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Abstract-Doubly-Fed Induction Generators (DFIG) are operated
for wind energy production, and as their capacity is increasing,
their safety and reliability become more important. Several faults
affect the performance of DFIG. The stator winding Inter-Turn
Short-Circuit Fault (ITSCF) is one of the most prevalent electric
machine failures. This study examined the stator ITSCF effects
on DFIG performance for different cases. The DFIG was
designed and engineered using the Finite Element Method (FEM)
and the Maxwell software, and was examined in healthy
operation and four defective cases with various Numbers of
Inter-Turn Short Circuit Faults (NITSCF): 4, 9, 19, and 29.
These models allowed the examination of the effects and the
comparison of each case separately from the healthy state. The
comparison was plotted in Matlab to show the effects of the
faults. The novelty of this study was that it investigated the effects
of different NITSCF on the performance of DFIG and not only
on their effect on the stator current and distribution of magnetic
flux density. A better understanding of the short circuit effects on
the performance of the DFIG can be exploited for subsequent
implementations of early fault detection systems.

Keywords-Doubly-Fed Induction Generators (DFIG); stator
winding; Inter-Turn Short Circuit Fault (ITSCF); number of
ITSCF; Finite Element Method (FEM); finite element analysis

1. INTRODUCTION

Since the 1970s, modern wind power conversion
technology has been developed, especially at the end of the last
century. Several Wind Turbine System (WTS) concepts were
explored and different wind turbines were built [1]. Since the
'90s, when the renewable energy is classified based on
increasing installed capacity, wind energy occupies the first
place among all types of renewable energy [2]. The ten leading
countries in wind power at the end of 2017 had installed more
than the three-quarters of all new wind turbines in the world

2].
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DFIGs, with external [3] or inner rotors [1], are used in
wind power production. As their capacity increases, their safety
and reliability become more important. The variation in speed
is possible due to power electronics, which are required to
provide a connection to the grid. Many studies dealt with DFIG
grid connection issues for different purposes [4-7]. The ITSCF
of the stator or rotor windings is among the most common
faults of DFIGs. The effect of ITSCF on the properties of
DFIG has attracted much attention during the past decade. On
the other hand, many researchers investigated how to detect
and localize such faults [8-12]. However, the difference in the
behavior of electrical machines between normal and fault
conditions must first be understood before detection and
localization can be accomplished. According to [8-17], two
methods exist for analyzing the ITSCF by simulation in DFIG:
the analytical and the numerical. The analytical approach is
based on the multi-circuit theory [18-20], and the numerical
approach is usually based on FEM [21, 22]. It's critical to
understand the DFIG fault simulation models and features to
investigate failure mechanisms. Several studies examined a
FEM simulation model of an ITSCF stator or rotor winding in
DFIG [11,23-24].

In [12], the ITSCF in the stator winding with different
NITSCF was examined, but this study was limited to the stator
current behavior and only took into account two stator slots: 4
and 19. In [10], the stator ITSCF was validated both by FEM
simulation and experiment, however, this study was limited to
the ITSCF effect on the current and only for some turns. Other
studies focused only on the effect of turn-to-turn short-circuit
defects on the magnetic field [25]. Authors in [23] only focused
on the rotor ITSCF effect on the magnetic flux density
distribution and the rotor current.

In [26], two closely related phenomena of the current
spectrum of the stator and rotor were studied: ITSCF and high
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resistance connections, as well as their effect on the energy
injected into the network in sub and super synchronous
operation, and a discussion on how to tell them apart. In [24], a
quantitative study was conducted on mechanical vibration,
stator currents, and stator copper loss in healthy and ITSCF
cases of one-third of a stator turn of DFIG using FEM. The
effect of ITSCF on stator branch currents and its expression by
the Total Harmonic Distortion (THD) and the vector trajectory
of Park under various ITSCF cases of stator winding was
studied in [27].

The current study used FEM to model and simulate the
healthy and faulty state in several cases, simulating the same
DFIG but with several NITSCF of one stator phase A. A
comparison between healthy and faulty stator flux linkages and
current of phase A and torque were examined for constant
speed.

II.  DFIG GEOMETRY AND THE FEM MODEL

DFIG is widely used as a principal component in a wind
turbine, as shown in Figure 1, where both the stator and the
rotor are connected to the power grid. Wind power (Pw) is
transformed into mechanical energy by the wind turbine, and
DFIG converts this mechanical energy into electric energy [1].

Turbine Blades

— Transformer
4 [B= } : Grid
Wind \
- Pw \
- >
—

Fig. 1. Typical configuration of a DFIG WTS.

The first step in FEM is to create and draw the geometric
outlines of the DFIG model based on the parameters of a
selected device. Some of these parameters are listed in Table 1.

TABLE L DFIG RATED VALUES AND DESIGN PARAMETERS
Electrical and dimensional parameters Value
Nominal output power 550 W
Nominal voltage 220V
Given rated speed 1500 rpm
Number of pole pair 2
Number of stator slots 30
Number of rotor slots 24

The next step was to assign specific materials and their
properties to each region, including copper to conductors and
air to air gaps. The next step incorporated phenomena and
parameters including current sources, rotor speed, boundary
conditions, eddy currents, and magnetic circuit saturation. A
finite element mesh was created for each DFIG part with a very
fine mesh for the air gap to obtain the best results. Finally, the
simulation parameters such as relative and absolute error,
simulation step, and stop time were set. A 3D view of the
designed DFIG is presented in Figure 2.

N

Fig. 2. 3D view of the designed DFIG.

III. SIMULATION RESULTS

This section introduces the results from the simulation of
normal and faulty cases in phase A of the stator winding.
Various degrees of ITSCF in the DFIG were simulated to show
the effect of the NITSCF on the DFIG performance. The 2D
finite element mesh of the DFIG is shown in Figure 3.
Afterward, these results were used to solve the electromagnetic
field equation of the DFIG. Figure 4 compares the flux linkage
in the stator phase A for the normal and different numbers of
ITSCF. It was observed that a greater number of short-circuit
inter-turn faults increased the error between the normal and
fault value, with the flux magnitude for 29 short-circuit faults
being the smallest of all cases. Figures 5 and 6 demonstrate the
effect of the faults in phases A, B, and C in terms of the flux.
As can be observed, this effect is small but not negligible.

Fig. 3.

2D Finite element mesh of the DFIG
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Fig. 4. Flux linkage of'the stator phase A in normal and under different
NITSCF conditions.

Figure 7 shows the comparison of a faulty-healthy Root
Mean Square (RMS) ratio of the flux linkage of stator phases
for different NITSCF. In phase A, where the different defaults
are created, the flux linkage RMS value decreased for each
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NITSCF increase. This decrease in flux can be explained by the
decrease in the number of turns of phase A.
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Fig. 5. Flux linkage in stator phase B for normal and various NITSCF

conditions in phase A.
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Fig. 6.

Flux linkage in a stator phase C for normal and various NITSCF
conditions in phase A.
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Fig. 7. Comparison of the faulty-healthy RMS ratio of stator phases for
different NITSCF.

However, the opposite is noticeable for both healthy phases
B and C, where the effective flux binding values increase with
each NITSCF increase, especially for phase B starting from the

case of 9 NITSCF. Figure 8 shows the stator current in phase A
for normal and various NITSCF in the stator winding. A short-
circuit would increase the stator current and result in
overheating of the winding. This can be detrimental to the
machine and decrease its lifetime, and if the current exceeds
the maximum short-circuit can result in its destruction. Figures
9 and 10 show the effect of NITSCF in phase A on current in
phases B and C respectively. It can be observed that the effects
in phases B and C are important, as the current amplitude in the
condition of short-circuit results in system unbalance. Figure
11 shows a comparison of the faulty-healthy RMS ratio of the
stator phases current for different NITSCF. The partial short-
circuit of turns in phase A increases rapidly the current RMS
value for each NITSCF rise. Moreover, at the same time, the
current RMS value of the two healthy phases continues to
increase with each increase in NITSCF, but in a lower order
compared to the RMS value of the defective phase. Figure 12
shows the induced voltage of phase A in healthy and faulty
operation. The induced voltage in phase A decreases with each
NITSCF increment because the total induced voltage is a sum
of the induced voltage for each turn. Figure 13 shows the
induced voltage of phase B in healthy and faulty operation.
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Fig. 8.
conditions.

Stator currents of phase A for healthy and various NITSCF
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Fig. 9. Stator currents of phase B in healthy and under various NITSCF in
phase A of the stator.
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Fig. 10.  Stator currents of phase C in healthy and various stator winding
fault conditions of phase A.

6

o

IS

ratio of faulty rms to healthy rms
n w

®

Fig. 11.  Comparison of the faulty-healthy RMS ratio of the stator phase
currents for various NITSCF.
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Fig. 12.  Stator induced voltage of phase A in healthy and under various
stator winding fault conditions.

Figure 14 displays the induced voltage of phase C in
healthy and faulty operation, while Figure 15 shows the rotor
currents. As can be noted, the rotor currents are not affected by
the stator ITSCF. Figure 16 displays the torque curves of the
DFIG at nominal load in healthy and under various NITSCF
cases. This Figure summarizes the effect of inter-turn faults on
DFIG torque. As can be observed, the inter-turn faults create an
oscillation that increases with increasing NITSCF.
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Fig. 13.  Stator induced voltage of phase B in healthy and various NITSCF
conditions in phase A of the stator.
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Fig. 14.  Stator currents of phase C in healthy and various NITSCF in phase
A of'the stator.
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Fig. 15.  Rotor currents.

Figure 17 shows the distribution of the magnetic flux
density for normal and different stator winding fault conditions
in phase A. As can be noted, the magnetic field is concentrated
in both the stator and rotor regions and will increase both rotor
and stator leakage reactance. The magnetic saturation will also
increase in these regions. In the faulty state, asymmetric
behavior will occur in the torque induced by the generator due
to the change in currents passing through the stator winding. In
this case, NITSCF increase causes an increase in torque ripple,
as can be observed in Figure 17.
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Fig. 16.  Torque in healthy and various stator winding fault conditions.
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Fig. 17.  The magnetic field for healthy and faulty DFIG on different cases
of inter-turn short-circuited numbers: (a) 29 inter-turn faults, (b) 19 inter-turn

faults, (c) 9 inter-turn faults, (d) 4 inter-turn faults, (e) healthy.

IV. CONCLUSION

FEM is a numerical method that allows the analysis of
complex and non-linear systems and is frequently used for
modeling and simulating electrical machines. This study used a
FEM model to simulate and obtain a comparative analysis
between the normal and several cases of ITSCF for one stator
phase of DFIG. A comparison of stator flux, currents, induced
voltage, and torque between normal and fault conditions was
presented at a constant speed. ITSCF in the stator winding
causes a substantial increase in branch current and a small
increase in currents of B and C stator phases. ITSCF in phase A
of the stator winding causes a decrease in flux in this phase and
a smaller decrease in the other two phases. Moreover, ITSCF
creates oscillations in the torque that increase with increasing
NITSCF. An increasing number of inter-turn short-circuits
causes DFIG characteristics to deviate further from normal.
This study provides insight into the effects of ITSCF and can
be exploited to allow the development of reliable fault
detection systems and improve the quality of the electrical
power injected into the power grid by WTS.
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