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Abstract – Recently, in wind power generation, doubly-
fed induction generators (DFIG) have been commonly
employed, and their capacity is also increasing, mak-
ing DFIG’s security and reliability more significant. Sta-
tor winding inter-turn short-circuit faults (SWITSCF) are
a prevalent flaw of theirs. In this paper, a DFIG has
been modeled by the finite element method (FEM) in
the healthy state and in the faulty state. Several sim-
ulations have been carried out for different number of
inter turn short-circuit faults (NSWITSCF) to see their
effects on the DFIG performance. SWITSCF modifies
the impedance, which affects the current amplitudes
and phases. As a consequence, the current is asymmet-
ric where a negative sequence component is observed.
SWITSCF gives the cause of the existence of the short-
circuit current that generates an additional magnetic
field. This will make the magnetic circuit largely sat-
urated. Furthermore, with the NSWITSCF increasing,
these negative effects appear stronger and move away
from a healthy state.

Index Terms – Doubly fed induction generator (DFIG),
finite element method (FEM), number of inter turn short-
circuit faults (NSWITSCF), outer rotor, wind turbine.

I. INTRODUCTION
Early in the development of human civilization,

wind power was exploited, initially for the propulsion
of sailing vessels and subsequently for the powering
of windmills [1]. Nevertheless, a foundation for wind
energy research was not created and explicitly applied
to power generation until the early twentieth century,

due to the work of numerous scientists in the field
of aerodynamics [1, 2]. Modern wind energy conver-
sion technology has developed since the 1970s, with
rapid progress observed in the 1990s. References [1–3]
show that worldwide markets are interested in renew-
able energy and have expanded their investments, their
worldwide revenue exceeding US$285 billion, which
was more than double their investment in conventional
energy sources by the end of 2015. According to [3],
China is the leader both for wind installations and for
capacity added in 2017, followed by the USA and Ger-
many. Different wind turbine concepts have been devel-
oped and improved, as well as various wind generators
[2, 4]. Many researchers are interested in how to detect
and localize the stator winding inter-turn short-circuit
faults (SWITSCF) for the stator and for the rotor [5–10].

We can summarize the methods to model SWITSCF
in doubly-fed induction generators (DFIG) by two
approaches: analytic and numeric [5–11]. Authors [12–
16] examined some of the consequences of the stator’s
ITSCF on DFIG performance with an internal rotor.

Wind energy is produced using DFIG, which can
have either an inner [4] or an external [2] rotor. Their
capacity is increasing, and the safety, reliability, and con-
tinuity of their work have become indispensable in light
of the frequent energy crises. Through power electron-
ics, grid-connection and variable wind speed operation
are possible. DFIG grid connectivity problems have been
addressed by numerous researchers [5–9]. These con-
verters provide a bidirectional power flow between the
machine and the network to support both modes of oper-
ation, either operating at sub-synchronous speeds or at
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super-synchronous speeds [22]. The algorithm used in
the power electronics converter controls the frequency,
phase, and terminal voltage of the DFIG [23]. Among
the most well-known DFIG faults are the inter-turn short-
circuit faults (ITSCF), whether they are in the stator or
rotor windings.

Over the past 10 years, research on how SWITSCF
affects DFIG performances has drawn a lot of atten-
tion [24]. In addition, many scholars have studied ways
to identify and locate these kinds of failure [7, 25–28].
However, before electrical faults can be detected and
localized, it is necessary to first have an understanding
of the differences in behavior that exist between normal
and fault conditions in electrical machines.

According to the literature [13–32], there are two
approaches for examining the SWITSCF through numer-
ical simulation in all electrical machines which are ana-
lytical or numerical approaches. The analytic method is
founded on multi-circuit theory [33–35]. The numerical
method is usually based on finite element method (FEM)
[31, 36]. In order to analyze failure detection mecha-
nisms, having a solid understanding of the DFIG fault
through simulation models and features is absolutely
necessary. Several studies have looked into a FEM-based
model under ITSCF conditions for the stator or rotor
winding [7, 12, 14, 16, 17, 26, 37, 38].

Han et al. [39] combines the unified spiral vec-
tor model with FEM for the purpose of performance
evaluation of brushless doubly-fed induction machines
with different rotor winding short circuits. An analyti-
cal and numerical model is proposed in order to study
the scaling effect on SWITSCF in a permanent magnet
generator [40]. Afshari et al. [42] looked at SWITSCF
with different numbers of inter turn short-circuit faults
(NSWITSCF). However, they only looked at the current
behavior of the stator, and they only took slots 4 and 19
into account.

Chen et al. [26] present work with SWITSCF ver-
ified by experimentation as well as FEM modelling.
Nevertheless, this study solely looks at how SWITSCF
affects current and only for specific turns. Some
researchers are limited to studying how a SWITSCF
affects the magnetic flux density of the DFIG [37]. Three
cases of ITSCF for phase A of the rotor winding, namely
2, 5, and 12, were studied by Li and Wang in [12]. Their
effects were shown on the rotor current through their
time-domain and frequency-domain representations for
each case, as well as on the air gap magnetic flux den-
sity and the magnetic flux density distribution over the
entire machine in each case. Afshari et al. [42], stud-
ied through the stator and rotor’s current spectrum for-
mulation two closely related phenomena. They discuss
SWITSCF and high-resistance connections, as well as

the influence such connections have on the amount of
energy that is pumped into the electrical grid during sub-
and super-synchronous modes. Additionally, they cov-
ered how to differentiate between the two.

He et al. [16] provide a quantitative study of vibra-
tion, current, and loss characterization of air gap flux
density distortion in the healthy case and in the short
circuit case of a one-third turn of DFIG based on FEM.
Chen et al. investigate how ITSCF affects stator branch
currents in Phase A, expressing their findings in terms
of total harmonic distortions (THD) and Park’s vector
trajectory under various numbers of shorted turns from
1 turn to 9 turns [38]. Fu et al. [43] compute the bilat-
eral flux linkage between stator winding and rotor wind-
ing based on the DFIG analytical model and use it as a
means of SWITSCF detection. Rehman et al. are inter-
ested in the influence of SWITSCF rotor winding at dif-
ferent cases on the rotor current but limited their study
on 2 slots [7]. The effect of a rotor ITSCF on the radial
magnetic flux density of a large hydro generator based
on FEM is investigated in [44], then is offered to detect
these defects.

In this study, we modelled and simulated the healthy
and unhealthy behavior of DFIGs in SWITSCF situa-
tions using FEM. We are interested in seeing the effect
of SWITSCF on a DFIG with an outer rotor when we
simulate the same DFIG but with different numbers of
SWITSCF appointed by NSWITSCF for stator phase
“A”. As a result, a comparison of the current time-domain
representation for the three phases of a healthy and
unhealthy stator has been presented, Frequency-domain
representation for each case has also been investigated,
and the distributions of magnetic flux density are pre-
sented for a constant speed operation.

The main objective of this research is to deal with
the effect of major SITSCF on the DFIG current and
magnetic distribution using the FEM and application of
the FEM for the outer rotor DFIG under faults.

This paper introduces a time-domain representation
of the three-phase stator currents under several NITSCFs
to address the effect of this later on their wave forms. We
also address the fast Fourier transform (FFT) of the sta-
tor current under different NITSCFs to clearly see their
effects on the magnitude and harmonics and exploit them
for future diagnostic work.

This paper is structured as follows. Section II
presents a brief description of the DFIG wind turbine
system. Section III presents some rating values and
design specifications for the DFIG necessary to build the
FEM model. Section IV deals with the simulation setup
and steps and the obtained outcomes. Finally, section V
concludes the paper by summarizing the findings and
discussing future research directions.
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II. DFIG WIND TURBINE SYSTEM
Danish scientist Poul la Cour (1846-1908) was the

first to connect a windmill to a generator [45]. Three
types of wind turbine are deployed in the market:

Fixed-speed wind turbine (FSWT) founded on the
use of squirrel-cage induction generator (SCIG), which
is connected to the grid directly via a transformer.

Variable-speed wind turbine (VSWT) based on
DFIG associated with pitch control. The stator is directly
connected to the grid, but the rotor is connected to the
grid via a power electronics converter.

Variable-speed wind turbine based on a permanent
magnet synchronous generator (PMSG), connected to
the grid via an appropriate frequency converter [45].

The energy produced by a VSWT can typically be
2-6% greater than a FSWT, with one study claiming this
may be as high as 39% [46]. Petersson [46] indicates that
the actual value will depend on site conditions such as
the speed and direction of the wind and would include
all aspects of the design of the wind turbine. Moreover, a
DFIG can increase significantly the energy produced by
the wind turbine, with reported increases of 20% for a
DFIG compared to a SCIG-based VSWT, and 60% com-
pared to a FSWT [46].

As can be seen in Fig. 1, DFIG is frequently uti-
lized as a primary component in wind turbine systems.
In this configuration, the electrical grid is connected to
both the stator winding and the rotor winding. The wind
turbine converts the wind power (Pw) towards mechan-
ical energy and the role of the DFIG is to convert this
mechanical energy to electrical energy [4].

Fig. 1. Typical configuration of a DFIG wind turbine.

The relationship between the frequency of the sta-
tor voltage and the frequency of the excitation currents
in the rotor is exploited to keep the generation frequency
constant and matched to the grid frequency. The algo-
rithms for this are implemented in the power electronics
converter [2]. The speed of the rotating magnetic field
(n0) and the rotor shaft velocity (n) are coupled by the
following equation:

s = 1− (n/n0) . (1)

In the case when n is less than n0, the stator and rotor
currents are in phase and the rotor absorbs energy from
the converter. In contrast, when n is greater than n0, the
stator and rotor currents are not in phase and the rotor
supplies electrical energy to the converter [2, 4].The
input mechanical power Pmech needed to reach the max-
imum power point (MPPT) of the wind turbine depends
on the wind turbine power for the MPPT (Pm re f ) at the
reference speed (ωre f ) and the mechanical rotor speed
ωm. Equation (2) should be met for MPPT [2]:

Pmech = Pm ref
(
ωm/ωre f

)3
. (2)

The mechanical loss of the rotor P f is found in equa-
tion (3):

Pf = Pf re f
(
ωm/ωre f

)3
, (3)

where P f re f is mechanical loss measured at ωre f , giving
the electromagnetic power for the DFIG as:

Pem =
(
Pmech −Pf

)
/(1−S) . (4)

The DFIG output electrical power in the stator at
rated operation is given by equation (5):

P1 = Pem −m1I1
2R1 = m1V1I1cosϕ , (5)

where m1 is the number of stator phases (in this case 3),
R1 is the stator winding resistance of one phase and is
assumed equal in all DFIG phases, V1, I1 and cosϕ are
the nominal values of the voltage, the current and the
power factor of a stator phase. I1 is:

I1 =
2 Pem/m1

V1cosϕ +

√
(V1cosϕ )2 +4R1Pem/m1

. (6)

III. DFIG GEOMETRY AND FEM MODEL
In finite element modeling, the first step involves

constructing and sketching the geometric contours of the
DFIG model depending on the specifications of a par-
ticular device that has been chosen. Tables 1–3 con-
tain descriptions of some of their parameters. The next
stage is to distribute specific materials and their quali-
ties among the different zones. As an illustration, cop-
per will be utilized for the conductors. Air will be used
for the spaces between the conductors. In the following
stage, phenomena and parameters will be incorporated.
Voltage sources and mechanical loads, shaft speed, dif-
ferent boundary conditions, eddy currents, and the non-

Table 1: Rating values and design specifications for the
DFIG

Design Specifications Rating Value
Rated output power 550 (W)

Rated voltage 220 (V)
Rated speed 157 (rad/s)

Poles 4
Stator slots 24
Rotor slots 30
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linear behavior of the magnetic circuit are a few exam-
ples of these. Others include magnetic circuit saturation.

In order to attain the best possible outcomes, a finite
element mesh is generated for each DFIG member, with
an exceptionally tiny mesh being utilized for the air gap.
The last step is to set the simulation parameters, which
include the relative and absolute error levels, the simula-
tion step, and the stop time.

Table 2: Dimensions of the stators and rotors periphery
Parameter Value (mm)

Stator external diameter 120
Inside stator diameter 50

Rotor external diameter 180
Inside rotor diameter 121

Length of stator and rotor core 65

Table 3: Dimensions of the slots on both the stator and
the rotor

Dimension of
the Stator

Slot

Value
(mm)

Dimension of
the Stator

Slot

Value
(mm)

hs0 2 hr0 2
hs1 2 Hr1 2
hs2 15 hr2 10
bs0 2.5 br0 2.5
bs1 9.19419 br1 8.5281
bs2 5.24462 br2 10.6303
rs 2 rr 2

IV. SIMULATION OUTCOMES
This section presents the results of the simulations

carried out in DFIG for a healthy case and various
defective cases in Phase A of the stator winding which
are 4, 11, 22, 33, and 39 NSWITSCF. Figure 2 pro-
vides a perspective in three dimensions of the DFIG
that was designed. Although periodic boundary condi-
tions are commonly used in FEM simulations for their
computational efficiency, the occurrence of an ITSCF in
Phase A introduces asymmetry into the model. Conse-
quently, periodicity conditions cannot be applied, and
a full model must be used to accurately represent the
faulted behavior.

The basic idea behind FEM is to divide the study
domain into small pieces. In the ANSYS environment,
the partial differential equation (PDE) is defined for each
part of the DFIG. A 3D view of the DFIG outer rotor is
depicted in Fig. 2. Figure 3 illustrates the mesh applied
to the model. In this section, we also simulate DFIG
with a different case of a NSWITSCF to show how the
NSWITSCF affects the performance of DFIG.

Fig. 2. Three-dimensional view of a section of the
designed DFIG.

Fig. 3. 2D DFIG outer rotor mesh.

A. Stator currents of Phase A
The stator current in Phase A for a typical case

and various NSWITSCF conditions is shown in Fig. 4.
Figure 4 compares the stator current waveforms under
healthy conditions and different ITSCF scenarios. The
black solid line represents the stator current in the
healthy state, exhibiting a perfect sinusoidal waveform
with a peak value of 2 A. In contrast, the colored dashed
and dotted lines depict the stator current behavior as
ITSC severity increases, with peak values reaching up
to 24 A in the most severe case. The severity of the
fault is quantified by the number of inter-turn faults
(NITF). A short circuit will raise the stator current and
result in overheating of the winding. This is harmful and
unhealthy for the machine and can shorten its life. In
addition, if the current goes above the maximum sup-
ported by the winding and their insulation, it can destroy
the machine and is irreversible.
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Fig. 4. Stator currents of Phase A in healthy and
unhealthy NITF conditions.

To further illustrate the impact of ITSCF on DFIG
performances, four parameters, namely THD, THD%,
RMS (root mean square) value, and peak value, are com-
puted and analyzed. A comparative assessment is con-
ducted between healthy and unhealthy operating condi-
tions for each parameter. THD% is quantified for each
fault condition as the ratio of the total harmonic content
in the voltage waveform to its fundamental component.
The computed results are presented in Table 4. The dis-
tortion level is computed using:

THD(%) =

√(
V 2

2 +V 2
3 +V 2

4 +V 2
5 + · · ·+V 2

m
)

V1
∗100.

(7)
Peak value represents the absolute maximum mag-

nitude of the current waveform during both the transient
and steady-state operation.

Table 4 presents the computed parameters cited pre-
viously for Phase A under both healthy and unhealthy
conditions with varying degrees of ITSCF, identified by
the NITF.

Table 4: Analysis of stator current in Phase A under
healthy and unhealthy conditions

NITF THD THD% RMS Peak
Healthy 0.043 4.37% 1.54 4.97

4 0.050 5.08%. 1.66 6.45
11 0.072 7.20% 1.98 9.81
22 0.141 14.10% 2.93 15.63
33 0.357 35.78% 9.18 26.31
39 0.328 32.88% 14.34 31.64

As observed in Table 4, the results indicate that THD
increases substantially with fault severity, rising from
4.37% in the healthy condition to a peak of 35.78%
at NITF = 33, before slightly decreasing to 32.88%
at NITF = 39. This highlights a significant degrada-
tion in power quality as the fault becomes more severe.
Similarly, the RMS current initially increases with the

fault, reaching a critical value of 14.35 A at NITF = 39,
compared to just 1.54 A in healthy conditions. Peak cur-
rent values follow a similar trend, escalating from 4.97
A to 31.64 A, which can impose extreme stress on the
winding insulation. This indicates severe waveform dis-
tortion and a significant rise in harmonic content, as illus-
trated in Fig. 4.

These results demonstrate clearly that increasing
ITSCF severity leads to elevated current magnitudes,
distorted waveforms, and significantly higher harmonic
content, which can compromise the operational reliabil-
ity and safety of the WECS if not promptly detected and
mitigated.

B. FFT of stator currents of Phase A
Figure 5 shows the FFT comparison between a

healthy case and various cases of NSWITSCF. We can
see from Fig. 5 that the number of turns or short circuits
directly influences the amplitude of the current. We can
exploit this amplitude to make a diagnosis of the state of
health of the machine.

Fig. 5. FFT of Phase A current in healthy and unhealthy
NITF conditions.

C. Stator currents of Phases B and C
The impact of inter-turn faults in Phase A on the

current in Phases B and C is depicted in Figs. 6 and 7.
From these results, we can observe that their effects on

Fig. 6. Stator currents of Phase B in healthy and
unhealthy NITF conditions.
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Fig. 7. Stator currents of Phase C in healthy and
unhealthy NITF conditions.

the B and C phases are significant. We can see that
in short-circuit situations where the current amplitude
becomes more important, the system will become imbal-
anced with each increase in NITSCF.

Tables 5 and 6 illustrate the impact of ITSCF on
the current characteristics of Phases B and C in terms
of THD, THD%, RMS, and Peak. For Phase B, THD
increases from 5.42% in the healthy condition to 30.24%
at the most severe fault condition. This is accompanied
by a sharp rise in RMS current from 1.7 A to 9.18
A and peak current from 7.94 A to 23.52 A. Notably,
Phase C is also affected by the ITSCF occurring in Phase
A, exhibiting a similar response to that of Phase B, as
shown in Table 6 and Fig. 7. THD escalates from 3.89%

Fig. 8. Magnetic field distribution for healthy and unhealthy DFIG in different cases of NSWITSCF: (a) Healthy, (b)
4 ITSCF, (c) 11 ITSCF, (d) 22 ITSCF, (e) 33 ITSCF, and (f) 39 ITSCF.

Table 5: Analysis of stator current in Phase B under
healthy and unhealthy conditions in Phase A

NITF THD THD% RMS Peak
Healthy 0.054 5.42% 1.70 7.94

4 0.054 5.43% 1.80 8.92
11 0.058 5.84% 2.04 11.11
22 0.141 14.10% 2.93 15.63
33 0.298 29.85% 6.31 20.88
39 0.302 30.24% 9.18 23.52

Table 6: Analysis of stator current in Phase C under
healthy and unhealthy conditions in Phase A

NITF THD THD% RMS Peak
Healthy 0.038 3.89% 1.50 4.60

4 0.041 4.17% 1.47 4.57
11 0.058 5.83% 1.39 4.40
22 0.345 34.51% 1.13 3.68
33 0.534 53.43% 3.02 7.00
39 0.402 40.21% 5.25 11.01

under normal operation to a maximum of 53.43% at
NITF = 33, which is the highest among all three phases.
RMS value rises from 1.50 A in the healthy case to 5.25
A for NITSF = 39, and peak current rises from 4.60 A
to 11.01 A.

D. 2D distribution of magnetic flux density
Distribution of magnetic flux density is shown in

Fig. 8 for both the normal case and various stator
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winding fault circumstances. It can be seen that both the
stator and rotor areas have a strong magnetic field. Both
rotor and stator leakage reactance will rise as a result.
In certain areas, magnetic saturation will likewise rise.
Due to the shift in current flowing through the rotor bars
in the defective state, the generator’s torque will behave
asymmetrically.

V. CONCLUSION
The finite element method (FEM), often used for

modeling and simulating electrical equipment, is a
numerical method that enables the analysis of com-
plicated and non-linear systems. Time-domain and
frequency-domain representations of the stator currents
as well as the magnetic flux density distribution under
healthy and unhealthy conditions are compared for
constant-speed operation. In this paper, we exploited
the numeric computing power of FEM to simulate the
healthy operation and several faulty operations in order
to obtain a comparative analysis between the normal case
and numerous cases of ITSCF for a single stator phase
of DFIG. With a lesser increase in current in the B and C
stator phases, ITSCF in the stator winding significantly
increases branch current. The flux is reduced in Phase
A of the stator winding as a result of SWITSCF, and
the other two phases see less of a reduction. Moreover,
when SWITSCF increases, the torque oscillates more
and more. DFIG characteristics differ further from typ-
ical characteristics as there are more inter-turn short-
circuits. This work can shed light on the consequences
of SWITSCF, enabling the development of trustworthy
fault detection and enhancing the quality of the electrical
power that the DFIG wind turbines inject into the grid. To
conclude, a bigger NSWITSCF generates a significant
increase in faulty branch current, a current increase in all
stator phases, and torque oscillation. As a research direc-
tion, it is important to extend the effects of the short cir-
cuit to the other quantities of the machine. It is important
to do studies for a polyphase short circuit. It is impor-
tant to take into account the effect of the rotation speed.
It is important to use its results for diagnostics and fault
location.
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