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Trajectory tracking control for wheeled mobile robots (WMRs) faces
significant challenges in real-world applications due to actuator faults,
longitudinal and lateral slippage. This study proposes an innovative dual-loop
control structure combining adaptive sliding mode control (ASMC) and
backstepping control (BC), supported by robust fault observers, to address
these challenges. The dynamic loop employs ASMC to handle model
uncertainties and disturbances, while the kinematic loop integrates BC with
fault information provided by the observers, enabling real-time error
compensation. Simulation results show that the proposed method significantly
reduces tracking errors and improves stabilization time compared to
traditional SMC and ASMC controllers. The system exhibits enhanced fault
tolerance and disturbance rejection, maintaining stability under both normal
and faulty conditions. The effectiveness of this approach is demonstrated
through simulations and theoretical analysis, ensuring system stability using
Lyapunov stability theory. The proposed method enhances robustness,
adaptability, and stability of WMRs, contributing significantly to the field of

mobile robotics under adverse conditions.
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1. INTRODUCTION

Wheeled mobile robots (WMRs) are crucial in fields like manufacturing, logistics, healthcare, and
autonomous vehicles due to their flexibility and efficiency. Accurate trajectory tracking is essential for WMR
success, but they face challenges such as actuator faults, slippage, and environmental disturbances,
necessitating robust control strategies. With technological advances, various control methods have been
developed to address these challenges in WMR systems.

One such strategy is sliding mode control (SMC), widely used to enhance stability and reject
disturbances in WMRs. In study [1], the authors developed a super-twisted fractional SMC with an fault
observer, which reduces chattering and improves robustness through real-time fault compensation. The work
in [2] proposed discrete-time SMC for trajectory tracking on the PowerBot, enhancing practical tracking
performance. Meanwhile, Yang and Pan [3] applied SMC to mitigate active noise, increasing convergence
speed and tracking accuracy. In addition to SMC, adaptive control effectively handles uncertainties in WMR
systems. Gao et al. [4] focused on adaptive control for unknown slippage, using neural networks for real-time
weight tuning to minimize tracking errors. Similarly, Shojaei et al. [5] designed an adaptive controller to handle
parametric uncertainties in nonholonomic WMRs using a nonlinear control law. The paper [6] further extended
this by developing a modular adaptive controller that separates control and update laws, enhancing both
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flexibility and transient response. Observer-based control is another essential approach for estimating and
compensating unknown parameters and disturbances. Qin et al. [7] utilized an enhanced extended state
observer (EESO) combined with a fixed-time tracking controller to maintain system stability. The study [8]
integrated disturbance observers to reject approximation errors, while Ding et al. [9] developed an adaptive
fuzzy control method that ensures prescribed trajectory tracking performance by combining an observer with
a fuzzy logic controller to handle external disturbances and system uncertainties. Cui [10] further proposed an
adaptive observer-based approach to manage unknown longitudinal slippage using the Lyapunov method,
ensuring stable tracking with nonlinear feedback. Finite-time control methods have also been explored for
WMRs to improve convergence speed. Zhang et al. [11] introduced a finite-time trajectory tracking approach
that ensures global progressive stability, while Moudoud et al. [12] proposed an adaptive terminal integral
sliding mode control (ATISMC) for trajectory tracking, dynamically adjusting gains for robustness and
reducing chattering. Robust control techniques further enhance system stability, particularly in the presence of
disturbances. Ma and Tso [13] developed a robust exponential regulation technique that ensures exponential
convergence despite parameter uncertainties, while Yang et al. [14] used an extended state observer (ESO) to
estimate unknown disturbances, facilitating accurate tracking and disturbance compensation. The work in [15]
created a robust tracking scheme that handles skidding, slipping, and input disturbances, with experimental
validation demonstrating its effectiveness. Zhao et al. [16] designed an adaptive neural backstepping control
system to ensure stability through Filippov theory and Lyapunov criteria. Fierro and Lewis [17] explored
backstepping for kinematic and dynamic control of nonholonomic WMRs, guaranteeing asymptotic stability.
Xia et al. [18] integrated SMC with backstepping, using ESO to ensure that the system’s state variables
converge to the desired reference. Hybrid control methods, which combine various approaches, offer further
optimization of WMR performance. Koubaa et al. [19] proposed an ASMC method for nonholonomic WMRs,
addressing kinematic and dynamic uncertainties while compensating for disturbances. Wang et al. [20]
implemented ESO-based ASMC to improve trajectory tracking under unknown sliding and slipping conditions,
achieving higher tracking accuracy and better disturbance rejection than traditional ASMC.

Despite these advances, significant gaps remain in controlling WMRs under both slippage and
actuator faults. For instance, Wang and Zhai [21] address slippage without considering actuator faults, while
[22], [23] focus on actuator faults but neglect slippage. Unified observers for both issues, such as those used
by Cui [10] and Vu et al. [24], introduce complexity and challenge system stability. Additionally, some studies,
like those by Taherisarteshnizi and Alipour [25], focus solely on slippage, while others, such as
Hao and Zhou [26], handle actuator faults and uncertainties without addressing slippage.

This paper aims to bridge these gaps by developing an advanced adaptive control method that
integrates observer and disturbance rejection techniques, effectively addressing both slippage and actuator
faults simultaneously. The proposed solution employs a dual-loop control structure that combines ASMC and
BC, supported by robust fault observers. The dynamic control loop uses ASMC to manage model uncertainties
and disturbances, while the kinematic control loop integrates BC with real-time fault information from the
observers. This integrated approach not only allows the system to respond quickly to disturbances but also
detects and compensates for faults in a timely manner. The result is enhanced robustness, adaptability, and
stability for WMRs, significantly improving performance under real-world conditions involving both actuator
faults and slippage. The effectiveness of this method is demonstrated through comprehensive simulations and
theoretical analysis, ensuring system stability using Lyapunov stability theory.

The main contributions of this paper include: i) considering the aspects of the actuator fault and robot
slippage, a dual-loop control structure combining ASMC and BC for WMRs is developed; ii) the actuator faults
observation and disturbance observation are separated to ensure the effectiveness of the proposed controller,
and the effects of actuator faults and disturbance are synthesized for real-time compensation; and iii) extensive
simulations and theoretical analysis demonstrating the method’s effectiveness and stability.

The paper is organized as follows: section 2 reviews related work on control strategies for managing
disturbances, slippage, and actuator faults in WMRs. Section 3 describes the proposed control method,
detailing the implementation of ASMC and backstepping control with fault observers. Provides the
mathematical framework, including the derivation of control laws and stability analysis. Section 4 demonstrates
the effectiveness of the proposed method through various simulation scenarios. Finally, section 5 concludes
the paper and suggesting directions for future research.

2. MATHEMATICAL MODEL OF NWMR

The non-holonomic robot model with two active differential wheels that we developed has the
structure shown in Figure 1 with the basic parameters of the robot including r, 2L which are the wheel radius
and the distance between the two active wheel, respectively, m is the mass of the robot, theta is the steering
angle of the robot, the angular velocities of the left and right wheels are wp = ¢ and w;, = ¢, respectively.
In this design, the coordinates of the robot’s center of mass is point G, d is distance between of Og and G. v
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and w denote the linear velocity and angular velocity of the robot. Hypothesized sliding components include
&, denotes the lateral skidding velocity, @y and @, present the perturbed angular velocity of right and left
wheels, o,, is the longitudinal slipping velocity, g, is the perturbed angular velocity of WMR be effected wheel
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Figure 1. NWMR’s structure

In this study, denote C6 = cos 8,56 = sin 8, the non-holonomic constraints of WMR be expressed as (1):

—XS6 +yCO — df = &,
xCO + SO + h = r(¢gr — wR) 1)
xCO + yS6 — h® = (¢ — @)

Presented with matrix form, (1) become:

A(q)q = 4s )

-5 Cc6 —-d O 0

where, Alg)=|co6 c8 hn -r O is the non-holonomic constraint matrix,
co6 S —-h 0 -r

g=[x y 6 or @7 4s=[6q -rwgr -—rw;]" caused by wheel slip.

T

co so o0 = 2
A matrix S(q) = W | is defined to satisfy A(q)S(q) = 0.
—dse dco 1 - =
The kinematics of WMR can be shown as (3):
q=5(q)1n—-0)+Up @)

where,n =[v w]T,0 = [0y 0u]", U, denotes the unmatched disturbance, matrix due to the perturbed non-
holonomic constraint, and:

—S8 0 0
o 0 0|[6a

Up=l 0 0 0 [mR =[-S86y (€864 0 wy w,]”
0 1 of|lm,
0 0 1

With the assumption as the perturbation a, &, are bounded. The derivation of (3), we obtained:

G=S(@)n—0)+S(@0—3d)+Up (4)
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According to [4], [5], [15], [16], in the Lagrange form, the dynamic equation of WMR can be presented as (5):

Mo ()G + Co(q,9)q + Go(q) + 7a = Bo(q)T — AT(9)A (5)

In this case, My(q) € R*> is a symmetric, positive definite inertia matrix, C,(g,q) € R>*° is the
centripetal and Coriolis matrix, G,(q) € R5*! is the gravitational vector (G,(q) = 0), T, € R>** denotes the
bounded external disturbances, B,(q) € R>*? is the input transformation matrix, T € R#*? is the input torque,
A is the vector of constraint force.

my; 0 myz3 0 0 0 0 g3 0 O ce cCo
0 my my3 00 0 0 c3 0 0 S6 SO
M(q) =|m3; mg; mzz 0 0,C(q,g9)=|0 0 0 0 O[B(q)=|2n —-2h

0 0 0 myo 00 0 00 r 0
0 0 0 0 Mgy 0 0 0 0 0 0 r

herein:

My =My =M,

my3 = my; = —mdSeo,

mys = my, = mdCo,

maz = I;

Myy = Mss = ly;

c13 = —mdw(C8,

Cy3 = —mdwSH.

Substituting (4) into (5), then multiplying both sides of the resulting expression by S (g) we have:

My (i — &) + Ny(n — o) + P, + ST(q)t4 = ST(q)Bo ()T (@)
where,
M, = ST(Q)MO(Q)S(Q)J
Py = ST (@)Mo(q)Up + ST (q)Co(q, Q) Up;
B, = ST(Q)BO(Q)§ ]
N; = ST(@Mo(9)S (@) + ST (@)Co(q, P)S(@).
The dynamic equation of WMR be inferred:
1 =Mn+Nt+D )

where, M=-M,"'N,; N = M, 'B;;
Dy, = AMn + ANt; AM, AN are parameter uncertainty.

D =Dy + M, "Nyo+6—M (P +ST(q)Ta);

3. DESIGN CONTROLLER

In this section, the observer-based advanced controller is designed to achieve the highest tracking
performance for NWMR. Firstly, the trajectory tracking controller for NWMR is established on the basic of
the backstepping technique and the ESO. Then, the dynamic controller is constructed on the basic of the ASMC
as shown in Figure 2. Finally, the system stability of this loop is verified by Lyapunove theorem.

Observers <
[Vs wﬁ [v
Desired 2 S IR ; fD >
esire Kinematic ||, | | Dynamic |, 7 | NWMR "
Trajectory controller —»|{ controller S
(BO) (ASMC) ysterm ,
X
(Eq.19) (Eq.14) (Eq.24) Eq.7) ly ]
0

Figure 2. The structure of proposed controller
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3.1. Trajectory tracking controller
With two coordinates system in Figure 1. The tracking error vector of the NWMR is expressed as (8):

ey CO SO O][*s—X
e=|ey|=|-s8 co ofl|xs—x (8)
eg 0 0 1lx—x

The derivation of (8), we obtained:

-1 ¢
. [ 0 o|[7]+|visen
0 -1

vsCeq
l 9)

S

where v, w; are linear and angular velocity of the virtual vehicle, respectively.
The actuator fault of the WMR be consider in this paper. For some reason, one or two motors have a
problem, affecting the robot’s performance, changing the robot’s actual linear speed and angular speed.

v, =v—A4v
{wr =w—Aw (10)
where Av = &;v,dw = g0 (0 < g < 1) are bound, so 4v = 0; Aw = 0.
In this case, when considering the faults (9), (10) be presented as (11):
wsey, 1 —ey],_ 1 —ey
é= [VSSeg —ews|+]0 e ][ vw+fsgeg] +]10 e l[ﬁv] (11)
0 0o 1 s o 117°¢
Set:
fe) = [wsey vsSeg —exws O], F=[av Av];u=[v—-vlep ws— o],
-1 0 o1 1 0 o
65@=[o o 1] 0@=|0 o 1
Can be represented with form:
(e f(&) + gi()u + gz (e)F 12)
n = h(e)

According to Kaldmée and Kotta [27], the system state e and input u are known, and F = 0. The fault
F can be estimate via an observer, which have structure showed as (13).

{Z = —L(e))[g2(e)z + g, (e)p(e) + f(e) + g1 (e)u] (13)
F=z+p(e)

where p(e) and L(e) are the observer gains, which satisfying L(e) = ?. According to this study [27]

er = F — F to be stable to zero.
By the observer model (13), the actuator faults F = [A? A&]" be estimated. The law control for
trajectory tracking be proposed as (14):

v, vsCey + ke, + 2e,40 + AV
nc:[wc]:[as) +€k vxex+k 35/’e + AW (14)
c S yVsty th2 €0
where k,.k,, k., > 0 are design parameters.
The Lyapunov function candidate is selected as (15):
Vy = 1cesen y Sty (15)

ky 2

Derivation of (15) and combine with (14) and (9), we obtained:
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égSeg Seg(ws—w+kyeyvs+Aw)

= ex(—v + vsCeq + 24we,, + Av) +

Vi = exé, +eyé, + -

y

= —kye? —"2Seg? <0 (16)
y

The system to be stable according to the Lyapunov stability theorem [28].

3.2. Dynamic controller

The total unknown total uncertainty disturbance D in (7) have not been determined. To minimize the
impact of this total disturbance, an ESO is proposed for the online estimation of internal and external
disturbances [29]. By the let x, = n; x, = 1; x3 = D, (7) can be presented as (17):

561 =Xy
X3 =¢

To estimate of the unknown disturbance, an ESO with third-order was proposed as (18):

J"5\3 = —Asfal(ey,,{, a)
X, = Nt — Ay fal(ey,, ) + %3 (18)

X2 — A1ex1

-

1

where e, = x; — %, is estimate errors of x;, and %;%,%; denotes the estimation of », 77, D, respectively.
0<a<1,{>0,fal() is the nonlinear function [29].

exl
{1—0{

|ex1|asign(ex1) if|ex1| >

if|ey,| <¢

fal(ex,, ¢, a) = (19)

Based on the estimate of the total disturbance with estimate errors (e, = D — X3) converges to zero
from the observer [29], the integral sliding controller is used to further improve the turbulence compensation
ability as well as improve the orbit tracking performance of the robot.

Denote e, = n. — 7, the sliding surface is designed as (20):

s = e, +ks [ e,dt (20)
The derivation of (20), then combine with (4) we have:
$=(ﬁc_77)+ksen =(f)c_M77_NT_D)+ksen (21)

Order to the state trajectory to remain on the sliding surface, so § = 0 is a necessary condition. The
equivalent control law can be obtained:

Ueq = N_l(flc —Mn—2x;+ kse‘rl) = N_l(ﬁc —Mn—3%;+ kse‘fl) (22)

The discontinuous control law should be added to maintain the sliding condition under effective by
uncertainties and disturbances always exist in real systems. Hence, the law of controller is presented as (23):

T = Uspyc = Ueq + Us, Usw = N_lﬁSign(S) (23)

In this law, we used switching adaptive gain p be estimation choose to compensate for the system
uncertainties and disturbances. To reduce chattering, the conventional sign function be replaced by the
continuous tanh function, which approximates the sign function.

Denote e, = p — p, the final control law for SMC-PI based on ESO can be proposed as (24):

T = Ugyc = N1 (1. — Mn — %3 + ke, + p tanh(s))

, ,¢ is a small positive constant 24
ﬁ=p|s|(1 +epin|atan(§)|) d P 24)
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The Lyapunov function candidate is selected as (25):

Vp = %STS + %eg (25)

The derivation of (25), then combine with (24) we have:
, . 1 A a N 1 A
Vp =sT ((nc —Mn—-Nt—-D)+ kse,,) — P = —sT(D — ;) — sTptanh(s) — > P

N 1 A 2|s| 2|s|
= —sT(ptanh(s) +ep) — S P < —|s|(p+ep) — TS atan (g)l < —=|atan (§)| <0 (26)

i

So, the system (17) with ESO (18) and adaptive control law (24) to be stable according to the Lyapunov stability
theorem [28]. The full structure of the proposed controller for the NWMR system be presented in the Figure 2.

4. RESULTS SIMULATION AND DISCUSSION

This section presents the key findings of the study. The simulation results are provided for two main
scenarios: i) scenarios with disturbances and wheel slippage but without actuator faults and ii) scenarios with
disturbances, wheel slippage, and actuator faults. The performance of the proposed controller (combining
ASMC, backstepping, and fault observers) is compared with SMC and ASMC controllers without fault
observers. The parameters of WMR and controller are show in Tables 1 and 2.

Table 1. The WMR’s parameters

Parameters Detail Value
m (Kg) Total mass of the robot’s frame 15
r(m) The radius of the wheels 0.1
I (Kgm?)  Total moment of inertia 25
Iy (Kgm?)  Moment of inertia of driving wheel 0.001
2h (m) The distance between the two driving wheels 0.4
d (m) The distance between the point Og and G 0.05

Table 2. Parameters of controllers for simulation
Controller Parameters
SMC without observer  k, = 1.2,k, = 250,k,, = 5,k; =5
ASMC without observer k, = 1.2,k,, = 250,k, = 5,k; = 5,p = 0.1,§ = 0.01,
Proposed ke =1.2,k, = 250,k = 5,k; = 50,p = 0.1,§ = 0.01, @ = 0.01,{ = 0.1, 4; = 10,4, = 20,15 = 30

Desired trajectory is selected following as: g, = [4 cos(0.2t) 3cos(0.6t) 0.2t]7, initial state:
go =[2.5 0 0]". The affection of total lumped and faults at 10" second and finish at 35" second. Total time
for simulation is 40 seconds.

Affection of slipping show as: A = [0y -—-rwg —rw;]", where &, =2+ 0.8sin(t),
wi = fsin(t), w, = B cos(t) with 0 < f < 0.2 is a random number. Fault effective on actuator presented
by: Av = v, Aw = €w, € is a random number, which have value limit by 0.125 < ¢ < 0.25.

4.1. The simulation with total lumped effective without faults

As shown in Figure 3, which presents the position tracking analysis in Case 1, Figure 3(a) illustrates
the tracking errors along the X and Y axes, while Figure 3(b) compares the achieved trajectories in the XY
plane. However, the proposed controller showed significantly smaller tracking errors compared to SMC and
ASMC without observers. The tracking errors along the x and y axes highlight that the proposed controller
achieves faster stabilization, especially at sharp turns. This result indicates the superior performance of the
proposed controller in terms of trajectory tracking due to its capability to compensate for disturbances and
adjust parameters in real-time using fault observer information.

Additionally, the results regarding linear and angular velocities, as well as the torque applied to the
wheels (see Figures 4(a) and (b)), show that the proposed controller operates more stably with fewer
fluctuations than the other two controllers. This indicates better disturbance rejection and more accurate
trajectory tracking in dynamic environments.
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Figure 3. Position tracking analysis in Case 1: (a) tracking errors along the X and Y axes and (b) comparison
of achieved trajectories in the XY plane
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Figure 4. Actual velocities and input torques at the wheels in Case 1; (a) velocity and (b) torque

4.2. The simulation with total lumped and faults

In scenarios where actuator faults were introduced, the differences between the controllers became more
pronounced. Figure 5 presents the position tracking analysis under actuator faults, where Figure 5(a) illustrates
the tracking errors along the X and Y axes, and Figure 5(b) compares the achieved trajectories in the XY plane.

==Proposed **** ASMC without ESO == SMC without ESO

=== Ref == Proposed == ASMC without ESO ***- SMC without ESO
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0 5 15 25 35 40 4 2 0 2 4
Time (s) X position (m)
(@) (b)

Figure 5. Position tracking analysis in Case 2; (a) tracking errors along the X and Y axes and (b) comparison
of achieved trajectories in the XY plane

The results indicate that, even with actuator faults (Figure 6), the proposed controller maintained the
smallest and most stable tracking errors, while the SMC and ASMC controllers without observers exhibited
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larger errors and took longer to reach a steady state. This finding is further supported by Figure 7, which details
the actual velocities and input torques at the wheels in Case 2. Specifically, Figure 7(a) displays the velocity
profiles, while Figure 7(b) depicts the corresponding torques applied to the wheels. These results confirm that
combining ASMC, backstepping, and fault observers enhances the system’s adaptability to actuator faults. The
fault observer provides real-time fault estimation, allowing the controller to adjust effectively, thereby
minimizing the impact of faults and improving trajectory tracking accuracy.

—v fault—w fault= v fault estimate = w fault estimate

w (rad/s)

v (m/s)

Time (s)

Figure 6. The faults and estimate
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Time (s) Time (s)
@ (b)

Figure 7. Actual velocities and input torques at the wheels in Case 2; (2) velocity and (b) torque

Our results align with previous research on applying sliding mode and backstepping control methods to
WMRs. In the paper [21], the authors focused on managing wheel slippage but did not address actuator faults. Jin
et al. [22] dealt with actuator faults but overlooked slippage. Unlike these studies, our proposed method
successfully handles both issues simultaneously by integrating ASMC, backstepping, and fault observers,
allowing for real-time fault detection and compensation, which leads to improved robustness and accuracy.

Recent studies, such as the paper [24], explored robust adaptive control for WMRSs in environments
with disturbances and wheel slips. Their approach, while effective in managing wheel slips, does not fully
address actuator faults, which our study integrates into a unified control strategy. Similarly, the article [20]
proposed an adaptive sliding mode control (ASMC) for trajectory tracking considering skidding and slipping,
but their method does not incorporate actuator fault observers, which is a key strength of our approach.

Additionally, the work in [30] demonstrated an adaptive fault-tolerant control method that addresses
actuator faults but does not handle wheel slippage. Our research builds upon these advancements by integrating
a fault observer that effectively compensates for both actuator faults and slippage, providing a more
comprehensive solution for real-world WMR applications. Compared to other recent works such as the authors
in [25], which focused on fuzzy dynamic control for lateral and longitudinal wheel slippage, our approach
enhances the control structure by incorporating both ASMC and backstepping, supported by fault observers,
making it more robust in handling both slippage and actuator faults simultaneously. This study, therefore
contributes to closing the gap in research where both wheel slippage and actuator faults need to be addressed
concurrently. The proposed dual-loop control structure provides a novel, comprehensive solution that enhances
the adaptability and stability of WMRs under adverse conditions.

While the simulation results demonstrate the superior performance of the proposed controller, there
are some limitations to this study. The simulations were conducted in an ideal environment with specific types
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of disturbances and faults. In real-world applications, more complex types of disturbances and faults may occur,
which require further verification through practical experiments. Additionally, the impact of sensor faults has
not been fully considered in the simulations.

5. CONCLUSION

This study has demonstrated that combining ASMC and BC with fault observers is an effective
solution for trajectory tracking control of WMR, particularly in environments with disturbances and actuator
faults. The proposed controller has shown superior performance in compensating for disturbances and
minimizing tracking errors compared to SMC and ASMC controllers without fault observers. A key
contribution of this study is the simultaneous handling of both disturbances and actuator faults, which previous
studies have not fully addressed. This approach not only improves system stability and tracking accuracy but
also opens new avenues for developing adaptive control systems that can respond to complex and dynamic
environments. The findings of this study are not only significant from a theoretical perspective but also have
the potential for widespread practical applications in real-world robotic systems. Future research should focus
on conducting practical experiments to further verify and refine the proposed method, particularly in more
complex environments such as rough terrains or industrial applications. The main question that arises for future
work is how to integrate more advanced control methods, such as fuzzy systems or deep learning, to further
enhance the system’s ability to handle real-world challenges. These findings are expected to have a substantial
impact on the field of autonomous mobile robotics, helping improve performance and reliability in a wide
range of applications.

FUNDING INFORMATION
Authors state no funding involved.

AUTHOR CONTRIBUTIONS STATEMENT
This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author
contributions, reduce authorship disputes, and facilitate collaboration.

Name of Author C M So Va Fo | R D O E Vi Su P Fu
Duc Luong Tran v v v v v v v v v v v
Nguyen Tien Dung Cao v v v v v
Van Du Phan v v 4 4 v v
Dinh Tu Duong v v v v v v
Sy Phuong Ho v v v v v v v v v v v
C : Conceptualization I : Investigation Vi : Visualization
M : Methodology R : Resources Su : Supervision
So : Software D : Data Curation P : Project administration
Va : Validation O : writing - Original Draft Fu : Funding acquisition
Fo : Formal analysis E : Writing - Review & Editing

CONFLICT OF INTEREST STATEMENT
Authors state no conflict of interest.

INFORMED CONSENT
We have obtained informed consent from all individuals included in this study.

DATA AVAILABILITY
Data availability is not applicable to this paper as no new data were created or analyzed in this study.

REFERENCES
[1] M.Qin, S. Dian, B. Guo, X. Tao, and T. Zhao, “Fractional-order SMC controller for mobile robot trajectory tracking under actuator
fault,” Systems Science & Control Engineering, vol. 10, no. 1, pp. 312-324, Dec. 2022, doi: 10.1080/21642583.2021.2023683.

Advanced trajectory tracking control for wheeled mobile robots under actuator faults ... (Duc Luong Tran)



1756 O ISSN: 2302-9285

[2] A Filipescu, V. Minzu, B. Dumitrascu, A. Filipescu, and E. Minca, “Trajectory-tracking and discrete-time sliding-mode control of
wheeled mobile robots,” in 2011 IEEE International Conference on Information and Automation, IEEE, Jun. 2011, pp. 27-32, doi:
10.1109/ICINFA.2011.5948958.

[31 L.YangandS.Pan, “A Sliding mode control method for trajectory tracking control of wheeled mobile robot,” Journal of Physics:
Conference Series, vol. 1074, p. 012059, Sep. 2018, doi: 10.1088/1742-6596/1074/1/012059.

[4] H.Gao, X. Song, L. Ding, K. Xia, N. Li, and Z. Deng, “Adaptive motion control of wheeled mobile robot with unknown slippage,”
International Journal of Control, vol. 87, no. 8, pp. 1513-1522, Aug. 2014, doi: 10.1080/00207179.2013.878038.

[5] K. Shojaei, A. M. Shahri, A. Tarakameh, and B. Tabibian, “Adaptive trajectory tracking control of a differential drive wheeled
mobile robot,” Robotica, vol. 29, no. 3, pp. 391-402, May 2011, doi: 10.1017/S0263574710000202.

[6] W.E. Dixon, M. S. de Queiroz, D. M. Dawson, and T. J. Flynn, “Adaptive Tracking and Regulation of a Wheeled Mobile Robot
With Controller/Update Law Modularity,” IEEE Transactions on Control Systems Technology, vol. 12, no. 1, pp. 138-147, Jan.
2004, doi: 10.1109/TCST.2003.819587.

[71 B. Qin, H. Yan, X. Hu, Y. Tian, and S. X. Yang, “Enhanced extended state observer based prescribed time tracking control of
wheeled mobile robot with slipping and skidding,” International Journal of Robust and Nonlinear Control, vol. 34, no. 11, pp.
7314-7331, Jul. 2024, doi: 10.1002/rnc.7347.

[8] H. Wang and G. Li, “Motion control and trajectory tracking control for a mobile robot via disturbance observer,” WSEAS
Transactions on Systems (WTOS), vol. 9, no. 1, pp. 31-41, Jan. 2010.

[91 W. Ding, J. -X. Zhang and P. Shi, “Adaptive Fuzzy Control of Wheeled Mobile Robots with Prescribed Trajectory Tracking
Performance,” in|EEE Transactions on Fuzzy Systems, vol. 32, no. 8, pp. 4510-4521, Aug. 2024, doi:
10.1109/TFUZZ.2024.3401691.

[10] M. Cui, “Observer-Based Adaptive Tracking Control of Wheeled Mobile Robots With Unknown Slipping Parameters,” IEEE
Access, vol. 7, pp. 169646169655, 2019, doi: 10.1109/ACCESS.2019.2955887.

[11] J. Zhang, Q. Gong, Y. Zhang, and J. Wang, “Finite-Time Global Trajectory Tracking Control for Uncertain Wheeled Mobile
Robots,” IEEE Access, vol. 8, pp. 187808-187813, 2020, doi: 10.1109/ACCESS.2020.3030633.

[12] B. Moudoud, H. Aissaoui, and M. Diany, “Adaptive integral-type terminal sliding mode control: Application to trajectory tracking
for mobile robot,” International Journal of Adaptive Control and Signal Processing, vol. 37, no. 3, pp. 603-616, Mar. 2023, doi:
10.1002/acs.3540.

[13] B. L. Maand S. K. Tso, “Robust discontinuous exponential regulation of dynamic nonholonomic wheeled mobile robots with
parameter uncertainties,” International Journal of Robust and Nonlinear Control, vol. 18, no. 9, pp. 960-974, Jun. 2008, doi:
10.1002/rnc.1274.

[14] H. Yang, X. Fan, Y. Xia, and C. Hua, “Robust tracking control for wheeled mobile robot based on extended state observer,”
Advanced Robotics, vol. 30, no. 1, pp. 68-78, Jan. 2016, doi: 10.1080/01691864.2015.1085900.

[15] M. Chen, “Disturbance Attenuation Tracking Control for Wheeled Mobile Robots With Skidding and Slipping,” IEEE Transactions
on Industrial Electronics, vol. 64, no. 4, pp. 33593368, Apr. 2017, doi: 10.1109/TIE.2016.2613839.

[16] X. Zhao, X. Wang, S. Zhang, and G. Zong, “Adaptive Neural Backstepping Control Design for A Class of Nonsmooth Nonlinear
Systems,” IEEE Transactions on Systems, Man, and Cybernetics: Systems, vol. 49, no. 9, pp. 1820-1831, Sep. 2019, doi:
10.1109/TSMC.2018.2875947.

[17] R. Fierro and F. L. Lewis, “Control of a nonholonomic mobile robot: backstepping kinematics into dynamics,” in Proceedings of
1995 34th IEEE Conference on Decision and Control, IEEE, pp. 3805-3810, doi: 10.1109/CDC.1995.479190.

[18] Y. Xia, Z. Zhu, and M. Fu, “Back-stepping sliding mode control for missile systems based on an extended state observer,” IET
Control Theory & Applications, vol. 5, no. 1, pp. 93-102, Jan. 2011, doi: 10.1049/iet-cta.2009.0341.

[19] Y. Koubaa, M. Boukattaya, and T. Damak, “Adaptive sliding-mode control of nonholonomic wheeled mobile robot,” in 2014 15th
International Conference on Sciences and Techniques of Automatic Control and Computer Engineering (STA), IEEE, Dec. 2014,
pp. 336-342, doi: 10.1109/STA.2014.7086759.

[20] G. Wang, C. Zhou, Y. Yu, and X. Liu, “Adaptive Sliding Mode Trajectory Tracking Control for WMR Considering Skidding and
Slipping via Extended State Observer,” Energies, vol. 12, no. 17, p. 3305, Aug. 2019, doi: 10.3390/en12173305.

[21] S. Wang and J. Zhai, “A Trajectory Tracking Method for Wheeled Mobile Robots Based on Disturbance Observer,” International
Journal of Control, Automation and Systems, vol. 18, no. 8, pp. 2165-2169, Aug. 2020, doi: 10.1007/s12555-019-0156-8.

[22] X.-Z.Jin, J.-Z. Yu, L. Zhou, and Y.-Y. Zheng, “Robust Adaptive Trajectory Tracking Control of Mobile Robots with Actuator
Faults,” in 2019 Chinese Control And Decision Conference (CCDC), IEEE, Jun. 2019, pp. 2691-2695, doi:
10.1109/CCDC.2019.8832601.

[23] H.V.Doanand N. T.-T. Vu, “Adaptive sliding mode control for uncertain wheel mobile robot,” International Journal of Electrical
and Computer Engineering (1JECE), vol. 13, no. 4, pp. 3939-3947, Aug. 2023, doi: 10.11591/ijece.v13i4.pp3939-3947.

[24] N.T.-T.Vu, L. X. Ong, N. H. Trinh, and S. T. H. Pham, “Robust adaptive controller for wheel mobile robot with disturbances and
wheel slips,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 1, pp. 336-346, Feb. 2021, doi:
10.11591/ijece.v11il.pp336-346.

[25] M. Taherisarteshnizi and K. Alipour, “Fuzzy Dynamic Controller for Wheeled Mobile Robots Considering Lateral and Longitudinal
Wheels Slippage,” in 2023 11th RSI International Conference on Robotics and Mechatronics (ICRoM), IEEE, Dec. 2023, pp. 494—
500, doi: 10.1109/ICRoM60803.2023.10412412.

[26] L.-Y. Hao and L.-S. Zhou, “Fault-Tolerant Control of Linear Systems with Unmatched Uncertainties Based on Integral Sliding
Mode Technique,” Actuators, vol. 11, no. 8, p. 241, Aug. 2022, doi: 10.3390/act11080241.

[27] A. Kaldmée and U. Kotta, “A brief tutorial overview of disturbance observers for nonlinear systems: application to flatness-based
control,” Proceedings of the Estonian Academy of Sciences, vol. 69, no. 1, p. 57, Aug. 2020, doi: 10.3176/proc.2020.1.07.

[28] H. K. Khalil, Nonlinear Systems. in Pearson Education. Prentice Hall, 2002. [Online]. Available:
https://books.google.co.id/books?id=t_d1QgAACAAJ.

[29] K. Gao, J. Song, and E. Yang, “Stability analysis of the high-order nonlinear extended state observers for a class of nonlinear control
systems,” Transactions of the Institute of Measurement and Control, vol. 41, no. 15, pp. 4370-4379, 2019, doi:
10.1177/0142331219858846

[30] H.S.Phuong, N. M. Tien, N. D. Tan, M. T. Anh, and D. D. Tu, “Proposal of a Fault-tolerant controller for wheeled mobile robots
with faulty actuators,” in 2023 12th International Conference on Control, Automation and Information Sciences (ICCAIS), IEEE,
Nov. 2023, pp. 507-512, doi: 10.1109/ICCAIS59597.2023.10382286.

Bulletin of Electr Eng & Inf, Vol. 14, No. 3, June 2025; 1746-1757



Bulletin of Electr Eng & Inf ISSN: 2302-9285 a 1757

BIOGRAPHIES OF AUTHORS

Duc Luong Tran B B3 © student major in the Institute of Engineering and Technology,
Vinh University. The main researches: robotics, adaptive control, fuzzy logic and neural
network control, and image processing. He can be contacted at email:
19575202160020@vinhuni.edu.vn.

Nguyen Tien Dung Cao Bd 12 student major in the Institute of Engineering and
Technology, Vinh University. The main researches: robotics, adaptive control, fuzzy logic
and neural network control, and image processing. He can be contacted at email:
205752021610019@vinhuni.edu.vn.

Van Du Phan ) B B8 © received the B.S. and M.Sc. degree in Electrical Engineering from
The Hanoi University of Science and Technology, Ha Noi, Vietnam (2013) and Thai Nguyen
University of Technology, Thai Nguyen, Viet Nam (2017), and the Ph.D. degree from
University of Ulsan, South Korea in 2023, respectively. Currently, he works at the Institute
of Engineering and Technology, Vinh University. His research interests include soft robot,
hydraulic systems, intelligent control, fault tolerant control, and renewable energy (fuel cell
systems). He can be contacted at email: dupv@vinhuni.edu.vn.

Dinh Tu Duong g 12 graduated Engineering Degree major in Electronic and
Telecommunications at Vinh University from 2004-2009, Defensed Dr. Degree in
automation and control of technological processes and production from Moscow University
of Transport in 2019. Currently, he works at the Institute of Engineering and Technology,
Vinh University. Main research directions: automation and control of technological processes
and production, robotics, and image processing. He can be contacted at email:
duongdinhtu@vinhuni.edu.vn.

Sy Phuong Ho Bl 2 graduated Engineering Degree major in Electronic and
Telecommunications at Vinh University from 2004-2009. Received a master’s degree in
Automation from the Military Technical Academy in 2012. Now, he is studying Ph.D. at
Graduate University of Sciences and Technology, Vietham Academy of Science and
Technology, and works at the Institute of Engineering and Technology, Vinh University. The
main researches: robotics, adaptive control, fuzzy logic and neural network control, and
image processing. He can be contacted at email: hophuong@vinhuni.edu.vn.

Advanced trajectory tracking control for wheeled mobile robots under actuator faults ... (Duc Luong Tran)


https://orcid.org/0009-0000-9206-181X
https://orcid.org/0009-0008-0889-1430
https://orcid.org/0000-0003-1380-5230
https://scholar.google.com/citations?hl=en&user=ASjlTsQAAAAJ
https://orcid.org/0009-0008-1463-7893
https://orcid.org/0009-0002-6057-587X
https://scholar.google.com/citations?view_op=list_works&hl=en&authuser=1&hl=en&user=QRNS348AAAAJ&authuser=1
https://www.scopus.com/authid/detail.uri?authorId=57282943200

