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Rotor Electrical Fault Detection in DFIGs Using
Wide-Band Controller Signals

Nur Sarma ¥, Member, IEEE, Paul M. Tuohy

Abstract—This paper presents a novel study of the wide-band
spectral signatures in the controller signals of doubly fed induc-
tion generators (DFIGs) for the identification of rotor electrical
faults. The aim is to advance the understanding of diagnostic
information obtainable from the readily available DFIG controller
signals. Analytical equations defining the controller signals possible
spectral contents are derived to enable characterization of spectral
signatures and their correlation to operating conditions and rotor
faults. The equations are verified in a DFIG harmonic model study
and also validated by undertaking a range of experiments on a
laboratory DFIG test-rig. It is shown that the calculated, simulated
and experimental results are in good agreement with regards to
representing fault induced signatures in the examined DFIG con-
troller signals spectra. Furthermore, it is shown that wide-band
rotor electrical fault related spectral signatures in the controller
signals carry considerable diagnostic potential for recognition of
rotor electrical faults.

Index Terms—Condition monitoring, doubly fed induction
generator, harmonic machine model, rotor electrical fault,
signature analysis, Simulink, wind turbine.

I. INTRODUCTION

IND power is becoming an important contributor to
global electricity generation, which is expected to reach
2000 GW of installed capacity by 2030 [1]. Reducing the cost of
wind electricity generation would be a significant benefit, which
can be achieved by reducing the currently significant operations
& maintenance (O&M) costs. O&M costs of a wind turbine
(WT) are around 10-25% of the total cost of the electricity
[2]. Effective condition monitoring (CM) and fault detection
techniques, therefore, could considerably contribute to cost
reductions by identifying potential impending faults in WT
components.
WT failures have been studied in [3]-[5], which identified
that the generator generally causes the highest annual downtime
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per year. Furthermore, the generator is also reported to be the
greatest contributor to major offshore WT repairs and typically
has high repair costs [6]. Understanding generator faults and
developing effective non-invasive low cost methods for reliable
fault detection, therefore, remains of considerable interest.

The doubly fed induction generator (DFIG) topology is a
widely used generator topology (Type 3) in the currently in-
stalled MW size WTs due to its technical advantages [7], [8].
Consequently, fault detection methods for DFIG WTs have
received significant attention in the literature [2], [9]-[11].

This paper presents a novel study that investigates the effects
of rotor electrical faults on the wide-band controller signals
spectra of DFIGs for potential fault detection purposes. Multiple
signals including vibration, torque, temperature and SCADA
signals have been previously investigated for WT generator
fault detection [12], [13]. However, monitoring of these signals
invariably imposes a relatively significant additional cost to CM
and fault detection systems due to the requirements for dedi-
cated sensing and specialized data conditioning and acquisition
devices [12].

As an alternative, utilizing the readily available generator
electrical signals for fault detection has been previously ex-
plored, as these have been shown to contain fault specific
changes [4], [14], [15]. Electrical signals based fault detection
techniques generally utilize the easily accessible generator ter-
minal signals such as the stator currents, which impose some-
what reduced sensing requirements [12]. In addition to requiring
dedicated sensing, these electrical signals may not be sufficient
for effective fault detection, as a generator is controlled through
a closed-loop control system, which can act to suppress the
fault related spectral signatures in the terminal signals [16].
Exploration of methods that utilize fault detection information
embedded within the readily available DFIG controller signals
has therefore started to receive attention [17]-[19]. Fault de-
tection techniques that use the controller signals can in theory
provide a number of attractive advantages, as they require no
installation of additional sensors or data acquisition devices.
Furthermore, they minimize the masking effect of the controllers
to fault related changes that can be pronounced in the terminal
signals [9], [11], [19].

The utilization of different controller signals for fault detec-
tion purposes have been previously reported for conventional
and DFIG drives including: dg-axis rotor currents for stator and
rotor asymmetries [16], [20]; error signals of the dg-axis rotor
currents for rotor electrical asymmetry [9]; rotor modulating
signals for stator and rotor asymmetries [11]; rotor voltage for
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stator and rotor electrical asymmetry [21]; and, stator reactive
power for inter-turn short circuit faults and eccentricity faults
[10], [22]. However, these studies largely focused on examining
only the fundamental harmonic related spectral signatures of
the controller signals and did not assess the wide-band, higher
order, fault related spectral signatures that could, in principle,
carry significant fault detection potential [23]-[25].

The focus of this work, therefore, is the investigation of
these effects, which could provide a better understanding of the
capability of the controller signals being used for identification
of generator faults. Rotor electrical faults, which generally man-
ifest through rotor electrical asymmetry (REA), are of particular
interest, as these have been shown to significantly impact WT
generator total failure rates for all sizes of WTs [9], [26], [27].

This paper investigates DFIG controller signals wide-band
spectra with a view to characterizing their fault related spectral
signatures and assessing the possibility of their utilization for
REA fault detection. An electromagnetic origin analytical study
of the wide-band spectral signatures of the controller signals
with and without REA is first performed, which yields equations
that define fault related spectral signatures and relates them to
operating conditions and generator design features (e.g. slip,
supply frequency, pole-pair number, etc.).

A DFIG harmonic model, which is capable of representing
electrical fault effects, is then used to characterize the wide-band
REA related spectral signatures in the terminal and controller
signals of DFIGs, and to verify the presented analytical equa-
tions. Experimental investigations are subsequently conducted
on a purpose built laboratory DFIG test-rig to validate the
presented equations and simulation results. Lastly, the fault
detection potential of the identified wide-band REA related spec-
tral signatures of the controller signals are also experimentally
investigated.

II. CONTROLLER SIGNALS SPECTRAL CONTENT WITH REA

This section defines the equations for calculation of the possi-
ble spectral content of a DFIG’s controller signals for operation
with and without REA. It is assumed that a healthy DFIG system
is electrically balanced; that the higher order supply harmonics
and associated spectral effects are ignored; and, that the system
is controlled with a conventional stator flux oriented control
(SFOC) scheme for the purposes of this study [28]-[30].

A. Healthy Operating Condition

During healthy operation (balanced supply and windings), a
number of interharmonic frequency components can appear in
the spectra of the terminal signals. These frequency components
(referred to as ‘carrier frequencies’ in further text) are caused by
the air-gap harmonic field distribution and are related to multiple
factors including operating speed, supply frequency, supply
harmonic order and air-gap magnetic field pole-pair number,
etc., [23], [30], [31].

The possible carrier frequencies in the stator, flf, and rotor,
fI? , currents are [23], [31]:

fio =[1£6k(1=9)| fs (1)
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fiE=1s£6k(1—5)|fs, 2)

where: k is related to the air-gap magnetic field pole number (k
=0,1,2,...); sis the slip; and, f, and s f, are the fundamental
frequencies of the stator and rotor currents, respectively.

The carrier frequencies in the terminal signals will map into
counterpart carrier frequencies in the controller signals. These
can be defined analytically by converting (1) and (2) from their
natural stator and rotor reference frames, respectively, to the
synchronously rotating stator flux oriented reference frame by
applying the standard Park transformation, to give the following
equation to calculate the possible carrier frequencies, i1, in the
controller signals [28]:

JE =16k (1 —s)| fs. 3)

In addition, it can be shown that the three-phase stator currents
and voltages are used to calculate the stator active and reactive
power signals whose carrier frequencies are also defined by (3)
[24], [28].

B. Rotor Electrical Asymmetry Operating Condition

The existence of REA is characteristic of a rotor electrical
fault(s). If a rotor fault and thus, REA occurs, +2sf, sideband
frequencies arise around the stator currents carrier frequencies
(defined by (1)), to yield the following possible REA related
sideband frequencies in the stator currents [31], [32]:

REA — |(14 25) & 6k (1 — 5)] fs. 4)

Again, the stator active and reactive power signals are cal-
culated using the three-phase stator currents and voltages (see
Appendix A), to produce the spectral contents with REA, which
can be defined as:

BEA — 125 4 6k (1 — )| fs. (5)

The rotor currents spectral content with REA, however, do
not exhibit a significant difference compared to that existing in
a healthy machine [31]. REA will not produce new distinct REA
related frequency components in the rotor reference frame but
will, however, give rise to reverse sequence frequency compo-
nents at the frequencies existing in the spectra of the healthy
rotor currents [31], as defined by (6).

REA — 1 |s T 6k (1 —5)| fs. (6)

The transformation of the spectral content of the faulty rotor
currents to the synchronously rotating stator flux oriented refer-
ence frame produces new frequency components displaced by
+2sf, from the frequency components calculated by (3), and
can be defined by (5) (see Appendix B).

The expressions to calculate the possible frequency compo-
nents in the controller signals of DFIGs are summarized in
Table I, and the spectral contents are illustrated in Fig. 1. In
Fig. 1, Psx and Qs are the reference stator active and reactive
powers, respectively; Ps and Qs are the stator active and reactive
powers, respectively; ePs and eQs are the stator active and
reactive power error signals, respectively; Ird+ and Irqx are the
reference d- and g-axis rotor currents, respectively; Ird and Irq
are the d- and g-axis rotor currents, respectively; elrd and elrq



SARMA et al.: ROTOR ELECTRICAL FAULT DETECTION IN DFIGS USING WIDE-BAND CONTROLLER SIGNALS 625

[y pREA
CQS Outer Ird elrd I s R
Qs* - () (T | Tnner Vrd*
e f}H_'_fm.! PI +/ fHAREA LNLL (ki PI N
Qs compensation Ird . decoupling& Ly g Vrabc*
) term H | REA feed-forward
T fH o pREATI Ve, wea terms >\ Labe | /)
Pe* ePs | Outer | /rc Vi Jie e | Tnner Vrg*
+ H ypREA PI 2 elrq PI H | REA
ps Uk I - Jie e Isabe
H 3\7 1 H rqm 1 decoupling fH R
Jie e fh *f,“v ’ term s s
Fig. 1.  Frequency components distribution of the SFOC scheme in the DFIG operating without (blue terms only) and with REA (blue and red terms).

TABLE I
SPECTRAL CONTENT OF THE CONTROLLER SIGNALS

Healthy Operating Condition REA Operating Condition
[25+ 6k(1-5)|f,

| 6k(1-5)f.

|6k(1-)I,

are the d- and g-axis rotor current error signals, respectively;
Vrdx and Vrgsx are the reference d- and g-axis rotor voltages, re-
spectively; Vrabcxk are the reference three-phase rotor voltages;
Vrabc and Irabe are the three-phase rotor voltages and currents,
respectively; and, Isabc are the three-phase stator currents.

Fig. 1 illustrates that the d- and g-axis controller signals have
the same the spectral contents. This is caused by the origins of
these signals, as well as the assumption that identical tuning
procedures were implemented on the dg-axis controllers [29].

Fig. 1 represents the frequency contents of the electrical sig-
nals from a DFIG with the implementation of a SFOC scheme.
It shows that the frequency contents of the electrical signals
vary with the implementation of an unbalanced rotor (blue: the
frequency contents of the electrical signals for healthy operating
condition; and, blue+red: the frequency contents of the elec-
trical signals for a REA operating condition). The frequency
content illustrated in Fig. 1 enables creating a frequency map,
which can be used to understand the nature of REA signatures
and thus, to develop real-time frequency monitoring and tracking
condition monitoring schemes. These schemes can observe fault
associated magnitudes and hence, can help to make diagnostic
decisions.

III. REA ANALYSIS USING DFIG HARMONIC MODEL

To understand the effects of REA on the wide-band spec-
tra of the controller signals, a time-stepped SFOC controlled
DFIG harmonic model was developed in Matlab SIMULINK.
The DFIG harmonic model is capable of representing arbitrary
electrical asymmetries and their spectral signatures, and is based
on the principles presented in [28]. The DFIG harmonic model
consists of a wound rotor induction machine (WRIM) harmonic
model coupled to a SFOC model, and uses as data inputs the de-
sign and operational information of the DFIG laboratory test-rig
used in this work (specified in Section IV). The WRIM harmonic
model uses the Conductor Distribution Function approach to
calculate harmonic inductance values [31], [33] and is able
to represent higher order air-gap magnetic field effects in the
spectra of the terminal signals and thus, the controller signals.
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For the sake of brevity, the simulation results for a typical
steady-state operating point in the super-synchronous region
(Psx = —6.5 kW and Qs* = 0 Var at 1,620 rpm) are presented
in this section. (It is to be noted that consistent results were
obtained for other typical operating points in both the sub- and
super-synchronous operating regions.)

For the purposes of this study, supply unbalance and speed
ripple effects were not incorporated into the calculations. REA
was modeled by implementing an additional resistance in series
with one phase of the WRIM [34]. To clearly illustrate the
effects of REA, one phase resistance was increased by 320% [9].
The controller signals spectra were investigated in a 0-700 Hz
bandwidth, since REA related frequency components generally
weaken in magnitude at higher frequencies [24].

The predicted controller signals spectra with REA (red line)
and without REA (blue line) are presented in Figs. 2—13. The
carrier frequencies (calculated using (1)-(3)), and REA related
sideband frequencies (calculated using (4)-(6)) are labeled in
the figures for clarity. The values of the parameter k (k = 0, 1
and 2) are labeled in the figures using the subscripts ‘0’, ‘1’ and
2’, whilst the *-> and ‘4’ denote the position of the specific
REA related sideband frequencies with respect to their carrier
frequencies (e.g. ‘-’ considers [2s — 6k(1 — s) fs]in (5)).
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The results presented in Figs. 2—13 are seen to verify the equa-
tions used to calculate the wide-band REA related frequency
components in the controller signals (calculated using (5)). The
calculated frequency components for healthy and REA operating
conditions are presented in Table II.

Figs. 2-13 show that, as expected, the carrier frequencies
are present in both the healthy and REA spectra of the con-
troller signals. However, the REA related sideband frequencies,
acting as fault signatures, arise in the spectra of the controller
signals during the REA operating condition. The REA related
sideband frequencies manifest as +2s f, sidebands on all carrier
frequencies present in the healthy controller signals. The DFIG
harmonic model results illustrate that REA related sideband
frequencies are prominent in both the spectra of the outer and
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inner control loops signals with the exception of Ird* and Irqx.
This is because, as expected, the outer controllers act as low-pass
filters and suppress the magnitudes of the wide-band frequency
components in Irdx and Irgx.

IV. EXPERIMENTAL TEST-RIG

A 30 kW laboratory DFIG test-rig was used for experimental
investigations. The test-rig contains a 415 V, four-pole, three-
phase, 50 Hz, WRIM coupled to a DC machine (acting as a
prime mover). The DC machine is set to operate at a desired
predefined constant speed during experiments via a commercial
CT MENTOR-II-M75R DC drive unit. The stator windings of
the WRIM are connected to the grid whereas its rotor windings
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TABLE II
CALCULATED FREQUENCY COMPONENTS OF THE CONTROLLER SIGNALS
FOR 1620 RPM

Healthy [Hz], eq. (3) REA [Hz], eq. (5)

0 f,,” -0 ngEA -3

1 fl'=324 [ =316 1 =332
2 1 =648 1 = 640 SR =656

are connected to an industrial back-to-back converter (compris-
ing two CT UNIDRIVE SP-4401 units) coupled with a DC
link: a grid side (GSC) and a rotor side converter (RSC). A
SFOC scheme was implemented on the RSC using a dedicated
real-time routine executed on a dSPACE platform and a resolver
communications module [29], [35]. This enabled access to the
controller signals of interest whilst retaining the use of the
commercial converters.

The stator and rotor currents were measured using LEM
LA 55-P sensors and the stator voltages using LEM LV25-
600 transducers. The stator active and reactive powers were
calculated in the dSPACE platform from the measured stator
currents and voltages. Furthermore, the dSPACE platform was
used for recording the DFIG terminal and controller signals
examined in this study. The controller signals were subsequently
imported into MATLAB in order to conduct FFT analysis.
A post processing routine was implemented on the recorded
time domain signals with a rectangular window 2!° point FFT
routine in a bandwidth of 0-700 Hz, giving a resolution of
~0.1 Hz. A 1024 ppr incremental encoder was used for rotor
position measurements. Further details, as well as a full list of
the parameters of the DFIG test-rig, can be found in [29], [35].
Fig. 14 illustrates the schematic diagram of the laboratory DFIG
test-rig.

V. EXPERIMENTAL STUDY

This section presents an experimental study of the wide-
band spectra of the controller signals from the laboratory DFIG

PC with il
DC1103 J

Grid

Rotor

Position
Measurement DC
Machine

Fig. 14.  Schematic diagram of the laboratory DFIG test-rig.

test-rig. The presented results are used to validate the analytical
equations and the DFIG harmonic model predictions. The test-
rig was operated with an active power demand of Psx = -6.5 kW
and a reactive power demand of Qsx = 0 VAr, as an arbitrary
but representative operating point during the experiments [34].

For clarity, the experimental study is presented in two sub-
sections: the measured spectra of the controller signals are
reported in Subsection A, whilst the fault detection capability of
the identified wide-band REA related frequency components is
presented in Subsection B.

A. REA Signature Study

A fault level of 320% single phase rotor resistive unbalance
and an operating speed of 1,620 rpm were chosen to be consistent
with the DFIG harmonic model results presented in Section III.
The spectral contents of the measured controller signals with and
without REA are shown in Figs. 15-26. All the results in this
subsection are normalized with respect to the DC component
to enable direct comparison of all the wide-band spectral signa-
tures. The previously calculated frequency components listed in
Table II are labeled in Figs. 15-26 using the same nomenclature
for consistency.

The experimental results show that the magnitudes of the REA
related sideband frequencies (calculated by (5)) significantly
increase when the DFIG operates with REA (Figs. 15-26.b
—18) in comparison to those measured during healthy operation
(Figs. 15-26.a). The frequencies of the measured REA related
sideband are at practically the same values presented in Table II,
confirming the analytical expressions (in Table I) and the validity
of the predictions from the DFIG harmonic model. The slight
differences between the calculated and experimental results are
typically be caused by inherent minor variations in the grid
frequency and operating speed during the tests.

As expected, the experimental results are noisier than the
DFIG harmonic model results presented in Figs. 2—13. Further-
more, they also have additional frequency components, which
largely arise from secondary effects such as grid supply har-
monics; the inherent stator and rotor windings unbalance; speed
ripple; and, switching harmonics, etc., [30], [32]. A number of
these additional frequency components and their origins were
identified in previous work [28] but to keep the figures relatively
uncluttered in this paper, they are not labelled here, since they
are beyond the scope of this study.
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Figs. 15-26.b show that, as is generally expected, the most
prominent REA related sideband frequency is f,**#, which has
been previously explored for fault detection purposes [9], [18].
However, the presented results clearly illustrate that higher order
REA related sideband frequencies, fkREA, are also present in the
spectra of the controller signals. For example, f,*FA remains
identifiable in all the examined controller signals spectra and
would hence, have considerable potential as an REA indicator
in addition to fRFA,

The magnitudes of the REA related sideband frequencies
generally decrease at higher frequency levels, as is expected
Furthermore, £,RF4 are potentially difficult to distinguish in
several of the controller signals such as Irq (Fig. 22), since
REA related sideband frequencies can disappear in the noise
level. However, f,*F4 are generally obvious in Ird (Fig. 21).
These results suggest that reliable identification of f,RF4 in the
controller signals can be signal type dependent.

Further examination of the data presented in Figs. 15-26
shows that the controller signals with the highest REA detection
potential (on the examined test system) are the outer controller
loops signals Ps, ePs, Qs and eQs. All the wide-band REA related
frequency components are clearly distinguishable in the spectra
of these signals, as seen in Figs. 15.

B. REA Detection Sensitivity Study

To examine the fault detection potential of the identified
wide-band REA related frequency components in the controller
signals, a sensitivity study was performed. A sensitivity index
was used to enable comparison of the REA detection potential of
individual REA related frequency components. The sensitivity
index is calculated as [26]:

MREAfMH
MH

Sensitivity [%] %100, 7
where: MREA and MY are the magnitudes of a specific REA
related frequency components measured for healthy and REA
conditions, respectively. f,RFA and fRE4 showed the most
consistent fault detection potential in all the controller signals
in the previous subsection and were therefore evaluated using
(7). The previously presented experimental data for healthy, as
well as 320% REA, was used to calculate the REA sensitivity of

the REA related frequency components in the controller signals,

Irq
elrd
clrq

Vrd*

Vrg*

fI+REA
REA Related Frequency Components [Hz|

8
>

Sensitivity study results for the REA related frequency components for 1,620 rpm.

and the results are presented in Fig. 27. Fig. 27 shows that the
magnitudes of REA sensitivity can vary considerably for each
controller signal and frequency component. Therefore, careful
selection is paramount for accurate fault detection. For example,
it can be seen that the REA sensitivity of fOREA, has the most
prominent REA related frequency components, i.e. Ps, ePs, Irqsx,
Irq and elrq, which are all above 900% REA sensitivity. In
addition, most of the controller signals wide-band REA related
frequency components, f&EA and ;%4 have good sensitivity,
and some signals, in fact, have higher REA sensitivity than
f,REA . For example, £, and ;%" for Ird and elrd are more
sensitive than that of f,RF4,

Fig. 27 also shows that the REA sensitivity of Irq consistently
has the highest magnitude in comparison to the other controller
signals across all the measured REA related sideband frequen-
cies. As a result, the presented REA sensitivity study indicates
that £;74 and f,"F* have excellent REA detection capability,
as they are extremely sensitive to REA, which was found to be
a challenge for purely £, signals.

The identified high REA sensitivity of the f,?%4 and f,REA
frequency components for most of the controller signals sug-
gests that the wide-band REA related frequency components
carry additional important and confirmatory REA fault detection

potential.

VI. DISCUSSION

The proposed condition monitoring and fault detection tech-
nique is non-invasive and there is minimal additional cost and
complexity required to implement it. It has been applied to the
DFIG experimental test-rig discussed in Section IV and has
also been described in greater detail in [29]. The test-rig is a
small-scale replica of a real WT system and the converters used
in the test-rig are standard commercial converters, which are
used in various industrial applications. The presented work has
illustrated and validated how the proposed technique could be
implemented in practical applications. However, if the proposed
technique is to be used in real applications especially WT ap-
plications, the controller signals that are used as fault indicators
will need to be sampled at a higher sampling frequency rate
than what is typically implemented in present systems, i.e. in
the order of several times a second verses several times an hour,
as it now typically used. This is fairly simple to achieve and
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would enable the application of transformation algorithms such
as FFTs and any other transformation methods. The resolution
of the sampled signals can normally be increased easily using the
already installed measurement sensors without any requirement
of additional devices.

The proposed condition monitoring and fault detection tech-
nique is capable of being utilized in other electrical drive systems
that contain electric machines such as in electric vehicles, etc.,
as these drive systems also contains electric machines and con-
troller units. The implementation of this technique could lead to
potential benefits in terms of safety for drivers, passengers, other
road users/vehicles, etc. Furthermore, it could help to maximize
the life of products such as electric machines or gearboxes,
as damage to these components would require an expensive
overhaul and downtime for a vehicle and its associated driver.
Therefore, the sampling of controller signals and then using them
for condition monitoring and fault detection purposes is feasible
and the benefits are potentially significant.

The main application for this investigated technique, however,
and the main focus of the presented research was for WT
applications, especially offshore WTs, since downtime of an
offshore WT can be much more costly due to multiple factors
including requiring shipping or helicopters to access an off-line
WT due to a fault; specialist personnel; and, weather factors,
etc. Therefore, to attend and repair a faulty WT increases the
associated costs significantly compared to onshore wind turbines
due to these factors.

The presented results in Fig. 27 show that the wide-band
controller signals frequencies have good potential to be used for
REA detection, as most of the controller signals wide-band REA
related frequency components have high sensitivity, and in fact
some of them (such as the inner control loop signals - Ird & Irq)
are more sensitive to detect REA than the side band frequencies.
Furthermore, data fusion methods to diagnostic techniques are
receiving more research attention [32], since adoption of a data
fusion approach that is dependent on the comparison of indepen-
dent REA related signatures can be valuable in reducing false
alarms, which may be caused by noise or transient spikes that
may trigger a false alarm if only a single frequency sideband was
monitored. Furthermore, as we have shown in the paper, some
of the wide-band signals such as Irq show a significant increase
in their fault magnitudes and the most consistency across the
wide-band frequencies monitored. In addition, these signals may
be able to be used to detect an incipient fault earlier than other
less sensitive signals. These benefits can help to minimize the
potential damage that could occur if a fault continued and lead
to a failure. Therefore, by potentially minimizing more severe
damage occurring to equipment and the resultant unintended
downtime is of significant benefit and increase reliability.

The presented wide-band results emphasize that if also uti-
lized in a data fusion approach with the sideband signals, there
is a much greater chance of a positive fault alarm signal, which
illustrates how the controller signals (especially Irq) can be used
in combination with other signals to potentially build a more
robust and reliable fault detection and conditioning monitoring
system for electric machines. The benefits of this, particularly

for offshore WTs, are important such as maintaining turbine
operation and continuing to produce electricity and hence, min-
imizing cost impact on the electricity generated making it more
profitable for the operator and cheaper for the consumer.

VII. CONCLUSION

This paper reported on a novel investigation of the wide-band
spectral signatures in the controller signals of DFIGs, with a view
to characterizing them for rotor electrical fault detection. A set of
analytical equations was first presented, which can calculate the
wide-band frequency components in the spectra of the controller
signals with and without REA. These equations were verified
with a DFIG harmonic model in Matlab SIMULINK and also
validated by experimental studies conducted on a purpose built
laboratory DFIG test-rig.

It was found that a number of the wide-band, higher order,
REA related frequency components can be identified in the
spectra of the DFIG controller outer and inner loop signals.
These reported REA related frequency components were shown
to be sensitive to the existance of REA. Furthermore, the REA
sensitivity of one of the inner loop controller signals (Irq) was
shown to consistently have the highest magnitude in compared to
the other controller signals across all the measured REA related
sideband frequencies and, therefore, has considerable potential
for fault detection.

The reported study of the REA related spectral signatures
could be utilised for the development of improved controller
embedded fault detection techniques.

APPENDIX A

The stator voltages and currents of a DFIG operating with
REA (under the assumptions stated in Section II) are [31]:

Vax(t) = Vi cos(wt + vuz)

Isx(t) = Z 15 cos([(1 F 2s) — 6k(1 — s)] wt + @1,) (A2)
k

(AD)

where: x denotes phase (x = a, b and ¢); ,, is 0, 27/3 and 47/3,
respectively; and, ¢, is the power factor angle.
The stator active power, Ps, is:
Py (t) = Vsalsa + VepIsp + Vselse (A3)
Substituting (A1) and (A2) into (A3), yields the following
resultant stator active power equation:

Pa(t) =3/2>  Valcos(2s — [6k(1 — s)lwt) (A4
k
The stator reactive power, Qs, is:

Qs (t) [(Vsb - Vsc) Isa + (Vsc - Vsa) Isb

_ b
V3

+ (Vsa - Vsb) ISC} (AS)
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Substituting (A1) and (A2) into (AS), yields the following
resultant stator reactive power equation:

Qu(t) = 3/2) Vil cos(2s — [6k(1 — s)lwt)  (A6)
k

APPENDIX B

REA produces reverse sequence frequency components at all
frequencies existing in the healthy rotor currents spectra, which
can be calculated as [31]:

Lix(t) = Z 1% cos(F [s F 6k(1 — s)]wt + ¢rre) (A7)
k

The three-phase rotor currents (given in (A7)) are converted
into the synchronously rotating reference frame by applying a
slip angle, 65;;p, to a standard Park transformation. As a result,
the rotor currents in the synchronously rotating reference frame
are:

Laq(t) = MZIfM cos(2s — [6k(1 — s)|wt)  (A8)
k
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