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Abstract—TIn this paper a new rotor eccentricity fault detection
method is proposed for the first time for Brushless Doubly Fed
Induction Machines (BDFIMs). Due to the fact that BDFIMs
are attractive alternatives to doubly fed induction machines for
wind power generation, paying attention to their fault diagnosis
is essential. Existing fault detection methods for conventional
induction machines can not be directly applied to the BDFIM due
to its special rotor structure and stator winding configurations
as well as the complex magnetic fields. In this paper a new fault
detection technique based on stator current harmonic analysis is
proposed to detect rotor eccentricity faults in the BDFIM. The
validity of the proposed fault detection method is verified by
analytical winding function method and finite element analysis
on a prototype D180 BDFIM.

Index Terms—Brushless doubly fed induction machines,
Nested-loop rotor slot harmonics, Motor current signature anal-
ysis, Winding function method, Finite element analysis, Static
eccentricity fault.

I. INTRODUCTION

HE Brushless Doubly-Fed Induction Machine (BDFIM)
is a variable medium-speed generator and drive. As a
generator it is particularly attractive for wind power generation
as an alternative to the well-established Doubly Fed Induction
Generator (DFIG). The BDFIM is specially designed to not
only retain the benefit of fractionally-rated power electronic
converter in DFIG, but also eliminate the use of brushes and
slip rings [1] and hence increasing the machine’s reliability
and reduces the overall maintenance cost. Furthermore, the
BDFIM is inherently a medium-speed generator requiring only
one or two-stage gearbox and hence simplifying the overall
wind turbine drive train [2]. Other applications have also been
reported for the BDFIM, for example, flywheel energy storage
system [3] and ship generator [4].
The BDFIM’s stator has two sets of three-phase windings
with different pole-pairs placed in common slots. Power Win-
ing (PW) is directly connected to the main supply and the
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other winding, Control Winding (CW), is fed by a bidirectional
converter at variable voltage and frequency, as shown in Fig.
1. The winding pole-pair numbers are chosen to avoid direct
coupling between stator windings. Coupling is enabled by a
specially designed rotor called nested-loop rotor [5].

Signal-based methods have been widely used for detecting
faults in the electrical machines because of their simplicity,
real-time nature and less time-consuming process. Motor
Current Signature Analysis (MCSA), based on analysing of
the electrical current waveform, is a popular fault detecting
method that has been used for detecting various types of faults
including inter-turn short circuit [6] and rotor eccentricity
faults [7].

Rotor Slot Harmonics (RSH) generated in stator current
spectrum due to the rotor bar distribution, are well-known
fault indices used in MCSA method for detecting various
forms of faults such as stator inter-turn short-circuit fault [6],
rotor eccentricity [8], and broken rotor bar [9]. The effects of
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Fig. 1: A schematic of BDFIM grid connection.



rotor eccentricity in various electrical machines’ performance
such as induction machines [8], and Permanent Magnet syn-
chronous machines [10], have been studied and different fault
detection methods have been proposed, but little work has been
done on rotor eccentricity analysis of the BDFIMs. The effects
of rotor eccentricity on the BDFIM stator back iron deflection
have been studied in [11] and a special parallel winding design
has been proposed to suppress the resulting deflection. In [11]
an experimental work was carried out on a prototype BDFIM
to measure the vibration and noise at different rotor speeds
in synchronous mode of operation. A number of vibration
components have been spotted in the vibration spectra caused
by the machine’s air-gap non-uniformity. However, no generic
method has been proposed in the above work to detect the
rotor eccentricity faults in the BDFIM.

In this paper, a new analytical method is proposed for
the BDFIM to determine time-harmonic frequencies induced
in stator winding currents by the Nested-loop Rotor Slot
Harmonics (NRSHs) when the rotor is centric as well as
when there is a degree of rotor eccentricity. Then, the sig-
nature frequencies in the stator currents are identified as rotor
eccentricity fault indices. The proposed method is validated
using analytical Winding Function method (WF) as well as
Finite Element (FE) analysis of an experimental D180 BDFIM
operating in synchronous mode and under rotor centric and
eccentric conditions. Finally, the effects of fault severity on
the magnitudes of the fault indices are investigated and it is
shown that the severity of the eccentricity fault has a direct
effect on the magnitude of the proposed fault indices.

II. BRUSHLESS DOUBLY FED INDUCTION MACHINES
A. BDFIM Structure

The BDFIM’s stator winding consists of two sets of three-
phase windings with different pole-pair numbers wound in a
common stator frame and supplied at different frequencies.
The PW is directly connected to the grid and the CW is
supplied with a fractional rated power converter as shown
in Fig. 1. The machine can operate at three different modes,
induction, cascaded and synchronous, but the main mode of
operation is the synchronous mode where the PW is connected
to the grid via an auto transformer and the CW is supplied with
a power electronics convertor. The pole numbers are chosen to
avoid direct coupling between PW and CW and the coupling
is enabled by a special cage rotor design known as nested-
loop rotor. The number of rotor nests to couple both stator
magnetic fields can be determined by [12]:

Nn = Ppw + Pew (1)

where, p,, and p., are PW and CW pole-pair numbers,
respectively.
The BDFIM synchronous speed is determined by:
Wpw + Wew
Wsynch = r}w  Dew 2)
where wy,, and w,,, are the supply angular frequencies of the
PW and CW, respectively.

B. Winding Function Method

WF method is based on the coupled magnetic circuit theory
and is used to calculate stator winding inductances by means
of the magntic enegy stored in the air-gap under both healthy
and faulty conditions. Based on [13], the mutual inductance
between the coils A and B, L g, can be calculated as:
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where n 4 is turn function for coil A and Np is winding
function for coil B. Also, g is permeability of air, [ and r
are the machine’s stack length and rotor diameter, respectively.
The inverse of rotor air-gap function can be expressed as:

ge (¢, 0r) = go (1 — escos ) “4)

A WF model has been developed for the D180 BDFIM using
which all the PW and CW inductances can be calculated under
healthy and rotor eccentricity conditions. Having obtained
the PW and CW inductances and by using the machines
coupled circuit model followed by performing a series of
transformations [12], the stator PW and CW currents can be
obtained in different operating conditions.

C. Prototype D180 BDFIM

Table I gives detailed information for the prototype D180
BDFIM used in this study. The rotor is of a nested-loop design
consisting 36 slots. As it has p,,, = 2 and p.,, = 4, the rotor
has six 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. The machine is shown in
Fig. 2 on the experimental rig. The Speedgoat Control system
described in [14] is used to control the machine operation and
log the output results used for further analysis.

D. Finite element model development

Linear 2D FE models have been used to model the D180
BDFIM in the synchronous mode of operation at full load
conditions. The operating conditions are shown in Table II.
The resulting PW and CW currents are compared with the
experimental results in Fig. 3. Close agreement between the
FE results and the experiment confirms the validity of the FE
models. The FE linear model is particularly useful when used
to verify the results obtained from analytical methods since
the non-linear characteristics are ignored in both methods. The

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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magnetic flux pattern in synchronous mode of operation and
under the operating conditions presented in Table 3 is shown
in Fig. 4.

III. MCSA FAULT DETECTION METHOD

A MCSA based method is presented to detect Static Eccen-
tricity (SE) fault in BDFIMs. This method analyzes NRSH
components as fault indices in the stator winding current
spectrum to detect SE fault in a BDFIM. Due to air-gap

TABLE II: Operating conditions for the simulations and ex-
periments in Figs. 3

Parameter Value Parameter Value
Torque 103 Nm Speed 750 rpm

Vpw 204V PW frequency fpw 50 Hz

Vew 148 V CW frequency feuw 25 Hz
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Fig. 3: D180 BDFIM stator currents in synchronous mode and
at full-load condition (T = 100 Nm) (a) PW current (b) CW
current

Fig. 4: Magnetic flux distribution of the BDFIM in syn-
chronous mode of operation

non-uniformity in rotor eccentric condition, additional time-
harmonics are induced within the stator winding currents
spectrum by NRSHs and are known as SE fault indices. In
this analysis, only PW current is considered to detect SE fault
to avoid any possible noise and disturbances caused by power
electronics converter swithching in the CW current. In the
following, the BDFIM air-gap magnetic field is analytically
investigated in rotor centric and eccentric condition to propose
NRSH formulae for fault detection purpose.

A. Healthy Condition

Finite number of rotor slots causes space harmonics, known
as rotor slot harmonics, in the air-gap magnetic field. Another
source of space harmonics in the air gap magnetic field is the
air-gap non-uniformity. These space harmonics together in-
duce time harmonics in the stator winding currents. Therefore,
stator current time harmonic analysis can be used as a means
of detecting eccentricity faults [15]. An analytical method is
proposed in this section to obtain the NRSH frequencies in the
PW currents caused by the air-gap magnetic field due to the
rotor eccentricity. These frequencies are used as eccentricity
fault indices. The magnetic field of a distributed stator winding
supplied by a sinusoidal voltage can be expressed as:

Fy, (t,05) = ﬁHz cos (wyt — H,05)

_ g:0a1727"' (5)
The fundamental component of power winding MMF in the
stator reference frame can be obtained from (5) when g is
Z€ro: R

Fpu (t,05) = Fpy cos (Wpwt — Ppuwbs) (6)
Under healthy condition, the air-gap permeance function with-
out considering saturation and slot effects can be expressed by:

P~ P @)



By multiplying (6) and (7) the stator air-gap magnetic flux in
the stator reference frame can be obtained by:

Bgpw (£,05) = ﬁpwPo 08 (wWpwt — Ppuwbs) (8

By transfering stator magnetic flux (8) to the rotor reference
frame using 05 = 6,. + w,t, the nested-loop rotor MMF, with
the trun function given in [16], can be expressed by:

- . (pr - ppwwr) t—
Fr w (¢ 97‘ = Fr' w \Wr Pys 9
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According to (9), the nested-loop rotor generates MMF with
(ppw £ kN,) harmonic orders in rotor reference frame for
k=0,1,2,.... Using (7) and (9) and 6, = 65 — w,t, the rotor
air-gap flux in the stator reference frame can be calculated by:

<1 + ENn (1— Spw)> Wpwt

Ppw

— (ppw £ kN, 6

¢grpw (t7 95) - E"rpw (wr) PO2 sin (

(10)
where S, is the slip respect to the power winding and can
be calcualted by:

Wpw — PpwWr

Wpw

Spw = (11)
Based on Faraday’s Law, the magnetic flux in (10) induces
voltages in the stator windings, which create time-harmonics
in the PW and CW currents called Nested-loop Rotor Slot Har-
monics (NRSHs). The NRSH frequencies in healthy conditon
can be obtained by:

Nn
Ppw

fS’H(k) = (1 +k (1 - Spw)) fpw

v|ppw + kNn| € ‘pr‘

k=0,1,2,--
N7l
fsa®k) = (1 —k (1- Spw)) fpw
Ppw
V |Ppw — kN | € [Hpw|
(12)

Where fsp k) is the k" NRSHs frequency component which
appears in the PW current spectrum in healthy condition and
fpw is the PW supply voltage frequency.

B. Rotor eccentricity fault condition

The radial forces acting on the surface of the rotor are very
large but cancel each other when the rotor axis is aligned with
the stator axis [11]. Similarly, tangential forces are balanced
such that only an axially rotating moment is produced. If
the rotor is eccentric, then unbalanced magnetic pull (UMP)
occurs. The phenomenon can be described as an imbalance of
the radial and tangential forces acting on the rotor (or stator)
surface such that a net radial force is developed. This can
result in the vibration and noise, and increase the possibility
of the stator and rotor contact. Therefore, real-time diagnosis
of rotor eccentricity is essential in order to prevent serious
damages in stator and rotor windings and insulation.

Rotor eccentricity faults occur when the air-gap between
the stator and rotor is non-uniform. This non-uniformity can
occur in 3 different forms; static eccentricity (SE), dynamic
eccentricity (DE) an a mixture of SE and DE known as mixed
eccentricity [17]. In this paper only SE is studied where the
rotor axis being positioned parallel to, rather than being on,
the stator axis. In SE condition, the air-gap distribution is non-
uniform and independent of time variation. In the presence of
SE fault, the permeance function of the air-gap can be modeled
as follows:

P = Py+ P cosb, (13)

Substituting (13) to (6) results in stator air-gap flux under SE
fault condition in the stator reference.

¢gpw,SE(t7 95) = prPO Cos(wpwt - ppw05)+
prpl cos (wpwt — (Ppw — 1)95)—1—

2 cos (wpwt — (Ppw + 1)95)
(14)

By transferring (14) to the rotor reference frame, it can be
shown that the nested-loop rotor generates an MMF with har-
monic orders of p,,, —1£kN,, and p,,,+1EkN,, resulted from
the air-gap non-uniformity. When these harmonic orders are
re-transferred to the stator reference frame using 6, = 05 —w,t
and (13), the frequency of the NRSH components in the PW
current spectra and under SE condition can be calculated:

fSH,SE = (1 + k& (1 - Spw)) fpw

Ppw
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N
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v
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15)
The NRSH harmonic frequencies obtained from (15) are
essentially considered as the SE fault indices and hence can
be used for real-time SE fault diagnosis purposes.

IV. VERIFICATION OF FAULT DETECTION METHOD

In order to investigate the validity of the proposed fault
detection method, a D180 BDFIM is modeled in both healthy
and SE fault conditions using WF method and FE analysis
in synchronous mode of operation at 580 rpm rotor speed
(fpw = 50 Hz and f.,, = 8 Hz). The PW space harmonics
are calculated based on (5) and presented in Table III. Under
healthy condition and according to (12), it can be shown that
the NRSH components for even values of k have the same
harmonic orders with the PW space harmonics given in Table



III. Hence, the corresponding frequencies to these k values
are expected to be seen in the stator PW current spectrum
in healthy condition. The NRSH component orders and the
correspondent frequencies of the PW current are obtained
using (12) for healthy condition and presented in Table IV. The
NRSH component orders and frequencies of the PW current
for the case of SE fault are obtained using (15) and shown in
Table V.

Figs. 5a and 5b show the PW current spectrum in the
synchronous mode under healthy condition obtained by WF
method and FE analysis, respectively. Based on Table IV, the
set of frequencies {50, 66, 166, 182, 282 298, 398} are
NRSH frequencies expected to be seen in the PW current spec-
trum. As shown in Fig. 5, detection of those frequnecies in the
PW current spectra verifies the effectiveness of the proposed
method. Similarly, the PW current spectra under 20% SE fault
conidtion are obtained by WF and FE simulations and depicted
in Figs. 6a and 6b, repectively. Emerging of the frequncies
presented in Table V, {8, 108, 124, 224, 240, 340}, in
the PW current spectra obtained by WF and FE simulations
verifies the validity of the NRSH fault indices in the SE
fault detection process. Therefore, these harmonic frequncies
calculated by (15) can be utilized as SE fault index for
diagnosis of SE faults in BDFIMs.

Furthermore, the sensitivity analysis of the NRSH fault
indices to the SE fault severity levels is investigated by

TABLE III: The PW stator space harmonic orders

g 0o 1 2 3 4

|Hpw| = (14 69) ppw| 2 14 26 38 50
|Hpw| = |(1 —69)ppw|] 2 10 22 34 46

TABLE IV: The NRSH component orders and frequencies in
PW current in healthy condition obtained from (12)

k 0 2 4 6

|ppw + k'Nn| 2 14 26 38

‘(1 +hM( - spw))fpw‘ Hz 50 166 282 398
-

|ppw — kNn| 2 10 22 34
‘(1 — k(1 spw))fpw‘ Hz 50 66 182 298
o

TABLE V: The NRSH component orders and frequencies in
PW current in SE condition obtained from (15)

K 1 3 5
[ppw + 2 + kNp| 10 22 34

)(1 + k(1 - spw))pr’ Hz 108 224 340
|ppw + 2 — kENp| 2 14 26

)(1 — k(- spw))pr’ Hz 8 124 240

changing the rate of SE fault level form 0% (healthy condition)
up to 40%, i.e. double the rate of SE fault in the previous
tests. The WF and FE simulation results for this analysis are
depicted in Figs. 7a, and 7b, respectively. Noticeable increase
in the magnitudes of the fault indices, compared to their
healthy conditions, are observed by increasing the SE fault
severity levels. These uptrends confirm that the NRSH fault
indices have optimal behavior for SE fault detection and are
able to determine the SE fault severity level in a BDFIM.
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Fig. 5: The PW current spectrum in Healthy condition obtained
from (a) WF method (b) FE analysis

10
m-20f
hoA
2
&
-50
80 L L L L L L
0 50 100 150 200 250 300 350
Frequency (Hz)
(a)
40
10
o
S
2 -20
=
&
50k

80 " " " " L "
0 50 100 150 200 250 300 350
Frequency (Hz)

(b)
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from (a) WF method (b) FE analysis
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V. CONCLUSION

This paper has proposed a new MCSA-based fault detection
method to detect rotor SE faults in the BDFIM. The air gap
magnetic field has been determined analytically at both healthy
and SE fault conditions. Rotor harmonic analysis has then
been performed for a BDFIM with a nested-loop rotor con-
figuration to determine the harmonic frequencies induced in
the machine’s stator winding currents in healthy and SE fault
conditions. Based on the analysis, the signature frequencies
induced in the PW current due to the presence of SE faults
have been determined as fault indices. The proposed method
has been verified using an analytical WF method as well as
a numerical FE analysis of an experimental D180 BDFIM.
The PW currents under healthy and SE fault conditions have
been obtained and the same signature frequencies predicted
by the fault detection technique have been observed in the
current spectra confirming the validity of the proposed fault
detection technique. Furthermore, fault sensitivity analysis has
been performed to assess the magnitudes of the fault indices
at different eccentricity levels concluding that the fault indices
can also be used to determine the severity of the SE faults in
the BDFIM.
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