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ABSTRACT Stator turn fault is the most serious failure in the electrical machine drive which requires imme-
diate detection techniques. Under such a turn fault, the fundamental change is that the high frequency (HF)
impedance of the fault phase is significantly reduced due to the flux nullifying effect of the fault turns. Thus,
this paper proposes a novel turn fault detection technique by using the equivalent HF impedance. It is derived
by the HF voltage and current signals which are obtained by processing the phase voltages and currents with
a bandpass filter. The effectiveness of the proposed is verified by extensive simulation and experimental tests
on both surface mounted and interior PM machines. It is demonstrated that the performance of the proposed
detection method is superior than the conventional HF current ripple based method. The investigation also
confirms that the fault can be detected at an early stage by the proposed method.

INDEX TERMS Turn fault detection, high frequency, current harmonic, voltage harmonic, impedance,

bandpass filter.

I. INTRODUCTION

In the electrical machine drives [1], stator turn fault was com-
monly referred as the worst fault scenario [2]. It was caused
by accumulative winding insulation degradation and finally
develops to a turn-to-turn short circuit fault. The impedance
of the short-circuited loop is extreme low and it will results
in large fault current in the fault turns [3]. The excessive
fault current will cause rapid temperature rise and may lead
to catastrophic failure. Therefore, fast and reliable turn fault
detection is of key importance for the electrical machine
drives to trigger the protection action [4].

It is worth noting that there are several possible fault
scenarios in the machine drive, including the switch open
circuit, short circuit fault and stator winding turn fault [5].
The diagnosis of the open circuit and short circuit fault is
relatively easy. The open circuit fault can be detected by
analyzing the phase current waveform and the switch on/off
state while the short circuit can be alarmed by monitoring the
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overcurrent [6]. Thus, the stator turn fault becomes the most
challenging fault for diagnosis [7].

The turn fault detection techniques have been the research
hotspot for decades [8]. They can be generally classified as
two approaches, one is based on the low frequency signals
and the other is based on the high frequency signals. The
low frequency signal based approach is using motor current
signal analysis (MCSA) concept to spot the winding insula-
tion breakdown [9]. In [10], the stator turn fault detection
is realized by using the 2" harmonics in the instantaneous
active/reactive power for the generating/ motoring modes,
respectively. In [11], the third harmonic in line current was
employed as fault indicator for a brushless DC machine drive.
It should be noted that majority of existing techniques are
based on the low frequency components [12], such as the
fundamental component, the second or the third harmonics.
Some novel smart methods in [13], [14] can be referenced to
extract and process the fault signals for detection purpose.

Due to the merits of independent with the speed and load
conditions, high frequency (HF) injection technique can be
exploited for fault diagnosis which was first studied in [15].
A HF carrier signal was superimposed on the fundamental
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voltage. Then, the stator turn fault was detected by monitoring
the dc component in the negative sequence carrier signal
current which indicates the stator stationary saliency. In [16]
it was found that the zero sequence carrier signal voltage
also can be employed for turn fault detection. A desirable
merit of the HF signal based detection technique is that the
machine speed and load has little influence on the signals.
For machine with salient rotor, it reacts with the HF voltage
harmonic and results in secondary spatial harmonics which
limits the application. The above method is improved by
injecting the pulsating voltage on the d-axis in [17]. As a
result, the induced currents are decoupled with the rotor
saliency and the fault diagnostic performance is enhanced.

It should be noted that the above HF injection method
introduces undesirable effects on the machine drive, such as
increased losses, noises and voltage/current harmonics. It also
reduces the available voltage which deteriorates the machine
high speed performance. As a result, an advanced method
was proposed in [18] by employing the inverter switching
harmonics as a natural source of HF signal for the motor.
No additional HF voltage harmonic injection is required and
the undesirable effects are therefore eliminated. The induced
HF PWM ripple currents are compared between different
phases to indicate the turn fault. However, it is assumed that
the applied voltages are still identical for different phases
which is obviously not true in the postfault operation condi-
tion. The applied voltages vary with the fault location, num-
ber of fault turns, etc. Therefore, the voltage signals should
also be considered to improve the fault detection capability.
In [19], the turn fault is detected by monitoring the zero
sequence HF PWM voltage. And the classification with the
high resistance fault is analyzed by distinguishing the high
frequency and low frequency components. In [20], the turn
fault is monitored by analyzing the sidebands distribution of
the common mode HF PWM voltages. As a result, the fault
location and fault severity can be estimated.

According to the above literature review, it can be con-
cluded that for the diagnosis techniques based on the low
frequency signals, the frequencies of the targeted signals are
close to the fundamental components, it increases the diffi-
culty to segregate the fault signals. And the voltage/current
signals are susceptible to be affected by the number of fault
turns, external fault resistance, operation condition, resulting
in an unpredictable detection manner [21]. In terms of the
HF voltage harmonic injection based detection method, it is
immune to the machine operation conditions, including the
speed and load transients. However, it introduces additional
noise, vibration and loss to the machine drive. For the PWM
harmonic based fault detection, it does not introduce any
additional voltage harmonics and hence avoids these unfa-
vorable disadvantages. And, it is worth noting that for the
current-state-of-art, the existing HF signal based turn fault
detection techniques only exploit the current or voltage sig-
nals only which make the fault signals not strong enough [22].
In fact, both the HF current and voltage signals are affected
by the fault which contain the fault information. And the
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fundamental change after the turn fault is that the impedance
is significantly reduced [23], especially in the HF range where
the influence of the resistance is eliminated.

Thus, this paper first time attempts to use the concept of
equivalent high frequency impedance as fault indicator for
stator turn fault detection. Both the HF current and voltage
induced by the PWM operation are processed to derive the
equivalent HF impedance. The equivalent HF impedances of
different phases are compared to indicate the fault. It will be
demonstrated that the proposed method exhibits higher signal
noise ratio than the PWM ripple current based technique
in [22] which only explore the HF current signals. In addition,
it is insensitive to the external fault resistance, therefore, it can
detect the fault at an early stage.

Il. HF IMPEDANCE BASED TURN FAULT DETECTION
DESIGN

Fault detection is usually based on the physical quantity
change in the machine drives, like the voltage, current, power,
etc. Impedance is a unique feature of the electric machine
drives which describes the relationship of the applied voltage
against the induced current. It contains reach information of
the winding circuit connection which is suitable for fault
indication [24]. This paper focuses on the HF impedance
variation due to the turn fault. Thus, the phase impedance
before and after a turn fault is analyzed first. For a healthy
machine phase winding, it can be represented as a resistance
and inductance circuit in series [18]. Its impedance is written
as in (1).

Zh =R+ joL (1

The resistance R and inductance L are 0.68€2 and 2.8mH,
respectively for a surface mounted PM machine. Obviously,
the phase impedance increases with the excitation frequency
w as the voltage drop on the inductance part increases.
The impedance variation with the frequency is plotted in
FIGURE 2 for the healthy condition.

In case of healthy condition, the current flowing in the N —
Ny and Ny turns is the same denoted as i,. The phase flux
linkage can be expressed as in (2).

Y = (Ln + 2Myp + Lf) i ()

In case of a turn fault, the phase winding branch is illus-
trated as in FIGURE 1. An ideal short circuit fault occurs
in the Ny turns out of total N turns in the phase winding.
The fault turns ratio is defined as w. The Ry, Ry, Ly, Ly are
the resistance and inductance of the healthy and fault turns,
respectively and My, is the mutual inductance between the
two parts. The values of the parameters with 2 turns fault and
20 turns fault are listed in Table 1 according to finite element
simulation. The details of the machine specifications can be
found in [18].

After the turn fault, the currents in the two branches are
no more the same. Here the same current iy is assumed in
the healthy N — Ny turns. Due to the turn short circuit fault,
the voltage, viz. the flux linkage of the fault Ny turns is
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FIGURE 1. Schematic of the phase winding under turn fault.

TABLE 1. Phase winding parameters under fault conditions.

Parameter Fault condition
Nt 2 turns/62 turns 20 turns/62 turns
R 0.66Q2 0.46Q
Ry 0.02Q 0.22Q
Ln 2.6mH 1.3mH
Le 2.8uH 0.28mH
Mg 83uH 0.6mH
80 T
Healthy
60 2 turn fault
o 20 turn fault
s
T 40
o
2
5 20
<
=
0
220 I L I L
10° 10 10° 10° 10* 10°

f(Hz)

FIGURE 2. Magnitude of the phase impedance under healthy and turn
fault conditions.

zero. Hence, the equation (3) can be obtained. As a result,
the current (i, — ir) in the fault Ny turns can be derived as in

CF

Uy = Mypin + Ly (in — i) = 0 3)
.. Mysip
ip—if = ——— (@)
Ly

Hence, the phase flux linkage after the fault can be repre-
sented as in (5). Obviously, it is reduced by the short circuit
fault current. In other words, it is nullified by the turn short
circuit fault.

. Mysip
V2 = (Ln + Mug) in + (Ly + Myy) <— L )
MZiy,
. hf
= Lyip — 5
hin L (5)

Consequently, the phase impedance after the turn fault can
be derived as in (6).
2072
a)—th (6)
Ry + joLy
The phase impedance under turn fault conditions is also
plotted in FIGURE 2. It is seen that the phase impedance

Zf = Rp + joLy +
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increases with the frequency. However, it is significantly
lower when compared with the healthy condition in the high
frequency range (>10kHz).

As explained above, it is because the short circuit loop
reacts as a superconducting coil and the induced fault current
always tries to counteract the external flux and maintain the
total flux linkage as constant, commonly referred as flux
nullifying effect. The flux nullifying effect only takes place
when there is a short circuited path in the machine phase
windings. The short circuit current in the fault part will
produce a flux linkage with opposite direction of the external
flux linkage. Consequently, the total phase flux linkage and
the phase voltage is reduced, leading to reduced impedance.

And the impedance decreases with the number of the fault
turns. With more short circuited turns, the flux nullifying
effect of the fault turns is enhanced and further reducing
the phase voltage, resulting in lower impedance. If all the
phase winding turns are short circuited, the impedance will
be reduced to zero.

With the fact of the reduced phase impedance under turn
fault condition, the HF ripple current due to the inverter PWM
operation is utilized for fault detection in [18], [22]. The
filtered PWM ripple current of different phases are compared
with each other to indicate the fault. It is assumed that the
applied HF voltage on different phases are still identical
which is not true under turn fault conditions. The phase
voltages is distorted by the fault and will definitely affect
the HF voltages [10]. It will be demonstrated that in turn
fault condition, the HF current of the fault phase increases
and the opposite is true for the HF voltage. Thus, both the
HF current and voltage signals contain the fault information
and therefore should be considered. As a result, this paper
proposes the equivalent HF impedance for turn fault detection
which combines both the HF voltage and current information.
The equivalent HF impedance Z, will result in a stronger fault
indicator than using the HF current only. The equivalent HF
impedance can be obtained by (7).

z, = 2ir @
Iur

The FIGURE 2 represents the accurate phase impedance
under each frequency which requires the exact voltage and
current signals under the specific frequency. However, in real-
ity, the PWM operation of the inverter phase legs produces
a wide range spectrum voltage harmonics from a few kHz
to several tens of kHz. It is very difficult to extract a single
HF frequency signal for both the HF voltage and current to
obtain the impedance under a specific frequency for online
processing. Hence, the HF signal spectrum produced by the
PWM operation is analyzed.

Here the standard 3-phase inverter is utilized for machine
drive [25] and SVPWM is employed for higher dc voltage
utilization ratio. For the purpose of illustration, the switching
frequency is set as 10 kHz while the modulation index is set
as 0.6 for 100V dc bus voltage. The measured phase voltage
is shown in FIGURE 3 which obviously contains rich PWM
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FIGURE 4. Spectrum of phase PWM voltage.

harmonics. Its spectrum is analyzed by fast Fourier trans-
form and plotted in FIGURE 4. The frequency components
higher than 30 kHz are not shown, since their amplitudes and
induced ripple currents are much lower and can be neglected.

It is seen that majority of the PWM voltage harmonics
are distributed symmetrically around the integer multiples of
the switching frequency and form several sideband clusters.
For the equivalent HF impedance based detection, it is desir-
able to separate the targeted frequency with maximum signal
amplitude and minimize the influence of other harmonics.
However, it is very difficult to separate a single frequency
component within a sideband cluster. Therefore, the frequen-
cies around one cluster, viz. from 19 kHz to 21k Hz, which
can be separated by a bandpass filter, are processed as a
whole. According to FIGURE 4, the sideband cluster around
20 kHz has the highest magnitude and therefore it is selected
as the center frequency of the bandpass filter.

To extract the required HF voltage and current harmonics
from the sensor-measured physical signals, which include the
fundamental component and other high frequency harmonics,
a second order bandpass filter is designed with the center
frequency at 20 kHz with bandwidth of 2 kHz. The bode
plot of the bandpass filter is shown in FIGURE 5. It is seen
the filter provides sufficient attenuation for both the higher
and lower order harmonics. So the influence of the funda-
mental components and the other high order components are
minimized. Meanwhile, the gain of the pass band around
20 kHz is 30 dB which is good enough to extract the tar-
geted frequency components. The filtered voltage and current
signal is then sent to a RMS detector and a lowpass filter to
measure its magnitude as shown in FIGURE 6. Subsequently,
the equivalent HF impedance can be derived by (7) and the
turn fault can be detected by comparing between different
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FIGURE 5. Bode plot of bandpass filter.
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FIGURE 6. HF voltage and current measurement diagram.
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FIGURE 7. Bandpass filter circuit implementation.
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phases. The filter function is realized by an analog circuit
as shown in FIGURE 7 using analog chips. The detail of the
PCB design can be found in [18], [22]. Thus, the time delay of
the bandpass filter is negilible. Then, the extracted HF voltage
and current signals are sampled by ADC ports of the DSP
board where the HF impedances are calculated. In the DSP
controller, the turn fault can be detected by comparing the HF
impedances of different phases. And fault mitigation measure
can be taken to protect the machine drive.

Strictly speaking, the value obtained by (7) is not
impedance at a specific frequency, however, it represents the
magnitude of the phase winding impedance in a small HF
range. So it is called as equivalent HF impedance. The change
in the equivalent HF impedance contains the fault signal
which can be employed for fault detection. The effectiveness
of the proposed method will be validated by extensive simu-
lation and experimental tests.

Ill. SIMULATION STUDY

A. MACHINE MODELLING

In this section, the proposed turn fault detection by using
equivalent HF impedance is verified by MATLAB simu-
lation. The detection performance is compared with the
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Vde

FIGURE 8. Schematic circuit of 3 phase machine with inverter.

TABLE 2. Simulation parameters of SPM and IPM.

R PM flux linkage v, Ly Ly
IPM 0.06Q 0.05Vs 0.55mH | 1.45mH
SPM 0.06Q 0.1Vs 0.55mH | 0.55mH

conventional PWM ripple current based method, which only
explores the HF current signal only [18], [22]. Without loss of
generality, the effectiveness of the proposed detection method
is investigated for both the surface mounted PM machine
(SPM) and the interior PM machine (IPM). Their electrical
parameters are provided in Table 2. The schematic circuit
of the 3-phase machine drive is illustrated in FIGURE 8.
The phase self-inductances and mutual-inductances can be
derived by L; and L, according to [19]. A turn fault is
assumed in phase A and the fault turns ratio w is 0.1 for both
machines. The fault turns are ideally short circuited since
the external resistance becomes negligible when compared
with the HF impedance of the fault turns. The faulty machine
together with the 3-phase full bridge circuit is implemented
in MATLAB/ SIMULINK environment. The machine drive
is under closed loop current control to track the current com-
mands. And SVPWM is employed for the inverter switches
modulation, the switching frequency is set as 10 kHz.

B. TURN FAULT SIMULATION WITHOUT EXTERNAL
RESISTANCE

First, the simulation is performed on the SPM drive. Initially,
the machine is operating in healthy condition at 100Hz elec-
trical frequency. The loaded currents are iy = 0A, i; = 60A.
At 0.1s, an ideal short circuited turn fault is injected in phase
A. the induced turn fault current and the three phase currents
are plotted in FIGURE 9. It is seen that the fault current
shoots to 1000A after the turn fault. The phase currents
become slightly distorted though they are under the closed
loop current controller. In addition, the HF current ripples
increase after the turn fault. Obviously, the magnitude of the
HF current ripple in phase A is the highest.

Meanwhile, the phase PWM voltages are shown in
FIGURE 10. It is very difficult to observe useful information
from it, so the phase voltage references are also plotted
which is more representative. The phase voltage references
are symmetrical before the turn fault and notable distortion is
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FIGURE 9. Fault current and phase currents of SPM.
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FIGURE 11. Filtered phase currents and voltages of SPM.

observed after the fault. The magnitude of the voltage on the
fault phase A is lower than the other healthy phases. It indi-
cates that the applied HF voltage on the phases are no more
identical. Therefore, simply comparing the HF current ripple
will not lead to optimal detection performance since it does
not capture the fault features in the phase voltage excitations.
Thus, the HF voltage signals should also be included.
Hence, both the phase currents and voltages are processed
by the bandpass filters as in Section II. The filtered HF current
and voltage signal are plotted in FIGURE 11. It is seen that
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FIGURE 13. Fault current and phase currents of IPM.

the magnitudes of the three phase HF current signals are
different after the fault. It is mainly because when a fault
occurs, the applied phase voltages are no longer symmetrical
which affect the HF voltage harmonics. It is found the HF
current of the fault phase A is the highest. The ratio between
the maximum and minimum values of the three phases is 1.8.

In terms of the HF voltage signals, they also deviate from
each other after the fault due to the voltage distortion. It is
observed that the HF voltage of the fault phase A is the lowest.
Considering the fact that the HF current of phase A is the
highest, it leads to the equivalent HF impedance of phase A
is the lowest. The three phases equivalent HF impedances are
derived by equation (7) and plotted in FIGURE 12. Obvi-
ously, the equivalent HF impedance of phase A is the lowest,
and the ratio between the maximum and minimum values of
the three phases is 2.46. The fault signal ratio is increased
by 37% than using HF current signal only. Thus, the fault
detection performance is significantly enhanced.

The same study has been performed on an IPM drive.
The machine is also operating at 100Hz electrical frequency.
In order to explore the reluctance torque, The loaded currents
are setas iy = —60A, i; = 60A. The turn fault is also injected
in phase A at 0.1s. The simulated results, including the fault
current, phase currents, phase voltages and references, fil-
tered signals and derived equivalent HF impedances are pro-
vided as shown in FIGURE 13-FIGURE 16. Similar trends
are found on the IPM drive. After the turn fault, the HF current
ripple of the fault phase A increases. The ratio between the
maximum and minimum values of the three phases is 2 as
shown in FIGURE 15. This ratio may be caused by the
different applied voltage as shown in FIGURE 14. The final
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FIGURE 15. Filtered phase currents and voltages of IPM.

derived three phases equivalent HF impedances are given in
FIGURE 16. The ratio between the maximum and minimum
values of the three phases is 2.96 which is also increased by
~50%. As a result, the fault detection performance is also
improved.

C. TURN FAULT SIMULATION WITH EXTERNAL
RESISTANCE
The turn fault is developed by gradual degradation of the
insulation resistance from mega-ohms to a few milliohms.
As known to all, the turn fault current increases with the
decrease of the insulation resistance. Therefore, it would be
desirable it can be detected at an early stage with small
fault current which does not cause catastrophic failure to
the machine drive. However, the early diagnosis is very
challenging since the fault current and the induced fault
signal are small [10]. Nonetheless, the HF signal based detec-
tion method is insensitive to the external fault resistance.
In another words, The turn fault could be detected at an early
stage to avoid excessive large fault current. Thus, the turn
fault has been simulated for the SPM drive with additional
100m$2 resistance in the short circuited loop as shown in
FIGURE 17.

The simulated results are provided as shown in
FIGURE 18~FIGURE 19. With the additional 100m<2 resis-
tance, the magnitude of the fault current is notable reduced.
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FIGURE 18. Fault current, phase currents and phase voltage references of
SPM with 100m resistance.

The phase currents are still well controlled and the voltage
reference values are less distorted. In terms of the HF signals,
the HF current ripple in the fault phase A is still the highest.
The ratio between the maximum and minimum values of
the three phases is 1.67, slightly lower than the ratio in
FIGURE 11. In the filtered HF voltage signals, the differ-
ences between the three phases are smaller than those in
FIGURE 11. It is because the fault current is lower and
the phase voltages are less distorted. For the final derived
equivalent HF impedances, the ratio between the maximum
and minimum values of the three phases is 2.16 which is 30%
higher than using the HF current signal only. It confirms that
the proposed technique can detect the fault earlier than the
conventional PWM ripple current based method.

The same analysis has been repeated on the IPM drive with
100m$2 external resistance. The filtered phase currents, volt-
ages and equivalent HF impedances are provided as shown in
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FIGURE 20. Filtered phase currents, voltages and equivalent HF
impedances of IPM with 100m resistance.

FIGURE 20. Similar trends are observed. The ratio between
the maximum and minimum value of the HF currents and the
equivalent HF impedances are 1.75 and 2.26, respectively.
The ratio of the equivalent HF impedance based method
is 30% higher than the HF current based method, demon-
strating better detection capability. As a result, the fault can
be detected at an early stage avoiding catastrophic failure.
This merit is desirable which cannot be achieved on the low
frequency signal based detection method.

IV. EXPERIMENTAL TEST

The equivalent HF impedance based turn fault detection is
verified on a triple redundant 3-phase IPM drive as shown
in FIGURE 22 [26], the machine specification is provided
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FIGURE 22. Test bench of the prototype machine drive.

in Table 3. The IPM drive is equipped with three isolated
3-phase windings to improve the fault tolerant capability.
Each 3-phase winding set is driven by an independent full
bridge inverter. This machine is capable of uninterrupted
operation in case of a turn fault on one 3-phase set. Therefore,
fast and reliable turn fault detection technique is essential
for this type of machine to activate the mitigation action and
enable the fault tolerant operation [27].

As shown in FIGURE 22, the machine is connected to
the dynamometer via an inline torque transducer rotating
at a given speed. The machine is fed by a DSP based
9-phase inverter. The inverter switches operate at 10kHz in
SVPWM mode. In order to test the turn fault behavior in a
controlled manner, taps for a single turn fault are brought out
from coil B2 of set ABC as shown in FIGURE 23(a). The
taps are connected via thick cables to a high current relay
to emulate the turn fault as shown in FIGURE 23(b). The
machine phase current and voltage signals are measured at
by a high precision YOKOGAWA oscilloscope DL850. The
measured current and voltage signals are processed by the
bandpass filter as designed in section II [18], [22]. It should
be noted that here only the signals of the fault set ABC are
processed and presented, the healthy sets DEF and GHI are
not shown since they are almost not affected by the turn fault.
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TABLE 3. Specifications of the triple redundant 3-phase machine.

Specification Symbol Value
Base speed ny 4 000 rpm
Maximum speed Ny 19 200 rpm
Rated power P. 35kW
Rated current and gamma angle Lratea 120 A (51°)
Nominal DC link voltage Vac 270V
Turn number of each coil N 8
Faulty turn number N¢ 1

(b)

FIGURE 23. Stator turn fault test setup (a) cable leads (b) fault control

relay.
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FIGURE 24. Measured turn fault current, phase currents and voltages at
1000rpm with 60A currents.

A. TURN FAULT TEST WITHOUT EXTERNAL RESISTANCE

For the purpose of safe operation, the equivalent HF
impedance based detection is first verified at 1000rpm, oth-
erwise the excessive turn fault current may damage the whole
machine. Initially, all three 3-phase sets are excited 60A
currents in Maximum Torque per Ampere (MTPA) condition.
Then a turn fault is injected at 0.09s as shown in FIG-
URE 24 by closing the fault control relay in FIGURE 23(b),
it shoots to 260A. The phase currents and voltages of set ABC
are also shown which are well controlled by the closed loop
controller with small distortion after the turn fault. It implies
that the turn fault is very difficult to be detected if using the
low frequency signals. The voltage and current signals are
processed by the bandpass filter in FIGURE 7. The filtered
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FIGURE 25. Measured HF currents, HF voltages and equivalent HF
impedances at 1000rpm with 60A currents.

HF currents, HF voltages and equivalent HF impedances
are provided in FIGURE 25. The waveforms are very close
with the simulation results with small amplitude differences.
In healthy condition, the amplitudes of the HF voltages and
currents are very close, leading to similar HF impedances for
different phases. After the turn fault, it is seen that the HF
current of the fault phase B is the highest and vice versa for the
equivalent HF impedance. The ratio between the maximum
and minimum values of the three phase HF currents and
the equivalent HF impedances are 1.3 and 1.68, respectively.
Thus, the equivalent HF impedance based detection method
is capable to detect the fault, and has increased the fault signal
ratio by 30%, indicating better detecting capability.

B. VERIFICATION WITH DIFFERENT SPEED AND CURRENT
The proposed method has been examined in a wide operation
range by varying the speed and load currents. Thus, the pre-
vious test has been extended from 500rpm to 1500rpm by
varying the load current from 20A to the rated 120A. The
HF voltage and current signals are processed in the same
way. The obtained fault signal ratios of the HF current based
method and the equivalent HF impedance based method are
compared in FIGURE 26. It is found that in ratio of the
equivalent HF impedance based method is always about 30%
higher than that of the HF current based method. It confirms
that the proposed method improves the turn fault detection
capability in a wide operation range. And the higher the
speed, the larger the fault signal ratio. Thus, the fault will be
reliably detected at high speed.

The threshold value of the fault signal ratio has a funda-
mental impact on the detection performance, like the response
time, accuracy, etc. It could be determined by analyzing the
fault signal ratios in healthy and fault conditions. According
to the analysis in FIGURE 24 and FIGURE 25, it is seen
the fault signal ratio, which is the maximum HF impedance
value over the minimum value, in healthy condition is very

130548

2.5

= = HF current 500rpm
= = HF current 1000rpm

=t HF current 1500rpm

§ 2k = HF imp 500rpm

= = HF imp 1000rpm

& I HF imp 1500rpm

S 15K < _ =

S T memoeemam— o _

- = R E R EEE® S o o o= o=
1 1 L |

20 40 60 80 100 120
Load current(A)

FIGURE 26. Fault signal ratio comparison of the HF current based method
and the equivalent HF impedance.
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FIGURE 27. Measured turn fault current at 1000rpm with 60A currents
with 10 me fault resistance.

close to 1. In fault conditions, according to the investigation
in FIGURE 26, it is seen the fault signal ratio is always
higher than 1.5 under 500rpm, 1000rpm, 1500rpm operation.
Therefore, the threshold value can be determined as 1.2. The
detection time in FIGURE 25 is no more than 25ms. This
threshold value is good enough to have fast response time and
high accuracy.

It is worth noting that the HF signals are affected by the
DC bus voltage, switching frequency, modulation index. This
trend has been studied in [22]. However, the proposed method
utilizes the ratio between the maximum value and minimum
value. The HF voltages, currents and the resultant impedance
signals of different phases are affected in the same way by the
above factors. Hence, the influences is minimized. In addi-
tion, a commission operation is recommended to consider the
inherent asymmetry in the phase winding and filter circuit.

C. TURN FAULT TEST WITH EXTERNAL RESISTANCE

Turn fault with zero external resistance is an ideal case.
In fact, there is always a contact resistance with about several
milliohms. Thus, the turn fault has also been tested with
additional 10 m£2 resistance in the short circuited loop when
the machine operates at 1000rpm with 60A load current.
The resultant turn fault current is shown in FIGURE 27.
As expected, the fault current reduces to 100A compared
with FIGURE 24. With the same bandpass filter process-
ing, the filtered HF currents, HF voltages and equivalent
HF impedances are shown in FIGURE 28. Due to the
external resistance, the measured signals all decrease. The
ratio between the maximum and minimum values of the
three phase HF currents and the equivalent HF impedances
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FIGURE 28. Measured HF currents, HF voltages and equivalent HF
impedances at 1000rpm with 60A currents with 10 m® fault resistance.

are 1.24 and 1.47, respectively. Thus, the equivalent HF
impedance based detection method can still detect the fault
with stronger fault signal. Hence, the fault can still be detected
in phase B at an early stage and therefore avoiding catas-
trophic failure.

V. CONCLUSION

In this paper, an equivalent HF impedance based turn fault
detection method is proposed and investigated. The underly-
ing fundamental theory is the impedance of the fault phase is
significantly reduced due to the flux nullifying effect of the
short circuit fault turns. An analog bandpass filter is designed
to filter the targeted frequency components. The effectiveness
of the detection method has been validated by extensive sim-
ulations and experimental tests. The fault detection perfor-
mance is compared with the conventional HF current ripple
based method. It shows that the proposed method increase the
fault signal ratio by about 30% in all operation range for both
the SPM and IPM drive. And it is insensitive to the external
fault resistance and therefore, can alarm the fault in an early
stage which is desirable for the machine early diagnosis.
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