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ABSTRACT Inter-turn short circuit fault ITSCF) can be a great threat for the safety and effectiveness of
the generator. In this paper, a simulation model with the experimental platform is established to diagnose
the ITSCF in stator windings. A simulation model based on the Finite Element Method (FEM) is designed
in ANSYS. Stator current is used for calculating the Root-Mean-Square (RMS) value, phase difference,
symmetrical components, Park’s vector trajectory’s and Total Harmonic Distortion (THD). It was found
that when ITSCF happened, three phase currents in stator is no longer symmetrical. The ratio of negative to
positive sequence of current raises from 0.40 to 14.18 in simulation and 0.52 to 19.89 in the experiment from
normal condition to 7 turns shorted. The same trend was seen in Park’s vector trajectory analysis where the
eccentricity raises from 0.03 to 0.65 in simulation and 0.14 to 0.75 in the experiment. Phase difference of the
three phases is at 120° degree deviation as the ITSCF occurs in stator winding. THD also increased with the
increase in the fault level. The results show a good consistency of simulation with experimental results. It was
found that the analysis performed in this research are major indications for serious fault in DFIG.

INDEX TERMS Fault diagnosis, finite element methods, induction machines, numerical analysis.

I. INTRODUCTION

Power generation through wind is one of the most auspicious
source of renewable energy, which is getting massive atten-
tion from the last few decades because of environment pollu-
tion and energy crisis in many countries [1]-[3]. According

frequency conversion device from other generators so that it
is broadly used in wind power industry [2], [5].

Normally wind farms are located in poor-environment and
remote areas and are usually installed at a distance of 50 to
80 meters above the ground. All these features put difficulties

to the 2018 Global Wind Energy Council’s report, the global
wind power installed capacity has arisen to 591 GW and
the newly developed is 51.3 GW [4]. Doubly-Fed Induction
Generator (DFIG) has the advantages of high efficiency,
low investment, variable power factor and small capacity of
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in maintenance work and increase maintenance costs. The
report of Electric Power Research Institute pointed out that
47% of DFIG failures are allied to bearings faults, 10% are
rotor windings faults and 37% of machine failure is because
of stator related faults [6], [7]. From these 37% stator faults
most faults are linked with stator windings faults and are initi-
ated from inter-turn short-circuit fault ITSCF). When ITSCF
occurs, the temperature and current increases which in turn
results in more serious faults, for example, phase-to-phase or
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phase-to-ground short-circuit faults [8]-[11]. Therefore, it is
important to detect the potential failures that could reduce the
losses.

Simulations and experiments are two ways to study DFIG
faults. Simulation modelling has attracted much attention
because of the advantages of safety, economic and speedi-
ness. It uses the parameters of actual DFIG to establish the
model in software. So far, the mainly used simulation meth-
ods are Coordinate Method (CM), Equivalent Circuit Method
(ECM), Equivalent Magnetic Circuit Method (EMCM),
Multi-Loop Method (MLM), Finite Element Method (FEM),
etc. The software ranges from MATLAB, ANSYS and so
on [12]-[14].

However, a simulation model is a simplification of real
generators, which can’t represent the generator’s actual con-
dition, so an experimental study is necessary [15], [16].
Stefani A. built a 3.3kW doubly fed induction generator
and experiment about the unbalanced fault [17]. They set
resistance in rotor and stator phase to simulate faults. Simon
Jonathan Watson set up an 11kW doubly fed generator fault
platform, which can simulate stator short-circuit fault, rotor
unbalance fault and mechanical fault [18]. Especially, rotor
and stator faults are realized by external resistance. Q.F.
Lu applies a paralleled resistance in the stator phase to imple-
ment a stator winding fault [19]. Hongzhong Ma establishes
a 5.5kW doubly fed induction generator that can merely
achieve a small number of turns ITSCF [20]. In fact, most
of the experimental setup was designed for the lower rated
power of the machine in wind farms, so it is essential to
establish a high-power generator to study the stator ITSCF.

Many data associated with condition monitoring has been
surveyed which was used for different purposes, like practical
approaches regarding condition monitoring [21], or other
technical problems associated with them [22]. The condition
monitoring systems will prepare a fault detection system that
will detect the fault at its initial stage and will result in remov-
ing or decreasing the costs of unexpected and unscheduled
repairing. There are several condition monitoring systems
which are based on torque, acoustic, temperature, oil, vibra-
tion and electrical signals. Through all of them, the electrical
signal monitoring is usually used, which comprises flux, volt-
age, power and current monitoring. The current monitoring
method is widely used as the current sensors used in the
experiment are cheap and easy to install [23]. In this paper,
five different analysis methods were applied to stator three
phase currents to detect the stator ITSCF at its initial stage.
These analysis methods present a potential breakthrough with
its ability to detect the ITSCF in the stator winding at its initial
stage and also determine the fault severity.

The paper is structured as follows. Section II describes the
fault simulation modelling. Section III presents the exper-
imental setup and fault introduction in the stator winding.
Result analysis and fault features extraction are discussed in
Section I'V. In the end, conclusions are explained in Section V.

In this paper study of FEM simulation and experiment
of stator ITSCF in DFIG was carried out. Simulation and
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experimental results are analyzed to extract fault features. The
simulation results are proved by experimental tests.

Il. SIMULATION MODELLING

A. FEM METHOD

FEM is a numerical method which is established on varia-
tion principles. It solves the partial differential equation and
integral equation and provides more precise information than
any other analyses method. In this technique, the magnetic
linearized parameters are used to solve the problem.

A two-dimensional electromagnetic field-circuit coupled
model of DFIG was designed by the vector magnetic poten-
tial Az. In this simulation technique, the whole generator
is reflected as a calculating field for the study of ITSCF
in the stator winding. The electromagnetic field equation of
electrical machines is shown in (1).

ad Az n a 0Az
0x ” ax ay ’ ay
0A

z 0Az
=_J =z -z
zr o o (1
Azlr, =Azo
1 0A
2z _ g,
w oon |,

In (1), JZ is z component of the source current, vX is X compo-
nent of rotational speed, o is conductivity, u is permeability,
AZ0 is the given value of AZ on the boundary of I'l and I"2 is
the Neumann Boundary Condition.

B. STATOR FAULT MODEL IN ANSYS

Generally, there are different ways to establish a DFIG geo-
metrical model. The more accurate and simplest technique is
to build the geometrical model in ANSYS/RMxprt software
and then import this geometrical model into Maxwell 2D for
further analysis. The geometrical model of the DFIG for the
normal condition is shown in Fig. 1.

Stator

Stator Winding

Air Gap

Rotor Winding

0 200 400 (mm)

FIGURE 1. Geometrical model of DFIG for normal condition.

ITSCF is a type of fault and is hard to identify at the initial
stage. It can lead to more serious faults, for example, phase-
to-phase short-circuit and phase-to-ground short-circuit fault
and can bring the huge losses and even destroy the machine
if its didn’t detect at the initial stage of the fault.
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FIGURE 2. Geometrical model of ITSCF.

Each phase of the stator has four branches which are
parallel to each other. Two kinds of ITSCF can happen in
the machine: 1) fault happened in the same branch; 2) fault
happened in two different branches. In this paper, a fault
occurred in the same branch will be discussed because the
latter is much more serious and obvious than the former.

In the simulation model, the stator has four branches in
each branch A1 then this (branch A1) will be further divided
into three parts: one short-circuited winding A1_sc and the
other two are non-short-circuited windings A1_1 and A1_3.
The short-circuit fault in phase A is achieved when the switch
is closed. If the ITSCF is located in the third coil of the same
phase. In the same way, different turns short-circuit fault can
be achieved.

External circuit model was used to provide the excita-
tion to stator windings in this simulation which take end
leakage-inductances of stator windings into consideration.
Rotor windings provide the three-phase AC source. The geo-
metrical model of phase A of the stator winding ITSCF is
shown in Fig. 2. The field-circuit coupling technique is used
to establish the model. Additionally, the end-effect of the
generator is considered, the end leakage-inductance L and
terminal resistance R for different short-circuited turns are
calculated in the external circuit.

Ill. EXPERIMENTAL SETUP AND FAULT INTRODUCTION
IN STATOR WINDING

A. EXPERIMENTAL SETUP

Doubly fed induction generator (100 kW), converter,
drive motor, data acquisition system, control system and
short-circuit cabinet were the main components in this exper-
iment. The whole experiment system of DFIG is presented
in Fig. 3. Control system was used for the starting of the
motor, speed regulation and temperature display. The key
task of the short circuit cabinet was to perform different lev-
els of ITSCF by 14 programmable controllers. Data storage
recorder (HIOKO 8860) and current transformers were used
as data acquisition devices. The important parameters of the
DFIG used in the experiment are given in Table 1.

B. FAULT INTRODUCTION IN STATOR WINDINGS
In the experimental setup, at least three taps can be extracted
from each slot because of the limit of slot space, which is
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TABLE 1. Generator's parameters.

Parameter Value Parameter Value
(Stator/Rotor) (Stator/Rotor)
Rated output 100 kW Rated speed 1800 rpm
power
Circuit type AIY Inner diameter ~ 346.4/110 mm
Outer diameter 520/350 mm Winding 2/2
layers
Number of 72/60 Number of 28/100
turns per phase slots
Length 290 mm Coil pitch 15/13
Number of 4 Conductors 19/10
poles per slot
Parallel 1 Rated power 1
branches factor
Rated voltage 380 V Frequency 50 Hz

considered in the design stage. There were eight outgoing
wires which were fixed with stator coils. These outgoing
wires were coupled to different switches in the short-circuit
cabinet to perform the ITSCFs. Outgoing wires are labelled
from node 1 to node 8, thus two to eight turns short-circuit
can be accomplished by shutting off these switches. These
ITSCFs are made both in the simulation model and in an
experimental setup in the same way.

Each tap was connected with suitable resistance to protect
the generator during ITSCF tests. The resistor was used to
limit the current flowing in the inter-turn loop. During the
experiment, from 0.07€2 to 2.6S2 resistor were used for the
test. And we found that if we experiment without a resistor,
there was more chance that some serious fault could happen
as the circulating current was high. Then we used 0.07€2 and
got good results. When we use a higher resistor than 0.07€2
then the results were not good. That’s why in this experi-
ment 0.07€2 were used. The experimental setup is presented
in Fig. 4.

IV. RESULT ANALYSIS AND FAULT FEATURE EXTRACTION
A 100 kW wound rotor induction generator is used for the
simulation model and experimental setup. In this research,
two-seven turns short-circuit faults were performed. Stator
currents were acquired to analyze the RMS, sequence current
analysis, the eccentricity of the park’s vector trajectory, phase
difference, and Total Harmonics Distortion.

A. TIME DOMAIN ANALYSIS

Three phase currents of simulation and experiment for stator
winding in healthy condition is presented in Fig. 5. When the
machine is operating normally all the three phase currents
are symmetrical. Fig. 6 and Fig. 7 display the simulation
and experiment results when there 2 to 7 turns’ short-circuit
faults. These figures show that when there is a fault in the
generator the three phase currents are no longer symmetrical.
This asymmetrical behaviour is clear as the number of shorted
turns increases. In Table 2, the RMS values for healthy and
ITSCF is given. The result shows that in healthy condition
all the three phases have almost same value of current, but in
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FIGURE 3. Experimental setup of DFIG for ITSCF in stator windings.
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FIGURE 5. Stator currents under healthy condition. fault (Simulation).

faulty condition, phase A has a higher value than phase B and B. SYMMETRICAL COMPONENT METHOD

phase C. As the fault becomes severe, the difference of the According to the method of symmetrical components, three-
amplitude of three phases also increases. Therefore, form the phase currents iy, and I decomposed into the posi-
amplitude difference, the level of the fault can be estimated. tive sequence current, negative sequence current and zero
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FIGURE 7. Stator currents under 2, 3, 4, 5, 6 and 7 turns short circuited
fault (Experiment).

TABLE 2. RMS values under different number of shorted turns.

Shorted Simulation Experiment
turns A B C A B C
0 90.79 90.83 91.47 91.42 92.21 91.36
2 91.26 90.11 87.60 91.92 90.51 89.31
3 91.91 88.52 85.08 93.17 90.58 86.50
4 93.08 86.70 82.95 94.78 89.49 83.62
5 94.61 84.85 81.39 96.96 88.54 80.80
6 96.38 83.15 80.41 98.72 82.92 80.53
7 98.28 81.42 79.98  100.69 83.99 72.95

sequence current.

. 1 /. . .

=3 (IA T alp + azlc>

. 1 /. . .
b_§@+f@+m) @)
. 1 .. . .

lo= 3 (Ia+1p +1c)

In (2),a = 1£120° = &'20°,

Each sequence current can be calculated through three-
phase currents. However, they are complicated to get.

Although the sequence current can be calculated from the
instantaneous value of three-phase currents, the calculation
process is complex. The connection of the generator’s stator
winding and the power grid is a three-phase three-wire sys-
tem, so the neutral point is not grounding. Sum of three-phase
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currents is equal to zero for the inexistence of zero sequence
current presented in (3).

Suppose Iy = I4é°, Iy = Ige® and ic = Ice/% . Presume
Ip = xly, Ic = yly.

Ih+Ipg+ic=0 3)
12 12 _ 12 2 2
COSO[1=B+C Azx +y 1
2Igl, 2xy
12 12 _ 12 1 2 2
cosay = Atie =l = ty oy 4
2141, 2y
Ii—}-lé—lg 1+x2—y2
cosa3 = =
ZIAIB 2x
sin o _ sin ap _ sin o3 )
I - Ip - Ic

According to sine and cosine theorem, (4) and (5) can be
obtained and according to the basic theorem of a trigono-
metric function, it can deduce the expression for the positive

sequence of current and negative sequence of current, shown
in (6) and (7).

Ly = %A 1+%\/[()chy)z—l][(Hy)2 —xz]} ©
Ly = L ( 2 —x2)
y 2\/3 y
I 1
e (v L (R |
by = a (xz —y2>
y 2\/§

The sequence component analysis indicates the generator
behaviour. Three phase stator currents were taken to calculate
the sequence components. The results of positive, negative
and ratio of negative and positive current for simulation and
experiment are given in Table 3. Which can be used as a
fault feature parameter. Both in simulation and experiment,
normal and two to seven turns short-circuit faults are con-
ducted. When the generator is operating in normal condition
then three phase current will have only a positive sequence
of current. From the obtained results, it was observed that
the stator three phase current have some small value of the
negative sequence of current which is negligible.

TABLE 3. Symmetrical component analysis under different number of
shorted turns.

Shorted Simulation Experiment
turns I, 1, I/ 11 (%) I I L/ 1, (%)
0 9128 034 0.37 91.66 0.48 0.52
2 89.64  2.15 2.40 90.58 1.49 1.64
3 8846  3.95 4.47 90.04 3.87 430
4 87.47 597 6.82 89.18 6.48 727
5 86.76  8.07 9.30 88.51 9.50 10.73
6 86.33  10.15 11.76 86.93 12.05 13.86
7 86.09 1221 14.18 84.96  16.90 19.89

Under the faulty condition, the generator shows asym-
metrical behaviour and have negative-sequence current in
it and that negative-sequence current increased with fault
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FIGURE 8. The diagram of stator three-phase currents.

degree. It is presented that the ratio of negative and positive
currents increases with fault severity both in simulation and
in the experiment. The simulation and experiment results
have a little different because of the external disturbance in
the experiment. The ratio is a little high in the experiment
because the experimental result is affected by the noise and
grid voltage. But for 2 and 3 turns, the amplitude of the
simulation result is higher than the experimental result, which
didn’t have any effect on analysis. The comparative results of
sequence currents of simulation and experiment for normal
and at different ITSCF conditions are displayed in Fig. 9.
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FIGURE 9. Comparison of ratio of sequence current.

The results show that if the value of negative-sequence
current is low then the number of faulted turns are low, if the
value of negative-sequence current is high then the number
of shorted turns are high. Therefore, it can be concluded that
the value of negative-sequence current depends on the fault
severity. The same trend can be seen in the ratio of negative
and positive currents analysis.

C. PARK VECTOR METHOD

Three phase currents can be easily converted from three
phase axis into two-phase axis coordinate by the principle
of magnetic potential balance. So, the vector | = ig + Jjig
is called a park’s vector and the transform equation is shown
in (8). For normal condition, the Park’s vector trajectory is in
the form of a circle centred on the origin. But when ITSCF
happened, it turns to be an ellipse.

A P S O
la—\/l;A «/16 JEIC )

1
B
ig = —I i
SV, R,
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Park’s vector trajectory is only a qualitative analysis, fur-
ther feature extraction is needed to represent fault severity.
The general equation of ellipse can be got through Park’s
vector trajectory in (9).

Ax®> +Bxy+Cy> +Dx+Ey+1=0 )

In (10) and (11), the geometric centre of the ellipse is
(X, Yo).

v BE — 2CD 10)
7 4AC — B2

. BD — 2AE an
7 4AC - B2

Therefore, the length of the semi-minor and semi-major
axis are shown as follows:

2(AX2 4+ CY2 + BX.Y. — 1)
\/ A+C+JA-CP+ B
. \/2(AXC2 +CY2 +BX. Y. — 1)

A+C—JA-CP+ R

The eccentricity of park’s vector trajectory is given in (14).

a2 — b2
e=— (14)
a

It is not useful to extract the long or short axis of the Park
vector as a fault feature. For different running conditions,
generators may have different axis length of the Park vector
even they are in the same fault. The eccentricity is a better
choice to be the fault feature parameter, which shows the
unbalanced degree of stator ITSCF.

(12)

13)

TABLE 4. Parks’ vector under different number of shorted turns.

Simulation Experiment
Short Length Length Eece Length Lengt}‘l Foce
ed of semi-  of semi- . of semi- of semi- X
. . ntric . . ntric
turns major minor . major minor .
g . ity - . ity
axis axis axis axis
0 158.15 158.07 0.03 158.18 156.62 0.14
2 158.60 151.93 0.29 157.58 153.11 0.24
3 159.70 146.72 0.39 160.50 148.23 0.38
4 161.50 141.49 0.48 163.87 142.31 0.50
5 163.85 136.63 0.55 168.64 135.69 0.59
6 166.54 132.42 0.61 169.68 129.02 0.65
7 169.55 128.54 0.65 175.81 116.81 0.75

The trajectory of park vector is in the form a circle when
the machine is running normally but when ITSCF faults occur
three-phase currents are unbalanced, park vector trajectory
turns to an ellipse. The length of semi-major axis is increasing
and the length of semi-minor axis is decreasing as the fault
level is increasing which is shown in Table 4. From Fig. 10,
it is shown that the Park vector of the stator current is a
circle under normal condition. It turns into an ellipse when
short-circuit fault occurs, which is shown in Fig. 11 and
Fig. 12 for both simulation and experiment respectively. Both
simulation and experimental results spectacle that the eccen-
tricity gets larger with deeper fault degree.
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FIGURE 10. Park’s vector trajectory under healthy conditions.
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FIGURE 11. Park’s vector trajectory under 2, 3, 4, 5, 6 and 7 turns short
circuited fault (Simulation).

The shape of the eccentricity tells the fault severity, if the
shape of the trajectory of park vector is closer to circle
then it means that fewer turns i.e. 2 or 3 are shorted. If the
shape of the trajectory of park vector is closer to ellipse then
it means that more turns i.e. 6 or 7 are shorted which is
shown in Fig. 11 and Fig. 12. Also from the value of the
semi-major axis and the semi-minor axis, the severity of the
fault can be calculated. The experimental result is a little
high because of complicated experimental conditions. But
for 2 and 3 turns, the amplitude of the simulation result is
higher than the experimental result, which didn’t have any
effect on analysis. The comparative result of the eccentricity
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FIGURE 13. Comparison of eccentricity.

of simulation and experiment is presented in Fig. 13. The
simulation and experimental results have a good agreement
with each other.

D. PHASE DIFFERENCE ANALYSIS

In normal condition, there is a 120° phase difference between
the two phases. But when short circuit occurred, the three
phase currents are deviated from its position and are no longer
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in the symmetrical form. From the phase difference of two
phases, the severity of the fault can be measured. This was
proved from the simulation and then validated experimentally
in this research. The phase difference results of the stator
current for simulation and experiment are specified in Table 5.
During the normal operation of the machine all the three
phases have phase difference of 120° from each other. When
the fault occurred in the winding, the electrical angle deviates
from 120°, and the faulty phase angle increases with fault
level, which can be seen in Table 5. The phase difference
of phases AB and CA is increasing as phase A is shorted
phase and the phase difference of phases BC is decreasing
because phase B and phase C are the non-faulty phases. The
result shows that when there are lower turns shorted than
the phase difference of the two phases are low and when the
phase difference of the two phases are higher than it means
that high turns are shorted. Both simulation and experiment
results have the same trend for the phase difference analysis.

TABLE 5. Phase difference under different number of shorted turns.

Shorted Simulation Experiment
turns AB BC CA AB BC CA
0 120.28 119.63 120.09 120.18 120.27 119.55
2 122.25 118.23 119.52 121.23 118.45 120.32
3 123.78 116.10 120.12 123.73 116.38 119.89
4 125.20 113.50 121.30 126.08 113.52 120.40
5 126.41 110.66 122.93 128.75 110.02 121.23
6 127.42 107.81 124.77 128.39 105.15 126.46
7 128.18 104.98 126.84 135.01 99.68 125.31

TABLE 6. Total harmonics distortion under different number of shorted
turns.

Shorted Simulation Experiment

turns A% B% C% A% B% C%
0 13.539 13.684 13.764 14.450 14.122 13.833
2 13.772 13.541 13.648 14.972 14.584 14.822
3 13.776 13.542 13.641 15.770 14.594 14.546
4 13.780 13.543 13.634 15.889 14.136 14.712
5 13.785 13.546 13.630 17.408 13.825 14.929
6 13.787 13.551 13.619 17.607 13.276 16.518
7 13.790 13.563 13.619  20.480 13.397 16.581

E. TOTAL HARMONICS DISTORTION (THD)

Total Harmonics Distortion (THD) for normal and 2 to 7 turns
short circuit for simulation and experimental results are given
in Table 6. From the results explained in table shows that the
THD of the stator phase A current is affected when the ITSCF
happened. The simulation result shows that during the healthy
condition of the machine, it has 13.5386%, 13.6842% and
13.7643% of the THD for phase A, phase B and Phase C
respectively. When the fault occurs the THD of the faulted
phase (A) increases. During the 2 turns short circuited it
has 13.7721% and finally reach to 13.79% for 7 turns short
circuited. In the experiment, for the healthy condition of the
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machine, the THD has 14.45%, 14.1224% and 13.8333%
for phase A, phase B and Phase C respectively. The THD
of the faulty phase (A) increases. For 2 turns short circuit
fault, the THD is 14.9718% and it grows to 20.4798% for
7 turns short circuit fault. It has been concluded that when
the fault is more serious the THD will be bigger. The THD
of faulty-phase is larger than the other two non-faulty phases.
In the experiment, THD has a higher value as compared to
simulation, due to noises and disturbances from the outside
environment. So it has been suggested that the THD regarded
as a feature for fault phase and fault degree.

V. CONCLUSION

In this paper, simulation and experimental works were done to
find out a relationship of some specific parameters for ITSCF
in DFIG. It was found that five major parameters such as
time domain analysis, symmetrical component method, park
vector method, phase difference analysis and total harmon-
ics distortion (THD) analysis could be effective evidence to
diagnose the ITSCF in stator windings. Based on the finite
element model (using ANSYS Maxwell) stator windings
ITSCF was established. An experimental setup was devel-
oped to validate the simulation results. Through simulation
and experiment results, some fault feature parameters were
extracted. These fault features are useful for the diagnosis
of the ITSCF in stator windings. The following results were
obtained:

(1) Based on simulation and experiment results, it was
found that all the three phase currents are symmetrical when
the machine is running in normal condition, and it will
become asymmetrical when the ITSCF occurs.

(2) As a result of the symmetrical component method,
it was found that the negative sequence of current increases
with the level of fault, and the ratio of negative to positive
component increased as the degree of fault increases.

(3) In park vector method, it was seen that the eccentricity
has a small value and the length of semi-major axis and semi-
minor axis are the same in normal condition. Eccentricity and
the length of semi-major axis increases while the length of
semi-minor axis decrease as the fault level increases.

(4) From the phase difference analysis, it was concluded
that when the phase difference of the two phases are 120°
from each other than the machine is running in normal condi-
tion. If the phase angle of the two phases deviates from 120°,
it means that the machine has a fault. It was also observed
that the phase difference of the faulty phase is higher than the
non-faulty phases.

(5) In the last analysis, the THD was calculated. In THD it
was found that when the ITSCF happened the THD increases.
It was also found that the faulty phase will have the highest
THD and as the fault level increases, the THD become bigger.
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