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Abstract. A rehabilitation exoskeleton with physiotherapists in their everyday using routine is 

gradually becoming the normal case. The Active Disturbance Rejection Controller (ADRC) is used 

in this article to control the proper execution of fundamental limb rehabilitation trainings. The 

experiment is carried out on a flexible single joint exoskeleton model, whose behavior is similar 

to that of a real robotic rehabilitation equipment. In this study, we used two ADRC configurations 

and compared their robustness to external and internal disturbances with uncertainty in system 

parameters, these classical or linear (LADRC) and optimized fractional ADRC (FADRC). 

According to the root mean square error (R.M.S.E) as a performance index tool, the results reveal 

that (FADRC) appears to be better than (LADRC).Matlab and the Simulink tools were used to 

create all simulation results.  

Keywords: Exoskeleton device, ADRC, Extended state observer, trajectory tracking, Fractional 

calculus, exogenous disturbance. 

1. Introduction 

Exoskeleton technologies have advanced to allow people with limited physical abilities to 

complement their mechanical strength. The majority of power assist control systems function by 

estimating an idea of the user's intended motion in real time[1]. Performance tracking after training 

with these devices reinforces the patient's recovery, and a comparison of improvement on the 

measured values may be utilized to provide justification. 

For advances in the area of artificial treatment of the knee joints, many control systems are being 

used and human assistance exoskeletons have been developed. When there is no disturbance in the 

system, proportional-derivative (PD) based control performs well[2], but when there is a 

disturbance in the system, it performs poorly[3]. Intelligent control methods[4] necessitate a 

significant amount of work in terms of rule formulation and inference testing. The presence of 

disturbance causes sensitivity amplification, which necessitates the use of an accurate inverse 

dynamic model[5]. In such situations, one option is to use strong control systems, which are 

conservative and address terrible scenarios there at expense of transitory reaction.In[6] proposes a 

particle swarm optimization (PSO)-based active control rejected regulation for eliminating 

perturbations in locomotors path planning, which requires a high degree of parameter evaluations, 
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but it does have a significant processing costs. The Radial basis function network is utilized to 

adjust for the disturbance[7]. Sliding mode control (SMC) may prevent versus errors and variable 

changes, however it can chatter due to interrupted transition[8]. Computed-torque control[9] is based 

on the system's particular device and that may need more control to adjust for model 

problems.  (ADRC) method is proposed to tackle such modern control challenges. Han[10] was the 

first to suggest the ADRC controller, which has numerous advantages. The popularity of ADRC 

in flight control[11], process control[12-13], motion control applications[14-15], and many other 

domains[16] can be seen in its progress and rapid deployment in industries during the previous three 

decades. In industries, its applicability as a substitute for proportional–integral–derivative is being 

identified (PID). ADRC is similar to PID, however it has better qualities. ADRC's technology is 

designed to provide better solutions by aggressively reducing all internally and externally 

uncertainties[17]. All that is required for ADRC to work as a model-free controller is the process 

ordering and the approximate values of system parameters[18]. This focuses on error instead of 

framework control strategy[19] and will not require detailed framework or process - based 

information, i.e., a precise description of the process[20]. In the field of lower leg recovery, 

automated machines, orthotic devices, exoskeletons, and prostheses are being created to aid 

patients with treatment focuses as well as other activities including such seating, having to stand, 

and so on. A linear extended state observer (LESO) driven ADRC just on lower leg actuator for 

the knee and hip was used as a reference for medical gait data. 

Due to its growing popularity and accuracy, ADRC was used in a variety of robotic help people 

for monitoring tasks in latest years[21].The outputs for PID and ADRC are compared, and the results 

demonstrate that ADRC outperform PID for knee trajectories and in terms of errors experiments, 

also the results have demonstrated that ARDC is effective.ADRC deals with nonlinearities[22] 

.Position monitoring, force and impedance control, bio signals based control, and adaptive control 

are some of the control systems used in rehabilitation[23]. Position tracking was among the most 

basic control algorithms for robotic rehabilitation systems, in which the controller improves the 

repeatability and position precision of motion for the patient's recovery[24].Because ADRC's 

nonlinear structure[10] restricts its applicability in the engineering area, a linear active disturbance 

rejection, or LADRC, was developed to simplify the structure and is now frequently used[25].Using 

the fractional calculus, the classical extended states observer (ESO) is generalized to a fractional 

order extended states observer (FESO) in FADRC[26].In regards of robustness and disturbance 

rejection capability, several studies demonstrate that fraction-order active disturbance rejection 

controller (FADRC) exceeds integer-order ADRC[27-28]. Chen[29] suggested a FADRC control 

system comprising of a proportional controller and a fraction-order ESO, which has apparent 

advantages over integer-order LADRC in terms of robustness against noisy environments and 

perturbation.In[30] suggested an ADRC and fraction-order PID (FOPID) direct torque control 

technique for the hydro-turbine speed governor system which is load disturbance tolerant.Because 

the integer order ESO (IESO) has poor prediction ability for high-frequency disturbances.In[26]  

presented a FADRC control technique based on a fraction-order ESO (FESO) to enhance the 

system in control's performance. 

The remainder of this work is laid out as follows. The suggested limb-rehabilitation device is 

described in Section 2. The exoskeleton system is shown in Section 3 with various configurations 



of the ADRC control approach.In Section 4, you can view the experimental results for various 

ADRC settings. Finally, in Section 5, the conclusion is presented, along with some additional 

views on future research on the subject at hand. 

2. Exoskeleton Device Model 

The human shank and the exoskeleton make up the system. The exoskeleton is a mechanical device 

that is custom-fit to the wearer's leg and is held in place by braces. The model consists of knee 

joint movement controlled by a single D.C motor embedded in the structure, and the entire system 

is in synchronized motion as illustrated in Fig.1. Table 1 lists the specifications of the 

exoskeleton[31].  

 

Fig. 1. (A) Knee exoskeleton prototype; (B) Mechanical and Electrical parts. 

Table 1. Systems identified parameters [31] 

 

parameter value 

Inertia (𝐽 ) 0.359 Kg.𝑚2 

Solid Friction Coefficient (𝐴) 1.026N.m 

Viscous Friction Coefficient (𝐵) 1 𝑁.𝑚. 𝑠./𝑟𝑎𝑑 

 Gravity Torque (𝜏𝑔) 3.218N.m 

       

Generally the dynamic model of lower knee joint motion is[31]:- 𝐽�̈� = −𝜏𝑔 cos 𝜃 − 𝐴𝑠𝑖𝑔𝑛�̇� − 𝐵�̇� + 𝜏𝑐 + 𝜏ℎ                                                                                (1) 𝜃 is the knee joint angle between the actual position of the shank and the full extension position, �̇�and �̈� are respectively the knee joint angular velocity and acceleration. 𝐽, 𝐴, 𝐵, 𝜏𝑔, 𝜏𝑐, 𝜏ℎ are 

Inertia, solid friction coefficient, viscous friction coefficient, gravity torque, controller torque and 

human torque respectively. 

 

3. ADRC methodology 

Three are three basic components of the ADRC are the tracking differentiator (TD), the extended 

state observer (ESO), and the linear state error feedback law (LSEF).The TD arranges the transition 

process and gives differential signal, the ESO collects the element's specialized output to evaluate 

the element's error change and noise. Finally, using the error between the general input and the 

general output to feed it to the LSEF and generates the control action to compensate 

any disturbance[10]. Fig. 2. shows the structure using LADRC topology as applied to an 

exoskeleton system.    



 

 
Fig. 2. General LADRC Structure 

 

Finally, by changing the ESO to fractional ESO and reconstructing ADRC as FADRC, 

another configuration was created. Fig. 3. Shows only the fractional FESO . 

 

 
Fig. 3.  FESO of FADRC Structure 

3.1 Tracking Differentiator (TD) 

To avoid overrun and maximize system performance, the TD is widely utilized. It uses a 

differential transitory characteristic of incoming signal to eliminate rapid changes, resulting in a 



gradual increase in output rather than sudden increases, in this part using only the signal and its 

derivative(linear TD):- 𝑣1 = 𝑅 𝑣2 = �̇�                                                                                                                                                         (2) 
3.2 Extended state observer (ESO) 

In this work, using two types of ESO for comparison purpose:- 

3.2.1 Linear ESO 

The following is the nonlinear model for the controlled plant subjected to uncertain internally and 

externally disturbances[32-33]: 

{ �̇�1 = 𝑥2�̇�2 = 𝑓(𝜓, 𝑤, 𝑡) + 𝑏𝑢𝑦 = 𝜓1                                                                                                                             (3) 
Where, 𝑢 and 𝑦 are the input and output signals, 𝑓(𝜓,𝑤, 𝑡) is the unknown nonlinear system 

function including disturbance, and 𝑏 is the control gain. 

 𝜓3 = 𝑓(𝜓,𝑤, 𝑡) + ∆𝑏𝑢 is the new expanded state variable, including the total disturbance of the 

system, �̇�3 = 𝑔(𝑡) , then 

{  
  �̇�1 = 𝜓2�̇�2 = 𝜓3 + 𝑏𝑢�̇�3 = 𝑔(𝑡)𝑦 = 𝜓1                                                                                                                                           (4) 
The expanded state observer of the system in Eq.4 is:- 

{ 
 �̇̂�1 = �̂�2 + 𝛽1 (𝜓1 − �̂�1)�̇̂�2 = �̂�3 + 𝑏0𝑢 + 𝛽2 (𝜓1 − �̂�1)�̇̂�3 = 𝛽3 (𝜓1 − �̂�1)                                                                                                           (5) 
where �̂�1 and �̂�2 are the estimations of 𝜓1 and 𝜓2, respectively.�̂�3 is the estimation of 𝜓3. 𝛽1, 𝛽2 

and 𝛽3 are selected as [𝛽1, 𝛽2, 𝛽3] = [3𝑤𝑜 , 3𝑤𝑜2 , 𝑤𝑜3] to ensure the stability of the ESO. 𝑤𝑜 is 

the observer bandwidth. 

Now, let �̌�1 = 𝜓1 − �̂�1, �̌�2 = 𝜓2 − �̂�2 and  �̌�3 = 𝜓3 − �̂�3 the state errors. The estimation errors 

between Eq.3 and Eq.5 can be indicates as: 

{ �̇̌�1 = �̇�1 − �̇̂�1 = −3𝑤𝑜�̌�1 + �̌�2�̇̌�2 = �̇�2 − �̇̂�2 = − 3𝑤𝑜2�̌�1 + �̌�3�̇̌�3 = �̇�3 − �̇̂�3 = −𝑤𝑜3�̌�1 + �̇�3                                                                                                         (6) 
 Eq.(6) can be written as:  �̇̌� = 𝐴𝑒�̌� + 𝐵�̇�3 



[�̇̌�1�̇̌�2�̇̌�3] = [
−3𝑤𝑜 1 0− 3𝑤𝑜2 0 1−𝑤𝑜3 0 0] [�̌�1�̌�2�̌�3] + [

00�̇�3]                                                                                                   (7) 
 

 

3.2.2  Fractional ESO 

The definition of fractional calculus proposed by Caputo is widely used in fractional order 

control[34]. Fractional calculus is a generalization of integration and differentiation to non-integer 

order operator:- 

𝐷𝛼𝑓 = (  
 𝑑𝛼𝑓𝑑𝑡𝛼𝑓  𝑓𝑜𝑟        𝛼𝑓 > 01      𝑓𝑜𝑟          𝛼𝑓 = 0     ∫ (𝑑𝑡)−𝛼𝑓𝑡

𝑎 𝑓𝑜𝑟  𝛼𝑓 < 0  )  
                                                                                                    (8) 

In this approach, only instead of integer order of observer in,Eq.5 using fractional with (𝛼𝑓) term 

as shown in Fig. 4.Generally Eq.5 can be rewritten in fractional form as: 𝐷𝛼𝑓�̂�1  = �̂�2 + 𝛽1 (𝜓1 − �̂�1)𝐷𝛼𝑓�̂�2 = �̂�3 + 𝑏0𝑢 + 𝛽2 (𝜓1 − �̂�1)𝐷𝛼𝑓�̂�3 = 𝛽3 (𝜓1 − �̂�1)                                                                                                        (9)          
The fractional term of observer (𝛼𝑓) can be calculated by any optimization method like, particular 

swarm optimization (P.S.O), genetic algorithm (G.A)[35-37]. 

 

3.3 linear State Error Feedback (LSEF) 

LSEF is the result of a linear combining of state deviations equivalent to TD and ESO[32]. 

{  
  𝑒1 = 𝑣1 − �̂�1𝑒2 = 𝑣2 − �̂�2𝑢𝑜 = 𝑘𝑝𝑒1  + 𝑘𝑑𝑒2 𝑢 = 𝑢𝑜 − �̂�3𝑏0                                                                                                                                    (10) 
Where 𝑘𝑝, 𝑘𝑑  are proportional and derivative adjustable gains, respectively. The individual moves 

the shank of the leg while wearing the exoskeleton in our testing. The measured angular position 

of the exoskeleton is utilized to direct an object toward a fixed target, with a rest position of (-

45deg) and a move to (-90deg for flexion) and (0 deg for extension). In this study, we used a linear 

proportional- derivative controller (LPD) for MADRC .The controller bandwidth (𝑤𝑐) and 

damping ratio (𝜉) are used to determine the gains (𝑘𝑝, 𝑘𝑑). These parameters are determined by 

the design specifications[38].   𝑘𝑝 = 𝜔𝑐2,  



  𝑘𝑑 = 2𝜁𝜔𝑐                                                                                                                                                 (11)                                                                                                                          
 PD controller gains can be calculated according to the analysis from[38] , the bandwidth 𝑤𝑐 is 

related to settling time 𝜏𝑠 of closed-loop system according to the following formula:- 𝑤𝑐 = 4𝜏𝑠                                                                                                                                                     (12) 
In this application, the specification of settling time of controlled system is chosen to be 𝜏𝑠 =0.16𝑠𝑒𝑐 and damping ratio 𝜁 = 1.The observer and PD controller gains can be calculated 

according to above equation with (𝑤𝑐 = 25𝐻𝑧). If one chooses the bandwidth of observer 𝜔𝑜 to 

be equal to 𝜔𝑜 = 4 𝜔𝑐. The observer gains (𝛽1, 𝛽2, 𝛽3) values then it easy to calculate. 

 

3.4 Stability analysis of ESO 

The "total disturbance" indicated by 𝑓(𝜓,𝑤, 𝑡) is frequently bounded in practice. As a result, �̇�3 =𝑔(𝑡)  is bounded. Since (𝛽𝑖 > 0), choosing 𝑤𝑜 such that 𝐴𝑒 matrix eigenvalues are in the left-hand 

side, the ADRC system is stable[39-40],to prove that:- 

Since 𝐴𝑒 is Hurwitz, there exists a unique positive definite matrix P such that 𝐴𝑒𝑇𝑃 + 𝑃𝐴𝑒 = −𝐼                                                                                                                                     (13) 
Choose the Lyapunov function as:- 𝐿 = �̌�𝑇𝑃�̌�                                                                                                                                                    (14) 
The time derivative of Eq.(14) is giving by:- �̇� = �̇̌�𝑇𝑃�̌� + �̌�𝑇𝑃�̇̌� �̇� = 𝐴𝑒𝑇𝑃�̌� + �̌�𝑇𝑃𝐴𝑒�̌� + 2𝐵𝑇𝑃�̌� �̇� = −�̌�𝑇𝐼�̌� + 2𝐵𝑇𝑃�̌� �̇� ≤ −𝜇(𝐼)‖�̌�‖2 + 2𝜀‖𝑃‖‖�̌�‖ 

The norm of the state error is limited by after quite a long enough period of time by:- ‖𝜁‖ ≤ 2𝜀‖𝑃‖𝜇𝐼                                                                                                                                               (15) 
where 𝜇 is the smallest eigenvalue of a matrix. 

Lemma 1.  Given a differentiable continuous function Υ(𝑡) satisfying  𝜆1 ≤ Γ(𝑡) ≤ 𝜆2                                                                                                                                           (16) 
with positive constant 𝜆1 and 𝜆2. The derivative Γ(𝑡) is also bounded. 

The estimation error of �̌�3 is bounded, and according to Lemma 1, the derivative of �̌�3 is bounded 

by: |�̇̌�3| < 𝑆                                                                                                                                                       (17) 
Where 𝑆 is a positive constant.  

In general, because 𝐴𝑒 is a Hurwitz matrix, the differential equation given by Eq.7 is stable, 

according to Hurwitz stability theory[41]. As a result, both ESO of ADRC topologies are stable, 

and their predicted errors are limited.                                                                                                             

 

4. Result Analysis and Discussion 

While the frameworks of both LADRC and FADRC are quite similar, the key variations between 

them are in the extended state to be evaluated.For the Exoskeleton device, the transient behaviour 



and performance evaluation of LADRC and FADRC are explored under two conditions: nominal 

and disturbances. The results were acquired using a MATLAB simulation. 

5.1 Nominal case 

On the basis of given sinusoidal signal trajectory with the amplitude of (-45deg or -0.785rad) and 

the frequency of 0.157 Hz, the simulation are done for the three configuration of ADRC. 

5.1.1 LADRC without disturbances 

According to Fig.2., the Simulink simulation for the desired trajectory to LADRC is plotted as 

seen in the Fig. 4., under nominal case(without disturbances).The trajectory tracked by LADRC 

has reference tracking with (R.M.S.E=0.0033) and small error as shown from trajectory error 

behaviour. 

 

Fig. 4. shows the position of Knee for LADRC controller without disturbance 

The key to the success of the ADRC is the ESO, to study the validity of the ESO, we plot Z3(�̂�3) 

for tracking the total disturbances (her the system dynamics).Fig.5. shows that, a good tracking, 

especially at steady state. 

 

Fig. 5. shows total disturbance and its estimation for LADRC 



 

5.1.2 FADRC without disturbances 

According to Fig.3., the Simulink simulation for the desired trajectory to FADRC is plotted as 

seen in the Fig. 6., under nominal case(without disturbances), The trajectory tracked by FADRC 

has reference tracking with (R.M.S.E= 0.0026) with small error, when compared with LADRC as 

shown from trajectory error behaviour. 

 

Fig. 6. shows the position of Knee for FADRC controller without disturbance 

We plot Z3 for tracking the total disturbances (her the system dynamics).Fig.7. shows that, good 

tracking, especially at steady state. 

 

Fig. 7. shows total disturbance and its estimation for FADRC 



5.2 Constant torque disturbance  

During the test, we illustrate the reliability of the suggested control techniques against a limited 

load disturbances at the output. The performance of the suggested controllers are compared to 

theirs in terms of disturbance rejection. An external individual has been forced to apply a resistive 

torque (disturbance) to the subject's shank for a short period of time (torque load=0.25N.m and 

time=2sec). 

5.2.1 LADRC with disturbances 

According to Fig.3., the Simulink simulation for the desired trajectory to LADRC is plotted as 

seen in the Fig. 8., under disturbance case, The trajectory tracked by LADRC has reference 

tracking with (R.M.S.E= 0.0269)  as shown from trajectory error behaviour. 

 

Fig. 8. shows the position of Knee for LADRC controller with   disturbance 

We plot Z3 for tracking the total disturbances (her the system dynamics with load 

disturbance).Fig.9. shows that, good tracking, especially at steady state. 

 

Fig. 9. shows total disturbance and its estimation for LADRC with disturbance 



 

5.2.2 FADRC with disturbances 

The Simulink simulation for the desired trajectory to FADRC is plotted as seen in the Fig. 10., 

under disturbances case, The trajectory tracked by FADRC has reference tracking with (R.M.S.E= 

0.0241) with small error, when compared with LADRC as shown from trajectory error behaviour. 

 

Fig. 10. shows the position of Knee for FADRC controller with disturbance 

We plot Z3 for tracking the total disturbances with load disturbance.Fig.11. shows that, good 

tracking, especially at steady state 

 

Fig. 11. shows total disturbance and its estimation for FADRC with disturbance 



5.3 Noise disturbance case  

During the test, we illustrate the reliability of the suggested control techniques against a Gaussian 

noise was applied with variance equal to(10−5) and zero mean at the output. The performance of 

the suggested controllers are compared to theirs in terms of disturbance rejection. This section 

focuses on the effect of the noise 

5.3.1 LADRC with disturbance 

The Simulink simulation for the required trajectory to LADRC is presented in Fig. 12. under 

Gaussian white disturbance scenario to evaluate the antidisturbance effectiveness of the LADRC. 

The output response was dramatically influenced by applying amount of noise to the measured 

output. The dynamic performance of the controller can be shown to have certain variations for 

antidisturbance. As can be seen from the trajectory error behavior, the trajectory tracked by 

LADRC has reference tracking (R.M.S.E=0.0582). 

 

Fig. 12. shows the position of Knee for LADRC controller with Gaussian noise disturbance 

We plot Z3 for tracking the total disturbances with noise disturbance.Fig.13. shows that with 

more fluctuations due to adding Gaussian noise disturbance, but in general there is acceptable 

tracking between total disturbances and the estimation extra state Z3. 

 

Fig. 13. shows total disturbances and its estimation for LADRC with noise disturbance 



5.3.2 FADRC with disturbance 

To test the antidisturbance efficiency of the FADRC, a Simulink simulation for the required path 

to FADRC is shown in Fig. 14. under a Gaussian white disturbance scenario. The quantity of noise 

applied to the measured output seemed to have a small impact on the output response,when 

compared to LADRC behaviour. The controller's dynamic performance can be proven to have 

specific antidisturbance variations. The trajectory tracked by FADRC has reference tracking 

(R.M.S.E=0.0329), as can be observed from the trajectory error behavior. 

 

Fig. 14. shows the position of Knee for FADRC controller with Gaussian noise disturbance 

For tracking total disturbances with noise disturbance, we plot Z3, as shown in Fig.15., overall 

tracking between total disturbances and the estimation extra state Z3 is satisfactory, when 

compared with LADRC. 

 

Fig. 15. shows total disturbances and its estimation for FADRC with noise disturbance 

For comparison between all configurations of ADRC as appear in the figures and Table 2 with 

based on performance index (R.M.S.E), the FADRC approach performs better and tracks the 



trajectory more efficiently, Despite the fact that the FADRC seems to have some drawbacks over 

the CADRC, such as the design becoming more complicated and the range of optimal values 

expanding as a result of the fractional term, the FADRC has several advantages over the LADRC.  

 

Table 2. Numerical report of disturbance rejection capability 

Controller Types R.M.S.E without 

disturbance 

R.M.S.E with constant 

disturbance 

R.M.S.E with 

noise disturbance 

LADRC 0.0033 0.0269 0.0582 

FADRC 0.0026 0.0241 0.0329 

 

5. Conclusions 

The design and analysis of two methods LADRC and FADRC for exoskeleton device position 

control are discussed in this study. The effectiveness of all controllers is measured in terms of their 

ability to reject disturbances. Each of the suggested controller structures has a number of design 

characteristics that must be fine-tuned before the control. G.A is the recommended tuner in charge 

of optimization for finding the fractional terms (𝛼𝑓). Simulated results show that the position 

response of the knee joint based on FADRC is faster with lower R.M.S.E than that based on 

LADRC in the nominal situation. It has been observed that the FADRC has stronger disturbance 

rejection capabilities than the LADRC in the disturbance case, when a disturbing force of constant 

load is introduced during the training cycle. It show that the tracking of extra state (Z3) is very 

closely to total disturbance in FADRC and this case appear that FESO of FADRC is very 

active,when compared with LESO of LADRC because ESO is reconstructed as a fractional one, 

and the resulting modified fractional extended states observer (FESO) accurately estimates both 

the overall disturbance and the fractional order dynamic states, resulting in a smaller observer 

bandwidth. Generally the simulation findings demonstrate that FADRC has higher inherent 

superiority and potential for tracking control and disturbance rejection. 

In the future, the proposed ADRCs can be employed for two degrees of freedom (knee and hip) to 

improve tracking, as well as different optimization approaches such as Particle Swarm 

Optimization (PSO), Differential Evolution (DE), and others can be used. The uncertainty case, in 

which the values of the exoskeleton device are allowed to vary from their nominal values, can also 

be taken into account. 
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