ox

I./3 = —x"Tkx — le/)(x)éo — xT P () o (x) (3.49)

3.3 Quadrotor UAV

The control strategies based on I&l and L1 adaptive for trajectory tracking of single
quadrotor UAV was developed by [41]. They applied cascaded control method with PD as

outer loop and 1&I and L1 adaptive as inner loop that 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

Figure 3.3 Control structure of single quadrotor UAV [41]

3.3.1 Design of 1&I1 Adaptive Control

The linearly parameterized dynamic model of the given nonholonomic system in

equation (2.31) can be written as:
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x = fo(x)0p + f1(x)01 + f2(x)0; + f3(x)03 + Gu (3.50)

where
X 2 v,, G = diag(lx_l,ly_l,lz_l), u= [Tp, Tg) TT]T,
0, 2 [I,1,,I5]7, 0, 2 IzQ, 0, & —I,0, 032 —Ip,
fo(x) £ diag(—qr,—pr,—pq),  fi(x) 2 [q,0,0]",

fZ(x) = [O, b, O]T’ f3(X) = [p' q'r]T

I;—1 Iy—1I Iy—1I

L, =22 [, =22 I, =2=%
1 2 I 3 I
y z

Iy !

Equation (3.51) is the selected controller
u=G"1(~fo0y — f161 — f20, — f363 — Kpx + K1) (3.51)
where K > 0 is the feedforward gain, feedback gain Kz > 0 and r is the reference system.

In order to achieve the globally exponentially stable closed loop system we apply

feedforward and feedback gains as
56 = _KBx + KFT (352)

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

manifold
ZO = 90 - 90 + ﬁo(x) (353)

Zizéi_9i+ﬁi(x)7 l:1,2,3
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and the dynamic system is expressed by

9B .

Zy = 90 +6_xx
Zy = 90 '80 (fo(x)90 + f1(0)0;, + f,(x)0; + f3(x)05 + Gu)
. 0P,

=0; + a(fo(x)go + f1(0)6; + f2(x)0; + f3(x)05 + Gu)

The adaptation law (w(x 6,) = él) is selected as

0
wo = BO( )(fo(x)(eo'*‘ﬁo)+f1(77)(91+/31—z1)
+ fz(v)(éz + By —25) + fs(v) (03 + B3 — Zs) + Gu)
0B
Wy = ﬂ (X) (fo) (o + Bo — 20) + fr(W) (61 + By — 21)
+ fz(v)(éz + By —25) + fs() (03 + B3 — Zs) + Gu)
_ 0B,
Wy = ﬂ (x )(fo( Y(Bo + Bo—2z0) + fr(v)(B1 + By — z1)
+ fz(v)(éz + By —25) + fs(v) (03 + B3 — Z3) + Gu)
6
w3 = ﬁ3( )(fo( )(90"'30_20)+f1(17)(91+ﬁ1—z1)

+ fz(v)(éz + B2 — Zz) + f3(v)(§3 + B3 — Z3) + Gu)
substituting these into (3.54) and (3.55), and utilizing (3.53) one will achieve
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9B
Zy = _< ﬁa}EX) fo(x)>zo

. 9p;(x)
Zi:_< o fi(x) | z (3.60)
26o®) _ T h is selected, the following is obtained
™ =vofo (v),where y, > 0 is selected, the following is obtaine

lim z(t) = 0 > 0,=0,+8%) (3.61)
n—-oo
The I1&I adaptive control is expressed by

u=G"(~fo(bo + Bo) — f1(61 + B1) — (B2 + B2) — f3(B5 + Bs) —Kzv  (3.62)

+ Kpr)

3.3.2 Design of L1Adaptive Control

The linearly parameterized rotational dynamics of quadrotor UAV in Equation (2.31) can

be rewritten as,
x(t) = Apx(t) + b (f(t, x(t)) + wuaa(t)) (3.63)

x(0) = xo y(t) = cTx(t)
where

X 2 vy, A,, € R™™ 2 3 known a desired Hurwitz matrix
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b=1, w=1Iy"  ug &1 2 Ladaptive control,
f(t,x(®) 2 Ly (=g X yvy) — Ig(Wy — 2)Q — kyvy), ¢ = Igxs (3.64)
Equation (2.31) can be rewritten as
x(t) = Apx(t) + b(wugy + 0||x||e + o) (3.65)
x(0) = xo y(t) = c"x(t)
Let consider state predictor as linearly parameterized system in (3.48) as
2(t) = Apx(t) + b(wigq + Bllxllo + 6) (3.66)
%(0) = xo y() =cT2()

where %(t) € R™ is state of the predictor, §(t) € R™ is predicted output and 8 and & are

estimation of 8 and o respectively.
We define error dynamic of the system as
X(t) = ApX(t) + b(wugq + Ollxle + &), %(0) = x, (3.67)

where the errors are equal to ¥(t) £ £(t) — x(t), (t) 2 (t) — 6(t) and &(t) 2 6(t) —

o(t).
We apply Lyapunov function to define the stability condition of the system

~ 1 o
V(%,6,6) = Pz + (676 +6"5) (3.68)

Equation (3.63) is the derivative of Lyapunov candidate
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V(%,0,6) = £7P% + &TP% + % (676 +576) (3.69)
V(%,6,6) = —x"Px + 2" Pb(B||x|lo + &) + % (670 +576) (3.70)
Consider [42] to apply projection operator
V(%,0,6) =x7Qx + 2x"Pb(0llx|lw + &) (3.71)
+ 2 (87Proj(8, —llxllwbP%) + 6 Proj(5,—bP))
V(%,0,6) = Q% + 287 (IlxllwbP% + Proj(d, —lIx|l..bP%)) (3.72)
+ 267 (bP% + Proj(&, —bPX))
The adaptation mechanism is expressed in equations (3.73)
() = 8(t) = TProj(d, —||x|l - bP%) (3.73)

&(t) = 6(t) = I'Proj(é, —bP%)

where ' € R* is the gain of adaptation law rate, and P = PT > 0 with Q = QT > 0 is the

matrix solved Lyapunov equation A,," P 4+ PA,, = —0Q.

The adaptive control input is defined in Laplace transform

C(s)

w

(#(5) ey ) 574

Uga(s) = —

1 ~

D)’ 7(s) is the Laplace transform of #(t) £ 8(t)||x|l. + 6(t) and

where kg 2 —

r(s) is the Laplace transform reference r(t).
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C(s) inequation (3.58) is the selected filter with C(0) = I where D(s) = g is strictly proper

transfer function

. wkD(s) (3.75)
O TS0
. wk (3.76)
Cls) = sl + wk

We can define adaptive control input of the system by substituting equation (3.75) into

(3.74) as

1ga(s) = —kD(s) (taa(s) +7(s) — kyr(s)) (3.77)
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CHAPTER 4

COOPERATIVE CONTROL DESIGN

4.1 Introduction

This chapter deals with cooperative control design for heterogeneous systems based on
potential field. In this study we consider the cooperative control of nonholonomic mobile
robot and quadrotor UAV moving together in one formation. We adopt the concept of

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

4.2 Shape Formation

Let the sensing range of each robot assumed to be S, as shown in figure 5.1, and each robot
can access the position of its neighbors that are present within the sensing range. All robots
present in the fleet are required to move in a particular polygon. These robots are localized
around a moving leader. The distance between each two neighboring agents should be
equal to L < S,.. The circumcircle of the desired polygon has a radius of 7. x, € R? is the
coordinate of the moving leader which is generated by potential field approach on the group

leader. From the basic geometry, » will be [33]
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B L 4.2)
T= 2sin(m/n)

where n is number of agents.

Leader

Figure 4.1 The leader sensing range F;, F; followers.

We define EL as the error of the formation control about desired L (L) in percentage (%)
and ER as the error of the formation control about desired » (#;) in percentage (%) as

follows

L—L 4.2

EL=| d|><100% (42)
Ly

r - 4.3

ERzux 100% (43)
Ta
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4.3 Control Design

The formation control based on the attractive and repulsive potential of the agent is applied

in this thesis. Equation (4.4) express the cooperative control of multi-agent systems

ui=PCE+PL-j+Da (44)

where:
P..: The center potential
P;j: The inter-agent potential (agent’s potential)

Da: Damping action

The adaptive cooperative control scheme of heterogeneous systems based on I&I and L1
adaptive control illustrates in figure 4.2. In potential field control, the center potential
attracts each agent to the center while the inter-agent potential repulses two neighboring
agents to avoid collision. We consider x, y, 8 as nonholonomic mobile robot and x, y, z, 6
as quadrotor UAV orientation with respect to the inertial frame respectively. For each agent,
we apply cascaded control where PD is the controller of outer loop and 1&I and L1 as

controller of inner loop.
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v
Center
Potential
e= [ .y
agent 1 Repulsive /‘\ 1&1 /L1 9= lg
age.nt s Potential 4z T o Adaptive [~ Robot
agentn q_ - [Qd]ﬁ/

Figure 4.2 The scheme of adaptive cooperative control of heterogeneous systems

Figure 4.3 shows the adaptive cooperative control scheme of nonholonomic mobile robot
based on neuro I&I. In potential field control, the center potential attracts each agent to the
center while the inter-agent potential repulses two neighboring agents to avoid collision.
We consider x, y, 8 as nonholonomic mobile as nonholonomic mobile robot orientation with
respect to the inertial frame. For each agent, we apply tracking error position to generate
required input of NN. NN compute the nonlinearity of dynamics, and then 1&I adaptive

compute the weight of NN.

Center
Potential
e

agent 1 /\g— [é] q= [q

Repulsive Tracking Neuro -

+ > —=> Robot

age:nt2+ Potential B qd] - | error 1&I -
agentn 94 = g,

Figure 4.3 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 first start with defining the center potential of nonholonomic mobile robot as

Pate = _VPiVCi(Pi) (4.5)
where
1 4.6
Ve, =5 Ke(Re, = 1) (46)
Pi=lx; yi 6]
P.=x. ¥ BCJT
where R, is the distance between leader and agent i that can be calculated as
Re, =/ (= x)? + (0 = y)? + (6; — 6.)? (4.7)

Now calculating the time derivative of V¢, given in equation (4.6) with respect to P; we

obtain the center potential between the follower i and the center robot. The steps involved

in this differentiation is shown as

Ve, \ (9Rc, (4.8)
Pate = — ap.
OR¢, )\ OP;
Now the time derivative of V¢, with respect to R, is given by,
v, (4.9)
~ | = K.(R¢, —
<aRCi> C( ‘i 4")

if
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D= (xi - xc)z + (yl - yc)z + (91 - ec)z (410)

then

1 (4.11)

Let us implement the chain rule and differentiate R¢, with respect to P; as

dRc;, ORc, 0D (4.12)
dP, 9D 0P
where from (4.11) we have
OR.
a_1,-3 (4.13)
oD 2
and
oD oD oD aD (4.14)
_—=—— 4 —
aPi axi ayl 601
oD 4.15
B = 20— x) + 207~ ) + 206, ~ ) @19
i
dD (4.16)
57 = 22— R)

By substituting (4.13) and (4.16) into (4.12) we will get

ORe, 1 1 1 (4.17)
L=_p22(P,—P) =— (P, - P)T
aPi 2 ( l C) Rci( i C)

The attractive potential between each agent to the center of robot is calculated by
substituting (4.17) and (4.9) into (4.8) as

1
Pote = R [KC(RCi — ’V“)][Pi(t) -] (4.18)
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where
K. :apositive constant

7 the circumcircle radius of the desired polygon

4.4.2 Inter-agents Potential

The repulsive potential between two neighboring agents i and j is expressed by

Pij = _VPiVij(Pi'Pj) (419)
where
2 (4.20)
v, = EJf(a(Rij —L), R;<0
0, otherwise
and

P=1l5 ¥ 6l

where Ry, is the distance between two neighboring agents that can be calculated as

R, =0 —x)% + (i — )2 + (6, — 6,)? (4.22)

The repulsive potential between two neighboring agent i and j is expressed by

Prep = _Ka(Rfi - L) % [(Pi(t) — P](t))T - (pj () — Pi(t))T] (4.22)

where

K, : @ positive constant
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Ry, - distance between two neighboring agents

L - distance between each two neighboring followers

4.5 Cooperative Control of Quadrotor UAV

4.5.1 Center Potential

Let us first start with defining the center potential of nonholonomic mobile robot as

Pote = _VPiVCi(Pi) (4.23)

where

(4.24)

and
Pr=Ix; yi z 6]
Pc = lxc Yo Zc HCJT

where R, is the distance between leader and agent i that can be calculated as

Re, = (i = %) + (7 = ¥ + (2 — 20)* + (6; — 6,)? (4.25)

Now calculating the time derivative of V¢, given in equation (4.24) with respect to P; we

obtain the center potential between the follower i and the center robot. The steps involved

in this differentiation is shown as

Ve, \ (9Rc, (4.26)
Pare = — .
OR¢,J\ 0P,
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Now the time derivative of V¢, with respect to R, is given by,

(Z%) = Ke(Re, = ) o0
if
D= (x; —x)*+ (i = y)? + (2 — 2.)* + (6; — 6.)? (4.29)
then
Re, = D} (4.30)

Let us implement the chain rule and differentiate R, with respect to P; as

ORc, _ 9Rc, 0D (4.31)
P,  dD 0P
where from (4.29) we have
dRc.
6 _ 1,3 (4.32)
aD ~ 2
and
aD 4D oD aD aD (4.33)
aPi axi ayl aZl' agl
ob 434
5p = 20 = x) + 20y = yo) + 2(z — 2) + 2(6; — 6,) (4.34)
L
b (4.35)
— =2, —P)T
aPl' ( l C)

By substituting (4.32) and (4.35) into (4.30) we will get

OR,, 1 1 1 (4.36)
i = _p22(P,— P) = —(P,— P)T
aPl 2 ( t C) Rci( ! C)

The attractive potential between each agent to the center of robot is calculated by
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substituting (4.36) and (4.27) into (4.26) as

1 4.37
Patt = R_ [Kc(Rci - ’r)][Pi(t) - Pc(t)]T ( )
Ci
where
K, : apositive constant
7 the circumcircle radius of the desired polygon
4.5.2 Inter-agents Potential
The repulsive potential between two neighboring agents i and j is expressed by
Py = —=Vp Vi;j(P, P) (4.38)
where
1 2 (4.39)
Vi = EKa(RL-,- —L)", R;<0
0, otherwise
and

p=ly % 7 6]

where Ry, is the distance between two neighboring agents that can be calculated as

Re, = O —x)% + (i — ¥ + (2 — 20)? + (6; — 6,)? (4.40)
The repulsive potential between two neighboring agent i and j is expressed by
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Prep = —Ka(Rp, — L) % [(Pim ~p©®) - (p® - pi(t))T] (4.41)

where

K, > a positive constant

Ry, - distance between two neighboring agents

L - distance between each two neighboring followers
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CHAPTER 5

SIMULATION RESULTS

5.1 Introduction

In this chapter the effectiveness of the proposed adaptive cooperative control schemes are
investigated based on 1&I and L1 control techniques. Later, the results of both the control
techniques are compared for heterogeneous systems. This chapter also presents the I&I, L1
and neuro 1&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 leader of the heterogeneous
systems move in x direction, and in case 2 the leader of the heterogeneous systems move
in x as well as y direction. The heterogenous systems here consists 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 the center. The desired distance for each agent is 1.5 for both

case 1 and case 1

Figure (5.1-5.8) show the comparison of 1&I and L1 performance for adaptive cooperative

control of heterogeneous systems. In this first case, both controllers, 1&I and L1 adaptive
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are able to navigate the heterogeneous robots and follow the leader in group formation on

unknown maps.

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

i
B
i
B

T
agent 1 ||

T
agent 1

0r agent 2 I 0r agent 2
9k agent 3 | 9 agent 3 |
D> leader D> leader
8- 4 8- 4
7 75
6 6l
> sh > gL
4 4+
3 3k
2 2l
il & T A
of ol
c c c c c c c
0 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
X X
1&1 adaptive control performance at leader position:1 in 3D L1 adaptive control performance at leader position:1 in 3D
> agentl } agentl
0.1 } P agent2 0.12 ~ > agent2
> agent3 } agent3
> leader 0.1 > } leader
0.08 + )
0.08 +
0.06 -
0.06 -
0.04 +
0.04 +
0.024 0.02-|
2 2
0 15 ‘\‘7!
s 07 ——— 1
° os . 1 o os .
15 57 05 15 P
y y
X X

Figure 5.1 The group formation when the leader is at position (1, 1).

Figure 5.1 shows the first agent move from (1.02, 1), second agent from (1, 1.08) and third
agent from (1, 0.99) respectively to follow the leader at (1, 1). We can see the ability of

I&I and L1 adaptive controllers to 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
T T T T T T T T T

11 15 11 T
it 1 it 1
10 agent 1| 10 agent1 ||
agent 2 agent 2
9 agent 3 | 9 agent 3 |4
D> leader D> leader
8 bt 8 bt
7 T 7 T
6 bt 6 bt
> s B 5 B
4 E 4 -
3 bt 3 bt
2 b bt 2 bt
> b P———p
0 bl 0 bl
c c c c c c c c c c c c c c c c c c c c
0 1 2 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
X X
1&! adaptive control performance at leader position:2 in 3D L1 adaptive control performance at leader position:2 in 3D
> > agentl > > agentl
0.1+ } agent2 0.1+ } agent2
> agent3 } agent3
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0.02 + 0.02 +
2 2
07 1 07 1
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25 3 0 25 3 0
y y

X

X

Figure 5.2 The group formation when the leader is at position (2, 1).

Figure 5.2 shows the each agent move from position 1 to follow the leader at (2, 1). We
can see the ability of I&I 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
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L1 adaptive control performance at leader position:3 in 2D
T T T T T T T T T
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agent 1
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L1 adaptive control performance at leader position:3 in 3D
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} agentl
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25
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Figure 5.3 The group formation when the leader is at position (3.5, 1).

desired formation.
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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 I&I and L1 adaptive controllers to navigate each agent to track the
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D> leader D> leader
8 ! 8 L
7 - 7 4
6 B 6 4
> 5 B 5 4
4 B 4 B
3 B 3 4
2 > B 2 4
>
0 ’ g 0 b g

1&! adaptive control performance at leader position:4 in 2D
T T T T T T T T T

1&! adaptive control performance at leader position:4 in 3D

L1 adaptive control performance at leader position:4 in 2D
T T T T T T T T T
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Figure 5.4 The group formation when the leader is at position (5, 1).

Figure 5.4 shows the each agent move from position 3 to follow the leader at (5, 1). We
can see the ability of I1&I 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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1&! adaptive control performance at leader position:5 in 3D
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Figure 5.5 shows the each agent move from position 4 to follow the leader at (6.5, 1). We

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

desired formation.
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L1 adaptive control performance at leader position:5 in 2D
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Figure 5.5 The group formation when the leader is at position (6.5, 1).
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Figure 5.6 shows the each agent move from position 5 to follow the leader at (8, 1). We

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

1&! adaptive control performance at leader position:6 in 2D
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L1 adaptive control performance at leader position:6 in 2D
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Figure 5.6 The group formation when the leader is at position (8, 1).

desired formation.
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1&I adaptive control performance in 2D
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Figure 5.7 The group formation based 1&I adaptive control on unknown maps.
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L1 adaptive control performance in 2D
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Figure 5.8 The group formation based L1 adaptive control on unknown maps.
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Figure 5.7 and 5.8 show the comparison between 1&I 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 see, the performance of 1&I is better
than L1 for adaptive cooperative control of heterogeneous systems in case 1. Table 5.1

shows the error position of formation control for case 1 in percentage (%).

Table 5.1. Error position of formation control for case 1

Leader 1&l 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 (351 0.2776 0.1735 9.5448 9.3812
4 (5,1 0.3514 0.3649 9.9102 9.6238
5 (65 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) show the comparison of 1&1 and L1 performance for adaptive cooperative
control of heterogeneous systems in case 2. In this case, the leader moves about in x as

well as y direction on unknown maps.

1&1 adaptive control performance at leader position:1 in 2D L1 adaptive control performance at leader position:1 in 2D
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Figure 5.9 The group formation when the leader is at position (1, 1).

Figure 5.9 shows the first agent move from (1.02, 1), second agent from (1, 1.08) and third
agent from (1, 0.99) respectively to follow the leader at (1, 1). We can see the ability of

I&I 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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Figure 5.10 The group formation when the leader is at position (2, 2).

Figure 5.10 shows the each agent move from position 1 to follow the leader at (2, 2). We
can see the ability of I&I 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: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
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Figure 5.11 The group formation when the leader is at position (3, 3).

Figure 5.11 shows the each agent move from position 2 to follow the leader at (3, 3). 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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Figure 5.12 The group formation when the leader is at position(4, 4).

Figure 5.12 shows the each agent move from position 3 to follow the leader at (4, 4). 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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Figure 5.13 The group formation when the leader is at position (5, 5)

Figure 5.13 shows the each agent move from position 4 to 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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Figure 5.14 The group formation when the leader is at position (6, 6).

Figure 5.14 shows the each agent move from position 5 to follow the leader at (6, 6). 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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Figure 5.15 The group formation when the leader is at position (6.5, 8).

Figure 5.15 shows the each agent move from position 6 to follow the leader at (6.5, 8). 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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Figure 5.16 The group formation when the leader is at position (7.5, 5)

Figure 5.16 shows the each agent move from position 7 to follow the leader at (7.5, 5). We
can see the 1&I approach is able to navigate each agent to follow the desired formation.

Matlab failed to simulate formation control based on L1 in this position.
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1&I adaptive control performance in 2D
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Figure 5.17 The group formation based &I adaptive control on unknown maps
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L1 adaptive control performance in 2D
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Figure 5.18 The group formation based L1 adaptive control on unknown maps
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Figure 5.17 and 5.18 give the comparison between I&I| and L1 adaptive controllers
performance along the whole navigation trajectory. We can see, the ability of 1&I is better
than L1 for adaptive cooperative control of heterogeneous systems in case 2. Table 5.2

shows the error formation control for case 2 in percentage (%).

Table 5.2. Error position of formation control for case 2

Leader 1&] L1

No Position EL (%) ER (%) EL (%) ER (%)
1 (1L, D 0.1592 0.1422 7.83 7.7431
2 (2,2) 0.2342 0.0603 16.8974 15.7989
3 (3,3) 0.3055 0.2463 41.5762 28.0381
4 4,4 0.3781 0.4342 60.9157 43.5121
5 (5,5) 0.4402 0.5979 76.3222 55.4936
6 (6,6) 0.4934 0.738 90.1706 61.2744
7 (65,8 0.5468 0.8778 95.9638 62.7246
8 (7.5,5) 0.4947 0.7479 Matlab error

5.3 Adaptive Cooperative Control of Nonholonomic Mobile Robots

We present the performance of adaptive cooperative control based on neuro I&I for multi
nonholonomic mobile robots and compare its performance with adaptive cooperative
control based on neuro I&I, 1&I and L1. The desired position respect to x-axis and y-
ordinate are selected as set point system respectively. In simulation, the result obtained that
the cooperative control based on neuro I1&I adaptive control is able to follow the desired

formation.

Figure (5.19-5.35) show the comparison of neuro I&I, I&I and L1 for adaptive cooperative
control of homogeneous systems. We apply the control strategies for 3 nonholonomic

mobile robots moving together in group formation on unknown fleet maps.
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Figure 5.19 The group formation when the leader is at position (1, 1).

Figure 5.19 shows the first agent move from (0.95, 0.95), second agent from (1, 0.95) and
third agent from (1, 1.25) respectively to follow the leader at (1, 1). We can see the ability
of neuro 1&I, I1&I and L1 adaptive controllers to navigate each agent to track the desired

formation.
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Figure 5.20 The group formation when the leader is at position (1.4, 2).

Figure 5.20 shows the each agent move from position 1 to follow the leader at (1.4, 2). We
can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent to

track the desired formation.
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Neuro |&I adaptive control performance at leader position:3
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Figure 5.21 The group formation when the leader is at position (1.8, 3)

Figure 5.21 shows the each agent move from position 2 to follow the leader at (1.8, 3). We
can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent to

track the desired formation.

73



Neuro |&I adaptive control performance at leader position:4
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Figure 5.22 The group formation when the leader is at position (2.3, 3.5)

Figure 5.22 shows the each agent move from position 3 to follow the leader at (2.3, 3.5).
We can see the ability of neuro 1&I, 1&I and L1adaptive controllers to navigate each agent

to track the desired formation.
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Neuro |&I adaptive control performance at leader position:5
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Figure 5.23 The group formation when the leader is at position (2.8, 4)

Figure 5.23 shows the each agent move from position 4 to follow the leader at (2.8, 4). We
can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent to

track the desired formation.
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Neuro |&I adaptive control performance at leader position:6
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Figure 5.24 The group formation when the leader is position (3.2, 4.5).

Figure 5.24 shows the each agent move from position 5 to follow the leader at (3.2, 4.5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Neuro |&I adaptive control performance at leader position:7
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Figure 5.25 The group formation when the leader is at position (3.5, 5).

Figure 5.25 shows the each agent move from position 6 to follow the leader at (3.5, 5). We
can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent to

track the desired formation.
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Neuro |&I adaptive control performance at leader position:8
T T T T T T T

agent 1
7+ agent 2
agent 3
6k B D> leader ||
5F P 4
4k
>
3l
2k
1k
ok
c
0 1 2 3 4 5 6 7 8

1&! adaptive control performance at leader position:8 L1 adaptive control performance at leader position:8
T T : T T T T T T T T T

8 T 8 T
agent 1 agent 1
7+ agent 2 7+ agent 2 4
agent 3 agent 3
6l B D> leader || 6l > D leader ||
51 / > 1 51 < 1
4 4k
> >
3 3
2 2
1 1
or or
c r r r r r r r r
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
X X

Figure 5.26 The group formation when the leader is at position (3.9, 5.5).

Figure 5.26 shows the each agent move from position 7 to follow the leader at (3.9, 5.5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Neuro |&I adaptive control performance at leader position:9
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Figure 5.27 The group formation when the leader is at position (4.3, 6).

Figure 5.27 shows the each agent move from position 8 to follow the leader at (4.3, 6). We
can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent to

track the desired formation.
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Figure 5.28 The group formation when the leader is at position (4.7, 6.5).

Figure 5.28 shows the each agent move from position 9 to follow the leader at (4.7, 6.5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Figure 5.29 The group formation when the leader is at position (5.1, 6).

Figure 5.29 shows the each agent move from position 10 to follow the leader at (5.1, 6).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Figure 5.30 The group formation when the leader is at position (5.5, 5. 5).

Figure 5.30 shows the each agent move from position 11 to follow the leader at (5.5, 5.5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Figure 5.31 The group formation when the leader is at position (5.9, 5).

Figure 5.31 shows the each agent move from position 12 to follow the leader at (5.9, 5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Neuro 1&I adaptive control performance at leader position:14
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Figure 5.32 The group formation when the leader is at position (6.3,4.5).

Figure 5.32 shows the each agent move from position 6 to follow the leader at (6.3, 4.5).
We can see the ability of neuro 1&I, 1&1 and L1 adaptive controllers to navigate each agent

to track the desired formation.
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Figure 5.33 The group formation based neuro I&I adaptive control on unknown maps.
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Figure 5.34 The group formation based &I adaptive control on unknown maps.
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Figure 5.35 The group formation based L1 adaptive control on unknown maps.

Figure (5.33-5.35) show the comparison between neuro 1&I, I&l and L1 adaptive
controllers performance along the whole navigation trajectory. We can see the neuro 1&aI,
I&I and L1 adaptive controllers are able to navigate each agent to track the desired
formation. Table 5.2 shows the error position of formation control of nonholonomic mobile

robots in percentage (%).
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Table 5.3. Error position of formation control of nonholonomic mobile robots.\

Leader Neuro &l &I L1
No | Position EL (%) ER (%) EL (%) ER (%) EL (%) ER (%)
1 1 11.7659 11.4912 11.1852 10.965 11.3839 11.1243
2 2 14.6722 13.7286 14.4409 13.3639 14.463 13.4835
3 3 21.3977 21.5028 21.132 21.1455 21.4241 21.495
4 4 23.5163 23.6293 23.2554 23.311 23.3267 23.4135
5 5 24,9331 25.0157 24.6793 24.7219 24.7562 24.8199
6 6 26.0483 26.1022 25.8072 25.83 25.8836 25.9227
7 7 26.9495 26.9813 26.7243 26.7302 26.7971 26.8166
8 8 27.5632 27.5819 27.3464 27.3429 27.4182 27.4261
9 9 28.0435 28.0531 27.8366 27.8263 27.9072 27.907
10 10 28.4304 28.4335 28.2324 28.2171 28.3018 28.2958
11 11 28.035 28.0465 27.8323 27.8255 27.9026 27.9045
12 12 27.5429 27.5689 27.3359 27.3412 27.407 27.4222
13 13 26.9164 26.9637 26.7037 26.7272 26.7757 26.8107
14 14 26.0918 26.1725 25.8715 25.924 25.945 26.011
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusions

In this thesis, a framework for cooperative control of heterogeneous systems based on 1&I
adaptive is developed. We compare the 1&I adaptive with L1 adaptive control for formation

control of heterogeneous robot that can be summarized as follows

1. 1&I adaptive control demonstrate better performance than L1 adaptive control to
track the desired formation on unknown trajectory.

2. Potential field based formation of heterogeneous systems is able to keep the
distance of each agent and the center of robot moving together in particular

formation.

We also compare the effectiveness of neuro I&I with 1&1 and L1 adaptive control for

formation control of nonholonomic mobile robots that can be summarized as follows

1. All of the controllers, 1&I, L1 and &I adaptive control are able to track the desired
formation on unknown trajectory.

2. Potential field based formation of nonholonomic mobile robots is able to keep the
distance of each agent and the center of robot moving together in particular

formation.
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6.2 Future Work

1. The cooperative control on unknown map with obstacle avoidance will be good
contribution.

2. One could look to implementation challenges and experimental validation of the
control scheme proposed here.

3. Effect of communication and time delays could be investigated.
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