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ABSTRACT In this paper, an extended disturbance observer-based integral sliding-mode control for a
nonlinear system is proposed by the Takagi-Sugeno (T-S) fuzzy model approach. The proposed method
focuses on two points: First, improving the design flexibility of integral fuzzy sliding-mode control (IFSMC)
by transforming a conventional T-S fuzzy model structure into a novel form. Second, expanding a previous
disturbance observer-based control (DOBC) concept by introducing a Fourier analysis to deal with the
non-periodic form of disturbance. By using the modified form of the fuzzy model, a novel sliding surface
combined with estimated disturbance through several fuzzy disturbance observers (FDOB) is suggested.
Besides, a sufficient condition for guaranteeing asymptotic stability of the sliding dynamic with Hy, control
performance is proposed by applying a proper Lyapunov function with the linear matrix inequality (LMI)
concept. Furthermore, a reachability problem of the proposed sliding surface is also handled by introducing
another Lyapunov function. Finally, the effectiveness of the proposed method is demonstrated by comparing
previous studies, which focused on robust control techniques, based on the simulation results of an inverted-
pendulum system.

INDEX TERMS Takagi-Sugeno (T-S) fuzzy model, robust control, sliding-mode control (SMC), distur-
bance observed-based control (DOBC), fuzzy disturbance observer (FDOB), linear matrix inequality (LMI),

Lyapunov stability analysis, Fourier analysis.

I. INTRODUCTION

Over the last few decades, as systems become more complex
and sophisticated, many nonlinear system control techniques,
such as sliding-mode control (SMC), adaptive control, and
model predictive control, have successfully introduced and
suggested [1]-[6], [32]-[43]. Among them, one powerful
method is the Takagi—Sugeno (T-S) fuzzy model approach
[5], [6]. The key idea of the T-S fuzzy modelling tech-
nique is that it allows us to represent a nonlinear system
as a linear combination of state space models and its cor-
responding membership functions, which indicates that it
is possible to apply linear control theories [1], [2] to the
T=S fuzzy model. Due to its powerful advantages, various
studies, including fuzzy filter [7], [8], [39], fuzzy tracking
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control [9], [41], observer-based control [10], and sampled-
data approach [11], have been successfully developed and
well established. Besides foregoing studies, robust control
techniques based on the T-S fuzzy model [6], [12]-[17],
[34], [39], [44] also have been greatly studied since guaran-
teeing a certain stability of the system is a crucial issue in
designing a controller. In particular, those techniques have
focused on how to enhance robustness through a designed
controller by analyzing various disturbance factors, such
as plant uncertainty, matched disturbance (i.e. the distur-
bance acting on the control input channel), and mismatched
disturbance (i.e. disturbance not acting on the control
input channel). For example, in [12], a robust stabiliza-
tion toward the plant uncertainty was successfully derived,
and in [44], the second-order SMC technique [36]—[38]
was proposed to alleviate the influence of chattering
phenomenon.
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Among aforementioned robust control techniques, an inte-
gral fuzzy sliding-mode control (IFSMC) [13]-[15],
and fuzzy disturbance observer-based control (FDOBC)
[16], [17] have received a great interest in that IFSMC
eliminates a reaching phase, which was one of the phenom-
ena of conventional SMC and successfully attenuates the
influence of the matched disturbance, and FDOBC directly
compensates the influence of mismatched disturbance gen-
erated from an exogenous system by using an estimated
disturbance. Despite such great achievements, there are still
some constraints to be improved and polished. The detailed
limitations of previous studies and some improvements that
need to be made will be illustrated in order.

As mentioned before, a matched disturbance is a norm
bounded disturbance signal that acts on the control input
channel [32], [33]. To deal with this problem, in [18], an inte-
gral sliding mode control (ISMC) was first introduced. Due
to its robustness, the ISMC method combined with the T-S
fuzzy model (i.e. IFSMC) has been successfully developed
through many studies [13]-[15]. Although the achievements
of the IFSMC approach have extensively proved, however,
many previous studies have assumed that input matrices of
the T-S fuzzy model have the same value regardless of its
fuzzy rules. The reason why the structure of input matrices of
the fuzzy model is important in designing the IFSMC is that
input structure plays a key role in determining an equivalent
control law when deriving a sliding dynamic [18, eq. (9)].
However, that assumption can be highly restrictive and cannot
be widely applied to practical examples because systems
which we are interested in maybe highly different due to
its inherent characteristics. In [13], this problem was partly
solved due to a characteristic of the plant, not depending on
a general theoretical approach. Moreover, that problem was
also handled in [14], [15], however, the proposed methods
are still hard to implement. To sum up, establishing a general
framework of the IFSMC regardless of the structure of input
matrices can be regarded as a great motivation.

Furthermore, taking into account a mismatched distur-
bance when designing a controller is another important issue
as considering the matched disturbance. Given this point,
in [19], a first disturbance observer-based control (DOBC)
approach was introduced based on the frequency domain,
and it received great attention in that directly compensat-
ing the mismatched disturbance generated from an exoge-
nous system, via disturbance observer (DOB). As the focus
of DOBC theme shifts from the frequency domain to the
time domain, many DOBC and FDOBC studies based on
the state-space framework have been successfully developed
[16], [17], [20]-[23], [30]. Although previous studies have
proved their effectiveness, however, those studies assumed
that the form of the mismatched disturbance is defined as a
neutral stable sinusoidal function with a certain period and
frequency or a decaying exponential function as time flows.
In many practical cases, the form of disturbance may vary
from case to case, which means that it may follow a peri-
odic or non-periodic sinusoidal signal. All things considered,
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developing a general framework of designing the FDOBC
method even if the mismatched disturbance is a non-periodic
neutral stable (NPNS) signal can be considered as a great
catalyst in terms of proposing a robust control technique.

Motivated by the aforementioned statements, this paper
proposes a novel theoretical framework combined with
IFSMC and FDOBC concepts to deal with the matched distur-
bance and mismatched disturbance simultaneously. The main
contributions of this paper are listed as follows:

1) First, to clear up the problem as mentioned in the
third paragraph, the T-S fuzzy model is transformed
into a new structure to successfully derive a sliding
dynamic. The transformed one is a suitable form when
designing an IFSMC, thus, the proposed method pro-
vides a general theoretical approach when designing
an IFSMC and enhances the design flexibility when
dealing with various types of systems having different
input matrices.

2) Second, to deal with an NPNS mismatched disturbance
signal properly, Fourier analysis is applied to that signal
to filter out dominant periodic signals (DPS) before
formulating the FDOBC. By filtering out several DPS
signals within a given time interval, the NPNS sig-
nal can be handled by several distinct FDOBs, which
indicates that it is a worthwhile perspective in that the
previous DOBC concept can be enlarged into the NPN'S
types of signals.

3) Third, to stabilize the augmented system merged
with a sliding dynamic, and several fuzzy disturbance
observers (FDOB), a sufficient linear matrix inequality
(LMI)-based condition with Hy, performance is pre-
sented using a proper Lyapunov function. Moreover,
a reachability problem subject to the proposed sliding
surface is also successfully handled by using another
Lyapunov function properly.

4) Last, the effectiveness of the proposed method is veri-
fied by the simulation results of the inverted pendulum
system. The proposed method shows a better perfor-
mance compared to the previous studies [6, Th.14],
[13], [17], which proposed robust control techniques
by covering many diverse disturbances.

The present work is outlined as follows: In Section II,
modifying T-S fuzzy model into a suitable form for ISFMC
and designing FDOBs and ISFMC subject to an NPNS dis-
turbance via Fourier analysis are presented. In Section III,
the main results of this paper are proposed. In Section 1V,
the simulation results of the inverted pendulum system are
provided and the effectiveness of the proposed method is
demonstrated. In Section V, conclusion and future work are
given. Finally, some supplements for Section II and detailed
proof of Theorem 1 are presented in the Appendix section to
the efficient placement of the paper.

Notations: The symbol He{A} denotes A + AT, At indi-
cates the left pseudo inverse of A, R™" indicates all real
matrices with order n X n, Amax(A) is referred to as a max-
imum eigenvalue of A, Anin(A) is referred to as a minimum

116091



IEEE Access

S. Hwang, H. S. Kim: Extended DOB-Based ISMC for Nonlinear System via T-S Fuzzy Model

eigenvalue of A and * represents the symmetric term in a
square matrix for notational simplicity.

Il. PRELIMINARIES AND PROBLEM FORMULATION
A. T-S FUZZY MODEL

The T-S fuzzy model used in this work is described through
the following IF-THEN rules [5], [6]:

Plant rule i :
IF x1 () is M| and x,(t) is M} - - - and x,(¢) is M,

e [FO = A0 + Bilu(t) + HG0)] + Bad 1),

y(t) = Cix(1),
ey

where i € Z, = {1,2, ..., r}, r denotes the total number of
the IF-THEN rules, x;(¢) for j € Z, is the premise variable,
and Mj" denotes the jth fuzzy set corresponding to the ith
fuzzy rule. Furthermore, x(¢#) € R" denotes a state vector of
the system, u(z) € R™ indicates a control input, y(r) € R?
denotes an output of the system, and d(¢) € R! denotes a mis-
matched disturbance generated from an exogenous system
following the form of an NPNS signal, satisfying an initial
condition d(0) = 0 and it does not belong into the control
input channel. Moreover, H(x(¢)) € R” implies a matched
disturbance acting on the control input channel. Additionally,
the system matrices A; € R™" B; € R™™ By e R,
and C; € R?*" are known real matrices with appropriate
dimensions.

Subsequently, by applying the singleton fuzzifier, product
inference engine, and center-average defuzzification [5], [6]
to the fuzzy IF-THEN rule (1), the T-S fuzzy model (1) can
be inferred as follows:

F0 =) i) Aix(0) + Bi () + H ()] + Bad 0},

i=1

r
W) =Y wilx()Cix(1), @)
i=1
where detailed descriptions are given as follows:

Y wilx(@) = 1,
i=1

wix(1)) =

wix(1)) € [0, 1],

Fogi (1 (1) X - X i (x(1))
2 k=t (gl Cea(£)) X+ X g (1))

where w;(x(#)) denotes a normalized membership function
consisting of x;(t) and u M,(x](t)) which denotes a member-

3

ship function correspondlng to the fuzzy set M.

In this paper, the following assumptions are needed for
designing an IFSMC and FDOB.

Assumption 1 [16]: The matched disturbance H (x(t)) and
mismatched NPNS disturbance d(t) are norm bounded and
satisfy the following inequality condition:

IHx@)I < elxOll,  1dDI < «, “

where €, o are appropriate positive constants.
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Assumption 2: In this paper, unlike previous studies
[16], [25], [26], it is assumed that the form of input matrix B;
with i € I, may differ according to the fuzzy rules in order to
enhance design flexibility. Furthermore, the mismatched dis-
turbance matrix Bg; with i € I, has a same value regardless
of its fuzzy rules, which means that By follows the form of
Bgqi = Bg2 = -+ = Byr.

Considering Assumption 2, modifying the fuzzy model
(1) into a suitable form for the design of IFSMC is
important. Therefore, the following transformation will be
applied [24], [34]:

- 1 - _
B= ;g ~[B-B1 B-B, --- B-B],
A =2wiONT - 0
U(w)= : : ,
0 A= 2w o)1
w=[ 1 - 1", )

where the rank of B is m (i.e. B € R™™ has a full column
rank), I is an identity matrix with an appropriate dimension,
and U(w)isa diagonal matrix composed of normalized mem-
bership functions of the fuzzy model (1).

Using the matrices in (5), the following result can be
successfully derived:

B+ VU(W)W

=B+ - {(B Bi)(1 = 2wi(x(1)) 4 -+ -+ (B—By)
X (1 = 2w, (x(1)))}
= wilx(t)B;. (6)

i=1
Before proceeding, using the properties of w;(x(¢)) described
in (3), the following inequalities always hold [24]:

{IIU(W)II = 1OT W)l < II1l,

UT(w)U(w)=UwUT(w) <1. M

Finally, applying the transformation (6), the T-S fuzzy model
(2) can be modified as follows:

2(t) =Y wilx(t) {Aix(t) + B+ VURW)
i=1
x [u(t) + H ()] + Bad (1)},

,
¥(1) = ) wilx()Cix(1). ®)
i=1

Additionally, the following lemma is necessary for verifi-
cation of the proof process throughout this paper.

Lemma 1 [12]: Given the constant matrices D and E,
symmetric constant matrix S, and time-varying matrix F(t)
with appropriate dimensions, the following matrix inequal-
ity always holds for any scalar € > 0 if F(t) satisfies
FT(OF(@) <I:

S+DF(E +ETFT(t)DT <S+€¢ETE+¢~'DDT. (9)
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Remark 1: Lemma I will be needed because of the modi-
fied form (8). Unlike conventional T-S fuzzy model approach
[5]-[12], [16], the input matrix structure is separated with
several matrices, suchas B, V, U (w), and W. Given the fime-
varying matrix U(W), Lemma 1 will be helpful when deriving
a stability analysis of (8).

B. ANALYSIS OF NON-PERIODIC DISTURBANCE

WITH FOURIER APPROACH

In this subsection, we first mention the limitation of DOBC
methods described in the previous approaches [16], [17],
[20]-[23] and introduce Fourier analysis to deal with this
problem. Many previous studies have assumed that the form
of mismatched disturbance d(¢) is a real-valued periodic
signal with a certain frequency and generated through an
exogenous system satisfying the following linear differential
equation structure [20], [21]:

E(t) = Adk (1),
d(1) = Ca& (),

where A; € R?2*2, C; € R'*2 are known constant matrices,
and £(¢) € R? indicates the state vector of the exogenous
system. Although the above structure (10) can be successfully
applied when d(t) is assumed that it follows a periodic signal
(i.e. eigenvalues of matrix Ay are pure imaginary eigenval-
ues), however, aforementioned method can be vulnerable to
NPNS signals, and if the form of d(¢) does not follow the
form of (10), designed DOB may not successfully estimate
the d(¢). In other words, plants or objects we are trying to
control may not fulfill our requirements.

Motivated by the above-mentioned limitation, we will ana-
lyze the d(¢) with a given time interval and apply Fourier
analysis in advance of designing FDOB and controller. The
main goal of the proposed method is to apply the structure of
the similar form (10) when designing an FDOB and to show
the possibility that the NPNS signal can be handled via the
previous DOBC concept. By applying the Fourier analysis
to the NPNS signal acting on the system, it allows us to
filter out several distinct dominant periodic sinusoid (DPS)
signals with important features, such as frequency, phase, and
magnitude of those signals. After using this information, it is
possible to generate artificial sinusoid signals similar to the
DPS signals by applying an analogous structure of (10).

To sum up, if we can formulate several FDOBs corre-
sponding to those artificial sinusoid signals respectively, it is
possible to estimate dominant portions of the NPNS signal
d(t), which indicates that attenuating the influence of d(¢) can
be successfully achieved by designing several FDOBs.

Instead of using the previous structure (10), a novel form
(11) will be applied when designing FDOBs:

$k(t) = Agask(t) + By (1),
di(t) = Crasi (1),

where k € Zy, and N is the number of DPS signals
which determine the main characteristics of original NPNS

(10)

(1)
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—d(t)
— dy (t)

dy(t)
—_—dy(t)
—d,(0)

FIGURE 1. Non-periodic neutral stable signal d(t) can be decomposed by
several dominant periodic sinusoid signals d; (t) to d,(t) via Fourier
analysis.

signal d(t). Additionally, di(t) € R' is an artificially gen-
erated periodic signal, s(f) € R? is a state vector of artifi-
cial generated system and its initial condition is assumed as
51 (0) = 0. Moreover, Ayy € R**2, By € R**!, and Cyy €
R1*2 are constant matrices determined after applying Fourier
analysis and 6(¢) is a constant function with a value of 1.

Remark 2: The proposed design procedure can be con-
sidered as limited with respect to analyzing the features of
d(t) prior to designing an FDOB and controller. Designing
FDOBs and controller without knowledge of d(t) is consid-
ered as a more ideal case. Even though the proposed method
can be regarded as limited, however, it suggests a potential
that the proposed method can broaden the perspective that the
previous DOBC concept can be enlarged into NPNS signals.
The detailed explanation of how the NPNS signal d(t) can
be generated through the structure of (11) is delineated in
Appendix B.

Finally, applying the structure (11), the NPNS disturbance
d(t) can be considered as a linear summation of DPS signals
as follows:

d(t) =di(t) + da(t) + - - - + dn (1) + Eq(1), (12)

where E;(r) € R! is a residual error function which can
not be represented by di(¢) for k € Zy. Therefore, given
the equation (12), the modified T-S fuzzy model (8) can be
considered as follows:

i) = Z wix() {Ax (@) + B+ VU(X)W)
i=1
x [u(t) + Hx(1)] + Bai(d(¢) + d2()+
s Fdy () + Eq(1)} (13)

,

) = ZWi(X(t))CiX(t)- (14)

i=1

For example, Fig. 1 shows that an arbitrary NPNS signal
d(t) satisfying Assumption 1 can be decomposed by four
DPS signals. Given the form of (12), if we formulate several
FDOBs corresponding to each DPS signal respectively, com-
bined estimated disturbance signals derived from designed
FDOBs will efficiently reduce the effect of d(¢) regardless of
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the existence of E;(¢). The detailed design process of FDOBs
will be covered in the next subsection.

C. FUZZY DISTURBANCE OBSERVER DESIGN
In this subsection, motivated by the original DOB design con-
cept in [20], designing N FDOBs corresponding artificially
generated periodic signal di(¢) for k € Zy is presented. The
designed FDOB with IF-THEN rules is as follows:
FDOB rule i corresponding dj (¢) :
IF x1 (1) is Mf and x»(t) is Mé -+« and x,(¢) is Mzi,
THEN
Pr(t) = (Aka — LiBiCra)Sk(t) — Li {Aix(2)
+ B+ VUWW) [u(t) + H(x(1))]
+ BuiDi (1)}, (15)
Sk(t) = pr(0) + Lx (1),
di(t) = CraSk (1),
where 5¢(r) € R2 denotes the kA’h estimated state of an
artificially generated system (11), di(¢) € R! denotes a k"
estimated artificial disturbance, py(r) € R? stands for an
internal state vector of k" FDOB, and L, € R2*2Z stands
for k" FDOB gain matrix, which will be determined later.
Moreover, Dy (t) satisfies the following equations.
Di(t) = da(t) + d3(t) + - - - +dn(t) + Ea(2),
Dy(t) = di(t) + d3(t) + - - - + dn (1) + Eq(2),

Dy(t) = di(t) + da(t) + - - - + dn—1(2) + Ea(2).

For simplicity, we assume that §;(0) = 0 and cAlk(O) =0.
Using the same procedure applied in (2), the fuzzified equa-
tion (15) is obtained as follows:

pr@) =Y witx() {(Ara — LiBaiCra)3x (1)
i=1
— Li{Aix(t) + (B + VU(W)W)
x [u(r) + H(x(1)] + BaiDi(0) 1},
Sk(t) = pr(@) + Lix (1),
di(t) = CraS(t). (16)

Subsequently, we can define a state error vector 5i(f) as
follows:

Sk(1) = s () — Sk(1). 7)

Applying the above equations (8), (11), (16), and (17), we can
derive the following differential equation in terms of 5 (7) as
follows:
Se(t) = §(0) = 5 (0)
= Aask(t) + Buid(t) — pi(t) — Lix(t)
-
= Z wi(x(1) {(Aka — Lk B4iCra)Sk (1) + By d(1)} .

i=1

(18)
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Remark 3: The form of (18) implies that if we can deter-
mine the FDOB gain matrix Ly with k € Iy making (18)
as an asymptotically stable, the estimated value i (t) will
successfully follow the real value sy (t).

D. INTEGRAL FUZZY SLIDING MODE CONTROL

In this subsection, the design procedure of IFSMC stabilizing
the modified T-S fuzzy model (8) is proposed. The designed
IFSMC can successfully reduce the effect of H(x(¢)) and d(¢)
simultaneously. To design IFSMC, the following control law
will be applied [18, eq.(7)]:

u(t) = uo(r) + un(?), 19)

where u,(t) denotes a nominal control input with proper
feedback, and u,(¢) denotes a discontinuous part to induce
a sliding mode.

The nominal control input with proper feedback via par-
allel distributed compensation (PDC) method [16] is as
follows:

Nominal controller rule j :
IF x1 () is M and xx(t) is M2 - - - and x,(t) is M,
THEN u,(t) = Kix(t) — defl(t). (20)

Moreover, K; € R™", K4 = B*ij e R™! where
BT = (B'B)™'BT, represent feedback control and distur-
bance compensation gain matrices for the jth rule. Addition-
ally, the value of d (1) is aresult of combination d ®) —HAz'g(t) +
o dy ().

Finally, using the same procedure applied in (2),
the inferred result of the nominal controller u,(¢) is obtained
as follows:

w0 = Y wilxo) {Kix) - Kgd} . @1

i=1

Remark 4: Before proceeding, the notation for normalized
membership function wi(x(t)), and matrix U(w) are denoted
as w; and U for simplicity.

Next, a novel sliding surface S(f) € R™ combined
with estimated sum of disturbance d(r) is proposed as
follows:

t r
S@) = G{(x(r)—x(on— /0 > wilAix(t)
i=1
+(B+ VOW(0) + Bad(lde ), (22)

where G € R"™*" denotes a sliding surface decision variable,
which will be determined later.

To derive a sliding dynamic, an equivalent control concept
is applied [18, eq.(9)]. Considering the necessary condition
for the sliding dynamic S(r) = 0 and S(r) = 0, the derivative
of the sliding surface S(¢) with respect to time ¢ can be
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represented by referring (13):

St =G I)'c(t) - Z wifAix (@) + (B + VUW)u,(t)

i=1

+Bad()}}
=Y wiG{(B+VIW)uy(t)+ B+ VIW)
i=1
X H(0) + Baid (1) + Baa(0)} (23)

To satisfy the above condition S(t) = 0, the following
equation should be satisfied:

> wiG(B + VUW)UL(1)

i=1
= =Y wiG|B+ VOWHC®) +Ba(d®) + Eat)]
i=1

(24)
where i, }(¢) is an equivalent control law for the discontinuous

part.
Next, simplified expression of (24) is given as follows:

Tup(t) = ~TH(x(1) — Y wiGBgid (1)
i=1

— Y wiGBaE4(1), (25

i=1
where

r
T e R™" = "wGB+VUW)=GB+VIW).
i=1
To derive u;, (t) properly, determining whether T is a non-
singular or not should be considered at first. Given this point,

the following lemma [24], [34, Lemma 4] will be applied:
Lemma 2: [24], [34] Consider the following LMIs:

-1 * (0] *
I:Cl‘_/ _I:|<O, [I CQI:|>0’ O<c3l,
2 ciV Amin(BTB) *

rco rcy = | >0, (26)
rc3 0 rcy

where Q € R ¢; € R, ¢o € R!, and ¢3 € R! are
decision variables with Q > 0. If LMlIs in (26) are satisfied,
then there exist a matrix G = (BTQ~'B)"'BT Q! such that
T = G(B+ VUW) makes a non-singular.

If Lemma 2 is satisfied, and decision variables are success-
fully determined, then we can multiply 7! both sides of the
(25). As a result, the following equivalent control law uflq(t)
can be successfully derived:

up'(0) = —H@(®) — ) wiT "' GByid 1)
i=1

.
— > wiT~'GBaEa(t). (27)
i=1
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Before proceeding, it is important to remind that the pos-
sibility of invertible of the matrix 7 is revealed through
Lemma 2, however, finding an upper bound of 7~! and
(T~HT is necessary in order to successfully derive the sta-
bility of sliding dynamic. Therefore, the following lemma is
proposed:

Lemma 3: Provided that Lemma 2 is successfully satis-
fied. Then the non-singular matrix T satisfies the following
inequalities:

1T~ <pi, ITHTN < pa, (28)
where
pr= I+ IGVIIIWI, p2 =TI+ IWTIVTGTY.

Proof: First, we will derive |T~!| < p1. Assuming that
Lemma 2 is satisfied and sliding surface decision variable G
is successfully determined, then T is a non-singular matrix
and can be represented as follows:

T =GB+GVUW =1+GVUW.
Moreover, the
satisfied [31]:

following inequalities are always

1Tl = |l + GVUW| < |I]| + IGVUW||,
- ==y —1 ==y —1
1T~ = (11 +GVOWI)™ = (Il + IGVTW]) .

Next, using a property 7= = ITI7Y, the following
result can be derived:

_ - - —1 _ - - -
(I +1GVTWI) ™ < IT~' < I + IGVTW].

By applying the above result, an upper bound of ||7!|| can
be represented as follows:

1T~ < M+ IGVTW. (29)

Moreover, if we apply the first inequality condition in (7),
then (29) can be represented as follows:

7= < I+ IGVOWIL < I + IGV W] = p1.

Then the proof of |T7!||< p; is complete.

Second, the proof of [(T~)T| < p, can be similarly
induced to the former approach. The transpose of the matrix
T is obtained as follows:

T =1+W'o"VTG".
Moreover, the following inequalities always hold in order:
770 < 1+ Wt o vIGT,
It = (1 + ||V’VTI'JTVTGT||)_1 :

= 777" and
(TT)7l = (T_I)T, the following inequality is obtained:

-1 T [ -1
(™) =1(r") nz (n+ iwTeTvIeTy)
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Moreover, by applying the above result and first inequality
in (7), an upper bound of ||(T’1)T|| can be formulated as
follows:

T _ o
1(77") = W+ W TOTTGT
< I+ W IIVIGT | = pa.

Finally, the proof of Lemma 3 is completed. g

Remark 5: In fact, considering the form of p1 and p; in
Lemma 3, the values of p1 and p are the same. For simplicity,
in the rest of the paper, the notation for p1 and p, will be
unified as p1.

Next step, we can substitute ud(¢) from (27) and u,(r) from
(21) into the modified form (8). Therefore, sliding dynamic
equations can be derived as follows:

£ = 30 > wiwy {4 + BRpx(0) + BKyd (1)
i=1 j=1
+ (Bai — BKg))d(t) — BT "' GByi(d(1) + Ea(t))
+ AKjx(t) + (AKgj — AT 'GBg)d(t) — AT~
x GBgiEq(t) — AKgid (1)},

W)=Y wix(), (30)

i=1

where A = VUW, T~! = (G(B + ‘_/(_JV_V))_I.
Before analyzing the stability of (30), augmenting (18) and
(30) yields the following state-space representation:

r

X(0) =Y > wiwy {AyE(t) + Dyd (1) + Byyd(1)

i=1 j=1
+ A = Ayd (1) + Ayd (1) — AyEa)].

Y0 =Y wiCix (), G1)

i=1

where detailed descriptions are presented at (32), as shown at
the bottom of the page.
Furthermore, to satisfy an Hy, control performance of the
sliding dynamic, the following problem is considered:
Problem 1 [16]: For a predefined positive scalar y > 0,
we design the sliding dynamic (31) such that the following
conditions are satisfied:

(1) The sliding dynamic (31) under d@t)=0is asymptoti-
cally stable.

(2) Under the zero initial condition, the sliding dynamic
(31) satisfies the following condition:

Jim (1) <y, (33)
where
_ oy (e
JodT(md(t)dt’
doy=1[d"(t) ET@) &) .

v (1)

lIl. MAIN RESULT

A. DERIVING A STABILIZATION CONDITION OF

SLIDING DYNAMIC

In this subsection, an LMI-based condition for asymptotic
stability with Hy, control performance on the sliding dynamic
is proposed.

Theorem 1: For a given scalar y > 0, proper scalar oy,
with k € 14, and predefined design parameter N, the sliding
dynamic of the T-S fuzzy model (31) is asymptotically sta-
ble with Hso control performance addressed in Problem 1,
if there exist matrices X = X! e R™", Py € R*>?,
Yy € R*? fork € Iy, and N; € R™" for j € I, such
that the following LMIs are satisfied:

X >0, (34)
Pi >0, k eIy, 35)
;i >0, i €T, (36)
Oj+0 <0, i<jel, 37)

where detailed description for ®; withi, j € 1, is represented
in (60). Finally, feedback control gain matrices and FDOB
gain matrices are obtained as K; = NJ-X_I, L, = Pk_1 Y.
Proof: For the efficient placement of the paper,
the detailed proof of Theorem 1 is provided in
Appendix A. ]
In the process of designing a sliding mode controller,
the problem of reachability of the sliding dynamic also should
be addressed. Before proceeding, the following lemmas are
useful when deriving the reachability problem.
Lemma4 [16], [23]: We assume A € R™™ is Hurwitz

(i.e. the real parts of eigenvalues of A are negative), and thus
)‘-mll.‘(('A)t
2 .

there exists a scalar & > 0 such that ||eAt | <é&e

Ai+BK;  TjCu : ICha 51(1)
0 Alg —LiB4iCig - -- 0 _ x(t)] - )
Ajj = : . . O =5l s0=] ¢ [.a=[G o]
0 0 And — LnB4iCna o

T

Dy = [Ba—BKy)" 0", Bu=[0 BJ, q--

T -
Byl . A= [(AK)T
Azj = [(AKg — AT'GBgj — BT~'GB)T o]T, A4 = [(AT7'GBg + BT'GB4)" 0]

0] . Ay =[@Aky" 0]

", Iy =BKy, (32)

where 0 denotes a zero matrix with an appropriate dimension.
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Lemma 5: Considering designed FDOBs, the artificial
exogenous system state error S(t) with k € Iy satisfies the
following condition:

IS5k < vk, (38)

where vy is a positive scalar.

Proof: Before verifying Lemma 5, recall the following
equation in terms of artificial exogenous state error vector
sk(t) with k € Iy.

Si(t) = Y0 wi {(Ara — LiBaiCra)sk () + Buid(1)} .
To derive (38), representing the general solution of 5x(¢) is
necessary. Thus, the following result can be obtained:
Sk(0) = eMI5(0) + [g M TOBS(D)dT,  (39)

where

,
A = ZW;‘ {Ara — LkBaiCra} . k € Iy.
i=1

Considering the condition 5(0) = 0 and s;(0) = 0,
the initial value of 5 (¢) can be regarded as zero. Additionally,
if FDOB gain matrix Ly is successfully determined through
Theorem 1, then Ay is said to be a Hurwitz. Therefore,
Lemma 4 can be applied to Ag.

Referring Lemma 4 and (39), the following inequalities can
be successfully obtained:

t
15Ol < 1™ 5O+ f MBS
0
t
= | / MUTDB L S(ydT |
0
t
< 1Byl / e dr
0

L amax(Ag)
E1Butl f M) g
0

< —E|Byl—2 (1 7“““5””)
<- kll——— (1l —e
v )Mmax(Ak)

IA

—2&||By,
_ 2B _ w0
Amax(Ag)
where vy = %. Therefore, it proves that the artificial

exogenous system state error sx(¢) for k € Zy is norm
bounded, thus, it is ready for deriving a reachability problem
of the designed sliding surface S(¢) successfully. The reach-
ability problem will be delineated in the next subsection. [J

B. REACHABILITY ANALYSIS
In this subsection, the reachability problem for the designed
sliding surface S(¢) will be addressed by applying a proper
Lyapunov function.

Theorem 2: Using the fuzzy sliding mode controller (41),
the state trajectories of the T-S fuzzy model (8) are success-
fully reached on the proposed sliding surface S(t) = 0.

u) = Y wi {Kix()) = Kgd ) + w0} . @)

J=1

VOLUME 8, 2020

where

un(t) = —o(1)sgn(S(1)),

,

o(t) = n+elx®l +p1 (IM[+a) | > wiGBall.

i=1
M = Cigv; + - -+ Cnquy.

Moreover, n corresponds to a small scalar.

Proof: To derive the reachability problem, the derivative
of S(t) with respect to time ¢ is needed. Recall the previous
result (23) as follows:

8 = Tun(r) + THG() + Y wiGBai (d(1) + Ea(1)) .
i=1
Next, consider the following Lyapunov candidate function:
1
VR(S®) = 28" S ®). (42)
The derivative of VR(S('t)) with respect to time ¢ can be
obtained by referring to S(¢):
VR(S®1) = ST ()8 (1)
= ST(){=To()sgn(S(1)) + TH(x(1))

+ Y wiGBai(d(t) + Eqa(1))}. (43)
i=1
In addition, the following inequalities can be obtained
considering Assumption 1 and Lemma 3:

VRS®) < IST@)IH-To (1) + TH(x(1) + ) wiGBai
i=1

x (d(1) + Eq(1))}
< ISTONTI{—o () + ellx®)] + p1 (M| + @)
< 1> wiGBi}- (44)

i=1
Next, substitute o(¢) presented in Theorem 2 into (44),
we have the following:

VR(S®) < —nlISTOINTI < 0. (45)

Therefore, if we properly choose the value of 7, then the
state trajectories of (8) can reach the proposed sliding surface
S(t) = 0. Finally, the proof of Theorem 2 is completed. [

Remark 6 [26]: It is necessary to remember that discon-
tinuous control term u,(t) in the designed fuzzy sliding mode
controller (41) can give rise to a chattering problem when

reaching onto the sliding surface S(t) = 0. This problem can

be relaxed by replacing the term sgn(S(t)) into S0 \here

ISOI+6°
0 is a small scalar.

Remark 7: The design parameter N in u(t) has some
trade-offs to be considered. If the number of N is big, the influ-
ence of d(t) will be attenuated significantly because formu-
lated FDOBs as the same number of N can estimate the
dominant portions of d(t). Although the influence of d(t) may
successfully decrease, however, the entire costs for formulat-
ing several FDOBs will be increased. Considering the above
trade-off should be noted before designing a controller.
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(b)

FIGURE 2. (a) Trajectory of the NPNS disturbance d(t) for time interval
0s to 20s; (b) the Fourier coefficient D(f) of d(t).

IV. SIMULATION RESULTS
In this section, simulation will be conducted on the inverted
pendulum system because its T-S fuzzy model has different
input matrices corresponding its fuzzy rules, which means
that it is a good testbed for taking simulation.

Consider the following T-S fuzzy model based inverted
pendulum system [28], [29]:

4
£(t) =Y wifAx(t) + Bilu(t) + H(x()] + Baid (1)} ,
i=1

4
W6) =) wiCix(t), (46)

i=1

where system matrices are given as follows:

0 1 0 1
A=Ay = VA3 = Ay = ,
10.1385 0 17.7767 0

0 0
B = B == . B = B = s
P= [—0.1395] S [—0.0302]

ck=[1 0],Bdk= |:(1):|,keI4.

116098

—
—-dg(t)
ds(t)
: (f)
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“ 2 n s s T\l“DH T2 m i i 20
(@
8 T _wd(t>w
er —==dy(t) + da(t) + d3(t) + da(t)|]

d(t)

(b)

FIGURE 3. (a) Trajectories of the dominant periodic sinusoid signals
comprising d(t); (b) trajectories of the NPNS disturbance d(t) (solid) and
summation of dominant periodic signals (dashed).

Moreover, it is assumed that a matched disturbance
Hx() = 0.1(4xf(t) + 2x7(t)) and NPNS mismatched
disturbance d(¢), as shown in Fig. 2 (a), are acting on the
system (46). Additionally, the T-S fuzzy model (46) can be
successfully modified into the same form of (8).

As shown in Fig. 2 (a), the form of d(¢) is different from
previous studies [16], [17], [20]-[23], which assumed that
d(t) follows a periodic sinusoid function. Considering this
point, the previous studies can be limited in that designed
FDOB and controller may not successfully attenuate the
influence of d(¢). Given the form of d(t), Fourier analysis
allows us to reformulate the d(¢) into several DPS signals.
For instance, Fig. 2 (b) shows the Fourier coefficient D(f)
of the original signal d(¢). By considering the magnitude of
D(f), d(t) can be thought that it mainly has four DPS signals
consisting of that signal, which means that a design parameter
N can be determined as 4.

Moreover, Fig. 3 (a) shows each DPS signal and original
and Fig. 3 (b) demonstrates that the summation of four DPS
signals in Fig. 3 (a) approximately similar to that original sig-
nal d(¢). The above-mentioned procedure implies that if four
FDOBs corresponding each DPS signal di(¢) for k € 74 are
formulated properly, the influence of d(¢) on the system (13)
can be significantly reduced.

VOLUME 8, 2020
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FIGURE 4. (a) Comparison of state response x, (t) when N = 4 (solid) and N = 1 (dashed); (b) comparison of
state response x; (t) when N = 4 (solid) and N = 1 (dashed).

Referring to Appendix B, differential equations generating Ki =K, = [14703 3891,

DPS signals di(¢) can be obtained as follows:

]
Ky =Ky = [14789 389] ,

510 = A1gs1(1) + B 8(1), di() = Cas1(),  (47) L]0 TemT] _fo 193619
52(t) = Aggsa(t) + Byad(t), da(t) = Cagsa(t), (48) "Tlo 985567 |0 56.9476|
§3(7) =zi\3dS3(t)+Bw35(t), d3(¢)=€3dS3(t), (49) _ |0 163036 L 0 10.0287
$54(1) = Aagsa(t) + Byad(t), da(t) = Caasa(t), (50) T 1o 90789 |"* 7 |0 47427 |
where Moreover, controller design parameters in (41) are provided
as follows:
A= [0 7.85] A = 0 6.28
ld = | _7g5 0 |24 =|_g08 0o |’ n=10, e =3, M =81.75, py =2.1173, ¢ = 8.
Asg = 5034 5‘34 , Aug = [ 18 36 10(’)36j|, All simulations were run for a given time interval r €
L 4 B [Os 20s]. To verify the effectiveness of sifting out DPS sig-
B, = O.61:| B,y = 0.63 j| B,s = |:—0~85] nals as possible, simulations will initially proceed by setting
v 10.79]" v | —0.76 |’ v —0.51 " N = 1, (i.e. using the most dominant signal (47)), and
[—0.93] = - N = 4, (i.e. using all DPS signals (47) to (50)) to com-
By = _0,36] »Cla = [16‘08 0] s Coa = [10‘77 O] d pare their control performance. After then, previous studies

Caqa = [7.64 0],Caq =[621 0].

Before designing an IFSMC, a sliding surface decision
variable matrix G should be initially determined. Applying
Lemma 2, decision variables and matrix G, which makes
G(B 4 VUW) as a non-singular, are determined as follows:

c1 = 10.4479, ¢y = 1.2471, c3 = 1.6489,

1.1952 —0.0002
Q= [_0.0002 1.1951 ] G = [-0.0015 —11.1732].

By applying Theorem 1 and solving associated LMIs (34) to
(37), controller gain matrix K; for j € Z4 and FDOB gain
matrix Ly for k € 7, are obtained when predefined scalar
values y and oy for k € Z4 are set as follows:

a1 =1x1077, ar =1.75 x 107%, y = 0.6,
a3 =5.174 x 1070, ay =2.174 x 107,

VOLUME 8, 2020

[6, Th.14], [13] and [17] which have proposed robust con-
trol techniques by handling disturbances will be conducted
together to demonstrate the efficacy of the proposed method
when design parameter N = 4. Additionally, initial values of
the state variables x(¢) = [x] (t) x] (t)]T were set as x(0) =
[1 Z]T, and initial values of FDOBs state variables py(¢) for
k € Iy are set as pi(0) = —Lgx(0) to satisfy 5;(0) = 0 and
d(0) = 0.

First, Fig. 4 shows that designing FDOBs considering four
DPS signals (47) to (50) gives rise to a better control per-
formance than considering only one DPS signal (47), which
implies that estimated disturbance signals from four FDOBs
can efficiently reduce the influence of external disturbance
d(t). Secondly, Fig. 5 shows that responses of state variables
x1(t) and x»(¢) via proposed method and previous studies [6,
Th.14], [13], [17] when design parameter N = 4. As shown
in this figure, the state responses reveal a better control per-
formance by attenuating the influence of d(¢) compared to the
previous studies.
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FIGURE 5. Comparison of state responses x; () and x, (t) via proposed method and previous studies [6, Th.14],
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FIGURE 6. (a) - (d): Trajectories of DPS signals d (t) to d,(t) (solid) and estimated disturbances 3, (t) to

d,(t) (dashed).

Additionally, Fig. 6 (a)-(d) show the trajectories of DPS
signal di(¢) and estimated signal ak(t) for k € Z4 through
designed FDOBs in (15). As shown in these figures, the esti-
mated disturbance signal cAlk (t) successfully follows the DPS
signal di(t), which demonstrates that the proposed FDOBs
are successfully designed. Besides, it suggests that the sum-
mation of estimation disturbances will successfully alleviate
the influence of NPNS signal d(¢).

Furthermore, Fig. 7 (a) shows the trajectory of designed
sliding surface S(r). As shown in this figure, the proposed

116100

sliding surface S(¢) with the summation of estimated distur-
bances is successfully designed. Moreover, Fig. 7 (b) shows
the energy ratio ¥ (¢) between yT(t)y(t) and d7 (1)d(¢) in time
interval [Os 20s] under zero initial condition. As shown in
this figure, the energy ratio v/ (f) is less than 1.4 x 10~#, which
implies that /1.4 x 104 = 0.0118 < y = 0.6. Therefore,
the designed controller satisfies the Hy, control performance
described in Problem 1. Finally, Fig. 7 (c) shows the trajectory
of the designed controller input u(z). To attenuate the influ-
ence of d(t) successfully, control input u(t) steadily exerts the
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FIGURE 7. (a) Trajectory of sliding surface S(t); (b) trajectory of energy
ratio v (t) between y7 (t)y(t) and d7 (t)d(t) under zero initial condition;
(c) trajectory of the controller input u(t).

estimated disturbance d (#) derived from designed FDOBs to
the T-S fuzzy model.

V. CONCLUSION AND FUTURE WORK

In this paper, a new control methodology combined with
IFSMC and FDOB was proposed to enlarge design flexibility
and to enhance a control performance by attenuating distur-
bances. The proposed method has addressed two problems:
First, modification of T-S fuzzy model into a novel form
enlarged design flexibility of IFSMC regardless of its fuzzy
rules. Secondly, by introducing Fourier analysis, the previous

VOLUME 8, 2020

DOBC concept was expanded when facing with NPNS mis-
matched disturbance signal generated from an exogenous
system. By applying a transformed T-S fuzzy model, a novel
sliding surface was suggested by summing estimated distur-
bances from several designed FDOBs. Besides, a sufficient
condition for guaranteeing asymptotic stability of the slid-
ing surface with H,, performance was proposed by using
an appropriate Lyapunov function. Moreover, a reachability
problem was also addressed by applying another Lyapunov
function properly. Finally, the effectiveness of the proposed
method was demonstrated by comparing simulation results
through an inverted pendulum system.

The proposed method has demonstrated its effectiveness in
dealing with the NPNS signal by designing several FDOBs
via Fourier analysis, however, the developed methodology
can be considered limited in that formulating FDOBs and
controller with knowledge of NPNS signal. Designing FDOB
and controller without knowledge of the NPNS signal is a
more ideal case than the proposed method and that limitation
is a still challenge to be solved. In future work, to deal with the
aforementioned limitation, we will continue research by con-
sidering various NPNS signals acting on a system and then
apply a regression method to identify the approximate form
of NPNS signal acting on the system in advance of designing
a controller and FDOBs. If we can get the approximate form
of the NPNS signal, the proposed methodology will become a
more suitable technique when dealing with the NPNS signal,
thus, the conservativeness of the proposed method will be
relaxed.

APPENDIX
A. PROOF OF THEOREM 1
Consider the following Lyapunov function candidate:

V(E@®) = X7 (H)Px(1), (51)
where
P, 0o --- 0
0 P, -
0<P= . e RIHEN)X(n+2N))

0 0 --- Py
denotes a positive definite symmetric block matrix with
0 <P, e RV (0 < P € R*%,....0 < Py € R?*2
and those will be determined later.

Next, a derivative of the Lyapunov candidate function (51)
with respect to time can be obtained as follows:

V(E() = X (0)Px(r) + T (1)Px(t)
=D > wiwi Vi + Val, (52)

i=1 j=1
where
Vi = & ()AL P + PApE(@) +d” (YD} PE(1)
+xT (OPDyd(1) + 8T (OBLPX(1) + X (0PB,, (1),
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Vo = (1)(ATP + PA)X(t) — d” (1) A3;PR(1)
— T (OPAyd(t) +dT () ALPR(1) + X1 ()P Ay
x d(t) — Ej (N ALPX(t) — X ()P A4E4(1).

To guarantee the Hy, control performance considered in
Problem 1, the following inequality should be satisfied:

V&) = VED) + 3" 0y — y2dT 0d () < 0
— Zzwle{‘_/l-i—VQ} <O, (53)
i=1 j=1
where

Vi =Vvi+xT el cx@) - y? {dT(t)d(t) + EN()E4 (1)

+8T(t)5(t)} .

Therefore, if the following condition is successfully satisfied,
asymptotic stability of the sliding dynamic (30) can be prop-
erly guaranteed with H,, control performance:

Vi+V, <O. (54)

Next, if the following condition is satisfied, the inequality
(54) is also guaranteed:

Vi+Va<Vi+V2<0, (55)
where
Va = X1 (1)(A];P + PAX() + dT (1) A3;Px(1) + X7 (1)
X PAyd(1) + d” (1) AL Px(t) + &7 (1)PA3d (1)
+Ej ()ALPX(t) + X (1)PALE4(1).
Moreover, we can apply (7) to the first term of V as follows:
T ()(ATP + PAX()
= x" WKW UT VT Pox(t) + x" (1)P, VUWKx (1)
< x"OK W'V Pox(@) + x" (P, VWKx(1).  (56)

Next, the following inequalities also can be successfully
obtained:

d" () ALPX(t) + X ()P Ad (1)
= d" KW UV Pox(t) + x" ()P, VOWKgid (1)
ard" OKGWT WEKgd (1) + o7 x" ()P, VVT Pox(r)
< artpt,dT (0)d(t) + ay topxT (P Pex(), (57)
d" () ALPE() + & ()P A3d (1)
=d"OKGWT UV Px(t) + x" ()P, VOWKgd (1)
—d" OBLGT @YW TTVI Px(t) — x" ()P V
x UWT~'GBgd(t) — d" ()By;G" (T~ B P.x(1)
—x" ()P, BT~ GByd (1)
< artyyti,dT (A1) + a5 topxT ()P Pex()
+a3T6Tyy rde%[iT(t)[i(t) + a;la(,xT(t)PxPxx(t)
+p1d" ()BY;G" BT Pox(1) + p1x” (1)P.BGBd (1)

IA

A
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= a1y Tk, 5 (DCTy Cins () + ) 'opxT (1P Pex(t)
+ o376 T TP S (OCTy Cins(t) + a3 Loy (1)
x PyPox(t) + p15" (1)ClyBY,G" BT Pox(t) + pix (1)
x PyBGBgiCin5(1). (58)
Finally, following inequality is also derived:
Ej () ALPX(t) + X (1)PALE4(1)
= E; (0BG (T Y WOV Pox() + xT ()P, VU
x WT ™' GByEa(t) + Ej ()Bl;GT (T~ BT P.x(1)
+xT ()P BT~ GByiE4(1)
< autGTy T, PIEL (DE4(t) + ) 'opxT (1P Pex(1)
+p1Ej ()BLG" B Pox(t) + p1x” (t)PBGBjEa (1),
(59
where
oy = )\max(‘_/‘_/T)» oG = )‘max(GGT)»
Ow = )\max(WWT)v Ty = )\max(WTW)y
76 = Mmax(GT G), Ty = Amax(K Ky, (60)
By = )\max(Bgini)’

Civ = I:éle Cla

_. 1T
] -

In (57) to (59), o; with i € Z4 denotes proper scalar that
adequately satisfies the inequality conditions. Applying these
conditions, the inequality (55) can be written in block matrix
form and if the following inequality is satisfied, the asymp-
totic stability of the sliding dynamic (31) is successfully
guaranteed:

Vi+ Vo =X (0)Quxv(t) <0, i,jel,, (61)

where detailed descriptions of (61) are presented in (66).

Additionally, to find appropriate feedback gain matrices
K; for i € 7, and FDOB gain matrices Ly for k € Iy,
the following should be satisfied:

Q; < 0. (62)

By applying the Schur complement to (62) and taking the
congruence transformation with the following matrix:

A =diag[P'1---11111], (63)

where A is a diagonal matrix with appropriate dimension,
thus, we can get the following result:

0, <0, (64)

where the detailed description of ®;; is also repre-
sented in (66), as shown at the bottom of the next page.

Finally, if inequalities (34) to (37) in Theorem 1 are sat-
isfied, it implies that the asymptotic stability of the sliding
dynamic (31) on the designed sliding surface S() is guaran-
teed, thus, the proof is completed.

Remark 8: In (60), the value of tg, can be easily obtained
because of Assumption 2. Similarly, the value of Tk, can be
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easily obtained since, in (20), Ky; is defined as B+ij, which
means that T, has the same value regardless of fuzzy rules.

Remark 9: Moreover, the sliding dynamic (31) is asymp-
totically stable if ®; < 0 for i,j € I, when d(t) = 0.
Therefore, the first condition of the Problem 1 is achieved.
In addition, we can integrate V()_c(t)) fromt =0tot = o0
and obtain the following result:

V(E(00)) = V(H(0))
+ /0 ) (@@ -y @am)dr <0. (©3)
Next, by using a condition V(X(c0)) > 0, (65) implies the
following:
/ T (@ @ -y @) dr
< VGEO) = V(E(00)) < & (0)PF(0).

Therefore, under initial condi_tion )_C_T(O)P}_C(O) = 0, the energy
ratio between yT (t)y(t) and d” (1)d(t), ¥ (t) < 0 is achieved.
Finally, the second condition of the Problem 1 also holds.

B. DETAILED ILLUSTRATION OF SECTION II.B

In this subsection, a detailed procedure of filtering out distinct
DPS signals of NPNS signal d(¢) via Fourier analysis by using
a form of (11) is provided.

Before proceeding, the following formula is a Fourier
transform which has used for a long time in many engineering
fields [27]:

X(f) = f - x()e™ 2 gy, (67)
wo = [ X (e, (68)

where x(¢) is an integrable function satisfying x : R — C,
and X (f) is a Fourier coefficient, which is a complex num-
ber having information about the magnitude and phase at a
certain frequency.

Moreover, by Euler formula, complex value X(f) can be
represented as follows:

X(f) = Xg + iX; = [Xa| €, (69)
where | X4| = ,/X,% ~|—X2, and 6 = tan™! fg—; . Next, substi-
tuting (69) into (68), the following result can be obtained:

OO .
x(r) = / |X| & CTAHO) qf
—00

= /OO |Xa| (cosrft + 0) + isin(2rft + 0)) df .

[He(A] P, + KB P} + g s * * * * *
cl, (F/.T +p1 BLGTBT> P, o * * * * *
$ij = C';d (l"jT +p1 BLGTBT) P, 0 0 N * * * ’
Bj; — Kj;B" Py 0 0 0 (hi —yHI =
0 Bl P BI\ Py 0 -y *
L p1 BL.GTBT P, 0 0 0 0 0 (hy — y)I
Mg = He {P.VWK;} + (o] ' + o5 ' + o5 + o) Doy PoPc + CT €,
= He{/_llePl — CleBginT} + OlszdeCleéld + a3t(;tWrde%CleC'1d,
pn = HelAL, Py — CL,BLYEY + arryy i, ChyCva + a3t6tyy ta,ptChyCna,s
hy = a1t ke, ho = aaTGTTRPY
_HE{XAl-T + NjTBT} + Ig * * * * * * * 7]
Cle (FJ-T + p1 BgTh-GTI_S’T> Ui * * * * * *
. * k *k k k
O, = Clgd (F].T + p1 B;GTI_BT) 0 0 N * * * x|,
Bj; — Kj;B" 0 0 0 (h — ydI * * *
U Bl P B\ Py 0 —y2I * *
p1BLGT BT 0 0 0 0 0 (h—ydHl x
L CiX 0 0 0 0 0 0 -1
Mo = He {P.VWN;} + (o] ' + o5 + 5" + o) Doy,

- - T
v =[x"@) @0 d@o 0 Ej0)]
where X = Py N =KX~ ', L; =P;'Y;, forje Z, andi € Iy.
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If we consider x(¢) as a real-valued function, x(¢) can be
regarded as follows:

o
x(t) = / |X4| cosrft + 0)df . (70)
—0oQ0

Remark 10: The result of (70) implies that if we can
find out Fourier coefficient X(f) at a certain frequency
(i.e. the magnitude and phase information of that frequency
are obtained), x(t) can be represented as a linear summation
of sinusoid signals.

If we regard x(¢) as d(¢), representing d(t) with several
DPS signals can be possible by virtue of Fourier analysis.
Next, consider the following first-order linear differential
equation form as described in (11):

. _ A bwl
q@) = 0 q(t) + by a(1), an
s(t) = [61 62] q(),

where ¢(t) € R? is a state of differential equation satisfying
qt) = [qlT(t) qg(t)]T, s(t) € R'isaoutput, , € R!, b, €
R by € R, ¢; € RY, and ¢, € R! are constant values
to be determined, and §(¢) is a constant signal with a value
of 1. If we assume the initial value of g(0) = 0, the general
solution of g(¢) can be obtained as follows:

by b b
q1(t) = Zwa_ Zw2 cos(At) + w1 sin(At),
0= =2 B2+ P s
P="7"T73 Y '

Moreover, applying sinusoid summation formulas, (72) can
be written as follows:

/1,2 2
bw2 bwl + bw2
A A

b2

wl wl
A
s(t) = c1q1(t) + c2q2(2),

cos (At —0y),

+ 52,
™ cos (At — 67),

b2 wi
To reduce computation and concise interpretation, we can
choose ¢» = 0, which means that the output of differential
equation (71) only depends on ¢(¢). Thus, the following
result can be obtained:

Cly/ bazl + b%vZ
A

Therefore, if we appropriately choose constant values A, b,,1,
by, and c1 by considering the magnitude and phase informa-
tion of X (f') at the specific frequency, it is possible to generate
a periodic sinusoid signal with specific characteristics, such
as frequency, phase, and magnitude via the form of (71).
Likewise, using the above procedure, we can also generate
other periodic sinusoid signals which largely account for the
original signal d(¢) via the structure of (71).

where 6] = tan™! (_bLl), 0, = tan™! (%)

c1byr

s(t) = cos (At — 01) + P

116104

To sum up, if we combine output signals derived from
several differential equation forms with (71), it is possible to
approximately obtain the original NPNS signal d(¢) as (12).
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