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Abstract 
 

The trajectory tracking accuracy of high-clearance mobile robots could be affected by phenomena such as wheel slippage 
caused by changes in the working surface material and motion state. To reveal the impact of slippage factor and improve 
the tracking precision of wheeled mobile robots, this study proposed a sliding mode of trajectory tracking control with 
soft switching. Considering the slippage working environment of mobile robots, a three-degrees-of-freedom kinematic 
model of mobile robots containing slip rate was established. Based on the kinematic model of the system, a trajectory 
tracking controller utilizing soft switching sliding mode control was developed, followed by a comprehensive stability 
analysis. The MATLAB platform was utilized to verify the circular trajectory tracking performance of the mobile robot 
under both slipping and nonslipping conditions. Results demonstrate that: (1) Under ideal conditions (disregarding wheel 
slippage), the sliding mode tracker based on model design quickly achieves high-precision tracking of the robot’s 
trajectory, with the tracking error controlled at 0.002 m within 0.6 s in a circular trajectory, capable of adjusting and 
tracking the desired circular trajectory in a short time and maintaining consistent posture. (2) When considering the effect 
of slippage, the uncompensated sliding mode control produces a larger periodic tracking error (the amplitude of the 
circular trajectory reaches 0.065 m) and a larger direction angle error at the trough of the lateral position, causing a 
sudden change in the direction angle. Nevertheless, the proposed sliding compensation in this study can improve its 
accuracy by about twice, with the tracking error controlled around 0.03 m in circular trajectories, effectively improving 
the system’s tracking accuracy. This study expands the working environment of mobile robots and provides a basis for 
their high-performance operation in complex environments. 

 
 Keywords: Mobile robot, Kinematic model, Sliding mode trajectory, Soft switching, Tracking control, Three-degrees-of-freedom 
 ___________________________________________________________________________________________ 
 
1. Introduction 
 
As computer and automation technology rapidly advances, 
and high-tech applications become widespread in agriculture, 
robotic technology is progressively being integrated into 
agricultural production. This integration is driving modern 
agriculture towards greater mechanization of equipment and 
the adoption of intelligent production methods. High-
clearance robots have a high ground clearance, large 
pesticide tank capacity, and a high center of gravity of the 
whole machine. During the driving process, they are prone 
to dangerous situations such as overturning due to external 
excitation or extremely fast turning speed. Vehicle 
overturning primarily occurs due to significant lateral 
acceleration, which results in the lateral load shifting 
between the left and right sides of the vehicle. This shift can 
cause one side of the wheels to lift off the ground, leading to 
an overturn. The existing control of high-clearance mobile 
robots mainly designs the control system without 
considering the situation of wheels and the ground, lacking 
study in complex working environments [1, 2]. A team from 
the Hubei University of Technology [3] carried out a 

detailed design of a robot’s walking mechanism and a 
longitudinal stability system but did not consider the 
dynamic characteristics of wheel slip on the ground. For a 
hydraulic-driven high-clearance spray robot, a team from 
Jiangsu University [4] introduced the slip rate and proposed 
a fuzzy antislip tracking control strategy but lacked a 
dynamic analysis of the system. The controller structure was 
complex, making it difficult to physically implement. 

The high-clearance mobile robot working system is a 
complex and variable dynamic system. The wheel slip 
during its operation is affected by multiple factors, and an 
accurate and comprehensive wheel slip dynamic model is 
difficult to establish. In consideration of the main 
characteristics of vehicle overturning, a simplified slip 
dynamic model is established to ensure that it can accurately 
reflect the general slip characteristics and further improve 
the real-time performance of the entire slip model [5–9].  

On the basis of the preceding analysis, this study 
evaluates the ground kinematic model of a high-clearance 
mobile robot under normal conditions, establishes a coupled 
motion state model of steering and longitudinal slip, and 
designs a unified sliding mode controller that could adapt to 
the needs of complex agricultural environments. 
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2. State of the art  
 
Mobile robots regulate their velocity and directional 
orientation by adjusting the rotational speeds of their four 
independently actuated wheels. The control problem 
between the speed and position of a mobile robot can be 
solved through the kinematic model of the mobile robot [10]. 
An accurate kinematic model of the mobile robot is based on 
geometry to describe the motion laws of the mobile robot, 
enabling the mobile robot to quickly track the desired 
trajectory or planned path [11]. 

In response to the coupling issues of forward and 
steering speeds of wheeled mobile robots under unbalanced 
load conditions, Li et al. [12] proposed an active disturbance 
rejection control strategy for speed regulation based on a 
kinematic model with an antidisturbance proportional–
integral–derivative (PID) controller. It had a certain 
antidisturbance effect on external disturbances, but the 
phenomenon of wheel slip was not considered in the system. 
In view of the interference of various waveform when 
mobile robots move in complex environments, Xu et al. [13] 
proposed an intelligent PID tracking control strategy for 
mobile robots. While the system demonstrated robust anti-
interference capabilities and high tracking precision, its 
performance was predicated on the assumption of no wheel 
slippage. To tackle the speed tracking issue in nonholonomic 
wheeled mobile robots affected by external disturbances and 
measurement noise, Raza et al. [14] introduced a fractional-
order PID controller that is derived from the robot’s 
kinematic model, and the controller parameters were 
optimally adjusted using a combination algorithm. When 
wheel slip occurred, the system performance decreased, and 
it could even cause instability or accidents. Carlucho et al. 
[15] combined deep reinforcement learning with PID control 
and proposed an adaptive multi-PID intelligent controller for 
mobile robots based on deep reinforcement learning. 
Employing an actor–critic framework, the system ingested 
only low-level dynamic information as input for the purpose 
of estimating multiple parameters or gains of the PID 
controller. The system structure was complex and difficult to 
adapt to high-performance dynamic response. The above 
proposed methods were all based on PID, established under 
the premise that the system model was known and the 
structure was determined. They ignored the model 
uncertainty caused by wheel slip during the operation 
process of the mobile robot, thus hardly meeting the 
requirements of system accuracy. 

For meeting the requirements of complex environments 
and making the system have strong robustness and anti-
interference capabilities, various modern control methods, 
such as robust control, finite-time control, backstepping 
control, predictive control, and adaptive control, have 
become hot topics in the trajectory tracking control of 
mobile robots [16–23]. Zheng et al. [16] proposed an 
optimal robust control approach for mobile robots engaged 
in a cooperative game, taking into account that the trajectory 
tracking control performance of wheeled mobile robots is 
influenced by positional constraints, system uncertainties, 
and external disturbances. Although the proposed method 
had strong robustness and high tracking accuracy, it caused 
the system structure to be complex, and the model was based 
on an ideal situation without wheel slip. Colorado [17] 
introduced an observer-based finite-time control scheme for 
trajectory tracking of wheeled mobile robots that are subject 
to motion disturbances. Although the proposed method 
could achieve rapid tracking of trajectories, it did not 

consider the nonlinear dynamic relationship between the 
wheels and the ground in complex working environments. 
Ríos et al. [18] proposed a model predictive control method 
based on an interval predictor for the trajectory tracking 
problem of a unicycle mobile robot affected by disturbances. 
The proposed method’s anti-interference ability and 
robustness were verified through a tracking simulation of 
double rings and circular curves, but model predictive 
control could reduce the system sampling frequency, 
affecting the system’s real-time response ability. Hannes et 
al. [19] used Gaussian processes and model predictive 
control to achieve trajectory tracking of exploration mobile 
robots. The system performance had high tracking accuracy 
for an ideal nonslip situation but lacked study on slip 
conditions. Majid et al. [20] designed a model predictive 
trajectory tracking controller for mobile robots with 
differences between the center of mass and the geometric 
center. The feedforward control was directly calculated from 
the reference trajectory, and the feedback control was 
designed on the basis of a linearized tracking error model 
using model predictive control. The model was implemented 
without accounting for the nonlinear dynamics between the 
wheels and the ground in complex operational environments, 
failing to mitigate the impact of model inaccuracies on 
system performance. Zhang et al. [21] introduced an 
adaptive trajectory tracking control method for 
nonholonomic wheeled mobile robots with problems such as 
slipping, unknown external disturbances, model uncertainty, 
and input saturation constraints. A radial basis function 
neural network was utilized to address unknown external 
disturbances within robot dynamics, while a nonlinear 
disturbance observer was employed to estimate disturbances, 
including wheel slip and robot slip. The adaptive control 
scheme’s efficacy was confirmed through simulation 
experiments. Although the proposed method effectively 
countered performance degradation due to slipping, the 
incorporation of neural networks increased system 
complexity, potentially impacting the system’s response 
speed. To achieve efficient and robust autonomous mobile 
robot motion, Liu et al. [22] proposed a robust control 
scheme for wheeled mobile robots based on the control 
Lyapunov function. A robust controller based on the 
Lyapunov function was designed for structural uncertainty 
and slip disturbance in the robot kinematic model, and a 
quadratic programming of the controller was given. The 
proposed method regarded the robot as an idealized 
trajectory generator, often lacking consideration of the actual 
motion model of the robot. Shou et al. [23] combined a 
robot’s kinematic and dynamic equations and obtained the 
virtual control value of the control speed via the Lyapunov 
method. The cerebellar model articulation controller (CMAC) 
was deployed to approximate the nonlinear characteristics 
and uncertainties inherent in the mobile robot’s dynamic 
model. This proposed approach ensured global system 
stability and the asymptotic convergence of tracking errors. 
However, the tracking precision was influenced by the 
architecture of the CMAC network, and determining the 
optimal number of network layers and the weights posed a 
challenge. Chai et al. [24] used an improved backstepping 
method, introduced a saturation function for error 
compensation, and employed an optimization algorithm to 
achieve online tuning of the controller, achieving rapid and 
accurate convergence of trajectory tracking errors. The 
proposed method was based on a model under the premise of 
certainty, but the slippage in actual operation may cause 
overturning phenomena, which could cause system failure. 
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Park et al. [25] proposed a leader-following tracking control 
method for mobile robots. A machine learning approach 
grounded in physical insights was utilized for velocity 
estimation of the lead robot, with the dynamic traits of the 
state observer being learned via an error state model. The 
robust control techniques of the polyhedral model were 
applied to convexly combine the gains of the parameter-
dependent tracking controller. The proposed method relied 
on a kinematic model assuming non-slip wheel conditions 
for control, yet it lacked empirical validation under real-
world operational scenarios. 

Intelligent control has the characteristic of fitting 
arbitrary nonlinear curves and has been widely concerned in 
the tracking control of mobile robots. Liu et al. [26] 
considered that an underactuated wheeled mobile robot 
system includes unknown nonlinear dynamics and used a 
fuzzy logic system to approximate the unknown nonlinear 
dynamics. The proposed method could ensure that the 
controlled mobile robot system had intermittent actuator 
faults, and the tracking error remained within the specified 
boundary. However, the error caused by the uncertainty of 
the model structure was difficult to improve. Onur [27] used 
a single-layer neural network to achieve automatic control of 
agricultural mobile robots, which was applied to online 
operations in farms and greenhouses. The operation had high 
tracking performance in an ideal environment, but when the 
ground was wet and caused wheel slip, the system 
performance was significantly reduced. Combining optimal 
control theory, adaptive neural network systems, and robust 
control technology, Boukens et al. [28] used neural network 
systems to approximate nonlinear functions in the optimal 
control law. The robust controller adaptively estimated the 
unknown upper bounds of time-varying parameter 
uncertainty, external disturbances, and approximation errors 
of the neural network systems. The controller exhibited high 
precision and dynamic responsiveness under the assumption 
that slip-induced overturning, a potential issue in real-world 
operations, was not considered. The aforementioned control 
strategies predominantly employed intelligent control 
techniques, including fuzzy logic and neural networks, to 
achieve disturbance rejection without the need for an exact 
disturbance analysis model. A common drawback of these 
methods was the dependence on empirical data and training; 
consequently, real-time and effective control was difficult to 
achieve when the actual environment was unstable and 
training was insufficient. Sliding mode control has strong 
robustness against model matching and external disturbances. 
Ovalle et al. [29] proposed a robust sliding mode position 
tracking control strategy for omnidirectional mobile robots 
when only the robot’s position and direction information is 
available. The proposed method was designed on the basis 
of a known model structure and had strong robustness 
against model matching uncertainty and inherent chattering 
phenomena. To achieve precise tracking of high-speed 
motion of mobile robots on unknown slope terrain, 
Alihosseini et al. [30] proposed a robust nonlinear sliding 
mode control method. The proposed method exhibited good 
performance in specific environments, but in its system 
output, the chattering caused by the unmodeled dynamics of 
the control system was still difficult to suppress. This output 
chattering can have unpredictable effects on the robot 
operation in a real environment, thereby weakening the 
system’s robustness. 

The aforementioned studies primarily focused on the 
trajectory tracking precision of mobile robots under 
idealized conditions, relying on a dynamic model that 

assumed no wheel slippage and overlooked the interaction 
between the robot’s wheels and the ground in practical 
operational settings. Meanwhile, the existing control 
methods had problems of low tracking accuracy and 
insufficient dynamic response ability, making the designed 
controllers hardly meet the needs of actual operations. 
Therefore, on the basis of the dynamic relationship analysis 
between the wheels of high-clearance mobile robots and the 
ground, this study establishes a kinematic model of wheel 
slip. At the same time, to achieve fast and high-precision 
tracking of high-clearance mobile robots, this study uses 
sliding mode control to design a trajectory tracking 
controller under two working conditions, improves the 
system’s dynamic response ability through switching gains, 
and applies a soft switching function to realize a smooth 
transition of the sliding mode control. This control strategy 
can further improve the system’s tracking performance and 
provide a reference for the development of high-clearance 
mobile robot systems. 

The remainder of this study is organized as follows. 
Section 3 delves into the analysis and formulation of the 
kinematic models for a mobile robot under both slipping and 
nonslipping conditions, followed by an in-depth design of 
the soft switching sliding mode control system. Section 4 
employs the MATLAB platform to simulate circular 
trajectory tracking for validation purposes. Section 5 
summarizes the findings of this research. 
 
 
3. Methodology  
 
3.1 Kinematic model of mobile robots 
Mobile robots regulate their velocity and directional 
orientation by varying the speeds of their four independently 
actuated wheels. The kinematic model of a mobile robot 
addresses the control challenges related to the robot’s speed 
and positional coordinates. An accurate kinematic model, 
grounded in geometric principles, delineates the robot’s 
motion characteristics, facilitating rapid tracking of the 
intended trajectory or pre-planned route. To account for the 
operational and driving conditions of the mobile robot, 
redundant rough estimation can be applied to refine the 
alignment between the robot’s state parameters and its 
kinematic model. 

Given the dynamic characteristics of a mobile robot and 
the complexity of its working environment, if all factors are 
considered in its kinematic model, the computational load 
would be considerably large, and real-time performance 
would be difficult to satisfy. Hence, it is essential to develop 
a relatively simplified kinematic model for the mobile robot 
to alleviate computational demands. Concurrently, the 
overall design and drive configuration of the mobile robot 
are tailored to meet the requirements of the task at hand. 
However, a single kinematic model may not accurately 
reflect the actual operating conditions when characterizing 
the robot's motion and operational states. Thus, this study 
uses two different kinematic models of the mobile robot to 
represent possible changes in its motion state. One is to 
ignore the wheel slip characteristics caused by the vertical 
movement of the mobile robot’s body to describe the driving 
state on a hard surface. The other is to consider the wheel 
slip characteristics of the mobile robot to cover all possible 
expected driving positions during the operation. 
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3.1.1 Kinematic model ignoring wheel slip 
Assuming that the mobile robot’s wheels meet the condition 
of pure rolling without slipping during the driving process 
on a hard surface, i.e., the operation condition in which 
wheel slip is not considered. On the basis of the symmetric 
structure of the vehicle body, the mobile robot is assumed to 
exhibit only planar motion in the directions of the X and Y 
axes, as well as the yaw around the Z axis, ignoring wheel 
slip. A three-degrees-of-freedom kinematic model of the 
mobile robot is established, as shown in Fig. 1. 
 

 
Fig. 1.  Motion model of a mobile robot under nonslip condition of 
wheels 
 

In the motion plane of the mobile robot depicted in Fig. 
1,  represents the global inertial coordinate system, and 

 denotes the mobile robot’s coordinate system. As the 
mobile robot moves along the ideal trajectory  in two-
dimensional space, point  indicates the current position of 
the mobile robot, which is also the projection of its center of 
mass onto the inertial coordinate system at point . The X-
axis is the projection of the longitudinal symmetry line of 
the mobile robot’s chassis onto the inertial coordinate 
system , and the Y-axis is perpendicular to the X-axis at 
point O along the line connecting the centers of the front and 
rear wheels. In the inertial coordinate system, the desired 
trajectory and the state of the mobile robot can be 
represented by the positions of the coordinate system X and 
Y, as well as the orientation angle . Therefore, 

 represents the global pose of the mobile 
robot, and , , , and  are the angular 
velocities of the wheels at the corresponding positions of the 
mobile robot. 

In consideration of the actual driving conditions of the 
mobile robot, the wheels on the same side can be assumed to 
have the same angular velocity; hence, , and 

. When the wheel slip condition is ignored, the 
longitudinal velocity along the direction of travel at the axis 
center position of each wheel is consistent with the linear 
velocity of the wheel rotation. 

 
                            (1) 

 
where  is the radius of the mobile robot’s wheel;  and 

 are the longitudinal velocities along the direction of 
travel on the left and right sides of the mobile robot, 
respectively. 

In the local coordinate system , the linear velocity  

and angular velocity  of point  in the barycenter 
position of the mobile robot are represented as follows: 

 

                     (2) 

 
where  is the lateral wheelbase of the mobile robot. 

When the wheel slip of the mobile robot is not 
considered, the lateral displacement y and velocity of the 
wheel in the local coordinate system  are both 0; thus, 
the incomplete constraint conditions of the mobile robot are 
shown as follows: 

 
                            (3) 

 
Through transformation, Eq. (3) can be expressed in the 

following vector form: 
 

                               (4) 
 

where . 
Introducing a set of bases  in zero space  

satisfies the conditions  and . 
Consequently, it is reasonable to disregard the kinematic 
equations of the mobile robot in global coordinates when 
considering scenarios where the wheels exhibit longitudinal 
and lateral slippage. The kinematic equation for the mobile 
robot in global coordinates, assuming negligible longitudinal 
and lateral wheel slip, can be derived as follows: 
 

                       (5) 

 
3.1.2 Kinematic model considering wheel slip 
During the operation of mobile robots, the loading and 
harvesting of fruits may cause certain deformation of the 
tires, while the low-speed rotating wheels of the mobile 
robot have a high possibility of longitudinal and lateral 
sliding. Consequently, mobile robots exhibit a constrained 
state of rolling and sliding during operation. Assuming that 
the mobile robot only has planar motion in the transverse 
and longitudinal directions along the X and Y axes, as well as 
in the transverse and longitudinal directions around the Z 
axis, and that the wheels on the same side have the same 
rotational angular velocity, considering wheel slip, the three-
degrees-of-freedom kinematic model of the mobile robot is 
constructed as shown in Fig. 2. 

In the motion plane of the mobile robot shown in Fig. 2, 
I is the instantaneous velocity center of the mobile robot, and 

is the linear velocity of the mobile robot when it is in a 
slipping state. When the wheels of the mobile robot undergo 
longitudinal sliding, the longitudinal velocity of the wheel 
axis is not equal to the linear velocity of the wheel rotation, 
thus obtaining the longitudinal velocities and of the 
left and right wheel axes when the mobile robot undergoes 
longitudinal sliding. 
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                             (6) 

 
where  and  respectively represent the longitudinal slip 
rates of the left and right wheels of the mobile robot. 
 

 

Fig. 2.  Motion model of a mobile robot under a wheel slip state 
 

When the mobile robot experiences lateral slip, its linear 
velocity is not aligned with the X-axis along the longitudinal 
symmetry line of the chassis; instead, a certain lateral slip 
angle α is present. Consequently, the lateral slip ratio σ of 
the wheel can be calculated as follows: 
 

                               (7) 
 
Fig. 2 and Eq. (2) demonstrate that the linear and angular 

velocities of the mobile robot’s centroid position within the 
local coordinate system can be articulated as follows: 

 

           (8) 

 
When the mobile robot undergoes lateral sliding, its 

lateral velocity in the local coordinate system  is 
expressed as . Accordingly, the kinematic 
model of the mobile robot in the local coordinate system 

 can be established as follows: 
 

              (9) 

 
The transformation relationship between the global and 

local poses of the mobile robot is delineated as follows: 
 

              (10) 

 

Eqs. (8)–(10) show that in consideration of the wheel 
slip of the mobile robot, its kinematic equation in the global 
coordinate system  is as follows: 

 

            (11) 

 
3.2 Design of a mobile robot controller 
Sliding mode variable structure control is implemented in 
the trajectory tracking control of mobile robots, enabling 
high-performance tracking capabilities. 
 
3.2.1 Trajectory tracking control under a nonslip 
condition of wheels 
Ignoring the kinematic model of wheel slip (i.e., pure rolling 
without sliding), the motion trajectory tracking control of the 
horizontal motion plane of the mobile robot is analyzed as 
shown in Fig. 1.  is the global pose of the 
mobile robot, and  is the expected trajectory 
global pose of the mobile robot. The pose trajectory error 
equation of the mobile robot can be expressed as follows: 
 

               (12) 

 
The ideal trajectory global pose of the mobile robot 

satisfies Eq. (5), i.e., 
 

                      (13) 

 
where  and  are the linear and angular velocities of the 
expected trajectory of the mobile robot, respectively. 

The dynamic error equation for the global pose of the 
mobile robot can be represented as follows by combining 
Eqs. (12) and (13): 
 

                  (14) 

 
The trajectory tracking problem of the kinematic model 

of mobile robots is to control the inputs  and  such 
that the pose of the mobile robot can handle any initial error. 

is bounded, and . 
The sliding surface switching function is taken as 

follows: 
 

                   (15) 
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       (16) 

 
Owing to the strip-shaped switching band of the 

conventional exponential convergence rate in sliding mode 
variable structure control, it exhibits a chattering 
phenomenon. A convergence rate with variable speed index 
is adopted, as shown as follows: 

 

      (17) 

 
where can ensure that the system quickly enters 

the sliding surface, and rapidly approaches the origin 
within the sliding surface, effectively improving the 
dynamic quality of the system. 

The expression for the control rate can be obtained from 
Eqs. (16) and (17) as follows: 
 

 (18) 

 

Based on the Lyapunov function ,  

. 

Therefore, according to Lyapunov stability theory, using 
the expression of control rate (Eq. [18]), the controlled 
system (Eq. [14]) of the mobile robot is asymptotically 
stable. For further weakening the chattering phenomenon, 
soft switching control is adopted, and its control rate is as 
follows: 

 

      (19) 

 
3.2.2 Trajectory tracking control under a wheel slip 
condition 
The kinematic model accounting for wheel slippage is 
utilized to analyze the motion trajectory tracking control of 
the mobile robot during instances of both longitudinal and 
lateral slippage within the horizontal motion plane. The 
structural diagram is depicted in Fig. 2, where 

 is the global pose of the mobile robot, and 
 is the expected trajectory global pose of 

the mobile robot. The pose trajectory error equation of the 
mobile robot in a slip state can be expressed as follows: 
 

     (20) 

 
The pose trajectory error equation of the mobile robot in 

a slipping state can be further expressed as follows by 
combining Eqs. (11) and (20): 

       (21) 

 
The sliding surface switching function is taken as 

follows: 
 

                   (22) 

 
Then, 
 

       (23) 

 
For suppressing the chattering phenomenon, a 

convergence rate with variable speed index is adopted as 
follows: 

 

     (24) 

 
The expression for the control rate can be obtained from 

Eqs. (22) and (23) as follows: 
 

(25) 

 

According to the Lyapunov function ,  

.

 
Therefore, according to Lyapunov stability theory, using 

the expression of control rate (Eq. [25]), the controlled 
system (Eq. [21]) of the mobile robot is asymptotically 
stable. For further weakening the chattering phenomenon, 
soft switching control is adopted, and its control rate is as 
follows: 
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       (26) 

 
 
4. Result analysis and discussion 
 
Through the MATLAB platform, the dynamic tracking 
performance of the control strategy is verified in circular 
trajectory, twisted pair trajectory, and irregular curve 
trajectory in accordance with the error dynamic model (Eq. 
[14]) under a nonslip state of the mobile robot wheel in Eq. 
(19) and the error dynamic model (Eq. [21]) under a nonslip 
state of the wheel in Eq. (25). 
 
4.1 Trajectory tracking control of mobile robot wheels in 
a nonslip state 
When the mobile robot tracks a circular trajectory, the actual 
initial pose is , whereas the ideal initial pose 

is . The expected trajectory is ( , 
), the effectiveness of the proposed scheme is 

verified through MATLAB simulation, and the total 
simulation time is 30 s. Figs. 3–7 illustrate the lateral 
position tracking curve, the longitudinal position tracking 
curve, the directional angle tracking curve, as well as the 
trajectory tracking and its error curve for the mobile robot 
during circular trajectory tracking, respectively. 

Compared with the results of the simulation without 
slipping (Figs. 3–7), Figs. 8–13 show the following 
conclusions under the same initial conditions (the expected 
horizontal position is , whereas the actual 
position is 0.5 m; the expected horizontal position is 

, whereas the actual position is 0.5 m): (1) 
Both states can achieve tracking of the expected position 
signal and direction angle in a relatively short time within 
0.6 s. However, without sliding compensation control (Eq. 
[20]), significant periodic tracking errors occur in the 
horizontal and vertical directions, the amplitude reaches 
0.065 m (Fig. 12), and the circumferential direction deviates 
from a fixed-value circle at the center of the expected 
trajectory (Fig. 11). (2) When sliding occurs, a significant 
direction angle error exists at the trough of the lateral 
position, which is due to the sudden change in the 
corresponding direction angle, equivalent to reversing. 

 

 
Fig. 3.  Horizontal position tracking curve 
 

 
Fig. 4.  Longitudinal position tracking curve 
 

 
Fig. 5. Direction angle tracking curve  
 

 
Fig. 6. Circular trajectory tracking curve 
 

Figs. 3 and 4 show that at the initial moment, the 
expected horizontal position is , whereas 
the actual position is 0.5 m; the expected horizontal position 
is , whereas the actual position is 0.5 m. 
These results are consistent with the positions in the figures. 
The horizontal and vertical positions can achieve tracking of 
the desired position within 0.6 s, and the tracking error is 
0.002 m, as shown in Fig. 7. Fig. 5 illustrates that at the 
initial moment, the expected direction angle is 0°, whereas 
the actual direction angle is 45°. Even though the initial 
directional angle of the mobile robot differs from the 
intended angle by 45°, the mobile robot can achieve a 
direction angle tracking error of 1.5° within 0.6 s and 0.05° 
within 1 s, demonstrating high direction angle tracking 
accuracy. Fig. 6 shows the circular trajectory tracking curve 
in the plane. Despite the initial pose of the mobile robot 
deviating from the expected pose, it is capable of swiftly 
adjusting to and tracking the anticipated circular trajectory 
while maintaining a consistent orientation. 
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Fig. 7.  Circular trajectory tracking error curve  
 
4.2 Trajectory tracking control of mobile robot wheels in 
a slip state 
When the mobile robot tracks a circular trajectory, the actual 
initial pose is , whereas the ideal initial pose 

is . The expected trajectory is ( , 
), and the total simulation time is 30 s. Figs. 8–13 

show the lateral position tracking, longitudinal position 
tracking, direction angle tracking curves, trajectory tracking, 
and their error curves of the mobile robot without sliding 
compensation (Eq. [20]) during circular trajectory tracking. 
 

 
Fig. 8. Horizontal position tracking curve 
 

 
Fig. 9.  Longitudinal position tracking curve 
 

Compared with the results of the simulation without 
slipping (Figs. 3–7), Figs. 8–13 indicate the following 
conclusions under the same initial conditions (the expected 
horizontal position is , whereas the actual 
position is 0.5 m; the expected horizontal position is 

, whereas the actual position is 0.5 m): (1) 
Both states can achieve tracking of the expected position 
signal and direction angle in a relatively short time within 

0.6 s. However, without sliding compensation control (Eq. 
[20]), significant periodic tracking errors exist in the 
horizontal and vertical directions, the amplitude reaches 
0.065 m (Fig. 12), and the circumferential direction deviates 
from a fixed-value circle at the center of the expected 
trajectory (Fig. 11). (2) When sliding occurs, a significant 
direction angle error exists at the trough of the lateral 
position, which is due to the sudden change in the 
corresponding direction angle, equivalent to reversing. 

 

 
Fig. 10.  Direction angle tracking curve 
 

 
Fig. 11. Circular trajectory tracking curve 
 

 
Fig. 12.  Trajectory tracking position error curve 
 

 
Fig. 13.  Trajectory direction angle tracking error curve 
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Fig. 14.  Comparison curve of circular trajectory tracking  
 

 
Fig. 15.  Comparison curve of circular trajectory tracking error 

 
Figs. 14 and 15 compare the circular trajectory tracking 

curve and error curve of the mobile robot with and without 
sliding compensation control (Eq. [26]). 

The simulation outcomes presented in Figs. 14 and 15 
demonstrate that in the absence of sliding compensation 
control, the actual trajectory of the mobile robot exhibits a 
constant deviation from the intended trajectory (with lateral 
and longitudinal errors of 0.06 m) upon the occurrence of 
slippage. However, the implementation of sliding 
compensation can approximately double its precision, with 
the error being managed to approximately 0.03 m, thereby 
significantly enhancing the system’s tracking accuracy. 

 
 

5. Conclusion 
 
To address the slippage issue encountered during the 
operation of high-clearance mobile robots, this study 
developed a kinematic model for the robots under two 
distinct operational scenarios: wheel slippage and nonslip 

conditions. A sliding mode control-based path tracking 
control strategy for mobile robots was introduced, and the 
system’s tracking performance was evaluated in the context 
of circular trajectory tracking. The following conclusions 
could be drawn: 

(1) When wheel slip is not considered, the lateral and 
longitudinal positions can achieve the desired position 
tracking within 0.6 s, and the tracking error is 0.002 m. Even 
if the starting direction angle of the mobile robot deviates by 
45° from the expected angle, the mobile robot can realize its 
track direction angles with an error range of 1.5° within 0.6 s 
and with an error range of 0.05° within 1 s; it can adjust and 
track the expected circular trajectory in a short time while 
maintaining consistent pose. 

(2) When considering the influence of slip factors, 
uncompensated sliding mode control generates significant 
periodic tracking errors in the lateral and longitudinal 
directions, and its amplitude reaches 0.065 m. The 
circumferential direction deviates from a fixed-value circle 
at the center of the expected trajectory, and significant 
direction angle errors occur at the trough of the lateral 
position during sliding because of the sudden change in the 
corresponding direction angle here. The use of sliding 
compensation can increase its accuracy by about twice, and 
its error is controlled at around 0.03 m, significantly 
enhancing the system’s tracking precision. 

This study considers the actual working conditions of 
high-altitude-gap mobile robots and establishes a systematic 
slip dynamic model, making the studied control object 
highly suitable for actual site conditions and its control 
performance conform to the actual working conditions. It 
has certain reference significance for the application and 
promotion of high-altitude-gap mobile robots in spraying, 
fertilizing, and other operations. Owing to the lack of actual 
data on high-altitude-gap mobile robots, in future study, 
combining actual operational data with the proposed model 
and making corrections will result in more accurate motion 
patterns and high-performance control of high-clearance 
mobile robots in complex operating environments. 
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