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Abstract—Most permanent magnet machines are driven by in-
verters with pulse width modulation (PWM) voltages. The cur-
rents contain high frequency (HF) components which are in-
versely proportional to machine inductance. The HF PWM ripple 
currents can be used to detect a turn fault that gives rise to 
changes in inductance. The features of these HF components in 
turn fault conditions are analyzed. A bandpass (BP) filter is de-
signed to extract the selected sideband components, and their 
root-mean-square (RMS) values are measured. The RMS values 
in all phases are compared. It is shown that the RMS ripple cur-
rent ratios between two adjacent phases provide a very good 
means of detecting turn fault with high signal-to-noise ratio. The 
detection method can identify the faulted phase, tolerate inherent 
imbalance of the machine, and is hardly affected by transient 
states. The method is assessed by simulations and experiments on 
a five-phase permanent magnet machine. 

 
Index Terms—Permanent magnet (PM) machines, Pulse width 

modulation (PWM), high frequency (HF) components, 
root-mean-square (RMS) measurement, turn fault detection 

I. INTRODUCTION 

Permanent magnet (PM) machines are becoming increas-
ingly attractive in a variety of drive applications, due to their 
high performance and high efficiency. However, in these ap-
plications such as electrical vehicles (EV) [1][2] and more 
electric aircrafts (MEA) [3], high reliability is of great im-
portance. An unexpected fault or failure in PM machine drives 
may lead to very high repair or replacement cost, or even cata-
strophic failure.  

Turn-to-turn short circuit fault (also known as turn fault, or 
inter-turn fault) is one of the most severe faults [4][5]. The main 
cause of inter-turn faults is winding insulation deterioration as 
described in [6], which results from combined mechanical, 
electrical and thermal stresses in the stator winding. The 
stresses may lead to an insulation break-down of the coil con-
ductor, which may short out some of the turns. When an in-
ter-turn fault occurs, excessively high current will circulate in 
the shorted turns and increase the winding temperature to a 
level where severe damage or even breakdown of the whole 
insulation occurs [7]. In some PM machines, the large 
short-circuit current  can produce localized magnetic field 
intensity higher than the coercivity of the magnets, thereby 
demagnetizing the magnets irreversibly [8]. Also, a large per-
centage of the insulation failures starts from a turn-to-turn 
insulation problem and subsequently develop into more severe 
insulation faults, such as coil-to-coil short circuit, 
phase-to-phase short circuit, and phase-to-ground short circuit, 
all of which lead to substantial damage to the machine. 
Therefore a swift detection of inter-turn short fault during 

machine operation is essential to avoid subsequent damages, 
and reduce repair cost and drive outage time. 

In recent years, turn fault detection has been extensively 
studied, and various techniques and methods have been pro-
posed. One of the most popular techniques is based on the 
machine current signal analysis (MCSA) [8]. The spectrum or 
frequency components in machine current is analyzed and 
recorded in healthy conditions [9][10][11][12]. Such current 
spectrum is different in turn fault conditions, which can be used 
to detect fault. From mathematical analysis, only several spe-
cific frequency components are focused since their variations 
are more related to fault, and can indicate fault more accurately. 
However, these frequency components are usually specific to a 
given machine. For a different machine with different rotor 
structure or winding configuration, the featured frequency 
components need to be analyzed again [13]. For most 3-phase 
machines, a turn-fault will cause phase unbalance and result in 
the amplitude difference of 3 phase current, thus generating the 
2nd harmonic in dq axis currents [14][15] or voltages[16]. 
Therefore, they have been utilized to detect the turn-fault by 
many researchers. In ideally balanced conditions, the 2nd har-
monic in dq axis currents or voltages should be zero under 
healthy conditions and become non-zero in fault conditions. 
However, due to inherent unbalance of a practical machine or 
other non-ideal factors in inverter and control, the 2nd harmonic 
of dq currents or voltages is non-zero even in healthy condi-
tions. Also, the magnitude of 2nd harmonic is dependent on 
operating conditions. Therefore, a lookup table for the refer-
ence values in healthy conditions has to be established. While 
this  detection technique is applicable to different types of 
machines, other faults, such as demagnetization or eccentricity, 
may also generate the same frequency component, making it 
difficult to distinguish these fault types[17][18].  

Most of these techniques are focused on the turn fault de-
tection in steady states. Since transient states will distort the 
current spectrum, traditional frequency analysis methods such 
as fast Fourier transform (FFT) [14], short-time Fourier trans-
form (STFT)[19] become invalid or limited, and more ad-
vanced but more complex methods are used, such as wavelet 
transform (WT)[20], Hilbert-Huang transform (HHT)[21]. 
However, their demand for large memory and computation 
time usually makes it difficult to be implemented in real time. 

Other researchers have used the negative sequence compo-
nent of current or impedance for turn-fault detection [22]. It has 
been pointed out in [6] that this is equivalent to the detection 
technique based on the 2nd harmonic. Residual current, voltage, 
or back electromotive force (EMF) are also utilized to detect 
turn fault [23][22][24], where an accurate model is used for 
prediction and the residual between the prediction and meas-
urement is used for fault detection. This technique improves the 
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signal-to-noise ratio and the effectiveness of fault detection. 
However, an accurate model can be difficult to obtain since 
some parameters, such as resistance and back-EMF, are tem-
perature dependent. The current residual can be analyzed in 
each phase or in the dq reference frame as those described 
previously for turn fault detection [25]. Although the sensitivity 
and accuracy for the fault detection may be improved, the in-
trinsic asymmetry of the machine and drive still requires 
compensation. Since the machine voltages are usually not 
measured, the use of command voltages for predicting currents 
is also problematic due to inverter dead time and non-linearity.  

In [4][26][27], search coils are installed in the stator teeth, 
and the induced voltage can be used to detect turn fault. It is 
said that the method is insensitive to speed and load variations, 
and can distinguish eccentricity, demagnetization and turn fault 
effectively[4], albeit they are intrusive. Unless machine is 
wound intentionally before implementation, there is little pos-
sibility for a general machine to be disassembled and rewound 
so as to employ such techniques for fault detection.  

Diagnostic methods based on high frequency (HF) signal 
injection techniques are proposed in [28][29]. The featured HF 
components are actually transformed to a low frequency region, 
which are fundamentally the same as the negative-sequence 
component methods[5].  The injection of the HF signal will 
have a detrimental effect on drive performance and hence limit 
its applicability.  

The detection based on PWM ripple current was first pro-
posed in [30]. The HF currents generated by PWM voltages are 
utilized to detect turn fault. Thus, no extra signal injection is 
needed. The RMS ripple current is measured as the fault indi-
cator, and the faulted phase can also be identified. Since the 
ripple current exists in healthy condition and is dependent on 
modulation index, or operating condition, extensive tests in 
order to establish a lookup map are still inevitable, and yet the 
map obtained in steady state tests may not be effective to 
monitor the machine conditions during a transient state. To 
circumvent these problems, this paper proposes an improved 
technique. A new fault indicator is defined, which is inde-
pendent from operating conditions, robust to inherent unbal-
ance, and is hardly affected by transient states. Therefore, it will 
be more effective for turn fault detection in all possible oper-
ating scenarios. 

II. ANALYTICAL STUDY OF HF PWM RIPPLE CURRENTS  

A. Turn fault detection technique based on PWM ripple cur-
rents 

In the previous research [30], a turn fault detection technique 
based on PWM ripple current measurement was proposed and 
applied to a 10-slot, 12-pole, 5-phase surface mounted perma-
nent magnet (SPM) machine with only one coil per phase. The 
geometry of the machine is shown in Fig. 1. It is an alternate 
tooth wound SPM machine which exhibits inherently fault 
tolerance due to both physical and magnetic separation of the 
phase windings with virtually no mutual magnetic coupling 
between the phases. 

The schematic of a single winding of the machine under the 
turn fault conditions with Nf faulted turns out of a total N 
number turns is shown in Fig. 2. Based on the schematic, the 
high frequency admittance of the winding under fault condi-

tions is derived in (1), where Rh, Rf, Lhh and Lff are the resistance 
and self-inductance of the healthy and fault turns, respectively 
and Mhf is the mutual inductance between the healthy and 
faulted winding parts. Rf is the resistance in the shorted path and 
is assumed zero in the analysis for sake of simplicity. At high 
frequency, the difference between the admittances in turn fault 
and healthy conditions is more significant, making it promising 
for turn fault detection with high frequency signals. 
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Fig. 1  Geometry of 10-slot, 12-pole 

SPM machine[30] 
Fig. 2 Schematic of winding under 

turn fault[30] 
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The previous detection technique is based on measurement 
of RMS PWM ripple currents which increase in fault condi-
tions. However, they are also dependent on operating condi-
tions, which implies that operation-dependent thresholds have 
to be established by extensive tests. While such a process to 
determine the thresholds may be possible in a laboratory con-
dition, it is impractical in real applications. Further the thresh-
olds obtained in steady-state tests may not be effective for 
monitoring machine conditions in transient. Thus, it is desirable 
to develop a new fault indicator that is relatively constant in 
most operating conditions, and is also unaffected by transient 
states. 

In order to determine such a fault indicator, the variation of 
high frequency (HF) currents due to turn fault is analyzed based 
on a simplified fault model. Although errors may exist in the 
simplified model, the results give insightful understanding of 
how HF currents change in fault conditions, and provide 
guidance to define and evaluate a new fault indicator. 

B. Analysis of HF PWM ripple currents 

For generality, a multi-phase machine with m number of 
phases is assumed. The star connection of the phase windings 
with their equivalent circuits and the power converter under a 
turn fault condition in phase A are shown in Fig. 3, where ia, 
ib,…,im are the phase currents, if is the current in the shorted 
branch. ea, eb … em are phase back-EMFs, L and M are self - and 
mutual-inductances of the healthy phases respectively. た is the 
percentage of number of shorted turns Nf over the total number 
of turns N per phase. Mfb, …, Mfm are the mutual inductances 
between the faulted turns and other healthy phases, while Mhb, 
…, Mhm are the mutual inductances between the healthy turns 
and other healthy phases. 
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Fig. 3 Equivalent circuit under turn fault condition in phase A 

Based on the equivalent circuit shown in Fig. 3, the basic 
equations that describe the relationships between the voltages 
and currents when a turn fault occurs in phase A are given in 
(2). 
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                      (2) 

where uah, uaf are the voltages in the healthy and faulted parts of 
phase A winding, ua, ub … um are the inverter output voltages 
referred to the ground (N), unN is the voltage between the neu-
tral point (n) and the ground. The unknown unN is obtained in 
(3) by summing the m voltage equations in (2) and rearranging. 
By eliminating it the current can be directly related to the in-
verter output voltage. 

... 1 1 1
( ) ( ... )f fa m

nN hf ff f fb fm

di diu
u M L Ri M M

m m dt m m dt
      

 
(3) 

For high frequency currents due to PWM operation, the 
contribution of the back EMFs can be ignored because they are 
of low frequency. Hence, the equations in (2) can be rearranged 
by removing the back EMF and eliminating unN with (3) in the 
form of high frequency components in PWM voltages uA, uB …, 
uM , shown in (4), where iA, iB …, iM are high frequency currents 
in each phase, and iFa is the high frequency current in the 
shorted circuit. For the sake of simplicity, the relationship 
between the self- and mutual-inductances and た may be ap-
proximated in (5), where j denotes the rest of healthy phases, b, 
c, …, m.  This is true in the machines which have low leakage 

flux, or the machine with one coil per phase[31]. The basic 
parameters of the prototype machine in healthy and fault con-
ditions are extracted from finite element analysis (FEA) soft-
ware FLUX2D, and are shown in Table I and Table II  respec-
tively. Since this machine is a SPM machine, the saturation due 
to current is insignificant. Even though the short current is 
much larger than the rated, the effect of small number of faulted 
turns (2 turns in the study) on saturation is also very small. 
Therefore, the saturation in both healthy and fault conditions 
are neglected, and all the inductances are assumed to be con-
stant. 
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With (5), equations (4) can be simplified to (6), where s 
denotes the Laplace operator. The first m equations show the 
relations among the high frequency voltages, the high fre-
quency phase currents and the fault current. It is clear that the 
differences in the currents are caused by the fault current, since 
the high frequency voltages are essentially symmetric when the 
frequency modulation ratio is greater than 15, and known. In 
healthy conditions, the fault current is zero, hence all high 
frequency currents should be symmetric with the same ampli-
tude. The last equation in (6) relates the HF fault current to the 
HF phase A current, which can be substituted into the rest 
equations to establish the relation between the HF currents and 
HF phase voltages. After defining a coefficient kf in (7), the 
final expressions for HF voltage phasors in all phases can be 
written in (8), in the form of corresponding HF currents and 
phase A voltage. 

TABLE I 
MACHINE DATA  

Specification Value Specification Value 
No. of phases 5 Phase resistance 0.68 
No. of poles 12 Phase inductance 2.8mH 
No. of slots 10 Rated current 6.0 A 

No. of turns per phase 62 Maximum speed 3000r/min 
Back-EMF(peak) 37V Rated torque 1.86 Nm 

DC voltage 60V Switching frequency 10k Hz 
 

TABLE II  
MACHINE PARAMETERS UNDER FAULT CONDITIONS  

Parameter Fault conditions 
Nf 2 turn fault 20 turn fault 
Rh 0.66 0.46 
Rf 0.02 0.22 
Lhh 2.6mH 1.3mH 
Lff 2.8たH 0.28mH 
Mhf 83たH 0.6mH 
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Since the first terms in (8) are associated with the impedance 
in healthy conditions, the calculation and comparison of HF 
currents in each phase can be performed by applications of HF 
voltages. As the HF voltages are symmetric, it is very easy to 
use such a procedure to calculate the ratio of the resultant HF 
currents in two adjacent phases. Fig. 4 shows the schematic 
phasors diagram and their relative magnitudes for the 5-phase 
machine for a given HF voltage component. 
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Fig. 4 Phasor plot in fault conditions 

The HF voltage across the normal phase impedances should 
be equal to the input HF voltages in healthy conditions, but 
deviate from them to different extents in turn fault conditions. 
Since the fault occurs in phase A, the amplitude change in HF 
current of phase A is the largest. Although the influence of turn 
fault on the other phase voltage, represented by the green ar-
rows in Fig. 4, is the same, the resultant changes of HF currents 
in each phase, which are proportional to the red arrows, are 
different.  

The amplitude of HF current is dependent on HF voltages, 
which is determined by modulation index. Thus, a non-constant 
threshold whose value is related to operating conditions is 
needed, if turn fault detection is based on the amplitude varia-
tion of the HF currents. Since the change of the HF currents is 
dependent on operating conditions, the margin between the 
threshold and actual value to avoid false alarm is also 
non-constant, which compromises the sensitivity and robust-
ness of the fault detection. 

However, once a fault scenario is assumed, the phasor plot in 
Fig. 4 can be determined. If the HF voltages change with op-
erating conditions, the amplitude of phasors will also change 
proportionally. The proportional change will not affect the 

relative amplitudes of the HF currents in all phases. Therefore, 
the comparison of HF currents in adjacent phases in the form of 
ratio is investigated.  

III.  TURN FAULT INDICATOR ANALYSIS 

A. Prediction of HF PWM ripple currents 

PWM operation of an inverter produces a specific set of high 
frequency voltages whose frequency and magnitude can be 
analyzed. 

Assuming sine-PWM is employed, the frequency compo-
nents of the inverter output voltage can be expressed in (9)[32], 
and its spectrum is shown in Fig. 5 (a). 
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                        (9) 
where VD is the dc voltage, Mm is modulation, のc is switching 
frequency, のr is the fundamental frequency, しr is the phase 
angle of the fundamental modulation signal, しc is the initial 
phase angle of the carrier wave. Jy is the Bessel function of the 
yth order. x and y are nonnegative integers, and when x is odd, 
then y is even, and vice versa. 

It can be seen from (9) that the frequency and magnitude of 
the voltage components can be expressed in (10) and in (11). 

c rf xf yf 
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where fc = 2c and fr = 2r. The side band frequency com-
ponents will only exist at xfc 

, xfc ± 2 fr , xfc ± 4 fr ,for x=1, 3, 5, 
…; and xfc ± fr , xfc ± 3 fr , for x=2, 4, 6,… 

The switching frequency of the inverter is set to 10 kHz for 
the machine under study, and the frequency components shown 
in Fig. 5 (a) accord with those in (10). After elimination of the 
zero sequence voltages based on (4), the spectrum of uA is 
shown in Fig. 5 (b). The side band frequency components with 
x greater than 2 are ignored, since their amplitudes are much 
smaller. 
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Fig. 5  (a) Spectrum of SPWM voltage. (b) Spectrum of SPWM voltage after 
elimination of zero sequence voltages 

The magnitudes for the sideband around 10 kHz, Ma12, and 
for the sidebands around 20 kHz, Ma21 and Ma23, can be eval-
uated by (11) and their variations with modulation index are 
illustrated in Fig. 6. It is seen that over a wide range of modu-
lation, the magnitude of the sideband at 2fc ± fr is the largest. 
Although the magnitude at 2fc ± 3fr is relatively small, its fre-
quency is very close to2fc ± fr. As a result, the combined 



 

magnitude of the two sideband HF components around 20 kHz 
is much larger than that around 10 kHz in most cases. These 
two components are chosen for further evaluation. To extract 
them from measured currents, a 4th order bandpass filter can be 
designed with the centre frequency of 20 kHz, and the band 
width of 2kHz.  
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Fig. 6 Variations in sideband frequency magnitudes with modulation index 

After filtering by the bandpass filter, the HF currents contain 
4 frequency components, 2fc ± fr, 2fc ± 3fr. The voltage com-
ponents that generate the corresponding currents are given in 
(12). The HF current at each frequency can be calculated by (7) 
and (8) as described in section II , and the admittance associated 
with each frequency component can be defined in (13). The 
expression for HF currents in phase A after filtering can be 
written as (14) and its root-mean-square (RMS) value is further 
assessed.  
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(14)  

B. Fault indicator 

The RMS value of a signal given in (15) can be obtained by 
and analogue RMS converter which consists of a square func-
tion, a low-pass filter (LPF) and a root-square function, as 
shown in Fig. 7. Ideally, all the frequency components except 
the dc component should be filtered out through the low-pass 
filter, thus the output should be a dc signal.  
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Fig. 7 Signal processing block diagram of RMS converter 

When the input to the RMS converter iA is expressed in (14), 
the ideal output can be written as (16). Although RMS current 
iA_rms changes when turn fault occurs, there is no simple way to 
define a threshold since iA_rms_h and iA_rms_f in healthy and fault 
conditions are dependent on modulation index, as shown in Fig. 
8. Thus, the threshold must be determined as a function of 
modulation index, rather than a constant, which, will increase 
the complexity. At low modulation index, the margin between 
the RMS currents in fault and healthy conditions become small, 
which would reduce detectability. 
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Fig. 8 Normalized RMS current variations in phase A under healthy and 2-turn 
fault conditions with modulation index,  

Therefore, the comparison of the RMS ripple currents be-
tween phases is studied for the purpose of better fault detec-
tions. The ideal output of the RMS current for phase B can be 
similarly derived and is given in (17), and their ratio of the 
RMS currents in phases A and B under healthy and fault con-
ditions is shown in (18). It can be shown that K3a-=K3b-, 
K1a-=K1b-, K1a+=K1a+, K3a+=K3b+, under healthy conditions and, 
hence, the ratio should be 1, regardless of modulation index. 
Under fault conditions, the ratio is unequal to 1, albeit it is still 
dependent on modulation index. The ratio variations with 
modulation index under healthy and 2-turn fault conditions are 
compared in Fig. 9 for the prototype machine whose parameters 
are given in Table II . It can be seen that for the whole range of 
modulation index from 0 to 1, the ratio in fault conditions de-
viates significantly from 1 and the slight variation at higher 
modulation index will not affect fault detection. The large 
deviation from the healthy value of 1 under the fault condition 
indicates a high signal-to-noise ratio and a constant threshold 
will be sufficient to ensure sensitive and robust fault detection. 
Further, during a transient when speed or load torque changes 
in healthy conditions, the modulation will change, but the ratio 
kAB_h should remain 1 according to Fig. 9. Thus, the fault de-
tection with the RMS current ratio as indicator will be effective 
in both transient and steady-state.     
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Fig. 9 Variations of  RMS current ratios with modulation index under healthy 
and 2-turn fault conditions.  

Note that the ratios for other phases can also be calculated in 
a similar way, but among them kAB is the largest and is used as 
the indicator because the turn fault is assumed to occur in phase 
A in this case. In real applications, the faulted phase can be 
arbitrary, thus the ratios for each two adjacent phases need to be 
calculated in real time. In healthy conditions, all the ratios 
should be 1. In fault conditions, the ratios differ from each 
other. If any ratio is larger than the predefined threshold, then a 
fault can be detected. Also, the largest ratio can identify the 
phase where the turn fault occurs. 

The above analysis is based on ideal conditions with sim-
plified models for the convenience of feature extraction. The 
conclusion obtained is mainly qualitative, while the exact ratio 
under fault may not be predicted accurately. However, it can at 
least prove in theory that the ratios of the selected RMS ripple 
currents is superior to the amplitude as the turn fault indicator. 
The applicability of these analytic results is explored in simu-
lation and experimental studies in the next sections. 

IV.  SIMULATION RESULTS 

The proposed turn-fault detection technique is assessed by 
MATLAB/SIMULINK simulations on the 5-phase fault tol-
erant PM machine shown in Fig. 1 with parameters listed in 
Table I and Table II . The 5 phases are star connected and fed by 
a 5-phase inverter as shown in Fig. 3. The inverter operates 
under sine-PWM at 10 kHz switching frequency. To accord 
with the analysis, a 2-turn fault is injected in phase A at 0.03s. 
Fig. 10 shows the phase currents in A, B, C, D and E, and their 
HF currents after bandpass filtering and amplifying in both 
healthy and 2-turn fault conditions, when the drive responds to 
a speed demand at 1000 r/min with iq=6A. It is evident that the 
HF currents of all the phases and their RMS values are equal 
when the machine is healthy. When turn fault occurs in phase 
A, the HF and RMS currents differ among all the phases with 
those of phase A being the largest.  

To test the robustness of fault detection in transients, the 
variations of speed and torque, shown in Fig. 11, are introduced 
in the simulation and a 2-turn fault is injected at 0.3s in phase 
A. The detecting results are shown in Fig. 12. In the simulation, 
the RMS currents are obtained by the signal processing func-
tion of the RMS converter shown in Fig. 7. 

As can be observed, the RMS currents contain undesired 
ripples. This is because the ideal low pass filter in RMS de-
tector is not possible and the sidebands associated with the 
fundamental frequency are present in the converter outputs. 
Thus, the output of the RMS converter will contain the fre-
quency components at twice of the fundamental frequency 

which causes the output fluctuations. Consequently, the ratios 
also contain ripples, which makes the detection less robust if 
they are to be compared with a constant threshold. Thus, to 
eliminate these ripples, a simple low-pass filter with its corner 
frequency equal to the fundamental frequency can be applied to 
enhance the robustness of detection. 
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Fig. 10 HF and RMS currents in both healthy and 2-turn fault conditions 

It is seen from Fig. 13 that in the healthy condition, the RMS 
currents in each phase are equal and the ratios are 1, and they 
are immune to speed variation, except for the initial transient. 
The step change in torque does affect the ratios slightly, but the 
influence is insignificant and can be ignored. The ratio devia-
tion from 1 during the initial transient is due to the fact that 
there is no sufficient data for RMS calculation. After one rev-
olution, correct RMS values in each phase are obtained, and the 
ratios are no longer affected by subsequent changes in speed. In 
the fault condition, the ratios deviate from 1 with the largest 
above 3. Such a large deviation gives a high signal-to-noise 
ratio with a constant threshold without the need for extensive 
experimental tests and calibrations. 

If the machine has an inherent unbalance, most detection 
methods published in literature are affected, and data map 
through extensive tests is usually the only solution. The effect 
of phase unbalance on the proposed technique is also simulated. 
It should be noted that the unbalance in the back-EMFs will not 
have any effect on the proposed detection technique because 
they are of low frequency and filtered out. Hence, the simula-
tion is performed by assuming the inductance and resistance in 
phase B are 3% and 5% larger than those in the other phases 
respectively. The simulation results are shown in Fig. 13 under 
the same operating conditions. As will be seen, the ratios as-
sociated with phase B under the healthy condition are slightly 
increased to 1.045 due to phase unbalance. However, the ratio 
under the fault condition is far greater. Thus, a few percent 
machine unbalance has little effect on this detection technique. 

Fig. 14 shows the detector responses when the drive operates 
under the same speed and load profiles shown in Fig. 11 but the 
fault is injected at 0.1s during the speed transient. It is evident 
the detection is equally effective under the non-stationary 
conditions.  
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Fig. 12 RMS ripple current and fault 
indicator with balanced machine 
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Fig. 13 RMS ripple current and fault 
indicator with unbalanced machine 
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Fig. 14 Fault indicator when fault 
occur in non-stationary state 

The robustness of the proposed method is compared with 
that described in [30] where the detector signal proportional to 
RMS ripple current is used against pre-defined thresholds as 
fault indicator. Fig. 15 shows the simulated fault indicators of 
the two methods in response to step change in load current at 
500 rpm in healthy condition. If the detector signals propor-
tional to the RMS ripple currents are to compare with the 
pre-defined thresholds directly, false alarms are very likely to 
occur as shown in the second graph of Fig. 15. This is caused by 
the time delay of the RMS detection. Thus, reliable detection 
with the technique described in [30] is only feasible in steady 
state. However, since the time delay for all the phases are equal, 
the effect on the ratio is greatly reduced. As a result, the ratio 
based method will not cause false alarms in transient state, 
enhancing the robustness and reliability of the fault detection. 
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Fig. 15 Comparison of fault indicators obtained from the previous and proposed 
methods in transient state under healthy condition. 

V. EXPERIMENT RESULTS 

The proposed turn-fault detection technique has been tested 
on the 5-phase prototype machine described in section Ċ-A. 
The machine is mounted on the test rig shown in Fig. 16 (a) and 
is controlled by the 5-phase MOSFET inverter shown in Fig. 16 
(b). A 2-turn fault for short time duration is injected by the relay 
shown in Fig. 16 (a). The test machine operates in torque con-

trol mode with an encoder feedback and the speed is adjusted 
by a dynamometer. The DC link voltage is set 60V. The 
5-phase fault tolerant drive system is controlled at 10 kHz 
switching frequency using a digital signal processor (DSP) 
board (EzDSP F28335). A separate analogue BP filter circuit 
board is designed and installed to extract the high frequency 
components around 20 kHz from measured phase currents and 
obtain their RMS values through RMS converter chips. The 
outputs of the RMS converters are then sampled through the 
ADCs (Analog to Digital Converter) of the DSP, where the 
ratios are calculated in real time. The diagram of the signal 
processing chain of the detecting technique is shown in Fig. 17. 
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Fig. 16 (a) Test rig with fault emulation set-up. (b) 5-Phase Inverter with HF 
detection board 
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Fig. 17 Diagram of PWM ripple current based turn fault detection technique 
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Fig. 18 Detector output with 2-turn fault in phase A before calibration, with 
iq=3A and at 500 r/min. 

Fig. 18 shows the detection results at iq=3A and 500 r/min 
with 2-turn fault. The machine is operating in healthy condi-
tions until 0.12s, when the 2-turn fault is injected. It can be seen 
that the RMS values for 5 phase HF currents are initially dif-
ferent in healthy conditions and the ratios are not equal to 1. 
This is due to a number of factors.  First, a small phase unbal-
ance is inevitable in a practical machine due to manufacturing 
tolerance. Second, the tolerance of capacitors used in the BP 
filter board is ±5% and small differences in filter gain also exist 
in different phases. Hence, the BP filter frequency responses in 
each phase are slightly different and the ratio in healthy condi-
tions may not be 1 in an actual system. Despite of the deviation 
from the ideal conditions, the change of the ratios in the fault 
condition is still significant compared to that in healthy condi-
tion, thus the effectiveness of the ratios as fault indicator can be 
verified. The ripples of RMS currents are observed. To elimi-
nate the ripples, a simple digital low-pass filter with adaptive 



 

corner frequency is applied in the DSP, and the filtered ratio is 
smoother and relatively constant, which will improve the ro-
bustness of the detection. 
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Fig. 19 Detector output with 2-turn fault in phase A after calibration, with 
iq=3A and at 500 r/min. 

The ratio deviation from 1 under healthy conditions can be 
easily corrected by a simple calibration. By way of example, 
the ratio, kAB_h, calculated from measured RMS currents in 
phases A and B in healthy conditions is recorded, and a cali-
bration coefficient is defined in (19). The coefficient is applied 
to obtain the calibrated ratio kAB’ for both healthy and fault 
conditions, given in (20). The calibration processes for other 
ratios are applied in the same manner. 
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AB h

Cali
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'AB AB ABk Cali k   (20) 

The results after the calibration are shown in Fig. 19. The 
ratios are 1 in healthy conditions, while they differ significantly 
from 1 when the 2-turn fault occurs in phase A. The ratio, kAB, 
under the fault condition is the largest, which can be used to 
identify the faulted phase. These results are consistent with the 
foregoing analysis and simulations. The evident change in kAB 
provides a very effective means for detecting fault.  

The sensitivity of calibration to operating conditions is fur-
ther assessed. Fig. 21 and Fig. 22 show kAB ratio variations 
before calibration with respect to speed and load current and 
with modulation index, respectively. It is evident that the actual 
ratio is not exactly but close to 1, and is virtually constant in all 
operating conditions.  Therefore, the calibration only needs to 
be performed at 1 operating point. In this case, the calibration 
coefficient for kAB is 1.08. The ratios in faulted state are also 
very close and distinctive from 1 for a wide range of operating 
conditions. Although the ratio at low speed and no load, iq=0A, 
is smaller than the ratios in most operating conditions, which 
may be caused by machine unbalance and filter design toler-
ance, they have little effect on the fault detection. To compare 
with the technique proposed in [30], the detecting results from 
this technique is shown in Fig. 20. Before the detection can be 
effective, calibration for each phase is needed with at least 2 
test operating points assuming that the RMS current is linearly 
proportional to modulation index. However, more data points 
are required if the relationship is no linear. Further, the detector 
outputs under the fault and healthy conditions at low speeds are 
so close that reliable fault detection is not possible with the 
method reported in [30]. However, these are not the problems 
in the ratio based detector as evident in Fig. 21. 
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Fig. 20 Variations of detector output (ph-4) with load (0%,50%,100%) and 
speed (a) before and (b) after calibration. [30] 

In contrast, the fact that ratio of RMS current ripples in two 
adjacent phases is 1 in the proposed technique provides a very 
simple means of auto-calibration. Fig. 23 shows the ratio vari-
ations with modulation index after calibration in both healthy 
and fault conditions. As can been seen, a small difference in the 
ratio exists for a given modulation index.  This is not seen from 
the theoretical analysis but can be explained. At the same 
modulation index with different combinations of iq and speed, 
the effect of unbalance in phase impedance on the ripple current 
will be different. Further, the BP filter gains at the 4 side band 
frequencies are also different. These differences are ignored in 
the analysis, but will cause the actual ratio slightly affected by 
speed at a given modulation index. However, these differences 
are insignificant, and will not affect the detection. The exper-
imental results verify the significant differences in the fault 
indicator in healthy and fault conditions, which implies that the 
proposed technique has a high signal-to-noise ratio, which 
enhances the robustness of the turn fault detection. 
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Fig. 21 Variations of ratio kAB with load current and speed before calibration 
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Fig. 22 Variations of ratio kAB with modulation index before calibration 
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Fig. 23 Variations of calibrated ratio kAB with modulation index under healthy 
and fault conditions  

Fig. 24 shows the detector output during transient in healthy 
condition. At 500 r/min, a step change in load current from 0A 
to 3A is applied to iq at 0.2s. A slight speed variation is wit-
nessed from the waveform of phase current iA due to limited 
disturbance rejection capacity of the dynamometer. Despite 
this, the ratio processed by the DSP is hardly affected. A similar 
test is performed with the machine operating at 500 r/min and 
iq=1A, and the 2-turn fault is initiated at 0.2s and removed at 
0.42s. The resultant phase current, fault current and fault indi-
cator are shown in Fig. 25. The fault current increases from 0A 
to 10A, and the ratio changes immediately from 1 to 3 when the 
fault occurs. The effect of LPF to remove the ripple in the 
original ratio can also be seen. Although it will introduce ad-
ditional delay, the effect is not significant as the fault can be 
detected within 0.05s with the threshold set at 2.  
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Fig. 24 Current waveforms and detector output with load step change of iq from 
0A to 3A at 0.2s in healthy conditions at 500 r/min 
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Fig. 25 Current waveforms and detector output with 2-turn fault at 0.2s at iq=1A, 
500 r/min  

While the developed technique is verified on the 5-phase 
SPM machine which exhibits negligible effect of magnetic 
saturation, it should also be applicable to machines whose 
parameters are significantly affected by magnetic saturation, 

such as interior permanent magnet (IPM) machines. This is 
because under healthy conditions, the multi-phase machine is 
balanced and the ratios of PWM current ripples between two 
adjacent phases should be 1.0 regardless of operating (or satu-
ration) conditions. If a turn fault occurs in one of its phases, the 
incremental inductance at a given operating condition in each 
phase becomes different and hence the ratios would deviate 
from 1.0, which provides an effective means of detecting the 
fault. The details of the application of the proposed detection 
technique to IPM machines will be reported in future. 

VI.  CONCLUSION 

 The proposed turn fault detecting technique utilizes the HF 
currents generated by PWM voltages directly without the need 
of extra HF signal injection. The RMS values of the selected 
HF PWM currents are obtained by analogue BP filters and 
RMS converters which are required as extra electronic circuits, 
and the ratios between the RMS currents from two adjacent 
phases are calculated and employed as the fault indicator. It has 
been shown that the non-ideal factors, such as phase unbalance 
and tolerances in the filter components can be effectively re-
moved by a simple calibration. Thus, the implementation of the 
proposed technique is convenient without the need of a lookup 
table. The simulation and experiments also show that the pro-
posed technique is effective in both transient and steady states.  
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