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 Most people suffering from temporary or permanent disabilities rely on 

wheelchairs or electric powered wheelchairs (EPW) to maintain autonomy of 

movement. To address different EPW control challenges, several studies have 

investigated this kind of robot. This paper focuses on the optimization of the 

integrator backstepping control parameters of the EPW. The system operates 

using two permanent magnet synchronous motors (PMSM), noted for their 

great efficiency, substantial torque, minimal noise, and robustness. At first, 

the dynamic model for both EPW-motors is showned. After that, a nonlinear 

integrator backstepping command based on Lyapunov’s second technique, 

which combines the choice of the energy function with the control laws, was 

applied to the resulting global model. To ensure optimal performance, the 

control parameters were tuned by means of an optimization approach. 

Specifically, the particle swarm optimization technique (PSO) was employed 

to search for the optimal parameters (gains) of the integrator backstepping 

controller. In order to assess the performance of the optimized backstepping–

based control approach, numerical simulations were conducted to illustrate 

the evolution of both electrical and mechanical velocity- related variables. 
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1. INTRODUCTION 

Electric powered wheelchairs (EPWs) play a viral role in improving the autonomy and mobility of 

persons with severe motor impairments. As the global population ages and the incidence of neuromuscular 

disorders increases, the demand for intelligent, reliable, and user-friendly wheelchair systems continues to 

grow [1], [2]. Modern EPWs are expected not only to move users from one location to another but also to do 

so safely, smoothly, and with minimal effort, even in complex environments. Traditional joystick-based 

interfaces are often unsuitable for users with limited dexterity, prompting the development of autonomous or 

semi-autonomous control systems able to assist or replace manual operations [3]–[5]. 

To reach these requirements, various control strategies have been explored in order to improve EPW 

performance. They include proportional–integral–derivative (PID) control [6]–[8], fuzzy logic [9]–[11], neural 

networks [12], sliding mode control [13], [14], and nonlinear techniques like backstepping [15]–[17], to 

enhance the trajectory tracking, stability, and adaptability to users’ changing habits and environment. 

https://creativecommons.org/licenses/by-sa/4.0/
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However, the effectiveness of these control systems is heavily dependent on the proper tuning of their 

parameters. Manually selecting control gains or thresholds is often inefficient, subjective, and unsuitable for 

real-time adaptation. Poorly tuned parameters can lead to sluggish response, instability, or excessive energy 

consumption, compromising both users’ safety and comfort. To overcome these limitations, algorithms such 

as genetic algorithms (GA), particle swarm optimization (PSO) [18], and differential evolution (DE) were 

applied to optimize control parameters in EPWs, allowing for a systematic improvement of performance 

indices such as tracking accuracy, smoothness, control effort, and robustness [17], [19], [20]. On the other 

hand, machine learning methods, particularly neural networks and reinforcement learning, are developed to 

improve decision-making and system adaptability to users’ preferences [21]. These approaches enable dynamic 

updates of controller parameters based on real usage conditions, thereby making EPWs sensitive and efficient 

in diverse environments [22]. 

The main objective of this study is to optimize the integrator backstepping control parameters for 

EPWs by integrating a metaheuristic optimization algorithm such as PSO. Inspired by animal social habits and 

behaviors, such as bird flocking, insect swarming, and fish schooling [23], [24]. In general, birds, insects, fish, 

and other animals always travel in groups wher their positions and velocities are adjusted according to 

information collected from the group. This technique enables individuals to reduce their own effort in tasks 

such as seeking shelter or food and avoiding predators. 

After the introduction section, the paper presents two other sections. Section 2 covers the dynamic 

modelling of EPWs based on permanent magnet synchronous motors (PMSM) actuator and integrator 

backstepping control applied to the global system. After that, the PSO algorithm is applied to adjust the control 

parameters in order to improve the tracking trajectory and disturbance rejection. To achieve the study approach, 

simulation results are given in the final section. 

 

 

2. MODELING AND PROPOSED METHOD 

In this section, the experiment is processed with the method of modeling an electrically powered 

wheelchair described in [15], [25]. The chair has two stabilizing free wheels and two drive wheels, facilitating 

its displacement by means of their differential movements. The wheelchair is powered by two permanent 

magnet synchronous motors fed by two voltage inverters.  

 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝑥̇1 = 𝑥2

𝑥̇2 = 𝑙1𝑥2 + 𝑙2𝑥4 + 𝑦1𝑝[(𝐿𝑑𝑟 − 𝐿𝑞𝑟)𝑥5𝑥7 + 𝜙𝑓𝑥7] + 𝑦2𝑝[(𝐿𝑑𝑙 − 𝐿𝑞𝑙)𝑥6𝑥8 + 𝜙𝑓𝑥8] +
𝑅

𝑎+𝑏
𝑇

𝑥̇3 = 𝑥4

𝑥̇4 = 𝑙3𝑥2 + 𝑙4𝑥4 + 𝑦3𝑝[(𝐿𝑑𝑟 − 𝐿𝑞𝑟)𝑥5𝑥7 + 𝜙𝑓𝑥7] + 𝑦4𝑝[(𝐿𝑑𝑙 − 𝐿𝑞𝑙)𝑥6𝑥8 + 𝜙𝑓𝑥8] +
𝑅

𝑎+𝑏
𝑇

𝑥̇5 = −
𝑅𝑠

𝐿𝑑𝑟
𝑥5 + 𝑝Ω𝑟

𝐿𝑞𝑟

𝐿𝑑𝑟
𝑥7 +

1

𝐿𝑑𝑟
𝑉𝑑𝑟

𝑥̇6 = −
𝑅𝑠

𝐿𝑑𝑙
𝑥6 + 𝑝Ω𝑙

𝐿𝑞𝑙

𝐿𝑑𝑙
𝑥8 +

1

𝐿𝑑𝑙
𝑉𝑑𝑙

𝑥̇7 = −𝑝Ω𝑟
𝐿𝑑𝑟

𝐿𝑞𝑟
𝑥5 −

𝑅𝑠

𝐿𝑞𝑟
𝑥7 +

1

𝐿𝑞𝑟
𝑉𝑞𝑟 −

𝑝Ω𝑟

𝐿𝑞𝑟
𝜙𝑓𝑏

𝑥̇8 = −𝑝Ω𝑙
𝐿𝑑𝑙

𝐿𝑞𝑙
𝑥6 −

𝑅𝑠

𝐿𝑞𝑙
𝑥8 +

1

𝐿𝑞𝑙
𝑉𝑞𝑙 −

𝑝Ω𝑙

𝐿𝑞𝑙
𝜙𝑓

 (1) 

 

with: 

𝑙1 = 𝑙4 = −
𝑎𝑐

𝑎2−𝑏2
  

𝑙2 = 𝑙3 =
𝑏𝑐

𝑎2−𝑏2
  

𝑦1 = 𝑦4 =
𝑎𝑅

𝑎2−𝑏2
  

𝑦2 = 𝑦3 =
−𝑏𝑅

𝑎2−𝑏2
 and  

𝑎 =
1

𝜎
𝐽𝑎 + 𝜎 {𝐽𝑤 + (

𝑀

4
+𝑚𝑤)𝑅

2 + (
𝑟

𝐿
)
2

𝐽}  

𝑏 = 𝜎𝑅2 (
𝑀

4
−

1

𝐿2
𝐽)  

𝑐 =
1

𝜎
𝐶𝑎 + 𝜎𝐶𝑤  

𝑇 = 𝜎 (
𝑀

2
+𝑚𝑤) 𝑔𝑅𝑠𝑖𝑛𝜓 [

1
1
]  
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In this case, the chosen model motor of the PMSM with the round rotor (rotor surface magnets) was 

with a vector control. The presented model allowed a simple input system. Consequently, the applied control 

became easier, and 𝑥̇5 and 𝑥̇6 were equal to zero. The first inputs (right, left) are defined by: 

 

𝑉𝑑𝑟 = 𝑝Ω𝑟𝐿𝑞𝑟𝑥7 (2) 

 

𝑉𝑑𝑙 = 𝑝Ω𝑙𝐿𝑞𝑙𝑥8  (3) 

 

The EPW parameters are given in Table 1. 

 

 

Table 1. EPW parameters 
Symbol Descriptions Value 

𝑣 Longitudinal velocity m/s 

𝛼𝑟 , 𝛼𝑙  Rotational angle of the right/left wheel rad 

𝛼𝑚𝑟 , 𝛼𝑚𝑙 Rotational angle of the right/left motor  rad 

𝐶𝑒𝑚𝑟 , 𝐶𝑒𝑚𝑙  Electromagnetic torques of the right/left motor N.m 

𝐶𝑟 , 𝐶𝑙 Required load torques of the right/left motor N.m 

𝐶𝐹𝑟 , 𝐶𝐹𝑙 Torque applied on the right/left wheel N.m 

𝛺𝑟 , 𝛺𝑙  Angular rotor velocities of the right/left motor rad/s 

𝐼𝑑 , 𝐼𝑞  d- and q-axis stator currents A 

𝑉𝑑, 𝑉𝑞  d- and q-axis stator voltages V 

𝑀 EPW with operator mass  210 𝑘𝑔 
𝑚𝑤 Mass of driving wheel  2 𝑘𝑔 
𝐿 Distance between the two driving wheels  0.57 𝑚 
𝑅 Radius of the driving wheel  0.17 𝑚 
𝐽 Inertia moment of the EPW  16.08 𝑘𝑔.𝑚2 
𝐽𝑤 Moment of inertia of the driving wheel  0.0289 𝑘𝑔.𝑚2 
𝑔 Acceleration due to gravity  9.81 

𝑚

𝑠2
 

𝜓 Slope angle  10 % 
𝑓𝑤 Viscous friction coefficient of the wheel  0.008 

𝑁.𝑚. 𝑠/𝑟𝑎𝑑 
𝜎 Gear ratio  0.01 
𝐽𝑎 Moment of inertia of the motor  0.0008 𝑘𝑔.𝑚2 
𝑓𝑣 Viscous friction coefficient of the motor  0.00005 

𝑁.𝑚. 𝑠/𝑟𝑎𝑑 
𝑅𝑠 Per phase stator resistance  2.56 𝛺 
𝐿𝑑 d-axis stator inductances  0.0064 𝐻 
𝐿𝑞 q-axis stator inductances  0.0056 𝐻 

𝜑𝑓 Permanent magnet flux  0.06 𝑊𝑏 

 𝑃 Pair number of poles 4 
𝑃𝑛 Rated power  400 𝑊 
𝐼𝑛 Current  4 𝐴 
𝑁𝑛 Rated speed  3000  𝑟𝑝𝑚 

 

 

2.1.  Integrator backstepping control  

The backstepping control approach is based on Lyapunov’s second technique, which combines control 

laws and energy function choice. The controller is not only responsible for achieving its intended goal, whether 

tracking and/or regulation, but it must also guarantee at all times that, the compensated system remains globally 

asymptotically stabe. Backstepping is a step-by-step design method rooted in Lyapunov’s stability theory, where 

each state is introduced progressively as a virtual control input to stabilize its corresponding subsystem [25]. 

 Integrating an integral action within backstepping-based control laws constitutes a widely adopted 

strategy to enhance the robustness of the approach, ensuring the rejection of disturbances and the attenuation 

of steady-state tracking errors. The bloc diagram of integrator backstepping control for EPW is presented in 

Figure 1. The steps followed for the synthesis of the speed controller can be outlined as follows: 

− Step 1: Right wheel speed control 

First, the tracking objective defines the tracking error for the right wheel speed as (4) 

 

𝑒1 = 𝑥2 − 𝑥2𝑟𝑒𝑓 + 𝑘𝑥2 ∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)
𝑡

0
𝑑𝑡   (4) 

 

The Lyapunov law considered and its derivate are: 
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𝑉(𝑒1) = (1 2)𝑒1
2⁄ , 𝑉̇(𝑒1) = 𝑒1(𝑥̇2 − 𝑥̇2𝑟𝑒𝑓) + 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓) 

= 𝑒1 (𝑙1𝑥2 + 𝑙2𝑥4 + 𝑦1𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦2𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 + 𝑇 − 𝑥̇2𝑟𝑒𝑓 + 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓)) (5) 

 

To obtain the negative derivate of Lyapunov function, the virtual control was considered as (6): 

 

𝜑(𝑒1) = −𝐶1𝑒1 + 𝑥̇1𝑟𝑒𝑓  (6) 

 

The torque control expression was obtained as (7): 

 

𝑦1𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦2𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 = −𝐶2𝑒1 − 𝑙1𝑥2 − 𝑙2𝑥4 − 𝑇 − 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓) (7) 

 

with: 𝑦0 = −𝐶2𝑒1 − 𝑙1𝑥2 − 𝑙2𝑥4 − 𝑇 − 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓) 

Therefore: 𝑉̇(𝑒1) = −𝐶1𝑒1
2 < 0 

with 𝐶1 > 0. Given that the theorem’s conditions are satisfied; the stability of the first subsystem is ensured in 

the sense of asymptotic convergence. 

 

 

 
 

Figure 1. Bloc diagram of integrator backstepping control for EPW 
 

 

− Step 2: Left wheel speed control 

For the left wheel speed, the tracking objective is formulated by introducing the tracking error, defined 

as follows: 

 

𝑒2 = 𝑥4 − 𝑥4𝑟𝑒𝑓 + 𝑘𝑥4 ∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0
  (8) 

 

𝑥4𝑟𝑒𝑓  corresponds to the previous virtual control 𝜑(𝑒1) 

The increased energy function, together with its time derivative, are defined as follows: 

 

𝑉(𝑒1, 𝑒2) = 1 2𝑒1
2 + 1 2⁄⁄ 𝑒2

2, 𝑉̇(𝑒1, 𝑒2) = 𝑒1𝑒̇1 + 𝑒2𝑒̇2  

𝑒2𝑒̇2 = 𝑒2 (𝑥̇4 − 𝑥̇4𝑟𝑒𝑓 + 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓))  (9) 

 

= 𝑙3𝑥2 + 𝑙4𝑥4 + 𝑦3𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦4𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 + 𝑇 − 𝑥̇4𝑟𝑒𝑓 + 𝑘𝑥4  (10) 

 

The torque control expression was obtained: 

 

𝑦3𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦4𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 = −𝐶4𝑒2 − 𝑙3𝑥2 − 𝑙4𝑥4 − 𝑇 − 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓)  (11) 

 

with: 

𝑦5 = −𝐶4𝑒2 − 𝑙3𝑥2 − 𝑙4𝑥4 − 𝑇 − 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓)  

 

Thus: 𝑉̇(𝑒1, 𝑒2) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 < 0 
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With: 𝐶1,2 > 0, the stability properties of both subsystems were formally verified. 

The unknown control system is summarized as: 

 

{
𝑦1𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦2𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 = 𝑦0
𝑦3𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑦4𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 = 𝑦5

   (12) 

 

The reference input torques for the right and left wheels were derived by solving the final two equations, 

yielding: 

 

 𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 = 𝑦0 𝑦1⁄ − 𝑦2 𝑦1𝐶𝑒𝑚𝑙_𝑟𝑒𝑓⁄  (13) 

 

𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 = 𝑦1𝑦5 − 𝑦3𝑦0 𝑦4𝑦1 − 𝑦3𝑦2⁄  (14) 

 

− Step 3: Right wheel electromagnetic torque control 

For this step, the error is defined as: 

 

𝑒3 = 𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 + 𝑘𝑥3 ∫ (𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟_𝑟𝑒𝑓)𝑑𝑡
𝑡

0
  (15) 

 

𝑒̇3 = 𝐶𝑒𝑚𝑟
̇ − 𝐶𝑒𝑚̇𝑟_𝑟𝑒𝑓 + 𝑘𝑥3(𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟_𝑟𝑒𝑓) (16) 

 

The adopted Lyapunov function and its corresponding time derivative are given by: 

 

𝑉(𝑒1, 𝑒2, 𝑒3) =
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2  

𝑉̇(𝑒1, 𝑒2, 𝑒3) = 𝑒1𝑒̇1 + 𝑒2𝑒̇2 + 𝑒3𝑒̇3  

 

The torque expression (rotor surface magnets) is formulated as (17). 

 

𝐶𝑒𝑚𝑟 = 𝑃𝜑𝑓𝐼𝑞𝑟 (17) 

 

By replacing (17) in (16) 

 

𝑒̇3 = 𝑃𝜑𝑓 𝐿𝑑⁄ [(𝑉𝑞𝑟 − 𝑅𝑠𝐼𝑞 − 𝑤𝐿𝑑𝐼𝑞 − 𝑤𝜑𝑓) − 𝐶𝑒𝑚̇𝑟_𝑟𝑒𝑓] + 𝑘𝑥3(𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟_𝑟𝑒𝑓) (18) 

 

The real input control of the right motor is: 

 

𝑉𝑞𝑟 = −𝐶5𝑒5 + 𝑅𝑠𝐼𝑞𝑟 + 𝑤𝐿𝑑𝐼𝑑𝑟 +𝑤𝜑𝑓 + (
𝐿𝑞

𝑃𝜑𝑓)
𝐶𝑒𝑚̇𝑟_𝑟𝑒𝑓  (19) 

 

with 

 

𝐶𝑒𝑚̇𝑟_𝑟𝑒𝑓 =
(1

𝑦0)
𝑦̇0 −

(𝑦2

𝑦1)
𝐶𝑒𝑚̇𝑙_𝑟𝑒𝑓  

 

and 

𝑦̇0 = [𝐶2(𝑙1 + 𝑘𝑥2) + 𝑙1
2 + 𝑙2𝑙3 + 𝑙1𝑘𝑥2]𝑥2 − [(𝐶2 + 𝑙1 + 𝑙4 + 𝑘𝑥2)𝑙2]𝑥4 − [(𝐶2 + 𝑙1 + 𝑘𝑥2)𝑦1 +

𝑙2𝑦3]𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 − [(𝐶2 + 𝑙1 + 𝑘𝑥2)𝑦2 + 𝑙2𝑦4]𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 − [𝐶2 + 𝑙1 + 𝑙2 + 𝑘𝑥2]𝑇  

 

Therefore, 

 

𝑉̇(𝑒1, 𝑒2, 𝑒3) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 − 𝐶3𝑒3
2 < 0, 𝐶1,2,3 > 0 

 

− Step: Left wheel electromagnetic torque control 

Let 𝑒4 denote the last error: 

 

𝑒4 = 𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 + 𝑘𝑥4 ∫ (𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙_𝑟𝑒𝑓)
𝑡

0
𝑑𝑡  (20) 

 

The final Lyapunov increased function and its derivative are: 
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𝑉(𝑒1, 𝑒2, 𝑒3, 𝑒4) =
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2 +

1

2
𝑒4
2  

𝑉̇(𝑒1, 𝑒2, 𝑒3, 𝑒4) = 𝑒1𝑒̇1 + 𝑒2𝑒̇2 + 𝑒3𝑒̇3 + 𝑒4𝑒̇4  

𝑒̇4 = 𝐶𝑒𝑚𝑙
̇ − 𝐶𝑒𝑚̇𝑙_𝑟𝑒𝑓 + 𝑘𝑥4(𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙_𝑟𝑒𝑓) (21) 

 

The torque expression (rotor surface magnets) is rxpressed as follows: 
 

𝐶𝑒𝑚𝑙 = 𝑃𝜑𝑓𝐼𝑞𝑙 (22) 

 

By replacing (22) in (21). 
 

𝑒̇4 =
𝑃𝜑𝑓

𝐿𝑑
[(𝑉𝑞𝑙 − 𝑅𝑠𝐼𝑞 −𝑤𝐿𝑑𝐼𝑞 −𝑤𝜑𝑓) − 𝐶𝑒𝑚̇𝑙_𝑟𝑒𝑓] + 𝑘𝑥4(𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙_𝑟𝑒𝑓)……. (23) 

 

The real input control: 
 

𝑉𝑞𝑙 = −𝐶4𝑒4 + 𝑅𝑠𝐼𝑞 +𝑤𝐿𝑑𝐼𝑑 + 𝑤𝜑𝑓 +
𝐿𝑞

𝑃𝜑𝑓
𝐶𝑒𝑚̇𝑙_𝑟𝑒𝑓 −

𝐿𝑞

𝑃𝜑𝑓
(𝑘𝑥4(𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙_𝑟𝑒𝑓))   (24) 

with  
 

𝐶𝑒𝑚̇𝑟_𝑟𝑒𝑓 =
(1

𝑦4𝑦1−𝑦3𝑦2)
(𝑦1𝑦̇5 − 𝑦3𝑦̇0)  

 

and  
 

𝑦̇5 = [(𝐶4 + 𝑙1 + 𝑙4 + 𝑘𝑥2)𝑙3]𝑥2 − [𝐶4(𝑙4 + 𝑘𝑥4) + 𝑙4
2 + 𝑙2𝑙3 + 𝑙4𝑘𝑥4]𝑥4 − [(𝐶4 + 𝑙4 + 𝑘𝑥3)𝑦3 +

𝑙3𝑦1]𝐶𝑒𝑚𝑟_𝑟𝑒𝑓 − [(𝐶4 + 𝑙4 + 𝑘𝑥4)𝑦4 + 𝑙2𝑦3]𝐶𝑒𝑚𝑙_𝑟𝑒𝑓 − [𝐶4 + 𝑙4 + 𝑙3 + 𝑘𝑥4]𝑇  

 

Therefore,  
 

𝑉̇(𝑒1, 𝑒2, 𝑒3, 𝑒4) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 − 𝐶3𝑒3
2 − 𝐶4𝑒4

2 < 0  
 

Take 𝐶1,2,3,4 > 0. 

The system’s second control input 𝑉𝑑𝑟,𝑙 was determined using the PMSM vector control to eliminate the 

coupling input of the system by maintaining 𝐼𝑑 equal to zero. The gains 𝐶1,2,3,4 and 𝑘𝑥1,2,3,4acts a damping 

terms that stabilized the dynamics of error variable 𝑒1,2,3,4, and minimized or eliminated the static error. 

 

 

3. METHOD 

The PSO algorithm refers to each element as a particle and the population as a swarm. Using particle 

and group memory to search for optimization in the solution space is the main idea underlying this approach. 

It also produces a very high probability of convergence of the optimization objective function to the global 

optimal solution. This property of the PSO underlies the algorithm’s significant impact in addressing 

combinatorial and nonlinear optimization problems [18], [19]. 

The movement of each particle in the search space depends on the best-explored places of both its 

finding and the whole swarm, respectively, which are called pbest and gbest. For the purpose of updating pbest 

and gbest, each particle collects and stores information in a vector to be analyzed [23]. 

A population of random solutions was used to initialize the “swarm” where each particle (for example, 

the 𝑙𝑡ℎ particle) has a position coordinate and a corresponding velocity, denoted respectively 𝑥𝑙 =
(𝑥𝑙1, 𝑥𝑙2, ……𝑥𝑙𝑁) and 𝑣𝑙 = (𝑣𝑙1, 𝑣𝑙2, ……𝑣𝑙𝑁) for N-dimensional space. 

The efficiency of a solution can be measured through a fitness function, which evaluates the quality 

of each particle’s position. Accordingly, one can store the 𝑝𝑏𝑒𝑠𝑡 of particle 𝑙, represented by 𝑝𝑏𝑒𝑠𝑡𝑙 =
(𝑝𝑏𝑒𝑠𝑡𝑙1, 𝑝𝑏𝑒𝑠𝑡𝑙2, ……𝑝𝑏𝑒𝑠𝑡𝑙𝑁), and the 𝑔𝑏𝑒𝑠𝑡, represented by 𝑔𝑏𝑒𝑠𝑡 = (𝑔𝑏𝑒𝑠𝑡1, 𝑔𝑏𝑒𝑠𝑡2, ……𝑔𝑏𝑒𝑠𝑡𝑁). 

The following (25) and (26) represent how the algorithm updates the particle positions and velocities 

shown in Figure 2 at each iteration of the optimization process, utilizing the previous information: 
 

𝑣𝑙(𝑖) = 𝑤 ∗ 𝑣𝑙(𝑖 − 1) + 𝑟1𝜑1 ∗ (𝑝𝑏𝑒𝑠𝑡𝑙 − 𝑥𝑙(𝑖 − 1)) + 𝑟2𝜑2 ∗ (𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑙(𝑖 − 1)) (25) 

 

𝑥𝑙(𝑖) = 𝑥𝑙(𝑖 − 1) + 𝑣𝑙(𝑖) (26) 
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where 𝑤 represents the inertia weight, which controls how the direction of displacement affects subsequent 

displacement, where r1 and r2 are random numbers in the interval [0, 1]. Acceleration constants φ1 and φ2 

control the particle’s cognitive behavior and social aptitude, respectively. Both of these parameters are positive 

and provided empirically in accordance with the relationship φ1 + φ2 ≤ 4.  

Figures 2 and 3 present the particle movement schematic in the PSO and the algorithm flowchart, 

respectively. As aforementioned, each particle retains a memory of its earlier best position indicated as pbest, 

and global best position reached by the particles of the swarm, given as gbest [23]. 
 

 

 
 

Figure 2. Particle movement schematic in the PSO 
 

 

 
 

Figure 3. PSO algorithm flowchart 
 

 

In this work, the squared error-based fitness function was defined and expressed by (27). 

 

𝑓𝑖𝑡𝑛𝑒𝑠𝑠 = ∑ 𝑒(𝑖)2𝑁
𝑖=1 = ∑ 𝑒𝑟𝑟𝑜𝑟2𝑁

𝑖=1   (27) 

 

here 𝑒(𝑖) denotes the trajectory error of the ith sample, and N represents the number of the sample. 

The proposed optimized control scheme is illustrated in Figure 4. 

 

 

 
 

Figure 4. The proposed optimized control scheme 
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4. RESULTS AND DISCUSSION 
To evaluate the performance of the control applied to EPW driven by two PMSMs, the velocity 

tracking was simulated by using the PSO parameters determined through a series of experiments demonstrated 

by Table 2. The optimal gain values determined are summarized in Table 3. The worst-case scenario that the 

EPW operator can face was chosen. The trajectory considered during the simulation is described as follows: 

the EPW is on slope 𝜓 = 10°. There are two turns: one to the right, which occurs at 𝑡 = 13 s, and the next to 

the left occurring at 𝑡 = 17 s. Both are followed by braking after 𝑡 = 20 s. The speed reference is generated 

using a hyperbolic tangent profile to guarantee smooth transitions and continuity between successive reference 

values. 
 

 

Table 2. PSO parameters for integrator backstepping controller 
Parameters Value 

Cognitive constant (φ1) 2 

Group constant (φ2) 2 

Inertia weight (𝑤) 0.5 

Number of particles (𝑛𝑝) 40 

Number of iteration (𝑛𝑖𝑡) 100 

 

 

Table 3. The best gain values 
Parameters Value 

C1 110 
C2 5 

C3 108.0384 

C4 20 
Kx1 957.8562 

Kx2 100 

Kx3 1100 
Kx4 110 

 

 

Figure 5 represents the velocity trajectory tracking of the right and left drive wheels. It is worth noting 

that the measured speeds follow perfectly the references without overshoot. The response time is 9.29 s and 

static error is 7×10-3. The velocities increase to a nominal value, which is maintained during the slope, and then 

return to zero. This corresponds to the braking. Figure 6 illustrates the evolution of the electromagnetic torque 

𝐶𝑒𝑚𝑟,𝑙 of both PMSMs. When the wheelchair moves straight, even in the presence of a slope, the left and right 

torques have the same value and increase proportionally with the speed. When a change of direction occurs, 

the left and right torques react in opposite ways in order to steer the wheelchair, then return to the same value 

once the turn is completed. Afterward, a speed degradation appears until the wheelchair eventually stops on 

the slope, which explains the final torque value of 1 Nm. These torques are directly proportional to the stator 

quadrature currents 𝐼𝑞𝑟,𝑙 as illustrated in Figure 7. The stator direct currents 𝐼𝑑𝑟,𝑙 are maintained at zero through 

vector control, as depiced in Figure 8. The direct and quadrature voltage inputs of both PMSMs (𝑉𝑑𝑟,𝑙 , 𝑉𝑞𝑟,𝑙) 

remain within their nominal values as shown in Figures 9 and 10, respectively. The Phase-a stator voltage and 

Phase-a stator current are shown in Figures 11 and 12, respectively. 
 

 

  
  

Figure 5. Right/left wheel velocity Figure 6. The right/left electromagnetic torque 
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Figure 7. The right/left q-axis current stator Figure 8. The right/left d-axis current stator 

  

  

  
  

Figure 9. The right/left q-axis stator voltage Figure 10. The right/left d-axis stator voltage 

  

  

  
  

Figure 11. Phase-a stator voltage Figure 12. Phase-a stator current 

 

 

5. CONCLUSION  

The application of an optimal PSO algorithm to the integrator backstepping velocity control of an 

electrically powered wheelchair facilitated effective adjustment of the control parameters, thereby improving 

trajectory tracking and disturbance rejection. Simulation results confirmed that the suggested controller is able 

to achieve smooth, accurate, and stable velocity tracking, which in turn improves maneuverability and user 

safety. 
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