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Abstract

As the power system operation safety and continuity are emphasized by electric
power utilities, the transient stability performance of power systems becomes a common
topic studied by many researchers. Thi s thesis focuses on three differe nt methods on
power system transient stability enhancement. Different systems and fault scenarios are
simulated and discussed to support the conclusions. First, the concepts of "power system
stability" and "power system transient stability" are introduced. And then, the methods of
fast fault clearing, high speed excitation systems, and the Static VAR Compensator (SVC)
reactive power support are explained in details with a series of case studies. Finally, an
SVC allocation method based on simplified sensiti vity analysis is also presented, which
validates the effect from SVCs on the power system transient stability improvement and
the transient bus voltage sag problem. The thesis also presents the optimized allocation of
SVCs based on the transient voltage sags.
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Chapter 1
Introduction

In today' s power systems, the most important operation requirements are safety and
reliability. Since the power supply is needed in daily life, any electric power outage or
blackout may bring economic losses and inconvenience.

Power system transient stability has been significantly considered in electric power
industry for a long time especiall y in the power system blackouts prevention [ 1]-[4].
Transient stabili ty problems bring electric power utilities great challenges and a series of
negati ve consequences: the losses of generation units, power system components, or loads.
In the worst case, the whole system may lose control and collapse, leading to blackouts in
large areas. In order to ensure a safe, reliable, continuous power supply, the power
utilities should consider the power system transient stability perfo rm ance.

1.1

Objective of Research

This research aims at exploring the nature of power system transient stability and
discussing three main methods of improving the power system performance with respect
to transient stability: decreasing fault clearing times, employing high speed excitation
systems, and the assistance from Static Var Compensators (SVC). It also aims at
exploring an improved method to allocate SVCs in order to better enhance the system
transient voltage performance. This research verifies and studies those methods by case
studies. Different types of excitation systems and different allocations of SVCs are
evaluated.

This research indicates that, by strengthening the power system transient stability
performance, power grids can transmit more electric power with less potential safety
hazards. With better stability performance, the power supply becomes more reliable and
safer, which benefits the whole society and people's daily life.

1.2

Organization of Thesis

In this research, the theory of transient stability enhancements are first presented and
explained, and, then, it is illustrated and verified by case studies. Comparisons are
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conducted to clearly demonstrate how the generator rotor angle performances and
transient voltage performances are improved by those measures and devices. The results
obtained show that the effects of those measures and devices indeed contribute to the
power system transient stability enhancement.

This thesis is organized as follows:

Chapter 2 discusses the concept of the power system stability and introduces the
term of "power system transient stability" in detail. The method of evaluating the power
system transient stability is also introduced, and this chapter serves as the fundamental of
the following transient stability improvement analysis.

Chapter 3 focuses on the transient stability enhancement by decreasing the fault
clearing time in systems. The swing equations and the equal area criteria help to explore
the nature of the rotor angle stability problems. Three power systems are simulated and
analyzed in PowerWorld Simulator [5] to demonstrate the effect of fast fault clearing
method on the power system transient stability enhancement.

Chapter 4 shows how the high speed excitation systems benefit the transient stability
enhancement in the power system. Typical excitation systems and their control diagrams
are introduced in detail. Their contributions on power system transient stability
enhancement are also illustrated for three different power systems.
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Chapter 5 introduces the basic theory on the Flexible AC Transmission System and
the Static Var Compensators (SVC). The classification and functions of SVCs are
emphasized, especially the effects on the power system transient stability enhancement.
Two case studies are presented to illustrate the role of SVC in the power system transient
voltage improvement and the transient stability improvement. The MATLAB Simulink [6]
and Power System Toolbox (PST) [7] based on MATLAB are employed to conduct
simulations.

Chapter 6 further explores how the allocation of SVCs influences the power system
transient stability and bus transient voltage sags. Different SVC positions lead to different

effects. Contingency analysis is used to detect weak areas in various power systems, and
then, the trial and error method or a simplified sensitivity analysis can be further applied
to decide specific SVC allocation schemes. The Power system Toolbox (PST) based on
MATLAB is used.

Chapter 7 summanzes the thesis and draws conclusions. Contributions of this
research to real power systems are discussed. Possible future work on this topic is
presented.
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Chapter 2
Power System
Stability

2.1

Stability

and

Transient

Introduction

In order to discuss the power system transient stability in detail, the concepts of

power system stability and the transient stability should be introduced. The definition of
these two terms is discussed in this chapter, and two simulation tools used in this thesis
are presented as well.

2.2

Overview of Power System Transient Stability Concept and System
Operation requirements

In modern power systems, system stability issues are known as significant aspects.

In order to operate a system in a safe, reliable state, ensuring its stability is essential and
crucial.
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The stable parallel operation of AC generators and the power system stability
concepts were proposed by experts for the first time in the earl y decades of the 20th
century [1]-[3]. However, since power systems developed quickly during the 20th century,
the ideas and concepts presented in the past are not appropriate for modern systems.
Realizing this, reference [3] systematically introduces the power system stability
definition and classification from a modern point of view. In addition, [3] also discusses
the close relationship between reliability, security and stability: maintaining the stability
of a system helps to ensure its reliability; a secure system is always founded on its reliable
operations.

Many power system blackouts begin with the loss of stability. Reference [4] foc uses
on the causes of those blackouts, and the recommendations regarding system security
enhancements. Experts started to learn from those blackouts that in order to maintain
power systems in a safe, reliable state, the power system operation should emphasize on
the improvement of the system stability through various strategies, with investments also
considered.

In summary, the "stability" serves as an important concept for the world's electric
power generation and distribution systems. The operation of power systems cannot be
conducted without considering it.
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2.3

Definition and Classification of Power System Stability

According to references [3] and [8], a definition of power system stability can be
proposed:

Power system stability refers to the ability that all the synchronous machines in a power
system have to return to the previous equilibrium states, or move to new steady states, if
there is a disturbance. The integrality of the systems is maintained and the significant
variables are bounded.

It is known that disturbances serve as a key factor in triggering destabilizations in the
systems, and may cause big problems. However, since many power supply devices, such
as transmission lines, are exposed to the natural changing environment directly, large and
small disturbances from the environment are inevitable. Short circuits and sudden loss of
power grid elements may happen. These are event-type disturbances [3]. The continuous
variation of loads can also affect the operation and the control of generators, but they are
referred to as the "norm-type" disturbances, a contract to the aforementioned sudden
event-type disturbances [3]. Therefore, in practice, the stability of power systems
experiences many disturbing tests every time, as the environment keeps varying. If the
system is not properly designed or operated, a single, small disturbance may lead to a
large, severe power outage.
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For the analysis of power system stability problems, the following two points are
significant. First, in order to simplify the process of researching on system stability issues,
such as the normal analysis and simulations, a common valid assumption is employed, in
which the system is at a true steady-state operation point before suffering a disturbance.
Second, in order to ensure the system security by scientific design, and to control the
investment, power engineers should consider both the system security margin and the
budget. For an efficient and economical design, some significant possible contingencies
are carefully selected and considered; while others are ignored due to the budget limit.
This point is applied in the case studies in Chapter 6 of this thesis that only significant
contingencies are studied. However, the finite regions of attraction obtained by the
contingency selection should be as large as possible [3].

The classification of the power system stability is illustrated in Figure 2.1 . The
power system stability mainly contains three parts: rotor angle stability, frequency
stability, and voltage stability. The transient stability is included in the rotor angle
stability.
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Figure 2.1 Classification of Power System Stability [3]

Figure 2.1 and reference [3] also point out the time frame for each stability type.
Though divided into three forms, during a contingency, several types of instability may
occur at the same time. One form of instability may also trigger others. Usually, large
disturbances are those sudden severe changes in the power system, such as the loss of
generators, transmission lines, or transformers. By contrast, small disturbances are less
obvious ones, such as low frequency oscillations.

2.4

Power System Transient Stability

As Fig.2. 1 shows, the power system transient stability belongs to the rotor angle
stability. It refers to the ability of the generators in a power system to maintain
9

synchronism after a large sudden disturbance that leads to great excursions of angle 8 the rotor angular differences between the system 's synchronous position and the actual
position of the rotor - and frequency deviations [3][9]. If the generators' rotor angles in a
system can return to the previous equilibrium states, or successfull y reach a new steady
state, this system is stable. Otherwise, the system will oscillate severely, become unstable
and the generators will lose synchronism.

Reference [ 10] provides a classical mechanical analogy to describe the transient
stability problem shown in Figure 2.2. It ex plains this concept using a model consisti ng of
strings and several balls. The breaking of one string disturbs the static state of the balls,
causmg an oscillation. Finally, a new steady state can be reached, or instability
irreversibly occurs. Such a process 1s similar to the power system transient stability
problem.
~~::- "' : ~ ... ·-~-~

'~

F igure 2.2 A Classical Mecha nical A nalogy to the Transie nt Stability Proble m [9][ I 0]
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The power systems in the world are mainly connected in an interconnected way. The
natural energy resources in remote regions can be utilized to generate power efficiently,
and the power can be transferred to the load center thousands miles away by transmission
lines. Different parts of a power grid can also support each other to improve security
margins and power qualities. However, in such big systems with many synchronous
machines interconnected, a single local disturbance in the system wi thout proper controls
may cause a wide area problem, even lead to a severe blackout in the whole grid,
especiall y when the system is under stress with heavy loads. Reference [11] focuses on
the protection strategies and control methods to help enhance the large power system
transient stability following severe system oscillations: effecti ve controllers are essential
to prevent instabilities; proper circuit breakers and appropriate isolations are also
considered as oscillations occur.

2.5

System Protection and Assessment of System Transient Stability

Accordin g to the power system operation theory, after large disturbances, specific
relays will operate swiftly, forcing a series switches to open as well as minimizing the
isolated area. In the power system networks, switches are set related to both primary
protections and backup protections. These two kinds of protections should coordinate
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with each other very well by proper time intervals. The backup protections operate more
slowly after the primary ones with certain time delays, in case of the failure of the
primary protections.

The influence that disturbances impose on the whole system vanes with cases.
Various system configurations, operation conditions, protection designs, or characters of
the disturbances may lead to diverse system transient states. The time period for the
power system transient stability assessment is 3-5 seconds after the sudden large
disturbance for small systems, and 10-20 econds for large systems [3] . For large-scale
power system transient stability studies, digital computer programs play significant roles.
The Real-Time Dynamic Security Assessment (DSA) is realized in the power system
operation. In reference [ 12], DSA Models and operation processes are introduced in detail.
Reference [ l 3] also serves as an example to illustrate the application of the digital
computer programs in the power system transient stability assessment.

2.6

Transient Stability Simulation Software

Software can be employed to evaluate power system transient stability, such as
PowerWorld Simulator, PSCAD [1 4], PS AT [15], MATLAB Simulink and Power
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System Toolbox in MATLAB. In this thesis, two types of software are mainly used:
PowerWorld Simulator (Version 15) and the Power System Toolbox in MATLAB.

The PowerWorld Simulator, developed by the PowerWorld Corporation, is power
system simulation software with strong capabilities of power system studies, basic power
flow calculations, optimal power flow analysis, and contingency analysis [5]. The
transient stability (TS) analysis package in this software can simulate various transient
states, helping to give a thorough interpretation of different contingency situations and
transient stability problems. The software is user friendly with easy operation procedures
and nice presented figures. Some of the results, such as the bus admittance matrix tables,
from the PowerWorld Simulator are compatible with the MATLAB software. In summary,
it is a powerful tool to analyze power system transient stability.

The Power System Toolbox is an analysis software package based on the wellknown MATLAB software. Since the PowerWorld Simulator software cannot model the
SVCs, the Power System Toolbox based on MATLAB is adopted to conduct all the
simulations regarding SVCs. The original paper about it was written by Dr. Kwok W.
Cheung and Prof. Joe Chow, and the software was modified and improved by Graham
Rogers later [16]. The whole package contains MATLAB function files to solve power
flows and various dynamic processes, as well as typical power system data files. New
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data files can be created ·and called by those functions files, and all the MATLAB files
can be modified accordin g to specific requirements.

2.7

Conclusion

In this chapter, the basic ideas of the power system stability and the transient
stability are discussed. In order to evaluate and analyze the stability problems
scientifically and in time, digital computer programming and simulations are necessary.
PowerWorld Simulator and the Power System Toolbox in MATLAB are used in this
research.
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Chapter 3
Transient Stability Enhancement through
Fast Fault Clearing

3.1

Introduction

The power system transient stability is a complex problem to analyze. A single small
contingency without proper measures to deal with may lead to a large system collapse. In
this chapter, single synchronous machine stability is thoroughly studied by introducing its
swing equations, which is a fundamental of the power system transient stability. In
addition, the equal area criteria also illustrate the stability issues regarding a single
machine towards the infinite bus system. Then, a basic method of improving the transient
stability - fault clearing time control - is proposed and explained. Several case studies are
done based on various power systems with diverse fault clearing times.
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3.2

The Swing Equations [9][17]

In order to estimate the system transient stability, the rotor angle 8 needs to be
introduced first. It is defined that em ( t) = Wmsyn t

+ Om ( t). Wmsyn is

the synchronous

rotating speed of the rotor from the system, a reference speed. em ( t) is the rotor angular
position regarding the initial angular position. Om(t) is the rotor angular position
difference between the system's synchronous position and the actual position of the rotor,
a corrective variable.

According to Newton's second law, the following formula can be derived :

] am

= j dzem(t)
=j
dtz

d z8m(t)
dtz

= Tm (t) -

T (t)
e

= Ta (t)·'

(3.1)

Tm represents the mechanical torque which equals to the electrical torque, obtained by
subtracting the torque Joss from the prime mover. Te represents the electrical torque from
the power system. am is the angular acceleration, and j is the moment of inertia. The
sudden significant changes from Tm or Te serve as disturbances, breaking the initial
equilibrium state.

The problem can be simplified by transferring those torques to powers, and using
per-unit values. Under this circumstance, an H constant is defined as the rated kinetic
energy from generators under synchronous speed, respective to the generators' VA rating
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1

H

2

= 2] Wmsyn

(

J/ V A ) ;

( 3 .2 )

Smsyn

The typical value for H is between 1 and 10.

In addition, considering the generator with P poles and damping torque, 8, w, Wsyn
and a are defined as the power angle, electrical radian frequenc y, synchronous electrical
radian frequency, and electrical angular acceleration. a(t)

= ~am(t),
w(t) = ~wm(t) ,
2
2

Wsyn (t) = ~Wmsyn(t) and o(t) = ~Om(t). The foll owing per-unit swing equation can be
derived:
2

2H
d 8 (t)
D (d8 (t ) )
- = Pmp.u.( t) - Pep.u.( t) - -w - -dt- = Pap.u.( t ) '·
,,, - wp .u. ( t ) dt2
zyn

(3. 3)

~ zy n

D is the coefficient for the damping torque, with a typical value between 0 and 2.

If we write the equations in the space-state form , the following equations are obtained:

d8(t )
----;;t
= W(t) - Wsyn = Llw (t)

dw(t )

dt =

d D.w(t )
- d t--

W syn

(

)

(3.4)

= Wsyn Llwp.u. ;

D

[

= 2H w p .u .(t ) Pmp.u.(t) - Pep.u.(t) - :----syn

The per-unit swmg equation

IS

( d8(t) )]

----;;t ;

(3.5)

a foundation for the power system transient stability

analysis. The 8(t) curve refl ects the operating conditions for the individual synchronous
machines, as well as the whole power systems. They are non-linear equations with nonlinear Pe(t) and Wp.u.(t) . Usually, we assume that Wp .u.(t )

~

1 in our calculations, since

this per unit value does not change significantly during the transient processes. Reference
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[ 17] mainly introduces four integration approaches to solve these nonlinear differential
equations, including three explicit integration methods and one implicit integration
method. The advantages and limitations regarding each method are also given. Reference
[9] focuses on the modified Euler's method, illustrating the solution process of the swing
equations in detail.

In order to explain how the swing equations reflect the performance of the transient

stability, a simple small system from reference [9] with three buses is studied. The system
diagram is as below:

Bus 1

XTR

X12 = 0.20

Bus 2

= 0.10

Angle =

I nfinite Bus

6 .59 Deg

Angle

=

0.00 Deg

Figure 3.1 System Diagram of a Three-bus System

A synchronous generator is connected through a step-up transformer and two
transmission lines to a large power system (infinite bus). H =3 is employed, and the
system can first be solved through basic power flow calculations, obtaining generator
inner voltage E'

= 1.2812L23.95° in per unit. The real power injected to the infinite bus

through Bus 2 is 100 MW, and the reactive power going to the system through Bus 2 is
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32.86 MVar. Assume that a three-phase-to-ground fault occurs in Bus 3, with the
equivalent network changed immediately at that instant, X13 and X23 are connected to the
ground directly.

After a short time period, the fault is cleared by isolating the fault area, with the two
switches open at both ends of the branch between Bus 1 and Bus 2. The system network
diagrams during the fault and after the fault are showed as Figure 3.2 and Figure 3.3.

Xd"-XTR=OA

X1: =0 2

,__r.rv~.--f'r..--v-,~
1
E'

8

h

j_

:{

~:3=0: (~

!nfln te BJs

X1 3=0 1

j

l

J

Figure 3.2 System Network during the Fault of Three Bus System

Xd'+XTR=0.4

X1 2=0 .2

r -~-Infinite Bus

~
Figure 3.3 System Network after the Fault Clearance of Three Bus System
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With the direct axis transient reactance Xd' for the generator model 0.3, we can easily
obtain the Thevenin equivalent circuits een from the generator ends for the faulted
circuit and the post fault circuit. XTh is the Thevenin equivalent reactance, and VTh is the
Thevenin equivalent voltage.

For the fault circuit,

XTh = 0.3

V

Th

=

+ 0.1 + 0.2 II 0.1 = 0.46667.
0.1

0.1

+ 0.2 X

1L0° = 0.3333L0°.

For the post fault circuit,

XTh = 0.3

Providing D

do(t)
dt

0.6.

= 1.5, Pm = 1 , the swing equations can be written as:

= !J.w (t).

(3.6)

I

dt;,w(t)
dt

+ 0.1 + 0.2 =

=

do(t)l

rr x60 P, _ E'VThsin8 _ l.S X--;_u- .
3
m
XTh
2rrx60 '

(3.7)

[

The solutions of the above two equations can be obtained by MATLAB. Choosing
different fault clearing time, the rotor angle variations with time are shown in the
foJJowing figure. Within a short period of time - 1.5 seconds after the fault, the generator
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rotor angle may vary within a bound, or increase boundlessly, depending on different
fault clearing times. From the aforementioned stability definitions, the stable and unstable
scenarios are distinguished by whether the rotor angle will go to the pre-fault value or a
new stable value. Therefore, as Figure 3.4 shows, the line which consists of stars
represents a stable case with a fault clearing time 0.3 seconds after the fault; while the
solid one stands for an unstable case with the fault clearing time 0.4 seconds.
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- - Unstable Case
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3
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Figure 3.4 Solutions of Swing Equations: Rotor Angles v.s. T ime for the Three Bus System
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Figure 3.5 Different Fault Clearing Time Comparison in Stable Scenario for Three Bus System

Different fau lt clearing times are checked and as the fault clearing times vary from
0.1 to 0.3, the rotor angle solutions of the swing equations are presented in Figure 3.5. It
clearly indicates that the less clearing time is employed; the rotor angle deviation
becomes smaller. The oscillation magnitude decreases with time due to the damping
torque.

3.3

The Equal-Area Criterion

The Equal-Area Criterion provides another sight into the power system transient
stability problem.
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Figure 3.6 Single Generator towards Infinite Bus System Example

Adopting a simplified model for synchronous machine, the electrical power sent
from the generator towards the system

.
IS

1

Pe

= E Vsinli ,
X eq

.

.

With E' representmg the

generator' s internal voltage, V representing the system bus voltage, and Xeq standing for
the sum of generator direct axis transient reactance

X~

and all the external equivalent

reactance. Here, 8 refers to the power angle: the angle difference between the internal
voltage E' and the system (Infinite Bus) voltage V . Figure 3.6 illustrates the power
angle 8 curve.

In order to simplify the analysis, the voltages E' and V can be treated constant at the
moment when a disturbance occurs. The relationship between the power angle 8 and the
per unit electrical power Pe is a sinusoidal curve, shown as Figure 3.7.
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Figure 3.7 Power Curve for a Typical Synchrono us Mac hine

In the equilibrium state, the net mechanical power which excludes the energy loss
equals to the electrical power requirement from the system. In Figure 3.8, the steady state
operation point is at the intersession of the electrical power curve and the mechanical
power straight line.

t

P ro.u.)

+
t

Pe =

I
t
f

E'Vsino
X eq

o(rad)
rr

Figure 3.8 Normal Operation Point fo r a Typical Synchrono us M achine
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As a disturbance occurs, the operation point moves because the energy supply or the
energy consumption conditions change. Consider a three-phase-to-ground short circuit
fault at Bus 3 in the 3-bus system as an example. As long as the short circuit occurs, the
electrical power transmitted from the generator to the system suddenly drops to a very
low level, close to zero. However, because of the inertia of the prime mover and the
generator, the mechanical power stays at the same level as the initial equilibrium state. A
gap between these two occurs, leading to acceleration. The rotor angle begins to increase
. f au 1t power curve Pe = E'Vsin8 , w1t
. h t he rotor rotatmg
.
from u~0 a Iong the d unngspeed
X eq_fault

growmg up.

At some point in time, the fault is cleared from the system. The rotor angle has
~
fl ·
I
· l
.
move d to a new va1ue uc
, re ectmg a new e ectnca power pomt Pee

= E'Vsin8c at
Xeq

t he

original power curve. However, with an almost constant mechanical power, the electrical
power requirement is larger than the mechanical power at this time. A deceleration
process occurs. Though the angle 8 keeps increasing due to the inertia, the increasing rate
of 8 drops, and it also jumps to the over-fault power curve, with Xeq = X1 2 = 0.2.
Finally, if 8 can stop increasing at a point Omax before reaching the maximum limit Om
(the other intersession point), and begin to move back, the machine stability is maintained:

8 can finally move back to the initial operation point or a new steady point with the help
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of the damping factor. Otherwise, if 8 cannot stop increasing before reaching 8m , it can
never move back by itself, and the unstable situation will occur.

p

2.5

Pn = 2.4638 sin 5

2

1.5

~~~

1

0.5

3.5

1.5

8o

Figure 3.9 Equal Area Criteria for a Typical Synchronous Machine

Considering Figure 3.9, the area in which the mechanical power is larger than the
electrical power during the fault time is an acceleration area, named A1 . The area in which
the electrical power exceeds the mechanical power after the faul t clearance is a
deceleration area, named A 2 . The equal area criteria is that the area of A 2 should be equal
or larger than that of A1 to maintain the transient stability. Otherwise the generator will
lose synchronism, because 8 cannot move back once it goes beyond 8m. If the fault is
cleared before 8 reaches the critical clearing angle and the maximum power angle 8max is
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less than

om, the rest of the acceleration area serves as the "stability margin", shown by

Figure 3.10. The more stability margin obtained the more capability a generator has to
resist the disturbances, and remain stable. The unit of angle 8 is radian .
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Equal Area Criteria
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Figure 3. 10 Stability Margin for a Typical Synchronous Machine

The above figure shows that the nature of the transient stability enhancement is
increasing the deceleration area, limiting the acceleration area, and enlarging the stability
margin. A direct method is controlling the Clearing Time. The faster a fault is cleared, the
less acceleration area it creates, the more margins for the deceleration exist, and the less
instability threatens a system faces.
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3.4

Clearing Time Control

According to Section 3.3, if a fault is cleared fast enough, the system may have good
transient stability performance after a disturbance. However, the clearing time cannot be
decreased without limit. The fault detection by the relays takes time; the fault analysis
and decision making require time; and the reactions of the switches also take time. In
practice, this time value cannot be reduced randomly. In power system transmission line,
a typical fault clearing time requirement is 6 - 10 cycles after a fault, which is around 0.1
- 0.167 seconds, assuming the speed of generator unchanged. The higher voltage level the
system has, the smaller fault clearing time is desired.

The Critical Clearing Time (CCT) is defined as the longest time after which a fault is
cleared to maintain the transient stability, without causing transient instability. In Figure
3.9, the clearing angle Oc is a critical clearing angle, since it critically allows A1

= A2 . A

fault cleared after 8 which goes beyond De will cause instability in this system. Therefore,
CCT is the time after which a fault is cleared and enables the acceleration area equal to
the deceleration area. If the fault clearing time is larger than CCT, the synchronous
machine will go out of step and lose synchronism with the system.
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Generator Model Introduction

3.5

In the power system transient stability studies, the modeling of generators are
important. After large disturbances or faults, generators respond through a senes of
protective reaction. Therefore, during transient studies, the power system admittance
matrix need to be modified to include the generator synchronous impedances. In addition,
complex generator models should also be considered when more accurate estimations of
transient stabilities are required. Two generator models which are employed in this thesis
are introduced in the following sections.

3.5.1

Classical (GENCL) Model

The Classical Model or GENCL Model consists of the Thevenin voltage of the
generator plus a transient direct axis transient reactance X~ as Figure 3. 11 shows.

~-~~8
Vs

G

1
Figure 3. I I Classical Generator Model
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Ra represents the resister of the armature winding in the generator. For the generator part,
1

2

this model also consider the H constant (H = 21 wmsyn) and the damping torque coefficient
Smsyn

D, which are s ignificant parameters for tran ient studies. The transient reactance X~ is the

generator direct axis equivalent reactance during the transient process of a disturbance.
According to [ 17] ,
(3 .8 )

Xad reflects the mutual flux linkage between the stator and the rotor d-axis . X 1 is the
armature leakage reactance. Xrct stands for the leakage flux in the field , and Xp1 represents
the effect of the mutual flux between d-axis damper and the field. The corresponding
generator flux paths are showed as Figure 3.12.
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Fig ure 3. 12 Flux Paths regarding to Generator Direct Axis [ 17]

In common transient stability analysis, after a disturbance, the generator armature
current component firstly experiences a subtransient period, and then a transient period,
finally a steady-state period as Figure 3. 13 shows, reflecting different inner
reactances X", X' , and X5 correspondingly.
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Figure 3. 13 F unda me nta l Frequency Compone nt of Armature Current [ 17]

For a simple model , it can be assumed that X" =X~ =X~' , and X' =X~ =X~ [17] .
For this Classical (GENCL) Model, the damper leakage flux ¢ 1 ct is ignored because it
decays fast in a few cycles following a disturbance. ¢ 1 ct is only considered to exist in the
subtransient period. This simplified classical model is commonly used in many studies for
which rigid requirements are not essential. However, for the GENROU Model explained
in Section 3.5.2, the armature leakage flux ¢ 1 , the damper leakage flux¢ 1 ct, the field
leakage flux ¢ 1d, the mutual flux between damper and field c/Jpt, and the mutual flux
between the armature and the direct axis ¢ ad in Figure 3.12 are all considered.

3.5.2

GENROU Model

The GENROU Model is an advanced generator model compared to the classical one,
in which the subtrasient process after a fault is considered. In the case study in Section 3.6,
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this GENROU Model is adopted instead of the GENCL Model. The direct axis model
diagram is shown in Figure 3.14.

+

d -A)[JS
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'
1-Augle
2 - Speed w

3 -Eqp
4- P:tDp

5 - P"Qpp
6- E.dp

* * *q- AXIS idem!cal, swapping d and q substripts

Figure 3. 14 GENROU Direct Ax is Model [5]

The q-axis model is identical as the direct one in Figure 3.14, substituting d by q. In
the GENROU Model, the Ra, H and D are all included as the Classical Model. X1 is
specified as the leakage reactance. Xd and Xq are the synchronous reactances regarding to
the steady-state process;
process;

X~

and

X~'

X~

and

X~

are the transient reactances reflecting the transient

represent the subtransient ones, which indicate the dampers' effect in

the rotor. There are four important time constants in this model : transient open circuit
time constant T~ 0 and T~ 0 , and subtransient open circuit time constant T~~and T~~· These
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time constants can be evaluated by testing the times spent by the d-axis and q-axis stator
flux and the terminal voltage on responding to a field voltage change in open circuit cases
[ 17].

Referring to Figure 3.13, the time constants T~~ and T~~ also reflect the initial quick
changes in the subtransient period, and the time constant T~ 0 and T~ 0 reflect the slower
changes during the transient period.

3.6

Case Studies

In order to estimate the effect by the fault clearing time on the power system

transient stability, different studies based on three systems are analyzed in the
PowerWorld Simulator software. The three-bus system is selected as an example of a
simple system, and the nine-bus system and 37-bus system are selected to exemplify
larger and more complex systems. For the fast clearin g scenario, a clearing time of 0.1
seconds is employed, since a typical primary fault clearing time around 6 cycles (0.1
seconds) is adopted in power systems [9] .
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3.6.1

Three-Bus System (One Machine to Infinite Bus System)

The aforementioned simple three-bus system is simulated first. The ystem diagram
is showed in Figure 3.6. A fault is applied at 1.0 second at Bus 3, and the fault is cleared
by disconnecting the switches at the two ends of the fault branch after different clearing
times. The generator is modeled by the GENCL model , with H
X~

= 3.0, D = 1.0,

and

= 0 .3 in 100 MVA base. [9]
If the fault clearin g time is set to be 0.1 seconds, the system is stable as Figure 3.15

and 3.16 show. The rotor angle of the generator begins to oscillate at the instant the fault
is applied. However, the oscillation decreases due to the damping torque. The voltage
drops dramatically as the fault occurs, but recovers soon due to the fault clearance.
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However, if the fault clearing time is adjusted to 0.4 seconds after the fault, the
acceleration area for the generator in Figure 3.9 will be too large, and the deceleration
area is not large enough. As a result, the system becomes unstable. The Figure 3. 17 shows
the rotor angle of the generator. It keeps increasing and never returns.
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Figure 3. 17 T hree-Bus Syste m Generator R otor Angle Variations with a Faul t at Bus 3 and Clearing Time

0.4 s
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Compared to the Figure 3.4 and 3.5 obtained by the MATLAB software in Section
3.2, Figure 3. 15 and 3.17 agree with them. Since the rotor angle of the generator increases
dramatically, the voltage fluctuate up and down severely. The plot of voltage in this case
obtained by the software does not convey any information.

3.6.2

Nine-Bus System

Fast fault clearing can also be employed in larger and more complex power systems
to improve power system stability performance. A nine bus system in the following figure
is introduced and analyzed. This system comes from the PowerWorld Simulator software
sample systems.

Bus 7

Bu.s B

©-b , ·t:r--~t-

-r5+@
Bus 9

-·p ..._"''ir
Bus4

~ -. -!

•

Bus l

Figure 3. 18 Single Line Diagra m of a Nine-Bus Syste m
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Bus 3

After a basic power flow calculation, the load demand and the generation schedule

IS

summarized in the table as below

Table 3. 1 Summary of the Nine-Bus System Case In formation
Power
System

Load Demand
Real Power (MW)

Reactive Power

Real Power

Reactive Power

(MVar)

(MW)

(MVar)

115

320

23

Type
9 Buses

Generation Schedule

3 15

A more detailed generator GENROU model is selected. Simulations are done in the
PowerWorld with a three-phase-to-ground fault occurring on the transmission Line 6-9 at
1.0 second. The fau lt is cleared at different clearing times by disconnecting the relevant
branches.
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Figure 3. 19 Nine-Bus System Generator Rotor Angle Variations with a Fault at Line 6-9 and Clearing Time
0.1 s
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Fig ure 3.20 Nine-Bus System Generator Rotor Angle Variations with a Fault at Line 6-9 and Clearing Time

0.3 s

With less fault clearing time as Figure 3.19 shows, the generator rotor angles can
finally return to steady-states. In Figure 3.20, the generator rotor angles keep increasing
and the system loses stability because the fault is cleared too slowly. In large systems, a
short fault clearing time also help the rotor angles of generators to maintain stable and
enable the system to obtain more stability margins.

3.6.3

37 - Bus System

In order to justify that the fast fault clearing method is also suitable for large
complex power systems' transient stability enhancement, the fifth study is conducted
based on a 37- bus system in PowerWorld. 9 Generators, 26 loads, 8 switched shunts and
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43 transmission lines make up of this system. The system diagram is shown in Figure
3.21.

Figure 3.2 1 Single Line Diagram of a 37 -Bus System

The load demand and the generation schedule is summarized in Table 3.2 :

Table 3.2 Summary of the 37- Bus Case Information

Power System
Type

37- Bus

Load Demand
Real Power (MW)

808.7

Generation Schedule

Reactive Power

Real Power

Reactive Power

(MVar)

(MW)

(MVar)

283.6

8 18. 1

110.4

GENCL models for generators are adopted in this system. A three-phase-to-ground
fault case at 1.0 second on the Line Slack 345- Jo 345 is simulated in the PowerWorld
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software. Different fault clearing times of 0.1 seconds, 0.6 seconds, and 2 seconds are
tested.
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Figure 3 .22 37- Bus System Bus Jo Generator Rotor Angle Variation regarding to the Slack Bus Generator
with a Fault at Line Slack 345- Jo 345 and CT = 0.1 s
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with a Fault at Line Slack 345- Jo 345 and CT =0 .6 s
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Figure 3.24 37- Bus System Bus Jo Generator Rotor Angle Variation regarding to the Slack Bus Generator

with a Fault at Line Slack 345- Jo 345 and CT

=2 s

The above three simulations and figures indicates that the Bus Jo Generator rotor
angle oscillate slightl y when the fault clearing time is small, and the oscillation grows
larger as the fault clearing time increases. In Figure 3.24, a two seconds fault clearing
time is employed, and the generator loses its transient stability by a fast growing rotor
angle without boundary. A conclusion can be made that, in large power systems, the fault
clearing time is also crucial to the stability maintenance. Employing a short clearing time
enable the generators in the system reaching steady states with smaller oscillations and by
less time. A large fault clearing time may lead to the generators' losing synchronisms and
cause the whole system to become unstable. The losses of generations and loads may
occur. Even a large area blackout may be triggered.
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3.7

Conclusion

In this chapter, the influence of the fault clearing time on the power system transient
stability is discussed. From all the analysis and simulations, it is concluded that limiting
the fault clearing time will help to smooth the rotor angle oscillations and provide more
stability margins. The system can theoretically remain stable given a fault clearing time
less than the critical clearing time (CCT). In summary, the control of the fault clearing
time is an effective and direct method to enhance the power system transient stability.
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Chapter 4
Transient Stability Enhancement through
High Speed Excitation

4.1

Introduction

In modern power systems, generator excitation systems are widely employed to
adjust generator field currents (voltages) and to maintain generator terminal voltage levels.
Automatic control instruments are adopted, and high speed responses are available
because of the developments of such systems. High speed excitations are the excitation
systems with small time constants in their block diagrams. For a high speed excitation,
the quick response towards voltage drop contributes to the system transient performances
during a large disturbance. This chapter presents details on high speed excitation systems
and their effects on transient stability enhancement.
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4.2

Typical Excitation System

For a synchronous generator which is generating electric power, the energy is
transferred from the prime mover to the armature winding through the magnetic field
caused by a field current. The DC (direct current) excitation creates a rotating magnetic
field, which cuts the coils, and electric potential is created in the stator armature windings.
In this circumstance, if the transmission lines work well and the loads are connected,
electric power can be transmitted into the power grid through the armature current flow.
Exciter generator

P.T

Refer~mce

Voltage

Amplifier

Figure 4 .1 Excitation Control [ 18]

As Figure 4.1 shows, in order to control the generator excitation, the generator
terminal voltage is monitored and compared with the reference voltage. The error signal
controls the exciter generator after being amplified.
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Field currents are generated and controlled by excitation systems. The values of the
generator internal voltages vary with the strength of the magnetic field, as well as the
field currents [ 19]. Therefore, providing a larger excitation current within boundaries will
cause a stronger magnetic field to appear, resulting in the raise of the internal voltage
level, as well as the generator terminal voltage.

In addition, a stable generator terminal voltage helps to stabilize the whole systems'
voltage level. Excitation systems are crucial to the power system operation and automatic
control that its main function is voltage regulation. Exciters directly provide field currents
to generators, generating magnetic fields to transfer the mechanical energy from the
prime mover to the electrical energy in the stator coils.

There are different types of exciters - for example, the DC exciter, the AC exciter,
and the static exciter. Correspondingly, there are many types of excitation systems, and
examples are explained in detail in Section 4.3. A typical excitation system contains the
following main components: exciter, automatic voltage regulator (A VR), feedback
stabilizer, etc. The block diagram of a typical IEEE Type I excitation system with
generator [20] is shown below.
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Figure 4.2 Block Diagram of Type I Excitation System and Generator [20]

The automatic voltage regulator (A VR) obtains the error signal

Ve

by comparing the

measured generator terminal voltage and the reference voltage signal. It is the main part
of the excitation system which regulates the voltage as a controller. For example, in the
control part, if a higher target voltage is required, the Vref can be adjusted higher, leading
to a larger Ve. The voltage regulator can also be treated as an amplifier which amplifies
the error signal by KA- After the delayed amplifier, VR is limited within a boundary.

For the exciter part, the amplified signal ilVR plus the saturation compensation signal
serves as the input of the exciter block. According to reference [18] and [20], considering
the exciter field resistanceRe and inductance Le , the input equals to ilVR = Reilie +
Le d(llVR) (Llie)· The output ilEfd
dt

= Kiilie,

with Ki the coefficient which reflects the

relationship between ilErct and ilie . Therefore, the exciter transfer function can be
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K~(t.vR)' and the one in the frequency domain
Re+ Le----ctt
lS

( 4. 1)

Keis the exciter gain, and Te is the exciter time constant. However, in the IEEE standard
diagram, this block is represented as

1

KE+sTE

for convenience. KE =

Re,
Ki

and TE =

Le .
Ki

If the excitation field current is produced by a DC or an AC generator, the feedback
block SE(E1d) is necessary in the exciter model, representing the effect of the exciter
saturation. The relationship between the exciter field current and the field voltage
becomes nonlinear as the air-gap flux is saturated. The stabilizer block is also necessary
to the DC and AC excitation systems in order to stabilize their dynamic performance by
derivative control, which compensates the total phase lag by a leading phase component.
TF is the time constant in this stabilizer part. [17][18]

Finally, as the result of the control,

IVa I varies

with the voltage regulation. For the

measurement part, the IVa I value is obtained by a sensor and goes through a feedback
loop to the beginning. TR is the measurement time constant. Since a quickly boosted
terminal voltage can help with the voltage and transient stability performance, in order to
speed up these procedures and make the excitation system to respond quicker, shorter

47

time delays in all blocks should be employed. The values of TR , TF , TA and TE should be
very small.

The A VR has two main function s from the view of power system voltage stability:
first, adjusting the generator terminal voltage to a specific value; second, helping to
control the reactive power variation through the adj ustment of the voltage level, which
also contributes to the voltage stability enhancement, especially when the load is heavy
[ 19]. For the transient stability enhancement, A VR also plays a significant role, due to its
fast reaction to faults and disturbances in the power system. Once a sudden drop of
voltage level is detected by the excitation system , the AVR can quickly receive a signal
from the comparator, offer a proper voltage regulation signal to the exciter, and finally
boost the terminal voltage to enhance the transient stability. A detailed analysis will be
provided in Section 4.4.
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p

Du ing Fault Power Curn
Ch nge due to Yoltage
Inc eas

Figure 4.3 High Speed Excitation's Contribution

From the equal area criteria point of view and Figure 4.3, the during fault power
curve rises as the hi gh speed excitation system boosts the terminal voltage. The A1
acceleration area decreases, and the A 2 deceleration area reduces as well ( o stops to
increase when A2 = A1 ) . Therefore, the stability margin becomes larger correspondingly
with the effect of the high speed generator excitation system. More clearing time can be
allowed under this circumstance, and the generator suffers less rotor angle deviation.
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4.3

Classification of the Excitation Systems and Auxiliary Systems [17][18]

In the development history of the excitation systems, there are three types: DC
excitation systems, AC excitation systems, and static excitation systems. Among those
three, the DC excitation systems are the oldest type and were employed in power systems
in early times. As the technology developed, they were replaced by the other two types
gradually, but some early facilities are still using them.

DC excitation systems obtain the generator field current directly from a DC
generator. This DC generator can be self-excited or separately excited. A DC excitation
system with amplidyne voltage regulator is shown below, and it is a typical separately
excited system.

Ac Main Exciter

Pilot exciter

Slip Rings

Synchronous

Generator

Automatic 1------'
r--------1

Magnetic
Amplifier

Voltage
Regulator

Fig ure 4.4 DC Exc itatio n Syste m with Voltage Regulator [ 18]
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In the DC excitation system, as shown in Figure 4.4, the exciter provides DC field
currents to the generator rotor through slip rings. The voltage regulator collects signals
from the main generator terminal, and the control signal from it imposes on the
amplidyne which serves as the field control component for the DC exciter. The amplidyne
is a typical rotating amplifier, which provides the DC field current to the exciter. The
amplidyne, as a "buck-boost" converter, enables the exciter field current to change. [17]
:(\ t tn;un c:n:i:cr

.'\!11\Jftlillk
\ hllilgC

i-----.....1

Rcgula!m

F igure 4.5 AC Alternator - Type Excitation System [ 18]

Figure 4.5 shows a typical AC excitation system - brushless excitation scheme. This
AC excitation system usually employs an AC machine which is mounted on the same
shaft with the generator rotor to generate AC power, and then transfer the alternating
current into direct current by rectifiers, such as stationary diodes, and finally reach the
rotor of the main generator. A permanent magnet pilot exciter is often used to provide the
field current to the AC main exciter. The Automatic Voltage Regulator receives input

51

signals from the generator terminal, coordinates with manual control, and controls the
exciter by controlling the gate pulses of the thyristors located at the terminal of the
permanent magnet pilot exciter.

Though the AC excitation system does not obtain a DC field current directly as the
DC excitation system does, the advantage of this design is that the exciter uses the same
shaft as the main generator, which ties the system more firmly and has less time delays in
the control processes than the DC excitation systems. Its responses to error changes are
quicker than the DC excitation system, which contributes to the transient stability
enhancement.

f h) I'ISIOr

Synchronous Gcner2tor

flridgc

Figure 4.6 AC Static- Type Excitation Systems [ 18]

The static excitation system

IS

even more advanced and better for the system

transient performance improvement. As Figure 4.6 shows, the power source of the exciter
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field current comes from the main generator or the station auxiliary bus, and the voltage is
limited by adopting a transformer. The current rectifier is still required in order to transfer
the AC current to the DC field current to create a magnetic field in the generator air gap.
The exciter field is controlled by varying the thyristor firing angle. There is no individual
source for the exciter. Therefore, the relationship between the exciter and the main
generator can be closer, leading to an even quicker detection and response in the exciter
part providing any change in the main generator part or in the system. The time constant
in this type of system is quite small.

In addition, there are three common configurations of exciter control systems.

The potential-source controlled-rectifier system employs only the generator terminal
voltage potential as the exciter power source after limiting it through a transformer.
Therefore, once the generator terminal voltage drops due to a fault, the limitation is
obvious: the field voltage will drop in the same way, which is not desirable for
maintaining the transient stability. However, if it responds to voltage drop immediately,
the corresponding field-forcing reaction can be taken fast.

Compared to the potential-source controlled-rectifier system, the compound-source
rectifier system can perform better during a fault which leads to severe voltage drop. In its
configuration, not only the main generator voltage is employed, as the generator armature
current also supports the exciter. A power potential transformer (PPT) brings the voltage
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from the main generator terminal, and steps it down; in the loaded condition, a saturablecurrent transformer (SCT) also abstracts the armature current information, and transfers it
into a current component (extra power) to be added in the exciter as well as the potential
component. In most fault conditions, the generator terminal voltages drop, leading to
decreases in the voltage sources brought by PPT. However, the current sources inducted
from the generator current still works well, providing a strong support in the exciter fieldforcing reaction . A quick boost in the exciter voltage is available, which benefits the
transient stability enhancement.

Like the compound-source rectifier system, the compound-controlled rectifier
excitation system employs two power sources from the generator stator: the terminal
voltage and the armature current. It is also capable of quickly dealing with fault
conditions. In addition, it uses controlled rectifiers to further improve the performance of
the exciters.

4.4

Fast Acting Excitations' Contribution to Transient Stability

From a power system stability point of view, the fast acting generator excitation
system field-forcing is one of the key points that can help to improve the transient
stability. The quality of dynamic criteria of excitation systems tends to influence such
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stability characteristics in a crucial way. In reference [21], dynamic performances of
typical excitation systems are simulated and tested by giving large and small disturbing
signals. The capability of field-forcing for the generator can be evaluated by providing
large signals whose results reflect the performance of the transient stability in such a
power system.

According to reference [21], three significant dynamic criteria can be compared
among excitation systems to decide their field-forcing effect and transient stability
performances: ceiling current, ceiling voltage, and the excitation system nominal response.
The ceiling current is the maximum field DC current that the excitation system can
provide to the generator, and the ceiling voltage is the largest DC voltage correspondingly.
The excitation system nominal response is a criterion which indicates how rapid the
excitation system responds to an increase or decrease in the generator terminal voltage.

Different types of excitation systems can be estimated and compared according to
the above three criteria. From the system stability point of view, all excitation systems
helpful to the transient stability enhancement are expected to have a fast response
character and a high ceiling voltage [ 18]. The static regulators perform better due to the
less time delays.
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4.5

Power System Stabilizer (PSS)

Though the automatic voltage regulator adjusts the voltages to the target values, the
amplifier gains in this closed loop may lead to even larger rotor oscillations when the load
is heavy, and an unwanted instability may occur [18][22]. In order to damp large rotor
oscillations, the power system stabilizer (PSS) can be employed, which is an extra input
voltage signal

\'s added into the exciter control diagram.

The local signal that the PSS collects and processes is the main generator rotor speed
deviation !:J.wr, and the purpose of PSS is damping the rotor oscillation over during
various transient states [ 17]. The extra input signal for A VR provided by PSS is
illustrated in Figure 4. 7, and, with the large disturbance cases considered, the output Vs
limits should also be considered.

Gain

Washout

Leading Compensation

Figure 4.7 Control System of PSS [ 17]

As Figure 4.7 shows, the transfer function for the PSS is
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\'s m ax

G

(s)

PSS

= KsrAssTw [[1+s Td[1+sT3]].
l+ sTw

(4.2)

[1+sT2 ][1+sT4 ]

This transfer function indicates the relationship between the speed deviation and the
extra voltage signal

Vs after Laplace transformation. s is the complex augment transferred

from the time domain function. The gain KsrAB decides how much the damping is
employed to eliminate the undesired oscillation, and the washout block is a high-pass
filter, enabling the standard rotating speed signal

Wr

to pass and suppressing the

instability [ 17]. The time constant Tw is chosen to be between 1 to 20 seconds to
successfully pass the desired rotating speed signals as well as avoid unwanted generator
terminal voltage excursions [17]. The leading compensation blocks greatly compensate
the phase Jags created in the original closed loop without the PSS , in which the T1 , T2 , T3 ,
and T4 are four time constants which are tuned to compensate the phase lag. The voltage
limits prevent the

Vs grows too large to lead the excitation system to saturate [18].

The PSS system connects to the main exciter control loop as shown in the following
diagram.

Voltage Regulator

+

and Exciter

Figure 4.8 Connected Power System Stabili zer [ 18]
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4.6

Case studies

In order to discuss the effect of the Automatic Voltage Regulator and the Power
System Stabilizer, two systems are studied: one thermal generation tation connected to
an infinite bus system and the Nine-Bus system.

4.6.1

One Generator Connected to an Infinite Bus System

This system is taken from reference [ 17]. The single line diagram is shown as Figure
4.9, with four 555 MVA, 24 KV, 60Hz generators combined together and represented by
a single one. The prefault system condition (2220 MVA, 24 kV base) is as below:

P

= 0.9 p. u., Q = 0.436 p. u., E4 = 1.0L28.34° p. u., E2 = 0.9008L0° p. u.
Bus 1

X12_1 = 0.50

Bus 2

>.'TR = 0.15

Bus 4

X12_2 = 0.93

F igure 4.9 System Diagram of a Generation Statio n towards an Infinite Bus System

The system summary is as below:
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Table 4. 1 Summary of the One Generator Connected to an In finite Bus System
Power G eneratio n in

Power Absorbed by

the Statio n

the System

Voltage

Real

Reactive

Real

Reactive

Bus One

Bus Two

Bus Four

Power

Power

Power

Power

Voltage

Voltage

Voltage

(MW)

(MVar)

(MW)

(MVar)

(p. u.)

(p.u. )

(p.u.)

1998

967.9

1998

-87.06

0.9443 L2 0.l2°

0.9008L0°

I.OL28.34°

A three-phase-to-ground solid fault is applied to the end which is close to Bus 4 on the
second transmission line between bus 1 and bus 2 at t=l.O second, and the fault is cleared

by disconnecting the two switches at both ends of that line after a clearing time of 0.066
seconds. Three scenarios are simulated in the PowerWorld Simulator: a system with
constant generator field voltage, a system with A VR only, and a system with A VR and
PSS. The generator terminal voltage and the rotor angle variations are monitored.
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Figure 4.10 Three Scenarios of Rotor Angle Responses for One Generatio n Station towards an Infinite Bus

System with a Fault Clearing Time 0.066 Seconds

As seen from Figure 4.10, though the voltage regulator prevents the rotor angle
deviation to grow too large at the first swing, it makes the rotor angle grows to infinity at
the second swing, resulting from the large oscillations introduced by the amplifier gains
in the A VR closed loop, which is unacceptably unstable. This unstable case doesn't
happen in every system or every fault condition. Under other circumstances, only larger
oscillations may occur in generator rotor angles without going out of steps, but spending
more time to damp the oscillations is inevitable. Compared to the constant field voltage
case, the system with both A VR and PSS not only has more stability margin with smaller
rotor angle deviations, but also damps the oscillation more quickl y. Therefore, the
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excitation system consisting of a voltage regulator and a power system stabilizer

IS

helpful to enhance the transient stability performance.

\
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Time(s)

Figure 4. 11 Three Scenarios of Terminal Voltages for One Generatio n Statio n to wards an Infinite Bus

System with a Fault Clearing Time 0 .066 Seconds

From the generator terminal voltage point of view, the Figure 4 .11 shows that, with
the help of A VR and PSS , the terminal voltage can recover to the normal level fast after
the fault clearance. Without a proper exciter, the fiel d voltage remains constant, but large
voltage digs occur after the fault clearance, which are undesirable. The trend of the dashdot curve indicates that the voltage will return to the previous level around 1.0 per unit in
this case, which severely influences the power quality and unstable voltage collapses may
occur as well, because a system cannot safely operate under a low voltage level for a long
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time. In a word, only when an excitation system with PSS is employed, the system
remains stable given such a fault in the system and a clearing time of 0.066 seconds.

In order to better estimate the three different scenarios, the critical clearing times can
also be compared. The critical clearing times for the above three scenarios are found
through simulations.

Table 4 .2 Critical Clearing Time and Cycle of Different Scenarios for One Generation Station towards

Infinite Bus System

Constant Generator

Generator with AVR

Generator with AVR

Field Voltage

(no PSS)

and PSS

CCT (ms)
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N/A

95

Cycle

3.96

N/A

5.7

Scenario Description

According to Table 4.2, the generator with A VR and PSS allows a longer critical fault
clearing time than the generator without A VR and PSS does. The generator with AVR
without PSS cannot stay stable once a fault occurs, no matter how fast the fault is cleared.
A conclusion can be drawn that the excitation system with A VR and PSS can successfully
improve the system transient stability performance, and the stability margin is also
enlarged. For the AVR without PSS case, the system cannot return to an equilibrium state,
since the AVR amplifies the rotor angle oscillations, and the second swing is always too
large no matter how much the clearing time is.
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4.6.2

Nine-Bus System

The mne bus system studied in Section 3.6.2 is evaluated and analyzed in this
chapter. Its system diagram

IS

as Figure 4.12, and the power generation schedule

IS

summarized in Table 3.3.

Busl

@
Figure 4 . 12 Single Line Diagram of a Nine-Bus System

A three phase to ground fault is applied to Line 7-8 at t= l.O seconds, and the fault is
cleared after 0.1 seconds. For generators, a GENROU model is employed, an IEEETl
exciter is chosen, and a STAB! stabilizer is also applied . Usi ng PowerWorld Simulator,
three scenarios are simulated: first, the generator has a constant field voltage without
A VR or PSS; second, the exciter is used to regulate the terminal voltage; third, a power
system stabilizer is added in this system.
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The generator rotor angle variations and the terminal voltage m 10 seconds are
obtained as follow .
110
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Figure 4. 13 Three Scenarios of Generator Two Rotor Angle Respo nses for Nine-Bus Syste m with a Faul t
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Figure 4 . 14 Three scenarios of Generator Two Voltage for Nine-Bus System with a Fault Clearing T ime 0. 1
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Similarly, through Figure 4.13, it is concluded that the application of high speed
excitation system helps to reduce rotor angle deviations comparing the scenario without it.
In addition, from Figure 4.14, the generator terminal voltage is greatly enhanced and
regulated to the target value because of the exciter. As mentioned before, it is not safe and
reliable for a power system to operate in a low voltage level. Therefore, power system
exciters are necessary in this case. Moreover, it is also noticed that the PSS does not
contribute much on the transient stability enhancement but is helpful to the fast damping
of the rotor angle oscillation. It has its drawback as well: due to the PSS , a post fault
voltage bias can occur. The terminal voltage increases a little after the voltage regulation.

The critical clearing time after the fault is also explored.

Table 4.3 Critical Clearing Time (Cycle) of Different Scenarios fo r Nine-B us System
Co nstant Generator

Gene rator with AVR

Generator with AVR

Field Voltage

(no PSS)

and PSS

CCT (ms)

11 8

122

122

Cycle

7.08

7.32

7.32

Scenario Descriptio n

Table 4.3 shows that the generator with AVR allows a longer fault clearing time than
the one with constant field voltage does. However, in this case, the generator with A VR
and PSS has the same critical fault clearing time with the one with A VR and without PSS.
From the above table, it is concluded that this power system stabilizer does not contribute
to the transient stability enhancement directly, because the critical clearing times are the
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same between the scenarios of applying an AVR with and without a PSS. However, the
generator with an excitation system indeed has more transient stability margin that a fault
is allowed to be cleared more slowly than the one with constant field voltage.

In summary, the excitation system helps to improve the transient stability

performance by quickl y reducing the rotor angle deviation, and adjust the generator
terminal voltages after faults. The function of PSS is mainly damping the rotor angle
oscillations quickly in this case, but it has a side effect that it may lead to a voltage bias
after the A VR works.

4. 7

Conclusion

In this chapter, typical excitation systems are introduced, and the theory of the power

system transient stability enhancement throu gh hi gh speed excitation is also explained. A
fast acting excitation system helps to boost the field voltage quickly to increase the
generator terminal voltage, leading to an improvement in the power system transient
stability performance through raising the during-fault power transmitted. An excitation
system with a power system stabilizer can also quickly damp the oscillations during
transient states, contributing to the transient stability enhancement as well. Case studies
are presented to illustrate the effectiveness of excitation systems and stabilizers on power
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system transient stability performance. The generator and excitation system parameters in
the case studies are presented in the Appendix.
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Chapter 5
Static
VAR
Contribution
Improvement

5.1

Compensator
to
Transient

and
its
Stability

Introduction

The power systems have undergone changes in recent years due to the innovation of
Flexible AC Transmission System (FACTS). In Chapter 5, one of the most commonly
used FACTS devices - Static VAR Compensators (SVC) - are discussed. The basic
theory of SVC is introduced, and its applications and advantages are explained. This
chapter focuses on the contribution of SVC to the power system transient stability
performance. Some power systems with and without SVCs are analyzed and evaluated.
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5.2

Flexible AC Transmission System

The real power flow can be expressed by Pe = E'Vsino according to Section 3.3, and
Xeq

the power angle 8 should also be strictly controlled much less than 90° due to stability
requirements in steady-states. Therefore, many transmission lines can transfer a relatively
small amount of power compared to their thermal limit. Researchers and engineers have
been thinking about how to better utilize the potential of the transmission lines to convey
more power instead of uneconomically building new transmission lines in case of load
demand increases. Flexible AC Transmission System (FACTS) has revolutionized power
systems by introducing a power electronic and static controller based system that better
controls the transmitted power flow and enlarges the transmission capability [24], [25].

Reference [25] provides a list of definitions relating to FACTS. Because of those
devices, high speed and effective controls in the power systems are viable. Compared to
the traditional mechanically controlled system, their capability of reacting to dynamic
changes is better, too. Currently, two kinds of FACTS compensations exist: series
compensations and shunt compensations. Thyristor Controlled Series Capacitor (TCSC)
is a typical type of series compensation devices; Static V AR Compensators (SVC) and
Static Condenser (ST ATCOM) are examples of shunt compensation devices.
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The introduction of FACTS devices into power systems brings many merits. The
series compensation can limit the equivalent system reactance
.

transmission capability is enlarged accordmg to Pe =

E'Vsm8
Xeq

X eq ,

so the power

The shunt compensation

supports the voltage levels, contributing more than the series compensation to stability
maintenance. Reference [26] compares the scenarios of power systems improvements by
employing FACTS devices and the increase of transmission line numbers. It reaches a
conclusion that the FACTS devices enable the system to satisfy the "N-1 " safety criteria
with an economic budget close to a "N-O" system ("N-1" safety criteria: After dynamic
disturbances, power systems can survive and operate in an acceptable state with onl y one
element in the system lost. For example, one transmission line, one generation unit, or
one load unit. "N-0" system: The systems survive after dynamic disturbances without
losing any component). It indicates that the FACTS devices can greatly increase the
stability margins and work well in the cases of heavy loads.
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5.3

5.3.1

Static V AR Compensator (SVC)

Definition and Significance of SVC

In power transmission systems, the compensation of reactive power is important,
especiall y in the cases of heavy loads. As large real power is transferred from power
generation units to loads, the voltage drops in transmission lines lead to a poor voltage
performance in the transmission line receiving end. Therefore, much reactive power is
needed in order to maintain the voltage level in the systems, as well as to ensure stability.
However, it is common that not enough reactive power is provided to power systems,
especially at remote areas far from power plants. Sometimes, even addi ng the reactive
compensation from the transmission line equivalent shunt capacitors may not be
sufficient. Therefore, extra reacti ve power compensations are helpful if a power system
operates in an overload situation, or if the voltage level needs to be adjusted, SVCs
provide solutions for these problems.

SVCs were developed in 1960s, and firstly mentioned in the EPRI Journal in 1986
[24] , [26]. They are most commonl y used FACTS devices, and reference [25] gives the
definition of SVC as following: "A shunt-connected static VAR generator or absorber

whose output is adjusted to exchange capacitive or inductive current so as to maintain or
control specific parameters of the electrical power system (typically bus voltage)".
71

5.3.2

Configurations and Characteristics of SVC

In order to compensate reactive power, SVCs serve as reactive power generators
with little real power exchange with transmission systems. They are configured with a
series of special reactors and capacitors in parallel. Five types of structures exist in the
modern SVC system: Thyristor-controlled reactor (TCR), Thyristor-switched capacitor
(TSC), and mechanically switched capacitor (MSC), and Fixed capacitor (FC). Figure 5.1
shows three common combinations.

Fig ure 5. 1 Typical Config urations of SVCs [27]

In Figure 5.1 , three SVC configurations are presented: Thyristor-controlled reactors,
Fixed capacitors and Filters; Thyristor-controlled reactors, Thyristor-switched capacitors,
and Filters; and Thyristor-controlled reactors, Filters, and Mechanicall y switched
capacitors. The Thyristor-controlled reactors are used to provide inductive reactive power,
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with continuous values within the range available. The Fixed capacitors, Thyristorswitched capacitors and Mechanically switched capacitors are employed as capaciti ve
reactive power sources, with only discrete values obtainable. Mechanically switched
capacitors are operated only several times a day by mechanical switches, meeting the
requirement of the steady-state reactive power compensation [28]. Fixed capacitors are
connected to the transmission line directly without any switch. Therefore, its reactive
power compensation remains at a relatively stable level. Filters are used to eliminate the
harmonics injected into the power system. The sum of the inductive and capacitive
reactive power gives the final reactive power compensation.

The most common SVC configuration is the TCR- TSC type. As illustrated in Figure
5.2, a TCR employs two thyrisors in two opposite directions to control the time period
that a reactor is connected to the system. Thyristor is a semiconductor power switch that
conducts once a trigger current is given to the gate. It opens automatically when the
voltage across the thyristor reverses. Part (b) of Figure 5.2 indicates that, with various
firing angles a , the iL current flows have different peaks and different conducted periods,
which reflects the fact that diverse inductive reactive power has been provided: with a
firing angle a , the conduction angle a for a thyristor is a :::;; a :::;; rr - a in the positive
half-cycle for the voltage; for the negative half-cycle, the angle interval becomes rr

a :::;; 2rr- a.
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Figure 5.2 Thyristor Controlled Reactor [29]

For a TSC, the shunt capacitors can only be switched on and off, without any firing
angle controls. They either connect to the grid or disconnect. The basic TSC-TCR type
static V AR generator and its total V AR demand versus V AR output are shown in Figure

5.3.
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Figure 5.3 TSC-TCR SVC and Its Total VAR Demand vers us VAR O utput [29]
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From Figure 5.3, the individual capacitors can be added to the system one by one,
reflecting different reactive power output sums. The reactors serve as the adjustable part,
allowing the reactive power amount to be any value within the range: Q = V x [ILF(a)~len] ·

lLF is the variable current in the controllable reactor, and len is the current flowing

though the connected cpapcitors. V represents the voltage at the terminal of this SVC.

5.3.3

SVC Model

There are two operation modes for a typical SVC: the voltage regulation mode and
the VAR control mode [30]. Under the VAR control mode, the susceptance B remains
constant at Bcmaxor BLmax · Under the voltage regulation mode, the terminal voltage
versus current relationship is shown Figure 5.4.

Voltage ( Vr)

Total SVC Current

Figure 5.4 V-I Characteristic of SVC [27]
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The SVC generally works within the line between point A and point B in steady
state, and the slope of the line AB indicates the capability of the SVC to regulate voltages
and compensate reactive power. The more the terminal voltage deviates from the
reference voltage, the more real or reactive urn current will be excited in the shunt SVC
branches to smooth the voltage variation. If the terminal voltage tays at the reference
voltage Vref, or within an acceptable range around Vref in practice, there will be no
current going through the SVC in a whole and no reactive power compensation [27] . If
the slope of line AB is defined as a slope reactance X5 L, the terminal voltage during the
steady state can also be derived as Vr = Vref

+ XsL

X

lsvc [27].

There are various SVC models and control algorithms depending on research
focuses and targets in power system studies [27][29]. In this chapter, MATLAB/Simulink
and Power System Toolbox based in MATLAB are used. The SVC models in these two
types of software are explained as below.

SVC Model in MATLAB Simulink

Figure 5.5 presents the SVC and simplified control system block diagram m
MATLAB/Simulink.
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Figure 5.5 SVC and Simplified Control System Block Diagram (Phasor Type)

in MATLAB/Simulink [30]

In this model, the system primary voltage is measured to compare with the reference
voltage

Vref,

and then goes through a voltage regulator to obtain a corresponding

susceptance. The control signal is sent to the distribution units to determine the
appropriate number of TSCs that should be connected into the grids, and the value of the
firing angle a for the TCR. A phase-locked loop (PLL) connected to the secondary
voltage part is used to enable the pulse generator to create pulses synchronous with the
system. The control pulse signals fin ally reach the TCR and TSC branches' thyristors in
order to control their gates.

SVC Model in Power System Toolbox

Figure 5.6 presents the SVC Model in Power System Toolbox based on MATLAB.
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\-t

B~...-c

Figure 5.6 SVC M odel Block Diagram in Power System Toolbox [3 1]

The terminal voltage is compared to the reference voltage, with an error signal
generated. For the compensator control diagrams, Tb is a Jag time constant, and Tc is a
lead time constant.~ represents the voltage regulator, with the regulator gain Kr and
l+sTr

the regulator constant Tr .

The output susceptance should be standardized within a

boundary: Bsvcmax ~ Bsvc ~ Bsvcmin ·

5.3.4

Effects of SVC

Since SVCs have been used in the power systems for several decades, the
technologies have been improved, and SVCs have brought about many uses for power
systems. As previously mentioned, SVCs enlarge the transmission capability by
supporting the line voltage. Moreover, when the power systems are in their steady states,
SVCs mainl y eliminate the system voltage variations, smooth the effects of continuous
load changes, damp oscillations, and the reactive compensation function can also help to
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correct power factors to improve the power quality [18]. Furthermore, for the transient
process, if systems suffer from sudden large disturbances which lead to severe voltage
drops, SVCs react immediately to provide a stron g reactive power support, enhancing the
system voltage stability and transient stability. This point is illustrated in detail in the
foll owing two case studies.

5.4

Case study: Transient Stability Enhancement with SVC

In order to estimate the transient stability enhancement function of SVC, a simple
500 kV system from MATLAB Simulink was evaluated. The system configuration is as
follows:

1.11 13 .SkV. SOOkV
1000 1.1\IA D·Yg

line 1

@-1 1'--t--:29:J_k_m_
--bo

9 9:J MVI

B1

line 2

SOO kV. J3 .Sk\/ 1•12
Yg ·O 9:100 MVA

___.__ _
35_ok_m-~

K9
...o--

---e.944 MW

SVC
000 Mvar

4046 I,IW
9:JOO MW

Figure 5.7 500 kV Two Generation Units Power T ransmission System D iagram [30]

The system contains two power generation units M1 and M2 with rated power 1000
MV A and 5000 MV A, and 5000 MW resistive load is close to the M2 generation unit.
The transmission line from M 1 to the load is 700 km long, and the mi dpoint can be
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supported by a SVC. In the steady state, the power transferred from the M1 unit to the
system is 950 MW, and this value is 4046 MW for the M2 unit. Those generators are
equipped with exciters and power system stabilizers.

A three phase to ground solid fault occurred at 0. 1 seconds in the Line 1 (Between
B I and B2), and the fault is cleared by itself after 0.09 seconds. Two scenarios can be
simulated: the system with SVC and the system without SVC. The generator rotor angle
position differences !18 = 81

-

82 and the terminal voltage of the Ml Generator were

plotted as Figures 5.8 and 5.9. When the SVC is connected to the system, the reference
voltage for control is set to 1.0 per unit.
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Figure 5 .8 Generator One Rotor Angle Differences for 500 kV Two Generation Units Power Transmi ssion

System with a Fault Clearing T ime 0 .09 Seconds
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Figure 5.9 Gene rator One Terminal Voltages for 500 kV Two Generation Units Power Transmission

System with a Fault Clearing Time 0.09 Seconds

Figures 5.8 and 5.9 suggest that this system with a SVC in the Midpoint is beneficial
to the transient stability maintenance. If the system operates without a SVC's vol tage
support, the two generators lose synchronism giving the same fault clearing time 0 .09
seconds. Because of the reactive power compensation from the SVC, the system with
SVC successfull y maintains the transient stability given the 0.09 seconds clearing time
after the fau lt, and the generator voltage is kept in an acceptable level due to the voltage
regulation function of the SVC and excitation system.

The Critical Fault Clearing time is summarized in Table 5.1. It clearly shows that the
system with a 200 MV AR SVC allows a longer fault clearing time, which indicates that
the SVC enlarges the transient stability margin for this system.
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Table 5.1 Critical Clearing Time (Cycle) Summary for 500 kV Two Generation Units Power Transmi ssion
System

Scenario De scription

System without SVC

System with 200 MVAR
SVC <Vre[ = 1.0)

CCT (ms)

87.9

101.2

Cycle

5.274

6 .072

The SVC' s reactive power generation limits can be further explored. Different
reacti ve power limits were evaluated, and the results are shown in Figure 5.10. The figure
suggests that the larger SVC a system owns, the better transient stability performance and
more transient stability margin a system can have.
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Figure 5. 10 Critical Fault Clearing Cycles versus SVC V AR Ratings for 500 kV Two Generation Units
Power Transmission System
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5.5

Case Study: Transient Stability Enhancement Evaluation in a Two Area
Power System

Figure 5.11 represents a two-area with added load area system from [31] . It has five
generation units included and a SVC available in Bus 21.

J)

26

11
10

110

13

1..2 0

20
2

12

-+--

Figure 5.1 1 Single Line Diagram of a Two-Area with Added Load Area System [3 1]

The system steady state real and reactive power generations and loads are
summarized in the appendix.
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The Power System Toolbox based on MATLAB was used to conduct this case study.
A three-phase to ground fault is assumed to occur at Bus 25 on the line 25-3 at 0.1
seconds, and the fault is cleared by itself after 0.07 seconds. The voltage at Bus 25 and
the rotating speed deviation between Generator 4 and Generator 5 are monitored. (Bus 25
is the closest bus to the fault position, and the Generator 5 is the generator with the
smallest inertia.) The results are presented in Figures 5.12 and 5.13.
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Figure 5 . 12 Rotating Speed Deviation between Ge nerator 4 and Generator 5 for Two-Area with Added

Load Area System with a Fault on the line 25-3 and Fault Clearing Time 0.07 seconds

Figure 5.12 indicates that, with a fault cleared after 0.07 seconds, the generator rotor
speeds deviations grow larger at first, but decrease with oscillations as time grows. All the
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three scenarios are stable ones. Adding an SVC enlarges the oscillation, but does not
influence the rotor angle stability.

However, as Figure 5.13 shows, the voltage at Bus 25 sags severely to below 0.6 per
unit after the fault is cleared if no reactive power support coming from the SVC. The Bus
25 voltage stays below 0.8 per unit for more than 0.5 seconds, indicating severe
unacceptable voltage sag. It remains around 0.88 per unit even after the recovering
process, leading to a quite vulnerable post-fault system. Voltage collapse and instability
may occur subsequently if the voltage remains at so low a level. This instable situation
can be greatly improved by some reactive compensation from a SVC at Bus 21. An SVC
with the maximum susceptance 0.8 per unit (100 MVar base) reduces the voltage sag to
less than 0.2 per unit. An SVC with the maximum susceptance 1.6 per unit performs even
better, boosting the voltage more quickly and smoothing it better than the 0.8 per unit one.
Therefore, from the above discussion, with the help of SVCs, the voltage stability and
transient stability of the system have been greatly enhanced.
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Figure 5.13 Voltage Variations at Bus 25 for Two-Area with Added Load Area System with a Faul t on the

Line 25-3 and Fault Clearing Time 0.07 Seconds

More evaluations can be done regarding to the critical fault clearing time. For the
Power System Toolbox software, transient stability simulations are conducted assuming
that all faults are cleared by themselves. The CCT values illustrate the stability margins
and reflect the system stability performances under different scenarios.
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Table 5.2 Critical Clearing Time Summary for Two-Area with Added Load Area System

with a fault on the line 25 -3

Scenario

System with

System with an

System with an

Description

Excitation

SVC (Bsvcmax =

svc

without SVC

0.8)

CCT (m s)

280

390

410

Cycle

16.8

23.4

24.6

(Bsvcmax

= 1.6)

Table 5.2 illustrates how the excitation systems and the SVCs improve the power
system transient stability for the Two-area with Added Load Area system. This system is
hard to maintain stable, providing a three phase to ground solid fault occurs on line 25-3,
without the help of the excitation systems in the generators. Though the generators may at
least return to synchronism state by the voltage regulation function of the excitation
systems, the post-fault voltage level at Bus 25 is quite low, which is unwanted. However,
by connecting a SVC at Bus 21, the Bus 25 post-fault voltage can be greatly improved,
and more time for fault clearing is allowed. In table 5.2, the system with Bsvcmax = 1.6
SVC has the largest critical clearing time, but only 1.2 cycles larger than the one with
Bsvcmax = 0.8 SVC. Although it is obvious that a system with larger SVCs will have

better transient stability performance, from the economical point of view, smaller SVCs
with acceptable performance may be sufficient to tackle most of problems.

The SVC parameters are listed in Table 5.3.
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Table 5.3 Summary o f SVC parameters at Bus 2 1 for Two-Area with Added Load Area System

Bus

SVC Base

Maximum

Minimum

Regu latio n

Regulation Time

Number

(MVA)

Susceptance

Su sceptance

G ai n Kr

ConstantTr (p .u.)

(p. u.)

(p .u.)

(p.u.)

0.8 or 1.6

0

50

21

5.6

100

0 .02

Conclusion

This chapter has introduced the concept of Flexible AC Transmission System, and
discussed the configurations, characteristics and the applications of Static Var
Compensators. SVCs greatl y improve the transient stability performance in power
systems. Two case studies are presented to illustrate the effects of SVCs, and it is
concluded that SVCs enable power systems to have larger transient stability margins and
better dynamic performance.
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Chapter 6
Static VAR Compensator (SVC) Allocation
and its Influence on Transient Stability
Improvement

6.1

Introduction

Chapter 5 introduced the benefits of Static V AR Compensators (SVCs) to power
system transient stability enhancement. In this chapter, such influence is discussed in
detail. Different allocation of SVC results in varied system performance after large
disturbances. For simple systems, the SVC allocation can be decided by weak buses
which may lead to stability problems. For larger systems, a SVC allocation method based
on simplified sensitivity analysis is studied. Two case studies are also provided using the
New England 39 bus system.
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6.2

Transient Stability Improvement Function of SVC

The adding of SVCs into power systems can enhance the power system transient
stability. Chapter 5 introduced two case studies to demonstrate this by showing the
increase of the system transient stability margin. Various studies have been developed to
further explore ways to improve the SVCs' effect on transient stability enhancement.
Reference [32] and [33] demonstrate the improvements of SVC 's control algorithm:
fuzzy logic controller is applied to better control the non-linear dynamic systems in order
to improve transient stability performance. Reference [34] and [35] discuss how an
optimized SVC allocation improves the transient stability. They mainly focus on the
increase of transient stability margin and on a wider-range of fault clearing times.

A new and serious problem regarding the power system transient stability has been
the focus of researchers: the transient voltage sag during the power system recovering
process following a fault clearing. Many studies discuss this problem and its possible
solutions. SVC is a useful tool to eliminate such voltage sag and help to enhance the
power quality. The transient voltage dip/sag criteria related to the power system stability
is introduced in detail in reference [36]. It emphasizes two power system stability criteria:
First, the system should survive; second, the power quality should be maintained. The
WECC (Western Electricity Coordinating Council) planning standard is one of the
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significant standards explained in [36] to regulate the acceptable short-term voltage sag
following a fault clearing. Reference [37] is the published document describing this
standard specifically. Figure 6.1 shows the definition of the voltage sag/dip graphically.
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F igure 6. 1Transient Voltage Dip Definition for WECC Criteria [37]

As Figure 6.1 indicates, the maximum transient voltage dip equals the deviation
between the lowest voltage value after the fault clearance and the initial voltage divided
by the initial voltage.

Maximum Transient Voltage Dip(%)=

.. t~v1

Imtwl Vo ltag e

x 100%.

The 20% voltage dip line shows that the voltage drops to 80% of the initial value.
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( 6 1)
0

These voltage sags do not appear at each bus, but load centers which are remote
from generation units are generally more vulnerable and more easily to incur long time
voltage sag as the generator excitation systems have less of an effect on them. The WECC
Planning Standard introduced and interpreted in [36] and [37] specify that the angle
stability bus voltage dip/sag following fault(s) clearing should satisfy these two mam
regulations:

•

North American Electric Reliability Corporation (NERC) Category B: With an event
or fault leading to the loss or failure of one single power system element, the non-load
buses voltage dip/sag should not exceed 30%, and the dip/sag should not exceed 25%
at the load buses. A voltage dip/sag must not exceed 20% for more than 20 cycles
(0.33 seconds in 60 Hz system) at load buses.

•

NERC Category C: With events or faults leading to the loss or failure of multiple
power system elements, the voltage dip/sag should not exceed 30% at any bus, and
not exceed 20% more than 40 cycles (0.67 seconds in 60Hz system) at load buses.

These two regulation standards are widely used in research on transient bus voltage
evaluations, as well as in this thesis.

The post fault voltage dip/sag problem has become a core issue for power companies
and researchers, and the aforementioned standard provides a guide to improve this
problem.
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6.3

SVC Allocation

Research has demonstrated the effect of SVC on the post fault voltage performance.
However, deciding where to put those SVCs is a crucial task to perform. Due to space
and device requirements, SVCs can only be built in substations, which are represented as
buses in the power system single line diagrams. They cannot be set in the middle of a
transmission line smce it requires a new substation. In addition, reactive power
compensation at every bus is impossible, because the budget is limited and the
maintenance is costly. Hence, the SVC allocation problem - where to put SVCs - should
be decided carefully.

Reference [38] also compares two cases where SVCs are set at different buses of an
11 bus system, and it concludes that the SVCs help to improve the system transient
voltage sag only at specific buses. While at other buses, setting a SVC has no effect on
improving power system transient voltage sag. In other words, when aiming to eliminate
post fault voltage sags during a power system planning and design, the SVC allocation
plan is important.

For simple systems, the SVC allocation decision can be made by finding "weak
points" in vulnerable areas where faults may lead to instability or voltage sag problems
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that violate the WECC planning standard. For complex systems, systematic design
algorithms are needed.

A case study on a Two-Area with Added Load Area System was conducted to
explore how to set SVCs in simple systems by finding "weak points" in stability
vulnerable areas. The trial and error method can be employed. However, in this chapter,
the method of sensitivity analysis is emphasized. The following sections explain it in
detail and exemplify it by two case studies on the New-England 39 -Bus system.

6.4

6.4.1

Allocation of SVCs by Sensitivity Analysis

Sensitivity Analysis and its Simplification

As discussed in Section 6.3, it is possible for a simple system to achieve a SVC
design scheme by finding specific weak points and testing them. A design may be
available to successfully protect the whole system from voltage sag problems and
instability at every possible contingency. However, for larger systems, this becomes
difficult and complex. In most cases, it is impossible to design an SVC scheme to prevent
any instable case caused by every single contingency since the price for this type of
design is huge. Realistically, the allocation of SVCs for transient stability enhancement
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should consider many factors, such as the budget limitations and geographic conditions.
Therefore, only significant contingency points should be considered instead of every spot
in the power grid, and the geographic feasibility of the potential SVC positions should
also be evaluated.

Much literature approaches the large system SVC allocation problems by converting
them to mixed integer trajectory optimization problems [39], [40]. Those nonlinear
problems require a large amount of complex calculations. For each significant
contingency, sensitivity analysis is conducted to determine effective SVC positions, and
the whole problem is optimized by non-linear programming method.

Based on the

optimization idea, reference [41] proposes that the specific power system SVC position
planning can be simplified by combining the numerical approximation of sensitivity
analysis and real time simulations. In this thesis, such method is applied and modified by
employing a new total sensitivity index which combines both the voltage sage rate
sensitivity index and the voltage sag time duration sensitivity index. It can solve the SVC
optimal allocation problem faster with fewer calculations, and it also serves as an efficient
way to verify the effect of the SVCs set in power grids on transient voltage sag reduction.
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6.4.2

Calculation of Sensitivity Index

In this method, the two significant sensitivity indices required are the voltage sag
rate sensitivity index and the voltage sag time duration sensitivity index. The SVC
allocation decision will be made based on those indices. This method is explained in
detail below.

The voltage sag duration is decided by the time that the sag begins and the time that
it ends. According to the WECC planning standard and Figure 6.1, the sag beginning time
is the instant that the voltage drops to below 80 o/o of the initial voltage. The sag ending
time is the one that the voltage recovers to above 80 % of the initial voltage again. If the
sag recovers slowly and does not ever rise to a more than 80 o/o level at the first recovery
swing, the sag beginning time should adopt the fau lt clearing time, as Figure 6.2 shows.
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0.2
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sag ending time
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~.2~~0~
. 4--~0.6~~0~
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1 .-4--1~
. 6--~1.8

Time (s)

Figure 6.2 Voltage Sag Duration in Slow Recovery Case [41 ]
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If the sag beginning time t 1 and the ending time t 2 are found, the sag duration,

is t sag = t 2

-

t 1 , which indicates the period that the voltage drops to less than 80% of the

initial one and should be kept within 0.33 seconds according to the WECC standards. The
maximum transient voltage dip/sag in Figure 6.1 is Vmsag

= Vo -Vmin
X 100%, in which V0
Vo

is the initial voltage and the Vmin is the voltage value at the maximum voltage sag point.
If a Vmsag value exceeds 30% for a non-load bus and 25 % for a load bus, the
corresponding bus transient voltage sag should be eliminated. The sensitivities of the
voltage sag time duration and the maximum sag voltage towards the SVC capaciti ve limit
are as formulae (6.1) and (6.2) [41] . Bsvc is the susceptance of the SVC installed.
tmax _sag

S =
t -

S

Btsag _ B(t 2 - t 1 )
BBsvc -

=

V -

is the time when the transient voltage sag reaches its maximum value.

BVmsag
BBsvc

BBsvc

=_

avmin
aBsvc
Vo

Bt 2 - Bt 1

(6.1)

BBsvc '

= _(~It= t m ax _sag );~
BBsvc

O·

(6.2)

St is the voltage sag time duration sensitivity index which represents how the variation of

the SVC susceptance at some bus influences the voltage sag time duration. Sv is the
voltage sag sensitivity index which indicates the effect of such SVC susceptance on the
bus maximum voltage sag point. The numerical approximation formulas can be obtained
by replacing the partial differential calculation with the algebraic calculations which are
convenient to implement. This reduces calculation complexity and saves storage space.
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St

= atsag

~ Msag
llBsvc

aBsvc

Sv

=

I

t'sag(Bsvc+6Bsvc )- t sag(Bsvc ) ;

I

llBsvc

= avmsag ~ llVmsag = IV'msag (Bsvc+6Bsvc )-Vmsag (Bsvc ) l·
aBsvc

t;ag

llBsvc

+ llBsvc);

Bsvc · V' msag

tsag(

Bsvc)

(B svc+llB svc)

equal to (Bsvc

( 6.4)

is the transient voltage ag duration when the susceptance of the SVC is

(Bsvc+llBsvc)

(Bsvc

llBsvc

(6.3)

is the corresponding value for the case that the susceptance is

is the maximum voltage sag for the SVC whose susceptance is

+ llBsvc);

while Vmsag(

Bsvc

) is for the one with susceptance Bsvc.

Through analyzing the sensitivi ty indices obtained by (6.3) and (6.4) [41] , the SVCs '
allocation and the capacities can be decided. Real time simulations are also employed to
verify the results.

6.4.3

Algorithm of the Fast SVC Allocation Method based on Simplified
Sensitivity Analysis

The algorithm of this fast SVC allocation method based on simplified sensitivity
analysis is summarized in Figure 6.3 as a flowchart. For a specific type of SVC whose Kr
and Tr are fixed and whose Bsvcmax can be adj usted, the following stages are to decide
the SVC allocation and the minimum value of the maximum limitation Bsvcmax ·
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Significant Contingency

~
Select Buses with Stability
Problems

~
Numerical Approximation
Sensitivity Analysis

~
SVC Allocation and Amount

I._

~
Time Domain Simulation

Not the minimum
value

-

& Check the Minimum Bsvcmax

~

I

Conclusion

I

Figure 6.3 Flowchart of SVC Allocation Analysis

At the first stage, significant contingencies that cause transient voltage sag problems
can be screened through simulations and analysis. Second, the weak buses with
unsatisfactory voltages are picked out to conduct sensitivity analysis using the numerical
approximation discussed in Section 6.4.2. Then, the SVC allocations can be primarily
selected according to these results. Finally, the real time simulation is performed to test
the SVCs' effect and regulate the minimum Bsvcmax value required. A case study on
New England 39- Bus System was conducted to illustrate this method.
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6.5

Case Study: New- England 39- Bus System [42]

This case study serves as an application example of the aforementioned fast SVC
allocation method proposed in Section 6.4. The single line diagram of the New England
39 Bus System is presented in Figure 6.4.

Figure 6.4 Single Line Diagram of the New England 39 Bus System

Two significant contingencies are studied: a contingency close to Bus 16 at Line 1617, and a contingency close to Bus 21 at Line 21-22.
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6.5.1

Contingency close to Bus 16 at Line 16-17

A typical significant contingency for this system is selected as a three-phase-toground solid fault close to bus 16 at line 16-17. For the contingency analysis, a typical
fault clearing time of 0.1 second (6 cycles) is employed. Two typical bus voltages sags at
Bus 14 and Bus 15 are shown as Figure 6.5.
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F igure 6.5 New Engla nd System without SVC Bus Voltage Sags with a Fault in Line 16- 17 and Clearing

Time 0. 1 Seconds

Figure 6.5 shows the representatives of the bus voltage sags at Bus 14 and Bus 15
are severe. According to the simulation results, over 20% voltage sags at many buses last
more than 0.33 seconds, and the bus voltages at some buses sag too much that exceed the
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limits: 25% for load buses and 30% for non-load buses. The 19 buses that violate the
WECC standard are Bus 4, 5, 6, 7, 8, 10, 11 , 12,13,14,15, 16, 19, 20, 21,22, 24, 32, and
34. Their details and the sensitivity analysis results are listed in Table 6.1.
Table 6.1 New England System Voltage Sag and Sensitivity Index Summary
with Contingency in Line 16 - 17
Bus Name

Sv

Sc

s

0.85

37.152

2.2

0.3469

27.86

0.85

34.218

1.9

0.31 12

27.56

0.825

33.84

1.9

0.3091

27.90

0.825

31.482

1.8

0.2897

27.9 1

0.825

3 1.476

1.9

0.2962

28.68

0.85

42.41

2.3

0.3820

28.55

0.820

40.506

2.3

0.37 17

29.29

0.845

64.148

3.4

0.5727

29.99

0.860

46.662

2.4

0.41 17

Voltage Sag

Voltage Sag

(%)

Time (s)

28.66

Bus4
(Load Bus)
Bus 5
(Non-load Bus)
Bus 6
(Non-load Bus)
Bus 7
(Non-load Bus)
Bus 8
(Load Bus)
Bus 10
(Non-load Bus)
Bus II
(Non-load Bus)
Bus 12
(Load Bus)
Bus 13
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(Non-load Bus)
Bus14
33.30

0.975

56.246

2.5

0.4705

35.85

1.1 05

9 1.908

3.8

0.75

30.87

1.025

78.394

4.4

0.7160

25 .33

0.72

70.348

6.5

0.8103

24.60

0.76

69.482

7.1

0.8451

26. 19

0.865

70.972

6

0.7808

20.88

0.38

54.888

7.6

0.7986

29.46

0.955

79.834

5

0.7633

2 1.61

0.445

N/A

N/A

N/A

23.20

0.72

N/A

N/A

N/A

(Non-load Bus)
Bus 15
(Load Bus)
Bus 16
(Load Bus)
Bus 19
(Non-load Bus)
Bus 20
(Load Bus)
Bus 2 1
(Load Bus)
Bus 22
(Non-load Bus)
Bus 24
(Load Bus)
Bus 32
(Generator Bus)
Bus 34
(Generator Bus)

In this table, the data with underlines are the specific ones that fail to meet the

WECC planning standard. The sensitivity indices St and Sv are calculated using formulae
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(6.3) and (6.4) through real time simulations with a small .1Bsvc = 0.1 per unit, and the
total sensitivity index Scombines the above two indices and is calculated by
S

_

bus( i) -

+

Sv.bus(i)
Sv ,maximumX2

Svmaximum

Sc,bus(i)

( 6 . 5)

Sc,max imumX2

is the maximum voltage sag sensitivity index among those results.

St maxi mum is

the maximum index regarding to voltage sag time durations.

S bus(i)

falls

into a range of [0, 1]. Since the Bus 32 and Bus 34 are connected to generators, they are
not included in the approach of adding SVCs to compensate reactive power. Improving
the excitation systems would be a more direct and efficient way for them. Therefore, the
calculation of sensitivity indices for them is meaningless, and the results in Table 6.1 for
them are written as "not applicable".

Through the sensitivity analysis, providing a contingency at line 16-17 , it is noticed
that the middle south part of the whole grid is weak in transient voltage. The top eight
sensitive buses to SVC reactive power compensation with their total sensitivity indices
are plotted from large to small in Figure 6.6.

1
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0.8
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0
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Figure 6.6 New England System Sensitive Buses with Sensitivity Indices for Fault on Line 16-17

It shows that the Bus 20, 19, 22, 21 , 24, 15, 16, and 12 are the most sensitive buses
to the reactive power compensation from a SVC. Therefore, these buses can be
considered to set up SVCs.

Moreover, an SVC with larger susceptance will cost more, and building more SVCs
m different buses needs extra investment on the site constructing. Therefore, an
economical and efficient SVC allocation design should contain the least buses and use the
least susceptances.

For the first design, one SVC is considered, which requires the least site constructing
cost. Bus 20 with the highest total sensitivity index is chosen and the parameters are
summarized as Table 6.2. The maximum susceptance is adjusted to a minimum value
which can help the bus voltages just meet the standard in order to save costs.

Table 6.2 Summary of SYC Allocation Plan I for the New E ngland System with a fault o n line 16-1 7: O ne
SVC at Bus 20

Bu s

SVC B ase

Maximum

Minimum

Regul ation

Regul ation Time

Number

(MVA)

Susceptance

Susceptance

Gain Kr

Constant Tr

(p.u.)

(p .u.)

(p.u.)

(p.u.)
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20

1.1

100

0

0.05

50

1.1

0.9
0.8
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Figure 6.7 New England System with a SVC (at Bus 20) Bus Voltage Sags with a Fault in Line 16- 17 and

Clearing Time 0. 1 Seconds

Figure 6.7 shows the voltage curves at Bus 14 and Bus 15 after setting the SVC at
Bus 20, providing the same contingency condition as before. Compared to Figure 6.5, the
voltage sags are greatly improved. Simulation results also indicate that the severest
transient bus voltage sag rate among those 39 buses is 20.44 % at Bus 15, and its sag time
(down to less than 80%) duration is 0.325 seconds. It is also the on] y bus voltage that sags
over 20%. All the bus voltage performances satisfy the WECC standard. Therefore, the
transient voltage sag problem for this system as a fault at line 16-17 can be effectively
and economically solved by setting an SVC with Bmax = 1.1 p. u. at Bus 20.

106

Another design that chooses more than one SVC is also considered. In this case, if
two or more SVC locations are chosen, a concept of "electrically close" should be
proposed. If two buses are electrically close to each other that the reactive power
compensation at one bus can also effectively support the other bus, it is unnecessary to
repeat setting SVCs at all those buses, even their sensitivity indices are equally high. The
SVC at one bus may be enough to benefit the electrically adjacent buses.

For this case, besides Bus 20, another SVC can be set at Bus 15, whose total
sensitivity index is also high but is electrically far from Bus 20. Table 6.3 gives the best
combination of maximum susceptance values for these two SVCs. The total susceptances
reduce from 1.1 per unit to 0.9 per unit. However, two SVCs instead of one may need
extra investment on site constructing and device setting. The "One SVC Design" may still
own its merit.

Table 6.3 Summary of SVC Allocation Plan II for the New England System with a Fault in Line 16- 17 and
Clearing T ime 0 .1 Seconds: Two SVCs at Bus 20 and 22

Bus

SVC Base

Maximum

Minimum

Regulation

Regul ation Time

Number

(MVA)

Susceptance

Susceptance

Gain Kr

Constant Tr

(p. u.)

(p.u.)

(p.u .)

(p.u.)

0.7

0

50

0.05

20

100
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0.2

100

0

0.05

50

1.1

h

0 .8

""

·c:

~ 0 .7

3>
~ 06
~
0

>
"'

0.5

CD

0.4

~

0 .3
0 .2
0 .1

0

0.5

1.5

2

2.5

3

3.5

4

4.5

5

1 (sec ond)

Figure 6.8 New England System with SVCs (at Bus 20 and 15) Bus Voltage Sags with a Fault in Line 16-

17 and Clearing Time 0.1 Seconds

Figure 6.8 shows Bus 14 and Bus 15 voltage performances as representatives at this
fault condition with SVCs at Bus 20 and 15. It indicates that the voltage sags in Figure
6.5 are also improved by this two SVC design. In this case, the only voltage sag rate over
20% is 20.49% at Bus 15 with time duration 0.33 seconds.

6.5.2

Contingency close to Bus 21 at Line 21-22

In order to evaluate the simplified sensitivity analysis method with more scenarios, a
second contingency case can be conducted: a fault close to Bus 2 1 at Line 21-22. The
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fault was applied at 0.3 seconds, and removed by disconnecting the Line 21-22 after 0.1
seconds (6 cycles). The Bus 21 and Bus 24 voltage curves without SVC in this system are
presented in Figure 6.9.
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F igure 6.9 New Engla nd System without SVC Bus Voltage Sags with a Fault in Line 2 1-22 and Clearing

T ime 0. 1 Seconds

As Figure 6.9 shows, the representative Bus 21 and Bus 24 voltages sag severely.
Other buses whose voltage criteria fai l to meet the WECC standards are also screened and
listed with underlines below the unsatisfactory data. Those sensitivity data were evaluated
by the simplified sensitivity analysis as Section 6.5.1. Table 6.4 shows the results.

Table 6.4 New E ngland Syste m Voltage Sag a nd Sensitivity Index Summary

with Contingency in L ine 2 1-22
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Bus Name

Sv

Sc

s

0.455

28 .002

2.2

0 .6352

23 .6402

0.52

27 .222

1.6

0 .5383

25 .252 1

0.59

39. 136

2.2

0.7592

22.5933

0.365

44.9 18

3.4

I

26.3029

0.585

36.368

1.8

0.6695

Vo ltage Sag

Vo ltage Sag

(%)

T ime (s)

22.4350

Bus 15
(Load Bus)
Bus 16
(Load Bus)
Bus 21
(Load Bus)
Bus 23
(Non-load Bus)
Bus 24
(Load Bus)

1.2
1
1

0.8
0.6
0.4
0.2
0
Bus 15

Bus 16

Bus 21

Bus 23

Bus 24

Figure 6. 10 New E ngland System Se nsiti ve Buses with Sensitivity Indices for Fault in Line 2 1-22
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Figure 6.10 presents all the sensitivity indices on the buses with unacceptable
voltage performances after the fault. Bus 23 has the highest sensitivity index, so it should
have the first priority to set an SVC. Real time simulations validate this conclusion and
the minimum Bsvcmax can also be decided. Table 6.5 shows the most helpful and
economical Bsvcmax in this scenario.

Table 6.5 Summary of SVC Allocation Plan for the New England System with a Fault in Line 2 1-22 and
Clearing Time 0.1 Seconds: an SVC at Bus 23

Bus

SVC Base

Maximum

Minimum

Reg ulation

Regulation T ime

Number

(MVA)

Susceptance

Susceptance

Gain Kr

Constant Tr

(p.u.)

(p.u.)

(p.u .)

(p .u.)

0 .65

0

50

0 .05

23

100

With a maximum susceptance 0.65 per unit at Bus 23 , all the bus voltages in this
system maintain in the acceptable boundary in this fault case.
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Simulations show that if Bus 21 whose sensitivity is the second largest is selected
instead of Bus 23 , larger Bsvcmax will be needed. And extra reactive power support at
Bus 24 is also unavoidable, since the SVC at Bus 23 has limited effect on the Bus 24
voltage sag improvement. Therefore, it verifies the conclusion again that the most
effective and economical design is setting an SVC at Bus 23. The largest three voltage
sag rates and duration times after employing an SVC at Bus 23 are plotted as Figure 6.11
and Figure 6.12.
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Figure 6.11 New E ngland System Largest Bus Voltage Sag Rates with SVC at Bus 23

(Contingency in Line 2 1-22, Fault Clearing Time 0.1 seconds)
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Figure 6. 12 New England System Largest Bus Voltage Sag Time Durations with SVC at Bus 23

(Contingency in Line 2 1-22, Faull Clearing Time 0.1 Seconds)

Figure 6.11 and 6.12 both show that all the voltage sag rates are less than 25% at
buses, and the voltage sag time durations are no more than 0.33 seconds, indicating the
results are all satisfactory. The bus voltage performances at Bus 21 and 24 after setting
the SVC are shown in Figure 6.13. It indicates that the voltage sags are eliminated by the
SVC at Bus 23.
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Fig ure 6. 13 Ne w England Syste m with an SVC (at Bus 23) Bus Voltage Sags with a Fa ult in Line 2 1-22

and Clearing Time 0 .1 Seconds
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6.5.3

Other Severe Contingencies

In this research, the fault at Line 16-17 and Line 21-22 are selected and discussed as

the above sections present. These two typical contingencies demonstrate the SVCs'
contribution on the transient voltage sag problems well. Other contingencies that are also
severe and serve as potential threats for this 39 - Bus power system are listed in the
following table. The lines that connect the generators to the transmission grid are not
included, for the faults along them cannot be simply eliminated by disconnecting the two
ends of the transmission lines.

Table 6.6 Other Contingencies Threatening the New England Syste m

with Fault Clearing Ti me 0.1 seconds
Co ntingency

Instability Description

Position
1-2

unstable (Gen I 0 first lose sync hronism)

1-39

unstable (G en I 0 first lose sync hronism)

2-25

voltage sag over time, unstable (Ge n 8& 9)

25-26

Ge n 9 lose synchroni sm

26-27

Gen 9 lose synchroni sm

26-28

Gen 9 lose synchronism

26-29

Ge n 9 lose synchronism

28-29

Gen 9 lose synchronism

11 4

Similar analysis can be taken to design suitable SVCs to solve these problems as
well. For example, the contingencies in the line 1-2 lead to the system instability, because
that they cause the Generator 10 firstly lose synchronism. The Generator 10 is vulnerable
and does not contain any excitation system. As faults occur close to Generator 10, the
terminal voltage drop is severe and no voltage regulation is provided. The power
produced in Gen 10 is much more than the power sent out, leading to the generator's fast
acceleration. Finally, the generator rotor angle cannot return to the previous equivalent
point or reach a new equivalent point, so the instability occurs. In order to design a SVC
for this potential fault, the reactive compensation at the terminal of Gen 10 can be
considered. For example, for a fault occurring close to Bus 1 in Line 1-2, an SVC at Bus
2 with minimum Bsvcmax can be chosen as the following table.

Table 6.7 Summary of SVC Allocation Plan for a Fault close to Bus I

in Line 1-2 in New England System
Bus

SVC Base

Maximum

Minimum

Regulation

Regulation Time

Number

(MVA)

Susceptance

Susceptance

Gain Kr

ConstantTr (p.u .)

(p.u .)

(p. u. )

(p .u.)

0.7

0

50

2

100

11 5

0.05

6.5.4

Summary

Two case studies based on the New England 39 - Bus System exemplify the method
of allocating SVCs by simplified sensitivity analysis. This method is fast and effective. In
the sensitivity index calculation, both voltage sag and voltage sag time duration
sensitivities are included. The selection of SVC positions depends on the sensitivity index
results and the "electrical distance" between buses: the buses with high sensitivity indices
should be considered first, and selecting the buses which are electrically close to each
other should also be avoided.

6.6

Conclusion

In this chapter, the allocation of SVC to improve transient voltage performance in
power systems is discussed. In order to decide SVC positions for the sake of eliminating
transient voltage sag problems, the simplified sensitivity analysis and a 39-bus system are
explained and exemplified. For larger systems, sensitivity analysis simplified by
numerical approximation gives quick answer with acceptable precision. By adding SVCs
at proper positions, the transient voltage sag problems in power systems can be

11 6

successfully reduced, which also contributes to the maintenance of the power system
stability.
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Chapter 7
Conclusions and Future Work
7.1

Summary of the Thesis and Application of the Research

This thesis focuses on one of the threats on power systems' safety and reliability Power system transient stability problem. It evaluates three methods to enhance it.

By clearing faults fast, more stability margms for generators to decelerate and
maintain stability are available. Therefore, sensitive protection relays with Jess reacting
time can be considered for power systems, and better sensors with well-design control
algorithms are also helpful.

By applying excitation systems in generators, the generator terminal voltages can be
monitored and regulated. Quickly boosting of these voltages enables the amount of
electric power transmitted to increase, leading to Jess power imbalance in the generators.
The generator acceleration processes can be mitigated. More margins are available for the
fault detecting and relay reacting.

The Static Var Compensator (SVC) which belongs to the FACTS (Flexible AC
Transmission System) family has good performance in improving power system transient
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stability. In the remote load areas which are far from the generation units, the large
disturbances such as severe faults can easily lead to voltage sag problems. SVCs are
helpful to enhance the transient voltage performance for these load buses. A simplified
sensitivity analysis is also presented to decide the SVC positions to fulfill this task.
Simulations justify that such method is valuable with acceptable accuracy and it is also
easy to implement.

The studies in this research can benefit the power system designing and planning.
Ensuring the power system transient stability should be one of the targets of all the power
system designing and optimization projects. It helps the power utilities to control large
disturbances in power systems and avoid power outages and blackouts. The simplified
sensitivity method also provides a way to decide SVC positions for the system transient
stability enhancement, which serves as a quick and convenient way of SVC allocation.

7.2

Future Work

Based on this research, additional work can be done for the sake of continuous
studies. First, more methods can be considered and evaluated in the transient stability
enhancement, such as introducing other preventive and corrective controls [43] and more
FACTS devices. In addition, for the SVC allocation part, further work on exploring

11 9

methods for the large system SVC allocation design as a whole will be meaningful, and
more studies on the possible lowest cost will be beneficial as well.
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Appendix A: One Generation Station towards Infinite Bus System Data
[17]
The generator model is a GENROU model whose base is 2220 MV A, with the followi ng
parameters:

Xd

Ra

= 1.81,Xq = 1.76,X~ = 0.3,X~ = 0.65,X~ = 0.23,X~' = 0.25,X1 = 0.15,

= 0.003, T~ 0 = 8.0 s, T~ 0 = 1.0 s, T~~ = 0.03 s, T~~ = 0.07 s, H = 3.5, K0 = 0.

An IEEE Type ESAC4A Exciter model is chosen, and a STAB 1 Stabilizer is employed,
with parameters as below:

KA

= 200, TR

;;;;;; 0.015 S, TA ;;;;;; 0.015 S, Vrmax ;;;;;; 7.0, Vrmin ;;;;;; -6.4;

K
T ;;;;;; 9.5, T

= 1.41 s, T1 = 0.154 s, T3 = 0.033 s, HuM
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;;;;;; 0.2.

Appendix B: Nine- Bus System Data [5]
The generator model is a GENROU model whose base is 2220 MV A, with the following
parameters:

Xd

= 2.2395,Xq = 2.161,X~ = 0.2995,X~ = 0.4922,X~ = 0.225,X~' = 0.225,
X1

= 0.15, Ra = 0, T~ 0 = 6.0 s, T~ 0 = 0.535 s, T~~ = 0.03 s, T~~ = 0.05 s,
H

= 2.56,Kv = 0.

An IEEET 1 Exciter model 1s chosen, and a STAB 1 Stabilizer 1s employed, with
parameters as below:

KA
Ke

= 20, TR = 0 S, TA = 0.2 S, Vrmax = 3.0 Vrmin = -3.0;

= 1.0, Te = 0.314, Kr = 0.063, Tr = 0.35,£1 = 2.8, SE(E1 ) = 0.3034,
£ 2 = 3.73,SE(E2 ) = 1.2884
K

T

T

T

= 20, T = 1.4,-1 = 7, T3 = 0.1,-2 = 35, T4 = 0.02, Hum=
r3
r4

128

0.1

Appendix C: 500 kV Transmission System with Two Generation Units
Data [6]
Generator 1 and Generator 2:

xd = 1.305; x~ = 0.296; x:;_ = 0.252; Xq = 0.474; x~' = 0.243; X1= 0.18;
Tct '

= 1.01; T~' = 0.053; T~~ = 0.1; H = 3.7

SVC: X5 = 0.03; Ki = 300;
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Appendix D: Two - Area with Added Load Area System Data [7]
Loads:

Table: Summary of the Power in Two-Area with Added Load Area System
Power Absorbed by the Syste m

Power Gene ration in the Stations
Reacti ve Power

Real

(MW)

(MYar)

(MW)

(MYar)

3098.81

1808.6

3000

400

Real

Power

Generator 1, 2, 3, 4: Sbase

0.25; Xq

Tcta '

= 1.7;

X~'

= 0.25;

= 1000 MVA

, Ra

Power

Reacti ve Power

= 0.0025; Xct = 1.8; X~ = 0.3;

X~

=

X 1 = 0.2;

= 8 s; T~~ = 0.03 s; T~ 0 = 0.4 s; T~~ = 0.05 s ; H = 6.5s

Generator 5: Sbase

= 1000 MV

, Ra

= 0.00 25; Xct = 1.8; X~ = 0. 3; X~ = 0. 25;

1.7;

X~'

Tcta '

= 5.0 s; T~~ = 0.03 s; T~ 0 = 0.4 s; T~~ = 0.05 s; H = 5.0s

= 0.25; X 1 = 0.2;
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Xq =

Appendix E: New England 39- Bus System Data [7]
Table I Characteristics of the I 0-Generator, 39-Bus System
Numbers of Buses

39

Numbers of Lines

46

Numbers of Generators

10

Table 2 Generation Unit Summary
Generator

Inertia

Real Power

Reacti ve Power

Number

Constant

Generation (MW)

Generation (MVar)

Excitation System

H (s)

I

4.2

250.0

167.07

DC Excitation

2

3.03

572.93

771.3 1

DC Exci tation

3

3.58

650.0

241.84

DC Exc itation

4

2.86

632.0

168.51

DC Exc itation

5

2.6

508.0

194.59

DC Excitation

6

3.48

650.0

278.01

DC Excitation

7

2.64

560.0

138.38

DC Excitation

8

2.43

540.0

16. 13

DC Exc itation

9

3.45

830.0

19.26

DC Excitation

10

50.0

1005.29

162.53

No Excitation

Table 3 Load Summary
Bus Number

Real Power (MW)

13 1

Reactive Power (MVar)

3

322.0

2.4

4

500.0

184.0

7

233.8

840.0

8

522.0

176.0

12

8.5

88.0

15

320.0

153.0

16

329.4

323.0

18

158.0

30.0

20

680.0

103.0

21

274.0

115.0

23

247.5

84.6

24

308.6

-92.2

25

224.0

47.2

26

139.0

17.0

27

28 1.0

75.5

28

206.0

27.6

29

283.5

126.9

31

9.2

4.6

39

1104.0

250.0
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