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ABSTRACT

In this work, Neuro-Fuzzy Technique has been used for developing an
algorithm for protection and monitoring of synchronous generator. The developed
scheme consists of two parts; these are (1) Simulation of various operating
states of synchronous generator and (2) Fault detection using neuro-fuzzy
technique. In first part various operating states, namely, normal operating state,
internal fault and external fault state of synchronous generator have been
simulated. Modelling of generator has been done in terms of phase quantities.
The fault detection part uses current samples from the line-side and neutral-end
in addition to the samples from field current. Neural Network is used for detecting
operating state and Fuzzy logic is for final decision making to issue a trip signal.

Using this developed software application, various operating states of
synchronous generator connected to -infinite ‘bus can be simulated and a trip

signal can be issued in case of short circuit faults in stator winding.
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NOMENCLATURE

General
X ' = state variable,
p = d/dt (derivative operator).

For Synchronous Machine

m = stator phase, _ ’
im . = instantaneous currents in phase winding m,
em = instantaneous voltages of phase winding m,
Ym = instantaneous flux linkage in phase winding m,
Rm = resistance of phase winding m,
L = self-inductance of phase winding m, .
Mmn = mutual-inductances between stator windings of phase m and n,
Mt = mutual inductanc;es between m and d-axis field windings,
Mmkg - = mutual inductances between m and d-axis damper windings,
Mmkq = mutual inductances between m and g-axis damper windings,
L; : = self-inductance of field winding,
Leg @and Lyq = self-inductances of amortisseurlwind?ngs.
Lg '_ = direct axis synchronous inductance.-. A
Lq = quadrature axis synchronous inducténce',
L'y = direct axis transient inductance, |
L' = quadrature axis transient inductance,
L'y = direct axis sub-transient inductance,
L' = quadrature axis sub-transient inductance,
' - = direct axis transient open circuit time constant,
T = quadrature axis transient open circuit time constant,
T 40 = direct axis sub-transient opén circuit time constant,
T 0 = quadrature axis sub-transient open circuit time constant,
Tetect = electrical torque,
Tmech = mechanical torque,
Wbase = base speed,
Ws = synchronous speed,
fs . ] = frequency,
H = inertia constant,
Ko = damping constant.



A = number of parallel path per phase,

Transmission Line

Riine = transtnission line resistance,

Liire = transmission line inductance,
Xiine = transmission line reactance.
Subscripts

ab,c = phase variables,

p.m.nz,rs - = parts of faulty phases,

f = field winding variables,

kd and kq = damper winding variables.
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_Chapter-1
INTRODUCTION

The generator_being the core of an electrical power system, its protection-
assumes great significance. A fault on, or abnormal operation of, a large generator m‘ay_'
seriously affect the operation of the power system to which it is connected in addition to
damaging itself. A large variety of faults can occur on the generator, which callis for
diverse means of prot.ec‘tion._‘ln general, the amount and type of protection to be used
for any power system element is governed by economics and importance of that
elernent to the power system. From both considerations, the best protective means, in
terms of the speed, sensitivity and selectivity, should be chosen for large generators.

- Some deficiencies and problems have been experienced by the protection
engineeré with th.e‘ protective relays. Use of digital computers seems to have a great..
potential in improving the performance of proteétive system in addition to overcoming

many of the identified deficiencies and problems.

1.1 STATEMENT OF PROBLEM .
The main objective of this work is to explore use of Artificial Neural Network and
Fuzzy Logic for improvement of protection and monitoring of generator. The protective
function selected for this purpose is the differential protection, which protects‘ generator
stator winding on short circuits, which may be conside.red as the sev’erest type of fault.
Presence of dc and harmonics in relaying signals, specially during faults,
adversely affects the sensitivity and selectivity of protective relays. The use of
computers to implement a relaying funlctién can help to overcome: this problem. In this
work a relay algorithrn based on artificial neural network and fuzzy logic has been

presented to detect differe_nt operating states of synchronous generator.

1.2 OVERVIEW OF PRESENT WORK
Differential protection, using electromechanical and solid state relays, is the most
common method used for stator winding protection. However, the rapid advances in
digital technology enabled researchers and designers’ to make significant piogress in
developing computer based protection algorithms. In this dissertation work, an algorithm
based on Neuro-Fuzzy Technique has been developed for protection of stator or
1



armature winding of synchronous generator. Protéct’ive function selected for this
purpose is the differential protection, which pro’te'?cts generator stator winding on short‘
circuits, which may be considered as the severest type of fault. The developed scheme
consists of two parts; these are:

(1) Detection of internal fault using neuro-fuzzy teqhnique, and

(2) Simulation of various operating states of synchronous generator

1.2.1 Fault Detection using Neuro-Fuzzy Teéhniq‘ue ‘ \

. Feed Forward Neural Network (FNN) ‘and'F'uzzy Logic based this part is used to
discriminate between three generator states, nah;e‘ly— the normal cperating state, internal
fault state, and external fault state. In the event 6f internal fault a trip signal is issued.

Inputs to this part are the current s'amlples from the line side and neutral end. In
addition.fo the samples of phase currents, samples of field winding current are also
given as input. The presence of second harmonic in the field current, during -a fault, is
the indication of existence of an abnormality. And thus, samples of field current help in’
differentiating between the three operating states. Current patterns used to train the
FNN are obtained by simulating normél operating state at different loading conditions
and different types of internal and external faults. The performance of the protection
schéme is tested using a set of independent test patterns.

Training algorithm used to train the FNN is the Back Propagation algorithm with
momentum rate and édaptiVe learning rate. Weight modification is based ron, Steepest
Descent method. FNN is used to differentiate between the three operating states of
génerator and final decision to issue tfip signal is made by a method based on Fuzzy

Logic.

1.2.2 Siﬁulation of Various Operating States . ,
| -In this section, the current batterns r'eduired' to train the feed forward néural
network as illustrated in previous secti;)n are obtained by simulating varjdus operating
states of generators; these are: | |
(1) Normal operating state
- (2) Internal fault state '
(3) External fault state



The model of synchronous generator considered for simulation consists of a multi
parallel path synchronous generator connected to infinite bus through a short
transmission line and both the generator and infinite-bus neutrals are grounded through -

resistances as shown in Fig. 1.2.1.

a Rt Lt

¢ Infinite Bus
c =AM A -
Rg1

Rg2 g
. Synchronous Transmission
Generator Line

Fig. 1.2.1 System Representation of the Simulated Model

Using this model normal operating state of generator has been simulated at different
power levels and at different power factors.

“ An internal fault in the arfnature winding of synchrohous generator occurs due to
the breakdown of winding insulation. Same model has been used to simulate internal
- short circuit faults in the armature winding at different locations along the winding and at
different power levels. lntérnél faults considered in this work are LG, LLG, LL type short
circuits. External faults along the transmission liné have also been simulated with the
help of same model. ' |

1.3 LITERATURE REVIEW

There is a. wealth of Iiteratu’re available in the field of synchronous generator
- protection using differential protection scheme. Differential protection, using
electromechanical and solid state relays, is the most common method used for stator
winding protection.

Present literature sufvey covers two aspects; one for protection of synchronous
generator and other for the modelling of generators under various operating states.



1.3.1 Protection of Generator

. The paper [1] by M. S. Sachdev and D. Wlnd presents a real time hybrld analog-
digital, computer technique for differential protection of generators. The fault/no fault
decisions are based on the amplitude ratio of the fault and average through currents
from a selected generator phase. Typical examples of internal and external faults in
three phase generator have been presented.

In the paper [2] by G.S. Hope, P.K. Dash and O.P. Mallk an online digital
computer technique, based on differential protectlon of synchronous generator, for fauit
detection and tripping well within half a cycle and for discriminating between internal
and external faults has been presented. |

A method which uses field winding current to detect fault is described in the
paper [3] presented by P.K. Dash, O.P. Malik, and G.S. Hope.

Paper [4] by A.l. Megahed, and O.P. Malik presents a method which uses ANN
technlque for the protection of synchronous generator stator winding. Currents from line
side and neutral end of generator along with the field currents are used for fault
detection. | '

Use of an ANN based single layer p‘ercep,tion and two layer feed forward based
detection schemes to detect loss of trahsient stability, loss of excitation and fault type
has been described in paper [5] by A.M. Sharaf, T.T. Lie. |

A digital technique that uses voltages and eurrents at the generator terminals to -
differentiate between internal and external fault is given in [6] by T. S. Sidhu, B. Sunga,
M. S. Sachdev. | |

In paber [7) by T. S .S’idhu et al a FNN based scheme for fault direction
discrimination in case of transmission lines has been pfoposed.

The paper [8] by Andrzej Wiszaieski and Bogdan Kasztenny presents a multi-
criteria algorithm based on fuzzy sets for deciSion- makihg to design a digital relay

scheme for pri'mary protection of transformers.

1.3.2.Modelling of Generator

Paper [10] by A.l. Megahed and O.P. Mank presents a method for for samulatmg
internal faults in synchronous generators using direct phase quantltles. Method. for
calculating inductances of faulty winding of generator has also been described.



~ The reference [12] by P. Kuhdur describes | the development of detailed
mathematical model of synchronous machine and briefly reviews its steady state and -
transient performance chafacteristics. It defines the derived parameters of synchronous
machine that are directly related to observed behaviour under suitable test conditions
and develops their relationships to the fundamental parameters. The simplifications
required for the repres'entation.of the synChronous machine in stability studies are also
. discussed. | ‘ , | |
In reference [13] by P. M. Anderson and A. A. Fouad, a mathematical model for a
synchronous machine has been developed for stability studies. Two models have been
developed, one Ausing the currents as state variables and another using the flux
linkages. Simplified models, which are often used'for stability studies have also been
discussed. It also covers some practical considerations in the use of the mathematical
model of synchronous machines in stability studies. Amo.ng these considerations are
the determination of initial conditions, determination of the pérametérs of the machine

from available data and construction of simulation models-for the machine.

1.4 DISSERTATION LAYOUT ,

. This thesis is orgénized in six chapteré and the work included in each chapter
has been briefly outlined here as follows: |
The present chapter-1 introduces the concept used in this work for protection of
generator and model used for simulating various operating conditions of generator. Brief
literature survey on the modelling concept of various operating conditions of generator’
and application of artificial neural network and fuzzy logic is also presented.
Chapter-2 deals with-the block diagrams, circuit model, and/or mathematical equations
for simulating normal operating state of generator, internal faults, and external faults. ‘
The chapter-3 describes the structure of artificial neural network and use of fuzzy logic
for détecting faulty operation and decision making for issuing trip signal.
The chapter-4 briefly describes the algorithm developed for fault simulation and fault
detection. | | ”
The chapter-S‘ includes the results obtained and discussions on results.
- Chapter-6 concludes the work with limitations and scope for future work.



Chapter-2
MODELLING OF GENERATOR

In this chapter, the modelling of synchronous generator and necessary equations

representing its behaviour during different operating conditions have been presented.

2.1' NORMAL OPERATION

Synchronous generators form the principal source of electrical energy in
power systems. Power system stability problem is largely one of keeping
interconnected synchronous machines in synchronism. | ,

The magnetic circuits and all rotor windings are symmetrical with respect
to both polar and inter-polar axis. Therefore, for the purpose of identifying
synchronous machine characteristics, two axes are defrned - -
1. The direct (d) axis, centred magnetically in the centre of the North Pole,

2. The quadrature (q) axis, 90° (electncal) ahead of the d-axis.
The position of the rotor relative to the stator is measured by the angle 9 between
the d-axis and the magnetic axis of the phase a winding.
In developing the equations. of a synchronous machine, the following
assumptions are made:- -
a. The stator wmdrngs are sinusoidally distributed along the air-gap as far as
the mutual effects with the rotor are concerned,
b.  The stator slots cause no appreciable variation in the rotor inductances
with rotor position, |
C. Magnetic hysteresis is negligible,
d. Magnetic saturation effects are negligible. ‘

| Fig. 2.1.1 shows tne circuits involved in the analysis of a synchronous
machine. The stator circuits consist of 3-¢ armature windings carrying alternating
currents. The rotor circuits comprise field and amortisseur windings. The field
winding is connected to a source of direct current. For the purpose of analysis,
the currents in the amortisseur may be assumed to flow in two sets of closed

circuits. One whose flux is in line with that of the field winding, along the d-axis,
6



and the other whose flux is at right angle to'the field axis or along the q-axis. In

fig. 2.1.1, for simplicity only one amortisseur circuit is assumed in each axis. |

d-axis
=’b4 b
\¥b
e‘;\ _83
axis of Y ia 5
phase a «—
" Va
Wc/
/ec
i
» '04 c

Rotor ’ Stator

Fig. 2.1.1 Stator and Rotor Circuits of a Syn-chron0us Machine

In fig. 2.1.1, 6 is defined as the angle by which the d-axis leads the axis of phase
a winding in the direction of rotation. Since the rotor is rotating with respect tq the stator,
ahgle 8 is continuously increasing and is related to the rotor angular velocity, cbr and
tihe, t as follows,
0=ort ‘

Writing equations of the cSupIed circuits identified in fig. 2.1.1 can develop the
electrical performance equations of a synchronous machine. Here we use the genefator
con\}ention for polarities so that the positive dire_ciion_ of a stator winding current is
assumed to be out of the machine. The positive direction of field and amortisseur
currents is assumed to be into the machine. |

Thé voltage equations of stator and rotor circuits are:



Fo r 7 r I

ea]l [wa][-Ra 0 0 0 0 0 i

ep Vb 0 -Rg 0 0 0 0 (i

ec | | ve 0 0 -Rg 0 0 0 (i

eg| Tlwid|T] 0 0 0 Rg 0 0 |ifg (2.1.1)
0 Wkd 0 0 0 0 Rkd O |lixd

| 0] |wkq| | O 0 0 0 0 Rkq||kq|

The flux-linkages with stator and rotor windings at any instant t are given by:-
ya] [la Mab Mac Mafq Makd Makq|[i, |
Vb Mba Lb Mbc Mbfd Mbkd Mokq || ib
Ve Mca Mcb Lec  Mcfd Mckd Mckq _iC | (2.1.2)
¥fd | |Mfda Mfdb Mide Lf Mmd 0 || 'fd
Vkd | |Mkda Mkdb Mkde Mkfd Lkd 0 ||'kd
L Vkq | Lqua Mkgb Mkqc 0. 0 Lkq | 'kq |

All indUctances are functions of the rotor position, 8 and thus time varying.

(A) Stator self-inductances »

' The stator self-inductance is directly proportidn_al to the permeance, which has a
second harmonic variation. The self—inductance, La of phase a including leakage flux is
given by: | o |
Lg =Lao +Lgazc0s26
where,

Lao +Lga2 = Maximum self-inductance of stator windings,
Lap —Lga2 = Minimum self-inductance of stator windings.
" Since the windings of phases b and ¢ are identical to that of phase a and are displaced

from it by 120° and 240° respectively, so,

Lb = Lao + Lgaz CcOoSs 2(9 “2—375') LC = Lao +Lga2 0052(6 + %) (21 3)

(B) Stator mutual inducfances
The mutual inductance between any two-stator windings also exhibits a second

harmonic variation because of the rotor shape. There is a very small amount of mutual



flux around the ends of the windings, which does not cross the air-gap. With this flux

included, the mutual inductance between phases a and b can be written as: -
2n
Mab =Mpa =Mapo +Lga2 cos| 20-—

‘where,

- Mabo +Lga2 = Maximum mutual inductance between stator windings,
Mabo —Lgéz = Minimum mutual inductance between stator windings.

Similarly,

Mb.c'= Mcb =Mabo +Lga2 cos(26)

(C) Mutual Inductance between stator and rotor windings _

With the variations in air-gap due to stator slots neglected, rotor circuits see a
constant permeance. So, the variation in mutual inductance is due tb relative motion
between the Windings themselves, With a sinusoidal distributibn of mmf and flux waves,
mutual inductance between stator phase a winding and rotor windings can be given as:-
‘Maf =Mg =Mgf cos 0
Makd =Mkda =Maf cos@

Makq = Mkga = -Maqsin® o o (2.1.5)

For considering the mutual inductance between phases b and ¢ and the rotor circuits, 8

is replaced by 6—% and 0 +% respectively. -

(D) Self and Mu‘tual Inductances for rotor windings

The rotor circuits see constant permeance because of the cylindrical structure of
the stator. Therefore, the 'self-inductances of rotor circuits and mutual inductances
between each other do not vary wit-h rotor position. |



2.2 INTERNAL FAULTS

Along with the development of electrical power industry, the protection of
synchronous generatdr with several parallel paths becomes more important. The
internal short circuit current for the generator may be several times larger than its
terminal short éircuit current. This strong current could éause severe heating and
.mechanicél damage. Hence an accurate method for calculating the internal fault
currents is l"equiredv for adequate generatof protection. A simulation model of system

has been shown in Fig. 2.2.0 for th‘is purpose.

Lt
a e B AVAVAY !

Infinite Bus

g Rg1 e —— Rg2

Synchronous Transmission
Generator Line

Fig. 2.2.0 Simulation Model

This model consists of a multi-parallel path synchronous generator connected to

infinite bus through a short transmission -line. Both the generator and infinite bus

neutrals are grounded through resisfances Ryt and Rg2 respectively.

2.2.1 Simulation of LG Fault
A schematic represéntation of synchronous machine with two damper coils (one
along d-axis and other along g-axis) during an internal single phase to ground fault in
phase a, is shown in Fig. 2.2.1. it is assumed that the armature winding of synchronous'
machlne consisting of ‘A’ number of parallel paths per phase and |t is tapped at a
certaln point on one of the paraliel paths of phase a. The tapped parallel path is divided
in two parts; one path is adjacent to neutral point (m winding) and other adjacent to-
machine terminal (n winding). The remaining ‘A-1' paralle} paths are lumped into one

equivalent winding (p winding) [10].

10



A A
O
® o

Rotor Stator

Fig. 2.2.1 Schematic Representation of Synchronous Machine during LG Fault

(1) Modelling of Generator during LG Fault
In direct phase quantities, the performance of synchronous generator, during an
internal single phase to ground fault, connected to an infinite busbar through a short

transmission line, as.in Fig. 2.2.2, can be described by the following equations (111, [13]:

—ep7 —\yp-q _—Rp 0 0 0 0 0 0 OTiDT
em vnl | 0O -Rp 0 0 0 0 0 0 |in
en| |lwal |0 0 Ry, 0 0.0 0 0 |i

| ep -p Vb |, 0 0 | 0c R, 0 0 0 0 |i
ec wel |0 0 0 0 Rz 0 0 0 |i
ef | | vf 0 0 0 0 0 R 0 0 |i
ekd Wkd 0 0 0 0 0 0 Rkd O | kg

_ékq_ (Wkq| | O 0- 0 0 0 0 0 Rkqjikq
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And the flux linkage relationships during the fault are given as:

ol | P Mem o Mpn Mpb Mo Mot Mpkd Mok | g
. Mmp Lm  Mmn Mmb Mmc Mmf Mmkd Mmkq
Win Mip Mim  Ln Map Mne Mnf Mpkd  Mhkg
Vb Mbp Mom Mpn Lp  Mpc Mpf Mopkd Mokq || ip
Ve Mcp Mecm  Men Mcp Le Mcf  Mckd  Mckq || ic
W Mip  Mm Min M Mg Lf Mg O [ f

Vkd | IMkdp Mkdm Mkdn Mkdb Mkde Mkdf Lkd 0 |/kd

v/ Kk
L Vka Mkgp Mkgm Mkgn Mkgb Mkge O 0 Lkg |- ql
(2.2.2)
—i —> Q)
m n
P_= Rt Lt
_,ip —AN
neut-alw Rt
_'i' AMA— Y —
b
¢ Rt infinite Bus
YTYT Y O\LL AN ——
_—_-.i
Rg1 </ '
' Synchronous Transmission
Generator Line

Fig. 2.2.2 System Representation during LG Fault

During an internal phase to ground fault, the machine terminal voltages can be written
from Fig. 2.2.2

12



: .. (dip dig
ep. = Epus sin(ot) +Rt(ip +in) +Lt F+F +Rg1(lp+lm+Ib+lc)+R92(lp+ln+lb+lC)

em =Rgi (ip +im +ib +ic )

en =9p -

jel

eb =Epus sin(wt-%’fjmt(ib)ut (iti’)mm (ip +im +ib +ic ) +Rg2 (ip +in +ip +ic)

d
ec =Ebussin(muﬁjmt(ic)ut(%)+Rg1(ip+im +ip +ic ) +Rg2 (ip +in +ib +ic )
3 dt : ‘
' (2.2.3)
(2) Inductance of Faulty Phase
The inductance matrix of equation (2.2.2) can be viewed as having two parts, a
healthy part and a faulty part. The healthy part is associated with the self and mutual
| inductances of the healthy phases (i.e. b, c, f, kd, kq). The fault part is associated with
the self and mutual inductances of different parts of faulty phase a (i.e.:p, m, n). The
inductances of faulty part need some modification from the normal values [10], [11].

The fault current in a short circuited part of the armature winding produces a
magnetic flux with relatively stronger harmonics. Consequently, the differential leakage
is relatively high for a small part of one parallel path of armature winding. Therefore, the
ratio of leakage indu.cténce of one part to the whole winding is not proportional to the
ratio between the squared effective numbers of turns of the corresponding windings.
However, the main inductance is proportional to effective number of turns of
corresponding winding. -
i"l=(N_m]2 | (2.2.4)

Lga \N .

Where, Lgm and Lga are the main inductances of m and a winding respectively, and

Nm and N are the number of turns of m and a winding respectively. Hence self

inductance of m winding is:

Where, . A

13



Same method can be used to ‘calculate self: ihduétance of n winding. Due to the
distributed nature of the winding of synchronods machine, the faulted parts 6f_the
winding, m, n, have rotor displacement angles different from that of the p winding, Fig.
2.2.1. The displacement angles of windings m and n can be_&:alculated as follows:
Om =8+ 8mo | (2:2.7)

Bh =0+3no

Mutual inductance between any' two faqlty_windihg parts can be calculated as:

Mom =M :(%]Lgm L | - .(2.2.8)

As internal fault does not affect the main inductance c')f,faulted phase, hence the portion
’o'f the flux linking a healthy phase due to the faulted phase, should be the same as

before fault occurrence. Hence
iaMab = |pMpb + ImMmb + inMnb

. A-1). in NmMab i NAM
=> IaMab :(T]]aMab +§_ mNab _}__lar nNab

This gives
Mpb =Mpp =Mab =Mpz :
N ' .
Mmb =Mpm = (—,\rlﬂjMab . _ : (2:2.9)
' N
Mnb =Mpn = (—Nﬂj Mab

Similarly, the self inductance: of winding p can be calculated.

= La = —IL = 4 -
>la-a ( A Jap+A~ Np A Nn

Substituting values of Lgm and Lgn from equation (2.2.6) and fearranging the above
expression results in: |
Lp =La+2 (2.2.1.0:)

Finally, the inductances of all phases can be listed as:

14



Lig
A-1

[Lgmo +Lgmz2 cos(26m )]

Lp = Lao + Lga2 cos 20+

: N
m
N
Mpn = an = m—[l_gno + Lgn2 cos (2en )]
2
Mpb = Mbp = Mabo + Lga2 005(28 —“?ﬂ;)

Mpc = Mcp = Mabo + Lgaz 003(26 + ‘23—TCJ

Mpf =Mfp =Maf cos8

-~ Mpkd =Mkdp =Maf cos8

Mpkq = qup = —Maq sin®

Lm = Lmo + Lgm2 COS(ZGm)

an = Mnm =—:Lgm0 +Lgm2 COS(2emn):|

i 2%
M +L cos| 20 -—
abo tLga2 ( 3 )

Mmc = Mcm =—— Mabo + Lga2 COS(Z@"'%)

N |
Mmkd =Mkdm == {Maf cos o]

N Y
: Mmkq=qum = —l\-lrn-[—Maq sin em:l

Similarly, the inductances of winding n can be calculated.

(2.2.11)

(2.2.12)

Inductances of windings b, e, f, kd, and kq w.ill be same as described in section 2.1. In

the above equations, Lag, Lga2 and Mgpo are the inductance coefficients of healthy

armature winding and

5mo ~ %no

Omn =06+
mn 5
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(3) Swing Equation
The rotor swing equation can be given by [1 2]

dd
o Cbaseh® , | :

' (2.2.14)
dAew _ Tmech — Telect —KDA® , '
.dt - 2H
The formula used for Tgject is

11, dlqq, t,. dlq2. tj | | |
T =——| —i i1 +i11—=i (2.2.15) .
elect 3[211 g 11 tH1—55h2 ( )

Where

H1=[lp Im n b ic]

(22.16) .

2 =[if kd ikq]
And

[ Lp Mpm Mpn Mpp  Mpc |

Mmp Lm Mmn Mmb Mmc
L11=|Map Mam Ln Mnp Mnc

Mop Mom Mbn Lo Mpc

(Mcp Mcm Men Mop Le | . | (2.2"17)_;'

(Mpf Mpkd  Mpkq |
Mmf Mmkd Mmkq
L12 = Mnf Mnkd  Mnkq
Mbf Mbkd Mbkq
| Mef Mekd  Mekq |

The formula given in equation (2.2.15) is based on the fact that an electrical
torque is produced in a machine when a change occurs in the energy stored in its

coupling field Wgqg [11]i.e.

" —dW.
Telect = deﬂd

Equations (2.2.1) to (2.2.3) and (2.2. 14) form the complete model of synchronous
machine during LG fault.

Varlous inductances, as listed in equatlons (2.2. 11) and (2.2.12) are dependent
-on rotor posm.on, which varies with time. Hence the performanpe equations are
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differential equations with variable coefficients. As the speed of generator varies under
transient operating conditions, the performance equations are nonlinear.

Equations (2.2.1) to (2.2.3) can be simplified in the formof simultaneous equations as:

[A.][j_ﬂ +[B][i]+[C] =0

This.can further be simplified as:

{%] _inv[A](~[8][i]-[C)) | | 2.2.18)

As there are total 8 current derivative terms, and two more from equation (2.2.14)
i.e. rotor swing equation, all these 10 equations can be solved with the help of Runge-
Kutta method.

2.2.2 Simulation of LLG Fault

Fig. 2.2.3 shows a synchronous generator having an internal two phase to
greund fault in phases a and b. The faulty path of phase b is divided in two parts; one
path is,'adjacent to neutral point (r winding) and other adjacent to machine terminal (s
winding). The remaining A-1 parallel péths of phase b are lumped into one equivalent

winding (z winding).

(1) Modelling of Generator during LLG Fault

In direct phase quantities, the performance of synchronous generator, during an.
internal double line to ground fault, connected to an infinite busbar through a short
transmission line, as in Fig. 2.2.3, can be described by the following equations: | '
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Yp Rp O 0 0 0 0 0
vm 0 Ry 0 O 0 0 0
n 0o -0 Ry 0O 0O O O
Yz 0 0 0 -R, 0 .0 0
| owr 0 0 0 0. R O 0
Plug!lo 0 0 0 0 -Rg 0
Ve 0 0 0 0 0 0 -Rg
Vi 0 0 0 O 0 0 0
Wkd 0 0 0 0- 0 0 0
Wkq | | 0 0 0 0 0 0 0
7 ‘
~’i,,,%’ I,,n Rt
£ i
neutrall . s ’
% — i
g —; . Infinite Bus
i Synchrenous Transmission .
L Generator Line L

Fig. 2.2.3 System Representation during LLG Fault
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And the flux linkage relationships during the fault are given as:
v ] Lo Mom Mpn Mpz Mpr Mps  Mpc  Mpr Mpkd  Mpkq |-
v Mnp Lm Mmp Mmz Mmr Mms Mmc Mmf Mmkd Mmkq -
Wi Mip Mam  Ln Mnz o My Mns Mpc Mnf Makd Mnkg
vz Mzp Mzm Mzn Lz Mzr Mzg Mze Mz Mgzgd Mzg
Wr Mp Mm Mn Mz L Ms Mc Mt Mygg Mg ||
Vs Msp Msm Msn Msz Mgt Ls  Msc Mst Mskd Mskq | is
Ve | |Mep Mem Men Mgz Mg Mgs Lo Mg Mckd Mekq | e
Vi | My Mfm M Mgz Mg Mg Mg - L Mg O || f
Yl Mdp Midm Mkdn Mkdz Mkdr Mkds Mk Mcaf Lkda O kd

VK ‘
LA (Mkgp Mkgm Mkgn Mkqz Mkgr Mkgs Mkqe 0 0 Lkg
(2.2.20)

During an internal two phase to ground fault, the machine terminal voltages can be

written from Fig. 2.2.3

di
ep = Ebussm(mt)+Rt(|p +|n)+Lt(—‘tl+—dt—]+Rg1(lp +im +iz +ip +'c)+Rg2(p+'n +iz +ig +'c)

em =Rgt(ip +im +iz +ir +ic)

€n =ep

ez—EbusS'”((ﬂt—%—)+Rt(lz+'s)+Lt[dd +dl J+Rg1(p+lm+lz+Ir+IC)+Rg2(p+In+IZ+IS+IC)
t dt

er~Rg1(p+'m+lz+|r+'c) '

eg =€z

2n dic L
ec=EbusS'n(Wt+?)+Rt('c)+Lt(d ]+Rg1(p+lm+lb+lc)+Rgz(p+In +lb+|c)

(2.2.21)

~ (2) Inductance of Faulty Phase
Most of the inductances in this part are same as described in previous section of
LG fault simulation. However, inductances whose calculations are different are listed

here.

NmNr 2n
Mmr =Mm =—"5 [Mabo +Lga2 cos (29mr ——3‘”
. N (2.2.22)

: NmNg 27
Mms = MSm = N2 I:Mabo +Lgaz COS(zemS ——3-)]
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Where,
 Omr =Om +5r0 | (2.2.235
Oms =Bm +8s0 | :
The rotor swing equation will be same as described for simulation of LG fault.
Electrical torque can also be calculated by the same method as described before.
Equations (2.2.21), to (2.2.23) along with the rotor swing equation form the
complete model of synchronous machine during an internal two phase to ground fault.

These equations can be solved with the help of Runge-Kutta method.

~ 2.2.3 Simulation of LL Fauit
Fig. 2.2.4 shows a synchronous generator having an internal line to line fault in .

phases a and b.

p
—lm N Rt Lt

-neutral

Infinite Bus

Synchronous Transmission
= Generator Line -

_% Rot\ e )

Fig. 2.2.4 System Representation during LL Fault
In direct phase quantities, the performance of synchronous jgenerator, during an

internal phase to phase fault, connected to an infinite busbar through a short

transmission line, as in Fig. 2.2.4, can be described by the following equations:
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v Mmp Lm
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Mnp  Mnm

¥n

yr | | Mp  Mm
Vs Msp Msm
Ve Mep  Mem
Vi Mip  Mfm

Ykd| I Migp  Midm
Vkq

ep ] [wp [Rp 0
em ¥m 0

en ¥n 0

€z Yz 0

er _p vrof, 0

€s | | Vs 0

€c v 0

ef vf 0

ed| |Wkd| | O
%q| [Wkq] | O

Mfn

M,

Mér

Mfs

Mt

Lf

Mkdn Mkdz Mkdr Mkds Mkde Mkdf Lkd

~ 7 [Mkgp Mkgm Mkgn Mkgz Mkgr Mkgs Mkqc

0

0 0 0]
0 0 O
0 0 O
0 0 O
0O 0 0
0 0 0
.0 0 0
Rf O 0
0 Rkg ©
0 0 Rgqg
(2.2.24)
Mpkd Mpkq |
Mmkd Mmkq
Mnkd Mnkq
Mzkd  Mzkq
Mrkd Mrkc{
Mskd Mskq
Mckd  Mckq
Mg O
0

0 Lkq
(2.2.25)

During an internal phase to phase fault, the machine terminal voltages can be written

from Fig. 2.2.4

ep =Ebus sin(wt) +Re(ip +in)+Lt [d—?+
. 2n .
ez =Ebus Sln[wt——s—)+Rt(lz + 's)+Lt[

: , 2n ) di C C
ec =Ebus Sln((l)t'i'?)i-Rt(lc)'f‘Lt ("a%)+Rg1 (lp +im t1p +|c)+R92 (lp +in +1lp +Ic.)

di

diy
dt
.Z

di

g
dt  dt
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(2.2.26)



Nn
en=|—1|e
n (N]p
e-&je
r N ya

Ng
ec =| —=|e
‘ [N)
isc—im'*f-in
im =—ir
'in:“‘is

(2.2.27)

(2.2.28)

(2.2.29)

" Inductances in this part are same as used for simulation of LLG fault. The rotor

swing equation will be same as described for simulation of LG fault and electrical torque h

can also be calculated by the same method as des;cribed before. _ |
Equations (2.2.24), to (2.2.29) along with the rotor swing equation form the

complete model of synchronous machine durinig an internal phase to phase fault. These

equations can be solved with the help of Runge-Kutta method.

2.3 EXTERNAL FAULTS
2.3.1 Simulation of External LG Fault
Modei of synchronous machine used for simulation of external single line to

- ground fault in phase a along‘the transmission line is as shown in Fig. 2.3.1.

neutral

3. Rol

Fig. 2.3.1 System Representation durihg External LG Fault

m;

M e S

Synchronous
Generator

Transmission
Line
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In direct phase quantities, fhe performance of synchronous generator, during an
external single phase to ground fault, can be described by the following equations:

The voltage equations of stator and rotor circuits are:

feg] [val[-Ra 0 0 0 0 01
eph Vb 00 Rz O 0 O 0 | ip
ec| |wel |0 0 Ry 0 0 0|
er| |Wid| |0 0 0 Rg 0 0 g 23.1)
0 Vkd| | 0 0 0 0 Rgkg O |ikd
L0 | |¥ka] | 0 0 0 0 0 qu__ikq_
The flux-linkages with stator and rotor windings at any instant tare given by:
"va] [ la Mab Mac Mafid Makd Makq ] i, ]
¥b Mpa Lb  Mbc Mbfd Mbkd Mbkg | b
Ve | | Mea Mep Lc  Mefd Mokd Mokq | e (2.3.2)

Vfd Mida Mfdb Mide Lf Mg O _ifd
Vkd Mkda Mkdb Mkdc Mkfd - Lkd 0 !kd
VK] |Mkga Mkgp Mige O 0 Lq Jlka.

All inductances are functions of the rotor position, 8 and thus time varying.
During an external single phase to ground fault, the machine terminal voltages can be

written from Fig. 2.3.1.

. di o
ez =Rix(ig) +Ltx (F‘{‘-)+Rg1 (la +ip +'c)

en =Epus sin[wtf?g]+ Rt(ip)+Lt (%tt’—} Rgt(ia +ib +ic)+Rg2 (isc1+ib +ic)
ec =Epus sin(wt+%75)+Rt(ic)+Lt (%’%}Rm (la+ib +ic)+Rg2 (isct +ib +ic)

(2.3.3)

‘Assuming that current from infinite bus to fault point is igc1, the voltage equation of the

path of current ig¢q can be written as [14): |

. . di N
0= Epys sin(ot) -Rixip (isc1) - Lxib ( g:” ] ~Rg2(isc1+ib+ic) (2.3.4)

Where,
Rix = Resistance of transmission line up to the fault point, and

23



Ltx = Inductance of transmission line up to the fault point
Rixib = Resistance of transmission line from the faulf point to infinite bus, and
Lixip = Inductance of transmission line from the fault point to infinite bus

Inductances of synchronous machine used here are same as described in
section 2.1, simulation of normal operation. Rotdr swing equations are same as given in
section 2.2.1 and electrical torqué can be calculated with same method as mentioned in
that section. Equations (2.3.1) to (2.3.4) along with the rotor swing equation form the
complete model of synchronous machine‘ during an external single phase to ground

fault. These equations can be solved with the help of Runge-Kutta method.

2.3.2 Simulation of External LLG Fault _
Model of synchronous machine used for simulation of external two phase to
ground fault in phase a and phasé b along the transmission line is as shown in Fig. -

2.3.2.

JUEC—— I
' \ ¢ Rtx Lix Rtxib Lixib

_’
[ AAA Y Y Y

- )

neutral

¢ Isc2

Infinite Bus

%
iy L
N Rtx Ltx Rixib Lixib.
b —
m:

. Rg2 -
Synchronous Transmission
Generator Line

Rg1

Fig. 2.3.2 System Representation durihg External LLG Fault
During ‘an external two phase to ground fault along the transmission 'linevvoltage and
flux linkage relationship of synchronous machine will remain same as given in section

2.3.1. Only terminal voltage equations will change. These equations can be written from
Fig. 2.3.2. ' -
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dig

eg = Rtx(la)+th( " )+Rg1(la +ib +ig)
di

ep = Rtxﬂb)”—tx(d?)+Rg1('a+'b+'c)

2n dic
ec =Epus sm(wt+?)+ Rt('c)“—t( ot )+Rg1 (ia +ip +i¢) +Rg2 (isct +'sc2 +'c)
(2.3.5)

The voltage equation of the path of current igeq and igg2 can be written as:

. , - dig
0 =Epys sin(ot) -Rixib (isc1) ~ LtXIb( dt1) Rg2 (isc1+isc2 +ic) .
(2.3.6)

2n dig
0= Ebussm(mt—'g] Rixib(isc2) - thnb( 2) RgZ('sc1+'302+'c)

dt
Equations (2.3.1) to (2.3.2) and equation (2.3.5) to (2.3.6) along with the rotor swing
equation form the complete model of synchronous machine during an external two.
phase to ground fault. These equations can be solved with the help of Runge-Kutta

method.
2.3.3 :Simulation of External LL Fault

Model of synchronous machine used for simulation of external phase to phase
fault in phase a and phase b along the transmission line is as shown in Fig. 2.3.3.

TN e v Rixib Lixib

—
r— a ANV Y Y Y
neutral ” —ty Y
. - b ANV Y Y Y
a'a'a's
Y _ _Jq Rt Infinite Bus
L ¢ AN E
o
Ryt Synchronous Transmission
Generator "Line

Fig. 2.3.3 System Representation during External LL Fauit

During an external phase to phase fault along the transmission line voltage and flux
linkage relationship of synchronous machine will remain same as given in section 2.3.1.
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Only terminal voltage equations will change. These equations can be written from Fig.
2.3.3. '

. dig o
ea =Rix(ia) +Ltx [d—?]+Rg1 (ig+ip +ic)
. di o
eb=Rtx(lb)+th[d—?)+Rg1(la+lb+|C) : | ,(2'3'7)

. 2n .oy o (di . N
ec =Epus sm(wt+?)+Rt(lc )+Lt (d—(t:J+Rg1 (ia +ip +ic ) +Rg2 (ic)

a=b (2.3.8)
Isc1 =—lsc2 '

The voltage equation of the path of current isg1 and igg2 can be written as:
, PR dist ,

0 = Epuys sin(wt) - Rixib (isc1) ~Lixib (__dStC_‘l) -Rg2(ic) :

' ’ " (2.3.9)

o 2 . ' di .
0=Epus snn(wt “BEJ“ Rtxib(lsc2)-thib( 3?2 j “Rg2(ic)

Equations (2.3.1) to (2.3.2) and equatiori (2.3.7) to (2.3.9) along with the rotor
. swing equation form the complete model of synchronous machine during an external
- phase to phase fault. These equations _can'be solved with the help of Runge-Kutta

method.

2.4 SIMULATION ALGORITHM

In this part a flow chart representing algorithm for modelling synchronous
‘generator under various operating states has been présented. For modelling any
generator details of generator, for example, rating of generator, powér supplying by it,
voltage rating, grounding' resistance, values of inductances etc (Appendix-A) are
required. If fault simulation has to be doné user must input the type of fault to be
simulated. As generator is connected to infinite bus through a short transmission line
load flow is performed to calculate generator .terminal voltage and system initial
conditions. Runge Kutta method has been applied to calculate values of state variables
after each preset time interval. As simulation fimé is over results, three phase currents
at the line-end and at the heutral-end and values of field winding currents are stored in a |

file for further use in fault detection part.
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Chapter-3
NEURO-FUZZY TECHNIQUE

In this chapter use of Artificial Neural Network and Fuzzy Logic for protection and
monitoring of generator has been described. The method of protection selected for this
purpose is the differential protection, which protects gen'erator stator winding on short

circuits. .

~ 3.1 NEURAL NETWORK
3.1.1 The Attificial Neural Network (ANN) A

* An Artificial Neural Network (ANN) is an information-processing paradigm that is
inspired by the way biological nervous systems, such as the brain, process information.
The key element of this paradigm is the novel structure of the information processing
system. It is composed of a large number' of highly interconnected processing elements
(neurons) working in unison to solve specific problems. ANNs cannot be programmed to
p.erform a specific task, they learn by example. An ANN is configured for a specific
application, such as pattern recognition or data classification, thrdugh a learning
process. Neural Networks, with their remarkable ability to derive meéning from
complicated or imprecise data, can be used to extract patterns that are too complex to
be noticed by either humans or other computer techniques. A trained neural network

can be an expert in the category of information it has been given to analyze.

3.1.2 Advantages of ANN

| Neural Networks have self-adapting and super-fast computing features that have
made them well suited for handling nonlinearities, uncertainties and parameter
variations. Some of the advantages of ANN include: - _
1. Adaptive learning: An ability to learn how to do tasks based on the data given for
training or initial experience.

2. Self-Organization: An ANN can create its own organization or representation of the

information it receives during learning time.
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3. Real Time Operation: ANN computations may be carried out in parallel, and special
hardware devices are being designed and manufactured which take 'advantage of this
capability. o |

4. Fault Toleranée via R'edundant Information Coding: Partial destruction of a network
leads to the corresponding degradation of performance. However, some network

capabilities may be retained even with major network damage.

3.1.3 ANN Topology
ANNs generally consist of a number of interconnected processing elements or

neurons. The arrangements and strengths of the inter-neuron connections determine

the overall behaviour of an ANN. A general neuron symbol is shown in Fig. 3.1.1. The

“neuron output is given by the sigmoid fdnction [16), i.e. ‘

A 1

1+ exp(—A-net)

out= f(net) = (3.1.1)

This varies between 0 and 1. - |
R In equation (3.1.1), A>0 c,dntrols the steepnéss of the rise of the function from 0 to 1,
and " -
net=w-2x

Where w is the weight vector defined as:

w=[wq w2 - - wp] ' | (3.1.2)
x is the input vector defined as: |
x=[x1 x2 - xp] ' e (3.1.3)

X1

X2

: out

Xn
Fig. 3.1.1 General Neuron Symbol
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“Architecture of ANNs consists of two structures: feedforward and recurrent.
Feedforward type ANN is popular network and is extensively used in pattern
recognition. It has three layers, the input layer, hidden layer and the output layer Each
layer is connected by feedforward combination branches with weight, from lnput !ayer to
hidden layer and hidden layer to output layer. Generally recurrent type ANN also has
three layers and feedforward connections. In addition to these connections, recurrent
ANN has feedback connection from hidden layer to input layer, output layer to input
layer and so on. Feedback networks are dynamic; their state is changing continuously
until they reach an equilibrium point. ' |

Information is stored in the weight matrix w of a neural network. Learning is the
determination of the weights. ln-adaptive networks, the ANN is trained by changing the
weights w. Adaptive networks have two learning methods: supervised Iearnihg and
unsupervised learning. _Supervisedrlearning incorporates an external- media, so that
each output unit is told what its desired response to input signals ought to be.
Unsupervised learning uses no external media and is based upon local information only. _
Paradigms of supervised learning include error-correction learning, reinforcement
learning and stochastic leaming. Important issue concerning supervised learning is the
problem of error convergence, i.e., the minimizations of error between the desired and
computed unit values. The aim is to determine a set of weights that minimises the error.”
One well-known method; which is common to many learning paradigms, is the least
mean 'square (LMS) convergence. Therefore supervised learning method is commonly

used where we have to minimize the error between desired output and actual output.

Training of ANN is most important part of ANN control. The most commonly used

supervised learning algorithm is back propag'ation algorithm for training ANN.

' 3.1.4 Back Propagation Algorithm _

In order to train a neural network to perform some task, we must adjust the
weights of each unit in such a way that the error between thle desired output and the
actual output is reduced. This process fequires that the neural network compute the
error derivative of the weights. In other words, it must calculate how the error changes
as each weight is increased or decreased slightly. The back propagation algorithm is

the most widely used method for determining the error derivative of the weights.
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- When input vector x is submitted, an output_ vector out is calculated. The error vector-is
then determined as the difference between the desired output vector and the Cbmputed
output vector. The so-called weight matrix adjustment is then found by back propagating
the error vector through the current weight matrices. New weight matrices are found by
adding the weight matrix adjustment to the current weight matrices. After a weight
matrix adjustment, another input vector is submitted, and another weight adjustment is
obtained. This recursive learning procedure stops when the final error value, determined

using the LMS function, is less than an arbitrarily chosen bound.

3.2 STRUCTURE OF ANN FOR FAULT DETECTION
' Structure of ANN used for fault detection is as shown in Fig. 3.2.1. Its function is
to differentiate between three generator states, "namely the normal operating state,‘

internal fault state, and external fault state.

ian(n1)— N
. : ormal
fan(n5)— Operating
lal (n1 )_'_. ’State
ial(n5)—
ipn(n1)-—
ipn(ng)— A
. Internal -
Ioi(ne) = Fault
ipj(n5 )—= State
icn(nt)—
icn(ng ) —
.ICI(m )_—’ External
icl(ng ) — Fault
it (ng) — State
if(ng) =
Input Hidden | Hidden output
Layer Layer#1 Layer#2 . _ Layer

Fig. 3.2.1 Structure of ANN for Fault Detection
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One of the characteristic features of ANNs is the ability to.learn by training any
required input/outpiut mapping, and subsequently respond to- new inpht in the most
appropﬁate manner. The model of ANN. is determined according to network
architecture, transfer function and learning rule. One layer FNNs are used for simple
cases of pattern c!ass_ifiéation, two layer FNNs can be used to classify inside, convex
' andv open or closed fields, but three layer FNNs can generate arbitrary complex decision

regions.

In this work three layer FNN has been used. The structure of this is FNN as.
shown in Fig. 3.2.1. The inputs to the FNN are 7 Currents, each current is being:
represented by five consecutive samples, 3 phase currents from the line side, 3 from‘
the neutral end of generator, and one is the field winding current. Thus there are total 35
(7*5) inputs. The index n in Fig. 3.2.1 is used to indicate the most recent sample of‘each
current. The FNN has three layers, with 18 tan-sigmoid neurons in first hidden layer, 10
tan-sigmoid neurons in second hidden layer and 3 log-sigmoid neurons in the .output.
layer. Each neuron .in output layer is responsible for one operating state of generator, -
Therefbre, depending on the state of the generator being simulated one output is
mapped to a value greater than 0.8 while the others are less than 0.2 [4].

The training algorithm uvsed. is the back propagation algorithm with momentum
and adaptive learning rate. Training set consists of patterns representing different cases
of the three generator states. Normal operation state is rep'resented by tl:1ree phase
balanced operétion of generétor at different loads and power factors. The internal faults
training data consists of various types' of faults, namely LG, LLG, and LL at different
percentages of stator winding. Patterns from different types of external faults (LL, LLG,
and LL) at various locations along the transmission line are also used for training
purpose. Procedure for simulating various operating conditions of generator to produce
different data set has been described in previous chapter. Training is stopped after the
normalized average squared error drops to 0.019 so that the ANN is able to adequately
generalize. This training algorithm has been described in detail with the help of a flow
chart in the following chapter.
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3.3 TRIP LOGIC

The trip logic is designed to mvak'e decisioné regarding the operation of relay to
issué a trip sivgnal,only when it confirms that intern..al fault in generator stator windin'g has
occurred. o } .

Aﬁificial neural networks are difficult to account for and explain their results. If the
outputs of ANN, as déscribéd in preceding section, are in narrow range it is difﬂéult to
make confident decision regarding any partic;ila‘f generator operatibn. To overcome this
difficulty and to prevent maloperation of relay, in case of normal operating condition and
in case of occurrence of external faults, Fuzzy Logic has been used in addition to ANN

‘technique.

3.3.1.Fuzzy Variables |
For developing trip logic outputs of ANN have been used as criteria signals. Thus -

thére are three criteria signals, (as there are three output nodes in ANN structuré) each

representing one operati.ng state of génerato'r, are available. In order to use these

criteria for fault detection, three outputs of ANN are converted into fuzzy variables with

the help of method deécribed in Appendix-B. Five consecutive samples of each output

" heuron are considered for designing corresponding fuzzy membership functions.

p/\

1

: : _ > NOS
M(n) =G(n)  M(n) m(n‘)+B(n.)- o ‘

Fig. 3.3.1 Fuzzy Membership function for NOS
In Fig. 3.3.1 fuzzy membérsh‘ip function fdr normal operating state (NOS) output

has been shown. Similarly fuzzy membership-functions for other two outputs internal .
fault state (IFS) and external fault state (EFS) can be designed.
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3.3.2 Fault Detection Criteria
The protective relay may make decisions: ‘to trip’ or ‘to block’ and this is to based

on some fault detecting criteria. A protection criterion may be considered as a pair of -

_signal - settings [8]. In present case fault detection criteria or fuzzy setting can be

" designed as follows:

Based on the observations of values of (output‘nodes of ANN during its training
for different operating states it can be said that any particular Qp'efation of generator can
be ‘assured if value of output node corresponding to that output is greater than 0.7 and
at the same time other two outputs a're less than 0.4 [4]. Thus, for three different
operations fuzzy setti;gs are 4 | ‘

(1) Generator would be working under normal operating condition if value of
membership function for NOS is greater than 0.7 and values of membership
functions of IFS and EFS are less than 0.4. '

(2) Generator would be subjected to internal faults if value of membership function
for IFS is greater than 0.7 and values of memberéhip functions of NOS and .
EFS are less than 0.4.

(3) Generator would be subjected to external faults if valué of membership function
for EFS is greater than 0.7 and values of membership functions of NOS and

IFS are less than 0.4,

3.3.3 Decision Making A

For making decision regarding operating 'state of generator fuzzy variables (relay
signals) are compared with fhei;J fuz_iy settings (relay settings). An appropriate
compafiéon algorithm is necessary when fuzzy relaying signals'and settings are used.
The Jevel of presumption that a fuzzy signal reaches its fuzzy setting is represented by
the shaded area (F') in Fig. 3.3.2 and may be defined as the ratio of shaded area to

total area under the membership. function of the fuzzy relaying signal [8].
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1 | ~ Setting
ANos FS

Ny

0 04 07 '. Outputs of ~
" ANN

" Fig. 3.3.2 Decision Making With Fuzzy Logic

v=— o (33.1)

Where F ié the total area under the membership function of the fuzzy relaying signal
and F' is the area of shaded part in Fig. 3.3.2.

v=0 When output of ANN is less than 0.4,

v =1 when:output of ANN is‘greater than 0.7.

Thus, if output for any state is larger than 0.7 then that partlcular state of generator
operation can be considered: with large confi dence
And if output for any state is smaller than 0.4 then it is certain that generator is not

operating under that particular state.

If output is between 0.4 and 0.7, it is a doubtful case: it may be a fault case. In this case

value of v determines the level of certainty for a given output.

36



.Chapter-4
FAULT DETECTION ALGORITHM

In this chapter the algorithm developed for fault detection has been described.
Flow charts describing back propagation algorithm for training of artificial neural network
and fuzzy logic based decision making algorithm for issuing trip signal in case of internal’

faults have been presented.

| 4.1 DESIGN AND IMPLEMENTATION , }

Design of algorithm consists of two parté; first is traihing,of ANN with the givén |
patterns and the other is fault detection part in which fuzzy I_oQic has been used to make
decision about issuing the trip signal in case of stafdr winding short circuits. | .

Data required to train the ANN have been gé__neraied through simulation process:
ANN has been trained -for'generator’ working under normal operating condition at
different loads and at different power factors, for internal short circuits in generator
stator winding and external faults at various locations along transmission line. Internal
fault training data consist of faults at different percentages. of synchronous generator
stator winding. Three different machine parameters have been used to generate the
training set to ensure that FNN is able to identify the three states for any generator.
These three machines are 500KVA, 30MVA and SOOMVA salient pole genérators. Data
corresponding to these generators are given in Appendix-A. B

To test the fault detection algorithm an independent test péftern is given to ANN.
The outputs obtained from the outputs node of ANN contain some information régar_ding

the generator operating state, still some uncertainties are there. To be certain about the

internal fault in order to operate relay, fuzzy logic has been used. For this purpose ANN o

outputs are converted in fuzzy numbers by designing fuzzy membership functions
(Appendix B). These fuzzy variables are then compared with the correspondi'ng fuzzy
settings using the method described in section 3.3. Based on this method a decision
can be made regarding operating state of generator and relay can be operated in case
of internal fault. ' |
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| A flow chart representing Back Propagation algorithm for training of ANN has
been presented. Input data required for this purpose are the samples of phase éurrents
from line side and neutral end. In addition to this samples of field current are also used
as input. Weights are updated depending upon the difference of calculated output and. .

targ.et values.

Read input data

Y

" Normalize inputs and target

Is this the first pattern?

Yes No

Load Weight File to read |

Initialize randqm weight updated wieghts
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Calculate output of input layer using
activation function

Y

Calculate inputs to hidden layer#1using
above calculated output values

Y

Calculate output of hidden layer#1using
1 sigmoidal function

\ 4

Calculate inputs to hidden layer#2using
above calculated output values

. y

Calculate output of hidden layer#2using
sigmoidal function

h 4

Calculate inputs to output layer using
above calculated output values

Y

Calculate output of output layer using
sigmoidal function
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Calculate error as difference between
target and calculated output

A 4

Initialize learning rate and
momentum coeficient

Y

Calculate new Weight threshold using
steepest descent method

Y

Update Weights by adding weight
thresholds to previous weights

Y

Update weight file with recently
calculated weight

h

Read new input data and
repeat the process

End
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4.2 TESTING
A flow chart describing the testing algorithm for protection and monitoring of

generator has been presented here.

( Start )

o
.

A

Read ihputdata

Y

Feed data to FNN and
calculate output

L ~
Convert these outputs
in fuzzy numbers

y

Compare these fuzzy outputs with A
corresponding fuzzy settings

Is internal fault No

detected?

Operate relay

v

" End
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Chapter-5 7
RESULTS AND DISCUSSION

In this chapter results obtained from developed algorithm for various operating

conditions of generator have been discussed.

5.1 NORMAL OPERATION OF GENERATOR

In this case results are shown Whéﬁ':éené;éfof of rating 160 MVA, 15KV, i§

=0.8 pu

working under normal operating condition. Generator supplying active power P

to load at 0.8 power factor lagging.
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In Fig. 5.1.8, NOS, IFS, and EFS are the three outputs of the ANN. NOS is
responsible for normal operating con'dition IFS is for internal faults, and EFS for
external faults. From this Fig. it can be seen that for generator worklng under normal

operating conditions, the relay remains stable.

5.2 INTERNAL FAULT STATE

In this cése' results are shown when 160 MVA, 15KV, generator is subjected to
internal line to ground fault. Generator was supplying active power P=0.8 ph at 0.8
power factor lagging before occurrence of fault. LG fault at 50% of phase a winding has
been S|mulated in this case. Slmulatlon results are shown in Fig. 5.2.1 to Fig. 5.2.7.
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Fig. 5.2.8 shows the output of fault detection algorithm. It can be observed that
- internal fault has been detected. Fault has been created after 5oth sample and

algorithm can issue a trip signal after 5-10 samples of fault occurrence. Thus a very fast
(5 to 10 ms) and reliable protection of generator can be ensured.

5.3 EXTERNAL FAULT STATE
In this case results are shown when generator (160 MVA, 15KV) is subjected to
single phase to ground fault at 50% of phase a along the transmission line. Generator

supplying active power P=0.8 pu at 0.8 power factor lagging. Simulation results are
shown in Fig. 5.3.1 to Fig. 5.3.7.
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Fig. 5.3.8 shows the output of fault detection algorithm when generator is
subjected to external line to ground fault in phase a of transmission line. From the Fig. it
can be seen that external fault has been identified. As value of output corresponding to

internal fault is well within the limit relay is stable and will not operate. '
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Chapter-6
CONCLUSION

The work was started W|th an mtentlon to develop an algorithm, based on Neuro-
Fuzzy technique, ‘which can be used for protection and monitonng of synchronous’
generators connected. to infinite bus. The work was planned to develop the algorithm
which can discriminate between normal operating state, internal fault state and 'external
fault state of synchronous generator and to generate a trip 5|gnal in case of short
cnrcwts in stator wmdmg of generator, ,

The work’ done contains two parts; first one is- modelling of generator when
working under normal operatlng condition and when subjected to internal faults at
different percentages of stator winding and extérnal faults at various locations along the
transmission line, 'while t,he seoond part include design of Neuro-Fuzzy based fault
detection algorithm which could be able to differentiate between the three operating

conditions and to operate.the relay in case of internal short circuits in generator. Results
achieved in this work include: |

(‘1)'Sim,ulation of normal operating state, inter,nal fauit state and external fault state -

,' ._ f ,1 of generator. Siniuiatio,n results are obtained for generator working at different
| power level and power factor. Simulation of internal LG, LLG and LL faults at
different percentage of stator winding 'a;nd..e‘xternal LG, LLG and LL faults at

o diﬁerent Iocation.s of transmission line can be done with the developed model.

(2) The algorithm based on Neuro-Fuzzy technique which can discriminate between
three operating_ s_ta_tes of synchronous generator and .operate relay in case of.
internal faults in stator winding.‘FaUI_.t detection is fast and reliable and the results
o.btained also indicate that the algorithm can be used to support existing
protection algorithms, hence increasing the reliability of the protection
operations. . ' | |
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Suggestlons for Further Work
" As per expectatlons all results have been achieved. Anyhow some of the
aspects, which could not be included in present development can be taken up in the‘ :
further work. ‘ ‘ | 4
(1) In present work -unibalanced short circuit faults in stator winding of-generator and |
_along the transmission line have been analysed. The work can be extended for
three phase short circuits and for loss of excitation in 'synohro:n0us machines.
(2) Yet more refi nement of the present'ed work can be achieved by taking more “
options for simulation of system like turblnes governors and excntatlon systems
| (3) In present work algorithm has been tested for a generator connected to infinite -
bus through ha short transmlsslon line. Further, work can be extended to more
complicated power system network. - ' o
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Simulatipn Data

Appendix-A

Three different machine parameters have been used to generate the patterns for

- training of artificial neural network. Various parameters for modelling of generator are as - -

* follows [12], [15]:

(1) 500 MVA, 33 KV Syné:hroh,ous Generator

1.1479
0.0007
0.0032
0.0012

-0.0134
0.0303

0.0009

- 0.0686

4.0 sec

1.5000

0.6199

- 0.0004

0.0018 -
0.0012 |
-0.0072
0.0164

0.0005

Lkd

0.0031
0.0033
0.0460
0.0574
0.0345
0.0126
0.1836
0.0686

0.0500
0.8000

0.0017
0.0018

0.0248

0.0310

0.0186
0.0068

0.9914



Rk = 0.0371 Rkq =
H = 40sec Kp =
Rgt = | 0.8100 Rg2 =

(3) 500 KVA, 6.6 KV Synchroﬁous Generator

Lf = 0.0287 kg =
Lk = 0.0001 Ld =
Lg =. 0.0002 -  Mgf =
Mag = _ 0.0002 Mfkd =
Mapo = -0.0034 - | Ly =
Lgad = 0.0041 , Lga2 =
Rg = 00009 Rf =
Rkd = 0.0086 Rkg =
H =- 4.0 sec . Kp: =
Rgt =  0.8000 Rgz =

(4) Transmission Line

Rt = 0.0091 Ly =
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C.0371

0.0270
0.5000

0.0003
0.0003
0.0060

| 0.0074

0.0034
0.0016

0.0736

10.0086

0.0200
0.5000

0.5000



Appendix-B

Design of Fuzzy Membership Function

In digital protection schemes, relaying signals are sampled at 'regular intervals,
digitized and processed within a predefined window. With reference to Fig. A.1, the

- value, X(n), of the nth sample of a signal, x(1), can be considered as a fuzzy number,

X(n), having a membership function, p(X(n.)), defined by the followi'ng parameters [8],

[9]:
1 : -
M(n) = E(X(n) +X(n—1) +.oee. +X(n_k+1)) (A.1)
a(n) ={m(n) = min{x(n-p)) A2)
B =(max(x(a-p))-mm)) (A3)
Where
p = (n-k+1) to (n)
And
K  —the number of samples in a fuzzification window,
agn) - minimum value of samples, |
- B(n) - maximum value of samples in the window.
Relayingp =
Signal
Relaying ﬂ\ ' ona m(n) +B(n)
Signal. \ ‘
M(n)
M(n) =~ 9%(n)
—H— o, 1w
n ‘ Samples

Fig. A1 Deéign of fuzzy membership function
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While a fuzzy signal _repreée‘nts’ 'unoe_rtaint‘y' s to the actual valie of a. relaying"
signal, a fuzzy setting rebresent's uncertainty related to the level of a setting, i.e. related
to the expert knowledge about the boundaries i ln the umverse of cntena SIQnals between
the trlpplng and blocking regions. Fig. A.2 shows a fuzzy settmg (82).in contrast w1th a’
- fixed setting (S1), both for a current amplitude (1)., '

"u(i)“:

Fig. A2 Fuizy Setting

In case of a fixed setting,‘e‘ measured current ié_re"cognized es a fault eu‘rrent, if its . -
magnitude is greater than lg. When thé se‘tting‘i'sv fuzzy, currents larger .thari '2. .afé

recot;nized as fault currentsl with larger eonf dence. Similarly cuvrrents below tha'n I are
, conS|dered as certainly non-fault currents If the currerit amplltude is- between |1 and I,
itis a doubtful case: it may be a fault case, and value of y(i) shows the level of certalnty

fora fault current.

7
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