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From passivity under sampling to a new discrete-time passivity concept

Salvatore Monaco, Dorothée Normand-Cyrot and Fernando Tiefensee

Abstract— The concept of “average passivity” is introduced
making use of the Differential Difference Representation (DDR)
of nonlinear discrete-time dynamics. It gives a first insight to-
wards the introduction of a passivity notion which is equivalento
to the continuous-time criterium when applied under sampling.

I. INTRODUCTION

Robust control strategies based on passivity properties or
more in general dissipativity concepts [17], [6] are widely
investigated from theory to practice in terms of Lyapunov
design or H, control as many other efficient approaches for
capturing and respecting the physical structure of the process
(see for example [3], [15], [2] and the references therein).
Specialized studies were developed in discrete time [7], [4],
[10], [13], [14] where additional difficulties occur due to
generic nonlinearity in the control variable of the dissipation
inequalities. The notion of passivity itself deserves a deeper
analysis in discrete time. In particular, in a sampled data
context, the study is further complicated since the sampled
equivalent model of a passive continuous-time plant does
not satisfy a standard discrete-time dissipation inequality.
Such a pathology reflects into the fact that eventhough some
dissipation inequality is preserved see [9], [16], standard
discrete-time passivity of the sampled model is lost. How do
evolve dissipation inequalities under sampling needs specific
attention as it directly affects the digital redesign.

In a linear context, it has been shown in [5], that passivity
under zero-order-holding sampling device is maintained with
respect to a “modified” output matrix. Such a result is
presently generalized to nonlinear input-affine dynamics with
respect to a “modified” output matrix. Then, such a "modified
output mapping” is interpreted as the average of the “true
output mapping” over the sampling time so providing an
interesting physical meaning. This is made possible by con-
sidering the equivalent representation of sampled dynamics
as two coupled differential/difference equations. Arguing
so, it becomes possible to define passivity concepts for
nonlinear discrete-time dynamics without direct input-output
link. Average dissipativity concepts are so introduced for
nonlinear discrete-time dynamics in their differential differ-
ence representations - DDR- [11]. The case of linear time
invariant dynamics is studied as an example. The paper is
organized as follows. Section II recalls dissipativity concepts
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and criteria for continuous-time input-affine systems ¥.. On
these bases, the studied problem is described. Assuming X,
dissipative with supply rate < w,y > and storage function
V, is its sampled equivalent dynamics dissipative?, with
respect to what output mapping ? what supply rate? what
storage function?. In section III, after recalling the dif-
ferential/difference representation of discrete-time dynamics
specialized for dynamics under sampling we describe the
“modified” output mapping with respect to which passivity
under sampling is preserved at the the sampling instants.
The case of linear systems studied in [5] is recovered. In
section IV, a novel average dissipativity notion is introduced
for nonlinear discrete-time dynamics in their DDR. Sufficient
conditions are described through KYP-type properties. The
case of linear time invariant systems is discussed as an
example so providing in the discrete-time linear context too
novel concepts of average dissipativity, average passivity or
average positive realness. The main contribution in Section
V says that under sampling continuous-time passivity is
transformed into average passivity over each sampling time.
For, we interpret the “modified ” output as the average with
respect to the input signal of the “real” output mapping.
Dissipation inequalities under sampling are described. These
definitions are applied to the elementary RC circuit.

II. PROBLEM SETTLEMENT AND SOME RECALLS

The continuous-time case - In this paper, we consider single
input-affine dynamics . over X = R"

f(@) +ut)g(z) M

with output mapping y = h(z). The set of admissible inputs
consists of all U-valued piecewise continuous functions
defined on R, f and g are smooth (i.e. C*°) vector fields
and h is a smooth mapping. Without loss of generality we
assume f(0) =0 and h(0) = 0.

We review some basic concepts related to the notions of
passivity and dissipativity (see [17], [6], [3], [15], [2] for
further details). Let w be a real-valued function on U X Y,
called the supply rate, we assume that for any v € U and
for any zo € X, the output y(¢) of X, is such that

jj =

t
/ lw(y(s),u(s))|ds < oo forall t >0. 2)
0

Definition 2.1: ¥, with supply rate w is said to be dissipa-
tive if there exists a C° nonnegative function V : X — R,
called the storage function which satisfies V' (0) = 0 such
that foralu e U, zg € X, t >0

V(a(t)) - Vo) < / wiy(s),u(s)ds @)
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with z(t) = ®(¢t, xo, u).
The last inequality is called the dissipation inequality. Dis-
sipative systems with supply rate given by the inner product

w(y,u) =<u,y >=y u )

where the super script 7 denotes transpose are passive
systems satisfying

vu@%vuwsﬁfﬁm@w s)

Definition 2.2: ¥, with supply rate w is said to be lossless
ifforalueld, zge X, t>0
t
V() - Vizo) = [ wls)uls)ds. ©

Definition 2.3: Y. is positive rgal ifforalueld,t>0

0< /0 yT (s)u(s)ds ™

whenever xy = 0.

Passivity can be characterized in terms of the Kalman-
Yakubovitch-Popov property [3]: there exists a C'-
nonnegative function V : X — R with V(0) = 0s.t. Vo € X

L;V(x) <0; LyV(z) = h' (2). ()

Proposition 2.1: 1f 3. satisfies the KYP property, then it
is passive with storage function V. Conversely, a passive
system having a C'! storage function has the KYP property.
We note that the KYP property can be interpreted as the
infinitesimal version of the dissipation inequality (6).

The discrete-time case - Considering now a discrete-time
dynamics Y4 in the form of a map

F(z, uk) ©)

T — Thk+1 —

the definition below is usual.

Definition 2.4: ¥, with output mapping y = h(x) is passive
if there exists a C° nonnegative function V' : X — R, which
satisfies V' (0) = 0, such that for all uy € Uy, all z;, € X

V(zppr) = Vi(ex) <y (10)
or equivalently
N
Vizy) — Vixg) < Zy;fuZ (11)
i=0

for al N > 0, u; € Uy; i.e the stored energy along
any trajectory from xy to z does not exceed the supply.
Accordingly, one defines discrete-time losslessness replacing
the inequality (10) by an equality and discrete-time positive
realness when ykTuk > 0.

Remark. From (11), a passive system with a positive definite
storage function is Lyapunov stable. Reciprocally, V' is not
increasing along trajectories such that i, = 0. Recalling that
such a constraint defines the zero dynamics, one deduces
that a passive system with a positive storage function V' has
a Lyapunov stable zero dynamics. KYP-type properties in
discrete-time have been described in [7], [4], [10].
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Some notations - In the sequel, el = 1—|—Zi>1 Li—!f, indicates
the operator Lie series associated with a smooth vector field
f on X regarded as the Lie derivative Ly = Y | fi(x)%,
1 indicates the identity operator and I,, the identity function
on R™; for any smooth real valued function £, the following
result holds e/ h(x) = h(efz).

III. PASSIVITY UNDER SAMPLING

Assuming some dissipation inequality as in (3) and the con-
trol piecewise constant, we investigate the possible preser-
vation under sampling of such inequality. More precisely,
assuming Y. dissipative with supply rate (4) and computing
its sampled equivalent model, for w(¢) constant over time
intervals of length 6 €]0,7*], a finite interval (ux € Uy), the
nonlinear difference equation

Ty — Tppr = QFTUD g = FO(ap up) (12)
with output mapping y = h(z) describes X%, the sampled
equivalent model to (1) in the form of a map; i.e. the state
evolutions (resp. output evolutions) of (12) and (1) coincide
at the sampling instants t = kd (k > 0), under constant input
u(t) = uy, for t € [kd, (k+1)d] for the same initial condition
xXo.

A. The DDR of sampled dynamics

In place of a map (9), an alternative state space repre-
sentation of discrete-time dynamics as two coupled dif-
ferential/difference equations modeling the free and con-
trolled dynamics respectively has been proposed in [11]. The
usefulness of such a representation has been discussed in
several papers putting in light how to characterize struc-
tural and control properties in discrete time in a format
comparable to their differential geometric formulations usual
in a continuous-time setting. These analogies are further
employed when sampled dynamics are investigated. In this
case, the DDR associated with a sampled dynamics de-
scribed in the form of a map exists and is uniquely defined
due to the invertibility of the drift term: for sufficiently
small & ensuring series convergence, (12) is drift invertible
F°(z,0) = e 2; (F%) "1 (z,0) = e /2 = F~%(z,0) and
so is FO(z,u) (with inverse F~%(x,u)), for u € Uy, a
neighborhood of 0. It follows that, equivalently to (12), the
sampled dynamics X° can be described by two coupled
equations [12]; i.e. for all 7 €]0, ¢]

zt = e fx ot (0) =™ (13)

dl‘+(7"u) T (ot

d(Tu) = G (‘T (Tu)v Tu) (14)

setting by definition

- dF7(.,Tu)
G7(.,Tu) := Th’*f(.,‘ru) (15)
1 f —sadyfyug T (Tu)i T

- ;/e " gdSZGl"‘;T i+l
0 vz
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Given zp € X and uj, € Uy, integrating (14) between 0 and
duy, for the initial state condition z*(0) specified by (13),
27 (0) = 2t = e/}, one recovers (12) at time t = (k+1)0
5uk
Thy1 = a7 (Sug) = 27 (0) + GO (zF (v),v)dv (16)

0

and identically for any smooth output mapping

h(zgs1) = h(z"(ug)) (17)

= o)+ |

Combinatoric relations between these two representations of
the sampled equivalent 3% to X, are in [12].

5uk

Les(onyh(z™ (v))dv.

B. Usual passivity under sampling

From (5) written at time ¢ = (k + 1) for zyp = x and
w(T) = up; T € [kd, (k4 1)d], it follows that if ¥, passive
with storage function V, then for all 6 €]0, 7], its sampled
equivalent dynamics X° satisfies the dissipation inequality

)
vmﬂn—V@MSQAyﬁﬁwmk (18)

forall up €U, z, € X, k> 0.
It is possible to interpret (18) as the discrete-time dissipation
inequality of the form (10) for some “modified output
mapping”. For, set H?(xy,, uy)

) )
H (2 ) = / Y (s)ds = / U pds  (19)

0 0

§ 5 s
:/ esfh(:ck)ds+uk/ (/ LG5<,,mk)h(x+(mk))d7)ds.
0 0 0

Theorem 3.1: Assuming X, with output mapping y = h(x)
passive (resp. lossless or positive real) with storage function
V, then for all § €]0,T*], ux € Uy, its sampled equivalent
dynamics %% with output mapping H°(., uy,) defined in (19)
is discrete-time passive (resp. lossless or positive real) with
the same storage function V.

Proof: It must be shown that the discrete-time dissipa-
tion inequality holds for all uy € Uy, v, € X, k>0

V(zpsr) — Vieg) << ug, Ho (21, up) > (20)

For, it is sufficient to rewrite foéy(s)ds in (18) as
f(f h(xt(suy))ds with

ot (sup) = T gy = ey +/ G*(zt (Tur), Tug)dr.
0
|
Remark. The result can be extended to system 3. with with
direct input-output link by considering § = h(z,u) in place
of h(z). in such a case (19) generalizes as

5
H® (21, up) :z/ ST b2y up)ds =
0

fo(s e h(xy, ur)ds + ug fo(s(fos Las (. rup)h(@™ (Tur), ur)dr)ds.
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C. The linear case as an example

Let (A, B,C) be the minimal realization of a linear time
invariant - LTT - continuous-time system on R"

& = Azxz+ Buy; y=Cx

assumed passive with quadratic V = %xTP:c P >0a
symmetric positive matrix); i.e. Vv < yTu.

Under zero-order holding device, the sampled equivalent
(A% := 94 B® = f(f e™ Bdr,C) to (A, B,C) does not
maintain passivity; i.e. the equivalent discrete-time dissipa-
tion inequality V(zj4+1) — V(zx) < yfuy does not hold
true for V' = V; i.e. passivity is lost under sampling. A
major obstruction is the lack of direct input-output link.
To overcome this problem, it has been proposed in [5] to
modify the output mapping of the sampled equivalent model
so that to get preservation of the dissipativity inequality as
well as preservation of the continuous-time energy at the
sampling instants. More precisely, the LTI sampled system
(A%, B, C? D?), with output mapping

y‘s(xk,uk) =% + Duy, 2n

with C? = C’fo5 e™Adr and D° = C’fo5 B7dr satisfies at
the sampling instants the dissipation inequality

Vi(zpsr) — Vi) << up, v (2, ug) >

so recovering the linear version of (19). The same holds
true when considering linear systems with direct input-output
link.

In the sequel we show that the right member of (20) can
be interpreted as the supply rate associated with a certain
average output mapping directly deduced from the adopted
DDR. For, average dissipativity is introduced.

IV. A NOVEL AVERAGE PASSIVITY IN DISCRETE-TIME

As above specialized to the sampled case, under some mild
conditions (invertibility of the drift or invertibility of f(x,u)
for some % € Uy), any nonlinear difference equation (12)
can be represented as two coupled difference and differential
equations - DDR - (see [11] for further details).

at = Fylx); 27(0)=a" (22)
dat(u) +
T = G(z7(u),u) (23)

so getting for all uy € Uy
U
Ty1 =" (ug) = 21(0) —|—/ G(zT(v),v)dv  (24)
0

and for any mapping h : X — R

Up
s = bt () i= bt O) + [ Laghla® @)
’ (25)
In this framework, a discrete-time system is described by
(22-23) and the output mapping y* (u) = h(z™ (u)). It has to
be stressed that such a representation induces u-dependency
of the output mapping through u-dependency of the state
dynamics at the basis of the definitions introduced below.
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Definition 4.1: Given Y¥,; with output mapping y(u) =
h(xzt(u)) then, for any fixed vqy € Uy, Yau(va) denotes the
average output mapping over |0, v,4] of y(u) defined as
1 v

Yaro(Va) 1= oy h(z™ (v))dv. (26)
It is now possible to enounce sotandard dissipativity concepts
making reference to such an an average output mapping so
introducing the “average dissipativity ” notions.
Definition 4.2: ¥4 is said to be average passive if there
exists a CY nonnegative function V : X — R, called the
storage function, such that for all uy, € Uy , x, € X, k>0

V(i) = Vi) < yi, (ur)u. 27
Definition 4.3: ¥4 is said to be average lossless if for all
up € Uy, 1, € X, k > 0, the equality holds true

V(1) = V(@r) = Yau (ur)u. (28)
Definition 4.4: Y4 is said to be average positive real if for
all up €eUy , 2, € X, k>0

Uk
0< / y(v)dv = yg, (ur)us (29)
0
whenever xg = 0.
The following Lemma is a direct consequence of the adopted
state-space structure.
Lemma 4.1: Given X4, (27) rewrites as

V(Eoes)) — Vie) + /OukLa.,v)vw*(v))dv

< h(z™ (v))dv. (30)

. . .70 .
According to this, some sufficient KYP-type properties can
be given to describe discrete-time average passivity.

Proposition 4.1: Given %4, if there exists a C' 1 nonnegative
function V' : X — R with V(0) = 0 such that for all x € X

V(Fo(x)) = V(z) <0
Lo, V(z) = h''(z); Lg,V(z) = 0;

(31)
i>2 (32)

then X4 is average passive for any uj, € Uy with storage V.

Proof: ~ The result is a direct consequence of
(30). (31) corresponds to setting wuwr = 0 while
(32) can be interpreted as the infinitesimal version of
1" Ifg(.)U)V(er(v))dv < L h(a:j(v))dv rewritten as
ug [y La(,sun) V@t (sug))ds < ug [y bzt (sug))ds. m
Regarding losslessness, the conditions are also necessary.
Proposition 4.2: Given %4, if there exists a Clnonnegative
function V' : X — R with V(0) = 0 such that for all z € X,
(32) hold true and

V(Fo(z)) =V(z) = 0 (33)

then X, is average lossless for any uj, € Uy, with storage
function V. Conversely, average losslessness of ¥; with
storage V' implies (33-32).

These notions can be extended to systems with direct input-
output link.
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A. Systems with direct input link

Given a discrete-time system described by (22-23), consider
now the output mapping h(.,u) : X x U — X, so defining
g+ (u) = h(z T (u), u. The dissipation inequality rewrites as

V(" (ur)) = Viek) < Gay(ur)ur

or equivalently
Uk
V(Fo(zk)) — V(zk) +/ La(oV(zt(v))dv
0

uy -
< /0 ' (zT (v),v)dv.

Proposition 4.1 and Proposition 4.2 generalize as follows.
Proposition 4.3: Given Y4 with output mapping y =
h(z,u) = h1 4+ > 54 %:hi, if there exists a C''nonnegative

function V' with V' (0) = 0 such that for all z € X

(34)

V(Fo(z)) =V(z) < 0
LeV(e) = hi(2);

(35)
(36)

then Y, is average passive with storage V.

Proposition 4.4: Given Y with output mapping y =
h(z,u) = h1 + 3,5, 1;.—;7%, if there exists a C''nonnegative
function V. : X — R, with V(0) = 0, such that for
all z € X (33-36) hold true, then ¥, is average lossless
with storage function V. Conversely, a discrete-time average
lossless system with C! storage V satisfies (33-36).

This analysis shows that average dissipativity concepts do
correspond to standard dissipativity concepts provided one
makes reference to the average output mapping defined as in
(26). This provides a key tool to deal with systems without
direct input-output link by setting any standard dissipativity
based control property on the DDR and its average output
making reference to dissipativity average notions. As an
example, the interconnection of two average passive systems
is still average passive through connection with the average
output mapping.

B. The linear case as an example

Given a LTI dynamics with direct input-output link
(A4, B4, Cq, Dy) in its DDR form

dat
zt = Agx; " (u) = Bg; ¥ =Cqxt(u) + Dgu
U
with average output
1
ggv(uk) = CdAdl’k + §(CdBd + Dd)uk

let us characterize discrete-time average passivity.
Theorem 4.1: Let (A4, Ba,Cq, Dy) the minimal realization
of a LTI system, the matrix inequality

( ATPA;— P

AYPB, — ATCT
BTPA, —CyA,

—Da— CyBa+ Bf{PBd) =0

has a solution for a symmetric matrix P > 0 iff
(A4, B, Cq, Dyg) is average passive with supply rate V(x) =
%ZCTPSC.
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V. SAMPLED AVERAGE PASSIVITY

Let us now specialize these notions to the sampled case.
Let 3. and for all § €]0,T*], let X° its sampled equivalent
dynamics defined in (13-14). The following result interprets
the right hand sides of (18) or (20) as the supply rate
associated with the average output mapping.

Proposition 5.1: Assuming Y. passive with storage function
V, then for all § €]0,T™], its sampled equivalent dynamics
%9 is sampled average passive with storage V; i.e.

V(zgs1) —

for all up € U, =, € X, k > 0 with y,,(dug) =
du

s Jo Pt (v))dv.
Proof: A simple calculus shows that

é é
| o s = [ b)) s
0 0
5 duy
= /hT(x+(suk))dsuk:/ R (zF (v))dv
0 0

V(zg) << dug, Yao (Oup > 37

= yL (bup)dug.
|
Remark. According to such a definition HO(zp,uy) =
foé Wz T (oug)do = yq(dur) and the continuous-time

energy function is preserved at the sampling instants.
These concepts yield to the achieved results below.
Theorem 5.1: Assuming Y. passive (resp. lossless or posi-
tive real) with storage function V, then for all § €]0, 7], its
sampled equivalent dynamics ¥.? is sampled average passive
(resp. sampled average lossless or sampled average positive
real) with the same energy function at the sampling instants.
Remark. The terminology sampled average passivity em-
phasizes that both the drift and the controlled vector field
of sampled dynamics ¥.? are 7-dependent over |0, 6] while
they are computed for a given fixed sampling time § when
interpreted as discrete-time maps.

A. Systems with direct input-output link

The analysis can be generalized to output mapping of the
form 3 = h(x,u) transformed under constant control into
h(z,uy) with average output over tlme interval of length ¢
(S’U.k

given by g, (Sug) : 5% IN h(zt (v), ug)dv.

Proposition 5.2: Assuming X, pass1ve Wlth output mapping
§ = h(z,u) and storage V, then for all § €]0,7%], its
sampled equivalent dynamics X9 is sampled average passive

with storage V' and supply rate < duy, Gar (dug >.
Proof: A simple calculus shows that

s 5
/ R (x(s), ug)dsur = / (XTI b2y, up)) T dsuy
0 0

= (/06 BT(x+(suk)7uk)ds)uk = /05’% AT (27 (v), ur)dv

= ggv (5U‘k)6uk

|
Remark. We note that when dynamics under zero-order sam-
pling are considered, the continuous-time output mapping
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h(z,u) is transformed into A (x,uy) so getting a dissipation
inequality which differs from (34) where the direct input-
output link affects the average.

B. The linear case as an example

Let (A,B,C) be the minimal realization of a LTI
continuous-time system on R™ assumed passive with
quadratic storage V' = %xTP:c (P > 0 a symmetric positive
matrix). The DDR over ]0,d] of its sampled equivalent
(A%, B%,C) under zero-order-holding device is given by

+
dx™ (Tu) _ lBT;
d(Tu) T

It is a matter of computations to verify that the supply rates
associated with the output map (21) proposed in [5] for
a fixed given uy and the average over ]0,duy] of y(rug)
coincide; i.e.

T =A"x; y(Tug) = Cat(Tu)

< ug, y‘;(a:k, ug) >=< 0Ug, Yao (Ouk) > (38)

In fact, an easy calculus shows that 6y, (dus) = Cox) +
D?uy, because, for any 7 €]0, J]

TUL 1

Cat(ruy) = CA™xy + C/ —B dv=CA zy + CB uy,.

0

When considering § = Cz + Duy, one has

1 (5uk
O0Gar(Oug) = —

(Cx™ (v) + Dug)dv
ug

5 é
= C/ AT:vde—i-ukC/ B7dr + 0 Duy,
0 0

so recovering the result in [5] presently rephrased in terms
of average output mapping; i.e.

S
< 6ukagav(6uk) >=< Uk,c/ ATIde >
0

5
+ <uk,0/ B7druy > + < ug,6Duy > .
0

C. Counter clockwise - CCW - input-output dynamics

In [1], a new input-output property, the counter clockwise
input-output dynamics - CCW - is proposed for the study
of positive feedback interconnections in both linear and
nonlinear contexts. Reinterpreting the CCW property as the
classical definition of passivity with respect to the derivative
of the output mapping, the following definition can be set.

Definition 5.1: ¥, is CCW if it is passive with respect to
the inner product < u(t),y(t) >; i.e. for any pair (z,u) so
that the output mapping is differentiable, there exists a C'™°
nonnegative function V' : X — R with V(0) = 0 such that

t

V(z(t) = V(ze) < [ 97 (s)u(s)ds. (39)
It is a matter of computation to \(I)erify that under sampling,
the dissipation inequality (39) specializes for any uy € Uy,
zr € X, k>0 as

V(xk_l’_l) - (40)

Vi(zr) < ur(Yrs1 — Ur)
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so providing a dissipativity notion which makes sense in the
discrete-time context as it does not require a direct input-

output link. The following result holds in a linear context.
Theorem 5.2: Assuming (A, B, C') a minimal realization of
a LTI continuous-time system passive with respect to <
u,y >=< u,CAx + CBu > - equivalently CCW - , then
its sampled equivalent is passive with respect to the inner
product < uy, CA%z, — Cxy, + CBuy, > with the same
energy function at the sampling instants and supply rate
V(z) = 327 Px; i. e. the matrix inequality

( AHTpad _ p

(AT ppS — (AT T 4 CT)
(BT pad —cad 4 ¢ ) s0

—2cB% + (BT pB?

has a solution for a symmetric matrix P > 0.

It is interesting to compare the supply rate < uy, CA%z) —
Cxy + CB%up > in Theorem 5.2 with the supply rate
< ug,C%z;, + D%uj, > in (21) and the supply rate <
wy, CA%2), + %C’B‘;uk > setting Ay = A%, By = B%, Cy =
C in Theorem 4.1.

D. A linear simulated example

We refer to the simple RC series connection with capacity
voltage V¢ as output, to compare sampled average passivity,
average passivity and the CCW property with the continuous-
time and discrete-time criteria. One has

Vout - _1/RO‘/out + 1/RO‘/’LT7.
with equivalent sampled dynamics
‘/;c+1out = 6_6/Rcmout + (1 - e_é/Rc)‘/;cin

Under storage function ¥ = £ (Vq,)?RC, one computes

Hx(t)) — ¥ xo) < /0 u(s)y(s)ds.

so getting under sampling

s
Hxps1) — Hag) < uk/ y(s)ds
0

SYan (Sur) = duge %/ FC 4+ RO(1 — e /B (yp — up)

_ 1 _
y:zi’u(xky uk) =e 6/Rcyk¢ + 5(1 —e 6/RC)Uk.

T
fuyde (1)

uly@dr @
—uy @ |
Buy,6u) @)
mmuy ) (8)

- 0,000 6) |

Fig. 1. RC Circuit Supply Rates and Storage Function

Figure 1 illustrates the performances of average dissipativity
concepts for preserving passivity under sampling with the
same storage function. While the usual passivity inequality

WeC01.1

is lost (6-3), the discrete-time average output and the sampled
average output are associated with supply rates which respect
this inequality, (4)-(5).

VI. CONCLUSIONS

The notion of average passivity has been introduced in
discrete time; it has been shown to restitute the continuous-
time criterium when applied under sampling. Its use for
discrete-time design might be investigated.
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