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Abstract

A new enhanced adaptive fuzzy sliding mode control approach is proposed in this article with its good availability for
application in control of a highly uncertain nonlinear two-link pneumatic artificial muscle manipulator. Stability demon-
stration of the robust convergence of the closed-loop pneumatic artificial muscle manipulator system based on a novel
enhanced adaptive fuzzy sliding mode control is experimentally proved using Lyapunov stability theorem. Obtained result
confirms that the new enhanced adaptive fuzzy sliding mode control method, applied to the two-link uncertain nonlinear
pneumatic artificial muscle manipulator system, is fully investigated with better robustness and precision than the standard
sliding mode control and fuzzy sliding mode control techniques.

Keywords
Enhanced adaptive fuzzy sliding mode control, pneumatic artificial muscle actuator, two-link nonlinear uncertain serial
PAM manipulator, Lyapunov stability theorem

Date received: 5 April 2017; accepted: 14 March 2018

Topic: Robot Manipulation and Control
Topic Editor: Andrey V Savkin
Associate Editor: Junzhi Yu

which causes chattering phenomenon. In order to remove the
chattering effect, it is often to add a saturated function’

Introduction

Up to now, it is evident to recognize the benefits of sliding
mode control (SMC) related to maintain robust to uncer-
tainties and external noises. A SMC approach via its
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switching rules ensures asymptotic stability of the investi-
gated nonlinear system. Hence SMC has been increasingly
applied in numerous industrial applications.' Esmaeili et al.”
and Yang and Kim® successfully applied SMC for trajectory
tracking of non-holonomic wheeled mobile robots. Shiri and
Saeed* introduced adaptive SMC for robotic arms with para-
meter uncertainty. Matveev et al.” proposed a new nonlinear
SMC of an unmanned agricultural tractor. Sarfraz et al.®
applied a novel robust stabilizing control of a non-
holonomic underwater vehicle system with uncertainties via
adaptive integral sliding mode. Unfortunately, the inherent
drawback of SMC is related to its switching control issue
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within the sliding surface. The disadvantage issued is that
this addition can spoil Lyapunov stability of the closed-loop
nonlinear plant. As a consequence, traditional SMC method
encounters difficulty in controlling unstructured model
uncertainties. Recent studies proved that it can partially sur-
pass this difficulty by combining a SMC controller and other
intelligent models. Son et al. have successfully identified and
controlled the nonlinear dynamic system through combining
MDE with adaptive neural model,® and Fei et al. did that by
combining SMC with recurrent neural structure.”

An efficient combination for nonlinear dynamic system
control has been introduced between SMC method and fuzzy
proportional-integral controllers,'®'! or between SMC and
adaptive fuzzy model.'>'* The adaptive fuzzy rules in these
techniques are implemented to ensure partial satisfaction of
the Lyapunov stability. Such initial promising results have
inspired for recently proposed hybrid fuzzy SMC (FSMC)
methods in which the asymptotic stability of the investigated
closed-loop FSMC plant is partly and efficiently demon-
strated. Soltanpour et al.'>, Anand and Mary'®, Wang Y and
Fei'’, and Ullah et al.'® applied FSMC in control of driving
systems, including brush-less direct current motor,'>'¢ per-
manent magnet synchronous motor,'” position servo sys-
tem."® Oveisi et al.'"” proposed adaptive FSMC combined
with robust observer for uncertain nonlinear system control.
Boldbaatar et al.2® introduced a new self-organizing FSMC
for uncertain temperature control. Moussaoui et al.>! pro-
posed an adaptive FSMC control for under-actuated dynamic
system. Fei et al.?* successfully introduced a new adaptive
FSMC controller for micro electro-mechanical systems triax-
ial gyroscope. In robotic applications, FSMC controllers have
been successfully applied in numerous cases. Jiao etal.>* have
applied the adaptive type-2 FSMC for nonlinear hypersonic
aircraft system. Li et al.** proposed an adaptive SMC com-
bined with an interval type-2 fuzzy system for controlling
nonlinear manipulator. Liang et al.>> successfully applied a
new path following control of an under-actuated autonomous
underwater vehicle based on fuzzy backstepping sliding
mode approach. The advantage of this combination is that the
fuzzy rules permit fuzzy systems to approximate arbitrary
continuous equations. Furthermore as to approximate a
time-varied nonlinear system, a fuzzy set often needs quite
many fuzzy rules. Then, the very huge fuzzy rules will require
a high time-consuming computation cost.

Nowadays, pneumatic artificial muscle (PAM) manipu-
lator has been increasingly applied in numerous service,
health care, and industrial applications. Unfortunately, the
drawback related to the uncertain and hysteresis character-
istics of PAM actuators has inspired numerous hybrid
advanced controllers to efficiently control the PAM-based
robotic applications, including the FSMC. Amar et al.** suc-
cessfully applied a decentralized radial basic function neural
networks type-2 FMSC controller for robot manipulator dri-
ven by artificial muscles. Chang®’ proposed an adaptive
self-organizing FSMC controller for a 2-degree of freedom
(2-DOF) serial PAM robot. The fact is that such proposed

FSMC technique seems too complex to apply in practice and
takes more time to compute and unable to attain required
precision. Shi et al.?® proposed the hybrid control for a par-
allel PAMs manipulator combining SMC and fuzzy cerebel-
lar model articulation controller (CMAC). Nevertheless,
this hybrid fuzzy CMAC-SMC approach for PAM manip-
ulator system seems too complex to be applied in industry,
and furthermore, the system stability based on Lyapunov
stability principle is not yet demonstrated.

Based on the abovementioned results this article intro-
duces a novel enhanced adaptive fuzzy sliding mode con-
trol (EAFSMC) approach which will be tested on the highly
nonlinear serial PAM robot. The new contributions of this
article are as follows:

1. Redesign adaptation laws of algorithm which is
initiatively designed for a serial PAM robot and
attains more accurate and takes less time to com-
pute than the compared FSMC of serial PAM
robot** and the comparative hybrid fuzzy CMAC-
SMC of parallel PAM manipulator.?®

2. Initiatively develop the Lyapunov function candi-
date and mathematically demonstrate the asympto-
tic convergent stability for the closed-loop serial
PAM robot under proposed EAFSMC.

3. Comparatively verify both FSMC algorithms®*** and
the new advanced EAFSMC algorithm related to two
principal concepts: the flexibility of the fuzzy set in use
and the results that EAFSMC adaptively and robustly
ensures during the control of a highly nonlinear serial
PAM robot. Concretely, it comparatively tests the
availability of online tuning approach, the number of
fuzzy if-then laws installed of the new EAFSMC con-
troller, the tracking precision performance, and the
total time-consuming computation criteria, respec-
tively. Moreover, our analysis of the experiment tests
will be also focused on chattering attenuation.

The rest of this article is organized as follows. The sec-
ond section introduces the highly nonlinear serial PAM
robot. The third section presents the traditional FSMC and
its application to a highly nonlinear serial PAM robot. The
fourth section presents the novel proposed EAFSMC
approach and demonstrates its stability based on Lyapunov
theorem well suited to the serial PAM robot application.
The fifth section presents the experiment results of the
proposed EAFSMC algorithm applied to the highly non-
linear serial PAM robot system. Eventually, the sixth sec-
tion contains the conclusion.

The 2-DOF serial PAM robot set-up

The experimental setup configuration and working principle
of the 2-DOF serial PAM robot is shown in Figures 1 and 2.

The experimental configuration of the 2-DOF serial
PAM robot is illustrated in Figure 2. The setup includes a
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Figure |. Experimental setup configuration of the 2-DOF serial
PAM robot. DOF: degrees of freedom; PAM: pneumatic artificial
muscle manipulator.

personal computer (PC; Pentium 4.7 GHz) that generates
the voltage signals u(#) and u,(?) to control the two propor-
tional valves (MPYE-5-1/8HF-710B [FESTO-Germany]),
via a D/A card (PCI 1720 [AdvanTech-Taiwan]) which
converts numerical signals from PC to analog voltages,
u1(¢) and u,(?), respectively.

The rotation torque is produced by the pneumatic
pressure difference, provided from air compressor, between
the antagonistic PAM muscles. Hence, both joints of the
2-DOF serial PAM robot will be rotated to track the required
joint angles (Yreri(k) and Yrgga(k)), respectively. The joint
angles, 6, (°) and 6, (°), are measured by two rotary encoders
(H40-8-3600Z0 [Metronix-South Korea]) and sent back to
the PC via a 32-bit counter card (PCI QUAD-4 [COMPUT-
ING MEASUREMENT, USA]) which converts pulse sig-
nals to joint angle values y;(¢) and y,(f), respectively. The
pneumatic flow is provided under the pressure of 4 bar and
the software algorithm of the closed-loop control system is
coded in C-mex code run in Real-Time Windows Target tool
of MATLAB-SIMULINK (MATLAB@) platform. Table 1
tabulates the configuration of the experimental serial PAM
robot setup installed from Figure 2.

SMC of the 2-DOF Serial PAM robot

The dynamic equation of an #n-link robotic manipulator is
defined as

M(q)§ + Clq,4) + G(q) = 1 (1)

where g € R” represents the vector of joint angles, M(q) €
R" * " denotes the inertial (n x n) matrix, C(q,¢) € R"
represents the Coriolis force matrix, G(q) € R" denotes
the gravitation matrix, and © € R" represents the joint
torque matrix.

A 2-DOF serial PAM robot is used as our simulated
robotic manipulator illustrated in Figure 3.

The dynamics of the investigated 2-DOF serial PAM
robot is described as follows

M(q)g + C(q,q) = 7 (2)
where
mil> 4 2myl? + 2mal? cosqy  mal? + myl? cosqs
M(q) =
myl? + myl? cosq myl?
Py + 2P, + 2P,cosqy Py + P, cosqz]
B P] + Pz C08q2 P2
3)
. —2myl%4,q, singy — myl2d3 sing,
Clg,9) = 2
nmy ‘11 simg)
(4)

—2P14,4, sings — P2¢; sing,
P 2q % sinq 2

Our aim is to control the serial PAM robot (equation (2))

to accurately follow the desired trajectory ¢, based on SMC

controller. The value of ¢ is extracted from C(q, ¢) (equa-
tion (2)) and is rewritten in equation (5) as

= M(q)j + Ci(q:4)q (5)
where
. —Pyq,sing;  —P1q, singz — P2q, sing,
Cilg:9)=| ,
24 S1g; 0
(6)
The tracking error is defined as
e=q—4qq (7)
where ¢ = [g1, ¢2]" and g4 = [q14, 92a]"
Then, the sliding surface is defined as
s =¢é+ le (8)

where 4 = diag[4,, 4,], in which 4, and 4, are selected as
the bandwidth of the 2-DOF serial PAM robot control.

It also needs to select 7 to confirm the sufficient require-
ment. First the reference state is defined as

q'r:q._S:q.d_;Le (9)
Then the control input 7 is determined as

1= Mg, + Cig, — As — Ksgn(s) (10)

where M and C, represent the estimation values of M(q)
and Ci(q,q), A = diag[ay, a,], ¢, represents reference
state, sgn(s) denotes the sign function, and K = diag[K,
K] represent diagonal positive definite vectors.

Using equations (5) and (10), it gives

Ms + (Cy + A)s = Af — Ksgn(s) (11)

where Af = AM§, + AC\§,, AM = M — M, and
AC, = C, — C). Tt assumes that the bound |Af; |,y OF
Afi(i = 1, 2)isdetermined. Thus, the value K is chosen as
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Figure 2. Experimental configuration of the 2-DOF serial PAM robot. DOF: degrees of freedom; PAM: pneumatic artificial muscle
manipulator.

Table I. Lists of the experimental configuration setup

No. Name Model name Company

| Proportional valve (2) MPYE-5-1/8HF-710 B FESTO (Germany)

2 Pneumatic artificial muscle (4) MAS-10-N-220-AA-MCFK FESTO (Germany)

3 D/A board PCI 1720 ADVANTECH (Taiwan)

4 Counter board PCl QUAD-4 COMPUTING MEASUREMENT (USA)
5 Rotary encoder (2) H40-8-3600Z0 METRONIX (South Korea)

Since M is positive symmetric definite, we have V' > 0
$ with s # 0. The derivative of M with respect to time in
equation (3) now is calculated as
V- [—2m212.q2 s.inqz —myl2q, sinqﬂ (14)
—myl%§, sing, 0
From equations (11) and (14), it gives
M2, = [ o 0 o 2myl2q, sings + mylq, sinqz]
—2myl%q, singy — mal%g, sing, 0
(15)
> which represents a skew-symmetric matrix satisfying
sT(M —2C))s =0 (16)
Figure 3. Compact structure of the 2-DOF serial PAM robot.
DOF: degrees of freedom; PAM: pneumatic artificial muscle Then V can be calculated as
manipulator.
T Ry
V =s"Ms+ 55 Ms
Ki Z |Aﬁ |b0und (12) = ST(MS+ Cls) (17)
— J[_ _
Then the Lyapunov function candidate is described as = 5" [~As + Af — K'sgn(s)]
2
Vo= Lt (13) =2 (si[Af; — Kisgn(s;)] — s 4s)

2 i=1



Anh et al.

For K; > |Afi|, we always get s;[Af; — K;sgn(s;)] < 0.
Then V is described as

V= ; (s,-[Af,— —K; sgn(sl»)]> —sT4s < —sTAs < 0 (s #£0)
(18)

To remove the chattering issue, a saturation function is
applied in the control rule instead of the sign function as
presented in equation (10). The control rule has the form as,

(19)

In this standard SMC approach, the model of the serial
PAM robot is partly undetermined. It needs to know the
model structure of the serial PAM robot. But we can’t
determine the exact values of m /> and m,/* in M and
C;. We define p, = mll2 and p, = m212. We also define
Py and p, representing the estimated values of p; and p,. If
the values of p, and p, are far away from the real values, it
needs to increase the control gain K to prevent the tracking
error in equation (7) getting worse. The chattering prob-
lem may be eliminated by using the saturation function in
equation (19). Unfortunately, there is no theoretical Lya-
punov stability proof for this control rule presented in
equation (19).

We simulate this classic SMC method for the 2-DOF
serial PAM robot. We pick p; = 1 and p, = 2. Since serial
PAM robot cannot instantaneously follow a step sequence,
the desired trajectory will be the output of the filtered
sequential values of unit steps. We define the transfer func-
tion of prefilter for each joint of the serial PAM robot as

B 2
Cs2 44544

t = Mij, + Cig, — As — Ksat(s/®)

W (s) (20)

The beginning values of the serial PAM robot’s joint
positions are set to 0.5 rad. The estimated dynamics of the
serial PAM robot are p; = 1.5 and p, = 3. We pick 4 in
equation (8) as the same bandwidth as in equation (20). It
first simply picks 4 = diag[l, 1] in equation (10). To decide
K in equation (10), it is necessary to determine the real Af’
value presented in equation (18).

First we choose K = [20, 10]". We run simulation and
plot Af. Then we get |Af], < 45 and |Afz| < 21. This
will fail the criterion in equation (12). To satisfy this criter-
ion, we choose K= [45, 21]" and simulate again.

Figure 4 represents the tracking performance and the
tracking error of the 1st joint of serial PAM robot in classic
SMC. Figure 5 describes the results of control input value
and the SMC surface of the 1st joint of serial PAM robot in
SMC. Similarly, Figure 6 presents the tracking perfor-
mance and the tracking error of the 2nd joint of serial PAM
robot in classic SMC. Figure 7 illustrates the results of
control input value and the SMC surface of the 2nd joint
of the serial PAM robot in SMC. Figures 4 and 6 show that
the tracking accuracy is obtained with significant error. The

(m)=Tracking joint 1(radians)
=]

(b)

1 —

"\ s e ]

(b)-Tracking errar 1(radians)
=

VJ\

1
Tima(ssconds)

Figure 4. (a) Tracking and (b) errors of the |st joint of serial PAM
robot in classic SMC. Dash line: desired trajectory; solid line:
actual trajectory; PAM: pneumatic artificial muscle manipulator;
SMC: sliding mode control.
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Figure 5. (a) Control input value and (b) SMC surface of the Ist
joint of serial PAM robot in classic SMC. SMC: sliding mode
control; PAM: pneumatic artificial muscle manipulator-.

drawback rests here related to the chattering problem sig-
nificantly exists as shown in Figures 5 and 7.

From the above results, it is clear to notice that SMC can
deal with nonlinear systems especially for the nonlinear
and uncertain serial PAM robot. The control input forces
the serial PAM robot to track the desired trajectories. The
drawback related to the chattering issue is attenuated based
on the saturation function applied in the control rule. The
Lyapunov stability theorem is proved only in the case of the
sign function applied in the control rule. Thus the classical
SMC can be used to control the serial PAM robot under the
condition of partly known model dynamics. In the next
section, the proposed EAFSMC system is initiatively
applied to successfully estimate and robustly control the
serial PAM robot systems.
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Figure 6. (a) Tracking and (b) errors of the 2nd joint of serial
PAM robot in classic SMC. Dash line: desired trajectory; solid line:
actual trajectory; PAM: pneumatic artificial muscle manipulator;
SMC: serial mode control.
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Figure 7. (a) Control input value and (b) SMC surface of the 2nd
joint of serial PAM robot in classic SMC. SMC: sliding mode
control; PAM: pneumatic artificial muscle manipulator-.

Proposed EAFSMC

The previous results show that the traditional SMC con-
troller encounters difficulty in controlling unstructured sys-
tem uncertainties. In order to solve this task, this article
proposes novel EAFSMC algorithm by combining SMC
and specific fuzzy model. The new concept here relies on
the fact that the addition of an adaptation law to a FSMC
helps ameliorate the system’s tracking performance via
online updating the parameters of the fuzzy rules. Then,
the new EAFSMC algorithm applied to position control of
a two-link serial PAM robot is introduced in detail.

In general, the dynamic equation of an m-link serial
PAM robot is described as

M(q)i+ C(q,4) + G(q) =t

where ¢ =[q1, . . ., g,.]" represents an m x 1 vector of joint
position, M (q) represents an m X m inertial vector matrix,
C(q,q) denotes an m x 1 matrix of Coriolis torques, G(g)

(1)

denotes an m x 1 gravity matrix, and T = [y, .........
denotes an m x 1 vector of joint torques.

Proposed EAFSMC algorithm implementation

This article introduces a novel EAFSMC algorithm applied
to improve the tracking control performance of the 2-DOF
serial PAM robot. The new fuzzy model used in this
method is a multiple inputs multiple outputs fuzzy system
whose fuzzy if-then laws are perfectly reduced by consid-
ering the SMC surfaces as the input variable.

We rewrite equation (21) as

G = —M"q)Clg,q) — M~ (q)G(q) + M~ (q)t
=F(q,q) + B(q)t
(22)
where F(q,4) = —M'(q) C(q,4) — M '(q) G(¢q) and

B(q) = M"'(g).
Then, the sliding surface is defined as
s=é+ e (23)
where ¢ = q — q,. We take the derivative of s and get
§=é+le=F(q,q) +Blgt—qg,+ (24

Let s = 0 in equation (24) and then derive the ideal
SMC law t*

T =B(q)

where K, = diag[Kw1, - - ., Kvm] and Ky, - - -, Ky 1€p-
resent positive constants. The control law is defined as

"dg — F(q,4) — 7é — Kyrsgn(s)]  (25)

v =B (s10)(Gy — F(s10r) — & — H(s|0x))  (26)

in which F(s|0r), B(s|0s), and H(s|0y) represent fuzzy
systems designed to estimate F(q,q), B(g) and Kjsgn(s)
in equation (25). The fuzzy model F(s|fr) is implemented

by F(SWF) = [fl (S|0f1)> """ 7fm(s Hfm)}—r with

m

A > ([ ntis)
fis0) = 5—= =0/ ¢(s)

m Ji

> ([T wditsi)
i=1

=1

The fuzzy system B(s|03) is defined as
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b1 (s]0s11), Bim(s|0b1m),
B(s|0z) = : (28)
ml( |9bml)7 l;mm(s|0bmm)7
where
M m
Z ]A HMA/ S,
b (s]0y) = =—=1 =0, £(s) (29)
> (Lo
=1 i=1

The novel fuzzy model H(s|fy) is designed as

H(s|0k) = [h1(51100,); ooy B (5] 0,)]" with
Z eh gt (57)
hy(s116;) = = 6, &(s)) (30)
Z 141 (s7)
Then the adaptation laws are described as
Qﬁ =—155 &(s)
Opik = — i S5 €(5) (31)

O = — 15 €(s))

where Xp Aoy and y;, denote constantly positive values.

Stability proof of the proposed EAFSMC algorithm

First, it needs to define the minimum approximation errors
as

wp = F(g,4) = F(s07) = o7, .., o] (32)
wg = B(g) — B(s|03), wp, = bu(q) — bu(s|6,) (33)
oy = Ky sgn(s) — H(s|05,) = [on,, - Opm)” (34)
where K, = diag[Kyy, - . ., Kym] and Ky, - . ., Kym are

positive constants. From equation (26), we get
Gq = B(s|0p)t + F(s|0F) + e + H(s|0y)  (35)

Put (equation (35)) into (equation (24)), it leads to

§=F(g,4) + B(g)t — (B(SWB)‘E + F(s]05) + 2é + H(st)) 4 e

— Flg.q) — F(s10r) + (B(q) — B(s16s) )t — H(s16n)
= F(s]03) — F(s|08) + wp + (B(s|9g) — B(s|0p) + wB)f
+H(s|6;;) — H(s|0n) — H(s|0;)

Then for each s;, we can rewrite as

$ =1 ,(s16;) = f;(s10;) + oy + Z(éfk(5|92,k) — bu(sl6,,) + wm)@
k=1
+hi(5i163,) — hilsi16s,) — hy(s116,)
= 97E(s) + oy + Z(¢T )+ o, )50l €(s) — (16,
(37)
= Oy ¢, = e;;/k — Oy,,and ¢, = 92/ = O,
The followed Lyapunov function V; is defined for each
joint of the serial PAM robot

where qbﬁ = 0;‘;

Vi =; (s +— 4)/,¢f + Z ™ — g, Py, + (b;{j(ﬁhj)

(38)

The derivative of V; is determined as

4 . 1 . m_q . 1 ;
Vi=ss;+ f ¢g b+ Z ~7¢l{fk 2 + 1 (l);’ P

k:l

= 5(97¢() +Z¢b,k )+ BhE(s) + - ¢>,,¢,,+Z P

m

L ¢h i, +s,(wf +Zwm/) ~ i(s16})

k=1

= )(_ ¢/T; <XgS/§(S) + ('P/;> + ZX—?{M (ijksif(s) + éb,ﬁ)

m

+ (bh (yh 5;€(s7) + <1);,) + si(wp + Zwb/krj + wp,) — ;K sgn(s;)

m

= /—/,¢; (Zf,sjf(s) + </’f,> + Zy—rmﬁ (Xb,ksjf(s) + (bb,k)

k=1 ~bjx

1 .
+ A—h/(ﬁ,{/ (thsjf(sj) + d)h,) + Sj.Qj — KM/.‘Sj‘
(39)

where Q; = wy; + Y ;| wp, T + ;. The adaptation laws
are given in equation (31). Then we can rewrite equation
(39) as

Vi =59 — Kulsil < (19 — Kag)ls| (40)

According to Universal Approximation Theorem, €;
proves as small as possible. Therefore, it is simple to pick
K,; > |Q;| and get V; < 0 for s # 0.

In summary, the novel EAFSMC algorithm is proposed
with the adaptation laws designed with respect to the Lya-
punov stability theorem. The convergence and stability of
the closed-loop serial PAM robot is mathematically
demonstrated based on the Lyapunov stability principle.

Simulation results

Dynamic equations of the 2-joint serial PAM robot

The dynamic equations for the 2-joint serial PAM robot are
calculated as
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t=M(q)§+ Clq,q) = M(q)§ + Ci(q,4)q

mil% + 2my 1% + 2my1% cosq

(41)

M(q) =

myl? + my1? cosq, }

mzlz —I—m212 C0Ssg2 I’)’lzlz

Py + 2P, 4 2P; cosq;

P, + P, cosqr
P 4 Py cosqr P,

) i —2mzlquqz sing, — mzlzqg sing;
C(q,9) = )
myl”g7 sing,

—2P14,4, sing; — P2d3 sing,
Paqj sing;

. [ —P2g,sing;  —Paq sings — P»g, sing
Cl (% q) =

L P2g, sings 0
(44)

where m, m, represent the mass of links 1 and 2, respec-
tively; / denotes the length of links 1 and 2; and ¢; and ¢,
represent the joint-angle positions of links 1 and 2, respec-
tively. The values of the parameters are chosen as P; =
m > = 1 and P, = myl° = 2. The serial PAM robot model’s
transfer function for each link is described as

4

Wn(s) = 5———
(s) s2+4s+4

(45)

The required trajectory is the output of filtered sequen-
tial unique steps. The starting values of the serial PAM
robot’s joint-angle positions are given as 0.5 rad. Through-
out the proposed algorithm, we choose the parameter 4; in
the sliding surface as same as the bandwidth of the desired
model. The predefined adaptation gains in adaptation laws
are selected as a trial and error values.

Control results of the proposed EAFSMC method

The novel EAFSMC approach is able to adaptively esti-
mate online the dynamic features of the 2-DOF serial PAM
robot presented in equation (41). Then, the proposed
EAFSMC algorithm is quite available for controlling the
nonlinear serial PAM robot system containing uncertain
dynamic characteristics. The advantage of EAFSMC algo-
rithm is to successfully and robustly remove the chattering
issue using the new fuzzy-based compensators in the con-
trol rule. In comparison with FSMC algorithm applied in
the serial PAM robot,?* the number of new fuzzy if-then
laws is significantly reduced by applying the SMC surfaces
as the inputs with the proposed EAFSMC method.
Concretely we select ky = 5, k, = 7 as the number of
fuzzy membership functions (MPs) for each input value,
namely NM NS ZO PS PM and NB NM NS ZO PS PM PB,
respectively. The parameters of the fuzzy MPs for s; are
selected using the simulation results of the sliding surface s;
realized in the “SMC of the 2-DOF Serial PAM robot”

PS PM PB

i NEs NI NS 0
03r "
D'B 3 -
1
i l <
| ]

U ]
0.5 E

0Aaf
03
02f
01f

-0.5 0 a.8 1 1.8 2

Figure 8. Membership functions of s;.

section. The membership functions for the variable s;
(j =1, 2), described in Figure 8, are expressed as

1
1+ [exp((sj + 1.25)/0.1)}2

- 46
1+ [exp( — (s — 1.25)/0.1)}2 (40

The structure of MPs for each input is defined as in equa-
tion (46). Since there is an inverse matrix B! (s|0p) in the
control law (equation (26)), we have to define an initial con-
dition for the proposed fuzzy model B(s|03 ). The initial value
of B (s(0)|63(0)) is chosen asé(s(O)\OB(O)) = diag|[1, 2].
The parameters of the adaptive fuzzy rules described in equa-
tion (31) are determined as y, = 4.5 x 10° (j = 1, 2),
oy =45 % 10° (,k =1, 2),andy;, = 0.02 (j= 1, 2).

Figure 9 represents the tracking performance and the
tracking error of the 1st joint of the serial PAM robot with
proposed EAFSMC. Figure 10 describes the results of
control input value and the SMC surface of the Ist joint
of the serial PAM robot with proposed EAFSMC.
Continually, Figure 11 presents the tracking performance
and the tracking error of the 2nd joint of the serial PAM
robot with proposed EAFSMC. Finally, Figure 12
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Figure 9. (a) Joint-angle tracking performance and (b) joint-angle  Figure 1 1. (a) Joint-angle tracking performance and (b) joint-

tracking errors of joint | of serial PAM robot with proposed
advanced EAFSMC algorithm. Dash line: required trajectory; solid
line: real trajectory. PAM: pneumatic artificial muscle manipulator;
EAFSMC: enhanced adaptive fuzzy sliding mode control.

angle tracking errors of joint 2 of serial PAM robot with proposed
EAFSMC algorithm. Dash line: required trajectory; solid line: real
trajectory. PAM: pneumatic artificial muscle manipulator;
EAFSMC: enhanced adaptive fuzzy sliding mode control.
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Figure 10. (2) Control signal and (b) SMC surface of joint | of
serial PAM robot with proposed advanced EAFSMC algorithm.
SMC: sliding mode control; PAM: pneumatic artificial muscle
manipulator; EAFSMC: enhanced adaptive fuzzy sliding mode
control.

illustrates the shape of control input value and the SMC
surface of the 2nd joint of the serial PAM robot with
proposed EAFSMC.

Figures 9 and 11 show that the joint-angle tracking
errors are successfully bounded in the limit [—0.005,
0.005] rad. Furthermore, from Figures 10 and 12, it is evi-
dent to confirm that the chattering issue is successfully
removed by applying the new fuzzy model as an adaptive
compensator in the control rule.
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Figure 12. (a) Control signal and (b) SMC surface of joint 2 of
serial PAM robot with proposed EAFSMC algorithm. SMC: sliding
mode control; PAM: pneumatic artificial muscle manipulator;
EAFSMC: enhanced adaptive fuzzy sliding mode control.

Figure 13 presents the comparative ellipsoid trajectory
tracking performance of the serial PAM robot system.
From this figure, it is evident to see that the proposed
EAFSMC method provides more accurate and much better
performance than the FSMC applied in the study by
Chang?” and the standard SMC, respectively.

In summary, this article proposes an EAFSMC algo-
rithm to improve the tracking control performance of a
highly uncertain nonlinear serial PAM robot. In this
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Figure 13. Comparative ellipsoid trajectory tracking performance.

Table 2. Comparative performance results.

Availability of tuning Number of fuzzy

Chattering remove Time-consuming Tracking precision

Algorithms method rules effect cost performance

Adaptive FSMC?’ Consequence part m x k3™ Attenuated High Mean

Hybrid fuzzy CMAC- Consequence part m x k3™ Attenuated High Mean
sMc?®

Proposed EAFSMC  Premise and (m+ 1) x k3" + k, Strongly attenuated Medium High

consequence part

SMC: sliding mode control; CMAC: cerebellar model articulation controller; EAFSMC: enhanced adaptive fuzzy sliding mode control.

approach, the proposed EAFSMC fuzzy system is imple-
mented to adaptively identify the dynamic features of the
serial PAM robot. Related to the m-DOF serial PAM robot,
with &, MPs designed for each input, the total number of
fuzzy if-then laws for each joint of the serial PAM robot is
(m+1) x kY +k,. Compared to FSMC algorithms
applied by Chang®’ and Shi and Shen,® with the number
of fuzzy if-then rules for each joint of the serial PAM robot
is m x k3™, it is evident to see that the number of the fuzzy
if-then laws of the proposed EAFSMC is significantly
reduced by implementing SMC surfaces as the inputs of
the proposed fuzzy model.

Moreover, comparative results of the novel proposed
EAFSMC controller and of FSMC approaches used by
Chang®’ and Shi and Shen,”® applied to the highly non-
linear serial PAM robot system, related to the tracking
precision performance, the total time-consuming computa-
tion criteria, and so on, are tabulated in Table 2.

Comparative results in Table 2 once more demonstrate
better performance of the proposed advanced EAFSMC in
comparison with the FSMC by Chang®’ and/or the hybrid
fuzzy CMAC-SMC used by Shi and Shen.?®

Conclusions

In this article, a novel EAFSMC algorithm is introduced
and applied to a 2-DOF serial PAM robot system. The
proposed adaptive fuzzy EAFSMC algorithm introduces a
new indirect adaptive fuzzy EAFSMC algorithm which
successfully identifies the dynamic and cross-coupled fea-
tures of the serial PAM robot. The convergence and the
stability of the proposed EAFSMC method for the 2-DOF
serial PAM robot have also been successfully demonstrated
based on the Lyapunov stability principle. The comparative
results clearly demonstrate the effectiveness of the obtained
results, in particular, compared with existing works in the
literature.
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