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ABSTRACT

BIFURCATION SUBSYSTEM METHOD AND

ITS APPLICATIONS IN ANALYSIS AND

CONTROL DESIGN FOR POWER SYSTEMS

By

Meng Yue

Two generic bifurcations, saddle-node and Hopf bifurcation, have been proven to

cause various instability problems in the power systems. The size, complexity, and

nonlinearity is the main obstacle to analyzing, diagnosing, and stabilizing power sys-

tem bifurcations. A bifurcation subsystem method, a novel model reduction method,

is able to identify a small order subsystem that (1) experiences, produces, causes,

and provides the cures for power system instability problems; (2) captures the crit-

ical dynamics (the center manifold) and preserves the dynamic behaviors of the

full system; (3) does not utilize a nonlinear or linear transformation that requires

significant computation; (4) retains the physically meaningful state variables and

parameter structure of the full system due to the fact that no linear or nonlinear

transformation is needed; (5) makes the classification of the power system bifurca—

tions possible by noting that states of the generator or load devices in the bifurcation

subsystem model; and (6) can be used to design stabilizing control to be applied to

the full system bifurcation. The complete theoretical framework for the bifurcation

subsystem method is established in the first part of this thesis and applied to an

example power system.

The second part of this thesis is dedicated to the design of robust control based on

 



the bifurcation subsystem method using a methodology that can provide and clearly

demonstrate advantages over classical control design methods. The first component

of this methodology is the use of the RCA analysis to show that the robust control

design produced by this methodology (1) breaks the external system into subsystems

that are decoupled from one another and from the bifurcation subsystem and (2)

shows the effectiveness of the control in each subsystem. The second component is

to use a structured uncertainty that captures the nonlinear change in linear model

due to the bifurcation parameter change from the nominal value to the bifurcation

value. The third component is the use of the bifurcation subsystem model for design

of the controller rather than the full system model. The fourth component is the

selection of the performance index, weighting matrix, measurements and control that

are based on the bifurcation and the bifurcation subsystem being stabilized.

H00 control attempts to find the control that minimize the performance index for the

possible uncertainty that occurs at the frequency where the system is most vulner-

able. The design methodology preselects and coordinates the frequency uncertainty

and subsystem at which the robust controller should have effect. The frequency

where the system is most vulnerable is the bifurcation frequency (w = 0 for saddle-

node and w = wo for Hopf bifurcation), the uncertainty produces the bifurcation at

this frequency and the subsystem is the bifurcation subsystem for this bifurcation.

This coordination within this design methodology enables the very significant control

performance improvements enabled.

The complete robust control design methodology for power system stabilizer, SVC,

and mixed power system stabilizer/SVC, is described by studying a single bifurcation

(saddle-node‘or Hopf bifurcation) and multiple bifurcations (interarea oscillation and

local oscillation). The nonlinear effects of the robust control design is also studied.
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Chapter 1

Introduction

1.1 Objectives

The thesis is to be formulated in an effort to achieve the following objectives:

1. provide theoretical framework for the bifurcation subsystem method:

(a) by showing that the properties of trajectories, the size and the nature of

the orbits, the equilibrium, the bifurcation point, the bifurcating eigen-

value, and the center manifold dynamics of the reduced system persist

for the full system with both fast and slow singularly perturbed exter-

nal dynamics provided that singular perturbation is small. Simultaneous

application of both fast and slow singular perturbations for the external

system of a regular internal dynamic system has never been previously

attempted, but is required to define the concept of the bifurcation subsys-

tem for both saddle-node and Hopf bifurcation based on the bifurcation

theory. The definition of a bifurcation subsystem is based on the closeness

of equilibrium and bifurcation points of the full system and those for the

fast singularly perturbed and slow singularly perturbed external system

1



model;

by developing a set of sufficient conditions for a bifurcation subsystem

to exist. These conditions are referred to as bifurcation subsystem con-

dition, and geometric decoupling condition that establish the conditions

for the bifurcation subsystem to exist. Knowing the test conditions for a

bifurcation subsystem to exist does not imply that one could ever satisfy

these conditions. Moreover, one could not be assured that one should

be able to find the bifurcation subsystem in most if not all cases when

a bifurcation occurs. It is proven that finding a bifurcation subsystem

of some order is a very high probability event. If the external system is

extremely fast compared to the bifurcation subsystem dynamics, then the

bifurcation subsystem exists. This requirement is generally true 1) if the

bifurcation subsystem is experiencing saddle-node bifurcation, 2) if the

coupling of the bifurcation subsystem to the external system is null in the

direction of the right eigenvector at bifurcation point, 3) if the coupling

of the external system to the bifurcation bifurcation subsystem is null in

the direction of the right eigenvector approximation to the center mani-

fold at bifurcation. These results allow the proof that the identification

of a bifurcation subsystem for any bifurcation is a highly probable event

and that the order of the bifurcation subsystem model is very likely to be

small;

these results also allow the comparison of the bifurcation subsystem method

with the slaving principle [27] and a method of clustering dynamics by

a—decomposition [22]. The objectives of the slaving principle and 0:-

decomposition are respectively to obtain the reduced order model that

describes the bifurcation (slaving principle) or to obtain a reduced or-

der model that allows accurate approximation of the response of the full



system model when disturbances are restricted to the internal subsystem

(oz-decomposition). The objective of the bifurcation subsystem method

does not necessarily desire to perform and justify model reduction or to

obtain a reduced order model that describes the bifurcation. The objec-

tive of bifurcation subsystem method is to describe the subsystem that

experiences, produces, and causes the bifurcation in the full system so

that better control can be achieved to correct the instability, and stabilize

the center manifold dynamics of the full system. The ability to determine

a bifurcation subsystem would greatly aid in the design of the control

system;

((1) by proving that the bifurcation subsystem dynamics produce nearly the

same center manifold, orbits and their frequencies, trajectories near the

center manifold, bifurcation points, equilibrium points as the full system

model. It is also to be proven that 1) a very small order bifurcation

subsystem is a good approximation of the center manifold dynamics, and

2) that a bifurcation subsystem model contains the center manifold of the

full system model without requiring the nonlinear transformation used to

determine the center manifold dynamic model for a particular saddle-node

or Hopf bifurcation.

2. provide the theoretical justification of the algorithm for identification of the

bifurcation subsystem and the computational justification of the bifurcation

subsystem method:

(a) by developing an algorithm for identification of the bifurcation subsys-

tem out of the full system model which has relatively small dimension

and includes the center manifold dynamics of the full system based on

the above theoretical results. The bifurcation subsystem identification



(b)

algorithm must be theoretically justified for both saddle-node and HOpf

bifurcation systems;

by obtaining different bifurcation subsystems (both saddle—node and HOpf

bifurcation) by applying the bifurcation subsystem identification algo-

rithm on a two—area example system with different bifurcation parame-

ters.

3. design p—synthesis based robust controls for the two-area example power system

to stabilize bifurcation and improve the control performance and robustness

based on the bifurcation subsystem information:

(a) by modeling the uncertainty of power system with the structural informa-

tion of the system. The structural uncertainty is caused by the variation

of a specific bifurcation parameter. This uncertainty modeling should not

lead much conservativeness for control design;

by designing Hoo robust controller [35] for the two area power system

based on the bifurcation subsystem information and the uncertainty model

caused by bifurcation parameter. Robust control of power system stabi-

lizer and SVC devices will be designed and the control performance will

be compared. The dynamic performance of robust controls will be also

compared for conventional power system stabilizer control design and con-

ventional SVC control with and without inverse generator dynamics;

by studying the RCA matrix of the system with and without robust con-

trol. The RGA matrix [35] (relative gain array) indicates the measure

for observing the structure of decentralized control and for indicating the

sensitivity to the uncertainty at different frequencies. The RGA matrix

based on the robust decentralized control will be compared with RGA



matrix computed for an existing conventional controller. This will ex-

plains how and why the robust control improves the control performance

compared to the conventional power system control design.

When the bifurcation parameters change the full system could experience a sequence

of different bifurcations, even chaos. Currently, our program does not have the ability

to trace out this bifurcation sequence. It is not one of the tasks in this thesis but is

left as a topic for future research.

1.2 Why a Bifurcation Subsystem Method

The recurrent problem in diagnosing and analyzing a specific power system stability

problem is that of the size, complexity, and nonlinearity of the model. Although it

seems that a large number of variables are involved in the power system stability

problem, only a small subset of these variables are hypothesized to be critical to the

problem.

Model reduction approach, including modal analysis method [12], singular perturba-

tion method [10], coherent reduction [14], Kalman minimal realization method [13],

decomposition methods [22], and quasi—steady-state approximation [9], has been ap-

plied to determine a reduced order model that retains the dynamics of an internal

system and approximates the dynamics of the external system.

1.2.1 Comparison with Modal Methods

With modal analysis method [12] the location and the states of the system involved

in the response and control of a particular bifurcation eigenvalue are obtained from

the information of right eigenvector, left eigenvector, and participation factor matrix

of the bifurcating eigenvalue when system instability is being approached. The mag-

5

 



nitude of the eigenvalue of the normalized modal transformed system represents the

relative measure to proximity to the bifurcation, the elements of the left eigenvector

can be interpreted as indicating a direction normal to the operational boundary of

the system, and right eigenvector indicates the degree to which given variables re-

spond for a given mode. The highest correlation of the right eigenvector with rows of

the output matrix can be used to select measurements to observe the response of the

model. The highest correlation of the left eigenvector of a mode with the columns

of the input matrix can be used to select the control inputs that best control the re-

sponse. The participation factor matrix indicates the relative involvement of system

components in the unstable mode or the collapse region. The participation factor

matrix determines states where the mode is most evident in terms of both control

and measurement, but does not necessarily determine the subsystem that experi-

ences and the subsystem that produces the bifurcation. A study on the BC Hydro

system conducted in [8] shows that the results obtained by modal analysis can be

misleading or insufficient for determining the portion of the system that is causing

the instability in the full system.

1.2.2 Comparison with Singular Perturbation Method

The singular perturbation technique [10] [9] cannot always be applied for problem

diagnosis that occurs after a power system disturbance since the states most involved

in an unstable behavior in a power system cannot always be classified into either the

slow or the fast dynamics groups so that the reduced model will always describe the

instability. Transient stability often involves both fast and slow dynamics. However,

voltage instability and interarea oscillation are often associated with the slow dy-

namics of coherent bus groups and thus appears to be appropriate for an analysis

via reduced models. When the singularly perturbed models are useful to focus on
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the dynamics experiencing, producing, and causing the bifurcation that are observed

as voltage stability and interarea oscillation, it is anticipated that bifurcation sub-

system method can be applied. In fact, bifurcation subsystems are only possible

when bifurcation subsystem can be modeled simultaneously by the reduced model of

a fast singularly perturbed model of the external system and by the reduced model

of a slow singularly perturbed model of the external system to the bifurcation sub-

system. Since both inter-area oscillation and generator oscillation modes each lie in

a separate narrow band of frequencies, this singular perturbation approach seems to

be inadequate to establish the bifurcation subsystem for a single mode in one of the

narrow band of oscillations.

1.2.3 A Brief Comparison with the Center Manifold

Center manifold dynamics [18] is a subsystem of the full system dynamics which

experiences, produces, and causes the bifurcation in the full model. However, center

manifold dynamics is not considered a bifurcation subsystem since

1. the center manifold dynamics are obtained by a nonlinear transformation of

the full dynamics, and thus are not expressed in terms of physically meaningful

variables;

2. it is generally impossible to use a nonlinear transformation to analyze how

operating condition changes or model parameter changes cause bifurcation for a

very large system model. On the other hand, these problems are not difficulties

when a bifurcation subsystem is used.
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1.2.4 Comparison with Decomposition Methods

The a-decomposition method [22] clusters the subsystems which have frequencies of

oscillation in each subsystem that are close to each other. Effectively, the full system

dynamics can be simplified to a set of subsystems with almost same internal fre-

quencies of oscillation and weak coupling between subsystems. The a-decomposition

method does not intend to look for the subsystem which experiences, produces, and

causes the bifurcation of the full dynamics, nor preserves the center manifold dy-

namics of the full system for any bifurcation.

The property of the clustered system is rigorously established, and it has been verified

that the power system model is a singular perturbation model consisting of slow

intercluster dynamics and fast intracluster dynamics in [22]. The goal of the a-

decompostion method is to determine the fast intracluster dynamics so they can

be eliminated to produce a model reduction that hopefully approximates the slow

intercluster dynamics.

The results of a-decomposition method applied in the dynamic equations reveals

that the eigenvalues of the decomposed state matrix should be close to those of the

full model and the closeness is determined by the choice of a.

Power system differential-algebraic models have both slow and fast dynamics and

thus evolve over different time scales. In this case, time-scale decomposition [9] could

be used based on singular perturbation. Denoting the slow and fast variables of the

dynamic state variables, quasi-steady-state approximation [9] of the slow subsystem

becomes the differential-algebraic form. The slow manifold can be approximated

using a series expansion in perturbation e to the desired accuracy. The slow and

fast dynamics can be represented by the slow manifold. The fast dynamics may

undergo bifurcation when the slow dynamics envolve. In this case the slow time-

scale-decomposition fails since this slow assumptions which assure the validity of
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timescale-decomposition are violated. Then a fast-time scale decomposition is used

to produce a differential model.

1.2.5 Comparison with Dynamic Equivalent Methods

Modal analysis [12], coherency based method [14], and singular perturbation method [10]

are motivated to obtain the simplified system model such that the approximated re-

sponse of the original system can be achieved. These methods identify the fast or

weakly coupled subsystem that are then aggregated to produce the approximate slow

model of the external system. Modal analysis has also been used to obtain a dynamic

equivalent of the system external to a particular utility. This model reduction method

does not attempt to preserve the dynamics experiencing, producing, and causing a

bifurcation or the center manifold dynamics for a specific bifurcation. Although this

modal analysis approach [12] has completely different objectives than the bifurcation

subsystem method as just noted, it does attempt to aggregate dynamics and those

weakly coupled to the internal system. Thus, this use of modal analysis exploits the

same structural properties of systems that is so much more effectively exploited in

the bifurcation subsystem method. The model approximation methods [12] [10] [14]

are not intended to identify and preserve or even approximate the center manifold

dynamics of the internal system for one bifurcation or all bifurcations that affect the

utility under study which is referred to as the internal system.

For determining the center manifold of the original full system the large computa-

tional requirement to determine the nonlinear transformation limits its application

to small system only. On the other hand, bifurcation subsystem method can be

applied to both large and small system.

The bifurcation subsystem method exploits the same singular perturbation prop-

erties as the a-decomposition method [22] to obtain a reduced model of the fast

 



singular perturbed external dynamics separated from the bifurcation subsystem by

weak coupling but with the objectives of a) focusing on the internal subsystem that

preserves the center manifold dynamics and experiences, produces, and causes the bi-

furcation, and b) more effectively exploiting the same structural prOperties to obtain

stronger results.

From the above discussion, capturing the nature of the original system dynamics

cannot be guaranteed except for center manifold method, which does not have clear

physical meaning and is not applicable for relatively complex systems.

1.2.6 Comparison with Slaving

Slaving principle [27], a second approach that is different from model reduction, is

looking for the dominant dynamic response for a system experiencing bifurcation

that may include the dynamics which produces and causes the instability in the full

system. Slaving is not intended as a model reduction or approximation method. The

slaving principle attempts to identify the subsystem dynamics that dominates the

behaviors of a full system model that is experiencing the bifurcation. The approach

through the adiabatic approximation allow us to express the fast external variables

as a nonlinear function of the slow-changing internal variables provided that: the

internal system is very slow and bounded in a small neighborhood around the equi-

librium point; the external system is very fast; and the coupling between internal

and external systems is weak. Therefore, in dealing with system with very many

variables, which are slaved by very few slow variables, we are able to simplify our

understanding of the complex system considerably. In this situation the slow internal

variables are called order parameters.

The slaving principle has been broadly applied to economic, biological, chemical, and

physics based systems, and has been applied to study saddle-node and Hopf bifurca-
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tions and to sequences of bifurcations that lead to chaos [27]. It will be shown that

identifying when slaving exists in a system is the first step in identifying a bifurca-

tion subsystem which experiences, produces, and causes the full system to bifurcate.

This bifurcation subsystem will be argued to exist and be identifiable for most bifur-

cations for much weaker conditions than required by slaving. Slaving thus may be a

much generic property of systems because a) it is true for any bifurcation subsystem;

b) the bifurcation subsystem is identifiable based on much weaker conditions than

required for slaving to occur [27]; and c) these weaker conditions are proven to have

solutions with a high probability.

1. singular perturbation has been argued as being useful in eliminating either the

fast or slow model in [9] to study bifurcation, but slaving only would allow the

elimination of the fast dynamics when the separation between fast and slow

dynamics is sufficiently large;

2. reduced singularly perturbed models have been used to study the bifurcation.

The quasi-steady-state approximation [9] is an example where a singularly

perturbed model is used to reduce the fast dynamics;

3. the hybrid slow dynamics and network have been reduced from a singularly

perturbed model to produce a fast dynamic model [9];

4. tests for bifurcation have been developed for the reduced models and shown to

apply to the full system model [9] [8];

5. no theoretical justification is given that the reduction of a singularly perturbed

model will preserve the equilibrium point, the orbits, the trajectories, the fre-

quencies, and the center manifold of the full system;

6. this singularly perturbed approach in [10] could be theoretically justified us-

ing the same process that will be used to theoretically justify the bifurcation

11



subsystem method. This theoretical justification of the bifurcation subsystem

method also be used to theoretically justify using reduced models of singular

perturbed models in item 2 and 3 above.

The goal of bifurcation subsystem method is not model reduction but identification

of the subsystem model that experiences, produces, and causes the full system model

bifurcation.

Bifurcation subsystem method has a much stronger set of objectives than that for

slaving because the bifurcation subsystem should not only act to slave the system

external to it, but is also required to have no coupling to the external system. The

requirement that the bifurcation subsystem slave the external system and be simul-

taneously decoupled from it requires the bifurcation occur and be produced in the

bifurcation subsystem [8]. Thus the bifurcation subsystem is said to experience that

bifurcation of the full system model, and finally that the parameters that cause and

cure of the bifurcation are either in the bifurcation subsystem or its boundary [8].

Although the slaving method is not stated in a rigorous manner [27]:

1. there is an assumption that the external system is fast compared to the internal

(bifurcation) subsystem (A11) (the norm on A22 and the condition on it are not

stated);

2. there is an assumption that the coupling between the internal and external

system be weak (the norm on A12 and A21 is not stated nor is some inequality

condition on these norms stated);

3. the requirement that the internal (bifurcation) subsystem A11 dominate the

external system amounts to requiring that the reduced subsystem of a fast

singularly perturbed model of the external system have an equilibrium point

and bifurcation point that are close to that of the full system model even

12
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though there is no formal theory to support and prove this.

The theory deve10ped for bifurcation subsystem will necessarily make the above

conditions for slaving rigorous. It will be shown that one does not need to require A12

or A21 to be small or null, but only column dependent in the center manifold direction

that is approximated by the right eigenvector of the bifurcating eigenvalue. The

theory in this thesis proves that the existence of a bifurcation subsystem using the

bifurcation subsystem method requires the reduced models of both a fast singularly

perturbed model of the external system and a slow singularly perturbed model of

the external system have equilibria and bifurcation points close to those of the full

system. Furthermore, conditions on 1) a norm on A22, and 2) vector based norms on

A21 and A12 are given and only one of these three conditions needs to be satisfied for

the bifurcation subsystem to exist. Slaving requires much more stronger requirements

on all three matrices as noted above. Each of the bifurcation subsystems produced

by satisfaction of norms on A22, A12, and A21 would be of different order with very

different structure.

Finally the slaving method [27] did not attempt to discuss whether the bifurcation,

center manifold, trajectories near the center manifold, orbits, and other dynamic

subsystem properties for the reduced model are preserved by slaving and are close

to those of the full system. The theory presented in this thesis proves such results

not only for the fast singularly perturbed model, but also for the slow singularly

perturbed model of the external system so that these dynamic system properties

(center manifold, trajectories near the center manifold, orbits etc) are preserved

or persist when a bifurcation subsystem model is used to analyze the full system

model near bifurcation. The bifurcation subsystem method result is thus a significant

extension of slaving in terms of

1. what can be stated about the subsystem (experience, produce, and cause bi-

13



furcation rather than just dominate the external dynamics);

2. much weaker and more precise statements of the conditions on what is required

for a bifurcation subsystem to exist compared to those required by slaving

method;

3. proof that the probability of existence of bifurcation subsystem is high where

no statement is possible for slaving;

4. a method for identification of bifurcation subsystems that can be applied to

large systems where no such method exists for the slaving principle;

5. a proof that the bifurcation persists in the bifurcation subsystem model and

that the bifurcation subsystem captures the center manifold, trajectories near

the center manifold, and orbits of the full system near bifurcation.

This last result is so important because it allows one to focus on a reduced model

for diagnosis of causes and cures of the bifurcation and control design because this

reduced model captures the most important dynamic system properties of the full

system model.

1.2.7 Comparison with Bifurcation Theory

Bifurcation theory has been well-developed [18] and it

1' can identify the center manifold dynamics that precisely describe the nature

0f the bifurcation. The bifurcation point, the trajectories at or near the center

manifold, the size and the nature of orbits, the frequency of the oscillations,

and the equilibrium point all can be described precisely;

' can describe the sequence of the bifurcations and how and why one bifurcation

CleVelops from another;

14



3. has allowed nearly complete description of bifurcations and bifurcation se-

quences for multiple bifurcation parameters. Such complete studies have been

limited to small systems (usually less than fifth order systems) due to the

computational requirements and complexity as the order increases;

4. has had limited application to large systems of order of 500 or larger;

Bifurcation subsystem method is not as complete a description of a bifurcation as

bifurcation theory could provide. Bifurcation subsystem method is hypothesized to

have the following desired properties that will be proven in Chapter 2 and 3

1. experiences, produces, and causes the bifurcation of the full system model for

both saddle-node and Hopf bifurcations;

2. identifies a small subsystem model within which the center manifold resides or

can contain the center manifold, describes trajectories that are close to those of

the full system at or near the center manifold, describes the size and the nature

of the orbits and their frequency that is again close to that of the full system

model, has equilibrium point and bifurcation parameters close to that of the

f1111 system model. We note that the center manifold dynamics play a very im-

portant part in the representation of the system dynamics, thus the bifurcation

Subsystem should contain the center manifold of the full system. The center

Inanifold is a minimum order representation of the full system dynamics that

EXperiences, produces, and causes that bifurcation. It retains the bifurcation

Orbits, frequencies, bifurcation point, and progression of bifurcation sequences

that is essential to fully describing the bifurcation process;

3: does not require a nonlinear or a linear transformation of variables and there-

fore can be expressed in physically meaningful state variables, This lack of

any requirement to perform a nonlinear or linear transformation perfectly pre-

15



serves the system state variables and parametric structure of the full system

model. This may assist in finding the function of multiple parameters in the

bifurcation subsystem model that is the bifurcation parameter in the center

manifold dynamics. It may be possible to find more than one such function

that produces a bifurcation parameter of the center manifold dynamics;

4. does not require significant computation to identify a bifurcation subsystem

and thus can be applied to very large systems where computational require-

ments of obtaining a center manifold would make its application impractical;

. can provide insight into the dynamics of the subsystem that experiences, pro-

duces, and causes the bifurcation that may not be captured by the right or

left eigenvector evaluated at an equilibrium. The right eigenvector is a linear

approximation of the center manifold at equilibrium, but can indicate that

states outside the bifurcation subsystem are so excited by the bifurcation that

their response can dominate that of the bifurcation subsystem that experi-

ences, produces, and causes the bifurcation. The left eigenvector is orthogonal

to the right eigenvector and is interpreted as indicating the controls that are

most effective in controlling the response observed in the right eigenvector. If

dominant response to a bifurcation is outside the bifurcation subsystem based

on right eigenvector information and the identified bifurcation subsystem, then

the selection of a subset of control actuators based on the left eigenvector infor-

mation may better control the response to the bifurcation rather than control

the bifurcation subsystem itself. This may make stabilization of the bifurca-

tion subsystem difficult if not impossible. The right eigenvector is often used

to select sensors to observe the response of the bifurcation and may not then

effectively measure and thus observe the bifurcation subsystem response. Thus

knowledge of bifurcation subsystem may provide improved method for selecting

16



the output signals to be measured and control input signals to be governed by

control laws than those to be chosen by eigenvector methods on the full system

model. When right eigenvector correctly predicts the bifurcation subsystem,

then eigenvector and bifurcation subsystem method might select a similar or

identical set of sensors and actuators for controlling a particular mode; Results

in [8] show that the right eigenvector did not correctly predict the bifurcation

subsystems on a single machine infinite bus (SMIB) model;

6. identifies the essence of center manifold structure and dynamic prOperties if

that bifurcation subsystem model is sufficiently small. This is particularly

true if the bifurcation model is approximately of the same order as the center

manifold dynamics. Even if the bifurcation subsystem model order is somewhat

larger than the center manifold dynamics, the determination of the bifurcation

Suhsystem can still provide information for control design that is not easily

Obtained or may be impossible to obtain when the full system model is very

large;

Provides a taxonomic methodology for finding the classes and agents for each

type of bifurcation in a power system model. This will be further discussed in

neXt section;

bifurcation subsystem method could provide a simple lower order model and

Very important information for the design of hierarchical control systems to

Cure or stabilize the specific type and class of bifurcation for large complex

nonlinear systems.

T . .

he blfurcation subsystem method Wlll be argued to be a stronger yet more generic

r . . . . .
1) 0Petty than slavmg. It requires conditions on decoupling that are much weaker

t . . . .
hall either slaving or a-decomposmon based model reduction methods. The values

of bifUrcation subsystem method goes considerably beyond that of determining the
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submodel that dominates or approximates the full system dynamics because it ex-

periences, produces, and causes these dominant bifurcation dynamics and contains

all the dynamic system properties of that bifurcation in the full system model. It

is therefore much more useful in model stabilization, developing operating sched-

ules, and deciding when control actions are taken to avoid instability than model

reduction, slaving, or the full system model with all its complexity.

1.3 Classification of Types, Classes, and Agents

for Bifurcation

It has been hypothesized in [26] that there can be a countable but very large number

of bifurcation in a large power system model. There is no automated procedure for

deciding what measurements and controls as well as what control laws are necessary

for stabilizing an instability caused by one of these bifurcation. There is no auto-

mated procedure for adjusting model parameters via FACTS devices or operating

conditions to cure a particular bifurcation. If an intelligent control is to be developed

for a System with so many different bifurcation, one needs a classification procedure

Slmflal‘ to the one developed over the centuries by the medical profession. One needs

1' lUpes of local bifurcation: saddle-node, Hopf, load flow bifurcation, and singu-

lElrity induced bifurcation etc.

2' Classes of each type of bifurcation: a subset of the variables of generator and

load dynamics, controls, and network equations that experience and produce

a Specific type of bifurcation;

3- agents of a particular type and class of bifurcation: differ in terms of the specific

18



generator and load devices that lie in the bifurcation subsystem, but not the

subset of variables in the models of these devices that belong to its bifurcation

subsystem.

All classes of a particular type of bifurcation are anticipated to have many agents

but not all agents within each class have a high risk of ever experiencing bifurcation.

The subset of the variables of these different devices constitute the class of which an

agent is a member when the generator and load devices that are associated with these

variables in a bifurcation of that class specify the agent of that class. As an example,

classes of saddle-node bifurcation are those that occur in solely induction motors

dynamics, those that occur in generator dynamics, and possibly those that belong

to both induction and generator dynamics. Agents of the induction motor class of

saddle-node bifurcation occur on different induction motors or groups of induction

motors in a particular plant or subregion. Bifurcation subsystem method should

hoDBfully be the diagnostic tool required to identify specific classes of bifurcation and

all ageflts in each class. All classes of a particular type of bifurcation are anticipated

to have many agents but not all agents within each class have a high risk of ever

e ‘ - - 'Xperiencmg bifurcation.

If the bifurcation Occurs to the power system, usually two types of bifurcations,

Saddlerhode and Hopf bifurcations, can be found. In the case of saddle-node bifur-

cation the system may experience slow monotonic instability, i.e., collapse type of

instability, Saddle-node bifurcation has been observed in generator flux decay dy-

namics, in generator inertial dynamics, and induction motor inertial dynamics [9] [8].

The HOpf bifurcation, which usually represents the interarea oscillations of the power

System, has been observed in the generator inertial dynamics, and in the generator

11x decay excitation system dynamics [6]. Two different Hopf bifurcations exist:

S11Dercritical Hopf bifurcation occurs when a stable limit cycle ex1sts around an
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unstable equilibrium point and where the orbits of the limit cycle grows as the bi-

furcation parameter(s) moves away from the bifurcation value; a subcritical Hopf

bifurcation occurs when an unstable limit cycle exists around the stable equilibrium,

where the orbit (a) is a region of stability boundary for excursions in the direction

of that orbit, and (b) shrinks to zero as a bifurcation parameter approaches the

bifurcating value. Classification of types, classes, and agents will be discussed in

following chapters. It will be shown that classification of bifurcations is more than

a taxonomy and it will provide the causes of each specific type and class of stability

Problems and thus prescribes the cure for the dynamic bifurcation as in [30] for the

network model.

1.4 Robust Control Design

Basically robust control is a linear control technique, but may take on nonlinear

PFOperties if the nonlinear change in bifurcation parameter to the point of bifurcation

is modeled as uncertainty in the linear form. The control objective is that robust

Stability and/or robust performance of the perturbed system can be achieved over

the range of the parameter uncertainty. Robust control has been applied broadly

and Would seem to be very promising for power system control design.

Recently robust control techniques including Hoe-optimization and [ii-synthesis have

been applied to power system controller design. Most of robust control applications

are dedicated to dampen local or interarea oscillation in a power system. A Hog-based

power system stabilizer [36] was designed for a single machine infinite bus system.

he i1lput uncertainty was modeled simply by a transfer function, which was claimed

to be obtained by lumping various physical variations. The control objectives were

no“final performance and robust stability measures. The simulation showed that

110minal performance and robust stability were obtained for loading changes and
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ground faults and the results were compared with the conventional power system

stabilizer.

Based on H,>0 mixed-sensitivity technique a robust controller design for a SVC was

presented [37]. The control design was formulated to increase the power system

damping since the PI SVC control did not provide this contribution no matter how

it was tuned. In this design PI controller was included in the nominal plant. A

multiplicative form of uncertainty was modeled and corresponding weighting func-

tions were selected. The design achieved robust stability and provided an increase

in damping.

A robust thyristor controlled series compensator (TCSC) [38] was used to increased

the damping of an interarea mode for the New York State power system. This large

System was significantly simplified with coherency reduction. The model uncertainty

was modeled in both an additive and a multiplicative form. Again, H0° mixed-

Sensitivity design was used.

A Structural singular value (SSV) based method was pr0posed in [41] to perform the

robust Stability analysis rather than robust control design. This paper focused on

the uncertainty representation. A novel method for modeling the network uncertain-

ties Was developed based on the fact that only some of the state matrix elements

Would Change over the range of operating conditions. This conclusion facilitates the

uncertainty modeling undertaken in this paper. By casting the problem into MA

form, u-synthesis was applied to evaluate the system performance.

I

n [46] Several control design techniques for a power system stabilizer, including clas-

3‘

lea} design, ,u-synthesis, linear matrix inequality (LMI) approaches, were compared.

he representation of the uncertainty, which was caused by the tie line reactance,

W . .

as Silrnilar to that in [41]. The p controller was obtained for a power system model

which was simplified by Hankel norm approximation. The order of this controller was
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further reduced using coprime factorization. It showed that the p—synthesis based

controller achieves the same damping enhancement with much smaller gain than

the other two designs. However, the time simulation showed that the p—synthesis

controller does not obviously improve the control performance compared to the con-

ventional power system stabilizer design.

Hoo-approach was systematically described in [25]. The dynamic positive feedback

controller for SVC was synthesized with tie line current as an input signal. Robust

H00 loop shaping technique was used to design the control to damp the interarea

oscillation and be robust to coprime factor perturbations. This ensured the robust-

ness to changes in the coprime factors of a shaped plant and increases the damping.

The controller’s overall performance was evaluated. The addition of damping control

reduced the system load disturbance rejection performance.

One of the difficulties in power system control design is that of using high order

model and computing a high order controller. SMIB model has been adopted in

many Control designs as noted in [36]. For a large power system, the SMIB model is

“Qt CaDable of representing the system dynamics appropriately. Although in [46] a

lower Order controller was proposed using coprime factors and LMI, it is still difficult

to design, compute and implement the full order controller when power system model

IS Very large.

The System uncertainty plays a very important role in achieving the desired design

perfol‘Inance despite the fact that the modeling of the system uncertainties is difficult.

Structural uncertainty has not been studied in above research [36] [37] [38] [41] [46]

[25] eVen though some degree robustness of the controller has been obtained without

using structured uncertainty models. Bifurcation subsystem will provide lower or-

der IIlodels and the bifurcation parameter that produces the bifurcation within the

b' . .
lfurCation subsystem will be used to obtain a structured uncertainty model. The
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structured uncertainty captures the nonlinear change in the linearized model that

occurs as the bifurcation parameter changes and reaches the bifurcation value.

The design and implementation of the robust controller in our research will attempt

to stabilize a single bifurcation and furthermore increase the feasibility region in the

direction of a specific bifurcation parameter. Multiple bifurcations produced by more

than one bifurcation parameters in the full system model will also be studied in an

effort to increase the range of the bifurcation parameter (feasibility region) where the

system remains stable. The robust control design will be based on the bifurcation

subsystem as well as the full system model since the center manifold dynamics of the

full system lie in or are totally contained in the bifurcation subsystem. The bifurca-

tion subsystem indicates the states and the model experiences, produdes, and causes

the bifurcation in full system model. These states are required to be controlled in

order to stabilize the system and cure the bifurcation. It is also hypothesized and

proven that when bifurcation occurs the RGA matrix of the closed-loop system with

IOPUSt Control becomes block diagonal. The off-diagonal blocks approach zero, and

the upper diagonal block approaches the RCA matrix of the internal system or bi-

furcation subsystem with the external system truncated. The lower diagonal block

appanChes the RCA matrix of the external system with the internal system trun-

Gated. The proof is given in Appendix B. The control of the bifurcation subsystem

IS completely independent of the external system based on this RGA structure.

A pOWer system is typically a MIMO system and power system control is a mu]-

tivariable control problem. The RGA matrix is a simple but a powerful tool for

multivariable system control design. The RGA matrix has not been studied or ex-

ploited in any of the references [36] [37] [38] [41] [46] [25]. It is impossible to achieve

the desired control performance without thoroughly considering the control struc-

ture design, the effectiveness and disturbance rejection properties of MIMO system

Comlrol as well as the uncertainty representation for MIMO system as observed by
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its impact on the RCA matrix.

In this thesis, p-synthesis will be used to design the power system stabilizer. We are

trying to achieve better control performance with the help of bifurcation subsystem

method from the very beginning of controller synthesis to achieve significant control

structure improvement, lower order controller simplification, and improved control

performance test. The following topics of power system stabilizer design for a single

bifurcation or multiple bifurcations are studied: (1) determination of which generator

the power system stabilizer is the most effective; (2) how to define the performance

index for the best performance to be achieved; (3) how to simplify the high order

controller and yet achieve excellent performance; (4) whether the controller designed

for one bifurcation is effective for different bifurcations produced by different pa-

rameter variations as well as for what types and classes of bifurcation will a specific

controller be applicable; (5) how to evaluate the control performance and whether

the control performance is improved (degenerated) based on these measures; and (6)

whether the overall performance of robust power system stabilizer is acceptable.

FACTS control has achieved significant applications in enhancing power system per-

formance via high speed and continuous response. Static var compensator (SVC),

as one of the FACTS control devices, can be used to provide the voltage support on

long transmission lines by injecting or absorbing reactive power. In fact, SVC can

also increase the power system damping with supplemental signal. Robust SVC con-

troller will be designed in order to damp the interarea oscillations of power systems

over a given operating range as well as providing the effective voltage control over

the network. The nonlinear effects of the robust control over the power system will

also be studied in this thesis.
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1.5 Contributions of This Thesis

A bifurcation subsystem experiences, produces, and causes the full system bifurcation

when satisfying the same conditions for bifurcation as satisfied by the full system

dynamics. In comparison with center manifold dynamics, a bifurcation subsystem

is a subsystem of the state space model with physically meaningful variables, and

is not a reduced model that can be necessarily be simulated or analyzed apart from

the singularly perturbed full system model.

The bifurcation subsystem method proposed in [8] had not been proven but came out

of the hypothesis that bifurcation subsystems are a generic phenomena that can be

applied to almost every bifurcation in a large power system model. This hypothesis

will be proven in the thesis.

The original work on the bifurcation subsystem in [3] was heuristic in a manner

similar to slaving but did extend the concept by establishing a precise definition

and the two existence conditions (bifurcation subsystem condition and geometric

decoupling condition) where the slaving principle only required one condition that

the external system be represented by the reduced algebraic model that could be

viewed as coming from a fast singularly perturbed model of the external system.

In this proposal, the bifurcation subsystem method and its applications, and the

identification of bifurcation subsystems are described systematically.

1. we define the bifurcation subsystem based on preserving the equilibria, bifur-

cation points and bifurcating eigenvalues when the reduced system of a fast

singularly perturbed external system model and a slow singularly perturbed

external system model are both arbitrarily close to those of the full system for

both saddle-node and Hopf bifurcations [3];

2. we derive sufficient conditions for a bifurcation subsystem to exist for both
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saddle-node and Hopf bifurcations. These conditions are referred to as the

bifurcation subsystem condition and the geometric decoupling condition [3];

. we show that the properties of trajectories, the size and the nature of the orbits,

the equilibria, the bifurcation point, the bifurcating eigenvalue, and the center

manifold dynamics of the reduced system persist for the full system with both

fast and slow singularly perturbed external dynamics provided that singular

perturbation is small enough. We will also show that the center manifold of

the bifurcation is in the bifurcation subsystem and is contained within the

bifurcation subsystem if additional conditions are satisfied. To identify the

bifurcation subsystem it is necessary to study the persistence of full system

bifurcation when bifurcation occurs in the subsystem. The effects of slow or

fast external dynamics on the full system should be considered.

The work by Chiang in [2] summarized the theoretical results about the per-

sistence saddle-node bifurcation with singularly perturbed slow or/and fast

unmodeled external dynamics. As long as the perturbation is small enough in

the presence of either the fast or the slow external system dynamics, the persis-

tence of the saddle-node bifurcation of subsystem can be guaranteed, and the

center manifold dynamics of the full system will be preserved in the internal

subsystem. Based on the theoretical results for the persistence of saddle-node

bifurcation under singularly perturbed slow or fast external unmodeled dynam-

ics in [2], the persistence of the bifurcation in the bifurcation subsystem and

the preservation of center manifold dynamics within the bifurcation subsystem

are proven in Chapter 2.

In [4], the persistence of Hopf bifurcation is discussed in detail in the presence

of fast external dynamics. The equilibrium point, the orbits, the period of

the periodic solutions of the full system and the reduced system are discussed.
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Although the center manifold dynamics of the full system and the subsystem

is not mentioned in [4], the method in [5] is applied to discuss this in this

proposal;

. we prove that solutions can be found to these sufficient conditions for the ex-

istence of a bifurcation subsystem exist and these solutions have a high proba-

bility of occurrence. This is important because there otherwise is no assurance

that one could ever find a solution to the sufficient conditions and what the

probability of finding the solutions might be;

The fact that a-decomposition is applicable for power system dynamics model

of the generator inertial dynamics indicates that power system model can be

clustered as slow and fast subsystem which are weakly coupled, not just in the

direction of the center manifold. This shows that the power system internal

dynamics have a natural structure that lends itself to bifurcation subsystem

method. The fact that all that is needed for a bifurcation subsystem to exist is

that the bifurcation subsystem and internal system model be decoupled in the

center manifold direction is a much weaker condition than a-decomposition and

will be proven to make the finding of bifurcation subsystem a high probability

event even when the dynamics do not satisfy a-decomposition conditions for

decoupling.

The effectiveness of a-decompostion is that these methods reveal that power

system state Jacobian for the classical power system dynamic models [22] can

be represented by a block diagonal matrix, i.e., the coupling between the in-

ternal system and the external system can be considered null. Although this

conclusion is only an approximation of the real system model, we require a sim-

ilar but much weaker condition between the internal and external subsystems

to be able to identify a bifurcation subsystem model. The weaker condition
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requires only that the internal and external system be coupled weakly enough

in the center manifold direction rather than completely decoupled as required

for a—decomposition method. When the bifurcation occurs, for system that

satisfies the a-decompostion condition, geometric decoupling is automatically

satisfied. Thus the bifurcation subsystem and geometric decoupling conditions

are both satisfied automatically for both an algebraic model of the power sys-

tem and/or a classical dynamics model external to the bifurcation system and

bifurcation subsystem itself [7].

Since the power system dynamics can be clustered as slow dynamics and fast

dynamics with weak coupling between them [22], the bifurcation subsystem

identification method can be studied with the singular perturbation technique.

The power system dynamics takes the form of regular dynamics with unmod-

eled slow or fast external dynamics. These facts support that finding of the

bifurcation subsystem with small order is highly probable;

5. it has been clear from 3 and 4 that a very small order bifurcation subsystem

could be obtained and would be a good approximation of the center manifold

dynamics of the full system model. This bifurcation subsystem would be de-

termined without requiring the nonlinear transformation needed to obtain a

center manifold for a particular saddle-node or Hopf bifurcation;

6. a bifurcation subsystem of small or moderate order contains the center man-

ifold dynamics and preserves all the dynamic properties even if it does not

have smaller order and the exact form of the center manifold dynamics that

experiences, produces, and causes the bifurcation in the full system model.

This model would facilitate and possibly improve the design of prescriptive

corrective operating schedules and stabilizing control for the bifurcation;

7. a bifurcation subsystem identification algorithm, which is capable of finding the
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10.

very small order bifurcation subsystem, is developed and theoretically justified

for both saddle-node and Hopf bifurcation subsystems;

. the bifurcation subsystem method is extended to a relatively large two-area

multiple generator system modeled by the differential algebraic equation rather

than SMIB system [3]. A set of numerical examples are presented and dis-

cussed. The different bifurcation subsystems are obtained (both saddle-node

and Hopf bifurcation) by applying the bifurcation subsystem identification al-

gorithm on a two-area example system with different bifurcation parameters;

a diagnosis procedure based on bifurcation subsystem method [7] has been

developed to find cures for a blackout that may not be found after an average

of after 15 hours of computing and engineering effort to perform the diagnosis.

The various types and classes of bifurcation are investigated as a function of

the network, load or transfer level, and the load models. By applying bifurca-

tion subsystem method, the following problems are addressed: (a) what is the

relation between network and dynamic bifurcation? (b) how and why interarea

and local modes are produced? (c) what are the classes and types of bifurca-

tion for different load models? and ((1) how to find the bifurcation subsystem

and the system behaviors when singularity induced bifurcation occurs? It is

shown that the bifurcation subsystem method can identify the different classes

of bifurcation (those with different variables in the bifurcation subsystem) as

well as the agents for each bifurcation class (those with the same bifurcation

subsystem but involving the same subset of variables in different generator,

load, devices, and different network buses). The classification of bifurcation

is more than a taxonomy and it will provide the causes of each specific type

and class of stability problem and thus prescribe the cure for the bifurcation

as in [30] for the network model.
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The bifurcation subsystem was stated and justified based on conditions on both a

fast and slow singularly perturbed model of the external system in [3]. The bifur-

cation subsystem concept was applied to an algebraic power system in [6] and has

provided a theoretical underpinning to a procedure for (a) identification of all the

bifurcation subsystem (agents) in that model; (b) identification of what causes and

cures instability in each agent; (c) contingency selection and ranking on each agent;

(d) identification of vulnerable agents; (e) the condition which must occur for cascad-

ing instability of agents to develop and produce the voltage collapse that produces

the blackout.

The success in algebraic model [3] will hopefully be extended to the differential

algebraic model at some future date. The bifurcation subsystem algebraic (loadfiow)

model permits making stronger linkages to previously discussed model reduction

methods in the differential model and in an algebraic model of a power system.

It should be noted that the results stated may be incorrectly taken as a justification

of model reduction of huge power system models since the development of bifurcation

are dependent on the affects of the global response of the model and many discrete

control actions and their sequence throughout the portion of the model being reduced

would almost certainly change the equilibrium and destroy the validity of the model

at the equilibrium. The full system model needs to be retained so that the foundation

for focusing on a bifurcation subsystem have validity at bifurcation of the full system

model.

It is common to view the finding of the center manifold dynamics as an effort to iden-

tify the representation of the full system dynamics. Bifurcation subsystem method

can be considered as a trade—off between the investigations of the center manifold

dynamics and full system dynamics since it is less precise in analyzing, observing the

bifurcation and the trajectories near the bifurcation point than the center manifold
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dynamics. A bifurcation subsystem does not have same order as center manifold, it

just contains the center manifold dynamics with physically meaningful system states.

It experiences the bifurcation as does the center manifold dynamics. Despite that

we do not see the center manifold dynamics directly in the bifurcation subsystem,

we do have everything necessary to investigate how to produce, cause and cure the

bifurcation of the full system that lies in the bifurcation subsystem. The dimension

of the bifurcation subsystem depends on the complexity of the full system dynamics.

The identification of the bifurcation parameters is usually difficult to find but is re-

quired to study the particular bifurcation. The bifurcation parameters are included

in the bifurcation subsystem and it will be relatively easy the find them. The deter-

mination of the bifurcation parameters and the bifurcation subsystem will provide

necessary information for the analysis and control design, which is not easily ob-

tained or even impossible to determine with other methods when the full system is

very large.

The second part of this thesis presents the ,u-synthesis robust control for the power

system based on the bifurcation subsystem information

1. by modeling the uncertainty of the power system with the second order matrix

polynomial for a specific bifurcation parameter or multiple bifurcation param-

eters acting as the uncertainty parameter. Since the structural information

of the system is utilized in the modeling, this uncertainty model will lead to

almost no conservativeness of the control design;

2. by providing a systematic robust design methodology for power systems. This

includes] the use of RGA matrix to observe the subsystems, decoupling of sub-

system, effectiveness of control disturbance rejection, and the lack of com-

petition for control of each subsystem; the use of structured uncertainty to

increase the feasibility region in the bifurcation subsystem direction; the use
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of the structured and dynamical system uncertainty to provide a subsystem

structure in the external system as well as an effective disturbance rejection,

and noncompetitive control within each subsystem including the bifurcation

subsystem;

. by posing the standard u—synthesis robust power system stabilizer and/or SVC

control design problem for the two area example power system. The perfor-

mance index and the weighting transfer function that are expected to improve

the control performance of the system are defined based on the bifurcation

subsystem information;

. by designing a ,u-synthesis robust power system stabilizer (MPSS). The order of

the resulting MPSS is reduced based on the bifurcation subsystem information

and is applied to the full system. The control performance of the MPSS and

MPSS with inverse dynamics is compared to the performance of the Open 100p

system with conventional power system stabilizer (CPSS);

. by designing several u—synthesis robust SVC controls (MSVC). The control

performance of MSVC is compared to that of both open loop system with

conventional SVC (CSVC) and the closed-loop system with MPSS. This tells

us whether MSVC or MPSS is more effective in terms of control performance.

The following topics of MSVC control design are also studied (1) MSVC control

effects for voltage coherent buses within groups in the system external to the

bifurcation subsystem; (2) BMSVC design using only the bifurcation subsystem

model rather than the full system model; (3) MSVC design for input uncer-

tainty and measurement noise; (4) MSVC design for saddle-node bifurcation;

and (5) MSVC for input uncertainty and measurement noise;

. by designing different kinds of p-synthesis robust control, including multiple-

output multiple-input robust power system stabilizer and SVC control, for
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multiple bifurcations. This is a very important step for robust control appli-

cation since there usually exist more than one bifurcation to be stabilized in

large power systems;

7. by analyzing the RCA matrix information of the closed-loop system. The

RGA matrix of the above p-synthesis robust designs will be compared with

RGA matrix computed for an existing conventional controller. This will reveal

whether and why the robust control designs improves the control performance;

8. by studying the second order interaction with and without robust control for a

two-area power system. This study shows that the robust control has tremen-

dous effect over the power system up to second order.

1 .6 Organization

After the bifurcation theory and bifurcation subsystem method is briefly introduced

in Chapter 1, the saddle-node and Hopf bifurcation subsystem for both fast and slow

unmodeled external dynamics are discussed in Chapter 2 and 3, respectively. The

saddle-node and Hopf bifurcation subsystem are defined using singular perturbation

technique. With the help of Fenichel’s theory, which is summarized in Appendix A.

The persistence of the equilibrium, the bifurcation point, the orbits at or near the

equilibrium point, the trajectories, and bifurcation parameters are proven in Chap-

ter 3. The bifurcation subsystem condition and the geometric decoupling condition,

which are the sufficient conditions for existence of both both saddle-node and Hopf

bifurcation subsystems are derived from the conditions for an existence of bifurca-

tion in the reduced models of the singularly perturbed fast external model and the

singularly perturbed slow external model.

The detailed demonstration of the bifurcation subsystem method is shown in Chapter
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4. The bifurcation subsystem identification algorithm is presented and proven to

obtain the relatively small dimensional bifurcation subsystem. A series of theorems

are presented and proven, which extend and prove the near generality for satisfaction

of both bifurcation subsystem condition and geometric decoupling condition. These

results justify the bifurcation subsystem method as being applicable for most if not

all saddle-node and Hopf bifurcations in a differential model.

A set of examples for a two-area power system in Chapter 5 verify numerically the

bifurcation subsystem method. Different bifurcation subsystem with small order are

obtained and discussed for different bifurcation parameters. The classification of

bifurcations are also discussed in detail in this chapter. In Chapter 6 the future

research in robust control design based on the bifurcation subsystem is presented.

In Chapter 6, ,u-synthesis based robust control is systematically studied. After a

brief description of robust control theory, a p—synthesis based power system sta-

bilizer (MPSS) is designed using bifurcation subsystem information. The control

performance is compared with the conventional power system stabilizer (CPSS) by

studying both RGA matrix and the time simulation. The MPSS is shown to be

much more effective than the conventional power system stabilizer.

FACTS controls have been broadly used and proven to be very effective in enhancing

the power system stability. u-synthesis robust SVC control is studied in Chapter

6. By again using the bifurcation subsystem information, a robust SVC control

(MSVC) is obtained. The time simulation and RCA matrix information both show

that MSVC provides better control performance that both MPSS and CPSS. Also in

this section, MSVC with input uncertainty and measurement noise and MSVC that

is designed based on bifurcation subsystem (BMSVC) are studied.

Multiple bifurcation phenomena is observed in this two area power system. To

stabilize the system when multiple bifurcations develop, several different kind of u-
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synthesis robust control, including both power system stabilizer and SVC control,

are designed and compared. The conclusion is drawn for multiple bifurcation sta-

bilization. This will provide important robust control design information for large

power systems since multiple bifurcation are frequently encountered in large systems.

The nonlinear effects of conventional and robust power system control are studied

in Section 6.7. The computation of the second order interactions shows that robust

control not only greatly improves the control performance and robustness, but also

dominates the nonlinear response of the system.
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Chapter 2

Bifurcation Subsystem for

Saddle-node Bifurcation

2.1 Objective

The singular perturbation theory underlying the definition of a bifurcation subsys-

tem and the sufficient conditions for the existence of a bifurcation subsystem has

been developed in [2] and [3] and are reviewed in this chapter. The theory in [2]

underlying definition of the bifurcation subsystem, is more precisely discussed in

this chapter than in [3] and needed to justify the modified definition of a bifurcation

subsystem. This chapter is arranged to demonstrate the theoretical results related

to saddle-node bifurcation. Some preliminaries are introduced in section 2.2. In

section 2.3 the conclusions on the persistence of saddle-node bifurcation under sin-

gularly perturbed slow and fast unmodeled dynamics are reviewed. The saddle-node

bifurcation subsystem is defined and discussed in section 2.4.
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2.2 Preliminaries

Generally a set of ordinary differential equations can be used to represent the engi-

neering system which involving dynamics:

j: = f(:r) (2.2.1)

where :1: E R", and f,,z' = 1, 2, ...,n is a nonlinear function of all the states 33,-,2' =

1, 2, ..., n.

The equilibrium points represent the true characteristic of the behavior of the dy-

namic system and are defined as the points on the trajectory with zero velocity. The

equilibrium points are those points where the derivatives :i: are simultaneously zero,

i.e.,

0=f($)

Unlike the linear system, the nonlinear system may have more than one equilibrium

point. The region of a stable equilibrium may be limited, therefore the existence of a

stable equilibrium does not assure the stability in a neighborhood of the equilibrium

point.

Usually, the stability of a nonlinear system equilibrium is studied via linearized

system in a neighborhood of an equilibrium point 32°. Define:

Ax = a: — 2:0

Ignoring the high-order terms of the Taylor series expansion around .170 gives:

as = Dxflona:

D,f [,0 is the Jacobian of vector field f. The local stability of the nonlinear system
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can be judged by the eigenvalues of the state Jacobian. The different eigenvalue

combinations generate the corresponding trajectory behaviors, such as focus, node,

center, and saddle, around the equilibrium points. When there exists a zero eigen-

value or eigenvalues with zero real parts, the linearization fails and we cannot say

anything about the stability. In this case, the center manifold can be computed to

study the behaviors of the trajectories at or near bifurcation.

The bifurcation phenomena in the nonlinear system refers to characterizing the qual-

itative change of the fixed points of the system for a smooth continuous change in a

parameter, say a, over a specified range. For one-dimensional vector fields

2': = f(r, 11) (2.2.2)

a fixed point (:r, p) is said to undergo a bifurcation at p = 0 if the flow for ,u near

zero and a: near zero is not qualitatively the same as the flow near :1: = 0 at u = 0.

As it varies, the Implicit Function Theorem implies that fixed points are described by

the smooth functions of [1. away from those points at which the Jacobian DIf(p) with

respect to x, has a simple zero eigenvalue. This is called saddle-node bifurcation. If

the Jacobian D;f ([1,) has a pair of complex conjugate eigenvalues on the imaginary

axis, it’s called Hopf bifurcation. The precise conditions for defining when saddle-

node and Hopf bifurcation occurs is given in [18]. A value #0 of equation (2.2.3) for

which the flow of (2.2.3) is not structurally stable is a bifurcation value of p [21].

In most of the cases, the system dynamics are modeled by ignoring the small time

constants, such as small time constant, capacitance, or parasitic parameters, or con-

sidering the system with a large time constant as a time invariant system. The

analysis based on the “oversimplified” models could be too far from reality. These

unmodeled dynamics with small and large time constants, which are called fast

dynamics and slow dynamics, respectively, may have significant influence on the
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dynamic behaviors of the full system [11].

The dynamic system with slow or fast dynamics can be represented in the form of

(2.2.3) and (2.2.4), respectively.

j: : f($vynuv€)

.1) = 69(I. y, u. 6) (2-2-3)

:1: = f($.y.u.6)

6?] = g($ayap7€) (2‘24)

where c is small real positive number that is called perturbation, and 11 E R is a

parameter subject to variation.

Singular perturbation technique can be applied to this set of problems by separating

time scales, and studying the reduced system (c = 0) and the boundary-layer problem

(6 is sufficiently small), respectively.

In the case of a system with fast external dynamics the fast reduced system is ob-

tained by setting 6 = 0:

j: = f($7y,l1”0)

0 = 9(1. 31, u. 0) (2-2-5)

This reduced system represents the fast time phenomena, which is dominant in a

lot of applications. By rescaling T = t/c the boundary-layer problem is defined from
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(2.2.4) as:

a: = 6f(:v.y,u.€)

y = g(;r, y,,u, 6) (2.2.6)

For the system with slow external dynamics setting 6 = 0 gives the reduced system:

is = f($.y,#.0)

3'1 = 0 (2.2.7)

Usually we are interested in the behaviors in some neighborhood of the equilibrium

point for sufficiently small perturbation.

2.3 Persistence of Saddle-node Bifurcation with

Singularly Perturbed Slow and Fast External

Dynamics

In this section, the persistence of saddle-node bifurcation under singular perturba-

tion with presence of slow and fast external dynamics is studied. The relation of the

reduced and the full system dynamics when a saddle-node bifurcation occurs is dis-

cussed in detail. The theory summarized in section 2.3.1 and 2.3.2 for slow and fast

singularly perturbed models, respectively, is taken from [2]. We use the notations :2,

5:, and 51': to represent the dynamic properties of the full system, the reduced system

with fast external dynamics, and the reduced system with slow external dynamics,

respectively, where x can be equilibrium points, bifurcation points, trajectories or

orbits etc.
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2.3.1 Singular Perturbation with Slow External Dynamics

Consider the nonlinear system with slow external dynamics in the form of of equation

(2.2.3), and the corresponding reduced system given in (2.2.7).

(H1) All the eigenvalues of Dyg at equilibrium point fir“ = (53“, yo) for u = [1" are in

the left-half plane

(H2) The slow reduced system (2.2.7) undergoes saddle-node bifurcation at 772* =

(inf/0) for fl = fl*

Let fir" = (if‘, yo) be equilibrium point of the reduced system for p = 11*, then under

assumption (H1) and (H2) there exist an 60 > 0 such that the following results hold

for the full system (2.2.3) with 0 < 6 < 60[2]:

1. The full system undergoes the saddle-node bifurcation at equilibrium point

fn“ 2: (52*,3j“) ofthe full system with [I fit“ —m* I]: 0(6) and I] [f—fl“ I]: 0(6).

Denote a neighborhood of fit“ by N = N(z.y) x N”. Let 7y = (i(t, ,uo), yo) be the solu-

tion of the reduced system near Wi(a’:‘, yo) with )u = fl“ and initial condition 2:0, yo

in NM, and ”y :2 (f:(t, 6), 37(t, 6)) be the solution of the full system near WC"(:E*, 37“)

with )u = it“ and initial condition (51:0 + 0(6), yo + 0(6)) in NW, then

2 There is T > 0 and 60 > 0 such that H 6“) — 1]]: 0(6) for at least t E (0, T] and

USESéo.

3 I] W:"(:i:’,y)*) H N — Wi(i:*,yo) ||= 0(6) for 0 _<_ 6 _<_ 60.

This states the persistence of the saddle-node bifurcation in the reduced system when

a saddle-node bifurcation occurs to the full system. Also, the dynamic properties,

including the equilibrium point and center manifold dynamics of the full system after

the bifurcation are preserved in the reduced system to the order of 0(6).
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2.3.2 Singular Perturbation with Fast External Dynamics

(H3) All the eigenvalues of Dyg at equilibrium point (53*, 32*) for p = [f are in the

left-half plane

(H4) The fast reduced system (2.2.5) undergoes saddle-node bifurcation at equilib-

rium point (513*, 37*) for u = [1“

The full system with fast external dynamics is in the form of equation (2.2.4), and

the fast reduced system is given as (2.2.5), where f, g E C’,r 2 2. The suspended

system is given by:

3'9 = 6f(:c,y,u,6)

0 = atom/1,6)

(1 = 0

6:0

Under assumption (H3) and (H4) there exists a center manifold C C Rn”. For the

suspended system, the Implicit Function Theorem suggests that there is an unique

solution y = u(:r, n, 0) satisfying 0 = 9(23, y, u, 0) at equilibrium point fir“ = (51'3", 9")

for u = ii". Thus, there is a local representation of the reduced system:

:i: = f(:1:, u(:r, p, 0),;1, 0) (2.3.8)

It is reasonable to define that the reduced system is undergoing saddle-node bifur-

cation if the local representation of the reduced system has the same behavior.

Let fit“ = (53*, 3]") be an equilibrium point of the reduced system for ,u = [1“, then

under assumption (H3) and (H4) there exist an 60 > 0 such that:

1. The full system undergoes the saddle-node bifurcation at equilibrium point
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m = (55”???) for M = if with H fit“ - 771‘ ll: 0(6) and ll [1‘ - A?" ll: 0(6)

Let N = Na,” x N“ be a neighborhood of fit". Let 7y = (i(t,n0),g(t,p0)) be the

solution of the reduced system near Wj(:i:“,37*) with ,u = [2* and initial condition

x0,yo = u(:ro,[i"‘) in N and "y = (i(t,6),3)(t,6)) be the solution of the full system

near W‘"(:i:‘, 32*) with )u = [2“ with initial condition (1:0 + 0(6), yo + 0(6)) in N. If

yo lies in the stability region of u(2:, If) of the fast system,

2 There is T > 0 and 60 > 0 such that

l] :i:(t, 6) — :5(t) ||< C6

ll 390,6) - “(530),11, 0) H< 06

for t E [0,T], and 6 6 (0,60);

3 || W:"(:i:*,3)‘) n N — Wj(§:*,gj’) ||= 0(6) for 6 E (0, 60).

The conclusions in section 2.3 reveal that the bifurcation point and the equilibrium

point of the reduced system are close to that of the full system of order 6. The

more important fact is that the dynamic behaviors of the reduced system will persist
 

around the equilibrium point at the bifurcation point. When saddle-node bifurcation

occurs the trajectories and the center manifold dynamics of the reduced system will

be close to that of the full system provided that the perturbation is small.

2.4 Saddle-node Bifurcation Subsystem

Consider a parameter—dependent (n + m)-dimensional nonlinear system:

56 = fuzz/.11) (2-4-9)

.1) = 9(I.y,u) (2-4-10)
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The linearized model at an equilibrium point m0(u) = (23001), y0(,u)) is:

Ari: D,t D A2:

= f yf (2.4.11)

Ag D359 Dyg All

Define:

A _ A11 A12 __ Dxf Dyf

A21 A22 ng Dyg

The saddle-node or Hopf bifurcation can occur if an equilibrium point becomes non-

hyperbolic, that is there is a zero eigenvalue or a pair of eigenvalues which have zero

real part, and the appropriate nondegeneracy and trasversality conditions hold [21].

If system (2.4.9) and (2.4.10) contain subsystems that are decoupled from one an-

other, that is the state Jacobian A = diag(A11,A22), then the bifurcation in any

subsystem results in bifurcation being experienced in the full system.

In most of cases the state Jacobian is coupled. Testing for the occurrence of saddle-

node bifurcation requires testing for singularity of state Jacobian. From Schur’s

theorem, testing singularity of A is equivalent to testing the reduced order matrix

ASN:

ASN = A1100 — A12(#)A2_21(#)A21(#) (2-4-12)

and the nonsingular A2201). This condition on nonsingularity of A22 is required

for persistence of bifurcation in fast and slow singularly perturbed models. The

test condition (2.4.12) is used in the slaving method when appropriate additional

assumptions on decoupling and external system speed of response on matrices A12,

A22, and A21 are made as noted in Chapter 1. This implies that as long as these

conditions are satisfied an arbitrary subset of states as, an arbitrary subset All of the
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system matrix in (2.4.11) and the reduced-order linearized subsystem

Ail? = [A11 — A12A2—21A21](,U)A$

will capture the existence of a bifurcating eigenvalue in the full system model. There

could be a very large number of such subsystems with different subsets of variables in

a: and y, and each of them indicates the occurrence of the saddle-node bifurcation but

likely providing misleading information on causes and cures in the full system. The

selection of the bifurcation subsystem, which experiences and produces the bifurca-

tion in the full system and clearly indicates the causes and cures for the bifurcation,

requires selecting the correct number of variables, the correct subset of variables of

that dimension, and the correct subset of the equations of that dimension that satisfy

the definition and conditions defined as below.

The linearized model of the first equation in (2.2.7) of the reduced system with slow

external dynamics is given by

with y = yo. Since y is constant at the bifurcation point (i*(fl*),y0) the dynamics

is restricted to the invariant manifold associated with the bifurcation subsystem

dynamics of the bifurcating eigenvalue. The slow unmodeled dynamics external to

the bifurcation subsystem is used to represent the fact that the bifurcation subsystem

(the first equation in (2.2.4)) must experience and produce the bifurcation of the full

system for a bifurcation subsystem to exist.

The linearized model of reduced system with fast external dynamics is:

0 = A12A$+A22Ay (2415)
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This linearized model represents that when the full system is approaching the bifur-

cation at bifurcation point (5:(,1‘),g([1*)) the external subsystem appears arbitrarily

fast compared to the center manifold response that occurs at the bifurcation point.

This model provides the bifurcation conditions for the full system to define and

determine a bifurcation subsystem. Note that if A22 is nonsingular this linearized

model of the reduced model with fast external dynamics can be tested by finding a

zero eigenvalue or complex eigenvalues with zero real part of (2.4.12). This is the

slaving condition discussed earlier.

The apparent contradiction that the external system can be represented by unmod-

eled slow and fast dynamics is required to define a bifurcation subsystem and derive

the two conditions for existence of a bifurcation subsystem, i.e., a condition for bifur-

cation in the subsystem as well the condition for bifurcation in the full system when

the response is restricted to the invariant manifold of the bifurcation subsystem’s

bifurcating eigenvalue.

The theoretical results of the singular perturbed saddle-node bifurcation with slow

and fast external dynamics state that the bifurcation point ("Em“), 3901*», the tra-

jectory '3', the center manifold Wj(5:*(fi’), @‘(fi’fl of the full system are 61-close to

bifurcation point (23*(i1‘), 37:01:», the trajectory &, the center manifold Wj’“ (51'3" ([i”),

37‘(fl‘)) of reduced system (2.2.5), and 62-close to bifurcation point (a‘:*(fl*),17*(fl‘)),

the trajectory '7, the center manifold Wi"2(a‘:*(fl‘), g‘(n‘)) of reduced system (2.2.7).

The bifurcation subsystem for a saddle-node bifurcation is ready to be defined [3]:

Definition 2.4.1: The reduced-order subsystem (2.2.7) with linear model (2.4.13),

where y is constant and Ag is assumed to be zero, is called a bifurcation subsystem

for saddle-node bifurcation if following conditions are satisfied:

1. A22 is nonsingular, so that the fast subsystem linearized model Ad: = [All —

A12A§21A21](u)A:r is well-defined.
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2. The fast subsystem linearized model [All — A12A2—21A21](p) has an eigenvalue

3(a) with an R’“ eigenvector {1(a) such that 5.01) —+ 0 as )u —> [1“.

3. The bifurcation subsystem linearized model A1101) has an eigenvalue 5101) with

an R"1 eigenvector {1(a) such that 5101) —+ 0 as )u —> [1“.

A A 1D [1“ 0 if) ‘*

4. 11 12 (if) 1( ) = , where 122(fi‘) = 101 ) is the

A21 A22 U720?) 0 117201")

right eigenvector of A([i*).

—# -#

5. 771 = (fi:*,3)*,[i*) and 771‘ = (:1: ,y ,fl‘) are 0(61) and C(62) from 752‘ =

(2%", 37,6“) and

6. 11(fl‘) and 1101*) are respectively 0(61) and 0(62) close to 11(11”) 2 121101“), and

:\([i‘) and A0?) are respectively C(61) and 0(E2) close to AUX“).

Condition 5 should hold from condition 1 for slow and fast singularly perturbed

conditions. Condition 6 should hold from conditions 2 and 3 for fast singularly

perturbed systems.

The definition of a bifurcation subsystem requires that (2.2.4) experience bifurcation

at ii“ with bifurcation point (53" (11*), @‘(fi*)); (2.2.7) experience bifurcation at [1“ with

bifurcation point (i‘(fl*),yo), (2.2.5) experience bifurcation at [1* with bifurcation

point (it“(ii‘), _1?([1“)) and condition 5 and 6 above hold.

Lemma 2.4.1: If

[I 14117101) I] —> 62 + HHOT(€2)

H [An — A12A221A21l9(#) H 6 (0,610]

then I] A12A2—21A21601) [[6 (0,630], where (10 = 61 + H.O.T(€1), and 630 = 61 + £2 +

H.0.T(61) + H.0.T(€2).
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Proof:

Suppose [I [A11 — A12A;21A21]1i01) ||—) 61 + H.O.T(€1) 6 (0,610], since

ll A12A221A2111W) H — ll 14111100 “SH [A11 — A12A221A21l1101) ll

Therefore:

|]A12A;21A211‘101)|| g €2+€1 +H.0.T(62)+H.0.T(61)

6 (0, 630]

This lemma establishes the geometric decoupling condition as a result of satisfying

conditions for a bifurcation subsystem existence based on the persistence of saddle-

node bifurcation in the slow/fast reduced system models. The theorem that follows

establishes that bifurcation in the slow singularly perturbed system and geometric

decoupling results in satisfying the condition for saddle-node bifurcation in the fast

singularly perturbed system and in the full system by Schur’s Theorem.

Theorem 2.4.1 [3]: The sufficient conditions for saddle-node bifurcation subsystem

to exist is that near [1‘ the following conditions hold at some nonzero R"1 eigenvector

1101) = 10101) component of 12101):

|| A111201) n —. €2+H.o.:r(e2) (2.4.16)

ll [A12A321A21lfi(u) H 6 (0,630] (2-4-17)

as [J —) it", then [I [A11 — A12A2—21A21]’&(/.t) [[6 (0,61 + 262 + HH0T(€1)+ H..OT(€2)]

as )u -—> [1“.

Proof:

The proof is straightforward by using Lemma 2.4.1 and is omitted here.
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Equation (2.4.16) is called bifurcation subsystem condition, and (2.4.17) is called

geometric decoupling condition. (2.4.16) tests whether the subsystem i: = f (2:,y0)

with linear approximation (2.4.14) experience bifurcation. Conditions (2.4.16) and

(2.4.17) indicate the bifurcation of the subsystem model produces the bifurcation in

the full system since bifurcation occurs in bifurcation subsystem and the bifurca-

tion subsystem is completely decoupled along the right eigenvector. Since the slow

subsystem (2.2.5) and bifurcation subsystem (2.2.7) experience bifurcation when the

conditions of Theorem 2.4.1 are satisfied, the full system experiences the bifurcation

that is experienced and produced in the bifurcation subsystem. There are three

different ways one can produce bifurcation in the bifurcation in the full system de-

pending on which of the conditions experience change as p ——> [1", which will be

elaborated in Chapter 4.

The difficulty with these test conditions is whether there is a solution, i.e., a bifur-

cation subsystem exists. The second difficulty is finding these solutions since there

are so many combinations of variables that potentially could be inside and outside

any order bifurcation subsystem and need to be tested to determine whether that

combination produces a bifurcation subsystem for a specific proposed order m. This

process must be repeated for each order 711 to find all orders m that have a bifur-

cation subsystem. The desire is to find 111‘ that is the largest bifurcation subsystem

since it will give the greatest flexibility for design of a control system that stabi-

lizes the bifurcation. This apparent difficulty in finding the bifurcation subsystem

is greatly exaggerated because one can directly find the variables in the bifurcation

subsystem of any order based on the ranking of elements in right eigenvector based

on the results in Chapter 4.

Conditions (2.4.16) and (2.4.17) are tests for the existence of the bifurcation sub-

system , but are not a complete algorithm for finding bifurcation subsystem. A

description of systematic bifurcation subsystem identification algorithm based on
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the magnitude of the right eigenvector is given in Chapter 4.

It has been stated that the center manifold dynamics persists in reduced system

for both fast and slow external dynamics. The fact that All and A11 - A12A2‘21A21

are singular when A22 is nonsingular suggests the bifurcation is in the bifurcation

subsystem. Since the right eigenvector ml of All and A11 — A12A'2‘21A21 approximates

the center manifold of the full system that persists in these two reduced subsystems,

the center manifold lies in the bifurcation subsystem. It can be shown that if A21’w1 =

0, then the center manifold is contained in the bifurcation subsystem when the center

manifold trajectories are sufficiently close to the equilibrium since the external system

is not at all excited linearly by the bifurcating eigenvalue. If A21'IU1 79 0 near the

equilibrium point, then the external system can respond but its reSponse is small if

A;21A21w1 is small. It should be noted without proving the persistence of the center

manifold in the fast and slow singularly perturbed external models, the ability to

prove that the center manifold lies in or within the bifurcation subsystem is not

possible.

Remarks:

1. The bifurcation subsystem and geometric decoupling conditions are not only

sufficient conditions for a bifurcation subsystem to exist, but will also act as

a test condition to help find a relatively lower-ordered bifurcation subsystem.

Bifurcation subsystem method is deve10ped to cure the bifurcation, and one of

the significant issues is to determine the bifurcation parameters. The reduced

order bifurcation subsystem will contain fewer parameters. Thus, it is relatively

easy to obtain the bifurcation parameter from the bifurcation subsystem.

2. Given that the center manifold and trajectories of the full system persist in

either the fast or slow singularly perturbed external system, respectively, for

61 < 610 and 62 > 620, including 61 = 62 = 0, and assuming that the center
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manifold and the trajectories of the full system should persist when both the

external system is modeled as simultaneously a fast and a slow singularly per-

turbed model (when the fast singular perturbation tends to zero first), then

the center manifold and the trajectories near the center manifold should be

within the bifurcation subsystem or its boundary defined as occurring when

the external model is simultaneously both fast and slow.
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Chapter 3

Bifurcation Subsystem for Hopf

Bifurcation

3.1 Objective

Singular perturbation theory underlying the definition of Hopf bifurcation subsys—

tem and the sufficient conditions for existence of a Hopf bifurcation subsystem are

developed in this chapter since it was never thoroughly developed in [3] and [4] for

both fast and slow singularly perturbed models. In section 3.2, the Hopf bifurcation

is introduced. The persistence of Hopf bifurcation with fast external dynamics is

presented in section 3.3 and 3.4 based on [4]. Motivated by the results in section 3.3

and 3.4, the persistence of singularly perturbed Hopf bifurcation with slow external

dynamics is proven in section 3.5. The closeness of the bifurcation value, the eigen-

values, and the equilibrium points are concluded in this section. The application

of geometric singular perturbation theory in [5] gives the preservation of the nature

and size of the periodic orbits. By applying overflowing invariant manifolds theory

and conclusions of a-decomposition, the persistence of the center manifold dynamics
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with slow and fast external dynamics is proven section 3.6. In section 3.7 the HOpf

bifurcation subsystem is defined and the sufficient conditions for the existence of a

HOpf bifurcation subsystem are given.

3.2 HOpf Bifurcation

Considering the nonlinear system:

2': = f(:1:,11) (3.2.1)

where a: = a:(t) 6 R", f : R" xR ——> R" is a 0" smooth function. Suppose f(0,11) = 0.

For a Hepf bifurcation to occur two hypotheses are required:

(H1) The Jacobian Dzf (0, 11) possesses a pair of complex-conjugate simple eigenval-

ues A01) = 6101) + 111201), such that 01(0) = 0, a’(0) 76 0 and (116:: 112(0) > 0.

(H2) :Ez'wc are the only pure imaginary eigenvalues of the critical Jacobian D;f (0, 0).

Hypotheses (H1) means that the linearization of (3.2.1) has a pair of complex eigen-

values which cross the imaginary axis transversally as 11 is varied through the critical

value 11 = 0. Therefore, the Hopf theorem asserts the existence of a one-parameter

family {7”, 0 _<_ V 3 yo} of nonconstant periodic solutions of (3.2.1) emerging from

the equilibrium :2: = 0 at 11 = 0. Here 11 is the amplitude of the periodic solutions

and 1/0 is sufficiently small.
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3.3 Persistence of Hopf Bifurcation under Singu-

larly Perturbed Fast External Dynamics [4]

Consider the perturbation problems with fast unmodeled dynamics of the form:

i=flawmd

€y=mawuml $33

where a: E R", y E Rm, 11, 6 E R and 6 is a small, but nonzero number. ,11 is the

bifurcation parameter and 6 is the singular perturbation parameter. System (3.3.2)

is called full system. When 6 = 0 the full system degenerates to the reduced system:

i=flnwmm

0=Maumm 63%

Let 771‘ = (55“,?) denote the equilibrium point of the reduced system (3.3.3) and

suppose that Dyg(i'*, 37", 0,0) is nonsingular. According to Implicit Function theorem

I.

there exists an unique solution y = h(:r,11) in the neighborhood of (:f:*,y‘, [1* = 0)

which satisfies 0 = g(a:, h(a:,,11),11, 0).

Definition 3.3.1: The reduced system undergoes a Hopf bifurcation at the equilib-

rium point 171* when 11 = [1* = 0 if this behavior occurs for the local representation

2': = f(z. h(x. u). u. 0)-

The following four Hypotheses are required:

(H1) f and g are smooth enough in :r, y, 11, 6 in a neighborhood of (61‘, 0, 0).

(H2) det Dyg(:i:*, 37",0,0) # 0

(H3) The reduced system undergoes a Hopf bifurcation at 771* for 11 = [1“ = 0.
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(H4) Dyg(:i:"‘, 37‘, 0, 0) has no eigenvalue with zero real part.

Let:

Dxf Dyf

€1ng 6—1Dyg

A(H) = (Drf + Dnyxhlli‘iiu)

J(u,€) =

where J(~, ) and A() denote the Jacobian of the full system (3.3.2) and the reduced

system (3.3.3), respectively. Under hypotheses H1-H4 we have following conclu-

sions [4]:

1. Closeness of eigenvalues

GUM, 6)) = [00400) + 0001, €)|)l U [6’10(Dyg(i"“", i"“",u, 6)) + 0(1)]

for small 6, 11, where 0 denotes the eigenvalues.

2. Persistence of Hopf bifurcation/0103671633 of Equilibrium

There is an 60 > 0 and for each 6 E (0, 60] the full system undergoes a Hopf

bifurcation at equilibrium riff" of the full system near 171* for 11, 6 E (0, 60).

a”

where A101, 6) is the bifurcating eigenvalue of A01) for 11 = 0.



3.4 Regular Degeneration of Periodic Orbits with

Singularly Perturbed Fast External Dynam-

ics [4]

To study the convergence of the bifurcated periodic orbits consider the suspended

system:

:6 = f($.y.u.6)

62) = 9($,y,#,€)

11 = 0

6 = 0 (3.4.4)

Setting 6 = 0 gives the associated reduced system:

i‘ = Him/.160)

0 = 9(I.y.u,0)

11 = 0

e = 0 (3.4.5)

Let ¢t($,y,/1,6) be the flow of the suspended system (3.4.4) at time t. Let I(U)

represent the set I(U) = {(36.11.1416) 6 U |¢1($. 11,11. 6) 6 U for t 6 (-oo, 00)} for any

open set U C R" x R” x R x R. Then, I(U) is the U-invariant subset of U.

By the associated reduced system (3.4.5) we have that 0 = 9(5):, 31,11, 0) holds, then

there exists a manifold x near fir‘ and a neighborhood U of fii‘ such that I(U) E x

for the suspended system [5]. Actually x is a center manifold near 771’ of the fast

time system corresponding to the suspended system. Hence, X contains all locally
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recurrent trajectories of the suspended system, including the family of bifurcated

periodic solutions for the full system.

Concerning the bifurcated periodic orbits we have the following theorem [4], where

V is the amplitude of the periodic orbits:

Theorem 3.4.1 Let hypotheses (H1) - (H4) hold. Then there exist positive numbers

V0, 60 and a 0"2 function 11(V, 6) such that the full system has a periodic solution j,“

near 771* and of period near 27rd);1 for the parameter value 11 = 11(V, 6), for any (V,6)

E (0,1/0] x (0,60]. For a given 6 E (0,60], the one-parameter family ’ymm E (0,1/0]

is identical to the bifurcated family of periodic solutions. At 6 = 0 the bifurcated

family of periodic solutions 7y), of the reduced system occur for the parameter values

[10(11) 2 11(V, 0), V E (0,1/0]. Let V E (0,1/0]. Then for any p > 0 there is an 61 E (0, 60]

such that the periodic solution 6%,, lies in a p—neighborhood of 6)., and such that the

period of 9y,“ differs from that of 7,, by no more than p whenever 0 < 6 S 61.

This theorem can be summarized in the following statements:

(a) Local attractive property:

The center manifold X contains all locally recurrent trajectories of the sus-

pended system (3.4.4). Let x, denote the 6 =constant slices of x. Then the 6-

sliced manifolds x, can be parameterized as the graph of function y = u(:c, 11, 6)

near 771* from (H4). Therefore, for small enough 11 the slow dynamics at obeys

:i: = f(:r, 7105,11, €),[1,€) (3.4.6)

on Xe-

(b) Invariance of critical bifurcation parameter

For any small 6 > 0, the critical bifurcation parameter value for full system

(3.4.4) and the local representation of the reduced system (3.4.6) at bifurcation
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points (i*’“", 32““), and 53”“, respectively, are both zero.

(c) Invariance of the frequency of periodic solution

For any small 6 > 0, the bifurcation eigenvalues for the full system and (3.4.6)

cross the imaginary axis at same point.

(d) Persistence of the periodic orbits

For each small 6, the periodic solution (the orbits) for the full system are

identical to the periodic solutions of the reduced system (3.4.5) and yet 67”,,

lies in a p—neighborhood of 6),, and the period of '7,“ differs from that of 6),, by

no more than p whenever 0 < 6 S 61.

3.5 Persistence of Hopf Bifurcation under Singu-

larly Perturbed Slow External Dynamics

Consider the ordinary differential equations with singularly perturbed external dy-

namics:

i=f(:v.y.u.6)

1'! = 69(22. 1. 71, 6) (3.5.7)

The reduced system is given by setting 6 = 0 in (3.5.7) and the corresponding

equilibrium of the reduced system is 771* = (173*, yo). Generally the equilibrium points

are isolated. For the fast time systems of singular perturbation problem this is not

true.

Let’s make another assumption:

(H5) dethf(i*. 310.0, 0) 76 0
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By rescaling the full system, it is transformed to be:

62? = flax/.14, 6)

y = 9(56. v.11. 6) (3-5-8)

where ’ represents the derivative with respect to fast time 7 2 U6, and the corre-

sponding reduced system when 6 = 0 is given by:

0 : f($7y7#70)

y’ = 9(56, 11,1140) (3-5-9)

Note that the equilibrium point of the reduced system (3.5.9) is still 771* = (57*, yo)

since rescaling does not change the equilibrium point. Under assumption (H5), there

exists a unique solution x = h(y,11) in a neighborhood of 771*, which satisfies 0 =

f (x, y, ,11, 6) by the Implicit Function Theorem.

31’ = 9026111). 71.16, 0) (3-5-10)

Denote the Jacobian of (3.5.10) by A01) and (H5) implies that:

A(#) : (ngDyh+ Dygllyo(#)

= (-D29(sz)_lDyf +Dyg)]yo(u)

,1 o

The determinant of Jacobian of the reduced system (3.5.9) is given by (H5) and

59

 



Schur’s theorem:

Drf Dyf

D29 Dyg

= det(Dxf) det(Dyg - Dx9(sz)_1Dyf)

det(J) =

= det(Dxf) den/406))

74 o

By the Implicit Function Theorem, there exists the isolated equilibrium point 771”"6 =

(i:**“", 113‘") of the full system (3.5.7) lies in a small neighborhood of 771* = (53*, yo) for

small 11, and small 6. Since the equilibrium point of the rescaled system (3.5.8) does

not change we are able to say that the persistence of the equilibrium under small

singular perturbation.

To study the persistence of the Hopf bifurcation, let’s return to full system (3.5.7)

again. When 6 = 0 the suspended system of full system (3.5.7) is given as:

:6 = f($.y.u.0)

3) = 0

it = 0

e = 0 (3.5.11)

Denote by 771* = (37*, yo) the equilibrium point of the reduced system. Then, in the

neighborhood of (771*, 11 = 0) we have
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which satisfies 5 = 0, and the dynamics of :r in (3.5.7) is equivalent to:

j: : f(:1:,u(y0,,u,0),11, 0) (3513)

The full system (3.5.7) can be evaluated in the neighborhood of (771*,11 = 0)

7) = Dyan/0,11, 0) = 0

Therefore:

6g(:1:,u(yo,11,0),11, 6) = Dyu(yo, 11, 0) = 0 (3.5.14)

Again, since the bifurcated periodic solutions of the reduced system emerges from the

equilibrium point 771*, let’s define that the full system undergoes a HOpf bifurcation

if the reduced system (3.5.13) does by noting that system (3.5.13) is equivalent to

(3.5.11) in the neighborhood of (771*,11 = 0).

The Jacobian of the full system (3.5.7) and the reduced system around the equilib-

rium point 771* = (573*, yo) is given by:

and

406) = Dxf(:6. U(yo.u.0))le-(,.)

By equation (3.5.12) the local representation of the full system Jacobian J01, 6)

around (3.5.12) is given by:

J01,6): Dxf(:c,u(y0,11,0),11,0) T (3.5.15)

0 0
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where ’f is the term we do not care. When the Hopf bifurcation occurs (3.5.15) implies

that n eigenvalues of J01, 6) are exactly the n eigenvalues of A01). Thus, both full

system and reduced system are bifurcating at the same bifurcating parameter [1* = [1*

when 6 is small.

Also, we can see that one of the eigenvalues of J01, 6) crosses the imaginary axis

transversally if and only if the corresponding eigenvalue of A01, 6) does. Therefore,

we are able to state the persistence of the bifurcation as well as the critical value of

the bifurcation parameter are same. We have thus proven 1-3, given for fast external

dynamics in section 3.3, for the slow external dynamics.

The periodic orbits structure of the reduced system with fast or slow external sub~

system for small perturbation is described by Theorem 13.1 in [5]. It has been proven

that the periodic orbit of the full system j is hyperbolic in case the orbit of reduced

system '7 or 7y is hyperbolic. Moreover, '37 and the period of 6‘) depends smoothly on

the perturbation 6. This implies the persistence of the periodic orbits for the reduced

system.

3.6 Persistence of the Center Manifold [19]

The only question to be answered is if the center manifold dynamics persists in the

reduced system when the saddle-node bifurcation occurs in the full system. There is

no general conclusion for nonlinear dynamic systems. Here we consider the linearized

model of the nonlinear systems. The generalized singularly perturbed nonlinear

system can be represented by:

at = f(-r,y.6)

i! = 9($,y.6)
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where a: E R", y E R“.

The linearization around the equilibrium point (2:, y, 0) is:

     

. - r - - -

6:1 sz Dyf Dcf 617

53) = D19 Dyg Deg 5y

(56 0 0 0 66-] 

If

Re/\,~(Dxf) < 0, ReAJ-(Dyg) = 0

for 1 S i S n, 1 g j S 771, there will be m + 1-dimensional center manifold.

The persistence of (m+1)-dimensional center manifold dynamics in the unperturbed

system (6 = O) is guaranteed in [19] by applying overflowing invariant manifold

theory when Re{)\(Dyg)} = 0 if Dyf , D6 f, and ng vanish at the equilibrium point.

For a power system this can be the case if we recall the a-decomposition theory [22],

where due to the sparse nature of power systems the dynamics can be represented

in the block diagonal form.

By adding a small C°° “bump” function an overflowing invariant manifold (the center

manifold) is well-defined. The persistence theorem for overflowing invariant mani-

folds is thus applied (see details in [19]). Therefore, we can state that the center

manifold dynamics of the reduced system will approximate that of the full system

for the small perturbation.

The persistence of center manifold for the full system in the reduced system helps

assure the center manifold of the full system is captured in the bifurcation subsystem

by assuring it persists for both fast and slow reduced models. This theory is not in [2]

and [3] but is essential to the results that the center manifold dynamics of the full

system lies in or within the bifurcation subsystem.

It has been proven that the center manifold dynamics of the full system persists in
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the reduced system. The statements in section 3.5 not only show that the bifurca-

tion point and the equilibrium point of the reduced system are close to that of the

full system of order 6, but also assure that the dynamic behaviors of the reduced

system will persist around the equilibrium point at the bifurcation point. When

Hopf bifurcation occurs the periodic orbits, the frequencies of the periodic orbits,

and the center manifold dynamics of the reduced system will be close to that of the

full system. Thus, it can be concluded that the critical bifurcation parameter value,

the frequency of the periodic solution are invariant, and the periodic orbits of the full

system persist in the reduced system for the full system with slow external dynam-

ics. Thus, it can be concluded that the invariance properties (b)-(d) for singularly

perturbed fast external dynamics do hold but not exactly the same for singularly

perturbed slow external dynamics.

Remarks:

1. The persistence of Hopf bifurcation with slow external dynamics under sin-

gular perturbation cannot be guaranteed by merely rescaling the system with

different time frame and applying method in [4]. Since the rescaled system

is given by equation (3.5.9), if we used the method in [4] we would have the

conclusion that the persistence of Hopf bifurcation of the full system when

Hopf bifurcation occurs in subsystem 9, rather than f. Remember that we are

still studying persistence when the HOpf bifurcation occurs in i: = f (as, y, 11, 6).

Thus, there is a need for the results of the generalized form given in [5].

2. In [5] the perturbation also acts as a bifurcation parameter. The only difference

is the dimension of center manifolds of the reduced system and the full system

models (see equation (3.4.4)).

The persistence of Hopf bifurcation for full system with singular perturbed slow and

fast dynamics can be summarized here.
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Proposition 3.6.1

When the reduced system undergoes Hopf bifurcation at equilibrium point 771* (with

fast external dynamics) or 771* (with slow external dynamics), for any p > 0 there

exists 60 such that the differences between equilibrium point 771*’“"‘, the period and

the size of the periodic orbits ”PM", the bifurcation parameter [1*"‘"* of the full

system and those of the reduced systems are no more than p for 0 < 65 < 60, where

i = 1 for fast external dynamics and i = 2 for slow external dynamics. There exist

constant T such that the center manifold M Wj‘(771*’“"‘) — Wf(771*”‘"*) HS 6’, and

[I W}: (771*”‘"") — Wj‘(771*”‘"") HS 6”, for t = T, where 6’, 6" E (0, 60).

From Proposition 3.6.1, the reduced system not only preserves the parameters of

the full system, but also preserves the dynamic behaviors of the full system at the

bifurcation point.

3.7 Hopf Bifurcation Subsystem

In the definition of saddle-node bifurcation subsystem only the right eigenvector of

the bifurcating eigenvalue is used. When the Hopf bifurcation occurs, there will be

two right eigenvectors involved. Before we proceed to define the Hopf bifurcation

subsystem we will show that only one of the right eigenvectors is required to describe

the system response and thus define the bifurcation subsystem for Hopf bifurcation.

Proposition 3.7.1 Consider the linear system:

:1': 2 Ar (3.7.16)

where A E Rnx". Only one eigenvector of the conjugate complex eigenvalues is

needed to represent the solution of (3.7.16).
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Proof:

The states of (3.7.16) can be expanded in terms of right eigenvector as:

:1: = 2?:,z,-w,

where w.- is the i“ right eigenvector of A.

The scalar coefficient 2,- can be obtained by pre-multiplying the 1"" left eigenvector

vi. Due to the orthogonality of right and left eigenvectors we can see that:

z,- = via:

Substituting 2, into (3.7.16) gives:

2, = /\,~z,~

Thus,

2,- = eA“z,~(0)

Let A), = 01,, + jflk and Ar“ = A: be the eigenvalues of A, where H represents the

complex conjugate.

:1: = Eleeiitwizim)

= *‘1‘6*“wizs(0) + 6“’**"”*)‘wkzk(0) + e‘“*"’"k"wk+izk+1(0) + >3?=1+2e*“w.-z.(0)1:

= i-ileA“w1z1(0) + $f=k+2emwizdol + 60*tAZk(0) + eaktAHZka)I:

where A = e’fik‘w)c and note that wk = 111,13“.
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Let’s calculate each element of A,. Denote l‘h element of A,- by A1,-

  

A,, = (cos Bkt + jsin fikt)(Re{wk,} +j1m{wk,})zk(0)

Rh 1k] . . RIC; . 1k;

= w —cos t— s1n t + Sin .t+ ——cos 1 z 0
l k1l{llwkl Bk [wkrl Bk l J[lwk1| Bk [wkr] l3"? l} k( )

where R1,, = Re(wk,) and 1),, = Im(wk,).

Let tan ¢k1 = [kl/RIC]. Then, cos (75k, = “24:17 and sin (bk, 2 Elf—l. A,, can be rewritten
l l

as:

A,, 2 link, [{[cos (bk, cos Bkt — sin 5,, sin Bkt] + j[cos qbk, sin Bkt + sin (bk, cos Bkt]}zk(0)

= [wk,|{[cos(,8kt + 51,) + j sinwit + 71,)i}zk(0)

[wk] [81(Bkt+¢k, )3}: (0)

For the real matrix A, the eigenvalues of A are either real or complex conjugate.

Also, zk and zk+1 are complex conjugate. Therefore, the imaginary parts disappear

and the solution of (3.7.16) can be written in the form of:

:13, = 2?:160“|wi,|[cos(B,-t + di,)Re{z,(0)} — sin(fl,~t + ¢,,)Im{z,(0)}]

where i = 1,3, ...,n — 1, and :13, is 1‘” state of the system. This reveals the time

response can be represented by only one of the conjugate eigenvectors, and the mag-

nitude of the time response is determined only by the magnitude of the eigenvector.

Analogous to saddle-node bifurcation subsystem Hopf bifurcation subsystem is de-

fined with only one of the conjugate eigenvectors of the bifurcating eigenvalue ac-

cording to Proposition 3.7.1:

Definition 3.7.1: The reduced-order subsystem (2.2.7) with linear model (2.4.13),

where y is constant and Ag is assumed to be zero is called a bifurcation subsystem
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for Hopf bifurcation if following conditions are satisfied:

1. A22 — ijI is nonsingular, so that the fast subsystem linearized model A7: =

[(1411 — jbdoI) — A12(A22 — jw01)-11421](fl)AI IS well-defined.

2. The fast subsystem linearized model [All — A12A2‘21A21]01) has an eigenvalue

A01) with an R"1 eigenvector 7101) such that A01) —+ jwo as 11 -—> [1*.

3. The bifurcation subsystem linearized model A“ 01) has an eigenvalue A01) with

an R"1 eigenvector 7101) such that 5.01) —-> jwo as 11 —> [1*.

A11 - jon A12 «1. “71(19‘) 0 ,. ,1 “310?)

4° . (ll: ) = ' 7 w(:“' l = A ,.

A21 A22 — onI “1201") 0 ] 7112013)

is the right eigenvector of A([1*).

5. 771* = (i:*,3]*,[1*) and 771 = (:7:*,y*,[1*) are C(61) and 0(62) close to 771* =

6. 7101*) and 7101*) are respectively 0(61) and 0(62) close to 7101*) = 6210?), and

A01“) and :\([1*) are respectively 0(61) and 0(62) close to 3.01“).

Theorem 3.7.1: The sufficient conditions for Hopf bifurcation subsystem to exist

is that near [1* the following conditions hold for some nonzero R”l eigenvector €101)

component of 11101):

N (All - jon)f1(p) [I —> 62 + H.0.T(62) (3.7.17)

ll [14120422 -jon)-1A21l?1(fl) [I E (01630] (3.7.18)

as it -+ it", the“ H [(An — jon) — A120422 — jw01)_1A21l9(#) I]6 (07610] 33 it —> [1"-

Proof:

The proof is omitted here.
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Correspondingly, (3.7.17) is bifurcation subsystem condition and (3.7.18) is geometric

decoupling condition. As we will show in next chapter the bifurcation subsystem

condition and geometric decoupling condition are used to identify the saddle-node

or Hopf bifurcation subsystem.

It has been proven that only one of a pair eigenvectors is needed to represent the

system state response. Again only one of the pair of complex conjugate eigenvectors

is required to develop the bifurcation subsystem condition and geometric decoupling

condition. To see this

{(A — jw01)w,}H = 0

i.e.,

(A +jw01)w,—H = 0

where —jw0 is another eigenvalue of the pair of the bifurcating eigenvalue, and w,”

is the corresponding eigenvector.

The center manifold dynamics of the full system lies in the bifurcation subsystem

since :Ewo are eigenvalues of A11, A22 —ijI is nonsingular, A12[A22 —jon]‘1A21u,- =

0 and because the center manifold of the full system and reduced system are identical,

and the center manifold periodic trajectory is sufficiently close to the equilibrium.

If A21u, = 0 the center manifold of the full system is contained in the bifurcation

subsystem. This result is extremely important because it allows the bifurcation

subsystem to represent the center manifold in large systems, avoids the computation

of the nonlinear transformation required to obtain the center manifold dynamics,

allows one to easily find the physical variables that are bifurcation parameters, allows

selecting measurements and controls for the bifurcation subsystem that stabilize the

full system after bifurcation, and allows easy identification of causes and cures in

terms of physically meaningful parameter changes in the bifurcation subsystem and

finally allows developing robust control.
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Chapter 4

Bifurcation Subsystem

Identification

4.1 Objective

The objective of this chapter is to develop a bifurcation subsystem identification

method which is capable of obtaining a relatively small dimensional bifurcation sub-

system. The smallest bifurcation subsystems should contain the right eigenvector

elements with the largest magnitudes. Thus, testing for a bifurcation subsystem

using the bifurcation subsystem condition and geometric decoupling condition for

increasing order bifurcation subsystem model should be performed on a system ma-

trix reordered based on right eigenvector element magnitudes until the bifurcation

subsystem condition and geometric decoupling condition are satisfied. The equiva-

lent system produced by reordering the state matrix based on the magnitude of the

right eigenvector is proven to bifurcate when the original system undergoes bifur-

cation. It is also proven that the geometric decoupling and bifurcation subsystem

conditions must only be tested on one of the pair of complex eigenvalues/eigenvectors.
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We then develop and theoretically justify a bifurcation subsystem identification al—

gorithm. The bifurcation subsystem condition and geometric decoupling condition

are extended in section 4.3, and this reveals that the existence of bifurcation subsys-

tem requires much weaker conditions that have been required for slaving [27], model

reduction [12], coherency reduction [14], and a-decomposition [22] methods.

4.2 Bifurcation Subsystem Identification Algorithm

Suppose (3.6.16) is the linearized model of system i: = f (:1) at an equilibrium. When

the bifurcation occurs in a neighborhood of the equilibrium

(A — jw01)w,- “—— 0 (4.21)

holds strictly, where we is the imaginary part of the bifurcating eigenvalue, and

u.

too = 0 for saddle node bifurcation. w,- = 1 is the corresponding eigenvector of

91‘

the bifurcating eigenvalue.

Partitioning A into form of:

A11 A12
A :

A21 A22

to represent internal and external subsystems. By Schur’s Theorem equation (4.2.1)

can be rewritten as:

(A11 -" jw01)u,-— A12(A22 — deoI)—1A21’U,i :- 0 (4.22)

for nonsingular A22 — jon, where y,- = -A12(A22 — ijI)‘1A21u,-.

To identify the subsystem which not only experiences, produces, but also causes the
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full system bifurcation to occur, (4.2.2) is broken into two separate conditions:

(A11 — jtdoI)’U.i = O

A12(A22 - jw01)—1A21ui =

which can be rewritten as:

H (A11 —jw01)Ui I]: 0 (4.2.3)

[] A12(A22 '— jw01)_1A21u, I]: 0 (4.24)

by introducing some kind of matrix norm. (4.2.3) is called bifurcation subsystem

condition, and (4.2.4) is called geometric decoupling condition.

Remarks

1. When saddle-node bifurcation occurs (4.2.3) and (4.2.4) are reduced to (2.4.16)

and (2.4.17).

2. When Hopf bifurcation occurs only one of the pair of the eigenvalues and the

corresponding eigenvectors is required to develop the bifurcation subsystem

condition and geometric decoupling condition as we have stated in Chapter 3.

We are interested in finding the relatively small-dimensional bifurcation subsystem

in which very few states involves. From Proposition 3.6.1 we know that the mag-

nitude of time response is determined by the magnitude of right eigenvector. Also,

right eigenvector is an approximation of the center manifold around the equilib-

rium point. It is reasonable that we develop a bifurcation subsystem identification

algorithm according to the magnitude of the right eigenvector. We can find a non-

singular similarity transformation L, which will reorder the rows and columns of

matrix A — ijI and eigenvector 711,- such that bifurcation subsystem and geometric
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decoupling conditions (4.2.3), (4.2.4) hold for the reordered system. The similarity

transformation matrix L satisfies:

L—l : LT

The following proposition is required before giving the bifurcation subsystem iden-

tification algorithm.

Proposition 4.2.1 The full system undergoes a bifurcation, i.e., (4.2.1) is satisfied,

if and only if the reordered system bifurcates.

Proof:

The reordering process is realized by pre-multiplying w,- by the unitary transforma-

tion matrix L, and pre-multiplying and post-multiplying A by L, which gives:

A’ = L‘IAL

I_ -l

wi—L H),-

where A’ and w; are the reordered Jacobian and right eigenvector, respectively. Then

the reordered system undergoes a bifurcation if:

(A' —jw01)w; = 0

We also have:

(A' — jw01)w; = L’lALL”1w,- —- jw0L_1w,-

= L'lAw, — jwoL‘lwi

= L"1(A — jw01)w,-

= 0
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when bifurcation occurs. Since the unitary matrix L is nonsingular and the right

eigenvector is nonzero, it has been shown

(A' —- ijI)w; = 0 4:) (A — jw01)wi = 0 (4.2.5)

This assures that we are able to develop the bifurcation identification algorithm that

searches for the bifurcation subsystem based on a reordered state matrix A’ and w;

where the elements of w; are ordered based on their magnitude so that the 3"" largest

element of w,- is {w:}j. This process can be performed by pre—multiplying a series of

similar transformation matrix L1, L2, - - -, LC, 0 g k g n, and L = L1L2 - . - Lk, as

indicated above.

Correspondingly, the reordering process for A should be performed so that all the

rows and columns of A are reordered as above.

 

Define:

Nz'k = II (All -J'¢001)uic ll (4-2-6)

Cf = H Aid/4'32 —jw01)—1A’§1Uf H (4-2-7)

N?
Rf = C, (4.2.8)

. . Ah A'fz
where k = 1,2, - - o, n which denote the 19‘” order partition of A = so

«451 A52

that A'fl is k‘h-order square matrix, and if the saddle-node bifurcation occurs, just

set can = 0.

N!“ is a norm of the k-dimensional vector that measures how close the subsystem A11

for the 2"" bifurcation mode is to experiencing the bifurcation. C!“ is a norm of the

k-dimensional vector and measures how small the coupling is between the k‘h-order

subsystem and the (n — k)"‘-order external system for this it” bifurcation mode.
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Performing a series of tests on the reordered system will find a slow subsystem of

the full system that has bifurcation and is decoupled from the remainder of the full

system. The bifurcation subsystem identification algorithm is given here.

Algorithm 4.2.1 Bifurcation Subsystem Identification Algorithm:

1. Sort the right eigenvector based on the magnitude of each element. The element

with the largest magnitude would have the smallest indices, and the element

with smallest magnitude would have the largest indices in the sorted eigenvector

I

211,.

2. Reorder the state matrix A by exchanging the corresponding rows and columns

as performed to produce w; from 112,.

3. Let k = I calculate N," and Cf using (4.2.6) and (4.2.7), respectively.

4. If both N,’c and Cf are sufficiently small the bifurcation subsystem condition

and geometric decoupling condition will be satisfied, thus the k‘h-ordered sys-

tem is a bifurcation subsystem. If not, set k = k + 1 and test the (k + 1)”-

ordered subsystem using (4.2.6) and (4.2.7).

5. If k > n and N!“ and Cf are not sufficiently small the bifurcation subsystem

identification algorithm fails.

6. End

The measure to decide what is producing the bifurcation is the ratio Rf. Note that

Rf = 0 occurs when the real part of the eigenvalue of A11 is zero and bifurcation

subsystem condition is satisfied. If All is singular, then the development of geometric

decoupling which produces the bifurcation in the subsystem will also produce the

bifurcation in the full system.
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If Rf >> 1 when the real part of the eigenvalue A,- approaches zero, the bifurcation

subsystem condition is not satisfied. Then the development of the bifurcation in the

subsystem A’fl produces the bifurcation subsystem and produces the bifurcation of

the full system.

If Rf z 1 when the real part of the eigenvalue A,- approaches zero, then both geo-

metric decoupling condition and bifurcation subsystem condition develop together

to produce the bifurcation subsystem and produce the bifurcation in the full system.

Remarks:

1. Bifurcation subsystem condition and geometric decoupling condition suggest

the use of only one of the conjugate eigenvectors in the case of Hopf bifurcation.

This is because we are testing the magnitude of (A’u — jw01)u§ and A’12( ’22 —

jon)'1A§1u’- and from Proposition 3.6.1 we know the magnitude of time
1 1

response is determined by only the magnitude of the right eigenvector.

2. The bifurcation subsystem has been proven to experience, produce, and cause
 

the bifurcation in the system model. The bifurcation subsystem experiences,

produces, and causes the bifurcation because:

(a) the bifurcation subsystem condition is satisfied which is a test for bifur-

cation in the bifurcation subsystem when the external system is assumed

slow (y 2 yo). The persistence of saddle-node and Hopf bifurcation are

proven in Chapter 2, and 3 when external subsystem is slow.

(b) the geometric decoupling condition and bifurcation subsystem condition

together assure that the full system experiences bifurcation when the ex-

ternal subsystem is simultaneously both fast and slow. This is also proven

in Chapter 2, and 3, along with the persistence of bifurcation in both the

cases when the external subsystem is fast and when the external system
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is slow. Thus, the bifurcation persists in the bifurcation subsystem.

The external system is considered to be simultaneously fast and slow re-

quires the simultaneous satisfaction of bifurcation subsystem condition

and geometric decoupling condition. Bifurcation is proven to occur in the

bifurcation subsystem A11 simultaneously with that of the full system A

given that the external system is slow. Given that the external system

is assumed to be slow (requires testing for singularity of A11) and simul-

taneously be fast (requires testing of singularity of A11 — A12A2’21A21),

then one assures the geometric decoupling condition to be satisfied along

with the bifurcation subsystem condition. This assures the external sys-

tem does not respond as observed by the bifurcation subsystem when the

bifurcation subsystem is experiencing bifurcation.

Thus assuming the external system is fast and slow when bifurcation

occurs in the system, which is used to prove bifurcation subsystem and

geometric decoupling conditions in turn justifies the assumption that the

external subsystem is slow because it either does not respond, and thus

is not observed by the bifurcation subsystem, or is fast to show it can

respond, but is not observed by the bifurcation subsystem. The theorems

in next section will clarify when external system does not respond and

when it will respond and yet not be observed by the bifurcation subsystem.

the change in the geometric decoupling and/or the bifurcation subsystem

conditions whether it is solely the geometric decoupling condition, the

bifurcation subsystem condition, or both that produces the bifurcation in

the bifurcation subsystem and full system.

the cause of the bifurcation in the full system is the operating change,

equipment outage, or combination that results in the bifurcation subsys-

tem condition change, the geometric decoupling condition change, or both
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that produce the bifurcation in the full system.

4.3 Extension of Bifurcation Subsystem and Ge-

ometric Decoupling Conditions

Theorem 4.3.1 Assuming the system matrix is reordered based on the magnitude

of the right eigenvector elements at the bifurcation point, the bifurcation subsystem

identification algorithm will find the bifurcation subsystem if A22 — jwol is nonsin-

gular and A21 is column dependent such that A2121,- 2 0.

Proof:

When the saddle bifurcation occurs to the full system the Jacobian satisfies

A11 A12

A21 A22

where Aim) is the bifurcating eigenvalue, p is the bifurcation parameter, and w,- =

“3'

IS the corresponding eigenvector.

311'

From equation (4.3.9) we have

Allu, + Any,- 2 0 (4.310)

A21Ui + «422% = 0 (4.3.11)

It will now be proven that both the bifurcation subsystem condition and geometric

decoupling condition are satisfied.

78



If A21 is column dependent such that A2114,- 2 0, equation (4.3.11) gives

A2291 = 0

which implies y,- = 0 since A22 is nonsingular. Thus, equation (4.3.10) yields

Allu, = 0 (4.312)

The bifurcation subsystem condition is satisfied.

Also, we have

yr = —A2_21A21ui = 0

Therefore,

Algyi = —A12A§21A21u,- = 0 (4.313)

Equation (4.3.13) shows that the geometric decoupling condition holds.

The combination of equation (4.3.12) and (4.3.13) assures the existence of the sad-

dle bifurcation subsystem. Therefore, ranking the magnitude of right eigenvector

elements will identifying the bifurcation subsystem since the ranking of w,- will of-

ten identify a bifurcation subsystem because often y,- = 0 outside the bifurcation

subsystem and u, 74 0 inside the bifurcation subsystem.

In the case of Hopf bifurcation condition (4.3.9) is satisfied for A,- = :1:ij and it can

be rewritten as

A — 'w I A U5

1‘ J 0 12 =0 (4.3.14)

A21 A22 — jon Eli
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which gives

(A11 — jw01)u,- + A1294 = 0

142111;“ + (A22 — jw01)yi : 0

If A21 is column dependent such that A2124,- 2 0 we have (A22 — jw01)y,- = O and

y.- = 0 if (A22 —- jon) is nonsingular. Therefore,

[All — jw01]u, = 0

which implies the bifurcation subsystem condition holds.

On the other hand A2114,- 2 O can be rewritten as

—A12(A22 — jWOI)-1A21ui = 0

and the geometric decoupling condition is thus satisfied. Therefore, the ranking of

magnitude of right eigenvector will identify the Hopf bifurcation subsystem.

The right eigenvector is the approximation of the center manifold because the right

eigenvector is tangent to the center manifold at the equilibrium point. The right

eigenvector indicates the direction in which the center manifold trajectories approach

the equilibrium point. When y,- = 0, the center manifold is totally included in the bi-

furcation subsystem. The external subsystem thus does not include any information

on center manifold, and the bifurcation subsystem contains the center manifold.

Having completed the proof of Theorem 3.1 the discussion is resumed with can 2 0

for saddle-node bifurcation even though the discussion can be extended to Hopf

bifurcation (too 76 O). The bifurcation subsystem not only experiences bifurcation due

to the bifurcation subsystem condition (Ana, 2 0), but also produces the bifurcation
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in the full system due to geometric decoupling (A12AQ21A21uz- = 0) between the

bifurcation subsystem and the external subsystem. In the case where y,- = 0, the

external system does not respond at all to the bifurcation because A2114.- = 0 which

results in geometric decoupling (A12A§21A21u,- = 0) without allowing response (y,- =

—A2"21A21u,-) in the external system. This special case more clearly points out the role

of the bifurcation subsystem, i.e., a subsystem that experiences, produces, and causes

the bifurcation in the system and center manifold. The bifurcation parameter change

that causes bifurcation to occur in the full system is either in An, or A21, or both

(which represents the internal bifurcation subsystem dynamics and its coupling to

the external system). The above discussion can be generalized for Hopf bifurcation.

If the dimension of A11 is not 1, we have a bifurcation subsystem with larger di-

mensions than the center manifold. This suggests the center manifold is oriented

within the bifurcation subsystem so that all parameters in matrices A11 and A12 in

the bifurcation subsystem play a role when bifurcation develops along the center

manifold and in the full system model. The advantage that y,- = 0 occurs is that all

the parameters that may affect the bifurcation subsystem lie within the bifurcation

subsystem or its boundary. Moreover, a minimum and maximum estimate for the

bifurcating eigenvalue of A11 may be developed [22] that determines the structural

parameters of A11 and A21 which play an important role of causing bifurcation in

this case. All this information will generally be lost by using a nonlinear transfor-

mation to obtain center manifold dynamics as the approximation of the full system

dynamics.

The maximum estimate for the bifurcating eigenvalue of A11 is a measure of the sat-

isfaction of geometric decoupling condition in the loadflow model [7]. The minimum

estimate of the bifurcating eigenvalue measures the satisfaction of bifurcation sub-

system condition in the loadflow model [7]. Both need to approach zero to assure the

existence of bifurcation subsystem. Similar results may be derived in a differential
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or differential algebraic model if maximum and minimum estimate of the bifurcating

eigenvalues of bifurcation subsystem are derived and the loadflow model based di-

agnostic methods for identifying causes and cures of bifurcation are applied to these

eigenvalues estimates.

When y,- = —A2‘21A21u,- # 0 because A2114,- ¢ 0, geometric decoupling condition

A12A2-21A21 u,- = 0 can still hold if Amy, 2 0, A2721 is very small in some direction,

or a combination of column dependency of A21, column dependency of A12, and

smallness of A2721 occurs in some direction associated with the right eigenvector of the

bifurcating eigenvalue of the bifurcation subsystem Ail = Allel. The bifurcation

subsystem still experiences bifurcation due to the bifurcation subsystem condition,

still produces the full system bifurcation because the geometric decoupling condition

holds (A12A22—1A21Ui = 0) even though y,- 79 0 but now

1. y,- 75 0 implies the external system responds to the bifurcation (it may respond

more than the bifurcation subsystem H y,- ||>|| u, M if condition in Theorem

4.3.2 holds) and thus the energy of center manifold dynamics leaks out of the

bifurcation subsystem due to strong coupling to the external system dynamics

2. The external system model A22 and the coupling matrix A12 can also determine

when geometric decoupling is satisfied and not just A21. This does not imply

that the external system model dynamics described by A22 is always expected

to play a major role in determining when the geometric decoupling condition

holds. The experience is that it can but generally column dependency of A21

(A2114,- = 0) or column dependence of A12 (Amy, = 0) is the cause of geometric

decoupling.

3. If y.- is large as may be possible from Theorem 4.3.2, the bifurcation sub-

system still provided accurate assessment of the subsystem experiencing and
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producing the bifurcation even though the modal shape (magnitude of the right

eigenvector) that reflects response due to the bifurcation is large outside the

bifurcation subsystem. Theorem 4.3.2 and Theorem 4.3.3 explain why this is

possible and why the use of modal analysis to explain why instability occurs

can be misleading.

For Hopf bifurcation, it will be proven that one can describe the surface of center

manifold by the real and imaginary parts of right eigenvector for eigenvalue A.- =

jwo, rather than determining the eigenvectors for both jam and —jwo. When Hopf

bifurcation occurs, the center manifold is the surface that can be described by the

real and imaginary parts of the eigenvector, which can be determined by

(An -jon)(Re{u.-}+j1m{ui})+ A12(Re{yi}+j1m{y,~}) = O

A21(R€{Ui}+j1m{ui})+(A22 — jw01)(Re{yi} + j1m{yi}) = 0

When A21 is column dependent the bifurcation subsystem condition, and geometric

decoupling condition are both satisfied.

If A21 is column dependent such that

A21(Re{ui} + jIm{u,-}) = 0

and A22 — ijI is nonsingular it is required that

(A22 —jw01)yi = (A22 — ijI)(Re{y,-} + j1m{yi}) = 0
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that implies

Re{y,~} = 0

Im{2 ,} = 0 (4.3.15)

or just y,- = 0. If y, = 0, then

(A11 — deoI)Ui : (A11 —ij1)(R€{Ui} +jIm{u,}) :- O

which results

A11R6(u,)+w01m(u,) = 0

A111m(ui)—w0Re(u,-) = 0 (4.316)

The geometric decoupling condition simply becomes

A21R€(U,‘) ‘2 0

A211m(u,-) = 0

This again requires the real and imaginary parts of u.- and y,- satisfy the specific con-

ditions for the Hopf bifurcation in the bifurcation subsystem. These conditions are

based on only one eigenvalue A.- = jwo rather than both A.- = jam and A,“ = -—jwo.

Since the above conditions (4.3.15) and (4.3.16) are satisfied for A,“ the center

manifold may be determined solely based on one eigenvector w,- since Re{w,-} and

Im{w,-} are orthogonal and describe the surface of the orbit produced at bifurcation

point. The bifurcation subsystem and geometric decoupling conditions were broken

into real and imaginary parts conditions. Then the bifurcation subsystem is also

determined by just one eigenvector. When y.- = O, the real and imaginary parts of
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eigenvector tell us if the center manifold is inside the bifurcation subsystem or not.

This again shows that the external subsystem does not experience, produce, or cause

bifurcation, and the bifurcation subsystem contains the center manifold orbit.

Theorem 4.3.2 The ranking of the right eigenvector elements in Algorithm 4.2.1

is incorrect for identifying the bifurcation subsystem if

 

g(A21) 2 m\/min(n -— m, m) 6(A22 -ijI)

where g and 6 represent the minimum and maximum singular values, n is the di-

mension of right eigenvector mi, and m is the dimension of yi.

Proof.

The singular value decomposition of A21 is given by

Z O .

A21 2 U V”

0 0

where U, V are m x m, (n — m) x (n — m) unitary matrix, respectively. 2 =

diag(ol, 02, ...ot),t E [1, min(m, n — m)].

Define A31 as Moore-Penrose generalized inverse of A21

2

Therefore, when wo = 0 from equation (4.3.11) we have

_ +

“2‘ — ‘1421 A223].



Taking 2-norm of both sides gives

ll “1' ”2 = H ‘1431442292' ”2

S “1431 ”F ' ll A22 HF ' II 312' ”2

—-1

0 H

= H V U llF ° ll A22 IIF - H y.- ”2

0 0

i.e.,

—1
2 0 H

H u,- “2‘5” V U HF ' ll A22 HF ° N y.- H2 (4-3-17)

0 0

Since V, U are unitary matrices equation (4.3.17) can be rewritten as

2—1

0

|| ui ||2S|| IIF ° ll 422 HF ° H y:- ||2 (43-18)

The following vector and matrix norm inequalities, which hold strictly

II a “mm-SH 0 H23 \/1—n_|| a “max

5(4) S” A IIFS vmin(l,m) 5(4)

where a is m—dimensional vector, and A is l x m matrix, will be used to complete

the proof. We thus have

 2‘1 0 2‘1 0

|| ”pg \/min(n — m, m) 6( ) (4.3.19)

0 0 0 0

H A22 “pg V min(m,m) 6(A22) (4.320)

ll yi “23 M ll 91' “max (4.3.21)
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Substituting equations (4.3.19), (4.3.20), and (4.3.21) into (4.3.18) yields

2‘1 0

)m 6(A22)\/fi ll yi “maxll “1' H23 \/min(n — m,m) 5(

0 0

 

Noting that

H a “mars“ ‘1 “2

 

 

 

 

 

 

we have

—1

H u,- llmazS m\/min(n — m,m) 5( ) 6r(A22) ll yi “max (4-3-22)

0 0

Since 2 = diag(ol, 02, ...ot) it is clear that

_ 2‘1 O 1 1

a( )= = (A )
0 0 l 53 0 g_ 21

g(

0 0

Inequality (4.3.22) becomes

II 4 nm..< mxflmnm — m m)—1—a(422) n y.- um...
I — ’ 2(A21)

i.e.,

H “'1' “mas: . 6(A22)

-——— < m mm n — m,m

H y.- n... - ‘f ( )g.(A21)

If

(4.3.23)
 

Q
I

i
s

{:
3_o_(A21) 2 m min(n — m, m)

then

H ui ”ma:r_<_|| yi ”max
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must hold when the bifurcation occurs.

Therefore, the algorithm based on the ranking of the right eigenvector to identify

the bifurcation subsystem will not generate the bifurcation subsystem correctly if

inequality (4.3.23) is satisfied.

This result suggests that even though the right eigenvector is tangent to the center

manifold at the equilibrium point it may not predict the dynamics that experience,

produce, and cause the bifurcation. It is expected that the center manifold ex-

pressed in the nonlinearly transformed variables has 1 nonzero state for saddle-node

bifurcation and 2 nonzero states for Hopf bifurcation. The bifurcation in the phys-

ical variables is not necessarily so clear and can be totally misleading. The center

manifold lies in the bifurcation subsystem since the dynamic properties and center

manifold are preserved in All, but may not contain the states where their responses

are most clearly observed. This is the first theory known to suggest that this is

possible.

The coupling of multiple interarea modes was observed in [25] where it is shown that

the dominant part of the right eigenvectors of all coupled modes indicate the subspace

of the system that experiences these oscillations, and that the right eigenvector for

any individual mode does not provide this information.

Nonlinear modal coupling is known to distort the behaviors that are predicted by its

linear behavior [15]. The modal coupling may be explained solely by the overlapping

of bifurcation subsystems (where the bifurcation subsystems for two modes may

have common states). It may be possible that modal coupling could occur when

bifurcation subsystems do not overlap if their responses caused resonance outside

their bifurcation subsystem as indicated in Theorem 3.2.

These effects could be investigated in future research.

88



Theorem 4.3.3 The bifurcation subsystem condition and the geometric decoupling

condition hold when full system bifurcates if A22 — ijI is nonsingular and A12 is

column dependent such that

[I A1294 ll: 0

Proof.

When the full system bifurcates equation (4.3.11) gives

yi = —(A22 — ij)-1A2lui

if A22 -— ijI is nonsingular. Since A12 is column dependent such that

H Any. ll: 0

when wo = 0. We obtain

A12Aé-21A21U1‘ = 0 (4.324)

which tells that geometric decoupling condition is satisfied.

According to Schur’s theorem, the bifurcation of full system occurs when

A11?“ - flu/42311421114 = 0 (4.325)

From equation (4.3.24) and (4.3.25)

14111“ = O (4.326)

Le. , . . . . .
’ the bifurcation subsystem condition 18 also satisfied.

E .

quatlons (4.3.24) and (4.3.25) assure the existence of bifurcation subsystem which

expe ‘ . . . .

I‘lence, produces, and causes the bifurcation. When A12 13 column independent
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in the direction of y,-, bifurcation subsystem and geometric decoupling conditions can

still be satisfied due to matrices A12, A22, A21, or the combination of the matrices. It

is hoped that this condition is the most common manner for producing bifurcation

subsystems because it will likely identify very small-dimensional subsystems since the

number of rows of A12 is very small and the number of columns is very large. This

should make it relatively easy to find bifurcation subsystem based on Amy 2 0.

Theorem 4.3.4 When the smallest singular value of A22 — ijI is much more

greater than the sum of magnitude of elements in A21, i.e.,

Q'_(A22 — jon) >> M [[ A21 “sum (4.327)

and [I A12 ||<< 1, then the bifurcation subsystem exists.

Proof:

When the bifurcation occurs in the full system, equation (4.3.11) gives

92‘ = _A2_21A2lui

when Lao = 0, Taking 2-norm of both sides gives

H y.- l|2 = H A22/421% “2

S “/1221 “F ' ll A21 HF ' H u, ”2

_<_ vmin(m,m) 5042—21) H A21 HF ' H “i ”2

l

= m——— A - u,-fawn)“ 21 “F ll ”2

Since

max(6(A), [l A [va [l A “i1,” A llsum) S” A “sum (43-28)
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we have

 

[I 92' “23

Vm H A21 [lsum _

H U: “2

9.0422)

If20422) >> W H A21 ”sum, therefore, H y,- H2<<|l u,- “2-

Because w,- is unitary column vector we have [I y,- Hz 0, which implies that u, is

almost a unitary column vector. Since [I A12 II is very small by using a portion of

proof of Theorem 4.3.1 we can conclude that the bifurcation subsystem and geometric

decoupling conditions are both satisfied. Therefore, it will produce the bifurcation

subsystem and this bifurcation subsystem can be identified by ranking the magnitude

of elements in 10,-.

Remarks:

1. Note Theorem 4.3.1 - 4.3.4 are stated generally for too, but the proofs are given

for can 2 0. The proofs hold for both Hopf (wo ¢ 0) and saddle node (too = 0)

bifurcation.

2- It has been mentioned in Chapter 2 that external system dynamics is re-

quired to be both fast and slow for the definition of the bifurcation subsys-

tern. This brings the question about the sequence for perturbation £1 and 62

to tend to zero. It should be noted that the perturbations do not tend to

zero independently. For both saddle-node and Hopf bifurcations we first set
 

61 = 0 in (2.2.4) and obtain the reduced system dynamics with extremely fast

external dynamics, and the external dynamics can be ignored and it is repre-

Sented by an algebraic model that can be absorbed into the internal system

Which is guaranteed by assuming the hyperbolicity of the external system and

Implicit Function Theorem. This produces the slaving condition [27]. Then,

We Set 62 = 0 to obtain the reduced system with constant external state vari-

ables, which ensures that the internal system experiences the bifurcation of
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the full system. The result of 61 = 0 and £2 = 0 implies the geometric de-

coupling condition holds. The above theorems explore conditions for which

the geometric decoupling condition holds and extend results of slaving [27],

a-decomposition [22], modal analysis [12], and coherency reduction [14].

The theorems and their application will be further discussed in Chapter 5.
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Chapter 5

Applications of Bifurcation

Subsystem Method

5.1 Objective

In this chapter the bifurcation subsystem identification method derived in Chapter

4 is successfully applied to a two-area power system model. The bifurcation sub-

system identification algorithm has been implemented in a Matlab program. Taking

different parameters as the bifurcation parameter, a set of numeric examples are

COmPUted and presented in this chapter. The numeric examples here will hopefully

provide significant benefits for the H00 controller design of power system due to the

ability to protect the system from the bifurcation parameter changes that produce

the inStability in a specific bifurcation subsystem containing the center manifold

dynamics.

T ' . . .his Chapter is organized as follows: in section 5.2, the two-area system is described

b .

riefly. The scaling technique, which plays an important part in the application

of -bifurcation subsystem identification algorithm, is discussed in section 5.3. In
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section 5.4 more discussions of how bifurcation subsystem develops is given. It will

be shown that it requires much weaker conditions than that for slaving [27], a-

decomposition [22] etc. It will also be shown that bifurcation subsystem existence

is highly probable. For a single machine infinite bus system the stability depends

on the synchronizing torque and damping torque, and a set of parameters Kl-KG.

This is briefly presented in section 5.5 since this could be extended to analysis for

multimachine system. The Hopf bifurcation and saddle-node bifurcation examples

and the classification of bifurcation are presented and discussed in section 5.6.

5.2 Two-area Example System

The two-area system is shown in Figure 5.1. Two generation and load areas are

interconnected by two parallel transmission lines. There are two generators in each

area. The generators and their controls are identical except that generator 3 (G3) has

a POWer system stabilizer attached. The system is heavily stressed: it has 400MW

flowing on the tie lines from area 1 to area 2. In all cases, the active load are

modeled as 50% constant current and 50% constant impedance. The reactive loads

are constant impedance. A Matlab program was developed to perform the system

modeling and bifurcation subsystem identification. First the loadflow equation was

solved. Then, the dynamic model of the two-area system was obtained by singular

perturbed linearization. The states for each generator in the dynamic model are

represented by the number given in Table 5.1. Variables number 1 to 6 are the states

0f the generators, 7 to 11 denote the states of excitation system, 12 to 14 the states of

pOwer Sy’stem stabilizer, and 15 to 17 the states of turbine governor. All the detailed

d - .
eScrlptlon of the states can be found in [34]-
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Figure 5.1: Diagram of Two—area Example System

Number Variable Power System State

1 6 Machine angle

2 w Machine speed

3 E;

4 We:

5 Ba

6 lpkq

7 VTR Voltage transducer output

8 VAS Regulator voltage state variable

9 V3 Rugulator output voltage

10 Efd Exciter output voltage

11 Rf Stabilizing transformer state

12 P551 Washout state variable

13 P552 First lead-lag compensator state variable

14 PSS3 Second lead-lag compensator state variable

15 T91 Governor state variable

16 T92 Servo state variable

17 T93 Reheater state variable    
 

Table 5.1: States of Two—area System
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5.3 Scaling

In power system analysis, it is usually convenient to use a per unit system to normal-

ize the system variables [28]. Note that the state matrix and time must be properly

scaled as indicated in [22] for the application of a-decomposition algorithm. The

per unit system offers computational simplicity by eliminating units and expressing

system quantities as dimensionless variables compared to the use of physical units.

Actual quantity

uantit in er unit =Q y p Base value of quantity

 

A well-chosen per unit system not only can minimize the computational effort and

simplify the evaluation, but also is necessary for the system performance analysis.

For the purpose of control, the control variables should be normalized based on the

expected range of their changes. Otherwise, the comparison of system performance

of different control systems is obscured.

For example, the system frequencies should be maintained close to nominal. In most

systems, turbine speed governors are set to have either 4% or 5% droop. This implies

that the percentage change in Speed for 100% (1 pu) change in system load is equal

to the dr00p. Thus, in a 60Hz system with 4% droop , a 100% change in system

load results in a steady state change in frequency of 2.4 Hz. The scaling plays a very

important role in achieving success for the bifurcation identification algorithm.

5.4 More Discussions on Bifurcation Subsystem

Method

In Chapter 4, the bifurcation subsystem and geometric decoupling conditions were

eXtended. Before presenting the numerical examples we discuss the results in Chap-
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ter 4 briefly since this discussion will help provide understanding of how and why

bifurcation subsystems develop and that the existence of bifurcation subsystem for

a full power system model is a high probability event. This discussion will help

provide a foundation for understanding how and why an actual bifurcation subsys- I

tem develops in section 5.6 depends on all three causes of formation of a bifurcation

subsystems developed in Chapter 4.

The results in Theorem 4.3.1 - 4.3.4 document different causes for producing a bi-

furcation subsystem. In Theorem 4.3.1 the column-dependency of A21 forces the

external system eigenvector y,- to be zero. In this situation the external system does

not respond to the bifurcation subsystem at all. All the information of the full sys-

tem center manifold dynamics is then contained in the bifurcation subsystem. In

this special case we can see all the parameters that may help cause bifurcation lie

within the bifurcation subsystem.

If A12 is column-dependent, the geometric decoupling condition is satisfied immedi-

ately, i.e., the external system does respond and yi 75 0 , but cannot be observed

in the bifurcation subsystem. This can be seen in Theorem 4.3.3. The condition

yi = O is thus not necessary for the bifurcation subsystem condition and geometric

decoupling condition to hold. This becomes obvious in Theorem 4.3.2. If the ex-

ternal subsystem is changing very slowly, the external system may not only respond

to the bifurcation subsystem, but the magnitude of the external system response

may be larger than the internal system response (H y; ||>|| u.- ||). The bifurcation

subSYStem and external system must be coupled strongly and the external system

response must be slow or weak for H y,- ||>|| u.- ||. As Theorem 4.3.2 indicates, the

ranking of bifurcation subsystem identification algorithm fails when I] y,- ||>|| u,- II. A

mOdified bifurcation subsystem method would need to be developed to handle this

Case.
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Theorem 4.3.4 states that if the external system is very fast and the coupling between

the internal and external systems is weak, the bifurcation subsystem exists and the

internal system is the bifurcation subsystem.

Theorem 4.3.4 is actually the generalization of Haken’s slaving principle [27]. In [27]

the slaving principle is applicable when the external system is extremely fast (A22

is very large); and the coupling between external and internal systems is weak (this

could be shown to correspond to regular A22 to be large and A12 and A21 are small);

and the internal system is very slow. Thus, the external system is totally slaved by

the internal system. Consequently, the full system dynamics is dominated by the

internal system.

From Theorem 4.3.4 it is clear that the occurrence of slaving could be the precursor of

the existence of the bifurcation subsystem provided that A22 is invertible since in this

situation the slaving system (the slow internal subsystem) must be the bifurcation

subsystem. When slaving occurs, the full system dynamics is totally determined by

internal system. On the other hand, the bifurcation subsystem, which can contain

the center manifold of the full system, is not just trying to dominate the full system

dynamics, but contains the unstable dynamics which experiences, produces, causes,

and can cure the bifurcation in the full system.

In [22] the successful application of a-decomposition, which transforms a class of

autOllomous linear systems into a clustered semi-decoupled dynamic model that ap-

pr0Kilnates a block diagonal matrix, reveals that the weak boundary can be elimi-

nated without changing the system dynamics in the sense that the lower and upper

bouIIds of eigenvalues the decomposed state matrix can be considered constant. The

C1"decomposed system includes the intercluster (usually slow) dynamics and intraclus-

ter (usually fast) dynamics which are respectively weakly decoupled. From Theorem

4-

3‘ 1 and 4.3.3, we can conclude that the bifurcation of the full system can be caused
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by the weak boundary between fast external system and slow internal system. When

a—decomposition is applicable, the system has weak boundaries between subsystems.

This indicates the property of power systems. Therefore, the bifurcation subsystem

method is a good method to study these complex system dynamics.

Theorems in Chapter 4 indicate the special cases when a bifurcation can occur.

The extreme sparse nature of the power systems makes it easier to obtain column-

dependent A12 and A21. The power system may consists of 10,000 interconnected

buses and 1,000 generators, where no more than five interconnections can be con-

nected at any bus. Moreover, there are numerous weak boundaries in this sparse net-

work. This has been verified by the successful applications of a—decomposition [22].

A typical state matrix for the two-area system is shown in Appendix B.

To make this point clear, we will show that the satisfaction of linear dependence

condition of A12 in Theorem 4.3.1 is highly probable. Suppose the probability for

each element of the state matrix A12 to be zero or nonzero is 6' For a 2 x 2 matrix

a: *

A12 2 , the column dependent cases are

a: *

 

w
here * represents zero or nonzero elements, 0 the zero elements, and 1 the nonzero

elements only.

Fr0111 left to right, the number of column dependence cases are 4, 3 (because of one

repeated case), 1, and 1. Thus, it is easy to verify that the probability of column

dependence of a 2 x 2 matrix is 9/16. If we consider a 2 x 3 matrix by adding one

more Column, the probability of getting column dependence will increase to 52/64.

'1‘

he S'Darse nature of the power system will make the column dependence a very high
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probability event provided the number of columns of A12 is sufficiently large (this

is true for A12). Thus it should be relatively easy to find a bifurcation subsystem

for any system where A12 has few rows and a sufficient number of columns and is

relatively sparse.

5.5 Effects on Power System Stability for SMIB

Model

It has been well known that the dynamic behavior of the machine is quite different

under different operating conditions. Parameters K1 to K6 change with loading

characteristic and operating points for different machines. The definitions of K1 to

K6 and these can be found in [16].

A brief review of synchronous and damping torque coefficients of SMIB model is

given because the coefficient matrices for multiple machine models will be utilized in

the Subsequent results of this chapter.

At any oscillation frequency, the machine torque can be broken into synchronizing

torque K3, which is in phase with machine rotor angle 6, and damping torque Kd,

Which is in phase with machine rotor speed. This is broadly applied for stability

Study. Positive synchronizing torques are required to restore the rotor angle follow-

ing an arbitrary small displacement of this angle, and positive damping torque is

neces‘Sary to damp out any oscillation due to any perturbation. Therefore, a suf-

ficient and necessary condition for system stability is that both synchronizing and

damping torques are positive. For SMIB model both synchronizing and damping

torqu€ are determined by parameters K1 to K6. The coefficients of synchronizing

a.

nd damping torque are listed in Table 5.2. where:
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Lower Frequency (w < 1) Higher Frequency(w >> 1)

K5 Kd K8 Kd

K K K K K b K K K

“—72% M'F'Ks Kl‘rfifigfib 4.72%1

 

 

     
 

Table 5.2: Net Synchronizing and Damping Torque for Type-1 Excitation

T = Téng,

F _ K§K2K3K4

— b3+b¥w2

Kp Kp

M = ——K K —

K4 3 6K5

b0, b1, and b3 are functions of a synchronous machine and excitation system param-

eters [16]. The stability of the SMIB system model depends completely on the signs

of parameters K1 t0 K6.

Note Table 5.2 is based on SMIB model with a Type-1 excitation control system but

there is also a formula for K, and Kd for a thyristor based excitation system [16].

We are going to test if these conclusions still hold when bifurcation occurs to this

two—area example system. There are K1 to K6 matrices in this system and it is

assumed they are diagonally dominant so that change in a diagonal element which

OCC111's on the element associated with a single machine, will cause saddle—node or

Hopf bifurcation when X, or K, becomes zero or even negative, respectively on

a Specific machine. All the machines in the two—area example system have Type-1

excitation systems and this is why these formulas are appropriate. Only one example

that corresponds to the local oscillation will be presented in section 5.6.9.
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5.6 Bifurcation Subsystem Examples of Difi'eren-

tial Model of Power System

The bifurcation subsystem method has been applied to the loadfiow equation [7] to

predict the discontinuous parameter and control changes that cause the bifurcation of

particular eigenvalue of the loadflow Jacobian. The prediction is based on diagnosis of

the analytical expressions for the upper and lower bound estimates of the bifurcating

eigenvalue. The bifurcation subsystem method has also been successfully applied to

power system network model to identify two classes of algebraic bifurcation and all

the agents for each class [30].

In [3] a bifurcation identification method is applied to determine saddle-node and

H0pf bifurcation subsystems in a SMIB model. The saddle-node bifurcation is caused

by heavy local loading system stress, i.e., increasing the shunt inductance Gm. When

the power transferred to the infinite bus is gradually increased a Hopf bifurcation

is Produced. In comparison with a participation factor for a bifurcating eigenvalue,

the bifurcation subsystem often gives a completely different information about states

involved in the stability problem. On the other hand, participation factors indicate

the States or subsystem to better observe and control the response of the system to

the bifurcating eigenvalue and not the states or subsystem experiencing or producing

the bifurcation observed in the full system.

The bifurcation can develop due to a number of causes such as equipment outages,

faults, parameter changes, transient to steady state load model changes, disabling

of exCitation control when field current limiter fails due to oscillation in the system,

or i111properly designed control loops etc. The most important cases of improperly

designed control loops are related to excitation system, governor control loops, and

Dowel, system stabilizers. This will be presented in the examples on this two-area
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example system model.

We are seeking the largest order bifurcation subsystem which satisfies the bifurcation

subsystem and geometric decoupling conditions in order to be assured of including

all the dynamics associated with the center manifold dynamics. Based on results

obtained using bifurcation subsystem identification method:

1. as the order k of the subsystem increases to some number, both the values of

N; and C}; decrease until they become very small and approximately equal,

which indicates the bifurcation subsystem condition and geometric decoupling

condition are satisfied;

2. the values of N; and C}, remain small as the model order continues to in-

crease indicates the bifurcation subsystem condition and geometric decoupling

condition remain satisfied;

3. after a certain order is reached, N; and C}; start to increase and the bifurcation

subsystem and geometric decoupling conditions are no longer satisfied.

We desire to determine the largest bifurcation subsystem since it should specify the

most, complete description of the dynamics that experience, produce, cause, and cure

the bifurcation inside these dynamics.

The bifurcation of the system could be caused by several different parameters, such as

changes of active power load, reactive power load, line reactance, generator reactance,

Dowel. transfer between areas etc. Consequently, different bifurcation subsystems can

be produced. These examples reveal what type and class of bifurcation subsystem

Will OCour due to different bifurcation parameters, or agents with the same parameter

Changing at different buses, generators, or areas. The various classes of bifurcation

are identified by the variables in the bifurcation subsystem. It will be found that

( ) a. bifurcation class, a bifurcation subsystem With a SpGClfiC set of variables can
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be produced by several bifurcation parameters; (b) there are many different bifurca-

tion classes for the same type of bifurcation, and (c) that curing a bifurcation in a

particular bifurcation class does not necessarily require reducing the bifurcation pa-

rameter that caused it, but another bifurcation parameter that produced that same

bifurcation type and class.

The bifurcation subsystem method can identify the different classes of bifurcation

(those with different variables in the bifurcation subsystem) as well as the agents

for each bifurcation class (those with the same bifurcation subsystem but involving

different generator, load, and network buses but the same oscillation in these devices).

The various types and classes of bifurcation are investigated as a function of the

network, load or transfer level, and the load models. Two load models, steady-state

and transient models, are possible. It will be shown in the following section that

the Steady-state model will produce saddle-node bifurcation and the transient model

Will produce Hopf bifurcation for a two—area multiple machine system. This result

Will be used to explain the blackouts in WSSC system [20] [23] [24]. It will also be

noted that the type of bifurcation changes for both steady-state and transient time

frame load models if the excitation system is disabled by over excitation protection.

Interarea and local oscillations refer to Hopf bifurcation. It will be shown that

a. local mode can be produced in this example system when very large transformer

rleactances are present. Otherwise, the interarea mode will be produced with different

Classes of bifurcation that are due to different control parameters used as bifurcation

pal‘a'IIIEters.

It -W111 be also shown the stress test on buses which are in coherent bus group in the

al .

get)ralc model will produce exactly same type and class of dynamic bifurcation.

Sin

gularity induced bifurcation has been observed in this example system as a special

ty

De of dynamic bifurcation. Although in this case it is difficult to apply bifurcation
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subsystem identification algorithm due to numerical problem, it will be shown that

the bifurcation subsystem still can be obtained.

The value of determining bifurcation classes is anticipated to be the ability to quickly

prescribe the cures that are possible once the bifurcation type, class, and agent are

identified. This anticipates that there are several agents with the same class of bifur-

cation as has been found in a loadfiow model. Intelligent prescriptive control would

first identify the type, class, and agent experiencing instability, identify constraints

on control, and then quickly prescribes cure.

The bifurcation subsystem identification method deve10ped in Chapter 4 is applied

to the two-area example system with different bifurcation parameters.

5 - 6 - 1 Interarea HOpf Bifurcation: Active Power Load

The bifurcation parameter is the active power load. We ran PV-curves on several

different buses in a coherent bus group to show that the same bifurcation subsystem

in the differential equation model. Bus 3 was initially heavily stressed by adding

actiVe power load. The complete test results are summarized in Table 5.3 and 5.4.

From Table 5.3 and 5.4 we can see that when the order of the system increases to

and reaches 8 the bifurcation subsystem and geometric decoupling conditions can be

considered to be finally satisfied since N3“, and Cf have decreased to a point where

they can be considered small enough and equal so that a bifurcation subsystem can be

assumed to exist. Having one or the other small just assures the geometric decoupling

condition (A12(A22 "jon)"1A21) or the bifurcation subsystem condition (A11 —jw01)

holds, but for a bifurcation subsystem to exist A11 — ijI — ADM” _ijI)-1A21

must be singular and that requires both C!“ and N," be small and equal. When the

Order of subsystem reaches 16, Nf, and Cf starts increasing dramatically. Therefore,

the

la'1‘gest bifurcation subsystem is of order 15. The involved states in the largest
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k N!“ C!“ Rf States involved

1 1.9504e+00 3.0640e+00 1.5710e+00 64

2 2.7388e+00 3.0629e+00 1.1183e+00 63

3 2.9900e+00 3.0611e+00 1.0237e+00 61

4 3.0604e+00 3.0612e+00 1.0003e+00 62

5 2.3585e+00 2.3593e+00 1.0004e+00 (124

6 1.3658e+00 1.3680e+00 1.0017e+00 w3

7 6.5272e—01 6.5693e-01 1.0065e+00 an

8 2.0904602 7.7254e-02 3.6956e+00 (.22

9 3.0027e—02 3.0083e—02 1.0019e+00 TG3 at G1

10 3.0378e—02 3.0415e-02 1.0012e+00 VR at G1

11 3.3701e-02 3.3735e-02 1.0010e+00 Efd at G1

12 3.3706e—02 3.3754e—02 1.0014e+00 VAS at G2

13 3.8093e—02 3.8144e—02 1.0014e+00 VR at G4

14 3.8312e-02 3.8360e—02 1.0013e+00 VR at G2

15 3.8560e—02 3.8607e-02 1.0012e+00 R! at G1

16 1.9470e—01 1.9472e—01 1.0001e+00 Efd at G4

17 1.9372e—01 1.9375e—01 1.0001e+00 1/1kd at G3

18 1.9313e-01 1.9318e-01 1.0003e+00 E; at G3

19 1.9247e—01 1.9252e—01 1.0003e+00 VTR at G1

20 1.9211e-01 1.9216e—01 1.0002e+00 E; at G2

21 1.9207e-01 1.9211e-01 1.0002e+00 VTR at G2

22 1.8033e—01 1.8036e-01 1.0012e+00 R, at G4

23 1.8016e—01 1.8020e-01 1.0002e+00 Wed at G2

24 1.8016e—02 1.8020e-02 1.0002e+00 P553 at G3

25 1.8016e—02 1.8019e—02 1.0002e+00 VTR at G3

26 1.8007e—02 1.8008e-02 9.9995e-01 11);“, at G4

27 1.8006e-02 1.8005e-02 9.9990e-01 z/ikq at G3

28 1.8000e-02 1.8004e—02 9.9989e—01 Ed! at G4

29 1.7996e—02 1.7998e—02 9.9988e—01 1,0,“, at G2

30 1.7995e—02 1.7993e—02 9.9987e-01 ’l/Jkd at G1

31 1.7994e-02 1.7992e-02 9.9985e-01 rpm at G3

32 1.7995e-01 1.7992e—01 9.9985e—01 P552 at G3

33 1.7995e—01 1.7992e—01 9.9985e-01 E; at G3

34 1.7995e—01 1.7993e-01 9.99856-01 Ed! at G2

35 1.7992e-01 1.7990e—03 9.9987e-01 'l/Jkd at G4

36 2.9112e—03 2.0161e-03 6.9254e-01 VTR at G4

37 2.9400e-03 2.0573e-01 6.9978e—01 E'fi at G1

38 2.5455e-03 1.44356-03 5.6708e-01 E; at G1

39 2.1026e—03 8.8266e—O5 4.1980e—01 E; at G4

40 2.1026e—03 8.7707e-05 4.1714e-01 TGI at G4
 

Table 5.3: Increase Active Power Load on Bus 3
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k N!“ 0f Rf States involved

41 2.1026e-03 8.7160e—05 4.1454e—01 T01 at G3

42 2.1026e—03 8.6946e-05 4.1353e-02 T01 at G1

43 2.1020e-03 6.9138e—05 3.2892e—02 T02 at G4

44 2.1014e—03 4.5589e-05 2.1695e—02 T02 at G3

45 2.1012e-03 3.2041e—05 1.5249e-02 T02 at 01

46 2.1012e—03 3.1869e-05 1.5167e-02 T01 at G2

47 2.1011e—03 2.6542e-05 1.2630e-02 T02 at G2

48 2.1010e—03 2.4510e—05 1.1665e—02 T03 at G4

49 2.1010e—03 2.2358e—05 1.0642e—02 T03 at G3

50 2.1009e—03 7.1325e—06 3.3950e-O3 P551 at G3

51 2.1008e-03 3.4079e-06 1.6221e—03 T03 at G3

52 2.1008e-03 0 0
 

 
Table 5.4: Increase Active Power Load on Bus 3 (continued)

bifurcation subsystem show that the inertial dynamics of all four generators are in the

bifurcation subsystem and have the largest right eigenvector magnitudes. This is an

interarea mode and not a local mode of oscillation since the frequency of oscillation

is Small. Moreover, it is hypothesized that this bifurcation is caused by excitation

System on generator 1, 2, and 4, since VR of generator 1, 2, and 4 are in the largest

bifurcation subsystem. The stabilizer is also hypothesized to cause the bifurcation

Since states Rf and Efd on generator 1 are in the largest bifurcation subsystem. The

g()V"el‘110r on generator 1 is also involved in the bifurcation subsystem since T03 on

gelleI‘a.tor 1 is in the bifurcation subsystem.

In Sfiction 3 we discussed three cases when bifurcation subsystem exists, the measures

of A 12311., Amui, and (A22 -jw01)‘1A21u,~. In this typical example of H0pf bifurcation

SubSyStem of order 15, we found that for 8 S k g 15 the bifurcation subsystem

eXistence was due to the smallness of of all three measures. It should be noted

that H A21u1- H and H Amy, M are large for k < 8 and become much more smaller

fer 8 S. k S 15_ H y.- ”=ll (A22 —- jwol)‘1A21u,- [I is small for k < 8 but becomes

eVen smaller for k > 8, then keeps on decreasing with increasing k. At k 2 16,

1:

Ci § H A1231,- “ increases dramatically and does not decrease until k > 34. Then the
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decrease in H y, H with increasing It will override the increase in H Amy, M causing

Ci" :2“ A12y, II to again satisfy the geometric decoupling condition. Thus there are

two ranges for which bifurcation subsystem exists, 8 g k S 15 and k 2 34. The

bifurcation subsystem at small k is due to all three measures but principally the

reduction in II A1231, H and H A2121,- ||. The bifurcation subsystems for k 2 34 are

due to H (A22 —jw01)"1 H and H A2121,- ” decreasing with increasing k. This shows

how unpredictable the existence of bifurcation subsystems are for any specific order

1:: because large changes can occur for integer change in order k. This suggests that

the inclusion of important center manifold dynamic states may have dramatically

effects on whether a bifurcation subsystem existence. The phenomena of having

H (A22 — ijI)‘1 H and II A2111,- ” decrease at large k and Cf =|| A12ui || decrease

at Small 11: are thought to be generic phenomena. These trends can be clearly seen

from Figure 5.2 - 5.7.

It is interesting to note that the active load stress on different buses generates the

Same bifurcation subsystem, i.e., the orders and the involved state variables of the

Hopf bifurcation subsystems are the same. As an example, bus 3 and 13 were stressed

by active power load simultaneously. The results are shown in Table 5.5. This

Suggests there are several bifurcation parameters for this bifurcation subsystem, and

this interarea mode is excited by loading at all load buses in either case. From

Table 5.3 and Table 5.5 we can see that the two bifurcation subsystems have the

Same dimensions, and the same states are involved in the bifurcation subsystem.

The bifurcation subsystem involves excitation systems on generator 1, 2, and 4, and

g()Vel‘tior control 100p in generator 1. The PV—curve on other buses (4, 14, and both

4 and 14) have been obtained and all the bifurcation subsystems are the same. This

'1 .

mplles this interarea mode is excited by loading at all load buses in either case.

Act:llally the network containing buses 3, 4, 13, and 14 is a coherent bus group if the

t . . . . .

W0 lines prov1de a stiff connection between the two areas. This coherent bus group
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k Ni,c 0f Rf States involved

1 1.8976e+00 4.9990e+00 2.6343e+00 64

2 2.6705e+00 3.7947e+00 1.4210e+00 63

3 2.9140e+00 3.2123e+00 1.1024e+00 61

4 2.9911e+00 2.9922e+00 1.0004e+00 62

5 2.3121e+00 2.3135e+00 1.0006e+00 L04

6 1.34736+00 1.3498e+00 1.0018e+00 (423

7 6.74896-01 6.7967e-01 1.0071e+00 an

8 2.0500e—02 8.1228e—02 3.9624e+00 522

9 2.8595e—02 2.8804e—02 1.0073e+00 T03 at 01

10 2.8905e—02 2.9059e—02 1.0053e+00 VR at G1

11 3.2008e—02 3.2141e-O2 1.0042e+00 Efd at 01

12 3.2012e—02 3.2150e—02 1.0043e+00 VAS at G2

13 3.6140e—02 3.6250e—02 1.0030e+00 VR at G4

14 3.6343e—02 364336-02 1.0025e+00 V}; at G2

15 3.6555e—02 3.6644e—02 1.0024e+00 Rf at G1

16 1.87546—01 1.8756e-01 1.00018+00       
Table 5.5: Increase Active Power Load on Bus 3 and Bus 13

Would be an agent of the network model that experiences, produces, and causes

instability in the network if the QV-curve computed at any bus in that coherent

bus group cause the same set of generators to exhaust reactive reserves (reactive

reSGBrxre basin) and the same QV—curve voltage minimum and reactive minimum as

that computed at any other bus in that coherent bus group [30]. The agent com-

posed of the coherent bus group and its reactive reserve basin, which is the subset

of generators that exhaust at the QV-curve minima, will thus experience voltage

instability for QV—curve computed in its test voltage control area. Several agents

for111 a voltage collapse sequence if these reactive reserve basins are nested. A critical

agent will experience voltage collapse for a PV curve computed in a voltage collapsed

r s

eglon composed of the coherent bus groups of several agents in a voltage collapse

S‘eq‘lence [30].

T

he Coherent bus group composed of 3, 4, 13, and 14 appears to be the only agent

i - . . .

n t'hls small system and the reactive reserve basin contains none of the generators

s‘ . .

“Ice QV-curve run at bus 3 in Table 5.6 exhausts none of the generators reactive
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k Ni,c Cf Rf States involved

1 1.9424e+00 1.9430e+00 1.0003e+00 63

2 2.7363e+00 2.7388e+00 1.0009e+00 64

3 3.0003e+00 3.0023e+00 1.0007e+00 61

4 3.0740e+00 3.0763e+00 1.0008e+00 62

5 2.3826e+00 2.3857e+00 l.0013€+00 tag

6 1.4009€+00 1.4058e+00 1.0035e-I-00 m

7 6.6922e—01 6.7912e—01 1.0148e+00 wl

8 2.5878e-02 1.1811e-02 4.5641e+00 rug

9 3.2072e-02 3.2150e-02 1.0024e+00 T03 at G1

10 3.2443e—02 3.2525e—02 1.0025e+00 VR at G1

11 3.2450e-02 3.2548e-02 1.00306+00 VAS at G2

12 3.5850e—02 3.59356-02 1.0024e+00 Efd at G1

13 4.0034e-02 4.0100e-02 1.0019e+00 VR at G4

14 4.0301e-02 4.0372e-02 1.0018e+00 VR at G2

15 4.0579e-O2 4.0649e—02 1.0017e+00 RLat G1

16 1.9501e-01 1.9501e-01 1.0000e+00    
 

 
Table 5.6: Increase Reactive Power Load on Bus 3

reServes before the system experiences bifurcation. The coherent bus group is the

Critical agent since it is the only agent. The increase in active load at any bus or

COllection of buses in this coherent bus group in Table 5.6 produces the same type

of bifurcation (Hopf) and the same bifurcation subsystem in the differential mode]

and this bifurcation occurs before the network model experiences bifurcation which

Occlu‘s when one of its eigenvalues becomes negative.

It appears that the bifurcation subsystem of the network and how it is impacted by

active and reactive load or contingency will determine the bifurcation subsystem of

the equivalent differential system obtained by eliminating the network.

515.2 Interarea Hopf Bifurcation: Reactive Power Load

The bifurcation is produced by running QV—curve on bus 3. None of the generators

eXhausts reactive reserve before the difl'erential model experiences Hopf bifurcation.

Table 5.6 shows the results of increasing the reactive power load on bus 3. From
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k N!“ C!“ Rf States involved

1 1.81678+00 1.82018+00 1.00188+00 ($4

2 2.55238-l-00 2.55348+00 1.00048+00 63

3 3.03808+00 3.03928+00 1.00048-l-00 61

4 3.07688+00 3.07798+00 1.00048+00 62

5 2.48328+00 2.48448+00 l.00058+00 (414

6 1.71838+00 1.72018+00 1.00108+00 (d3

7 4.87598-01 4.92328-01 1.00978+00 an

8 3.31738—02 7.34248-02 2.21348+00 0.22

9 420518-02 421858-02 1.00328-l-00 PSSI at G3

10 428038-02 429458-02 1.00338+00 V}; at G1

11 4.92508—02 4.93658—02 l.00238+00 Efd at G1

12 492558-02 4.93888-02 1.0027e+00 VAS at G2

13 520288-02 521568-02 l.00248+00 VR at G2

14 526208-02 527468-02 1.00248+00 ¢kd at G1

15 528198-02 529318-02 l.00218+00 Efd at G4

16 4.50318-01 4.52348—01 l.00458+00 VTR at G1
 

 
Table 5.7: Increase Reactance on Generator 1

Table 5.6 we can see that another 15‘“ order bifurcation subsystem is obtained and

exci tation systems on generator 1, 2, and 4 cause the bifurcation since VR of generator

1,2, and 4 are in the largest bifurcation subsystem, stabilizer on generator 1 since

States R, and Efd on generator 1 are also in the largest bifurcation subsystem,

and the generator state TG3 on generator 1 is also in the bifurcation subsystem.

Moreover, we can see that the bifurcation subsystem contains exactly same states

as those in Table 5.3 and 5.5. Therefore, active and reactive power load appear to

cE'Lllse the same bifurcation and same interarea mode bifurcation subsystem. This

Hopf bifurcation class appears rather generic for network based QV and PV—curve

S“F‘I‘ess tests.

5-63 Interarea Hopf Bifurcation: Generator Reactance

A Hopf bifurcation occurs due to the increase of the reactance at generator 1. The bi-

fllrcation was caused by power system stabilizer (on generator 3) , excitation controls
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k N," C!“ Rf States involved

1 2.1828e+00 2.1835e+00 1.00036+00 61

2 2.8493e+00 2.8501e+00 1.0003e+00 52

3 2.8661e+00 2.8667e+00 1.0002e+00 (54

4 2.8710e+00 2.8717e+00 1.0002e+00 63

5 1.8650e+00 1.8659e+00 1.0005e+00 col

6 3.5203e+00 3.5828e+00 1.0178e+00 (1J2

7 1.6725e-01 1.7918e—01 1.0714e+00 (U4

8 1.6777e—02 1.6784e-02 1.0004e+00 (U3

9 2.02538—02 2.0141e-02 9.9449e—01 Efd at G4

10 4.8354e-02 4.8278e—O2 9.9843e—01 R! at G4

11 4.8562e—02 4.8567e—O2 1.0001e+00 #qu at G1
 

Table 5.8: Active Power Transfer

on generator 1, 2, and stabilizer control loops on generator 1 and 4. This interarea

mOde has a different bifurcation subsystem and thus produces a different class of bi-

furcation than that observed in Table 5.3 - 5.6. The increase in generator reactance

Will decrease the frequency of the interarea mode and possibly causes the only PSS

on generator 3 to lose its stabilizing effect. The change of interarea mode frequency

may be out of the bandwidth for where the power system stabilizer adds damping

and in fact may begin to add negative damping that produces the bifurcation. This

may be why the state of PSS on generator 3 joins the bifurcation subsystem.

5-6.4 Interarea Hopf Bifurcation: Active Power Transfer

The Hopf bifurcation was caused by increasing active power transfer between two

areas. The active power generation on generator 2 was increased while the active

p0Wer generation on generator 3 was decreased to produce the transfer between area

1 and 2. The interarea mode bifurcation is produced by the stabilizer control on

generator 4, and has a bifurcation subsystem that is considerably different than

those in Table 5.7 and that found in Table 5.3 - 5.6. This is the true interarea mode

bifurcation subsystem or bifurcation class since it is produced by increasing active
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power transfer between two areas and only contains the stabilizer on generator 4 as

non-generator inertial dynamics. The increased transfer should significantly affect

this generator and may explain why its stabilizer is part of the bifurcation subsystem.

This is indeed a very important result since it shows there are three different classes

of bifurcation that have an interarea mode of oscillation and yet very different bifur-

cation subsystems. The variables and dynamics in the bifurcation subsystem cause

it to occur and are the dynamics to be controlled to cure the bifurcation. This bifur-

cation can most easily be cured by damping the inertial dynamics via a controllable

series capacitor on one of the lines connecting the two areas or FACTS devices that

control the flows between two areas because only one generator’s exciter system dy-

namics are in the bifurcation subsystem. The bifurcation subsystem for the results

in Tables 5.3 - 5.7 could possibly much more easily be cured by power system sta-

bilizers because excitation dynamics and inertial dynamics from several generators

are in the bifurcation subsystems.

5-6 - 5 Interarea Hopf Bifurcation: KF-gain of PSS

Table 5.9 presents the bifurcation subsystem by increasing the Kp-gain of power

System stabilizer of generator 3. Increasing Kp gain would be thought to increase

damping of the interarea mode, but detunes the power system stabilizer and exci-

tation controls on generator 4 to actually cause the interarea mode to experience

bifurcation. From Table 5.9 we can see that excitation system and stabilizer on gen-

erator 4 is the bifurcation subsystem of the interarea mode. Note that generator 4

and generator 3 are in the same area as shown in Figure 5.1.

This suggests that there is yet another bifurcation class for producing interarea os-

cillations and that the most effective control for the oscillation should be on the

generators in area 2, where Kp of generator 3 was increased to produce the bifurca-
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k N," Ci,c Rf States involved

1 1.3980e+00 1.4002e+00 1.0015e+00 61

2 1.8984e+00 1.8992e+00 1.0004e+00 62

3 2.0196e+00 2.0201e+00 1.0003e+00 64

4 2.0210e+00 2.0216e+00 1.0003e+00 63

5 1.4595e+00 1.4602e+00 1.0005e+00 col

6 6.9338e—01 6.9483e-01 1.0021e+00 mg

7 7.4492e-02 8.7883e-02 1.1489e+00 an

8 8.4576e—02 9.5004e-O2 1.1233e+00 VR at G4

9 4.9155e-02 5.7711e—02 1.1741e+00 (123

10 5.6532e—01 5.6613e-01 1.0014e+00 Bid at G4   
 

Table 5.9: Increase Kp-gain of Power System Stabilizer

tion. It is also noted that the bifurcation subsystem does not contain the stabilizer

on generator 3 but only the outer excitation control 100p variable VR, which sug-

gests that adjusting excitation loop gain may be most effective in curing this class

0f interarea mode bifurcation.

5 ~6- 6 Interarea Hopf Bifurcation: KA-gain of Exciter

This bifurcation is caused by decreasing the KA-gain of the excitation system on

generator 3. The results are shown in Table 5.10. The power system stabilizer on

generator 3, the excitation system on generator 1, 2, and the stabilizer control loop

on generator 3, and 4 are in the 22 state bifurcation subsystem. The entire set

of States in the generator and exciter model of generator 1 are in the bifurcation

Snbsystem as would be expected when exciter gain on generator 3 decreases causing

the exciter control on generator 3 to lose its stabilizing effect. This class of interarea

InOde Hopf bifurcation is far different than those previously studied because such a

1aI‘ge number of the excitation control system variables on all four generators are in

the bifurcation subsystem.

The results show that the generator and exciter voltage dynamics on all four gen-

erators join the bifurcation subsystem suggesting that the excitation controls on all
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k N!‘ Cf Rf States involved

1 2.0885e+00 2.0905e+00 1.0009e+00 64

2 2.9024e+00 2.9028e+00 1.0002e+00 63

3 3.3753e+00 3.3760e+00 1.0002e+00 61

4 3.6159e+00 3.6167e+00 1.0002e+00 62

5 2.9517e+00 2.9525e+00 1.0003e+00 014

6 2.1516e+00 2.1580e+00 1.0006e+00 we,

7 1.2971e-01 1.2992e-Ol 1.0016e+00 an

8 1.5260e—02 7.3622e-02 4.8245e+00 tag

9 1.9380e-02 1.9474e—02 1.0049e+00 P831 at G3

10 1.9736e-02 1.9833e—02 1.0049e+00 VR at G1

11 2.1857e-02 2.1940e—02 1.0038e+00 Efd at G1

12 2.1861e—02 2.1953e-02 l.0042e+00 VAS at G2

13 2.2127e-02 2.2204e—02 1.0035e+00 VR at G2

14 2.2746e—02 2.2830e-02 1.0037e+00 VR at G4

15 2.3025e—02 2.3107e-02 1.0036e+00 Rf at G1

16 1.9431e-Ol 1.9528e—01 1.0050e+00 E; at G1

17 1.8487e-01 1.9519e—01 1.0045e+00 P553 at G3

18 1.9137e—O2 1.9184e—02 1.0024e+00 VTR at G2

19 1.8562e-02 1.8599e—02 1.0020e+00 ’l/qu at G4

20 1.6630e-02 1.6675e-02 1.0027e+00 «m at G3

21 1.2727e-02 1.2737e—O2 1.0008e+00 VTR at G1

22 9.1727e—03 9.18628—03 1.0015e+00 11)“ at G2

23 1.8487e-01 1.9519e-01 1.0034e+00 Egat G2
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Table 5.10: Decrease KA—gain of Excitation System on Generator 3

 



four generators are coupled when one excitation controller is misdesigned. It sug-

gests that changes in excitation control of the other three generators should be able

to compensate for the misdesign of one exciter. Obviously fixing the design of the

exciter on generator 3 should be most effective.

5 - 6.7 Interarea H0pf Bifurcation: Generator Terminal Volt-

age

This bifurcation is produced by decreasing the terminal voltage set point of generator

1 - There is no lower bound for the terminal voltage set point of generator 1. The

terminal voltage was decreased continuously, until the generator 1 hits the generator

field current limiter based reactive limit.

This bifurcation parameter produces a QV—curve on this generator bus, which is

the swing bus. This generator terminal voltage, that produces the QV—curve on the

SWing bus, sets the voltage reference in the system and should cause excitation system

States on several generators to produce the bifurcation. This is exactly happens as is

ShOvvn in Table 5.11. The power system stabilizer of generator 3, excitation system

States VR on generator 1, 2, and 4, and the stabilizer on generator 1 are involved in

the bifurcation subsystem. This bifurcation subsystem is similar but not identical to

t'ha.t for the PV-curves at bus 3, 4, 13, and 14 and the QV-curve at bus 3 shown in

Tame sass.

This is a slightly different class of Hopf bifurcation compared with Table 5.6 because

the power system stabilizer on generator 3 is in the bifurcation subsystem rather than

the governor on generator 3. The bifurcation subsystem describes the states which

must be measured, estimated, and controlled to stabilize the instability produced by

the bifurcation.
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k Nik Ci," Rf States involved

1 1.8200e+00 1.8050e+00 9.9176e-01 64

2 2.5597e+00 2.5956e+00 1.0140e+00 63

3 2.8705e+00 2.8587e+00 9.9586e—01 61

4 3.0050e+00 3.0043e+00 9.9977e-01 62

5 2.3913e+00 2.3966e+00 1.0022e+00 m

6 1.5746e+00 1.5842e+00 1.0061e+00 (.03

7 8.8897e—01 9.0175e-01 1.0132e+00 ml

8 4.7959e—02 7.9277e—02 1.6530e+00 wg

9 5.2329e—02 2.8617e—02 5.4687e—01 P851 at G3

10 5.7081e—O2 3.7214e—02 6.5195e—01 VR at G1

11 5.7185e-02 3.7477e-02 6.5536e—01 Efd at G1

12 5.7188e-02 3.7364e-02 6.5336e-01 VAS at G2

13 5.8215e-02 3.8848e-02 6.6731e—01 VR at G2

14 5.8378e—O2 3.9483e—O2 6.7633e-01 VR at G4

15 2.5742e-01 2.5415e-01 9.8732e—01 Rf at G1

 

Table 5.11: Decrease Terminal Voltage of Generator 1

5 - 6.8 Local HOpf Bifurcation: Generator Terminal Voltage

All of the previous Hopf bifurcation classes studied have been interarea mode bifur-

Caations because the oscillation frequencies are small and all four generators inertial

dynamics lie in the bifurcation subsystems. The generator transformer reactances in

this two area model are quite small making it difficult to produce a local mode that

aifects dynamics on a single generator and at a frequency of oscillation that exceeds

1 Hz.

This local mode of bifurcation is produced by decreasing generator terminal voltage

on generator 2 with a very large reactance line connection between bus 2 and bus 20

and large transformer reactance. Again a Hopf bifurcation occurs and the oscillation

frequencyz 1.19 > 1. Therefore, this is a local mode. This is confirmed by plotting

the magnitude and phase of the bifurcating eigenvectors for the four generator angle

States. The vector diagram of the bifurcating eigenvalue is shown in Figure 5.8. We

Can see that generator 3 oscillates vertically against generator 1 and 2, and all three

of these generators oscillate against generator 4 horizontally. This is because that
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Figure 5.8: Generator Angle Vector Diagram When Bifurcating
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k N!“ Cir Rf States involved

1 5.4583e+00 7.4778e+00 1.3700e+00 64

2 7.3565e+00 7.4786e+00 1.0166e+00 63

3 7.4739e+00 7.47908+00 1.0007e+00 62

4 7.4827e+00 7.4790e+00 9.9951e—01 61

5 5.1184e+00 5.1150e+00 9.9934e—01 cm;

6 1.3690e+00 1.3692e+00 1.0001e+00 rug,

7 3.6395e—01 3.6586e—01 1.0053e+00 L02

8 3.7678e—Ol 3.7852e-01 1.0046e+00 VR at G4

9 1.0898e—01 1.1536e—01 1.0586e+00 an

10 1.1020e-01 1.1010e—01 9.9910e—Ol T03 at G3

11 1.0090e—01 1.0082e-01 9.9916e-01 E; at G3

12 1.00938-01 1.0084e-01 9.9911e—01 VR at G1

13 4.4654e-01 4.4641e—01 9.9971e-01 Bid at G4
 

 
Table 5.12: Decrease Terminal Voltage of Generator 2

t'he transmission lines between area 1 (generator 1 and 2) and area 2 (generator 3

8lid 4) have large reactance and generator 2 is isolated by large reactance from the

l‘eSt of the system. Generator 1 and 2 are coherent since they are in same area.

The model does not produce local mode bifurcation without increasing transformer

reactances. The transformer reactances are very small in the original model and

8Lre on the order of the size of transmission line reactances. Generators must be

SOmewhat isolated by large transformer reactances or by network reactances to have

its inertial modes suffer Hepf bifurcation. Due to the large reactance between bus

2 and 20, decreasing the terminal voltage on generator 2 will decrease the voltage
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at bus 20. The other three generators will attempt to compensate for the voltage

drop at bus 20. This can be see from Table 5.12, where excitation system states of

generator 1, 3, and 4 are involved in the bifurcation subsystem, rather than those of

generator 2.

5.6.9 Local Hopf Bifurcation: KF-gain of Internal Stabilizer

This Hopf bifurcation is produced by decreasing the Kp-gain of the internal stabilizer

on generator 2 for the case where generator 2 is isolated by increasing line reactance

between bus 2 and bus 20. The oscillation frequency is 1.46 > 1. It is again a local

mode due to the large generator and transformer reactance. The vector diagram of

4

KNV e
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81
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Figure 5.9: Generator Angle Vector Diagram When Bifurcating

bifurcating eigenvalue is shown in Figure 5.9, where generator 1 oscillates horizontally

against generator 3 and 4, and generator 1 and 2 oscillate vertically against other

generators. In Table 5.13 we can see that most of states involved in the 17 states

bifurcation subsystem are those of generator 2. This electrical modes are what we

eXpected since the bifurcation is produced by decreasing the internal stabilizer gain

0f the excitation system on generator 2, and the generator 2 is isolated. When this

local oscillation occurs the parameter K4 on generator 2 changes sign. It can be seen

from Table 5.2 that damping torque K; = 525%; changes sign when K4 changes

122



W
m
»

PX

Cu.

F.

with



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

k N5 Ci,“ Rf States involved

1 5.47968+00 3.1715e+00 5.78798—01 63

2 7.32098+00 9.3097e+00 1.2717e+00 V}; on G2

3 8.2242e+00 9.3109e+00 1.13218+00 61

4 8.83268+00 9.31098+00 1.0542e+00 62

5 9.2725e+00 9.3104e+00 1.0041e+00 64

6 9.283le+00 9.29598+00 1.0014e+00 VAS at G2

7 1.0240e+01 1.0272e+01 1.0032e+00 TG3 on G2

8 9.55908+00 9.66898+00 1.0115e+00 E; at G2

9 9.2804e+00 9.5578e+00 1.02998+00 11);“; at G2

10 7.9050e+00 7.9075e+00 1.0003e+00 VTR at G2

11 7.9154e+00 7.9157e+00 1.00008+00 VR at G1

12 5.7122e+00 5.71368+00 1.0003e+00 (.03

13 4.31168+00 4.3128e+00 1.0003e+00 wl

14 2.86598+00 2.8675e+00 1.00068+00 002

15 2.97768+00 2.97808+00 1.00018+00 VR at G4

16 9.50038—01 9.49778—01 9.99738—01 (.04

17 9.51238—01 9.50958—01 9.99718—01 Efd at G1

18 3.00128+00 3.0617e+00 1.0002e+00 Efd at G4
 

 
Table 5.13: Decrease Kp-gain of Internal Stabilizer on Generator 2

Sign, which explains why this local mode bifurcates from Table 5.2.

5.6.10 Saddle-node Bifurcation: Generator Terminal Volt-

age

An example of saddle-node bifurcation is presented here for the original model where

reactance between bus 2 and 20 has not been increased. This original model is used

in the remainder of the results in this chapter except for section 5.6.13.

The saddle-node bifurcation also occurs when decreasing the terminal voltage of

generator 2. In this case the excitation system Ge(s) is almost disabled by making

the exciter dynamics very fast and decreasing the loop gain of 08(3) to 1. Disabling

excitation system may happen due to malfunction of the exciter, inability of the field

current limiter to maintain the current under the field current limit capability of the

generator, and could be disastrous for power system. Results in [29] and [31] show
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k N!“ C!“ Rf States involved

1 0.0000e+00 2.6837e-01 0.0000e+00 VAS at G2

2 3.5803e—02 3.9211e—01 1.0952e+01 R; at G1

3 1.3965e-01 3.1361e—01 2.2457e+00 VTR at G1

4 1.6472e—01 3.2105e—01 1.9490e+00 VTR at G1

5 2.3174e-01 3.0773e—01 1.3279e+00 E; at G4

6 2.3886e-01 3.1279e-01 1.3095e+00 112,“, at G4

7 8.3984e—01 8.5094e—01 1.0132e+00 E; at G3

8 3.5256e+00 3.3280e+00 1.0007e+00 «pkd at G3       
Table 5.14: Decrease Terminal Voltage of Generator 2 without Exciters

that a saddle-node bifurcation should develop whenever the exciter is disabled as it

does and that the bifurcation should occur in the generator flux decay dynamics. As

we expect, the inertial dynamics are not involved in the bifurcation subsystem and

this is clear in Table 5.14. Instead, the states of the excitation systems on all the

generators appears in the bifurcation subsystem.

This is very strong indication that the bifurcation subsystem describes the dynamics

causing the bifurcation.

5.6.11 Saddle-node Bifurcation: Reactive Power Load

In this case, the exciter is disabled and the time constant of the flux decay dynamics

is reduced. If the flux decay dynamics as well as excitation system dynamics are

eliminated as is occurring in this example, the theory in [31] suggests the bifur-

cation should be saddle-node and should occur in the inertial dynamics [8]. This

saddle-node bifurcation occurs when the reactive power load on generator bus 2 in-

creases after the network is made capacitive by increasing the line charging on the

transmission lines. The bifurcation subsystem is shown in Table 5.15. Only the iner-

tial dynamics is involved in the bifurcation subsystem. This confirms the theoretical

results in [31] [32].
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k Nik C!“ R? States involved

1 0.0 5.2665e-02 0.0 62

2 0.0 7.3753e—02 0.0 63

3 0.0 5.9953e-02 0.0 64

4 0.0 1.2155e-03 0.0 61

5 5.9051e-04 1.0535e-03 1.7840e+00 (.02

6 8.3511e-O4 1.0457e-03 1.2522e+00 023

7 1.0228e-03 5.9940e-04 5.8604e—01 w4  
Table 5.15: Increase Reactive Power Load on Bus 2

5.6.12 Saddle-node Bifurcation: Active Power Transfer

All of the previous results were obtained when the load model was assumed to be con—

stant current/impedance. In reality, the load model changes over time from constant

current/impedance to constant power. This phenomena has been widely studied [17]

and is quite important in attempting to correctly identify why the blackout occurred.

In one classic case two different power industry experts came to different conclusions

on what caused a particular blackout on the WSCC system because one used a

constant current model and the other used a dynamic load model that transitioned

from a constant current/impedance model to a constant power load over a period of

minutes. One study conducted that the cause of the blackout was due to growing

interarea oscillations [20] and the other concluded that the cause was voltage col-

lapse via saddle—node bifurcation without any evidence of oscillation and certainly

no growing oscillation.

The conclusion is that the power system must remain stable for the period when the

load is modeled by constant current/impedance load model and then must remain

stable as the load changes to constant power to be considered stable. The WSCC

system has experienced blackouts due to growing oscillations and due to saddle-node

bifurcation for the three different events that produced blackout [20] [23] [24]. The

result being developed will help explain why and when a system will experience
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k 1V]E Cf Rf States involved

1 0.0 6.07178—02 0.0 62

2 0.0 4.99288-02 0.0 61

3 0.0 6.92248—02 0.0 63

4 0.0 4.38318-04 0.0 64

5 2.21098-04 3.77508—04 1.70758+00 0.22

6 3.12678—04 3.06038—04 9.78778-01 011

7 3.82948—04 2.61178-04 6.82028—01 0.13 
 

Table 5.16: Active Power Transfer

blackout due to saddle-node bifurcation and why and when a system will experience

blackout due to Hopf bifurcation. It will be shown that for the initial transient

interval the system load model appears to be like a constant current/impedance

load model and Hopf bifurcation is most likely to occur. If this bifurcation does not

occur, the system will most likely suffer saddle-node bifurcation when the load model

appears to be like constant power. These hypothesized results correlate with those

observed for the three blackouts recorded on the WSCC system [20] [23] [24].

The above results and conclusions for constant current/impedance load modeling

has been established in the results already presented in Table 5.8. The results to be

presented will now validate the hypothesis for constant power load model.

The results in the remaining example utilized a constant power load and the type of

bifurcation that develops is saddle-node bifurcation and singularity induced bifurca-

tion rather than H0pf bifurcation for the change in same bifurcation parameter since

the load model is constant power rather than constant current/impedance as long as

the excitation control system is not disabled.

This saddle-node bifurcation is caused by increasing the active power transfer under

Constant active power load with both excitation system and flux decay dynamics

present. The increasing active power on generator 2 will transfer the active power

to generator bus 1, which is the swing bus of the two-area system. The bifurcation

Subsystem is shown in Table 5.16. From above analysis, the increase in active power
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generation on generator 2 will cause the active power transfer between generator 1

and 2. It is clear that both generator angles and speeds of generator 1 and 2 are

involved in the bifurcation subsystem.

It should be noted that this saddle-node bifurcation subsystem, which includes the

generator inertial dynamics 61 — 64, and wl, and tag, is a subset of the Hopf bifurca-

tion subsystem in Table 5.8. In both cases the bifurcation parameter is active power

transfer between two areas. The transition from Hopf to saddle-node bifurcation is

caused by the load model, i.e., constant current/impedance load and constant power

load, which correspond to the transition from transient state and steady state of

the power system load dynamics. This indicates that both saddle-node and Hopf

bifurcation can develop at different time frames for the nearly identical bifurcation

subsystem. This result shows that the bifurcation parameter stresses very similar

bifurcation subsystem but the type of bifurcation depends on whether the load model

is constant current/impedance or constant power. These are quite amazing results

since one would have expected two very different bifurcation subsystems would pro-

duce saddle-node and Hopf bifurcation even when the same bifurcation parameter

causes the bifurcation and only the load model has changed.

If we increase the active power transfer and disable the excitation systems under

constant power load, then, Hopf bifurcation develops rather than saddle-node bifur-

cation as in section 5.6.10 when a transient load model is used for the case where

the excitation system is disabled. The bifurcation subsystem produced contains only

excitation variables on the generators where the excitation systems are not disabled

as was the case in section 5.6.10 for saddle-node bifurcation. Excitation systems on

generators were actually disabled by the malfunction of the over excitation limiter

in the August, 1996 blackout studied in [20]. This appears to explain the develop-

ment of Hopf bifurcation rather than saddle-node bifurcation in the steady-state time

frame. It would appear that Hopf bifurcation is also possible in the transient time
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frame when a constant current/impedance model is valid with results that might

be similar to that shown in Table 5.8. Then as one approaches the steady-state

time frame one would expect a saddle-node bifurcation to possibly occur regardless

of whether Hopf bifurcation has occurred in the transient time frame where the bi-

furcation subsystem is possibly similar to that in Table 5.16. The disablement of

excitation systems due to malfunction of the over excitation limiter appears to have

produced a Hopf bifurcation in the August 10, 1996 blackout [20] in quite a different

(steady-state load model) bifurcation subsystem made up of excitation system vari-

ables of all generators close to but not including those of the generator where the

excitation system is disabled for the two area system.

No inertial dynamics are involved in the bifurcation subsystem suggests that the

power system stabilizer might not be effective as would an excitation system control

modification on the generator where the excitation control is disabled, so that stabi-

lization controls remain active when the ac regulator excitation control is disabled.

This requires excitation system stabilization functions be added to the dc regulator

so that they remain active when the ac regulator is disabled.

It should be noted if the excitation system were disabled in the transient time frame

that saddle-node bifurcation would occur. This result suggests that disablement of

excitation system causes a change in the type of bifurcation observed in both the

transient and steady-state time frames.

5.6.13 Singularity Induced Bifurcation Example

In this section a singularity induced bifurcation example is presented. This bifurca-

tion is caused by increasing the active power generation on generator 2 and again,

isolating generator 2 by increasing line reactance between bus 2 and 20.

For differential-algebraic equations the singular surface is defined as the set in which
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the algebraic model becomes singular. It consists of transversal singular points, at

each of them two trajectories either approach or leave the singularity transversally,

and pseudoequilibrium points, which are the equilibrium points of the singularly

transformed system ZT [17]. Special singular points include transverse sources, and

transverse sinks, which form the impasse surface. For the differential-algebraic equa-

tions transverse sources are called backward impasse points and transverse sinks are

forward impasse points. The transformed vector field ZT is globally smooth and

leaves the constraint surface. The standard mathematical analysis can be applied to

ZT and analyze the singular dynamics of the original differential-algebraic model.

When the bifurcation parameter approaches the bifurcation point, the system equi-

librium approaches singular surface in state space. This singular surface causes the

dynamic structure change. The property of singularity induced bifurcation is that

the eigenvalues of the differential equation model bifurcate virtually simultaneously

with the bifurcation of the algebraic model, rather than prior to the algebraic model

bifurcation as in all the previous cases. The eigenvalues of the equivalent linearized

differential equation model, where the linearized algebraic model is reduced, cross

imaginary axis and after that one eigenvalue crosses back to left hand plane, and an-

other one possibly goes back to be stable via infinity. More details about singularity

induced bifurcation can be found in [17].

The jumping behavior of the eigenvalues associated with singularity induced bifur-

cation is now explained. This jumping phenomena is observed on the computational

results to be presented. For singularity induced bifurcation it can be shown that

there exists an invariant manifold that passes through the singularity. Also, this

invariant manifold is locally attracting on one side and repelling on the other side

such that the trajectories cross the singularity. This will generate radically different,

fast moving trajectories after approaching the singularity. The differential-algebraic

equations can not provide sufficient information to predict where the continuation
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of the trajectories will cause the system dynamics to leave and land on the singular

surface again. The dynamics will look like random process, such as the jumping

phenomenon of the eigenvalues. The lack of convergence difficulties of the Newton-

Rapheson algorithm when the magnitude of eigenvalue of the loadfiow Jacobian is

small can also help the switching of solution from the stable to unstable path of

solutions as the bifurcation develops.
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Figure 5.10: An Eigenvalue of Loadflow Jacobian

This singularity induced bifurcation is caused by the bifurcation of network equa-

tions, i.e., the loadflow Jacobian goes to unstable first, then the equivalent differential

model bifurcates. This can be seen from Figure 5.10 and 5.11. As the active power

of the generator is increased in the algebraic model, Figure 5.10 shows that one of

the algebraic model eigenvalues becomes negative and unstable at step 48.

Figure 5.11 shows the real part of the bifurcating eigenvalue of the equivalent differ—

ential model as the loadflow bifurcation develops. The real part of this eigenvalue

switches to much more negative value at step 45 and 46, to large positive values at

stops 47 and 48 indicating the Hopf bifurcation occurs. The real part of the eigen-

value again switches to negative at stop 49 and 50 that reflects that the trajectories
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Figure 5.11: An Eigenvalue of State Matrix

pass through the pseudoequilibrium randomly. When approaching the singularity

the trajectories are so fast that it is impossible to capture when and where it will

cross the singularity since it won’t stay at the singular surface. The numerical con-

vergence difficulties could also contribute the switching from stable to unstable paths

of solutions in the algebraic model that occurs at bifurcation in the algebraic model.

This singularity induced bifurcation is produced by the network instability. There-

fore, the cause and cure for this bifurcation are in the algebraic model rather than

in the dynamic model. The equilibrium point and bifurcation point for dynamic

model is very difficult to find because (a) the trajectories near singular surface move

extremely fast due to the singularity of load flow Jacobian; (b) the points on singular

surface which are not pseudoequilibrium can be sources and sinks, which makes it

difficult to predict the trajectory behaviors near or on singular surface; (c) attempt-

ing to compute a pseudoequilibrium point could most possibly result in obtaining

other points on singular surface rather than itself due to the numerical problems

near singularity. Without the determination of equilibrium point and bifurcation

point of the dynamic model it is very difficult to calculate the dynamic bifurcation

131



subsystem for singularity induced bifurcation. The only result for dynamic model we

can obtain is the generator vector diagrams when algebraic approaches bifurcation.
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Figure 5.12: Generator Angle Vector Diagram Before Bifurcating

 

  
Figure 5.13: Generator Angle Vector Diagram When Bifurcating

Figure 5.12 and 5.13 give the vector diagram of the bifurcating eigenvalue. Before the

singularity induced bifurcation occurs generator 1 and 3 oscillate against generator

2 and 4 horizontally, and when the bifurcation is occurring it turns that generator

2 oscillate solely against the other three generators. Generator 2 is isolated from

the rest of the system by large reactance, but does not impact the vector diagram

until bifurcation occurs. For the loadflow equations the large reactance reduces the

lower bound on the eigenvalues associated with the voltage control area [30]. Figure

5.14 shows the PV-curve at bus 20 that occurs as generation out of generator 2 is

increased. The decrease in voltage at bus 20 with increase generation is pronounced

132



Del



0.94
 

0.93 -

V
o
l
t
a
g
e
(
p
e
r

u
n
i
t
)

.
0

.
0

‘
3

:
8 I

9 t
o

089'- 
  088 l 1 l l l l 1 1 1

6.9 6.95 7 7.05 7.1 7.15 7.2 7.25 7.3 7.35 7.4

Active Power (per unit)

 

Figure 5.14: PV-curve on Bus 20

until the nose of PV-curve occurs. The voltage drops steps at the flat nose and then

increases. The upper part of the nose are stable operating points. The lower part of

the nose are unstable operating points. The nose corresponds to step 47 in Figure

5.11.

The bifurcation subsystem analysis which identifies causes and cures for this singu-

larity induced bifurcation will be based on the algebraic mode and is now discussed.

The eigenvector of the eigenvalue, which is changing to negative, of the loadfiow

Jacobian is shown in Table 5.17. The loadflow Jacobian is defined as:

6P 8P

Jnxn Jnxm Ev," (lg—v

Jae: =

8 6

men mem 3? 3%

where n is the number of non-swing buses, and m is the number of buses which are

neither swing nor generator buses. For this two-area example system n = 12, and

m = 8, respectively.
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Bus Eigenvector of Eigenvalue 11 = 5.77096 — 01

2 -1.2803e—03

3 -3.9921e-03

4 6.2568e—03

10 -7.2387e-03

11 -7.0151e—03

12 -6.7639e-03

13 ~6.7936e—03

14 1.3256e—02

20 -5.3387e—03

110 -7.1689e—03

120 5.9449e—03

3 -2.4401e—02

4 -2.4852e-02

10 -1.6768e—02

13 -5.3334e-05

14 -6.3045e-05

20 -4.2032e—02

110 1.0775e-05

120 -4.6064e—06   
 

Table 5.17: Eigenvector of Loadflow Jacobian Near Singularity

For this singularity induced bifurcation the bifurcation subsystem method for load-

flow model can be applied even though the eigenvalues are not changing continuously.

The right eigenvector represents the sensitivity of active and reactive power to the

angles and voltages on buses. The eigenvector has the largest elements in the voltage

variables. This suggests that the algebraic bifurcation occurs in the reactive power

voltage Jacobian. It can be found in Table 5.17 that the voltage eigenvector ele-

ments of bus 3, 10, and 20 have the same signs, and their magnitudes are close to

each other. The eigenvector shows that the bus group 3, 10, and 20 is a coherent bus

group in network voltage change and that line 2-20 is on the boundary of this coher-

ent group [30]. The cause of the bifurcation is either internal or on the boundary of

the coherent group. This suggests that the increased line reactance and the reactive

loss on that element produces the algebraic bifurcation that in turn produces the sin-

gularity induced bifurcation in the differential algebraic model. The line reactance
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between bus 2 and 20, bus 3 and 101 are very large. Also, the reactance between bus

3 and load bus 4 is large due to the transformer connecting the load bus 4. Thus,

the geometrically neighboring bus 3, 10, and 20 form a coherent group, and it can

considered as the bifurcation subsystem of the algebraic model.

It should be pointed out that singularity induced bifurcation is generic phenom-

ena for power system. Power system dynamics always are constrained by network

equations and turn to be differential-algebraic model. Then, the singularity of net-

work equations exists. This singularity is very important since it may be stability

boundaries, trajectory sources or sinks, and it can cause further bifurcations.

Remark:

Voltage instabilities are generally caused (at least partially) in the loadflow model

due to losing control of voltage via generator field current limiters. Each of above

bifurcation subsystems contains the generator inertial dynamics, exciters and/or sta-

bilizer control loop. For large systems the bifurcation occurs in these dynamics first

before it occurs in the algebraic model, but the stress on the algebraic model produces

the bifurcations.
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Chapter 6

Robust Control Design for Power

System

6.1 Objective

Bifurcation phenomena for power system has been discussed in detail in the previous

chapters, especially in Chapter 5. As we have mentioned, Hopf bifurcation, which

refers to the interarea and local oscillations, can cause the voltage stability prob-

lem and it has been well known that interarea oscillations are difficult to control.

The oscillations can be increasing if a subcritical Hopf bifurcation occurs and these

can lead to action of protective relays that produces a blackout. Another class of

bifurcations, saddle-node bifurcation, could also be disastrous for power systems.

Saddle-node bifurcation has been observed in the blackouts that occurred in WSCC

system [20] [23] [24]. Both of them can cause power system instability problems.

Many regulators are required to maintain the power supply, voltage, frequency, and

damping control in a power system. Automatic voltage regulators (AVR) and gov-

ernors normally meet specifications that are associated with the steady-state power
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system performance and constrained by the thermal limit on elements and devices

of the system. FACTS devices are used to control the voltage or power flow through

transmission lines and can be used to damp oscillations. Power system stabilizers

can add damping to the generator inertial oscillation by controlling its excitation

system using auxiliary stabilizing signals. Although many of these regulators have

been carefully designed there remain numerous stability problems without solution

or with ineffective solutions.

The origins of need for control are:

1. to stabilize the unstable plant;

2. to reject disturbance and make the system robust to parametric variation and

uncertainty;

3. to track the reference signals.

Our objectives in this thesis is to utilize control to stabilize an unstable plant that

has experienced bifurcation of a particular type, class, and agent due to a specific

disturbance or parameter variation. This objective may be extended to consider sev-

eral classes of one bifurcation type due to more than one disturbance or parametric

variation. These objectives will be pursued using robust control because each bifur-

cation produces instability for a specific bifurcation due to change in a very specific

parameter. The change in parameter can be modeled either as parameter variation

or as input and output uncertainty. The robust control could focus on maintaining

stability for that change in bifurcation parameter. The ability to identify a bifurca-

tion subsystem within a full system model allows one to focus on the center manifold

dynamics that are experiencing, producing, and causing the instability. The use of

the powerful design tools of robust control and their modification to accomplish sta-

bilization of bifurcation subsystem dynamics and yet accomplish system based goals
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is studied in this research.

The control objective of tracking the reference signals is not part of the thesis. Reg-

ulation of power generation and voltage to set point values is part of the control

design in this thesis. The limitation on the proposed research is imposed because

the instability caused by inability to track power or voltage set point change is as-

sumed to be slow enough that good robust regulation should be adequate because,

otherwise, it complicates this initial investigation of the application of robust control

to stabilize a bifurcation.

6.2 Control Structure Design

The control structure design is closely related to the achievement of control objectives

and is associated with the following steps [35]:

1. selection of controlled outputs (a set of variables which are to be controlled to

achieve a set of specific objectives);

2. selection of manipulations and measurements (sets of variables which can be

manipulated and measured for control purposes);

3. selection of control configurations (a structure interconnecting measurements/

commands and manipulated variables);

4. selection of a controller type (control law specification, e.g. PID controller,

decoupler, LQG etc).

MIMO system may have a number of states and it should be careful to choose the

controlled outputs such that the overall system goal can be achieved although they

may not appear to be important variables in themselves. The outputs should be
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selected such that the inputs have a large effect on outputs and the output errors

are easy to control. This is related to the property of direction in MIMO system.

Selection of inputs and outputs has been known as a combinational problem and

is very difficult for a large system model. This problem can be avoided by using

relative gain array (RGA matrix) of the large system transfer function as a screening

tool. RGA matrix was first introduced as a steady-state measure of interaction for

decentralized control for MIMO system and has a number of useful control properties.

In most cases, the RCA matrix at frequencies close to the crossover frequency we

is very important. RGA is a good indicator of sensitivity to uncertainties when an

element has value much greater than 1.0. Around crossover (.0c the plant with large

RGA elements is fundamentally difficult to control since it is very sensitive to the

input uncertainty. This provides very important information for the choice of input

and output pairs. RGA columns and rows where all elements have small magnitudes

also indicate which control input does not have effect on any system output and which

output can not be controlled. The RGA matrix can identify subsystem outputs that

have one effective control. The decoupling of subsystems is observed by the lack of

competition for control of a specific subsystem outputs by controls that are effective

in other subsystems of output variables. It is noted that RGA is scaling independent

and needs to be computed only once. More details about RGA can be found in [35].

Control configuration are the restrictions imposed on the overall controller by de-

composing it into a set of local controllers with predetermined links and with a pos-

sibly predetermined design sequence where subcontrollers are designed locally [35].

Some elements of control configuration include cascade controllers, decentralized

controllers, selectors etc and each of them has its own characteristic. For example,

cascaded or decentralized control saves on modeling effort since they depend strongly

on feedback rather than on the model, and partial control involves controlling only a

subset of the outputs for which there is a control objective. These structures may be
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needed to design controllers for bifurcation subsystems that are uncoupled or that

are coupled for a particular type and class of bifurcation or different types and classes

of bifurcation.

The control law specification is also important. Bifurcation is a nonlinear phenomena

and normally one would expect to utilize nonlinear control for stabilization. For

example, nonlinear feedback linearization can cancel the nonlinearities in the system

and thus could be one of the choices. However, it is required that the decoupling

matrix is nonsingular to apply this method [48] and this is difficult especially when

bifurcation occurs. Also, it is very difficult to be applied to power system since the

system model is generally very large. Moreover, it can not handle the uncertainty

and this uncertainty is unavoidable in power system model. This suggests that good

performance of nonlinear control is difficult to achieve for a power system.

For a power system the main problem related to the control design is that the system

always experiences changes of power generation, transmission and load conditions,

and the optimal settings depend on specific operating point. This makes it difficult

to achieve the desired performance by using only the nominal model, as has been

observed in power system control design. The performance of the designed controller

may be unacceptable under some operating conditions. Therefore, robust control is

necessary to ensure that system stability and performance is acceptable despite the

parameter variation and operating condition changes, i.e., the existence of various

uncertainties.

A control system is robust if it is insensitive to differences between the actual system

and the model of the system which was used to design the controller. These differ-

ences refer to model uncertainty. Linear representation of the nonlinear uncertainty

is difficult but very important in robust controller design.
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Model uncertainties can be grouped into three classes: parametric uncertainties

caused by uncertain parameters, neglected and unmodeled dynamics, and lumped

uncertainties which is actually a combination of above two kinds of uncertainties.

For MIMO system the uncertainties have structures, i.e., structured uncertainties in

the form of diagonal complex matrix, which is mostly originated from the indepen-

dent scalar uncertainty in each input or output channel and is always present, and

unstructured uncertainties in the form of full complex matrix. For MIMO system

the uncertainty is associated with the plant directionality. As a consequence MIMO

system may experience much larger uncertainty than 8180 system, especially for ill-

conditioned plants. This should be carefully considered while trying to lump various

uncertainties together or move uncertainty from input to output. In this situation

the magnitude of RGA or the condition number of the plant is required for the

decision on the uncertainty representation.

6.3 Robust Control

6.3.1 Uncertainty Modeling of General System

The system uncertainty plays a very important role in order to achieve the desired

design performance despite the fact that the modeling of the system uncertainties

is difficult. Model uncertainties can be grouped into three classes: (1) parametric

uncertainties caused by uncertain parameters; (2) neglected and unmodeled dynam-

ics; and (3) lumped uncertainties which is actually a combination of the other two

kinds of uncertainties. For a MIMO system the uncertainties have structures, i.e.,

structured uncertainties in the form of a diagonal or block diagonal complex matrix.

This diagonal or block diagonal complex matrix can model the independent scalar

uncertainty in each input or output channel that is always present. Unstructured
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uncertainties have the form of a full complex matrix. For a MIMO system the uncer-

tainty are generally associated with the plant directionality and thus more difficult

to model.

Due to the complexity of power system only simplified models can be obtained by

omitting some dynamics of both generators and load devices. Unmodeled dynamics,

which are often highly nonlinear, always exist in actual power systems. This poses

a gap between the control performance we expect and the control performance we

can achieve when applying the designed control to the actual power systems. The

operating conditions for power system are always changing due to various parameter

variations, such as active and reactive power load, power generation, line reactance,

or even outages of generators, lines, or transformers due to electrical faults, mainte-

nance, or scheduling. These make it more difficult to design power system control. In

this thesis we are concerned about the parametric uncertainty caused by the change

of operating conditions. These uncertainties contribute a large portion of the power

system uncertainties in a power system model and play a significant role in causing

different types and classes of bifurcation as we have shown in Chapter 5.

The design of robust control depends on the uncertainty modeling of the system

over the change of operating point and parameter variation. Usually the parametric

uncertainty modeling can be translated into the frequency domain [35]. The uncer-

tainty region of the perturbed transfer function can be approximated by a “disc” or

“circle”. This variation can thus be approximated by the weighting matrix transfer

function evaluated at some nominal operating conditions. This uncertainty model-

ing method has been used broadly, as we noted in [36] [37] [38] [25]. However, this

method usually leads to a conservative design since the uncertainty region has to be

approximated by the largest disc-shaped region.

Another approach of uncertainty modeling considers the structural information and
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how the elements of the system matrix are affected by specific parameter variations.

This generates the LFT representation of structured parametric uncertainties and

have been used in [39] [40] [41]. A general LFT representation of high order matrix

polynomials is presented in this section.

Considering a linearized model (.4(6), 8(6), C(6), D(6)), of a nonlinear system with

a single uncertain parameter 6. We take the parameter dependent matrix B(6) E

Rm“2 as an example.

77 = 3(5)C

where

3(6) : BO+6Bl+62Bll +...

B0 is the system matrix at nominal operating point.

In most cases the second order polynomial is able to provide the satisfactory approx-

imation of the parametric uncertainty:

77 = BOC + 531C + 52BIIC

Defining

9A1 = BIC + “M

31A; = B11C

HA, = 59A,

Um = fly/3.2
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gives

77 = BOC+5(BIC+6BHC)

= BoC + HA]

Collecting the above equations we have:

      

  

- - _ - f -

yA1 Onlxnl Inlxm Bl “A1

9A2 = 0711x111 Onlxnl 811 “Ag (6'31)

l. T] - .. 1111x111 Onlxm BO .. .. C -

f l
ILA,

Z Bf qu

. C d

NA = A(6)yA (6.32)

where uA = A1 , yA :2 A] , A(6) is defined as a diagonal real matrix

“A2 yAZ

A(6) 2 61mm,1 and represents the parameteric uncertainty. Note that this uncer-

tainty is structured and is shown in Figure 6.1.

In this example it is important to note that the general uncertainty at the component

level becomes the structured uncertainty at the interconnection level. Unstructured

uncertainty is represented as a full complex perturbation matrix and is compatible

with the dimension of the plant, where at each frequency 6(A(jw)) S 1 is satis-

fied. They are usually in 3 forms: (1) additive uncertainty; (2) multiplicative input

uncertainty; and (3) multiplicative output uncertainty.

Thus, the LFT form representation of B(6) is:

8(6) = Bu(Bfi A(6))
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This leads to the upper LFT form of the system representation in state space, as

shown in Figure 6.1. For parametric uncertainty the unknown perturbation A is

structured since it is diagonal or block diagonal. This uncertainty represents the

relationship between input and output in a LFT feedback manner. The uncertainty

yA u A

A(a)

 

  

   

 

    

L Bf.._é

   

Figure 6.1: LFT Form of Uncertain System Representation

should be normalized, i.e., 6 6 [—1,1], to represent deviation of the change of pa-

rameters. 6 = 1 indicates the maximum parameter variation in the positive direction

and 6 = —1 indicates the maximum parameter variation in the negative direction.

The coefficient matrices BI and Bu need to be solved to obtain the uncertainty

model. Here we are going to introduce a straightforward method that determines

these matrices.

Each element b,,- of B (6) can be represented as:

6

bad 2 b0”. + [ 51,-,- 511.3 ]
62

This represents a mapping between 6 E [—1, 1] and the element variation (7,5 — bog.

Therefore, by taking different values of 6 between 1 and -1 and the corresponding el-

ement variation the coefficients b1”. and 511,,- can be solved using least-square method

over the parameter change range and differences between the corresponding variation

of the system matrix and the nominal system matrix.

For a single parameter perturbation the order of Bf(6) is 377.1 x (2m + n2). It is
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also applicable to multiple parameter situation and higher order representation of

uncertainty. For multiple parameter variations the reduction of matrix Bf(6) order

is possible [40].

The LFT representation of a perturbed system (A(6), B(6),C(6),D(6)) with w as

input and z as output is shown in Figure 6.2, where int indicates the integral block,

Af, Bf, CI, and Df are augmented system matrices including the uncertainty chan-

nels, and “Act.“ and yAa'b’c'd are the outputs and the inputs of uncertainty block,

respectively. w are the exogenous inputs such as reference signals, and z are the sys-

tem outputs such as the errors to be minimized. Hco controller K can be designed,

where v are the measurements and u are the control signals to be applied to the

system. This leads to the general configuration of the H00 control design. The inter-

connection shown in Figure 6.2 is very easy to implement with Matlab. The Af, Bf,

Cf, and D, matrices include the system matrices at nominal Operating conditions.

If uncertainty Aa, Ab, Ac, and Ad are incorporated into the Af, Bf, Cf, and Df

matrices it would produce the system matrices at the bifurcation value p“.
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“A )A u
b Ab b Af A Ac yAc
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Bf + mt x Cf

w “Ad )Ad z

Ad
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Figure 6.2: LFT Representation of System in State Space Form
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6.3.2 General Robust Control Design

For the purpose of general robust controller design, the control problem is recast

into LFT form as Figure 6.3 by pulling out all of the model uncertainties. Block A

parameterizes all of the known model uncertainty in the problem. P is the open loop

connection of the system containing all the nominal system elements, performance

weighting functions, input and output weighting functions, and uncertainty weighting

functions. There are 3 kind of inputs to P: (1) uncertainty block output uA; (2)

exogenous inputs 21) consisting of disturbances, noises, and reference signals; and (3)

control output signal u. The outputs of P are (1) yA, the input to the uncertainty;

(2) the error signal 2 to be minimized; and (3) the measurements 22. The controller K

to be designed is also pulled out. If controller K is given the closed-loop uncertain

A

 
Figure 6.3: General Control Configuration

system can be analyzed with NA-structure shown in Figure 6.4, where the given

controller K is absorbed into the system by

N '2 P11+P12K(I—P22K)_1P21

N11 N12

N21 N22
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Figure 6.4: NA-Structure for Analysis

In Figure 6.4 the uncertain closed-loop system transfer function from w to z, z = Fw,

can be obtained with upper LFT by absorbing the uncertainty:

F = Fu(N,A) 2 N22 + N21A(I — NIIA)—1N12

In terms of the NA structure in Figure 6.4 the requirements for nominal stability

(NS), nominal performance (NP), robust stability (RS) and robust performance (RP)

are defined as [35]:

NS 4:) N is internally stable

NP 4:) || N22 ||< 1;and NS

RS (E) F = Fu(N, A) is stable VA, [I A [[003 1,and NS

RP 4:» n F ||oo< 1,VA,||A||0031;and NS

Remark:

Hoe-norm of a linear stable system corresponds to the peak of the largest singular

value at the worst direction and the worst frequency. The Hg-DOI'ID is defined as

the sum of the squares of singular values over all the frequencies, i.e., at the average

direction and the average frequency. The fact that HOG-norm is applied in robust
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control is because it provides natural representation of the unstructured uncertainty.

Hoo control theoretically provides optimal or suboptimal control for a system where

the uncertainty is largest and at the worst frequency. The robust design method-

ology coordinates the uncertainty, frequency, and subsystem where the control has

effect. The frequency is the bifurcation frequency (w = 0 for saddle-node bifurca-

tion and w = wo for Hopf bifurcation) of the specific bifurcation to be controlled;

the uncertainty is the nonlinear change in the linearized model that occurs due to

bifurcation parameter change to the bifurcation value; and the subsystem controlled

is the bifurcation subsystem which experiences, produces, and causes the bifurcation

in the full system model.

The robust stability of NA-structure in Figure 6.4 is equivalent to the stability of

MA-structure [35] shown in Figure 6.5, where M = N11.

 

 

A‘—
   

 

   

Figure 6.5: MA-Structure for Analysis

   

The robust stability and performance of a system with structured perturbations

can be analyzed by the structural singular value p, which is a generalization of the

maximum singular value and spectral radius. For the MA-structure system shown in

Figure 6.5 assuming that the nominal system M and A are stable, then the necessary

and sufficient condition for MA system to be stable is that n(M(jw)) < 1,\'/w.
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The structured singular value ,u of a given complex matrix M is defined as

1

AI =

M ) min{km| det(I — kmMA) = 0 for structured A,6(A) S 1}

 

If no such a structured A exists then MM) = 0. By scaling the uncertainty A with

factor km we look for the smallest km that represents the stability margin MM). The

p(M(jw)) < 1 condition for stability requires the minimum km scaling of uncertainty

value must be greater than 1.0.

From the definition of the robust performance and the equivalence of stability of

MA in Figure 6.5 and NA structure in Figure 6.4, the robust performance of NA

system is satisfied if and only if p5(N(jw) < 1,\7’w, where A = diag{A, Ap} is an

augmented uncertainty structure, where Ap represents the uncertainty in the output

error 2 and exogenous input dynamics. The conditions for NS, NP, RS, and RP can

be redefined with )1:

NS 4:) N is internally stable

NP 4:) 0(N22) = #33? < 1, Vw, and NS

RS 4:) ,uA(N11) <1,Vw, and NS I] A ”00$ 1

RP 4:) pA(N) < 1, Vw,y <1,VA, and NS

where A = 0 A0 , and Ap is a full complex perturbation matrix that specifies

P

the uncertainty in system dynamics between 2 and w, and is a fictitious uncertainty

block.

Ap represents the uncertainty of the closed-loop system N22. The performance of a

given controller can be analyzed via p-value. n-analysis can also be used to design

the controller. The goal is to find the controller that minimizes the peak a value of
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the closed-loop system, and thus achieves robust stability and robust performance of

the closed—loop system for all the possible perturbations. A is the uncertainty used

to assure the robust stability when N is stable.

DK-iteration, which combines [1. analysis and H00 synthesis, is available to seek

the optimal controller that minimizes a given p-condition. Because the p value is

bounded by the spectral radius and the maximum singular value for the complex

perturbation and the scaling does not change the p value if the scaling matrix com-

mutes with the uncertainty A, i.e., DA 2 AD, for the NA structure shown in Figure

6.4 the upper bound of p value can be replaced by:

- — —1

MN) S 1516111; 0(DND )

where for every D e D, DA = AD is satisfied. Therefore, the goal of the controller

K design is to minimize the peak ,u value of this upper bound

. . _1

mgMglelg ll DN(K)D ”00)

with respective to D and K alternatively. For each an, the two step algorithm de-

termines both K and D using the following three step procedures: 1) K-step, the

H0‘) controller is synthesized by holding D constant, i.e., minK || DN(K)D"1 ”00;

2) D-step, scaling matrix D(jw) is pursued with K obtained in K-step such that

a(DND"1) is minimized; and 3) fit the magnitude of D(jw) element to a stable

and minimum phase transfer function D(s). This is an iterating process and can be

implemented via ,u-synthesis toolbox provided in Matlab.

Remarks:

The above DK algorithm is based on the following logic:

1. p can be seen from the definition as finding a A with 6(A) g 1 radius that has
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maximum impact on M and requires a minimum value of km scaling such that

det(I — kmMA) = 0. km measures how close the system is to the instability

with the worst uncertainty;

. Since MM) 3 (3(M) and MDMD“) = MM) (Pg. 314 and 315 in [35]), the

scaling matrix D with DA = AD has no effect on p value but can have effect

on its upper bound 6(M);

. We desire to find the weakest direction in which M is susceptible to the uncer-

tainty by selecting A in remark 1. The ,u value can not be directly computed

but 6(M) can be computed and provides an approximation to MM). There-

fore, using the : mu value we find an improved upper bound on u by sealing

since MM) = MDMD‘I) g min 6(DMD‘1). We can not scale a to find lower

value since 11 already does that by definition but we can scale 6(M) to find the

lowest upper bound and the best approximation for MM), that measures the

weakness of M to uncertainty.

6.3.3 RGA Matrix Analysis

The RGA matrix plays an important role in the system performance analysis. RGA

matrix has been been known and yet ignored for a long time. The RGA matrix of a

transfer function G is defined as:

RGA(G) = G x (04)?"

where x indicates the Hadamard or Schur product.

RGA matrix is independent of input and output scaling and has a number of other

control properties that can be found in [35]. It is also a good indicator of system

sensitivity to uncertainty. The magnitude of a RGA matrix element should not be
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too small. A very small magnitude of a RGA element indicates a weak direction of

the corresponding control. Also the magnitude of RGA element should not be too

large. A large magnitude for a element indicates that the system is very sensitive to

the disturbance in this input-output direction. A system with large RGA element

magnitudes around the crossover frequency implies that the plant is fundamentally

difficult to control due to uncertain or unmodeled actuator dynamics. This tells us

that the input 2' and output j which are linked by the element (2', j) of magnitude

close to 1 are good pairs since this means that the gain from input i to output j is

not affected by closing other loops.

The elements in RGA matrix reveal the effective control direction and disturbance

rejection directions of the system. RGA matrix also reflects the control performance

of the system. Therefore, the evaluation of a control design should be based on

the RCA matrix structure by the robust controller. The RGA matrix should be

evaluated at steady state, the crossover frequency, and the bifurcation frequency.

This will tell us the steady state performance, the transient response, and the control

performance when bifurcation occurs. All the controllers to be designed will be

discussed in terms of RGA matrix.

The RGA matrix can capture bifurcation subsystem by producing a block diagonal

matrix of the RCA matrix of the bifurcation subsystem in the upper diagonal block,

RGA matrix of the external system in the lower diagonal block with zero off diagonal

blocks. The diagonal effectiveness of the control in each subsystem is shown by

having at least one large element in each row for each subsystem suggesting each

output has one and only one effective control. If one control is used for controlling

all outputs in the subsystem then one column in that subsystem will have large

elements near 1.0 which is the column associated with the effective control. All the

other columns will be small in that block diagonal matrix. Having more than one

column large with large elements in the same rows suggests competition for control
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of those outputs. Thus, the bifurcation subsystem could experience noncompetitive

effective control if each output had only one large element appearing in row of the

RCA matrix associated with it. The results suggest each output of the bifurcation

subsystem had different effective noncompetitive controls and disturbance resistant

controls (all output frequency differences were controlled by the robust control, and

excitation system voltage outputs were controlled by excitation systems on those

generators)

The robust control design methodology that is used in the design of the PSS and SVC

controls has the following four components. The first component of this methodol-

ogy is the use of the RCA analysis to show that the robustness produced by this

methodology, breaks the external system into subsystems that are decoupled from

one another and from the bifurcation subsystem. Each subsystem including the bi-

furcation subsystem is shown via RGA matrix to have one and only one effective

control for each output variable so that there is no competition for control in any

subsystem. The RGA matrix shows that the control in each subsystem is effective

(one element near 1.0) and resistant to disturbance or noise on any subsystem (no

element above 1.0). The RGA matrix can also show how the control structure change

for w = 0, the Hopf bifurcation frequency, and the cutoff frequency for the control.

The RGA matrix is theoretically shown to capture the bifurcation subsystem and

can be used to show the bifurcation subsystem structure exists long before the bi-

furcation parameter reaches the bifurcation value and may imply that the external

subsystem may be other bifurcation subsystems that could experience bifurcation if

the correct control is used. The second component of the robust design methodol-

ogy is to use a structured uncertainty that captures the nonlinear change in linear

model due to the bifurcation parameter change from the nominal value to the bi-

furcation value. The structured uncertainty principally captures the uncertainty in

the bifurcation subsystem that experiences, produces, and causes the bifurcation in
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the full system model. This structured uncertainty produces a 50% increase in the

feasibility region in the direction of the bifurcation parameter but does not produce

the subsystem structure of the external system. A dynamic system uncertainty that

in combination with the structured uncertainty is shown to produce the subsystem

structure of the external system. The third component is the use of the bifurcation

subsystem model for design of the controller rather than the full system. The resul-

tant SISO controller is then the order of the bifurcation subsystem rather than the

order of the full system model. The computation required to obtain the p—synthesis

controller is also reduced and makes application of p-synthesis control to very large

power system models feasible without model reduction that does not capture the

small bifurcation subsystem that experiences, produces, and causes the bifurcation

and retains the dynamic system properties associated with the bifurcation of the

full system model. The fourth component is the selection of the performance index,

weighting matrix, measurements and control that are based on the bifurcation and

the bifurcation subsystem being stabilized.

H00 control attempts to find the control that minimize the performance index for the

possible uncertainty that occurs at the frequency where the system is most vulner-

able. The design methodology preselects and coordinates the frequency uncertainty

and subsystem at which the robust controller should have effect. The frequency

where the system is most vulnerable is the bifurcation frequency (w = 0 for saddle-

node bifurcation and w 2 mo for Hopf bifurcation. The uncertainty is the nonlinear

change in the linearized model caused by the change in the bifurcation parameter

that produced the bifurcation subsystem, and the subsystem where the control has

effect in increasing the feasibility region, and the nonlinear modal coupling is the

bifurcation subsystem. This coordination within this design methodology enables

the very significant control performance improvements obtained.
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6.4 p-synthesis Power System Stabilizer (MPSS)

6.4.1 u-synthesis Power System Stabilizer Design

This section follows the standard u-synthesis and analysis procedures for the power

system stabilizer design.

The two-area example power system upon which a robust power system stabilizer is

to be designed, consists of two generation and load areas and the network for this

example system diagram is shown in Figure 5.1. The bifurcation subsystem method

has been applied to this example system and various types and classes of bifurcation

subsystem were obtained. It is concluded that this two—area system is vulnerable to

saddle—node, Hopf and singularity induced bifurcation.

As we have shown in Chapter 5, active power load variation is an important bifurca-

tion parameter that causes the interarea oscillation. Running active power load test

on buses in the network will cause Hopf bifurcation and lead to instability of the full

system. Hopf bifurcation will result in the oscillations in the power system response.

They can be interarea oscillations or local oscillations. The growing oscillations can

become a voltage stability problem as a transient load model (that is voltage de-

pendent) becomes a steady state load model (constant power). This transition from

interarea oscillations to voltage collapse occurs because (1) the load model transitions

from a transient model to a steady state model and (2) a voltage dependent load is

vulnerable to Hopf bifurcation where the same bifurcation subsystem is vulnerable

to saddle-node bifurcation when the load model is constant power from results in

Chapter 5. The purpose of this robust control design in the initial design is to damp

the interarea oscillation (Hopf bifurcation) caused by the active power load increase

as well as maintaining the voltage output by increasing the bifurcation value p‘ of

the bifurcation parameter p.
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The resulting linearized full system is similar to Figure 6.2. The two-area system is

stressed by increasing the active power load on bus 2 continuously. For each level

of active power load, the system is linearized using the Power System Toolbox in

Matlab and the system matrices (Af, Bf, Cf, Df) are obtained. The uncertainty

coefficient matrices A1, A11, ---, D1, D11 are calculated with least-square method.

Using equation (6.3.1) and (6.3.2) the LFT form of system is represented along with

matrix (Af, Bf, Cf, Df). The uncertain system can be computed for any parameter

variation in the same way. It is easy to perform these steps using the p—toolbox.

The basic function of a power system stabilizer (PSS) is to add damping to the

generator rotor oscillations by controlling its excitation using an auxiliary stabilizing

signal. To provide the damping the stabilizer must produce a component of electrical

torque in phase with the rotor Speed deviations. This is equivalent to changing the

set point of the automatic voltage regulator (AVR).

The conventional PSS (CPSS) design approximates an inverse control by approxi-

mating G‘1(jw), where G(jw) is the transfer function relating generator terminal

voltage and the frequency deviation of that generator. The PSS is then a damping

control since the input to PSS is the rotational frequency deviation of the generator.

The conventional PSS uses a fairly simple lead network compensator to adjust the

input signal to give it the correct phase over the range of frequencies where the local

or interarea inertial oscillation is expected to occur. The input to the stabilizer may

be the generator shaft speed, electrical power or accelerating power, or terminal bus

frequency, or a combination of these variables. The power signal is almost propor-

tional to the negative of the rate of change of speed. The input is first passed through

a washout to eliminate the input’s steady state value.

With the development of FACTS control, where complex nonlinear, adaptive, and

robust algorithms can be used to design controller, the use of such controls within a
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digital AVR and PSS in order to achieve better performance [49] were investigated.

However, the results initially obtained were not clearly superior to the inverse control

pss [46].

The p—synthesis power system stabilizer is designed in this section. The purpose of

MPSS design is to make the closed-loop system robust with respect to the active

power load variation of bus 2 up to the bifurcation, which causes a Hopf bifurcation

to occur to the open-loop system. Since the changes of some parameters do not

necessarily destabilize the system, the bifurcation parameter should be selected as

the source of the uncertainties because it is guaranteed to result in instability. The

load at bus 2 produces the interarea oscillation mode, which has been studied on the

example system. This will be used in uncertainty modeling.

The following procedures are used for the robust power system stabilizer design that

will be used through this thesis. Before designing the power system stabilizer we

should define the performance index to be minimized, i.e., what kind of performance

we expect to achieve via this control design. When Hopf bifurcation begins to deve10p

the angle vector diagram of the system has the form shown in Figure 6.6. We can see

that generator 4 oscillates against the rest of generators of the system. This suggests

that speed differences between generator 4 and rest of the generators should be

controlled around the bifurcation frequency as well as the bus voltages. Therefore,

a p-synthesis based power system stabilizer (MPSS) will be designed for generator 4

in order to eliminate the Hopf bifurcation. For a power system stabilizer design the

damping increase is obtained by using auxiliary input to excitation system voltage

set point. That means the voltage set-point will be changed and the generator

terminal voltage will be slightly different from the desired value. For conventional

power system stabilizer design (CPSS) it is impossible to compensate this voltage

error. For MPSS design the bus voltage difference between the actual output and

desired voltage level at any of the thirteen different buses in the network can be
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Figure 6.6: Generator Angle Vector Diagram

also included in the performance index. This will hopefully produce better voltage

control. The last terms in the performance index is the error between the mechanical

power set points Pm,- and the active power generation P0,- of four generators, where

i=1,2,---,4.

The following notation is introduced: PREF, = Pm,- and Pom}. = Pant = 1, 2, - . . ,4,

indicate the input power references and active power outputs on generator bus

1,2, 11, 12. VREF, and V007}, i = 1,2, - -- ,5, indicate the voltage references and

measured voltage outputs on generator terminal bus 1, 2, 11, 12, and SVC bus 101,

respectively. Vanni = 6,--- ,13, represent the voltage outputs on other buses

3,4, 10,13,14,20,110,120. whz' = 1,2, - -- ,4, represent the frequency on generator

bus 1, 2, 11, 12. The variables are redefined as noted above so that the errors can be

easily determined for each variable and the performance index is clear.

The performance index of this ,u-controller is defined as:

J = min[Z;-‘.__1|PREF, — P0UT,| + ELIIVREF, — VOUTgl (6.43)

+ ZEZIIwi — W4”

This performance index is important in the sense that it clearly suggests that this

control design is to suppress the oscillations between generator 4 and rest of the
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generators. It is more reasonable to minimize the frequency deviations with respect

to generator 4 rather than the speed set point on each generator because damping the

oscillation in w,- would not necessarily damp the interarea mode and would certainly

not effectively damp this interarea mode.

Note that the tracking performance is not required in the control design for a power

system. Therefore, the integral action and large gain over the frequency range in the

performance weighting function is not necessary.

The weighting function is used to shape the system error output and the desired

upper bound of the subsequent errors are represented by 1/w,,(w). wp(s) is the

performance weighting function:

w (s) _ 0.13 +1

p — 0.013 +1

The weighting function here indicates that bandwidth is approximately 10 rad/s, and

at low frequency the performance requirement is not stringent since at low frequency

[wp(w)| z 1 and only at high frequency |wp(w)| z 10. The bandwidth is chosen

so the response is reasonable fast and wp(0) is chosen so the low frequency gain is

sufficient to make steady state errors small. The wp(s) chosen here does not specify

stringent control performance requirement.

From above discussion the system is rearranged in the form shown in Figure 6.7,

where A consists of all the uncertainties of system and is in the form of diag{Aa,

Ab, Ac, Ad}. ka(Af, B,, Cf, Df) represents the LFT realization of the full system,

which is obtained previously. K is the controller to be designed. The inputs are the

references of the power system. PREP; and EP,-, 2' = 1, 2, - -- , 4 indicate the mechan-

ical power references and power output errors on generator 2', VREF“ . - - ,Vmgp5 and

EVI, - - - ,EV5 are the voltage references and voltage output errors on the four gener-

ator buses and SVC bus 101, respectively. (.14, the speed on generator 4, is the only
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measurement. Wp : diag{wp, wp, - - - ,wp} is the performance weighting matrix.

 
Figure 6.7: Control Configuration of Power System Stabilizer

The control configuration shown in Figure 6.7 is very flexible. Multiple controllers

can be designed by pulling out the inputs and outputs and connect them to the

controller. For example, if another excitation system on generator 2 needs to be

designed, we need only connect the generator 2 terminal voltage output measurement

to controller K and connect controller output to the summer for the generator 2

voltage set point. The performance index can be easily modified for different control

purposes.

Based on system block diagram in Figure 6.2 and control configuration in Figure

6.7 DK-iteration is used to obtain a n-controller. The p-controller to be design

has one input from the measurement of generator 4 speed, and one output to the

voltage set point of excitation system voltage reference on generator 4. The p value

of the closed-loop system is shown in Figure 6.8. The u-value is less than 1 over

frequency range w 6 [10’3, 103]. The peak u-value occurs between w = 2 rad/sec
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and w = 4 rad/sec, which corresponds to the interarea oscillation frequency. This

guarantees the robust performance of the closed-loop system over the parameter

variation. Actually if the a peak value is different than 1, then at this frequency the

controller can tolerate 1 /p-times more uncertainty and the performance can still be

satisfied with a margin of 1/p. For this controller the robust performance can be

assured with 1/p = 101-times uncertainty. This makes sense because the bifurcation

parameter range includes the point of bifurcation for the uncontrolled system. The

,u-synthesis approach should produce a flat and small value over the control frequency

range which is approximate 0.2 Hz to 60 Hz with the exception of the value at the

oscillation frequency. The a value at this frequency suggests robust stability even

for a 1% increase in bifurcation parameter. This initial design is certainly not very

robust.

The MPSS designed here is actually a local controller rather than a global controller

since it only needs the measurement from generator 4 itself and performs control

only on generator 4. It does not need the communication link to access the measure-

ments from other generators or buses and does not need to communicate the one

measurement on generator to a controller at any other generator.

The controller obtained is of high order and is difficult to implement. By using the

bifurcation subsystem rather than the full system model to design the controller, the

order of the controller can be reduced from the order of the full system to the order

of the bifurcation subsystem, which is 15. This will be further discussed in section

6.5.2.
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Figure 6.8: p-value of Closed-loop System with MPSS

6.4.2 RGA Matrix Analysis for p—synthesis Power System

Stabilizer

The RGA matrix of the open loop system without MPSS at steady state (0.2 = 0)

is shown in Table 6.1. Here PREP}, VREF“ VOUT, have been defined previously. The

corresponding elements indicate if the control is effective and if the system is sensitive

to the input disturbance.

In Table 6.1 we can see that at steady state the elements (PREF1,P0UT,), ---,

(PREFHPOUn) are much less than one, and (VREFI, Var/Tl), --., (VREF5,V0UT5) are

much greater than one. This suggests respectively that the controls on power are

not effective, and the controls on voltage are very sensitive to input uncertainty.

By inspecting each column or row in Table 6.1 we find that there are a number of

element magnitudes that are close to each other. This implies there are conflicts
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among the controls since each control is trying to stabilize a number of outputs and

each output is affected by several controls. The elements related to the generator

speed have extremely small values and it reflects that the controls do not have much

effect on the generator speed. This is true because generator speed is not directly

controlled by power inputs and voltage inputs. This also explains why this two area

example system is vulnerable to the interarea oscillations. It should be noted that

the two area system is equipped with exciters, a conventional power system stabilizer

on generator 3, and the SVC control at bus 101 at the midpoint of the lines that

connects the two areas. Although the control devices of the open loop system are

well designed and carefully tuned, the control performance is still not satisfactory

for stabilizing this interarea oscillation. This also suggests that conventional control

design methodology is not capable of achieving good control performance for the

overall system.

Table 6.2 shows the RGA matrix of the closed-loop system with MPSS at steady

state. From Table 6.2 we can see that element magnitude of the control pair

(PREFUPOUTI), ' ° ' , (PREP): Faun), (VREFI: VOUTI): "w (VREFsy V0073) are all 01088

to 1. This indicates that the control input, especially power inputs, on each generator

or bus is effective and is not sensitive to input uncertainties. This is in contrast to

the system with only the CPSS. Inspecting the rest of the elements we find that most

of them are much more smaller that 1. There are no two elements in any row with

large elements but only one so that two or more controls are no longer fighting for

control of an output. This is again in contrast with the system with CPSS. There is

an almost decoupled control structure obtained by this robust control design because

the MPSS on generator 4 has effects on the bus voltages where the extra control is

needed in CPSS and because each generator and the SVC has control of the bus

voltages in the vicinity of its terminal bus.

The MPSS has tremendously increased the magnitude of the elements related to the
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generator speed compared to Table 6.1 from 10’17 to 0.005 in Table 6.2. Moreover,

the frequency related elements under control of MPSS (V3373) are the largest. This

is clear by noting that the element magnitudes relating VREF, and w,,z' = 1, 2, 3, 4,

and magnitudes of the rest of the elements in the 0.21, (1)2, w3, and an rows in Table

6.2. Therefore, the MPSS dominates the control actions of the generator speed.

This is why MPSS dramatically decreases the interarea oscillations as shown in time

simulations.

This MPSS not only dramatically improves the damping and control of the interarea

oscillations of the dynamics contained in the bifurcation subsystem composed of 6,,

w,, i = 1, 2, - - - ,4 , but also provides a global structured control of voltage and power

in the system

The global decoupled control structure of the voltages at network buses close to

generator or SVC buses was not true for CPSS and logically should not be true for

MPSS. The addition of the uncertainty in the system dynamics Ap relating z and 21)

could explain why effective control of voltage at every bus is achieved with no fighting

for control of certain bus voltages (where there are two or more large elements in a

row) and very poor of control of other bus voltages with CPSS (where there are no

large element in a row).

These results suggest an incredible level of control improvement via MPSS versus

CPSS. This strongly contrasts with results found in [46], where it was difficult to

obtain improvements using a robust control over that of a conventional power system

stabilizer.

It anticipated that MPSS with inverse dynamics of the exciter system on generator

4 has better robust control performance than MPSS only. The RGA matrix of the

closed—loop system with MPSS and inverse dynamics is shown in Table 6.3. From

Table 6.3 it can be seen that an almost decoupled control structure is obtained
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PREF1 P121353 PREF3 PREF4 VREF,

POUT1 2.01228—01 5.49408—02 494688-02 456338-02 1.99018-02

POUTg 7.32418—02 5.80998—02 6.46948-02 5.91718-02 2.34078—02

POUT3 4.93818—02 4.85618—02 2.43068-01 4.38978-02 1.38328-02

POUT4 617198-02 601728-02 6.06558-02 6.86378-02 1.96998-02

VOUTI 6.32708-03 5.63958-03 4.34538-03 4.78318—03 7.47528—01

VOUT2 1.59718—01 1.58398-01 1.05308-01 1.08668-01 6.14958—02

VOUT6 4.67918—01 5.07148-01 1.14128-02 8.69058-02 2.01898-01

VOUT7 5.46698-01 5.93618-01 2.15018—02 1.32098—01 2.35468-01

VOUTg 2.78318-01 2.30128—01 2.96818—01 322508-01 2.00318+00

VOUT3 5.06578-02 5.64698—02 7.73728—02 6.25098-02 1.86498-02

V0071, 8.87068-02 9.57128—02 l. 19958-01 I. 10438-01 1.67498-02

VOUTg 454008-03 794908-02 2.44208-01 2.29728-01 3.56908—01

VOUTlo 181058-04 898688-02 2.89028-01 2.71138-01 4.29778-01

VOUTu 1.48128-01 1.39358-01 2.81128—02 8.98798-02 3.33738-02

VOUT5 672548-01 681098-01 606228-01 5.63858—01 5.44938-02

VOUT12 1.73438-01 2.21258-01 3.79408-01 3.02268—01 2.03828—01

VOUT13 2.64348-02 3.09098-02 2.47678-01 1.98418-01 2.85668-01

011 6.60978-14 1.20068—18 2.36828—18 4.33588—18 2.71188—19

0J2 6.62048-14 3.39068—18 3.43018—18 6.53648—19 2.12768—18

w3 6.61528-14 5.57368—19 1.39358-18 9. 15478-19 3.34888-19

w4 6.61638-14 9.01478-20 1.21168-18 936158-19 898848-20

VREF2 VREF3 VREF4 VREF5

POUT1 2.21138-01 2.90378—02 1.28998-01 1.72188-0

POUT2 3.00108-01 4.21808-02 1.83288-01 2.36038-01

POUT3 1.53148-01 5.08148-02 1.86438-01 1.35398-01

POUT4 2.07818-01 5.30188-02 2.26338-01 1.72958-01

VOUT1 2.32188—02 3.53238—03 7.87618—03 1.67128-03

VOUT2 1.3462e+00 2.61098-02 1.69508-02 3.00398—01

V0117:6 2.96998+00 7.33478-01 2.57978+00 2.68328-01

VOUT7 3.24178+00 8.27458—01 2.87298-l-00 3.36518—01

VOUTs 8.75738-01 2.25508-01 3.83708-01 1.31868+00

VOUT3 6.18578-02 1.14608-l-00 2.64648—01 2. 79728-02

V0117}, 1.43138-02 1.07278-01 1.26738+00 2.49548-01

VOUTg 2.57648+00 3.16178-01 2.51008+00 3.82388-01

VOUT10 3.11178-l-00 3.79478-01 3.04328+00 4.70688-01

VovTu 4.0576e+00 4.9322e-01 1.5049e+00 2.1986e+00

VOUT5 2.03678+00 1.77188—01 l.89778+00 7.47648+00

VOUle 1.04238+00 3.05698+00 9. 19278-01 1.6207e-l-00

VOUT13 1.90788+00 1.47868—01 3.85248+00 l.72708+00

w] 2.38798—17 3.45978—18 1.62318—17 1.10488-18

012 1.31258—17 1.36008-18 1.80608-18 1.52278-17

L03 8.75298-18 1.19838—18 4.64318-18 2.32618—18

0J4 8.72278-18 1.31838-18 2.10268-18 7.56828-19      
Table 6.1: RGA of Open Loop System (CPSS) at Steady-state
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PREF1 PREF2 PREF3 PREF4 Var-3F.

POUT1 1.04218+00 9.80458—03 5.79938-03 7.92438-03 4.47668-03

POUT2 8.69968-03 l.02898+00 5.58688—03 3.68818-03 2.02398-03

POUT3 339828-03 613318-03 1.03048+00 4.42858-03 2.08398—03

POUT4 7.80798-03 3.28278—03 4.90448-03 1.04228+00 2.65698-03

VOUTI 3.19068—04 2.79058—04 3.35338-04 1.38258-04 7.18168—01

V0UT2 6.46738—03 5.63748-03 523288-03 5.03408-03 6.02298—04

VOUTe 2.31878-02 2.56938-02 9.42378—03 1.28358-02 1.49768—03

VOUT7 265798-02 295698-02 1.17198-02 1.55448-02 1.58858-03

VOUTS 1.87518-02 1.92398-02 2.26648—02 2.34858-02 2.08558-01

VOUT3 2.84408—03 2.74118—03 2.94428—03 3.13548-03 9.01008-04

V0117;1 7.26258-02 1.05228—01 1.17218-01 1.06578-01 1.70938-02

VOUTg 1.03318-02 1.38908-02 2.56848-02 2.45958-02 2.83768—02

VOUTIO 1.20518—02 162788-02 306748-02 293038-02 3.43738—02

VOUTu 1.45548-02 1.26948-02 1.10778—02 1.31438-02 1.07398-03

V0UT5 3.04608—02 3.09438—02 3.12648—02 3.12028-02 1.86248-03

VOUT12 1.24298—02 203638-02 253148-02 2.20758—02 1.34108-02

V0UT13 1.18268—02 1.07418—02 2.90928-02 2.53238—02 2.62158-02

wl 1.14058-03 1.36368-03 1.36398-03 1.41208-03 4.63588-04

w2 1.14448—03 1.37748-03 1.36428-03 1.42218-03 4.63578-04

w3 1.14348—03 1.37188-03 1.36508-03 1.41838-03 4.63908-04

w4 1.14348-03 1.37218—03 1.36508-03 1.41858-03 4.63888-04

VREF2 VREF3 VREF4 VREF5

POUTI 2.81748-02 421428-03 4.3515802 2.68438-02

POUTg 2.29328-02 3.09338—03 4.63398—02 1.88588-02

POUT3 1.62258-02 5.95278—03 5.44438—02 1.80828-02

POUT4 1.83418-02 4.58938-03 5.90788-02 1.62888—02

VOUTI 2.51978—04 1.07838-05 1.59708-03 1.26598-05

VOUT2 5.18008—01 1.33148-03 1.26268—02 1.08678-02

VOUTa 1.83768—02 2.69798—02 2.98088-01 5.95228—04

VOUT7 2.10178—02 3.03448—02 3.35038-01 1.30768-03

VOUTg 2.74928—02 1.12798-02 1.26888-01 5.72518—02

VOUT3 2.90458-03 6.70928-01 3.01838—03 1.48428-03

V0117}, 2.89218—02 1.04208-01 2.01708-01 2.64118-01

VOUTg 1 .65288—01 1.14688-02 8.61028—02 2.34038-02

VOUTlo 2.00808-01 1.38078-02 1.03208-01 2.89458-02

VOUTu 8.87088—03 1.87098-02 2. 15078-01 6.42508-02

VOUT5 534478-02 788548-03 630438-02 524288-01

Vow-,2 5.6270e—02 1.1712e-01 1.54278-01 8.1657e-02

VOUT13 1.39038—01 4.41538—03 1.27708-02 1.21948-01

wl 1.41858—03 5.16878—04 5.43518-03 1.16948-03

wg 1.42958-03 5.14868—04 5.47738-03 l . 17628-03

w3 1.42538-03 5.16128—04 5.46128-03 1.17398-03

0J4 1.42558-03 5.16098-04 5.46208-03 1.17408-03      
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between different buses by inspecting the element magnitudes of the control pair

(P313171, P0073), (P313172, Pom-2), ---, (VREF5, VOUT5)a i.e., the corresponding element

magnitudes are also very close to 1. More important is that in Table 6.3, all the

elements related to generator speed are very small except those correspond to voltage

input control VREF, on generator 4. Therefore, for system with MPSS and inverse

dynamics the interarea oscillations are damped mainly by generator 4 voltage input.

In the same time the MPSS voltage control on generator 4 is also trying to control the

voltages of the buses that are close to generator 4. This can be seen from the column

under control VREF“ where element (VREFU V0073), (VREFU VOUT7), (V3353, VOUTQ),

(Vagina, VOUTIO), (V333,, VOUT“), and (VREFUVOU713) are of large magnitude close to

1.0.

The RGA matrix of the open loop system at bifurcation frequency is also reviewed

here because this indicates the control performance and the capability of disturbance

rejection of the system at bifurcation frequency. It is important to know how much

better the control performance can be achieved with a robust controller over different

frequencies in the frequency range. The RGA matrix of the open loop system (CPSS)

at bifurcation frequency is shown in Table 6.4. It can be seen from Table 6.4 that the

magnitude of the control pair elements (PREF13POUT1):' -- ,(VREFs, V0UT5) are also

close to 1. However, this does not mean that an almost decoupled control structure

has been obtained for CPSS because in many rows of the RGA matrix we can still

find more than one large element, which suggests there are conflicts among different

control devices. There are some rows with no large elements, which suggests there

is poor control of this variable. The open loop system has a conventional power

system stabilizer on generator 3. This explains why the generator speed related

element magnitudes are large under VREF3. It also suggests that the conventional

power system stabilizer was well designed.

The RGA matrix of the closed-loop system with MPSS at bifurcation frequency is
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PREF1 PREF2 PREF3 PREF4 VREF1
 

Pour. 931418-01 642928-05 7.37598—05 6.89938-05 1 .44548-04
 

P0UT2 860918-05 941828-01 7.30288-05 673118-05 220928-04
 

P0UT3
2.11848—04 1.36948—04 9.4634e—01 1.2187e-04 6.3311e—05
 

P0UT4 5.68738-05 786308-06 320278-05 9.53408-01 9.28568-06
 

V0UT1 4.28528—04 2.04198—05 204418-05 219928-05 721558-01
 

V0UT2 6.40808-04 1.40778—03 1.07628-04 1.14168-04 1.8116e—03
 

V0(1715 574998-03 406038-03 351278-04 5.00518-04 1.21688-02
 

V0UT7 6.50238-03 461278-03 433978-04 602088-04 1.38328-02
 

V0UTg 3.15618—03 7.62558—04 4.52878-04 487958-04 285358-01
 

V0UT3 4.48138—04 500128-04 677628—05 527628-04 1.62148-04
 

V0UT4
6.55258-02 7.10448—02 8.77088-02 794078-02 122528-02
 

V0UTg 3.05628-03 5.59788—03 9.22908-03 9.13148—03 1 .06078-02
 

VOUTlo 3.5213e—03 6.60108—03 1. 10438—02 1.08998-02 1.28758-02
 

VOUTn 2.90968—03 1.41988—03 308688-04 382458-04 4.9738e-03
 

V0UT5 1.35108-04 3.78558—04 5.36098-03 5.33168-03 8.90558—04
 

VOUTlg 4.27588-03 512678-03 584628-03 603668-03 3.7953e03
 

VOUT13 3.2344e—03 5.58208-03 1.16198-02 1.04328-02 1.1581e-02
 

wl 1.477le-05 1.64218—05 1.68168—05 1.74688—05 5.92868-06
 

W2 1.4775e-05 164178-05 168168-05 1.74688-05 5.94288—06
 

W3 1.47788-05 1.64258-05 1.68088—05 1.74658-05 5.94068-06
 

W4 1.47878-05 1.64358-05 1.68238-05 1.74718-05 5.94428—06
 

VREF2 VREF3 VREF4 VREF5
 

Pour. 2.09228-04 4.00308-05 2.00318-02 1.32298-04
 

POUTg 300108-04 475748-05 238788-02 1.04128-04
 

P0UT3
4.47908-04 1.14378-04 2.51758-02 4.00948-04
 

Pour. 5.19268—05 2.85588-04 287788-02 313458-04
 

VOUT1 7.24958—04 8.40328-06 4.53528—03 1.04418-05
 

V0UT2
5.51588-01 1 .72498-05 8.52638—03 1.52228-03
 

V0UT5
8.03558-02 3.35608-04 157848-01 681618-04
 

V0UT7
8.7001e—02 3.77438—04 1.78228-01 1.1791e—03
 

V0117}, 2.09308—02 1 .4404e-04 8.68168—02 7.04798-03
 

V0UT3 5.09488—04 6.87638-01 5.29828—03 2.18848-04
 

V0UT4
2.02768-02 768738-02 166818-02 190878-01
 

Vourg 5.96848-02 1.41338-04 1.54568—01 4.66268-03
 

VOUTw 7.26578-02 1.70168-04 1.87078-01 5.77998—03
 

V0UT11
1.33408-01 2.33428-04 1.25028—01 2.07028-02
 

V0UT5 1.52598-02 9.37408—05 1.12688—02 7.90778—01
 

VOUT12
1.53108—02 2.33878-01 926548-02 182038-02
 

V0UT13
581258-02 540948-05 1.46948—01 4.15598—02
 

WI 1 . 74068-05 637488-06 376188-03 1.48008-05
 

W2 1.73958-05 6.37478—06 3.76178-03 1.48028—05
 

0w3 1.74098-05 636658-06 376178-03 1 .48028—05
  W4  1.74198—05  6.38008—06  3.76178—03  1.4812e—05   

169

Table 6.3: RGA of System with MPSS and Inverse Dynamics at Steady State

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PREFI PREF2 PREF3 PREF4 VREF1

POUT1 1.05928+00 5.50528—02 3.36378-02 1.38658—02 5.51128—02

P011712 9.54368—02 9.03668-01 2.84748—02 8.87708-03 3.82568-02

POUT3 4.62648—02 8.44178-03 1. 13878+00 9.79598—02 2.37558—01

POUT4 5.87218-02 1.49118-02 1.70698—01 1.19458+00 2.43828-01

VOUTl 2.45588—01 9.93548-02 3.12158-02 2.25228—02 1.59988+00

VOUT2 5.98468-02 1.56858-01 1.90958—02 1. 10068-02 6.03108-01

VOUTG 6.96908-02 9.17708-02 8.21598—03 2.04798-02 l .47848-01

VOUT7 7.63018—02 1.00458—01 9.00988—03 2.23938-02 1.61818-01

VOUTS 1 .96248-01 3.98248-02 2.63028—02 2.36858—02 9.17728-01

V0013 3.34448—02 1.99708—02 1.55318-01 6.75718—02 l. 19598-02

VOUT4 3.97738—03 5.93428—04 153968-02 461018-02 2.77348-02

VOUTg 1.25268—02 9.20528—04 1.54888-02 2.05648-02 1.65198-02

VOUTlo 1.52798-02 1.12208-03 1.88938-02 2.50878-02 2.01538—02

VOUTu 5.41688-02 9.59328-02 1.01818—02 1.94538-02 1.48848-01

VOUT5 4.92868-02 6.38718—03 2.44248-02 4.65088-03 5.87128-03

Vow, 1.3611e—02 1.0731e-02 9.0910e-02 1.4605e—02 2.4417e02

VOUT13 4. 73028-03 1.25038-03 l . 80348-02 3.20438-02 2.61898-02

wl 2.39718-01 1 .25728—01 2.78598—01 2.50608-01 5.83198-04

(.02 1.09258-01 1. 15238-01 2.14648-01 1.92928-01 2.39418-04

023 3.91208—01 2.73568-01 2.49538-01 1.73408-01 3. 15218-05

(.04 3.97198—01 2.78248—01 1.95708-01 2.17188-01 9.48998-05

VRE‘F2 VREF3 VREF4 VREF5

POUTI 2.79018-01 4.99588-02 7.85548-02 6.95528-02

POUT2 1 .72358—01 403888-02 689298-02 4.81788-02

POUT3 8.35258-02 1.87768—01 1.56678-01 8.52948-02

POUT4 8.76298-02 425498-02 1.32638-01 7.35318-02

VOUT1 7.20688-01 126338-02 2.24528-02 2.23288-02

VOUTg 1.35808-l-00 2.23118-02 3.86248-02 1.35858-01

VOUTe 3.32608-01 2.43728-02 9.11348—02 4.78448-02

VOUT7 3.64028—01 2.66638—02 9.97438-02 5.23638—02

VOUT3 3.85578-01 1.88288—02 4.90478-03 3.36538-02

V0UT3 2.71558-02 8.40688-01 1.87998-01 3.40568—02

V0UT4 3.30328-02 1.34528-01 7.57648-01 6.85578-02

VOUTg 3.57728-02 9.91058—03 8.80248—02 4.14618—02

VOW“, 4.3641902 1.2092e—02 1.0739e—01 5.0581602

VOUT11 5.1103e—01 2.45118-02 2.9226e—02 4.40688-02

VOUT5 188638—01 109098-02 7.97348-02 9. 15258-01

VOUTn 1.24018-02 4.65958—01 1.08388-01 2.61008—02

VOUT13 1.17008-02 2.20248—02 1.94878-01 1.50088-02

0.11 4.84378—04 1.59038-01 1.22938—04 4.94518-05

wg 4.85238—04 1.23468-01 4.78138-05 2.78428-05

w3 1.40238-04 1.62968-01 3.05358—04 6.01768-05

0:4 1.05888-04 1.09588-01 5.61298—04 8.10348-05      
Table 6.4: RGA of Open Loop System (CPSS) at Bifurcation Frequency
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PREFI P3153172 PREF3 PREF4 VREF1

POUTI 1.21618+00 617628-02 400918-02 1.35708—02 1.07858-01

P0UT2 1.08538-01 9.40148-01 2.79108-02 1.11788-02 4.94448—02

POUT3 5.37028—02 1.05198-02 1.17458+00 109448-01 266768-01

POUT4 709088-02 190488-02 1.96738-01 1.26748+00 2.88278-01

VOUTI 3.16318-01 1.13278-01 3.74788—02 2.78648—02 1.78148+00

V0072 7.23038-02 1.63388—01 2.08538-02 1.14508-02 6.93228-01

VOUTe 8.45268—02 9.94298—02 9.07828-03 2.34838-02 1.80548-01

VOUT7 9.26528-02 1.08978-01 9.96728-03 2.57108-02 1.97838-01

VOUTg 2.48318-01 4.53258-02 3.10708-02 2.85418—02 1.03878+00

VOUT3 3.63478—02 2.01188—02 1.64298-01 7.50128—02 1.30468-02

V0U7~4 4.57018—03 6.09888—04 1.71568-02 6.17048-02 3.15588-02

VOUTg 1.36578-02 1.34488-03 1.60928-02 2.26678-02 1.78238—02

VOUTlo 1.66788—02 1.64118-03 1.96548-02 2.76858-02 2.17708-02

V001“ 6.55388—02 1.03538-01 1.11808-02 2.20718-02 1.82568—01

VOUT5 584448-02 809558-03 2.64868-02 5.42188—03 5.93908-03

VOU'I‘12 1.45818-02 1.04818—02 9.58788-02 1.64508—02 2.67188-02

VOUT13 5.40398—03 9.41298-04 1.91768-02 3.77968-02 2.90918—02

wl 2.86358-01 1.34618-01 3.04658—01 2.80888-01 6.56488—04

L02 1.24438-01 1.27548-01 2.28308-01 2.10338-01 2.92318-04

w3 4.33318-01 2.80578-01 2.65738-01 1.94238—01 3.58768-05

(2)4 4.62828—01 3.00318-01 2.25388-01 2.481 18-01 1.14678—04

VREF; VREF3 VREF4 VREF5

POUTI 3.29388—01 5.28368-02 7.09478-02 6.55018—02

POI/T, 1.66508—01 4.50088-02 6.20138—02 4.11428—02

POUT3 8.42718—02 1.97708-01 1.78188—01 9.20888—02

Poun 9.26168-02 4.86548-02 1.71338—01 8.43548—02

VOUTI 8.32768-01 1.56088—02 2.94198-02 2.65118—02

VOUTg 1.45848+00 2.35128—02 5.00088—02 1.49118-01

VOUTG 3.75438-01 2.70388—02 9.72788—02 5.31348-02

V0071, 4.11388-01 2.96158-02 1.06598—01 5.82218-02

VOUTg 4.41408-01 2.22958-02 1.05178-02 3.96818—02

VOUT3 2.81718-02 8.70878—01 2.08768—01 3.51248—02

VOUT4 3.57798—02 1.50618-01 806158-01 532248-02

VOUTg 3.52208-02 1.08148-02 9.28778-02 3.72568—02

Vomi 430196-02 1.3210502 1.13448—01 4.55068—02

Vozml 5.7207e-01 2.7131e-02 2.63018-02 4.90608—02

VOUT5 2.03718—01 1.20238-02 9.14488-02 9.23658—01

VOW”, 129578-02 4.86908—01 1.17748-01 2.62498-02

VOUT13 1.15038-02 2.37828—02 2.07418-01 1.36798-02

L01 5.60648-04 1.73888—01 3.07188—02 4.54978-05

(4)2 5.25068—04 1.31338-01 2.31778—02 2.18318—05

(1)3 1.37608—04 1.72138-01 205378-02 608278-05

0J4 1 .02898-04 1.26438-01 2.73418—02 9.46428-05      
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Table 6.5: RCA of System with MPSS at Bifurcation
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shown in Table 6.5. From Table 6.5 we can see that although the magnitudes of

some element that do not belong to the control pairs (PREpi, Palm), 2' = 1, 2, - - - , 4,

(VREFH V01”), 2' = 1, 2, - -- ,5, increase the control structure is still decoupled since

the control pair elements are still dominant in each column. The RG'A matrix

subsystem in the network are not the same at the bifurcation frequency as for w =

0. This is expected since at w = O voltage control is accomplished and at the

bifurcation damping of the oscillation is accomplished. It should be noted that the

conventional power system stabilizer is still effective by inspecting the frequency

related elements under column V333, which occurs due to the fact that the CPSS

has been assigned to be effective in damping the interarea oscillation with control

VREpa. Also, MPSS is effective in controlling the frequencies since the frequency

elements under control V3312, have relatively large elements but the MPSS is not

as effective as the conventional power system stabilizer. Table 6.6 shows the RCA

matrix of the closed-100p system with MPSS and the inverse dynamics of generator

4. It is noted that the frequency related elements under control VREF4 increase in

comparison with Table 6.5. Therefore, it is anticipated that better frequency control

can be achieved. The rest of the RCA matrix elements are similar to those in Table

6.5.

6.4.3 Time Simulation of MPSS Design

The CPSS design uses a fairly simple lead network compensator to adjust the input

signal (generator shaft speed, electrical power, or accelerating power) to give it the

correct phase to effectively damp the generator rotor oscillations. The CPSS is

designed by adding inverse dynamics of exciter and flux decay dynamics at the

nominal operating point of the generator. Generally, a CPSS is fairly robust for small

perturbations because it is designed by trial and error. Relatively large uncertainty
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PREF1 PREF2 PREF3 PREF4 VREF1

POUTI 1.11808-l-00 5.78878-02 3.79088-02 1.25178-02 9.83738—02

POUT2 9.98248—02 8.785 18-01 2.63748-02 1.03008-02 4. 16218-02

POUT3 5. 15738-02 1.01048—02 1.16178+00 1.02698-01 2.56198—01

1’0sz1 6.47118-02 1.73748—02 1.79488—01 1.21898+00 2.63018—01

VOUT1 2.88318-01 9.95808—02 3.54738—02 2.57688—02 1.70808+00

VOUT2 6.58288—02 1.44108—01 1.97458-02 1.05958-02 6.48628-01

VOUTa 7.67458-02 8.83918—02 8.59798—03 2.17398—02 1.67978-01

VOUT7 8.41228-02 968698-02 943988-03 2.38008—02 1.84058-01

VOUTg 2.26318-01 3.98518-02 294098-02 263958-02 985528-01

VOUT3 3.54578-02 1.96258-02 1.62418-01 7.16658-02 1.27318-02

VOUT4 4.24228-03 5.57448-04 1.61678-02 4.87638-02 2.98078-02

VOUTg 1.36118-02 1.32518—03 1.60088-02 2.18118-02 1.80388-02

VOUTlo 1.66228-02 1.61708-03 1.95518-02 2.66408-02 2.20328-02

VOUTI 1 5.95928—02 9.16168-02 1.05858—02 2.04218-02 1.70658-01

VOUT5 5.41938—02 7.43878-03 2.54658-02 5.13318-03 5.57638-03

VOUT12 1.43008-02 1.02698—02 9.47148-02 1.56108—02 2.62488-02

VOUT13 5.20098—03 8.98598-04 1.85178-02 3.36868-02 2.82758—02

wl 2.57658—01 1.26098-01 2.88078—01 2.59108-01 5.99278-04

022 1. 14808-01 1.15598—01 2.15748-01 1 .93828-01 2.45758-04

«)3 4. 16008-01 2.69328-01 2.59578—01 1.82228—01 3.47268—05

w4 4.22318—01 2.74038—01 2.05668-01 2.26408-01 1.04578-04

VREF2 VREF3 VREF4 VREF5

POUTI 2.93658—01 5.00178-02 8.00448-02 7.19578—02

POUT2 1.49198-01 4.26028-02 6.93468-02 5.09638-02

POUT3 8.09298—02 1.94088-01 1.64338-01 8.90038-02

POUT4 8.45018—02 4.43798-02 1.37238—01 7.69718-02

VOUT1 7.72608—01 1.47798—02 2.53928-02 2.41468-02

VOUT2 1.39088+00 2.22658—02 4.20328—02 1 .37508—01

V0117}, 3.49078—01 2.56058—02 9.65758-02 4.93358—02

VOUT7 3.82508-01 2.80458-02 1.05828-01 5.40598-02

V0078 4.09728—01 2.11118-02 5.81318-03 3.61608-02

VOUT3 2.74928-02 8.48438—01 1.97578-01 3.45818—02

VOUT4 3.37998—02 1 .36308-01 760828-01 703898-02

VOUTg 3.56378-02 1.01878-02 8.87298-02 4.15118-02

VOUTlo 4.35298-02 1.24448-02 1.08388-01 5.07038-02

V0117” 5.34418-01 2.56928—02 3.03558—02 4.51578—02

VOUT5 1.91208—01 1.14238—02 849898-02 915698-01

VOUle 1.27298-02 4.70668—01 1.11278-01 2.68308—02

VOUT13 1.11808-02 2.24038—02 1.96598-01 1.57868-02

wl 4.99708-04 1 .64608-01 1.30268-02 5.00738-05

(.02 4.70268-04 1.24318—01 5.63498-02 2.69358—05

w3 1.32338—04 1.68978-01 3.21338-02 5.91108-05

w4 9.38538-05 1.15378—01 5.93218—02 8.60958-05
 

Table 6.6: RGA of System with MPSS and Inverse Dynamics at Bifurcation
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can cause the deviation of the operating point, which causes the closed-loop system

with CPSS to go unstable. This will be seen in next example. The previously

designed MPSS is also tested here. This MPSS is designed for generator 4 with

speed on generator as input. Figure 6.9 shows the simulation result of open loop

and closed-loop system with 50% increase in active power load on generator 2. In

this case, the open loop system with CPSS can not maintain the system stability in

terms of voltage control and frequency control. The active power load perturbation

causes the interarea oscillation between generator 4 and the rest of the generators

and these oscillations can not be damped by the CPSS. MPSS still achieves very

good damping. The oscillations are eliminated in 20 seconds. It should be noted

that the period of the waveforms shown in Figure 6.9 verifies that these oscillations

are interarea oscillations (T z 2.0s).

The fact that CPSS achieves effective damping by using inverse dynamics of the

excitation system and flux decay dynamics suggests the performance of MPSS could

be improved by including the inverse dynamics in the design. The time simulation of

closed-loop system with MPSS adding inverse dynamics is shown in Figure 6.10. The

same active power load perturbation is applied to generator bus 2. The performance

improvement is obvious. It can be seen that the transient time is reduced dramat-

ically. The interarea oscillations are now damped out in 10 seconds rather than 20

seconds. Comparing Figure 6.9 and 6.10, it can be seen that the first swing in Figure

6.10 is little larger than that in Figure 6.9. This indicates that more control effort is

applied by the controller. It should be pointed out that the inverse dynamics block

be connected to the ,u-controller output in order to achieve better performance. This

result supports the conclusions reached based on the RCA matrix results.

From the above simulation results both MPSS designs achieve very robust and good

control performance for this single bifurcation. However, as a local control device

(local measurement and local control action) PSS has its limitation when damping
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interarea oscillations because it can not always effectively control the oscillation in

power between the two areas. This will be shown when multiple bifurcations develop.
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Figure 6.9: Open Loop system with CPSS (- -) and Closed-loop System with MPSS

H

6.5 II-synthesis SVC Control (MSVC)

6.5.1 Full System Based p-synthesis SVC Control Design

For SVC controller, the measurement output can be

1. frequency at any bus;
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Figure 6.10: Open Loop System with CPSS (- -) and Closed-loop System with MPSS

and Inverse Dynamics (-)
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2. speed at any synchronous machine;

3. accelerating power of any synchronous machine;

4. power flow over any line;

5. voltage angle deviation at any bus;

The bifurcation subsystem method is again utilized to design the robust SVC con-

troller following the same procedures used for MPSS.

 
Figure 6.11: Control Configuration of MSVC

MSVC is first designed based on the full system model. The general control config-

uration is shown in Figure 6.11, which is very similar to Figure 6.7 for the MPSS

design. To suppress the interarea oscillations caused by the active power load on

bus 2, the speed of generator 4 is selected as the measured output signal and the

controller output will be the voltage set point of SVC bus 101 from generator an-

gle phase diagram in Figure 6.6. The MPSS performance index defined in equation

(6.4.3) and the MPSS performance weighting function are used for the MSVC design.
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The MSVC is synthesized in the same way as power system stabilizer design. The

closed-loop p-value is shown in Figure 6.12. The maximum II value is about 0.72,

which occurs around the Hopf bifurcation frequency. This maximum II suggests a

1

max

increase in uncertainty could be sustained to maintain the control performance

requirement without experiencing instability. This uncertainty contrasts with only

1% for MPSS.

CLOSED-LOOP MU: CONTROLLER #1

0.75 I V vvvav' v v vvvvvvl v ‘1' varva ‘7 VfiYVrr' v v vvvvva

 

0.7

0.65

0.6

0.55

 
0.5

M
U

0.45

0.4  
0.35 _

0.3 -   
 

0'25 A l A xxnngl L A A LAALLl I A A A ‘A‘Al

10
10—2

10“
10°

FREQUENCY (rad/s)

 
Figure 6.12: p-value of Closed-loop System with MSVC

Robust SVC controller is anticipated to be more effective than robust power system

stabilizer. Interarea oscillations can be effectively damped and voltage control per-

formance can also be guaranteed even for very large uncertainties. Before analyzing

the control performance we first show the RCA matrices of the system with MSVC

controller at various frequencies range over the bandwidth of the controller.

The RCA matrices of the open loop system (CSVC) at steady state and bifurcation

frequency have been shown in previous sections. Therefore, only the RCA matrices
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of the closed-loop system with MSVC are shown here. At steady state RGA matrix

of the closed-loop system with MSVC controller is shown in Table 6.7. The element

magnitude of the control pair (PREF1,P0UT,), (PREF23P0UT2), . - - , (VREFsaVREFs)

are very close to 1 just as with MPSS. These elements are dominant compared to

the rest of them in the respective rows except for the column corresponds to SVC

control input VREF5- From Table 6.7, MSVC has relatively strong voltage control at

bus 3, 4, 13, 14, 20, and 120. All these buses are electrically close to SVC bus 101

as shown in Figure 5.1. Therefore, the network is controlled by MSVC centered to

achieve excellent overall voltage control performance of the network of this example

system. This contrasts to the decoupled structure using the MPSS where many of

the network bus voltages are controlled by the MPSS on generator bus 4 rather than

the MSVC at bus 5. This suggests that again an almost decoupled control structure

is obtained but different than obtained with MPSS.

The power system stabilizer on generator 3 would not be expected to and did not

have significant control effect on generator speeds at steady state due to the washout

of the PSS at low frequencies. The RGA elements related to generator speeds in

Table 6.7 show that generator 3 has very little control of frequencies. On the other

hand, MSVC has tighter control on generator frequencies at steady state. This is

very clear in Table 6.7 since the elements associated with speeds w,- are only large

for Vmgp5 at bus 101, where the SVC is located. This is in contrast to the MPSS

where the effective control of the CPSS on generator 3 is far more effective at w = 0

than the MPSS on generator 4. This contrast is due to the effectiveness of an SVC

is controlling power flow across the interface connecting the two areas and thus the

interarea frequency oscillation w,- — (.04, z' = 1, 2, 3. The power system stabilizer on

generator 4 just dampens w4 change only, which may have little effect on w,- — an,

i: 1,2,3.
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PREP; PREF2 PREF3 PREF4 VREF;

POUTI 9.4163601 1.1242604 8.6694605 8.1317605 6.5504605

POUT2 5.0174606 9.4508601 8.9223606 6.3128606 2.2200604

POUT3 1.1753605 7.3172605 9.4716601 6.6417605 2.7860605

POUT4 3.5712605 1.9010605 4.3746605 9.5895601 1.2103605

VOU’I‘1 5.4104605 2.3014606 9.2685606 1.0164605 7.1655601

VOUT; 1.9586604 9.7300604 4.9833604 5.1415604 1.3144603

VOUTs 6.1718603 6.7149603 3.6633603 5.1936603 5.5827603

VOUT7 7.0207603 7.6633603 4.6575603 6.3548603 6.4313603

VOUTg 6.2027605 5.8109604 1.8142603 1.9297603 2.7909601

VOUT3 8.3432605 8.9916605 6.3927604 8.3704605 2.0862605

VOUT4 3.4941604 3.7451604 2.8599604 2.6427604 5.3888605

VOUTg 3.7749603 4.2708603 6.1360603 6.5769603 4.6204603

VOUTro 4.4779603 5.0735603 7.3465603 7.8634603 5.5826603

VOUTu 1.2103603 1.3966603 2.0741603 2.6595603 1.2387603

VOUT5 8.3219602 8.3964602 8.0529602 7.5344602 5.7637603

VOUT4 1.1779603 1.2560603 7.1775605 1.3570603 6.1211604

VOUT13 1.7417603 1.9077603 2.4827603 2.9801603 2.1310603

w] 2.7852605 2.9510605 3.0462605 3.1733605 8.7997606

012 2.7848605 2.9515605 3.0464605 3.1734605 8.7885606

(.03 2.7844605 2.9507605 3.0473605 3.1738605 8.7897606

w4 2.7845605 2.9508605 3.0468605 3.1744605 8.7899606

VREF2 VREF3 VREF4 VREF5

POUT1 8.5939604 6.3441605 2.8828604 2.1487602

POUT2 7.5174604 1.0972605 4.8961605 2.3075602

POUT3 3.0935604 1.3723604 7.5344604 2.5291602

POUT4 1.1287604 3.4298604 2.9933604 2.9581602

VOUT; 1.5274604 5.2642606 1.1912605 9.2960604

VOUT2 5.0234601 1.0413604 6.7681605 6.1243603

V0117}, 4.0652602 1.1253602 4.0210602 1.7081601

VOUT7 4.3811602 1.2505602 4.4111602 1.9334601

VOUTg 1.1091602 9.6165604 1.6619603 6.0527602

VOUT3 7.5128605 6.9441601 1.6394603 5.8404603

V0117), 4.8091605 1.3202603 5.3044601 3.0835603

VOUTg 3.5499602 3.2270603 2.6957602 1.5625601

VOUTlo 4.3020602 3.8836603 3.2777602 1.8828601

VOUT1 1 9.9894602 4.6450603 1.4417602 1.2164601

VOUT5 2.2570601 2.1394602 2.2754601 1.6850602

VOUT12 3.3548603 2.6615601 1.0756602 9.0598602

VOUT13 1.5184602 3.2851603 9.3630602 1.3472601

w] 2.8289605 1.2255605 1.5993605 4.0257603

wg 2.8299605 1.2256605 1.5994605 4.0258603

0.13 2.8288605 1.2264605 1.5995605 4.0257603

L04 2.8289605 1.2255605 1.5999605 4.0256603      
Table 6.7: RGA of System with MSVC at Steady-state
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The RG'A matrix of the closed-loop system with MSVC at bifurcation frequency

provides important information on the control performance when bifurcation oc-

curs. This is shown in Table 6.8. In Table 6.8, we can see the RCA matrix indi-

cates an almost decoupled structure. The element magnitudes of the control pairs

(PREF,,P0UT,), i = 1,--- ,4, and (VHEFHVOUE), 2' = 1, ' -- ,5 are dominant in their

respective rows.

The power inputs significantly affects the generator speed at the Hopf bifurcation

frequency. The conventional power system stabilizer on generator 3 again becomes

more effective than the MSVC associated with V35. Note that the difference between

Table 6.4 and 6.8 is that MSVC has much more control over generator frequencies

than for the open loop system equipped with CSVC. This explains why better damp-

ing can be achieved.

It is clear the at bifurcation frequency w z 3 rad/s the structure of RGA matrix is

still reasonably decoupled but the MSVC control of network bus voltages at steady

state does not exist at bifurcation. The control of bus voltage is undertaken by

the generators in a manner very similar to that of the MPSS at the bifurcation

frequency. This makes sense because the control of voltage at steady state focuses

on the effectiveness of the MSVC (w = 0), but at bifurcation frequency the control of

the inertial dynamics becomes the dominant concern of power controls PR, and the

power system stabilizer on generator 3. The RGA matrix for MPSS and MSVC at

bifurcation frequency have similar structure even for control of voltage at buses in the

network. This excellent global decoupled control structure at bifurcation frequency

explains the excellent performance when the active power stress is applied to the

example system.

The RCA matrix at crossover frequency is also studied here. Since each different

combination of inputs and outputs has a different crossover frequency, we just select
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some combinations and provide the following results.

(PREF,,P0UT,) = 0.7664,w = 0.2 rad/sec

(PREF2, P011712) = 0.7852,w = 0.2 rad/sec

(VREpa, VOUT3) = 0.4601,w : 0.015 rad/sec

(VREFU Var/n) = 0.5176,w = 1.0 rad/sec

(VREFS, Voun) = 0.0296,w = 2.5 rad/sec

(VREps, VOUT,) = 0.0153,w = 0.01 rad/sec

This again suggests that the decoupled control structure is obtained since the output

is almost totally controlled by its own control input, and the control input does not

have much effect on other outputs. These examples show that the decoupled control

structure is preserved by the p—controller and tight control can still be achieved

at crossover frequency. This reflects the anticipated dynamic performance of the

closed-loop system based on the RCA matrix results.

The simulation results will now be presented and compared to test the MSVC con-

troller design.

The original system is equipped with various controls and is stable at the nominal

operating point. In fact, for small perturbation in bifurcation parameter the open

loop system still possesses the stability and satisfactory control performance due

to its own control system. For a relatively large increase in bifurcation parameter

perturbation, the control performance degenerates quickly and the open loop system

goes unstable. Therefore, the performance of the system with and without MSVC

controller is only studied for a large perturbation in the bifurcation parameter.

From the phase plane analysis given in Figure 6.6 this interarea oscillation is caused

by the oscillation between generator 4 and rest of the generators. The speed of

generator 4 is used as the measurement output signal. It is expected that this
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PREP; PREP; PREF3 PREF4 VREF;

POUTI 9.8097601 5.7623602 3.0045602 1.2486602 7.4244602

POUT2 7.6225602 8.3704601 2.3151602 1.0134602 1.8980602

POUT; 3.6862602 2.2995602 1.1216e+00 8.7172602 1.7591601

130qu1 4.9516602 3.0915602 1.5749601 1.1908e+00 1.8099601

VOUTI 2.4611601 9. 7754602 2.5729602 1.8269602 1.5728e+00

VOUT2 7.9217602 1.5307601 2.6847602 1.4952602 6.0700601

VOUT5 6.1469602 9.2484602 6.1067603 2.1679602 1.5535601

VOUT7 6.7414602 1.0140601 6.7107603 2.3743602 1.7029601

VOUTB 1.9372601 3.9927602 2.3662602 2.0992602 8.9516601

VOUT3 3.2796602 1.8603602 1.5019601 6.1830602 9.6603603

VOUT4 3.9027603 1.8123603 1.2998602 3.1739602 1.8454602

VOUTg 1.0170602 2.4762603 1.2553602 1.3789602 8.9703603

VOUT10 1.2428602 3.0248603 1.5341602 1.6852602 1.0964602

VOUTu 4.2275602 9.5303602 1.3569602 2.1077602 1.5835601

VOUT5 6.8317602 1.2966602 2.9852602 4.3248603 1.2912602

VOUT1 2 1.2750602 7.5460603 8.3893602 1.2577602 1.7677602

V0UT13 4.0234603 1.6579603 1.5392602 2.3179602 1.6471602

(.01 2.2730601 1.1827601 2.7039601 2.3967601 5.0473604

w2 9.1741602 1.1174601 2.0937601 1.8630601 1.6874604

(.23 3.9051601 2.7502601 2.5455601 1.6166601 3.1621605

(.24 3.9821601 2.8104601 1.8766601 2.2119601 8.3257605

VREF2 VREF3 VREF4 VREF5

POUTI 2.0494601 5.1027602 7.0642602 8.0069602

POUT2 1.1219601 4.2713602 6.2736602 5.5722602

POUT3 8.9200602 1.7947601 1.2941601 9.2729602

POUT4 8.7027602 3.7657602 1.2559601 8.4172602

VOUTI 6.8407601 1.1467602 1.9862602 2.5234602

VOUT2 1.3856e+00 2.1950602 4.4744602 1.3031601

VOUT6 3.4097601 2.3946602 8.6271602 4.9069602

VOUT7 3.7378601 2.6238602 9.4571602 5.3791602

VOUTS 3.6035601 1.7607602 5. 1314603 3.5221602

VOUT3 2.6967602 7.8329601 1.4577601 3.4732602

VOUT4 3.1487602 1.2193601 7.1596601 7.3955602

VOUTg 2.0358602 8.7393603 7.6798602 3.9940602

VOW“, 2.4883602 1.0683602 9.3865602 4.8816602

VOUTU 5.1989601 2.4003602 2.4199602 4.2097602

VOU’I‘5 2.0493601 1.2731602 8.9634602 9.1628601

VOUTl2 1.6273602 4.3176601 8.8967602 2.6628602

vow, 6.2630603 2.0006602 1.7525601 1.8972602

wl 4.0852604 1.5502601 1.1958604 1.6065602

(.22 4.1601604 1.2105601 3.8321605 1.1531602

(1);; 1.1092604 1.6340601 2.5401604 3.2592602

w4 7.6568605 1.0548601 5.3999604 3.0515602      
Table 6.8: RGA of System with MSVC at Bifurcation Frequency
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MSVC should improve damping of the interarea oscillation from the performance

index definition. Moreover, the voltage errors should be reduced at each of the buses

because these voltage errors are also minimized during p-synthesis controller design.

This will be verified by the time simulation.

When active power load is increased by 50% above the nominal load value on bus

2, the system with CSVC goes unstable and oscillations keep growing. The H0pf

bifurcation will be initiated by a slow increase in bifurcation parameter as expected.

With MSVC the system remains stable and the interarea oscillations are damped

effectively. This can be seen in Figure 6.13. It should be noted the bus voltages
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Figure 6.13: Open Loop System with CSVC (- -) and Closed-loop System with

MSVC (—)

are also better controlled in addition to decreasing the speed deviations as expected.

In fact, the active power load, the bifurcation parameter, can be increased by 50%
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above the nominal load value for MSVC controller closed-loop system and the system

still remains stable.

Both the CSVC and III-synthesis based controller MSVC are stable and able to damp

the interarea oscillation effectively for small active power increase. However, the

MSVC is able to damp the frequency deviation much more quickly, which is quite

obvious from Figure 6.13. The simulation results, which show that MSVC can handle

even a larger than 50% increase in bifurcation parameter above the nominal load

value without losing stability, are not presented here.

To further test the performance of p—synthesis controller a fault is applied to gener-

ator 2 by placing a very small shunt reactance on generator 2. The fault is cleared

after 0.05 second. The faulted time responses of the open loop system with CSVC

and the closed-loop system with MSVC are shown in Figure 6.14. The oscillations

observed on the terminal bus voltage on generator 2 is quickly damped for the MSVC

controlled closed-loop system MSVC and is unstable for the open loop system. On

the other hand, although MSVC is not designed to handle this fault uncertainty,

Figure 6.14 show that the closed-loop system with MSVC is still stable and the os-

cillations are damped out quickly while CSVC does not have the ability to stabilize

the system. This reveals that this MSVC controller is able to handle different faults

and disturbances than the bifurcation parameter change that it was designed for.

The voltage and frequency control are the most important objectives in the power

system controller design. However, in the performance index definition the power

outputs are included as one of the objectives and the performance weighting is the

same as that for outputs voltage deviations VOUT‘. -— VREFi, z' = 1, 2, - .. , 5, and the

interarea oscillations in frequency difference w,- — M, 2' = 1, 2, 3. The reason is that

this performance index term 23:1(P0UT, —PREF,.) improves the control performance of

voltages and frequencies. This power error control contains information on voltage
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Figure 6.14: After Fault on G2: Open Loop System (- -) and Closed-loop System

with MSVC (-)
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which results in better control of voltage and frequency. This occurs because the

deviation in generator terminal voltage is affected by the generator angle via feedback

term K56 in Figure 6.15. Figure 6.15 shows the general block diagram of exciter and

generator, where Ge(s) represents the dynamics of excitation system, Téo is the d-

axis open-circuit time constant, M is the inertia of the generator, TR is the time

constant of transducer, D is the local damping of the generator, E; is the generator

internal voltage, and EM is the field voltage output of the excitation system. The

magnitude of the generator angle is directly related to the magnitude of the electric

power generation. Thus including the power output error in the performance index

should improve control of voltages, angles, and frequencies in the network. This is

verified via simulation and comparing the peak response in Figure 6.16 and Figure

6.13 since we can see that both the voltage and frequency peak deviation increase

without including the power output in the performance index. The damping of the

oscillation are more rapid when the power output is not included in the performance

index. If rapid damping of the oscillation was more important than reducing the

peak deviation then the performance index without including power output can be

used.
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Figure 6.15: Diagram of Excitation System and Generator
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Figure 6.16: Open Loop System with CSVC (- -) and Closed-loop System with

MSVC (No Power Output Performance Requirement)



The main objective of this robust SVC controller is to damp the interarea oscillations

when Hopf bifurcation occurs in the example system. In Chapter 5 it has been shown

that the power system can develop a different type of bifurcations in different time

frame because the load model changes from a constant current in the transient time

frame to a constant power model in the steady state time frames. The system with

a constant current load model is vulnerable to Hopf bifurcation but the system with

a constant power load model is vulnerable to saddle-node bifurcation. When active

power transfer between two areas increases, a saddle-node bifurcation occurs when

the load model changes from a constant current model to a constant power model.

This implies that if the system is equipped with the robust controller, it is important

that this controller should also be able to provide control in both the transient and

steady-state time frame as is shown via the RCA matrix and time simulation results.

It has been verified in the MPSS design that including the inverse dynamics of

generator enhances the control performance. A MSVC is designed by utilizing the

inverse dynamics of generator 4. Figure 6.17 shows the improvement of the control

performance of the closed-loop system with this MSVC and inverse dynamics. The

overall performance is improved in terms of both maximum swings of the frequency

deviation and transient period. Comparing the results of Figure 6.17 with Figure

6.13, it can be seen that the frequency deviation is smaller and the transient time is

obviously shorter.

6.5.2 Reduced Order MSVC

The MSVC obtained here has 64 states, which is the same as the state number as

the open loop system. It is difficult to implement such a high order controller.

A Hankel norm can be used for model reduction [46]. The reduced order model can

be found by minimizing the optimal Hankel norm error between the original model
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Figure 6.17: Open Loop System with CSVC (- -) and Closed-loop System with

MSVC and Inverse Dynamics (-)
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and the reduced order model. Hankel norm method has not been used to reduce

the controller order in any previous work [36] [37] [38] [41] [46] [25] except in [42].

There is no method to determine the order of the reduced model should be or the

dynamics that should be retained in the reduced model except for trial-and-error. In

this section we will use a Hankel norm to obtain a reduced order p-controller with

the help of bifurcation subsystem method.

Bifurcation subsystem method claims that although a large number of states may

be involved in the instability, only a subset of them, which constitutes the bifurca-

tion subsystem, experiences, produces, and causes the full system bifurcation. The

bifurcation subsystem information will be used to simplify the controller. The bifur-

cation subsystem for the Hopf bifurcation associated with the interarea oscillation

produced by increasing active power load as bifurcation parameter is of 15“ order.

This suggests the order of the u-synthesis controller could be 15“ order to achieve

the control objective of damping the interarea oscillation since the rest of the system

can be truncated in terms of studying what produces or causes the full system model

bifurcation, and thus need not be controlled. Actually, the order of MSVC can be

further reduced. It is pointed out that the largest subsystem that satisfies both bi-

furcation subsystem condition and geometric decoupling condition is considered as

the bifurcation subsystem in order to provide the greatest control design flexibility

for the bifurcation that is experienced, produced, and caused within it. This implies

the redundancy of bifurcation subsystem and the controller order can be decreased

further. The smallest order bifurcation subsystem for this bifurcation is 8th order. A

Hankel norm reduction of the controller is used to produce an 8th order controller.

The result, is that an 8th order MSVC preserves the control performance and the

system stability in the presence of the uncertainty in a manner similar to that of the

full system based MSVC controller. The RGA matrices of the closed-loop system

with reduced order MSVC at steady state and at bifurcation frequency are shown
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in Table 6.9 and 6.10, respectively. From Table 6.9 and 6.10 we can see that the

RCA matrix determined decoupled control structure of the closed-loop system are

still comparable the RCA matrix of the system with full order MSVC controller.

Thus, it is expected that same control performance should be achieved for reduced

order MSVC. The details of this RGA matrix is not further discussed here.

Figure 6.18 shows the response of the closed-loop system with this reduced order

MSVC for the same perturbation shown in Figure 6.17 and we can see the control

performance is almost the same as that for the full order MSVC.
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PREFI PREFQ PREF3 PREF4 VREFI
 

POUTI 9.3050601 1.5716604 1.1515604 1.0874604 2.7684604
 

Pour; 1.2029605 9.3559601 1.0396605 8.3552606 2.6922604
 

PoUT3 2.0382605 9.5933605 9.4156601 8.2128605 4.3011605
 

P0UT4 2.7762605 3.7073605 5.8498605 9.5158601 2.3704605
 

V0UTI 4.4751604 2.6570605 6.5681605 6.9857605 7.2147601
 

V0UT2 1.3432604 6.3173604 6.2739604 6.4993604 1.5860603
 

V0UTI; 5.9116603 6. 1260603 3.6318603 4.9300603 8.3926603
 

V0UT7 6.6716603 6.9691603 4.4715603 5.9136603 9.5381603
 

VOUTg 1.3570603 7.4514604 2.3220603 2.4423603 2.7911601
 

VOUT3 7.4756605 7.8053605 6.0857604 7.5093605 2.2282605
 

V0UT4 3.2369604 3.4677604 2.6885604 2.6995604 5.1620605
 

VOUTg 2.3563603 2.0476603 4.7407603 4.8633603 5.6303603
 

VOUTIO 2.7553603 2.3765603 5.6712603 5.8007603 6.8393603
 

V0UTI I 1.0095603 1.3999603 2.6464603 3.1355603 4.3765603
 

V0UT5 8.8840602 8.5641602 8.3239602 7.8111602 6.9720603
 

Voum 1.0318603 9.5950604 5.7215605 1.1667603 7.3532604
 

VOUTI3 1.1674603 8.3773604 2.0351603 2.2968603 2.6384603
 

“’1 3.0837605 2.8863605 3.1007605 3.2104605 1.1159605
 

0’2 2.8743605 3.0981605 3.1007605 3.2104605 1.1144605
 

“’3 2.8743605 2.8862605 3.3387605 3.2110605 1.1146605
 

014 2.8744605 2.8863605 3.1013605 3.4625605 1.1147605
 

VREF2 VREF3 VREF4 VREF5
 

POUTI 1.0341603 6.5517605 2.9814604 2.2143602
 

POUT2 2.5569605 8.5892606 6.1856605 1.8739602
 

Pours 2.8957604 1.5453604 7.4161604 2.3546602
 

P0UT4 1.4384604 3.0619604 1.4861604 2.7018602
 

V0UTI 6.8115604 3.2416605 6.4861605 4.2892603
 

V0UT2 5.5181601 1.6048604 1.9053604 9.1092603
 

VOUTII 4.3657602 1.0231602 3.6771602 1.7306601
 

V0UT7
4.7323602 1.1383602 4.0489602 1.9515601
 

VOUTg 1.7540602 1.0860603 1.6636603 8.9201602
 

V0UT3
7.4386605 6.9005601 1.6818603 5.0732603
 

V0UT4 9.2853605 1.3221603 5.2490601 2.3365603
 

V0UTg 3.1805602 2.7285603 2.8810602 1 .4306601
 

VOUTlo
3.8744602 3.2949603 3.5240602 1.7319601
 

V0UT11
1.0261601 4.2398603 1.2524602 1.3042601
 

VOUT5 1.8453601 2.2688602 2.3416601 1.0793602
 

VOUTIQ 3.0552603 2.6954601 9.9389603 8.1761602
 

VOUTI3 1.3491602 2.1629603 9.6416602 1.2265601
 

011 3.2505605 1.1725605 1.3793605 3.6351603
 

012 3.2513605 1.1726605 1.3795605 3.6351603
 

“’3 3.2491605 1.1737605 1.3804605 3.6354603
  014  3.2494605  1.1727605  1.3807605  3.6355603   
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Table 6.9: RGA of Closed-loop System with Reduced Order MSVC at Steady State

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PREF1 PREFg PREF3 PREF4 VREF1

POUTl 1.0856e+00 5.4835602 3.4428602 1.1685602 1.0919601

P0UT2 8.6946602 8.3883601 2.1900602 1.1447602 3.5391602

POUT3 5.0394602 1.0044602 1.2004e+00 1.0377601 2.7209601

POUT4 6.4662602 1.7287602 1.8767601 1.2679e+00 2.8055601

VOUTI 3.1366601 1.0643601 3.8506602 2.7754602 1.7893e+00

VOUT2 6.8800602 1.4953601 1.9323602 9.4495603 6.8600601

VOUTG 8.4603602 9.4375602 1.0378602 2.1410602 1.8197601

VOUT7 9.2777602 1.0347601 1.1398602 2.3448602 1.9948601

VOUTg 2.4578601 4.2308602 3.1247602 2.7671602 1.0369€+00

V0UT3 3.7062602 1.9923602 1.7218601 7.3762602 1.3445602

VOUT4 3.1175603 4.4102604 1.4325602 3.9141602 2.6737602

VOUTg 1.1691602 1.4206603 1.3888602 1.6404602 1.5116602

V0UT”, 1 .4283602 1.7345603 1.6969602 2.0044602 1.8472602

VOUT1 1 6.5577602 9.6979602 9.8768603 2.0024602 1.8493601

VOUT5 7.6537602 1.2126602 3.2038602 5.9559603 6.9418603

VOUTm 1.3745602 9.5586603 9.5894602 1.5017602 2.6726602

VOUT13 5.3849603 3.8832604 1.7236602 2.7859602 2.5522602

0J1 2.5828601 1.2377601 2.8917601 2.5629601 5.4536604

wg 1.0510601 1.1088601 2.1210601 1.8836601 1.9890604

(4);; 4.5194601 2.8412601 2.8937601 1.9329601 3.7330605

(1).; 4.6079601 2.9039601 2.2396601 2.5230601 1.1022604

VREF; VREF3 VREF4 VREF5

P011711 2.7563601 5.0388602 7.6052602 7.6918602

POUT2 1.2592601 4.2909602 6.5416602 5.4705602

POUT3 8.2804602 2.0195601 1.5931601 9.0510602

POUT4 8.6624602 4.5700602 1.4413601 8.2573602

VOUT1 8.1205601 1.6265602 2.6700602 2.6566602

VOUT2 1.447le+00 2.2306602 4.3618602 1.4372601

VOUT6 3.6637601 2.6318602 9.9464602 5.1211602

VOUT7 4.0163601 2.8838602 1.0904601 5.6139602

VOUTB 4.2956601 2.2539602 6.2521603 3.9606602

V0073 2.8470602 8. 1889601 1.8072601 3.8102602

VOUT4 2.9766602 1.2639601 7.2532601 7.4724602

VOUTg 2.8830602 8.8894603 7.8099602 4.3529602

VOUTlo 3.5229602 1.0864602 9.5434602 5.3191602

VOUTu 5.5840601 2.6327602 3.0992602 4.8448602

V0075 2.4356601 1.4908602 1.0488601 9.4740601

Voum 1.2762602 4.5126601 9.8712602 2.7639602

Val/733 9.6382603 2.0661602 1.8031601 1.7661602

wl 4.5562604 1.6542601 1.1802604 1.7301602

w2 4.0150604 1.2245601 4.6397605 1.2790602

(0;; 1.2609604 1.8281601 3.0707604 3.7041602

(.14 9.0633605 1.2573601 6.0688604 3.4992602     
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Table 6.10: RGA of Closed-100p System with Reduced Order MSVC at Bifurcation

 



6.5.3 MSVC for Uncertainty on Coherent Group Buses

In Chapter 5, it has been concluded that both active and reactive power load stress

tests on buses of a coherent group produce exactly same bifurcation subsystem. This

implies that the p-synthesis controller designed to reject active power variation could

also be effective in rejecting reactive power load variation if the reactive power load

increase occurs at the buses in the coherent group with generator bus 2. In this

example system, the bus 3, 4, 13, and 14 is a coherent bus group. In this section,

a MSVC is designed with the active power load variation at bus 3 as uncertainty

parameter. The details of MSVC design is similar to that in the previous section.

Figure 6.19 shows the simulation results of the closed-loop system with this MSVC

control design for active power stress on bus 3. Again, 50% active power load above

the nominal value can be applied to bus 3 without losing stability.

The reactive power stress test is run on bus 3 and the time simulation result is shown

in Figure 6.20. Bus 3 and 4 are in a coherent bus group. Figure 6.21 shows the time

simulation for reactive power uncertainty at bus 4. It can be seen that this MSVC

design is fully able to reject reactive power uncertainty at bus 3. Satisfactory control

performance can still be achieved despite the fact that reactive power load variation

at bus 3 or bus 4 is not the bifurcation parameter that was used to design the MSVC

control.

In fact, this simulation provides a verification of bifurcation subsystem method, i.e.,

the bifurcation subsystem itself provides the cures for the full system bifurcation.

The conclusions reached in this section include:

1. although MSVC can achieve good control performance for the system with

large uncertainties caused by active and reactive power load increase over the

frequency range as well as for the fault on generator, it can not be guaranteed

that MSVC is able to deal with all kinds of operating condition change induced
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Figure 6.19: CSVC (- -) and MSVC (-) for Active Power Uncertainty at Bus 3
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uncertainties that are not considered in the design. The study shows that

MSVC designed for an active power bifurcation parameter can not achieve

good performance for the uncertainty caused by generator reactance variation

because the bifurcation subsystem is different than the bifurcation subsystem

produced by active or reactive power load at bus 2, 3, and 4. These reqults

also confirm that the same robust control design can stabilize different types of

bifurcation as long as they are associated with the same bifurcation subsystem.

This verifies that the bifurcation subsystem preserves the dynamics of the full

system;

. if all kinds of uncertainties are simultaneously modeled to design ,u-synthesis

based controller, the resulting system may be quite complicated. It is not

guaranteed that ,u-synthesis algorithm can converge and generate the desired

control design;

. MSVC is designed based on the fact that the parametric uncertainty is struc-

tured, i.e., the uncertainty matrix A is diagonal. If very large unstructured

perturbation is applied to the system the control performance can become un-

acceptable or even result in the closed-loop system becoming unstable. This

has been verified by simulation but the simulation results are not shown here.

It should be noted that it is highly improbable that the unstructured parameter

variation will ever be close to those values.

6.5.4 Bifurcation Subsystem Based SVC (BMSVC) Design

Bifurcation subsystem method has been used to guide the controller design and the

order reduction of controller that was introduced in previous section. As we have

mentioned that bifurcation subsystem method proves that the bifurcation subsystem

not only experiences, produces, and causes the full system bifurcation, but also
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provides the cures for the bifurcation. By inspecting the involved states it provide

the lower order model that includes these states. Based on this reduced order model

the controller designed is expected to stabilize the full system.

After applying the bifurcation identification, the linearization of the full system is

represented as:

1.71 = 1411171 + 14121172 + Blu

i2 = 1421132 + A2232 + B2’u

y '—"’— 01131 + 02112 + Du

where 2:1 is the state variables associated with the bifurcation subsystem, and x2

represents the external system states. For a specific bifurcation parameter the bifur-

cation subsystem method is applied and the truncated bifurcation subsystem model

is:

(ill = A1131+Blu

y = Cm+Du (6.5.4)

Parameter change in All will cause the Hopf bifurcation. It has been proven that

the center manifold dynamics of the full system lie in or are totally contained in the

nonlinear model associated with the bifurcation subsystem. Therefore, the controller

can be designed based on the bifurcation subsystem, and thus applied to the full

nonlinear system to cure the bifurcation.

Bifurcation subsystem is claimed to be able to provide a lower order model for control

system design. In this section, p-synthesis SVC controller based on the truncated

bifurcation subsystem model is designed and tested using the same design procedures

as in the previous section. The bifurcation subsystem is also produced by increasing
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the active power load on generator bus 2. By using the bifurcation identification

algorithm, a 15‘” order bifurcation subsystem is obtained. As we mentioned in

Chapter 5, the maximum ordered bifurcation subsystem is selected in order to provide

the greatest control design flexibility. Therefore, a u—synthesis robust SVC control

is designed based on the bifurcation subsystem in the form of (6.5.4). Note the

control configuration is similar to that shown in Figure 6.11. The same inputs and

outputs are involved in the design, and only the states involved in the bifurcation

subsystem are used. Clearly, this will reduce the dimension of the controller designed

and require much less computational effort.

In this BMSVC design the uncertainty modeling and the performance index definition

in the previous section are used. The system matrix, input and output matrix are

reorganized to match the bifurcation subsystem states involved in the reduced order

dynamics. The information associated with the external dynamics is lost since the

bifurcation subsystem is obtained by eliminating the states outside of bifurcation

subsystem. Once the bifurcation subsystem based MSVC (BMSVC) is obtained, the

order of the controller is further reduced to 8 according to the order of the minimum

bifurcation subsystem using the Hankel norm method. The resulting BMSVC is

applied to the full system in order to stabilize the full system when the uncertainty

caused by active power load on bus 2 is added to the system. The closed-loop p-

value is obtained and is shown in Figure 6.20. The peak ,u value is around 0.9 around

bifurcation frequency. This result implies that the bifurcation parameter can increase

by 1/0.9 = 1.11 and remain robustly stable. This compares with 1/0.72 for the full

model MSVC and 1/0, 99 for the full model MPSS.

It has been shown that a decoupled control structure is obtained for system with

MSVC or MPSS and the control performance achieved by either of these controllers

is greatly improved compared to the at both steady state and bifurcation frequency.

The performance of the BMSVC is expected to be excellent but not as good as
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Figure 6.22: Closed-loop p-value of Closed-loop System with BMSVC

the MPSS and MSVC, which were designed based on the full system model. As

an example, the RCA matrices of the system with BMSVC at steady state and

bifurcation frequency are shown in Table 6.11 and 6.12. Table 6.11 shows that at

steady state the effectiveness of control degenerates (by comparing Table 6.11 and

6.7) in the sense that the closed-loop system is only weakly decoupled because the

control pair elements, (FREE, Faun), 2' = 1, 2, 3, 4, (VREpi, VOUTJ, i = 1, 2, . -- , 5, are

no longer dominant. The excellent control structure of the MSVC where network

voltage control is dominant by the MSVC at bus 5 is not true for BMSVC and

now more than one element in each row is large. This can be seen from the RCA

structure where there is only one dominant element in each row for VOUT5a Vat/Te,

VOUTg, VOUTm, Val/Tm VOW”, and Voym for the MSVC at bus 5. Therefore, there is

fighting for control of these buses using BMSVC that does not occur for the MSVC.

However, no output is subject to disturbance or noise is still preserved. This is true
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since almost none of the RCA matrix element magnitudes are greater than one at

steady state.

This structural robustness occurs because Ap, the uncertainty in the dynamics relat-

ing error 2 and output w, represents the uncertainty only in the bifurcation subsystem

for the BMSVC but represents the uncertainty in both the bifurcation subsystem and

the external system dynamics for the MSVC when the full system model is used to

design the control. The uncertainty components of Ap associated with the exter-

nal system produced the excellent control structure for the external system in the

MSVC.

The same degradation of the control structure is not observed in Table 6.12 at the

bifurcation frequency but the control structure of BMSVC has changed so network

voltage control of the BMSVC is now assumed in part by the generators as it is for

the MSVC. The omission of the dynamics external to the bifurcation subsystem thus

has very little effect on control structure at bifurcation frequency (comparing Table

6.12 and 6.8). The control of power, Pom}, 2' = 1, 2, - ~- ,4, and V01]7},i = 1, 2, ' -- , 5,

for the BMSVC, are not susceptible to disturbance because their magnitudes are very

close to one as for the MSVC. Moreover, there should be no fighting for control of

output variables because there is only one dominant element in each row. Thus,

the control structure at bifurcation for BMSVC is still fine although it is expected

that the control performance will degrade comparing with MSVC, especially for the

control of voltage at steady state. From Table 6.11 and 6.12 it is still anticipated that

the BMSVC significantly enhances the control performance of the system at both

steady state and bifurcation frequency comparing with CSVC. This will be verified

by time simulation.

The time response of the closed-loop system with BMSVC is shown in Figure 6.21

when the active power load is increased by 50% above the nominal load value for the
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PREF1 P123192 PREF3 PREF4 VREF1

POUT1 6.40918—01 3.96688—02 1.39328—02 8.82378-03 3.66218-02

POUT2 1 .27358-01 8.60228—01 1.40298-02 1.43528-02 7.171 18—02

POUT3 5.30618-02 1.26118-02 9.37168—01 1.36798-01 3.19138-01

POUT4 7.11608-02 2.01948-02 2.08918—01 1.07608+00 3.16528-01

VOUT; 3.16998-01 1.79738-01 3.10958-02 2.01548-02 l.3916e+00

VOUT2 8.02888—02 2.72798-01 1.66568-02 7.78448-03 6.32048-01

VOUT6 1.30788-01 1.88768-01 1.76578-02 1.33818—02 1.94358-01

VOUT7 1.43698—01 2.07198-01 1.94948-02 1.45498-02 2. 13148-01

VOUTs 2.65218—01 6.43358-02 1.87988-02 1.52518-02 8.23408-01

VOUT3 583768-02 318028-02 1.83748-01 1. 16528-01 1.69598—02

VOUT4 6.65698—03 7.51808-03 1.30568-02 1.36938-01 4.99188—02

VOUTg 5.50468-02 1 .46748-02 3.63988-02 9.31138-02 4.96578-02

Vomi 6 . 72338-02 1.79048-02 4.44708-02 1 . 13808-01 6.07048-02

VOUT1 1 9.09848-02 1.80908-01 3.68688-03 1.06938-02 1.73448-01

VOUT5 5.62308—01 8.98088-02 l .54678-01 3.50708-02 4.28818—02

VOUT12 1 . 18718-02 8.22728-03 7.44788-02 2.01948-02 3.04368-02

VOUT13 2.16058-02 7.69038-03 2.09848-02 8.33788-02 4.47188-02

all 1.00668-01 9.52928-02 1.63998-01 1.56338-01 1.40328—04

012 1.60808—01 1.01518-01 1.77848-01 1.86478-01 4.21638—04

013 5.76978-01 3.551 18-01 3.17518-01 2.83758-01 6.53938-05

014 5.60848—01 3.44308-01 2.76878-01 3.00978-01 4.41 168-05

VREF2 VREF3 VREF4 VREF5

POUT1 1 .64228—01 3.02178-02 5.05488-02 1.79708-01

POUT2 1 .09008-01 3.65438-02 6.77688-02 1 .38088-01

POUT3 9.36788-02 1 .88208-01 2.33038-01 1.22888-01

P0117:1 9.41028-02 5.07718-02 1.59868-01 2.44398-01

VOUTI 6.76618—01 1.31498—02 1.90868—02 4.59858-02

VOUT2 1.25188+00 1.99438-02 3.74858-02 1.93478-01

VOUTe 3.74418-01 2.11898-02 9.75198-02 8.56078-02

VOUT7 4.10618—01 2.31668-02 1.06948-01 9.37028-02

V0117“8 3.61118-01 1.51468-02 4.65558-03 7.67778-02

VOUT3 3.51348—02 2.52978-01 3.46538-01 2. 19828-01

Vougr4 5.41688-02 1.06708-01 7.48958-01 1.29888-01

VOUTg 9.08098—02 1.05428-02 1.52948—01 1.08648—01

VOUTlo 1.1 1008-01 1.28928-02 1 .86978-01 1.32778-01

VOUTll 4.96998—01 1.9550e—02 2.59658-02 1.19758—01

VOUT5 1.58388+00 8.24718-02 8.91768-01 9.38818-01

Vow, 1.4231902 1.8346e-01 1.0532e-01 7.8432e—02

VOUT13 1 .61138-02 1.48848-02 2.17838—01 7.62508-02

011 2 .84198-04 9.95378-02 1.05708-04 2.17958-01

0.12 3.39958—04 1.06848-01 7.73758-05 1.62068-01

0.13 2.23988-04 1.8786e—01 4.95368-04 4.7175e-01

L04 1.22868-04 1.53288-01 6.57598-04 4.4503801      
Table 6.11: RGA of Closed-loop System with BMSVC at Steady State
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PREP, PREFg PREF3 PREF4 VREFI

POUT1 1.10198+00 5.75858-02 3.75528—02 1.23458-02 9.69248-02

POUT2 9.69148-02 8.67388-01 260258-02 101208-02 397528-02

POUT3 5.25438—02 1.02978-02 1.1733e+00 1.04178-01 2.61078-01

POUT4 6.59758-02 1.77178-02 1.83018—01 1.23428+00 2.68188-01

VOUT1 2.93158—01 1 .02668-01 359488—02 260588-02 1.72658+00

VOUT2 6.71538-02 1.48698-01 2.00448-02 1.07248-02 6.58898-01

VOUT5 7.84738-02 9.13888-02 8.74188-03 2.20598-02 1.70988-01

V0117, 8.60178-02 1.00158-01 9.59778-03 2.41518—02 1.87358-01

VOUTS 2.30228—01 4.10928—02 2.98118-02 2.67008-02 9.97858-01

V0073 3.61538-02 2.00088-02 1.65708-01 7.26778—02 1.29788-02

VOUT4 4.12508-03 5.38648-04 1.57748—02 4.61368-02 2.90268-02

VOUTg 1.29638-02 1.25508-03 1.53888-02 2.03378-02 1.72788-02

VOUTlo 1.58318-02 1.53168-03 1.87948—02 2.48408-02 2.11048-02

VOUTn 6.07798-02 9.45538-02 1.07498-02 2.06868—02 1.73358-01

VOUT5 6.01918—02 8.47848-03 2.75548—02 5.52488—03 6.08788-03

VOUT12 1.44098—02 1.03408-02 9.52948—02 1.55788-02 2.64568-02

VOUT13 5.05558-03 8.71588-04 1.80888-02 3.20698-02 2.75638-02

wl 2.53508-01 1.25448—01 2.85408-01 2.55568-01 5.90478-04

0.12 1.11618-01 1.12508-01 2.12938-01 1.90538—01 2.34908-04

L03 4.2392801 2.74468-01 2.64548-01 1.84838-01 3.53958-05

w4 4.30628-01 2.79428-01 2.09708-01 2.30858-01 1.06628-04

VREF2 VREF3 VREF4 VREF5

POUTI 2.88788-01 4.95648-02 7.87338-02 7.42958—02

POUT2 1.44998-01 4.20598-02 6.80548-02 5.26148-02

POUT3 8.24588—02 1.97438-01 1.63798-01 9.01098—02

P0117}, 8.61428-02 4.52488-02 1.39898-01 7.66138-02

VOUT1 7.83388-01 1.49868-02 2.56118-02 2.49128-02

V0UT2 1.41198+00 2.26258-02 4.24638-02 1.40698-01

VOUTa 3.55238—01 2.60648-02 9.76708—02 4.92498—02

VOUT7 389258-01 285488-02 1.07028-01 5.39658—02

VOUTs 4. 15508-01 2.14138-02 5.86988—03 3.73738-02

VOUT3 2.80348-02 8.41858-01 1.93778-01 3.61418-02

V0UT4 3.29268—02 1.33438-01 7.49278-01 7.11798—02

VOUTg 3.41308-02 9.83808-03 8.51338-02 4.27518-02

VOUTlo 4.16888—02 1.20188-02 103988-01 522178-02

VOUTH 5.42688—01 2.61068—02 3.06548-02 4.67798-02

VOUT5 2.08878-01 1.25518—02 8.96608—02 9.33028—01

VOUle 1.28358-02 4.65778-01 1.07878-01 2.74738-02

Vow“, 1.08948-02 2.1947e-02 1.9140e-01 1.5782e—02

wl 4.91518—04 1.63118-01 1.25678-04 5.10158—03

0.22 4.57308—04 1.22738-01 4.90858—05 3.72918-03

013 1.34878-04 1.71888-01 3.22258-04 1.08898-02

014 9.57078—05 1.17638-01 6.02898-04 1.02728-02       
Table 6.12: RGA of System with BMSVC at Bifurcation Frequency
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Figure 6.23: Open Loop System (- -) and Closed-loop System with BMSVC (-)

From Figure 6.21 the control performance of BMSVC is still very satisfactory al-

though the control performance somewhat slightly degrades compared to MSVC

design based on the full system model. This is expected because (a) the states of the

external system that are computationally considered irrelevant are discarded as well

as (b) the dynamic uncertainty associated with these discarded states omitted on

the BMSVC control design shown in Figure 6.21 but is not discarded in the MSVC

full system design. The uncertainty components of Ap associated with the subsys-

tem external to the bifurcation subsystem assures (a) better control of steady state

voltage; (b) improved decoupling between subsystems in the external system, and

between those subsystems and the bifurcation subsystem; and (c) assignment of only

one control for each subsystem and for the external system.
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The most important conclusion shown by this simulation result is that it again com-

putationally justifies the bifurcation subsystem method since the BMSVC designed

based on the bifurcation subsystem robustly stabilizes the full system. It implies that

the center manifold of the full system lies in or is contained in the bifurcation sub-

system. It should be noted that the order of this BMSVC can be further decreased

via Hankel norm reduction to order 8 without the loss of control performance. This

occurs because the order of the minimum bifurcation subsystem is 8.

6.5.5 n—synthesis SVC Controller for Input Uncertainty

In control system design the input uncertainty, which stems from the inability to

know the exact value of the manipulated inputs, is always present. In this case the

input becomes:

11’ = (1 +e)u

where u is the desired control input computed by the controller, and u’ is the actual

control applied to the plant. In this section, both input uncertainty and parameteric

uncertainty are included in the system model.

The plant with input uncertainty and parameteric uncertainty is shown in Figure

6.24 and we have

G, 2 C(1 ‘1' E1)

where G is the “nominal plant” that contains the parameteric uncertainty and G’

is the plant perturbed by input uncertainty. Here the parameteric uncertainty is

caused by the active power load variation on generator bus 2 as we have used in

previous sections. Usually the input uncertainty is associated with the individual

input channel. Thus, E1 also represents the diagonal structure uncertainty. Here

we are going to design ,u-controller to overcome the input uncertainty and interarea
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Figure 6.24: Plant with Input Uncertainty

oscillations as well as the voltage deviation from the desired values. The uncertainty

weighting we are using here is represented by

s+0.2

[:0.53+1

This input weighting function represents the 20% input uncertainty at low frequency

since limHOE,(s) = 0.2. At high frequency E1(s) represents about 200% gain error

since limHooEAs) = 2. The design procedures and performance index are defined

as before. Obviously, more control effort is needed to achieve the robust stability

and robust performance. The p—controller is designed based on the full system for

active power load variation. The closed-loop p-value is shown in Figure 6.25. The

peak u—value is around 0.991 and it shows the robust stability and performance can

be maintained for up to 20% input uncertainty. Note that the input uncertainty

drastically decreased the possible increase in bifurcation parameter uncertainty from

1/0.72 to 1/0.991 by comparing the peak value in Figure 6.12 with that in Figure

6.25.

The RGA matrices of the closed-loop system with this controller at steady state

and bifurcation frequency are shown in Table 6.13 and 6.14, respectively. The ex-

cellent control structure for network voltage for the MSVC in Table 6.7 is somewhat

208



CLOSED-LOOP MU: CONTROLLER #1

1 v V vvvvvv] v r V r‘r‘r 1 V'vv'l T ‘7 Viv! '7' I Y V'VV‘I'
 

0.9 _ 1

     02 A A A A AAAAl A A A A AAAAl A A A LLJAAIO 4 A J_LAAAA% A A A A AAAAl A A A AALAA

1O 1O 1O

FREQUENCY (rad/s)

 

Figure 6.25: Closed-loop p-value with Input Uncertainty

destroyed by the large input uncertainty level in Table 6.13 because the elements

(PREF,,P0UT,), i = 1,2,--- ,4, and (VREp4,V0UT,), z" = l,2,--- ,5, are above one.

The MSVC no longer controls the network bus voltage V0073, VOUT7, VOUTQ, VOUTm,

VOUTH, and VOUT13 but now are effective for only VOUT, and VoyTs. There is not

much fighting at steady state for control of network voltage in this RGA matrix since

there is one and only one dominant row element in Table 6.13. However, some con-

trol loops may be subject to disturbance because we note that magnitude of element

(PREFUPOUTI), (PREF3.POUT3). (PREFUPOUTA), (VREFlaVOUT1)a and (VREF2IVOUT2)

are above one. On the other hand, MSVC gives good control to SVC bus and gen-

erator bus 2, where the active power load stress test is run. This is indicated by the

magnitude of (VREF... VOUT2) and (VREFS, V0071.) since they are the largest elements

in the column under VREFs-

The RGA matrix of the closed-loop system with the MSVC at bifurcation frequency
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is shown in Table 6.14. The RGA matrix structure in Table 6.14 degrades compared

to Table 6.8 and 6.12. The magnitude of element (P313194. Form). 2' = 1, 2, - ~ ,5, and

(VREpi, VOUT'), 2' = 1, 2, 3, 4 are less than 1, and (VREFS, V0073) is much greater than

1. However, these elements are still dominant in each row. This suggests decent if

not good voltage control can still be achieved. There is no single dominant element

at several buses in the network and thus there is some fighting between controls. The

generator speeds are under control of this MSVC at bifurcation frequency as would

be expected. This can be seen from the large magnitude of elements of (VREmei),

z' = 1, 2, 3, 4. The MSVC has even more control than the PSS on generator 3 over

generator speed at the bifurcation frequency.

The performance of the control design with input uncertainty is simulated. The time

responses are shown in Figure 6.26 and 6.27. It should be noted that the bifurcation

parameter uncertainty is stressed with a 50% active power increase above the nominal

load value applied to bus 2 for the open loop CSVC system. From Figure 6.26 it

can be seen that the transient responses of the power and voltage outputs is worse

than the previous cases. The errors decay quickly to steady state values. However,

the steady state error values do not converge to zero even though the steady state

errors are very small. This is because the input uncertainty weighting function

is not zero at steady state but has a 20% input bias. There is no approximate

integral effect in the closed-100p system. Since the power system stabilizer achieves

tight control over the frequency the small steady state error of power output is

not surprising. The frequency deviations are shown in Figure 6.27. The interarea

oscillations are eliminated quickly. The input uncertainty has slight effects on control

of the frequency 02,-, 'I' = 1, 2, - - - ,4 as shown by comparing Figure 6.13 and 6.27. The

damping of transient response of frequency deviation is almost same and the steady

state error of frequency is zero. However, the peak of the transients w,- -—w.,, z' = 1,2,3,

has doubled comparing to those shown in Figure 6.13.
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PREF1 PREF2 PREF3 PREF4 VREF,

POUT1 1.13218+00 5.73048-02 3.54888-02 1 .21678-02 1.14978-01

P011712 9.69798—02 8.61978-01 2.26798—02 1.19428-02 4.09938-02

POUT3 4.98118—02 9.93428—03 1.18998+00 1 .04338-01 2.69068-01

POUT4 6.36938-02 1.70378-02 1.84958—01 1.25068+00 2.76488—01

VOUTI 3.10898-01 1.03088-01 3.81018-02 2.77178-02 1.77358+00

VOUT2 6.79678-02 1.44908-01 1.90848-02 9.42948-03 6.78808-01

VOUT6 8.33588—02 9.11488-02 1.02268-02 2.13258-02 1.79858-01

VOUT7 9.14118-02 9.99358-02 1.12328-02 2.33558—02 1.97158-01

VOUTg 2.43418-01 4.09608-02 3.09038-02 2.76208-02 1.0272e+00

VOUT3 3.66988-02 1.97278-02 1.69198-01 7.43668-02 1.33118-02

VOUT4 3.49258-03 4.97278-04 1.56748-02 4.73858-02 2.97738-02

VOW, 1.3962e-02 1.72188—03 1.5981e—02 2.0986e-02 1.7786e-02

VOUT1 o 1. 70588-02 2.10228—03 1.95278-02 2.56438-02 2.17348-02

V0117“ 6.47688-02 9.38568-02 9.74978-03 1.99668-02 1.82988-01

VOUT5 6.26988-02 9.33248-03 2.85248-02 5.31228-03 5.93758-03

VOUT12 1.40118—02 9.75388-03 9.74168-02 1.57328-02 2.72068-02

VOU'I‘13 6.00848-03 4.35798-04 1.87928-02 3.30058-02 2.83238-02

wl 2.74198-01 1.29308-01 2.98018-01 2.66808-01 5.74288-04

012 l. 16768-01 1.20188-01 2.19588-01 1 .96438-01 2.29708-04

0J3 4.46978-01 2.81008-01 2.84338-01 1 .94328—01 3.72048-05

014 4.54138-01 2.86198-01 2.20728—01 2.48518-01 1.08808-04

VREF2 VREF3 VREF4 VREF5

POUTI 2.94708-01 5.19108-02 7.94668-02 7.50298—02

POUT2 1.36738-01 4.43948-02 6.82478-02 5.34978-02

POUT3 8.18858-02 1.98578-01 1.67218-01 9.14188-02

POUT4 8.53688-02 4.50418-02 1.42038-01 7.83528-02

VOUTI 8.06428-01 1.60768-02 2.68828-02 2.57118-02

V0117, 1.42698+00 2.20028-02 4.39388—02 l .41388-01

VOUTe 3.62468—01 2.58948—02 1.00078-01 5.00488-02

VOUT7 3.97348-01 2.83738-02 1.09708-01 5.48658-02

VOUTg 4.26418-01 222668-02 629198-03 3.84718-02

VOUT3 2.81888-02 8.45408-01 1.97958-01 3.60988-02

VOUT4 3.31408-02 1.33788-01 7.50388-01 7.19818-02

VOUTg 3.39128-02 9.70548—03 853418-02 426508-02

VOUTIO 4.14408-02 1.18618—02 1.04288—01 5.21178-02

VOW11 5.53068-01 2.5954e-02 3.11848-02 4.71488—02

VOUT5 2.08808—01 1.28088—02 9.11348-02 9.32468-01

VOUT12 1.29918-02 4.67968-01 1.09038-01 2.76358-02

VOUT13 1.06948-02 2.18428-02 1.92028-01 1.61588—02

011 4.86898-04 1.70388-01 1.23288-04 5.51868-03

022 4.35628-04 1.26658—01 4.83848—05 4.07688-03

023 1.24628-04 l .79758-01 3.22248—04 1 .18048-02

014 8.93968-05 1.23918-01 5.98118-04 1.11448-02      
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PREF1 PREF2 PREF3 PREF4 VREF1

POUTI 3.4548801 4.4217802 3.8143802 3.5449802 2.1733802

POUT2 2.8238802 4.7207801 2.6074802 2.4482802 1.3652802

POUT3 1.7246802 3.7587802 4.8674801 2.5339802 1.1203802

POUT4 2.0940802 3.5382802 2.7811802 4.6893801 1.3470802

VOUTI 3.1122803 1.9040803 1.5411803 1.70148-03 7.2625801

VOUT2 4.8918802 3.8818802 2.8429802 2.9201802 1.6754802

VOUT6 1.9891801 1.6154801 5.2213802 7.0543802 6.9884802

VOUT7 2.2716801 1.8534801 6.4876802 8.5404802 8.0133802

VOUTg 1.5690801 1.0160801 1.2978801 1.3575801 7.4729801

VOUT3 1.1898802 1.0918802 1.6425802 1.2881802 3.8767803

VOUT4 2.0416802 1.7479802 2.4483802 2.2647802 3.2270803

VOUTg 3.4963802 3.0862802 7.6847802 6.9681802 9.0483802

VOUTlo 4.0677802 3.5798802 9.1582802 8.2804802 1.0949801

VOUTH 1.1266801 8.0105802 6.3289802 7.4901802 2.3085802

VOUT5 2.1200801 2.2841801 1.9206801 1.7983801 2.0470802

VOUTu 6.0671802 5.9025802 9.8336802 7.8404802 4.8850802

Vow. 2.3958802 2.7159802 7.7503802 6.3817802 7.1398802

wl 7.1656803 6.7033803 7.4277803 7.6809803 2.5390803

(.02 7.1277803 6.7408803 7.4265803 7.6795803 2.5385803

(.03 7.1285803 6.7030803 7.4635803 7.6804803 2.5385803

(.04 7.1284803 6.7033803 7.4274803 7.7159803 2.5386803

VREF2 VREF3 VREF4 V3317...

POUT1 1.5344801 1.98688-02 9.5740802 1.5635801

POUT2 1.2036801 1.8878802 8.6581802 1.2692801

POUT3 8.5145802 3.1426802 1.1877801 1.0598801

POUT4 9.7485802 2.6963802 1.1998801 1.1399801

VOUTI 5.8353803 9.5998804 1.9820803 1.0196803

VOUT2 7.5222801 7.9565803 9.4267803 6.5933802

VOUT5 6.5868801 1.5680801 5.6368801 1.1679801

VOUT7 7.1966801 1.7624801 6.2704801 1.3823801

VOUTg 3.0736801 6.5800802 1.0081801 4.4798801

VOUT3 1.2592802 7.7753801 5.4668802 4.3937803

VOUT4 5.6374803 2.3858802 6.7624801 5.4449802

VOUTg 5.1099801 5.96868-02 6.2967801 1.1716802

VOW“, 6.2006801 7.1861802 7.6788801 1.6776802

VOW11 9.5668801 1.0744801 3.1754901 6.0235801

VOUT5 5.1849801 5.6926802 5.8778801 2.76948-l-00

V0UT12 2.0240801 8.67528-01 1.8552801 3.8513801

VOUT13 3.6562801 2.12258-02 9.4401801 4.5151801

(.01 7.7847803 2.8147803 3.3101803 8.8402803

(.02 7.7834803 2.8145803 3.3108803 8.8389803

(.03 7.7814803 2.8154803 3.3129803 8.8379803

(.04 7.7818803 2.8151803 3.3123803 8.8379803      
Table 6.14: RGA of System with MSVC and Input Uncertainty at Bifurcation Fre-

quency
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Figure 6.26: Power and Voltage Output Errors for Input Uncertainty
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The 10% measurement noise is now added to the output channel to ,u-controller

in addition to the presence of input uncertainty. This is reflected in the power

outputs shown in Figure 6.28. The system is still robustly stable but the magnitude

of performance of power and voltage set points degrade. However, the frequency

deviation is suppressed quickly. This can be seen in Figure 6.29. The simulation
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Figure 6.28: Power and Voltage Output Errors for Measurement Noise

results show that the input uncertainty and measurement noise do not affect the

oscillations between generators.

6.5.6 Redesigned BMSVC for Saddle-node Bifurcation

In this section, BMSVC is designed in order to stabilize the saddle-node bifurcation,

which is caused by active power transfer between two areas for constant power load
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Figure 6.29: Frequency Deviation for Measurement Noise
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model. From Table 5.16 the saddle-node bifurcation is of order 7. Following the con-

trol design procedures a 8‘h-order BMSVC is designed. This saddle-node bifurcation

is expected to be easy to stabilize since very few states and only inertial dynamics

are involved.

The RGA matrix of the system with MPSS redesigned for saddle-node bifurcation

is shown in Table 6.15. It has a very robust control structure that has very excellent

decoupled control of Pom}, 2' = 1,2, . ~ ,4 and V007}, 2' = 1,2, - -- ,5, where there

is no fighting for control and no susceptibility to disturbance. The control of (04-,

2' = 1, 2, - - - , 4, is likely to be poor because there is no large element in the RCA row

for 01,-, 2' = 1, 2, - - - ,4. However, this is of little concern for saddle-node bifurcation.
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Figure 6.30: Open Loop System (- -) and Closed-loop System with Redesigned

BMSVC (-) for Saddle-node Bifurcation

This saddle-node bifurcation is produced by increasing the active power transfer
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PREF1 PREF2 PREF3 PREF4 VREF1

POUTI 9.4951801 5.5594804 5.5234804 5.2442804 4.0195804

POUT; 4.9961804 9.5521801 4.8134804 4.4679804 2.3172804

POUT3 2.6927804 2.7525804 9.6134801 2.9825804 3.0907804

POUT4 2.6038804 2.5753804 3.2747804 9.6674801 3.3395804

VOUTl 2.9792804 1.3422804 1.2715804 1.3258804 6.8266801

VOUT2 1.9200803 2.0901803 1.0867803 1.1551803 1.7515803

VOUTG 1.8162802 1.6597802 6.8724803 7.1911803 4.8030803

VOUT7 2.0942802 1.9216802 8.2444803 8.6162803 5.1037803

VOUTB 4.3860803 2.4517803 3.5135803 3.5265803 2.9697801

VOUT3 1.7261804 2.0005804 9.2275804 3.2240804 3.2170805

VOUT4 7.8284805 9.1786805 1.0532804 1.6159804 7.7342806

VOUTg 7.7864804 1.1338803 3.7264803 2.4883803 7.2772804

VOUTIO 6.7993804 1.0698803 3.9857803 2.5589803 8.2353804

VOUTn 8.9534803 6.9736803 4.8578803 4.9072803 1.1648802

VOUT5 4.8069803 4.6369803 2.3490803 1.9250803 8.7304804

VOUT12 1.3755803 1.6167803 5.1444803 2.7893803 4.7510804

VOUT13 8.6980804 1.1202803 4.6153803 2.8768803 6.3662804

(.01 1.0848804 1.2260804 1.7871804 1.8365804 1.9851805

(02 1.0640804 1.2484804 1.7872804 1.8366804 1.9850805

(03 1.0640804 1.2261804 1.8142804 1.8366804 1.9846805

(.04 1.0641804 1.2261804 1.7872804 1.8641804 1.9847805

VREF2 VREF3 VREF4 VREF5

POUT. 1.6294803 3.5051804 1.1002803 8.5900804

POUT2 1.8606803 3.9824804 1.2264803 1.0184803

POUT3 1.0701803 7.6746804 2.1850803 5.5203804

P011714 1.1796803 7.1422804 1.6296803 6.6689804

VOUT1 1.9663804 2.1035805 2.0091805 6.3761805

VOUT2 6.5066801 3.2534804 7.6201804 2.1938803

VOUTe 9.5668802 1.0198803 3.0545803 4.3870802

VOUT7 1.0493801 1.1941803 3.3355803 4.8702802

VOUTg 5.7772803 2.0360804 2.7468803 4.6484803

VOUT3 2.0582804 6.6569801 4.1963803 3.0678804

VOUT4 1.1279804 1.7739803 5.2112801 1.2025803

V0019 3.6600803 3.5884803 1.3636801 3.0985802

VOW“, 4.1288803 4.5760803 1.6647801 3.8392502

VOUTU 1.5461801 2.5591804 2.8482803 1.5521803

VOUT5 6.9510803 2.5819803 2.2545802 8.6107801

V0117” 1.9868803 3.2124801 4.8511803 6.7457803

VOUT13 2.6822803 8.4970803 2.0136801 9.3452803

(.01 1.0911804 1.4055805 4.1211805 1.4782805

(.02 1.0910804 1.4058805 4.1207805 1.47828-05

(.03 1.0905804 1.4080805 4.1146805 1.4767805

(04 1.0906804 1.4066805 4.1171805 1.4764805      
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Table 6.15: RGA of System with Redesigned BMSVC for Saddle-node Bifurcation

 

 

 

 



between two areas. The load is modeled as constant power model. The saddle—

node bifurcation subsystem can be found in Table 5.16. By increasing the active

power transfer the saddle-node bifurcation develops. This corresponds to the voltage

stability problem of the two area system. The time simulation result is shown in

Figure 6.30. The closed-loop system with this redesigned controller is extremely

robust. Increasing the structural parameter uncertainty by 50% does not cause

voltage instability because the closed—loop system is still stable and effective voltage

control can still be achieved. For the open 100p system, the voltage stability problem

starts developing even for very small increase in structural parameter. The voltage

on generator bus 2 is unstable as shown in Figure 6.30. Furthermore, the frequency 4

error no longer approaches zero. Figure 6.30 shows the robust control of voltage,

frequency and power for this saddle-node BMSVC predicted by the RCA matrix.

The excellent control of voltage by this saddle—node BMSVC is absolutely necessary

to prevent voltage collapse and saddle-node bifurcation.

6.6 n-synthesis Control Design for Multiple Bifur-

cations

6.6.1 Multiple Bifurcations

In this section a multiple bifurcation phenomena is studied. Usually multiple bifurca-

tions are produced by more than one bifurcation parameter variation. More complex

system behaviors are expected if more than one bifurcation develop simultaneously

and the corresponding bifurcation subsystems overlap. It is much more difficult to

stabilize the system under this situation.

A double-bifurcation is produced by increasing the active power load on generator
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bus 2 and the susceptance at generator bus 2, respectively. It should be noted that a

constant power load model is used here. It has been pointed out that a saddle-node

bifurcation generally develops when a constant power load model is used. However,

in this case the Hopf bifurcation develops first instead of saddle-node due to the

interaction of the two bifurcation parameters. Two kinds of Hopf bifurcations, a

local Hopf bifurcation (frequency of oscillation around 1 Hz) and an interarea Hopf

bifurcation (frequency of oscillation less than 0.5 Hz) are observed in this study.

The generator angle vector diagrams of the interarea and the local Hopf bifurcation

are shown in Figure 6.31 and 6.32, respectively. It is expected that the dynamic

behaviors of the system with multiple bifurcations are more complicated because of

the interaction between the interarea and local oscillations.

“1m

52 84 Re

 
Figure 6.31: Generator Angle Vector Diagram of Interarea Hopf Bifurcation

 
Figure 6.32: Generator Angle Vector Diagram of Local Hopf Bifurcation
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Figure 6.31 verifies that an interarea Hopf bifurcation deve10ps since the two genera-

tion areas (61, 62) and (63, (54) oscillate against each other. Figure 6.32 shows that the

Hopf bifurcation is a local oscillation between generator 2 and the other generators

in the system. It is also noted that the two bifurcation subsystems of the bifurcations

overlap each other because the inertial dynamics of all four generator belong to the

bifurcation subsystems for both bifurcations.

With the complexity and stress increased on current power systems, multiple bi-

furcations are more likely to develop. In WSCC system it has been verified that

there could exist up to 6 interarea oscillations in the same time and these interarea

oscillations turn out to be very difficult to control since they appear to be strongly

coupled to each other. Typically a control that stabilizes one interarea oscillation

destabilizes others [25]. It should be noted that it is not as easy to produce multiple

bifurcation for this small two area system as in large power system.

As a very first but important step, a single robust controller is developed in this

section in order to stabilize multiple bifurcations. In section 6.4 it has been shown

that p-synthesis based robust power system stabilizer (MPSS) is very effective to

stabilize the system with a single bifurcation. In section 6.5 u—synthesis based robust

SVC (MSVC) was shown to be even more effective than MPSS for system with a

Single bifurcation in terms of the overall control performance. Now we are going to

design MPSS and MSVC when multiple bifurcations develop.

6.6.2 n—synthesis Power System Stabilizer for Multiple Bi-

furcations

AS shown in section 6.6.1 multiple bifurcations develop in the different locations

(generators) of the two area system. It is thus anticipated that more measurements

01' controls are either required or are able to improve the control of the system
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experiencing multiple bifurcations. Therefore, three increasing more complex )2-

synthesis robust power system stabilizer designs are considered in this section that

have.

1. a single measurement and a single control on generator 2. Considering that the

interarea oscillations are more difficult to control, generator 4 speed is taken

as the measurement. The voltage excitation control set point on generator 2

is the single control. This is a typical local controller but is sited to affect the

interarea oscillation between generator 1 and 2 and generator 3 and 4 and for

the local oscillation between generator 2 and generators 1, 3, and 4.;

2. two measurements and a single control on generator 2. From the generator

vector diagram a local oscillation develops for generator 2 in addition to the

interarea oscillations. Thus, the measurements used by the controller should

contain both generator 2 and generator 4 speed information. This controller

is not local any more since a communication link will be needed for the mea-

surement on generator 4 to wherever the controller is located on generator 2.

The control is chosen to be on the excitation voltage set point on generator

2 since it should provide control over the interarea and local oscillation. The

measurement on generator 2 and 4 should provide information on both areas

containing generators 1 and 2 and the other area containing generators 3 and

4 as well as the local oscillation of generator 2 against generators 1, 3, and

4. This controller should perform better than the local controller since it has

measurements that should capture both oscillations;

3. two measurements and two controls on generator 2 and 4. The measurements

of the speed on generator 2 and 4 are used as in the case above. The control

actions should be taken on the excitation system voltage set point on generator

2 as well as generator 4 due to the nature of the multiple bifurcations. This
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is expected to achieve better control performance than either of the above two

designs since one has both sufficient information to detect and estimate the

states associated with both oscillations and since there is also sufficient control

to independently control both oscillations.

The above three types of MPSS can be designed by slightly modifying the control

configuration of MPSS shown in Figure 6.7. Note in the control configuration the

only difference from Figure 6.7 is the number of inputs and/or outputs of MPSS

(labeled as K in Figure 6.7) to be designed. The previously used performance index

in equation (6.4.3) and the performance weighting matrix are still adopted here.

Note here minimizing the frequency deviations between (04 and the rest of generator

frequencies is still one of the control objectives for multiple bifurcations. The reason

is that control objective is to keep the generators to be synchronized with one specific

generator (generator 4 in this case) despite the fact there exists a Hopf bifurcation

between two areas or the fact that there exists a local bifurcation between generator

2 and the rest of the system.

In order to improve the control performance the inverse of the electrical dynamics

of the corresponding generators are included in the control design. Using the same

procedures of p—synthesis control design, the MPSS is obtained and the closed-loop

system H value with a single measurement and a single control MPSS (case 1) is shown

in Figure 6.33. The order of the controller is again reduced using Hankel norm and

the bifurcation subsystem information. In Figure 6.33, two local maximum points

appear around 3 and 8 rad/sec that correspond to the frequencies of the interarea

and the local oscillation. This suggests that it is difficult to control the oscillations

at both of these frequencies. Another fact is that the peak )2 value of the closed-loop

System occurs at low frequencies and is great than one. This suggests the voltage

control performance is very poor. However, we are not concerned because it occurs
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at very low frequency and because the frequency range is below that of the local

and interarea modes for which the control is being designed. This control would not

provide effective voltage control where values of p at low frequencies should be much

smaller than 1.0 if effective steady state voltage regulation is to be achieved. The p

values of the closed-loop system with two measurements and a single control MPSS

(case 2) and two measurements and two controls MPSS (case 3) are not shown here

since they are similar to Figure 6.32.

CLOSED-LOOP MU: CONTROLLER #1
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Figure 6.33: Closed-loop 22 Value with MPSS of Measurement (04

The RGA matrix of the closed-100p system with a single measurement (204) and a

Single MPSS control (on generator 2) at interarea bifurcation frequency is shown in

Table 6.16. It can be seen that the decoupled control structure is lost since the RGA

elements of the control pairs are no longer dominant in each column. There also

exist the fighting of the controls since there are several large elements in each row.

Some RCA element magnitudes are very large and this indicates that the system is
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susceptible to disturbances.

40% increase in active power load at generator 2 and 40% increase in susceptance on

the line connected to generator 2 were applied. The time response of the closed-100p

system with one measurement 004 and one MPSS control on generator 2 is given in

Figure 6.34. The results show that the control it is not able to achieve good control

performance for multiple bifurcations as predicted by the RCA matrix results. It

is able to stabilize the perturbed system because the oscillations decay with time.

However, the transition time is too long. The oscillations are not completely damped

out even after 100 seconds. Therefore, the single measurement and single control

MPSS is not a good choice when multiple bifurcations deve10p.
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Figure 6.34: l-input 1-output MPSS (-) and Open Loop System (- -) for Multiple

Bifurcations
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PREP} PREFg PREF3 PREF4 VREF1

POUT4 1 012261-02 7.7417e+01 1.40698+00 4.0385e+00 1 .1382e+00

POUT2 6.8894e+01 4.9237e+01 9.7148601 3.1248€+00 1.0421e+00

POUT3 1.5951601 2.3214601 8.8184601 7.8843603 5.2292603

P041114 1.9023e+00 1.713le+00 2.7918602 4.8244601 9.5431603

VOUTI 2.0157e+01 1.6243e+01 2.8022602 5.3375601 5.8769601

VOUTz 6.1827e+00 5.2396e+00 6.8879603 1.6577601 3.6293602

VOUT6 2.57618+00 1.8632e+00 4.9640602 8.3955603 1.9753603

VOUT7 2.4247e+00 1.7240e+00 4.9847602 3.5348603 3.9117603

VOUTg 7.9380601 4.0372601 1.8069601 1.7356601 4.0504601

VOUT3 1.9219601 1.7425601 1.1171602 2.2591603 4.7358603

VOUT4 1.0245e+00 1.0220e+00 4.1898602 7.0703602 1.4374602

VOUTg 3.139le+00 3.0838e+00 2.0065602 1.2363601 1.8189602

VOUTlo 3.7294e+00 3.6685e+00 2.6478602 1.5029601 2. 1395602

VOUTI 1 1 . 145961-00 7.7086601 8.7235602 6.6317602 2.9367602

VOUT5 3.0486e+00 2.774le+00 9.2961602 3.3908603 1 .3800601

V0UT1 2 1. 1 779e+00 1. 1412e+00 9.7038604 4.1072602 2.0435603

VOUT43 2.7102e+00 2.649le+00 1.3803602 1.0261601 5.6723603

wl 8.4392602 7.8883601 8.2831603 2.7585604 6.4022603

w2 l.7039e+00 1.5550€+00 2.2214602 2.4419602 1 . 1580602

(1);; 9.5025603 8.6637603 1.2569604 1.3619604 6.4587605

w4 1.0443602 9.5145603 1 .3619604 1.5152604 7.0922605

VREF2 VREF3 VREF4 VREF5

POUTI l.7724e+00 1.7033e+00 7.6152e+00 7.5556e+00

POUT2 l.7754e+00 1.3770e+00 6.0762e+00 6. 1116e+00

POUT3 5.9911603 5.0456603 1.8626602 1.8311602

P011714 5.0148602 4.0125602 1.7490601 1.7171601

VOUT1 9.2104601 3.8115601 1.5771e+00 1.756561-00

VOUTg 1.0888601 1.2494601 5.3500601 4.7977601

VOUTG 6.4485602 5.3806602 2.3378601 2.0168601

VOUT7 6.9351602 5.2254602 2.3139601 1.6894601

VOUTB 4.5625602 5.7518603 7.6582602 1.4394601

V0073 2.5246603 5.8293601 5.2265602 1.2374602

VOUT4 3.8744602 6.7523602 1.6034601 1 . 1333601

VOUTg 8.1986602 2.6596602 1.5728602 5.2795602

VOUTIO 9.7288602 3.1289602 1.3964602 6.2457602

VOUTll 1.0597601 1.7946602 3.4854602 1.3729601

VOUT5 2.5432601 3.0112603 2.5218601 5.8909601

Vow” 3.5052602 1.5801601 5.5674602 4.5538602

VOUT4 3 7.9505602 1.1093602 2.9465603 2.5219602

wl 4.6667604 6.3671604 2.0155602 9.0420602

0.22 4.1323602 3.3449602 1.2524601 1.4934601

L03 2.3049604 1.8659604 6.9849604 8.3293604

(1).; 2.5327604 2.0494604 7.6743604 9.1565604     
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Table 6.16: RGA of System with l-input l-output MPSS for Multiple Bifurcations

 

 



The RGA matrices of the closed-loop system with two measurements (wg and (.14)

and a single MPSS control (on generator 2) and two measurements (wg and «24)

and two MPSS controls (on generator 2 and 4) are shown in Table 6.17 and 6.18,

respectively. In Table 6.17 it is clear that adding one more measurement has sig-

nificantly improved the RCA structure of the closed-loop system. The decoupled

control structure of different loops is again obtained. There is almost no fighting

of controls for output variables and the rejection of disturbance is greatly improved

since only one RGA element is above 1. The RGA matrix of the closed-loop system

with two measurements and two controls MPSS shown in Table 6.18 is somewhat

better than that in Table 6.17 due to the fact that there is better control of power

Par/T,- by PEER, i = 1, - -- , 4; there is proper control of VOUT4 by VREF“ 2' = 1, - -- , 5;

there is proper control of wi, 2' = 1, ~ -- ,4, for two measurements and two controls

compared to two measurements and one control. The input P123534 provides some

control of wi, z' = 1, - - - ,4. There is no effective control of (.04, z' = 1, - - - , 4, from the

MPSS control devices except for the PSS on generator 3 for two measurements and

one control case as well as the two measurements and two controls case based on

the RCA matrix. This implies that there is not much difference between the control

performances of the two controllers.

The time response of MPSS on generator 2 with two measurements an and L02 and

single control is shown in Figure 6.35. It can be seen that the damping of the

oscillations has been increased dramatically comparing with Figure 6.34 for the single

measurement and single control MPSS. Both interarea and local oscillations can be

damped out in 30 seconds.

MPSS with two control outputs and two measurements is also tested in this section

aJld time simulation is shown in Figure 6.36. Better control performance has been

aChieved since the oscillations are damped more quickly and transient responses are

more smooth compared with the time response shown in Figure 6.35.
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PREF, PREFg PREF3 PREF4 VREF4

POUT4 9.7359601 5.6199602 4.8026602 2.3176602 1.5123601

P0072 5.2552602 7.7273601 5.1863602 2.2550602 1.1314602

P041713 5.8479602 6.2181602 5.9997601 2.6148602 1.2901602

POUT4 6.3786602 6.8081602 3.0774602 6.6666601 1.2948602

V0UT1 1.6528601 5.8330602 5.4112602 4.2715602 1.2623e+00

VOUT2 7.4029602 2.9804602 1.2136602 7.9867603 3.9317601

VOUTG 3.0725602 1.0678602 1.5778602 2.3914602 1.6916601

V0117, 3.4339602 1.1840602 1.7664602 2.6727602 1.8855601

VOUTS 9.6555602 3.7006602 4.6858602 3.7690602 6.5576601

VOUT3 9.2942603 8.5937603 2.0884602 1.5008602 1.0225603

VOUT4 3.2726603 4.2068603 1.0405602 1.8747602 2.9679603

VOUTg 5.1857603 5.0271603 4.7541603 2.8087603 4.2483604

VOUTlo 6.3712603 6.1773603 5.8458603 3.4573603 5.2349604

VOUTn 3.5536602 9.4537603 2.1783602 1.8516602 1.6491601

VOUT5 1.0378602 6.3105603 3.1266603 8.1442603 1.1399602

VOUT12 2.4092603 1.7897603 2.3374602 3.7219603 1.4052603

VOUT43 4.2671603 4.6847603 6.3032603 7.9346603 1.6731603

L01 1.6625601 6.1531602 2.4667601 2.2844601 3.8735602

(.02 5.1857602 8.6118602 2.0285601 1.8777601 1.1531602

(03 1.3360601 1.2928601 4.0654602 3.4599602 7.3105603

L04 1.3486601 1.3195601 2.8171602 2.9382602 7.2209603

VREF2 VREF3 VREF4 VREF5

POUT4 8.1092602 5.4046602 6.1733602 1.4780603

POUT2 5.5731602 4.4569602 5.5353602 5.8270603

POUT3 1.9536602 5.2098602 7.1227602 2.1267603

POUT4 1.7288602 3.8769603 5.3451602 5.1631604

VOUT4 4.8221601 1.7332602 1.9236602 2.0770602

VOUT2 8.4407601 8.2994603 3.9945602 6.9531602

VOUT5 2.6768601 6.9396603 3.1810602 6.7212602

V0071, 2.9837601 7.7670603 3.5457602 7.4914602

VOUTg 2.4238601 1.5114602 1.5519602 2.0095602

VOUT3 2.6116603 7.3176601 1.2776601 9.4361603

VOUT4 7.7886603 1.3663601 7.1959601 6.4475602

VOUTg 2.1818603 1.4632602 8.6831602 6.0052602

VOUTlo 2.6874603 1.8044602 1.0695601 7.3963602

VOUTH 3.7426601 5.5512603 5.8901603 9.9738603

VOUT5 6.4098602 2.4726603 1.2090602 8.9392601

V0417” 2.6276603 4.0298601 8.9607602 9.5917603

VOUT13 2.2299603 2.3897602 1.7101601 5.6606603

(.01 1.7072602 1.2289601 8.0895603 7.7285605

(02 1.2905602 1.0154601 6.7169603 3.8988604

(.03 3.5996603 5.0497602 2.6858603 8.6312604

(0.; 3.2790603 1.2787602 3.0351603 4.4005604      
 

Table 6.17: RGA of System with 2-measurement and l-control MPSS
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PREP; PREF2 PREF3 PREF4 VREF4

POUT4 9.5536601 2.9580604 3.0523604 2.9376604 8.8295605

POUT2 1.6290604 9.6809601 1.6595604 1.5487604 9.4875605

P0UT3 6.4821605 8.8978605 9.7399601 1.0516604 1.3019604

P0117}, 8.2294605 1.0170604 1.4361604 9.7805601 1.6755604

VOUT4 9.5291604 4.3841604 4.6919604 4.8871604 6.9116601

VOUT2 7.3437602 7.3649602 6.2020602 6.5399602 3.3696602

VOUT5 3.8644602 3.6811602 2.1297602 2.2486602 8.2800604

VOU'I‘7 4.0595602 3.8214602 2.0356602 2.1598602 1.2176603

VOUTB 1.3106602 8.1961603 1.2877602 1.3000602 2.7673601

VOUT3 1.1007605 1.4871605 4.1640604 1.7544605 6.8237606

VOUT4 7.9529603 1.0135602 2.2832602 1.8622602 6.1897604

VOUTg 5.0112604 9.4897604 2.3307603 2.2959603 2.0920603

VOUTlo 3.7727604 8.6689604 2.5201603 2.3551603 2.4885603

VOUTu 2.6403602 2.1397602 2.3081602 2.3513602 3.5907603

VOUT5 5.6705603 5.3798603 3.5219603 2.9723603 4.4876604

VOUT12 5.4122604 7.0075604 2.3863604 1.0930603 4.6530604

VOUT43 1.0360603 1.5174603 3.7717603 3.4849603 2.0963603

L01 3.9820601 3.2348603 2.8446601 2.8745601 1.0150605

(02 7.3483602 3.4844602 3.3870601 9.4847602 1.1504605

L03 8.8324602 5.3229602 2.3234602 2.8047603 2.0354605

(0.; 1.9832601 4.0527602 6.8732603 6.8478602 1.1589605

VREF; VREF3 VREF4 VREF5

POUT4 1.1415603 1.6101604 5.8080603 4.6329604

POUT2 4.9660603 1.3374604 4.7089603 5.2067604

P0UT3 4.0495603 2.7775604 6.0978603 1.9703604

POUT4 5.0191603 3.8185604 5.0700603 3.2917604

VOUTI 2.8532603 7.6326605 2.8842603 1.0377604

VOUT2 1.2005e+00 1.2142602 3.4278601 3.8861602

VOUT6 1.3124602 3.4818603 4.7807602 5.0922602

VOUT7 7.7458603 3.6515603 4.0431602 5.7500602

VOUTg 2.2295602 3.8753604 1.8181602 7.9259603

V0117}, 1.1822604 6.6185601 3.0956603 1.7826604

VOUT4 4.4418602 2.7885602 4.5593601 1.8441602

VOUTg 5.7970602 2.7675603 2.1831601 2.6592602

VOUTlo 6.9264602 3.5065603 2.6131601 3.3036602

VOUT” 7.9719602 1.5329e-04 3.5339e-02 9.0486603

VOUT5 9.5038603 3.1061603 4.3771602 8.7766601

Vow.2 1.4649602 2.9498601 4.8235602 3.9680603

VOUT43 6.4249602 5.8576603 2.8779601 5.5567603

L01 9.2386604 5.8476601 2.8435603 4.0021606

L02 1.8334603 8.8432603 1.9823603 5.0026606

L03 7.3545604 2.3954601 5.3845603 7.2432606

”#04 8.8327604 1.9984402 8.4842603 5.3019606   
Table 6.18: RGA of System with 2-measurement 2-control MPSS
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Figure 6.35: 2-measurement l-control MPSS (-) and Open Loop System (- -) for

Multiple Bifurcations
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Figure 6.36: Reduced Order 2-input 2-output MPSS (-) and Open Loop System (-

-) for Multiple Bifurcations
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However, the voltage control of the system with two measurements and a single

control MPSS and two measurements and two controls MPSS has degraded and

this can be seen in Figure 6.35 and 6.36. This is predicted by RGA matrix analysis

because the power system stabilizer increases the damping effect by directly changing

the generator terminal voltage set point. Thus, the conflicted objectives of good

voltage and damping control can not be obtained simultaneously by MPSS designs.

It should be noted that the system behavior is very different from that of the system

with a single bifurcation. The swings of large magnitude and small magnitude appear

alternatively. This is obviously the combination of interarea and local oscillations and

verifies that multiple bifurcations occur due to two different bifurcation parameters,

but are both nicely damped by multiple measurements and/or multiple controls

MPSS. The MPSS designs are able to damp out the interarea oscillations but the

voltage can not be controlled very well.

6.6.3 p—synthesis SVC for Multiple Bifurcations

For multiple bifurcations the control performance of MPSS was shown to be less

than perfect since the voltage control of network buses degraded. In section 6.5 it

has been concluded that MSVC is more effective than MPSS for a single bifurcation

due to the local property of power system stabilizer. In this section u—synthesis based

robust SVC controller will be developed for the purpose of improving the control of

a system experiencing multiple bifurcations. Similar to MPSS designs considered in

the previous section, the MSVC will be designed

1. with a single measurement (on) and a single control (on generator 2);

2. with two measurements (w, and L02) and a single control (on generator 2);

3. a mixed PSS/SVC design with two measurements (M and 002). The MPSS
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is located on generator 2 where the local oscillation occurs, or is located on

generator 4 where the interarea oscillation develops. This mixed MPSS/MSVC

design will take the advantage of capability of voltage support of SVC and the

damping of power system stabilizer.

Here the mixed MPSS/MSVC is designed instead of two measurements and two

MSVC controls because (1) in previous section the two measurements and two con-

trols MPSS did not have as large an improvement in control performance compared

with two measurements and a single control MPSS as we expected; and (2) power

system stabilizer is better in terms of damping increase and SVC is better in terms

of voltage control of network buses.

The inverse dynamics are again included in the MSVC design and the same perfor-

mance index and performance weighting matrix are again used. Only the closed-loop

p value with two measurements and a single control MSVC is shown here in Figure

6.37. The multiple bifurcations phenomena can be seen by inspecting the peak p

value around frequency 3 and 8 rad/sec in Figure 6.37. In order to obtain better

damping of the local oscillation on generator 2, it is more reasonable to introduce

another signal tag as the measurement. The improved control at steady state using

MSVC control is observed by the small value of p at w = 0 compared to the MPSS

design.

The RGA matrices of the closed-loop system with a single measurement (w) and a

single control MSVC, two measurements (on and L02) and a single control MSVC, and

a mixed MPSS/MSVC design with MPSS on generator 4 and MPSS on generator 2

are shown in Table 6.19, 6.20, 6.21, and 6.22, respectively.

The RGA matrix of the MSVC with a single measurement (M) and a single con-

trol at interarea oscillation frequency is shown in Table 6.19. The control pairs

(PREFUPOUTi), i =-" 1, ' ' ' ,4, and (VREFiaVOUT,)a i = 1, ' ' ' ,5 are HOW dominant in
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Figure 6.37: Closed-loop p with MSVC of Measurement (11.; and tag

each column and row of the RCA matrix and all of them are of magnitude close to

one. This implies an almost decoupled control structure and that a better distur-

bance rejection capability is obtained with the MSVC than MPSS. Both the MSVC

and the CPSS on generator 3 have significant control effects on the generator speeds

w,, z' = 1, - .. ,4. This can be seen from the magnitudes of the element (VREF3,w,-)

and (VREFS, wi), 2' = 1, - - - ,4 in Table 6.19. The control is not perfect since (a) there

is one direction (VREE, Voyn) that is greater than 1.0; (b) there is one bus voltage

with no effective control because all row elements are below 0.1; and (c) some fight-

ing for voltage control at buses 6, 7, and 8 between generator 1 and 2 because VREF,

and VREp2 both have dominant similar sized elements in these rows.

The RGA matrix of the MSVC with 002 and (.04 as measurements is shown in Table

6.20. The RGA matrix structure here is very similar to Table 6.19. Both of them have

a good decoupled control structure and it is difficult to tell the improvement of the
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control structure compared to Table 6.19 although there is very slight improvement

in virtually every measure.

The RGA matrix of the closed-loop system of mixed MPSS/MSVC design with

MPSS on generator 4 is shown in Table 6.21. In Table 6.21 we find that the control

structure with this mixed design is not very well decoupled because there are output

variables that are not controlled effectively by any control input. The elements of

the control pairs (PEER, P0071), 2' = 1, - -- ,4, and (VREFU Vang), z' = 1, - -- ,5, have

very large values (above 1.0) and are dominant. This implies the power and voltage

would be susceptible to the input disturbance. The network voltage control would

not be perfect since there is a row associated with Vovno without perfect control.

Moreover, the elements (VREF,,w,-), z' = 1, - -- ,4, are not very large, which means

the MPSS on generator 4 is not very effective in terms of frequency control but the

existing PSS on generator 3 is made much more effective. The addition of MPSS

control on generator 4 appears to have improved control of frequency and voltage at

the control devices but the control of voltages in the network is not good.

Table 6.22 shows the RCA matrix of the closed-loop system of a mixed MPSS/MSVC

design with MPSS on generator 2. By inspecting the RCA elements we found that

the RCA matrix structure in Table 6.22 is similar to Table 6.19 and 6.20, but (1)

the magnitudes of element (VREF2,w,-), z' = 1, - -- ,4, is much larger than (VREFUwi)

was in Table 6.21, which means that the MPSS on generator 2 is more effective in

frequency control than generator 4 was; (2) in each column the magnitudes of the

elements are pretty small except the control pairs (FREE, Faun), z' = 1, - - - ,4, and

(V3352, V007,), z" = 1, ' - - ,5. These elements are much closer to 1.0 compared to the

RGA matrix in Table 6.19 and 6.20 suggests these controls are quite effective and

yet the decoupling is achieved. None of the elements is above 1.0 and susceptible to

disturbance as they are when the MPSS is on generator 4. The control of network

bus voltage on buses 6, 7, and 8 is now by either generator 1 or 2. This was a
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problem in Table 6.19 - 6.21. The effectiveness of the control of network bus voltages

by using MPSS on generator 2 rather than on generator 4 is reduced since the

RCA matrix elements of (VREE, Voyn), 2' = 1, - -- ,5, are reduced. This is the only

advantage observed in placing the MPSS on generator 2 rather than generator 4. The

siting of MPSS control where the the local oscillation occurs is thus very important

to achieve excellent control of local Hopf bifurcation when control is required for

multiple bifurcations. The siting of the SVC at midpoint of the line connecting the

two areas is seen as important in control of the interarea oscillation. Tables 6.19,

6.20, 6.21, and 6.22 all suggest a mixed MPSS/MSVC combination provides better

decoupled control structure than that of solely MPSS designs in the previous section.

The time simulation of the open loop system and closed-loop system with MSVC

with one measurement m and one control is shown in Figure 6.38. By applying

50% more active power load on generator 2 and increasing susceptance by 50% on

generator 2 than the bifurcation value on generator bus 2 the open loop system

with conventional controls is almost unstable and neither voltage or interarea or

local oscillation is controlled effectively. On the other hand, both interarea and local

oscillations can be eliminated effectively by this MSVC and the voltage is maintained.

It is expected that MSVC with more measurements should improve the control per-

formance as predicted by the RG'A. This is verified in Figure 6.39, where the MSVC

with two measurements on and (U2 is applied to the system. The control perfor-

mance improvement can be seen in terms of a smaller oscillation magnitude and

shorter transition period compared to Figure 6.38.

Figure 6.40 shows the time response of the closed-loop system with mixed MSVC/MPSS

control with the MPSS located on generator 2. It can be seen that this design

gives the best overall performance. The control performance of another mixed

236



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PREF1 PREF2 PREF3 PREF4 VREF1

POUT1 9.73218—01 4.30818-02 3.63498-02 2.01198-02 1.48378-01

POUT2 4.36268-02 7.64448—01 4.31068-02 1.51648-02 6.11168—03

POUT3 5.60948-02 598438—02 607458-01 2.18638-02 1.34928-02

POUT4 6.15108-02 6.57418—02 3.40178-02 6.63988—01 1.27418-02

VOUTl 1.65318—01 5.44318—02 4.98238-02 3.92218-02 1.26978+00

VOUT2 784018-02 296888-02 1.54578—02 8.95298-03 3.98308-01

VOUT5 3.42128—02 831438-03 193978—02 2.75388-02 1.69608-01

VOUT7 3.82528—02 9.19058-03 2.17208-02 3.07898-02 1.89048-01

VOUTg 9.65858—02 3.54478-02 4.53428—02 3.65258-02 6.56578—01

VOUT3 1.12688-02 1.04838-02 2.14248-02 1.21578-02 8.74488-04

V0071, 6.01918-03 6.25298-03 4.99378-03 8.08378-03 2.87388-03

VOUTg 6.66468-03 6.18678-03 4.34958-03 2.01458-03 5.40248-04

VOUTlo 8.18898-03 7.60258-03 5.34788-03 2.47958-03 6.65468-04

VOUTn 3.80598-02 7.81118-03 2.45258-02 2.11218—02 1.65398—01

V0UT5 1.07218-02 7.25678-03 3.26158-03 1.13608-02 1.20418—02

VOUT12 2.13028-03 1.62158-03 1.95788-02 2.49788-03 1.43128-03

VOUT13 6.25998—03 6.28258-03 5.86278-03 3.30108-03 1.81598-03

wl 1.84518-01 6.36198-02 2.59428-01 2.38938-01 3.38048-04

wg 5.85478-02 9.35958-02 2.09588-01 1.92758-01 7.35828-05

w3 1.42738-01 1.37708-01 5.39468-02 2.72898-02 1.61338-05

w4 1.42608-01 1.38748-01 2.85898-02 3.70168—02 1.11348-05

VREF2 VREF3 VREF4 VREF5

Pour, 8.07948-02 5 . 75768—02 6.56098-02 1.24008-03

POUTz 5.87038-02 4.56158-02 6.39538-02 6.35818-03

POUT3 1.92008-02 5.16598—02 6.50388-02 2.02938-03

POUT4 1 . 74358-02 4.29038-03 4.85448-02 3.49828-04

VOUT1 4.77438-01 1.54158-02 2.09688-02 1.95238-02

VOUT2 8.41008-01 9.32948-03 4.43368-02 6.93568-02

VOUT6 2.67578—01 8.22318-03 3.51388-02 6.60128-02

V0117, 2.98248-01 9.21018-03 3.91638-02 7.35748-02

VOUTs 2.37398—01 1.43358-02 1.65438-02 1.94008-02

VOUT3 2.42668-03 7.22868—01 1.19608-01 9.72928-03

Voun 676128-03 120838-01 6.83578-01 6.23908—02

VOUTg 2.46878-03 1.15798-02 8.24438-02 6.04328-02

VOUTm 3.04018-03 1.42868—02 1.01558-01 7.44238—02

VOWll 3.73168—01 6.77508-03 4.38778-03 1.05408-02

VOUT5 7.05288—02 4.07768—03 2.82108-02 8.90138-01

V007,, 240228-03 3.93128—01 8.35668-02 9.65008—03

Vow, 241008-03 1.9596602 1.62548—01 4.57838—03

wl 2.44298—04 1.32888—01 3.96698-05 5.96728—03

wg 5.86078-05 1.08678-01 3.35888—05 3.58578-02

w3 1.13248—05 5.72438—02 1.18638-04 4.92488—02

(414 1 .95908-05 1.69278-02 1 .48208-04 1.26948—01     
 

Table 6.19: RGA of System with l-measurement 1-control MSVC
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PREF1 PREF2 PREF3 PREF4 VREF;

POUTI 9.6467601 4.0929602 3.6307602 2.0102602 1.4751601

P0UT; 3.0060602 7.1718601 4.2709602 1.5009602 5.3030603

POUT3 7.6624602 8.1734602 6.1804601 1.9505602 1.8807602

POUT4 7.4194602 7.9194602 3.2949602 6.6921601 1.5769602

VOUTI 2.5540601 1.0944601 5.3194602 4.2356602 1.38348+00

VOUT2 1.3006601 5.6160602 1.6586602 9.7291603 4.6647601

VOUTs 6.1360602 1.8231602 2.1209602 3.0610602 2.0631601

VOUT7 6.8606602 2.0152602 2.3748602 3.4223602 2.2996601

VOUTg 1 .5073601 7.1464602 4.8476602 3.9510602 7.3308601

VOUT3 1.7581602 1 .6424602 2.6442602 1.0251602 1.3687603

VOUT4 1.5481602 1.6444602 4.79638-03 9. 1936603 6.5398603

VOUTg 2.2588602 2 . 19998-02 4.95048-03 8.9026603 1.3818603

VOUT10 2.7754602 2.7033602 6.0866603 1.0957602 1.7021603

VOUT1 , 6.3709602 1.5977602 2.6475602 2.3118602 1.9453601

VOUT5 8.4330602 7.3518602 5.9026603 2.2434602 3.9102602

VOWl2 3.5412603 2.7139603 2.1111602 1.1272603 2.3797603

VOUT13 1.5582602 1.5933602 5.6149603 4.4524603 4.0781603

wl 1.8120601 6.0813602 2.5912601 2.3861601 3.3639604

(.02 4.2444602 7.3426602 2.0764601 1 .9074601 6.4162605

(.03 1.9758601 1.9087601 5.9665602 2.4663602 2.2103605

(04 1 .7284601 1.6805601 2.7808602 3.9374602 1 .3570605

VREF2 VREF3 VREF4 VREF5

POUT1 8.0363602 5.7326602 6.5442602 6.4786603

POUT2 5.6285602 4.4166602 6.2738602 3.7847602

POUT3 2.6250602 5.9130602 6.1417602 2.9645602

POUT4 2.1377602 4.0154603 5.0164602 2.0592602

VOUTI 5.1687601 1.8677602 2.4217602 6.4425602

VOUTg 8.7987601 1.1449602 5.1791602 6.6137602

VOUTe 2.9867601 1.0590602 4.2825602 5.2358602

V0071, 3.3291601 1.1861602 4.7731602 5.8183602

V0UT3 2.5713601 1.7433602 1.9165602 6.0762602

VOUT3 3.6686603 7.1692601 1.1078601 7.2748603

VOUT4 1.6050602 1.0007601 6.5359601 4.1655602

VOUTg 6.0199603 8.4967603 7.1423602 1.0662601

VOUTlo 7.4131603 1.0483602 8.7973602 1.3120601

VOUTu 4.0584601 8.4428603 5.1954603 2.7552602

VOUT5 1.6986601 1.9355602 1.1174601 1.03738+00

VOUT12 4.2849603 3.7269601 7.7256602 4.1209603

VOUT13 5.7226603 1.6237602 1.4870601 2.7910602

wl 2.4315604 1.3239601 3.9572605 6.1627603

(.02 5.6259605 1.0536601 3.2980605 4.4210602

(:13 1.5449605 6.5488602 1.1109604 1.0218601

(0.; 2.3906605 1.5824602 1.5336604 5.3677602      
Table 6.20: RCA of System with 2—measurement l-control MSVC
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PREP} PREF2 PREF3 PREF4 VREF;

POUT, 1.08568+00 5.4835602 3.4428602 1.1685602 1.0919601

Par/7‘2 8.6946602 8.3883601 2. 1900602 1 . 1447602 3.5391602

POUT3 5.0394602 1.0044602 1 .20048+00 1 .0377601 2.7209601

P011714 6.4662602 1.7287602 1.8767601 1.26798+00 2.8055601

VOUT1 3.1366601 1.0643601 3.8506602 2.7754602 1.78938+00

VOUT2 6.8800602 1.4953601 1.9323602 9.4495603 6.8600601

VOUTe 8.4603602 9.4375602 1.0378602 2.1410602 1.8197601

VOUT7 9.2777602 1.0347601 1.1398602 2.3448602 1.9948601

VOUTg 2.4578601 4.2308602 3.1247602 2.7671602 1.03698+00

VOUT3 3.7062602 1.9923602 1.7218601 7.3762602 1.3445602

V0071, 3.1175603 4.4102604 1.4325602 3.9141602 2.6737602

VOUTg 1 . 1691602 1.4206603 1.3888602 1.6404602 1 .5116602

V0UT“, 1.4283602 1.7345603 1 .6969602 2.0044602 1 .8472602

VOUT1 1 6.5577602 9.6979602 9.8768603 2.0024602 1.8493601

VOUT5 7.6537602 1.2126602 3.2038602 5.9559603 6.9418603

VOUT12 1.3745602 9.5586603 9.5894602 1.5017602 2.6726602

VOUT13 5.3849603 3.8832604 1.7236602 2.7859602 2.5522602

wl 2.5828601 1.2377601 2.8917601 2.5629601 5.4536604

(.02 1.0510601 1.1088601 2.1210601 1.8836601 1.9890604

w3 4.5194601 2.8412601 2.8937601 1.9329601 3.7330605

014 4.6079601 2.9039601 2.2396601 2.5230601 1 . 1022604

VREF2 VREF3 VREF4 VREF5

POUTI 2.7563601 5.0388602 7.6052602 7.6918602

POUTz 1.2592601 4.2909602 6.5416602 5.4705602

POUT3 8.2804602 2.0195601 1.5931601 9.0510602

POUT4 8.6624602 4.5700602 1.4413601 8.2573602

VOUTI 8.1205601 1.6265602 2.6700602 2.6566602

VOUT2 1.44718+00 2.2306602 4.3618602 1.4372601

VOUTe 3.6637601 2.6318602 9.9464602 5.1211602

VOUT7 4.0163601 2.8838602 1.0904601 5.6139602

VOUT8 4.2956601 2.2539602 6.2521603 3.9606602

VOUT3 2.8470602 8.1889601 1.8072601 3.8102602

V0071, 2.9766602 1.2639601 7.2532601 7.4724602

VOUTg 2.8830602 8.8894603 7.8099602 4.3529602

VOUTlo 3.5229602 1.0864602 9.5434602 5.3191602

V007,, 5.5840601 2.6327602 3.0992602 4.8448602

VOUT5 2.4356601 1.4908602 1.0488601 9.4740601

VOUTn 1.2762602 4.5126601 9.8712602 2.7639602

VOUT13 9.6382603 2.0661602 1.8031601 1.7661602

wl 4.5562604 1.6542601 1.1802603 1.7301602

wz 4.0150604 1.22458-01 4.6397604 1.2790602

w3 1.2609604 1.8281601 3.0707603 3.7041602

0).; 9.0633605 1.2573601 6.0688603 3.4992602      
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Table 6.21: RG'A of System with Mixed MPSS/MSVC (MPSS on Generator 4)

 



 

PREF1 P1213133 PREF3 PREF4 VREF1
 

POUTI 9.5320601 2.7916604 2.8469604 2.7419604 6.4741603
 

PoUT2 2.7358604 9.6436601 2.5233603 2.3564603 1.6662602
 

P0UT3 1.2672603 1.3496603 9.7100601 1.5278603 1.9178604
 

Pour. 1.6025603 1.5616603 2.0673604 9.7422601 2.5043604
 

V0UT1 6.9468603 2.2593603 2.1938604 2.2824604 6.9204601
 

VOUT2 1.6028603 1.5935603 7.1980604 7.5601604 2.0985603
 

V0UTE; 1.6421602 1.3790602 5.1296603 5.3841603 2.0549603
 

VOUT7 1.7142602 1.4183602 4.8043603 5.0664603 3.0094603
 

V0UTg 6.6457603 3.2586603 4.1968603 4.2287603 3.0424601
 

V0UT3 1.2754605 1.7284605 4.1071604 2.1472605 7.4215606
 

V0UT4 1.1892602 1.4846602 3.3341602 2.7305602 9.0987604
 

V0UTg 5.0936604 1.2250603 3.2339603 3.0061603 2.5646603
 

VOUTlo 3.1219604 1.1111603 3.4999603 3.0884603 3.0569603
 

VOUTu 9.2133603 6.1403603 4.4197603 4.4829603 8.7760603
 

V0UT5 1.0275602 1.0214602 9.3012603 8.1377603 5.4143604
 

VOUTlg 6.9473604 9.5533604 8.6250604 1.5442603 6.0379604
 

VOUT13 1.1914603 2.0758603 5.7457603 4.9790603 2.8108603
 

001 4.6923602 3.3523601 8.7878601 6.1273601 1.3696605
 

W2 4.3417601 1.9562601 2.0083601 1.5415602 6.4009605
 

013 4.1803602 5.2420601 9.3404602 5.0013602 1.4940605
 

0’4 4.6915601 2.9107602 4.8750601 9.1182601 3.5038605
 

VREF2 VREF3 VREF4 VREF5
 

Pour, 7.3777605 1.4996604 5.3672603 1.1587603
 

P0UT2 6.1158604 1.9824604 6.9388603 1.8725603
 

P0UT3 2.9210603 3.7753602 8.0245603 1.1603603
 

POUT4 3.7926604 4.6887603 7.7222603 1.9690603
 

VOUTI 8.6049603 3.7200605 1.3938603 2.9569604
 

V0073 6.0130601 1.5779604 4.3867603 1.6252604
 

V0UT5 1.2132601 9.5874603 1.2903602 2.6145602
 

V0UT7 1.3797601 9.8842603 1.0717602 3.2098602
 

VOUTg 1.0193602 1.3441603 6.2177603 6.4745603
 

VOUT3 1.9669605 6.6182601 3.0563603 1.0067604
 

V0117", 5.0625603 4.1611602 3.4816601 3.4871602
 

V0UTg 6.5370603 2.5325603 1.9832601 2.2382603
 

VOUTIO 7.8686603 3.2014603 2.3684601 1.1219603
 

VOUTu 1.7208601 3.2772605 7.4329603 8.6743603
 

V0UT5 5.0683603 5.3734603 7.5605602 9.4573601
 

Voum 9.4678604 2.9162601 4.3752602 8.2094603
 

VOUT13 5.0172603 5.0638603 2.4687601 1.8175602
 

001 2.2783603 6.0366602 6.3071605 3.2206602
 

012 4.0278602 1.6963601 8.2609604 4.3102602
 

013 2.3281602 5.3841603 3.7002604 3.8801603
  W4  6.8920602  7.4054603  9.2572605  3.5598602   
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Table 6.22: RGA of System with Mixed MPSS/MSVC (MPSS on Generator 2)

 

 

 

 



 
 

 
 

0.5. ........ .......

30.4 ......... ....... .......

3 i : : t :
>N0.3 ......... ........ ....... ....... ........

g i Z '. .‘ 3

[U 0.1.”...“5 ........ ........ ........

_Q, g ; 3 ; .1

10 20 30 4O 50

Time(s)

x1o‘°
1 .....................................

05 .................. “fl............

I‘ 1

3 1M" : "."hl" ""nIIIIIln'l’f’In

3* o 7‘ xIHIuI'I’IuInI'
a .2: WNW",I I"! '51,,
I .

.53 ..............................

3M0

_1 ........................................

-15 ‘- ; g r g

0 10 20 30 40 50

Time(s)  

x10
1 ..................................... '

0,5 ........ ' ....... ' .......; ........ g

A 1").I?H:I.Ill
1H“.

3’» o "’”""’
3

ll

.

I'-
”'I'!“II "1' Ill'f

’3»............um.II»;:..='.'»Ie

 

 

Figure 6.38: MSVC with Measurement (124 (-) and Open Loop System (- -)
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MSVC/MPSS, where the MPSS is located on generator 4, is not given here since it

is not as good as this design. In this design, both voltage and oscillations are very

well damped with a transition period of 5 seconds rather than 10 seconds and much

smaller magnitude of oscillation. The oscillations between generator 2 and the rest

of the system and between generator 4 and the rest of the system are also shown in

Figure 6.40. Both of the variables are well controlled. The results demonstrate the

advantages of using both SVC control and a power system stabilizer that is properly

sited over using only MSVC control. The addition of the MPSS on generator 2 shows

a significant improvement in the damping of the oscillations produced by the double

bifurcations as predicted based on the RCA matrix. The control of voltage V0117“;

is shown to be degraded due to the MPSS as predicted by the RCA matrix but not

seriously.
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Figure 6.40: Mixed MPSS/MSVC Design(-) and Open Loop System (- -)
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6.7 Nonlinear Effects of Robust Control

All the controllers designed in the previous sections are linear based on the linearized

model of the system. The nonlinear structural uncertainty represents the nonlinear

change in this linearized model as the bifurcation is approached. It has been shown

that significant improvement in terms of control performance and robustness has been

achieved with respect to bifurcation parameter variations. The control is designed

for the linearized power system model, which is obtained by omitting the nonlinear-

ity, i.e., only the first order approximation along the system trajectory is retained.

According to Hartman-Grobman Theorem [21], if the equilibrium of the lineariza-

tion of a general vector field :i: = f (as) is hyperbolic, there exists a homeomorphism

defined in the neighborhood of the equilibrium taking orbits of the nonlinear flow

to those of a linear flow. This homeomorphism preserves the sense of orbits. This

theory along with the assumption that the control is to stabilize small variations

around the equilibrium is used to justify the use of a linearized model for control

system design. The designs of the CSVC and CPSS prove that there are severe lim-

itations in designing control systems based on a linearized model without benefit of

the knowledge of the bifurcation subsystem for the particular bifurcation that the

controller is to stabilize and the structured uncertainty that represents the nonlinear

change in the linearized model that produced the bifurcation. It should be noted

that although the bifurcation subsystem is defined based on the linear model that

is used for the robust control design, the bifurcation subsystem is shown to capture

the nonlinear properties such as:

1. the bifurcation point for the bifurcation subsystem is close to that for the full

system;

2. the bifurcating eigenvalue at the point of bifurcation is arbitrarily close to that

bifurcating eigenvalue at the bifurcation point for the full system;
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3. the nonlinear center manifold dynamics lie in or are contained in the bifurcation

subsystem dynamics;

4. the trajectories near the center manifold in the bifurcation subsystem are ar-

bitrarily close to those of the full system;

5. the orbits and their frequencies predicted by the bifurcation subsystem are

close to those in the full system.

The robust control designed based on the linearized bifurcation subsystem (or full

linearized model) and the structured uncertainty model that represents the nonlinear

change in the state model as it experiences bifurcation could be expected to achieve

nonlinear control performance.

Although this Hartman-Grobman Theorem suggests that the control design based

the linearized model is highly applicable to the actual nonlinear system as long as

the perturbations along the trajectory are sufficiently small and not close to bifur-

cation, this Hartman-Grobman Theorem does not imply that the bifurcation point

is changed by controller to increase the feasibility region nor does it imply that the

second order structure of the controlled closed-100p system is changed. It has already

been shown that the bifurcation value is increased by as much as 50% by the robust

control based on a bifurcation subsystem and the structural uncertainty that cap-

tures the nonlinear change in the linearized model of this bifurcation subsystem. It

will now be shown that a non robust controller (the conventional excitation control)

has no effect on the modal coupling of the closed-loop system that are dominated

by modes associated with the inertial dynamics. The robust controller, on the other

hand, will now be shown to suppress the nonlinear coupling of the modes associated

with the inertial dynamics and replace it completely with a coupling to the control

system dynamics. This is highly desirable change since the modal coupling is shown

to make design of power system stabilizing controls very difficult due to the fact
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that the stabilization of one inertial mode often causes instability of other inertial

modes [25].

The closed-loop system eigenvalues and eigenvectors are usually changed by almost

any controller. For the stable linearized system the right eigenvectors approximate

the stable manifolds. Thus, virtually any control design will change the stable man-

ifold of the nonlinear system. However, most linear system based control would

not necessarily significantly change the bifurcation point. The robust controllers

based on the bifurcation subsystem and the structured uncertainty representing the

nonlinear change increased the bifurcation value by 50%, i.e., significantly changed

the bifurcation point. The center manifold dynamics are related to the bifurcating

eigenvalues and change with bifurcation point. Therefore, it is most possibly that

the center manifold of the actual nonlinear system is significantly changed by the

robust control designed based on the methodology. The dependence of all modal

coupling on control dynamics would suggest that once the control is designed, the

destabilizing affects of nonlinear modal coupling are at least suppressed if not elim-

inated. Thus, the robust controller would appear not only change the bifurcation

value, the center manifold, but also the nonlinear coupling that produces additional

bifurcations, all of which are nonlinear changes in the structure of the system being

controlled.

6.7.1 Normal Form Representation of Nonlinear System

Normal form theory provides systematic procedure to find a sequence of nonlinear

coordinate transformations to remove the inessential terms of increasing degree up to

certain order from Taylor expansion of a vector field. Note equilibrium point can be

nonhyperbolic. If an equilibrium point is hyperbolic, the application of normal form

theory produces the formal part of Hartman’s linearization. Normal form procedures
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are summarized as follows.

A Taylor’s series of a general vector field

i=f($)

wherez = [$1,252, ~ -- ,zn]T and f(.1:) = [f1(:r1,- -- ,xn),- -- ,fn(:1:1,- -- ,xn)]T, around

equilibrium is:

in, = Aim + éxTHix + H.O.T

where A,- is the 2"" row of the Jacobian matrix and H, is the Hessian matrix given

by 557255;, 2', j, and k = 1,2,--- ,n.

Letting U be the transformation matrix consisting of right eigenvectors of the Jaco-

bian matrix A and defining:

:c = Uy

give

91' : )‘jyj + 22:1E?=1C£1ykyl

where Cj = [0,1,] = ézzlejHUTHpU], and V is the matrix of the left eigenvectors

of the Jacobian, and Vjp is the (j, p) element of V.

The nonlinear transformation that leads to the normal form is given by:

_ , n n j

313' “ Z] + Zk:l 1:1h2klzkzl

cj

__ _ A~t j _ M
where z] — 2,06 , , and 122,“ — AWN-A,"

With the normal form a closed-loop solution of the states a: can be obtained as:

331'“) : 2?:1Uij2j06Ajt + Zyleij[22:l ?:1h2ilzk02j0€()‘k+’\l)t]
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where 210, 2kg, and 2:0 are the initial conditions that can be calculated from the

known initial conditions of x and Uij is the (2', j) element of U. It can be seen that

the time evolution of the system is determined by two parts: the corresponding mode

2' in the linear sense, and the combination of mode k and l in the second order sense.

The magnitude of the time response of the second order is decided by the size of h2il,

zko, and 2,0. The term h2ilzk0zzo indicates the nonlinear interaction of the second

order [43] [44].

6.7.2 Nonlinear Effects of Robust Control on Transient Re-

sponse of Power Systems

The two area example system in Figure 5.1 is again studied here with slight modifi—

cation in order to simplify the calculation of normal form representation and show

a clear picture of the effects of the robust control. The SVC control on bus 101, the

power system stabilizer on generator 3, the turbine controls on all generators, and the

transformers are removed from the system. Simplified excitation systems are used on

all four generators. The diagram of a simple exciter is shown in Figure 6.41, where

Van.“ and Vanin indicate the maximum and minimum voltage regulator output, re-

spectively. In order to obtain a nominal stable system the exciter parameters and

the transmission line resistance and reactance are carefully tuned. These changes are

required to assure that both the second order coupling and the p-synthesis control

can be calculated.

The active power load on generator 2 is again taken as the bifurcation parameter.

A Hopf bifurcation develops with the increase of the active power load on bus 2.

The generator angle vector diagram, which is not presented here, shows that this

is a interarea Hopf bifurcation between the two areas and the oscillation is again

between generator 4 and the rest of the system. Following the same design procedures

248

 



rm /"
 

 

 
 

 

       
 

 

 

 

 

 

   

 

  

    

 

  
   
   
 

 

  
  

  
  

    
 

  

__ 1 ‘4 - y 1 + 3 1,, K, Em:

I + s 7,} I + s 7;, I + 57},

Km

Figure 6.41: Simplified Excitation System
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Figure 6.42: Control Configuration of MPSS
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shown in the previous sections a p—synthesis power system stabilizer on generator 4

is obtained (the control configuration is shown in Figure 6.42). When a fault occurs

on generator 2 the frequency time response of the closed-loop system with MPSS is

shown in Figure 6.43. Note that the open loop system time response is not shown

here because it is unstable. It can be seen that the transition time period is obviously

longer compared to the time response shown in the previous sections. This is due to

 
that fact that control devices for this two area system are only simplified excitation

systems. However, the overall control performance is still satisfactory.

 

 

 

 

 
  
 

 
 

50 100 150 200 250 300 350 400 450 500
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Figure 6.43: Closed-loop System with MPSS After a Fault

The second order interaction hZizzkoZm of the faulted system is calculated with a

Fortran program. Table 6.23 and 6.24 show the second order interaction of the open

loop system and the closed-loop system with MPSS, respectively, where mode 1, - - - ,

4 represent Efn, ..., EM, 5, ---, 8 represent E51, ---, Q4, 9, ~-, 12 represent wl,
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Mode j maxk,z{h2ilzkozm} Mode k Mode l

1 0.09785 1 14

2 0.09785 2 14

3 0.46590 3 17

4 0.46590 4 17

5 0.53522 3 10

6 0.53522 4 9

7 2.76160 9 10

8 2.76160 9 10

9 3.69249 9 10

10 3.69249 9 10

11 0.00000 9 10

12 0.01318 3 4

13 0.09021 3 4

14 1.36082 9 10

15 11.19070 9 10

16 0.26531 10 13

17 1.24454 9 10

18 1.82886 14 16

19 0.13837 9 10

20 0.15227 2 17

21 0.67276 2 10

22 0.06897 16 24

23 0.13363 9 27

24 0.78005 14 25

25 1.23878 9 10

26 0.97817 9 27

27 4.00940 14 26      
 

Table 6.23: Modal Interaction of Original System

--, L04, 13, -~, 15 represent 621, ---, 641 with 6,1: 6,- — 61,1' = 2,3,4,16,~-,

19 represent Em, ---, EM“ 20, ~--, 27 represent excitation control states, and 28,

. - - , 35 represent states of the MPSS. Thus, mode 9 to 15 are all inertial modes

that are related to inertial dynamics, mode 16 to 35 are control modes including

both excitation control and MPSS control. Note that MPSS takes effect through the

excitation system.

Table 6.23 shows the maximum modal coupling of modes k and l for each mode

j. In Table 6.23 for mode j = 1,2, - -- ,8 the interactions are primarily related to
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Mode j max“ {hZilzko 210} Mode k Mode I

1 67.51087 1 34

2 67.51087 2 34

3 2.80985 23 34

4 2.80985 23 34

5 10.10032 23 34

6 10.10032 23 34

7 0.00041 7 26

8 0.00041 8 26

9 0.20141 11 34

10 0.20141 12 34

11 0.75560 11 26

12 0.75560 12 26

13 43.45400 23 34

14 43.45400 23 34

15 1.32449 32 34

16 1.32449 32 34

17 3.86180 23 34

18 3.86180 23 34

19 7.40299 26 34

20 7.40299 26 34

21 10.78313 26 34

22 10.78313 26 34

23 0.00000 32 34

24 0.00003 30 35

25 0.01329 11 12

26 0.03922 11 12

27 0.00619 11 12

28 0.03413 1 1 12

29 0.03301 11 12

30 0.08095 11 12

31 0.65977 26 34

32 2.13788 26 34

33 0.05035 26 34

34 0. 1 1682 28 34

35 2.18197 34 34      
 

Table 6.24: Modal Interaction of System with MPSS
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inertial modes 9, 10, 11, 12, 13, 14, and 15, only mode 3 and 4 are slightly affected

by excitation field mode 17, and modes 22, ~--, 24, 26, 27 are slightly affected by

a coupling in control modes. The largest second order interactions of noncontrol

mode 3' = 7,8,9,10,11,14, and 15 are all related to inertial dynamics 9 (cal) and

10 (0.12), and none of inertial dynamics are affected by the excitation control mode.

Moreover, the maximum value of the second order interaction is 11.1907. This occurs

to mode (15,9,10) and these three modes all belong to the inertial dynamics. For

the excitation control modes 16, 17, ---, 27, almost all of them have coupling to

at least one inertial mode except for mode 20 and 22. This indicates that (1) the

inertial dynamics dominate the nonlinear response of the open 100p system; (2) the

excitation control is not effective and does not have much control on the inertial

dynamics or on the rest of the system; and (3) the excitation system response is

seriously affected by inertial dynamics. These results explain why the system is

susceptible instability for parameter variation or faults. It would also explain why

design of multiple PSS to improve damping on different modes would likely require

iterative design because stabilizing one inertial model could destabilize others due to

the dominance of inertial dynamics and the modal coupling in these inertial modes

to virtually every other mode .

The modal interaction of the closed-100p system with MPSS is shown in Table 6.24.

Mode j = 1,2, - -- ,8 are all related to control mode 23,26, and 34. For inertial

mode j = 9,10,11,12,13,14, and 15, the maximum interaction are all now related

to control mode 34, 26,23, and 32. The control modes j = 16, 17, - -- ,35 are now

coupled to themselves except for mode 25,26, - -- ,30. However, the value of the

maximum interaction shows that all of them are pretty small and can be neglected.

This shows that (1) MPSS rather than inertial modes dominates the second order

part of the time response and has'tremendous control effect over the system on the

high order terms as well as the first (this can be seen from the time response shown in
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Figure 6.43) and second order approximation of the system ; (2) the inertial dynamics

are now under control of exciters and MPSS; and (3) the inertial dynamics have only

slight effects over the control modes. This is exactly the purpose of this robust PSS

design.

6.8 Analyses of Robust Control Design for Power

Systems

As noticed in [25], the most frequently encountered problem in power system control

design is that a control that stabilizes one mode destabilizes another. The local sta-

bility or control performance achieved does not guarantee the interconnected system

stability or performance. For the current power systems that are very complicated

and highly coupled a coordinated control could achieve a significant improvement in

control performance of a power system since local PSS achieves local performance

and stability for a particular mode of instability does not necessarily improve the

performance or even guarantee the stability of the full system when all of these local

controllers are implemented simultaneously. From results in [25], there is a need to

iteratively design each local control to stabilize the modes destabilized by the last

iteration. If the operating conditions change significantly the interarea modes would

reappear and again require iterative control redesign for potentially all of the local

controllers.

A power system stabilizer is a local controller that is located on the specific generator.

The location of the power system stabilizer makes it difficult to have strong influence

on controlling the interarea oscillations and the rest of the system. As a local control

device, a power system stabilizer has been proved in [46] and in previous sections

of this chapter to be less effective than it was claimed to be for achieving both the
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interarea oscillation control and the voltage control on buses. This was confirmed by

showing that a robust controller SVC is far more effective than a robust control PSS.

FACTS devices have been widely used and are very promising in stabilizing power

systems due to its rapid response and the ability to provide or absorb the reactive

power and therefore to provide the voltage support.

The success of robust control design methodology occurs because:

1. robust control is extremely suitable for power system as we have mentioned

 

that the operating point of the power system is changing continuously and

perturbation caused by various bifurcation parameters always exists. These sit-

uations are difficult to handle by a manually-tuned conventional control (CPSS

or CSVC) and most often destroy the power system steady state stability. For

robust controller all of the bifurcations can be corrected as long as these per-

turbations are prOperly considered in the design process;

2. p—synthesis is looking for the worst direction and the worst frequency of the

system by using Hco norm and minimizing the peak u value for the all allow-

able uncertainty perturbations. Thus, the nonlinear uncertainty expressed in

the form of structured perturbations of the linear system for each bifurcation,

can be taken care of during the control design. The robust control produced

can increase the feasibility region for the directions in parametric space associ-

ated with each bifurcation included in the structured uncertainty model used

to design the control. The use of the uncertainty in Ap, which is an uncer-

tainty in the dynamic model, can produce a coordination of the control of the

bifurcation subsystem and the subsystems within the external system. This

coordination reduces or eliminates the coupling between the bifurcation sub-

system and the subsystems in the external system. The coordination of control

appears to remain up to the point of bifurcation. However, if the robust control
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design is restricted to the bifurcation subsystem, the coordination between the

bifurcation subsystem and the external system does not occur but the increase

in the feasibility region direction associated with the bifurcation subsystem is

almost the same as that obtained if the full system model is used in the robust

control design.

The coordination using the full system model may make it difficult to use

two controls effectively when controlling two bifurcation subsystems, especially

when they overlap. Designing two controls separately based on their own bi-

furcation subsystem or together based on the their combined bifurcation sub-

system may improve control performance for both bifurcations compared to

designing both controls separaterly on a full system model. This hypothesis is

based on the fact that the robust control designed for the full system model and

one bifurcation coordinate control of all subsystems in the full system model

when the full system model is used in the design. This could lead to a fighting

for control of subsystems not in either bifurcation subsystem when two or more

controls are designed separately based on the full system model;

. for the two-area example system the p—synthesis control design generates an

almost decoupled closed-loop system for every subsystem in the full system

model. The RGA matrix structure of the closed-loop system is very impres-

sive in the sense that it shows that the individual local non robust control

is responsible only for the output it is supposed to control while the robust

controller provides excellent robust control of the bifurcation subsystem and

coordinated control of the subsystems that lie in system external to the bifur-

cation subsystem. Also, RG’A matrix structure of the closed—loop system with

robust controller is preserved over wide frequency band including steady state,

crossover frequency, and up to the bifurcation frequency. This clearly explains

why the coordinate robust control designed based on the full system model
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can achieve better control performance for a single bifurcation than could be

achieved by a non coordinated robust control designed for a model of just the

bifurcation subsystem;

. the bifurcation subsystem provides very important information on control sig-

nal selection, performance index definition, location of controls, and control

design simplification for control design. The bifurcation subsystem informa-

tion shows this interarea oscillation occurs between generator 4 and the rest of

the system. Thus, the speed frequency of generator 4 is selected as the mea-

sured output signal, and the frequency deviations of generator 1, 2, and 3 with

respect to the angular speed of generator are included in the performance in-

dex definition. The robust controller and the original excitation systems, power

system stabilizer, turbine governor controls are coordinated in the sense that

the voltage control errors, the power control errors are also to be minimized by

the robust control design;

. for a large power system the computation and impelementation of the robust

control design is almost impossible without finding a lower order model. The

bifurcation subsystem for any specific bifurcation provides a much lower order

model that can be used to compute and design the control that can be applied

to stabilize the full system. Bifurcation subsystem based robust controller is

of lower order and the control performance is still very competitive. The use

of the bifurcation subsystem definitely facilitates and helps the control design

but loses the ability to coordinate the control of the bifurcation subsystem and

the subsystems within the external system model;

. the uncertainty caused by the specific bifurcation parameter is properly mod-

eled. The uncertainty modeling in the frequency domain is often conservative

since the uncertainty region has to be approximated by the largest “circle”
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region. The uncertainty is caused by a specific bifurcation parameter change

that causes the full system bifurcation. The uncertainty captures the nonlinear

change in the linearized model of the bifurcation subsystem. The relationship

between the system matrix change and the parameter is approximated by least-

square method. The uncertainty captures the worst uncertainty at the worst

frequency (w = O for saddle-node bifurcation and w = wo for Hopf bifurcation)

that is required to compute the H00 control for a specific bifurcation that is to

be stabilized. Robust control did not attempt stabilization of a specific bifur-

 

cation and did not then select the worst uncertainty and the worst frequency

and the subsystem to be controlled by selecting the uncertainty to produce

the bifurcation in the bifurcation subsystem which in turn implies the worst

frequency, the bifurcation frequency of that bifurcation;

7. the two area example system is treated as entity in the control design. In the

design, all the control inputs and the outputs of the power system are included.

The goal of the control design is to stabilize the interarea oscillations as well

as maintaining the voltage output at all the buses and the power outputs on

generator buses. This guarantees the overall system performance at the cost

of more control efforts by the robust controller. Thus, we are looking for the

balance between the controller complexity and all of the desired performance

requirements rather than just one goal, for instance, damping of an interarea

oscillation. Focus on solely on interarea oscillation damping could possibly

cause a voltage control problem in the whole system. It should also be noted

that in order to reduce the computation load and the controller complexity the

desired control performance requirements of the weighting matrices are not

very stringent;

8. we are trying to design a controller that is robust to one specific bifurcation
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parameter variation rather than to all kinds of parameter changes and dis-

turbances. However, the resulting controller shows effective control for differ-

ent bifurcation parameters (active and reactive power load variation), differ-

ent bifurcations (saddle-node and HOpf bifurcation), and different disturbances

(faults). This is not surprising since bifurcation subsystem analysis shows that

the corresponding bifurcations are caused by either the same bifurcation sub-

system or a subset of the bifurcation subsystem for reactive power load change

as for active power load changes;

. SVC, one of the FACTS control devices, is usually located on one of the the

long transmission lines in a large power system. It has been shown that SVC is

most effective for damping when it is located at the midpoint of the transmis-

sion lines in two-area power system, as it is in this two-area example system.

This is also one of the important factors to achieve good control performance.

Despite that fact that a global stabilizing controller for a very large power

system is impossible, a SVC does have the ability to control a relatively large

area. Moreover, this ability has been drastically extended using the bifurcation

subsystem method.
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Chapter 7

Conclusions and Future Work

A bifurcation subsystem method is developed and justified theoretically and com-

putationally. It is proven that the bifurcation subsystem experiences, produces, and

causes the full system bifurcation. This is guaranteed by showing that the full system

dynamics are preserved in the slow/fast reduced system when a saddle-node or a Hopf

bifurcation develops. Bifurcation subsystem method is more than a model reduction

method like coherent reduction [14], Kalman minimal realization method [13], de-

composition methods [22], and quasi-steady—state approximation [9], since the center

manifold dynamics of the full system are shown to lie in or be totally contained in

the bifurcation subsystem. Thus, operating changes or control of the bifurcation

subsystem is able to provide cures of the full system bifurcation.

The bifurcation subsystem condition and the geometrical decoupling condition assure

the existence of the bifurcation subsystem for both saddle-node and Hopf bifurca-

tion. It is shown that the conditions for the existence of the bifurcation subsystem

that preserves the dynamic behaviors and the center manifold of the full system are

much less stringent than slaving, modal reduction, coherent reduction, or decompo-

sition methods because the bifurcation subsystem requires that the coupling of the

bifurcation and external system be small and the response of the external system be
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fast in the direction of the right eigenvector direction of the bifurcating eigenvalues

rather than in all directions. A bifurcation subsystem identification algorithm pro-

vides a systematic and computationally eflicient method to obtain the bifurcation

subsystem. The bifurcation subsystem can be computed for any large systems with-

out intensive computation that is required to compute a nonlinear transformation

by center manifold dynamics determination. Moreover, the bifurcation subsystem is

in the physical variables and contains the structural information of the full system

model.

The power system bifurcations are classified using the bifurcation subsystem method

and the bifurcation subsystem identification. The t_yp_es (saddle-node, Hopf, or Sin-

gularity induced bifurcation), themof each bifurcation (a subset of the variables

of generator and load dynamics, controls, and network model etc in the bifurcation

subsystem), and the agents (which is associated with states of specific generators and

load devices for a particular type and class of bifurcation) can be identified and thus

the classification could eventually provide the causes and cures of a specific power

system stability problem by the type and the class of a bifurcation.

The bifurcation subsystem method, the classification of the power system bifurca-

tions, and the bifurcation parameter identification directly lead to the robust sta-

bilizing control design for a specific bifurcation parameter (a single bifurcation) or

multiple bifurcation parameter (multiple bifurcations) variations that always exist

in any power system model.

The goal of robust power system stabilizing control design is defined to increase the

damping of the interarea oscillation as well as to control the individual bus volt-

age in the systems. Since the major control devices are excitation control/power

system stabilizer and FACTS devices, the robust power system stabilizer and ro-

bust SVC control are designed and implemented in this thesis using a p-synthesis
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H00 method. The success of the robust controls designed compared to those devel-

oped previously [36] [37] [38] [41] [46] [25] is that the uncertainty model represents

the nonlinear change in the model caused by the bifurcation parameter change that

produces bifurcation in some bifurcation subsystem. The robust controls are con-

figured and synthesized based either on the bifurcation subsystem information on

the full system model and/or based on the lower order bifurcation subsystem model.

The implementation of the robust control not only shows the drastically improved

closed-loop system controllability structure, the control performance, and robustness

improvement, but also reveals that the robust control design based on the bifurca-

tion subsystem information dominates the nonlinear modal coupling effects up to

the second order.

The RGA matrix is proven to capture the bifurcation subsystem structure and its

vulnerability to bifurcation. The RGA matrix shows that using MPSS or MSVC

the external system is broken into decoupled subsystems where each subsystem has

one and only one effective control, where without the RCA matrix one could not

observe this structural change that occurs to MPSS or MSVC. The RGA matrix also

captures the fact that the bifurcation subsystem structure exists and is preserved at

bifurcation parameter value far below the bifurcation value and that the bifurcation

subsystem remains decoupled from the robustly controlled external subsystems.

The uncertainty modeled by A and Ap produces the robust control discussed. The

structured uncertainty captures the nonlinear change in principally the bifurcation

subsystem dynamics associated with change in the bifurcation parameter that pro-

duces the bifurcation in the bifurcation subsystem that also occurs in the full system

due to geometric decoupling. This uncertainty allows up to a 50% increase in the

bifurcation parameter and thus in the feasibility region in the bifurcation parameter

direction. The uncertainty of the dynamics in the internal and external systems,

produced the global decoupled control subsystem structure that not only breaks the
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external system into decoupled subsystems but also provides a single effective control

that is not vulnerable to disturbances or competition from other controls.

The p—synthesis control is looking to maximize control performance in the worst

direction and worst frequency by using a H00 norm and minimizing the peak p

value for all allowable perturbations modeled by A and Ap. The u—synthesis control

would attempt to minimize the effects of the structured uncertainty that produces

bifurcation in a specific bifurcation subsystem at the bifurcation frequency (w, > 0

for Hopf bifurcation and w,- = O for saddle-node bifurcation) where it occurs. The

u-synthesis control must then cope with the nonlinear modal coupling within the

power system model that allows control of one mode to produce instability in other

modes. This u—synthesis control also produces the global decoupled control structure

in the process of coping with dynamic uncertainty Ap. The global decoupled control

structure due to robustness to Ap and the robustness to the structured uncertainty

A that produces bifurcation may together produce the robustness against control or

operation change that affects one mode producing instability in other modes.

The knowledge of bifurcation subsystem, the structured uncertainty that occurs

within the bifurcation subsystem, and the RCA matrix that captures the struc-

ture and vulnerability of bifurcation subsystem all combine to produce the control

design methodology given in this thesis. The fact that the controller can be desta-

bilized based solely on the bifurcation subsystem model and still achieve the control

performance makes the control practical because (a) it can be computed for very

large power system models, where normally u-synthesis control must be restricted

to small models; (b) the control does not depend on changes in the external sys-

tem; and (c) it can be coordinated with controls developed for each bifurcation that

effects different bifurcation subsystems even if the bifurcation subsystems overlap.

The bifurcation subsystem also provides selection, reduction, and siting of controls,

selection of measurements and control performance index;
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7.1 Saddle-node Bifurcation Subsystem

The concept of a bifurcation subsystem [3] that experiences, produces, and causes

the bifurcation in the full system model is extended. The motivation for finding

a bifurcation subsystem and its advantages over model reduction [12], slaving [27],

and finding the center manifold dynamics [18] are discussed. A more precise def-

inition of what constitutes a bifurcation subsystem for saddle-node bifurcation is

given than that provided in [3]. Persistence of the center manifold for the reduced

models of singularly perturbed fast and slow external dynamics is shown [19]. These

results are then used to show that the center manifold of the saddle-node bifurcation

is in the bifurcation subsystem and is contained within the bifurcation subsystem

if additional conditions are satisfied. This result is needed to justify the bifurca-

tion subsystem advantages over the model reduction, slaving, and center manifold

dynamics identification methods.

7.2 Hopf Bifurcation Subsystem

The concept of a bifurcation subsystem that experiences, produces, and causes Hopf

bifurcation is introduced in [3] as only an extension of the saddle-node bifurcation

subsystem. The theoretical results required in [3] for Hopf bifurcation subsystem

method are incomplete. In this thesis the persistence of Hopf bifurcation as well as

the preservation of equilibrium point, the bifurcation point, the bifurcating eigen-

value, the nature and size of the periodic orbits in the reduced system for the full

system with slow singularly perturbed external dynamics are proven [5]. This and

the theoretical results in [4] for fast external dynamics complete the requirements for

proper definition of Hopf bifurcation subsystem. These results also establish that the

center manifold dynamics lie in the bifurcation subsystem [4] [5]. The advantages of

264

 

 

 



bifurcation subsystem as a representation of the center manifold include being able

to capture orbits, trajectories, frequency, and center manifold dynamics in a small

bifurcation system in the physically meaningful variables and parameters. Compu-

tation of center manifold is currently impossible for large system because it requires

computation of a nonlinear transformation which is only possible for small system.

It is also shown this bifurcation subsystem can contain the center manifold dynamics

of the full system and, therefore, can provide all the necessary information for the

analysis and control design when Hopf bifurcation occurs. It is also justified that only

one of a pair of complex conjugate eigenvectors is required to represent the system

response. The test conditions for the existence of the Hopf bifurcation subsystem

are developed based on use of only one of the complex bifurcating eigenvalues and

its conjugate right eigenvectors.

7.3 Bifurcation Subsystem Identification

A systematic algorithm is given for identification of a bifurcation subsystem. The

algorithm applies the bifurcation subsystem and the geometric decoupling condition

tests to a sequence of partitioned models where the internal systems are of increas-

ing order and are each associated with the largest right eigenvector elements. The

simplicity of this algorithm makes its application to large systems possible. The

bifurcation subsystem condition and geometric decoupling condition that are a suf-

ficient condition for existence of a bifurcation subsystem are theoretically extended

and given in Theorem 4.3.1 - 4.3.4 in Chapter 4. It is shown that bifurcation sub-

system method is more rigorously established since specific norms are introduced to

represent the different system properties that allow a bifurcation subsystem to exist.

The theoretical results in Chapter 4 provide more insight into the bifurcation subsys-

tem method and why and when a bifurcation subsystem exists. This analysis reveals
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that the existence of a bifurcation subsystem requires much weaker conditions than

that required for slaving [27], model reduction [12], coherency reduction [14], and

a-decomposition [22] methods.

7.4 Classification of Types, Classes, and Agents

of Power System Bifurcations

The bifurcation subsystem method provides a procedure for determining the classes

and the agents for each bifurcation based on its type (saddle-node, Hopf, singularity

induced, and algebraic). The study of the types of stability problems in power system

and the identification of different classes of each type of bifurcation are required in

order to prescribe cures for stabilizing a specific bifurcation. The following questions

which have been raised are addressed in this thesis: (a) what is the relation between

network (algebraic) and dynamic bifurcation? (b) how and why interarea and local

modes are produced? (c) what are the classes and types of bifurcation for different

load models? and ((1) how to find the bifurcation subsystem and the behaviors when

singularity induced bifurcation occurs? Bifurcation subsystem method is applied to

a two-area example power system and the classification of bifurcations that can occur

in this example system is studied thoroughly. The classes of saddle-node and H0pf

bifurcation hypothesized in [26] are verified via numerical examples and analysis.

This classification of bifurcation may permit prescriptive control of systems because

knowing the bifurcation type and class and any control constraints in the specific

agent, one can quickly design a control once that bifurcation appears possible.
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7.5 Robust Control Design Methodology

The bifurcation subsystem based robust control design methodology has four com-

ponents: The first component of this methodology is the use of the RCA analysis

to show that the robustness produced by this methodology, breaks the external sys-

tem into subsystems that are decoupled from one another and from the bifurcation

subsystem. Each subsystem including the bifurcation subsystem is shown via RGA

matrix to have one and only one effective control for each output variable so that

there is no competition for control in any subsystem. The RGA matrix shows that

the control in each subsystem is effective (one element near 1.0) and resistant to

disturbance or noise on any subsystem (no element above 1.0). The RGA matrix

can also show how the control structure change for w = 0, the Hopf bifurcation fre-

quency, and the cutoff frequency for the control. The RGA matrix is theoretically

shown to capture the bifurcation subsystem and can be used to Show the bifurcation

subsystem structure exists long before the bifurcation parameter reaches the bifur-

cation value. The second component of the robust design methodology is to use a

structured uncertainty that captures the nonlinear change in linear model due to

the bifurcation parameter change from the nominal value to the bifurcation value.

The structured uncertainty principally captures the uncertainty in the bifurcation

subsystem that experiences, produces, and causes the bifurcation in the full system

model. This structured uncertainty produces a 50% increase in the feasibility region

in the direction of the bifurcation parameter but does not produce the subsystem

structure of the external system. A dynamic system uncertainty that in combina-

tion with the structured uncertainty is shown to produce the subsystem structure

of the external system. The third component is the use of the bifurcation subsys-

tem model for design of the controller rather than the full system. The resultant

SISO controller is then the order of the bifurcation subsystem rather than the or-
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der of the full system model. The computation required to obtain the u-synthesis

controller is also reduced and makes application of p—synthesis control to very large

power system models feasible without model reduction that does not capture the

small bifurcation subsystem that experiences, produces, and causes the bifurcation

and retains the dynamic system properties associated with the bifurcation of the

full system model. The fourth component is the selection of the performance index,

weighting matrix, measurements and control that are based on the bifurcation and

the bifurcation subsystem being stabilized. The robust control completely eliminates

the strong nonlinear modal coupling that makes design of PSS dampen one mode

produce instability of another inertial model.

Hco control attempts to find the control that minimize the performance index for the

possible uncertainty that occurs at the frequency where the system is most vulner-

able. The design methodology preselects and coordinates the frequency uncertainty

and subsystem at which the robust controller should have effect. The frequency

where the system is most vulnerable is the bifurcation frequency ( = 0 for saddle-

node bifurcation and w = (.00 for Hopf bifurcation. The uncertainty is the nonlinear

change in the linearized model caused by the change in the bifurcation parameter

that produced the bifurcation subsystem, and the subsystem where the control has

effect in increasing the feasibility region, and the nonlinear modal coupling is the

bifurcation subsystem. This coordination within this design methodology enables

the very significant control performance improvements obtained.

7.6 p-synthesis Power System Stabilizer Control

The resulting control achieves significant structural improvements that would not be

thought possible by a linear control: increasing the feasibility region by 50% in the

direction of the bifurcation parameter and uncertainty, elimination of the nonlinear
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modal coupling producing decoupled subsystem control of the inertial mode in the

external system. This is all accomplished by a 3180 controller.

A p-synthesis power system stabilizer (MPSS) design is presented for a two-area

power system. The uncertainty is modeled based on the nonlinear change in the

linearized model and the structural information of the system for the bifurcation

parameter change that produces bifurcation. The use of this uncertainty model and

knowledge of the bifurcation subsystem that experiences, produces, and causes the

full system bifurcation is used to design the control. The control objective is to damp

out the interarea oscillation as well as regulate the bus voltages for the variation of the

uncertainty parameter. The determination of the robust control device location that

is expected to give better control performance is discussed and selected according to

the nature of the bifurcation. The performance index definition reflects the desired

control purpose. A very flexible robust control configuration, that can be easily

applied for different control designs, is shown.

The RGA matrix is studied to evaluate the robust power system stabilizer design.

The RGA matrix information suggests that the control structure and capability of

disturbance rejection has been drastically improved by MPSS design. Moreover, the

use of the dynamic uncertainty of the full system Ap in addition to the bifurcation

parameter directional uncertainty that affects the bifurcation subsystem breaks the

external system into uncoupled subsystems and decouples these subsystems from

the bifurcation subsystem. The RGA matrix provides a view of these structural

properties that would otherwise be unobserved except for the exceptional control

performance achieved. This thesis is the first use of the RCA matrices applied

to power systems. The RGA matrix is proven to capture bifurcation subsystem

structure. The RGA matrix, bifurcation subsystem, and the uncertainty that is the

nonlinear change within the bifurcation subsystem together produce a new very pow-

erful control design methodology, where the RCA matrix can capture the incredible
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controllability improvements that are achieved via the bifurcation subsystem model

and uncertainty based on p-synthesis design. The time simulation verifies the im-

provement of control performance and robustness.

7.7 p-synthesis SVC Control

Several kinds of robust SVC controls are designed to increase the damping of interarea

oscillation and maintain the bus voltages. The structured uncertainty modeling,

the MSVC control configuration, the performance index, and the weighting transfer

function are formulated according the nature of the interarea oscillation caused by

active power load change. The MSVC and the MPSS are compared and discussed.

The SVC provides better damping control of the interarea oscillation and better

regulation of voltage in the network. The full system and the bifurcation subsystem

based robust SVC controls are designed for HOpf and saddle-node bifurcation with

and without input uncertainty and measurement noise. The input and measurement

uncertainty compromise the effectiveness of the control designed based on structured

uncertainty for bifurcation parameter change A and the dynamic uncertainty Ap,

that produced effective control in subsystems in external system, and lack of coupling

between external subsystems and between the external system and the bifurcation

subsystem. The measurement and control uncertainty also compromised the increase

of 50% in the feasibility region in the change of the bifurcation parameter direction.

It was also shown that the design of a robust control for a bifurcation produced by

adding load at one bus in a coherent group was effective for adding load at any bus

in that coherent group.
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7.8 Multiple Bifurcations

A multiple bifurcation phenomena is observed in a two area example power system.

A local bifurcation and an interarea bifurcation develop because of the multiple

bifurcation parameter changes. The dynamic behaviors of the bifurcating system

are complex due to the overlapping of the two different bifurcation subsystems and

are shown to be difficult to control. In order to stabilize the double bifurcations

produced by two bifurcation parameters, three kind of u—synthesis robust controls

are designed, (a) p—synthesis power system stabilizer (MPSS); (b) p—synthesis SVC

control (MSVC); and (c) a mixed MPSS/MSVC control. Based on the bifurcation

subsystem analysis, the measurement signals and locations of the controls are se-

lected. The control performances and the RCA matrix information of three kind

of controls are compared. It is shown that (a) the multiple bifurcations can not be

stabilized well by a single measurement and a single control MPSS but can be stabi-

lized by a single measurement and a single control MSVC; (b) additional appropriate

measurements and/or controls improves the control performance for multiple bifur—

cations; and (c) the mixed MSVC/MPSS design gives the best performance. The

SVC provides effective control of the interarea oscillation and the MPSS placed on

the generator experiencing the local oscillation is effective. If the MPSS is placed on

another generator, the effectiveness of the MPSS is very limited and the performance

of the control is only slightly better than using the SVC control. This study provides

the guidance of robust control design for large power systems.

7.9 Nonlinear Effects of Robust Control

The nonlinear effects of a robust power system stabilizer for a two area power system

is studied. To highlight the nonlinear effects of a u-synthesis power system stabi-
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lizer (MPSS) the two area system [25] is modified and equipped with conventional

simplified excitation systems only. A normal form representation of the nonlinear

power system model [43] is introduced such that the nonlinear model can be ap-

proximated up to the second order. A MPSS is designed based on the bifurcation

subsystem information and the second order interaction indices of the system with

MPSS and conventional excitation control are calculated and compared. The anal-

ysis of the nonlinear effects shows that the nonlinear coupling now depends solely

on MPSS dynamics rather than the nonlinear coupling between inertial modes and

between inertial modes and electrical modes in the original system. The nonlinear

coupling of inertial modes makes stabilizing multiple interarea modes very difficult

since the stabilization of one inertial mode can make one or more of other inertial

modes unstable. Designing PSS for systems with multiple coupled interarea modes

is an iterative process and one that is very susceptible to be destabilized by changes

in operating conditions. The MPSS removes this modal coupling and replaces it by

a modal coupling to the controller dynamics that will not change with approaching

bifurcation.

7.10 Future Work

This thesis may provide the following future research t0pics:

o extend the bifurcation subsystem method including the bifurcation subsystem

identification and the power system classification to the very large power sys-

tem;

o extend the bifurcation subsystem method based robust power system stabilizer

and SVC control designs to the very large power system;

0 establish the theoretical, the computational framework, and the stabilizing
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control methodology for multiple bifurcation study in the large power system;

0 build the intelligent control structure consisting of the learning mechanism,

the knowledge representation, and the intelligence acquisition based on the

bifurcation subsystem method, the classification of the bifurcations, the robust

control design methodology, and the wide area sensing system.
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Appendix A

Singular Perturbation for

Ordinary Differential Equations [5]

The singular perturbation problems are characterized by two time scales , slow time

t and fast time 7'. They are related by 7' = t/c, where e is a small positive number.

Let M be an open subset of R” x Rm, and let 5 = M E (R" x {0}) be nonempty.

The ordinary equation with small positive perturbation e of the form:

2': = f(:v.y.6)

63) = 9(1), y, 6) (A01)

defined for (2:, y) 6 M. The degenerated system is:

2': = f(x,y,0)

0 = g(a:, y, 0) (A02)

with assumption that g($,0,0) = 0 V(r, 0) E 8. Suppose that the flow defined by

(A.0.2) has periodic orbit 70 : :1: = p(t), y = 0.
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Rescaling the (A01) with 7' = t/e gives:

as = 6f(I. 11.6)

31’ = 9(1):, 31,6) (A.0.3)

where ’ denotes the derivative with respect to fast time 7'.

To study the periodic orbit structure of (A01) define the suspended system:

1:, : 6~f(x7 y, 6)

y’ = 9(12. 31.6)

6' = 0 (A04)

The linearization of system (A04) is given by:

      

6:1." 0 0 f(:r,0,0) 6x

531’ = 0 Dyf($.0,0) Dcf($,0,0) 5y (AD-5)

66' 0 0 0 66

The initial layer problem is obtained by setting 6 = 0:

6y' = Dyg(:1:, 0, 0)6y (A.0.6)

It has been proved that 70 can be continued to a family of the periodic orbits 7,, [1]

if:

1. The periodic orbit of the reduced system 70 has 1 as a Floquet multiplier of

multiplicity precisely one.

2. For each (212,0) 6 70, the initial layer problem (A.0.6) has a hyperbolic equilib-

rium point at 6y 2 O.
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The geometric proof can be given following that rye and the period of 'y6 depend

smoothly on e. For simplification, assume all the eigenvalues of Dgg(:r,0,0) lie in

the left half plane, for all (3:, 0) E '70, then the coefficient matrix in equation (A.O.5)

has m eigenvalues in the left half plane and has zero as an eigenvalue of multiplicity

m+1.

Denote the invariant subspace associated with the eigenvalue zero by Efw), which

is invariant and asymptotically stable under the flow of (A05), depends continu-

ously on (2:, 0), and is transversal to the plane through (1:, 0) parallel to the y-axis.

The global manifold theorem assures the existence of a smooth (n + 1)—dimensional

manifold X containing 70, invariant and asymptotically stable under the suspended

system (A04), and tangent to Efw) at (12,0), for each (12,0) 6 x.

Theorem A.1: For the suspended system (A.0.4) there is a neighborhood U of

70 x {0}, and a smooth family of m-dimensional manifolds .7”(a:, y, e), (at, y, e) E U,

such that:

1. f’(:z:,0,0) is tangent to Eijo), for all (27,0,0) E U n (8 x {0})

2. The family {f’(:r:, y, e) : (x, y, e) E U} is invariant in the sense that

(7721.31.60 'T C F’((Iv.y.€) ° T)

for all (:r,y,e) E U, for all e 2 0, 7' Z 0

3. For 6 Z 0, .7-"3(x,y, e) is uniquely characterized by: .7”(:r, y, e) = {(55, ",e) E U :

Mini/.6) -T-(I.y.€)-Tl/6K’ *OaST-WO}

where "r denotes the solution operator of any system of differential equations with

independent variable of fast time T. K < 0 is any number greater than the real parts

of all the eigenvalues of Dg(:z:, 0, O), for all (1:, 0) E 70.
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Above statements implies that for the singularly perturbed ordinary equations, the

periodic orbits and the period of the periodic solutions change smoothly with the

perturbation 6 under the assumption of the hyperbolicity. The third conclusion

in above theorem suggests that the trajectories through points in f’(x,y,e) are

asymptotically approaching the trajectories up to an error of order 6K“ through

(x,y,e) aS'r—>oo.

More general system in a form which is independent of the choice of coordinates is

studied.

Let M be an open subset of R" x Rm, let 8 be a m-dimensional submanifold of M.,

let (0 be small positive number. The general 0' system is given by:

z' = h(z, 6) (A07)

for z 6 1W, 6 E (—€0, 60), with h(z, 0) = 0. System (A03) is thus only a special case

of (A07) with coordinates selected as fast time, i.e., z = (:r,y) and h = (efo, g).

The slow time system is:

62' = h(z, E)

and the suspended systems for both slow and fast time systems are:

z’ = h(z,€)

6' = 0

and

62 = h(z,€)

c = 0
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For the coordinate-free system (A07), let M be a C'+1 n-dimensional manifold,

1 Z r < 00. Let X : M ——> TM be a C’ vector field on M. X maps each m E It!

to a tangent vector X(m) E TmM. Denote a family of vector fields on M, which

is parameterized by e E (—e,co), by X‘. Let E E R" be a Cr submanifold of AI

consisting entirely of equilibria of X0. Denote the codimension of 8 in AI by m. “’e

have a linear map:

TX°(m) : TmM —+ T.,,M

and

T(X°x)(m,0) 1T(m,0){M X (—€O,€)} —* T(m,0){M x (—€o,€o)l

where TX°(m) 6 RM“, and T(X0 x 0) E R"+"’+’. TX°(m) induces another linear

map:

QX°(m) : TliTmE —> TliTme

on the quotient space. Actually QX°(m) is nothing but the linearization of

where q5(m) is a flow of the full system X‘.

Theorem A.2: Let M be a C”1 manifold, 2 _<_ r < 00. Let X26 6 (—60,€o), be

a CT family of vector fields, and let 8 be a C' submanifold of M consisting entirely

of equilibrium points of X0. Let 7 6 5;; be a periodic orbit of the reduced system

XR, and suppose that 70, a periodic orbit of XR, has 1 as a Floquet multiplier of

multiplicity precisely one. Then, there exists 61 > 0 and there exists a C"1 family

of closed curves 7,, e E (—€1,€1), such that 70 = 7 and e is a periodic orbits of e'lX‘.

The period of "y, is a C"1 function of 6..

Suppose the periodic orbit ”YR of the reduced system XR has j+, j_, and 0 Floquent

multipliers inside, outside, and on the unit circle, and for each m E 73, the lineariza-
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tion QX°(m) of the reduced system has k+, k_, and 0 eigenvalues in the left, right

half plane, and on the imaginary axis, therefore, under assumptions of Theorem,

there exists £1 > 0 such that:

1. There exists a 0’"1 family of closed solution {76, 6 E (—€1,€)} in M such that

70 = '73 and for e 96 0, y. is a periodic orbit of c‘lX‘. The period of ’7.5 is a

C”1 function of e.

2. 7, has j+ + k+, j- + k- Floquent multiplier inside and outside the unit circle,

respectively.

3. There are 6""1 families of local stable and unstable manifolds W: E Rj++k++1,

W,“ E Rj‘Jrk-+1 in M, such that W: m Weu = ’76.

4. Let A+(U,) = W: and A’(U£) = W‘". There are 0"1 families of manifolds

{.7-"(3(m), m 6 W3} and {ff(m),m 6 W7} characterized by:

$50”) = {771 6 A+(U£) :e—K’t/‘d(m . 73,771") __) 0

F"(m) = {m e A-(U,) : e‘K“’/‘d(m . t, m.) -—> 0

ast—>oo
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Appendix B

RCA-Matrix Property of

Bifurcation Subsystem

RGA is defined as:

A(A) = A x (A-1)T

where x means Hadamard product or Schur product. The system transfer function

of the state space representation is given by:

C(s) = C(sI — A)_1B

When B, and C are identity and at steady-state:

G(s) 2: —A”1

Since A(A‘l) = A(AT) we here consider A(A) only and A is partitioned as

A = Alluxz) A12(l)<m)

A21(mxl) A22(m><m)
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If All and A22 are nonsingular the RCA matrix is given by:

A(A)

where:

X12 =

X21 :

X22 =

.- T

A11 A12 X11 X12

A21 A22 X21 X22
b

T T

 T T

(A11 — 1412427214121)—1

A;,‘ + A;‘,1A12(A22 - A21A;‘,‘A12)‘1AglAfl1

—(A11 — A12A52’A21)’1A12A§21

—A2_21A21(A11 — Aleé-zlAzil—l

242-21 ‘1‘ A321A21(A11 — A12A;21A21)—1A12A2-21

It has been discussed that the magnitude of RGA element represents specific prop-

erties of the system. The following inequality [47] holds strictly:

II A X B IIFSII A llpll B “F

287





and will be used to estimate the upper bound of each block in A(A). If All is

nonsingular we have:

[IN/00,1) “F = II All X(A1_11)T

+ A11 X [Al—11A12(A22 — 1421141—111412)414211471l T “F

S II All X (Al—11)T “F

+ II All X [Al-11A12(A22 — 421A711412)_1A21A1_11 T “F

S ||A(A11) ”F

+ II Am ”F” Ail/1120122 - AzlAfilAlzzl—IAzlAl-ll ”F

S [I A(Au) ”F

+ 16(A11)5(Af,1A12(A22 — AzlAfllAm)“‘A21A,-,1)

S H A(Au) ”F

+ 16(A11)g.2(An)5(412)

_Q(A22 — A21A-1-11A12)5'(A21) (BHOI)

where the second inequality follows from:

/
\

E
.

E
L

3 Q
I

3
:

ll A(lxm) ”F

6(AB) < 6(A)6(B)

5(A)

ll L
a *7
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ll A(A)(1,2) ”F S “A12 HF” [(A221A21(A11 " A12A221A21)_11T “F

g min(l,m)5(A12)

min(l, m)6(A2-2’A21(A11 - A12A2—21A21)_1)

g min(l,m)a (A12)0(A22)

“(A20(A11 — A12A22 A21) (B02)

ll A(A)(2, 1) “F S H A21 HF“ l((A11 — A12A22A21)1A12)A2211T ”F

S min(l,m)6(A21)_(A11 — {412142—21 A21)

5(A12)§Z(A22) (BO-3)

ll A(A)(2,2) “F = H A22 X (A22llT

+ A22XX[A22 A21(A11 — A12A221—A21) 1A12A2-21 T ”F

S H A22 X (A221)T “F

+ H A22 X [A22 A21(A11 - A12A221_A21) 1A12A2—2llT ”F

S H A(Az2) ”F

+ H A22 HF“ A22A21(A11 — A12A22A21)1A12A221 “F

S H A(A2‘2) “F

+ m6(.422)6(A2—21A21(A11 - A12A2_21A21)_1A12A2_21

S H A(A22) ”F

+ TM(A22)25(A22)(A21)Q(A11—A12A22 A21)5(A12)(B-0~4)

Inequalities (B.O.1) - (B.0.2) show that the RCA matrix of the system becomes

block diagonal (with off-diagonal blocks approaching zero) as _0_(A11 — A12A§21A21) —>

0. The upper diagonal block approaches the RCA matrix of the internal system
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with the external system truncated. The lower diagonal block approaches the RCA

matrix of the external system with the internal system truncated. The control of

the bifurcation subsystem is completely independent of the external system based

on this RGA structure.

It should be noted that when bifurcation occurs A11 is singular, and [I A(A)(1, 1) “F

is small instead of being large since A11 is singular and (B01) does not hold any

more. Instead the upper bound of A(A)(1, 1) is given in the following inequality:

A(A)(1,1) S [I A11 ”F“ [(Au — A12A221A21)_llT ”F

< \/1(-7(A11)\/Z 2(A11 — A12A221A21)

1 52041020111 — A12A;2’A21) (3.0.5)

Since A11 and A11 — A12A2—2’A21 both become singular as the bifurcation occurs, then

Q(A11 — A12A2‘2’A21) approaches zero as the bifurcation occurs.

Large RGA element magnitudes of the system indicate that the system is fundamen-

tally difficult to control since the system is very sensitive to uncertainty. A specific

small element in RG’A matrix means that the corresponding input and output are

not a good pair in the sense that closing other loops has large effects on this in-

put/output 100p gain. Therefore, it is difficult to choose control inputs and outputs

for internal system when bifurcation occurs as noted in (B.0.5). Moreover, in this

situation it is difficult to control internal system via external system since they are

almost totally decoupled. This puts extra difficulty for stabilization. Thus, it is im-

portant to carefully consider the directionality of the bifurcation and the parameter

variation in the MIMO system that translates into the input and output uncertain-

ties in order to design the robust controller that would stabilize the system and cure

the bifurcation.
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