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ISS of rapidly time-varying systems via a novel presentation and delay-free
transformation

Rami Katz, Emilia Fridman, Fellow, IEEE and Frédéric Mazenc

Abstract— We treat input-to-state stability (ISS) of linear
continuous-time systems with multiple time-scales. These
systems contain rapidly-varying, piecewise continuous and
almost periodic coefficients with small parameters (time-scales).
Our method relies on a novel delay-free system transformation
in conjunction with a new system presentation, where the
rapidly-varying coefficients are scalars that have zero average.
We employ time-varying Lyapunov functions for ISS analysis.
The analysis yields LMI conditions for ISS, leading to explicit
bounds on the small parameters, decay rate and ISS gains. The
novel system presentation plays a crucial role in the ISS analysis
by allowing for essentially less conservative upper bounds on
terms containing the small parameters. The derived LMIs
are accompanied by suitable feasibility guarantees. Numerical
examples demonstrate the efficacy of the proposed approach in
comparison to existing methods.

Index Terms— stability, averaging, time-varying systems, ISS,
Lyapunov methods.

I. INTRODUCTION

Systems with almost periodic signals and/or excitations
are central to physics and engineering. Applications of such
systems include vibrational control [5], power systems [18]
and time-delay systems [21] (see also references therein).
Such systems often include componenets evolving over
multiple time-scales (see e.g. [9] for applications to systems
biology). Hence, it is not surprising that perturbation theory
has played an essential part in the analysis of systems with
rapidly time-varying coefficients and led to important results
[2], [11], [12], [20], [16]. However, most of the existing
results are qualitative in nature.

The method of averaging is an important perturbation-
based technique for the study of stability of systems with
oscillatory control inputs [3], [13], [15]. The fundamental
idea behind asymptotic averaging is that stability of the first-
order averaged system guarantees stability of the original
rapidly-varying system for small enough values of the time-
scale parameter (see e.g. [17, Chapter 8]). However, it is
often the case that asymptotic averaging provides only an
existence result, without an efficient and explicit bound on
the small parameter for which the stability of the original
system is preserved. For singularly perturbed systems, such
bounds were derived in, e.g., [12] and [6] via a direct
Lyapunov approach.
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Recently, the first efficient quantitative methods for
stability by averaging were suggested. A constructive time-
delay approach to periodic averaging of a system with a
single fast time-scale was suggested in [8]. The approch
relies on backward integration of the system, which yields a
neutral-type system presentation where the delay magnitude
is equal to to the time-scale parameter. The stability and
ISS of the delayed system were shown to guarantee the
stability and ISS of the original system. Stability of the
delayed system was analyzed via a direct Lyapunov method,
leading to LMI conditions which yield an efficient upper
bound on the small parameter which preserves the stability
of the original system. This method is also well suited for
averaging of systems with time-varying delays, where the
delay magnitude is of equal order to the time-scale parameter.
These results were extended to Ls-gain analysis for periodic
averaging and to stochastic systems in [22]. Second, [10]
presented a complementary method for averaging-based ISS
and stability in the presence of constant delays and multiple
time-scales. Differently from [8], this method employs a
non-delayed system transformation, leading to a new system
whose ISS guarantees the ISS of the original system. ISS
analysis of the transformed system was performed via a
direct Lyapunov method leading to simple LMIs which
provide quantitative estimates on the small parameters,
internal decay rate and ISS gains. The approach in [10]
was further extended to rapidly time-varying systems with
constant delay, where the novel transformation decoupled the
effects of the delay and time-scale parameter on stability,
thereby leading to stability results for non-small delay
(relative to the small parameter). However, in most of
the numerical examples the results of [10] were more
conservative than the results via the time-delay approach [8],
which motivated the present work.

In this paper we study ISS of rapidly time-varying
systems with multiple time-scales. We employ a novel
presentation of the system, in conjunction with a delay-
free tranformation suggested in [10]. The new presentation
relies on two key ingredients: first, inpired by a similar
presentation for systems with distributed delays and variable
kernels [19], we present the rapidly-varying system matrices
as linear combinations of constant matrices with rapidly-
varying scalar coefficients. Second, we force the latter
coefficients to have zero averages. We then employ the
transformation from [10], thereby obtaining a transformed
system whose ISS guarantees the ISS of the original system.
ISS of the transformed system is studied by employing time-
varying Lyapunov functions and tight bounds on the scalar
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time-varying coefficients (which are less conservative than
the bounds on the time-varying matrices in [10], which
were obtained using Jensen’s inequalities [7]). The resulting
LMIs are backed by theoretical feasibility guarantees.
Extensive numerical examples show that, compared to the
existing results, our approach essentially improves the small
parameter bounds for which ISS of the original system is
preserved.

The article is organized as follows. Section 2 presents ISS
results for rapidly time-varying systems. Numerical examples
are given in Section 3. Conclusions are drawn in Section 4.

Notations: Throughout the paper R™ denotes the n-

is the set of all n X m real matrices with the induced matrix
norm |-||. We also denote Z; = {0,1,2,...} and R>¢ =
[0, 00). The superscript T denotes matrix transposition, and
the notation P > 0, for P € R™ "™ means that P is
symmetric and positive definite. The symmetric elements of
the symmetric matrix are denoted by . For 0 < P € R™*"™
and z € R", we write |z|}, = 2T Pz. ® denotes the
Kronecker product. The standard lexicographic order on R"
is denoted by <jex.

II. ISS-LIKE ESTIMATES OF RAPIDLY TIME-VARYING
SYSTEMS

A. Problem formulation

The recent work [8] considered the fast-varying system
i(t)=A(L) @)+ B (L)dt), t>0 (1)

where z(t) € R"™ for t > 0, € > 0 is a small parameter
defining a fast time-scale, d is a piecewise continuous
disturbance and A : R — R™"*™ and B : R — R"*"™d
are piecewise continuous matrix functions, which are norm-
bounded uniformly for ¢ € [0,00). Under the assumption
that there exist 0 < 7' and matrices A, Bqy, such that

T [*T N(1)dr = Nay + AN(t), ¥t €R, N € {A, B}
2)
with Ag,, is Hurwitz and AA,AB R — R#xn
sufficiently small in norm, [8] proposed a novel time-delay
transformation, leading to quantitative estimate on e for
which ISS of (1) is preserved.
In this work we consider a more general system in the
following presentation with scalar time-varying coefficients
that have zero average (see Assumption 1 below):

i) = A+ XY, 0 (:7) EQ

+BaU+ZNdb( )Bi}d(t), t>0 ®

d,i

where z(t) € R™ for t > 0, d € C'([0,x)), N,N; €
N, {&};_; and {Ed»i}ﬁl are positive small parameters,
{Ai}f.vzl c Rm*m, {Bz-}fv:d C R™™ are constant
matrices, and {a;}.,, {b;}% are piecewise continuous
scalar functions which are uniformly bounded on [0, o).
We allow the arguments of the scalar functions to depend

on different and independent time-scales.

Remark 1: System (1) can be presented as (3) by
fixing €, = eq; = e and presenting A (%), B (%) as
linear combinations of constant matrices with time-varying
coefficients. In this case, N, Ny < max(n?, nngy).

For simplicity of presentation we proceed with the case
N = Ny = 2. The general case follows similar arguments.
We make the following assumption:

Assumptlon 1: The matrix A, is Hurwitz, whereas {al}Z 1
and {b; } _, are almost periodic. Le., there exist positive

constants {7; }z 1 114, 7}] | such that

T [ ay(r)dr =: Aay(t),

i 4)
Ty} [T b (r)dr =1 Aby(t),

vteR
with {Aai}i:1 ,{Ab; }j:1 satisfying

1<i<?2, ne{ab}
(5)

sup,ep [|An (1) < A,

e 2 2
for positive constants {Aq, ar};_ {Abj7M}j:1.
We aim to derive efficient and constructive conditions
which guarantee 1SS-like estimates for (3), with respect to d
and d (see Theorem 1).

B. System transformation and Lyapunov analysis

Inspired by [14], for t > 0, 1 < 4,5 < 2 we introduce

gi(T)a; (é) dr,

€q.iTa. i T
Lreestn gy (m)b; (*) dr,

t+e; T;
sti(t) = _6;1"13 t ‘

Weq,; (t) =——1

€d,j Td,j €d,j
9i(1) =t +e&T; =7, gaj(T) =t +eajTa; -
(6)
for which a simple computation yields
supier |0c,i(t)| < €T sup;eg |ai(t)], 7

SUPyeg [Wey,i (B)] < €d,5Ta,j Supser [b;(1)]-

Differentiating (6), we have for ¢t > 0

bt = (£) = 30 (£),
b =t (L) -an (£).

We introduce the following transformation

ZQH t)Aja(t

and the following assumption:
Assumption 2: We assume that I,
invertible for all ¢ > 0 with

2 -1
(In - Z Qe,z(t)Az> S 61,$ < 0.
i=1

By (7), a sufficient condition for Assumption 2 to hold is
2

Yo €iTiaq | Ail] < 2, where a; = sup,eg |ai(7)].

Indeed, in this case we have

Zwem BBid(t). ()
- Z§=1 Qe,i(t)Ai is

sup
>0

2
c_ e Tia; A;
e Al 02,0 < 1.

(10)

2
SUP¢>0 sz‘:l 0¢,i(t)
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Using a Neumann series, the latter implies that we can take
2 1

e Al 10
We will further employ the notation
0d := Sup;> IIEL Wegi () Bill - (12)
Analogously to (10), we have
12
ba < 5§jlez-Tibz—,M IBill, buar :=supfbu(r)]. - (A3)

Remark 2: For (1) with a single time-scale, the time-delay
transformation employed in [8] has the form

z(t) = z(t) - G(t), g(r)=71—t+€T,
G(t) ==& [, .0 9(T) [A(T)z(eT) + B(7)d(eT)] dT,

which leads to a neutral-type system. This transformation
allows for ISS analysis based on averaging of B (%)
and measurable functions d, whereas (9) allows for non
differentiable d without averaging of B (%) only, which
may be restrictive. Compared to [8], we consider multiple
fast time-scales and unify the transformation in [10] with a
novel system presentation. The non-delayed transformation
(9) simplifies the Lyaponov-based analysis whereas the new
system presentation (3) improves the results in the numerical
examples (see Section III below).

Since d € C*(]0,0)), z(t) is continuously differentiable.
By (3) we have the following expression for z(t), ¢ > 0:

2(t) = Agw {Z(ﬂ + 25:1 0c,i(t) Aix(t) + 21221 wfd,i(t)Bi
xd(t)] + Bayd(t) — 37 we,, (1) Byd(t)
+ 0 [Aa (L) Awt) + Abi () Bia@)]
= S 0D A [ A+ X5y a5 (L) 45] 2 (0)
~ Y 0 (DA | Baw + X1 b (1) By ().
(14)
Next, we aim to vectorize (14). For that purpose, let <j.x be

the lexicographic order on R™ ((,7) <jex (k,1) iff ¢ < k or
i =k, 7 <1I). Introduce

b

) o }{u,k)}glex
) d(t :
4 {(i’j)}ﬁlex

i=1"
2
ZAb<t) = col Abj (i) d(t)} L s
N j=
A=T[Ar A, Ay =[A2 Ay Ay AyA, A3,
Ay =[A1B1 A1By A3B1 AsBs), B=[B1 B,

W= W1 Wa], W; =AgA; — AjAq, 1<i<2.
(15)

By (9), (14) and (15), we have the following for 2(t), ¢ > O:

L) = Aapz(t) + Bavd(t) + AT aa(t) + BZay(t)
—A (I ® Bay) Zo(t) + WY ,(t) — BE,,(t)
FAaoBZ,(t) — AT palt) — AsZ,4(t).

(16)

For ISS-like estimates of (3), let o > 0 be a desired decay
rate and 0 < P € R™*". Introduce the Lyapunov function

V() =23 (17)
and the notation

Qo := PAg, + Al P+ 2aP (18)

Differentiating V' along the solution to (16), we obtain

V +2aV = [2(t)|5,, + 22" (t)PBayd(t)
+22T ()P [AY aa(t) + BZap(t) + WY, (t) + Ao
XBZw(t)] - QZT (t)P [A (12 0 Bav) z (t) +B=, (t)]

—22T(t)P [A1Y, o (t) + A2 Z, 1 (2)] (19)
Substituting (9) and recalling (15), we have
Iz(t)lé = |z(t) — AY,(t) - BZ,(t )IQ = z()[g
+ 17T )IATQAHZ()IW@B 2T (DQaAT (1)
_23: ( )QaBZ ( )+ QTT( )ATQQBZ ( )
(20)

Similarly,

zT(t)PBavd( ) =[z(t) — AY,(t) —BZ, (t)]T PBg,d(t),
( ) [ATAG( ) +BZ b(t) + WTQ(t) + AavBZw(t)

—A (I3 ® Bay) Z,(t) — BE,(t) — A1 T pa(t)

—A2Z,5(t)] = [2(t) — AT,(t) = BZ,(t)] P[ATaq(?)

‘HBZAb(t) + AavB (t) A (12 ® Bav) g(t)

—BE, (1) — Ay Tgalt) — Ao Z,p(t) + WY, (2)] . o

To compensate Y, (t), Z,(t), Zu(t), Zw(t), To.a(t), Zop(t),
YT aq(t) and Zap(t), we employ the S-procedure [7]. Let

N2
H, —col{ (l)} , Hw:col{ 8)} )
i=1 j=1
i,k %]
H,,= col{ E),a)}glcx , Hyp = col {bé’bj)}glcx
(22)
be vectors with nonnegative entries such that for any i, k, j =
1,2 and ¢ > 0 the following hold:

1) g2,(t) < by, 11y w2, (1) < b,
111y 2, (at (£) <0, 1v) 2,003 () <00

(23)
Let Ay, Az, Ay,, € R2x2, Az A=, Az, € R2%2 and
Ay

warNz,, € R**4 be diagonal matrices with positive
diagonal entries and recall (15). By (5) and (23) we have

T, (1) (Ar, ® I,) To(t) < |Av, H,l, |x(t) .
g (t) (AZQ®IM) ( ’AZQH ‘1|d
T(0) (Az, © L) Zu(t) < [Az, Ho, |d<>|2
1) (A=, © L) Zu(t) < [Az, Hol, |d(1)

NN

(1]

)
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Tla(t) (ATQ@ ® I") (t |AT Q a|1 |Jj )|27
Z,(t) (Az,, @ Ln,) Zop(t) < [Az, , Hop|, ld(t) )
T A (1) (ATM ®I )TAa(t) < [Ava, Aol |2(t )I2 :
Z(t) (Aza, ® Iny) Zap(t) < |Azy, Aol 1d(t)]
(24)
where
Aa,M = COl {Aai,M}?:1 s Ab’]y[ = COl {AijM}j':l . (25)

Remark 3: The assumption that the averages of a;,b;
are zero is central to our approach. By assuming this,
{ai,geyi}le and {bj,wed,j}§:1 have smaller L*° norms,
whence the upper bounds in (23) and (24) will be of smaller
magnitude. This fact yields less conservative LMIs in the
Lyapunov analysis. Finally, this assumption poses no loss
of generality since we can substract the averages from the
corresponding functions, while retaining Aa; and Ab; in (5)
and modifying A, and Bg,,.

Introducing

n(t) = col {a(t), d(t),d(t), To(t), Tpua(t), Taalt
Zg(t)> Zg,b(t)7 ZAb(t)a

N

~

~

[1]

€

—~

~+

~—

—~

(24) implies that
0< W =nT(t)[Ao — A1) n(t),
Ao = diag { A, AP, A% 0,0,0,0,0,0, 0,0} :
A, = diag o,o,o,Ag”}, AP = Az, Hy, I,

A((Jl) = (‘AT9H9|1 + ’ATe,aHg,a‘1 + |ATAaAa,M‘1) L,

A = (|Az, Hy|, + Az, Hol|, +
+[Aza, Avatly) Tngs

AW = diag{AT @ In,Ax,, @ Ly, Avy, @ I, Az,

®I"d7 AZg,b ® ngs AZAb ® Indv AZ ® Inda AEW X Ind}
27
Let v, > 0, ¢« =1,2. By (24)-(27) and the S-procedure

|AZg,bH@xb’1

V20V — 2 ld(t)” 3 |d(t ‘ W o)
<n ( )‘116 ed"7( ) 0,
provided
1 2 3 4
* g \\ \J
W — E,Ed E,Ed E,Ed < 0 29
SR I N A ) @)
* * * \112133
with
X [Qu + AV PBa, 0
‘l/ée)d = * fyf]nd + A(<)2> 0 s
L * * -2 I"d + A<3
“_QuA+PW —PA; PA
v® = | Bl PA 0 01,
] 0 0 0
X Qa + A PBay 0
\Ilge)d = * VI, + AP 0 NE
L * * —’y%[nd + Aé‘”

, [—QaA+ PW —PA; PA
v = | —BILPa 0 01,
| 0 0 0
s [—PA (I, ® Bay) —PA; PB
o) = 0 0 0,
| 0 0 0
A [—Q.B + PA,,B —PB
ol = _BJ. PB 0o |,
| 0 0
- [ ATPA, —ATPA
Veeo=1| = —(Ar,,®In) 0 ;
L * * - (ATAa ® In)
© W ATPA, —ATPB
\IIC,Ed - 0 0 0 5
0 0 0
- &, ATPB 0
\Ile,ed - AIPB 0 ) \Ije,ed - A;P]B 0],
—ATPB 0 -B"PB 0
8 T,
\I’g e)d = - dlag {A297 AZg.w AZAb} ® In,
g0 _ |=(Az, @ L) + 20B" PB BT PB
&ed T * — (A=, @) |’

B, =~ (Ay, ®1,) + ATQuA — ATPW — WT PA,

& — ATQ.B - WTPB ATPAMB,

&), = (I ® Baw) " ATPB, {2, = ATPA (I, ® Byy).
Summarizing, we arrive at:

Theorem 1: Consider (3) under Assumptions 1-2.
Let H, H,,Hyq,Hy, be given by (22) and (23)

Given positive tuning parameters «, {e} }1 1 {ed ]}
J_l

{Aa“M}Z . {Awa}J | let there exist 0 < P € R™*™,
positive diagonal matrices Ay, ,Az,,Avy,, € R**?
Azw,AEw,AzAb € R?*2 and ATQ,a7A29,b S R4X4, nd
positive scalars 77,73 such that We. o~ < 0, with W,
given by (29). Then (3) satisfies the ISS-like estimate

e ()* < R |2(0)* +52 maxepo, |d(s)|*

30
>0 (30)

+03 maXseo,¢] ’d

for some B; > 0, ¢ = 1,2,3. The LMI \I!“d <
0 is feasible for small enough «, {e,}Z 1,{ed73}

{A%M}i:1 , {AijM}jzl and large 72, i = 1,2.

Jj=r

III. NUMERICAL EXAMPLES

A. Example 3.1: Stabilization by fast switching I

We consider stabilization by fast switching of a linear
system (see [8, Example 2.2]). Let ¢ > 0 and

. _Jo1 03] ; _[-013 -0.16
A= [0.6 —0.2] ) A2 = [—0.33 0.03}
and for 7 € [k, k + 1), set

A(T) = Xk k+0.0) (T) A1+ [1 = Xppgo.a,k41) (T)] A2, BD)

where X[k r+0.4) is the indicator function of the interval
[k,k +0.4). Note that A(7) is 1-periodic. We present the
system @(t) = A (L) z(t) as 3) with ¢; = €, T; = 1, i =

€

8760



172’ Ba’U:Bl :BQZO,

—0.038

0.024
Aaw = [ 0.042 ] ’

—0.062 (32)

and

ar(r) = {08 TE R +0.0), keZ
T)= ,
' —04, Te[k+04,k+1), keZ

as(t) = —aq (7).
Note that the latter functions are 1-periodic, meaning that
ANg; v =0, i =1,21n (25). Let ¢t € [me, (m + 1)e), m €
Zy and denote w =t —me € [0,€), m € Zy. An explicit
computation of g.;(t), ¢ = 1,2 in (6) yields the bounds
02 1(t) <0.0144¢* and o? 5(t) < 0.0144€*. We then use the
fact that aq(7), as(7) are indicator functions to separate the
analysis into two cases

0.60c (1)
LY o, (t) = I
al (G)QJ( ) _04957‘7(t),

az (1) 0ej(t) = —a1 (1) 0, (1)
and obtain tight upper bounds in (23) for each of the cases.
Thus, we separate the analysis into the two subintervals 0 <
w < 0.4e and 0.4 < w < e. For each subinterval (and its
corresponding bounds (23)) we obtain an LMI of the form
(29). We verify feasibility for both LMIs with the same o
and P. We consider o« € {0,0.005,0.01} and verify the
LMIs of Theorem 1 to obtain the maximal value ¢* which
preserves feasibility of the LMIs. Note that ¢* guarantees
internal exponential stability (and thus the ISS-like bounds)
of (3). The values of €* are given in Table I, where we further
compare our results to the bounds in the recent work [22]. It
is seen that our results essentially improve the results of [22]
with a value of €* larger by more than 2.5 times. Next, we

w € [0,0.4¢)
w € [0.4¢,€)

a=0 | a=0.005| a=0.01
Zhang & Fridman | 0.1920 0.1306 Unchecked
Thm. 1 0.4332 0.3013 0.1662
TABLE I

SWITCHED SYSTEM I - MAXIMUM VALUE €* PRESERVING LMI
FEASIBILITY.

set By, = [01]T and By = By = 024 and verify feasibility
of (29) in order to guarantee (30). Note that in this case the
transformation (9) will not result in terms involving d. Hence,
we obtain classical ISS estimates (i.e., we have 72 = 0 in
(28) B3 = 0 in (30)). Table II presents several pairs (01, 52)
(see proof of Theorem 1) for different choices of a and e.
Here 01 , and 02, were computed using (10) and (11).

¢ = 0.002 ¢=0.16
a = 0.005 | (0.0054,73.503) | (0.5147,99.266)
a =001 | (0.006,76.48) | (0.7126,389.89)

TABLE II
SWITCHED SYSTEM I - ISS GAINS: (81, 82).

B. Example 3.2: Stabilization by fast switching II

We consider stabilization by fast switching of a linear
system with three functioning modes (see [1] and [4]) . Let
€ >0 and

. 1 1
A = {8 gﬂ Az = [21 —01]’ As = [—01 0]3
(33)

and set

Ay, T€k,k+04), keZy

Ag, T€[k4+04,k+0.87), keZ,
Az, T€k+087,k+1), keZ,

A(r) = (34)

Note that A (7) is 1-periodic and can be presented as a linear
combination of A;, i = 1,2,3 with indicator coefficients.
We present the system @(t) = A (L) z(t) as (3) with ¢; =
E,Ti: 17 1= 1,2,3, BM, :B1 :BQ :B3 :0,

0.047  0.33 }

-0.6 —-0.87 (35

Aav - |:
and, for k € Z,

a1 (T) = X(k,k40.4)(7) — 0.4,
a2(T) = X[k+0.4,k+0.87)(T) — 0.47,
a3(T) = X[r+0.87,k+1)(T) — 0.13.

Note that the latter functions are 1-periodic, meaning that
Ay, v =0, 1=1,2,3 in (25). Similarly to Example 3.2.1,
an explicit computation of . ;(t), ¢ = 1,2 in (6) yields
the bounds 7, (t) < 0.0144€, 92 ,(t) < 0.0155127¢* and
02 5(t) < 0.0031979¢>. We then use the fact that ay(7),
az(7) and ag(7) are indicator functions to separate the
analysis into three cases, corresponding to the subintervals in
(34). For each subinterval (and corresponding bounds (23))
we obtain an LMI of the form (29). We verify feasibility
for both LMIs with the same « and P. We consider a €
{0,0.005,0.25} and verify the LMIs of Theorem 1 to obtain
the maximal value €* which preserves feasibility of the LMI.
Note that €* guarantees internal exponential stability (and
ISS-like bounds) of (3). The values of €* are given in Table
1.

a=0 | «a=0.006 | «=0.25
Thm. 1 | 0.4341 0.4177 0.0591
TABLE III

SWITCHED SYSTEM II - MAXIMUM VALUE €* PRESERVING LMI
FEASIBILITY.

C. Example 3.3: Control of a pendulum

We consider a suspended pendulum with the suspension
point that is subject to vertical vibrations of small amplitude
and high frequency (see [11, Example 10.10] and [8,
Example 2.1]). Let € > 0 and

cos(T) 1

Alr) = 0.04 — cos?(t) —0.2 — cos(7) (36)

Note that A(7) is 27 periodic.
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Employing the trigonometric identity 2_0052(7) =1+
cos(27), we present the system @(t) = A (%) x(t) as (3)
with €; = G,TL' = 27T, 1= 172, Ba'u = Bl :B2 =0 and

0 1 10
Aaw = [0.46 0.2} » A1 = [0 1} ’

AQ:[O 0

-0.5 0] , a1 (1) = cos(1), az(r) = cos(27).

Note that a;(7), @ = 1,2 are 2m-periodic, whence A, s =
0, i =1,2 in (25). An explicit computation of g ;(t), i =
1,2 in (6) yields

0e,1(t) = €sin (1), az () 0e,2(t) = §sin (47),
) 0e,1(t) = ecos (7) sin
as (T) Qe,l(t) = (2 cos? (T) - 1)‘96,1<t)7

a1 (1) 0c 2(t) = cos® (1) pea (t), 7=1

which are used to derive the upper bounds in (23). Differently
from the previous examples, here we obtain only one LMI
of the form (29).

We consider o € {0,10%} and verify the LMIs of
Theorem 1 to obtain the maximal value €¢* which preserves
feasibility of the LMI. Note that " guarantees internal
exponential stability (and thus the ISS-like bounds) of (3).
The values of €* are given in Table IV, where we further
compare our results to the bounds in the recent work [22].

a=0 | a=(10m)"?
Zhang & Fridman | 0.0074 0.005
Thm. 1 0.0457 0.0321
TABLE IV

PENDULUM - MAXIMUM VALUE €* PRESERVING LMI FEASIBILITY.

Finally, we consider this example subject to uncertainty.
For that purpose, we replace as(7) = cos(27) with as(7) =
cos(27)+0.4¢(7), where ||g||, < 0.1. In this case we obtain
a nonzero Aax(t) in (4), satisfying [|Aas|l, < 0.04 =:
Ay, 1. We consider o € {0, 75—} and verify the LMIs of
Theorem 1 to obtain the maximal value €* which preserves
feasibility of the LMI. We further compare our results with
[22, Example 4.1]. The results are given in Table V. Our

results are essentially better than the results of [22].

a=0 [ a=(10r)""!
Fridman & Zhang | 0.0058 0.0034
Thm. 1 0.0204 0.0146
TABLE V

PENDULUM WITH UNCERTAINTY - MAXIMUM VALUE €* PRESERVING
LMI FEASIBILITY.

IV. CONCLUSION

We introduced a novel quantitative methodology for
deriving ISS-like estimates for linear continuous-time
systems. The presented methodology relies on a new

system presentation, in conjunction with a delay-free system
transformation. Compared to the time-delay approach to
averaging, the presented method is based on a simpler
Lyapunov analysis of non-delayed transformed systems,
and achieves essentially less conservative LMI conditions
for ISS-like estimates. However, time-delay approach is
applicable not just to classical averaging as considered in the
present paper, but also to Lie-brackets-based averaging [23]
where application of the non-delay transformation seems to
be questionable. Future work may include extension of the
method to systems with delays and applications to control
problems that employ averaging.

REFERENCES

[1] C. Albea and A. Seuret. Time-triggered and event-triggered control of
switched affine systems via a hybrid dynamical approach. Nonlinear
Analysis: Hybrid Systems, 41:101039, 2021.

[2] N. N. Bogoliubov and I. A. Mitropolskij. Asymptotic methods in the
theory of non-linear oscillations, volume 10. CRC Press, 1961.

[3] F. Bullo. Averaging and vibrational control of mechanical systems.
SIAM Journal on Control and Optimization, 41(2):542-562, 2002.

[4] B. Caiazzo, E. Fridman, and X. Yang. Averaging of systems

with fast-varying coefficients and non-small delays with application

to stabilization of affine systems via time-dependent switching.

Nonlinear Analysis: Hybrid Systems, 48:101307, 2023.

X. Cheng, Y. Tan, and I. Mareels. On robustness analysis of linear

vibrational control systems. Automatica, 87:202-209, 2018.

E. Fridman. Effects of small delays on stability of singularly perturbed

systems. Automatica, 38(5):897-902, 2002.

[7] E. Fridman. Introduction to time-delay systems: analysis and control.
Birkhauser, Systems and Control: Foundations and Applications, 2014.

[8] E. Fridman and J. Zhang. Averaging of linear systems with almost
periodic coefficients: A time-delay approach. Automatica, 122:109287,
2020.

[9] G. Hek. Geometric singular perturbation theory in biological practice.
Journal of mathematical biology, 60(3):347-386, 2010.

[10] R. Katz, F. Mazenc, and E. Fridman. Stability by averaging via time-
varying lyapunov functions. 22nd IFAC World Congress. To appear.,
2023.

[11] H. K. Khalil. Nonlinear systems third edition. 2001.

[12] P. V. Kokotovic and H. K. Khalil. Singular perturbations in systems
and control. 1EEE press, 1986.

[13] M. Krsti¢ and H.-H. Wang. Stability of extremum seeking feedback
for general nonlinear dynamic systems. Automatica, 36(4):595-601,
2000.

[14] E. Mazenc, M. Malisoff, and M. S. De Queiroz. Further results on
strict Lyapunov functions for rapidly time-varying nonlinear systems.
Automatica, 42(10):1663-1671, 2006.

[15] S. Meerkov. Principle of vibrational control: theory and applications.
IEEE Transactions on Automatic Control, 25(4):755-762, 1980.

[16] L. Moreau and D. Aeyels. Practical stability and stabilization. /[EEE
Transactions on Automatic Control, 45(8):1554—1558, 2000.

[17] J. A. Murdock. Perturbations: theory and methods. SIAM, 1999.

[18] H. Sandberg and E. Mollerstedt. Periodic modelling of power systems.
IFAC Proceedings Volumes, 34(12):89-94, 2001.

[19] O. Solomon and E. Fridman. New stability conditions for systems
with distributed delays. Automatica, 49(11):3467-3475, 2013.

[20] A. R. Teel, L. Moreau, and D. Nesic. A unified framework for input-
to-state stability in systems with two time scales. IEEE Transactions
on Automatic Control, 48(9):1526-1544, 2003.

[21] X. Xie and J. Lam. Guaranteed cost control of periodic piecewise
linear time-delay systems. Automatica, 94:274-282, 2018.

[22] J. Zhang and E. Fridman. L2-gain analysis via time-delay approach to
periodic averaging with stochastic extension. Automatica, 137:110126,
2022.

[23] J. Zhang and E. Fridman. Lie-brackets-based averaging of affine
systems via a time-delay approach. Automatica, 152:110971, 2023.

[5

=

[6

=

8762



