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(ABSTRACT)

This work describes the development of an adaptive out-of-step relay, from the
formulation of its concept to its field implementation and one year testing at the Florida-
Georgia interface. This dissertation describes the theory of such a relay, its hardware
configuration, the system as it was installed in the field, the major results and
improvements obtained after the one year field test, and the adaptive features developed
after the analysis of the collected data. Most of the adaptive concepts applied on this relay
were used on field application for the first time and proved their value through the one
year field test. Synchronized phasor measurements were used for the first time for relaying
application, proving their ability to detect and analyze system disturbances through the
measurement of angle differences between any two points in a system. It is shown that
fora system that behaves primarily as a two-machine power system, the out-of-step relay
could be enhanced and made more secure by applying the principle of equal area criterion.

The main contribution of this dissertation is the use and application of old and new
adaptive concepts as well as new technology to the solution of the out-of-step problem for
a system that behaves like a two machine system. This work provides a solution for the
basic stability problem with currently available technology and knowledge. In addition, the
data collected during this research has been and will be of great help for those studying
the power system stability problem and those developing new adaptive relaying

techniques.
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INTRODUCTION

1.1 Introduction

The development of new technology provides solutions to old problems, creates
problems of its own, and forces the engineer to review established practices in search of
old and new concepts thét could be improved the use of the latest technology. Real time
prediction of power system instability is an old and unsolved problem for the relay
engineers even for the most simple cases. Newly developed techniques such as
synchronized phasor measurements and the improved efficiency and reliability of digital
relays allow the application of the old concepts of equal area criterion and adaptive
relaying to the solution of the simplest real time stability problem: a system that behaves

like a two machine system.

This dissertation begins by introducing one such system and reviewing the
techniques used to provide a solution to one class of problems. The developments in
adaptive relaying concepts are reviewed and the new technology of synchronized phasor
measurement is introduced. The theories of the swing equation and the equal area criterion

are reviewed and algorithms for stability prediction using these concepts are described.
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The hardware and software used for the relay implementation are presented as well as the

results of the laboratory tests used to confirm proper operation under realistic conditions.

Without proper field testing the developed algorithms and hardware are of little
use to the relaying engineer. The results obtained in a one-year field test of the system are
presented as well as the algorithm modifications suggested by the experience gained in the
field. Conclusion as to what was learned and what still needs to be improved for solving
the problem of adaptive out-of-step relaying with phasor measurements for a two machine
system are given. Some ideas are discussed on the application of this technology for

power system models with three or four machines.

1.2 Outline of the Dissertation

Chapter 1, Introduction, the remaining sections of this chapter int»roduce the key
concepts, present the scope of this dissertation, and provide information on the
bibliography review.

Chapter 2, Florida-Georgia Power Systems and Qut-of-Step Relaying, presents
a brief history of the development of the Florida-Georgia interconnection and its stability
problem. The latest unstable cases recorded are discussed together with the steps taken
for their solution, their limitations, and the problems that still need to be solved. The
concepts and applications of out-of-step relaying presently used by electric utilities are

reviewed with emphasis on their limitations.

o
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Chapter 3, Adaptive Relaying and Phasor Measurement, reviews the evolving
concept of adaptive relaying with the use of computer relays. The possible adaptive
applications to the out-of-step relaying problem are discussed. A brief history of the new
technology of synchronized phasor measurement is presented reviewing the key concepts
and the capabilities of the available equipment.

Chapter 4, The Swing Equation and The Equal Area Criterion, presents the
derivation of the swing equation based on the assumptions of classical stability and a two
machine model. The equal area criterion for stability is explained for a one machine infinite
bus system and for a two machine system. The concept is later applied to the solution of
stability swings for faults and loss of generation cases, as they apply to the Florida-

Georgia system.

Chapter 5, Relay Implementation and Laboratory Testing, the hardware used to
implement the relay unit is functionally described. The software implementation of the
algorithms is discussed in detail based on the equations derived in chapter 4. Flowcharts

are given for the most important subroutines.

Chapter 6, Field Installation and Results, presents the complete structure of the
adaptive out-of-step relay system and describes its field installation. This chapter also
reviews the most significant cases detected and recorded by the system during its 15
months of field testing. The results obtained by the relaying algorithms are presented and

discussed for each the major cases.

(o8
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Chapter 7, Algorithm Changes, discusses the model problems discovered during
field testing, especially those caused by the occurrence of unexpected compound swings.
Solutions to these problems are discussed, and tested with the collected field data. All the
solutions presented in this chapter are based on the analysis of the data collected during

the field tests.

Chapter 8, Conclusions and Future Work, contains a list of conclusions derived
from the experience obtained from the implementation of the out-of-step relay. A list is
also given for recommended future work that will enhance the knowledge obtained from

this application.

1.3 Key Concepts

i. Adaptive Relaying: “is a protection philosophy which permits and seeks to make
adjustments to various protection functions in order to make them more attuned to

oqe .. a1
prevailing power systems conditions.

. Qut-of-Step Condition: A condition by which a transient swing brings the generator

rotor angle past its unstable equilibrium point, where an increase in the angular

' S.H. Horowitz. A.G. Phadke. J.S. Thorpe.” Adaptive Transmission System Relaying™. IEEE

Transactions on Power Delivery, Vol. 3. No. 4. Octlober 1988, p. 1463.



Introduction

displacement results in torques which move the rotor further from its equilibrium point

[78].

iii. Synchronized Phasor Measurement. 1s a procedure by which the fundamental
frequency component of positive sequence phasor is measured from a given three phase

input [10].

iv. Transient Stability: Sudden changes in the power system that affect the short time
stability of the generators as they move with respect to the center of inertia. A system is
considered transient stable if following a disturbance the rotor angles of all its

generators settle at an acceptable steady state angle [78].

v. Equal Area Criterion: A direct energy method for a two machine system that predicts
system stability based on the behavior of the kinetic energy during a system transient

[77], [78].

1.4 Scope of this Dissertation

The goal of this work is the application of synchronized phasor measurement and
adaptive relaying to the solution of the stability problem for a system which can be
accurately modeled by a two machine system. The classical model for stability is adopted
for the developments of the key assumptions for the system model. The developed
relaying system is considered to be a learning tool where concepts are tested and valuable

field data is collected for the testing and improvement of adaptive out-of-step relaying
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algorithms. No action was taken on the system by the relaying units and all the results

were recorded for post-disturbance analysis and evaluation.

1.5 Bibliography Review

A list of the most significant references on the concepts and topics related to the
out-of-step relay system is presented in Appendix B. This list, consisting of more than one
hundred references, is classified by subject as follows: General Knowledge, Phasor
Measurement, General Relaying, Out-of-step Relaying, Adaptive Relaying, Florida
Georgia Interconnection,  Stability, and System Model. The references in each subject
are listed in chronological order. These references form the base of knowledge from
which the work presented here has arisen. References for direct quotes taken from specific
sources are given at the end of the page where they appear. References to Appendix B are
gi\}en at the end of a paragraph when the general ideas presented in the references are

discussed.

The core of this dissertation comes from the information and concepts in
references [3] and [78] on equal area criterion, [10] and [17] on phasor measurement, [36]
and [42] on out-of-step relaying, [47] and [52] on adaptive relaying, and [64], [70],

[107], and [108] on the Florida-Georgia model.



2

FLORIDA-GEORGIA POWER SYSTEMS AND
OUT-OF-STEP RELAYING

2.1 Introduction

The electric power systems in the Florida peninsula are unique in the sense that
they are tied to the rest of the country at their northern boundary and their major loads are
located in the south and center of the peninsula. Although large amounts of energy are
generated in these systems, imported energy is required to meet load demand. The
relatively low inertia constant of the system makes it vulnerable to stability swings
whenever a disturbance occurs in the major interconnecting links, or when a large amount
of generation is lost in Florida. Although less severe at present, this situation has always
existed in the Florida system. The nature of the power system in Florida makes it possible
to model the Florida-Georgia interconnection as a two machine model allowing the
application of an out-of-step relay scheme based on the equal area criterion for the
determination of stability.

Out-of-step relays were developed to protect groups of generators from the effects
of severe swings caused by disturbances in the system which make the generators lose

synchronism with the rest of the system. Unfortunately the parameters of out-of-step relay
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schemes are set for specific system conditions which may result in unnecessary trips or
blocks when the system state is not sufficiently close to the assumed conditions.

In this chapter a brief history of the Florida Georgia interface is given, followed by
a proposed two machine model for the interconnection. The basic concepts of out-of-step
relaying are reviewed with a brief discussion on current practices. Finally an adaptive out-
of-step relaying scheme is proposed which is expected to provide significant

improvements over the traditional out-of-step schemes.

2.2 Recent History of the Florida Interface

Twenty years ago the Florida-Georgia interface consisted of one 230 kV line, two
115 kV lines, one 69 kV line, and a transfer capability between Georgia Power Company,
(GAPCo.), and Florida Power and Light, (FPL), of 75 MW [67]. The fast gr'owth of the
Florida system in the early 1>970’s resulted in the addition of large generating units in
Florida to meet the growing demand. As these units were added to the system the number
of loss of generation cases in the Florida systems increased resulting in increased number
of splits between Florida and the eastern United States. These system separations created
problems not only for the utilities in Florida but also for GAPCo., which suffered from low
voltage problems in its southern area due to the demand produced by the addition of the
northern Florida load after system separation. Line protections in Georgia were changed
to detect swings between the two systems and force an early split in Florida for those

swings which were considered severe enough to cause instability [71]. The relay settings



Florida-Georgia and Out-of-Step Relaving
for this application were fixed and were based on worst case condition. This protection
system managed to improve the low voltage problem in southern Georgia but did nothing
to reduce the number of separations between the two systems.

In 1979 the first 230kV line connecting FPL and GAPCo. was added between
Kingsland substation in southern Georgia and Duval substation in northern Florida. This
line increased the interface capacity of Florida to 400MW. Due to the lower price of the
coal-fired generation in Georgia compared to the oil-fired generation in Florida, the
interconnection operated near its limit most of the time [70]. Twenty system separations
occurred during 1980, triggered by loss of generation in Florida [71].

In 1982 the first 500kV line connecting Florida and Georgia was completed
between Plant Hatch in Georgia and Duval in Florida. A parallel line was completed a few
months later increasing the interface capacity to 1500MW, and was limited by the capacity
of the 500/230 kV transformer at Duval. Although the system splits were drastically
reduced, the problem still existed. In 1983 a second 500/230kV transformer was added at
Duval. This addition and other improvements in the system raised the transfer capacity to
1925MW. Although 1983 was the first year in a decade when no splits due to loss of
generation occurred between Florida and Georgia, two system splits did occur during

1984 [71].
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In 1986 FPL completed its S00kV lines between Duval and southern Florida at the
same time Georgia Power completed the 500kV substation at Thalmann. These
improvements increased the power transfer capacity to 2900MW and greatly reduced the
possibility of separation due to loss of generation in Florida. But in 1987 and 1989 mis-
operation of the protective relays at Hatch and Duval caused system separations [73],
[74]. In 1993 the power transfer capacity was increased to 3600MW by upgrading the
disconnect switches at Thalmann. Figure 2.1 shows the present interconnecting S00kV
system between Florida and Georgia.

Simulation studies by the Southern Company show that the interface is stable for
the loss of the two largest units in Florida (1200MW) or for a fault on one of the S00kV
lines. Due to the strong S00kV ties out-of-step protection in Florida is limited to the
230kV system for the cases when both 500kV lines are lost.

The events of 1987 and 1989 showed that the possibility of stability problems still
existed and that .it was greater when one of the two 500kV lines into Duval goes out of
service, or when the loss of generation in Florida involves more than two of its largest
units. To try £o reduce the possibility of a system separation a Fast Acting Load Shedding
(FALS) program has been implemented to shed load in Florida and maintain stability
when [75]:

a) Any of the 500kV transmission lines operates above its rating.
b) The system voltage is too low.

¢) A heavy reactive power demand is placed on the generators.

11
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When any of the above conditions is detected the FALS program sheds 80MW of
load to stop any problem before it results in a stability swing. FALS also detects loss of
generation in Florida and differentiates between losses of 1200MW or greater, in which
case complete load shedding of designated distribution stations is performed to avoid a
system separation [75].

The FALS system has limited adaptability resulting in several problems which
make it vulnerable to mis-operation:
a) Its scan rate of two seconds may cause it miss swings caused by severe loss of
generation.
b) Its effect is very limited when one of the 500kV lines is out-of service.
¢) It may shed load when it is not necessary to do so.

Due to these shortcomings a protection scheme is needed to perform an early
determination of  stability swings for severe loss of generation cases, and to block
unnecessary trips of the 500kV lines if a stable swing occurs when one of the SO0kV lines
is out of service. To operate properly such a system should continuously adapt to the
changing conditions at the interface and it should give early prediction for unstable swing
to enhance the ability for orderly separation of the Florida system into islands with
matched generation and load, so that the system could be promptly restored after the

separation.

12



Florida-Georgia and Out-of-Step Relaying

2.3 Florida-Georgia Model

When a severe loss of generation occurs in the Florida system the percentage of
the deficiency picked up by the remaining generators in Florida is small due to the lower
inertia constant of the system as compared to that of the eastern United States. The rest
of the energy demanded by the system tries to come through the 500kV tie lines
connecting Florida to Georgia. This demand produces a power swing between the two
systems which can be modeled correctly by a two machine system.

In the case of a fault on one of the interconnecting 500kV lines the amount of
energy delivered to Florida from the eastern United States is suddenly reduced and it is
limited to the transmission capacity of the remaining line. This type of event causes a
swing between the two systems as the generators in Florida try to provide part of the
energy demanded by the system and the system in Georgia tries to incrgase its energy
delivery through the remaining interconnection. For this case a two machine system can
also be used to model the behavior of the Florida system [108].

In order to take into consideration all the possible fault cases in  the
interconnecting S00kV lines, these lines must be part of the two machine system model
used for stability analysis. Figure 2.2 shows the two machine model proposed for the

analysis of the stability swings in the Florida system.



















































































































































































































































































































































