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SYNOPSIS

The aim of this thesis is to investigate the effects of load
modeling on transient stability studies and to analyze the
phenomenon of voltage collapse. In addition, the different
generator models are compared and the effects of voltage dips on
induction motor performance are investigated.

The modeling of loads dates back to the late forties when network
analyzers were still in use. The prohibitive computational
requirements resulted in many approximations being made to the
load models. In turn, this resulted in the use of simple models
which did not provide sufficient information about the dynamic
behavior of loads.

With the advent of digital computers, more accurate load models
could be used in dynamic simulations. Despite this improvement in
computational tools, the problem of load modeling for stability
studies is still very complex. The load composition changes with
the time of the day, the consumer’s lifestyle, weather, state of
the economy and other factors. The accurate 1load model would
include amongst other things, the effects of the abovementioned
factors. Since these factors are unpredictable, accurate load
modeling becomes very complex indeed. |

|
It is mainiy for these reasons that the approximate models are
still widely in use. Ideally, the response of these approximate
models should be compared to the response of the actual 1loads
under similar disturbances. |

|
A further[ concern of the thesis 1is the study of voltage
stability. The voltage stability problem has become a matter of
growing cobcern amongst bulk transmission utilities worldwide
over the last decade. For long, the stability of a power system
was related exclusively to the synchronous stability of the
generators. The power system blackouts in France, Italy, USA etc.
[35], have however, added a new dimension to the stability
problem. fhese power system blackouts resulted largely because of
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-a shortage of reactive power reserves due to the increase in load:
demand. This lack of reactive power reserves poses a serious
threat to the reliability of a power system.

Having sketched the scope of the thesis, the content is presented
in five sections as outlined below:

The first section gives an introduction to power system stability
concepts. The different stability problems, namely: transient
stability, dynamic stability and voitage stability are discussed.
The various methods used to study the system stability are also
discussed, namely: the equal-area criterion, the solution of
the swing equation, the direct method of Lyapunov and the
linearized state space method. A

The second section deals with generator modeling for stability
studies. Different generato:- models, as identified by the "IEEE
task force on definition and procedures", in conjunction with the
"IEEE working group on the determination and application of
synchronous models for stability studies", are simulated to
provide an insight into their transient behavior. ’

These generator models range from the simplest to the most
complex generator representation. The mathematical expressions
for the most complex generator model are derived in ([3]. The
mathematical expressions for the less complex generator models
can be derived by simply neglecting the appropriate terms from
the expressions of the most complex model.

The choice of a generator model for use in stability studies was
found to be highly problem dependent. Before a model is chosen,
it is necessary to know the needed accuracy from the study and the
tools that are available. For example, in cases where the stability
study involves investigating the. behavior of the loads, then less
complex model for the generators would suffice. However, in cases
‘where the study involves investigating the generator behavior,
then more complex models should be used.
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The third section reviews the problem of 1load modeling for
stability studies. The different types of static load models
are discussed, namely: constant admittance, constant current and
constant power. The different types of dynamic 1load models are
also discussed. These are: the steady-state and transient model
for the induction motors.

In addition, the characteristics of these different static and
dynamic load models are discussed. Simulations are then performed
to determine the effects of different 1load: models on the
transient stability results.

The modeling of local loads and remote loads is also considered.
The effects of different fault 1locations on the transient
stability results, using different 1load models, are - also
investigated.

The results of the simulation have shown that accurate load
modeling is very important in transient stability studies.
Different load models give completely different transient
stability results.The relationship between the location of the
load, the location of the fault and the load model need to be
considered. If this relationship'is not considered, false
conclusions regarding the system stability may be drawn.

The fourth section analyzes voltage collapse in a power system
with the following objectives : '

(a) To review the theory of voltage collapse.

(b) To present a description of voltage stability
phenomenon by using a simple example.

(c) To review the relationship between heavy 1loading
conditions and voltage instability.

Various assumptions are made in order to separate voltage
stability problem from rotor angle stability. These assumptions
are oversimplifying the problem but they permit an independent
analysis of voltage collapse.



The parameters that could affect voltage stability are discussed.
These are: the active power, the reactive pbwer and the
transformer tap position. A brief review of the 1literature on
voltage stability is presented and the causes of voltage
instability, inclﬁding the generator voltage dynamics and the
load dynamics are discussed.

The simulation results showed that voltage stability is mainly
caused by a relative shortage of reactive power resources. It
occurs when the system is operating at or near its transmission
capability and when the loading is high. Thus there is a close
relationship between heavy 1loading conditions and voltage
collapse.

The fifth section briefly reviews induction motor starting and
the effects of voltage dips on the motor behavior. The effects of
the following on the motor starting time was investigated :

(a) the type of load driven by the motor

(b) the MVA rating of the motor

(c) the initial load at starting

(d) the torque/slip characteristics of the motor and
(e) the motor reactance.

The effects of voltage dips with varying severities are also
investigated.

The results show that the type of induction motor load affects the
starting time of the motor. Induction motors driving linear loads,
take longer periods to reach full load conditions. The higher the
MVA rating of the machine, the longer it takes the motor to start.

The results also show that the starting period of the induction
motor can be reduced by starting the motor at a fraqtion of the
full load. The higher the reactance of the motor transformer, the
longer the starting period of the motor.
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All the simulation studies in the thesis were performed using the
state-of-the-art industrial~grade software package "POWER SYSTEM
SIMULATOR FOR ENGiNEERS (PSS/E)". This software package runs on
the Appollo Workstation. |
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CHAPTER ONE : AN INTRODUCTION TO POWER SYSTEM STABILITY CONCEPTS
AND MODELING B

1.1 INTRODUCTION

This chapter provides an introduction ‘to the power system
stability concepts and the modeling requirement. Different
stability problems are outlined, and their basic definitions
are given. In addition, the various methods used to study the
stability of the péwer system are discussed. Finally, a brief
overview of the modeling requirements for power system
analysis is given. .

An interconnected power system consists of generating units
( including excitation and turbine-governor systems ),
transmission lines, loads, transformers, static var compensators
and high voltage direct current lines. A bulk transmission power
system consists of many interconnected subsystems thus making the

power system analysis time consuming and complex.

It has been shown in the past that although the size of
interconnected power systems vary from one utility to the other,
‘the technical problems encountered by these utilities are
similar. Power system reduction methods exists, which help the
operating and planning personnel to reduce the size of their
respective power systems without losing the nature of the

technical problems at hand.

In power system stability studies, the rotating machines which
have similar oscillatory modes are identified and grouped into a
single, dynamically equivalent unit. The loads which behave in a
similar dynamic manner are also equivalenced into a single unit.
Using this equivalencing procedure, almost every power system can
be conveniently reduced to a two machine system or to a single
machine connected to an infinite bus (a bus where the voltage and

frequency are assumed to remain fixed ).



This procedure obviously has its shortcomings because some of the
details about the individual behavior of the machines are lost.
This however, is not of prime importance in power system
stability studies as compared to the saving in computation time
achieved by this equivalencing approach. It is estimated that (1]
a typical transient stability study with detailed modeling for a
500 bus 100 machine system might take up to an hour. This time

requirement is largely reduced by using equivalent system models.

When defining the different stability problems, either a single
machine interconnected to an infinite bus example or an example
with two machines interconnected with each other, will be used.
This is done in order to keep the problem as simple as possible

and also because of the reasons cited above.

1.2 POWER SYSTEM STABILITY CONCEPTS AND DEFINITIONS

A power system is considered to be stable if, after a disturbance
in the system, it returns to its original state or to a new
stable state.

There are three types of stability problems: the steady-state
(mosﬁ recently known as dynamic) stability, the transient
stability and the voltage stability. These stability problems are
closely related to each other but for purposes of analysis, they
are studied separately. These different stability problems are
discussed separately.

Dynamic stability problem

A power system is considered to be dynamically stable if it
returns to its original (or any stable state near the original)
state, after a small disturbance. Small disturbances would
include, amongst others, the gradual changes in 1load or

generation.



Fig 1.1 shows a basic system consisting of one generator and one
motor, connected through a line reactance. The power transfer

between the generator ( non-salient ) and the motor is given by:

P=_—_—' Sin5 ® & 0 00000 00000008000 e (1.1)
X ‘

Figure 1.1: A generat>r and a motor connected
through a line reactance

The total powér transferred depends on the internal Voltagés of
both machines, their angular difference and the reactance between
them. Equation 1.1 describes what is known as the power-angle
curve and is shown in figure 1.2.



Power

' C
PMAX
Electrical
B Power
PE>PM = . .
it PE= =22 sino
(-0 > 6o E X
o Ay Roror Deceierates \ pmecnanical
M
i ! \_Qperat,ng Power =Pp
Point
P\\\p5=pM
| \Pe<Py
i 6 < 60
! Rotor Acceierates
0 ; 1 .
0° 0o 80° 180°

Power Angie— 0

Fig 1.2 : Power angle curve
"
Suppose, for example, that under steady state conditions, the
power system is operating ‘at point A on the power-angle curve. At
this point, the mechanical and electrical power are equal. If the
motor 1load is increased slightly, the speed of the motor will
decrease by a small amount due to the retarding torque applied.

It will take some time for the input power to change, hence a
difference between input and output power will cause the motor to
decelerate. The power angle will increase, which in turn will
cause the input power to increase to equal the output power at
point B in figure 1.2. Point B is thus a new stable state.The
increase in synchronous power for a small change in & is given by

* AS = P * AS (1.2)

cos & is the synchronizing power coefficient.

where Pr



If the motor load is increased in small steps, a point C on the
power-angle curve will be reached. An increase of & beyond this
point will be followed by a decrease in electrical power. This
will increase the accelerating power and & will increase .even
further. The synchronizing power coefficient will be positive
when 8 < 90 degrees, zero when 8§ = 90 and negative when & > 90
degrees. For 8 > 90 degrees, the synchronizing power indicates
that synchronism between the two machines will be lost. ‘

Point C, where the power transfer is maximum, is the steady-state

stability 1limit. The maximum power transfer for a non-salient

machine occurs when & = 90 degrees or
'E E
*
Py = " S e eeeeaaea ceee (1.3)
X

Any attempt to transmit more power beyond P will result in
steady-state instability. The pdwer transfer for a salient pole
machine with negligible resistance is given by

. X, - X _
P=-—— sin é - [ 1 ] sin 286 ..... (1.4)
2

X* X
d q

and the steady state stability limit occurs when 8§ < 90 degrees.

If however, these generator types are fitted with automatic

voltage regulators, the steady-state stability limit will occur at
8 > 90 degrees.



Voltage stability problem

Voltage stability is a new type of stability problem, less
understood and subject to ongoing research. In voltage stability
studies, the main concern is the stability of the loads. Voltage

instability is associated with a relative 1lack of adequate
reactive 'power reserves, interconnection of bulk power systems
operating at the limit of their transmission capacity, and the
availability of generation.

Voltage stability is more difficult to analyze because it has
both steady-state and dynamic aspects. The voltage at the load
terminal will slide down to collapse, due to the static and
dynamic behavior of the load. Voltage stability will be discussed
in detail in chapter four.

1.3 METHODS USED TO STUDY STABILITY

There are various methods used to determine the stability of
synchronous machines. The simplest method is the equal-area
criterion although this method is 1limited to one machine and
infinite bus, or to two machines. The more complex method which
is often used for multimachine systems, is the method of solving
the swing equations of the synchronous machines. This method
involves solving large high order differential equations and
algebraic equations and 1is therefore time consuming and

necessitates the use of high speed digital computers.

Recently, the energy method has been used to identify region of
attraction and repulsion in a power system. This method will not
be covered in the research. However, the kernel of the method
will be discussed briefly.

The linearized state space approach is also used to determine the
stability of the system. This method is only useful in dynamic
stability studies. Eigenvalues of the state matrix are calculated
and these indicate whether the system is stable or not.



i

These different methods are discussed below separatelyi

1.3.1 The equal-area criterion

This method is based on the calculation of the integral of the
surface between curves and is used to analyze the stability of a

synchronous machine connected to an infinite bus, or the
stability of two synchronous machines. The kernel of this method
is the comparison of the acceleration energy of the machine,
expressed as a surface and the deceleration energy of the
machine, also expressed as a surface. For two machines to remain
in synchronism ( or one machine with respect to an infinite bus),
the acceleration and deceleration surfaces must be équal.

There are some basic assumptions that are made when using this
method. These are: constant input power, no damping and constant
field flux 1linkage or constant voltage behind transient
reactance. The input power is assumed constant because the action
of the prime mover and the governor are so slow that, for the
first swing, their effects can be neglected. In any case, when
their effects become appreciable, they tend to aid stability.

Damping is neglected with the consideration that if the system is
stable duriﬁg the first angular swing, it is most 1likely to be
stable when damping is introduced. The magnitude of the
oscillations will die out with time.

The field flux linkage is assumed to remain constant because the"
flux in the field winding cannot change instantaneously. For the
first cycle, it suffices to assume that the generator internal
voltage is constant. If however, the generator is fitted with
automatic voltage regulators, negative damping may be introduced.



Transient stability problem

Transient stability is a feature of the power system to withstand
major disturbances such as three-phase faults, sudden changes in
load, total 1loss of 1load or generation and tripping of
transmission lines.

Suppose, the power system is operating at point A ( see figure
1.2 ) in steady state. A sudden load is applied to the induction
motor. The speed of the motor will decrease substantially causing
a sudden change between input and output power. Since the
mechanical power cannot change abruptly, the deceleration power
will be large and will cause the rotor angle to advance faster.

The input mechanical power of the motor will increase slowly,
trying to balance the electrical power. However, the ac:celeration
of the rotor may cause 8 to go beyond 90 degrees ( depending on
the amount of impact load applied ),hence pulling the machine out
of step, before the mechanical power can equal the electrical
power.

The transient stability limit in this case, is detérmined‘by the
maximum amount of sudden load applied to ensure that the machine
remain in synchronism. If the major disturbance was a tripping of.
a transmission line for example, the transient stability 1limit
would be determined by this type of disturbance. Transient
stability study is thus very specific and dependent upon the type
of disturbance applied. The period of concern for transient
stability is usually one to two seconds after the disturbance.
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The critical clearing angle in figure 1.4 can be found from the
following equation:

P1(6b-8 ) +P , COS ab - P cos &
cos § = 2 u ne 2 .. (1.9)
€ P -P .

mb mc

where P , P , P are the maximum powér transfers for the
pre-fault, faulted and post-fault power/angle curves. For
stability to be maintained, the shaded area "A" must be less or
equal to shaded area "B" ( see figures 1.3 and 1.4 ).

1.3.2 The solution of the swing equation

The swing equation describes the motion of the machine rotor. It
gives the relationship between the inertia torque and the
resultant 4of the mechanical and electrical torques. In its
simplest form, the swing 2quation is given by

J8=T ® ® & o & & © 0 5 0 0 0 8 0 0 0 (1.10)

where J is the moment of inertia of the machine, and T is the

acceleration torque. The most common representation of the swing
equation is in terms of the inertia constant H, the accelerating
power P and the angular position § with respect to a rotating

reference rather than a stationary reference as shown below:

— — =P-P =P ce e s ceesee (1.11)

Jwr
where H = VAT
The solution of the swing equation gives & as a function of time.
A graph of the solution is known as the swing curve. Thus, if a
power system contains n number of synchronous machines, n swing
equations must be solved simultaneously. The direct closed
form solution is not applicable, considering that differential
equations are involved. A recursive (step-by-step ) approach is
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used to solve this equation. Once the solution is obtained, the
swing curves will show whether the system is stable or not.

This point-by-point method uses iterative techniques to solve the
swing equations. Some variables are assumed constant during a
time step and others are calculated. At the end of the time step,
new values for the variables which were previously assumed
constant, are recalculated and the process repeated.

When solving the swing equation, the accelerating bower is
assumed constant during the time step. The final values of w
and & are calculated from the initial values. Once these values
are obtained, a new value of the accelerating power |is
calculated. Since the mechanical power is constant during the
first swing, the problem is reduced to calculating the electrical
power. This can be obtained by solving the power flow equations
of the network. ' '

1.3.3 The direct method of Lyapunov

The Lyapunov method is a general method for solving the stability
of non-linear differential equations. This method can be used to
determine the stability of a power system, because it provides a
qualitative behavior of the differential equations governing the
power system.

The method analyzes the stability of the power system by using
energy functions. Since it is difficult to derive an energy
function out of differential equations, a scalar function is
defined and is called a Lyapunov function. This scalar function
must be positive definite and its derivative, with respect to
time, must be negative.

This method 1is more attractive because by observing the
qualitative behavior of the Liapunov function, the region of

12



attraction can be defined. When the power system is operating in

this region, it will be stable. If not, it will be unstable.
Based on this fact, the time the power system operating point
exits the region of attraction can be calculated. This exit time
is closely related to the critical clearing time of the breakers,
for different types of faults. Knowing the exit time, the
stability of the power system can be determined.

1.3.4 The linearized state space approach

It is customary to use a linearized machine models in power system
dynamic studies so that linear system analysis can be conveniently
applied. Non-linear models vare linearized around an opérating
point with the assumption that the variables have small
deviations from the operating point.

The dynamics of a system can be described completely by using the
higher order differential equations or by‘ using the state space
approach. This approach uses a set of simultaneous first-order
dynamic equations, derived from the higher-order equations. The
general state space formulation is as follows:

[x]
[yl

(A]l(x] + [B][u] ‘
[C][x] + [D][u] ceeeeeenees (1.12)

Since the system equations are linearized around an operating
point, the system performance may be analyzed by such method as
root-locus plots, Nyquist method ( frequency domain analysis )
and Routh’s criteria. These methods ( Root-locus, Nyquist ) are
however, restricted to the analysis of small systems such as
single machine connected to an infinite bus. They are also of
limited value in analysis of systems having a wide range of
frequency of oscillations.

For large mnultimachine systems, the state space approach is
ideally used in connection with 1linear differential equations

13



describing the system. The system dynamic stability may be
determined by examining the eigenvalues‘ of the system state
matrix [A]. By taking the Laplace transform of the above equation
and solving for the state vector X, the following result is
obtained:

(ST - A) " '[x(0) - B O
[adj(SI = A)][X(0) + B U]
det (SI - A)

L
i

i

Substituting into the second equation of (1.12) yields:
Y = C(SI-A)[X(0) + DU] + DU

The poles of X are the roots of the characteristic equation
det (SI-A) = 0 and these roots correspond to the eigenvalues of
the system. If the real part of the eigenvalues are all negative,
then the system 1is dynamically stable. If hbwever, some
eigenvalues have positive real part, then the system is
dynamically unstable. The imaginary part of the eigenvalues only
gives information about the oscillatory behavior of the system.

1.4 MATHEMATICAL MODELS FOR POWER SYSTEM STABILITY ANALYSIS

In order to use digital computers to simulate the power system
behavior, mathematical model for all the system components are
required. The detail of modeling generally determines the depth
and compleXity of the analysis. The different modeling concepts
for power system simulations are discussed in [2].

In power system stability studies, the main system components
that need accurate modeling are the synchronous machines ( with
their controls ), the loads and the interconnecting network. The
network transmission lines and transformers are usually modeled

with their pi-equivalent circuits, neglecting their fast



electromagnetic transients. The generators are represented by
various models ranging from the most complex model to the least
complex. The loads are also represented by either voltage

dependent models or frequency dependent models or both.

Various excitation and turbine-governor system models also exist.
Since there are many models available for almost all power system
components, the choice of a model to use will ultimately depend
on the study being considered, and also the required accuracy of
the study. The mathematical models for generators and load used
for power system stability are discussed in chapters 2 and 3

respectively.
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1.5 SUMMARY

This chapter provided some basic definitions of the different
stability problems. The methods used to study the stability of
the system namely, the equal-area criterion, the solution of the
swing equation, the direct method of Lyapunov and the linearized

state space method, were outlined and discussed.

The equal area criterion method can be used only in two cases.
Firstly, when the only one machine is connected to an infinite
bus and secondly, when two machines are interconnected. This
method is insufficient to study the stability of multimachine
systems. It is however, very useful since almost all power
systems could be reduced to two equivalent machines or one

machine connected to an infinite bus.

The solution of the swing equation is the most commonly used
method in multimachine system studies. It uses time domain
techniques to solve the differential and algebraic equations of
the system, hence it is time consuming and requires the use of
high speed digital computers.

The direct method of Lyapunov uses energy functions to determine
the 2zone of attraction in the power system and hence the
stability of the system can be deduced. This method is enjoying
increased application in stability analysis but it still has some
limitation. Much work is in progress to improve its
applicability.

The linearized state space method is very useful in dynamic
stability studies. The eigenvalues of the linearized state matrix

can indicate whether the system is dynamically stable or not.

Finally, the modeling requirements for power system components
were briefly discussed. Further details about modeling

16



synchronous generators and loads can be found in the forthcoming
chapters. '
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CHAPTER 2: SYNCHRONOUS GENERATOR MODELING FOR STABILITY STUDIES

2.1 INTRODUCTION

The aim of this chapter is to analyze the different geherator
models used in stability studies. These generator models have
been identified by the "IEEE task force on definition and
procedures", as the most practical models for stability studies.

The structure of the chapter is as follows :

A historical background on the evolution of synchronous generator
-modeling 1is given. Then the 1literature on the subject of
generator modeling is reviewed, in order to compare the response
of the generator models with the field tests. Furthermore, case
studies are performed to compare the transient stability results
obtained by using different generator models.

A major limitation of the case studies is the fact that not all
the models identified by the IEEE task force, could be simulated.

This is because of the following two reasons :

1) . Some models require additional data not usually supplied
by the manufacturers. Such data can be obtained from
various tests such as : short circuits, open circuit
voltage rise, and frequency tests. These tests are very
ekpensive to conduct. |

2). Some models are not supported by the simulation package
used.

Finally, a summary of the chapter and conclusions are given.

18



2.2 HISTORICAL BACKGROUND ON SYNCHRONOUS GENERATOR MODELING

The need for improved synchronous machine modeling for stability
studies has received much attention since the early 1920’s.
During those times, the simplest generator model, the constant
voltage behind the transient reactance was used. This model came
as a result of the constant field flux 1linkage theory which
states, in its simplest form, that " in any closed circuit the

flux linkage will remain constant immediately after any change in
 the current, voltage or position of the circuit to which it is
magnetically coupled ".

This simplest synchronous machine model was the "state-of-the-

art" and was used then because of the time-consuming calculations
required in performing step by step stability calculations. These
calculations were done only to determine the first angular swing
stability of the synchronous machine, because of the limitations

imposed by the power system computational tools.

~The above model was then extended to include the effects of the
field circuit resistance and the damper windings of
hydrogenerators, as well as the field rotor circuit of
turbogenerators. As the computational tools increased in size and
speed, a natural evolution of power system analysis led to
the stability investigations of larger and larger systems. Also,
the need to extend the time scale of time-domain stability

calculations became evident.

More tests were performed to determine the additional machine
parameters needed for stability studies. As data for these
machines became available, the response of the more detailed
machine models due to disturbances of varying severity needed to
be considered. As a result, stability studies were considered for
periods greater than just the first angular swing. Nowadays the
stability of the system is studied for tens of seconds of real
time, in order to determine the damping associated with ensuing
angular swings.
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The damping of angular swings is associated with machine.damper
circuit. For hydrogenerators, the damper circuits could be

easily identified as these are usually placed in the interpole
spaces. For solid iron rotor machines, eg. turbogenerators, the

requivalent damper winding are not easily identifiable.

More research was subsequently channeled towards identifying the
damper circuit parameters in @ solid iron rotor machines.
Park’s two axes transformation theory was applied to identify the
damping due to the direct axis and due to the quadrature axis.
Short. circuit and open circuit voltage rise tests were performéd

to determine the two axes parameters.

These tests however, only yielded the direct axis parameters
nanmely the transient and sub-transient reactances and
consequently the two main time constants, the transient and
sub-transient time constants of the direct axis. The quadrature
axis parameters could not be determined from such tests since no

identifiable damper winding existed in the g-axis.

Figure 2.1 shows the equivalent circuit of the parameters which
could be derived from the above mentioned standard tests.

fd

1d

fd

fd 1d

Figure 2.1: d-axis equivalent circuit
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In figure 2.1, Ll is the stator leakage inductance, I?d the field
leakage inductance, L. the direct axis equivalent rotor
inductance, I%d the stator to rotor and field mutual inductance,
r. the field resistance and r., the direct axis rotor equivalent
resistance.

This +type of direct axis representation has one major
shortcoming. The mutual coupling between the rotor, the stator
~and the field circuit is the same. Recent studies [3], have
indicated that the mutual coupling between the stator, the rotor
and the field is not equal. It is thus important to account for
the unequal mutual coupling between these circuits. Another
shortcoming of this direct axis representation is that the level

of the machine saturation is not represented fully. Finally, no
' suitable means were available to obtain quadrature axis
parameters values and these were only provided by the

manufacturer from design data.

For many years, the above model for generators was used for large
disturbance stability studies and was found to be adequate for
hydrogenerators. For turbogenerators however, it became apparent
that the g-axis information, provided by the manufacturer was
inadequate to predict the machines’ damping. Questions arose
because no standard procedure was available to check the

validity of the g-axis parameters.

Studies after the powef interruptions of 1965 which resulted in
a big "blackout", showed that the g-axis parameters, especially
the synchronous reactance, has a significant effect on the
machines’ initial rotor angle and can thus affect the trip
setting of the relay for major disturbances. This realization led
to the need for higher order models for transient .stability
studies. | |

Various tests were performed ( called the Northfleet tests,
Northeast Power Coordinating Council (NPCC) tests and the Ontario

Hydro tests ) [4], the objective being to obtain the machine
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parameters used for stability studies and to evaluate the ability
of various simulations tovpredict the system conditions to those
tested.

It was concluded from these studies that the conventional short
circuit and stator voltage rise test did not provide'parameter
values which could accurately predict the system performance

under major disturbance. Data obtained from these tests needed to

be adjusted in order to give better predictions. e

It also became evident that the damping in the quadrature axis
needed to be modeled accurately. As a result, various machine
models, with varying degrees of complexity in the direct and

quadrature axis are now available.

The "IEEE task force on definitions and procedures", in conjunction

with the "IEEE working group on the determination and application
of synchronous machine models for stability studies"™ (3] tas
identified the most practical generator models. These models
range from the least complex, to the most complex, as listed in
table 2.1. The major differences between these models 1is the
level of modeling the damping in the direct and quadrature
axes.
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Table 2.1: Synchronous generator models

Complexity in g-axis

»
r’4

/

No equivalent{One equivalent 2 equivalent 3 equivalent

damper . damper dampers dampers
. [}

const.
flux | MODEL(0.0)
1inkage

Field
circuit

i MODEL(1.0) MODEL(1.1)

Field
circuit| . MODEL(2.1) MODEL(2.2)
+ one .
damper
| etrcutt

T XD Q. Sh- et - XOHTE00

Field )
circuit MODEL(3.2) MODEL(3.3)

+ two
dampers

Other models, which are not included in table 2.1, are available
in the 1literature. For example, the "classical model" ( the
constant flux linkage model neglecting saliency ), is not shown
in the table. Model 0.0 is a close variation of the "classical
model" and it represents saliency. Another example of a model not
included in table 2.1 is a close variation of model 3.3. The
model 3.3 does not account for the unequal mutual coupling
between the stator, the rotor and the field circuits. The

variation of model 3.3 represents the unequal mutual coupling.

The least complex of all the available practical generator model
is model 0.0 in table 2.1. This model represent the constant
field flux linkage and has no damper windings modeled in both
axis. This is the close variation of the well known " classical "

generator model, where the saliency of the generator is ignored.
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There are two first order models ( model 1.1 and model 1.0 ).
Model 1.1 has a field circuit winding and one damper winding in
the quadrature axis. Model 1.0 contains no damper windings in
both the direct and quadrature axis and has only the field
circuit in the direct axis.

Two second order models ( model 2.2 and model 2.1 ) are also
shown in table 2.1. Model 2.2 has a field circuit and one damper
winding in the direct axis and two damper windings in the
~quadrature axis. Model 2.1 is similar to model 2.2 in the direct

axis but has one less damper winding in the quadrature axis.

There are two third order models ( model 3.3 and model 3.2 ):
The most complex model in table 2.1 is the third order1 model,
model 3.3. This model has one field circuit and two damper
windings in the direct axis and has three equivalent damper
windings in the quadrature axis. Model 3.2 is similar to model
3.3 in the direct axis representation but has one less equivalent
damper winding in the quadrature axis.

Figure 2.2 shows the equivalent circuit diagram of these models,
from the least complex to the most complex. These models can only
be used in large and small disturbance stability studies. They
may not applicable to short circuit, fault and relay studies and
are also unsuitable for sub-syncﬁronous resonance studies. 1In
these studies, the electromagnetic transients phenomena in the

network would have to be taken into consideration.

note that in this context, the order of the model represents
only the electrical aspects of the stability model. In general,
when assuming the order of the model, © the electromechanical
aspects of the machine (swihg equation) should be considered. For
example, MODEL (2.2) would be a fifth order model because it has
one differential equation in ‘the d-axis and two in the q-axlis in
addition to the two differential equation for the mechanical
motion.
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( Continued )
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Figure 2.2: ( Continued )

The complete third order model for both axis, slightly different
from model 3.3 given in figure 2.2, is shown in figure 2.3. Note
that two differential 1leakage inductances Loy and L., are
represented in figure 2.3 in order to account for the unequal
mutual coupling between the stator, the rotor and' the field
circuits. They represent the flux which link the field and the

equivalent rotor paths but does not link the stator windings.

In practice however, it is often adequate to consider only one
differential leakage path between the rotor, the stator and the

field circuits. Furthermore, the inductance L, was shown from
previous model identification studies to be small enough to be

neglected. Also, expensive tests need to be performed in order to
obtain this parameter. '

L L L r L
1 £12d f2d £d 1
__D 1 | |
| I | | S| | -
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4 1d 2d £d 'T 1q 2q 3q
L L
v ad l::l v aq [:I
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* r‘ld r Efd & r r r
2d 1q 2q 3q
|
d-axis g-xis

Figure 2.3 :
Close variation of model 3.3
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The inductances L, and ng are represented as a function of the
air gap in order to represent the effects of saturation. The
effect of saturation is more pronounced in the g-axis than in the
direct axis. Thus the parameter L is very important in

aq
representing the g-axis saturation.

The mathematical expressions of model 3.3, for use in transient
stability studies are derived in [3]. In this reference, the
rotor circuit equations are derived first for both the direct and
the quadrature axis. Thereafter, the general stator equations are
derived. The stator equations are then simplified and the

validity of the simplifications are discussed.

The expressions for the less complex models can be deduced form
the expressions of the most coﬁplex models by simply neglecting
the appropriate tems.

2.3 COMPARISON OF THE RESPONSE OF DIFFERENT GENERATOR MODELS AND
FIELD TESTS: A LITERATURE REVIEW

Most of the available data for synchronous machines, in
accordance with the ANSI2 standard data, are provided by the
manufacturer. This data is based either on design calculations or
on actual machine tests ( three~phase short circuit tests and

stator open circuit voltage rise tests ) [4].

New testing procedures for parameter identification have been
developed. These new tests include the frequency response tests
and the finite element methods. Since these tests are_expensive
to conduct, most of the available data is subsequently based on

the ANSI standards or design information.

Various papers in the past [8],[9], have shown that such data is
inadequate to accurately predict the stability performance of the

turbogenerators (especially solid iron rotor constructed

ANSI = American Natlonal Standards Institute
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machines). The frequency response tests however, have produced

more accurate data which matches the actual machines’ response
fairly accurately.

Previous studies have also shown that in general, the number of
rotor circuits considered necessary to model, depends on the type
of rotor construction. If a detailed stability study is being
considered, the rotor circuits of the turbogenerators must be
represented by the most complex model ( model 3.3 in table 2.1 ),

in cases where the parameters for the model are available.

Model 0.0 was compared to model 1.0 in [12]. The classical model
provides optimistic results especially when the génerators are
equipped with slow, low response ratio exciters. If however, the
generators are equipped with fast, high response ratio exciters,

this model gives conservative results.

The classical constant flux 1linkage model corresponds to a
generator fitted with a fast,high response ratio exciter only if
the fault duration 1is very small (typically 1less than 42
milliseconds). For longer fault duration, the classical model
corresponds to a machine with a slow, low response ratio exciter
[13].

The performance of model 1.0 was analyzed in [7] and compared to
model 2.1. The authors suggested that model 1.0 is the better, of
the two, for stability studies and 1is especially useful when
controlling schemes have to be }ncluded. This model was found to
be fairly accurate and that there is no real advantage in using
higher order models such as Model 2.1. Reference [l1] also states
that model 1.0 is sufficiently detailed for a synchronous machine

model used in controller design purposes.

Model 1.1, when used with standard data, was found to be
sufficiently accurate for use in multimachine transient stability
‘studies [{10]. Furthermore, this model requires the use of only
the large time constants T/, and T;o' Thus, larger integration
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time steps can be used which results in reduced computational
efforts. This model is thus recommended for use in large
scale stability studies.

Model 2.1 has been found to accurately represent hydrogenerators,
since for these types of machines, there is only one physically
identifiable circuit between the salient poles. This model does
not represent the quadrature axis in detéil and hence it is not

recommended for use in modeling turbogenerators.

For turbogenerators without damper windings, model 2.2 was found
to be adequate .in predicting the system ‘stability due to large
and small disturbance. In fact, this model is the most commonly
used in stability studies because data for this model is readily
available. This model requires the use of larger time constants
T;o and T;o, the transient time constants as well as the smaller
time constants Tgoand T:O, the sub-transient time constants.
Smaller integration time steps are required hence the computer

simulation takes longer.
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2.4 CASE STUDIES

The network used to compare the transient stability results
using different generator models,  is shown in figure 2.4. This
network is a benchmark used for comparative studies in the power
system community. The parameters for the network are listed in
[(13] and in Appendix 1.

By . DOV = oodC kv 13.8 kv
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Figure 2.4 :
Ninebus benchmark model

The various generator models compared are listed in table 2.2.
This table also lists the PTI3 names of these models and the case
studies in which these models are used. PTI names will ne used in

3power Technologies Incorporated

31



the next sections.

Table 2.2 : Generator models used
MODEL PTI DESCRIPTION 'OF|{ CASE IN WHICH
: THE MODEL
NUMBER NAME THE MODEL IS USED
MODEL GENCLS Constant flux CASE 2.1
0.0 linkage model
MSDgL GENTRA Transient CASE 2.2
: Saliency model
MODEL CENSAL Subtranslent CASE 2.3
2.1 Saliency model
MODEL GENRoy | Selid round CASE 2.4
2.2 rotor model

The most complex model ( model 3.3 ) is not used due to lack of

adequate generator data.
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CASE 2.1

In this case study, all the generators are modeled with the
classical model "GENCLS". The conditions for this simulation are
listed in table 2.3. The transient stability results are shown in
figure 2.5.

Table 2.3: Simulation conditions ~ case 2.1

Generator ~all generators
model GENCLS
Load model all loads

constant admittance
Fault | on transmission line between
location buses 5 and 7, near bus 7
Fault .
type symmetrical three-phase fault
Fault _ —
curation from t=0 to t = 0.05 seconds
Fault both breakers of the affected
clearing transmission line
Simulation v
time 2 seconds

The relative rotor angle plots-of figure 2.5 show the angle of
machines 2 and 3 with respect to machine 1. The results show a
stable system, with the rotor angular swing reaching a peak value
of 68 degrees at time t = 0.50 seconds. There are two angular
swings in this case. Notice that the second angular swing is
approximately equal in amplitude to the first swing. This is

a result of small machine resistance and néglecting damping.
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Figure 2.5:
Transient stability result; "GENCLS"
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CASE 2.2

In this case study, all the generators are modeled with the
transient saliency model "GENTRA". The simulation conditions are
similar to those listed in table 2.3 except for the generator

model. The transient stability results are shown in figure 2.6.
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Figure 2.6:
Transient stability results; "GENTRA"

The initial relative rotor angle between machine 2 and 1 is 38.2
degrees. The initial relative rotor angle was 13 degrees when the
generators were modeled as "GENCLS" ( see figure 2.5 ). The
angular difference is also evident between méchine 3 and machine
1. This difference is a vresult of introducing additional
reactances xd and Xq. This type of generator modeling changed the

initial conditions for stability calculations.



Figure 2.6 also shows that the relative angular swing increases
beyond 90 degrees after 0.32 seconds and reaches a peak value of
135 degrees at time t = 0.85 seconds. Thé relative angle then
decreases, the result showing a stable system.

Figure 2.7 shows a comparison of the two cases. The figure shows
that for the same disturbance, the "GENTRA" model gives
conservative/ pessimistic results as compared to "GENCLS", which
gives optimistic results.
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"Comparison of transient stability results;
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CASE 2.3

In this case study, all the generators are modeled with the
salient type generator model "GENSAL". The simulation conditions
are similar to those listed in table 2.3 except for the generator
model. The transient stability results are shown in figure 2.8.

The figure shows the relative rotor angle for machines 2 and 3

with respect to machine 1.
The amplitude of the relative rotor angle for

stable.

The results show that the

reached a peak value cf 128 degrees. The resulis are

conservative compared to those obtained in case 2.2.
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Figure 2.8:

Transient stability results; "GENSAL"
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CASE 2.4

In this case study, all the generators are modeled with the solid
round generator. "GENROU". The simulation conditions are similar
to those listed in table 2.3 except for the generator model. The
transient stability results are shown in figure 2.9.
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Figure 2.9:
Transient stability results; "GENROU"

The results from this figure show a stable system. The maximum

relative angle between machines 2 and 1 is 110. This relative
™~

angle is less than the relative angle obtained in case 2.2 and

case 2.3. The results are thus optimistic. Similar observations

can be made regarding the relative rotor angle between machines 3
1. A comparison of the transient stability results for
"GENTRA", "GENSAL" are "GENROU" models 1is shown in

and
"GENCLS",
figure 2.10a and 2.10b.
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Figure 2.10a and 5.10b show that "GENCLS" gives the most

followed by

"GENROU".

‘optimistic transient stability results,

"GENTRA" gives the most conservative transient stabi

followed by "GENSAL".

lity results,
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CASE 2.5

In this case the effects of the AVR? on the transient Stability,
will be investigated. It is not the purpose of this thesis to
cover the functions of the AVR and its modeling in detail.
However, since the AVR plays a very significant role in the
transient behavior of the synchronous machines, it is only proper
to briefly discuss some of its function. This case is solely for
this purpose. |

A voltage regulator is a generator control device that senses
changes in the output voltages ( and currents) and causes
corrective action to take place. When there is a sudden drop in
voltage at the generator terminals, due to a large disturbance,
the AVR will try to keep this voltage constant or to reduce the
severity of this sudden drop of 'voltage. This will génerally have
a positive effect on the transient stability.

Case 2.4 is extended in this case, by including the AVR model on
all the "GENROU" modeled generators. The results can be seen in
figure 2.11. The relative angle plots shows a stable system when
the AVR action is included. The AVR has thus acted in a manner
that improved the transient stability for the first swing.

AVR = Automatic voltage regulator
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2.4 SUMMARY

This chapter focused on the mathematical modeling of synchronous
generators. The different practical generator models were
defined. These generator models were identified by the "IEEE Task
force on definitions and procedures", in conjunction with the IEEE
working group on the determination and application of synchronous

machine models".

In addition, the technical literature on the subject of generator
modeling was briefly reviewed and the complexity of generator
modeling was highlighted. Case studies were performed to compare

the transient results obtained using different generator models.

The results from the case studies are summarised in table 2.4:

Table 2.4 : Summary of the transient stability results using

different generator models

. MODEL ! PTI TRANSIENT
' NUMBER NAME STABILITY RESULT

MORE

MODEL 0.0 | GENCLS SPTIMISTIC
MORE

MODEL 1.0 | GENTRA CONSERVATIVE

MODEL 2.1 | GENSAL CONSERVATIVE

MODEL 2.2 | GENROU OPTIMISTIC

43



The following conclusions can be drawn :

Model 0.0 ( "GENCLS" ) must be used only for the first swing
transient stability studies. The transient stability results
obtained using this model are more optimistic than all the other
models in the table.

Model 1.0 ( "GENTRA" ) can be used for mnmultiswing transient
stability studies. This model should only be used only if the
detailed perameters of the generator are not known. The transient
stability results obtained using this model are more
conservative. ‘ |

Model 2.1 ( "GENSAL" ) can be used for multiswing transient
stability studies. The results obtained-by using this model are
conservativé. This model represents limited damping in the direct
ané quadrature axes. It 1s thus suitable Zor modeling hydraulic

generators.

Model 2.2 ( "GENROU" ) can also be used for multiswing transient
stability studies. The transient stability results obtained by
'using this model are optimistic. The model represents more
damping in the direct and quadrature axes. It is thus suitable
for turbogenerators without damper windings. This model must also
be used when the effects of the generator contrcls ( such as the
AVR ) on the systen stability, are investigated.
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CHAPTER 3 : LOAD MODELING FOR STABILITY STUDIES

3.1 INTRODUCTION

The aim of this chapter is to iﬁvestigate the effects of
different load models on the transient stability results. The
characteristics of different types of loads, namely: static and
dynamic loads are discussed.

The mathematical models used for representing the static loads
are:
(i) Constant admittance
(ii) Constant current
(iii) constant power and
(iv) Frequency and voltage sensitive

The mathematical models used for representing the dynamic loads
are: , |
(i) "complex load model™
r (i1) steady-state model
(iii) transient model
A layout of the static and dynamic. loads and their mathematical

models is given in Appendix 3.
The structure of this chapter is as follows :

A brief discussion on the problem of load modeling for stability
studies is given. Then, different load modeling approaches are
highlighted. Furthermore, the characteristics of different types
of loads, namely; static loads and dynamic loads are discussed in
detail.

Furthermore, methods used for aggregating power system loads are
briefly discussed, namely; grouping of coherent induction motors
and the equivalencing criteria for induction motors. Finally,
case studies are performed £o~compare the transient stability
results obtained by using different load models.
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The'contents of the case studies are as' follows :

The effects of modeling the 1loads as constant admittance,
constant current and constant power on the transient stability
results, are investigated in case 3.1.

The effects of modeling the local load as constant power and
constant admittance, on the transient stability results, are
investigated in case 3.2 and case 3.3,

The effects of modeling the load dependency of the frequency on
the transient stability results are investigated in case 3.4.

In case 3.5, the loads are again modeled as constant power,
constant current and constant admittance. The difference between

this case and case 3.1 is the fault location.

The effects of modeling the remote load as constant power and
constant admittance, on the transient stability results, are
investigated in case 3.6.

The effects of modeling an industrial load with a "complex load
model" on transient stability are investigated in case 3.7. The
"complex load model" specifies different percentage composition
from the total load. '

The effects of modeling a large induction motor (15.3 MVA) with
its steady-state, transient and static model on the transient

stability results are investigated in case 3.8.

Fihally, conclusions are drawn and a summary of the chapter is
provided.
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3.2 THE PROBLEM OF LOAD MODELING IN POWER SYSTEM STABILITY STUDIES

The need for power system analysis has long been recognized and
the subject 1is well documented [14],[15],[16]. Load modeling
for stability studies is part of this analysis [17]. '

The modeling of loads dates back to the late forties when network
analyzers were. still in use. The prohibitive computational
requirements resulted in many approximations being made to the
load models. In turn, this resulted in the use of simple models
which did not provide sufficient information about the dynamic
behavior of loads.

With the advent of digital computers, more accurate load models
could be used in dynamic simulations. Despite this improvement in
computational tools, the problem of load modeling for stability
studies is still very complex. The load composition changes with
the time of the day, the consumer’s lifestyle, the weather, the
state of the economy and other factors. The accurate model would
include amongst other things, the effects of the abovementioned
factors. Since these factors are unpredictable, accurate 1load
modeling becomes very complex indeed.

It is mainly for these reasons that the approximate models are
still widely in use. Ideally, the response of these approximate
models should be compared to the response of the actual loads
under similar disturbance.

3.3 LOAD MODELING APPROACHES

There are not enough software packages dedicated to load modeling'
for use in industry. The available packages like LOADSYN (load
synthesis) [18] are very expensive ‘and utility engineers are very
skeptical to use them because a discrepancy still exists between
results produced by these models and the field tests. The 1984
EPRI Report on "Load Modeling for Power Flow and Transient
Stability Computer Studies" (18] and [55] highlighted the two
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approaches of load modeling philosophy.

One approach would be to monitor the sensitivity of the active
and reactive power of the 1load, to changes in voltage and
frequency. Such a scheme requires the utilization of memory-type
devices which are capable of recording the data before, during
and after the disturbance. Using this monitoring approach, it is
possible to obtain the correct response of the load under large
disturbance conditions. The exact model of the load can then be
calculated.

The shortcoming of this approach is the requirement of installing
measuring equipment to monitor all loads. Since the load changes
due to seasonal factors and the time of day, measurements have to

be repeated and extrapolations be made.

The other approach is iomponent based. A model is built based on
the constituent parts of the 1load. Three sets of data are

required.
3.3.1 Load Class Mix data.

These are the types of different classes which contribute
to the total active and reactive power load. Examples
would be the percentage contribution of Commercial,

Industrial, and Residential loads.

3.3.2 Load Composition data.
This is the contribution of different load components
to total power consumption. Examples for residential

loads would be percentage contribution of lighting, water

heating and room air conditioning amongst others.
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3.3.3 Load Characteristic data. é+ o)

The data required are the electrical characteristics of
the components of the load, for example the power factor
of the motors and the voltage and frequency dependency

sensitivities.

Réference (18], shows the algorithm that has been developed to
estimate the load representation based on the above percentage.
contribution of each component as inputs to the program. A
schematic representation of the parts of the load is shown ii

Ccmmercial o

figure 3.1.
Bus Load Class
Load Mix Composition . " Component Characteristics
dP d4dQ dP dQ Maotor
pt - - = - Parameters
av aVv df df
ingustrial e Resistance
Heating 10 20 00 00 00 -
— D
Room Arr
Q Conaitioner 082 05 25 06 -28 etc.

Lighting 10 154 00 00 o00 -
Resicential
Water
Heating 10 20 00 00 0.0 -
a -
a [s]
a o]
Loaag Ciasses Loaa Components
Figure 3.1

Load composition data
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. 3.4 DIFFERENT TYPES OF LOADS

Power system loads are classified into two categories, the static
load and the dynamic load. These types of loads and their effect
on transient stability are discussed below.

3.4.1 Static loads

T e

Static 1loads are (passive or non-rotating 1loads. They can
reasonably be expressed by polynomials or some algebraic
functions 1like exponentials. They can either be voltage

——
—

dependent, frequency dependent or both.

The frequency component contributes to the system damping. The
instantaneocus operating frequency and terminal voltage determine
the active and reactive power components of the load. It is very
difficult to determine the f:requency dependency of the load
because load-frequency test are rarely performed. If these test
were performed, the security of the'system would be threatened. ,

The frequency and voltage dependency are significant for large
disturbances. . Large disturbances would include three-phése
faults, loss of generating units, loss of critical transmission
line or transformer, or sudden changes in load. :
There are, four general ways of representing power system static
loads? These are constant power representation, constant
current representation, constant impedance representation and
frequency and voltage sensitive 1load representation. Some
loads are represented as a combination of these four types. Some
"loads e.g fluorescent 1lighting are inversely proportional to
voltage variation. These various static load representations are
discussed in detail further. '

(
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(i) Constant Power Representation 5= . .
]

The active and reactive power are assumed to remain constant
during and after the disturbance. The constant power
representation is the most severe‘representation from the system
stability point of view because of its effect in hastening the
fall of voltage during a disturbance. A drop in voltage will
cause an increase in current which will, in turn, cause a further
drop in voltage. The results produced by this representation may
indicate voltage instability even in cases where the actual
system is far from collapse. Voltage collapse/instability problem
is discussed in chapter 4. '

The equation expressing this representation is given by

*

S=V*I =P+ 3JQ=const cocoevunnnn cee.(3.1)

This representation is thus suitable for stability calculations
under the assumption that the load voltage is held constant by
changing transformer taps or by using other means of reactive

compensation 1like synchronous condensers, capacitors etc.

(ii) Constant Current Representation

In this representation the complex power varies proportionally
with the voltage in order to keep the load current constant. This
model is used when no other information about the load is
available. This model represents a compromise between constant
power and constant admittance models [17)]. The equation
expressing this representation can be written as

-

I=(P-3Q)/ v’ = const..... ceeecesns cesecea (3.2)

where I represents the load current.Constant current
representation gives good results only when voltage variations
are small. For large voltage variations, the error is likely to

AR P
\VABau )

—-— Wl
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be considerable.

(iii) Constant Admittance representation

The complex power varies as the square of the voltage to keep the
impedance constant. The equation expressing this representation
can be written as

Y=(P-3Q)/ |[V|]®=const ....ooeuunnn. .(3.3)

where Y represents the equivalent shunt admittance of the load.
The load is usually converted to -constant admittance when the
voltage drops below a certain percentage ( about 40% ) of nominal
mainly to aid avoid numerical (convergence-type )
problems [17],[20],[21]. ¢ = v

(iv) Frequency and voltage sensitive representation

These types of loads vary with the change in voltage as well as the
change in frequency. Gas-discharge lamps, for example, fall into
this category. Thevpower consumed by these lamps was found to
decrease by 0.5 - 0.8 per cent for a frequency increase of 1 per
cent [22]. The general equation governing this representation can
be written as ‘

<

S v a b
—§-=A[ v ] (1 + k*df) + B(_V_] cesssasea(3.4)
0 o] o]
where S = P+ on' the initial bus active and reactive power from
load flow,

.~ the initial bus voltage magnitude from load flow,

a = the voltage exponent for frequency dependent part of the
load,

b = the voltage exponent for non-frequency dependent part of
the load,

k = the frequency sensitive coefficient of the load,

df= the frequency variation and
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A and B are constant coefficients.

- The accurate modeling of static load is very important in power
system stability studies. Concordia and Ihara [21] have shown
that for loads that are remote from the generating plants, the
stability limit decreases when the load is modeled as constant
power as opposed to constant admittance. For loads near
generating plants however, the stability limit is increased. Thus
for accurate load modeling, the type and location of the load
should be jointly taken into account.

3.4.2 Dynamic loads

Dynamic loads vary considerably‘and rapidly to changes in voltage
and frequency. For example, the slip of an induction motor varies
proportionally to frequency variations, if the torque 'is held
constant. The active end reactive power consumed by the motor
varies with the frequency.

The variations of voltage and frequency are not independent of
each other. A variation of frequency is usually caused by an
imbalance between the electrical output of the generators and the
power demand by the loads. This change of frequency alters the
active and reactive power taken by the load and the active and
reactive power losses in the network. Consequently, the voltage
at the load is changed. A decrease in frequency is generally
followed by a decrease in voltage.

The large part of dynamic loads for which detailed studies have
been performed is the induction motors [17-19],[22-25].This |is
the case since most of the loads in an industrial power system
are induction motors. The dynamié behavior of large induction
motors will be covered in this section but first, the techniques
used in aggregating power system loads and the equivalencing
methods will be discussed.
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3.4.2.1 Load aggregation

A power system génerally has many load areas located at different
physical and electrical distances. In order to save on computing
time, an aggregate 1load model 1is required. When grouping
different loads, some of the characteristics of individual loads
may be lost. The basis of aggregation must therefore be to retain
the characteristics of individual loads in the aggregate model.
Moreover, the response of the aggregate models to various system
disturbances must compare favorably well to the actual system

model response.

Power system loads are aggregated into two types, the static and
the dynamic. When an aggregate static model is developed, the
sensitivity factors of the individual 1loads are grouped
separately into frequency dependent terms and voltage dependent
terms. This representation was discussed in section 3.4.1 under
static loads.

In dynamic aggregation the motor parameters are aggregated using
the kVA ratings of the motors, expressed in per-unit of the total
bus 1load as the weighting factors. The impedances of the
equivalent circuit are aggregated as if each of the three
branches of the equivalent circuit (shown in figure 3.2 below)
were connected directly in parallel with the same branch of all
the other motors, as shown in figure 3.3.

After grouping the loads, the aggregate plant model will appear
as shown in figure 3.4. To validate the effectiveness of the

aggregate model approach, a computer simulation study was
conducted at the NPCC ( Northern Power Coordinating Council)
system [26]. In this study five induction motors were represented
by an aggregate model. The graphical analysis of the response of
the aggregate model to system disturbances compared very well to
the response of individual motors.
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Figure 3.2 :
Induction motor equivalent circuit

leq leq 2eq

Figure 3.3 ::
Aggregate induction motor equivalent circuit
with static load included ( Gmand Bmﬂ

dynamic
load -

~

external system

static
load

Figure 3.4 :

Aggregate plant model
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Induction motor equivalencing criteria

The factors that affect the transient behavior of induction
motors are the inertia constant H, the time constant of the rotor
Tdo’ and the torque-speed characteristics Te(w). The larger the
inertia,'the smaller the influence of Te(w).

Hakim in [22], shows how two or more induction motors can be
represented as a single dynamic unit. Computation .effort is
greatly reduced by grouping parallel induction motors. The
general idea is that the induction motors are grouped into static
and dynamic loads. '

Careful consideration should be given to the following parameters

when aggregating induction motor loads:

(1) Electrical par imeters i.e the resistances and reactancs:s
of individual motors and of the composite motor.
(ii) Equivalent slip
(iii) Equivalent Inertia Constant

(iv) Composite load torque-speed characteristics

Several assumptions are made and the response of the aggregate
model is compared to the response of separate models. The model
presented in [22] is however, oversimplified because it neglects
the effects of the rotor deep bar which makes large machines’
rotor «circuit resistances and leakage reactances to vary
significantly with the slip. Also the effect of the system |
impedance has been neglected.

Large and low inertia motors should be differentiated. Large
induction motors must be grouped separately. In fact, induction
motors must be equivalenced according to their power rating. The
criterion for equivalencing [10] is that the motor inertia must
be greater than half the rotor time constant with the stator open
circuited or

H > 0.5 Tdo’
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All induction motors that ~meet the abo?e criteria can be
represented as a single unit.

3.4.2.2, Models for dynamic loads

There are various ways of modeling induction motors for power
system stability studies. These are 1listed below in order of
increasing complexity.

1. By static loads such as constant power, constant current
and constant admittance.

2. By a complex 1load model which contains a percentage
composition of induction motors.

3. By representing the dynamics of the rotating load with its
ine:'tial differential equation and the wotor with its
steady-state equivalent model.

4. By represent ing the rotating 1load dynamics and the

electromagnetic dynamics of the motor.

The first approach above is reasonable for many of the loads in a
large-scale system study, because the details of individual‘
loads, including induction motors are not known. This
representation is not suitable for studies where the transient
behavior of induction motor loads has a critical effect on the

bus voltages and hence on the other loads on the system.

The second approach is better than the first approach because the
load composition is more representative. Details of the
individual motors are not represented.

The third approach takes the behavior of the dynamic induction
motor load into consideration. The torque-slip characteristics of
the dynamic 1load is modeled and thus the results are more

representative than those from the first and the second
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approaches.

The fourth approach provides a more detailed than all previous
approaches. In this approach, the electromagnetic transients of
the motor are modeled and hence the results produced by this

model are more accurate.

A common problem encountered when modeling the induction‘motor,
~is the difficulty of obtaining the motor parameters. The
manufacturers usually provide induction motor data in terms of
the starting torque, starting current, starting power factor, the
pull-out torque , rated power, rated power factor and rated slip.
The induction motor circuit parameters have to be calculated from
these and given in the form of the equivalent circuit as shown in
figure 3.6, for a single-cage induction motor, and in figure 3.8,
for a double-cage induction. motor.

The steady-state model for a single-cage and a double-cage

induction motor are discussed below separately.

(a) Induction motor single-cage model

Figure 3.5 shows the model of a single-cage induction motor. R,
and X1 represent the stator impedance, Xm the magnetizing

reactance, and Ré/s and X2 the rotor impedance. Ré/s reflect

the combined effect of the shaft load and rotor resistance.
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Figure 3.5 :
Steady-state model of a

single-cage induction motor

A typical torque,current and power factor versus speed curve for
a single~cage induction' motor is shown in figure 3.6. The
motor parameters are as follows :

R = 0.00293, X.= 0.107, X= 4.67, R= 0.02, X.= 0.064
1 1 m 2 2

A limitation of this motor is that the rotor resistance R,
remains constant from starting wuntil full 1load conditions.
Ideally, a low value of R2 is preferred for starting purposes ‘and
a high value 1is preferred during running conditions. High
efficiency under normal running conditions, requires a low rotor
resistance, but a low rotor resistance result in a low starting

torque and high current as shown in figure 3.6.

In order to achieve this ideal, the dgsign of the represents a
compromise between the starting requirements and the running
requirements. The rotor is designed such that the resistance R,
is different at low and high speeds. The single-cage induction
motor model gives good results at low values of slip.
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Figure 3.6: ,
Typical torque,current,power factor versus speed

for a single-cage induction motor

(b) Induction motor double-cage model

In order to improve the performance of a single-cage induction
motor under starting and running conditions, a squirrel-cage
induction motor is fitted with deep rotor bars. The effect of
these deep bars 1is to make the rotor resistance R, vary
automatically with speed. At starting, the effective rotor
resistance is higher than when the motor is running under normal

operation. Figure 3.8 shows a steady-state equivalent circuit of
a double-cage induction motor.
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Steady-state model of a double—cagé

induction motor

A circuit similar to figure 3.6 can be obtained by substituting
the two parallel rotor circuit branches by a single series
circuit, where

; 2 2 2
R, .R_(R+R)) fs (R,.X] + R .X))

RZ(S) = 2 . 2
(R,+ R)® + (X + X))

Rz.x3 +R§.x2 + sz(x2+ X,) X, . X,
X, (s) = 2 _ ..(3.5)
(R.+ R)Z + s (X+ X)
2 3 2 3

At low values of slip i.e s=0, equations (3.11) reduce to

R,.R, Rz.x3 + Ri.x2

R,(0) = ——— and X,(0) = - ee..(3.6)
R + R (R. + R.)
2 3 2 3

Substituting Rgand X3in the above equation, it can be shown
that for a typical double-cage induction motor R3 =z 5 * R2 and
X3 = 2/5 *.Xz. The torque-speed curve in figure 3.8 shows that
this model give torque improvement at low values of speed. The

parameters of the motor are given below :

R;= 0.00293, X1= 0.107, Xh= 4.67, R2= 0.02, X2= 0.064, R3= 0.1
X3= 0.0256
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for a double-cage induction motor
(c) Induction motor transient model

When a short-circuit occurs at the terminals of the induction
motor, the motor will feed current intoc the fault because of the
"trapped" flux linkages with the rotor circuit. This current will
have a dc component in addition to the ac component and will, in

time, decay to zero.

The initial magnitude of the ac stator current can be determined
in terms of the transient reactance X’ and a voltage E’ behind
the transient reactance, assumed equal to the prefault value. The
decay of the short-circuit current can be characterized in terms
of a short circuit time constant T’. A double-cage rotor
induction motor model will have an additional reactance X’’, due

to the construction of the machine and a corresponding time
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constant T/’.

These parameters and time constants can be calculated from the

steady state parameters, and are given by the following equations

X=X+ X
1 mv
X=X
1 1
1
X'= X +
1 l/X;+ 1/(X2)
X''= X + 1
1 X+ 1/(X )+ 1/(X)
m 2 3
X+ X , :
_ m 2
T = w_ R
o] 2
XZ.Xm
X3 + Xm+ X2
T,,= © R ' ® 06 e 0 0 06 8 00 00 020 P e s e e s e (3.7)
[o) 3

Figure 3.9 shows the representation of the induction motor for
transient stability studies.

E’ |0 Vie

Figure 3.9:

Transient model for an induction motor
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(d) Induction motor transient model including driven load dynamics

To obtain accurate results of the dynamic behavior of induction
motors ahd their driven loads, the model must consider the whole
electromechanical system.The differential equations governing the
combined induction motor and locad dynamic behavior are éiven by

equation 3.12, as

dw 1
dt 2H [Te‘ T - TI9SS] ceeeeeee.(3.8)

where Teis the electrical torque, T the mechanical torque and
loss the torque loss due to friction and windage; w and H are
.the speed and the combined inertia constant of the motor and load
respectively. The mechanical torque is a fraction of speed and is

given by

T =2Af +Bu+C ... et (3.9)

m
Different types of motor 1loads will thus give different
mechanical torques and hence different motor acceleration. A
diagram showing the complete dynamic load model is given in
figure 3.10 below:

Tm= f(w) -<

Vi _ W

‘ 1
T; f(Ve,w) > —SHs—

loss= f(w) <

Figure 3.10:
The complete dynamic model of the induction motor
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3.5 CASE STUDIES

In the following sections, case studies will be performed to
determine the effects of different load models on the transient
stability results. The ninebus benchmark network of figure 2.4 is

used. The network parameters are listed in appendix 1.

The generators in the network are represented with the least“
complex model ( model 0.0, see table 2.1 chapter ). The least
complex model is chosen in the case studies, because only the
of the 1load the stability will be
investigated. The use of more complex generator models is not

effects transient

on
preferred because the accurate response of the generators is not
of concern. The main focus of each case study is listed in table
3.1. the effect of the
transient stability results are investigated.

In all case studies,

model on the

Table 3.1 : Main focus of each case study
CASE NUMBER|LOCAD MODEL DESCRIPTION
= constant .
CASE 3.1 I= constant gzggiiitthiegiigzlent
= constant Y
CASE 3.2 = constant|local load modeled differently
: = constant| (other loads Y= constant)
CASE 3.3 = constant|local load modeled differently
: = constant| (other loads P= constant)
CASE 3.4 frequency &| voltage and frequency dependent
' voltage load models used
‘ = constant| compare transient stability
CASE 3.5 = constant| results. Fault location
= constant| changed
= constant| remote load modeled differently
CASE 3.6 = constant
"complex % composition of large motor
CASE 3.7 model™" in the load
steady- compare transient stability
CASE 3.8 state and results
transient
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CASE 3.1

In this case study, the effects of modeling all the loads as

constant power, constant current and constant admittance
respectively, on the transient stability results, are
investigated.

Table 3.2 shows the conditions of the simulation for case 3.1.
A three-phase fault is applied on the transmission 1line -
between buses 5 and 7, very close to bus 7. The fault is cleared

by opening both breakers at the two ends of the transmission

line.
Table 3.2: Simulation conditions -~ Case 3.1
generator | model 0.0 : only H and x°® specified
mode d
load all loads (1) Y = constant
model
{2 I = constant
3y P = constant
type of three-phase
£201% e°p
N position on branch 5,7 near bus 7
of fault
start ' t = 0 sec
time
clearing t = 0.11 sec
time
breaker branch 5,7 tripped {(both CB’s)
operation
simulation 2 seconds
time

_Figure 3.11 and 3.12 show the absolute and relative rotor angle
plots respectively, for loads represented as constant
admittances. In figure 3.11, the rotor angles of all

three machines increases

immediately after the fault was applied. The rotor angle of
machine 1 however, increases at a comparatively slower rate
because of the large inertia of this machine.
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Figure 3.11
Absolute rotor angles; Y = constant

The machines swing together and reach approximately 600 degrees
within 2 seconds. Figure 3.12 shows that there are two swings
after 2 seconds. The relative rotor angle between machines 2 and

3 with respect to 1 remains below 90 degrees, thus the results
indicate a transiently stable system. The relative angle between
machine 2 and 1 is greater than that of machine 3 and 1 because
the fault occurs very close to machine 2. There is also a larger
difference between the electrical and mechanical power ( for
machine 2) immediately after the fault was applied, as compared

to the other machines..
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Figure 3.12 :

Relative rotor angles; Y = constant

Figures 3.13 and 3.14 show the absolute and relative rotor

angle
current.

plots respectively for

In figure 3.13,

as

represented constant

loads
the rotor angles increases up to

approximately 500 degrees within 2 seconds. This is different
from constant admittance modeling where the rotor angles’

increased up to

approximately

600 degrees.
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Figure 3.14 shows thHe relative rotor angles between machines 2
and 3 with respect to machine 1. There are also two swings within
2 seconds and the maximum angle reached is 89 degrees at t= 500
milliseconds. This result shows a marginally stable case.
Comparing figure 3.14 with fiqure 3.12, it becomes apparent that
modeling the locad as coﬁgfant current produces pessimistic
(conservative ) results as compared to those produced by modeling
the load as constant admittance. This is because the relative
rotor angle difference between machines 2 and 3, with respect to
machine 1, 1is greater than when all the loads are modeled as

constant current.
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Figures 3.15 and 3.16 show the absolute and relative rotor
In

when the loads are modeled as constant power respectively.
‘figure 3.15, machines 2 and 3 swing with each other but are out of
step with machine 1. The results show that the system will be
unstable when the loads are modeled as constant power. After 2
seconds, the ‘absolute rotor angles of machines 2 and 3 are
approximately 1000 degreeé¢while for machine 1, the rotor anglg

is approximately 330 degrees.
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Figure 3.15 :
Absolute rotor angles; P = constant

Figure 3.16 also shows this unstable result. There are no swings
of the relative rotor angles. The relative rotor angles of
machines 2 and 3 with respect to machine 1 increases without
bound. The results produced by modeling the loads as constant
power thus are more pessimistic than when either constant current

or constant admittance models are used.
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Relative rotor angles; P = constant

Figure 3.17 shows the effect of different load models on the
transient behavior of machine 1. The rotor angle deviation of
machine 1 is the largest when the loads are modeled as constant
admittance. This means that this machine has the largest
acceleration power, hence, it is able to swing with the machine
close to the fault (machine 2). For constant power load modeling,
the rotor angle of machine 1 has the ieast acceleration power

hence, it goes out-of-step with machine 2.
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Figure 3.17 :
Effects of different load model on machine 1‘s behavior

A comparison of the transient stability results produced by these
three different load models is shown in figure 3.18. From this
figure, it is apparent that modeling the load as constant power ,
produces pessimistic transient stability results, while modeling
the same loads as constant admittance produces optimistic
results. The results produced by modeling the load as constant
current lie between the results obtained by modeling the 1load

as constant power and constant admittance,
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CASE 3.2

In this case study, the load at bus 8, which is local tagsj ¥
generator 2, is modeled as constant power and the loads at busses

5 and 6 are modeled as constant admittance. Since the fault is
close to generator 2, the results obtained by modeling this load ™\
as constant power will be compared to those obtained by modeling _~
the load as constant admittance.

The simulation conditions for this case are listed in table 3.3

below:

Table 3.3: Simulation conditions -case 3.2
generator model 0.0 : only H and x’ specified
mode d
load load at bus 8 P = constant
model

load at bus 6 Y = constant
load at bus 5 Y = constant
type of three-phase
f§81t P
position on branch 5,7 near bus 7
of fault
start t = 0 sec
time
\
clearing t = 0.11 sec
time .
breaker branch 5,7 tripped (both CB’s)
operation
simulation 2 seconds
time

5

Figure 3.12 showed the relative rotor angle for machines 2 and 3
with respect to machine 1, when all the loads ( including the
load at bus 8 ), were modeled as constant admittance. The results

are repeated in figure 3.19. .

~
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0
1.5400.

1.5600¢ 2.0000

= constant

Figure 3.20 shows the relative rotor angle for machines 3 and 2

with respect to machine 1 for case 3.2.

between machines 2 and 1 reached a maximum of 80 degrees at t
The results show a transiently stable system.

0.46 seconds.

absolute rotor angles are shown in figure 3.21.

the rotor angle of these machines reach
450 degrees within 2 seconds.
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Figure 3.22 shows a comparison of the transient stability results
produced by modeling the 1local 1load at bus 8 as constant
admittance and as constant'power. From

this figure, it is apparent that modeling the local load as
constant powver, gives optimistic results while modeling it as
constant admittance gives conservative results.
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Figure 3.22:

Comparison; local load P = constant and Y = constant

The difference between the relative rotor angle amplitude of

these two different load models is about 4 degrees. This angularl
difference is small and could be regarded as insignificant when
the system is far from the transient stability limit. When the
system is operating near the transient stability limit, however,
this angular difference can make a difference in the
interpretation of the results. False conclusions may be drawn

regarding the system stability.
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CASE 3.3

In this case, the 1local load at bus 8 is modeled as constant
admittance and the remaining loads at buses 5 and 6 ( see
appendix 1~) are modeled as constant power. The results of this
case will be compared to those produced when all the loads are
modeled as constant power. The simulation conditions for this
case are listed table 3.4.

Table 3.4: Simulation conditions - case 3.3

generator model 0.0 : only H and x' specified
mode d
load load at bus 8 Y = constant
model
load at bus 6 P = constant
load at bus 5 P = constant
type of three-phase
fgglt P
position on branch 5,7 near bus 7
of fault
start t = 0 sec
time )
clearing t = 0.03 sec
time
breaker branch 5,7 tripped (both CB'’s)
operation
simulation 2 seconds
time

The results are shown in figure 3.23. Modeling the local load as
constant admittance, gives conservative results while modeling
the local load as constant power gives optimistic results. The

results produced by modeling the local load as constant
admittance shows an unstable system. On the cohtrary, the results
produced by modeling the 1load as constant power shows a

marginally stable system.
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Figure 3.23:
Compqrison: local load P = constant and Y = constant

It is apparent from this case study that accurate load modeling
is very important because incorrect results could be deduced from
the simulation studies. These results can affect some planning

and operating practices, which are derived from computer

modeling.

The above cases ( 3.2 and 3.3 ) have demonstrated that it is

insufficient to make generalizations such as " modeling the power
system loads as constant power produces pessimistic results while
modeling the loads as constant admittance produces optimistic
results ". The location of the load relative to the fault and
generation should be taken into consideration when deciding what

model to choose for the loads.
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CASE 3.4 _,
In this case study, the effects of the frequency sensitivity of
the load on the transient stability results are investigated.
Since the frequency dependency of the load contributes to the
system damping, a 1load damping factor is introduced in the
generator model. This damping factor has a typical value of 2 for
loads such as centrifugal pumps and a value of 1 for loads such
as large electric fans ( ie loads whose torque is directly

proportional to the speed of the motor ).

The damping factor mentioned here is the factor D proportional to
the speed in the swing equation ( see equation 1.5, page 9 ).
This factor represents the overall damping in the system. For

example, the term can include the following :

(i) damping dve to the damper windings

(ii) damping due to friction
(iii) damping due to the eddy currents in the rotor slots
(iv) damping due to the loads.

Studies in the past have indicated that tﬁe frequency dependency
of the load, can be simulated by using a typical damping factor
of 2 in the generator equations as a compensation factor. When
this damping factor is used, only the voltage dependent 1load

model used are used.

The simulation conditions for this case are listed in table 3.5.
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Table 3.5: Simulation conditions - case 3.4

generator’ model 0.0 ! only H and x’' specified

model : d
load damping factor = 2

load all loads are Y = constant

model )

type of three-phase

AN P

position on branch 5,7 near bus 7

of fault

start t = 0 sec

time

clearing t = 0.11 seconds

time ]

breaker branch 5,7 tripped {(both CB’s)

operation

simulation|’

time 2 seconds

Figure 3.24 shows a comparison of the transient stability results
when the damping is modeled and when it is not modeled. When
damping is represented, the amplitude of the relative rotor angle
is reduced. The amplitude of the second swing is lower than the
first swing. Note that when damping 1is. not represented, the

amplitude of the relative rotor angle remains constant.
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Figure 3.24 :
Transient stability results with and without load damping

83



Figures 5.25 and 3.26 show the phase portrait of the relative
speed versus relative angle for the simulation without 1load
damping and with load damping respectiVely. In figure 3.25, the
portrait circles at a constant amplitude, immediateiy after the
fault 1is <cleared. Figure 3.26 shows that when damping is
represented, the portrait circles inward. The amplitude of the

relative rotor angle and the speed decrease.
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Phase portrait with damping represented

order to observe the effects of damping on the system

In
it is necessary to extend the simulation time. Figure

stability,
3.27 shows the relative rotor angle for machine 2 and 3 with
for a simulation time of 20 seconds. The

respect to machine 1,
The relative rotor angle

results show that the system is stable.
oscillations decay exponentially until the new stable operating

point is reached.
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Figure 3.27 :
Frequency sensitivity of the load

Figure 3.28a shows a phase portrait of the relative rotor angle
versus the relative speed of machine 2. The phase portrait starts
at a pré—fault stable operating point. The speed increases
rapidly during the fault. After the fault is cleared at t = 110
milliseconds, the portrait circles inwards showing a stable

system.
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Phase portrait of relative angle
versus relative speed

Another approach of investigating the frequency sensitivity of the
load, is to introduce a load model which varies with frequency.
This approach is different from the previous one because it does
not assume the actual dynamic load being modeled and thus no
damping factor is introduced in the generator. The simulation

conditions are shown in table 3.6.

87



Table 3.6 : Simulation conditions - load frequency model

generator model 0.0 : only H and x' specified
model d

load all loads I = constant

load frequency model (LOADF) included

-

type of three-phase

£201t P

position on branch 5,7 near bus 7

of fault

start t = 0 sec

time

clearing t =0.11 sec

time

breaker branch 5,7 tripped (both CB’'s)

operation

simulation 20 seconds
time

Figure 3.28b shows a plot of the relative angle of machine 2 and
machine 3 with respect to machine 1. Once again, it is evident
that the frequency behavior of the load only contributes to the
system damping.

It is common practice to neglect the frequency dependency of the
load in transient stability studies. This 1is because they
contribute only to the system damping. When they are negiected,
the results become pessimistic thus providing enough stability

margin.
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Frequency dependency of the load
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CASE 3.5.

In this case study, the location of the fault is changed. The
fault is simulated on the transmission line between busses 6 and
9, near bus 9. Different static load models are used once more,
to determine their effects on the transient stability limit.

The simulation conditions for this case are listed in table 3.7.

Table 3.7: Simulation conditions - case 3.5

generator model 0.0 : only H and x’ specified
model - d
load all loads (1) Y = constant
model
2y I = constant
(3) P = constant
type of three-phase
361t P
position on branch 6,9 near bus 9
of fault
start t = 0 sec
time
clearing t = 0.18 sec
time )
breaker branch 6,9 tripped (both CB’ s)
operation
simulation 2 seconds
time

Figure 3.29 shows the relative rotor angle between machines 2 and
machine 1 for different load models. Once more, the transient
stability results produced by modeling the load as constant powver
are more pessimistic than those produced by modeling the load as
constant admittance or constant current. In this figure, - the
result obtained by constant admittance modeling show a stable
system, while those obtained by constant power modeling, show an
unstable system.
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Comparison of the transient stability results
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CASE 3.6

In this case the load at bus 6, which is remote from machine 3

( considering that the branch linking this load to machine 2 will
be opened ) is modeled as constant power and the other loads at
buses 5 and 8 are modeled as constant admittances. A comparison
will be made with the results obtained by modeling all the 1loads

as constant admittances.

are listed in table 3.8:

Table 3.8: Simulation conditions - case 3.6
generator model 0.0 : only H and x’ specified
model d
logdl load at bus 8 Y = constant

e .
me load at bus 6 P = constant
load at bus 5 Y = constant

type of three-phase
£20Tt P
pesition on branch 6,9 near bus 9
of fault i
start t = 0 sec
time
clearing t = 0.18 seconds

ime
breaker branch 6,9 tripped (both CB’s)
operation
simulation 2 seconds
time

The simulation conditions for this case

A comparison of the results are shown in figure 3.30. Modeling

the remote 1load as
while modeling it
results.

constant power gives conservative results

as constant
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Figure 3.30 :
A comparison for different load models for a remote load
Cases 3.2 and 3.7 have indicated that when choosing a
load nmodel, the location of the 1load relative to the

faulted generator must be considered.

The difference in the results produced by different static load
models is small ( less than 10 % for the previous case studies ).
IWhen “the power system is operating far from the transient
stability limit, the choice of the load model is not critical.
However, in the case vwhere the system is operating near the
transient stability limit, the choice of the load model is very
critical because the simulation can give stable results for an

otherwise unstable system.
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CASE 3.7

In this case, the load at bus 5 ( see appendix 1) will be modeled
as a complex load. This complex load model represents the static
and the dynamic behavior of the load. The structure of the load
model is shown in figure 3.31. The load at bus 5 is broken into
six different types namely: large motors, small motors, discharge
lighting, transformer saturation, constant power and user defined
static load model.

In this case, the objective is to investigate the dynamic behavior
of large induction motors and their effects on the system
transient stability. The type of modeling used is the second
approach discussed in section 3.4.2.2. Only the percentage
composition of large induction motors and constant power 1load,

will be varied.

a 7/
; v,
| #e1a

ANV Tap

. ! .
» — p=p,_*v?
! ! ) 2
. / V=09 "V
Large - .

Small
Motors Motors

i

Remaining
Jischarge Transformer Loads
Lighting Saturation

v Figure 3.31:
Structure of the complex load model

The simulation conditions for this case are listed in table 3.9.
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Table 3.9 : Simulation conditions - case 3.7

generator model 0.0 : only H and x’ specified
model

load load at b
Joad, o a us S5 complex

loads at buses 6 and 8 are modeled as
P = constant

type of three-phas

£285e phase

g?_s‘l_g‘l‘ltlne on branch S,7 near bus 7
start t = 0 sec

time

clearing t = 0.08 sec

time

breaker® branch 4,5 tripped (both CB’s)
operation

simulation 2 seconds
me

The load at bus 5 is varied as follows:

(i). 5 % Large Motors and 95 % Constant MVA load

(ii). 25 % La-ge Motors and 75 % Constant MVA load
(iii). 45 % Large Motors and 55 % Constant MVA load
(iv). 65 % Large Motors and 35 % Constant MVA load

(v). 85 % Large Motors and 15 % Constant MVA load

Figure 3.32 shows the active power consumption of the load at bus
5 for different load compositions listed above. During the
fault, the active power consumption for 5% motor content drops
from the initial value of 113 MW to 107 MW and remain constant at
this value. After the fault is cleared, the active power

consumption returns close to its initial wvalue with only very
small deviations.

For the 25% motor load content, the active power drops from
113 MW to 85 MW immediately after the fault occurs. The power
consumption increases to 87 MW during the fault. After the fault
is cleared, the power deviates by about 7 % from the original
value, but this deviation is reduced with time.

For the other percentage content of large motors (45, 65 and 85%)

the power consumption drops significantly, immediately after the
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fault is applied. It then increases during the fault, with the
largest percentage increase of 6 % for the 85 % large motor load
content.

After the fault is cleared, the active power rises initially due
to the rise in voltage, and then drops significantly. The higher
the percentage content of large motors, the higher the drop in
active power consumption. This is as a result of the increased
dependency of the load to changes in voltage and frequency.

15¢ . T i _ L ] i

! ' | 1 ' I

i i
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1.290000 <. 50000 1.0000 1.4900 1.9000
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TIME
Figure 3.32:
Variation of active power consumption at bus 5 for

different motor composition

Figure 3.33a and 3.33b shows the relative rotor angle of machine
2 and machine 3 with respect to machine 1 respectively. For the
first swing, the amplitude of the relative angle between machines
1 and 2 is the largest when there is a highest percentage

composition of large motors in the load.
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On the contrary, the relative rotor angle amplitude is the lowest

for small percentage composition of large motors.
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Figure 3.33a

Relative rotor angle for machine 2 for
different load compositions
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Figure 3.33b :
Relative rotor angle for machine 3 for
different load composition

If the load containing a high percentage of large induction
motors is modeled with static characteristics, then the transient

stability results are optimistic.

If the 1load containing a high percentage of large induction
motors is modeled with dynamic characteristics, then the

transient stability results are conservative.

The voltage profile for different load composition is shown in
figure 3.34. The drop in voltage is higher for a high percentage
composition of large motors. It takes a longer period of time for
the voltage to recover when the 1load contains a high

percentage of large motors.
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Figure 3.34:
Voltage profile for different load composition

The effects of different load composition on the absolute rotor
angle of machine 1 is shown in figure 3.35. Because of the
disturbance conditions for this case ( listed in table 3.9 ),

machine 1 will have to supply the load at bus 5 during and after
the fault. The effect of modeling this load (at bus 5) will
therefore have much influence on the performance of machine 1.

Figure 3.35 shows that the acceleration power increases as the

percentage composition of 1large motors is increased. When the

large induction motor content is 85 % of the total load, the rotor

angle of machine 1 reaches 420 degrees within 2 seconds. When the
the rotor

dynamic behavior of the motors are modeled as 85 %,
angle reaches 720 degrees within 2 seconds. This is consistent
with the fact that , as the large motor composition in the load is
increased, the active power consumption of the load drops. This

causes the output power of machine 1 to be lower than when
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the motors were not modeled as shown in figure 3.36.
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Figure 3.35:
Absolute rotor angle for different load

composition ( machine 1 )
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Figure 3.36:
Electrical power output from machine 1
for different load composition

For the same fault location and load model, similar observations
can be made concerning the absolute rotor angle and the electrical
power output of machines 2 and 3. The results are shown in figures
3.37 to 3.40 without further explanation.
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Figure 3.38:
Electrical power output for machine 2
for different load composition
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Figure 3.39:
Absolute rotor angle of machine 3
for different load composition
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Figure 3.40:
Electrical power output for machine 3
for different load compositions

This case study has shown that the complex load model gives
conservative transient stability results when there is a high

percentage of large induction motors. When the percentage
composition of large motors in the 1load are small, the

transient stability results are optimistic.
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CASE 3.8

In this case study, a 15.3 MVA induction motor is represented
with its transient model, as part of the load at bus 5. The
results are compared to those obtained by modeling this motor
with its steady-state model and the static model ( see figure
3.41 ). The simulation conditions for this case are 1listed in
table 3.10 below:

i

Table 3.10 : Simulation conditions = case 3.8

generator model 0.0 : only H and x’ specified
model d
locaidl 15.3 MVA motor at bus s
model .
loads at buses 6 and 8 are modeled as
P = constant
type of three-phase
f‘a’glt P
position on branch 5,7 near bus 7
of fault
start t = 0 sec
time
clearing t = 0.11 sec
time
breaker branch 5,7 tripped (both CB’Ss)
operation
simulation 2 seconds
time

The results are shown in figure 3.41. This figure shows a
comparison of the results obtained by modeling the induction
motor at bus 5 as a constant power , as a steady-state equivalent

model and as a transient model.
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Figure 3.41:
Comparison of the transient stability results;
Static model,Steady-state model and transient model

For the same fault clearing time, the transient model gave
unstable result, which are conservative, while ©both the
steady-state model and the constant power model gave stable
results. The transient stability results obtained by modeling the

induction motor as constant power are the most optimistic.
Figure 3.42 shows the rotor angle of the synchronous generators.

Machines 2 and 3 swing together but .are out-of-step with
machine 1.
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Figure 3.42:
Rotor angles of synchronous machines with motor
modeled with a transient model

Figure 3.43 shows a comparison of the active power consumption of
the motor when it is modeled with the steady-state equivalent
model and the transient model. When a three phase fault occurs at
bus 7 at time t = 0, the voltage at the motor terminal will drop
and consequently the power consumption will also drop. For the
steady-state model, the active power dropped from 13.5 MW to 2 MW
and remained fairly constant for the duration of the fault. When
the fault is cleared, the motor slowly returns to its prefault

power consumption with minor oscillations.
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Figure 3.43:
Active power of the motor for different models

For the transient model, the motor power consumption also dropped
but because of the trapped rotor flux, the induction motor now
feeds into the fault. At the instant of the fault, the motor
delivers 42 MW. During the fault, the power delivered decreases
significantly and the decay is governed by the transient time
constant of the motor. This transient response of the motor is

responsiblebfor causing rotor angle instability.

The results from case 3.1 to case 3.8 are summarized in the

following table:
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Summary of load modeling simulations

STATIC LOADS

TRANSIENT STABILITY RESULTS

LOAD ALL LOCAL REMOTE
MODEL LOADS LOAD LOAD
Constant conservative optimistic conservative
Power
Constant optimistic conservative optimistic
Current
Constant more more more
Admittance optimistic conservative optimistic
DYNAMIC LOADS
- TRANSIENT
1
i) STABILITY
RESULTS
Constant

power model most optimistic

high % conservative
_Complex large I.M
- moded low % optimistic
large I.M
Steady-state optimistic
'quel
Transient most
model conservative
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The following conclusions can be drawn from the case studies
performed :

1. When using static load models such as constant power,
constant current and constant admittance, the relationship
between the 1load model and the fault 1location should be
considered.

2. Modeling a 1local load as constant admittance gives more
conservative transient stability results, than when the load
is modeled as constant power. Thus a local 1load should be
modeled as constant admittance. V

3. Modeling a remote 1load as constant admittance gives more
optimistic transient stability results, than when the load is
modeled as constant power. Thus a remote 1load should be

modeled as: constant power.

4. The frequency dependency of the load contributes only to the
system damping. The transient stability results are
conservative when frequency dependency of the load is
neglected. Thus the frequency dependéncy of the load can be
neglected in transient stability studies.

5

5. In order to determine the transient stability limit of a power
system consisting of large induction motors, the motor must be
modeled with its transient model becausé the results are the

- most conservative when this model is used.

6. The industrial power system 1loads should be modeled in
detail. The percentage content of large and small induction
motors should be considered. If there is a high percentage
content of large motors, then the load must be modeled in
detail. If the percentage content of large motor is small,
then simple models for the industrial load could be used.
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3.5 SUMMARY

This chapter has focused on load modeling for transient étability
studies. A brief discussion on the problem of load modeling for
stability studies was given. Then, different load modeling
approaches were highlighted. In addition, the characteristics of
different types of loads, nameiy; static loads and dynamic loads

were discussed in detail. ¢

Furthermore, methods used for aggregating power system loads were
briefly discussed, namely; grouping of coherent induction motors
and the equivalencing criteria for induction motors. Case studies
were performed to simulate the effects of these different 1load
models on the transient stability results. The relationship
between the load model and the fault location was also considered
in the case studies. The results from these case studies were

given and conclusions were made.

Accurate 1load modeling was shown to be very important in
transient stability studies. False conclusions concerning the
stability of the system may be made, if the model for the load is

chosen in an arbitrary way.
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CHAPTER 4: VOLTAGE STABILITY

4.1, INTRODUCTION

In classical power system stability theory, the problem of
stability was originally associated with  synchronous
generators. Most of the 1literature in the last decade
concentrated on the study of the rotor angle stability and
the effects of the control equipment ( eg. automatic voltage
regulators ) on the rotor angle stability.

It has been recognized recently, that the stability problem
does not only involve the rotor angle stability. The power
system blackouts in France, Italy, USA etc. [35], have added a
new dimension to the stability problem. These power system
blackouts resulted largely ©because of the shortage of

reactive power support in the network.
The objectives of this chapter are:

1. To review the state-of-the-art in voltage stability
theory.‘ v

2. To present a description of voltage stability phenomenon
by using a simple and direct example from literature.

3. To review the relationship between close multiple 1load

flow solutions and voltage instability.

Analysis in this chapter is firstly conducted wusing a
simplified representation of one generator and one locad. This
approach is adopted to prevent confusion between the factors
responsible for Voltage stability and those responsible for
rotor angle stability. The factors affecting voltage stability
will therefore be easily identified. This 1is obviously an
oversimplification since in practice these two factors affect
each other. Next, voltage stability will be studied by using an
IEEE ninebus benchmark network.
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The chapter begins by describing voltage stability. Then, the
conditions in which voltage collapse may occur are outlined.
Thereafter, steady state and dynamic aspects of voltage
stability are explained by means of a simple example taken from
the literature.

The effects of the following factors on voltage stability are
then discussed: '
a) . changing parameters ( 1oad active and reactive power )
b) . the uncoordinated tap changing
c) . the generator voltage dynamics
d). the load dynamics.

The next aspect to be discussed is the relationship between
heavy load conditions, close multiple load flow and voltage
instability. Furthermore ,the 1literature on some voltage

stability indicators will be reviewed.

Case studies are performed to investigate voltage collapse, due
to increase in the load demand. The effects of the transformer
tap changef action are also investigated. Finally, conclusions

are made based on the discussions above.

4,2, THEORY OF VOLTAGE STABILITY

Voltage instability is the inability of the power system to
maintain voltagé magnitudes within specified operating limits
during steady-state or transient <conditions. During a
voltage instability disturbance, the voltage exit the stable

operating region and collapses.

The change in voltage is gradual but it can also be sudden at
some point. This sudden change in voltage leads to voltage
collapse. Any type of control action taken at this point will
not save the voltage collapse.
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Voltage collapse is associated with the use of high
voltage transmission lines operating at their transmission
capability 1limit, the relative shortage of reactive power
reserves, the interconnection of bulk power systems and the
availability of generation. Voltage stability has both
steady-state and dynamic characteristics.

In the steady state, bifurcations of the equilibrium points
are associated with the beginning of voltage collapse. These
bifurcation points can be identified by sketching the active
and reactive power against the load voltage. The knee point of
these curves, where voltage stability is 1lost, is a
bifurcation point. In steady state analysis, the

dynamic behavior of power system elements is ignored.

In the dynamic state, the effect of the generator and 1load
dynamics on voltage collabse is of concern. It should be noted
that the static and dynamic problems, whether they are of
angle or voltage variety, are not independent of each
other. Traditionally, it was believed that the generator
dynamics are solely responsible for the transient stabilities.
This is no longer the case because load dynamics can cause
voltage instability which can also lead to the loss of power

system stability through the cascading process.

The steady~-state and dynamic behavior of voltage
instabilities are discussed below separately. Prior to this
discussion, a comparison 1is made between the rotor angle

stability and voltage stability.

'4.2.1 Comparison of rotor angle stability and voltage

stabiiity

In a complex multimachine power system, the problems of rotor
angle stability and voltage stability are not independent of
each other. It becomes difficult, therefore, to single out

specific properties and attribute them either as voltage
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stability problems or rotor angle stability problems.

In essence, the rotor angle stability is an active power
problem while voltage stability is a reactive power problen,
because it is associated with the availability of reactive

power in the network to support the voltage profiles.

These two stability problems can however, be studied separately
by making some simplifying assumptions. In order to study
" pure " rotor angle ‘stability, a single machine and an
infinite busbar example is used. The voltage behind the

transient reactance 1is assumed to remain constant hence
excluding the voltage dynamics. In order to study " pure "
voltage stability, the rotating machine dynamics are excluded
by assuming that the voltage behind the transient reactance is
tied rigidly to the rotor angle( i.e there is no angular
difference between the rotor angle and the field voltage
angle. These two are lined up). The one axis voltage dynamics

( direct axis ) of the machine are included.
4.2.2 Steady-state aspects of voltage stability

Static stability is defined only for the steady state
conditions. The system equations are assumed to have no
time derivatives at all. All the equations defining the state
are algebraic, and hence define the operating point of the
load flow solution. In steady state stability, the state
surrounding the stable operating region is neglected. A
solution will be stable if any change in the system
parameters produce a self adjusting change in the load flow
operating point.
Figure 4.1 uses a simple example of a generator feeding a load

through a reactance.
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figure 4.1
Generator feeding a load through a reactance

The conventional approach of studying voltage stability was to
plot the graph of V against PL for increasing values of

P and examine it. The typical V,P_ graph is shown in figure
4.2.

figure 4.2:
The conventional P-V curve for voltage stability
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There are two 1load flow solutions V;, the high voltage
solution and Vi the low voltage solution which is not
practically usable. Thus Vh is taken as the only viable
solution. By increasing the value of Pl step by step, the two
load flow solutions approach each other at Vt. Increasing PL
beyond Pt will produce no 1load flow solution since the
Jacobian matrix would be singular. The point ( V¥,PJ is the

""knee point" of the P-V curve.

The other conventional approaéh to studying voltage collapée is
to plot the graph of V against QL, the reactiie power at the
load bus. The Q-V curve 1is obtained by repeated load flow
calculations, monitoring the voltage and the reactive power at
a critical bus in the network. A reactive source is simulated
at this bus and the MVAr limits are not enforced. The initial
scheduled voltage is usually high ( approximately 1.03 pu ).

typical Q-V curve is shown in figure 4.3

00002}

T
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Figure 4.3

The conventional Q-V curve for voltage stability
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Point A in figure 4.3 shows the initial load flow operating
point for this bus. The scheduled voltage is reduced in small
steps and the reactive power is monitored. The reactive power
will decrease with the voltage reduction. The process continues
until a further reduction in voltage results in an increase in
reactive power requirement. This is‘the " knee point of the Q-V
curve. The reactive power requirement at this bus is compared
to the available reactive resources. If the reactive resources
are less than the reactive power requirements, then the system

will collapse.

Using static analysis only, erroneous conclusions concerning
the voltage stability of the system may be drawn. This is
because voltage stability is not only a steady-state problem
but a dynamic problem too. It will be shown later in this
chapter that by using bifurcation properties, the equilibrium
point Vl ( see figure 4.2 ) can eithe be stable or unstable

depending on the network conditions.

The model for the example in figure 4.1 can be written as
follows ([36}]:

Rotor swing dynamics

Direct axis voltage dynamics

. X, X,- x!
= 7 ! = - — 7 ——— - +
f2 T!E %7 E’+ <7 oV cos (B-86) oE
o =1/ ( COoS(8=8) ) @ teieiiiettnnscconns (4.2)

where a 1is a constant coefficient that determines how
rigid is the tie between the voltage behind the transient
reactance and the rotor angle. For a = 1, these two are
lined up, enabling an independent analysis of voltage

instability.
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Load dynamics

f=g = f (p) . e (4.3)

where p denotes the parameter vector i.e. all the
system parameters that can be varied. These parameters
have no derivatives present."s" represents the dynamic
state component of the load, eg. the slip of an induction

motor.

Active and reactive power balance

The injections P =P are constant and given.

1

= = E’V sin(B=8) + P = 0 ....(4.5)
£= —7 ( V- E'V cos(B-3)) +Q = 0 e (4.6)

d

The field voltage Efd is constant and given.

The assumptions made in this example are:

a). The network is lossless

b). The turbine shaft power is equal to the load active
power ( PH = PL)

c). 8 = B so that the rotor oscillations do not appear in
the voltage equations. Hence voltage dynamics can be

studied separately.

For the steady-state study of voltage stability, equation 4.3

does not appear since the load dynamics are ignored. Equation

4.1 subsequently disappears because rotor dynamics are assumed

to have no influence on voltage dynamics.
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Three equations, 4.2, 4.5 and 4.6 remain. The output quantity -
(B- 8) in equations 4.5 and 4.6 can be eliminated. The system

equations are thus reduced to two and are given by

~

xd 5 xd- x; 5 :
= - — 4 — -3/ [ -
f2 %7 E’'° + %7 Ve (%, xd)QL + «E_E 0
f55= E’ZV2 - | x;PL)Z— ( x;QL+ VZ)2 T 0 teeeecceeesenn (4.7)

The above equations have two state variables V, E’ both of
which are one dimensional and three variable parameters PL, Q,
Erd which may change the operating conditions. Thelfollowing
analysis uses the phase portrait of V and E’ to determine the
steady state bifurcation points as the parameters P, Q and

L
Em are varied.

Equation 4.7 can be used to plot the phase portrait of (V,E’)
for different values of P, Q and E_. Figure 4.4 shows the
phase portrait (V,E’) for E = 1.8, P = 0.5, Q= 0.5, x-=
0.146 and x;= 0.0608. Two loci are shown, the load flow locus
and the equilibrium locus. The load flow equations are in a
generalized form i.e the field excitation voltage setting and
the internal generator voltage are included in the equations
not only the bus voltages and injections. The intersection of
these two loci depict the load flow solutions. There are only
two solutions in this figure ( because of the simple example
chosen ), otherwise in a multibus network there would be many
solutions. ' '
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Figure 4.4:

A phase portrait for Efd=1.8, PL=QL=0.5

There are three important. points in figure , namely (Vh,E;),‘
(Vl,E;) the load flow solution points and (Vm,E;) the minimum

point of the load flow locus. When the parameters are varied,

these points will move around the load flow locus and from
their movement, the parametric stability can be deduced.

According to equation 4.7, the operating point is constrained
within the load flow 1locus and dynamic movement along the
locus is only dictated by the dynamics of E’ as given by
equations 4.5 and 4.6. Because the trajectories of the phase
portrait are constrained within the load flow locus, it follows
that

af56 af
av. +
av OE’

S6

dEf =0 iiieees (4.8)

where V is differentiable, equation 4.8 becomes

6f56 . 6f56 .
V + EI - 0 ooooooo
av dE’
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V is not a state variable because V is not a dynamic state

variable. V however, provides information regarding the
direction the trajectories will take on the load flow locus.

Equation 4.9 can be written in the form :

o 6f56 -1 6f56 . 1 .
v=-[ ][ ] Ef = ——— % E’ ..... (4.9)
av dE’ dE’
(%)

The direction of the trajectories therefore depends on the

° I
slope of g—v and on E’. In figure 4.4, the slope of % is
positive on the right side of the minimum point ( \%,E’m) and

negative on the left side of this point. The vector ﬁ’ however,
is negative above the equilibrium manifold and positive below
. the equilibrium manifold. Thus the direction of trajectories
will be as shown in figure 4.4. The point ( V..E') is stable
while the point (V“Eﬂl) is unstable when it is on the right
side of ( \%'E’m) and stable when it on the left side of this
point. If the network conditions change such that the point
(VI,E;) moves to the right side of the ( VF'E’m), the power
system behavior changes.

When the load is increased ( either PL or QL or both ), the
high and low voltage load flow solutions approach each other.
Since ( V1,E’J is an unstable point, when the two solutions
become one, a bifurcation point ( \Q'E't), the knee point of

the P-V curve , results.

When the operating point of the power system reaches the point
(Vt,E:), the gradients of the 1load flow 1locus and the

equilibrium locus are colinear, so that

6f2 6f56

av av

3f2 6f56
| JE’ | L GE’ |
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Two rows in the Jacobian matrix (J] of the system will be
multiples of each other, hence [J] will be singular. The
singularity of [J] is an indication of voltage instability.

4.2.2.1 Effects of changing parameters

Changing Efd

Eﬁj appears in the equilibrium equation but not in the ‘load
flow equation. By changing E therefore, the load flow locus

will remain fixed whils: the equilibrium locus changes.

Figure 4.5 shows that by dééreasing E the equilibrium

locus moves to the right. The power system behavior changes as
the equilibrium point (Vl’Ei) passes the lower point of the
load flow locus (Vm,E;) and also when the two equilibrium
points (Vl,E’) and (Vh,E;) approach eacth other at (Vt,E:). This

1
makes these two points bifurcation points.

2.0+

figure 4.5:

The effects of changing parameter Erd P:= 0.5, 9= 0.5

’
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Changing PL

P appears in the load flow equation but not the equilibrium
equation. Thus by changing this parameter, the equilibrium
locus stays fixed and the 1load flow 1locus changes. By
increasing P, as shown in figure 4.6 , the load flow locus

moves upwards and two bifurcation points U%,E;) and (Vt,E:)

can also be found.

2.1 AV

Figure 4.6

The effects of changing parameter PL Em— 1.8, QL

’
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Changing Q

Q appears in both the load flow equation and the equilibrium
equation. This makes an analysis of the system behavior to
parametric changes more difficult. Figure 4.7 below shows
however, that the two bifurcation points (V,E’) and (V ,El)

exist.

figure 4.7:

The effects of changing parameter QL Em= 2, pL= 0.5
[
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4.2.2.2 The effects of on-load transformer tap changing on
static voltage stability

A tap changing transformer will be added to the previous
example as shown in figure 4.13. In this way, the effects of
changing the transformer tap position on voltage stability can
be studied. |

It is well documented in the literature [37],[3%],[39] that one
of the main causes of voltage collapse is the action of
uncoordinated tap changers. This section attempts to explain

the relationship between the tap changer operation and voltage

collapse. ,
Ele sl2
v
< | v
> X’ <
Pn 12 §< |
Efdlfl PL+]QL
figure 4.8

Network showing tap changing transformer

The following assumptions are made in the analysis:
(a). The system is operated with the customary tap changer
control which responds directly to the load voltage

without constraints.

(b). No controllable reactive resources are included so
that the basic effect of the tap changer is direct.

(c). The time lag of the tap changer operation 1is slow

compared to the oscillations of voltage caused by

generator and exciter dynamics.
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The load model is very important especially when tap changing
transformers are present. Chapter three discussed various load
models in detail. The general load model for reactive power

can be represented by a quadratic expression as follows:
= 2
Q=9 (s) +gT +AV +BV  ....... (4.10)

where Qo(s) + gqrt is the 1load reactive power' injection
augmented by its change during T, the period between command
and execution. AV, is the constant current component and BV, is
the constant impedance component. The dynamics of the load are
represented in (%D(s), which is a function of slip for an
induction motor.

Since these dynamic state vectors are not very well
understood, their effects on the stability 1limit will be
ignored, although they may affect the stability limit. For this
reason, Qw(s) =Q, the static load injection.

The tap changer is a relay which responds to the load voltage
VL. Considering figure 4.13 above, assume that at switching,
the setpoint is such that Vo™ Vu)ie the setpoint is at the
zero position. When at any time, the load voltage drops below
the minimum allowable voltage Vf, a tap change will be

ordered. This tap change will increase the reactive power flow
in the load.

If the load voltage VL is greater than Vf then the tap changer
would have achieved its task. Further tap changes will not be
necessary. However, if the load voltage is still less than Vf,
tap changes will be ordered one after another until they reach

their limit and the load voltage will slide down leading to a
collapse. The increase of reactive power will not save this
rapid drop of load voltage.

Another way of understanding the effect of the tap changer on
voltage stability 1is to consider what happens when a unit
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trips. The 1load voltage will drop and similarly the load
active and reactive power demand will drop since they vary with
the voltage.

For constant power loads, the tap changer will be used to try
to keep the power constant. This causes more reactive current
to flow through the lines to the load. The voltage drop will be
increased and hence the voltage at the load bus will drop even

further, thus accelerating the collapse of voltage.
4.2.3 Dynamic aspects of voltage stability

When voltage stability is studied from static characteristics

of the power system, erroneous conclusions may be drawn
because the dynamic characteristics of the generator, the
control actions and the load would have been excluded [40]. The
exclusion of these dynamics will prevert proper planning
resulting in unforeseen system blackout as manifested by the
blackouts in Tokyo, France, Florida, etc [35].

In dynamic stability studies, the response characteristics of
the 1loads, the generators and the control eqguipment are
crucial. Differential equations are used to model the behavior
of these dynamics. These differential equations are linearized
around an operating point ( load flow solution ) and the system
equations are expressed in the state space formulation. For any
changes in the network, the Jacobian matrix of the power flow
equations and the eigenvalues of the linearized ( "A" ) matrix

are monitored.

Zaborszky [36] used a simple case of a generator with a
static load and simple excitation control in order to determine
the influence that the excitation control and generator
dynamics have on voltage stability. He further modified this
case by replacing the static load with a dynamic load. In both
cases the dynamic behavior of the load and generator excitation

influenced the position of the power system relative to the
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bifurcation points.

Pai et al [41] used the 9 bus benchmark network to study the
dynamic characteristics of voltage stability. The system
equations are linearized around an operating point and the
load level 1is incremented. Two cases are considered, the normal
base loading and the system with base load which results in
some of the generators hitting the Q-limits. For both cases,
the voltage collapse conditions are monitored. This benchmark
network will be wused later to determine the steady state
behavior of voltage stability.

Looking at these case studies [36],[41], an observation can be
made that when studying the dynamic phenomena of voltage
collapse, the bifurcation theory, the linearized dynamic model
and the sensitivity analysis are used. This entails monitoring
the singularity of the JCJacobian matrix and observing the

eigenvalues of the linearized matrix.

The static analysis only, is inadequate in predicting voltage
instability accurately. However, the static criterion can be a
meaningful guide to proposing dynamic stability margins [42].

The dynamic behavior of large induction motors has been cited
as the main cause of voltage instability [43]. Factors. such as
the quantity and nature of mechanical loading, the motor rotor
and load inertias and the proportion of constant impedance load
play an important part in determining when voltage collapse
occurs.
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4.3 RELATIONSHIP BETWEEN HEAVY LOAD CONDITIONS, CLOSE MULTIPLE
LOAD FLOW SOLUTIONS AND VOLTAGE INSTABILITY

The voltage profile in a power system can be most conveniently

obtained from the solution of the well known nodal equation

- . -
P+ 30 =V, Z_IY

* *

v i = 1,2,...n eo..(4.11)

Because of the non-linear nature of the loadvflow equations,
the solution for the above equation may possess several
mathematical solutions [44],[45].vA power system with n nodes
will have 2" possible solutions. Thus the existence of multiple
load flow solutions. '

For a heavily loaded power system, these multiple load flow
solutions approach one another to become very close solutions.
When performing load flow studies under these ccnditions,
infeasible solutions may results. It should be kept in mind
that these close multiple load flow solutions may not have the
same dynamic structure ( e.g one solution may be stable and the
other unstable ) and thus bifurcation points may result. The
resulting bifurcation points, link voltage instability to the
multiple solution structure.

4.4, VOLTAGE STABILITY INDICATORS: A LITERATURE REVIEW

The subject of voltage stability is receiving growing attention
and much research is being conducted. At this stage however,
there are no conclusive results. Listed below is a literature

review of some technical papers on voltage stability.

Sekine and Yokoyama .[46] proposed a method which makes it
possible to derive very close multiple load flow solutions for
ill-conditioned or heavily 1loaded power system. The physical
stability of each solution was studied and it emerged that in
order to test vbltage stability, the power-voltage

131



characteristics of the load and the response characteristics of

the controller must be taken into account.

The same authors [47] studied the dynamic stability of a model
system by using eigenvalue methods, considering the dynamic
response of loads and control equipment. They have shown that
it 1is possible to detect voltage instability by eigenvalue
method, and that voltage instability is influenced by the

dynamic behavior of the loads and control equipment.

De Marco and Bergen [48] asserted that voltage collapse may be
modeled as a large deviation in the system dynamics. They
proposed a security measure for electric power systems to
indicate vulnerability to voitage collapse. This measure
accounts for random disturbances in load and nonlinear dynamics
of voltage dependent loads, and is based on the expected exit
time of the randomly perturbed system from the region of
attraction of the systemn.

Kwatny et al [49] analyzed static bifurcations of the load flow
equations using the Liapunov-Schmidt reduction and Taylor
series expansion of the reduced bifurcation equation. It was
shown that the static bifurcation of the load flow equations
are assocliated with either divergence-type instability or when
the load flow equations looses causality. '

Kessel and Glavitsch [50] derived a voltage stability indicator
L, ranging from zero to one, with a value of one indicating
voltage collapse and a value between zero and one indicating
voltage stability. This indicator L can be calculated from a
known system state ( 1load flow ). Voltage stability is
guaranteed if L is less than one.

Barbier and Barret [18] used static analysis'to calculate the
critical voltage at a load bus under maximum transfer
conditions. This critical voltage is then used as a threshold
value to which the actual bus voltage can be compared.
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Lemaitre et al [51] noted that volfage levels or 1load flow
divergence are not sufficient accurate indicators of voltage
instability. They proposed a real time dynamic indicator which
could be used as a forecasting tool. This dynamic indicator is
derived considering the existence of secondary voltage control,
the control law governing the compensation of reactive energy
and the load response. This tool will also give an indication
of voltage instability to the operator well ahead of time, so
that there is sufficient time to take appropriate preventive

steps.

4.5 CASE STUDIES

In the following sections, case studies are performed to
determine the effects of the load on voltage instability. The
example in figure 4.9 is used. The voltage stability of the
network is studied by 2 parametric load flow, i.e the active
and reactive power of the load are increased in small steps.

The generator is modeled as an infinite bus and the load is

modeled as a constant power.

P = 300 MW . ..
G infinite P - 200 MW

Q = 90 MVAr

Figure 4.9:

A single machine and a single load example
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CASE 4.1

In this case study, the effects of the active and reactive
power load on voltage stability are investigated. The active
and reactive power of the load are increased in small steps
until voltage collapse occurs. The simulation conditions for

this case are listed in table 4.1:

Table 4.1: Conditions for case 4.1

Network A single machine and a single
investigated load (figure 4.8)

Parameters 1. Real power load only
changed 2. Reactive power load only

3. Apparent power

This case study shows that voltage collapse is highly dependent

"on the amount of loading in the system.

Table 4.2 shows the load flbw solution for the load demand of
300 MW and 90 MVAR. This is the initial load flow operating
point. This table also shows the knee point conditions.
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Table 4.2: Load flow results for initial

and knee point conditions ( active power increased )

Bus Voltage Angle Active Reactive

Numpber |.  (pu) (degrees) power power
2 0.958 -12.4 300.0 90.0 |Initial

conditions

Knee point

2 0.737 f38.2 665.0 90.0 conditions

Figure 4.10 shows the P-V curve for an increase in active
power. The initial voltage magnitude is 0.957 pu with an angle
of -12.4 degrees. As the active power is increased, the voltage
drops to 0.737 pu, with an angle of -38.2 degrees. This is the
point at which voltage collapse begins. The load has increased

by 122 % from the initial operating conditions.
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Figure 4.10:
P-V curve showing voltage collapse conditions
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Figure 4.11 shows the load Q-V curve when the reactive power is
increased from 90 MVAR in small steps, with the active power
kept constant at 300 MW. The initial conditions and the knee

point conditions are given in table 4.3.
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Figure 4.11:
Q-V curve showing voltage collapse conditions

Table 4.3 Loadflow results for initial and
knee point conditions (reactive power increased)
Bus Voltage Angle Active Reactive
Number (pu) (degrees) power power
Initial
2 0.958 -12.4 300.0 90.0 conditions
_ Knee point
2 0.603 20.0 300.0 321.6 conditions
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Voltage collapse occurs when the voltage has a magnitude of 0.6
pu with an angle of -20 degrees. As expected, the voltage angle
is affected only slightly as compared to the voltage magnitude.
Only a 257 % increase of reactive power load was responsible

for voltage collapse as compared to a 568 % increase of 1load

active power.

Figure 4.12 shows the S-V curve when the load is increased with
a constant power factor. The initial conditions and the

conditions before collapse are listed in table 4.4.
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Figure 4.12:
S-V curve showing voltage collapse conditions
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Table 4.4 : Loadflow results for initial and ’

knee point conditions ( Apparent power increased )

Bus Voltage Angle Apparent
Number (pu) (degrees) power
Initial
2 0.958 12.4 313.2 conditions
_ Knee point
2 0.689 34.3 592.1 conditions

Voltage collapse occurs when the voltage has a magnitude of
0.689 pu with an angle of -34.3 degrees. The load demand at
this point is 592 MVA which represents 89 % increase from the
initial conditions.

Comparing tlie results of figureé 4.10, 4.11 and 4.12, it can be
shown that the results obtained by increasing the reactive
powér only, are the most conservative, 1i.e the voltage
magnitude at the point of collapse is the lowest. The results
obtained by increasing only the real power, are the most

optimistic.

The P-V curve is the most commonly used method in voltage

stability analysis because in most cases, the active power
increase of the load is greater than the increase of reactive
power. It is however, important that the Q-V curve be used when
analyzing voltage collapse because of the strong coupling
between the reactive power and the voltage.
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CASE 4.2

In this case, a qifferent type of a Q-V curve will be used to
determine the minimum reactive power requirement at the load in
order to prevent voltage collapse. A source of reactive power
is simulated at the load bus and the voltage is decremented in
small steps while monitoring the reactive power. The results
are shown in figure 4.13 :
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VOLTRGE (P?

Figure 4.13:

Q-V curve to determine minimum Q requirements at a bus
in order to prevent voltage collapse

Figure 4.13 shows that as the voltage 1is decreased, the
reactive power requirement at the load bus increases.
Decreasing the voltage even further reduces the reserve of
available reactive power resources. When there is no more
reactive power reserves, a slight reduction of voltage will
result in voltage collapse. This occurs at the knee point
(minimum point) of the Q-V curve. The voltage at this point is
0.55 pu and the reactive power shortage 1is -228 MVAR.
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QThis amount of reactive power is then compared to the available

|
-

reactive power resources. If the resources are not adequate to
meet this requirement, then there is a risk of loosing voltage
stability. In order to prevent voltage collapse, a reactive

power injection of 228 MVAR would be required at the bus.
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CASE 4.3

In this case the effects of changing the transformer tap
position on voltage stability will be investigated. The diagram
of figure 4.14 will be used for this purpose.

2

| — 0.94:1 3
n l 1 J |

j0.0720 |
j0.0576
300+ j90

(MVA)

Figure 4.14
Load tap changer example

Figure 4.15 shows the P-V curve for an increase in the active
power of the load only, with the taps of the transformer locked
at their initial position. The loadflow results for the initial
and knee point conditions are given in table 4.5.The initial
voltage magnitude is 0.97 pu and the voltage magnitude just
before collapse is 0.77 pu. The load increase at the knee point

of the P-V curve ( i.e just before collapse ) is 61 % from the
initial load of 300 MW.

Table 4.5 : Loadflow results for initial and

knee point conditions ( fixed transformer taps )

Bus Voltage| Angle|Active |[Reactive|Tap
Number (pu) deg power power ratio
2 0.935 |-12.7 0.0 0.0 |0.938 gg;giiions
3 0.971 -17.2 300.0 90.0
2 0.769 -25.5 0.0 0.0 .
_ 0.938 | Knee point
3 0.777 36.5 |438.7 90.0 conditions
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Figure 4.15:

P-V curve with transformer taps locked

Figure 4.16 shows the P-V curve for the case where the taps are
allowed to vary. The initial voltage magnitude is the same as
before at 0.97 pu. The transformer taps are allowed to vary to
+/- 15 % of the nominal tap ( usually 1 pu ), and regulate the
load voltage to a minimum of 0.95 pu and a maximum of 1.05 pu.

The loadflow results are given in table 4.6.
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Figure 4.16:

P~V curve showing transformer taps adjustment

Table 4.6

Loadflow results for initial and

knee point conditions ( transformer taps not fixed )

Bus Voltage| Angle|Active |Reactive|Tap
Number (pu) deg power power' ratio
itial
2 0.935 |-12.7 0.0 0.0 0.938 ig;giiions
3 0.971 -17.2 |300.0 90.0
2 (97 03 1520 | 210 [ous0|nee point
: ) : ) conditions
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Figure 4.16 shows that after a load increase of 13 % i.e at 340
MW, the load voltage is close to the minimum limit specified
for regulation. Step changes of the taps are ordered and the
load voltage increased above 0.95 pu. A further increase of
load causes the voltage to drop and thus more step changes are
ordered.

This process is repeated until the tap reach their limit. This
occurs when the load increase is 57 % ( 470 MW ) higher than
‘the initial load. Beyond this point, no further voltage control
is possible and the voltage collapses rapidly. The voltage
magnitude before collapse is 0.83 pu with a load increase of 71
%. The rate of change of voltage to an increase in power, when
the taps have reached the upper limit, is greater than that of
figure 4.16.

Comparing figures 4.15 and 4.16, the effacts of the transformer
tap adjustment on voltage collapse, can be clearly seen. When
the taps are adjusted, voltage collapse occurs at a higher
level of secondary voltage, because the changing taps try to
improve the voltage at the load side without considering the

availability of reactive power resources in the system.

Figufe 4.17 shows the P-V curves for the high voltage and the
low voltage side of the transformer. Monitoring only the low
voltage side of the transformer, can give the impression that
the system is far from voltage collapse. This may subsequently
delay the appropriate control action necessary to prevent
voltage collapse. Monitoring the high voltage side of the
transformer, provides an indication of the change in voltage,
hence appropriate control action may be taken to prevent the

rapid slide of voltage into collapse.
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Figure 4.17 :
P-V curve for the low and high voltage side

of the transformer

fhe same procedure as 1in cases 4.1 to 4.3 can be used to study
voltage stability in a complex multi-machine system. The
difference is that in this case, sensitivity analysis must be
performed to determine the bus with the greatest sensitivity of
voltage to changes in power. This analysis will indicate the
area from which voltage instability is likely to begin.

The ninebus example of Appendix 1 will now be used to simulate
voltage instability. A sensitivity analysis, performed on the
industrial-grage software package POWSYS,has shown that when
the system load is increased, the voltage drop at bus 5 is the
most sensitive to this change. This 1is an indication that
voltage collapse due to load increase, will most likely occur
at bus 5. Table 4.7 shows the loadflow results for the knee
point conditions. See Appendix 1 for the initial condition
loadflow results.
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Table 4.7 : Loadflow results for the kneevpoint

‘conditions
Bus Voltage{ Angle|Active [Reactive
Number | (pu) deg power power
1 1.040 0.0
) 2 1.025 -46.0
3 1.025 -49.5
4 0.852 -24.5
5 0.778 ~-50.0 331.4 50.0
6 0.808 -46.5 238.6 30.0
7 0.950 -52.0
8 0.925 -59.4 265.2 35.0
9 0.963 -52.4

Figure 4.18 shows the P-V at bus 5 for changing loads. Voltage
collapse occurs when the voltage is at 0.78 pu at a loading ot

165 % ahove the normal base loading.
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Figure 4.18:
P-V curve for load at bus 5
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The minimum reactive power requirements at bus 5 are shown in
figure 4.19. This figure shows that in order to avoid voltage
collapse in the network, the available reactive power resources

must be capable of providing 220 MVAr.
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4.5. SUMMARY

The review of the literature has indicated that the research
on the causes of voltage instability and the measures used to
guard against voltage collapse has not been exhausted yet.
There is a gdgeneral consensus however, that some of the causes
of voltage instability are:

1. the shortage of reactive power support

2. the uncoordinated change of the transformer taps

3. the transfer of large amounts of power over 1long high
voltage transmission lines.

Most of the available literature, studied voltage instability
- from the static point of view. They cited the singularity of
the Jacobian matrix as a suitable indicator to voltage
ccllapse. There are various papers however, which have pointed
out that voltage instability could also be caused by the
dynamic behavior of generators, loads and control equipment.
To study the dynamic béhavior, these papers used the state
space technique and they cited the eigenvalues of the

linearized "A" matrix as an indicator of voltage instability.

Voltage stability was shown to have a close relationship with
multiple load flow solutions which occur when the power system
is heavily loaded.

The steady state analysis of voltage stability was shown to
"have some shortcomings because erroneous conclusions about the
system stability could be made. The most important fact
highlighted was that both the steady state and dynamic aspects
of voltage stability need to be considered in order to have an
understanding of the voltage‘stability problem.

Case studies were performed using a single machine and a load,

and a ninebus three machine system, to determine the occurrence

of voltage instability. It was shown that increasing parameters
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such as active and reactive power of the load, could cause

voltage collapse in a network.

The results have also shown that voltage collapse is related to
heavy 1loading network conditions. The use of uncocordinated
transformer taps was also shown to accelerate the collapse of

voltage.
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CHAPTER 5 : MOTOR STARTING AND VOLTAGE DIPS

5.1 INTRODUCTION

In this chapter, the effects of voltage dips on the behavior of
large motors will be investigated. Voltage dips, of different
magnitude and duration will be applied on a simple network, and
the behavior of the motors will be observed. In addition, thé
factors affecting induction motor starting and the motor

performance during starting are discussed.

Voltage dips occur randomly on a power system. Their magnitude
and duration depends on the type of the disturbance applied. It
is thus difficult, from the planning point of view, to know
beforehand what types of voltage dips will affect the power

system and which dips will have damaging effects on the motors.

It is therefore necessary to analyze the effects of a wide range
of voltage dips for different durations. Adequate protection
schemes can then be designed to prevent subsequent damage to the
motors.

In industrial plants where more than 75 % of the loads are
dynamic ( i.e induction and synchronous motors ), the problem of
starting large motors is of concern. A typical industrial power
plant problem would be to ensure that when starting a large
motor, the other motors which are connected in parallel to the
motor being started, do not stall. The concept of load stability
stems from this problem.

The chapter begins by investigating the behavior of large
induction motors under starting conditions. Next, the factors
which affect induction motor starting are investigated. A simple
network is used for this purpose. Furthermore, voltage dips of
different severity and duration are simulated and the induction
motor behavior is observed. Finally, a summary of the chapter is
provided at the end.
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5.2 INDUCTION MOTOR STARTING

The starting and running characteristics of induction motors
depend mainly upon the design and construction of the rotor. The
rotor is constructed such that the starting current is as low as
possible and the starting torque high. There are two basic types
of rotor construction namely, the squirrel cage rotor and the
wound rotor.

In the squirrel cage rotor, uninsulated bars are inserted into
slots, and are laid axially or skewed at a slight angle adross
the core. These bars are short-circuited at both ends of the
rotor. In the wound rotor, thoroughly insulated windings are
placed in the slots with the terminal ends of each phase fastened

to slip rings.

The squirrel :age rotor design is preferred becaurse of its
simplicity and the fact that the motor can provide long, reliable
service at a relatively low cost. This type of motor is thus a
general purpose machine for applications not requiring variable
drives.

Large squirrel cage induction motors are usually fitted with a
second cage to enhance starting characteristics. The advantages
of single-cage and double cage induction motors were discussed in
chapter 3.4.2.2. This type of rotor construction enables
direct-on~line starting, the most severe form of starting which

requires large amounts of starting torque and reactive power.

Other starting methods namely : the star-delta switching, the use
of auto transformers and primary resistors are necessary in order
to 1limit the starting current. These methods however, also
reduces the starting torque which is undesirable.

Figure 5.1 shows the network used to determine the behavior of
large induction motors under starting conditions. The simulation

conditions are as follows:
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(a). A 15.3 MVA induction motor is connected to bus 2 through
a transformer.
(b). The motor is modeled by a double cage equivalent
circuit. .
(c). The motor is started direct on line at time t = 0 sec.
(d). The driven load torque is a quadratic function of speed
i.e. T=a+ bw + cw® and Tm(O) = 1 pu.
2 3
Z = 0.017+j0.062
; — !
= j0.058 Z = jO.059 %
2 | 2517
G s . 52 Z
Z = 0.017+j0.062 ;
— ] | infinit
infinite
' bus

load

M induction
motor

Figure 5.1
Network example used for motor starting

showing branch impedance

The results are shown in figure 5.2. Immediately upon switching,

the voltage at the motor terminal dropped by 10 %. This low

voltage is maintained until the motor electrical torque is equal

to the load mechanical torque. It took 18 seconds for the motor

to reach full load conditions.
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Figure 5.2 shows that during switching, the active power drawn by
the motor increases to 53 % of the full load power and continues
to increase during the starting period. At 15 seconds, the motor
draws full load power but continues to accelerate becaﬁse the
developed electrical torque 1is still 1less than the required
torque to drive the load. The active power then oversh&ots the
full load value by 133% for only 3 seconds before the voltage
recovers. The motor reaches full load conditions after 18 seconds

from starting.

The reactive power drawn by the motor during starting is very
high ( about 10.2 times the full load value ). This amount of
reactive power 1is drawn until the motor reaches full 1load
conditions. The current drawn by fhe motor is also very high and
may cause permanent damage to the motor by overheating the
windings. Any type of thermal protection designed for the motor

must be able to withstand these large currents.

The slip of the induction motor is initially at unity before
starting. After starting, the slip then decreases almost linearly
with increasing time until full load conditions, where the slip

is very small ( 1% in figure 5.2 above ).
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Induction motor behavior during starting

The factors affecting induction motor starting time are discussed

below :
5.2.1 Factors affecting induction motor starting time

There are various factors which affect the starting time of the
induction motor. These are the type of the drive load ( 1i.e.
either a pump or fan etc ), the amount of load at starting

( either full load or fraction  thereof ), the MVA rating of the
machine, the reactance of the feeder transformer and the

torque/slip characteristics of the motor itself.
The different types of loads can be modeled by varying the

exponent ( D ) of the mechanical torque equation Tm= ( a + bw )D,

where a and b are constants.
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Figure 5.3 shows the effect of the type of load on the starting
time. The motor started within 18 seconds for the load
torque/slip relation of the second order. When the exponent was
changed to 1.5, the motor took 21 seconds to start and for a
linear load (exponent of 1), the motor took 31 seconds to start.
Thus the type of load can affect the starting time to a large
extend.
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Figure 5.3:
Influence of the load type on the starting time

Figure 5.4 shows the effect of the motor rating on the motor
starting time. The inertia of the machine is kept constant for
different machine ratings. A 20.3 MVA motor took 20 seconds to
start as compared to 18 seconds for 15.3 MVA motor and 16 seconds
for a 10.3 MVA motor. Thus the higher the motor MVA rating, the
longer it takes the motor to start.
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Influence of the motor rating on the starting time

Figure 5.5 shows the effect of the initial load torque on the

motor starting time. The longest starting time of 18 seconds
~occurred when the motor is started with full load torgue. When
the motor is started with 75% of full load torque, the starting

time reduced to 16 seconds and for 50% of full load torque, the
starting time reduced to 14.5 seconds.

156



00°001 }

00001 |
]

1001 i I 1 | l 1 |

00°001 |

3371 4

POOIT410Y 3114

prOITIINY
BAY—J3)Jenbg 3714

reactive
power

C4010W-0] S ®INH]
CYOL0R-DT 5 *1NHI
CUDIOK-0T G #INH]

Py
L 5084 ~753-100%

B e e e e

f
!
1
|
i
1
!
|
t

9°0
0

: | | L | 1 u !

0.0 .0 5.0000 12.000 18,000 <4.00% 34.0t0
2.8200 3.0000 15.000 1. cq0 é7.000

TIME

| SOV U S

Figure 5.5:
Influence of initial load torque on starting time

Figure 5.6 shows the effect of the transformer reactance on motor
starting. A 3%, 6% and 9% transformer. reactance, on transformer
MVA base, were used to simulate their effects on the starting
time. The highest reactance of 9% had the effect of increasing
the starting time to 19.5 seconds. For the 6% reactance, the
motor took 18 seconds to reach running conditions and for the 3%

reactance, 16.5 seconds.

Thus the motor with the highest transformer reactance will take

longer to reach full load conditions.
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Figure 5.6°
Influence of the transformer reactance on

the motor starting time

5.3 EFFECTS OF VOLTAGE DIPS ON THE MOTOR BEHAVIOR

In this section, figure 5.1 will be used to determine the effects
of different voltage dips, lasting for different duration, on the
induction motor performance. A voltage dip is simulated on bus 2
( figure 5.1 ) as a three-phase fault through an impedance. This
impedance is varied to obtain different dips. The damping due to
the load attached to the motor is not modeled. '

Figure 5.7 shows the slip of the induction motor when it is
subjected to different voltage dips for 1 second. The motor can
withstand a 10% voltage dips within 1 seconds. The slip increases
by 0.2% during this dip and remains constant during the dip. When
the voltage recovers, the slip then returns to its initial value.
For a 20% dip, the slip increases by 0.6% and returns to its
initial value after voltage recovery. The motor can also
withstand this dip for 1 second.
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+

A 50% dip caused the motor slip to rise with no sign of reaching
a constant value during the dip. The slip increased by 4% within
1 second. After the voltage recovers, the slip returns to its

initial value with small oscillations ( less than 0.2% ).
Depending on the application of the mofor, these small

oscillation may or may not be acceptable.

000010 |
00001 °0|
00001°01
00001°0}

33714
14

fouyy-16vu 13113

T2l S, eINH)
towyy-h68w 13753

[aug;-zoau
i6°C1 S.®INH]

CA30 G33451-L5-0344T 6 21 5.87NNHD
[ewf)-g6uy 3

[A30 033451-C5-03U3T 6°21 6. sINH)

» 67% dip
;’/,/' .o )

induction .
motor
slip

CA30 03345]1-C5-03H4]
CA30 033d453-05-0344D

[ ——

Gmmmemmm et

0
jo'a
=
Lo

L=l

Figure. 5.7:
Motor slip under different voltage dips for 1 second

A 67% voltage dip caused the motor slip to rise sharply for the
duration of the dip, increasing by more than 7% within 1 second.
"The motor cannot survive this dip because after the voltage
recovered, the oscillations of the slip are large ( about 1% )
and do not show any sign of dying down after 10 seconds.
Pulsating torques will be produced at the shaft and the motor may
stall. The motor cannot withstand voltage dips larger than 50%

within 1 seconds.
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Figure 5.8 shows the slip of the induction motor subjected

to a 90 % voltage dip lasting for different durations. This motor
can withstand a voltage dip of 90 % for 0.2 seconds. As the
duration of the dip is increased, the motor slip oscillates with
increased.amplitudes. For a 90 % dip lasting for 0.5 seconds, the
slip initially increases to 6 % when the voltage recovers and
then decrease moﬁentarily. The slip increases again showing that

the motor would stall.
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160



5.4 SUMMARY

This chapter investigated the behavior of 1large induction
motor under starting conditions. Starting a large motor causes
voltage dips which last for a relatively long time. It is thus
necéssary to perform voltage dips studies to ensure that the
other motors connected 1in parallel with the motor being
started, do not stall.

The factors that can affect the starting duration of induction
motors were shown to be the type of driven load, the rating of
the motor, the amount of load at starting and the reactance of

the motor transformer.
Voltage dips studies were also performed to determine the

strength of the induction under the dips of different magnitudes

and durations. The slip was used as an indicator of stability.
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CHAPTER 6 : GENERAL CONCLUSIONS AND SCOPE FOR FUTURE RESEARCH

6.1 GENERAL CONCLUSIONS

The main conclusions of this thesis can be briefly stated as

follows

1. The different generator models used, produced different
transient stability results. The results obtained by using

the models are as follows :

model 0.0 - most optimistic

model 1.0 most conservative

model 2.1 - conservative and

model 2.2 - optimistic

2. Moidel 0.0 must only be used for the first swing transient
stability study.. '
" 3. Model 1.0 should be used only when the detailed parameters of

the machine are not known.

4. Model 2.1 represents limited damping due to the currents in
the rotor slots. This model should be used for representing

hydrogenerators.

5. Model 2.2 represents more damping due to the currents in the
rotor slots. The model should be used for representing

turbogenerators without damper windings.

6. Modeling a local load as constant admittance gives more
conservative transient stability results, than when the 1load
is modeled as constant power. Thus a local load should be

modeled as constant admittance.
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7.

10.

11.

Modeling a remote 1load as constant admittance gives more
optimistic transient stability results, than when the load is
modeled as constant power. Thus a remote load should be

modeled as constant power.

When using static 1load models such as constant power,
constant current and constant admittance, the relationship
between the load model, the 1location of the load and the

location of the fault should be considered.

The frequency dependency of the load contributes only to the
system damping. The transient stability results are
conservative when frequency dependency of the 1load is
neglected. Thus the frequency dependency of the load can be

neglected in transient stability studies.

Modeling an induction moto: with its transient model gives

conservative transient stability results.
The steady-state model for the induction motor should not be

used to model the motor when performing transient stability

studies.
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6.2 SCOPE FOR FUTURE RESEARCH
More research work is still needed to investigate the following :

1. The effects of induction motor characteristics on the

system dynamic stability.

2. The dynamic aspect of voltage stability. A software program
should be developed.

3. The relationship between multiple 1loadflow solutions and
voltage collapse.

4. The relationship between the eigenvalues of system state matrix

"A" and the determinant of the Jacobian matrix [J].
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APPENDIX 1: NINEBUS BENCHMARK NETWORK PARAMETERS
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Impedance diagram; all impedances are in pu on 100 MVA base
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Table Al.1 :

Generator data

Generator 1 2 3

Inertia H 6.396 3.302 2.3828
Speed damping D 0.00 0.00 0.00

X, 1.581 1.651 1.680
Xq 1.531 1.59 1.610
X; 0.380 0.232 0.232
X; 0.955 O.3BQ 0.320
X;' 0.252 0.171 0.171
X;' 0.248 0.171 0.171
XI 0.291 0.102 0.095
T;o ] 5.390 5.9 5.890
T;o 1.500 0:535 0.600
T;é 0.053 0.033 02034
T;é 0.135 0.078 0.080
S(1.0) 0.0905% .0.105 0.121
S(1.2) 0.345 0.477 0.610
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APPENDIX 2 _: MATHEMATICAL EXPRESSIONS FOR INDUCTION MOTORS

A2.1 INDUCTION MOTOR MODELS

Before developing the induction motor models, it is imperative to
understand the following concepts which will be wused when

developing these models.

(a) The transformation from a-b~c system to d-q axes system.
(b) The theory of neglecting the stator transients.

(c) The accuracy of the redluced order model

These three concepts are discussed below separately.

A2.1.1 The transformation from a-b-c to d-g axes

In this section reference frames will be employed to show that
the DC circuit theory may be used to determine the performance of
induction machines. This method offers a rigorous means of
analyzing electrical transients due to applied voltage of any

periodic form.

Consider a two pole,three-phase symmetrical induction machine in
figure A2.1. The stator and rotor are connected as a three-wire

system.

bs-axis

br-axis

STATOR

figure A2.1
Two pole, three-phase, symmetrical induction machine
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The flux-linkage equations can be written [56] as follows:

w7 L 0 0
as SSs
wbs' 0 Lss 0
] 0 0 L
cs = SSs
war Lsrcos_er Lwcos(er—2n/3) vLsrcos(er+2n/3)
+ —-—
wbr Lsrcos(er 2m/3) Lsrcoser Lsrcos(er 2n/3)
-_wcrd Lsrcos(er-2n/3) Lﬂcos(er+2n/3) Lsrcoser
e
L cosé L cos(8 +2n/3) L cos(6 -2n/3) as
sr r sr r sr r .
i
Lsrcos(er 21/3) L'Sl_poser Lycos(6r+2n/3) bs
i
Igrcos(er+2n/3) Lsrcos(er 21/3) Igrcos(er+2n/3) cs
L 0 0 Lar
0 L 0 Lor
0 0 L | L l”_J
........... (A2.1)
where L =L -L_ is the stator phases mutual coupling
L =L - L_ is the rotor phases mutual coupling

The mutual inductances between stator phases and between rotor
phases vary sinusoidally with the rotor phase displacement. This
will cause the time-varying coefficients to appear in the voltage
equations. This feature is undesirable and can be eliminated by
transforming the rotor and stator voltages to a common frame of

reference.

In common cases, the induction motor analysis is performed in a
synchronous reference frame or in a stationary reference frame.
It is convenient however, to develop the equations in an

arbitrary frame of reference and from these to obtain equations

~ 169



in a specific reference frame. Figute'AZ.z below shows the axis
of two-pole, three-phase symmetrical induction machine with the
orthogonal set (d,q axis) rotating at an arbitrary angular

velocity w included.

bs-axis
br-axis \
- qQq-axs
Plia s o
f‘_ __. - ar-axis
Oy
L. — 0s-aoxis
cs-axis . .
cr-oxis d-onrs

figure A2.2

Axis of two-pole,'three—phase symmetrical machine

The transformation equation to direct and quadrature axes are

written as follows:

(i) Stator transformation

£, = 2/3 |f cosé + £, cos(6 - 2m/3)+ f_cos(6 + 211/3)]
£_=12/3 Qﬁslne + f“s1n(6 - 2ﬁ/3) + f551n(e+2n/3)}

f =1/3 |f + £ +f] .............. (A2.2)
Os L 2s bs cs
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(ii) Rotor transformation

fqr = 2/3 [%Mcosﬁ + fmcos(B-2n/3) + fﬂcos(B+2n/3)]

£, = 2/3 ’:farsinﬁ + fbrsin(B—2n/3) + fcrsin(/a+2n/3)J

£ =1/3 l:far + £+ fcr] ......... (A2.3)
where B =868 -6

In these expressions f can represent eitler voltage, current or
flux linkages. The transformation equations are valid regardless
of the of the form of the voltages and currents in the stator and
the rotor. For balanced conditions, the third equation in both
the stator and rotor transformations above becomes unnecessary

because three Voitages or currents would ke defined by any two.

The induction motor equations will be derived later in this

section by using these transformations.

A2.1.2 The justificationfor neglecting the stator transients

Various simplified methods of predicting the dynamic behavior of
induction machines have been investigated [18],[19]),[27].
Neglecting the stator transients reduces the order of the model
and still provides a fairly accurate representation of the
dynamic behavior of the induction motor as compared to the
- complete model [28],[29]. Some insight is needed however, to
determine the effect of neglecting the stator transients on the

reduced order model.

The principal effect of the stator transients is to introduce a
DC-offset in the armature currents and flux linkages as a result
of magnitude changes 1in stator voltages.When a short circuit
occurs at or near the load, the voltage magnitude will change
rapidly and considerably. The stator currents expressing this

condition ( assuming no losses ) contains three components: a
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fundamental frequency compbnent, a DC component and a

double-frequency component expressed as [30]:

d q

An inherent assumption in the above equation is that the current
does not pass through zero at the instant of the short circuit,
otheri-ise there would be no DC component. Tc¢ neglect the stator
trans_.ents, the time-varying stator fluxes in the direct and
guadrature axes are set to zero. The above equation could
be simplified and is only represented by the fundamental

frequency component as:

i o=vz E. cos( wt = a) i (A2.5)
X1 0 .

This action reduces the order of the machine model as will be

shown in the following sections.

A2.1.3 Accuracy of the reduced order model

Various papers stress the importance of evaluating the accuracy
of the reduced induction motor models [28],[30],[31] and [32].
This evaluation is necessary in order to determine if the reduced
order model would be acceptable as a close approximate of the

higher order models.

It has been documented [30] that when neglecting the stator
transients, the resulting reduced order model would be accurate
for large induction motors (greater than 100kW) but inaccurate
for small motors (less than 50KkW). The modal analysis method was

used to compare these results.
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The modal analysis method uses the state space equations to
determine the eigenvalues of the induction motor’s "A" matrix.
These eigenvalues define the different modes of the motor.The
induction motor can be divided into three distinct modes: the
stator mode, the rotor mode and the speed mode. There is a
cross-coupling of the stator variables in these modes.

In the stator mode, the contribution of the stator flux linkages
is higher than those of the rotor flux linkages and the speed,
hence the name ’‘stator mode’. Similarly, in the rotor mode,the
contribu :ion of the rotor flux-linkages is greaer than those of
the stator flux-linkages and speed, hence the name ’‘rotor mode’.

More detailed evaluation of the reduced order models can be
carried out by using Selective Modal Analysis or SMA ([30],[33].

Selective Modal Analysis is a comprehensiva framework for
accurate, efficient and physically-based modelling and analysis '
of selected portions of the structure and behavior of linear time
invariant dynamic systems. With SMA the part of the model that we
are interested in 1is singled out in a direct manner and the
remainder of the model is equivalenced ([16] in such a way as to

leave the selected part intact.

Krause in [29] analyzes different-sized machines ranging from 3
hp to 6000 hp. ( Note that the horsepower units hp are retained
in this section for analysis of this reference). The eigenvalues
of the reduced order models for machines that are rated above 100
hp are very close to the corresponding full models. In this case
it would suffice to use the reduced order models.For small
machines ( less than 50 hp ) however there is a large error
between the full and reduced order models. Thus for small
machines the stator transients should not be neglected in

stability studies.
Hamdan in [30] shows how to overcome this problem by introducing
compensating factors for the reduced order models. These

compensation factors would ‘adjust’ the eigenvalues of small
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machine’s reduced order models to be approximately equal to the
eigenvalues of the full model, while leaving the reduced
ordermodel for large machines relatively unchanged. Selective
Modal Analysis is used because it allows the straightforward
weighting of the effects of the neglected state variables and the
determination of the compensation factors for small sized motors.
The method of introducing compensation factors for the reduced
order models is not the subject of this study and will not be
discussed any further. The next section will discuss the various

induction motor models used for stability studies.

A2.2 DOUBLE-CAGE INDUCTION MOTOR

Industrial power syétem loads consist mainly of large induction
motors. These motors are equipped with a double-cage or deep-bar
rotor in order to have high starting torque and low starting
current to enable diract starting. This section will develop the
models for a double-cage induction machine.The following section

will develop models for the single-cage induction machine.

A2.2.1 FULL 7""-ORDER MODEL

The full-order model of the double-cage induction motor can
be represented on a synchronous rotating reference as

follows:

VS = rSlS + jwws + ws

0 =ri + jswy + v R, (A2.6)
r r r r

0]

4 tews 4
rRlR J wwR wR

where the voltage, currents and flux-linkages are time-dependent,
complex variables and related to the real variables by

with flrepresenting voltage, current or flux-~linkage and d,q the
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real and quadrature axes respectively. These equations are
based on the same assumptions as used in the theory of
electrical machines [24].

Employing the per-unit system with equal per-unit mutual

inductance between the three windings on each axis [12], the
inductance matrix [L] in

(W] = [LI01] e (A2.8)

is written as

L + L L L
m s : m m
(L] = L L+ L L (A2.9)
m m r m
L L L+ L
m m m R

where L ,L,Ihare the self-inductances of the stator, inner rotor
S r

and outer rotor windings ‘respectively and L is the mutual

coupling ( assumed equal ) between these windings. Making [1] the

subject of the formula in (A2.8)

(11 = (L1 W] e ... (A2.10)
‘with
1 -L L -L L
-1 11 R m r m Ao 11
[L) = (L/1)* -L L 1, -L_L_ . (A2.11)
-Ler _LsLm 33
where
1 =LL + LL + LL
11 r R rm R m
1 =LL + LL + LL  i.ie.. .. (A2.12)
22 s R s m R m
1 =LL + LL + LL
33 s r s m rm
1 = LLL + LLL +LLL + LLL
s r R s rom s R m r R m
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The state-variable form can be obtained by substituting (A2.10)
in (A2.6). Note that the fluxes are chosen as state variables
instead of currents. Since the flux does not change
instanteneously, a larger time step can be chosen to obtain the

same accuracy, thus saving on computation time.

;le = = [(rsl“/i) *Je W+ (rLL/L)Y + (rLL/LY + vV
Jlr = (rLL/L)y - [(rrléz/l) + jswly + (rLL/L)y  ...(A2.13)
!bR = (rRLer/l)ws + (réLsLm/l)wr - [(rRl33/l) + jS(d]WR

The equations for the mechanical motion in per-unit is given by

s = -(1/2Hw) (t_ - t) (A2.14)
where te= Im{w:is) and s is the slip
For digital simulation, the complex variables in (A2.13) and

(A2.14) are resolved into the d, g axes as expressed by (A2.7)

resulting in:

—(rslll/l)wsd - wwsq + (rsLRLm/l)wrd + (rerLm/l)wRd + Vd

W

sd

Il

wy

sq sd
(rrLRLm/l)wsq - (rrlZZ/l)wrd - Swqu + (rrLsLm/l)wRd

- (rsl“/l)wsq + (rsLRLm/l)l/Jrq + (rSLer/l)wRq + Vq

rd

rq (rrLRLm/l)wsq + Swwrd - (rr122/l)qu + <rrLsLm/l)wRq

Rd <rRLer/l)wsd + (rRLsLm/l)wrd - (rR133/l)wRd - SwwRq

[}

¢ e e e €y S T
I

Rq (rRLer/l)wsq * (rRLsLm/l)qu * 'S(«)l[le - (rRIBC;/l)wRq

s = -(1/2Hw) [(LL/Lyw g + (LL/Ly_y  + (LL/Ly y
(LL/LY, ¥, - t]

Rq

1 .
................. (A2.15)
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A2.2.2 REDUCED 5"-ORDER MODEL

The outer cage of an induction motor is usually‘designed so that
there is a high starting torque and low starting current. This is
accomplished by making the resistance and leakage reactance

of the starting (outer) cage r.,L higher and lower respectively
than the corresponding parameters of the running (inner) cage

(P/ﬁ

Comparing the time constants 'I‘r = Lr/rr and TR = L,/r we note
that TR << Tr and that the transients associated with the outer

r ,L resulting in r>> rand L<< L.
r r R r R r

cage are much faster than those with the inner cage. Neglecting

these fast transients, by setting gy, =0 in (A2.13), we obtain a
reduced 5" order model described by equations (A2.19).

Setting wR= 0 in (A2.13) we obtain

v, = ( LL/1 ) (1-3s’)y_ (LL /1 ) (1-3s’)y :
T s 0 L .. (A2.16)
1 + SI2 L K
. -
where s’= (Ql/rﬂln) s

Substituting (A2.15) in the first two equations of (A2.13) we
get the reduced form of the machine model:

l‘z’s - (Rn' * jL“)l,(Is * (R12 * jL12)wr v

¥ = (R + JL )y + (R + JL ¥ e (A2.17)
r 21 21 s 22 22 r

s’ = -(1/2Hw) [(wl/rr 1) Im{ (R_ - 3L )Yy } -

2
(wlLr/rsrRleTJ)lelwsl - t{ ]

with

I

/L1 )/ + s'2)
/1 1 )/(1 + s’ 2

11 _(rslll/l) + (rsL

—(rrlza/l) + (r L'L

r

ENEN

2
r
2
22 s

177



- -2 ;2
R (rSLRLm/l) + (rsLerLm/ll33)/(1 + s’7)

12
R21‘ = ( rr/rs) 1:122 , ' oo s e s e . (A2.18)
L = =-w - (rLL/11 + s’

L11 = -(r 1 (/i)rs;n/- ;3;.;1.:(21/11 s)Sz/(1 +s%%)
L = ~(rLLIY11 )s//(1 + 8% |

12 S s r m 33
L21 = ( rr/rs) L12
tr o= (wlrl )t

Expressing (A2.17) in real direct and quadrature axes By using
(A2.7) we obtain the state space formulation used in digital

simulations:

R + L + R + L + Vv
sd llwsd 11wsq 12wrd 12¢’rq d

- + R + L + R + v
sq Lllwsd llwsq 12wrd 12qu q

rd Ro¥ea ¥ L21wsq RVt Lzzqu

S‘S.G-s.
1l

g - Lle[Isd + Rleﬂsq + L22x//rd + Rzzqu cevee.(A2.19)

s’ == (1/2He) [ (Wl/T Tl )R (b ¥ =~V V) -
)L,

(wl/rsrRl33 2(¢’sd‘llr'cl2 * wsqzqu) -
(wlLr/rsrRle33)L12(wsd __ ll’sq) -t ]

1
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A2.2.3 REDUCED 3"°-ORDER MODEL

This model is obtained by neglecting the stator transients in
(A2.17). This is equivalent to setting the time derivative of y
to zero. The theory of neglecting stator transients was discusseg
in the preceding section.

The first equation of (4.17) with ¢y = 0 can be expressed in d and

g axes as

_ 2 2 _ _
Vg = [1/ (R + L11)] [ (R11R12 + Ll‘.LlZ)wrd
(R11L12- R12L11)qu - Rllvd + Lilvq]
... (A2.20)
_ 2 2 _ _ _
wsq - l:l/(R11+ LI (Rule R12L11)wrd
(R R+ L LY -L v =R V]
T11 12 rq 114 11°q

11 12

The z"%-order model can now be obtained by replacing the last
three equations of (A2.17) with (A2.20). This is the lowest order

model for double-cage induction motors.

A2.3 SINGLE-CAGE INDUCTION MOTOR

Single~cage induction motor models are usually applicable to
small and medium induction motors (less than 50 kw). Large
induction motors can however be equivalenced to a single-cage
rotor that will have the same performance characteristics to
system parameter changes. The full fifth-order and reduced
third-order models for a single-cage induction motor models will

now be developed.
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A2.3.1 FULL 5'"-ORDER MODEL

The voltage egquations for the rotor and stator can be written, on

a synchronously rotating reference frame, as follows:

v 1+ +
rS lS ] wws ws

S

e ... (A2.21)
O = rrlr + ]wwl‘ + wl‘

where the subscripts s and r denote the rotor and stator circuits

respectively.

To represent (A2.21) in terms of flux linkages in order to aid
computational stability [28],[29] and noting that

. -1
(1] = (L1 [¥]

where

we obtain the following equations:

E.
il

< - (rsl1v/l) + Jw ]WS - Ih/l wr + v,
W= (rL/Ly_+ (1./1 = 3sw)¥ = eeeeeeeenen (A2.22)
where l11 = Lr+ Lh
1 = L+ L
22 s m
1

. =LL + LL + LL
s r s m r m
The equation of mechanical motion is given by (4.14) as

s = -1/(2Hw) ( t-t) e, (A2.23)

By using (A2.7), edquations (A2.22) can be expressed in real and

quadrature axis as

180



wsd = - (rslll/ l ) wsd+ wwsq—.Lm/l wrd+ vd

Vo= W &l /Dy +L/1y - Ve

,/,rd = (rer/l)wsd+ 122/1 wrd- swwrq

Vg = - (T L/L)Y =swy = (L /1) ¥ ...l (a2.24)
s = -l/(2H0) [ (L/L)y ¥+ (L/Ly ¥, = t]

)

Equations (A2.24) represents the full 5"-order model for a
single-cage induction machine. Althouah this model has the same
order as the reduced 57"-order model for the double-cage motor,

it is apparent that their structures are quite different.

A2.32 REDUCED 3"°-ORDER MODEL

The reduced third-order model can be obtained by neglecting the

stator transients in (A2.22). This is achieved by making ws= 0 in

the first equation of (A2.22) resulting in

-(L/L)y + v
v = L (A2.25)

S

rsl“/l + jw

Substituting (A2.25) 1in the second equation of (A2.22) and
resolving directly into direct and quadrature axes we obtain the

reduced third-order model as:

ﬁ.
]

rd [(-Lm/l)M - (122/Lr)]wrd + [(wLm/rsl“)M - SWw ]l,lqu + Mvd

W = [(WLy/T 1l )M = sely  + [((L/L)M + (1,/L)Jy  + My,
............ (A2.26)

where ' rth/rsl“

M =

rsl“/l + Jjw
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The equation for mechanical motion can be obtained by replacing
wm and ¥, 1n (A2.24) by

- Lmrsl11 wLm
lﬂsd = 12 lﬂrd M 1 qu
_wLm Lmrslll
l'0sc; = 1 lljrd - 12 rq

A2.3 LINEARIZED INDUCTION MOTOR MODELS

It is customary to use a linearized machin: model in power system
dynamic studies so that 1linear system analysis can be
conveniently applied. Non-linear models are linearized around an
opefating point with the assumption that the variables have small

deviations from the operating point.

This section will focus on linearizing ‘he non-linear model of
the double-cage induction motor. The process of linearization
could be directly applied to the fifth and the

third-order machine models. However, the coefficients of the
resulting equations would have complicated algebraic expressions.
A simpler approach is to linearize the full seventh-order :
model and to use this model to obtain the linearized versions of
the fifth and third-order models. This process can be done as

follows:

Let the seventh-order linearized model [x] = [A][x] + [B][u] be
partitioned into two sections with one section representing the
variables to be ignored and the other section the variable to be

retained. The partitioned linear model will be
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— - — — — A — —r -
X A B i
1 11 12 X 11 B, 4,
= +
-
__2_J L T2 22 | X, B, B, ugj
......... (A2.27)

where [xzj represents the variables whose transients are to be
neglected and (%] the remaining variables. Thus for the
fifth-order model [%,] represents the starting cage flux linkages
and or the third-order model the stator flux-linkages would be
incluled.

Setting X, =0 and eliminating X, results in a lower order model

[>'<1] = (A1 (%] + (U] e, (A2.28)
where (A= [A ] - [A,][A) (A, ]
[ul’= [u] - [A,][A,](u,]

The non-linear equations of the double-cage induction motor

(A2.10) can now be expressed in the state space form (A2.27) as

x. |=| A A x |+ | B, B'12 u
! o1z ! b ...(A2.29)
2 A21 A22 XZ M B21 B22 u2

X =
where
— - .
Awsd wsd
ay, : v,
(%] = | %] =] .
Awrd wrd
— Aqu - - qu —J
. F . ]
_ AwRd : _ wRd
[x)} = [x)] = :
2 AY 2
Rq ‘ wRq
Atl L é |
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(3,,]

[(a.]

(A, ]

(2,

-r 1l - wl rL L 0
s 11 s R m
wl -r 1 0 r L L
s 11 s R m
0 rrLRLh —rrl22 -swl
0 r L L swl 4r 1
r R m r 22__
r L L 0 0
S r m
0 rL L 0
S r m
r L L 0
S r m
0 rL L 0
r S m |
r L L 0 rLL
R r m s
0 r L L 0
r m
LR mquo LRmerdo
- + Lert/lRq - + LerwRd 0
2Hw 2Hw
-r 1 -swl 0
R33
swl -r 1 0
R 33
0 0 1/2Hw
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APPENDIX 3 : MATHEMATICAL MODELS FOR POWER SYSTEM LOADS -

185

LOAD TYPE STATIC

MATHEMATICAL 1 l

MODELS : Y = Const P = Const = Const

LOAD TYPE DYNAMIC

MATHEMATICAL ‘

MODELS Steady-state Complex

f(s) (% P,% IM)

Y = Const I = Const P = Const

Transient



APPENDIX 4 : INDUCTION MOTOR PARAMETERS

The parameters for the 15.3 MVA induction motor are as follows

Transient Steady-state
X = 4.777 R1 = 0.00293
X = 0.237 X1 = 0.107
X’'= 0.170 Xm = 4.67
T’ = 0.765 R2 = 0.020
T’/’= 0.011 X2 = 0.064
.Xl = 0.170 R3 = 0.020
H = 4.5 X3 = 0.070
S(1.0) = 0.139
S(1.2) = 0.436

All parameters are given on the motor base ( 15.3 MVA ).
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Consider a synchronous machine swinging with respect to an
infinite bus. The swing equation for the machine is given by

The damping factor D in the above equation is usually set to zero
when using the equal area criterion.

Equation 1.5 can be rewritten in the form given below :

_é-:WP ® ® 0 0 000000000 0 (1-6)

Equation 1.6 can be manipulated by integration to obtain the
relative speed as follows :

w 81
ds _ r .
I - o Lo P A8 ... (1.7)

For stability to be retained, the speed of the machines must be
the same. Thus

81
Since P =P - P, J [P ~-P ] = 0.
a m e m e
So

This integral may be interpreted as the area between the curves of
Pm versus & and Pe versus 8. Figure 1.3 below show these curves,
for a change in load. Figure 1.4 shows the curves for a change in
the transfer reactance between the machine and the infinite bus
due to a fault.





