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Abstract: Wheeled mobile robot (WMR) is usually applicable for executing an operational task
around complicated environment; skidding and slipping phenomena unavoidably appear during
the motion, which thus can compromise the accomplishment of the task. This paper investigates
the trajectory tracking control problem of WMRs via disturbance rejection in the presence of wheel
skidding and slipping phenomena. The kinematic and dynamic models with the perturbed nonholo-
nomic constraints are established. The trajectory tracking control scheme at the dynamic level is
designed so that the mobile robot system can track the virtual velocity asymptotically, and counteract
the perturbation caused by the unknown skidding and slipping of wheels. Both simulation and
experimental works are conducted, and the results prove the performance of the proposed control
scheme is effective in terms of tracking precision and disturbance attenuation.

Keywords: wheeled mobile robot; skidding and slipping; trajectory tracking; disturbance rejection

1. Introduction

Wheeled mobile robots (WMRs) have wide applications in space exploration, manu-
facturing, services, etc. [1-4]. High performance motion control of WMR is the prerequisite
for completing various tasks efficiently. So far, most studies involving the tracking control
methods of WMR generally assume that mobile robots are based on nonskidding and
nonslipping, which are nonholonomic constraints. Typical examples are backstepping-
based control schemes in [5,6], sliding mode algorithms in [7-9], neural network methods
in [10-12], and robust control in [13,14]. Unfortunately, the ignorance of slipping and
skidding is apparently not consistent with most implementations, especially in an unstruc-
tured, complicated environment, such as wet, forestry, icy road, or rapid turning, which
unavoidably compromises the accomplishment of tasks.

The wheel skidding effect causes lateral velocity perturbation, while the slipping
effect causes forward velocity perturbation of the right and left driving wheels [15]. To
tackle this problem, different approaches have been proposed by researchers. A conditional
global positioning system (GPS)-based path following controller was proposed in [15] for
four generic WMRs considering wheel skidding and slipping. The proposed controller
utilized real-time kinematic-GPS and other aiding sensors to determine the robot’s pose
and achieved the path following performance. Similarly, the tracking control scheme based
on GPS was developed for typical car-like WMR by using a kinematic model to address the
skidding and slipping effect in [16]. Dixon et al. [17] introduced the robust tracking and
regulation controller by establishing the system kinematics with wheel skidding, based
on the previous research in [18]. Gonzalez et al. [19] designed the adaptive controller
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in kinematics model under slipping conditions by using linear matrix inequalities. An
adaptive tracking control method considering the sliding effect was presented and a sliding
model observer was utilized for the robot system to estimate the sliding parameters in [20].
These motion controllers are mainly based on kinematics. The motion performance may be
compromised when there is disturbance, nonlinearities and uncertainties in WMR.

Thus, the tracking control approach considering system dynamics becomes one im-
portant topic. The neural-network-based control solutions worked well for solving the
skidding and slipping problem. For example, an improved adaptive controller in [21]
was developed to track the desired trajectory. In this control scheme, the system states of
the studied WMR were applied to a neural-network-based online weight-tuning scheme
so that system convergence was ultimately established. The scheme only considered the
longitudinal slipping. In [22], the reinforcement-learning-based adaptive neural scheme for
WMR was designed in the implementation of path tracking, and the existence of skidding
and slipping effects was estimated via the action network. This tracking control algorithm
depended on the online learning time. A nonlinear trajectory tracking control scheme
was proposed that uses a nonlinear function in terms of flexibility, slipping and skidding
variations [23]. The disturbance observer-based method is another alternative to tackle this
problem. An adaptive tracking control method was proposed in [24] for WMR, taking into
account the skidding and slipping. The disturbance observer was designed to estimate
the total disturbances, and the adaptive controller was designed to guarantee that the
tracking errors asymptotically converge to zero. An adaptive nonlinear feedback control
scheme that compensated for the longitudinal slipping was presented in [25] to realize the
trajectory tracking of the tracked mobile robots. The observer for the orientation angle
was developed to estimate the immeasurable orientation angle of the tracked mobile robot
through utilizing the coordinate values. In [26], an improved linear active disturbance
rejection control scheme was proposed for trajectory tracking control of a six-wheeled
corner steering rover. The tracking differentiator and nonlinear state error feedback were
introduced, and the input disturbance attenuation was achieved. In [27], a disturbance
observer was designed, and then the virtual velocity control approach together with the
robust trajectory tracking control was presented based on the observer. The robust tracking
controllers were developed for WMRs, incorporating with the generalized extended state
observer in [28] and fuzzy disturbance observer in [29] to attenuate disturbance with the
consideration of the existing skidding and slipping. The trajectory tracking results in [28,29]
were not as desirable as expected for the circle trajectory. In general, the existence of wheel’s
skidding and slipping effects destroys the nonholonomic constraints, and it makes the
kinematics and dynamics model have more complex disturbance and thus, makes the
control design procedure more difficult. As a consequence, to enhance the antidisturbance
ability and achieve satisfactory tracking performance of the robot system, it is necessary to
further explore the robust tracking control approach based on the disturbance observer for
WMRs, considering the wheel skidding and slipping, and disturbance.

In this paper, to achieve the trajectory tracking, considering the wheel skidding and
slipping, under the kinematic perturbations, the virtual velocity control law at the kinematic
level is first used to converge the pose error to zero. Then, the tracking control scheme is
developed by considering the tracking performance and via the disturbance observer to
counteract the disturbance lead by the unknown skidding and slipping, together with the
model uncertainties, and unknown bounded disturbances. Consequently, the stability and
performance of the designed controller is guaranteed.

This remainder of this study is structured as below. Section 2 details the methods,
such as the system modeling with wheel skidding and slipping, the tracking problem
for the nonholonomic WMR, and the robust tracking controller via disturbance rejection.
The results are given in Section 3 to validate the tracking control scheme, including the
simulation and experiment works. Finally, Section 4 gives conclusions.
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2. Methods
2.1. System Modeling

As a representative application of nonholonomic systems, the WMR platform under
study is illustrated in Figure 1. The platform is equipped with two driving wheels installed
on one shaft, together with a following wheel that can move in any direction and support
the robot platform. Both left and right driving wheels are actuated via two direct drive
motors independently, and both driving motors share the same properties, for example,
position, velocity, force response, etc.

Y Skidding
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Figure 1. Schematic diagram of the mobile platform.

The dynamic modeling of WMR in the Lagrange form [27-29] is established as follows:
M(q)i+V(9,4)4 + G(q) + 7 = B(g)T — AT (9) )

whereq=[x y ¢ 6 6] T ®5%1is the generalized coordinates, x, y are the position
variables in the inertial coordinate system, ¢ is the forward direction angle, 6,, 6; are the
angular position for the right and left wheel, M(g) € R°*° is a symmetric, positive definite
inertia matrix, V(q,4) € R is the centripetal and Coriolis matrix, G(q) € R°*! is the
gravity vector, 7; € °*! denotes the bounded external disturbances, B(q) € R°*? is the
input transformation matrix, 7 is the input torque provided by the motors, A(g) € R3*° is
the matrix associated with the constraints, and A is the vector of constraint forces.

Because the centroid C is not coincided with geometric center P, the following con-
straint is available with wheel pure rolling:

—xsin¢g + ycosp —dp =0
Xcos ¢ + ysin ¢ + b = r6, )
xcos ¢ + ysin ¢ — b = r0;

where X and y are the velocity description of the WMR, d describes the distance between the
centroid and geometric center of the two driving wheels, 6, and 6; are the angular velocities,
b is the half width of the robot, and r is the wheel radius. For convenient calculation,
Equation (2) is denoted as follows:

A(g)g =0 ®)
—sin¢g cos¢p —d 0 O
where A(q) = | cos¢ sing b —r 0 | is the nonholonomic constraint matrix. In

cos¢ sing —-b 0 —r
cos ¢ sing 0 % !

addition, J(q) = —dsing dcos¢p 1

is in the null space of A(q) and satisfies

SIS
S
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the condition A(q)J(q) = 0, facilitating the following representation of the kinematics of
WMR in the presence of unknown skidding and slipping.

However, these constraints are not always satisfied because wheel skidding and slip-
ping destroys the pure rolling. Hence, considering the perturbed nonholonomic constraints
caused by the wheel skidding and slipping effects, the motion equation of the WMR is
given as follows:

—xsin¢ + ycosp — ddp = u
xcos ¢ + ysing + bp = r (6, — ¢r) 4)
xcos ¢ + ysing — bp = r (6, — ¢;)
where u is the lateral skidding velocity of WMR, ¢, and ¢; are the perturbed angular
velocities of the two driving wheels caused by slipping respectively. Equation (4) can be
stated in matrix form as follows:
T
]

©)

Considering unknown skidding and slipping, the kinematics model of WMR is ex-
pressed as follows:

Aq)g=[u —re. —rey

q9=7(q)(E~ )+ P(g)co ©6)
where ¢ = [v a)]T, = [¢o ww]T. v = r@ is the forward linear velocity, w = ré’;bél
is the angular velocity, ¢, = rw denotes the longitudinal slipping velocity, and

o = r3 is the perturbed angular velocity. P(q)co represents the unmatched distur-
bance because of the perturbed nonholonomic constraints, specifically the following:

T

—sing cos¢ 0 0 O T
P(q) = 0 0 0 1 0 ,co=[u o o .
0 0 001

Assumption 1. The perturbations §,, P, and u are bounded with ||| < 91, |[Pol| < 62
and ||u|| < 83, also their first, second, third derivatives are bounded, where 6;,i = 1,2,3 are
positive constants. The perturbations y, P, u and both the derivatives are small relative to the
reference velocity.

The derivation of perturbed generalized constraint is as follows:

i =J(a)(& =)+ T(q) (& — )+ P(q)co + P(q)co @)

Substituting Equation (7) into Equation (1), and combining with A(g)J(q) = 0, the
dynamic model with skidding and slipping is derived as follows:

Mi(q) (& =) + Vi(q,4)(C — ¢) + Ci(q)éo+ Ca(q)co + Ca(q) + Ty =T (8)

where
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As the WMR studied operates on a ground without any slope, we obtain that gravity
vector G(g) equals matrix zero and thus, the matrix C3(q) also equals zero. Equation (8) is
simplified to the following:

&=Va(q,9)¢ + Ma(q)T = Va(q,4)p + ¢

~ Ma(0)(C1(9)¢0 + Caq)co) — Ma(q)Ta ©)

where My(q) = M1 1(q),Va(q,4) = —M171(9)Vi(q,4). As Ma(q), Va(q,q) is determined
by g that, in turn, is affected by skidding and slipping, the parameter uncertainty and
variation should be considered. Then, Equation (9) is specified as follows:

& =Va(q,4)¢ + Ma(q)T — Va(q,4) + ¢ — Ma(q)(C1(q)

10
¢o+ Ca(q)co) — Ma(q)ty + AV2(q,4)¢ + AMa(q)T (10

where AV, (g, 4), AM;(q) are parameter uncertainties and variation caused by skidding and

slipping. Define D = —Va(q, 4)¢ + ¢ — Ma(q)(C1(9)¢o + Ca(q)co) — M (q) T+ AV2(q,4)¢ +
AM;(q)7. Therefore, the following holds:

&=V2(9,4) + Ma(q)T+D (11)

where the disturbance D denotes the compound disturbance coming from wheel skidding
and slipping, input disturbance, parameter variation, and parameter uncertainty, such as
mass, moment of inertia, etc.

Assumption 2. The disturbance D satisfies the condition ||D|| < wand ||D|| < B, where a and p
are positive constant.

2.2. Tracking Problem for Nonholonomic WMR

To design the tracking control scheme in presence of skidding and slipping, the pose
of WMR is defined as g(t) = [x y ¢] T, while the reference pose is defined as q4(t) =
(x4 va ¢ " The tracking error term g, (t) = [Xe Ve ¢ " is specified as follows:

Xe cos¢p sing O Xg— X
qe—[ye]—[—sinqb cos¢ OHyd—y] (12)
Pe 0 0 1 $a— ¢

To achieve the tracking control, the smooth velocity control law ¢. = f(g., ;) can be
designed satisfying tlim ge(t) = 0 for any initialization value. To calculate the derivative of
— 00

ge, the following formula is given:

v Cos P, — v+ yecp
e = v  sin ¢, - Xe (13)
wg—¢
The auxiliary velocity is as follows [30]:
Ve Vg €OS e + k1xe
= = . 14
Ge [ we } { wg + kovgye + k3v, sin e } (14)

where k1, ky, k3 are positive parameters to be designed. To implement the inputting torque
designing and reference speed following, the auxiliary velocity tracking error is defined
as follows:

E(t)—Cc—C—[ ”C‘”} (15)

We — w
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The next step aims at designing an inputting torque T = [z, TI]T according to
lim e(t) = 0 and lim g.(t) = 0.
t—o0 t—roc0

2.3. Control Design and Stability Analysis

The nonlinear disturbance observer (NDO) is developed in the perturbed system to
estimate the mismatched disturbance D. The NDO is given as follows:

{Z' = AD + A(Va(q, )¢ + Ma(q)7) (16)

D =Z-A¢

where Z denotes the internal state of the nonlinear observer, D is the estimation of the
disturbance, A is the nonlinear part. The disturbance estimation error is as follows:

D=D-D (17)

Lemma 1 ([16]). Assume that matix T € R™" is Hurwitz, and there exists a scalar { > 0
Amax(T
satisfying |[eTt|| < Le 0

The derivation of D is as follows:

D=D-D=D-(Z-AZ) =D~ (AD+A¢ — AD — Af) as)
=D—-(AD—-AD)=D+AD

¢
Thus, we have D = eMD(0) + [ eA(!=5) D(s)ds. In addition, we have the following;
0

1D]| < [ D0)]| + /teA(ts)D(s)ds ¢
0

t
< e ip@) 1+ [ [}t 156s) s
/ (19)
< ZoceAma;(A)t + 6[372 emazxwt -1
- A max(A)
2
< _ =
< g‘BAmax(A)
To facilitate the result, v = fa — Zﬁﬁx(l\) is introduced and thus, D satisfies the

condition || D|| < 7.

Remark 1. The matrix A in Equation (18) should be chosen as the Hurwitz matrix, and A max(A)
is required to be sufficiently large.

For a better tracking effect, the integral sliding-mode controller (ISMC) is utilized to
compensate the disturbance. Considering the disturbance estimation of Equation (16), the
sliding-mode surface for WMR system is as follows:

t
s:e+F/e(t)dT+f) (20)
0
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where D is the disturbance estimation obtaining from NDO in Equation (16), T’ = [ 01 o }
2

is the integral constant of sliding surface. The ISMC scheme based on NDO is as follows:
T = Mi(9)(Sc = Va(4,4)¢ — D +Te +xsign(s)) (21)

where « is the switching gain to be determined, and sign(s) = [sign(s1), sign(sz)]T. Because
« and B in Assumption 2 are unknown, the adaptive ISMC based on NDO (NDOISMC) is
as follows:

T = Mi(q)(6c — Va(q,4)¢ — D + Te + Rsign(s)) (22)
The adaptive law is as follows:
A o f(l 0 o 0151 sign(sl) 0
K(t) N |: 0 1;%2 :l o { 0 0252 Sigl‘l(Sz) (23)

Substituting the control law Equations (22) and (23) into (20) yields the following;:

§=é+Te+D
— ¢ — [éc— D +Te+rsign(s) + D] +Te+ D
=D — D —#sign(s) + A(D - D)
= —(I+A)D — &sign(s)

(24)

Defining % (t) = x(t) — &(t), the Lyapunov function is established as follows:

v = ;(J(t)s(t) + :);?z(t)> (25)

The derivative of Equation (25) with respect to time is as follows:

. 1. 1.
Vi = sT(4)s(t) + —Riky + —Roky

01 02
—&|[s|| = [Is[[I(I + A)[|y — lIs[|® (26)
—[Is[[I(T + A)[[y — [Is[| (% + &)

= —lIslICICT+A) [y +%7)

IN

With the given condition of «* > —||(I + A)||7, the closed-loop system of WMR is
bounded under the designed controller in Equation (26). Therefore, the defined sliding sur-
face s(f) can be reached in finite time. As V; is non-incremental, s(¢) and e(t) are bounded.
The disturbance estimation error D and & is also bounded. Thus the bounded D and # can
make the input T bounded. Based on the Barbalat Lemma, the s(t) is asymptotically stable,
ie, tlg‘go s(t) = 0. Therefore, tli% ge = 0 is also asymptotically stable. The block diagram of

the WMR system regarding wheel skidding and slipping from the disturbance rejection
perspective is described in Figure 2.

Theorem 1. For the mobile robot system in Equation (11) in the presence of wheel skidding and
slipping, under the proposed control law in Equations (16) and (22) with the adaptive law in
Equation (23), the tracking error of the mobile robot system is asymptotically stable under the
developed robust tracking control scheme.



Actuators 2021, 10, 222 8 of 15

Reference trajectory | + qe Kinematics
£ = [vc] _ [ vqcoSP, + kix, ] —
4a = [*a; Ya; Pal = ¢ wel T lwy + va(kaye + kssing,)

|

Control scheme Cortiitar

M1(@) (§ — Va(q, )€ = D + Ae + esign(s))

TsB

=)

ﬁ' Z = AD + A(V,(q, 9E + My(q)7) _,f_ + | _ | Sliding surface (4

A TR

Nonlinear disturbance observer

¢= (v w]
]
Wheeled mobile robot «— Co = [W; 91 02]
§=V2(q,9)§ + My (@7 + D
q=J(@)(E =) +P(qco 9= [x;y; 2]

Figure 2. Block diagram of the NDOISMC frame.

3. Results
3.1. Simulation Works
To evaluate the feasibility of the robust control scheme, the simulation is conducted

for trajectory tracking. The software for the simulation is Matlab 2019b. The dynamic
matrices are as follows:

m 0 mdsing 0 0
0 m —mdcos¢ 0 O

M(gq) = | mdsing —mdcos¢ I 0 0|,
0 0 0 I. 0O
0 0 0 0 I

0 0 mdpcos¢ 0 O cos¢ sing

0 0 mdpsing 0 0 sing cos¢

V(g,4=| 0 0 0 0 0|,Blg=| 2o -2b
0 0 0 0 0 r 0
0 0 0 0 0 0 r

The parameters of the studied WMR system are listed in Table 1.

Table 1. Parameters of the studied WMR system.

Physical Meaning Symbolic Notation Value
Mass of WMR m 69.263 Kg
Moment of inertia of WMR I 4.729 Kg-m2
Moment of inertia of each wheel Ic 0.000718 Kg-m2
Wheels radius r 0.0625 m
Half distance between left and right wheels b 0.206 m
Distance between C and P d 0.183 m

0 015 | 0 25
the wheel skidding velocity is set as u = 0.3e~, wheel slipping is chosen as 6, = 0.4e~?,
6; = 0.2¢~%. Two different simulation modes, i.e., linear and circular path, are performed. For
linear trajectory simulation, the desired path and velocity is x; = t, y; = t, vg = v/2m/s,
wy = Orad/s, for circular trajectory is x; = sint,y; = cost,vg; = 1m/s, w; = —1rad/s.

The control gains are A = { 015 0 } — [ 25 0

],kl =1,k =15,k =22,



Actuators 2021, 10, 222

9of 15

Figures 3 and 4 show the simulation results of trajectory and velocity tracking for
both linear and circular trajectory, considering skidding and slipping. In Figure 3a, the
WMR moves from the starting position (0, 0) to gradually track the desired linear trajectory
with starting position (1, 1). Figure 3b shows that the proposed control scheme can realize
faster and higher-precision position tracking than the conventional ISMC scheme. Because
the longitudinal slipping may directly decrease the linear velocity, the robust controller
should properly adjust the linear velocity to compensate for the negative influence. For
the same reason, the lateral skidding may directly influence the forward direction, so the
proposed controller should adjust the forward direction to guarantee trajectory tracking.
It can be clearly observed from Figure 3¢,d that the proposed controller possesses better
tracking ability and disturbance attenuation than the ISMC method. Figure 3e shows
the linear and angular velocity tracking error, which indicates that the tracking error of
NDOISMC is significantly smaller relative to the ISMC. The input torque for both driving
wheels is adjusted by the controller to compensate for the disturbance. The input torque
of the proposed controller is smaller than that of ISMC in Figure 3f, and thus, indicates
that the proposed controller has better capability of disturbance attenuation. The proposed
controller helps to alleviate the chattering effect greatly. In addition, the circular trajectory
tracking effect is obtained, as shown in Figure 4 based on the proposed controller. Therefore,
the proposed controller helps to improve the tracking precision, capability of disturbance
attenuation and chattering alleviation, compared with conventional ISMC.

25 :
j:f;ﬁfg"“ -6 -x_ of ISMC
% NDOISMC —e—x, of NDOISMC
yal ~ y, of ISMC
_ 2 E —o—y, of NDOISMC
Sisf & ® ~A -0 of ISMC
> p 32 e
5 o s 0, of NDOISMC
2 ° £
Ziot e £
= e =
o <
L 2~ L L L L L L
0 5 10 15 20 10 15 20
Position X (m) Time (s)
(a) trajectory tracking (b) position tracking error
3 12
?-?‘ - © -Reference ] - © -Reference
Sslif --4--1SMC | il --6--1SMC
SIHA! NDOISMC b NDOISMC
[/} 0.8 1
i )
z off Z 06 3
E i3 g b
D Z 04 1
z L5 o O‘gfo,__,{’,__,;‘ 06— ——b—b—B—0O | 2 02 5
: 7 0.
g el PN
g1 2 0900-G0-0- O B =—6—0—0—0—0——0—0—0
VL
0.2 W4
05 Vi

0 5 10 15
Time(s)

() tracking result of linear velocity

Figure 3. Cont.
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Figure 3. Comparative simulation results for linear trajectory tracking.
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Figure 4. Comparative simulation results for circular trajectory tracking.

3.2. Experiment Works
3.2.1. Experimental Setup

The experimental platform is constructed as depicted in Figure 5 to verify the proposed
controller design. It mainly equips two direct-drive motors with an absolute rotary encoder,
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inertial measurement unit (IMU) and ultrasonic sensor. The IMU installed in the WMR is
adopted to obtain the orientation, while the absolute rotary encoder is utilized to obtain
the robot position. The human-machine interface provides system monitoring, status
reporting, touch panels and many other functions. By combining the mentioned simulated
process, WMR parameters used in the experiment are the same as those illustrated in
Table 1. The software architecture for WMR is shown in Figure 6, and all computations are
coded in C language.

Human-machine

interface

Ultrasonic
sensor

Figure 5. Platform construction of WMR for experiments.

Motor control
————————— 1 Liﬂllx ROS [—] Huma]l'

'.9?.132’?{_' program modules | Semsor data computer
acquisition mteraction

[ Coutroller ]
Rass
R -
]
| Hardware ! Driver DI"IVBI Ultrasonic MU
i __l_a_y_e_r___: Unit 1 Umt 2 Sensor
¥

[ Motor 1 ] Motor 2 ]

Encoder

Multi-sensor
| Motor 1 system

jm—————= -
i COHUOI ! Host | Human-computer Motion control

]
center i i T
| center | computer teraction [ Navigation ] [ Positioning ]

Eucoder }J Position
Motor 2 sensor

Figure 6. System architecture of WMR platform.

3.2.2. Experimental Results and Discussion

Experiments are conducted under two types of ground conditions: Case A—normal
floor surface, Case B—wet floor surface. To evaluate our experimental effect, the position

tracking error term is specified as e = (ex)2 + (ey)z. Figures 7 and 8 display the position
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and orientation tracking error for either case. Figure 8a shows that the robust control
scheme helps to reduce the position tracking error of WMR under slipping and skidding
better, compared with conventional ISMC. In addition, the overshoot of the proposed
scheme is apparently smaller. Similarly, it also helps to reduce the orientation tracking
error as indicated in Figure 8b. For the wet surface situation, the comparison results of the
two methods are provided in Figure 8. It is found that either the position or orientation
tracking error employing the proposed robust control scheme is smaller than that of
conventional ISMC.

A tentative comparative study is made from different aspects, such as RSME, max error,
and min error, to evaluate the performance of NDOISMC further, as in
Figure 9. Figure 9a shows that the RSME, and maximum and minimum errors of NDO-
ISMC are also smaller than those of ISMC for position control, regardless of whether the
floor is normal or wet. A similar result for orientation control is presented in Figure 9b.
Therefore, the proposed NDOISMC can help to improve the path tracking performance for
both position and orientation under normal or wet floor conditions well.
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Figure 7. Experimental comparison result for Case A: normal floor surface.
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Figure 8. Experimental comparison result for Case B: wet floor surface.
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Figure 9. Comparison result in terms of RSME, max and min errors.

4. Conclusions

Considering the wheel skidding and slipping phenomena in the trajectory tracking
control problem of WMR, a robust control scheme is studied that can achieve the distur-
bance attenuation. The kinematic and dynamic model with the perturbed nonholonomic
constraints are established. The disturbance observer is developed to counteract the com-
pound disturbance. Based on the disturbance observer and integral sliding mode theory,
the robust control scheme at the dynamic level is developed, so the robot system can track
the desired velocity asymptotically, and counteract the compound disturbance. The simu-
lation results prove that the proposed control scheme has improvements in the tracking
performance relative to the conventional method in terms of trajectory precision, chattering
alleviation and disturbance attenuation. Furthermore, the testing platform is built up, and
two groups of experiments with normal and wet floor conditions are performed to illustrate
the proposed control scheme. The experimental data show that the studied control scheme
possesses relatively good tracking characteristics than the conventional scheme.

Although the WMR studied in this paper is a differential-drive mobile robot, the
proposed control approach can also be extended to other types of mobile robots or other
complex robotic systems, such as wall-climbing robots, mobile manipulators, and so on.
The results of this study have implications for motion control, subject to skidding and
slipping. The limitations of the proposed approach can be addressed, as the trajectory
tracking accuracy depends on the positioning accuracy of the mobile robot system.
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Abbreviations

The following abbreviations are used in this manuscript:

WMR  Wheeled mobile robot
NDO  Nonlinear disturbance observer
ISMC  Integral sliding mode controller
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