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Abstract—This paper presents an Adaptive Fuzzy Dynamic
Surface Control (AFDSC) algorithm for trajectory tracking
of a four-Mecanum Wheeled Mobile Robot (MWMR).
Firstly, the kinematics and dynamics equations for the robot
mecanum can be constructed based on the Lagrange
equation. Next, the proposed algorithm combines the
advantages of dynamic surface control and fuzzy logic to
enhance the tracking performance and robustness of the
robot system. By incorporating a fuzzy logic system, the
control algorithm is able to adaptively adjust the controller
parameters based on the changing dynamics and
uncertainties of the MWMR. The dynamic surface control
technique effectively mitigates the “explosion of complexity”
problem associated with traditional backstepping control
methods, allowing for a simpler and more computationally
efficient control architecture. The designed control
algorithm is implemented and verified on a MWMR
platform, and its performance is compared against other
existing Dynamic Sliding Surface Control (DSC) methods.
The simulation results demonstrated that the proposed
adaptive fuzzy DSC algorithm achieves superior trajectory
tracking accuracy, and improved convergence properties.
The experimental results on Gazebo simulator further
proved the feasibility of the proposed algorithm.

Keywords—mecanum robot, dynamic surface control, fuzzy
logic

. INTRODUCTION

Mecanum Wheeled Mobile Robots (MWMRS) have
gained significant attention in recent years due to their
unigue omnidirectional capabilities, making them well-
suited for wvarious applications in fields such as
warehouse automation, surveillance, and mobile
manipulation [1-3]. Accurate trajectory tracking is a
crucial requirement for MWMRs to perform tasks
effectively in dynamic and uncertain environments [4-6].
Therefore, the development of advanced control
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algorithms that can ensure precise tracking performance
has become a topic of extensive research.

Numerous control techniques have been proposed for
trajectory tracking of MWMRs. Proportional-Integral-
Derivative (PID) controllers are commonly used due to
their simplicity and effectiveness [6-8]. For example,
Thai et al. [7] designed a PID controller with time-
varying parameters for trajectory tracking of a mecanum-
wheeled robot with a minor error. However, PID
controllers may struggle to handle nonlinear dynamics,
leading to suboptimal tracking performance in complex
environments.

To address the limitations of PID controllers,
researchers have explored advanced control strategies [4,
5, 9-12]. Alakshendra, et al. [9] presented an Adaptive
Robust Second-order Sliding Mode Control (ARSSMC)
on a mobile robot with four mecanum wheels to deal with
the tracking problem. In [10], an adaptive sliding mode
controller is proposed for the omnidirectional mobile
robot with four Mecanum wheels to track the trajectory
with uncertainties. Sun et al. [11] proposed a novel
method for the path-following problem of an MWOMR
named robust Nonsingular Terminal Sliding Mode
(NTSM) control. Yadav et al. [12], authors presented a
trajectory-tracking four Mecanum wheeled wheelchair
control approach based on a sliding mode control
technique to control the trajectory of a three-degree-of-
freedom MWC subject to a lot of noise and uncertainty.
However, sliding mode control may introduce chattering
phenomena, impacting the smoothness of the control
inputs.

Fuzzy logic control has also been applied to MWMRs
[13-16]. Cao et al. [13] combined the advantages of PID
and fuzzy control, and proposed a method named fuzzy
adaptive PID control method to enhance the accuracy and
stability of the MWMR. Zou et al. [14], a Fuzzy-PID
controller and its implementation on a four Mecanum-
wheeled robot are presented. The Fuzzy logic is used as
tuner of the PID controller coefficients to improve the
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performance. Elrehem et al. [15] presented an approach
for the three-wheeled mobile robot mecanum in obstacle
avoidance using fuzzy logic controller to achieve all
desired motion directions and improve the performance
of the mobile robot. The fuzzy logic controller
demonstrated good robustness, but it lacked adaptive
capabilities to adjust its parameters based on changing
operating conditions.

Dynamic surface control [17-21] has been widely
utilized in robotic control systems to mitigate the
computational complexity associated with backstepping
control methods. In [20], an adaptive stability controller
based on dynamic surface technique is developed for
uncertain nonlinear systems with external disturbances.
With the proposed approach, the problem of
“dimensional explosion” is avoided in the controller
design. Wang et al. [21] deals with the trajectory tracking
of a four-wheeled Mecanum omnidirectional mobile
robot with full state constraints and input saturation based
on a neural network based adaptive surface control.
However, the application of dynamic surface control
specifically to MWMRs for trajectory tracking remains
relatively unexplored.

To the best of our knowledge, there is limited research
on combining dynamic surface control and fuzzy logic
for trajectory tracking of MWMRs. Our proposed
algorithm aims to address this research by providing an
adaptive fuzzy AFSC algorithm that offers improved
tracking accuracy, robustness, and computational
efficiency.

In this paper, we propose an Adaptive Fuzzy Dynamic
Surface Control (AFDSC) algorithm for trajectory
tracking of MWMRs. The algorithm leverages the
advantages of dynamic surface control and fuzzy logic to
improve the tracking accuracy and robustness of the robot
system. By incorporating fuzzy logic, the algorithm can
adaptively adjust controller parameters based on
changing dynamics and uncertainties, enhancing the
overall control performance. Additionally, the dynamic
surface control technique mitigates the computational
complexity associated with traditional backstepping
control methods, offering a simpler and more efficient
control architecture. Our contributions therefore are
threefold: (i) we mathematical analysis both kinematic
and dynamic models of the MWMR based on the
Lagrange equations; (ii) an adaptive fuzzy dynamic
surface control algorithm which is combined by
advantages of dynamic surface control and fuzzy logic to
apply to the MWMR for dealing with the trajectory
tracking problem; (iii) a number of simulation and
comparison are conducted to confirm the performance of
the proposed control algorithm compared with the
convenient dynamic surface control method.

The rest of this study is structured as follows. Section
Il present both kinematic and dynamic model of the
MWMR. Section 111 describes the design of the proposed
AFDSC algorithm. The simulation and comparison
confirm the effectiveness of the proposed controller is
detailly presented in Section IV. Finally, the conclusion
draw the end of this paper is presented in Section V.

355

Il. THE FOUR MECANUM WHEEL MOBILE ROBOT

A. Mecanum Wheels

The Mecanum wheel is first proposed by the
Mecamum AB Company of Switzerland, applied in four
Omni-directional mobile robots, as depicted in Fig. 1.
There are many small rollers distributed on the hub of
each Mecanum wheels [22].

Figure 1. General view of the mecanum structure.

When the motor drives the wheel to rotate, the wheel
runs conventionally along a direction perpendicular to the
drive shaft, and at the same time, the rollers along the
periphery of the wheel run freely about the respective ax.
The rollers of the wheel are cylindrical forms,
transforming a part of one wheel’s steering force into its
sliding force and then makes a synthesis of the respective
speed and direction of each wheel, the resultant force
ensures the platform’s required freedom of movement in
the any direction. We consider the wheel structure as
shown in Fig. 2.

driving
direction

free slidin
direction

(i, Vi)

Yr
XRr

R

Figure 2. The mecanum wheel frame.

The wheel driving speed is obtained by the robot
velocity follow the equation in below:
_yi}v:hiv
Xi

@=L tn y]{l (1)

01

where:
I; — wheel radius
T
V — robot velocity (vy, vy, @) - b € RYS
Assuming the robot has N mecanum wheels, the
inverse kinematic matrix is shown as follow:
h.

H = eR™ )
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B. Build Experimental Robot Model

According to Fig. 3, robot model is built with 3 parts:
Central processing unit, sensor and actuator control.
Regarding the structure of the moving part, there are 4
mecanum wheels that make moving more flexible and
easier. Jetson TX2 embedded computer acts as a central
processing unit with ROS operating system installed
along with SLAM algorithm calculation nodes. After the
calculation is complete, the Jetson TX2 sends a control
command to the actuator controller, which is the STM32
circuit. RPLidar scanning 360° degree builds maps and
detects obstacles. 3D Camera uses Deep Camera to help
identify mid-range and low-range obstacles in front of the
Robot.
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| Mecanum
wheel

Motor
Encoder 1

Motor
Encoder 2

Lidar

Motor
Encoder 3
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Encoder 4
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\
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Figure 3. Connection diagram mecanum robot controller. (a)The actual
four-mecanum wheeled mobile robot; (b) The system diagram.

C. Kinematic Modeling

The robot model uses four mecanum wheels that are
independently driven by 4 separate motors. The
arrangement of the position of each wheel is done as
shown in Fig. 3.

Y

]

Figure 4. The four mecanum wheeled robot in the world frame.
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where:
XOY is the base coordinate frame, X _O_Y_is the

m=m'm

coordinate frame of the robot, the direction angle 8
v; : speed of the wheels (m/s)

v, : passive roller speed (m/s)

r : wheel radius (m), middle angle (v;,v,) isz/4

| : moment of inertia of the robot (kg xm?)

I, - wheel moment of inertia (kg xm?)

Total speed of the wheel in the direction X  and Y, of
the robot coordinate frame:

V; =V, Vi 3)
Vy =Viox FViay 4
V3 =Viax ~Vinay (5)
Va =Viax FVinay (6)

The speed of the wheel can also be expressed in terms
of translational and angular velocities as follows:

Vix = Xm _Hmlz ley = ym +gm|1

Substituting Egs. (3)—(6), we get combined @, = % :
r

. 2]
Xy 1 1 1 1
.
V. =£ 11 a1 o1 ||
é, a1 o1 |2 @
Ll L+l Ll L+l R
Inverse kinematics in the global coordinate system:
X X, | |cos@ —sin@ Of x,
y |=Rot(z,8)| y,, |=| sind cosé 0]y, 8)
0 6, 0 0 1|86,
Kinematic equations for MWMR:
X, cosd singd 0O x
Y, |=|—sin@ cosé O]y ©)
6 0 0o 1//6

m

D. Dynamic Modeling
The Kinetic energy is given by [6], [10], [13]:

E:%m(xmz+y'm2)+%Iéz+%lb(wf+w§+w§+wf) (10)

The system moves on the ground, the gravitational
potential energy of the system T=0. The sum of the

kinetic and potential energies of the system is:

L=E+T=E (11)
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L-1 mﬁ+l s 1y |(0f +0 + 0l +of)
208 16(l 4Ly )Nt
mr’ Ir? (12)

| — 7 (0o, + 0,0

[ 8 16(I1+I2)2](w1 s+ )

Ir?
_16(| i )2 (00, - 00, -0,0,+0,0,)
1t

The dynamics model can then be derived using the
Lagrange’s equations:
d oL, oL _

i) 5

(13)

Taking the derivative and expanding the formula we
get:

m+4r# 0 0 (m+4%)y0'
0 m+4% 0 {y} —(m+4%))'<é =
2
r
cos@+sing cosf-sin@ cosf+sing  cosf-sind 81
2| —cos@+sind cos@+sind —cosf+singd cosd+sind || 2 (14)
) | +1, L +1, (e |
Q
The dynamic equations for MWMR:
Mg+C(q,q)+BE =Br (15)
where:
m+4|2b 0 0
r
M = 0 m+4|b 0 !
r2
2
0 0 |+4Ib(|1:_|2)
L r B
_ a1 -
0 (m+—2)y0
r
_| % . 41 ..
L Ca) = —(me—2)%0 |
3 r
7, 0

5={@sign<w.)} ;

cos@+sing —cosf+siné —(I1+I2)T

_1|cos@-sing cos@+sind (I, +1,)
" r|cosf+sind —cos@+sing (I, +1,)
cos@—sing cosf+sind (I, +1,)

I11. CONTROLLER DESIGN

A. Dynamic Surface Control

From the dynamic Eg. (15), the dynamical model can

be summarized as follows:

a

X, =
b= x (16)

[N

X, =u+ f(x)
Considering the sliding surface: S, = x, — X,
Choose: S; = x, — X,
The virtual control signal x,, is followed x. through
a filter that is the first-order inertial link:

GXoy + Xy = X2, X%y (0) = X2(0) (17)

The sliding: S, = X, — X,
Derivative S, S, and combination Eq. (15) we choose:

X2 —Xyq4

U=%y— F(X)-K;S, = - f(¥)-K;S,

From this we get the control signal:

er K,S,)-C-B¢&]  (18)
S

r=-B"(BB")'[M(-
Define: & =0—0y; 2, =% —%
We get: S, =—K,S, +S, + 7,
Proof. Considering the Lyapunov function is
_SIS+8;S,+ 1 1 (19)
2

\Y

Taking the derivative:
V=SS +SIS,+1m 7

=81 (~K,S,+S,+ 2,)+ 5] (-K,S,) + 73 (—%wz) (20)

Using the inequalities:

STS < SITSlJrS;SZ .
1Y2 — 2 ]
S'S + ;(T;(
T < 1 v 242 .
2 ST (21)
3(x! 3 £
2, < (2 2)00211,) | &
2 3
Hence, we have:
T T T
VBN n 51+52232+12 L _(2+K)(S]S,+5]S,)

M% (23 22) (m,m,)
2¢ M? ] (22)

MZ
+e+[- 7 1+ —+K)+
2¢

T 2T
< 2KV +a—(1—772722)%
&

With the condition V >&/2K gives V <0 , the
Lyapunov stability can be satisfied. Since the constant ¢
can be arbitrarily small, the errors of the system can
always be limited to an acceptable level.
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B. Adaptive Fuzzy Dynamic Surface Control

It can be obsered that by using the DSC algorithm for
MWMR, the quality of the system depends on the value
of (K,K,) . Therefore, we propose the Addaptive Fuzzy

Dynamics Surface Control (AFDSC) which can solve this
issue. In particular, the structure diagram of the proposed
AFDSC algorithm is shown in Fig. 5.

[

1
| &, él Fuzzy
l @
Kl 4 K?.
-~ Virtual | | Sliding Control Mecanun
q, S, signal Suface signal Robot
q

Figure 5. Structure of AFDSC controller.

The input of fuzzy block includes tracking error e, and
its derivative € . The member ship functions are shown
in Fig. 6 and Fig. 7.

NB NS

-10 -5 -0.01 O 0.01 5 10

Figure 6. Member ship functions for input €,

L J

-25 -1z -o.01 O 0.01 12 25

Figure 7. Member ship functions for input él.

After formulate language variable and domain, we
must determine membership of the fuzzy language
variables. Considering the design should be simple and
meet real-time requirements, the system adopts triangular
membership function for variables e, and &, . Table |

shows the membership function names and their
meanings.

TABLE. I. INPUT VALUES
€ Language variable é1 Meaning
NB NB Negative big
NS NS Negative small
z Zz Zero
PS PS Positive small
PB PB Positive big
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Outputs (K,,K,) are selected as Table Il and the base

inference rules of the fuzzy tuner for these two outputs
are shown in Tables 11l and 1V.

TABLE. Il. OUTPUT VALUES
Values Meaning Output K, Output K,
VS Very small 3 10
S Small 5 15
M Medium 10 20
B Big 12 30
VB Very big 15 40

TABLE. Ill. BASIS OF TRADE SYSTEM FOR K1

. €
el
NB NS Z PS PB
NB M S VS S M
NS B M S M B
VA VS B B VS
PS B M S M B
PB M S VS S M
TABLE. V. BASE DECISION SYSTEM FOR K2
6 &
NB NS A PS PB
NB M B VB B M
NS S M B M S
z VB S M S VB
PS S M B M S
PB M B VB B M

IVV. SIMULATION AND RESULTS

In this section, we present and discuss simulation
results obtained by the proposed controller. The
simulation first is implemented on Matlab-Simulink, then
on Gazebo and ROS.

A. Simulation on Matlab-Simulink

On Matlab-Simulink software, we consider the desired
trajectory of the robot as follows:

t); 6, X

27 .2
X =c0s(—t); y =sin(—
(15 )y (15 4

Parameters of MWMR and controller are shown in
Table V.

TABLE. V. PARAMETERS OF ROBOT AND CONTROLLER

The parameters in the dynamical model

m = 20kg; 1=0.56 kgm?*;r =0.075m, I, =1, =0.3m
Orbital parameter
0<t<15 rp=1m
Controller parameter
K, =diag(15,15,15); K, =diag (40, 40, 40)
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For the performance comparison, we consider the DSC
as a baseline algorithm.

First, we discuss the convergence of the algorithms and
the tracing trajectory obtained by the algorithms. As
shown in Fig. 8(a), the robot can track along the
trajectory by using both algorithms. Moreover, the system
response is fast and stable even when the robot is not on
the desired path. The AFDSC algorithm can track of the
desired trajectory after 0.6 s, while the DSC algorithm
and track after 1.1 s.

Additionally, the tracking errors in x, y and 6 of the
reference trajectory are shown in the Figs. 8 (b), (c) and
(d), respectively. It is observed that the error is
converging to zero by both algorithms. Therefore, the
desired trajectory is tracked by both algorithms. However,
the tracking error along the x-axis, the y-axis of the
AFDSC algorithm, i.e., 0.00038 m, is smaller than that of
DSC algorithm, i.e., 0.00079 m. This demonstrates the
effectiveness of the proposed controller.

05
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-0.5F

X axis

@

X axis

Time (s)

(b)
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= = =DSC
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-1.5 -
0
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©
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—|]
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Figure 8. Tracking performance of DSC and AFDSC (a) trajectory (b) X
axis (c) Y axis (d) angle of direction.

Based on the simulation results, it is found that both
controllers ensure the MWMR to follow the desired
trajectory, but the AFDSC gives better tracking quality.
Fuzzy rules are designed to update the parameters of the
online DSC every time there is a change in the two fuzzy
tuner inputs, the bias and the biased derivative. The
proposed AFDSC controller ensures better tracking
quality than the DSC controller.

B. Simulation under Gazebo and ROS

The robot model is constructed in Robot Operating
System (ROS) platform to verify and confirm the
performance of the proposed algorithm and its practical
feasibility.

This article uses the Gazebo simulation tool, monitors
it with the Rviz visualization tool on the ROS platform to
evaluate the results of the selected AFDSC controller.
The ROS computation graph of the robot is described in
Fig. 9.

w ! Jfrobot_state_publisher )

Figure 9. Block diagram of AFDSC controller in ROS.

At the beginning of the movement, the robot was
accelerated to obtain a position, direction, and velocity
that approximated the desired trajectory. The obtained
robot path is described as Fig. 10, with the reference
trajectory is the blue line and the robot path is the red line.
The origin is (0, 0) the red axis is Ox and the green axis is
Oy. The control signal of the robot is shown in Fig. 11.
Initially, the ROS executable navigation package has not
been run between the 30th and 37th seconds, so the
control signal is not available. Approximately from the
37th second is the output control signal response.
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Figure 10. The trajectory of the MWMR along the XY axis (Rviz).

1.0
0.5 4
o
= 0.0 4
E
-0.5 1
omega
_l_& -
30 40 50 60 0

Figure 11. Robot control signals.

The error of tracking the robot’s trajectory has a big
change because the initial value of the robot’s position is
far from the set trajectory, then the robot encounters a
transition that takes about 4 seconds to stick to the
reference trajectory, then the trajectory moves of the
robot converges with the reference after the time from 37
seconds. During the tracking process, there is still slight
oscillation of the robot around the set orbit due to the
delay time of the controller.

V. CONCLUSION

In this paper, we have proposed an AFDSC algorithm
for MWMR to deal with the trajectory tracking problem.
In particular, by combining combining the dynamic
surface control and fuzzy logic, the parameters of
controller were adjusting to adaptive with the changing of
the dynamics of the MWMR. The designed control
algorithm was implemented and evaluate on a MWMR
platform. The simulation results demonstrate the
effectiveness of the proposed algorithm, and the robot can
achieved superior trajectory tracking accuracy. Our future
efforts are aimed at investigating the tracking control
and obstacle avoidance problems for multi-robot subject
to random disturbances.
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