
An Acad Bras Cienc (2023) 95(2): e20220680 DOI 10.1590/0001-3765202320220680
Anais da Academia Brasileira de Ciências | Annals of the Brazilian Academy of Sciences
Printed ISSN 0001-3765 I Online ISSN 1678-2690
www.scielo.br/aabc | www.fb.com/aabcjournal

ENGINEERING SCIENCES

Sliding Mode-Based Active Disturbance Rejection
Control of Assistive Exoskeleton Device for
Rehabilitation of Disabled Lower Limbs
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Abstract: In this study, a hybrid control strategy is proposed to improve the tracking
performance of lower limb exoskeleton system dedicated for rehabilitation the motion
of hip and knee limbs in disabled persons. The proposed controller together with
exoskeleton device is practically instructive to make exercises for people suffering
weakness in their lower limbs. The proposed controller combined both active disturbance
rejection control (ADRC) with sliding mode control (SMC) to get their powerful
characteristics in terms of rejection capability and robustness characteristics. The
dynamic modelling of swinging lower limbs are developed and the controller has been
designed accordingly. The numerical simulations have been conducted to validate the
effectiveness of proposed controller. A comparison study in performance has been
performed between the proposed controller and the traditional controller ADRC based
on proportional-derivative controller. The simulated results showed that the proposed
controller has better tracking performance than conventional version. In addition, the
results showed that the sliding mode-based ADRC can considerably reduce the chattering
level and better rejection capability, fast tracking behavior and less control effort.

Key words: Exoskeleton system, rehabilitation training, sliding mode control, ADRC, PD
controller, exogenous disturbance.

INTRODUCTION AND OVERVIEW

The assistive lower-limb exoskeleton is a robot device that assists people with poor motion skills
to walk and make normal motion activities. The lower-limb exoskeleton aims, through mimicking
the human-like motion to enhance the lifestyle of the elderly, to improve the life quality, to enable
disabled people with physical limitations such that improving their physical and mental health (Su et
al. 2018).

Utilizing robotics technologies for rehabilitation applications promises to enhance the current
rehabilitation standard to higher quality level. Due to high safety condition required by lower-limb
exoskeleton especially for old patients, it is necessary to consider the design of robust and high
precision controller for that purpose (Lin et al. 2016, Sergey et al. 2016, Zha et al. 2018).

Traditional control techniques like proportional-integral-derivative (PID) control (Kasim et al.
2019) and computed torque method (Han et al. 2018) could not cope the uncertainties in the assistive
device due to different wearers and load exertions during physical exercises. In addition, these
conventional control strategies have difficulty in meeting the actual requirements of patients and
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have limited capabilities of trajectory tracking. Recently, modern control approaches have included in
the control application for rehabilitation devices to solve the problems of robustness, disturbance
rejection capability and accuracy of tracking errors. As such, other control techniques have been
introduced in the rehabilitation applications like model-based control (Wang et al. 2018), optimal
control (Gupta et al. 2019) and backstepping control (Salman & Kadhim 2022). However, these
controllers require exact model in their control design. To solve the problem of model knowledge,
recent control schemes are proposed in rehabilitation applications such as the adaptive control (Sun
et al. 2020), robust control (Han et al. 2020), and fuzzy control (Kwa et al. 2009), fuzzy PID control (Al
Rezage & Tokhi 2016) and sliding mode control (Chen et al. 2019), and active disturbance rejection (Li
et al. 2020).

In order to utilize the benefits of some control schemes, hybridization is required to combine their
powerful advantages. In this study, the sliding mode controller and the active disturbance rejection
control has been mixed to yield SM-based ADRC (SMADRC) for trajectory tracking of lower-limb
exoskeleton system.

The sliding mode control (SMC) is widely used in robot control systems (Liu et al. 2018). The SMC
does not depend on a mathematical model of the controlled system and has strong anti-interference
ability and good robustness (Ahmed et al. 2019, Brahmi et al. 2021). In the analysis of SMC, the trajectory
motion of system states can be divided into two parts. The first part begins from the initial condition
and ends at the sliding surface or manifold. The second part represents the motion on the sliding
surface until reaching the equilibrium points (Du et al. 2017). However, one critical problem which
arises when the trajectory reaches the sliding surface is that it is difficult to strictly slide along the
sliding surface to the equilibrium point. Instead, the system state moves back and forth across the
sliding surface to approach the equilibrium point, which results in chattering (Teng & Bai 2019).

In order to ensure effective control, some control strategies assumes that all components of the
state vector can be actually measured. However, in some cases, the measurements of all states are
difficult to realize. Therefore, it is necessary to estimate unmeasurable states for implementation in the
control system. One solution of measurement problem is to use extended state observer (ESO), which
is designed to estimate a wide range of disturbances without the need of an accurate model (Huang
& Xue 2014). With this observation technique, the parametric uncertainties and unmodeled dynamics
of the controlled system are assigned as an additional state variable, and hence the disturbances and
unmodeled dynamics can be compensated if an output feedback control approach is effectively used.

One recent and effective controller which mainly depends on the ESO is the active disturbance
rejection controller (ADRC). This controller has been applied in many applications to solve many
control problems (Alawad et al. 2022b, a, Humaidi & Badr 2018, Abdul-Adheem et al. 2020, 2021).
The ADRC was firstly presented by Han to provide a solution for disturbances cancellation. This
controller has replaced the Proportional-Integral-Derivative (PID) controller due to its superiority in
performance and it could prove high efficiency in most practical applications (Han et al. 2009). In order
to improve the performance of ADRC-based lower-limb exoskeleton system in terms of robustness, fast
convergence and error accuracy, the ADRC has been combined with SMC to establish the ”SM-based
ADRC”. This proposed controller could attained the characteristics of both controllers. In addition, with
this hybridization, the chattering due to SMC could be eliminated due to cancellation feature of ADRC.

The main contributions of the paper are listed as follows:
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1. This study has proposed sliding mode-based ADRC to improve the performance of the lower limb
exoskeleton system in terms of disturbance-rejection capability and finite-time convergence.

2. The stability and global convergence property of the controlled system have been proved.

3. A comparison study have been conducted between proposed sliding mode-based ADRC and
proportional derivative-based ADRC for the lower-limb exoskeleton system.

MATERIALS AND METHODS

In this section, we introduce the basic concepts behind the knee-joint mathematical model, as well
as the ADRC control elements, and develop the suggested controller.

Knee-Joint Mathematical Model

The lower limb rehabilitation exoskeleton system is a multiple-degree-of-freedom open chain
mechanism. It is composed of irregular links that have complex non-linearity and strong coupling
characteristics (Campbell et al. 2020, Al Rezage & Tokhi 2016). These assistive robots are vulnerable
to disturbances against the patient and the ground during their controlling process. Therefore, it is
difficult to establish complete and accurate mathematical model of the Exoskelton devices. According
to the dynamic model of the lower limb rehabilitation exoskeleton, the mathematical relationship
between the motion of the hip, knee joints, and the control torque can be obtained. Ignoring the
influence of environmental interference on the lower limb rehabilitation exoskeleton, a simplified
structure diagram of the unilateral lower limb was established in the sagittal plane, as shown in Fig. 1.

Figure 1. The schematic diagram of a wearable exoskeleton.
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The Lagrange method is used to establish the dynamic model of the lower limb rehabilitation
exoskeleton robot, which can be expressed by a second-order nonlinear differential Equation (Winter
2009, Craig 1986)

M(𝜃) ̈𝜃 + C(𝜃, ̇𝜃) ̇𝜃 + G(𝜃) + d(t) = u(t) (1)

or, in matrix form Eq.(1) can be written as

[M11 M12 M21 M22] [ ̈𝜃1 ̈𝜃2] + [C11 C12 C21 C22] [ ̇𝜃1 ̇𝜃2]

+ [d1(t) d2(t)] + [G1(𝜃) G2(𝜃)] = [u1(t) u2(t)]
(2)

where 𝜃 , ̇𝜃, and ̈𝜃, respectively represent the angle, angular velocity, and acceleration of a robot in joint
space. M(𝜃) ∈ R(2×2) are matrices of human limbs for each inertia. Coriolis and centrifugal torque are
given by C(𝜃, ̇𝜃) ∈ R(2×2). The torque of gravity G(𝜃) ∈ R(2×1) has one-dimensional vector . d(t) ∈ R(2×1)

is the vector of external disturbance, and u(t) ∈ R(2×1) indicates the control signal (Han 1998). The
inertial matrix M(𝜃) can be represented as below.

M11(𝜃) = I1 + I2 +m1r21 +m2L21 +m2r22 + 2m2r1r2cos(𝜃2)

M12(𝜃) = M21(𝜃) = I2 +m2r22 +m2L1r2cos(𝜃2)

M22(𝜃) = I2 +m2r22

(3)

The Coriolis and centrifugal force matrix C(𝜃) can be represented as followings:

C11 = −m2L1r2sinsin(𝜃2) ̇𝜃2
C12 = −m2L1r2sinsin(𝜃2)( ̇𝜃 + ̇𝜃2)

C21 = m2L1r2sinsin(𝜃2) ̇𝜃1
C22 = 0

(4)

The gravitational item G(𝜃)can be represented as

G1 = m1r1gsin(𝜃1) +m2gL1sinsin(𝜃1) +m2gr2sin(𝜃1 + 𝜃2)

G2 = m2gr2coscos(𝜃1 + 𝜃2)
(5)

In this application, the dynamic model of the exoskeleton leg is a multi-input andmulti-output (MIMO)
system and the above equations can be represented as follows:

M11
̈𝜃1 +M12

̈𝜃1 + C11𝜃1 + C12 ̇𝜃2 + G1 + D1 = 𝜏1
M21

̈𝜃1 +M22
̈𝜃2 + C21𝜃1 + C22 ̇𝜃2 + G2 + D2 = 𝜏2

(6)

where, 𝜏1 and 𝜏2 represent the actuating torques for hip and knee, respectively. The numerical values
of these physical parameters are defined and listed in Table I.

ADRC for Lower Limb Exoskeleton

The magic with ADRC is that it has the capability to compensate model uncertainties and external
disturbances by introducing extended state observer to achieve this objective. Without loss of
generality, the concept of ADRC can be analyzed by considering a second-order nonlinear system

̈𝜃 = ̈y = f (t, 𝜃, ̇𝜃,w) + bu (7)
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Table I. The variables definition for Lower wearable exoskeleton [25].

Parameters Definitions Units values

L1 Hip Length m 0.54

L2 Knee Length m 0.48

r1 center of Hip mass m 0.2338

r2 center of Knee mass m 0.241

m1 Hip Mass Kg 8

m2 Knee Mass Kg 3.72

I1 Hip Inertia Kg.m2 0.42

I2 Knee Inertia Kg.m2 0.07

g Gravity m/s2 9.8

𝜃1d Angular Displacement of Hip Rad -

𝜃2d Angular Displacement of Knee Rad -

̇𝜃1 Angular Velocity of Hip Rad/s -

̇𝜃2 Angular Velocity of Knee Rad/s -

̈𝜃 Angular acceleration Rad/s2 -

In state-space form, the above equation can be written as:

̇x1 = x2
̇x2 = x3 + bu
̇x3 = ̇f

y = x1
where,𝜃 is the state variable to be controlled, b is a boundary that is generally known. The term f
accounts for the combined effect of internal and external disturbances w. In this case, the state space
has been extended to third order, where the third state variable represents lumped uncertainties.

In order to estimate all states of extended system, including the lumped uncertainties, an
extended state observer (ESO), which is part of ADRC structure, is utilized for this task that permits
estimation with adequate accuracy. In other words, the ESO will estimate f and the other states of the
system,x1 and x2, which corresponds estimate (y, ̇y, ..., f ) in the original dynamic system. The suggested
observer for extended dynamic system, described by Eq. (7), takes the form of linear Luenberger-like
estimator which was widely used in the literature (Campbell et al. 2020, Al Rezage & Tokhi 2016)

̇̂z = A ̂z + bu+ L(z − ̂z)
̂y = C ̂z

(8)

where, ̂z = [ ̂z1 ̂z2 ̂z3]
T
is the vectors of estimates of y, ̇y, and f , respectively. When properly designed

and implemented, the state of the state estimates of observer, represented by Eq. (8), will track that
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of plant represented by Eq. (6). The elements of vector L can be obtained, for example, based on
pole-placement technique (Winter 2009). It is easy to find the characteristics equation for ESO:

Q(s) = |sI− (A− LC)| (9)

One can place the roots of characteristic equation at negative real axis in the complex plane and
these roots may be chosen in terms of observer’s bandwidth 𝜔0; that is Q(s) = (s+ 𝜔0)3. According to
this argument, the gains of observer vector as follows:

L = [3𝜔0 3𝜔20 𝜔30]

Based on ESO, the term f is estimated; that is x3 ≈ f . If the control law is defined by

u = ((u0 − f ))/b (10)

Then, Eq.(6) becomes ̈y = u0. This results in an approximate double integral plant. The PD
controller can be proposed to generate the control signal u0 as follows:

u0 = Kp(yd − ̂z1) + Kd( ̇yd − ̂z2) (11)

where u0 is the output of the PD controller. Then, according to Eq.(10), the control law can be rewritten
as

u = ([Kp(yd − ̂z1) + Kd( ̇yd − ̂z2) − f ])/b (12)

It is clear that the objective of ADRC is to continuously compensate the lumped uncertainty f and
works to cancel it out. For tuning the design parameters of PD controller Kp and Kd, one may use the
bandwidth of the system 𝜔c to determine these terms (Alawad et al. 2022a, Han 1998, Chen et al. 2011)

kp = 𝜔2c kd = 2𝜔c (13)

This related to design specifications, specially the settling time Ts, so that

𝜔c = 10/Ts (14)

In this study, if one selects Ts = 0.4s, then 𝜔c = 24.5rad/sec and the value of observer bandwidth
(𝜔0) is calculated as

𝜔0 = 4𝜔c (15)

Figure (2) shows the active rejection disturbance based on proportional derivative controller.

Proposed Controller of SM-based ADRC

In general, the SMC for systems can be achieved by the sliding surface definition and the control law
design. The proposed control approach aims at improving the whole performance with high accuracy
and fast coverage. The tracking error in the non-linear SMC strategy can converge to zero in finite time
(Quao & Zhang 2017, 2020).
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Figure 2. Configuration of the simulation for the 2-DOF lower limb exoskeleton (PD-based ADRC).

The tracking errors (e1,e2) represents the difference between the desired angular positions (𝜃1d,𝜃2d)
and the actual angular positions (𝜃1,𝜃1) for the hip and knee joints, respectively,

e = 𝜃d − 𝜃 = [𝜃1d − 𝜃1 𝜃2d − 𝜃2]
T

(16)

where, 𝜃1d and 𝜃2d denotes the desired trajectories for hip and knee joint, respectively, while 𝜃1 and 𝜃2
denotes the actual angular positions for hip and knee joint, respectively. To ensure that the tracking
errors converge within finite-time and to avoid the singularity problem, the sliding mode surface can
be designed as (Wang et al. 2021)

s = ė+ ce (17)

where, s = [s1 s2]
T
includes the sliding surface components for each channel of control; that is

for hip joint and knee joint. The coefficient c is a real positive number (c > 0). Due to unmodeled
system dynamic and sensor noises, the extended states observer may fail to enforce the estimated
state ̂z3 tracking the actual state z3 precisely. Therefore, an estimation error z3 may arise, which can
be expressed by:

|z3| = | ̂z3 − z3| = | ̂f − f | ≤ Δf (18)

where Δf is the upper bound of estimation error |z3|. Since e = 𝜃d − 𝜃, the control input of SM-based
ADRC can be designed as:

u = (− ̂z3 + u0)/b (19)

u0 = (| ̈𝜃d| + Δf + c|ė|).sign(s) (20)

Taking the time derivative of sliding surface of Eq. (17) to obtain

̇s = ë+ cė (21)

Using Eq. (21) and Eq.(16) to get
̇s = ̈𝜃d − ̈𝜃 + cė (22)
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According to Eq.(7)
̈𝜃 = f + bu = f + b(− ̂z3 + u0)/b (23)

̈𝜃 = f − ̂f + | ̈𝜃d| + Δf + c|ė|)sign(s) (24)

STABILITY ANALYSIS

One of the main issues in control system design is how to guarantee stability of the controlled system
(Sun et al. 2017). In this part, the stability analysis will be conducted based on Lyapunov theory. Lemma
1: Considering the system of Eq. (7) with the parametric uncertainties f , the control law developed
based on SM-based ADRC can lead to asymptotic convergence of tracking error to zero for a given
desired trajectory. The stability analysis of the proposed control algorithm is initiated by choosing a
Lyapunov function candidate with positive definite property, which depend on sliding surface

V(s) = 1/2s2 (25)

The time derivative of Eq. (25) can be given as

̇V = s ̇s (26)

Taking the time derivative of Lyapunov function to have

̇V = s ̇s

= s( ̈𝜃d − ̈𝜃 + cė)

= s( ̈𝜃d − f + ̂f − (| ̈𝜃d| + Δf + c|ė|)sign(s) + c ̇e)

= s ̈𝜃d + cės+ ( ̂f − f )s− | ̈𝜃d||s| − Δf |s| − c| ̇e||s|)

(27)

or,
̇V = (s ̈𝜃d − | ̈𝜃d||s|) + [( ̂f − f )s− Δf |s|] + (c ̇es− c| ̇e||s|) (28)

Using the following inequalities

s ̈𝜃d < |s|| ̈𝜃d|

s(f − ̈f ) < |s|Δf

csė < c|s|| ̇e|

(29)

Then, based on the above assumptions, one can conclude that

̇V = (s ̈𝜃d − | ̈𝜃d||s|) + [( ̂f − f )s− Δf |s|] + (cės− c|ė||s|) < 0 (30)

Figure 3 shows the schematic representation of SM-based ADRC for the Hip-and-Knee Exoskeleton
system for rehabilitation.

NUMERICAL SIMULATIONS AND COMPARATIVE ANALYSIS

To demonstrate the advantages and superiority of the proposed SMCADRC, a PD-based active
disturbance rejection controller (PDADRC) are also designed for comparison purpose. The design
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Figure 3. Configuration of the simulation for the 2-DOF lower limb exoskeleton (SM-based ADRC).

results of these two controllers are given directly for simplicity. If one chooses the bandwidth of
observer 𝜔0 to be equal to 𝜔0 = 4𝜔c , then it easy to calculate the elements of observer matrix gains
(L1, L2, L3) according to Eq.9. For a fair comparison, assume that the observers and controller gains
were the same in both techniques (PDADRC) and (SMCADRC). Allow for a settling time of 0.4 seconds
and 𝜔c = 24.5rad/sec in the design. Two controllers are designed using Eq.11 for (PDADRC) and Eq.20
for (SMCADRC). MATALAB’s Simulink is used to carry out the numerical simulations. Whereas the SMC
parameters are determined through trial and error adjustment. The SMC controller gains are set to
K1 = 20, c1 = 0.1 for hip joint and K2 = 100, c2 = 0.01 for knee joint. The controller’s gains of
(PDADRC) are kp = 600,kd = 49 for both links. Some of the performance indicators used to measure
tracking accuracy include the integral of the absolute error (IAE), the integral square error (ISE), the
integral absolute of the control signal (IAU), and the Root Mean Square Error (R.M.S.E) (Alawad et al.
2022b, Abdul-Adheem et al. 2020, Neto et al. 2021).There are two test, one for normal case(without
disturbances) and the other for disturbance case. The clinical gait analysis determines the desired
hip and knee joint trajectories (CGA). The following fitting functions can be obtained as a result of this
(Li et al. 2020):

𝜃1d = 0.66sin(0.0665t + 0.282) + 0.361sin(3.69t + 1.17) + 0.0412sin(8.32t − 0.4631)

𝜃2d = 0.761sin(0.774t − 3.25) + 1.98sin(6.55t − 0.326) + 2.22sin(6.33t − 3.35)

where t is the real time which ranges from 0 to 8 seconds. In this part, the effectiveness of
proposed SM-based ADRC has been tested and verified via numerical simulation. In addition, tracking
performance of proposed controller has been compared to that based on PD-based ADRC in different
exertion of disturbance.

Scenario I: Disturbance-Free Condition

In this scenario, the SM-based ADRC and PD-based ADRC have been tested and evaluated under
no-disturbance condition, where d(t) = 0 for both joints. Fig. 4 and Fig. 5 show, respectively, the
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Figure 4. Time response of hip position joint for both controllers without disturbance.

Figure 5. Time response of knee position joint for both controllers without disturbance.

trajectory tracking performance of SM-based ADRC and PD-based ADRC for the hip and knee joints.
As shown in Fig. 4 and Fig. 5, the trajectory tracking due to SM-ADRC has better tracking accuracy
than that based on PD-based ADRC. However, the SM-based ADRC showed degradation in transient
behavior at startup simulation as compared to transient characteristics due to PD-based ADRC. This
can be further clarified in error figures indicated in Fig. 6 and Fig. 7. It is clear from the figures that
there is bad transient behaviour for controlled system based on proposed controller, while there is
good transient characteristics due to PD-based ADRC for both hip and knee joints. It is worthy to
mention that the oscillatory behaviours of angular positions for both joints due to both controllers
are not due to unstable characteristics of controllers, but due to the behaviours of desired trajectories.
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The well-performance of trajectory tracking is the proof of stability for both controller. Moreover, it
is evident from Fig. 6 and Fig. 7 that the steady state-errors due to SM-based ADRC is considerably
less than that based on PD-based ADRC for both joints. In addition, the PD-based ADRC showed high
chattering at the error signals, while this chattering behavior has disappeared in the case of SM-based
ADRC. The numerical evaluation of dynamic performance for both controllers and for joints in Table
II. Two indices have been used to evaluate the tracking error; one based on Root Mean Square of
Error (RMSE) and Integral of Absolute of Error (IAE). The table shows that less RMSE has been given
by SM-based ADRC than that resulting from PD-based ADRC. However, the table reports the numerical
value of control efforts resulting from both controllers for both hip and knee joints. It is evident that
the SM-based ADRC generates higher control effort than that based on PD-based ADRC. This is the
price which has to be paid by the proposed controller to improve the tracking errors. Moreover, the
chattering behavior resulting from PD-ADRC is higher than that based on SM-based ADRC. In other
words, the SM-based ADRC shows smoother response than that based on PD-based ADRC.

Figure 6. Tracking error of hip position joint for both controllers without disturbance.

Table II. Performance indices of ADRC without disturbance for both joints.

Control Method R.M.S.E (rad.) IAE (rad.) ISE (rad.) IAU (N.m)

PDADRC for hip 0.0894 0.0598 0.0006 787.9

SMCADRC for hip 0.0107 0.0772 0.0032 698.8

PDADRC for knee 0.1022 0.3495 0.04432 249.1

SMCADRC for knee 0.0541 0.1744 0.0799 377.4
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Figure 7. Tracking error of knee position joint for both controllers without disturbance.

Scenario II: Disturbance-Application Condition

In this scenario, the performance of the proposed controller is assessed under disturbance
application, where d(t) ≠ 0. The scenario has been splitted into cases; one case considered the
disturbance application on the hip joint and the other case considered the disturbance exertion on
the knee joint.

� Case I: In this case, a disturbance value of d1(t) = 0.5kg has been applied at the output of hip joint
at the start of the flexion/extension cycle (at time=2 sec). The controllers have been tested with
desired trajectory. Fig. 8 shows the trajectory tracking performance of both controllers for the hip
joint. Fig. 9 shows the error behavior for hip joint. As indicated in Fig. 8, the response due to both
controllers have affected upon disturbance exertion, but the response based on SM-based ADRC
shows better disturbance rejection capability than that based on PD-based ADRC. The SM-based
ADRC could successfully compensate the disturbance in shorter time and has better transient
characteristics than the PD-based ADRC. According to Fig. 9 and Table III, one can deduce that the
RMSE resulting from SM-ADRC is less than that due to PD-based ADRC. However, the improvement
of error accuracy obtained by proposed controller is on the price of higher control effort to be
produced by controller. In other words, the control efforts produced by SM-based ADRC is higher
than conventional controller.

� Case II: In this case, a disturbance value of d1(t) = 0.5kg has been applied at the output
of knee joint at the start of the flexion/extension cycle (at time=2 sec). The performances of
controllers have been assessed when subjected to the same desired trajectory. Fig. 10 and Fig. 11
show the tracking performances and error behaviours based on both controllers for the knee
joint, respectively. According to the figures, it is clear that the responses have been affected
and distorted upon disturbance application. However, the response due to SM-based ADRC
shows better disturbance rejection capability than that based on PD-based ADRC. The SM-based
ADRC could successfully compensate the disturbance in shorter time and has better transient
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Figure 8. Time response of hip position joint for both controllers with load disturbance.

nbm
Figure 9. Tracking error of hip position joint for both controllers with load disturbance.

Table III. Performance indices of ADRC with load disturbance at hip joint.

Control Method R.M.S.E(rad.) IAE(rad.) ISE(rad.) IAU(N.m)

PDADRC for hip 0.0435 0.1055 0.0139 757.5

SMCADRC for hip 0.0361 0.1587 0.0375 687.1

PDADRC for knee 0.1828 0.6104 0.2319 242.6

SMCADRC for knee 0.0578 0.1889 0.0806 380.7

characteristics than that based on PD-based ADRC. In addition, the proposed controller has
better noise rejection capability than its counterpart. Table IV reports the numeric performances
of both controllers and one can conclude that the SM-ADRC shows better tracking error accuracy
than PD-ADRC. However, the control efforts produced by the SM-based ADRC is higher than that
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given by the conventional controller and this is the price to be paid by proposed controller for
improvement.

Figure 10. Time response of knee position joint for both controllers with load disturbance.

Figure 11. Tracking error of knee position joint for both controllers with load disturbance.

CONCLUSION

This study proposed SM-based ADRC for trajectory tracking of rehabilitation exoskeleton device for two
degree of freedom swinging leg. The ESO is synthesized to estimate the disturbances and dynamics
unknown uncertainty online and then the estimated uncertainty is utilized by proposed controller for
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Table IV. Performance indices of ADRC with load disturbance at knee joint.

Control Method R.M.S.E(rad.) IAE(rad.) ISE(rad.) IAU(N.m)

PDADRC for hip 0.0892 0.0589 0.0006 709.5

SMCADRC for hip 0.0107 0.0761 0.0033 667.7

PDADRC for knee 0.1141 0.4056 0.0638 223.4

SMCADRC for knee 0.0591 0.2148 0.0910 380.7

compensating and cancellation of lumped uncertainties. The stability of the medical device controlled
by the proposed controller has been proved based on Lyapunov theory. A comparison study in
performance has been conducted between the proposed controller and the PD-based ADRC. The
numerical simulation showed that the proposed control strategy can achieve better performance in
terms of tracking accuracy and robustness characteristics as compared to PD-based ADRC. In addition,
the SM-based ADRC showed better disturbance rejection capability and fast convergence rate of
tracking errors as compared to conventional controller. Furthermore, the simulated results showed
that the control torques required for actuating the hip limb is higher than that required for actuating
the knee joint.

This study can be extended for further work by implementing the proposed control algorithm in
real-time environment either using LabVIEW programming software or embedded hardware design like
the FPGA (Mostafa et al. 2021). Other extension of this study is to use modern optimization methods
for tuning the design parameters to have optimal performance of proposed controller (Rasheed 2020,
Al-Qassar et al. 2021a, b). Also, the proposed controller can be compared in performance to other
control schemes (Mahdi et al. 2022, Hameed et al. 2019, Amjad et al. 2019).
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