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ABSTRACT

The operation and stability of modern power systems have
been threatened by the tremendous increase in the electrical
energy usage. To meet the rising power demand, a large
number of generators operate synchronously. Often
electromechanical oscillations called power swings are
induced by faults occurring within the system. A suitable
damping device is needed to combat the loss of synchronism
and other stability problems caused by these power swings.
High performance excitation systems (AVR) with damper are
well suited to maintain the steady state and transient stability
of the generators in power system. In case of relatively weaker
tie line interconnections between the power systems, low
frequency oscillations are observed. These oscillations
ranging from 0.5 — 3 Hz are quite common in the system. An
effective means of improving the system damping of the
electric power system is by using power system stabilizers.
Effort has been given to develop a robust co-ordinate
AVR-PSS using a fuzzy logic controller for an effective
improvement in power system stability of a single machine
system. In this work, a fuzzy logic based power system
stabilizer has been designed for a single machine infinite bus
power system. Simulation results indicate that the proposed
fuzzy logic based coordinate AVR-PSS achieves a robust
performance for a wide range of system operation conditions
and offers superior performance over AVR-PSS without
fuzzy logic controller.

Key words : SMIB, AVR, PSS, FLC, Exciter.
1. INTRODUCTION

Oscillations of small magnitude and low frequency often
persist for long periods of time and sometimes can cause
limitations in the power transfer capability. Power System
Stabilizers (PSS) were developed to aid in damping these
oscillations by modulating the excitation of generator. The art
and science of applying power system stabilizers has been
developed in the past thirty to thirty-five years since its first
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widespread application to Western systems of the United
States. The development has evolved the use of various tuning
techniques and input signals and learning to deal with turbine
generator shaft torsional mode of vibrations. Power System
Stabilizers are added to the excitation system to enhance the
damping of electric power system during low frequency
oscillations. Several methods are used in the design of Power
System Stabilizers. The classical methods include phase
compensation and root locus method. The modern techniques
make use of the state space representation of the power system
model and calculate a gain matrix which when applied as a
state feedback control will minimize a prescribed objective
function. In recent years the limelight has been on designing
PSSs using fuzzy logic based control techniques. Due to the
geographically distributed nature of power system and lack of
communication  system  (unavoidable delays) the
decentralized control scheme may be more feasible than the
centralized control scheme. In decentralized power system
stabilizer, the control input for each machine should be
function of the output of that machine only. This can be
achieved by designing a decentralized PSS using periodic
output feedback technique in which the gain matrix should
have all the off-diagonal terms zero or very small compare to
diagonal term. In this technique decentralized PSS for all
machines can be described in one algorithm. All PSS can be
applied simultaneously to the respective machine.

2. POWER SYSTEM MODELLING

The mathematical models for small signal analysis of
synchronous machine excitation system and the lead-lag
power system stabilizer are briefly reviewed. The general
system configuration of synchronous machine connected to
an infinite bus through transmission network can be
represented as the Thevenin’s equivalent circuit.
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Z,

—

Figure.1: General Configuration of SMIB [1]



Initially the synchronous machine is represented by the
classical model. Then the effects of the dynamics of the field
circuit and the excitation system are taken into consideration.
For analysis the figure 1 is reduced to the following figure 2.
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Figure.2: Equivalent Circuit of SMIB [1]

2.1 Single Machine Infinite Bus (SMIB) Model

S=P+jQ= E.I.:E'E,-.,;iu-!‘_'_jE'uE'—iHl:nsEu

The equations of motion in per unit are

)

PAw, = — [ AT, — K48 — Kpdw, |
PAS=cug Aca, (2
Representing the egn. (2.2) in matrix form we have,

£ [’jmr] =|w oz [’j mr] + :H]AT}]- (3)

drl A5 wy 0 |LAS 0 '

Where, e, is the per unit angular speed deviation of the
rotor.

H is the inertia constant.
T, is the applied mechanical torque.

Hp, is the damping torque coefficient.

& is the rotor angle in electrical radians.
cuy 1S the rotor speed in rad/sec.

K is the synchronizing torque coefficient.

The synchronizing torque K is given by

Hg — EEH;LDS &n (4)
This is the state space representation of the form
X = Ax + Bu

The elements of the state matrix are dependent on the system
parameters H, K, X and the initial operating conditions

represented by the values of E' and &,. Vector B is also

dependent on H.
Thus, the undamped natural frequency is given by

The natural frequency increases and the damping ratio
increases with the decrease in the synchronizing torque
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An increase in the damping torque coefficient increases
the damping ratio, while an increase in the inertia constant
decreases both  (and .

2.2 Classical Model Representation of the Generator

The classical model representation of the generator
neglecting all the resistances is given in fig. 3.

E, /0

Figure.3. Classical model of the synchronous i;enerator [2]

The magnitude of E’ is assumed to be constant at the
pre-disturbance value. Let & be the angle by which E' leads
the infinite bus voltage E .

2.3 Effects of the Excitation System

Now the effect of field flux variation is considered. Then the
state space model of the system is developed, by first reducing
the synchronous machine equations to an appropriate form
and then combining them with the network equations.

In the classical generator model, the linearized equations of
motions are

d

—Aw, = iﬁ (AT, — AT, — Kpfw,)
ﬁAS = g Ay

where AT is the electrical (air-gap) torque. The rotor angle &

is the angle (in electrical radians) by which the g-axis leads
the referenceE;. The phasor diagram in fig. 3 shows the

relative position of synchronous machine variables.
The rotor angle is given by

=8 +5; (6)

In fig. 3 &; is the angle by which the terminal voltage phasor
% leads the reference Ez and the steady state value of & is
given by

©)

S.=a.tan (
Where,

X COB— Ryl gin
e+ ;sfl ::s J@+ .‘:’q:L :l:l .1\:1] (7)
. and I, are terminal voltage and current.
@ is the power factor angle.
R, is the armature resistance per phase.
X, is the quadrature axis synchronous

reactance.
The effect of field flux variations can be represented as



d Wy R jd
pEACT Torn AEgy — (8)

where A4 is the rotor circuit (field) flux linkage.

L,gn 1S the unsaturated direct-axis mutual inductance

between stator and rotor windings.
E¢4 is the exciter output voltage.

ifg is the field circuit current.

WDRfl‘."lj'ffl‘.'

In order to develop the complete system of equations in the
state space form, AT, and iz should be expressed in terms

of the state variables as determined by the machine flux
linkage equations and network equations. So, it can be written
that

- L r. Loy 1
":":,r'd = :(J‘ + molgg: — :] A Prg t h_amllcds Ad
©@
Lgds Lfd
E'r.'ds = L.—.J.I-+L-|.J
:I-:,:.;ux-“}siu gy — Ry oos &y
my = B
Xrgq Lody
M = o (L.—.J.|-+L|.JJ (10)
Rr =R, + R;

XTq‘ = Xy + Xz _+ (Lags + Li)
Xra = X + (Loa=+ L)
D=R;+ X Xz (213
Where, Xr- is the reactance of the transformer.
Rz is the Thevenin resistance of the network.
Xzis the Thevenin reactance of the network.
R is the armature resistance.
L; is the leakage inductance of the stator.
L.s. is the saturated d-axis mutual
between stator and rotor windings.
LIS the saturated g-axis mutual inductance between
stator and rotor windings. Hence, it can be derived as
AT, = K\AS + KAppy (1)
A ‘and A Edepend on the prime mover and excitation
controls. In case of constant mechanical input torque and
A E=0.

inductance

3. POWER SYSTEM STABILITY

Power system stability can be broadly categorized into the
following three types:

= Steady State Stability

This Analysis Deals With The Study Of The Power System
And Its Components In Strictly Steady State Conditions,
While Being Loaded To The Maximum Possible Extent
Without Losing Synchronism With Each Other.

= Transient Stability

Transient Stability Is The Ability Of The Power System To
Maintain Synchronism When Subjected To Sudden And
Large Disturbances Within A Small Time Period (Usually 1
Second) Like Fault On Transmission Facilities, Loss Of
Generation Etc. The System Response To Such Disturbances
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Involves Large Excursions Of Generator Rotor Angles, Power
Flows, Bus Voltages Etc.

= Dynamic Stability

Dynamic stability is said to be achieved by a system if the
oscillations do not acquire a value which is higher than
certain amplitude and die out quickly. This is used in the
study of transient conditions in power systems. To describe
the transient phenomena the swing equation derived from the
torque equation of the synchronous machine can be used.

d28, 48,
Twi= === P — Dl’?_ Pg; (12)

dt

Where, T,; is the impulse moment of the rotor of the
generating unit.
D; is the damping coefficient (considering both the
electrical and mechanical damping effect)
&; is the phase angle or load angle.
Fy; is the turbine power applied to the rotor, and
F; is the electrical power output from the stator.

4. AUTOMATIC VOLTAGE REGULATOR

The basic role of the AVR is to maintain the constancy in the
generator terminal voltage under small and slow changes in
the load. An exciter is the main component of the AVR loop.
It delivers dc power to the generator field. The exciter is so
designed with enough margins that it can provide powerful
boosts in the excitation level even during emergency.

4.1 Exciter Type

A variety of exciter types have been in use since the old days.
In the past, the power plants used to have exciters that
consisted of a dc generator driven by the main generator shaft.
This arrangement required the transfer of dc power to the
generator via slip rings and brushes shown in figure 4.

Rectifier Synchronous
[N generator
—

Comparator Amplifier Exciter

a=ifl

- — T
Rotating components

|- L

Stability compensators

V| Recifier and filter
T A/

1

Figure.4:Brushless AVR Loop [-4]

In the modern times, brushless or statically designed exciters
are being used. In a brushless AVR a three phase inverted
synchronous generator is used which has a three phase
armature on its rotor and field on its stator. The diodes
mounted on the rotating shaft rectify its ac armature voltage
thus eliminating the need for slip rings and brushes. In a static
AVR the excitation power is directly obtained from the



generator terminals or from the station service bus. The ac
power is rectified by the thyristors bridges and fed to the main
generator field via slip rings. These are extremely fast and
contribute to the improved ‘transient stability’.

4.2 Exciter Modelling

The AVR loop from Figure 4 is described briefly here. Let the
terminal voltage |¥| decreases for some reason which leads to
immediate increase in the error voltage thereby causing
increased v. i,.vy and ir. As a result of the boost in the
d-axis, the generator flux increases thus raising the
magnitude of the internal generator emf E and terminal
voltage V.

At the moment let the stability component for the comparator
and amplifier be disregarded.

AlVer| — 81V = Be

Avg = K le

Where, K, is the amplifier gain.
Laplace transformation of these two equations yield

(13)
(14)

AV, |(s) — AIVI(s) = Ae(s) (15)
G‘_l ~ A5 = KA (16)
Where, £, is the amplifier transfer function.

Incorporating a delay represented by a time constant T, in the
above equation we have

A=)

AVg(s) _
hers)

Ea

L&2Ty (17)

If B, and L, represent the resistance and inductance of the
exciter field, we have for the voltage equilibrium

T4 =

. d ...
Avg = R, +Ai, + LPE{‘:":P:] (18)
The exciter produces K;(armature) Volts per Ampere of field
currenti,; the proportionality is given by

Ave = K, Ai, (19)

On eliminating Ai, and performing Laplace Transformation
of the last two equations the transfer function of the exciter is
given by

Apy(2) e
Ca = '_1"|1L','.!I3I T 1+8T. (20)
g
K, = 2, (21)
T, = R— (22)

From the above equations and accepted block symbols the
transfer function model of fig. 4.2 has been assembled. The
time constants T, and T, range from 0.02-0.10 and 0.5-1.0

seconds.

4.3 Generator Modelling

The loop in figure 5 and figure 6 needs to be closed by
establishing the missing dynamic link between the field
voltage v+ and the generator terminal voltage [Vl. The
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relationship between v; and V| depends on the generator

loading as the terminal voltage is the result of the differences
between internal emf and the voltage drop across internal
impedance. At zero or low loading there exists the simplest
possible relationship so that V is approximately equal to E.
Applying Kirchoff’s voltage law to the field winding results
in

o

i ; N .
Avg = Ry 4 Qe+ Los :Iﬁ?:ﬁ = ‘_Iﬁ{.‘.\z +
Les — (AE)
(23)
COMPARATOR AMPLIFIER EXCITER
—— —— ——
AMrel * Ae AVR AVf
K, K.
1457, 14T,

Figure.5: Linear model of the comparator-amplifier-exciter
portion of the AVR Loop [4]
After Laplace transformation the last equation yields the field

transfer function
AE(e) _ AlVi=m _

RE

= = (24)
App(=) App(=) L+8T qp'
where
K. = 22 25)
F ™y (
COMBRRAIOR - AL EXCITER GENERATCR
FELD
AMM * Ae AVR Avt A N ‘

14T,

Figure.6: Closing of the AVR loop [4]

After completing the AVR loop in the above fig. The open

loop transfer function G(s) is given by

G{Sj = (1487 ML +8T, ) [ L+5T g (26)

Where, the open loop gain K is defined by
K =K, KKz (27)

and Ty =

4.4 Development of AVR with Damper Circuit

In case of positive damping that mainly originates in the rotor
damper windings the oscillations in all probability would be



damped and would actually vanish in sometime. The relative
motion between the damper windings and the armature
reaction flux wave will induce currents in the damper bars
and according to the Lenz’s law these currents will oppose the
relative motion. The damper winding will dissipate power
with a rate that is almost proportional to the relative velocity
d(4&Y/dt. The damper winding adds a positive term on the
right hand side of the power balance equation. The
incremental form of the GSE will change from

:T (A6, ) +wia Sy, =010

L o)+ 262 @8y )wia sy =0 (28)
The general solution of the equation is

Ay = Ae ""sin (w, t + F) (29)
Where,w, = \/w] — b* (30)

Typically, @, = bandthus, w," = w;
The blocks 1-4 along with the summing junction model the
basic undamped inertia dynamics

of:—r_: (AG,) + A &, = 0. The damper loop (block 5) takes

into consideration the effects of the natural damping of the
system as expressed by the egn. 28. Under the influence of
damper winding, the generator if subjected to any small
disturbance will return to its steady state equilibrium by a
damped oscillation. The natural damping of the system is
enhanced by the resistances of the network (that have been
neglected in the analysis) shown in figure 7.

[ ]

4

H
STIFFNESS 9,
L

[P
NATURAL DAMPING

FELD DELAY

KAKe

(L+5T,)(L+5T,) ( >@

K1

EXCITER + AMPLIFIER

Figure.7: A Linearization Dynamic Model of the Single
Generator Infinite Bus System [7]

5 POWER SYSTEM STABILIZER

Conventional Power System Stabilizers (CPSS) are designed
on the basis of a linear model for the power system. Initially
the power system is linearized around a specific operating
point of the system; considering negligible disturbances the
CPSS is designed. Thus, CPSS preserves the dynamic
stability of a system.

Bibhu Prasad Ganthia et al., International Journal of Advanced Trends in Computer Science and Engineering, 8(5),September - October 2019, 2520- 2527

5.1 Conventional Power System Stabilizer Design
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The basic function of a PSS is to provide damping to the
generator rotor oscillations by controlling its excitation using
auxiliary stabilizing signal. To provide damping, the
stabilizer must produce a component of electrical torque in
phase with the rotor speed deviation. For simplicity, a
conventional PSS is modelled into two stages (identical)
lead/lag network which is represented by a stabilizer gain
K45 and two time constants Ty and T>. This network is
connected to a washout circuit of a time constant T;,; as shown

in figure 8.

Washout flter Phase Compensation

Ty
141y

[+1],

o

==
b

Figure.8: Block Diagram of PSS [7]

In figure 8 the phase compensation block provides the
appropriate phase lead characteristics to compensate for the
phase lag between exciter input and generator electrical
torque. The signal washout block serves as high pass filter.
Ksap: imp effect on damping of rotor oscillations. With
increase in stabilizer gain damping increases up to a certain
point, beyond which it decreases. Ideally gain should be set at
a value corresponding to max damping. Usually it is set at
such a value that results in a high damping of the critical
system modes as practical without compromising the stability
of other system modes or causing excessive amplification of
signal noise.

5.2 Washout Filter

It’s a high pass filter that prevents steady changes in speed
from modifying the field voltage. T\, washout time constant
should be high enough to allow signals associated with
oscillations in rotor speed to pass unchanged whose range is
1-20 seconds. Long enough to pass stabilizing signals at
frequencies of interest relatively unchanged but not so long
that it leads to undesirable generator voltage excursions as a
result of stabilizer action. Lower time constants unless
compensated for, will result in significant phase lead at low
frequencies which will reduce the synchronizing torque
component at inter-area frequencies.

5.3 Phase-Lead Compensation

To damp rotor oscillations the PSS must produce a
component of electrical torque in phase with rotor speed
deviation. Used to compensate for the lag between the exciter
input (i.e. PSS output) & the resulting electrical torque. The
PSS is often required to enhance the damping of local plant
modes or inter area mode of oscillation. Since the purpose of a
PSS is to introduce a damping torque component, a logical



signal to use for controlling generator excitation is the speed
deviation.

K, Ay + AT,
14T,

Hs+K, [

Field Cirouit

1 AE,
14T,

7]

Voltage Transducer

Figure.9: Block Diagram of AVR and PSS [7]

The theoretical basis of a PSS may be illustrated with the
above block diagram in figure 9. The system contains a
generating unit connected to an infinite bus through a
transformer and a pair of transmission lines. The terminal
voltage of the generator is connected with the help of an
excitation system and AVR. An associated governor monitors
the shaft frequency and thus controls the mechanical power.

6 FUZZY CONTROL BASED CO-ORDINATED
AVR-PSS SYSTEM:

FUZZY SETS

It is a set without a crisp boundary. The transition from
‘belong to the set’ to ‘not belong to the set’ is gradual and
smooth. The fuzzy set theory is based on fuzzy logic where a
particular object has a degree of membership that is in the
range of 0-1.

6.1 Fuzzy Logic

Fuzzy logic is a powerful tool in many engineering
applications that require less computation and no exact
mathematical model of the system. It is conceptually easy to
understand and flexible and represent in figure 10 and11.
Fuzzy logic has four main parts: fuzzification interface,
knowledge base, decision making logic and defuzzification
interface.

o Fuzzification interface: it is the process of mapping
inputs to fuzzy sets in the various input universe of
discourse the mapped data are converted to linguistic
terms. The Fuzzy Logic Controller block implements a
fuzzy inference system (FIS) in simulink.

o Knowledge base: it consists of a data base and linguistic
control rules. The data base provides necessary
definitions, which are used to define the linguistic control
rules and fuzzy data manipulation in a FLC.

o Decision making: it has the ability of simulating human
decision making based on fuzzy concept.
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o Defuzzification: it converts the output values into non
fuzzy logic decision system.

S
Gl
AS
E AT
Ay + AT L 1 -
K, K : 0 ||Ad
14T, 7+ 9 hS K, *m RN
+ =
Field Circuit
M, j
! 5
e A
— L K
14T, = L]

Voltage Transducer

Figure.10: Block diagram of AVR with PSS in fuzzy logic [8]

The detail of the fuzzy logic based AVR-PSS system is shown
in the above model.
6.2 Fuzzified Ideal AVR Model

R
<

UeTd

Figure 11: Similink Block Diagram of Fuzzified Ideal
AVR Model
CHANGE IN VOLTAGE:

W-ANIS: CHANGE N VOLTAGE (E VOLTS)
XANIS: TIME (EN SECONDS)

w L i ] w w w w w w ™

Figure.12: Output (Change in Voltage) of the Fuzzified
Ideal AVR Model
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CHANGE IN ROTOR ANGLE

V-AXIS: CHANGE [N ROTOR ANGLE (IN RADLANS)
X.AXIS: TIME (IN SECONDS)

v i ]

1 [ 3 u

] [ [l W

Figure.13: Output (Change in Rotor Angle) of the Fuzzified
Idea AVR Model

The above results of figure 11 represent similink Block
Diagram of Fuzzified Ideal AVR Model. Figure 12 depicts
output change in Voltage of the Fuzzified Ideal AVR Model
and figurel3 represents output change in rotor angle of the
Fuzzified Idea AVR Model.

TABLE 1 IEEE MACHINE DATA
[Specifications for single area system model of conventional
Heffron-Phillips and the Ideal AVR model]

SLNo. | PARAMETERS | VALUES
1, R. 0
2. Xe 0.5
3. Vi 1
4, V., 1.05
5. H 3.2
6. Tao 9.6
7. Ka 400
8. Ta 0.2
9. Xq 2.1
10. X4 2.5
11. X4 0.39
12. D 0.05
13, Q 377
14, A 65.52
15. la 0.4014
16. Iy 0.3675
17. Va 0.7718
18. Vq 06358
19. E, 0.7923
20. Eqa 1.6392
21. Tw 0.5434
22. Ky 0.9224
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23. K 1.0739
24, Ks 0.2966
25. Ka 2.2655
26. Ks 0.005
217. K 0.3572
28. M; 0.1282
29. M, 0.3184
30. M; 0.2966
31. M, -0.6721
32. Ms -0.7413
33. Me 0.1059
34. M- 0.5811
35. Mg 0.07111
36. Mg -0.1432
37. Mo 0.3472
38. M1y -0.0375
39. M3, -0.2909
40. Di -0.0464s
41. Di 0.0154
42, Dy’ 0.0058

7. RESULTS AND DISCUSSIONS

Table 2: Comparison of Rotor Angle Response

SL. NO. IDEAL AVR PROPOSED
MODEL FUZZIFIED AVR
MODEL
1. 0.1282 0.1674
2. 1.39s 1.39s
3. 20.69 s 30.39s
4. 27.59s 37.4s
5. 0.0001 0.0001

Here a block diagram model is considered for the stability
analysis of rotor angle and voltage. The IEEE data for
machine parameter is given in the Table 2 the rotor angle
response of the machine has been studied by simulating the
Ideal AVR model and the fuzzified ideal AVR model.

8. CONCLUSION

The ideal AVR model exhibits the best maximum overshoot,
while the fuzzified ideal AVR has a better overshoot. The
peak is achieved at the same time in the ideal AVR model as
well as the proposed fuzzified model. The settling time period
in both the 5% and 2% criteria is least in the ideal AVR
model; the proposed fuzzified model has a comparable
settling time period which is faster. Finally the steady state
error has been observed to be the same in the ideal AVR and
its proposed fuzzified model, which is again better model.
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