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ABSTRACT A limit cycle is a cyclic path of oscillation on which the states of a nonlinear system settle.
A considerable number of practical systems such as robots, converters, and heartbeat require generating
the sustainable oscillatory behaviours. The objective is to design a controller to generate limit cycle with
specific behaviours. In this paper, a novel fuzzy control (FC) strategy is introduced to create the limit-cycle
for nonlinear complex dynamics with unknown uncertainties. The suggested controller benefits from new
interval type-3 fuzzy logic, allowing the control synthesis to improve the quality of closed-loop response and
robust performance. The adaptively learned backstepping controller based on FC is employed to analyze the
convergence and robustness. Various simulations are proposed to ensure the efficiency of the fuzzy-based

control law and adaption rules.

INDEX TERMS Fuzzy logic, type-3 fuzzy control, limit cycle, machine learning, control.

I. INTRODUCTION

For applications where the goal is to create oscillating motion,
the limit cycle is a very useful characteristic. Finding a cycle
is usually very difficult. LCs can be stable, unstable, or semi-
stable. Semi-stable limit cycles are cycles that are stable for
initial values inside the region enclosed by the limit cycle and
unstable for other regions [1].

In general, generating limit cycle (LC) needs analysis
of invariant sets rather than equilibrium points, thereby the
Lyapunov concepts should be revised to handle the prob-
lem. In nonlinear systems, a nonlinear control law such as
backstepping policy is required to be designed such that
trajectories of a system converge to the desired LC. More-
over, generating stable oscillations based on LC controller
may subject to external perturbations. Therefore, the robust-
ness of a system needs to be investigated. In the litera-
ture, a few number of papers explored the self-sustained
LC design procedure. For instance, a harmonic oscillator
was designed for nonlinear systems based on a backstep-
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ping procedure in [2], resulting in generating appropriate
self-sustained LC. Authors in [3] investigated the LC design
for elastic joint robots for regulating of the proposed energy
function for the system. The LC synthesis with tracking
problem was studied for systems exposed to uncertainties
and disturbances [4]. Authors in [5] designed a sliding
mode controller for the LC with dead-zone nonlinearity.
The design procedure was also developed for time-delay
systems [6] using concept of positive limit sets. Moreover,
synthesizing stable LC has been investigated for discrete-
time dynamics and in versus disturbances [7], [8]. The LC
control problem was studied by describing function method
and reducing the changes in LC amplitude and frequency [9].
The generation of the LC with matched/unmatched uncer-
tainties was analyzed in [10]. Resorting to a port-hamiltonian
model-based controller by Hamiltonian function, the LC was
designed in [11].

On the other hand, robust control techniques were used for
the stabilization of systems with uncertainties. For example,
super twisting sliding mode controller in [12] to deal with
external disturbances, robust MPC [13] for bounded distur-
bances, robust MPC to tackle parametric uncertainties [14],
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robust Hy, control in [15], have all been suggested in the past
couple of years.

Furthermore, the fuzzy logic systems have been suggested
in the literature widely to analyze and identify complexities
of the model for nonlinear systems. For instance, The concept
of fuzzy control has been also developed by using fuzzy
logic systems for systems without exact model and detailed
information of uncertainties and disturbances [16], [17]. Note
that there exists a significant number of papers in this field.
For instance, fractional order fuzzy control [18], type-2 (T2)
fuzzy with event-triggered mechanisms [19], non-singleton
type 2 fuzzy [20], and fuzzy output feedback for strict sys-
tems [21] have been proposed. Moreover, a tracking problem
of a mobile-robot was studied by a T2-FC as a torque con-
trol and genetic algorithms in [22]. A number of techniques
were utilized to develop the fuzzy based controllers [23]
in terms of reducing error signals. For tuning fuzzy logic
systems, authors in [24] suggested Ant Colony optimization
algorithms and then applied the fuzzy control to the mobile-
robot system. The interval T2-FC was employed for a pH neu-
tralization experimental setup in [25]. The suggested fuzzy
logic system then extended based on optimization techniques
such as bang-big optimization in [26]. Recently, interval
type 3 fuzzy controllers have been employed for stabilization
with unknown dynamics [27], [28]. This approach is able to
increase the estimation accuracy, leading to robust perfor-
mance against unknown uncertainties without any informa-
tion of the upper bound or interval of variations [29], [30].
Based on type-3 fuzzy controls, uncertainties of systems
with a wider range of variations and higher values can be
analyzed [31], [32], [33].

Based on the literature review, the issue of LC synthesis of
nonlinear systems with unknown uncertainties is of utmost
importance and a fuzzy logic system can be used to tackle
the problem, resulting in creating the appropriate LC for a
wide range of physical plants with unknown uncertainties.
The aim is that the trajectories converge to the desired LC
and remaining in a boundary layer in the presence of uncer-
tainties. First, the LC control is proposed for the considered
second-order system, and then the stability of generated LC
is analyzed by a Lyapunov approach. A novel interval fuzzy-
based adaptive backstepping controller is also employed such
that appropriate stable oscillations are generated in the gen-
eral form. Since the system is exposed to unknown uncer-
tainties, the FC is used to estimate them. It is noticeable that
the advanced interval type 3 fuzzy-based control policy is
responsible for the approximation of uncertain dynamics and
disturbances, resulting in high accuracy and the rapid speed
of the convergence of error signals to zero and simultaneously
state trajectories to the limit cycle. As far as the authors
know, this matter has not been fully address yet, and the
design method of this paper outperform previous papers since
they all required exact model information of the system.
To conclude, the main contributions and difficulties are listed
as bellow:
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o The FC is designed based on error signals to ensure
the robustness of a wide range of nonlinear systems
exposed to external disturbances/uncertainties without
having information about their variations. To construct
the type 3 fuzzy logic systems, it is important to opti-
mize the training parameters based on adaptive rules and
devise membership functions in a way that the degree of
freedom increases. Previous methods dealt with the LC
generations did not benefit from type 3 FLS. Although
improving the quality of approximation brings complex-
ities in designing the FC, having more degree of freedom
in the choice of parameters leads to better approximation
ability and more flexibility in terms encountering model
uncertainties. Therefore, the method of this paper is
more useful in practice when the variations of uncertain-
ties are high and impossible to predict or measure.

« The reference trajectories converges to the desired cyclic
path in a fast time due to the adaptive mechanism
employed in the structure of the control law.

o Lyapunov scheme is used to analyze the stability of
trajectories required to converge to the cyclic path which
in turn the robust stability is guaranteed in the under the
uncertainties.

Il. PROBLEM FORMULATION

V=
2 =01, 2) + &01, y2)y3 + F2(y)

Vn = fu® + & y3 + Fr(y) +u (D

where y = [y1,y2,...,y,]7 is the state variable, f(.)/g(.)
are nonlinearities while F(.) is an unknown function to be
approximated and u denotes controller. The objective is to
produce a LC in the existence of unknown an unknown
function and with predefined amplitude and frequency (see
Figs. 1- 2). As aresult, the trajectories should converge to the
prescribed LC with following property

L={yeDCR"Y (y1,y) =r’} 2)

where ¥ (y1, y2) is a differentiable function and r > 0 is a
positive constant.

Definition1: y = f)(y e D SR with L € Disa
closed invariant set, if there exists a V(y) such that

e V(y) =0onthe set L.

e V(y) > 0in some neighbourhood of L, excluding L.

e V(y) <0inD, except L.

Then, L is an exponentially stable positive LC.
Ill. TYPE-3 FUZZY CONTROL

In this section we illustrate the structure of type-3 fuzzy
control as depicted in Fig. 3.
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FIGURE 2. General diagram.

FIGURE 3. Structure of type-3 fuzzy control.

1) The inputs are yq(¢), ..., y(t). 2) For all inputs, the

upper/lower memberships are obtained as:

( i = X,/
— Lag
o'mi:,&k (yl) =exXp| — é2.
”Ié,&k
(yi =X,/
_ iy
O, (i) =exp | — =2
a mi&k
(yi =X,/
iayp
gméﬁk (vi) =exp | — =2
T i,ay
i.ay
Qmiak (yi) = exp _T
- _mi.ygk
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3)

“

&)

(6)

3) The r — th rule is:
Rulet#r: If yjis m ; and y, is m
and y3 ismj3 ; Then§ € [X,’ )_’r] 0

where':,.mﬁﬁk, mé,ak and mg!ak are r-th MF for y{, y, and y3.
The firings are:

vy, =g g, (2)a 5 (3) (8)

Lay 2.4y, M3
v, = Qm’ﬂ& (m)gmgﬂ (yz)gmélk (3) 9)
Uz =01 1)a o (025 5 (3) (10)

Lag 2.3y, M3
Ua, = O o G 11
O, =, OVF,z OGO (D

4) The output j is given as [30]:
y=y"n (12)
where, y and p are:

_ _qT

yzl:le"'7XMayla-~-ayM:| (13)
T

M:[El,...,EM,[Ll,...,/lM] (14)

where, M is rule numbers, and i, and ju, are:

; - —dg
+ i . or=1,....M (15)

., r=1,....M (16)

IV. MAIN RESULTS
The LC synthesis is partitioned as follows. First, consider the
following nonlinear system

Y1 =
2 = L1, y2) + g0, y2)y3 + Fa(y) (17

where F>(y) is assumed to have the form of Fh(y) =
W2T ®,(y) in which W> is a weight vector and ®,(y) will be
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computed via the IT3FLS. Furthermore, y3 acts as a virtual
signal and is designed as follows

v3=030y1,y2)

_ 1 =1, y2)
201, y2) \ —ka& 01, y2) (W1, y2) — %) — n(y1, y2)

Y ) 1~ 4 1
- (a_y2 (1//(y1,y2)—r )) [2—6126’2% (y)d>2(y)+§])

2
(18)
Now the following Lyapunov function targets the LC
vy = 2 (vor 3 2)2 bl (19)
= — . —r _—
2= P 2r, 2

where r2, a; are positive scalars considered as design param-

eters and 6, = 0, — 0, denotes the estimation error of the
unknown parameter 6,. It can be deduced that V, = 0 holds
for y € L and the Lyapunov is positive definite. Indeed,
for the second-order system y; = x2,y» = F(y,y2) +
G(y1, y2)u(t) where F(0,0) = 0, G(y1,y2) # 0, and u(t) =
v(y1, y2) denotes the control signal such that the defined
LC of the structures f = y € R* ¢(y1,y2) = r?is
produced in y; — yp plane of the control system. As an
example, periodic solutions for y; (#) = A sin(wt) and y,(t) =
Aw cos(wt) are equivalent to the generation of the LC [ =
y € R?, @y} +y5 = (Aw)? in the y; — y, plane. The deriva-
tive of V5 is:

. 0 .
Vo = (8_;//1 (1/f()’1,Y2) - r2)))’1
0 1~ x
+ (8_;”2 (w(yh ) — rz)) 2 = 729292

= (g—z (W(Yl,yz) - r2)) y2

oy 2
+ (E (v -7 )) I —f
—ka§ (1, y2) (1//()’1,)’2) - rz) —n01,y2)

RV 5
- (@ (‘/f()’IaYZ) —r )) o

1« 1 — —0626,  (20)
: (z—aiezd% MP2(y) + 5) r
+ Fa2(y)

Based on the system model, one has

V) = (g—;ﬁl (w(yl,yz) - rz)) »2

Y 5
- (B_yz (Iﬂ(yl,m) —r )) ka&(y1, y2)

B )
- (3—y2n(y1,yz) (1/f(y1,yz) —r ))
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(% (1//(y1,y2) - Vz))2

2
- léq>T ) !
: 2—61%2 > () 2()’)+§
oY

oy

1~z
——6-,6, (21)
m

(W()’l» ¥2) — r2) F(y)

Now in order to deal with the uncertainties, it is assumed
that

Fa) = WiT 000 +80); [80) <& (22)

where W) = arg Hvlvin sup|Fa(y) — WZ*T ®;(y) | denotes the
2 yeQy

ideal weights to be determined and §,(y) is the approximation

error. By doing some calculations, we have

(w192~ ) Fa

ay2
oY

2 (w5 | 102091 + £2)

(W(Yly y2) — rz)

(5 (we )—rz))Ze PF (1 P20)
3y2 Y1, )2 2 Zy 20y

2
2a;
2

a 1(oy N
+3+§(8_yz (1/f(y17Y2)—r)) + (23)

in which 6, = || W} ||>. Moreover, one has

) 2
V) < —kdé*z(yl,yz)(lﬂm,yz) - VZ)

r {3y ) )2 r

—l—iéz Za%(an (W(yl,yz) r) ®20)%20)
rn A
9

(24)
The adaptive law 52 is as follows

5 rn (3“\0

*= 22 o

2
(Vo3 - ,2)) L) ®2y) — 8262
25)

By considering the adaptation law in the upper bound
of V>, the following results are acquired

. 2
V2 = k2132 (W01, 92) - %)

a% 8% 1 -4
+—=+ =4+ —&tho (26)
2 2 mn

Since the upper bound of V5 is continuous and positive with
respect to the LC, the domain of attraction for the LC can be
considered as ¥ = {y : Vo < ¢} which is an invariant set,
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meaning that for yp € X trajectories remain within the set as
y € X.. By defining z3 = y3 — ¢3, one has

V=

V2 = £, y2) + 82001, y2)@3 + g2001, ¥2)z3 + F2(y)

23 = 3001, y2. y3) + 83001, 2, y3)yva + F3(0) —¢3  (27)

Now the Lyapunov function is modified as
1 2 1 - 1 - 1
v :-( - 2) R4 -2 @8
3= W) vttt (@9
Taking the time derivative of (28) results in
A% CA%

. 1~
Vi=—y1+—yn— —9303 + 2323
ay1 ay2

IA

Vs .
Vot —2gazs — —9393 + 233+ 83y4 + F3 — ¢3]
ay2 r3
(29)
Similar to the previous step, one has
F3() = W3 T @3(0) +830): 18300 | <e3  (30)

with W3 as ideal weights and 83(y) as the approximation
error. Furthermore, it is straightforward to acquire the follow-
ing inequalities

23F3 < |zl (IW5 11230 || + €3)
1 2 2 2
3 &
< z393<l>3(y) D3(y) +E+ > + = 5 (31)

a3
which results in
1 1~z .
V3 < Vo + —=goz3 — — 6303 + z3 [f3 + &394 — @3]
822 r3
2 2 2

U o) ot 93 . 5B, 8
— 7303 D P =4+ =4 = 32
+2a§Z33 30 3(y)+2+2+2 (32)
Consider the virtual input as
Y4 = ¢4
1 —f31+ @3 — €323 )
= — 5 V2 (33)
—— 303D (N DP3(y) — —
23 2a§Z3 303 (V)DP3(y) o) 82
Then, the following holds
Vi < Vs
W G 5,8
— 20,07 ()@ 34343
+2a§Z3 303 () P3(y) + > + > + >
1~z
——0303 — 323
r3
22 2
: a;  z
<V B3 ,.3,.3
=Va+ 2 + > + >
1

~ 1 A
—a+ —6 (—zzgq’zT(y)%(y) - 93) (34)
3 2a5
As a result, the adaptation policy is as follows

A r3 N
b3 = gzgcbg ) ®3(0) — 8305 35)
3
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Considering (54), the upper bound of V3 in (53) is

acquired as

a2 2 82 1
V3 < Vz + ? +3 5 343 3 3 4 —839393 — 33 = Vs (36)

By defining z4 = y4 — @4 it can be deduced that

Y=y
V2 = £01,y2) + 82001, y2)@3
+ 8201, ¥2)z3 + F2(y)
= 3001, y2. ¥3) + &3(¥1, ¥2. ¥3)9a
+F3(y) + 83001, 2, ¥3)z4
24 = fa(y1, y2, ¥3, y4) + ga(¥1, y2, ¥3, ya)ys
+Fa(y) — ¢4 (37)

We reform the Lyapunov candidate as follows

1
-7 (38)

1”2
V4=V3+_94+2

2r4
Taking the time derivative of V4 gives rise to
. A% Vs, A% 1~
Vi=—+_—n+t_—u— —9494 +zz4 (39)
a1 dy2 923

Similar to the previous steps, one has

12 I~ ,
Vi < V34 —g324 — —040 + 24 [fa + g4y5s + F5 — ¢4]
073 r4 4

(40)
Next, the following inequality is achieved
24Fs < |zal (IWS D4 || + €4)
< L 20eTm o + G4 D15 @
= 2a4 4P, y) Paly ) ) )
Therefore, it can be deduced that
. ¥ A%} 1~z .
Va < Vi+ —g324 — — 0404 + 24 [fa + g4Y5 — ¢4]
073 r4
20 T azzt Zézl 84%
T304, () Pa(y) + 5+ + 5 (42)
ay 2 2 2
Now by designing a virtual input as
V5 = ¢s5
1 —f41+ ¥4 — €424 .
= — A 3 (43)
— 2404 D] (Xa)Da(Xa) — —g3
84 2a‘2t 4 073
and the adaptive law as
A r4 2T A
Oy = — 3 D] () Pa(y) — 8464 (44)
2a4
leads to
. :al z4 er 1 )
Vo< V34 — 4444 —849494 — 47y 45)
2 2 2
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As aresult we can partition the synthesis into two parts. First,
for g = 2, we have

Ug = 201.32) (—fz(w »¥2)

— ka&(1, y2) (1/f(y1,y2) — rz) — n(y1,y2)

oy N 1
- (8_y2 (’ﬁ(yhyz)—r )) |:2_a%92q)2 (y)d>2(y)+5:|)

(46)
with the Lyapunov function as
1 2\ 2 1~
Vo= (Vo =) + 58 )
Second, for ¢ > 3, it can be deduced that
1 .
Ug = — —Jg+ ¢4 — Cq2q
8q
1 5 aT q—1
- gzq%@q M40 — 8q—-1 (43)
q q—1

And the Lyapunov for the n-th step as follows
=1
6?49
Zk+ zgr,<>

By applying the control signal to the system we have

Vi =%(¢(y1,yz)—r )

. 2
U < —ki01, ) (¥ 01,02 — 72)
+Z(_92+ L —I—;a,) (50)

This inequality satisfies that ensures that trajectories remain
bounded, ensuring that closed-loop trajectories converge to
the neighbourhood of the determined LC. By developing the
approximation quality of unknown functions, the trajectories
converge quickly and accurately to the LC.

V. CALCULATION REDUCTION
Lemma 1: The Levent’s first order differentiator has the
following equations

Go(t) = —Lolao(t) — p(1)| 2 sign(eo(t) — p(1) ) + a1 (1)
G1(t) = —Lisign(eo(t) — o(t)) 51)

where ¢(t) and ap(t), o1(t) denotes input and outputs of the
differentiator and also Ly, L1 are positive constants.

Since the computation of ¢; is an unsurmountable problem
in practice, in this section we modify the synthesis such that
the calculation load is reduced. To tackle this issue and based
on the Lemma 1 with o9 = @3(t) , 02,1 = ¢3(t), u2 =
a1 — @3(), || < [i2, the virtual input is designed as

Y4 = ¢4
1 —f31+ 02,1 — €323 oy
= — 3 > (52)
—— 2303 D% (1) P3(y) — —
8 | "2a2 360303 (1) P3(y) oy, 52
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Therefore the following inequality holds
. L 1
Vi < Vo + —230305 () ®3(9)
2a3
2 2 2
az 3 &3 1.~z 5
D AT A Ry 4 A
+2+2+2 r333 €323
+23 (22,1 — ¢3)
SR -
e T
— 333 + |zslitn

1~ 1
+—9 (2 2z3<b3 »P3(y) — ) (53)
And the adaptation policy is obtained as

A }"3 2T ~
03 = ﬁzﬂ’s ) P3(y) — 8363 (54)
3

Considering (54), the upper bound of V3 in (53) is acquired
as

2 2 2
. I a Z &
Vi<Vo1 B B85
s Vot 4T+

1. ~a4 _
+r—539393 — 373 + |zl
3

= V3 +lzli (55)

Now by considering z4 = y4 — ¢4, one has

Vi =y
2 = H01,y2) + 801, y2)e3 + 8201, ¥2)23
+F ()

= 31, ¥2,¥3) + &3001, ¥2, ¥3)4
+ F3(0) + 8301, 2, ¥3)24
24 = a1, y2, ¥3, ¥4) + 84(V1, ¥2. Y3, Y4)Ys
+ Fa(y) — ¢4 (56)

Moreover, the Lyapunov function is employed as
Vem Vit — P4 22 (57)
2r4 2
The time derivative of V4 is acquired as
V= %M + %Yz + %m - l946’4 +z4z4  (58)
9y1 2 0z3 T4
Similar to the previous steps, it can be achieved that

Vs 1~
Vs < V3 + 3—8324 - —949
r4

+z4[fa + gays + Fs —¢4]  (59)

Furthermore, we have

2Fs < |zl (WS P40 || + e4)
1 2 2 2
< S 50PL() Pa(y) + 3 + 2“ + 2“ (60)

4
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which leads to

. il 8V3 1.z .
Va < Vi+ —g324 — — 0404 + 24 [fa + g4y5 — ¢4]
073 r4
2 2 2

a Z €
G04PL() Pa() + =+ 4+ (6])
aj; 2 2 2
Based on a virtual input as follows
V5 = ¢5
1 —f41+ 3.1 — C424 -
= o | 20T (X Py(Xy) — (62)
24 22 2404 P4 (X4)P4(Xs4) P
and the adaptive law as
A r4 A
Oy = 573 PL() Pa(y) — 8464 (63)
2a;
one has
2 2 2
W<V4—;+;+§ —M&&—MQ+WW3

(64)
To conclude, the synthesis can be defined in the framework
of the two parts. First, for ¢ = 2, one has
1
&1, y2)
—HO1.y2) — ka1, y2) (Y31, y2) — %)

ay 5
-1, y2) — [8_)12 (V(m,yz) -r )]

ug =

| BN 1
— 6D (P20) + 5 (65)
a, 2
with the Lyapunov function as

1 R
Vo= (vorm =) + 50 (66)

Second, for g > 3, it can be deduced that

1 _fq"‘an 1,1 — Cq3q

= . 1
Tk | a0 - G ©n

8g—1

9Zg—1
And the Lyapunov for the n-th step as follows

Zz—i- 221,9]2 (68)

j=

Vi = % ()/(yl,yz)—r )

Moreover, implementing the control signal for the system
gives rise to

. 2
Vv, < —kd§2(y1,yz)(y(y1,yz) —~ rz)

+Z( L2 +

—s + ot )+Z|Zj+1|M] (69)
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FIGURE 4. The convergence efficiency of generated LC.
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FIGURE 5. The trajectory of y1.

17

05

-05

FIGURE 6. The trajectory of y2.

VI. SIMULATION RESULTS
Example 1: Consider the model of the single-link flexible
joint robot system as follows:
yi=x»
y2 =siny; — 7.5y +y3 + Fa(t,y)

34841



lEEEACCGSS B. Yan et al.: Generation of Limit Cycles in Nonlinear Systems: Machine Leaning Based Type-3 FC

20

FIGURE 7. The trajectory of y3.
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FIGURE 8. The trajectory of y4.
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time

FIGURE 9. The of y1 with 70% loss of effectiveness.

Y3 = y4
V4 =y3+ 22591 + 15 u+ Fu(t, y)

(70)

where F»(t, y)/Fa(t, y) are unknown functions. The aim is to
generate a LC of the form L = {y e D C Rzy% + y% = 1}in
the y; — y» plane. By the introduced method, the stable LC is
designed and demonstrated in Fig. 4. Moreover, trajectories
and adaption parameters are portrayed in Figs. 5-8. From
simulations it is confirmed that closed-loop signals in the
presence of unknown functions converge to an appropriate
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FIGURE 10. The trajectory of y2 with 70% loss of effectiveness.
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FIGURE 11. The trajectory of y3 with 70% loss of effectiveness.

-40

-60

0 2 4 6 8 10 12 14 16 18 20

time

FIGURE 12. The trajectory of y4 with 70% loss of effectiveness.

LC, resulting in creating oscillatory behaviours in the state
trajectories. Furthermore, simulations show that the effects of
uncertainties are mitigated, resulting in desirable responses.
Now consider the following dynamic

yi=m»m
Y2 = ¢asiny; — 7.5 y1 +y3 + Fa(t, y)

V3 =4

V4 = Qay3 +225y1 + 15 u+ Fu(t, y) (71)
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FIGURE 13. The trajectory of y1 with 80% loss of effectiveness.
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FIGURE 14. The trajectory of y2 with 80% loss of effectiveness.
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FIGURE 15. The trajectory of y3 with 80% loss of effectiveness.

To compare the results with conventional method of [10] in
our simulations we consider

¢2 € [-20,20],
¢4 € [-20,20],
Fs(t,y) = (sin(t + /4)) + tanh(y2),
Fu(t,y) = (sin(t + 7/3)) + tanh(ys) (72)
and Fig. 5 verifies the priority of the approach of this paper.

It is obvious that the conventional method fails to acquire
the convergence in the presence of considered values for

VOLUME 11, 2023

-200
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time

FIGURE 16. The trajectory of y4 with 80% loss of effectiveness.

0 2 4 6 8 10 12 14 16 18 20
time

FIGURE 17. The trajectory of y1 in the presence of noise.

0 2 4 6 8 10 12 14 16 18 20
time

FIGURE 18. The trajectory of y2 in the presence of noise.

F>(t,y)/Fa(t,y) while the control method of this paper tack-
les uncertainties and trajectories converge to the desired LC.
To explore the effectiveness of the 73 compared to 72
proposed in [34], we conduct simulations for the unknown
external disturbances
¢2 € [—40,40],
¢4 € [—40,40],
Fy(t) = 2(sin(t + 7 /4)) + 2 tanh(y»),
F4(t) = 2(sin(t + 7r/3)) 4+ 2 tanh(y4) (73)
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FIGURE 19. The trajectory of y3 in the presence of noise.
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FIGURE 20. The trajectory of y4 in the presence of noise.
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FIGURE 21. The convergence of trajectories to the generated LC with 70%
loss of effectiveness.

It is noticeable that the method of method of [10] is not able
to tackle uncertainties with such range of variations. It can be
seen from Fig. 6 that the T3 FLS used in the control method of
this paper is able to tackle uncertainties. From the comparison
analysis, trajectories of the controlled system suggested by
this paper well converge to LC and the can be seen that
the convergence rate is appropriate. Moreover, the transient
response is more smooth, verifying that the suggested control
method enhanced the transient response and convergence
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FIGURE 22. The convergence of trajectories to the generated LC with 80%
loss of effectiveness.
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FIGURE 23. The convergence of trajectories to the generated LC in the
presence of noise.

speed remarkably. Moreover, the accuracy of the proposed
scheme is much higher than employing T2 fuzzy logic system
proposed in. It is noticeable that previous methods require
specific bound for ¢,/¢4 while the method of this paper
approximate uncertainties due to the terms ¢, sin y; /¢4y3 and
F(t,y)/Fa(t,y) by advanced fuzzy logic systems.

To illustrate the usefulness of the proposed approach
against faulty control signal and additive white Gaussian
noise, two scenarios are simulated. First it is shown that
in Figs. 9-16, the suggested method is able to cope with
70% and 80% loss of effectiveness, corroborating the fault-
tolerant capability of the suggested method. Then, the effect
of noise is analyzed and demonstrated in Figs. 17-20
while the stable LC is designed and demonstrated in
Figs. 21-23. From simulations, despite the inappropriate
effects of fault which deteriorate the efficiency of the actuator,
the T3-based FC benefited from the adaptive structure of
modern T3 FLS, compensates loss of effectiveness and the
improves the robustness.

VIi. CONCLUSION
This paper dealt with the design of the LC for nonlin-
ear systems with uncertainties. Based on a advanced fuzzy
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logic theorem, the synthesize improved, resulting in oscilla-
tory behaviours of trajectories. Moreover, the backstepping
technique was employed. From simulations it is confirmed
that trajectories in the presence of unknown functions con-
verge to the desired LC, resulting in creating oscillatory
behaviours in the state trajectories. Furthermore, simulations
show that the effects of uncertainties are mitigated, result-
ing in desirable responses of the closed-loop system. Future
work will be imposing the constraints on the control signals
and considering actuator saturations. This constraint is a
physical challenging issue required further attention. Another
improvement is developing an algorithm to determine the
value of design parameters in an optimized way.
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