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Abstract

In this paper, we investigate when passivity for a nonlinear system can be inferred from its linearization.
The nonlinear system considered here are affine in control and with feedthrough terms, in both continuous-time
domain and discrete-time domain. Our main results demonstrate when the linearized system is simultaneously
strict passive and strict input passive (SSIP), the nonlinear system will be SSIP as well within a neighborhood
of the equilibrium point. We establish algebraic conditions under which a linear system is SSIP based on the
positive real lemma. The results are extended to dissipative systems and in particular, passivity indices can be
derived for a nonlinear system from the linearized system within a neighborhood of the equilibrium.
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I. INTRODUCTION

Energy dissipation is a fundamental concept in the study of the behavior of a dynamical system [1].
Passivity, and its generalization dissipativity, characterizes the energy consumption of a system and is
used in a variety of applications, e.g. electrical, mechanical, chemical and communication systems [2],
[3]. The compositional property (for instance, negative feedback connection of two passive systems
remains passive) makes passivity a powerful tool to analyze complicated, coupled systems, such as
Cyber-physical systems [4].

In this paper, we pursue passivity and dissipativity properties of a nonlinear system from its first-
order approximation. Nonlinear behaviors (including saturation, backlash and dead zone) abound in most
physical systems [5], [6]. Although nonlinear models are more accurate to characterize the dynamical
systems, analysis and control design methods are more available for linear systems. Therefore, using its
first-order approximation is one effective approach to provide a local description of the nonlinear system
[S], [6]. The approach of linearization has been used in nonlinear optimal control, model matching and
input-output decoupling and so on [7], [1]. A well-known result regarding stability is that a nonlinear
system will be stable in a neighborhood of the equilibrium point if its linearization is asymptotically
stable. Passivity is closely related to stability [7], [3] and this paper is to pursue this line of research
by exploring passivity for a nonlinear system from its linearized system. Passivity theory for linear
systems (e.g. [8]) is well established, for instance, the well known KYP lemma relates passivity with
the algebraic structure of the system. It is also of practical importance to analyze the linearized system
in order to further control the nonlinear system [1], [9].

A similar problem has been investigated in e.g. [1] for a continuous-time nonlinear system that affine
in control and without feedthrough term, i.e. of the form

&= f(z)+ g(x)u, (D
y = h(x).
In [1], strict passivity for the linearized system is required to ensure passivity for the nonlinear system

(1) under some rank and integrability conditions. In discrete-time domain, however, this is not the case.
For >, of the form

Ya:a(k+1) = f(x(k)) + g(x(k))u(k), 2)
y(k) = hz(k)) + J (z(k))u(k),
it does not make sense to study passivity when J(z) = 0 even in the corresponding linear case [10].

This is one difference from the continuous-time domain. In this paper, we consider a nonlinear system
with feedthrough term in both continuous-time domain, i.e.

Yo i = f(x)+ g(x)u, (3)
y = h(z) + J(z)u,



and discrete-time domain given by (2). For Y. and X.;, strict passivity alone for the linearized system
may not be sufficient to show local passivity as for (1).

The problem we are interested in is stated as follows: in order to investigate passivity or dissipa-
tivity for the nonlinear system Y. (or X4) around the equilibrium, what passivity properties (or other
conditions) of the linearized model are required? Our main results show that if the linearized system
is simultaneously strict passive and strict input passive (SSIP), the nonlinear system >, or >; will be
SSIP in a neighborhood of the equilibrium. Conditions are established under which the linearization of
Y. or Y4 is SSIP. In continuous-time domain, the condition is nothing but strongly positive real [11]
or extended strictly positive real [12]. The results can be extended to systems that may not be affine in
control as well if the linearized system is shown to be SSIP.

Dissipativity (a generalization of passivity) of a nonlinear system and its linearization is studied in
[7], [13]. The results demonstrate that if a nonlinear system . or >, is QSR dissipative [14], then
its linearization is QSR dissipative as well. [7] also studies when dissipativity of a continuous-time
nonlinear system can be inferred from its linearization based on a Hamiltonian matrix. In this paper, we
investigate the problem based on a series of algebraic conditions inspired from the essentiality of SSIP,
in both continuous-time and discrete-time domain. As a particular case of QSR dissipativity, we relate
passivity indices for a nonlinear system and its linearized system. The passivity indices (characterize
how passive the system is) for linear system can be easily calculated from the transfer function and can
be further used to control the nonlinear system [15], [4].

The rest of the paper is organized as follows. Section II provides some background material on
passivity theory and dissipativity. Section III presents preliminary results relating passivity and QSR
dissipativity for a nonlinear system and its linearization about an equilibrium. The main results are given
in Section IV to show local passivity and local QSR dissipativity for a nonlinear system from its strict
passive and strict input passive linearized system. Section VI provides some concluding remarks.

Notation: R denotes the Euclidean space of dimension m. I denotes the identity matrix of appropri-
ate dimensions. For a dynamical system, its states, control input and output are denoted by x € X C R",
ueld CR™, and y € Y C R™, respectively. For state-space models (3) and (2), f, g, h, J are smooth
mappings of appropriate dimensions and we assume f(0) = 0,h(0) = 0 without loss of generality. A
linear version of X, is given by

G.: & = Axr + Bu, 4)
y = Cx + Du,

and G, as a linear version of X, is given by

Ga: x(k+1) = Ax(k) + Bu(k), 3)
y(k) = Cx(k) + Du(k).

In the following analysis, we assume for linear systems (4) and (5), {A, B} is controllable and {A, C'}
is observable.

For a matrix P € R™*", its transpose it denoted by P?. For a symmetric matrix where P = PT,
P > 0 denotes it is positive-definite. The maximum eigenvalue of P is denoted by A(P) and its minimum
eigenvalue is denoted by A(P). The norm of a vector or a matrix is given by || P||.

II. BACKGROUND MATERIAL

Definition 1 (CT-Dissipative [7], [14]). A state-space system .. given by (3) is said to be dissipative
with respect to supply rate w(u(t), y(t)), if there exists a nonnegative function V' () satisfying V' (0) = 0
such that for all zo € X, all ¢; > ¢y, and all u € R™,

Vie(t) < Vie(t)) + / “w(u(t), y (), ®)

to



where z(ty) = xo, and x(¢;) is the state at time ¢; resulting from initial condition x, and input w. If (6)
holds with strict inequality, Y. is called strict dissipative (SD). If (6) holds with equality, >.. is called
conservative.

Definition 2 (DT-Dissipative [10], [13]). A state-space system >, given by (2) is said to be dissipative
with respect to W (u(k),y(k)), if there exists a nonnegative function V' (z) satisfying V' (0) = 0 such
that for all g € X, all k > kg, and all u € R™,

k—1
V(a(k) - Vizlho) < S W(y(i), uld). )
i=ko
If (7) holds with strict inequality, >, is called strict dissipative. If (7) holds with equality, >, is called
conservative.
The nonnegative function V' (x) in the above definitions are called storage function. In this paper, we
assume the storage function V' (x) is analytic and thus the Taylor series expansion about z = 0 yields

(1], [13]
V(z) = 2" Px + Vi, (z), )

where P = PT > (0 and Vj,(z) contains the higher order terms of V' (z). In this case, (6) is equivalent
to

. A OV
V(x) £ S () + glo)u) < wluy). ©)
It has also been shown in [10] that (7) is equivalent to
V(z(k+1)) = V(z(k)) < W(u(k),y(k)) (10)

The two inequalities (9) and (10) are sometimes used to define dissipative systems in the literature.
A quadratic supply rate for dynamical systems Y. and ., is of particular interest and given as

r(u,y) = v Ru + 2y" Su + y' Qy, (11)

where (), S, R are matrices and @), R are symmetric. If 3. or 3, is dissipative with respect to supply
rate (11), it is called QSR-dissipative, see e.g. [16], [14]. Some special cases of QSR-dissipative systems
are given as follows.

Definition 3 ([11], [3]). Suppose .. given by (3) or X, given by (2) is QSR-dissipative. It is called:

1) passive it ) = R = 0,5 = %I ; In particular, if (6) or (7) holds with strict inequality for

r(u,y) = uly, the system is called strict passive (SP). If equality holds, the system is called
lossless.

2) strict input passive (SIP) if Q =0, R = —vI, S = %] for some v > 0;

3) strict output passive (SOP) if Q = —ul, R=0,5 = %] for some p > 0.

Note that SP and SIP do not imply each other in general. For instance, a continuous-time (CT)
system whose transfer function given by G(s) = 5%1 is SP but not SIP. Also, a discrete-time (DT)
system whose transfer function given by H(z) = ZTH is SIP but not SP. A stronger property than SP
or SIP alone is called SSIP defined as simultaneously strict passive and strict input passive. Consider
a linear system

T = —x + 0.5u,
y = x + 0.5u.

With a storage function V (z) = 2%, we obtain

V —uly = z(—z + 0.5u) — u(z + 0.5u)
Lo 3

1 2 2
= ¢ " (u+x) U x



Thus, the linear system is SSIP.

Definition 4 ([17]). If any of the property for . or X; defined above holds in a neighborhood of
(z=0,0=0) € X xU, it is called a local property for ¥. or 3.

Remark 1: In [1], local passivity is defined in a ball around = 0 and all control u that “does not
drive the state to far from the equilibrium point”. Sobolev space is used in [18] to define local passivity,
where the magnitudes of control « and the derivative of u are bounded. In this paper, we consider local
passivity or dissipativity in a neighborhood of (z = 0,4 = 0) € X x U as in [17]. Note that all the
definitions are essentially equivalent such that local is “both in terms of small-gain inputs and local
internal stability regions” (see [19] for local dissipativity).

We need the following results to justify (strict) passivity and (strict) QSR-dissipativity for linear
systems G, given by (4) or G, given by (5).

Lemma 1 ([5]): G. is SP if and only if there exist matrices P = PT > 0, L, W and ¢ > 0, such that

PA+ AP =—-L"L —¢P,
PB=C"-L"W,
W'W =D+ D"
Lemma 2 ([13]): G, is SP if and only if there exist matrices P = PT > 0, L, W and p > 0, such
that
—P+ATPA=—-L"L — pP,
ATPB=C? - LW,
W'W =D+ D" — B"PB.
Lemma 3 ([20]): G. is SD if and only if there exist matrices P = P > 0, L, and £ > 0 such that
0=PA4+ATP+cP—-CTQC + LTL,
0=PB—-C"(QD+S)+ L™W,
0=R+STD+DT'S+D"QD - WTW.
Lemma 4 ([13]): G4 is SD if and only if there exist matrices P = PT > 0, L, and p > 0 such
that
0=ATPA—-P+pP-CTQC+ L"L,
0=A"PB-C"(QD+ S)+ L'W,
0=R+S"D+D"S+D"QD - B"PB-W'W.
Remark 2: 1). If ¢ = 0 in Lemma 1 (or resp. p = 0 in Lemma 2), the system is passive. For a linear
system, (strict) passivity is equivalent to (strict) positive realness [21].
2). If e = 0 in Lemma 3 (or resp. p = 0 in Lemma 4), the system is QSR-dissipative. Strict dissipative

linear system is referred to exponentially dissipative in CT domain and geometrically dissipative in DT
domain [13].

III. PRELIMINARY RESULTS
A. Linearization about an Equilibrium

We assume the pair (z = 0,4 = 0) is an equilibrium for nonlinear systems X given by (3) or ¥,
given by (2), without loss of generality. The linearization of Y. (resp. ¥,) about the equilibrium (0, 0)
is given by G, (resp. G;) with

af oh

A= _|a::07B = g<0)a0 = %

o oo, D = J(0). (12)



The linearized model is accurate up to first order and called first-order approximation [6]. Taylor series
expansion for f, g, h,J about x = 0 are given as

f(z) = Az + F(z),h(z) = Cx + H(x), (13)
g(x) =B+ G(z),J(x) =D+ M(x),

where F'(x), H(x),G(z), M(x) contains higher-order terms of f(z), h(x),g(x), J(x), respectively. We
say (12) is the linearzation of X, or X, if there is no confusion (in CT or DT domain) in the context.

Remark 3: In this paper, we focus on linearization about an equilibrium by (12). Another situation is

linearization about a trajectory (usually prescribed) which often results in a linear time-varying (LTV)
system [6]. Passivity theory for LTV systems has been studied in e.g. [22], [23], [24].
The following result is given in [13] that relates dissipativity of a nonlinear system and its linearization.
Theorem 1 ([13]): Assume system (3) (resp. (2)) is QSR dissipative, then its linearized system (4)
(resp. (5)) together with (12) is QSR dissipative with the same supply rate.

A few remarks about this result.

1) The assumption of complete reachability of the nonlinear system (3) or (2) in [13] is not used
here since the existence of a storage function is implied from Definition 1 or Definition 2.

2) If the nonlinear system (3) or (2) is QSR dissipative with storage function V' (z) in (8), then 2T Px,
the quadratic terms in V(x), is a storage function for the linearized system (12) w.r.t the same
supply rate.

3) As a particular case of QSR dissipativity, passivity of a nonlinear system implies passivity of its
linearized system as well, but this is not true for SP.

B. An example: from Linearity to Nonlinearity

To this end, we know passivity (resp. QSR dissipativity) of a nonlinear system implies passivity
(resp. QSR dissipativity) of its linearized system. However, does passivity (resp. QSR dissipativity) of
its linearization imply passivity (resp. QSR dissipativity) of the nonlinear system? In general, this is not
true. To see this, let us consider an example from [7].

Example 1 ([7]): Consider a nonlinear system

-7;:1 = T2,
Ty = —sin(xy) + u,
y = cos(xy)xs.

Its linearized system is given through the following matrices

0 1 0
A_[_l 0},3_[11,0_[0 1],D=0.
This linearized system is lossless with storage function V' = %(x% + x3). To show the nonlinear system
is passive (or lossless) in a neighborhood of origin, we need to find a storage function V5, such that for
x close enough to origin,

oVs Vs oV

— 29+ —(—sinzy) <0, =— = cos(x1)xs.

81’1 2 8x2( 1) o 8:1:2 ( 1) 2
It has been shown in [7], however, such storage function does not exist and therefore the nonlinear
system is not passive (or lossless) even for x close enough to the origin.

This example demonstrates in order to show local passivity for a nonlinear system, a stronger condition
than passivity (losslessness in this example) for the linearized system, such as SP and/or SIP may be
required. In the following sections, we will see that SSIP for the linearized system is required to show
Y. or X4 is locally passive. This is analogous to asymptotic stability of the linearization that required
to show Lyaponuv stability of a nonlinear system.



C. Strict Passive Linearized System

In this section, we consider when the linearized system of (3) and (2) is strict passive (SP). It turns
out additional conditions may be needed besides strict passivity.

Theorem 2 (CT-SP): Consider a nonlinear system Y. given by (3) and its linearized system G, given
by (12). Suppose G. is controllable and observable. If G, is SP and there exist a constant [ > 0 such
that

: M <1, (14)

lzl2—0 2l T

then Y. is locally strict passive (LSP).
Proof: From Lemma 1, there exists V(z) = %:ETPZE as a storage function for G, such that [5]

uTy — Z_V(Ax + Bu) = v’ (Cz 4 Du) — 2" P(Azx + Bu)
T

1
> —ex! Pax.
_25x T

Apply V(x) = %$TP:U as a locally defined storage function for the nonlinear system ., we have from
(13),

T () + () — D)+ ()
=u’ (Cx + Du) + v’ (H(x) + M(x)u)

— 2" P(Az + Bu) — 2" P(F(z) + G(2)u)
ZéaxTPx +u (H(z) + M(z)u) — 2" P(F(z) + G(2)u)
20 (z,u).

To make the proof work, we would like to make sure Y (z,u) > 0 for a neighborhood of z = 0,u = 0.
To achieve this, we use the following relation

1
Y (z,u) 255:17TP93 — [|aT PF(2)||
= |ullll(H (z) = G" () Px)|| — [[u" M (2)ul.
From the fact that 27 Px > \(P)||z||*, where A(P) > 0 denotes the minimum eigenvalue of P, we
obtain

1
§5xTP3: > (1 —6)d||z]|* + 66]|z|?,

for some § € (0,1) and § £ 1eA(P) > 0. From Taylor’s theorem and assumption (14), there exist a
ball around x = 0 and a ball around v = 0 for which

00]|z||* — ||« PF(x)|
= lullll(H (z) = G* () Px)|| — [lu" M (2)u|
>l2)|*(08 — & || — &llull = Ulul*) = 0,
where & > 0 and & > 0 are constants. Therefore we have the following inequality
T(z,u) > (1-0)d]z]?

for 6 € (0,1) and a neighborhood of x = 0,u = 0. This implies LSP of the nonlinear system .. ®
Note that if J(z) = 0, the system X. is reduced to (1). It is obvious D = 0 in its linearization (12)
and thus J(z) — D = 0. Therefore, (14) is necessarily satisfied with [ = 0.



Corollary 1: Consider a nonlinear system (1) and its linearized system (12) where D = 0. Suppose
the linearized system is controllable and observable. If its linearization is SP, then system (1) is LSP.

Remark 4: A similar result for system (1) is present in [1] under some rank and integrability
conditions.

Next, we present a simple example.
Example 2: A nonlinear system is given by
i=—z+ 1+ (-1 + 1y,
y=1z— 12+ (az® + 1)u,
where |a| < 1. Its linearized system is characterized by A = —1,B =1,C =1, D = 1. It is simple to
verify that the linearized system is SP with storage function V' (z) = %332. For the nonlinear system, we
can derive
V—uy=a(—z+2°+ (—z + 1)u)
—u(z — 2% + (az® + 1)u)
= —2*(1 —2%) — (az® + Du?
< —(@® + )1 - 2?).
Thus, V —uy < 0 if z € [—1,1], i.e. the nonlinear system is LP for u € R such that x € [—1,1].

Furthermore, for v € R such that = € [—0.5, 0.5], the nonlinear system is LSP.
Analogously, in the discrete-time domain, we can derive the following result for system (2) when its

liniearization is strict passive.
Theorem 3 (DT-SP): Consider a nonlinear system >, given by (2) and its linearized system G, given
by (12). Suppose G, is controllable and observable. If G; is SP and there exist [y > 0,5 > 0 such that

- D —B
o @D e =B )
llz]|2—0 ||| lzll2>0 [z ]]
then the nonlinear system >.; is LSP.
Proof: From Lemma 2, we know V (z) = 2T Pz is a storage function for G, such that Vk,
V(z(k+1)) = V(a(k)) —u" (k)y(k)
1
= §(Ax(k:) + Bu(k))" P(Az(k) + Bu(k))
1

_ §$(k)T Px(k) — u(k)" (Cx(k) + Du(k))

1
< —§pr(k)P:c(k).
For notational convenience, we omit the time index % in the following proof. Apply V() as a locally

defined storage function for the nonlinear system >.;. From (13), we have

5 L)+ g(a)ul” PLA() + gla)u] - 57 Pa

— ol [h(z) + J(2)u]

lI>

U(z,u)

< —%pQZTP.CE + o(z,u),
and ¢(z,u) is given by
bz, u) = —u (H(z) + M(x)u) (16)
+ (F(x) + G(z)u)" P(Ax + Bu)

+ 5 (F@) + Gy P(F() + Gla)u)



To make the proof work, we would like to make sure —1pa” Pz + ¢(x,u) < 0 for a neighborhood of
x = 0,u = 0. To achieve this, we use the following relation

1
—5pr Pr < —(1 = 0)d|z]* — 63|,

for some 6 € (0,1), where § £ 1pA(P) > 0 and A(P) > 0 denotes the minimum eigenvalue of P.

From Taylor’s theorem and (15), there exist a ball around z = 0 and a ball around u = 0 for which
— 00]|2|* + ¢(x,u) < —00]|2|* + [|¢(z, u) || <0,

and the following inequality holds

W(e,u) < o Pr 6, w) < (1 - )3

for some 0 € (0, 1), i.e. the nonlinear system X, is LSP. [ |
Again, we consider a simple example as follows.
Example 3: A discrete-time nonlinear system is given by

z(k+1) = 0.52(k) — (22 (k) — Du(k),
y(k) = x(k) — 2°(k) + (2* (k) + Dyu(k).

Its linearized system is characterized by A = 0.5, B = 1,C' = 1, D = 1. This linearized system is SP
with storage function V' (z) = %xz. For the nonlinear system, we have

Vialk + 1)) - Va(k)) - u(kyy(k)

[0.52(k) — (222() — 1)u(k)]* %ﬁ(/{;)

alk) [2(k) — 23(k) + (22(k) + Lyu(k)]

= (052() + u(k))* - %ﬁ(k) — (k) (2 (k) + u(k))
+ x(2(k), u(k))

< — 32(k) + x(o (k) u(k)),

where x(z,u) = —u?z?(3 — 22%) < 0 for |z|> < 2. Thus, the nonlinear system is LSP for v € R such
that z € [—v/1.5,v/1.5].

Remark 5: The conditions (14) and (15) are sufficient but not necessary. The two theorems only
captures a sub-class of nonlinear systems that we are interested in. Next, we will show (14) and (15)
are not required if SP for the linearized system is replaced by a stronger condition SSIP.

IV. MAIN RESULTS

In this section, we establish conditions under which a linear system is SSIP and demonstrate a

SSIP linearized system implies SSIP of the nonlinear system (3) and (2) within a neighborhood of
(z=0,0=0).



A. SSIP Linear Systems

Algebraic conditions are established as follows based on Lemma 1 (resp. Lemma 2) for a linear
system (4) (resp. (5)) to be simultaneously SP and SIP (SSIP).
Lemma 5: If (4) is strict passive and D + DT > 0, then the system is SSIP.
Proof: From Lemma 1, we know there exists a storage function V (z) = 127 Pz for (4) such that

2
for ¢ > 0 [5],

. 1 1

V—uly = —§(Lx + Wu)T (Lx + Wu) — §€$TP:E.

The following relation holds for b such that 0 < b? < 1,

V—uly
11 o1

:—i(ng+bWu) (ELx+bWu)
1 1

—§‘TGP—«ﬁ—JﬂFL>x —(1 =" WTWu

1 1

< VI W T W — 2T (e — (2 1T

< 2( b )u' W Wu 5% (5 (b2 ) )x
1 1

= - §UTQ1U - §$TQ2I7

where @y = (1 = )WTW, Qs =¢eP — (3 — 1) LT L.
From WTW = D + DT > 0 and 0 < b®> < 1, we obtain ); > 0. Next, we prove ()2 > 0 or
equivalently

If \(LTL) > 0, choose b to satisfy
MLTL)

< - <b <1, (17)
eA(P) + M(LTL)

then we have Q, > 0. It is obvious that Qy > 0 if A\(LTL) = 0. As a result, Q, > 0 for appropriate
choice of b. Thus, 1 > 0,Q3 > 0 and there exist constants € > 0,65 > 0 (in fact A\(Q1), A(Q2)
respectively), such that .
vV — uTy < —gutu — eqzt .

Therefore, the linear system (4) is SSIP. [ |

Remark 6: To ensure SSIP, it is required that the linear system (4) is SP and D + DT > 0, this is
nothing but the definition for strongly positive real system [11], [20] or extended strictly positive real
system [12], [3].

The concept of strongly positive realness does not apply to (5) in the discrete-time domain [11]. In
fact, SP for (5) implies SIP. To show SSIP, we need the following result.

Lemma 6: If (5) is SP with a storage function V(z) = 127 Pz and D + DT — BT PB > 0, then it
is SSIP.
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Proof: From Lemma 2, there exists a storage function V' (z) = %xTP:L* such that for V£ and some
2
n° > 1,

Sz, u) £ V(z(k +1)) = V(a(k)) — u(k)y(k)

1 1 1
= ——(nLx + ~Wu)" (nLx + ~Wu
0L+ W) (nLa 4 W)

1 1 T T 1 T 2 T
_5(1_?)u W Wu—égj [pP—(n —1)L L]:L‘
1 1 T T 1 T 2 T
< 5= G Wi Wu = oa [pP = (9 = 1) L'L] 2.

Define Q3 = (1 — n%)WTVV, Q4= pP — (n* — 1) LTL. In the following, we prove Q3 > 0,Q, > 0.
First, Q3 > 0 because WTW = D + DT — BTPB > 0 and % > 1. Next, (, > 0 is equivalent to
pA(P) = (7 = HA(LTL) > 0.
It is obvious that Q, > 0 if A(LTL) = 0. If A(L”L) > 0, choose 7 such that
ALTL) + pA(P
. 2T+ AP s
NLTL)

then )4 > 0 for 7 that satisfies (18). As a result, 3 > 0,4 > 0 for appropriate choice of 7. Thus
there exist €3 > 0,24 > 0 (in fact A(Q3), A(Q4) respectively), such that

1<n

E(r,u) < —esulu — eqx’ 7.

Therefore, the system (5) is SSIP. |
Remark 7: Note that D + DT — BTPB > 0 for some P > 0 is only sufficient to show SSIP. If
D+ DT — BTPB = 0 for some P, what we can do is to use another P.

B. SSIP: from Linearity to Nonlinearity

Next, we are going to show SSIP of a linearized system implies local SSIP for the nonlinear system,
in both continuous-time domain and discrete-time domain.
Theorem 4 (CT-SSIP): Consider a nonlinear system Y. given by (3) and its linearized system G,
given by (12). If G, is SP and D + DT > 0, then X, is locally SSIP.
Proof: From Lemma 5, there exists a storage function V = %:cTPJ: for (4), such that for ¢; >
0,60 >0,

uy—V > e’z + eu'w.
Apply V(x) as a locally defined storage function for (3) and we obtain from (13) that
oV
ul (h(x) + J(x)u) — 55 (@) +g(@)u)
=u"(Cz + Du) +u" (H(z) + M (z)u)
— 2" P(Az + Bu) — 2" P(F(2) + G(2)u)
> (e1a’z — [ H(@)|| — ||« PF(2)]| — [[" PG (x)ul)
+ (e2u"u — [Ju" M (z)ul|) .



From Taylor’s theorem, we obtain for (z, u) close enough to (0,0) and some constants «, ag, g > 0,

1
e’ @ — [u H(z)|| = 2" PF ()] — |+ PG(z)ull

1
> 2561 — aallull — allal) 2 0,
1 1
Senulu— W M(@)ul > wTu(5, — asllz]) > 0,

and therefore for the nonlinear system (3)

: 1 1
uTy -V > 5{-:le$ + §€2UTU,

which implies local SSIP for (3). |
Theorem 5 (DT-SSIP): Consider a nonlinear system >, given by (2) and its linearized system G,
given by (12). If G, is SP with a storage function V(z) = 22”7 Pz and D + DT — BT"PB > 0, then %4
is locally SSIP.
Proof: From Lemma 6, there exists a storage function V' (z) = %ZL’TPZL‘ for (5) such that for
g3 > 0,64 > 0,
E(z,u) < —esr’z — equ’u.

Apply V() = a7 Pz for the nonlinear system Y, we obtain from (13) that for Vk,

V(k+1)=V(k)—ulk) y(k) = Z(x,u) + ¢(x,u)
< —esrlz — equlu + ||o(z, )|,

where ¢(x,u) is given by (16). Rearrange the terms in ¢(x,u), when z and u close to the origin, we
obtain

V(k+1) =V (k) —ulk)Ty(k)

1
< - Eengx — §e4uTu
71 2
— 2 a(5es = Bullz] = Bellz]l” = Bsllull = Ballullll=[l)
1
~u"ues ~ sl follel)
1 1
< - 553xTx — §€4uTu,
where 3; > 0,7 =1,2,...6. Thus, X is locally SSIP. [ |

To illustrate these results, let us consider two numerical examples, one in continuous-time domain
and the other in discrete-time domain.
Example 4: Consider the following nonlinear system
I'l = —CE% + Zo,
To = —x1 — x9 + (ax1 + 1)u,
y =1 + 29 + (bra + 1)u,

where a # 0,b # 0. Its linearized system is given by (4) together with

A:{ﬂl _11},32{(1)],0:[1 2|,D=1.



This linear system is SSIP with storage function V (z) = 23 + 2,25 + 22, because
V —uly = (o s + ) o
< —%(%% +23) — u?.
Apply V (z) as a locally defined storage function for the nonlinear system and we obtain
V—uly = —(2 + 229 + 22) — ®
— 2.7:? — x%xg + ax%u + 20z 290 — brou?
< —5 (et +a) — (1 ~ o))

— 27221 + 29 — au + |au|) + |au|z3
1

< —ak(5 — [2m1] = Jza]) = w3(1 = bz )
1
— 23(5 — lou).

In a neighborhood of z = 0 and u = 0, where |u| < ﬁ, 21| < &, 22| < min{;, 3> We have

. 1 1
VouTy < ad) -

thus the nonlinear system is locally SSIP.
Example 5: Consider a discrete time nonlinear system

_axy(k) . "
_ Bx(k)
D= Ty

y(k) = axy(k) + (sin(zy) + Du(k),

where for o + 3? < 1 and «, 3 # 0, its linearized system is given by (5) together with

A:{% 8‘},3:“],0:[0 a],D=1.

This linear system is SSIP with a storage function V' (z) =
V(kE+1)—V(k)—u” (k)y(k

1 1 1
=5 (0 = )aB(b) + 5(6° — Da(h) - Ju(k)

1.2 1.2
5r7 + 573 because

< Clat(h) + a3(8)) — (k)

where ¢ £ min{l — 5% 1—a?} > 0.



Apply V as a locally defined storage function for the nonlinear system and we obtain
V(k+1)—V(k)—u" (k)y(k)

< — QAR + THR) — 502 (R)

+ (%x%(k‘) +x9(k) — Sin(l’l(k))) u?(k)

i Rlau(h)] + 5 (k) + 4(K)

<= (0= 540 ) 2206~ (¢~ lautB)) 40

_ (1 = L0200 = Jaa(h)] — ]sin(xl(k)|) W2(k)
< — (o (k) + a3(k) — o (R),

for (z,u) close enough to (0,0) and some ¢y, co > 0. Therefore the nonlinear system is locally SSIP.

C. OSR Dissipativity: from Linearity to Nonlinearity

The results in the previous sections focus on passivity based on positive-real lemmas. In this section,
we extend to QSR dissipative systems based on Lemma 3 or 4.

Analogously, we can establish conditions under which a strict dissipative linear system is SSIP. In
the continuous-time domain, for (4), the condition is given by

R+S"™D+ DTS+ DTQD >0, (19)
and in the discrete-time domain, for (5), it is required that
R+ST™D+ DTS+ D"QD — B"PB > 0. (20)

The proof is quite similar to Lemma 5 or 6 by “completing the square” and manipulating the coefficients
of the quadratic terms in x or u. If the linearized system (4) or (5) is shown to be SSIP, it can be derived
that the nonlinear system (3) or (2) will be locally QSR-dissipative as follows.

Theorem 6 (CT-QSR): Consider a nonlinear system 3. given by (3) and its linearized system G, given
by (12). Suppose G. is controllable and observable. If G, is strict QSR-dissipative and (19) is satisfied,
then Y. is locally strictly QSR-dissipative with the same supply rate.

Proof: The linearized system is strict dissipative w.r.t (11), from Lemma 3, there exists a storage
function V() = 27 Px for G, such that for some & > 0,

V —r(u,y)
=227 P(Az + Bu) — (u" Ru + 2y Su + y" Qy)
=— (Lz +Wu)"(Lz + Wu) — ez’ Px
< — ezl Pz

By assuming R + STD 4+ DTS + DTQD > 0, we obtain WTW > 0. Therefore, G, is SSIP via the
techniques in the proof of Lemma 5 and thus for some x; > 0, ko > 0,

vV — r(u,y) < —kix’z — koulu.

Apply V(x) = 2" Px as a locally defined storage function for the nonlinear system .. Denote A(x, u)
as the function of = and u by substituting (3) into V' — r(u,y) and we obtain

Az, u) < =i’z — kouu + O(z,u),



and O(z,u) given as follows contains the higher-order (order> 2) terms in either x or .

O(x,u) = 22 P(F(x) + G(z)u) — 2u” S(H(x) + M (z)u)
— (H(z) + M(2)u)" Q(H(z) + M(z)u)
—2(H(z) + M(2)u)"Q(Cx + Du).

From Taylor’s theorem, we can derive that for d; > 0,ds > 0 (and at least one d; > 0), there exist a
ball around z = 0 and a ball around w = 0, for which

1Oz, w)|| < dullz|*|ull + dafull*||z].

Thus, when (z,u) close to the origin (0,0), we obtain

1 1
A(z,u) < —;ﬁxTx - §/<;2uTu,

Therefore, X, is locally strict dissipative w.r.t the same supply rate given by matrices (), S, R. [ ]

Remark 8: The problem of studying linearization of a QSR-dissipative systems has been studied in
[7]1 (p. 211-213). One of the sufficient conditions is the same as (19) for D # 0 and R > 0 for D = 0.
The result in [7] relies on solvability of Halmiltonian-Jacobi inequalities, however, our result depends
on the algebraic conditions for strict dissipativity of a linear system given in [13].

The arguments can be developed for >, in the discrete-time domain as well.

Theorem 7 (DT-QSR): Consider a nonlinear system >.; given by (2) and its linearized system G,
given by (12). Suppose G, is controllable and observable. If G; is strict QSR-dissipative and (20) is
satisfied, then >, is locally strictly QSR-dissipative with the same supply rate.

A direct application of these two theorems is for a particular quadratic supply rate by setting S =
%(1 +po)l,R=—0l,Q = —pl. In this case, (11) is reduced to

T

@w(u,y) = (14 po)u"y — ou'u— py"y, (21)

where o is called the input feed-forward passivity index (denoted by IFP(o)) and p is called the output
feedback passivity index (denoted by OFP(p)). If 3, or ¥, is dissipative w.r.t w(u, y), it is said to have
IFP(0) and OFP(p). The two passivity indices characterize the level of passivity for a given dynamical
system and can be used in control designs and system stability analysis [25], [15].

The following result is immediate from Theorem 1.

Corollary 2: Suppose >, given by (3) (resp. X4 given by (2)) has IFP(c) and OFP(p), then its
linearized system (12) has IFP(c) and OFP(p) as well.

To determine the passivity indices for a nonlinear system from its linearized system, we can use
Theorem 6 and 7 by replacing (19) with

—ol + %(1 + po)(D + D) — pDTD > 0,
in continuous-time domain and (20) with
—ol + %(1 + pa)(D + D'y — pD*D — B"PB > 0,
in discrete-time domain.

V. DISCUSSIONS AND EXTENSIONS

In this section, we first compare passivity analysis and stability analysis based on linearization from
a Lyaponuov approach point of view. Then, we extend the results in Section IV to nonlinear systems
of a more general form.



A. Passivity & Stability: a Lyapunov Approach

From the analysis in Section IV, it can been seen there is a strong connection between stability and

passivity analysis by using a Lyapunov approach as shown in the following.

1) If a nonlinear system is stable, then its linearized system is stable. This corresponds to a passive
nonlinear system has a passive linearized system.

2) If the linearized system is marginally stable, we cannot say whether the nonlinear system is locally
stable or not. This corresponds to the case that a lossless linearized system does not tell us whether
the nonlinear system is passive or not.

3) If the linearized system is asymptotically stable, then the nonlinear system is locally stable. This
corresponds to the case that a SSIP linearized system implies local passivity of the nonlinear
system.

4) If a linearized system is unstable, then the nonlinear system is unstable from Chetayev’s instability
theorem. If the linearized system is not passive, the nonlinear system is not (globally) passive,
however, for local passivity, we do not have theoretic guarantee in general.

B. Passivity: Extension to General Nonlinear Systems

The results in Section IV can be extended to a general nonlinear system which may not be affine
in control input. The results claim that if the linearized system is SSIP, the nonlinear system will be
locally SSIP.

Consider a continuous-time nonlinear system of the form

T = f(z,u), (22)
y = h(z, u),

or a discrete-time nonlinear system of the form

w(k+1) = fx(k), u(k)), (23)
y(k) = h(x(k), u(k)),

with f(0,0) = 0 and h(0,0) = 0 without loss of generality. The linearization is given through (4) or
(5) with
of of oh oh

It follows by using Taylor series expansion that f and A in (22) or (23) can be rewritten as

f(x,u) = Az + Bu + F(x,u),
h(z,u) = Cx + Du+ H(x,u),

where F'(z,u) and H(x,u) contains higher order terms of f(x,u) and h(x,u), respectively. It can be
verified that the terms contained in F'(z,u) and H(x,u) are at least linear in either x or u, for instance
22, xu, u?, 2, v’u, u?z, u3, - - - . The following result is immediate.

Proposition 1: Denote o, (resp. o,) as the smallest order for u (resp. z) contained in a polynomial
of z and u. Either o, > 2 or o, > 2 for 27 F(z,u) and u” H(z, u).

Theorem 8: Consider a nonlinear system given by (22) and its linearized system given by (24).
Suppose the linearized system is controllable and observable. If the linearization (24) is strict passive
and D + DT > 0, then the nonlinear system (22) is locally SSIP.



Proof: From Lemma 5, we know the linearized model is SSIP with a storage function V' (z) =
sa” Pz, such that for some vy > 0 and vy > 0, u’y —V > vyz”z + voulu. Apply V() as locally
defined storage function for the nonlinear system (22), we obtain

u'h(z,u) — a—‘;f(x,u)

=u” (Cx + Du) + v’ H(x,u)
— 2" P(Ax + Bu) — 2" PF(z,u)

>viz’ w4+ vpuu — v H(z,u) — 27 PF(x,u).

From Proposition 1, 27 PF(z,u) + u” H(x,u) contains higher order terms either in z (o, > 2) or in u
(o > 2). Denote the terms with o, > 2,0, < 1 by I'i(z,u) and the terms with o, > 2 by I's(z,u).
Thus,

u'h(x,u) — = f(x,u)

ox

>vzl s — Tz, u) + vgu’ v — Dy, u).

According to Taylor’s theorem, there exist a ball around x = 0 and a ball around u = 0 and constants
c; > 0 fori=1,2,3,4 (and at least one ¢; > 0), for which

I3 (2, )| < [l2l*(exJull + colll)),
IT2(z, w)|l < llull*(csllull + callz])).

Thus, the following relation holds when (z,u) close to (0,0),

ulh(z,u) — g—‘;f(x,u)

2||zl*(v1 = ellull = eallz]l) + [Jull*(vz — esllull — eallz]])

1 1
2§Ull|$\|2 + §U2HUHZ-
Therefore, the nonlinear system (22) is locally SSIP. [ ]

In discrete-time domain, we have the following result based on Lemma 6 and similar arguments for
(22).

Theorem 9: Consider a nonlinear system given by (23) and its linearized system given by (24).
Suppose the linearized system is controllable and observable. If the linearization (24) is strict passive
with a storage function V(z) = 127 Pz and D + D — BT PB > 0, then the nonlinear system (23) is
locally SSIP.

Remark 9: These results are not surprising since the nonlinear system affine in control >, (resp. X4)
contains the lower-order terms for the general nonlinear system (22) (resp. (23)). In this sense, >.. (resp.
>l4) can be viewed as an approximation for a general nonlinear system (22) (resp. (23)) when talking
about local properties for the system. Clearly, the the results for strict dissipative linearizations can also
be extended to general nonlinear systems as well.

VI. FINAL REMARKS

In this paper, we study a class of nonlinear system whose local passivity is implied from its lineariza-
tion. For such systems, the storage function of its linearized system works as a locally defined storage
function of the nonlinear system. This storage function can be used to show passivity of the nonlinear
system within a neighborhood of the equilibrium. Our main results show that for a linearized system
which is simultaneously strict passive and strict input passive (SSIP), the nonlinear system will hold
the same property locally. Algebraic conditions are established based on positive-real lemmas under



which a linear system is shown to be SSIP. The property of SSIP is analogous to asymptotic stability
in stability analysis using an indirect Lyaponuv approach. We also investigate linearization of QSR-
dissipative systems (more general than passivity) and relate passivity indices for a nonlinear system and
its linearization.

A storage function for a linear system can be obtained by solving algebraic equations and further
used as a locally defined storage function for the nonlinear system. In this way, we can guarantee local
passivity of a complicated nonlinear system for which the storage function may not be easily found. This
is one benefit of this work. On the other hand, the neighborhood for local passivity may be sufficiently
small indicated from the linearized model. Moreover, some intricacies of the nonlinear system may be
neglected by linearization. However, this information may play a dominate role, such as the coupling
in power systems. In this case, other approximation techniques may be useful such as model reduction
for nonlinear systems that preserves passivity [26].
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