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We discuss the robust dissipativity with respect to the quadratic supply rate for uncertain
impulsive dynamical systems. By employing the Hamilton-Jacobi inequality approach,
some sufficient conditions of robust dissipativity for this kind of system are established.
Finally, we specialize the obtained results to the case of uncertain linear impulsive dyna-
mical systems.

1. Introduction

In many engineering problems, stability issues are often linked to the theory of dissipa-
tive systems which postulates that the energy dissipated inside a dynamical system is less
than the energy supplied from an external source. In the literature of nonlinear control,
dissipativity concept was initially introduced by Willems in his seminal two-part papers
[14, 15] in terms of an inequality involving the storage function and supply rate. The ex-
tension of the work of Willems to the case of affine nonlinear systems was carried out by
Hill and Moylan (see [7, 8] and the references therein).

Dissipativity theory along with its connections to Lyapunov stability theory have been
mainly applied to dynamical systems possessing continuous motions. However, there are
many real-world systems and natural processes which display special dynamic behavior
that exhibits both continuous and discrete characteristics. For instance, many evolution-
ary processes, particularly some biological systems such as biological neural networks
and bursting rhythm models in pathology, are characterized by abrupt changes of states
at certain time instants. In addition, optimal control models in economics, frequency-
modulated signal processing systems, and flying object motions may also exhibit the same
feature. This feature is the familiar impulsive phenomenon, and the corresponding sys-
tems are called impulsive dynamical systems (see [1, 2, 9, 10, 11, 12, 17]). Recently, re-
searchers have also introduced and studied the stability for other discontinuous dynam-
ical systems such as hybrid systems [18], sampled-data systems [6], and discrete-event
systems [13]. For all these systems, discontinuous system motions arise naturally. More
recently, Haddad et al. have developed dissipativity and exponential dissipativity concepts
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for nonlinear impulsive dynamical systems and left-continuous dynamical systems (see
[3, 4, 5] and the references therein). They have extended the notions of classical dissipa-
tivity theory using generalized storage functions and supply rates for impulsive dynamical
systems and left-continuous dynamical systems.

In practice, the mathematical model used in design usually has some uncertainties.
Therefore, robust control strategy becomes important. Hence, in the dissipative synthe-
sis problems, we should consider the robustness of dissipativity in the presence of the
uncertainties.

In this paper, we consider the robust dissipativity with respect to the quadratic supply
rate for uncertain impulsive dynamical systems. The uncertainty is assumed to be a non-
linear function of the state that happened on the continuous part of the system, and it
is bounded by a known function. Under this condition, we derive a sufficient condition
under which an uncertain impulsive dynamical system is a robust dissipative one. Finally,
we specialize the results to the case of uncertain linear impulsive dynamical systems.

2. Main results

2.1. Dissipativity for impulsive dynamical systems. We consider the impulsive dynam-
ical system

x(t) = fo(x(t) +ge(x())uc(t), te<t<ty
Ax(t) = fa(x(t)) +ga(x(t))ua(t), t=1t;,
Ye(t) = he(x(8)), t<t<t
ya(t) = ha(x(t)), t=t,

where x(to) = xo, t = 0,x(t) € R", Ax(tx) = x(t{) — x(t), uc(t) € R™, ug € R™, y(t) €
R%, y4 € R¥, f.: R" — R" is Lipschitz continuous and satisfies f-(0) = 0, g, : R" — R™ ",
fa:R" — R" is continuous and satisfies f;(0) = 0, gz : R" — R"™™ p.: R" — RE and
satisfies h.(0) = 0, and hy : R" — R¥ and satisfies h4(0) = 0. We will assume that u.(-) and
uq(-) are restricted to the class of admissible inputs consisting of measurable functions
(uc(t), uq(t)) € U forall t = 0, where (0,0) € U.

Definition 2.1. A function (y:(u, yc), ya(ua, ya)), where y, : R™ x Rk — R and y4 : R x
R% — R are such that y.(0,0) = 0 and y4(0,0) = 0, is called a supply rate of system (2.1)
if y(ue, yc) is locally integrable; that is, for all input-output pairs uc(t), yc(£), yc(ue yc)
satisfies ftt lye(uc(s), ye(s))lds < oo for any £ > t > 0, and y4(u4, y4) is locally summable. In
other words, for all input-output pairs ug(x), ya(tr), ya(ua, ya) satisfies

> lyaua(te), ya(t)) | < oo, (2.2)
keN[t,i)

where N[t,£) = {k:t < t; < f}.

Definition 2.2. An impulsive dynamical system of the form (2.1) is said to be dissipa-
tive with respect to supply rate (y., y4) if there exists a C" (r > 0) nonnegative function
V :R" - R with V(0) =0, called storage function, such that, for all (u.,u4) € U, the
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following dissipation inequality holds:

V(x(t))SV(x(to))+Jtth(“c(S)’yc(S))d5+ > ya(ua(te), ya(te)), (2.3)

keN[Lf)
where x(t) (t = to) is a solution to (2.1) with (u., ug) € U and x(tg) = xo.

In [4], several basic dissipativity results for impulsive dynamical systems have been
established, one of which will be introduced in following lemma.

LemMA 2.3 [4]. An impulsive dynamical system given by (2.1) is dissipative with respect to
the supply rate (y., ya) if and only if there exists a C° nonnegative definite function V : R" —
R such that, forallk e N = {0,1,2,...},

i

VD) V(0 < [ @ ©)ds n<tsizien, o

Vi(x(t7) = V(x(te)) < yaualte), ya(te)).

Remark 2.4. 1f in Lemma 2.3, V(x(+)) is C" (r = 1), then, in this case, dissipativity of the
impulsive dynamical system with respect to the supply rate (y., y4) is given by

V(x(t)) < yeuc(t), ye(t), te <t <t

AV (x(1)) = yalua(t) ya(t), kN, (23)

where

AV (x(t)) = V(x(t7)) = V(x(t))

=V () + () + g () ua(8) - V(x(r)). O

2.2. Robust dissipativity for uncertain impulsive dynamical systems. The uncertain
impulsive dynamical system under our consideration can be described as follows:

x(t) = fo(x(0) + fe(x(1) +ge(x(t) uc(t), te<t<ty
Ax(t) = fa(x(t)) +ga(x(t))ua(t), t=t,
ye(t) = he(x(t)), te<t<ty
ya(t) = ha(x(t)), t=t,

(2.7)

where ﬂ :R" — R" represents uncertainty characterized by fc(x) =e.(x)0.(x), fC(O) =0,
the mapping e, : R” — R™ is a known functional matrix whose entries are smooth func-
tions of the state and . : R” — R™ is an unknown smooth vector function belonging to
the set Q¢ = {8:(x) : 18:(x) || < lIne(x)1I}, where n, : R" — R™ is a given continuous func-
tion with n.(0) = 0 and || - || stands for the Euclidean norm.

Definition 2.5. System (2.7) is said to be a robust dissipative system with respect to supply
rate (Y, yq) if, for every &, € Q, the system is dissipative with respect to the supply rate

(Yo Yd)-
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In this paper, we focus our attention on the quadratic supply rate (y., y4) as follows:

Yc(uc:yc) = %{ycTRcyc+2yzscuc+u3chc}: (2.8)
1
va(ug, ya) = E{)’dTRd)/d+2)’dedud+u;Qd“d}, (2.9)

where R., S, Qc, and Ry, S4, Qq are symmetric matrices with R, <0, Ry <0, and Q. >0,
Qg > 0.

THEOREM 2.6. Suppose that there exist functions V:R" = R, I; : R" — RP, wy: R" —
RpPaxmd Py, R" — RYM gnd Py, : R — R™*Md with Py, (x) > 0 for all x € R", such
that V(-) is C' and positive definite with V(0) = 0 and that the following conditions hold:

(C1) forallx € R", ug € R™4,
V(x+ fa(x)+ga(x)uq) = V(x+ fa(x)) + Pru,(x)ug + ungw(x)ud; (2.10)

(C2) there exists a positive definite function A(x) > 0 satisfying the Hamilton-Jacobi in-
equality, for all ty < t < try1, k € N, given by

A4 - AoV povl 1

G e 8 QIS 5 el o e
2.11
W1V g Y LT (5,018 - RO <05 Y

Zaxgccgc ax 25 e O¢ c)ne =05
(C3) fort=t, k€N,
1
V(x+ fa(x)) — Vi(x) - Ehg(x)Rdhd(x) +11(x0)la(x) = 0,

%Plud(x) - %hg(x)sdﬂ,?(x)w(z(x) =0, (2.12)

1
EQd — Py, (x) — w;;,r(x)wd(x) =0.
Then the uncertain impulsive dynamical system given by (2.7) is a robust dissipative system
with respect to the quadratic supply rate (y., ya) given by (2.8) and (2.9).
In order to prove Theorem 2.6, we first prove the following lemmas.

LemMA 2.7. If there exists a C' positive definite V (x), with V(0) = 0, which satisfies the
Hamilton-Jacobi inequality

oV

= 8c(x) T(JC)ﬁ + lhT(x)h (x)<0 >0 (2.13)
ang 8 o 5 e c =0 vy B .

ov 1
a0 gy
then V (x) must satisfy the following dissipation inequality

oV oV
S0+ S oue = 2yl - 1yl (2.14)
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Proof. From (2.13), we get

oV A%
gfc( + —gc(x)uc

1 9V r VT

= _Eth( x)he(x )—2—))25 &(x)g, (X)W
+ %—ch(x)uc - %yzuCTuc + —yzuCTuc (2.15)
= L0l P} - 2 - g 5|
< Pl P~ Ilyel}.
Hence, inequality (2.14) follows. O

LemMma 2.8. For every 6. € Q. and any positive definite function A(x) > 0, the following
inequality holds

oV Ax) 3V vl 1

gec(x)&(x)s 5 axec(X)ec(x) +2M)

nl (x)ne(x). (2.16)

Proof. Since ||6:(x)|l < lln.(x)ll, so for any positive definite function A(x) > 0, we get

oV oV
e < | gexx)ac(x) H—ec x)H 18.2)
A oV
_ )2 ’ 2 21
5 ax ec(x)|| + m”m(x)ﬂ
T
sz) %‘;e (x)eCT(x)aaL)C + ZAtx) nl (x)n(x).
Thus, inequality (2.16) holds. O

Proof of Theorem 2.6. First, we will show V (x) < r.(u,, ye), forall ty <t <ty k €N
Since Q. >0, R. < 0, we can find nonsingular matrices D and E such that Q, = ETE,
S.Q-'S. — R. = DT D, and such that the transformation

ﬂc E EQEISC Uc
he) _ 2.1
(J’ C) (0 D ) (J’ f) 219
is nonsingular.

Let fi(x) = fo(x) — g(x)Q ' Sche(x), ge(x) = g(x)E!, and h(x) = Dhc(x), then sys-
tem (2.7), with respect to the supply rate (r.,74), given by (2.8) and (2.9), changes into
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the form

= fo(x(1)) +ec(x)8c(x) + ¢ ((t))uc() te<t<ty
) = fa(x(t)) +ga(x(t)) ua t=tx,

),

(t

(2.19)
Je(t) = he(x(1)), t<t=<t,
ya(t) = ha(x(t)), t=ty,
with respect to the supply rate (., 74); here,
. 1o~ 02 _ 2
rc(”c:yc) = E{HUCH - ||)’C|| } (2.20)

Hence, system (2.7) is robust dissipative with respect to the supply rate (r.,r4), given by
(2.8) and (2.9), if and only if system (2.19) is robust dissipative with respect to the supply
rate (7, 14), given by (2.9) and (2.20).

From (C2) and Lemma 2.8, we get

Eg‘;(f( ) +ec(x)8c (x ))%%‘;gc( )&l (x )aVT+ hT( Vhe(x)
T
= a—"ﬁm#%aa—vec(x) (x >al+ Mtx) T ()
;%Vgc(x)gf (x)—+ hT(x)h (x) (2.21)
_Iv Aav vl 1
ax {f 8Q; IS he }+ eTW + ﬁncTnc
L1V VT T o )
28x gQ. g o th {SCQC Se Rc}hc_().

Hence, by Lemma 2.7, V(x) < 7.(i, ¥e) = re(ue ye), forall ty <t < iy, k €N.
We will now show that AV (x(tx)) < rq(ua(t), ya(tx)), k € N.
Applying (C1) and (C3), we get
AV (x) =V (x+ fa(x) +ga(x)ug) — V(x)

= V(x+ fa(x)) = V(x) + P, (xX)ug + ul Pry, (x)ug

1

= Ehg (x)Raha(x) = 13 (x)1a(x) + {h} (x)Sq — 21T (x)wa(x) } ug

+u£{le—W§(x)Wd(x)}ud (2.22)

- {hd )Raha(x) +2hY (x)Sauq + ul Qaua}
— {17 () La(x) + 217 () wa(x) g + ugw (x)wa(x)ua}
= ra(ua, ya) = ||Lax) + wa(x)uql|
< rq(ug, ya).
Hence, AV (x(t)) < ra(uq(te), ya(te)) holds for all k € N.
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Thus, by Lemma 2.3, system (2.19) is robust dissipative with respect to the supply rate
(7o, 74), given by (2.20) and (2.9), that is, system (2.7) is robust dissipative with the supply
rate (., 74), given by (2.8) and (2.9), as required. O

In the following discussion, we will apply Theorem 2.6 to a particular class of nonex-
pansive impulsive dynamical systems.

Definition 2.9. A system G, given by (2.1) ((2.7)), is (robust) nonexpansive if G is (robust)
dissipative with respect to the supply rate

(yeulue =y yo yiuiua — yiya), (2.23)

| —

(rera) =

where y. >0, y4 > 0.

CorOLLARY 2.10. Consider system (2.7) and suppose that there exist the following func-
tions: V:R" - R, I; : R" — RP¢, wy : R?* — RPma, Py R — R>Ma gnd Py, : R" —
R™Maxma with Py, (x) > 0 for all x € R", such that V(-) is C' and positive definite with
V(0) = 0 and that the following conditions hold:

(C1) forallx € R", ug € R™,
V(x+ fa(x) +ga(x)ug) = V(x+ fa(x)) + Pry,(x)ug + ugpzud(x)ud; (2.24)

(C2)" there exists a positive definite function A(x) > 0 satisfying the Hamilton-Jacobi in-
equality, for all t, <t < tyy1, k € N, given by

oV AV gVT 1 g LV VT Lg o
S TS e Tt et o g 88 5+ hche < 0; (2.25)

(C3) fort=1t,, keN,

Vet fal)) = V60 + B 0hae) + 15 (ki) =,
P+ (wa(x) =, (2.26)

2
%Im,, — Py (x) = wl (x)wa(x) = 0.

Then the uncertain impulsive dynamical system given by (2.7) is robust nonexpansive with
respect to the quadratic supply rate (y., ya), given by (2.23).

Proof. The result is a direct consequence of Theorem 2.6 with Q. = y2I,,, Sc =0, R; =
-1, Q4 = yé[md, Sa =0, and R, = —I;,, where I is the identity matrix. O
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3. Specialization to uncertain linear impulsive dynamical systems

In this section, we specialize the results of Section 2 to the case of uncertain linear impul-
sive dynamical systems. This kind of system can be formulated as follows:
x(t) = Acx(t) + Acx(t) + Baue(t),  t# t,
Ax(t) = (Aa — In)x(t) + Baua(t), t=t,
ye(t) = Cex(t),  t# t,
ya(t) = Cax(t), =t

(3.1)

where x(ty) = x9, Ac € R B, € R C. e R¥n Ay € R By e R™*ma Cy e Rlaxn,
and A, € Rmxn represent uncertainty. By [16, Lemma 2.1], we can conclude that A, =
E.3.F., where E. € R™" and F, € R"*" are known matrices, and ¥, € R™*" is the
uncertain matrix satisfying

2eQ = {Z e RN 3 =diag{en,....em), & <L ij=12...,n}.  (3.2)

Remark 3.1. From (3.2), it is easy to get that ¥, is characterized by X%, < I,..

THEOREM 3.2. Suppose there exist matrices P € R™", Ly € RP*" and Wy € RP<*™d with
P positive definite, such that the following conditions are satisfied.
(al) There exists a positive constant A satisfying the Riccati inequality

ATP+PA, - (PB.Q.'S.C.+ CIS.Q-'BI'P) + 2APE.E'P

+ %FCTFC +2PB.Q;'BIP + %c{(chglsc ~R)C. <0. (33)
(a2) The following equations hold
ATpA; - P - %cg RiCa+LEL; =0,
AlPB, - %cgsd +LIW, =0, (3.4)

%Qd - BIPB;—WIw,=o.
Then the uncertain linear impulsive dynamical system (3.1) is robustly dissipative with re-
spect to the supply rate (yc, ya), given by (2.8) and (2.9).
Proof. Let V(x) = xTPx, then V is C' and positive definite. Furthermore, let
fc(x) = Acx) gc(x) =B, ec(x) =E,
0c(x) = ZcF.x, Jfa(x) = (Ag = I)x, ga(x) = By, (3.5)
h.(x) = Cex, ha(x) = Cyx, n.(x) = F.x.

This implies that [|8:(x)|| < [In.(x)|| = \/xTFIF_x.

Clearly, Py,,(x) = 2xTATPB,; and P,,(x) = BYPB; > 0.
Thus, by using Theorem 2.6, the conclusion of this theorem follows. O
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COROLLARY 3.3. Suppose there exist matrices P € R"™", Ly € RP", and Wy € RPax™m4,
with P positive definite, such that the following conditions are satisfied.

(al)" There exists a positive constant A satisfying the Riccati inequality

1 2 1
ATP+PA.+2\PEEIP+ ﬁFCT F.+ FPBCBCT P+ ECCT C. <0. (3.6)
c

(a2)" The following equations hold

1
AlPA;—P+ 5c;cd +LILs =0,

ATPB;+LITW, =0, (3.7)
V2
lemd ~BIPB; - WIw,=0.
Then the uncertain linear impulsive dynamical system (3.1) is robustly nonexpansive with

respect to the supply rate (y., ya), given by (2.23).

Proof. The result is a direct consequence of Theorem 3.2 with Q. = y*I,,, Sc = 0, R, =
~I, Qa = Yjlns» Sa = 0,and Rg = —1Ij,. O

4, Conclusions

We have studied the robust dissipativity with respect to the quadratic supply rate for
uncertain impulsive dynamical systems. By employing the Hamilton-Jacobi inequality
approach, some sufficient conditions of robust dissipativity for this kind of system are
established. As for the robust dissipativity with respect to the generalized supply rate for
uncertain impulsive dynamical systems, we will discuss it in future papers.
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