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1 | INTRODUCTION

Mohammad Habibur Rahman?

| Maarouf Saad?®

Abstract

This study addresses two issues about the interaction of the upper limb rehabilitation
robot with individuals who have disabilities. The first step is to estimate the human's
target position (also known as TPH). The second step is to develop a robust adaptive
impedance control mechanism. A novel Non-singular Terminal Sliding Mode Control
combined with an adaptive super-twisting controller is being developed to achieve this
goal. This combination's purpose is to provide high reliability, continuous performance
tracking of the system's trajectoties. The proposed adaptive control strategy reduces
matched dynamic uncertainty while also lowering chattering, which is the sliding mode's
most glaring issue. The proposed TPH is coupled with adaptive impedance control with
the use of a Radial Basis Function Neural Network, which allows a robotic exoskeleton to
simply track the desited impedance model. To validate the approach in real-time, an
exoskeleton robot was deployed in controlled experimental circumstances. A comparison
study has been set up to show how the adaptive impedance approach proposed is better
than other traditional controllers.

KEYWORDS
adaptive control, impedance model, robust control, super twisting controller, upper limb rehabilitation robot

patient. Extensive research has been conducted in several
disciplines of robotics, particulatly on wearable robots, such as

Several medical conditions can cause limited mobility. Spas-
ticity, relaxation and involuntary muscle contractions are ex-
amples of these. Meanwhile, more chronic cases are frequently
caused by sensory paralysis due to a variety of causes, including
cerebral palsy, stroke, muscular dystrophy or polio syndrome
[1]. Aging is also frequently associated with decreased mobility
[1]. This places a strain on their families, communities and the
country as a whole. According to the authors in Ref. [2],
rehabilitation programs are the most effective method for
encouraging functional recovery in these patients. Traditional
rehabilitation necessitates a lengthy commitment from a ther-
apist or doctor [2]. Unfortunately, qualified therapists are in
short supply. In addition, therapy usually takes a very long time
and requires the therapist to spend many hours with each

exoskeleton robots [3—7]. A rehabilitation robot can be used to
provide various passive, active, active-assisted and virtual
rehabilitation therapies to patients undergoing upper limb
rehabilitation. A robotic rehabilitation system can perform
repetitive therapy treatments without tiring or limiting the
patient's dosage [8, 9].

Patients in the “active rehabilitation therapy’
tice a variety of functional activities (e.g., grasping and reaching

>

mode prac-

movements) and receive occasional visual and haptic input
(e.g., visual feedback and haptic feedback) [8]. The patient's
ability to perform daily tasks on his or her own can be eval-
uated and encouraged through the use of active-assisted
rehabilitative motion. Some robotics solutions are cumber-
some and bulky, making them incapable of providing guided or

Abbreviations: ABC, a black cat; DEF, doesn't ever fret; GHI, goes home immediately.
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active rchabilitation therapy. Rehabilitation and assisting ro-
bots' user-friendliness depended heavily on compliance control
[10]. The patient's force can be accommodated by the aided
robot through compliance control. Exoskeleton robots are
capable of tracking the wearer's movement in this scenatio,
allowing for human-exoskeleton cooperation [11]. In compli-
ance control for rehabilitation robots, one of the most difficult
issues is predicting the specific human's planned motion so
that the exoskeleton robot does not become a load when the
patient desires to change motion. By using Neural Networks
(NNs), several studies have attempted to forecast human's
target position (TPH) [12-15]. The following are the most
common drawbacks of these approaches: (1) The training
procedure must be restarted if the human's purpose changes
throughout the run time; (2) During the training process, TPH
is required, which might be challenging to acquire in real-time;
and (3) the NN has to be taught to each patient before
beginning. Even when a person modifies their intended mo-
tion, TPH remains accurate because of an updated law pro-
posed in this research. Furthermore, there is no requirement
for the real TPH in the proposed solution. This study presents
an updated law to online tweak the NN weights, allowing TPH
accuracy to be maintained despite alterations in human-
intended movements. Furthermore, the exact TPH is not
required for the proposed approach.

Control strategies for uncertain non-linear systems (Euler-
Lagrange (EL) systems) have traditionally employed adaptive
and resilient control procedures [16, 17]. Costly calculations of
system parameters and controller gains are required for adap-
tive control, but not for robust control [18]. Strong control is
nevertheless constrained by the need to set the uncertainty
bound in advance. The switching law advantages are overstated
if not correctly defined, as is the case with sliding mode control
(SMC) [19] and robust outer-loop control [20]. This causes
unwanted chattering and a loss of control accuracy [21], which
has led researchers to examine the benefits of combining the
two techniques into an adaptive-robust control method.

Subsequently, several finite-time control strategies, such as
terminal SMC (TSMC) [22, 23], have been developed to limit the
occurrence of chattering. Although TSMC permits the
achievement of finite-time control, it still presents a slow
convergence speed and singularity issue. As a solution, fast
TSMC (FTSMC) [24, 25] and non-singular TSMC (NTSMC)
[26] have been conceived and investigated. These techniques,
FTSMC and NTSMC, have effectively resolved the problem of
fast finite-time convergence, but they have failed to address the
singularity issue. Consequently, non-singular FTSMC has been
developed as a method that satisfies both requirements [27, 28].
The integral SMC (ISMC) [29] and the proportional-integral-
detivative SMC [30] both had the ability to improve the SMC's
transient responsiveness as well. Integral TSMC [31, 32], on the
other hand, was designed based on both ISMC and TSMC to
achieve both quick transient response and finite-time conver-
gence. All of the previously described control systems are,
however, interconnected or strongly based on more traditional
control approaches, and this should be noted. As a result, all of

SMC's previously identified flaws persist, leading to the current
state of the art.

Recent studies have led to the development of a second-
order control known as super twisting [33]. This controller is
one of the most efficient algorithms, according to the authors
in Ref. [34]. In addition, super twisting ensures that the sliding
surface and its derivative will converge to zero in finite time in
a theoretically precise manner. However, from the perspective
of chattering, the twisting controller is the worst option
because the profits must be at least twice as large as the upper
limit of uncertainties. In addition, the amplitude of chattering
produced by the twisting controller is greater than the ampli-
tude of chattering produced by the linear sliding surface relay
controller. In addition, the upper-bound uncertainties are not
always accessible in real-time, particularly when rapid dynamic
motion is present.

Motivated by the challenges raised above, this work suggests
a unique control method to address two issues concerning the
upper limb rehabilitation robot's collaboration with impaired
individuals. (1) Estimation of the exoskeleton's weater's TPH.
(2) Robust adaptive impedance control to ensure joint position
state convergence to the TPH. A Radial Basis Function Neural
Network (RBFNN) was created to tune online and deliver an
accurate estimation of the subject's TPH. As the rest position of
a desired target impedance mode, the expected intended motion
is merged into the created impedance control. Then, adaptive
super twisting with strong adaptive impedance control is
devised. However, because the top bound value of the matched
uncertainties can be established in advance, the gains of the
twisting controller should be at least twice as large as the upper
bound value of the uncertainties, which generates chattering. To
address this issue, a novel Non-singular Terminal Sliding Mode
surface (NTSMS) was created, specifically to address the sin-
gularity problem and significantly improve transient perfor-
mance. Following that, finite-time stability analysis for NTSMS
was performed, demonstrating the system's stability. Second, an
updated law control is intended to modify the upper bound of
the uncertainties, allowing them to be rejected while reducing
unwanted chattering. Finally, the experimental results from test
cases performed with an exoskeleton robot supported the
suggested control scheme's higher real-time performance. The
following are the key contributions investigated in this study:

® Based on the patient's exerted force, an intelligent approach
is given to forecast the desired TPH.

® A human-robot collaboration impedance model is con-
structed. The estimated desired motion has been included in
the impedance control of the exoskeleton robot, causing it
to actively pursue its wearer.

® To achieve finite-time convergence, fast transient response,
minimal chattering and prevent singularity, an adaptive
super-twisting control based on a novel non-singular ter-
minal sliding mode surface was developed.

® The updated law was created to account for unknown dy-
namics. Prior knowledge of the upper bounds of particular
unknown system parameters was not required in advance,
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allowing the super-twisting approach to overcome its well-
known limitation.

® Experiments were carried out to assess the suggested con-
trol scheme's performance in terms of providing a quick
transient response, a minimal steady-state error and mini-
mised chattering.

This papet's remainder is structured as follows: In Sec-
tion 2, the overview and problem description are provided.
In Section 3, the estimated TPH based on machine learning
is shown. Section 4 details the novel sliding surface and
adaptive super twisting with its stability analysis. In Section 5,
the assisted exoskeleton robot is illustrated. Experimental
results and comparative study are shown in Section 6. Finally,
conclusions and potential future work are discussed in
Section 7.

2 | PRELIMINARIES AND PROBLEM
FORMULATION
2.1 | Problem formulation

The dynamic behaviour of the exoskeleton robot with n-DOTFs
can be characterised as follows:

M(g)g+2(g.9) =7~]" (@)f () (1)

with
n=<,(q): 1=]@)¢ i1=]a)i+] (@4 (2)

where g € R" is the joint position of the robotic exoskeleton,
while 7 € R” is its Cartesian position. M(q) € R™*" is the inertia
matrix, Z(q,q) = C(q,4)g + G(q) with C(q,q) € R™*" is the
centripetal and Coriolis term and the gravitational term of the
robotic exoskeleton, respectively, J(g) € R™” is the Jacobian
matrix of the exoskeleton, and {(g) is the direct kinetics of the
robotic exoskeleton. f(¢) € R” represents the interaction forces,
and 7 € R” is the torque input.

Using impedance control, the exoskeleton is instructed to be
flexible in response to the wearet's force. The base impedance
model dominates the dynamic of the robotic exoskeleton by the
following equation:

My(ii = iig) + Caln = 0a) + Galn =ng) =f(£) ~ (3)

where 7 is the Cartesian measured position of the robotic
exoskeleton, and 74 is its Cartesian rest position. My, Cyand G,
are the intended inertia, damping and stiffness matrices,
respectively.

In Equation (3), the exoskeleton robot's location 7 is gov-
erned by the interaction force f{z). From the patient's perspec-
tive, it is similar to transferring an object with inertial/mass M,
damping C; and stiffness G, from 54 to 5. If 5y and 5

differ greatly, the patient needs more strength to move the ro-
botic exoskeleton. If the exoskeleton “knows” the wearet's
intended motion and adjusts 77,4 accordingly, the patient will use
less force.

2.2 | Preliminaries

The equation (Equation 1) can be rewritten due to un-
known dynamics, load variations and uncertain parameters
as follows:

My(9)g + Zk(q.9) +T1(q,4.9) =7~ (9f (1) (4)

where I1(q, ¢, §) is referred to as follows:

(g, 4,9) = Mu(q)d + Zu(q,4) (5)

where *g represents the known term of * while ¢f; is the part
that is uncertain. It is possible to rearrange the dynamic model
in (Equation 4) as follows:

§=N(q.9) +gl@r+U (6)

where  N(2,4) = Mz (@) (Ze(q.4) +J7(@f(9)) s the
non-linear dynamic vector that is well-known, U = —M,}l (9)
I1(q,4,4) is the bounded matched uncertainty and g(g) =
M5! (g) is the control matrix.

The primary purposes of this study are to design an
impedance-adaptive super-twisting control strategy that gua-
rantees: 1) The estimation of the subject's target position gy
based on a smart approach, 2) The robotic exoskeleton
expressed in Equation (1) can follow the generated trajectory
with high accuracy, even in the presence of matched dynamic
uncertainty and 3) A fast transient response and finite-time
convergence of the dynamical system of robotic exoskeleton.
In this regard, the following lemma and assumption are deemed
verified in the subsequent section:

Assumption 1 The matched uncertain function U; for 1 = 1,
..., n are bounded:

|U| < Q;
where Q; >0 fori =1, ..., n.
Lemma 1 [35] For any constants ¢; > 0 and 0 < ¢; < 1, an

extended Lyapunov condition of finite-time stability can be
given in the form of a fast terminal sliding mode as follows:

n
V+ZC1V‘2<O
=1

where the settling time can be estimated by:
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1<V )
Cq (1 - Cz)

with V(x) being the initial value of the Lyapunov function.

3 | ASSIMILATION OF THE TPH VIA
RBFNNS APPROACH

The damper and spring elements are widely used to regulate
the impedance model, as discussed in Ref. [15]. The impedance
model (Equation 3) can thus be reduced to the following
equation:

Cait + Galng —n) =/ (1) ()

Consider the fact that the parametetrs Cy; and Gy ate
not linear and change when the uset's upper limb position
varies in the dynamic model (Equation 6). The TPH, on
the other hand, may be derived using the force produced
by the user during the interaction between the exoskeleton
and the user, the real position #, and its derivative 1 as
follows:

Ang=F(i,n.f) = F(2) (8)

In order to arrive at the following prediction for TPH (gy):

Q1) = Q@) + ¢ (Ang) (9)

where ¢'(An,) is the exoskeleton inverse kinematics so-
lution. The actual discrete position is represented by gy,
and the next discrete value is represented by gy, ). The
user's target position can be predicted if A, is approx-
imated in this case. RBFNNs are employed to achieve
this goal. The RBFNN framework is depicted as follows
[36]:

Ay =F(z) = WTd(2)
D(2) = [y (2), s (2), ... oy (2))
<z—pi>T<z—pi>] 10)

i

¢i(Z)—€XP[
i=1,2,..1

where, z= {fT,nT,i]T} ! € R™ represents the input of
RBENN, W = [w,w,,".., @] € R*” [>1 is NN nodes
numbet, w; € R™. W represents the ideal weight vector. p; is
the centre of the receptive field and ; is the width of the
Gaussian function.

According to the outputs of RBFNN, the TPH can be
updated as follows:

Mgy =W @(2) + w (11)

where @ represents the estimation error, W represents the
estimate of the ideal weight W, and @ has the identical defi-
nition as that determined in Equation (10). It is known that @
can be made artificially small, if / is adequately high.
Moreover, @;(z) is achieved by collecting z data, which are
actual position, velocity and forces of the subject and W is
collected by applying a back propagation algorithm [37] in
Equation (11). The goal is to have the exoskeleton robot
“actively” push towards the uset's target position, hence mini-
mising the interaction force f Therefore, W is updated in the
direction of the steepest descent relative to the cost function, so

1
Ti=>f; (12)
2
Hence,
X oT;
Wi = d’—A
aW;
aT; dof; ony;
=—d—= /i di (13)
ofi Oy OW;
— _ ﬂ/fi afi a’ldi
andi oW,
where 4’ > 0, the term % can be obtained from Equation (7)
as follows: l
afi
G (19
0ng;
and % can be obtained from Equation (11) as follows:
0 4;
v i(2) (15)

Combining Equation (14) and Equation (15) into Equa-
tion (13) is as follows:

V;Vl' = —aﬁq)i(z) (16)

where @ = 4’ Gy;, while Gy; is an unknown parameter, it can be

absorbed by a.

4 | CONTROL DESIGN AND STABILITY
ANALYSIS

Tracking error e = g—¢qy is defined as the difference between
the actual position g and g, provided by Equation (9), which is
regarded to be TPH. The proposed surface is designed as
follows to achieve a fast transient response and finite-time
convergence without any singularity problem:
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o= e+ Aélsign(é) (17) 1, if 6i>0

sign(o;) =4 0, if 6;=0 (22)
where 4; > 0 is the positive constant, |é|ﬁ = diag([|é, |ﬁ7 e —1,if 6:<0

léq)]) with 1 < < 2.

Theorem 1 The suggested sliding surface (Eq.17) is capable of
achieving a stable and rapid response to finite-time conver-
gence. Moving from e(T,) # 0 to e(T, + T,) = 0 takes a finite
time T, that is denoted by

V@)

To(l-p)
here v = (L) 727 and p = 2 with th i f th
where U = Z an M_TWR testartlng state of the

Lyapunov function being V'(e).

Proof: See Appendix A.

4.1 | Design of robust super-twisting control
based on non-singular fast terminal sliding
mode surface

The first derivative of the designed sliding surface (Equa-
tion 17) can be determined as follows:

6 =¢é+y(é)é=eé+y(¢)[N(g,9) +glg)r+ U=-4,]
(18)

where y(é) = A |é|ﬁ ~! The following is the definition of the
chosen Lyapunov function:

1
Vi= EGTG (19)

Differentiating V; by using Equation (18) gives the following
equation:

V1 = GT(.T

Ths o : ) (20)

=o' [¢+w(é)(N(g,9) +8(@)r + U=4,)]

The closed-loop of the system based on super-twisting
control can be given as follows:

é+y(é)[N(g,9) +8(q)7 + U=y = =0
t (21)
— K1 A(o)sign(o) — K, / sign(o)dt

0

where  A(o) = diag(|0'1|0'5, e \6n|0'5), K, e R™" and
Amin(&K) > 0, K» € R and Apin(Ky) > 0, 4, € R™” and
Amin(A2) > 0, and sign(o) = [sign(oy), ..., sign(a,,)]T is detet-
mined such that

Then, resolving (Equation 21), the proposed robust super-
twisting control based on non-singular terminal sliding mode
control is designed as follows:

t=y(e)'g(q) ™ (1tn — o) (23)

where

wy == (€)(N(q,9) = ) — ¢ (24)
and

t

Uy = po + K1 A(o)sign(o) + K, / sign(o)dt  (25)
0

where w(e)™ = /1?11—1 |é[*”. Substituting the torque input (23)
in V (20) yields

V=0 (y(e)U — A0)

t

+ ol (—KlA(o)sign(a) -K, / sign(a)dt)

0

n
=Y = o = Kyl
i

n t
- Z —oiy;(é;)U; + Kyio; / sign(o;)

i (26)

Based on Assumption 1, assuming that U, is a bounded
smooth known function that can be expressed as follows:

Q= (&) o]’ (27)

where y is a positive constant. In the case where ¢; > 0 and
sign(o;) = 1, V' (Equation 26) becomes

Vi==Y loil(Aaloil + Kuiloi|* = yi(é) Ui + Koit)
=1

(28)
n
< Z - /121'6? + |0i|1'3()( - Ky;) — Ksiloilt
=1

To ensure that (Equation 28) is negative semi-definite, it is
required to achieve the following sufficient condition:

Y<Ky (29)
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When o; < 0 and sign(o;) = —1, v, (Equation 26) Utilising Assumption 1, the Equation (35) further yields
becomes

- Z\Gi| (Zailoi| + Kiiloi|™> = (&) U + Kait)

i1
n
<Y —hio; + loi|"* (x = Kui) — Kailoilt
(30)

As a result, V' is negative semi-definite if the condition in
(Equation 29) is satisfied. The closed-loop system's stability is
thus demonstrated.

4.2 | Design adaptive robust supet-twisting
control based on non-singular fast terminal
sliding mode surface

In real-time, it is difficult to estimate the bound value of matched
uncertainty in advance. As proposed in the Equations (23)—(25),
it is assumed that the upper bound value of the unknown
function € could be obtained in advance. An adaptive law is
designed in this section to resolve this issue as follows:

g(Q)_l(”ém — ;) (31)

where #, is proposed just similar to in Equation (25), and the
adaptive law can be re-designed as

Ugn = _U/(e) (N(q7 q) + Q - qd) —é (32)

where Q is employed to estimate the matched uncertainty U. It
is approximated by utilising the updated law:

O =@l (33)

where ¢ is a positive constant. It is worth mentioning that the
above law will always fulfil Assumption 1. Let Q = Q — Q be
the estimation error. The following Lyapunov function is as
follows:

Q (34)

The derivative of the Lyapunov function (34) can be ac-
quired as follows:

V, =V, +e0'O

e
=Ty (&)U - 6Ty ()@ — 6T ho + @ y(6)o (35)

+oT (—K1A(a)sign(o) e / sign(o)dt)

t

0

Vs < —oTw(6)Q — 6T doo + Q@ y(é)|o]

ol (—K1A(a)sign(a) -k, / [ sign(a)dt)

0
- Z /1210- - Klz|o-z|

O'zl//z(el)

n t
- Z—|(fi|l//i(éi)£2i +K2i0i/ sign(o;)
i1

0

(36)

When o; > 0 and sign(o;) = 1, V, (Equation 36) becomes

= > loil(ailoil + Kuiloil™ + wi(é) Qi = wilé) 2

=1

+ Kt)

< Z /12,0'

K11|61| = Kailoi|t
(37)
It is clear that Equation (37) is negative semi-definite. In

the case where 0; < 0 and sign(s;) = —1, V, (Equation 36)
becomes

Vo= =Y |oi|(Aailoi] + Kuiloil™ + w;(é1) Qs — wi(6:)Q
=
+K2il')

n
<3 —lyio? — Kyjley|'?

=1

_K2i‘6i|t

(38)

Consequently, Vz is negative semi-definite without the
satisfying condition in Equation (29). Hence, the closed-loop
system stability is proven. The scheme of the proposed
approach is illustrated in Figure 1.

5 | ROBOTIC EXOSKELETON
DEVELOPMENT

Rehabilitation robots have human-like anatomy so that they
can improve and rehabilitate human upper limb mobility.
Humans may wear a MARSE robot that moves in unison with
their own body movements. Furthermore, MARSE's design
was derived from human arm anatomy and designed to be
suitable for exoskeleton users partaking in physical and/or
occupational therapy activities. The structure of the developed
MARSE robot worn by a human is depicted in Figure 2
(human-robot interaction). The scapulohumeral (shoulder)
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FIGURE 1 (a) The assimilation of TPH. (b) The suggested controller. TPH, human's target position
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Wrist Joint

(A) (B)

FIGURE 2 (a) The human-robot collaboration, (b) The exoskeleton
reference frames (MARSE) [39]

joint is in charge of a number of upper limb movements. The
first two joints are responsible for vertical and horizontal
scapulohumeral extension/flexion movements, while the third
joint is meant to rotate the shoulder inward and outward. A
single joint is employed to complete the flexion/extension
motion of the elbow in the elbow portion. The wrist is made
up of three joints that make up the last part of the upper limb:
The first joint is responsible for forearm pronation and su-
pination, whereas the second and third joints are responsible
for ulnar/radial deviation and flexion/extension movements,
respectively. In comparison to other exoskeleton robots, the
MARSE robot boasts a number of unique features, including
the ability to be worn comfortably, a high power-to-weight
ratio and a low weight. It can also correct for gravity as well
as conduct a variety of upper limb movements. Our earlier
published paper [38] can be helpful to newbie readers.

6 | EXPERIMENTS VERIFICATION
AND COMPARATIVE EVALUATION
6.1 | Experiment description

On the MARSE exoskeleton robot, a real-time implementation
was conducted to validate the control strategy. The real-time
configuration consists of three treatment units, as depicted in
Figure 3. The first is a desktop computer on which LabVIEW
2017 is used to construct the human-machine interface. The
second consists of a National Instruments PXI unit with a
sampling period of 500 us for the top-level control and 50 us for
the low-level current control loop. Robotic exoskeleton joints
are powered by brushless DC motors (Maxon EC-45 and
Maxon EC-90) and integrated harmonic drives (gear ratios of
120:1 for motors one and two, whereas 100:1 for motors 3-7).
The force senor (RFT60-HAO1 from Robotous Inc) is installed
at the robot's very tip. In order to stimulate and evaluate the
subject's performance, the MARSE robot is equipped with a
Virtual Reality (VR) system that includes some function therapy
exercises. Due to the mobility nature of the human's upper limb,
the ethics commission has mandated that three distinct stan-
dards of safety be met at all times: First, a mechanical stopper
that takes the subject's anatomical 7-DOFs into account; sec-
ond, a software security level determined by torque control; and
third, a manual security level determined by the user. As seen in
Figure 3, the control system design is presented.

In order to experimentally evaluate the suggested controller
(Equation 31) and TPH estimation (Equation 9) and (Equa-
tion 11), a healthy human subject wore the MARSE robot and
was guided to perform the actively assisted activity. Using
Equation (9), the resulting trajectory is updated online. In VR,
geometric forms represent the active rehabilitation tasks that the
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FIGURE 3 The Experimental platform

user must complete. The subject is asked to produce a force
proportional to that of the virtual shape he is following from its
origin to its destination in VR. Here, the subject performs all the
tasks, while the exoskeleton robot only follows. In these test
cases, a rectangle configuration was chosen. It is important to
note that the pink colour in Figures 4 and 5 represents the pa-
tient's directed rectangle trajectory (Start position-Target 1-
Target 2-Target 3- start position), in order to demonstrate that
our algorithm respects the patient's desited motion intention
(TPH). Joint angles were initially set to 0° for the MARSE,
except for the elbow, which was set to 90° for all trials. The initial
values of the control scheme were chosen as: My = 0.01/,
Cy=0.08l5x¢, G4=0.001/;sand y = 0.1. The number of NN
nodes is / = 10, and the NN's parameters in (Equation 10) are
pi=0and m;=1fori=1,2, ..., 10. The adaptation ratio in
(Equation 16) is @ = 0.01. In the updating law, given by
(Equation 33), parameters were set to be: &€ = 0.15. The
controller parameters were manually defined to be:
Ki=51Ly7, Ko =115y, =154 =52and A, = 2.3. It s
worth mentioning that the MARSE robot was conducted by
subject] (age: 28 years; height: 168 cm; weight: 70 kg).

6.2 | Experimental results and analysis

The results of the experiments involving human-exoskeleton
robot collaboration under the control law defined by (Equa-
tion 31), an estimation of the TPH (Equation 9) and (Equa-
tion 11) by using machine learning methods, RBFNNSs, are
shown in Figures 4, 6-8. In general, all of the findings demon-
strated an efficient and smooth functioning, as shown in Fig-
ures 4, 6—8. The high Cartesian tracking performance of the

subject exoskeleton manipulator in VR is demonstrated in
Figure 4. From this figure, it may deduce two important pieces of
information: First, the TPH is quite accurate, which makes it
possible to follow the lines of the rectangular in VR perfectly.
Second, the suggested controller ensures that the exoskeleton
robot swiftly follows the TPH of the subject. Figure 6 demon-
strates that the suggested controller achieves a high level of
performance with regard to joint tracking. This performance
is achieved mostly as a result of the smoothness of the TPH
when the machine learning operation is being performed
(Equation 11).

At the same time, Figure 7 demonstrates quite plainly that
the joint tracking errors decrease to levels close to zero in
accordance with the control law (Equation 31), with a relatively
high rate of convergence. Figure 8 displays an acceptable con-
trol input (7) of the suggested method, which does not have an
undesired chattering problem, with the exception of some
chattering in joints six and seven. Therefore, the suggested
control method exhibited good results despite the exoskeleton's
dynamic model being subjected to unknown dynamics and
online production of the reference trajectory. This was the case
although the reference trajectory was generated online. As a
result, the proposed control method produced satisfactory
results.

6.3 | Comparative analysis

In the second scenario, The TPH of the subject: (age: 31 years;
height: 170 cm; weight: 91 kg) is obtained by an optimisation
approach [38] and was tracked using the conventional super-
twisting controller [34]. The goal was to emphasise the
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FIGURE 4 The Cartesian tracking performance of the human-exoskeleton robot in Virtual Reality (VR) under the proposed controller (Equation 31) and

TPH estimation (Equation 9 and Equation 10). TPH, human's target position

L9

OO

s The patient's directed trajectory

me=====_ The patient's performed trajectory

FIGURE 5 The performance of the human-exoskeleton robot's Cartesian tracking in VR using conventional approaches [34, 38]

benefits of the suggested adaptive impedance technique over
other controllers.

The findings obtained using the conventional techniques
[34, 38] were also satisfactory, as shown in Figures 5, 9-11.
When Figures 4 and 5 are compared, it is clear that the esti-
mation of TPH obtained through the learning strategy is su-
perior to that obtained using the optimisation approach. The
performance of the suggested controller in tracking the trajec-
tory is shown in Figure 6, and it is supetior to the performance

of the conventional technique shown in Figure 9. It is important
to remark that the suggested control input in Figure 5 is
significantly smoother than that of the conventional controller,
in which there is unwelcome chattering, as illustrated in
Figure 11, particularly in joints two,three,four and five. These
findings provide conclusive evidence of the higher performance
of the Impedance Learning Adaptive Super-Twisting Control
strategy, which was proposed, in comparison to other conven-
tional control approaches.
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TABLE 1 Controllers performance

Conventional Proposed
Regulator variables controller [34, 38] controller
RMS (ey) (degrees) 2.10 1.392
RMS (e;) (Degrees) 3.814 2.019
RMS (e3) (Degrees) 1.987 1.511
RMS (e4) (Degrees) 4.422 1.5074
RMS (es) (Degrees) 1.284 0.558
RMS (g6) (Degrees) 0.922 0.5909
RMS (e;) (Degtrees) 1.564 2.0998
Execution time of TPH 1.25 ms 500 ps

6.4 | Quantification of comparative study
Following the performance evaluation of the proposed approach
scheme, a comparative quantification study was carried out to
compare the performance of the intended control technique to
conventional ones [34, 38]. The proposed RBFNNs algorithm
was compated to an optimisation approach [38], both of which
were used to estimate the subject's TPH. The proposed adaptive
controller was then compared to the conventional control
approach in another sensitivity analysis [34]. Table 1 summarises
the Root Mean Square of joint errors and TPH algorithm
execution time for each approach. Itis evident that the proposed
impedance controller consistently provided satisfactory tracking.
This was the case despite the fact that the desired trajectory,
TPH, was generated online, which could have negatively
impacted the control system by causing a delay, and despite the
fact that the exoskeleton's actual model dynamics were absent
from the control law. While the conventional controller also
produced acceptable results, its tracking error was significantly
greater than that of the proposed controller. In addition, the
TPH execution time provided by the RBFNN algorithm was
significantly faster than that of the optimisation strategy [38].
This property summarises the effectiveness of combining the
proposed controller with the RBFNN algorithm to generate an
accurate trajectory in real-time. Consequently, the results
confirmed the superior performance of the proposed controller
in comparison to other conventional methods.

7 | CONCLUSIONS

In this article, two issues pertaining to human-exoskeleton robot
collaboration were investigated. In each case, the TPH was
approximated by making use of an impedance model and force
feedback. The RBFNN is utilised in order to estimate the TPH,
with the subject's force serving as the primary input. In order for
the robotic exoskeleton to aggressively follow its wearer, the
estimated TPH was set into the impedance control system and
implemented in the exoskeleton. In order to provide finite-time
convergence, fast transient response, less chattering and avoid
singularity, a new adaptive impedance controller that is based on

super twisting and that is combined with a new novel NTSMC
was designed. The matched dynamic uncertainties were auto-
matically covered by an updated law. The well-known limitation
of the super-twisting algorithm was successfully circumvented
because it was not necessary, in advance, to have prior knowl-
edge of the upper bounds of the individual uncertain system
parameters. The TPH method has been verified, and the viability
of the new controller has been tested, despite the fact that the
exoskeleton's dynamic system is subject to matching un-
certainties. Experimental results and a compatison study have
been supplied. As part of future research, the impedance
controller that was presented will be put through its paces on
real-life stroke victims (individuals who have lost the motor
function of their upper limb) to evaluate the robustness and
precision of the proposed method.
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APPENDIX A

Let 0 = 0 in Equation (17), means that 6; =0,:=1, ..., n. For
o; = 0, we find e= -4 |éi|ﬁsign(é,-). For é; >0, we have
|éi|ﬁsign(éi) = elﬂ and for é; < 0, we have |éi|ﬁsign(éi) = e{j We
can conclude that e = —ﬂléf. In light of this, we can find

b= (;1)’%(@);, . (L)ﬂeﬁsign(ei) (A1)

If we take the Lyapunov function to be given by
1 n
V=2 > g (A2)
=1
Derivative in time of Equation (A2) yields

V= i ;é; (A3)
=
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By putting Equation (A1) into (A2), we get

. i 1 % 1,
v=->_ (Z) leif? eisign(e:)

=1

P INE
—Z (Z) lei| 7 (A4)

o
> (5)
=\

Equation (A4) can be rewritten as follows:

V+> 0V <0, (A5)

=1

1 /l’ e 1+p :
where v = i) 27 and p = R So, it stands to reason that

V' <0. The settling time can be roughly calculated using
Lemma 1:

Vl H (6())

€

To(l-p) (16)

Therefore, the proof is conclusive.

Remark The finite-time convergence (75) is controlled by the
parameters V(ep) and ;—1 in (AO). Simply said, a large enough
number for A; guarantees a fast convergence time, and the
converse is also true. In order to achieve an optimum
tradeoff among transient response speed, finite-time
convergence and control performance, it is necessary to
fine-tune the ratios /11—1
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