arXiv:2403.08052v2 [math.OC] 25 Apr 2024

A Computational Method for H,-optimal Estimator and State Feedback
Controller Synthesis for PDEs

Sachin Shivakumar! and Matthew M. Peet?

Abstract—1In this paper, we present solvable, convex for-
mulations of H,-optimal state estimation and state-feedback
control problems for a general class of linear Partial Differ-
ential Equations (PDEs) with one spatial dimension. These
convex formulations are derived by using an analysis and
control framework called the ‘Partial Integral Equation’ (PIE)
framework, which utilizes the PIE representation of infinite-
dimensional systems. Since PIEs are parameterized by Partial
Integral (PI) operators that form an algebra, H>-optimal
estimation and control problems for PIEs can be formulated as
Linear PI Inequalities (LPIs). Furthermore, if a PDE admits a
PIE representation, then the stability and H> performance of
the PIE system implies that of the PDE system. Consequently,
the optimal estimator and controller obtained for a PIE using
LPIs provide the same stability and performance when applied
to the corresponding PDE. These LPI optimization problems
can be solved computationally using semi-definite programming
solvers because such problems can be formulated using Linear
Matrix Inequalities by using positive matrices to parameterize
a cone of positive PI operators. We illustrate the application
of these methods by constructing observers and controllers for
some standard PDE examples.

I. INTRODUCTION

Various metrics are used to design observers and con-
trollers for dynamical systems such that the performance
with respect to the metric is optimal. For example, some
standard choice of metrics are quadratic cost function on state
and inputs, H,,-norm, Hs-norm, etc. Among these proper-
ties, this paper focuses on optimal estimation and control
problems with Hs-norm of the system as the metric because
Hs-norm gives information on the system’s output behavior
in the presence of an impulse input, white noise input, or
initial conditions. Furthermore, H-optimal control problems
are also a generalization of standard control problems, such
as Linear Quadratic Regulator (LQR) and Linear Quadratic
Gaussian (LQG).

The gains of the observer and controller for the closed-
loop Partial Differential Equation (PDE) that provide optimal
Hj-performance have important applications in systems that
experience impulsive and stochastic noise inputs. Alterna-
tively, such optimal estimation/control problems also ap-
pear as sub-problems in applications such as sensor/actuator
placement to improve closed-loop performance. For example,
[1] deals with determining optimal sensor/actuator location
along with the observer and controller gains by solving a
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nonlinear optimization problem (Also, see [2] for an iter-
ative convex optimization formulation). Such simultaneous
optimization problems (finding sensor/actuator location and
observer/controller gains) have also appeared in applications
such a beam vibration control [3], [4], flow control [5], etc.

Despite the importance and various applications, finding
the estimator/controller that optimizes the Hj-norm of the
closed-loop PDE system is difficult. This is because there
are no methods that are non-conservative and can find Ho-
optimal estimators and controllers with provable properties.
This is primarily due to the inability to obtain provable Ho-
norm bounds for most PDE systems, barring some specific
cases where an analytical expression for the transfer function
can be obtained [6] or when the PDE has finite number
of unstable modes [7], [8]. Since such PDEs are rare,
most of the existing methods rely on early or late-lumping
approximation of the PDE to find Hs-optimal observers and
controllers — providing observer/controller gains that have
provable performance only when approximation errors are
Zero.

Early-lumping approaches, such as [9], discretize the PDE
solution space (using Galerkin projection, spatial discretiza-
tion or modal decomposition), to obtain an Ordinary Dif-
ferential Equation (ODE) approximation of the PDE. These
approaches, however, do not have provable bounds on Hs-
norm because approximating a PDE by an ODE lead to
approximation errors, as a result of which there may be
little or no relationship between the solutions of the original
problem and its approximation. In short, the bounds on H-
norm are unprovable in the sense that the bounds so obtained
can exceed or fall short of the true Hs-norm while not
providing any metric to determine the accuracy of the bound.

On the other hand, late-lumping approaches, such as [10],
[11], [12] (for Time delay systems, see [13]), do not approx-
imate the PDE, however, require solving an Operator-valued
Ricatti equation (ORE) with infinitedimensional, possibly
unbounded, operators — e.g., ORE for LQR control of the
heat equation woudl have second-order spatial differential
operators. Since the set of such operators is not algebraically
closed, one cannot easily parameterize the unknown opera-
tors to solve these OREs. Thus, the operators are projected
onto a finite-dimensional subspace prior to solving, which
often lead to conservative bounds on the Hs-norm (or
unprovable bounds, if the truncation errors from projection
cannot be bounded).

The goal of this paper is to solve the problem of ‘finding
Hy-optimal estimator/controller for PDEs’ while overcoming
the shortcomings of the existing methods, namely, conser-



vatism or unprovability of the bounds on Hy-norm. A method
was proposed in [14] to provably upper-bound the Hs-norm
of a PDE system by utilizing an alternative representation
for PDEs called the Partial Integral Equation (PIE) represen-
tation — an equivalent representation defined by bounded
linear operators called Partial Integral (PI) operators.

The primary motivation behind the PIE representation is
the lack of a universal parameterization or representation
of analysis and control problems for PDE systems — an
inconvenience that is further compounded by the presence
of unbounded operators and auxiliary constraints. Although
[15] introduces a general parametric form for a large class
of PDEs, the number of parameters changes with the order
of derivatives in the PDE, the boundary conditions, etc.
To overcome this issue of varying number of parameters,
the PIE representation is used that has a fixed number of
parameters given by at most 12 Partial Integral (PI) operators.
Subsequently, it was proved that the analysis and control
problems for PIEs can be formulated are solvable convex
optimization problems with PI operator-valued constraints
called Linear PI Inequalities (LPIs). For e.g., exponential
stability and input-to-output Lo-gain [15], H.o-optimal con-
troller synthesis [16], etc.

Inspired by the success of the PIE framework in other
analyses and control problems of PDEs, [14] used the PIE
representation and the LPIs to obtain upper-bounds on the
Hy-norm for PDE and Time-Delay Systems (TDSs). Al-
though the method proposed therein was not conservative and
typically outperformed other existing methods, the results
were limited to finding the Hs-norm and a generalized ob-
servability Gramian. While the results from [14] can indeed
be extended to construct state-estimators with Hy-optimal
performance of the error system, one cannot use the results
for controller synthesis. Since the LPI optimization approach
uses parametrized Lyapunov functions to search for observer
and controller with provable properties for PIE systems, one
often runs into the bilinearity issue where the constraints
of the optimization problem are bilinear in the Lyapunov
function parameters and gains of the observer (or controller).
In the case of Hs-optimal state estimation problem, one can
overcome the bilinearity via an invertible variable change.
However, the same technique cannot be used in the control
problem because the such an invertible variable change does
not exist — analogous to the ODE case. Thus, to resolve
the bilinearity in the Hs-optimal control problem, one must
employ the dual PIE representation of a PDE as was done in
[16]. Although [16] proves that the H,-norm of a PIE and its
dual are equal, there are no results on Hy-norm equivalence.

Using input-to-output charactertization of Hs-norm one
might claim the equivalence of Hs-norm, however, such a
charactertization depends on transfer functions — a notion
that relies on the existence of well-defined solution map of
the system. In the case of PDEs, proving existence such
a map and finding the transfer function is often challeng-
ing. Thus, to avoid this reliance of proving existence and
uniqueness, we use a state-to-output characterization of Ho-
norm that is identical to the input-to-output characterization

when the solution map of a PDE is a strongly continous
semigroup (see [14] for details). Hence, to utilize the dual
PIE representation for controller synthesis, we will first
establish equivalence of Hy-norm of a PIE and its associated
dual in Sec. Once we establish this equivalence, we
can pose the controller synthesis problem for the dual PIE
(instead of the original PIE) and convexify the bilinear
constraints via an invertible variable change — similar to
the approach used in H-optimal state-feedback control in
[16].

To summarize, we will use PIE representation and dual
PIE representation presented in Secs. and respec-
tively, to propose convex optimization formulations of Hs-
optimal state estimation and state-feedback control problems
for a general class of linear PDEs in one spatial dimension
presented in Sec. These formulations are presented in
the form of LPI optimization problems in Sec. which can
be solved using semi-definite programming or PIETOOLS
[17], an open source MATLAB toolbox. We apply the results
of Sec. [II] to numerical examples in Sec.

II. PRELIMINARIES

In this section, we will introduce the notation used in the
paper along with some rudimentary information on the PIE
framework used in the analysis and control of PDEs. We also
describe, through an example, the type of PDEs for which
the framework is applicable.

A. Notation

We denote the set of all real Lesbegue square-integrable
functions on the spatial domain [a,b] C R as L%[a,b].
Similarly L3[0,00) denotes square-integrable real-valued
signals where [0,00) is a temporal domain. For brevity,
RLy""[a,b] denotes the space R™ x L%[a,b] where for
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Occasionally, we omit the domain and simply write L3 or
RL5"". We also omit the inner-product subscripts whenever
it is clear from the context. For functions of time and space,
e.g. x(t, s), x is used to denote the partial derivative %’t‘ and
Jsx to denote %.

We use the bold font to indicate functions of space (or time
and space), e.g. x € L3[a,b] and calligraphic font, e.g. A,
to represent bounded linear operators on Hilbert spaces, e.g.
A € B(X) where X is a Hilbert space with inner product
(-,-) x- For any A € B(X), A* denotes the adjoint operator
satisfying (x, Ay)y = (A*x,y)y for all x,y € X. Lastly,
we define the truncation operator Pr as

= {4 a2

otherwise,
B. Partial Integral Equations

[yl} € RLy"", the inner-product is defined as

S LQE[R+].

Having introduced some standard notation, we will next
introduce some notation for PI operators that are used to
define PIE systems. PI operators are bounded linear operators



on RL, and are elements of the *-algebra II,, which is
defined as follows.

Definition 1. We say P € I, C B(RLy"™"  RLy"™>"™) if
there exists a matrix P and polynomials QQ1,Q2, Ry, R1, and
Ry such that

_ Pl T gy — | Pr+ f; Q1(s)y(s)ds
P= H{ Q2 | {R:} ] [y} (5) [ Qa2(s)r + Ry(s) } ’
s b
(Ry) (s)=Ro(s)y(s) + /Rl<s, 6)y(6)d6 + [Rals, 0)y (9)db.

Since the set of PI operators is closed under composition,
addition, and adjoint, explicit formulae for these operations
on PI operators can be obtained in terms of operations on
the parameters; See [15] for details and formulae.

) P | O . o
The notation ] { 05 T1RT } is used to indicate the PI

operator associated with the matrix P and polynomial param-
eters Q;, R;. The dimensions (m,n1,ma, n2) are inherited
from the dimensions of the matrices P € R™*"! and
polynomials Ry(s) € R™2*"™1 When clear from context, we
will omit the dimensions of the domain and range and simply
use RLs. In the case where a dimension is zero, we use () in
place of the associated parameter with zero dimension. For
example, if m; = 0, we have an operator of the form

Mgty ]

In this paper, we consider estimation and control problems
for the PIE systems of the form

[T}'{(t)} B {A B} {X(t)} o
z(t) | |C D||w(®))|’

where 7T acts as a filter on the PIE state x, A is the
generator, B determines the influence of input w on the
dynamics, C determines the state contribution to the output
z, and D determines the input contribution to z. For systems
with finite-dimensional inputs and outputs, 7, A, B, C are PI
operators, and D is a matrix. We can define a set of minimal
requirements that a solution for a PIE of the above form must
satisfy as shown below.

Definition 2. Given PI operators T, A, B, C and matrix D,
we say {x, z} satisfy the system X(T, A, B,C, D) for initial
conditions xg € RLy and inputs w € Loo[RT], if Tx is
differentiable for all t € RY, z € Lo [RT], and x and =
satisfy the equations

Tx(t)] _[A B][x(t) | .
for all t € Rt ‘[lnz(?’fl) (0){C: Xf } Lv(t)} )

Notation: Note that in Def. 2] we use the notation
(T,A,B,C,D) to denote a PIE system. Extending this
notation to special case of PIEs with one or more of the
null parameters, we will simply use ‘—’ in the corresponding
location. For example, (7, A, —,C, —) implies B = 0 and
D =0 — i.e., there are no inputs.

C. GPDE: A generalized class of PDEs

The class of PDEs considered that may admit a PIE
representation includes PDEs that have: ODE coupling, nth
order spatial derivatives, integral terms, boundary terms,
inputs, and outputs. Using the differential operator notation
Dix := col(d%x,--- ,d!x), Dirac operator A,x := x(a),
and integral operator Ij, p)x := fab x(s)ds, we can compactly
represent such PDEs as

X
z _ 1] By x n Aa n—1
[4@wij+ﬁ@{iﬂDx+&*bJD X,
z * Aa n—1 n
= Cruwu |w| +Cy A D" 'x + I[a,b} CyD"x,
Yy u b
A X
By [ A“} D" 'x + I}, 4 BrD"x = Byyu |w| , (3)
b

u

where z is an ODE state (function of time) and x is n-
times spatially differentiable PDE state (function of time
and space). Following the typical 9-matrix representation
of ODEs [18], we separate outputs into two categories:
observed y and regulated z. Likewise, inputs are separated
into disturbance w and control u. The above parameterization
is general in the following sense:

o it allows nth-order derivatives D", boundary terms
A, and integral terms I, all of which can impact the
dynamics (via A; and Bypy), the outputs (via C, and
C%), and boundary conditions (via By and By).

« it allows coupling with ODE and influence of inputs via
B:C,X’ Bix, Amwua and Byyy.

In fact, this parameterization can be further extended to
PDEs with mixed orders of differentiability. While we will
refer to [15] for the full class of linear PDEs that admit
such a PIE representation Eq. (I), we include the following
example for illustration.

Example 3. Consider the vibration suppression problem for
a cantilevered Euler-Bernoulli beam
0 1

WMZL'ﬂﬂfm@+Hw@+Mmm
[1 0]x(t,0)=[1 0]9:x(t0) =0,
[0 1]x(t,1)=[0 1]9x(t1) =0,

where we define the state as x = col(dyn,d?n) where n

is displacement, w is external disturbance and u is control
input. To regulate a combination of VibrationTs and control
effort we defined z(t) = [fol n(t, s)ds u(t)} . The goal is
to find the controller gains K : x(t) — u(t) that minimizes
a certain objective (H.-norm, Ho-norm, LOR cost function,
etc.). For this PDE, we can find a PIE representation
(T, A, [Bl Bg] ,C, [Dl Dg]) where B1 and By are the
parameters corresponding to the influence of the disturbance
w and control w on the dynamics. Likewise, D1 and Do
correspond to the contributions of w and u to the output z.
To illustrate, we derive the PIE representation from Cauchy’s



rule for repeated integration, which gives us the identity
x(s) = x(0) + s0sx(0) + / (s — 0)9%x(0)do.
0

Substituting the boundary conditions, we obtain the direct
relationship

x(s) =

/OS {(869) 8} 02x(0)do + / 1 {8 (905)] 9%x(0)do.

Substituting this expression into the dynamics and denoting
X = fo, we obtain the PIE representation

[0 bt

2 i {8 (028)} x(t,0)do
_ {‘1) 81] x(t,8) + m w(t) + H u(t).

Finally, by inspection, we identify the non-zero parameters
in the Partial Integral operators T, A, B;,C, D; as

T= H[ 8 {O,R?,Rz} } A= H{%}
B, = I[-grap] -¢ = I[ofgo] - D2 = m

where

reo=f3? ) naeo=f 12 =[]

84 53 82
RO(S)_E) 8-1]’ Ql(s)—[g R 2}

This tedious process of constructing the PIE representation
has been automated in the PIETOOLS software package
[19], [20] with a dedicated command line and GUI input
formats. Typically, given a coupled ODE-PDE with sufficient
boundary conditions, one can find a PIE representation of
the form Eq. (I) using either the Cauchy’s rule for repeated
integration or PIETOOLS.

D. A Side Note on Hy-norm Definition

The Hy-norm of a system can have two different equiva-
lent interpretations. One of the interpretations is deterministic
in the sense that Hs-norm is defined as the system response
to an impulse input (or, equivalently, an initial condition
[14]) as shown below. For this purpose, consider an abstract
operator representation of a PDE with inputs u and outputs
y given by

x(t) = Ax(t) + Bu(t), y(t) = Cx(¢), 4)
where x(t) € X C RLy, X is a the domain of the

infinitesimal generator A, and B: R — RL; and C: X —
R are input and output operators, respectively.

Definition 4. Given a PDE of the form Eq. {@), suppose there
exists x differentiable for all t > 0 that satisfies Eq. @) for
any initial condition of the form x(0) = Bug where ug € R
and zero input (i.e., uw = 0). Then, the Hy-norm is given by

{x,y} satisfy the PDE with v = O,}
Hs(}l\\]il {y||L2 | x(0) = Bug ,up € R '

Alternatively, one can define Hs-norm as the largest
eigenvalue of a linear operator in Hardy space, Hs, by using
the notion of transfer functions as shown below.

Definition 5. Given a PDE of the form Eq. @), suppose G
that maps 4 to § given by the relation §(s) = G(s)u(s)
where 1 and U are Laplace transforms of the output y and
input u. Then, Hy-norm of the system Eq. @) is ||G/| p,.

Although both these definitions of Hs-norm are equivalent
when A generates a strongly continuous semigroup [14], we
will use the former version (Def. ) as it is more suitable for
proving the results of this paper.

III. LINEAR PI INEQUALITIES

We proceed by acknowledging, but without formally stat-
ing, the fact that the PDE and PIE representations are
equivalent, i.e., the two representations have the same in-
ternal stability and input-output properties. See [15] for
more details. Relying on this equivalence of input-output
properties, we now formulate the Hs-norm optimization
problems for PDEs using the PIE representation. Specifically,
in this section, we present convex optimization formulations
of Hs-norm bounding, Hs-optimal state estimator design,
and H,-optimal state feedback controller synthesis problems.

Since PIEs are defined by PI operators, these formula-
tions will naturally have decision variables and positivity
constraints involving PI operators — i.e., a Linear PI In-
equality (LPI) problem. For example, given a PIE system
(T, A, —,—,—), the following LPI is a test for stability:

P>=0, APT+T"PAXO. (5)
Although the method to solve these problems is not described
here in detail, an overview is presented below.

In brief, these methods construct a positive PI operator
using a quadratic form involving a positive matrix and n‘"-
order basis of PI operators, Z,. For example, P >~ 0 if
there exists some matrix () > 0 such that P = Z*QZ,, =
Z,’:Q%Q%Zn > 0, where the basis Z,, is constructed using
a vector of monomials in s upto order n, Z,, as

T
x Zn(s)x(s)
Zn M ()= | 2 (Zu(s) ® Zat))x(O)at| -~ ©
Jo (Zn(s) ® Z,,(6))x(0)do
Thus, one can use positive matrices to parameterize positive
operators P and Q test the feasibility of the LPI Eq. (3) by
solving the constraint A*PT + T*PA = —Q.

A. LPI for Ha-norm Upper Bound

Before solving the estimator and controller design prob-
lems for PIEs, we will first revisit the duality property of
a PIE system. This is crucial because the duality property
enables us to pose the estimation and control problems as
duals of each other. Consequently, if we solve one of the
two mentioned problems, we can solve the other by solving
its dual. To show this duality between the two problems, we
recall the following dual relation between initial conditions



of X(T,A,B,C,D) and its dual %(7*, A* C*, B*, DT)
from [16].

Theorem 6. Given xo, X9 € RLy"", PI operators
T, A, B,C, and matrix D, if {x, z} satisfies *(T, A, B,C, D)
for initial conditions Txo and zero inputs, and {X,Z}
satisfies X(T*, A*,C*,B*, DT for initial conditions T*X
and zero inputs, then

(T"%0,x())gr, = (X(t), TX0)pp,. Yt=0. (7)
Proof. Proof can be found in Theorem 10 of [16]. O

Theorem 7. Suppose T, A, B, and C are PI operators. Then
the following statements are equivalent.

1) For any ug € RY if {x,z} satisfies the system
(T, A,B,C,—) for initial conditions Bugy and zero
inputs then ||z||;, < 7 [luo||g-

2) For any iy € RP, if {X,Z} satisfies the system
S(T*, A*,C*,B*,—) for initial conditions C*uy and
zero inputs then ||Z||, < ||tollg-

Proof. Suppose that {x, z} satisfy (7, .4, B,C, —) for ini-
tial condition Bug for some uy € R? and zero inputs.
Furthermore, let [|z]|;, < 7 |[luol|g be valid for all {x,z}
that satisfy (7, A, B,C, —) for initial condition of the form
Tx(0) = Bug for every ug € R? and zero inputs. Let
x(t) € RLy"™ and z(t) € R? satisfy 3(7T*, A*,C*, B*, —)
for initial condition C*%g for some @y € RP and zero inputs.
Then, from Eq. (7) of Theorem [6] we have

0= (T"%(0),x(t))gr, — (x(1), Tx(0))g,

= <C*a0’x(t)>]RL2 - <i(t)a BUO>RL2

= (g, Cx(t))g — (B*X(t),u0) = g 2(t) — 2(t) T uo.
Thus, for any t > 0, we have the relationship ﬂoTz(t) =
Z(t)Tug. Squaring the left and right hand sides of the
equality, we obtain

(g 2(t) g 2(t) = (2(t) Tuo) " 2(t) T uo. (8

From Cauchy-Schwarz Inequality,

(@l 2(t)Tad 2(t) < ||2(t)I[3 1ol -

For any zZ(t) € RP, we know
I2@)lz = sup (z(t),uo)g = sup (2(t)"uo)"2(t) ug

luoll=1 luoll=1
2 - 2
< sup [2(t)lIg [[%ollg -
lluoll=1
Hence, integrating with respect to time (from [0, c0)) on both
sides, we have
12117, < Sup 12117, llEoll < * llollg
Up||=
Hence, v is an upper bound on Hy-norm for
(T, A*,C*, B*, —). Since the dual and primal systems are
interchangeable, necessity follows from sufficiency. O

As will be seen below, the above relationship leads to two
formulations of Hs-norm analysis problem, which will later
be used to solve estimator and controller design problems.

Theorem 8. Suppose there exist e > 0,7 > 0, PI operators
P > €l and Z, such that either of the following two

conditions hold:
8.1 T*PA+ A*PT +C*C =0, trace(B*PB) < ~2.
82 TPA* + APT* + BB* <0, trace(CPC*) < ~?

Then, ~ is an upper bound on the
E(T7A78a67_)'

Proof. The proof of Part 1 can be found in [14]. For Part 2,
we use the equivalence of a PIE and its dual representation.
Suppose there exists -y, P that satisfy ineq. (8.2). Then,
from [14, Theorem 5], we have that the Hs-norm of the
PIE system X(7*, A*,C*,B*,—) is upper-bounded by ~.
However, from Thm. we have that Hy-norm of a PIE
and its dual are equivalent. Thus, we have that the Hs-norm
of the PIE system X(7,.A, B,C, —) is upper-bounded by ~.

O

Hs-norm  of

B. LPI for Hy-optimal Estimator
Given a PIE system
Tx(t) = Ax(t) + Brw(t),

2(t) = Cix(t), y(t) = Cox(t) + Dayw(t), ()
we can design a Luenberger observer, whose dynamics is
given by

Ti(t) = AX(t) + L((t ) y(1)),
2(t) = Cix(t), §(t) = Cox(t) + Darw(t),  (10)

which leads an estimation error e = X — x. We can then
write the dynamics of the estimation error as

Te(t) = (A+ LCy)e(t) — (By + LDay)w(t),

2(t) = Cre(t). (11)
Corollary 9. Suppose there exist € > 0,v > 0, matrix W,
and PI operators P > €l and Z, such that

T*PA+ A"PT +T*2Co+C5 2T +CiC =0,

P —(PB1 + ZD21)
—(PBl + ZDQl)* 1474

trace(W) < ~2. (12)

Then, the Hy-norm of (T, (A+LCs), —(B1+LD21),Cy, —)
is upper bounded by v where L = P~1Z.

=0

Proof. Suppose v, P, Z are as stated above. Then, from the
first inequality in Eq. (I2),

T*PA+ APT +T*ZCo + C3Z*T 4+ C5Cy

= T*P(.A + ECQ) + (.A + ECQ)*PT+ CfCl S O
Using Schur’s Complement on the second inequality in
Eq. (I2), we can say

P —(PBy + ZD21)
—(PBy + ZDs1)* w

implies

=0

<W - (7361 + ZDQl)*P_l(Pgl + ZDQl)
=W — (PBy + ZDo1)*P~Y(PBy + ZDy1)
=W — (81 + ﬁDQl)*P(B1 + £D21)7

and trace( — (Bl + EDQl)*P(Bl + [:Dgl)) Z 0. Since
trace(W) < 42, we have

trace((By + LD21)*P(By + LDa1)) < trace(W) < 4%



Clearly, from Part 1 of Thm. @ we have that v is an
upper bound on the Hy-norm of the PIE system X(7, (A +
£C2)7_(Bl +£D21),C1,—). O

Thus, if one solves the LPI constraints Eq. @]) (convex
constraints) while minimizing the ~ (convex objective func-
tion), we can find the estimator gains £ whose error system
has the optimal H> performance.

C. LPI for Hs-optimal Controller

Similar to the approach taken to formulate the Hs-optimal
estimator using Thm. [§] we can also formulate its dual
problem, the Hs-optimal state-feedback control problem as
an LPL In this context, we consider the PIE system without
observed output and distinguish between disturbance w and
control input u. Such a PIE can be represented as

TX(t) = .AX(t) + Blw(t) + Bgu(t),
Z(t) = Clx(t) + Dlgu(t). (13)
The goal is to find a state-feedback u(t) = Kx(t), such
that the Hy performance of the closed-loop system given
by (T, (A + B2K), By, (C1 + D12K), —) is optimal. Since
controller synthesis is the dual problem for Hs-optimal
estimator problem, we use the dual version of LPI in Thm. E]

(i.e., Eq. (8.2)) to formulate the LPIs for controller synthesis
as shown below.

Corollary 10. Suppose there exist € > 0,y > 0, matrix W,
and PI operators P = €l and Z, such that

APT* + TPA" + B ZT* +TZ2*B5 + BBy =0,

P (C1P + D12 2)*
CiP+ D122 w

trace(W) < ~2. (14)
Then, the Hao-norm of (T, (A+B2K), By, (C1 +D12K), —)
is upper bounded by v where K = ZP~ 1.

=0

Proof. The proof follows an approach similar to the proof
of Thm. 0] Hence, we will only provide an outline here.
Suppose v, P, Z are as stated above. Then, from the first
inequality in Eq. (14), we have
TP(A+ B2IC)" + (A+ BoKYPT™ + BBy < 0.
From second inequality in Eq. (T4),
W — (Cl + DlglC)p(Cl + Dng:)* > 0.

Hence, trace((C1 + D12K)P(C1 + D12K)*) < ~+2. Thus,
the Ho-norm of the PIE system X(7, (A+ B2K), By, (C1 +
D13K), —) is upper bounded by ~. O

Again, similar to solving for Hs-optimal estimator, we
can solve the LPI constraints Eq. (T4) while minimizing - to
find the controller gains /C and obtain the closed-loop system
that has the optimal H» performance. However, to find the
gains (both estimator and controller) requires inversion of a
PI operator P — an iterative approach was described in [16]
and will not be discussed here.

IV. NUMERICAL EXAMPLES

We will use the Matlab toolbox that was developed to
solve LPI optimization problems, PIETOOLS, because the

toolbox offers convenient Matlab functions to convert PDEs
to PIE, declare PI decision variables, add LPI constraints,
and solve the resulting optimization problem. We refer to the
PIETOOLS User Manual [20] for details. For the following
two examples, namely, an unstable reaction-diffusion PDE
and a neutrally-stable Euler-Bernoulli beam, we will use
PIETOOLS toolbox to obtain PIE representation of the
PDEs. Then, we will apply the results from Cor. [9] and [I0] to
find the H»-optimal observers and controllers. Utilizing the
helper functions in PIETOOLS to invert positive PI operators
and we construct the closed-loop observer and controller
systems, which are simulated using first-order backward
difference integration scheme for certain initial conditions
and no disturbance. For each example, we also provide a
numerical estimate of the Ha-norm (i.e., [|z]|, / [[uollg) as
observed in the simulations — i.e., by performing numerical
integration of the simultation output z(t)? to obtain |z|_.

A. Estimation and Control of Reaction-diffusion PDE

In this example, we consider the reaction-diffusion PDE
given by

s —2s

x(t,s) = 3x(t, s) + (s* 4+ 0.2)92x(t, s) + w(t) + u(t),

2(t) = {fo Xu(ég)s)ds] ,y(t) =x(t,1) +w(t),

x(t,0) = 9sx(t,1) = 0. (15)
For the above PDE, we use PIETOOLS toolbox to obtain
a PIE representation and then solve the LPI optimization
problems in Cor. 0] and [I0] to obtain the gains corresponding
to the Hy-optimal estimator and state-feedback controller.
Then, the closed-loop PIE system is constructed and simu-
lated using the PIESIM module of the PIETOOLS toolbox
in MATLAB to find the system’s response under a zero
disturbance and initial conditions x(0,s) = ‘52%2“’ (i.e.,
ug = 1). The initial-condition response of the PDE. (I3)
(without control and with Hy-optimal state-feedback control)
are presented in Fig. [} The Hj-norm bound obtained by
solving the LPI in Thm. [I0] is stated in the caption along
with the numerical estimate.

For the observer simulation, we initialize the observer
state at zero, while the PDE state is initialized as earlier.
In Fig. P2l we only show the response of the error system
— 1i.e., we plot the error between state-estimate (X) and
actual state (x), given by e = x — x. Additionally, we
also plot the regulated output of the error system given by

2(t) — 2(t) = [ e(t, s)ds.
B. Estimation and Control of Euler-Bernoulli Beam Equa-
tion

In this example, we consider the Euler-Bernoulli beam
equation introduced in Ex. [3]

(o) = [} o e+ [T wo + [g] uin.

[1 0]x(t,0)=[1 0]0dsx(t,0)=0,
[0 1]x(t,1)=[0 1]dx(t,1) =0,



x(t,5)
x(t,s)

Fig. 1: This figure plots the response of the system Eq. (13)
without control (on the left) and with control input (on the
right) under zero disturbance and initial conditions x(0, s) =
32%25 while considering the regulated output as defined
in Eq. (13). Ha-norm of the closed-loop system is 1.79

(numerical estimate 1.21).

elt

Fig. 2: This figure plots the error (e = X — x) in the state
estimate (on the left) and regulated error output (on the right)
of the state observer for the system Eq. (T3). The observer is
initialized with zero initial conditions, whereas the PDE state
starts with an initial condition x(0,s) = % and is under
zero disturbance. Ho-norm of the observer error system is
1.37 (numerical estimate 0.23) where regulated and observed
outputs are as defined in Subsec.

A(t) = fol [0 1—5— 82] x(t, s)ds ’
u(t)

y(t)=[1 0] x(t,1) +w(t). (16)
We obtain PIE representation as stated earlier and then solve
the LPI optimization problems in Cor. []and [I0]to obtain the
gains corresponding to the Hs-optimal estimator and state-
feedback controller. Then, the PIEs are simulated using the
PIESIM to find the system’s response under zero disturbance
w and initial conditions x(0, s) = col(—0.5s52,0) (i.e., ug =
1). Similar to the reaction-diffusion PDE example, we plot
initial-condition response of the PDE without control and
with Hs-optimal state-feedback control in Fig. @ The Hs-
norm bound from Thm. [10l and the numerical estimate from
the simulation are stated in the caption.

In Fig. @ we see the response of the error system for
PDE initial conditions stated above and zero observer initial
condition. In this case, we plot the error in only one of the
states and the regulated output in the other, given by 2(t) —
2(t) = [ (1 — s — s%)es(t, s)ds.

s)

xat,
xi(t, 5)

Fig. 3: This figure plots the response of the system Eq. (T6)
without control (on the left) and with control input (on the
right) under zero disturbance and initial conditions x(0, s) =
col(—0.5s%,0) while considering the regulated output as
defined in Eq. (T6). He-norm of the closed-loop system is
0.78 (numerical estimate 0.29).

[—J(1 =5 — Dea(t, s)ds.

\ e t

Fig. 4: This figure plots the first component of the error
(e1 = X1 — x1) in the state estimate (on the left) and
regulated error output (on the right) of the state observer
for the system Eq. (TI6). The observer is initialized with
zero initial conditions, whereas the PDE state starts with
an initial condition x(0,s) = col(—0.5s%,0) and is under
zero disturbance. Hs-norm of the observer error system is
0.57 (numerical estimate 0.48) where regulated and observed
outputs are as defined in Subsec.

V. CONCLUSION

In this paper, we solved the Hs-optimal estimation and
control problems for PDEs using the PIE framework devel-
oped for the analysis and control of PDE systems. Since
formulating a PDE analysis/control problem using the PIE
representation does not introduce any conservatism and leads
to solvable convex optimization problems called Linear PI
Inequalities (LPIs), we showed that H, analysis, estimation
and control problems for PDEs can be solved using convex
optimization without conservatism. For this purpose, we
utilized an alternative definition of Hs-norm of a system
that does not rely on the transfer function or impulse input;
Instead, we characterized Ho-norm as the gain from an initial
condition to the output of the system. Using this alternative,
but equivalent, definition of Hy-norm, we showed that a PIE
system and its corresponding dual PIE system have the same
Hs-norm. Using this duality, we formulated two versions of
LPIs problems (a primal and dual) to upper bound the Ho-



norm of the system that were later used to formulate H-
optimal state estimator and state-feedback control problems
for PIEs as convex LPI optimization problems. By solving
these LPI optimization problems, we demonstrated the appli-
cation of this framework in estimator design and controller
synthesis for PDE numerical examples.

[1]

[2]

[4]

[6]
[7]

[8]

[9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

REFERENCES

A. Armaou and M. A. Demetriou, “Optimal actuator/sensor placement
for linear parabolic PDEs using spatial H2 norm,” Chemical Engineer-
ing Science, vol. 61, no. 22, pp. 7351-7367, 2006.

U. Miinz, M. Pfister, and P. Wolfrum, “Sensor and actuator place-
ment for linear systems based on Ha and H, optimization,” IEEE
Transactions on Automatic Control, vol. 59, no. 11, pp. 2984-2989,
2014.

W. Liu, Z. Hou, and M. A. Demetriou, “A computational scheme
for the optimal sensor/actuator placement of flexible structures using
spatial Ho measures,” Mechanical systems and signal processing,
vol. 20, no. 4, pp. 881-895, 2006.

P. Ambrosio, F. Resta, and F. Ripamonti, “An H2 norm approach
for the actuator and sensor placement in vibration control of a smart
structure,” Smart Materials and Structures, vol. 21, no. 12, p. 125016,
2012.

K. K. Chen and C. W. Rowley, “H> optimal actuator and sensor place-
ment in the linearised complex Ginzburg—Landau system,” Journal of
Fluid Mechanics, vol. 681, pp. 241-260, 2011.

R. Curtain and K. Morris, “Transfer functions of distributed parameter
systems: A tutorial,” Automatica, vol. 45, no. 5, pp. 1101-1116, 2009.
B. Bamieh, F. Paganini, and M. A. Dahleh, “Distributed control of
spatially invariant systems,” IEEE Transactions on Automatic Control,
vol. 47, no. 7, pp. 1091-1107, 2002.

I. Lasiecka and R. Triggiani, Control theory for partial differential
equations: Volume 1, Abstract parabolic systems: Continuous and
approximation theories. Cambridge University Press, 2000, vol. 1.
S. Mechhoud, E. Witrant, L. Dugard, and D. Moreau, “Estimation
of heat source term and thermal diffusion in tokamak plasmas using
a Kalman filtering method in the early lumping approach,” IEEE
Transactions on Control Systems Technology, vol. 23, no. 2, pp. 449—
463, 2014.

A. Schmidt and B. Haasdonk, “Reduced basis method for Ha optimal
feedback control problems,” IFAC-PapersOnLine, vol. 49, no. 8, pp.
327-332, 2016.

P. Benner and H. Mena, “Numerical solution of the infinite-
dimensional LQR problem and the associated Riccati differential
equations,” Journal of Numerical Mathematics, vol. 26, no. 1, pp.
1-20, 2018.

A. A. Moghadam, I. Aksikas, S. Dubljevic, and J. F. Forbes, “Bound-
ary optimal (LQ) control of coupled hyperbolic PDEs and ODEs,”
Automatica, vol. 49, no. 2, pp. 526-533, 2013.

H. Zhang, X. Lu, and D. Cheng, “Optimal estimation for continuous-
time systems with delayed measurements,” IEEE Transactions on
Automatic Control, vol. 51, no. 5, pp. 823-827, 2006.

D. Braghini and M. Peet, “Computing optimal upper bounds on the
Hs-norm of ODE-PDE systems using linear Partial Inequalities,”
IFAC-PapersOnLine, vol. 56, no. 2, pp. 6994-6999, 2023.

S. Shivakumar, A. Das, S. Weiland, and M. Peet, “Extension of
the Partial Integral Equation representation to GPDE input-output
systems,” arXiv preprint arXiv:2205.03735, 2022.

——, “Duality and Hso-optimal control of coupled ODE-PDE sys-
tems,” pp. 5689-5696, 2020.

S. Shivakumar, A. Das, and M. Peet, “PIETOOLS: A matlab toolbox
for manipulation and optimization of Partial Integral operators,” in
Proceedings of the American Control Conference, 2020.

S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear matrix
inequalities in system and control theory. SIAM, 1994.

S. Shivakumar, D. Jagt, and M. Peet. (2019) PIETOOLS.
https://github.com/CyberneticSCL/PIETOOLS.

S. Shivakumar, D. Jagt, D. Braghini, A. Das, and M. Peet, “PIETOOLS
2022: User manual,” arXiv e-prints, 2021.



	Introduction
	Preliminaries
	Notation
	Partial Integral Equations
	GPDE: A generalized class of PDEs
	A Side Note on H2-norm Definition

	Linear PI Inequalities
	LPI for H2-norm Upper Bound
	LPI for H2-optimal Estimator
	LPI for H2-optimal Controller

	Numerical Examples
	Estimation and Control of Reaction-diffusion PDE
	Estimation and Control of Euler-Bernoulli Beam Equation

	Conclusion
	References

