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Abstract: This paper examines the path-tracking control issue for tracked mobile robots
(TMRs) operating in complex terrains, focusing on improving their autonomous operation
capabilities. Considering the system’s complex dynamic model, environmental uncer-
tainties, and non-linear characteristics, especially the phenomenon of track slippage, a
dynamic model that incorporates track slippage is proposed. A sliding factor observer is
then designed to estimate slippage parameters, ensuring the control system remains stable
and accurate despite uncertainties. A hierarchical control architecture is introduced, with
the upper-level controller using a kinematic model to generate desired rotational speed
commands for the left and right drive wheels. The lower-level controller, operating on a
dynamic model, adjusts motor torque to achieve these desired speeds. Utilizing sliding
mode control strategies, combined with adaptive laws and nonlinear control methods,
the controller effectively addresses the issue of high-frequency chattering arising from the
use of signum functions, thereby enhancing the lifespan of actuators and overall system
control performance. A comprehensive simulation and experimental setup for real TMR
systems is established to validate the proposed control strategy. Results demonstrate that
the control scheme effectively achieves trajectory tracking across various unstructured
terrains, exhibiting strong robustness and stability.

Keywords: tracked mobile robot; trajectory tracking control; disturbance observer; sliding
mode control

1. Introduction
Compared to traditional wheeled robots, tracked robots exhibit superior traversing

capability and terrain adaptability, which makes them widely utilized in operational scenar-
ios with unstructured surfaces in military, agricultural, and industrial applications [1]. With
continuous advancements in autonomous driving technology and the growing demand for
automation in special mission conditions, the technology of unmanned tracked vehicles
has experienced rapid development in recent years [2]. Path tracking technology, as a
crucial component of autonomous operation for tracked vehicles, has garnered significant
attention from both industry and academia [3].

Despite the evident advantages of tracked vehicles in complex environments, their
path tracking control remains a challenging issue. The primary reasons include the complex-
ity of the dynamic model of tracked vehicles, the extensive distribution of environmental
variables, the highly nonlinear nature of the system, and the presence of non-holonomic
constraints [4]. Specifically, tracked vehicles rely on differential steering, a mechanism that
depends on the slip generated by the tracks, necessitating the incorporation of unknown
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friction and other external disturbances into the vehicle’s dynamic model, which are diffi-
cult to accurately describe with conventional modeling techniques [5]. In unpaved driving
environments, due to the complexity of ground adhesion conditions, parameter creep, and
external disturbances, control performance can easily deteriorate [6]. To address the model
uncertainty issues of tracked mobile robots (TMRs), a high-speed tracked vehicle dynamics
simulation method based on model reduction strategies was proposed in [7]. In [8], a
simplified track multibody dynamics model was derived and integrated by deducing the
dynamic model of a dual differential steering transmission and the multibody model of
tracked vehicles. In [9], a longitudinal-vertical coupled dynamics model for tracked vehicles
operating on rough terrain was established, revealing the significant influence of vehicle
speed and road roughness on the longitudinal dynamics of the vehicle. In conclusion, the
kinematic model alone is insufficient to fully describe the behavior of TMRs; the effects of
dynamics must also be taken into account.

To address these challenges, state and disturbance observation methods have also been
widely applied in TMRs. In [10], a steering controller for tracked vehicles that combines
parameter adaptive laws and a second-order disturbance observer (DO-2) was proposed,
capable of online estimation of friction coefficients and resistance against random distur-
bances. In [11], a traditional sensor-based algorithm for estimating driving parameters was
introduced, which can estimate the longitudinal force and vehicle speed. In [12], a kine-
matic model integrated with slip parameter estimation was proposed, utilizing extended
Kalman filtering (EKF) and improved sliding mode observer (ISMO) methods to estimate
slip parameters. These studies indicate that observing external disturbances and system
states can effectively enhance the performance of controllers.

Based on the aforementioned model establishment and state observation schemes,
the control problems of TMRs primarily focus on a variety of control strategies, including
PID control, backstepping control, and model predictive control. In [13], a hybrid control
architecture combining MIMO data-driven control and sliding mode control was proposed
for addressing the path tracking problem of autonomous unmanned ground vehicles in
precision agriculture on rough terrain. In [14], an integrated method based on Hybrid A*
path planning and adaptive model predictive control (AMPC) was proposed to solve the
trajectory planning and tracking control issues for articulated tracked vehicles. In [15], a
comprehensive modeling method and trajectory tracking control strategy for autonomous
tracked vehicles, integrating a backstepping controller and integral sliding mode control
of vehicle drive torque, were proposed. In [16], a control scheme based on a third-order
fixed-time extended state observer and a zeroing neural network was presented, which
estimates unknown lumped disturbances and unmeasurable speeds, achieving convergence
of observation errors to zero within a fixed time.

Sliding Mode Control (SMC) has demonstrated significant advantages in trajectory
control of tracked vehicles, primarily due to its robustness and insensitivity to parameter
variations and external disturbances. Compared to traditional PID controllers, SMC is
better suited to handle nonlinear systems and uncertainties, ensuring stability and precise
tracking performance for tracked vehicles in complex terrains and dynamic environments.
Additionally, SMC offers lower computational requirements compared to other robust
controllers, and its design is relatively straightforward, not requiring an accurate system
model. This makes SMC more flexible and reliable in practical applications [17]. However,
sliding mode control can easily lead to high-frequency chattering due to the sign function,
which may exacerbate actuator wear and degrade system performance [18]. To solve the
chattering problem, a continuous super-twisting control (STC) method based on high-order
sliding mode observers (HOSMO) was proposed in [19], successfully achieving second-
order sliding mode (SOSM) on the selected sliding surface. In [20], a robust continuous
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sliding mode control (CSMC) method combined with a nonlinear disturbance observer
(NDO) for disturbance estimation and compensation was proposed, constructing a cascaded
control framework. The superiority of the controller in disturbance suppression and
robustness against disturbances was verified through simulations and experiments, along
with a stability analysis of the system.

In off-road driving environments, the complexity of ground adhesion conditions,
parameter uncertainties, creep characteristics, and external disturbances can all lead to
significant degradation in the effectiveness of conventional path tracking control. This is
especially pronounced when the vehicle operates on challenging terrains such as flooded
or muddy surfaces, where the intricate contact conditions between the tracks and the
ground, as well as the uncertain relationship between slip ratio and driving force, further
amplify the discrepancies between the ideal motion model and actual vehicle response [21].
Reference [22] introduces a slip model based on the instantaneous centers of rotation (ICRs)
of the tracks and a dual-adaptive unscented Kalman filter (DAUKF), which significantly
improves the accuracy and practicality of intelligent tracked vehicle models in complex
terrains by real-time estimation of ICR positions. Reference [23] proposes a path tracking
control method that integrates a Sup controller with PID and SMC, modifying the lateral
error slightly and optimizing the approach through particle swarm optimization (PSO).
Reference [24] analyzes the influence of inertial forces on the position of the instantaneous
center of rotation (ICR) of the tracks, proposing a new kinematic model based on dynamic
simulations on hard, level ground. This model estimates the actual ICR positions of the
tracks using three indices: slip, eccentricity, and steering efficiency. Given the above
discussion, SMC, with its robustness and low computational complexity, presents a viable
solution for real-time trajectory tracking control of TMRs in the presence of slipping
disturbances.

The trajectory tracking accuracy of TMRs is often compromised due to slip caused
by differential turning. To address this issue, this paper proposes a super-twisting sliding
mode controller based on a disturbance observer. First, a TMR model that considers slip
is established, taking into account the system’s nonlinearity and track slip. Based on this
system model, a slip factor observer is designed, and its stability is analyzed. Subsequently,
a hierarchical controller is designed: the upper-level controller, based on the kinematic
model, generates the desired rotational speed signals for the left and right drive wheels; the
lower-level controller, based on the dynamic model of the tracks, adjusts the motor torque
output according to the desired rotational speed signals, collectively achieving the pose
control of the TMRs. Finally, a simulation environment and experimental environment
are established based on a real TMR system to thoroughly validate the effectiveness of the
controller. The contributions of this study are twofold:

1. The track slip is treated as a lumped external disturbance, and a track slip factor
observer is designed, which features only one adjustable parameter, thereby avoiding
complex parameter tuning.

2. Unlike most studies on tracked vehicles that only consider kinematic models, this re-
search comprehensively incorporates the dynamic model of the tracks. A hierarchical
controller is designed to achieve precise trajectory tracking control.

The structure of this paper is as follows: Section 1 introduces the research background
and significance; Section 2 establishes the dynamics model of TMRs; Section 3 designs the
slip factor observer and presents the design method of the hierarchical controller; Section 5
validates the effectiveness of the controller through simulations and experiments; and
Section 5 summarizes and prospects the entire paper.
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2. TMRs Modeling
2.1. TMRs Kinematic Model

Remark 1. In this paper, the subscript L denotes the local coordinate system of the robot; if there
is no subscript, it indicates that the parameter is in the global coordinate system; the subscript l
denotes the parameter located on the left track in the direction of travel, and the subscript r denotes
the parameter located on the right track in the direction of travel.

Figure 1 shows the top view of TMR kinematic model. The kinematic model of a
track-type mobile robot is given by:

q =


.
x
.
y
.
φ

 =

cos φ 0
sin φ 0

0 1

( v
ω

)
(1)

where θ is the yaw angle, v is the linear velocity of the robot, and w is the angular velocity.
Equation (1) does not explicitly consider the sliding effect between the tracks and the
ground. In practice, the most direct cause of sliding is the imbalance between the frictional
force and the torque output by the track drive motors. However, due to the complexity of
modeling friction, sliding effects are generally not modeled by directly analyzing friction,
but rather through kinematic analysis. From a holistic perspective, the motion of a mobile
robot can be considered as circular motion around an instantaneous center of rotation Oc.
When sliding effects are present, Oc is offset from the OL axis by a distance ε, which can be
expressed as:

ε = Lv2

2µtgR′ sin α

α = arc tan( vYL
vXL

)
(2)

where α is the side slip angle. It is important to note that the offset ε cannot exceed the
position of the track drive wheels’ axis, denoted as “|ε| ≤ L/2 − r”. In the presence of
sliding, the actual linear velocities of the left and right drive wheels are affected by sliding
parameters. The actual linear velocities of the left and right wheels can be expressed as:

vl = rωl(1 − sl)

vr = rωr(1 − sr)
(3)

where wl and wr are the rotational speeds of the drive wheels, r is the radius of the drive
wheels, vl and vr are the actual forward speeds of the left and right tracks, and sl and sr are
the longitudinal slip ratios of the left and right tracks. The side slip turning radius R′ can
be expressed as:

R′ =
||vB||
|ω| =

b
2 cos α

ωl(1 − sl) + ωr(1 − σr)

ωl(1 − sl)− ωr(1 − σr)
(4)

where b is the width of the robot. Therefore, vL can be expressed as:

∥vL∥ =
vl + vr

2 cos α
=

rωl(1 − sl) + rωr(1 − sr)

2 cos α
(5)
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Converting the vehicle velocity v from the body coordinate system to the global
coordinate system, can get:

v =

(
cos φ − sin φ

sin φ cos φ

)(
∥vL∥ cos α

∥vL∥ sin α

)
= ∥vL∥

(
cos(φ + α)

sin(φ + α)

)
.
φ = −rωl(1−sl)+rωr(1−sr)

b

(6)

Substituting (5) into (6) and then into (1), we obtain the kinematic model of a track-type
ground mobile robot considering sliding effects:

q =


.
x
.
y
.
φ

 =

 r
2 (cos φ − sin φ tan α)((1 − sl)ωl + (1 − sr)ωr)
r
2 (sin φ + cos φ tan α)((1 − sr)ωl + (1 − sl)ωr)

r
b ((1 − sl)ωl − (1 − sr)ωr)

 (7)

where q =
[ .

x
.
y

.
φ
]T

is the global pose of the mobile robot. Since the track-type vehicle
can only move along the normal to the drive sprocket axis, the non-holonomic constraint
can be expressed as [25]:

− .
x sin φ +

.
y cos φ +

.
φε = 0 (8)

The tracking control of a mobile robot with sliding parameters is accomplished in
two steps: first, the online estimation of sliding parameters, which can be solved using
various nonlinear online estimation methods introduced in Section 3; second, constructing
a tracking control law using the estimated sliding parameters to achieve tracking control,
which is addressed using nonlinear control methods presented in Section 3.

2.2. TMRs Dynamic Model

As depicted in Figure 2, the forces acting on the tracked vehicle include the traction
forces Fl and Fr, the longitudinal resistances Rl and Rr on the left and right tracks, and the
transverse frictional force resulting from the distribution of lateral soil shear forces.
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Assumption 1. It is assumed that the tracked vehicle has a left–right symmetric physical structure,
with the vehicle’s weight uniformly distributed across the two tracks. The longitudinal position of
the center of mass coincides with the midpoint of the tracks, and the vertical load on the tracks is
uniformly distributed. The lateral resistance coefficient µt is constant.

To satisfy the lateral equilibrium condition, the instantaneous center of rotation OC

must be located forward of the YL axis at a distance ε. The equations of motion in the
vehicle’s local reference frame can be expressed as:

m
..
xL = Fr + Fl − Rr − Rl

m
..
yL = Fy

Iz
..
φ = b

2 (−Fr + Fl)− Mr

(9)

where Mr is the steering resistance torque caused by the lateral soil shear distribution force.
Specifically:

Rl = Rr =
µlmg

2
(10)

Here, µl is the rolling resistance coefficient. The lateral force Fy per unit length of track
can be expressed as:

Fy = 2 ×
∫ L/2
−L/2 fy(lx)dlx

Mr = 2 ×
∫ L/2
−L/2 fy(lx)× lxdlx

(11)

where lx is the longitudinal distance from the track element to the center of mass, taken
positive in the forward direction. Since the lateral force yf is a sliding frictional force, and
under the assumption of uniformly distributed load given earlier, the expressions for the
lateral force Fy and the yaw resistance torque Mr are:

Fy = 2sgn(ω)µtεmg
L

Mr =
(4ε2−L2)sgn(ω)µtmg

4L

(12)

Selecting the track as the object of study, the rotational speed control equation is
established. The track is driven by a motor and is subjected to the combined effects of
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traction forces and internal and external resistances. The rotational dynamics equation for
the track is given by:

.
ωl =

1
J (Te,l − r(Fl + Rl)− µωωl)

.
ωr =

1
J (Te,r − r(Fr + Rr)− µωωr)

(13)

where J is the total equivalent rotational inertia of the track on one side, Te is the driving
torque of the motor on one side, and µω is the internal rotational resistance of the system.

3. Main Results
3.1. Observer Design

The structure of the control system is illustrated in Figure 3. In practical engineering
conditions, the driving force and slip ratio of the tracks are often unmeasurable. Addition-
ally, the variability of ground conditions makes direct driving force control challenging. To
achieve accurate path tracking control, it is necessary to start from the kinematic relation-
ship between track rotational speed and vehicle speed, treating lateral slip as part of the
disturbance, and design a disturbance observer for slip compensation.
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Define the rotational speeds of the left and right track drive wheels as the system
inputs. The vehicle motion model considering track slip can be expressed as:

vL = vL + ṽL = 1
2 (vl + vr)− 1

2 (vlsl + vrsr)

ωL = ωL + ω̃L = 1
b (vl + vr)− 1

b (vlsl + vrsr)
(14)

where the variables with the superscript “-” represent the longitudinal velocities and yaw
rates under zero slip conditions, i.e., the ideal kinematic estimates, and the superscript “~”
denotes the uncertain quantities caused by track slip. Taking the derivative of both sides of
the above equation, we get:

.
vL =

.
vL +

.
ζv

.
ωL =

.
ωL +

.
ζω

(15)

where
.
ζv and

.
ζω are the derivatives of the longitudinal and yaw motion disturbances,

respectively, representing the differences between the theoretically calculated velocities
and the actual velocities of the tracked vehicle. Combining Equations (7) and (14), the state
equations of the kinematic system can be written as:

.
XL = U +

.
ζ (16)
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where
.

XL =
( .

vXL
.
vYL

.
ωL

)T

U =
( .

vXL 0
.

ωL

)T

.
ζ =

( .
ṽL

.
vy

.
ω̃L

)T

(17)

and ζ is the generalized disturbance input for lateral motion. Applying a low-pass filter to
the state variables and system inputs [26]:

κ
.

XL f + XL f = XL

κ
.

U f + U f = U
(18)

where κ > 0, and define the auxiliary variable as:

ϑ = κ
(

X − XL f

)
− U f −

.
ζ (19)

Lemma 1. For system (15) and filtering operation (17), the auxiliary variable ϑ is bounded and
exponentially decreases to 0 for κ > 0. That is, ϑ = 0 is an invariant manifold.

Proof. Taking the derivative of the auxiliary variable ϑ:

.
ϑ = κ

( .
X −

.
XL f

)
−

.
U f −

..
ζ

= κ(
.
ζ + U f )− κ

.
XL f −

.
U f −

..
ζ

= −κ
(

κ(X − XL f )− BU f −
.
ζ
)
−

..
ζ

= −κϑ −
..
ζ

(20)

Define the Lyapunov function as:

V(ϑ) = ϑTϑ (21)

Taking the derivative of V(ϑ):

.
V = 2ϑT

.
ϑ

= 2ϑT(−κϑ −
..
ζ)

= −2κϑTϑ − 2ϑT
..
ζ

(22)

Using Young’s inequality, we get:

.
V = −2κϑTϑ − 2ϑT

..
ζ ≤ −ϵϑTϑ − 1

ϵ

.
ζ

T ..
ζ

≤ −(2κ + ϵ)ϑTϑ − 1
ϵ

..
ζ

T ..
ζ

(23)

Since the second derivatives of the unknown disturbances have upper bounds:∥∥∥ ..
ζ
∥∥∥ ≤ δ (24)

We have:
.

V ≤ −(2k + k)ϑTϑ − 1
k

δ2 (25)
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To ensure that the system is asymptotically stable, we need:

.
V(ϑ) = −3κϑTϑ − 1

κ
δ2 ≤ 0

3κ∥ϑ∥2 ≥ 1
κ

δ2

∥ϑ∥2 ≤ δ2

3κ2

(26)

Since 1
κ δ2 is constant, we have:

V(t) ≤ V(0)e−3κt

= ζ(0)e−3κt (27)

Therefore, if κ > 0, ϑ exponentially converges to 0. Based on Lemma 1, a disturbance
observer can be designed to observe the acceleration disturbances in the system. For the
system (16), the disturbance observer can be expressed as:

.
ζ̂ = κ

(
X − XL f

)
− U f (28)

□

Remark 2. In the design of the disturbance observer, the acceleration information of the track
rotation is not directly used as input. Instead, a low-pass filter is applied to implicitly include the
track rotational speed-related state vector in the observer. This approach fully utilizes the observable
information of the system while avoiding the differentiation of the velocity signal, effectively reducing
noise amplification.

Using the estimates of ζv and ζω, the expression for the slip ratio can be derived by
solving Equations (13) and (14) simultaneously:

sl = 1 − 2vL−bωL+2ζv−bζω
2ωlr

sr = 1 − 2vL−bωL+2ζv−bζω
2ωrr

(29)

3.2. Path Following Controller

Lemma 2. For a nonlinear system, if there exists a C+ function V(x) > 0 such that

.
V(x) ≤ −cVα(x)− bV(x), x ∈ D/{0} (30)

where c > 0, b > 0, 0 < α < 1, then the system is finite-time stable.

Lemma 3. Considering a nonlinear system, if there exists a C+ function V(x) > 0 satisfying:

.
V(x) ≤ −cVα(x), x ∈ D/{0} (31)

where c > 0, 0 < α < 1, then the system is finite-time stable.

Since the speed of the track can be directly obtained through the encoder, a hierar-
chical control strategy is adopted for path following control: the upper-level controller is
responsible for the whole vehicle kinematics path following, with the track rotation speed
as the virtual control quantity; the lower-level controller is responsible for the dynamic
track speed control, with the motor drive torque as the control input.



Actuators 2025, 14, 51 10 of 21

Define position error and attitude error:

eL =

exL

eyL

eφL

 =

 cos φ sin φ 0
− sin φ cos φ 0

0 0 1


 x − xd

y − yd

φ − φd

 (32)

Design an integral sliding surface:

s =

s1

s2

s3

 =

exL + λ1
∫

exLdt
eyL + λ1

∫
eyLdt

eφL + λ1
∫

eφLdt

 (33)

where λ1 > 0 is a constant used to adjust the weight of the sliding surface. Calculate the
derivative of the sliding surface s:

.
s =


.
s1
.
s2
.
s3

 =


.
exL + λ1exL
.
eyL + λ1eyL
.
eφL + λ1eφL

 (34)

The error dynamics can be expressed as:

.
exL = −λ1exL = r

2 ((1 − sl)ωl + (1 − sr)ωr) cos φ
.
eyL = −λ1eyL = r

2 ((1 − sl)ωl + (1 − sr)ωr) sin φ
.
eφL = −λ1eφL = r

b ((1 − sl)ωl − (1 − sr)ωr)

(35)

The rotational speeds of the left and right wheels are equivalent control outputs and
can be represented as:

ω
eq
le f t =

2λ1(exL cos φ+eyL sin φ)+λ1eφLb
2r(1−sl)

ω
eq
right =

2λ1(exL cos φ+eyL sin φ)−λ1eφLb
2r(1−sr)

(36)

The switching control outputs for the left and right wheel speeds can be expressed as:

usw =

usw,x

usw,y

usw,φ

 =

−k1|s1|1/2 sin(s1)− k2s1 + s2

−k3|s2|1/2 sin(s2)− k4s2 + s3

−k5|s3|1/2 sin(s3)− k6s3 + s1

 (37)

To make the gains k1, k2, k3, k4, k5, k6 adaptively adjust, we introduce adaptive laws:

.
k1 = α1|s1|1/2,

.
k2 = α2|s1|.

k3 = α1|s2|1/2,
.
k4 = α2|s2|.

k5 = α1|s3|1/2,
.
k6 = α2|s3|

(38)

where α1, α2 are positive adaptive gain constants. The virtual control outputs for the left
and right wheel speeds are:

ω∗
l = ω

eq
l + usw,x + usw,y + usw,φ

ω∗
r = ω

eq
r + usw,x + usw,y − usw,φ

(39)

Remark 3. The specific approach to adaptive gain design involves introducing an adaptive law to
dynamically adjust the control gain based on the system’s real-time state and error information. This
allows the gain to adaptively respond to uncertainties in system parameters, external disturbances,
and nonlinear characteristics. The logic is grounded in Lyapunov stability theory: a Lyapunov
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function candidate is first defined, incorporating both the sliding mode variable and the gain error.
An adaptive law, such as an update rule for the gain, is then designed such that the derivative of this
function is non-positive, ensuring system stability. The role of the adaptive gain is to dynamically
adjust the gain value, enabling the sliding mode variable to rapidly converge to zero (i.e., reach
the switching surface) and remain stable on the surface, while avoiding excessive control inputs
or chattering phenomena. Consequently, adaptive gain not only enhances the robustness of the
controller but also optimizes the system’s dynamic performance, ensuring stable and efficient control
across various operating conditions.

Proof. Consider the Lyapunov function Vs1:

Vs1 =
1
2
(sTs + sT .

s) (40)

Taking the derivative:
.

Vs1 = sT .
s +

.
sT ..

s (41)

Substituting the controller design (37):

.
Vs1 = sT(−K1|s|1/2 sin(s)− K2s + s) +

.
sT(−K3

∣∣s∣∣1/2 − K4s +
..
s
)

(42)

where:

K1 =

 k1 0 0
0 k3 0
0 0 k5

, K2 =

 k2 0 0
0 k4 0
0 0 k6


K3 =

 0 0 0
0 0 0
0 0 λ1

, K4 =

 0 0 0
0 0 0
0 0 λ2


(43)

Further expansion:

.
Vs1 = −sTK1

∣∣∣s∣∣∣1/2 sin(s)− sTK2s + sT .
s − .

sTK3

∣∣∣s∣∣∣1/2 −
.
sTK4s +

.
sT ..

s (44)

Substituting the adaptive gain laws (38):

.
Vs1 = sT(−K1

∣∣s∣∣1/2 sin(s)− K2s +
.
s
)
+

.
sT(−K3

∣∣s∣∣1/2 − K4s +
..
s
)

−sT
(

∂u
∂k

)T( .
k1

.
k2

.
k3

.
k4

.
k5

.
k6

)T (45)

where:

∂u
∂k

=

−|s1|1/2 sin(s1) −s1 0 0 0 0
0 0 −|s2|1/2 sin(s2) −s2 0 0
0 0 0 0 −|s3|1/2 sin(s3) −s3

 (46)

Substituting into (45):

.
Vs1 = sT(−K1

∣∣s∣∣1/2 sin(s)− K2s +
.
s
)
+

.
sT(−K3

∣∣s∣∣1/2 − K4s +
..
s
)

−2c1


s1

(
− 1

2 |s1|−1/2s1 sin(s1)− |s1|1/2 cos(s1)
)
|s1|1/2+

s2

(
− 1

2 |s2|−1/2s2 sin(s2)− |s2|1/2 cos(s2)
)
|s2|1/2+

s3

(
− 1

2 |s3|−1/2s3 sin(s3)− |s3|1/2 cos(s3)
)
|s3|1/2


−2c2(s1(−s1)|s1| − s2(−s2)|s2|+ s3(−s3)|s3|)
= sT(−K1

∣∣s∣∣1/2 sin(s)− K2s +
.
s
)
+

.
sT(−K3

∣∣s∣∣1/2 − K4s +
..
s
)

+2c1
(
s2

1|sin(s1)|+ s2
2|sin(s2)|+ s2

3|sin(s3)|
)
+ 2c2

(
s2

1|s1|+ s2
2|s2|+ s2

3|s3|
)

(47)
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Substituting the adaptive gain laws (38):

.
Vs1 = sT

(
−K1|s|1/2 sin(s)− K2s +

.
s
)
+

.
sT(−K3

∣∣s∣∣1/2 − K4s +
..
s
)

−sT
(

∂u
∂k

)T(
α1|s1|1/2 α2|s1| α3|s2|1/2 α4|s2| α5|s3|1/2 α6|s3|

)T (48)

Choose α1 = 2c1, α2 = 2c2, where c1, c2 are positive constants. Substituting, we get:

.
Vs1 = sT

(
−K1|s|1/2 sin(s)− K2s +

.
s
)
+

.
sT
(
−K3|s|1/2 − K4s +

..
s
)

−sT
(

∂u
∂k

)T(
2c1|s1|1/2 2c2|s1| 2c1|s2|1/2 2c2|s2| 2c1|s3|1/2 2c2|s3|

)T

= sT
(
−K1|s|1/2 sin(s)− K2s + s

)
+ sT

(
−K3|s|1/2 − K4s + s

)
−2c1sT

(
∂u
∂k

)T(
|s1|1/2 0 |s2|1/2 0 |s3|1/2 0

)T

−2c2sT
(

∂u
∂k

)T(
0 |s1| 0 |s2| 0 |s3|

)T

(49)

Substitute (46) into it:

.
Vs1 = sT

(
−K1|s|1/2 sin(s)− K2s +

.
s
)
++

.
sT
(−K3|s|1/2 − K4s +

..
s)

+2c1
(
s2

1|sin(s1)|+ s2
2|sin(s2)|+ s2

3|sin(s3)|
)

+2c2
(
s2

1|s1|+ s2
2|s2|+ s2

3|s3|
) (50)

To ensure that
.

Vs1 is negative definite, choose appropriate c1, c2 such that:

.
Vs1 ≤ −c1V1/2

s1 − c2Vs1 (51)

At this time,
α1 = 2c1, α2 = 2c2 (52)

where the gains k1, k2, k3, k4, k5, k6 are updated through adaptive laws. □

3.3. Wheel Speed Controller

The lower-level controller is responsible for dynamic track speed control, with the
motor drive torque as the control input. Define the speed error:

eω,l = ωl − ω∗
l

eω,r = ωr − ω∗
r

(53)

where ω∗
l and ω∗

r are the desired speeds of the left and right tracks. Assume that the speeds
of each track, ωl and ωr, are controlled by the motor drive torques Tl and Tr, respectively.
Use the dynamic model (13). Define the angular acceleration error:

.
eω,l =

.
ωl −

.
ω
∗
l

.
eω,r =

.
ωr −

.
ω
∗
r

(54)

Define the super-twisting sliding mode as [27]:

.
ss,l = −µ1

∣∣x1
∣∣1/2 sin(x1) + µ2x2 + ρ1(x, t)

..
ss,l = −µ3 sin(x1) + ρ2(x, t)
.
ss,r = −µ1

∣∣x1
∣∣1/2 sin(x1) + µ2x2 + ρ1(x, t)

..
ss,r = −µ3 sin(x1) + ρ2(x, t)

(55)
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where ρ1 and ρ2 are unknown disturbances. The control input can be expressed as:

Te,l = J
(
ω∗

l + (−µ1|x1|1/2 sin(x1) + µ2x2) + µωωl
)
+ µ3 Jl sin(x1) + µ4sat

(
x1
δs

)
Te,r = J(ω∗

r + (−µ1|x1|1/2 sin(x1) + µ2x2) + µωωr) + µ3 Jr sin(x1) + µ4sat
(

x1
δs

) (56)

where:

sat
( x1

δ

)
=

{
x1
δ if|x1| ≤ δs

sign(x1) if|x1| > δs
(57)

Proof. We choose the Lyapunov function Vs2 as

Vs2 =
1
2

µ2x2
2 +

2
3

µ1|x1|3/2 (58)

Compute the derivative of the Lyapunov function Vs2, denoted as
.

Vs2:

.
Vs2 = µ2x2

.
x2 + µ1|x1|1/2sign(x1)

.
x1 (59)

Substitute
.
x1 and

.
x2:

.
Vs3 = µ2x2(−µ3 sin(x1) + ρ2(x, t)) + µ1|x1|1/2sign(x1)(−µ1|x1|1/2 sin(x1) + x2 + ρ1(x, t))

= −µ2µ3x2 sin(x1) + µ2x2ρ2(x, t)− µ2µ2
1|x1| sin(x1) + µ1µ2x2|x1|1/2

+µ1µ2|x1|1/2sign(x1)ρ1(x, t)
(60)

Consider the boundedness of ρ1 and ρ2, which represent the difference between the
driving force and resistance of a single track, and both the difference and its derivative are
bounded. Assume:

|ρ1(x, t)| ≤ ∆1, |ρ2(x, t)| ≤
∣∣∣ .
∆1

∣∣∣ (61)

where ∆1 is a known positive bound. Substitute these bounds into
.

Vs3:

.
Vs3 ≤ −µ3x2 sin(x1) + µ2x2

.
∆1 − µ2

1|x1| sin(x1) + µ1x2|x1|1/2 + µ1∆1|x1|1/2 (62)

To ensure that
.

Vs3 is negative definite, choose:

µ2µ3 >
.
∆1

µ1 > ∆1
(63)

Such that Vs2 remains stable on the sliding mode. The specific form can be expressed as:

.
V ≤ −ηV (64)

where η is a positive constant. According to Lemma 3, this implies that the system ap-
proaches the sliding mode in finite time, and by the Lyapunov stability theorem, if

.
Vs3

is negative definite, the system is asymptotically stable. Therefore, the designed super-
twisting sliding mode control law ensures the robustness and stability of the track robot’s
speed control system. □

Through this design, the speed tracking controller of the tracked vehicle can han-
dle dynamic issues and ensure that the position and attitude errors converge to zero
in finite time. This hierarchical control strategy enhances the system’s robustness and
tracking accuracy.
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4. Validation of Effectiveness
To validate the effectiveness of the proposed TMR trajectory tracking control scheme,

control performance testing was conducted through both simulation and experimental methods.

4.1. Simulation

In the Simulink simulation environment, MATLAB 2022b was used to construct the
dynamic model of the TMR, including its kinematic model and the dynamic model of
the tracks. Through Simulink’s modular design, it is convenient to implement trajectory
tracking control strategies such as PID control and SMC control. During the simulation,
an internal signal generator module was utilized to generate various test signals, and the
real-time data monitoring and post-processing were performed using the data acquisition
and analysis toolbox, ensuring the performance of the control algorithm was effectively
validated. Table 1 presents the key parameters of the TMR. Table 2 presents the key
parameters of the controllers.

Table 1. Key parameters of the model.

Parameter Value

Total Mass M 16.3 kg
Track Spacing 65 cm
Track Width 11 cm

Track Contact Length 68.1 cm
Drive Wheel Radius 10 cm

Table 2. Key parameters of the controller.

Parameter Value Parameter Value

Observer Gain κ 100 Speed Controller Gain µ2 2
Adaptation Gain α1 10 Speed Controller Gain µ3 7
Adaptation Gain α2 5 Disturbance Term Gain µ4 25

Sliding Surface Gain λ1 3 PID Controller kp 15
Speed Controller Gain µ1 1.5 PID Controller ki 1

Using a PID controller as the control group, Figures 4–6 show the motion trajectory
curves of the TMR under the influence of both controllers. The desired trajectory is given by:

xd(t) = 5· cos(0.2t + π
2 )

yd(t) = 3· cos(0.4t + π
2 )

φd(t) = arctan2(−2·3·0.2· sin(0.4t + π
2 ),−5·0.2· sin(0.2t + π

2 ))

(65)

Figure 4a illustrates that both controllers can effectively track the desired trajectory
in the simulation environment, with a slight initial deviation in the trajectory of the PID
controller. The experiment tracking path is shown in Figure 4b, with the desired path
consistent with Equation (65). Under the proposed SMC control, the TMR can follow the
desired trajectory.

Figure 5 shows that both controllers exhibit a certain degree of deviation at the initial
stage, which is due to an initial pose offset of 0.1 m set to test the influence of initial
conditions on controller performance. In Figure 5a, both controllers can follow the desired
trajectory, while Figure 5b provides a magnified view of the turning trajectory, indicating
that the proposed SMC-based tracking trajectory has a smaller turning deviation compared
to the PID controller. Figure 5c is a magnified view of the initial stage trajectory, showing
that the SMC controller converges faster than the PID controller and effectively follows the
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desired trajectory after a single oscillation. Figure 5d displays the tracking error distribution
curves of both controllers, where the SMC curve, although showing some fluctuations, has
a smaller error range and peak error compared to the PID controller, demonstrating its
performance advantage.
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Figure 4. Simulation and Experiment Tracking Trajectory of “8” Path. (a) Simulation result,
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Figure 6 presents the tracking curves of both controllers in the X-direction. Among
them, Figure 6a is the tracking path curve; Figure 6b is the magnified view of the turning
path; Figure 6c is the magnified view of the initial stage; and Figure 6d is the tracking
error distribution curve. The tracking performance of both controllers in the X-direction is
consistent with that in the Y-direction and is not discussed further here.

Figure 7 illustrates the observed values of the left sliding coefficient. To test the
performance of the observer, the left sliding coefficient was set as Sl,r = 0.2 cos (t), and
the observed values steadily follow the provided reference values. Figure 7b shows the
distribution of the observation error. Except at the beginning of the motion, the maximum
error does not exceed 0.07, indicating that the observer can accurately estimate the sliding
coefficient and compensate for the controller. The research method for the right sliding
coefficient is the same as for the left and is not discussed further here.
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As shown in Table 3, in trajectory tracking control, both the Sliding Mode Control
(SMC) controller and the Proportional-Integral-Derivative (PID) controller have their ad-
vantages and disadvantages. The SMC controller offers high precision, robustness, and
good dynamic performance, making it suitable for complex environments. However, it
has longer computation times and higher hardware and development costs. The PID
controller, on the other hand, has shorter computation times and lower hardware and
development costs, making it suitable for simple environments. However, it has larger
trajectory tracking errors and poorer dynamic performance, often leading to oscillations or
instability in complex environments.

Table 3. Detailed Comparison of SMC and PID.

Performance Metrics SMC Controller PID Controller

Computation Time 17.5 s 11 s
Maximum Error 0.2 m 0.5 m
Average Error 0.05 m 0.12 m

Mean Squared Error 0.005 square meters 0.03 square meters

Suitable Environment
Complex environments

(nonlinear, external
disturbances)

Simple environments
(linear, low disturbances)

4.2. Experiment

To validate the effectiveness of the TMR trajectory tracking control scheme, the ex-
perimental environment employs the Ublox ZED-F9P-01B high-precision GPS receiver,
providing centimeter-level positioning accuracy to ensure the robot’s position informa-
tion is accurate. Additionally, a Heidenhain ECN 413 2048 16S15-2K incremental encoder
with an accuracy of 0.001 degrees/pulse is used to monitor the rotation of the tracks in
real-time, ensuring precise speed and position control. The main controller uses a Siemens
S7-1200 PLC, supporting fast data acquisition and processing with a response time of less
than 1 ms. The wireless communication terminal is the DTD418MA, and data acquisi-
tion and processing are achieved through the NI USB-6363 data acquisition card, which
supports multi-channel synchronous sampling with adjustable sampling rates, ensuring
the integrity and precision of the data. Figure 8 shows the TMR experimental platform,
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where the experimental site is a lawn, fully testing the control performance under track
sliding conditions.
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Figure 9 illustrates that Figure 9a,c respectively, show the distribution curves of the
tracking trajectory in the X and Y directions; Figure 9b,d respectively, show the error
distribution curves of the tracking trajectory in the X and Y directions. It can be seen that
except for the initial motion phase, the maximum error does not exceed 0.08 m, with a
slight increase in error compared to the simulation results, likely due to sensor errors and
signal noise. Figure 9e shows the observed value of the left sliding factor, indicating that
the sliding is initially severe, but gradually stabilizes around 0.1 as the tracking progresses.
Figure 9f shows the speed distribution curves of the left and right wheels, indicating
that under the SMC control, the speeds of both driving wheels are within the range of
5–20 rad/s, with smooth speed curves that do not exceed the actuator’s performance
capabilities.
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5. Conclusions
This paper proposes a hierarchical trajectory tracking control scheme for track robots,

providing a kinematic and dynamic model of the TMR considering sliding. The sliding
factor is treated as an external disturbance, and a disturbance observer is designed and
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proven to be stable, with only one adjustable parameter, facilitating practical application.
A super-twisting sliding mode controller is designed to separately control the speed and
torque of the left and right driving wheels, effectively avoiding sliding mode chattering.
Both simulation and experimental validation demonstrate the performance of the pro-
posed controller, showing that the SMC’s convergence time, mean error, and peak error
are all smaller than the control group, compared to PID, proposed SMC increases com-
putation time by 40%, but the tracking accuracy improves by 200%, exhibiting beneficial
control performance.

Since this study was conducted on a flat, unpaved surface, future research should
further consider the impact of ground unevenness to enhance the TMRs’ adaptability to
working environments.
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