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This study deals with the tracking control problem of a large class of multi
input multi output (MIMO) nonlinear systems with unknown dynamics and
subject to unknown disturbances. First, two interval type-2 adaptive fuzzy
systems (IT2-AFSs) are constructed to efficiently estimate the unknown
nonlinear dynamics. Then, based on IT2-AFSs and super-twisting
algorithm (STA), a new robust adaptive fuzzy-reaching STC law (AF-
RSTCL) has been added to the global control law to improve the
robustness of the studied systems in the presence of approximation errors
and unknown disturbances. In order to avoid the chattering phenomenon
and guarantee simultaneously the best tracking performance, the gains of
the designed AF-RSTCL are optimally online estimated. The adaptive
parameters of the global synthesized control law are deduced from the
stability analysis in the sense of Lyapunov. Finally, an example of
simulation is used to confirm the effectiveness of the developed method in
achieving the predetermined objectives of the tracking control.
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1. INTRODUCTION

The design of robust control algorithms for disturbed
multi input multi output (MIMO) uncertain systems with
highly coupled nonlinearities is one of the biggest control
problems encountered in the system control field. There-
fore, in recent decades, several sophisticated control app-
roaches have been developed for controlling such comp-
lex processes. Among them, those using fuzzy systems
(FSs), adaptive control and sliding mode control (SMC)
have been credited in many different real applications as
effective and robust methods of control [1-8].

SMC is an efficient approach of robust control
techniques widely utilized in many practical appli-
cations due to its capability to handle any uncertainties
or disturbances influencing the system dynamics. How-
ever, the chattering phenomenon caused by the dis-
continuous term of the SMC law can be harmful to the
actuators [9, 10]. To eliminate or at least attenuate the
chattering phenomenon, several control techniques have
been employed in various technical and technological
applications [11-17]. And in particular, those using
super twisting algorithm (STA) algorithm, have recently
been extensively used in the literature [18-22]. The STA
has been introduced by Levant [23] to attenuate the
chattering phenomenon while simultaneously ensuring a
finite time convergence and the stability of the closed
loop control system. However, the design of good
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values of the super-twisting control (STC) law gains
remains one of the major disadvantages of such kind of
algorithm. Indeed, the large gains values generate a big
chattering in the control system and the small ones
damage the system robustness, and can even lead to the
instability of the closed loop control system. In [24],
two terms are added to the conventional STC algorithm
to guarantee the desired performance for uncertain
nonlinear systems. And most recently, in [25], based on
STC algorithm and a high order sliding mode observer,
a robust controller-observer is proposed for an uncertain
unmanned aerial system to ensure the desired tracking
performance.

On the other hand, and due to the universal appro-
ximation property of FSs [26], fuzzy control methods
have been largely studied and successfully implemented
in control problem by many researchers [27-32]. How-
ever, type-1 FSs (T1-FSs), in the presence of linguistic
uncertainties and measurement errors, are not able to
process excellently such perturbations. Therefore, to
overcome this constraint, type-2 FSs (T2-FSs), which
constitute a generalization of T1-FSs, show appreciable
and attractive features in taking into account such uncer-
tainties [33-36]. The key feature is the so called foot-
print of uncertainty (FOU), which allows incorporating
directly the uncertainties in the membership functions
(MFs). In [35], to show the superiority of a reactive
proposed control approach based on T2-FSs to drive a
robot mobile towards a mobile target, it is compared
against its counterpart using T1-FSs instead of T2-FSs.
And, in [36], the proposed method, which is used to
describe and control an underactuated mobile two
wheeled inverted pendulum in the presence of model-
ling errors and external disturbances, shows that when it
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is based on T2-FSs rather than TI1-FSs, it is more
effective in achieving the desired performance of
control.

Compared with the reported researches in the
literature, the main contributions of this study are
presented as follows:

(1) A new effective tracking control design app-
roach is developed for a general class of MIMO
nonlinear systems characterized by the fol-
lowing features:

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

e The disturbances that influence the studied
systems dynamics are completely unknown,
which means that no information of the
upper bounds of these perturbations is
available.

e The physical parameters are unknown and
present parametric variations.

(2) Two IT2-adaptive FSs (IT2-AFSs) are
constructed to perfectly estimate the unknown
nonlinear dynamics.

(3) In order to avoid the chattering while simul-
taneously improving the tracking control per-
formance in the presence of approximation
errors and unknown disturbances, a new synt-
hesized adaptive fuzzy-reaching STC law (AF-
RSTCL) based on IT2-AFSs and STA has been
added to the proposed control law. The AF-
RSTCL gains are optimally online estimated in
order to provide the good gains values that
guarantee the system robustness and the best
tracking performance with a smooth conti-
nuous control law.

(4) The adaptation laws of both the IT2-AFSs and
AF-RSTCL gains are deduced using the stabi-
lity analysis theorem of Lyapunov. The closed
loop stability and the tracking error conver-
gence are guaranteed despite all the constraints
discussed above.

This paper is organized as follows. Section 2
describes the IT2-FSs. In section 3, the problem
formulation is presented, and in section 4, we explain
the proposed tracking control approach designed for a
large class of disturbed MIMO nonlinear systems with
unknown dynamics. Section 5 presents the simulation
results of a two-link robot manipulator to confirm the
effectiveness of the proposed tracking control
algorithm. The conclusion is given in section 6.

2. INTERVAL TYPE-2 FUZZY SYSTEMS

IT2-FSs are used due to their excellent efficiency to
handle directly measurement uncertainties and inac-
curate linguistic information used to synthesize T2
fuzzy rules. Thus, the fuzzy sets for an IT2-FS are
implemented in such a way that their associated MFs
can easily incorporate the above discussed uncertainties
through their FOU property.

The jth IT2 fuzzy rule of an IT2-FS, having ¢ inputs

and one output, can be formulated as follows [37]:
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Rule (j) : If x is E"lj and x, is Ezj ... and x, is

E] Then y is 6/, j=1,...M (1)

Where Eij are antecedent I1T2 fuzzy sets (i=1,...,q )

and 6’/ are consequent IT2 fuzzy sets;

X =[x1 Xy xk]T €R?is the state vector;
ye Ris the system (1) output; and M denotes the

number of T2 fuzzy rules.

For the system (1), if the product is used as an
inference engine then the firing set associated to the jth
IT2 fuzzy rule can be given as follows:

Wl )= wf @l @) @

Where wlj (x)= ”iq:lﬂfjj (x;) and
i

w/ (@)=l () such that ug () and ug ()
1 i i

represent respectively the left and right most values of
the MFs associated to the IT2 fuzzy sets El-j .

By using the center of sets technique, the output sets
of the inference engine, which are IT2 fuzzy sets, are
reduced to an IT2 fuzzy set called type reduced set.
Then, based on the center of gravity method, the

defuzzified output of the system (1) can be obtained as
follows [38]:

y=y1+yr

> €)

where y; and ), can be expressed as:

7 (4)

where 5 =[& & .. & and

=g &
upper vectors of fuzzy basis functions;

a=[d ¢ .. ¢"] wio=[d ¢ . o]
are the lower and upper parameter vectors, respectively;
w/ is an element of the firing set wi (W] ew’ ).

val ~
g, J are respectively the lower and

yyand y, can be obtained easily using the Karnik-

Mendel algorithm [39].
For more details of IT2-FSs, see [40].
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3. PROBLEM STATEMENT

Consider a general class of MIMO 7 th order nonlinear
systems, having k inputs and p outputs, described by
the following equation:

(n) _
{x =F(x)+G(x)u+D )

y=x

where u =[u1 uy uk]T e R" and

T .
y=[y1 »2 pr € R” are the input and the

output of the system (5), respectively, such that p < k ;

F(§)=[f1 fHo.. fp]TeRp is a vector of

bounded unknown nonlinear continuous functions, and

8,1 812 -+ 8Lk

2]

821 822 - 82k . .
: ) : . e R”* is a matrix of

G(x) =

gp,l gp,2 gp,k

bounded unknown nonlinear continuous functions;

T
x= [xT,)’cT,...,x(”_l)T] € R? represent the system

T
state vector, with x= [xl X ... xp] is the first
elementof x,and g =nxp;
D= [dl dy ... d, J € R?  represents unknown

bounded disturbances.
Assume that G(x) is a non null matrix, and

let G* (x) denote the Moore-Penrose pseudo-inverse
Matrix of G(x) .

4. TRACKING CONTROL DESIGN METHOD

The control problem is to steer the state x of the system

r
(5) to a desired state x,; =|:xb 3 xy J . Hence the

first step in designing a robust tracking control despite
unknown dynamics and unknown disturbances that
affect the system (5) is to effectively estimate the
unknown dynamics. Thus, in this paper, F(x) and

G(x) are substituted by their IT2-AFSs.

Based on the IT2-FS defined in (1) and
characterized by its output expressed in (3), the 1T2-
AFS outputs used to estimate the unknown nonlinear
functions f;and g; ; can be given as:

Ji (3:0,0) = 7 16, ) e
8i.j (zﬁg(i,j)) = &0 (i, /)0, (i, )) T =Lk
whete £ ()= (&0 +£, @) ) and

1
fg(i,j) :5(§g (i,j)gT +§g(i,j)z:) , such that:
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T
&r (i)wa and

T
£, =[ &0 &} o g ] are

respectively the lower and upper vectors of fuzzy basis
functions, as described by equation (4), and they are
used to estimate F'(x);

Eri)y :[ff(i)} Er(F

likewise,

. N . N
gg(laj)l =|:§g(lsj)l fg(l?])l fg(laj)[ :| and
T
. N .2 .
ey =L@} &G DE o &GN are
the vectors of fuzzy basis functions used to estimate
T
G0, =04 () 63G) .. 6} ()] and
T
0o )) =04, )) 62 )) . O3 )] are  the
online tuned parameter vectors of the corresponding IT2-
AFS defined by equation (6).

4.1 Interval Type-2 Adaptive Fuzzy Super Twisting
Control Design: Step 1

STC is an effective robust second order SMC capable to
drive the system state trajectories with a continuous
control law to the desired dynamics in finite time
despite the existence of uncertainties and disturbances.

T
Let e=[e1 e ... e J =Xx; — X be the tracking

p

error. Then, the sliding surface for the system (5) is
designed as [41]:

s(g,t)z[sl Sy ... SPJT

p) (n-1)
= [5 + ﬂj e (7)

n—1 (n—j-1)
(n-1! aj
=Z—,1/ g
(at ¢

& jin—j-1)!

where A = diag (4;) e RP*P) s a diagonal

1<i<p
matrix, with 4; is a positive constant associated to the
sliding surface s; .

The time derivative of the sliding surface s(x,?) is

given as:
$(.0) =2~ F(x) - G(x)u—-D+6 ®)
n—1 _ ) (k=j=D)
where § = Z&M [EJ e
jln=j-0r ot

J=1
The main objective of the tracking control using
STC is to ensure that the condition s;=35;=0

(i=1,..., p) is verified in finite time.

The optimal parameters of ]A"[(g, Hf(i)) and

&i; (E’ 0, (i, j)) can be given by:
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9;(i)=arg min sup‘f,-—fi‘
OO\ x i=1..,p o)

Jj=1..k
0, (i, j) = arg m(m sup\g,, gl,\
5))

Then, The minimum approximation error of f; and
g, j can be expressed as:

k
&= 1~ fi+ X (82w (10)
j=1

=&00)e; (yand g} ; = £F (0. /)05 (i, j) are the
optimal approximations of f; and g; ; , respectively.

Based on STA and IT2-AFSs, the synthesized
control law that ensures the predetermined objective of
control is given as:

l/t:I:l/tl Uy ... ukJT

=(A?+(xg")—ﬁ+5—usr)

where f;*

(1)

FA A A AT A
where F = [ h 5H f p} and G* denote the Mo-

ore-Penrose pseudo-inverse Matrix of

gl &2 o &k
. é?,l gAz:,z é’zr,k :
gp1 8p2 - &pk|
ugr = [uEgT uy .. uby 1 is the reaching STC law

(RSTCL), and it is given as [23]:

-
4

”fST =-q; J. sign(s; )dt — b; |sl-|0'5 sign(s;), i
0

L....,p(12)

where ¢/ denotes the reaching time of the sliding

surface s;to s; =0; a;and b; are the gains of ung.
The adaptation laws of the parameter vectors

H/- (i)and Hg (i, j) are given as:

6, (i) ==y ; ()sG)E 7 (i) i=l..p

: . (13)
Oy (i, ) = =g (i, )siu ;&g (0, j) T =Lonensk

where Y (D) and Vg (i, j) are positive learning para-

meters.

Theorem 1. Consider the general class of MIMO
nonlinear systems expressed in (5), the IT2-AFSs
presented in (6) and the adaptation laws given in (13).
Then, the control law defined in (11), it guarantees the
stability of the closed loop system and ensures the
desired tracking performance despite approximation
errors, unknown disturbances and unknown dynamics

Proof 1. The following augmented Lyapunov fun-
ction candidate is used to demonstrate the stability of
the closed loop system:
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o % E % ié}(i)éf(z N ifé; (i), G- )

ol (14)
o @ 21350 Y@

where
6, (i) =0, (i)~ 07 (i) and 6, (i, j) = O, (i, j) ~ 05 (i. ))
The time derivative of v gives:
Gf (z)ﬁf @ &

PR L/ AGIZLO0 o8 S ACYILAGY)

i rr® i=l j=1

i, /)0, (i, )
Ve (0, J)

—sT(xEI”)—F(g)—G(E)u—D+§)+ (15)
2 6L )0,() &

$ U000, § 3 % CI% 0D

o rr@® i=1 j=1

0, oG, N0 (i j)
)]

From equation 11, one gets:
X = F+Gutugr -6 (16)
Then, substituting the above expression in (15) gives:
v=sT(ﬁ—F+(é—G)u+uST -D)+

L OF (D)0, (i) & L,
Z S\IYS ZZ g

i NO, (G, (7D

i=l 7/f(l) i=1 j=1 ]/g(l])
By subtracting and adding the optimal approximations
- T
sk sk sk *
F=lf 6 1] and
g1 812 - 8Lk
k3 * kS
G = g?’l gz',z gz,’k into equation (17), one
ES & ES
_gp,l Ep2 - 8pik

gets:
=sT ((ﬁ—F*)+(F* )+ (G=G Y+ (G —G)u)+

(g — D)+ ng(l)af(l)_i_iz Oz (i /)0y (i, J)
Vg (i ))

i=l1 f() i=1 j=l1

P
Z f(z)ef(z)+22s§,(z 70, G, ])uj+2s8

i=1 j=1

%} 4
+ZS(MST d)+ z 67 ()0, (i) ZZ 0,

i=1 f() i=1 j=1

p
Z[ s:EF i)+ () f(z)]ﬂ )+

i=l1

Ja (0. )0, (i )
Yo, ))

=

P

ZZ(,/fg(z )+ (1 PYAG J)jﬁg<z’,j)+
g ’

=] j:1

(18)
si (s — @)

e

1l
LN

where @; =d; —¢; such that|¢)l-| < ¢, with ¢ is a posi-

tive constant.
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By considering the adaptation laws defined in (13)
and using equation (12), one gets:

p
4

P
. . 0.5 .
V= Zsi —-a; J sign(s; )dt — b; |s,-| sign(s;))—@; | (19)
i=1 0
The gains a;and b; are chosen to satisfy the
following condition:

atl +b;|s|* 2 ¢ L i=1,.p (20)

The inequality below guarantees that v becomes
negative. And therefore, the proof 1 is completed.

The selection of good values of the gains a; and b,
which ensures the desired tracking performance while
avoiding the chattering, remains among the most
complicated tasks in real applications. The selection of
large gains values can improve the tracking perfor-
mance, but this cause much chattering in the control
system, which may harm the system actuators. On the
contrary, the small gains deteriorate the tracking per-
formance and can even cause the system instability. In
this study, to overcome this constraint of control, the

optimal gains of the RSTCL ung are efficiently online

estimated using IT2-AFSs, which guarantees both the
desired tracking performance and a smooth continuous
control input.

2.2 Interval Type-2 Adaptive Fuzzy Super Twisting
Control Design: Step 2

Based on the IT2-FS defined in (1), which is charac-
terized by its output expressed in (3), the terms
i
. . . 0.5 .
u, (i) =-a; j sign(s;)dt and uy, (i) = =b; |sl-| sign(s;) of
0
the RSTCL “.iST are substituted by their corresponding

IT2-AFSs to excellently estimate the optimal gains that
guarantee the desired tracking performance by ensuring
the condition (20) while simultaneously avoiding the
chattering.

The designed IT2-AFSs of u,(i) andu,(i), are

respectively given as:
A . T,. N
u,i)=¢&, (6,
¢ f"T e 05> i=leop 1)
iy (1) = & ()6, ()|s;|

where
LO=1(Gm+&0,)<[d0 20 . &
and

T
50=2(&0+60,)=[80 &0 .. &0

, such that &, (i); and &, (i); are the lower vectors of
fuzzy basis functions, as described by equation (4);
Likewise, &, (i), and &, (i), are the upper vectors of
fuzzy basis functions;

FME Transactions

0,0)=[0h) ) ... 6¥()] and

. 1 o2 N 1" .
6, ()= [Gb @ 6,0 6 (1)] are the online tu-
ned parameter vectors of the corresponding IT2-AFS

defined by the above equation (21); N denotes the fuzzy
rules number.

The optimal parameters of the IT2-AFSs u, (/) and

iy, (i) can be given by:

0, (i) = arg min (sup|ﬁa ) —u, (i)|j
0O\ s
(22)
8, (i) = arg min (sup |db @) —uy (i)|J
OO\ s

The interval type-2 adaptive fuzzy super twisting
control (IT2-AFSTC) law proposed in this paper is
given as:

u=[u1 Uy ... uk]T

. . (23)
:G+ (xén) _F+§_ﬁST)

where

T
sy =[isr ) sy @) o sy (p)| =i iy s
the designed AF-RSTCL, such that

i =[i,0) 8,2 .. i, (p)] and

T
iy =iy () ip(2) o iy (p)]
The adaptation laws of the parameter vectors

6, (i)and 6, (i) are given as:

0 (i) = =7 (D)s; 1] 5 @
24

@AD=—%UH&ES%M&MMD
where ¥, (i) and ¥}, (i) are positive learning parameters.

Theorem 2. By considering the general class of
MIMO nonlinear systems expressed in (5), the IT2-
AFSs described by equations (6) and (21), and the
adaptation laws given by equations (13) and (24), then,
the global control law presented by equation (23)
ensures the stability of the closed loop system with the
best tracking performance while avoiding the chattering,
despite all the constraints that influence the control
system, such as unknown dynamics, approximation
errors and unknown disturbances.

Proof 2. To demonstrate the stability of the closed
loop system, the following augmented Lyapunov
function is used:

2000 () 18k

L 1
v=os s+2z +2ZZ

A A A J)

=1 Yr (@) ) i=l j=1 7g(’ 7 (25)
18,6, ()9, @, G ()6,0)
2,2:1: Ya () 2§ V(@)

where 8, (i) = 6, (i) 0, (i) and 8, (i) = 6,, (i) - 6}, (i)
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By considering equations (14), (19) and (23), the
time derivative of equation (25) can be given as:

(26)

e (D)6, (1) +——0) (l)ﬁb(l)]
b( i)

e

p
v‘=Zs,- (i () +iiy () - 1) +
)4
oo

4

Let (i)=& () (iyr =—a;*jsign(si)dt and
0

PR N 0.5 . 05 .

iy (1) = & 6, ()s;| ~ ==b" ()]s, sign(s;) be resp-
ectively the optimal estimation of u, (i) and wuy (i) that
guarantees both the condition (20) and chattering

avoidance. Indeed, i, (i) and i, (i) provide the optimal
smooth gainsa’ and b for the RSTCLu%y, which

allows to handle efficaciously the perturbations ¢; by

ensuring the inequality (20) with a smooth continuous
control input.

Since a; and b; are the optimal gains of a; andb; ,
then, one gets:
atl +b; |Sl~|0'5 >¢ ,i=1,.,p 27
By subtracting and adding (i) anddy, (i) into
equation (26), one gets:
. L A & & A & &
v=2 (ua<i)—ua<i)+ua<i)+ub(i)—ub<i>+ub<i)—¢,-)+
p
Z ()HT 0,0+ o % 050
N2 roGd N 0.5
=Zs,~ & 0d,00f +& 06, @)+

Zs CAORAGR ¢,)+Z[()6T<z)e (z)+79b (z)eb(z)]

Il
i M*c

[ 1 EL (i) + )9'5 (i)jéa<i)+

1 Ya

7

M=

Si |2 sign(s;)&) (l)"'Tgb (l)jﬁb(i)"' (28)
Vol

=1

Mw

si (s 0+ (-7

1

By considering equations (24) and (27), one gets:

V= Zsl (u (@) +up ()~ @, )
i=l

p
4

L % . % 0.5 .
=Zs,~ —ai.[SZgn(si)dt—b (1)|Sl~| sign(s;))—@. | 29)

Thus, the proof 2 is completed.
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5. SIMULATION RESULTS AND DISCUSSIONS

5.1 Dynamical Model of a Two Link Robot
Manipulator

We present in this section the simulation results of a two
link robot manipulator in order to confirm the
effectiveness of the developed method of tracking
control. A schematic representation of a two link robot
manipulator is given in Figure 1.

m,

Figure 1. A schematic representation of a two link robot
manipulator

where /; and /)are the links lengths; ¢ =[q; ¢, ]T is
the vector of joint angles; my and m, are the masses at
the end of each joint axe; and gis the gravity

acceleration.
The dynamical model of a two link robot
manipulator can be expressed as:

M(q)g+C(q:9)q+G,(q) =u+d (30)

(my +my) 112 M'

where M (q) =[ } is the inertia mat-

M' I’I’l2 122
rix, such that:
M = myhl, (sin(gy)sin(gp) +(cos(q;) cos(q2))

q,9,4 € R? are the vectors of joint positions, velocities,
and accelerations, respectively;

0
C=C'|: )
-4,

such that : C'= myll, (cos(q;)sin(g,) —sin(g; ) cos(q2)) ;

2. . . .
} is the centripetal Coriolis matrix,

. . T.
G, =[-(m; +m)lgsin(q)) -mylrgsin(g,)] is  the
gravity vector; u=[u; u, ]T is the control torque vec-
tor; d =[d, d,]" denotes the unknown disturbances.

. Then, by introdu-

Let x=[x1 xz]T=[q1 qz]T

T T
cing the state vector gz[xT i } :[qT qT } in
equation (30), one gets:

x=f(x)+gxu+d (€2))

Wheref=—M_l(Cc]+G,), gzM_1 and g’zM_ld

FME Transactions



We assume that the masses m; and m, are unknown,

and that they are subject to the time variation
Amy and Am, , respectively. Hence, the system (31) can
be reformulated as:

#=(f(0)+ A () +(g(x) +Ag(x))u+A
=F(x)+G(x)u+A

(32)

where Af (x) and Ag(x) represent the time varying
disturbances that influence the system dynamics caused

. T
by the mass variation vector Am=[Am; Am,| ; and

A=(M+AM )_1d , such that AM represents the para-

metric variation of the inertia matrix M caused by the
variation Am .

The dynamics f(x) and g(x) of the system (32) are
assumed to be unknown and suffer respectively from the
unknown time varying disturbances Af(x) and Ag(x) .

Therefore, we can apply the developed control law
expressed by equation (23) to achieve the desired
objective of control.

5.2 Simulation results

The physical parameters of the robot manipulator used
for simulation are as follows:

L =0 =0.5m; m =2kg and m, =1kg ;
and g = 9.8m/s>.
The mass variation vector is given as:

Am(kg) =[0.5sin(r) 0.4sin(t)]" .

The unknown disturbances vector is represented as:

A= (M + AMY 0.6sin(2¢) +0.4sin(q;) +0.2¢, }

0.5sin(2¢) +0.4sin(g, ) + 0.2,

The initial condition of the vector of joint angles is
given asg(rad)=[12 04]" .
The sliding surface is expressed as:

s=[s sz]T =é+Ade
where e=[e, o] =lqa—-a 924 - qz]T is the trac-
king error vector, with ¢, and g¢,, denote the desired

A4
0

denote respectively the slopes of s ands, .

0
joint angles; andﬂz[ /12} such that 4, and 4,

We assume that g; and g, belong to {—% %}

(rad), and ¢y and ¢, belong to [—% %} (rad/s).

The main objective of control is to force the state
T
9=la1 4]
. T
(14 %d]T =[sin(t) cos(t)] .

to track the desired reference ¢, =
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The designed IT2-AFSTC law defined by equation
(23) can be expressed for the two-link robot manipulator
system (32) as:

u=u uz]T

=G g = P+ Ae—itgr ) 9

The IT2-AFS F uses four inputs ¢;,¢,,¢; and ¢, to

estimate F, whereas the IT2-AFS G uses two
inputs gjand g, to estimate G .

Three MFs are associated to each input of the 1T2-
AFS F, as shown in Figure 2. Likewise, three MFs are

associated to each input of the IT2-AFS G , as depicted
in Figure 3.

The AF-RSTCL #igy has the sliding surface as input

vector, and uses three MFs for each of its inputs, as
presented in Figure 4.

1
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q, dg/dt
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o
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Membership function degree p(Q)
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Figure 2. Membership functions used by the IT2-AFS F
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Figure 3. Membership functions used by the IT2-AFS G
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Membership function degree p(s)
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Input s

Figure 4. Membership functions used by the AF-RSTCL 1,

In order to confirm the effectiveness of the designed
tracking control method, a comparison was carried out
with two approaches of tracking control, namely 1)
fuzzy SMC (FSMC) approach, and 2) fuzzy STC
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(FSTC) approach. The first approach uses two type-1
adaptive fuzzy systems (T1-AFSs) to approximate
Fand G, and a conventional reaching SMC law to deal
with the unknown disturbances and approximation
errors; and the second approach uses two T1-AFSs to
approximate F'and G, and a STC law to reject the
undesired effects caused by unknown disturbances and
approximation errors.

The control laws used by the FSMC and FSTC app-
roaches are given respectively by equations (34) and (35):

T
V=1 "]
e = (34)
=G (Cld—FJrﬂe—VAFSMc)
T
U=[U; U]
(35)

1/ . .
=G (Qd —E+/1€—MAFSTC)

ehere (F , 6) and (F, G) are the T1-AFSs respectively
used by the FSMC and FSTC algorithms to appro-
. My 0| sign(sy)
ximate F and G ; =-
varsuc { 0 ﬂz}[Sig"(Sz)
the reaching SMC law, ¢4 and 4, are positive cons-
tants;

t

0 J.sign(sl )dt 5 o | |0.5
% 0 51
UAFSTC = { - }
0 « t 0 IH 0.5
? jsign(sz )dt 2 |S2|
0

,Wwitheg , a, , f and B, are the gains of the fuzzy
reaching STC law u g7 of the FSTC approach.

The MFs used by (F,E) and (G,Q) are depicted
respectively in Figures 5 and 6.
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Figure 5. Membership functions used by the two T1-AFSs
Fand F

1=

° o o
» 3 o
e

e

o
N

Membership function degree p(q)
=

-15 -1 -05 0 05 1 15
Input q
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GandG
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The constant parameters used by the proposed 1T2-
AFSTC, FSMC and FSTC approaches, are given in
Table 1 below.

Table 1. The constant parameters used by the three control

approaches

Parameters IT2-AFSTC FSTC FSMC
A 5 5 5
A 6 6 6
yA1) 130 225 220
742) 140 230 227
7o(1,1) 0.005 0.006 0.005
7.(1,2) 0.003 0.002 0.002
74(2,1) 0.002 0.001 0.001
74(2,2) 0.004 0.004 0.003
vu(1) 2800 - -
v.(2) 2880 - -
Y1) 200 - -
Y6(2) 120 - -
o - 2 -
(251 - 3 -
Bi - 6 -
B - 7 -
My - - 2.5
125} - - 2.2

The simulation results obtained from the comparison

that was carried out between the three approaches of
control are illustrated in Figures 7-16. Figures 7 and 8
depict the tracking error trajectories; the evolution of

joint angles vector ¢=[q, ¢, ]T and its desired refe-

rence g, =[q1d qszTare represented in Figures 9
and 10; Figures 11-16 depict the different control laws

of the three compared approaches of control.
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Figure 7. The tracking error ¢ (rad) of the three approaches
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In comparison with the FSTC and FSMC appro-
aches, the proposed IT2-AFSTC approach shows the
best tracking performance with a smooth continuous
generated control input vector.

This superiority of the IT2-AFSTC approach in
ensuring the desired objective of control is due to its
both features, namely 1) an optimal estimation of
unknown dynamics, and 2) a great efficiency in
rejecting all disturbances that influence the system
robustness. On the other hand, the FSTC approach
presents the better tracking performance in comparison
with the FSMC.

In Figures 17 and 18 below, we notice that the more
the gains of wu,srrc and v rsyc become large, the more
the tracking performance increases. However, this
improvement in tracking performance comes at the
expense of the smoothness of the applied control law.
Indeed, as shown in Figures 19-22, the FSTC law
presents big variations, and in the FSMC law, the chat-
tering becomes more severe, which may be harmful to
the system actuators.

And yet, even with this improvement in tracking
control performance of both FSTC and FSMC
approaches, which generate the chattering in their
control inputs, the proposed IT2-AFSTC approach still
shows better tracking performance while avoiding the
chattering.
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Figure 17. The tracking error ¢ (rad) of the three appro-
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6. CONCLUSION

In this study, we designed a new rigorous tracking
control approach for a general class of disturbed MIMO
nonlinear systems with unknown dynamics. First, in
order to effectively estimate the unknown dynamics,
two IT2-AFSs have been constructed. Then, in the
presence of approximation errors and unknown distur-
bances, a new robust synthesized AF-RSTCL has been
introduced. Based on IT2-AFSs, the AF-RSTCL gains
are optimally online estimated in order to guarantee the
best tracking control performance while simultaneously
avoiding the chattering. The adaptation laws are
obtained using the stability analysis of Lyapunov. The
simulation results confirm the mathematical proof of the
proposed approach of control in ensuring the desired
tracking performance with a smooth continuous control
law, despite all the constraints that disturb the control
system.
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JAN3AJH POBYCTHOTI IT2 AJAIITUBHOI'

®A3U CYIIEP YITPAB/bAIbA YBUJAIBEM

3A JATY KJIIACY MIMO HEJIMHEAPHUX
CUCTEMA CA IOPEMERAJEM

H. Ha¢ma, A. Ea Kapn, X. Ajag, M. Mjaxen

Pag ce 0aBu mpoOmemom KoHTposie mpahema Belvke
kmace MIMO HenmMHeapHHX CHCTEMa Ca HEIO3HATOM
IMHAMHAKOM KOjU Cy W3IIOXKeHH nopemehajuma Hemos-
Hartor nopekia. IIpBo cy xoHcTpymcana nsa IT2-AFS y
UMby e(UKacHe NMPOLeHe Helo3HaTe HelMHeapHe NHHa-
muke. [Totom je Ha ocHoBy IT2-AFS u STA anropurma
HOBH poOyctHu anantuBau ¢azu STC 3akon (AF-
RSTCL) momat 3akoHY MIOOATHOT YIpaBhamka Y IUIBY
no0oJplIakba POOYCTHOCTH CHCTEMa Y3 alpOKCHMALH]y
rpemraka 1 nopemehaje HemosHator nopekna. Jla 6u ce
n30erao ()eHOMEH UYETEepHHIa M HMCTOBPEMEHO TapaHTo-
Basie HajObosbe mepdopmance npahema yunHKA JH3ajHA-
pasor AF-RSTCL mnpaheme je BpmieHO oHNajH. Anman-
THUBHH TTApaMeTPH TIIOOATHOT 3aKOHA YIIPaBIJbama JOOH-
JEHOT CHHTE30M Cy W3BEICHH U3 aHajHn3e CTaOMIIHOCTH Y
cmucny JbanynoBa. Ha jemHom mpumepy cumynanuje
notBpheHa je edukacHOCT pa3BUjeHE METOJe y TOCTHU-
3amby yHaIpea oxpeheHux nubeBa KOHTpoe npahema.
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