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Abstract—The brushless Doubly Fed Induction Machine (BD-
FIM) with high reliability and robust structure demonstrates
technical and commercial advantages both as a generator and
motor for variable speed drive applications. As a generator it is
particularly attractive to be used in offshore wind turbines where
reliability improvement and maintenance cost reduction are the
key factors in wind power market growth. As a motor it can
be utilized in application requiring adjustable speed operation.
Inter-turn short circuit fault is one of the most frequent electrical
faults in electric machines, which can also be the cause of other
stator winding faults in the machine, hence its early detection can
significantly reduce the maintenance cost and improve reliability.
In this paper a novel fault detection method for inter-turn short
circuit fault is proposed for the BDFIM based on the discrete
wavelet transform of the stator winding currents. The analytical
winding function method as well as the finite element analysis
of an experimental D180 BDFIM is used in order to verify the
proposed fault detection method.

Index Terms—Brushless Doubly Fed Induction Machin (BD-
FIM), condition monitoring, fault detection, Motor Current
Signature Analysis (MCSA), signal processing, wavelet transform.

I. INTRODUCTION

Brushless Doubly Fed Induction Machines (BDFIMs) of-
fer promising design features and performance characteris-
tics such as brushless structure, slip ring elimination and
fractionally-rated power electronic converter at medium-speed
operation [1]. The BDFIMs can be used in variable speed
applications normally within a percentage above and below
the so-called natural speed depending on the rating of the
power converter. As a generator, it is particularly attractive
for wind power generation as a replacement for doubly fed
induction generators used in majority of wind turbines [2].
Other applications have also been reported for the BDFIM,

for example, flywheel energy storage system [3] and ship
generator [4].

The BDFIM consists of two stator windings designed with
different pole-pair numbers, one is connected directly to the
grid called the Power Winding (PW) and the other is supplied
through a variable-voltage variable-frequency converter called
the Control Winding (CW). A schematic of the BDFIM grid
connection is shown in Fig. 1. The PW and CW pole-pair
numbers are chosen in such a way to eliminate direct magnetic
coupling between the two windings. The indirect coupling is
enabled using a special rotor structure called the nested-loop
rotor. The nested-loop rotor consists of several nestes, each
having a number of loops. The number of nest required for
the rotor can be obtained from:

)

where p, and p. are PW and CW pole-pair numbers, respec-
tively.

Ny =pp + pe

Conirol Winding Frequency (Fsc)
Bidirectional
Converter
, Control Winding
' 7 9 (Pc Pole-Pairs)
} ’ ‘ Rotor structure,
L wound
Power Winding / or reluctance
Frequency (Fsp) VA N = (Pp+Pc)
Grid > —
Power Winding N

(Pp Pole-Pairs)

Fig. 1: The BDFIM grid connection.



The BDFIM can operate in three distinct modes of operation
including: induction, cascaded, and synchronous. In all modes
the PW is directly connected to the supply, while the CW
is opened in induction mode, shorted in cascaded mode and
supplied through a fractionally-rated convertor in synchronous
mode. The BDFIM rotational speed can be calculated by:

Dp + De
where w, and w. are PW and CW supply frequencies, respec-
tively.

The fault detection methods in electrical machines are
classified into signal-based and model-based techniques [5].
Among them, Motor Current Signature Analysis (MCSA) and
vibration analysis are the most powerful techniques that can
detect most of the faults including bearing faults, rotor mis-
alignment and stator winding Inter-Turn Short Circuit (ITSC)
faults [6]. The MCSA uses current sensors that are already
available in most of the motor drive systems to measure stator
current signals. Therefore, it would be a non-intrusive method
with easy implementation and no additional costs [7].

The MCSA method relies on both time and frequency
domain signal processing techniques in its analysis. Fast
Fourier Transform (FFT) is one of the most common signal
processing technique that takes the average of a signal in
time domain and transfers the data to frequency domain [8].
Another form of signal processing technique is the time-
frequency domain technique where both time and frequency
domains are employed. Short-time Fourier transform is a more
accurate version of FFT using a fixed window function, but it
is unable to analyze the current signals at variable load and
speed conditions, also suffering from high processing power
requirement.

The wavelet transform method is a powerful signal pro-
cessing method, which can overcome the above limitations
that exist in different Fourier transform methods by using
various scalable wavelet functions with alternative time and
frequency domains [9]. It can also be adapted to a wide range
of frequency and temporal resolution and has recently been
used for detecting the ITSC faults in the stator winding of
permanent magnet synchronous machines [10]. The advanced
forms of the wavelet analysis i.e.. Discrete Wavelet Transform
(DWT) with less computational time and continuous wavelet
transform with higher accuracy, have also been reported for
detecting faults in different electrical machines [11].

The main principle of DWT is the use of a series of band-
pass filters that results in a small bandwidth (high frequency
resolution and low time resolution) at low frequencies, and
wide bandwidth (low frequency and high time resolution) at
high frequencies. This is enabled by introducing a variable
window width, such that it is decreased for higher frequencies
by power of two. Therefore, the original signal passes through
complementary filters and emerges as two signals termed
as approximation and detail coefficients in wavelet analysis.
The corresponding details are then used for fault detection
purposes [9]. The most frequent faults in electrical machines

are occurred in bearings, stator windings and rotor bars [12].
According to [6], the majority of the stator winding faults are
ITSC faults caused by the deterioration of the stator winding
isolation. Since the BDFIM has two sets of three-phase stator
windings in common slots, the detection of the ITSC faults are
crucial. In [13], and [14] a MCSA method based on the FFT
analysis of the current signals has been introduced to detect
stator winding ITSC fault and static eccentricity fault in the
BDFIM, respectively. In those works, several frequency were
introduced for detecting ITSC and static eccentricity faults
by analysing the stator current spectra using FFT analysis in
steady state operating condition.

In this paper the wavelet transform method is used to detect
stator winding ITSC faults in a BDFIM by applying the DWT
technique to the stator PW currents. The PW phase current is
obtained by simulation and transferred to a3 stator reference
frame using Park transformation. Then, the af current is
analysed using DWT technique in order to detect the ITSC
faults. It is shown in [9] that under unbalanced stator currents,
a frequency of 2 f; appears in o3 current amplitude, where f;
is the stator supply frequency. This frequency is considered as
the ITSC fault index for the BDFIM.

The analytical winding function method have been devel-
oped for a prototype BDFIM in order to obtain the stator
currents at different operating conditions. The ITSC fault
detection method is then proposed based on wavelet transform
analysis of the stator winding currents under healthy and fault
conditions for various load levels. Finally, the proposed fault
detection technique is validated using a Finite Element (FE)
model of a D180 prototype BDFIM.

II. PROTOTYPE BDFIM MODEL DEVELOPMENT
A. DI80 Prototype BDFIM

Table I gives detailed information for the prototype D180
BDFIM used in this study. Fig. 2 shows the machine on the
test plate. The rotor is a nested-loop design consisting of 36
slots. As it has p, = 2 and p. = 4, the rotor was constructed
with p,, + p. = 6 nests terminated with a common end ring at
one end only. Each nest is allocated 6 slots; therefore, three
concentric loops are housed within each nest.

B. Finite Element Model Development

2-D FE linear models have been developed for D180
BDFIM using ANSYS Maxwell. The magnetic flux pattern in
synchronous operating mode, presented in Table II, is shown in

TABLE I: Specifications for the D180 BDFIM.

Parameter Value Parameter Value
Stack length 190 mm Rated power 7.8 kKW at 750
Rated torque 100 Nm Efficiency > 92%

PW no of poles 4 PW rated voltage 240 V at 50 Hz
CW no of poles 8 CW rated voltage 172 V at25 Hz
Rotor type Nested-loop ~ Rotor no of slots 36
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Fig. 2: D180 prototype BDFIM machine (left) on the test rig
with torque transducer and DC load machine (right).

Fig. 3. The resulting PW and CW currents are compared with
the experimental results in Fig. 4. Close agreement between
the FE results and the experiment confirms the validity of
the FE models. The FE linear model is particularly useful
when it is used to verify the results obtained from analytical
methods since the non-linear characteristics are ignored in both
methods.

C. Winding Function Method

Winding function method is based on the coupled magnetic
circuit theory and is used to calculate the machine inductances
by means of the magnetic energy stored in the air-gap under
both healthy and faulty conditions. The mutual inductance

TABLE II: Operating conditions for the simulations and ex-
periments shown in Fig. 4.

Parameter Value Parameter Value
Torque 103 Nm Speed 750 rpm
Vpw 204 V PW frequency fpw 50 Hz
Vew 148 V CW frequency fcw 25 Hz

Fig. 3: Magnetic flux distribution of the BDFIM in syn-
chronous operating mode.
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Fig. 4: D180 BDFIM Synchronous mode at Full-load condi-
tion (T = 100 Nm) (a) PW current (b) CW current.

between the coils A and B, L 4p, can be calculated as:

27
Lag = ,uorl/ na(p,0-) Np(p,0:) godp  (3)
0

where n4 is turn function for coil A and Np is winding
function for coil B, po is permeability of air, [ and r are
the machine stack length and rotor diameter, respectively, and
go is the machine’s air-gap.

A winding function model has been developed for the
D180 BDFIM which can be used to calculate PW and CW
inductances under healthy and faulty conditions. Fig. 5 shows
the mutual inductance between stator windings and rotor loops
obtained by the winding function simulation. Once the PW and
CW inductances are obtained, the couple circuit model is used
to determine the PW and CW currents using the procedure
discussed in [15].

III. INTER-TURN SHORT CIRCUIT FAULT DETECTION
TECHNIQUES

Various diagnostic techniques have been used in ITSC fault
detection of electrical machines including vibration analysis
[16], negative-positive sequence impedance calculation [17],
rotor field voltage analysis [18], stray flux measurements [17],
Clarke transformation on stator voltages [19] and MCSA based
method. Among them, the MCSA technique has been widely
reported in the literature, specially for ITSC faults, as it offers
significant advantages such as on-line monitoring, early fault
detection, and low cost implementation over other techniques.
Cira et al [20] have extracted negative and positive harmonics
by applying FFT to space vectors of stator current and voltage
to detect stator ITSC fault in permanent magnet synchronous
motors. A modulation signal bi-spectrum has been used to
detect stator winding faults for induction motors in [21] . A
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new extended Park vector analysis has been proposed in [22]
to detect short circuit winding faults in permanent magnet
synchronous motor. Nevertheless, much attention has been
recently paid to the wavelet transform analysis as a powerful
signal processing technique for diagnosis of the ITSC faults
in different electrical machines for example in [23] and [24].
The wavelet transform technique offers the analysis of non-
stationary signals and under load variation. To the best of the
Authors’ knowledge no work has been reported on using the
wavelet transform technique for detecting the ITSC faults in
the BDFIMs.

Wavelet transform is a signal processing method which
analyses a signal in high or low frequency details with high
accuracy. The analysis uses Park vector transform, to transfer
three-phase stator currents, ig,, 75 ,and iz, into «f stator
reference frame components, s, and i,g, according to [9]:

1

Z‘soz = - (2isa - Z.sb - Z'sc)
° (4)
isﬁ = 5 (Z.sb - isc)

The instantaneous amplitude of the current in af3 reference
frame, 7., can then be obtained:

|isal3‘ =V isa2 + 7:3[92 )]

It is shown in [9] that with unbalanced stator currents caused
by ITSC faults, a harmonic component with a frequency of 2 f;
Hz appears in the spectrum of o3 current amplitude, where f;
is the stator winding supply frequency. This is also investigated
using winding function method. The |i,,3| frequency spectra
resulted from the PW currents of the BDFIM in synchronous

mode and under healthy and ITSC fault conditions are depicted
in Fig. 6. The results are obtained when the PW is supplied
by a 50 Hz voltage source and the CW is fed at 4 Hz. As
shown in Figs. 6b and 6c, under ITSC fault in either PW or
CW an obvious harmonic component appears in the current
spectra of the |isqg| at a frequency of twice the PW supply
frequency, i.e.. 100 Hz, whereas this harmonic component is
not observed in healthy condition as depicted in Fig. 6a. It can
hence be conducted that, this frequency can be used as ITSC
fault index. Therefore, a wavelet detail coefficients containing
100 Hz frequency is utilized to detect ITSC fault in the BDFIM
when PW is supplied through a 50 Hz voltage source.

The time step used in the simulations is 1 msec; therefore,
the sampling frequency of the PW current is 1 kHz. Based
on [9], the bandwidth captured in DWT analysis is half of the
sampling frequency, i.e. 500 Hz. The bandwidth of the current
spectrum is then decomposed into smaller detail coefficients
such that the bandwidth for each of them is halved after
each scale. The bandwidth of the detail coefficients d1 to d4
are presented in Table III. Consequently, the BDFIM fault
index frequency of 100 Hz falls in the third detail (d3) of
wavelet decomposition. As a result, only d3 will be used in
the subsequent analysis.
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Fig. 6: |isqp| frequency spectrum under no-load condition (a)
Healthy condition (b) 6% ITSC in PW (c¢) 6% ITSC in CW.



The three-phase PW currents are obtained in healthy and
faulty conditions using winding function method and FE
analysis. The currents are then transformed to «f stator
reference frame using (4) and their instantaneous amplitudes
are calculated using (5). Then the wavelet detail coefficients
are obtained using MATLAB software. By taking the RMS
value of the detail coefficient in which the index frequency is
located and comparing it to the same detail coefficient value
obtained in healthy condition, the ITSC fault can be detected.

IV. RESULTS AND DISCUSSION

The D180 BDFIM has been modelled under healthy and
ITSC fault conditions using winding function method and FE
analysis. The machine is operated in synchronous mode and at
rated PW and CW voltages. The PW and CW frequencies are
50 Hz and 4 Hz, respectively. Fig. 7 shows the wavelet detail
coefficients of the PW currents obtained from FE analysis of
the machine under 6% PW ITSC fault. The waveform in red
color is the a3 current, which is decomposed into its wavelet
coefficients labeled with dI to d4. The wave in black is d3
coefficient containing 100 Hz ITSC fault frequency index and
will be used in the following analysis.

Figs. 8a and 8b show the rms values of d3 coefficients of the
lisap| obtained by winding function simulations at different
loads and PW and CW fault severity. The results are presented
in per unit where the base values are the RMS values at healthy
conditions. The results confirm that at all different levels of the
mechanical loads, when an ITSC fault occurs, the magnitude
of d3 coefficient increases significantly. It can also be seen

TABLE III: bandwidth values for each detail coefficients.
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CW ITSC faults, obtained from winding function method.
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Fig. 9: The RMS values of d3 coefficients at various fault
severity and load levels under (a) PW ITSC faults and (b)
CW ITSC faults, obtained from FE analysis method.

that an increase in fault severity will result in an increase in
the magnitude of the fault index at a given load condition.
This means that the proposed method is able to detect ITSC
fault in either PW or CW.

The above analysis has also been carried out using the PW
currents obtained from FE analysis of the prototype BDFIM
to investigate the validity of the proposed wavelet transform
analysis. The d3 coefficient of the |isnp| obtained by FE



analysis under ITSC fault in PW and CW are depicted in Figs.
9a and 9b, respectively. Similar conclusions can be drawn
for FE analysis method where there are obvious increases
in the magnitudes of the fault index at all different levels
of machine’s loads and fault severity.The following can be
conculded from the simulation results:

1) Using the RMS values of d3 coefficients, an ITSC
fault, occurring in either PW or CW, can be detected
through comparing the RMS values of d3 coefficients
with the same detail coefficient value obtained in healthy
condition.

2) An increase in the ITSC fault severity level results in
an increase in the magnitude of the fault index and d3
coefficients at a given load condition.

3) Mechanical load growth has little effect on d3 magnitude
in comparison with an increase in the ITSC fault severity
level. Therefore, this detail presents an effective method
for ITSC fault detection in this machine.

V. CONCLUSION

A new fault detection technique based on wavelet transform
analysis has been proposed in order to detect stator winding
ITSC faults in the BDFIMs. The main advantage of the wavelet
transform over other conventional fault detection methods is
its capability to deal with speed and load variations. It has
been shown that when an ITSC fault occurs in a BDFIM, a
harmonic component with a frequency of twice the supply
frequency can be detected in the |isnp| current spectrum.
This frequency is used as the fault index and analyzed using
wavelet transform technique. The PW currents of a prototype
BDFIM have been obtained by winding function method and
FE analysis at different mechanical loads and under healthy
and fault conditions. It was shown that the occurrence of ITSC
faults in either PW or CW will cause significant increase in
the magnitude of the detail coefficient in comparison with the
same parameter in healthy condition. The behavior of the detail
coefficient at different load levels confirms the effectiveness of
the proposed method for detecting ITSC faults in BDFIMs.
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