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ABSTRACT. In this research, a decoupling active disturbance rejection control (DADRC)
is developed to deal with the uncertainties and unknown disturbance in order to improve
the control of the direct-driven exoskeleton. The exoskeleton’s dynamic model during the
swing phase was built. The swing leg’s exoskeleton was then provided of a DADRC. Dy-
namic decoupler used in this work depends on physical model elements of exoskeleton and
controller parameters. The simulations were performed with comparisons to the coupling
active disturbance rejection control (CADRC) in order to validate the effectiveness of the
suggested control strategy. The results revealed that the DADRC is superior to CADRC
with a higher response and lower tracking error to the desired value, as well as the abil-
ity to alleviate some chattering phenomena with less torque. Root mean square error is
used as a performance index for comparison purpose. The DADRC approach reduces the
tracking error by more than 92.8% for the hip and 86.9% for the knee when compared to
the CADRC method. The rehabilitation system can follow the desired gait more precise-
ly with the suggested DADRC. In this research, MATLAB and SIMULINK are used to
simulate the controlled system.

Keywords: Lower-limb assistance, Exoskeleton, Decouple controller, ADRC, Human
gait tracking

1. Introduction. Exoskeleton research is currently receiving a lot of attention because
of its potential to improve human performance and aid in the recovery of some patients.
Exoskeletons for the lower limbs, upper limbs, and the entire body have all been devel-
oped during the past few decades thanks to advancements in robotics and mechatronics
technology. The lower limb exoskeleton, which has many mechanical structure types, ac-
tuators, and control techniques, has drawn significant attention from several institutes
throughout the world [1].

The exoskeleton design involves attaching the entire limb to the rehabilitation device
and controlling the limb to carry out intricate rehabilitation exercises locally or entirely
2,3]. Despite significant advancements made over decades of development, the exoskele-
ton’s control strategy still poses a significant barrier to its widespread use. Numerous
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solutions have been put up to address the exoskeleton system’s excessive coupling, nonlin-
earity, and randomness. Exoskeletons that boost load-carrying capacity are often handled
using a sensitivity amplification control, and this type of methods heavily relies on the
nonlinear dynamic model [4].

Various control strategies have been established for the advancement of lower limb
robotic rehabilitation exoskeletons (LLRRE) for human assistance. In the absence of
disturbance, proportional-derivative (PD) based control performs well [5], but typical-
ly suffers when the disturbance occurs in the system [6]. In [7], the active force rejection
control based on particle swarm optimization (PSO) is introduced as a method for reject-
ing disturbances in gait trajectory tracking, which necessitates the evaluation of numerous
parameters. Depending on how precisely the system is modeled, computed-torque con-
trol (CTC) [8,9] may need additional control to account for modeling flaws. Innovative
command rules formulation and inference testing in techniques [10] demand a lot of work.
Radial basis functions (RBF) neural networks are used to correct for the disturbance
but have high computational costs. Sensitivity amplified suffers from the introduction of
disturbance and requires an appropriate inverse dynamic model [11,12].

One solution in these situations is robust control techniques, although these methods
are conservative and take the worst-case possibilities into account at the expense of giv-
ing up the transient response [13]. Although the sliding mode control (SMC) technique
can regulate parameter variations and uncertainty, it has chattering issues because of
discontinuous switching [14]. To get over these contemporary control problems, active
disturbance rejection control, also known as feedback linearization because it is designed
on the basis of the linearization model. Han offered the ADRC as a way to eliminate
disturbances, and because of its higher functionality and usefulness, it was predicted to
displace the PID method [15].

Multiple controllers have been used to implement ADRC, including fuzzy control to en-
hance quick tracking [16], sliding mode control to provide robustness [17], and traditional
PID control [18]. Additionally, the SCARA robot uses the ADRC to track a predetermined
route [19]. All of these uses highlight the benefits of the ADRC in estimating external
disturbances. To the authors’ knowledge, however, reports about the use of the ADRC
in the lower limb exoskeleton are rare.

Its popularity in motion control [20], flight control [21], and process control [22] appli-
cations, as well as in many other fields [23], is demonstrated by the evolution and rapid
use of ADRC in industries over the past three decades. The architecture of ADRC is
created to achieve the best performance by actively eliminating the internal and external
uncertainties as a whole disturbance [24]. It is designed on error-driven control scheme
[15] as opposed to model-based control law and does not require full knowledge of the
model or system dynamics, i.e., it does not require an exact model of the system [25].
The ADRC is a model-free controller that just needs to know the system order and an
approximation of the value of the system parameters [26].

Due to its ubiquity and efficiency, ADRC has recently been applied to numerous robotic
rehabilitation devices for tracking purposes. In [27], where clinical gait data is employed
as a reference, a linear extended state observer (LESO) based ADRC has been used to
the lower limb exoskeleton for the hip and knee joints. When PID and ADRC results are
compared for the hip and knee trajectories based on error comparison, the results indicate
that ADRC performs better than PID. The lower-limb rehabilitation device, however,
cannot directly train a specific region of the limb; instead, it typically has a training
effect on the entire limb. In order to better understand how to increase the relevance
and effectiveness of training, the exoskeleton rehabilitation device has emerged as a new
research focus in the field of rehabilitation devices [28].

In summary, the majority of the existing rehabilitation equipment is centered on the
mechanical structure’s optimization, and the designer neglects to consider the user’s needs,
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particularly those of old or disabled users. In this study, we introduce an assistive lower-
limb exoskeleton and apply a decoupling control technique to providing stability control.
This is based on the understanding of the art and integrated with the user experience.
To confirm its viability in terms of the suggested design and control approach, simulation
and a human interaction test were performed. The following are the article’s primary
contributions.

1) To assess the needs of elderly or disabled users for rehabilitation training as closely as
possible, an active assistive lower-limb exoskeleton is explored in light of user experience.

2) To achieve the high safety requirements for the rehabilitation training, the decoupler
approximation-based position tracking controller is used.

3) The comparison tracking performance using the proposed DADRC method and the
CADRC method is shown, demonstrating that the elderly can be served by the produced
rehabilitation device.

The modeling of suggested exoskeleton system is provided in Section 2. The analysis of
ADRC approach has been presented in Section 3. In Section 4, the Decoupling Control
Structure Based on ADRC for Exoskeleton system has been analyzed. Section 5 con-
ducted numerical simulation and discussion of simulated results. Section 6 has drawn the
conclusions of this study based on simulated results.

2. Lower Limb Rehabilitation Exoskeleton Modeling. The link between the mo-
tion of the hip and knee joints and the control torque can be calculated using the dynamic
model of the lower limb rehabilitation exoskeleton. A simplified structure diagram of the
lower limb was developed in the sagittal plane, as seen in Figure 1, ignoring the impact of
ambient interference on the lower limb rehabilitation exoskeleton, we examine a 2-degree
of freedom (DOF) of lower limb rehabilitation exoskeleton. Anthropometric information
for a person weighing 74 kg and standing 1.69 m tall was published by [29], and this
information was used by [30] to create the dynamic model of this robot. A second-order
nonlinear differential equation can be utilized to define the dynamic model of the lower
limb rehabilitation exoskeleton robot, which is established using the Lagrange approach

30,31].
M©)(t) + C (e, 9’) 0(t) + G(60) + d(t) = u(t) (1)
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FIGURE 1. (a) Physical prototype of the exoskeleton; (b) the schematic
diagram of a wearable exoskeleton
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or, in matrix form as:

l My My } 6, n l Cn Ch ] 0, n [ dq (1) ] n [ G1(0) } _ [ s (t) ] @)
My Mo 0y Cor Oy 0, da(1) Go(0) us(t)

where 0, 9, and 0 respectively represent the angle, angular velocity, and acceleration of a
robot joint vector. M(6) € R*? are matrices of human limbs for each inertia. Coriolis

and centrifugal torque are given by C (9 9) € R?) . The torque of gravity (G(6)) has

one-dimensional vector € R, d(t) € R®*Y is the vector of external disturbance, and
u(t) € R®*Y indicates the control signal [30]. The inertial matrix M (#) can be represented
as below.

11(9) Il + 12 + Mfl(l’l) + Mf2<L1)2 + Mf2($2)2 + 2Mf2$12}2 608(92)
M12(9) Mgl( ) = IQ + Mfg(l’g)z + MfnglL'Q 008(92)
My (0) = I, + Mf2($2)2 (3)
The Coriolis and centrifugal force matrix C'(6) can be represented as the following:
Cll = —MfQLll'Q Sin(eg)ég
012 = —MfQLll'Q sin(92) (91 + 92)
021 = MfQLll’g sin(92)91
Cy =0 (4)
The gravitational item G(6) can be represented as
Gl = Mflllj'lg sin(@l) + Mfgng sin(@l) —+ Mfggl’g sin(91 —+ 92)
G2 Mfggl’g COS (91 —+ 92) (5)

The physical parameters of the simplified structure are shown in Table 1.

TABLE 1. The variables definition for LLRRE [30]

Parameters Definitions Units | Values
Ly Hip length m 0.54
Lo Knee length m 0.48
1 Center of hip mass m 0.2338
T Center of knee mass m 0.241

Mg Hip mass Kg 8
Mo Knee mass Kg 3.72
I Hip inertia Kgm? | 0.42
I, Knee inertia Kgm? | 0.07
g Gravity m/s? 9.8
014 Angular displacement of hip Rad —
O2q Angular displacement of knee | Rad —
6 Angular velocity of hip Rad/s -
05 Angular velocity of knee Rad/s -
0 Angular acceleration Rad/s? —
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3. General Form of ADRC. The extended state observer (ESO), which can estimate
dynamic uncertainty and applied torques without the need for a comprehensive system
model, is the core of ADRC. In order to approximately capture the overall system un-
certainties and external disruptions in real time, this efficient approach extends another

state. It is possible to formulate Equation (1) for a second-order nonlinear system as
follows [32-34]:

i—f (t,H,é,w) +b,T (6)
or in state-space form:
T = Iy
Ty = x3 + b, T
iy =f
y = (7)

where 6 is the desired trajectory signal that must be controlled, b, is a boundary that is
generally known, and 7T is the required torque. The term f addresses the joined impact
of the inner elements and external disturbances w. An extended state observer (ESO)
is utilized for this, which permits an approximate estimate task to be performed with
adequate accuracy for the algorithms functioning. When an ESO is used to estimate f
and it corresponds to the system (xy, zo, ..., Ty, T,11), there will be an accurate estimate
of (y,9,...,4" %, f). The observer of Equation (7), in this case takes the form of the most
widely used linear Luenberger-like estimator, which is [35-37]

b=AZ 40T+ L(z - 2)

g=0Cz (8)
where 2 = [2; 2 Z),]T are the vectors of estimates of y, ¢, and f, respectively. When
properly designed and implemented, the state of the observer equation (8) will track that
of the plant equation (6). The parameter vector L can be obtained using, for example,

the pole-placement method [38]. For the simplicity, let the characteristics equation for
ESO design be

Q(s) = [ST — (A= LO)| = (S + W,)° (9)
where S denotes Laplace-operator, I is a unity matrix, A is the system matrix, C' is the

output vector, and L is the vector of observer gains. The observer bandwidth can be used
to calculate the observer gains as follows

L=[3W, 3wz W2 ]

When estimate z3 and approximately equal to the total disturbance f, the following
control law can be obtained [15]:

T = (Uob_ f) (10)

So Equation (6) can be reduced to an approximate double integral plant: 6= U,, and
in this case can be easily controlled using a PD controller of the form:

Uo=kp (0a — 21) + kg (961—52) (11)

where U, is the output of the PD controller. Plainly, the critical thought in ADRC is to
appraise f continuously and drop it in the regulator law. For regulator tuning to calculate
k, and kg4, these qualities rely upon controller bandwidth W, as

ky = Wc2

kg =2W, (12)
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This is related to design specifications, specially the settling time T}, so that [39]

10
W, = — 13
" (13)
In this study, if selecting T = 0.4 sec, then W, = 24.5 rad/sec and the value (W) is
calculated as

W, = 4W,

Equation (6) can be repeated for hip and knee and design ADRC for each loop, as
shown in the next section.

4. Decoupling Control Structure Based on ADRC for Exoskeleton. The ex-
oskeleton leg dynamics model in this study is a multi-input, multi-output (MIMO) sys-
tem, depending on the robotic exoskeleton dynamics model represented by Equation (1).
The following is an expression for the mathematical model of a robotic exoskeleton:

M0y + Mygby + Cpi6y + Chaby + G+ Dy =Th
Mglel + MQQQQ + 02191 ‘l‘ 02292 ‘l‘ G2 ‘l‘ D2 — T2 (14)
where (11, T5), (01, 602) represent torques required and desired position trajectory for hip,
and knee, respectively. Equation (14) is programmed and needs two loops of ADRC in
order to verify the effectiveness of the proposed robust ADRC control with decoupling
effect between these loops.
And D = [D; Dy)T and T = [T7 Ty|", Dy and D, are external disturbances and

un-modeled dynamics, T} and T, are the input torques of the hip joint and the knee joint.
The next step is to transfer (14) to the state space expression:

1
My My — M21M12(

1
= My Ty — My 15 — H 1
Ny My — Mg My, 2 T1 — M = ) (13)

b,

M22T1 - M12T2 - Hl)

b,

where
Hy = (Mx»Chy — M12C21)91 + (M2Chg — M12C22)92 + MGy — M12Gy
+ Mo Dy — M2 D
Hy = (—My Ciy — M1y C91)0y — (M1 Crg — M1 Co)fy — Moy Gy + MG
— My Dy + M2 Do (16)
Equation (15) can be rewritten as
01 = Vi(MaoT) — MysTo) + hy
Oy = —Vi(Mx Ty — M1y T) + hy (17)

where
B 1

Myy May — My My’
The system in Equation (17) is decoupled by matrix D..

[ ViMy 0
m—( ! %Mh) (19)

So, the ADRC control law (U) for standard second order system (hip or knee) can be
expressed as

Vi hi=—HVi, hy =—H)V; (18)

U = [(kpe + kaé + Z3) — ] /bo
And according to this law, the required torque for each loop is
T=[ Bt =D7'+U = D" (kye + ka¢ — 23) /b (20)
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when z3 = f.

Figure 2 shows decoupling control structure based on ADRC. 0,4 and 054 are desired
hip and knee trajectories, respectively. TD is tracking differentiator, which gives the same
desired input signal and its derivatives.

ESO-Hipi«

8.
Bld _’ i TL -
s pD-Hap" : > >
I ——  controller Decoupling Exoskeleton
control System
Brg = Te
» PD-Knee i - i
™ . algorithm [——» -
» e controller 2

ESO-Kne%:

FIGURE 2. Decoupling control structure based on ADRC

Return to Equation (20), and assume that the control design objective is to make
the output of the plant follow a given, bounded, reference signal 6;;, whose derivatives,
éid, éid, ey 0%”), are also bounded. To study the stability for each joint (hip and knee).
Let us firstly consider the hip joint

ei="01g— 2, fori=1,2,... ,nandé= A+ A,Z, where
0 . 0 0 0 2
Ae==[_k i, }, Ag=1] 0 0 0|, z=|2 (21)
P 1 —kp1 —kq1 —1 23

where k1, kq1 are proportional and derivative controller gains, respectively. Similarly,
for the knee joint, repeat Equation (21), since all gains of (k,, k4) for hip and knee are
selected in such a way that, s? + kgqs + k, is Hurwitz, and A, is Hurwitz. For tuning
simplicity we just let [40]
s* 4+ kgs + k, = (s + W,)? (22)
where W, > 0. This makes W, the only tuning parameter such that
lim e;(¢) =0, fori=1,2,...,n

n—oo

From the above, it is shown that the closed loop system is asymptotically stable. The
same conclusion can be reached for knee joint.

5. Result Analysis and Discussion. On the basis of previous work, the MATLAB/Si-
mulink simulation of the DADRC for LLRRE was performed in this section, and the
CADRC controller was also used for comparison. The desired hip and knee joint tra-
jectories are established by the clinical gait analysis (CGA). You can utilize the fitting

functions listed below:
QM:L%m(%Q
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0y = —1.2in (2%1&)

where t is the time interval, which can be anywhere between 0 and 8 seconds. The same
gains for hip and knee (k, = 600, kq = 49), also the observer gains (L; = 288, L, = 28812,
Ly = 94119) are taken for CADRC and DADRC. The root mean square error (RMSE) is
used as the performance index for comparison while recording each performance [32,41].
The tracking results for the two controllers are displayed in Figures 3 and 4. All of the
data clearly demonstrate that these techniques can follow the desired trajectory to the
LLRRE system at a macro level. However, it is evident that DADRC performs better
than CADRC, particularly at the beginning of work. Additionally, there is no chattering
as a result of DADRC’s decoupler algorithm effect, and this is seen in both hip and knee
loops. From Figure 3, it is easy to find that the DADRC is able to track with the desired

input and rapid response at the beginning of 0.15 s, when compared with CADRC at 0.2
sec.

15

s DADRC
s Desired hip

1 /\ v /\ === CADRC

/=N

Hip (rad)

01 02 03

29 205 3 305 34
. i
e - 1 2 3 4 B 6 7 8

Time (s)

FIGURE 3. (color online) The results of simulations for hip tracking performance
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FIGURE 4. (color online) The results of simulations for knee tracking per-
formance
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In contrast to CADRC, which performs marginally worse with chattering as demon-
strated in Figure 5 for hip trajectory, DADRC is better able to follow the ideal trajectory
of human joints with less error. The similar analysis may be applied to the knee trajec-
tory depicted in Figure 6, but with higher inaccuracy because the knee’s initial starting
point is more divergent and noisy than the desired trajectory. Compared to CADRC,
the RMSE for DADRC to the hip joints are 0.0051 rad and 0.0712 rad for CADRC. The
knee position trajectory for DADRC is more accurate than CADRC, as evidenced by the
RMSE values of 0.016 rad and 0.1234 rad for CADRC.

01

of-* W

0.1

0.3

0.4

Hip trajectory error (rad.)

05

1 2 3 4 5 6 7 8
Time (s)

FIGURE 5. (color online) The errors of the two controllers for hip trajectory

05

s DADRC
s CADRC

=3

Knee trajectory error (rad.)
&

0 1 2 3 4 5 3 7 8
Time (s)

FIGURE 6. (color online) The errors of the two controllers for knee trajectory

The torques of hip and knee are presented in Figures 7 and 8. The driving torques
are large at the beginning in both of the joints. However, the max torque of two joints
using DADRC is the smallest at steady-state without chattering, while the outcomes of
CADRC are the biggest with more chattering due to the coupling effect between the two
joints. In general, the required hip torque is more than knee due to the starting moving
at the hip joint, so it needs more torque.
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FIGURE 7. (color online) The driving torque of hip
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FIGURE 8. (color online) The driving torque of knee

6. Conclusion. This paper presented a DADRC to control the LLRRE for a swing
leg tracking with the trajectories of human hip and knee joints. The simulation was
successfully completed with the application of this control strategy, and when compared
to the CADRC, the results demonstrate that the DADRC is capable of leading the leg of
the LLRRE to swing like a human, with strong anti-jamming capabilities, high tracking
performance, and a lower requirement for maximum driving torque in this work. As a
result, the current approach can be used to control LLRRE in swing phase and reject the
disturbance. When compared to the conventional position control approach, the DADRC
has the ability to perform admirably throughout the early stages of rehabilitation. It can
also be applied to various rehabilitation exoskeletons control. The target trajectory is
tracked using the proposed control method (DADRC), which proved that it is both faster
and more accurate than the CADRC for both joints. DADRC requires less power to start
moving the D.C. motor (175 N-m for the hip and 50 N-m for the knee) than CADRC, which
requires 250 N-m for the hip and £50 N-m of variable torque (chattering) throughout
the entire task for eight seconds.

The DADRC will eventually be developed and expanded to a physical exoskeleton pro-
totype for additional validation and practical use of the suggested technique in future. To
conduct a comparison research for this medicinal application, alternative control strategies
could be recommended [42-50].
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