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Abstract—This paper presents an adaptive sliding mode 

control approach (ASMC) designed for trajectory tracking of a 

three-wheeled mobile robot (TWMR), accounting for external 

disturbances and wheel slippage effects. First, the TWMR 

system model is converted into a dynamic form of the tracking 

error, and then a SMC is designed for this error model. The 

synthetic disturbance is approximated through an adaptive law, 

which helps the system maintain high stability. The results from 

simulating the controller on Matlab/Simulink software, as well 

as implementing the algorithm on the experimental TWMR 

model, have demonstrated the accuracy and efficiency of the 

proposed method. 

Keywords—Trajectory Tracking; Three-Wheeled Mobile 

Robot; Adaptive Control; Sliding Mode Control; Disturbances; 

Wheel Slip. 

I. INTRODUCTION  

In the era of Industry 4.0, research and applications of 

robots in agriculture, services, especially in factories and 

enterprises, have become increasingly popular. Methods 

ranging from classical control [1]-[5] to modern control [6]-

[19], model predictive control (MPC) [20]-[24], and 

intelligent control [25]-[42] have been proposed to improve 

the control quality of wheeled mobile robots (WMR). 

Previous studies often used a two-loop structure for WMR 

control design [43]-[50], which generally still meets system 

performance within acceptable limits. However, the use of 

two controllers—one for position tracking and another for 

velocity tracking—makes the system cumbersome and 

complex. Additionally, some dynamic control methods such 

as sliding mode control [51]-[57] and backstepping control 

[58]-[63] have been developed. When the dynamic equations 

contain uncertain parameters, authors have employed 

adaptive control [64]-[75], or combined adaptive control with 

fuzzy logic to approximate the unknown uncertainties [76]-

[81], or integrated adaptive control with neural networks 

[82]-[85], achieving good control quality by compensating 

for model errors and system input noise. Most of these studies 

assume that WMR only experiences pure rolling without 

slipping. However, in practice, nonlinear factors such as 

friction and wheel slippage are incorporated into many 

models to improve the accuracy of robot operation [86]-[93], 

along with disturbances in kinematic and measurement 

models [94]-[97]. 

Some papers [1][5] present methods for designing 

Proportional-Integral-Derivative (PID) controllers with 

parameters that vary over time to enable the robot to 

automatically follow desired trajectories. Simulation results 

show that these controllers have simple structures and 

produce small errors during movement. However, these 

studies do not address issues related to dynamics, 

electromechanical interactions with the moving 

environment—such as Coulomb friction, payload, etc. 

Additionally, other works [25][26][28][30] propose methods 

for controlling autonomous robots along given trajectories 

based on fuzzy logic, with simulation results indicating stable 

motion and small errors even on relatively complex 

trajectories. However, in the study, the author only 

considered the kinematic model and ignored the impact of 

force on the robot's movement. The paper [64][65][86] 

presents an adaptive control method using a disturbance 

estimator, which is capable of compensating for the effects of 

wheel slip and external disturbances in both the kinematic 

and dynamic loops. However, the controller is still 

cumbersome, so the authors have proposed a structure using 

a parametric adaptive controller, in which a second-order 

fuzzy controller is used to compensate for disturbance 

uncertainty and wheel slip [87]. Some studies have 

considered input constraints to avoid providing too large a 

control torque at the initial moment to the motor [66][71][82]. 

However, the authors have not mentioned the wheel slip 

problem and the control structure is still complicated. 

In practice, when WMR is active, wheel slippage often 

occurs when the Robot accelerates or escapes from a muddy 

area. The wheels start to slip and spin faster than the normal 

moving speed. This can lead to different consequences 

depending on whether the Robot is front-wheel drive or rear-

wheel drive. Therefore, the aim of this paper is to propose a 

simple control structure consisting of only one control loop 

but still ensuring smooth and stable operation of TWMR. In 

addition, when designing the controller, the effects of 

external disturbances and wheel slippage affecting TWMR 

are still fully considered. 

II. MODEL TRANSFORMATION OF THREE-WHEEL 

MOBILE ROBOT 

A. Kinematic and Dynamic Modeling of Three-Wheel 

Mobile Robot 

Imagine the setup where a TWMR is positioned within a 

stationary OXY coordinate system, while a local coordinate 
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system, denoted as MX’Y’, is attached to the robot, as 

illustrated in Fig. 1. 
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Fig. 1. Three-wheeled mobile robot model 

Denote the angular velocities of the right and left wheel 

motors as 𝜑̇𝑅 and 𝜑̇𝐿; correspondingly, 𝑣𝑅 and 𝑣𝐿 represent 

the linear velocities of the right and left wheels. Based on Fig. 

1, we obtain: 

{
𝑣𝑅 = 𝑟𝜑̇𝑅

𝑣𝐿 = 𝑟𝜑̇𝐿
 (1) 

In the presence of wheel slip, let 𝜇𝑅 and 𝜇𝐿 denote the 

axial slip ratios of the right and left wheels, respectively, 

while 𝛿 represents the slip of the wheel itself. The 

translational velocity 𝛽 along the longitudinal axis 

perpendicular to the line connecting the two rear wheels and 

the actual angular velocity 𝜛 of the TWMR can then be 

determined using the following expressions [58]: 

𝛽 =
𝑟(𝜑̇𝑅 + 𝜑̇𝐿)

2
+

𝜇̇𝑅 + 𝜇̇𝐿

2
= 𝓋 +

𝜇̇𝑅 + 𝜇̇𝐿

2
 (2) 

𝜛 =
𝑟(𝜑̇𝑅 − 𝜑̇𝐿)

2𝑏
+

𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
= 𝜔 +

𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
 

(3) 

The dynamic equation describing the motion of the 

TWMR at its center of mass point G incorporates the 

influence of wheel slippage effects [1][58][84]: 

{

𝑥̇𝐺 = 𝛽𝑐𝑜𝑠𝜃 − 𝛿̇𝑠𝑖𝑛𝜃 − 𝑎𝜛𝑠𝑖𝑛𝜃

𝑦̇𝐺 = 𝛽𝑠𝑖𝑛𝜃 + 𝛿̇𝑐𝑜𝑠𝜃 + 𝑎𝜛𝑐𝑜𝑠𝜃

𝜃̇ = 𝜛

 (4) 

The non-holonomic constraint is [1][84]-[86]: 

{

𝜇̇𝑅 = −𝑟𝜑̇𝑅 + 𝑥̇𝐺𝑐𝑜𝑠𝜃 + 𝑦̇𝐺𝑠𝑖𝑛𝜃 + 𝑏𝜛
𝜇̇𝐿 = −𝑟𝜑̇𝐿 + 𝑥̇𝐺𝑐𝑜𝑠𝜃 + 𝑦̇𝐺𝑠𝑖𝑛𝜃 − 𝑏𝜛

𝛿̇ = −𝑥̇𝐺𝑠𝑖𝑛𝜃 + 𝑦̇𝐺𝑐𝑜𝑠𝜃 − 𝑎𝜃̇

 (5) 

Then the non-holonomic constraint condition is reduced 

to a vector form with the following general form: 

𝐴(𝒒)𝒒̇ = 0 (6) 

where 𝒒̇ = [𝑥̇𝐺 , 𝑦̇𝐺 , 𝜃̇, 𝛿̇, 𝜇̇𝑅 , 𝜇̇𝐿 , 𝜑̇𝑅 , 𝜑̇𝐿]
𝑇
 

Combining (4) and (5) we have the equation of motion of 

WMR written in a reduced form: 

𝒒̇ = 𝑆1(𝒒)𝜈 + 𝑆2(𝒒)𝛿̇ + 𝑆3(𝒒)𝜇̇ (7) 

where the velocity vectors of TWMR: 𝜈 = [𝜑̇𝑅 𝜑̇𝐿]𝑇 and 

the sliding speed: 𝜇̇ = [𝜇̇𝑅 𝜇̇𝐿]𝑇. 

So the dynamic equation of the TWMR containing non-

holonomic constraints and wheel slippage is: 

𝑀𝜈̇ + 𝐵𝜈 + 𝑄𝜇̈ + 𝐶𝛿̇ + 𝐺𝛿̈ + 𝜏𝑑 = 𝜏 (8) 

where 𝜏𝑑 represents the external disturbance input. 

𝑀 = 𝑆1
𝑇(𝒒)𝑀̅𝑆1(𝒒) = [

𝑚11 𝑚12

𝑚12 𝑚11
] 

𝐵 =  𝑆1
𝑇(𝒒)𝑀̅𝑆̇1(𝒒) = 𝑚𝐺

𝑟2

2𝑏
𝜛 [

0 1
−1 0

] 

𝑄 = 𝑆1
𝑇(𝒒)𝑀̅𝑆3(𝒒) = [

𝑞1 𝑞2

𝑞2 𝑞1
] 

𝐶 = 𝑆1
𝑇(𝒒)𝑀̅𝑆̇2(𝒒) = 𝑚𝐺

𝑟

2
𝜛 [

1
1

] 

𝐺 = 𝑆1
𝑇(𝒒)𝑀̅𝑆2(𝒒) = 𝑚𝐺

𝑎𝑟

2𝑏
[

1
−1

] 

With the coefficients in the matrix: 

𝑚11 = 𝑚𝐺 (
𝑟2

4
+

𝑎2𝑟2

4𝑏2
) +

𝑟2

4𝑏2
(𝐼𝐺 + 2𝐼𝐷) + 2𝑚𝑊𝑟2 + 𝐼𝑊 

𝑚12 = 𝑚𝐺 (
𝑟2

4
−

𝑎2𝑟2

4𝑏2
) −

𝑟2

4𝑏2
(𝐼𝐺 + 2𝐼𝐷) 

𝑞1 = 𝑚𝐺

𝑟

4
(1 +

𝑎2

𝑏2
) +

𝑟

4𝑏
(𝐼𝐺 + 2𝐼𝐷) 

𝑞2 = 𝑚𝐺

𝑟

4
(1 −

𝑎2

𝑏2
) −

𝑟

4𝑏
(𝐼𝐺 + 2𝐼𝐷) 

B. Constructing the Equation of State Describing the 

Tracking Error of TWMR 

Building on the kinematic model (4) and the dynamic 

model (8) of the TWMR, and accounting for various external 

disturbances and wheel slippage, we derived the state 

equations that describe the tracking errors of the TWMR by 

combining these models. Let the target point T, which 

follows the specified trajectory, as illustrated in Fig. 1. 

The positional discrepancy between point 𝑀(𝑥𝑀 , 𝑦𝑀) and 

the target point 𝑇(𝑥𝑇 , 𝑦𝑇) within the coordinate system 

MX’Y’ is determined by the following expression [81]: 

𝑒𝑝 = [
𝑒𝑝1

𝑒𝑝2
] = [

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] [
𝑥𝑇 − 𝑥𝑀

𝑦𝑇 − 𝑦𝑀
] (9) 

Taking the first time derivative of equation (9), we obtain: 

𝑒̇𝑝 = [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑇

𝑦̇𝑇
] 

− [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑀

𝑦̇𝑀
] + 𝜃̇ [

𝑒𝑝2

𝑒𝑝1
] 

(10) 
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The equation governing the motion of the TWMR at point 

M, considering the impact of wheel slippage, is expressed as 

[1][58][84]: 

{

𝑥̇𝑀 = 𝛽𝑐𝑜𝑠𝜃 − 𝛿̇𝑠𝑖𝑛𝜃

𝑦̇𝑀 = 𝛽𝑠𝑖𝑛𝜃 + 𝛿̇𝑐𝑜𝑠𝜃

𝜃̇ = 𝜛

 (11) 

So we have the ingredients: 

[
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑀

𝑦̇𝑀
]

= [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝛽𝑐𝑜𝑠𝜃 − 𝛿̇𝑠𝑖𝑛𝜃

𝛽𝑠𝑖𝑛𝜃 + 𝛿̇𝑐𝑜𝑠𝜃
] = [

𝛽

𝛿̇
] 

(12) 

Substitute (2) into (12): 

[
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑀

𝑦̇𝑀
] = [

𝑟(𝜑̇𝑅 + 𝜑̇𝐿)

2
+

𝜇̇𝑅 + 𝜇̇𝐿

2
𝛿̇

] (13) 

Combining (3), (11) and (13) into (10) we get: 

𝑒̇𝑝 = [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑇

𝑦̇𝑇
] 

+ [
(

𝑒𝑝2

𝑏
− 1)

𝑟

2
− (

𝑒𝑝2

𝑏
+ 1)

𝑟

2

−
𝑒𝑝1𝑟

2𝑏

𝑒𝑝1𝑟

2𝑏

] [
𝜑̇𝑅

𝜑̇𝐿
] 

+ [
(

𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
) 𝑒𝑝2 −

𝜇̇𝑅 + 𝜇̇𝐿

2

− (
𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
) 𝑒𝑝1 − 𝛿̇

] 

(14) 

⇒ 𝑒̇𝑝 = [
𝑒̇𝑝1

𝑒̇𝑝2
] = 𝜅𝜈 + 𝜉1 

(15) 

where: 𝜅 = [
(

𝑒𝑝2

𝑏
− 1)

𝑟

2
− (

𝑒𝑝2

𝑏
+ 1)

𝑟

2

−
𝑒𝑝1𝑟

2𝑏

𝑒𝑝1𝑟

2𝑏

], 𝜈 = [
𝜑̇𝑅

𝜑̇𝐿
] 

𝜉1 = [
(

𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
) 𝑒𝑝2 −

𝜇̇𝑅 + 𝜇̇𝐿

2

− (
𝜇̇𝑅 − 𝜇̇𝐿

2𝑏
) 𝑒𝑝1 − 𝛿̇

] + [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

𝑥̇𝑇

𝑦̇𝑇
] 

III. CONTROLLER DESIGN FOR TWMR 

Let the state variables  𝑥1 = 𝑒𝑝; 𝑥2 = 𝑥̇1 + 𝜆𝑥1  

where 𝜆 is a positive scalar. 

The first and second time derivatives of 𝑥1 are obtained 

as follows: 

𝑥̇1 = 𝑒̇𝑝 = 𝜅𝜈 + 𝜉1 (16) 

𝑥̈1 = 𝜅𝜈̇ + 𝜅̇𝜈 + 𝜉1̇ (17) 

Rearranging equation (8), we arrive at (18): 

𝜈̇ = −𝑀−1𝐵𝜈 − 𝑀−1(𝑄𝜇̈ + 𝐶𝛿̇ + 𝐺𝛿̈ + 𝜏𝑑)

+ 𝑀−1𝜏 

= −𝑀−1𝐵𝜈 + 𝑀−1𝜏 + 𝜉2 

(18) 

Where, 𝜉2 = −𝑀−1(𝑄𝜇̈ + 𝐶𝛿̇ + 𝐺𝛿̈ + 𝜏𝑑) 

Substitute (18) into (17) we get: 

𝑥̈1 = −𝜅𝑀−1𝐵𝜈 + 𝜅𝑀−1𝜏 + 𝜅𝜉2 + 𝜅̇𝜈 + 𝜉1̇ (19) 

The rate of change of 𝑥2 with respect to time is given by: 

𝑥̇2 = 𝑥̈1 + 𝜆𝑥̇1 (20) 

Substitute (16) and (19) into (20) we get: 

𝑥̇2 = 𝑥̈1 + 𝜆𝑥̇1 

= −𝜅𝑀−1𝐵𝜈 + 𝜅𝑀−1𝜏 + 𝜅𝜉2 + 𝜅̇𝜈 + 𝜉1̇ + 𝜆𝜅𝜈 + 𝜆𝜉1 

= Ε1𝜈 + Ζ𝜏 + 𝜉3 

(21) 

Where, Ε1 = −𝜅𝑀−1𝐵, Ζ = 𝜅𝑀−1, 𝜉3 = 𝜅𝜉2 + 𝜅̇𝜈 + 𝜉1̇ +
𝜆𝜅𝜈 + 𝜆𝜉1. 

Rearrangement of equation (16): 

𝜈 = 𝜅−1𝑥̇1 − 𝜅−1𝜉1 = 𝜅−1(𝑥2 − 𝜆𝑥1) − 𝜅−1𝜉1 

= 𝜅−1𝑥2 − 𝜅−1𝜆𝑥1 − 𝜅−1𝜉1 
(22) 

Substitute (22) into (21) we get: 

𝑥̇2 = Ε1𝜅−1𝑥2 − Ε1𝜅−1𝜆𝑥1 − Ε1𝜅−1𝜉1 + Ζ𝜏 + 𝜉3 

= Ε𝑥2 − 𝜆Ε𝑥1 + Ζ𝜏 + 𝑑 
(23) 

Where, Ε = Ε1𝜅−1, 𝑑 = 𝜉3 − Ε1𝜅−1𝜉1 

From this we have the state equation describing the 

tracking error of the TWMR as (24). 

{
𝑥̇1 = 𝑥2 − 𝜆𝑥1

𝑥̇2 = Ε𝑥2 − 𝜆Ε𝑥1 + Ζ𝜏 + 𝑑
 (24) 

Define the sliding surface: 

𝑠 = 𝜗𝑥1 + 𝑥2 (25) 

where 𝜗 > 0. 

Substitute 𝑥2 = 𝑥̇1 + 𝜆𝑥1 into (25): 

𝑠 = 𝜗𝑥1 + 𝑥̇1 + 𝜆𝑥1 = (𝜗 + 𝜆)𝑥1 + 𝑥̇1 (26) 

Choose a Lyapunov function of the following form: 

𝑉 =
1

2
𝑥1

2 +
1

2
𝑠2 +

1

2𝜂
𝑑̃2 (27) 

where, 𝑑 is approximated by the adaptive component 𝑑̂, with 

the estimation error defined as 𝑑̃ = 𝑑 − 𝑑̂.  

The time derivative of 𝑉 is given by (28): 
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𝑉̇ = 𝑥1𝑥̇1 + 𝑠𝑠̇ +
1

𝜂
𝑑̃𝑑̇̃ 

= 𝑥1(𝑥2 − 𝜆𝑥1) + 𝑠(𝜗𝑥̇1 + 𝑥̇2) +
1

𝜂
𝑑̃ (𝑑̇ − 𝑑̇̂) 

(28) 

⇒ 𝑉̇ = 𝑥1𝑥2 − 𝜆𝑥1
2 

+𝑠[𝜗(𝑥2 − 𝜆𝑥1) + Ε𝑥2 − 𝜆Ε𝑥1 + Ζ𝜏 + 𝑑] −
1

𝜂
𝑑̃𝑑̇̂ 

 

(29) 

⇒ 𝑉̇ = 𝑥1𝑥2 − 𝜆𝑥1
2 

+𝑠[(𝜗𝐼 + Ε)𝑥2 − 𝜆(𝜗𝐼 + Ε)𝑥1 + Ζ𝜏 + 𝑑̃ + 𝑑̂]

−
1

𝜂
𝑑̃𝑑̇̂ 

 

(30) 

⇒ 𝑉̇ = 𝑥1𝑥2 − 𝜆𝑥1
2 

+𝑠[(𝜗𝐼 + Ε)𝑥2 − 𝜆(𝜗𝐼 + Ε)𝑥1 + Ζ𝜏 + 𝑑̂]

−
1

𝜂
𝑑̃ (𝑑̇̂ − 𝜂𝑠) 

 

(31) 

where 𝐼 is the identity matrix. 

From equation (31) the controller is selected as follows: 

𝜏 = −Ζ−1[(𝜗𝐼 + Ε)(𝑥2 − 𝜆𝑥1) + 𝑑̂ + 𝑘𝑠𝑔𝑛(𝑠)] (32) 

and the adaptive law is: 

𝑑̇̂ = 𝜂𝑠   (33) 

where 𝑘 is a positive scalar. 

Substituting (32) and (33) into equation (31) we get the 

following result: 

𝑉̇ = 𝑥1𝑥2 − 𝜆𝑥1
2 − 𝑘|𝑠| (34) 

Definition of auxiliary variables: 𝑋 = [
𝑥1

𝑥2
], Δ = [

𝜆 −2
1 0

] 

Then do the calculation we have: 

𝑋𝑇Δ𝑋 = [𝑥1 𝑥2] [
𝜆 −2
1 0

] [
𝑥1

𝑥2
] (35) 

⇒ 𝑋𝑇Δ𝑋 = [𝜆𝑥1 + 𝑥2 −2𝑥1] [
𝑥1

𝑥2
]

= 𝜆𝑥1
2 + 𝑥1𝑥2 − 2𝑥1𝑥2 

 

(36) 

⇒ 𝑋𝑇Δ𝑋 = 𝜆𝑥1
2 − 𝑥1𝑥2 (37) 

Comparing (2.25) and (2.28) we have (38): 

𝑉̇2 = −𝑋𝑇Δ𝑋 − 𝑘|𝑠| < 0 (38) 

So the system (24) is closed-loop stable according to the 

Lyapurnov criterion. 

The block diagram of the closed loop control system is 

shown in Fig. 2. 

Sliding surface

Equation (25)

ASMC controller 

Equation (32)

TWMR

Equation (24)

Adaptive law

Equation (33)

( )
d

q t ( )q t

−

( )e t s

s



d


 

Fig. 2. Block diagram of closed loop control system 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

A. Simulation Results 

In this section, we utilize MATLAB/Simulink to conduct 

simulations aimed at validating the effectiveness and 

robustness of the proposed control approach. The simulation 

setup employs the TWMR model parameters outlined in 

Table I, conducted under conditions incorporating model 

uncertainties and external disturbances. Notably, the 

velocities and accelerations associated with wheel slip are 

assumed to remain unmeasured. For simplicity and without 

loss of generality, we consider the following wheel slip 

dynamics: [𝜇̇𝑅 𝜇̇𝐿 𝛿̇]𝑇 = [1 + 𝑐𝑜𝑠𝑡 1 + 𝑠𝑖𝑛𝑡 𝑐𝑜𝑠𝑡]𝑇 

(m/s). Furthermore, the disturbance inputs are characterized 

as: 𝜏𝑑 = [2𝑠𝑖𝑛(3𝑡) 2𝑐𝑜𝑠(3𝑡)] (N.m). 

TABLE I.  TWMR PARAMETERS [38] 

Parameters Value 

Distance between the M and G (a) 0.3 [m] 

Inertial moment of the platform (𝐼𝐺) 15.625 [kgm2] 

Inertial moment of each wheel (Diameter axis - 𝐼𝐷) 0.0025 [kgm2] 

Inertial moment of each wheel (Rotation axis - 𝐼𝑊) 0.1 [kgm2] 

Radius of the wheel (r) 0.15 [m] 

Radius of the wheel shaft (b) 0.75 [m] 

Weight of each wheel (𝑚𝑊) 1 [kg] 

Weight of the platform (𝑚𝐺) 30 [kg] 

 

During operation, the parameters of the variation model 

increased by 25% compared to the initial value, i.e. compared 

to the standard or previously expected value. This means that 

the level of variation or error in these parameters increased 

significantly, making the model more flexible in reflecting 

actual fluctuations or uncertainties during the TWMR 

operation. 

The controller parameters were carefully adjusted and 

fine-tuned through trial and error, based on continuous testing 

and adjustment processes to achieve optimal performance. 

This process was carried out step by step, based on simulation 

results, feedback and analysis to adjust the appropriate 

parameter values, to ensure the controller operates stably and 

accurately in the system. The final results of this process are 

clearly presented in Table II, showing the levels of 

adjustment performed and helping to clarify the process as 

well as achieve the control performance goals of the system. 

TABLE II.  CONTROLLER PARAMETERS  

Parameters Value 

𝜆 13 

𝜂 7 

𝑘 20 

𝜗 20 
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In this study, the simulation of the TWMR system 

operation according to the trifolium reference trajectory was 

carried out to test the effectiveness of the control method. 

Specifically, our proposed ASMC controller was compared 

with the SMC controller presented in the literature [53]. The 

purpose of this comparison is to clearly demonstrate the 

superiority of the ASMC control method in improving the 

accuracy, stability and adaptability of the TWMR system 

when tracking complex trajectories. 

The reference trajectory is expressed by the following 

equation: 

{
𝑥𝑇 = −𝑡

𝑦𝑇 = 𝑠𝑖𝑛(0,5𝑡) + 0,5𝑡 + 1
 

Fig. 3 shows the trajectories in a two-dimensional plane, 

with the x-axis (in meters) and the y-axis (in meters). The 

solid blue line represents the reference trajectory. The dashed 

orange line represents the actual trajectory of TWMR using 

the proposed ASMC controller. Meanwhile, the dashed green 

line depicts the trajectory when the system is controlled by 

the SMC method. The initial position of TWMR is 
[𝑥0 𝑦0 𝜃] = [0,5 0 −𝜋 4⁄ ]. The results show that both 

controllers achieve good stability, helping the actual 

trajectory closely follow the expected trajectory. However, 

the ASMC control helps TWMR approach the target 

smoothly, while the OSMC control causes initial oscillation, 

affecting the tracking process. These characteristics are 

clearly reflected in Fig. 4 and Fig. 5, which show the tracking 

error on the x-axis and y-axis, respectively. 

 

Fig. 3. Comparison of TWMR trajectory tracking using ASMC and SMC 

In Fig. 4 and Fig. 5, it is clearly seen that the x- and y-axis 

deviation errors of the ASMC controller show more stability 

and smoothness than the oscillation waveform of the SMC 

controller in the early period, specifically in the first 4 

seconds. This difference shows that the system response 

when using ASMC is quite smooth and has less unwanted 

oscillations, helping the system to quickly stabilize and 

follow the desired path more accurately. In contrast, the 

errors of SMC tend to fluctuate more, causing small 

fluctuations in the process of catching up with the target, 

which is especially obvious in the early period of the control 

process. In addition, the analysis of specific data has been 

summarized in Table III, which helps to more clearly confirm 

the performance of these two control methods. 

 

Fig. 4. TWMR x-axis tracking error when using ASMC and SMC 

 

Fig. 5. TWMR x-axis tracking error when using ASMC and SMC 

Accordingly, these figures show that the response of 

ASMC is superior to SMC in response indicators such as 

accuracy and speed of reaching steady state. In addition, the 

survey results are also clearly shown in Table III, which 

reflects that the ASMC controller responds faster and more 

stably than SMC, contributing to optimizing the system 

control process. From these figures, it can be concluded that, 

compared to SMC, ASMC not only helps to reduce errors, 

increase smoothness in response but also improves the 

overall controllability of the system, especially in the initial 

stages when the system just starts to respond. 

TABLE III.  CONTROLLER PARAMETERS  

Controller 

Settling 

time x-

axis 

Settling 

time y-

axis 

Peak 

error 

x-axis 

Peak 

error 

y-axis 

MSE 

x-axis 

MSE 

y-axis 

ASMC 2 (s) 0.8 (s) 
0.19 

(m) 

0.19 

(m) 
0.054 0.145 

SMC 5.2 (s) 4 (s) 
0.45 
(m) 

0.54 
(m) 

0.127 0.258 

 

Then, the system will be programmed to control the 

TWMR along a different trajectory, specifically a circular 

path, to test whether the system can adapt and maintain 

effectiveness across a wider variety of trajectories. This 

allows us to better assess the capacity and reliability of the 

TWMR system in real-world applications that require precise 

movement along various types of paths. 

The system is simulated with a circular trajectory as 

shown in the following equation: 

{
𝑥𝑇 = 5𝑐𝑜𝑠(0,1𝜋𝑡)
𝑦𝑇 = 5𝑠𝑖𝑛(0,1𝜋𝑡)
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The initial position of the TWMR is [𝑥0 𝑦0 𝜃] =
[6 0 0]. The simulation results are shown in Fig. 6 to Fig. 

8. 

 

Fig. 6. Circular trajectory tracking TWMR using ASMC method 

 

Fig. 7. x-axis tracking error using ASMC method 

 

Fig. 8. y-axis tracking error using ASMC method 

The simulation results in Fig. 6 to Fig. 8 show that the 

actual trajectory of the WMR starts from the initial position 

and moves quickly towards the set trajectory and always 

follows it closely, the transition time is short, the deviation of 

x, y coordinates is relatively small, fluctuating in the range of 

-0.07 [m] ÷ 0.07 [m]. 

B. Experimental Results 

After completing the detailed research and analysis of the 

algorithms through extensive simulation studies conducted 

on MATLAB-Simulink software, the paper proceeds to 

present the implementation and experimental validation of 

these algorithms on the actual TWMR model. This transition 

from simulation to real-world testing is crucial for verifying 

the effectiveness, robustness, and practicality of the 

algorithms under real operating conditions. The experimental 

run involves implementing the developed control strategies 

on the TWMR system, closely monitoring its performance in 

real-time, and comparing the outcomes with the simulation 

results to assess accuracy and reliability. Such an approach 

not only demonstrates the feasibility of the algorithms 

beyond the simulated environment but also provides valuable 

insights into potential adjustments needed for optimization in 

practical applications. 

The hardware block diagram to build the TWMR system 

is shown in Fig. 9. 

Microcontroller DriverDriver

Right 

wheel 

motor

Left wheel 

motor

12V power 

supply

5V step 

down 

circuit

Module RF

Camera

Computer Module RF

 

Fig. 9. Hardware block diagram of TWMR system 

Fig. 10 shows the TWMR test area installed in the 

Robotics Engineering Laboratory of the University of 

Economics – Technology for Industries. We can see that the 

Robot is placed in a tiled room, the top of the TWMR is 

covered with red and blue stickers. The purpose of this is to 

locate the TWMR in space and determine the direction of 

movement of the TWMR. Above the floor is a Rapoo C260 

Camera, when the TWMR moves in the test area, the Camera 

above will determine the position of the TWMR. 

 

Fig. 10. TWMR test run area 

Fig. 11 is the interface on Matlab, showing us the 

coordinates of TWMR in space, here there is a blue circle, 

which is the reference trajectory that TWMR must follow. 

Thanks to this interface, we can observe the TWMR 

trajectory more easily. To test the ASMC algorithm just 

designed in the above section, we proceed to run TWMR in 

practice. 
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Fig. 11. Monitoring and control interface on Matlab 

Fig. 12 shows the trajectory of TWMR moving in a circle 

with a radius of 40 cm. 

 

Fig. 12. Experimental results of circular trajectory tracking 

The TWMR process actually moves the recorded data. To 

facilitate the evaluation of the tracking error, the Mean 

Squared Error (MSE) of TWMR is calculated. The value of 

MSE is calculated according to the following formula: 

𝑀𝑆𝐸 =
1

𝑇
∑ (𝑞𝑖 − 𝑞𝑑

𝑖 )
2𝑇

𝑖=1   (38) 

where 𝑇 is the total number of stored samples, 𝑞𝑖 is the actual 

position and 𝑞𝑑
𝑖  is the desired position of the Robot. The 

results of the MSE values are shown in Table IV. 

TABLE IV.  MSE OF THE EXPERIMENTALLY MOVING TWMR PROCESS 

MSE Experiment 

x 0.25 (cm) 

y 0.57 (cm) 

 

Next, the robot is instructed to move along a circular path 

with a radius of 40 cm. However, in this scenario, a heavy 

object weighing approximately 0.9 kg is placed on the robot 

to evaluate its ability to maintain accurate movement under 

increased load. The results demonstrate that the robot 

successfully follows the desired trajectory, as illustrated in 

Fig. 13. Additionally, the MSE values obtained during this 

test are presented in Table V, providing quantitative measures 

of the system's tracking accuracy under these conditions. 

 

Fig. 13. Experimental results of circular trajectory tracking when carrying 

additional weight 

TABLE V.  MSE OF TWMR PROCESS MOVING EXPERIMENTALLY WITH 

ADDITIONAL LOAD 

MSE Experiment 

x 0.28 (cm) 

y 0.63 (cm) 

 

TWMR moves along a circular trajectory with a radius of 

40 cm for 15 seconds, the trajectory is relatively good and 

there is deviation (due to mechanical structure). In case the 

Robot carries additional heavy objects, the Robot still follows 

the desired trajectory, the deviation is insignificant compared 

to the case where the Robot has not changed its mass. 

V. CONCLUSION AND FUTURE WORK 

This study introduces an ASMC approach for precise 

tracking of a TWMR, accounting for external disturbances 

and wheel slip effects. The control strategy is built upon a 

fault state-space representation that combines both kinematic 

and dynamic models of the system. Disturbances in these 

models are mitigated through an adaptive law. Compared to 

earlier research, the proposed control architecture is designed 

to be more streamlined. Ultimately, simulation and 

experimental outcomes verify that the controller effectively 

achieves the desired tracking performance for the TWMR. 

The next research focuses on the controller design 

methods for the state equation model describing the tracking 

error of TWMR using other control techniques. Extend the 

results to other actuator-less systems such as self-balancing 

two-wheeled vehicles, drones, etc. Experimentally deploy 

different TWMR models in real environments and develop 

them into commercial products with high practical 

applications. 
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