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1 | INTRODUCTION

Since the advent of gain-scheduled controllers in the late eighties,? researchers have been showing keen interest in
developing and applying gain-scheduled control. On the other hand, linear parameter varying (LPV) systems offer the
plausibility to synthesize these gain-scheduled controllers in a very systematic way."»? LPV systems find their applica-
tions in many real-world processes such as automotive systems,>* turbofan engines,> aperiodic sampled-data systems,®
robotics,” and so forth. Motivated by these real-world applications, various aspects related to LPV systems have been
extensively studied in the literature; see, for example, References 8-15, and the references therein. In this article, we con-
sider a class of LPV systems with piecewise constant parameters'¢ that can be considered a generalization of switched
linear systems where the subsystems take values within some interval instead of some finite set. This class of LPV sys-
tems can model large-scale interconnected systems, networked control systems, and multiagent systems where switching
topology is an inevitable phenomenon because the interconnection links may change over time due to various reasons.!’
For example, communicating mobile agents may lose an existing connection due to the presence of an obstacle. On the
other hand, a new connection may be established between the agents when they come close to each other in an effective
range of detection.!” LPV systems with piecewise constant parameters also arise naturally in synchronous buck convert-
ers with piecewise constant loads'® and as a simplifying assumption in the control of LPV sampled-data systems.!® In the
stochastic framework, LPV systems with piecewise constant parameters have been discussed in References 16 and 20. As
the class of LPV systems with piecewise constant parameters is closely related to the class of switched systems, it seems
natural to use tools developed for switched systems?!?2 to obtain sufficient stability conditions for such LPV systems by
introducing dwell-time constraints.
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Time delays often affect real-world applications. They can degrade the dynamical systems’ performance, or in the
worst case, they can cause instability.* Time delays frequently appear in communication networks, milling machines,
aircraft, robotized teleoperation, and many other domains; see, for example, References 22,24. Time delays can also
adversely affect the stability of the LPV systems.?2%-32 This fact motivated us to consider delayed LPV systems with piece-
wise constant parameters. Note that LPV systems can be categorized into two main groups, that is, LPV systems with
arbitrarily fast varying parameters (possibly including discontinuities), and LPV systems with continuously differentiable
parameters. When the parameters vary arbitrarily fast, the quadratic stability notion based on parameter-independent
Lyapunov functions is usually employed. On the other hand, when the parameters have bounded variation rates, the
notion of parameter-dependent Lyapunov functions is preferred because quadratic stability, in this case, yields conserva-
tive results. Since our considered systems’ parameters belong to the class of arbitrarily fast varying parameters, considering
quadratic stability based on (quadratic) parameter-independent Lyapunov functionals seems a natural choice. However,
by doing so, we would fail to take advantage of the fact that the parameters are constant between the jumps. Therefore,
quadratic stability would lead to restrictive results if applied to LPV systems with piecewise constant parameters. This
remark motivated us to consider the concept of minimum dwell time,'! that is, we ensure that the jumps in parame-
ter trajectory should not occur too often. To this aim, we employ the clock-dependent Lyapunov-Krasovskii functional.
These functionals inherit a clock that measures the time elapsed since the last jump in the parameters’ trajectory yield-
ing clock-dependent stability conditions, which are less restrictive compared with quadratic stability conditions. However,
these conditions result in infinite-dimensional semidefinite programs that are intractable. Fortunately, several tech-
niques, such as the gridding method [8, appendix C], robust optimization module of YALMIP,** and sum-of-squares (SOS)
polynomials,3*33 are available to approximate semiinfinite constraint linear matrix inequality (LMI) by a finite number
of LMIs. Note also that induced £,-gain performance is a vital performance index in control systems because it measures
the disturbance attenuation ability needed in many engineering applications.3® Motivated by this fact, we aim to design
a controller that stabilizes the system and provides disturbance attenuation measured in terms of induced £,-norm of
the system.

This article’s main objective is to provide a sufficient condition for the existence of a full-order clock-dependent
gain-scheduled dynamic output feedback controller for delayed LPV systems with piecewise constant parameters. Con-
sidering a time-varying delay in the dynamics of LPV systems with piecewise constant parameters renders the output
feedback control problem challenging. To the best of authors’ knowledge, dynamic clock-dependent output feedback £,
control of delayed LPV systems with piecewise constant parameters has not been studied before.

Relevant articles on the control of LPV systems with piecewise constant parameters are References 11 and 37. There
are three main differences between our work and Reference 11. First, no delay is present in Reference 11. Here, we
extend the results of Reference 11 to the challenging case where a time-varying delay is present in the dynamics of LPV
systems with piecewise constant parameters. Second, our controller provides disturbance attenuation measured in terms
ofinduced £,-norm of the system, which was not considered in Reference 11. Third, we design a dynamic output feedback
controller where the states’ information is not required as opposed to Reference 11, where states’ information is mandatory
to stabilize the system. Note that our earlier work3” provides a state feedback controller for delayed LPV systems with
piecewise constant parameters, whereas, in the present article, we study output feedback control of these systems. We
wish to emphasize that the main focus of this article is the output feedback control problem, and the output feedback
controller structure proposed in this article is different from the state feedback controller proposed in Reference 37. The
output feedback controller design poses additional challenges to construct tractable convex design conditions than the
state feedback controller design. Therefore, the output feedback control result is entirely new and is not available yet.
Moreover, as opposed to Reference 37, the case study presented in this article to demonstrate how our result applies
to delayed switched systems is an important result for its own sake and can be regarded as one of the contributions of
this article. One additional feature of our work is that the system and the controller matrices can have a polynomial
parameter-dependent representation of an arbitrary degree rather than the particular polytopic one.

This article includes several contributions. First, we solve the output feedback control problem considering a
time-varying delay in the dynamics of the LPV systems with piecewise constant parameters. The study of output feedback
L, problem for LPV systems with piecewise constant parameters in the presence of a time-varying delay in the dynamics
is new. Second, we provide a new clock-dependent synthesis condition for the existence of an output feedback controller
for the considered class of systems. This condition is less conservative than the classical synthesis techniques relying on
(quadratic) parameter-independent Lyapunov functionals developed for LPV systems with arbitrarily fast varying param-
eters. Third, we employ a recent integral based Wirtinger’s inequality® to bound an integral term in the derivative of
Lyapunov-Krasovskii functional. This inequality is less conservative as compared with Jensen’s inequality.® To the best
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of our knowledge, Wirtinger’s inequality has not been used before for obtaining synthesis conditions for the existence of
an output feedback controller for delayed LPV systems. Finally, our proposed controller stabilizes the delayed LPV sys-
tem with piecewise constant parameters and provides disturbance attenuation measured in terms of induced £,-norm of
the system.

The article unfolds as follows. The general framework of delayed LPV systems with piecewise constant parame-
ters and some related preliminary stability results are presented in Section 2. The main results on clock-dependent
gain-scheduled dynamic £, output feedback controller synthesis for our considered class of LPV systems are provided
in Section 3. This section also provides a case study on output feedback stabilization of delayed switched systems.
Section 4 illustrates our approach by applying it to a practical VTOL helicopter model. Finally, Section 5 concludes
the article.

We employ standard notation throughout the article. The notation will be simplified whenever no confusion can
arise from the context. The sets of positive and nonnegative integers are denoted by N and Z, := N U {0}, respec-
tively. The sets of real and nonnegative real numbers are denoted by R and Ry, respectively. The identity and null
matrices of dimension n are denoted by I, and ©,, respectively. We write M >0 (resp. M <0) to indicate that M is a
symmetric positive definite (resp. negative semidefinite) matrix. For some square matrix A, A + AT will be denoted by
Sym[A]. The asterisk symbol (*) denotes the complex conjugate transpose of a matrix. The set of real symmetric posi-
tive definite matrices of dimension nx n is denoted by S, and the and the set of real symmetric positive semidefinite
matrices of dimension n X n is denoted by S;O. Given any constant i > 0, we let € ([—h, 0], R") denote the set of all con-
tinuous R"-valued functions that are defined on [—h, 0]. We call the set € ([—h, 0], R") as the set of all initial functions.
In addition, for any continuous function x : [—h, o) — R" and all ¢t >0, we define x; by x,(0) :=x(t + 0) for all 6 €
[—h, 0], that is, x; € € ([—h, 0], R") is the translation operator. The operator d, denotes differentiation with respect to the
variable x.

2 | SYSTEM DESCRIPTION AND PRELIMINARIES

We consider in this article delayed LPV systems with piecewise constant parameters that can be described as

X(t) = A(p)x(t) + Aa(p)x(t — d(t)) + B(p)u(t) + E(p)w(t)
2(t) = C(p)x(t) + Ca(p)x(t — d(1)) + D(p)u(t) + F(p)w(t)
Y(0) = Cy(p)x(t) + Cay(p)x(t — d(1)) + Fy(p)w(t)

x(0) = ¢(0), Y6 € [—h, 0],

where x € R" is the system state, w € R™ is the exogenous input, u € R™ is the control input, z € R™ is the con-
trolled output, y € R’ is the measured output, and ¢ € € ([—h, 0], R") is the initial condition. The time-varying delay
d(t) is assumed to belong to the set & :={d : Ry — [0,h], 0 < d < u <1} with h<+o0. The parameter vector tra-
jectory p : Ry > P C R¥, & compact and connected, is assumed to be piecewise constant and measurable, and
that the matrix-valued functions A(-), Aq(-), B(-), C(-), Ca(:), D(-), E(-), F(:), Cy(:), Caqy(-), and F,(-) are bounded
and continuous on % . We assume that the matrices in X, are polynomial functions of p. We define the sequence
{tk}kez, - to = 0, of time instants where the parameters change values. We assume that there exists a constant Tp >0
such that

Ty = tgs1 — tx = Tp, Yk € Z>o, (@8]

where T is referred to as minimum dwell-time. Since we are interested in induced £,-gain performance for the closed-loop
system. Therefore, we define the worst-case £,-gain® for system X, from the exogenous input w to the desired controlled
output z (with u =0) as

J = sup sup —|Z|2 ) )
peP |wl,20 (W2

where | - |, denotes the Euclidean norm.
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Wirtinger’s inequality

We now provide the following integral based Wirtinger’s inequality to be used in the proof of our preliminary stability
results to bound the derivative of the Lyapunov-Krasovskii functional. The Wirtinger’s inequality is proposed in Reference
38 to analyze the stability of linear time-delay systems.

Lemma 1 (38). For a given matrix R >0, the following inequality holds for all continuously differentiable function x €

[a,b] —» R":

-(b-a)/ b x(s)TRx(s)ds < —(x(b) — x(a))TR(x(b) — x(a)) — 30RO,

where ©® = x(b) + x(a) — ﬁ /1, ® x(s)ds.

2.2 |

Preliminary stability results

This section provides dwell-time based stability results that are modified versions of the lemmas in our recent work.” We
will use them to prove our main result. To this aim, we define the set

Por = PRy > P :p() = € P,
>T, =
7 t € [tk tir1)s i = e+ To. k€ Ny

which contains all the possible parameter trajectories.

3

Lemma 2. For given constants h>0, u € [0,1], « > 0, and Tp > 0, if there exist matrix-valued functions P : [0, Tp] X

P - SZ)V(!)’ Ql . [07

Tp]l X & - S

>0’

[0, Tp] X P — R" such that the LMIs

[(z,p) =

— S

Q2 : [0, Tp] X P = S, R : [0, Tp] X &P

>0’

[ Ti(z,p) M(z,p)Ad(p) M(z,p)E(p) CT(p) Tis(r,p) Tz, p)

* (7, p) 0 Cg(/’) 0 0
* * —y2I FT(p) 0 0
* * * -1 0 0
* * * * [ss(z,p) T'se(z, p)
* * * * * Tes(z, p)
| * * * * * *
F(T;,p) <0

P(Tp, p) — P(0,n) =0

Q:1(Tp, p) — Q1(0,n) =0

QZ(TDa P) - Q2(07 I’]) > 0

R(Tp, p) = R(0,n) >0

kQi(Tp, p) = 0:Q1(0,p) = 0

kQ2(Tp, p) — 0:Q2(0,p) =0

kR(Tp, p) — 0:R(0, p) > 0

[7(z, p)
Al(pZT(z, p)
E"(p)Z" (7, p)

0

0
P(z,p)
I'77(z, p)

<0

M : [0, Tp]x P — R", and Z :

(3

C)

(5

(6)

(7

®)

©)

(10)

11)
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hold forall € [0, Tpl and all p,n € P, where

Pe.p) l Pu(z.p) Pua(r.p) ]

* Pyy(z, p)

(7, p) = Sym[M(z, p)A(p) + P12(t, p)] + 0:P11(z, p) + Qi (7, p) + Qa(t, p) — 4e™*"R(z, p)
T15(t, p) = —P1a(z, p) — 26" R(z, p)

Ti6(z, p) = Pi,(7. p) + 0:P1a(z, p) + 6h~ e ™" R(z, p)

Ti7(z, p) = Pui(z, p) — M(z, p) + AT (p)M (2, p)

Ty(r,p) = —=(1 — we " Qu(z. p)

Tss(z, p) = —4e™™"R(z, p) — e " Qa(1, p)

ss(t, p) = —P},(z, p) + 6h™'e " R(z, p)

Tes(, p) = —12h % " R(z, p) + 0. P (. p)

T77(z, p) = —Sym[Z(z, p)] + h*R(z, p)

then the system %, is uniformly asymptotically stable in the absence of disturbance w with u=0, and p € P, 1,. Moreover,
the L,-gain of the map w z is at most y, that is, J < y.

Remark 1. Note that the matrix-valued functions P(z, p), Q1(z, p), Qz2(z, p), and R(z, p) have polynomial dependence on
the clock 7 and the parameter p during the holding time ¢ € [t, t, + Tp], and have only polynomial dependence on the
parameter p for t >t + Tp.

Proof. Let us define the clock-dependent Lyapunov—Krasovskii functional
V(t, X, p) = Vi, X, p) + Va(t, Xe, p) + V3(t, Xe, p) + Va(t, X, p) (12)
where
Vi(t,x, p) = X" P(z, p)X

t
Va(t,x, p) = / e 0xT()Q1(, p)x(s)ds
t

—d(?)

t
Vit x, p) = / e IxT(9)Qu(z, p)x(s)ds
t

—h

0 t
Va(t,x,p)=h / / e*SOXT()R(z, p)(s)dsde, (13)
—h Jt+0

where ¥ = [xT(¢) /t[—h x(s)ds), p € Py, is the parameter vector, z = min{t — t, Tp} is the clock , ; is the instant where
p changes its value with a finite jump, and Tp is the minimum dwell-time defined in (1).
Taking the time derivative of V along the trajectories of the system X, and using the Leibniz integral rule give

* Py(z, p) x(t) — x(t — h)
Va(t,xe, p) = XT(OQu(z, p)x(t) — (1 — p)e™<"xT (¢ — d())Qu(z, p)x(t — d(t))

t
+/ e“6=0xT(s) (0;Q1(z, p) — k Qi (7, p)) x(s)ds
t

—d(t)

Vl(t,x’ p) = ZJNCT(t) lpll(T, p) Pz, p) ] l x(t)

] + xT(t)0.P(z, p)X(t)

t

Vit i, p) = XL (0)Qa(t, p)x(t) — e™*"xT(t — h)Qu(z, p)x(t — h) + / e“6=0xT(s) (0, Qa(, p) — kQx(t, p)) X(s)ds
t—h

t 0 t
Va(t, 1, p) = 2T (OR(z, p)i(t) — h / T (s)e~<"R(z, p)k(s)ds + h / =0T () (0.R(z, p) — kR(r, p)) %(s)dsdo.
t—h —hJt+0
(14)
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Collecting all the derivative terms yields
V(t9x[7 P) = Vl(t9x7 P) + Vz(t9x[’ P) + V3(t7 Xt ,0) + V4(t, Xt, /7)

Pyy(z, p) Plz(r,p)H x(t)

=2x"(1)
* Px(z,p) x(t) = x(t = h)

] + X1 (D)0, P(z, pE(t) + X ()Qi (7, p)x(t)

t

— (1 — we ™ MxT (¢ — d()Qi(z, p)x(t — d(1) + / . e xT(5) (9: Qi (1, p) — kQu(7, p)) x(s)ds
t—d(t)
t

+xT(O)Qa(z, px () — e™"'xT(t — h)Qu(z, p)x(t — h) + / e"S70xT(s) (0. Qa(7, p) — kQa(7, p)) X(s)ds
t—h
t

0 t
T (s)e™ " R(z, p)x(s)ds + h / / %7 (s) (0,R(z, p) — kR(z, p)) X(s)dsdb.
—h

+ 2T (OR(z, p)x(t) — h /
t+0
(15)

t—h

Since (9)-(11) hold, the terms h /_Oh /t-t|—9 e“6=0%T(s) (0;R(z, p) — kR(z, p)) X(s)dsdb < 0, /ti do e<6=0xT(s)

(0:Q1(7, p) — kQ1(7, p)) x(s)ds < 0, and ft[_h e“6=0xT(s5) (0, Qa(z, p) — kQ1(7, p)) X(s)ds < O can be dropped from inequality
(15) yielding

V(t,xi, p) < 2X7(8) l Pu(z,p) Pu(z,p) ] l x(t)

o Py(z,p) x(t) — x(t — h)
— (1 = we X" (t = dO)Qi (7, p)x(t — d(t) — e"x"(t = H)Qu(z, pIx(t — h) + K*XT (DR(z, p)i()

] + X1 (19, P(z, p)E(1) + X" (OQi (7, p)x(t) + X" ()Qa(z, p)X(t)

t
—h / 1T (s)e " R(z, p)x(s)ds. (16)
t—h

Employing Wirtinger’s inequality from Lemma 1 with ® = x(t) + x(t — h) — % /[ih x(s)ds to upper bound the last term
in (16) yields

V(t, X¢, p) < Z)NCT([) l P11(T, P) P12(T, P) ] l X([)

* Py (7, p) x(t) — x(t — h)
+h35T(OR(z, p)x() — (1 — e ™ "xT(t — d()Qu (7, p)x(t — d(1)) — e™*'x" (¢ — h)Qu(z, p)x(t — h)
— [x(t) — x(t — h)]"e ™" R(z, p)[x(t) — x(t — h)]

] + X1 (D9 P(z, p)X(D) + X" (OQ1 (7, p)x(t) + X" ()Qa(7, p)X(E)

t

T t
x(s)ds] R(z. p) X x(t)+x(t—h)—% / x(s)ds]. a7)
t

—h

—3¢7h [x(t) +x(t—hy— 2 /
h J,

—h

To ensure the prescribed induced £,-norm performance level of y, we further require
V(t.xe, p) = r*w! (Ow(t) + 2" (Dz(t) < 0. (18)

Note that
2" (OM(z, p) + X" (OZ(z, p)I[-X(1) + A(p)x + Ag(p)x(t — d(1)) + E(p)w(t)] = 0, (19)

where M(z, p) and Z(z, p) are arbitrary matrix-valued functions with appropriate dimensions.
Combining (17)-(19), we arrive at

Dy Py Pz Py D5 Dy
* (Dzz ('I)23 0 0 (D26
* * d33 0 0 Py

) &(t) <0, (20)

* * ¥ Dy Dys Dy

* % k k CDSS (I)56

* * * * *  Dgg
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where

T
@) = [xT(t) xT(t = d@®) wrie) x't—-h) ft[_th(s)ds xT(t)]

@1y = Sym[M(z, p)A(p) + P1a(z. p)] + 0:P11(z, p) + Qi1 (7. p) + Qu(7, p) — 4e™*"R(z, p) + CT(p)C(p)
@1, = M(z, p)Ad(p) + CT(p)Ca(p)

@13 = M(t, p)E(p) + C*(p)D(p)

@14 = —Pi5(1, p) — 26" R(z, p)

@5 = PJ,(7,p) + 0:Pr1a(z, p) + 6h ' e " R(z, p)

16 = P11(1, p) — M(z, p) + AT(p)M" (7, p)

@5 = (1= we ™" Qu(z, p) + C1(p)Ca(p)

®y3 = Cj(p)D(p), @o6 = A} (p)Z" (2, p)

@33 = —y* I+ FT(p)F(p), D36 = ET(p)Z" (z. p)

Dy = —4e " R(z, p) — € " Qx(1, p)

@45 = —PL (7, p) + 6h™'e ™" R(z, p)

®ss = —12h2e ™" R(1, p) + 0:P(z, p), Pss = P},(z, p)
g = —Sym[Z(z, p)] + h*R(z, p).

Taking Schur complement of (20) yields the LMI (3). This condition ensures that
Lyapunov-Krasovskii functional is decreasing between two consecutive jumps of the parameter
vector p.

We next analyze the change in Lypaunov-Krasovskii functional at the jumping instant ¢ of the parameters’ trajectory
which is given as

I

V(t, %, p) = V(& X0, m) = X (O[P(Tp, p) — PO, ))]X(1) + / e X ($)[Q1(Tp, p) — Q1(0, n)]x(s)ds
tk—d(tk)

I
+ / e M xT($)[Qa(Tp, p) — Q2(0, n)Ix(s)ds
ti—h
0,
+h / / e 65T (§)[R(Tp, p) — R(0, n))x(s)dsde,
~-h Jy+0

where t; and ¢ are the right-hand limit and left-hand limit of ¢, respectively. Since (5)-(8) hold, the Lyapunov-Krasovskii
functional cannot increase at the time instant ¢; as vVt X, p) — V(t",x:,n) = 0. Therefore, X, is uniformly asymptotically
stable. This concludes the proof. n

Remark 2. The parameter- and clock-dependent conditions derived in Lemma 2 ensure that V(t,x;, p) is decreasing
between the consecutive parameter jumps and the jumps are nonincreasing at the switching instants when they occur
after the dwell time. Hence, uniform asymptotic stability holds.

The LMI characterization in Lemma 2 involves multiple product terms such as M(z,p)A(p) and
Z(z,p)A(p), which make it difficult to employ linearizing change of variables to derive the synthesis con-
ditions. Therefore, we use a slack variable approach®' to derive a relaxed stability condition. The following
lemma presents this condition, and it will be used to derive the synthesis conditions in the following
section.

Lemma 3. Forgiven constantsh >0, u € [0,1], ¥ > 0, and Tp > 0, if there exist matrix-valued functions P : [0, Tp] X P +—
S#, Q1 : [0, Tp]X P S, Qa1 [0, Tp] X P = S, R: [0, Tp] X P + S, M : [0, Tp] x P +— R", Z : [0, Tp] x

>0’ >0’

P - RYUand L : P — R" such that the LMIs
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1152 WILEY ZAKWAN ET AL.
[ —Sym[L(p)] Awa(z,p) LT(p)Ad(p) LT(p)E(p) 0 0 0 LT(p) Z(z, p) ]
* Ax(t,p) 0 0 CT(p) Ax(r,p) Ax(z,p) 0 Aao(7, p)
* * A33(7, p) 0 Cg(p) 0 0 0 0
* * € —y2I FT(p) 0 0 0 0
Az, p) 1= * % * * —I 0 0 0 0 <0
% % % % * Ngs(T,p)  Aegi(7, p) 0 0
* * * % € * A7 (7, p) 0 Pl (z,p)
* * * * * * * —Py(r,p) Z(z,p)
* * * * * * * * Ago(7, p)
) (1)
ATE, p) <0 (22)
P(Tp,p) — P(0,n) >0 (23)
Qi(Tp, p) — Q:1(0,77) =0 (24)
Qa(Tp, p) — Q2(0,n) = 0 (25)
R(Tp, p) —R(0,n) >0 (26)
kQ1(Tp, p) — 0:Q1(0,p) = 0 27
kQx(Tp, p) — 0:Q2(0,p) > 0 (28)
kR(Tp, p) — 0:R(0,p) = 0 (29)

forallt € [0, Tpl and all p,n € &P, where

P(z,p) = l

Pll(T7 p) P12(T’ P)
* Py(z, p)

Anx(t, p) = M(z, p) + LT (p)A(p)

Ax(z, p) = Sym[P15(z, p)] = Pr1(z, p) + 0:P11(7, p) + Qi (7, p) + Qs(7, p) — 4e™"R(, p)
Azs(z, p) = —P1a(z, p) — 26" R(z, p)

A (z,p) = PL(1, p) + 0:P1a(7, p) + 6h™'e ™" R(z, p)

Aoo(t, p) = P1i(z, p) — M(z, p)

Ass(z,p) = =(1 — WQu(z, p)e™™"

Aes(, p) = —4¢™"R(z, p) — Qz(z, p)e™™"

Agr(t, p) = =P}, (z,p) + 6h™ e R(, p)

A7(z,p) = 12072 " R(z, p) + 0. Py (., p)

Aoo(z, p) = —=Sym([Z(z, p)] + W*R(z, p)

then the system %, is uniformly asymptotically stable in the absence of disturbance w with u=0, and p € P, 1,. Moreover,
the L;-gain of the map w z is at most y, that is, J < y.
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Proof. 'We first prove that the feasibility of (21) guarantees the feasibility of (3). To this end, we decompose A(z, p) in (21)
as follows:

Az, p) = AT, p)lrip=0 + LT (DL (p) + 7 T (p)LT (0 (p),

where % (p) = [-I, A(p) Aa(p) E(p) 0001, 0]and 7 (p) =[I, 00000 00 0 ]. Then, invoking the projection lemma,*°
the feasibility of A(r, p) < 0 implies the feasibility of the LMIs

N o (DA, )| Lipy=0 N (p) < 0 (30a)

N o (PN (T, p)|L(py=0N 7 (p) < O, (30b)

where /o (p) and o (p) are basis of the null space of Z (p) and 7" (p). The inequality (30a) yields (3) and the inequality
(30b) yields —Sym[Z(z, p)] + h*R(z, p) < Oforallp € P>r,andall ¢ € [0, Tp]. Note that this inequality is a relaxed form of
the right bottom 1 x 1 block of the inequality (3) and is always satisfied . Hence, the feasibility of (21) implies the feasibility
of (3). This concludes the proof. n

3 | MAIN RESULT

In this section, we aim at obtaining synthesis conditions for the clock-dependent gain-scheduled dynamic output feedback
controller X. of the form:

rfcc(t) = A(t = ti, p(tr)xc(t) + At — t, p(te))xc(t — d(8)) + B(t — ty, p(t))y(t) R
ort € [ty,ty + Tp)
u(t) = C(t — ti, p(ti))xc(t) + Calt — tie, p(ti))xc(t — d(1)) + D(t — tic, p(ti))y(£)

Xe(t) = A(Tp, p(ti))Xe(t) + Ad(Tp, p(ti))Xe(t — d(8)) + B(Tp, p(ti))y (1)
u(t) = C(Tp, p(ti)xe(t) + Ca(Tp, p(ti))xe(t — d(1)) + D(Tp, p(ti))y(t)

for t € [ty + Tp, tks1)

where xi(6x) = ¢p(6;) for all 6y € [-h,0], p € P>1,, T €[0,Tpl, v =min{t—t,Tp}, A : [0,Tp] X P + R>", Ay :
[0, Tp] X P R B :[0,Tp]X P = R™, C:[0,Tp]X P = RW" Cy:[0,Tp] X P +— R%X" and D : [0, Tp] X
P > R™*" are clock- and parameter-dependent matrix-valued functions. The controller matrices A, A4, B, C, C4, and
D are chosen to be clock- and parameter-dependent during the holding time ¢ € [t, ty + Tp). and are chosen to be only
parameter dependent for ¢ € [tx + Tp, tx +1). The motivation to employ this specific structure of the controller . is twofold.
First, this parameterization of the controller ensures bounded matrix valued functions appearing in Z.. Second, this type
of controller structure is compatible with the clock-dependent stability conditions resulting in nonrestrictive synthesis
conditions.
We augment the controller X, with the plant X, to form the closed-loop system

s, {Xcz(t) = Aa(7, p)xa(t) + Ada(t, p)xa(t — d(0) + Ea(z, pyw(t)

z(t) = Cal, p)xa(t) + Cae(z, p)xa(t — d(0)) + Fa(r, p)w(t),

where x(8)T = [x(£)Tx.(t)T]” is the augmented closed-loop state with x.; € R?". The matrices of the closed-loop system X,
forallp € P>1, and all 7 € [0, Tp], are parameterized as

A(p) + B(p)D(z, p)Cy(p) B(p)C(z,p)
A(_‘I(T’ P) =
B(z, p)Cy(p) Az, p)
Ada(p) + B(p)D(z, p)Cay(p) B(p)Ca(z, p)
Aqei(t, p) =
B(t, p)Cay(p) Ad(z, p)
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™ | WILEY
g{.‘l(f’ p) =
Ccl(f7 P) =
Caa(r,p) =
FCI(T’ P) =

[ E(p) + B(p)D(z. p)F(p) ]
B(z. p)Fy(p)

| Fo)+ D)D(. p)Fy () |-

| Clp)+ DD 2)C(0) DO (z.p) |

| Calp) + DOID(, p)Cas(p) D(p)Catr, p) |

Our objective is to find sufficient synthesis conditions for clock-dependent gain-scheduled dynamic output feedback
controller such that the closed-loop system X is asymptotically stable in the absence of disturbance w and that the map

w7z has a guaranteed £,-gain of at most y,

thatis,J <y.

Now we are ready to state and prove the main result of this article.

Theorem 1. For given constants h>0, 0<u <1, k>0, and Tp>0, if there exist matrix-valued functions P
Q, 1 [0,Tp]X P S R : [0, Tp] X P +

[0, Tp] X P + S, O1 1 [0, Tp] X P + SZ

>0’

Z:[0, TplXxP >R X : P R and W : P — R" such that the LMIs

=Sym[X(p)] Awn(zr,p) A,
& Ax(z.p) 0
* * Ass(z,
* * *
Az, p) := * * *
* ® *
* * *
* * *
* * ®

P Az, p) 0 0

0

0 Aos(z,p)  Axs(t,p) Ass(z,p)

p) 0 Ass(z,p) 0 0
-y Aus(z,p) 0 0
* -1 0 0
o & Ass(z.p)  Aer(t,p)
* * * /~\77(T s P)
s s s s
s s s ”
ATE, p) <0

P(Tp, p) — P(0,n) = 0

Q1(Tp, p) — 01(0,1) = 0

Q,(Tp, p) — 92(0,1) = 0

R(Tp, p) — R(0,n) =0

KQI(TDs p) - arQl(Os p) =0

KQZ(TD’ P) - a‘rQZ(Ov ,0) > 0

kR(Tp, p) — 0:R(0,p) = 0

S M :

>0’

X" ()

o

S O o ©

0
—7311(‘[, p)

%

Z(z,p)
Ax(,p)
0
0
0
0
731T2(T, p)
Z(z,p)

Ags(z, p) |

[0, Tpl X & = R,

<0

(31D

(32)

(33)

(34)

(35)

(36)

(37

(38)

(39)

(40)
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hold forall € [0, Tp) and all p,n € P, where

gy | PuED P
| Pa(z, p)
Rty | AOWO+BOCE ) A+ Bo)D(z. ICy(p) ] )
i Az, p) X(p)A(p) + B(z, p)Cy(p)
(e = | AdOW)+ B p) Ap) + BOD(. p)Cis(p) ]
R Aq(z. p) X(0)Ad(p) + B(z. p)Cay(p)
Rt — | E@+BODE DR 0) ]
| X(p)E(p) + B(z, p)Fy(p)
Ax(z, p) = Sym[P1(z, p)] = Pu(z, p) + 0. P11(1, p) + O1(1, p) + Os(1, p) — 4e "R (z, p)
- r . R T
Aas(z,p) = | C(pW(p)+ D(p)C(z,p) C(p) + D(p)D(z, p)Cy(p) ]

Ass(t,p) = —Pra(t, p) — 26" R (2, p)

Ax(z, p) = Poa(z, p) + 0. Pra(, p) + 607" "R (z, p)
Axo(t, p) = P1i(z, p) — M(z, p)

Ass(z,p) = =(1 — WOy (z, p)e™"

- N " T
Ass(t,p) = [ Ca(p)W(p) + D(p)Ca(z,p) Ca(p)+ D(p)D(z, p)Cay(p) ]

Ruste.p) = | Fip) + D)D) |
Res(z., p) = —4e™"R(z, p) — Qa(z, p)e™™"
Aer(z,p) = =Poa(z, p) + 6h ™ e R(z, p)
An(z,p) = 12072 " R(z, p) + 0. P(z, p)
Aoo(t, p) = =Sym[Z(z, p)] + h*R(z, p),

then the closed-loop system X with p € P, is uniformly asymptotically stable in the absence of disturbance w and the
L,-gain of the map w z is at most y, thatis, J < y.

Moreover, once the unknown matrix-valued functions satisfying the LMIs conditions are obtained, the clock-dependent
output feedback control matrices can be computed by first obtaining two matrices T : P — R™ and S : & +— R™" from
the factorization problem

I = X())W(p) = T(p)S" (p), (41)
and then by reversing the following transformation

Az, p) = X(DA(p)W(p) + X(p)B(p)D(z, p)Cy(p)W(p) + T(p)B(z, p)Cy(p)W (p)
+X(p)B(p)C(, p)ST(p) + T(p)A(z, p)S" (p)
Ad(t. p) = X(p)Aa(p)W(p) + X(p)B(p)D(z, p)Cay(p)W(p) + T(p)B(z, p)Cay(p) W (p)
+X(p)B(p)Ca(z, p)S™ (p) + T(p)Aa(z. p)S" (p)
B(z, p) = X(p)B(p)D(z, p) + T(p)B(z, p)
C(z, p) = D(z, p)Cy(p)W(p) + C(z, p)ST (p)
Ca(z, p) = D(z, p)Cay(p)W (p) + Ca(, p)S™ (p)
D(z,p) = D(z, p).
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Proof. First, we rewrite the closed-loop system X as
Aa(r,p) Az, p)  Ea(z,p) 0 B
o R TR M+ | L, 0 | K@), 42)
Ca(zr,p) Cua(r,p) Falz,p)
0 D(p)
where
[ A(p) 0| Aup) 0|E(p)
A E) A 9’ B b
L=l o ol o ol o | K@= (r.p) Ad(z,p) B(z,p) ’
C(r,p) Cy(zr,p) D(z,p)

| Clo) 0] Catp) 0| Fip)

[ o I1,|] o ol o
Iy (p) := 0 0 0 I, 0

| Cp) 0| Cap) O | Fp)

Restricting the matrix L : & + S in Lemma 3 its inverse as

X T w S
L(p) = (» T(p) L) = (p) S(p) ’
T(p) % STp) *

and substituting the closed-loop matrices (42) in the LMI (21) yields

=Sym[L(p)] Yi(z,p) LT(p)Adga(z,p) LT'(p)Ea(z,p) 0 0 0 L(p) Z(z,p)

* Ya(7, p) 0 0 Cl(z,p) Yas(z.p) Yo(z,p) 0 Y29(7, p)
* * Ys3(z, p) 0 Cl.(z.p) 0 0 0 0
* * * -y 7’5(1, p) 0 0 0 0
* * * * —I 0 0 0 0 <0
* * * * * Yes(7,p) Yegr(7,p) 0 0
* * * * * * Y7 (z, p) 0 Psz(T’ p)
% * % * * * * —Pi(z,p) Z(z,p)
* * * * * * * * Yoo(z, p)

) - (43)

where
o) = l Pu(r.p) Pia(z.p) ]
* Pz, p)

Yia(z, p) = M(z, p) + LT (p) Au(z. p)

Ya(z, p) = Sym[P1y(7, p)] = Pui(z, p) + 9. Pri (1, p) + Qi (7, p) + Qu(7, p) — 4" R (7, p)
Ya6(t, p) = —Pra(7, p) — 26" R(z, p)

Y27(1, p) = Ph(1, p) + 0: Pia(, p) + 6h ™ e ™" R(z, p)

Y2o(z. p) = Pri(z, p) — M(z, p)

Yas(z, p) = —(1 — w)Qi(z, p)e™"

Yos(7, p) = =4 " R(r, p) — Qa(z, p)e™"

Yer(z, p) = —Py,(z.p) + 6h™'e ' R(z, p)

Y77(7, p) = =122 R(z, p) + 0. P2a(7, p)

Yoo(z, p) = —Sym[Z(z, p)] + W’ R(z, p).
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To linearize the inequality (43), a congruence transformation is performed with respect to the matrix
diag(Y(p), Y(p), Y(p), In, . In,, Y(p), Y(p), Y (p), Y (p)), Where

W) 1
Yo = "
S'(p) 0
This leads to
Yulp) Yu(r.p) Yir.p) Yu(,p) 0 0 0 YT(p)L(p)Y(p)  Z(t,p)
* Yau(z,p) 0 0 YT(P)CCTI(T, p) Yi(z,p) Ya(z,p) 0 Yao(7, p)
* * Yai(z, p) 0 YT (p)C] (7, p) 0 0 0 0
* * * —y2I F;(T, 1)) 0 0 0 0
* * * * —I 0 0 0 0 <0 (44)
* * * * * Yes(z.0) Yer(z.p) 0 0
* * * * * «  Yu.p) 0 Pla(z, p)
* * * * * * * Pz, p) Z(z,p)
* * * * * * * * Yoo(z, p)
with

Yu(p) = —2Y"(p)L(p)Y (p)
Yia(z, p) = M(z, p) + Y(p)L" (p) Aci(z. p)Y (p)
Yis(z, p) = Y (p)LT(p) Ada(z, p)Y (p)
Yiu(z. p) = YI (LT (0)Eu(z. p)
Yau(t, p) = Sym[P1a(z, p)] = P11(z, p) + 0:P11(z, p) + Q1 (7, p) + Oa(7, p) — 4e ™" R(z, p)
Yao(z, p) = —Pra(t. p) — 26" R(z, p)
Yo (7, p) = Poa(z, p) + 0. Pr1a(z, p) + 607 e R(z, p)
Yao(z, p) = Pui(z, p) — M(z, p)
Yas(z,p) = =(1 — p)Qre™*"
Yes(z, p) = —de " R(z, p) — Dye™*"
Yr(z,p) = —Pa(z, p) + 6h 7 e R (z, p)
Yo7(z,p) = =120 "R (1, p) + 0. P2a(z, p)
Yoo(z, p) = =Sym[Z(z, p)] + K*R(z, p)
P(z, p) = diag(Y"(p), Y'(p))P(z, p)diag(Y(p), Y(p))
Q1(r,p) = Y (p)Qi(7, p)Y(p)
Qy(z,p) = YT (p)Qa(1. p)Y(p)
M(z, p) = YT (p)M(z, p)Y (p)
Z(z.p) =Y (p)Z(z. p)Y (p)

R(z,p) =Y (p)R(z, p)Y(p) . (45)
Noting that
I, W I,
YT(p)L(p) = l ] and Y (p)L(p)Y (p) = l ®) ] ,
X(p) T(p) I,  X(p)
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we obtain
T e l Y'()L(p)Aa(z. )Y (p) | Y (0)L(p) Ada(z. )Y (p) | Y (D)L(p)Eu(z. p) ]
’ Cat.p)Y(p) | Caam.pY(p) | Fal.p)
APW() A | AW) A | E@) i ) .
SN R ’ ’ Ae.p) Aa(r.p) Blz.p)
=| 0 X@wAw | 0 X(pAdp) | XPEp) |+e |, \ 7P (),
Cx.p) Car.p) Diz.p)
COWp)  Co) | CadWp)  Cap) | Fep)
where
0 B(p) | I, 0 |0 o0 0
Gip=| I, 0 [Gxp)=| 0 O |I, O 0o |
0 D(p) | 0 Cp)| 0 Cap) | F(p)

+ 03(p)K(z, p)B4(p),

litw,p) Aax.p) Bz, p) ] _ [ x@aowe) x@adowe o
C.p) Car.p) Drp) | 0 0
ST(p) 0 0
],and Op=| o ST 0
CAW() CaoDW(p) Iy,

T(p) X(p)B(p)

O3(p) = l
I

u

Finally, we get
Fu(z, p) = F(p) + D(p)D(z, p)Fy(p)

[ AW (p) +B(p)C(z,p) Alp) + B(p)D(z, p)C
YT ()L(p) Au(z. )Y (p) = (MW (p) + B(p)C(z,p) Alp) + B(p)D(z, p) y(P)]

A(z, p) X(p)A(p) + B(z, p)Cy(p)
[ Ad(p)W(p) + B(p)C(1,p)  Alp) + B(p)D(z, p)C
YT (L) Agat(z. p)Y () = a(p) (f) (p)C(z,p) Alp) + B(p) A(T p)Cay(p)
i Aa(z, p) X(p)Aa(p) + B(z, p)Cay(p)

[ E(p) + B(p)D(z, p)F(p)

YT(p)L(p)Ea(z, p) = .
| X(pE(p) + B(z, p)Fy(p)

n N T
Ca(z.p)Y(p) = [ C(pW(p) + D(p)C(z,p) C(p) + D(p)D(z, p)Cy(p) ]

T
Caa(t, p)Y(p) = [ Ca(p)W(p) + D(p)C4(z,p) Calp) + D(p)D(z, p)Cay(p) ] (46)

from which it is obvious that the expressions are affine in the variables X(p), W(p), A(z, p), Ag(z, p), B(z, p), C(z, p),
Cq(, p), and D(z, p). Substitution (46) in the inequality (44) yields the LMI (31). This completes the proof. L]

Remark 3. Theorem 1 presents a new result for output feedback £, controller design for delayed LPV systems with
piecewise constant parameters. It is essential to mention that the proposed design conditions (31)—-(40) result in
infinite-dimensional semidefinite programs that cannot be solved directly via standard LMI solvers. One way to resolve
this issue is first to employ relaxation techniques like the gridding method [8, appendix C], robust optimization mod-
ule of YALMIP,** or SOS polynomials**3° to approximate semiinfinite constraint LMI by a finite number of LMIs. This
finite-dimensional approximation of the infinite-dimensional semidefinite program can then be solved via standard
solvers such as SeDuMi.*

3.1 | Case study: Delayed switched systems

LPV systems with piecewise constant parameters represent a class of switched linear systems with infinite modes
in a bounded compact set. Here, we provide a case study to demonstrate the application of our main result to a
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class of delayed switched systems. This result is important for its own sake and can be regarded as a contribution of
this article.
Let P ={1,...,S} forsome S € N, and

S S S S
Alp) = Z:,éi,,,Ai, Adlp) = Z:,éi,pAdi, B(p) = Z}éi,pBi,E(m = Z;ai,pEi,
1= = 1= =

S S S S
C(p) = ¥'81,Ci Ca(p) = Y61,Cai- D(p) = Y.6:,D1 F(p) = Y 61,Fr,

i=1 i=1 i=1 i=1
S S S

Cy(p) = ) 81,Cyir Cay(p) = D 6:,Cayis Fy(p) = D6, Fys (47)
i=1 i=1 i=1

where 6;; is the Kronecker delta, that is, §;; = 1 if i =j, and 0 otherwise.
We then have the following corollary.

Corollary 1. For given constants h>0,0 < u < 1, k > 0, and Tp > 0, if there exist matrix-valued functions P; : [0, Tp] —

S#. Q1 : [0, Tpl = S22, Oy : [0, Tp] > SZ, R; = [0, Tp] = SZ, M, : [0, Tp] =~ R?", Z; : [0, Tp] — R, X; € R", and
W; € R" such that the LMIs
—sym[Xi] Api(r) Apir) Auim) 0 0 0 X Zio
* Ay () 0 0 Assi(z) Axi(t) Ayi(r) 0 A (1)
* * Aszi(7) 0 Aszsi(7) 0 0 0 0
* * * -y Aygsi(n) 0 0 0 0
Ai(r) 1= * * * * -1 0 0 <0 (48)
* * * * * Ae6,i(t)  Ae7:(7) 0 0
% * * % * * /~\77J-(T) 0 7~31T2,i(r)
* * * * * * * —7311,1’(1) Zi(’[)
* * * * * * * * /N\gg’i(‘l,')
AT} <0 (49)
Pi(Tp) — Pj(0) = 0 (50)
01:(Tp) — Q1(0) = 0 (51)
0,i(Tp) — 0,5(0) = 0 (52)
Ri(Tp) = Rj(0) > 0 (53)
k01,(Tp) — 01,(0) = 0 (54)
xk05,(Tp) — 02;(0) > 0 (55)
KRi(Tp) — Ri(0) = 0 (56)
- Wi I
X = >0 (57)
I, X
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hold forall t € [0, Tp) and alli,j € {1, ... ,S},i # j, where

Pi(r) =

Apzi(r) =

Agsi(n) =

Ayai(n) =

[ Pr1i(t)  Prai(r)
* Pi(7)

AiW; + BiCi(z) A; + BDi(r)Cy;

. A + Mi(7)
Ai(7) XiAi + Bi(7)Cy;i ]

AgiW; +BiCi(t) A + BiDi(t)Cayi
A7) XiAdgi + Bi(t)Cayi

E; + BDi(1)Fy;

XiEi + Bi(t)Fy;

Anpi(t) = Sym[P12(2)] — P114(2) + 0, P114(7) + O1.4(7) + Os4(7) — 4e™ " Ry(7)

Agsi(2) =

T

CiW; + DiCi(t) C;+ D;Di(z)Cy,

Assi(r) = =Pr2i(7) — 267" R(7)

Axri(7) = Proi(2) + 0, Proi(r) + 6h 7' Ry (2)
Az i(7) = Pryi(r) — Mi()

Asi(r) = =1 = Q1 (v)e™"

- . " T
Assi(r) = [ C4iWi+ DiCyi(r)  Cyi + DiDi(7)Cayi ]

» R T
Resi(e) = | Fit DD)Fy |

Aesi(7) =

4™ R(1) — Oy i(7)e ™"

Rezi(1) = =Pi(7) + 6h~ e ™" Ry(7)
As7i() = =122 R (1) + 0, P (1)
Agoi(7) = =Sym[Z(7)] + W*Ri(7),

then the system X, with (47) is uniformly asymptotically stable in the absence of disturbance w with u=0. Moreover, the

L,-gain of the map w z is at most y, thatis, J < y.

Moreover, once the unknown matrices satisfying the LMIs conditions are obtained, the clock-dependent output feedback
control matrices can be computed by first obtaining two matrices T; € R™" and S; € R™" from the factorization problem

L, - XiW; = TS|,

and then by reversing the following transformation

Ai(7) = XiAiW; + XiBiDi(1)Cyi Wi + TiBi(t)CyiW; + XiBiCi(7)ST + TiAi(7)S]

Aqi(t) = XiAgiW; + XiBiDi(t)CayiW; + TiBi(7)CayiWi + XiBiCai(1)S! + TiAai(7)ST

Bi(t) = XiBDi(r) + TiBi(7)

Ci(1) = Di(0)CyiW; + Ci(7)ST
Cai(7) = Di(7)CayiW; + Cai(0)S]
Di(z) = Di2).

(58)

Proof. Since A(p),Aa(p), B(p), E(p), C(p), Ca(p), D(p), F(p), Cy(p), C4y(p), and F,(p) have the form (47), without loss of gen-
erality, we can choose 1;(1, n) = Z;il 8i,Pi(1), Pi(7) > 0, QS1(T, n = Z{il 8iyQui(r ),SQl,i(T ) >0, Qx(z, 1) = 21-8:1 01y Q2,i(7),
Q2i() > 0, R(z,n) = X.;; 614Ri(7), Ri(t) > 0, M(z, p) = 2.7, 6;,,Mi(7), Z(7, p) = 2. 61, Zi(7), X(p) = Y.L, 61.,Xi, W(p) =
Zf:l 8, Wi, T(p) = Zil 8i,Ti, and S(p) = Zil 8 ,S;. The result then follows.
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4 | ILLUSTRATIONS

In this section, we provide an application and an illustrative example to demonstrate our result’s efficacy.

41 | Computational aspects

Polynomials functions of an arbitrary order can be used to approximate the continuous matrix-valued functions
appearing in LMIs of Theorem 1 and Corollary 1 with arbitrary precision. To this aim, we employ clock- and
parameter-dependent polynomials of order 1 for the sake of simplicity. Moreover, due to the continuous-time
parameters 7 and p, the inequalities in Theorem 1 and Corollary 1 yield intractable infinite-dimensional semidef-
inite programs, therefore, we consider robust optimization module3® provided in YALMIP* that approximates
infinite-dimensional semidefinite programs which can then be solved using standard solvers, for instance, SeDuMi.*!
The robust optimization module of YALMIP can robustify semidefinite (SDP) constraints with affine dependence on
the uncertainty, under the restriction that the uncertainty is constrained to a polytopic set. In this case, YALMIP
derives a robust counterpart by enumerating the vertices of the uncertainty set and define an SDP constraint for
every vertex.3

4.2 | Application to VTOL helicopter model

In this section, we illustrate the efficacy of our result by applying it to VTOL helicopter model introduced in References
20,25,43 . The dynamics of the system can be given as

x(8) = A(p)x(t) + Agx(t — d(1)) + B(p)u(t) + Ew(t)

Z(t) = Cx(t) + Cgx(t — d(t)) + Du(t) + Fw(t)

Y(t) = Cyx(t) + Cayx(t — d(1)) + F,w(t)

x(0) = ¢(0), V6 € [—h,0], (59)

where p is a time-varying parameter and the state variables x(f) = [x; x, x3 x4]7 are horizontal velocity, the vertical veloc-
ity, the pitch rate, and the pitch angle, respectively. The delay is taken as d(t) = 1.5 + 0.5 sin®(0.45t), and the upper bound
on its magnitude and time-derivative are taken as h =2 and u = 0.9, respectively. The matrices in (59) are given as

—0.0366 0.0271 0.0188 —0.4555
0.4422 0.1761
0.0482 —-1.01 0.0024 —4.0208
bm(p) —7.5922
A(p) =| 01002 an(p) -07071  as(p) | B(p)= E=| L 0pa | Ac=0u
—5.52 4.49
0 0 1 0
0 0
I4 04><2
C = ’Cd:C3D: ’F=06><59 Cy:[o 1 0 O]’ Cdy201x4’Fy=[0 0 0 O 1]’
024 L
where

a3(p) = 0.0670 + 0.4390p, ass(p) = 0.0479 + 2.3440p, by1(p) = 0.9263 + 4.0760p,

and the parameter p is defined as p = 0.0091(; — 60), where 6, € [60,170] is airspeed in knots. It is easy to see that the
parameter space P = [0, 1] is abounded closed set. We choose the minimum dwell time T =0.01, and the tuning parame-
ter k = 0.1 tosolve the inequalities in Theorem 1. Polynomials of order 1 have been employed to approximate the unknown
matrices in Theorem 1. The controller matrices obtained after solving the LMIs are given in the Appendix A. The stabiliz-
ing state trajectories in Figure 1 (top) for an arbitrary initial condition subject to a piecewise constant parameter trajectory
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FIGURE 1 Evolution of the states of the
closed-loop with disturbance (top) subject to a typical

parameter trajectory with Tp =0.01s [Colour figure
can be viewed at wileyonlinelibrary.com]
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O 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1

Time (secs)

shown in Figure 1 (bottom) under the disturbance w(t) = [v(t) v(¢) v(t) v(t) v(t)]T, where v(t) = 0.5(H(t) — H(t — 5)), support
the applicability of the approach.

4.3 | Application to delayed switched systems

Consider the following delayed switched system. The system comprising of two subsystems:

-09 02 -02 02 0 01 1 0.3
Ai=| 02 -06 03 |.An=]01 03 01 |,Bi=|05],Ei=]| 05 [,
-03 01 -01 03 01 0.2 2.0 0.2
Ci=[08 10 05],Ca=[02 03 01],Cu=[-12 1.5 09],
Cdyl = [03 0.1 0.2 ], Fy1 =02,D,=F,=0. (60)
-08 -0.1 -02 02 01 0 0.5 0.4
Ay=| 02 -07 03 |,A=] 01 02 01 |,B.=| 07 |,Ex=| 0.2 |,
02 =01 01 01 01 0.3 1.5; 0.3

C,=[-10 12 05],C2=[01 03 04],Co=[-01 12 05],

Cdy2 = [01 0.3 04], Fy2 =0.1, D2 = F2 =0, (61)

and d(t) = 0.9 + 0.3 sin(f). A straightforward calculation gives h=1.2 and u = 0.3. It can be verified that the switched
system (60) and (61) with u(¢)=0 is unstable for an arbitrary switching signal. To support the latter claim, a typical
open-loop system response is provided in Figure 2 with the initial condition x(t) = [- 1.0 0.5 1.0]7, t € [- 1.2, 0].

We choose Tp =0.1 and k = 0.1, and solve the LMIs given in Corollary 1 via robust optimization module of YALMIP.
Once LMIs are feasible, we compute controller matrices and form a closed-loop system. The computed controller matri-
ces are given in Appendix B. To show the effectiveness of the designed controller through simulation, we consider the
exogenous disturbance input as w(t) = exp(—t) sin(¢). Figure 3 (top) demonstrates the evolution of the closed-loop states
subject to a typical periodic switching signal with Tp=0.1 provided at the bottom of the same figure (here, 1 and 2
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FIGURE 2 Unstable behavior of states for the open-loop 100
system [Colour figure can be viewed at wileyonlinelibrary.com]
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represent the first and the second subsystems, respectively). Since our simulation depicts stability of the closed-loop
system, it helps illustrate our general theory, in the special case of the system (60) and (61).

5 | CONCLUDING REMARKS

We provided sufficient conditions for the existence of a full-order clock-dependent gain-scheduled output-feedback
controller for delayed LPV systems with piecewise constant parameters. These systems generalize the framework of
switched systems with finite/infinite countable sets to uncountable bounded sets. We formulated sufficient conditions
as clock-dependent convex infinite-dimensional LMIs and employed standard approximations to relax the semidefinite
program. Incorporating parameter variation during the analysis reduces the conservatism of the existing methods and
makes them more efficient.

One of the future perspectives of this work includes designing a memory-resilient dynamic £, output-feedback com-
pensator, where the delay will be approximated to be used for the controller.3! Controller synthesis for other dwell-time
notions, such as range, average, and maximum dwell-time, also seems an appealing extension of this work. Another
intriguing future research direction is to employ the decoupling technique proposed in References 44-46 to tackle
nonconvex matrix inequality (nonlinear coupling) conditions. We also plan to employ reciprocally convex inequality®® to
achieve new stability results. Controller synthesis for delayed LPV systems with piecewise constant parameters subject
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to uncertainties also seems an interesting future research direction, which will be a topic for future exploration. These
results will be reported elsewhere.
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APPENDIX A. CONTROLLER MATRICES FOR VTOL HELICOPTER MODEL

The clock- and parameter-dependent controller matrices appearing in the expression of X, for the specific example of

VTOL aircraft model given in (59) are computed as

1.1693p + 0.113037 — 3.0872  3.4396p + 0.826657 — 7.8907
—5.8544p — 3.37597 — 3.0099  —18.989p — 24.0727 — 28.81
2.1227 — 8.9525p + 29.363 14.457t — 24.358p + 93.343

—0.44292p — 6.03097 — 27.131 —5.1879p — 41.4517 — 103.04

Az, p) =

5.9491 — 0.495957 — 2.6331p 6.6653 — 0.58384t — 3.0373p
14.365p + 14.467 + 14.928 16.464p + 17.0277 + 18.075
18.643p — 8.70417t — 66.592  21.525p — 10.2547 — 75.613
3.7461p + 24.9457 + 67.74 4.1706p + 29.3847 + 78.001

(A1)
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0.0001177p — 0.00271077 — 0.00048673
0.0794117 — 0.0015755p + 0.0087851
0.00014834p — 0.0489157 — 0.0036706
0.139517 — 0.0021222p + 0.014086

Ad(Ta p) =

0.00025001p + 0.000528557 — 0.00013593
—0.0150997 — 0.0028309p — 0.0098077
0.00929917 — 0.00023452p + 0.010217
—0.0265147 — 0.0034232p — 0.020467

—0.00179397 — 0.0002946p + 0.000047637
0.0021794p + 0.0520097 + 0.01844
0.0014933p — 0.0320387 — 0.017342
0.0016073p + 0.0913567 + 0.037035

0.00025598p + 0.00120537 — 0.00010276
—0.034927 — 0.0022891p — 0.012987
0.0215117 — 0.00088194p + 0.012834
—0.0613367 — 0.0022261p — 0.026564

3.27667 — 110.78p + 152.6 0.015642  0.0059962p — 0.00237897 — 0.0039152
Bz, p) = 517.54p — 81.8657 + 290.12 L Co) = 0.043709 0.014969p — 0.0161017 — 0.021909

820.95p + 34.1047 — 2255.9 —0.031731  0.00969727 — 0.010653p + 0.012585

15.23p — 106.267 + 2454.3 —0.035727 0.0114257 — 0.011887p + 0.01599

—0.83887
Ca(t) = Ozu4, D(7) =

0.59394 — 0.03557 — 0.24502p '
where p € [0,1], 7 = min{t — t;, Tp}, and Tp =0.2.
APPENDIX B. CONTROLLER MATRICES FOR THE DELAYED SWITCHED SYSTEM

The clock-dependent controller matrices for the specific example of the switched systems in Section 4.3 are

given by

0.023027 + 0.15243
0.00076656 — 0.0437917 |,
0.015872 — 0.027957

0.00183027 — 0.00041468

, Cai(7) = 0.018746 — 0.0100737 ,

[ 0.0781777 — 1.5148  0.792897 — 2.4233  —0.122367 — 1.1054
A1(z) =| 0435467 +1.1966  0.54427 —4.1594 —0.384287 — 1.2285 |,
| 0.437877 +0.44807 0.981997 —4.7281  —0.421097 — 2.508
[ 013762 - 0.032851z  0.0850547 — 0.039768
Aq(r) =| —0.00837137 — 0.10522 0.18785 — 0.0361287
0.073338 — 0.0218527  0.0147187 — 0.15337
2.8052 — 0.25627t 0.00347137 + 0.073795
Bi(r) =| —1.08997 — 0.48908 |, Ci(r) = 0.46754 — 0.161817
1.0462 — 1.10227 0.16385 — 0.00012037

Di(z) = 0.0224687 — 0.46118.

0.402327 4+ 2.4086 —0.791517 — 3.7947
A7) =| 1174t +5.9596  —1.85137 — 8.6271
| 0.849597 +5.0248  —1.43847 — 6.6277
[ 0.29368 — 0.28757c  0.571257 +0.1688
Ag(t) =| 0.19985 — 0.231487
| 0.11925-0.287867  0.54977 + 0.010571

0.0080545 — 0.00486187
(B1)

—0.607927 — 3.8863
—1.58197 — 4.5217 |,
—-1.11017z — 5.0075

0.414577 + 0.01541
0.366357 + 0.058319 0.246447 — 0.082486 |,
0.357717 + 0.1091
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T T
0.452037 + 3.652 —0.135127 — 0.86276 0.0402377 — 0.0053372
By(t) =] 0.348627r +1.851 |, Ci(7) = 0.226047 + 1.0378 , Cip(7) =| —0.0807437 — 0.017755 | ,
0.372727 + 1.9117 0.204177 + 0.90664 —0.0562597 — 0.014578

D,(t) = —0.173367 — 0.87176,

where 7 = min{t — t;, Tp} and Tp =0.1.

(B2)
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