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Abstract

Large-scale control systems are often composed of several smaller inter-
connected units. For these systems, it is common to employ local controllers,
which observe and act locally. At the heart of common control design pro-
cedures for distributed systems lies the often implicit assumption that the
designer has access to the global plant model information when designing a
local controller. However, there are several reasons why such plant model
information would not be globally known. One reason could be that the de-
signer wants the parameters of each local controller to only depend on local
model information, so that the controllers are not modified if the model pa-
rameters of a particular subsystem change. It might also be the case that the
design of each local controller is done by individual designers with no access to
the global plant model, for instance, due to the fact that the designers refuse
to share their model information since they consider it private. This class of
problems, which we refer to as limited model information control design, is
the topic of the thesis.

First, we investigate the achievable closed-loop performance of discrete-
time linear time-invariant plants under a separable quadratic cost performance
with structured static state-feedback controllers. To do so, we introduce con-
trol design strategies as mappings, which construct controllers by accessing
the plant model information in a constrained way according to a given design
graph. We compare control design strategies using the competitive ratio as a
performance metric, that is, we compare the worst case control performance
for a given design strategy normalized with the optimal control performance
based on full model information. An explicit minimizer of the competitive
ratio is sought. As this minimizer might not be unique, we further search
for the ones that are undominated, that is, there is no other control design
strategy in the set of limited model information design strategies with a bet-
ter closed-loop performance for all possible plants while maintaining the same
worst-case ratio. We study the trade-off between the amount of model infor-
mation exploited by a control design strategy and the best possible closed-loop
performance. We generalize this setup to structured dynamic state-feedback
controllers for Ha-performance. Surprisingly, the optimal control design strat-
egy with limited model information is still a static one. This is the case even
though the optimal decentralized state-feedback controller with full model in-
formation is dynamic. Finally, we discuss the design of dynamic controllers for
disturbance accommodation under limited model information. This problem
is of special interest because the best limited model information control de-
sign in this case is a dynamic control design strategy. The optimal controller
can be separated into a static feedback law and a dynamic disturbance ob-
server. For constant disturbances, it is shown that this structure corresponds
to proportional-integral control.
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Notations

N The set of natural numbers

Z The set of integer numbers

R The set of real numbers

C The set of complex numbers
T The unit circle in C

L

0o The set of Lebesgue measurable functions bounded

on T

R The set of proper real rational functions

RL The set of proper real rational functions in L.

St (SY) The set of symmetric positive definite (semidefinite)
matrices

A All other sets are denoted by calligraphic letters

A The complement of A

Matrices

A Matrices are denoted by capital roman letters

A; 7 row of matrix A

Ajj Submatrix 4, j of matrix A with dimension and posi-
tion defined in the text

aij Entry 4,7 of matrix A

A>(>)0 The real symmetric matrix A is positive definite
(semidefinite)

A>(>)B A—B>(>)0

oY) The smallest singular value of the matrix Y

ix
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The largest singular value of the matrix Y
The smallest eigenvalue of the matrix Y
The largest eigenvalue of the matrix Y

Graphs

G Graphs are denoted by capital roman letters. All
considered graphs are directed

{1,...,q} Vertex set of G

E Edge set of G

S The adjacency matrix of G whose entry s;; = 1 if

(4,4) € E and s;; = 0 otherwise for all 1 <i,j <g¢

GCq G is a subgraph of G’. The edge set of G is a
subset of the edge set of G’

1= A link between vertices i, j in a graph G such that
(i,j) € E

sink Vertex ¢ such that there does not exist j # ¢ with
(1,j) e B

loop A loop of length t in G is a set of distinct vertices
{il, ...,it} such that il — ig — = it — il

Others

e; The column vector with all entries zero except the
i*® entry which is equal to one

0: 7 — 171 The unit-impulse function which is equal to one

at origin and zero anywhere else
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CHAPTER 1

Introduction

Many modern large-scale systems, such as aircraft and satellite formations [1, 2],
automated highways and other shared infrastructures [3, 4], flexible structures [5, 6],
and supply chains [7, 8|, consist of several subsystems coupled through their dy-
namics, controllers, or performance objectives. When regulating these systems,
it is often advantageous to adopt a distributed control architecture, in which the
overall controller is composed of interconnected subcontrollers, each of which ac-
cesses a subset of the plant’s state measurements. A common but often implicit
assumption for distributed control system is that the design can be performed in
a centralized fashion, with full knowledge of the plant model. However, this as-
sumption is far from being warranted in practice. Removing this assumption from
the control design procedure generates a new class of problems, namely limited
model information control design problems. For these problems, we are interested
in studying the challenges facing decision-makers (agents) in a dynamical system
who must select some control variables in order to optimize a social function using
only partial knowledge of the model governing the system (in addition to the par-
tial knowledge of the system state). The described problem is closely related to the
classical problem of distributed decision-making using partial information [9-12].
In distributed decision-making using partial information, the aim is to develop algo-
rithms that always produce feasible solutions with reasonable values of the objective
function. This problem appears in many areas ranging from computer science prob-
lems, such as managing a large-scale communication network [12] and distributed
task assignment [12-14], to economical and financial problems, such as inventory
models [15-18] and supply chains [19-23].

The rest of the chapter is organized as follows. We begin by giving a mo-
tivating application for studying control design with limited model information in
Section 1.1. In Section 1.2, we discuss the reasons behind the lack of a global model

3



4 CHAPTER 1. INTRODUCTION

information in optimal control design and we present two examples to illustrate the
problem. We describe the underlying mathematical formulation for control design
with limited plant model information in Section 1.3. In Section 1.4, we revisit the
examples introduced in Section 1.2 to illustrate the framework. Finally, we conclude
this chapter by the thesis outline and contributions in Section 1.5.

1.1 Motivating Application

To illustrate and motivate the importance of control design with limited plant model
information, we consider a highly complex large-scale dynamical system, namely,
the Baltic sea region electricity transmission grid portrayed in Figure 1.1. The
power is generated in several large power generators and transmitted through the
network to the power consumers. The power network consists of tens-of-thousands
of components (e.g., generators, transmission lines, conversion stations, etc) con-
nected together. These components have local interactions with each other because
of the grid, which results in a specific system dynamics. In the thesis, we capture
the structured dynamics through a plant graph.

For a power transmission grid, one of the design goals is to optimally regulate
the voltage, active and reactive power, and frequency. To do so, the designer em-
ploys many sensors (e.g., phasor measurement units) to measure voltage, active
or reactive power, and frequency over the network. These units transmit their
measurements over a communication network to the control stations. Due to com-
munication limitations and the large scale and complexity of the grid, all sensor
information cannot instantaneously be available to any controller in the system.
Therefore, the controller cannot use full state measurements of the system, but
only access a subset of the states in each local controller. In this thesis, this prop-
erty is illustrated using a control graph, that is, a directed graph that identify the
communication links between subsystems and subcontrollers. The absence of full
state measurement in a networked control system brings challenges in designing
stabilizing and optimal controllers, which we discuss later.

Power network control systems are highly complex time-varying dynamical sys-
tems, which are very hard to completely model for several reasons. First of all,
these systems are social-technical systems meaning that they are composed of a
technical layer (electrical components and their interconnections) and a social layer
working together [24]. The social layer consists of the end users who put physical
constraints on the technical layer and the human operators who change the struc-
ture of the technical layer and manage the production levels to control the power
flow. In the design procedure, the behavior of the social layer is partially unknown
(although to some extent predictable by the historical data and the regulations).
Second, several different power production companies compete with each other over
the production levels. The network manager regulates the power production com-
panies based on their prices and the public demand. As a consequence, a varying set
of companies with different generator types (e.g., thermal, wind, hydro, etc) provide



1.1. MOTIVATING APPLICATION 5

© NLS 1996

~The electricity transmission grid
in the Baltic Sea Region 2007

/\/ National boundaries

= Thermal power plant
&  Nuclear power plant

Barents Sea

o
“4 Serebryanska -
- {

Hydropower station 0
Wind farm
Substation

o e % I

Line under construction
® Conversion station
® AC/DC/AC back-to-back station

——— 550-750 kV line
——— 380-400KV line
—— 300-330kV line
—— 220KV line
—— 132-150 kV line
—— DC-line

. Interconnection for voltage -
lower than 220 kV/ <

(
\\
Arkhangelsk

) Severodvinsk
& —o——F

Source:

DK, BY, FI, EE, LV, LT,
NO, SE: Nordel 2007
DE; PL; RU: GENI 2007,

North Sea

NORDREGIO

Nordic Centre for Spatial Development

NR 0814
LI S

Figure 1.1: Electricity transmission grid in the Baltic sea region (Courtesy of Nor-
dregio http://www.nordregio.se/, Designer: P.G. Lindblom).
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the power needed across the network. These competing companies are unwilling to
share their (private) information about the network as that might compromise their
financial benefits by giving tactical advantages to other companies in power auc-
tions. Third, power networks are typically made of nonlinear components, although
it is common, to design linear controllers with acceptable closed-loop performance
based on linearized models. These controllers are functions of the linearized subsys-
tems’ model (and, in turn, functions of their operating points). These subsystems
(e.g., generators) change their operating points in response to the power demand
and physical constraints. Finally, safety constraints must be satisfied at all time
instances to protect the electrical equipments and end users from harm in faulty
conditions or other hazardous situations. Therefore, safety switches automatically
connect or disconnect electrical components or transmission lines (to meet these
safety requirements). These switches change the topology of the network and the
transmission lines impedances. Now, noting that these power networks are typically
implemented over a vast geographical area (even across different countries) makes it
extremely difficult (perhaps impossible) to gather all the model information (entire
network topology, line impedances, operating conditions, etc) at one place. Even
if one could gather all these information and implement a new controller based
on them, it might take very long and by then the information might be outdated.
This delay may even lead to instability of the closed-loop system. This motivates
our interest in designing local controllers based on only local model information
of the plant to be controlled. The amount of information that is available in each
local subsystem when designing its controller, in this thesis, is captured using a de-
sign graph, that is, a directed graph which indicates the dependency of each local
controller on different parts of the global plant model.

1.2 Model Information Limitations

When regulating a large-scale system composed of several interconnected subsys-
tems, it makes sense to adopt a distributed or decentralized control architecture, in
which the controller itself is made of interconnected subcontrollers. At the heart of
traditional distributed or decentralized control design problems is the assumption
that the control design is done with the global knowledge of the plant model. How-
ever, this assumption is seldom warranted, for instance, because of the following
three reasons:

e Maintenance: To simplify control systems tuning and maintenance, it is
desirable that each local controller to be only a function of local subsystem
parameters, so that the resulting local controller does not need to be mod-
ified if the model parameters of a particular subsystem change over time.
Otherwise, the designer might be required to reconfigure and tune every sub-
controller any time she observes a change in a local parameter. These local
parameter changes might be due to several reasons, including changing oper-
ating conditions, material fatigue, weather conditions, and scheduled services.
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e Availability: The lack of availability of the complete model of the plant, at
the time of the design, restrict the designer to only use local model information
in each subsystem control design. This is because often the design of each
local controller is done by a different designer (possibly in a different company,
organization, or country) with no access to the global plant model at the
time of design, as the complete model information is not available yet, or
to be changed later. This is becoming more and more common as engineers
implement a system as a whole using commercially available pre-designed
modules (off-the-shelf components). These modules are designed, in advance,
with no prior knowledge of their possible use or future operating condition.
Thus, they are required to work with an acceptable performance under almost
any circumstances.

e Privacy: Privacy constraints, caused by financial incentives or security rea-
son, limit the amount of the model information available in each subsystems
when designing its controller. These constraints stem from the fact that, in
large-scale control systems, different subsystems typically belong to different
individuals, and these individuals might be unwilling to share their model
information. Therefore, each subsystem’s controller should be designed only
based on its own model information.

We capture the amount of plant model information available in the design pro-
cess to each subcontroller by a design graph. An edge in the design graph from a
subsystem to a subcontroller represents that the subcontroller can use the model
parameters of that subsystem. Therefore, we deal with a limited model information
control design whenever the underlying design graph is not a complete graph.

The three aforementioned reasons (maintenance, availability, and privacy) con-
tribute to the motivation for studying how the amount of the model information
available in each subsystems influence the control design performance. Let us il-
lustrate the control design problem through two examples: a temperature control
problem in Example 1.1 and a vehicle platooning problem in Example 1.2.

Example 1.1 (Temperature Control): Let us consider the problem of regulating
the temperature in ¢ = 11 rooms on a floor of a half block of a student house, where
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each room can be warmed by a single heater (see Figure 1.2). The corridors and
stairways are supposed to have ambient temperature. Let us denote the average
temperature of room ¢ by z;. By applying Euler’s constant step discretization
scheme to the continuous-time model (both in time and space), we obtain the
following difference equation

Zi(k+1) =Y o (@; (k) — 2:(k)) + Bi(Za — 2i(k)) + wi(k), (1.1)
i

where z, is the ambient temperature, which is assumed to be constant, and 3; and
oy; are constants representing the average heat loss rates of room ¢ to the ambient
and to room j, respectively. The goal is to regulate the temperature of each room
at a prescribed value by minimizing the performance criterion

=30 @) =)+ (k) i), (1.2)

where 7, for each 7, is the reference temperature of room ¢, and u}, for each i, is the
steady-state control signal of room i. Note that, in the case of the infinite horizon
control cost function, the steady-state control signals is nonzero and related to the
reference points [25], as otherwise the performance criterion would become infinity.

The characteristics of each room (such as opening doors and windows, places of
the furniture, the type and the brightness of the wallpapers or paint, thickness of
the walls, etc) affect its model parameters {8;} U {a; | j # i}. These parameters
may not be available to other rooms’ thermostat due to several reasons including:

e Maintenance: Consider the case that the land-lady wants each subcontroller
to be only a function of the corresponding subsystem parameters to avoid
disturbing other tenants whenever something changes in a single room (due
to opening or closing windows, redecoration, renovation, etc), as these system
parameters would change quite frequently, and the global optimal controller
must be updated every time that a single parameter gets updated (e.g., some-
one opens or closes a window).

e Privacy: It might be the case that these characteristics depend on some pri-
vate information (like the decoration of the room or opening/closing of the
windows) and the tenants might be unwilling to share it with the thermostat
of other rooms (e.g., due to a risk of theft).

Besides, the tenants also want to guarantee some reasonable bounds on the closed-
loop performance of the system because of environmental factors and the constantly
increasing energy prices. Therefore, this problem is a simple illustration of designing
optimal controller with limited model information.
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Figure 1.3: Regulating the distance between two trucks.

Example 1.2 (Vehicle Platooning): As the simplest case for vehicle platooning,
consider the problem of regulating the distance between two trucks illustrated in
Figure 1.3. Applying Euler’s constant step discretization scheme to the continuous-
time model of each truck, one gets

e = (ear (5 am DL [+ s [0
where z;(k) is the truck position, v;(k) the velocity, m; the mass, «; the viscous

drag coefficient, (3; the power conversion quality coefficient, and AT the sampling
time. As a natural choice, the designer wants to minimize the cost function

J= aalea(k) —zi(k) = d )P + Y qu(vi(k) = 0*)* + r(ui(k) — uf)?| |
k=0

i=1,2

to regulate the distance between the trucks with minimum control effort. Note
that u} is a steady-state control signal and it is a function of the reference points
a;v*/B;. We can write the reduced-order system using the distance between trucks
and their velocities as state variables

2(k+1) = Az(k) + Bu(k),

where
va (k) — v* .
. us (k) — agv
20 = | aat) — ()~ |, ull) = | w20
o (k) —p* 1 1 1
and
1— ATO(Q/mQ 0 0 ATBQ/mQ 0
A= AT 1 —AT , B = 0 0
0 0 1-— ATozl/ml 0 ATﬂl/ml

This leads to the simplified performance criterion

o0

J = Zz (B)'Qz(k) + u(k)” Ru(k),
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tween different subsystems
and subcontrollers in a net-
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where Q = diag(qy,qa, qv) and R = diag(r,r). Note that the characteristics of
each truck (e.g., mass, tire quality, break quality, etc) change its model parameters
{mi, a;, B;}. Each vehicle control system designer may want its controller to only
be a function of its truck parameters because:

e Maintenance: It might be the case that each designer wants the controller
to be fixed. The safety constraints might be a motive for this as changing
a truck’s subcontroller (in an uncontrolled environment) may result in an
unpredictable behavior.

o Availability: Each truck’s local controller cannot be designed based on the
model information of all possible vehicles that it may cooperate with in future
traffic scenarios.

o Privacy: The truck parameters (e.g., the truck mass) might not be available
to other trucks. For instance, different trucks might belong to the different
companies and these companies may wish to honor their costumers privacy.

All truck owners want to guarantee some reasonable bounds on the closed-loop
performance of the platoon to reduce the fuel consumption. This problem is hence
a viable candidate for optimal control design with limited model information.

1.3 Problem Formulation

In this section, we mathematically formulate the high-level goals of the thesis. Here,
we give some of the key definitions. We do not go through the assumptions needed
later for validity of the results. These assumptions are highlighted and discussed
individually in Papers 1-3.
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1.3.1 Plant Model

We start by presenting the most essential problem formulation from Paper 1. Then,
we build our way to other cases by sensible extensions of this basic problem.

Let a directed graph Gp = ({1,...,q}, Ep) with adjacency matrix Sp be given.
This directed graph, which we refer to as the plant graph, is common in all the
discussed models, and it illustrates the interconnection pattern between subsystems.
Let us define the following set of matrices associated with the adjacency matrix Sp:

1.3
for all 1 <1i,j < g such that (sp);; =0}, (13)

where, for each 1 < i < ¢, integer number n; is the dimension of subsystem i.
Implicit in these definitions is the fact that 23:1 n; = n. Also, we define

BC{BeR™™|B;;=0€R" ™ forall 1 <i#j<q}. (1.4)

With these definitions, we can introduce the set P of plants of interest as the space
of all discrete-time linear time-invariant dynamical systems of the form

x(k + 1) = Az(k) + Bu(k) ; x(0) = o,

with A € A(Sp), B € B, and 2y € R™. Clearly P is isomorph to A(Sp) x B x R™
and, slightly abusing notation, we will thus identify a plant P € P with the corre-
sponding triple P = (A, B, xg).

Figure 1.4 shows an example of a plant graph Gp. Each node represents a
subsystem of the system. For instance, the second subsystem in this example may
affect the first subsystem and the third subsystem; i.e., submatrices Ao and Aso
can be nonzero. The self-loop for the second subsystem shows that Ass may be
nonzero. Figure 1.5 illustrates the corresponding physical interconnection between
subsystems of the plant in Figure 1.4 by dotted edges. Note that P; in Figure 1.5
represents a sink (a node that cannot affect any other node) of Gp. The plant
graph G% in Figure 1.4 has no sink. As we will see later in Papers 1-3, the sinks
play a significant role in the nature of the solutions that we present.

1.3.2 Controller Model

Let a control graph Gy with adjacency matrix Sk be given. The control laws of
interest are static linear state-feedback control laws of the form

u(k) = Ka(k),
where

. (1.5)
for all 1 <4i,j < g such that (sx);; =0}.
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Figure 1.6: Gy and Gj- are
examples of control graphs.

An example of a control graph G is given in Figure 1.6. Each node represents
a subsystem—controller pair of the overall system. For instance, Gx shows that the
second subsystem’s controller can use state measurements of the first subsystem
besides its own state measurements. Solid edges in Figure 1.5 correspond to the
edges of the control graph Gx. Figure 1.6 shows G- which is a complete graph. This
control graph indicates that each subcontroller has access to full state measurements
of all subsystems.

1.3.3 Control Design Method

A control design method I' is a map from the set of plants P to the set of controllers
K(Sk). Just like plants and controllers, a control design method can exhibit struc-
ture which, in turn, can be captured by a directed graph which we call the design
graph as it illustrates the amount of the information available to each subsystem in
control design procedure. Let a control design method I' be partitioned according
to subsystems dimensions as

and the design graph G¢ = ({1,...,q}, E¢) with adjacency matrix S¢ be given.
Each block I';; represents a map A(Sp) x B — R"*". We say that a control
design strategy I' has structure Ge if and only if, for all ¢, the map [I';; --- I';g] is
only a function of

{[Aj1 - Ajgl, Byj | (sc)iy # 0} (1.6)

The set of all control design methods with structure G¢ is denoted by C. When G¢
is not a complete graph, we refer to I' € C as being a limited model information
control design method.

An example of a design graph G¢ is given in Figure 1.7. Each node represents
a subsystem—controller pair of the overall system. For instance, G¢ shows that
the third subsystem’s model is available to the designer of the second subsystem’s
controller but not the first subsystem’s model. Figure 1.7 shows a fully disconnected
design graph with self-loops in Gi. A local designer in this case can only rely on
the model of its corresponding subsystem. Note that the conventional networked
control system block diagram in Figure 1.5 does not feature the design graph.
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1.3.4 Performance Metric

The goal of this thesis is to investigate the influence of the plant, control, and
design graphs on the quality of controllers constructed by limited model information
control design methods. To each plant P € P and controller K € I, we associate
a closed-loop performance criterion

Jp(K) = i )+ i u(k)” Ru(k (1.7)
k=1 k=0

where @, R € S, are block diagonal matrices, with each diagonal block entry
belonging to S',. The closed-loop performance criterion could be changed later
according to the application in-hand (as we do in Papers 2 and 3). Now, assume
that a plant graph Gp and a control graph Gy are given. Furthermore, assume
that, for every plant P € P, there exists an optimal controller K*(P) € K such
that

JP(K*(P)) < JP(K), VK € K.

The mapping K* : P — K*(P) is not itself required to lie in the set C, as every
component of the optimal controller may depend on all entries of the plant model.
The competitive ratio of a control design method I is defined as

Jp(L(P))

rp(T) = sup L)
pep Jp(K*(P))
with the convention that “%” equals one. Now, we formulate the main question of

this thesis regarding the connection between closed-loop performance, plant struc-
ture, controller structure, and limited model information control design as follows.
For given plant, control, and design graphs, we would like to determine

I'* € argminrp(T). (1.8)
rec
Since this minimizer might not be unique, we define a partial order (domination)
on the set C. A control design method I' is said to dominate another control design
method T if
Jp(T(P)) < Jp(I'(P)), ¥ P € P, (1.9)

with strict inequality holding for at least one plant in P. When IV € C and no
control design method I' € C exists that dominates IV, we say that IV is undominated
in C for plants in P. In the thesis, we are interested in determining the control design
strategies in (1.8) that are undominated.
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1.3.5 Problem Formulation Extensions

In Paper 2, we introduce the set P of plants of interest as the space of all discrete-
time linear time-invariant dynamical systems of the form
x(k+1) = Az(k) + Bu(k) + Hw(k) ; 2(0) =0,
where A € A(Sp), B € B, and
HeHC{HeR™" |Hj;=0eR" ™ forall 1 <i#j<q}.

Thus, we identify a plant P € P in Paper 2, with the corresponding triple P =
(A,B,H) € A(Sp) x B x H. We generalize the set of control laws of interest to
dynamic linear state-feedback control

K(Sk) = {K € (RL)™™ | Kij =0 € (RLoo)™ ™™
for all 1 <14, j < ¢ such that (sx);; = 0}.
We also use the Ha-norm of the closed-loop system from the exogenous input w(k)
to the output
y(k)=[ €T 0 Ja(k)+[ 0 DT Ju(k)
where C, D € R™ "™ are block diagonal matrices, with each diagonal block entry
belonging to R™i*":,

According to the specific structure of B given in (1.4), each subsystem is fully-
actuated, with as many input as states, and controllable in just one time step.
Possible generalization of the results to a (restricted) family of under-actuated
systems is also discussed in Paper 2.

In Paper 3, we fix n;, =m; = 1 for all 1 < i <n in (1.3)—(1.4), and introduce
the set P of plants of interest as the space of all discrete-time linear time-invariant
dynamical systems of the form

z(k+1) = Az(k) + B(u(k) + w(k)) ; z(0) = zo,
w(k +1) = Dw(k) ; w(0) = wo,
with A € A(Sp), B € B, 9 € R", wy € R", and
DeD={DeR"™" |dj=0€cRforalll <i#j<n}.
We identify a plant P € P with the corresponding tuple P = (A, B, D, xg,wg) €

A(Sp) x Bx D x R" x R™. We also generalize the set of control laws of interest to
the set of dynamic linear state-feedback controllers

K(Sx) ={K € R™" | kiyj =0 € R for all 1 < 4,5 < n such that (sc);; = 0}.

We associate the closed-loop performance criterion

o0

Tp(K) =Y w(k)" Qu(k) + (u(k) + w(k))" R(u(k) + w(k)),
k=0

where @, R € 87, are diagonal matrices.
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Figure 1.8: The plant graph Gp and design graph G¢ of the temperature control
system described in Example 1.3.

Gp:

1.4 Examples Revisited

In this subsection, we revisit the temperature control and the vehicle platooning
examples presented in Section 1.2.

Example 1.3 (Temperature Control, continued): Consider the tempera-
ture control problem introduced in Example 1.1. Augmenting all the average
temperature difference equations in (1.1), and using a simple change of variable
z(k) = z(k) —r with r = [r; --- ry]T € R? as the vector of desired temperature,
results in a discrete-time linear time-invariant dynamical system of the form

x(k+1) = Ax(k) + u(k) + w(k),
where w(k) € R? is a constant-disturbance vector given by
w(k) =[B1 - By Ta + Ar — 1,

and A € R7%7 is a model matrix whose entries are defined as

s — 3 Y i J,
Y —Bi — D pp; vie, otherwise.

Note that we can consider Ar — r as a part of the disturbance vector whenever
subsystems do not know each other set-points. Now, the performance criterion
in (1.2) can be written as

J = ak)"z(k) + (u(k) + w(k)" (u(k) + w(k)).

If two rooms are not adjacent, their temperatures do not affect each other sig-
nificantly, which we can use to generate the corresponding plant graph. In this
particular problem, we have ¢ = 11 rooms/subsystems, and each room’s dynamics
is of dimension one. The plant graph for this family of plants is shown in Fig-
ure 1.8 (left). Let the control graph Gx be a supergraph of the plant graph Gp,
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and the design graph G¢ be the one in Figure 1.8 (right). The design graph Ge¢
shows that each local controller is designed based on a local subsystem model. Now,
one can use the results given in Paper 3 to show that the undominated minimizer of
the competitive ratio is the deadbeat proportional-integral control design strategy
' which, for a fixed plant P = (A, B, I, o, wp), gives the proportional-integral

control law i

u(k) = =B ' Ax(k) - B~ a(i).
i=0
This is the case as the plant graph Gp contains no sink. In the case that the plant
graph contains one or more sinks, one can take advantage of the knowledge of the
location of the sinks to achieve a better closed-loop performance.

Example 1.4 (Vehicle Platooning, continued): Consider the platooning prob-
lem in Example 1.2. Let us define the first subsystem as z;(k) = zi1(k) and
25(k) = [22(k) 23(k)]T. Unfortunately, the dynamical system introduced in this
example does not satisfy one of the assumptions required in Paper 1 (i.e., B is not
a square invertible matrix). To use the results given in Paper 1, one can use either
(7) the restriction of the platooning problem to velocity regulation, or (i) the sim-
plified version of the platooning problem under the assumption that the trucks can
be modeled as first-order subsystems with the velocity as the control input. For
instance, assume that we restrict the platooning problem to the velocity regulation.
In this case, we have

Av(k +1) = AAv(k) + BAu(k)

A A e 3

with v* as the reference velocity, and

A_ 17ATO[1/?’TL1 O B_ ATﬂl/ml 0
- 0 1-— ATO&Q/’ITLQ ’ - 0 ATBQ/mQ

Furthermore, let us consider the performance measure

- 5 —4

J =Y Av(k)" [ R ] Av(k) + Au(k)” Au(k).
k=0

Unfortunately, the performance measure does not obey the assumptions of Paper 1

as it is nonseparable (i.e., @ is not diagonal). To fix this, we use the change of

variable
2(k) = QY2 Av(k) = [ - ] A(k),
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which gives
J = "2(k)"2(k) + Au(k)" Au(k),
k=0
and B -
z2(k+1) = Az(k) + BAu(k),
where A = Q'/24Q~'/? and B = Q'/?B. For any fixed (A, B), the control law for
the deadbeat control design strategy T' is
Au(k) =T2(A, B)z(k)

=T2(QV?AQ™'2,Q'*B)Q'* Au(k)

= —(Q'*B)"H(Q*AQ™V*)Q"* Au(k)

= —B7tAAv(Ek).
Therefore, subsystems i control law becomes only a function of its own parameters
{ay, Bi,m;} (i.e., local model information), and consequently, T'* € C. Thus, al-

though the assumptions of Paper 1 are not completely fulfilled, the conclusions are
still valid.

1.5 Thesis Outline and Contributions

The rest of this thesis is organized as follows.

Chapter 2: Background

A review of the pre-existing literature on generic properties of structured systems,
distributed and decentralized control design, decision-making (optimization) with
partial information, and limited model information control design is given in this
chapter.

Chapter 3: Conclusions and Future Work

A summary of the results of the thesis and possible directions for future research
are presented in this chapter.

Paper 1: Optimal Control Design with Limited Model Information

In this paper, we introduce the family of limited model information control de-
sign methods, which construct controllers by accessing the plant’s model in a con-
strained way, according to a given design graph. We investigate the achievable
closed-loop performance of discrete-time linear time-invariant plants under a sep-
arable quadratic cost performance measure with structured static state-feedback
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controllers. We find the optimal control design strategy (in terms of the competi-
tive ratio and domination) when the control designer has access to the local model
information and the global interconnection structure of the plant. At last, we study
the trade-off between the amount of model information exploited by a control design
method and the best closed-loop performance (in terms of the competitive ratio) of
controllers it can produce. This paper is under review for journal publication as:

F. Farokhi, C. Langbort, K. H. Johansson, “Optimal Control Design with
Limited Model Information,” 2011. Submitted.

A preliminary version of the paper was presented as:

F. Farokhi, C. Langbort, K. H. Johansson, “Control Design with Limited
Model Information,” in American Control Conference, Proceedings of the,

pp. 4697-4704, 2011.

Paper 2: Dynamic Control Design Based on Limited Model Information

The design of optimal Hy dynamic controllers for interconnected linear systems
under limited plant model information is considered in this paper. An explicit
minimizer of the competitive ratio is found. It is shown that this control design
strategy is not dominated by any other strategy with the same amount of model
information. The result applies to a wide class of system interconnections, controller
structures, and design information. This paper was recently presented as:

F. Farokhi, K. H. Johansson, “Dynamic Control Design Based on Limited
Model Information,” in Communication, Control, and Computing, Proceed-
ings of the 49th Annual Allerton Conference on, pp. 1576-1583, 2011.

Paper 3: Decentralized Disturbance Accommodation with Limited
Plant Model Information

The optimal control design for disturbance accommodation with limited model in-
formation is considered in this paper. As it is shown in Papers 1 and 2, when it
comes to designing optimal centralized or partially structured decentralized state-
feedback controllers with limited model information, the best control design strat-
egy (in terms of competitive ratio and domination) is static. This is true even
though the optimal partially structured decentralized state-feedback controller with
full model information is dynamic. In this paper, we show that, in contrast, the
best limited model information control design strategy for the disturbance accom-
modation problem gives a dynamic controller. We find an explicit minimizer of the
competitive ratio and we show that it is undominated. This optimal controller can
be separated into a static feedback law and a dynamic disturbance observer. For
constant disturbances, it is shown that this structure corresponds to proportional-
integral control. This paper was recently submitted for journal publication as:
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F. Farokhi, C. Langbort, K. H. Johansson, “Decentralized Disturbance
Accommodation with Limited Plant Model Information,” 2011. Submitted.

A preliminary version of this paper was submitted for a conference presentation as:

F. Farokhi, C. Langbort, K. H. Johansson, “Optimal Disturbance-Accommo-
dation with Limited Model Information,” Submitted to the American Control
Conference 2012.






CHAPTER 2

Background

In this chapter, we review the available literature on decentralized and distributed
control and decision-making with partial information. The primary goals of these
reviews are to show the lack of a mathematical framework for studying the opti-
mal control design with limited model information and to present the necessary
background for the main results of the thesis.

According to [26], a networked control system is “a spatially distributed systems
in which sensors, actuators, and controllers are connected to each other through
a band-limited digital communication network”. Figure 2.1 illustrates an example
of a networked control system which is composed of several subcontrollers C; and
subsystems P; connected to each other through a communication network, such
as wireless communication network, high-speed connection bus, etc. The network
topology shows how different sensors can communicate with different subcontrollers
and how these subcontrollers relay back their commands to the corresponding ac-
tuators.

Networked control systems have several characteristics. First, these systems
are typically distributed geographically over a vast area like the motivating power
grid application in Chapter 1. It is natural to assume that a given subsystem can
only influence a strict subset of neighboring subsystems (due to the geographical
constraints). Therefore, the geographical profile of the system and its underlying
physical characteristics dictate the interconnection pattern between subsystems.
In many situations, the interconnections of the subsystems are fixed (and given) in
advance. This property of large-scale control system has attracted a lot of atten-
tion through the time and many have studied the generic properties of structured
systems. We take a deeper look into structured systems in Section 2.1.

Second, any communication medium brings limitations, such as band-limited
channels, sampling and quantization issues, variable delays, packet drop-outs, etc.

21
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A realistic communication network has band-limited channels, that is, it can only
relay a limited amount of data per unit of time. Therefore, it might not make
sense to assume in designing each subcontroller that the subcontroller has access to
the full state measurements of the plant. Note that even if each channel has high
bandwidth, the point-to-point capacity of a large multi-hop network can still be very
limited [27]. The absence of full state information gives rise to several challenges
in designing stabilizing and optimal controllers which we discuss in Section 2.2.

Finally, in large-scale dynamical systems, it may be extremely difficult (perhaps
impossible) to identify all system parameters and update them globally. One can
only hope that the designer knows the local parameter variations and update the
corresponding subcontroller based on them. This fact motivates optimal control
design with limited model information. We briefly review the literature on this
problem in Section 2.4.

The rest of the chapter is organized as follows. We begin by introducing the
generic properties of structured systems in Section 2.1. In Section 2.2, we present
an overview of the literature on decentralized and distributed control design. In
Section 2.3, we briefly review decision-making with partial information. We sum-
marize some of the recent attempts in control design with limited model information
in Section 2.4.

2.1 Generic Properties of Structured Systems

The study of structured systems dates back almost four decades [28-32]. In [28§],
the author first introduced the definition that a pair of matrices (A, B) is struc-
turally controllable if there exists a controllable pair of matrices (A’, B') with the
same structure as (A, B). A structurally controllable system can be shown to be
controllable for almost all parameter combinations, except for some cases with zero
measure that might occur when the system parameters satisfy certain equality con-
straints [28-30]. Thus, the structural controllability helps the designer to overcome
the inherently incomplete knowledge of the system parameters. There exist graph
theoretic conditions for verifying structured controllability [28]. A set of algebraic
conditions has been presented in [29, 31] to check structured controllability. It
is interesting to note that, as structured controllability gives controllability of a
continuum of linearized systems, the aforementioned results may also provide a
sufficient condition for controllability of many nonlinear systems [33-35].

Many classical control results were generalized to structured systems. For in-
stance, the problem of input—output decoupling of structured systems has been
discussed in [36-38]. The problem of disturbance rejection and disturbance decou-
pling was addressed initially in [39-41]. Decentralized control of structured systems
was considered in [42-45]. For instance, the authors in [42] presented necessary and
sufficient conditions for controllability under a decentralized information structure.
In [43], the authors studied geometric properties of structured systems using graph-
theoretic tools. They also obtained graph-theoretic conditions used to determine
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Figure 2.1: Illustrative example of a networked control system.

stabilizability of structured interconnected systems via decentralized feedback con-
trol. The decentralized stabilization and pole placement of structured system has
been discussed in [46]. Parts of these results were also generalized to descriptor
systems in [47]. More related studies can be found in a recent survey of structured
systems and their generic properties [48]. There has been also some work in fault
detection and isolation for structured systems. For instance, in [49], the authors
provided necessary and sufficient graph-theoretic conditions under which the fault
detection and isolation problem has a solution. Later, the sensor location problem
for fault diagnosis in structured systems was discussed in [50]. Recently, a necessary
and sufficient graph-theoretic condition for the existence of vulnerabilities that are
inherent to the power network interconnection structure has been developed in [51].

2.2 Distributed and Decentralized Control Design

Band-limited channels in a networked control system force us to design distributed
and decentralized controller as subcontrollers in the overall system might have ac-
cess only to a strict subset of the state measurements. Distributed and decentral-
ized control and estimation in large-scale and networked systems is a well-studied
problem [52-55].

There is a huge body of literature on stabilizing decentralized systems. For
instance, the authors of [56-59] showed that the absence of so-called fixed modes
is a necessary and sufficient condition for stabilizability of a linear time-invariant
dynamical system with a time-invariant decentralized controller. Later, this result
was extended to show that a time-varying controller might be able to eliminate the
fixed modes that are not structurally fixed modes and as a result, a linear time-
invariant dynamical system could be stabilized with a decentralized controller even
when fixed modes are present [60, 61]. Fixed modes can also be eliminated with
vibrational control or sampling techniques [62-64]. It has also been shown that
if a fixed mode cannot be eliminated by a decentralized periodically time-varying
controller, then it cannot be eliminated by any decentralized controller [65, 66].
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There are contributions in multi-agent systems related to distributed control,
such as a Nyquist-like condition for stability of a formation using the individual
plant transfer function and the Laplacian of the graph describing the network
topology [67]. This work has been generalized to the stability of multi-input multi-
output dynamical systems with arbitrary dynamical interconnection between the
subsystems with fixed interaction topology [68]. The coordination of a group of
autonomous agents when the graph topology changes over time has been consid-
ered in [69, 70]. These works were generalized to a framework for stability analysis
of interconnected systems where the topology can potentially be time-varying [71].
The authors in [72] presented an algorithm for designing controllers that preserve
the stability of the closed-loop system under any interconnection and communica-
tion typology. Recently, a simple method for the design of decentralized stabilizing
controllers for large-scale interconnected systems has been proposed in [73].

There has been a great effort in designing optimal distributed and decentral-
ized controller. Witsenhausen showed that a linear controller is not optimal for
a quadratic performance criterion with a linear time-invariant system subject to
Gaussian noise under the distributed information constraint in general and the
cost function is not necessarily convex in the controller variables [74]. The authors
in [75, 76] established that the discrete-time version of the Witsenhausen counter-
example is NP-complete. There has been some effort also to identify the cases
where a linear solution is optimal. For instance, Witsenhausen identified some
cases where the resulting optimal controller were linear [77]. The authors in [78]
showed that under a partially nested information pattern the optimal controller is
a linear controller. It has been shown in [79] that the optimal controller is linear, if
each subcontroller has access to all the previously implemented control values and
observations made by any other subsystem in the system before the current time
and its own observations including the current time. There were some studies un-
der the spatial invariance assumption [80, 81]. Some other control structures were
shown to result in optimal linear controllers [82, 83]. In [84], the author presented
a solution to the optimal decentralized state-feedback control design problem for
partially nested information structure. Recently, it has been shown that under
the quadratic invariance and internal quadratic invariance information patterns,
one can formulate structured H,,- and Hs-optimal control design as convex op-
timization problems [85-88]. This formulation results in an explicit solution for
the problem of designing decentralized Hy-optimal controllers for a spacial class of
systems [89-91]. The authors in [92-94] also using the partially ordered sets intro-
duced an explicit solution to the decentralized state-feedback Hs-optimal control
design problem for some classes of plant interconnection and information structure.
The problem of designing optimal distributed controllers was recently approached
using team decision theory in [95, 96]. This work was further generalized to solve
the stochastic linear quadratic control problem under power constraints [97]. In
this work, the output-feedback problem is also considered. Later, the team deci-
sion theory was used to develop optimal distributed Ho.-optimal controllers when
each subsystems has access to the state measurements and control signals of those
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subsystems that can affect it [98].

There has been studies on designing optimal controller for positive systems with
more general structures. For instance, the authors in [99, 100] gave a necessary and
sufficient condition for existence of a diagonal Lyapunov function for positive sys-
tems. They also showed that, in this case, an H,,-optimal control design problem
can be written as a convex optimization problem (and therefore it is computation-
ally tractable). Later, the author in [101] proved that for positive discrete-time
linear time-invariant systems the Ho.- and /1-norms are equal to each other. It was
also shown that the problem of designing an optimal controller for these systems
can be written as a convex optimization problem under some conditions on the
controller structure.

There has been studies on sub-optimal distributed and decentralized control
design because, as it was mentioned earlier, the problem of synthesizing these con-
trollers for arbitrary information patterns is NP-complete. The authors in [102]
considered the problem of designing sub-optimal static and fixed-order dynamic
structured compensators. Some approaches were based on gradient descent, New-
ton, and quasi-Newton algorithms [103-108]. A set of sufficient Linear Matrix
Inequalities for finding distributed controllers was presented in [109]. In [110], the
authors presented an algorithm for designing a near-optimal decentralized controller
that replicates the behavior of the optimal centralized controller. The problem of
near-optimal decentralized output regulation of hierarchical systems subject to dis-
turbances has been studied in [111]. In [112, 113], the problem of designing an opti-
mal decentralized state-feedback controller has been solved on a finite-horizon using
dynamic programming. In these papers, the authors provided both a computation-
ally intensive optimal solution and a sub-optimal solution that is computationally
more tractable. A receding horizon approach to develop a sub-optimal controller
was considered in [8, 114]. A recent result was introduced in [115] using decom-
position methods in distributed optimization accompanied with a special stopping
criteria to synthesize a sub-optimal controller with closed-loop performance guar-
antees.

2.3 Decision-Making with Partial Information

The problem of decision-making with incomplete information and the value of in-
formation is a well-studied problem in economics [9, 116]. For instance, in [116],
the author studied the degradation in economic decisions caused by the lack of
information and communication between both competing and cooperating agents.
He also gave an estimate of the value of information in a network using this degra-
dation factors. In [117, 118], the value of information in distributed algorithmic
decision-making has been studied. The value of information was captured using
the competitive ratio [11, 119] which was defined based on the so-called regret ratio
in economics [9]. The authors in [12] studied the standard linear programming prob-
lem when each agent just knows a restricted subset of constraint coefficients. They
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motivated this problem using distributed decision-making in network management
(see also [120, 121]), distributed task assignment problem, and organization theory.
The problem has been generalized to dynamic cases in [122, 123]. These studies are
the origin of the definitions in this thesis on competitive ratio and domination for
decentralized control design with limited plant model information. The theory of
competitive analysis of distributed algorithms was used later to compare the cost
of a distributed on-line algorithm to the cost of an optimal distributed algorithm
to study the performance of online distributed algorithms in [124]. The authors
in [125, 126] discussed a settings where several agents jointly solve a coordination
game and studied the value of information in these games. The linear programming
problem with privacy constraints was later discussed in [127].

2.4 Limited Model Information Control Design

The problem of designing controllers using uncertain plant model information is a
classical topic in control theory [128-133]. In robust control design, the goal is to
design a controller such that some level of performance of the controlled system
is guaranteed irrespective of changes in the plant dynamics within a predefined
bound around a given nominal global model. This is different from designing an
optimal controller without a global model since in optimal control design with
limited model information, subsystems do not have any prior information about
the other subsystems’ model (i.e., there are no nominal model for the subsystems
in the design procedure) and there are no, apriori known, bound on the model
uncertainties.

There has been some interesting approaches for tackling limited model informa-
tion control design problem, although not specifically tailored for it. For instance,
references [134-137] introduced methods for designing sub-optimal decentralized
controllers without a global dynamical model of the system. In these papers, the
authors assume that the plant consists of an interconnection of weakly coupled
subsystems. They design an optimal controller for each subsystem using only the
corresponding local model, and connect the obtained subcontrollers to construct
a global controller. They show that, when the coupling is negligible, this latter
controller is satisfactory in terms of closed-loop stability and performance. How-
ever, as coupling strength increases, even closed-loop stability guarantees are lost.
The motivation behind their studies was to design fully-decentralized near-optimal
controllers for large-scale dynamical systems and to avoid numerical complications,
stemming from the high dimension of the system, by splitting the original problem
into several smaller ones. Other approaches such as [4, 8] are based on receding
horizon control and use decomposition methods to solve each step’s optimization
problem in a decentralized manner with only limited information exchange between
subsystems.

As one can see, what is missing from the literature is a rigorous characterization
of the best closed-loop performance that can be attained through limited model in-
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formation design and, a study of the trade-off between the closed-loop performance
and the amount of exchanged information. In this thesis, our goal is to introduce
a mathematical framework to try to partially fill this gap and also to study the
described trade-off.

The problem of designing an optimal controller with limited model information,
in the current setup, was first approached in [122, 123]. In these papers, the authors
introduced control design strategies as mappings from the set of plants of interest to
the set of eligible controllers. They investigated the quality of the controllers that
these control design strategies construct. This quality was measured by a quadratic
closed-loop performance criterion. To do so, they introduced competitive ratio as
a performance metric and the domination as a partial order on the set of limited
model information control design strategies, to study the intrinsic limitations of
limited model information control design strategies. Previously, there were no other
metrics specifically proposed for control design strategies. The authors defined the
competitive ratio as the worst case ratio of the cost of a control design strategy
to the cost of the optimal control design with full model information, similar to
Section 1.3. They worked with communication-less control design strategies as an
extreme family of limited model information control design strategies that only
rely on each subsystem model for designing the corresponding subcontroller. They
used the term communication-less to illustrate the fact that different parts of these
control design strategies would not exchange model information (and equivalently
would not communicate) with each other. The subsystems were assumed to be
scalar. Under these assumptions, it was proved that, when dealing with continuous-
time linear time-invariant dynamical systems, the competitive ratio of any control
design strategy is always unbounded. Thus, they focused on discrete-time linear
time-invariant systems and found an explicit minimizer of the competitive ratio
over the set of limited model information control design strategies. Since this
minimizer might not be unique, they also proved that it is undominated, that
is, there is no other control design method that acts always better while having
the same worst-case ratio. This undominated minimizer of the competitive ratio
was the deadbeat control design strategy. Towards the end, they briefly studied
the amount of information needed to find a control design strategy with a lower
competitive ratio than the deadbeat control design strategy or to dominate it.

The results presented in the papers of this thesis considerably extend the contri-
butions of [122, 123], but build on the same framework. We consider limited model
information control design for interconnections of fully-actuated discrete-time lin-
ear time-invariant subsystems (of arbitrary order) with a quadratic separable cost
function [138, 139]. We investigate the best closed-loop performance achievable by
structured static state-feedback controllers constructed by limited model informa-
tion design strategies. We show that the result depends crucially on the subsystems
interconnection pattern and state measurement availability (i.e., the plant graph
and control graph). We extend the fact proven in [122] that the deadbeat strategy is
the best limited model information control design method when there is no subsys-
tem that cannot affect any other subsystem and each subcontroller has access to at
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least the state measurements of those subsystems that affect it. However, the dead-
beat control design strategy is dominated when there is a subsystem that could not
affect any other subsystem. We find a better, undominated, limited model informa-
tion control design method, which, although having the same competitive ratio as
the deadbeat control design strategy, can achieve a better closed-loop performance
in average. We also characterize the amount of model information needed to achieve
a better competitive ratio than the deadbeat control design strategy. In [140], we
generalize these results to structured dynamic state-feedback controllers when the
closed-loop performance criterion is Hy-norm of the closed-loop transfer function.
Surprisingly, the optimal control design strategy (in the sense of competitive ratio)
with limited model information is a static one. This is case even though the opti-
mal decentralized state-feedback controller with full model information is dynamic
itself [90, 91]. We also partially remove the assumption that all the subsystems
are fully-actuated and generalize the result for a class of under-actuated systems
where the sinks (in the plant graph) are not required to be fully-actuated. Later,
we also discuss the design of dynamic controllers for disturbance accommodation
in [141, 142]. This problem is of special interest because of the fact that the best
limited model information control design is a dynamic control design strategy con-
trary to all previous results where the best limited model information control design
strategy was a static one. This dynamic control design strategy can be divided into
two parts; a static part which was previously introduced in [138-140] and an ob-
server for canceling the disturbances. For constant disturbances, it is shown that
this structure corresponds to proportional-integral control [142].



CHAPTER 3

Conclusions and Future Work

In this chapter, we present a short summary of the contributions of the thesis, and
the directions for future work.

In Paper 1, we presented a framework for the study of optimal control de-
sign under limited model information, and investigated the connection between the
quality of controllers produced by a design method and the amount of plant model
information available to it. This is mathematically done for a set of discrete-time
linear time-invariant plants under a separable quadratic performance measure with
structured static state-feedback controllers. We showed that the best performance
achievable by a limited model information control design method crucially depends
on the structure of the plant graph and, thus, that giving the designer access to this
graph, even without a detailed model of all plant subsystems, results in superior
design, in the sense of domination.

In Paper 2, we considered optimal Hy dynamic control design for interconnected
linear systems under limited plant model information. We found an explicit undomi-
nated minimizer of the competitive ratio for a large class of system interconnections,
controller structure, and design information. It was also shown when it comes to
designing optimal centralized or partially structured decentralized state-feedback
controllers with limited model information, the best control design strategy (in
terms of competitive ratio) is a static one. This is true even though the optimal
structured decentralized state-feedback controller with full model information is
dynamic. We were also able to relax the assumption that all the subsystems are
fully-actuated for sinks in the plant graph.

In Paper 3, we studied the design of optimal disturbance accommodation con-
trollers with limited model information. We adapted the notion of limited model
information control design strategies to handle disturbance accommodation to study
the cases where the best limited model information control design is a dynamic con-
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trol design strategy. We found an explicit minimizer of the competitive ratio and
we showed that it is undominated. We split this optimal control design strategy
into a static part for regulating the state of the systems and a deadbeat observer
for canceling the disturbance effect. There are several directions to further expand
the work presented in the thesis. We list some of these directions below.

In most of the current results, we have the assumption that each subsystem is
fully-actuated, with as many inputs as states, and controllable in one time-step;
i.e., all matrices B € B are square invertible. This seems to be the most restrictive
assumption on the results. We are able to relax this assumption for the sinks in the
plant graph, that is, the sinks of the plant graph can be under-actuated. In future,
we can study the possibility of relaxing this assumption for more cases. This can be
done with several approaches. For instance, one approach is to define the compet-
itive ratio based on only a compact set of plants with possibly pre-defined bounds
on the value of the parameters of each subsystem. As some of the issues concerning
the under-actuated subsystems arise when the parameters becomes large enough,
this might help us to relax the assumption that all matrices B are square invert-
ible. Another approach is to focus on under-actuated subsystems that are capable of
decoupling themselves from other subsystems in one time-step. For instance, if sub-
system ¢, in addition to its current model information, have access to {A4;:|j # i},
it can always hide inside the unobservable subspace of these matrices; i.e., we can
design and implement a subcontroller that makes this unobservable subspace both
an invariant subspace and a reachable subspace within one time-step. Thus, from
other subsystems perspective, such a subsystem would behave like a fully-actuated
subsystem in feedback with the deadbeat control design strategy. Although math-
ematically interesting, unfortunately, as the number of other subsystems increases
the probability that such a subspace is non-trivial is very slim. This is troublesome
as the only controller that can make the origin both an invariant subspace and a
reachable subspace within one time-step is the deadbeat control design strategy
(and it requires B to be a square invertible matrix).

The current results only hold for separable closed-loop performance measures.
It might be interesting to see what sort of assumptions are required to generalize
these results to the case that behavior of the subsystems are linked to each other
through the cost function. In case that the matrix R is block diagonal but not the
matrix @, similar to the platooning problem in Example 1.4, one might be able
to transform the problem into an optimal control design problem with separable
closed-loop performance measures, and keep the local controllers as a function of
only local parameters. In this case, the results of this thesis might be extended,
but, in general, the solution to his problem might not be that straight-forward. We
can also look at the general problem of designing optimal controller with limited
model information for other closed-loop performance measures like H..- or £1-norm
of the closed-loop transfer function.

Another extension is to let designers communicate with each other and explore
the question what is a good way of signaling to other subsystems without revealing
all the parameters, for instance, by finding the minimum amount of information
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needed for designing the optimal controller (e.g., see [143-145] for such bounds on
distributed computation).

In some cases, it is beneficial to define an average competitive ratio and to
guarantee the performance of the closed-loop system with a given probability. The
current definition of the competitive ratio using the worst-case behavior might be
restrictive as these extreme cases might not happen in reality. For instance, average
competitive ratio might be useful in studying the effect of packet drop-outs in a
communication network since, in a large-scale system, there are many subsystems
and all these subsystems cannot keep track of all the acknowledgement signals.
The subsystems could model the information flow pattern based on historical data.
Assuming that each subsystem can only gather the acknowledgement signals related
to itself and model the rest of the network as a stochastic process, one might search
for finding the optimal controller under such a limited information regime, and to
guarantee the closed-loop performance with a high-probability (or in average).

Other approaches like using mechanism design, by giving different subsystems
financial incentives for sharing their private information (e.g., [146]) in a selfish
scenario, might be interesting to investigate as well.
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1 Introduction

Many modern control systems, such as aircraft and satellite formation [2, 3], auto-
mated highways and other shared infrastructure [4, 5], flexible structures [6], and
supply chains [7], consist of a large number of subsystems coupled through their
performance goals or dynamics. When regulating this kind of plant, it is often
advantageous to adopt a distributed control architecture, in which the controller
itself is composed of interconnected subcontrollers, each of which accesses a strict
subset of the plant’s output. Several control synthesis methods have been proposed
over the past decades that result in distributed controllers of this form, with vari-
ous types of closed-loop stability and performance guarantees (e.g., [8-16]). Most
recently, the tools presented in [17] and [18] revealed how to exploit the specific
interconnection of classes of plants (the so-called quadratically invariant systems)
to formulate convex optimization problems for the design of structured Ho,- and
H,- optimal controllers. A common thread in this part of the literature is the
assumption that, even though the controller is structured, its design can be per-
formed in a centralized fashion, with full knowledge of the plant model. However,
especially in the case of supply chain and shared infrastructure, this assumption is
not always warranted, as the design of each subcontroller may need to be carried
out by a different control designer, with no access to the global model of the plant,
although its interconnection structure and the common closed-loop cost function
to be minimized are public knowledge. This class of problems, which we refer to as
“limited model information control design problems”, is the main object of interest
in the present paper.

Control design based on uncertain plant model information is a classical topic in
the robust control literature [19-22]. However, designing an optimal controller with-
out a global model is different from a robust control problem. In optimal control
design with limited model information, subsystems do not have any prior informa-
tion about the other subsystems’ model; i.e., there is no nominal model for design
procedure and there is no bound on the model uncertainties. There has been some
interesting approaches for tackling this problem. For instance, references [23-26]
introduced methods for designing sub-optimal decentralized controllers without a
global dynamical model of the system. In these papers, the authors assume that
the large-scale system to be controlled consists of an interconnection of weakly
coupled subsystems. They design an optimal controller for each subsystem using
only the corresponding local model, and connect the obtained subcontrollers to
construct a global controller. They show that, when coupling is negligible, this
latter controller is satisfactory in terms of closed-loop stability and performance.
However, as coupling strength increases, even closed-loop stability guarantees are
lost. Other approaches such as [5, 7] are based on receding horizon control and use
decomposition methods to solve each step’s optimization problem in a decentral-
ized manner with only limited information exchange between subsystems. What
is missing from the literature, however, is a rigorous characterization of the best
closed-loop performance that can be attained through limited model information
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design and, a study of the trade off between the closed-loop performance and the
amount of exchanged information. We tackle this question in the present paper.
We are particularly interested in the same applications as [5, 7], namely supply
chains and shared infrastructure, which have been shown to be well-modeled by
dynamically-coupled but possibly cost-decoupled interconnected systems.

Limited model information control design occurs naturally in this context, since
the subsystems often belong to different entities, which may consider their model
information private and may thus be reluctant to share it with the others. In this
case, the designers may have to resort to “communication-less” strategies in which
subcontroller K; depends solely on the description of subsystem ¢’s model. Another
reason for using communication-less strategies in more general design situations,
even when the circulation of plant information is not restricted a priori, is that the
resulting sub-controller K; does not need to be modified if the characteristics of a
particular subsystem, which is not directly connected to subsystem ¢, vary.

In this paper, we study the properties of general limited model information con-
trol design methods. We investigate the relationship between the amount of plant
information available to the designers, the nature of the plant interconnection graph,
and the quality (measured by the closed-loop control goal) of controllers that can
be constructed using their knowledge. To do so, we look at limited model informa-
tion and communication-less control design methods as belonging to a special class
of maps between the plant and controller sets, and make use of the competitive
ratio and domination metrics introduced in [27] to characterize their intrinsic limi-
tations. To the best of our knowledge, there are no other metrics specifically tuned
to control design methods. We address much more general classes of subsystems
and of limitations on the model information available to the designer than is done
in [27].

Specifically, we consider limited model information control design for intercon-
nections of fully-actuated (i.e., with invertible B-matrix) discrete-time linear time-
invariant subsystems with quadratic separable cost function. Our choice of such a
cost is motivated by our interest in dynamically-coupled but cost-decoupled plants,
while our assumption on the B-matrix is a technical assumption which, as we show
in the last section of the paper, can be partially removed in some cases. We investi-
gate the best closed-loop performance achievable by structured static state feedback
controllers constructed by limited model information design strategies. We show
that the result depends crucially on the plant graph and the control graph. In the
case where the plant graph contains no sink and the control graph is a supergraph
of the plant graph, we extend the fact proven in [27] that the deadbeat strategy is
the best communication-less control design method. However, the deadbeat con-
trol design strategy is dominated when the plant graph has sinks, and we exhibit a
better, undominated, communication-less control design method, which, although
having the same competitive ratio as the deadbeat control design strategy, takes
advantage of the knowledge of the sinks’ location to achieve a better closed-loop
performance in average. We characterize the amount of model information needed
to achieve better competitive ratio than the deadbeat control design strategy. This
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amount of information is expressed in terms of properties of the design graph; a
directed graph which indicates the dependency of each subsystem’s controller on
different parts of the global dynamical model.

This paper is organized as follows. After formulating the problem of inter-
est and defining the performance metrics in Section 2, we characterize the best
communication-less control design method according to both competitive ratio and
domination metrics in Section 3. In Section 4, we show that achieving a strictly bet-
ter competitive ratio than these control design methods requires a complete design
graph when the plant graph is itself complete. Finally, we end with a discussion on
extensions in Section 5 and the conclusions in Section 6.

1.1 Notation

Sets will be denoted by calligraphic letters, such as P and A. If A is a subset of
M then A€ is the complement of A in M, i.e., M\ A.

Matrices are denoted by capital roman letters such as A. A; will denote the 5!
row of A. A;; denotes a sub-matrix of matrix A, the dimension and the position of
which will be defined in the text. The entry in the i*" row and the j* column of
the matrix A is a;;.

Let S7, (S7) be the set of symmetric positive definite (positive semidefinite)
matrices in R"*". A > (>)0 means that the symmetric matrix A € R™*"™ is positive
definite (positive semidefinite) and A > (>)B means that A — B > (>)0.

A(Y) and A\(Y) denote the smallest and the largest eigenvalues of the matrix Y,
respectively. Similarly, ¢(Y) and ¢(Y") denote the smallest and the largest singular
values of the matrix Y, respectively. Vector e; denotes the column-vector with all
entries zero except the i*" entry, which is equal to one.

All graphs considered in this paper are directed, possibly with self-loops, with
vertex set {1,...,q} for some positive integer ¢q. If G = ({1,...,¢}, E) is a directed
graph, we say that 7 is a sink if there does not exist j # ¢ such that (i,5) € E. A
loop of length ¢ in G is a set of distinct vertices {iy,...,i:} such that (it,i1) € F
and (ip,ipt1) € E for all 1 < p <t —1. We will sometimes refer to this loop as
(i1 = i2 — - -+ — iy — 41). The adjacency matrix S of graph G is the ¢ X ¢ matrix
whose entries satisfy

o 1 if (],7,) ek
% =31 0 otherwise.

Since the set of vertices is fixed here, a subgraph of G is a graph whose edge set
is a subset of the edge set of G and a supergraph of G is a graph of which G is a
subgraph. We use the notation G’ O G to indicate that G’ is a supergraph of G.
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2 Control Design with Limited Model Information

2.1 Plant Model

Let a graph Gp = ({1, ..., ¢}, Ep) be given, with adjacency matrix Sp € {0,1}2%4.
We define the following set of matrices associated with Sp:

A(Sp) = {A € R""[4;; =0 € R™™™ for all
1 <i,j < g such that (sp);; = 0},

(1)

where for each 1 < i < ¢, integer number n; is the dimension of subsystem i.
Implicit in these definitions is the fact that Y7, n; = n. Also, for a given scalar
e > 0, we let

B(e) ={BeR"™" |g(B)>¢B;; =0cR"* forall1 <i#j<gq}. (2

The set B(e) defined in (2) is made of invertible block-diagonal square matrices
since g(B) > € > 0 for each matrix B € B(¢) C R"*". With these definitions, we
can introduce the set P of plants of interest as the space of all discrete-time linear
time-invariant dynamical systems of the form

x(k + 1) = Az(k) + Bu(k) ; x(0) = o, (3)

with A € A(Sp), B € B(e), and zp € R™. Clearly P is isomorph to A(Sp) x B(e) x
R™ and, slightly abusing notation, we will thus identify a plant P € P with the
corresponding triple (4, B, x).

A plant P € P can be thought of as the interconnection of g subsystems, with
the structure of the interconnection specified by the graph Gp (i.e., subsystem j’s
output feeds into subsystem ¢ only if (j,i) € Ep). As a consequence, we refer to
Gp as the “plant graph” We will denote the ordered set of state indices pertaining
to subsystem i as Z;, i.e., Z; := (1 + > . _ 1 M,y ' n;). For subsystem i,
state vector and input vector are deﬁned as

R L R T

where the ordered set of indices (¢4, ...,¢,,) = Z;, and its dynamics is specified by
q
J(k+1) Z ) + Biiw; (k).

According to the specific structure of B(e) given in (2), each subsystem is fully-
actuated, with as many input as states, and controllable in one time-step. Possible
generalization of the results to a (restricted) family of under-actuated systems is
discussed in Section 5.

Figure 1(a) shows an example of a plant graph Gp. Each node represents a
subsystem of the system. For instance, the second subsystem in this example may
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(@) G, »’) (b) Gy i) () G

(a) G, ?) ®") Gy E) () G

Figure 1: G'» and G’ are examples of plant graphs, Gk and G)- are examples of
control graphs, and G¢ and G} are examples of design graphs.

Asa"s

Azsxs
Aazxz
X3

Figure 2: Physical interconnection between different subsystems and controllers
corresponding to Gp and G in Figures 1(a) and 1(b), respectively.

affect the first subsystem and the third subsystem; i.e., sub-matrices A1o and Ass
can be non-zero. The self-loop for the second subsystem shows that As; may be
non-zero. Figure 2 illustrates the corresponding physical interconnection between
subsystems of the plant in Figure 1(a) by dotted edges. Note that P; in Figure 2
represents a sink of Gp in Figure 1(a). The plant graph G’ in Figure 1(a’) has no
sink. The control graph G is introduced in the next subsection.

2.2 Controller Model

Let a control graph G be given, with adjacency matrix Si. The control laws of
interest in this paper are linear static state-feedback control laws of the form

u(k) = Ka(k),
where

K eK(Sk)={K ¢ Rnxn|Kij =0¢cR" ™ for
all 1 <1,j < ¢ such that (sx);; = 0}.

(4)
In particular, when Gi is a complete graph, K(Si) = R™*", while, if Gk is to-
tally disconnected with self-loops, KC(Sk) represents the set of fully-decentralized
controllers. When adjacency matrix Sk is not relevant or can be deduced from
context, we refer to the set of controllers as K.
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An example of a control graph G is given in Figure 1(b). Each node represents
a subsystem-controller pair of the overall system. For instance, G shows that the
second subsystem’s controller can use state measurements of the first subsystem
besides its own state measurements. Solid edges in Figure 2 correspond to the edges
of the control graph Gi.. Figure 1(b’) shows G} which is a complete graph. This
control graph indicates that each subsystem has access to full state measurements
of all other subsystems; i.e., K(Sx) = R™**™,

2.3 Control Design Methods

A control design method I' is a map from the set of plants P to the set of controllers
K. Just like plants and controllers, a control design method can exhibit structure
which, in turn, can be captured by a design graph. Let a control design method I
be partitioned according to subsystems dimensions as

Ty - Ty
r=| i o )
Ty - Ty
and a graph G¢ = ({1, ...,q}, Ec) be given, with adjacency matrix S¢. Each block

I';; represents a map A(Sp) x B(e) — R™*" . Control design method I' can be
further partitioned in the form

Y11 o Tin
I'= e )
Ynl " Unn
where each 7;; is a map A(Sp) x B(e) — R. We say that I' has structure Ge if, for
all 4, the map [I';; --- T'j4] is only a function of
{[Ajr -~ Ajql, Bjj | (sc)ij # 0} (6)

In words, a control design method has structure G¢ if and only if, for all i, the
subcontroller of subsystem ¢ is constructed with knowledge of the plant model
of only those subsystems j such that (j,i) € Ec. The set of all control design
methods with structure G¢ will be denoted by C. In the particular case where G¢
is the totally disconnected graph with self-loops (meaning that every node in the
graph has a self-loop; i.e, S¢ = I;), we say that a control design method in C is
“communication-less”, so as to capture the fact that subsystem i’s subcontroller is
constructed with no information coming from (and, hence, no communication with)
any other subsystem j, j # i. Therefore, the design graph indicates knowledge (or
lack thereof) of entire block rows in the aggregate system matrix. When G¢ is not
a complete graph, we refer to I' € C as being “a limited model information control
design method”.
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Note that C can be considered as a subset of the set of functions from A(Sp) x
B(e) to K(Sk), since a design method with structure G¢ is not a function of initial
state xzg. Hence, when I' € C we will write I'(4, B) instead of I'(P) for plant
P=(A,B,xg) €P.

An example of a design graph G¢ is given in Figure 1(c¢). Each node repre-
sents a subsystem-controller pair of the overall system. For instance, G¢ shows
that the third subsystem’s model is available to the designer of the second sub-
system’s controller but not the first subsystem’s model. Figure 1(¢’) shows a fully
disconnected design graph with self-loops G,. A local designer in this case can
only rely on the model of its corresponding subsystem; i.e., the design strategy is
communication-less. Note that Figure 2 does not feature the design graph.

2.4 Performance Metrics

The goal of this paper is to investigate the influence of the plant and design graph
on the properties of controllers constructed by limited model information control
design methods. To this end, we will use two performance metrics for control design
methods. These performance metrics are adapted from the notions of competitive
ratio and domination introduced in [27], so as to take plant, controller, and control
design structures into account. Following the approach in [27], we start by asso-
ciating a closed-loop performance criterion to each plant P = (A, B,z() € P and
controller K € K. As explained in the introduction, we are particularly interested
in dynamically-coupled but cost-decoupled systems in this paper, hence, we use a
cost of the form

=> a(k)"Qu Z k)T Ru(k (7)
k=1

where @Q € S}, and R € SY, are block diagonal matrices, with each diagonal block
entry belonging to S’ . We make the following two standing assumptions:

Assumption1 Q=R=1.

This is without loss of generality because the change of variables (z,u) =
(QY?z, R"?u) transforms the performance criterion and state space representa-
tion into

Tp(K) = z(k)"z(k) + > u(k) u(k), (8)
and
Z(k+1)=Q2AQ 2z(k) + Q* BR™2u(k)
= Az (k) + Bu(k),

respectively, without affecting the plant, control, or design graph (due to the block
diagonal structure of @ and R).
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Assumption 2 The set of matrices B(e) is replaced with the set of diagonal ma-
trices with diagonal entries greater than or equal to e.

This assumption is without loss of generality. Indeed, consider a plant P =
(A,B,xz9) € P. Every sub-system’s B;; matrix has a singular value decompo-
sition B;; = U”E”V”T with 3;; > €l,,xn,. Combining these singular value de-
compositions together results in a singular value decomposition for matrix B =
UEVT where U = diag(Uu,UQQ, R ,qu), Y= diag(Ell,Ezg, ce ,qu), and V =
diag(Vi1, Vo, -+, Vyq). Defining z(k) = UTz(k) and u(k) = VT u(k) results in

z(k+1)=UTAUZ(k) + UT BVu(k),

where UT BV is diagonal. Because of the block diagonal structure of matrices U
and V, the change of variables (A, B, xo) — (UT AU, UTBV,U"xq) does not affect
the plant, control, or design graph. In addition, the cost function becomes

Tp(K) = z(k)"UTUz(k) + > ulk)" VI Va(k)
k=0

k=1
> ak) z (k) + > ulk) ak),
k=1 k=0

which is of the form (8), because both U and V are unitary matrices. We are now
ready to define the performance metrics of interest in this paper.

Definition 1 (Competitive Ratio) Let a plant graph Gp, control graph Gy and
constant € > 0 be given. Assume that, for every plant P € P, there ewxists an
optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.

The competitive ratio of a control design method I' is defined as

_ “u Jp(I'(4, B))
rp(l) = P:(A,Bgcg)eP Jp(K*(P))’

with the convention that “% 7 equals one.

Note that the mapping K* : P — K*(P) is not itself required to lie in the set C, as
every component of the optimal controller may depend on all entries of the model
matrices A and B.

Definition 2 (Domination) A control design method T is said to dominate another
control design method T if

Jp(T(A, B)) < Jp(I'(A,B)), VP =(A,B,z)€P, 9)

with strict inequality holding for at least one plant in P. When I" € C and no
control design method I' € C exists that satisfies (9), we say that T is undominated
in C for plants in P.
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2.5 Problem Formulation

With the definitions of the previous subsections in hand, we can reformulate the
main question of this paper regarding the connection between closed-loop perfor-
mance, plant structure, and limited model information control design as follows.
For a given plant graph, control graph, and design graph, we would like to determine

in rp (T). 10
arg minrp (L) (10)

Since several design methods may achieve this minimum, we are interested in de-
termining which ones of these strategies are undominated.

In [27], this problem was solved in the case when Gp and Gx are complete
graphs, Gc is a totally disconnected graph with self-loops (i.e., S¢ = I;), and B(e)
is replaced with singleton {I,,}. In this paper, we investigate the role of more general
plant and design graphs. We also extend the results in [27] for scalar subsystems
to subsystems of arbitrary order n; > 1,1 <i <gq.

3 Plant Graph Influence on Achievable Performance

In this section, we study the relationship between the plant graph and the achievable
closed-loop performance in terms of the competitive ratio and domination.

Definition 3 The deadbeat control design method T® : A(Sp) x B(e) — K is
defined as
I'2(A,B) = —B YA, for all P = (A, B,x¢) € P.

This control design method is communication-less; i.e., the control design for the
subsystem i is a function of the model of the subsystem ¢ only, because subsystem
i’s controller gain [['} (A, B) - F%(A, B)] equals to B;;' [A;1 -+ Ajg]. The name
“deadbeat” comes from the fact that the closed-loop system obtained by applying
controller I'*(A, B) to plant P = (A, B, xg) reaches the origin in just one time-
step [28].

Remark 1 Note that for the case that the control graph Gx is a complete graph;
i.e., K =R" " there exists a controller K*(P) satisfying the assumptions of Def-
inition 1 for all P € P, namely, the optimal linear quadratic requlator which is
independent of the initial condition of the plant. For incomplete control graphs, the
optimal control design strateqy K*(P) (if exists) might become a function of the
indtial condition [29]. Hence, we will use K*(A, B) instead of K*(P) when the con-
trol graph G is a complete graph for each plant P = (A, B,xzo) € P to emphasize
this fact.

Form Definition 1, the notation K*(P) is reserved for the optimal control design
strategy for any given control graph Gx. In the particular case, we use the notation
K (A, B) to denote the unstructured optimal control design strategy (i.e., Gk is a
complete graph).
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Lemma 1 Let the control graph G be a complete graph. The cost of the optimal
control design strateqy K* is lower-bounded by

a*(B) A
* > =7
I (A, 8) = () Je(r2 (4, ),
for all plants P = (A, B,xo) € P.
Proof: See Appendix A. ™

Theorem 2 Let the plant graph Gp contain no isolated node and G 2 Gp. Then
the competitive ratio of the deadbeat control design method T'® is

rp(T2) =141/

Proof:  Trrespective of the control graph G and for all plants P € P, it is true
that Jp(K( (A, B)) < Jp(K*(P)). Therefore, we get

Je(U2(A,B)) _ Jp(M(A,B))

) 11
To(B(P) ~ Tn(Ke(d B)) ()
Now, using Lemma 1, we know that
Jp(T2(A, B)) 1
— L <]+ , 12
TrREAB) = T 2 (B) (%)

for all P = (A, B,zo) € P. Combining (12) and (11) results in

Ay JeTAAB) 1
PR Ty S e

To show that this upper bound is attained, let us pick i1 € Z; and j; € Z; where
1 <i#j<gqgand (sp);j # 0 (such indices i and j exist because plant graph Gp
has no isolated node by assumption). Consider the system A = eileJT1 and B = el.
The unique positive definite solution of the discrete algebraic Riccati equation

ATXA - ATXB(I+B"XB)'B"XA=X —1I, (13)

isX=I+[1/(1+ 62)]ejleJT1. Consequently, the centralized controller K (A, B) =
—€/(1+ €?)e;, el belongs to the set K(Sk) because Gx 2 Gp. Thus, we get

J(A,B,eh)(l(>k (Av Bv ejl)) < J(A,B,q1 ) (KE(A, B)) (14)

since K*(P) has a lower cost than any other controller in (Sk). On the other
hand, it is evident that

J(A,B,eh)(Ké'(Av B)) < ‘](A,B,eh ) (K*(Av B7 €51 )) (15)
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because the centralized controller has access to more state measurements. Us-
ing (14) and (15) simultaneously results in

J(A,B,ejl)(K*(Av Bv ejl)) = ‘](A,B,eh)(Ké(AvB))
— 11+

On the other hand I'*(A, B) = f[l/e]el-lejTl and J(A,B@h)(FA(A,B)) = 1/é%.
Therefore, rp(I'2) =1+ 1/¢2. [

Remark 2 Consider the limited model information design problem given by the
plant graph Gp in Figure 1(a) and the control graph G)- in Figure 1(b'). Theo-
rem 2 shows that, if we apply the deadbeat control design strategy to this particular
problem, the performance of the deadbeat control design strategy, at most, can be
1+ 1/€? times the cost of the optimal control design strateqy K*.

Remark 3 There is no loss of generality in assuming that there is no isolated
node in the plant graph Gp, since it is always possible to design a controller for an
isolated subsystem without any model information about the other subsystems and
without impacting cost (7). In particular, this implies that there are ¢ > 2 wvertices
in the graph because for ¢ = 1 the only subsystem that exists is an isolated node in
the plant graph.

Remark 4 For implementation of the deadbeat control design strategy in each
node, we only need the state measurements of the neighbors of that node. For the
implementation of the optimal control design strategy K* when the control graph has
many more links than the plant graph, the controller gain K*(P) is not necessarily
a sparse matriz.

With this characterization of T'® in hand, we are now ready to tackle prob-
lem (10).

3.1 First case: plant graph Gp with no sink

In this subsection, we show that the deadbeat control method I'? is undominated
by communication-less control design methods for plants in P, when Gp contains
no sink. We also show that T'® exhibits the smallest possible competitive ratio
among such control design methods.

First, we state the following two lemmas.

Lemma 3 Let the plant graph Gp contain no isolated node, the design graph Ge
be a totally disconnected graph with self-loops, and Gx 2 Gp. A control design
method I € C has bounded competitive ratio only if the following implication holds
foralll1 <i<qandallj:

ag; =0 for all ¢ € Z; = ~vp;(A, B) =0 for all £ € I;,
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where I; is the set of indices related to subsystemi; i.e., T; = (1+le;11 Mgy y N+

i—1
lezl n:).

Proof: See Appendix B. [

Lemma 4 Let the plant graph Gp contain no isolated node, the design graph G¢
be a totally disconnected graph with self-loops, and G O Gp. Assume the plant
graph Gp has at least one loop. Then,

rp(T) > 141/ (16)
for all limited model information control design method T" in C.

Proof: See Appendix C. [

Using these two lemmas, we are ready to state and prove one of the main
theorems in this paper and, as a result, find the solution to problem (10) when the
plant graph Gp contains no sink.

Theorem 5 Let the plant graph Gp contain no isolated node and no sink, the
design graph G¢ be a totally disconnected graph with self-loops, and Gx 2O Gp.
Then the competitive ratio of any control design strategy I' € C satisfies

rp(T) > 14 1/

Proof: From Lemma 1.4.23 in [30], we know that a directed graph with no sink
must have at least one loop. Hence Gp must contain a loop. The result then follows
from Lemma 4. ™

Remark 5 Theorem 5 shows that rp(T) > rp(I'2) for any control design strategy
I' € C, and as a result the deadbeat control design method '™ becomes a minimizer of
the competitive ratio function rp over the set of communication-less design methods.

We now turn our attention to domination properties of the deadbeat control
design strategy.

Lemma 6 Let the plant graph Gp contain no isolated node, the design graph Ge
be a totally disconnected graph with self-loops, and Gx O Gp. The deadbeat control
design strategy T is undominated, if there is no sink in the plant graph Gp.

Proof: See Appendix D. [

The following theorem shows that the deadbeat control design strategy is un-
dominated by communication-less design methods if and only if the plant graph
Gp has no sink. It thus provides a good trade-off between worst-case and average
performance.
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Theorem 7 Let the plant graph Gp contain no isolated node, the design graph Ge
be a totally disconnected graph with self-loops, and G 2 Gp. Then the deadbeat
control design method T2 is undominated in C for plants in P if and only if the
plant graph Gp has no sink.

Proof: Proof of the “if” part of the theorem, is given by Lemma 6.

For ease of notation in this proof, we use [I']; = [[y1 --- I'y] and [A]; =
[Air -+ Aig].

In order to prove the “only if” part of the theorem, we need to show that if the
plant graph has a sink (i.e., if there exists j such that (sp);; = 0 for every i # j),
then there exists a control design method I'" which dominates the deadbeat control
design method. We exhibit such a strategy.

Without loss of generality, we can assume that (sp);q = 0 for all ¢ # ¢, in which
case every matrix A in A(Sp) has the structure

A 0 A 0
Ag—11 - Ag—149-1 O
Aq o Aggr Agg
Define 7o = [ 21(0) -+ x4-1(0) ]7, and let control design strategy I' be defined
by
7B1_11A11 s 7Bl_11A1’q,1 0
7Bq_fll,q71A(I*1»1 e *Bq:ll,q—lAq*l,q*l 0
qu(A»B) e Kq,q—l(A»B) qu(A»B)
for all P = (A, B,xg) € P, with
K(A,B):=[ Kp(A,B) -+ Kgq-1(A,B) Kg(AB) |

= *(I + BqTququq)iquTquq[A]q»

where Xy, is the unique positive definite solution to the discrete algebraic Riccati
equation

AZ:]X‘IQBQQ(I+B(3;X‘IQBQQ)_1B¢:]Z:]X¢MAQQ - AZ:]X‘IQAQQ + qu —1=0. (17)

In words, control design strategy I' applies the deadbeat strategy to subsystems 1
to ¢ — 1 while, on subsystem ¢, it uses the same sub-controller as in the optimal
controller for the plant

A

&k +1) = Ai(k) + Ba(k), (18)

with cost function

TR by (K) = D" a()TQi(k) + > a(k)Ta(k),
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where Q = diag(0,...,0, In,xn,), the matrix A is defined as [A], = [A], and [A], =
0 for all z # ¢, and furthermore, the matrix B is defined as B = diag(0,...,0, Byg)-
Note that T is indeed communication-less since K (A, B) defined above can be com-
puted with the sole knowledge of the ¢*" lower block of A and B. Because of the
structure of matrices in A(Sp) and this characterization of T', we have

Japay(T(AB) =J0 ,  +J%,  (K(A,B)),

— “(A,B,z0) (A,B,x0)
where J&),B)xo) =zl ATB~T B~ Az, with
A 0 Arga
A= . . . ,
Ag-11 - Age1g1

5 . 2
and B = diag(Bi1, S By_1,4-1) and J((A)’B@O)
system (18). Since K (A, B) is the optimal controller for this cost, g%

(A,B,z0)
a ATW Az, where

(K (A, B)) is the closed-loop cost for
(K(A,B)) =

W = diag(0,...,0, Xqq — XgqBgq(I + BeyXq¢Bqq) ' Bl Xqq)-

q
Using part 2 of Subsection 3.5.2 in [31], we have the matrix inversion identity
X - XY(I+ZXY)'ZX=(X"'4+Y2)"!,
which results in
Waq = Xqq — XqqBgq(I + ngququ)_lngqu

= (X;q1 + quBZ;;)il

< BB,
Note that X, q’ql exists because X4y > I which follows from the discrete algebraic
Riccati equation in (17). This inequality implies that

ATWA < AT(BYHYTBTA

where Bf = diag(0,...,0, Bq_ql). Thus

1 2 -
4,820 (DA B) = T3 oy + T3 .0y (K (A, B)
< J(a,B.20)(T2(A, B)),
for all P = (A,B,z9) € P such that the ¢* lower block of A is not zero, un-

less the Ja,B.x)(I'(4, B)) = J(A,B@O)(FA(A, B)). Thus, control design method T’
dominates the deadbeat control design method I'*. ™
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Remark 6 Consider the limited model information design problem given by the
plant graph G, in Figure 1(a’), the control graph Gi. in Figure 1(b'), and the
design graph Gy in Figure 1(c’). Theorems 5 and 7 show that the deadbeat control
design strateqgy T'® is the best control design strateqy that one can propose based
on the local model of subsystems and the plant graph, because the deadbeat control
design strategy is the minimizer of the competitive ratio and it is undominated.

Remark 7 It should be noted that, the proof of the “only if” part of the Theorem 7
is constructive. We use this construction to build a control design strategy for the
plant graphs with sinks in next subsection.

3.2 Second case: plant graph Gp with at least one sink

In this section, we consider the case where plant graph Gp» has ¢ > 1 sinks. Ac-
cordingly, its adjacency matrix Sp is of the form

SP)11 | Og—eyx (e
- Tt ®
where
(sp)11 (SP)l,q—c
(Sp)i1 = : : ,
(sP)g—c1 ++ (5P)g—cg—c
(5P)g—c+1,1 = (5P)g—ct1g—c
(Sp)o1 = : : ;
(5P)q,1 T (5P)g,q—c
and
(SP)q7c+1,q7C+1 T 0
(Sp)az = : : )
0 o (3P)gg

where we assume, without loss of generality, that the vertices are numbered such
that the sinks are labeled ¢ —c+1,...,q. With this notation, let us now introduce
the control design method I'® defined by

I'®(A, B) = —diag(Byy',. ... By e y—e Wa—ct1(A, B),...,Wy(A,B))A (20
for all (A, B) € A(Sp) x B(e), where
W;(A, B) = (I + B: X;;By) ' BL X, (21)

forall g—c+ 1 < i < q and X;; is the unique positive definite solution of the
discrete algebraic Riccati equation

Al XiiBii(I + Bf; XiiBii) 7' Bj Xy Aiy — Al XiiAii + Xy — I =0. (22)
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The control design method I'® applies the deadbeat strategy to every subsystem
that is not a sink and, for every sink, applies the same optimal control law as if
the node were decoupled from the rest of the graph. We will show that when the
plant graph contains sinks, I'® has, in worst case, the same competitive ratio as the
deadbeat strategy. Unlike the deadbeat strategy, it has the additional property of
being undominated by communication-less methods for plants in P when the plant
graph Gp has sinks.

Lemma 8 Let the plant graph Gp contain no isolated node, the design graph Ge
be a totally disconnected graph with self-loops, and G O Gp. Let T' be a control
design strategy in C. Suppose that there exist i and j # i such that (sp)i; # 0 and
that node i is not a sink. The competitive ratio of T is bounded only if

Aij + Biil“ij(A,B) =0, forallP= (A,B,Z'o) e P.

Proof: See Appendix E. ™

Remark 8 Lemma 8 shows that a necessary condition for a bounded competitive
ratio is to decouple the nodes that are not sinks from the rest of the network.

Theorem 9 Let the plant graph Gp contain no isolated node and at least one sink,
and the control graph Gx be a complete graph. Then the competitive ratio of the
communication-less design method T'® introduced in (20) is

r (F@) o 1, Zf (Sp)ll = 0 and (SP)QQ = 0,
7 T 1+ 1/€%,  otherwise.

Proof: Based on Theorem 2 we know that, for every plant P = (A, B,x¢) € P

2

1+ €2

J(A,B,zo) (K*(A,B)) > vt AT BT B Axy, (23)

In addition, proceeding as in the proof of the “only if” part of the Theorem 7, we
know that
J(4,8,20) (T2 (A, B)) = J(a,B.20) (T (A, B)). (24)

Plugging equation (24) into equation (23) results in

J(ABxg)<F®<AaB)) 1
Lk <1+ — forall P=(A,B,z9) € P.
Tomm A B) =@ (4 Br0)

As a result, 7p(I'®) < 1+ 1/€2. To show that this upper-bound is tight, we now
exhibit plants for which it is attained. We use a different construction depending
on matrices (Sp)11 and (Sp)az. If (Sp)11 # 0, two situations can occur.

Case 1: (Sp)11 # 0 and it is not diagonal. There exist 1 <i # j < g — ¢ such that
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(sp)ij # 0. In this case, choose indices i; € Z; and j; € Z; and define A = eileJT1
and B = el. Then, for g = e;,, we find that

T @A) e 1
JaBa)(K*(A,B))  1/(1+¢) €

because the control design I'® acts like the deadbeat control design method on this
plant.

Case 2: (Sp)11 # 0 and it is diagonal. There exists 1 < i < ¢ — ¢ such that
(sp)ii # 0. Pick an index iy € Z;. In that case, consider A(r) = reile;frl and
B = ¢l. For xp = e;,, the optimal cost is

V212 —2r2 4 e+ 22+ 1+ -2 -1

J(a(r),B,20) (K" (A(r), B)) 5oz ,

which results in
L T (T9(4, B)
r—0 ‘](A,B,wo) (K* (Av B))

1

Now suppose that (Sp)11 = 0. Again, two different situations can occur.

Case 3: (Sp)11 = 0 and (Sp)az # 0. There exists ¢ — ¢+ 1 < i < ¢ such that
(sp)ii # 0. From the assumption that the plant graph contains no isolated node,
we know that there must exist 1 < j < ¢ — ¢ such that (sp);; # 0. Accordingly, let
us pick i1 € Z; and j1 € Z; and consider the 2-parameter family of matrices A(r, s)
in A(Sp) with all entries equal to zero except a;,;,, which is equal to r, and a;, ;,,
which is equal to s. Let B = el. For any initial condition x(, the corresponding
closed-loop performance is

J(A(T)S),B)xo)(f‘@(/l(r, s),B)) = ﬁ@xOTa(r, s)a(r, S)T:EO,

T

where we have let a(r,s) = A(r,s);, and fe is

WVt 22 —2ar? + et + 22+ 1+ — €2 -1
N 2272 '

Pe
Besides, the optimal closed-loop performance can be computed as

J(A(r,s),B,aco)(I(k (A(Tv 5)7 B)) - BK*xga(Tv S)CL(T? S)Tx(b

where g~ is

By — €22 +r2(1+€2) — (2 +1)2 + Jfeyre
K 2€2(e2 + 1)(s% + r2) ’

ce = (282 + (r? £2r) (e + 1)+ (2 +1)?).
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Then,

, (1"@) S lim J(A(T,s),B,xg) (1"@ (A(’f‘, 8)7 B))
P T r—oo,2—00 J(A(r,s),B,mo)(K*(A(Tv S),B))

1

Case 4: (Sp)11 = 0 and (Sp)az = 0. Then, every matrix A € A(Sp) has the form
{—’—2 8 } and, in particular, is nilpotent of degree 2; i.e., A2 = 0. In this case,
the Riccati equation yielding the optimal control gain K*(A, B) can be readily
solved, and we find that K*(A,B) = —(I + BTB)"'BT A for all (A4,B). As a
result, K*(A, B) = T'®(A, B) for all plant P = (A, B,z) € P (since W;(A, B) =
(I + BLBy;)™'BEL for all ¢ — ¢+ 1 < i < ¢), which implies that the competitive
ratio of I'® against plants in P is equal to one. n

In Theorem 9, the control graph G is assumed to be a complete graph. We
needed this assumption to calculate the cost of the optimal control design strategy
K*(P) when (Sp)11 = 0 and (Sp)22 # 0 which is not an easy task when the control
graph G is incomplete. However, more can be said if (Sp)11 # 0.

Corollary 10 Let the plant graph Gp contain no isolated node and at least one
sink and Gx D Gp. Then

w19 ={ Dy, JE 20O

Proof: According to Theorem 9, for (Sp)11 # 0, we get
‘](A B wo)( G(AvB))

re sup
re(l7) = per  J(a,Ba)(K*(P))
J, oA
< p e COAE) 1
PeP J(a,B,z0) (KE(A, B)) €

Case 1: (Sp)11 # 0 and it is not diagonal. For the special plant introduced in Case 1
in the proof of Theorem 9, we have Ji4 .o, ) (K&(A, B)) = Ja,B.e, ) (K" (4, B,ej,))
since A = eileJT1 is a nilpotent matrix. The rest of the proof is similar to Case 1 in
the proof of Theorem 9.

Case 2: (Sp)11 # 0 and it is diagonal. Note that, for the special plant introduced

Case 2 in the proof of Theorem 9, we have

. VIt +2r2e2 —2r2 + et + 22 +1+12 — €2 -1
Kc(4,B) = - 2er? 4

K(Sk) and similar to the proof of Theorem 2, we get

which shows K} (A4, B) €
= J(A,B,e; ) (K*(A, B,e;,)). The rest of the proof is similar

J(a,B,e; ) (KE(A, B))
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to Case 2 in the proof of Theorem 9.

Case 3: (Sp)11 = 0 and (Sp)aa = 0. Then, every A € A(Sp) is nilpotent matrix
which results in Jp(K*(P)) = Jp(K&(A, B)). The rest of the proof is similar to
Case 4 in the proof of Theorem 9. ™

Theorem 11 Let the plant graph Gp contain no isolated node and at least one
sink, the control graph Gx be a complete graph, and the design graph Ge be a
totally disconnected graph with self-loops. Then the competitive ratio of any control
design strategy I' € C satisfies

rp(0) > 1+ 1/,
if either (Sp)11 is not diagonal or (Sp)az # 0.

Proof: Case 1: (Sp)11 # 0 and it is not diagonal. Then, there exist 1 <i,j < g—c¢
and 7 # j such that (sp);; # 0. Choose indices i1 € Z; and j1 € Z; and consider
the matrix A defined by A = eileJT1 and B = el. From Lemma 8, we know that a
communication-less method I' has a bounded competitive ratio ounly if I'(A, B) =
—B~1A (because node i is a part of (Sp)11 and it is not a sink). Therefore

Ja,B.e;,)(T'(4; B)) 1

I > — 14+ =
) e KA e

for any such method.

Case 2: (Sp)22 # 0. There thus exists ¢ — c+ 1 < i < ¢ such that (sp); # 0.
Note that, there exists 1 < j < ¢ — ¢ such that (sp);; # 0, since there is no
isolated node in the plant graph. Choose indices i; € Z; and j; € Z;. Consider A
defined as A = re;, e]T1 +se;, e} and B = el. As indicated in the proof of Theorem 9,
control design strategy I'® yields the globally optimal controller with limited model
information for plants in this family. Hence, we know that rp(I') > 1+ 1/€? for
every communication-less strategy I'. n

In Theorem 11, the control graph G is assumed to be a complete graph since
we used the proof of Theorem 9 for the case that (Sp )22 # 0.

Corollary 12 Let the plant graph Gp contain no isolated node and at least one
sink, the control graph Gx be a complete graph, and the design graph G be a totally
disconnected graph with self-loops. Then the competitive ratio of any control design
strategy I' € C satisfies

rp(T) > 1+ 1/,

if (Sp)11 is not diagonal.

Proof: Considering that for the nilpotent matrix A = eile]Tl, we get
JaB,e; ) (K*(A, Byej,)) = JaB,e;,) (K& (A, B)), the rest of the proof is similar
to Case 1 in the proof of Theorem 11. n
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Remark 9 Combining Theorems 9 and 11 implies that if either (Sp)11 is not di-
agonal or (Sp)as # 0, control design method T'© exhibits the same competitive
ratio as the deadbeat control strategy, which is the smallest ratio achievable by a
communication-less control method. Therefore, it is a solution to problem (10).
Furthermore, if (Sp)11 and (Sp)aa are both zero, then T'© is equal to K*, which
shows that T'® is a solution to problem (10), in this case too.

Remark 10 The case where (Sp)11 is diagonal and (Sp)az = 0 is still open.

The next theorem shows that I'® is a more desirable control design method than
the deadbeat control design strategy when the plant graph Gp has sinks, since it
is then undominated by communication-less design methods.

Theorem 13 Let the plant graph Gp contain no isolated node and at least one sink,
the design graph Ge¢ be a totally disconnected graph with self-loops, and G 2 Gp.
The control design method T'® is undominated by any control design method T' € C.

Proof: See Appendix F. ™

Remark 11 Consider the limited model information design problem given by the
plant graph Gp in Figure 1(a), the control graph G in Figure 1(b"), and the design
graph Gg in Figure 1(c). Theorems 9, 11, and 13 together show that, the control
design strategy T'© is the best control design strategy that one can propose based on
the local model information and the plant graph, because the control design strategy
I'® is a minimizer of the competitive ratio and it is undominated.

Remark 12 For general weight matrices Q@ and R appearing in the performance
cost, the competitive ratio of both the deadbeat control design strategy T'™ and the
control design strategy T© is 1 + a(R)/(c(Q)€?). In particular, the competitive
ratio has a limit equal to one as o(R)/a(Q) goes to zero. We thus recover the well-
known observation (e.g., [32]) that, for discrete-time linear time-invariant systems,
the optimal linear quadratic regulator approaches the deadbeat controller in the limit
of “cheap control’.

4 Design Graph Influence on Achievable Performance

In the previous section, we have shown that communicat-ion-less control design
methods (i.e., G¢ is totally disconnected with self-loops) have intrinsic performance
limitations, and we have characterized minimal elements for both the competitive
ratio and domination metrics. A natural question is “given plant graph Gp, which
design graph G is necessary to ensure the existence of I' € C with better compet-
itive ratio than I'® and I'® ?”. We tackle this question in this section.
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Theorem 14 Let the plant graph Gp and the design graph G¢ be given and G 2
Gp. If one of the following conditions is satisfied then rp(I') > 1+ 1/€? for all
rec:

1. Gp contains the path k — i — j with distinct nodes i, j, and k while (j,1) ¢
Ee.

2. There exist i # j such that n; > 2 and (i,7) € Ep while (j,i) ¢ Ec.

Proof: We prove the case when condition (1) holds. The proof for condition (2)
is similar.

Let ¢, j, and k be three distinct nodes such that (sp);x # 0 and (sp);; # 0
(i.e., the path k — ¢ — j is contained in the plant graph Gp). Let us pick iy € Z;,
J1 € Z; and k1 € Z), and consider the 2-parameter family of matrices A(r,s) in
A(Sp) with all entries equal to zero except a;,1,, which is equal to r, and a;,;,,
which is equal to s. Let B = el and let I' € C be a limited model information with
design graph G¢. For xg = ey,, we have

J(Ar,s).B.en) T(A(r, ), B)) = (r + €9i,k, (A, B)? (720, + (s + €75,i, (4, B))?]

where ~;,k, cannot be a function of s because (j,7) ¢ Ec. Note that, irrespective
of the choice of 7,,;, (A, B), we have

(r + €¥i,x, (4, B))%s?
J(A(r9).Brery) (L(A(r, ), B)) 2 T .
The cost of the deadbeat control design on this plant satisfies

J(A(rs).Boen) T2 (A(r,5), B)) = 7% /€,

and thus
B Jp(I'(A, B))
re(0) = Sup S & (P))
" Jp(L(A,B)) Jp(T2(A, B))
per | Jp(T2(A,B)) Jp(K*(P))
oy, JP(T(A,B))
= pep Jp(TA(4, B))’
: 62(T+6’Yi1 1(A7B))232

> Slggo 1 +k€2)T2

This shows that rp(I") is unbounded unless r + ev;,x, (A(r, s), B) = 0 for all r,s.
Now consider the 1-parameter family of matrices A(r) with all entries equal to zero

except a;, k, , which is equal to r. Because of (j,4) ¢ E¢, we know that ', (A(r), B) =
I'.(A(r,s), B) for all z € Z;. Thus

J(A(r),B,ekl)(F(A(T)»B)) > 17/
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On the other hand, similar to the proof of Theorem 2, we can compute the optimal
controller for systems in this 1—parameter family and find

J(A(r),B,ekl)(K*(A(T)» B,ey,)) = J(A(r),B,ekl)<Ké<A(T)a B))

=r?/(1+¢),
As a result, we get
r?/e? 1
N> -—— =1+ —
re( )_TQ/(IJreQ) +62’
which concludes the proof for this case. ™

Remark 13 Consider the limited model information design problem given by the
plant graph Gp in Figure 1(a), the control graph Gl in Figure 1(V'), and the
design graph Gec in Figure 1(c). Theorem 14 shows that, because the plant graph
Gp contains the path 3 — 2 — 1 but the design graph G¢ does not contain 1 — 2,
the competitive ratio of any control design strategy I' € C would be greater than or
equal to 1+ 1/€%.

Corollary 15 Let both the plant graph Gp and the control graph Gy be complete
graphs. If the design graph G¢ is not equal to Gp, then rp(I') > 1+ 1/€? for all
rec.

Proof: The proof is a direct application of Theorem 14 with condition (1) fulfilled.
]

Remark 14 Corollary 15 shows that, when Gp is a complete graph, achieving a
better competitive ratio than the deadbeat design strategy requires each subsystem to
have full knowledge of the plant model when constructing each subcontroller.

5 Extensions to Under-Actuated Subsystems

In the previous sections, we gave an explicit solution to the problem in (10) under
the assumption that all the subsystems are fully-actuated; i.e., all the matrices
B € B(e) are square invertible matrices. In this section, we briefly discuss an
extension to more general (but still restricted) under-actuated systems.

Consider the limited model information control design problem given with the
plant graph Gp, the control graph Gy, and the design graph G¢ given in Figure 3.
The state space representation of the system is given as

e R A R

where

A11 0 B 0
A= B =
[ A1 Az } ’ [ 0 B } '
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Figure 3: Plant graph Gp, control graph G, and design graph G¢ used to illustrate
an extension to under-actuated systems.

with z,(k) € R™, z,(k) € R"2, uy(k) € R™, and u,(k) € R™ for some given
integers ny > 1, no > my > 1. Thus, for the second subsystem the matrix Bas €
R™2*™2 ig g non-square matrix, and as a result the second subsystem is an under-
actuated subsystem. Let us assume that the matrices Aoy, Ags, Boo satisfy the
“matching condition”; i.e., the pair (Agq, Bas) is controllable and span(Ag;) C
span(Bagz) [33]. Besides, assume that for all matrices B, we have g(B) > € for some
e > 0. For this case, we have

I'°(A, B) = — diag(By;', Wa(Aas, Bas))A,

where Wa(Aaga, Bao) is defined in (21). Note that we do not require the matrix Bao
to be square invertible. Under some additional conditions and following a similar
approach as above, it can be shown that the control design strategy I'® becomes
an undominated minimizer of the competitive ratio over the set of limited model
information control design strategies. This result can be generalized to cases with
higher number of subsystems as long as the sinks in the plant graph Gp are the
only under-actuated subsystems [34].

6 Conclusion

We presented a framework for the study of control design under limited model infor-
mation, and investigated the connection between the quality of controllers produced
by a design method and the amount of plant model information available to it. We
showed that the best performance achievable by a limited model information con-
trol design method crucially depends on the structure of the plant graph and, thus,
that giving the designer access to this graph, even without a detailed model of all
plant subsystems, results in superior design, in the sense of domination. Possible
future work will focus on extending the present framework to dynamic controllers
and/or where disturbances are present.
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A Proof of Lemma 1

For any plant P = (A, B,zg) € P, the optimal controller K*(P) exists (because
the plant is controllable since B is invertible by assumption) and can be computed
using the unique positive definite solution to the discrete algebraic Riccati equation

X =AT"XA-A"XB(I+B"XB)"'BTXA+ 1. (26)

The corresponding cost is Jp(K*(A, B)) = zl (X — I)zg. Inserting the product
BB~ before every matrix A and B~T BT after every matrix A7 in (26) results in

X-I=A"B"BT"XBB'A

27
—~ AT'B™TBTXB(I+ B"XB)"'B"XBB ' A. (27)

Naming BT X B as Y simplifies (27) into
X-I=A"B Ty - Y(I+Y) 'Y|B A (28)

Note that Y is a positive definite matrix because X is positive definite and B is
full rank. Let us denote the right-hand side of (28) by ATB~Tg(Y)B~'A. Then
we can make the following two claims regarding the rational function g(-).
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Claim 1: The function y — ¢(y) = y/(1 + y) is a monotonically increasing
over RT.

Claim 2: Let Y € ST, and D, T be diagonal and unitary matrices, respectively,
such that Y = TTDT. Then g(Y) = T7T diag(g(d;;))T, where d;; are the diagonal
elements of D (and the eigenvalues of V).

Claim 1 is proved by computing the derivative of g over RT, while Claim 2
follows from the fact that all matrices involved in the computation of g(Y") can be
diagonalized in the same basis. Using these two claims, we find that, for all Y with
eigenvalues denoted by A (Y),..., A, (Y)

X-I1=A"BTg(v)B'A
= ATB~TTT diag(g(\;(Y)))TB LA (29)
> (9A(Y)ATBTTBTA,

where A\(Y) is a positive number because matrix Y is a positive definite matrix.
Now, according to [35],

AX) > MNAT(I+BBY)TA+T) > %Jﬂ. (30)
Using (30) in inequality A(Y) > o?(B)A(X) gives
a*(B)a*(4)
AY) = T+o2(B) a*(B), (31)

and, because of the claim 1 and the inequality in (31), we will have

o?(B)[a*(A) +d*(B) + 1]
980 2 T535) + (B2 (@A) + 62(B) + 1)

(32)

Combining (29) and (32) results in

a*(B)

_Z2\Z) ATp-Tp-1y
o2(B) + 1 ’

X—-1>

and, therefore
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B Proof of Lemma 3

Let I' € C and assume that the implication does not hold, i.e., that there exists
a matrix A and indices ¢, j with ¢y € Z; such that ag; = 0 for all £ € Z; but
Voo (A, B) # 0. Consider matrix A such that Ay = Ay for all £ € Z; and A, = 0
for all z ¢ Z;. Based on the definition of limited-model-information control design
methods, we know that T'y(A, B) = ['y(A, B) for all £ € Z; and I',(A, B) = 0 for
all z ¢ 7; (because I',(A, B) = I',(0, B) for all z ¢ Z; and, as shown in [27], it is
necessary that I'(0, B) = 0 for a finite competitive ratio). For = e;, we have

Ji 4B, (T(A,B)) > Z Y;(A, B)?
LET,
= Vej (A’ B)2
LT,
> Y15 (A, B)* > 0.

Using (25), we get

since J(A,B,ej)(FA (A, B)) = 0. This proves the claim by contrapositive.

C Proof of Lemma 4

Clearly, it is enough to prove inequality (16) for control design methods with a
finite competitive ratio.

Let Gp have a loop and I' € C have finite competitive ratio. Without loss of
generality, let us assume that the nodes of graph Gp are numbered such that it
admits the following loop of length ¢: 1 — 2 — .- — ¢ — 1. Let us choose indices
i1 € Iy, i € Iy, ..., iy € Iy and consider the one-parameter family of matrices
{A(r)} defined by aii, (1) = 7, Gizin(r) =7, .., @iyi,_ (1) =7, aiyi, (r) = 7, and
all other entries equal to zero, for all r. Let B = el. Because of Lemma 3, the
controller gain entries 7,,:, (A(r), B) for all jo € Ty, 7,4, (A(r), B) for all js € T3,
ce vy Vieie_, (A(r), B) for all jo € Iy, vj,4,(A(r), B) for all j; € Zy can be non-zero,
but all other entries of the controller gain I'(A(r), B) are zero for all r. As a result,
the characteristic polynomial of matrix A(r) + BT'(A(r), B) can be computed as:

AN = (1) (r + iy (A(r), B)) (1 + €3iaia (A(r), B))
X X (1 A+ igip, (A(r), B))(r + €4, (A(r), B))].

Now, note that because I" has a bounded competitive ratio against P by assumption,
this polynomial should be stable for all r. (Indeed, T can have a finite competitive
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ratio only if A+ BI'(A, B) is stable for all matrices A, otherwise it would yield an
infinite cost for some plants while the corresponding optimal cost remains bounded
since the pair (A, B) is controllable for all plant in P). As a result, we must have

|(T + Yigiy (A(T)v B)) T (T + €Yiti, (A(T)v B))|

— 1+ Yot (A0, B)| - 1+ exurs, (A(), B)| < 1 (33)

for all . Let {r.}2%, be a sequence of real numbers with the property that r, goes
to infinity as z goes to infinity. From (33), we know that there exists an index m
such that

VN, 3z > N such that |7, + €yi,0,in. (A(r2), B)| < 1, (34)
where “@” designated addition modulo ¢; i.e., i & j = (i +j) — [ (i + j)/€]¢ where
|z] = max{y € Z|y < z} for all x € R. Indeed, if this is not the case, it is true that

Vm, IN,, such that |r, + evi,. 0.4, (A(r2), B)| > 1,Vz > N,,.

Then, for all z > max,, N, and all m,

|T‘Z + Yime1im (A(Tz)vB)l >1

which contradicts (33). Without loss of generality (since this just amounts to
renumbering the nodes in the plant graph), we assume that m = 1. Using (34), we
can then construct a subsequence {74y} of {r.} with the property that

7(2) + €Vigir (A(Tg(2)), B)| < 1 for all z.

Now introduce the sequence of matrices {A(2)}32, defined by Ay, (2) = ry(s) for
all z and every other row equal to zero. For large enough z (and hence, large enough

To(z)), We get
Ja(),Brer) (D(A(2), B)) > Yigir (A(2), B)?

= Yiziq (A(T‘¢(Z)),B)2
> (|r¢(z)| - 1)2

€2 ’

and thus B
J(aez),Bren) (I (_A( z), B)) - (Irp(s] —1)%/€
J(A(z),B,e,-Q( (A( ) B eh)) - Ti(z)/<1 + 62)

This, in particular, implies that

J(i).B.ei)(T(A(2), B))
rp (I lim 1 _
P02 By, J(A(2),B,er,) (K*(A(2), B, €3,))

>1+1/6%.
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Note that A(z) is a nilpotent matrix for all z, and thus

J(A(z),B,eil)(K*(A(z)v Bei,)) = ‘](A(z),B,eil)(Ké’(A(z)v B))

similar to the proof of Theorem 2, and therefore

JA(),Bres) BE(A(2), B)) = 3 /(1 +€%)

using the unique positive-definite solution of discrete algebraic Riccati equation
in (13).

D Proof of Lemma 6

We prove that if there is no sink in the plant graph (i.e., according to [30], if
Vj3dk, k # j, such that (sp)r; # 0) then the deadbeat control design method is
undominated. For proving this claim, we are going to prove that for any con-
trol design I' € C\{ I'®}, there exits a plant P = (A, B,x9) € P such that
Jp(T(A, B)) > Jp(I'2(A, B)) = 2l [ATB-TB~1A]zy. We will proceed in several
steps, which require us to partition the set of limited model information control
design methods C as follows

CZECUW:[UWQU{FA},

where
L= {T €C3A; : R%X" x R XM _y R X5,
[L(A, B)]; = A;([Al}, Bjj)[Al]y, forall j=1,---,q},
Wi :={T € L|3j,i # j and A;; € R™*™ nonzero s.t.
I+ BiAi([0 -+ 0A;; 0 -+ 0],By;) #0},
and

W = {F S E\Wﬂﬂl S {1, s ,q}, [A]z S Rnixn, with
appropriate structure such that I 4+ By;A;([A];, Bii) # 0}.

First, we prove that the deadbeat control design method is undominated by control
design strategies in £¢. Let I' € £¢ and let j be such that 3j; € Z; which I';, (4, B)”
cannot be written as a linear combination of vectors in the set {A7 Vi € Z;} for
some matrix A and matrix B. Let a] = A, for alli € Z; and consider matrix A such
that the row A; = a] for all i € Z; and A; = 0 for all i € Z§. If T'(0, B) # 0, then
I' cannot dominate T'* (since I'*(0, B) = 0 for all x) and, thus, there is no loss of
generality in assuming that I'(0, B) = 0 for all 2, and, in turn that T';(4,B) =0
for all i € Zf. Let us also denote I'(A, B) by K and T';(A, B) = I'i(A,B) by KT
for all i € Z;. For all xg,

J(A,B2o)(T(A,B)) > 2l [K"K + (A + BK)" (A + BK)|xo,
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and

J(A,B,;Eo) (F(Av B)) - J(A,B,;Eo) (FA (A7 B))

35
> 2T [AT(I - B""B™")A+ ATBK + K"B" A+ K" (I + B"B)K]x (35)

We know that null(4) = span{Al, Vi € Z;}+ # {0}, because n; < n. On the other
hand, we know that there exists an j; € Z; such that K;, ¢ span{AT Vi € Z;}
which shows that

span{ AT Vi € T,;} ¢ span{A] Vi € Z,;} + span{ K}, Vi € Z;},

Thus, we can choose an initial condition g € null(A) such that Kzy # 0. Using
this zo in (35) results in

J(a,8,20)(D(A, B)) = Jia B2y (D2 (A, B)) 2 ag [KT (I + BT B)K]zg > 0. (36)

Therefore, the control design strategies in £L¢ cannot dominate the deadbeat control
design strategy I'2.

Second, we prove that the deadbeat control design strategy is undominated
by control design methods in W;. Let I' € W; and let j be such that (I +
Bl-iAZ-([O <o 0 /L-j 0--- 0] ,B;i)) # 0 for some i # j. It means that there ex-
ists at least i; € Z; and j; € Z; such that a;,;, # 0 and @, j, + bi,i, Yiyjr (A, B) # 0.
Using the structure matrix, we know that there exits a ¢ # ¢ such that (sp)y #
0. Choose an index ¢; € Z;. Consider the matrix A defined by [A]; = [A];,
ag,i, = r and all other entries equal to zero. Then, [I'(4, B)]; = A;([Al;, B:i)[A4]:,
[T(A, B)le = Ae([Ale, Bee)[A]e (because T' € L), and [I'(A, B)], = 0 for all z # i, /.
Denote I'(A, B) by K. We have

J(4,8,20)(L(A, B)) 2 25 [(A+ BK)" KT K(A + BK)
+((A+ BK)*)* (A + BK)*]xo.
Using zg = ej, results in
Jia,B.e;)T(A,B)) = Jiap.e, ) T2(A,B)) >

[kglil + (T + b5141k41i1) ](allh =+ bnn 11]1 Z az_]l zz' (37)
z€Z;

Note that, irrespective of the choice of the controller gain kg, ;,,
kglil + (T + belelk"elil)Q > TQ/(l =+ bglfl)v
and as a result,

lim [kflzl =+ (T + bllfl k51i1)2](ai1j1 + bililkiljl)Q = 00,

r—+00
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because a;, j, + bi i, ki, j, # 0. Hence, we can always construct A with appropriate
choice of index ¢ and a scalar r large enough to make the right hand side of the
expression (37) positive. As a result, I' € W, cannot dominate I'2.

Third, we prove that the deadbeat control design strategy is undominated by
control design methods in W. Let I' € W» and index i and vector [A]; be such
that I + A;([A];, Bii) # 0. Thus we know that there exists at least iy € Z; such
that A;, # 0 and A;, +b;,;, T, (A, B) # 0. Based on the structure matrix we know
that there exits £ # i such that (sp)g # 0. Choose an index ¢ € Z;. Consider the
matrix A defined by [A]; = [A]; and ay,;, = r and all other entries of A equal to zero.
Then [A]Z +B”[F(A,B)]Z = (I +B”A1([A]l, B“))[A]Z and [A]] + Bjj [F(A,B)]] =
for all j # i (and, in particular, j = ¢ since ' does not belong to Wy). Again, K
will stand for I'(A4, B). We have

K'K 4+ (A+ BK)'KTK(A+ BK) - ATB~TB71'A

> (All + bililril (Av B))T(All =+ bililril (A7 B Q/bélél Z ATA /bzz7
z€Z;

and hence, since A;, + b;,;, i, (A, B) # 0, we can choose r large enough to ensure
that this matrix has a strictly positive eigenvalue. Thus, the control design strategy
T' € W, cannot dominate T'2.

E Proof of Lemma 8

The proof is by contrapositive. Let I' be communication-less and assume that
there exist matrices A and B and indices i1 € Z; and j; € Z; such that a; ;, +
biyiyYirji (A4, B) # 0. Choose an index k; € Zj. Consider the one-parameter family
of matrices A(r) defined by [A(r)]; = [A]i, @r, = 7, and all other entries of
A(r) being equal to zero for all r. We know that [['(A(r), B)]; = [['(4, B)]; and
Ti(A(r), B) = 53, (r)el for all k € T (because of Lemma 3), [['(A(r), B)]. = 0 for
all z £ 4, k. For xp = eh, we have

J(A(r),B,ejl ) (F<A(T)’ B)) > (ailjl + bi1i1 Yiij1 (A7 B))2
X [Fyklil (T)Q + (T + bk’lkl’yklil (T))Q]

The minimum value of function y — [y? + (r + bk, y)?] is 72/(1 + b7 ;.. ). Hence,
irrespective of function g, 4, ,

J(A(r),B,ejl)(F(A(r)vB)) 2 (ai1j1+bi1i1')/i1j1 (AvB))2T2/(1 + bilkl)'

Note that the term (a;,j, + bi i, Virji (4, B))? is independent from r because I' is
communication-less. In addition,

CL2

=2
_ a; .
‘](A(T),B,ejl)(FA(A(T)vB)) - b2]1 - bgjl

2€Z; ** 2€L; **
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for all » and, thus, ‘](A(r),B,ejl)(FA(A(T)7B)) is also independent from 7. Then,
proceeding as in (25), we deduce that

(ailjl + bi1i17i1j1 (Aa B ) lim 2.

) 2
(1 + bzlkl)J(A(r),B,eh)(FA (A<r)7 B)) "o

rp (F) >

Since (@i, j, + biyiyViji (A, B)) # 0 by assumption, we then deduce that I" has an
unbounded competitive ratio, which proves the lemma by contrapositive.

F Proof of Theorem 13

We prove that for any control design method I' € C\{T'®}, there exists a plant
P = (A, B,z0) € P such that Jp(T'(4, B)) > Jp(I'®(A, B)). Like in the proof
of Theorem 3.6, we partition the set of limited model information control design
methods C as follows

C=LUW,UW, UW, U {T®),

where

L :={T € C|3A; : R™X™ x RMXM o RXm
[T(A, B)]i = Ai([Als, Bii)[Ali, for all i =1,--- g},

Wo:={T' € £,3i € {g—c+1,...,q} such that A;([A];, Bii) # Wi([A]li, Bi;)},
with W; defined as in equation (21),

Wi={T e L\Wy|Fie{l,---,q—c},Tj #iand A;; € R"*™
nonzero such that I + B A;([0 --- 0 A;; 0 --- 0], By;) # 0},

and

W = {F € ﬁ\Wo U W1|EZ € {1, RN C}, [A]l € R™>™
with appropriate structure such that I + B;; A;([A]:, Bii) # 0}.

First, we prove that I'® is undominated by control design methods in £¢. Let I € £¢
and let i be such that there exists a plant with matrix A with the property that
sub-controller [I'];([A];, Bi;)™ does not belong to the linear subspace spanned by the
columns of [A]7. If 1 <i < g — c then, proceeding as in the proof of Theorem 7, we
can find matrices A, B and initial condition xq such that Jp(I'(P)) > Jp(I'2(P)) =
Jp(T®(P)) for P = (A, B, o) (with the last equality following from the structure
of matrix A). Hence, without loss of generality, we assume that ¢ —c+1 < i < gq.
Consider matrix A defined as [A]; = [A]; and [A]; = 0 for all j # . For this
particular matrix A and any B, xy we know from the proof of the “only if” part of
the Theorem 7 that I'®(A, B, x¢) is the globally optimal controller. Hence, every
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other control design method in C leads to a controller with greater performance
criterion than T'® for this particular type of plants. Therefore, the control design
I'® is undominated by control design methods in £°.

The same reasoning shows that I'® is also undominated by control design meth-
ods in W.

We now prove that I'® is undominated by control design strategies in W;. Let
I' € Wy and let 1 < i < ¢ — ¢ be such that (I + ByA;([A]s, Bii)) # 0 where
[A]; = 0.0 Ai; O - - 0] for some j # i. This means that there exists at least
one i1 € Z; and ji € Z; such that a;,;, # 0 and a;, j, +biy4,Visju (4, B) # 0. Because
subsystem ¢ is not a sink (since 1 < i < g—c), we know that there exists a z # i such
that (sp).; # 0. If 1 < z < ¢— ¢ we can again proceed as in the proof of Theorem 7
to construct a plant P for which Jp(T'(P)) > Jp(I'®(P)). Thus, without loss of
generality, we assume that ¢ —c+1 < z < ¢. Choose an index z; € Z, and consider
the matrix A defined by [A]; = [A];, a.,;, = r and all other entries equal to zero.
Then, [I'(A, B)]; = Ai([A]i, Bii)[A]i, [N(A, B). = —bz,2, /(1 + b2, )[A]. (because
I'¢ Wy U L), and [I'(A, B)]; = 0 for all ¢ # i, z. Denoting I'(A, B) by K, we see
that

Ja, o) (T(A,B)) > 2 [(A+ BK)" K" K(A + BK)
+((A+ BEK))T(A + BK)?|xg

for all B € B(e) and x¢. Taking zg = e;, then results in

J(a,B,e;)(T(A,B)) = Jia e, (T°(A, B)) >

[kglzl (T + bzlzl kzlil )2](a11.]1 + bhh Z1.71 Z at]1 /b (38)
teZ;

Note that, irrespective of the choice of the controller gain k., ;, ,

k2 + (T + bzlzlk’zlil)Q > TQ/(l + b2

z111 Z121 )

and as a result,

Tll;r_{_loo[kglil + (T‘ + bzlzl kz1i1)2](ai1j1 + bi1i1 kiljl )2 = +o0,

because a;, j, + bi, i, ki, j; 7 0. Hence, we can always construct A with appropriate
choice of index z and a scalar r large enough to make the cost difference positive.
As a result, T’ cannot dominate I'®.

Finally, we prove that I'® is undominated by control design methods in W;. Let
I' € W, and index 1 < i < ¢ — ¢ and model sub-matrices [A]; and B;; such that
I+ A;([A];, Bi) # 0. Therefore, we know that there exists at least one index i; € Z;
such that A;, # 0 and A, +b;,:, T, (A, B) # 0. Based on the fact that node i is not
a sink, we know that there exists z # ¢ such that (sp).; # 0. For the same reasons
as before we again restrict ourselves, without loss of generality, to the case where
q—c+1< 2 <q. Consider the matrix A defined by [A]; = [A4]; and a.,;, = r and
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all other entries of A equal to zero. Then, [A]; + [T'(4, B)]; = (I + A;([Ali, Bii))[Ali
and [['(A,B)]. = —b.,., /(1 + b2, )[A]. (because I' ¢ Wy U L°). Again, K will
stand for T'(4, B). Then, for all B € B(e) and xg

J(A,B,;Eo) (F(Av B)) - J(A,B,;Eo) (Fe (Av B))
> 2 (Aiy, + biyi, Tiy (A, B) (A, + b3y, Ti, (A, B))2o X

T‘2bz1Z1/(1 + b§121)2 - Z ng?Atxo/b§t7
teZ;

and hence, since A;, + b;,;, i, (A, B) # 0, we can choose r large enough to ensure
that this difference is strictly positive for some xy € R™ since the inner matrix will
have a strictly positive eigenvalue for large values of r. Thus, the control design
strategy I' € W, cannot dominate the control design I'®.
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1 Introduction

Many large-scale physical systems are composed of several smaller interconnected
units. For these interconnected systems, it seems natural to employ local controllers
which observe local states and control local inputs. The problem of designing
such subcontrollers is usually addressed in the decentralized and distributed control
literature [1-3]. Lately, there has been some efforts in formulating the problem
of designing optimal decentralized controllers as a convex optimization problem
for some specific classes of subsystem interconnection [4-8]. At the heart of all
these decentralized and distributed control problems is the assumption that the
control design is done with complete knowledge of the plant model. This is however
not always possible in large-scale systems. It might be the case that (a) different
subsystems belong to different individuals and they might be unwilling to share
their model information since they may consider these information private, (b) the
design of each subcontroller is done by a different designer with no access to the
global plant model since in the time of design the complete model information is
not available, or (¢) the designer is interested in designing each subcontroller using
only local model information, so that the resulting subcontrollers do not need to be
modified if the model parameters of a particular subsystem change over time. We
call this special class of control design problems limited model information control
design problems [9, 10]. In these problems, we assume that only some part of the
plant model information is available to each subcontroller designer, but that the
system interconnection structure and the common closed-loop cost function to be
minimized are global knowledge.

The main contribution of this paper is to study the influence of the subsystem
interconnection, the controller structure, and the amount of model information
available to each subdesign on the closed-loop performance that a limited model
information control design method can produce. We compare the control design
methods using a performance metric called the competitive ratio, that is, the worst
case control performance for a given design strategy normalized with the optimal
control performance based on full model information. We find an explicit minimizer
of the competitive ratio for a wide range of problems. Since this minimizer might
not be unique, we show that it is also undominated, that is, there is no other control
design method that acts always better while having the same worst-case ratio.

This paper is organized as follows. We formulate the problem of interest in
Section 2. We define a control design strategy and find its competitive ratio in
Section 3. In Section 4, we study the influence of interconnection pattern between
different subsystems on the best limited model information control design method.
We further study the achievable performance of limited model information design
strategies when the controllers that they can produce are structured in Section 5.
The trade-off between the amount of plant information available to different parts of
a control design strategy and the quality of controllers it can produce is considered
in Section 6. Finally, we give the discussions on extensions in Section 7 and end
with the conclusions in Section 8.
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1.1 Notation

The sets of integer numbers, natural numbers, real numbers, and complex numbers
are denoted respectively by Z, N, R, and C. The boundary of the unit circle in C
is shown by T. The space of Lebesgue measurable functions that are bounded on T
is presented by Lo, and RL is the set of real proper rational transfer functions in
L. Additionally, all other sets are denoted by calligraphic letters such as P and
A.

Matrices are denoted by capital roman letters such as A. The entry in the i*"
row and the j® column of matrix A is a;;. A; will denote the ;' row of A. A;;
denotes a submatrix of matrix A, the dimension and the position of which will be
defined in the text.

A > (>)0 means that the symmetric matrix A € R™ " is positive definite
(positive semidefinite) and A > (>)B means A — B > (>)0. Let ST, (S7) be the
set of symmetric positive definite (positive semidefinite) matrices in R™*".

All graphs considered in this paper are directed with vertex set {1,...,q} for a
given ¢ € N. All self-loops are present in the graphs that we consider in this paper,
that is, (,7) € E for all 1 <1i < q. We say that a vertex i is a sink if there does not
exist j # i such that (,j) € E. The adjacency matrix S € {0,1}9%7 of graph G is
a matrix whose entry s;; = 1 if (j,4) € E and s;; = 0 otherwise for all 1 <4,j <gq.
In this paper, since the set of vertices is fixed for all the graphs, a subgraph of a
graph G is a graph whose edge set is a subset of the edge set of G and a supergraph
of a graph G is a graph of which G is a subgraph. We use the notation G’ O G to
indicate that G’ is a supergraph of G.

a(Y) and o(Y') denote the smallest and the largest singular values of the matrix
Y, respectively. Vector e; denotes the column vector with all entries zero except
the i*" entry which is equal to one. The function 6 : Z — {0, 1} is the unit-impulse
function which is equal to one at origin and zero anywhere else.

2 Problem Formulation

2.1 Plant Model

Let a plant graph Gp with adjacency matrix Sp be given. Based on the adjacency
matrix Sp, we define the following set of matrices

A(Sp) = {A c RX" | Aij =0 R"™*™ for all 1 <1i,j < q such that (SP)ij =0},

where for each 1 < i < ¢, n; € N is the order of subsystem ¢ and consequently
7, ni = n. Besides, we define

B(e) ={BeR™" | g(B) >¢ B;j =0 R" ™ forall 1 <i#j<ql,
for some given scalar € > 0 and

H={HcR"™ | det(H)#0, Hj=0€R"* ™ forall 1 <i#j<q}
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Figure 1: G'» and G’ are examples of plant graphs, Gx and G)- are examples of
control graphs, and G¢ and G are examples of design graphs.

Now we can introduce the set P of plants of interest as the space of all discrete-time
linear time-invariant systems

x(k+1) = Az(k) + Bu(k) + Hw(k) ; =(0) =0, (1)

with A € A(Sp), B € B(e), and H € H. With slightly abusing notation, we
show a plant P € P with triple (A, B, H) since the set P is clearly isomorph
to A(Sp) x B(e) x H. We will denote the ordered set of state indices related to
subsystem 4 with Z;, that is, Z; := (1 + ZJ RO Z] 1 ;). For subsystem
1, state z; € R™, control input u; € R™, and exogenous input w,; € R™ are defined

Ty, Uy, Wy,

Ly Wy

g g

where the ordered set of indices (¢1,...,£,,) = Z;, and its dynamic is specified by
(k+1) Z Az (k) + Bigw (k) + Higw, (k).

An example of a plant graph Gp is given in Figure 1(a). For instance, the plant
graph G'p shows that the second subsystem can affect the first and the third sub-
systems, that is, A12 and Aszo can be nonzero. The first system is also a sink in
the plant graph Gp. An example of a plant graph G’ without sink is given in
Figure 1(a’).

2.2 Controller

Let a control graph G with adjacency matrix Sk be given. In this paper, we
are interested in dynamic discrete-time linear time-invariant state feedback control
laws of the form

K(k + 1) = AKxK(k) + BKx(k) ; J?K(O) =0,



2. PROBLEM FORMULATION 87

u(k) = Cxax (k) + Dra(k),

which can also be represented as the transfer function

A B

where z is the symbol for one time-step forward shift operator. The controller K
must belong to

K:(SIC) = {K c (Rcoo)nx’ﬂlK” —0c (Rcoo)nlxnj
for all 1 <4, j < g such that (sc);; = 0}.

We refer to the set of controllers as K when adjacency matrix Sk can be deduced
from the context or it is not relevant.

Figure 1(b) shows an example of an incomplete control graph Gy that charac-
terizes a set of structured controllers. For instance, using control graph Gy, we
know that the third subsystem only has access to state measurements of the second
subsystem beside its own state measurements, that is, K3; = 0 while K35 and K33
can be nonzero.

2.3 Control Design Methods

A control design method I' is a map from the set of plants P to the set of con-
trollers IC. Let a control design method I' be partitioned according to subsystems
dimensions like
Iy - Ty
=] o @)
Tjp - Ty

and a design graph G¢ with adjacency matrix S¢ be given. Each element I';; is a
mapping A(Sp) X B(e) x H — (RLx)™ *™. We say that I has structure Ge if, for
all 1 <1 < ¢, the subsystem ¢ subcontroller is constructed with the knowledge of
those subsystems 1 < j < ¢ plant model such that (j,7) € E¢, that is, the mapping
[Fil e Fiq ] is only a function of {[ Ajl ce qu ] ,Bjj, Hjj | (SC)ij 7é 0} . The set
of all these limited model information control design methods with structure Ge¢ is
denoted by C.

Figure 1(c¢) shows an example of a design graph G¢. For instance, using this
design graph G¢, we realize that the third subsystem model is available to the
designer of the second subsystem controller but not the first subsystem model.
Figure 1(¢’) illustrates an example of a fully disconnected design graph G with
self-loops only which shows that the controller of all subsystems are constructed
using only their own model information.
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2.4 Performance Metric

The considered performance metrics is a modified version of the performance met-
rics originally defined in [9, 10]. Let us start with introducing the closed-loop
performance measure.

To each plant P = (A, B, H) € P and controller K € K, we associate a perfor-
mance measure which is the Ho norm of the transfer function between the exogenous
input w(k) and the output

y(k) = [CT0]" a(k) + [0 D" " u(k),
where the matrices C € R™*™ and D € R™*™ are block diagonal full-rank matri-

ces with each diagonal block entry belonging to R™*"™. Figure 2 illustrates the
feedback system with the given controller K and the overall-plant

A|H B
P=1C|0 D
110 0

where C' = [cTo ]T and D = [0DT ]T. Using the notation F(P, K) for the
closed-loop transfer function from w(k) to y(k), the performance measure can be
written as

Jp(K) = | F(P,K)||2. (3)

We make the following standing assumption:
Assumption 3 C=D =1.

This is without loss of generality because the change of variables (z,u) =
(Cx, Du) transforms the output of the system and its state space representation
into

T _ T _
yky=[1 0] z(k)+[0 I] a(k),

and
z(k+1)=CAC ' z(k) + CBD (k).

This is done without changing the plant, control, or design graphs because of the
block diagonal structure of matrices C' and D.

Definition 2.1 (Competitive Ratio) Let a plant graph Gp, a control graph Gy,
and a constant € > 0 be given. Let us assume that, for each plant P € P, there
exists an optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.
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w(k) y(k) ,

wiy) | P@) | xw

Figure 2: The feedback system
with the given controller K and
the overall-plant P.

K(2)

A

The competitive ratio of a control design method I' is defined as

)
rp(l) = P:(A,BI?H)GP Jp(K*(P))’

with the convention that “% 7 equals one.

Definition 2.2 (Domination) A control design method I is said to dominate an-
other control design method I" if

Jp(I'(P)) < Jp(T(P)), VP = (A, B,H) € P, (4)

with strict inequality holding for at least one plant in P. When T" € C and no control
design method T” € C exists that satisfies (4), we say that T is undominated in C.

2.5 Mathematical Problem Formulation

Now we can formulate the primary question concerning the connection between
closed-loop performance and limited model information control design strategies.
For a given plant graph Gp, control graph Gy, and design graph G¢, we want to
solve
arg minrp (). 5

gwinrp () (5)
Since the solution to this problem might not be unique, we are interested in finding
a minimizer that is also undominated. These solutions are the best worst-case
designs with limited model information.

3 Preliminary Results

In order to give the main results of the paper, we need to define a control design
strategy and find its competitive ratio.

Definition 2.3 Let a plant graph Gp and a constant € > 0 be given. The control
design method T© is defined as

I°(P) = — diag(W1(P), ..., W,(P))A, (6)
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for all plants P = (A, B, H) € A(Sp) x B(e) x H, where

I+ BTX”B” _IBTX“', if i is a sink,
Wi(P) { <BT1 " ) " J

otherwise,

and for each sink i the matriz X;; is the unique positive definite solution of the
discrete algebraic Riccati equation

AL X Ay — ALX 3 By(I + BEXBiy) ' BEX i Ay — Xy 4+ 1= 0.

The control design method I'® applies the so-called deadbeat strategy [10] to
every subsystem that is not a sink (thus those closed-loop subsystems reach origin
in just one time-step [11]) and, for every sink, applies the same optimal control law
as if the node were decoupled from the rest of the graph.

Lemma 16 The competitive ratio of the control design method T'® defined in (6)
is rp(I'®) = /1 + 1/€2 if one of the following conditions is satisfied:

(a) the plant graph Gp contains no isolated node and the control graph Gx is a
complete graph;

(b) the acyclic plant graph Gp contains no isolated node and G 2 Gp.

Proof: Let K (P) denotes the optimal static full-state feedback (centralized)
controller for each plant P € P. According to the proof of the “only if” part of
Theorem 3.6 in [10], we have

Z<AT"BTTB7'A41, (7)

for all plants P = (A, B,H) € P, where Z is the unique positive definite solution
of discrete algebraic Lyapunov equation

(A+ BT®(P))' Z(A+BIr®(P)) — Z + I +T°(P)TT®(P) = 0. (8)

Thus, the cost of the control design strategy I'® for each plant P = (A, B, H) is
upper-bounded as

Jp(T®(P))* =tr (H"ZH) 0
<tr(H" (A"B""B'A+1)H). )

where tr(-) denotes the trace of a matrix. According to Theorem 3.2 in [10], it is
evident that

ATBTB A< (1+1/€%) (X —I),
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and equivalently
tr(H"A"B""B'AH) < (1+1/€%) tr(H" (X — ) H), (10)

where X is the unique positive definite solution of discrete algebraic Riccati equa-
tion

ATXA - ATXB(I+B"XB)'B"XA=X - I (11)
Putting (10) in (9), we get

JpTO(P))* < (1+1/) tr(H'XH)
= (1+1/€%) Jp(K&(P))*.

Clearly, because Jp(K{(P)) < Jp(K*(P)), irrespective of the control graph Gy,
we have

Jp(P9(P))* < (1+1/€%) Jp(K*(P))?,

and as a result

S L) P
rp(l) = P:(A,BI,)H)GP Jp(K*(P)) S vt/

To show that this upper-bound is tight, we should exhibit plants for which it is
attained.

Part a: Condition (a) is satisfied. Since there is no isolated node in the plant
graph, we can pick indices 1 < i # j < ¢ such that (sp);; # 0. The rest of the
proof is given in two different cases.

Case a.1: Node i is not a sink. Pick indices i1 € Z; and j; € Z;. Let A(s) =
se; el B=el,and H = I. We get

Ji?

(T®) > li _sjetn 1+1/e
r im - c
P T s\ $2/(1+€2)+n ’

since the unique positive definite solution of discrete algebraic Riccati equation
in (11) is X = I+[s?/(1+€?)]ej e} , and as avesult Jp(K*(P)) = \/s2/(1 + €2) + n.

Case a.2: Node i is a sink. We know (sp);; # 0 since all the self-loops are
present. Pick i1 € Z; and j1 € Z;. Let A(r,s) = reileiTl + seile]Tl, B = el, and
H = I. According to Theorem 3.8 in [10], we get

Jp(T®(P)) = \/Bo(s2 +12) +n,

where

V22 —2ar? + et + 22+ 1+ — €2 -1
N 2272 '

Be
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Again, using Theorem 3.8 in [10], the optimal closed-loop performance is

Tp(K*(P)) = /Bi-(s* +12) +n,

where g~ is

e (1 +€?) — (€ + 1)+ Jores
2€2(e2 + 1)(s% + r2) ’
ce =22+ (rP£2r) (€ + 1)+ (2 +1)2

Then, we get

o : Jp(I®(P)) 5
reM) 2 Ry T Ve
Part b: Condition (b) is satisfied. Any acyclic directed graph has at least one
sink. Let ¢ denote a sink in plant graph Gp. Since there is no isolated node in
the plant graph, there exists an index j # ¢ such that (sp);; # 0. Pick i1 € Z;
and j; € I;. Let A(r,s) = rej el + sejel, B =el, and H = I. According to
Lemma 4.1 in [12], we get

Jp(K3(P)) = \/Bi+s2 + Bor? +n,

where K (P) is the optimal controller when G is equal to Gp. This results in

s . Jp(L°(P))
() > lm )
Jp(LO(P)) 5
2 LA sy VT
since clearly Jp(K*(P)) < Jp(K»(P)). m

Lemma 16 shows that, if we apply the control design strategy I'® to a particular
plant, the performance of the closed-loop system, at most, can be y/1 + 1/€? times
the cost of the optimal control design strategy K*.

There is no loss of generality in assuming that the plant graph Gp contains
no isolated node since it is always possible to design an optimal controller for an
isolated subsystem without any model information about the other subsystems and
without affecting them. In particular, this implies that there are ¢ > 2 vertices in
the plant graph.

4 Plant Graph Influence on Achievable Performance

In this section, we study the achievable closed-loop performance, in terms of the
competitive ratio and the domination, for different plant interconnection pattern.
The next theorem shows that the control design strategy I'® is an undominated
minimizer of the competitive ratio for all given plant graphs Gp when the control
graph G is a complete graph and the design graph G¢ is fully disconnected.
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[ w(0) = ej, [ w(1) =0 [ w2)=0 }\

[ x(0)=0 x(1) = Hej, x(2) = (A+ BDp)x(1)
ECRD ww=o | x(2) = Brx(1)

v vV vV

[ u(0)=0 [ u(1) = Dprx(1) [ u(2) = CyBrx(1) + Drx(2)

Figure 3: State transition of the closed-loop system and its controller as a function
of time for the exogenous input w(k) = d(k)e;, .

Theorem 17 Let the plant graph Gp contain no isolated node, the control graph
Gr be a complete graph, and the design graph Ge¢ be a totally disconnected graph.
Then, the competitive ratio of any control design strategy T' € C satisfies rp(T) >
rp(I®).  Furthermore, the control design strategy T'© is undominated by set of
limited model information control design strategies with design graph Gec.

Proof: We use the following notation

Ar(P) | Br(P)

') = | @) e ey |

to work with different parts of the state-space representation of a control design
strategy I'. The entries Ap(P), Br(P), Cr(P), and Dr(P) are matrices with ap-
propriate dimension for each plant P = (A, B, H) € P. The matrices Ap(P) and
Cr(P) are block diagonal matrices since different subcontrollers should not share
state variables (each controller should be implemented in a decentralized fashion).
This realization is not necessarily a minimal realization.

Consider indices 1 < i # j < ¢ such that (sp);; # 0 (this is always possible
since there is no isolated node in the plant graph). The rest of the proof is given
in two different cases.

Case 1: Node i is not a sink. Therefore, there exists an index ¢ # i such
that (sp)e # 0. Pick indices ¢1 € Zy, i1 € Z; and ji € Z; and define A(r,s) =
seilejT1 + 7’641631 and B = el. Let H;; = rI and Hy, = I for all t # j. Using the
exogenous impulse input w(k) = §(k)e;, and the time-steps given in Figure 3, we
get

Tp(D(P))? = ug, (2)° + 4, (3)°
= ug, (2)2 + (r2(s + e(dr)iyj () + eur, (2))°
r (s + e(dr)iy (5))%/ (€2 + 1),

because, irrespective of the choice of uy, (2), the function us, (2)2+(r?(s+€(dr)i, j, (s))+
eug, (2))? is lower-bounded by r*(s +€(dr):, j, (s))?/(e* + 1). It is worth mentioning

| \/
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that (dr), j, (s) is only a function of the scalar s and it is independent of the scalar
r, since r is in model parameters of subsystems ¢, j # i and the design graph is
fully disconnected. On the other hand

Jp(DA(P)) = \Jtx (HT ((1/e)ATA + I) H)

= \/(527“2 +7r2)/e2 +n—n;+n;r2,

where T'2 is the deadbeat control design strategy and it is defined as I'®(P) =
—B~1A [10]. Therefore

rp(I') = sup ————~—
»(D) PngP(

Jp(T(P)) (12)
= pep Jp(TA(P))
_ % £ IR 1

- s$?r2 +1r2)/e2 +n—n; +n;r?’

700

since Jp(I'2(P)) > Jp(K*(P)) for all plants P € P. The competitive ratio rp(T)
is bounded only if s + €(dr)i, ;, (s) = 0. Therefore, there is no loss of generality in
assuming that (dr)i, ;, (s) = —s/e because otherwise the rp(I") is infinity and the
inequality rp(I') > rp(I'®) is trivially satisfied. Now, let us redefine A(s) = se;, e,
H = 1 and B = el. Since the parameters of the subsystem ¢ is not changed,
we have (dr);,j,(s) = —s/e. Therefore, for the same impulse exogenous input

w(k) = 6(k)ej,, we have
Jp(D(P))* > iy (1)* = (dr)iyj (5)* = 57/,

and

rp(T) > lim ___se =1+ 1/€, (13)

s—oo \[ $2/(14+€2)+n

since similar to Case a.1 in the proof of Lemma 16, we have Jp(K*(P)) =
s2/(1+€2) +n.

Case 2: Node i is a sink. We have (sp);; # 0 since all the self-loops are present.
Let us pick i1 € Z; and j1 € Z;. Let A(r,s) = reile;frl + seile;‘q, B = eI, and
H = 1. According to the proof of the “only if” part of Theorem 3.6 in [10], for
this particular family of plants, I'®(P) is the globally optimal Hy state-feedback
controller. Now using Case a.2 in the proof of Lemma 16, it is easy to see that

rp(T) > /14 1/
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To prove that the control design strategy I'® is undominated by set of lim-
ited model information control design strategies I' € C, we construct plants P =
(A,B, H) € P that satisfy Jp(['(P)) > Jp(I'®(P)) for any control design method
I' € C\ {I'®}. The detailed proof of this part is given in [12]. =

As an example, consider the limited model information design problem given
by the plant graph G’ in Figure 1(a’), the control graph G)- in Figure 1(?’), and
the design graph G¢ in Figure 1(¢/). Theorem 17 shows that the control design
strategy T'© is the best control design strategy that one can propose based on the
local model of subsystems since it is an undominated minimizer of the competitive
ratio.

5 Control Graph Influence on Achievable Performance

In this section, we study the structured controllers and their influence on the achiev-
able closed-loop performance of the limited model information control design strate-
gies. Note that finding the optimal control design strategy K*(P) is numerically
intractable for general plant and control graphs. We use the results in [6, 7] which
give an explicit solution to the problem of designing optimal decentralized controller
for some special classes of subsystems interconnection and controller structures.
Therefore, we assume that the plant graph Gp is an acyclic directed graph and the
control graph Gi is a supergraph of the plant graph Gp. Note that the control
design strategy I'® is still applicable in this scenario.

Theorem 18 Let the acyclic plant graph Gp contain no isolated node, the design
graph Ge¢ be a totally disconnected graph, and Gx 2 Gp. Then, the competitive
ratio of any control design strategy T € C satisfies rp(T) > rp(I'®). Furthermore,
the control design strateqy T'© is undominated by set of limited model information
control design strategies with design graph Ge.

Proof: Any acyclic directed graph has at least one sink. Let ¢ denote a sink
in plant graph G'p. Since there is no isolated node in the plant graph, there exists
an index j # 4 such that (sp);; # 0. Pick 41 € Z; and ji € Z;. Let A(r,s) =
reile;{ + seile;‘q, B =¢€l,and H = I. According to the proof of the “only if” part
of Theorem 3.6 in [10], for this particular family of plants, I'®(P) is the globally
optimal Hy state-feedback controller. Now using Part b of the proof of Lemma 16,
it is easy to see that rp(I') > /1 + 1/€2.

The detailed proof of the part that control design strategy I'® is undominated
is given in [12]. =

For instance, consider the limited model information design problem given by
the plant graph Gp in Figure 1(a), the control graph Gx in Figure 1(b), and the
design graph G{, in Figure 1(¢’). Theorem 18 illustrates that the control design
strategy I'® is again the best control design strategy that one can propose based
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on the local model of subsystems, because it is an undominated minimizer of the
competitive ratio.

6 Design Graph Influence on Achievable Performance

In this section, we try to determine the amount of the model information that
we need in each subsystem to be able to setup a control design strategy I' with a
smaller competitive ratio than the control design strategy I'®.

Theorem 19 Let the plant graph Gp and the design graph G¢ be given and Gx 2
Gp. If the plant graph Gp contains the path j — i — { with distinct vertices i, j,
and ¢ while (£,i) ¢ Ec, then rp(T') > rp(T'°) for all T € C.

Proof: Because of the path j — ¢ — ¢ with distinct vertices i, j, and k, we
have (sp)i; # 0 and (sp)w # 0. Pick indices ¢1 € Z;, i1 € Z; and j; € Z; and
define A(r,s) = seilejrl +regel, B = ¢l, and H = I. Similar to the proof of
Theorem 17, using the exogenous impulse input w(k) = §(k)e;, and the time-steps
given in Figure 3, we get

Jp(T(P))? > r?(s + e(dr)i,j (5))*/ (€ + 1),

Again, it should be noted that (dr);,j, (s) is only a function of the scalar s, and
it is independent of the scalar r because r has appeared in model matrices of the
subsystem ¢ # i, and (¢,i) ¢ Ec. We claim that for the competitive ratio to be
bounded there should exist a positive constant § € R independent of scalars s
such that |s + €(dr)q,j, (s)| < 6. Assume this claim is not true, thus, there exist a
sequence of scalars {s,}22; C R such that

lim |Sz + E(dF)iljl (Sz)l = +o00.

zZ—00

Clearly, using (12) we get

rp(I) > lim

z—)oo,é—)oo

\/r%sz + e(dr)in, (s2)12/(e2 + 1)

(s2+712)/e2+n

= 400.

since Jp(P2(P)) = /(52 +12)/e2 + n. Now, lets redefine A(s) = se;, el . Since
the model parameters of the subsystem ¢ is not changed, and its controller is not
a function of the model parameters of subsystem ¢, the design entry (dr)i, ()
stays the same. Therefore, |s + e(dr)i,;, (s)| < 0 for all s € R, and as a result, for
large enough |s|, we get |(dr)i,;, ()| > (|s| — €)/e. Therefore, using the exogenous

impulse input w(k) = 6(k)e;,, we get

Jp(D(P))? > iy (1)* = (dr)iji (5)* > (Is] = 0)% /¢,
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and

rp(T) > lim M)z/eznzx/l—l—l/e?

T s—00 52/(1+62)+

For this special plant, we know K} (P) = —¢/(1 + €*)A belongs to the set K(Sk)
since the control graph Gx O Gp, and consequently Jp(K*(P)) < Jp(KE(P))
because K*(P) has a lower cost than any other controller is K(Sx). On the other
hand, clearly, for any plant Jp(K&(P)) < Jp(K*(P)). Therefore, for this special

plant
Jp(K*(P)) = Jp(K&(P)) = /s?2/(1 4 €2) +n.
This concludes the proof. n

Consider the limited model information design problem given by the plant graph
G’ in Figure 1(a’), the control graph G in Figure 1(b'), and the design graph G¢
in Figure 1(c). Note that there is a path 3 — 2 — 1 in the plant graph Gp but the
edge 1 — 2 is not present in the design graph G¢. Therefore, using Theorem 19, it
is easy see that rp(I') > rp(I'®) for any I' € C.

7 Extensions

In this section, we relax the assumption that all the subsystems are required to
be fully-actuated, that is, B € B(e) is square invertible. To do so, we assume that
plant graph Gp is an acyclic directed graph with ¢ > 1 sinks since any acyclic graph
has at least one sink. Accordingly, its adjacency matrix Sp is of the form

S )11 | O,
o _ | (5P (g=e)x(e) | 14
P S | (S (14
where
(sP)11 o (8P)1,g—c
(Sp)i1 = : : :
(sP)g—ct =+ (5P)g—cig—c
(8P)g—c+1,1 = (8P)g—c+1,g—c
(Sp)a1 = : f )

(sP)q1 T (sP)q.q—c

and (Sp)az = diag((sp)g—c+1,g—ct+1;-- -, (SP)qq), Where we assume, without loss

of generality, that the vertices are numbered such that the sinks are labeled ¢ —
c+1,...,q. We define the set P’ of plants of interest as the set of all triples
(A,B,H) € A(Sp) x B'(€) x H where

B'(e)={BeR"™™ | g(B)>¢ Biyj =0€R" ™ forall 1 <i+#j<q}
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Each m; € N is the number of control inputs in subsystem ¢, and consequently
Z;I:l m; = m. Let relax m; < n; for all ¢ —c+ 1 < i < ¢ but force m; = n;
otherwise. In addition, all matrices A and B must satisfy

(a) (A, Bii) is controllable,

(b) span(A;;) C span(B;;) for all j # i or equivalently there should exist a matrix
Wi S Rmix(nini) SuCh that [Azl e Ai,ifl Ai,i+1 s Alq] = B”W“

for all ¢ — ¢+ 1 < i < q. For this new set of plants, the control design strategy I'®
is still applicable since it does not require B;; to be invertible for g —c+1 < i < gq.
Now we are ready to solve the problem (5) for this set of underactuated plants P’.

Theorem 20 Let the acyclic plant graph Gp contain no isolated node, the control
graph Gx be equal to the plant graph Gp, and the design graph G¢ be a totally
disconnected graph. Then, the competitive ratio of any control design strategy I' € C
satisfies rp(I) > rp(I'®) = \/1+1/€2 if (Sp)11 is not diagonal. Furthermore,
the control design strateqy T'© is undominated by set of limited model information
control design strategies with design graph Ge.

Proof: Similar to (14), we can write any A € A(Sp) as

A:[%H 0 }7

Aoy Agp
where
All o Al,q—c
All = . )
Aq*c,l o Aq*c,q*c
Aq7c+1,1 e Aq7c+1,q7c
Ag = : : :
Aql o Aq,q*c

and Ay = diag(Ag—cti1,g—ct1,--.,Aqq). Clearly, if we apply deadbeat to all sub-
systems that are not sinks, the other subsystems (i.e., sinks) become decoupled (see
Theorem 3.6 in [10]), and as a result

Jp(PO(P))? = JW(Ayy, Biy, Hit) + JP (Agy, Aga, Bao, Hao)

where H = diag(ﬁll,ﬁgg), B = diag(Bu,ng), J(l)(All,Bll,ﬁll) is the cost of
applying deadbeat control design to the nodes that are not sinks, and
J(Q)(/~121,/~122,322,1{122) is the cost of applying the same optimal control law as
if the sinks were decoupled from the rest of the graph. Thus, we get

J(l) (/111, Bll, gll) = tr(ﬁflﬁ?léﬁTBﬁlfillgll)
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and
J@ (Ag1, Aga, Bog,Has) < tr(HLY Has) + tr(ﬁﬂA§1B§§B§2Azlﬁ11) (15)

where Bl, = (BLBs) 'BL. The inequality in (15) is true since

2)(A21 AQQ,BQQ,HQQ) is the cost of the optimal control law as if the sinks were
decoupled from the rest of the graph (see Theorem 3.6 in [10]), and it certainly has
a lower cost than any other controller particularly

Ky = —[B;}Azl (I + BgQYBQQ)_l.BgQYAQQ],
where Y is the unique positive definite solution of discrete algebraic Riccati equation
ALY Agy — ALY Boo(I + BLY Boy) ' BLY Agy — Y + 1 =0.

Note that since Ass is block diagonal, the positive definite matrix Y is also block
diagonal, and each block is only a function the corresponding subsystem. Thus, we
get

Jp(P9(P))? < tr(H3,Y Has) + tr(Hll(AllBll Bn Ay + A7, Bz2TBz2A21)H11)
(16)
The optimal closed-loop performance is Jp(K*(P))? = tr(HTUH) where U =

[Inxn O]V [I,xn 0]7 and V is the unique positive definite solution of discrete alge-
braic Lyapunov equation

A+ BD*(P) BC*(P) ]TV { A+ BD*(P) BC*(P) ] v
B*(P) A*(P) B*(P) A*(P)

I 0 D*(P)TD*(P) D*(P)TC*(P)
%0 0}+[C*<P>TD*<P> c*<P>Tc*<P>}‘°

(17)

with A*(P), B*(P), C*(P), and D*(P) as the state-space realization matrices of
the optimal control design strategy K*(P) for a given plant P € P’. Clearly, we
have

JP(K*(P))2:2": THT"UHe, = Zzym )Ty (k),

t=1 k=0

where for each t the vector y® (k) is the output of the system to the exogenous
impulse input w® (k) = 6(k)e;. This is true because for each ¢ the summa-
tion >3y (k)Ty® (k) gives the diagonal element ef H'UHe,. For any P =
(A,B,H) € P', we know that H'UH > HT X H since centralized controller has
the least performance cost over all other controllers either dynamic or static. Thus,
for each t € N'=JI_{Z., we get e H'UHe; > e} H X He; which shows

ZZy(t) T (t) (k) > Ze?(HTXH)et

teEN k=0 teN
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According to [13], we have X > AT(I + BBT)"'A + I for any P € P’, and
consequently

ZZW KTy (k) > (AL (AT (I + B BL) Ay
teN k=0

+ A5y (I + BaaBy) ™ st ) Hiy).
On the other hand, for each t € & = |JI_ g—ct12Lz; we know there exists a sink

i such that ¢t € Z;. For each w® (k), we get z; = 0 for any j # i (since 7 is a
sink in Gp). The other subsystems cannot use state-measurements of subsystem i
because G is equal to Gp (and consequently 7 is a sink in Gx). Therefore, at best
case scenario, the cost of controlling subsystem i is equal to the cost of optimal
controller designed locally (independent of other subsystems). Thus, we get

ZZW W)y O (k) > te(HLY Has).

teS k=0

Therefore, we get

Jp(K*(P))? > tr(HL (AL (I + B, BE)*Ay,

Jr1‘12T1(IJFB2ZBQTQ)_114121)1{111) thr(ﬁQTQYﬁﬂ). (18)
Now, lets define the set
M={BeR|BJp(K*(P)) - Jp(T®(P)) >0VP e P}
Using the inequalities in (16) and in (18), it is evident if
tr (A3 (AT, [B*(1 + BuBl) ™" = B Bi'] A (19)

ATI |:ﬁ2<-[ + 322B;2)_1 - B;gé%}} Azl)ﬁll) Z 0.

for some 8 € R, then 8 would belong to M. Thus, {f € R| 3 > /1 + 1/e2} C M.
This shows that rp(I'®) < /1 +1/e2. Now if (Sp)1; is not diagonal, with the
same argument as in the proof of Case 1 in Theorem 18, we get rp(T') > rp(I'®) =
\/1+1/e2 for any I" € C. This can be done because there are at least two fully-
actuated subsystems and we can forget about the underactuated subsystems.

The proof of the part that the control design strategy I'® is undominated is
similar to the one given in [12] for fully-actuated subsystems. n

8 Conclusions

We considered optimal Hy dynamic control design for interconnected linear systems
under limited plant model information. We introduced control design strategies as
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functions from the set of plants to the set of structured dynamic controller and com-
pared these control design strategies using the competitive ratio as a performance
metric. For a large class of system interconnections, controller structure, and design
information, we found an explicit undominated minimizer of the competitive ratio.
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Decentralized Disturbance Accommodation with
Limited Plant Model Information

Farhad Farokhi, Cédric Langbort, and Karl H. Johansson

Abstract—The design of optimal disturbance accommodation and servomechanism
controllers with limited plant model information is considered in this paper. Their closed-
loop performance are compared using a performance metric called competitive ratio which
is the worst-case ratio of the cost of a given control design strategy to the cost of the
optimal control design with full model information. It was recently shown that when it
comes to designing optimal centralized or partially structured decentralized state-feedback
controllers with limited model information, the best control design strategy in terms of
competitive ratio is a static one. This is true even though the optimal structured decen-
tralized state-feedback controller with full model information is dynamic. In this paper,
we show that, in contrast, the best limited model information control design strategy for
the disturbance accommodation problem gives a dynamic controller. We find an explicit
minimizer of the competitive ratio and we show that it is undominated, that is, there is
no other control design strategy that performs better for all possible plants while having
the same worst-case ratio. This optimal controller can be separated into a static feedback
law and a dynamic disturbance observer. For constant disturbances, it is shown that this
structure corresponds to proportional-integral control.
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1 Introduction

Recent advances in networked control systems have created new opportunities and
challenges in controlling large-scale systems composed of several interacting sub-
systems. An example of a networked control system is shown in Figure 1 where
P; denotes the subsystems to be controlled and C; denotes the controllers. The
interactions between the subsystems and the controllers as well as the external
disturbances and references are indicated by arrows. For such networked systems,
many researchers have considered the problem of decentralized or distributed stabi-
lization or optimal control as well as the effect of communication channel limitations
on closed-loop performance [2-11]. However, at the heart of all these methods lies
the (sometimes implicit) assumption that the designer has access to the global plant
model information when designing a local controller. This assumption might not be
warranted, however, in some applications of interest [12, 13], in which the designer
is constrained to compute local controllers for a large-scale systems in a distributed
manner with access to only a limited or partial model of the plant. This might be
due to several reasons, for example, (i) the designer wants the parameters of each
local controller to only depend on local model information, so that the controllers
do not need to be modified if the model parameters of a particular subsystem, which
is not directly connected to them, change, (i) the design of each local controller is
done by a designer with no access to the global model of plant since at the time of
design the complete plant model information is not available or might change later
in the design process, or (i) different subsystems belong to different individuals
who refuse to share their model information since they consider it private. These
situations are very common in practice. For instance, a chemical plant in process
industry can have thousands of proportional-integral-derivative controllers. These
processes well illustrate Case (i), as the tuning of each local controller does not typ-
ically require model information from other control loops in order to simplify the
maintenance and limit the controller complexity. Case (i) is typical for coopera-
tive driving such as vehicle platooning, where each vehicle has its own local (cruise)
controller which cannot be designed based on model information of all possible ve-
hicles that it may cooperate with in future traffic scenarios. Case (éii) can be also
illustrated by the control of the power grid, where economic incentives might limit
the exchange of network model information across regional borders. Therefore, we
have started investigating the concept of limited model information control design
for large-scale systems [14-17].

Control design strategies, mappings from the set of plants of interest to the set
of applicable controllers, with various degrees of model information are compared
using the competitive ratio as a performance metric, that is, the worst-case ratio of
the cost of a given control design strategy to the cost of the optimal control design
with full model information. In control design with limited plant model informa-
tion, we search for the “best” control design strategy which attains the minimum
competitive ratio among all limited model information design strategies. As this
minimizer might not be unique, we further want to find an undominated minimizer
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of the competitive ratio, that is, there is no other control design strategy in the set
of all limited model information design strategies with a better closed-loop perfor-
mance for all possible plants while maintaining the same worst-case ratio. Recent
attention has been on limited model information design methods that produce cen-
tralized or decentralized static state-feedback controllers with specific structure.
This was justified, at first, by being the simplest case to explore [14-16], and then,
maybe more surprisingly, by the recently proven fact that the “best” (in the sense
of competitive ratio and domination) state-feedback structured Hs- controller for
a plant with lower triangular information pattern that can be designed with lim-
ited model information is also static [17], even though the best such controller
constructed with access to full model information is dynamic [9, 10]. In this pa-
per, we study the problem of limited model information control design for optimal
disturbance accommodation and servomechanism, and show that, contrary to the
situations mentioned above, the “best” limited model information design method
gives dynamic controllers. Optimal disturbance accommodation is a meaningful
model for problems such as constant disturbance rejection or step reference track-
ing, and has been well-studied in the literature [18-22], but with no attention being
paid to the model information limitations in the design procedure.

In this paper, specifically, we consider limited model information control design
for interconnection of scalar discrete-time linear time-invariant subsystems being
affected by scalar decoupled disturbances with a quadratic separable performance
criterion. The choice of such a separable cost function is motivated first by the
servomechanism and disturbance accommodation literature [18-22], and second by
our interest in dynamically-coupled but cost-decoupled plants and their applica-
tions in supply chains and shared infrastructure [12, 13] which has been shown to
be well-modeled in this fashion. The assumptions on scalar subsystems and scalar
disturbances are technical assumptions to make the algebra in the proofs shorter.
Since we want each subsystem to be directly controllable (so that designing sub-
controllers based on only local model information is possible), we assume that the
overall system is fully-actuated.

We start with the case that each subcontroller is only designed with the corre-
sponding subsystem model information. We prove that, in the case where the plant
graph contains no sink and the control graph is a supergraph of the plant graph, the
so-called dynamic deadbeat control design strategy is an undominated minimizer
of the competitive ratio. For any fixed plant, the controller given by the deadbeat
control design strategy can be separated into a static feedback law and a dynamic
disturbance observer. For constant disturbances, it is shown that this structure
corresponds to a proportional-integral controller. However, the deadbeat control
design strategy is dominated when the plant graph has sinks. We present an un-
dominated limited model information control design method that takes advantage
of the knowledge of the sinks’ location to achieve a better closed-loop performance.
We further show that this control design strategy has the same competitive ratio as
the deadbeat control design strategy. Later, we characterize the amount of model
information needed to achieve a better competitive ratio than the deadbeat control
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Figure 1: Ilustrative example of a networked control system.

design strategy. The amount of information is captured using the design graph,
that is, a directed graph which indicates the dependency of each subcontroller on
different parts of the global dynamical model. It turns out that, to achieve a bet-
ter competitive ratio than the deadbeat control design strategy, each subsystem’s
controller should, at least, has access to the model of all those subsystems that can
affect it.

This paper is organized as follows. We formulate the problem and define the
performance metric in Section 2. In Section 3, we introduce two specific control de-
sign strategies and study their properties. We characterize the best limited model
information control design method as a function of the subsystems interconnec-
tion pattern in Section 4. In Section 5, we study the influence of the amount of
the information available to each subsystem on the quality of the controllers that
they can produce. We discuss special cases of constant-disturbance rejection, step-
reference tracking, and proportional-integral control in Section 6. Finally, we end
with conclusions in Section 7.

1.1 Notation

The set of real numbers and complex numbers are denoted by R and C, respectively.
All other sets are denoted by calligraphic letters, such as P and A. Particularly,
the letter R denotes the set of proper real rational functions.

Matrices are denoted by capital roman letters such as A. A; will denote the ;!
row of A. A;; denotes a submatrix of matrix A, the dimension and the position of
which will be defined in the text. The entry in the i*" row and the j** column of
the matrix A is a;;.

Let ST, (S%) be the set of symmetric positive definite (positive semidefinite)
matrices in R"*™. A > (>)0 means that the symmetric matrix A € R"*™ is positive
definite (positive semidefinite) and A > (>)B means that A — B > (>)0.

a(Y) and (V') denote the smallest and the largest singular values of the matrix
Y, respectively. Vector e; denotes the column-vector with all entries zero except
the ' entry, which is equal to one.
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All graphs considered in this paper are directed, possibly with self-loops, with
vertex set {1,...,q} for some positive integer ¢. If G = ({1,...,¢}, E) is a directed
graph, we say that ¢ is a sink if there does not exist j # 4 such that (i,7) € E. The
adjacency matrix S € {0,1}9%7 of graph G is a matrix whose entries are defined as
si; = 1 if (j,i) € E and s;; = 0 otherwise. Since the set of vertices is fixed for all
considered graphs, a subgraph of a graph G is a graph whose edge set is a subset
of the edge set of G and a supergraph of a graph G is a graph of which G is a
subgraph. We use the notation G’ O G to indicate that G’ is a supergraph of G.

2 Mathematical Formulation

2.1 Plant Model

We are interested in discrete-time linear time-invariant dynamical systems described
by
x(k+1) = Az(k) + B(u(k) + w(k)) ; (0) = xo, (1)
where z(k) € R™ is the state vector, u(k) € R™ is the control input, w(k) € R”
is the disturbance vector and A € R"*™ and B € R™*" are appropriate model
matrices. Furthermore, we assume that the dynamic disturbance can be modeled
as
w(k + 1) = Dw(k) ; w(0) = wo, (2)
where wy € R™ is unknown to the controller (and the control designer). Let a
plant graph Gp with adjacency matrix Sp be given. We define the following set of
matrices

A(Sp) = {A € R™™ | a;; =0 for all 1 <i,j < n such that (sp);; = 0}.
Also, let us define
B(e)={BeR"™™ | g(B) > ¢,b; =0forall 1 <i#j<n},
for some given scalar € > 0 and
D={DeR"™" |d;=0forall 1 <iz#j<n}.

Now, we can introduce the set of plants of interest P as the set of all discrete-time
linear time-invariant systems (1)—(2) with A € A(Sp), B € B(e), D € D, xp € R™
and wy € R”. With a slight abuse of notation, we will henceforth identify a plant
P € P with its corresponding tuple (A, B, D, 2o, wp).

The variables x; € R, u; € R, and w; € R are the state, input, and disturbance
of scalar subsystem ¢ whose dynamics are given by

l’z(k + 1) = Zaijxj(k) + b“(uz(k) + wl(k)),
j=1
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Figure 2: G'p and G’ are examples of plant graphs, Gk and G)- are examples of
control graphs, and G¢ and G are examples of design graphs.

We call Gp the plant graph since it illustrates the interconnection structure between
different subsystems, that is, subsystem j can affect subsystem ¢ only if (4,7) € Ep.
Note that we assume that the global system is fully-actuated; i.e., all the matrices
B € B(e) are square invertible matrices. This assumption is motivated by the fact
that we need all subsystems to be directly controllable. Moreover, we make the
standing assumption that the plant graph G» contain no isolated node. There is no
loss of generality in assuming that there is no isolated node in the plant graph Gp,
since it is always possible to design a controller for an isolated subsystem without
any model information about the other subsystems and without influencing the
overall system performance. Note that, in particular, this implies that there are
q > 2 vertices in the graph because for ¢ = 1 the only subsystem that exists is an
isolated node in the plant graph.

Figure 2(a) shows an example of a plant graph Gp. Each node represents
a subsystem of the system. For instance, the second subsystem in this example
affects the first subsystem and the third subsystem, that is, submatrices A2 and
Az can be nonzero. Note that the first subsystem in Figure 2(a) represents a sink
of Gp. The plant graph G/ in Figure 2(a’) has no sink.

2.2 Controller Model

The control laws of interest in this paper are discrete-time linear time-invariant
dynamic state-feedback control laws of the form

{BK(k'—f—l) = AK,’BK(k)—f—BKCB(k) ; .TK(O):O, (3)
u(k) = Crax(k)+ Dxa(k). ()

Each controller can also be represented by a transfer function

A B
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where z is the symbol for the one time-step forward shift operator. Let a control
graph Gx with adjacency matrix Sk be given. Each controller K belongs to

K(Sk)={K e R"™" | kj; =0 for all 1 <i,j <n such that (sx);; = 0}.

When the adjacency matrix Sy is not relevant or can be deduced from context, we
refer to the set of controllers as . Since it makes sense for each subcontroller to
use at least its corresponding subsystem state-measurements, we make the standing
assumption that in each design graph Gy, all the self-loops are present.

An example of a control graph G is given in Figure 2(b). Each node represents
a subsystem—controller pair of the overall system. For instance, Gx shows that
the first subcontroller can use state measurements of the second subsystem beside
its corresponding subsystem state-measurements. Figure 2(0’) shows a complete
control graph Gj.. This control graph indicates that each subcontroller has access
to full state measurements of all subsystems, that is, K(Sx) = R™*".

2.3 Control Design Methods

A control design method T is a map from the set of plants P to the set of controllers
KC. Any control design method I' has the form

Y11 o Yin

r= : (5)

Tnl e Tnn
where each entry 7;; represents a map A(Sp) x B(e) x D — R.

Let a design graph G¢ with adjacency matrix Se be given. We say that T’
has structure Gg, if for all ¢, subcontroller ¢ is computed with knowledge of the
plant model of only those subsystems j such that (j,i) € E¢. Equivalently, T
has structure Ge, if for all 4, the map I'; = [yi1 -+ 7in] is only a function of
{laj1 -+ ajnl,bjj.djj | (s¢)ij # 0}. When Ge is not a complete graph, we refer
to I' € C as being a “limited model information control design method”. Since
it makes sense for the designer of each subcontroller to have access to at least its
corresponding subsystem model parameters, we make the standing assumption that
in each design graph Gg, all the self-loops are present.

The set of all control design strategies with structure G¢ will be denoted by
C, which is considered as a subset of all maps from A(Sp) x B(e) x D to K(Sk)
because a design method with structure G¢ is not a function of the initial state xg
or the initial disturbance wg. We use the notation I'(A, B, D) instead of T'(P) for
each plant P = (A, B, D, 20, wp) € P to emphasize this fact.

To simplify the notation, we assume that any control design strategy I' has a
state-space realization of the form

AF(A7B7D) | BF(A7B7D)

NAB.D) = | =54 B.D) | Dr(A.B.D) |’
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where Ar(A, B, D), Br(A, B,D), Cr(A, B,D), and Dr(A, B, D) are matrices of
appropriate dimension for each plant P = (A, B, D,xg,wg) € P. The matrices
Ar(A, B,D) and Cr(A, B, D) are block diagonal matrices since subcontrollers do
not share state variables. This realization is not necessarily minimal.

An example of a design graph G¢ is given in Figure 2(c¢). Each node represents
a subsystem—controller pair of the overall system. For instance, G¢ shows that
the second subsystem’s model is available to the designer of the first subsystem’s
controller but not the third and the forth subsystems’ model. Figure 2(c¢’) shows a
fully disconnected design graph G. A local designer in this case can only rely on
the model of its corresponding subsystem.

2.4 Performance Metric

The goal of this paper is to investigate the influence of the plant graph on the prop-
erties of controllers derived from limited model information control design meth-
ods. We use two performance metrics to compare different control design methods,
which are adapted from the notions of competitive ratio and domination recently
introduced in [14-17]. Let us start with introducing the closed-loop performance
criterion.

To each plant P = (A, B, D, xzo,wg) € P and controller K € K, we associate the
performance criterion

WK

Tp(K) =) [#(k)" Qu(k) + (u(k) +w(k))" R(u(k) + w(k))] , (6)

=
Il

0

where () € 8", and R € S, are diagonal matrices. We make the following
standing assumption:

Assumption 3.1 Q =R =1.

This is without loss of generality because the change of variables (Z,u,w) =
(Ql/ 2g, RY2u, RY/ 2w) transforms the closed-loop performance measure and state-
space representation into

o0
k=0
and

Q'Y2AQ ™Yz (k) + Q'*BR™'*(u(k) + w(k))
Az (k) + B(u(k) + w(k)),

#(k+1)

without affecting the plant, control, or design graphs, due to @ and R being diagonal
matrices.
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Definition 3.1 (Competitive Ratio) Let a plant graph Gp, a control graph Gy,
and a constant € > 0 be given. Assume that, for every plant P € P, there exists an
optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.

The competitive ratio of a control design method I' is defined as

Jp(T'(A, B, D))
rp(l) = sup —
P() P=(A,B,D,zo,wo)cp JP(K*(P))

)

with the convention that “% 7 equals one.

Note that the optimal control design strategy (with full plant model information)
K™ does not necessarily belong to the set C.

Definition 3.2 (Domination) A control design method T is said to dominate an-
other control design method T if

Jp(I'(A,B,D)) < Jp(I'(A,B, D)), VP =(A,B,D,xo,w) € P, (8)

with strict inequality holding for at least one plant in P. When I" € C and no
control design method T € C exists that satisfies (8), we say that T is undominated
in C for plants in P.

In the remainder of this paper, we determine optimal control design strategies

I'* € argminrp(I), (9)
rec
for a given plant, control, and design graph. Since several design methods may

achieve this minimum, we are interested in determining which ones of these strate-
gies are undominated.

3 Preliminary Results

Before stating the main results of the paper, we introduce two specific control design
strategies and study their properties.

3.1 Optimal Centralized Control Design Strategy

The problem of designing optimal constant input-disturbance accommodation con-
trol for linear time-invariant continuous-time systems was solved earlier in [20, 22].
To the best of our knowledge, this was not the case for arbitrary dynamic distur-
bance accommodation when dealing with linear time-invariant discrete-time sys-
tems. As we need it later, we start by developing the optimal centralized (i.e,
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Gy is a complete graph) disturbance accommodation controller K*(P) for a given
plant P € P. First, let us define the auxiliary variables {(k) = u(k) + w(k) and
u(k) = u(k + 1) — Du(k). Tt then follows that

fk+1) = ulk+1)+wk+1)
= u(k+1)+ Dw(k)
= Du(k) + Dw(k) + u(k)
= D¢(k)+ u(k). (10)

Augmenting the state-transition in (10) with the state-space representation of the
system in (1) results in

zk+1) | | A B x(k) 0|
Ly =10 )@ [T ] “”
Besides, we can write the performance measure in (7) as

w3 [ ] (6 ] 2

k=0

To guarantee the existence and uniqueness of the optimal controller K*(P), we
need the following lemma.

Lemma 3.1 The pair (A, B), with

!

is controllable for any given P = (A, B, D, xg,wp) € P.
Proof: The pair (A, B) is controllable if and only if

. - A=)\ B 0
[AM5B]:[ 0 D)\IEI]

is full-rank for all A € C. This condition is always satisfied since all matrices
B € B(e) are full-rank matrices. =

Now the problem of minimizing the cost function in (12) subject to plant dy-
namics in (11) becomes a state-feedback linear quadratic optimal control with a
unique solution of the form

u(k) = Grz(k) + G28(k),
where G; € R™*"™ and G5 € R"*"™ satisfy

[G1 G2 |=—(B"XB)'B"XxA (14)
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and X is the unique positive-definite solution of the discrete algebraic Riccati equa-
tion
ATXB(BTXB) 'BTXA-ATXA+X -1=0. (15)

Therefore, we have

u(k+1) = Du(k)+ u(k)
= Du(k)+ Giz(k) + G2¢{(k). (16)

Using the identity &(k) = B~ (x(k + 1) — Az(k)) in (16), we get

u(k+1) = Du(k)+ Giz(k) + G2£(k)
= Du(k)+ Giz(k) + G2B™ ' (z(k + 1) — Az(k))
= Du(k) + (G1 — GoB ' A)x(k) + Go B 'a(k + 1). (17)

Putting a control signal of the form w(k) = xx (k) + Dgax(k) in (17), we get
J?K(k + 1) = D:Z?K(k) + (DDK + G — GzBilA)J?(k) + (G2371 - DK).’,E(IC + 1)

Now, we enforce the condition GoB~!— Dy = 0, as xx (k+1) can only be a function
of x(k) and xk (k), see (3). Therefore, the optimal controller K*(P) becomes

i (k+1) = Dxg(k)+[G1+DGyB™' — GyB ' Alx(k),
u(k) = ax(k)+ GeB ta(k),

with zx (0) = 0.

Lemma 3.2 Let the control graph Gy be a complete graph. Then, the cost of the
optimal controller K*(P) for each plant P € P is lower-bounded as

JP(K*(P))Z{ 0 ]T[W+DWD+D2B—2 —D(W+B—2)H 0 }

Buwy —(W+B"%D W+ B2 Buwy

where
W=A"I+B*""A+1I

Proof: Define
. ([ atk) 7T k) T
Jp(K, p) —gzo ([ (k) :| |: ¢(k) ]—i—pu(k)Tu(k)),

and

l_(;(P) = argmin Jp(K, p).
Kek
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Using Lemma 3.1, we know that K;(P) exists and is unique. We can find

jp(l_(;(P),p) using X (p) as the unique positive definite solution of the discrete
algebraic Riccati equation

ATX(p)B(pI + B"X(p)B) 'B"X (p)A— ATX (p)A+ X(p)—I1=0.  (18)
According to [23], the positive-definite matrix X (p) is lower-bounded by
X(p)—1 > AT (X(p) ' +p 'BB") A
~ — — ~ ~ — ~, —1 ~ — ~
= AT (X(p) = X(0)B (oI + B"X(p)B) ' BTX(p)) 4,

_ _ o 1 T T
X(p) = AT(I+p 'BB") 1A{A A+l AB }

2 2_p
BA B+ D 5 +1
Basic algebraic calculations show that

liy [X(0) — ()BT + B*X(p)B) 57X 4T EATE A

According to [24], we know that

lim Jp(K}(P),p) = Jp(K*(P)),

p—0t

and as a result

X = lim X (p) >

p—0

[A B}T[AT(IJrBQ)lAJrI OHA B

where X is the unique positive-definite solution of the discrete algebraic Riccati
equation in (15) and consequently

T
. I X111 X2 T
ey =| o ] {3 X ]
with X being partitioned as

X1 X2
X = .
[ X1T2 Xoo ]

‘We know that

€(0) = u(0) + wo = GoB g + wo = —(Xog' Xis + DB~ Mg + wp.
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Thus, the cost of the optimal control design Jp(K*(P)) becomes

T
Zo X1 X2 Zo
[ —(X5' X5 + DB~ Yo + wo } { X{y Xoo M —(Xp' X5+ DB~ V) o + wo ]
7B71DX22 Zo
Wo

_ "1 X1 — X12X55' X5 + B-'D X3, DB
X2
Zo
ol e

[ s )|

B_l(Xzz + DXooD — I)B_l
—XQQDB_l

The second equality is true because of the following equation extracted from the

discrete algebraic Riccati equation in (15)

Zo
Wo

—B_lDX22
X2

Zo
Wo

Xoo =1+ BX11B — BX12X5,' XI5 B,

which is equivalent to

X1 — X19X00' Xiy = B (X9p — )B™. (21)
Using (19), it is evident that
Xoo > B[AT(I+ B*) " A+ I|B+1=BWB+1,
and as a result, the inner-matrix in (20) is lower-bounded by
Bil(XQQ + DXooD — I)Bil 7BilDX22
7X22DB71 Xa2
- [ Bil(XQQ — 1)371 0 n BilDXQQDBil _BilDXQQ
- L 0 0 7X22DBil Xoo
[ BY (X —I)B™' 0 ~B-'D -B-'p 1"
~ | 0 N e
B~Y(BWB)B~! 0 —B~'D -B~'p 1"
> _ 0 ol T 7 (BWB+1) 7
[ W+DWD+D?B~2 —D(WB+ B™)
- —(BW +B~Y)D BWB+1
Finally, we get
T
. o W+DWD+D?B2 —DWB+BY) ][ =
>
Te(K7(P)) { wo } [ —(BW + B1)D BWB+1 wo
[ 2 |"[W+DWD+D2B2 —D(W + B?) 20
| Buwy —(W+B"%D W+ B2 Buwy |-

This statement concludes the proof.
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3.2 Deadbeat Control Design Strategy

In this subsection, we introduce the deadbeat control design strategy and calculate
its competitive ratio.

Definition 3.3 The deadbeat control design strategy T2 : A(Sp) x B(e) x D — K
is defined as

D| -B'D?

I'|-B7'(A+D) |~

I'“(A,B,D) &

It should be noted that using the deadbeat control design strategy, irrespective
of the value of the initial state xog and the initial disturbance wg, the closed-loop
system reaches the origin in just two time-steps. The closed-loop system with
deadbeat control design strategy is shown in Figure 3(a). This feedback loop can
be rearranged as the one in Figure 3(b) which has two separate components. One
component is a static deadbeat control design strategy for regulating the state of the
plant and the other one is a deadbeat observer for canceling the disturbance. This
structure is further discussed in Section 6, where it is shown that it corresponds to
proportional-integral control in some cases. First, we need to calculate an expression
for the cost of the deadbeat control design strategy.

Lemma 3.3 The cost of the deadbeat control design strateqy T® for each plant
P=(A,B,D,zg,wg) € P is

x r Q Q T
werasoy=| go |GG ]| 5, ]

where

Qu=I+D*(I+B % +A"B2A+ DATB2AD + A"B~?D + DB72A, (22)

Qi2=-D—-A"B™?2 - DB™? - DATB?A, (23)

Qe =ATB2A+B?+1 (24)
Proof:  First, it should be noted that the state of the closed-loop system with
I'2(A, B, D) in feedback reaches the origin in two time-steps. Now, using the
system state transition, one can calculate the deadbeat control design strategy cost
as

Jp(T2(A, B, D)) = x§ w9 + (u(0) 4 wo)” (w(0) + wo)
+a(1)T (1) + (u(1) + w(1)" (u(1) +w(1)),

where z(1) = —Dx¢ + Bwg, u(0) = —B7(A + D)xg, and u(l) = —B71(A +
D)z(1) — B~1D?zq. The rest of the proof is a trivial simplification. =

We need the following lemma in order to calculate the competitive ratio of the
deadbeat control design strategy I'® when the control graph G is a supergraph
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w (k) i/(k)
n
R N (k). o . x(k)
o —(_) Plant o () Plant '7—>
Hlualh)
w (k) = =B~ 1Ax(k) f—

xg(k +1) = Dxg(k) — B~*D?x(k) xp(k +1) = Dxg(k) — B"*D%x(k)
@ | ulk) =xg(k) —B (A +D)x(k) (b) uy (k) = xg (k) — B~*Dx(k)

Figure 3: The closed-loop system with (a) the deadbeat control design strategy I'>,
and (b) rearranging this control design strategy as a static deadbeat control design
and a deadbeat observer design.

of the plant graph Gp. As the notation K*(P) is reserved for the optimal control
design strategy for a given control graph Gg, from now on, we will use K¢ to
denote the centralized optimal control design strategy (i.e., the optimal control
design strategy with access to full-state measurement).

Lemma 3.4 Let Gx 2 Gp, and P = (A, B, D, x9,wy) € P be a plant with A being
a nilpotent matriz of degree two. Then, Jp(K*(P)) = Jp(K§(P)).

Proof: When matrix A is nilpotent, the unique positive-definite solution of the

discrete algebraic Riccati equation (15) is

. [ ATA+T AT }

BA BAT(I + B*)"'AB + 1 + B2
Consequently, the optimal centralized controller gains in (14) are
G1=0, Geo=-(I+B*"'BAB-D,
and as a result, the optimal centralized controller K5 (P) is
Ko(P) = { 7 I Da(jfjg?)ligzq_;lg2 }
=(I-D)'DUI+ B 'B'A-B'D? - (I+B*)"'BA-B'D.

Thus, K (P) € K(Sk) because the control graph G is a supergraph of the plant
graph Gp. Now, considering that K*(P) is the global optimal decentralized con-
troller, it has a lower cost than any other decentralized controller K € K(Sk),
specially K (P) € K(Sk) for this particular plant. Hence,

Jp(K*(P)) < Jp(K&(P)). (25)
On the other hand, it is evident that
Jp(K&(P)) < Jp(K*(P)). (26)

This concludes the proof. n
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Remark 3.1 Finding the optimal structured controller is intractable in general,
even when the global model is known. In this paper, we concentrate on the cases
where the control graph Gx is a supergraph of the plant graph Gp, because it is
relatively easier to solve the optimal control design problem under limited model
information in this case. In addition, although, in this paper, we may not be able to
find the optimal structured controller K*(P) for a particular plant in some of the
cases, we can still compute the competitive ratio rp. Thus, in a sense, this makes
the competitive ratio a quite powerful tool.

Next, we derive the competitive ratio of the deadbeat control design method.

Theorem 3.5 Let Gx O Gp. Then, the competitive ratio of the deadbeat control
design method T? is equal to

22+ 1+ V42 + 1

2¢2

rp (FA) =
Proof: First, let us define the set of all real numbers that are greater than or

equal to the competitive ratio of the deadbeat control design strategy

(I'2(A, B, D))
Jp(K*(P))

M—{ﬂeR‘JP gﬂvpeP}.

It is evident that
Jp(K&(P)) < Jp(K*(P))
for each plant P € P irrespective of the control graph G, and as a result

JP(PA<A’B’D)) < JP(PA<A’B’D))

27
K P) S JeKe(P) 27
Using (27) and Lemmas 3.3 and 3.2, 8 belongs to the set M if
{ Zo ]T[Qll le]{ Zo ]
Buwyg Qs Qun Buyg <5 (25)

20 " [ W+DWD+D2B~2 —D(W + B~2) 20
Buwy —(W+B"?)D W+ B2 Buwyg

for all A € A(Sp), B € B(e), D € D, 29 € R", and wy € R™ where Q11, Q12, and
Q22 are matrices defined in (22)—(24). The condition (28) is satisfied, if and only
if, for all A € A(Sp), B € B(e), and D € D, we have

{ B(W +DWD + D?B~2) —Qu  —BD(W + B~2) — Q12

—B(W + B~?)D — Q1 BW +B7?) = Qa ] =0
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Using Schur complement [25], 8 belongs to the set M if

Z = B(W+B™%) — Qo
= BATI+B)'"A+I+B?*)-A"B?A-B -1 (29)
AT(B(I+ B 1 —B2)A+(B-1)(B24+1)>0,

and
— [-BD(W + B72) = Qu2] [B(W + B™2) — Q2] " [-B(W + B~%)D — QJ]
+B8(W + DWD + D*B~2) — Q1 >0, (30)
for all A € A(Sp), B € B(e), and D € D. We can do the simplification

~BD(W +B %) ~Qi12 = —BDAT(I+B*)"A+T+B7?)
—(-=D—-ATB™? - DB ? - DATB2A)
= —(B-1)DI+B?%+A"B?
~DAT(B(I+B*)™'-B %A
= —-DZ+ATB?,
and as a result, the condition (30) is equivalent to

BW +DWD + D?*B™?) ~Qy — [-DZ+ A"B™%Z7'[-ZD + B~%2A] > 0, (31)

where Z is defined in (29). Furthermore, we can simplify 3(W +DW D+ D?B~2) —
Q1 as

AT(ﬁ(I + B2)_1 — B_2)A + (B[ + D?B~2 4+ D2]
+DAT(B(I + B%) ™' — B™2)AD — ATB™2D — DB™24,

which helps us to expand condition (31) to

AT (B(I+B*)™' =B ) A+ (B-1)(I+D*B?+ D?)
+DA" (B(I+B*) ' —=B?)AD — A"B™?D - DB?A

32
—D (AT (BU+B*) ' -=B?)A+(B-1)(B*+1))D (32)
+ATB™2D + DB?A - ATB™2Z7'B2A>0.
Hence, it follows from (32) that (31) can be simplified as
AT (BT +B*) ' - B ) A-ATB?Z7'B?A > 0. (33)

The condition (29) is satisfied, for all plants P € P, if 3 > 1 + 1/€2, since in this
case B(I + B?)~1 — B2 > 0 (recall that any matrix B is diagonal and its diagonal
elements are lower-bounded by €). Furthermore, for all 3 > 1+ 1/€2, it is easy to
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see that Z > (8—1)(B72+1I). As aresult, it can be shown that the condition (33)
is satisfied if
AT (BI+B) ' =B 2-(B-1)"'B B 2+1)'BH) A+ (B-1)I > 0. (34)
Now, the condition (34) is satisfied if
BI+B*) ' —B2—(-1)"'B B 2+1)"'B2>0. (35)
Noting that the matrix B = diag(bi1, ..., bnn), one can rewrite (35) as

B 1 1 1
>0 36
T+ 0 B IR - (36)

for all b;; > €. Retracing our steps backward, it easy to see that the set

2 2
L 2% 11+ Ve +1}§M.

2¢2

{ﬂ |B>1+ ;2 and (36) satisﬁed} = {ﬂ

Therefore, we get

o (T3 = sup Jp(I'2(A, B, D)) - 2¢2 +1+V4e2 +1
r pep  Jp(K*(P)) — 2¢ '

(37)

Now, we have to show that this upper bound can be achieved by a family of
plants. Consider a one-parameter family of matrices { A(r)} defined as A(r) = re;e]
for each r € R. It is always possible to find indices ¢ and j such that i # j and
(sp)ji # 0, because of the assumption that there be no isolated node in the plant
graph. Let B = el and D = I. For each r € R, the matrix A(r) is a nilpotent

matrix of degree two, that is, A(r)2 = 0. Thus, using Lemma 3.4, we get
Jp(K&(P)) = Jp(K*(P))

for this special plant. The solution to the discrete algebraic Riccati equation in (15)
is
AMTA)+1 eA(r)T

X= cA(r) /(14 AT AM) + (2 +1)T |-

Thus, if we assume that

2 (Ve +1+1
xro = (6 + )( el )61', (38)
2er
and
2V +1+1
wo = (6 + )( e+ 1+ )ei —e;, (39)

2e2r
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the cost of the optimal control design strategy is

. €2+ 1)vV4e2 + 1+ 5e? +4e* + 1
Jpt(p) = CHUACEL (10)

262 + V42 + 1+ 1)V4e2 + 1

(
+ 2€2y2 ’

and the cost of the deadbeat control design strategy is

(€2 +1)(32V4e2 + 1+ 5€2 +4e* + Vide2 + 1+ 1)

2¢4
41
n (€2 +1)(2V4e2 + 1+ e*V4e2 + 1 + €2 + 3e* + 2¢%) (4D
2e4r2

Jp(T2(A, B, D)) =

This results in

Jp(T2(A,B,D)) 26> +1+V4e2 +1

li 42
rhee  Jp(K*(P)) 2¢2 (42)
Equation (37) together with (42) conclude the proof. =

Remark 3.2 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a) and the control graph Gy in Figure 2(b). Theo-
rem 3.5 shows that, if we apply the deadbeat control design strategy to this particular
problem, the performance of the deadbeal control design strategy, at most, can be
(262 + 1+ /4e2 +1)/(2€2) times the cost of the optimal control design strategy K*.
In fact, Theorem 8.5 states that this relationship between the performance of the
deadbeat control design and the optimal control design with full model information
holds for a rather general class of systems. For the case that B = {I}, the relation-
ship is given by (3 4+ V/5)/2 =~ 2.62, so the deadbeat control design strategy is never
worse than two or three times the optimal.

With this characterization of T'® in hand, we are now ready to tackle prob-
lem (9).

4 Plant Graph Influence on Achievable Performance

In this section, we study the relationship between the plant graph and the achievable
closed-loop performance in terms of the competitive ratio as a performance metric
and the domination as a partial order on the set of limited model information
control design strategies. To this end, we first state and prove two lemmas which
will simplify further developments.

Lemma 3.6 Fiz real numbers a € R and b € R. For any x € R, we have x? + (a+
bx)? > a?/(1 + b?).
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[ w(0) = wy [ w(1) = Dw, [ w(2) = D*w,

[ x(0)=0 x(1) = Bw, x(2) = (A+ BDy + D)Bw,
[ xg(0) =0 xx(1) =0 ] xx(2) = BrBw,

vV [27 vy

[ u(0) =0 [ u(1) = DrBw, [ u(2) = CrBrx(1) + Drx(2)

Figure 4: State evolution of the closed-loop system with any control design strategy
I’ when z¢g = 0.

Proof:  Consider the function x — x? + (a + bx)?. Since this function is both
continuously differentiable and strictly convex, we can find its unique minimizer as
T = —ab/(1+ b?) by setting its derivative to zero. As a result, we get

2?4 (a+bx)? > 2% + (a + bx)? = a®/(1 + b%).

This concludes the proof. n

Lemma 3.7 Let the design graph G¢ be a totally disconnected graph, and Gx 2
Gp. Furthermore, assume that node i is not a sink in the plant graph Gp. Then,
the competitive ratio of a control design strategy I' € C is bounded only if a;; +
bii(dr)ij(A, B,D) = 0 for all j # i and all matrices A € A(Sp), B € B(e), and
D eD.

Proof: The proof is by contrapositive. Let us assume that there exist matrices
A € A(Sp), B € B(e), D € D, and indices i and j such that i # j and a;; +
bii (dr)ij (A,B,D) #0. Let 1 < ¢ < n be an index such that £ # i and (sp)g # 0
(such an index always exists because node i is not a sink in the plant graph Gp).
Define matrix A such that 4; = A;, A, = re;fr, and A; = 0 for all ¢ # 7, . Because
the design graph is a totally disconnected graph, we know that Fi(f_l,B,D) =
I'i(A, B, D). Using the structure of the cost function in (7) and plant dynamics
in (1), the cost of this control design strategy for wy = e; and zo = 0 is lower-
bounded by

(2))% + @e(3)?
(2))? + (rz;(2) + beelue(2) + we(2)])° .

J(A,B,D,O,Ej)(r(AvaD)) > ( (2)
= (ue(2)

Based on Lemma 3.6 and the fact that x;(2) = (ai; +bii(dr)i; (A, B, D))bj; (see Fig-
ure 4), we get

Uyp =+ wy
Uyp =+ wy

r?z;(2)*/(1 4 bj,)
= (ai; + bis(dr)i; (A, B,D))*b3,7% /(1 + b7,).

Jea,B,0,0,e;,)(T(A, B, D))

Y
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On the other hand, the cost of the deadbeat control design strategy is

Ja,5,00e,)(T*(A,B,D)) = el BY(ATB?A+ B~*+1)Be;
b + 1+ af;b3, /by

(/AN

Note that the deadbeat control design strategy is applicable here since the control
graph G is a supergraph of the plant graph Gp. This gives

Jp(T(4, B, D))
() = s Jp< )

_ Jp(T(A, B, D)) Jp(P(A, B, D))
= per | Ip(TA(A,B.D)) Jp(K(P))

Jp(L(A, B, D))
P Jp(TA(4, B, D)) “3)
- (aij + bii(dr)i; (A, B, D))*b3; /(1 + b7,) lim 2 — o
= b2+ 1+ ;b2 /b2, reool

This inequality proves the statement by contrapositive as the competitive ratio is
not bounded in this case. ™

4.1 Plant Graphs without Sinks

First, we assume that there is no sink in the plant graph and try to characterize the
optimal control design strategy in terms of the competitive ratio and domination.

Theorem 3.8 Let the plant graph Gp contain no sink, the design graph G¢ be
a totally disconnected graph, and Gx 2O Gp. Then, the competitive ratio of any
control design strategy I' € C satisfies

2¢2 +1+V4e2 +1

rp(l) 2 2¢2

Proof:  Consider a one-parameter family of matrices {A(r)} defined as A(r) =
re; el for each r € R. It is always possible to find indices i and j such that i # j and
(sp)ji # 0, because of the assumption that there is no isolated node in the plant
graph. Let B=¢€l and D = I. Let I € C be a control design strategy with design
graph G¢. Without loss of generality, we can assume that v;(A, B,D) = —r/e
since otherwise, using Lemma 3.7, we get that rp(I") is infinity, and as a result the
inequality in the theorem statement is trivially satisfied. Thus, for each r € R, the
cost of the control design strategy I' for g in (38) and wq in (39) is lower-bounded
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Jp(P(A,B.D)) = (uj(0) + w;(0))* + x;(1)*
_ ((62 +1)(VA2 +1+1) N 1>2+62

2¢2

(€2 +1)(362V4e2 + 1+ 5€2 +4e* + ViAe2 +1+1)

2¢4

On the other hand, for each r € R, the matrix A(r) is a nilpotent matrix of degree
two, that is, A(r)?2 = 0. Consequently, using Lemma 3.4, the cost of the optimal
control design strategy K*(P) for z( in (38) and wy in (39) is given by (40). This
results in

Jp(T(A,B,D)) 22+ 1+ V4e2 +1

T rooco JP(K*(P)) - 2¢2 '

Theorem 3.8 shows that the deadbeat control design method I'® is a minimizer
of the competitive ratio rp as a function over the set of limited model information
design methods C. The following theorem shows that it is also undominated by
methods of this type, if and only if, the plant graph Gp has no sink.

Theorem 3.9 Let the design graph G¢ be a totally disconnected graph, and Gx 2
Gp. Then, the control design strateqy T'® is undominated if and only if there is no
sink in the plant graph Gp.

Proof: First, we have to prove the sufficiency part of the theorem. Assume
that there is no sink in the plant graph. For proving this claim, we are going
to prove that for any control design method I' € C\ {I'®}, there exists a plant
P = (A,B,D,x9,wy) € P such that Jp(I'(4, B, D)) > Jp(I'*(A, B, D)). First,
assume that there exist matrices A € A(Sp), B € B(e), and D € D and an
index j such that A; +b;;(Dr);(A, B,D) + djje]T # 0. Without loss of generality,
we can assume that a;; + b;;(dr);;(A, B, D) + d;; # 0, because otherwise, using
Equation (43) in the proof of Lemma 3.7, we know that, if there exists £ # j such
that a;o+b;;(dr);e(A, B, D) # 0, the ratio of the cost of the control design strategy
I' to the cost of the deadbeat design strategy I'® is unbounded. Therefore, the
control design strategy I' cannot dominate the deadbeat control design strategy
', Pick an index i # j such that (sp);; # 0. It is always possible to pick
such index i because there is no sink in the plant graph. Define matrix A such
that 4; = Aj, A; = reJT, and Ay = 0 for all £ # 4,j. It should be noted that
I'j(A,B,D) =T, (/_1, B, D) because the design graph is a totally disconnected graph.
We know that r + b;;(dr);;(A, B,D) = 0 because otherwise the control design
strategy I cannot dominate the deadbeat control design strategy. The cost of this
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control design strategy for w = e; and x¢ = 0 satisfies

Jp(T(A,B,D)) > (ui(1) + wi(1))* + (u:(2) + wi(2))* + i(3)*
=202, /b7 + (us(2) + wi(2))? + (25(2)r + bii[us (2) + wi(2)])?,

because of the structure of the cost function (7) and the plant dynamics (1). Now,
using Lemma 3.6, we have

Jp(T(A, B, D)) > 203, /b7, + 2;(2)*r? /(1 4 b))
As a result

Jp(T(A, B, D)) — Jp(T'*(A, B, D)) (44)
> (Ajj + bj;(dr);;(A, B, D) + dj;) b?jTQ (1+0) — (b?j +1+ a?j)v

since ;(2) = (Aj; + bj;(dr);; (A, B, D) + dj;)b;; (see Figure 4) and
Ja,5,00e,)(T*(A,B,D)) = el B'(ATB?A+ B~*+1)Be;
= b5+ 1+7707, /b5 +al;

Thus, if we pick r large enough, the difference in (44) becomes positive, which
shows that the control design strategy I' cannot dominate the deadbeat control
design strategy I'“. Now, assume that there exist matrices A € A(Sp), B € B(e),
and D € D and an index j such that A; + b;;(Dr);(A,B,D) + dj;el = 0 but
I;(A, B, D) # I‘J»A(A,B,D). Define matrix A such that A; = A; and A, = 0 for
all £ # j and matrix D as d;; = d;; and dg = 0 for all £ # j. Let 29 = 0. If
there exists an index i # j such that v;;(A, B, D) # Vi3 A(A, B, D) pick wy = e,
otherwise, pick wy = e;. For this special case, the state of the closed-loop system
with the controller I'(A, B, D) is equal to the state of the closed-loop system with
the controller T'®(A, B, D) for the first and the second time-steps (see Figure 4
and Figure 5). As a result, the state of the subsystem j reaches zero in two time-
steps. Now, since I'j(A, B, D) # FJ-A(/I, B, D), in the next time-step the state of the
subsystem j becomes non-zero again. This results in a performance cost greater
than the performance cost of the control design strategy I'*. Thus, the control
design T'® is undominated by the control design method T
Now, we have to prove the necessary part of the theorem. Proving this part
is equivalent to proving that if there exists (a sink) j such that for every i # j,
(sp)ij = 0, then there exists a control design strategy I" which can dominate the
deadbeat control design strategy. Without loss of generality, let j = n; i.e., assume
that (sp)in = 0 for all i # n. In this situation, we can rewrite the matrix A as

a1 A1 0

Gn-11 -+ Gp—imn—1 0
Gn1 o Gn,n—1 Qnn
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Define 1_70 = [.’,El (O) R Infl(O)]T and ’lz)o = [wl(O) R U)nfl(O)]T. Let F(A,B,D)
be defined as Ar(4, B,D) =D, Cr(A,B,D) =1,

Mo di
—g 0 0
Bf‘(AaBaD) = d271 . )
0 T b:q,’:fl 0
L (bF)nl T (bF)n,nfl (bF)nn
[ 7(11117?1(111 o 7(111;?171 0
DF(A’B’D) - An_1,1 anfl,n—l.‘f’dnfl,n—l ’
bt T bn—1,n—1 0
(dF)nl e (dF)n,n—l (dF)nn

where Br = [(br)n1 -+ (br)nn] and Dy = [(dr)n1 --- (dr)ns] are tunable gains
for the last subsystem. We denote the cost of applying the deadbeat controller to

subsystems 1,...,n — 1 by J&)B_Djo 0)" This cost is independent of the control

design parameters Br and Dr, because the last subsystem is a sink and it cannot
affect the other subsystems. The overall cost of the controller is

_ 7 (2) DT
J(AﬂB'rz(%wO)(F(A’ B’ D)) - J(A,B,D,fg,ﬂ)o) + J(A,B,D,Ig,w0)<BF7 DF)’

(2)
where J(A,B,D,xo,wo)

system. This cost J((Z),RD’%MO)
model, because the deadbeat (for subsystems 1,...,n—1) cancel out all dependen-
cies in matrix A, thus, one can design the optimal controller for the lower part of
the system without the model information of the upper part. Now, we can use the
method mentioned in Subsection 3.1 to design the optimal controller for the lower

part and find the optimal gains

(Br, Dr) is the cost of the controller designed for the last sub-
(Br, Dr) is independent of the rest of the system’s

_ _ 1
Br =" (0 1)A, - D), Dr = (a4, ~ Dy,

bnn
where

2
o =

Note that this new control design strategy is always applicable since the control
graph Gy is supergraph of the plant graph Gp. Therefore, there exists a control
design strategy which satisfies

J(A,B,D,mo,wo) (F(Av B» D)) < ‘](A,B,D,aco,wo)(FA (Av B, D)),
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[ w(0) = wy [ w(1) = Dw, [ w(2) = D*w, }\

[ x(0) =0 x(1) = Bw, x(2)=0

[ x¢(0) =0 xx(1) =0 xk(2) = —D*w,
vy £ 22 vV

[ u(0)=0 [ u(1) = —B~1(4 + D)w, [ u(2) = —D*w,

Figure 5: State evolution of the closed-loop system with deadbeat control design
strategy I'® when z¢ = 0.

for all matrices A € A(Sp), B € B(e), and D € D and all vectors g € R™ and
wp € R™. Consider the matrix A € A(Sp) such that A,, = rel and A, = 0 for all
{#mn. Let B=¢l and D = I. For this special system, for all » > 0, we have

VIt +2r22 —2r2 + et + 22+ 1+ 12 + 241
2

Ja,B,D,0,e,)(T(A, B, D)) =
< P4+l
= Ja.B.00.en)(T2(4,B,D)).

Thus, the control design strategy I' dominates the deadbeat control design strategy
ra. ]

Remark 3.3 Consider the limited model information design problem given by the
plant graph G’ in Figure 2(a’), the control graph G} in Figure 2(V'), and the design
graph G{, in Figure 2(c’). Theorems 8.8 and 3.9 show that the deadbeat control
design strategy T® is the best control design strategy that one can propose based
on local model of the subsystems and the plant graph, because the deadbeat control
design strategy is the minimizer of the competitive ratio and it is undominated.

We use the construction in proof of the “only if” part of Theorem 3.9 to build
a control design strategy for the plant graphs with sinks in the next subsection.

4.2 Plant Graphs with Sinks

In this section, we study the case where there are ¢ > 1 sinks in the plant graph.
By renumbering the sinks as subsystems number n — ¢+ 1, -+ -, n the matrix Sp
can be written as

(SP)11 | Og—c)x(e)
Sp — g , 45
P = G | (9p) (45)

where
(SP)11 T (SP)l,n—c

(Sp)u = : : ;

(SP)W—CJ T (SP)n—c,n—c
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(SP)n—c+l,1 te (SP)n—C-i-l,n—c
(5p)21 = : : ;
(8P)n,1 o (5P)nm—c
and
(SP)n—ctim—ct1 - - 0
(Sp)22 = : . :
0 o ($P)un

From now on, without loss of generality, we assume that the structure matrix is
the one defined in (45). The control design method I'® for this type of systems is
defined as

I'°(A,B,D) =

D | B"'D(F(A,B) + )A— B~'D?
T B~1(F(A, B)A— D) :

where
F(A, B) = diag(0,...,0, fn—ct1(4, B), ..., fn(A, B))
and
2 —1
b} +af +1+ \/a?i + 243,07, — 2a; + bj; + 2b7; + 1

foralli=n—c+1,---,n.

The control design strategy I'® applies the deadbeat to every subsystem that
is not a sink and, for every sink, applies the same optimal control law as if the
node was isolated. We will show that when the plant graph contains sinks, the
control design method I'® has, in the worst case, the same competitive ratio as
the deadbeat strategy. However, unlike the deadbeat strategy, it has the additional
property of being undominated by limited model information methods for plants
in P when the plant graph Gp has sinks.

Theorem 3.10 Let the plant graph Gp contain at least one sink, and G 2 Gp.
Then, the competitive ratio of the design method I'® introduced in (46) is

TP(F@) — W» if (SP)ll 7é 0 s not diagonal,
1, if both (Sp)11 = 0 and (Sp)22 = 0.

Proof: Based on Theorem 3.5, we know that

2¢2
J, vowe) (K (P)) > J 2o, w
(A,B.D.wowo) (K7 (P)) 22 +1+ Va2 1 (A,B,D,z0,wo)

and by the proof of the “only if” part of Theorem 3.9, we know that

(T2(A, B, D)), (48)

J(A,B,D,aco,wo) (FA (Av B, D)) > J(A,B,D,;Eo,wo) (F@ (Av B» D))v (49)
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for all zp € R™ and wy € R™. Putting (49) into (48) results in

2¢?

J, wowny (K (P)) > J, 20w (T9(A, B, D)),
(A,B,D,xq, 0)( ( )) - 2€2+1+\/m (A,B,D,xo, 0)( ( ))

and, therefore, in

J(A,B,D,wo,wo)(F@(AvBvD)) < 2€2+1+ V4€2+1 VP — (A B %0 U)) cp

J(A»B,D,Io,wo)<K*(P)) B 2¢2
As a result
J To,w F@ AvaD 2 2 1 4 2 1
rp(T®) = sup JC:Lz0. ) (T( ) 2+ +2\/ e+1
rer  J(ALao,uw) (I(P)) 2¢

If (Sp)11 has an off-diagonal entry, then there exist 1 < 4,5 <n —c and i # j such
that (sp);; # 0. Define A(r) such that A(r) = rejel. In this case, using the proof
of Theorem 3.8, we know

or 28+ 1+4+V4e2+1
7‘77(1_‘ ) = 2¢2 y

because the control design I'® acts as the deadbeat controller on that part of the
system. Using both these inequalities proves the statement.

If (Sp)11 =0 and (Sp)22 = 0, every matrix A with structure matrix (Sp) is a
nilpotent matrix of degree two. Thus, using Lemma 3.4, we get

Jp(K*(P)) = Jp(K&(P))-

Now, based on the proof of Lemma 3.4, we also know that the optimal controller
gain for this plant model is

. [ D|DU+B)'B'A_B D
Ke(P) = { I -U+B) 'BA-B D |

For control design strategy I'®, we will have

I'°(A,B,D) =

D | B 'DBI+B*»'B-1)A- B 'D?
T B~YB(I +B?)~IBA-D)

[ D|DUI+B?)"'B1A-B1D?

T | I -0+B»)'BA-B'D

based on (46). Thus, rp(I'®) = 1. n
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Theorem 3.11 Let the plant graph Gp contain at least one sink, the design graph
Ge be a totally disconnected graph, and Gx 2 Gp. Then, the competitive ratio of
any control design strateqy I' € C satisfies

>2€2+1+\/462+1

rp (F) 2¢2 ;

if (Sp)11 is not diagonal.

Proof:  First, suppose that (Sp)11 # 0 and (Sp)11 is not a diagonal matrix,
then there exist 1 < 4,5 < n —c and ¢ # j such that (sp);; # 0. Consider the
family of matrices A(r) defined by A(r) = re;e] . Based on Lemma 3.7, if we want
to have a bounded competitive ratio, the control design strategy should satisfy
7+ bii(dr)ij(A(r), B,D) = 0 (because node 1 < i < n — ¢ is not a sink). The rest
of the proof is similar to the proof of Theorem 3.8. n

Remark 3.4 Combining Theorem 3.10 and Theorem 3.11 implies that if (Sp)11 #
0 is not diagonal (i.e., the nodes that are not sink can affect each other), control
design method T'® is a minimizer of the competitive ratio over the set of limited
model information control methods and consequently a solution to the problem (9).
Furthermore, if (Sp)11 and (Sp)az are both zero, then the I'® becomes equal to K*,
which shows that, T'® is a solution to the problem (9), in this case too. The rest of
the cases are still open here.

The next theorem shows that I'® is a more desirable control design method
than the deadbeat when plant graph Gp has sinks, since it is then undominated by
limited model information design methods for plants in P.

Theorem 3.12 Let the plant graph Gp contain at least one sink, the design graph
Ge be a totally disconnected graph, and G O Gp. Then, the control design method
I'® is undominated by all limited model information control design methods.

Proof: ~ Assume that there are ¢ > 1 sink in the plant graph. For prov-
ing this claim, we are going to prove that for any control design method I'" €
C\{T'®}, there exits a plant P = (A, B, D, g, wp) € P such that Jp(I'(4, B, D)) >
Jp(T®(A, B, D)). We will proceed in several steps, which require us to partition
the set of limited model information control design strategies C as follows

C=Wo UW UWy U{T4},
where

Wy := {L€C|3jn—c+1<j<n, such that [';(A, B,D) #T9(A,B,D)},

Wi={T'e C\Wr|3j,1<j<n—c
and 3P € P, (Dr);(A, B, D) # (DP);(A, B, D)},
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and

Wo={T eC\WaUW, |3j,1<j<n-¢3IPeP,
such that I';(A, B, D) #T'Y (A, B, D)}.

First, we prove that the I'® is undominated by control design strategies in W.
We assume that there exist index n —c+ 1 < j < n and matrices A e A(Sp),
B € B(e), D € D such that T';(A, B, D) # F?(A,B,D). Consider matrices A and
D defined as A; = A; and A; = 0 for all i # j and dj; = d;j; and d;; = 0. For this
particular matrix A, any xg, and any wg, we know from the proof of the “only if”
part of Theorem 3.9 that T® (A, B, D, 2, wy) is the globally optimal controller with
limited model information. Hence, every other control design method in C leads
to a controller with greater performance cost than I'® for this particular type of
plants. Therefore, the control design I'® is undominated by control design methods
in WQ.

Second, we prove that the control design strategy I'® is undominated by the
control design strategies in Wj. Let I' be a control design strategy in W; and let
index 1 < j < n — ¢ be such that A; + bj;(Dr);(A, B, D) + djel # 0 for some
matrices A € A(Sp), B € B(e), and D € D. Tt is always possible to pick an index
i # j such that (sp);; # 0 because node j is not a sink in the plant graph. If
1 <i < n — ¢, the proof is the same as the proof of the “if” part of Theorem 3.9,
therefore, without any loss of generality, we assume that n —c+1 < i < n. Again,
with the same argument as in the proof of the “if” part of Theorem 3.9, without
loss of generality, we can assume that a;; + b;;(dr);; (A, B, D) + d;; # 0 (because
otherwise the ratio of the cost the control design strategy I' to the cost of the
control design strategy I'® becomes infinity). Define matrix A such that A; = Aj,
Aj=rel and Ay =0 for all £ #i,j. Let D € D be such that d;; = d;; and dy =0
for all £ # j. It should be noted that T';(A, B, D) = I';(A, B, D) because the design
graph is a totally disconnected graph. The cost of this control design strategy for
wo = e; and x¢ = 0 would satisfy

Jp(T(A, B, D)) > (ui(1) + wi(1))* + 24(2)* + (us(2) + wi(2))? + 2:(3)?
= 7205/ (b3 4+ 1) + (wi(2) + wi(2))? (x5 (2)7 + bisui(2) 4+ wi(2)])?
> (r°b3; + 2;(2)%r%) /(1 +7),

This results in

Ja,1.8,0,0,e;)(T'(A, B, D)) — J(A,I,B,D,O,ej)<F®(AvBvD))
> (aj; + bj;(dr);;(A, B, D) + dj;)?b5 17 /(14 b3;) — (A, bjj).

where k(A;,b;;) is only a function A; and b;; and represents the part of the cost
of the control design strategy I'® that is related to subsystem j only. If we pick
large enough, the difference would become positive, which shows that the control
design strategy I' cannot dominate the control design strategy I'®.
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Finally, we prove that the control design strategy I'® is undominated by the
control design strategies in Wy. The same argument as in the proof of the “if” part
of Theorem 3.9 holds here too. u

Remark 3.5 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a), the control graph G in Figure 2(b"), and the design
graph Gy in Figure 2(c’). Theorems 3.10, 3.11, and 8.12 together show that, the
control design strategy T'© is the best control design strategy that one can propose
based on local subsystems’ model and the plant graph, because the control design
strategy T'© is a minimizer of the competitive ratio and it is undominated.

5 Design Graph Influence on Achievable Performance

In the previous section, we approached the optimal control design under limited
model information when Ge¢ is a totally disconnected graph. The next step is to
determine the necessary amount of the model information needed in each subcon-
troller to be able to setup a control design strategy with a smaller competitive ratio
than the deadbeat control design strategy. We tackle this question here.

Theorem 3.13 Let the plant graph Gp and the design graph Ge be given, and
Gk 2 Gp. Assume that the plant graph Gp contains the path i — j — £ with
distinct nodes i, j, and £ while (¢,j) ¢ Ec. Then, we have

>2e2+1+\/4e2+1

2¢2

rp(T)

Proof:  Let i, j, and k be three distinct nodes such that (sp);; # 0 and
(sp)ei # 0 (i.e., the path i — j — £ is contained in the plant graph Gp). Define
the 2-parameter family of matrices A(r,s) = rejel + sege;‘-r. Let B=¢€l,D =1,
and I' € C be a limited model information with design graph G¢. The cost of this
control design strategy for wo = e; and z¢ = 0 satisfies

‘](A,B,D,O,ej)(r(AvB?D)) > ( (2)
= (w(2)
because of the structure of the cost function in (7) and the system dynamic in (1).

Now, using Lemma 3.6 and the fact that z;(2) = (r + €(dr);i(r))e (see Figure 4),
we get

(2))" + ze(3)?

Uyp =+ wy
ue(2) +we(2))” + (s25(2) + efue(2) + we(2)]),

J(A,B,D,O,Ej)(F(Av Bv D)) > 32$j(2)2/(1 =+ 62)
(r + e(dr)ji(r)?€?s? /(1 + €2).
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Note that (dr);i(r) is only a function of r and not s since (¢, j) ¢ E¢. On the other
hand, the cost of the deadbeat control design strategy is

Ja,5.D0.e)T2(A, B, D)) = e B'(ATB?A+ B ?+1)Be;
= 41472

Note that the deadbeat control design strategy is applicable here since the control
graph G is a supergraph of the plant graph Gp. Using (43), we get

(ot ) OPEA D)
€2+ 1472 500

() >

Using (50) it is easy to see that the competitive ratio rp(I") is bounded only if
r + €(dr)ji(r) = 0, for all » € R. Therefore, there is no loss of generality in
assuming that (dr);;(r) = —r/e because otherwise the rp(I") is infinity and the
inequality in the statement of the theorem is trivially satisfied. Now, let us fix
s = 0 and use the notation A(r) = rejel. Since the parameters of the subsystem
Jj is not changed and (¢, j) ¢ E¢, we have (dr);;(r) = —r/e. Therefore, for each
r € R, similar to the proof of Theorem 3.8, the cost of the control design strategy
T for z in (38) and wy in (39) is lower-bounded by

€+ 1)(3e3V4e2 + 1+ 562 +4et + V42 + 1+ 1)
2¢t ’
On the other hand, for each r € R, the matrix A(r) is a nilpotent matrix of degree

two, that is, A(r)? = 0. Similar to the proof of Theorem 3.8, for zg in (38) and wy
in (39), we get

Jp(T(A, B, D)) > ¢

(€2 4+ 1)V4e2 + 1+ 5e% +4e* + 1 N (262 + V42 + 1+ 1)V4e2 + 1
2¢e2 2e2r2 ’
since Jp(K*(P)) = Jp(K{(P)) according to Lemma 3.4. This results in
ro(T) > lim Jp(L(A,B,D)) _ 2 +1+ m.
r—oo  Jp(K*(P)) 2¢?
This finishes the proof. n

Jp(K*(P)) =

Remark 3.6 Consider the limited model information design problem given by the
plant graph G’ in Figure 2(a’), the control graph G in Figure 2(b), and the design
graph Ge in Figure 2(c). Theorem 3.13 shows that, because the plant graph Gp
contains the path 2 — 1 — 4 but the design graph G¢ does not contain 4 — 1, the
competitive ratio of any control design strateqy I' € C would be greater than or equal
to rp(I'2).

Remark 3.7 Theorem 8.13 shows that, when Gp and Gx is a complete graph,
achieving a better competitive ratio than the deadbeat design strategy requires each
subsystem to have full knowledge of the plant model when constructing each subcon-
troller.
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6 Proportional-Integral Deadbeat Control Design Strategy

In this section, we use some of the results of the paper on familiar control design
problems like constant-disturbance rejection and step reference-tracking.

6.1 Constant-Disturbance Rejection

For the case of constant-disturbance rejection, we can model the disturbance as
in (2) with matrix D = I. For each plant P = (A, B, I, z,w) € P, the deadbeat
controller design strategy is

A s [ 1] B!
F (A7B7I)|:I|—B_1(A+I) )
This controller can be realized as
k
u(k) = =B ' Ax(k) - B~ a(i).
i=0

which is a proportional-integral controller. Thus, we call the restricted map-
ping T2 . : A(Sp) x B(e) — K(Sk), defined as I'a (A, B) = I'*(A, B, I), the
proportional-integral deadbeat control design strategy. The proportional term reg-
ulates the states of the system and the integral term compensates for the distur-
bance. For instance, in this case, Theorem 3.8 shows that when the plant graph Gp
contains no sink and the design graph G¢ is a totally disconnected graph, the dead-
beat proportional-integral control design strategy is an undominated minimizer of
the competitive ratio. Note that the integral part of this control design strategy is
fully decentralized and the proportional part only needs the neighboring subsystems
state-measurements.

6.2 Step Reference-Tracking

Consider the case that we are interested in tracking a constant reference signal
r € R". We need to define the difference z(k) = x(k) — r which gives

Z(k+1)=a2(k+1) —r = Ax(k) + Bu(k) — r = Az(k) + Bu(k) + Ar —r.
Now if the subsystems do not want to share the reference points with each other,
we can think of the additional term Ar — r as the constant-disturbance vector
w(k) = B~1(Ar — r). Thus, we have
z(k+1) = Az(k) + B(u(k) + w(k)).
The subsystems only need to transmit the relative error between the state-measurements
and reference points. In this case, we can use the cost function

Ip(K) =Y [a(k) "2 (k) + (u(k) + w(k)" (u(k) + w(k))], (50)
k=0
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to make sure that the error (k) goes to zero as time tends to infinity. Note that
if we want to have a complete state regulation limy_,~ Z(k) = 0, the control signal
should have a limit as

lim w(k) = —B~'(Ar — 7).

k— o0
Thus, the second term of the cost function (50) only penalizes the difference of the
control signal and its steady-state value.

7 Conclusions

We studied the design of optimal disturbance-rejection and servomechanism dy-
namic controllers under limited plant model information. We investigated the re-
lationship between closed-loop performance and the control design strategies with
limited model information using the performance metric called competitive ratio.
We found an explicit minimizer of the competitive ratio and showed that this mini-
mizer is also undominated. This optimal control design is a dynamic control design
strategy composed of a static part for regulating the state of the system and a
dynamic part for canceling the effect of the disturbance. Possible future work will
focus on extending the present framework to situations where the subsystems and
disturbances are not scalar.
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