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A Generalized LMI Formulation for Input-Output Analysis of Linear
Systems of ODEs Coupled with PDEs

1

Sachin Shivakumar Amritam Das?

Abstract— In this paper, we consider input-output properties
of linear systems consisting of PDEs on a finite domain coupled
with ODEs through the boundary conditions of the PDE. This
framework can be used to represent e.g. a lumped mass fixed
to a beam or a system with delay. This work generalizes the
sufficiency proof of the KYP Lemma for ODEs to coupled
ODE-PDE systems using a recently developed concept of
fundamental state and the associated boundary-condition-free
representation. The conditions of the generalized KYP are
tested using the PQRS positive matrix parameterization of
operators resulting in a finite-dimensional LMI, feasibility of
which implies prima facie provable passivity or L.-gain of
the system. No discretization or approximation is involved at
any step and we use numerical examples to demonstrate that
the bounds obtained are not conservative in any significant
sense and that computational complexity is lower than existing
methods involving finite-dimensional projection of PDEs.

I. INTRODUCTION

Partial Differential Equations (PDEs) model systems with
states which vary not only with time, but with respect to some
additional independent parameter or parameters. Examples
include: beam models, where the states are deflection and
rotation; chemical reaction networks, where states are species
concentrations; fluid flow, where the state can be velocity
or pressure; and time-delay systems, where the state is the
history of a finite-dimensional process. By contrast, Ordinary
Differential Equations (ODEs) model systems whose states
only depend on time, with common examples derived from
rigid-body motion or RLC circuits.

Occasionally, we find systems where the dynamics of
a PDE with distributed state are coupled to a system of
ODE:s - often at the boundary of the domain. This can occur
naturally, such as in the case of, e.g.; an aircraft, where a
rigid fuselage (ODE) is fixed to the root of a flexible wing
(PDE); or in a time-delay system, where ODE state feeds
directly into the distributed state (history); fluid flow over
an accelerating mass [1]; and heat-exchange devices [2]. In
other cases, the ODE-PDE coupling is the result of attempts
to design ODE controllers to stabilize a PDE process - such
as in the well-developed Port-Hamiltonian framework [3].
Furthermore, such systems have vector-valued distributed
states, representing, e.g. temperature and flow velocities,
displacement of flexible structures attached to rigid bodies
or concentration of chemical subspecies.
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In this paper, we consider a general class of vector-valued
linear PDE systems whose internal dynamics are of the form

Zl VAl z
zy | (5,t) = Ao(s) | 22| (5,1) + A1(5)0s Lﬂ (s,t)
Zs3 Zs3

+ A2(5)682Z3(8, t),

coupled at the boundary using

z(s,0) = 0; (1)

Bz (t) = Bix(t)
z(t) = col(z2(a, t),z2(b, 1), z3(a, t),z3(b, 1), 0sz3(a, t), Osz3(b, t))

with a linear ODE system
&(t) = Ax(t) + Bazp(t),

where z(t) € R"™ is the ODE state and z;(s,t) € R™
are the distributed states. Here A is a matrix and Ag, A1,
Ay are matrix-valued functions. We assume B has row rank
ng + 2ng. The difficulty in analyzing systems of this form
is that the boundary conditions (and hence ODE state) do
not appear explicitly in the dynamics of the PDE part of the

x(0) =0,

system.

Iustrative Example To illustrate this framework, we use
the example of a string coupled with an ODE; see [4]. The
dynamics of the system can be written as

w(s,t) = cwss(s, ),
&(t) = Ax(t) + Bw(1,t),
w(0,t) = Kz(t), ws(1,t) = —cow(1,t), 2)

where w(s, t) is transverse displacement of the string and z
is the ODE state. These equations may be rewritten in the

proposed form as
Ao(s) Asz(s)
=~

) — 5

E;] (s.1) = {(1) 8] [zj (5,8) + 8] %z;;(s,t)
i(t) = Aw(t) + Bza(1,t),
25(0,1) = Ka(t), 234(1,£) = —com (1,1)

where z1 = w and z3 = w.

Analysis of coupled ODE-PDE Systems We propose an
algorithm to determine input-output properties of systems
of the Form (1). Specifically, if we define inputs w(t) and
outputs Y(t) (See Equation 6) then we propose algorithms:

1) Ly Gain: To find the smallest v such that [ly[|,, <

v llwll, for all w € Ly and

2) Passivity: To verify <y,w>L2 > 0 for all w € Lo,

assuming dimensions of inputs and outputs are equal.
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In this paper we present a computationally scalable LMI-
based algorithms to prove passivity and minimize a bound
on Ly gain for systems in the form of (1). The class
of systems includes linear ODEs coupled with the PDEs
of parabolic, elliptic and hyperbolic type with Dirichlet,
Neumann and mixed boundary conditions. The primary
technical difficulty in analysis of coupled ODE-PDE systems
is that the coupling occurs through the boundary conditions.
Boundary conditions constitute implicit constraints on the
state of the PDE and are not directly represented in the
differential form of Eqn. (1). Furthermore, the effect of
the PDE state on the ODE state is not bounded as the
input to the ODE state is a single unmeasurable point of
a larger distributed state. These limitations preclude obvious
approaches such as construction of a Lyapunov functionals
which depends on the joint ODE-PDE state (See earlier work
in [5], [6], [7], [8]). Our solution to this problem is based
on an alternative boundary-condition-free representation of
the dynamics using a fundmantal state, Xy, as proposed
in [9] (See Section VI). In this representation, the effect
of the boundary conditions is directly represented in the
dynamics of the PDE state, which is defined by a bounded
operator. Furthermore, the effect of the boundary on the ODE
state is directly represented using a bounded operator on
the fundamental state of the PDE. As a result, the KYP
and Positive Real (PR) lemmas may be generalized to the
dynamics of the ODE-PDE system by abstracting the original
matrices to bounded operators(See Section III).

Given our boundary-free representation of the conditions
of the KYP and PR lemmas, we parameterize the operator
variables in these conditions using the PQRS framework
(2.1). This framework uses matrices and matrix-valued poly-
nomials to parameterize operators on R x Lj and enforces
positivity of such operators using LMI constraints on the
matrices and polynomial coefficients. This PQRS framework
is used to parameterize both the variables and the system
matrices. Then, giving an algorithm for composition and
transpose of PQRS operators, we are able to succinctly
summarize the resulting LMI conditions in Theorems 4
and 5. Numerical examples are then used in Section VIII to
show that the resulting Lo-gain bounds are not conservative
in any significant sense.

Existing methods for analysis of coupled ODE-PDE sys-
tems involve approximating the PDE by a finite-set of
ODEs using reduced basis methods, discretization, or other
finite-dimensional projection methods [10], [11]. However,
approximating a distributed state by a finite set of states
often leads to large number of state vatiables. Furthermore,
finite-dimensional projection of PDE may change system
properties such as passivity, reachability, observability or
stability. Consequently, the properties proven for the ODE
approximation of a PDE are not provable for the PDE
directly - requiring a posteriori tests to bound the errors that
occur due to truncation. Methods for bounding the truncation
error typically depend on method of discretization and may
involve significant conservatism.

Other techniques, such as backstepping method [12], [13],
[14], [15] and sliding mode control method [16], [17], rely
on the use of predetermined Lyapunov functional which is
chosen in an ad hoc manner. Other methods, such as [5], [6],
[7], [8] use LMIs to search over a given set of Lyapunov
functionals. However, these methods are largely restricted
to scalar or vector-valued PDE systems with a specific
choice of boundary conditions and are not applicable to
coupled ODE-PDE systems with a general form of boundary
conditions. Finally, [18] considered input-output analysis of
vector-valued linear PDEs (with no ODE coupling). Note
that coupled ODE-PDE systems can NOT be posed (even
inefficiently) as a special case of the vector-valued PDE
framework.

II. NOTATION

S™ C R™*™ is the set symmetric matrices. For a normed
space X, define L5[X] as the Hilbert space of square
integrable R™-valued functions on X with inner product
(x,y)p, = f: x(s) Ty(s)ds. The Sobolov spaces are denoted
WonrX] = {z € Ly[X] | 2% € L3[X] forall k < ¢}
with the standard Sobolev inner products. For a given inner
product space, Z, the operatofP : Z — Z is positive
semidefinite (denoted P 3= 0) if (z,Pz), > 0 forall z € Z.
Furthermore, we say P : Z — Z is coetcive if there exists
some € > 0 such that (2,Pz), > €|z||% for all z € Z.
L(X,Y) is the set of bounded linear operators from X — Y
where £(X) = L(X, X). We use font as a pedagogical aid,
where typically z indicates € R"™, x indicates x € Ly [X]
and X indicates X € R™ x LI [X] where m and n are clear
from context. Likewise, for operators, A typically indicates
A € L(R") is a matrix, A indicates A € L(L3][X]) and
A indicates A € L(R™ x L2%[X]) (or some variation). The
partial derivative 5-X is denoted as Xs.

II1. I/O PROPERTIES OF A ABSTRACT DPS

Before we present our formulation of the coupled ODE-
PDE system, we recall sufficient conditions for Passivity and
Ly-gain of an abstract Distributed Parameter System (DPS)
of the form

%4:(t) = AX(t) + Bw(t)
y(t) = Cx(t) + Dw(t), %(0) =0, 3)

where, X(t) € X is the state, y(t) € R" is the output,
w(t) € R™ is the exogenous input to the system, and A :

AXP—>Z7 BZR”“’—)Z,CIX—)]R”’H and D € R"=X"w

are linear operators.

Theorem 1. Suppose there exists a coercive, self-adjoint
linear operator P : Z — Z and v > 0 such that

<Z,PAZ>Z + <./le,772>z + <z,PBw>Z
+ (Bw,Pz),, <4 |w|® - ||C2||” - (C2)T (Dw)
— (Dw) " (Cz) — (Dw) " (Dw) )

for all z € X and w € R™. Then for any w € L5*([0,00))
and y € L3(|0,00)) which satisfy (3) for some X, ||y|lL, <
YMwllz,.
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Theorem 2. Suppose there exists a coercive, self-adjoint
linear operator P : Z — Z such that

(2,PAz) , + (Az,Pz) , + (2, PBu) , + (Bu,Pz) ,
<(C2)Tu+u"(Cz) + (Du)Tu+u' (Du). (5)

for all z € X and w € R™. Then for any w €
L3([0,00)) and y € LY ([0, 00)) which satisfy (3) for some
5(’ <w7y>L2 Z 0

IV. OPERATOR REPRESENTATION OF COUPLED
ODE-PDE SYSTEMS

Our generalized formulation for coupled linear ODE-PDE
systems consists of a set of ordinary differential equations
and a set of partial differential equations coupled either at
the boundary or in-domain.

For some suitably differentiable functions z : RT — R™=
and z; : R x RT — R™, we represent the internal dynamics
of the system, for input w(t) € R™ and output y(t) € R™v,
as

z(t) = Az(t) + | € z; (t) + Buow(t)
Z3
?2 (s,t) = Ao(s) |z2]| (s,t) + A1(s) [sz (s,t)
Zs3 VA
+ As(8)23s5(5,t) + E(s)x(t) + Bup(s)w(t)
yt)=Cz(t)+ [ C z; (t) + Dypw(t),
Z3
€z~ C j(c Y ] P 2 (5>]>
z, = Ch2p + (8) |Zz2(s)| + Ch(s s ds,
T 75(5) 7s(5)
Ezy, = Eyzy +/b <Ea(s) _223_ + Ey(s) |:Z23(S):| >ds
! 75(5) #as(s)
(6)
where w € Li* and y € Ly¥. For Z = Lj' x

Whne x W27 and n, = ny + ng + ng, the system
can be represented by constant matrices A, C, By, Dy, and
matrix valued polynomials Ay, A1, Ao, Byp, E . For linear
opetatots £ : Z = R, C: Z — R, C,, E,, Cp, Ey ate
matrix-valued polynomials and C, Ej are constant matrices
of appropriate sizes. This parametric form of C of combines
boundary valued/distributed output of the state z,,.

For the distributed state, z;, the boundary conditions are
represented in the form

Bzy(t) = Bix(t) + Baw(t)

whete B, Bj and By are matrices of suitable dimensions,
2z, = col(z2(a), z2(b), z3(a), 25 (b), 235 (a), 235 (b) ). Note, B
should have a row rank of ng + 2n3 for (6) to have a unique
solution. The matrices By and By represent the coupling
with the ODE and disturbance at the boundary, respectively.

We can write this system in the form of (3) as

{ﬂ (t):ft{x} (t) + Bu(t),

where z;, = col(z1, z2,23). Linear operators A:R" x 7 —

R" x Ly*, B: R™ — R" x Ly*, C : R" x Z — R™
and D : R — R™ are defined as

(- [ ] e

=[5, €[]} -eovin

(8)
where
(Azy)(s) :=
ao]
Ao(s) [za(s)| + A (s) Liéﬂ* Ag()23s(5).
Z3(S) s

Notation: The domain of system (7) is
Dz :={col(z,2,) € X : B z;, = B1z(t) + Bow(t)} (9)

where X := R" x Ly*[a, b] X Whn2(a, b] x W22 [a, b]. For
[u} , [;ﬂ € X, we define the inner product as

(BT, =

and norm as

Example 1. Consider

2

=l @ [z + 1Y g2 o) -
X

(t) = —x(t) + x(t — 1) + d(t), y(t) = z(t),
xz(s)=0 se[-7,0].

This can be written as an ODE coupled with a PDE as
follows.

(1) = —a(t) + 2(0,1) + d(t),
(s,4) = %zs(s,t), (1) = a(t),

y(t) = =(1),

2(s,0) = 0.
This is written in the form of (1) using following matrices.

B=1[0 1], Bi=1, A= —1, By, =1,
Ao(s) = 0, Al(S) = ]., AQ(S) = 0, C= 17E1 = []. 0]

All other matrices are zero.
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V. THE PQRS PARAMETRIZATION OF OPERATOR

Using Theorems 1 and 2, it is possible to express a bound
on Ly-gain (or test for passivity) as a test for existence of
a coetcive, linear operator P that satisfies the corresponding
operator inequalities in the Theorem statements. We convert
operator valued inequality constraints to a set of LMIs, by
using matrix valued functions to parametetize an operator on
R x L. This PQRS parametric form is described below.

Definition 2.1. For a matrix P € R"*™, and bounded
polynomial functions Q1 : [a,b] — R"™ %, Qs : [a,b] —
R™™, S : [a,b] — R"™9, and Ry, Ry : [a,b] X [a,b] —
R"*4, we define the operator P{% 8132} : R™ x Li[a,b] —
R™ x L%[a,b] as

CEEHICE

Px—l—bel (s)z(s)ds
s) + [ Ri(s0)z(0)d0 + [° Ra(s,0)z(0)d6|

(10)

{Qz( )z +5(s)z

The generalization of KYP and PR Lemmas using abstract
DPS form leads to operations, such as composition and
adjoint of bounded operators. Hence, we revisit the results
related to composition and transpose of PQRS operator;
refer [19]. These results are used to convert the operator-
valued inequalities, in Theorems 1 and 2, to a PQRS operator
positivity constraint that can be enforced using LMIs. First
we present sufficient conditions for the positivity of a self-
adjoint PQRS operator. Next, we provide the equations
to find adjoint of a PQRS operator in Lemma 3.2 and
composition of two PQRS operators in Lemma 3.1.

A P{Laa;

S, Ry

} Positivity

[a,b] — RO*" 7,
[a,b] — R¥2X" if g(s) > 0 for all s € [a,b] and

b
P = Tu/ g(s)ds,

Theorem 3. For any functions Zi :
[a, ] x

Q) = g(s)TiaZ1(n) + / 0(5)T1s Za (s, m)ds

+ [ 61T zats,m)ds,
Ri(s,n) = g(s)Z1(s) " Tas Z2(s,n) + g(n) Z2(n, s) " Tu2Z1(n)

b
T / 9(0)2(0. )" TssZ(6,7)d6
+ / 9(0)2>(0. )" Tus Z(0, 7)d6
n

n
4 / 9(0) 226, 5) " Tua 220, 7)db,

Ra(s,n) = 9(5)21(s) " Taa Za(s,m) + g(m) Za(01,5) " Toa Z1 (m)
+/bg )Z2(0, s) " Ts3Z2(0,n)d6
+/ 9(0)Z2(0, 5) " T34Z2(60,1)d0
+/ 9(0)Z2(0, 5)  TuaZo(0,1)do,
S(s) = 9(5)Z1(s) ToaZa (s). an

where
Ty T2 Tiz Tia
To1 Ty To3 Ty
T = = 0,
T3 T3y T33 T34
Ty Tag Taz Tya

then the operator P{% A e’
Le. P{ER %} = 0.

Proof. The proof can be found in [18]. O

} as defined in (10) is positive,

For convenience, we define the following set.
T
b= {255}
T T T
st = (s S wher
(Pa; Qas Sa, Ria, Raq) and (Py, Qu, Sp, Rip, Rap)
satisfy the conditions of Thm.3 with Z; = Z; and
where g(s) =1 and ¢(s) = (s — a)(b — ), resp.}
B. P{5 8122} composition

Lemma 3.1. Suppose A,P € R™*™ are matrices and
Bl»Ql [a7b] — RmMxn, BQ,QQ [a, b] — R"X™
D,S : [a,b] = R™™", C;,R; : [a,b] X [a,b] — R™*™ are
bounded functions for i € {1,2}. Then for any x € R™ and
z € L3 ([a, b)), we have

2 5 m =P{n e aP{tan) m
where
P—AP+ / By (5)Qa(s)ds
01(5) = AQ1(s) + Br(s) / Ba () Ra (1, 8)di
+/ B1(n)Ra(n, s)dn,
Qs(s) = Ba(s)P + D(s) /clsncgz n)dn
b
+ CZ S » 1 QQ )d777
S(s) = )
Ri(s,n) = ( )Ql( )+ D(s)Ri(s,n) + C1(s,1)S(n)

+/ Cl(50R20nd9+/ C1(s,0)Ry(0,m)d0
a n

+ /b Cy(s,0)R1(0,6)do,
Ry(s,n) = Ba(s)Q1(n) + D(s)Ra(s,m) + Ca(s,1m)S(n)
+ / Cl (S, G)RQ(G, n)d9 + / CQ(S, 0)R2 (9, n)d@

b
+/ Ca(s,0)R1(0,n)db. (12)
7

P7 Q N Q . .
s Bl R;} adjoint

C. P

Lemma 3.2. Suppose P € R™*™ is a matrix and Q1 :
[a,b] — R™™ Qg : [a,b] = R™™™, S : [a,b] — R™*™,
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R1, Ry : [a,b] X [a,b] = R™ ™ are bounded functions. Then
Sor any X,y € R™ x L%[a,b], we have

(PLadndtny) = (x P{L28)y),

where
p=rT, S(s)=5(s)",
Qi) =Qa(s)",  Ru(s,m) = Re(n,s)",
Q)= Qu(s)T,  Ra(s,m)=Ra(n,9)". (1)
Proof for Lemmas 3.2 and 3.1 can be found in [19] arXiV

version.
Notation: We say,

0 P,Q1,Q2\_[A, By, B APQ1,Q:
S Rl,RQ D 01702 S RlaRZ
if functions {P,Q1,Q2, S, Ry, Ry} satisfy (12).

2) P;,C?l,C?Q _ P)QlaQZ ’
S,Rl,RQ 57R1,R2
if functions {P,Ql,QQ,g,Rl,ﬁg} satisfy (13).

VI. REPRESENTATION OF THE DYNAMICS IN THE
FUNDAMENTAL STATE

In this section, we express primal states Zp, as a linear
transformation of fundamental states, Zy. This transformation
directly embeds boundary conditions into the dynamics of the
system and can be represented as a bounded PQRS operator
on RMwtne x [0 Likewise, the operators A, B, C and D
as defined in (7) can be represented by some bounded PQRS
operator on RMwtne x [0

Lemma 3.3. Suppose w € R™, x € R"=, col(z1,22,23) €
LY x Whnz x W2ns satisfying
-
B [ZQ(G‘) ZQ(b) Z3(a) Z3(b) Z35(CL) Z3s(b)]
= Biz + Byw

where B has a row rank no + 2n3. Then, for zy =

COI(Z1? Zys, sts) and Wy = COl(w, I),

VAL w
0,0, H T
Z2 :P{GO;GL%Q} |: :| ’

VA
Z3 f

0,0, Hy Wy
|:Z3 ] P{G3 %4~G5} [Zf:| ’

00 0
Gals.0) = | ¢ ] + Gats0)
00 0
Ks)=|IT 0o o |, V(s)[g 8 ﬂ
0 I (s—a)l
I 0 o0 00 o0
I 0 0 0ol 0
07 0 00 0
T=1lo 1 w-ar|> D=10 0 p-ar
00 I 00 0
00 I 00 I

(14)

Lemma 3.3 can be proved by using fundamental theorem
refer [20]. Now, clearly, primal state, zp, is
dependent on the boundary conditions and can be directly

of calculus;

embedded 1nto the dynamics.
PLER %

system operators, as defined in (8), in a compact form.

} notation can also be used to rewrite the

Lemma 3.4. Suppose the operators A, B,C, D are as defined
in (8). For any w € R™ x € R" col(z1,22,23) € Ly X
Whnz s W2ns such that

B [22(a) 22(b) z3(a) z3(b) z34(a) z;gs(b)]T
= Biz + Bow

where B has a row rank ny + 2ngs, if

Zq VAl w
Zf = | 225 |, Zp = (22|, Wpr = |:x:| )
Z3ss Z3
then
|z i A A w - . . w
A [z } =P{aganazt Lr} » Bw=P{%5.5} {zr} ’
P f f
- w _ 5 w
c[2] = pevsn ] po= P[]

w=P{H0} {;"J : [z‘””p } = Plar e} {;"J . (15)

where

{AAA}

As, Ay, As

:{O,Ea,o}x{ 0,0, Ho }+{O,Eb,0}x{ 0,0, Hy }
A,0,0 " Go,G1,G2 | A1,0,0[ | Gs, G4, Gs

L{E0,01 f 0,00 ) [[0A]0,[0 E]
0,0,0 [“\T1,To, To[ 1 [00 As],0,0 [’

AO C'
0,0
0705H0 0, va OaOaHl
“\Go,G1,Ga [ 7\ 0,0,0 [\ Gs, G, G
0170 0 0,0,0 C],O,
0,0,0 Tl,Tg,Tg 0,0,0 [
BO—[ ] S)Z[B'wp ]>D0:[Dw 0]7
0. h=D 1. n=TE B,
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Ty(s,0) = T(BT) ' BQ(s,0) + Q(s,0).

(16)
Proof. This can be proved using Lemma 3.3 O

Notation: For convenience, we define the following short-
hand notation, for the operators in Lemma 3.4.

A Ag, A, A B .__ Bg,0, B
Pr=P Ag Azlx Ai} P =P %,0,02}7
C . o, C D ._ Dg,0,0
PO = P{%5%°), PP = P{R%
I Ip,0,0 0._ 11,0, H
:P{ r?,o,o}a P = P{Gol,c;l,co;g}a

Example. For the example in section 1V,

17

i(t) = — / 2a(s,t)ds + (1), y(t) = x(t),

S(Sat)v Z(lvt) ::C(t),

2(s,t) = —z
we can find the matrices defined in Lemma 3.4.
Ao=1[0 0], Ai(s) = — 2, Ag(s) =0, As(s) = %
/14(5,9) =0, 1215(3,9) =0,By = [1 0] ,
By(s)=1[0 0], Co=[0 1], Ci(s) =0, Dy =

For this system, the boundary constraint z(1,t) =
ditectly embedded in the dynamics via Ag and A;.

z(s,0) =0,

x(t) is

VII. REFORMULATION OF THE LOI FOR A COUPLED
ODE-PDE

Using the PQRS parametric form, the sufficient conditions
in Theorems 1 and 2, which are in the form of operator
feasibility tests, can be posed as LMI constraints. Then, these
constraints can be used to test for passivity or find a bound
on Lo gain of the system (7).

Theorem 4. Suppose there exists € > 0, v > 0, dy,ds €
Z, matrix P € S™, matrix-valued polynomials ¢ : R —
RM=Xm= G R — S, and R1, Ry : R xR — R" X" gych

that
P— 617 Qa QT
{S - eI,Rl,Rg} € Pay-
Then for all x(t) € X, y € Ly"[0,00) and w € L™ [0, 00)
which satisfy (7), if

N AN LYY cd
J3,J4, J5 J3,J4, J5 b2
where

Jo, J1, 2| ) Ko, K1, K> A0+B;0,z‘:117z‘:12+éz
J37J47J5 | K3, Ky, K5 Az, Ay, As

_’_7 JC CTCO i ﬁOTDO—VQIO,O,O
2 0,0,0 0,0,0 ’
+ éO7éla0 *>< DO7030 ,

0,0,0 0,0,0

Ko, Ky, K>\ _ [ 10,Ho ™ [P.Q,QT
K3, Ky, K5 | Go,G1,Gs S, Ry, Ry

[0 0].

H;,G; are as defined in Lemma 3.3, Ai,Bi,C’i,ﬁi and I;
are as defined in Lemma 3.4, then ||y|lr, < v||wl| L,

Proof. The proof is in the Appendix. O

Theorem 5. Suppose there exists € > 0, v > 0, dy,ds €
Z matrix P € S", matrix-valued polynomials @ : R —
RM=X"= G :R — S", and R, Ry : R xR — R" X" gych
that

P_617Q7QT
{S—eI,Rl,Rg} € P,

Then for all X(t) € X, y € Ly’
which satisfy (7), if

B /TR O BN/ R
I3, Ja, Js I3, Ja, J5 a2

¥[0,00) and w € Ly*[0,00)

where
Jo, Ju, Jo | _ [ Ko, K1, Ko A0+B;071{11,f:12 + By
J3,Ju, Js K3, Ky, K5 Az, A4, As
_J(Co + Do) I, 0, Cffo
0,0,0

KO;KlaKQ _ IlvoaHO ) PQ QT
K37K47K5 a GO7G17G2 SR17R2

H;,G; are as defined in (14), /L,Bi,éi,f)i and I; are as
defined in (16), then (w,y); > 0.

Proof. The proof is similar to that of Theorem 4, sece
Appendix. O

VIII. NUMERICAL IMPLEMENTATION AND TESTING

In this section, we validate the accuracy of proposed algo-
rithm. It was implemented in MATLAB using an adaptation
of SOSTOOLS [21]. The code can be found on CodeOcean
(https://codeocean.com/capsule/4730069/).

A. Stabilizing Boundary Control of PDEs

Consider the example from [22] stabilized by a backstep-
ping controller at the boundary. The resulting closed-loop
system is as follows.

z(t) = =3z + w(0,1),
w(s,t) = wss(s,t),
ws(0,t) =0, w(L,t) =0

A bound on L9 gain of this closed-loop system, using the
proposed method, was found to be 0.4269 for relatively
low order monomial basis (d=2). On the other hand, the
norm bound obtained through a finite difference method
(approximately 100 discrete elements) had significant error
with a value of 0.5941.
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B. Aircraft wings as flexible beams

Consider a simplified model of an aircraft, in which a
lumped mass is attached to flexible Euler-Bernoulli beams on
either side. The deflection of beam can be used to estimate
the stresses that develop in the beam. Let 2 represent vertical
displacement of the aircraft, wy and wg be the deflection of
the wings and d(t), u(t) disturbances.

Z(t) - _Fwsss(07 t) + d(t)a

. EI
w(s,t) = —jwssss + u(t),

where F = [EI EI|, w(s,t) = {Zl} (s,t). The use of
2

variables, 1 = 2, T3 = 2, v1 = W and Vo = W, converts
the system into

So=F o[ 2w
lato]

Jer- )k
_’Ug 1 0 1)255_
This is a linear system of ODEs coupled with PDEs at
the boundary for which a bound on Ly gain can be found
using proposed framework. Using v (L, t) as the output, we
can estimate the shear stresses at the tip in presence of
disturbances. For % = 10, the Ly gain was found to be
0.8936.

C. Time-delay systems

We test conservatism of the bounds by comparing our
H norm bound to the method desctibed in [23] for a few
well studied time-delay systems. We use the following three
examples to document the result from numerical tests in

Table 1.

Cl: &(t) = —z(t) +x(t — 1) +d(t), yt) = z(¢).
C.2:

:b(t):[_Q 0.1} x(t)—l—[(l) 8] x(t—7)+{0 J w(t),

C.3:

y(t) = [10] (1)
ODE-PDE framework | Method in [23]
C.1 0.8911 0.8920
C.2 2.9366 2.9367
C.3 0.2601 0.2601
TABLE I

COMPARISON OF BOUNDS OBTAINED BY DIFFERENT METHODS FOR
TIME-DELAY SYSTEMS AT DELAY VALUE, T = 1.

IX. CONCLUSION

In this paper, we propose a method to prove passivity
and obtain bounds for the Lo-gain of coupled linear ODE-
PDE systems with disturbances at the boundary or in-domain
distributed using the LMI framework. The method presented
does not use discretization and the properties established
are prima facie provable. Restricting the PQRS operator
to polynomial basis can, in theory, lead to some amount
conservatism. However, the numerical results indicate the
bounds are not conservative in any significant sense.
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APPENDIX

Theorem 4. Suppose there exists € > 0, v > 0, d1,ds €
Z, matrix P € S™, matrix-valued polynomials Q : R —
RM=x"= G :R — §", and R, Ry : Rx R — R"=*"= such

that
P — 617 Q7 QT
{S - eI,Rl,Rg} € -
Then for all x(t) € X, y € Ly"[0,00) and w € L™ [0, 00)
which satisfy (7), if

[T R e 2T g
J3, J4, J5 J3,J4, J5 b2
where

Jo,J1, 2 | ) Ko, K1, K> N Ao+3;071‘:117z‘:12+éz
Js, Ja, Js [ | K3, K4, K5 As, Ay, As

+< ) é O,é;réo n [)()Tf)o—ﬁglo,o,o
2 0,0,0 0,0,0 ’

+ CA’OacAflaO *>< ﬁ07070 7
0,0,0 0,0,0
KOaKviQ _ IlaO;HO : X P7Q7QT
K37K47K5 - G07G17G2 Sa RlaRQ
H;,G; are as defined in Lemma 3.3, A;, B;,C;, D; and I;
are as defined in Lemma 3.4, then ||y|lL, < 7v||wl| L,

Proof. From Theorem 1, if we can find a self-adjoint,
coercive operator P such that

(%, PAX) , + <,AI_5<, Px_} <+
— (72wTw — (C)‘()T(C)_c) —
— (Dw)T (Dw)) <0

(X, PBw)  + (Bw, Px)
(%) (Dw) — (Dw)" (Cx)

for all x € X and w € R™, then |ly|| < v |jw|. Let P =
PiEe QT} Then

S, Ry
X T x
(o) P ;)
_er1.0. 0T x 2 2
P gferj,'gi,QRz} LP:|>+€$” + €|z,

(i)

> elz)” + € llz7, -
PEg
(X, P{EZ S AR)  + (AR P{ER % 1%)
+ (% PLER G Bu)  + (Bu, PATR S, 1%)
— (P*w'w — (Cx) " (Cx) - (Cx) " (Dw) — (Dw)" (Cx)
— (Dw) " (Dw) <0
for all w(t) € R™ and x(t) € X.

Let X§ = col(w, x, Z1, Z2s, Z3s5). Then from Lemma 3.4
and short-hand defined in (17),

(% PLER B AR) = (POxp PAER S, P%y)
= (%, (PO P{ER 5, PA%s) -

} is self-adjoint and coercive. Next, we prove that

Similarly,
(%, P{ER %, Bu) = (PO%p, P{ER %, 1 PPxy)
= (x5, (PO P{ER 5, IPExs)

x| = (P9%s) " (POxs) = (x4, (PO)" P xs),
(cx)" (Dx) = (P%s) " (PPxy) = (x4, (PC)"PPxy),
(Dx)T(Dx) = (7?D>‘cf)T (PPxy) = (x4, (PP)*PPx;),
and

()T (w) = (P'=;) " (P'Rs) = (X5, (P1)"PI%/).
Then

(%, PR G HAR)  + (AR P{ER 5,1%)
+(x, P{;’ngT}Bw + (Bw, P{£2.3,1%)
— (*w'w — (Cx) " (Cx) — (Cx) " (Dw) — (Dw) " (Cx)
— (Dw) " (Dw)) = (Xg, ((Peq)"™ + Peq) Xs) 1,
where Pey = 'P{i;g o J5} From the Theorem statement,
Peqg +Pey = 0.
Then, all the conditions of Theorem 1 are satisfied. Hence
lyllz, < llwlL,. O
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