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Abstract

This paper introduces a novel adaptive nonsingular fast terminal sliding mode approach that benefits from an interval
type-2 fuzzy logic estimator and a gain for control and synchronization of chaotic systems in the presence of uncertainty.
The nonsingular fast terminal sliding mode controller is developed to increase the convergence rate and remove the
singularity problem of the system. Using the proposed method, the finite-time convergence has been ensured. To
eliminate the chattering phenomenon in the conventional sliding mode controller, the discontinuous sign function is
estimated using an interval type-2 fuzzy inference system (FIS) based on the center of sets type reduction followed by
defuzzification. By adding the proportionate gain to the interval type-2 FIS, the robustness and speed of the controller
system is enhanced. An appropriate Lyapunov function is utilized to ensure the closed-loop stability of the control
system. The performance of the controller is evaluated for a nonlinear time-varying second-order magnetic space-craft
chaotic system with different initial conditions in the presence of uncertainty. The simulation results show the efficacy
of the proposed approach for the tracking control problems. The time and frequency domain analysis of the control
signal demonstrates that the chattering phenomenon is successfully diminished

Keywords: Chaos, nonsingular terminal sliding mode control, adaptive control, interval type-2 fuzzy inference system,
chattering phenomenon.

1 Introduction

Chaos theory is a fascinating phenomenon that has attracted much attention over the last four decades. Trajectories of
chaotic systems are very sensitive to their initial conditions and nominal values so that two initially close trajectories
may behave completely different over time. Additionally, the highly nonlinear, complex and unpredictable nature of
the chaotic systems makes their analysis, stabilization, and synchronization difficult. Chaos phenomenon can be found
in versatile fields such as robotic [3], computer science [21], power converters [9], networked control [37], and so on [§].

Different types of classical and intelligent control methods are proposed to control, stabilize, and synchronize the
chaotic systems. In [I3], a control strategy is proposed for stabilization of uncertain chaotic systems against unknown
parametric and dynamic uncertainty, and disturbances by fuzzy sliding mode controller (SMC). [22] introduces the
fuzzy time-delayed controller for stabilization of an unstable periodic orbit without any knowledge of the system model.
[28] proposes a novel adaptive second-orders fuzzy SMC using universe fuzzy logic system to control the chaotic system.
The performance of nonlinear model predictive controllers is investigated for chaotic system in [II]. [I7] uses adaptive
control techniques to control and synchronization of fractional-order chaotic satellite systems. SMC as an efficient,
robust and high performance controller has been received much attention to tackle nonlinearity, parameters uncertainty,

Corresponding Author: M. Manthouri
Received: **; Revised: **; Accepted: **.



2 M. A. Labbaf Khaniki, M. Manthouri, M. Ahmadieh Khanesar

and external disturbance [4]. This type of controller is applied on the nonlinear systems such as chaotic systems [6],
flexible robots [30], and quadcopter [24].

The main drawback of the conventional SMC is the finite-amplitude oscillations in the control signal, the chattering
phenomenon, which is caused by the high-frequency switching [2]. Chattering is an undesirable phenomenon because
it may excite unmodelled high-frequency plant dynamics resulting in unanticipated instabilities [27]. In addition, it
may cause actuator damage or saturation. There exists several methods to reduce the chattering phenomenon such as
sigmoid function with a boundary layer [29] and higher-order SMC [32]. Using an adaptive intelligence controller such
as fuzzy logic systems and neural networks to estimate the discontinuous sign function is the appropriate techniques to
alleviate the chattering issue associated with conventional SMC.

Although in conventional SMC, the sliding surface converges to zero in the finite-time, there is no guarantee that
state variables converge to their desired values in finite-time. To solve this problem, terminal sliding mode (TSM)
controller is proposed [33]. TSM controller uses a nonlinear sliding surface rather than a linear sliding surface as it
is common in conventional SMC. Although in TSM, the convergence of states to their desired values occurs in the
finite-time, this type of controller still suffers from singularity problem [I8], i.e., the control signal becomes infinite in
the vicinity of the desired states. To handle the singularity problem in the TSM controller and enhance the asymptotic
convergence rate, nonsingular terminal sliding mode (NTSM) controller and nonsingular fast terminal sliding mode
(NFTSM) controller have been proposed [31].

Many practical systems have nonlinearity and uncertainty which make it difficult to control them. Fuzzy inference
systems (FISs) can handle these challenges with approximate the uncertain nonlinear functions and optimal gains of
controllers [I0]. The interval type-2 FIS is developed to better deal with the uncertainty of the control system and
increase its robustness. In interval type-2 FIS, all of the crisp membership functions are assumed as an interval; hence
the uncertainty can be efficiently handled by the interval membership functions [35]. [19] introduces an adaptive interval
type-2 FIS nonsingular fast terminal sliding mode controller with fractional-order manifold for chaotic systems. In [12],
a robust dynamic sliding mode controller using interval type-2 FIS is proposed for fuzzy systems based on an asymmetric
Lyapunov Krasovskii function.

This type of intelligent controller has different applications in wind prediction, hybrid power systems, and energy
storage. The extracting appropriate using the intelligent controller for nodal marginal prices is presented in [I]. The
optimal intelligent bidding strategy is introduced for hydrogen storage of electrical vehicles [20]. [34] presents a robust
multi-objective strategy of islanded hybrid systems with the renewable and mobile energy source. [25] proposes an
intelligent algorithm with hybrid feature selection for wind prediction. In [23], a numerical analysis is investigated for
combined and hybrid energy systems containing Stirling engine, thermoelectric device, and dish solar collector. [26]
presents a novel and intelligent based predictor for wind-solar and battery output in hybrid power system. A new smart
method of bidding and offering for compressed air energy storage is proposed in [5].

e The adaptive fuzzy nonsingular fast terminal sliding mode controller plus a proportionate controller (AFN-
FTSMC+PC) is introduced to finite-time control and synchronization of a magnetic space-craft chaotic system.
The main contributions of the paper are highlighted as follows.

e Adding an adaptive coefficient to the interval type-2 FIS will improve the control system operations in different
conditions.

e The novel adaptive switching control term successfully reduces the chattering phenomenon. Also, the transient
and steady state tracking error is mitigated.

e The possible singularity associated with NFTSM is alleviated in the proposed control scheme and the finite-time
convergence as well as sped up convergence rate is guaranteed in the proposed method.

e Lyapunov stability theorem is used to achieve the adaptation laws for the parameters of the proposed controller
and prove the closed-loop stability of the whole system.

e FF'T analysis of the control signals, some performance indices, and statistical features are introduced to better
comparison between the controller performances.

The simulation results show the effectiveness and robustness of the proposed finite-time controller against chaos
behavior, nonlinearity, and parametric uncertainty. In accordance with the obtained results, the AFNFTSMC+PC
strategy have a better performance against the adaptive fuzzy controller proposed in [14].

This paper is organized as follows. The formulations and structures of the interval type-2 fuzzy plus proportionate
system are given in Section 2. Section 3 presents the nonlinear time-varying model of the magnetic satellite. In Section
4, the numerical simulation results are given, and finally, in the last section, the conclusion of the article is represented.



Adaptive non-singular fast terminal sliding mode control and synchronization of a chaotic system via interval . . . 3

2 Controller structure

This section presents brief description of the proposed controller and its stability analysis.

The NFTSM controller:
In this subsection, the detailed relations of the NF'T'SM controller are reviewed. The dynamic model of the nonlinear
time-varying system is described as follows.

.1'31 =T, (1)
Tg =F (l’,t) + u(t) y L = [1’1;12}717

where x is the state vector, F'(z,t) is the nonlinear functions and w (¢) is the control input. Let the desired state
vector be x4 = [214, 24] and the tracking error is defined as follows

e=x— x4 =[(x1 — T14)(22 — 24) = [e1, €2]”, (2)
€o =T9 — Tad,
The next move of the controlling problem is to define the TSM and NTSM surfaces as follows

o1 = ex +aler|” .sign(e1),a > 0,0 <y <1, (3)

oo = e +ales|” sign(es) a>0, 0<vy<2, (4)

o1 and oy are the TSM and NTSM surfaces, respectively. If the v is equal to zero, the TSM is equal linear sliding mode
surface, and according to mentioned description stated in the Introduction section, the convergence rate is decreased.
The NFTSM surface is represented in (9).

o=-e1+ale|" .sign(er) + Blea| " .sign(e2), a>0, B3>0, 1<y <2, v >, (5)

where o is the NFTSM surface and «, 3, 72, 71 are the designed parameters. Using the NFTSM surface, the singularity
problem in control signal of the TSM controllers has been resolved. The error can converge to zero in the finite-time
and it is achieved by the following relation:

1
1

€1 = — (?3) 2 (e + aler|™ sign(er))” (6)

L -1

. 1 V2 — 1\ 72
é1 = — <ﬂ> e 2 ! (1 +aler|™ 1) , (7)

1

1 7271 _1 1 Yo . 1 o
é1 = — (ﬂ) (e1 + aler|™ .sign (1)) ,é1 = — (5> e? (1 +aleg | )

By integrating both sides of (7) over time it obtains

-1

-1

e1(trtts) totte f1\2 ya~ 1 totts /1 2
/ e’ de; = —/ () (1 + |el|7171> dr < —/ <> dr, (8)
er(tr) t, B ¢ B

the time convergence of the proposed NFTSM controller is achieved.

B
o< o)
s > (1 — 1/71) ‘60| (9)

where t is the convergence time. The convergence rates when the system states reach the sliding surface (o = 0) are
illustrated in Fig. 1.
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Figure 1: The convergence rate of the surfaces.

The time derivative of the NFTSM surface (9) gives
G=cr+ayle|" e+ Bylea?  éo. (10)
The control input of the system includes the two terms of ucq (t) and wus, (t); hence u(t) is found as follows
U (1) = Ueq () + Usw (£) . (11)

Where ue, (t) denotes the equivalent control term and wusg, (¢) is the switching control term. If ¢ = 0, then ue, (¢)
can be rewritten as:

teq () = = (((B12) ol ™) (e2+ @ miler| " e2) + F () — g ). (12)
and (14) and (15) shows wg, (%)
Usw (1) = — k1 |o|” sign (o), Uswo (1) = — koo, (13)
Usw (t) = Uswi (1) + wswa (1) - (14)
Where kq, ko are the design parameters. According to (12)-(14), (15) turns into
w(t) == ((B12) " el %) (e2 + @ 1 lea" " e2) + F (2.8) = 2 + k0| sign (o) + ko). (15)
Based on (16), (11) is rewritten as

o= <e2 +amy e 62) + (Byalea ™) (((572)71 |€2|17V2) (62 +ay e 62) + k1 |o|” sign (o) + kza) .

(16)
P (572 |62|V2—1) (k1 |o|* sign (o) + ks0). (17)
The candidate Lyapunov function for the stability is expressed as

L o

Vi =-o". (18)
2
The time derivative of (19) gives

Vi =o06. (19)

From (18), it follows that

Vi = —0 (B2 leal ™) (ks |0 sign (o) + ko). (20)
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Vi=—ky ( Bz lea™ ) (o] = ka( Bz fea* 1) (07): (21)

According to (22), when ey # 0, Vi < 0 and based on Lyapunov theorem, stability of the system is proven if e; = 0.
The state of the system will reach fast to the sliding surface in the finite-time. Substituting (22) into (1) yields

ig = F (z,t) — (((ﬁ’yg)_l |eg|1_72) (a o |e;l|"“_1 ey + 62) + F (x,t) — doq + k1 |o]” sign (o) + kzO’) ) (22)

by = — (((672)_1 |eg|1_72) (a " |e1|A“_1 e + 62) + ky |o| sign (o) + k‘gO’)) ) (23)
With respect to e2 = 0, (24) can be rewritten as
¢y = — (k1 |o|” sign (o) + ka0)). (24)

If o0 > 0, then é3 < ky and if 0 < 0, then é3 > ky. According to [7], és is not an attractor. Additionally, there is a
vicinity of e; = 0, i.e |ea] < 4, satisfying és < ky for o > 0 and é3 > ky for o < 0. Therefore, the trajectory cross the
two boundary of the vicinity (Jez| < §) in the finite-time and according to (25) in the other region i.e., |es| > 4, the
system states reached the surface in the finite-time [36].

The structure of the proposed FIS:
The FIS contains four parts which are fuzzifier, rule base, inference engine, and defuzzifier [I6]. In the inference
engine combines rules using product t-norm as follows:

A =gy (@), (25)
i=1

where p,; is the MFs grades for the z;, 7 is the index of input, and AJ is the product of the grades. In an interval

type-2 FIS, each interval type-2 MF in the antecedent part has a lower and an upper MF which compose an interval
fuzzy rule with their upper and lower bounds as follows:

A =TlAay @), (26)

where 1 4; and p 4 are the upper and lower MFs grades for the x; and A’ and A7 are the product of the membership

grades, respectively. The normalized vector of A’ and A7 are shown in (28) and (29).

Zé\il (Zi +A¢) + Zf\il (sign (m;) AAi)’

(28)

S (A + A) + Ai (sgn (my)))

= Zﬁl (Zi + Az) + 21{1 (sgn (mz) AAi)’

(29)

where ¢y and (g, are the normalized vector of A’ and A7, respectively, and m;, m;, 0 and AA can be expressed as

M o= —
— AW,
m; =W, — 721:]\14 7W ; (30)
Zi:l Ai
M
m; =W, — Liz A 71&1' (31)

YA
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AA; =4, — A, (32)

The upper and lower output of the interval type-2 FIS based on Mamdani inference system and center of sets type
reduction followed by defuzzification (COS TR + D) [I5] is expressed as in (34) and (35).

. o
XM (A + A) + A (sgn (mi)))j/.i' (33)

Y = —
ST (A A) + X (sgn (mi) Ad)

Zgl ((Ai + A;) + Ai (sgn (m,))) W,
Y = = ) 34
" S (A + A) + 00 (sgn (my) Ay) (34

where Yy; and Y7, are the upper and lower outputs of the interval type-2 FIS, W; and W, are the upper and lower
centers of the consequent part MFs, with respect to (36) and (37) and summarizing (34) and (35), we can get

Yy =W, (35)
Y, =W'¢, (36)
Y =05%y+Y), (37)

where Y is the output of interval type-2 FIS. In this paper, a constant value is added to output of the interval type-2
FIS to add more degrees of freedom to it. The bias factor has the effect of applying affine transformation to the output
of interval type-2 FIS. Equation (46) illustrates the output of the proposed interval type-2 FIS plus proportionate bias.

Y =05 (Y, +Yy)+ B. (38)

Adaptive fuzzy nonsingular fast terminal sliding mode controller plus a proportionate controller
(AFNFTSMC+PC):

In this subsection, the formula, structure, and stability analysis of the proposed AFNFTSMC+PC is illustrated.
In this work, in order to attenuate the chattering phenomenon, the discontinuous part of the switching control term
(usw1(t)) has been replaced with an interval type-2 FIS plus a proportional controller. Moreover, the gain of ks in
Ugwa (t) is considered as an adaptive parameter during the whole procedure. The error vector is determined as the
fuzzy input and its corresponding output is the estimated values of ug,,; and k.

T

= T R

'&swl - Ws CU + ws CL + Bs, (39)
~ :T —~T A~
ko =W, (v +W, (L + B, (40)

where Es , W, Ek and W, are the estimated weights of proportionate term in the consequent part of the
controller, respectively. The optimal values of the weights in the consequent part of the interval type-2 FIS plus
proportionate are defined as follows

(Wews Br) = arg min [ sup i = ulyl (41)

S

(W;,KZ,BZ) =arg min [sup ’l%g — k;H , (42)

where W:, W?* and B¥ are the optimal weights corresponding to w1 (t) and WZ, W, and Bj; denotes the optimal
weights of ko in the interval type-2 FIS plus proportionate. The optimal values of the ug,,1 and ko are given as follows:

—xT
Wy = Wo Cu+WiT¢ + B, (43)
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* T « T *
ky =Wy Cuv+Wy Co+ By, (44)
the error estimations of s, (t) and ko of the are expressed in (46-47).

aswl = aswl - u:wl? (45)

ko = ko — K3, (46)
(48-49) expresses the error estimations of the adaptive parameters.

W=W-wr (47)

B=DB-B", (48)

where I and B are the error estimation values of the weights and biases, respectively. By substituting the estimated
values of ug,1(t) and ke into (18) yields

6 =—( Bralea ) (@sur) — (k2)( B2 [ea]* o (49)

The substituting (47-48) into (57) gives

_ —T —~T A —T —~T ~ _
—( B2 lea* )W, Co + W, o+ By) = (Wi Cu + Wy, G + Bi)( B2 [ea] o (50)
The candidate Lyapunov function to prove the stability of the system is expressed as
1 1=T= 1=T=
V2:§a+ Wka—&- Wka—F WW+nWW+ BkBk—F BBS7 (51)
where 7 is the adaptation rate and must be positive. Taking the time derivative of (59) yields

2=T= 2~T"\ 2~ 2~ .

By substituting the expression in (58) in (60), the following equation is obtained.

. —~ =T . —~ =T L
Vo= o ((Braleal® DI G4 T oo B (Tl W+ B ) (Buleal™ ) o)+ 69

2=T= 271> 2=T= =

—~T =—l= 2~ 2 2
fwk Wk + Wk Wi+ -W, W, +-W,W,+ -ByBy+ =-B,B,
n n n n n
(60) is divided into the two parts of Vo_; and Va_y (62-63).

. _ —~T =T — T — T N
Varr = —o ( Brzlea ") < WG =W+ W, o =W G+ WG+ W, G+ B~ Bl + B:) + (69

9~T
EWW JrnVVVV + BB

y — =T * =T w7+ T * i ® * *
Voo = —0? ( B2 lea]™ 1) (Wk CL—-WiTC + W o — W, Co+WiTCL+W, Cu+ By — B + Bk) +  (55)

2 ~T Q=T 2~ 2
W, . W, +-W, Wy + —BpBy.
n n n

The adaptation laws are taken to satisfy the (55) and (56).

T~

yo1y 5T =T ~ 217~  2=T—=
_U( ﬁ’)’2|62‘ )(ws <L+Ws CU—’_BS)—’_EwaS—’_;WS W+

2 X
EBSBS =0. (56)
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—~ T ~

1., ~=T =T ~ QT —~
—02( Bz lea|™ ) (W, ¢ + Wi Cu + Br) + Ewkwk + ;Wk

L,
Wi+ 5B,€Bk =0. (57)

Hence the control law (adaptation rule) is defined as

W, = Zo( frales” )6, (58)
W= Dol rles o, (59)
B.= Jo( prales" ), (60)
Wy = 20( prales” ), (61)
W= D02 B feal )0, (62)
Bi= 30%( B lea ™). (63)

Based on (59-64), (54) can be rewritten as
: — * T * - * el *
Vo= =0 ( Bralea™ ) (Wi + W2 Go+ B) =0 (14 Braleal™ ") (Wi + Wi Co+Bi).  (64)

By using the optimal values of ug,1 and ko and with respect to (28-31) the stability of the system in a Lyapunov
sense is proven and we have the following inequality for the time derivative of the Lyapunov function.

Vo <0. (65)

Equivalent Term of Control

Signal
Xd
e actional- - o *
‘_Fr“ﬂm“‘“ Ol;der Non Switching Term of Control Second-order
- Singular Terminal Sliding Signal Chaotic System
\"J Mode Surface ® )
7 E4
% s
L Wswq o7
Interval Type-2 Fuzzy v 4
Inference System K 4

Figure 2: The block diagram of the proposed AFNFTSMC+PC for the second-order chaotic system.

3 System description

The magnetic rigid satellite moves in a circular orbit with the orbital angular velocity w. in the magnetic fields of the
Earth affected by the Earth’s gravity. The inertial reference frame (O.-XoY,Z,) contains the origin O, at the mass
center of the Earth. The two main axes are the polar axis as Z,-axis and the line from O, to the ascending node as
Xo-axis. Let us define (O, — XY Z) as the orbital reference frame so that X and Z are in the anti-nadir direction
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and the normal vector of the orbital plane XY direction, respectively [I4]. The dynamic model of the magnetic rigid
satellite is presented in (67).

l"l =T (66)
&9 = — Ksin (221) — y22 — a5 (2sin (1) sin (¢) + cos (1) cos (t)) + u (¢) ,

where z1 is the libration angle that denotes the deviation of the satellite-fixed = axis and y axis, a, is the magnetic
parameter, «v is the damping parameter and K is determined as

_3(B-4)

k=024 (67)

where A, B and C represent the inertia moments of the satellite. In this paper, K is equal to 1.1. The phase
portrait of the system for the nominal parameters v = 0.29, g = 0.7 and initial values of 1 (0)=-0.5, x5 (0)=0.25 is
illustrated in Fig.3.

Figure 3: The phase portrait of the magnetic rigid satellite nominal values and initial conditions z; (0) = —0.5,
x2 (0) = 0.25.

4  Simulation results

The proposed chattering free controller is applied to control the magnetic space-craft with the step and the sinusoidal
input and synchronizing with the duffing oscillation system. Three different scenarios have been investigated to illustrate
the superiority of the proposed controller against other methods, i.e., the SM, NTSM, NFTSM, AFNFTSM controllers
and AFNFTSMC+PC. The system first must be synchronized with the duffing force oscillation system in the first 30
seconds. Then in the next 5 seconds, the systems must converge to zero (x; (t) = 0,22 (t) = 0) and finally, the system
should track the sinusoidal input with the frequency 10 rad/sec and the amplitude 1. The state-space of the duffing
force oscillation system is presented in (69).

.fl =T, (68)

By = — 0.1zy — 23 + 12cos (1).
Details of the magnetic space-craft system simulation scenarios are given as follows [14].

e Initial conditions are z; (0) = —0.6, x5 (0) = —0.6 with the v = 0.29, a; = 0.6984, initial conditions of the duffing
force oscillation system are z; (0) = 1, z2 (0) = 3.

e Initial conditions are x; (0) = —0.5, 23 (0) = —0.25 with the v = 0.29, a; = 0.7 , initial conditions of the duffing
force oscillation system are x; (0) = 0.5, z (0) = —3.7.

e Initial conditions are 1 (0) = 0.4, z3 (0) = —0.75 with the v = 0.297, oy = 0.7, initial conditions of the duffing
force oscillation system are x; (0) = 2.5, x5 (0) = 1.

e FFT analysis of the control signals, some performance indices, and statistical features are introduced to better
comparison between the controller performances.
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With respect to details of the three scenarios, the robustness of the proposed AFNFTSMC+PC against the nominal
parameter and initial condition variations will be examined. The values of the controller parameters in the simulation
scenarios are sets as A\; = 1.87, 72 = 1, v = 1.57, n = 0.26, k1 = 20.6, and ky = 7.9. These parameters are achieved by
trial and error in the first scenario and have not been changed in the next two scenarios. Figs (4-9) show the simulation
results for these initial conditions.

According to the time and frequency domain analysis of the control signal, the chattering of the proposed approach
has dropped dramatically, due to the use of interval type-2 FIS. By adding a proportional controller in parallel to the
interval type-2 FIS, the chattering phenomenon is reduced and the convergence rate is increased. Additionally, the
FFT analysis of the control signal indicates that the proposed control signal is a smooth one. Therefore, the controller
performance has not deteriorated and is still acceptable. Considering the control signals, no singularity occurs in
the control signals when the NFTSM surface reaches zero in the finite-time. The proposed controller has a robust
performance against parameter variations with different initial conditions. The performance indices such as IAE and
ISE for five different controllers including the proposed approach are presented in Table 1. According to the reasons
mentioned in the Introduction section, the control and synchronization of chaotic systems require high accuracy in error
tracking. As the simulation results, despite the increased complexity in the AFNFTSMC+PC with interval type-2 FIS
structure, it dramatically increases the tracking accuracy. Also, this controller has drastically reduced the chattering
phenomenon.

Time(sec)

Figure 4: Trajectory of x; using SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in the first scenario
of the magnetic space-craft system.

300 - . . —
SMC

SMC

NTSMC 22 NTSMC

NFTSMC NFTSMC

AFNFTSMC L AFNFTSMC J
200 arnprsuciee|] 20 AFNFTSMC+PC

Control Signal

-200

-300
0

L L L B ik ' p pyoe s BRel
2 4 6 8 10 12 0 50 100 150
Time(sec) f(Hz)

Figure 5: Control signals and its FFT analysis of SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in
the first scenario of the magnetic space-craft system.
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1 NTSMC
3+ NFTSMC 4
05! AFNFTSMC
1 MC+PC
h rence
2r ofli % 1
i
0.5
1 02 04 06 i
§
50 i
At 1
05
2F
) -0
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Figure 6: Trajectory of z; using SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in the second scenario
of the magnetic space-craft system.
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NTSMC NTSMC
NFTSMC 25¢ NFTSMC
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Figure 7: Control signals and its FFT analysis of SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in
the second scenario of the magnetic space-craft system.

4 | 7 72 74 L9 92 9.4
0 2 4 6 8 10 12
Time(sec)

Figure 8: Trajectory of z1 using SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in the third scenario
of the magnetic space-craft system.
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300 T T S L A
SMC SMC

NTSMC NTSMC
NFTSMC NFTSMC
;’-\FNFTSMC 25 AFNFTSMC
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Figure 9: Control signals and its FFT analysis of SMC, NTSMC, NFTSMC, AFNFTSMC and AFNFTSMC+PC in
the third scenario of the magnetic space-craft system.

Table 1: Error performance indices for different scenarios using SMC, NTSMC, NFTSMC, AFNFTSMC and AFN-
FTSMC+PC

TIAE (Ist) ISE (1st) IAE (2nd) ISE (2nd) IAE (3rd) ISE (3rd)

SMC 1.4679 0.4585 1.4355 0.4644 1.3316 0.3840
NTSMC 1.0982 0.3161 1.0769 0.2997 0.9987 0.2626
NFTSMC 0.9746 0.1899 0.9637 0.1818 0.9273 0.1639
AFNFTSMC 0.8421 0.1212 0.6978 0.1299 0.7145 0.1303
AFNFTSMC + PC 0.6149 0.0837 0.4923 0.0786 0.3796 0.0702

Considering Table 1, the AFNFTSMC+PC shows improved performance in convergence rate. Also, the average and
variance of the error have been reduced using AFNFTSMC+PC compared with the conventional one. Additionally,
some performance indices such as Control Energy (CE) and Average Chattering Magnitude (ACM) which is related to
the control signals have been utilized for better comparison between the controllers. (69) and (70) gives the CE and
ACM formulas.

CE = / - (u?) dt, (69)
0

ACM = (RMS’ (\/.T2 - \/xfl)> : (70)
As seen in (69) and (70), these performance indices are based on statistical features. These features are presented

in Table 2.

Table 2: Error performance indices for different scenarios using SMC, NTSMC, NFTSMC, AFNFTSMC and AFN-
FTSMC+PC

CE (1st) ACM (1st) CE (2nd) ACM (2nd) CE (3rd) ACM (3rd)

SMC 49841 4.7892e-03 56843 8.1373e-03 56794 5.1561e-03
NTSMC 42613 1.4679e-03 51186 6.6423e-03 52318 3.1236e-03
NFTSMC 35619 7.4512e-04 43431 1.9722e-03 46843 9.0439e-04
AFNFTSMC 26641 3.9742¢-04 36464 7.1760e-04 37137 4.1783e-04

AFNFTSMC + PC 23546 2.0077e-04 29463 5.0046e-04 28941 3.3778e-04

According to the performance indices stated in Table 2, the proposed AFNFTSMC+PC has a smooth behavior in
the presence of the chaotic behavior and uncertainty; hence it provides a more suitable control signal in comparison



Adaptive non-singular fast terminal sliding mode control and synchronization of a chaotic system via interval . . . 13

with the other controllers. Also, the variance of the control signal is highly related to the chattering phenomenon; hence
by reducing the chattering phenomenon, the variance of the control signal is also reduced.

5 Conclusions

This study introduces a control scheme that benefits from interval type-2 FIS plus a proportional controller acting in
parallel to it for control and synchronization of the second-order nonlinear time-varying chaotic systems in the presence
of uncertainty. This control strategy is designed to integrate the benefits of the NFTSM controller and the interval
type-2 FIS acting in parallel with a proportional controller. The adaptation rule of the proposed structure is derived
from a Lyapunov stability theorem.

Simulation results demonstrate that the proposed controller successfully increases the convergence rate, eliminates
the singularity, and reduces the chattering of the conventional TSM controller with lower control costs. Even though
slight changes in the nominal parameters and initial conditions enormously influence the state trajectories of the system,
but the proposed AFNFTSMC+PC can suppress it. In other words, it is observed that the performance of the closed-
loop system is independent of the nominal parameters and initial conditions.

The closed-loop stability is proven with the proposed control law. Moreover, the results confirm the claim that
by adding adaptive proportionate controller to the interval type-2 FIS, the flexibility and performance of the control
system was enhanced.

Future research will be focused on the alleviation of the chattering phenomenon by adaptive fractional-order dynamic
sliding mode with fast nonsingular terminal sliding manifold and adaptive fractional-order with deep reinforcement
learning method.
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