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ABSTRACT

Wearable robots are commonly used for rehabilitation and
they are made to fit the human body to assist persons who
are unable to help themselves. The design of controllers
became necessary to enhance the dynamic motion of these
exoskeleton systems when worn by patients. In this study,
active disturbance rejection control (ADRC) with reduced-
order extended state observer (RESO) has been proposed for
motion control of exoskeleton knee-assisting device to
eliminate the phase lag induced by full-order extended state
observer (FESO). The design analysis of RESO-based ADRC
has been presented and a computer simulation has been
conducted to verify the effectiveness of the proposed
controller. A comparison study has been made between
ADRC based on RESO and that based on FESO in terms of
transient and robustness characteristics. The simulated
results showed that the RESO-based ADRC gives better
transient and load rejection capabilities compared to the
controller with FESO.
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1. INTRODUCTION

Active disturbance rejection control
(ADRC) is a modern control technology that is
based on a standard PID control theory (Han,
1988; Humaidi & Badr, 2018a; Al-Obaidi,
2021a; Babalola & Omolafe, 2022a; Babalola
& Omolafe, 2022b; Castiblanco et al., 2021;
Khairudin et al., 2020). The extended state
observer (ESO) is a type of observer that is
commonly employed in ADRC. It can be used
to estimate generalized disturbances,
including lumped unknown dynamics and

uncertain disturbances, and then the
generalization perturbations are
immediately compensated by a state

feedback controller (Caifen & Wen 2021).
ESOs have been widely employed in many
sophisticated uncertain systems, such as
spacecraft structure systems (Yang et al,,
2014), permanent magnet synchronous
motor (PMSM) servo systems (Liu & Li, 2012),
hypersonic vehicles, and multi-agent systems
(Yang et al., 2015). Because of their good
estimating properties and capacity to adjust,
other structures of observers exist in addition
to ESOs, such as the unknown input observer

(Ul0), disturbance observer (DOB), and
perturbation observer (POB), adaptive
observer, and sliding mode observer

(Hameed et al., 2019, Hassan et al., 2020,
Falah et al., 2020, Djamel & Mefoud, 2019).
The ESO in ADRC decreases the amount
of noise in the feedback loop, but it also
introduces phases lag like a low-pass filter.
The phases lag is increased as the order of
the systems is increased. In previous study,
the disturbance and unmolded dynamics
associated with induction motors are
considered as an extra state variable and the
reduced-order ADRC (RADRC) approach is
advised to further reduce the phase lag
induced by ESO. For multivariable chemical
process systems, the (RESO) is designed to
replace the full order ESO in ADRC and
reduce phase lag while maintaining excellent
performance with robustness and

adaptability to disturbances. In previous
works (Nowak et al.,, 2018; Huang & Xue,
2014), the robust tuning rules have been
presented for RADRC with first plus dead
time processes. The RESO in RADRC does not
appear at the plant output, but only its
derivatives and the generalized disturbance.
Because the measured variables are also
tracked in full-order ESO, their order is lower
than the usual ADRC method with a full-order
ESO. Due to the limited availability of
literature on RADRC tuning, (Caifen & Wen
2021) developed a novel parameter tuning
method based on the original ARDC. The
RESO is applied to improve the performance
of motion control of the exoskeleton system
for knee joint rehabilitation controlled by
ADRC by eliminating the phase lag.

Other techniques and methodologies can
be pursued to extend this study for future
work (Yung et al., 2016; Eftekhari & Al-
Obaidi, 2019; Eftekhari et al., 2020;
Kulshreshtha & Al-Obaidi, 2020; Al-Obaidi,
2021; Alietal., 2020; Al-Obaidi, A.S. M. et al.,
2021b; Eftekhari et al., 2023).

This article is organized in the following.
The dynamics of the exoskeleton are
described in Section 3. The main concept of
the RADRC is presented in Section 4. The
proposed ADRC based on RESO is discussed
in Section 5. The numerical results and
discussion of the exoskeleton system based
on RESO-based ADRC are shown in Section 6.
Finally, concluding remarks based on
simulated results are highlighted in Section 7.

2. MODELLING OF EXOSKELETON SYSTEM
FOR LOWER-LIMB

The Exoskeleton Knee system is a
wearable robotic device that is used to
restore or enhance the function of the lower
limb (Shawgi et al., 2022; Alawad et al.,,
2022). Figure 1 depicts the geometric
representation of leg motion at the knee
joint (Aljuboury et al., 2022).
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Figure 1. The geometric representation of leg orientation at the knee joint (Aljuboury et al.,
2022).

According to Figure 1., the parameters m

and [ are the mass and length of the shank,
respectively, while g is the gravitational
acceleration. The exoskeleton and human
model were modelled as a system of rigid
bodies with one degree of freedom for the
knee part. The nonlinear dynamic for the
exoskeleton and human model with one
joint, at the knee, is determined through the
use of the Euler-Lagrange method. The
dynamic modelling of the system can be
expressed as follows (Aljuboury et al., 2022;
Bkekri et al., 2019; Mefoued,2015) (see
Equation (1)):
J6 = —t4c0s60 —Asgnd —BO + 1, +7 (1)
where, 8 is the knee joint angle between the
actual position of the shank and the full
extension position, 6 and 6 are, respectively,
the knee joint angular velocity and
acceleration. J, A, B, 74, T and t,are the leg
inertia, solid friction coefficient, viscous
friction coefficient, gravity torque, actuating
torque, and human torque which are applied
to the Knee-Exoskeleton system at the knee
level, respectively.

Letting x; and x,represent the variables
and 6, the above equation can be written in
state variable (see Equation (2)):

X; = X, (2)
Xo=f+b,t

where b, =1/] and f represents the
lumped term of uncertainties and
nonlinearities, which is given by Equation (3):

f :% [—rgcosxl —Asgnx, —Bx; + Th] (3)
3. METHODOLOGY

In order to decrease the effect of phase—
lag on the stability of controlled system
based on ADRC and to reduce the sensitivity
of observer against noise, two observer
approaches have been proposed for
Exoskeleton-knee system. The first approach
utilizes full Extended State Observer, while
the other uses Reduced Extended State
Observer.

4. ADRC WITH FULL-ORDER ESO

The PD-based ADRC is a mixture of a
tracking differentiator, an extended State
Observer (ESO), and a proportional-
Derivative controller (Han, 1995). In this
study, linear ADRC has been adopted. In this
version of ADRC, linear functions are used,
and hence the linear gains, rather than
nonlinear gains, have to be determined
according to the bandwidth concept (Caifen
& Wen 2021). The general block diagram of
ADRC based on the PD controller is shown in
Figure 2.
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Figure 2. Block-diagram of general ADRC.

Consider the n-th full order system
described by (see Equation (4)):

y(n) - f(y(n—l)'y(n—z)' oy, d, t)

+ b,u 4)
where y, u, b,, and f represent the system
output, the control law, the nominal input
matrix, and the term that stands the lumping
uncertainties and nonlinearities,
respectively. The basic operation of ADRC is
based on predicting the unknown
generalized disturbance f. This task is
attributed to the ESO observer. This core part
of the control structure permits an
approximate estimate of total disturbance.

Therefore, the full order ESO (FESO) is
used to estimate f and all states of the
system, (x1 X3, ..., Xn, Xn+1), and hence it will
estimate the variables (y,y,...,y" 1, f).
Then, according to (Caifen & Wen 2021), the
augmented state-space model of Equation
(4) can be represented as (see Equation (5)):

x=Ax+Bu+Ef (5)
y=Cx
where,

0O 1--- 0 0 O]
A=|: =~ :|,B=]|,|,E=]|:

. O V) boi L V)

0 0 0 1
C=1[10--0]

The extended state observer has synthesized
based on a previous work (Humaidi & Badr,
2018a) (see Equation (6))

X=AX+Bu+L(y—79) (6)

Here, X is the estimated state vector of x, §
is the estimated output of the systemy, L is
the observer gains vector, which is given by
L=[LyLy Lp1]". The elements of the
observer gain matrix can be expressed in
terms of observer bandwidth (w,). The well-
tuned outputs of ESO X; are close to x;, then
we get Equation (7)

fn+1 X Xn+1 ® f (7)

From Equation (7), the generalized
perturbation can be compensated using the
following the control law:

Upo—Xn+1

S 8)
where, u,is part of control signal u as
indicated in Figure 2. Then, substituting
Equation (8) into Equation (4) to deduce
Equation (9):

YW =f =Xy +u, (9)
According to Equation (8), the control signal

U, can be expressed in terms of elements of
the PD controller (see Equation (10))

u =

U, = Kp(r — %) — Ka1 %

+ -+ Kyp X, (10)
where, K, and Ky (i =1,---,n) are the
proportional and derivative gains,
respectively. It has been shown the terms of
PD controller are related to the bandwidth of
the controlled system w,. A large value of w,
leads to increased speed of dynamic.
However, higher bandwidth might cause the
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controlled system to oscillate or possibly
become unstable. Therefore, w, has a direct
impact on performance, robustness, and
noise sensitivity requirements (Amjad et al.,
2018a; Han, 1998).

However, other recent and efficient
optimization techniques can be used to tune
the gains of PD controllers like Particle
Swarm Optimization (PSO), Ant Colony
Optimization, Whale Optimization Algorithm
(WOA), Social Spider Optimization (SSO),
Grey-Wolf optimization (GWO) (Hassan &
Rashad, 2011; Al-Qassar et al., 2021a; Al-
Qassar et al., 2021b; Humaidi et al., 2020;
Humaidi et al., 2021; Luay, 2020; Mustafa et
al., 2021; Humaidi et al., 2022). These
optimization techniques are characterized by
finding optimal values of gains in terms of
minimizing the tracking errors.

5. ADRC BASED ON REDUCED ESO

Observers act as a low pass filter in the
feedback loop, reducing external noise.
However, this noise rejection property has an
adverse effect on the closed-loop system by
adding a phase lag. When the system order
increases, the observer gains (L) expand as
well, providing more phases lag at the same
time. Due to the loss of loop stability, phase
lag is not a useful result of compensation.
Therefore, the problem of increased phase
lag due to using full-order ESO can be solved
by using a reduced-order ESO.

This leads to reduced ADRC (RADRC),
which can be illustrated clearly in Figure 3.
Therefore, compared to ADRC, the RADRC
will reduce the effect of the observer's phase
lag on the controlled system. The
implementation of RESO is an ADRC
framework is simple, as long as the system

output (y) is provided and measured. It is not
necessary to use all estimates produced by
ESO, but only use the estimated state
Xn4+1 that represents the lumped
uncertainties. Therefore, for the nth-order
system and if the measurements
(v, 9, ...,y 1) are available, Equation (10)
can be written as Equation (11):

Uy = Kp(r - 3’) - Kdly +-t+ Kdny(n_l) (11)

In the case of the exoskeleton system

(second-order), Equation (11) can be
expressed as (see Equation (12))
u, = Kp(r—y) —Ka1y (12)

The ESO works to feedback only the X5. This
proposed structure is demonstrated in Figure
3.

In the sense of adopting this proposed
ESO, the observer of ADRC is reduced to one
degree and the observer gain is defined by
(L3 = w3), while in the case of FESO, where
there are two estimate states (xyx;), it
requires two gains to be determined (L; =
2wy, L, = w?).

Pursuing the analysis of literature (Han,
1998), the bandwidth w, is related to settling
time t; of the closed-loop system according
to the following Equation (13):

w, =10/t (13)

In this application, the specification of
settling time of controlled system application
is chosen to be tg; = 0.408 s. As such, the
bandwidth w, can be determined according
to the above equation to have a value of
w. = 24.5rad/s. If one chooses the observer
bandwidth to be equal w, = 4 w., then it
easy to calculate the elements of observer
matrix gains (L, L,, L3) and the values of
controller gains using the expressions k, =
w?,and k; = 2 w,.
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Figure 3. Block diagram of ADRC based on Reduced ESO for Knee-rehabilitation device.

6. COMPUTER SIMULATION

The numerical simulation has been
conducted to verify the effectiveness of the
proposed controller. Indeed, it is good for
taking into account that the exoskeleton
device is worn by a healthy person, who is 27
years old, weighing 90 Kg and measuring 1.87
m.

According to this real case study, the
parameters exoskeleton system has been
listed in Table 1 (Mefoued et al., 2015;
Djamel & Mefoud, 2019).

6.1. Case I: Step Input

In this part, the effectiveness of the ADRC
controller has been investigated with two
types of ESO: Reduced ESO (RESO) and Full
ESO (FESO). The controlled exoskeleton
system has been subjected to step input.

Figure 4 shows responses of joint angular
positions due to both structures of
controllers. It is evident that, with the same
bandwidth of observers, both controllers
give good tracking performance. However,
the ADRC based on RESO has a faster
transient with a settling time of 0.25 s, as
compared to the controller with FESO, which
results in 1.2 s. settling time.

Furthermore, the figure clearly shows that
there is a reduction in phase lag due to
applying RESO for ADRC compared to that
based on FESO. This leads to improved
estimating capability of RESO-based ADRC.

The next scenario investigates the impact
of load exertion on the transient
characteristics of joint behavior based on
ADRC with two schemes of ESO. Figure 5
shows the change in responses due to step-
load application of (10 N.m) at time 2 s.

Table 1. The parameters of the exoskeleton system for knee rehabilitation.

Parameter Value
Inertia (/) 0.348 kg.m?
Viscous Friction Coefficient (B) 0.872 N.m.s/rad
Solid Friction Coefficient (A) 0.998 N.m
Gravity Torque (7,) 3.445 N.m
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Figure 4. Transient responses of joint angles based on ADRC with RESO and FESO (without
disturbance).
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Figure 5. Transient responses of joint angular position with ADRC based on RESO and FESO
under load change.

The ADRC based on RESO shows better
robustness characteristics than that based on
FESO. The response based on RESO returns
quicker and has less peak than that based on
FESO upon load change. Therefore, one can
conclude that the RESO-based ADRC has
better load rejection capability than its
opponent.

The above argument and conclusion are
clarified based on the dynamics of tracking
errors due to ADRC with RESO and FESO as
shown in Figure 6 The figure indicates how

RESO could improve the tracking error and
robustness characteristics as compared to
FESO.

Figure 7 shows the control signals (torque)
applied to the exoskeleton system resulting
from both schemes of observer-based
controllers. It is evident from the figure that
less control effort with less chattering can be
obtained with ADRC based on RESO over that
based on FESO. One can conclude that better
control effort can be obtained by RESO
compared to FESO.
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Figure 6. Dynamics of tracking errors due to ADRC based on RESO and FESO under load
exertion.
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Figure 7. Behaviors of control signals resulting from ADRC based on both RESO and FESO in

the presence of external

6.2. Case IlI: Real Clinical Reference Input

In rehabilitation exercises of exoskeleton
systems of knee joint motion, there are
different reference trajectories are applied to
a controlled system like sin and cosine
functions. In this test, a real (clinical)
reference trajectory has been chosen (Zhou
et al., 2013; Sumit et al., 2020; Long et al.,
2017):

uncertainty (disturbance).

r(t) = 0.766 cos (0.mt) —
0.099 cos(mt) — 0.342 sin (mt) —
0.219 cos(2mt) +
0.168 sin(2mt) + 0.008 cos(3mt) +
0.084 sin(3mt) — 26.127

Using this real-like reference input, the
previous analysis can be conducted for
controlled systems based on two structures
of observers. Figure 8 shows the transient
behaviors of joint angles due to ADRCs based
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on RESO and FESO with a disturbance-free
system.

Figure 9 gives the corresponding error
dynamics according to Figure 8 To evaluate
the performance, the Root Mean Square of
Error (RMSE) is used as the measuring index.
Based on simple calculations, it has been
shown that the ADRC with RESO gives less
value of RMSE (0.5495) compared to that
based on FESO (1.9318).

The behaviors of actuating signals
(torques) for exoskeleton devices, due to the
schemes of observer-based ADRC, are shown
in Figure 10. The actuating signal based on
FESO shows a higher peak, at the startup of
transient response, as compared to RESO.
However, in this scenario, the requirements

of control efforts are higher than that based
on the step reference trajectory for both
controllers. In the next computer simulation,
the performances of both observer-based
controllers are assessed when the system is
subjected to a random load of Gaussian
distribution (mean=0, variance =1).

Figure 11 and Figure 12 show the tracking
responses of joint angles and their
corresponding errors, respectively, for the
knee rehabilitation system in the presence of
load disturbance. According to the
calculation of RMSE, it has been shown that
the RESO-based ADRC gives better tracking
accuracy than ADRC based on FESO, where
the first controller records (RMSE = 0.5514),
while the latter one records (RMSE = 1.915).

60 T T U T T T U —FESO

= —RESO
59

3 s0f 1 —Input signal r(t)
- 58.5
<]
g 40} 58 4
E 57.5
g’ 30F 57 ~
£ 0 56.5
K L =
% 2
£
c
=
-~
(2}
[*]
o

135_1.4 145 15

10F 16.5
159
0 15 s
14.5
305 3.4
-10 L L L L 1 L 1 1 L
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (s)

Figure 8. Transient responses of joint angular position with ADRC based on RESO and FESO
(without disturbance).

Position tracking error (deg.)

4 1 L L 1
0 1 2 3 4

6 7 8 9 10
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Figure 9. Dynamics of tracking errors due to ADRC based on RESO and FESO (without
disturbance).
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Figure 10. Behaviors of actuating signals based on RESO-based ADRC and FESO-based ADRC
with free disturbance.
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Figure 11. Time responses of knee joint angles based on RESO-based ADRC and FESO-based
ADRC subjected to random Gaussian noise load.
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Figure 12. Responses of tracking errors based on RESO-based ADRC and FESO-based ADRC
subjected to random Gaussian noise load.
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The behaviors of actuating signals have
been illustrated in Figure 13. There is high
spiking at the startup of transient response in
the case of FESO-based ADRC, while this
chartering disappears in the profile of RESO-
based ADRC. This study can be extended for
future work either by including recent
observation techniques or to design other
control schemes either for enhancing the
ADRC or for comparison in performance
(Hameed, 2017; Humaidi et al., 2018b;
Sanchez et al., 2021; Humaidi & Hameed,
2019a; Laaraba & Khechekhouche, 2018;
Humaidi & Abdulkareem 2019b;
Pourmahmoud et al., 2014; Humaidi et al.,
2018c; Amli et al., 2020; Humaidi etal., 2021;
Naima et al.,, 2018; Ajel et al., 2021;
Mahmoud, 2021; abed et al, 2021;
Bahatmaka & Kim, 2019; Al-Qadami et al.,
2020).

7. CONCLUSION

This study presents the design and
analysis of ADRC based on RESO for motion
control of lower-limb exoskeleton aiding in
knee joint flexion-extension exercises. The

proposed RESO-based ADRC is compared
with ADRC based on FESO. The comparison in
performance has been conducted between
two control schemes in terms of transient
and robustness characteristics via numerical
simulation. Both controllers have been
tested by applying different reference
trajectories and different load profiles. It has
been shown that the ADRC based on RESO
gives better transient behavior and better
load disturbance rejection capabilities. In
addition, the control effort produced by
RESO-based ADRC shows less chattering in
the transient mode of joint angle behavior as
compared to other control schemes. The
phase lag has substantially reduced due to
the proposed controller and the dynamic
system of the controlled system is better
enhanced.

8. AUTHORS’ NOTE
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Figure 13. Control signal comparison between RESO and FESO of ADRC subjected to random
disturbance
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