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Abstract— Wearable robots have become increasingly 

significant in rehabilitation treatments aimed at improving 

patients suffering from walking gait abnormalities. The 

effectiveness of these robots depends on their ability to 

accurately track trajectories. This paper proposes a hybrid 

technique for tuning a PID controller in a wearable lower limb 

rehabilitation robot (WLLR). The combination of GA and PSO, 

termed HGAPSO, is utilized to acquire PID parameters for the 

hip and knee joints, with the aim of minimizing overshoot and 

tracking error. Notably, the percentage overshoot recorded by 

HGAPSO for the hip and knee is superior to that of conventional 

ZN, GA, and PSO methods, with percentages of 4.9% and 

0.42%, respectively. Furthermore, the maximum error (ME) 

and average error (AE) between desired and actual trajectories 

recorded for a range of motion (ROM) and walking conditions 

do not exceed 0.05, which are deemed acceptable errors. The 

maximum root mean square error (RMSE) recorded for both 

ROM and walking conditions is 0.028 and 0.043, respectively. 

Additionally, the coefficient of determination (R2) for both 

conditions is more than 99%, indicating a close fit between 

desired and actual trajectories under various conditions. 

Keywords—Lower Limb Robot, Exoskeletons, PID Controller, 

Genetic Algorithm, Locomotion, Particle Swarm Optimization 

I. INTRODUCTION 

In recent years, there has been an increase in stroke 
patients and the aging population experiencing abnormal 
walking gaits [1]. Consequently, the demand for wearable 
robots in rehabilitation treatments has become more 
pronounced [2]. Researchers have thus focused more on 
designing and developing wearable rehabilitation robots to 
restore muscle strength and address walking gait 
abnormalities. Additionally, these robots assist patients who 
have lost their ability to perform daily tasks due to conditions 
such as accidents and spinal cord injuries (SCI). Wearable 
lower limb rehabilitation robots (WLLRs) operate alongside 
human limbs, aiming to rehabilitate patients who are unable to 
walk [3-6]. Furthermore, WLLRs function as gait training 

robots requiring controllers to minimize steady-state errors 
and improve tracking performance. Various methods and 
algorithms for controlling WLLRs have been explored [7-8]. 

The Proportional-Integral-Derivative (PID) controller is 
widely used in position tracking control due to its simplicity, 
robustness, and successful practical applications. Galvan et al. 
[9] designed a PID controller for WLLRs that exhibited good 
joint angle tracking performance despite disturbances. 
Similarly, Sanngoen et al. [10] utilized PID to control the 
WAR robot, demonstrating consistent footpath and actual foot 
trajectory patterns. The accuracy of the position tracking 
control algorithm depends on precise controller tuning, which 
enhances the robot's ability to track input signals while 
minimizing position tracking errors. The conventional 
Ziegler-Nichols (ZN) method is a popular approach for tuning 
PID controllers due to its speed, simplicity, and ease of 
implementation. Several studies have reported tuning WLLR 
positions using conventional ZN [11-12]. However, this 
method still has drawbacks, such as the need for further fine-
tuning to improve transient response and tracking errors. 
Additionally, the PID closed-loop system is highly sensitive 
to parameter variations, resulting in large overshoots and 
oscillatory responses. Thus, there is ongoing research interest 
in improving controller accuracy and reducing position 
tracking errors. 

To address these challenges, optimization techniques such 
as genetic algorithms (GA) and Particle Swarm Optimization 
(PSO) have been introduced to tune PID parameters. GA is an 
evolutionary optimization technique that employs concepts of 
natural selection, crossover, and mutation [13]. Meanwhile, 
PSO is a metaheuristic technique inspired by biological 
behaviors such as swarming, bird flocking, and fish schooling 
[14]. Elbayomy et al. discussed PID controller tuning using 
GA for the Electro-Hydraulic Servo Actuator System 
(EHSAS), showing improved PID performance compared to 
conventional tuning methods [15]. Similarly, Cuellar et al. 
[16] combined Gain Phase Margin (GMP) with GA to tune the 
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PID controller, while Azar et al. [17] utilized GA to optimize 
controller parameters for a six-bar Steward parallel robot. PSO 
has also been employed in various applications, including 
tuning PID control for lower-limb human exoskeletons. 
Although PSO converges faster than GA in achieving globally 
optimal solutions, it is susceptible to getting trapped in local 
optima.  

In this study, our contribution lies in implementing a 
hybrid technique that combines genetic algorithms and 
particle swarm optimization, termed hybrid HGAPSO, to 
acquire PID controller parameters for WLLR joints. Our 
motivation behind this hybrid technique is to enhance the 
chances of minimizing control overshoot and reducing 
tracking errors across both ranges of motion (ROM) and 
walking gait conditions. We derived the transfer function of a 
dynamic model for the hip and knee joints using Lagrangian 
formulation and Kirchoff's Law, based on mathematical 
modeling approaches [18]. A decentralized closed-loop 
control system is utilized in the tuning process, where GA is 
initially run with random initial values, and the results guide 
PSO to find optimal PID parameters for the control system. 
We simulate a three-dimensional model (3D) of the WLLR 
using MATLAB Simmechanics software to analyze the 
proposed controller's behavior under different experimental 
conditions, including ROM and walking gait conditions 

II. METHODOLOGY 

A. Development of Controller 

A closed-loop control algorithm implemented for the 
WLLR  is represented in Fig. 1, in which the left/right hip and 
knee joint is controlled by PID separately. The    and    
represent the desired and actual trajectory of the control 
system. A PID controller is used for controlling the joints of 
the WLLR due to its potential in providing satisfactory results 
and comfort of operation [19]. Besides, the PID controller's 
characteristic is simple, easy to implement, robust and 
practical in a wide range of application.  The closed-loop 
transfer function of the PID controller is expressed in (1). 

 

 

Fig. 1: Closed Loop Control Algorithm for hip and knee joint 
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The transfer function of a dynamic model  is  present by   
while i =1, 2 represents the femur and tibia respectively.   is 
the transfer function of the PID controller written as in (2). 
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Kp, Ki, and Kd respectively present proportional, integral, 
derivative parameter. The tracking error   is different between 
desired and actual trajectory expressed in the following 
equation. 

����� � ������ � ������            (3) 

where    and   is the desired and actual trajectory of the 
WLLR motion.   is denoted as the input error to the PID 
controller while  (s) is the controller output and input to the 
dynamic model. The objective function of optimization is 
determined by fixed the control system input as a step 
response ( = 1) while i=1,2,3,4 represent right hip, left hip, 
right knee and left knee, respectively. Therefore, by 
substitution of (1) in (3), the error  is expressed in (4). 
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In this study, the objective function is determined based on 
Integral Time Absolute Error (ITAE) [5], which is the 
summation of absolute error, weighted by time and sample 
time is expressed as in the following equation; 

�� ! � "���� � # $
∞

%
|�obj��$�|dt                 (5)                                                                                                     

where   is the error of the control system in the time domain 
and   is the elapsed time. This section details the methodology 
employed in the research. The modeling of WLRR is detailed 
out in []It is focused on the designing the controller, and will 
further elaborate on the utilization of a hybrid algorithm for 
tuning the PID controller.  

B. Hybrid Algorithm for PID-Based Controller 

The PID tuning is set as an optimization problem and solved 
by the combination of genetic algorithm(GA) and Particle 
Swarm Optimization(PSO) in series, called HGAPSO 
(Hybrid technique). GA is an evolutionary optimization 
technique based on the concept of natural selection, 
crossover and mutation [20]. Meanwhile, PSO is a 
metaheuristic technique called population-based 
optimization strategy, inspired by the biological behaviour 
of swarms, birds flocking, and fish schooling [21]. The 
tuning process stated by the GA optimization algorithm and 
the optimized parameters of  Kp, Ki, and Kd values obtained 
used as initial values of the PSO algorithm. Hence, GA 
provides search space or initial value for the PSO algorithm. 
The PSO then converges the PID parameters to the optimal 
solution. In this technique, the PSO resembles GA in setting 
the initial population and finding the best solution iteratively. 
However, there is no mutation and crossover. PSO has been 
implemented in various types of problem and proven to 
converge faster than GA in achieving a globally optimal 
solution, but easy to trap in local optima [22-23]. The design 
variables of the optimization problem are three parameters 
of the PID controller. Fig. 2 illustrates the configuration of 
the first population, in which each gene consists of 30 sets of 
random values for PID parameters. After creating the initial 
population, each gene is evaluated by the objective function. 
The genes are then arranged based on the objective function 
value by sorting from the lowest to the highest. The 
generation is created by crossover, mutation and some of 
them evaluated as the best gene remains unchanged called 
"elite genes"[24]. Crossover extracts the genes from the 
population and recombines them to increase the chance of 
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finding the best result. Mutation remains the diversity of GA 
from one generation to the next one.  

 

 
 

Fig. 2.   Initial Population Configuration 

Creating the next generation consists of keeping 5% of the 
previous population unchanged as elite genes. These genes 
should have the best results after evaluation. In this study, 
crossover and mutation probabilities are set to 0.8 and 0.2. It 
means that 80% of the remain population are selected via a 
crossover, and the rest 20% be filled using mutation. The 
adaptive feasible is selected as a method for mutation. The GA 
parameters setup in MATLAB is shown in Table I. The 
optimization and evaluation cycle continues until the 
generation of GA terminated. It means that the GA achieved 
the optimal solution. The output of GA is shown as in (6); 

,
- � .��, �� , ��0           (6) 

The optimization process then continues by the PSO 
algorithm, in which each particle carries the PID parameter 
values, as shown in (7). 

,�,� � 1234�.,
- � 5, ,
- � 50�               (7) 

Where y is defined as parameter tolerance.  The population 
of the next generation is created as in (8). 

,�,� � ,�6�,� � 7�,�          (8) 

TABLE I.  GA TUNING PARAMETERS 

GA Property Value/Method 

Population Size 30 

Number of Generation Hip:60 Knee:60 

Objective Function ITAE 

Selection Function Tournament 

Probability of Crossover 0.8 

Crossover Function Arithmetic 

Mutation Function Adaptive Feasible 

Probability of Mutation 0.2 

Elite Genes 0.05 

 

Where Vi, j represents the next generation particle and x i 
−1,  j is the particle of the previous generation. Generally, the 
velocity equation in PSO is written as follows: 

7�,� � 8�97�6�,� � :�9 1234�9 <���=,�6� �
:>9 1234>9 ?���= � 9�,�          (9) 

where rand 1 and rand 2 are the random values between 0 and 
1, C1 and C2  are positive coefficients of the self-recognition 
component and social components respectively, usually, the 
value is set as 2 . Pbest, i and g best are defined as the best 
position of each population and global best of them 
respectively while ωi is called as the inertia weight where its 
value readjusted as the following equation per each iteration: 

8� � 8��@�9 8�6�               (10)                                                                                                                

 ω damp is set as 0.05.  In each generation, the objective 
function is determined to evaluate the particles. Each particle 
with a minimum value of the objective function is stored as p 
best, i. Among the stored value of p best, i, the lowest value is 
selected as global best, which shown as g best. The PSO 
tuning parameters setup in MATLAB is shown in Table II. 
The particle of g best is chosen as the final result of the 
HGAPSO algorithm. 

TABLE II.  PSO TUNING PARAMETERS 

GA Property Value/Method 

Population Size 30 

Number of Generation Hip:40 Knee:40 

Objective Function ITAE 

Self Recognition Component ( C1) 1.5 
Social Component (C2) 2 
Initial Weight 0.05 

 

In this technique, the total number of generation setup is 
100. It means that, for the hip, 60  generations is run by using 
GA tool box in MATLAB and 40 generations continued by 
using PSO code developed in MATLAB. Similarly for knee, 
60 generations is run by GA and the rest 40 generation is run 
by PSO to obtain the optimal solution. The optimization block 
diagram of GA, PSO and HGAPSO  in MATLAB is shown as 
in Fig. 3. 

 

 Fig. 3: Optimization Block Diagram in MATLAB 

III. RESULTS AND DISCUSSIONS 

In order to verify the controller performance, PID 
parameters tuned via HGAPSO has been added to the 
simulation model as shown in Fig. 1. The WLLR model was 
tested to validate the performance of the controller in two 
different simulation experiments, which are ROM and 
walking gait condition. In ROM condition, only one joint is 
moved while the other joints are fixed [9].  The ROM 
trajectory applied to the hip and knee joint shown in Table III. 
Fig. 4 compares the desired and actual trajectory performance 
of WLLR controlled by PID via HGAPSO in ROM condition. 
Fig. 4(a) illustrated the right and left hip, while Fig. 4(b) 
illustrated the right and left knee. 
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TABLE III.  PID PARAMETERS (HIP) 

 MROM 

(radian) 
MROM (degree) MS 

(rad/s) 
Hip 
Flexion/Extension 

-0.8 to 0.8 -45.84 to 45.84 1 

Knee 
Flexion/Extension 

-1.49 to 0 -85.37 to 0 1 

 

(a) 

(b) 

Fig. 4: Tracking Performance of PID-HGAPSO in ROM Condition (a) 
Right and Left Hip (b) Right and Left Knee 

 

Statistical analysis was carried out in order to validate the 
data result. The statistical analysis of the PID tuned via  
HGAPSO performance in ROM which is ME, AE, RMSE, 
and R2 represent the maximum error, average error, root-
mean-square and coefficient of determination, respectively. 
The results discovered that ME and AE recorded for ROM 
condition are still not exceeding 0.05, which are still 
acceptable for ROM. Besides, the maximum of root means 
square error( RMSE) is only 0.028 while R2 of all joints are 
more than 99 %. These statistical results indicating that the 
desired ROM trajectory nearly fitted to all variability of the 
actual ROM trajectories. 

In walking condition, hip and knee joints for both left and 
right leg moved simultaneously to test the controller 
performance. Human gait was adopted as input for motion 
trajectory. However, some modification was made in order to 
fix the gait data to the simulation model. The walking gait  
result illustrated as in Fig. 6, which is Fig. 5(a) and Fig. 5(b) 
represent right and left hip, while Fig. 5(c) and Fig. 5(d) 
represent right and left knee, respectively. Similarly ROM, 
Statistical analysis was also carried out to validate the data 
result. The results revealed that ME and AE for walking 
condition are also not exceeding 0.05, which are still 
acceptable for walking motion. Furthermore, the maximum of 
RMSE is only 0.043 while R2 of all joints are more than 99 %, 
indicating that the desired precisely fitted to all variability of 
the actual walking trajectories. 

 

 (a) 

(b) 

 (c) 

 (d) 

Fig. 5: Tracking Performance of PID-HGAPSO  in Walking Condition 
(a) Right hip (b) Left hip (c) Right Knee (d) Left knee 

IV. CONCLUSION 

  The dynamic of the  WLLR is derived using Lagrangian 
formulation and  Kirchhoff's law based on a mathematical 
modelling approach. The optimized PID parameters Kp, Ki, 
and Kd, were tested in the 3D model in MATLAB 
Simmechanic for two different experiments which are ROM 
and walking gait conditions. The results showed that the PID 
control tuned via HGAPSO is better than the conventional 
PID tuning in term of overshoot and tracking performance. 
The tuning process started with a genetic algorithm (GA), and 
the result obtained provides search space for particle swarm 
optimization(PSO)  to converge the optimal solution for the 
PID parameters. This technique can be used to tune PID 
control for WLLR in order to help stroke patients in lower 
limb training. However, the limitations of this study are the 
controller only tested on the fixed structure and not tested on 
the actual structure of the WLLR. Besides, the influences of 
disturbance of the human are not considered in this study. 
Based on these limitations, an adaptive control system based 
on PID tuned via HGAPSO can be extended in future works 
to wind stand against disturbance and flexible to the adjustable 
frame of the WLLR. This analysis is essential as a preliminary 
stage before further development of adaptive control for 
WLLR. 

210
Authorized licensed use limited to: UNIVERSITY MALAYSIA SARAWAK. Downloaded on October 15,2024 at 01:29:13 UTC from IEEE Xplore.  Restrictions apply. 



2024 IEEE 10th International Conference on Smart Instrumentation, Measurement and Applications (ICSIMA2024)  

ACKNOWLEDGMENT 

The authors acknowledge Sarawak Research and 
Development Council (SRDC), Modelling and Adaptive 
Control of Home-based Lower Limb Rehabilitation Robot 
(RDCRG/CAT/2019/22) and Universiti Malaysia Sarawak 
(UNIMAS) for supporting this project. 

REFERENCES 

[1] Kim, K. (2018). Progressive treadmill cognitive dual-task gait training 
on the gait ability in patients with chronic stroke. Journal Exercise of 
Rehabilitation. 821–828. 

[2] Yan,Q,, Huang,J., Xiong.C.,  Yang.Z., Yang.Z, (2018). Data-driven 
human-robot coordination based walking state monitoring with cane-
type robot. IEEE Access. 6:8896–8908. 

[3] Aguirre,G., J. Edward,J.,  Peshkin. ,A., Goswami,A.(2011). Design of 
an active one-degree-of-freedom lower-limb exoskeleton with inertia 
compensation. International Journal of Robotic Research. 30 (4): 486–
499. 

[4] A. Martinez,A., Lawson, B., Goldfarb, M.(2018).A controller for 
guiding leg movement during overground walking with a lower limb 
exoskeleton. IEEE Transaction on Robot. 34 (1): 183–193. 

[5] Gilbert,M.,  Zhang,X., Yin, G.(2016). Modeling and design on control 
system of lower limb rehabilitation exoskeleton robot. Proceedings of 
the Thirteenth International Conference on Ubiquitous Robots and 
Ambient Intelligence (URAI). pp. 348–352  

[6]  Huang,D., Ma,L., Yang,Y.(2017). Neural network control of lower 
limb rehabilitation exoskeleton with repetitive motion. Proceedings of 
the Thirty Sixth Chinese Control Conference. pp. 3403–3408 . 

[7] Aliman, N., Ramli, R., & Haris, S. M. M. (2017). Design and 
development of lower limb exoskeletons: A survey. Robotics and 
Autonomous Systems. 95: 102–116.  

[8] Ghaddar, R., & Mohammad, A. (2019). A Review of Lower Limb 
Exoskeleton Assistive Devices for Sit-to-Stand and Gait Motion. 
International Journal of Current Engineering and Technology, 9(1), 
105–111.  

[9] Amiri, M. S., Ramli, R., & Ibrahim, M. F. (2019). Hybrid design of 
PID controller for four DoF lower limb exoskeleton. Applied 
Mathematical Modelling, 72, 17–27. 

[10] Amiri, M. S., Ramli, R., & Ibrahim, M. F. (2020). Genetically 
optimized parameter estimation of mathematical model for multi-joints 
hip–knee exoskeleton. Robotics and Autonomous Systems, 125, 
103425. 

[11] Amiri, M. S., Ramli, R., Ibrahim, M. F., Wahab, D. A., & Aliman, N. 
(2020). Adaptive particle swarm optimization of pid gain tuning for 
lower-limb human exoskeleton in virtual environment. Mathematics, 
8(11), 1–16. 

[12] Azar, W. A., Akbarimajd, A., & Parvari, E. (2017). Inteligentno 
upravljanje paralelnim robotom sa šest stupnjeva slobode korištenimza 
rehabilitaciju donjih udova. Automatika, 57(2), 466–476. 

[13] Chen, B., Zhong, C. H., Zhao, X., Ma, H., Guan, X., Li, X., … Liao, 
W. H. (2017). A wearable exoskeleton suit for motion assistance to 
paralysed patients. Journal of Orthopaedic Translation, 11(March), 7–
18. 

[14] Elbayomy, K. M., Jiao, Z., & Zhang, H. (2008). PID controller 
optimization by GA and its performances on the electro-hydraulic 
servo control system. Chinese Journal of Aeronautics, 21(4), 378–384. 

[15] Galvan, R., F., Barranco, V., Galvan, J. C., Batlle, Sebastian 
FeliuFajardo, S., & García. (2016). We are IntechOpen , the world ’ s 
leading publisher of Open Access books Built by scientists , for 
scientists TOP 1 %. Intech, i(tourism), 13. 

[16] Jaen-Cuellar, A. Y., Romero-Troncoso, R. D. J., Morales-Velazquez, 
L., & Osornio-Rios, R. A. (2013). PID-controller tuning optimization 
with genetic algorithms in servo systems. International Journal of 
Advanced Robotic Systems, 10. 

[17] Kim, S., & Bae, J. (2014). Development of a lower extremity 
exoskeleton system for human-robot interaction. 2014 11th 
International Conference on Ubiquitous Robots and Ambient 
Intelligence, URAI 2014, (Urai), 132–135. 

[18] Saglia, J. A., Tsagarakis, N. G., Dai, J. S., & Caldwell, D. G. (2013). 
Control strategies for patient-assisted training using the ankle 
rehabilitation robot (ARBOT). IEEE/ASME Transactions on 
Mechatronics, 18(6), 1799–1808. 

[19] Sanngoen, W., Nillnawarad, S., & Patchim, S. (2017). Design and 
development of low-cost assistive device for lower limb exoskeleton 
robot. Proceedings - 2017 10th International Conference on Human 
System Interactions, HSI 2017, 148–153. 

[20] Wu, J., Gao, J., Song, R., Li, R., Li, Y., & Jiang, L. (2016). The design 
and control of a 3DOF lower limb rehabilitation robot. Mechatronics, 
33, 13–22. 

[21] Zhang, X., Wang, H., Tian, Y., Wang, Z., & Peyrodie, L. (2015). 
Modeling, simulation & control of human lower extremity exoskeleton. 
Chinese Control Conference, CCC, 2015-Septe(4), 6066–6071. 

[22] Baluch,T., Masood, A., Iqbal,J., Izhar, U.(2012). Kinematic and 
Dynamic Analysis of a Lower Limb Exoskeleton. World Academy of 
Science, Engineering and Technology,  pp. 812–816,  

[23] Wu,H., Su,H.,  Liu,Z.(2014). PID controllers: design and tuning 
methods. Proceedings of Ninth IEEE Conference on Industrial 
Electronics and Applications. 808–813, 

[24] Astrom,K, Hagglund,T.(1995). PID Controllers: Theory, Design, and 
Tuning, Second ed., Instrument Society of America, 1995 . 

 

 

211
Authorized licensed use limited to: UNIVERSITY MALAYSIA SARAWAK. Downloaded on October 15,2024 at 01:29:13 UTC from IEEE Xplore.  Restrictions apply. 


