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Abstract: Skid steer mobile robots are widely used in indoor and outdoor applications. However,
accurate trajectory tracking control for this kind of robot is quite challenging due to the uncertainties
arising from the complex behavior of frictional force, external disturbances, and undergoing
fluctuations in the instantaneous center of rotation (ICR) during turning maneuvers. The uncertainties
directly disturb velocities and make it impossible for the robot to track the command velocities, thus
making the SSMR unable to follow the reference path. This paper proposes a nonsingular terminal
sliding mode control (NTSMC) based on backstepping for a 4-wheel skid steer mobile robot to cope
with the aforementioned challenges. The strategy seeks to mitigate the impact of external disturbances
and model uncertainties by developing an adaptive law to estimate the integrated lumped outcome.
Then, the finite time stability of the closed-loop system is proven using Lyapunov’s theory. The
designed NTSMC input is continuous and has no noticeable chattering problem. It has also been
noted from the analysis that the proposed control strategy is strongly robust against disturbance
and modeling uncertainties. The proposed control scheme demonstrates effective trajectory tracking
performance in the presence of disturbance and modeling uncertainties through simulations.

Keywords: skid steer mobile robot; instantaneous center of rotation; uncertainty; nonsingular
terminal sliding mode control; finite-time stability

1. Introduction

With the rapid advancement of technology, the potential application of autonomous mobile
robots is enormous, revolutionizing society’s quality of life by improving human well-being and
assisting human activities in general. Some of the mobile robot applications include surveillance,
planetary exploration, emergency rescue operations, mining, entertainment, precision agriculture,
and transportation. The essential feature of a mobile robot is its capacity to navigate and maneuver
efficiently within its surroundings, which primarily depends on its steering systems [1]. Skid steer
mobile robot (SSMR) is one of the widely used ground mobile robots in virtue of its simple mechanical
structure, remarkable flexibility, and capability to produce enough traction forces. The concept of planar
motion of a rigid body states that the pure rotation of a rigid body occurs around the instantaneous
center of rotation (ICR).The application of this principle can also be extended to skid-steer vehicles,
where the turning maneuvers are solely dependent on the slipping and lateral skidding of each wheel
on the ground. Although these actions are not energy-efficient, they are necessary and crucial for the
robot to alter its travel direction. SSMR is steered by initiating lateral skidding, which results from
the unequal sideway forces generated on each side of the robot’s wheel. Namely, the robot is laterally
skidding due to the moment generated by unequal forces exceeding the frictional moment [2].

Capturing and incorporating the friction force between the ground and the wheel into the
dynamics of SSMR is challenging, thereby making the accurate motion modeling of SSMR difficult

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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due to the diverse nonlinear nature of the coefficients of friction. In recent years, model-free control
algorithms have been proposed to improve the performance of SSMR. For instance, a learning-based
nonlinear model predictive control is used by formulating disturbances as a Gaussian process in
[3], deep reinforcement learning algorithm for path tracking in [4] and enhanced self-organizing
incremental neural network in [5]. Model-free approaches don’t require a prior understanding of the
robot’s dynamic or kinematic models. However, it requires large amounts of data and computational
complexity in real-time application. In a more recent study, in contrast to model-free control, [6]
employed a comparative study of six different control frameworks based on a kinematic model to
counteract disturbances associated with unmodelled dynamics of SSMR in outdoor applications. The
control architecture of proportional-derivative, sliding mode controller (SMC), control-Lyapunov
function, nonlinear model predictive controller (NMPC), tube-based NMPC, and model predictive
sliding mode control have been studied. It has been shown that the tube-based NMPC exhibits a
more excellent disturbance rejection capability compared to other control architectures. So far, several
dynamic-based nonlinear controls have been proposed for SSMR. For example, adaptive control [7],
dynamic control law [8], etc. A robust tube-based NMPC has been presented in [9] to regulate the
nonlinear tire-ground dynamics of SSMR over deformable terrain. [10] proposed a tube-based NMPC
to mitigate the impact of terrain disturbances originating from traction losses of SSMR. A combined
MPC with a fuzzy system has been used in [11] to adapt the slope angle variation of SSMR during
sloppy maneuvering. However, despite its distinctive advantage of handling system constraints,
NMPC leads to computational complexity in executing real-time optimization problems.

Another critical challenge SSMR faces is the change in the location of ICR during turning
maneuvers due to lateral skidding. Depending on the location of ICR, the distance Xjcr swings up
and down along X-direction as shown in Figure 1. The nonlinear dynamic wheel-terrain interactions,
instantaneous lateral velocity, and angular velocity during the curved path motion determine to what
extent ICR shifts along the X-direction. The worst case scenario occurs if the Xjcr extends beyond the
robot wheelbase, which can skid laterally and lose motion stability. Incorporating such behavior into
SSMR modeling is significantly challenging. Thus, most of the work carried out on SSMR ignores the
effect of lateral skidding during turning maneuvers to simplify the modeling and control complexity.
So far, however, very few studies have examined the role of lateral skidding, which commonly kept
Xicr value to a constant value during turning maneuvers [8,12]. The varying nature of Xjcr gives rise
to alternations in model parameters, which calls for the need of a robust control method dealing with
modeling uncertainties.

Xo

Yr Uiy

Icr

Figure 1. Skid-steered wheeled mobile robot.
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SMC is one of the most well-known robust control strategies that guarantee robust performance
against uncertainties and disturbances. The design of an SMC contains two sequential steps that need
to be undertaken. Primarily, a sliding manifold is formulated based on the desired error dynamics.
Subsequently, the control input is designed to ensure that the system trajectories remain on the sliding
manifold regardless of model uncertainties, nonlinearities and external disturbances [13-15]. An
important feature of the linear sliding manifold is its simplicity, which guarantees asymptotic stability
despite the slower convergence time of the states closer to equilibrium. That means the system states
cannot reach the equilibrium in a finite time [15,16]. A terminal sliding mode control (TSMC) based
on the nonlinear switching manifold has emerged to deal with this problem [16-18]. TSMC offers the
benefit of a fast finite-time convergence of the states to equilibrium. As indicated by [18], however,
uncertainties can potentially impact the robustness of TSMC. In addition, singularities may occur
when the sliding manifold’s time derivative occurs, leading to infinite control input.

To tackle the singularity problem of TSMC, a nonsingular terminal sliding mode control (NTSMC)
has been introduced in recent years. An adaptive fast NTSMC has been proposed by [19] to ensure
precise and steady steering performance of a vehicle steer-by-wire system. The effectiveness of
the NTSMC is verified via an experimental test, which shows a fast finite convergence and robust
performance against different road conditions. [20] proposed a second-order fast NTSMC combined
with ANN for rehabilitation robots to achieve a rapid convergence rate and robustness against uncertain
parameters and disturbances, which ANN estimates. A cascaded NTSM-PID controller scheme has
been presented in [21] to achieve robustness against disturbance and improve the tracking accuracy
of a four-wheel independently driven skid steer robotic vehicle. In [17,22-24], NTSMC has also been
designed for trajectory tracking control of robotic manipulators to obtain finite convergence of states
to equilibrium and robust performance against uncertainties and external disturbances. In view of all
that has been mentioned so far, some of the challenges associated with SSMR motion modeling and
its control arise from the nonlinear behavior of coefficients of friction and change in the location of
ICR, which pose modeling uncertainties. Therefore, well-calibrated robust control laws are needed to
address these challenges so that SSMR can carry out its assigned tasks appropriately.

The main contributions of this paper are threefold: (a) This study formulated the uncertainties
originating from friction forces due to wheel ground interaction, change in Xjcr location, and external
disturbances combined as lumped parametric uncertainties. Subsequently, an adaptive law is designed
that tracks the occurrence uncertainties and estimates the lumped parametric uncertainties; (b) A
continuous and chattering-free robust nonsingular terminal sliding mode control (NTSMC) based on a
back-stepping method is developed; (c) In addition, the finite time stability of the closed-loop system
is proven using Lyapunov’s theory.

The remainder of the paper is outlined as follows. Section 2 and Section 3 cover the kinematic
and dynamic models of the SSMR, respectively. Section 4 proposes the formulation of robust control
and the synthesis of finite-time stability. Section 5 presents some numerical simulation results. Finally,
Section 6 gives some concluding remarks.

2. Kinematic Model

Typically, SSMR is equipped with wheels that cannot be steered, and it achieves steering by
moving one side of the wheels at a faster speed than the other side [11,25]. As shown in Figure 1,
two coordinate frames are defined to model the maneuverability of the SSMR: a fixed reference
coordinate frame X;OY¢, and a moving local coordinate frame attached at the robot’s center of mass
(COM) as XpPYp. 6 is the heading angle of the robot. The actual robot pose, q = [X Y 6], is used
to define the robot’s configuration, while the reference (target) pose is represented by qyef, which
defines qres = [Xrer Yref Ore f]T. Further details of SSMR modeling are found in [8,12]. If we define
z as a displacement vector, then z = [v w]T, with v and w representing the velocity and angular
velocity of the robot, respectively. v;; and v;, are the longitudinal and lateral velocities of the i wheel,
respectively.
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Uiy = Uy = U — CW
U3y = Uge = U+ Cw
1)
Ugy = v3y = (—Xjcr +b)w
vy = vgy = (—Xjcr — 1)w,
where a, b, and c are the kinematic parameters of the SSMR shown in Figure 1.
A velocity constraint for SSMR was introduced in [12] as:
vy + XICRG =0, )

where vy is the lateral velocity.

It is essential to ensure the boundedness of Xjcr to maintain lateral stability and reduce the robot’s
sideslip angle during sharp turns [26]. The nonholonomic constraint can be rewritten in the Pfaffian
form as follows:

[—sinf cos® Xicr|[X Y 8] = A(q) g = 0. (3)

If we let S(q) € R3*2 be a full-rank matrix in which its columns are orthogonal to A(q), then we
can write:

ST(q) AT(q) =0, (4)

where S(q) is defined in the following equation.

cosf  Xjcrsin®f
S(q) = | sinf —Xjcrcosh | . o)
0 1

Now, the generalized velocity vector can be written as:

q=S(q) z 6)

It has been noted from Equation (6) that the generalized velocity vector is dependent on Xjcr.
Differentiating both sides of Equation (6) leads to

q=5(q) 2+5(q) )
3. Dynamic Model

Lateral skidding is an inevitable phenomenon, and determining the exact location of the Xjcg
is difficult due to the nonlinear dynamic nature of the wheel-ground interaction during turning
maneuvers. The unknown lateral skidding and ground interaction forces significantly affect the
dynamic model of the SSMR. The dynamic model of the SSMR is formulated as [8]:

M(q)d +R(q) +AT(q)A + 74 = B(q)T. ®)

where M(q) € R33, R(q) € R¥*1, B(q) € R¥2, 74 € R3*!, v € R2*L. Substituting Equation (7)
into Equation (8) and multiplying both sides by ST yields:

Mz +Cz+ R+ %4 = Br. 9)

The terms M, C, R, %4, and B are defined as follows:
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- . 0 0
C =STMS = mX .
R -0 Xier
~ Frx(4)
R =STR = e ,
XICRFry(Q) + M;
‘T’d = STTd
B=sSTB=1/r L ,
—C C

where m, I and r denote robot mass, moment of inertia, and wheel radius, respectively. It is important
to note that M, C, and R, as defined earlier, are entirely dependent on the location of Xjcr. Any change
in the location of Xjcr results in model parameter variations, thereby introducing model uncertainties
to the dynamic system and poses a significant challenge in robot control.

Fix(q), and Fy(q) represent the resistive forces in the inertial frame along the longitudinal and
lateral directions, respectively, while M;(q) denotes the resistant moment around the center of mass.
These forces and moments can be computed as follows [8]:

g cosolsgn (020) +sgn (o] _ g sind asgn (o2) +bsgn ()] g
Fr(q) = 2 B a+b ‘

in6@ 0 +b
)5t ) ) gy o0 ) b o))y

mg [2abpysgn (vsy) —2abpuysgn (vay)]  mg[acyysgn (vax) +acpysgn (v4)]
2(a+b) 2(a+b)

~ mg[bcpysgn (vay) +bcpxsgn (vay)]
2(a+0) ’

Mr(q) =
(12)

where g, 11y, and p, represent the gravity of acceleration, longitudinal, and lateral coefficients of friction
forces, respectively, sgn(-) denoting the signum function. Furthermore, it is essential to emphasize that
the robot’s dynamic model of Equation (9) is also affected by model uncertainty due to the varying
coefficients of friction forces, as denoted in Equations (10)-(12). These friction force coefficients depend
primarily upon the dynamic nature of the surface of the wheel-ground interaction contact point.

4. Control Problem Formulation

For the trajectory tracking problem, the desired reference state vector is generated as follows.

Xef cosf O v
Qref = Yref = sind 0 [ wref ‘| . (13)
gref O 1 ref

where v,,¢ and w,,f are the reference velocity and angular velocity, respectively.
To ensure the robot pose to track the intended reference trajectory, the trajectory tracking error
can be described in the following equation:

e =T(0)(qret — q), (14)

with e = [ey ey ¢g]T, T(6) is the transformation matrix that transforms the local into a fixed reference
coordinate frame.
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cosf sinf 0
T(6)=| —sinf cos6 0 |. (15)
0 0 1
The corresponding tracking error derivative, & = [éx é, ¢y]7, is thus readily obtained:
éx Uyef COS €9 -1 ¢ v
éy | = | Urgsiney | + 0 —ey l ] (16)
ép Wref 0 -1

The popularity of the backstepping control approach has grown among researchers in recent
decades due to its application to nonlinear systems. This approach systematically defines the Lyapunov
function for stability analysis and the feedback control law design [27,28]. Moreover, it has the potential
to be integrated with other control techniques, including neural networks [29], adaptive control [30],
reinforcement learning [31], sliding mode control [32], and fuzzy control [33], to improve the system’s
overall performance. By virtue of its distinctive advantages, the backstepping kinematic controller
is proposed in this study to eliminate the pose tracking error, e. Subsequently, the control input,
ze = [uc wC]T, can also be used as a command velocity to NTSMC. As proposed by [34], z. can be
given by

ve | _ kyex + Upef COS €9 (17)
We Wref + kyUrefey + kgUregsiney |’

where ky, ky, kg are positive constant numbers.
Assuming that v, s and wy, ¢ are constant, the time derivative of Z. can be determined as [35]:

[ Uc ‘| _ [ kxéx —Urefég sineg ] (18)

(‘UC kyvreféy + kevrefég COS 89

Definition 1. If we define the signal e, = z. — z, the velocity tracking error, &,, can be defined as the difference
between the command velocity control inputs z. and the true velocity z.

e, =z, — . (19)

with e, = [ézl ézz] T

It has been well-known that the coefficient of friction is highly nonlinear, complex, and difficult to
model. Furthermore, accurately determining the Xjcr while executing a turning maneuver poses a
considerable challenge. The dynamic equation of Equation (9) can be rewritten as

(Mo 4+ AM)z + (Cop + AC)z + (Rg + AR) + 74 = B, (20)

where My, Cp and Ry denote the nominal model parameters and AM, AC and AR are the
corresponding uncertainties. If we define the lumped parametric uncertainties as p = AMz + ACz +
AR + %4, then Equation (20) can be written as:

Moz + Coz + Ry = Bt — p, (21)

The parametric uncertainties are upper bound by positive vectors bg and by but are assumed to be
unknown.

p < by + z,by, (22)
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where z, = diag(|v], |w|), bo = [bor bo2]”, b1 = [b11 b12]”.

Taking the time derivative of Equation (19) and using Equation (21) yields the error dynamics as
follows:
&, =z — My (Bt — p — Coz — Ry). (23)
As discussed above, a nonsingular terminal sliding manifold is selected to avoid the singularity
problem [16] as
S = Be; + |é;| "sgn(e;), (24)
where S = [S1 ST, B = diag(B1, B2), |€:| Tsgn(e;) = [|é,1]" sgn(é,1) |éx|"? sgn(éx2)]T, and B; > 0,
1<9;<2fori=1,2.
To ensure the sliding motion occurs, the derivative of sliding surface § = 0 should be satisfied.
S =Be.+vle| " e, (25)
where 7 |&;| 7~ = diag (71 |&:| ", 72 [e:[7T)
For the tracking problem, substituting Equation (23) into Equation (25) leads to
S:ﬁéz+7|éz|7_1[ic—l\~461(ﬁﬂ—p—C()Z—Ro)]. (26)
The design of feedback control is vital to stabilize S = 0 to ensure the attractive property of the
manifold. According to the sliding mode control design, the control input can be defined as
T = Teq + Ty, (27)
where Teq is the equivalent control and 7 is reaching control to ensure the reachability of the sliding
manifold. Teq can be obtained by setting S = 0 and p = 0.
(M5 "B) " [By " [e:> 7 sgn(ez) + 7 + My 'Coz + Mg 'R 28
Teq =(My "B) " [By ™" |&] sgn(e;) + zc + M, "Coz + M "Ro]. (28)
Referring to Equation (22), let b; be the estimation of upper bound, and b; the true upper bound
assuming that b; < b;, fori =0,1. The reaching control, T, can be designed as [36]
T, =(My 'B) '[lqS + k2 [S| “sgn(S) + (bo + 2,b1)], (29)

where ky = diag(kq1,k12), ko = diag(ka1, k22), |S| “sgn(S) = [|S1|™ sgn(S1) |S2|2sgn(S2)]" , and ky;,
ky;i > 0and 0 < 0; < 1 for i=0,1. Therefore, the total NTSMC law for the system is given by:

T =(My'B) Y [By ! |e:|* Tsgn(e:) + Ze + My 1Coz + My 'Ro + kqS + k2 |S|® sgn(S) + (Bo+2,b1)].
(30)
The S of Equation (26) is simplified further by substituting Equation (30) into Equation (26).
S =vlez" " [~kiS — ko |S|®sgn(S) + (bo + 2,b1)], (31)

where by and by are defined as by = by — bg and b; = by — bs.
If p = [S by by]” is defined as the state vector, then the Lyapunov function V() is expressed as:

1 1 pe 1 —qo
V() = 58S+ Sagbgbo + 5a1b1b1, (32)

where g and «; are positive constants. The time derivative of V(1) yields

d0i:10.20944/preprints202410.2155.v1
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V = ST$ + agblbg + a1b7by. (33)

Substituting Equation (31) into Equation (33) yields,
V =8T(y|e:|" " [~keS — k2 [S|® sgn(S) + (Bo+2ob1)]) + aob{ bo + a16] by (34)

Rearranging Equation (34) gives

V=—8Ty|e:|" 1S — STy |e.|" 11z [S| sgn(S) + STy e|" 1 Bo + STy [e2]" ! 2,b1 + apb] Bo+
0&11;{51.
(35)
The following inequality holds since STy |é,|7 'k, |S|® sgn(S) > 0. In addition, the assumption
b; < b; leads to b; < 0.
\Y% S—ST')/ |éz|771 k1S + ST’)/ |15.'Z|'yil bo + ST’)’ |éz|77l Zpl_)1 + thf)gB() + 0611;{1_)1
= —ST')/ |éz|771 k¢S — ST’)/ |éz’771 |Bo’ — ST’)/ |éz|’771 ip‘Bl‘ - 20606(];‘]30“— (36)
a0 |Bo| — 2B [y | + a1 [B4],

where |bo| = [|bo1| |bo2|]" and |b1| = [|b11] |P12|]". We know that b; is assumed to be positive. In
order to develop an adaptive law to estimate the lumped parametric uncertainties, Equation (36) can
be written as

V <—STy e, 1k18+(a0b0 — STy le "™ )|bo| + albl — STy e 2 o) |b1] fZaOb [Bo| 72all§T|Bl (37)

where |S|T = [|S1] |S2[]. Therefore, the estimation adaptive law of bo and by can be explicitly defined
as: by = [bo1 bo]” and by = [by bia]”. Note: 701 = 411 = 71 and 702 = 712 = 2. Similarly,
xo1 = agp = &g and w11 = «1p = w1. Thus, the estimation update rule becomes,

bov = 2 fsJoe = o] (38)
bop = 702 2 Jsa| e ~ w[12 1 (39)
by = Z“ 11| |oe — v ™1 [u] | (40)
bo = Zu Is2] [we — |27 [a] . (41)

Now, Equation (37) is simplified as

V <—STy e[ 1S — 2a0b] [Bo| — 24,5 [B4]
= *(ST’)/ |éz|771 k1S + 2060]3(1;’1_)0’ + 20(1];{’51}). (42)

Substituting Equations (38)—(4) into Equation (42) yields,
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V < — (viki [ve — 0|7 [sq] [s1] 4+ yakia [we — w2 [sa] |52 +2Z—§jam Is1] ve — o] ™ |Bog | +

272 oo 1o |we — w7 [Boa| + 2L ayy sy [ve — o] o] [Bya | + 22 a1 |52 [we — ]2 [eo] [Ba)).
x02 11 X12

(43)
To achieve a more concise expression, we define that: I'; = y1ko; [ve — lJ|'Y171 s1],
Fz = ’)/2k02 |C()C — W|72;1 |52|/
I3 = 21—8; |ve — v|7 1|51|,
T4 = 2% |(,L)C — (,UP/OZ; |52|,
Is5 = 21—3 |ve —v|12™ 1|51| v,
T = Z.Z—i; |we — |27 |55 ||
Now, V is rewritten as
V < — (T |s1] + T2 |s2| + T3ao1 |bor | + Tawoz |boz| 4 Tsann |bra | + Teanz |br2]) (44)
< —n(|s1] + |s2| + ao1 |bor | + @0z | boz| + 11 |b11| + w12 |br2)),
where § =min{T'1,T,T3,T4,T5,T6}.
It is noteworthy that the subsequent inequality is valid [37] for X, Y, Z € R:
(X2 + Y2+ 22)1 < |X|+|Y] +|Z|. (45)
Hence, Equation (44) is simplified as
V< V25Vt (46)

Lemma 1 ([38],[39]). Consider the nonlinear system described by & = f(&) , whose equilibrium is & = 0.
Suppose there is a C' (continuously differentiable) function V (x) defined in a neighborhood D C R" of the
origin, and there are real numbers Y > 0and 0 < ¢ < 1, such that V(x) > 0on D and V(x) + YV¥(x) <0
(along the trajectory) on D. Then the origin of the system is finite-time stable. Moreover, the settling time,
depending on the initial slate x(0) = x,, is given by

T(xo) < V1 70(x,), @)

“Y(1-¢)

for x,, in some open neighborhood of the origin.

Hence, the finite-time stability criterion of the system is satisfied based on Lemma 1, implying
that V converges from initial V(0) to the origin according to the inequality given by Equation (46).

2

T(0) < Y2vh(0). (48)
2

Despite uncertainties and disturbances, the sliding surface S, by, and by will converge to the origin

within finite time T(0).

5. Numerical Results

The numerical example is used to implement the proposed control strategy. The SSMR is required
to follow a desired circular trajectory path starting from an initial pose of q(0) = [2.0 1.0 pi/4]".
The reference circular trajectory is defined in Equation (13), where the reference velocities are
given by v,,r = 0.5 m/s and wyf = 0.2 rad/s. The design parameters were chosen from [12] to
represent a typical SSMR. Referring to Figure 1, the dimensions of the SSMR are given as: a = 0.55 m,
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b =0.37m, 2c = 0.63 m, and the wheel radius is r = 0.2 m. Additionally, the mass and inertia of
SSMR are m = 116 kg, and I = 20 kgm?, respectively. The nominal friction coefficients for lateral and
longitudinal direction are py0 = 0.35 and o = 0.15, respectively. As noted in [8], a fixed coordinate of
the ICR should be selected as Xjcg € (—a,b). Hence, the nominal Xjcgy is selected as —0.18 m.

The complete control diagram of the wheeled mobile robot is shown in Figure 2. It has been
noted that the parametric change in Xjcr has introduced parametric uncertainties in M, C and R.
Moreover, the parametric change in the coefficient of friction has introduced parametric uncertainties
in R. In order to validate the performance of robustness against modeling uncertainties, the following
uncertainties are considered: oy, = 0.15 [sin(7r/4)| fort > 10's, 6py = 0.2 [sin(7r/4)| for 15 <t < 205s,
0Xjcr = —0.09|sin(7r/4)| for 25 < t < 30s and d1; = 35 sin(7r/4)]| for 35 < t < 45s. The constant
gains undergo tuning in various simulation tests, and the final values are provided as: ky = 1.5,
ky = 205, kg = 25,00 = a7 = 22, p = [24 24]T, v = [1.5 1.5]T, kg = [454.5], k, = [20 20],

oc=[0505]T.
Kinematics
Uref
Wref
¥ R
R . b Ot ynamics
Reference Td
Ore Y
+ € | Kinematic ic t €, T. VaN Robot /
_\ > T(0) > Backstepping 3 < )_ A1 Dynamics
A Control
Velocity Control Loop
q
Position Control Loop
o q Robot
1 f adt Kinematics [

Figure 2. The overall structure of the proposed control scheme.

The robustness of NTSMC against model uncertainties and external disturbances is examined
by considering time-varying parametric perturbation of Xicg, friction coefficients along the x and y
directions during turning maneuvers. Figures 3 and 4 illustrate the time history of the velocity and
angular velocity of the SSMR, respectively. It is clear that the velocity does not converge near the
initial time, which denotes unstable motion; however, it is stabilized for the rest of the simulation time.
Compared to other types of uncertainties, the external disturbance has a notable effect on velocity, as
shown in Figure 3. On the other hand, disturbance in lateral friction force has a notable influence on
the angular velocity of the robot, as shown in Figure 4. However, as shown in the time history of the
figures, the designed NTSMC eliminates both disturbances and performs better trajectory tracking.
The robot poses are plotted in Figure 5, which shows the SSMR accurately tracks the target pose despite
the disturbances. As shown in Figure 6, the robot follows the desired circular path precisely in spite
of the disturbances. Figure 7 shows that the proposed torque input is a continuous control and does
not exhibit a noticeable chattering problem. It has been observed from the simulation results that
time-varying parametric perturbation of Xjcr during turning maneuvers is successfully compensated
by robust NTSMC. Finally, the simulation results shown in Figure 8 clearly reveal the asymptotically
convergent property of NTSMC.
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6. Conclusions

Accurately determining uncertainties caused by changes in ICR location, friction force, and
external disturbances poses a significant challenge. The proposed control strategy generally comprises
the position control loop using the backstepping technique and the velocity control loop using NTSMC
to eliminate the position and velocity errors, respectively. The Lyapunov function has been used to
obtain the lumped parametric uncertainties, and the finite-time stability of the overall system has
also been verified. Circular trajectory path simulations for typical SSMR are conducted to verify the
proposed approach. The proposed sliding surfaces converge to the origin despite the uncertainties and
disturbances, which demonstrates that the control strategy is robust against modeling uncertainties and
disturbances. In addition, the simulation result validates that NTSMC is chattering and singularity-free
control. Notably, the structure and parameter of lumped uncertainties are predefined in the proposed
method. In the future, a more flexible non-parametric learning-based uncertainty prediction will be
investigated to achieve adjustable parameters for lumped uncertainties by conducting experiments on
SSMRs.
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