. mathematics

Article

Trajectory Tracking Design for a Swarm of Autonomous Mobile
Robots: A Nonlinear Adaptive Optimal Approach

Yung-Hsiang Chen !

check for
updates

Citation: Chen, Y.-H.; Chen, Y.-Y.
Trajectory Tracking Design for a
Swarm of Autonomous Mobile
Robots: A Nonlinear Adaptive
Optimal Approach. Mathematics 2022,
10, 3901. https://doi.org/10.3390/
math10203901

Academic Editors: Rongwei Guo,

Cuimei Jiang and Ruimin Xu

Received: 5 August 2022
Accepted: 14 October 2022
Published: 20 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yung-Yue Chen *

Department of Mechanical Engineering, National Pingtung University of Science and Technology,
Pingtung 91201, Taiwan

Department of Systems and Naval Mechatronics Engineering, National Cheng Kung University,
Tainan 701401, Taiwan

*  Correspondence: yungyuchen@mail.ncku.edu.tw; Tel.: +886-6-275-7575 (ext. 63541)

Abstract: This research presents a nonlinear adaptive optimal control approach to the trajectory
tracking problem of a swarm of autonomous mobile robots. Mathematically, finding an analytical
adaptive control solution that meets the H, performance index for the trajectory tracking problem
when controlling a swarm of autonomous mobile robots is an almost impossible task, due to the
great complexity and high dimensions of the dynamics. For deriving an analytical adaptive control
law for this tracking problem, a particular formulation for the trajectory tracking error dynamics
between a swarm of autonomous mobile robots and the desired trajectory is made via a filter
link. Based on this prior analysis of the trajectory tracking error dynamics, a closed-form adaptive
control law is analytically derived from a high-dimensional nonlinear partial differential equation,
which is equivalent to solving the trajectory tracking problem of a swarm of autonomous mobile
robots with respect to an H, performance index. This delivered adaptive nonlinear control solution
offers the advantages of a simple control structure and good energy-saving performance. From
the trajectory tracking verification, this proposed control approach possesses satisfactory trajectory
tracking performance for a swarm of autonomous mobile robots, even under the effects of huge
modeling uncertainties.

Keywords: nonlinear adaptive optimal control; autonomous mobile robots; trajectory tracking design;
energy consumption

MSC: 37M05

1. Introduction

In recent decades, the diverse applications of autonomous mobile robots (AMRs) have
attracted much attention. Individually developed AMRs offer solutions for transportation,
security, inspection, and so on. Until now, most published studies, including backstepping
control [1-4], sliding mode control [5-8], feedback linearization control [9-11], neural net-
work control [12-15], and fuzzy control [16-22] have focused on the trajectory tracking
design of a single AMR. In practice, these proposed control designs are complicated in
practice and usually demand higher computational consumption. For achieving the above-
mentioned real applications, AMRs with long energy endurance, high maneuverability,
and tracking ability are required. Thus, effective optimal control, along with energy-saving
capacity, is important for AMRs, and several related publications [23-30] will be discussed.
Two main methods could allow AMRs to present good energy-saving performance. The
first one is a lower usage of driven actuators, such as motors, and the second is that a
simple optimal control structure should be developed. The first issue can be solved by
utilizing a mobile robot with a configuration that has two active wheels and one passive
wheel. The only way to address the second issue is a closed-form solution or analytical
solution that can be derived for the optimal trajectory tracking problem of AMRs. The
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analytical design for the optimal control of a single AMR was developed by the authors
of [31], based on the coordinate transformation. However, the complexity of the overall
dynamic is highly increased when a swarm of AMRs needs to be controlled simultaneously.
The solvability of the optimal trajectory tracking problem of a swarm of AMRs degrades to
almost zero; mathematically deriving the analytical solution for tracking the trajectory of a
swarm of AMR:s is a difficult task. To the best of the authors’ knowledge, an optimal control
design for the trajectory tracking of a swarm of AMRs is rare. By careful arrangement, an
analytical solution was delivered to achieve the optimal trajectory tracking of a swarm of
AMRSs in [32]. This developed result provides a low energy consumption solution for the
trajectory tracking problem of a swarm of AMRs with stationary system parameters. In
practice, AMRs with fixed system parameters are particular cases, and system parameters
such as mass, inertia, etc., inevitably change due to the variations in payload and energy
loss. Hence, for compensating the issue of system parameter variations that are never
considered in the optimal control design process of [32], an innovative nonlinear adap-
tive optimal control approach that offers a closed-form design with an easy-to-implement
control structure and precise trajectory tracking performance is proposed. This offers an
optimal trajectory tracking solution for the problem of a swarm of AMRs with modeling un-
certainties in this investigation. For tackling the varying system parameters of a swarm of
AMRSs, a parameterized formulation is used on-line to precisely estimate the time-varying
system parameters, including mass, inertia, and so on. Furthermore, an adaptive control
law that contains this parameter estimation term is developed analytically to satisfy an H;
performance index corresponding to the optimal trajectory tracking problem of a swarm
of AMRs with modeling uncertainties. This proposed adaptive control law offers good
energy-saving performance because it is a closed-form solution and can mitigate the effect
of varying modeling uncertainties. This research is presented as follows: the introduction
and a literature review are given in Section 1; a description of the tracking error dynamics
between a swarm of AMRs and the desired trajectory is given in Section 2; statements
regarding the proposed adaptive H; closed-form control law are expressed in Section 3; the
simulation results for a swarm of AMRs based on this proposed approach are illustrated in
Section 4; Section 5 summarizes our conclusions from this investigation.

2. Trajectory Tracking Dynamics for a Swarm of Autonomous Mobile Robots

The trajectory tracking dynamics of a swarm of AMRs that integrates n AMRs is briefly
described in this section. Furthermore, the nonlinear trajectory tracking error dynamics
between a swarm of AMRs and the desired trajectory, in terms of global coordinates, is
formulated.

2.1. Dynamics of a Single AMR

From the schematics of the single AMR in Figure 1, it is easy to find out that this AMR
is separated by 2W; two driving wheels have the same radius of r in the heading direction
and an omnidirectional wheel is installed in the back. The instantaneous position of this
controllable AMR in the Earth frame {O, X, Y} is denoted asc. P = (xp,yp) represents the
position of the controllable AMR in the Earth frame, and the angle § denotes the direction
of the Body frame {P, X}, Y),}. According to the aforementioned descriptions, the universal
coordinate frame of the AMR can be presented using Equation (1), as follows:
]T

)

c=1[xp yp 0

The AMR illustrated in Figure 1 usually moves along the orientation of the axis of
the driving wheels, and the kinematics of the AMR with constraints can be described as
follows [33]:
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c= |Yp| = |sinf dcosb
0 0 1

3:Cp cosf —dsin6
[ l} )

where v; and w denote the linear and angular velocities, respectively.
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Figure 1. Schematics of the controlled AMR.

Based on the AMR kinematics in Equation (2), and since 1 AMRs are supposed to be
considered in this investigation, the dynamics of each single AMR can be inferred, as in
Equation (3):

F,'(Ci)éi + Oi(Ci, Cl)Cl + Gi(ci) = Mi(ci)Tir fori=1,...,n 3)

where Fi(c;) € R3*3 is a symmetric positive definite inertia matrix, O;(c;,¢;) € R3*3
denotes the Coriolis and centripetal force matrix, G;(c;) € R3*3 denotes the gravitational
vector, M;(c;) € R3*? denotes the transformation matrix, and 7; € 12! is the torque vector
and can be regarded as the control input vector. As to ¢; and ¢;, they are the velocity and
acceleration vectors of the controlled AMR, with the index, i. Practically speaking, the
gravitational vector G;(c;) is countervailed naturally, due to the reaction force from the
ground to the controlled AMR. This term can be ignored from the dynamics in Equation (3).

The modified dynamics of the controlled AMR can be further described as the following:

Fl‘(Ci)éi + Oi(Ci,é‘i)éi = Mi(ci)Tir fori=1,...,n. 4)

Details of F;(c;) € %33, O;(c;, ¢;) and M;(c;) € R3*2 are given below:

m; 0 midi sin 91'
F,‘(Ci) = 0 m; *mid,’ Ccos 91‘ (5)
m,‘dl’ sin 91‘ —midi cos 91' Ipl‘

0 0 md;b;cosb;
Oi(ci,ci) =10 0 m;d;0; sin 6; (6)
0 0 0



Mathematics 2022, 10, 3901 4 of 21

1 |cos 0, sinb;
Mi(ci) = 7 sin 91‘ sin 91' (7)
LW =W
B 7
o= |7 ®

where 7,; and T;; are the right and left wheel torques, respectively, m; stands for the
mass, d; is the distance between P and ¢, Ip; is the inertia, and 6; is the heading angle.
In this investigation, the system parameters (m;, d;, Ip;) are uncertain due to modeling
perturbations representing variations in payloads Am;.

2.2. Trajectory Tracking Error Dynamics

We assume that the related desired trajectory c,; used in this investigation is a twice
continuously differentiable function ¢,; € C? and denote ¢,; and ¢,; as the velocity and
acceleration vector of the ¢,;, respectively. According to the above statement, the trajectory
tracking error between the controlled AMR c; and the related desired trajectory c,; can be
expressed as follows:

_ {Cz Crl] )

Ci — G

where: .
¢i = [Xai Yai Oail (10)

The dynamics of the trajectory tracking error can be easily derived using Equations (4)
and (9), as below:

b — ~F1(ci)Oi(ci, &) 03x3} e+ [@i — F(c1)Oi(ci, éi)én] L [Fi_l (Ci)Mz'(Ci)Ti] 1)
I3x3 033 03x3 033
By observing the governing equations of the controlled AMR in Equation (11), we
found that it is difficult to treat this trajectory tracking problem involving a swarm of AMRs
with Equation (11), if the design target is to find out the analytical solution to this problem.
For solving this issue, the following mapping of /;(t) is constructed:
1i(t) = 6;¢; + €i6; (12)
where ¢; and ¢; are designable positive constants.
The differentiation of the mapping I;(t) is:
Li(t) = —FH(c)Oiles, e)li(t) + eFi " () [=i(D)Ei(t) + My(ei) ) (13)
where:
o Oi . . Oy . Ops N i .
®;i(1)Gi(t) = Piei cipcir — i Cir — —C1)8i(t) = Filci) (Cir — 26) + Oiler i) (Gir — i) (14)

1 1 1 1
X; yi sin 6; 4 éiZ cosf; O
@;(t) = |y, —0;cosb; +6;2sinh; 0 (15)
0 x;sinf; —y;cosf; 6;

m;
i(t) = [midi] (16)

Ipi
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By using Equation (13), the trajectory tracking error dynamics in Equation (11) can be
revised as a formulation with a parameterized term ®;(t)¢; () for the purpose of precisely
estimating the disturbed systems’ parameters, m;, d; and I,;;:

AT
b =17 L;((t)] = Hi(e, )ei(t) + &P, e ) [~ @i (1) + 7] 7)
1
in which: :
—F7(¢;)O;(cj, ¢; 0
Hi(ei/t):Till i (lll) 1( i z) _5;3 ]Ti (18)
g 3%3 g 13%3
Pi(ei, t) = T 'BiF ' (¢) (19)
b= o] 0)
O3x3
7' = Mi(e)T (21)
and T; is the state-space transformation matrix:
T — {51'13%5 3i13><3} 22)
Iixs  0O3x3
whence J; and ¢; will be derived in the following section.
If we choose T’ as:
s 1
T = @i(H)Ei(t) + i (23)

1

Then modified trajectory tracking error dynamics for each AMR of a swarm of AMRs
can be further presented as:

e; = Hi(e;, t)e;(t) + Pi(e;, t) [Eicpi(t)gi(t) + “z} (24)

where &(t) = &;(t) — &(t) denotes the parameter estimation errors.
The overall trajectory tracking error dynamics of a swarm of AMRs can be further
described using the following vector-matrix form:

E(t) = H(E(t),)E(t) + P(E(t), )e®(H)E(t) + P(E(t), HU(t) (25)
where:
EM) =[a(®) ) .. em(t) e®] (26)
H(E(t),t) = diag(Hy(e1,t), Ha(ex,t), ..., Hy(en, 1)) (27)
P(E(t),t) = diag(Py(e1,t), Pa(ea,t), ..., Pu(en, t)) (28)
e=[e1 €& ... €1 en]T (29)
D(t) = diag(D1(t), Da(t),..., Pu(t)) (30)
&(t) = diag (81(8), &(1), -, &ut)) (1)
U(t)=[ur up ... Uy un}T (32)

3. Nonlinear Adaptive Optimal Control Approach
3.1. The Trajectory Tracking Problem of a Swarm of AMRs

When we consider the overall trajectory tracking error dynamics of a swarm of AMRs
in Equation (25), the design objective is to develop an adaptive H; closed-form control law
to satisfy the H) performance index. The trajectory tracking problem of a swarm of AMRs
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is solved if this problem exists when a closed-form solution U*(t) and an adaptive law &(t)
can fulfill the H, optimal performance index, below, for all ¢ r€ [0, 00):

ru) =, min [ET(KAE() + 7 (RE) + Jy [ETOKEC) + UT()su(0)]a]

= ET(0)I'(E(0),0)E(0) + £ (0)RE(0)

where K; = diag(Kfl,Kfz,...,Kfn), K = diag(K1,Ka, ..., Ky), R = diag(Ry, Ry, ..., Ry)
and S = diag(S1,S2, ..., Su) are the designated positive definite weighted matrices, Ky =
Kf,and § = ST > 0.

Based on the mathematical proof shown in Appendix A, if one unique solution
I'(E(t),t) can be found for the following nonlinear and time-varying differential equa-
tion, the trajectory tracking problem of a swarm of AMRs is guaranteed to be solved
analytically. In this instance:

(33)

( (t),t) + T(E(t), )H(E(t), t) + HT(E(t), HT(E(t), t) + K (34)
—T(E(t), )P(E(t),£)S'PT(E(t), t)[ (E(t),t) = 0
and the corresponding control law can be described as:
T(E(t),t) = @(H)E(t) + %U*(E(t),t) (35)
where:
U*(E(t),t) = =S IPT(E(t), )T (E(t), t)E(t) (36)
¢(t) = —eR1OT(1)PT(E(t), )T (E(t), t)E(t) (37)
T(E(t),t) =TT(E(t),t) >0 (38)
The details of Equation (34) are revealed below:
[ I:*1(61175)+1’1(6’1,f)H1(€1rt)+H1T(€1,f)r (e1,t) + Ky — Ty (ex, )Pr(e1, 1)S 'L (e, )Ty (er,t) | [0
T(ea, t) + Ta(ez, t)Ha(ea, t) + HY (e2,t)Ta(e2,t) + Ko — Ta(en, £)Pa(en, £)S; ' P (e, t)T2(e2, t) 0
“ | @
[ To(en, t) + Tulen, t)Hylen, t) + HE (eq, )Ty ey, ;) + Ky — T(en, t)Pu(en, t) Sy ' PY (en, )T (en, t) ] -5-

Then, the trajectory tracking problem of a swarm of AMRs is likewise solved.

3.2. Analytical Solution T (E(t),t) of the Trajectory Tracking Problem of a Swarm of AMRs

By observing Equation (34), it is obvious that the trajectory tracking problem is analyt-
ically solved if the closed-form solution T'(E(t), t), i.e., I';(e;(t), t), is found mathematically.
Finding the analytical solution ' (E(t), t) or I';(e;(t), t) of Equation (34) is a difficult task due
to the complicated and time-varying properties of this differential equation. Fortunately,
an analytical solution I'(E(t), ) can be constructed via applicably selecting I';(e;(t),t) as
the following form:

Hi(e;(t),t) O
ri(ei( ) ) ZT (0 ( ) ) 3><‘3 Z; (40)
3x3 Qi
where Z; and Q; represent a designable positive matrix that will be derived under certain

conditions.
When substituting Equation (40) into the related sub-equation of the nonlinear time-
varying differential Equation (39), we obtain:



Mathematics 2022, 10, 3901 7 of 21

Ti(ei,t) +Ties, ) Hi(ei, 1) + H (e, t)Tilei, t) + K; — Ti(ei, t)Pi(ei, 1)S P (e, £)Ti(ei ) = 0 (41)
Using the dynamic equation of trajectory tracking error in (17) and T;(e;(t), ) in

Equation (40) yields:
Ti(e; 1) + Li(ei, t) Hiley, ) + Hi (er, )Ti(ei, t) = O (42)

where:
O3x3 Qi ]

Q. = 43
l { Qi Osx3 #3)

Using Equations (19) and (40), the following result can be obtained:
Ti(ei, t)Pi(ei, t) = BT, (44)

Based on Equations (42) and (44), the time-varying differential Equation (41) can be
presented, as below:
Q;+K —T'BS;'BTT, =0 (45)

Therefore:
Si = p?lexe (46)

where p; > 0, and the positive definite symmetric matrix K; in Equation (45) is a diagonal
form and can be further factorized in the following form:

kiaq Tk k:
K, = |"1 il 2 fori=1,...,n. 47
l { ki kin"kix (47)
Ultilizing B; and T; together, as defined in (20) and (22), Equation (45) can be expressed

in detail as:

=0 (48)

T 1 T 1 T

ki1 ki1 — pjTill Tar Qi +kip— PTill T
T T T 1 T

Qi +kin" — o2 T2 T kino" ki — pjTilz Ti12

From Equation (22), the sub-matrices T;;; and T;1, can be obtained as:

Ti1 = pikin (49)
T2 = pikin (50)
Hence, we have:
T, = [féikin F}ikizz} 1)
nxn nxn

In order to satisfy Tj11 = 6;I3x3 and Tipp = ;133 in (22), the weighting matrix k;;1 and
ki>p in (48) must be a diagonal form, that is:

kitn = kino = I3x3 (52)

and:
0i=¢ =p; (53)

When applying the derived results of Equation (45), the nonlinear adaptive optimal
control law u;*(e;(t), t) for a single AMR can be expressed as in Equations (54) and (55),
respectively:

u (ei(), 1) = — 2 er(1) (54)

where ‘Ei = [kill kl‘gz]T.
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Furthermore, the adaptive law &(t) fora single AMR is derived as follows:
Gilt) = Ry ®i(1)Eiei (1) (55)
By integrating u;* (e;(t), t) and &(t), as derived for a single AMR in Equations (54)

and (55), the overall nonlinear adaptive optimal control law U*(E(t), t) and the adaptive

law &(t) for a swarm of AMRs are derived as follows:

U*(E(t),t) = —p1ETE(H) (56)

& = R (HEFE(®) (57)

11 11 d B — dine(E E -
pr P2 T pa| AnAd=T = lag(‘—‘lr“—‘Zr---run)-

Then, the trajectory tracking problem of adaptive H; closed-form control can be solved
by the following adaptive H; control law:

where p7 =

T(E(1), 1) = S(OE(E) + U (E(D), 1 68)

4. Performance Verification

One testing scenario using a square-type trajectory is adopted for verifying the tracking
ability of the proposed method in this section. The desired square-type trajectory has four
straight lines and four corners. Details of this trajectory will be presented mathematically
later. In addition, the trajectory tracking performance of this proposed method is verified
using MATLAB software, version 2021b.

4.1. Setting of Simulation Environment

In this trajectory tracking verification, four AMRs corresponding to a practical AMR
are used. The related system parameters of this practical AMR are given in Table 1. The
time-varying mass m = m + Am is set up as the integration of a nominal value 77 = 10(Kg)
and a disturbed value for Am, which is a 20% variation of  for simulating the practical
situation of AMRs carrying different goods. In addition, the desired square-type trajectory
is constructed with eight segments: s1, 52, ... , s8 of sub-trajectories; the brief descriptions
for these sub-trajectories are introduced, as follows.

Table 1. System parameters of the controlled AMRs.

Description Parameter Value
AMR wheel radius r 6.5 (cm)
AMR width 2W 35.6 (cm)
Distance from P to ¢ d 14 (cm)
AMR mass m 10 (kg)
AMR inertia Ip 10 (kg-m?)

Equation (59) shows that sl starts from the initial value (xo, yg) and moves forward to
the right-hand side, with a moving velocity of v;.

X1 = X0+ orhy
sl: Yr1 =10 (59)
6, =0

Using Equation (59), s1 starts from the initial value (xo, y9) and moves forward to the
right-hand side with a moving velocity of v,.
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The first curve s2 of this desired trajectory, which is one-quarter of a circular trajectory
with a radius ,, can be generated using the following equation:

Xy2 = X1 + 1 cos(B,0 +2707)
52 : Yr2 = Y1 +1rsin(0,2 +270 ) (60)
t
97-2 - ft]z (Urdt

where (x,1,¥,1) is the final value of the first segment s1, and 6,; is the rotation angle of s2.
The erect segment s3 of this trajectory is expressed as follows:

X3 = Xp2
53 . yr?, - yr% + vrt3 (61)
8,5 — 90

where (x,2,,2) is the final value of the first segment s2; 8,3 = 90" shows that this segment,
when is use, is perpendicular to s1.
Similarly, the second curve s4 of this trajectory can be presented as:

Xpq = X3 + 17 cOS(0r4)
s4: < Yra = Y3 +1,5in(0,4) (62)
Org = [, cordt +90°

where (x,3,1,3) is the final value of the first segment s1, and 6,4 is the rotation angle of s4.
The segment of the desired trajectory, which moves in the reverse direction of s1, with
a velocity of v, and a constant 6,5 = 90" is presented as:

Xp5 = X4 — Urls

s5:9 Yr5 =Y (63)
6,5 = 180

where (x4, yr4) is the final value of the first segment, s5.
The third curve s6 of this trajectory can be presented as:

Xr6 = X5 + 1, c0s(By6 4+ 907)
56 :{ Yre = Yp5 +1rsin(f6 +90 ) (64)
0,6 = fj; w,dt +180°

where (x,5, ,5) is the final value of the first segment s5, and 6,4 is the rotation angle of s6.
The seven segments of this desired trajectory comprise an erect segment that is parallel
to 53, as well as having a velocity v, and a constant 8,5 = 270°, and is expressed as:

Xr7 = Xr6
713 Y7 = Yre —Urlty (65)
0,7 =270

where (X6, Jr6) is the final value of the first segment s5.
Finally, the fourth curve s8 of this desired trajectory can be expressed as:

X8 = Xp7 + 17 COS(ng + 1800)
s8:< Yrg = Y7 +1rsin(f,g +180 ) (66)
O = [,* wrdt +270°

where (x,7,,7) is the final value of the first segment s7, and 6,g is the rotation angle of s6.
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In this investigation, the desired square-type trajectory is generated using Equations
(59)-(66) and is shown as in Figure 2; the initial conditions of this desired trajectory are set
up as xg = —5(m), yo = —6(m), and w, = 3" /s.

8 T T T T T T
(-5,6) S5 (5,6)
L Se o - e B g S4 .
6 A T
(6,5) &= Keh (69)
o ]
1
' a
— 1
3 2 ! i 1
D : '
2 S7 : E S3
= O ! ; |
Ple | 1
< i I
—~ 22+ i i 7
i !
L L
- ! I
65 & rp 69
S rot
6 S I N FA I A —” N
38 (5.6 s1 5.-6) S
_8 1 I L I L I I
-8 -6 -4 -2 0 2 4 6 8
X axis (meter)
Figure 2. The desired square trajectory, with a radius of 6 m from xp = =5 m, yy = —6 m.

Remark 1. The reason why we chose this desired trajectory as a testing scenario for our proposed
method is as almost any trajectory, such as an s-shaped trajectory, trapezoidal-type trajectory, circle
trajectory, or even wild trajectories, can be constructed using a combination of the above-mentioned
segments and adjustments of the trajectory parameters, such as the velocity v,, the rotation angle
0,1, and the radius r, for practical applications.

In this control trajectory tracking verification, four AMRs are chosen; the velocity v,
and the radius r, are set up as 0.8 m/s for 1 m, respectively. As to the rotation angle 6,;, for
i=1,...,4canbe calculated via integrating w, = 3" /s, as depicted in the above equations.
The control parameters of this proposed method are gained from Equations (67)-(69).

o1 = diag(0.5,05,...,0.5) (67)
R = diag(03,03,...,0.3) (68)
8 =diag(I3x3,I3x3, ..., 13x3) (69)

The initial conditions of the controlled AMRs are given in Table 2.
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Table 2. Initial positions and attitudes of a swarm of AMRs.

Number of the Controlled AMR Initial Position (xp,y,) Attitude 0
#1 (Blue color) 7,7) 5r/4
#2 (Green color) (=7,7) 7rt/4
#3 (Purple color) (=7,-7) /4
#4 (Red color) 7,-7) 3rt/4

4.2. Simulation Results

For comparisons, a published H, closed-form control approach is adopted in this
investigation [33]. Four AMRs with system parameters in Table 1, initial conditions listed
in Table 2, and control gains from Equations (67)—(69) are considered in this trajectory
tracking performance verification. For avoiding confusion, the trajectory tracking results of
this proposed method (AH;) and the H, closed-form control method (H;) will be revealed
separately in the following discussion. Figures 3 and 4 show the trajectory tracking results
of four AMRs controlled using the AH; and H, methods, with respect to the desired square-
type trajectory. From Figures 3 and 4, a similar tracking performance can be found for these
two control methods. Obviously, the AMRs in Figure 3, controlled by the proposed AH;
method, have quicker convergence rates in tracking the desired trajectory than with the H,
method from the trajectory profiles.

8

-7,7) ‘AT
1 /a
(

[\

[e)

Y axis (meter)

X axis (meter)

Figure 3. The verification result of the square trajectory by the adaptive H; closed-form control
approach from x, =7 m, y, =7 m (blue line), x, = =7 m, y, =7 m (green line), x, = =7 m, y, = =7 m
(purple line), x, =7 m, y, = —7 m (red line).

Tracking errors, including errors (ex;, ey;, eg;), fori =1, ...,4, in the X-axis, Y-axis, and
the heading angle of the individual AMR are illustrated in the following figures. Figures 5-7
depict the histories of tracking errors ex, ey, and ey for the #1 AMR, using the AH, and
H; method. From these tracking results, it is easy to establish that the trajectory tracking
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performance of the H, method is worse than the proposed AH, method because of the
existence of steady state errors in ex1, ey, and eg; under the effects of the 20% modeling
uncertainties caused by Am. The trajectory tracking errors ex1, ey1, and ey of the #1 AMR,
which converge to almost zero, can be transparently observed from Figures 5-7. Similar
tracking results can be found from Figures 8-16 for #2 AMR, #3 AMR and #4 AMR. From
these results, the proposed AH; method obviously outperforms the H; method.

(-7,7)@" @ an
61 < .
4 + 4
= 2r _
2
2
Z0r 1
E
~ 2L _
-4 + 4
S
8 (7.7) I 1 1 1 1 1 I ()
-8 -6 -4 -2 0 2 4 6 8

X axis (meter)

Figure 4. The verification result of the square trajectory by the H, closed-form control approach from
Xp =7m,y, =7 m (blue line), x, = =7 m, y, =7 m (green line), x, = =7 m, y, = —7 m (purple line), x,
=7m,yp, = —7 m (red line).
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Figure 5. The square trajectory tracking result of the adaptive H; closed-form and H; closed-form
control approaches for the x-axis from xp, =7 m, y, =7 m.
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Figure 6. The square trajectory tracking result of the adaptive H; closed-form and H; closed-form
control approaches for the y-axis from x, =7 m, yp =7 m.

250 1 . . . . .

Al
- - -H
200 | |

150 } i

100 .

Angle error e p (degree)

Time: 252.38
\ Angle: 0.0114592°

Time: 250.35
Angle: -4.02553°

_50 1 |
0 50 100 150 200 250 300 350 400

Time (sec)

Figure 7. The square trajectory tracking result of the adaptive H; closed-form and H; closed-form
control approaches for an angle from x, =7 m, y, =7 m.



Mathematics 2022, 10, 3901 14 of 21

0.5 . . . . .
Time: 250.53
X error: 0.0764244
._..--sm.,\:. S ¥
’g O B A i LW PG IR LY S 1 i
51 Time: 251
) X error: -8.86426e-05
S .05 -
]
X
v
ST ]
R=!
e
o]
5
o 1T ]
.8
=
Q
s
= 2F ]
_AH2
- = _H2
_2.5 1 1 1 1 1 1 I

0 50 100 150 200 250 300 350 400
Time (sec)

Figure 8. The square trajectory tracking error result of the adaptive H, closed-form and H; closed-
form control approaches for the x-axis from x, = —7 m, y, =7 m.

14 F T T T T T T T =
_AH2
—~ 12F ---H, &
o
38
5
E 10t 1
-
NS)
W
.z 8t T
5
S
g O ]
S
)
=5 4 7
k5)
)
.8
Ff‘é 2 Time: 256.77
; Y error: -0.000188058
O e e @0 T P e -
Time: 251.45
! I Y error: -0.107565 ! ! .

50 100 150 200 250 300 350 400
Time (sec)

Figure 9. The square trajectory tracking error result of the adaptive H, closed-form and H; closed-
form control approaches for the y-axis from x, = =7 m, y, =7 m.
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Figure 10. The square trajectory tracking error result of the adaptive H; closed-form and H, closed-
form control approaches for an angle from x, = =7 m, y, =7 m.
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Figure 11. The square trajectory tracking error result of the adaptive H; closed-form and H; closed-
form control approaches for an x-axis from x, = =7 m, y, = =7 m.
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Figure 12. The square trajectory tracking error result of the adaptive H; closed-form and H; closed-
form control approach for the y-axis from x, = =7 m, y, = =7 m.
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Figure 13. The square trajectory tracking error result of the adaptive H; closed-form and H; closed-
form control approaches for angle from x, = =7 m, y, = =7 m.
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Figure 14. The square trajectory tracking error result of the adaptive H; closed-form and H, closed-
form control approaches for X from x, =7 m, yp = =7 m.
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Figure 15. The square trajectory tracking error result of the adaptive H; closed-form and H; closed-
form control approaches for Y from x, =7 m, y, = —7 m.
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Figure 16. The square trajectory tracking error result of the adaptive H; closed-form and H; closed-
form control approaches for an angle from x, =7 m, y, = =7 m.

According to the above trajectory tracking verification, this proposed AH, method
T'(E(t),t) = ®(t)E(t) + 1U*(E(t), ), which can precisely estimate the time-varying system

parameters: (m;,d;, I;) via adaptive learning law: ¢(t) = —R~'®T(¢)ZTE(t), is superior to

the H; method, which is constructed with fixed system parameters: (1;, d;, I;).

5. Conclusions

A nonlinear adaptive optimal control design that presents good energy-saving per-
formance has been successfully developed for the trajectory tracking problem of a swarm
of autonomous mobile robots in this study. In the past few decades, complex control
structures have always been revealed as part of the announced control laws because of
the sub-optimal control approach. The most challenging part of this investigation has
been to identify the closed-form solution for this trajectory tracking problem of a swarm
of autonomous mobile robots. According to our survey of the existing published litera-
ture, the analytical solution for the trajectory tracking problem of a swarm of autonomous
mobile robots has not been achieved yet, due to the great complexity of its dynamics.
For achieving this design target, one main contribution is delivered in this investigation:
“An analytical control solution, which has the simplest and easy-to-implemented control
structure for the trajectory tracking problem of a swarm of autonomous mobile robots is
elegantly derived”. In practice, complicated control structures mean that the cost in terms
of computation consumption will be great and a high-speed calculator is always needed.
From the comparisons of this proposed method with respect to a published H, method,
which is an analytical solution as well, the control performance of this proposed method
is superior to the H, method, no matter what the convergence of tracking errors or the
elimination of modeling uncertainties.
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Appendix A

Consider the performance index I'(U*) in Equation (33), which is equal to the follow-
ing formulation:

T(U*) = ET(t)K/E( f) (0)RE(0) + [/ [ET(HKE(t) + UT (1)SU(t) +
i[ET HT(E(t), £)E(t) + RE Hdt—ET ET(E(ts), £)E(ty)+ (A1)

From the terminal condition I'(E(tf), ) = K, the following result can be obtained:

r(TU*)IET(O)F(E(O) 0)E(0) + &T(0)RE(0 +fo [ET(H)KE(t) +UT(t)SU(t) +
ET(f)T(E(t),t)E(t)JrET() (E(t), t)E(t) + ET(t )T(E(t),t)E(t)Jr (A2)
& rE + §T<t>R5<t>] a

Substituting the trajectory tracking error dynamics (25) into (A2) leads to the following
result:

T(U*) = ET(0)T(E(0),0)E(0) + & (0)RE(0)+

[ )+ HT(E(t), H)T(E(t),
)E(t )+ET( )JT(E(t),£)P ( (t) /f)U(f)Jr (A3)
E(t),t)E(t)+

Thus, with the first fact that &(t) = &(t), and by using the adaptive law &(t) =
—R71®T(+)PT(E(t),t)T(E(t),t)E(t) in Equation (35) and the differential in Equation (34),
we have:

r(u*) = ET(0)r(E(0), 0)5(0) ¢T(0)RE(0)+

Jy [(ue) + s~ PT(EW), HT(E(), HE®D) T % (Ad)
S(U(t) +S~TPT(E(t), )T (E(t), )E(t))] t
Selecting the control law U*(E(t),t) = —S~'PT(E(t),t)T(E(t),t)E(t), as shown in
Equation (36), (A4) can be concisely simplified, as below:
I(U*) = ET(0)I(E(0),0)E(0) + &' (0)R5(0) (A5)

This is Equation (33) and proof is completed.
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