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Abstract: A reliable and accurate diagnosis of inter-turn short circuit faultsis a challenging
issue in the area of fault diagnosis of electrical machines. The purpose of this study is to
present a more efficient technique in fault detection and to provide a reliable method with
low-cost sensors and simple numerical algorithms which not only detects the occurrence of
the fault, but also locates its position in the winding. Hence, this paper presents a novel
method for diagnosis of different kinds of inter-turn winding faults in a salient-pole
synchronous generator based on changes in the magnetic flux linkage. It describes the
influence of inter-turn winding faults on the magnetic flux distribution of the generator.
The main feature of the proposed method is its capability to identify the faulty coils under
two types of inter-turn winding faults. Also, the occurrence of two other types of faults can
be detected by the proposed technique. Simple algorithm, low cost sensor and sensitivity
are the other features of the proposed technique. Experimental results derived from a 4-
pole, 380V, 1500 rpm, 50 Hz, 50 KVA, 3-phase sdlient-pole synchronous generator
confirm the validity of the proposed method.

Keywords. Synchronous Generator, Fault Diagnosis, Linkage Flux Analysis, Inter-turn

Winding Fault.

1 Introduction

The stator’'s internal short circuit current in the
synchronous generator may be several times larger than
its terminal short circuit current [1]. When an inter-turn
short circuit occurs, the shorted turn will act as the
secondary  winding of an  autotransformer.
Consequently, a very large circulating current will flow
in the faulted turn. This circulating current creates
excessive heat and high magnetic forces in the machine
[2].Therefore, it is very important to have a careful
analysis of the internal faults in synchronous generators
to increase their useful life and reliability. Hence a
reliable and accurate diagnosis of inter-turn short circuit
faults is a challenging problem in the area of fault
diagnosis of eectrical machines. The expertise in this
field is still in permanent evolution and new methods
appear every year [3]. The purpose of this study isto be
more efficient in fault detection and to provide areliable
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method with low-cost sensors and simple numerical
algorithms [3] which not only detects the occurrence of
the fault, but also locates its position in the winding.
However, the behavior of the synchronous machine
under internal faults has not been thoroughly studied
[4], and few methods exist for analyzing internal faults
in synchronous machines [1], [4], [5], [8]-[14]. Most of
these methods are based on the mathematical, two
reaction theory and winding function approach. Two
reaction theory is derived from the assumption that the
machine windings are symmetrical. When an internal
fault occurs on the stator winding of a synchronous
machine, it divides the faulty winding into a number of
sections and the symmetry between these faulted
sections and the rest of the machine windings will lose.
Therefore, the models based on the two-reaction theory
cannot be useful to analyze interna faults [5]. Usually,
mathematical methods do not consider the saturation
effects or consider the saturation effects in synchronous
machines with the dgo analysis which uses the
superposition principle to solve for the d-axis path and
the g-axis path separately. However, superposition is
not valid in modeling saturation effects due to the
nonlinearity of the saturation phenomena [6], [7]. In a
salient pole synchronous machine, the ar gap is
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nonuniform and the reluctance of the magnetic flux path
is a function of time. Therefore the magnetic fluxes
along the d-axis and the g-axis are varying and the level
of saturation along these two axes is aso changeable
[7]. The methods presented in [1], [5], [8]-[13] do not
consider the saturation inside the machine.

Reference [4] has investigated the effects of turn-to-
earth fault on the synchronous machine inductances by
the winding function approach. In this method, the
magnetic hysteresis, dotted stator effects and the
saturation effect are not taken into account for the sake
of simplification [4]. In the Symmetrical Components
Method used in [10], only the fundamental and the third
harmonic components of time and space are considered.
This leads to a substantial amount of error, since
internal faults give rise to increased harmonic content
[1], [8], [11]. In the multiloop method that is proposed
in [8] and [9], a sdlient-pole synchronous machine is
considered as made of several electric circuits, each
composed of the actual loops that are formed by the
coils. The inaccuracies and complexity in the
calculation of loop inductances prevents the
generalization of this model to diverse types of
synchronous machine, especially for machines with
many coilsin the stator and rotor [1], [4], [11].

In [1], one of the parallel paths is divided into two
parts, whose magnetic axis locations have the
invariability. Indeed, the magnetic axis should locate
where each fundamental component obtains the
maximum value [11]. References [11]-[13] present a
winding partitioning technique for solving the internal
fault problem in sinusoidal wound machines. Such
windings are scarcely found in electrica machines;
hence, the application of this method isalso limited.

On the other hand, it has now become vital to
diagnose faults at their very inception; as unscheduled
machine downtime can cause heavy financia losses
[14]. Hence, as arecent trend, monitoring techniques for
electrical machines has been considered very important
[15].Condition monitoring of synchronous generators
could prevent tragic losses and prepare precise view of
machine operation. It must be noted that a variety of
factors need to be considered when selecting the most
suitable monitoring method for application in an
industrial environment. The most important factors are
presented in [16]. It is very difficult and, in most cases,
impossible to gratify al the criteria, mainly because of
the complexity of the degradation mechanisms,
abnormalities, and the nature of the fault [16].

Fault monitoring of rotating electrical machines
using magnetic field measurements have been proposed
as a topical subject of investigation [3], [17]. The
leakage flux detection has been introduced as an
efficient technique for diagnosis. In this method leakage
flux sensor is located outside the machine. This method
has been used for the detection of stator winding short-
circuit [18]-[22]. Unfortunately, the efficiency of this

method has not yet been pointed out sinceit isrelated to
the signal processing used for harmonic detection [3].

In this paper, we present a novel method for the
diagnosis of different kinds of inter-turn winding faults
in a saient-pole synchronous generator using the
change in the magnetic flux linkage. The main feature
of the proposed method is that it is capable of
identifying the faulty coils under two types of inter-turn
winding faults. Also, occurrence of two other types of
faults can be detected by the proposed technique.
Simple algorithm, low cost sensor and sensitivity are
other features characterized the proposed technique. In
this method, the generator air gap flux linkage is
measured via search coils sensor installed under the
stator wedges inside the machine. This sensor is readily
accessible on the market and iits cost is very low.

2 Description of the Inter-Turn Wining Faults

Early stages of internal faults in stator winding may
often have insignificant effects on the machine
performance; however such faults may quickly lead to
considerable inter-turn faults and subsequently
destructive failures [23]. Four kinds of internal faultsin
stator winding are stator turn-to-turn short circuit in the
same branch, turn-to-turn short circuit of two branches
in the same phase, turn-to-turn short circuit of two
branches in different phases, and turn-to-earth fault are
presented in Fig. 1[8].

Undetected turn-to-turn faults lead to generated heat
in the deformed region of a winding which finally
grows and is changed into phase-to-ground or phase-to-
phase faults [24]. This type of faultsis amajor reason of
the stator winding failures and other faults may be result
from this fault [24]. In addition, a severe fault such as a
phase-to-ground fault may lead to irreversible damage
to the stator winding and core [23]. Therefore, it is very
important to analyze and detect stator inter-turn faults at
an early stage to prevent further damage to the machine
and involved systems. In this section, an internal turn-
to-turn short circuit in the same branch is discussed and
simulated. However, this discussion and smulation can
be extended to cover all kinds of interna faults.

2.1 MMF Distortion Due to the Fault
Figure 1 (b) illustrates the case when a turn-to-turn
short circuit has happened in the same branch between
two points, m and n. Also Fig. 1 (b) shows that two
currents produce opposite MMFs, one of which is the
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Fig. 1 (a) Four kinds of internal faults [8]. (b) Inter-turn short
circuit between twa points, m and n [16].
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phase current and the other one is the short circuit
current (The difference between these two currents is

defined as circulating currentl_). Therefore, the main

effect of the inter-turn short circuits decreases the MMF
close to the short-circuited turns [16]. Under ideal
conditions, the machine has an air-gap magneto-motive
force which varies sinusoidaly in space and time. In
this condition, the air-gap MMF function M is the sum
of the field and the armature winding MMF:

M=M, + M, )
The field winding MMF is defined by the equation:
M, =N, I;M, )

where N, denotes the number of field winding turns per
pole and I, is the field current. The function M,
denotes a unitary trapezoid function given by:

41 sny, . . p

ot gt @
6, denotes the mechanical angular coordinate in a stator
fixed reference frame. tis the time and pis the pole

number. v, is the angle between the height and lateral

fn

side of the trapezoid function M, . Also, the three-
phase armature MMF can be expressed as [25]:

. ~ P
MNph,ABc :Ia.,g“s Mnsn(nEem)J"
i M sin((nPeo_ - 2%+
b.n:1,3,5,... ! 2" 3p “)
iy m_sin(nPo, + 3
n=135.. 2 3p

where i_, i,, and i_denote the currents in the winding

phases A, B, and C respectively. The coefficients M ,are
given by:

m, = 2N Ly k() ©)
T pn

where N, denotes the total number of winding turns per

phase circuit. Expressions for the distribution, pitch and
slot opening factors (symbols k,(n), k (n), and k,(n)

respectively), can be found in [26].

Now, consider a turn-to-turn short circuit in the
same branch on stator winding in phase A. During fault
generator operation, the MMF function can be
accordingly expressed as follows:

M= Mf +M (Nph-ND),A +M Nph.B.C M ND (6)
where M, ., » denotes the armature winding MMF of
the faulty phase A. In fact, when a short circuit occurs,
the number of phase winding turns and the MMF

produced by this winding reduce. This MMF can be
expressed as follows:

M(Nph—ND),A :ia-ilss l\’)lnsin(ngem),

N, ; (7
Y 4 Nph-N_ 1
M, =;Mﬁkd(n)kp(n)kg(n)

N, corresponds to the winding turns being short. Also,
M, cdenotes the armature winding MMF of the

healthy phase B, C and can be expressed as follows:
M M sin((nPeo, -3
2 3p

Nph,B,.C — ib'
n=13,5,... (8)
iy Mosn(nPe, + 2%
n=13,5,... 2 3p

During the fault, the coefficients M _ in these phases
are not changed and are given by Eq. (5).

M, denotes the MMF produced by the short-circuit
current is contrary to the MMF produced by phase
winding and can be expressed as follows:

MND,S(::NDXiD (9)

On the other hand, the amplitude of the fault current,

I , depends on the fault resistance, R, , and the induced

voltage,v_, in the shorted coil. Hence, i,can be
expressed as follows [27]:

iy == (10)

In addition, for frequencies lower than 10 kHz, the
voltage gradient from turn to turn is constant and
therefore the voltage is approximately distributed
uniformly across the turns of the phase winding.
Moreover, for a winding factor, approximately equal to
one, the voltage in the shorted turns can be expressed as
follows [27]:

N D
N,

This induced voltage, v, correspondingly depends

on the number of shorted turns,n_, that is associated

with this short portion of the faulty phase winding in the
machine. N, is the effective number of turns of the

Ve = (), (11)

phase winding and V,, isthe phase voltage. Hence, the
fault current can be stated as follows:
%
= (e
RD Nph
Consequently, faulty operation will cause a
distortion in the ar-gap magneto-motive force
of the machine.

) (12)

2.2 Magnetic Flux Distribution
Modeling and analysis of salient-pole synchronous
generator is very complicated, especially when an inter-
turn winding fault occurs in a generator equipped with a
stator winding consisting of parallel branches. In many
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applications, a 2-D finite element analysis gives
relatively precise prediction of the magnetic field
distribution and machine performance. Some limitations
of 2-D analysis imply that the use of 3-D anaysis is
inevitable if an accurate analysis is needed. These
limitations are presented in [28]. In this research, in
order to improve the overal accuracy, the magnetic
field distribution is calculated by 3D-FEM using
ANSYS workbench software. In modeling of the
salient-pole synchronous generator, saliency and
dotting, magnetic saturation effects, and the position of
the winding inside the stator are included in the FEM
modeling. Slotting and the position of the winding can
be seen in Fig. 2(a). In order to prevent confusion, only
excitation and phase A windings are shown in Fig. 2(a).
Also, the effect of magnetic saturation was included in
the FEM software by using B-H curves of the rotor and
stator cores. When an internal fault is on the stator
winding, the fault winding is divided into some sub
coils. In order to model this using FEM, the ampere-
turns distribution for the windings should be represented
in the model. It is necessary to consider the short
circuited turns separately in the FEM model when
confronting with theN_ turns missing from the phase
winding due to the internal fault. The current source
I, =I,—1, isinserted into short circuited turns (see Fig.
1(b)). This current is in opposite direction with the
phase current. Fig. 2(b) shows the short circuit fault
model [29].

Figure 3 (a) and (b) shows the typical magnetic flux
distribution under normal and turn-to-turn fault of the
studied generator as obtained by the FEM simulation. In
Fig. 3(a) magnetic flux distribution varies from 0.177 T
(g-axis) to 1.503 T (d-axis). Fig. 3(b) illustrates flux
distribution under turn-to-turn fault. In this figure,
magnetic flux distribution varies from 0.195 T to 1.654
T. Due to the high circulating current in the fault areas;
magnitude of magnetic flux linkage under fault
condition in these areas is higher (also, see Fig. 6). It is
evident from both figures that magnetic field
distribution in synchronous generator under healthy
operation is symmetrical. But when a turn-to-turn fault
occurs, this fault will cause nonsymmetrical distribution
of magnetic flux linkage. Also, this matter will be
shown in section 5 by experiments (see Figs. 10 and
11). Therefore, magnetic field distribution could be
applied for detection of the turn-to-turn faults in
synchronous generator. In fact, in electrical machines,
air-gap magnetic field distribution in no-load and on-
load performance under hedthy conditions is
symmetrical (neglecting the insignificant inherent
asymmetry in the magnetic field distribution due to the
differences on mechanical structures). But this
symmetry is specially lost under internal faults
occurrence.

(b)
Fig. 2 (a) Positions of the phase A conductors inside the stator
in the FEM modeling. (b) Short circuit fault model [29].

(b)
Fig. 3 Distribution of magnetic field density in salient-pole
synchronous generator (front view). (a) Under heathy
condition. (b) Under turn-to-turn short circuit in stator
winding.
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3 Experimental Test Setup and Measuring
Technique

To demonstrate the performance of presented
method, a series of actual different kinds of inter-turn
winding fault on a salient-pole synchronous generator
have been fulfilled. It will be shown, when an inter-turn
winding fault occurs, the fault will cause considerable
changes on the magnetic flux linkage. Therefore
magnetic flux linkage is a suitable criterion for
diagnosis of inter-turn winding faults.

3.1 Experimental Test Setup

The machine used in this study is a 50 KVA, 380V,
4-pole, 1500 rpm, 50 Hz, 48 stator dots, salient-pole
synchronous generator. The stator of this generator has
a 3-phase, one layer, lap winding, and four parallel
branches in each phase. The structure of the testing
laboratory and experimental test setup is shown in Fig.
4,

It consists of a synchronous generator connected to a
three-phase load. This generator has no damper
winding, and is driven by an induction machine. In fact,
a usual commercially accessible generator was
disassembled and in order to produce turn-to-turn fault,
isolation of the few turns from the some coil was
scratched. At these points some conductors were
soldered and taken them out of the machine Short
circuit was made between these conductors. Thus, turns
were shorted externally. By measuring EMF between
these conductors and having awareness of winding
details, we were capable to deduce how many turns in
one coil were shorted. In this work, the minimum
number of turn of the stator winding are being short
circuited is approximately about 5% of the total turn
number. A no-load experiment and a three-phase
symmetrical terminal short-circuit experiment are
accomplished on the machine without internal faults.
Next, several of interna faults were performed on the
mentioned generator under different conditions. In these
experiments, any resistor to limit the currents is not
used. Also, in order to prevent severe damage to the
generator, the duration of the inter-turn short circuit was
limited by using a switch. Measurements at full
excitation current were carried out under norma
condition. However, because of the major concern about
test machine health for further tests, measurements at
full excitation current were not carried out under fault
condition.

Through the experiments performed in this work,
search coils and designed electronic-microcontroller
board are used for measuring simultaneously flux
linkage data in cross-section of the aforementioned
generator. Designed electronic-microcontroller board
has one master and forty eight slaves. Seria port
interface has been used for connecting designed
electronic-microcontroller board to computer. The
induced voltages in the search coils are communicated
to serial port of the computer by means of designed

electronic-microcontroller  board.  Schematic and
experiment view of these used search coils are
illustrated in Fig. 5.

3.2 Measurement of the Machine Flux Linkage with
Sear ch Coil

The search coil sensor is widely used for flux
measurement in electrical machine [30]. But there is a
natural reluctance to place a search coil if it could
possibly hazard the machine or personnel. There seems
little doubt that suitable search coils could be placed at
the machines, as the hazards can be made insignificant.
It worth mentioning that, these sensors are now
becoming common on large generators and have now
been installed in a large number of generators in the
Central Electricity Generating Board [31].

The theory behind the search-coil senor is Faraday’s
law of induction and induced voltage in the search coils
is directly proportiona to the rate of change of the flux.
Search coil sensors can sense magnetic fields as weak as

2X10° nT. Also, there is no upper limit to their
sensitivity range [30]. These inductive sensors observe
the real distribution of the air-gap flux density. This
indicates that al the damping effects produced by the
saturation and the parallel current branches of the stator
winding are taken into account. This sensor is readily
accessible on the market and its cost is very low in
comparison with the capacitive ar-gap monitoring
system. Easiness and the low price of the used inductive
sensors allow the installation of a high number of
sensors [32]. Hence, in order to improve the accuracy,
in this research, forty eight single turn search coils were
installed along the grooves of the stator teeth with a
pitch of 15° with the aim of being able to determine how
the flux linkage distribution in the generator changes
when an abnormal operational condition is present.
Also, this sensor has more advantages such as
insensitivity to external conditions  (humidity,
temperature, etc.), no need to mechanical disassembling
/ reassembling, and easiness to remove.

4 Different Operation Conditions and Loading
Effect

The induced voltage in the sensors under different
operation conditions and loading effect are explained in
this section. Figure 6 (&) and (b) shows the measured
voltage induced in a search coil, under healthy and
faulty operations at no-load, respectively. Under ideal
conditions, the machine has an air-gap magnetic field
which varies sinusoidally in space and time. Faulty
operation will cause a distortion of this sinusoida
waveform. Due to the high circulating current in the
fault areas; magnitude of magnetic flux linkage under
fault condition in these areas is higher. Also, Fig. 6(c)
and (d) shows the simulation stator teeth voltage at
steady state condition under hedthy and faulty
operations at no-load. Good agreement is obtained
between the measured and simulated waveforms.
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Fig. 7 Measured induced voltage in a search coil under
different excitation current in the normal operations.

Figure 7 illustrates the no load voltage induced in a
search coil, as the rotor current increases with no fault
present in experiment. A field current of 9.8 A
represents extreme saturation. According to this figure,
the different saturation level will affect the magnitude of
the induced voltage in search coils proportional to
machine no-load curve. In fact when the rotor current
increases, nature of the induce voltage in a search coil at
different saturation level is stable and does not a
substantial change.

On the other hand, due to limitation in the power of the
induction machine, generator has been loaded up to a
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maximum of around 25% of the rated load. Although
influence of load level on the detection procedure might
seem a drawback, experimental tests showed it is
possible to make a reliable diagnosis. Fig. 8 shows
induced voltages in a search coil, under different on-
load conditions in the normal and faulty operations. As
it is seenin thisfigure, the generator load level does not
have a major influence on the performance levels of the
method. According to Figs.6, and 8, due to the effect of
the armature reaction, under on-load conditions, induced
voltages in the search coils dlightly deviate from the
induced voltages in the search coils under no-load
conditions.

e zoom — Timeamey P
“orresponding Channel . |

b LT

(8 Load level= 7% -Under healthy operation.

Tia Taom Timams, >

“orresponding Channel .
M B ey M Ll —

fb) Load level= 7%.“ ‘Under faulty operation.

E3
E
g
I3
4

Fig. 8 Induced voltage in the 31% search coil under different
on-load conditions in the normal and faulty operations.

Figure 9 indicates how the armature reaction affects
the rotor-produced flux (¢, ) for three power factor (PF)

conditions; unity, leading, and lagging. In this figure
¢, is stator produced flux and @, is the resultant

magnetic flux that rotates at synchronous speed. It is
evident from this figure, that unity power factor
condition (resistive load) gives maximum deviation
under normal operation [33]. In fact, in a p poles,
healthy, symmetrical machine, the magnetic axis of
each pole is located at 360/p geometrical degrees [34].
Under load conditions, the pole axis is not an axis of
symmetry whereas in no-load conditions the pole axisis
axis of symmetry. When a generator is delivering power
to the load, the axes of symmetry of the magnetic field
deviates from the polar and interpolar axes [35].

5 Effect of Different Kinds of Inter-Turn Winding
Faultson Magnetic Flux Linkage

As far as the authors are aware, most of the
presented techniques do not offer the capability of
identifying the specific faulty cail [1], [4], [5], [8]-[13].
In addition, in most these techniques only one type of
fault was investigated. On the other hand, as discussed
in [27], in lap winding machine not only faulty coil can
not detected, but also finding the faulty phase is too
difficult. In lap wound machines, the electrical space
phase shift between the magnetic axis of the faulty coil
and the original magnetic axis of the phase winding
depends on the location of the shorted coil, the number
of coils per phase and the distribution of the coilsin the
stator slots. Consequently, it is difficult to detect the
faulty phase in these types of machines [27]. In
addition, finding a clear fault signatures in a machine
equipped with the stator winding configurations of the
parallel branches in internal faults is a difficult task
[16]. On the other hand, along with the growth of
electric power industry, investigation of fault diagnosis
of synchronous generators with several parallel paths
becomes more and more significant [1].

Although the stator of studied generator in this paper
has lap winding and four parallel branches in each
phase, the proposed technique could identify the faulty
coils under two types of inter turn winding faults, i.e.,
turn-to-turn short circuit in the same branch and turn-to-
turn short circuit of two branches in same phase.
Moreover, in the other two types of faults the proposed
technique can specify only the occurrence of faults. In
the following subsections, the effect of different kinds
of inter-turn winding faults on magnetic flux linkage of
the above mentioned generator is presented. To
demonstrate the performance of presented method, a
series of actual different kinds of inter-turn winding
fault on the aforementioned generator have been
fulfilled. As representative examples of the many tests
performed on the salient-pole synchronous generator in
the laboratory, one illustration for each case is
presented.
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Figure 10 shows the forty eight voltage waveform
(induced in the search coils) under no-load condition in
the healthy operation. In this figure, symmetry in the
magnetic field distribution under healthy operation is
presented (also, see Fig. 3(a)). As it was mentioned
earlier, under ideal conditions, the machine has an air-
gap magnetic field which varies sinusoidally in space
and time. Faulty operation will cause a distortion of this
sinusoidal waveform.

5.1 Turn-to-Turn Short Circuit in the Same Branch
and Two Branchesin the Same Phase

Turn-to-turn short circuit in the same branch and
two branches in the same phase have the same effect on
the machine flux linkage. In these two cases because the
currents due to the fault will change locally (see Fig.
1(a)), the magnetic flux linkages around the faulty area
will be affected by the faults.When the stator winding
inter-turn fault occurs, the induced voltages in the
search coils of the faulted area change more than those
of the other search coils.Because voltage difference and
circulating current will occur, the flux linkage in these
areas will be most affected with this fault. This concept
is shown in Fig. 11(a). To demonstrate this concept, we
have created an experimental turn-to-turn fault on the
coil between the 21% and 31% dots in phase W, and the
induced voltage in forty eight search coils has been
measured.
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Figure 11(a) shows the forty eight voltage waveform
under no-load condition in the faulty operation.
According to this figure, the symmetry in the magnetic
field distribution is lost and induced voltage in search
coils around two ends of the faulty coil are distorted.
Induced voltage in these search coils have more change
to induced voltage in other search coils that indicates
the fault has occurred in relative coils of them (also, see
Fig. 3(b)). Also, similar results were obtained from tests
under turn-to-turn short circuit of two branches in the
same phase. Fig. 11(b) shows the experiment result of
the shorted turns in two branches on the coils between
4™ and 14™ slots and 5" and 15™ lotsin phase V at 50%
(tap to terminal) of branchl and 75% (tap to terminal) of
branch2. According to this figure, it is evident that the
symmetry in the magnetic field distribution is lost and
induced voltage in search coils around two ends of the
faulty coils are distorted. According to Fig. 11(a) and
(b), these two types of faults, i.e., turn-to-turn short
circuit in the same branch and turn-to-turn short circuit
of two branches in the same phase have the same effect
on the induced voltage in the search coails. In these
faults, the flux linkage adjacent to the faulty coils
considerably distorts. The proposed technique can
identify the occurrence of these two types of faults as
well asfaulted coils.

It should be remembered that due to the effect of
armature reaction under on-load conditions in the
norma and faulty operations, induced voltage in the
search coails dightly leave from the induced voltage in
the search coils under no-load conditions (see Figs. 6
and 8).

5.2 Turn-to-Turn Short Circuit of Two Branchesin
the Different Phases and Turn-to-Earth Fault
Turn-to-turn short circuits of two branches in

different phases and turn-to-earth fault have the same

effect on the induced voltage in the search coils. In
these two cases because the currents due to the fault will
change in all phases (see Fig. 1(a)), the magnetic flux
linkages in the all area of the machine will be affected
by the fault. Fig. 12(a) and (b) shows the experiment
result of the turn-to-earth fault of one path of phase V at

50% under no-load and on-load conditions respectively.

According to these figures, induced voltage in all search

coils are affected by the fault. In other words, induced

voltagesin al search coils are distorted.

Also, similar results were obtained from tests under
another type of inter-turn winding faults and presented
in Fig. 13. Figure 13 shows the experiment result of the
shorted turns of two branches in different phases. This
fault has been fulfilled in phase V a 50% (tap to
terminal) of branch 1 and in phase W at 60% (tap to
termina) of branch 2. According to Figs. 12 and 13,
these two types of faults, i.e., turn-to-turn short circuit
of two branches in different phases and turn-to-earth
fault have the same effect on the machine flux linkages
in the machine. In these faults, the flux linkages in the
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all space of the machine are affected and considerably
distorts. The proposed technique can specify only the
occurrence of these two types of faults.

In addition, the rotor unbalance is commonly
monitored in electrical machines and as the result, non-
uniform flux exist in the air-gap. It must be noted when
the rotor is in unbalanced condition, the length of the
air-gap changes (see Fig. 14), so it reduces in one side
and it increases in another side. Hence, the induced
voltage in search coils at areas with less air-gap length
will be increased and the induced voltage in search coils
at areas with more air-gap length will be decreased.

In fact, the length of the air-gap will affect the
magnitude of the induced voltage in search coils.
Therefore, under rotor unbalanced conditions, forty eight
induced voltages in search coils have different magnitude
(under healthy operation, forty eight measured voltages
have the same magnitude-see Fig. 10). While in inter-turn
winding fault, the length of the air-gap is fixed (see Fig.
14) and the induced voltage in search coils at faulty area

will be distorted.
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Fig. 12 Forty eight measured voltage (V) under turn-to-earth
fault of one path of phase V a 50% (a) Under no-load
condition. (b) Under on-load condition.

3 Coil N b Cod 3 feanh Cod B Searh Cod § Sl‘al Coil & anch Coil earch Cedl 7 LﬂlLll(.\ul
2 2 2 'YA" 5
! - - 1 - - ! - - ' . -

EIED]]JEIED]]JO'[O]]JO]JXOOII!?:DCICD‘:DOIUZEDO

0 W0 X0 0 W A0 0 W0 A0 WLIIJJ'.'JJLIJJIJJ 0 100 20

S Coll LT Seanch Cotl I Seanch Cail Lo msuum 0 _geanch Col 1 Seauch Conl 22 _Seaach Coil 33
2 2 2 2 \A{YL 2 z 2
1 1 1 1 i 1 1

0 10 X0 0 W0 2 10 20 100 200 0 100 200 0 100 X0 0 100 X0 100 20
Search Codl 25 Seasch Coil 26 ﬂnu(ll Coil 27 ﬂnll(ll(oll 28 Seanch Coil Suarch Codl & Searey Coil 31 .hu(ll Coil 32
1 N 4 P o

ATk b n K e b e Esa sk

S

100 2
Search Coil 4]

Se
3
2
1

5
:
2k
<

'}_m

g
H

g E
=g
o .
1

£k

0 M X 0 W0 X0 0 W0 X0 0 W00 0 WX 0 X0 0 M0 X0 0 00 0
Search Cadl 33 Sesrch Cofl 3 Ssareh Coil 35 Sesreh Coll 38 Search Cadl 37 Seareh Cotl 38 Seareh Coll 30 Seareh Cail 40
3 3 3 3 ] 3 3f 3 3
7] 7] ::’\/JA'\A -;J\_VJ‘. )VAW ).U—A...\ '-/L‘"r‘-' 2
1 1 1 1 | 1 1 1

D 100 20 0 10 X0 0 100 0 0 0 o0 200 0 000 0 10 0
soak o 11 Such Col 12 saonc Coi 4 Seash Cal 4, Sear lvd{‘J Seairh Coil 6 Search Coal 47 _ Search Conl £6
3 3 3 3
2 2 2 W 2 2 2
1 1 | 1 1 1 1
D 10 M0 0 10 A0 E] W00 0 0 X0 0 1020 0 10 20 00200

Fig. 13 Forty eight measured voltage (U) under turn-to-turn
short circuit of two branches in different phases in phase V
and phase W (on-load).

6 Design of Fault Diagnosis System with the Aid of
Neural Network

Fault detection of electrical machines has shifted in
recent years from conventional techniques to Artificial
Intelligence (Al) techniques. Al-based techniques have
the potential advantage over the conventional methods
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in dignificantly improving the accuracy in fault
detection [36]. In our wok, probabilistic neural network
(PNN) and discrete wavelet transform (DWT) are used
in design of fault diagnosis system. PNN as main part of
this fault diagnosis system and DWT are combined
effectively to construct the classifier. The PNN is
trained by features extracted from the magnetic flux
linkage data through the discrete meyer wavelet
transform. PNN is trained with simulation data and then
PNN is tested with experimental data. In fact, similar to
training section the measured dot flux linkage is
preprocessed with wavelet transform and then in order
to detect the fault, approximation signal at level 4 is fed
to PNN.

6.1 Probabilistic Neural Network

PNN is a kind of the Radial Basis Function Neural
Networks (RBF's) suitable for classification problems.
The PNN networks have some advantages over other
artificial neural networks that are presented in the
following [37].
*The PNN learns instantaneously in one-pass through
the patterns of the training set which causes them faster
to train, compared to other networks and these networks
don’'t need pre-decision on the number of layers, hidden
units and initial weights.
*The fast learning speed of the PNN makes it suitable
for fault diagnosis and signal classification problems in
real time (especialy when implemented on hardware
systems).

6.2 Wavelet Decomposition

Many applications use the wavelet decomposition.
One of the most popular applications of the wavelet
transforms is in de-noising studies on the steady state
problems [38]. The aim of de-noising is to eliminate the
noise and to retain the important features as much as
possible. In this project, DWT is used for de-noising,
because by reducing the noise, better network training is
done.

6.3 Detection of Faulty Coil by MWPNN

In this subsection, procedure for detection of faulty
coil by PNN and DWT, based on the previous
discussion are presented. Meyer wavelet probabilistic
neural network (MWPNN) is utilized to detect the faulty
coils. In fact, the basic PNN is integrated with DWT to
construct the MWPNN. Forty eight search coils are
sampled simultaneoudy in one or more cycles
(depending on the used hardware). Therefore, a vector
sets are obtained. The obtained waveforms are analyzed
by wavelet transform and de-noised signas are
extracted. Then PNN is trained by features extracted
from the magnetic flux linkage data through the discrete
Meyer wavelet transform. In this scheme, regarding the
number of search cails; forty eight MWPNN is used for
detection the faulty coils. Each MWPNN is carried out
only for two classes i.e, norma and fault for the
classification. When no faults are present in the

generator, all MWPNN’s will predict the normal class.
If some MWPNN'’s predict the fault class, the turn-to-
turn short circuit in the same branch or turn-to-turn
short circuit of two branches in the same phase has
occurred. Also, if all MWPNN'’s predict the fault class,
the turn-to-turn short circuit of two branchesin different
phases or turn-to-earth fault has occurred. This process
isillustrated in Fig. 15.

Each neural network is trained with 5 input data (or
events) of each class. Table 1 lists the parameters of the
MWHPNN in this procedure for detection of faulty coil.
The influence of different kinds of mother wavelets on
the classification accuracy was also investigated. It will
provide the evidences for choosing proper wavelet
family. Five commonly used wavelets, named Meyer
wavelet, Haar wavelet, Daubechie’' s wavelet, Symmlets
and Coiflets wavelet are considered. In order to evaluate
the performance of different kinds of mother wavelets,
we choose the same decomposition level up to 6 levels.
The highest classification accuracy is obtained with
Meyer wavelet in level 4. Hence, in order to detect the
fault, discrete meyer wavelet transform is used and the
approximation signal at level 4 isfed to PNN.

Therefore, MWPNN is used as the supervised
classifier. To evaluate the performance of MWPNN, its
results are compared with those of different artificial
neural networks. These different networks are trained
and subsequently tested with the same data due to
similar procedure mentioned before. These data for
training are obtained from computation with the FEM.
Then, the ANN's are tested with the experimental data.
These simultaneous data are sampled with those of the
designed electronic-microcontroller board from the
forty eight search coilsin cross-section of the mentioned
generator. First, fault diagnosis system uses back-
propagation (BP) neural network. Second, system uses
PNN and third, system uses MWPNN.

It must be noted that backpropagation neural
network is most widespread among all artificial neural
networks [39]. These networks are also referred to as
multilayered perceptron (MLP) or feedforward
networks. The multilayered perceptron neural network
is trained with the Batch Gradient Descent with
Momentum. In detection of the faulty cail, for the MLP
neural network, several network configurations were
tried. Better results have been obtained from a network
composed of three layers with 240, 24, and 2 neurons.
Sigmoid is selected as the act function of neurons in
every layer. The results of comparison for the detection
of the faulty coil are presented in Table 2.

Table 1 Parameters of the MWPNN for detection of the faulty
coil.

Method | Related parameter
240 nodes (depending
- Input layer on the used hardware)
Output layer 2 nodes
Smoothing parameter 05
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Fig. 14 Cross-section of machine. (a) Under healthy operation and

inter-turn winding fault. (b) Under rotor unbalance condition.
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Fig. 15 Procedure for detection of faulty coil by MWPNN.

Table 2 Diagnosis accuracy for test results.

ANN MLP PNN MWPNN
Classification 55% 78% >095%
accuracy

7 Conclusions

In this paper, the effect of different kinds of inter-
turn winding faults on magnetic flux linkage of a
sdlient-pole synchronous generator is presented. The
experimental results are obtained to demonstrate the
effectiveness of the proposed method. It is shown that
the magnetic flux linkage is a suitable criterion for the
diagnosis of inter-turn winding faults. The main feature
of the proposed method is its capability to identify the
faulty coils under two types of inter-turn winding faults.
Also, the occurrence of two other types of faults can be
detected by the proposed technique. Simple algorithm,
low cost sensor and sensitivity are the other features in
the proposed technique.
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