CHAPTER 1

INTRODUCTION

In modern power systems, apart from a large number of generators and associated controllers,
there are many types of load, ranging from a simple resistive load to more complicated loads
with electronic controllers. The influx of more and more controllers and loads, increase the
complexity and nonlinearity of power systems. As a result power systems are viewed as complex
nonlinear dynamical system that shows a number of instability problems. Instability problems in
power systems that can lead to partial or full blackout can be broadly classified into three main
categories, namely voltage, phase angle and frequency related problems.

The ability of synchronous machines of an interconnected power system to remain synchronism
after being subjected to a small disturbance is known as small signal stability that is subclass of
phase angle related instability problem. It depends on the ability to maintain equilibrium between
electromagnetic and mechanical torques of each synchronous machine connected to power
system. The change in electromagnetic torque of synchronous machine following a perturbation
or disturbance can be resolved into two components — (i) a synchronizing torque component in
phase with rotor angle deviation and (ii) a damping torque component in phase with speed
deviation. Lack of sufficient synchronizing torque results in “aperiodic” or non-oscillatory
instability, whereas lack of damping torque results in low frequency oscillations [1]

Low frequency oscillations are generator rotor angle oscillations having a frequency between 0.1
-2.0 Hz and are classified based on the source of the oscillation .The root cause of electrical
power oscillations are the unbalance between power demand and available power at a period of
time. In the earliest era of power system development, the power oscillations are almost non
observable because generators are closely connected to loads, but nowadays, large demand of
power to the farthest end of the system that forces to transmit huge power through a long
transmission line, which results an increasing power oscillations.

The phenomenon involves mechanical oscillation of the rotor phase angle with respective to a
rotating frame. Increasing and decreasing phase angle with a low frequency will be reflected in
power transferred from a synchronous machine as phase angle is strong coupled to power
transferred. The low frequency oscillations can be classified as local and inter-area mode.

1. Local modes are associated with the swinging of units at a generating station with respect
to the rest of the power system. Oscillations occurred only to the small part of the power
system. Typically, the frequency range is 1-2 Hz.

2. Interarea modes are associated with swinging of many machines in one part of the
system against machines in other parts. It generally occurs in weak interconnected power
systems through long tie lines. Typically frequency range is 0.1-1 Hz.
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Besides these modes, there can be other modes associated with controllers which happen due to
poor design of controllers .Torsional oscillation is another type of oscillation that happened in
series capacitor compensated system and the frequency of oscillation is typically in sub
synchronous frequency range. [2-3].

The traditional approach to address low frequency oscillation problem is to equip PSS in the
machines which has tendency to damp out power oscillations. The basic function of a power
system stabilizer is to extend stability limits by modulating generator excitation to provide
damping to the oscillations of synchronous machine rotors relative to one another. These
oscillations of concern typically occur in the frequency range of approximately 0.2 to 2.5 Hz, and
insufficient damping of these oscillations may limit the ability to transmit power. To provide
damping, the stabilizer must produce a component of electrical torque on the rotor which is in
phase with speed variations. For any input signal the transfer function of the stabilizer must
compensate for the gain and phase characteristics of the excitation system, the generator, and the
power system, which collectively determine the transfer function from the stabilizer output to the
component of electrical torque which can be modulated via excitation control.

Lightly damped oscillations can limit power transfer under weak system conditions, associated
with either remote generation transmitting power over long distances or relatively weak inter ties
connecting large areas. Stabilizer performance must therefore be measured in terms of enhancing
damping under these weak system conditions. This measure must include not only the small-
signal damping contributions to all modes of system oscillations but the impact upon system
performance following large disturbances, when all modes of the system are excited
simultaneously.

Based upon this measure, it is shown that the most appropriate stabilizer tuning criteria is to
provide an adequate amount of damping to local modes of oscillation with a reasonably high
contribution to Interarea modes of oscillation. Excess local mode damping is unnecessary and is
often obtained at the expense of system performance following a large distribution.

Stabilizers utilizing inputs of speed, power and frequency have been analyzed with respect to
both tuning concepts and performance capabilities. Frequency has some inherent qualities which
contribute to the desired performance criteria. However, any of these signals can be used to
prevent oscillatory instabilities from limiting power transfer capability, at least to the point where
other system considerations become limiting. Thus, the choice of input signal depends upon
factors other than system performance alone [4-6].

However, the present power systems are too complex as many utilities around the world are
interconnected each other to deliver reliable and cheap power from environmentally clean
resources. Moreover, introduction of competition had invited many generating plants to be
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connected to power system and started to dispatch power. Modern power systems are enormous
and interconnected to serve large, remote load regions.

In recent years, voltage stability and voltage regulation have received wide attention. Voltage
control, voltage regulation, reactive power Control, steady state stability etc. are important
problems of power systems. Flexible AC Transmission Systems (FACTS) controllers can be
used for solving these problems.

FACTS Controllers may be used to damp dynamic oscillations and increase damping of the
swing modes. They improve damping by modulating the equivalent power-angle characteristic of
the system. FACTS controllers are of two types — thyristor based and voltage sourced converter
based. Static var compensator (SVC) and thyristor controlled series capacitor (TCSC) belong to
the former category, while Static Compensator (STATCOM) and Unified power flow controller
(UPFC) belong to the later.

SVC is a shunt FACTS Controller which is used for improvement of voltage profile of the
transmission system. In addition, it also improves the transient stability of the system. SVC
susceptance modulation using supplementary control signals in conjunction with the SVC
voltage controller can be used to damp power system oscillations. Such supplementary signals
can comprise rotor speed deviation, the active power deviation, line current etc. [7-18].

Fuzzy damping controllers have been reported [19-27] to be more effective in damping power
system oscillations than conventional ones. Fuzzy Logic Controllers (FLC) is capable of
tolerating uncertainty and imprecision to a greater extent so, they produce good results under
changing operating conditions and uncertainties in system parameters. Fuzzy Logic based
controller is likely to be an ideal choice for power system damping because of its adaptable
nature. It is possible to design fizzy logic controller by taking into account the non linearity of
power system. It can be implemented easily because complicated and time consuming
calculations are not involved.

In this work, a conventional and a fuzzy logic based SVC damping controller is developed for
power oscillation damping. Different supplementary control signals have been adopted for both
these controllers and the small signal stability of the system is studied. A comparison of the
responses indicates that fuzzy logic based SVC damping controllers exhibit better performance
characteristics than conventional ones.




CHAPTER 2

SMALL SIGNAL STABILITY OF A SINGLE MACHINE
INFINITE BUS SYSTEM
2.1: Introduction

Small signal stability is the ability of the power system to maintain synchronism under small and
slow disturbances such as gradual variation of load or slow increment of excitation. Parametric
variation should not exceed by 5% under these small signal stability. Instability is of two form 1)
steady increase in rotor angle due to lack of sufficient synchronizing torque. 2) Rotor oscillation
of increasing amplitude due to lack of sufficient damping torque. The nature of system response
to small disturbances depends on a no of factors including the initial operating point, the
transmission system strength, and the type of generator excitations control used. For a generator
connected radially to a large power system, in the absence of automatic voltage regulators (i.e
with constant field voltage) the instability is due to lack of sufficient synchronizing torque. This
result in instability through a non-oscillatory mode, whereas lack of damping torque results in
low frequency oscillations With continuously acting voltage regulators, the small-disturbance
stability problem is one of ensuring sufficient damping of system oscillations. In today’s
practical power system, small signal stability is largely a problem of insufficient damping of
oscillations. The stability of the following types of oscillations is of concern:

1) Local modes or machine-system modes are associated with the swinging of units at a
generating station with respect to the rest of the power system. The term local is used
because oscillations are localized at one station or a small part of the power system.

2) Interarea modes are associated with the swinging of many machines in one part of the
system against machines in other parts. They are caused by two or more groups of closely
coupled machines being interconnected by weak ties.

3) Control modes are associated with generating unit and other controls. Poorly tuned
exciters, speed governors, HVDC converters and static var compensators are the usual
causes of instability of these modes.

4) Torsional modes are associated with the turbine-generator shaft system rotational
components. Instability of torsional modes may be caused by interaction with excitation
controls, speed governors, HVYDC controls and series-capacitor-compensated lines.




Small-disturbance voltage stability is concerned with a system’s ability to control voltages
following small perturbations such as incremental change in system load. This form of stability
is determined by the characteristic of load, continuous controls and discrete controls at a given
instant of time. This concept is useful in determining, at any instant, how the system voltage will
respond to small system changes.

The basic processes contributing to small-disturbance voltage instability are essential of a steady
state nature. Therefore, static analysis can be effectively used to determine stability margins,
identify factors influencing stability and examine a wide range of power system conditions. A
criterion for small-disturbance voltage stability is that, at a given operating condition for every
bus in the system, the bus voltage magnitude increases as the reactive power injection at the
same bus is increased. A system is voltage-unstable if, for at least one bus in the system, the bus
voltage magnitude (V) decreases as the reactive power injection (Q) at same bus is increased. In
other words, a system is voltage-stable if V-Q sensitivity is positive for every bus and unstable
if V-Q sensitivity is negative for at least one bus.

2.2: Characteristics of small-signal stability problems:

In large power systems, small-signal stability problems may be either local or global in nature.

2.2.1: Local problems

It involves a small part of the system. They may be associated with rotor angle oscillations of a
single generator or a single plant against the rest of the power system. Such oscillations are
called local plant mode oscillations. The stability problems related to such oscillations are similar
to those of a single machine infinite bus system. Local problem may also be associated with
oscillations between the rotors of few generators close to each other. Such oscillatons are called
intermachine or interplant mode oscillations. Usually, the local plant mode and interplant mode
oscillations have frequencies in the range of 0.7-2.0 Hz.

Other possible local problems include instability of modes associated with controls of equipment
such as generator excitation system, HVDC convertors and static var compensators. The
problems associated with control modes are due to inadequate tuning of the control system. In
addition, these controls may interact with the dynamics of the turbine-generator shaft system,
causing instability of torsional mode oscillations.

Analysis of local small-signal stability problems requires a detailed representation of a small
portion of the complete interconnected power system. The rest of the system representation may
be appropriately simplified by use of simple models and system equivalents. Usually, the
complete system may be adequately represented by a model having several hundred states at
most.




2.2.2: Global Problems

Global small-signal stability problems are caused by interactions among large group of
generators and have widespread effects. They involve oscillations of a group of generators in one
area swinging against a group of generators in another area. Such oscillations are called Interarea
mode oscillations.

Large interconnected systems usually have two distinct forms of Interarea oscillations:

a) A very low frequency mode involving all the generators in the system. The system is
essentially split into two parts, with generators in one part swinging against machines in
other part. The frequency of this mode of oscillation is on the order of 0.1-0.3 Hz.

b) Higher frequency modes involving subgroups generators swinging against each other.
The frequency of these oscillations is typically in the range of 0.4 to 0.7 Hz.

2.3: Power vs rotor angle relationship:

An important characteristic of power system stability is the relationship between interchange
power and angular positions of the rotor of synchronous machine. This relationship is highly
nonlinear. Let’s consider two synchronous machines connected by a transmission line having a
inductive reactance X[ but negligible resistance and capacitance. Let’s assume that machine 1
represents a generator feeding power to a synchronous motor represented by machine 2. The
power transferred from the generator to motor is a function of angular separation § between the
rotors of two machines. This angular separation is due to three components: generator internal
angle (angle by which generator rotor leads the revolving field of stator); angular difference
between the terminal voltages of generator and motor (angle by which the stator field of
generator leads that of motor) and the internal angle of motor (angle by which rotor lags the
revolving stator field. Power transferred from generator to motor is given by

P = (E; * Ey *sind) /Xy
XT = XG +XM +Xl

Here power varies as a sine of angle: a highly nonlinear relationship. When effect of automatic
voltage regulator is considered, this power angle characteristic deviates significantly from its
sinusoidal nature. When the angle is zero, no power is transferred. As angle is increased, the
power transfer increases up to a maximum. After a certain angle, normally 90 degree, a further
increase in angle results in a decrease in power transferred. There is thus a maximum steady state
power that can be transferred between the two machines.




2.4: Effect of synchronous machine field circuit dynamics:

We consider the system performance including the effect of the field flux variations. The field
voltage will be assumed constant (manual excitation control). We will develop the state-space
model of the system by first reducing the synchronous machine equations to an appropriate form
and then combining them with the network equations. We will express time in seconds, angles in
electrical radians and all other variables in per unit.

2.4.1: Synchronous machine equations

The rotor angle is the angle (in electrical radian) by which the g-axis leads the reference Ej.

Figure 2.1: Equivalent circuit relating the machine flux linkages and currents

The stator and rotor flux linkages are given by

Qg = _Llid + Lads (_ id + lfd ) = _Llid t Qaa (1)

®q = —Liig + Laqs(_iq) = —Lilg + ¢aq )
Ora = ~Laas (= ia +ita ) + Lyalra = Paa + Lraiza  (3)

In the above equations ¢,4 and ¢, are the air-gap (mutual) flux linkages and Lgqs and Lggs
are the saturated values of mutual inductances.




From eqgn, the field current may be expressed as

. _ Pfa—Pad
ifg = Tda (4)

The d-axis mutual flux linkage can be written in terms of ¢, and i as follows

. . . Prd—P
Paa = —Laas g + Laas lra = —Laas lqg + Laas ( ﬂifd o )
, . Pra
Paa = Lads <_ lg + <L >) (5)
fd
Where, Loygs = % (6)

+_
Laas Lga

Since there is no rotor circuits considered in the g-axis, the mutual flux linkage is given by
Paq = Lags(~iq) (7

The air-gap torque is,
Te = @alqg — Ogiag = Qaalq — la Paq (8)
With speed variations neglected the stator voltage equations become,
eq = —Rglqg — ¢4 9

eq = —Rqig — @q (10)

2.4.2: Network equations
Since there is only one machine, the machine as well as network equations can be expressed in
terms of one reference frame, i.e. the d-q reference frame of the machine. The machine terminal

and infinite bus voltages in terms of the d and g components are

E,=ezt+jxeq (11D
E, = Epqg +j* Epq (12)

The network constraint equation for the system is
E; :Eb+(Re+j*Xe)*It (13)
eqt+j*xeqg=Epg+j*Ep+ (Re+j*Xe)*(id+j*iq) (14)




Resolving into d and g components gives

eq = Reid _Xeiq + Ebd

eq = Reig — Xeig + Epq
Ebd = EbSin6
Epq = Epcosé

(15)
(16)
(17)

(18)

Using equations and to eliminate e4, e, in equations and using the expressions for ¢,, and
®qq 9iven by equations and, we obtain the following expressions for i, and i, in terms of state

variables ¢4 & 6.

e ey I
. RT{(p fd< La::fifd>—15b cosé }—XTdEbsiné‘]
iq = ~ (20)
Ry =R, +R, (21)
Xeg = Xe + (Lags + L) (22)
Xra = Xe + (Laas + L1) (23)
D = R% + Xq X714 (24)

The reactances Xqs and Xds’ are saturated values. In per unit they are equal to the corresponding

inductances.

2.4.3: Linearized system equations

Expressing equations and in terms of perturbed values, we may write

Aid =my AS + m, A(pfd
Aig =ny AS + 1y, Ay

_ Ep*(X¢qsindo—Rrcos8)
o D

my

__ Ep*(Rrsindog— Xrqcos8g)
D

ny

(25)

(26)




X, L
m, = “4tq *( ads )
D Lads+Lfd
R L
n, = ]T * ( ads )
D Lads+Lfd

By linearizing equations (5) and (7) and substituting in them the above expressions for i; & i,.

(27)

we get

, (D 1 , ,
Agpad = Lads <_Ald + < Lfd )) = (Lf_d - m2> LadSAgofd —m, LadSA6

(28)

AQoaq = _nZLaqu(pfd - nlLaqu6 (29)

Linearizing equation (4) and substituting for A, from equation (28) gives

Aprqg — A 1 L , 1 :
Airg = ~bra = "ad _ _— , <1 - (a—ds> + mzLadS> Aprq +7—xmy LygAS (30)
Lsq Lsq Lsq Lsq
The linearized form of equation (8) is

ATe = §0adoAiq + iqu(pad - (paquid - idoA(paq
Substituting for Aig, Aig, Apaq , Apgq from equations (25) to (29), we obtained

AT, = K;AS + K;A@fq (31D
Where , K; =n, ((Pado + Laqsido) - ml((paqo + L,adsiqo) (32)

] Co L,
KZ =n, ((pado + Laqsldo) —m, ((paqo + LadslqO) + (La‘:

: )* i (33)

By using the expressions for Aiqy and AT, given by equations (30) and (31), we obtain the
system equations in the desired final form:

AWr a1 Q12 0433 Aw, b,y O AT
AS [=[a22 0 O fxf A5 |+]| 0 0 |[yp ] (34)
A@;q 0 as aszl |Apg 0 b3 ra
Where
K
a11:_£
K
alz__j
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2H
a1 = Wy
L R
Az, = _ LoMitadsrd mlLf‘;ds 4 &
Wo Rrg Lyg
A3z = I (1 - (La > |+ My Lggs
fd fd
1
b1 = S5
Wo Rgq
bay =
32 Ladu

And AT,and AE;, depend on prime-mover and excitation controls. With constant mechanical
input torque, AT,,,=0; with constant exciter output voltage, AE,;=0.
The mutual inductances L4, and Lg,gin the above equations are saturated values.

2.4.4: Field circuit effect

K, |
AT
— 1 w
AEfd — 0" K ﬁEfg N Te + AWI e R
—> > K, 2Hs +K, —> s > AS
+ 1 + ST3 A -
+
| K; <

Figure 2.2: Block diagram representation with constant Ef,
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From equation (31), Air-gap torque is expressed as a function of A§ and Agy, ,
i. e ATe = K1A6 + KZA(pfd
Where ,

K, = AA—? With constant ¢4

K, = 2Te_\With constant rotor angle 6
Apga

The expression forK; and K, are given by equations (32) & (33).The component of torque given
by K;Aé is in phase with A§ and hence represent a synchronizing torque component and the
component of torque resulting from variations in field flux linkage is given by K,A@g4. The
variation of ¢, is determined by the field circuit dynamic equation:

Arq = azp Ab+azsA@rq + b3 Ay (35)
As from the block diagram of fig (2.2)

K

Comparing equations (35) & (36) we get,

K3 = —bsy/as3 , Ky = —azy /b3y, T3 = —1/as;

2.4.5: Effect of field flux linkage variation on system stability

From block diagram of fig (a), It is seen that, with constant field voltage (AE;4 = 0), the field

flux variations are caused only by feedback of A through the co-efficientK,.This represents the
demagnetizing effect of the armature reaction. The change in air-gap torque due to field flux

variations caused by rotor angle change is given by

=% (due to Aprq) = -KzKKy /(1 + STs) (37)

The constant K3, K4, K, are usually positive. The contribution of A¢., to synchronizing and
damping torque components depends on the oscillating frequency as discussed below.
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a) Inthe steady state and at very low oscillating frequencies (s=jw stands to 0):
AT, (due to Apgq) = -K3K,K;A8
The field flux variation due to A§ feedback (i.e, due to armature reaction) introduces a
negative synchronizing torque component. The system becomes monotonically unstable
when this exceeds K;A§. The steady-state stability limit is reached when,

K; = K3K4K;

b) At oscillating frequency much higher than 1/T5
AT, ~-K3K,K,AS/jwTs,

AT, =KK,K,jAS/wTs

Thus, the component of air-gap torque due to Agg, is 90 degree ahead of A§ or in phase
with Aw. Hence, Ag¢,4 results in a positive damping torque component.

c) At typical machine oscillating frequencies of about 1 Hz (27 rad/sec), Apg, results in a
positive damping torque component and a negative synchronizing torque component. The
net effect is to reduce slightly the synchronizing torque component and increase the
damping torque component.

The coefficient K, is normally positive. As long as it is positive, the effect of field flux
variation due to armature reaction is to introduce a positive damping torque component.
However, there can be situation where K, is negative. As K, is proportional to the term
‘(X¢qsindy — Rrcosédy)”, so K, is negative when*(X,,sindy, — Rrcosd,)” is negative. This is
the situation when a hydraulic generator without damper winding is operating at light load
and is connected by a line of relatively high resistance to reactance ratio to a large system.
Also K, can be negative when a machine is connected to a large local load, supplied partly
by the generator and partly by the remote large system. Under such conditions, the torques
produced by induced currents in the field due to armature reaction has components out of
phase with Aw, and produce negative damping.
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2.5: Power system stabilizer

2.5.1: Introduction

Power system stabilizers have been applied to generator excitation systems to aid damping of
power system electromechanical oscillations since the mid-1960. The basic function of a power
system stabilizer is to extend stability limits by modulating generator excitation to provide
damping to the oscillations of synchronous machine rotors relative to one another. These
oscillations of concern typically occur in the frequency range of approximately 0.2 to 2.5 Hz, and
insufficient damping of these oscillations may limit the ability to transmit power.

To provide damping, the stabilizer must produce a component of electrical torque on the rotor
which is in phase with speed variations. For any input signal the transfer function of the
stabilizer must compensate for the gain and phase Characteristics of the excitation system, the
generator, and the power system, which collectively determine the transfer function from the
stabilizer output to the component of electrical torque which can be modulated via excitation
control.

The objective of power system stabilizers is to extend stability limits on power transfer by
enhancing damping of system oscillations via generator excitation control. Lightly damped
oscillations can limit power transfer under weak system conditions, associated with either remote
generation transmitting power over long distances or relatively weak inter ties connecting large
areas. Stabilizer performance must therefore be measured in terms of enhancing damping under
these weak system conditions. This measure must include not only the small-signal damping
contributions to all modes of system oscillations but the impact upon system performance
following large disturbances, when all modes of the system are excited simultaneously.

Based upon this measure, it is shown that the most appropriate stabilizer tuning criteria is to
provide an adequate amount of damping to local modes of oscillation with a reasonably high
contribution to Inter area modes of oscillation. Excess local mode damping is unnecessary and is
often obtained at the expense of system performance following a large distribution. Stabilizers
utilizing inputs of speed, power, and frequency have been analyzed with respect to both tuning
concepts and performance capabilities. Frequency has some inherent qualities which contribute
to the desired performance criteria. However, any of these signals can be used to prevent
oscillatory instabilities from limiting power transfer capability, at least to the point where other
system considerations become limiting. Thus, the choice of input signal depends upon factors
other than system performance alone.
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If the exciter transfer function G..(s) and the generator transfer function between
A Epq and AT, were pure gains, a direct feedback of A w, would result in a damping torque
component. However in practice both generator and exciter exhibit frequency dependent gain
and phase characteristics. Therefore, the PSS transfer function; G, (s) should have phase
compensation circuit to compensate for the phase lag between the exciter input and the electrical
torque.

In the ideal case, with the phase characteristic of G,4(s) being an exact inverse of the exciter and
generator phase characteristics to be compensated, the PSS would result in a pure damping
torque at all oscillating frequencies.

2.5.2: PSS composition

The PSS consists of three blocks: a phase compensation block, a signal washout block, and a
gain block.

_1 lr:'lrl'i.',f.

. K STAR - —
]. + '!T“ I + .\'T:

Figure 2.3: PSS structure

The phase compensation block provides the appropriate phase-lead characteristic to compensate
for the phase lag between the exciter input and the generator electrical torque. The phase-lead
network should provide compensation over the frequency range of 0.1 to 2.0 Hz. The phase
characteristic to be compensated changes with the system condition; therefore a compromise is
made and a characteristic acceptable for different system condition is selected. Generally some
under compensation is desirable so that the PSS, in addition to increase the damping torque,
results in a slight increase of synchronizing torque.
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The signal washout block serves as a high pass filter, with the time constant high enough to
allow signals associated with oscillation in w, to pass unchanged. Without it, steady changes in
speed would modify the terminal voltage. It allows the PSS to respond only to changes in speed.
From the viewpoint of its function, the value of time constant is not critical and may be in the
range of 1 to 20 seconds.

The stabilizer gain determines the amount of damping introduce by the PSS. Ideally, the gain
should be set at a value corresponding to maximum damping; however it is often limited by other
considerations. In applying the PSS, care should be taken to ensure that the overall stability is
enhanced, not just small signal stability.

2.5.3: Selection of PSS parameters

1. Maximize the damping of the local plant mode as well as inter-area mode oscillations
without compromising the stability of other modes.

2. Enhance system transient stability.

3. Not adversely affect system performance during major system upsets which cause large
frequency excursions.

4. Minimize the consequences of excitation system malfunction due to component failures.
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CHAPTER 3

FACTS CONTROLLER

Transmission systems are becoming increasingly stressed because of growing demand and
because of restrictions on building new lines. However, most high voltage transmission systems
are operating below their thermal rating due to such constraints as stability limits.EPRI is
pioneering flexible ac transmission system (FACTS) technology to make it possible to load lines
at least for some contingencies up to their thermal limits without compromising system
reliability. Modern power systems are enormous and interconnected to serve large, remote load
regions. In recent years, voltage stability and voltage regulation have received wide attention.
Voltage control, voltage regulation, reactive power control, steady state stability etc. are
important problems of power systems. Flexible AC Transmission Systems (FACTS) controllers
can be used for solving these problems.

Power system damping controllers such as power system stabilizer (PSS) and FACTS based
stabilizers may be used to damp dynamic oscillations and increase damping of the swing modes.
PSS increases damping torque of a generator by affecting the generator excitation control, while
facts devices improve damping by modulating the equivalent power-angle characteristic of the
system. Dynamic application of FACTS controllers includes dynamic stability, voltage stability
enhancement and transient stability improvement. Among FACTS controllers, the shunt
controllers have shown feasibility in term of cost effectiveness in a wide range of problem-
solving from transmission to distribution levels. In principle, all shunt-type controllers inject
additional current into the system at the point of common coupling.

3.1: SVC (Static VAR Compensator)

3.1.1: Introduction and connection

The SVC is the most widely used FACTS device in power system regulation. It usually installs
in power transmission systems and serves in various ways to improve the system performance.
The damping obtained depends on SVC location in the system and its control signal .1t has been
found that the mid-point of the transmission circuit, connecting the two oscillating groups of
machines in the iter-area mode is the best SVC location for damping enhancement. An SVC can
alter the P — § curve by changing its output Bg,.(suceptance) in such a way that damping is
increased. For example, for a one machine infinite bus system, if the speed deviation of the
machine is fed back as supplementary signal to the SVC input, then Bsvc and subsequently the
P — & curve, will be altered such that the speed deviation is decreased and therefore, damping
can be increased.
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We use either tie-line active power signal or speed difference signal as input to the SVC for
damping Inter area modes.SVC is an effective and economical means of solving problems of
transient stability, system reliability, static voltage stability, dynamic stability and steady state
stability in long transmission lines. Static VAR Compensator (SVC) was first introduced in late
1960s. SVC is used to improve voltage profile primarily. It can also be used to improve steady
state stability limit. It can improve small signal stability when supplementary control with
auxiliary signals are used, as in this paper, it is shown with auxiliary signal as rotor speed and
line current separately.

Figure 3.1: SVC connection diagram

SVC is basically a shunt connected static var generator whose output is adjusted to exchange
capacitive (Ic) or inductive current (/) so as to maintain or control specific power variable;
typically, the control variable is the SVC bus voltage (Uy). One of the major reason for
installing a SVC is to improve dynamic voltage control and thus increase system loadability
There are the mainly accomplishes work to construct an effective for SVC. Firstly, to design a
controller for SVC devices on transmission lines, a Single Machine Infinite Bus (SMIB) system
is modeled. A stated space mathematical model is constructed. SVC is thyristor based controller
that provides rapid voltage control to support electric power transmission voltages during
immediately after major disturbances.

Since the advent of deregulation and the separation of generation and transmission systems in
electric industry, voltage stability and reactive power-related system restrictions have become an
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increasing growing concern for electric utilities. The SVC provides an excellent source of rapidly
controllable reactive shunt compensation for dynamic voltage control through its utilization of
high-speed thyristor switching/controlled reactive devices.

Generally, static VAR compensation is not done at line voltage; a bank of transformers steps the
transmission voltage (for example, 230 kV) down to a much lower level (for example, 9.5
kV).This reduces the size and number of components needed in the SVC, although the
conductors must be very large to handle the high currents associated with the lower voltage.

An SVC is typically made up of the following major components:

1. Coupling transformer

2. Thyristor valves

3. Reactors

4. Capacitors (often tuned for harmonic filtering)

In general, the two thyristor valve controlled/switched concepts used with SVCs are the
thyristor-controlled reactor (TCR) and the thyristor-switched capacitor (TSC). The TSC provides
a “stepped” response and the TCR provides a “Smooth” or continuously variable suscptance.

A TCR/FC including the operating process concept.

3.1.2: SVC V-l Characteristic

The control objective of SVC is to maintain the desired voltage at a high voltage bus. In steady-
state, the SVC will provide some steady- state control of the voltage to maintain it the highest
voltage bus at the pre-defined level. If the voltage bus begins fall below its setpoint range, the
SVC will inject reactive power (Qnet) into the system (within its control limits), thereby
increasing the bus voltage back to its desired voltage level. If bus voltage increases, the SVC will
inject less (or TCR will absorb more) reactive power (within its control limits), and the result
will be to achieve the desired bus voltage. +Qcap is a fixed value, therefore the magnitudes of
reactive power injected into the system; Qnet is controlled by the magnitude of —Qind reactive
power absorbed by the TCR. Static var systems are applied by utilities in transmission
applications for several purposes. The primary purpose is usually rapid control of voltage weak
points in a network. Installations may be the midpoint of transmission interconnections or in load
areas.
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Figure 3.2: SVC V-I characteristic

The SVC can be operated in two different modes: In voltage regulation mode and in var control
mode (the SVC susceptance is kept constant) when the SVC is operated in voltage regulation
mode, it implements the power system V-l characteristic. As long as the SVC susceptance B
stays within the maximum and minimum susceptance values imposed by the total reactive power
of capacitor banks (Bcmax) at point A and reactor banks (Blmax) at point B, the voltage is
regulated at the reference voltage Uz. However, a voltage droop is normally used (usually
between 1% and 4% at maximum reactive power output), and the V-1 characteristic has the
slope. SVC is in regulation range (-Bmax< B <BLmax).

3.1.3: Midpoint Voltage Regulation for line segmentation

Ve=Ym=Vr=Y

Figure 3.3: Voltage regulation circuit and phasor diagram
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It is a two bus transmission model in which an ideal VVar compensator is shunt connected at the
midpoint of transmission line, as shown in figure 1.For simplicity line is represented by series
line inductance. The compensator is represented by sinusoidal ac voltage source (of fundamental
frequency), in-phase with the midpoint voltage, V;,, and with amplitude identical to that of the
sending end and receiving end voltage (V,,, = V,. =V, = V. The midpoint compensator in effect
segments the transmission line into two independent parts: the first segment, with impedance of
X/2 , carries power from sending end to the midpoint, and second segment, also with an
impedance of X /2, carries power from the midpoint to receiving end. Corresponding phasor
diagram is also shown in fig 1 above.

For the lossless system assume, the real power is the same at each terminal of the line, it can be
derived from phasor diagram in fig 1. The transmitted power is found to be double in its
magnitude at the expense of a rapidly increasing reactive power demand on the midpoint
compensator. It is also evident that the midpoint of the transmission line is the best location for
the compensator. This is because the voltage sag along the uncompensated transmission line is
the largest at the midpoint. Also, the compensation at the midpoint breaks the transmission line
into two equal segments for each of which the maximum transmittable power is same. For
unequal segments, the transmittable power of the longer segment would clearly determine the
overall transmission limit.

3.2: STATCOM

It is defined by IEEE as “A static synchronous generator operated as a shunt connected static var
compensator whose capacitive or inductive output current can be controlled independent of the
ac system voltage.”

The static synchronous compensator (STATCOM) is one of the recently developed converter-
based flexible AC transmission systems (FACTS) controllers. Usually the reactive output of a
STATCOM is regulated to maintain the desired AC voltage at the bus, to which a STATCOM is
connected. It is based on a voltage sourced or current sourced converter, from an overall cost
point of view, the voltage-sourced converters seem to be preferred. For the voltage sourced
converter, its ac output voltage is controlled such that it is just right for the required reactive
current flow for any ac bus voltage. Dc capacitor voltage is automatically adjusted as required to
serve as a voltage source for the converter.

Similarly to the SVC the STATCOM can provide instantaneous and continuously variable
reactive power in response to grid voltage transients, enhancing the grid voltage stability. The
STATCOM operates according to voltage source principles, which together with unique PWM
(Pulse Width Modulation) switching of IGBTs (Insulated Gate Bipolar Transistors) gives it
unequalled performance in terms of effective rating and response speed. The STATCOM
provides additional versatility in terms of power quality improvement capabilities.
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STATCOM

Figure 3.4: STATCOM connection diagram

3.3: SSSC (static synchronous series compensator)

It is defined by IEEE as “A static synchronous generator operated without an external electric
energy source as a series compensator whose output voltage is in quadrature with, and
controllable independently of, the line current for the purpose of increasing or decreasing the
overall reactive voltage drop across the line and thereby controlling the transmitted electric
power. The SSSC may include transiently rated energy storage or energy absorbing device to
enhance the dynamic behavior of the power system by additional temporary real power
compensation, to increases or decrease momentarily, the overall real(resistive) voltage drop
across the line.”

It is like STATCOM, except that the output ac voltage is in series with the line. It is based on a

voltage sourced or current sourced converter. Usually the injected voltage in series would be
quite small compared to the line voltage, and the insulation to ground would be quite high.
Without an extra energy source, SSSC can only inject a variable voltage, which is 90 degree
leading or lagging the current. The primary of transformer and hence secondary as well as the
converter has to carry full line current including the fault current unless the converter is
temporarily bypassed during severe line fault
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VSC

SSSC

Figure 3.5: SSSC (static synchronous series compensator) connection diagram

3.4: TCSC (Thyristor controlled series capacitor)

It is defined by IEEE as “A capacitive reactance compensator which consists of a series
capacitor bank shunted by a thyristor-controlled reactor in order to provide a smoothly variable
series capacitive reactance.”

Figure 3.6: TCSC (Thyristor controlled series capacitor) connection diagram

The TCSC is based on thyristors without the gate turn-off capability. It is an alternative to SSSC.
A variable reactor such as thyristor controlled reactor (TCR) is connected across a series
capacitor. When the TCR firing angle is 180 degrees, the reactor becomes nonconducting and the
series capacitor has its normal impedance. As firing angle is advanced from 180 degree to less
than 180 degree, the capacitive impedance increases.
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At the other end, when the firing angle is 90 degree, the reactor becomes fully conductive, and
the total impedance become inductive, because the reactor impedance is designed to be much
lower than the series capacitor impedance. With 90 degree firing angle, the TCSC helps in
limiting fault current. The TCSC may be a single, large unit, or may consist of several equal or
different-sized smaller capacitors in order to achieve superior performances.

3.5: UPFC (Unified power flow controller)

It is defined by IEEE as “A combination of static synchronous compensator (STATCOM) and a
static series compensator (SSSC) which are coupled via a common dc link, to allow bidirectional
flow of real power between the series output terminal of the SSSC and the shunt output terminal
of the STATCOM, and are controlled to provide concurrent real and reactive series line
compensation without an external electric energy source. The UPFC, by means of angularly
unconstrained series voltage injection, is able to control, concurrently or selectively, the
transmission line voltage, impedance, and angle or, alternatively, the real and reactive power
flow in line. The UPFC may also provide independently controllable shunt reactive
compensation.”

Vo Xr Vp
Vi I, a"a"a"a
—_—
(: : : )—i—/ V'V IV Ve
*E W_/VW\_E
| VSC-E vSc-8 BT xgv
I[l Cdc xg

L+ I 11

Figure 3.7: UPFC (Unified power flow controller) connection diagram

In UPFC, the active power for the series unit (SSSC) is obtained from the line itself via the shunt
unit STATCOM,; the latter is also used for voltage control with control of its reactive power.
This is a complete controller for controlling active and reactive power control through the line, as
well as line voltage control. Additional storage such as superconducting magnet connected to the
dc link via an electronic interface would provide the means of further enhancing the
effectiveness of the UPFC.
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3.6: Benefits from Facts technology

©®~N o o

Control of power flow as ordered.

Increasing loading capability of lines to their thermal capabilities, including short term
and seasonal. This can be accomplished by overcoming other limitations, and sharing of
power among lines according to their capability. The thermal capability of a line varies
by a very large margin based on the environmental conditions and loading history.
Increase the system security through raising the transient stability limit, limiting short-
circuit currents and overloads, managing cascading blackouts and damping
electromechanical oscillation of power system and machines.

Provide secure tie line connection to neighboring utilities and regions thereby decreasing
overall generation reserve requirements on both sides.

Provide greater flexibility in siting new generation.

Upgrade of lines.

Reduce reactive power flows, thus allowing the lines to carry more active power.

Reduce loop flows.

Increase utilization of lowest cost generation.
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CHAPTER 4
FUZZY LOGIC CONTROLLER

4.1: Introduction

Most of the controllers for FACTS devices are based on the PI controller. Although the PI
controllers are simple and easy to design, their performance deteriorates when the system
operating conditions vary widely and large disturbances occur. Unlike the PI controllers, Fuzzy
Logic Controllers (FLC) is capable of tolerating uncertainty and imprecision to a greater extent
so, they produce good results under changing operating conditions and uncertainties in system
parameters. Recently fuzzy logic as a novel robust control design method has shown promising
results. The emphasis in fuzzy control design center is around uncertainties in the system
parameters and operating conditions

Fuzzy control theory is applied to modulate the input signal for static Var compensator to
enhance power system stability. The characteristics of power system is non-linear in nature and
techniques adopted for damping oscillations that are optimum for one set of operating conditions
may not be optimum for another set when conventional control is used. Whatever may be the
technique adopted, Fuzzy Logic based controller is likely to be an ideal choice for power system
damping because of its adaptable nature. It is possible to design fizzy logic controller by taking
into account the non linearity of power system. It can be implemented easily because
complicated and time consuming calculations are not involved.

Fuzzy control system is rule based system in which a set of fuzzy rules represent a control design
mechanism. The basic configuration of fuzzy logic controller consists of a fuzzification interface,
a knowledge base, decision making logic, and a defuzzification interface.The fuzzy controller
used in power system stabilizer is normally a two-input and a single output component. It is
usually a MISO system. The fuzzy logic controller (FLC) design consists of following steps.

1) Identification of input and output variables.

2) Construction of control rules.

3) Establishing fuzzification method and fuzzy membership functions.

4) Selection of compositional rule of inference.

5) Defuzzification method i.e transformation of fuzzy control statement into specific control

actions. For this we will use centre of gravity defuzzification procedure.

Features of fuzzy logic —
1. Fuzzy logic can model nonlinear functions of arbitrary complexity.
2. Fuzzy logic can be blended with conventional control techniques.
3. It can be built on top of the experience of experts.
4. It is flexible.
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5. It is conceptually easy to understand.
6. It is tolerant of imprecise data.

KNOWLEDGE
BASE
FUZZIFICATION DEFUZZIFICATION
A INTERFACE INTERFACE
" INFERENCE

FUZZY ENGINE - | FuzZY

PROCESS OUTPUT |CONTROLLED
‘& STATE SYSTEM ACTUAL CONTROL

NONFUZZY

(PROCESS)

Figure 4.1: General Structure of a Fuzzy Logic System

4.2: Fuzzy inference system

Fuzzy inference is the process of formulating the mapping from a given input to an output using
fuzzy logic. The mapping then provides a basis from which decisions can be made, or patterns
discerned. The process of fuzzy inference involves all of the pieces that are described in the
previous sections: Membership Functions, Logical Operations, and If-Then Rules. You can
implement two types of fuzzy inference systems in the toolbox: Mamdani-type and Sugeno-type.
These two types of inference systems vary somewhat in the way outputs are determined. See the
Bibliography for references to descriptions of these two types of fuzzy inference systems.

Fuzzy inference systems have been successfully applied in fields such as automatic control, data
classification, decision analysis, expert systems, and computer vision. Because of its
multidisciplinary nature, fuzzy inference systems are associated with a number of names, such as
fuzzy-rule-based systems, fuzzy expert systems, fuzzy modeling, fuzzy associative memory,
fuzzy logic controllers, and simply (and ambiguously) fuzzy systems.

Mamdani's fuzzy inference method is the most commonly seen fuzzy methodology. Mamdani's
method was among the first control systems built using fuzzy set theory. It was proposed in 1975
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by Ebrahim Mamdani as an attempt to control a steam engine and boiler combination by
synthesizing a set of linguistic control rules obtained from experienced human operators.
Mamdani's effort was based on Lotfi Zadeh's 1973 paper on fuzzy algorithms for complex
systems and decision processes. Although the inference process described in the next few
sections differs somewhat from the methods described in the original paper, the basic idea is
much the same.

Mamdani-type inference, as defined for the toolbox, expects the output membership functions to
be fuzzy sets. After the aggregation process, there is a fuzzy set for each output variable that
needs defuzzification. It is possible, and in many cases much more efficient, to use a single spike
as the output membership functions rather than a distributed fuzzy set. This type of output is
sometimes known as a singleton output membership function, and it can be thought of as a pre-
defuzzified fuzzy set. It enhances the efficiency of the defuzzification process because it greatly
simplifies the computation required by the more general Mamdani method, which finds the
centroid of a two-dimensional function. Rather than integrating across the two-dimensional
function to find the centroid, you use the weighted average of a few data points. Sugeno-type
systems support this type of model. In general, Sugeno-type systems can be used to model any
inference system in which the output membership functions are either linear or constant.

This section describes the fuzzy inference process and uses the example of the two-input, one-
output, three-rule tipping problem The Basic Tipping Problem that you saw in the introduction in
more detail. The basic structure of this example is shown in the following diagram:

Dinner for Two
a 2 input, 1 output, 3 rule system

Ruls 1 H service is poar ar food = rancd,

then tip B cheap
Input 1
Service {0-10]

Fuls 2 |f service is goad, then tip is averags. Tﬂufl.tg;l;tg'
W (-25%a)

Input 2
Faod (0=10)

Ruls 3 L] sefvice is ea:l.'l:lll_:nl or food i
deliciaws, then tig is generous

The inpuits ars crisp Al rlas are The resulis af the The rezultis a
{mon-fuzzy) avaluated in paratiel rutes ara combinad crisp {nan-fuzzy)
numbers limifed fo & using fuzzy and dizfillad mumber

specific rangs. FESEONITG. (defuzzified).

Figure 4.2: Fuzzy inference system
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Information flows from left to right, from two inputs to a single output. The parallel nature of the
rules is one of the more important aspects of fuzzy logic systems. Instead of sharp switching
between modes based on breakpoints, logic flows smoothly from regions where the system's
behavior is dominated by either one rule or another.

Fuzzy inference process comprises of five parts: fuzzification of the input variables, application
of the fuzzy operator (AND or OR) in the antecedent, implication from the antecedent to the
consequent, aggregation of the consequents across the rules, and defuzzification. These
sometimes cryptic and odd names have very specific meaning that is defined in the following
steps.

4.3: Step 1 Fuzzify inputs

The first step is to take the inputs and determine the degree to which they belong to each of the
appropriate fuzzy sets via membership functions. In Fuzzy Logic Toolbox software, the input is
always a crisp numerical value limited to the universe of discourse of the input variable (in this
case the interval between O and 10) and the output is a fuzzy degree of membership in the
qualifying linguistic set (always the interval between 0 and 1). Fuzzification of the input amounts
to either a table lookup or a function evaluation.

This example is built on three rules, and each of the rules depends on resolving the inputs into a
number of different fuzzy linguistic sets: service is poor, service is good, food is rancid, and food
is delicious, and so on. Before the rules can be evaluated, the inputs must be fuzzified according
to each of these linguistic sets. For example, to what extent is the food really delicious? The
following figure shows how well the food at the hypothetical restaurant (rated on a scale of 0 to
10) qualifies, (via its membership function), as the linguistic variable delicious. In this case, we
rated the food as an 8, which, given your graphical definition of delicious, corresponds to u = 0.7
for the delicious membership function.

0.7
1. Fuzzify
r'nputs. delicious Result of
fuzzification

food is delicious

food = 8
input
Figure 4.3: Fuzzify inputs
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In this manner, each input is fuzzified over all the qualifying membership functions required by
the rules.

4.4: Step 2 Apply Fuzzy operator

After the inputs are fuzzified, you know the degree to which each part of the antecedent is
satisfied for each rule. If the antecedent of a given rule has more than one part, the fuzzy operator
is applied to obtain one number that represents the result of the antecedent for that rule. This
number is then applied to the output function. The input to the fuzzy operator is two or more
membership values from fuzzified input variables. The output is a single truth value.

As is described in Logical Operations section, any number of well-defined methods can fill in for
the AND operation or the OR operation. In the toolbox, two built-in AND methods are
supported: min (minimum) and prod (product). Two built-in  OR  methods are also
supported: max (maximum), and the probabilistic OR method Probor.The probabilistic OR
method (also known as the algebraic sum) is calculated according to the equation

Probor (a,b) =a+ b —ab
In addition to these built-in methods, you can create your own methods for AND and OR by
writing any function and setting that to be your method of choice.

The following figure shows the OR operator max at work, evaluating the antecedent of the rule 3
for the tipping calculation. The two different pieces of the antecedent (service is excellent and
food is delicious) yielded the fuzzy membership values 0.0 and 0.7 respectively. The fuzzy OR
operator simply selects the maximum of the two values, 0.7, and the fuzzy operation for rule 3 is
complete. The probabilistic OR method would still result in 0.7.

1. Fuzzify 2. Apply
inputs. OR operator (max).
excellent 0.7
0.7
0.0 delicious 0.0 result of
fuzzy operator
service is excellent or food is delicious
service =3 food = 8
input 1 input 2

Figure 4.4: Fuzzy operator
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4.5: Step 3 Apply implication method

Before applying the implication method, you must determine the rule's weight. Every rule has
a weight (a number between 0 and 1), which is applied to the number given by the antecedent.
Generally, this weight is 1 (as it is for this example) and thus has no effect at all on the
implication process. From time to time you may want to weight one rule relative to the others by
changing its weight value to something other than 1.

After proper weighting has been assigned to each rule, the implication method is implemented. A
consequent is a fuzzy set represented by a membership function, which weights appropriately the
linguistic characteristics that are attributed to it. The consequent is reshaped using a function
associated with the antecedent (a single number). The input for the implication process is a single
number given by the antecedent, and the output is a fuzzy set. Implication is implemented for
each rule. Two built-in methods are supported, and they are the same functions that are used by
the AND method: min (minimum), which truncates the output fuzzy, set, and prod (product),
which scales the output fuzzy set.

Antecedent Consequent
1. Fuz=aiy 2. Apply 3. Apply
i ts. OR: operaior {max). Im pllcatu:uj
S operator {minL
esond
J
I
If sorvios i excalent or food is dekous then lip = Qenermus | result of
implication
service = 3 food = 8
input 1 input 2

Figure 4.5: Fuzzy implication

4.6: Step 4 Aggregate all outputs

Because decisions are based on the testing of all of the rules in a FIS, the rules must be combined
in some manner in order to make a decision. Aggregation is the process by which the fuzzy sets
that represent the outputs of each rule are combined into a single fuzzy set. Aggregation only
occurs once for each output variable, just prior to the fifth and final step, defuzzification. The
input of the aggregation process is the list of truncated output functions returned by the
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implication process for each rule. The output of the aggregation process is one fuzzy set for each
output variable.

As long as the aggregation method is commutative (which it always should be), then the order in
which the rules are executed is unimportant. Three built-in methods are supported:

= max (maximum)

= probor (probabilistic OR)

= sum (simply the sum of each rule's output set)

In the following diagram, all three rules have been placed together to show how the output of
each rule is combined, or aggregated, into a single fuzzy set whose membership function assigns
a weighting for every output (tip) value.

. 2. Apply 3. Apply
1. Fuzzify inputs. fuzzy fmplcatian
operation mettod (min).
[OR = max).
1 [ ] \ poor \ rancid ] ’ Ncheap
i) 25% [H] 25%
It service is poor or food i= rancid than tip = cheap
avErage
2" rue 2 hag
i dEpendency
good an input 2
i 25% o 25%
It service is good than tip = average
excallent
3 . delicious ganaraLs ’ \
a 25% 0 25% 4. Apply
—r . > . aggregation
If  service is excellent ar food is delicious than tip = generous method (max).

service =3 food = 8
input 1 input 2

° Resultof ="
aggregation

Figure 4.6: Fuzzy aggregate outputs
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4.7: Step 5 Defuzzify

The input for the defuzzification process is a fuzzy set (the aggregate output fuzzy set) and the
output is a single number. As much as fuzziness helps the rule evaluation during the intermediate
steps, the final desired output for each variable is generally a single number. However, the
aggregate of a fuzzy set encompasses a range of output values, and so must be defuzzified in
order to resolve a single output value from the set.

Perhaps the most popular defuzzification method is the centroid calculation, which returns the
center of area under the curve. There are five built-in methods supported: centroid, bisector,
middle of maximum (the average of the maximum value of the output set), largest of maximum,

and smallest of maximum.
/_/?.Y_\ &, Defuzzily the

agpregate autpul
a 5e,  (oeninid]).

tip = 16.7%

Resull af

defuzziication

Figure 4.7: Defuzzification

THE FUZZY INFERENCE DIAGRAM

The fuzzy inference diagram is the composite of all the smaller diagrams presented so far in this
section. It simultaneously displays all parts of the fuzzy inference process you have examined.
Information flows through the fuzzy inference diagram as shown in the following figure.

—

Interpreting the
fuzzy inference
diagram
2

Figure 4.8: Fuzzy inference diagram
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In this figure, the flow proceeds up from the inputs in the lower left, then across each row, or
rule, and then down the rule outputs to finish in the lower right. This compact flow shows
everything at once, from linguistic variable fuzzification all the way through defuzzification of
the aggregate output.

The following figure shows the actual full-size fuzzy inference diagram. There is a lot to see in a
fuzzy inference diagram, but after you become accustomed to it, you can learn a lot about a
system very quickly. For instance, from this diagram with these particular inputs, you can easily
see that the implication method is truncation with the min function. The max function is being
used for the fuzzy OR operation. Rule 3 (the bottom-most row in the diagram shown previously)
is having the strongest influence on the output and so on. The Rule Viewer described in The Rule
Viewer is a MATLAB implementation of the fuzzy inference diagram.

2. Apply

fi <
7. Fuzzify imputs. nu;ezrj;am mﬁt?g’e}m
(O = mraug). mrehod (i)
I - A I
1 - posor rancid chaap
| [ S W—
1] 10 [#] 10 == 0% 25% o9 5
If service is poor ar food is rancid then tip = cheap
. average, |
2- rule 2 has , \
na depencency
good on input 2 |
o 10 = oom 25% 0% Py
| W service s good theam tip = average
excellent n
3- delicious genanrous I
o 10 [+] 10 L) 25% 0% 25% 4 Apply
l ¥ service is excellent or food is delicious themn tip = generous | aggregation
maeathog {rrax).
service = 3 food = 8
input 1 input 2 -
5. Dafuu:lify
(cenirosd
tip = 16.7% 0 25%
output

4.8: Customization

One of the primary goals of Fuzzy Logic Toolbox software is to have an open and easily
modified fuzzy inference system structure. The toolbox is designed to give you as much freedom
as possible, within the basic constraints of the process described, to customize the fuzzy
inference process for your application.

Building Systems with Fuzzy Logic Toolbox Software describes exactly how to build and
implement a fuzzy inference system using the tools provided. To learn how to customize a fuzzy
inference system, see Building Fuzzy Inference Systems Using Custom Functions.

Fuzzy control appears to be the most suitable one, due to its robustness and lower computation
burden. The fuzzy logic controllers could easily be constructed using a simple micro-computer.
The supplementary stabilizing signal is determined using fuzzy membership.
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CHAPTER 5
CASE STUDY AND RESULTS

5.1: State space modelling of svc controller with rotor speed Deviation as
supplementary signal and simulation result.
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Figure 5.1: SMIB system with SVC
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Figure 5.2: Block diagram of SVC voltage regulator
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Aw,. S e (3)

equation 1 &2&3 in vector matrix form,
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[-Ka —cl —c2' ] "
Aw, | | 2H 2H 2H  |[ Aw, —
As =] w, 0 o || as [+ 2(1;1 ATm
ABe| | o el 1+ K,c2|lABgy¢ 0
| T, T, |
...State equation with SVC
laplace transfer of equation (3)gives,
w, ATm — (c1'A8 + ¢2'ABgyc) — KgAw.
A5=—O*[{ ( SVC) d r}] (4)
S {ZHS}
As rotor speed is taken as supplementary signal,
Aw Ky Ax,
— 1+ T, Axy > 1+sTy I

Figure 5.3: Damping controller using rotor speed

From fig 5.3,
Ax; = A Ky
= *
s AW ST,
. 1 K,
= Axl = <—E> Ax1 + (E) Aw ... (6)

& sz = (1 + STl )Axl
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Aw Ky Axq
> 1+ sT,

sz

1+sT;

Y

ABSVC

Figure5.4: Composite block diagram of SVC damping controller (using rotor speed)

From fig 5.4,
K, ,
ABSVC = 1+ STT {AVm + sz} (6)
K, T, T, K,
ABSVC = 1 T STr [—[C1A5 + CZABsyc] + Axl (1 - E) + ( TZ )AW]
(1+sT,)(ABsyc)
Ty Ky T1 Ky
=K, (1 - E> Aw * 15T, + K, * T, * Aw-K,.(c1A68 + c2ABgy()
ABgyc = K3Aw + K4AS + K5ABgyc ... ... (7)
h K3 [(1 Tl) al AL LR By
= —_ | * *
where, T,) A+sTy) T, 7 T, 7]
% Ki= {Krcl}
= T
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1
K5=—(1+c2)*Krx—
Tr

T, 2
(1+c2)*«K,+s*T,

ABgyc = K6Aw + K7 A8  .......(8) where, K6 =K3*

K7 =K4*T,/(1+ c2) K, + s+ T,)
CASE STUDY

Given, P=09p.u & Q =03p.u,Xd =0.3 p-u, Xy =015p.u,Xg =05;

P+j*Q
RGRIL

E, } =09—-j03p.u

E'=E, +jX,/11 = 1.09 + j0.27 = 1.123 (13.92 °)

Angle by which E;leads Eg is 36°

So Angle by which E'leads Eg is (36° + 13.92°) = (49.92°)

X
so, thxd’+xtrf+7’5 = 03+0.15+0.25=0.7p.u

&V, = 0.9507 p.u

& ¢1'= 0.757p.u ; ¢c2'=0.1658p.u ; c1=0.1744p.u ; c2=-0.1751

T1
Kb =9.5,Kr =20, Tr = O'OZ'E =1

K1 =1594,K2 =-1.28

So, K6 = 9.5 & K7 = — 3488

T 0.025+16.498 0.025+16.498

K6 is transfer function 2 and K7 is transfer function 3 in given figure 5.7. Value of Gain lis kept
zero that shows a undamped system.
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\-E'J#
m Gain
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P 1 - 377
— - —_
s 5

Transfer Fon Transfer Fond

b J

Gain

Figure5.7: SIMULINK modelling of SVC damping controller (rotor speed)

SIMULATION RESULT

Figure 5.8: Result with rotor speed deviation

State space model of SVC controller using rotor speed as supplementary signal for damping
power system oscillation is prepared and their corresponding block diagram is drawn. Simulation
result on MATLAB is given in figure below, which shows a damped system, in which SVC
based SMIB unstable system is regaining its original equilibrium point with gradually reducing
oscillation to zero value of its amplitude. So here system is under damped.
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5.2: State space modelling of svc controller with line current Deviation as
supplementary signal and simulation result.

From fig 5.1

AVm = _[{

Xg
Xt =Xd’+XtT'f +7

= L=hL+l;

E'-Vy Vn—Ep —
= = V% B
X, 0.5jx, | /m*JEsve

- ('B j2 j) E'*cos5+E'*jsin6+2EB
k . 2 )=
m J]Bsvc X, X, X, X,
—  E'XgcosS + 2EgX, _ E'Xgsiné
XE + ZXt - XEXtBSVC XE + 2Xt - XEBSVCXt

let ,X =Xg+ 2X; — XgX; Bsyc

1
E'XpcosS + 2X,.Eg) + (EXgsiné
(e )+ ( ik

= &y
= Vi = f(8. Bsyc)
AV <6Vm> AS + ( oV, ) AB
=|—] % *
m 35 9Bsye sve
2E EgXgX;sind —V, X, Xg
vV, x X %X Ad + { X }A Bgyc = —[c1A8 + c2ABgy¢c] ... ... (a)
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ABS‘UC

Figure 5.2: Block diagram of SVC voltage regulator

From fig 5.2
SVC CONTROLLER = AB KT py (b)
$ = .s
VT 1 +sTr™ "
ABgyc(1 + sTr) = —Kr(c1A8 + c2ABgy()
ABe. — (—Kr * cl) AS (1+ Kr *c2) A B D
sve — Tr Tr SvC

ATe calculation

I = Vu—Ep _ j2[({(E'Xpcosd + 2E5X,) + GE'Xpsind)} .
2 ]ﬁ XE X B
2

. 2 , ,
(I;) = X+ X, [(E Xgsin8) + j * (E XgcosS + 2EgX, — XEg)]

— 2X-E'sind| 2E'Ezsiné
inp.u, Pe=Te=real[EB*(];)]:EB*[ E l: B

XX X

AT (6Te> Ab + ( oTe ) AB
= | —] % *
N 66 aBSVC Ssvce

43




2E'Egcosd —2E'Egsiné

X + X X * (=X Xg)ABsyc

2E'Ercosé 2E'Ex X, X.sind
ATe=[;]Aa [ b XX

X*xX

svce

=c1A5 +c2A Bgyg  wov e (c)

" - 2E'Egcosé 4 2,_2E’EBXtXESin6
where,cl'= ———— and c2' = e X

equation of motion with SVC,
AS =w, *Aw, e (2)

ATm — ATe — KdAw,
2H

Aw, =

ATm — (c1'AS + ¢2'Bgyc) — KdAw,

Aw, = S 3)

equation 1 &2&3 in vector matrix form,

[-Ka —cl’ —c2’ L

+|2H [ATm
0
0

AWr

—K,cl 1 + K,.c2
T;

ABSVC

|
I
w, 0 0 I
...State equation with SVC

laplace transfer of equation (3)gives,

_w,  {ATm-— (c1'AS + c2'ABgyc) — KyAw, }
AS = < [ (2Hs] ] e (4)
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_

Vo —Es _ j2[({(E'Xgcoss + 2ExXt) + (JE Xgsind)} .
Xe — Xg X ?
2

ASTZ =

: , 2
E

Al {_a 12} A6+{—a L } AB
= * *
2 6 9By sve

. 8ERE 'siné X,
AL, = |(4E 'Egsiné) +—— |26
2 2 2v.3 "2
2E" XX;%X, o  8Eg°Xt® (8EgE'X.*Xpcosé)
7 — (2%, * Eg*) + o e Bsyc

A 12 = K1A6 + KZABSVC

As Line current is taken as supplementary control signal,

NN 1+ sT, Axy 14sTy

Y

Figure 5.5: Damping controller using line current
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AL Ky Ax;

1+sT.
—>  1+sT, !

A 4

‘ ABgyc

Figure 5.6: Composite block diagram of SVC damping controller (using line current)

From fig 5.5 & 5.6,

A AL+ —2b
= , —
1 21 ¥ 5T,
(1 Ky
= Ax; = —E Ax; + E Al ... (6)

& Ax, = (14 sT;)Ax,

T T, K
szzAxl(l——1>+( ! b)AIZ

T, T,
ABgyc = K {AV,, + Ax,} (6"
sve = 11 ST, m Xof e
g T, T, Kb
ABSVC = TSTr [—[C1A6 + CZABSUC] + Axl (1 - E) + (T) A 12
(1+ sT,)(ABsyc)
Ty Ty Kp
=K, (1 - T—) Doy + == % K (K108 + K24 Bgyc)- K- (c1A8 + c2ABgyc)
2 2
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ABgyc = K3Ax; + K4AS + K5ABgy ¢ (7)

h KB—(Kr> 1 (Tl) &
where, = T ( T,

_ K.KbT K1 {Krcl}
- TLT, T,

_ Ky Kp T K1 {KTCZ} 1
T,T, T,

Using equation 2&3 &6&7, state matrix is written as

AB K5AB = K4A6 + K3Kb Al
SAbgyc sve = 1+sT, 2
h K6 = k4 & K7= K3Kb
where, 85 =< ks “ (A +sT,)(s—K5)

Given, P=09p.u & Q =03p.u,Xd =0.3 p-u,Xer =015p.u,Xg =0.5;

P+jx
IR

=09—-j03p.
. j03p.u

E'=E, +jX;'I11 =1.09+0.27 = 1.123 (13.92 °)

Angle by which Eleads Eg is 36°

So Angle by which E'leads Eg is (36° + 13.92°) = (49.92°)

X
so, thxd'+xtrf+7’5 = 03+40.15+4+025=0.7p.u

&V, = 0.9507 p.u
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& c1'= 0.757p.u ; c2'=0.1658p.u ; cl1=0.1744p.u ; c2=-0.1751
Kb = 9.5,Kr = 20,
,T1=20.2,T2 =0.02
K1 =594,K2 =-1.28

564296.51

50,K6 = 515699

& K7 = —85500/(0.02s% + 2432.39s + 121569.9)

As, A, = K1AS§ + K2ABgy ¢, Gain 3 and Gain 4 are value of K1 and K2 respectively in figure
(5.9). As from equation 8, transfer function 4 and transfer function 3 are value of K6 and K7

respectively.

BLOCK DIAGRAM

55500
dentz) 564206 51
ot

Transfer Fen3
s+121569.9

Transter Fend @

Scoped

Gaind

Gain

1 37T
— » -
7=z =

Transfer Fen Transfer Fend

%

Gain1

Figure 5.9: SIMULINK modelling of SVC damping controller (line current)
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SIMULATION RESULT

Figure 5.10: Result with line current deviation

State space model of SVC controller using line current as supplementary signal for damping
power system oscillation in is prepared and their corresponding block diagram is drawn.
Simulation result on MATLAB is given in figure below, which shows a damped system, in
which SVC based SMIB unstable system is regaining its original equilibrium point with
gradually reducing oscillation to zero value of its amplitude faster than that of the rotor speed as
supplementary control signal. So here system is under damping quickly.

SUMMARY -

In a single machine infinite bus system, in which SVC is connected in middle of the
transmission line, 1f any small disturbance make power system oscillatory, oscillation can
be damped out using rotor speed and line current both as supplementary signal, but line
current signal give better damping of local area mode oscillation as shown in simulation
results above. Line current signal as supplementary signal is responding faster in
damping the system than rotor speed signal.
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5.3: Fuzzy logic based svc controller using different supplementary signal and
their simulation results
Under changing operating conditions and uncertainties in system parameters, Fuzzy logic

controller is capable of performing better than conventional controller by modulating the output
signal of static Var compensator controller.

5.3.1: Fuzzy logic controller with supplementary signal of deviation of rotor
Speed.
Fuzzy logic controller is having rotor speed and its derivative as input and Bsvc as its output

(suscptance of SVC regulator) is inserted to modulate Bsvc, for this first of all State space model
of SVC controller is modified, which is given below.

From fig 1

! XE
Xt = Xd + XtTf + 7
> L=hL+I

— _ _

E'-Vy Vn—Ez —

= = V. B
X, 05X, T 'm*JBsve
— . j2 E xcos§ + E = jsin§ 2Eg
7 (B ————}:
m *\JPsvc X, X, iX, +jXE
. E'Xzcosd + 2ExX E'Xgsind
o E BX¢ . E

= +
Xg + 2X, — XgX.Bsye | ? Xg + 2X, — XpBoycX,

let ,X =Xg+ 2X; — XgX; Bsyc

1

{(E'XEcoscs + 2XtEB)2 + (E'XEsimS)z} ?
{X}?

= Vi = f(8. Bsyc)
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AVm = _[{

av,,

AV ( ) A5+(8V"‘) AB
= | — % *
m 06 aBSVC Svce

2E'EBXEthin6} {—VthXE

Vox XX e }A Bsye = —[c1A6 + c2ABgyc] .. ..

From fig 5.2
SVC CONTROLLER = AB KT _py (b)
: =T .
VT 1 4sTr™ "
ABgyc(1 + sTr) = —Kr(c1A8 + c2ABgy()
AB.. = —Kr *cl AS (1+ Kr=*c2) A B D
svec — ( Tr ) - Tr SsvVC fer ee s

inp.u, Pe=Te=real[EB*®]=EB*[

ATe calculation

I = Vu—Ep _ j2[({(E'Xpcosd + 2E5X,) + GE'Xpsind)} .
2 ]ﬁ XE X B
2

. 2 , ,
(I;) = X+ X, [(E Xgsin8) + j * (E XgcosS + 2EgX, — XEg)]

2XgE'sind B 2E'Egsiné
XXk B X

AT <6Te> AS + ( oTe ) AB
= |—— % *
€ a6 aBSVC Svce

2E'Egcosd 5 —2E'Egsiné

X Ao + X x (=Xt Xg)ABsyc
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2E'Encosé 2E'ExX . Xpsind
ATe = [;]M [ b XX

X X %X Ssvc
=c1A5 +c2A Bgyg  oov e (c)
L - 2E'Egcosé P 2E'Eg X, Xgsind
where, cl = Y and c2 = e X
equation of motion with SVC,
AS =w, *Aw, (2)
Ay = ATm — ATe — KdAw,
Wr = 2H
: ATm — (c1'AS + ¢2'Bgyc) — KdAw
Aw, = ( sve) -~ (3)

2H

equation 1 &2&3 in vector matrix form,

. -Kgq —-c1 —Cc2
Aw, {E R ]| Aw 1|
AS [=|wo O 0 || A8 [+[q [ATm

..State equation with SVC
laplace transfer of equation (3)gives,

g = o {ATm — (c1'AS + c2'ABgyc) — KyAw, }
= — %
S [ {2Hs} ]
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Taking Laplace transform of equation (1) we get,

—-Kycl 1+K,c2

AS —

Ty ;

SABgyc = * ABgy ¢

= AS

1+K,c2 —Kycl
T T

ABSVC[STT + 1 + KrCZ] = _KrclA(S

{—Krc1}
ABSVC ={S+1'§'—?<r02}*A6 =bx*xAb

Tr

Here transfer fnl is represented as “b”, gainl as value of c1" and gain2 as c2’ in given block

diagram of fig (5.11).

BLOCK DIAGRAM

1

e
]

Gaint

3FT

-
L

s
Transfer Fen2

Gain

<o

JEX‘L <
I =

Product duidt
Fuzzy Lagic

Contraller Cerivative

with Ruleviewear

Figure 5.11: SIMULINK modelling of Fuzzy logic based SVC damping Controller (rotor speed)
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Fuzzy logic controllers (FLC) are rule-based controllers. The structure of the FLC resembles that
of a knowledge based controller except that the FLC utilizes the principles of the fuzzy set theory
in its data representation and its logic. The basic configuration of the FLC can be simply
represented in four parts.

1. Fuzzification module — the functions of which are first, to read, measure, and scale the
control variable (speed, acceleration) and, second, to transform the measured numerical
values to the corresponding linguistic (fuzzy variables with appropriate membership
values)

2. Knowledge base - this includes the definitions of the fuzzy membership functions defined
for each control variables and the necessary rules that specify the control goals using
linguistic variables

3. Inference mechanism — it should be capable of simulating human decision making and
influencing the control actions based on fuzzy logic

4. Defuzzification module — which converts the inferred decision from the linguistic
variables back the numerical values.

Control rules of this Fuzzy logic controller with each of input and output fuzzy variables is
assigned five fuzzy subsets varying from negative big to positive big. Each subset is associated
with a triangular membership function to form a set of five membership function for each fuzzy
variable, result into 25 rules given below-

Aw NB NS ZE PS PB
/Aw

NB NB NB NB NS ZE
NS NB NB NS ZE PS
ZE NB NS ZE PS PB
PS NS ZE PS PB PB
PB ZE PS PB PB PB
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The typical rules are having the following structure:

Rule 1: If rotor speed deviation is NM (negative medium) and rotor acceleration is PS (positive
small) then A By, deviation of suscptance of SVC regulator (output of fuzzy logic controller) is
NS (negative small).

Rule 2: If rotor speed deviation is NB (negative big) and rotor acceleration is NS (negative
small) thenA By, deviation of suscptance of SVC regulator (output of fuzzy logic controller) is
NB (negative big).

Rules are formed on the basis of the knowledge that as rotor angle increases, rotor speed
deviation becomes positive. To make this deviation to a zero value (i.e damping power system
oscillation), we need to increase the input electrical power (P,) and so to increase the
Bgyc(susceptance of SVC).

Simulation result on MATLAB is given in figure below, which shows a damped system, in
which SVC based SMIB unstable system is regaining its original equilibrium point with
gradually reducing oscillation to zero value of its amplitude. So here system is under damped.

Figure 5.12: Result with rotor speed deviation
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5.3.2: Fuzzy logic controller with supplementary signal of deviation of bus

Voltage.

Fuzzy logic controller is having bus voltageAV,, and its derivative as input and Bsvc as
its output (suscptance of SVC regulator) is inserted to modulate Bsvc signal, for this State
space model of SVC controller is modified as shown in block diagram of fig (5.13).

As it is derived above,

o = ).y ()

I.e Bus voltage is function of A§ and A Bgy signal. With the help of gain block, Gain3 and
Gain4, input signal for Fuzzy logic controller is taken and now modified output Bsvc is given
back to gain block, Gain2 as shown in block diagram of fig(5.13). Simulation result on
MATLAB shows a damped system. In the block diagram of fig (5.13), Gain3= c2 &Gain4= —c1

BLOCK DIAGRAM

-174.376
ol
e
SHE25.13

Transfer Fenl

ot
FAIAN >
Froduct duddt

D erivative

Fuzzy Logic
Cantraller
woith Rulewismer

Figure 5.13: SIMULINK modelling of Fuzzy logic based SVVC damping Controller (bus voltage)
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Control rules with each of input and output fuzzy variables is assigned seven fuzzy subsets
varying from negative big to positive big. Each subset is associated with a triangular membership
function to form a set of seven membership function for each fuzzy variable, result into 49 rules
given below.

AV, /AV,, | NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

The typical rules are having the following structure:

Rule 1: If bus voltage deviation is NM (negative medium) and derivative of bus voltage
deviation is PS (positive small) thenABgy - , deviation of suscptance of SVC regulator (output of
fuzzy logic controller) is NS (negative small).

Rule 2: If bus voltage deviation is NM (negative medium) and derivative of bus voltage
deviation is PB (positive big) thenABgy, . , deviation of suscptance of SVC regulator (output of
fuzzy logic controller) is PS (positive small).

Rules are formed as shown in fig (e) that with the increase of rotor angle, bus voltage magnitude
decreases. Thus bus voltage deviation becomes negative and so from fig (5.2) ,ABgy . also
become negative. To make this deviation to a zero value, we need to increase the
Bgy(susceptance of SVC).
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Simulation result on MATLAB is given in figure below, which shows a damped system, in
which SVC based SMIB unstable system is regaining its original equilibrium point with
gradually reducing oscillation to zero value of its amplitude faster in this case. So here system is
under damped also bus voltage signal is proved to be better than rotor speed deviation signal for
Fuzzy logic controller to damp the power system oscillation.

Figure 5.14: Result with bus voltage deviation

5.3.3: Fuzzy logic controller with supplementary signal of deviation of line
current
Fuzzy logic controller is having line currentAl, and its derivative as input and Bsvc as its output

(suscptance of SVC regulator) is inserted in state space model of SVC controller to modulate
Bsvc signal, As it is derived above,

AIZ = K1A6 + KZABSVC
I.e line current is function of A§ and A By signal. With the help of gain block, Gain3 and Gain4
input signal for Fuzzy logic controller is taken and thus now modified output Bsvc is given back

to gain block, Gain2 as shown in block diagram of fig(5.15). Simulation result on MATLAB
shows a damped system. In the block diagram given below Gain3= K1 & Gain4= K2

58




BLOCK DIAGRAM

-1TA2TE
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225132
Transfer FenZ
ﬂ=
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/XX\ “
e
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Controller
woith Riulewiewer

Figure 5.15: SIMULINK modelling of Fuzzy logic based SVC damping Controller (line current)

Control rules with each of input and output fuzzy variables is assigned five fuzzy  subsets
varying from negative big to positive big. Each subset is associated with a triangular membership
function to form a set of five membership function for each fuzzy variable result into 25 rules
given below-

Al,/AI, |NB NS ZE PS PB
NB NB NB NB NS ZE
NS NB NB NS ZE PS
ZE NB NS ZE PS PB
PS NS ZE PS PB PB
PB ZE PS PB PB PB

59




The typical rules are having the following structure:

Rule 1: If line current deviation is NB (negative big) and derivative of it is PS (positive small)
thenABgy ¢ , deviation of suscptance of SVC regulator (output of fuzzy logic controller) is NS
(negative small).

Rule 2: If bus voltage deviation is NS (negative small) and derivative of it is PB (positive big)
thenABgy . , deviation of suscptance of SVC regulator (output of fuzzy logic controller) is PS
(positive small).

Rules are structured on the basis that with the increase of rotor angle, line current magnitude
increases. Thus deviation of line current become positive and so ABgy.. To make this deviation
to a zero value, we need to decrease the By (susceptance of SVC.

Simulation result on MATLAB is given in figure below, which shows a damped system .With
fuzzy logic controller, Line current as a supplementary signal gives better response in power
oscillation damping than bus voltage and rotor speed deviation. Critical damping is achieved
with line current as supplementary signal as shown in fig(5.16). However this is not the case with
bus voltage and rotor speed deviation signals

Figure 5.16: Result with line current deviation

60




Figure 5.16: Result with line current deviation
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CONCLUSIONS AND SCOPE OF FUTURE WORK

State space modelling of SVC damping controller with supplementary signals in a single
machine infinite bus system is presented for the purpose of damping the low frequency
oscillations and subsequently, a Fuzzy logic controller has been implemented to enhance the
performance. Fuzzy logic controller shows faster response than conventional controller in

damping power system oscillation. MATLAB simulation validates the above.

With fuzzy logic controller, line current as a supplementary signal gives better response in power
oscillation damping than bus voltage and rotor speed deviation. Also, bus voltage signal shows
better response than rotor speed signal. Critical damping is achieved with line current as
supplementary signal. However this is not the case with bus voltage and rotor speed deviation
signals.

Among all the three supplementary control signals, line current signal is more effective for

power oscillation damping vis-a-vis both conventional and fuzzy logic controller.

No of control rules in rule base can be extended to improve the performance of the fuzzy logic
based damping controller. Combination of two supplementary signals can be used to improve the
damping.

OBSERVABILITY and CONTROLLABILITY with different supplementary control signals can

be compared for better performance characteristic.
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