1903.08806v1 [cs.SY] 21 Mar 2019

arxXiv

Robust Contraction Analysis of Nonlinear Systems via Differential 1QC

Ruigang Wang and Ian R. Manchester

Abstract— We present a new approach to verifying con-
traction and L»-gain of uncertain nonlinear systems, extend-
ing the well-known method of integral quadratic constraints.
The uncertain system consists of a feedback interconnection
of a nonlinear nominal system and uncertainties satisfying
differential integral quadratic constraints. A pointwise linear
matrix inequality condition is formulated to verify the closed-
loop differential Lo gain, which can lead to global reference-
independent L. gain performance of the nonlinear uncertain
system. For a polynomial nominal system, the convex verifica-
tion conditions can be solved via sum-of-squares programming.
A simple computational example based on jet-engine surge with
input delays illustrates the approach.

I. INTRODUCTION

The integral quadratic constraint (IQC) approach of [1]
provides a flexible framework for robustness analysis of
uncertain systems, and includes as special cases many
previously-proposed methods. The basic setup of [1] is an
interconnection of a nominal system — which is a sta-
ble, finite-dimensional linear time-invariant system — and
uncertainties that are known to satisfy integral quadratic
constraints. The “uncertainties” may be known but “trou-
blesome” components (e.g., time delay or other infinite-
dimensional dynamics, saturation or other nonlinearties) or
an unknown but bounded dynamics dynamics. Closed-loop
stability and performance can be verified by solving a linear
matrix inequality (semidefinite program).

Advances in computational analysis of nonlinear systems,
especially polynomial systems via sum-of-squares program-
ming [2], motivate extending the IQC approach to scenar-
ios in which the “nominal” system is nonlinear, but still
amenable to computation, e.g. described by a relatively low-
degree polynomial vector field. However, many of the most
powerful IQCs used in [1] are “soft” IQCs, meaning that their
time-domain representations do not necessarily hold for all
finite times (so-called “hard” IQCs), as would be required
for standard analysis methods of nonlinear systems [3].

Recently, the work [4] proved that, under rather mild con-
ditions, most soft IQCs do in fact have hard representations,
in particular if the associated frequency-domain multiplier
admits a J-factorization. Related results were obtained in [5],
[6]. Based on this, several approaches have been developed
to relax the assumption on nominal models. In [7], [8], the
IQC-based analysis framework has been applied to linear
parameter-varying (LPV) systems. In [9], a time-domain
IQC theorem using graph separation was proposed for the
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feedback interconnection of two nonlinear systems. The
stability condition was stated purely on input-output relations
without involving linear matrix inequalities (LMIs).

The stability and performance notation used in the IQC
framework is based on Lo gain with respect to one preferred
equilibrium (e.g., the origin). However, for many nonlinear
systems, there are reasons to prefer a stronger stability anal-
ysis tool which is independent of the reference [10]. These
cases often require the input-output stability to consider both
boundedness (i.e., bounded inputs produce bounded outputs)
and continuity (the outputs are not critically sensitive to small
changes in inputs). Although both continuity and bound-
edness of input-output stability was introduced by Zames
[11], research on boundedness of solutions and stability of
special solutions (e.g., a known equilibrium) have dominated
existing literature. In [12], Desoer and Vidyasagar show that
bounded and continuous solutions with respect to inputs can
be implied by incremental Lo stability while only bounded-
ness can be ensured by the standard Lo-gain stability. The
incremental IQC was briefly discussed in [1] and later on
applied to the harmonic analysis of uncertain systems in [13],
[14]. However, it was proved in [15] that stability multipliers
such as Zames-Falb, Popov, and RL/RC multipliers are not
directly applicable for incremental stability analysis as they
cannot preserve incremental positivity. Recently, a weaker
notation — equilibrium-independent 1QC was introduced to
describe nonlinear systems [16]. The frequency-domain IQC
theorem is then applied for robustness analysis of networked
passive systems with delays.

Contraction [17] is a strong form of stability meaning
that, roughly speaking, all solutions converge to each other
exponentially. The underlying idea is to investigate the local
stability of the linearized system (differential dynamics)
along any admissible trajectory, from whichglobal incre-
mental stability can be established via integration of local
analysis along certain path. The benefits of contraction
analysis are two folds. First, no specific knowledge about
the particular trajectory or reference signal is required during
the analysis stage, which leads to a reference-independent
approach. Second, the analysis problem has a convex for-
mulation using Riemannian metric [18], which allows for a
numerically efficient optimization method — sum-of-squares
(SOS) programming [2]. Recently, a general differential
Lyapunov framework based on Finsler metric was presented
in [19]. The extension of differential Lyapunov theory to
input/output dynamics — differential dissipativity [20], [21]
was applied to system identification [22], robust analysis of a
limit cycle [23] and distributed control of chemical systems
[24]. A controller synthesis and realization framework based



on control contraction metric (CCM) was developed in [25].
It was then extended to performance design in [26]. In [27],
contraction analysis based on certain metrics was applied to
group cooperation subject to time-delayed communications.
However, there are as yet few precise results on contraction
of uncertain systems containing a broad range of “trouble-
some” components.

In this paper, we present an approach to verify robust con-
traction and performance (Lo gain) of an uncertain nonlinear
system by lifting the time-domain IQC theorem into the dif-
ferential setting. The uncertain system consists of a feedback
interconnection of a nominal nonlinear model and a per-
turbation. Here we assume that the nominal model belongs
to a class of “less troublesome” nonlinear dynamics whose
differential Lo gain can be obtained via pointwise LMIs. A
novel 1QC, namely differential IQC, is then introduced to
replace the “troublesome” uncertainty. By using the results
from IQC-based analysis for LPV systems [7], [28], we
develop a pointwise LMI condition which yields a bounded
differential Lo gain for the uncertain systems. Finally, we
prove that global incremental Lo-gain performance can be
guaranteed if the local analysis result is satisfied for all one-
parameter solution families. We also show that a global L,-
gain (a weaker notation compared with incremental one)
bound with respect to certain reference trajectory can be
inferred if the differential dissipation test is only validated
for certain class of solution families.

The paper is structured as follows. Section [[I] presents
the background on contraction analysis and IQC. Section [II|
introduces the concept of 4-IQC. The main results on robust
contraction analysis based on differential dissipativity and 0-
IQCs are given in Section Section [V] provides a simple
computational example.

II. BACKGROUND
A. Notation

Most notation is from [29]. For a matrix M € C™*",
M’ denotes the transpose and M* denotes the conjugate
transpose, respectively. The para-Hermitian conjugate of G €
RH,,, denoted as G™, is defined by G™~(s) := G(—s)'.
C* denotes the set of vector signals on R which have kth
order derivative. Lo is the space of square-integrable vector
signals on R, ie., ||f] == (fy~ |£(1)]dt)'/? < oo where
|z| denotes the Euclidean norm of a vector z. The causal
truncation (-)7 is defined by (f)r(t) := f(¢) for t < T and
0 otherwise. Ly, is the space of vector signals on R>q whose
causal truncation belongs to Lo. Let ARFE(A,B,Q,R,S)
denote the following Algebraic Riccati Equation (ARE):

AX+XA—(XB+S)RYXB+S)+Q=0. (1)

The stabilizing solution X € S, if it exists, is such that
A—BRY(XB+S) is Hurwitz.

A Riemannian metric on R™ is a symmetric positive
definite matrix function M (x), smooth in x, which defines
a inner product (01, d2), := 0y M ()02 for any two tangent
vector 01, 2. A metric is called uniformly bounded if there
exist positive constants as > ap such that a1 < M(z) <
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Fig. 1. Geometrical interpretation of the differential dynamics based on
an one-parameter solution family.

asI, Vo € R™. T'(xo, x1) denotes the set of piecewise smooth
paths ¢ : [0,1] — R™ with ¢(0) = x¢ and ¢(1) = z;. The
curved length of ¢(-) is defined by

1
14 = s> Cs)c(s) 0 2
(©) /0\/<cc><>s @)

where ¢, = 0c/0s. The geodesic ~(-) denotes a path with
the minimal length, i.e., £(v) = inf.cp(z,4,) £(c). For more
details see [30].

B. Differential Lo Gain via Contraction Analysis
Consider a nonlinear system of the form

&= f(z,d), e=h(x,d) 3)

where z(t) € R", d(t) € R™, e(t) € R" are the
state, disturbance and performance output, respectively. For
simplicity, f, h are assumed to be smooth and time-invariant.

Instead of investigating stability properties of one solution
(z,d,e)(-), we are interested in an one-parameter solution
family defined as follows [20]. In what follows we denote
p:=(z,d,e).

Definition 1. A set of solutions Q, = {p(, s)}ser Where
p(+,0) = p(-) is said to be an one-parameter solution family
to @) if p(-,-) € C? for almost all ¢ € R>g, s € R, and
p(-, s) satisfies (3 for all s € R.

Compared to the time ¢, variable s can be seen as a spatial
parameter. The partial derivative % at each ¢ characterizes
the time evolution of a curve Z(¢, -) subject to the nonlinear
model (3). The partial derivative % at each s characterizes
the behavior of tangent vector that moves along the solution
Z(-, s), as shown in Fig. |1} This behavior can be modeled by

the following differential dynamics ([17]):

ox od
on. on. @
0e = C(x,d)d, + D(x,d)da := -0, + 5-0a

where (0, d4,0) = (g—i, %, % .

The performance condition for nonlinear systems usually
involves a bound on the L, gain from d to e. There are
several different formulations of Lo gain. Since the standard
L+ gain does not consider continuity of input-output stability,

this work investigates the following strong notations.

Definition 2. System (3) is said to have an incremental Lo-
gain bound of o > 0 if for all pair of solutions with initial
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Fig. 2. Different notations for reference-independent stability.

conditions 2 (0), z1(0) and input dy,d; € La., and for all
T > 0 solutions exist and

l(e1 = eo)r||* < @®[[(dr — do)r[* + b(w0(0),21(0)) (5)
for some function b(zg,z1) > 0 with b(z,z) = 0.

Definition 3. System (3) is said to have a global Lo-gain
bound of v > 0 if there exists a unique solution p*(-), any
initial condition x(0) and input d — d* € Lo, and for all
T > 0 solutions exist and

Ite = e)rl* < a®[[(d = d)r[|* + b(x(0),27(0))  (6)
for some function b(xg,z1) > 0 with b(z,z) = 0.

Note that global Lo gain stronger than the equilibrium-
independent counterpart [16], but weaker than incremental
one, since it only requires the convergence between a par-
ticular (i.e., system solution and reference trajectory) rather
than arbitrary pair of trajectories, as shown in Fig.

We also work on the differential Lo gain, that is, system
() is said to have a differential Lo-gain bound of « if for
all 7 >0

16e)7l* < a®[l(Ba)z[I* + B(2(0),6(0)) (7

where ((z,d;) > 0 with 8(x,0) = 0 for all z. Applying
standard results [3, Th. 3.1.11] to the joint system (3), @)
gives that a sufficient, and in some cases necessary, condition
for the differential Ly-gain bound is the existence of a
differential storage function V'(z,d,) > 0 with V(z,0) =0
such that

Vi(x,8,) < a?dq)? — [0.]% (8)

Here we are interested in the differential storage function in-
duced by a Riemannian metric, i.e., V(z,d;) = 6, M(x)d,.
Other more general metrics are possible, see [20], [31],
however we focus on the Riemannian case as the analysis
problem can have a convex formulation.

C. Integral Quadratic Constraints
In the IQC framework, the uncertainty (either a known but

“difficult” component or unknown dynamics) is described by
an operator A, which refers to an input-output system

w = A(v). ©))

An operator A is said to be casual if Ap(v) := (w)r =
A((v)r) for all T > 0. It is said to be bounded if there
exists Cy such that [|[Ar(v)|| < Cyl|(v)r] for all T > 0
and v € Lg.. The underlying idea of IQC analysis is to
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| I |

Fig. 3. Graphical interpretation of the IQC.

replace A with a constraint or set of constraints that it
is known to satisfy, and which are convenient for analysis
that is convenient for analysis via LMIs. In particular, the
constraints are frequency-weighted integral inequalities of
the form below.

Definition 4. Let I1 = [I~ € RL{wFmw)X(motnw) pe gjyen,
Two signals v € L5 and w € L™ satisfy the frequency
domain IQC defined by the multiplier II if

H@m[%¥9ﬂdwzo (10)

Jw

where V and W are Fourier transforms of v and w. A
bounded, causal operator A : L5 — L5» satisfies the
frequency domain IQC defined by II if (I0) holds for all
v e Ly and w = A(v).

IQCs can also be expressed in the time-domain via Parse-
val’s theorem, and can be interpreted as comparing filtered
versions of the input and output of A as in Fig.

Definition 5. Let ¥ € RH™*("*"w) and M = M'. Two
signals v € L3, w € Ly satisfy the time domain IQC
defined by the multiplier ¥ and matrix M if the following
inequality holds

/ Z(t)Mz(t)dt > 0 (11
0

where z is the output of ¥ with the zero initial condition
and inputs (v,w). A bounded, causal operator A satisfies
the time domain IQC defined by (¥, M) if (IT)) holds for all
v € Ly and w = A(v).

The time domain IQC in (TI) is referred as a soft IQC in
[1], and it is important to note that it assumes that all signals
are in L. If the time domain constraint fOT 2/ (t)M=z(t)dt >
0 holds for all T' > 0, this is called a hard IQC. The hard/soft
property is not strictly inherent to the multiplier IT but instead
depends on the non-unique factorization II = UV~ MW. In
particulary, a key additional assumptions on the multiplier IT
is that it admits a J-spectral factorization, in which case a
hard factorization can be constructed [4].

III. DIFFERENTIAL IQC

The conventional IQC cannot be directly applied to con-
traction analysis since it is defined with respect to one
preferred equilibrium. In this section, we will introduce the
concept of differential IQC, which is used to replace the
“troublesome” perturbation.



An operator A is said to be locally affine bounded if there
exists Cy, C; > 0 such that

|Ar(v1) — Ar(va)|| < Co + Ci[(v1 — v2)7||

for all T > 0 and v; € L. It is called locally bounded if
this holds with Cy = 0. For a locally bounded operator A,
its associated differential operator 0A can be defined by

5u) - 8A(’U, 51}) = hm Sup A(U + S5v) —_ A('U)

s—0t S

12)

13)

where v, 0, € Lae.

The differential IQC is an integral quadratic constraint
specified on (d,,0, ). The following definition is given in
frequency domain (the time-domain definition is omitted due
to space restrictions, but it is similar to Definition [3).

Definition 6. An operator A : L3 — L5 is said to satisfy
the frequency-domain differential IQC (5-1QC) defined by
the multiplier IT = TI~ € RIL{»Tw)X (o Fmw) i A s casual
and locally bounded, and the following inequality holds

P T o B o

—o0 5w(.7w) 5w(]w)

where SU and Sw are Fourier transforms of 0, € £5° and
0w = 0A(v;6,) € L5™.

A similar definition can be given for incremental 1QCs.

Definition 7. A causal operator A satisfies the frequency-
domain incremental IQC defined by II if for any pair
of input-output trajectories (vg,wg)(:) and (vq,wq)(:) with
dy =v1 —vg € L3” and dyy = A(v1) — A(wg) € L™, the
following inequality holds

[ wffes o

where civ and cfw are Fourier transforms of d,, and d,,. If the
above condition only holds for a particular reference input
(i.e.,vg = v™*), the operator A satisfies an global IQC defined
by II.

Note that a global IQC is just a standard IQC [1] with
respect to a trajectory which is not necessarily at the origin.

For locally bounded operators, 4-IQC and incremental
IQCs are equivalent under a mild assumption on the mul-
tiplier, which is also important for hard factorization.

Assumption 1. The multiplier IT satisfies II,,(jw) > 0 and

I (jw) < 0 for all w € RU {oo}, where {gzu ng]

with IL,, € RLL* ™" is a partition of the multiplier II.

Proposition 1. Assume that Assumption |l| holds for the
multiplier 11. The locally bounded operator A satisfies the
0-1QC induced by 11 for all one-parameter solution families
Q, with ¢ := (v,w) if and only if it satisfies the incremental
1QC induced by 1.

Proof of Proposition[l} “if”: For any v € L5 and 4, €
L3, we take vg = v, wy = w and v; = v+80,, w1 = A(vy).

For a sufficiently small s, we have d,, = sd,, = sOA(v; ).
Since A is locally bounded, there exists a set-valued map D
such that 0A(v;d,) = Da(v)d,. Condition follows by
substituting d,, = sd,, and d,, = sDA(v)d, into (I3).

“only if”: For any pair of input-output behaviors (vg, wp)
and (vy,w;) satisfying d,,,d,, € L, by taking the parame-
terization v(s) = (1 — s)vg + sv1 and w(s) = A(v(s)), we
have 0,(s) = d, € Lo and §,(s) = 0A(v(s),d,(s)) € Lo
as OA is bounded. Integration of (T4) over s € [0, 1] yields
(the dependence on jw is omitted for simplicity):

o< [ [ [0 i) e
- sl ][] e
:/_Z chl [§~ H(ﬂ LH dsdw-+

0 1
/ / 6% ()0 (8) dsdlew.
—oo J0

Since L., (jw) = I3

ww

(16)

(jw) < 0, it yields a factorization

IIyw = —Ay, Ay From Cauchy-Schwarz inequality, we have
/5 )Ly bus /|A5 )[2ds
a7
< - / Awéw(s)ds = d* Mydy.
0

The incremental IQC condition (T3] follows from (T6)-(T7).
O

From the above proposition, we have following corollaries.

Corollary 2. If the operator A is linear, then the §-10C
induced by 11 is equivalent to the IQC induced by II.

Corollary 3. If the operator A satisfies the §-1QC induced
by 11 for all Q,- with a fixed o*, then it satisfies the global
1QC induced by II.

For general locally affine bounded operators, the corre-
sponding differential operators may not be well-defined since
even a small input may produce large output (e.g., the relay
operator w = sgn(v)), therefore, one cannot find any §-IQC.
However, it may be possible to construct artificial feedback
loops encapsulating those operators [13] which enable 4-
IQC analysis. For example, consider the following uncertain
system

y=—ay—As(y) +v (18)

where Ay is a viscous friction operator defined by A(y) =
sgn(y)(bly| + ¢) with a,b,c > 0. The operator w = Ay (y)
is not locally bounded. However, a locally bounded operator
can be constructed via the feedback encapsulation shown in
Fig. @] for which we can find a §-IQC.

Proposition 4. The operator A : v y defined in (18)

satisfies a differential Ly gain bound of ~ +b

Proof. We sketch a proof based on the regularisation ap-
proach of [32]. The operator A : v — y is locally bounded.
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Fig. 4. Bounded feedback encapsulation of a viscous friction.
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Fig. 5. Feedback interconnection

The following smooth system § = —(a+b)y—ctanh(y/e)+
v with € > 0 approaches when € — 0. The differential
dynamics of this approximation are

b, = —(a+0b)d, —c/e(1 —tanh®(y/€))d, + d,.  (19)

Since 1 — tanh?(y/e) > 0, the above differential dynamics

has a Ly-gain bound of a}rb for all € > 0. The claim follows

by taking € — 0 and the results of [32]. O

IV. ROBUST CONTRACTION ANALYSIS

The main results of this paper prove robustness results for
a nominal nonlinear system in feedback with uncertainties
satisfying differential IQCs.

A. Problem Statement

We consider a robust contraction analysis problem for
uncertain nonlinear systems. Here the perturbed system is
described by the feedback interconnection of a nominal
nonlinear system G and an uncertainty A as shown in Fig. [5]
This feedback interconnection with A wrapped around the
top of G is denoted F, (G, A). The nominal system G is
represented by

j::f(x’wa)7 /U:g(x7w’d)’ ezh(l‘?w’d) (20)

where x(t) € R™ is the state, w(t) € R™ and d(t) € R™
are inputs, and v(t) € R™ and e(t) € R are outputs.
For simplicity, f, g, h are assumed to be smooth and time-
invariant. Moreover, the following assumptions are made
regarding G and A.

Assumption 2. The nominal nonlinear system G has a
differential Lo-gain bound from col(w, d) to col(v, e).

Assumption 3. The uncertainty A satisfies a collection of
frequency domain §-IQCs defined by {IIj }1<x<n with I, €
R +7e) X (mutnw) gatisfying Assumption |1} denoted by
0A € OA(ILy, ..., IN).

Assumption 4. The overall uncertainty satisfies a differential
L? gain bound, and has been normalized to satisfy ||OA||
1, so the first §-IQC is defined by the multiplier II; =
diag(l,,, —1In,,)-

IN

All these assumptions are used to simplify the algorithm.
From Assumption |2| the nominal system is a “less trou-
blesome” nonlinear dynamics since the differential Lo-gain
implies bounded and continuous outputs with respect to
inputs. The §-IQCs in Assumption [3] are used to bounded
the differential input/output behavior of the perturbation A.
Assumption |1 and El\rare used to ensure that a “combined”
multiplier IIy = ) ;" ; ApIl; is a hard 1IQC and has a J-
spectral factorization for all A € A := {\ € RN | A\, >
0, \x > 0,2 < k < N}. Similar assumptions are made in
[28] for LPV robustness analysis.

B. Robust Performance Condition

In this section, a pointwise LMI is developed to verify the
differential dissipation condition (8] for the uncertain system
Fu(G, A). First, the differential dynamics of the nominal
system G can be represented by

59: Aw(p) wa(p) de(/’) 0
8y | = |Cu(p) Duyw(p) Dualp) 0w (21)
Je Ce(p) Dew(p) Dea(p) da
__ af _ of _ of _ 0 o
\ghere A, = 0w By, ;h%’ By 76?, Cy, = 32, 8th =
8751’ Dvd = 872’ Ce = 9z’ Dew = Jw and Ded = ad- Let

(U, My,) be a factorization for IT;, and ¥ be the aggregated
system of {¥}1<k<n which can yield a (minimal) state-
space realization with differential dynamics as follows:

; )
61/) Ad) B"/}'U wa ¥
= 0p|,1<ESN (22
|:5Zk:| |:Czlc Dzk’U Dzkw 5 ( )
w

where 6, € R™ is the filter state, J,, is the output of the
filter Uy, driven by the signals (4, d,,). From @2I) and 22),
we can obtain the extended system of G and U as follows

(.Sx A(p) By (P) Bd(P) 5)(
6zk = Czk-, (/)) Dzkw(p) Dzkd(p) 6w ) 1 < k < N
66 Ce (p) Dew (p) Ded(p) 6d

(23)

where x = col(z,1)) € R"+7% The extended system can
be expressed in terms of the state matrices in and (22).

The following result establishes a pointwise LMI condition
for differential dissipativity () of the closed-loop system,
and can be seen as an application of the method of [28] to
the differential dynamics (23).

Proposition 5. Let the nominal system G and the uncertainty
A satisfy Assumption The feedback interconnection
Fu(G, A) has a differential Ls-gain bound of « if there
exists a smooth state-dependent matrix function P(x) =
P'(x) and a multiplier coefficient vector A € A such that the
following pointwise LMI (omitting p for a shorter notation)
!

PA+AP+P PB, PBy c! c
B, P 0 0 + |D.,| | DL,
B,P 0 —o?T D] | Dy
!
N Cl, C.,
+ Z )\k Dlzkw Mk Dlzkw <0
k=1 D/de D’de

(24)



holds for all p.

Note that if the nominal system is polynomial, the above
pointwise LMI condition can be efficiently solved for using
SOS programming [2].

The main part of the proof parallels Theorem 2 in [28],
since the evaluation of the differential dynamics (ZI)) along
any particular trajectory gives an LPV system. With this in
mind, we simply sketch the proof here.

The key step is to prove that (24) is equivalent to a new
LMI formulation which involves a single, hard §-IQC and a
new matrix function ]5(X) > 0 for all . First, the combined
multiplier 1T has a factorization (Uy,M),) where ¥, =

o —1
[(81 Alw) B¢] with By := [Byy  Byuw] and

/

N C! C!
S 2k 2k
My = {gﬁ RA} =3 M [Dlpw| Mi |Dhp| (29
A A k=1 D’ !
de de

with Q@ = @) and Ry = R). From Assumptionand the
definition of A, we have IT ., (jw) > 0 and II . (jw) < 0
for all w € R U {co}. The multiplier II can yield a J-
spectral factorization (W, M) with M) = diag(l,,,—In,)
[4, Lemma 4]. The differential dynamics for the state-space
realization of W) is

: 5
%] _[4 B Bw]|s 26)
52’; CZ)\ DZ)JJ Dzkw 5’0

where C,, = MA(D;;)’(B;X—{—SA) with X as the stabling
solution to the ARE(Ay,By,Qx, S\, Ry) and D,, :=
[D.yo Dyl satisfying Ry = D;AMAD@‘ Then the
extended system of G and T A can be represented by

by A B, By [4§]
5z>\ = CZ)\ Dz)\w ’szd 5w (27)
66 Ce Dew Ded 5d_
The equivalent formulation to LMI can be written as:
PA+ AP+ P PB, PBy clre
B, P 0 0 |+ |Dw| |Dew
~ o~ / /
B/dp 0 —OZQI Ded_ Ded
~ ~ I
LA I AN
+ | DL | M | DL, | <O
ID/Z)\d D;)\d
(28)
= 0 0 . .y
where P = P — > 0 with X as the stabilizing

0 X
solution to the ARE(Ay, By, Qx, Sx, Ry). Left- and right-
multiplying (28) with col(dy, 0., dq) and its transpose, and
taking integration of ¢ over [0, T] gives

T T
Vi — Vo+/ 8, M6, g/ (@®[84]* = |6.1*)dt  (29)
0 0

where V; denotes S (HM(x(1))0x(t) with M = P + l.
Here € is a small positive constant. Note that (¥, M)) is

a hard factorization which implies fOT o M 20z, > 0 for
all 7" > 0. Thus, is a differential dissipation condition
which yields a differential Lo-gain bound of « for F, (G, A).

There are two major benefits for applying contraction
analysis to nonlinear systems: local differential stability
implies global incremental/global stability, and no knowledge
about the reference trajectory is required. The following
theorem shows that robust contraction analysis based on 4-
IQC preserves these two features.

Theorem 6. Suppose that conditions for Proposition [3] are
satisfied. If differential dissipation inequality 29) holds for
any solution p(-) and any solution family Q,, then F,(G, A)
has an incremental Lo-gain bound of a. If only holds
for all Q,+ with certain p*(-), then F,,(G, A) has a global
Lo-gain bound of a.

Proof. We prove the first claim that if is satisfied for all
solution families, an incremental Ly-gain bound is guaran-
teed. For any pair of solutions po(-) and p;(-), we consider
an one-parameter solution family €2, satisfying

7(0,s) = c(s,x0(0),z1(0))
d(t,s) = do(t)(1 — s) +dy(t)s
e(t,s) = h(z,d)(t, s)
where ¢(-, 20(0),21(0)) is a smooth path joining x((0) and
71(0). Thus, Q,, also satisfies p(-,1) = p1(-). Substituting

(0z,04,0.) = (Ts,ds,€s) into Z9) and integrating it over
[0, 1] yield

T 1 T 1 1
/ / |€s|2dsdt§a2/ / |d5\2dsdt+/ c, Mcgds.
0 0 0 0 0

€29
This gives the incremental Ly-gain condition (5) with
b(zo, 1) = 62(0(~7x0(0),x1(0))2 since ds = dy — do and

(30)

le1 — eo]?> = |f01 e.ds|*> < [ |es|*ds (Cauchy-Schwarz
inequality). For the second claim, it is straight forward by
following the above steps. O

V. ILLUSTRATIVE EXAMPLE

A simplified model of surge-stall dynamics of a jet engine
has the form of

[1?] — @)+ But Bd=| , %" (32)

o V= 3¢° —50% 4 d
where x = (¢,1)) is the state, u is the control input, and d
is external disturbance. Here ¢ is a measure of mass flow
through the compressor, and v is a measure of pressure rise
in the compressor. By implementing the CCM based control
synthesis approach ([26]), we found a constant Riemannian

metric and a differential controller
§u = K ()0, (33)

which achieves a bounded global Lo gain of @ = 0.93 from
d to e := ¢ + 0.1u within the region |¢| < 1. The control
realization based on integration along geodesics is

1
u(t) = w(x,z*,u*)(t) == u*(¥) +/0 K(~(t, 8))ysds (34)



TABLE I
GLOBAL L2-GAIN BOUND «¢ VS DELAY BOUND ©

© 0
a | 093

0.04
1.44

0.08
4.87

0.12
13.59

0.16
546.3

where (z*,u*)(-) is a reference trajectory, ~(¢,-) is the
geodesic joining x*(¢) to x(¢). For constant metric, there
exist a unique geodesic (¢, s) = z*(¢)(1 — s) + x(¢)s.

The §-IQC based contraction analysis problem we consid-
ered here is the performance degradation caused by uncertain
input delays:

u(t) = k(x,z*,u*)(t — 0) (35)
where 6 € [0,0] with © as a known bound. The perturbed
nonlinear system can be represented as a feedback intercon-
nection of a nominal model G and a perturbation A:

& = f(z) + Bk(z,2*,u*) + Bw + Ed

G: e =Cz+ Dk(z,z*,u*)+ Dw 36)
v = k(z,z*,u*)

A w=v(t—0)—v(t).

Since the uncertainty A is a linear infinite-dimensional sys-
tem, the differential operator A exists and shares the same
multipliers for §-IQCs and conventional IQCs (Corollary [2)).
We can obtain a simple (and not complete) set of §-IQCs
from [1]:

A 2 o A 2
bu(iw)| = [8u(e) +du )| =0
e , G7)
1(0w) [3,j0)| = |8 ()| =0
where
2 4
() w? +0.08w (38)

T 1401302 +0.0207°

Solving the parameter-dependent LMI (24)) problem took us-
ing SOS programming (Yalmip [33] and SDP solver Mosek).
The results are shown in Table System performance
deterioration is observed as the input delay increases.

VI. CONCLUSION

This paper extended the time-domain IQC theorem to the
contraction analysis framework. This is quite a natural devel-
opment, since contraction is based on the study of differential
dynamics, which can be interpreted as a special type of LPV
system. However, by integrating along paths in state-space
we obtain rigorous global results for a nonlinear uncertain
system. Our approach leads to a computationally tractable
condition to assess the robust contraction performance of a
nominal nonlinear system interconnected with uncertainties
described by differential IQCs. Future work will consider
the synthesis of robust controllers for uncertain nonlinear
systems using the approach of [26].
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