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ABSTRACT

To damp the low-frequency oscillations which occurred due to the disturbances in the electrical
power system, the generators are equipped with Power System Stabilizer (PSS) that provide
supplementary feedback stabilizing signals. The low-frequency oscillations in power system are
classified as local mode oscillations, intra-area mode oscillation, and interarea mode oscillations. A
suitable PSS model was selected considering the low frequencies oscillation in the inter-area mode
based on conventional PSS and Fuzzy Logic Controller. Two types of (FIS) Mamdani and suggeno
were considered in this paper. The software of the methods was executed using MATLAB R2015a
package.
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1. INTRODUCTION

The dynamicity is one of the most important characteristics of the power system. It is regularly
affected by disturbances and that lead to a change in the voltage angle of the generator. When these
disturbances cleared a new operating condition is reaches Kundor, 1994, it is very important the
system doesn’t become unstable or unbalance due to these disturbances, the disturbances are
classified into three main classifications which are a local mode with frequency boundaries 0.7 to 2
Hz, inter-area mode with 0.1 to 0.8 frequency range. The eliminating of synchronous torque can be
accomplished by high gain voltage regulator but it has a negative effect on the damping torque. In
order equalize the unnecessary voltage regulators. The supplementary signals are drawn from
speed deviation, accelerating power or excitation deviation. This is achieved be injecting stabilizing
signal into the excitation summing point junction. Power system stabilizer (PSS) is the name of the
device that can supply this supplementary control signals, Anderson, 2013.

The setting of the automatic voltage regulator (AVR) is one of the factors that affect the stability of
the synchronous generator, Machowski, et al., 2008.

Extending stability boundaries is the main purpose of PSS through improvement of excitation to
supply +ve damping torque and to power swing modes.

Fixed setting gain is the main disadvantage of the Conventional power system stabilizer (CPSS)
because this setting is dealing with the unique operating condition and that lead to poor performance
for different loading points of the synchronous generator.

2. SYSTEM MODEL1ING

The Mathematical system modeling required for small signal analysis of Synchronous Machine,
excitation system and lead-lag power system stabilizer is concisely studied . As well as, the
strategies for the choice of PSS parameters are obtainable.

2.1 Synchronous Machine Model

The Synchronous Machine is vital for power system operation. The general system configuration
of synchronous machine connected to the infinite bus through transmission network can be
characterized as the mathematical models needed for small signal analysis of SYNCHRONOUS
MACHINE; excitation system and the lead-lag power system stabilizer are briefly reviewed
Kamalesh, 2011.

The guidelines for the selection of PSS parameters are also presented. The Thevenin’s equivalent
circuit illustrated in Fig. 1.

2.2 Classical System Model

The generator is denoted as the voltage E' behind Xd' as illustrated in Fig. 2. The magnitude of E' is
assumed to remain constant at the pre-disturbance value. Let d be the angle by which E' leads the
infinite bus voltage EB. The d changes with rotor oscillation. The line current is stated as [1]

__Ez0°-Egs-8 _ E—-(Ep cosb—j siné)
I,="— = : (1)
JXT JXT

The Complex Power behind Xd’ is given by:
E'Esng E'(E-Eq0080)

S=P+jQ=
X; X;
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With stator resistance ignored, the air-gap power (Pe) is equal to the terminal power (P). In per
unit, the airgap torque is equal to the air-gap power . Hence

T.-p- E'Egsind
X 3)
Linearizing about an initial operating condition represented by 6= &, yield
AT, :6Te AS = E EBcosé(Aé)
E X, 4

The equations of motion are:

1
PAw, = m(Tm ~Te —~KpAwy) (5)

p8 = COOA (,Or (6)
Where AaxX is the per unit speed deviation, 9 is rotor angle in electrical radians, %" is the base rotor
electrical speed in radian per second, and p is differential operator d/dt with time t in seconds[2].
pA(Dr = 2::-_1(ATm - KsAS— KDAO‘)I')

(7)

where KSis the synchronizing torque coefficient given by[3]

K, :(E'EBJCOSSO
X (8)
d | Ao —Kp ﬁ Aw i T
- r — r A
dt{AS} o o {A&} 20
° ©)

X=AX+BU _ The basics of the state matrix A are seen to be dependent on the constraints Kp, H,
X7, and the initial operating condition denoted by the values of E and &, . The block diagram
symbol exposed in Fig.3 can be used to define the small-signal functioning.

So, the undamped naturalfrequency is

0‘)n: KS (00
2H

rad/s (10)
And the damping ratio is
_1 Ky

2 2Ho,

G

(11)
1 K,

2 |K2Ho, W)
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As the synchronizing torque coefficient Ks increases, the natural frequency increases, and the
damping ratio decreases. An increase in damping torque coefficient Kp increases the damping ratio,

whereas an increase in inertia constant decreases both “’n and %o .

2.3 PSS Model

Controlling its excitation using auxiliary stabilizing signals is the main function of PSS by adding
damping to oscillations of the generator rotor. A component of electrical torque in phase with rotor
speed deviation must be provided by PSS in order to provide damping as illustrated in Fig. 4.
Since the damping torque component is produced by PSS. Speed deviation Awr is the generator
excitation signal. The transfer function of PSS, GPSS(s), should have suitable phase compensation
circuits to balance the phase lag between exciter input and electrical torque. The phase
compensation block delivers the suitable phase lead features to compensate for the phase lag. The
phase compensation may be a single first-order block as illustrated in Fig.5 or having two or more
first-order blocks or second order blocks with complex roots.
The signal washout block serves as high pass filter, with a time constant (Tw) high enough to
allow signals associated with oscillations in ®, to pass unchanged, which removes d.c. signals.
Without it, steady changes in speed would modify the terminal voltage. It allows PSS to respond
only to changes in speed. The stabilizer gain KSTAB determines the amount of damping introduced
by PSS. Ideally, the gain should be set at a value corresponding to maximum damping; however, it
is limited by other consideration. The PSS parameters should be such that the control system results
in the following: -

e  Maximize the damping of local plant mode as well as inter-area mode oscillations without

compromising the stability of other modes .
e  Enhance system transient stability .
e Not adversely affect system performance during major system upsets which cause large
frequency excursions .
e  Minimize the consequences of excitation system malfunction due to component failure .

3. CONVENTIONAL POWER SYSTEM STABILIZER (CPSS)

For the straightforwardness a CPSS is demonstrated by 2 stage (identical), lead/lag network
which is denoted by a gain KSTAB and two-time constants T1 and T2. This network is connected
with a washout circuit of a time constant Tw as illustrated in Fig.6. In Fig. 6, the phase
compensation block provides the appropriate phase lead characteristics to compensate for the phase
lag between exciter input and generator electrical torque.

4. FUZZY LOGIC CONTROLLER

Fuzzy logic is derived from standard Boolean logic and implements soft linguistic variables on
a nonstop range of truth values to be distinct between conventional binary i.e. [0, 1]. It can
frequently be deemed a subset of the conventional set system, Manish and, Ranjeeta, 2013, and
Manish and Ranjeeta, 2012. The fuzzy logic is capable to handle estimated information in a
systematic way and therefore it is suited for controlling non-linear systems and for modeling
complex systems where an inexact model exists or systems where ambiguity or vagueness is
common. It is an advantage to use fuzzy logic in controller design due to the following reasons: -
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A Simpler and faster Methodology .

It reduces the design development cycle .

It simplifies design complexity .

An alternative solution to non-linear control .
Improves the control performance .

e Simpletoimplement .

e  Reduces hardware cost .

4.1 Fuzzy sets

Fuzzy set, as the name implies, is a set without crisp limits. The transition from "belong to
a set” to "not belong to a set” is gradual, and this soft transition is considered by MF. The fuzzy set
philosophy is grounded on fuzzy logic, where a particular object has a degree of membership in a
certain set that may be anywhere in the range of 0 to I. also, the standard set theory is based on
Boolean logic, where a particular object or variable is either a member of a given set (1ogic I), or it
is not (Logic 0) .

4.2 Membership functions

There are several types of membership functions such as (triangular, Gaussian and
Trapezoidal) in this paper the triangular membership function is chosen to represent the input signal
(speed deviation and accelerating) and the output signal which is the stabilizing voltage.

4.3 Fuzzy Systems

The fuzzy inference system or fuzzy system is a popular computing framework based on the concept
of fuzzy set theory, fuzzy if-then rules, and fuzzy reasoning. The fuzzy inference system basically
consists of a formulation of the mapping from a given input set to an output set using FL as
illustrated in Fig.7. The charting process provides the basis from which the inference or conclusion
can be made. The basic structure of fuzzy inference system consists of three conceptual
components: a rule base, which contains a selection of fuzzy rules; a database, which defines the
membership functions used in the fuzzy rules; and a reasoning mechanism which performs the
inference procedure upon the rules and given facts to derive a reasonable output or conclusion. The
fuzzy logic controller comprises 4 principal components: fuzzification interface, knowledge base,
decision making logic, and defuzzification interface.

e  Fuzzification: In fuzzification, the values of input variables are measured i.e. it converts the
input data into suitable linguistic values .

o Knowledgebase: The knowledge base consists of a database and linguistic control rule
base. The database provides the necessary definitions, which are used to define the linguistic
control rules and fuzzy data manipulation in an FLC. The rule base characterizes the control
policy of domain experts by means of a set of linguistic control rules .

e Decision-making logic: The decision making logic has the capability of stimulating human
decision making based on fuzzy concepts .

e  Defuzzification: The defuzzification performs scale mapping, which converts the range of
values of output variables into the corresponding universe of discourse. If the output from
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the defuzzifier is a control action for a process, then the system is a non-fuzzy logic decision
system. There are different techniques for defuzzification such as maximum method, height
method, centroid method etc .

The basic inference process consists of the following five steps :
1. Step 1: Fuzzification of input variables

2. Step2: Application of fuzzy operator (AND, OR, NOT) in the IF (antecedent) part of the
rule

3. Step3: Implication from the antecedent to the consequent THEN part of the rule
4. Step4: Aggregation of the consequents across the rules
5. Step5: Defuzzification.

4.4 Input/output Variables

The design starts with assigning the mapped variables inputs/output of the fuzzy logic
controller (FLC). The first input variable to the FLC is the generator speed deviation and the second
is acceleration. The output variable to the FLC is the voltage. After choosing proper variables as
input and output of the fuzzy controller, it is required to decide on the linguistic variables. These
variables transform the numerical values of the input of the fuzzy controller to fuzzy quantities. The
number of linguistic variables describing the fuzzy subsets of a variable varies according to the
application. Here seven linguistic variables for each of the input and output variables are used to
describe them. Table 1 shows the membership functions for fuzzy variables. The membership
function maps the crisp values into fuzzy variables. The triangular membership functions are used to
define the degree of membership. Here for each input variable, seven labels are defined namely, NB,
NM, NS, ZE, PS, PM, and PB. Each subset is associated with a triangular membership function to
form a set of seven membership functions for each fuzzy variable .
Triangular membership functions are used to define the degree of membership. Here for each input
variable, seven labels are defined namely, NB, NM, NS, ZE, PS, PM, and PB. Each subset is
associated with a triangular membership function to form a set of seven membership functions for
each fuzzy variable, Sirwan, et al., 2012, Slimane and Djilani, 2013.

5. SIMULATION AND RESULTS

The presentation of SMIB system has been studied (1) no Excitation System. (2) Excitation System.
(3) Conventional PSS (lead-lag) and (4) FLPSS. Schematic Models of SYNCHRONOUS
MACHINE., Excitation System and CPSS are presented .

5.1. Performance with constant field voltage

The model used in the Simulink to study the response of the system with constant field voltage is
illustrated in Fig. 8. In this illustration, the dynamic features are represented in terms of K constant.
The values of K constant are calculated via parameters are: -

K1 =0.7635, K2 =0.8643, K3 =0.3230, K4 =1.4188. Fig. 9 shows the system response for a 5%
change in mechanical input with constant field only.
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5.2 Performance with Excitation System only

The standard IEEE type ST1A excitation system model has been considered for the study and
integrated it with the single machine infinite bus system. Correspondingly, the Simulink model is
i1lustrated in Fig. 10. The excitation system parameters are taken as K = 200 and TR = 0.02. The
values of ‘K’ constants calculated using above parameters: K1=0.7635, K2=0.8643, K3=0.3230,
K4=1.4188, K5 =-0.1462, K6=0.4166 .

The system behavior for a 5% variation in mechanical input with +ve K5 is illustrated in Fig. 11.

Whereas, the system reaction for a 5% variation in mechanical input with -ve K5 is illustrated in
Fig. 12.

5.3 Performance with Conventional PSS lead-1lag

The simulink model of lead-lag power system stabilizer is illustrated in Fig. 13. The
deviation of angular position and angular speed with time for 0.05 pu increase in torque for -ve and
+ve value of K5 are illustrated in Fig.14 and Fig. 15 respectively. The system is coming out to be
stable in both the cases; however, the transients are more with negative K5 whereas the higher
angular position is attained with +ve K5. The external network impedance RE + jXE and operating
condition can determine the value of K5 positive or negative. The value of K5 has a major influence
of the AVR on the damping of system oscillations. With +ve K5, the effect of the AVR is to
present a -ve synchronizing torque and a +ve damping torque component. The constant K5 is +ve
for low values of external system reactance and low generator outputs. With K5 -ve, the AVR
action introduces a +ve synchronizing torque component and a -ve damping torque component. This
effect is more pronounced as the exciter reaction rises .

5.4 Performance with Fuzzy Logic Based PSS

The Model used in Simulink/Matlab to analyze the effect of fuzzy logic controller in damping
small signal oscillations when implemented on single machine infinite bus system is illustrated
below in Fig.16 . As illustrated in Fig. 16, the fuzzy logic controller block consists of fuzzy
logic Block and scaling factors . The input scaling factors are two, one for each input and one
scaling factor for output which determines the extent to which controlling effect is produced by the
controller. The performance of fuzzy logic controller is studied for the scaling factors having the
values as Kin1=1.6, Kin2=29.56, Kout=1.06.

5.4.1 Mamdani Fuzzy Inference System (MFIS)

Fuzzy logic block is prepared using FIS file in Matlab (R2015a) and the basic structure of this FIS
editor file as illustrated in Fig.17. This is executed using following FIS (Fuzzy Inference System)
properties :

And Method: Min

Or Method: Max
Implication: Min
Aggregation: Max
Defuzzification: centroid
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Table 2 shows the speed deviation and acceleration rule base for fuzzy logic controller. For the
above FIS system, Mamdani type of rule-base model is used result of which gets the output in
fuzzified form . Exact output is generated by the Normal System which uses a defuzzification
procedure to change the inferred possibility distribution of an output variable to a representative
Precise Value. In the above given Fuzzy Inference System, this work is done using centroid
Defuzzification Principle Technique. In this system, minimum implication together with the
maximum aggregation operator is used.

5.4.2 Sugeno Fuzzy Interface System (SFIS)

This section reviews the performance of Sugeno FIS(SFIS). It is comparable to the Mamdani FIS
(MFIS) in several respects. The first two parts of the fuzzy interface process, are exactly identical.
One of the significant differences between Mamdani FIS and suggeno FIS is that the SFIS output
MFs are either constant or linear.

It can be illustrated from Fig.18 that the torque variation response has a quite oscillation (about 2%
with respect to steady state value) and a slow response for the angular position (it takes about 3 sec).
for a -ve value of K5 it can be obtained that the angular position has 0.05 p.u steady state and with
an overshoot of 2% for torque variation response. However, the angular position reaches its rated
within 1 sec.

A smooth increasing in both angular position and torque variation responses that reaching
steady state within 1 sec for +ve K5 suggeno FLPSS as illustrated in Fig. 21. An overshoot is
produced in both the angular position (2%) and torque variation (1.65%) when K5 is -ve as
illustrated in Fig. 19.

In the Fig. 22, a comparison between the angular speed in case of Mamdani memberships
and suggeno membership and it is observed that the oscillation of angular speed response is high for
suggeno membership. Fig.23 shows a Comparison of angular position with CPSS and FLPSS when
K5 is +ve while Fig. 24 illustrates a comparison of angular position with CPSS and FLPSS when
K5 is negative. Figs. 25 and 26 show a comparison of angular speed with CPSS and FLPSS when
+ve K5 and negative K5 respectively.

6. CONCLUSIONS

The effectiveness of PSS in damping low-frequency oscillation is studied. Speed deviation and
acceleration are considered as an input signal to the fuzzy controller and the voltage as an output
signal. FLPSS have excellent performance compare to CPSSS with respect to settling time and
damping effect.Thus, it can be concluded that the presentation of FLPSS is better than
conventional PSS. However, the selection of membership is the very important to effect on
damping oscillation .
The simulation results are five percent change in mechanical torque. It can be observed that with
fuzzy logic the rise time and the settling time of the system is reduced. The system becomes
steady state faster with FLPSS rather than with CPSS for -ve K5 value. While with the +ve value of
K5, the slow response (overdamped response) characteristic is resulted and the settling time
remains largely unaffected. The step response characteristics for angular position for both lead-lag
PSS and FLPSS are compared for -ve and +ve values of K5.
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From relative plots it can be retrieved that oscillations in angular speed reduce much

faster with fuzzy logic power system stabilizer than with CPSS for both the cases (K5 +ve and -
ve). Thus, from the above results it is cleared that the FLC doesn’t need for hard mathematical
calculations and its performance is better than CPSS.
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8. LIST OF SYMBOLS

K
K

s = Synchronizing torque coefficient in pu torque/rad
o ~ Damping torque coefficient in pu torque/pu speed deviation

H = Inertia constant in MW. s‘fMVA

A

©r =Speed deviation in p

y = (@ —a,)] o,

AS = Rotor angle deviation in elect.rad
S = Laplace operator

®o = Rated speed in elect.rad/s=

2ty 314 for a 50 Hz system

FIS = Fuzzy Interference System

PSS= Power System Stabilizer

FLPSS= fuzzy logic power system stabilizer
CPSS= conventional power system stabilizer
SMIB= Single Machine Infinite Bus
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Figure 1. equivalent circuit of Synchronous Machine connected to infinite bus, Kundor P. ,1994.

Figure 2. Classical model of generator.
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Figure 3. Block diagram of single machine infinite bus system with classical model.
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Figure 6. Block diagram of conventional PSS.
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Figure 7. Fuzzy logic system.

Table 1. Membership functions for fuzzy variables.

NB | NEGATIVE BIG

NM | NEGATIVE MEDIUM
NS | NEGATIVE SMALL
ZE | ZERO

PS | POSITIVE SMALL
PM | POSITIVE MEDIUM
PB | POSITIVE BIG
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Figure 8. Simulink model for simulation of single machine infinite bus System with constant field
voltage.
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Figure 10. Simulink model for simulation of single machine infinite bus system with AVR only.
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Figure 11. System response for a 5% change in mechanical input with K5 positive.
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Figure 12. System response for a 5% change in mechanical input with K5 negative.
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Figure 14. Variation of angular speed and angular position and torque when PSS (lead-lag) is
applied with K5 positive.
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Figure 15. Variation of angular speed, angular position and torque when PSS (lead-lag) is applied
with K5 negative.
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Figure 16. Simulink model with fuzzy logic based PSS.
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Figure 17. Mamdani Fuzzy Inference System.

Table 2. Rule Base for Fuzzy Logic Controller.

Speed Acceleration

Deviation  "QR TGN NS [ZE [ PS | PM | PB
NB NB | NB | NB | NB | NM | NM | NS
NM NB | NM | NM | NM | NS | NS | ZE
NS NM | NM | NS | NS |ZE | ZE | PS
ZE NM | NS | NS | ZE | PS | PS | PM
PS NS |ZE | ZE | PS |PS | PM | PM
PM ZE | PS |PS |PM | PM | PM | PB
PB PS |PM | PM | PB | PB | PB | PB
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Figure 18. FLPSS with 5% mechanical changes when K5 is positive Mamdani interference.
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Figure 19. FLPSS with 5% mechanical changes when K5 is negative mamdani interference.
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Figure 20. FLPSS with 5% mechanical changes when +K5 is SUGGENO membership.
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Figure 21. FLPSS with 5% mechanical changes when -K5 is SUGGENO membership.
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Figure 22. Angular speed for mamdani and suggeno membership function comparison.
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Figure 23. Comparison of angular position with CPSS & FLPSS when K5 is positive.
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Figure 26. Comparison of angular speed with CPSS & FLPSS when K5 is negative.
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