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ABSTRACT

This study presents the development and optimization of an electric wheelchair
designed to improve the mobility and independence of users with disabilities. The
system integrates mechanical modeling using SOLIDWORKS, kinematic simulation in
SIMULINK, and advanced control strategies employing nature-inspired
metaheuristic algorithms. A model-free co-simulation approach between
SOLIDWORKS and SIMULINK enables realistic and adaptable system simulations
without relying on predefined mathematical models. Key algorithms, including
Particle Swarm Optimization (PSO), Whale Optimization Algorithm (WOA), and
Dragonfly Algorithm (DA), are utilized to tune PID controllers for optimal trajectory
tracking and system responsiveness. Simulation tests in Coppeliasim demonstrate
the wheelchair’s capability for precise navigation, and safety enhancement. The
Whale Optimization Algorithm (WOA) showcased superior performance in achieving
smoother and more accurate trajectory tracking. This research highlights the
potential of combining simulation tools and metaheuristic optimization techniques
to enhance the usability and functionality of intelligent wheelchairs, offering a
practical solution to improve the quality of life for individuals with limited mobility.

1. INTRODUCTION

Mobility limitations affect millions of people worldwide,
significantly impacting their independence and quality of
life. Traditional manual and electric wheelchairs provide
basic mobility solutions but often fail to address the
specific needs of users who require advanced assistance
for navigating complex environments. To bridge this gap,
intelligent electric wheelchairs (IEWs) have emerged,
combining mobility with autonomy and safety through
advanced sensing and control technologies. These systems
integrate mobile robotics, artificial intelligence, and user-
friendly interfaces, transforming traditional wheelchairs
into intelligent mobility aids.

An IEW is a powered wheelchair equipped with sensors
and a control system to perceive its environment, enabling
semi-autonomous or fully autonomous navigation. These
systems can perform tasks such as obstacle avoidance,
path following, and docking, enhancing user safety and
independence [1, 2]. The evolution of IEWs began in the
1980s with systems like the Autonomous Vehicle for the
Physically Disabled (VAHM), which introduced wall-
following and obstacle avoidance capabilities [3].
Subsequent projects, such as the NavChair and the
SENARIO project, have improved navigation and user

interface technologies, offering solutions for both indoor
and outdoor mobility [4, 5]. Despite these advancements,
challenges such as sensor reliability, computational
complexity, and integration costs continue to limit the
accessibility of intelligent wheelchairs in real-world
applications [2, 6].

This study aims to contribute to the development of
more effective and accessible IEWs by leveraging modern
design and simulation tools, as well as advanced control
algorithms. The system presented in this work integrates
a 3D model designed in SOLIDWORKS with kinematic and
dynamic simulations performed in SIMULINK. This co-
simulation approach eliminates the need for a predefined
mathematical model, allowing for greater adaptability to
real-world conditions [1, 4]. To optimize the system's
trajectory tracking and responsiveness, nature-inspired
metaheuristic algorithms such as Particle Swarm
Optimization (PSO), Whale Optimization Algorithm
(WO0A), and Dragonfly Algorithm (DA) are employed to
tune PID controllers. These algorithms have been shown
to outperform traditional optimization techniques in
handling nonlinear and complex systems [3, 5].

Simulation results in Coppeliasim demonstrate the
effectiveness of this approach, with significant
improvements observed in navigation accuracy. Among
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the tested algorithms, WOA exhibited superior
performance, enabling smoother and more precise
trajectory tracking. These findings underline the potential
of integrating co-simulation and metaheuristic
optimization techniques in the design of intelligent
mobility solutions [6].

The structure of this paper is as follows: Section 2
outlines the materials and methods used, including the
wheelchair design and control strategy development.
Section 3 presents the results of simulation and
optimization tests, followed by a discussion of the findings.
Finally, Section 4 concludes the paper with
recommendations for future research.

2. MATERIALS AND METHODS

Wheelchair Model Acquisition and Preparation

The electric wheelchair model used in this study was
sourced from an open-source repository, eliminating the
need for in-house mechanical design. The model was
converted into a Unified Robot Description Format (URDF)
file using tools available in SOLIDWORKS. The URDF
conversion facilitated seamless integration into the
CoppeliaSim simulation environment, enabling accurate
representation of the wheelchair’'s mechanical structure
and dynamics. After that the simulation of navigation was
conducted in CoppeliaSim, a versatile platform known for
its robust physics engine and support for dynamic robotic
simulations. MATLAB was integrated with CoppeliaSim
through the RemoteAPI interface, allowing real-time data
exchange and co-simulation between control algorithms
and the physical model.

Figure. 1 3D electric wheelchair model on CoppeliaSim.

Kinematic Modeling Of The EWH
The wheelchair’s kinematic model was established
based on the differential drive system, which uses two
independently controlled wheels for movement and
turning. The kinematic equations for linear and angular
velocities were derived as follows:
Linear Velocity (v):
V= g(wr + w;)
€Y)
Angular Velocity (w):
w = %(wr - wl)

(2)

Where r is the wheel radius, L is the distance between the
wheels, and wr,wi are the angular velocities of the right and
left wheels, respectively.

Control System Design and parameters tuning

To achieve accurate trajectory tracking of a wheelchair,
itis crucial to minimize two primary errors along the path:
the distance error, derr, and the orientation error, Oerr
(Figure 2). The distance error represents the deviation
between the wheelchair's current position and its target
position, while the orientation error corresponds to the
angular difference between the actual and desired
orientations.

Figure. 2 Distance and orientation errors.

To address these issues, two PID controllers are
employed. The first PID controller focuses on reducing the
distance error by calculating the difference between the
actual and desired distances and producing a control
signal, V¢, to mitigate this error. The second PID controller
takes the orientation error as input and generates a
control signal, wc, to correct the orientation discrepancy.

The control signals for linear velocity and angular
velocity can be expressed as:

d(derr)
Ve = kplderr + kdl % + kil f derrdt

3) O
We = kpzeer‘r + kg % + kiz f Oerrdt
€))

Here, kp1, ki1, and kq1 are the proportional, integral, and
derivative gains for the distance controller, while kp2, kiz,
and ka2 represent the respective gains for the orientation
controller.

Metaheuristic Algorithms

A metaheuristic algorithm is a high-level problem-
independent algorithmic framework that provides a set of
guidelines or strategies to develop heuristic optimization
algorithms. These algorithms are designed to solve
complex optimization problems by efficiently exploring
the search space to find near-optimal solutions within a
reasonable timeframe. Metaheuristics are particularly
useful for addressing problems where traditional
optimization methods are impractical due to the problem's
complexity or the size of the search space.

Unlike exact optimization methods, metaheuristics do
not guarantee the discovery of a globally optimal solution.

15
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Instead, they aim to find a sufficiently good solution with
less computational effort, making them suitable for large-
scale and complex problems. Common examples of
metaheuristic algorithms include Genetic Algorithms,
particle Swarm Optimization, Ant Colony Optimization,
Simulated Annealing, and Tabu Search [7].

Metaheuristics are often inspired by natural phenomena,
such as biological evolution, animal behavior, or physical
processes. For instance, Particle Swarm Optimization is
inspired by the social behavior of birds flocking or fish
schooling, while Ant Colony Optimization is based on the
foraging behavior of ants. These nature-inspired
algorithms have been successfully applied to a wide range
of optimization problems in various fields, including
engineering, economics, and logistics [8].

Population initialize

Vv

- Evaluate the fitness of
objective function

Meeting stopping
criteria

Generate new population

Figure. 3 General flowchart for metaheuristic algorithm [9].

To optimize the controller parameters in our simulation,
many metaheuristic algorithms were employed, including:

Particle Swarm Optimization (PSO):

PSO is a computational method inspired by the social
behavior of birds flocking or fish schooling. It optimizes a
problem by iteratively improving candidate solutions
based on their own experience and that of their
neighbors[10].

Grey Wolf Optimizer (GWO):

GWO is a nature-inspired algorithm that mimics the
leadership hierarchy and hunting mechanism of grey
wolves in the wild. It is used for solving optimization
problems by simulating the social hierarchy and hunting
behavior of grey wolves [11].

Grasshopper Optimization Algorithm (GOA):

GOA is inspired by the swarming behavior of
grasshoppers in nature. It is designed to solve
optimization problems by modeling the grasshoppers'
tendency to move towards each other while maintaining a
comfortable distance, balancing exploration and
exploitation in the search space [12].

Whale Optimization Algorithm (WOA):

WOA is a metaheuristic inspired by the bubble-net
hunting strategy of humpback whales. It is employed to
solve optimization problems by simulating the cooperative

behavior of whales encircling prey and creating bubble
nets to capture them [13].

Harris Hawks Optimization (HHO):

HHO is inspired by the cooperative hunting strategy of
Harris' hawks. It models the surprise pounce technique
used by these hawks to capture prey, providing a
framework for solving complex optimization problems
[14].

Dragonfly Algorithm (DA):

The Dragonfly Algorithm is a swarm intelligence-based
optimization technique inspired by the static and dynamic
swarming behaviors of dragonflies. It simulates the five
primary principles of separation, alignment, cohesion,
attraction to food sources, and distraction from enemies to
explore and exploit the search space effectively [15].

3. RESULTS AND DISCUSSION

After running simulations to track the desired path
using various metaheuristic algorithms, we obtained the
following results :

Figure. 4 The desired path.

Figure. 5 Distance error of tracking with ‘PSO’.

Figure. 6 Orientation error of tracking with ‘PSO’.
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Figure. 7 Distance error of tracking with ‘GJO’.

Figure. 8 Orientation error of tracking with ‘GJO’.

Figure. 9 Distance error of tracking with ‘WOA’.

Figure. 10 Orientation error of tracking with ‘WOA'.

Figure. 11 Distance error of tracking with ‘HHO’.

Figure. 12 Orientation error of tracking with ‘HHO’.

Figure. 13 Distance error of tracking with ‘DA’.

Figure. 14 Orientation error of tracking with ‘DA’.
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Figure. 15 Distance error of tracking with ‘GWO’.

Figure. 16 Orientation error of tracking with ‘GWO’.

Figure. 17 Estimated error for each used algorithm.

The performance of the proposed control strategies for
the intelligent electric wheelchair was evaluated using
different nature-inspired metaheuristic algorithms,
including PSO, GJO, WOA, HHO, GWO, and DA. The primary
metric for comparison was the tracking error, which
indicates the accuracy of the wheelchair in following the
desired trajectory.

From the results, it is evident that the GJO (Grey Wolf
Optimizer) achieved the lowest tracking error of 0.005,
demonstrating its superior performance in optimizing the
control system. This can be attributed to GJO's effective
exploration and exploitation capabilities, which allowed it
to fine-tune the PID controller parameters efficiently.

The DA (Dragonfly Algorithm) followed closely with a
tracking error of 0.0095, indicating its ability to strike a
balance between local and global search. Similarly, the
WOA (Whale Optimization Algorithm) achieved a low
error of 0.01, further showcasing its effectiveness in
reducing the system's deviation from the desired path.

On the other hand, PSO (Particle Swarm Optimization)
exhibited a slightly higher error of 0.019, but it still

performed well compared to the other algorithms. This
result highlights PSO's robustness and fast convergence
properties, although it may sometimes get trapped in local
optima.

In contrast, the HHO (Harris Hawks Optimization) and
GWO (Grey Wolf Optimizer) algorithms demonstrated
relatively higher tracking errors of 0.0753 and 0.09,
respectively. The higher errors may suggest limitations in
their exploration capabilities or potential convergence
issues for this specific application.

4, CONCLUSIONS

This study focused on optimizing trajectory tracking for
an electric wheelchair using various metaheuristic
algorithms, including PSO, GJO, WOA, HHO, GWO, and DA.
The simulations, conducted in a MATLAB-CoppeliaSim
integrated environment, aimed to evaluate the
effectiveness of these algorithms in minimizing tracking
error. The results highlighted that metaheuristic
algorithms, particularly GJO, DA, and WOA, significantly
improved the wheelchair's trajectory tracking
performance. These findings emphasize the potential of
nature-inspired optimization techniques to enhance the
control systems of autonomous assistive devices,
contributing to their efficiency and reliability.

For future work, several directions can be explored to
further enhance the system. One possible approach is to
investigate hybrid metaheuristic algorithms, combining
the strengths of different techniques to achieve even better
performance. Additionally, incorporating adaptive control
methods and reinforcement learning can enable the
system to better handle dynamic environments and
improve its robustness over time.
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