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Resumen

El comportamiento dinámico de los sistemas de potencia es no lineal y es com

prendido por diversos procesos en diferentes escalas de tiempo. El tamaño y la

complejidad de estos mecanismos han estimulado a la propuesta de métodos

que reducen la dimensión original preservando características esenciales de la

naturaleza del sistema. En esta investigación, se propone un método analítico

no lineal basado en la teoría de formas normales y técnicas de perturbación

singular para el análisis de oscilaciones de gran amplitud. Este enfoque permite

que el método de formas normales alcance su máxima capacidad proporcio
nando una metodología general para su aplicación en una amplia variedad de

sistemas no lineales en los diversos campos de la investigación.

Basados en la teoría de formas normales de los sistemas dinámicos, se

propone un modelo que preserva la estructura del sistema, las características

de la red y la carga. Aprovechando la separación que existe entre la dinámica

lenta y rápida, originada por las diferentes escalas de tiempo; una eficiente téc

nica basada en perturbaciones singulares, es usada para obtener el comporta
miento no lineal de los sistemas de potencia preservando exactamente la es

tructura de la red. Este método no requiere reducción de ecuaciones por lo que
se pude obtener información adicional de interés directamente de la red y de la

dinámica de la carga del sistema de potencia.

En este trabajo son desarrolladas expresiones analíticas que proporcio
nan una buena aproximación al comportamiento real del sistema, y además se

proponen técnicas para interpretar estas soluciones en términos de funciones

modales para designar áreas de control y ubicar dispositivos FACTS; así tam

bién se desarrollan criterios para caracterizar los efectos de la red sobre el

comportamiento no lineal del sistema. Los procedimientos desarrollados son

probados en dos sistemas reales de potencia.



Abstract

Power system dynamic behavior is inherently nonlinear and is driven by different

processes at different time scales. The size and complexity of these mecha

nisms has stimulated the search for methods that reduce the original dimensión

but retain a certain degree of accuracy. ln this dissertation, a novel nonlinear

dynamical analysis method for the analysis of large amplitude oscillations that

embraces ideas from normal form theory and singular perturbation techniques is

proposed. This approach allows the full potential of the normal form method to

be reached, and is suitably general for application to a wide variety of nonlinear

systems.

Drawing on the formal theory of dynamical systems, a structure-

preserving model of the system is developed that preserves network and load

characteristics. By exploiting the separation of fast and slow time scales of the

model, an efficient approach based on singular perturbation techniques, is then

derived for constructing a nonlinear power system representation that accurately

preserves network structure. The method requires no reduction of the constraint

equations and gives therefore, information about the effect of network and load

characteristics on system behavior.

Analytical expressions are then developed that provide approximate solu

tions to system performance near a singularity and techniques for interpreting
these solutions in terms of modal functions are given. New insights into the na

ture of nonlinear oscillations are also offered and criteria for characterizing net

work effects on nonlinear system behavior are proposed. Theoretical insight into

the behavior of dynamic coupling of differential-algebraic equations and the ori

gin of nonlinearity is given, and implications for analyzing for design and place
ment of power system controllers in complex nonlinear systems are discussed.

The extent of applicability of the proposed procedure is demonstrated by analyz
ing nonlinear behavior in two realistic test power systems.
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Chapter 1

Introduction

1.1 Motivation and Background

Many power system problems involve non-linear processes. Recently, the

problem of nonlinear analysis of stressed power systems has received

considerable owing to the need to accurately describe and predict the system

response to various loading conditions. These techniques have been shown to

give improved understanding of the fundamental nature of system nonlinear

behavior and have the capability to help in the design and placement of power

system controllers [1 ,2].

Research over the past decade on normal form analysis has led to

enormous progress in the development and interpretation of analytical system

representations. The main limitations of the above mentioned procedures are

their reliance on reduced-order representations of the power system, and the

lack of general techniques to explicitly represent network characteristics and the

effects of control devices on the transmission system.

Reduced order mathematical models of the power systems have a firm

mathematical underpinning and are relatively simple to implement. An important
issue of current interest is that of incorporating network characteristics in the

analysis procedure which reliably predict nonlinear system behavior. ln recent

years the incorporation of control characteristics into nonlinear power system

stability analysis has received increased attention. Several approaches to

represent the network equations explicitly have been described in the literature.

These include the representation of dc transmission links and the representation
of FACTS controllers [3,4].



Although normal form analysis may be extended to account for the

inclusión of control devices on the transmission network, these approaches are
limited in practice to simplified system representations, due to the inherent

assumptions in the models [3,5]. ln addition, the computational cost of

evaluating modal characteristics may be prohibitive if the sparse nature of

system interconnection is not taken into account. There is, therefore, a strong

motivation to extend these approaches to account for both control elements on

the transmission network and more realistic load characteristics.

Structure-preserving nonlinear models represented by differential

algebraic equations (DAEs) are used in a variety of applications in different

sciences such as medicine, mechanics, circuit theory, chemistry and more

recently in transient energy function analysis and angle (voltage) stability

analysis and control in power systems [6,7] and constitute an important tool for

the analysis of the nonlinear characteristics of complex power system models.

These approaches can be used to estimate the effect of machine and load

characteristics on nonlinear behavior as well as to study structural

characteristics. ln addition, the network variables contain potentially valuable

information for monitoring system behavior and designing wide-area system
controllers.

ln this thesis, we present a rigorous analytical approach to preserving
network structure based on singular perturbation techniques and normal form

theory. The method uses symbolic computing capabilities to permit the analysis
of nonlinearity in various physical quantities and provides greater insight into the
nature and extent of nonlinear behavior.

1.2 Statement of the Problem

Power system dynamics involves a multitude of phenomena occurring on

múltiple scales from transient processes to slow variations and nonlinear

dynamics. The nonlinear behavior of the power systems is described by a set of
differential and algebraic equations representing the network constraints.

This approach has several limitations:

• Reduction techniques are error-prone and time consuming

• The network variables contain potentially important information that is

destroyed during the reduction process

• These methods are computationally demanding for large-scale problems

The differential-algebraic equations of motion a power system are

inherently non-linear, especially under heavy stress or heavy loading conditions.

A sound understanding of these characteristics can provide physical insight into
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system dynamic performance or network and at the same time be helpful in the

study of nonlinear attributes of oscillatory phenomena.

A number of recent studies have sought to identify such interactions and

their associated time scales, by analyzing both observational record and the

results of transient stability simulations. Recently, the problem of nonlinear

analysis of stressed power systems has received considerable attention owing
to the need to accurately describe and predict the system response to various

loading conditions. Nonlinear effects of electromechanical origin arise in power

system dynamic behavior when rotor angle deviations become too large. A

problem of special importance arises when the motion of the system is

sufficiently large to make the nonlinear terms of the Taylor expansión of the

differential-algebraic equations significant.

The nature of these oscillations is complex and can include the interaction

nonlinear of the fundamentáis modes of oscillations as well as other nonlinear

phenomena [8-10]. The complex properties of these oscillations have led to

extensive investigation of the nonlinear dynamics. Analytical theories for the

analysis of systems described by differential-algebraic systems remains an open

problem, except for [11] where recent progress was made. Normal forms of

large DAE systems have been studied by Martínez et al. Issues such as the

effects of load characteristics and the potential for adverse interactions among

the network variables have not been fully addressed.

Conventionally, the study of this phenomenon has been approached by

assuming linearity in the underlying mechanism giving rise to the observed

oscillations; Small signal analysis provides an understanding of the modal

structure of a power system that is not clearly shown from time domain

simulations. As power systems become more heavily loaded however, complex

dynamics, involving interaction between the fundamental modes of the system

may occur [12,13]. A clear understanding of this phenomenon is only emerging
and techniques are required to assess its effect on various aspects of system

performance.

Accurate modeling of power system phenomena that contain highly
nonlinear behavior requires a method that takes system nonlinearities into

account. Owing to the inherent complexity of nonlinear systems, most of

analytical studies deal with linear power system representations. Linear models,

however, are incapable of explaining important nonlinear phenomena and may

lead to ¡naccurate system results, especially under stressed operating
conditions.

The need for improved modeling and analysis procedures in the study of

nonlinear inter-area oscillations has been recently pointed out by several

investigators [8-12], [14]. Various approximations have been utilized in the

modeling of weakly nonlinear systems. Among them, the method of normal

3



forms (MNF) has been used to aid in the understanding of the fundamental
nature of inter-area oscillations as well as to predict the onset of nonlinear

behavior. The method is particularly attractive for the study of nonlinear effects

arising from the series expansión of the original non-linear power system

representation and is amenable to computer implementation. Another área of

interest has been in simulating and analytically approximating the behavior of

power system models described by DAE equations.

Relatively little work has been done on modeling network and control

system characteristics. Except for the work of Martínez et al. [11,15], dealing
with structure-preserving models, all the above results were obtained on a

reduced-order system representation.

ln the brief account that follows, we review recent advances and

challenges in modelling, understanding and controlling nonlinear processes. To

provide a context for these, the following section begins with a description of the

various physical models used in the study of nonlinear systems, then moves to a

discussion of the distinction between existing approaches, and various methods

for treating nonlinear models.

1.3 Review of the Previous Work

A number of alternatives approaches have been proposed in the literature for

the analysis and identification of nonlinear phenomena arising in dynamic
oscillations. These methods, including direct numerical simulation, methods from

dynamical systems theory and bifurcation theory have joined more classical

perturbation methods for the study of various aspects of nonlinear dynamics. All

currently available methods have some drawbacks.

The physical models used in treating nonlinear phenomena vary

enormously in their complexity and range of applicability. Most of the existing
system analysis methods are designed for linear processes. Yet, physical
processes are seldom linear, ln particular, power system behavior is known to

exhibit nonlinear and non-stationary behavior.

This approach however, ignores many nonlinear terms and may predict
¡naccurate results. Further, these tools provide no means for identification or

quantization of nonlinear effects and do not take into account any interaction
between various modes of oscillation [5,6].

A relatively new perspective is that nonlinear oscillations may result from
nonlinear interaction between the fundamental modes of the system. The study
of this latter issue has been raised in the literature from diverse perspectives
Four basic approaches for studying several aspects of nonlinear behaviour exist:

1 . Direct numerical simulation of the system model [1 2].

4



2. Analytical solutions of reduced system representations

3. Semi-analytical approaches based on the series expansión of the

nonlinear system models [16-18].

4. Techniques based on perturbation theory

The discussion that follows briefly discusses the study of diverse aspects

of power system nonlinear behaviour by other groups, with emphasis in the

development and implementation of analytical models. We restrict ourselves to

studies in which the same general approach is taken.

1.3.1 Approaches Based on the Series Expansión ofNonlinearModels

Several formulations have been recently developed based on semi-analytical
formulations derived form the series expansión of the nonlinear power system

representation. ln these procedures, the nonlinear system model is expanded in

a Taylor or MacLaurin series around an equilibrium point; the series coefficients

can be found either numerically or from Taylor series expansions.

The method improves the usual linearization of the system about an

equilibrium point and enables to identify nonlinear characteristics using standard

linear analysis. ln addition to providing a clearer characterization of the

processes underlying oscillations, the proposed formulation have some

advantages over conventional techniques, particularly for studying nonlinear

interactions between modes in both, the frequency and time domain spaces.

ln [16], Starret et. al. showed that the dynamic models based on the

expansión in series of Taylor of third order can capture conditions of stability,

particularly in condition of stress in the operation of the system. ln a later work,

Sobajic et ai, [17] used a similar approach to show the importance of the

incorporation of effects of high order in the expansión in series of power of the

model of the system and provided a physical interpretation of the mechanism of

modal interaction. As observed by several researchers, however, the use of

semi-analytical modes does not allow to study of precise form the amplitude of

the oscillations as well as the conditions that lead to the loss of synchronism

[18,19]. A further disadvantage of these formulations is derived fundamentally
from their incapacity to provide analytical measures to identify the origin of

nonlinear effects.

1.3.2 Approaches Based on Perturbation Theory

This type of methodologies provides a better understanding of the fundamental

nature of the osculating process and allows the study of various aspects of

power system nonlinear behavior [8,9]. The standard procedure for determining
the normal form representation requires that all algebraic equations are

eliminated. This results in dense, nonlinear formulations that are not amenable

5



for computer analysis. Standard techniques such as dynamic model reduction

can be employed to reduce the original model, but the resulting state space

representations are, in general too large for practical computation of the basis

linear functions.

The existing methods for the analysis of oscillations nonlinear in power

systems are restricted to low-order dimensional representations [20-23]. Recent

studies, suggest that the inclusión of effects high order can help to explain the

nature of diverse nonlinear effects such as intermode coupling, the generation of

harmonic effects and intermodulation, as well as to identify the limits and the

mechanism leading to loss of stability [8,24].

Analytical evidences supporting this mechanism are given in a recent

paper by the IEEE Task Forcé on Assessing the Need to include Higher Order

Terms for Small-signal Analysis [4]. This work has become a cornerstone for

many subsequent studies. One of the novelties of this work is that an attempt is

made to compare analytical and numerical results. This is an aspect of the

problem that has not been addressed before.

1.3.2.1 Method ofNormal Forms

The method of normal form (MNF) is a powerful analytical tool that allows

simplifying the study of physical processes described by equations ordinary
differentials. The interest of the theory of normal forms like analytical tool for the

study of diverse aspects of the behaviour nonlinear of the power system
extensively has been recognized in the literature [9-18] and includes the study of

the determination of interaction nonlinear mode interaction and the analysis of

resonance between modes.

The theory of normal forms applies to the reduced dynamical system
derived from center manifold theory. This approach has been successfully used

to investígate various aspects of system performance and has resulted in

production-grade software.

Nevertheless, few analytical works exist that investígate the effect of hiqh-
dimensional system representations. ln [16], Starret et. al. showed that the

dynamic response of the system can include combinations of the fundamental
modes of oscillation. Recently, diverse investigators [10]-[16] have suggested
the necessity to include terms of greater order in the dynamic response of the

system.

Previous work using the MNF was usually concerned with the analysis of
second-order effects in the power system representation [13-17]. For higher
order systems, there exists no general, systematic procedure for constructinq
the power system representation and computing the associated normal form
transformations [18]. The extensión and generalization of these methods to
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more complex system representations is an extremely complex problem for

which little results have been reported [24]. Further, the required computational
cost for its practical implementation can be prohibitive, especially for the study of

realistic power system models.

1.3.2.2 Other Methods ofAnalysis

The study of altérnate analytical representations with the ability to extract

system dynamic information has recently attracted attention in the power system

community. Much of the recent work has been driven by interest in nonlinear

mode interaction and its relation to system nonlinear behavior. Arroyo et al.

utilized a technique based on Carleman linearization to address the problem of

nonlinear intermode coupling using a third-order system representation [24].
Another field of study which is currently of great interest is the control of chaos

and bifurcations.

ln reference [9] a fundamental revisión of the characteristics of several

methods for the study of the nonlinear behaviour of the power system is

presented. The authors emphasize the use of the method of the múltiple time

scales (MTC), the theory of Floquet-Lyapunov and the spectral method of

Galerkin.

These methods have been applied to the study of diverse aspects of

power system nonlinear behaviour using simplified system representations.
References [19], and [25-27] review some applications of this type of

methodologies. The extensión of this type of approaches to deal with complex

systems, however, has not been reported in the literature.

1.4 Objectives of the Thesis

The primary objective of this dissertation is to extend and generalize the existing
normal form analysis methodology to treat large power system models

described by nonlinear differentials-algebraic equations (DAEs). This thesis

extends the reduced order normal form analysis approach developed by several

researchers with the primary goal of obtaining high order normal form

representations of nonlinear power system models. To this end, a systematic

procedure based in normal form theory and singular perturbation techniques is

proposed to investígate nonlinear effects arising from the perturbation model of

the power system dynamic representation. ln particular, theoretical and

computational approaches are combined to establish an efficient, structure-

preserving model of the power system for analyzing nonlinear effects arising
from the perturbation model of the power system dynamic representation.

A second objective is the development of a modeling framework based on

normal form theory and singular perturbation techniques for analyzing the

nonlinear behavior of power system that preserves system structure. ln contrast
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to previous work on normal form analysis of DAEs, this research introduces a

new framework for characterization of nonlinear behavior.

A final objective is the extensión and generalization of existing techniques
to incorpórate the effects of network variables into the normal form

representation.

1.5 Contributions of the Thesis

The following aspects constitute original contributions in this work:

• The development of a generalized mathematical model of the power

system dynamic representation for the study of nonlinear system

response around an equilibrium conditions, with emphasis in the study
of nonlinear modal interaction and its effect on the global behavior of

the system.

• The development of a structure-preserving method for the analysis of

system behaviour based on normal form theory and singular

perturbation techniques. A perturbation technique based on normal

form theory and singular perturbation techniques is developed and

extended to, without simplifying assumptions, compute the normal

forms of DAE models and the associated normal form transformations.

First, the equivalence between the normal representation of the full

system model and the reduced system representations is rigorously
proved. Then, general solutions are established for the structure-

preserving model and algorithms for computing the normal forms of

large power system models are developed. Importantly, the dynamic
and network variables are retained separately and efficiently in the

model.

• The generalization of existing methods to determine the sensitivity of

inter-area modes with respect to perturbations in the network

parameters. A sensitivity-based method is used as a first

approximation for describing and identifying the most disturbed load
and buses involved in the oscillation.

• The derivation of an analytical framework to analyze the mappinq
between different coordinate systems.

• The evaluation of the accuracy of the model. Extensive numerical
calculations are performed to support qualitative results.

8



1.6 Outline of the Thesis

The structure of this dissertation is as follows. ln chapter 2, a brief review of

classical methods used for the computation of the normal form of vector fields is

presented. The Chapter begins by giving an introduction to the study of

nonlinear system representations of second and higher-order normal form

analysis. A survey of altemative techniques, both approximate and exact, is then

provided for the computation of the normal form representation of system
described by reduced-order representations. The errors of the approximate

representations are reviewed and extensions to the basic algorithm are

suggested.

ln Chapter 3, a systematic procedure based in the theory of normal form

and singular perturbation techniques is proposed for the study of systems
described by DAEs. Analytical techniques to represent the effect of second and

higher-order nonlinearities resulting from the Taylor series representation of the

system model are introduced and methods to account for these effects in the

normal form representation are suggested. Finally, issues concerning the

implementation of the method and numerical calculations are discussed.

Chapter 4 is devoted to the generalization of existing normal form

procedures to compute sensitivity relationships between states and arbitrary

perturbations. ln particular, an analytical procedure is given to approach the role

of transmission network variables in system dynamic performance. Building on

the connection between normal form theory and dynamical systems theory a

method for identifying relevant disturbed loads and system buses is suggested
and various local Índices are defined to identify this behavior. Possible analytical

procedures which draw upon our results, and which may enhance our

understanding of power system nonlinear dynamics, are proposed.

The next two Chapters mainly address the application of normal form

theory to the analysis and characterization of nonlinear processes in power

systems. Chapter 5 discuses the application of the theory to the conventional

study of DAE systems following large perturbations. As an illustrative example, a

two-area test power system is employed to verify the accuracy of the developed

algorithms. This new framework is further extended to incorpórate the

representation of nonlinear load characteristics and voltage control devices. The

procedure may be easily generalized to deal with more complex system

representations.

Chapter 6 presents the development and application of sensitivity based

nonlinear participations to the identification of relevant disturbed load and buses.

Finally, Chapter 7 offers a critical interpretation of the results and

discusses the limitations of the study as well as the future work.
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Chapter 2

Power System Normal Form

Theory: Theoretical Background

Normal form theory is one of the most useful and important tools in local

analysis of nonlinear dynamical systems in the neighborhood of equilibria. ln

this chapter a systematic procedure based on normal form theory is proposed to

investígate nonlinear effects arising from the perturbation model of the power

system dynamic representation.

Using this method, a high-order model of the power systems is proposed
in which weak system nonlinearities are explicitly represented. Analytical

expressions are then obtained that provide approximate solutions to system

performance near a singularity, and techniques for interpreting these solutions in

terms of modal functions are given. New insights into the nature of nonlinear

oscillations are offered and criteria for characterizing nonlinear effects are

discussed. Attention is also focused on assessing the effect of system stress on

nonlinear dynamic performance.

The conventional normal form analysis methods are extended to allow for

a rigorous treatment of higher order effects. The notation utilized throughout the

dissertation is also summarized. We begin by giving a brief overview of the

normal form method and the corresponding model governing this problem. A

single-machine infinite-bus system (SMIB) system is analyzed as illustrative

example.



2.1 Introduction

Recently, the problem of nonlinear analysis of stressed power systems
has

received considerable attention owing to the need to accurately describe and

predict the system response to various loading conditions [1-4]. Nonlinear

effects of electromechanical origin arise in power system dynamic behavior

when rotor angle deviations become too large. A problem of special importance
arises when the motion of the system is sufficiently large to make the nonlinear

terms of the Taylor expansión of the differential equations of motion significant.

Although the dynamic response of many systems can be described by linear-

ordinary-differential or algebraic equations, there also exists many physical

phenomena that may not be accurately modeled by linear means.

Perturbation techniques as the method of múltiple scales, the harmonic

balance method particularly the normal form method (NFM) have found wide

acceptance as valuable tools in the analysis of nonlinear system behavior.

These methods consist of a first-order or linear approximation for the solution

upon which are superimposed correction terms in the forms of a truncated

power series [5,6].

Nonlinear analysis techniques based on normal form (NF) theory have

been shown to give an improved understanding of the fundamental nature of

system nonlinear behavior and have the capability to provide accurate solutions

over a wider range of operating conditions [2], [7]. Existing analytical methods for

the analysis of nonlinear oscillations in power systems have traditionally been

restricted to low-dimensional system representations [3-7]. Recent studies,

however, suggest that nonlinearities of higher-order play an important role in

determining relevant performance characteristics such as nonlinear modal

interaction among modes [8]. Further, a complete understanding of the role of

these nonlinearities in determining system behavior is lacking.

This Chapter extends the normal forms method proposed by [1] to

explore the effects of higher-order nonlinear terms arising from the series

representation of the nonlinear system representation. A general nonlinear

analysis technique based on normal form theory is first proposed in which weak

system nonlinearities are represented explicitly.

Using this method, a high-order model of the power system is then

developed that provides approximate solutions to system performance near a

singularity, and techniques for interpreting these solutions in terms of modal

functions are given. Attention is focused on assessing the effect of system
stress on nonlinear dynamic response.

First, the behavior of a power system model in the vicinity of a point of

interest is studied is analytically obtained in terms of the series power expansión

of the system model and an equivalent higher-order approximation is reviewed.
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Then, the generalization of the technique to derive closed-form analytical

approximations to system behavior is discussed.

Several assumptions are introduced in order to formúlate practical system

representations. These assumptions are consistent with those used in power

system nonlinear analysis.

2.2 General Concepts

2.2.1 Model Formulation

The behavior of many dynamical processes in power systems is simulated by

nonlinear differential equations describing the underlying process. To introduce

the notation and describe the interpolation problem more precisely, we briefly

outline the conventional analysis process.

More specifically, suppose the governing equations of the system under

consideration is modeled by a high-dimensional set of nonlinear differential

equations, of the form

x,
= fj{xi> *2> ••• - **, )- / =U,...,« (2.1)

with initial conditions *;(0)
= x" where n is the number of states. Using vector-

matrix notation, (2.1) can be written as

x = f(x), xe9T
, f:»"->9_" (2.2)

where

X,

*2

_**._

and f(x) =
/ato

./-to.

ln Eq. (2.2), x is an n-dimensional vector of system states, and f is an

autonomous, real n-dimensional vector field in which linear and nonlinear terms

are contained [9].

Let x be a stationary or stable equilibrium point (sep) such that

f(x )-=0 at t=0. Assuming that the vector field, f (x) ,
is continuous and

differentiable, the power series expansión of Eq. (2.2) about x up to /cth

order results in
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x = Ax + £f,(x) (2.3)
i=2

where matrix A contains the real part of the original vector field and each f, (x)

is a real vector-valued polynomial vector of degree i in x that represents non-

linear effects of second order.

A common approach for interpretation and nonlinear analysis has been to

assume that (2.3) can be approximated by a low order approximation (i.e k=2)

[10]. Restricting (2.3) to second order, allows the deviation of system states to

be expressed in component form as

1 ,

X,
=

A7x +
—

x H'x /=1,2,..., n (2.4)

where matrix A contains the Jacobian of the original vector field, and HJ is the

yth Hessian matrix, with elements

H
, d2f,

dx,dxm

Equation (2.4) can be written in compact form as

x = Ax + ■

2!

x'H'x

xH2x

x'Hnx

(2.5)

This formulation forms the basis of existing power system normal form

approaches [11].

A suitable choice of truncation order /-will depend upon the properties of

the original equation and the power system operating condition and structure.

ln the following section we review the theory behind exiting normal form

theory and present new results and extensión which will be useful in the context

of power system nonlinear analysis. Before going on to the general high-
dimensional formulation
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2.3 Review of Normal Forms Theory: Existing Approaches

The normal form method is an important tool for studying the behavior of

dynamic systems described by differential equations near singularities. ln this

section, the classical normal form theory of Poincaré is briefly discussed.

2.3.1 Local Analysis and Normal Forms

Consider an n-dimensional nonlinear dynamic system characterized by the first-

order differential equation

x = f(x) = f,(x) +¿ fk(x) + 0(\x\r*1) ,xscp=0 (2.6)

where x is an ^dimensional vector of system states; f,(x) contains the linear

part of the original vector field; fk(\),k = 2,...,r ,
contain the nonlinear part, and

x is an isolated stable equilibrium point (sep); r is the order chosen for the

process [6]. For each stable equilibrium point, move the origin to the sep such

that x =

x-xiiy, and consider the modified system x = f(x). ln the above,

0(|;t|" ) denotes terms of order r + l.

The basic idea behind the MNF is to use a sequence of non-linear co

ordinate transformations to construct a form of the original differential equations
which is as simple as possible, and keeps the dynamical properties of the

original system unchanged. This process usually involves two preliminary steps

[12,13]: a) the stable equilibrium point is moved to the origin, so that f(0) = 0,

and b) the linear vector field is transformed to its Jordán canonical form by a

linear change of coordinates, initiating with the terms of second order.

2.3.2 The Jordán Canonical Form

Let the matrix Df (0) = A have an eigenvalue set {á¡ á_
■■■ Xn] with

associated eigenvectors U = co/(u,,u2,...,u„) and reciprocal eigenvectors

V = (v,,v2,...,vn). Then, the linear change of coordinates x = Uy transforms the

system in Eq. (2.2) into its complex Jordán canonical form:

y
= Ay + U-' £f,(Uy)

i»a

:Ay + ¿F,(Uy)-.0(|y|r+l) (2.7)

where y e C" is the vector of Jordán form coordinates, matrix A = IT'AU is the

diagonal matrix of system eigenvalues and the vectors

F/(y) = U"1f/(Uy), j-2,...,n. are complex-valued polynomials vector of order j
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in y, and Fk(y) = [F¿(y) Fk2(y) ■■■

Fk" (y)f in which the nonlinear terms are

defined to be

F2 =YLCiuykyi, for* = 2

k=X l=k

F-' =ÉÍ_Í. Ciyky,ym,fork = 3 (2.8)
*=1 /=* m=l

for 7=1 n, in which the Ci ,C( ,...
are the second and higher-order Jordán-

form coefficients. The underlying idea of NF theory is to find an analytical

change of coordinates with the origin as a fixed point, such that the vector field

f(x) becomes simpler to study in terms of the new variables [5]. The calculation

of coefficients can be done recursively in a computationally efficient manner as

discussed below.

2.3.3 Second-OrderNormal Form Approximations

ln the analysis of complex, high-dimensional systems, a common approximation
is to ignore higher order terms in the Taylor series representation (2.6).

Intuitively, the errors of the low-dimensional representation should be small if

nonlinear effects are small.

Assume in order to introduce these concepts, that the system is truncated

at second order. We seek a near identity coordinate change of the form [12,13]

y
= z + h2(z) (2.9)

where z = (z, z2
■■■ zn)eC" represents the new space or coordinate system,

and h^z)^ represents polynomials vectors of order i which must be

determined. Substitution of (2.6) into (2.6) and use of the chain rule yields

z = Lz + g(z) = [l + Z.h2(z)]"'[A(z + h,(Z))+f2(z + h2(z))] (2.10)

or at order |z| ,

z = Az + g(z) = Az +Ah2(z)-Dh2(z) + Ah2(z) + 0(|z|3) + g(z) (2.11)

where
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5/7, (z) a/í,(z) afc,(z)

Sr, dz_ &.

ñfc, (a) dh2(z) afc_(z)

dz2 dz2 5z«

dh'nCL) dh'n(z) 5/7„'(z)

5z, dz2 &.

lf h2(z) can be chosen so that the conmmutator or Lie bracket

Ah2(z)-Dh2(z) = [Az,h2(z)] caneéis every term in f2(z), we have transformed

all quadratic terms in (2.10) into cubic and higher order terms. The terms

g,(z)>2 are called resonant terms that cannot be eliminated by the

transformations in (2.6) and contain the essential part of the dynamic system;
The system in Eq. (2.11) is called the normal form of the equations (2.2). lf no

resonant conditions g(z) are met, this system reduces to z = Az .

The following theorems and definitions provide the theoretical basis of the

method of normal forms.

Definition 2.1. A vector field f(x),f(o)=0 has a resonant normal form if

f(x) = Jx + f2(x), where J has the normal form of Jordán and the nonlinear part

of f2(x) consists, exclusively, of resonant terms.

ln other words, the series f2J(x) contains only monomials x"''x[": ■■■x"'"
,

where m],m2,...,mn satisfy the relations

n

¿¡=(m,A)=_y,mlAl
"'

(2.12)

m = (m, m2
■■■ mn) , mk>0 ,^w, >2

between the eigenvalues of J ln addition, the condition assures that the

nonlinear terms in x"'x"h •■•x"" are purely nonlinear.

Theorem 2.1 [14,15]. lf the eigenvalues of J are not resonant, then the

system described in Eq. (2.14), can be reduced to the linear equation

z2=Az2 (2.13)

by means of a formal change of variables or nonlinear transformations of the

form (2.6). This is referred to as the Theorem of Poincaré-Dulac.
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lt then follows that, if the eigenvalues of J are not resonant ,
the

nonlinear vectorial field in Eq. (2.3) can be transformed to a linear vector field.

As a first step toward determining the normal form representation,
consider the second-order nonlinear transformation (2.13). Introducing this

transformation in Eq. (2.6) and making use of Eq. (2.14) results in

z2=[l + Dh2(z2)]-'{Az2+Ah2(z2) + F2(z2)} (2.14)

A convenient method for solving Eq. (2.15) consists of approximating the

matrix [i + Z.h
v (z v )]"' by the first few terms of the Taylor expansión [2]. lt can be

easily proved that for small enough valúes of z2 ,
the Taylor series expansión of

[i + Dh2(z2)]~' with respect to Dh2 exists and is given by

[l +Dh,(z2)Y *l-Dh2(z2) + (Dh2(z2))2 -1 2 2 J 2 2 V 2 1)}
as z—*>0 (2.15)

(Dh2(z2))3+-

since

[l-Dh2(z2) + (Z.h2(z2))2-(Dh2(z2))3 + ***J[l-Dh2(z2)] = I (2.16)

Carrying out the operations indicated in Eq. (2.15), the second-order

system behavior may approximated by

z2=Az2+F2(z2) + ojzf+') (2.17)

where the second order terms are given by

F2 =F2(z2) + Ah2(z2)-Dh2(z2)Az2 (2.18)

We refer to Eq. (2.18) as the second-order normal form system. The

analysis of (2.19) suggests that in order to remove second order terms, the
nonlinear transformation vector h2(z2) may be determined from the solution of

the homological equations

[h2(z2),A]=__>h2(z2)Az2 -Ah2(z2)=F2(z2) (2.19)

where L/l(h2(z2))=[h2(z2),A] is the Lie or Poisson bracket [6].

lt can readily be proved that if no resonance conditions are found all

nonlinear terms of second order can be annihilated and the vectors h2(z-) are
obtained from
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h2(z2)=L:F2(z2) (2.20)

Solving (2.21) for the normal form transformation coefficients yields [6]

^,=7T-%-71' M/ = 1.2,-*« (2.21)
\Xk+X,-Xl)

for / = \,2,...,n , provided that Xk + X¡
-

Xt * 0 where the C2' are defined in Eq.

(2.12) and higher order terms are neglected.

At second-order, the approximate normal form representation for the

system in Eq. (2.6) may then be written as

z2 m Az2 + 0(3) (2.22)

where A = diag[x¡ /L, ... A,,] and 0(3) denotes third and higher order terms

that can not eliminated or canceled by the non-linear transformation. Eq. (2.22)

simplifies to the linear system z = Az
,
if higher order terms 0(3) are neglected.

With this approach, a nonlinear system can be approximated to any

arbitrary degree of accuracy over a wider range of operating conditions [2], [7].

Although acceptable for very small problems, this strategy has a number

of defects:

(i). Recursive computations result in neglected terms that are not

accounted for

(ii). These missing effects can cause significant model errors, such as

overlooking internal resonances or ignoring critical mode interactions

2.4 Extensión to Higher Dimensional Systems

The extensión of the above approach to the higher dimensional case has been

recently considered by Martínez etal. [16]. We next briefly review this approach.

2.4.1 Higher Order Power System Representation

Consider a non-linear dynamical system described by the differential equation in

(2.2). Let now the series expansión of higher order of a scalar function of a

vector x
, fk (x) ,

about x" be written as
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fk(x) = fk(x") +
a/_(x")

dx" (x-x")^(x-x"j

-(x-x-y (x-x»}
7' d

dx" dx"

a/_(*")

dx"

dx"

"\A
a/_(x")

ax"
(x-x")-

(2.23)

+ ...

for k = 1, ...,«,

For consistency, and in order to see the recursive relationships between

successive order, we rewrite the series expansión as a vector matrix

relationship.

Substituting this expression into Eq. (2.2) yields the perturbed model

x = f, (x) + f2 (x) + f3 (x) + f4 (x) + ... (2.24)

where f, (x) = Ax
,
and

A = Df(0)-

dfi df

Sx, dx.

9/_ df_

dxí dx2

df, V.

dxí dx2

%__

dxn

ÉL
dxn

%^
dx„

f2(x) =
-

2!

x H2x

x H^x

x'H",x
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f3W =

"

X 0]
x'H; X

0 X

X 0
x'H; X

[o X

X 0"
x HJ X

[ü X

f4W
4!

x'Hl

Tx o
X

0"

0 x ü

0 x 0
X

LoJ [ü x

x'H*

Tx o
X

0

0 x o

0 x 0
X

ü 0 x

x 0
X

0

0 x 0
x HJ

*- J

Ü X (1

X

0 [0 x

-i x

where f3,f4 are a real vector-valued polynomial vectors of degree i in x that

represent non-linear effects and the H^H, ,H,j,y' = l,2,...,H are constant

matrices given by

H¿ =

82f, d2f
dx2 dxldx2

d2f, d2f,

dx]dx2 dx]

d2f d2f,

dx,dxn dx2dxn

d2f,

dxxdxn

52f,

dx2dxn

dx2

H

*f> *f. 37,

dx\ dx28x2 dx, dx]

37, 37, 37,

dx2dx2 dx2dxt dx2dx2

n 37, 37,

dxndx2 dxndxfix2 3<

Analogous results to those described above, can be shown to hold for

higher-order representations.

Then, the linear change of coordinates x = Uy transforms the system in

Eq. (2.2) into its complex Jordán canonical form:

y
= Ay + U~ Éf(Uy) Ay + YJFk(Vy) + 0(\y\'+l) (2.25)

*=2

where y e C" is the vector of Jordán form coordinates, matrix A = U
'

AU is the

diagonal matrix of system eigenvalues and the vectors
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F/(y)
= U"'f;(Uy),y' = 2,...,«. are complex-valued polynomials vector of order /

in y, and F, (y) = [f¿ (y) F,2(y) •■■ Fk(y)J in which the nonlinear terms are

defined to be

k=X l=k

Fi = Í_Í_É Clyky¡yiti,fork
= 3 (2.26)

¿=1 l=k m=l

for j = \,...,n, in which the C{u_C^ ....
are the second and higher-order Jordan-

form coefficients.

2.4.2 Nonlinear Coordinate Transformations

Let s > 2 . Consider a formal nonlinear transformation [5,6]

y
= zA+h,(zs) (2.27)

where the h((z() are undefined complex-valued polynomial vectors to be

determined so that the terms of order s will be simplified or eliminated; the

vectors z, eC ,s- 3,4,. ..,r denote the new coordinate systems.

Introducing these transformations in Eq. (2.29) results in

zk
= [l + Dh„(z,)]-1[l + Dh,.,(z,_,)]-1***

r i-l í 1 <2-28)
[I + Z.h2(z2)] ^Az.+AMzJ+i; Fm(z,)j

lt can be proved that for |z| sufficiently small, [i + oh^zjf is invertible, and

may be approximated by

[l +Dh,(z,)]-Ul-Dh,(zJ + (Dh,(z,))2 +...=

l-Dhk(zk) + o\y\2k-2)

where Dh^z^is the Jacobian matrix of h(zt) with respect to zk ,
and 0(|zJ2*"2)

represents terms of order > 2k - 2 .
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Alternatively, the normal form of order k can be obtained by expanding

Eq. (2.32) order by order. Successive substitution of Eq. (2.16) into Eq. (2.32)

yields the recursive relationships [17]

z-=Az:+F:(Z3) + [F3(z3) + Ah3(z1)-Dh3(z1)A-_3]+¿Fm(z3)
m-3

*i =Az3+F-(z1) + [F3(z3) + Ah3(z3)-Dh3(z3)Az3]+¿Fm(z3) (2.29)

i, =Azt+XF„,(z4) + [Ft(z,) +Ahi(z,)-Dhí(zí)AzJ+0(|z|*+')

where the first four nonlinear coefficients are given by

F2=F2(z2)-Dh2(z2)Ah2(z2)

F3=F3(z2)-Dh2(z2)Ah2(z2)-Dh2(z2)F2(z2)

+ (Dh2(z2))2Az,

F4=F4(z3)-Dh2(z2)Ah2(z2)-Dh2(z2)F2(z2)

+ (Dh2(z2))2Az2

ln the equations above, the F„, represent terms of order m that have

been modified by the nonlinear transformation. A recursive pattem is beginning
to become discemible.

The analysis above suggests that in order to remove terms of order s
,

the nonlinear transformation vectors h(s) may be determined from the solution

of the homological equations [5]

^(ht(zj)-[hv(zv),AzJ=Dh,Azs-Ah( =FV (2.30)

for s = 2,3,...,r-\ ,
where the notation, L/1(hv(zJ) = [h((zJ,A] denotes the Lie

bracket operation of vectors hs(zjand Azv [6], and the F, represent terms of

order s that have been affected by the transformation of order s
- 1 . Assuming

LA is invertible, and solving for h,(zy) yields

hl(z,) = L;'Ft(zJ (2.31)
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lt can readily be proved, that if the eigenvalues of A are not resonant of

order s, the coefficients of the second and third-order normal form

transformation are given by [1 3]

C{
h' =

2-

(xk+x,-xl)
c

hi =t
^ (2.32)

for / = 1,2,..., n , provided that X.+Á,-X/^0,Xk+X¡+Xm-Xl^O where the

C{u,Cikim are defined in Eq. (2.30).

At kth-order, the approximate normal form representation for the system
in Eq. (6) may be written as

zA*Az,+f;+0(|z|*+') (2.33)

where A = diag[X] Á^ ... Xn\. The functions f'k are called the resonant or

secular terms that can not be eliminated by the transformations (2.27) and

contain the essential part of the dynamic system.

This approach allows for the rigorous analysis of a wide variety of

nonlinear systems, including systems with linear and nonlinear characteristics.

2.5 Approximate Normal Form Solutions

2.5.1 Third-Order Normal FormApproximation

For ease of discussion, and without loss of generality, the normal form analysis
presented in this section is restricted to third-order, but the procedure is general
and can be used to study higher-dimensional systems.

Let the system behavior be represented by Eq. (2.26). By the linear

transformation x = Uy , Eq. (2.2) can be reduced to the Jordán-canonical form

y
= Ay + F2(y) + F3(y)-fo|y|4) (2.34)

where
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F2(y) = ^u

(Uy)rH2U

(Uy)rH2U

(Uy/'H^U

ZZO*^

zzo*^
_=i /_*

ZZ^u»

(2.35)

F3(y)=TU
o

(Uy/H1,

(Uy)'H.2

(Uy)7H3'

Uy 0

6 Uy

Uy 6

6 Uy

Uy 6

6 Uy

Uy

Uy

Uy

aun

ZZZ cL,y*yiy*
k = \ ! = k ttlmk

n n n

ZZZ cLttw.
* = | /*■*■=* m=k

n n n

ZZZ cL->w-t,
_=1 /=_ rn-*

(2.36)

where the Cl
,
and C3' , / = 1,2 are the second-order and third-order

coefficients respectively of the Jordán form variables defined by Eqs. (2.35) and

(2.36).

To remove second-order terms in Eq. (2.34), let now the second-order

nonlinear transformation be introduced next

y
= z2+h2(z2) (2.37)

in which z2=[z, z,
■■■

z2 j ,
and h2(z2) is a complex-valued polynomial

vector of order two defined as

h2(z2)

rt «

ZZ ^,Z2.Z2,
*=1 /=*

rt n

ZZ *LZ2.Z»,
¿=1 /«*

ZZ ^,Z2,Z2,

(2.38)

Substituting Eq. (2.37) into Eq. (2.34) results in

z2=Az2 + F3(z2) + <9(|z2f) (2.39)
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where the term F3(z2) indicates third-order terms that have been affected by the

transformation in Eq. (2.38) and the terms <_>(|z2|4) represent fourth-order and

higher terms introduced by the nonlinear transformation.

ln an analogous fashion, third-order terms are removed by using the

nonlinear transformation

z2
= z3+h3(z3) (2.40)

where,

h3(z3) =

rt tt rt

ZZZ hLrrrK
k=\ t=k m=k

tt n n

ZZZ *L*3.*3,*3.
k = \ l = k m=k

n n n

ZZZ K,mzhzhz*
k = X l=k m=k

Substitution of (2.40) into Eq. (2.39) and neglecting residual terms above

third-order, yields the approximate normal form system

z3
~

Az3 (2.41)

where A = diag\x, X2
■■■ Xn\. The details of these computations are given

below.

2.5.2 Closed-Form Expressions for Second and Higher-Order

Approximations

A more insightful analysis into the nature of system oscillations can be attained

from the study of approximate time domain solutions. Let the system dynamic
behavior in z, -coordinates be given by Eq. (2.41) with initial conditions

z3(t") = zl=[z'i z'.,\
■■•

z¡\ Solution ofthis equation for z3(r) gives

rl,l

z_ (t) = z'i e
'

(2.42)
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where Xt and the initial conditions z3 have to be determined from the initial

conditions, x", in the original coordinates. The following approach is used to

compute initial conditions in the z3 coordinates.

Starting with any feasible xuy, it can be readily shown that the solution of

the inverse transformations can be recast as an optimization problem of the

form:

1. Given an initial stable equilibrium point of interest x"=xvt/), calcúlate

initial condition in Jordán coordinates from y" = U"'x"

2. Compute z2 and z3 by solving the nonlinear optimization problems

f.(z.)=y"-z?-h_(z_) = 0 and f3(z'3') = z'2'-z^-h3(z;') =0

Normal form solutions in Eq. (2.39) are then transformed back into the

original physical domain by using the inverse transformations

z2(í) = z3(/) + h3(z3(í))

y(t) = z2(t) + h2(z2(t))

x(/) = Uy(í)

(2.43)

Making use of Eq. (2.43), time-domain closed-form solutions can be

expressed in terms of modal components as follows

and

ti n rx

k=X l=k m=k

Z2j (t)
=

4/
''
+ZZ Z hL zl Z3, <„ e

k=X l=k m=k

J>,(0=*2,(0 +ZZ <**.&*!,(*)
k=X l=k

(2.44)

(2.45)

x,(o=Z"^z2, +Z"/< ZZ ^(0^(0 (2.46)

Figure 2.1 provides a conceptual representation of the adopted model

illustrating the different coordinated frames.
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Original system

x=f(x)

[ ¿=2
tú

x
= Uv

f(Uy)= Ay+ZF^y)
/=2

Z**- +ll-, ( Zt )

Normal Form

■E2
=

A2z2 + 0(3)

Figure 2.1 . Schematic representation of the method of normal forms

For simplicity, a simple one-machine infinite-bus test power systems is

used to address the computation of high-dimensional normal forms.

2.6 Numerical Example

The case under consideration is a single-machine infinite-bus system adapted
from Ref. [18]. ln deriving the system equations, resistances are neglected and

the generator is represented by a classical model as a constant voltage source

behind a transient reactance.

Generator Transformer

Jxt

E

P

Q

jx*

% Infinite

I Bus

ÍEb
I

Figure 2.2. One-line diagram of the test system
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2.6.1 Equations ofMotion

The differential equations of motion of this system are thus

____.

dt
-eo (2.47)

dco 1

dt 2/7
[Pm - Dco -Pmm sin ó] (2. 48)

where 8 is the angular position of the rotor in electrical radians with respect to

the infinite system, co is the angular velocity of the rotor in electrical rad/s, Pm is

the mechanical input power in p.u., D is the generator damping coefficient in

p.u torque/p.u. speed, and H is the inertia constant in MWs/MVA.

Introducing the two-dimensional vector x = [x, x2]T =[S co]1 ,
the

equation of motion can be described by the two-dimensional non-linear system

x = f(x)
J\ \X\ ,x2)

f_(x^xi)
(2.49)

where

and

f(xí,x2) = co,

1

f2(x„x2) = —[Pm-Dco-PmaxsmS]

(
/>„

N

where k is anywith associated equilibrium points at sin
'
——

-kx,0

K V inax /

integer.

2.6.2 Numerical Results

Normal form analyses were finally carried out to investígate the influence of

perturbations on the system nonlinear behavior as well as to validate the

developed procedures.
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Emphasis is placed on the analysis of the effects of perturbations in the

initial conditions, A-5",Aíy"on system dynamic performance. The parameters

used in the analysis are given in the Appendix A.

Two system representations were considered in the studies, namely: 1 ) a

second-order system representation obtained by expanding Eq. (2.24) up to

order two (k = 2 in the developed procedure), and 2) a third-order system

representation (k = 3 ).

ln both cases approximate normal form solutions were obtained using the

procedures in section 2.6. These solutions are referred to in this chapter, as the

second order NF solution and the third order NF solutions, especttively. For

completeness, the full non-linear system behavior was obtained by integrating

numerically the system nonlinear model using the ode routine in Matlab.

2.6.3 LinearApproximation

To gain additional insight into the nature of system behavior, linear

approximations were obtained from the first-order system representation.

Let X.
2
=-0.7143 ± y6.346 be the complex conjúgate eigenvalues of

matrix A at x (refer to Appendix A). For small disturbances, the general

solution of the system x = Ax
,
with initial conditions AS(Q) = AS",Aco(0) = 0 at t=0

is:

A¿(/) = 1.008[e-0714'cos(6.35í-0.112)](A<r) rad. (2.50)

and

Aco(t) = -0.015[e-07l4'seK(6.35.)](A<r ) p.u. (2.51)

Equations (2.50) and (2.51) describe a damped harmonic motion with

frequency co = 6.35 rad/s, and a decay time constant of 1/0.714s. Comparison of

these expressions with those for the approximate normal form system in Eqs.

(2.44) through (2.46) reveáis the non-linear contributions that are not accounted

for by linear analysis.

2.6.4 Normal Form Solutions

Figures 2.3 through 2.5 provide a comparison of the full system solution with the

solution from the second and third-order normal forms for three different initial

perturbations in the initial machine angle, namely: AS0 = \5°,AS° =30° , and

AS0 =45° For comparison, the linear solutions obtained from Eqs. (2.50) and

(2.51) are also presented.
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lt can be seen in figure 2.3 that for small perturbations, the normal form

approximations and the full system solution agree very well, while the linear

approximation shows some deviation with respect to them. Further, all solutions

remain practically in phase. As the initial system perturbation is increased from

15° to 45° in figures 3 and 4, however, the linear approximation and the second-

order normal form solution are unable to approximate the full system response.

The following general conclusions can be drawn from this analysis:

• Normal form solutions provide a more accurate approximation for the full

system solution over longer times than the approximations given by linear

analysis.

• The degree of accuracy is a function of both, the magnitude of the initial

perturbation and the level of stress in the system. The analysis also

suggests that nonlinear effects arise in the system when the perturbation
becomes large.

The linear approximation and the second order NF solution become less

accurate as time increases. As expected from physical considerations, the

addition of second and third-order effects is seen to improve the accuracy of the

solution.
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Figure 2.3. Comparison of machine dynamic behavior for an initial perturbation

AS" =15°,Aím = 0
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Figure 2.4. Comparison of machine dynamic behavior for an initial perturbation

AS" =30°,Acü = 0

36



-0.6 H iiii 1 1 1 1 1 r

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

seconds

a) rotor angle deviation

12-1 r i i i i i i i 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

seconds

b) speed deviation

Figure 2.5. Comparison of machine dynamic behavior for an initial perturbation

AS" =45°,Aco = 0
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These results suggest the potential for application of high-dimensional
analysis to more complex systems.

2.7 Discussion

ln this chapter, a brief review of conventional power system normal form

analysis has been presented. A systematic methodology based on normal form

theory is introduced for determining the effect of third -and higher-order terms of

the power system representation on system performance. The conceptual
framework developed provides a rigorous base for determining the effects of

weak nonlinearities on system response. Moreover, the proposed procedure is

general and can be extended to higher dimensional systems.

This theory has proved very successful and agrees well with a wide range
of analytical results. However, several of the assumptions make the application
of these approaches impractical for large, complex high-dimensional nonlinear

systems. Additionally, its range of validity to assure accuracy within a given

range of operating conditions has not been fully studied.

There are a number of issues regarding an accurate model of power

system behavior. These include:

• The high-dimensionality and complexity of the resulting model.

Conventional normal form analysis requires reduction to the internal

nodes of generators.

• Accuracy issues. The extensión of normal form analysis to high-
dimensional systems is required, especially when the system operates
closer to its stability limits.

These issues are fully addressed in subsequent sections of this

dissertation. An improvement to the above formulation for determining the

normal form representation is discussed. This improvement provides a means of

determining higher-dimensional representations and enables the network

structure to be preserved. There are a number of avenues for productive future

work.

Studies of the effects of perturbations on system performance show that

accurate modeling of system behavior is necessary if the detailed system

response is to be successfully predicted. From the studies performed, third-

order normal form solutions have been found to accurately predict system
behavior even for large system perturbations.
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Chapter 3

Normal Form of Complex System
Models: A Structure-Preserving

Approach

Large, sparse power system models arise naturally as dynamic models of a

wide range of power system applications.

ln this chapter, a modeling framework based on normal form theory and

singular perturbation techniques is proposed for analyzing the nonlinear

behavior of power system models described by nonlinear Differential-Algebraic

Equations (DAEs). The method exploits the time scale separation of power

system dynamic processes, to avoid reduction of the original DAE model and

may therefore be used to assess control effects and network characteristics on

system behavior. This approach allows the full use of the normal form

formulation to be reached, and is applicable to a wide variety of nonlinear

phenomena described by DAEs.

Using a control theory framework, a constructive approach is outlined for

transforming a system of DAEs to a state space approximation that is suitable

for normal form analysis. By casting the problem in the context of singular

perturbation theory, a structure-preserving nonlinear mathematical model of the

power system is the established for the study of nonlinear behavior.

Criteria for this representation are derived and implementation issues are

discussed.



3.1 Introduction

ln recent years there has been significant interest in normal form analysis of

detailed power system models. The primary advantage of this approach is its

ability to express the complicated dynamics of the original nonlinear system in

terms of modal interactions between modes [1]. This technique has been shown

to give improved understanding of the fundamental nature of system nonlinear

behavior and has the capability to help in the design of power system controllers

[2-4].

Several analytical formulations using normal form theory have been

proposed for assessing aspects of power system nonlinear behavior [4-6]. This

has led to significant progress in the development and interpretation of analytical

system representations and has highlighted the need to understand more fully
the role of network and control characteristics in system performance.
Characterization of transmission network effects is required for both, detailed

understanding of the mechanisms of intersystem oscillations, insight into model

structure, especially concerning nonlinear paths created by supplemental
modulation [7], and addressing the key questions of how nonlinear effects

control performance and system behavior.

Standard normal form analysis, however, rests upon reduced order

representations in which the algebraic equations representing the network

behavior are included in the set of differential equations. These models offer a

compact description of the system dynamics, and are especially useful for the

study of electromechanical oscillations since they preserve the essential

features of system behavior in terms of the dynamic states of the system.

Although normal form analysis has been extended in several ways in order to

account for control effects, these approaches are difficult to implement due to

the complexity of the nonlinear interactions between components created by the

reduction process [6,8]. Further research is also necessary to address other

issues such as the assessment of closed-loop effects arising from the use of

supplementary controllers, the effect of loads on the oscillatory process and the

loss of physical significance of system variables.

ln this chapter, a structure-preserving approach to power system normal

form analysis is presented. The key idea is to approximate the behavior of the

original system by a singularly perturbed system in which the structure and

physical meaning of the original variables is preserved. The method exploits the

time scale separation property of power system processes, to accurately

approximate system behavior and provides essential information for control

design and parameter estimation.
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3.2 Structure-Preserving Power System Model

3.2.1 Model Equations

A general, dynamic model of the power system is considered in the analysis
which preserves network structure and load characteristics. Figure 3.1 provides
a schematic illustration of the adopted model. Assume the power system under

consideration consists of nb buses and ng generators, for the objectives of this

study, each machine is modeled by a fourth order model equipped with a fast

excitation system.

The voltage dependency of the loads is represented by a general

exponential model. Flexible AC system controllers are represented by nonlinear

constraint equations and included in the system model. The modeling

framework, however, is general and can be used to accommodate more

complex system representations.

Interface generator-network Interface network-loads

li, =-r[¿; -K,co.(S,-94)] eí,(^)+P^f(2-I'/í>_(G¡»s*i'(6(-et)-49ilcos(9i-9i)) = 0

xd
^

t_i

/, =--V_BÍ +r¡sin(SI-9()] pu<yt)- zrMG__ «»<!-■ -et) + _»a_inp( -et)) = 0

Generator dynamic model &
5, =0),

+m-jgVm_-&t-*iI4)1»-

í"*

É'i„=Y^\-<rxd-xdl)Idi+EfJ-]
ido,

Ef-I ■j^-E^K^V^-V,)]^^.
í = l ng

r

/J/(sin(S(-9,)+/,(K,cos(6(-9,)+_>Ii(f,)-

2K,Kt(Ctt cos(9„)+ B_. sin(9tt)) = 0
t=i

V,co_(5, -9,)+/,^ sin (8, -OJ-x-Q^V,)-

_.K,Kt(Gtt si_(9_)-3a cos(9li)) = 0

« equations KJ
^T SVC dynamic model

V,ZQ_
•-

Power balance equations

Vn^K

JVC*

SVC dynamic model

Vsx*_ =—{-$„*_ +

Load model

« e_,=e_<-,

P

V

r¿\s

ÍU_i

Figure 3.1. Structure-preserving power system representation
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Under the above simplifying assumptions, the nonlinear system behavior

is given by [8]

a) Rotor swing

S,=fs=co, (3.1.a)

<*.=/„, =¿[^ -(V-/, +V-J-A*.] (3.1.b)
¿a,

K =

/*
=

y-
[-K + (XlL

-

X\h ) /J (3. 1 .c)
i",

Kx =/«, =^t-A -(*•/, -*<)'-,+**] (3-1-d)
*4

¿x =

/„,
= ^-[-^, + KA¡ (VreL -V,)] (3. 1 .e)

T_
p~,

-

fp.,.
=
w-w

:
•
—

o. 1 .o

b) Interface generator-network equations

0 = gd¡
=- /„Jf„, + _?ai /,

-

g¿t + ^ sin (í,
-

6, ) (3.2)

0 = gVi =-/,,X -_?„_/* + £„_ -^cos(¿>, -0,) (3.3)

0 = *?/».
= ~

pg, + U V, sin V. -d,) + IJ, cos(^
-

0, ) (3-4)

0 = *„,
= -

g,, + /,, ^ eos (tf,
-

$, )
-

/„ V, sin («5,
-

6», ) (3.5)

c) Load flow mismatches at generation and load buses

0 =
gpKi

=

-Pw +Yy,Vk (G,k eos (9,k ) + B,k sin 9,k ) (3.6)
k=X

0 = grt=-P_,+ ¿^(^««(.J + iXíJ) (3.7)
*=/)■,- + !

44



I
k=\

0 = gWi =-Qg, +Zv,Vk(Giksm(eik)-BlkCos(0lk)) (3.8)

** = *i** + l

(3.9)

with

o=gw=-/>, +/>4fc)

0 = gv=-Q,+Q,(Vl)

(3.10)

(3-11)

where

^,(^) = ^, K +knPx, Pl,

'v"

KV,J

( r. \

+ k
Pf,

J,J

Q,\v) = QL C-i,
+

c2

rv"

KV», >

+k.
'vv

LK

KV,J

ln equations above, 8 is the angular position of the rotor in electrical rad
,

co is the rotor angle velocity in electrical rad/s, Pm is the mechanical input power

in pu, D is the generator damping coefficient in pu, and H is the inertia constant

in MWs/MVA. Ed , Éq , ld and íq are the d- and q-axes voltages and currents,

PUtl and Qlm represent the constants active and reactive power components at

the nominal voltage, Vn ; kpl + kp2 + kp3
= km + k02 + km = 1

,
for

i = n + l,n + 2,-",m and k
, , k(n represent the fraction of constant active and

reactive power load, kp2 , k02 are the fraction of constant active and reactive

current load, and k
_

, k(n are the fraction of constant active and reactive load

constant impedance.

The other symbols have the usual meaning [8].
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3.2.2 Structure-Preserving Power System Model

Let x = [b' <a' Erf E' EJcl P'VJ7 be the vector of dynamic states, and

z = \l'j lTv ¥¡ Q7 97 VT] be the vector of pseudo-state (algebraic)

variables.

Combining the system equations (3.1) through (3.8) results in the

nonlinear DAE system

x = f(x,z) = [f¿- ¡
f
a xfepd \fm \Ífll ¡ f^. ] (3.12)

0 = g(x,z) = [gt/ ¡g, ¡gp ¡gK ¡gre ¡g^ ¡gB ]g(// \\\pr \%v \ (3.13)

Equations (3.12) and (13) represent a set of DAE equations of the form

x(r) = f(/,x,z) ,x(0) = x„

0 = g(.,x,z)

where xe9." is the vector of system states, and zeíT is the vector of

algebraic states. Note that network characteristics are fully preserved by taking

advantage of the sparse nature of the model.

ln classical normal form analysis, the system (3.14) is reduced to an

explicit state space representation x = f(x) where x is the vector of physical

system states, and f is a nonlinear vector that incorporates network (algebraic)
effects [1]. However as the size and number of equations increases, this may

become impractical. Further, important information regarding network structure

is lost which might be of interest for the problem of designing or siting
controllers.

A second approach consists of transforming the system of algebraic

equations into a system of differential equations [9]. Taking the partial
derivatives of the algebraic equations in (3.14) with respect to 'and rearranging
gives [10]

'agYYdgl
dz, ydxj

f(x,z)*
Kdzj

dg

dt
(3.15)

where
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ag

dz

i, ^A2
A ' A
_A3 I **4

5I_

31,

SI,

51..

5g, *,

51. d\

98* *,

5I_ d\

5g/* de.

51. 31.,

5g„, 5g„,

51. «*,

58w ag<«

51. a.

5g„/ 3gí,

O o

o o

-I o

O -I

51..

O

51.

-I O

O o

O -I

o o

o o

o o

______

dgu

59

59

5V

*L
59

4t
5V

59 5V

59

5g.

dg/-g 5g,
59

5g„,
59

5gw
59

5gg/
59

O

5V

3gp/
5V

dg-/_
5V

5g^
5V

5gpr
5V

5gy
5V

0 9

0 9

0 9

0 9

0 9

I 9

0 9

0 -I

r 9

0 -I

lf the Jacobian matrix 5g/5z ,
is not singular, the system (3.15) can be

transformed into a form that is amenable for normal form analysis. Denoting

(5g/Sz)-' __

B, B2

B, B,
it is straightforward to show that

bi=(ai-a2a¡'a3)-1
b2=-b,a2a;'

B,—A^AjB,

b4-a4-'-a;'a3b2

As observed, the singularity of the Jacobian matrix, 5g/5z ,
is related to

the network submatrix, A4 . Matrix 5g/5z also plays a role in the complexity and

accuracy of the model; avoiding the inverse computation leads to less complex
differential equations and Jacobian-related terms in the model.

There are two additional issues concerning representation (3.15) of the

system. The first one is obtaining a dynamic representation of the algebraic

constraints, such that the system (3.15) can be expressed in the framework of
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singular perturbation theory. The other key issue in applying this formulation for

modeling of algebraically constrained dynamic systems is finding

representations of the system which allow one to apply existing results from

normal forms theory. The basis of the selection of the singular perturbation
representation is dealt with in the following sections.

3.3 Singular Perturbations Analysis Approach

3.3.2 Singularly Perturbed Dynamics

The primary goal is to convert the system (3.13) into the standard singularly

perturbed form [11]

x(t) = f(t,x,z,s),x(tj = x„ ,xe9T
(3.16)

sz = g(t,x,z,£),z(t0) = z0 ,ze9T

where e is a small singular perturbation parameter. When s approaches zero,
the dynamics of z becomes infinitely faster than that of x

,
and under certain

conditions, approaches that of the system x(t) = f(t,x,z), 9 = g(?,x,z) .

Following Gordon and Liu [9] a set of DAEs can be transformed into an

explicit set of differential equations by adding an appropriate singularly

perturbed dynamics.

More formally, let

w = g(r,x,z) ,
we9T (3.17)

be a function that expresses the degree of violation of the algebraic (constraint)
equation by the augmented system (3.15). The convergence of the model to the

algebraic constraints of the DAEs can be examined through the dynamics of

(3.16).1

ln order to guarantee that that the constraint equation is met, a singular

perturbation approach is used to introduce an asymptotically stable manifold

w = -(\/s)w From (3.16), this equation can be solved explicitly for w in terms

of x as

1 dw dw
. dw

w = — w =— +— x + — z (3 18)
£ dt dx dz

K '

1

Ideally the system converges to an invariant set w = 9 in some neighborhood of the

exact solution where the Jacobian is non-singular [9].
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or, equivalently,

•sz =
■

5w

dz)
w

dw

~dz

dw dw
.

—

+
—

x

dt dx
(3.19)

where, upon convergence w = 9 .

Equation (3.18) may now be interpreted in the singular perturbation
framework (3.15). Using the expression for the algebraic constraints from (3.16)

gives

£Z = -

dw

~dz
g(t,X,Z)-£

dw

~dz

dw dw «

— + -— i(t,x,z,£)
dt dx

(3.20)

Theoretical models to simplify (3.19) are given in [9] and [12,13] based

on Lyapunov theory and are discussed below from the standpoint of the

practical implementation of the method.

For small £
,
the dynamics of the second term can be neglected, and the

system behavior can be approximated by

x = f(x,z,.?)

'5wN"(

v
5z

£Z = É(x-z)-
dw

dz
g(x,z)

(3.21)

where the simplification (5w/5z)"' = (5g/5z)
'

«(5w/5z)7 avoids the inversión of

the extended power flow Jacobian. From a practical point of view, this allows the

sparsity of the power system model to be maintained in some pattern that is

consistent with other power system formulations while at the same time

guarantees a degree of accuracy in the approximation and reduces modeling

complexity. Our numerical simulations in Chapter 5 confirm these assertions.

The next theorem is of interest for the analysis of singularly perturbed

systems.
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Theorem 3.1. For a system2 represented by (3.20) the system

trajectories x and z can be expressed as [1 4]

x = x(í)+0(e)
z = z(í) + 0(e)

where 0(e) is an error. This theorem holds provided that the following two

assumptions are satisfied.

Assumption 3.1.1. For the equilibrium point in . =0, o(e) = 0 such that

0{e) exists for t > 0 .

Assumption 3.1.2. The eigenvalues for the augmented system given by

(3.20) evaluated for e have two sets of eigenvalues corresponding to the slow

and fast dynamics, given by

set(Re(X_ )) < set(Re(Xx ))<0

for t = 0, x„ and z„ in the domain of interest.

3.4 Normal Form Analysis of the Singularly Perturbed System

3.4.2 Second-OrderApproximation

With £ small, but finite, the series expansión of (3.21) up to order 2, about the

initial condition yields

df df'
£ £ v

dx 5z
A

+

dg 5g z

dx 5z
_

f2(x,z,s)

g2(x,z,,_-)
1 (3.22)

where the £ -dependent Jacobian matrix of the interconnected system is

given by

J(£) =
•J|l J|2

J
21 ^22.

5f di'
£ £

dx 5z

dg 5g

dx 5z
_

and the nonlinear vectors í2(x,z,e) and g2(x,z,£) are

1
This theorem assumes the validity of the f and g models regardless the two different scales between X and

Z [15].
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f2(x,z,s)

g2(x>z-£)

J_
2£

e[x'zr]H\

ff[xV]H_'

7' *"l¥I" + l

[x'í']h;

[xrzr]H^+m

(3.23)

where the H^ are the Hessian matrices of second order derivatives.

Setting e to zero in the system (3.22) and neglecting second and higher

order terms yields the reduced-order approximation x = (jn - Jl2J¡2J21)x. ln the

more general nonlinear case, however, an error is introduced which is a function

of both, the size of e and the nonlinear functions g2(x,z,,?) as discussed below.

3A.2 Jordán Form Representation

For systems of the form (3.22), standard normal form analyses can be

conducted to analyze system behavior. Let

A = VAV = diag{X, **■

X„ A_+1- Xj

eigenvalues and let V = U"1 and U

eigenvectors of the augmented system (3.22). These eigenvalues are given by
the roots of the characteristic equation

denote the diagonal matrix of

be the matrices of left and right

det J-X
I

= det
_■» m

£ dz

det
di

„
df

x*-„
dx dz \dz dx

F!(1,e)P2(X,e) = ()

(3.24)

where P¡(X,£) and P2(X,e) are polynomials in X of degree m and n,

respectively and whose coefficients are polynomials in e lt is easy to verify that

as _•->(). the n slow modes in P2(X,e) converge to the eigenvalues of the

reduced model ¿ = (J,| -J,.J¿J2I)x. Furthermore, it can be seen that in the limit,

the fast scale eigenvalues of P^X,e) go to infinity. An interesting discussion on

the slow and fast dynamics of simple systems is given in [12].
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The system in (3.22) is then transformed to the Jordán canonical form by

using the e -dependent structure-preserving coordinate change

x = (3-25)= M(£)y

where U(-s-)is the matrix of right eigenvectors from (3.22).

Substitution of (3.25) into (3.22) yields the complex Jordán canonical form

y
= Ay + \](eY

f2U(*)y

§_u(*)y.
Ay + F2(y) (3.26)

where

n ni

F2/(y)
=Yr,K (uy,^)+ Zv/+„g2/ (Uy,f )

k=\ i=\

n+mn+m

= EXCw*>W/« ¡ = \,2,...,n,n + \,...,n + m.

ln its singularly perturbed model form, the system (3.26) is amenable for

direct normal form analysis.

3.5 Reduction to Normal Form

The power system normal form representation studied here is the same as that

introduced previously [1 ,13], and is summarized next for completeness.

Let the system behavior be given by (3.26). A near identity change of

coordinates of the form

y
= z+h2(z) (3.27)

is sought that takes the system to the normal form

z = Az + F2r(Z) (3.28)

where the h2(z) are undefined complex-valued polynomial vectors to be

determined so that the terms of order are eliminated or simplified and the F2 (z)

are terms that can not be removed or simplified.

Substitution of (3.28) into (3.27) and use of the chain rule yields

[i + Dh2(z)]¡Az + F2 (z)}= Az + Ah2(z) + F2(z + h2(z)) (3.29)
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where Dh2(z2) is the Jacobian matrix of h(z2) with respect to z2 . Setting

F2r(z) = 0 and equating terms of like order yields the homological equation

Dh2(z)Az-Ah2(z) = F2(z) (3.30)

Explicit expressions for the second-order coefficients, h2(z) ,
used in the

implementation of the method are given by Sanchez Gasea et al. [1] and are

therefore not repeated here.

3.6 Numerical Implementation

Based on the above approach a computer algorithm was developed for

nonlinear analysis of power system models described by DAEs.

Figure 3.2 illustrates the numerical approximation adopted in the studies.

Note that, standard eigenvalues calculations for sparse linear systems are

performed using commercial software. This allows the study of realistic power

system representations.

DAE original system

t=f(x,z,t= g(x,z,

y=z:+h,(z:)

Y

yi_=A*YO(KÍ]
Second order normal form

tn unreduced system

Figure 3.2. Flow chart of the structure-preserving normal form analysis procedure
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3.7 Conclusions

A nonlinear analytical model of the power system is developed which preserves
network structure. The method reduces the order and complexity of the dynamic
model and allows the effect of network parameters and load characteristics to be

explicitly identified. ln particular, the effect of static voltage-dependent loads and

SVC voltage support is represented.

This formulation can be used to estimate the effect of control action on

the transmission network and to assess the effect of load characteristics on

system behavior. ln addition, the network variables contain potentially valuable

information for monitoring system behavior and analyzing nonlinear interactions

between system components that needs to be analyzed and exploited.
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Chapter 4

A Structure-Preserving Approach to

Power System Normal Form

Analysis

Parametric sensitivity analysis is becoming a very important tool when studying

dynamic system models. ln this chapter, a structure-preserving approach to the

approximate analysis of power system models described by DAE equations is

explored that incorporates the operation of flexible ac transmission devices and

load characteristics.

A general approach based on the extended normal form theory is

proposed for the analysis of nonlinear response to parametric variations. The

conceptual framework takes into account the nonlinear system structure and

provides a rigorous base for the representation of network dynamic effects. First,

analytical series solutions are obtained containing parameters of the system,

thereby revealing the functional dependence on these parameters on the system
behavior. Sensitivity analyzes of states to parameter variations are then used to

approximate the effect of network and control characteristics on system dynamic
behavior. The derived analysis methods may be used to infer the effect of

network control and characteristics on wide-area system behavior and aid in the

location and design of system controllers.

Several faithful research directions are identified including the location of

FACTS controllers, the analysis of potential adverse interactions between

controllers, the evaluation of load modulation, and the analysis of nonlinear

mode propagation across the transmission system. The theory and analysis
methods can be easily generalized to other types of network devices.



4.1 Background

Nonlinear mode interaction is known to contribute to different properties in

physical processes. The nature of the interaction phenomenon is rather complex
and depends on several interacting characteristics such as the control

characteristics, the topology and operating condition of the system, and the

characteristics of the transmission system.

ln the previous chapters, a general framework for the analysis of

nonlinear system behavior based on normal form theory and singular

perturbation techniques was proposed. This framework permits consideration of

general power system models described by sparse DAE systems and allows for

the application of existing results from normal form theory to the analysis and

characterization of system behavior.

ln this chapter, we extend this approach by addressing the role of

transmission network variables in system dynamic performance. A second-order

representation of the power system is, to this end derived, that consider the

explicit representation of load characteristics and múltiple FACTS devices in the

state representation. Based on this representation, closed form solutions are

derived in which network characteristics are explicitly represented.

Parametric sensitivity analysis is used to obtain information concerning
state variable variations with respect to infinitesimal perturbations in the valúes

of model parameters.

The proposed formulation is general and can be used to address both,

linear and nonlinear aspects of system dynamic performance.

4.2 Analytical Approach

4.2.1 Closed- FormAnalytical Solutions

Having determined the normal form system and its associated transformations,

approximate time-domain solutions are in this section developed using inverse

nonlinear transformations between coordinate systems.

Let the system dynamic behavior in z2 coordinates be expressed as

K "a„ z„
+
x,"

_¿«. A»,_ _z'«_ K.
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where An=diag[X, X2 ... Xn\ and Am=diag[Xn+i Xn+2 ... X„+m]. The

functions F2r and F2r are called the resonant or secular parts of F and contain

the essential part of the dynamical system.

Then, on neglecting the terms of order 0(3) and higher in (4.1), and

assuming that no resonance conditions are met, we obtain

•i., A

~

z
Íl n n

Z2
"

z. A z
"'
_

»'
_ _

"'
_

- Az, (4.2)

with initial conditions given by z2
= \z"nxi z"mxX\ ln the new coordinates, solution

ofthis equation for z2(/) gives

z2 (t) = e ij'z_ for j = \,2,...,n,n + \,...,n + m (4.3)

Approximate analytical solutions for second-order coordinates systems
are then obtained by using the inverse transformations

y(0 = z2(0 + h2(z2(í)) (4-4)

and

x(0

y(0
uy(0 (4.5)

from which it follows that

n+m ( n+m n+m

^0=I«J,y_CO-Z».«v+2>* ZZ*WW0«
■r" (t\o^l:*Xlr

and

n+m n+m n-rm i rmritrrm

y, (0=1»^, if¥L%^ +Z»„ Z2X, zl ck,^
y=l H *=1 V *-l Wk

,(*****)

for p
= \,2,...,n

(4-6)

for q=n+\,n+2,. . .,n+m

(4.7)

Given a particular operating condition, Eqs. (4.6) and (4.7) enable

analytical solutions to be readily obtained.
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Figure 4.1 shows a graphical interpretation of the closed form analytical
solutions.

•■fEffec'ects of first order

iects of second or ■ £>

ffects of Arth order

x(.}

y(0.

Figure 4.1. Schematic diagram illustrating the derivation of closed-form analytical
solutions in physical space.

Equations (4.6) and (4.7) have many interesting characteristics which

allow a number of important conclusions to be reached. The analysis of these

expressions shows that normal form solutions can be expressed as a linear

combination of modal components in z2 coordinates. These modal contributions

add up to produce a real solution in the original coordinates, x .

lt should be emphasized that, each of these components can be seen as

the contribution of the individual mode combinations to the overall system
solution; this is a unique feature of nonlinear analysis that can not be studied

using conventional techniques.

4.2.2 Time Evolution ofNetwork Variables

Based on the above formulation, an efficient technique to assess the influence

on network characteristics on system dynamic behavior is proposed.

From (4.7), closed-form time-domain solutions for the fast, network

variables can be obtained up to the desired order of approximation, as

Ps, v „ (0
=ZKj z.i„

e
V
+Z U»JEZKm ZK z'„ e ] for w=n-ng+l,n-ng+2,. . .,n

./=i ./=! *=l /=*

(4.8)
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l'l ffl ffl

A,/

Í.W-Iv/+Z«(.(ZZUV,*>] p=n+\,...,m (4.9)
7=1 / = l *=l ¡=k

m m m m

f.W
=

Iv,í''+X«.£Z^V/.eW'] <7=m+l,...,2/H (4.10)
/=! /-*=! *=l l=k

m tn m m

^c)=Z"-vz,/'' +]Zur,[TllKrKzLe{^']r=2m+l'---'2m+'í+nl (4-11)

&,(0 =Z"^//''+Z"wEZ^,1*z*AÉ! ***'] '"=2m+l+/7/,...,2W+l*f2«/ (4.12)
(■*»*->■)■

/ = ! ./
= ! *=1 <■=*

where w/ is the number of load buses with active or reactive power.

Equations (4.8) through (4.7) provide approximate solutions to system
behaviour in which first -and higher order terms are isolated. The associated

eigenvalues Xl and the structural parameters, hlk, play a crucial role in the

observed system response.

More specifically, given the initial conditions,

z"j,z" ,j,l = 2m + \,...,2m + \ + nl and structural parameters, h'lk, it is then

possible to obtain the specific effect of parameters of interest on system
behaviour. This model is general and can be used to estimate the influence of

any network variable on the (physical) states of interest.

From this general result a procedure has been derived for parametric

sensitivity analysis.

4.2.3 Sensitivity to Parameter Variations

Assuming that both, the initial conditions and structural parameters are known,

the above information can be used to compute sensitivity relations between

modes and states that explicitly capture control and network effects.

ln this section, a general model to infer the network characteristics on

global system behaviour is proposed. Figure 4.2 provides a conceptual

representation of the proposed framework.

Two main loops are identified:

1. The internal loop associated with the structural h2/kl parameters obtained

from the normal form representation, and

2. The loop associated with the perturbation of initial conditions, x"
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Figure 4.2. Overview of the proposed algorithm for modal analysis.

Computation of closed-form analytical solutions to arbitrary excitation can be

carried out as follows:

1 . For a given disturbance, x" determine initial conditions in the Jordán

and normal form spaces using the inverse relationships

y"=U-'x" ,

z"+h2(z")-y"=0
(4.13)

2. Determine the time evolution of selected (states) and pseudo states

using Eqs. (4.8) through (4.12)

3. Compute analytical measures of the interaction between modes and

states. Determine the specific influence of network and control

characteristics on wide-area system behaviour.

The core of this analysis is the determination of initial conditions for normal

form analysis. The analysis below focuses on fairly simple system controllers

and network characteristics, but the theory is sufficiently general as to include a

variety of system controllers.

Before proceeding to a detailed discussion of the system modal

response, let us review the nature of load and network characteristics.

Subsequent sections discuss other network devices.
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4.2.4 Effect of Load Characteristics

Load characteristics are known to significantly influence system dynamic
behavior.

Following the development outlined above, we assume that load

characteristics can be appropriately represented by a ZIP model of the form [1]

P,(K)=PI„. Px, Pl,

(v\

v^w
+ k

'V*
Px,

7»U

qM=ql<>, *(>„ + K>,
(vs

■ K ,

f .. \

+ k
Qfx

KV<,J

where kp, + kp2 + kp}
=

kQ, + kQ2 +kQ}=l, i = n + 1, n + 2,- ■

*,m , kp. , kQi are the

fractions of constant active and reactive power load, k
2 , km ,

are the fractions

of constant active and reactive current load, and k
} , km are the fractions of

constant active and reactive load constant impedance.

By properly choosing the valué of these parameters the effect of various

typical load characteristics can be simulated, i.e. constant power, constant

current and constant impedance [2].

Formally, one may write

P,{V,)=Pu Px, Pl,

<v^

J,;
+k.
rv:

S-.J
(4.14)

Q,.fy.. = Qu., Qx,
+

Qi.

rv"

KV,J
+ k.

rv"
Vf,

V °x I

(4.15)

To a first approximation, the sensitivity of the yth bus load to changes in

the terminal voltage, A V, in Eqs. (4.14) and (4.15) can be expressed in terms of

the bus voltage deviations, as
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where

and

dP, (V.) dP. (V,)
&PL (O * t, AF (O + ^ t^P"..

dV, dP
(4-16)

dQ, (V,) dQ,(V,)
Ag¿ (t)*^^AV(t)+rr±^AQi

dV, dpL.
(4-17)

8A.
dV.

Pt,, P:.

Jo. >

+ k„
r2V:

J-J
- l = J

O
, i*J

dj\
dV,

1

Pi,

V..
+ kr

(2V?
- ■

=

1

0
, i*j

Physically, Eqs. (4.16) and (4.17) give the contribution of both, changes in

the load magnitude and load characteristics to changes in the bus voltage
deviations. lt should be emphasized that these two effects are not necessarily
related. Thus, for instance, the system response may be associated with other

system perturbations at other system locations.

Figure 4.3 provides a conceptual illustration of the physical phenomena

suggesting the presence of múltiple feedback loops. Two main effects are

identified: the effect of changes in the load level, and an indirect effect

associated with the network response to the load variations.
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Figure 4.3. Schematic of the adopted power modulation concept.

The analysis suggests that by proper perturbation of the system model,

the participation of each individual load to the specific mode of concern can be

determined.

Following Shu et al. [3], let the initial conditions in physical coordinates

x"
,
be expressed as

."-[o, ■•■ 0, ctAPL 0 ••• of (4.18)

where a is an appropriate scaling factor (normally unit) chosen to provided the

desired degree of excitation of a given state, and APL represents a given

perturbation. Then the initial conditions in the Jordán and normal form spaces

are computed from (4.13).

Having computed the initial conditions in NF space, the influence of each

load on the mode of concern can be readily determined.

The procedure can be summarized as follows:

(i). Perturb each system load by using (4.18)

(ii). Compute initial conditions in the Jordán form space by using (4.13).

Compute the time evolution of the load by using

amo=Z^'v+ZZ^«
/=] *=l l=k

(4.19)
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(iii). Compute the first -and second-order participations of the load to the

/th mode or mode combination Xk + X,

(iv). Identify nodes having large participation in the mode(s) of concern

and determine geographical boundaries for these contributions.

These modes represent suitable locations in which load modulation

might be used to enhance damping of critical modes. They also

represent potential locations of shunt controllers aimed at enhancing
wide-area system damping.

By grouping nodes (loads) having a large participation in a given mode,

the influence of load in the global (local) dynamics can be readily determined.

As is apparent from (4.19), P2L represents the second-order participation

of the yth single-eigenvalue mode in the /th load Similarly , P2Lm represents the

second-order participation of the /th load bus in the mode formed by the

combination of the eigenvalues Xk and X, [4].

With appropriate modifications, the above approach can be used to

determine more general nonlinear relationships. This approach generalizes

existing approaches to nonlinear sensitivity analysis that incorpórate control

actions [5].

4.2.5 Transmission Line Participations

For each transmission line, the tie-line power can be approximated by

Pt JZl^^-O^ (4.20)
Au

Using the same procedure as before, we can write the tie-line sensitivity
to changes in the terminal voltage as

dP dP dP, dP

AP, (/)*
—

'-AVl+—^-AV.+—*-A0l +
—

"-A9, (4.21)'"
dV, dV/

'

dV,
'

dV,
' v '

Substitution of the bus voltage magnitude and phase deviations from Eqs.

(4.9) and (4.10) provides the extent of distribution of modal components along
the transmission network.

The results of the preceding analysis can be extended to the case of

other network parameters.
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4.2.6 SVC Voltage Support

Flexible ac transmission system (FACTS) devices are being increasingly utilized

in many electric power systems to enhance voltage control and system dynamic
performances. Among the existing devices, static VAR compensators (SVCs)
are selected to assess the ability of the method to include the effects of network

control actions on system nonlinear behavior. The incorporation of other FACTS

technologies follows along similar lines.

FACTS devices are introduced in the basic model as linearized

relationships between the small changes in real and reactive injections and the

corresponding changes in terminal voltage at the connecting nodes. Figure 4.4

depicts the general nature of the adopted model to represents SVCs.

Let the reactive power supplied by the /th SVC be given by

QxyC,(Pxvci.V,)
= P.svc,v,2 Neglecting higher order terms, the contribution of each

SVC to the power oscillation flow is given by

dQ dQ
AQsvc(t) = r^-A/3XVCi +^AV, (4.22)

dPm, dV,

in which the derivates,

dQ^
dPm,

dQm_,

dV,

represent the sensitivity of the reactive power drawn by the devices to changes
in the susceptance and terminal voltage. Here, AQm (t) is the incremental

change in the device reactive power, A/?Tt is the incremental change in the

device susceptance, andAF is the incremental change in the device voltage

magnitude.

Following a similar line of analysis to that used in the study of load

modulation, assume now that each SVC is given an initial perturbation, Afisn

x"=[o, ••• 0, aA/?w 0 **• of (4.23)

From (4.8), the resulting susceptance variations of SVC /', becomes

a/Mo=Z/Wv+ZZa.w„/"'*
7=1 * = 1 l=k

66



The influence of SVC to the modal oscillation flow can then be estimated

using the algorithm outline above. Note that, in this case, several interacting

loops should be incorporated in the analysis, namely (see Fig. 4.4)

(i). An internal SVC loop

(ii). Interaction loops involving two or more SVCs or other control

devices

(iii). Interaction loops with load perturbation

(iv). Other network-state loops

The information provided by these expressions is useful for modal

interaction analysis, sensitivity studies, and placement of controllers. An

interesting by-product of the above analysis within the small-signal analysis

framework, is the ability to assess control-control interactions involving múltiple
controllers. Reasoning along the same lines yields similar expressions for other

system controllers.

Although this method of the first approximation of nonlinear equations
holds only for small changes about the initial conditions, it is of considerable

practical importance.

Figure 4.4. Conceptual representation of SVCs for sensitivity analysis

Numerical results illustrating the application of the developed procedure
are presented in Chapter 6.
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4.3 Network-Based Participation Factors

4.3.1 Nonlinear Participation Factors

The developed algorithms have an interesting interpretation in terms of

nonlinear participation factors. From the system model in Eq. (4.1), closed-form

time-domain solutions for the fast, network variables can be obtained as

n+m n+m í n+m n+m

•1,1

; = l ■
= ! V*=l M

Ut+A,)i for p=n-ng+l,n-ng+2,...,n

(4.24)

and

n+m l n+m n+m

>>,(')
= Z"-/''"w + ZM<,v YJLKJi^AMy^' for q=n+U+X...,n+m

/=! ; = | \k = X l=k

(4.25)

The following approach is used to obtain the nonlinear participations of

the parameters of the network.

ln order to define nonlinear participation factors assume now that a

network variable is perturbed by a small quantity a ,where

ae[AP!Vt AG AV AP¿ AQ,]. Then the initial condition in Jordán and normal

form spaces become

y"=U-'x" , z"+h2(z")-y"=0

Substitution ofthe initial condition z" into (18), (19) results in

n+m n+mn+m

yl(t)
= YJP2í/-l +YJYjP2J^' (4.25)

;=1 k = \ l=k

ln particular, for the model considered

n+m n+mn+m

AKrw(0-Z^„,„//' + ZZ^„,H^'+"')' w =

n-ng + \,n-ng + 2,...,n (4.26)
; = i

n+mn+m

0,(o
= Za^v + ZZ/wu'u,)' for p=»+i.-.«

l=\ k=\ t=k

n+m n+mn+m

Vq(t)
= Z¿VV + Z Í>_k^

+i'" ^r q
= m + \,...,2m

(4-27)

(4.28)
¡=\ k = X l=k
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n+m n+mn+m

P,ÁO = Y.P2P,/'' + ZZ^/V*,^''' *>* ' = 2lft + 1, . . .>! + 1 + «/ (4.29)
/=1 k=\ l=k

n+m n+mn+m

Qirt) = JJP20LSIeX'' + YT.P2Qlsk,e{Xí+X')'^rr = 2m + \ + nl,...,2m + \ + 2nl (4.30)
■-1 _=1 /-„

By analogy with the definition of speed-based nonlinear participation

factors in [6], p2q¡ (p_p^,l,p26r,,p2Vw,p2l,ri,p_QlSJ) represent the second-order

participation of the ith bus parameters in the yth single-eigenvalue mode and

A,«(ftí„,»«.ft^^2^>ft/V«.fto,J represents the second-order participation

of the /th bus parameters in the mode formed by the combination of the

eigenvalues Xk and X, .

Once incremental network parameters deviations are determined it is

possible to assess the specific contribution of transmission elements to the inter-

area oscillations. The details are omitted.

4.4 Discussion

Approximate closed-form solutions were utilized to investígate the effect of

network characteristics on system behavior. The method is of particular interest

for the preliminary evaluation of the role of the transmission network in the

stability phenomena and the study of interactions among existing controllers.

Potential specific applications of the method are in identifying and extraction of

modal sensitivities, placement of controllers and assessing control-network

interactions.

The analytical framework provides greater insight into the issue of which

physical parameters have the greater impacts on system dynamic response.

The general framework for deriving modal information discussed in this chapter,
is easily particularized to accommodate specific system characteristics.

lt seems possible that the analysis method considered above could also

be adapted to the analysis of higher order representations. lt appears, however,
that this would result in a considerable increase in system complexity. We

further examine this important subject in Chapter 6 in the light of our numerical

results.

69



References

[1] T. V. Cutsem and O Vournas, Voltage Stability of Electric Power Systems,
Publisher by Springer-Verlag New York Inc, 01 Oct 2007

[2] U. Eminoglu and M. H. Hocaoglu, "A New Power Flow Method for Radial

Distributions Systems Including voltage Dependent load Models", Electric

Power Research, vol. 76, pp. 106-1 14, Sep 2005

[3] S. Liu, A. R. Messina and V. Vittal,
"

A Normal Form Analysis Approach
to Siting Power System Stabilizers (PSSs) and Assessing Power System
Nonlinear Behavior", IEEE Transactions on Power Systems, vol. 21,pp.

1755-1762., Nov 2006

[4] I. Dobson, "Strong resonance effects in NF analysis and subsynchronous

resonance", in Proc. Bulk Power Systems Dynamics and Control V,

Onomichi, Japan, Aug. 2001.

[5] S. Liu, A. R. Messina and V. Vittal, "Assessing placement of controllers

and nonlinear behavior using normal form analysis", IEEE Trans. on Power

Systems, vol. 20, pp. 1486-1495, Aug 2005

[6] S.K. Starrett and A. A. Fouad,
"

Nonlinear measures of mode-machine

participation" ,
Power Systems, IEEE Transactions

,
vol. 13, pp. 389-394,

May 1998

70



Chapter 5

Normal Form Analysis of DAE

Systems: Application to a Small

Test System

Systems that are composed of coupled differential and algebraic equations pose
an important problem in the simulation of power system dynamic behavior. This

chapter discusses the application of structure-preserving models to the analysis
of system dynamic behavior of nonlinear power system models described by
differential algebraic equations. Effort is also directed towards the incorporation
of load models and network control devices in the normal form method.

Results obtained using a two-machine test power system are presented

illustrating the application of nonlinear modal analysis to assess power system

dynamic behavior. Normal form theory is ln particular, results of the second-

order normal form study are presented. Detailed numerical simulations using
transient stability simulations are conducted to check the validity of the analysis
and to establish the accuracy of numerical solutions. The study focuses on the

ability of structure-preserving power system models to characterize nonlinear

phenomena in realistic power system representations. Numerical issues

associated with the application of the method are discussed. The results

obtained from the proposed approach were also compared with other reported
methods.

lt is shown that practical power system models exhibit a multi-time scale

behavior that can be exploited for detailed nonlinear investigation analysis.



5.1 Test Results

The study system is based on the two-area, 4-machine system shown in Fig. 5.1

[1 ]. The test system comprises four generators representing two electric áreas, 6

buses and two loads. Each área includes two generators with equal power

outputs. Detailed steady state and transient data are provided in the Appendix
B.

System structure is longitudinal and symmetrical with local load and

unevenly distributed generating sources. Dynamic characteristics are heavily

dependent on network characteristics and the amount of power transfer over the

intertie. ln addition, the lack of voltage support at critical system locations can

also have a detrimental effect on system dynamic behavior. As discussed in Ref.

[1], voltage support in this system is essentially provided by conventional fixed

shunt compensation.

The next subsection reviews some specific characteristics of the adopted
model which are relevant to understanding the nature of system oscillations in

the system.

e
Geni

0
1

e

Ll L2 0

Gen3

Gen2 Gen4

Figure 5.1. Two-area, four-machine test system

5.1.2 ModelingAssumptions

We briefly describe the system model used for this study. For the case under

investigation, each generator is represented by a two-axis model that represents
the swing dynamics and flux decay dynamics.

Fast static excitation models are included on all generators [2]. For

simplicity, loads are represented as constant impedances (a =

at
= 2).

The state-space model of the augmented nonlinear DAE system has 40

states; 20 physical states and 20 pseudo-states associated with the network

representation. The states of the system are 6,(B_É'l¡,É'v,Éj¡l for each machine:
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the 28 network pseudo-states are I</,Ií/,PR,QK for the generator buses, and

V and e for load buses. The overall system has 48 eigenvalues.

Two operating scenarios representing heavy and light loading conditions

are presented to examine the ability of the developed technique to accurately

capture system dynamic behavior.

The operating cases are summarized below.

Case 1-A modérate stress system condition with a 300 MW power

transfer between the interconnected áreas, and

Case 2 - A stressed system condition obtained by increasing the level of

power transfer to about 400 MW.

ln both cases, the disturbance for transient stability assessment is a three

phase stub fault at bus 5 cleared in 0.04s.

5.1.2 Modal Characteristics

Tables 5.1 through 5.4 provide the dynamic (slow) system eigenvalues obtained

from the linear part of (5.21) evaluated at the initial time1

A(0 = -Jl(0 (5.1)

as a function of the singular perturbation parameter e .

For comparison, the eigenvalues obtained using commercial software are

also shown; these eigenvalues correspond with those of the reduced system

x = (J„
—

Ji2J22J2i)x in standard studies.

Comparison with the conventional eigenvalue solution, as shown in Table

5.1 and 5.3, indicates that there is a very good agreement between both

formulations suggesting that the method can provide both, local and global
information on system behavior.

1
Note that the Jacobian matrix needs to be evaluated only once in the developed model.
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Table 5.1. Slow eigenvalues of the system for the case study 1 for different

valúes of £

Mode# £ = \e-\ £ = le - 4 E = le -6 Full solutions

1 0.658+J7.541 -77.006 -77.091 -77.091

2 -5.925+J5.981 -85.798 -85.820 -85.820

3 1.238+J7.416 -96.399 -96.451 -96.451

4 -3.608+J2.545 -95.353 -95.405 -95.405

5 -4.147 -21.219 -21.211 -21.211

6 -3.171+J2.027 -13.075 -13.079 -13.079

7,8 -3.295±j0.180 -1.332±j8.160 -1.335±j8.157 -1.335±j8.157

9,10 -2.759 -2.254+J7.689 -2.256+J7.686 -2.257±j7.686

11 0.451±j2.685 -10.215 -10.206 -10.206

12 -6.260 -10.476 -10.467 -10.467

13,14 -6.870 -0.344±j3.075 -0.345±j3.075 -0.346±j3.075

15,16 -0.552 -5.160±j0.065 -5.157±j0.065 -5.157±j0.065

17 -0.000 0.000 -0.0001 -0.0001

18 — -0.506 -0.506 -0.506

19 — -2.423 -2.423 -2.423

20 — -2.364 -2.364 -2.364
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Table 5.2. Fast pseudo-eigenvalues of the system for the case study 1 for

different valúes of £

Mode # e = \e-\ £ = le -4 £ = le -6

1 -5.880±6.265 -2498.265 -2.498e+005

2 -15.112±6.795 -3236.716 -3.2373e+005

3 -18.677±7.228 -3759.664 -3.7601e+005

4 -22.345 -4698.320 -4.6986e+005

5 -22.766 -6507.708 -6.508e+005

6 -22.997 -6628.318 -6.6285e+005

7 -24.583 -7194.431 -7.2004e+005

8 -26.485 -7317.363 -7.3232e+005

9 -26.613 -17928.199 -1.7928e+006

10 -81.742 -19257.381 -1.9258e+006

11 -89.241 -21941.475 -2.1942e+006

12 -97.862 -22312.984 -2.2312e+006

13 -98.455 -24580.996 -2.4582e+006

14 -6068.809 -24960.938 -2.4963e+006

15 -6609.101 -27306.533 -2.7307e+006

16 -6788.533 -27957.273 -2.7958e+006

17 -7249.635 -6.0687e+006 -6.0687e+008

18 -32255.149 -6.609e+006 -6.609e+008

19 -34946.373 -6.7885e+006 -6.7885e+008

20 -41267.218 -7.2495e+006 -7.2495e+008

21 -44111.432 -3.2255e+007 -3.2255e+009

22 -522092.951 -3.4946e+007 -3.4946e+009

23 -537850.335 -4.1267e+007 -4.1267e+009

24 -555781.240 -4.4111e+007 -4.4111e+009

25 -570092.049 -5.2209e+008 -5.2209e+010

26 — -5.3785e+008 -5.3785e+010

27 — -5.5578e+008 -5.5578e+010

28 — -5.7009e+008 -5.7009e+010
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Table 5.3. Slow eigenvalues of the system for the case study 2 for different

valúes of £

Mode # E = \e-\ E = le - 4 E - le - 6 Full solutions

1 0.018+J1.905 -77.050 -77.137 -77.138

2 -2.687+J1.736 -85.273 -85.286 -85.286

3 -3.619±j2.519 -96.212 -96.266 -96.266

4 -4.266±jl.642 -95.351 -95.404 -95.404

5 -5.992 -20.831 -20.822 -20.822

6 -6.656 -13.684 -13.688 -13.689

7,8 1.223±j7.460 -1.386±j 8.124 -1.389+J8.121 -1.389±j8.121

9,10 0.756± J7.554 -2.131±j 7.759 -2.133±j7.756 -2.133±j7.757

11 -5.812±j5.750 -10.206 -10.196 -10.196

12 -2.847 -10.649 -10.638 -10.639

13,14 -3.647 -0.230±j 1.996 -0.231±jl.996 -0.231±jl.997

15,16 -0.000 -5.336+j 0.235 -5.334±j0.235 -5.334±j0.235

17 -0.496 -0.000 -0.004 -0.0001

18 — -0.434 -0.434 -0.434

19 — -2.820 -2.819 -2.820

20 — -2.552 -2.552 -2.553
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Table 5.4. Fast pseudo-eigenvalues of the system for the case study 2 for

different valúes of s

Mode # £=\e-\ e=le-4 £=le-6

1 -5.805±j 6.156 -2536.276 -2.5362e+005

2 -15.244±j 7.211 -2871.967 -2.8723e+005

3 -18.270±j 7.355 -4176.254 -4.1768e+005

4 -22.627 -4534.604 -4.5349e+005

5 -22.755+J0.197 -6447.877 -6.4484e+005

6 -24.154 -6614.245 -6.6146e+005

7 -26.474±j0.010 -7237.344 -7.2429e+005

8 -81.973 -7321.590 -7.327e+005

9 -88.661 -17756.678 -1.7757e+006

10 -97.929 -18527.774 -1.8528e+006

11 -98.329 -21643.544 -2.1644e+006

12 -6056.202 -22003.962 -2.2004e+006

13 -6326.674 -24879.111 -2.4881e+006

14 -7113.966 -25013.723 -2.5016e+006

15 -7315.756 -27455.246 -2.7456e+006

16 -32029.450 -27920.866 -2.7922e+006

17 -33424.475 -6.0561e+006 -6.0561e+008

18 -41546.335 -6.3266e+006 -6.3266e+008

19 -42550.954 -7.1139e+006 -7.1139e+008

20 -497574.670 -7.3156e+006 -7.3156e+008

21 -503753.253 -3.2029e+007 -3.2029e+009

22 -544164.686 -3.3424e+007 -3.3424e+009

23 -548803.406 -4.1546e+007 -4.1546e+009

24 — -4.2551e+007 -4.2551e+009

25 — -4.9757e+008 -4.9757e+010

26 — -5.0375e+008 -5.0375e+010

27 — -5.4416e+008 -5.4416e+010

28 — -5.488e+008 -5.488e+010
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ln the succeeding sections, results will be presented that compare the

modified normal analysis results with those obtained from conventional step-by-

step solutions (SBSS) for a broad set of selected signáis.

5.2 Numerical Issues

The theory in Chapter 4 was used to determine closed-form analytical

approximations to system behavior. Following the approach outlined in section

4.2.1
,
the time evolution of the /cth state can be expressed as

n+m n+m

Ai

^
n+m n+m '

^(o-Zv^+Z»* ZZ*W'K««U,**> for p-u...,« (5*2)
•=1 /=! V*=l '**** /

and the network states as

n+m

A.I (Aí+X,)l

V*=l l=k J
n(0

=Z"y/ + ZM* ZZ*WK(0«t*+*> for«r=«+l,#n-2,...,»+i» (5.3)
./=i y-i

Equations (5.2) and (5.3) allow the contribution of each network

parameter to be singled out and quantified. lt also provided an estimate of the

network parameters of nonlinear mode interactions.

ln the following series of simulations we assume that the system is

subject to a perturbation in the initial conditions. The perturbation considered is

a change in the initial conditions Ax" = A8r Aw7 AE_ AE^ AE7/ f and

Az" = Al/ Al/ AP_ AQg7 AG7 AV7] The basic data and operating condition of

this system are given in Appendix.

5.3 Model Validation

5.3.1 Time Domain Simulations and Results

This section describes results of simulation studies performed to validate and

demónstrate the accuracy of the developed procedures. Normal form analysis
was tested by comparison with full numerical solution of the system model using
a transient stability program. For each case above, approximate closed form

solutions were obtained using the procedures in [3]. For direct comparison to

SBSS, the normal form solutions are computed in the physical domain. Figures
5.2 through 5.12 provide a comparison of selected full system solution with the

solution from the second-order normal form approach. ln these studies a valué

of e = le"6 was used in all calculations.
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The solid lines represent the detailed system response calculated with a

commercial transient stability program. The dashed lines are the results

obtained using normal form analysis.

For the low stress case in Figures 5.13 through 5.23, normal form theory
and SBSS agree very well over the entire simulation window. Our experience for

this case shows that, numerical results are not greatly sensitive to tne choice of

s For the highly stressed condition, normal form results provide a fair estimate

of system behavior, although some discrepancies are found, especially as time

increases. This is a highly stressed condition for which the normal form

modeling assumptions may not be entirely valid, pointing to the importance of

incorporating higher order effects in the normal form representation. This aspect
is currently under investigation.
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Figure 5.2. Comparison of relative rotor angle swings computed with
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Figure 5.17. Comparison of field voltage computed with conventional,
and structure preserving model. Case study 2.
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with conventional, and the structure preserving model. Case study 2.

87



5-

3

é

.2" 4.5

*

Full Solution

NF Solution

3.6

^3.4

2
3

2.8

2.6

'

Full Solution

NF Solution

2 3 4

Time(s)

35

3.85

3.8

3.75

Full Solution

NF Solution

0 12 3 4 5

T__te(s)

Figure 5.19. Comparison of relative rotor g-axis current swings computed
with conventional, and the structure preserving model. Case study 2.

Full Solution

NF Solution

2 3 4 5

Time(s)

Full Solution

NF Solution

123456 01234

Tlmc(s) Time(s)
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conventional, and structure preserving model. Case study 2.
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Figure 5.23. Comparison of bus voltage magnitude computed with

conventional, and structure preserving model. Case study 2.

The analysis of theoretical aspects influencing the time period over which

system solutions are accurate deserves further investigation. Extensions to the

proposed formulation are also being investigated to improve the accuracy of the

method, particularly for highly stressed conditions.

5.4 Discussion

ln this chapter we examined the application of the developed theory to the study
of system nonlinear dynamic behavior. The accuracy of the model is quantified

by comparing normal form simulations with those from commercial stability
software. The approximations work well even for systems where nonlinearity is

very strong. These solutions provide physical insight into the primary effects of

nonlinearity. An appealing aspect of the new approximate method is that it

increases the range of applicability of normal form analysis for use in both,

voltage stability and angle stability analysis. Also, because of the formal nature

of this procedure, it is possible to extend the approximate solution to higher

order, although the advantage of doing so should be justified.

The results of this study suggest that power system models exhibit a two-

time-scale property that can be exploited for effective system modeling. No other

previous or current research about that exploits this information is known.
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Analysis of a simplified test system illustrates that this technique may

accurately represent nonlinear system behavior. The agreement between theory
and detailed system simulations is in good agreement. The encouraging results

presented here, however, have been obtained through numerical investigations
based on semi-simplified system representations. They also indicate the need

for future investigations which more completely treat the role of control devices

on the transmission system on system behavior.

We emphasize that the proposed approach is of particular interest for

studying the potential for control stability enhancement by FACTS controllers

and the study of the impact of load characteristics on system nonlinear behavior.

Studies are being conducted to address the above issues.
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Chapter 6

Evaluation of Network Contribution

to Global Behavior

Network characteristics are known to significantly influence power system

dynamic performance, ln particular, load characteristics and the use of flexible

ac system controllers may have a profound impact on the nature and extent of

inter-area oscillations, depending on their location, setting or characteristics.

This is an aspect of the application of normal form analysis that has not been

addressed in previous research.

ln this chapter, a comprehensive evaluation of the effects of parametric

changes in network characteristics in affecting system response is presented.
The influence is discussed of load location and characteristics and the control

actions on system-wide dynamic behavior; the method can be applied to DAE

systems of various structures and arbitrary size.

Linear analysis is first used to identify the dominant interacting modes of

oscillation, and network parameters that have a greater influence than others in

each mode are determined through the use of nonlinear participation factors.

Using the loads and devices that have larger participation in the critical modes,

relevant disturbed áreas are identified. These clusters are then used in the

proposed method for large signal stability assessment. Examples of applications
of the developed approaches on a 16-machine, 68-bus test power systems are

presented to estimate load and controllers' effect on system dynamic

performance.



6. 1 The Test System

The EPRI RP764 hypothetical 68-bus test system was selected for use in testing
the ability of the method to identify critical transmission parameters [1]. This

system consists of 68 buses, 16 machines and 86 transmission lines.

The system model used in these studies contains sixteen fully

represented system generators. This representation includes detailed AVR

representations and subtransient d-q models for most generators. Loads are

modeled as being generally dependent on voltage.

Figure 6.1 shows a simplified single-line diagram of the study system

illustrating major transmission and generating facilities.

Figure 6.1. Sixteen-machine, five-area study system

6.2.2 Modeling Considerations

ln the present study, two operating scenarios are adopted to evalúate the ability
of the method to identify relevant disturbed system áreas following major

contingencies.
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These cases are summarized below.

Case 1 - A structure-preserving model case in which all generators
are represented by a fourth-order d-q axis model with

constant voltage control and loads are represented as

voltage dependent functions. ln this model, loads are

represented by a ZIP model as 70% constant current and

30% constant impedance characteristics

(kpl,kQt=0,kpl,k()2 =0.7, kpi,kQi =03 in Eq. (4.14)). This

representation results in 80 states and 206 pseudo

(algebraic) states.

Case 2 - A structure-preserving model case in which all generators
are represented by a fourth-order d-q axis model and loads

are represented as constant impedances

(kp\,>kQi,=0>kp2,'kQ2l^.kpíí>kQ3=l in tne ZIP model). ln

addition, voltage support by means of static VAR

compensators is added at selected major load buses. This

representation results in 81 states and 136 pseudo-states

A valué of £=\e-5 was used in all studies.

Because of the complexity of the nonlinear model a refinement procedure
was used to obtain a more tractable solution that preserves network structure.

Following our previous results [2,3], the network dynamic can be described as

[2,3].

-sz = -A(x,z)w (6-1)

where A is the mxm power-flow Jacobian matrix obtained from a power flow

solution, modified to include the voltage-dependent static load characteristics.

The advantage of this method is that analytical expressions can be derived while

retaining a desired order of accuracy.

Modal analysis of the extended singularly perturbed system is used below

to identify the dominant modes and system states that have a dominant

contribution to system behavior.

6.2 Modal analysis

6.2.2 Dominant Modes

The 16-machine test system has four inter-area electromechanical modes of

oscillation; the associated eigenvalues and the áreas participating in these

modes are identified in Tables 6.1 and 6.2.

94



The system exhibits four groups of slow coherent áreas involved in the

exchange of swing energy associated with these modes:

Areal. Machines G1-G9

Área 2. Machines G10-G13

Área 3. Machine G14

Área 4. Machine G15

Área 5. Machine G16

The geographical location for the coherent áreas determined from

coherency techniques [4,5] is shown in Fig. 6.1.

Table 6.1. Case 1 . Inter-area modes of oscillation

Mode

#
Eigenvalue

Freq.

(Hz)

Damp.
%

Área
Dominant

Machines

31,32 -0.022±2.430 0.386 0.871
Áreas 1 and 2 vs.

Áreas 3,4,5
G5 and G9

34,35 -0.094+3.778 0.601 2.484
Áreas 2 and 5 vs.

Áreas 1,3

G16and

G14

36,37 -0.108±4.338 0.690 2.486
Áreas 2,3 vs.

Áreas 4,5

G13and

G12

38,39 -0.220±5.198 0.827 4.228
Áreas 2 and 4 vs.

Áreas 3 and 5

G15and

G16

Table 6.2. Case 2. Inter-area modes of oscillation

Mode

#
Eigenvalue

Freq.

(Hz)

Damp.
%

Área
Dominant

Machines

31,32 -0.068 ± J2.666 0.424 2.54
Áreas 1 and 2 vs.

Áreas 3,4,5

G5 and G6

34,35 -0.123 ±j3.476 0.553 3.53
Áreas 2 and 5 vs.

Área 3

G16andG14

36,37 -0.081 ±j4.620 0.735 1.75 Área 2 vs. Área 4 G12andG13

38,39 -0.236 ± J5.043 0.802 4.67
Áreas 2 and 4 vs.

Áreas 3 and 5

G15andG14

Attention in the following analysis is restricted to the analysis of nonlinear

behavior associated with inter-area mode 31. This mode represents an

oscillation in which machines in Áreas 1 (machines G1-G9) and 2 (machines

G10-G13) oscillate mainly against machines in the rest of the system (machines

G15, G14, andG16).

On the basis of this model, normal form analyzes were carried out to

investígate the participation of system variables in dominant intersystem
oscillations as well as to validate the developed procedures.
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Two complementary approaches to identify the parameters having the

most influence on system-wide behavior as well as to analyze the potential for

adverse interactions among controllers have been developed in this research.

The first method is based on the analysis of linear participation factors. The

second method of analysis is based on the study of perturbation-based
nonlinear participation factors in this research.

The following is a brief discussion of the cases giving the most important
results.

6.2.2 Perturbation-Based Nonlinear Participations

Singular perturbation analysis provides a method for finding a structure-

preserving approach to the DAE model. ln order to obtain the desired

contribution of the network variables, each bus voltage variables was perturbed

separately using the procedure in Chapter 4 and the nonlinear participation
factors corresponding to the mode of concern were calculated.

ln the light of this analysis, the contribution of the ^ th mode to the time

evolution of the /th bus voltage magnitude and the /th load can be obtained as

^Psvcro=p2Pmyji+tÍP2fi.^{At+Xi)' (6-2a)

^P(t)=p20p/'l+±±p2epkle(^)l (6.2b)

^(t)=p2Vq/''+±±Pm!kle{^' (6.2c)
k=X l=k

APlAt)=P2Pir/'^ttp2Plrk/^l)' (6.2d)
k=X l=k

AQro=p2oy''+ttpK>l^{x^')l (6-2e)
k=X l=k

By identifying the largest participations associated with the mode

combination (Xk + X,) , geographical áreas having a participation in a given mode

can be readily determined.

Here, a large participation factor indicates a high involvement of the bus

(load) in the swing dynamics.
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6.3 Test Results: Effect of Load Characteristics on System Behavior

Equations (6.2d) and (6.2e) are used in this analysis to infer the effect of load

characteristics on system-wide behavior. The analysis consists of two parts. ln

the first part, modal analysis of the dominant mode(s) is conducted by

determining the dominant loads involved in the oscillation. Using this

information, relevant load zones are identified. These load zones are then used

in the proposed formulation for identifying critical load and transmission

corridors.

ln the second part, the nonlinear modal based nonlinear participation
factors are used to estimate critical loading conditions.

6.3.2 Ranking of Load Participations:A LinearAnalysis Approach

Load participation factors provide a measure of the sensitivity of the

change in the load reactive power output in response to changes in modal bus

voltage deviations. This identifies the loads that play an important role in a

particular mode.

The 20 highest participating buses as determined from conventional

linear participation factors are given in Table 6.3. From the in Table 6.4, it

follows that buses 52 and 20 located in the extremes of the oscillation (machines
G16 and machines G5, G9), have the largest contribution to the swing

dynamics.

Table 6.3. Dominant load-based linear participation factors pk
■=

ukivki

Order of Perturbed Relative

importance bus Participation

1 52 1.000

2 20 0.368

3 18 0.364

4 4 0.348

5 37 0.229

6 15 0.226

7 16 0.223

8 24 0.208

9 3 0.200

10 29 0.189

11 27 0.183

12 21 0.182

13 51 0.180

14 7 0.165

15 23 0.148

20 25 0.100
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Figure 6.2 shows the corresponding mode shapes of machines G5 and

G9, and the load shapes computed from the left eigenvector for the inter-area

mode 31 . As suggested in Table 6.3, the load at bus 52 appears to have a large

participation relative to the participation of the dominant machine (machine G5).
ln tum the load at bus 20 is seen to have a smaller and out of phase

participation.

Figure 6.2 Linear participations to generators and dominant active load.

6.3.2 NonlinearAnalysis Approach

Based on this analysis, non-linear based participation factors were used to

identify the critical loads. ln the simulations, each load was perturbed separately

and the corresponding time evolution was computed. ln this procedure a

perturbation a of unit magnitude was used.

The time-evolution of each load was then expressed in the form

7=1 k=X M

Tables 6.4 and 6.5 list the ranking of critical loads provided by the

analysis of nonlinear participation factors for the inter-area mode. Second-order

nonlinear participation factors identify bus 20, in the neighborhood of the most

dominant machine (G5), as the bus having the largest participation in the inter-

area mode. Of particular interest, the nonlinearly interacting modes Xít+X¡:

j=1,...,n identify clusters of critical loads. This is a unique feature of nonlinear

analysis that is not available in conventional formulations.
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Thus for instance, bus 20 is shown to strongly interact with buses 16, 20,

4 and to a lesser extent with buses 26, 15,9 and 37 in Área 1 .

Table 6.4 . Dominant first -order nonlinear participation factor, P.,

Order of
bus

Relative

importance Participation

1 37 1.000

2 20 0.430

3 4 0.362

4 8 0.351

5 15 0.172

6 24 0.171

7 21 0.155

8 3 0.132

9 29 0.131

10 27 0.119

11 23 0.114

12 52 0.108

13 7 0.106

14 28 0.079

15 25 0.071

20 18 0.043

Table 6.5. Dominant load bus-based nonlinear participation factors , P2

Order of Perturbed Relative Nonlinearly

importance load-bus Participation interacting buses

1 20 1.000 16,20,4,26,15,9,37
2 4 0.196 4, 52, 26, 41 ,

51
, 39, 40

3 37 0.182 37, 49, 9, 28, 46, 45, 52

4 12 0.151 26, 51 ,52 ,54,24, 25, 9

5 24 0.111 24,26,52, 16,4,47,46
6 25 0.109 26,25,39,16,4
7 23 0.080 16,23,26, 15,4

8 8 0.075 8,52,37,41,4
9 28 0.073 51,28,9,50, 16

10 21 0.070 16,21,37,52, 15

11 16 0.049 16,26,52,4,16

12 50 0.030 28, 40, 45, 42, 27

13 46 0.028 49,47,52,51,21

14 52 0.020 49, 52, 45, 28,44

15 47 0.018 49,47,51,42,52

Figure 6.3 shows the corresponding critical áreas involved in the

oscillation.
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f^*^ Dominant second-order load-scnsitivity

^^^/•^Dominant first-order load-scnsitivity

■x':,-> Dominant linear Ioad-sensilivity

Figure 6.3. Location of sensitivity on load buses

Also of interest, Fig. 6.4. shows the point to point connection of the

critical buses in the fourth column of Table 6.5. Figure 6.5 compares the time

evolution of the network variables for the adopted system representations. For

completeness the full SBSS is also plotted.

-jí**- Load bus with greater sensitivity

Figure 6.4. Interactions of nonlinear sensitivity of load buses
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6.3.3 Evaluation ofCritical Operating Conditions

Having identified the critical buses using nonlinear information, detailed studies

were conducted to verify the soundness of the results. From Table 6.5, the bus

load was selected for analysis.

Tables 6.6 and 6.7 show the linear eigenvalues for two different valúes of

load at bus 20, namely P¡2o
= 5.50pu ,

and PLio
= -\.\0pu . As expected,

eigenvalue analyses show that decreasing the load at bus 20 decreases the

stability of inter-area mode 31 .

Table 6.6. Evolutions of inter-area modes to P¡o20 = 5.500 p.u.

Mode# Eigenvalue

31,32 0.006±j2.349

34,35 -0.089±j3.750

36,37 -0.109±j4.293

38,39 -0.220±j5.194
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Table 6.7. Evolutions of inter-area modes to Plo20 = -1.100 p.u.

Mode# Eigenvalue

31,32 0.272±j1 .797

34,35 -0.072±j3.545

36,37 -0.122±j4.102

38,39 -0.223±j5.176

Figures 6.6 through 6.9 show the system response to a step change in

the active load power at bus 20. Examination of these results, shows that the

system becomes unstable, thus illustrating the usefulness of the method to

identify critical network parameters.

ln all cases, normal form solutions provide an accurate representation of

system behavior even for the most stringent (unstable conditions) which are not

normally considered in normal form studies.

Timéis)

Figure 6.6. Comparison of relative rotor speed swings computed with conventional, and the

structure preserving model with Stb as reference
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Figure 6.7. Comparison of relative rotor speed swings computed with conventional, and the

structure preserving model.
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Figure 6.8. Comparison of bus voltage magnitude computed with conventional, and structure

preserving model.
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Figure 6.9. Comparison of active power load bus computed with conventional, and structure

preserving model.

6.4 Voltage-Based Nonlinear Participation Factors

Further insight into the effect of voltage control devices on the inter-area

oscillations may be obtained from the study of voltage-based nonlinear

participation factors in Eq. 6.2c.

Tables 6.8 and 6.9 list the dominant nonlinear participation factors, P.
2Vqj

and P2Vkl associated with the slowest inter-area mode 31 . For completeness the

load-based participation factors are also included. Figure 6.6, in turn, shows the

corresponding critical buses identified by normal form analysis. The factors are

normalized with respect to the largest component.

Here, a large participation factor indicates a high involvement of the bus

in the swing dynamics of the mode of concern. Table 6.6 summarizes the results

of this analysis and also includes the relative order of importance of the loads.
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Table 6.8. Dominant voltage and load based nonlinear participation factors

Order of

importance
Bus % Bus P2L,¡

1 7 1.000 52 1.000

2 8 0.875 8 0.333

3 4 0.589 4 0.306

4 17 0.566 20 0.302

5 54 0.525 37 0.226

6 27 0.433 15 0.200

7 25 0.414 16 0.200

8 16 0.375 51 0.193

9 3 0.299 3 0.183

10 2 0.222 24 0.180

11 26 0.215 29 0.168

12 11 0.214 27 0.166

13 13 0.209 21 0.162

14 4 0.174 7 0.150

15 61 0.158 23

28

0.145

0.126

23 50 0.033 41 0.100

Table 6.9. Dominant voltage-based nonlinear participation factors, P2

Order of Perturbed Relative Nonlinearly

importance bus Participation interacting buses

1 21 1.000 22,23,17,19

2 22 0.824 22,23,24,15,21,58

3 23 0.820 22,23,21,24,15

4 19 0.772 21,23,24,25,15,28,56,19,20

5 20 0.716 56,19,20,57

6 28 0.324 28,29,3,29,61

7 29 0.194 28,29,3,29

8 60 0.072 54,55

9 55 0.044 54,55,12

10 58 0.038 22,23

11 52 0.031 52,68

12 16 0.029 16,24

13 41 0.018 41,42,66,67

14 68 0.016 52,68

15 6 0.013 5,6
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Several observations can be made from these results. Referring to Fig.
6.10, we note that the dynamic patterns associated with the dominant

contributions to the critical inter-area mode are located cióse to machines having
the largest participation in the critical mode (machines G5,G7,G9 and G6 in

Área 1) and machine G16 in Área 4. This suggests that FACTS controllers

located at the most participating buses might be used to enhance damping of

the inter-area mode 31 .

From this study, transmission buses in Área 1 (buses 15,17,19 among

others) and bus 50 in Área 5 are singled out as potential candidate locations to

place FACTS controllers. As discussed later in this chapter, studies indicate

that load modulation at these buses might have a significant influence on modal

damping of the inter-area mode 31 . Specifically, buses 52, 8, 4, and 9 are seen

to have a significant participation in the inter-area mode.

G14 ^Gl C8

Dominant second-order volta**e-bascd participation factors

Dominant first-order voltage-based participation factor

Dominant first-order load-based participation factor

Figure 6.10. Approximate location of dominant second-order participations

Áreas formed by second-order participation factors, on the other hand,

indicate closely coupled clusters of buses. This information might be useful to

study dynamic control interactions in systems with múltiple compensation or

interactions between controls and loads.

With the above findings in mind, linear and nonlinear time-domain

simulations were conducted to verify the accuracy of the model. To verify the

correctness of the results, a nonlinear perturbation was applied at selected
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transmission lines. The disturbance considered to test the accuracy of the

procedure for determining closed-form time-domain approximations to system
behavior is three-phase fault at bus 1 cleared by opening line 1-27. For the

purposes of this study, an SVC (-50/150 MVAr) was applied at bus 17, because

of its closeness to the dominant bus 21 in Table 6.7. The general SVC control

transfer function modeled in the simulation is given in [4].

Figure 6.11 shows the time evolution of selected signáis from obtained

using (6.2b). Again, the results are compared with the full system solution. ln all

cases, both approaches provide a consistent result, which shows the accuracy

of the proposed techniques.

a) Phase deviations

We now turn our attention to the accuracy of the system dynamics
predicted by the normal form approximation.
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Figure 6.11. Comparison of closed-form solutions of selected signáis.

6.5 Conclusions

This chapter discusses the experience in the analysis of the network

contribution to system behavior. Emphasis has been placed on the analysis of

load characteristics and SVC voltage support, but the procedures are general
and could be extended to include other devices. Because this information

accounts for network and dynamic states, the approach can be used to study

both, voltage and angle (wide-area) stability.

Application of nonlinear dynamic analysis has been shown to be a

valuable way to study the impact of network variables on intersystem
oscillations. Potential applications of the method include the analysis of voltage

stability and the study of nonlinear dynamic interactions involving múltiple
controllers and loads. Numerical issues associated with the two-time scale

model approximation are also being investigated.

Efforts have also been made in assessing the potential applicability of

these techniques to identify critical system parameters.
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Chapter 7

General Conclusions and

Suggestions for FutureWork

7.1 General Conclusions

ln this work, a systematic procedure based on normal form theory and singular

perturbation techniques has been proposed to investígate power system
nonlinear behavior. The technique is general and can be used to analyze
several physical phenomena or systems described by differential-algebraic

equations. Also, because of their general structure, these models can be used in

conjunction with many control methodologies and numerical integration

packages.

A systematic methodology, based on normal form theory has been

proposed for determining the effects of higher-order terms on the power system

representation on system performance. While the conceptual framework

developed provides a rigorous based for determining the effects of weak

nonlinearities on system response, study experience shows that this technique

may be used to asses large-scale disturbances.

Structure-preserving models offer a formal option to analyze system

behavior which allows the detailed inclusión of network characteristics. This is

particularly advantageous in the study of power systems with embedded FACTS

controllers and the evaluation of the effects on system dynamic performance.

Analytical experience with test power networks suggest that stressed

power systems exhibit a multi-time-scale behavior that must be accounted for.

Reduced-order representations are error-prone and may obscure or preclude
the analysis of the influence of network characteristics. Analysis of small and



médium size test power systems illustrates that this technique may accurately
represent nonlinear system behavior. The encouraging results presented here,

however, have been obtained through numerical investigations based on

simplified system representations. They also indicate the need for future

investigations which more completely treat the role of control devices on the

transmission system on system behavior. Studies are being conducted to

address the above issues.

A third-order normal form representation of the power system has been

adopted as a first approximation to system behavior. Study experience shows

that, under some circumstances, higher order representations might be needed.

Network characteristics and control strategies may have a profound
influence on system wide-behavior. This is a subject that has not been

addressed in analytical work using nonlinear formulations and deserves further

investigation.

7.2 Suggestions for Future Work

Few systematic approaches to assess power system behaviour that preserve

network structure have been reported. A number of issues, henee, remain open

for research.

The future áreas of work related to the analysis of effects nonlinear in the

power system can be grouped into six main categories:

1. Much work is needed on generalized criteria to determine the optimal

singular parameter e . While the selection of this parameter has not been

found to be critical for the test systems under consideration, more general
criteria are needed for the analysis of more complex system

representations

2. The construction of higher-order normal form representations in more

complex systems. ln particular, the numerical examples show that the

algorithms for normal form analysis of small and médium size systems
are feasible. All of the algorithms require the analysis of sparse linear

models. The analysis of large power system models requires efficient

analysis techniques. ln particular advantage should be taken from the

sparse nature of the system representation. Issues regarding the

construction of the normal form representation should also be addressed.

3. The use of modal sensitivity techniques to quantify the influence of

network behavior on the inter-area mode phenomenon should be

expanded.
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4. The extensión of the developed techniques to investígate voltage stability

problems.

5. Placement of FACTS controllers is vital to any coordination strategies.

Approximate techniques to identify the best locations of FACTS

controllers that take into account nonlinear effects are highly desirable.

Examination of the impacts of more general control strategies on system-
wide behavior are left to further research.

6. Faster and more efficient techniques to identify the most disturbed buses

and loads are required. One of the primary applications of this approach
is the identification of critical, most disturbed system zones and the

evaluation of remedial measures based on aggressive network control.

Moreover, the potential use of the method to detect and quantify adverse

interactions between system controllers should be investigated.

ln addition, various mathematical issues remain to be resolved, especially

concerning the analysis of structure-preserving models and the identification of

more general techniques to quantify nonlinearity and mode coupling.
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AppendixA

A.1 Single-Machine Infinite-Bus Test System Data.

Machine parameters

The machine and network parameters expressed on.2220 MVA base are as

follows

H=3.5 MWs/MVA, D=10 p.u., X_ =0.30 p.u.

Transmission system parameters

X, =0.1 5 p.u, X, =0.50 p.u.

Initial operating conditions

P=0.90 p.u., Q=-0.30 p.u. (overexcited), E, =1 .00Z360, __a=0.995Z0°,

Pmax=1.1762, $* = S" =49.92°, co" =0
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Appendix B

The two-system data are as follows:

B.1 Base Case Condition (valúes in p.u on a 100 MVA base)

Table B.1 Load Data for Cases 1 and 2

Case 1 Case 2

Bus
Load

(MW)

Load

(MVAR)

Load

(MW)

Load

(MVAR)

5 11.20 1.80 9.20 3.80

6 11.80 1.80 13.80 3.80

Table B.2 Steady-state generator data
- Case Study 1

Generator Terminal voltage Active power Reactive power

1 1.020 6.644 -0.128

2 1.020 6.644 3.032

3 1.020 5.229 -0.190

4 1.020 5.000 2.377

rabie B.3 Steady-state generator data
- Case Study 2

Generator Terminal voltage Active power Reactive power

1 1 .0200 6.644 0.131

2 1.0136 6.644 4.998

3 1 .0200 5.707 0.044

4 1.0146 5.000 5.001



B.2 Machine and Network Parameters

Table B.4 Generator data (All four generators)

*_ x, xd x\ L K BMVA

1.80 1.70 0.30 0.30 8.0 0.40 900

Table B.5 Generator damping and Inertia

(On machine base)

Generator D H

1 4.0 6.5

2 2.0 6.5

3 11.0 6.5

4 10.0 6.5

Table B.6 Line data

Bus# Bus# R X

1 2 0.0025 0.025

2 5 0.0010 0.010

5

3

6

4

0.0220

0.0025

0.220

0.025

4 6 0.0010 0.010

Table B.7 Exciter data

Bus# K, T, KMIN vR"■Mu*

1 180 0.01 -5.0 5.0

2 100 0.01 -5.0 5.0

3 130 0.01 -5.0 5.0

4 220 0.01 -5.0 5.0
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