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Abstract

Four-wheeled Mecanum mobile robots have been increasingly adopted in various modern applications, especially in complex or confined
environments, owing to their ability to achieve omnidirectional motion without changing body orientation. However, the nonlinear nature of
their dynamics, together with external disturbances during operation, necessitates a robust control strategy. This paper proposes a practical
approach that integrates a sliding mode controller to ensure stable trajectory tracking and a super-twisting sliding mode observer to enhance
system robustness while mitigating the chattering effect typically associated with sliding mode control. The effectiveness of the proposed
scheme is validated through numerical simulations, which demonstrate improved tracking performance and strong resilience to disturbances.
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1. Introduction

Recently, with the growing demand for Industry 4.0 tech-
nologies, omnidirectional mobile robots have attracted consid-
erable attention and are widely applied across various fields of
society. Thanks to their superior maneuverability compared
to traditional mobile robots, omnidirectional robots can move
easily and flexibly in constrained spaces. The mobility of omni-
directional robots is particularly useful in the design of various
service robots, such as smart electric wheelchairs, healthcare
robots, mobile manipulation robots, and more. As a result, om-
nidirectional mobile robots have been extensively researched
by scientists in recent years [1–7].

Among various wheel types used in omnidirectional mo-
bile robots, the Mecanum wheel has proven to be one of the
most effective solutions for achieving full omnidirectional mo-
bility. A Mecanum wheel can be regarded as a conventional
wheel equipped with multiple passive rollers mounted around
its circumference. These rollers are typically oriented at a
450 angle with respect to the wheel’s rotational axis, gener-
ating lateral forces that enable motion in any direction. The
most common and practical configuration employs four inde-
pendently driven Mecanum wheels [8–13]. This four-wheel
arrangement offers several advantages, including true omni-
directional movement and the ability to maintain continuous
operation even under a single-actuator fault condition. How-
ever, this also leads to a more complex motion control problem
due to its nonlinear nature, and other uncertainties such as
friction, model deviations [14–18].

To address the aforementioned control challenges, a wide
range of control strategies has been proposed, including classi-
cal feedback control, feedback schemes incorporating distur-

bance observers, and model-free control (MFC) [19–24]. For
highly nonlinear systems such as the four-Mecanum-wheeled
mobile robot (4-MWMR), one of the most commonly adopted
approaches is robust control, particularly sliding mode control
(SMC). SMC offers notable advantages, including a straight-
forward design procedure and strong robustness against system
uncertainties. However, its practical implementation is often
hindered by the chattering phenomenon in the control signal,
which can adversely affect the actuators [16–19],[25]. Another
potential approach is the MFC, which eliminates the need for
an accurate dynamic model of the 4-MWMR and thus reduces
reliance on parameter identification. Nevertheless, MFC meth-
ods depend heavily on a lumped disturbance observer, making
parameter tuning challenging and potentially limiting perfor-
mance. Intelligent control techniques, such as fuzzy control
and adaptive control, have also been explored in recent studies
on mobile robot motion control [23–27]. For example, in [26],
a backstepping fuzzy sliding mode controller was proposed
to address trajectory tracking in the presence of disturbances.
In contrast, an adaptive super-twisting sliding mode controller
was developed in [20, 28] to enhance system robustness. Al-
though these approaches offer improved performance, their
algorithmic complexity leads to considerable computational
burden, which may negatively impact real-time implementation
and increase system cost.

Since the super-twisting extended state observer (STESO)
was first introduced by Li et al. in 2022 [29], its application to
nonlinear systems such as ground mobile robots has attracted
increasing attention. For instance, STESO has recently been
employed in the control of a ballbot system, demonstrating its
effectiveness in disturbance estimation and robustness enhance-
ment [30]. Nevertheless, to the best of the authors’ knowledge,
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the application of the STESO to 4-MWMRs has not yet been
reported in the literature. In this research, for the first time, the
integration of a super-twisting extended state observer into the
control system of a 4-MWMR is conducted. In details, a sliding
mode controller (SMC) with a proportional–integral–derivative
(PID) sliding surface is employed to ensure the stability of the
path-following control system first. Then, an STESO is devel-
oped to compensate for modeling uncertainties and resistive
forces arising from static and viscous friction. By incorpo-
rating the STESO, the chattering effect typically associated
with SMC is significantly reduced, thereby enhancing the over-
all performance of the controlled system while maintaining a
low computational burden. The effectiveness of the proposed
control scheme is evaluated through numerical simulations.

2. Mathematical model of 4-MWMR

2.1 Kinematic model of the 4-MWMR

A Mecanum wheel is essentially a traditional wheel with
a series of passive rollers mounted around its circumference.
These rollers typically have their axles angled at 45o relative
to the wheel’s rotation axis, as shown in Fig 1. Due to this
unique structure, the FMWMP (Four-Motor Wheeled Mobile
Platform) has an additional degree of freedom compared to
conventional differential-drive robots, meaning the FMWMP
can move in any direction without needing to change the robot’s
orientation. Mecanum wheels are divided into two types: +45o

mecanum wheels and −45o mecanum wheels [9–13].

Figure 1: Mecanum Wheel

During the motion of the Mecanum wheel on a surface,
with an angular velocity around the wheel axis θ̇ , the roller’s
tilt angle γ = −45o, and the wheel diameter R, the absolute
velocity of the wheel v can be decomposed into components
vx,vy,vs,vd as shown in Fig. 1. In this case, we have:

θ̇R = vx − vy tanγ (1)

Substituting γ =−45o into (1), it gives:

θ̇ =
1
R

[
1 −1

][vx
vy

]
(2)

Similarly, substituting γ =+45o into (1), it also results in:

θ̇ =
1
R

[
1 1

][vx
vy

]
(3)

When the mobile robot is configured with four Mecanum
wheels as shown in Fig 2, the following conditions are met:
γ1 = γ3 = 45o, γ2 = γ4 = −45o. Additionally, the direction
and orientation of the velocities of each wheels are as in Fig 2.
With (ẋr, ẏr,ωz) representing the vehicle’s velocity along the X,

Figure 2: The orientation of the velocity at each wheel

Y and Z axes. Then, the relationship between the velocity at
each wheel and the vehicle’s body velocity can be established
as follows:

θ̇1 =
1
R

[
1 1 lx + ly

] ẋr
ẏr
ωz

 (4)

θ̇2 =
1
R

[
1 −1 −lx − ly

] ẋr
ẏr
ωz

 (5)

θ̇3 =
1
R

[
1 1 −lx − ly

] ẋr
ẏr
ωz

 (6)

θ̇4 =
1
R

[
1 −1 lx + ly

] ẋr
ẏr
ωz

 (7)

From (4), (5), (6), and (7), the kinematic model of the 4-
MWMR with respect to its body’s reference frame is [9–15]:


θ̇1
θ̇2
θ̇3
θ̇4

=
J
R

 ẋr
ẏr
ωz

 (8)

In which, J is the Jacobian matrix and is expressed by

J =


1 1 lx + ly
1 −1 −lx − ly
1 1 −lx − ly
1 −1 lx + ly

 (9)

When the robot’s body reference frame is introduced into the
global reference frame as in Fig 3, the relationship between
the origin coordinates and the robot’s body coordinates can be
established by:ẋq

ẏq
φ̇

= ℜ(φ)

 ẋr
ẏr
ωz

 (10)
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Figure 3: The relationship between the origin coordinates and the
robot’s body coordinates

Where the transformation matrix ℜ(φ) is expressed by:

R(φ) =

cos(φ) −sin(φ) 0
sin(φ) cos(φ) 0

0 0 1

 (11)

2.2 Dynamics model of the 4-MWMR

In constructing the robot’s dynamic model, the Euler-
Lagrange is applied as follows [6–8]:

K =
1
2

m(ẋ2
r + ẏ2

r )+
1
2

Jzω
2
z +

1
2

Jω(θ̇ 2
1 + θ̇ 2

2 + θ̇ 2
3 + θ̇ 2

4 ) (12)

Where m is the robot’s mass; Jz is the moment of inertia of
the robot about the z axis; Jω is the wheel’s moment of inertia
about its own rotation axis. Additionally, the dissipated energy
can be defined by:

D =
1
2

Dθ (θ̇
2
1 + θ̇ 2

2 + θ̇ 2
3 + θ̇ 2

4 ) (13)

Where Dθ is the friction coefficient.
Consider the Lagrangian function: L = K −V , where V

is the potential energy of the robot. Since the robot moves
only on a flat surface, V = 0. Applying the Euler–Lagrange
equation, the FMWMR’s dynamic model can be defined as
follows:

∂

∂ t
∂

∂ θ̇
L− ∂

∂θ
L = τ − (

∂

∂ θ̇
D+F(θ̇)) (14)

In which,
τ =

[
τ1 τ2 τ3 τ4

]T is the torque generated by motors.

F =
[

f1sgn(θ̇1) f2sgn(θ̇2) f3sgn(θ̇3) f4sgn(θ̇4)
]T is the

static friction force acting on the robot’s wheels.
θ̇ =

[
θ̇1 θ̇2 θ̇3 θ̇4

]T is the angular velocity of the robot’s
wheels.
From (8), (13), and (14), dynamic model of the 4-MWMR is:

τ = Mθ̈ +Dθ θ̇ +F (15)

With,

M =


C −B B D
−B C D B
B D C −B
D B −B C



A =
mR2

8
;B =

JzR2

16(lx + ly)2 ;C = A+B+ Jω ;D = A−B;

Since the modeling error and external disturbance always exist
in practice, (15) is rewritten in a practical forms as follows:

τ + τd = (M+∆M)θ̈ +(Dθ +∆Dθ )θ̇ +F (16)

Where τd , ∆M, and ∆Dθ represent unknown disturbances. The
simplification of (16) is:

τ + τd +Hd = Mθ̈ +Dθ θ̇ +F (17)

Where Hd =−∆Mθ̈ −∆Dθ θ̇ and τd +Hd are referred to as the
generalized disturbances in the system.

To conduct the control design, (17) is converted into a
state-space model through the following steps. First, define the
state variable Z1 and Z2 as:

Z1 =
[
xq yq φq

]T

Z2 =
[
ẋq ẏq φ̇q

]T (18)

Then, a fundamental manipulation on (8), (10), and (17) yields{
Ż1 = Z2

Ż2 =− fz +Rζ+M−1τ +H
(19)

In which,

ζ
+ =

(
ζ

T
ζ
)−1

ζ
T

fz = (ζ+
ζ̇ +Dθ ζ

+M−1
ζ )Z2 +Rζ

+M−1F

H = Rζ
+M−1 [Hd + τd ]

(20)

ζ = JR−1(φ) =


√

2cos(φa)
√

2sin(φa) (lx + ly)√
2sin(φa) −

√
2cos(φa) −(lx + ly)√

2cos(φa)
√

2sin(φa) −(lx + ly)√
2sin(φa) −

√
2cos(φa) (lx + ly)


φa = φ +π/4

ζ̇ = φ̇


−
√

2sin(φa)
√

2cos(φa) 0√
2cos(φa)

√
2sin(φa) 0

−
√

2sin(φa)
√

2cos(φa) 0√
2cos(φa)

√
2sin(φa) 0


(21)

Finally, the nonlinear state-space of the 4-MWMR is{
Ż1 = Z2

Ż2 =−AzZ2 +Bzu+Z3
(22)

With,

Az = ζ
+

ζ̇

Bz = Rζ
+M−1

Z3 = Rζ
+M−1(Hd + τd)−Dθ ζ

+M−1
ζ Z2

u =
[
τ1,τ2,τ3,τ4

]T

(23)

It should be noted from (22) and (23) that all unknown terms—
including modeling errors, external disturbances, and system
friction (i.e., viscous, static, and rolling friction)—are collec-
tively distinguished and represented by the state variable Z3.
This arrangement allows the subsequent control design to be
formulated more clearly and systematically.
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3. Control design

3.1 SMC with PID sliding surface

The control strategy offered in this study is shown in Fig.
4, which consists of an SMC with a PID sliding surface, and an
STESO that play a very important role in enhancing the robust-
ness of the controlled system while minimising the chattering
phenomenon [31–35].

Figure 4: Structure of the Sliding-Mode Controller for a Robot

To carry out the control design, define the sliding variable
as:

S = 2ζ ωne(t)+
de(t)

dt
+ω

2
n

∫
e(t)d(t) (24)

In which ζ = 1√
2

is the optimal damping factor, ωn is the
bandwidth of the tracking error’s dynamics, and the tracking
error is:

e(t) = Z1,re f −Z1 (25)

Differentiate both sides of (24) gives:

Ṡ = ë(t)+2ζ ωnė(t)+ω
2
n e(t) (26)

It can be deduced from (22) and (25) that

ė(t) = Z2,re f −Z2

ë(t) = Ż2,re f − Ż2
(27)

Then, by substituting (27) into (26), it results in

Ṡ = Ż2,re f +2ζ ωnė(t)+ω
2
n e(t)+AzZ2 −Bzu−Z3 (28)

Now, the equivalent control signal of the SMC can be obtained
by neglecting the unknown term Z3, and solving the following
equation

Ṡ = 0 (29)

which results in

ueq =
1
R

Mζ
(
Ż2,re f +2ζ ωnė+ω

2
n e+AzZ2

)
(30)

To stabilise the controlled system in the presence of the distur-
bance Z3, an additional nonlinear control signal usw is intro-
duced:

usw =
1
R

Mζ Kswsign(S) (31)

With an assumption that the disturbance Z3 is bounded, i.e.,
||Z3||< Γ, and the gain Ksw fulfills

Ksw > Γ (32)

Then, the final control action of the SMC, which guarantees
that the tracking error approaches zero asymptotically, is

usmc =
1
R

Mζ
[
Ż2,re f +2ζ ωnė+ω

2
n e+AzZ2 +Kswsign(S)

]
(33)

The stability of the controlled system (22) with control ac-
tion (33) can be proved by selecting the following Lyapunov
candidate function V

V =
1
2

ST S (34)

Differentiate both sides of (34) gives

V̇ = ST Ṡ (35)

From (28), (33) and (35), it can be derived that

V̇ = ST [−Z3 −Kswsign(S)] (36)

By taking the assumption (32) in to account, it can be realised
that V̇ < 0, which means the stability of the controlled system
is guaranteed.

3.2 STESO design

It is evident from (36) that the system’s stability is predom-
inantly governed by the switching gain Ksw associated with
the nonlinear control signal (31). However, this gain is also
the major contributor to the chattering phenomenon. To solve
this problem, an STESO is designed to estimate the unknown
disturbance Z3 as follows [27–29].

Consider the following extended dynamic model of the
4-MWMR:

Ż1 = Z2

Ż2 =−AzZ2 +Bzu+Z3

Ż3 = f
(37)

With an assumption that f is bounded, i.e.,

|| f ||< γ (38)

The STESO is designed as
˙̂Z1 = Ẑ2 +βe1
˙̂Z2 =−AzẐ2 +Bzu+ Ẑ3 +Ua
˙̂Z3 = k3sign(δ )+ k4δ

(39)

In which β is a positive number, Ua is an auxiliary control
variable that needs to be appropriately designed, δ is the sliding
variable of the STESO, expressed by

δ = ce1 + e2 (40)

with c > 0, and the estimation errors e1, e2 are{
e1 = Z1 − Ẑ1

e2 = Z2 − Ẑ2
(41)

By taking the difference of expressions (37) and (39), the
dynamic of the estimation error is

ė1 = e2 −βe1

ė2 =−Aze2 + e3 −Ua
ė3 = f − k3sign(δ )− k4δ

(42)
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Now, differentiate both sides of (40) and take (42) into account,
it gives

δ̇ =
[
cI −Az

]
e2 − cβe1 + e3 +Ua (43)

Then, by choosing the auxiliary control signal Ua as:

Ua =
[
cI −Az

]
e2 − cβe1 + k1|δ |

1
2 sign(δ )+ k2δ (44)

Consequently, the STESO dynamic is obtained and expressed
by:{

δ̇ = e3 − k1|δ |
1
2 sign(δ )− k2δ

ė3 = f − k3sign(δ )− k4δ
(45)

With the auxiliary control signal (44), the sliding variable δ

converges to the origin in finite time, and the estimation errors
converge to zero asymptotically [29].

With Ẑ3 estimated from (39), equation (33) can now be
reformulated as follows

usmc =
1
R

Mζ
[
Ż2,re f +2ζ ωnė+ω

2
n e+AzZ2 +Kε sign(S)− Ẑ3

]
(46)

Now, substitute (46) into (36), a simple manipulation gives

V̇ = ST [Ẑ3 −Z3 −Kε sign(S)
]

(47)

Once the stability of the dynamical system (45) is guaranteed,
the estimation error Ẑ3−Z3 is bounded by a very small positive
number ε , i.e., ||Ẑ3 −Z3|| < ε . And it is evident that ||Ẑ3 −
Z3||≪ ||Z3||, or in other words, ε ≪ Γ. As a result, the stability
of the controlled system (22) with control signal (46) can be
guaranteed by choosing Kε that fulfills

ε < Kε ≪ Γ (48)

Inequality (48) also indicates that the chattering effect of the
SMC, when combined with the STESO, is significantly attenu-
ated, which is particularly beneficial for practical implementa-
tions.

4. Simulations and discussion

In this section, numerical simulations in various scenar-
ios are conducted to verify the effectiveness of the proposed
control strategy. Nominal parameters of the 4-MWMR are
provided in Table 1, while the parameters of the SMC and the
STESO are as in Table 2, respectively. To fairly evaluate the
merit of the proposed strategy over the conventional SMC, a
unique circular trajectory described by (49) is employed. Fur-
thermore, the control designed is conducted with the nominal
model only, while all simulations are carried out under realistic
conditions, i.e., with the existence of the payload described by
(50), and external disturbance at time instance t = 15s.


xre f = sin(0.2t)
yre f = cos(0.2t)
φre f = sin(0.2t)

(49)


∆m = 20(kg)
∆Jz = Jz ∗0.5(kgm2)

∆Jω = Jω ∗0.5(kgm2)

(50)

Table 1: Robot simulation parameters

Parameter Value Unit

Mass (m) 40 kg
Width of two wheels (lx) 0.6 m
Length of two wheels (ly) 0.6 m
Wheel radius (R) 0.076 m
Moment of inertia Jz 4.1 kg·m2

Moment of inertia Jω 0.029 kg·m2

Viscous friction coefficient Kv 0.005 –
Rolling friction coefficient Kr 0.084 –
Static friction coefficient Ks 0.54 –

Table 2: SMC parameters

Parameter Value Unit

Bandwidth (ω0) 4π –
Switching gain (ksw) 4 –
Damping factor (ζ ) 0.9 –
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Figure 5: Comparative trajectory tracking performance: SMC vs
SMC-STESO

In the first scenario, simulations with the conventional
SMC and the SMC-STESO are conducted. Main comparative
simulation results, including the trajectory, the sliding variable,
the torques command, and the tracking error, are shown in
Fig. 5, Fig. 6, Fig. 7, and Fig. 8, respectively. As can be
realized, the overall performance of the conventional is poor,
mainly due to the chattering as seen in Fig. 6 and Fig. 7,
despite the torques are restricted in a reasonable range, i.e.,
−15Nm < T < 15Nm which is assumed to be the limitation of
the motors used in this research. In contrast, the SMC-STESO
shows much better performance in terms of chattering-free, as
well as accuracy, thanks to the excellent performance of the
STESO since it quickly estimate the disturbance as illustrated
in Fig. 9
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Figure 6: Comparative sliding variables: SMC vs SMC-STESO
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Figure 7: Torque command: SMC vs SMC-STESO

0 5 10 15 20 25 30

Time(s)

-0.04

-0.02

0

0.02

X
-a

x
is

 e
rr

o
r(

m
)

Conventional SMC

SMC-STESO

0 5 10 15 20 25 30

Time(s)

-1

-0.5

0

Y
-a

x
is

 e
rr

o
r(

m
)

Conventional SMC

SMC-STESO

0 5 10 15 20 25 30

Time(s)

-0.04

-0.02

0

0.02

Z
-a

x
is

 e
rr

o
r(

m
)

Conventional SMC

SMC-STESO

Figure 8: Comparative tracking errors: SMC vs SMC-STESO
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Figure 10: Influence of parameters on performance of the STESO

Table 3: STESO parameters

Parameter Value Unit

β 10 –
c 50 –

Case 1
k1 = k3 30 –
k2 = k4 50 –

Case 2
k1 = k3 60 –
k2 = k4 100 –

Case 3
k1 = k3 15 –
k2 = k4 25 –

As can be observed, the STESO plays a crucial role in de-
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termining the overall performance of the SMC–STESO scheme.
Therefore, proper tuning of the STESO parameters is of signif-
icant importance. Figure 10 illustrates the STESO responses
obtained with different gain values listed in Table 3. It can
be seen that the steady-state performance remains nearly un-
changed, whereas the transient behavior is strongly parameter-
dependent. Specifically, higher gain values result in a faster
convergence rate but induce larger fluctuations. Based on this
observed trend, the tuning of the STESO parameters can be
performed with reduced effort.
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Figure 11: STESO performance under the influence of measurement
noise
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Figure 12: Torque command under the influence of measurement
noise

The feasibility of the SMC-STESO is verified by conduct-
ing a simulation in the worst case, where significant measure-
ment noise is taken into account. Main results are provided
in Fig. 11 to Fig. 12. Figure 9 shows that the STESO re-
mains effective in tracking the disturbance despite a slight
degradation in performance, which leads to the appearance of
high-frequency torque ripple. However, this slight degradation
does not significantly affect the ability of the mobile robot to
track its reference path as seen in Fig. 13, thanks to the large
inertia of the 4-MWMR, which can effectively absorbs the
high-frequency torque ripple.
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Figure 13: Trajectory tracking performance under the influence of
measurement noise

Finally, the integral of absolute error (IAE) criterion, de-
fined in (51) is employed to quantitatively evaluate the perfor-
mance of the proposed control strategy. As shown in Fig. 14,
the overall IAE values obtained with the SMC–STESO scheme
are consistently lower than those of the conventional SMC.
More specifically, the presence of measurement noise—which
inevitably exists in practical applications—has only a marginal
impact on the control performance. These results demon-
strate the effectiveness and practical feasibility of the proposed
SMC–STESO strategy.

IAE =
∫ T

0
|e(t)|dt (51)
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Figure 14: Comparative integral of error between methods

5. Conclusion

In this study, for the first time, the STESO is success-
fully integrated into the control framework of a 4-MWMR.
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First, the nonlinear dynamics of the 4-MWMR are reformu-
lated into a state-space representation, in which unknown and
unreliable components—including modeling uncertainties in-
duced by payload variations and resistive forces arising from
static and viscous friction—are explicitly separated and lumped
into an extended state variable. Subsequently, the STESO is
employed to rapidly and accurately estimate this extended vari-
able. By exploiting the estimated disturbance information, the
nonlinear switching control action responsible for chattering
in conventional SMC is effectively eliminated. As a result,
the proposed SMC–STESO strategy achieves chattering-free
operation while preserving robustness. Numerical simulation
results demonstrate that the SMC–STESO scheme provides
superior trajectory tracking performance compared with the
conventional SMC in terms of accuracy and chattering suppres-
sion, even under significant measurement noise. Moreover, the
proposed SMC–STESO approach is well-suited for real-time
embedded implementation, as it does not require solving an
optimization problem at each sampling instant, unlike model
predictive control or adaptive control methods.
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[6] Tevfik Yiğit. “Modelling and control of the PEMFC powered wheeled
mobile robot”. In: International Journal of Hydrogen Energy 143 (July
2025), pp. 1154–1162. DOI: 10.1016/j.ijhydene.2025.01.097.

[7] Tian Zhang and Xiangyin Zhang. “Distributed Model Predictive Con-
trol with Particle Swarm Optimizer for Collision-Free Trajectory
Tracking of MWMR Formation”. In: Actuators 12.3 (2023). ISSN:
2076-0825. DOI: 10.3390/act12030127.

[8] Zhenyi Yuan et al. “Trajectory tracking control of a four mecanum
wheeled mobile platform: an extended state observer-based sliding
mode approach”. In: IET Control Theory & Applications 14.3 (2020),
pp. 415–426. DOI: https://doi.org/10.1049/iet-cta.2018.
6127.

[9] Chunqiao He et al. “Analysis of the Mecanum wheel arrangement of an
omnidirectional vehicle”. In: Proceedings of the Institution of Mechan-
ical Engineers, Part C: Journal of Mechanical Engineering Science
233.15 (2019), pp. 5329–5340. DOI: 10.1177/0954406219843568.
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