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Some fundamental structural characteristics of large-scale power systems are analyzed in the
paper. Firstly, the large-scale power system is decomposed into various hierarchical levels:
the main system, subsystems, sub-subsystems, down to its basic components. The proposed
decomposition method is suitable for arbitrary system topology, and the relations among various
decomposed hierarchical levels are explicitly expressed by introducing the interface concept. Then,
the structural models of various hierarchical levels are constructed in a bottom-up manner. The
constructed hierarchical model can reveal the self-similarity characteristic of large-scale power
systems.

1. Introduction

Analysis of the structure of power systems is a very important task for many problems, such
as the time-scale simulation, control strategy design, and so forth. There are some important
specialties that should be considered when analyzing the structure of power systems. For
example, (1) power system is a large-scale system; (2) the topology of power system is
very complex and power systems are normally with multilevel/hierarchical structures [1];
(3) various components of power systems are interconnected with each other via electrical
network (not interconnected directly), and without considering electromagnetic effect, power
systems’ networks follow basic principles of electrical networks.

Aiming at the specialties of power systems, a lot of work has been done to analyze
the structure of power systems. In the early time, when constructing the structure preserving
model (SPM) [2, 3] and component connection model (CCM) [4], the “planar” structural
characteristics or the interconnection relations between components (mainly generators and
loads) and AC grid are analyzed. However, there are seldom literatures discussing the
hierarchical structural characteristics of modern power systems. In [5], the relations among



2 Mathematical Problems in Engineering

subsystems of power systems are investigated, but the results have not been extended to the
analysis of more hierarchical levels and are less flexible.

In recent years, in order to satisfy the demand of large-scale numerical simulations
(such as parallel computation, etc.), the analysis of the complex topology and hierarchical
structure of modern power systems has drawn more attention. For example, in [6], under
the platform of the AnyLogic Simulation Software, the hierarchical characteristics are
investigated; in [7], the concept of multilevel MATE (Multi-Area Thévénin Equivalent) is
proposed, and thus power system networks could be partitioned into multilevels; in [8], a
power system is decomposed and described by a component tree, which is valuable for the
computation parallelism and programming flexibility.

In the area of structural analysis of power systems, there is a prominent phenomenon,
which is that the analysis purpose is mainly for system’s analysis and simulations, and
little attention is paid to the needs of other issues (such as designing control strategy). For
example, when analyzing the interconnection relations between components and AC grid,
the current and voltage vectors are normally used to describe the relations. However, some
local measurable variables that are very meaningful for designing component controllers (as
feedback variables) are not used, such as the amplitude of terminal voltage and the active
and reactive powers. In the previous work of the authors [9], some immeasurable variables
of synchronous generator are transformed into the local measurable variables, but there is
still lack of systematic methods.

Moreover, until present there is still a lack of systematic hierarchical decomposition
and modeling method of large-scale power systems, and some internal structural character-
istics are still not revealed.

In the paper, firstly the large-scale power systems will be decomposed into various
hierarchical levels (such as main system, subsystems, sub-subsystems, and components)
from top to bottom. Secondly, the relations among various levels will be analyzed, described,
and classified by introducing the interface concepts. Thirdly, with a well-defined rule, the
structural models of various hierarchical levels will be constructed one by one in an order of
component, sub-subsystem, subsystem, and main system. On constructing the hierarchical
structural model, a natural characteristic of power systems, or the self-similar characteristic,
can be revealed. Finally, the application of the proposed structural model of power systems
in designing decentralized controller will be demonstrated briefly.

2. Hierarchical Decomposition of Large-Scale Power Systems
2.1. An Example of Hierarchical Decomposition

In this section, the large-scale power system will be decomposed into various hierarchical
levels (such as main system, subsystem, sub-subsystem, ..., down to its components). In the
following, the IEEE 39-bus system will be chosen as an example to illustrate the hierarchical
decomposition.

Firstly, one may divide the whole IEEE 39-bus system (named main system) into three
subsystems (see Figure 1). In Figure 1, all of the three subsystems are interconnected with
each other via corresponding transmission lines. A main grid could then be used to explicitly
describe the relation among these three subsystems (see Figure 1). As seen from Figure 1, the
main grid only consists of some interconnection lines and would be called the “virtual” main
grid.
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Figure 1: Decomposition of the IEEE 39-bus system into three subsystems.
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Figure 2: Decomposition of the IEEE 39-bus system into four subsystems.

According to the different demands of real power engineering, the system can also
be decomposed in the other forms. For example, the above IEEE 39-bus system can also be

divided into four subsystems as shown in Figure 2.
Compared with the virtual main grid as shown in Figure 1, the main grid in
Figure 2 includes not only some transmission lines but also some buses (bus 5, 6, and 17).

Furthermore, some loads could also be included in the main grid, if they are considered as

the invariant impedances (static loads).
The subsystems can also be further divided into some sub-subsystems and one subgrid

(see Figure 2). It should be noted that when decomposing, some components can even be
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Figure 3: Four-level decomposition of large-scale power systems.

Table 1: Constituent elements of every hierarchical level.

Hierarchical level Constituent elements

Main system One main grid N subsystems
nth subsystem One subgrid (the nth subgrid) Jn sub-subsystems
njth sub-subsystem One sub-subgrid (the njth sub-subgrid) I,;j components
njith component njith component

directly connected to the subgrid, or a single component can be chosen as an individual sub-
subsystem if necessary. For example, in Figure 2 synchronous generator sets 3, 4, and 5 are
directly connected to subgrid 3. Sometimes, some components can even be directly connected
to the main grid.

The sub-subsystem can also be further decomposed. For example, the sub-subsystem
3-1 in Figure 2 can be divided into sub-subgrid 3-1 and components 3-1-1 (generator set 6),
3-1-2 (generator set 7), and 3-1-3 (the load in bus 23).

2.2, General Expressions of Hierarchical Decomposition

As a whole, the above hierarchical decomposition method is in a top-down manner (from top
to bottom) [10] and has the following characters.

(i) There are no special restrictions for the hierarchical decomposition, and thus the
proposed decomposition method is suitable for arbitrary power systems.

(ii) The hierarchical levels or “depth” to be decomposed can be arbitrarily chosen.

(iii) For a given hierarchical level, the decomposition form is arbitrary.

In the following of the paper, without loss of generality, the four-level decomposition
of large-scale power systems (see Figure 3) will be considered. For the four-level decom-
position shown in Figure 3, the constituent elements of every hierarchical level could be
sequentially defined (see Figure 3 and Table 1).

Totally there are I,;; components in the njth sub-subsystem (j = 1,..., J,,); there are J,

sub-subsystems and 2}21 I,j components in the nth subsystem (n = 1,...,N), and so there
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Figure 4: The interface between the nth subsystem and the rest of system (relative to the nth subsystem).

are N subsystems, >V, J, = J sub-subsystems, and ZnNzl(ij.il Ij) = I components in the
main system.

3. The Relations among Various Hierarchical Levels
3.1. Interface Concepts

In this subsection, the interface concept will be introduced to explicitly describe the relations
among various hierarchical levels. Firstly, the interface among subsystems and main grid will
be discussed.

The interconnection relations among N subsystems and main grid are shown in
Figure 4. With respect to the nth subsystem, all the other subsystems and the main grid could
be seen as “the rest of system (relative to the nth subsystem)”.

Definition 3.1. The interconnection line between the nth subsystem and the main grid is called
the interface between the nth subsystem and the rest of system, or the nth subsystem’s
interface for simplicity.

For example, in Figure 2 the three interconnection lines between subsystem 3 and the
main grid just constitute the interface of subsystem 3.

Similarly, the interface between the sub-subsystem and the rest of system and the
interface between the component and the rest of system can also be defined. The interface
between the component and the rest of system is as shown in Figure 5.
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Figure 5: The interface between the njith component and the rest of system (relative to the njith
component).

The interfaces or the numbers of the interconnection lines between different
components (or sub-subsystems, subsystems) and the rest of system may be different.
However, in Figures 3-5, this difference cannot be expressed explicitly, or, in these three
figures, all of the interfaces are expressed by a “single line.” In the following, the concept
of “port” will be introduced to describe this difference.

Firstly, components are chosen as an example. As is well known, if the influence of
asymmetry of three phases is not considered, the three-phase circuits are generally shown
by single line diagrams in which only one line is shown instead of all the three as shown in
Figure 1. Then, according to the number of the interconnection lines between the component
and the rest of system, components could be classified as follows.

Definition 3.2. If there is one interconnection line between the component and the rest of
system, it is called the one-port component.

Synchronous generator set, motor load, resistance load, and shunt FACTS apparatus
are all one-port components.

Definition 3.3. If there are two interconnection lines between the component and the rest of
system, it is called the two-port component.

Series FACTS apparatus (TCSC, SSSC, TSSC, etc.) and shunt-series FACTS apparatus
are two-port components.

Definition 3.4. If the number of interconnection lines between the component and the rest of
system is greater than or equal to three, the component is called the multiport component.

For example, unified series-series apparatus, unified apparatus for multiple lines,
multiport HVDC system, and so forth, [11] are multiport components.

Generally, assuming the number of the interconnection lines between the njith
component and the rest of system is I ji (the subscript nji denotes the sequence of the
component and the superscript 0 denotes that it is a number), the njith component could
be classified as I 2 ji-port component (see Figure 6(a)).

Similarly, the njth sub-subsystem and the nth subsystem can be classified or named
as J? jport sub-subsystem (see Figure 6(b)) or NY-port subsystem. For example, in Figure 2
there are three interconnection lines between subsystem 3 and the rest of system, and thus
subsystem 3 is a three-port subsystem.
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Figure 6: I ji-port component (a) and J j-port sub-subsystem (b).

3.2. Interface Variables

Based on the interface concept given above, the interface variables could then be defined to
describe the mathematical relations among various hierarchical levels.

If the AC grid of power systems adopts quasi-steady model, the mutual interface
relation between any component and the corresponding rest of system can be determined
by the current and voltage vectors. For example, the mutual relation between the njith
component and the rest of system (see Figure 6(a)) can be described by If,;; and Up,;. Here,

0 0
Iruji € R*!i and Upnji € R*"i are the current and voltage vectors, respectively.
Definition 3.5. (Iryji, Uryji) are called the basic interface variables of the njith component.

Apart from the basic interface variables, other sets of variables can also be used to
describe the interface relations.

0
Definition 3.6. v,j; € R*" are called the interface variables of the njith component, if there
are the following equivalent relations between (Iryji, Uryji) and v;i:

Vnji = ©nji (Tpnji, Urnji), (IFnji/UFnji)T = (1);]1.1. (Vnji)- (3.1)

In (3.1), (:D;;l1() is the inverse of @,;;(-).

Apparently, the basic interface variables can be considered as a special group of
interface variables, and the selection of interface variables is more flexible than that of the
basic interface variables. Thus some locally measurable variables that are very commonly
used in real engineering, such as the amplitude of voltage and current Vy,ji, Ipji, the
active and reactive power Pji, Qmji, and so forth, can be chosen as the interface variables.
Then, these interface variables could be chosen as the feedback variables of component-
decentralized controllers [9], and so the introduction of the interface concept and interface
variables is valuable for designing component decentralized controllers.

Choosing the synchronous generator set as an example, the basic interface variables
are  [Lenji, Lynji, Uxnji, Uynjil, and [Viuji, Itnji, Qtmji, Ounji] could be chosen as the interface
variables for the following reasons. Here, I.,j; and I,,j; are the x- and y-axis components
of the terminal currents, respectively (pu); Uyji and U, ,j; are the x- and y-axis components
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of the terminal voltages, respectively (pu); Ouyji is the phasor between the terminal voltage
and an arbitrary reference (degree). Firstly, there are

- 2 2
va]’ - uxnji + uynji’
= 2 2
It"]’ - Ixnji + Iynji’

Qmiji = Uynjilxnji = Uxnjilynji, (3.2)

0 t <uxnji>
Unji = arcctg o .
ynjt

Equation (3.2) is the relation of Vaji = (I)nji(IFnji,UFn]'i). Defining (3.2) as Fji (ani, Iruji,
Urnji) = Vaji = ©(Irnji, Ursji) = 0, there is

0 Fn'i n‘i/I n'i/U nji Pn'i
det< (Fuji (Vnji, Lnj FJ))T>: tnj (3.3)

a(Ixnji/ Iynji/ uxnji/ uynji) W"jilt"fi

In the normal operating area of generator, there is det(0(Fyji(Vuji, Irnji, Urnji))/
a(Ix,,ﬁ, Iyn]'i, uxn]',', uynﬁ)T) = —Pmﬁ/thﬁImﬁ #0. Thus according to the Theorem of ImpliCit
Function [12], theoretically there is

Lenji = franji (Vinjis Iinjis Qtnjis Oumii ),

Lynji = fiynji (Vinjis Inji, Qenjis Ounji)» (3.4)
Unji = fuxnji(Vinjis Injis Qtnjis Ouni), .
Uynji = fuynji(Venjis Iinjir Qenjis Ounji) -

Equation (3.4) is just the relation of (Ipn,-,-,Upn]-,-)T (I)’l(vn]-,-), and thus

[Vinjis Itnji, Qtnji, Ounji] can be chosen as the interface variables.

Similarly, the above concept of interface variables could also be extended to other
hierarchical levels. For the njth sub-subsystem, §,; € R*% can be defined as its interface
variables. For the nth subsystem, 17, € R*N» can be defined as its interface variables.

Other variables, including the input variables and state variables of all hierarchical
levels in Figure 3, can also be defined as follows.

Uy = [llnjl,--.,un;‘i,---,unﬂn,-],
Xnj = [an,---,xnji,---,anln,],
W, = [Upt, ... Uy, e, Uy, (3.5)
xn = [xnlr---/xnj/---/xn],,]/
u=[uy...,u,...,uy],

X=[X1, 0, Xp, oo, XN
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4. Hierarchical Structural Model and the Self-Similar Characteristic of
Large-Scale Power Systems

Based on the proposed hierarchical decomposition method, the hierarchical structural model
of large-scale power systems will be constructed in this section in a bottom-up manner (from
the components level up to the main system). Meanwhile, by constructing the hierarchical
structural model, some internal structural characteristics (such as the self-similarity) of large-
scale power systems can be revealed.

4.1. Component Structural Model
4.1.1. Structural Model of Synchronous Generator Set

The discussion will begin with a model of synchronous generator set [13]. When the 3rd order
one-axis generator model without ignoring the transient saliency is used and both excitation
and governor parts are represented by the 1st order models, the model of the synchronous
generator set (as the njith component of the njth sub-subsystem) includes the following two
kinds of equations.

(1) The nonlinear differential equations describing the dynamics of the synchronous
generator set:

Onji = Wyji — wy,

, wo Dyji (wnji — wo)
Whji = <—> [PHnji + CmLnjiPmnjio — —————

Hyji w0
wo
—_ <—Hn]l> [E;n]l + <anji - xiinji>1dnﬁ] Iquji/
: 1 (4.1)
E:qnii = <Tfinl-,-0> [Efdnji - E;nji - <.X'dnji - x:inji>Idnji]/

. 1
Pryyji = <THznﬁ > (=Prnji + CrnjiPrnjio + Crnjillenji),

. 1
Efanji = (m) (=Efanji + KanjiE fmji),

where 6,j; is the power angle of synchronous generator (degree); wy;; is the rotor speed
of synchronous generator (rad/s); wy is the synchronous speed (rad/s); Hy;; is the inertia
constant of synchronous generator (s); Pyyji is the mechanic power of HP (high pressure)
(pu); Cmrnsji is the distribution coefficient of IP (intermediate pressure) and LP (low
pressure); Ppyjio is the initial static value of total mechanic power (pu); Dy;; is the damping
constant of synchronous generator (pu); E;n ji 18 the g axis transient electromagnetic fields
of synchronous generator (pu); x4,ji and Xa,j; are the g and d axis synchronous reactances
of synchronous generator, respectively (pu); x;ln].i is the d axis transient reactances of
synchronous generator (pu); Iguji and Ig,j; are the d and g axis stator circuit currents,
respectively (pu); T;ln].io is the d axis transient open-circuit time constants of synchronous
generator (s); Eanji is the excitation control input of synchronous generator (pu); Ty 5 ;i is
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the time constant of the turbine (s); Cppyji is the distribution coefficient of HP; Ui is the
valve control input of generator set (pu); Tryji is the time constant of the terminal voltage
transducer of exciter system (s); K a,j; is the amplification of exciter (pu).

In (4.1), the inputs are w,j;i = [Etnji, Ucyji]; the state variables are xyji = [6nji, Whji, E;n jir
Ptinji, Efanjil- As lanji and Igyj; are neither inputs nor state variables, they are named as the
“affiliate variables” in this paper, or Wyji = [Lanji, Ijnji]-

(2) The nonlinear algebraic equations describing the interface relation between
the generator set and the rest of system, or between [Liji, Iynji, Uxnji,Uynji] and
(6njis Epyjiv
This kind of equations include the stator voltage equations:

Idnji/ anji]-

Uanji = Xgnjilgnji — Tanjilanji,

(4.2)
Ugnji = Egyji = Xgnjilanji = Tanjilgnjis
and the dg-xy transformation equations:
[Um]-i] _ [COS 5,1]',' sin 671]'1' ] [anﬁ]
uyn]‘i sin 6nji — COS 6nji lldn]-i ! (4.3)

[Ixnji] _ [COS 6,1]'1' sin6n]-,- ] [anji]

Iynji sin 6nji — COS 6nji Idnji

where U 4,j; and U 4,j; are d and q axis components of the terminal voltages, respectively, (pu);
Tanji 1S the resistance of the armature of synchronous generator (pu).

If we choose [Viyji, Iinji, Qmji, Ounji] as the interface variables v,j; and substitute (4.2)
and (4.3) into (3.2) in order to eliminate the basic interface variables [Luji, Inji, Uxnji, Uynji
and U gnji, U gnji, there are

2
2
Vinji = \/(anjilqnji — Tanjilanji) ™ + (E;n]-,- - x;nﬁfdnji - ranjianji) p

— 2 2
Tinji = Idnji + anji’ (4.4)

.= F! o L2 2
Qmji = Egpjilanji = Xqnjil i xdnjiIdnji’

Xqnjilgnji = Tanjilanji

Gllnji = 6nji — arctan

U / I .. .. °
Ei— xdn;iIdnﬂ Tanjilgnji

Equations (4.4) are named as the “interface equations” between generator set and AC
grid in this paper.

Thus, the generator set could be described by the dynamic (differential) equations (or
(4.1)) and the algebraic (interface) equations (or (4.4)), and this kind of model is a class of
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Figure 7: The structural model of synchronous generator set.

nonlinear DAE (differential-algebraic equation) models and is named as “structural model” of
synchronous generator set in this paper (see Figure 7).

4.1.2. General Expression of Component Structural Model

Similar to the structural model of synchronous generator set as shown in Figure 7, the general
expression of the structural model of the njith (I ji-port) component could be defined as
follows:

Xnji = £y (Xnji, Wi, Unji), (45)
8nji (Xnji, Wnji, Vnji) = 0, .

where u,;; € RUni are the input variables; v,;; € R are the interface variables; x,;; €
R%i  are the state variables; Wyji € R"wi are the affiliate variables; ffji and gfji are the
corresponding mappings.

In (4.5), there are two kinds of nonlinear equations:

(1) dynamic equations or differential equations x,j; = ffl"].i(xnﬁ,wnﬁ,unﬁ), which are
used to describe the internal complex dynamics of components,

(2) interface equations or algebraic equations g’,f]. : (Xnji, Whji, Viji) = 0, which are used to
describe the algebraic relations among xji, Wyji and vy;;.

To sum up, in the structural model of the njith (I ji-port) component, totally there are
U yji+Xoji+ Whji +4IS ji variables in X,j; + W +2[2 ji equations. This means that the component
structural model is constrained by U,j; input variables and 2I° ;i interface variables (These
212].1. interface variables could be considered as the disturbance variables from the rest of
system). When these U,,j; input variables and 2[2 ji interface variables are known, the model
is solvable and all of variables could therefore be determined.
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Further, the interface equations gfj i(Vnji, Wnji, Xnji) = 0 could be decomposed into two
parts (Note that such decomposition does exist for all of the present components to the best
of our knowledge.):

Waji = hyji (Xuji, Vaji), 46)
8nji (Xnji, Vnji) = 0. .

By substituting wyji = hyji(Xnji, Vuji) into Xpji = ffi i (Xnji, Whnji, Wpji), the affiliate variables
Wyji in (4.5) could be eliminated. Thus, the component structural model without affiliate
variables is

Xnji = £ (Xnjis Vnjis Unji),
4.7)
8nji (Xnji, Vnji) = 0.

The component structural model given in (4.5) or (4.7) is suitable for not only the
existing components of today’s power systems but also new components in the future.

4.2. Structural Model of Sub-Subsystem

The model of sub-subsystem could be obtained by combining the structural models of all of
the components in this sub-subsystem and the model of the sub-subgrid.

As shown in Figure 2, there may be some loads in the AC grid. When constructing
the model of the sub-subsystem, all of the loads in the sub-subgrid must be expressed by
invariant impedances. Thus, the model of the njth sub-subgrid can be expressed as

b
z,; <IFnj1/ Urnji, - -, Yenji, Urnjis - - - Yrnjn,;» UFnjn,; Lenj, UFnj> =0, (4.8)

where (Iuji, Upnji) (i =1, 2, ..., 1I,j) are the basic interface variables of the njith component;
(Irnj, UFn;j) are the basic interface variables of the njth sub-subsystem.

Meanwhile, the equivalent relation between (Irpji, Urnji) (i = 1, 2, ..., I,j) and the
corresponding interface variables v,;; (i =1, 2, ..., I,;;) for each component could be set up
easily, and so do the equivalent relation between (Ir,j, Ur,j) and gn].. Or there are

(Tewji, Upnit) = @5 (vjs) (=1, 2, ..., L),

(4.9)
(Irnj, Urnj)' = (D;]l' (‘3@)-

Substituting (4.9) into (4.8), the model of the njth sub-subgrid can be purely expressed
by the interface variables, or

Zyj <Vn]'1,...,an'i,...,Vnﬂm.,gnj> =0. (410)
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Thus, combining the model of the njth sub-subgrid (4.10) with the component
structural model (4.5) or (4.7), the mathematical model of the njth sub-subsystem can be
derived as follow:

Xnji = f;‘}i(xnﬁ, Woji, Upji) (=12 1)
— tsey oceeritng )y
8ruii (Xnjis Whji, Vnji) =0 : (4.11)

Zyj (an1/ e s Vnjis - --,anl,,,-,gnj> =0,

Xnji = £y (Xnjis Vnji, Qnji) (i=1,2 In)
A R At () 24
8nji (Xnji, Vnji) = 0 (4.12)

Zpj (anl,. -+ s Vanjis - - "V"jlnjfgnj> =0.

Further, the algebraic equations in (4.12), or gn]-i(ani,ani) =0@{=1,2,...,1;) and
Znj (Vi1 -+ Vijis - - ,vnﬂn].,gnj) =0, could be described as

SZj (an/an/ gnj> =0. (4.13)

Meanwhile, the X;,; differential equations x,j; = f;, ji (Xnjis Vjisunji) (=1, 2, ..., Iyj) in
(4.12) could be described as

an = frl] (Xn]',V-,l]',un]‘), (414)

where Xn]' = [anl/- . -/ani/ ce ,an[nj], Vn]' = [anl, .. -/Vn]'i/ ce ,Vn]'In].], and lln]' = [unjlr ey
Upjiy - - - ,lln]'[n].].
Thus, the njth sub-subsystem could be expressed by dynamic equations and algebraic

equations, or a class of nonlinear DAE models, just like that of a single component, as shown
in (4.5)

v —_— v . . .
Xnj = fnj<x"]’V”]’u"J)/

) (4.15)
gn]' <xn]'/ Vaj, §n]> =0.
This kind of model is named as the “structural model” of sub-subsystem in this paper.

It should be mentioned that the variables v,,; = [Vyj1, ..., Vyji, ... ,V-,l]jn].] in (4.15) act as
the sub-subsystem’s affiliate variables like w,j; in component structural model, although they
are the component’s interface variables between components and the sub-subgrid. Similarly,
the affiliate variables of other hierarchical levels can also be defined.

The total number of vy; is 41" ;- If choosing 41° ; of appropriate equations from the
410 +2 J ; interface equations in (4.15), one could derive

T
T
an = [anl, . /Vn]'i/ e /anlnj] = ﬂnj <§nj,xn]~1, . ,Xn]'i, e ,Xn]'In].>. (416)
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Figure 8: Two kinds of expressions of hierarchical structural models and their relations.

And by substituting (4.16) into both the dynamic equations and interface equations of (4.15)
to eliminate the affiliate variables v,,;, one can get another kind of model of sub-subsystem as
follows (just like that of component shown in (4.7)):

v . _ f$
Xnj —fn]- an/gn]'/unj ’

(4.17)

&nj (anlgnj> =0.

Apparently, there are two kinds of structural models of sub-subsystem. In the paper,
the model having the same form as in (4.11) is named as the “decomposing expressions” of the
sub-subsystem’s structural model and the model in a form like (4.15) is named as its “integral
expressions” (see Figure 8). From this viewpoint, the component’s structural model (4.5) can
also be considered as the integral expression (see Figure 8). From (4.11) and Figure §, it can
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be clearly seen that the integral expression of component structural model is just a part of the
decomposing expression of sub-subsystem’s model.

In the same way, the structural model of subsystem and main system can also be
constructed as shown in the following.

4.3. Structural Model of Subsystem
The “decomposing expressions” of the nth subsystem’s structural model are
Xaj = £ (nj Va )
8nj <X"ffvn]'/§nj> =0 (4.18)
Zn<gn1,. . '/‘;nj/' . .,gn]n,'lln> =0.

The “integral expressions” of the nth subsystem’s structural model are

X = £, (X, &, W),
(4.19)

gfl (Xn, gn’ nn) = 0

Here, ¢, act as the subsystem’s affiliate variables.

4.4. Structural Model of Main System
The “decomposing expressions” of the main system’s structural model are
X = £ (0, & )
: n (n=1,...,N),
g (Xu, &,,11,) =0 (4.20)
z(ny,.. . M, My) =0.

The “integral expressions” of the main system’s structural model are

x = fl(x,1,u),

(4.21)
grl (x,1,0) = 0.
Here, 11,,(n = 1,...,N) are the main system’s affiliate variables, and 0 would be considered
as the main system’s interface variables (In fact, the main system is an isolated system, not a
subsystem.).
Furthermore, by eliminating #, the algebraic equations of (4.21) would be identical,
and then the main system’s model of (4.21) would be simplified as follows:

x = f2(x,u). (4.22)

This is not a DAE system but a traditional ODE (ordinary differential equation) system.
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Figure 9: The structural self-similarity of hierarchical power systems.

4.5. The Self-Similar Characteristic of Hierarchical Power Systems

The logical relations among various hierarchical levels (main system, subsystem, sub-
subsystem, down to components) can be more explicitly shown in Figure 9. Apart from the
components, each hierarchical level of power systems can be divided into several lower levels
and a corresponding AC grid. From this point of view, there is an obvious structural self-
similarity of hierarchical power systems.

Furthermore, there is also a high self-similarity among the structural models of
hierarchical power systems. Comparing (4.5), (4.15), (4.19), and (4.21), one can find out that
there is a surprising similarity among the integral expression models of hierarchical power
systems. Meanwhile, with reference to (4.11), (4.18), and (4.20), there is also a surprising
similarity among the decomposing expression models of hierarchical power systems.

5. Application of Structural Model in Decentralized Control

As an application example, the value of the proposed structural model in decentralized
control of power systems will be viewed in this section. Here, it should be noted that in
this section only the brief ideas are given, and the detailed discussion about this issue will be
given in our next paper.

5.1. The Standard DAE Expression of Component Structural Model

As mentioned above, the component structural model of (4.5) is a class of nonlinear DAE
(differential-algebraic equation) model. In control theory, the DAE systems are also called
singular systems [14, 15]. Yet, from the viewpoint of the DAE theory, the component
structural model of (4.5) is still not the standard DAE model (the number of variables v;, w;
is large than the number of algebraic equations), and so it would be convenient to translate it
into the standard DAE at first. As the variable’s subscript (or nji) in (4.5) is very complex, it
will be simplified as i below for the concision of the form.

The interface variables v; in (4.5) can be decomposed into two parts, or v; =

out vimT' with the following characteristics:

(VI ]
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(i) vi could “fully” describe the influence of the rest of power systems to the
component, or v;" are the interconnection inputs (disturbances) of the component;

(ii) v¢"* could “fully” describe the influence of the component to the rest of power

systems.

Under this decomposition, (4.5) would be

x; = £ (x;, wi, u;),

. (5.1)
g’ <xi,wi,v§’“t,vf‘> =0
Defining z; = (wi,v?“t)T, (5.1) would be
X; = fiz(xi/ Zi, ui)r
(5.2)

z in
gi <xilzilvi ) = 0/

where z; € R¥™*Wi are the algebraic variables [14] of the DAE systems; vi" € R?™ are the
interconnection inputs.

When discussing the control problem, the output equations should also be defined.
The general expression of the output equation of component would be

yi = h} <xl~,zl~,v?‘>. (5.3)

Here, it should be noted that the interconnections of (5.2), or vi“, are local measurable.
This characteristic of (5.2) will be very helpful for designing decentralized controller of
component.

5.2. Design of Decentralized Nonlinear Controller of Components

For the control problem of DAE model, one general approach is transforming the DAE
to traditional ODE (ordinary differential equation) [14]. In this subsection, the method of
transforming the nonlinear DAE as shown in (5.2) to nonlinear ODE will be discussed firstly.

“Index” is an important and basic concept in the theory of DAE. For a DAE, index is
the minimum derivative times of the algebraic equations that need to get the differential
equation of the algebraic variables [14]. For a DAE system, if its index is higher than 1,
the control problem will be very complex. Fortunately, for power systems, the component
structural model of (5.2) is just a DAE with index 1. Then, it is relatively easy to transform
the nonlinear DAE as shown in (5.2) to nonlinear ODE.

The interface equations in (5.2) can be decomposed into two parts:

Z1 out in\ _ out in\ _
gl' <xi/wirvi /Vl' ) - Wi —hi(Xi,Vl- ’Vi > - 0’

g? (Xi/V?ut,V?I) =g (Xi/V?ut,V?I) —0. (5.4)
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For the first group of (5.4) or the first w; equations of (5.4), there is
rank(dg" (x;, w;, v, vi") /0w;) = W;. As there is no w; in the second group of (5.4) and
z; = (w,-,vlc.’“t)T, there must exist rank(dg;(x;, v?",v")/dv?™) = 2m;. Therefore, according
to the implicit function theorem [12], the interface equations of (5.4) can be theoretically
expressed as

_ out in
Wi - hi<xilvi /Vi )/

- (xi,v?‘). (5.5)

Furthermore, substituting the second equation of (5.5) into the first equation of (5.5),
and considering the definition of z; = (w;, v?“t)T, there theoretically exist

Z; = pi (Xi, V1n> (56)
Substituting (5.6) into (5.2) and (5.3), there is

- in _ v in
x; = f; (Xi/ pi<xi,vi >,ui> =f; (xi,vi ,ui>,

yi = hf <xi,pl~ (xi,v?‘),vir‘) = h?(xi,vi.“) 67

Apparently, (5.7) is a standard nonlinear ODE model.

It should be noted that only when the analytic expressions of p;(x;, v") in (5.6) exist
can one get the analytic expression of (5.7). Fortunately, for most kinds of components in
power systems, we can all get the analytical expressions of (5.6). However, in some special
circumstances, the interface equations g7 (xi,zi,vin) = 0 may be very complex, and thus
there may be very difficult or impossible to acquire the analytic expressions of p;(x;, v;").
For example, when the generator adopts the 3rd order one-axis model without ignoring the
transient saliency, it is very difficult to acquire the analytic expression of p;(x;, vi"). In this
case, based on the characteristic of index 1, the nonlinear DAE as shown in (5.2) and (5.3)
could be transformed to

x; = £7(xi, zi, w;),
. ogi\ "/ 0g; AN A AW
zZi = —<a—) <F>ff(xirzi/ u;) - <6_> n Vi,
Z; Xi Z; aVi (58)
g’ <Xi,Zi,V§n> =0,
yi = h <xi/Zi/V§n>-

In (5.8), the state variables have been expanded to (x;, zi)T, and x; and z; are cons-
trained with each other by the algebraic equation g7 (x;, z;, vi.n) = 0. Thus, the model as shown
in (5.8) is a constrained nonlinear ODE, or it is not the minimum state space realization of the
original nonlinear DAE.
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Figure 10: Diagram of component nonlinear decentralized controller.

For the decentralized control of the constrained nonlinear ODE model with
measurable interconnection variables as shown in (5.7) or (5.8), traditional nonlinear control
methods (e.g., differential geometric theory, direct feedback linearization (DFL) method,
inversion control method, etc.) which are suitable for normal nonlinear ODE could be
developed and expanded to be suitable. The detailed discussion about these will be also given
in our following paper.

The general decentralized control diagram is shown in Figure 10. In Figure 10, there
are three kinds of feedback or state feedback, output feedback and interface feedback in,
which interface feedback is not a traditional feedback kind. Here, one important reason that
makes the interface feedback possible is that the interconnections (interface variables) of the
component’s structural model are local measurable. By feed-backing interface variables, the
component controller can “apperceive” the interconnections between the component and the
rest of power systems.

6. Conclusions

The structural characteristics of large-scale power systems are analyzed in the paper.
Corresponding results would be valuable for some problems of power systems, such as the
time-scale simulation, the control strategy design, and so forth. Compared with the methods
in previous literatures [7, 8], there are the following features of the proposed methods and
results.

(1) The proposed analysis method is structural. Wholly, the hierarchical levels of power
systems are decomposed in a manner of top-down, and the structural models of
each hierarchical level are constructed in a manner of bottom-up (from bottom to

top).

(2) Some internal structural characteristics of power systems are revealed, including
the interface characteristic and the self-similar characteristic.

(3) The proposed models are structural. Or the equations, variables, and number
of equations and variables of the models of various hierarchical levels can be
defined and derived in a standard manner. Thus, the proposed model is named
as “hierarchical structural model” of power systems.
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