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Abstract: This paper investigates the issue of energy-to-peak control for continuous-time switched
systems. A generalized switching signal, known as persistent dwell-time switching, is considered. Two
different strategies for state-feedback controller design are proposed, using distinct Lyapunov functions
and a few decoupling techniques. The critical distinction between these two strategies lies in their
temporal characteristics: one is time-independent, while the other is quasi-time-dependent. Compared
to the former, the latter has the potential to be less conservative. The validity of the proposed design
strategies 1s demonstrated through an example.
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1. Introduction

Switched systems (SSs) are a significant subclass of hybrid systems consisting of a series of sub-
systems and a signal for controlling the switch among them [1]. Over the last few decades, SSs have
been applied in various domains, such as DC-DC power converters [2], inverter circuits [3], unmanned
vehicles [4], secure communication [5], fault estimation [6] and image encryption [7]. At the same
time, stability analysis and controller design for SSs, as fundamental issues in the control area, have
been intensively studied and a significant amount of results have been proposed in the international
literature; see, e.g., [8—16].

The stability of an SS is dependent on each subsystem and highly affected by the switching fre-
quency. Although all subsystems are asymptotically stable (AS), the entire SS may have a non-
convergent solution trajectory caused by fast switching [17]. However, the stability can be maintained
when the switching is sufficiently slow in the sense that the running time of each active subsystem is
not less than a specified threshold called the dwell time (DT) [18]. Actually, this is also true even when
fast switching occurs occasionally, as long as the average dwell time (ADT) is long enough [19].
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In 2004, a type of switching signal, called the persistent DT (PDT) switching signal, was introduced
in [20] to represent the switching signal that has infinitely many intervals of length no less than a
given positive constant € (i.e., the PDT) during which no switch occurs, and distance between two
consecutive intervals with this property does not surpass a period of persistence ¢. As explained in [20],
the PDT switching is more common and suitable than DT and ADT switching for describing switching
phenomena associated with hybrid systems.

There have been various control strategies, including uniform tube-based control [21], fault-tolerant
control [22], quasi-synchronization control [23], quantized fuzzy control [24], £L; finite-time control
[25], dynamic output-feedback control [26], sliding mode control [27] and model predictive control
[28], that have been introduced for discrete-time SSs with PDT switching over the past few years.
To the best of our knowledge, however, there are no available reports on the energy-to-peak control
of continuous-time SSs (CTSSs) with PDT switching. Energy-to-peak control can guarantee that the
infinity norm of the controlled output is less than a certain disturbance attenuation level [29]. In
many practical situations, such a control approach serves as an appropriate selection for system design
because it is insensitive to specific statistical characteristics of the noise signals and exhibits good
robustness [30].

In this paper, we are interested in the energy-to-peak control for CTSSs with PDT switching. Our
objective is to ensure that the CTSS is AS with a certain energy-to-peak disturbance-attenuation perfor-
mance (EPDAP) level [31]. We first introduce a lemma regarding the asymptotic stability and EPDAP
analysis of the PDT-based CTSS. Then, we propose a time-independent state-feedback controller de-
sign approach using a Lyapunov function (LF) and decoupling techniques. To reduce conservatism, we
further present a quasi-time-dependent (QTD) controller design method. The required gains of these
two types of controllers can be obtained by means of feasible solutions of linear matrix inequalities
(LMlIs), which are known to be easily solved with available tools in MATLAB [32]. Finally, we give
an example to illustrate the effectiveness of our controller design strategies.

Notation: We denote by R” the n-dimensional Euclidean space, by Z, the set of non-negative in-
tegers, by R the set of real numbers, by || - || the 2-norm, and by |[-]| the round-down operator. We
apply an asterisk “+” to represent a symmetric term in a matrix and the superscript “7T” to stand for
the transpose operator. For any square matrix X, we utilize X > 0(< 0) to imply that the matrix is
symmetric positive-definite (negative-definite) and define . (X) as X + X”. Moreover, we let K, be a
class of continuous and strictly increasing functions S(-) that satisfy S(0) = 0.

2. Preliminaries

In the field of control for SSs with PDT switching, the majority of published work primarily focuses
on the discrete-time setting; see, e.g., [21-28]. In this paper, we will consider CTSSs with PDT
switching as in [33,34]. The system model is described by

lﬂ(f) = Ag(,)l,//(l‘) + B;-(t)l/l(l‘) + E;(,)?D'(l), (2.1a)
é(t) = G (o), (2.1b)

within which ¥ (r) € R", ¢(¢) € R” and u(t) € RY stand for the state, controlled output and control input,
respectively; @(f) € R” denotes the exterior disturbance that belongs to £,[0, o] [35]; A, Bey» Ecar
and G are the given system matrices; ¢(f) denotes the switching rule, which is a right-continuous
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Figure 1. The illustration of PDT switching.
function defined on [0, co) and takes values in M = {1,..., M}. The sequence formed by all switching
moments is givenas fy = 0, ..., 1, . ... The minimum time interval between any two switching moments

is defined by s, = min{#,; — 1} (I € Z,). To avoid Zeno behavior, we set i, > Cy, where Cj is a positive
constant.

As described in Figure 1, the whole time axis is divided into infinitely many stages, where each
stage consists of two parts, namely the slow switching part (i.e., e-part) and the frequent switching
part (i.e., 6-part). We denote by ¢, and J, the duration of each of these two parts in the r-th stage,
respectively. Additionally, we use t,,, to represent the initial moment of the r-th stage and n, to stand
for the number of switches within the period of (., tur+1)). Evidently, &, and 6, satisfy &, > & and
6, < 0, respectively, and the switching moments within the interval (z,,,), t+1)) can be shown as
I +1s - s bn(rytns - - - Em(ry4n,- FOT all K € Z,, we denote further that 6, = t()xs1 — Ln+x- Then,
according to the meaning of the symbols introduced, it can be seen that 6, , < ¢ and 11y = tgr)en,+1-

Remark 1. According to the PDT switching scheme, in the r-th stage, the duration of the slow switch-
ing part is at least &, and the duration of the frequent switching part does not surpass d. As compared
to the DT and ADT switching schemes, the PDT switching scheme is more general. To be more spe-
cific, when ¢ takes values of zero and infinity, the PDT switching scheme degenerates into the DT and
weak DT switching schemes, respectively [20]. Furthermore, unlike the ADT switching scheme, the
PDT switching scheme does not impose any restrictions on the switching frequency of the frequent
switching part [36].

Let us now introduce the concepts concerning the asymptotic stability and EPDAP:

Definition 1. We say that CTSS (2.1) is AS if there is a function 5(-) € K, such that
@I < Bl @)l

holds in the case of w(t) = 0.
Definition 2. Given a scalar y > 0, we say that CTSS (2.1) has the EPDAP level vy if

lp)IIZ, < sz (1)l dr
0
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holds under y(0) = 0, where ||¢(?)||ec = SUp,s ll(2)]].

Before ending the section, we state three preliminary propositions that we are going to use to prove
our main results.

Proposition 1. [37] Given a scalar p > 0 and two locally integrable functions ¥V (t) and I'(t) defined
on [0, o), if ¥ (t) < —p ¥ (f) + T(¢t) holds, then we obtain
!
V() < eV (0) + f e P"IT(o)do, t > 0.
0

Proposition 2. [38] Given a real number n and real matrices X, M, U and ‘W,

[ X * <0

U -mWY nS{W)

holds if and only if both X < 0 and X + .Z{YTU} < 0 hold true.

Proposition 3. [39] For any real matrices N1, N> and N,

N N,
[* N3]<O

holds if and only if
N3 < 0and Ny = NoN;INT < 0.

3. Main results

We will give the following lemma, which provides a criterion for the analysis of the asymptotic
stability and EPDAP.

Lemma 1. Given scalars 6 > 0, u > 1,p > 0,y > 0 and h, > 0, suppose that there is an LF
Yooy W(@), 1): R",Z;) — R and two classes of functions B,(-), B2(-) € K such that

Billw®I) < Y@@, 1) < Bl (D)D), (3.1)
Ve @(8), 1) < w0, 1), (3.2)
Ve @@, 1) < =pYeoyW (@), D) + @@, (3.3)

I < ¥* Vo (W(e), 1) (3.4)

hold. Then, for any PDT switching signal satisfying

G /h + 1np
E2 —mMm —
P

S, (3.5)

CTSS (2.1) is AS with the EPDAP level y = y AJu®/h+1,
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Proof. Denote by N(a, b) the count of switched times within any left-open time interval (a, b]. Then,
for any ¢ € [t,, t,+1), kK € Z,, one has

s
Vi@ (t), 1) < VPPV 0, (0), 0) + f pN 0P (o) dor. (3.6)
0

Inequality (3.6) can be shown by mathematical induction. In fact, for ¢t € (%, #) (i.e., k = 0), using
Proposition 1, one can get from (3.3) that

Yoy W), 1) = Vo)W (2), 1)

t
< e V0 ¥(0), 0) + f e @ (o) do.
0

Because of N(o, t) = 0 for o € [1, t), the inequality (3.6) obviously holds. For ¢ € [t;, 1) (i.e., k = 1),
from (3.2) and (3.3), one can obtain

Ve W (0, 1) = Vo (@), 1)

!
< e Y0, 1) + f e w(o)|Pdo

1

!
< e Yo (1), 1) + f e w (o) do

n

/1 !
= e PP, (4(0), 0) + f ()| Pder) + f ()P der
0

51

8l !
= pe™" V0 (0), 0)+,Uf e_p(t_(r)llw(o')llzd0'+f e\ (o) | do
0

4]
t

= N0 Y 0)((0), 0) + f PN e (o) Pdor,
0

which means that the inequality (3.6) is satisfied. Next, assume that (3.6) holds for ¢ € [#, t;41) (k >
1,k € Z,). Then, one can write the following inequality:

f
VoW (@), 1) < p" e PC090,(0), 0) + f PN e PP, € [t tar). (3.7)
0
For t € [tj41, tk+2), using (3.2) and (3.3) and noticing that N(0,7) = k + 1, one has

Yooy W0, 1) = V. n W (D), 1)

!
Se_p(’_”‘“)”//g(;k+])(l//(fk+1)’fk+1)+f e P (o)|[*do

ksl

!
< e PR Y o Wt i) + f e\ (o)|Pdo

Tkel

!
:ye‘p(t"“')fl_i)n} Ve (@), £) + f e P (o)||Pdo.

tk+| Th+1
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It follows from (3.7) that

"
< pe ™ lim {uN“)"“e"’”“)’"fé(m(w(O),0)+ f uN“”“e‘ﬂ<’°“’>||w((r)||2da}
0

S
F=ty

!
+ f e P (0)|[*do

Tke1

f_)tl;rl

s
= lim {#e—p(t—tm)#N(O,t”)e—p(t’—O)a//g(O)(l/,(O)’ O)+’ue_,0(t_tk+l)f #N(cr,t")e—p(t"—ff)||w(0-)||2d0-}
0

!
+ f e (o)l Pdor

Tke1

Tk+1 !
= ©M e, ((0), 0) + f pN 0@ (o) |Pdo + f pN D@ (o)|Pdo
0

Tke1
t

= N0 Y0, (Y(0), 0) + f PN e (o) dor,
0

which means that (3.6) holds true for t € [ti41, fi+2).
When @ () = 0, for ¢t > 0, one obtains from (3.6) that

Yooy @(@), 1) < NP Y0, (0), 0),
which, together with
0<N(o, 1) < (’_—‘T + 1)(5/@ £ 1)
E+0

results in
(6/hy +1) Inp

PewW@), 1) < p" eI (0(0), 0).
From (3.5), one can find that
B O0/h; + 1) Inu 0.
e+0
It follows from (3.1), (3.10) and (3.11) that

(6/hy +D)Inp

Bl @Il < p e~ B, (I (0)]])
< 1B (Il 0)),

which means that

@l < 87 @ Bl (O
Thus, CTSS (2.1) is AS in light of Definition 1.
When @(¢) # 0, given that /(0) = 0, from (3.6), one has

t

Ve W(t), 1) < f uN @D e P (o) |dor,
0

(3.8)

(3.9)

(3.10)

(3.11)
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for any # > 0, which, together with (3.4), yields that

t
lpI° < v f PN D@ (o) P do (3.12)
0

From (3.9)—(3.12), one has
le@)IP < ¥ f p(E5HDOM D =P ()] Pl

f
_ (6/h,+1)lnu
72,u‘5/h’+1f ele- )= D@ (o)||*do
0

[
<y f l@(o)|*do.
0

Thus, CTSS (2.1) has the EPDAP level ¥ according to Definition 2.

Now, as in [40-42], we consider a state-feedback-based controller as

u(t) = Koy (1). (3.13)
Based on Lemma 1, a design approach of the controller in (3.13) is given as follows:

Theorem 1. Given scalars 6 > 0, u > 1, p> 0,y > 0, 8 > 0 and h, > 0, suppose that, for iy € M,
there exist matrices P;, > 0, X;, and Y;, such that (3.5) and

Q% PilEil Q%
* -1 0 <0, (3.14)
b 07X
Pl uPy, (3.15)
[ ] <0 (3.16)

hold, where
Q} = S{PA;, + B, Y, } + pP;,
Qf = P, B;, — B; X, +0Y].
Then, CTSS (2.1) is AS with the EPDAP level y =y W if the controller gains are chosen as
K, =X;'Y,, iie M. (3.17)
Proof. Consider the LF
YW (), 1) = ¢ (P (1).

Under the conditions of P;, > 0, P;, > 0 and (3.15), the conditions (3.1) and (3.2) hold true. For any
¢(t) = iy, taking the derivative along CTSS (2.1), we have

V(). 1) + p Vi (D), ) — @)l

Electronic Research Archive Volume 31, Issue 9, 5267-5285.
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= YL (N Yo (D),

where

wh = v @),
[ SN\P; (A, + B K;)} +pP;, P, E;
Ai1 = « —I

Because Ki1 = X;]Yip we can obtain that y{PilBilKil} = Y{B,-l Yil + (Pil Bil - BiIXil)Xi_]IYil}‘ Then,
utilizing Proposition 2, from (3.14) we have that A;, < 0, which means that (3.3) is satisfied. Further-
more, by applying Proposition 3 to (3.16), (3.4) in Lemma 1 can be guaranteed. Thus, from Lemma 1,
CTSS (2.1) is AS with the EPDAP level y.

The controller designed in (3.13) is time-independent. Next, we focus on the time-dependent design.
The controller to be determined takes the form of

u(t) = Kepy, ¢, (1), (3.18)

where ¢; is a time scheduler that takes values in N = {0, ..., |&/h;]}, described by

[_[mr
[h_,()J 1 E [ty tugy + E),
g =1 |£]. t€ltun+e tumn), (3.19)
1—t,
{h—” s LE [tui+1s tnreny)

with L = maxe|o, t]{tl}-
The following result can be deduced from Lemma 1.
Lemma 2. Given scalars 6 > 0, u > 1, p > 0, v > 0 and h, > 0, suppose that, fort > Q0 and r € Z,,

there exists a QTD LF V.,(Y(1), q): (R",Z,) = R and two classes of functions 3(-), Ba(:) € K such
that

Billy @) < Yoy @), g0) < Bl 1D, (3.20)

Ve WD), q1) < =pYey@(0), q) + l@@)II, (3.21)

B < V> Ve WD), g, (3.22)
/J/y/c(t;wﬂ)(w(tm(rﬂk)a Ma)a k=1,

%(tm(rm)(lp(tm(r)ﬂ)’ 0) < { ﬂ%(t;,(,)i:)(lﬁ(tm(r)w), Mr,K—l)a K=2...., n, + 1 (323)

hold, where

£ Orx
Ms =151 Mr Kk — —|.
{ht| ’ { hy |
Then, for any PDT switching signal satisfying (3.5), CTSS (2.1) is AS with the EPDAP level y =
y ,Ll‘s/h’“.
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Proof. Let %(,)(w(t), 1) = VoW (1), q,). Then, we deduce from (3.20)—(3.22) that

Bl < V0, 1) < Bl I,
Yo WD), 1) < —p Py (W(0), D) + DI,
PN < ¥ Fo (W (D), 1),

which correspond to (3.1), (3.3) and (3.4) in Lemma 1, respectively.
Next, we need to prove that

Py WD), 1) < Y W@, 1) (3.24)

holds, which corresponds to (3.2) in Lemma 1. Obviously (3.24) holds true when 7 is not a switching
instant. When ¢ = #,,5+1 (r € Z,), from (3.23), we obtain

Ve W(t), 1) = Y ettmions) W15 Qi)
c(tm(r)n)(‘ﬁ(tm(r)ﬂ) 0)
<1, 0 Wltmi1), M)
= 1y ) Wltmin ), 4
= 1Yo W (0), 1),

)

m(r)+1

and for t =ty (kK =2,...,n,+ 1, r € Z,), we have

Teo W02 1) = V00 W10 Q1)
= Yettmin) W +4)5 0)
< 1o W tmiryen)s My x—1)
=1 Wy Gr, )

m(r)+k m(r)+k

= Wi W), 1).

m(r)+k

Thus, (3.24) also holds when ¢ is a switching instant. The proof is finished.

Then, based on Lemma 2, the desired QTD controller can be constructed according to the following
theorem.

Theorem 2. Given scalars 6 > 0, u > 1, p> 0,y > 0, 8 >0 and h, > 0, suppose that, for iy € M,
i €10,..., M. — 1} and iy € M, there exist matrices P;, ;, > 0, Pi, v, > 0, Xi, i, Xis. 1m0 Yir.i and Yi, a1,
satisfying

1 D D T 1
lq]iliz Pil,iinl Pil,izBil - BilXilsiZ + QYil,iz

* -1 0 <0, (3.25)
s * —07X;,,i,}
‘{112”2 Pi|,i2+1Ei1 Pi],i2+lBl| B Xl| i + QY,{’[Z-
* -1 0 <0, (3.26)
k k —&V{Xil,iz}
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¥ PimEi PiowuBi —BiXim +0Y ]

1M,
* -1 0 <0, (3.27)
* * —0.74Xi, m.}
_Pil,iz G,T ]
[ S0 (3.28)
_Pil,i2+1 GIT ]
[ S| <o (3.29)
—Piy .y, Gl |
[ R p (3.30)
and
Pil,OSﬂpis,K,K:0,1,...,M8 (331)

for iy # i3, where

- 1 - - -
\Pt!u'z = y(Pil,iZAil + Bi1 Yil,iz) + h_(Pil,i2+1 - Pi],iz) +pPi1,i2’
t
- 1 . - -
lPizliz = y(Pil,izﬂAil + B, Yil,iz) + h_(Pil,i2+l — Pi, i) + pPiy i1,
t

Wiy, = y(pil,MgAil + BnYil,Mg) +pPi m,-

Then, for any PDT switching signal satisfying (3.5), the time-dependent controller in (3.18) can ensure
that CTSS (2.1) is AS with the EPDAP level y = y \Ju®"+! if the control gains are chosen as

Ky =X;" Y0 it €M, b eN. (3.32)

Proof. Define n;, = ixh,. Then, the switching interval [f,,, tu)+1) can be reformulated as

Mo—1
(s tmry+1) = iUO () + Miys tnery + Ni1) U [y + Mtz Eingry+1)-
Z
Consider the following LF

Yoy W), ) = ¢ (PO, g (D), (3.33)

where

tm(") + 77q,, tm(r) + nq,+1)’ 0 < q: < Mg - 1’
bty + MMgs (415

tm(r)+/( + nq,’ tm(r)+K + 7]q,+l)’ 0 < q: < Mr,/( - 17
tm(r)+/< + UM,,K, tm(l’)+K+1)9

Peo.q + (Pg(t),qt+1 - Pc(t),q,)SO(t),

P 1), Mg>
P(s(t), g)=1 55N - .
) Por.q + (Pt g1 = Poioy.q, )0,

te|
te|
te|
Py, . tel
t = (b +1g,)

hy

()= ,k=1,2,...,n,.

Note that 7., ((2), q,) is continuous on [, t,u-+1)) and differentiable at ¢ # f,,,+.. Obviously, (3.20)
is satisfied. In addition, (3.23) is guaranteed by (3.31).

Electronic Research Archive Volume 31, Issue 9, 5267-5285.
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Next, we only need to show that (3.21) and (3.22) hold true for any ¢ > 0. In order to simplify the
notations, we take ¢(f) = i; and g, = i,. For any r € Z,, when ¢ € [t,), tme) + m,), We can get from
(3.33) that

Y@@, i) = "0 (Pi iy + (P it = Pry i) 00)) w0). (3.34)

Then, we obtain

V@), i) = 207 @) (P + (Piviner = Piyiy) 0(0) () + w "0 (Piyiner = Pivi)w®. (3.35)
According to CTSS (2.1) and (3.35), we have
Y W(0), i) + p¥ (D), i2) = lw(@)IP
=207 (1) (P + (Prv.ine1 = Pivis) (D) (Ai, + By, Koy i))(t) + Eiy (1) + py” (0P, 1, t)
+ 0" () (Pry iyt = Pi i) @(O(0) + ;%WT(” (Piviver = Piyi) w0) = w0l
= (1- <p<r)>(wT(t)5/ (Piv.is(Ai, + Bi, Ky 1)) ) + " (0. (Pi 1, Er) w(0) + py" (0P, 1, (2)
270 (P = Pan) 00 = @O + 6047 07 (Pr Ay + B, Ki i) 00
+ " (0.5 (Pir.iyri En)) @(0) + pu" (OP;, iy1(0) = (1)
+ hltw%) (Piises = i) 00)
= (1 = (DY L OB, Yr (1) + PO L (DO, Y (D), (3.36)

where

©Li Piiki ®).. PinnEi
®1i1i2:[ :”2 1_1 ](9211:2:[ 2;”2 lfl e

- |
®i1112 y(Pil iz (All + BllKll lz)) /’l_ (Pil»i2+1 Pll 12) +pP,1 i2>
t
| . - -
0,1, = y( i+t (A +Bi1Ki1,i2)) + h—(Pil,izn - Pi|,i2) + PPy iy
t
In addition, utilizing CTSS (2.1) and (3.34), we can get

IO = ¥* ¥, (1), in)
=y (DG Gi (1) = V0" O (Piiy + (Piyiyr = Py i) 0(0)) )
= (1= @OW" (0 (GG, =¥ Piyoy) W) + @O0 (0 (GE G, = ¥ Piy iy )00, (337

Similarly, when t € [t + a5 tm+1), We have from (3.33) that
Yo (W(0), My) = 4" (OP;, y,(2).
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This, together with CTSS (2.1), enables us to get that

VW), M) + p¥;, (1), My) = lw@)I* = L (6)Osi,m,Y0(D), (3.38)
IO = ¥ 74, (w(0), M) =" (6) (GL.Gi, = ¥* Py, ) 02), (3.39)

where 3 3 )

O 1 = y(Pi,ME(Ail + BilKil,ME)) +pPiy, PiumEi
3i M, " _J .
Utilizing Proposition 2, we can deduce from (3.25)—(3.27) that

Wi, + 7 (Ui X, Vi) < O, (3.40)
Wiy + 7 (Ui X; ', VIL) < 0, (3.41)
Wi, + -7 (Usiomn X; ', Vi) < 0, (3.42)

where
[w! P, ,E; V2 Py ,uE;
1,21 l|,12+1 1]
Wi, = 12 S, = 12 7

¥ P, . E
- % -] " -7 ],\Ij3i1i2 = l :LZ : 1]9

[/ - r 17 - r 1F
Uliliz = »(P,']’izB,‘] — Bi1Xi1,i2) 0] , U2i1i2 = [(Pil,i2+1Bi| - Bi1Xi1,i2) O] )

Usiim, = :(Isi],MgBi, - B,-]X,-I,MS)T O]T, Vim, = [Yil,Mg O]T.

From (3.32) and (3.40)—(3.42), we can obtain that ®y;,;, < 0, ®y;,;, < 0 and O3;,,, < 0, which, together
with (3.36) and (3.38), ensure (3.21) for ¢ € [t,), tmr+1)- In addition, by means of Proposition 3,
(3.28)—(3.30), (3.37) and (3.39) ensure (3.22) for t € [ty(), tm)+1). Furthermore, due to the fact that
M, , < M., (3.25)—(3.30) guarantee (3.21) and (3.22) for t € [ty4)+15 Ime+1))- Thus, (3.21) and (3.22)
hold true for any t € [t,), tmi+1)). Considering the arbitrariness of r, by Lemma 2, CTSS (2.1) is
shown to be AS with the EPDAP level ¥ = y 4/ud+1. The proof is finished.

Remark 2. As commonly reported in the literature on SSs with PDT switching (see, e.g., [43—45],
the design strategy proposed in Theorem 1 is time-independent. In order to reduce conservativeness,
Theorem 2 presents a QTD design strategy by incorporating the time scheduler q, effectively. The
benefits of this approach will be demonstrated in Section 4. However, it may be worth noting that this
improvement comes at the cost of increased computational complexity.

4. Example

Consider CTSS (2.1) subject to the following parameters:

AI:[_O'S 0.6 ],Blz[ 0.1 ]’

0.83 -0.55 0.28
-0.6 0.55 0.1
Az‘[ 0.5 —0.3]’32‘[0.2}’
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Table 1. Optimal EPDAP level y,,;, for different values of p given u = 1.2.

7min
Method 5=01  p=02  p=03 p=04  p=05
Theorem 1 0.0849 0.0990 0.1182 0.1463 0.1917
Theorem2  0.0724 0.0837 0.0991 0.1210 0.1556

Table 2. Optimal EPDAP level y,,;, for different values of u given p = 0.5.

7min
Method p=125  u=13 p=135  u=14  u=145
Theorem I 0.2301 0.2741 0.3246 0.3821 0.4472
Theorem?2  0.1845 0.2180 0.2567 03010  0.3515
2.5
s@®)
, _ |
151
A
0.5 . . . .
0 5 10 15 20 25 30

t

Figure 2. Trajectory of ¢(7).

Ei=|on | =] 03 |
GI:[O.I -0.1 ],GZ:[OQ —0.2].

We set 6 = 2, h, = 0.2 and 6 = 0.1. Then, by solving the LMIs of Theorems 1 and 2, respectively,
we can get the comparison outcomes of the optimal EPDAP level y,,;, for different values of p and g,
as described in Tables 1 and 2, respectively. From these two tables, we have two observations. First,
when one of the values of p and u is fixed, the optimal EPDAP level y,,;, increases as the value of the
other parameter increases. Second, when comparing the controller design method given in Theorem
1 with the one in Theorem 2, it is evident that the latter always yields better performance levels ¥,,,.
This improvement can be attributed to the fact that the design method in Theorem 2 is QTD.

Next, we set p = 0.4 and u = 1.1. By solving the LMIs of Theorem 2, we get the EPDAP level
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Figure 3. Trajectory of ¢,.
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Figure 4. The trajectories of () for the open-loop CTSS.

Ymin = 0.0866 and the controller gains as follows:
Kio| Ky | | =3.7775 05573 | -2.5836 -0.7731
K> | Kz | | -1.7309 -1.7872|-3.8081 1.3118 |’

Kyo | Koy | | —2.3377 —-0.4988 | —1.4927 —1.4947
Kyy | Kbz | | =0.7562 -2.3323 | —=3.2563  0.2743 |’

In the simulation, we take the exterior disturbance as @w(¢) = e %% sin(2¢) and set the initial value

as y(0) = [5 — 2]". Figures 2—4 show the trajectories of PDT switching mode ¢(¢), time scheduler ¢,
and states of the closed-loop CTSS, respectively. It is evident from Figure 4 that the open-loop CTSS
is unstable. The trajectories of the states and control input of the closed-loop CTSS are depicted in
Figure 5. It is apparent that the curves tend to zero as time t — oo, indicating that QTD controller
(3.18) can ensure that the closed-loop CTSS is AS.
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Figure 5. Trajectories of /(¢) and u(t) for the closed-loop CTSS.
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Figure 6. Trajectory of y(¢).

At last, we introduce

sup, {ll¢(s)I}
y(@) = - .
i llm(s)lPds

Figure 6 further describes the curve of y(¢) given that ¢(0) = [0 0]”. Apparently, y(f) progressively
converges to 0.0077, which is smaller than the optimal EPDAP level y,,;, = 0.0866. This shows the
effectiveness of controller (3.18) in ensuring the EPDAP of the closed-loop CTSS.

5. Conclusions

This work investigated the issue of energy-to-peak control for CTSSs with PDT switching. With
the aid of an LF and a few decoupling techniques, a time-independent controller design approach
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was proposed in Theorem 1. To reduce conservatism, a QTD controller design method was further
presented in Theorem 2. The required gains of these two types of controllers can be acquired by solving
LMIs. Finally, an example was utilized to illustrate the validity of our controller design approaches.

The controllers under consideration are based on full-state feedback, which utilizes state variables
as feedback signals to generate control inputs. However, there are certain scenarios in which imple-
menting such controllers becomes challenging because directly measuring all of the state variables
is often difficult [46]. The issue of energy-to-peak control for CTSSs with PDT switching based on
output feedback will be explored as an extension of the current work.
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