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Abstract -- The Brushless Doubly Fed Machine (BDFM)
with high reliability and robust structure demonstrates
commercial and technical advantages both as a generator and
motor for variable speed 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 market growth. As a motor it may be
utilized for adjustable speed drives. In this study, a continuous
wavelet transform (CWT) technique using a wavelet-based
adoptive filter has been proposed for the BDFM fault detection
as a generator operating in a wind turbine. Three different
generator-typed faults namely rotor torque perturbation, rotor
broken bar and grid overvoltage faults have been considered to
assess the practicality of the proposed technique. The study has
been performed on a D400 250kW BDFM.

Index Terms-- Brushless Doubly Fed Machine (BDFM),
Continuous Wavelet Transform (CWT), Condition Monitoring,
Fault Diagnosis, Rotor Broken Bar, Torque Perturbation.

I. INTRODUCTION

HERE has been a dramatic increase in the size of wind
turbines from 30 kW up to 10 MW Over the past 50
years [1]. To date, several generator concepts have been
considered for offshore wind where there is a great wind
power resource and hence significant future market growth is
expected. These are permanent magnet generators, doubly
fed induction generators, superconducting generators and
high voltage DC generators [2]. To reduce the cost of energy
from wind turbines, there is a need to improve availability
and reduce operational and maintenance costs. Brushless
Doubly Fed Machines (BDFMs) are an attractive solution for
wind power generation as they offer promising design
features and performance characteristics such as brushless
operation, slip-ring elimination, fractionally rated power
electronic converter and medium-speed operation [3]. Other
applications have also been reported for the BDFM, for
example, in a flywheel energy storage system [4] and as a
ship generator [5].
The BDFM consists of two stator windings designed with
different pole-pair numbers, one is connected directly to the
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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 BDFM 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. A nested-loop rotor
configuration for the BDFM is shown in Fig. 2. The number
of nests required for the rotor can be obtained from:

N, =p, +p,; (1

where p; and p: are PW and CW pole-pair numbers,
respectively.

The BDFM 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 the induction mode, shortened in the
cascaded mode and supplied through a fractionally rated
convertor in the synchronous mode. The BDFM rotational
speed can be calculated from:

w; + W,
w, = ————
p1t+p2

where w; and w, are PW and CW supply angular
frequencies, respectively.
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Fig. 2. The nested-loop rotor structure.



Aside from developing more advanced wind turbines and
generator technologies to improve availability, an effective
way to achieve the improvement is to apply reliable and cost-
effective condition monitoring [6]. The wind industry
currently uses condition monitoring systems (CMSs) such as
vibration, temperature, lubricating oil, and generator current
analysis developed from other rotating machine power
generation industries [7], where they have achieved success.
However, these techniques have not yet proven effective in
wind turbines, which are operated at slow speed and with a
rapidly varying torque. Commercial wind turbine CMSs
mostly  employ  vibration-based  techniques  using
accelerometers, which are sophisticated and expensive.
Lubrication oil analysis is becoming more common for
detecting gearbox tooth and bearing wear but cannot detect
failures outside the gearbox [8]. More advanced techniques,
such as optical strain measurements have been developed for
monitoring blade integrity. However, these are also
expensive, and recent reliability surveys [9] have shown that
the electrical systems have a higher failure rate than the
mechanical systems.

There are only few studies carried out on fault diagnosis
of the BDFM, mostly on vibration analysis and mitigation.
Logan et. al. [10] derived equations for vibration components
magnitudes generated by the PW and CW magnetic fields as
functions of air-gap flux density, pole numbers and machine
dimensions. Abdi et. al. in [11] proposed a new parallel
winding design for the stator PW and CW to mitigate the
vibration level in the presence of rotor eccentricity. Dorrell
et. al. in [12] proposed a number of rotor designs with
suitable stator pole pair combinations in order to improve the
BDFM design by reducing the unbalanced magnetic pull
(UMP). Afshar et. al. in [13] recently proposed a new fault
detection technique based on the machine’s current signature
analysis to detect rotor eccentricity faults in the BDFM. In
[14] a new method was proposed in order to detect the stator
winding short circuit faults in the BDFM by analysing the
nested loop rotor slot harmonics seen in the stator currents.
In [15] an analytical method of the BDFM with broken rotor
loops and end rings was presented. Nevertheless, in none of
the above work was a generic technique for detecting various
types of faults in the BDFM as a wind turbine generator
proposed.

Watson et. al [16] have proposed novel CMS techniques
based on the continuous wavelet transform (CWT) of the
generator’s electrical power signal to detect individual
vibration faults that occur in each mechanical component,
with both frequency and time duration. By comparing the
real-time vibration waveforms obtained from the CWT with
a previous calculation the fault and its specific frequency
may be detected. This technique is still in the research stage
and has only been applied to generators in a laboratory
environment butit does appear to offer significant advantages
compared to traditional techniques. For instance, it uses
existing sensors available in most generator systems to
measure electrical signals. Therefore, it would be a non-
intrusive method with easy implementation and no additional
costs. In addition, the specific frequencies associated to the

fault as well as the time that the fault occurs can be
identified. This helps determine the location and reason of
the fault. The CWT also has the ability to detect both
electrical and mechanical faults occurred in a wind turbine.
Although, the use of wavelet transform method in detecting
various forms of faults in wind turbine generators have been
widely studied [17, 18], to the best of the authors’
knowledge, no work has been reported in applying this
technique to the BDFM.

In this paper the practicality of the CWT method in
detecting various faults in the BDFM is assessed. A
simulation model is developed in MATLAB/Simulink for a
prototype D400 250 kW BDFM and its accuracy in
predicting the machine’s performance at different operating
conditions is validated using experimental tests. A wavelet
based adoptive filter is designed and implemented on the
simulation models in order to reduce the computational time.
Three different fault types namely the torque perturbation,
rotor broken bar and grid overvoltage faults are being
considered in this work in order to assess the practicality of
the proposed CWT method.

II. CONTINUOUS WAVELET TRANSFORM (CWT) METHOD

A.  Choice of Wavelet Function

Similar to the Fourier Transform, the CWT uses inner
products to measure the similarity between a signal and an
analysing function [16]. In the CWT, the analysing function
is a wavelet. The CWT compares the signal with a shifted
and compressed or stretched version of a wavelet. Stretching
or compressing a function is referred to as ‘scaling’. By
comparing the signal to the wavelet at various scales and
positions, a function of two variables is obtained. If the
signal is real-valued, the CWT is a real-valued function of
scale and position. The CWT of a real-time signal x(?) can be
defined as [19]:

CWT(b, a) = \/ia f_ x(owr (%) dt 3)
where y/(?) is the mother wavelet and can be expressed as:
1 t—>b
Yap(t) = ﬁlp(T) ab €R, a+0 “)

where a and b represent the parameters of the wavelet scale
and time-shift, respectively. The asterisk '*' is used for
complex conjugate.

The wavelet transform results in coefficients, which
reflect the correlation between the signal and the selected
wavelet function. To increase the coefficient amplitudes
generated by a given fault and hence enhance the fault
detection process, the wavelet function should be selected
based on the fault response. There are many different
wavelets that can be used in the CWT. Depending on the
fault type, there is a degree of freedom to select a wavelet
function. For example, if the effect of a fault is going to be
reflected as oscillation in the measured signal, a wavelet
function that more closely matches oscillation behaviour
must be chosen. The Morlet wavelet function has been



shown to be an appropriate choice for the electrical and
mechanical faults occurred in a wind turbine and therefore
can be used in fault detection of the BDFM in wind turbine
operating conditions [19]. The Morlet wavelet is defined as:

Y(t) = T4t/ 2cos (wyt) 5)

B.  Design of a Wavelet-Based Adaptive Filter

Similar to the concept of frequency, scale is another
useful property of signals in wavelet transform method [18].
The choice of scale factor, a is dependent on the frequency of
interest. The smaller the scale factor, the more compressed
the wavelet. Also, the larger the scale, the more stretched the
wavelet. In addition, there is an inverse relationship between
scale and frequency. The higher scales correspond to the
more stretched wavelets. The more stretched the wavelet, the
longer the portion of the signal with which it is being
compared, and therefore the coarser the signal features
measured by the wavelet coefficients.

The conventional approach to the use of CWT is to
analyse the complete bandwidth of the signal leading to a
computationally intensive process, whereas, many of the
calculations are unnecessary for an electrical machine
condition monitoring [7]. This is because the fault-related
frequencies are few and known and other frequency bands do
not require analysis. Yang. et al [20] has proposed a more
efficient adaptive CWT-based filter for use in real-time
condition monitoring where the processing time is key. In
this approach only energy at known fault frequencies is
extracted and other wunrelated frequencies are left
unprocessed. This leads the calculation time to be
significantly shorten in compare with a conventional CWT.
The method is hence applied to the BDFM CWT condition
monitoring in this analysis.

An adaptive, two-dimensional, time-frequency sliding
window, shown in Fig. 3, is used in this paper. Its central
frequency, w., is the mean frequency during the time
interval, Ty, of the prescribed fault-related frequency band.
The upper and lower cut-off frequencies wyp,per and Wjoyer
are adapted to the fluctuation of the generator rotational
speed wy in the interval T.

)
wupper = W, + f/z
w 6
Wiower = W¢ — f/z (®)
Wy = 1Ny
For a wind turbine, w; is intrinsically dependent on the

fluctuation of wind speed, 7. The relationship between
frequency @ and wavelet scale a is:

a=— 7

With the aid of (6) and (7), the wavelet scales for
conducting bandpass filtering can be determined by:

ae [amin amax] (8)

where:

Wo

a - —
min wupper
)
Wy
a =
max Wiower

Subsequently, by performing the CWT locally in the scale
range defined by (8), a matrix of wavelet coefficients can be
obtained. The energy, A4, of the frequency of interest during
the period, T, is characterized by:

At +T/5)
= max((CWTipeq (@, b)) {2 i Gma]

acftyt,+7,] 0

The sliding window is then moved along the signal, the
maximum and minimum wavelet scales in (9) being
redefined within each time interval according to the
generator rotational speed wy, and (7). The energy, 4 in the
fault-related frequency band is calculated in each time
interval using (3) and (10). These calculations are repeated
until the whole signal has been processed. Finally, a plot of
the energy variation in the fault-related frequency band is
obtained with respect to time variation, and the changes in
the running conditions of the WT can be assessed.
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Fig. 3. The 2-D sliding window proposed for the wavelet-based adaptive
filter

C. Power Signal Sampling Frequency

In [21] the drive train components, which are most prone
to failure in a geared wind turbine, were determined. These
are the blades, main bearing, shaft, gearbox and generator.
The frequency ranges where the fault signature frequencies
are placed, are presented in Table I [22]. To detect a wind
turbine fault, the CWT is applied to the output power signal
of the generator. The sampling frequency should be chosen
to be twice the highest fault frequency that the system is
expected to detect according to the Nyquist criterion [16]. It
is therefore observed from Table I that a sampling frequency
of >202 Hz must be used in the CWT method.

III. PrROTOTYPE 250 KW D400 BDFM

The specifications of the 250kW D400 BDFM are shown
in Table II. The D400 BDFM was constructed as a stepping-
stone toward a MW-scale wind turbine generator in
Cambridge with the stack length of 820 mm. The stator
windings were form-wound from copper strips. The power
winding was rated at 690 V, 178 A, at 50 Hz and the control



winding was designed for 620 V at 18 Hz and rated at 73 A.
Both stator windings were connected in delta. The rotor
comprises six sets of nests each consisting of a number of
concentric loops, the conductors being solid bars with one
common end ring [23]. The D400 BDFM on a test bed is
shown in Fig. 4.

TABLEI
FREQUENCY RANGES FOR THE MOST FREQUENT WIND TURBINE FAULTS

Range of Most frequent wind turbine faults

Frequency

100 £ 1 Hz Generator stator and grid imbalance faults

50+1Hz Faults occurring in the whole WT drive train

25-32.5Hz  Mechanical faults caused by unbalanced blades and/or
shaft

2-30Hz Electrical faults caused by generator rotor winding
fault or rotor eccentricity

1-10Hz Faults associated with wind turbine blades or slow
speed shaft
. Converter

éBB Drive
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Fig. 4. 250 kW BDFM on the test bed

TABLE II
KEY SPECIFICATIONS OF THE 250 KW D400 BDFM

Frame size 400

Speed range 500 rpm £ 36%
Rated torque 3670 Nm

Rated power 250 kW at 650 rpm
PW pole number 4

PW rated voltage 690 V (50 Hz, delta)
PW rated current 178 A (line)

CW pole number 8

CW rated voltage 620 V (18 Hz, delta)
CW rated current 73 A (line)

A Simulink model was developed for the 250 kW BDFM
coupled to a gearbox with a ratio of 1:12 and three bladed
wind turbine with a blade radius 13.5 m. The torque applied
to the generator was controlled such that maximum power is
extracted from the wind, this corresponds to a tip-speed ratio
(M) of 6.2 and a power-coefficient term (cp) of 0.4 [24]. The
generator speed, torque, voltage, current and PW output
power were logged using a sampling frequency of 250 Hz.

Using the Simulink model, the steady state performance
of the BDFM can be obtained including stator voltages and
currents as well as the machine’s torque and active and
reactive power. The machine’s performance obtained from
simulation at rated operating conditions are compared with
experimental test results in Table III. Close agreement
between simulation and test results confirm the validity of
the models developed for the prototype BDFM. The
operating parameters obtained from the simulation can
therefore be used in CWT fault detection of the prototype
machine.

TABLE III
STEADY STATE COMPARISON BETWEEN SIMULATION AND TEST RESULTS
FOR D400 BDFM
Parameters Simulation Experiment
Speed (rev/min) 680 680
Torque (Nm) 3696 3696
PW voltage (V) 675 675
CW voltage (V) 691 691
PW current (A) 97.6 104.3
CW current (A) 48.1 42.4
Real power (kW) 252 250
PW Reactive power (kVAr) 55 57.1
Efficiency 95.9 % 95.0 %

IV. FAULT DETECTION IN THE BDFM

A.  Torque Perturbation Fault

Three sinusoidal torque perturbation faults with different
frequencies were applied to the BDFM in Simulink at
different time intervals as stated in Table I'V.

TABLE IV
TORQUE PERTURBATION FAULTS APPLIED TO THE PROTOTYPE BDFM
SIMULATION MODEL
Time interval Frequency Amplitude
20 —30 Sec 10 Hz 50 Nm
35-40 Sec 5Hz 100 Nm
45 —50 Sec 50 Hz 200 Nm

Fig. 5 shows the torque, speed and output power of the
BDFM when the faults are applied. As can be seen, the fault-
perturbations are evident in the generator torque signal. By
contrast the PW output power showed only a slight
oscillation during the fault. A Fast Fourier Transform (FFT)
was performed on the PW power signal in an attempt to
identify key fault frequencies and the results are shown in
Fig. 6. As can be seen, the fault frequencies cannot be
explicitly identified among the other frequencies in the
power spectrum. These frequencies are generally associated
with the wind turbine mechanical parts as well as the
generator especially at low frequencies where the power is
changed due to wind speed variations. It is also important to
note that the FFT is not time dependent, and so identifying a
change in frequency associated with a fault is difficult.
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Fig. 5. Speed, torque and PW output power signals when torque perturbation
faults are applied.
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Fig. 6. FFT analysis of the PW output power signa in the presence of the
torque perturbation faults.

The CWT analysis described in Section II is applied to the
PW output power signal in the presence of the torque
perturbation faults. The plot of energy variation is shown in
Fig. 7. The same plot is magnified for low frequencies in Fig.
8. The figures clearly show both the presence and duration of
the three torque perturbation faults with 10, 5 and 50 Hz
frequencies occurred in the BDFM at the time intervals
stated in Table IV. It should be noted that the other low
frequencies present in the CWT are due to the slowly varying
(0-2 Hz) output power in response to changes in the wind
speed.

B.  Rotor Broken Bar Fault

In this section, a rotor fault was simulated from =20-25
sec, where the resistance of the third bar in the nested-loop
rotor [25] was increased to simulate a broken bar as shown in
Fig. 9. The currents in the individual rotor bars are shown in
Fig. 10. Notice that the current in bar 3 is zero from =20-25
s, while the current in other rotor bars are increased during
the same period, reflecting the effect of the broken rotor bar.
The CWT analysis for the broken bar fault is presented with
the grid overvoltage fault in the next section.
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Fig. 10. Rotor bar currents at the event of rotor broken bar fault shown in
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C. Stator Grid Overvoltage Fault

From #=30-35 s, a grid fault was simulated, where the
amplitude of one of the phases of the 690 V PW voltage was
increased by 10%. The generator speed, torque and PW
output power are shown in Fig. 11 when the broken rotor bar
fault is occurred during =20-25 and the grid overvoltage
fault is occurred during =30-35. The CWT method applied
to the PW output power signal are shown in Fig. 12.

The occurrence and duration of the rotor and grid faults
are evident in Figure 12, showing the key frequency
associated with each fault. From Table I, it is expected to see
a fault frequency between 2-50 Hz corresponding to the rotor
broken bar fault, while a fault frequency close to 100 Hz is
expected for the grid voltage fault. This is in agreement with
the results of Fig. 12 where 2 Hz and 100 Hz frequencies are
observed for the durations of 20-25 s and 30-35 s,
respectively.
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Fig. 11. The BDFM speed, torque and PW output power when 10% grid
overvoltage fault is applied.

V. CONCLUSIONS

The BDFM is an attractive generator system for use in
wind power generation particularly offshore installations as it
offers significant reliability improvement as well as cost
reduction when the overall wind turbine drive train is
considered. In this study, a continuous wavelet transform
(CWT) technique using a wavelet-based adaptive filter has
been proposed for the fault detection in a BDFM wind
turbine. Three different faults namely rotor torque
perturbation, rotor broken bar and grid overvoltage faults
have been considered in order to assess the practicality of the
proposed method. A 250 kW BDFM has been considered as
the prototype machine in the study.

It has been shown that the CWT technique is capable of
detecting all the faults applied to the machine by clearly
identifying the associated fault frequencies and duration. It
has also been shown that by designing the adaptive filter, the
processing time is considerably reduced making the CWT
analysis a suitable technique for real-time condition
monitoring of the BDFM. Consequently, in comparison with
conventional vibration and temperature measurements, and
lubrication oil analysis techniques currently being used by

the industry, the proposed CWT technique is a low-cost
alternative to detect both electrical and mechanical faults in
the BDFM.
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