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Abstract: This research presents a nonlinear adaptive fuzzy control method as an analytical design
and a simple control structure for the trajectory tracking problem in wheeled mobile robots with skew
symmetrical property. For this trajectory tracking problem in wheeled mobile robots, it is not easy to
find an analytical adaptive fuzzy control solution due to the complicated error dynamics between
the controlled wheeled mobile robots and desired trajectories. For deriving the analytical adaptive
fuzzy control law of this trajectory tracking problem, a filter link is firstly adopted to find the solvable
error dynamics, then the research is based on the skew symmetrical property of the transformed
error dynamics. This proposed nonlinear adaptive fuzzy control solution has the advantages of low
computational resource consumption and elimination of modeling uncertainties. From the results
for tracking two simulation scenarios (an S type trajectory and a square trajectory), the proposed
nonlinear adaptive fuzzy control method demonstrates a satisfactory trajectory tracking performance
for the trajectory tracking problem in wheeled mobile robots with huge modeling uncertainties and
outperforms the existing H, control method.

Keywords: nonlinear adaptive fuzzy control; wheeled mobile robots; skew symmetrical property;
energy consumption

1. Introduction

The broad applications of wheeled mobile robots (WMRs) with a skew symmetrical
property have been attracting much attention because WMRs have been becoming more
and more important for assisting daily human life and industry operations in recent years.
These WMRs need to have a precise motion ability and effective control methods to achieve
assigned missions [1-5]. Much of the literature on WMRs for trajectory tracking control
have been focused on fuzzy control [6-9], neural networks control [10-12], sliding mode
control [13-16], backstepping control [17-19], and feedback linearization control [20-22].
However, in real applications, successfully implementing the above proposed control meth-
ods requires huge design efforts due to controller complexities. Thus, an effective optimal
control with a simple and easy-to-implement control structure is important for controlled
WMR, and there are several related research works on this [23-26]. For the above issue,
a simple optimal control structure should be developed, and this issue can be fixed with
a closed-form solution or analytical solution for this optimal trajectory tracking problem.
However, it is a difficult task for the trajectory tracking problem of the WMR to obtain a
closed-form solution or analytical solution due to complex error dynamics. Fortunately,
using a suitable mathematical arrangement, the closed-form solution or an analytical so-
lution can be derived. In practice, the WMR must work under modelling uncertainties
due to variations of payload and energy loss. Therefore, an innovative nonlinear adaptive
fuzzy optimal control method that is a closed-form design will compensate for the issue
of system parameter variations for the optimal trajectory tracking problem of the WMR
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in this investigation. Adaptive fuzzy control designs with parameters of on-line learning
ability have been widely used in many applications. For example, a neural network based
adaptive control design was proposed for dealing with nonlinear nonaffine systems with
modeling uncertainties [27]; a trajectory-tracking and path-following design was developed
for underactuated autonomous vehicles with parametric modeling uncertainty [28]; an
iterative learning control (ILC) of constrained multi-input multi-output (MINO) nonlinear
systems under the state alignment condition with varying trail lengths was developed to
meet the alignment condition by adjusting the reference trajectory [29]; and a data-driven
control of networked nonlinear systems with event-triggered output was proposed by
integrating the estimated disturbances, the true and the estimated tracking error and the
resultant tracking error systems, which were uniformly ultimately bounded [30]. These
published results indicate the powerful modeling elimination capability of adaptive control
laws with on-line parameter learning ability. For these reasons, for tackling varying system
parameters of the WMR, a parameterized formulation is used on-line to precisely estimate
time-varying system parameters, including mass, inertia, etc., in this investigation. This
proposed adaptive fuzzy control law facilities engineers and researchers to realize control
design of the WMR practically, because it is a closed-form solution and has the simplest
control structure. Due to these promising characteristics, this centralized control law will
possess a low calculation consumption and thus save energy. Furthermore, this proposed
method can mitigate the effect of varying modelling uncertainties based on the on-learning
ability of the derived adaptive fuzzy control law for system parameters. This research is
arranged as follows. Section 1 presents the introduction and literature review. In Section 2,
the wheeled mobile robot dynamics are described. Section 3 presents the adaptive fuzzy
with Hj control design. Section 4 illustrates the simulation results obtained for tracking the
S type and square trajectory by adopting the proposed adaptive fuzzy control method and
the H) control method. Finally, the conclusions are given in Section 5.

2. Wheeled Mobile Robot Dynamics

In this section, the WMR dynamics are described and the error dynamics of trajectory
tracking with the desired trajectory are also formulated.

2.1. Wheeled Mobile Robot Dynamics

A wheeled mobile robot which consists of two driving wheels and one omnidirectional
wheel is shown in Figure 1. Two driving wheels of the WMR are separated by 2E and
both two driving wheels have the same radius of . The instantaneous position of this
controllable WMR in the global coordinate frame {O, X, Y} is denoted as a. R = (xg,yr)
presents the position of the controllable WMR in the global coordinate frame, and the angle
6 denotes the direction of the local frame {R, Xr, Yr}. Based on the above descriptions, the
global coordinate frame of the WMR will be expressed by Equation (1).

a=I[xg YR 9]T )

The dynamic system of the WMR is illustrated in Figure 1 and this WMR usually
moves heading toward the direction of the axis of the driving wheels. Then, the kinematics
of the WMR with constraints can be presented as Equation (2).

XR cosf —dsinf o
a= |Yg| = [sinf® dcosh { l}
0 0 1

@

where v; and w denote the linear and angular velocities, respectively.

According to the WMR kinematics model in Equation (2), it can be transferred to the
dynamics of the controlled WMR by applying the Euler-Lagrange method. Then, Equation
(2) can be rewritten as Equation (3):
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P(a)a+ Q(a,a)a+O(a) = W(a)T 3)

where P(a) € R3*3 is the inertia matrix, Q(a,a) € R3*3 is the centripetal and coriolis
matrix, O(a) € R3*3 is the gravitational vector, W(a) € R3*? is the input transformation
matrix, and T € R?*! is the torque of input control vector. The @ and 4 are velocity and
acceleration vectors of the WMR, respectively.

AY

Yif e

e

----------- *Driving wheels

L
L4
Omnidirectional I
wheel I

o X

X
=
Figure 1. Wheeled mobile robot dynamic system.

In Equation (3), there are two properties which are described as P1 and P2 [31,32].

P1. The inertia matrix P(a) is symmetric positive definite.

P2. Skew symmetry property: The matrix P(a) — 2Q(a, @) is skew symmetric and
xT(P(a) —2Q(a,a))x = 0 for all x € R™.

The O(a) can be ignored because this WMR moves on the horizontal plane. Then,
Equation (3) can be rewritten as Equation (4).

P(a)i+ Q(a,d)a = W(a)t @)

The detailed descriptions of P(a) € R3>*3, Q(a,a) € R*>*® and W(a) € R3*2 are
given below:

m 0 ml sin 6
P(a) = 0 m —il cos 0 )
mlsin® —mlcos6 Ip
0 0 wlfcosd
Q(a,a)= |0 0 mlfsinb (6)
0 0 0
1 cosf sinf
W(a) = - |sinf sinf (7)
"| E -E

[
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where 7 is the WMR mass, 6 is the angle of heading attitude, [ is the distance between
position R and g, Ip is the inertia, 7, and 7; are the torques of right and left wheel, respec-
tively. The system parameters (771, [, Ip) of WMR are modeling uncertainty due to varying
payloads in this research.

2.2. The Mathematical Model of Trajectory Tracking Error Dynamics

Suppose the desired trajectory a is a twice continuously differentiable function a, € C2.
The a, and 4, are the velocity and acceleration vector of a,, respectively, in this investigation.
Based on the above definitions, the trajectory tracking error between the WMR 4 and the
desired trajectory a, can be described in the following equation:

=)= @
where | T

ar = [xg Ya 64 (10)

The following dynamics of the trajectory tracking error can be obtained by Equations
(4) and (9).

P (a)Q(a,0) osﬂﬁ P’ =P _1(”)‘3(”"'1)"”] " [P _1(”>W(”>T} an

e =
I3x3 033 03x3 03x3

In order to analyze this trajectory tracking problem of a WMR with Equation (11), a
PD type filter link f(¢) and a state space transformation matrix T are defined as Equations
(12) and (13) to simplify this dynamic of the trajectory tracking error.

f(t) = 94+ @a (12)

where ¢ and @ are positive constants which are adjustable variables.

T_ [1913x3 CDI3><3] (13)
Iixs  O3x3

Differentiating the PD type filter link f(t) and Equation (12) can be described with
following equation:

F(£) = =P~ N (a)Q(a,a) f(t) + 8P~ (a)[~F(e, 1) + W(a)T] (14)

where ) 9. o 9
F(e, t) = P(a)(a, — 5&) +Q(a,a,)(a, — 5&) (15)

From Equations (12) to (14), a more solvable error dynamics can be presented as
b= lf 8] = M(e,t)e(t) + Ble,t) [~F(e, ) + 7] (16)
a
in which . '

M(e,t) = T {—P 1(‘1)Q(ﬂra) Oﬂaxs }T (17)

+13x3 —5x3
B(e,t) = T~'DP~!(a) (18)
D= {éziﬂ (19)

v =W(a)T (20)
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The nonlinear function F(e, t) contains perturbed factors due to the variations of the
WMR system parameters. For precisely estimating F(e, t), a fuzzy approximation which
includes a set of adjustable parameters @ is integrated as an important control part of 7’
as follows:

T =1, + 1¢(e, Op) (21)

where 77 (e, O¢) is a fuzzy approximator and @y is the adaptive parameter vector. This
7¢(e, @) is used for approximating the perturbed term F(e, t). The control term 7 is used
to eliminate the influence of the environmental disturbances.

Substituting Equation (21) into Equation (16), we can obtain Equation (22).

¢ = M(e,te(t) + B(e, 1) 7. + B(e, 1) [—F(e, b+ (e, ®f)} (22)

The proposed fuzzy approximation 7¢(e, ©y) with adjustable parameters can be de-
scribed in Equation (23):

Tr(e, ©f) = (e)Of (23)
where r
O =[0 0, O (24)
&i(e) Ouxm Orm
Z(e) = [O1xm &l(e) O1xm (25)
O1xm O1xm €5 (e)
@ =1[04 - Ou]" i=123 (26)
Gi(e)=[ea(e) - Gm@)]" i=1,23 @7)
and ¢; (e) can be described as
6
Hﬂpi’(e])

i=1,23and!/=...M (28)

Furthermore, the optimal parameter vector @ (¢) must be defined before deriving the
adaptive law. The optimal parameter vector is defined as

®%(t) = arg min max
7(#) g®f60@e€(}e

5O ()F (e 1) 29)

where ||| denotes the Euclidean norm, Qg and Q) are the set of ®(t) and e(t), respectively.
Based on this optimal parameter vector @}(t), the perturbed term F(e, t) can be formulated
as follows:

F(e, t) = §(e)®; +e(t) (30)

where ¢(t) is the approximation error.
Substituting Equations (23) and (30) into Equation (22), we can obtain Equation (31).

e = M(e,t)e(t) + B(e, t)Te + B(e, t)E(e)Of(t) + B(e, t)d(t) (31)

where N
Oy (1) = O4(1) — O} (1) (32)

d(t) = —&(t) (33)
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3. Adaptive Fuzzy with H, Control Design
3.1. Adaptive Fuzzy with Hy Trajectory Tracking Problem for WMR

The design objective of this trajectory tracking problem is to develop an adaptive fuzzy
with Hj control law to satisfy the H, optimal performance index. Inspecting Equation (31),
the adaptive fuzzy with H; control design of trajectory tracking of a WMR can be solved if
this problem has a closed-form solution 7, (t) and an adaptive law © £(t) that satisfies the
following performance index [33].

. ~T =~ i
Tg(tl)lél[lél,tf) eT(tf)Lfe(tf)—I—G)f(tf)Z@f(tf)—I—./O leT(H)Le(t) + TF (1) XT(t)]dt|  (34)

where Ly, L, Z and X are the weighting matrix which are positive definite matrices for all
t 1S [O, OO)

If one unique solution, C(e, t) satisfies the nonlinear time-varying differential Equation
(35). According to the mathematical analysis, the trajectory tracking problem of a WMR
will be guaranteed to find a closed-form solution.

Cle,t) + Cle, t)M(e, t) + MT(e,£)C(e,t) + L — C(e,t)B(e, t) X BT (e,t)C(e,t) =0 (35)

and the control law 7/(e, t) can be described as

?(e,1) = E(€)OF (1) + =T (e, ) (36)
where
¥ (e,t) = —X BT (e, t)Cle, t)e(t) (37)
O7(t) = —@Z "¢ ()BT (e, )C(e, He(t) (39)
Cle,t) = Cl(e,t) >0 (39)

3.2. Analytical Solution C(e, t) of Adaptive Fuzzy with H, Trajectory Tracking Problem

The trajectory tracking problem is a closed-form solution if the analytical solution
C(e, t) is to be solved mathematically. It is tough to solve Equation (35) and find an
analytical solution for C(e, t) because the differential Equation (35) is a very complex time-
varying equation. Fortunately, we can obtain the solution of C(e, t) by treating C(e, t) as
the following mathematical form:

Cle,t) = RT [Agii';) 0?83} R (40)

where R and O are a positive matrix.
Applying Equation (16) and C(e(t), t) into Equation (40) yields:

Cle, t) 4+ C(e, t)M(e, t) + MT (e, £)Cle, t) = A (41)
where
_|03x3 O
A= { 5 O3x3] (42)

Equation (43) can be obtained by using Equations (18) and (40):
C(e,t)B(e,t) = D'T (43)

According to Equations (41) and (43), the time-varying Equation (35) can be described
as the following Equation (44):

A+L—-T'DX DT =0 (44)
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Suppose
X = 6’I3x3 (45)

where § > 0.
The symmetric matrix L in Equation (44) is a diagonal matrix and can be further
factorized as the following form:

T
[ [111 Tln lsz } (46)
lyy In'ln
Applying T and D defined in Equations (13) and (19), Equation (44) can be described
as Equation (47):
Thi = $Tin Ty O+l — 5T Ty, _0 47)
O+l — £T Ty 1Tl — 5T Ty
According to Equation (13), above submatrices Tq; and Tj, can be rewritten as
Ty =6l (48)
Thp = bl (49)
Then
_ |6l Ol
T = { 0 I (50)

In Equation (47), the matrix /11 and /;; must be a diagonal form based on T1; = #1343 and
Ty = @I33 in Equation (13). The I11 and I will be defined in Equation (51):

i =1by = I3x3 (51)

and
9=w=>9¢ (52)

From the results of Equation (47), the nonlinear adaptive fuzzy control law ’(e, t) can
be presented as Equations (53) and (55), respectively:
* Lo
T, (e, t) = _SH e(t) (53)
where .
II= [l I»] (54)

In addition, the nonlinear adaptive fuzzy law ® ¢(t) can be expressed in the following:
Of(t) = Z ¢ (t)TTe(t) (55)

By integrating 7 (e, t) and ® ¢(t) derived in Equations (53) and (55), the overall non-
linear adaptive optimal control law 7; (e, t) and the adaptive law @J’Z(t) are described as
follows.

(e, t) = —oFT1ke(t) (56)
@}(t) = —Z7'¢T ()Ite(t) (57)

Then, the trajectory tracking problem of adaptive fuzzy control can be solved by the

following adaptive fuzzy control law.

?(e,1) = E(NOF(E) + =7 (o)1) (59)
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Desired Trajecmries_-l:o e(t)
2z
: ; * l *
Jrentueln) 7S (e ) =500, () +—7.(e1)
: @

S—hpe

y=s 2 sing,) \_
o * 1 * k
X =X, +rcos(6,+90) 0, r(e)
o +7sin(@, +907) 7~ ~
8, =[" odi+180

3.3. Closed-Loop Control Diagram of This Proposed Method

Assuming all system states of the controlled WMR can be fully measured, the control
block diagram of the trajectory tracking design of a WMR is illustrated in Figure 2. There
are five function elements, including a desired trajectory generator, the proposed adaptive
control law, optimal control term, system parameter adapter law and dynamics of the WMR.

" = sl Aiariiin (" Wheeled Mohile Robot

Control Law Pla)a+ Q(a,a)a =W (a)t

Optimal Control Term

. (e,t) = ~6f MTe(r)
System Parameter Adaptive Law

@ () =—2"'& (Melr)

J

Figure 2. The closed-loop control diagram of a WMR via the proposed method.

4. Verification Results

There are two testing scenarios, i.e., an S type and square trajectory, to verify the
tracking performance in this section. The desired S type trajectory has a radius of 5 m. For
the desired square trajectory, there are four straight lines and four corners. The mathe-
matical equations of the desired S type and square trajectory are presented in Section 4.1.
This proposed method will also be compared with H; control approach [24], which was
developed based on the same WMR model as this investigation. In addition, Matlab version
of 2022a will be used to verify the trajectory tracking performance of this proposed method
and the compared method.

4.1. Verification Environment Configuration

The related WMR parameters of this simulation are given in Table 1. The time-varying
mass m = m + Am includes a fixed value 7 = 10(kg) and a disturbed value Am. This
Am involves the 20% variation of 7 to simulate the real situation of WMR under cargo of
different weights.

Table 1. Wheeled mobile robot parameters.

Description Parameter Value
WMR wheel radius r 6.5 (cm)
WMR width 2F 35.6 (cm)
Distance from a to C 1 14 (cm)
WMR mass m 10 (kg)
WMR inertia Ip 10 (kg-m?)
In the desired S type trajectory scenario, the original states are xyp = O(meter),

Yo = O(meter), and wy = 3’ /s. This desired trajectory (DT) is generated by Equation (59)
and is shown in Figure 3.
{x = x0 + 14 cos(264)

Y = Yo+ 2rgsin(6,) )

where 7, is the radius of the desired S type trajectory, and 6; = fot wydt is the desired
rotation angle with the desired constant angular velocity w;.
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''''' DT
10 I ’_—-— ----- -..__..... -
"‘ - &
c, N,
1
f ——---3
\ Y /
’
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\
.\ 4.4.,5)
4R S,
L N
(5] \s
~
é 0+ N .
2 N,
e N
& RN
by .
N
(-4.6,-5.5) £
_5 - ’ \\. =1
/ \
n 1
————— -9 i
N T 7
= ~a _—"
-10 e = .
-10 -5 0 ) 10

X axis (meter)

Figure 3. The desired S type trajectory with a radius of 5 m from xyp = 0 m, yg = 0 m.

In another desired square trajectory scenario, this desired trajectory (DT) is constructed with
four straight lines and four corners, which are d1, d2, ... , d8 from Equation (60) to (67). The
initial condition of this desired square trajectory is configured to xog = —7(m), yp = —8(m),
and w, = 3" /s. These sub-trajectories are described in the following statements and are
shown in Figure 4.

10 T T T
“18) ds a8 === OT
Sl — P —————— = W
(8.7)@-" ' V-9 8.7
6l T : e |
! : !
! 8 meters | I
o : .
- ! : i
8 2r i : : J
D i : i 4
g d7 :
— 0 - i hescsssssssssssssansssssssns + -
@ ' 8 meters [
% ! !
;: =2 ! I -
I 1
1 [
4 F ! I .
I 1
) 1
a6 ks ! I _
(-&-7)¢";~. X ’_ ":‘-,(Sv'?)
8 LE o A R R, T A
(-7.-8) dl (7.-8)
_10 1 1 1
-10 -5 0 5 10

X axis (meter)

Figure 4. The desired square trajectory with a radius of 8 m from xg = =7 m, yg = —8 m.
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The first line d1 starts from (xg, yp) and moves forward to the right-hand side with a
moving velocity v, and can be described by the following equation.

X1 = Xo + Urtq
di: S vy =uwo (60)
6.1 =0

The first corner d2 starts from (x,1,y,1) with a radius r, and rotation angle 6,, which
is presented in Equation (61).

X;2 = X1 + 1y cos(0,0 +2707)
d2: Y2 =Y+ 1¢ Sin(9r2 +270 ) (61)
t
97‘2 = ftlz wrdt

From Equation (62), the second line d3 starts from (x,2, yy2) with a moving velocity v,
andaf,3 =90".

X3 = Xp2
d3:¢ y,;3 = Yyr + vt (62)
0,3 =90
As in corner d2, the second corner d4 can be generated with the following equation.
The initial position of d4 is (x,3, ¥y3) and 6,4 is the rotation angle of d4.

Xpq = X3 + 17 cOS(0r4)
dd:{ Y = Y;3 +1rsin(6y) (63)
O = [, wrdt +90°

The third line d5 starts from (x4, y,4) with a velocity v, and a 6,5 = 90" is expressed as

Xp5 = X4 — Urls

d5: Y5 = Yr4 . (64)
0,5 = 180

In Equation (65), the third corner dé6 of this desired square trajectory starts from
(x45,yy5) with a radius 7, and rotation angle 6.

X6 = X5+ 1,c0s(0y6 +907)
dé6: Yre = Yr5 +1¢ Sin<6r6 +90 ) (65)
br6 = [, w,dt +180°

The fourth line d7 of this desired square trajectory starts from (x4, y,¢) with a velocity
v, and a constant 6,5 = 270" is described as following equation.

Xy7 = Xr6
d7z: Y7 = Yre - Urty (66)
0,7 =270

Finally, the fourth corner d8 of this desired square trajectory starts from (x,7,y,7) with
a radius 7, and rotation angle 6,3 can be presented as

X,8 = X7 + 1, cos (6,8 +180°)
ds: Yrs = Y7 + 14 Sin(erS + 180 ) (67)
O = [, wedt +270°

Initial conditions of the controlled WMR with respect to these two control laws and
two tracking trajectories are given in Table 2.
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Table 2. Initial positions and attitude of the WMR.

Tracking Trajectory Initial Position (x;, y,)
S Type Trajectory (0,3.8)
Square Trajectory (—9,9)

4.2. The Fuzzy Logic System Definition

In this research, the membership functions are set as Gaussian function. The advantage
of Gaussian function is that it can cover the entire universal and differentiable variables.
These membership functions are selected in the following equations.

Hen = exp| (¢ —3a)’]

M = exp [— (e — Zaj)z}

HEp = exp [~ (e —a))’]

]/lplg4 = exp (—ef)

HEs = exp [~ (e +a7)’]

M = exp [— (ej + Zaj)z}

‘111:]4‘7 = exp [— (ej + 3a]-)2}

(68)

(69)
(70)
(71)
(72)
(73)

(74)

fori=1,2,3andj=1, 2, 3,4,5, 6 where al, a2, a3, a4, a5, a6 are the center for each
membership functions which will be defined for adjusting parameters. However, each
output of the fuzzy logic system is given 7 fuzzy rules corresponding to 6 state variables.
All fuzzy rules are defined in the following statements.

R(1)

fori=1,2,3.

where

:IF ey is Fil, epis Fil - -
:IF ey is Fi2, ey is Féz e
:IF ey is Fi3, epis Fi2 - - -
:IF ey is Fi4, epis Fi* - - -
:IF ey is F, ey is FE'S e
: IF ey is Fi®, ep is Fi0 - - -
:IF ey is Fi7, epis FY - -

and eg is Fgl then 7y, is G
and eg is 1-“6"2 then Ty, is G2
and eg is l-"é"3 then T, is G
and eg is Fé4 then 7y, is G
and eg is Féi5 then 7y, is G™®
and eg is F6i6 then Ty, is Gi®
and eg is Fé7 then 7y, is G"7

7 6
A=) Hj:l VF]ik(ej)

and given fuzzy architecture matrix ¢(e) adaptive vector © as

ele) O1x7  O1x7

Zle) = | Oz &l(e) 01x7

O =[0; O ®3]T
T
0; = [®i1 Op Op Oy Op O @17}
Zile) = H?=1Vp]i1<€f> H?=1;1F/gz(ej) M

01><7 01><7 Cg(e)

A

1 I

(75)

(76)

(77)

(78)

(79)
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fori=1,2, 3. In the following simulation, we will apply the same fuzzy rules and Gaussian
function for the fuzzy logic system.

4.3. Simulation Results

As depicted above, a published H; control method is adopted in this investigation
for comparison [24]. The system parameters of the WMR are provided in Table 1 and
initial positions and attitude of the WMR are listed in Table 2. For explicitly presenting
the simulation results of the S type and square trajectory, trajectory tracking results of
this proposed adaptive fuzzy control method (AF) and the H, control method (H;) with
respect to the trajectory of the desired S type and square will be revealed separately in the
following discussion.

The S type trajectory tracking results of the WMR controlled by using the adaptive
fuzzy control method (AF) and H, control method (H,) with initial conditions are shown
in Figures 5 and 6. From Figures 5 and 6, the trajectory tracking performance can be
found for this WMR in the first corner of the desired S type trajectory driven by these two
control methods. Obviously, the WMR in Figure 5 controlled by the proposed adaptive
fuzzy control method (AF) has quicker convergent rates in tracking the desired S type
trajectory than the H, method (H;) from the trajectory contour, even under the effect of a
20% modeling uncertainty of 7 which was not considered in the control design process of
the H, control method.
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Figure 5. The result of the S type trajectory by the adaptive fuzzy control method from x = 0 m,
y=38m.
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Figure 6. The result of the S type trajectory by the H, control method from x =0m, y = 3.8 m.
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The tracking errors in the X-axis, Y-axis and the heading angle of the WMR are
illustrated in Figures 7-9. The results depict the histories of tracking errors ex,ey, and
eg for the WMR using the adaptive fuzzy control method and H, control method. From
the comparisons of these tracking results, it is easy to see that the trajectory tracking
performance of the H, control method is worse than the proposed adaptive fuzzy control
method for the controlled WMR because of the existence of the effect of 20% modeling
uncertainty caused by Am. From these simulation results, both of these two control methods
possess rapid transient response. However, larger tracking errors are found in the whole
tracking period for the H, control method. On the whole, the proposed adaptive fuzzy
control method obviously outperforms the H, control method in the WMR.
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Figure 7. The X axis errors of the adaptive fuzzy and H, control method for S type trajectory from
x=0m,y=38m.
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Figure 8. The Y axis errors of the adaptive fuzzy and H, control method for S type trajectory from
x=0m,y=38m.
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Figure 9. The angle errors of the adaptive fuzzy and H, control method for S type trajectory from
x=0m,y=38m.

Figures 10 and 11 reveal the square trajectory tracking results of the WMR driven by
the adaptive fuzzy control method (AF) and H, method (H;). The performance of the square
trajectory tracking can be obtained for this WMR in four corners of the desired square
trajectory driven by these two control methods. The WMR controlled by the proposed
adaptive fuzzy control method (AF) demonstrated outstanding performance for tracking
the desired square trajectory compared to the H, method (H;) under the effect of a 20%
modeling uncertainty of 7.
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Figure 10. The result of the square trajectory by the adaptive fuzzy control method from x = -9 m,

y=9m.
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Figure 11. The result of the square trajectory by the H, control method from x = —9m, y =9 m.

The tracking error results in the X-axis, Y-axis and the heading angle of the WMR
can be found in Figures 12-14. The results illustrate the performance of tracking errors ey,
ey, and ey for the desired square trajectory tracking of the WMR by adopting the adaptive
fuzzy control method and H; control method. According to the compared results, it is
obvious that the proposed adaptive fuzzy control method has a better trajectory tracking
performance than the H, control method for the controlled WMR due to the Am effect of 20%
modeling uncertainty. From these tracking error results, we can see that smaller tracking
errors always can be obtained throughout the entire tracking period for the proposed
adaptive fuzzy control method. On the whole, the H, control method is obviously inferior
to the proposed adaptive fuzzy control method in the trajectory tracking of the WMR.
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Figure 12. The X axis errors of the adaptive fuzzy and H, control method for the square trajectory
fromx=—-9m,y=9m.
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Figure 13. The Y axis errors of the adaptive fuzzy and H, control method for square trajectory from
x=-9m,y=9m.
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Figure 14. The angle errors of the adaptive fuzzy and H; control method for the square trajectory
fromx=—-9m,y=9m.

5. Conclusions

A nonlinear adaptive fuzzy control design with the skew symmetrical property is
successfully developed for the trajectory tracking problem in wheeled mobile robots in this
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research. The main contribution of this study is the closed-form solution with adaptive
fuzzy control method for the trajectory tracking problem in wheeled mobile robots. Based
on the related literature, the closed-form solution for the trajectory tracking problem in
wheeled mobile robots has still not been perfected due to the lack of optimal control meth-
ods for complex dynamics under modeling uncertainties. For achieving this investigative
purpose, this study has several key contributions, i.e., the simplest and most easy-to-
implement control structure for the trajectory tracking problem in wheeled mobile robots
with a closed-form solution. According to the above results, this proposed method provides
an energy consumption saving with complex control structures in practice. From the two
simulation scenarios, the proposed adaptive fuzzy control method has better tracking
performance of the desired S type and square trajectory than the H, method, no matter the
convergence of tracking errors in X-axis, Y-axis and the heading angle, and in handling of
modelling uncertainties.
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