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ABSTRACT
LYAPUNOV STABILITY BASED NETWORK CONDITIONS

FOR CHARACTERIZING RETENTION AND
LOSS OF POWER SYSTEM TRANSIENT STABILITY

By

Gholamhossein Sigari

A topological energy function has been derived from the
first principles that retain the network without aggregation
back to generator internal buses and includes a general
description of real and reactive power load models as a
function of voltage. For the special case of a constant
real power, constant current reactive load model and the one
axis generator model a topological Lyapunov energy function
has been derived.

Based on the Popov stability criterion a characteriza-
tion of the region of stability and a definition of loss of
transient stability have been presented. Then three differ-
ent theorems stating necessary and sufficient conditions for
the loss of transient stability have been established. The
conditions stated in these theorems describe an estimate of
the region of instability. Although a precise boundary
between the region of stability and the region of
instability is not established a relationship between the

regions of stability and instability has been established.
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Gholamhossein Sigari

The necessary condition for instability provides a condition
that if satisfied, will ensure that a loss of stability will
occur. Thus the necessary and sufficient conditions provide
easily tested conditions on the entire states of the system
which can be clearly identified with the loss of synchronism
inherent in the 1loss of transient stability. These
necessary and sufficient conditions for loss of transient
stability permit the proper definition of stability margin
that measures the relative security of the system for a
particular fault cleared at a particular clearing time with
a given fault clearing action.

Stability criteria are proposed based on the Popov
stability criterion and these necessary and sufficient
conditions for loss of stability. These stability criteria
are then related to the PEBS method developed for the single
machine energy function and the PEBS method based on the
cutset energy function.

The above theoretical results were tested on the 39 bus
New England system. These tests confirmed the properties of
the energy function and Lyapunov energy functions. The
stability criteria tested clearly and accurately determined
the critical cutset and critical clearing time and verified
the accuracy and validity on the stability criteria that

were developed based on the theory developed.
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CHAPTER 1

INTRODUCTION

The present method of determining retention or loss of
stability due to transients caused by electrical faults or
loss of generation contingencies is time-step integration of
the differential equations. The transient stability
programs that perform the time step integration can take as
long as 15 CPU minutes on the largest and fastest computers
to determine retention or loss of stability for a single
fault, cleared at a specific time with a specific line
switching action, on a specific system* with a particular
network configuration; load level, type and distribution;
unit commitment, generation dispatch, and base case load
flow. To determine the transfer capabilities from the
Northwest (Oregon, Washington) and the East (Utah, Nevada,
Arizona) to southern California for each season (summer,
winter, spring, fall) requires solutions of hundreds of
fault cases that keep a VAX 785 running continuously for
three months. Although not all utilities must be as

concerned with 1limiting power transfers to maintain

*The computation time depends on the model and the
complexity and size of the system. The CPU time reported
above is obtained from results on the WSCC system.
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2
transient stability over a wide range of operating
conditions and fault cases; all utilities perform transient
stability simulations and set transfer limits on generating
units and across interfaces that are based on transient
stability simulations for the operating conditions expected
over each season or year.

Transient stability simulations are performed daily on
the Ontario Hydro System in order to adjust the seasonal
transfers based on changes in network configuration, unit
commitment, load level and distribution, voltage profile,
and load flow conditions expected over the next day.

Operators at the control center desire the ability to
perform transient stability simulations to assess the
stability margin of the system for a current operating
condition that was not anticipated by operation planners in
their seasonal or daily assessments. The capability of
performing transient stability simulations on 1line is
completely impractical at present based on the very large
computation time required even for the fastest computers
using the simplest of power system models. Thus, the
operator cannot adjust transfer limits on-line based on
transient stability simulations for faults given the
operation condition presently experienced or anticipated to
occur over the next few hours.

Adaptive protection schemes that would only trip
generators when a loss of transient stability would be immi-

nent for a particular operating condition, given occurrences
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of a particular fault, would be feasible if transient
stability simulation could be performed with computational
requirements equal to load flow (steady state solution of
the network equations). The tripping of large radially
connected generators can cost a utility $20,000 an hour in
increased fuel costs. The generator tripping may require
the generator boiler to be shut down and restarted, which
can take up to a week in some casés. A utility could save
fuel costs by not tripping a particular generator for every
possible contingency but only for those that would cause a
possible loss of transient stability.

The time step integration of the transient stability
model, includes

1) 2N nonlinear algebraic equations that repre-
sent the N bus transmission network;

2) the kM differential equations that describe
the synchronous generator, exciter, power
system stabilizer, and turbine energy system
for the M generating units in the model. The
order of the model k can be as low as 2 for a
classical machine model and as high ten for a
more sophisticated model that requires tremen-
dous CPU, I/O and memory.

A fast transient stability method has long been desired
that could determine retention or loss of stability with the
computation requirements of a load flow. Two developments
are necessary to make such a development a reality:

1) the determination of a Lyapunov function and a

characterization of the region of stability
for the particular system and fault case;

2) a method for predicting whether the system

fault trajectory will remain within the region
of stability and remain stable or else enter

the region of instability and thus 1lose
stability.
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Significant research effort has been expended on
developing the energy function and characterizing the region
of stability. Up to now, these efforts have been only
marginally successful at best. The research reported in
this thesis is directed at developing Lyapunov functions or
energy functions for much more detailed transient stability
models than have been previously developed. A charac-
terization of the region of stability and region of
instability 1is then established that greatly extends
previous results. This characterization of the region of
stability is then used to justify a stability criterion that
is related to the potential enérgy boundary surface (PEBS)
methods developed for the single machine energy function.

It should be noted that no effort will be made to
develop a method for predicting whether a fault trajectory
will remain within the region of stability or enter the
region of instability given a particular fault, fault
clearing time and clearing action, and a particular system
and its operating condition. Such a method was developed in
a previous thesis for the classical power system model  and
could be extended to the more complex models. [21]

The ultimate development of a fast transient stability
assessment method can

1) greatly reduce the computational requirements

for determining transfer 1limits in seasonal
transmission performance assessments;

2) permit daily transfer limit adjustments based

on hundreds of transient stability simulations

at modest computational requirements and
costs. At present, only a few transient
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stability simulations can be performed to
adjust transfer limits based on the expected
operating condition over the next day;

3) permit on-line transient stability simulation
and transfer 1limit adjustment by operators.
At present, the capability to simulate faults
on-line is impossible;

4) permit adaptive generator tripping, that would
only trip a generator when the particular
contingency that occurred on a system with a
given operating condition would cause loss of
transient stability.

Power System Stability Models
Considered in This Thesis

A review of the literature on the development of Lya-
punov functions and energy functions is given in Chapter 2
along with discussion of the equal area and PEBS methods for
det;rmining retention or loss of stability. In Chapter 3, a
topological energy function is derived from first principles
which retains the network without aggregation back to
generator internal buses and which includes a description of
real and reactive power load models as a function of
voltage. Similar models have been hypothesized (9, 16] but
never derived from first principles.

A Lyapunov function is derived for a model that

1) retains the network and does not aggregate the
network back to internal buses;

2) models the real power load as constant power
and the reactive power load as constant
current;

3) models the flux linkage decay in the synchro-
nous machine as well as the electromechanical
component of the machine model.
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This Lyapunov function is derived using the Popov
Criterion of the Moore Anderson [10] and the construction
method of Willems [3].

In Chapter 5, a discussion of the region of stability
based on the Popov stability criterion and the definition of
the 1loss of transient stability 1is presented. Three
different theorems stating necessary and sufficient condi-
tions for loss of transient stability are established. A
stability criteria; based on the region of stability and the
region of instability 1is proposed for determining the
critical cutset and critical clearing time. A second
stability criterion is proposed that based on a performance
measure determines the critical clearing time.

The stability criteria developed in Chapter 5 are
reviewed and then applied to four fault cases. The results
indicate that both stability criteria can determine the
critical clearing time with no detectable error. These
results confirm the theory developed in Chapter 5, upon
which they were proposed. Chapter 7 reviews the research
performed in the thesis and its contribution. A discussion

of extensions of the research is also given.






CHAPTER 2

REVIEW OF LYAPUNOV STABILITY THEORY
APPLIED TO POWER SYSTEMS

The objectives of this chapter are

1)

2)

3)
4)

5)

2.1 Equal Area Criterion for the Single Machine Infinite

to introduce and review the simplified single
machine infinite bus power system transient
stability model;

to discuss the equal area and potential
energy boundary surface methods for deter-
mining retention or loss of stability for
this single machine infinite bus model. This
discussion provides understanding and motiva-
tion for the analysis that derives the region
of stability and the region of instability
for multimachine transient stability models
in Chapter 5;

to review Lyapunov stability theory;

to review the literature in [3, 9, 17] and
developing Lyapunov based and integral based
energy functions for various power system
transient stability models;

to present the form of the energy functions
derived for different power system transient
stability models.

Bus Model

The simple single machine
transient stability model is introduced to indicate the
general form of the multimachine transient stability model
which will be presented and discussed later.

criterion is presented

7

infinite bus power system

The equal area

in order to indicate the energy
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transfers during a fault and during the post fault period
after the fault is cleared. The fault is cleared by an
appropriate line switching action that isolates the faulted
branch.
The single machine infinite bus transient stability
model has the form:
M&= P -C Sin (W) (2.1)
where
M: generator inertia constant,(J.s)
§: generator angle, (Radians)
Pm: mechanical input, (W)
E Vo
C: x where E is generator's internal voltage, Ve
is infinite bus voltage and x is the equivalent
transmission line reactance connecting the generator
internal bus and the infinite bus.

The prefault model and the prefault stable equilibrium

point §s1 are defined by

5 = - . sl

Mé o Pm C° Sin § (2.2)
where Pm’ the prefault power angle curve Co Siné§ , and 551
are shown in Figure 1l.a.

The faulted system model is defined as:

M§ = P~ C, Sin § (2.3)
where the faulted power angle curve C1 Sin 61 is shown in

Figure l.a. The post fault system is defined as:

M&= P, - Cy Sin S (2.4)
where the post fault power angle C, Sin 61 is shown in
Figure l.a. The post fault stable equilibrium point 652 is

defined as:
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Fig. (l.a) Power-angle curves showing the critical clearing
angles Gc and areas Al and A3.
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. s2 _
Pm - C2 Sin ¢ =0 (2.5)
and the unstable equilibrium point §Y is defined as:
. u _
P - C, Sin 8 .0 (2.6)
The system is assumed to remain at the prefault stable

sl until the fault occurs at t=0. At

equilibrium point §
t=0" and until the fault is cleared at t-t ., the mechanical
power Pm is larger than the electrical power C1 Sind (t)
causing the machine to accelerate. The energy

sl (2.7)

sl
Vpelt) = Py (6(£)677) + C; (Cosd(t)-Cos$
increases until the fault is cleared at t=tc. The accelera-
tion energy, which is the kinetic energy increase on the
inertia of machine, is:

c sl c sl
Al(tc) = Vpe(tc) = Pm(G -5 ) + C1 (CosS “=CosS ) (2.8)

where GC=Gi(tc). At t_, the fault is cleared and kinetic
energy Al(tc) must be absorbed by the post fault network for
the accelerated generator to reverse direction and return to
the stable equilibrium point 682. The acceleration energy
absorbed by the post fault network at time t is:

Ag(t,t ) =V _(t, t ) = P (S(£)5C) + C2(Cos<5(t)-Cos5c)

p (2.9)

This value of A3(t,tc) is negative and its absolute
value reaches a maximum at t=tB(tc) when the system is
stable where:

Aj(t.) + Ay (Ep(t ), ) =0 (2.10)

At t=tB(tc), the angle G(tB(tc)) reaches its maximum excur-

sion as shown in Figure l.a and the accelerating kinetic
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Fig. (l.b) Equal area criterion net acceleration energy
E(t) versus time.
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energy‘is totally absorbed by the network and the area
Al(tc) and A3(tB(tc)) in Figure l.a are equal reflecting the
condition given by (2.10). If the fault is cleared at the
critical clearing time tee condition (2.10) still holds but

the area A3(t,tc) is less than

u
&tB(tc))sd . If t >t .

Al(tc) for all >t and thus the velocity of the machine
angle 8(t) never reaches zero and &(t) passes the unstable
equilibrium point &Y. For §(t)>sY, A3(t,tc) increases and
Al(tc) + A3(t,tc) increases.

The net acceleration energy, defined as:

{Al(t) ogect,
E(t,t ) =|A (t) + Aj(t,t.) t>t (2.11)

increases during the fault 0<t<t. and decreases immediately
after te when the fault is cleared. If the system is
stable, the net acceleration energy satisfies

E(tB(tc),tc) =0 (2.12)

when the angle 6(t) reaches its peak excursion G(tB(tc))
where both tB(tc) and G(tB(tc)) depend on t_. 1f t ot
E(t,tc) never reaches zero for t>tc, as shown in Figure 1l.b.
Thus if E(t,tc) determines the minimum as a function of t
and defines the value as:

E*(tc) = min E(t,t,) (2.13)

then E*(tc) should equal zero for all tc<tcc and should be

an increasing function of tc for tc>tcc'
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2.2 Potential Energy Boundary Surface, (PEBS) Method

The potential energy boundary surface method is now
introduced for single machine infinite bus system model.
The PEBS method assumes that there is a maximum potential
energy absorption capability of the post fault network.
This maximum poténtial energy absorption capability is never
approaches for t.<t.c but is utilized in an attempt to
decelerate the accelerated machines for tc>tcc’ Figure 2.a
shows t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>