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Abstract

This thesis provides a line of work on distributed design of structured controllers for
large-scale dynamical network systems. Although most existing distributed controller
design methods are built on the premise that the controllers are designed and integrated
in a centralized manner, actual network systems are managed by multiple operators in
many cases and each subcontroller is independently designed by its own operator based
only on the model of the corresponding subsystem. In this thesis, novel distributed
design methods for decentralized controllers and distributed controllers are proposed.
An approach based on retrofit control is proposed for distributed design of decentralized
controllers. The key idea is to regard the network system as an interconnected system
among a subsystem of interest and the others and to attach a controller that preserves
stability of the original network system. It is revealed that all retrofit controllers have
a structure that rectifies the effect from the interconnection signal to the measurement
signal. Moreover, to confirm the effectiveness of the proposed method, a numerical
example through a benchmark model representing the bulk power system in the eastern
half of Japan is shown. In addition, the results of retrofit control are generalized to
glocal control where global and local controllers are designed in a distributed manner.
Based on hierarchical representation, which is an equivalent representation of the

original network system, a novel glocal control method is proposed.
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Chapter 1

Introduction

1.1 Backgrounds

The thesis discusses control of large-scale dynamical network systems. A dynamical
network system is composed of multiple dynamical subsystems and a network connecting
the subsystems. Behavior of each subsystem’s states obeys not only its own dynamics
but also interaction among interconnected subsystems through the network. The notion
of large-scale dynamical network systems covers a great variety of systems [1| and
typical examples include power systems [2, 3|, transportation systems [4], and social
networks [5-7|. Safely operating such a large-scale network system with reliable control
is an important issue because when a contingency happens at a part of the network
system the failure widely spreads over the whole. In fact, serious blackouts caused
by the cascading failure often happen throughout the world, such as the blackout of
North America in 2003 where the number of affected people reaches into 45 million [8].

Although a great deal of effort has been devoted to the research of controller
design in large-scale dynamical network systems, the problem still remains to be
challenging. Several difficulties are arisen when controlling large-scale network systems
and researchers in the filed of control engineering have mainly focused on the problem
of information structure inside the designed controllers [9]. In the typical setting, it
is supposed that a subcontroller is assigned to every subsystem and these controllers
manage the whole network system in a coordinated manner by exchanging signal
information with respect to its corresponding subsystem through communication with
one another. Owing to the information exchange way, the structure of the controllers is
restricted and hence the feasible set of designable controller is also limited. As a result,
the mathematical problem of controller design is different from the classic one where

no restriction on controller structure is placed. Several controller design methods, e.g.,



decentralized control and distributed control [10, 11], have been proposed to deal with
information structure and the effectiveness has been verified.

Based on the existing results, the next issue to be resolved is distributed design
of controllers [12], where each controller is designed in a distributed manner. In fact,
most existing distributed controller design methods are built on the premise that the
controllers are designed and integrated in a centralized manner; in other words, it is
implicitly supposed that a single system operator manages the entire network system and
designs all subcontrollers in the network system. Actual network systems, however, are
managed by multiple operators in many cases and each subcontroller is independently
designed by its own operator based only on the model of the corresponding subsystem.
For instance, in power systems, multiple independent system operators exist and each
of them is responsible for achieving supply-demand balance in its region while keeping
the stability of the entire grid by subcontrollers, such as power system stabilizers
(PSSs), which are designed independently [13]. Consequently, it is necessary to develop
a distributed design method of controllers to deal with difficulties in real network
systems.

The notion of distributed design has been proposed in [12] and the literature on this
issue is still in its infancy. A distributed design method has been proposed in [12], but it
places the unrealistic assumption that independent control inputs can be injected into
every differential equation in the system. Although in [14] the authors have extended the
result to the case of fully-actuated systems, the applicability is still limited. As another
concept achieving distributed design, controller design methods based on system level
synthesis [15-17] have been proposed. The key idea is to confine the closed-loop map
to its local region and to make the optimal controller design problem separable and
solvable locally. The approach can be applied only to discrete-time systems essentially
and it cannot be determined in advance whether the optimization problem in the
design process is feasible or not. In [18], a heuristic approach for designing intelligent
balancing authorities that control subsystems inside each corresponding area to depress
dynamic response to contingencies of interest is proposed. Although its effectiveness is
shown numerically, no theoretical results are derived.

As a novel distributed design method of decentralized controllers, retrofit control [19,
20| has been recently proposed. The basic operation of retrofit control is to regard
the system as an interconnected system among a subsystem of interest and the others
and to design a retrofit controller that guarantees the entire system stability for any
possible neighboring subsystems. Every operator in the targeted network system can

independently design and implement a decentralized subcontroller while preserving



the stability of the whole network system by employing retrofit controllers, which
are designed based only on the model of the corresponding subsystem. Retrofit
control requires no communication among sub-controllers, which has a potential of
applicability to a large-class of interconnected systems, because all subcontrollers are

purely decentralized and no lines are needed among the subcontrollers.

1.2 Contributions of Thesis

In view of the backgrounds mentioned in Section 1.1, the following problems are
considered in this thesis.

First, we consider distributed design problem of decentralized controllers for a
large-scale network system that is stably operated. There are multiple operators
with the aim of suppressing effects of disturbance injected into the network system
by implementing subcontrollers. Each operator can attach a subcontroller to the
corresponding subsystem but the subcontroller design is performed based only on the
subsystem model without the other subsystems and the network, called environment.
The difficulty here is that existing controller design methods cannot deal with the
unknown environment and even stability of the resulting system cannot be guaranteed
with traditional ones. Under the situation, a controller design method for decentralized
controllers in a distributed fashion that can assure the stability of the whole network
system is proposed via retrofit control in this thesis.

Second, we consider the PSS design problem for frequency control in power grids
with renewable energy resources. As a practical problem, stabilization of power grids to
which large amount of distributed energy resources is introduced has been increasingly
important. The frequencie of every synchronous generator in a large power grid is
necessarily kept to be around the nominal value; otherwise these lose synchronism
and a fatal fault, e.g., blackouts, occurs. Thus, it is extremely important to carefully
design PSS that has the role to maintain the frequencies around the nominal value
by measuring the corresponding generator’s frequency and voltage and controlling
the voltage injected into the automatic voltage regulator (AVR). Although existing
design methods, e.g., a single-machine infinite-bus model [21], where the dynamics
of the other parts is perfectly ignored for the controller design, work well for the
traditional power grids, for future power grids where a large amount of renewable
energy resources is installed controller design methods ought to be established via
distributed design which gives assurance of the internal stability of the whole grids

in a theoretical manner [22-24]. A numerical simulation is shown to demonstrate the



effectiveness of our proposed approach for PSS design in power grids with renewable
energy resources through IEEJ EAST 30-machine power system (EAST30) [25] with
photovoltaic (PV) plants.

Finally, we consider the problem of integration of supervising controller design
and decentralized local controller design for network systems. We refer to such a
framework where a global controller spatially broadcasts the control inputs to the
entire system and local decentralized controllers are simultaneously implemented as
glocal control. The concept of glocal control has been already introduced in [26] but
a systematic design of glocal controllers has not been established yet. Generalizing
the results obtained for the above problems, we propose a novel glocal control that

achieves distributed design of the controllers.

1.3 Organization

This thesis is organized as follows: First, in Chapter 2, a distributed design strategy of
decentralized controllers via a newly defined retrofit control approach is proposed. To
treat the network system mentioned in the previous section, we model the network
system as an interconnected system with a valid model and an unknown environment
that is assumed to be a system with which the entire system is stable. Under the
setting, retrofit controllers are defined as the controllers that stabilize the interconnected
system for any possible environment. A necessary and sufficient condition for retrofit
controllers is derived based on Youla parameterization in an implicit form. Next,
we define two kinds of retrofit controllers, output-rectifying retrofit controllers and
input-rectifying retrofit controllers, to derive an explicit paramaterization of retrofit
controllers. An explicit parameterization of all output-rectifying retrofit controllers
is given under the assumption that the interconnection signal from the environment
is available. It is found out that the structure inside all output-rectifying retrofit
controllers is the proposed one in [19]. Owing to the parameterization, an optimal
retrofit controller can be designed and consequently distributed design of decentralized
controllers is achieved. Moreover, we show that similar structure is observed inside
input-rectifying retrofit controllers as dual results.

In practical network systems, it is desirable to design a retrofit controller without the
measurablity assumption on the interconnection signal because implementing sensors to
obtain the interconnection signal often costs and it is sometimes impossible to measure
the interconnection signal. In Chapter 3, we aim at relaxing the assumption and

generalizing the result in Chapter 2. We consider the case where interconnection signal



is unavailable and derive a parameterization of all state-feedback retrofit controllers
without interconnection signal. It is shown that a similar structure can be observed in
all state-feedback retrofit controllers to that of retrofit controllers with interconnection
signals.

In Chapter 4, for the purpose of treating the stabilization problem for power grids,
we first give a mathematical model of EAST30 composed of synchronous machines,
loads, PV generators in addition to buses that form the network. The dynamics with
respect to synchronous machines is a 13-dimensional dynamical system each of which
is composed of a synchronous generator, an excitation system with AVR, and a turbine
with governor. The loads and PV power plants are modeled as constant loads and
constant power sources, respectively. We show that the power grid can be regarded as
an interconnected system treated in Chapter 2 and 3 and apply the proposed approach
for PSS design. A numerical simulation is shown to demonstrate the effectiveness of
our proposed approach for PSS design in power grids with renewable energy resources
through the PV-integrated EAST30 model [25].

We generalize the above approach to glocal (global/local) control, where spatially
distributed decentralized controllers and a central broadcasting controller cooperatively
manage the entire network system, in Chapter 5. A novel glocal control method based
on hierarchical representation, whose notion is introduced in this work, is proposed.
Given the definition of hierarchical representation, we derive a necessary and sufficient
condition for existence of hierarchical representation for a network system. Based on
the hierarchical representation, we propose a linear function observer that preserves the
hierarchical structure and distributed design of global and local controllers is achieved
with the observer. The design procedure of controllers are independently performed
and it indicates that the controllers can be designed in a distributed manner. It is
shown that both of local and global behaviors are simultaneously suppressed thanks to
the existence of the global controller. A numerical example with EAST30 is shown to
illustrate the effectiveness of the proposed glocal control method.

Finally, Chapter 6 draws conclusion.



NOTATION: The following notation is to be used through the thesis:

]
COl(l’Z‘)Z‘eI
I,

MT

M

im M
ker M
0
M®N
o (M)
det(M)

diag(Ml, R

R(A, B)

the set of real numbers

the set of complex numbers

the set of all square integrable functions

the set of real and rational n x m transfer matrices
the set of proper transfer matrices in R"™*™

the set of stable transfer matrices in RP™™

the cardinality of a set 7

the dimension of a vector space X

the orthogonal subspace of a subspace X

the sum space of subspaces X and Y

the imaginary unit

the conjugate of @ € C

the absolute value of & € C

the angle of x € C

the real (imaginary) value of @ € C

[1 7]z for x € R?

the Euclidean norm of a vector x

the vector where x; for ¢« € Z are arranged in vertical
the n-dimensional identity matrix

the transpose of a matrix M

a pseudo inverse of a full rank matrix M

the image of a matrix M

the kernel of a matrix M

the maximum singular value of a matrix M

the Kronecker product of matrices M and N

the spectrum of a matrix M

the determinant of a matrix M

the block diagonal matrix whose diagonal blocks are
composed of matrices My, ..., M,

the controllable subspace with respect to the pair (A, B)

When the dimensions are clear from the context, we omit the superscript and the

subscript, e.g., employing RH ., instead of RHZ ™. The Lo-norm of a square-integrable
function f € L, is defined by

| fll2 := /O I1£(8)||2dt



and the Ho-norm and H.-norm of a transfer matrix G are defined by

1 * } } .
1Gll2 == \/—2 / tr (G(Jw)G(jw)T) dw, [|Gll = sup [|G(jw)]|,
™ J—oo w€eR

respectively. The lower and the upper linear fractional transformations (LFTs) [27] are

defined by
FI(M,N) = My + MioN(I — My N) ™' Moy,
Fu(M,N) := My + My N(I — My N)~* M,

respectively, where M1, Mo, My, Moy are defined by

My, M
M — 11 12
Mo Ma

whose dimensions are compatible with N, provided that the inverses exist. When a
transfer function G has a realization C(sI — A)~'B + D, the shorthand is defined by

A|B
C|D

In this thesis, all physical quantities such as the voltage V', are represented in per unit

=G,

and the unit is omitted when it is clear from the context. The superscript x represents

setpoints; for example, P* denotes the setpoint of P.






Chapter 2

Distributed Design of Local

Controllers via Retrofit Control

2.1 Introduction

In this chapter, a distributed design strategy of local controllers via retrofit control
is proposed. We consider a stably operated network system where there are multiple
operators whose aim is to suppress effects of disturbance injected into the network
system by implementing subcontrollers while preserving the stability. We stand in
an individual operator’s point and treat the network system as an interconnected
system that consists of the subsystems of interest and an unknown environment. The
prior information that the entire system is stable leads to the assumption that the
environment belongs to the set of systems with which the entire network system is
internally stable. We give a new definition of retrofit controllers as controllers that
preserve the stability of the entire network system for any possible environment and
then derive a necessary and sufficient condition for retrofit controllers based on Youla
parameterization. Next, we introduce two kinds of retrofit controllers, output-rectifying
retrofit controllers and input-rectifying retrofit controllers. We show that a certain
clear structure can be observed inside all output-rectifying retrofit controllers and dual
results can be obtained for input-rectifying retrofit controllers.

This chapter is organized as follows. In Section 2.2, we give the system model
treated in this chapter and the definition of retrofit controllers. Section 2.3 derives
a characterization of all retrofit controllers in the frequency domain based on Youla
parameterization. In Section 2.4, we introduce the notion of output-rectifying retrofit
controllers and input-rectifying retrofit controllers and identify the structure that must

be inside all output-rectifying retrofit controllers with interconnection signal. Moreover,
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in Section 2.5, we overview dual results found in input-rectifying retrofit controllers.

Finally, Section 2.6 concludes this chapter.

2.2 Retrofit Control

2.2.1 System Model

We consider linear time-invariant interconnected systems illustrated by Fig. 2.1, where
the system is given by
v
=G| d |,
u

Gpre : (2.1)

w
z
Y
v = Ggrw,

v, w, are interconnection signals, z is the evalulated output, d is the external disturbance,
y is the measurement output, u is the control input, GG, Gg are transfer matrices of the

subsystems, G is given by

Gwv Gwd qu
G= sz sz qu
Gyo Gya Gy

For ease of discussion, we assume that well-posedness is guaranteed for any feedback
system in this thesis. We refer to G, Gg and G, as a local system, an environment, and
a preexisting system, respectively. The local system is connected to the environment
through interconnection signals and these systems form the preexisting system. In the
setting, the local system represents a subsystem managed by a single operator whereas
the environment includes the other subsystems and also the other sub-controllers
implemented by the other operators. Suppose that the interconnected system stably
operates and our aim is to design a dynamic controller K that generates the feedback

control
u= Ky (2.2)

to improve control performance, namely, Lo-norm of the transfer function from d to
z, while preserving the entire system stability. The signal-flow diagram of the entire

system is shown in Fig. 2.2.
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Fig. 2.1 The signal-flow diagram of the interconnected system between the local system
G and an environment Gf.
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2.2.2 Definition of Retrofit Controllers

When we can use the model of the system of (2.1) for design of the controller, many
controller design methods such as H., optimal control can be utilized. It is, however,
difficult to grasp the model information of the whole system when the system represents
a large-scale network system where there are multiple managers such as power systems.
The environment possibly varies due to others’ control action even if the designer can
obtain the model information of the whole system at some time instant. This fact
indicates that it is impossible to follow all variations of the network system under
control by multiple operators. Following the circumstance, we suppose that the entire
model of the network system is unavailable. Instead, we assume that only the model
information of GG is available and the environment Gy can be any transfer matrix
in compliance with keeping the preexisting system to be stable. In other words, we

suppose that Gg can be taken as any element of the set Gg where
Gr = {Gg € RP : G is internally stable}.

We refer to a notion of control under the restriction on system model information
as retrofit control and controllers that guarantee the entire system stability for any
possible environment as retrofit controllers. The precise definition of retrofit controllers

is given as follows.

Definition 1 A controller K in (2.2) is called a retrofit controller with respect to G,
when the system in Fig. 2.2 is internally stable for any Gg € Gg.

One may think that the definition of retrofit controllers can be treated as a kind

of robust stabilizing controllers in the sense that retrofit controllers guarantee the
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w

Fig. 2.2 The signal-flow diagram of the closed-loop system.

internal stability of the whole system for any possible unknown perturbation. Retrofit
controllers are, however, essentially different from conventional robust controllers since
the set of perturbations is characterized by the systems that make the preexisting
open-loop system internally stable. On the other hand, in the setting of typical robust
control, e.g., H,, control, the perturbation is represented by the set of plants whose
norm is bounded.

In the following part, we develop a retrofit control for distributed design. We derive
a mathematical characterization of the retrofit controllers and a parameterization of all
retrofit controllers with a constrained design parameter. We also show that the local
closed-loop map from d to z can be represented with affine functions in terms of the

design parameter of retrofit controllers.

2.3 Characterization of All Retrofit Controllers

In the previous section, the definition of retrofit controllers is given. In this section, we
derive a necessary and sufficient condition for retrofit controllers. Before proceeding to
the main theorem, we note that the set of environments can be characterized based on
the Youla parameterization [28]. For the sake of simplicity, the following assumption is

made throughout this chapter:
Assumption 1 The local system is stable; that is, G belongs to RH .

Under Assumption 1, the Youla parameterization with respect to Gg has a simple
form as follows. For any Gg € g, there exists Qg € RHoo such that Gg = (I +



13

QrGuww) Qe and conversely for any Qr € RH,, there exists Gg € Gg satisfying
Qr = (I — GgGyy) 'Gg. Thus the set Gg can be characterized by

Gr = {(I + QeGuy) 'Qr € RP : Qp € RHu}.

We hereafter refer to Qg as the Youla parameter with respect to G,,,. Note that this

assumption is not very essential and the extended results are shown in Chapter 4.

2.3.1 Characterization of All Retrofit Controllers

A characterization of all retrofit controllers is given by the following theorem.

Theorem 1 Consider the interconnected system in Fig. 2.2. Under Assumption 1,
the controller K 1s a retrofit controller if and only if there exists () € RHo such that

K= QU +GpQ)™ (2.3)

and

G QG = 0. (2.4)

Proof: (sufficiency) We first prove the sufficiency that if there exists @ € RH o
such that the condition (2.4) holds then K is a retrofit controller. Note that @ is the

Youla parameter with respect to Gy, given by
Q=(-KG,) K.

Because for any G in Gg, K = 0 achieves the internal stability of the entire system,
the system in Fig. 2.2 is stabilizable with respect to K for any Gg in Gg. Hence the
internal stability of the system in Fig. 2.2 is equivalent to that of the system in Fig. 2.3
from Lemma 12.2 in [27]. The internal stability of the system is equivalent to that the
sixteen transfer matrices from 4, d,, d,, 0,y to u,y, v, w belong to RH .

First, we focus on the signal w. From the block diagram in Fig. 2.3,
w = (quQGyUGE + GveE)w + qu(I - KGyu)_léu + quQ(Sy + Gwv(gv + 5w-
The condition (2.4) implies that

w = (I - GwUGE)ileu(I - KGyftL)il(;u + (] - GveE)ileuQay

2.5
_I'(I - GveE)ilevév + (I - GveE)il(Sw' ( )
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Fig. 2.3 An equivalent system to that in Fig. 2.2 for stability analysis.

Using the relations
(I = GuGr) ' =T+ GuQr, (I = KGy)™' =1+ QG
the relationship (2.5) can be transformed into
W= (I+GuoQr)Guu(I+QG ) 6u+ (I +G 1 Qr)GeuQy+Qrdy+ (I +Gy@r)dw. (2.6)

Because () and Qg belong to RH ., the stability of G implies that the transfer matrices
in (2.6) belong to RH.,. With (2.6), we have

v = QEqu(I + QGyu)(su + QEquQ(sy + (I + QEGwU>5U + QEéw

This fact results in that the transfer matrices from 9, d,, d,, d,, to v, w belong to RH .

Hence, the relationship

u = (I 4+ QGy,)d, + Qd, + QG,,v,
y = (I 4+ GpuQ)Gyudy + (I + GQ)oy + (I + G Q)Gypv

implies that all of the transfer matrices from 9,, 6y, 0y, 0y, to u,y, v, w belong to RH .
Therefore, the system in Fig. 2.3 is internally stable for any G in Gg, that is, K is a
retrofit controller if ) belongs to RH ., and the condition (2.4) is satisfied.

(necessity) We next show the necessity that if K is a retrofit controller then @
belongs to R'H~ and the condition (2.4) is satisfied.
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First, we take Gg = 0 € Gg. Since K is a retrofit controller, the system in Fig. 2.3
is internally stable in this case. Then the relationship from §, and §, to v and y can
be written by

u=(I—KGy,) 6, + Qd,,
y = —GupK) 'Gpd, + (I — Gy K) 4,

Due to the internal stability, the matrix from d, to u necessarily belongs to RH, and
this leads to that ) belongs to RH ..

We next show that the condition (2.4) is satisfied. Define Tioop := Guu@Gyy. Then
the relation from 4, to v is given by (I — QrTioop) '@r. The internal stability implies
that

([ - QEﬂoop)_lQE S RHOO (27)

Now consider (I — QrTioop) "+ and then

([ - CBET’loop)i1 =1+ (I - QETvloop)ilQEﬂoop S RHOO

holds because (2.7) holds and Tj,.p belongs to RH .
Finally, supposing
Tioop # 0 (2.8)

we construct an environment Gy € Gg that destabilizes (I — QrTioop) ' Under the
condition (2.8), there exists Qg in RH o such that

det(I — Qr(jw)Toop(Jw)) =0

for some w € R as in the proof of the small-gain theorem (for example, see Theorem 9.1
in [27]). For such Qg, the transfer matrix (I — QrTioop) * does not belong to RH .
This is a contradiction and Tjo,, must be zero. Therefore, the condition (2.4) holds if

the system in Fig. 2.3 is internally stable for any Gg € Gg. O

Theorem 1 gives a constrained version of the Youla parameterization of all stabilizing
controllers that can cope with the unknown environment. An intuitive interpretation
of the claim of Theorem 1 can be explained as follows. Omitting d and z, we have
the closed-loop system depicted by the left part of Fig. 2.4. Based on the Youla
parameterization, we can obtain an equivalent system shown in the right part of
Fig. 2.4. The condition (2.4) indicates that the loop transfer matrix becomes a zero
matrix and hence the closed-loop system is internally stable for any environment. On
the other hand, if the condition (2.4) is not satisfied, then there exists Qg such that
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Qg : arbitrary in RH_

Gy

Fig. 2.4 Equivalent closed-loop systems

the system becomes unstable because Qg can be chosen as any element of RH, from
the definition of Gg. Thus, the condition (2.4) is also a necessary condition for retrofit

controllers.

2.3.2 Closed-Loop Map with Retrofit Controller and Difficulty
on Retrofit Controller Design

The closed-loop map of the entire system with a retrofit controller is given by the

following theorem.

Theorem 2 Let Ty, be the closed-loop map from the external disturbance d to the

evaluated output z. If K is a retrofit controller, then

Tall = Tzd(Q) + Tzv(Q)QEde(Q> (29>
where
Tzd(Q) = sz + quQGyd>
Tzv(@) = sz + quQGym

de(@) = Gwd + quQGyd-
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Proof: By definition, we have

Tall = E(GpreaK)
= A(Fu(G, Gg), K)
= fu(-F‘l(Ga K)aGE)

Gwv Gwd qu
= F u Gwv G 7G
( sz sz qu Q[ yd] E)
= sz + quQGyd

+(sz + quQGyv)GE{[ - (Gwv + quQGyU>GE}_1)(Gwd + quQGyd)'

From the assumption that K is a retrofit controller and Theorem 1, G,,,QG,,, = 0 and

hence T,y can be written as (2.9). O

The closed-loop map with a retrofit controller is an affine function of Qg and transfer
matrices T,q4, T,,, Twa are also affine functions of ) while this property is not satisfied
when a general controller is employed. From Theorem 2, it is expected that the entire
closed-loop performance is improved by simply choosing () so as to suppress the affine
transfer matrices. Note that those transfer matrices represent the local closed-loop
maps composed of G and K from the external input and the interconnection signal
from the environment to the evaluated output and the interconnection signal from the
local system. Consequently, it is indicated that we have to take not only d and z but
also v and w into account for control performance. Conversely, it is also shown that
the only alternative to deal with the varying environment is to simultaneously suppress
the transfer matrices.

It has been revealed that the retrofit controller design problem is reduced to the
problem to find Q € RH., such that norms of the transfer matrices in (2.9) are small
under the constraint (2.4). The design problem, however, cannot be handled by a
standard controller design method even though the optimization problem is convex
owing to the existence of the condition (2.4). One approach to overcome the difficulty
is to provide an explicit representation of all solutions to the equation (2.4) but this
approach is severe in general. In fact, all solutions to the equation (2.4) in R can be

represented by the form
Q - QO - GLquuQOGvaLU eR (210)

where G}, and le are the generalized inverses of G, and G,,, respectively, and @)

is an arbitrary transfer matrix provided that G, and G, are full-row and full-column
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rank (See Fact 6.4.43 in [29]). However, it is difficult to design a retrofit controller by
directly utilizing (2.10) for the following two reasons. First, solutions derived by (2.10)
are not guaranteed to be proper and stable because the generalized inverses are possibly
improper or unstable. Second, the design parameter in (2.10) is represented by () and
the transfer matrices in (2.9) are no longer affine functions with respect to the design
parameter.

The above discussion indicates that retrofit controller design is a hard problem to
solve in the general case. To resolve this issue, in the next section we consider two
classes of retrofit controllers and derive explicit representations for the classes of retrofit

controllers with which the design problem is reduced to be a standard problem.

2.4 Design of Output-Rectifying Retrofit Controllers

with Interconnection Signal

In this section, we consider two classes of retrofit controllers and show that the retrofit
controllers of the classes can be parameterized with a local stabilizing controller. It has
been already shown that a retrofit controller can be designed by letting the controller
have a structure shown below in [19]. We reveal that the structure is not only sufficient

but also necessary for a class of retrofit controllers.

2.4.1 Definition of Output-Rectifying Retrofit Controllers and
Input-Rectifying Retrofit Controllers

Now we define two kinds of retrofit controllers, namely, output-rectifying retrofit

controllers and input-rectifying retrofit controllers.

Definition 2 A controller K is said to be an output-rectifying retrofit controller, if
there ezists Q € RHoo such that (2.3) holds and

QGy, = 0. (2.11)

Similarly, a controller K is said to be an input-rectifying retrofit controller, if there
erists Q € RHo such that (2.3) holds and

Guu@ = 0. (2.12)
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Obviously, those controllers are retrofit controllers because the conditions (2.11)
and (2.12) are sufficient conditions for the condition (2.4). The reason why the
controllers satisfying (2.11) are referred to as output-rectifying retrofit controllers is
that the measurement output is rectified inside the controller such that the effect
from the interconnection signal from the environment v is eliminated. Similarly, the
controllers satisfying (2.12) are referred to as input-rectifying retrofit controllers because
the control input is rectified such that the input does not affect the interconnection

signal to the environment w at all.

2.4.2 Parameterization of All Output-Rectifying Retrofit Con-

trollers with Interconnection Signal

We attempt to provide an unconstrained parameterization of all output-rectifying
retrofit controllers. We first consider the special case where the interconnection signal

v is available at the controller; that is, the control input can be represented by

u:K[y]. (2.13)

(%

It is shown that all output-rectifying retrofit controllers can be parameterized with a
local stabilizing controller under the measurability of the interconnection signal. We also
show that all output-rectifying retrofit controllers with interconnection measurement
have a specific structure composed of a local staibilizing controller and an output
rectifier, defined below. This case under the assumption that the interconnection signal
can be fed back has not only advantage to simplify the results but also implication for
more general cases.

The following theorem gives an unconstrained parameterization of all output-

rectifying retrofit controllers with interconnection measurement.

Theorem 3 Under the assumption that the interconnection signal v can be fed back
and K can be represented as (2.13), the controller K is an output-rectifying retrofit

controller if and only if the controller has the form
K = KGg (2.14)
where K is a controller that stabilizes Gy, with

GR = [I - Gyv]-
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Proof: First of all, we define the transfer matrices Gy ), G(y,0)d, and Gy .y by

(Y
Y
[ ] = [Gaww Gyara Gl | d

v
u
Specifically, those transfer matrices are given by

Gy
I

Gy

Gyop = » Gy =

Note that the condition for output-rectifying retrofit controllers (2.11) is rewritten by

QG vy =0 (2.15)

with @ := (I — KG(y,),) 'K under the assumption that v can be fed back.
Assume that @) € RH, and the condition (2.15) is satisfied. Suppose K can be
divided by
K= |K K|
with transfer matrices K and K, whose dimensions are compatible with y and v,

respectively. Note that the condition (2.15) is equivalent to
K K| G =0

that implies

A

K, =—KG,,.

Hence, the controller has the form (2.14). We now show that K is a stabilizing controller

for G,,. Consider

Q= (I - KGy) 'K

and note that
= (I — KG,,) 'KR (2.16)
By multiplying [I 0]7 to (2.16) from the right side we have Q = Q[I 0]T. From the

assumption that Q) € RH ., Q belongs to RH ., as well. This leads to that K stabilizes
Gyu-
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v
. G’yv

Fig. 2.5 Structure inside the output-rectifying retrofit controllers with the interconnec-
tion signal.

To prove the converse, we assume that the controller can be represented by (2.14)
and K is a stabilizing controller for Gyu- Simple calculation leads to the condition (2.15)
and the relationship (2.16) implies that ) belongs to RH .. Therefore, K is an output-

rectifying retrofit controller. O

Theorem 3 indicates that all output-rectifying retrofit controllers with the inter-
connection signal from the environment hold the structure depicted by Fig. 2.5. If we
implement K alone as a controller K, it is obvious that the entire system stability
cannot be guaranteed since the measurement signal y is influenced by the intercon-
nection signal v from the environment Gg. The transfer matrix G, in Fig. 2.5 has
the role to simulate the effect of the interconnection signal to the measurement signal.
Theorem 3 also implies that by placing the output rectifier Gy inside the retrofit
controller we can produce the rectified measurement signal y — G, v = Gr[y" v']" and
stabilize the entire interconnected system using K and also this procedure is the only
means to cope with all possible environments. Furthermore, Theorem 3 claims that
all output-rectifying retrofit controllers can be parameterized with a local stabilizing
controller K when the interconnection signal can be fed back. Thus the new design
parameter () can be taken as any element in RHo. It should be emphasized that the
structure in Fig. 2.5 is the exactly same as that introduced in the existing study [19], in
which it is shown that controllers that have the structure become a retrofit controller,
that is, the structure is a sufficient condition for retrofit control.

To discuss control performance, we explicitly give the closed-loop map when the con-
troller is an output-rectifying retrofit controller with the interconnection measurement.

The following theorem holds.
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Theorem 4 If K is an output-rectifying retrofit controller with the interconnection

signal, then the closed-loop map from d to z can be represented by

Tall - Tzd(@) + szQEde(Q)v

where

Tzd(@) = sz + quQGyda de(@) = Gwd + quQGyd-

Proof: From Theorem 2, the closed-loop map can be represented by (2.9). Since

Gy

QG(y,v)d = Q 0

A A ~ ~

we have T,4(Q) = T.4(Q) and T,,,(Q) = Twu(Q). Moreover, the condition (2.15) leads
to that 7%,(Q) = G.,. Substituting these relationships to (2.9) yields the claim. O

Theorem 4 implies that not only the closed-loop map is an affine function with
respect to Qg but also the transfer matrices Tzd and Twu are affine functions with
respect to the design parameter Q as well. It should be emphasized that the design
parameter in Theorem 4 is represented by Q that is unconstrained in contrast to
the case of Theorem 2. Theorem 4 also implies that the effects from the external
disturbance d to the evaluated output z and the interconnection signal w should be
suppressed simultaneously when the model information on (Jg is unknown. In summary,
the result suggests that for a retrofit controller design problem we only have to solve
an unconstrained convex optimization problem where the design parameter is Q that
suppresses both Tzd and de and construct the associated output-rectifying retrofit
controller according to the structure in Fig. 2.5 using the corresponding K. The block

diagram of the closed-loop map is illustrated by Fig. 2.6.
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Fig. 2.6 Block diagram of the closed-loop map with an output-rectifying retrofit
controller.

2.5 Dual Results in Input-Rectifying Retrofit Con-

trollers

In this subsection, we focus on input-rectifying retrofit controllers and derive dual
results that correspond to the theorems shown in the previous section. It is revealed
that all input-rectifying retrofit controllers can be parameterized with an unconstrained
design parameter under dual assumptions as with the case of output-rectifying retrofit
controllers.

While we have considered the case in which the interconnection signal v is available
at K, we consider the case where control input can be directly injected into the

interconnection signal w as a dual case; that is, the control input can be represented by

Uny

[ " ] = Ky (2.17)

and the interconnection signal w can be represented by
W = Gt + Guad + Guutt + Uy. (2.18)

It is shown that all input rectifying retrofit controllers can be parameterized with a
local stabilizing controller and have a dual structure under the assumption as with
output-rectifying retrofit controllers.

The following theorem holds.
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Theorem 5 Assume that the control input and the interconnection signal can be
represented by (2.17) and (2.18), respectively. Then K is an input-rectifying retrofit

controller if and only if the controller has the form
K =GYK,
where K is a controller that stabilizes Gy, with

I

GY =
" _qu

Furthermore, the closed-loop map with an input-rectifying retrofit controller can be

represented by

Tall = ng(Q) + ij(Q)QEGwdv

where

Tjd(@) = sz + quQGyda TSU(Q) = sz + quQGyva
with Q == K(I — G, K)7".

Proof: Assume that Q € RH,, and the condition (2.12) is satisfied. Suppose

=L

with transfer matrices K and K,,. Note that the condition (2.12) is written by

[qul][[{f ] =0,

w

in this case. Then the condition (2.12) implies that

and hence the controller can be represented by (2.17). Now we show that K is a
stabilizing controller for GG,,,. Consider Q =K (I — Gyuf( )~! and

Q = GRQ.
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> _qu >

Fig. 2.7 Structure inside the input-rectifying retrofit controllers under full-control for
the interconnection signal.

z G . GE ﬂcy—Gwd d

UEKW

Fig. 2.8 Block diagram of the closed-loop map with an input-rectifying retrofit controller.

By multiplying [I 0] from the left side we obtain the conclusion. Finally, simple

calculation leads to the closed-loop map as with Theorem 4. O

Theorem 5 indicates that all input-rectifying retrofit controllers under the assump-
tion hold the structure depicted by Fig. 2.7. The structure can be regarded as a
dual one in Fig. 2.5. While the output rectifier in Fig. 2.5 has the role to rectify the
measurement output, the input rectifier G§ has the role to rectify the control input.
According to Theorem 5, as with the case of the output rectifying retrofit controllers,
the structure in Fig. 2.7 is a necessary and sufficient condition for guaranteeing the
stability for any possible environment. Moreover, the degree of freedom of the controller
design is expressed by K that stabilizes G, in this case as well. The block diagram of
the closed-loop map is illustrated by Fig. 2.8.
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2.6 Chapter Summary

In this chapter, we have proposed a novel retrofit control approach for distributed
design of local controllers. We have first introduced the definition of retrofit controllers
and derived a necessary and sufficient condition to characterize retrofit controllers
in the frequency domain using Youla parameterization. It has been seen that the
retrofit controller design problem is rather difficult in the general situation. To resolve
this issue, two classes of retrofit controllers, output-rectifying retrofit controllers and
input-rectifying retrofit controllers, have been defined. It has been reveled that all
output-rectifying retrofit controllers can be parameterized under the assumption that
the interconnection signal from the environment can be fed back and its design problem
is much easier than the general case. Moreover, dual results in input-rectifying retrofit
controllers have been shown. These results enable us to design local controllers for a
large-scale dynamical network system in a distributed manner.

Although the results establish a fundamental theory for distributed design based on
retrofit control, there remain several issues to be resolved. First, the assumption on the
measurability of the interconnection signal is required in theory but this assumption is
not always satisfied. The second issue is that the effectiveness has not been verified in
practical systems yet. Finally, the information structure of the designed controllers are

purely decentralized. The aim of the following chapters is to resolve these issues.



Chapter 3

Output-Rectifying Retrofit
Controllers without Interconnection

Signal

3.1 Introduction

Our aim in this chapter is to develop a design method of output-rectifying retrofit
controllers without interconnection signal. In practical network systems, it is desirable
to design a retrofit controller without interconnection signal because implementing
sensors to obtain the interconnection signal often costs and it is sometimes impossible
to measure the interconnection signal. For ease of discussion, we consider state-feedback
output-rectifying retrofit controllers and show that a similar parameterization to that
in the previous chapter is available in this case as well.

This chapter is organized as follows. In Section 3.2, we provide the system model
treated in this chapter and consider the design problem of a state-feedback output-
rectifying retrofit controller. Section 3.3 gives a parameterization of all state-feedback
output-rectifying retrofit controllers and proposes a design method. Finally, Section 3.5

concludes this chapter.
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3.2 System Model

In this chapter, we consider linear time-invariant interconnected systems (2.1) and

assume that the state-space representation of GG is given by

T = Az + Lv + Rd + Bu

=T

RN S (3.1)
z =S8z
Yy =x

where x is the state of G. Without loss of generality, we assume that L and B are
full-column rank matrices. In the state-space representation, feedthrough terms are
omitted for simplicity. Our purpose is to suppress the effect from d to z by designing a
retrofit controller K for

u=Kzx (3.2)

without the interconnection signal v.

In the previous chapter, we have observed that all output-rectifying retrofit con-
trollers can be represented with an unconstrained design parameter when the inter-
connection signal is measurable. In this chapter we attempt to relax this assumption.
It will be shown that all state-feedback output rectifying retrofit controllers have a

structure similar to that in Fig. 2.5.

3.3 Parameterization of All State-Feedback Output-
Rectifying Retrofit Controllers

This section gives a parameterization of all state-feedback output-rectifying retrofit
controllers. The basic idea for synthesizing a state-feedback retrofit controller is

explained as follows [19]. For P being a full-row rank matrix such that
im L C ker P, (3.3)
we consider applying the basis transformation of
r=Pl¢+ FTa

with
¢ = Px, ¢:=Px
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where P is a matrix that satisfies the relationship PP —I—FTF = I. Then the dynamics

with respect to ¢ can be described as

¢ = PAP'¢ + PAP'¢ + PLv+ PRd+ PBu

-0 3.4
— PAP'¢ + PAP' ¢ + PRd + PBu. (34)

The key observation here is that L is eliminated in (3.4) owing to the condition (3.3).
By regarding ¢ and ¢ as a new measurement signal and a virtual interconnection signal,
respectively, we can construct a retrofit controller for the reduced-order model (3.3)
based on the structure in Chapter 2. Note that the above procedure gives a sufficient
structure of state-feedback retrofit controllers, but does not claim any necessity of the
controller structure.

The following theorem shows that all state-feedback output-rectifying retrofit con-

trollers without interconnection signal are necessarily synthesized by such a procedure.

Theorem 6 The controller K in (3.2) is a state-feedback output-rectifying retrofit
controller without interconnection signal if and only if the controller can be represented
by

K = KGg (3.5)

where K is a controller that stabilizes
Gy = (sI — PAP"Y'PB
and P is a full-row rank matriz such that the condition
im L = ker P (3.6)

holds with

Gr =P — (s — PAPY'PAP'P.

Proof: The proof is built on two parts. In the former part, we prove that all retrofit
controllers have the form (3.5). In the later part, we prove that K belongs to the class
of controllers that stabilize G ,.

In the former part, we show that all solutions in RP to the equation (2.11) is

represented as the form (3.5), or equivalently,

KGy, =04 3°K e RPst. K = KGg. (3.7)
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Note that Gy, = (sI — A)~'L in this chapter.

As a preparation, we give all solutions in R to the equation (2.11). Now let n
be the dimensions of x. Because R is a vector space, the fundamental theorem on
homomorphisms leads to that for K € R

KG,,=0s°KecRst. K=KE (3.8)

for any transfer matrix = that is an element in R and satisfies the conditions

dim(im =) = n — dim(im G,) (3.9)
and
ker= =im Gy, C R". (3.10)
We now take
== P{I— (sl — A)'LLI(sI — A)} € R. (3.11)

Let us confirm that the above transfer matrix satisfies the conditions. By checking the

feedthrough term of =, we have

lim Z(s) = P(I — LL")

§—00

and = € RP. Because
im (I — LL") = (im L)+
= (ker P)*

from the condition (3.6), P(I — LL) is full-row rank. Since = belongs to RP and its
feedthrough term is right-invertible, = is right-invertible in RP. Hence,

dim(im Z) = dim(im P)
and = satisfies the condition (3.9). Moreover, we have

=Gy= P{G,0 — (s — A)"'L}
=0

and thus = satisfies the condition (3.10) as well. The above discussion implies that, for
such =, if K € R satisfies the condition in (3.8), there always exists K € R such that

the condition in (3.8) is satisfied, and the converse holds as well.
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Next, we show that K satisfying the condition in (3.8) for = defined by (3.11)
belongs to RP if and only if K belongs to RP, or roughly, K is proper if and only if
K is proper. From the relationship K = K=, it is obvious that if K is proper then
K is proper. For the converse, we have K= = K by multiplying Z'. Because =T also
belongs to RP, if K is proper then K is proper. Thus we see that for K € RP

KG,, =04 7K € RPst. K = K=,

We finally show that = = Gg. We have

—_
—
—

P[I — (sI — A)"*Ls{(sI — A)~'Ls}1]
. <]_ A|AL | [ A-ALLT| ALLY

J\L —LT\LT
Al B
c| D

)

because ;
A—-BDIC | BD!

_Dptc \ Dt
provided that D is left-invertible. Since
A 0| B
A, \ B, A, \ B, ! !
O ‘D C ‘D - BQCI A2 BQDl )
2172 it D,C, OQ\DQD1
we have o
ALL" 0| ALLT
=E=P|I— | —ALLY A| ALL?
_LLt I\ LL

By considering the coordinate transformation

o7
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we obtain
AL o | ALLt [ A 0 0
—ALL! A | ALL' —ALLY  ALL' | ALLY
—LL' 1| LL! | —LL! I-LL'| LLf
[ AT ALt
S| I | L

Again, considering the coordinate transformation

P
P

Y

we have

[0 PAP' | PALL'

Eaall
ALL' | ALLT
‘ = | 0 PAP'| PALL!

T
L' [ Lo 0 L | LL

- PAP'| PALL!
T \ LL

and hence L
PAP!| PAP'P
_J ‘ pt

—_
— —
—_—

= Gr.
Therefore, it turns out that (3.7) holds.

In the later part, we show that K is a retrofit controller if and only if K in (3.7)

belongs to the class of controllers that stabilize Gg,. For simplicity of discussion, we

assume that

Gy € RHoo.

Then what we have to show is written as
Q€ RHoo = Q € RHoo

where Q := (I — KGg4,) 'K
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Now we have

[ pAP!| PAP'P

_J ‘ pt
A 0 |B

— | PAP'P PAP!| 0
pt ~1 |0

éRGyu =

with the coordinate transformation

I 0
—P I

Therefore o o
Q = (I — KGrG,,) 'KGr
= (I — KGy,) 'KGr
= QGhr.
From the assumption that Gy, € RHo, GR also belongs to RH .. Thus if Q € RHs
then Q € RHo. Furthermore, since Gy is right-invertible, we have

QGL=Q
Because o
| A|P'PaP
o] P ’
G, € RHo. Hence, if Q € RHoo then Q € RH . O.

Theorem 6 implies that all state-feedback output-rectifying retrofit controllers can

be parameterized with K that stabilizes the reduced-order model G4, and have the
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Fig. 3.1 Structure inside the state-feedback output-rectifying retrofit controllers where
G 45 is defined by (3.16).

structure depicted by Fig. 3.1 with
“1p 4Bt
Gy = (sI — PAP")"'PAP". (3.12)

It should be noted that the same structure in Fig. 2.5 can be observed in Fig. 3.1.
Specifically, y,v and G, in Fig. 2.5 correspond to é, ¢, and G 53, respectively. Note
also that the proof cannot be directly extended to output feedback retrofit controllers
because it is difficult to find a basis of (im G,,)* in the output feedback setting while
GRr is the basis for the state-feedback case.

The closed-loop map from d to z with a state-feedback retrofit controller can be
represented with an unconstrained design parameter as well. The following theorem
holds.

Theorem 7 If K is a state-feedback output-rectifying retrofit controller, then the

closed-loop map from d to z can be represented by

Tall - Tzd(@) + GZUQETHJU<Q)

where

Tzd(@) = sz + GZUQG$d7 Twu(@) = Gwd + quQGmd

with
Geq = (s — PAPNY'PR, Q:= (I — KGu,) ‘K.

Proof: Because

G¢u = éRszy éxd = CATYRGmdv
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we have o .
QGra = (I — KGrGau) 'KGrGag
= QGmd
Therefore, as with the proof of Theorem 3, the claim holds. O

The transfer matrices 7,4 and T, in Theorem 7 are affine functions with respect
to the free design parameter Q as in Theorem 3. Thus the design problem of state-
feedback output-rectifying retrofit controllers can be treated as a standard unconstrained

controller design problem.

3.4 Dual Results

In this section, we give dual results on input-rectifying retrofit controllers. The logic
for the statements in this subsection is the same as that in the previous section.
Consequently, concrete proofs are omitted here.

We consider the following system

T =Axz+ Lv+ Rd+u

=T

G:{ " " (3.13)
z = Su
y =Cz

for the local system instead of (3.1). The difference of (3.13) from (3.1) is that the
input matrix B is equal to the identify and the measurement signal is not the state x
itself but Cz. We place an assumption that I and C are full-row rank matrices. The

controller is given by
u= Ky. (3.14)

As a dual result of Theorem thme3:str, a parameterization of input-rectifying
retrofit controllers is given by
K =G{K

where K is a controller that stabilizes

G, = CP(sI — PTAP)™
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g

Fig. 3.2 Structure inside input-rectifying retrofit controllers where 1, ), and Gy, are
defined by (3.15) and (3.16).

and P is a full-column rank matrix such that the condition
ker I' =im P
holds with
Gd .= P — PP AP(sI — P'AP)™!
As shown in Fig. 3.2, the dual structure can be observed in this case compared with
Fig. 3.1 where 1) and 1) are defined by
u= Py + Py (3.15)
and
— _
Gy, = P'AP(sI — PTAP)™". (3.16)

Furthermore, the closed-loop map with an input-rectifying retrofit controller can be

represented by
T = TH(Q) + T5,(Q)QGlua
where
Tjd(@) =G+ équGyd> ng(@) 1= Gy + équGyda
with
Gy = S(sI — PTAP)™, Gy := I'(sI — PTAP)™..

For design of input-rectifying retrofit controllers, the same procedure can be performed

as that for output-rectifying retrofit controllers.



37

3.5 Chapter Summary

In this chapter, we have considered design of retrofit controllers without interconnection
signal and extend the result in Chapter 2. A parameterization of all state-feedback
retrofit controllers has been derived. It has been also shown that a similar structure
can be observed in state-feedback retrofit controllers to that of retrofit controllers with
interconnection signal. Finally, we have seen that dual results can be obtained for

input-rectifying retrofit controllers.






Chapter 4

Distributed Design of Power System
Stabilizers in Power Grids with

Renewable Energy Resources

4.1 Introduction

In this chapter, we consider the stabilization problem of power grids where a large
amount of renewable energy resources is introduced. Many controller design methods
have been proposed in the control community, but most of them require the entire
system model and this assumption is not realistic as stated in Chapter 1. In contrast,
distributed design has been practically employed for stabilizing controllers, e.g., PSSs.
The typical distributed design method uses the single-machine infinite-bus system |[21]
that fucuses only on the dynamics of the subsystem of interest and ignores the other
parts. As a result, assurance of the stability of the entire grid is not theoretically
obtained. To resolve the issue, a novel distributed design method via retrofit control is
proposed. The advantage of the proposed method is that theoretical guarantee of the
stability of the entire grid is obtained.

We first review the importance of frequency control of power grids where a large
amount of PV is penetrated. To develop sophisticated power grids, appropriate usage
of renewable energy resources including PV plants plays an important role [30]. The
feed-in tariff (FIT) [31] accelerates the progress of installing PV power generators and,
as a result, the number of PV power plants in Japan is mounting up. The total quantity
of installed PV generation is anticipated to reach 64 GW by 2030. It covers 7% of
the total energy consumption approximately [32]. Due to the large installation of PV
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plants, some thermal power plants have to stop its operation for balancing the supply
and demand since the demand is invariant though the amount of generated energy is
increased by the installed PV plants. In [33-35], it has been pointed out that power
grids tend to become unstable by stopping a number of synchronous generators due
to the poor controllability of PV plants [36]. This poses the stabilization problem for
future grids and a novel design method for PSSs that improve damping performance of
power grids with PV plants while keeping the stability.

Distributed control [37-39] is a promising approach that fulfills the requirement.
In distributed control, control inputs generated from local controllers depend only on
the corresponding local measurement signal, e.g., deviation of the frequency of the
associated synchronous generator. However, these distributed control methods are
built on the premise that the system model of the whole power grid is utilizable for
controller design. As noted above, since power grids are totally complex, the whole
model is inaccessible. This fact leads to that these approaches are not very appropriate
for practical power grids.

The aim of this chapter is to develop a distributed design method for PSSs based
on retrofit control and to show how retrofit control works for the task. It is observed
that the proposed method can significantly reduce the effect of disturbance injected
into the power grid through a numerical simulation.

The organization of this chapter is as follows. We give a mathematical model of the
power grids in Section 4.2. The PSS design problem is mathematically formulated in
Section 4.3. Furthermore, a distributed design method for PSSs is proposed via retrofit
control developed in the previous sections. For the purpose of demonstrating the
efficiency of the approach, Section 4.4 shows a numerical simulation for PV-integrated
[EEJ EAST 30-machine power system [25], called EAST30 model for short. Section 4.5

concludes this chapter.

4.2 Modeling of PV-Integrated Power Systems

First of all, we give a mathematical model of a power grid consisting of synchronous
generators, loads, PV plants, and transmission lines of EAST30 model [25] in the
state-space form. For giving a reasonable model, neighboring synchronous generators,
loads, and PV plants are treated as aggregated ones. Buses have the role to interconnect
the aggregated facilities. Throughout this thesis, we refer to the buses to which no
facilities are not assigned as non-unit buses, and a facility connected to a bus or a

non-unit bus as a component.
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Let us suppose that there exist N buses in the power grid. Let N := {1,... N}
and for k € N, the mathematical model of the kth component is given by

S T = foe (T, Vi, Bk Us, k] Uik)) (41)
0 = g (TK), Vi, Lk),

where zy is the state, ugp is the supplementary control input, wy; is the control
input from the corresponding PSS, and i) and vy are the bus current and voltage,
respectively.

The network structure of the grid is given by
i=Yv (4.2)

where

i = COl(i[k})kENa vV = COI(U[k])kEN

and Y € CM*¥ is the admittance matrix. For the specific values of Y in the targeted
power grid, see [40].

The model of the whole power grid can be obtained by combining (4.1) and (4.2).
We give more detailed models of synchronous generators, loads, PV power plants, and
non-unit buses as (4.1) In the following, the index set of the buses connecting to the
generators, loads, PV power plants, and non-unit buses are defined by Ng, Np,, Np and
Ny, respectively. Those sets are assumed to be disjoint and Ng UNp, UNp UNy =N
holds.

4.2.1 Synchronous Generator

We give a model of synchronous generators that have the form (4.1). In a typical
case, a synchronous generator is composed of a synchronous machine, an excitation
system with automatic voltage regulator (AVR), and a turbine with governor [2]. The
excitation system has the role to feed current to the synchronous machine. The turbine
with governor rotates the machine by feeding a mechanical power. The synchronous
machine converts the mechanical power to electrical power and provides the generated

electrical power to the power system. For k € Ng, the mathematical model of the
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synchronous machine associated with the kth bus is given by

(O = @wpy

W) = Ml[k] (1 +1w[k] P —”{L}i[k])
Uy = Awi) Yk + Buigji) + Byiw Via
v = Coum Vi + Dupipy

vpy = comp(Thvy)

iy = comp(Té_[kl]i[k])

, ke Ng (43)

\

where Jj; denotes the rotor angle relative to the frame rotating at the constant reference
speed w := 1007 (rad/sec), wyy denotes the rotor angular velocity relative to w, Wy,
includes the magnetic flux associated with the field circuit, d-axis damper windings,
g-axis damper windings, Py ) denotes the mechanical power input, Vi denotes
the field voltage, and if and vy denote the stator current and the stator voltage,

respectively. The inertia constant is represented by My, (sec) and Ty, is given by

sindy;  cosdpy
—cos iy sindp

T = [

that is the coordinate transformation matrix from the coordinate system rotating at
each generator’s own frequency to the coordinate system rotating at the rated frequency.
It should be noted that the system (4.3) is related to the coordinate system that rotates
at the rotational speed wy.

The model of the turbine with governor is given by

{ = AcwCin + Bemw) + Rew (P ) + Us, ) (4.4)

Ptk = CeiwiCimg

where (i € R denotes the state of the turbine with governor, Pr;,[k} denotes the
mechanical power in the steady state, and ug ) is the supplementary generation control
action under automatic generation control (AGC) [2]. AGC has the role to regulate
frequency to a pre-defined setpoint. The measurement signal of the supplementary
generation control is given by aggregating all frequency deviations [2| and the control
input is given by

Us, [k] (t) = Ksa[k]/ Z Wik (1)dr (4.5)

0 keNg
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where kg is a feedback gain, ap; is a scaling factor, and the aggregated frequency
deviation Y reng Wik 1s referred to as an area control error. Moreover, it is supposed
that the parameters in (4.5) are given so as to stabilize the entire system for the
situation wup; = 0.

The dynamics of the excitation system with AVR is represented as

{ M = AT + Bupyg (Hv[*k] I = llvpgll + um) + Row Vid (4.6)

Via, ) = Chiknik)

where ) € R3 denotes the state of the excitation system with AVR, vi‘k] denots the
steady voltage, Viqx denotes the steady field voltage, and up) denotes the control
input from PSS. The excitation system with AVR has the function providing current
to the synchronous machine.

The model of the synchronous generator is given as the combination of (4.3), (4.4),

and (4.6). The state of a synchronous generator is defined by
Tk = COl((S{k],w[k], \I/[k], ([kbﬁ[k]) c ng, k € Ng

and fi(+,-) and gy (-, ) obey (4.3), (4.4), and (4.6). Fig. 4.1 depicts the block diagram

of the model of the synchronous generator. The measurement output is given by

y[k] = col(w[k], U[k])

for each generator.

The specific values of the parameters of synchronous generators are given as follows.
There exist three sorts of generator, that is, thermal power plants, nuclear power plants,
and hydroelectric power plants, in the power system considered in this thesis. For
simplicity, the subscript k € Ng is omitted. The matrices of the synchronous machine
in (4.3) are

[ —(14+71) Koy 0 0 |
T3, 13,
1 —1
— — 0 0
Ao = Kdeo Tda
v O 0 _(1 + qu) quyq ’
Téo Tq’o
0 0 1 -1
I KT Th |
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Y[k Power system
stabilizer
U[k]
: W(k] Vid (k] — ¥
Turbine P Synchronous Exctlter v;/_nh
with governor m, (k] machine | "wl< Volt"’;l‘;]eorr:;t'“cator
T T ik | | YTk R )
us,[k} PI’I\’I,UC] [ } [ ] Hv[k] H I/fd,[k;]
Coordinate Coordinate

transformation

transformation

Bk T

v |,

Power grid

Fig. 4.1 Block diagram of the model of the generator.

(X = XP) (X — Xi)
Tc;()(X(,i - Xl)
Xh— X,
K TN
B\I! — dt do
0
0
By =[1/T%,000]"
0 0
C - " "
v X)X, X\ -X
X -X XX
0 X//
Dy = 1,
-X, 0

0

(Xy = X)X, = X)) |
Téo(‘?(é - Xl)

Do A
Koy |
X, - X o X X,
X, -X X - X,
0 0
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X X

o (X! —X;)? ’
(X! - X)(X]) — X))
(X, = X)) (Xo = Xp)’

where X4, X}, X/, T;,, Ty denote d-axis synchronous reactance, transient reactance,

Ko :]_+ OE{d,(]},

subtransient reactance, and transient open-circuit, Xy, X;, X/, T, ,T", denote similar
g-axis quantities, and X; denote a stator leakage reactance (for the specific values,
see [40]). It should be noted that the parameters of the synchronous machine are
exactly the same for all sorts of generators. The matrices of the turbine with governor

in (4.4) for thermal power plants and nuclear power plants are given as

-5 0 0 0 125
-5 =5 0 0 0
Ac=1109 4 —4 o | Be= :
1 1
0o 0 = —=
9 9

R.=[0500", C,=[000.30.7].

The matrices for hydroelectric power plants is given by

—0.01 —0.25 0 0 —0.25
__ 23 0 it
_ | 2000 24 80
ol ! 0o -1 0| " o |
! )
0 o = = 0
L 3 3 L i
- 1 T
Re=[00-0| . Co=[00 -23).

The matrices for the excitation system with AVR in (4.6) are given as

-5 0 =5 5
Ay=15 -05 0 |, B,=|01], R,=[00501", C,=[010].
10 —0.1 —2 0

It should be noted that all sorts of synchronous generator have the same parameters

with respect to the excitation system as synchronous machine.
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4.2.2 Load, PV Power Plant, and Non-Unit Bus

We adopt constant impedance load models [41]. For k € N, the model of the kth load
is given by
’I:[k] = Y[k]v[k], k € Np, (4.7)

where Y';; denotes the admittance of the load associated with the kth bus.

Next, the model of the PV generators is given. First of all, we assume that all PV
generators in every PV power plant are identical. Then the power generated by the
PV power plant is the sum of the output of the all PV generators. Every PV generator
is composed of a PV panel, a direct current (DC) /DC converter with a maximum
power point tracking (MPPT) controller, and an inverter with a controller [42]. Due
to the MPPT controller, the generated power from the converter is set to be constant.
Since the dynamics of the inverter is significantly fast due to the existence of the
controller [43], it is reasonable to assume that the output of the PV plant is given by
constant power. Consequently, the model of the kth PV power plant is given by

'er]’v[k] = pf]g]nSt, ke Np

where p‘flj]“t denotes a constant of the power output.

Finally, from Kirchhoff’s low, the model of the kth non-unit bus is given by

i[k] =0, keNy. (4.8)

4.2.3 System Model

Now, suppose that the power grid is managed by multiple independent system operators
(ISOs) and each component is associated with a single ISO. Let L denote the index set
of ISOs and Z; be the index of the components managed by the (th ISO. Then

Uz=N

lelL

is satisfied, that is, there is no overlap among them.
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Let Zl(nl) denote the nonlinear model of the components associated with the [(th
ISO. The model El(nl) can be written by

i = fi(zy, vi, %, usy, wy)
20 = g(a, v, 4) (4.9)

y = hi(x, v, %)

where

ry = col(xp )wez,, Vi = col(Vp)kez,, % i= col(Py)kez;s

Usy := col(us ke, W = col(uprer;s Y1 = col(Ypw)rex;
and f; and g; follow the dynamics of the components associated with the (th ISO.
From (4.2), 4; is given by

i= Y Yo (4.10)

meN;
where N denotes the neighborhood of the components associated with the /th ISO and

Y, denotes the corresponding admittance matrix. From (4.10), (4.9) can be written

by

)
T = fi (ﬂfz,vz, E Ylm’”ma“s,la“l)

meN;
El(nl) : 0 = g(x, vy, Z Y 1 0m) (4.11)
meN;
= hy(zy, vy, Z Y 1)
mEM

\

We here focus on small signal stability and it is suffices to consider the linear model

¢

T = A + Ly Z Y 1V + Bsus; + By,
meN;

s :d 0 =T+ 4 ) Yigon (4.12)
mEM

y = Cix; + Dy Z Y invm,

. mGM

which is obtained from the linearization around an equilibrium. We consider the linear
model (4.12) hereinafter.

Our goal is to establish a distributed design method for PSSs that amend the
transient stability. The existing controller design approach [21] applies a traditional

controller design method such as optimal controller design for the associated subsystem
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by treating the other part as a static system. As stated in Section 4.1, the stability
of the whole power grid is not guaranteed when applying the existing approach. We
will see the case where the power grid loses the stability in Section 4.4 numerically. To
cope with the problem, we aim at build a systematic method for distributed design of
PSSs. The next section proposes such a distributed design method via retrofit control

developed in the previous chapters.

4.3 PSS Design based on Retrofit Control

This section provides a mathematical formulation of the PSS design problem stated
in Section 4.2. Subsequently, we briefly review retrofit control in time-domain based
on state-space representation for developing a solution to the formulated problem. At

last, a PSS design approach based on time-domain retrofit control is proposed.

4.3.1 Problem Formulation

Let & denote the set of initial value of z; that can be possibly taken. Our aim is to

design a controller that provides wu; so as to satisfy
lzLlle < ve, YleL (4.13)

for any z;(0) € A} and

where
Iy, -— COI(IZ)ZE]L, (414)

€, > 0 denotes a desired performance, and v > 0 is an independent constant of w;.
The measurement signal for the [th controller is restricted to only the local measure-
ment output y;, the interconnection signal {y,, }men;, and the supplementary control

input ug; alone. More specifically, the control input v, is given by

Uy = ICZ(?/Z; {/Um}me./\fla us,l)» leL (415)

with a controller ;. Moreover, we assume that all controllers are designed in a

distributed fashion. The controller KC; depends only on the elements of the set

@l = {Al> Bs,bBl?Cla Dl7Ll7 Fla Al7 {Ylm}me./\fl} .
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Based on the conditions, the problem is formulated as follows.

Problem: Consider the power gird consisting of ¥; for [ € I of which dynamics is
represented as (4.12). It is assumed that the power grid is stable when u; = 0 for any
[ € L. Design K; in (4.15) for [ € LL so as to satisfy the following conditions:

1. The whole power grid becomes stable.
2. The performance criterion (4.13) holds.
3. Each control input can be represented by (4.15).

4. Each controller K; is designed based only on their corresponding system parame-
ters of ©;.

4.3.2 Hierarchical State-Space Expansion for Retrofit Control
in Time-Domain

We consider applying the retrofit control approach to the problem formulated above.
However, Assumption 1, which has been made throughout the previous chapters, does
not necessarily hold in power systems. To resolve this issue, hierarchical state-space
expansion for retrofit control in the time-domain is briefly reviewed in this subsection.
It is shown that retrofit control in time-domain does not require Assumption 1 but
provides us the same advantage as in the frequency-domain. We first show the important

lemma for the following discussion.

Lemma 1 For the systems

{ i = Az + Boyug + Bu (4.16)
y=Cr
and R X

& = A+ Bw

§ = AL+ (A - A)¢ + Bow (4.17)

y=Cx

where A is any compatible matriz. If

and
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then
z(t) = £(t) +£(t), >0 (4.18)

is satisfied for any w and w.

Proof: The sum of the dynamics in (4.17) leads to
) +E(t) = A <§(t) + é(t)) + Bw + Bu.
From the assumption, (4.18) is satisfied. O

Lemma 1 implies that the state x can be obtained by summing of the states £ and
é . Due to Lemma 1, we can analyze the stability and £, performance of x through the
analysis on £ and é . We call the system representation (4.17) as hierarchical state-space
expansion of the system (4.16).
It is assumed that a controller for w = wg is attached in advance and its dynamics
is given by
€ = Ake + By
= Ao+ B.L(E+E)
w = C&e + Dy
= Cebe + DO+ ).

Then the dynamics of ¢ and & is represented as
¢
€e

A+ BD.C BC,
B.C A.

(4.19)

= Acr, + Roé

3
&e
where

Act =

) 0=

A— A+ BD.C
B.C '

The following lemma gives a controller design criterion for guaranteeing the stability
of the system (4.17).

Lemma 2 Assume that Acy, is stable. Consider the controller

Ko Ge = Aot BLE (4.20)
W = c c+DcC€
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where C = C. If the matrix

is a stable matriz, then the entire system (4.17) with the controllers (4.19) and (4.20)
becomes stable.

Proof: The whole system is represented as

¢ - 0 0 §
éC — ACL O O é-c
¢ (R 0 0] A .
€ €e
Because of the block triangular property of the matrix,
- 0 0
Acr .
o 0 0 =0 <ACL> Uo (ACL) .
[Ry 0 0] Ao
The assumption leads to the stability of the entire system. a

Lemma 2 implies that the controller (4.20) stabilizes the system (4.17) with the
controller (4.19) as long as the upstream dynamics of (4.17) with the controller (4.20)
is stable. Thanks to the cascade structure, the stability is assured with the controllers
for the upstream part with respect to é . As a result, the original system becomes stable
by employing the control input that stabilizes the upstream parts provided by K from
Lemma 1. A strategy to generate the control input is included in the discussion in the

next subsection.

Finally, the following lemma is shown in terms of performance of the entire system.

Lemma 3 Assume that ACL 1s a stable matrixz and the initial values hold
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Suppose the controller (4.20) is implemented. Then the bound of Lo-norm of x is given
by
]2 < o€

where

o = 117 0] (T — Acr) " Ry + I, €:= HeACLtf(O)H

2

Proof: Let (s),&(s) and £(s) denote the functions of z(t),&(t), and £(¢) in the

Laplace domain. Lemma 1 leads to the inequality

lz(@®)ll2 = llz(s)ll2
= llE() +é(s)1l o
=11 0] (s — Acr) ™ Roé(s) +€(3)]
< 0l1€(s)]l2
= o€

and hence the conclusion holds. O

It should be noted that vy is an independent constant of the controller and € is
dependent only on Acp. This result implies that the size of the state x is possibly
suppressed in the sense of the upper bound by designing a controller that effectively
works for the upstream part in (4.17). We utilize these results to develop retrofit

control in time-domain. In the next subsection, we propose a PSS design method via

retrofit control in time-domain that the results seen in this subsection produce.
4.3.3 Proposed PSS Design Method
First of all, let us try to determine K in (4.20). From (4.12), we have

vy = H]Lx]L (421)
where xy, is the states of the entire system given as (4.14), and

v, = COl(’Ul)leL, I, = _(AYL>_1FL’
Ay = diag(Ar)ier,  [1 = diag(l7)ier.
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Substituting (4.21) to (4.12), we have the model of the whole power grid

jIL = ALZ‘L + Bs,]LUs,IL + B]LU]L
y = CroL
L .
Ty = CS'I]L
Us], = KsQTg
where

up, = col(w)ier, YL = col(y)ier, A = diag(A)ieL + LY LI,
B]L = diag(Bl)leL, Bs,]L = diag(BsJ)leL, L]L = diag(Ll)le]L, (422)
Cr = diag(Ch)ier + DLY LT, Dy, := diag(D;)ieL,

x5 denotes the state of the supplementary controller, C; denotes the matrix associated

with the aggregated frequency deviation, a := col(ajy)reng, and usy, := col(us;)cr.-
Now, set

Act | Bey

Cei | Dey

A~

Kl =

and choose matrices A.;B.;, Cc;, De; for [ € L according to the following criterion

HeACLJt:pl(O)HQ <e, "m(0) e (4.23)
where
P A+ B/ D.,C; B Cq
Acry =
BC,ZCZ Ac,l

The controller design problem is a standard H, suboptimal control problem that can

be readily solved using some techniques, e.g., linear matrix inequalities, (for example,
see [44]). The following theorem holds.

Theorem 8 Consider the system (4.12). Design K, according to the performance
criterion (4.23). Set AL,EL,C’L, and v by

Ay = diag(A))ier, Bp = diag(B)icr, Ci := diag(C))er,

and
Y= H[I 0](5’[ - ALCL)ilR—i‘ IHOO
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where

A =
L,CL c 0

A]L Bs,]L Rs@ ]

Further, let the controller (4.20) as

Ao = diag(Acp)ien, Be = diag(Bey)ier,
Ce = diag(Cep)ier, Do := diag(Dep)ier.-

Then the Ly-norm of the state can be bounded by (4.13).

Proof: Because £(0) = z(0),

Aa ltZEl

=2

€L

Thus, for arbitrary z4(0) € A},

et = eesao

2
is satisfied when
2(0) = [0T 2,(0)T 0T]".

Lemma 3 indicates that o
s lle < HeACLtsm)HQ

=7 |[eterta(0)

)
The assumption leads to that
[z]l2 < ve

for any z((0) € A.

O

Theorem 8 provides a design strategy for A.;B.;, C.;, D, so as to give a performance

bound according to (4.13). Pursuing the procedure developed above, we can set K,

under the constraint on distributed design.

Next, we discuss implementation of the designed controllers. Since the measurement

signal of the controllers is C’é as represented by (4.20) and é becomes a virtual signal,

the measurement signal cannot be obtained. To resolve the difficulty, under the variable
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L e

jl']L = A]Ll‘]L + Bs,]Lus,]L + BLU]L

transformation

we consider the system

ts =G (4.25)

Us = KsQTs
2, = Avty + (AL — Av)ar + Bspug .

The inverse of the coordinate transformation (4.24) leads to that

~

gZI'L—i‘L.

Therefore if 21, in (4.25) is available in a distributed fashion then we can obtain the
control input in (4.20) employing #p,. We refer to the system providing & as an output
rectifier and discuss a design method for decentralized output rectifier.
Note that
Ay — Ay = LY L IT,

and since Ay — AL does not hold block diagonal structure and (Ap, — AL)xL cannot
be created using zy, in a distributed fashion, it is impossible to design and implement
a decentralized output rectifier providing 2y, using xy,. To overcome the problem, we

employ not the signal xy, but the interconnection signal vy,. The relation

(AJL - A]L)x]L = L Y Il xy,
= L]LYL’U]L (426)
= col (L Y en; Y imm) oL

leads us to following theorem.
Theorem 9 For the systems (4.25) and

tr, = Apay + Bspust, + Brur
s = Cvs
* - (4.27)

U, = KsQTg
T = AL+ Li ) en, YimUm + Bspusy, €L,
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set the initial values

and

Then
(i’]L(t) = COl(il(t»leL, Vt Z 0

is satisfied for any control input ur,.

Proof: Let é the error and its dynamics is given by
é:= &y, — col(Zy)eL-
From (4.21), (4.22), and (4.26), the dynamics is simplified as
é=Ape.
The assumption on the initial condition leads to that
é(t)=0, "t>0.

Thus, Z1.(t) = col(#(t))eL for any t > 0.

Theorem 9 indicates that the decentralized output rectifiers

)

GRI : fvl - Ala}l + Ll Zme/\/l Ylmvm + BS,lus,l
gl =Y — (Ol:fl +D Zme/\/l Ylm'vm)

can generate the measurement output

éé =C (331L - COl(fz)ZGL)

L

I
<,

where ¢, 1= col(9;)ier, and enable us to create the control input in (4.20).

Finally, under the initial conditions

z(0) = £(0), £(0)=0, #(0)=0, €L,

lel

(4.28)
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Fig. 4.2 Block diagram of the local system structure composed of ¥;, G, and f(l.

letting A = Ay, B = B, B = B, and C' = C, we can build an equivalent system
consisting of ¥, G, K; for | € L to the whole system with (4.17) with (4.20), where
Y, is given by (4.12), Gy, is given by (4.28), and
> Loy = Ac c BC J
Ky Tet T Aerter T Belt -y oy (4.29)
Ue = Cc,lajc,l + Dc,lyl

It is shown that f(l can be designed only with the parameters A;, B;, C), and D;
from (4.23) and G, and K ; can be designed and implemented in a distributed fashion
from (4.28) and (4.29). Fig. 4.2 depicts the block diagram corresponding to ¥;, Gr,
and Kl.

We here summarize the obtained results and the proposed approach. The de-
sign method is given as follows. Choose A.;B.;, C.;, D.; such that the performance
criterion (4.23) is satisfied. Establish the controller /C;(yi, {m fmen;, Us;) as

G- I = Ay + L > meny Y imVm + Bs s
RI:Y . X
K 0 =v— (C@ir+ DY en; Y imVm)

I

° jjc,l = Ac,lxc,l + Bc,lyl
Kl :

(4.30)

Uey = Ceyey + Dey¥r
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We can confirm that the conditions of the formulated problem are satisfied as follows.

1. Because the grid with the supplementary controller becomes stable, Lemma 2

implies that the entire system with the designed PSSs is stable.

2. Since the obtained whole system is equivalent to the system (4.12) with (4.20),

Theorem 8 indicates that the performance criterion (4.13) is satisfied.

3. From the form of the design controller (4.30), it can be seen that the measurement

signals are y;, {Um }men;, and ug.

4. From the design process of the controllers, only the local parameters in the set

O, are used and hence distributed design is achieved.

Finally, it should be remarked that the form of the retrofit controller (4.30) is
exactly the same as that of retrofit controllers developed in the previous chapters when
regarding 3; as the local system and (v,,,us;) as the interconnection signal from the
environment. However, for the development of the controller (4.30), a retrofit controller
in the time-domain, the assumption that the local system is stable is not made at
all. Thus we can apply the retrofit control approach for power systems in which local

systems are not necessarily stable.

4.4 Numerical Simulation

This section provides a numerical simulation showing the effectiveness of the proposed
approach for control of power grids. PV-integrated EAST30 model is used and the
gird is depicted in Fig. 4.3. The PV-integrated EAST30 model is composed of 137
buses, 30 generators, 31 loads, 30 PVs, and transmission facilities. The transmission
line parameters of EAST30 model are given in [25]. Although no PV generators are
installed into the original IEEJ EAST30 model, in order to simulate future power
systems we place some PV power plants. The places of the buses where PV power
plants are attached are determined according to the data of areas where large amount
of PV is penetrated in the future Japanese power system [45]. Since the model of the
generator has 13-dimensional states, the dimension of the whole grid reaches at 390.
The PV generation is assumed to cover 6% of the total demand in the grid. The amount
is supposed to be 30% of the FIT installed amount in Japan. The supplementary

control is designed based on the following parameters

kg = —1, ak) = 1. "k € Ng.
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Fig. 4.3 PV-integrated IEEJ EAST 30-machine power system.

The whole grid is stable with the supplementary controller unless any additional
controller is implemented.

The indices of the components are given by

L ={1,2},

7, NNg ={1,...,5},

T, NNy, = {37,40,41, 42, 44},

Z; NNp = {112,117,122,127,132},

T, NNy = {31,...,36,38,39,43,50, ...,58,60,...,68},
I, ={1,...,N}\ 7.

Let us suppose a fault happening in the second generator. The model of the contingency
is given by an initial disturbance injected into the angle of the corresponding generator,
namely,

0.1ley if k=2,

Tr1(0) =
[k}( ) 0 otherwise.
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For the given power grid, consider attaching retrofit controllers developed in the
previous sections. We design K; in (4.30) for Z; utilizing the H, optimal control where

the objective function is given by

Jl = / ((L’IQllL‘l + Tu-lrul) dt
0

where

s AT A AT
Q1 = ¢51€16] + Q16265 + 11

and

€ := liz;nng| ® €,

15 is the M-dimensional all-ones vector, e; € R for i € {1,2} is the canonical bases
associated with the ith coordination, and gs1, q.,1,¢1 and r are positive constants. It is
notable that ¢s5; and ¢, are associated with the angle and the frequency, respectively.
For the second region Z,, we place no primary controller to the power grid. We
have employed MATPOWER [46] on MATLAB R2017a for the following numerical
simulations.

We consider the three cases: First, no controller is added except for the supple-
mentary controller. Second, a PSS designed with the traditional approach, namely,
single-machine infinite-bus system. Finally, a PSS designed with the proposed retrofit
control approach. The free responses of all generators’ frequency deviation for ¢ € [0, 50]
are shown in Fig. 4.4. It is shown that large oscillations happen when no control is
added. The responses for ¢ € [0,1.5] under the traditional approach are shown in
Fig. 4.5. We can see that the power grid losses its stability by attaching the controller.
The responses under the proposed approach for ¢ € [0.50] are shown in Fig. 4.6 where

q1 = ]-7 451 = 1037 4uw,1 = qu,0, r=1.

with g, := 107. The figure demonstrates that the system is kept to be stable even
when attaching the primary controller. Furthermore, the responses for ¢ € [0,0.5] is
shown in Fig. 4.7. The figure indicates that the peak of the frequency deviation is
suppressed by the proposed approach from —0.0904 to —0.0753. In order to further
reduce the peak of the frequency deviation, we next design a controller using the

parameter

w1 = quo X 103
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Fig. 4.4 Free responses of all generators’ frequencies.

The responses with the newly designed controller are shown in Fig. 4.8. The figure
indicates that the oscillation is still more reduced to —0.0505, which is 55% of the
peak value without any controller. These results suggest that the proposed PSS design

method is effective for improving damping performance of the power grid.

4.5 Chapter Summary

In this chapter, we have proposed a distributed design method for PSSs to cope with
contingencies happening in power systems where a large amount of renewable energy
resources is installed based on retrofit control. Since power grids into which large PV
is introduced are susceptible to disturbance and readily destabilized, it is required to
develop a novel method for designing PSSs that guarantee the stability of the whole
power grid. While existing practical methods, including the single-machine infinite-bus
based method, cannot theoretically guarantee the stability, retrofit control can give
theoretical assurance of the stability. The proposed method is an extension of the
existing retrofit control to be applicable for power systems. We have first provided
a dynamical model of the power grid that consists of synchronous generators, loads,
PV plants, and buses. It has been shown that the power system can be treated as a

large-scale network system and the problem on distributed design of PSSs have been
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Fig. 4.5 Responses of all generators’ frequencies with the controller designed based on
the single-machine infinite-bus system.

mathematically formulated. We have derived a solution to the formulated problem
based on retrofit control in the time-domain. Numerical simulations with PV-integrated
EAST30 model have shown that the proposed approach not only stabilizes the power
grid, which can be destabilized by a existing method using the single-machine infinite-

bus model, but also sufficiently suppresses the frequency deviation.
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Chapter 5

(Glocal Control of Network Systems

via Hierarchical Representation

5.1 Introduction

We have developed a distributed design method for decentralized controllers. Based
on the results seen in the previous chapters, we generalize the approach to glocal
(global/local) control, where spatially distributed decentralized controllers and a central
broadcasting controller cooperatively control the entire network system. We, in practice,
take an objective-based approach to system modeling and control, e.g., subsystem
identification for local decentralized control and modeling of aggregate system behavior
for global broadcast control. We investigate such different kinds of control to realize
desired system behavior.

The concept of glocal control has been already introduced in [26] but a systematic
design of glocal controllers has not been established yet. We propose a novel glocal
control method based on hierarchical representation where the original system is
expressed as a hierarchical system. The approach for glocal control design is to consider
an equivalent hierarchical system in which the upstream and downstream parts represent
local and global behaviors, respectively. Then the original system is represented as
a cascade system that consists of low dimensional systems. For the resulting system,
we design local and global controllers for the upstream and downstream parts. The
design procedure of controllers are independently performed and it indicates that the
controller can be designed in a distributed manner.

Composite control, which is an existing approach employing multiple controllers
for systems having multi time-scale, e.g., power plants [47-50|, network systems

composed of multiple robots [51]|, and transmission control protocol [52, 53|. The
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composite control requires the premise on which the whole system dynamics can
be decomposed into two time-scales, slow and fast ones, by using the technique
called singular perturbation |54, 55|. Under singular perturbation, each dynamics is
treated as global and local dynamics that represent corresponding aggregated and
local behaviors, respectively [56]. Nevertheless, it is not theoretically shown that the
time-scale separation works well. The whole system, indeed, possibly loses the stability
if the gap of the time-scales is insufficient, due to unanticipated interference among
the controllers for the separated dynamics.

This chapter is organized as follows. We first see an example that motivates us
to develop glocal control in Section 5.2. In Section 5.3, we give the system model
treated in this chapter and the definition of hierarchical representation that is the
key to developing glocal control. Further, we derive a characterization of hierarchical
representation for a given system from the viewpoint of controllable subspace. In
Section 5.4, we propose a distributed design method for designing glocal controllers
based on hierarchical representation. Moreover, in Section 5.5, we see the effectiveness
of the proposed glocal control through a numerical example of power system control.

Finally, Section 5.6 concludes this chapter.

5.2 Motivating Example

First of all, a motivating example is shown to explain the framework of the proposed
glocal control.
Let us consider a network composed of three second-order systems. FEach subsystem
is represented by
miéi—kdiéi—l—vi—i—ui =0, 1=1,2,3

where v; is the interconnected signal injected into the ith subsystem and w; is the

control input. The interconnection signal is represented by
vV, = ka<91 — 9])
J#i

We assume that the system is homogeneous, that is, the coeflicients are assumed to be
the same as the other subsystems’ ones and subscripts for all coefficients are omitted

in the following. Then the entire system can be represented by

>x+1®
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where
3
T = E e X
i=1

with the canonical bases e; € R? and

0; >
Ql ] , U= ;eluz

7

_kij/m7 Z%])
(L)l] = Zk,‘”/m, 1= j

J#i

We suppose that the control input is represented as the sum of local control inputs

and a global control input by

3
u = Z €;UL 5 + 13UG
i=1
with all-ones vector 15 € R3.
We now consider the hierarchical system

¢ —

: 0 1
& =

| —3k/m —d/m

.o 1 ’ 0 0 0
“=1y —d/m]+zl—k/m 0]&+[1]UG'

\ L =1

0

i+
¢ 1

ur, ©=1,2,3

Then it can be shown that

3

2(t) = (15 @ N)éo () + Z(ei ® D&(t), "t>0

for all uy,;, ug provided that

by simple algebra.

We consider designing local and global controllers

ULJ‘ :’CL(&), = 1,2,3
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and
ug = ICG (&))

If the controllers stabilizes the corresponding system, the entire system is also stable
due to the cascade structure. As a result, the original system is also stabilized. Then
distributed design of glocal controllers is achieved.

Now a couple of questions are posed. The first question is what the condition
is for existing such a hierarchical system of which the superposition of the states
represents the original state exists. The second question is what the condition is for
the hierarchical system to model after the original system. In the next section, we

provide answers to the questions from the perspective of controllability.

5.3 Hierarchical Representation

In this section, we introduce the notion of hierarchical representation that is the key
to developing distributed design of glocal controllers. First of all, we give a precise
definition of hierarchical representation. Subsequently, we provide a characterization of

hierarchical representation to establish a hierarchical representation for a given system.

5.3.1 Definition of Hierarchical Representation

We consider linear time-invariant systems represented by

N
i=1
where x is the state and u; for ¢ = 1,..., N are local control inputs and u is global

control input. Our aim here is to develop a distributed design method for local and
global controllers for the control inputs.

Now we consider the following hierarchical system

(11

L N ) (5.2)
& = Aoéo + Z R;& + Bouy.
i=1

The definition of hierarchical representation is given as follows.
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Definition 3 The hierarchical system (5.2) is called a hierarchical representation of

the original system (5.1), when

N
() = Po&o(t) + Y P&i(t), "t>0 (5.3)

i=1
holds for any ug,uq, ..., uy with full-column rank matrices Py, P, ..., Py whose size

are compatible with the dimension of the states under the initial condition

2(0) = Po&o(0) + Z Pi&(0).

According to the definition, the original state x can be represented as a superposition
of the states &; provided that the system (5.2) is a hierarchical representation of (5.1).
Once a hierarchical representation is given, local controllers generating u; for i =
1,..., N can be designed only with the parameters A; and B; and a global controller
can be designed only with AO, RZ-, By as well. In this sense, hierarchical representation

greatly helps us to achieve distributed design of glocal controllers.

5.3.2 Characterization of Hierarchical Representation

We give a characterization of hierarchical representation in this subsection.
First, we give a condition for existence of hierarchical representation. The following

theorem holds.

Theorem 10 There exists a hierarchical representation of the system ¥ in (5.1) if

and only if
R(A,P)CimP,+imPy,, i=1,...,N
R(A, P()) - imP07 (54)
imB;, CimFP;, :=0,...,N

holds.

Proof: Sufficiency is shown in the proof of Theorem 11 by constructing a specific
hierarchical representation. we here show necessity in this proof.

Assume that = is a hierarchical representation of Y. Let

To € im Fy
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and
2(0) =z, &(0) = Plwo, &(0)=0

for i =1,..., N. Because = is a hierarchical representation,
z(t) = Po&o(t), "t =0
holds for u; =0 for i = 0,..., N. Thus
x(t) = eMag €im Py, "t > 0.

Since im F, is a closed subspace,

ey — x
lim ———
t—0

= Axy € im F,.

Because xg is an arbitrary element in im Py, im F, is an invariant subspace of A. Hence
R(A, Py) C im B.

Similarly, it can be shown that R(A, P;) C im Py+im P; for i = 1,..., N by taking
To € im P,

Finally, we show that im B; C im P; for i = 0,...,N. Fixi € {1,..., N} and set
z(0)=0,&(0)=0fori=0,...,N, and u; =0 for j # i. Then

for any u;. On the other hand,
#(0) = Poo(0) + Z P&(0
A N ~ A
=h <A0§0 + Z Ri&(0) + BOUO(O)) +) P, (Aifi(o) + Biui(0)>
i=1
= P,B;u;(0) € 1mP

Because there exists u; for any #(0) € im B;, im B; C im P;, for i = 0,..., N. O

A signal-flow diagram of the hierarchical system = is shown in Fig. 5.1 where =;
corresponds to the dynamics of & for ¢ = 0,..., N. As shown in the figure, & for
i =1,...,N does not affect §; for j # 7 at all and the necessity indicates that the

original system must hold the structure.
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Fig. 5.1 Signal-flow diagram of =.

We next give a characterization for = to be a hierarchical representation of ¥. The

following theorem holds.

Theorem 11 The system = is a hierarchical representation of ¥ if and only if

AOZPJAPO
AP, — PR, — PA; =0, i=1,...,N (5.5)
PB,=B;, i=0,...,N

holds.

Proof: (Sufficiency) First of all, we show that there exist matrices 4; and R; for
i=1,..., N such that the condition (5.5) holds when the condition (5.4) is satisfied.

Since
R(A,P)CimP,+im Py, i=1,...,N

holds,
imAP, CimP,+imF,, i=1,...,N.

Hence there exist X;, X, such that

AP, = PX, + Py Xo.
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Thus

satisfy the condition (5.5).
Let us assume that the condition (5.5) holds. Define

N
e:=x— P& —Y P&
=1

and then

N N
é = A[B — PO (A()&) + Z RZ&) - Z PzAzgz
i=1

=1
= Az — PQA()&) — Z (PORz + RAZ) gz
=1 N
= Az — R PJAR& — > AP,
=1
Since R(A, Py) C im Py,
P,PIAP, = AP,.

Therefore

N
¢ = Av— APy& — Y APg

=1
N
= A (a: — Poo — Z%)
=1
= Ae.
When z(0) = Po&o(0) + 3V, Pi&i(0), ¢(0) = 0 and hence

e(t)y=0, "t>0

for any w; for i = 0,..., N. Since there is no error, (5.3) holds. Thus Z is a hierarchical
representation.

(Necessity) First we show that Ay = POTAPO7 PyBy = By. When u; = 0 and & =0
fori=1,...,N, &(t) =0 for any ¢t > 0. Thus then

x(t) = P&o(t), "t >0
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for any ug provided that x(0) = Py&y(0). Define
€y := POT x —&
and then . .
éo = Pl Az + P Byug — Ay — Boug

= BIAPyPlz — Aoty + (PIBoy — Bo)ug
= PJAPQQ) —I— (PJAPO — AO)&) —I— (PJBQ — Bo)U,O.

Since eg(t) = 0 for ant t > 0, é,(0) = 0 for any ¢t > 0. Because
¢0(0) = (PJAPy — Ag)&(0) + (P By — By)uo(0)

for any &(0) and uo(0), Ay = PIAPR,, PyBy = B, holds. Similarly, it can be shown
that AP, — P,R; — P,A; =0 and PB,=B;, 1=0,...,N. O
Theorem 11 provides a characterization of hierarchical representations from the

viewpoint of controllability. Some specific examples are given here.
Ezample 1: Let us suppose that
mP, CimF,, t=1,...,N.

Then there exists R; such that the condition in (5.5) is satisfied for any A;. Thus all

hierarchical representations are parameterized by

(11

N
o =PiAP& + P (Api - P@z‘L’) & + Py Bouo
i=1

with A; for i = 1,...,N. Note that this is exactly the same as the retrofit controller in
the time-domain employed in Chapter 4 when Py = I.

Ezxample 2: Let us suppose that

imP,Nim Py ={0}, i=1,...,N.
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Then A; and R; are uniquely determined. Accordingly,

& =Xi&+ P/Bu;, i=1,...,N

(1]

N
€ = PJAR& + > Xoi&i + P Boug

i=1

is the unique hierarchical representation where X; and X; are the matrices
Xy = (PyP) PyAP;,  Xoi = (PLR) PIAP,

which satisfy
AP, = Py Xo; + P.X;.

Through the following sections, we develop a glocal control method via hierarchical

representation.

5.4 Glocal Control for Network Systems

In this section, we provide a distributed design procedure of glocal controllers via

hierarchical representation.

5.4.1 Difficulty on Glocal Controllers Implementation

To clearly express the network structure, we consider a linear network system composed
of N subsystems
t; = Ajx; + Lyv; + By,
G;: S w; = lx;
yi = Cix;
with the network
w = Mv

where

w = col(w;), v := col(v;).
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We suppose that the control input can be decomposed by

u = col(u;)
N

= Z(@l & I)um + 1NuG

i=1

with local control inputs uy,; and a global control input ug. Then the entire network

T = Ax + Bu
Gall . { (56)
y=Cx

system is written by

where
A = diag(A;) + diag(L;)Mdiag([;), B :=diag(B;), C :=diag(C;).

We now assume that = in (5.2) is a hierarchical representation of G,y with matrices
Py, Py, ..., Py, where
Pi = ® I.

It is easy to design controllers IC; for ¢ = 1,..., N only with the model of GG; such that

the system

3 3 A+ ur, (5.7)
Uur,; = ’Ci(cifz’)

is stable where C; := C;. It is also easy to design a controller Ky such that the system

(5.8)

éo = Aofo + BOUG
ue = Ko(Co&)

is stable where
N

i=1
Owing to the cascade structure of a hierarchical representation, stability of the entire
system can be guaranteed if the control inputs in (5.7) and (5.8) can be implemented.
The difficulty here is that the measurement signals CA‘@-& cannot be directly measured.

We will solve the problem in the next subsection.
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5.4.2 Rectifier Design

The main idea to avoid the problem above is to design a linear function observer that
produces the signals C’i@, which we call a rectifier as an analogy of the rectifier in
retrofit controller design.

The following theorem holds.

Theorem 12 Consider the system (5.6) and assume that = in (5.2) is a hierarchical
representation of Gay. Assume also that IC; for i = 0,..., N are designed so as to
stabilize the systems (5.7) and (5.8). Then the system Gy with the controllers

{ ur,; = ]Cz(afz)

uc = Ko(y)
and ‘
G bi = Do + Byiyi + PBuivi + Buiti + Buolio
& =%+ Dy
fori=1,... N is stable if G; is a linear function observer of = in (5.2) for &;.

Proof: We assume that G; is a linear function observer for §;. From the necessary
and sufficient condition [57], it suggests that 7 is stable for any i and there exists a
matrix U such that

diag (AZ) 0

R — diag (o) U = diag (B,,C; + #.i1;) I R,
Ry---Ry A

diag (BZ-) 0 (5.9)

0 By
diag (%;) [diag(C;) Fo] + diag(;)U = [I 0] .

From the second equation in (5.9), it turns out that U has the form
U = [diag (U;) 1y ® Uo]

as long as B; is a column-full rank matrix for any 1.
Define

ei = Ui& + Upéo — ¢i.
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Then because G; is a linear function observer, the dynamics can be represented
e, = e,

which is stable. Now since
éi =& — Cie
from the conditions in (5.9), the entire closed-loop system is composed of
é&; = de;
& = A& + B
Ui = /Cz(éz(fz - %ﬂz‘ei))

fori=1,...,N, and

o = A&+ X1, Ri& + Boug
{ ug = Ko (éo <ZZ]\L1 P& + Pofo)) .

From the assumption and the hierarchical structure, the entire system is stable.

O

Because the controllers can be designed based only on the local models, if we can

design linear function observers only with the local model then distributed design of

glocal controllers is achieved. In fact, the following theorem holds and states that there

exist such rectifiers.

Theorem 13 Assume that A; and AZ are stable. Let

Clgz' = Ai¢i + (A — Az)iz + Liv; + BTPOBOUO
& = —Cioi + v

Then G; is a linear function observer for C;P&;.

Proof: 1t suffices to show that there exists a matrix U such that

diag (Az) 0| [ diag (/1) diag (A- = AZ>
R, -+ Ry A diag (A;)

0 diag(Li)] [ diag ( 1> dlag( ) 0

0 diag(L;) | | Mdiag(I3) Mdiag (I3}) Py,

U
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[ 0 Py By

dlag (BZ) Poéo 0 BO
and
dlag (éz> dlag (éz> P() i N . ~
[T 0] _ _ + [—dlag( Z)] U= [dmg( Z) O] :
Mdiag (I;) Mdiag (I3) Py
Let us take
P
T
I P
and then simple algebra leads to the conclusion. O

All parameters in G; are associated with G; and hence it can be designed in a
distributed manner.

The procedure of distributed design of glocal controllers via hierarchical repre-
sentation is summarized as follows. First, we search for Fy,..., Py such that the
conditions (5.4) hold for the system G,;. Next, parameters for a hierarchical repre-
sentation are determined according to the conditions (5.4). For the given hierarchical
representation, design controllers in (5.7) and (5.8). Finally, the resulting glocal

controllers are implemented with the rectifiers.

5.5 Application to Power System Control

This section gives a numerical example to verify that the proposed control strategy
efficiently works. The model used in the simulation is IEEJ EAST30 without PV plants
shown in the previous chapter.

Let us suppose that a fault happens at the fifth generator. The fault is modeled by
an initial deviation of the angle of the generator. To reduce the influence made by the
contingency, we consider applying our method to the power system, where subsystems
are determined according to the set of the generators within the area. The global
controller g generates the uniform actuation signal and sends it to all AVRs. On the
other hand, the local controller Ky, ; sends an actuation signal only to the corresponding
AVRs.

Fig. 5.2 illustrated the trajectories of frequencies of the all generators in the grid.
The response in the case where no control is applied is shown by the red lines. Large

oscillation can be observed in this case of free response. The response in the case
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Fig. 5.2 Responses of all generators’ frequencies, ¢ € [0,10]. Red, green, and blue
lines are obtained in the cases of no-control, retrofit control, proposed glocal control,
respectively.

where retrofit control is applied is shown by the green lines. It can be observed that
the trajectories after the 5 second similarly behave as compared to the trajectories
of free responses. It is implied that incoherent dynamics can be suppressed by the
retrofit controllers. Nevertheless, a uniform frequency deviation still remains and it
slowly converges to the setpoint. The response in the case where the proposed glocal
control is applied is shown by the blue lines. The glocal controllers are designed by
heuristically ignoring the modeling error. The uniform frequency deviation, illustrated
by the green lines, is greatly reduced by the newly introduced global controller, even
though the stability is not assured in theory for the modeling error. It should be noted
that the non-uniform dynamic is not stimulated by the global controller. These results

indicates the efficiency of the proposed glocal control for control of real power systems.

5.6 Chapter Summary

In this chapter, we have proposed a distributed design method for global and local

controllers for network systems. We have introduced a novel technique to represent the
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original system in a hierarchical one, called hierarchical representation. Thanks to the
cascade structure of the hierarchical representation, it is enabled to distributedly design
glocal controllers. We have shown that decentralized rectifiers can be also designed in
a distributed manner. Finally, simulation results to show the effectiveness of the glocal
control have been illustrated using the IEEJ EAST30 model.



Chapter 6

Conclusion

6.1 Summary of Results

This thesis has summarized the line of work on distributed design of controllers for
dynamical network systems. Summaries in individual chapters are as follows:

First, in Chapter 2, a distributed design method of decentralized controllers based
on the retrofit control approach has been proposed. We have considered a large-scale
network system being stably operated where there are multiple operators with the aim
of suppressing effects of disturbance injected into the network system by implementing
subcontrollers. For the network system, the distributed design problem has been
formulated by modeling the network system as an interconnected system composed of
a local system and an environment. The definition of retrofit controllers has been given
as the controllers that stabilize the interconnected system for any possible environment.
It has been shown that all retrofit controllers can be parameterized based on Youla
parameterization in the frequency domain. To investigate structure inside retrofit
controllers, we have introduced two kinds of retrofit controllers, output-rectifying
retrofit controllers and input-rectifying retrofit controllers. These controllers can be
also parameterized by Youla parameter, and moreover, it can be reduced to be a
parameter without any constraint. Thanks to the unconstrained parameterization,
an optimal retrofit controller can be designed and consequently distributed design of
decentralized controllers is achieved.

In Chapter 3, we have developed a retrofit controller design method without inter-
connection signal aiming at relaxing the assumption that the interconnection signal
can be measured. We have considered the case where interconnection signal is unavail-
able and derive a parameterization of all state-feedback retrofit controllers without

interconnection signal. It has been shown that a similar structure can be observed in
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state-feedback retrofit controllers to that of retrofit controllers with interconnection
signal.

In Chapter 4, we have considered PSS design based on retrofit control for frequency
control in power grids with renewable energy resources as an application of the proposed
distributed design of decentralized controllers. We have given a mathematical model of
EAST30 composed of synchronous machines, loads, PV power plants, non-unit buses,
and tie-line networks. For synchronous machines, Park model is employed and each
synchronous machine consists of a synchronous generator, an excitation system with
AVR, and a turbine with governor. The loads and PV power plants are modeled as
constant loads and constant power sources, respectively. We have shown that the
power grid can be regarded as an interconnected system and formulated the problem
of distributed design of PSSs. To treat unstable local systems, we have developed a
retrofit controller design method in the time-domain. Numerical simulation has been
shown to demonstrate the effectiveness of the proposed method.

As a generalization of the developed retrofit control, we have proposed a glocal
control approach for distributedly designing local and global controllers based on
hierarchical representation in Chapter 5. We have derived necessary and sufficient
conditions for existing of hierarchical representation for a network system. Based on
the hierarchical representation, we have proposed a glocal controller design method
with rectifiers that preserve the hierarchical structure. Finally, the effectiveness of the

proposed method has been verified through a numerical example.

6.2 Future Works

We have shown that all output-rectifying retrofit controllers with interconnection and
all state-feedback output-rectifying retrofit controllers without interconnection signal
have a structure inside the controller in Chapter 2 and 3. However, it is still unclear
whether output-feedback output-rectifying retrofit controllers have a similar structure
or not. One possible future direction is to generalize the result to the most general
setting.

In addition, in Chapter 5, we have developed a glocal control approach for a given
hierarchical representation. To search for a hierarchical representation for a given

system is an interesting future work.
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