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ABSTRACT With the aid of disturbance observer strategy, this article aims to investigate the disturbance
rejection and stabilization problems for periodic piecewise time-varying systems that are subject to time-
varying delays, parameter uncertainties, nonlinear perturbations and exogenous disturbances. To be more
specific, the periodic piecewise time-varying systems are built by segmenting the fundamental period of
periodic systems into a limited number of subintervals. Further, the disturbances engendered from an
exogenous system are estimated by deploying the disturbance observer and subsequently, on the premise of
disturbance that is esimated, a robust controller protocol is constructed for the considered system. Moreover,
by bridging the time-varying periodic piecewise Lyapunov-Krasovskii functional with a matrix polynomial
lemma, a set of adequate criteria is framed, which confirms the asymptotic stability of the system that
is being addressed. Subsequently, on the premise of established criteria, the design of periodic piecewise
gain matrices of devised controller and configured observer are presented. Eventually, the importance and
potential of the presented theoretical concepts are evidenced through offering a numerical illustration with
the simulation results.

INDEX TERMS Periodic piecewise time-varying systems, disturbance observer, uncertainity, nonlinear
perturbations, time-varying delay.

I. INTRODUCTION

In recent years, the study on periodic systems have been a
hot research topic and stimulating significant trends due to its
utility in many distinct sectors namely, rotor-bearing systems,
spacecraft attitude control, vehicle suspension, vibration sys-
tem, wind turbine system and so on [1], [2], [3], [4], [5]
Further, the floquet theory is applied to the analysis and
synthesis of periodic systems which acts as a catalyst for
periodicity-related research on a variety of topics in both
discrete and continuous time domains. However, solving
continuous-time periodic systems are more difficult than the
discrete-time periodic systems owing to their closed form
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solutions [6], [7], [8]. In order to confront this difficulty,
the periodic piecewise systems (PPSs) has been introduced,
which aids in simplifying the analysis of the system and
making dynamical results more accurate [9], [10]. To be
more specific, PPSs are defined by partitioning the speci-
fied fundamental period of continuous-time periodic systems
into several subintervals, where performance within each
subinterval is governed by a related subsystem. Additionally,
it is worth mentioning that the subsystems either can be
time-invariant or time-varying. Recently, many results have
been reported in time-invariant subsystems [11], [12], how-
ever, under certain circumstances, PPSs with time-invariant
subsystems may lack the required dynamic behavior of
approximated continuous-time periodic systems. Bearing this
in mind and also from a practical standpoint, it is more
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pertinent to characterize the periodic piecewise subsystems in
a time-varying form. As a consequence of this, the investiga-
tion on dynamical behavior of PPSs that contain time-varying
subsystems become an important research topic over the past
few years [13], [14], [15]. For instance, the researchers in
[13] probed the stabilization issue for PPSs through resilient
control. Even if it has a considerable number of applications
in the real world, there are still many qualitative studies need
to be investigated, which is one of the prompting factor of the
presented study.

On another research front, it is difficult to precisely sim-
ulate a plant in engineering applications since it is often
exposed to unpredictable factors. Moreover, the causes for
the emergence of modeling flaws, also known as parametric
uncertainties, include a high input, versatile modes, time
fluctuations and so on. Specifically, the presence of these
sorts of unpredictable factors in the environment has the
potential to undermine the system’s performance and it may
result in instability. In this light, taking into account the
parametric uncertainties in the system model is fundamental
one in both theoretical and practical aspects. Over the last
several years, scholars have focused a significant amount
of emphasis on the robustness analysis of a wide variety of
uncertain dynamical systems (see [16], [17], [18], [19], [20],
[21] and references therein). On the other hand, due to the
widespread application, the modern control systems comes
up with the inescapable generation of nonlinearities. As a
direct result, the presence of nonlinearities will bring about
certain unfavorable changes to the dynamics of the system.
Therefore, the high interest has been paid by the research
communities on investigation of systems with nonlinear per-
turbations and has resulted in the reporting of a large number
of works to maintain the stability of a variety of dynamical
systems despite the existence of nonlinearities [22], [23],
[24]. For instance, in [24], the tracking control issue has been
investigated for periodic piecewise time-varying systems in
the face of nonlinear perturbations and external disturbances.
Nevertheless, in regard to PPSs with time-varying subsys-
tems, the conjunction of time-varying periodic features with
the factors such as parameter uncertainty and nonlinearity
will lead to dilemma. Thereby, bearing in mind the afore-
mentioned facts, in this study, the parameter uncertainties and
nonlinear perturbations have been simultaneously taken into
account in the undertaken system.

The effect of time delays are a major characteristic in
many practical systems, namely, network systems, aircraft
systems, nuclear reactors, chemical engineering systems and
so on. Moreover, ignoring delays may cause design faults
and inaccurate analysis results, which will affect the stability
of a system. As a result, in recent years, the stabilization
problem for time-delayed systems has been received more
attention [25], [26], [27], [28], [29]. For instance, the authors
in [26] studied the adaptive fuzzy control for switched nonlin-
ear time-varying delay systems with prescribed performance
and unmodeled dynamics. Liu et al. [27] devised the PD
control for continuous-time systems with the presence of
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time-varying delay. The authors in [29] investigated discrete
nonlinear systems subject to mixed delays through sliding
mode control. Moreover, while considering the PPSs, only
a few amount of research has been published that takes into
account time delays in the system [30]. From the standpoint of
broad practical application and looking at the results of these
groundbreaking studies, it is vital to continue the analysis and
synthesis of periodic piecewise time-varying systems with
time-varying delays.

Besides the foregoing, it is vital to acknowledge that
disturbances often prevail in real situations, which might
lead to insufficient system performance and, in worst cases,
could cause instability. To tackle this issue, various distur-
bance attenuation and rejection techniques has been devel-
oped by the researchers [31], [32], [33], [34], [35], [36].
In particular, the disturbance observer approach is one of the
most often used disturbance rejection techniques for dealing
with disturbances because of its ease of use, adaptability
and effectiveness in doing so. To be precise, the distur-
bance observer framework first builds an observer to esti-
mate the disturbance, wherein the construction of disturbance
observers is analogous to the state observers, and it has
significant implications in both theoretical and real-world
applications. Thereby, as a result of the intrinsic potential,
it has been applied to a broad range of dynamical systems
and a substantial body of literature has been generated in
this respect [37], [38], [39], [40], [41], [42], [43], [44], [45],
[46], [47]. In particular, an interesting disturbance rejection
and adaptive command filtered control approach for uncertain
nonlinear systems with parametric uncertainties, mismatched
and matched disturbances has been investigated in [44] by
utilizing disturbance observer strategy. When it comes to
periodic piecewise time-varying systems, however, the idea
of a disturbance observer needs to be looked into to enhance
its practicability. Consequently, it is worth noting that the
stabilization problem for periodic piecewise time-varying
systems in the event of disturbances in the control channel
is much more difficult and intricate. This is owing to the
assertion that there is indeed a trade-off between the desired
stabilization and the disturbance rejection. In view of this,
in this work, we focus extensively on the construction of
the disturbance observer-based robust controller to achieve
significant stabilization performance of the system despite
the existence of disturbances. Further, this work’s most salient
features can be summed up in the following specific ways:

. The issues of disturbance rejection and stabilization
for uncertain periodic piecewise time-varying sys-
tems (UPPTVSs) with time-varying delays, nonlinear
perturbations and disturbances are scrutinised through
the disturbance observer-based robust control.

. In detail, the disturbance occurring in the control path is
assumed to be engendered from the exogenous system
with unknown frequency and phase.

. In order to get rid of the negative impacts that distur-
bances have on the control route, a disturbance rejec-
tion solution has been devised by taking use of the
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advantages proffered by the disturbance observer. To be
more specific, a periodic piecewise disturbance observer
setup is designed in order to estimate the disturbances
which aroused from the exogenous system.

. After which, the disturbance observer-based robust con-
troller is erected by putting together the output informa-
tion from the configured disturbance observer and the
state feedback control.

. In the context of linear matrix inequalities (LMIs),
a new set of sufficient criteria for validating the
expected outcomes is then developed utilizing the
Lyapunov-Krasovskii functional and a matrix polyno-
mial lemma. Furthermore, the planned controller and
framed observer gain values are determined using the
developed relations.

. Final analysis includes a numerical example to demon-
strate the applicability of theoretical outcomes and the
usefulness of controller as configured.

This paper is organised as follows: The model description of
UPPTVSs and some preliminaries are given in Section II; The
stability requirements are specified in Section III; Simulation
verification is provided in Section IV; In end, the conclusion
is given Section V.

Notations: R"™ denotes the n-dimensional Euclidean space.

I represents the identity matrix. ||.|| signifies the Euclidean
vector norm of a matrix. The representation 7 > 0 delin-
eates that the matrix J is positive-definite. The {7 }T
indicates the transpose of matrix J. sym([J) signifies the

sym(J) =T +JT.

Il. PROBLEM FORMULATION AND PRELIMINARIES

A. SYSTEM DESCRIPTION

In this work, we focus on a class of uncertain periodic
systems in the face of time-varying delays and exogenous
disturbances, whose system characteristics can be expressed
in the following format:

f(t) = (G(1) + AGO) (1) + (Go(t) + AGy(1))
wu(t — o)) + g(t, (1)) + H(2)(u(r) + 8(1)),

(1) = Z(t)u(1),

u(to) = s(to),

(1)
VtO S [_Q’ 0]7

where u(r) € R” stands for the system state; z(r) € R™
denotes the output vector; u(t) € RP portrays the control input
vector; 8(f) € RP describes the disturbance that occurs in
the input channel; o(¢) indicates the time-varying delay that
met the set-up 0 < o(t) < o, 0(t) < n < 1 with known
constants ¢ > 0 and n > 0; g(¢, u(t)) € R" denotes the
state-dependent nonlinear perturbations; u(#y) designates the
state vector’s initial condition; G(¢), G,(¢), H(t) and Z(t)
are the periodic matrices having the fundamental period 7},
with the configuration G(¢) = G(t +T,,), Go(t) = Go(t +Ty),
H() = H(t + T,) and Z(¢t) = Z(t + T,), Vt > 0.

Following this, the each fundamental period is parti-
tioned into S subintervals, that is, [¢T,, + t;—1, €T, + t;)

6=0,1,....i e N2 [{1,2,... S} withT; = t; — t;_1,
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S
to = 0,25 = T, and Y _ T; = T,. By using preceding segmen-
i=1
tation as a starting point, the uncertain periodic systems (1)
can be reformed as UPPTVSs, having the ensuing format:

(1) = (Gi(t) + AGi())u(t) + (Gpi(t) + AG,i(1))
wu(t — o) + gi(t, u(@)) + Hi()(u(r) + 8(1)),

2(t) = Li(t)u (1),

u(to) = ¢ (to),

2
Viy € [—0,0],

where Gi(t) = G; + &i(1)Gi, Goi(t) = Goi + §i(1)G i, Hilt) =
Hi+ &i(OH; and Zi(1) = I; + §i(1)Z; with G; = Gip1 — G,
Goi = Goti+1) — Goi» Hi = Hix1 —Hiand I; = iy — I,
g(t) = SHEEL € [0,1), Vo€ (0T, + fi1, €T, +
t),i € N; G, IQQ,', ‘H; and Z; are the known matrices of the
i subsystem with adequate dimensions; AG;(¢) and AG,i(t)
represent the parameter uncertainty matrices having the lay-
out [AGi(t) AGyi(1)] = U;©;(t)[Ea; Egil, here U;, Eq;, Ep;
represents the real matrices and ®;(z) defines the unknown
function which met the requirement @?(t)@i(t) < [I. For
all + > 0, nonlinear perturbations g;(¢, u(¢)) are assumed to
satisfy g;(#,0) = O and consist of S portions across every
period, satisfying the following relation:

l1gi(t, w)Il = pill Oipn (I, 3

where p; > 0 and O; € R"*" are scalar and constant matrix,
respectively.

B. DISTURBANCE OBSERVER DESIGN

In this study, it is considered that the disturbance §(¢) is
generated by a family of exogenous system, whose dynamics
are represented in the following periodic piecewise format:

(1) =2; ,
{g(r) (0s(0) @

8(1) = Bi(1)s (1),

where ¢(7) € R" represents the state vector of the exogenous
system; 20;(r) = A; + &(@)A;, A; = Ay — A; and B;(r) =
Bi + &@)B;, Bi = Bip1 — B; are the known periodic
piecewise time-varying matrices.

Following that, in order to estimate the exogenous dis-
turbances that occurs inside the control signal path, it is
necessary to design a disturbance observer. In this context, the
following disturbance observer system is built in the periodic
piecewise format:

A1) = [Ai0) + VH(OB(] (A1) — Vip(0))
FVIGHO() + Goi(u(t — o(1) + Hi(t)u(t)
+gilt, ()], )

S(t) = AMt) = Viu(2),

8() = Bi) e (),

where V; is the observer gain matrix, which will be deter-
rpined later; A(¢) is the disturbance observer’s state; ¢(r) and
4(¢) mean the estimation of ¢(¢) and 6(¢), respectively.
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C. DESIGN OF DISTURBANCE OBSERVER-BASED ROBUST
CONTROL

Moreover, in order to achieve the requisite system’s stabil-
ity (2), it is vital to design a robust control protocol that
tackles the disturbances occurring in the system. As a result,
the control framework for this study is constructed in the
following manner by combining the output of the disturbance
observer with the state feedback robust control:

u(t) = Kit)u(r) — 8(r), (©6)

where /C;(t) symbolizes the controller gain matrix, which will
be calculated in the latter segment. In a further, by defining
the error of disturbance estimation as w (r) = ¢(t) — &(¢)
and substituting the framed controller (6) in (2), we have the
underlying closed-loop UPPTVSs and error system:

() = (Gi(r) + AGI))(1) + (Goilt) + AG,i(1))
xu(t — o(0) + HiKi()u@) + Hi()Bi(t)w (1)

+gi(t, u(1)), (N
w (1) = [2(1) + ViH{(OBi(D]w (1) + ViAGi(1)u(t)
HViAGoi(Du(t — o). ®)

Remark 1: In [21], the exponential stabilization issue
for uncertain PPSs is investigated by designing robust
time-weighted guaranteed cost control. Further, the authors
in [24] studied the output tracking control issue for periodic
piecewise time-varying system subject to nonlinear pertur-
bations and external disturbances, wherein the external dis-
turbances are attenuated by employing the H,, performance.
Moreover, the disturbance rejection problem is investigated
in [40] for the Markovian jump systems, wherein to effec-
tively estimate and reject the footprints of matched distur-
bances, a disturbance observer-based control is framed. It is
noted that the dynamical character of PPSs have been con-
ducted with disturbance attenuation approaches, wherein the
results show that the impacts of disturbances are mitigated
up to certain level. These studies served as inspiration for
implementing a disturbance rejection strategy in UPPTVSs.
In more detail, the footprints of disturbances are completely
eliminated with the aid of disturbance observer. Further, dif-
ferent from the disturbance observer that is implemented in
existing literature, in this study the disturbance observer is
constructed with a periodic piecewise character in order to
reject disturbances. This is one of the major improvements
that have been made to the system that is being considered.
Apart from this, the nonlinear perturbation and parameter
uncertainty are simultaneously considered for the addressed
system while achieving the foremost intention of this study,
since both factors have significant amount of effect on the
considered system. Considering these facts, in this study, the
disturbance rejection and stabilization issues are investigated
for the periodic piecewise time-varying systems with param-
eter uncertainty, nonlinear perturbations and time-varying
delay.
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D. PRELIMINARIES
Ahead of proceeding to the next section, it is necessary to
consider the accompanying lemmas that are required for the
upcoming examinations.

Lemma 1 [25]: For known matrix £ > 0, the inequality

B
i T (5)Lp(s)ds > ﬁl—agTég obeys for all continuously

o
differentiable functions ¢ [a, B] — R™, where ¢ =

4 -5 - .

(LT 122 and ¢" = | [T (s)ds [ [ ¢T (w)duds |-

B—a (B—a)? o o s

Lemma 2 [43]: For appropriate dimensioned matrices 91
and 9, the inequality 97 DN + NTM < sMTM + 5~ 'NT'N
holds for any constant § > 0.

Lemma 3 [9]: Letf (w1, w2, ..., wy)be abounded matrix
polynomial function described as f (wy, w3, . . ., wy) = 0p +

m

w101 + w102 + ... + | [] @k Jom, where m € ZT,

k=1
G = 0,1,...m) are real symmetric matrices and wy (k =

0,1,2,...m) are variables with w € [0, 1]. If Z/Z:o o <
0 (r = 0,1,...m), then the matrix polynomial function
flwr, wy,...05) < 0.

Remark 2: In [45], to handle the implication of distur-
bances in the flexible air-breathing hypersonic vehicles,
a nonlinear disturbance observer (NDO) is constructed,
wherein the designed NDO estimates the disturbance and
considered system states. Moreover, for the purpose of reject-
ing disturbance, a class of new NDO for uncertain dynamical
systems is configured in [46]. In detail, the framed NDO is
based on the tracking differentiators and it also estimates the
uncertain type of disturbances. In a similar vein, the authors in
[47] constructed the tracking differentiators-based NDO for
the robust back stepping control of a flexible air-breathing
hypersonic vehicle, wherein the tracking differentiator is
planned based on hyperbolic sine function to handle the
difficulties in back stepping control. In distinction to these
observers, the disturbance observer in this work is structured
in a manner that has a periodic piecewise feature. Further,
we have incorporated the observer gain matrix into the dis-
turbance observer configuration, which aids in effective dis-
turbance estimation. Added to this, constructed disturbance
observer in this work makes use of the knowledge regarding
the states of the UPPTVSs (2). Moreover, the modelled distur-
bance observer estimates the disturbance in order to get rid of
the imprints left behind by disturbances. Besides, the design
of disturbance observer is more difficult by the fact that the
exogenous system is built in a periodic piecewise pattern.

2

IlIl. MAIN RESULTS

The primary objective of this segment is to derive the ade-
quate stability conditions in terms of linear matrix inequali-
ties for the closed-loop system (7) and the error system (8)
by making use of the Lyapunov stability theory and the
matrix polynomial lemma. Moreover, this part is comprised
of two primary theorems. The first of which is presented
by assuming the gain values of observer and controller are
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known. After that, the acquired results in the first theorem are
expanded to the circumstance with unknown gains matrices.
Also, the relation for determining the planned gain matrices
of controller and observer will be provided in context of a
result to acquired linear matrix inequalities.

Theorem 1: Assume that positive scalars 71, 0, pi, Vi, ¢p,
(b =1,2,3,4), T; and gain matrices /C;(t), V; are known. The
closed-loop UPPTVSs (7) and the configured error system (8)
are asymptotically stable, if the matrices J;(t) > 0, Q; > 0,
R; > 0,Ry > 0and R3 > 0 (i € N) exist, such that the below
relation holds:

[Pliexi6 < O, 9

where Wy | = sym{Ji()Gi(t) + Tt YHi(OKi(1)} + 5 + Ry +
Ry + 0°Rs, W12 = Ji1)G,i(), Wi = TOYHi(1)Bi(0),
V7 = Ji), Yig = uJ®O9], Vi = J0U;,
U0 = JOU, Ui = B W = Bl Wy, =
—(1 — MRy, U35 = EL, Wy 16 = EL, W33 = —Ry,
Wyq = —4R3, Vg5 = gR3, Wss5 = —;—%Ra, Yoo =
sym {Q2A; (1) + Qi ViH(1)Bi(1)}, We,13 = Y614 = Q:V,U,,

—V; _ -1 _ -1
W77 = —ul, Ygg = p—:{l, Yoo = 1, Vig10 = 1,

Vi = —=al, Yz = =81, Vi313 = 2—311, Wig 14 =
2—411, Wis,15 = =82l and Wi6 16 = —34l.

Proof: The Lyapunov-Krasovskii functional of the ensu-
ing format is constructed with the aim of demonstrating this
theorem:

V() = n OT(On) + o’ O)Qiw (1)
t t

+ f 1T R p(v)dv + f 1T (VR (v)dv

t—o(1) t—o
t t
+0 f / ! MR3p(v)dvds, (10)
t—o s

where J;(t) = J; +&i(t)J; with J; = Jiv1 — Ji» Ts+1 = T
and J; > 0 is suitable dimensioned real matrix.

Subsequently, by computing the derivative of (V)(¢) along
the trajectories of the closed-loop UPPTVSs (7) and the error
systems (8), we obtain,

B(t) < sym{u (OT(OUGi(1) + AG) () + (Goilt)
+AGui()(t — 0(1)) + Hi)ICi(t)(t)
xHi()B () ()]} + u%)(%)u(r)
+sym{ar T (1)Qi[Ai(t) + ViH()Bi()]w (1)
FVAG(OU(0) + ViAGoi()u(t — o(1)))
+ul (OR) + Ralu()-(1 — pu’ (t — 0o(1)R;

x u(t —o(t)) — u' (t — 0)Rapa(t — 0)
t

+ou” (OR3u(t) — 0° f u" (R3p(s)ds.  (11)
1—o
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Following that, by using Lemma 1, the integral term in the
preceding connection is reformulated as stated below:

R
! 4y, R
_ T AT A
0 / W @Rsuds=T @ | o (oRy RO,
—e S 02

(12)

t t t
where A7 (1) = [ [ ul(s)yds [ [ uT (v)avds].
t—o t—o s
Further, by using the Lemma 2, for some positive scalars
{1, &2, &3 and &4, the terms involving uncertainty matrices

in (11) can be rephrased as follows:

! (O(T(UOi(1)Ea; + EL,07 (U] T(t)u(t)
< au" OFOUUT Tou) + ¢ 1w (OELEain),
(13)
!l (OT(OUO(OEgiu(t — o(t)) + ' (t — o(1)E;
xO] (U] Tuu(t) < ou” OTi(UU] T
+¢, 't — 0)ELEgnt — o(t)), (14)
ol (HQVUi®i(Exu(t) + u” (HE}O] (HU! V] Q;
@) < o’ OQVUUIVI Qo (1) + ¢5 ' " (OB Eaie(t)

(15)
o T (1OQViU®(1)Eaiu(t — o) + n (t — o(t)EL;
x0T (HUTVI Qiwr (1)
< o’ (OQVU UV Qo (1)
+¢, 1T (¢ — o(t)ELEgiu(t — o(1)). (16)

Consequently, on the basis of relation (3), for some scalar
v; > 0, we obtain

vip?uf OOTOin(r) — vigl (¢, w(t)git, p()) < 0. (17)

Moreover, by combining the relations (11)-(17), we acquire
the subsequent expression:

@) < xTOITlx7x (1), (18)
where xT() = [“Tt(t), ul@t—o@) u(t—o)
[ uT(s)ds [ [uTodvds — @T@) glt, u@)l,
t—o t—o s )
T o= sym{JOG) + FOHOKAD} + F + Ry +

Ry + o'Rs + 0 Ji(OU U] Ji(1) + LJi(0)UU] Ji(t) +
¢ "ELEa + ¢ 'ELEai + vip? ()OO Ji(0), T1p =

Ji®)Gei(1), Y16 = JTOH{(OBi@), Y17 = —vJi@),
Y22 =—(1 =R+ 'ELEsi+ ¢ 'ELEp, T33 = —Ry,
Ts4 = —4R3, Tys5 = gR_% Y55 = —§R3, Te6 =

sym {Qi;(1)} + sym {QViH()B:(1)} + ;3Q VU, UI VI Qi +
QYU UIVIQ; and Y77 = —uil.

Following that, by using Lemma 2 to the matrix [Y]7.7,
we get the matrix [W]¢x 16, Which is defined in the theorem
statement. As aresult, if the relation (9) holds then it is evident
that V() < 0. Then, on the basis of Lyapunov stability
theory, the closed-loop UPPTVSs (7) and error system (8)
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are asymptotically stable, which completes the proof of the
theorem.

In what follows, the findings gained in Theorem 1 will
be stretched to the setting of unknown gain matrices for the
controller and observer in the following theorem. Also, the
convex optimization approach is employed to derive the gain
matrix relations.

Theorem 2: The systems (7) and (8) are asymptotically
stable for prescribed positive scalars 1, o, p;i, Ui, &p, (b =
1,2,3,4), y and T;, if there exist positive definite matrices
Ji > 0,Q; > 0 and appropriate dimensioned matrices
Xi, Yi, Zi, Rg, (i € Nya = 1,2, 3) satisfying the following
conditions:

Qig <0, Qig+Qip <0, Qg+ Qip+ Q% <0,

Qi + Qip + Qe + Qg < 0, (19)
Gy <0, Gjy+6Gj <0, Gy +Gj + 6 <0,
Ts+1=T1, Ys41 =Y, (20)

where Ql.lél = sym{J;G; + H;Yi} + %’ +Ri + Ry + 0°R3,
Qa’ = TGi» e’ = MiXiBi, i) = T, @ = vl
Q) = JU, 90 = JU, " = B, 9,7 =
I~ e
Q) = Ry, @4 = 4Ry, Q) = SRy, @) =
—él,—%R,% Q?a’é = sym{Q:A; +Z;H;B;}, Q?a’w = ZU,

614 _ ~ 1. ol7 _ , 88 _ —uy 99 _ _1
Q' = ZUn @ = —ul, @ = 23, @ =

ia

10,10 _ -1 1,11 __ 12,12 13,13
B L e e
=1 , _ =1 , _ »
§—31, Q;, = El, Q. = —0l, Q, = 1—541,

6.l =y, 6,7 = THi — HiXi, 6, = —yI, Q' =
sym | TG + GiJi + HiYi + HiXi}, @7 = TiGoi + GoiTh
9}56 = H:XiBi + HiXiBi + HiXiBi, Qil;;lz = v;p*O7,
Qi =7, Q) = JU, @50 = Ju;, Q58 = sym{ Qi+
ZiHDB; + ZHBi), 631,’2 = JHi + THi — HiXi —
HiXi, Q' = sym {J:Gi + Y}, Qi = JiGo 0 =
HiXiBi + HiXiBi + HiXiDBy, 91%6 = sym {Zﬁqi%i},
636,2 = j,?‘_[, — 7-_[,‘)_(,' and Qlldﬁ = {7—21)_(,%,}

Furthermore, the requisite gain matrices can be con-
structed using the connections as follows /C;(t)

X'OYi)and V; = Q7'Z;, where Xi(1) = X; +
EMXi, Xi = Xip1 — Xy and Y;(1) = Y + &Y, Y =
Yig1 = Y5).

Proof: By using the aforementioned Lyapunov-
Krasovskii functional candidate U(¢) (10), the outcomes of
this theorem can be obtained by adopting the same approach
as in the prior theorem. Further, by assuming J;(1)H;(t) =
Hi()X;(1), Xi(O):(t) = Yi(), Q;V; = Z; and substituting
them on the matrix W, we get a matrix [E]j6x16 and its ele-
ments are E1 | = sym{%(t)gi(t)—{—HiYi(t)}—i—%—G—R] +Ro+
0’R3, E12 = Ji)Gi(1), B1.6 = Hi)T()Bi(1), E1;7 =
Jit), Eig = uiO!, Ei9 = J(OU;, Erio = J(®U,
E1,1 =EL, B2 =EL, B22 = —(1 =Ry, E215 = EL,,
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E16 = Eb, B33 = —Ry, B4y = —4R3, B45 = gR3,
Bss = —,iR3. Bes = sym{QUi() + ZHi()Bi(0)},
86,13 = ZiU;, Be,14 = Z;U;, B77 = —vil, Bgg = %1,

1
o9 = 2—111, 10,10 = 2—211, Ei,in = —4l, B =
=331, E3,13 = ;—311, 4,14 = 2—411, 815,15 = —{¢f and
Ei6,16 = —Cal.

Thereafter, the terms containing time-varying matrices in
[E] can be equitably restructured in the following manner:
B11 = sym{TGi + HiYi}+ F +&OITGi+ TG+ HiYi+
iYil + 62 OLT:G; + HiYil + Ry +Ra + 0°Rs,

El2 = JiGgi + EWOLTiGgi + TiGoil + EFOLTiG0il.
Eire = HiXi®Bi + §(O[HiXiBi + HiXiB; + HiXiBi] +
EXOIHLXiBi + HiXiB; + HiXiBi] + & (O[HiXiB:],
Ei17=Ji+&(0T:, 19 = (Ji +&(0)T)Ui, Er10 = (Ji +
§i()JDUiand Eg 6 = sym{(Qi2; + Zi/HiB;) + &i(1)[QiA; +
ZiHiB; + ZiHiBi] + EX(OIZH B}

Thereby, under the above considerations, the matrix E can
be illustrated as follows:

1 X @

E = Qiq + &R + (6D Qe + [EO1PQia,

where Qi;,, Qip, Qi and Q;; are same as defined in the
theorem statement. Moreover, if the relations specified in (19)
holds, then in line with Lemma 3 we acquire € < 0, from
which it is straightforward that B(r) < 0. Thereby, it is
guaranteed that the systems (7) and (8) are asymptotically
stable.

Besides the above demonstration, the constraint
JiOHi(t) = Hi@)X;(t) is not a strict inequality
and so it could not be directly solved via MATLAB
LMI toolbox. To solve this problem, we reconstruct the
equation Ji()Hi(r) = Hi)Xir) as [(T)Hi(r) —
HiOXiO) (T yHi(1) — Hi()Xi(1))] < y1, for some scalar
y > 0. Now by applying Schur complement lemma, we get

=

_ [ —vi (Ji)Hi(r) — Hi(t)Xi(t))T}
(Ji(OHi(1) — Hi()Xi(1)) -l

<0

Subsequently, the afore-mentioned matrix IT can be stated
in the following equivalent form:

= Gy + &(1)Gi + [E(1)]* G,

where S;,, G5 and &, are same as stated in the theorem
statement. Furthermore, if the constraint (20) is met, we pro-
cure the relation IT < 0 in accordance with Lemma 3, which
completes the proof of this theorem.

Remark 3: 1t is significant to pinpoint that matched dis-
turbances, which are a sort of external disturbance that enter
into the system via the same channel as the control input
path. Unlike other disturbances, the matched disturbances are
tough or downright unattainable to be measured by sensors.
To mitigate this problem, disturbance observers are built
which can quantify matched disturbances utilising data from
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the controlled plants and their outputs could perhaps be incor-
porated into the design of the control protocol. Therewithal,
it is essential to stress that the disturbance-observer approach
used in this work, in contrast to the conventional disturbance-
observer technique, is designed in a periodic piecewise lay-
out so as to make it more adaptable to the system that is
being examined. Thereby, due to the incorporation of a peri-
odic piecewise disturbance observer, the disturbance can be
rejected in an effective manner for enhancing the outcomes
and robustness of the considered PPTVSs (2).

IV. SIMULATION VERIFICATION

Here, the simulation experiments are shown to reinforce the
prominence and usefulness of the theoretical findings pre-
sented in the previous part. In order to make things simple,
we look the UPPTVSs in the frame of (2) with three subsys-
tems and their corresponding dwell time are taken as 71 = 1,
T, = 0.5, T3 = 0.5 and the fundamental period as T,, = 2.
Furthermore, the following are the system matrices related
to the system under consideration and designed observer

0.02

= [0.04 —0.06], 032[0.23

A = |: 0 0.46

—0.13
—0.14j| ’
—0.46 0 i| and B3 = [0.97 O].

Added to this, the diagrammatic representations of the
aforementioned matrices are doodled in Fig. 1. Now,
we choose the values of vy = 1.6,vp) = 2.5,v3 = 3.4,
p1 = 14,00 = 1.3 and p3 = 1.5. The time-varying
delay is considered as o(t) = 0.6 4 sin(0.2¢) and also the
derivative bound of the delay function is n = 0.2. Based
on this, the feasible solution can be found by solving the
established LMIs (19)-(20) in Theorem 2. From thereon, the
gain matrices for controller and observer are reckoned by
utilizing the specified connection in Theorem 2. Specifically,
the observer gain matrices are shown below:

system.
Subsystem 1:
2.1 —1.7 09 07
g1 = [—1.5 —1.2]’ Gor = [—0.5 —1} :
—1.2
= [ 0.6 } ’
1 0.7
7 - [o}’ Ul = [1.2], Ea = [0.02-001], Ep
=[0.02 —0.01],
0.52 —0.01 0 05
O1= [0.52 —0.01] - = [—0.5 0 }
andB; =[1 0].
Subsystem 2:
(20 -13 08 0.6
9= 14 —1.5]’ Go2 = [—0.5 —1]
[—1.00
"= 036 } ’
[0.8 1.4
IZ — i 0 i| , UZ = |:07i| R EA2 = [003 — 004] y E32
0.23 —0.14
=[0.05 —0.03],9, = [0_23 o1 4},
0 048
Ay = [_0.48 0 } and B =[0.99 0].
Subsystem 3:
(20 —15 06 05
9 =116 —1.3]’ Go3 = [—0.4 —2]
~1.1
s = [0.38} ’
[0.6 1.5
Ty = K } Uy = [0‘6} ,Ea3 = [0.02 — 0.03], Egs
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b= [ 08748 —0.1994]
PT-0.1994  0.1598 |
b, — [ 06672 —0.2610]
7 [-02610  0.5442 |
and
o = [ 04872 —0.1903]
77| -0.1903  0.5093 |

Further, a visual portrayal of the developed controller and its
accompanying matrices are shown in Fig. 2.

In order to perform the simulation, nonlinear pertur-
bation and initial condition are opted as g;(f, u(¢)) =
[0.08 cos(0.31(2))+0.02 sin((0.3/2)e1(2)); 0.03 cos w1 (1)1,
wo) =12 —31".

Moreover, through the use of scalars and matrices
described above, the graphs are obtained and presented in
Figs. 3-11

2.8 : : : : :
S 267
2.4 :
22 2 _ 4 6 8 10
2 A A A A
- 175 AN A AN A
e ~ -~y Yy I &~., Sy b
1.26 : :
0 2 4 6 8 10
— L : L
= i; \\ I' \\ / . 'I‘\ / \ /
= 1 . J
I VA A VA V4 -\
0 2 8 10

.4 6
Time (seconds)
FIGURE 1. Norm Variation of the parameters G(t), G, (t) and #(t).

In detail, the addressed system’s state response under the
case of existence and non-existence of disturbance observer-
based robust controller is pictured in Fig. 3. Therein, it indi-
cates very clearly that the developed controller is capable of
successfully accomplishing the desired goals.

Moreover, the trajectories of disturbance and its estima-
tion are depicted in Fig. 4. Precisely, it is apparent that the
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FIGURE 2. Time-history of matrices /C(t), X(t) and Y(t).
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FIGURE 3. Evolution of state trajectories.

estimated disturbance quickly estimates the actual distur-
bance. Alongside in Fig. 5, the states of assayed system is
presented in the absence of disturbance estimation via the
developed controller. From this, it is guaranteed that the
periodic piecewise disturbance observer provided in this work
has more advantageous for the system under consideration.
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FIGURE 4. Disturbance and its estimation.
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FIGURE 5. State trajectories in the absence of disturbance estimation.
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FIGURE 6. Disturbance estimation error responses.

Subsequently, the responses of disturbance estimation error
trajectories are plotted in Fig. 6 wherein it converges to zero
and it indicates that the disturbance in addressed system
is estimated with high precision. Besides, the responses of
devised controller is pictured in Fig. 7.

Further, with an intent to perform a comparative analysis
between the criterion that are developed and extended passiv-
ity control scheme, the curves of the system and its output are,
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FIGURE 9. Response of output trajectories.

respectively, pictured in Figs. 8 and 9. These presented figures
implies that the undertaken approach is much more efficient
and superior to the existing extended passivity technique.
After that in Fig. 10, the variation of controller gain matrices
in the presence and exclusion of nonlinear perturbations is
given. By looking at this illustration, it is clear that when
compared to the case with nonlinear perturbations, the effort
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FIGURE 11. Time profile of the state trajectories for different delay
bounds.

needed in the nonlinear perturbations-free scenario is sub-
stantially less. Moreover, the Fig. 11 provides the response
of state trajectories for distinct delay bounds which makes
the impact of time delay readily apparent.

Altogether, it is plainly obvious that the designed
disturbance observer-based controller provides satisfactory
stabilization and disturbance estimation performance simul-
taneously for the probed system regardless of the presence
of time-varying delays, nonlinear perturbations and external
disturbances.

V. CONCLUSION

In this article, the stabilization and disturbance rejection
issues for UPPTVSs that are subject to time-varying delays,
nonlinear perturbations and disturbances are investigated
through the disturbance observer-based robust control. To put
it more precisely, in order for the system model to mir-
ror reality, uncertainty is taken into account. Further, the
periodic piecewise disturbance observer is developed with
the intention of estimating the disturbance that is ensued
from the exogenous system. Following that, the distur-
bance observer-based robust controller is developed by mak-
ing use of the output provided by the specified observer.
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Subsequently, with the assistance of a periodic piece-
wise time-varying Lyapunov-Krasovskii functional, suffi-
cient requirements in the form of LMIs are constructed, which
ensures the foremost intention of this study. After that, the
periodic piecewise gain matrices for controller and observer
are established by solving the criteria that are stated. Con-
clusively, the presented simulation results reveals the useful-
ness of devised control scheme. Moreover, the stabilization
problem of periodic piecewise time-varying systems in the
presence of actuator faults and multiple disturbances is not
yet investigated based on an observer-based control which
simultaneously deals with the disturbances and faults, which
is our future investigation in this direction.
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