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Abstract This paper is concerned with the robust Hy, control for a class of uncertain
singular time-delay systems via a novel sliding mode observer scheme. Firstly, a
particularly non-fragile observer is introduced to estimate the unmeasured states, and
anovel integral sliding surface function is presented. Then, a sufficient condition for the
admissibility and specified Hy, performance of the resultant sliding mode dynamics
of the closed-loop systems is derived in terms of linear matrix inequality. At last, the
finite-time reachability of the predesigned sliding surface is guaranteed by utilizing
the adaptive sliding mode control law from the initial time. An illustrative example is
provided to verify the potential and superiority of the method with comparisons.
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1 Introduction

Singular systems, also referred to as descriptor systems, implicit systems, or
differential-algebraic systems, have been recognized to describe the behavior of many
practical systems [3,9], since they can embody the intrinsic nature of the dynamics
and static modes, simultaneously. In the past decades, a lot of efforts concerning the
systems have been successfully made upon the premise of standard system theory
[22,27,35,38,41,42]. Besides, time-delay phenomenon is generally known as a key
source of the instability and poor performance in control systems. Thus, various types
of singular systems with time delay have been studied by many researchers, including
continuous-time systems and discrete-time ones. Control design and stability analy-
sis which is of great significance for singular time-delay systems (STS) have been
reported, e.g., stability and stabilization [2,11,37], Hx control and filter [25,26,40],
and observer design [4,12,13].

Sliding mode control (SMC) has been known as an effective robust control strategy
due to its various attractive features such as rapid response and good transient per-
formance, particularly strong robustness against the uncertainty through the control
channel (i.e., the matched uncertainty [5,32]), and it has found to be widely applied
to many technical problems [30,43,44] and various complex systems [1,7,19,23,33].
As for the STS, the passivity analysis has been studied via SMC in [36], where an
integral-type sliding surface scheme has been provided in this excellent work. Further-
more, based on a novel integral sliding surface design, dissipativity issue for a class
of T-S fuzzy singular systems with nonlinear perturbation and time-varying delay has
been considered by [8]. However, as mentioned, most of the reports are obtained upon
the premise that all the system states are completely accessible.

On another research front, it has been approved that the state may not be totally
obtained or even not easy to be evaluated through the output measurement in many
practical systems. Up to now, by incorporating the merits of the observer into the SMC
effectively, observer-based SMC approach, also called sliding mode observer (SMO)
strategy [29], has been developed to solve the state estimation problems for a variety of
complex systems and engineering plants successfully, see [6,10,14—18,20,21,24,28,
34,39] and the references therein. To name a few, in [28], a class of Markovian jump
systems with quantization and actuator faults have been investigated by the SMO, and
state estimation for a type of uncertain Markovian jump singular systems has been
concerned via SMC in [34]. It is observed that, compared to the mature SMC theory
of singular systems on the basis of the full states measurement, the research on SMO
for singular systems has received less attention, which may be in its infancy. This is
the first motivation of the study.

It should be pointed out that the SMO design for a class of Markovian jump singular
systems with unmeasured states has been reported in [34]. Recently, the observer-
based Ho, SMC for a class of uncertain stochastic STS has been considered in [6].
Nevertheless, the uncertainties may often appear through the control channel, which
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is an intricate issue, but little research effort has been made for such systems. This
is the second motivation of the paper. As such, the observer-based control problem
of the STS may remain challenging and open, which finally makes us proceed to the
present study.

In this paper, the Hy, performance and admissibility for a class of uncertain STS
is investigated via a novel SMO scheme. The main contribution can be fourfold as
follows:

e A newly technical route of the system’s analysis is put forward. Generally, the
main thoughts for majority of the observer-based control systems are that: Stability
analysis is addressed through the original system and its observer such that the
error system can converge to the equilibrium state. However, the present route is
that: If the stability of the original system and the error system is first guaranteed,
then the observer states can tend to be stable therewith.

e A peculiar observer is introduced to estimate the unmeasured states, by which a
novel integral sliding surface is designed in such a way the resultant dynamics
during the sliding mode, i.e., sliding mode dynamics (SMDs), are well shown, and
the entire control scheme could be further boosted.

e A newly strict LMI criterion is provided, which leads to that the SMDs are admis-
sible with certain prescribed Hy, disturbance attenuation level.

e A novel adaptive controller is synthesized to suppress the unknown perturbation
through the control channel and guarantee the finite-time reachability of the sliding
surface since the initial moment, which keeps the desirable performance of the
closed-loop systems.

The rest of this paper is organized as follows. Some preliminaries are given in
Sect. 2. In Sect. 3, the main results of the observer-based SMC design are addressed.
A specific example is provided to support the effectiveness and superiority of the
method in Sect. 4. Conclusions are given in Sect. 5.

Notations: The notations used in this paper are standard. P > 0 means that matrix
P is positive definite; Ay (P) denotes the maximum eigenvalue of P; the symmetric
elements of a symmetric matrix is denoted by “*”’; “T” represents the transpose of a
vector or a matrix. sym{ P} is denoted as P + PT. | - || denotes the Euclidean norm of
a vector or spectral norm of a matrix, diag{ Q} represents a block-diagonal matrix Q,
and [V ()|l = sup_,<;<oll¥ (¢)] stands for the norm of a function v (¢). L2[0, 0o)
is the space of integral vectors over [0, 00).

2 Problem Formulation

Consider the following uncertain STS described by

Ex(t) = (A+ AAD)x(1) + (Aa + AAq(0)x(t — d(1))
+ Bu(t) + f(t, x)) + Dv(t),

y(1) = Cx (1),

x(©) =), 0el-d, 0]

e))
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where x(¢) € %" is the system state, u(¢t) € %™ is the control input signal, y(t) €
P is the measured output signal, and v(r) € %' represents a set of exogenous
disturbance which belongs to L2[0, 00). ¥(0) is a compatible vector-valued initial
function. A, Ay, B, C, and D are known real matrices, B is of full column rank.
E € Z™" may be singular, i.e., rank(E) = r < n. d(t) is a time-varying function
satisfying 0 < d(t) < d,andd < pu < 1.

Assumption 1 The structural uncertainties AA(¢f) and AA;(¢) are norm bounded,
ie.,

[AA(r) AAG(D)] = MF@)[N Ngl,
where M, N and N, are known constant matrices, and F (¢) is an unknown matrix
function satisfying FT(t)F (1) < I.

Assumption 2 The function f (¢, x) represents the lumped perturbation of a physical
plant through the control channel, and it satisfies || f (¢, x)|| < «||y(®)] [10], where
o > Oisunknown,i.e., f (¢, x) may be bounded, and the exact information is generally
not available in practice.

Before proceeding, we give a definition concerning the following system (2) and
some lemmas:

Ex(t) = Ax(t) + Agx(t — d(1)). 2)
Definition 1 [36] The system (2) is said to be
(a) regular if det(sE — A) is not identically zero;
(b) impulse free if deg(det(sE — A)) = rank(E);

(c) stableif, for any ¢ > 0, there exist a scalar 6(¢) > 0 such that, for any compatible
initial condition v (¢) satisfying || (¢) |l < &(¢), the solution x(¢) of (2) satisfies
lx ()|l < & fort > 0, and further, x(t) — 0 as t — o0;

(d) asymptotically stable if the system (2) is stable, and furthermore, there is a scalar
a > 0 such that, for any compatible initial condition v/ (¢) satisfying ||V (¢) ||s < «,
the solution x () — 0 ast — oo;

(e) admissible, if it is regular, impulse free, and stable.

Lemma 1 [40] Suppose that piecewise continuous real square matrices Z(t), X, Q >
0 satisfy that Z¥(t)X + XTZ(t) + Q < O for all t. Then, the following hold:

(1) Z(t) and X are invertible;
(2) 1Z=1@®)| = & for some § > 0.

Lemma 2 [31] Let P € Z"*" be symmetric such that EEPEL > 0and Q €
B> s non-singular. Then, PE + RT QST is non-singular and its inverse
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is expressed as: (PE + RTQST) ™! = PET + SR, where & € Z#"*" is a sym-
metric matrix and 2 € Z"*) s a non-singular matrix with

2=")To " RR)!, EYPER = (E]PEL)™!

where RT, S € """ are any matrices with full column rank and satisfy RE = 0
and ES = 0. E is decomposed as E = ELE}; with Ep, Er € Z"" are of full column
rank.

3 Main Results

In this section, a novel sliding mode observer (SMO) scheme is developed for the STS
(1), which includes the design of particular non-fragile observer and novel integral-
type sliding surface as well as the adaptive sliding mode controller.

3.1 Non-fragile Observer Design
The following state observer is designed to estimate the unmeasured system states

EX(t) = AX(1) + Agi(t — d (1)) + (L + AL(D))[y(1) — CZ(1)],
y(@) = Cx(), ©)
£0)=10).0 € [—d, 0]

where x(t) € %" represents the estimation of x(¢), L € %"*? is the observer gain
to be designed later, and AL(t) is an additive gain variation satisfying |AL(#)] < 8,
where § > 0 is a constant, namely the observer may be affected by some factors [6, 12].

Let the estimation error be e(t) = x(¢) — x(¢). Then, the error system can be
expressed by subtracting (3) from (1) as

Eé(t) = (A —LC— AL(t)C)e(t) + Age(t — d (1))
+ AA@M)x () + AA;(H)x(t — d(1))
+ Bu(t) + f(t, x)) + Dv(1),

Ye(t) = Ce(t)

“

where y,(¢) denotes the output of the error system.

Remark 1 Tt is noted that the control input is generally utilized for conventional
observer designs (e.g., see [4,6,10,12,17,18,21,24,28,34,39]). To the best of the
authors’ knowledge, the existing SMO is developed with the so-called composite con-
troller in general, i.e., controller itself and its compensator (or called the discontinuous
output error injection term) are both required to satisfy the main goal. In this article,
the composite controller will be no longer needed for the SMO, and the convenience
is that: Control signal is only performed on the original system, and the actions of the
error system and the observer respond automatically. Thus, this simplifies the observer
design in some meaningful sense.
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3.2 Novel Integral Sliding Surface Design

Now, a novel integral sliding surface function is introduced as follows:

s(t) = G[Ee(t) — Ee(0)] + G[Ex(t) — EX(0)]
t
- / G(A + BK)Z(9)de, S)
0

where matrix K is to be determined, and G € Z™*" is a known matrix satisfying GB
is non-singular, and it is assumed that G satisfies GE = HC with H given thereafter. In

fact, one type of the rank restrictions could be configured as rank [%E] = rank(C),

from which matrix H can be found to satisfy the equality constraint. Besides, a general
method for calculating the equality constraint will be given in Remark 5. In accordance
with the condition, it follows that the sliding surface function (5) becomes

s(1) = Hly(®) — y®)] — H[y(0) — y(0)] + G[EX (1) — EX(0)]

t
—/ G(A + BK)x(6)do.
0

Then, it is observed that the integral sliding surface will be available for the design.

In order to achieve the sliding motion, the equivalent controller will be developed
via the SMC theory [32], i.e., s(f) = 0 and s(r) = 0 hold, simultaneously. So, it
follows from $(¢) = 0, i.e.,

§(t) = GAe(t) + GAgx(t — d(1)) + G[AA(t)x (1) + AAy (1)
x(t —d (1)) + GBlu(t) + f(t, x)] + GDv(t) — GBKX(1)

thus, the equivalent controller can be obtained by

Ueg(t) = KX(t) — f(t,x) — (GB)"'G[Ae(1) + AA(1)x(t)
+ (Aq + AAG()x (1 —d(1)) + Dv(n)]. (6)

Then, substituting (6) into (1) results in the dynamical equation of the system (1)
during the sliding mode as

Ex(t) = (A + BK + BGAA()x(t) + BG(Aq + AAq(1))
-x(t —d(t)) — (BK+ Ba)e(t) + Dpv(t) @)

where BG = I — B(GB)™'G, By = B(GB)"'GA and D = BgD.
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Similarly, based on (6) and (4), one can further get the associated dynamical equation
of the error system (4) during the sliding mode given by

Eé(t) = (Ag — LC — BK — AL(1)C)e(t) + Age(t — d(1))
+ (BK+ B6GAA(1)x(t) + (BGAA4(t) — By)
x(t —d(t)) + Dv(t) ®)

where Ag = A — Bs, By = B(GB)"'GA,.
Then, the sliding mode dynamics (SMDs) of the closed-loop systems can be shown
as

Ex(1) = Ag()x(1) + Ag()x (1 — d(1)) — (BK + Ba)e(r) + Dpv(1),
Ee(t) = ApL(t)e(r) + Age(t —d(1)) + (BK 4+ B AA(1))x(1) )
+ (BGAA4(t) — By)x(t —d(1)) + Dpv(t)

where Ak (1) = A + BK + BGAA(1), Ag(t) = BG(Ag + AA4(1)), AL(t) = Ag —
LC — BK — AL()C.

Remark 2 The main feature of the sliding surface which is worth mentioning is
that: Different from the existing forms such as [6,8,34,36], the error term Ee(?) is
introduced, which performs to avoid the difficulties caused by the perturbation (i.e.,
f(t, x)), as is seen from the derivative of the SMDs. The design could also be of benefit
to demonstrate one highlight of the SMC that the sliding motion may be insensitive
to all matched uncertainties.

Remark 3 Asseeninchapter 3.1, the controller u (¢) appears in the error system (4). Via
the developed SMC in the sequel, the expected performance of the closed-loop systems
composed of (1), (3), and (4) will be shown by the SMDs (9), so as to achieve the
main goal. The analytical route of the stability differs from the existing SMO scheme,
please see the Introduction and correlated results, e.g., [6,10,17,18,21,24,28,34,39]
for more details.

Definition 2 The SMDs (9) are said to be admissible with H, disturbance attenuation
level y, if the following two targets are satisfied:

T1. The SMDs are admissible with v(¢) = 0;

T2. Under zero initial conditions, the Hy, performance measure below is held with
nonzero external disturbance v(¢z) € L3[0, co) and the prescribed disturbance
attenuation level y > 0:

f ” yX(0)ye(t)dr < y? / - vT(tv(r)dr. (10)
0 0

3.3 Performance Analysis of the Sliding Motion

In this part, sufficient conditions for the admissibility of the SMDs with Hy, distur-
bance attenuation level are addressed.
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Theorem 1 Consider the sliding surface function defined in (5) and the SMDs in (9).
Given a scalar y > 0, if positive definite matrices P, Q1 and Q», matrix P, positive
scalars €1 and gy can be found to satisfy the following matrix inequalities:

PTE=E"P >0, (11)
(O 0, 64 0 P'Dp PTBgM 0 ]
* O3 —ﬁTBd f;TAd f;TDB 0 ﬁTBGM
* * Os 0 0 0 0
O=] x x * (1= 0> 0 0 0 <0,
* * * * B 0 0
* * * * * —e1l 0
| x * * * * * —&rl
(12)

where @1 = sym{PT(A + BK)} + Q1 + (¢1 + &2)NTN, @ = —PT(BK + By) +
(P"BK)T, ©3 = sym{PT(Ag — LC — BK)} + Q2 + PTP + (82 + NCTC, 04 =
PTBG Ag+(e1+e2)N TNy, ©5 = — (1) Q1 +(e1-+e)NI Ng, BT = ETP+SQTR,
and RT, S € """ are any matrices with full column rank such that RE = 0 and
ES = 0, then the SMDs (9) are admissible with the Hy, disturbance attenuation level
y, which implies the closed-loop systems are admissible with the H~o disturbance
attenuation level y under the developed scheme.

Proof Step 1: Hy, performance analysis. Choose the following Lyapunov function
t
V(t) = x"(E"PEx(t) + / xT(0)Q1x(0)do
t—d(t)
t
+eT(t)ETPEe(t)+/ e'(0)02¢e(9)do.
1—d(1)

By taking the derivative of V (¢) by ¢, one has

V() = xTOETPAK (1) + AR (1) PE + Q11x(1) + 2xT () ETPA4(t)x (t — d(1))
—2xT()ETP(BK 4 Bp)e(t) + 2xT()ETPDv(t) — (1 — d(1))
X1t —d)01x(t —d(1)) + e DVETPAL(t) + AL (1) PE + Q2]e(t)
+2eV()ETPAge(t — d(1)) + 2¢" (1) ET P[BK + BG AA(1)]x(t)
+2eT(OETP[BGAAL (1) — Bylx(t — d(1))) + 2 () ETPDgv(t)
—(1—d@)e’ (t —d(1)) Qzet — d(1)). (13)

Note that RE = 0, it follows that

0 = 2xT(t)SOTREx (1)
= 2x"()SQ " R[Ak (1)x (1) +Ag(1)x(t —d (1)) — (BK+Ba)e(t)+Dpv(1)],
0 =2¢T(1)SQTREé(1) (14)
=2eT(1)SQTR{AL (t)e(t) + Age(t — d(t)) + (BK + B AA(t))x(r)
+(BGAA4(t) — Ba)x(t —d(1)) + Dpv(t)}.
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By combining (13) and (14) and denoting the matrix PT = ETP + SQTR, we get

Ve (O)ye() =y () + V(1)
=x"O[PTAk () + AR (OP + Q11x(®) + 2x (1) PT Ag(D)x(t — d(1))
—2xT (1) PT(BK + Ba)e(t) + 2x () PTDgv(r) — (1 — d(1))
XVt —d)Q1x(t —d (1)) + " O[PTAL() + AL(DP + 02
+CTCle(t) +2e" (1) PT Age(t — d(1)) + 2¢" (1) PT[BK + Bg
AADx (1) + 2T (1) PT[BGAA4 (1) — Balx(t — d (1)) + 2¢" (1)
PTDgv(t) — (1 —d(0)e" (t —d (1)) Q2e(t — d(1)) — y*v" (Hv(®). (15)

Then, consider the following performance index

o
7= [Ty -y v
0
To facilitate the result, (15) is renewed below

Ye ()ye(t) = y2 T (Ov(t) + V(1)

= xT @) [sym{PT(A + BK)} + Q11x(t) + 2x (1) PT BG Aygx(t — d (1))
—2xT (1) PT(BK + Ba)e(t) + 2x (1) PTDgv(t) + 2¢T (1) PT Age(t — d(1))
+eT (1) [sym{PT(AGg — LC — BK)} + Q3 + CTCle(r) + 2¢T (1) PTBKx (1)
—2eT )P Bax(t — d (1)) + 2T (1) PTDgv(t) — y2v T (1)v(r) — (1 — d(1))
X1t —d(0))Qix(t —d(t) — (1 —d(1)e (t — d(1)) Qze(t — d(1))
+2xT () PTBGAA()x(1) + 2x (1)) PYBG A A (1) x (1 — d(1))
—2eT()PTAL()Ce(t) + 2T (1) PTBG AA(t)x (1)
+2eT()PTBGAA(D)x(t — d(1)). (16)

Moreover, the following inequalities are obtained

2T PTBG[AA(D)X (1) + AAg(D)x(t — d(1))]
= 2T () PTBGMF(1)[Nx(1) + Nyx(t — d(1))]
<er'xT@)PTBGMMTBEPx(1) + 1 [Nx(t) + Nax(t — d(1))]"
[INx(#) + Ngx(t — d(1))], (17)
2T (1) PTBGIAA(Dx (1) + AAg(1)x(t — d(1))]
=2e"(1)PTBGMF (t)[Nx(t) + Nax(t — d(1))]
<& eT () PTBGMMT B Pe(t) + e2[Nx () + Nax(t — d(t)]"
ANx(t) + Nax(t — d(0))]. (18)
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and

—2eT () PTAL(t)Ce(t) < 28|l (1) PT ||| Ced)]]
<eT()PTPe(t) + 82T (1)CT Ce(r). (19)

Thus, with the combination of (16)—(19), one has the following quadratic form
Ve 0)ye() — Yo (o) + V(1) < TN EEW) (20)

where

V() = [xT (1) " (1) xT(t —d(1)) T (r — d (1)) T (1)],

O 0  PTBgAy 0 PTDp
¥ O3 —ﬁTBd ﬁTAd ﬁTDB
=% x —-(1-wo0 0 0
* % * —(1—=w)Q0» 0
* * * * —y2I
NT
0
+(e1+€) | Nj [[N O Ng 0 0]
0
0

By the Schur complement, (12) is equivalent to the inequality Z < 0. Thus, for all
&(t) # 0, it follows

Y (0)ye (1) — y?u T (0)v(r) + V(1) < 0. 1)

Hence, under the zero initial conditions, i.e., V (0) = 0, and consider that V (co) > 0,
the following can be given by integrating (21) with respect to ¢ from 0 to oo:

o
J = / [ye ()ye(t) = y*0 (v () + V ()]t 4 V (0) — V (00)
0
[e ¢}
T 2. T ;
< [ 0T 0w - w0 + Vo
0
T OO 2
- [ ewsenar = [ olPa
0 0
where A, = Ay (—Z) > 0, which ensures T2.
Step 2: Admissibility analysis. When v(¢) = 0, we show the SMDs are regular and
impulse free. It is worth mentioning that the regularity and non-impulsiveness of the

SMDs could be proved if both the pair (E, Ax (¢)) and (E, Ar(t)) are regular and
impulse free. Then, recalling (15), it follows that

ET()RE1) <EN(EE() <0, forall (1) # 0
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21 2 PTA4(1) 0 PTDp
x 23 PT(BGAA.(t) — By) PTA; PTDg
where 2 = | x x —(1 =m0 0 0 with 2, =
* ok * -1=wQ2 0
* ok * * —y2I

sym{PTAx (1)} + Q1. 2, = —PT(BK + Ba) + (PTBK + PTBGAA(N))T, 23 =
sym{PTAL(t)} + 02+ CTc, which implies £2 < 0. Since rank(E) = r, there exist

non-singular matrices U and V € Z"*" such that UEV = |:g 8] Thus, it follows

RU™! = R{[0 I,_,], where R; € Z"~")*=7) i any non-singular matrix. In like
manner, one can define some matrix decomposition as follows:

varov =[ 300 4] o= )
sasior=[ 350 2]
VTS::gi]’
av=[gr o)
vrow =[Gon G

Due to 2 < 0, it is obtained that

pT
[sym{P Ak} + Q) LS } <0 )
* sym{P AL ()} + Q>
Then, pre- and post-multiplying (22) by diag{VT, VT} and diag{V, V} yields

* * * *
* ALxox g (23)
* * * *
*  *x *x A

where Ay = sym{S2 QT RiAga(t)} + Q22, Ax = sym{S2- OQTR1 Apa(t)}+ Qvaa, “+”
represents the term that is irrelevant to the subsequent proof. In view of (23) and
Lemma 1, it follows that both Ag4(f) and Az4(f) are non-singular, thereby complet-
ing the proof of the regularity and non-impulsiveness of the SMDs. Also, it follows
that Q is non-singular. In the end, the asymptotic stability will be tested by virtue
of the Lyapunov stability theory. By invoking (20) with v(#) = 0, one can have
V(@) < n'(1)Zn(), where n' (1) = [xT() e"(t) x"(t — d(1) e"(t — d(1))], and
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> ¥  PTBgAy 0 NT
¥ —-PTB PTA 0
y=| * 3 d d N O Ny O
o+ —(1—wo 0 + (e1 + &2) NT [ 4 O]
£ % * —(1— w02 0
with

2y = sym{PT(A+BK)} + Qi + &' PTBGMM"BLP, £ = —PT(BK + Ba) +
(PTBK)", 3 = sym{PT(AG —LC—BK)} + Q2 +&, ' PTBGMM"BLP + PTP +
$2CTc.

Notice that (12) also results in ¥ < 0, and V(t) < 0 (for all n(¢) # 0), which
indicates the SMDs are asymptotically stable by Definition 1. Thus, T1 is satisfied,
thereby completing the proof. O

Remark 4 The admissible criterion of the SMDs is provided by Theorem 1; however,
the formulation is not a linear program. It contains the matrix equality constraint in
(11), which may be a trouble in numerical computation. And the matrix P is not
explicitly expressed in Theorem 1, which may also result in some difficulty for the
selection of V(¢) due to the unsolved P. Further, it may even lead to the resultant
parameters such as the gains K and L to be inaccurate. To this end, the following is
focused on solving the feasibility of the problem in terms of a strict LMI.

Theorem 2 Given a scalary > 0, the SMDs (9) are admissible with H, disturbance
attenuation level y, if there exist positive definite matrices P, Q1, Q2, a non-singular
matrix Q, matrices X, Y, U and V, and scalars €; (i = 1, 2) such that the following
LMI holds:

[, M, I 0 I3 I 0 0 ]
x I3 1ls I1; Iy 0 Iy, I
* *  Ig 0 0 0 0 0
* * * —(1 -0 0 0 0 0
x % % * —y2I 0 0 0o |~ 0, @4
* * * * * —erl 0 0
* * * * * * —epl 0
| * * * * * * ok -1 |

where ITy = sym{(ETP + SQTR)A + ETX + SY}+ Q1 + (e1 + &2)NTN, [T, =
—(ETP + SQTR)By — (ETX + SY) + (E™X + SY)". 113 = sym{(E"P +
SOTR)AGg — (ETU +SV)C — (ETX + SY)} + Q2 + (8> + DCTC, 1y = (ETP +
SQTR)BGAq + (61 +€2)NT Ny, IIs = —(ETP 4+ SQTR)By, ITs = —(1 — 1) Q2 +
(e1+&2)N] Ny, IT; = (EYP+SQ"R) Ay, Ty = (ETP+SQ"R) Dy, Iy = (ETP+
SOTR)Dp, ITyg = (ETP + SQTR)BGM, IT; = (ETP + SQTR)BGM, 1), =
ETp + SQTR and RT, S € 2" gre any matrices with full column rank sat-
isfying RE = 0, ES = 0. Moreover, the gain matrices L and K can be given by
L=(E"P+SQ"R)"WETU 4+ 8V) and K = BY(ETP + SQ"R)""(ETX + SY),
respectively.

Proof In view of Theorem 1, it follows P =PE + RTQST. Thus, (11) is obviously
true. In other words, if there exist positive definite matrices P, Q1 and Q», a non-
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singular matrix Q, scalars ¢; (i = 1, 2) such that (12) can be satisfied, the SMDs
will be admissible with Hy, disturbance attenuation level y. Decompose E as E =
ELE % where Ep, Eg € %"*" are of full column rank. From another perspective,
by Lemma 2, it follows that PE + RTQST is non-singular, and its inverse can be
represented by the form: (PE + RTQST)™! = ZET + S2R where & € %"
is a symmetric matrix and 2 € Z" %"= is a non-singular matrix. Define U =
PL,V = QTRL, X = PBK,and Y = QTRBK, then by the Schur complement, (12)
becomes (24), which is recognized as a strict LMI and can be solved by the MATLAB
software. The proof is completed. O

Remark 5 Now, a general algorithm which aims to solve the LMI (24) subject to the
equality constraint GE = HC is presented. In brief, similar to the algorithm in [10],
the following minimization problem is outlined to solve the undetermined parameters
in Theorem 2 and the matrix H:

(GE — HO)T

. . —ol
min o, subject to
* —1

] < 0 and (24).

It is seen that the design is converted into a minimization problem involving an LMI
and linear objective which may be solved by applying the MATLAB software. If o is
equal to or tends to zero sufficiently small, the equality condition GE = HC can be
ensured. The verbatim argument is omitted here for brevity.

3.4 Adaptive Reaching Motion Controller Synthesis

In this section, the synthesis of an adaptive SMC law is considered, by which the
finite-time reachability of the sliding mode can be ensured.

Assumption 3 [33] Unknown scalar ¢ > 0 can be found to satisfy the inequality:

x(z —d@O)I < qllx@]. (25)

Since the system states x (¢) are not completely measurable, the estimation error e ()
may not be computable either, which is often the case in practical systems. However,
with the relationships among x(¢), y(¢), e(t), and y(¢), we assume that there exist
unknown scalars v; > 0 (i = 1,2,3) satisfying |[|x(¢)|| < vi|ly(@®)] and |le(?)] <
v |ly ()]l + v3||¥(2)]]. At this point, unknown scalars /; > 0 (i = 1, 2) can be found
such that the following estimation is satisfied based on the above discussions:

& = |GAllle®Il + IGAq [ x(t — d @)l + IGAA@|x @)l
HIGAAGDIx(r —d@)| + GBIl £, x)l
S hllyOl+LIyOl, 1 =0 (26)

where /] and /5 are unknown positive constants to be estimated.
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Notice that the estimation bounds /; and /5 are not accessible in practical design.
Let /; (t) be the estimates of /; with the errors being [; (¢) = [;(¢t) —; (i = 1, 2). In the
position, an adaptive sliding mode controller is constructed as

u(t) =Kx(t) — (GB) 'L ly®) | + L®5@)]

27)
+ IGDI[lv@) + plsgn(s(1))

with the associated updating laws designed by

L) = cillyOlls@Il and (@) = 23O,
where ¢; > 0 (i = 1,2) are constants as the adaptive gains chosen by the designer,
and p > 01is a small scalar.

Theorem 3 With the gain matrix K obtained in Theorem 2 and the integral sliding
surface function designed by (5), the finite-time reachability of the expected sliding
mode can be guaranteed, if the controller (27) is applied.

Proof Select a Lyapunov function
V) =05 [ST(t)s(t) + el Py + cz—lz"ﬁ(r)] . (28)
Differentiating V (t) with respect to ¢ yields

V() = sT05 () + ¢ 0L (1) + 5 hnh ()
— sT(1){GAe(t) + GAgx(t — d(1)) + GIAAD)x (1)
+AA;(Dx(t —d(@)] + GBlu(t) + f(t,x)] + GDv(r)
— GBKE (D)} + 7 T (011 (1) + ¢ ' (0 (). 29)

Taking (26) and (27) into consideration, (29) becomes

V(1) = sT(){GAe(t) + GAgx(t — d(t)) + GIAAM)x (1)
+ AAG(Dx(t — d(D) + Du@)] — [h O y®)]
+HOISOI + IGDIv®) | + plsgn(s())

+ GBIt 1)} + ¢ T (01 (1) + ¢5 T (1)

< IsOIUIGANe® ] + IGAal 1 — d ()]
+HIGAADOx @] + 1GAALD ]x(t — d(©))]
+HIGDI® | + IGBI £ (2, )1} — Bl @)]
+HOIFON + IGD v ®) | + plsT()sgn(s (1))
+er oL@ + ¢ Db ()

= Is@I Iy Ol +RIFON = IsOIhO1y O]
+LOIFON + pl+ ;T 'TOL () + & 'LOL(@).
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Substituting the designed adaptive laws results in

V() < —pls) <0, if s(t)#0.

Notice that /;(f) = [;(r) > 0, it indicates that there exist an instant 7 such that
I;(t) > 0 fort > T*. Thus, one has ci_ll~,-(t)l~,- (t) > 0 for ¢t > T*. It follows that
sT(1)s(t) < 0 for t > T*. Hence, the reaching condition of the sliding mode can
be satisfied. Furthermore, with the fact s(0) = 0, it follows the closed-loop systems
can be kept on the predesigned sliding surface in finite-time since the initial moment,
thereby completing the proof. O

Remark 6 1t should be mentioned that the external disturbance v(¢) may be unknown
and bounded by ||v(?)|| < «, where k > 0 is unknown. Then, the following steps are
provided to deal with such case.

(1) The estimation as follows can be ensured for unknown scalars/; > 0(i =1, 2, 3)
that

2 = GA[lle@®] + 1GAa Il x(t —d @) + IGAAD[[lx @)l
HIGAAZDIx(r = d@)| + IG D[] + IGBI[I|.f £, x)I
=hly®Ol+ LIyl +13, 1 =0

with the estimation f3 (t) of /3 and its error being i3(t) = f3(t) — I3, and the updat-
ing law is designed as [3(¢) = c3||s(?)]l;

(i) The adaptive controller can be synthesized as the following form

u(t) = K)E(t) — (GB) 'L O lly®ll + L@ [5®)]
+13(1) + plsgn(s(1)).

The concern is similar with the earlier discussion.

Remark 7 A novel adaptive controller is presented for the STS, which does not depend
on the information of the delayed states, while the design in [6] is absolutely a memory
controller. And the unknown bounds/; (i = 1, 2, 3) could be well tracked, respectively,
which further ensures the desirable performance.

Remark 8 Itis worth noting that the SMO strategy has been widely applied into many
practical aspects, e.g., power converters [14,16] and PEM fuel cell air-feed system
[15]. In this work, a novel SMO design scheme is presented for the STS, which may
be regarded as a meaningful expansion of the SMO approach for singular systems.
To this end, the design can be easily extended onto normal state-space systems (or
with time delay) as well. As such, the proposed approach may be anticipated and
challenging in future applications.
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4 Iustrative Example

In this section, a numerical example is presented to demonstrate the potential and
superiority of the developed scheme with comparisons.

Example 1 Let us consider the STS given by [12] with the data as follows:

10 05 1 05 0 1
EZ[O o}’Az[o —1]Ad=[—1 0.5]’32[1]

0.2 0.1] .
D = |:0'3:|,AL(I)= [O.I]SInt-O.l,M—N—Nd =0,

Select C = [10],S = [0 11T, R = ST, v(r) = e OVsin(2/3),8 = 0.025 , and
G = [1 1] so that H is easily obtained as H = 1. As is pointed out in [12], given
scalar y = 1.0 and the derivative of the time-varying delay u = 0.3, by solving the
LMI (24), the associated gain matrices are computed by

L =[10.99510.2588]", K = [ —2.6730 0.1964] .

Also, as discussed in [12], when considering the system with a constant time delay
d = 0.36 (i.e., u = 0), in like manner, one can get

L =[7.68550.5731]" , K = [—1.73290.0382] .
Therefore, the developed sliding surface function and adaptive SMC law are given by

s() =y@) = 3@ = [y(0) = 3O)] +[1 0][X() —x(0)]
t
— / [—2.96590.0765] £(6)d6.
0

and

u(r) = [—1.7329 0.0382]%(r) — 0.5[L, () ly ()l + L5 )|l
4+ 0.5]v(®) ]| + 1.6]sgn(s(t)),

with the estimation [} (r) and l}(t) designed by the updating laws given below:

L) = 2501yl @) = 201sONISO].

Simulation results are provided in Figs. 1 and 2 under the initial conditions x(0) =
[2.5 2.68711T and £(0) = [—1.5 2.2924]T, 6 € [—0.36, 0]. From the simulation, it
can be seen that the state responses are faster than that of [12], see Figure 1 in [12] for
detail, which also indicates the fast response of the SMO approach well.
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z1(t)
w2 (t)

15
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1l
0.5
ot

5 10 15

Fig. 2 Response of the observer

Furthermore, if the perturbation appears through the control channel, e.g., f (¢, x) =
[si n?r+1.5 —cost — 2]x(t), the correlated simulation results are shown in Figs. 3,
4,5, 6, and 7 based on the proposed method; however, the result in [ 12] may be unable
to cope with the complex case, which may further imply the superiority of our design.
Among them, Figs. 3 and 4 show the responses of system state and the observer; the
sliding surface function and adaptive controller are plotted in Figs. 5 and 6; Fig. 7
depicts the adaptive estimations.

Besides the above discussions, we further make another comparison upon the basis
of the stability analysis of the system between the method of Ref. [13] and our’s. By
the stability result of the Theorem 3 in [13], we get matrix K = [1.8488 1.1736];
thus, the controller gain matrix is obtained as K = [8.7287 1.2312]. In this way, the
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Fig. 3 Response of the system state with f(z, x)

Fig. 4 Response of the observer

matrix L in [13] can be given as L = [85.2378 24.2038]" so that the observer gain
matrix is computed as L = [1.6062 0.7978]T. However, it should be pointed out
that the estimated state variable by [13] cannot be stabilized due to the perturbation
f(t, x) through the control channel, and the system states diverge rapidly, so we
reduce the simulation time to 5 s, rather than 15 s, see Figs. 8 and 9. Further, as is
seen from Figs. 3 and 4, the evolutions of the system states can be desirable, despite
the matched uncertainty, time delay, and external disturbance. Therefore, the SMO
scheme performs better than the method by [13] under some complicated conditions
in this paper.
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Fig. 5 Sliding variable
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Fig. 6 Control input
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Fig. 7 Adaptive estimations

14000 T T T T T T T T T

12000

10000

8000

6000

4000

2000

0

_2000 i i i i i i i i i
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

t(s)

Fig. 8 Response of the system state with f (¢, x) in [13]

Birkhauser



Circuits Syst Signal Process (2017) 36:4365-4387 4385

2000

1000

-1000

-2000

SB000

-4000

-5000 R S R S S S S SR
0

Fig. 9 Response of the observer state in [13]

5 Conclusions

The robust Hy, control problem for a class of uncertain STS with unmeasured states
has been investigated by a novel SMO scheme in this paper. A simple observer has
been designed to estimate the unmeasured states, and a novel integral-type sliding
surface has been developed. Moreover, the resultant SMDs to be admissible with Hy
performance index have been ensured via a new LMI framework. Then, the sliding
mode phase has been satisfied by utilizing a novel adaptive SMC law from the initial
time. The validity and superiority of the proposed method have been verified via
an illustrative example. This may provide a selectable method to study the singular
systems in future research directions.
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