Taylor & Francis
Taylor & Francis Group

Automatika

Journal for Control, Measurement, Electronics, Computing and
Communications

B L

Gz ISSN: 0005-1144 (Print) 1848-3380 (Online) Journal homepage: https://www.tandfonline.com/loi/taut20

A robust type-2 fuzzy sliding mode controller for
disturbed MIMO nonlinear systems with unknown
dynamics

Nabil Nafia, Abdeljalil El Kari, Hassan Ayad & Mostafa Mjahed

To cite this article: Nabil Nafia, Abdeljalil El Kari, Hassan Ayad & Mostafa Mjahed (2018) A robust
type-2 fuzzy sliding mode controller for disturbed MIMO nonlinear systems with unknown dynamics,
Automatika, 59:2, 194-207, DOI: 10.1080/00051144.2018.1521568

To link to this article: https://doi.org/10.1080/00051144.2018.1521568

© 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Published online: 19 Sep 2018.

N
CJ/ Submit your article to this journal &

||I| Article views: 298

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=taut20


https://www.tandfonline.com/action/journalInformation?journalCode=taut20
https://www.tandfonline.com/loi/taut20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00051144.2018.1521568
https://doi.org/10.1080/00051144.2018.1521568
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=taut20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2018.1521568
https://www.tandfonline.com/doi/mlt/10.1080/00051144.2018.1521568
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2018.1521568&domain=pdf&date_stamp=2018-09-19
http://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2018.1521568&domain=pdf&date_stamp=2018-09-19

AUTOMATIKA
2018, VOL. 59, NO. 2, 194-207
https://doi.org/10.1080/00051144.2018.1521568

A Taylor & Francis
Taylor & Francis Group

REGULAR PAPER

8 OPEN ACCESS

A robust type-2 fuzzy sliding mode controller for disturbed MIMO nonlinear

systems with unknown dynamics

Nabil Nafia?, Abdeljalil El Kari?, Hassan Ayad? and Mostafa Mjahed ®P

dLaboratory of Electric System and Telecommunication (LSET), Faculty of Sciences and Techniques Guéliz (FSTG), University Cadi Ayyad,
Marrakech, Morocco; PRoyal School of Aeronautic (ERA), Marrakech, Morocco

ABSTRACT

In this paper, in order to achieve the best tracking control of a class of multi-input multi-output
(MIMO) nonlinear systems with unknown dynamics and unknown disturbances, a new robust
adaptive interval type-2 fuzzy sliding mode control law (AIT2-FSMCL) has been proposed. Based
on developing interval type-2 fuzzy local models for some operating points of the controlled
system, an interval type-2 fuzzy logic system (IT2-FLS) has been designed to better estimate
the unknown nonlinear dynamics of the studied system. Then, to enhance the tracking con-
trol performance and ensure the system robustness in the presence of approximation errors,
parameter variations, un-modelled dynamics and external disturbances, a new AlT2-fuzzy sliding
mode system (AIT2-FSMS), has been introduced. In order to avoid the chattering phenomenon
while keeping the system performance, the AIT2-FSMS uses three AIT2-fuzzy logic systems (AIT2-
FLSs) to estimate the optimal gains of the AIT2-FSMCL. The adaptation laws have been derived
using the Lyapunov stability approach. The mathematical proof shows that the closed-loop sys-
tem with the proposed control approach is globally asymptotically stable. Finally, the proposed
design method is applied to a two-link robot arm to validate the effectiveness of the proposed
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control approach.

1. Introduction

Conventionally, control algorithms can hardly deal with
multi-input multi-output (MIMO) uncertain nonlinear
systems. To cope with this problem of control, several
robust approaches have been proposed. Among them,
fuzzy logic control (FLC), Hy, technique and sliding
mode control (SMC) have attracted a remarkable atten-
tion.

Over the past decades, intelligent algorithms using
fuzzy logic systems (FLSs) have been extensively used
and successfully applied in various applications [1-9].
However, for nonlinear perturbed complex systems
with uncertainties, FLSs cannot guarantee the global
stability of the closed-loop system [10]. To overcome
this problem, many researchers have tried to combine
FLSs with other advanced robust methods to achieve
good performance, such as SMC, adaptive control, Hy
technique and neural network [11-16]. In [17], the
authors have proposed an adaptive sliding mode con-
troller for systems with actuator saturation to guaran-
tee that the closed-loop system is uniformly ultimately
bounded. In [18], an adaptive fuzzy SMC (AFSMC)
for uncertain discrete-time nonlinear systems is pro-
posed. The nonlinear uncertainties are approximated
by using a fuzzy system. Then, an AFSMC term is added
to the control to compensate the modelling errors. And,

in [19], a discrete sliding mode controller for a class
of nonlinear systems described by a Takagi-Sugeno
(T-S) fuzzy model subject to modelling error has been
proposed to guarantee the global stability of the closed-
loop system despite the modelling error.

SMC is a particular kind of robust control, which
allows the complete reject of any disturbances act-
ing on the system dynamics. It has been successfully
applied for many complex uncertain perturbed sys-
tems [20-24]. However, the control law in the conven-
tional SMC is discontinuous, which can generate the
so-called chattering phenomenon [25,26]. This phe-
nomenon consists of the oscillation of the control law
at a frequency and with amplitude capable of damag-
ing the actuators [26]. In order to reduce the chattering,
boundary layer methods (BL) and higher order SMC
approaches (HO-SMC) are usually adopted by many
researchers [27-30]. However, these methods have a
major disadvantage that limits their performance which
consists in the fact that they require the knowledge of
the upper bounds of the different kinds of uncertain-
ties and disturbances that affect the system dynamics.
Moreover, the HO-SMC algorithms require in general
higher order derivative of the sliding variable. And,
the BL approach constraint the system state trajecto-
ries not to the desired dynamics but to their vicinities,
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thus losing the control accuracy and may even provoke
adeterioration of the system stability. The second-order
super-twisting SMC (SOST-SMC) is among the most
popular and effective HO-SMC algorithms widely used
in the literature for controlling complex uncertain non-
linear systems [31-36], it is developed by Levant [37]
to avoid the chattering and ensure the finite time con-
vergence of the system state trajectories. However, the
choice of its control gains values remains one of the
major problems for this kind of algorithms. The large
gains can cause the chattering and a dynamic response
with overshoot. And, the small gains can deteriorate
the tracking control accuracy and affect the system
robustness.

On the other hand, FLS cannot directly handle rule
and measurement uncertainties because it uses type-
1 fuzzy sets (T1-FSs) that are certain. To cope with
this constraint, the so-called type-2 fuzzy logic sys-
tem (T2-FLS) has been introduced in designing robust
controllers and becomes more and more imposed in
industrial and technological fields [38-40]. One rea-
son is that a T2-FS is characterized by a membership
function (MF) that includes a footprint of uncertainty
(FOU) which makes it possible to handle linguistic
uncertainties more effectively than T1-FLSs [41,42]. In
[43], both the position and speed of a mobile robot
are controlled by using two interval type-2 fuzzy con-
trollers. And, in [44], both the position and speed of a
mobile robot are controlled by using two interval type-2
fuzzy controllers.

Compared to the existing works in the literature, the
main contributions of the present study are listed as
follows:

(1) A new robust adaptive interval type-2 fuzzy sliding
mode control law (AIT2-FSMCL) is proposed for a
large class of MIMO nonlinear systems to deal with
the tracking control problem, with the following
considerations are taken into account:

e All dynamics are entirely unknown and suffer
from time varying disturbances.

e No prior knowledge is required for the upper
bound of unknown disturbances that affect
the studied system dynamics, including un-
modelled dynamics such as friction force, para-
metric variations and external disturbances.

(2) Based on T-S fuzzy system characterized by its abil-
ity to represent input/output relationships locally
of a system [45], an interval T2-FLS (IT2-FLS),
has been introduced in order to efficiently describe
the unknown dynamics of the studied system. FSs
are chosen to be IT2, firstly, because they do not
require alot of computation and, secondly, for their
efficiency to capture severe uncertainties.

(3) A new synthesized AIT2-fuzzy sliding mode sys-
tem (AIT2-FSMS) has been introduced to handle
modelling errors and effectively reject the effects
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of parametric variations, un-modelled dynamics
and unknown external disturbances on the system
dynamics. By using three AIT2-FLSs, the AIT2-
FSMS is designed in such a way as to generate the
optimal gains of the AIT2-FSMCL that ensure the
best tracking control performance while simulta-
neously avoiding the undesired chattering.

(4) The adaptation laws are derived using the Lya-
punov stability theorem. Finally, a two-link robot
arm is used as a study case to confirm the effec-
tiveness of the proposed control approach.

This paper is organized as follows. Section 2 describes
the IT2-FLSs. In Section 3, the problem formulation
is presented. In Section 4, we propose the controller
design method. Finally, the simulation results are illus-
trated in Section 5.

2. Introduction to type-2 fuzzy logic systems

A T2-FLS is characterized by MFs that are them-
selves fuzzy. Output sets of inference engine are T2-FSs.
Therefore, a reducer is required to convert them into
T1-FS. The obtained type reducer set is then defuzzified
to obtain a crisp output.

An example of a T2 fuzzy MF is the Gaussian MF
represented in Figure 1, with the associated FOU, is the
area in between the upper and lower MFs.

Upper MF and lower MF are two T1 fuzzy MFs. u1
is the intersection of the crisp input x with lower ME,
and 2 is the intersection with upper ME

2.1. Interval type-2 fuzzy modelling system

The T-S fuzzy system is characterized by its ability to
represent input/output relationships locally of a system.
Every conclusion of such system is expressed by a lin-
ear system describing the system dynamics at a given
operating point. Then, with a rule base of M rules, each
having q antecedents and p consequents, the jth rule can
be written as [45]

R :ifx;isF/andx,isFy ... and x, is qu
x™ = Aj)_C =+ Bju
y=Xx

then

(1)

where F/ are the antecedent FSs characterized by the
fuzzy MFs Mg (Xi); x = [¥1 %2 - %17 is the first ele-

ment of the state vector x = [xT,ch, o ,x(”’l)T]T €

R? such that g=pxn; ueR” and y € R? are,
respectively, the input and the output of the studied
system; A; € RP*4 is the state matrix and B; € RP*™
denotes the input matrix.

In this study, to take advantage of the potential of T2-
FS to consider uncertainties on T2 fuzzy rules, FSs F/
defined in (1) are replaced by IT2-FSs. Then, the sys-
tem (1) can be reformulated using the T-S rule based
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4 upper MF 1

lower MF

FOU

Figure 1. A type-2 fuzzy set.

modelling for a T2 fuzzy system as follows:

R ifx isly1 and x; isly2 ...andxqisF;

m — A B:
then x X+ Bju (2)
y=x

where F, are IT2-FSs characterized by the fuzzy MFs
i (Xi)

Consider that all local models of the system (2) are
controllable and the meet operation is implemented by
the product t-norm. Then, the firing interval of the jth
fuzzy rule is the following interval T1-FS (IT1-FS):

Z(x) = [2(x), 2(x)] (3)

where z’ (x) = JT /Llow(x,) and 2, H(x) = 7T M;pp(xz)

with ul"w (x;) and /L PP (x;) are the lower and upper MFs

of 7 (x,) respectlvely

2.2. Type reduction for interval type-2 fuzzy sets

The output of the inference engine must be reduced to a
T1-FS before defuzzification. The type reduction using
the centre of sets (COS) method is adopted in this study
for the IT2-FSs and it is given by [46]

YCOS(91’927 LU )GM)ZI)ZZ, - ,ZM)
_LLWQLLW
/ YN Yy . dyMdzd? . dzM)
M ij‘il 2
(4)

where Yo, is an IT1-FS defined by two end points y;(x)

and y,(x); y’ €6 = [9] ,9] ] with 6/ is the centroid of
the associated fuzzy consequent set; and 7 € Z/(x) =

2], 2 (0)].

The defuzzified crisp output by using the centre of
gravity is then obtained as follows:

Y+ yr
= 5
5 (5)
where y; and y, can be expressed as
M i
)
. j=1"1 T
| = min ———— = 0, §
T s T
¥ ol ©)
: T
yr = Max —— = 0],
zZ s
Where él [‘;):[ SZ . é ]T and é?’ - [Er Er . Sr ]

are two vectors of fuzzy basis functions, such that: él

Z > and Sr = Z ST with (2, Z) € ZI(x); 6, =
j=1%< j=1
(6} 62 ..6M1" and 6, = [0} 62 .. 61" are the adjus-

table parameter vectors.

In this study, Z and 7/ are determined using the iter-
ative algorithm developed by Mendel and Karnik [47].
Therefore, y; and y, can be easily computed.

3. Problem formulation

Consider a general class of MIMO nth order nonlin-
ear systems, having m inputs and p outputs ( p < m),
described by the following equation:

XM = fx) +g@u+d
y =X

where f(x) = fNX) + Af(x) =[nfr ] €RP is a
vector of bounded unknown nonhnear continuous

functions, and g(x) = gn(x) + Ag(x) =
41,1 £1,2 - Z1,m
g2,l g2,2 gz,m

7)

. . . . | eRP js a matrix of bounded
81 82 - Gpm

unknown nonlinear continuous functions, with Af(x)

and Ag(x) represent the parametric variation on the

system dynamics; u = [ w2 ... un |T € R™andy € R?,



are, respectively, the input and the output of the sys-

tem; x = [xT %7, ,x(”’l)T]T € R1 denotes the state
vector of the system assumed to be available to mea-
surement, with x =[x %2 .. % ]T is the first element
of the state vector, and g=nxp;d=[did> ... dp ] €
RP? denotes unknown bounded disturbances, including
un-modelled and unknown external disturbances.

Assume that gy(x) is a non-null matrix, and let
gI\_,l(a_c) denote the Moore-Penrose pseudo-inverse of
gn(x).

Based on the system (2), for a given state/control
(x, u) pair of the system (7), if the product is used as
an inference engine, COS for the type reduction and
the centre of gravity for defuzzification. The defuzzi-
fied crisp out will appear as a weighted average of the
IT2 fuzzy local models:

Y, 7@ Ajx + Bjul
ij\il 7 (x)
Y1, Z()[Ajx + Byl
IELCY) (8)
1 1%, 7 () [Ajx + Bju]
2 Z]Ail 7 (x)

X —

1
2

y=x

Let fo(x) =

= [Zjlsz]er

Z?il EJAJ'E
ZJ 1

i -
L s i
g?,l g1,2 gl,m
81 822 - Gom
and go(x) = -
5o
gp,l gpz . gpm
_1 Zj]\iléij + ZJ 7B
Z}j\ilg Z] 1

reformulated as

x" = fo(x) + go(X)u
y =X

] then, the system (8) can be

)

The system (9) is an IT2-FLS designed to describe
the unknown dynamics of the system (7).
Consider &¢(x) and g(x) the approximation errors

of fy(x) and gy (x), respectively. Thus, fy(x) and gn(x)
can be formulated respectively as follows:

PN @ = folx) + &) 10)
N (%) = go(x) + £4(x)
Then, the system (7) can be rewritten as
{x(”) = fo®) +g@u+¢ a1
y=x

where ¢ = [¢1 ¢2 - = (Af(@) + &7(0) + (Ag(x)
+8g(§))u+d is assumed to be bounded ((J¢;| <
Gii =0, i=1,...,p).
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4. Control law design

The control objective is to ensure that the state x tracks
the desired reference x, = [x! x2 ... £ 1T in the pres-
ence of un-modelled dynamics, parametric variations
and unknown external disturbances for a large class
of MIMO nonlinear systems with unknown dynamics
as it was defined in (7). Therefore, in order to guar-
antee the robustness of the system (7) against these
constraints and ensure the best tracking control per-
formance while simultaneously avoiding the undesired
chattering, a new AIT2-FSMCL is proposed in this
study.

4.1. Sliding mode control law design

The main objective of SMC is to force the system
dynamics to reach and then remain on the sliding sur-
face s(x, t) = 0, with 0 € R? denotes the null vector.

Define the tracking error e = x, — x. Then, the slid-
ing surface can be defined for a nth order system as
(48]

s(x, 1) = [51 $ D
9 (n—1)
—(Z 4
(at+ ) ¢

n—1 _ (n—j-1)
— Z (n— 1) <3> Ve (12)
'(n _] — ]_)'

j=

where A = diag(Ai)1<i<p € R®*P) is a diagonal matrix,
with ; is the positive slope of the sliding surface s;.

In order to ensure the desired control performance,
a new control law is designed as follows:

u=gy " —fox) +p — u)

= Ueq _g()_luc (13)

where ue; = gy 1(x£”) — fo(x) + p) and u, is areaching
sliding mode control law.

The fuzzy equivalent control ue4 describes the slid-
ing mode of the system dynamics, it drives the system
trajectories to the desired dynamics, and it is obtained
when § = 0. However, the approximation errors and
unknown disturbances that affect the system (7) may
cause a deterioration of the sliding mode. Therefore,
a new robust reaching sliding mode control law u, is
introduced to overcome this problem. The control law
u. describes the reaching phase of the system state tra-
jectories towards the sliding surface s = 0. Thus, the
proposed reaching sliding mode control law is designed
as follows:

e = [ue(1) u(2) u(p)]"

t‘f
= —as(x,t) — k / sign(s(x, t))dt — pw(s(x, t))
0
(14)
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where w(s(x, 1)) = [wi(s1) @2(s2) ... wp(sp) ]T € R?, such
g;sign(s;),s; €

: N;
thatw;(si) = { sign(s) Q= {s; €sllsil = 3,
2 > Si ¢ Q
log”sil
1 .
0 < N; <1}, and ¢; o (Ni/2) in order to ensure a
continuous signal in [s;| = (N;/2); a = diag(a;)1<i<ps

u = diag(ui)1<i<p and k = diag(k;)1<i<p are diago-
nal matrices of the positive reaching control gains «;,
w; and k;, respectively; fotr sign(s)dt = [ fotl sign(s;)dt
fot£ sign(sy)dt . .. fotp sign(sp)dt]T,with =t ..0]"
t | >
sl > i denotes the reaching
ty, Isil < i
time to a neighborhood 9; of the sliding surface s; = 0.

such that ¢/ =

Theorem 1: For the controlled MIMO nonlinear sys-
tem (7), with the IT2-FLS defined in (9), the control
law defined in (13) is globally stable in closed-loop sys-
tem with the tracking error converges asymptotically to
zero, despite unknown dynamics and unknown distur-
bances that affect the system (7), including un-modelled
dynamics, parametric variations and unknown external
disturbances.

Proof: In order to ensure the desired dynamics and
guarantee the stability of the closed-loop control sys-
tem, we consider the following Lyapunov function:

L 7
V= -5S 15
5 (15)

The time derivative of the above equation for the system
(11) can be given as

v = sTs(x, 1)
=" (" — fox) — go@u— ¢ + p) (16)
_ ! 9\ (n—j—1)
where p = [P1 02 - £ ]T = 2?211 ]l((nn_% (57) o
Me
From (13), we get:

" = fo(x) + go(Xu+ ue — p (17)

Substitute x" and u, by their expressions defined in

(17) and (14), respectively, into (16), gives

V= — (sToes(g, t)

tr
Tk / sign(s(x D) dt + s oo (s(x, t))) —sTy
0
(18)

The above equation becomes negative if the inequality

below is guaranteed:
ajlsi| + kit + pilol = ¢i,  i=1,...,p  (19)

Thus, a good choice of the reaching control gains j;,
o; and k; will allow verifying the above inequality (19),

hence, the proof 1 is completed. However, in practice, it
is very difficult to obtain the optimal reaching control
gains (;, ; and k; that ensure the best tracking con-
trol without deteriorating the system robustness. The
large gains generate a big chattering in the system con-
trol and a dynamic response with overshoot, and the
small ones affect the tracking accuracy and can even
cause the instability in control system. In this paper, for
handling this problem, a new AIT2-FSMS is designed
to better estimate the optimal gains of 1, «; and k; that
provide the best tracking control performance for the
system (7) by guaranteeing the condition (19) and to
simultaneously avoid the chattering phenomenon. W

4.2. Adaptive interval type-2 fuzzy sliding mode
control law

Based on the IT2-FLS (5), and with the sliding sur-
face s(x,t) as an input vector, the terms —as(x, 1),

—k fot ' sign(s) dt and —pw (s) of the control law defined
in (14) are substituted by their AIT2-FLSs, respectively:

Tl (i) = £ (1)0a (i) s
(i) = &L ()0 (D]
i1y, (i) = &1 ()0, (i) wi ()|

i=1....p (20

where & (1) = 3 (62 (D + &a (D) =810 &0 . &0 T,
5k = &)+ D) = [60 g0 . g0 ] and
£u) = 3601+ £ (D) = [610 30 . 0] are
the vectors of fuzzy basis functions as they were
described in (6); 0, (i) = [04() 62() .. 64X ) |*, Ok (i) =
[61G) 62G) ... M) ]* and 0,,(1) = [04() 62G0) ... Gﬁ’l(i)]T
are parameter vectors free to be designed by adaptive
laws; M is the number of rules.

Define the optimal parameters of the AIT2-FLSs
U (1), Tk (i) and 11, (i):

62 (i) = argmin(sup lie (i) — g ()])
Ou () s

67 (i) = argmin(sup i) — D) (1)
Ok (1) Si

0, (i) = argmin(sup |it, (i) — (1))
Ou(i) g

The global proposed AIT2-FSMCL is designed as fol-
lows:

u=g W™ —fo) +p—i) (22

where e = [c() 2@ . 2cp) | T = By + g + By,
such  thatt g = [#®) i@ W@ ]Y, =
[flk(l) U (2) ... u(p) ]T and Z,:lﬂ = [ﬁp.(l) 4, (2) ... i (p) ]T.



The adaptive laws for the designed AIT2-FLSs
defined in (20) are designed as follows:

0o (i) = — v (i)s7sign(s;)Eq (i)
Ok (i) = —yi(i)sit! €k (i) (23)
0,0(5) = —yu (i)silwi(si) €, ()

where y, (i), k(i) and y,, (i) are positive constants

Theorem 2: For the MIMO nonlinear system (7), with
the IT2-FLS defined in (9), the AIT2-FLSs proposed in
(20) and the adaptive laws expressed by Equation (23),
the designed AIT2-FSMCL (22) is smooth and globally
stable in closed-loop system with the tracking error con-
verges asymptotically to zero, despite unknown dynamics
and unknown disturbances that affect the system (7),
including un-modeled dynamics, parametric variations
and unknown external disturbances.

Proof: Consider the following new augmented Lya-
punov function:

P 1 1 - 07 ()8, (i)

v=) = zZSHEZ V()
i=1 = i=1

1 Z 00D 1 i 0@
25 1230 2 — Yu (i)

where 0 (i) = 6, (i) — 07 (i), Ok (i) = Ok (i) — 6; (i) and
B(0) = 0,,() — 07 (D)3 (i), y4(i) and y,,(i) are posi-
tive constants.

Considering Equations (15), (18) and (22), the time
derivative of (24) gives

b = Z b = Z (si(a,;(i) — i) + ()9 (i) (i)

i=1
) (25)

Let u (i) = &1 (D0u (D]si] = —af's;, uf (i) = & (DO (D)

= —kf fot" sign(s;) dt and u; (i) = Eg(i)eu (i) |wi(s)]
= —ujwi(s;) denote, respectively, the optimal control
laws of u, (i), uk (i) and u, (i) that ensure the best track-
ing control performance of the system (7) by generating
the optimal gains «, k¥ and u; of the control law
uc(i), which allows to effectively reject the perturba-
tion ¢ acting on the system dynamics by verifying the
condition (19) while simultaneously ensuring that the
undesired chattering are avoided. Then, by introducing
the optimal control law u (i) = ug (i) + ui (i) + u}, (i)

Logr
e k¢
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into (25), it gives for v; (i = 1,...,p):

6.1 (i), (i)

55 = si((leli) — 1) + 4 () — @) + ——
ya(l)

+ Tek DO+ - (i) 0,0 (D0, (i)

= si(Eq (D0 (D)lsi] + & DO
+ &1 (D0, (D |wi(s)]) + sz-<u* (i)

+ ug (i) + ), (i) — @i) + O ()00 (i)

a()
+ —9 ()0 () + 6T ()6, (i)

)k M()*‘
= 2 él)(.
(’ <> ) ®

+ (sis,f (i)t + —(i)é,? <i)) Ok (i)

T(z)) 6,.(i)

M()“

ti’
+5 (—ozfs,- — k;“/ sign(s))dt — p} wi(s;) — §0i>
0

(26)

+ ( zS (D]wi(si)| +

Substituting 0y (i), Ok (i) and éu (i) by their expressions
defined in (23), gives

= —|sil (o] |si| + K[t} + pflwi(sp)]) — sigi (27)

The above equation becomes negative if the following
condition is guaranteed:

of Isil + kt] 4+ puflwi(s)] > @i (28)

the inequality (28) is verified since o, ki and ] are
the optimal estimation gains of «;, k; and u; that ensure
the condition (19), and therefore, the equation v =

Zle v; becomes negative. Thus, the proof 2 is com-
pleted. |

5. Simulations results
5.1. Robot arm dynamic model

To validate the developed approach of control, consider
a two-link robot arm actuated by two DC motors as
shown in Figure 2.

Let [; and I, be arm lengths, m; and m, the masses
at the end of each joint axe, and gthe gravity accelera-
tion. Also let ¢ = [ 42]T be the joint variable vector
(angular positions vector).

The robot arm system is described by the following
equation [49,50]:

M(q)g+C(q, g+ G(q) =u+d (29)
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Figure 2. A two-link robot arm.

(my+mz) B2 mah L (sin(q1) sin(q2)
_ +(cos(q1) cos(qz))
where M(9) = |, 1,1,(sin(qy) sin(g2)
+(cos(q1) cos(q2)) myly

is the completed inertia matrix; C = myl1l2(cos(q1)
sin(g2) — sin(q1) cos(q2)) [fql _612] denotes the cori-
—(my+mp)hgsin(q) ]T

—malhg sin(qz)
Contains the gravity terms; u = [ 2|7 is the con-
trol torque vector; d = [di > 1T denotes the unknown
disturbances, including un-modeled dynamics such as
friction force and unknown external disturbances.

Introduce the state vector x = [T 7 1T =14 4717,
wherex = [x1 2 ]T = [@1 22]7; thus, Equation (29) can
be reformulated as

olis and centripetal forces; G = [

X¥=fN&) +gn(@u+D (30)

where fy = M~1(—=C3— G), gn(x) = M~! and D =
M.

Assume that the mass of joints of the robot arm
system (30) presents parametric variation. Therefore,

Equation (30) can be rewritten as

X = (fN@) + Af () + (v + Aguw) + A
=@ +gvnu+ A (31)

where Af(x) and Ag(x) represent the time varying dis-
turbances acting on the system dynamics caused by the
mass variation dm; A = (M + AM)~'d, with AM rep-
resents the parametric variation of the inertia matrix M
caused by dm; and A = Af(x) + Ag(x)u+ A .

Equation (31) is similar to the systems described in
(7), it is a second-order nonlinear system having two
inputs and two outputs, unknown dynamics fy and gy,
and unknown disturbance vector A. So, we can apply
the proposed control law defined in (22).

5.2. Simulation

A robot arm with the following nominal characteristics
is considered:

h=L=1m; m =4kg and mp; =2kg g¢g=
9.8 m/s?.

The time varying disturbances on the mass of
joins are given as follows: dm (kg) = [dm; dm;, 1T =
[Zsin(t) sin(t) ]T

The unknown disturbances vector is represented as

o —1 | 0.8sin(2)4-0.4sin(q1)+0.2g
A= M+ AM) [0.6 sin(26)+0.2 sin(q;)+0.2q;:| +Af ()
+ Ag(x)u.

Set the initial condition joint angular position vector
x (rad) = [1.204]".

Set the sliding surfacess; = é; + Ajejandsy = é; +
Are;, where e; = q14 — q1 and e, = g4 — g2 are the
tracking errors, A1 and A, are the positive slopes of the
sliding surface s; and s,, respectively.

Assume that g; and ¢, belong to [ -5 7 ].

The control objective is to maintain the sys-
tem to track the desired trajectory g7 = [ 914 924 1T =
[sin(t) cos(t) ]T.

1

o o o
ES o )

Membership function degree
H(a)

o
)

Input q

Figure 3. Interval type-2 fuzzy sets used by the IT2-FLS defined in (33).
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Figure 4. Interval type-2 fuzzy sets used by IT2-FLS {..
1
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Figure 5. Type-1 fuzzy sets used by the T1-FLS defined in (34).

The proposed AIT2-FSMCL is designed as

T
uz]
=8 (@~ fo@) + p — i)
a0 (e
[ 01 A2 ] (2 )
The IT2-FLS used to describe the nonlinear system
dynamics (30) is designed as

u=[u1

(32)

where p =

{3& = fo(x) + go(x)u (33)

y=x

The IT2-FLS (33) has two inputs q; and g2, and each of
them is defined by three MFs, as depicted in Figure 3.
There are M =9 fuzzy rules to describe the
unknown dynamics of the system defined in (30),
which requires the following A; and Bjmatrices (j =

L,2,...,9):

A= [ g0
w=[H L]
a5 = [3 50008 )

Table 1. The constant parameters of both control approaches.

Parameters FSOST-SMC PAC
e 5 5
A2 4 4
N - 0.12
N, - 0.15
Ya (1) - 20
Ya(2) - 750
k(1) - 820
vk (2) - 1480
yu (1) - 30
Yu(2) - 40
by 20 _
by 38 _
B 1 -
B2 14 _
_T1 04 017. _J121 0 —04
—[3 g —1 > 08 1(;13_ 0 18 —1 —0.04]
_ —0.87. __[054 0 7.
—[1—10 ] B, = [0824] BZ—[01.7]>
By =[898]; Ba =By Bs =Bi; Bs =By By =B;
Bs B,; By = Bj.

For the AIT2-FLS i, three MFs are designed for
each of its inputs s; and s,, as represented in Figure 4.
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Figure 6. The tracking error e;(rad) of both control methods.
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Figure 7. The tracking error e;(rad) of both control methods.
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Figure 8. The angular position g1 (rad) and its reference trajectory g;4(rad) of both control methods.
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the angular position q2(rad) and
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Figure 9. The angular position g;(rad) and its reference trajectory g,4(rad) of both control methods.
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Figure 10. (a) The control law u1(N.m) of the PAC. (b) The control law V4 (N.m) of the FSOST-SMC approach.
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Figure 11. (a) The control law u;(N.m) of the PAC. (b) The control law V,(N.m) of the FSOST-SMC approach.
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Figure 12. The tracking error eq(rad) of both control methods, for by = 27,b, = 45, 87 = 18and 8, = 27.



204 N. NAFIA ET AL.

0.1 ! ! ! )

the tracking error evolution e2(rad)

——PAC }
— FSOST-SMC

10 12 14 16 18 20

time (s)

Figure 13. The tracking error e;(rad) of both control methods, for by = 27,b, = 45, 87 = 18 and 8, = 27.

control law u1(N.m)
(PAC)

2200 i i i i

control law VV1(N.m)
(FSOST-SMC)

-100 I 1 I I

i H
10 12 14 16 18 20

time (s)

Figure 14. (a) The control law u1(N.m) of the PAC; (b) The control law V;(N.m) of the FSOST-SMC approach, for by = 27, b, = 45,

,31 = 18and ,32 =27.

To show the effectiveness of the proposed approach
of control (PAC), a comparison was made with the
fuzzy SOST-SMC algorithm (FSOST-SMC) that uses a
T1-FLS to approximate the dynamics of the system (30)
and uses a SOST-SMC law to handle the approximation
errors and unknown disturbances.

The T1-FLS used to describe the nonlinear system
dynamics (30) is designed as

% =fo(x) +Zo(x)V

y=x (34)
where  fo() =277, Y0  EfAkx  and  Zo(x) =
3 3 k nk ek MprG)upp (x2)
D i szl &, B, such that: & = 2’5:3—3,

I=1 m=1

_ g (1) g (x2)
with E'(i =1, ..., 3) are the antecedents T1-FSs char-
acterized by the fuzzy MFs ppi(xj), j = 1,2, A] = Ay,

Al = Ay AL = A3, A = Ay, AL = A5, A3 = A5, A} =
A7, A3 = Ag, A} =Ag, Bl =By, B} = By, B} =B,
B} =By, B, = Bs, B2 =Bg, B; = B;, B} = Bg, B} =
Bog; V denotes the global control law of the FSOST-SMC
approach, and is given by the following equation:

v=[v, v]

=20 0@a—fo@ +p —ust) (35

_ _Jo o] fosigneode | [ﬂl 0 ]

:Z:E:]’ with by, by, B1 and B, are the gains of the
SOST-SMC law ugr.

The T1-FSs E’ used by the T1-FLS defined in (34) are

depicted in Figure 5.

where
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Figure 15. (a) The control law u;(N.m) of the PAC; (b) The control law V5(N.m) of the FSOST-SMC approach, for by = 27, b, = 45,

B1 =18 and Br = 27.

For the constant parameters of the two approaches
of control, we take the following values, as shown in
Table 1.

The simulation results are shown in Figures 6-11.
They illustrate the comparison between the PAC and
the FSOST-SMC method.

Figures 6 and 7, they depict the evolution of the
tracking errors. Figures 8 and 9, they represent the tra-
jectories of robot arm angular positions q; and g, and
their references trajectories q14 and g,4, respectively.
Figures 10 and 11, they depict the evolution of the
control laws of both control methods.

According to the above simulation results, we notice
that the PAC ensures the best tracking performance
compared to the FSOST-SMC method. This is due to
the fact that the PAC, firstly, it efficiently describes
the unknown dynamics of the controlled system,
and secondly, it rejects the effect of approximation
errors, neglected and un-modeled dynamics, time vary-
ing disturbances acting on the system dynamics, and
unknown external disturbances that perturb the con-
trol system more efficiently than the FSOST-SMC
approach. Furthermore, the PAC generates smooth
control inputs while simultaneously ensuring higher
tracking performance. On the other hand, Figures
12-15, they show that when we apply higher gains
(b1, by, B1 and B;) of the control law ugpof FSOST-
SMC in order to improve the tracking performance, the
chattering becomes more severe.

Even with the improvement of the tracking perfor-
mance of the SOST-SMC method, which obtained at
the detriment of the smoothness of the applied control
inputs, it is noticed that the PAC still presents the best
tracking performance with smooth generated control
inputs.

6. Conclusion

In this paper, we presented a new robust AIT2-FSMCL
for a quite large class of MIMO nonlinear processes
with unknown dynamics and subject to unknown dis-
turbances. Firstly, the unknown dynamics have been
approximated to a weighted combination of IT2 fuzzy
local models. And secondly, a new AIT2-FSMS, which
uses three AIT2-FLSs, has been designed to estimate
the optimal gains of the AIT2-FSMCL that provide
the best tracking performance while simultaneously
avoiding the undesired chattering, despite approxima-
tion errors and unknown disturbances that affect the
studied system, including un-modeled dynamics, para-
metric variations and unknown external disturbances.
The closed-loop system control is globally asymptot-
ically stable and mathematically proven. The simula-
tion example confirms the efficiency of the developed
control approach in achieving the desired objectives.
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