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CHAPTER I. INTRODUCTION

Direct Transient Stability Analysis

Need for direct methods

The transient stability of a power system is the propérty of the
system which insﬁres that it reaches an acceptable steady-state
operating condition following a large disturbance [1].

As power systems grow larger and more complex with the ever-
increasing demand for electrical energy, they are required to be
planned, designed, and operated to maintain a high degree of
reliability. The stability of power systems is closely related to the
question of whether the reliable and uninterrupted electric service can
be maintained.

The issue of stability arises when a power system is disturbed.
The stability problem is closely associated with the nature or
magnitude of a disturbance. If the disturbance to which the power
system is subjected is large, the oscillatory transient will also be
large. The question then becomes, whether after these swings, the
system will settle to a new acceptable operating state, or the large
swings result in loss of synchronism. This is known as the transient
stability problem.

Power systems are subjected to a large disturbance such as a
sudden change in load, generation, or transmission system configuration
due to faults or line switching. As a result, the transient stability

analysis has become very important in all stages of power system

"\1‘_



planning and operation in order to secure normal operation.

Conventionally, transient stability analysis of a power system is
conducted by time éimulation. In this method, a set of differential
equations coupled with another set of algebraic equations, are solved
numerically to obtain the power system dynamic behavior. The method is
robust, reliable; and widely accepted by the utility industry. It is,
however, computationally intensive and time-consuming. It does not
provide a rélative measure of the degree of stability or instability.
Since time solution is conducted for one scenario at a time, limits can
be derived only by repeated simulation.

At the present time as pointed out in the preface of reference [2]
power systems in North America have become increasingly interconnected
and tend to operate closer to their stability limits because of the
unavailability of transmission corridors and increased loading of the
transmission lines. The conventional technique has become inadequate
in terms of providing quick answers to changing scenarios. There is a
definite need for new analytical tools to tackle this problem. Direct
methods of transient stability analysis have emerged as potential

candidates to meet this requirement.

Progress and application

In the application of the direct methods to the analysis of power
system stability, the well known equal area criterion [3,4] has béen
known for many years. This criterion provides good physical insight
into the dynamic behavior of one machine-infinite bus system in terms

of the conversion the kinetic energy into potential energy as the



generator torque angle swings during the transient. However, this
criterion cannot be directly applied to a multimachine power system.

For the direct transient stability analysis of a multimachine
power system, Gorev [in 5], Magnuson [6] and Aylett [7] developed
energy-based methods using the first or energy integral of the swing
equations which &escribe the power system dynamics following a
disturbance. Following this initial work, Gless [8] and El-Abiad and
Nagappan [9] applied Lyapunov's second method to power systems.

The basic idea behind these methods can be summarized as follows:

l. The swing equations describe the dynamics of the power
system. These are a set of ordinary differential equations.

2. The transient stability analysis of the power systems deals
with the system's capability of surviving the transient
following a major disturbance, i.e., stability property of a
post-disturbance network. The direct transient stability
analysis is equivalent to the investigation of the stability
properties of the post-disturbance equilibrium point. It is
often referred to as a qualitative analysis of ordinary
differential equations in mathematics [10].

3. A suitable scalar function, either the transient energy
function or Lyapunov's function, is derived. For the
purpose of estimating the region of stability the critical
value of the functions is determined such that if the
function's value at the end of disturbance is less than its

critical value, the system is said to be stable for a



particular disturbance. The theoretical aspect of this
development is treated in references [10-13].
From the viewpoint of practical application of these methods, numerous
researchers have worked on two main issues: i) the development of
suitable functions and ii) determination of their critical values. The
survey papers by.Fouad [13] and Ribbens-Pavella [l4] and the book by
Pai [12] have summarized the development on these issues.

In the course of development, energy-based methods seem to have
been favored by many power engineers in North Americ& because they
provide better practical results.

Significant progress has been made in the direct transient
stability analysis using energy-based methods. They are often referred
to as Transient Energy Function (TEF) method in recent literature. The
progress in the transient energy function method can be summarized as
follows: '

1. A center of inertia (COI) frame of reference is used in
formulating the transient energy function. The importance
of this formulation is in clearly focusing on the motion
that tends to separate one or more machines from the rest of
the system and in removing a substantial component of the
system transient energy that does not contribute to
instability, namely, the energy that either accelerates or
decelerates the center of inertia [15-17]. With this
formulation, the forces tending to separate some generators

from the rest of the system and the energy components



2.

associated with their motion can be easily identified
[15,18,19]. Aiso this formulation provides a convenient way
of incorporating the transfer conductance terms into the
transient energy function.

The concept of a controlling unstable equilibrium point
(u.e.p.)'is validated [15,20]. The physical meaning of the
controlling u.e.p. can be interpreted such that if a
disturbance is critically cleared, the trajectory of post-
disturbance system will pass through or nearby the u.e.p.
The proper identification of this u.e.p. of interest is
crucial because the critical energy is given by the
potential energy evaluated at the u.e.p. with respect to the
stable equilibrium point of the post-disturbance network.
Hence, inaccurate determination of the u.e.p. results in
erroneous stability assessment. The failure to determine a
correct u.e.p. of interest has been a major source of
conservative results. El-Abiad and Nagappan [9] determined
the critical energy at the u.e.p. closest to the stable
equilibrium point of the post-disturbance network. This
implies that a generator which has the weakest coupling may
lose synchronism with the system regardless of the nature
and location of the disturbance. This could be the case in
a small system but not in practical systems. Prabhakara and
El-Abiad [21], Gupta and El-Abiad [22] and Athay et al.

[18,19] took the fault location into account to determine a



relevant u.e.p. It was shown that the relevant u.e.p. to be
considered is the one in the direction of the faulted
trajectory and the gerierators whose rotor angles are greater
than 90 degrees in the u.e.p. are actually losing
synchronism when instability is initially encountered. This
was an important breakthrough to overcome the difficulty of
severe conservative results. However, it needed further
improvement to explain the complex mode of disturbance that
not all the severely disturbed machines lose synchronism
initially. The mode of disturbance depends upon not only
the fault location but also the energy absorbing capacity of
the post-disturbance network. Therefore, the determination
of the controlling u.e.p. must properly account for two
aspects of the transient phenomena: i) the effect of the
disturbance on the various generators, and ii) information
on the energy absorbing capacity of the post-disturbance
network [23]. From the investigation on the energy
responsible for the separation of one or more generators
from the rest of the system using individual energy function
[24], Fouad et al. [23] developed a technique of determining
the controlling u.e.p. by identifying the weakest link in
the path of trajectory. 1In the controlling u.e.p. thus
determined, a group of critical machines, i.e., severely
disturbed machines are identified by angles generally

greater than 90 degrees. These generators are severely
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affected by the disturbance but are not necessarily the ones
which lose synchronism initially.

The componént of the transient energy that does not
contribute to system separation was identified. It was
shown in [15,20] that not all the kinetic energy at the
instant 6: clearing the disturbance contributes directly to
the separation of the critical machines from the rest of the
system. Some of that energy accounts for the other
intermachine oscillations. By correcting that component of
kinetic energy from the energy that needs to be absorbed by
the system for stability to be maintained, the stability
assessment was substantially improved in terms of the
computation of the critical clearing time in rather complex

situations [15].

Application

In a recent paper [25], the status of the application of direct

l-

methods to transient stability analysis of power systems were reviewed.
The use of the transient energy function method in such applications
has been addressed in [26]. In fact, the transient energy function
method has been successfully applied to practical power system problems
in certain areas of North America. BAmong those applications are the

following:

The method was applied to assess the transient stability of
a power system at the end of a complex disturbance sequence

which involves braking resistor switching, generation-



shedding, and high speed reclosing of the circuit breaker
[27]. Pollowing this assessment, the amount of generation-
shedding required was estimated early in the disturbance
sequence to prevent loss of synchronism.

2. The method was applied to determine the critical interface
flows fof various system outages and operating conditions
using the unnormalized energy margin sensitivity ([28].

3. The method was applied to the analysis of loss of generation
disturbance [29].

4. The method was applied to analyze a conventional transient
stability program output, using individual machine energy
functions. A qualitative index of the degree of stability
or instability for each generator was provided for a given
stability run. This index is useful for guiding the
selection of subsequent case studies {30].

5. The method was applied to the transient stability analysis
of large and realistic power systems [31].

~ Current research is under way to extend the application of the

transient energy function method to larger systems [31] and
disturbances other than faults [30] and continues to expand the areas

of application of the technique.



Statement of the Problem

- Motivation for the research

The applications of the transient energy function method to the
direct transient stability analysis of a power system have been briefly
reviewed in the previous section. Among the applications which
received some attention in the literature is the use of the TEF method
to detect instability and/or out-of-step operation and initiate the
out-of-step relay operation. This issue will be of particular interest
in the event that system separation takes place not because of
instability following a particular disturbance but because of the
protective relay, more specifically, out-of-step impedance relay
operation. This is true because out-of-step relays are often set to
operate below the point where loss of synchronism actually occurs so
that a severe swing of the voltage and power can be prevented.

Conceptually, for the analysis of out-of-step(0S) relay operation,
the portion of a system on either side of tie line(s) protected by 0S
relay(s) is represented by an equivalent machine and the equal area
criterion is applied to the equivalent [32-34]. Based upon this
concept, a procedure was developed in [29,35], which relates the
transient enerqy margin obtained from a multimachine system to minimum
apparent impedance seen by the out-of-step relay in the two machine
equivalent formulated using EPRI's coherency-based dynamic
equivalencing program [36]. Although the analysis in the two machine
equivalent is somewhat straightforward, the cost of obtaining such an

equivalent from large systems may diminish its merit.
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In this research work, a technique for monitoring out-of-step
impedance relay operation will be developed by correlating the energy
margin to the minimum apparent impedance seen by 0S relay in a

multimachine power system.

Scope of the Work

The objectives of this research work are

l. Development of a criterion for determining the maximum swing
angles along the trajectory of the post-disturbance system.
This is the point where the apparent impedance seen by out-
of-step impedance relay at the electrical center of the
system becomes minimum.

2. Development of a technique for approximating the trajectory
of the post-disturbance system so that the maximum swing
angles can be determined without solving the system
differential equations by numerical step-by-step integration
method.

3. Development of a procedure for obtaining the swing impedance
locus utilizing the above two steps in a multimachine power
system reduced to the internal nodes of generators with

relay buses retained.
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CHAPTER II. TRANSIENT ENERGY FUNCTION METHOD FORMULATION
Power System Representation and Transient Energy Function

For transient stability analysis by the transient energy
function(TEF) method, the power system is represented by the so-called
classical model t12-24]. This model is based on the following
assumptions [37]:

1. The transmission network is modeled by stéady—state
equations.

2. Mechanical power input is constant.

3. Damping or asynchronous power is negligible.

4. The synchronous machine is represented by constant voltage
source behind its transient reactance.

5. The motion of the rotor of a machine coincides with the
angle of the voltage behind the transient reactance.

6. Loads are represented by constant passive impedances.

Based on these assumptions, the swing equations that govern the

dynamics of the system are given by
Mijdy = P§ - Pgj
6 =wi for i=1,2,...n (2.1)
vwhere

n

Pgy = I [Cijysin(8ij) + Dijcos(8iy)]
joi

PL = Bmy - E{Gyy

Cij = EiBijEj, Dij = EiGijEi
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Pmj - mechanical power input
Ei - constant voltage behind its transient reactance
Gii - &riving point conductance
Mi - inertia constant
wi, 6i - generator rotor speed and angle deviation,
' respectively, with respect to a synchronously
rotating reference frame.
Gij+3jBij - the transfer admittance in the system
reduced to the internal node of generators
i and j, respectively.

The system equation (2.1) are written with respect to an arbitrary

synchronously rotating frame of reference. One of key steps in the TEF

formulation is to transform these equations into the center of inertia

(COI) coordinate. This formulation clearly focuses on the mechanism of

separation of one or more generators from the rest of the system and

removes the component of the transient system energy that does not

contribute to the instability.

In order to transform the system equations (2.1) into the center

of inertia coordinate, define

n
MrAz M
i=1

n
8o Az Misi/Mp

i=1
n n
Mrio & £ Myds = Z (PL - Pey) A Peor
i=1 i=1

T
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80 = Wo

We obtain new angles with respect to the center of inertia by defining

8y 881 - &
With this coordinate system the system equations become

Mibi = Py - Pey - Mi/Mr PcOI
i = &y for i=1,2,....,N (2.2)

By definition, we have the constraints:

n

Z Mi6i = 0, and

n

Z Mjoi =0 (2.3).

The equilibrium points of the system are the points which satisfies
0 = Pi + Pgj - Mi/Mr PCOI

0 =a4

Among such equilibrium points, the stable equilibrium
point(s.e.p.), 65 and the controlling unstable equilibrium
point(u.é.p.), 68U are of interest for the purpose of direct transient
stability analysis by the TEF method.

From the system equations(2.2) and the first integral, we can show

that the transient energy function, V is given by

n n
V = 1/2Z Mi33i2 - I Pi(ey - )
i=1 i=1
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n-l1 n
-Z I [Cij(cos(81y) - cos(efj)
i=1 j=i+l
L+ 8y
+ Ie Dj jcos(©44)d(8; + 93)] (2.4)
ef + o5

where 85 is the stable equilibrium point of the post-disturbance
system. The transient energy in equation (2.4) is composed of two
components: i) the kinetic energy which is represented by the first
term, and ii) the potential energy which is represented by the rest of
terms. The fourth term which represents the energy dissipated in the
network transfer conductances is a path-dependent integral. This term
can be calculated only if the system trajectory is known. For the
purpose of the analysis by the direct method, this term can be
approximated with the linear approximation of trajectory as follows

{20, 38]:

Iij = Dij((8; + Oy - ©f - 83)/(8y4 ~ ©f4))(sin6y 4 ~ sin6fy) (2.5).

The Critical Energy and the Transient Energy Margin

The critical energy is the potential energy evaluated at the
controlling u.e.p. with respect to the stable equilibrium point of the
post-disturbance system [15,20]. Hence, the identification and
computation of the controlling u.e.p. is a key step of the transient
energy function method [15,23]. The transient energy margin is defined

as the difference between the critical energy and the transient energy
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that the system possesses at the end of disturbance [15,20]. For the

purpose of the numerical computation, the transient energy margin, AV

is given by
_vl8% L fcect, a1y _ _leu
Av = v es v s =V (ecl’ acl)
n 1 n 1
= -1/2% Mia§ 2 - £ Pi(o} - efh)
i=1 i=1
n-1 n 1
-Z I [Cij(cosely - cosef) - Iij] (2.6)
i=1 j=i+l
where

133 = Dij((ef+ey-ef-05")/ (o} -6F5)) (sinely - sinef})
If the transient energy margin, AV is positive at the instant of

clearing disturbance, the system is stable. Otherwise the system is

unstable.

The Kinetic Energy Correction

A large disturbance tends to split the system into two groups of
machines which are a group of critical machines and a group consisting
of the rest of the system. In the controlling u.e.p., the group of
critical machines i.e., severely disturbed machines are identified by
angles greater than 90 degrees. The kinetic energy which is
responsible for the separation of the critical machines from the rest

of the system is that associated with the gross motion of two groups of



16

machines. The remaining portion of the kinetic energy accounts for the
other intermachine swings. For stability analysis, that component of
kinetic energy should be subtracted from the energy that needs to be
absorbed by the system for stability to be maintained. This is done by
the kinetic energy correction as follows [15,20]:

VKE | corr =.1/2Meqweq2

where

Meq = (Mcr * Msys)/(Mcr + Msys)

Weq = Wer ~ Wsys

Mcr - the sum of inertia constant of critical machines

Mgys- the sum of inertia constant of the rest of the system

wer - the angular speed at the inertial center of critical
machines

wsys— the angular speed at the inertial center of the rest of the
system
This is the corrected kinetic energy that is to be used to compute the

transient energy margin.
Stability Assessment by the TEF Method

The system transient energy V is evaluated with respect to the
post-disturbance equilibrium conditions. Its critical value VU is
given by the value of the potential energy at the controlling u.e.p.
for the particular disturbance under investigation. Transient

stability assessment is made by computing the difference between the
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the value of V at the end of the disturbance and VU, Stability is
maintained if VU > V, or if the energy margin AV = (VY - v) > 0.

Otherwise the system is unstable.

T
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CHAPTER III. THE MINIMUM APPARENT IMPEDANCE SEEN BY THE QUT-OF-STEP

RELAY PREDICTED BY THE TRANSIENT ENERGY MARGIN
Introduction

One of the objectives of transient stability analysis of power
systems is to anélyze the setting and operation of protective relays.
In certain situations when a power system is disturbed, a group of
severely disturbed, i.e., critical machines, tends to separate from the
rest of the system. When the two groups of generators tend to lose
synchronism with each other, the continuing fluctuations of voltage and
power in the system severely disrupt service. This is known in the
industry as out of step operation, and is detected by special "out-of-
step" relays. It is advisable to separate the two groups of machines
by initiating out-of-step relay action so that the cascading effects of
such objectionable swings can be prevented. In certain other cases a
single machine running out of step with other machines on the same bus
may not only impair service but may also suffer damage itself. Hence,
such a machine should be disconnected as soon as possible just before
it falls out-of-step [32].

From the interconnected system performance point of view, the out-
of-step relaying scheme should initiate tripping before the voltage at
the electrical center swings to a minimum value. This prevents severe
voltage dips and power fluctuations throughout the power system without
uncontrolled loss of loads. Another aspect of out-of-step relay

schemes, setting, deals with the ability to distinguish between faults

;“\Qi_
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and swings. Tripping on recoverable swings should be avoided [39, 40].

Since relaying schemes must function properly during system
swings, it is necessary to understand the effects of these swings on
relay performance. The portion of the system on either side of the tie
lines protected by out-of-step relays can be represented as an
equivalent generétor. Such an equivalent can be obtained with
reasonable accuracy by incorporating the effects of the disturbance and
using appropriate techniques such as coherency-based dynamic
equivalencing. This approach has been generally adopted for the
analytical study of out-of-step relay schemes [32-34]. The effects of
the swings and the operation of out-of-step relays can be analyzed
using the two machine equivalent because the equivalent accounts for
the gross motion of the two groups of generators.

Recently, direct methods have been used to detect instability
and/or out-of-step operation and initiate the appropriate relay action.
Roemish and Wall [41] applied Lyapunov's direct method to determine the
stability boundary for a two-machine system, one machine being the
protected generator, or the plant, and the other machine being the
interconnected system regarded as a single equivalent machine. They
used two ways of modeling the system in the formulation of the method,
one being the classical model and the other being more detailed model
with some control devices. If out-of-step operation is detected,
trippinglof relaying system is initiated to protect the generator or
the plant. Ohura et al. [42] applied the transient energy function

method to the development of a generator tripping relaying system to

‘.\1’;
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enhance transient stability of the system. Fouad et al. [29] and
vittal, Oh, and Fouad [35] developed a procedure of correlating the
transient energy margin to minimum apparent impedance seen by the out-
of-step relay. The approach developed in references [29,35] is of
particular interest because it studied the issue of system separation
due to out-of-stép relay operation before loss of synchronism is
encountered. This aspect is of significance in developing security
assessment schemes, where it is essential to determine in advance the

response of a system to a particular disturbance.

The Minimum Apparent Impedance Seen by the Out-of-Step Relay and the

Maximum Swing Angles

The apparent impedance seen by the out-of-step relay changes as
the two groups of machines on either side of the line protected by the
relay swing with respect to each other. 1In general, the out-of-step
relay is set with the assumption that the apparent impedance seen by
the relay located at or near the electrical center becomes minimum in
terms of distance from the center of the relay zone when the angular
swings reach their maximum. In a two machine system, the minimum
apparent swing impedance is then determined using the equal area
criterion which provides the information about the maximum angqular
swing.

Based on this concept, a relation was developed between the
transient energy margin and the minimum apparent swing impedance by

relating the normalized transient energy margin of the multimachine
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system to the ratios of the areas used in the equal area  criterion
[29,35]. However, this requires the intermediate step of constructing
a coherency-based two machine equivalent. 1In this research work, the
intermediate step will be eliminated. The transient energy margin will
be directly related to the maximum swing angles, in turn, related to

the minimum swiné impedance, using multimachine parameters.

Energy Constraints on the System Dynamics of the Post-disturbance

Network

Total system energy

When a power system is disturbed, energy is injected into the
system and the excess energy which the system possesses at the end of
disturbance is the transient system energy. This energy is associated
with system dynamics of the post-disturbance network. Since there is
no energy injected into the system after the disturbance is removed,
the transient system energy is constant in the post-disturbance period.
Therefore, the energy integral along the trajectory of post-disturbance
system with respect to the point where the disturbance is removed
should be equal to zero. If one states this condition mathematically,

it will become

1 =0 (3.1)

(6%}, &) : angular position and
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velocity vector respectively at the instant of
disturbance removal.
(8, @ : éngular position and velocity vector respectively

along the trajectory of the post-disturbance network.

n n
1/2 £ 5% - 1/2 £ mya§t?
=1 i=1

©

n
= J Z (Py - Pgy - My/Mp Pco1)dey (3.2)
ecl i=1
AVKE = - AVPE . (3.3)

This shows that as in the one machine-infinite bus system the system

dynamics in a multimachine system can be regarded as a phenomenon of

energy conversion process from the kinetic energy to the potential

energy or vice versa.

Two machine equivalent energy

As mentioned in the previous chapter, one of the important steps

in the progress of the transient energy function method was the

identification of the component of the transient kinetic energy that

does not contribute directly to system separation (14, 18]. 1If more

than one machine tends to lose synchronism with the system, instability

is determined by the gross motion of these machines, i.e., by the

motion of their inertial center with respect to the inertial center of
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the rest of the system. In addition, the advanced machines in the
controlling u.e.p. indicate the groups of those machines which swing
away from the rest of the system. Using this information, one can
formulate a two-machine equivalent which represents the gross motion of
a multimachine system. One equivalent machine will represent the
motion of the inértial center of the advanced group of machines and the
other equivalent will represent that of the rest of the system. 1In
doing so, parameters will be deduced only from the multimachine system
and no physical equivalencing will be done. An energy function defined
for the equivalents will focus on the dynamics of the two equivalents
located at the fictitious inertial centers.

Without loss of generality, one can assume that the first K
machines are the critical machines. The equations which represents the
dynamics of the inertial centers of the two groups of machines can be

obtained in the following manner. Referring to Equation (2.2), define

k
M8 Iy
i=1
n
Mpxk & Z M
i=k+l
then
. kK . k
Mgogk 8 Z Midy = £ (Py - Pey - Mi/Mr Pcor)
i=1 i=1

8 pg - Peg - Mg/M PCoI

.'._\‘L
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8k = UK

n n
Mp-gor-x & £ MiB3 8 I (Py - Pey - Mi/Mr Pcor
i=k+l i=k+1

8 pPp-g - Pep-g - MT-K/Mr PCOI

b1-K = Or-K (3.4)
where
k
PR = Z Pi
i=1
k
Peg= Z Pi
i=
n
Pr-g= Z Pj
i=K+1
n
Pep-g= I Pey
i=k+l
k
6k = 1/Mgk I Mi6j
i=1
n
Op-g = 1/Mp-x I Mi6j
i=k+1

The equations (3.4) clearly focus on the motion of the inertial centers
and eliminate some components of the force that is associated with the
intermachine oscillation among the machines which belong to the same

group.
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Using the energy integral as in a multimachine system [20], Vi for

the two machine equivalent is given by

rt .
Veq = J {[Mg&K - PK + Peg + My Pcorl €k
o]

+ [Mp-gdr- - Pr-K + Pep-g + Mr-g/Mr Pcorl ép-gldt
or

Veq = 1/2 MKEKZ + 1/2 MT-KET-KZ - PR(6g - GE) ~ Pp-g(or-K - 9§-x>

rOK rOT-K
+| _Pegdbx + | Par-gdeT-K (3.5)
Jeg Jof-k

The first two terms rspresent the kinetic energy of the inertial
centers of the two groups of machines. The next two terms represent
the position energy of the inertial centers of the two groups of
machines. The last two terms represent the components of energy which
are associated with the electrical property of the system. They are
the energy magnetically stored in the network and the energy dissipated
over the conductance in the network.
There are two interesting points to note in the energy function,
Vi as follows:
1. The kinetic energy of this energy function is equal to the
corrected kinetic energy of the energy function of the
multimachine system. Also, the position energy is equal to

the equivalent position energy developed in [23].
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2. The magnetic energy stored in the coupling between the
machines within the same groups disappear. However, the
energy dissipated over the conductance in the network is not
affected by the equivalencing process.

Equations (3.5) contains terms that have path-dependent integrals.
Evaluation of thése integrals requires knowledge of the system

trajectory.
Maximum Swing Angles Obtained by Energy Constraints

In a one-machine-infinite bus system the generator rotor acquires
kinetic energy under the influence of the disturbance. After the
disturbance is removed, the rotor will swing away up to the point where
the kinetic energy is completely converted into the potential energy.
This point is the maximum swing angle where equal area criterion is
§atisfied and the energy margin is defined. 1In Figure 1 area A}
indicates the kinetic energy acquired during fault-on period. As the
generator rotor swings along the torque angle curve of the post-
disturbance network, the kinetic energy is converted into the potential
energy indicated by area A2. The value of the maximum angular swing s
corresponds to the condition that the area Aj; is equal to the area A3.
Area A3 then provides the energy margin.

The same reasoning is applied to a multimachine system. The
transient system energy will cause the generators' rotors to swing away
to the point where the kinetic energy becomes minimum. For a stable

system, it represents the condition where the critical machines (more

..\*.‘
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specifically, their inertial center) are the farthest away from the
rest of system. At that point while the system transient kinetic
energy may not be zero, the corrected kinetic energy is exactly zero.

Considering the relative motion of the critical machines with
respect to the rest of the system, the point in angular space at which
the former group.is at the their maximum swing is exactly when their
inertial center is stationary with respect to the inertial center of
the latter group. Thus, this point which we will designate (in the n-
dimensional angular spa&e) as 8" is the instant at which AV is made up
exactly of potential energy. Since in the post-disturbance period the
total transient energy is constant, the condition can be described as
follows:

1. Using total system energy

cl
AV = AV%E

where
AVEl - the system transient energy
margin given by equation (2.6) at the instant of

disturbance removal

n
AVpg = - Z_ Pi(6f - &)

i=1

n-l1 n u o
-z Z [Ciy(cos®i4 - cos )
i=1 J=k+l ) 1] 13
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reg + Gg

- Di 4c0s6414d(6; + 04)1] ‘ (3.6)
Jﬂ*ﬂ jcos6y 3d(8y + Oy

- the potential energy margin at the maximum

swing angles &%

2. Using the fictitious two machine inertial-center equivalent

energy

cl
AVEg = AVBgeq
where

- el 2
avsE = -1/2 ma§*? - 1/2 upgdSik® - Pr(e} - oSip)

(oK (e7 K
+ Jeﬁlpexdex + Je'%&KPQT-KdeT-K

- the equivalent transient energy

margin at the instant of disturbance removal

AVPgeq = - PK(BR - €K) - Pr-g(6f_g - ©f-g)

=

(OF -
Pegdéxk + J Pep-gd6T-K

" e Ay

- the equivalent potential energy

margin at the maximum swing angle, gm
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CHAPTER IV. APPROXIMATION OF THE SYSTEM TRAJECTORY DURING THE FIRST SWING

TRANSIENT
Introduction

In the previous chapter, two types of energy criteria have been
derived to deterﬁine the maximum swing angles along the system trajectory
of the post-disturbance networg. The criteria use only the multimachine
parameters. These criteria provide the vector of multimachine rotor
angles gm at which the two groups of machines on either side of the line
protected by the out-of-step relay are separated farthest from each other.
At this point the swing impedance seen by the out-of-step relay becomes a
minimum. Hence, the operation of the out-of-step relay can be analyzed
qualitatively as well as quantitatively when the maximum swing angles are
known. However, in order to apply the criteria developed to compute the
maximum swing angles, one needs knowledge of the the post-disturbance
system trajectory. The true system trajectory can be obtained only by
time simulation with appropriate modeling of a power system, which the
direct method is trying to avoid in the first place. Hence, an
approximation to the post-disturbance trajectory has to be determined.
The two energy-based criteria developed in Chapter III are then applied

along the approximation to the post-disturbance trajectory.
Two Point Boundary Value Formulation

As a guide to the approximation, we have information at two different

points on the post-disturbance trajectory: i) at the removal of
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disturbance, and ii) at the controlling u.e.p. Although the computation
of the two points are not trivial, they are necessary for the stability
assessment by the transient energy function method.

As we have seen in the previous chapters, the concept of the
controlling u.e.p. is far-reaching. The physic#l significance of the
controlling u.e.p. is that if a disturbance is cleared critically, the
trajectory of the post-disturbance network will approach and pass at or
nearby that point. Since transient stability analysis deals with a large
disturbance, one can assume that the post-disturbance trajectory during
the first swing transient moves in the direction toward the controlling
u.e.p. from the point where the disturbance is removed. Using this
information, one can formulate a two point boundary value problem to
approximate the trajectory as follows:

® Let £3(6) denote the right hand'side of the swing equation in
(2.2). Since £31(0) is continuously differentiable with respect
to time infinitely, the higher order derivatives of ©j(t) exist
and are continuous.

The first and second derivatives of £3(8) are given by

VEL (@) T3

£1 (@)

oT.v%e5.5 + vey (@) -5

£i(8)

¢ Assume that at some finite point of time T, the critical
trajectory is close to the controlling u.e.p.

® Let t=0 be the instant of disturbance removal.

Then

..\“
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81(0) = 8§
81(0) = 31(0) = &

81(0) = 51(0) = £1(8L)/my

o{F)(0) = 3T~ (0) = £3(6cl)(F-2) gy

where r indicates rth derivative.

® At t=T
ei(T) = e
8i(T) = By(T) = 0.0

01(T) = 51(T) = £4(6Y)/mj = 0.0

o{f () = a{F V(1) = £5(6m)F2) = 0.0

th

where r indicates r-" derivative.

Approximation by Interpolation

The formulation in the previous section can be referred to as
interpolation between two points with higher derivatives. From the
information available, an approximation to the post-disturbance trajectory
between the two points needs to be determined. There are several
approaches to handle this problem [43]. From the practical application

point of view, the linear interpolation and the Fourier series
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interpolation are of interest [43, 44, 45].

The linear interpolation

This provides the simplest approximation of the trajectory. This
approximation utilizes only the rotor angles at the two points as follows:
8i(t) = 61(0) + (6} - 61(0))
0<tsl1l, for i=l, 2, ...n (4.4)
where time is normalized by T.
We have seen that the path-dependent integral for a multimachine system is
usually evaluated with this approximation as in equation (2.5).

With this approximation, Veq for the two machine equivalent is given

by
Veq = 1/2 MgGK® + 1/2 My-gBr-k° - PR(6K - Of) - Pr_g(67—K - O5_g)

k n (6K - 8§) - (6r-x - 83_g)
-Z I Cij
1=1j=k+1 8y 4 - 6fy

(cosByy - cosefy)

kK n (6K - ) + (6r-K - 6%-g)

-Z I Cij (cos8y 4 - coseiy)
i=1j=k+1 eij - 6:.]
k-1 n ek - 6}
+2Z Z Dij (sinByy - eij)
i=1 J=k+1 814 - iy
k-1 n er-K —- 63k .
+22Z Z Dij 5 (Sineij - eij) (4.5)

i=l j=k+l eij - eij
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The Fourier series interpolation

Any periodic function can be represented by the Fourier series
[44-46]. In the problem formulated in the previous section, the system
trajectory over only the period [0, 1] is of interest with time being
normalized by T.

In order to make use of the theory of the Fourier series, we can
assume without loss of generality that the system trajectory is periodic
with a period T. Then the system trajectory can be represented by the
Fourier series as follows:

®
@i(t) = ajp + kfl (ajkcos(2knt) + biksin(2kzt))

for i=l' 2' .‘l..’ n (4.6)

Then, the first and second derivatives of ©i(t) will be

01(t) = £ ((-2km)ajksin(2kat) + (skm)bjkcos(2krt))
k=1

0i(t) =~-2Z ((2kn)2aikcos(2knt) + (2kn)2b1ksin(2knt)) (4.7)
=1

From the practical application point of view, the above series can be
truncated after some terms. There is another important factor to be
considered. The computation of derivatives of £j(€) beyond the second
order becomes so burdensome that the use of those terms may not be

practical.
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The determination of the coefficients of this series approximation
depends on the initial condition of the post-disturbance network and the
controlling u.e.p. The initial condition of post-disturbance network is
determined by both the type of disturbance under investigation and the
duration of disturbance. In this research work, the loss of generation
disturbance will be investigated.

For this type of disturbance, the initial condition in (4.2) can be
computed from the initial operating condition of the load flow study.
Assume that there are n-generators operating at equilibrium prior to
disturbance. Generator x is suddenly dropped at t=0 . The angles and
velocities of generators can not change immediately. Hence, the
velocities are equal to zero in (4.2). But angles with respect to center
of inertia change because center of inertia changes due to the dropping of
generator x. Then the first and second derivatives of £3(6) in (3.1)

become

£i(@ = 0.0

vE(@) TS (4.8)

£1(0)

where & is an acceleration vector of generators which can be computed from
the post-disturbance YBUS matrix and the rotor angles.
In consideration of the values of velocities at the two points and
the nature of sine function, one can assume
(-]
@i(t) = Z(Aiksin(knt))
k=1

for i=1, 2, .c..y N (4.9)

T
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@1(0) = 0.0

513 1) = 0.0 for is1, 2, ..., N

With this formulation, one can obtain the following approximations to the
post-disturbance.trajectory depending on the information utilized at the
two points.

1. Utilizing rotor angles and velocities.

Assume

@i(t) = Ajsin(nt)

0sts1l, i=1l, 2, «¢eey n (4.10)
Then
ei(t) = J Bi(s)ds + f
0
= (Ai/m)cos(nt) + (ai/m) + efl
where
a3 = 1/2 (e} - eft) (4.11)

2. Utilizing rotor angles, velocities, and accelerations

Assume
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3
@i(t) = I Ajksin(knt)
k=1
051:51, i=1, 2, oo-,n
Then
3
0i(t) = Z (Aix/km)cos(krnt)
k=1
+ 1/m (Aj1 + Ai2/2 + A13/3) + efl
3
@i(t) = I kajkcos(knt)
k=1

and applying the boundary conditions, one can obtain

1/16[9n(6} - ef) - 1/7£; (81 /M, ]

Ay =
Ajp = 1/4ﬂ(fi(e‘:1)/ui
Ay3 = 3/16[1/n£3 61y /My - (e} - ofh)]

Utilizing rotor angles, velocities, accelerations, and
derivative of accelerations.

Assume

5
@Gi(t) = Z Ajksin(knt)
k=1

0sts1 for i=1, 2, ¢veeey N

(4.12)
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5
0i(t) = -1/ I (Ajk/k)cos(knt)
k=1

5
+1/r I (Aig/k) + 6§
k=1

1

5
T Z (kAjk)cos(krt)
k=1

@i(t)

5@ ()= 0.0

5
51(3)(t) =-a I (ksAik)COS(kﬂt)
k=1

'By applying the conditions at the two points, one can obtain
u cly _ 3
Ail = 75n/128 (85 - ©{") - l7ai/1927 - Bi/384r
Aj2 = 1/37 af + 61/48#3

-757/256 (6] - 6§l) + 39a3/128r + 3p1/2567°

aAi3
Ajg4 = -ai/24nr - ﬁ1/96ﬂ3

Ai5 = 157/256(6} - shecli.) - 25ai/3847 - 5081/7687°

where
ai = 51(0)
By = 51(3)(0)
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CHAPTER V. SWING IMPEDANCE LOCUS FOLLOWING A DISTURBANCE
The TEF Formulation for Monitoring the Qut-of~Step Relay

System dynamic performance analysis following a large disturbance is
not limited to the study of transient stability. It also includes the
study of network.paraméters due to the response of the synchronous
machines to the disturbance. The effects of the swings on the synchronous
machines following the disturbance are reflected as changes of voltage at
the load buses, power flows over transmission lines, and the apparent
impedances seen by the out-of-step relays.

In the previous chapter we have developed a technique for obtaining
an approximated trajectory of the post-disturbance system in order to
avoid explicit solution of the system's differential eguations. The next
step in the analysis is to develop a procedure for obtaining the swing
impedance locus during the first swing transient by applying the
techniques developed in the previous chapters. By examining the swing
impedance locus, one can better understand the effects of the swings on
the out-of-step relaying system.

In the formulation of the transient energy function method, a power
system is reduced to the internal nodes of the synchronous machines. As a
fesult, the physical entity of all other buses of interest are lost.

In order to incorporate out-of-step relay monitoring into the
procedure of transient stability analysis by the transient energy function
method, one should have the system reduced to the terminal buses of the

generators with key buses of interest retained. The system reduced to the
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internal nodes of generators is used for the stability assessment by the
transient energy function method for a given set of scenarios. In
addition, the system reduced to the terminal buses of generators will be
used for the purpose of monitoring and computing the physical quantities
at the buses retained during the transient such as the voltages at the
relay buses and écwer flows over the tie lines of interest.

The practical significance of this formulation is that it can be used
to obtain the voltage profile at some important load buses as a by-product
of rapid transient stability assessment because the s}stem required can be
obtained as an intermediate reduction in the course of obtaining the

system reduced to the internal nodes of generators.
Calculation of the Apparent Impedance Seen by the Out-of-Step Relay

After the elimination of all the buses except for the generator
terminal buses, and the buses connecting the transmission lines monitored
by out-of-step relays, the system can be represented as shown in Figure 2.
The synchronous machines in the system in Figure 2 are represented by
constant voltage source behind a transient reactance.

The voltages at the retained buses need to be evaluated in order to
compute the swing impedance. The network equation is given by

I=9* (5.1)
where

I : nodal current vector.

¥V : nodal voltage vectof.

¥ : YBUS matrix reduced to the generator terminal



FIGURE 2.
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Network reduced to the generator terminal buses
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buses with the relay buses retained.

Without loss of generality, one can assume that the first r components of
nodal current and voltage vectors represent the values of the quantities
at the relay buses. These components of the current vector are equal to
zero because there is no source at these buses.

In order to'incorporate the effects of the swings of the synchronous
machines on the network equation in this formulation, one should convert
the voltage source representation of the synchronous machines into the

current source representation as shown in Figure 3

X'
dy
-jC1/X,"
() _ 4N j(/di)
E.[6 (E./X,")/6, - n/2
1[1 . i dizzl

FIGURE 3. Current source representation of the synchronous machines

With this source conversion and with the shunt admittance being folded
into the corresponding diagonal elements of the system YBUS matrix, the

new network equation is given by

L.\TL
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I=Y"W - (5.2)
vhere
I : constant magnitude current source vector with zero
component for the non-generator terminal buses.
V : nodal voltage vector.
Y ¢ modifiéd system YBUS matrix.
The voltages at the relay buses aré obtained by solving the network
equation (5.2).
The apparent impedance seen by the out-of-step impedance at bus p in

Figure 4 is given by.

e | Zpq

N

=y /1
zR vp/ pq

FIGURE 4. The transmission line monitored by out-of-step relay
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2R = Vp/Ipq ~ (5.3)
where

Ipq = (Vp - Vq)/zpq + 3(B/2)*Vp

Vps Vq : the voltage at bus p and q

Zpq : transmission line impedance

Procedure for Obtaining the Swing Impedance Locus

Using the techniques developed thus far, the swing impedance locus is

obtained as follows:

Step 1: Compute the initial condition of the system prior to disturbance
and admittance matrices YBUS of the post-disturbance network
reduced to both the internal nodes of the generators and the
generator terminal buses with the relay buses retained from the

load flow study.

Step 2: Compute the condition of the system at the end of disturbance:
ecl' el

Step 3: Compute the post-disturbance stable equilibrium point 952 and the
controlling u.e.p. 8" for a given disturbance under

investigation.

Step 4: Compute the transient energy margin AV from the system transient
energy function and AVeq from the two machine equivalent energy

function.
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Step 5: Compute the approximate trajectory of the post-disturbance network
utilizing the conditions at the following points: a) the point

where the disturbance is removed and b) the controlling u.e.p.

Step 6: Apply the energy-based criteria along the approximate trajectory

of the post-disturbance network n order to determine the maximum

swing angles 6.

Step 7: Starting from the values of g=§°1 the voltage at the relay buses
is obtained by solving the network equation (5.2). The current
over the particular transmission line is calculated. Then, the
apparent impedance seen\by the out-of-step relay is calculated
using equation (5.3). This procedure is carried out in step
along the approximate trajectory determined in step 5 until §=§m.
This point on the system trajectory then provides the minimum

apparent impedance.

Step 8: Draw the swing impedance thus obtained on the R-X diagram.

By comparing the swing impedance locus from the proposed procedure to the
one obtained from time simulation, one can evaluate the efficiency and the

accuracy of the techniques developed in dealing with practical power

systems problems.
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CHAPTER VI. RESULTS
Test System

The procedure developed in the previous chapters is tested on a
23-generator, 211-bus power system. That power system, shown in Figure 5,
is a coherency-bésed dynamic equivalent derived from a large base case of
the Florida Power & Light Company network using a special equivalencing
computer program developed in [47]. This equivalent system was originally
developed to investigate loss of generation disturbance by the transient
energy function method in [29,35].

The Florida Power & Light Company network is connected to the
Southern Company system by a number of tie lines. Figure 6 is a portion
of the equivalent showing the four tie lines of interest between the
Florida Power & Light Company network and the Southern Company system.l
Heavy power was imported into Florida from the Southern company system
over these tie lines. The loss of a large generator in Florida caused
severe power and voltage swings over the (already) heavily loaded weak tie
lines. The magnitude of such swings may be objectionable. For this
reason out-of-step relays are often set to operate before loss of
synchronism occurs, causing system separation.

In this research, the operation of out-of-step relay following loss

of generation disturbance is analyzed by the techniques proposed in the

— e i T — G— - —— — 4 —— == mm  —

1 since this research project started, 500 KV transmission lines
were added, which reduced this problem to a "second contingency"”
problem, i.e., it occurs after loss of 500 KV transmission lines.
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previous chapters. For the purpose of verification of the proposed
procedure, the swing impedance locus was obtained by time simulation,
using the Philadelphia Electric Company Transient Stability Program.

The generator data and initial conditions for the base case are given

in Table 1.

Evaluation

The following loss of generator disturbances were investigated in the
23-generator, 2ll-bus system:
® Loss of 880 Mw of generation at St. Lucie (generator no. 8)
® Loss of 820 Mw of generation at Crystal River (generator no. 4)
® Loss of 980 Mw of generation at St. Lucie (generator no. 8)
® Loss of 920 Mw of generation at Crystal River (generator no. 4)
® Loss of 1080 Mw of generation at St. Lucie (generator no. 8)
® Loss of 1020 Mw of generation at Crystal River (generator no. 4)
The first two cases are base cases that represent the Florida Power &
Light Company network of 4000 Mw loading and were used to investigate
transient stability by the transient energy function method in [29,35].
The remaining four cases are those obtained by changing the level of
generation lost. For these modified cases, generation shift from the
Southern system into the Florida system was made so that the load demand
could be met in the pre-disturbance conditions.
The transient stability assessment by the transient energy function
method [29] showed that all the cases were stable. These agreed with the

results obtained with a conventional transient stability program. The
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TABLE 1. Generator data and initial conditions of base case
Initial conditions
Generator Generator Parameters® Internal Voltages
number H b4 Pmo’ E 5
(Mw/MVA) (pu) (pu) (pu) (degrees)
1 13.60 0.0429 2.500 1.0067 ~-38.54
2 12.26 0.0581 3.000 1.0245 -37.56
3 13.50 0.0438 4.705 1.0561 ~28.83
4 30.77 0.0383 8.200 1.0720 -24.46
5 13.97 0.0592 3.000 1.0514 -49.05
6 26.48 0.0401 3.000 1.0022 -49.94
7 12.26 0.0581 2.893 1.0150 ~52.44
8 33.20 0.0437 8.800 1.0572 ~41.99
9 12.26 0.0581 3.600 1.0004 -46.91
10 30.67 0.0558 6.700 1.0729 ~-47.76
11 26.48 0.0354 2.900 1.0159 -25.58
12 55.37 0.0142 9.418 1.0244 -43.32
13 22.74 0.0368 1.534 0.9982 -22.78
4 6.31 0.1062 1.251 1.0013 ~-9.97
15 8.16 0.1182 0.768 0.9955 -27.06
16 87.51 0.0086 25.100 1.0552 10.53
17 30.34 0.0241 5.000 1.0368 -0.58
18 72.80 0.0193 15.790 1.0063 -3.20
19 10.34 0.0758 2.098 1.0231 -39.60
20 8.33 0.0795 1.500 1.0642 -5.32
21 194.85 0.0033 45.440 1.0071 -3.18
22 3996.00 0.0012 1.313 1.0441 -4.00
23 95.31 0.0159 9.120 1.0536 9.35

2n a 100-MVA base.
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mode of disturbance for the cases studied was identical.:

Tables 2 and 3 show the stable equilibrium point and the controlling
u.e.p. of post-disturbance network. Using the procedure developed in the
previous chapters, the transient energy margin is used to compute the
corresponding minimum apparent swing impedance along the approximated
trajectory of thé post-disturbance network. The results are compared with

the swing impeadnce locus obtained by time simulation.

Criteria for evaluation of the proposed technique

In the process of evaluation, the following results are checked
against those from time simulation.
® The rotor angles of the various machines at maximum angles Q?,
i.e., at minimum apparent impedance seen by the out-of-step
relay.
® The two kinds of trajectory approximations used: i) linear
approximation, and ii) the Fourier series approximation. For the
Fourier series approximations, the three different approximations
developed in the Chapter IV were used for the purpose of
comparison and improvement.
® The swing impedance locus obtained with the proposed energybased
criteria and trajectory approximations.
In Tables 4 and 5 the rotor angles are given at 6 obtained both from time

simulation and from the approximated trajectories by the two energy-based
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TABLE 2. The stable equilibrium point and the controlling u.e.p. of
the post-disturbance network when a generator at St. Lucie
" station is lost
Generation lost
880 Mw 980 Mw 1080 Mw
gen. no. gs2a gud es2d eud es22 eud
1 -44.05 -155.39 -42.25 -156.12 -40.88 -156.77
2 -43.73 -161.63 -41.96 -162.51 -40.66 -163.34
3 -26.73 =133.97 - =24.97 =134.71 -23.64 -135.33
4 -16.59 -120.22 -14.72 -120.76 -13.28 -121.21
5 -63.18 -180.12 -61.33 -180.88 -59,98 -181.60
6 -72.14 -191.47 -70.33 -192.29 -69.03 -193.08
7 -70.72 -188.88 -68.91 -189.68 -67.59 =190.45
8 -b -b -b -b -b -b
9 -61.91 -179.44 -60.08 -180.23 -58.76 -181.00
10 -53.98 =-171.33 -52.13 -172.10 -50.80 -172.86
11 -28.44 -137.19 -26.82 -138.16 -25.59 -138.98
12 -50.31 -164.56 -48.48 -165.30 -47.11 -165.97
13 ~-19,25 22.74 -18.68 23.73 -18.26 24.49
14 0.18 33.41 0.55 34.18 0.82 34.77
15 -28.27 -136.51 -26.83 -137.94 -25.74 -139.08
16 26.10 51.22 26.24 51.71 26.33 52.07
17 10.11 26,93 10.00 27.01 9.87 27.02
18 17.88 45.82 18.17 46.77 18.40 46.97
19 -46.72 -165.94 -44.94 -166.80 -43.63 -167.62
20 4.06 33.89 4.35 34.55 4.56 35.04
21 9.62 22,77 9.17 22.47 8.72 22.13
22 1.24 6.76 1.13 6.21 1.06 6.24
23 21.23 39.56 21.21 39.76 21.16 39.87

3711 angles measured in degree

bThe generator lost.

with respect to COI.
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TABLE 3. The stable equilibrium point and the controlling u.e.p. of
the post-disturbance network when a generator at Crystal
River is lost
Generation lost
820 Mw 920 Mw 1020 Mw
gen. no. gs2d gud gs2a eud gs2d eud
1 -56.47 -156.13 -55.80 -156.50 -55.40 -156.80
2 -44.49 -139.95 -43.70 -140.15 -43.21 -140.27
3 -38.43 -136.27 -37.70 -136.57 -37.30 -136.82
4 - - - - - -
5 -58.64 -155.97 -57.85 -156.17 -57.37 -156.31
6 -60.87 -158.15 -60.04 -158.31 -59.,52 -159.40
7 -60.84 -157.55 -60.01 -157.71 -59.49 -157.80
8 -37.54 -133.05 -36.67 -133.15 -36.12 =-133.19
9 -52.34 -148.64 -51.51 -148.79 -50.98 -148.86
10 -44.57 -140.78 -43.72 -140.91 -43.18 -140.96
11 -39.74 -139.54 -39.04 -139.90 -38.65 =-140.17
12 -56.87 -155.70 -56.15 -156.00 -55.75 -156.24
13 -20.48 14.57 -20.18 15.09 -20.00 15.42
14 -1.12 31.00 -0.91 31.45 -0.78 31.74
15 -37.62 -138.82 -36.95 -139.25 -36.56 -139.54
16 25.79 49.22 25.87 49.49 25.92 49.66
17 9,95 25.18 9.82 25,13 9.67 25.01
18 17.41 43.26 17.62 43.65 17.76 43.92
19 -47.78 -144.71 -46.98 -144.90 -46.49 =145.03
20 3.12 31.58 3.29 31.96 3.40 32.10
21 9.58 21.42 9.14 21.03 8.70 20.61
22 1.50 5.68 1.47 5.70 1.46 5.72
23 21.06 37.70 21.01 37.74 20.94 37.72

3p11 angles measured in degree

brhe generator los

t.

with respect to COI.
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TABLE 4. Maximum swing angles: St. Lucie 880 Mw lost
time approximation
simulation 1linear series
l-term 3~term S5-term
gen. no. g2 gud gma gnb gn@a gmb gm gnb
1 -70.5 -64.8 -69.8 -64.6 -69.9 -70.1 -70.3 -70.8 -71.3
2 -67.9 -63.1 -68.6 -62.9 -68.7 -74.3 -74.4 -76.8 -77.3
3 -50.3 -48.1 -52.9 -47.9 -52.9 -53.0 =53.2 -53.7 -54.1
4 -43.8 -36.5 -41l.1 -36.3 ~-41.1 -41.0 -41.2 -41.5 -41.9
5 -91.3 -77.0 -82.8 -76.8 -82.8 -89.0 =-89.2 -91.9 -92.4
6 -100.7 -82.5 -88.6 -82.3 -88.6 -100.5 -100.7 -105.2 -105.7
7 -96.2 -81.7 -87.7 -81.5 -87.7 -98.4 -98.7 -102.8 -103.3
8 -C -C ~C -C -C -C -C -C -C
9 -86.7 -73.1 -79.0 -72.9 -79.0 -86.7 -86.9 =-90.2 -90.7
10 -7%.1 -65.3 -71.2 =-65.1 -71.2 -=74.9 -75.1 -77.0 -77.5
11 -53.9 ~50.9 -55.4 -50.4 -55.4 -55.7 -55.9 ~56.4 -56.8
12 -77.4 -69.8 -75.1 -69.6 -75.1 -76.5 -76.6 -77.7 -78.2
13 -22.7 -4.8 =3.2 -4.8 -3.2 -3.5 =3.4 -3.4 -3.3
14 -0.9 10.4 1l1.7 10.4 11.7 12.0 12.0 12.2 12.3
15 -49,7 -51.9 -56.6 -51.,7 -56.6 -56.8 -57.0 -57.4 -57.8
16 26.5 32.9 34.0 32.9 34.0 34.2 34.3 34.4 34.5
17 11.0 14.5 15.2 14.5 15.2 15.4 15.4 15.6 15.6
18 18.6 25.8 26.9 25.7 26.9 27.2 27.2 27.4 27.5
19 -70.9 -66.5 -72.1 -66.3 -72.1 -77.8 -77.9 -80.4 -80.8
20 3.6 12.9 14.1 12,9 14.1 14.4 14.4 14.6 14.7
21 10.8 12.8 12.4 12.8 13.4 13.5 13.6 13.7 13.7
22 2.9 1.8 2.1 1.8 2.1 2.3 2.3 2.2 2.2
23 21.8 21.3 21.3 21.3 21.3 21.6 21.6 21.6 2l1.6

3pased on the system total energy criterion.

sed on the two machine equivalent energy criterion.

CThe generator lost.
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criteria developed in Chapter III for the loss of 880 Mw of generation at
St. Lucie station and the loss of 820 Mw of generation at Crystal River
station, respectively. The apparent impedances are computed for the out-
of-step relay on the Ft.White-Suwanee line at the Ft. White bus.
By examining the data given in Tables 4 and 5, the following
obervations can be made:
® The rotor angles of gm obtained by the linear approximation to
the trajectory are very close to those of @™ obtained by the
1-term approximation.
® The 3-term and the 5-term series approximations to the system
trajectory give similar values of ©".
® The two energy-based criteria provide good results when the
3-term and the 5-term series approximations are used. While both
criteria provide similar results for the case of loss of 880 Mw
of generation at St. Lucie station, the criterion based on the
two machine equivalent energy give better results for the case of
loss of 820 Mw of generation at Crystal River station.
® When the linear or the l-term approximation to the trajectory is
used, the criterion based on the two machine equivalent energy
gives better agreement with time simulation than when the
criterion based on the total system energy is used.
When the level of generation lost is increased by 100 Mw and 200 Mw
at both of the generation stations, the rotor angles at gm are given in

Tables 6-9.
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TABLE 6. Maximum swing angles: St. Lucie 980 Mw lost
time approximation
simulation linear series
1~term 3-term 5-term

gen. no. gnd gmbd gmd gnb gmd@ gmb gmd  gub
1 -72.4 -66.0 -70.6 =-66.0 -70.7 -71.3 -74.5 =-71.9 -=75.1
2 -70.0 =-64.5 -70.0 -64.5 -70.0 -76.1 -79.4 -78.6 -82.0
3 -51.9 -49.5 -53.8 -49.5 -53.9 =-54.3 -57.3 -54.8 =57.8
4 -45.6 ~37.4 -41.7 -37.4 -41.8 =-41.8 =-44.8 -42.2 -45.2
5 -93,5 -77.8 -83.1 -77.8 -83.2 -90.3 -93.8 =-93.2 =96.7
6 -103.2 -83.2 -~88.8 -83.2 -88.9 -102.2 -105.8 -106.9 -110.5
7 -98.2 ~-82.4 -87.9 -82.4 -88.1 -99.9 -103.5 -104.4 -107.9

8 -C - -C -c -C -C -C -C -C
9 -88.6 -73.8 =-79.2 -73.7 -79.3 -87.9 -91.6 =-91.4 -94.9
10 -76.6 -65.9 -71.4 -65.9 =-71.5 -75.7 -=79.3 -77.7 -8l.4
11 -55.8 ~52.2 ~-56.6 -52.2 ~56.7 -57.2 -60.2 -57.6 -60.7
12 -79.3 -70.1 -75.8 -70.9 -75.9 -77.7 -80.9 -78.8 -82.1
13 -22.7 -2.1 -0.8 -2.1  -0.7 -1.1 -0.2 -1l.1 =0.2
14 -0.8 12.3 13.5 12.3 13.5 13.8 14.5 13.9 14.7
15 -51.2 -54.0 -58.3 -53,9 -58.4 -58.7 =-61.6 -59.1 62.1
16 26.4 34.2 35.1 34.2 35.1 35.4 36.0 35.6 36.2
17 10.9 15.1 15.7 15.1 15.7 15.9 16.4 16.1 16.5
18 18.9 27.3 28.3 27.3 28.3 28.6 29.3 28.8 29.4
19 -72.7 -67.9 -73.0 =-67.9 -73.1 ~79.6 -82.9 -82.2 -85.6
20 3.7 14.6 15.7 14.6 15.7 15.9 16.6 16.1 16.8
21 10.5 12.9 13.4 12.9 13.4 13.6 13.9 13.7 14.0
22 3.0 1.6 1.9 1.6 1.9 2.1 2.3 2.0 2.2
23 21.6 26.8 27.5 26.8 27.5 27.7 28.2 27.9 28.3

2pased on the system total energy criterion.

bRased on the two machine equivalent energy criterion.

CThe generator lost.
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Maximum swing angles: Crystal River 920 Mw lost

TABLE 7.

time
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ystem total energy criterion.
sed on the two machine equivalent energy criterion.

3pased on the s
CThe generator lost.

bpa
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TABLE 8. Maximum swing angles: St. Lucie 1080 Mw lost
time approximation
simulation 1linear series
l-term 3-term 5-term
gen. no. gmd gud gma gub gma gub gm@ gmb
1 -74.7 -67.8 -72.3 -67.9 -72.4 -72.9 -75.9 -73.4 -73.5
2 -72.0 -66.5 -71.5 -66.6 -71.6 -78.3 -81.4 -80.9 -80.9
3 -53.9 -51.3 -55.6 -51.4 -55.7 ' -55.9 -58.7 -56.3 -56.4
4 -47.9 -38.9 -43.1 -38.9 -43.1 -43.0 =-45.8 ~-43.3 =-43.4
5 -96.4 -79.3 -84.5 -79.4 -84.7 -92.1 -95.3 -94.9 -95.0
6 -106.3 -84.7 -90.2 -84.8 -90.3 -104.3 -107.7 -109.1 -109.3
7 -100.9 -83.9 -89.3 -83.9 -89.4 -101.9 -105.3 -106.5 -106.6
8 - -C -C -C -C -c -C -C -C
9 -91.2 -75.1 -80.6 -75.2 -80.6 -89.7 =-93.1 -93.1 -93.3
10 -78.7 -67.3 -72.7 -67.4 -72.8 -77.0 -80.4 -78.9 =-79.0
11 -58.1 ~-54.3 -58.6 -54.3 -58.7 -58.9 =-6l1l.7 -59.3 =59.4
12 -81.8 -72.7 -77.5 -72.8 -77.6 -79.3 -82.4 -80.4 -80.5
13 -22.7 0.4 1.6 0.4 1.7 1.1 2.0 1.0 1.0
14 -0.7 14.2 15.2 14.2 15.2 15.4 16.1 15.6 15.6
15 -53.1 -56.4 -60.6 -56.5 -60.7 -60.8 -63.6 -6l.1 =-61.2
16 26.3 35.4 36.2 35.4 36.2 36.5 37.1 36.6 36.6
17 10.8 15.7 16.2 15.7 16.3 16.5 16.8 16.6 16.6
© 18 19.2 28.8 29.7 28.8 29.8 29.9 30.6 30.1 30.1
19 -75.1 -70.0 -74.9 -70.1 -75.1 -81.9 -84.9 -84.4 -84.5
20 3.7 16.2 17.2 l6.2 17.2 17.4 18.0 17.5 17.5
21 10.1 12.9 13.4 12.9 13.4 13.6 13.9 13.7 13.7
22 3.2 1.7 1.9 1.7 1.9 2.1 2.3 2.0 2.0
23 21.4 27.5 28.1 27.5 28.2 28.4 28.8 28.5 28.5

2Based on the system total energy criterion.

sed on the two machine equivalent energy criterion.

CThe generator lost.
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Maximum swing angles: Crystal River 1020 Mw lost

TABLE 9.

approximation

series

linear

time
simulation

5-term

R R R R R e

3-term

l1-term

gen. no.

-9502
-710 9

-80.7
-57.5

-91.7
_7109
-6103 -730 58

-7809
_59.7

-80.9
-71.8

-70.2
-62.1

-8009
"'71-8

-7002
-62.1

-54-0 -6402 -5400 —6402 -6206 -7606
-C ~C -C ~C -C ~C -C -C

-87 .7

-68.9

-6609
~C

3pased on the s

bpa

ystem total energy criterion.
sed on the two machine equivalent energy criterion.

CThe generator lost.
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The comparison of maximum swing angles

By examining the changes of the rotor angles at gm, the following
observations can bé made:

® For the case of loss of generation at St. Lucie station the rotor
angles at 6" of the critical machines change about 2-3 % as the
level of géneration lost is increased by 100 Mw. However, for
the case of loss of generation at Crystal River station, the
rotor angles at gm of the critical machines change 3-4.5 % as the
level of generation lost is increased by 100 Mw.

¢ While the rotor angles at 8% of the critical machines change,
those of the non-critical machines do not change.

® While the rotor angles at Qm of the critical machines determined
by the proposed technique compare well with those obtained with
time simulation, some of the non-critical machines are off by
some extent.

The swing impedance locus was obtained by the procedure proposed in
Chapter V using the two energy-based criteria along the approximated
trajectory. For the two base cases, the results are given in Figures
7-21. For each case the results with the proposed procedure are given

together with time simulation for easy comparison.

The comparison of minimum apparent impedance seen by the out-of-step relay

The results displayed in Pigures 7-21 show the followings:
® Both energy-based criteria give values of minimum apparent
impedance seen by the out-of-step relay which compare well with

the values obtained by time simulation. Thig is shown by the
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FIGURE 7. Loss of 880 Mw of generation at St. Lucie: linear
approximation based on the system energy
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FIGURE 8. Loss of 880 Mw of generation at St. Lucie: linear
approximation based on the equivalent energy
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FIGURE 9. Loss of 820 Mw of generation at Crystal River: linear
approximation based on the system energy
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FIGURE 10. Loss of 820 Mw of generation at Crystal River: linear
approximation based on the equivalent energy
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FIGURE 12. Loss of 880 Mw of generation at St. Lucie: l-term
approximation based on the equivalent energy
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FIGURE 11. Loss of 880 Mw of generation at St. Lucie: l-term
approximation based on the system energy
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FIGURE 13. Loss of 820 Mw of generation at Crystal River: l-term
approximation based on the system energy
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FIGURE 14. Loss of 820 Mw of generation at Crystal River: l-term
approximation based on the equivalent energy
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FIGURE 15. Loss of 880 Mw of generation at St. Lucie: 3~term
approximation based on the system energy
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FIGURE 16. Loss of 880 Mw of generation at St. Lucie: 3-term
approximation based on the equivalent energy
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FIGURE 17. Loss of 820 Mw of generation at Crystal River: 3-term
approximation based on the system energy
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FIGURE 18. Loss of 820 Mw of generation at Crystal River: 3~term
approximation based on the equivalent energy
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FIGURE 19. Loss of 880 Mw of generation at St. Lucie: S~-term
approximation based on the system energy
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FIGURE 20. Loss of 880 Mw of generation at St. Lucie: S5-term

approximation based on the equivalent energy
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FIGURE 21. Loss of 820 Mw of generation at Crystal River: S5-term
approximation based on the system energy

o
©J —___ TIME SIMULATION (CRYSTAL RIVER 820 MW LOST)

° ———. 5-TERM APPROXIMATION

X IN PU
0. 00 0. 40

—

-00 40

-0.80 -0. 40 -0. 00 0. 40 0. 80 1. 20
R IN PU

FIGURE 22. Loss of 820 Mw of generation at Crystal River: 5-term
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close comparisoh of the final point on the swing impedance locus.
® Yhile the linear and the l-term approximations to the trajectory
give the similar swing impedance locus, the 3-term and S5-term
approximations to the trajectory provide the similar swing
impedance locus.
® The 3-term<and the 5-term approximations give better results than
when the linear or the l—term'approximation is used.

Figures 23-37 show the swing impedance loci for the four other cases
obtained by increasing the level of generation lost. The results
displayed in Figures 23-37 indicate the followings:

® While the starting points of the swing impedance loci moved away
from the relay zone to left as the level of generation lost is
increased, the end points of those loci moved inside the relay
zone further.

¢ The patterns of the swing impedance locus 4o not change as the
level of generation lost is increased.

® In all the cases analyzed, the maximum error between the minimum
apparent impedances obtained by the approximations and that

obtained by time simulation is 2.58 %.
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FIGURE 24. Loss of 980 Mw of generation at St. Lucie: linear
approximation based on the equivalent energy
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FIGURE 23. Loss of 980 Mw of generation at St. Lucie: linear
approximation based on the system energy
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FIGURE 25. Loss of 920 Mw of generation at Crystal River: linear
approximation based on the system energy
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FIGURE 26. Loss of 920 Mw of generation at Crystal River: linear
approximation based on the equivalent energy
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FIGURE 27. Loss of 980 Mw of generation at St. Lucie: 3-term
approximation based on the system energy
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FIGURE 28. Loss of 980 Mw of generation at St. Lucie: 3-term
approximation based on the equivalent energy
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FIGURE 29. Loss of 920 Mw of generation at Crystal River: 3-term

approximation based on the system energy
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FIGURE 30. Loss of 920 Mw of generation at.Crystal River: 3-term

approximation based on the equivalent energy
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FIGURE 31. Loss of 1080 Mw of generation at St. Lucie: linear
approximation based on the system energy
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FIGURE 32. Loss of 1080 Mw of generation at St. Lucie: linear
approximation based on the equivalent energy
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FIGURE 33. Loss of 1020 Mw of generation at Crystal River: linear
approximation based on the system energy
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FIGURE 34. Loss of 1020 Mw of generation at Crystal River: linear
approximation based on the equivalent energy
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FIGURE 35. Loss of 1080 Mw of generation at St. Lucie: 3-term
approximation based on the system energy

(=]
24 — TIME SIMULATION(ST. LUCIE 1080 MW LOST)
———. 3-TERM APPROXIMATION
o
bl
2
=
[ ]
<3
o.- \\L—_/
o
-
Cls 1 1 ) ] \
-0. 80 -0. 40 -0. 00 0. 40 0. 80 1.20

R IN PU

FIGURE 36. Loss of 1080 Mw of generation at St. Lucie: 3-term
approximation based on the equivalent energy
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FIGURE 37. Loss of 1020 Mw of generation at Crystal River: 3-term
approximation based on the system energy
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FIGURE 38. Loss of 1020 Mw of generation at Crystal River: 3-term
approximation based on the equivalent energy



80
CHAPTER VII. CONCLUSION

In this dissertation, a procedure was presented in which the
transient energy margin, obtained by the transient energy function method,
was used to detect if the zone of the out-of-step relays is entered during
the first swing transient following a particular disturbance. The
procedure was validated by comparing minimum apparent impedance seen by
out-of-step relay and the swing impedance locus obtained from the proposed
procedure with those obtained from time simulation.

The dissertation suggests that a two machine equivalent formulated at
the fictitious inertial centers of two groups of machines provides a
better explanation of the effects of the swings of the synchronous
machines on the apparent impedance "seen" by the out-of-step relays. The
information to obtain such a two machine equivalent is provided by the
controlling u.e.p.: i) the grouping of the critical machines indicated by
rotor angles greater than + 90 degrees or less than - 90 degrees, and ii)
the grouping of the rest of the system.

The followihg conclusions can be drawn from the results presented in
this dissertation:

® A technique has been developed to relate the transient energy
margin, obtained by the transient energy function method, to the
point of minimum apparent impedance on a line protected by the
out-of-step relay. The energy margin based on both the total
system energy and the two machine equivalent energy give minimum
apparent impedances which compare well with those obtained from

time simulation.
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A procedure to obtain the swing impedance locus using an
approximation to the system trajectory is proposed.

A technique to obtain an approximation to the post-disturbance
trajectory is proposed. The proposed technique utilizes the
information at two points: i) at the instant of disturbance
removal, and ii) the controlling u.e.p.

Two types of approximation are proposed: i) the linear trajectory
approximation, and ii) the series approximation using the first
few terms of the Fourier series.

The technique is tested for loss of generation disturbances in an
equivalent of the Florida Power & Light company network. The
technique accurately predicts the point of minimum apparent
impedance and satisfactorily provides the swing impedance locus.
This procedure represents the first attempt to relate the
transient energy margin obtained by the transient energy function
method from a reduced formulation of a power system to some
parameter within the network. This concept could be extented to
other parameters which need to be monitored.

The procedure can be incorporated into rapid transient stability
assessment by the transient energy function method in order to
obtain the voltage profile at some important load buses.

The research presented in this dissertation extends the
applicability of the transient energy function method to power
systems.

1). It may help in offering guidelines for setting out-of-step
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relays.

2). It overcomes some of the current limitations of the
transient'energy function method [48] about not providing

information within the network.
Suggestion for Future Research

On the basis of the investigation conducted in this research work,

of the problems that need further attention are:

Implementing aspects of the out-of-step relay reported in [39,40]
into the transient energy function method. This subject is of
particular interest because the rate of change of the apparent
impedance seen by out-of-step relay can be described as a
function of the generators' rotor angles and velocities.
Implementing a procedure that will monitor voltage at some key
buses in the network following a disturbance. This dissertation
suggested a formulation that will provide the voltage profile at
some load buses. The formulation in the dissertation was used to
obtain the swing impedance locus. The development of a procedure
that will provide the voltage profile at some key buses and
compare them to those obtained from time simulatioﬁ through a
parameter variable such as potential energy may extend the

applicability of the transient energy function method further.
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