1922

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

Detection and Classification of Turn Fault and High
Resistance Connection Fault in Permanent Magnet
Machines Based on Zero Sequence Voltage

Rongguang Hu

, Student Member, IEEE, Jiabin Wang

, Senior Member, IEEE, Andrew R. Mills

Ellis Chong, and Zhigang Sun

Abstract—Health monitoring and fault detection are becoming
more and more important in electrical machine systems due to the
increasing demand for reliability. Winding turn fault is a common
fault in permanent magnet (PM) machines, which can cause severe
damages and requires prompt detection and mitigation. High re-
sistance connection fault, which results in phase asymmetry may
also occur but does not require immediate shutdown. Thus, apart
from the fault detection, the classification between the two faults is
also required. In this paper, a new technique for detecting and clas-
sifying turn fault and HRC fault by utilizing both the high and low
frequency components of the zero sequence voltage is proposed
with the enhanced sensitivity. The dependence on the operating
conditions is minimized with the proposed fault indicators. The
effectiveness of fault detection and classification has been verified
by extensive experimental tests on a triple redundant fault toler-
ant PM assisted synchronous reluctance machine. The robustness
of the turn fault detection in transient states and under no load
conditions has also been demonstrated.

Index Terms—Fault detection and classification, high resistance
connection (HRC) fault, permanent magnet (PM) machine, turn
fault, zero sequence voltage.

I. INTRODUCTION

ERMANENT magnet (PM) machines are being intensively
P employed in many safety-critical application areas such as
electric vehicles and more electric aircrafts, due to their excellent
features of high efficiency and high torque density, etc., [1], [2].
The demand for the high reliability is becoming increasingly
essential. An unexpected fault in PM machine drives may lead
to very high repair or replacement cost, or even catastrophic
failure. Thus, how to detect and identify potential faults is the key
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to appropriate mitigating action with the purpose to maximize
equipment running time, and minimize the risk of the severe
consequences and the maintenance cost [3].

According to the industry survey [4], of all the possible fail-
ures that may occur in electrical machines, stator related faults
can account for almost 25%, among which turn fault (or inter-
turn fault) is the worst fault case. It is caused by the insulation
failures but develops into more serious inter-phase or phase-to-
ground faults very quickly, if no preventive maintenance is taken.
A very low impedance of the short-circuited path is created, and
a large fault current can be induced, producing excessive heat,
which further degrades the insulation, and eventually leading to
complete failure. Methods of turn fault detection using machine
current signal analysis have been proposed in [5] and [6], where
specific harmonics are analyzed using frequency based [fast
Fourier transform(FFT)] or time-frequency based (short time
Fourier transform, wavelet transform, etc.) techniques. These
harmonics are exclusive to certain machine types, but the ap-
plicability to generic machines is limited. The feature of phase
asymmetry is also commonly used for the turn fault detection,
such as the 2nd harmonic in dg currents and voltages [7], [8],
negative sequence currents and voltages [9], [10], fundamental
component in zero sequence voltages and currents [11], [12], etc.
Since phase symmetry is common in most balanced multi-phase
machines, the fault detection process is much more flexible for
different applications. However, phase asymmetry can also be
caused by the high resistance connection (HRC) fault, which
brings uncertainty to the turn fault detection and classification.

The HRC fault can be caused by loose connection in any
device between the inverter and the machine or damaged con-
nectors and solder points. The actual contact area of a metal-
to-metal connection at a joint is small because the surface may
not be perfectly flat. Also, due to oxidization, the real connec-
tions are only established where the non-conductive oxide film
is fractured by the contact pressure. As the consequence, this
cluster of micro-spots is the conducting part, and the possibility
of HRC is increased [13], [14]. This type of fault can cause local
over-heating on the contact surface and subsequently break the
connection [15]. The damage to the machine itself, however, is
limited, which is different from that caused by the turn fault. In
most cases, HRC only deteriorates the operating performance
of the machine, such as the increase in torque ripple and the
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reduction in efficiency. The less severe consequences require no
urgent measures. Therefore, appropriate remedy action depends
not only on the prompt fault detection but also on correct fault
classification.

The detection for the HRC fault can be based on the phase
resistance estimation by applying voltage phasor steps when the
machine is at standstill [16], or by additional dc currents injec-
tion in stationary reference frame when the machine is in op-
eration [17]. However, the increasing loss associated with such
detections is the main concern. According to the work presented
in [18] and [19], a field-oriented control scheme is introduced
to cancel the negative-sequence component in the stator current
vector caused by an HRC fault, and the information provided by
the PI regulators is used to detect the HRC fault. Zero sequence
voltage in the star connected winding machine is also employed
as the fault indicators of the HRC fault in [20] and [21].

Those fault detection methods are usually focused on a spe-
cific fault only, while the impact of other faults is overlooked.
However, since both the turn fault and HRC fault introduce
asymmetry into a balanced machine system, they will produce
similar symptoms on the negative sequence component and zero
sequence voltages, as has been pointed out in [22]. Therefore, it
is difficult to classify these two fault types based on the conven-
tional fault detection methods.

Although turn fault and HRC fault detection methods have
been developed by many researchers, their classification has not
been widely investigated. A wavelet-based index is proposed to
discriminate turn fault and resistive asymmetrical faults in stator
windings in [23]. However, the selection of mother wavelets and
frequency bandwidth only applies to specific operating condi-
tions, which limits its applications in machine drives with a wide
operating range. Zero sequence voltage and negative sequence
current in an induction machine are investigated in [15] and [24],
where both the amplitude and phase angle of the signals are ob-
tained and compared according to different patterns for the two
fault types. However, the technique is very sensitive to the ma-
chine parameters and is only valid in steady-state conditions. Its
feasibility in detecting faults during transient states remains a
problem. In [25], phase angles of both fundamental current and
impedance are used to realize the fault classification. The tech-
nique relies on prior measurements of impedance phase angle,
hence cannot cope with any change under different operating
conditions. Detection and classification in transient states have
not been addressed yet.

Apart from the phase angle differences caused by the turn fault
and HRC fault at the fundamental frequency, the difference in
the phase impedances at high frequency (HF) is more significant
and less parameter dependent, when the inductive effect is gen-
erally much more dominant than the resistive effect. Therefore,
this paper makes use of both the fundamental and HF compo-
nents of the zero sequence voltage to realize the detection and
classification of turn fault and HRC fault in PM machines. The
selected intrinsic HF components from the inverter pulsewidth
modulation (PWM) voltages can be used without the need of
addition of signal injection, according to the work presented in
[26]. With appropriate definition of fault indicators to minimize
the dependence on the operating conditions, a good separation
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Fig. 1.  Artificial neutral point and measurement of zero sequence voltage.

between the two faults and its robustness against transient states
can be achieved. Further the proposed technique is able to detect
a turn fault at no load conditions when most existing detection
techniques are not effective.

II. FAULT FEATURE ANALYSIS
A. Zero Sequence Voltage Measurement

The neutral point of machine’s 3-phase windings is usually not
connected to the reference ground, and its potential is floating
when the machine is operating. In a healthy and balanced ma-
chine, the voltage between the neutral point n and the reference
ground o, as shown in Fig. 1, only contains the 3rd harmonic
and its integer multiples, which come from the back electro-
magnetic force (EMF), and the HF components caused by the
space vector PWM (SVPWM) switching in the inverter. In fault
conditions, the symmetry is broken, thus, the first (fundamen-
tal) harmonic appears in the voltage, and can be used for the
detection. The HF components also change due to the fault. To
extract such variations, the HF components resulting from the
inverter switching need to be eliminated, and an artificial neutral
point m that provides the same potential as the neutral point in
healthy conditions is created by a resistor network with identical
resistance, as shown in Fig. 1.

According to the Kirchhoff’s current law, the sum of currents
through the wye-connected resistor network is zero, as shown
in (1). Thus, the voltage between the artificial neutral point m
and the phase winding neutral point n can be obtained in (2).
Therefore, the zero sequence voltage of the 3-phase windings
can be measured by a voltage transducer over these two points

Uagn — Umn Ubn, — Umn Ucn — Umn . 0 (1)
Ry, Ry, Ry,
Ugn + Ubp + Uen
Umn = 3 . (2)

B. Healthy Condition

The equivalent circuit of a PM machine in healthy conditions
is illustrated in Fig. 1. Thus, the 3-phase voltage equations can
be expressed as follows:

n = Ria+  dMerin) 2 1 e,

Upn = Rip + d(Lbib) + d(J\{;bz'{,) i d(Mbr o) o 3)
n = Ri.+ d(L 16) + d( acva) + (MbC'Lb) te,

d(MaLz

d(Lgia)
dt
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where wqy,, Upn, and u., are the phase voltages. i,, iy, and 7. are
the phase currents. e,, ey, and e, are the 3-phase back EMFs.
R is the winding resistance. L, Ly, L., and My, Mye, My,
are the self- and mutual-inductance, and they can be expressed
in (4) for interior permanent magnet (IPM) machines, consid-
ering the rotor saliency. w, is the electrical angular speed. L;
represents the leakage inductance, Ly is the component of the
inductances that is independent of rotor position and LA is the
magnitude of a rotor position-dependent inductance resulting
from rotor saliency. For surface-mounted PM machines, (4) is
also applicable when La = 0

Ly = Lis + Lam =~ Lis + Lz — Lacos(2w.t)

Ly = Lis + Lym = Lis + Ly, — Lacos (2wt — ?)
Le=Lis+ Lem = Lis + Ly — Lacos (2wet — 2F)
My, = Myy =~ —1 Ly — Lacos (2wet — 2F)

My = My, ~ —3 Ly, — Lacos(2w,t)

M., =

“

i)

In a wye-connected PM machine, (5) is satisfied according
to the Kirchhoff’s current law when the parasitic capacitance
between the windings and the machine housing is neglected.
This condition is generally valid because the leakage current
through the parasitic capacitor is very small compared with the
phase currents even at the extracted HF

ac & —3 Ly — Lacos (2wt —

g + iy +ic = 0. 5)

By adding the 3-phase voltages together and applying (4) and
(5), the zero sequence voltage ul?  in healthy operations can be
obtained in (6), where the superscript “H” denotes the healthy
condition, 6, is the electrical angle, 0, is the initial phase shift

Ugn _ Ugn + ugbn + Uen,
1 d(i ] »
=3 [R(z'a iy i) 4 Ly W T F i) +;t” )
eq +ep + ec
= eycos(vh. — 0,) = eq 6)
v=3n,n=1,3,5
“gmeF ~ 0. (7)

Itis shown that the zero sequence voltage in the healthy condi-
tion only contains the 3rd harmonic and its odd integer multiples
of the PM back EMF.
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Fig. 2. Equivalent circuit in turn fault condition and the measurement of zero
sequence voltage.

Since these harmonics are mainly at lower frequencies than
the PWM switching frequency, the HF components can be as-
sumed to be zero, as shown in (7), where the subscript “HF”
denotes the HF component.

C. Turn Fault

A turn fault or inter-turn fault occurs due to the degradation
of the insulation between different turns of the same coil. The
resistance of the insulation can decrease from a few megaohm to
a small value, with O the most severe situation, creating a short-
circuit path. Therefore, the equivalent circuit model of 3-phase
PM machine assuming turn fault occurs in phase A without loss
of generality, with a conventional inverter drive system, can be
illustrated in Fig. 2. The contact resistance is denoted as Rjy.
The ratio of the number of the short-circuit turns over the total
number of the series turns in one phase is defined as p, which
represents the fault range between 0 and 1. The self-inductance
in the healthy and faulted parts, and the mutual inductance be-
tween them are also defined. Based on the equivalent circuit, the
3-phase voltages and the voltage across the shorted turns can
be expressed in (8) shown at the bottom of this page, with the
assumption that [2; is zero in the worst scenarios.

Since the self-inductance is proportional to the square of the
number of turns, and the mutual-inductance is to the product of
the number of turns of both windings, the self- and mutual- in-
ductance in turn fault conditions can be approximately expressed
in (9) when the machine has one coil per phase. For machines
with more than one coil per phase, it is not strictly valid accord-
ing to the work presented in [27]. Nevertheless, for the sake of
simplicity, the analysis of the fault behavior under such relation
can still be useful for developing fault detection algorithm.

In the same way, the zero sequence voltage can be solved
by adding the 3-phase voltages in (8) together, and the result
is given in (10), where the superscript “TF” denotes turn fault
condition. It is clear that apart from the same back EMF term

Ugn = Riy + d(Ld{;fia) + d(l\/{iatbib) + (Maolr) Tey— d[(ththff)if] — uRig

. = Riy + d(thb) + d(Mabta) + d(MbL Jte d”'ljt”f) ©
Uen = Rip + ( r) + d(Mar'La) + (Mbczb) +e,— d(]\/[dftcif)
0= pR(iq — Zf) + d(M;tf'La) + d[LffSta—U)] + d(hilftbib) + d(MfL ic) t e,
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Fig.3. Equivalent circuit in HRC fault condition and the measurement of zero
sequence voltage.

ep as it is in the healthy condition, the zero sequence voltage
also contains additional term related to the fault current 7. It
can be inferred from the expressions in (8) that ¢y is dependent
on iq, %, ic, and the back EMF e,. Thus, iy mainly consists of
the 1st (fundamental) and 3rd harmonics. Therefore, the zero
sequence voltage in the turn fault contains a fundamental com-
ponent, which constitutes the most significant difference from
the healthy condition

Lipn = (1= p)°Lq
My = p(1 = p)Lq
My = (1 — p) Map
Mpe = (1 = p)Mac

Lff = MQLa
Mgy = pMap
Mo = Mg )

uph = lu (sz +Lléd ) + €o. (10)
3 dt

The HF components in the phase currents due to SVPWM
switching are also introduced to the fault current. Thus, the HF
components (switching and sideband harmonics) of the zero
sequence voltage are no longer zero, but can be expressed in
(11), when their significance is only considered, with the voltage
across the resistance neglected

1
TF ,
Uy, HF gﬂLlstFZ F_HF.

Y

D. HRC Fault

In an HRC fault condition, the machine windings can be em-
ulated with an additional resistor AR connected to the faulted
phase winding, as shown Fig. 3, assuming that the fault occurs
in phase A. The phase voltage equations in the HRC condition
can be expressed as (12).

The zero sequence voltage is derived and given in (13). Com-
pared to the healthy condition, it contains an additional term
related to the phase current and additional resistance. Further,
the HF component of the zero sequence voltage can also be
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Fig. 4. Relationship between the HF components of the inverter output volt-
ages and the modulation index.

solved and given in (14)

(L za) + d(M bzb) T d(JVIarz ) 4

Ugn = (R + AR)ia €q
— RZ + d(Lblb) + d(M b'La) + d(l\/lbclc) + ey
— Ri, + L> I d(Mmm I d(Athcm te,
(12)
ufRC — %AR@'Q + eo (13)
ultRG e ~ ARza HF- (14)

III. FAULT DETECTION AND CLASSIFICATION

From the above-mentioned analysis, it follows that the funda-
mental and HF components of the zero sequence voltage do not
exist theoretically in healthy conditions, but both appear in turn
fault or HRC fault conditions. Thus, the faults can be detected by
employing either the fundamental or HF zero sequence voltage
as indicators. For the classification of the two fault types, the
significance of the HF components is analyzed further.

The HF components of the zero sequence voltages originally
come from the HF components of the inverter output voltages
in the SVPWM control. And they are selected as the sideband
harmonics around 20 kHz due to the higher significance when
the switching frequency is 10 kHz, according to the work pre-
sented in [28]. In order to minimize the dependence of the HF
zero sequence voltage on inverter modulation index, the ratio
between the rms values of the HF zero sequence voltage and HF
inverter voltage is defined as the HF component based fault in-
dicator (Flgr), as given in (15). The rms HF components of the
inverter output voltage normalized to the dc-link voltage is de-
pendent on the amplitude modulation index, as shown in Fig. 4.
This relationship can be obtained through an offline simulation,
and fitted by a 5th order polynomial given in (16), where m;
denotes the modulation index. Hence, the defined fault indica-
tor can be obtained once the modulation index is calculated by
the dg-axis reference voltages and the dc bus voltage. Since the
modulation index is directly related to the operating conditions,
the dependence of the fault indicator on the operating conditions
can be greatly reduced. Ideally, this HF-based fault indicator is
zero in healthy conditions in theory, shown in (17). In the turn
fault and HRC fault conditions, the fault indicators are expressed
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in (18) and (19), respectively, according to (11) and (14)

RMS (i 11F)
RMS (uinverteLHF>

RMS (Uinverter fr) = 0.5381m;° + 0.2165m;*—1.8169m,;>

Flyr =

s)

+0.1364m,2 + 1.092m; + 0.003  (16)

o (17)
. RMS(is ur)

Flip = zpliw . ’

HF 3 HLisWHE RMS(Uinverter,HF) ( )

prime = L BMSGonr) )

3 RMS(uinverter,HF) '

To roughly compare the fault indicators in the two fault con-
ditions, the following representative estimations are made with
reference to the 9-phase triple redundant fault tolerant machine
under test. In a turn fault condition, the leakage inductance L;
is approximately 1.37e-5 H, the turn fault ratio p is 0.0625 for
a single turn fault, and the rms value of the HF fault current,
rms(iy pr), is 8-10 times larger than that of the HF phase cur-
rent, rms(i, ), based on the initial experimental data. In an
HRC fault condition, the additional resistance is assumed to be
0.1 €. With these parameters, the fault indicator in the turn fault
condition can be approximately ten times larger than that in the
HRC fault. As aresult, this fault indicator is much more sensitive
to the turn fault, which can be detected exclusively. Thus, the two
faults can be distinguished. As for the detection of the HRC fault,
the HF-based fault indicator is not suitable any more due to very
low sensitivity and potential susceptibility to noises. The fore-
going observations are true for multi-phase electrical machines
in general because at HF the machine impedance is dominated
by inductive reactance. Hence, a small change in inductance due
to a turn fault will give rise to a larger fault signature in the zero
sequence voltage while it is insensitive to an HRC fault.

In order to detect the HRC fault, the fundamental components
of the zero sequence voltage and phase current are used. Their
amplitudes are extracted, whose ratio is defined as the funda-
mental frequency based fault indicator (FIpyy), given in (20).
A number of methods, such as FFT, extended Kalman filter,
or order tracking techniques can be used for the extraction of
magnitudes. This fault indicator in healthy and the HRC fault
conditions are expressed in (21) and (22), respectively, and by
comparing with a predefined threshold, the HRC fault can be
detected

|umn FUN|
Flpyny = 220 20
FUN i rON| (20)
FIE =0 (1)
1
FIYS = AR, (22)

In summary, the frequency components of the zero sequence
voltage in ideal conditions are compared in Table I, according
to the above-mentioned analysis. It is seen that only HF compo-
nents are sensitive to turn fault. Thus, a turn fault can be detected
exclusively by employing the indicator defined in (15). While

COMPARISON OF FREQUENCY COMPONENTS OF ZERO SEQUENCE VOLTAGES IN

TABLE I
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HEALTHY AND FAULT CONDITIONS

Healthy condition High resistance fault Turn fault
No fundamental With fundamental With fundamental
component component component
No high frequency Weak high frequency Strong high frequency
components components components
¢ Zero sequence
voltage

High frequency
component

—
— —

N | Fundamental
component

< fIHPthresholH?E —p

-
~

Y

Turn fault

N
High Healthy
resistance fault condition

Fig. 5. Fault detection and classification steps.

the fundamental component is sensitive to both fault types, the
detection of HRC fault can also be made if the HF fault indicator
remains negative or below a defined threshold.

With the two fault indicators defined in (15) and (20) to min-
imize the dependence on operating condition, the whole detec-
tion and classification procedure is illustrated in Fig. 5. First,
the HF-based fault indicator is used to diagnose whether a turn
fault occurs with a swift response. If that indicator is negative,
the fundamental frequency based fault indicator is employed to
judge whether a high resistance fault occurs or the machine is
still operating in healthy condition.

IV. EXPERIMENTAL RESULTS

Experiments are carried out on the 9-phase triple redun-
dant fault tolerant PM assisted synchronous reluctance machine
(PMA SynRM) as introduced in [29]. The machine specifica-
tion is given in Table II. It has 36 slots and 3 pole-pairs, with
three independent 3-phase windings, as shown in Fig. 6. There is
no overlap between two different 3-phase winding sets, and the
risk of short-circuit fault in two 3-phase sets is largely reduced.
Also, the degradation or failure on one 3-phase winding and
the heat generated by the fault are not likely to transmit to the
other 3-phase windings. Each 3-phase winding set ABC, DEF,
and GHI forms a balanced 3-phase system in space and time,
and is controlled independently by three separate inverters in the
same way as a 3-phase IPM machine. Such physical, thermal,
and electrical isolation guarantees the fault tolerant capability
when a fault occurs in one 3-phase winding set and a mitigation
action is taken, while the other two 3-phase winding sets are still
operational to provide the torque. The test rig setup is shown in
Fig. 7. According to the work presented in [30], the 3-phase sys-
tem is more unbalanced, and the conventional fault signatures
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TABLE I

MACHINE SPECIFICATIONS
Specification Symbol Value
Base speed ny 4000 rpm
Maximum speed Ny 19200 rpm
Rated power P, 35 kW
Rated current Trated 120 A peak
Nominal DC link voltage Ve 270V
Turn number of each coil N 8
Number of faulted turns N¢ 1
PM flux linkage Apm 0.025 Wb
Phase resistance R, 0.025Q
d-axis inductance (nominal) Ly 0.38 mH
g-axis inductance (nominal) Ly 1.02 mH

Fig. 6. Triple redundant PMA SynRM with segregated windings.

i phase fault tolerant A
PMA SynRM

Dynamometer JEr8

Fig. 7. 9-phase PMA SynRM test rig and DSP controlled 9-phase inverter.

such as 3rd harmonic of phase current, and 2nd harmonic of dg
voltages, are higher when more turns are faulted. Therefore, the
detection of one single turn short-circuit fault is challenging and
addressed in this paper. A single turn short-circuit fault in coil
B2 of the 3-phase winding set ABC and a 0.1 2 HRC fault in
phase A are emulated by controlling a relay separately.

Due to the current limit of the relay and the additional resis-
tor, all the fault detection tests are conducted below 1000 r/min
and 70 A for the sake of safety. The current that flows through
the shorted turn in turn fault conditions and the current that
flows through the additional resistor in the HRC conditions are
captured as the fault current to mark the occurrence of the cor-
responding faults.
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Fig. 8.  Flowchart of signal processing for the proposed fault detection and
classification.

The phase winding neutral point is led out and a resistor net-
work is employed to create the artificial neutral point, so that
the zero sequence voltage can be measured. An analogue circuit
board is designed and constructed for measurement and signal
conditioning. Analogue bandpass filters (BPF) are designed to
extract the HF components around 20 kHz from the measured
and conditioned zero sequence voltage. Their rms value is ob-
tained through the precision wide bandwidth, rms-to-dc con-
verter LTC1968 from linear technology, as has been described
in [26]. To separate the lower frequency components from the
switching harmonics, the lowpass filters (LPFs) are also de-
signed. As only the significance of the fundamental component
is to be concerned, and since its frequency is much lower than
the fixed switching frequency, the design of the LPF can be very
straightforward. The outputs of the analogue circuit board are
the zero sequence voltage and the rms value of the HF com-
ponents around 20 kHz, which are captured and recorded by
a multichannel YOKOGAWA oscilloscope. The sampling fre-
quency of the oscilloscope is 500 kHz, in order to analyze the
spectrum of the zero sequence voltage, as well as its high and low
frequency components with digital filters. The lower frequency
components after the analogue LPFs and the rms value of the
HF components are also sampled by a Xilinx Zynq-7000 eval-
uation board. The sampling frequency is 10 kHz, which is the
same as the switching frequency of the inverter. The fundamen-
tal component can be obtained by the Fourier-based frequency
components extraction technique. With vg, vy, ¢4, 74 available
from the controller, the calculation of the fault indicators shown
in (15) and (20) can be conducted in the Zynq processor. Subse-
quently, the fault detection and classification is realized accord-
ing to Fig. 5. The flowchart of signal measuring, conditioning,
sampling, and processing in the designed analogue circuit board
and Xilinx Zynqg-7000 board is illustrated in Fig. 8.

A. Fault Detection and Classification

When a single turn fault occurs at the maximum torque per
ampere operating condition of 1000 r/min with 50 A phase cur-
rent, the measurement results are shown in Fig. 9, where the peak
fault current can reach 160 A. The distortion on the 3-phase cur-
rent due to the fault is hardly seen thanks to the PI regulated
current control. The fundamental component emerges instantly
in the measured zero sequence voltage when the turn fault oc-
curs. However, the increase of the examined HF zero sequence
voltage components is not so obvious in the waveform due to
the presence of a large number of HF components.
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Fig. 10.  Spectrum of zero sequence voltage in (a) healthy and (b) turn fault
conditions.

The spectrum of the zero sequence voltage in the healthy and
fault conditions are obtained through FFT analysis and shown in
Fig. 10(a) and (b), respectively. It is clear that the switching side-
band harmonics around 20 kHz, which are extracted through the
BPFs in this method stay low in healthy condition, but exhibit
prominent increase when the turn fault occurs. By applying the
same transfer function of the BPF in the analogue circuit to the
measured zero sequence voltage, the switching sideband har-
monics around 20 kHz are separated, as shown in Fig. 11(a). It
is evident that their magnitudes are low in the healthy condition,
but rise significantly in the turn fault condition. Correspond-
ingly, the measured rms detector output of the HF components
in Fig. 9 also increases largely. The lower frequency compo-
nents can also be analyzed through a low pass filter. It shows
that the fundamental frequency component is hardly seen in the
healthy condition, where only 3rd and higher order harmonics
exist, but increases when the turn fault occurs. The calculation
of the HF fault indicator in the processor is shown in Fig. 11(b).
The rms detector output is directly measured from the analogue
circuit signal conditioning board. The command voltage v and
v, from the controller are sent to the Zynq processor to obtain
the modulation index, which can be filtered digitally with the
same transfer function of the low pass filter in the rms detec-
tor to synchronize their response. Then, by applying the 5-order
polynomial shown in (16) to estimate the HF components of
the inverter outputs, the HF-based fault indicator is obtained.
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Fig. 11. (a) Zero sequence voltage, its higher and lower frequency compo-
nents. (b) Calculation of the HF-based fault indicator in healthy and turn fault
conditions.

According to Fig. 5, by comparing this fault indicator with the
predefined threshold, the turn fault can be detected directly.
Under the same operating condition, a 0.1 €2 additional resis-
tor formed HRC fault is activated, and the measurement results
are shown in Fig. 12. To indicate the onset of the HRC fault, the
current flowing through the resistor is also measured denoted
as the “fault current.” To illustrate the key features in the zero
sequence voltage, the frequency components under evaluation
are also examined through high and low pass filtering, shown in
Fig. 13(a). As can be observed, the filtered HF component is very
low and does not increase in the HRC fault condition. As the re-
sult, the directly measured rms detector output for the switching
sideband harmonics around 20 kHz shown in Fig. 12 also has
very little change. The HF-based fault indicator is calculated in
Fig. 13(b) after the modulation index is obtained. Comparing
with the result in the turn fault condition, the HF components
in the zero sequence voltage are much more sensitive to the
turn fault, thus the HF-based fault indicator can be employed
for the exclusive turn fault detection. As the detection result of
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Fig. 12.  Measured phase currents, conditioned zero sequence voltage, rms
detector output, fault current in healthy and HRC fault conditions.

the turn fault is negative, the fundamental frequency based fault
indicator shown in Fig. 13(a) is compared with the threshold, ac-
cording to Fig. 5. Once it exceeds the threshold, the HRC fault
is detected.

B. Evaluation of the Fault Indicators

The rms detector output of the measured HF zero sequence
voltage in the healthy, turn fault, and HRC fault conditions, de-
noted as “H,” “TE” and “HRC,” respectively, are compared at
different speeds and currents in Fig. 14(a). It can be observed
that the rms detector output in healthy conditions is not zero
but proportional to the phase current and speed. It is due to the
non-zero examined HF components around 20 kHz, as shown
in Fig. 10(a), and is caused by inherent small asymmetry in the
HF phase impedances as well as unbalanced parasitic parame-
ters in 3- phase inverter and PWM process. When the current or
speed increases, the modulation indexes increase, then the HF
components of the inverter output voltages vary according to
the relationship in Fig. 4, thereby, the HF zero sequence volt-
age also changes. Nevertheless, the rms detector outputs in the
HRC fault condition are very close to the values in the healthy
conditions, both of which are lower than those in the turn fault
conditions. Although it is possible to define operating condition
dependent thresholds to separate the turn fault condition by us-
ing this quantity alone, the process is not cost-effective in real
applications.

To minimize such dependence on the operating conditions,
the HF-based fault indicator expressed in (15) is obtained, and
compared for the healthy, turn fault, and HRC conditions in
Fig. 14(b). It can be observed that the variation of the fault indi-
cator in healthy and HRC conditions due to speed and current has
been reduced effectively, especially at higher current and speed
conditions. The more deviations of the indicator at lower speed
and current conditions can be attributed to the lower magni-
tude of the HF components at lower modulation indexes, which
makes the measurement more sensitive to the noise. For the turn
fault conditions, although the dependence of the fault indicator
on the speed and current still remains, a significant difference
of the fault indicators is seen between turn fault and other con-
ditions, where the smallest difference lies at the lower speed.
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Fig. 13.  (a) Zero sequence voltage, its higher and lower frequency compo-
nents. (b) Calculation of the HF-based fault indicator in healthy and HRC fault
conditions.

Based on these experimental observations, the threshold for the
exclusive detection of turn fault can be determined in a con-
venient manner. It can be selected as a constant value, and the
detectability of the turn fault at low speeds is improved.

For the HRC fault detection, the fundamental component
of the zero sequence voltage is extracted and compared with
healthy conditions in various speeds and currents, as shown in
Fig. 15(a). A strong dependence on the operating current can
be observed in the HRC fault conditions. This dependence can
be explained, indeed, by the expression in (13). As a conse-
quence, the detectability under lower current is degraded. The
fundamental frequency based fault indicator introduced in (20)
is compared in Fig. 15(b). The values in both healthy and the
HRC fault conditions are almost constant for the specific fault
severity. Therefore, a threshold to detect the HRC fault can also
be defined as a constant value.

In the case of an HRC fault with a smaller additional re-
sistance, the fault level is low and its effect is benign. Thus,
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Fig. 14.  Variations of (a) rms detector output of HF zero sequence voltage and
(b) HF-based fault indicator with speed and current in turn fault, HRC fault, and
healthy conditions.

its detection will depend on the signal-to-noise ratio but its
influence on the turn fault indicator, Flyr, is even smaller, re-
sulting in a larger margin for fault classification. From Fig. 15,
it can be inferred that the minimum additional resistance that is
detectable as an HRC fault can be as low as 1/4 of the applied
additional resistance (0.1 2) in the experiment.

C. Turn Fault Detection at No Load Conditions

The detection of turn fault under no load conditions is also
investigated. At 500 r/min, the phase currents, the frequency
components of the zero sequence voltage, and the calculated
HF-based fault indicator are shown in Fig. 16 when the turn fault
occurs at 0.23 s. Although the phase currents are zero, a signifi-
cant increase in the HF components of the zero sequence voltage
change can still be observed. This is attributed to the nonzero HF
voltages, which are introduced by the nonzero driving voltages,
and the enhancement of the fault signature by measuring the zero
sequence voltage through the artificial neutral point. The signif-
icant change of the HF-based turn fault indicator demonstrates
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Fig. 16.  Phase currents, high and low frequency components of zero sequence
voltage, and the HF-based fault indicator under no load conditions.

that the proposed technique is effective to detect the turn fault at
such a no load condition. The tests under no load are then con-
ducted at different speeds, and the turn fault indicator in healthy
and turn fault conditions are shown in Fig. 17. Compared with
the results under other operating conditions in Fig. 14(b), it is
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evident that the turn fault can also be detectable under no load
conditions with the same threshold. Thus, a wide detection zone
of this technique can be achieved.

D. Turn Fault Detection During Transient States

The turn fault indicator is based on HF switching harmonics,
and the fault detectability in transient states has also been tested.
First, it is necessary to ensure that no false alarm is triggered as
aresult of speed and current transient in healthy conditions. By
way of example, the detection results are shown in Fig. 18(a)
when the machine is operating at 500 r/min and a current step
change from 30 to 70 A occurs at 0.33 s in healthy condition. The
rms detector output of the HF zero sequence voltage increases to
aslight higher value, which accords with the results in Fig. 14(a).
Because this dependence on the operating conditions is reduced
according to (15) when the machine is healthy, the proposed HF-
based fault indicator remains almost the same before and after
the current change. The results shown in Fig. 18(b) are under the
varying speed condition, when the machine speed increases from
500 to 900 r/min at the rate of 1000 (r/min)/s with phase current
of 50 A. The rms detector of the HF zero sequence voltage
increases with the speed increase, but the proposed HF fault
indicator does not change. Therefore, the turn fault detection
based on this fault indicator is immune and robust to the transient
states of either current change or speed change, and no false
alarm will be triggered.

When turn fault occurs during the transient states in Fig. 19(a)
and (b), the peak fault current can reach 230 and 250 A, respec-
tively, and the fault is effectively detected, since the change due
to the fault is much higher. To conclude, the effectiveness and
robustness of this turn fault detection method in transient oper-
ating conditions have been validated.

As for the HRC fault, on one hand, since it does not progress
rapidly to a serious stage, the requirement for the immediate
detection is not necessary, and the reliable detection at steady
states can be adequate in most cases. On the other hand, since the
fundamental components of the zero sequence voltage and phase
current are utilized, the impact of transient states can also be
minimized if appropriate frequency or order tracking algorithms
are applied to extract their magnitudes.
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Fig. 19. HF-based fault indicator with (a) current step change and (b) varying
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V. DISCUSSIONS

A. Impact of the High Order Harmonics of Zero
Sequence Voltage

As can be seen from the theoretical analysis and experimental
tests, the turn fault detection is mainly based on the HF sideband
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harmonics at twice of the switching frequency of the zero se-
quence voltages. The tested machine is fed with 10 kHz PWM
voltages, and the examined HF components are around 20 kHz.
The remaining higher order harmonics of the zero sequence volt-
age caused by distortion in back EMF and the slotting effect are
odd integer multiples of its 3rd harmonics, with the amplitudes
decreasing as the frequency increases. Compared with the in-
fluence of the inherent asymmetries shown in Fig. 10(a) on the
switching sideband harmonics, the impact of the high-order har-
monics of the zero sequence voltage can be ignored. Thus, this
method normally does not introduce additional limit on the ap-
plicable fundamental-to-switching frequency ratio, as long as
appropriate PWM modulation is applied.

B. Comparison With Existing Classification Methods

The main problems of the existing classification methods [24],
[25], namely, sensitive to machine parameter variations and in-
ability to cope with transient states, have been discussed in
Section I. However, these problems can be solved by the pro-
posed method.

The classification method of turn fault and HRC fault pro-
posed in this paper is based on the characteristic difference of
inductive and resistive impedance at HF, which can be approx-
imated by (18) and (19) with given parameters. Although the
parameters may be inaccurate and the initial inherent asymme-
try may exist, the test results have demonstrated the significant
difference of Flgp in the two fault conditions. Thus, this method
is more robust against machine parameter variations, and its im-
plementation is more straightforward.

As there is no FFT calculation and the signals are processed
by analogue filters, the fault indicators approach gradually to
new steady state values when transient states occur. According
to Fig. 14, the steady state values in healthy conditions do not
vary much with speed or current, compared to the change with
turn fault, thus the thresholds can be determined in a convenient
and robust manner against transient states.

The use of the filters, especially the low pass filter in the
rms detector does compromise response time of the turn fault
detection. However, from the test results, turn fault can always
be detected within 0.1 s, which is much shorter than the time
constant of hot spot temperature increase in the worst case turn
fault condition.

Since most existing classification methods rely on the phase
currents, their performances are largely degraded at no load con-
ditions when the phase currents are very low. Consequently,
detection of turn fault is no longer reliable. However, the turn
fault detection in the proposed method is based on the switching
harmonic components, which are still very significant under no
load. Thus, zero or low phase current in no load conditions does
not impair the turn fault detection, as has been demonstrated in
Figs. 16 and 17.

C. Extra Resistor Bank and Voltage Measurement

In order to implement this technique, an extra resistor bank
for creating the artificial neutral point is needed. The resistor

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

can have a low power rating with high resistance (50 k2, 1 W
in this test rig). It can also be integrated in the inverter.

In addition, the phase neutral point needs to be accessible,
which might not be applicable in some scenarios. The phase
neutral point is only for the measurement of the zero sequence
voltage and does not introduce neutral current.

The measured zero sequence voltage reflects the machine’s
behavior, and hence, the influences of the inverter and control
algorithm on fault signatures are eliminated. Consequently, the
sensitivity to winding fault detection is largely improved, which
contributes to the robustness of the fault detection.

VI. CONCLUSION

This paper has proposed a turn fault and HRC fault detection
and classification technique based on both the high and fun-
damental frequency components of the zero sequence voltage.
Although the phase neutral point needs to be accessible and the
extra resistor network needs to be built for the measurement
of zero sequence voltage, the detection sensitivity to the faults
can be enhanced. The fault indicator is proposed to minimize
the impact of the operating conditions, and facilitate a conve-
nient determination of the thresholds. A complete fault detection
and classification procedure has been developed. The effective-
ness is validated through extensive experimental tests. The turn
fault detection in no load conditions and transient states are also
tested, with the robustness of this technique being demonstrated.
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