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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



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.




Chapter S 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 summarizes the thesis and draws conclusions. Contributions of this
research to real power systems are discussed. Possible future work on this topic is

presented.



Chapter 2

Power System Stability and Transient
Stability

2.1 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.



The stable parallel operation of AC generators and the power system stability
concepts were proposed by experts for the first time in the early 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] focuses
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 1n 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.



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 1s not properly designed or operated, a single, small disturbance may lead to a

large, severe power outage.



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.



Power System

Rotor Angle
Stability

|

Stability
Frequgncy Voltage
Stability Stability

Small-Disturbance
Angle Stability

I

Short Term

Large-
Disturbance
Voltage Stability

Small-
Disturbance
Voltage Stability

[

]

I

I

Short Term

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

Transient
Stability
T
Short Term Long Term

Long Term

Figure 2.1 Classification of Power System Stability [3]

obvious ones, such as low frequency oscillations.

24

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

Power System Transient Stability







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 without proper controls
may cause a wide area problem, even lead to a severe blackout in the whole grid,
especially 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: effective 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

According 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



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 varies 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 seconds 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 [13] 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 [14], PSAT [15], MATLAB Simulink and Power






data files can be created and called by those functions files, and all the MATLAB files

can be modified according 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.



3.2 The Swing Equations [9][17]

In order to estimate the system transient stability, the rotor angle § needs to be
introduced first. It is defined that 6, (t) = Wmsynt + 6, (£). Wpsyn is the synchronous
rotating speed of the rotor from the system, a reference speed. 8,,(t) is the rotor angular
position regarding the initial angular position. §,,(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:

d20., d28,
Jam =] 52 = ] B8 = T () = T.(6) = Ta(0); (3.1)

T,, represents the mechanical torque which equals to the electrical torque, obtained by
subtracting the torque loss from the prime mover. T, represents the electrical torque from
the power system. a,, is the angular acceleration, and J is the moment of inertia. The
sudden significant changes from T, or T, 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

Smsyn:




17052
2/ Wmsyn

H= (JIVA); (3.2)

msyn

The typical value for H is between | and 10.

In addition, considering the generator with P poles and damping torque, 8, @, Wsyy

and «a are defined as the power angle, electrical radian frequency, synchronous electrical
. . . P P

radian frequency, and electrical angular acceleration. a(t) = ;am(t), w(t) = -Z-a)m(t),

Weyn (1) = gwmsyn(t) and §(t) = gdm(t). The following per-unit swing equation can be

derived:
2H d28(t) _ D (dé(®)\ _ _
?yn u)p.u.(t) aec pmp.u.(t) - pep.u.(t) - _wsyn ( 2t ) = pap,u.(t), (3.3)

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:

dé(t
'7(1:—) = w(t) - Wsyn = Aw(t) = wsyn(Awp.u.); (3.4)
dw(t) _ daw(t) _  Wsyn _ D ds(t\|.

dt dt  2Hwpy(t) [pmp'“'(t) Pep,u,(t) wsyn( dt )]’ (3-5)

The per-unit swing equation is a foundation for the power system transient stability
analysis. The &(t) curve reflects the operating conditions for the individual synchronous
machines, as well as the whole power systems. They are non-linear equations with non-
linear p, (t) and w, ,, (t). Usually, we assume that w,,,, (t) ~ 1 in our calculations, since

this per unit value does not change significantly during the transient processes. Reference

17



[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 X12 = 0.20 Bus 2
XTR = 010 [ = B Infinite Bus
@r=p= @)
X13 = 0.10 BUIS 3 y3-020
— 3 I L &
Angie = 6,59 Deg Angte = Q.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' = 1.2812£23.95° 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




32.86 MVar. Assume that a three-phase-to-ground fault occurs in Bus 3, with the
equivalent network changed immediately at that instant, X3 and X,3 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 | and Bus 2. The system network

diagrams during the fault and after the fault are showed as Figure 3.2 and Figure 3.3.

Figure 3.2 System Network during the Fault of Three Bus System

Xg'+XTR=0.4 X12=0.2

[T T TN | ‘
. |
P

Y
infirite Bus q\;,‘

Figure 3.3 System Network after the Fault Clearance of Three Bus System













Buas i B 2

%13 =230
VIR w 030 Irfinite Bus
" N
Co)y fes )
\W‘} Bus 3 -’

LRSIV 1] 523w L20

El /8 -_i__. V20

Loz w B 5% Dag Argex DRE Dy

Figure 3.6 Single Generator towards Infinite Bus System Example

Adopting a simplified model for synchronous machine, the electrical power sent

E'Vsiné

from the generator towards the system 1is P, = , with E’ representing the

eq

generator’s internal voltage, V representing the system bus voltage, and X, standing for
the sum of generator direct axis transient reactance X and all the external equivalent
reactance. Here, § 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 6 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 § and the

per unit electrical power p, is a sinusoidal curve, shown as Figure 3.7.
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Figure 3.7 Power Curve for a Typical Synchronous Machine

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.

H

P(n.uA) I} s
E'Vsiné
- pe = .X

Figure 3.8 Normal Operation Point for a Typical Synchronous Machine
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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

E'Vsind

from &, along the during-fault power curve p, = ———, with the rotor rotating speed
eq_fault

growing up.

At some point in time, the fault is cleared from the system. The rotor angle has
. ) . E'Vsiné,
moved to a new value §., reflecting a new electrical power point p,. = — the
eq
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 § keeps increasing due to the inertia, the increasing rate
of & drops, and it also jumps to the over-fault power curve, with X,, = X1, = 0.2.
Finally, if § can stop increasing at a point &,,,, before reaching the maximum limit §,,

(the other intersession point), and begin to move back, the machine stability is  ~ tained:

§ can finally move back to the initial operation point or a new steady point with the help









34 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 &, is a critical clearing angle, since it critically allows 4; = 4,. A
fault cleared after 6 which goes beyond &, 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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3.5 Generator Model Introduction

In the power system transient stability studies, the modeling of generators are
important. After large disturbances or faults, generators respond through a series 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.

351 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.

X¢' Ra
Y i Ve Vel VaRo AVAV,\/

Figure 3.11 Classical Generator Model
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time constants can be evaluated by testing the times spent by the d-axis and g-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 Tgq and Tgq also reflect the initial quick

changes in the subtransient period, and the time constant Ty, and Ty, 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 clearing 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].






Time {Second)

Figure 3.16 Bus 1 Voltage Variation in Three-Bus System

with a Fault at Bus 3 and Clearing Time 0.1 s

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.

Rotor Angte (Deqiee)

1l

tE 3
Time {Second}

Figure 3.17 Three-Bus System Generator Rotor Angle Variations with a Fault at Bus 3 and Clearing Time

04s
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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 Bus B Bus 9 Bus 3

Bus 4

Figure 3.18 Single Line Diagram of a Nine-Bus System
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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 Information

rower Load Demand Generation Schedule
System Real Power (MW) Reactive Power Real Power Reactive Power
Type (MVar) (MW) (MVar)
| v Buses 315 s 320 23

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 fault is cleared at different clearing times by disconnecting the relevant

branches.

#2 | Bus Two Generator
-+ | Reter Angle

Bus Thres Generator
Rofor Angle

Bus One Gerzerator
Rotor Anele

2
Time Szcond)

Figure 3.19 Nine-Bus System Generator Rotor Angle Variations with a Fault at Line 6-9 and Clearing Time

0.1s
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Figure 3.20 Nine-Bus System Generator Rotor Angle Variations with a Fault at Line 6-9 and Clearing Time

03s

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 3.21 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 Load Demand Generation Schedule
Type Real Power (MW) Reactive Power Real Power Reactive Power
(M Var) (MW) (MVar)
37 - Bus 808.7 283.6 818.1 110.4

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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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 =2s

The above three simulations and figures indicates that the Bus Jo Generator rotor
angle oscillate slightly 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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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
€I

- 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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Figure 4.2 Block Diagram of Type I Excitation System and Generator {20]

The automatic voltage regulator (AVR) obtains the error signal v, 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 V,..r can be adjusted higher, leading
to a larger v,. The voltage regulator can also be treated as an amplifier which amplifies

the error signal by K. After the delayed amplifier, Vy is limited within a boundary.

For the exciter part, the amplified signal AV plus the saturation compensation signal
serves as the input of the exciter block. According to reference [18] and [20], considering

the exciter field resistance R, and inductance L., the input equals to AV, = R,Ai, +

d(AvVg)
€ ar

L

(Ai,). The output AEf; = K;Ai,, with K; the coefficient which reflects the

relationship between AE; and Ai,. Therefore, the exciter transfer function can be
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fd __ KA,
- d(avg)
dt

obtained by =

i . )
L and the one in the frequency domain

(Aie)  Retle—;

R Rplig+Le

is

Kj
AEfq(s) Ky R, _ Ke

AVR(S)  Re+Les 1+}L?_es T 14T,s
e

(4.1)

K.is the exciter gain, and T, is the exciter time constant. However, in the IEEE standard

Le

. . . . R
diagram, this block is represented as < for convenience. Kg = K—e, and Tg = <
i

etsTEe i

If the excitation field current is produced by a DC or an AC generator, the feedback
block SE(Efd) 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.

Tr is the time constant in this stabilizer part. [17][18]

Finally, as the result of the control, |V,| varies with the voltage regulation. For the
measurement part, the |V,| value is obtained by a sensor and goes through a feedback
loop to the beginning. Ty 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
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time delays in all blocks should be employed. The values of Tg, Tr, T4 and Tg should be

very small.

The AVR has two main functions 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 adjustment of the voltage level, which
also contributes to the voltage stability enhancement, especially when the load 1s heavy
[19]. For the transient stability enhancement, AVR 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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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 high speed excitation system boosts the terminal voltage. The A;
acceleration area decreases, and the A, deceleration area reduces as well (§ stops to

increase when A, = A,). 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.

Pilot exciter Ac Main Exciter SlipRings  Synchronous
Generator

QU

YT

Automatic
Voitage
Magnetie Reguiator
Amplifier Manual
Control

Figure 4.4 DC Excitation System 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]

Permane AC mam oxciler sy onchiromsas Genvmior

Magnet -
pilol eneiter g"; L&I (T \
1. —~w-

— TF@E?'; ,(E%gg ‘

37 supes
Ty N3 Ty N 7>
r ]
Ml L0 A
Controd ,m ,,w\
S
AomaEe
l:iri‘ng . { o1} »‘Vlz'ﬂ%;ngr
Corenit S Regukator

Figure 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
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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.
Thy \”&mr synchranous Genéralor
Biridge
fhree-phase
Transformer -
[;KMU:IWK vdlsgé
finng circun_ ol rogvlane

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 saturable-

current 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 field-
forcing 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.




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 V; added into the exciter control diagram.

The local signal that the PSS collects and processes is the main generator rotor speed
deviation Aw,, and the purpose of PSS is damping the rotor oscillation over during
various transient states [17]. The extra input signal for AVR provided by PSS is

illustrated in Figure 4.7, and, with the large disturbance cases considered, the output V;

limits should also be considered.

Gain

Aw, —¥ Ksras

Washout Leading Compensation
1+STW 1+ST2 1+ST4

Figure 4.7 Control System of PSS [17]

As Figure 4.7 shows, the transfer function for the PSS is
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GPSS(S) — KsrapsTw [1+ST1][1+ST3]]. (42)

14sTw  L[1+5T][145T4]

This transfer function indicates the relationship between the speed deviation and the
extra voltage signal V; after Laplace transformation. s is the complex augment transferred
from the time domain function. The gain Kgrsp 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 w, to pass and suppressing the
instability [17]. The time constant Ty, 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 lags created in the original closed loop without the PSS, in which the Ty, T,, T3,
and T, are four time constants which are tuned to compensate the phase lag. The voltage

limits prevent the V; 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.

PSS [&— Aw,

=

- Voltage Regulator
Veer and Exciter Erp

Figure 4.8 Connected Power Sysiem Stabilizer [18]
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Figure 4.10 Three Scenarios of Rotor Angle Responses for One Generation 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 AVR 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 ' 1p the oscillations is inevitable. Compared to the constant field voltage
case, the system with both AVR and PSS not only has more stability margin with smaller

rotor angle deviations, but also damps the oscillation more quickly. 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.

11 : . : 2 ; — : .
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sl \ AVR with PSS 7
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Figure 4.11 Three Scenarios of Terminal Voltages for One Generation Station towards 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 AVR and PSS, the terminal voltage can recover to the normal level fast after
the fault clearance. Without a proper exciter, the field voltage remains constant, but large
voltage digs occur after the fault clearance, which are undesirable. The trend of the dash-
dot 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
Scenario Description
Field Voltage (no PSS) and PSS
CCT (ms) 66 N/A 95
Cycle 3.96 N/A o./

According to Table 4.2, the generator with AVR and PSS allows a longer critical fault
clearing time than the generator without AVR 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 AVR 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 nine 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.

R R =
] A =

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=1.0 seconds, and the fault is
cleared after 0.1 seconds. For generators, a GENROU model is employed, an IEEETI
exciter is chosen, and a STABI stabilizer is also applied. Using PowerWorld Simulator,
three scenarios are simulated: first, the generator has a constant field voltage without
AVR 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 in 10 seconds are

obtained as follow.

110
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Figure 4.13 Three Scenarios of Generator Two Rotor Angle Responses for Nine-Bus System with a Fault

Clearing Time 0.1 Seconds
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Figure 4.14 Three scenarios of Generator Two Voltage for Nine-Bus System with a Fault Clearing Time 0.1

Seconds
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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 for Nine-Bus System

C OIS UJEHE dLol uenerator with AVK uenerator with AVR
Scenario Description
Field Voltage (no PSS) and PSS
CCT (ms) 118 122 122
Cycle 7.08 7.32 7.32

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 AVR
and PSS has the same critical fault clearing time with the one with AVR 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 quickly 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 AVR works.

4.7 Conclusion

In this chapter, typical excitation systems are introduced, and the theory of the power
system transient stability enhancement through high 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

Staticc VAR  Compensator and its
Contribution to Transient Stability
Improvement

5.1 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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The introduction of FACTS devices into power systems brings many merits. The

series compensation can limit the equivalent system reactance X,,, so the power

E'vsing

transmission capability is enlarged according to P, = . The shunt compensation

eq
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-0" system (“N-1" safety criteria: After dynamic
disturbances, power systems can survive and operate in an acceptable state with only 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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53 Static VAR Compensator (SVC)

5.3.1 Definition and Significance of SVC

In power transmission systems, the compensation of reactive power is important,
especially 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 adding the reactive
compensation from the transmission line equivalent shunt capacitors may not be
sufficient. Therefore, extra reactive 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 commonly 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)”.
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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.

Figure 5.1 Typical Configurations 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 Mechanically 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, Thyristor-

switched capacitors and Mechanically switched capacitors are employed as capacitive
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 «, the i, 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 g for a thyristor is @ < ¢ < m — a in the positive
half-cycle for the voltage; for the negative half-cycle, the angle interval becomes m + a <

o <2m-—a.
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v i(a=0)

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 VAR generator and its total VAR demand versus VAR output are shown in Figure

5.3.
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Figure 5.3 TSC-TCR SVC and Its Total VAR Demand versus VAR Output [29]




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 [ z(a) —
Y. Icn]. 1,F is the variable current in the controllable reactor, and I, 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 Beyq, 0 Bymay. Under the voltage regulation mode, the terminal voltage

versus current relationship is shown Figure 5.4.

Voltage (Fy)

I, -":': [Lm:u
o) »
Total SVC Current

Figure 5.4 V-I Characteristic of SVC [27]
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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 V.., 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 finally 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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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 strong reactive power support, enhancing the
system voltage stability and transient stability. This point is illustrated in detail in the

following two case studies.

54 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:

M1 125 kY500 kY DoKW 12.8kY 142
1000 14vA DYg fine 1 e o gD SO00 MY A,
@_3 E | 250 km I 250 km
r | L%
— b Bl e B B2 P -
930 KW Q44 BIW e . 4045 MW
2006 Klear = S000 14w

Figure 5.7 500 kV Two Generation Units Power Transmission System Diagram [30]

The system contains two power generation units M1 and M2 with rated power 1000
MVA and 5000 MVA, and 5000 MW resistive load is close to the M2 generation unit.

The transmission line from M1 to the load is 700 km long, and the midpoint 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
B1 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 A = 6; — 6, and the terminal voltage of the M1 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 Transmission

System with a Fault Clearing Time 0.09 Seconds

80









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.
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Figure 5.11 Single Line Diagram of a Two-Area with Added Load Area System [31]

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.

g T T T r r
<o System without SYC
= — = System with an SVC (BEmax=0.8}
System with an SVC {Bmax=1.6)

-

Speed Deviation between Gen 4 and Gen & (p.u.)
NI
1

Figure 5.12 Rotating Speed Deviation between Generator 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 Fault 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 (Bsycmax = SvcC
without SVC 0.8) (Bsycmax = 1.6)
CCT (ms) 280 390 410
Cycle 16.8 234 24.6

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 Bsycmax = 1.6
SVC has the largest critical clearing time, but only 1.2 cycles larger than the one with
Bsyemax = 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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Chapter 6

Static VAR Compensator (SVC) Allocation
and its Influence on Transient Stability

Improvement

6.1 Introduction

Chapter 5 introduced the benefits of Static VAR 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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Figure 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.

AV,

Maximum Transient Voltage Dip (%) = m

The 20% voltage dip line shows that the voltage drops to 80% of the initial value.
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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 main

regulations:

o 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.

e 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 60 Hz 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 since 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 Allocation of SVCs by Sensitivity Analysis

6.4.1 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 1s 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 % of the initial voltage. The sag ending
time 1s 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 % level at the first recovery

swing, the sag beginning time should adopt the fault clearing time, as Figure 6.2 shows.
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Figure 6.2 Voltage Sag Duration in Slow Recovery Case [41]
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If the sag beginning time t; and the ending time t, are found, the sag duration,

is tsqqg = ty — ty, 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 V504 = Vry—:"“” X 100%, in which V,
is the initial voltage and the V,y;, is the voltage value at the maximum voltage sag point.
If a Vysqy 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 capacitive limit

are as formulae (6.1) and (6.2) [41]. Bsyc is the susceptance of the SVC installed.

tmax _sag 18 the time when the transient voltage sag reaches its maximum value.

_ Otsag d(ty—ty) _ dty;—dt,
Sp =0 == = 22, (6.1)
Bsyc Bsyc Bsyc
av. aVmin 3
0B 1’4
Sy =2 = Swe - t=t V. 6.2
14 3Bsyc Vo dBsyc max _sag 0 ( )

St 1s 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. Sy 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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sag is the transient voltage sag duration when the susceptance of the SVC is
(Bsyc+ABsyc)

Boyc + ABgyc); t is the corresponding value for the case that the susceptance is
Sve Sve sag (Bsvc p g p

)

Bsye. V' is the maximum voltage sag for the SVC whose susceptance is

MSA9 (Bsyc+ABsyc)

equal to (Bsyc + ABgyc) ; while Vi, is for the one with susceptance Bgy .

%29 (Bsvc)

Through analyzing the sensitivity 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 K,
and T, are fixed and whose Bgycmax €an be adjusted, the following stages are to decide

the SVC allocation and the minimum value of the maximum limitation Bsycmax-
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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 Bsycmay 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.

’ e

i T T
T © '
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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 16-

17, 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-to-
ground 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.

Bus Vaoltage {per unit}

05+ i |

\

04t E i

03F B |

———Bus 14 1

021 Bus 15 4 I
0.1 ) 1 1 I I I I 1 L L

u ub 1 1.5 2 25 3 35 4 45 5

t {second)

Figure 6.5 New England 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

101



Table 6.1 New England System Voltage Sag and Sensitivity Index Summary

with Contingency in Line 16 - 17

34. Their details and the sensitivity analysis results are listed in Table 6.1.

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

Bus Name Voltage Sag Voltage Sag Sy St S
(%) Time (s)
Bus 4
28.66 0.85 37.152 2.2 0.3469
(Load Bus)
Bus 5
27.86 0.85 34.218 1.9 0.3112
(Non-load Bus)
Bus 6
27.56 0.825 33.84 1.9 0.3091
{Non-load Bus)
Bus /
27.90 0.825 31.482 1.8 0.2897
(Non-load Bus)
Bus 8
2791 0.825 31.476 1.9 0.2962
(Load Bus)
Bus 10
28.68 0.85 42.41 2.3 0.3820
(Non-load Bus)
Bus 11
28.55 0.820 40.5006 2.3 0.3717
(Non-load Bus)
Bus 12
29.29 0.845 64.148 34 0.5727
(Load Bus)
BUS 15 29.99 0.860 46.662 2.4 0.4117
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(Non-load Bus)
Busl4
33.30 0.975 56.246 2.5 0.4705
(Non-load Bus)
Bus 15
35.85 1.105 91.908 3.8 0.75
(Load Bus)
Bus 16
30.87 1.025 78.394 4.4 0.7160
(Load Bus)
pus 19
25.33 0.72 70.348 6.5 0.8103
(Non-load Bus)
Bus zu
24.60 0.76 69.482 7.1 0.8451
(Load Bus)
Bus 21
26.19 0.865 70.972 6 0.7808
(Load Bus)
Bus 22
20.88% 0.38 54.888 7.6 0.7986
(Non-load Bus)
Bus 24
29.46 nnes 79.834 5 0.7633
(Load Bus)
Bus 32
21.61 0.445 N/A N/A N/A
(Generator Bus)
Bus 34
23.20 0.72 N/A N/A N/A
(Generator Bus)

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

WECC planning standard. The sensitivity indices S¢ and Sy, are calculated using formulae
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(6.3) and (6.4) through real time simulations with a small ABgyc = 0.1 per unit, and the

total sensitivity index Scombines the above two indices and is calculated by

S i S i
Sbus(i) = v,bus(i) + t,bus(i) (6 .5 )

Symaximum*2  StmaximumX2

Sy maximum 1S the maximum voltage sag sensitivity index among those results.
St maximum1S the maximum index regarding to voltage sag time durations. Sy, 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.

0.8 . e . ’

0.716

0.6

0.4

0.2

Bus 20 Bus 19 Bus 22 Bus 21 Bus 24 Bus 15 Bus 16 Bus 12
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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
in 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 1s 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 SVC Allocation Plan I for the New England System with a fault on line 16-17: One

SVC at Bus 20
Bus SVC Basc Maximum Minimum Regulation Regulation Time
Number (MVA) Susceptance Susceptance Gain K, Constant T,
(p-u.) (p-u.) (p-u.) (p-u.)




Bus Voltage (per unit)

0.4 1 1.5 2 25 3 35 4 45 5
t {(second)

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 only 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 B, = 1.1 p.u. at Bus 20.
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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 Time 0.1 Seconds: Two SVCs at Bus 20 and 22

Bus SVC Base Maximum Minimum Regulation Regulation Time
Number (MVA) Susceptance Susceptance Gain K, Constant T,
(p.u.) (p-u.) (p-u.) (p.u.)
20 100 0.7 0 50 0.05
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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% 1s 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 21 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.

t (second)

Figure 6.9 New England System without SVC Bus Voltage Sags with a Faultin Line 21-22 and Clearing
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As Figure 6.9 shows, the representative Bus 21 and Bus 24 voltages sag severely.
Other buses whose voltage criteria fail to meet the WECC standards are also screened and l
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 England System Voltage Sag and Sensitivity Index Summary

with Contingency in Line 21-22
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Bus Name

Voltage Sag Voltage Sag

(%)

Time (s)

Bus 15

(Load Bus)

22.4350

(\ AL

28.002

2.2

0.6352

Bus 16

(Load Bus)

23.6402

Bus z1

(Load Bus)

<
Ao

27.222

1.6

0.5383

=
N
\O

39.136

2.2

0.7592

Bus 23

(Non-load Bus)

22.5933

o
N
n

44918

34

Bus 24

(Load Bus)

o
n
0
wn

36.368

1.8

0.6695

1.2
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Figure 6.10 New England System Sensitive Buses with Sensitivity Indices for Fault in Line 21-22
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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 Bgycmay can also be decided. Table 6.5 shows the most helpful and

economical Bgycmay 10 this scenario.

Table 6.5 Summary of SVC Allocation Plan for the New England System with a Fault in Line 21-22 and

Clearing Time 0.1 Seconds: an SVC at Bus 23

Bus SVC Base Maximum Minimum Regulation Regulation Time
Number (MVA) Susceptance Susceptance Gain K, Constant T,
(p-u.) (p-u.) (p-u.) (p-u.)
23 100 0.65 0 50 0.05

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.

111







Figure 6.12 New England System Largest Bus Voltage Sag Time Durations with SVC at Bus 23

(Contingency in Line 21-22, Fault 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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Figure 6.13 New England System with an SVC (at Bus 23) Bus Voltage Sags with a Fault in Line 21-22

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 System

with Fault Clearing Time 0.1 seconds

Contingency Instability Description
Position
1-2 unstable (Gen 10 first lose synchronism)

1-39 unstable (Gen 10 first lose synchronism) |
2-25 voltage sag over time, unstable (Gen 8& 9)
25-26 Gen 9 lose synchronism
26-27 Gen 9 lose synchronism

" 20-28 Gen 9 lose synchronism
26-29 Gen 9 lose synchronism
28-29 Gen 9 lose synchronism
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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 Bgycmax can be chosen as the following table.

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

in Line 1-2 in New England System

Bus SVC Base Maximum Minimum Regulation Regulation Time
Number (MVA) Susceptance Susceptance Gain K, ConstantT; (p.u.)
(p.u.) (p.u.) (p.u.)
2 100 0.7 0 50 0.05
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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
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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 margins for generators to decelerate and
maintain stability are available. Therefore, sensitive protection relays with less 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 less 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. . .;st, 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
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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 MVA, with the following

parameters:
Xy =181,X, =176,X; = 0.3,X, = 0.65,X; = 0.23,X; = 0.25,X, = 0.15,
R, = 0.003,Ty, =8.05,Ty =1.05,Tgy =0.035,T0 = 0.07s,H = 3.5,K, = 0.

An IEEE Type ESAC4A Exciter model is chosen, and a STABI Stabilizer is employed,

|
with parameters as below: l
Ky = 200,Tg =0.0155,T4 = 0.015 5, Vrpax = 7.0, Veppin = —6.4; l

K
==95T=1415T; =01545,T; = 0.033 5, Hy = 0.2

\
|
|
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Appendix B: Nine - Bus System Data [5]

The generator model is a GENROU model whose base is 2220 MVA, with the following

parameters:
Xq = 2.2395X, = 2.161,X; = 0.2995,X, = 04922, X, = 0.225,X; = 0.225,
X, =0.15R, =0,Ty, = 6.05,Tyo =0.5355,Tyo = 0.035,Tgo = 0.055,
H =2.56,K, = 0.

An IEEET1 Exciter model is chosen, and a STAB1 Stabilizer is employed, with

parameters as below:
Ki=20,Ta=05Ts =025 Vomax = 3.0 Vimin = —3.0;
K, = 1.0,T, = 0.314,K; = 0.063,T, = 0.35,E; = 2.8,SE(E;) = 0.3034,
E, = 3.73,SE(E,) = 1.2884

K T, T,
==20T =14 =7T; =01, = 35T, = 0.02, Hjym = 0.1

3 4
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Appendix C: 500 kV Transmission System with Two Generation Units
Data [6]

Generator | and Generator 2:

Xq = 1.305; X5 = 0.296; X = 0.252; X, = 0.474; X7 = 0.243; X, = 0.18;

T, = 1.01;T) =0.053; T}, = 0.1; H = 3.7
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|
SVC: X, = 0.03; K; = 300;



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 Generation in the Stations

Power Absorbea by the System

Generator 1, 2, 3, 4: Spgse = 1000 MVA ,

0.25; X, = 1.7; X/ = 0.25; X, = 0.2;
Tao = 85T, = 0.035;Tsy = 0.4 5; 45 = 0.05 53 H = 6.55

Generator 5: Spa5. = 1000 MV , R, = 0.0025; X, = 1.8;X; = 0.3; X7 = 0.25; X, =

1.7; XC'I' = 0.25; X; =0.2;

Tao' = 5.05;T4, = 0.03 ;T = 0.45; Ty = 0.05 53 H = 5.05
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R, = 0.0025; X, = 1.8; X, = 0.3; Xy =

Real Power | Reactive Power Real Power | Reactive Power
(MW) (MVar) (MW) (MVar)
3098.81 1808.6 3000 400




Appendix E: New England 39 - Bus System Data [7]

Table 1 Characteristics of the 10-Generator, 39-Bus System

Numpoers of Buses 39
Numbers of Lines 46
Numbers of Generators 10

Table 2 Generation Unit Summary

Generator Inertia Real Power Reactive rower Excitation System
Number Constant Generation (MW) Generation (MVar)
H (s)
1 4.2 250.0 167.07 DC Excitation
2 3.03 572.93 771.31 DC Excitation
3 3.58 650.0 241.84 DC Excitation
4 2.86 632.0 168.51 DC Excitation
5 2.6 508.0 194.59 DC Excitation
6 2.4 650.0 278.01 DC Excitation
7 2.64 560.0 138.38 DC Excitation
8 243 540.0 16.13 DC Excitation
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)

Reactive Power (M Var)
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12 8.5 88.0
15 320.0 153.0
16 3294 3230
I 18 158.0 30.0
- 20 680.0 103.0
B 1 274.0 115.0
23 2475 84.6
24 308.6 922
I 23 224.0 4.2
B 26 139.0 17.0
27 281.0 75.5
28 206.0 27.6
29 2835 126.9
31 9.2 4.6
39 1104.0 250.0
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