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PD Based Fuzzy Sliding Mode Control of A
Wheelchair Exoskeleton Robot

Long Teng, Member, IEEE, Muhammad Ahsan Gull, Student Member, IEEE, and Shaoping Bai, Senior
Member, IEEE

Abstract—Wheelchair upper-limb exoskeletons can offer
a new paradigm to assist people with neuromuscular dys-
function in their activities of daily living (ADLs) such as
eating and drinking. A key challenge in their control is to
ensure safe and comfortable interaction between the hu-
man upper limb and exoskeleton. Compared with industrial
manipulators, exoskeletons suffer severe kinematic and dy-
namic uncertainties and external disturbances. Therefore,
the selection of optimal control methods that can address
the aforementioned challenge is required. In this paper, a
method combining PD control, sliding mode control, and
fuzzy logic control, i.e., PD based fuzzy sliding mode con-
trol, is developed to deal with unmodeled dynamics and
external disturbances in the human-exoskeleton system.
The sliding mode control can be generally divided by the
equivalent control law and the switching control law. For
the basic equivalent control part, it adopts the PD controller
due to its simplicity in controller design and parameter
tuning. For the switching control part, it is replaced by fuzzy
logic control to eliminate the chattering of control input
such that the smooth motion of the system is achieved.
Simulation and experiment results are provided to show the
effectiveness of the proposed control method.

Index Terms—Wheelchair upper-limb exoskeleton robot,
sliding mode control (SMC), fuzzy logic control, trajectory
tracking, gravity compensation, ADL assistance.

I. INTRODUCTION

An exoskeleton is a robotic system attached to a human sub-
ject to provide supplementary power or regain motor functions
[1]. Exoskeletons have been used for different applications
such as rehabilitation [2], assistance of activities of daily living
(ADLs) [3], surgery [4], and workplace support [5] and so
on. Among existing different kinds of exoskeleton robots,
wheelchair upper-limb exoskeletons combine the advantages
of wheelchairs and upper-limb exoskeletons for rehabilita-
tion and motion assistance. With this type of exoskeletons,
patients or users do not need to bear the heavyweight of
wearing exoskeletons yet get motion assistance as needed. For
exoskeletons toward these applications, how to ensure safe
and comfortable physical human-robot interaction is a critical
issue for the controller design. Compared with manipulators,

This work was supported by Innovation Fund Denmark through the
REMAP project, and the EU AAL Programme through the AXO-SUIT
project. (Corresponding authors: Long Teng & Shaoping Bai.)

L. Teng, MA. Gull and S. Bai are with the Department of Materials
and Production, Aalborg University, Aalborg 9220, Denmark (Email:
teng@mp.aau.dk; mag@mp.aau.dk; shb@mp.aau.dk).

exoskeletons acquire several unique properties. Firstly, links of
an exoskeleton have to be adjustable so that it can be attached
to users with different anthropomorphic parameters. As a
result, it introduces kinematic and dynamic uncertainties into
the control system for the exoskeleton. Secondly, exoskeletons
are usually used in different modes. For example, rehabilitation
exoskeletons can work in three modes in general: passive (or
assistive), active, and resistive modes. Specifically, passive
assistance is ideal for early-stage rehabilitation, where the
exoskeleton usually performs trajectory tracking to assist the
patients in their ADLs, such as reaching, grasping, and eating.
A controller that is able to account for these factors is needed.

A review of control strategies for upper-limb exoskeletons
for rehabilitation can be found in [6]. Regarding the po-
sition tracking problem, many control approaches, such as
proportional-integral-derivative (PID) controller [7], adaptive
control [8], fuzzy control [9], neural network-based control
[10], model predictive control [11], sliding mode control
(SMC) [12] and so on, have been proposed so far. In SMC,
a sliding surface comprised of a combination of error sig-
nals is adopted such that the tracking error is reduced to
a certain acceptable level, and the stability of the closed-
loop system is guaranteed [12]. An advantage of SMC is its
ability to deal with systems with extensive disturbances and
uncertainties. Furthermore, SMC has a simple control structure
with good transient performance [13]. However, classical SMC
usually suffers significant oscillations of the control law due
to frequent and abrupt switchings, which cause the chattering
phenomenon of the actuator that should be avoided in practical
applications.

In [14], [15], combinations of adaptive control with sliding
mode control, i.e., adaptive sliding mode control (ASMC),
were studied to achieve robust trajectory tracking against
disturbances and uncertainties and eliminate the chattering in
the meanwhile. The combination of fuzzy control and SMC,
i.e., fuzzy sliding mode control (FSMC), provides an alterna-
tive approach for improving control performance of trajectory
tracking. Fuzzy logic control has a simple representation that is
strongly supported by the heuristic nature of human reasoning
and applicable for modeling and control of nonlinear and
complex systems [16]–[23]. To acquire smooth control signals
in variable structure systems, a method of bandwidth low-
pass filter with fuzzy tuning was reported in [24]. Fuzzy logic
controller to reduce the chattering in SMC by replacing the
discontinuous switching control law was studied in [25].

A few studies of FSMC for exoskeleton robots were re-
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(a) (b)

Fig. 1. Overview of the wheelchair exoskeleton. (a) Exoskeleton me-
chanical model. The red, green, blue lines represent the X, Y, Z axes,
respectively. (b) Wheelchair exoskeleton with the robotic glove. The
control board is mounted on the back of the wheelchair. The red button
is the power-off button in case of an emergency.

ported. In [26], fuzzy sliding mode admittance control was
investigated to enable the active participation of the patients;
however, it depends on the dynamic modeling of exoskeleton
and human, which may be inaccurate due to the modeling
errors. Besides, it only applies to a 1-DOF elbow exoskeleton,
which cannot provide enough range of motion (ROM) for
ADLs. In [27], FSMC with a new sliding surface was proposed
for a 7-DOF upper-limb exoskeleton. However, only simula-
tion results were reported. As such, controller development and
experiment validation of multi-DOF exoskeletons for practical
ADL tasks are needed.

In this paper, a control method combining PD control, SMC,
fuzzy logic control, and gravity compensation is proposed
for a 4-DOF wheelchair upper-limb exoskeleton robot. The
contributions of this work are summarized as follows:

1) The proposed control method combines PD control,
SMC, fuzzy logic control, to achieve high position tracking
performance for upper-limb exoskeleton. The method inherits
the advantages of the fast response and enhanced stability
from PD control and the robustness from SMC against system
uncertainties and external disturbances. Furthermore, the chat-
tering phenomenon caused by classical sliding mode control
is eliminated by combining fuzzy logic control and SMC.

2) In practical applications, it is usually very difficult
to achieve full and precise gravity compensation of the
human-exoskeleton system. By combining different control
approaches such as partial gravity compensation and the PD
based FSMC, the new method can achieve tracking control
performance similar to that of a combination of full gravity
compensation and FSMC. As a result, full and precise grav-
ity compensation is not necessary for the proposed control
method.

Experiment validation which shows that the proposed con-
trol method is appropriate for performing real-world ADL
tasks such as eating/drinking is another contribution of this
work.

The rest of this paper is organized as follows. A wheelchair
upper-limb exoskeleton is introduced in Section II. Its kine-

TABLE I
DENAVIT-HARTENBERG (DH) PARAMETERS

Links αi ai di θi
1 −π/2 0 0 θ1
2 π/2 0 0 θ2
3 0 Lu 0 θ3

4 (wrist) 0 Lf 0 θ4

matics is also modeled to fulfill ADL tasks in operational
space. FSMC control architecture is investigated in Section III.
The SMC is introduced at first, based on which, the FSMC
algorithm is developed. Section IV presents the simulation
results against other control methods for a 2-DOF manipulator.
The controller implementation followed by the experiment
results on the wheelchair exoskeleton is illustrated in Section
V. Subsequently, comparisons among different control meth-
ods and scenarios are also presented. Finally, conclusions and
future directions are given in Section VI.

II. A WHEELCHAIR EXOSKELETON ROBOT

A. Mechanical Model
Fig. 1 presents a wheelchair-mounted exoskeleton devel-

oped at Aalborg University, Denmark. The wheelchair ex-
oskeleton system consists of two subsystems: an upper-limb
exoskeleton and a soft glove. For the upper-limb exoskeleton,
there are 3 DOFs in the shoulder mechanism responsible for
shoulder adduction/abduction (joint 1 in Fig. 1(a)), shoul-
der internal/external rotation (joint 2), and shoulder flex-
ion/extension (joint 3). In addition, the elbow joint supports
elbow flexion/extension (joint 4). It is noted that joint 2 for
shoulder internal/external rotation is a passive joint. The soft
robotic glove is a commercial product from BioServo that can
be directly worn on the user’s hand and improve the grasping
capability (see Fig. 1(b)).

The wheelchair upper-limb exoskeleton is adapted from
[28], where it was originally used for human power amplifica-
tion. In this work, the exoskeleton is mounted on a wheelchair
to assist users suffering from neuro-muscular dysfunction. For
these users, they cannot generate enough muscle strength to
hold and carry even a lightweight object. Thus, a passive
rehabilitation strategy is adopted to provide full support to
the arm motion. In the current setup, the passive joint 2 is
fixed to 90◦ to allow for precise position tracking. In fact, by
fixing joint 2, the exoskeleton can still perform basic tasks like
reaching, grasping, and eating.

B. Kinematics
The kinematic model of the exoskeleton is developed with

Denavit-Hartenberg (DH) parameters defined in Table I, where
Lu and Lf represent the lengths of the upper-arm and forearm
links, respectively. Based on the DH parameters, the transfor-
mation matrix is given by

Ti−1,i =


cθi −sθi 0 ai

sθicαi cθicαi −sαi −sαidi
sθisαi cθisαi cαi cαidi

0 0 0 1

 (1)

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 02,2020 at 11:47:59 UTC from IEEE Xplore.  Restrictions apply. 



1083-4435 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2020.2983520, IEEE/ASME
Transactions on Mechatronics

Fig. 2. Overall system control architecture. The ADL tasks are predefined. The FSMC algorithm is designed for the control of each joint. The robotic
glove adopts switch on/off control.

where s and c represent the sine and cosine functions, respec-
tively.

The forward kinematics is solved by calculating the overall
transformation matrix

T0,5 =


m11 m12 m13 n14
m21 m22 m23 n24
m31 m32 m33 n34
0 0 0 1

 (2)

where all entries are given in Appendix I.
The inverse kinematics is calculated from the transformation

matrix (2). The result is presented as solving the following
equations in sequence,

θ2 = ± arccos(m33) (3)

n14cθ1 + n24sθ1 + n34 cot θ2 = 0 (4)

2M1Lucθ3 + 2M2Lusθ3 + Lu
2 − Lf

2 +M1
2 +M2

2 = 0
(5)

θ4 = arctan 2(
M2 + Lusθ3

−Lf
,
M1 + Lucθ3

−Lf
)− θ3 (6)

where  M1 =
n34

sθ2
M2 = n14sθ1 − n24cθ1

(7)

Equations (4), (5) and (6) can be solved using the algebraic
methods presented in [29]. The arctan 2 function denotes the
2-argument arctangent function.

It is noted that the FSMC approach used in this work is free
of modeling of system dynamics, thus the dynamic model of
the exoskeleton can be ignored.

C. Exoskeleton Control System

The architecture of the control system is demonstrated in
Fig. 2. The control system includes ADL task planning, path
planning, inverse kinematics computation, trajectory genera-
tion, and motion controller design. Control signals are sent to
the exoskeleton and the robotic glove to support ADL tasks.

The embedded control system consists of an Arduino
Due microprocessor, motors, motor drivers, and encoders. A
graphic user interface (GUI) is also developed with MATLAB
on a laptop, through which the user can easily select control

mode, tune control parameters, send high-level control com-
mands, and check the running data. The serial communica-
tion is adopted for the communication between the Arduino
microprocessor and laptop. The low-level position control
algorithm, the calculation of forward/inverse kinematics, and
the trajectory generation are implemented in the Arduino
microprocessor.

III. FSMC APPROACH

A. Sliding Mode Control Architecture

The dynamic model of a multi-link serial robotic manipu-
lator can be expressed by the following equation

M(q)q̈ + C(q, q̇) + τg = τ (8)

where q, q̇, q̈, are the vectors of joint positions, velocities,
and accelerations of the robot, respectively. M(q) denotes
the inertial matrix which is symmetric and bounded positive
definite, C(q, q̇) denotes the torque vector induced by Coriolis
and centrifugal forces, τg is the torque vector induced by
gravitational forces, τ is the control input torque vector.
Although the FSMC developed in this work is free of dynamic
modeling, the dynamic model (8) is still provided here to
represent the typical robotic systems.

In this work, a trajectory tracking control problem has been
investigated, where the joint position q is required to track the
desired trajectories qd. e = q−qd denotes the position tracking
error and let x1 = e, x2 = ė, thus a new state-space model is
generated as follows {

ẋ1 = x2
ẋ2 = −u (9)

where u is a new control input. In what follows, the control
problem of the system (9) is considered rather than the original
system (8).

For the aforementioned system (9), the SMC method is
investigated, with which a sliding surface is chosen as follows

S(t) = ė(t) + k1
∫ t

0
e(ϕ)dϕ+ k2e(t) (10)

where k1 and k2 are gains of the sliding surface. ϕ represents
the time instant. The SMC requires that when the system
trajectories reach the sliding surface S(t), the tracking error
and its derivative will converge to zero.
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For system (9) with the sliding surface (10), the control law
is defined as follows

u = ueq + us (11)

where ueq and us are the equivalent controller and the switch-
ing controller, respectively. ueq is used to keep the system
on the sliding surface, based on which, the derivative of the
sliding surface must be equal to zero, that is

Ṡ(t) = ë(t) + k1e(t) + k2ė(t)
= ẋ2 + k1x1 + k2x2
= −ueq + k1x1 + k2x2
= 0

(12)

From (12), ueq is derived as

ueq = k1x1 + k2x2
= k1e+ k2ė

(13)

Theorem 1. Consider system (9) with sliding surface S
defined by (10), u = ueq+ρsgn(S) is a stabilizable controller
with ρ being a positive constant.

Proof: Consider the following Lyapunov function

V (S(t)) = 1
2S

TS (14)

Its derivative is

V̇ (S(t)) = ṠTS
= (−u+ k1x1 + k2x2)

TS
= (−ueq − us + k1x1 + k2x2)

TS
= (−ρsgn(S))TS
< 0

(15)

Thus, the system (9) is stabilizable with the controller
defined in Theorem 1. The proof is complete.

From Theorem 1 and (11), the switching controller us is
acquired as

us = ρsgn(S) (16)

In above switching controller, us switches its directions with
S(t) to ensure closed-loop stability, with ρ representing the
amplitude of us. However, the performance of the switching
controller highly relies on the selection of ρ, a small value of
ρ usually results in very weak switching control actions which
will reduce the tracking performance; on the contrary, a big
value of ρ leads to too strong switching control actions which
usually cause severe chattering phenomenon of the actuator. To
overcome this dilemma, the T-S fuzzy approach is introduced
to achieve a smooth control law along the sliding surface to
reduce its amplitude sensitivity with the increase of ρ. As a
result, the tracking performance is improved and the chattering
phenomenon is suppressed in the meantime.

B. Fuzzy Sliding Mode Control
Based on the aforementioned SMC method, the following

fuzzy rules are considered for the control input u(t) in
Theorem 1:

Rule 1: IF S(t) > 0
THEN u(t) is positive,

u(t) = u1 = ueq + ρ (17)

Rule 2: IF S(t) < 0
THEN u(t) is negative,

u(t) = u2 = ueq − ρ (18)

where S(t) is the premise variable of the fuzzy rules and the
following membership functions are selected,{

µ1(S(t)) =
1

1+e−λS(t) if S(t) > 0

µ2(S(t)) =
1

1+eλS(t) if S(t) < 0
(19)

where λ is a positive scalar, One can easily get that µ1(S(t)),
µ2(S(t)) > 0, and µ1(S(t)) + µ2(S(t)) = 1.

(19) shows that different values for λ lead to different mem-
bership functions. Fig. 3 illustrates the membership functions
with λ = 1 and λ = 5, respectively.
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Fig. 3. Membership functions with different values of λ.

Finally, the control input is formulated by the following
equation

u(t) = µ1(S(t))u1 + µ2(S(t))u2 (20)

The implementation of the fuzzy sliding mode control
algorithm for trajectory tracking of each joint is summarized
in pseudo-code manner shown below.

Algorithm: Fuzzy Sliding Mode Control for Each Joint.
Given:
• Sampling time: Ts
• User-selected parameters: k1, k2, ρ, λ
• Original desired trajectory: qd(k)

Initialize:
• e(0) = 0

k ← 1
Repeat:
• e(k) = qd(k) − q(k), ė(k) = e(k)−e(k−1)

Ts
,
∑k

0 e =∑k−1
0 e(j) + e(k)Ts
• S(k) = ė(k) + k1e(k) + k2

∑k
0 e(j)

• ueq(k) = k1ė(k) + k2e(k)
• u1(k) = ueq(k) + ρ, u2(k) = ueq(k)− ρ
• µ1(S(k)) =

1
1+e−λ(S(k)) , µ2(S(k)) =

1
1+eλ(S(k))

• u(k) = µ1(S(k))u1(k) + µ2(S(k))u2(k)
• e(k − 1)← e(k),

∑k−1
0 e(j)←

∑k
0 e(j)

• k ← k + 1.

From (13) it can be seen that the equivalent controller ueq
has the same representation as the PD control. Therefore, ueq
can simply be decided by PD control, i.e., k1 and k2 can
be tuned following existing methods used for PD control.
Moreover, from (17) and (18), the FSMC can be regarded as
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PD control if ρ is selected as 0. Based on the aforementioned
statements, the parameter-tuning method for the PD-based
FSMC is summarized below.

Control parameter tuning:
1: Select PD control strategy, i.e., let ρ = 0, and tune PD

control using classical Nichols-Ziegler method, upon which
control gains k1 and k2 are obtained.

2: Select the FSMC control strategy, i.e., let ρ > 0, and use
the same gains k1 and k2 acquired from the above PD control.
Then increase ρ gradually from a smaller value in tuning until
an optimum trajectory tracking is achieved.

IV. FSMC SIMULATION

In this section, the FSMC performance is evaluated by simu-
lation. For comparison purposes, two other methods including
the classic PD control and the adaptive sliding mode control
(ASMC) introduced in [15] are executed as well. The 2-DOF
manipulator in [15] is adopted in this work, see Fig. 9 in
Appendix II. The dynamic model of the 2-DOF manipulator
is presented below.[

τ1
τ2

]
=

[
M11 M12

M21 M22

] [
q̈1
q̈2

]
+

[
−hq̇2 −h(q̇1 − q̇2)
hq̇1 0

] [
q̇1
q̇2

]
+

[
Fc1 0
0 Fc2

]
[

sgn(q̇1)
sgn(q̇2)

]
+

[
v1 0
0 v2

] [
q̇1
q̇2

]
+

[
d1(t)
d2(t)

]
(21)

where M11 = a1 + 2a3 cos(q2)− 2a4 sin(q2), M12 =M21 =
a2 + a3 cos(q2) + a4 sin(q2), M22 = a2, h = a3 sin(q2) −
a4 cos(q2). The system parameters are provided in Appendix
II and more details can be found in [15].

Control parameters for the three control methods are given
as follows:

PD control: The proportional and differential gains are
selected as

[
kp kd

]
=
[
600 400

]
,
[
kp kd

]
=
[
600 400

]
,

respectively, for the two joints.
ASMC [15]: The overall controller is comprised of three

parts: the equivalent control ueq , the PID control uPID, and
the adaptive control ûp. Moreover, it relies on the system
dynamic model. The control parameters are chosen the same
as in [15].

FSMC: Since the proposed FSMC control is based on
the PD control, the equivalent controller ueq can be simply
selected as same as the PD controller, thus

[
k1 k2

]
=[

600 400
]

for joint 1,
[
k1 k2

]
=
[
600 400

]
for joint 2.

For the switching control us, ρ1 = ρ2 = 5. Consider the fuzzy
membership function, λ1 = λ2 = 200.

The reference trajectories qref for the two joints are [15]

qref =

[ π/6 (1− cos(1.5πt) + sin(πt))
π/6 (1− cos(2πt) + sin(1.5πt))

]
(22)

The simulation results of the above three control strategies
for the system without and with disturbances are shown in
Figs. 4 and 5, respectively. The disturbance signals are selected
as 100sin(1.6πt) for both joints, see Fig. 5. Comparing Fig. 4

and Fig. 5, from the tracking errors of joints one can observe
that the tracking performance of PD deteriorated severely
when disturbances were involved. Without disturbances, the
amplitudes of errors for both joints by PD are about 0.04rad;
with disturbances, the amplitudes of errors for both joints
increase to 0.09rad. Similar results are obtained with the
ASMC algorithm. Regardless of the severe oscillations in the
beginning (0-0.5s), the error amplitudes for the two joints were
found to be 0.0023rad and 0.0048rad without any external
disturbance. Whereas, by adding the disturbances, the error
amplitudes for the two joints were observed to be 0.0061rad
and 0.01rad, respectively. In comparison with PD and ASMC,
Fig. 4 and Fig. 5 show that the tracking errors were signif-
icantly reduced by FSMC in both without/with disturbance
cases, which indicates that FSMC achieves the best trajectory
tracking performance against the other two approaches.

Furthermore, from the view of the control input torque
shown in Figs. 4 and 5, there are severe oscillations of
the control torque with ASMC at the beginning time. The
oscillating phenomenon was also observed in [15], which
is not desirable for the actuators and physical human-robot
interaction in practical ADL tasks. On the contrary, the control
torque generated by FSMC is very smooth.

V. CONTROL IMPLEMENTATION IN EXOSKELETON

In this section, the proposed FSMC is implemented in the
wheelchair exoskeleton. In connection with the implemen-
tation, the gravity compensation technique is introduced in
combination with the FSMC approach and then the experiment
results are provided.

A. Gravity Compensation Technique

The gravity torque τg in the dynamic system (8) can be com-
pensated in the controller design, which can further improve
the motion control performance. The gravity compensation
technique can be formulated as the following equation,

τg =
N∑
s
ps × (msg) (23)

where ps represents the displacement vector from the joint
to the center of mass of segment s, ms represents the mass
of the segment, g is the gravitational constant vector, with all
vectors being in the global coordinate system. PD control with
gravity compensation for motion control has been extensively
investigated and a closed-loop stability analysis can be seen
in [30]. The mechanical properties of the exoskeleton and
the anthropomorphic parameters of a human upper-limb for
gravity compensation are shown in Table IV in Appendix III,
where we used approximate values for the length and the
weight of the human arm.

From (20) and (23), the method of combining PD based
FSMC with gravity compensation is finally expressed as

û(t) = u(t) + τg
= µ1(S(t))u1 + µ2(S(t))u2 + τg

(24)

where û(t) is the final input of control torque.
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Fig. 4. Simulation results of a 2-DOF manipulator without external disturbances.
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Fig. 5. Simulation results of a 2-DOF manipulator with external disturbances.

It should be noted that it is difficult to achieve accurate
gravity compensation for the control of exoskeleton robots due
to several limitations from the exoskeleton, the human subject,
and the payload:

1) It is difficult to calculate a precise gravity torque due
to the irregular shapes and center of mass (COM) of the
exoskeleton links and those of human subjects. Additionally,
it is almost impossible to measure human body properties in
practical applications. Instead, we can only approximate these
properties of the subjects.

2) In practical applications, the length of the exoskeleton
links should be adjusted according to the length of human

upper arms and forearms. As a consequence, the gravity torque
depends upon the exoskeleton link length and user upper limb
physiology.

3) The gravity torque (or disturbance torque) induced by the
payload is usually time-varying even in a specific ADL task.
Moreover, it is uncertain among different ADL tasks due to
the change of payload.

As our experiment results will show, the FSMC method can
achieve high trajectory tracking performance even though the
gravity torque is partially compensated.
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(a) The initial position. (b) The ”grasping” posi-
tion.

(c) The ”drinking” position. (d) The ”release” position. (e) The initial position.

Fig. 6. Demonstrations of a drinking task: from time 0 to 8s, the exoskeleton stays at the initial position; from 8s to 13s, the exoskeleton moves to
the ”grasping” position; from 13s to 18s, it takes 5s for grasping of the object with the robotic glove; from 18s to 28s, the exoskeleton moves toward
the human mouth (the ”eating” position); from 28s to 43s, the exoskeleton stays at the eating position to allow drinking of water; from 43s to 53s
the exoskeleton will return to the ”release” position and then release the object from 53s to 58s; finally, the exoskeleton will go back to the initial
position.
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(a) PD with full gravity compensation
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(c) FSMC with partial gravity compensation
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(d) FSMC with full gravity compensation

Fig. 7. Trajectory tracking control performance for a drinking task by (a) PD with full gravity compensation, (b) FSMC, (c) FSMC with partial gravity
compensation, and (d) FSMC with full gravity compensation.
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TABLE II
CONTROLLER PARAMETERS.

Control
Algorithm

Controller
parameters

Joint 1 Joint 3 Joint 4

kp 11 18 11
PD kd 0.44 1.08 0.22

k1 11 18 11
FSMC k2 0.44 1.08 0.22

ρ 0.8 0.8 0.3
λ 2 2 2

Joint 1 Joint 3 Joint 4
0
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R
M

S
E
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ra

d
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PD with full GC

Fuzzy SMC

Fuzzy SMC with partial GC

Fuzzy SMC with full GC

Fig. 8. Bar diagram of the RMSE with variance from 12 trials for each
control algorithm.

B. Experiment Results

Experiments were conducted to investigate the effectiveness
of the proposed control method. In the tests, the exoskeleton
assists the user in performing a complete drinking task, as
shown in Fig. 6. Several positions in the operational space
were predefined via human demonstration. Then the trajecto-
ries were generated in the joint space for the specific task,
either eating or drinking, and the human-exoskeleton system
was driven to follow the reference joint trajectories. The
drinking task is repeated for 12 trials for each control method.
During each trial, the weight of the bottle varies from 0.4-
0.65kg due to water consumption.

In the first test case, the PD controller with full gravity
compensation (which includes gravity compensation for the
exoskeleton and the human arm, excluding the payload) was
used for the joint trajectory tracking, in which the user
was totally passive and forced to follow the desired joint
trajectories. The parameters selected for the PD controller as
well as FSMC are shown in Table II. The tuning of PD and
FSMC follows the procedure as explained in Section III.

The trajectory tracking performance of PD with full gravity
compensation was not satisfactory, as shown in Fig. 7(a). The
tracking performance of all joints represented by the root
mean square error (RMSE) from the 12 trials is shown in
Fig. 8 and the detailed statistics are listed in Table III. It
is noted that the PD control shows average RMSE values
of 0.0333rad, 0.0448rad, and 0.0389 for the three joints,
respectively. Moreover, the variations in the RMSE values
among 12 trials were also very high, which showed that the
controller was not able to handle the uncertain dynamics and
external disturbances during different trials.

In the second case, the proposed PD based FSMC was
investigated. The results are shown in Fig. 7 (b). From Fig. 8
it can be seen that the tracking performance was significantly
improved for each joint of the exoskeleton robot, and the
average RMSE values were found to be 0.0104rad, 0.0267rad,
and 0.0093rad for joints 1, 3 and 4 respectively. Furthermore,
the variation of RMSE for each joint was also reduced, which
shows that FSMC has the capability of handling uncertain
dynamics and external disturbances.

The performance of FSMC was found better than that of
PD with full gravity compensation. To further study the effect
of gravity compensation with FSMC, FSMC with partial grav-
ity compensation (gravity compensation for the exoskeleton,
excluding human arm and payload) and with full gravity
compensation were also considered. The results for these two
control methods are demonstrated in Figs. 7(c) and 7(d).

For FSMC with partial gravity compensation, from Fig.
8 and Table III one can see that the tracking performance
was improved when compared to the performance with FSMC
only, which indicates that the control performance of FSMC
can be further improved by combining with partial gravity
compensation.

Comparing FSMC with full gravity compensation against
that with partial gravity compensation, we can see that their
control performance is quite similar: the average RMSE values
of joints 1 and 3 were slightly reduced, while the average
RMSE value of joint 4 increased slightly. Hence it can be
concluded that in the proposed PD based FSMC with gravity
compensation, full gravity compensation is not necessary
due to several different control methods combined in our
approach to improve the tracking performance. Considering
the difficulty to have accurate full gravity compensation as
discussed in Section V(A), the method of FSMC with partial
gravity compensation is suitable and applicable in practical
ADL tasks.

VI. CONCLUSIONS

The objective of this work is to assist severely injured
people or aged people in ADL by developing a wheelchair
exoskeleton. A control approach combining PD control, slid-
ing mode control, and fuzzy logic control is proposed. The
approach inherits the advantages of the quick response and
stability from the PD control and the robustness from slid-
ing mode control against system uncertainties and external
disturbances. Furthermore, the chattering phenomenon caused
by classical sliding mode control is eliminated by combining
with the fuzzy logic control. The effectiveness of the proposed
method and the tracking accuracy are verified by simulations
and experiments against two other developed methods. In
particular, it is shown that the proposed control method is
appropriate for performing real-world ADL tasks such as
drinking.

In the future work, we will engage a camera system to
detect the motions of the human arm and the locations of the
object, to make the whole assistive task more intelligent and
autonomous. The EEG/EMG signals will also be investigated
to achieve more advanced rehabilitation and assistive control.
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TABLE III
STATISTICAL ANALYSIS OF CONTROL ALGORITHMS WITH RMSE VALUES (RAD).

Control Algorithm Exoskeleton
Joints

Min RMSE Max RMSE Average
RMSE

Variance
of RMSE

Joint 1 0.0301 0.0351 0.0333 0.0050
PD with gravity compensation Joint 3 0.0364 0.0524 0.0448 0.0160

Joint 4 0.0358 0.0418 0.0389 0.0060
Joint 1 0.0088 0.0124 0.0104 0.0036

Fuzzy SMC Joint 3 0.0219 0.0346 0.0267 0.0127
Joint 4 0.0084 0.0105 0.0093 0.0021

Fuzzy SMC with Joint 1 0.0079 0.0097 0.0088 0.0018
partial gravity Joint 3 0.0094 0.0178 0.0130 0.0084
compensation Joint 4 0.0084 0.0104 0.0095 0.0020
Fuzzy SMC with Joint 1 0.0070 0.0094 0.0082 0.0024
full gravity Joint 3 0.0081 0.0127 0.0102 0.0046
compensation Joint 4 0.0094 0.0117 0.0105 0.0023

The best values for all joints are emphasized in boldface.

APPENDIX I

m11 = (cθ1cθ2cθ3 − sθ1sθ3)cθ4 − (cθ1cθ2sθ3 + sθ1cθ3)sθ4
m12 = −(cθ1cθ2cθ3− sθ1sθ3)sθ4− (cθ1cθ2sθ3 + sθ1cθ3)cθ4
m13 = cθ1sθ2
m21 = (sθ1cθ2cθ3 + cθ1sθ3)cθ4 − (sθ1cθ2sθ3 − cθ1cθ3)sθ4
m22 = −(sθ1cθ2cθ3 + cθ1sθ3)sθ4− (sθ1cθ2sθ3− cθ1cθ3)cθ4
m23 = sθ1sθ2
m31 = −sθ2cθ3cθ4 + sθ2sθ3sθ4
m32 = sθ2cθ3sθ4 + sθ2sθ3cθ4
m33 = cθ2
n14 = Lf [(cθ1cθ2cθ3−sθ1sθ3)cθ4−(cθ1cθ2sθ3+sθ1cθ3)sθ4]

+ Lu(cθ1cθ2cθ3 − sθ1sθ3)
n24 = Lf [(sθ1cθ2cθ3+cθ1sθ3)cθ4−(sθ1cθ2sθ3−cθ1cθ3)sθ4]

+ Lu(sθ1cθ2cθ3 + cθ1sθ3)

n34 = −Lf (sθ2cθ3cθ4 − sθ2sθ3sθ4)− Lusθ2cθ3

APPENDIX II

Fig. 9. 2-DOF serial manipulator.

The value of parameters in Fig. 9 and the 2-DOF manipula-
tor dynamic system (20) are given as: m1 = 1kg, me = 2kg,
l1 = 1m, lc1 = 0.5m, lce = 0.25m, Fc1 = 5Nm, Fc2 =
5Nm, v1 = 5.5kgm2/s, v2 = 2.7kgm2/s, I1 = 0.12kgm2,
I2 = 0.25kgm2, a1 = 2.745kgm2, a2 = 0.375kgm2,
a3 = 0.433kgm2, a4 = 0.25kgm2.

APPENDIX III

TABLE IV
MECHANICAL PROPERTIES OF EXOSKELETON AND

ANTHROPOMORPHIC PARAMETERS OF A HUMAN SUBJECT FOR
GRAVITY COMPENSATION.

Link Exoskeleton Human subject

Length (m) Weight (kg) Length (m) Weight (kg)
Upper arm 0.33 1.39 0.33 1.386

Forearm 0.17 0.307 0.37 0.886
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“Perception-driven motion control based on stochastic nonlinear model
predictive controllers,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 4,
pp. 1751–1762, Aug. 2019.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 02,2020 at 11:47:59 UTC from IEEE Xplore.  Restrictions apply. 



1083-4435 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2020.2983520, IEEE/ASME
Transactions on Mechatronics

[12] S. Li, X. Yu, L. Fridman, Z. Man, and X. Wang, Advances in Variable
Structure Systems and Sliding Mode Control-Theory and Applications,
vol. 115. Springer, 2017.

[13] M. H. Rahman, M. Saad, J. P. Kenné, and P. S. Archambault, “Nonlinear
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