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Terminal Synergetic Control Based Cheetah 
Optimizer for Knee-Exoskeleton Systems 

Huthaifa Al-Khazraji1, Attariad Khudhair Ahmend1, 
Ahmed Ibraheem Abdulkareem1, Amjad Jaleel Humaidi1 

Abstract: The knee-exoskeleton is mechanical devices which are designed to help 
people rehabilitate impaired limb mobility and replace the use of physiotherapists. 
The scope of this study is rehabilitation assistance for the lower limb (i.e. knee of 
the leg). Due to the high level of complexity and nonlinearity, various control 
algorithms have been developed to the knee-exoskeleton system to handle these 
challenges. This study presents a tracking control design of the angular position 
for the lower limb exoskeleton knee system based on a terminal synergetic control 
(TSC) strategy. In addition, the cheetah optimizer (CO) algorithm is introduced 
and embedded in the design to adjust the design parameters of the controller for 
further optimization of its performance based on the root mean of square errors 
(RMSE). The superiority of the proposed control method is shown in comparison 
to the conventional synergetic control (SC) method via computer simulations 
using MATLAB. The simulations results show that the TSC can improve the 
response of the system. The numerical value reveals that the RMSE is reduced by 
14.9%. In addition, the simulation results validate the efficacy of the proposed 
approach in the presence of external disturbances where the RMSE is reduced by 
39.1%. 

Keywords: Exoskeleton knee system, Lower limb rehabilitation, Nonlinear 
Control, Terminal synergetic control, Cheetah optimizer. 

1 Introduction 
The lower human knee joint is important device for wide range of human 

activities such as walking, running, swimming and cycling. Nevertheless, this 
joint is subjected to many diseases including musculoskeletal disorders, traumatic 
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injuries, stroke, and others [1]. As a result of that, there is a remarkable risen in 
the technology of knee-exoskeleton that has been developed to address these 
issues. Knee-exoskeleton system is a mechatronic system which is equipped with 
people suffering from physical weakness in their mobility. Knee-exoskeleton 
system works as tool for restore human physical capabilities in terms of providing 
the mechanical support and the strength amplification [2 − 3]. Knee-exoskeleton 
systems for the lower human knee joint are driven by actuator that provides the 
suitable torque to accomplish a pre-defined trajectory (i.e. flexion/extension 
movements) of the lower limbs.  

Due to the high level of complexity, nature of human interaction and 
nonlinearity, various control algorithms have been applied by researchers and 
engineers to the knee-exoskeleton system to handle these challenges. For 
example, Rifa et al. [4] introduced a model reference adaptive controller (MRAC) 
to make the knee-exoskeleton system tracks predefined desired trajectory. The 
stability was proven based on Lyapunov analysis respect to a bounded human 
torque. Chevalier et al. [5] investigated the design of fractional-order 
proportional-integral (FOPI) controller for the movement of the knee-exoskeleton 
system. A linearized model of the knee-exoskeleton system was used to design 
the FOIP controller. A model-based tuning approach was used to tune the design 
variables of the FOPI controller. The simulation results show that FOPI 
outperforms the integer-order PI controller. Konyak et al. [6] proposed an optimal 
fuzzy-PID (proportional-integral-derivative) controller is knee-exoskeleton 
system. The fuzzy controller was used to regulate the gains of the PID controller. 
The error between the desired angle and actual angle of knee exoskeleton system 
and the rate of change of tracking error are considered the input variables of the 
fuzzy controller. The output variables are chosen as the parameters of PID 
controller. The membership functions of the fuzzy controller are optimized with 
a well-known optimization algorithm called class topper optimization. The 
evaluation of the proposed controller is examined under different simulations 
scenarios. The application of the sliding mode control (SMC) for tracking control 
of the knee-exoskeleton system was achieved by Waheed and Humaidi [7]. 
Whale optimization algorithm (WOA) was utilized to obtain the optimal value of 
the design parameters for further optimization of the SMC performance. The 
designing of an affine robust feedback control law for position of a knee-
exoskeleton system is introduced by [8 − 10]. The stability condition of the 
proposed controller is guaranteed via Lyapunov approach based on linear matrix 
inequalities (LMIs). Simulation was used to demonstrate the effectiveness of the 
proposed control approach. To address the variations in the system parameters 
and to improve to resistance to external perturbations, Narayan et al. 
[11] introduced a fast terminal sliding mode integrated with a rapid reaching law 
(FTSM-RRL) control algorithm. A comparison evaluation has been made 
between the proposed FTSM-RRL and the FTSM-ERL (fast terminal sliding 
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mode based exponential reaching law) and the PID controller. The outcomes 
show that the tracking accuracy and robustness characteristics have been 
considerably improved by the proposed FTSM-RRL. 

These endeavors contribute to the field of controlling the lower limb 
exoskeleton system. However, a high-performance exoskeleton control system 
design is still to be developed. This paper proposes a terminal synergetic control 
(TSC) strategy which is different from the conventional synergetic control (SC) 
for a knee-exoskeleton system to control the flexion/extension of the knee joint 
for people with weak knee muscular power and difficulty in walking. Based on 
previous applications of TSC, TSC has many advantages over other controller 
approaches such as simple implementation with high efficiency and fast response 
[12 − 14]. The control law of the TSC is developed based the model of the system 
and the Lyapunov theorem. The optimal values of the TSC’ coefficients are 
obtained using cheetah optimizer (CO) algorithm. To validate the proposed 
controller, computer simulations using MATLAB is conducted. First, the 
performance of the TSC is compared with the SC method, and then, it is 
compared with published result of the SMC method in the literature based on the 
root mean of square errors (RMSE). The results are presented and evaluated 
graphically and numerically. Further, proposed controller is evaluated when the 
system is subjected to an external disturbance. 

The main contributions of this paper are summarized as follows: 
– A terminal synergetic control strategy is developed for a knee-exoskeleton 

system to control the flexion/extension of the knee joint for people with 
weak knee muscular power and difficulty in walking. 

– An optimization algorithm based on cheetah optimizer is introduced to 
tune the design parameters of the proposed controller.  

– A comparison study based numerical computer simulations have been 
conducted between the proposed terminal synergetic control with 
conventional synergetic control to demonstrating the controller’s ability to 
improve the performance of the system and mitigate the effects of the 
disturbance effectively using the root mean of square errors index. 

The rest of the paper is structured as follows: the mathematical model of 
the lower limb exoskeleton system is presented in Section 2. In Section 3 and 
Section 4, the proposed controllers are introduced and the cheetah optimizer is 
given, respectively. The discussion of the simulation results are given in 
Section 5. Section 6 summaries the conclusion. 

2 Mathematical Model 
In this section, the mathematical model of a single-joint knee-exoskeleton 

system is developed. The objective of the knee-exoskeleton control system is to 
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produce the torques needed for the knee joint to compensate gravity and the loading 
forces needed to recreate natural human movements. The mechanical architecture 
of the exoskeleton comprises two distinct components (superior and inferior) that 
are configured to operate at the level of the knee, as depicted in Fig. 1. 

 
Fig. 1− Exoskeleton system [8]. 

 
The superior segment is actuated by a motor and emulates the functionality 

of the thigh, maintaining a fixed position along the x-axis to facilitate the flexion 
and extension of the knee joint. The inferior segment operates as a shank-foot 
integrated into the exoskeleton, with its angular motion θ  constrained within the 
limits of 0° to 90°. The exoskeleton system was calibrated to operate within the 
specified range, as represented in Fig. 1 [4, 9]. 

Two frames, the local frame  S and the global frame   , can be distinguished, 
from Fig. 1. The frame ) ( , ,f f fx y z    defines the global frame, a fixed frame 

centered on earth. The frame ) ( , ,ss sx y z    defines the local frame, also known as 
the exoskeleton frame. It revolves at the same joint angle,θ , and during the local 
frame’s orientation, the axes of the frames fy  and sy  coincide. Knee joint 
movements are seen to have one degree of freedom (DOF) [7].  

As a result, the angular velocity of the joint is represented by the time 
derivative of the knee joint angle  θ . The equivalent dynamic modeling of the 
exoskeleton system is established based on Langragian’s equation. The latter’s 
mathematical formula can be expressed as follows [15]: 

 d   τ
d ext

L L
t t t

∂ ∂   − =   ∂ ∂   
. (1) 

The symbol τext  represents the external torque exerted on the system. It is 
made up of three torques as given in (2): the resistive torque  (τ ) r , which are 
caused by the solid and viscous frictions in the system, the active torque, which 
the control torque produced by the DC motor, and the disturbing torque ( )dτ  
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 τ τ τext r d= + + τ . (2) 

L is the Lagrangian component, which has the following definition: 
 ke geL E K= − . (3) 

The system’s elements’ kinetic and gravitational energy are represented by 
the symbols keE and geK , respectively. 

 1 θ,
2keE J=   (4) 

where J denotes the inertia of the system. 
 ( )1 singeE mgl= − θ , (5) 

where the symbols m, g and l stand for the leg and exoskeleton system mass, 
gravity-induced acceleration, and the separation between the knee joint and the 
centre of gravity, respectively. The combined system components’ dynamic 
model can be generated using the Lagrange differential equation of  L . 

 cosθ  τextJ mgl θ = − . (6) 

The system’s resistive torque is expressed as follows: 
 τ θ sign (θ)r vr srf f  = − −  , (7) 

where θvrf   is the viscous damping torque of the exoskeleton system,  sign (θ)srf   
is the solid friction torque of the system and sign(.) is the standard signed 
function. The system’s dynamic modelling can be expressed as follows: 

 cosθ θ sign (θ) τvr sr dJ mgl   f fθ = − − + + τ   , (8) 

 τg mgl= , (9) 

 τ  cosθ   θ sign (θ) τg vr sr dJ f fθ − + + + τ =   . (10) 

Equation (10) can be written in the robotic form as follows:  

 (θ) (θ,θ) ( )M f G B uθ + + =  , (11) 

where the inertia matrix is denoted by (θ)M J= , the friction force is represented 

by (θ,θ) sign (θ) ,  s if f B= −  the gravity force at the knee joint is represented by 
(θ) τ cosθgG = , and Bu = τ  defines the torque acting at the knee joint. In terms 

of acceleration of angular locations, the equation can be expressed as follows 
based on (11): 

 ( )1(θ) τ (θ,θ) (θ)M f G−= − −θ  . (12) 
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The following formulation of (12) can be used to express state variables: 
 1 2θx x= = , (13) 

 2 2 2 1
1 τ si )( gn ( τ cos )) (vr sr g dx f x f x x
J
 = − − + + τ = θ , (14) 

where the state variable 2x  indicates the knee joint’s angular velocity  θ and 1x  
indicates the knee joint’s angular posture θ . For the purpose of controlling 
design, (14) can be revised as follows: 
 2 ( )x f x bu= + , (15) 

where 

 2 2 1sign ( ) τ cos( )  )
(

(
) vr sr g df x f x x

f x
J

− − + + τ
= , (16) 

 1b J= . (17) 

3 Controller Design 
The advantages of feedback controller approaches to improve system’s 

performance have been demonstrated via a wide range of applications [16 − 18]. 
Controller design for the knee-exoskeleton system aims to reduce the tracking 
error between the angular position of the lower human knee joint and pre-defined 
angular position trajectory. Synergetic control (SC) technique is a simple, robust, 
nonlinear control algorithm has also been widely used [19 − 20]. One of the main 
advantages of the applying SC to nonlinear system is that no linearization of the 
nonlinear system is required. In the following subsections, the procedure to 
design the both SC and Terminal SC (TSC) for the knee exoskeleton system is 
given.  

3.1 Conventional synergetic control 
In the first step, the tracking error te  is defined as follows: 

 1t re x x= − , (18) 

where rx  is the tracking reference. 

In CSC approach, the marco-variable  σ  is given by: 
 1σ λt te e= + , (19) 

where 1λ  is a positive scalar tuning coefficient. 

Differentiating σ  with respect to time obtains: 
 1σ λt te e= +  . (20) 

Differentiating te  with respect to time obtains: 
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 1 1 2t r de x x x x= − = −    . (21) 

Differentiating  te with respect to time obtains: 

 2t re x x= −    . (22) 

The following trajectory equation is used to determine the motion of the 
controlled system: 
 2σ λ σ 0+ = , (23) 

where 1λ  is a positive scalar tuning coefficient. 

Substitute (20), (22) and (15) in (23) gives: 
 2 2( ) λ   λ σ 0tr fx x bu e− − + + =  . (24) 

Rearrange (24) to determine u  yield: 

 ( )1 2
1 λ λ σSC tr xu f ex
b

= − + +  . (25) 

3.2 Terminal synergetic control 
The procedure to design TSC is given as follows: 
1. The marco-variable  σ  is defined as 

 1σ λ q
t te e= + , (26) 

where the power q is a positive less than one. 

2. Then, differentiating σ  with respect to time obtains, 

 ( )1
1σ λ q

t t tq e e   e−= +  . (27) 

3. Determine the state trajectory of σ  as: 
 2σ λ σ 0+ = . (28) 

4. Substitute σ  gives: 

 ( )1
1 2λ λ σ 0q

t t te q e e  −+ + =  . (29) 

5. Substitute   te : 

 ( )1
1 2λ λ σ 0q

r x t tx f bu q e e  −− − + + =  . (30) 

6. Rearrange (30) to determine u yield: 

 ( )( )1
1 2

1 λ λ σq
TSC r x t tu x f q e e

b
−= − + +  . (31) 
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4 Cheetah Optimizer 
Optimizing the design parameters of the synergetic control lead to enhance 

the controller’s ability to reject disturbances and maintain performance in the 
presence of system uncertainties. Due to their ability to solve complex 
optimization problems, nature-inspired optimization techniques play a prominent 
role in modern application [21 − 22]. Among these applications is tuning the 
design parameters of the controllers [23 − 24]. Inspired by the cheetah hunting 
strategies exhibited in their natural environment, this paper presents the cheetah 
optimizer algorithm, which is designed to solve large-scale and multi-objective 
optimization problems. 

This algorithm was first introduced in 2022 by Akbari et al. in 2022 [25] and 
inspired by the hunting strategies used by cheetahs in the wild to ensure their 
survival. Compared to others metaheuristic algorithms, the cheetah optimizer 
(CO), performs substantially better and may be used in a variety of optimization 
situations. To enhance the algorithm’s efficiency, the CO uses straightforward 
methods and hunting strategies. When pursuing prey, cheetahs normally use three 
main strategies: searching, sitting and waiting, and attacking. The „leave the pray 
and go back home“ tactic is integrated into the hunting process, to enhance 
performance, convergence, and robustness. 

To balance between these strategies, 1  r and 2  r are assumed switching 
operator. If 2 1r r≤  this mean the cheetah decrease its energy level, therefore 
sitting and waiting strategy is selected. Otherwise, cheetahs are either in the 
search mode or attacked mode based on the parameter  H  and the selected 
operator 3 r , 3(0 3)r< < . The parameter H  is computed as given in (32). 

 ( )max(1 )
4e 2 1t TH r−= − , (32) 

where t  and maxT  are the current and the maximum iteration of the optimization 
process, 4r is a random number between 0 and 1. If 3  H r≥ attack mode is selected 
else the search mode is implemented. The mathematical models for hunting 
tactics are demonstrated in the following subsections and the pseudo-code in 
Algorithm 1 that illustrate the CO algorithm. 

4.1 Search mode 
In the exploration phase of this method, the cheetah is in the searching mode, 

which is searching for food in the surrounding environment. In this stage, the 
position of a cheetah is determined by using its present location in arrangement J 
while the location of the prey is determined by the optimal design variable. In this 
stage, the steps length is randomization.  
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Algorithm 1. Pseudo-code of CO algorithm 
1. Input 
 Objective function ( )xcF , Population size ( )popN ,  

      Number of decision variables ( )varD , Number of iteration ( maxT ) 
2. Initialization 
 Initialize population   popN  of cheetahs 

 Evaluate objective function xcF  of each cheetah in   popN  
 Assign best position xp   

3. Loop: 
 while max( )t T<  

• Determine mG  (2 )m popG N< <   
• For each cheetah in mG  
 Determine xcl  
 Update  ,  r r  ,    ,   Hα β  
 Update 1 2  ,r r  
 If 2 1r r≤  

 Update 3r   
 If 3H r≥  

 Update the location cheetah using (38)  
 Else  

 Update the location cheetah using (36) 
 End if  

 Else  
 Update the location cheetah using (37) 

 End if 
 Update xcl  for each mG  

• End for  
• Evaluate xcF  and Update  xp  
•  1t t= +  

 End while  
4. Print the Optimal Solution 

 

The step length is determined based on how a cheetah is far away from its 
neighbor. If the cheetah is currently not the leader, (33) is used to calculate the 
value for step length. 
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 ( )
max

α 0.001t t t
i, j i, j q, j

t xc xc
T

= − , (33) 

where αt
i, j  is the step size of cheetah i in arrangement j for iteration t, t

i, jxc  is the 

current position of cheetah, t
q, jxc  is a position selected randomly from the 

population. In case, a cheetah is the current leader then the step length is 
calculated based on (34). 

 ( )max
max

α 0.001 αt
i, j

t
T

= , (34) 

 maxα α αu l= − , (35) 

where maxα  is the maximum step size, αu  and α  l are the upper and lower limit 
respectively. If an opponent appears, the leader will change its direction, to update 
the new position of the cheetah in each arrangement based on their present 
position and an arbitrary step size, the next position of cheetah is computed based 
on (36). 
 1ˆ αt+1 t t

i, j i, j i, j i, jxc xc r−= + , (36) 

where 1t
i, jxc +  is the next locations of cheetah i in arrangement j. The randomization 

parameter and the step length of αt
i, j  for cheetah i in arrangement j are denoted 

by 1
î, jr− . 

4.2 Sit-and-wait mode 
In the wild, when a cheetah finds prey, it may choose to wait for the prey to 

approach before attacking. If the prey doesn’t come closer, the cheetah will sit 
silently and patiently. Essentially, cheetahs will wait for their prey to come close 
before attacking, as there is a chance that the prey will escape if they are suddenly 
startled. Since the cheetah is currently not moving, so its next position will be the 
same as its current one. It is searching for a better solution, which prevents it from 
converging too soon. The following model is formulated in (37) 
 1t t

i, j i, jxc xc+ = . (37) 

4.3 Attack mode 
The cheetah will choose to attack when the prey is nearby. The algorithm 

simulates the exploitation phase as the attack mode. It examines the position, 
circumstances, and distance between the prey and the cheetah before attacking. 
Rush and capture are the two phases of the attack method. When the cheetah 
attacks the prey, it is evident that the prey may try to flee. Cheetahs use their fast 
speed and flexible physical characteristics to move rapidly and block their prey. 
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The prey will make every effort to escape, and occasionally hunting attempts will 
fail. The updated cheetah’s position in this mode is defined analytically as given 
in (38) 
 1

,
t+ t t

ii, j , j i, jjBx ×rc xc  = + β . (38) 

The turning and interaction factors linked to the cheetah i in the arrangement 
j are denoted by ,i jr  and t

i, jβ respectively. In the capturing mode, the interaction 
between the cheetahs or between a cheetah and the leader is reflected in the 
turning factor t

i, jβ . This component is described mathematically as the difference 
between the position of the i-th cheetah and its neighboring.  

4.4 Leave prey and go back home 
When a hunt fails, the cheetah returns home to recover its energy before 

starting a new hunt. There are several reasons why a cheetah may give up hunting, 
such as running out of energy or having a fast target that runs away. In these 
situations, the cheetah returns home to rest and regain its energy before starting a 
new hunt. In this mode the cheetah’s position was altered to match the prey’s 
current location, meaning that the later position is now equal to the area of the 
optimal answer. This algorithm makes the exploration phase stronger by keeping 
the prey position among a small population. The hunting period was reset, and 
other cheetahs’ positions were likewise reset. 

5 Computer Simulations and Results 
In this section, computer simulations based on MATLAB are performed to 

evaluate the proposed TSC controller. In this regards, the dynamics of knee-
exoskeleton system that are described by (1) − (3) and its physical parameters 
that are listed in Table 1 [7] is used in the simulation to represent the dynamics 
of the system. The performance of the controlled system is simulated for 25 
seconds with a zero initial position and velocity. A unit-sin-wave input is used to 
evaluate control the system. 

Table 1 
Parameters of knee-exoskeleton system. 

Parameter Value 

Inertia ( )J  0.348 2[Kg m ]  
Solid Friction 

Coefficient ( )A  0.998[Nm]  

Viscous Friction 
Coefficient ( )B  0.872[Nms/ rad]  

Gravity Torque ( )gτ  3.44[Nm]  
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To optimize the performance proposed controllers, the CO is employed to 
tune the design parameters of the CSC and TSC controllers. To see the impact of 
the terminal attractor technique, the tuning parameters ( )1 2and    c c of the CSC is 
firstly optimized. Then, the same value obtained for the CSC is used in the TSC. 
Furthermore, the additional adjustable parameter  q  is then optimized. The 
objective function of the CO to tune the performance of the two controllers is 
based on the root mean of square errors (RMSE) as given in (39) [26]. 

 2

1

1 n

t
m

RMSE e
n =

= ∑ . (39) 

The population size (N) of the CO is 20 and the number of Iterations (Tmax) 
is 30. Table 2 lists the design parameters values for the SC and TSC based on the 
CO algorithm. 

Table 2 
Optimal setting of controller’s design parameters. 

Parameters Controller 
CSC TSC  

1c  10 10 

2c  50 50 
q  - 0.9 

 

The output response of the proposed TSC with the classical SC methods for 
the angular position of the knee-exoskeleton system is shown in Fig. 2. To 
determine the effectiveness of the proposed TSC approach, a numerical value of 
the RMSE is reported in Table 3.  

 
Fig. 2 − Angular position tracking result. 
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Careful observations form the result that is visualized in Fig. 2, it can be say 
that both SC and TSC remarkably adheres to the desired angular trajectory and 
deliver the suitable control law to the knee-exoskeleton system. However, the 
TSC improves the overall performance of the system by reducing the value of the 
RMSE (0.000454) in comparison with the standard SC (0.000534) and the SMC 
(0.0297). This result means that the RMSE with TSC is reduced by 14.9% in 
compared with SC and 84.7% in compared with SCM. Moreover, as shown in 
Fig. 3, the chattering phenomenon in the control law of the SMC does not occur 
in the SC and the TSC. 

Table 3 
Numerical value of RMSE. 

Controller RMSE 
TSC 0.000454 
SC 0.000534 

SMC [7] 0.0297 
 

 
Fig. 3 − Control input torque. 

 
To illustrate the resilience of the designed control laws, other numerical 

simulation is performed for the knee-exoskeleton system under external 
disturbance. The external disturbance is applied after 10 s of simulation with two 
second duration time. Fig. 4 shows the tracking performance of the angular 
position. The angular position for both controller tracks the given reference in the 
presence of disturbance thus proving the insensitive feature of the SC and TSC. 
The numerical value of the RMSE under disturbance is given in Table 4. Based 
on Table 4, it can be revealed that the TSC outperforms the SC by reducing the 
value of the RMSE of TSC (0.0095) in comparison with the standard SC (0.0156). 
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This result means that the RMSE with TSC is reduced by 39.1% in compared with 
SC. 

 
Fig. 4− Angular position tracking result with disturbance. 

 

Table 4 
Numerical value of RMSE with disturbance. 

Controller RMSE 
TSC 0.0095 
CSC 0.0156 

 
The aforementioned results of the two scenarios reveal that the additional 

terminal factor that has been added to the classical SC is capable of effectively 
improving the responsiveness of controller that is applied to the knee-exoskeleton 
system. This improvement could be further cross-validated on other systems in 
the future. 

6 Conclusion 
In this paper, a terminal synergetic control (TSC) approached has been 

presented for tracking control of the nonlinear single degree of freedom knee-
exoskeleton system. One of the main advantages of the proposed approach is no 
linearization of the nonlinear system is required and chatter free control law. The 
cheetah optimizer (CO) algorithm was applied to fine-tune the design parameters 
for further enhance the controlled system. Computer simulation was conducted 
to verify the performance of the proposed TSC approach for the knee-exoskeleton 
system. Numerical results according to RMSE as a performance index of the 
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tracking error indicate that the suggested TSC outperforms the standard SC and 
the SMC. 
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