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PWM Ripple Currents Based Turn Fault Detection
for Multiphase Permanent Magnet Machines

Rongguang Hu, Student member, IEEE, Jiabin Wang, Senior Member, IEEE, Bhaskar Sen, ¢
member, IEEEAndrew R Mills, Ellis Chong and Zhigang Sun

Abstract—M ost per manent 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 RM S values
in all phases are compared. It is shown that the RM S 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 per manent magnet machine.

Index Terms—Permanent magnet (PM) machines, Pulse width
modulation (PWM), high frequency (HF) components,
root-mean-square (RM S) measurement, turn fault detection

I. INTRODUCTION

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).[8he 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. [E8t most 3-phase
machinesa turn-fault will cause phase unbalance and result in
the amplitude difference &phase current, thus generating the
2" harmonic in dqg axis currents [14][15] or voltages[16]
Therefore, theyhavebeen utilized to detect the turn-fault by
many researchers. In ideally balanced conditions, théaz-

i . . .
f—|owever, due to inherent unbalance of a practical machine or

lications such as electrical vehicles (EV) PIjjand more aBiher non-ideal factors in inverter and control, tffeharmonic
P of dq currents or voltages in-zero even in healthy condi-

e e o o 0 P s TS A0, the magniuce o harmoric 1 dependent on
P ‘ P erating conditions. Therefore, a lookup table for the refer-

may Ie_ad t_o very high repair or replacement cost, or even Cag%ce values in healthy conditions has to be established. While
strophic failure.

Turn+o-turn short circuit fault (also known as turn fault, orthIS detection technique is applicable to different types of

inter-turn fault) is one of the most severe faults [4]5le main machinesother fauls, such as demagnetization or eccent_rici_ty,
causeof inter-turn faultss winding insulation deterioration as may also generate the same frequency component, miking
described in [6], which results from combined mechanicaﬁj'ﬁlcu“ to distinguish th_ese fault types[17][18]

’ ' Most of these techniques are focused on the turn fault de-

greé:stgga:]lq aanlde ag‘?gg?]l i:;rljﬁi:)nn g:gaifﬁg)v:/n\/\g??r:ggéo-ill—hcint-eCtion in steady states. Since transient states will distort the
ductor whi>(/:h mav short out some of the turns. When an iﬁl_Jrrent spectrum, traditional frequency analysis methods such
' y ; .as fast Fourier transform (FFT) [14], short-time Fourier trans-

ter-turn fault occurs, expesswely high current will circulate irm (STFT)[19] become invalid or limited, and more ad-
the shorted turns and increase the winding temperature to a

vanced but more complex methods are used, such as wavelet
level where severe damage or even breakdofvhe whole

insulation occurs [7] In some PM machines, the large transform (WT)[20], Hilbert-Huang transform (HHT)[21]
short-circuit current. can produce localized ;na netic %ielHowever, their demand for large memory and computation

) S produc 9 f?me usually makes it difficult to be implemented in real time.
intensity higher than the coercivity of the magnets, thereby Other researchers have used the negative sequence compo-

demagnetizing the magnets |yrever5|bly [8]. Also, a large P&ient of current or impedance for turn-fault detection [22]. It has
centage of the insulation failures starts from a torturn

insulation problem and subsequently develon into more sev breen pointed out in [6] that this is equivalent to the detection
) lon p q y develop o ?e%hnique based on th&harmonic. Residual current, voltage,
insulation faults, such as cdd-coil short circuit,

- .~ or back electromotive force (EMF) are also utilized to detect
phaseto-phase short circuit, and phatseground short circuit, turn fault [23][22][24], wherean accurate model is used for

all of which lead to substantial damage to the machin - . -
; ) ; . prediction and the residual between the prediction and meas-
Therefore a swift detection of inter-turn short fault durin : : : : :

rement is used for fault detection. This technique improves the



signalto-noise ratio and the effectiveness of fault detectionions is derived in (1), where,RR;, Lnn and lg are the resistance
However, an accurate model can be difficult to obtain sin@nd self-inductance of the healthy and fault turns, respectively
some parameters, such as resistance and back-EMF, are t@na- My is the mutual inductance between the healthy and
perature dependenthe current residual can be analyzed ifaulted winding partsR; is the resistance in the shorted path and
each phase or in the dq reference frame as those descriiseglssumed zero inétanalysis for sake of simplicity. At high
previously for turn fault detection [25}Ithough the sensitivity frequency, the difference between the admittances in turn fault
and accuracy for the fault detection ntzyimproved, the in- and healthy conditions is more significant, making it promising
trinsic asymmetry of the machine and drive still requirefor turn fault detection with high frequency signals.
compensation. Since the machine voltages are usually t A0, Turns: N-N
measured, the use of command voltages for predicting curre
is also problematic due to inverter dead time and non-linearit
In [4][26][27], search coils are installed in the stator teett
and the induced voltage can be used to detect turn fault. It
said that the method is insensitive to speed and load variatio
and can distinguish eccentricity, demagnetization and turn fa
effectively[4], albeit they are intrusive. Unless machine i
wound intentionally before implementation, therditiee pos-
sibility for a general machine to be disassembled and re#ou

so as to employ such techniques for fault detection. , . . .
; ; . . Fig.1G try ofL0-slot, 12-pol Fig. 2 Schematic of wind d
Diagnostic methods based on high frequency (HF) 5|gna|g ooy O S HEPOe 19 € ehematc & Wnding tnder

e ) h SPM machine[30] turn fault[30]

injection techniques are proposed in [28][29]. The featured HF

components are actually transformedtow frequency region, Y(jo) = I(jo) 1

which are fundamentally the same as the negative-sequence Jo _V('a)) - 2M .2 Q)
component methods[5]. The injection of the HF signal will R+ jolL,, + i

have a detrimental effect on drive performance and hence limit R + oL,

its applicability The previous detection technique is based on measurement

The detection based on PWM ripple current was first pr@f RMS PWM ripple currents which increase in fault condi-
posed in [30]. The HF currents generated by PWM voltages diens. However, they are also dependent on operating condi-
utilized to detect turn fault. Thus, no extra signal injection igons, which implies that operation-dependent thresholds have
needed. The RMS ripple current is measured as the fault inthi-be established by extensive tests. While suphocess to
cator, and the faulted phase can also be identified. Since thetermine the thresholds may be possibla lmboratory con-
ripple current exists in healthy condition and is dependent dlition, it is impractical in real applications. Further the thresh-
modulation index, or operating condition, extensive tests imids obtained in steady-state tests may not be effective for
order to establish a lookup map are still inevitable, and yet thenitoring machine conditions in transient. Thus, it is desirable
map obtained in steady state tests may not be effective tbtodevelop a new fault indicator that is relatively constant in
monitor the machine conditions during a transient stibe most operating conditions, and is also unaffected by transient
circumvent these problems, this paper proposes an improwaédtes.
technigue. A new fault indicator is defined, which is inde- In order to determine such a fault indicator, the variation of
pendent from operating conditions, robust to inherent unbdligh frequency (HF) currents due to turn fault is analyzed based
ance, and is hardly affected by transient states. Therefore, it witl a simplified fault model. Although errors may exist in the
be more effective for turn fault detectiomall possible oper- simplified model, the results give insightful understanding of
ating scenarios. how HF currents change in fault conditions, and provide

guidance to define and evaluateew fault indicator.

Il. ANALYTICAL STUDY OF HF PWM RIPPLE CURRENTS B. Analysis of HF PWM ripple currents

A Turn fault detection technique based on PWM ripple cur- For generality, a multi-phase machine with m number of
rents phases is assumed. The star connection of the phase windings
In the previous research [30], a turn fault detection techniqueéth their equivalent circuits and the power converter under a
based on PWM ripple current measurement was proposed & fault condition in phase A are showr in Figj. 3, where i
applied to a 10-slot, 12-pole, 5-phase surface mounted perrita-.,im are the phase currents,d the current in the shorted
nent magnet (SPM) machine with only one coil per phase. Theanch. g & ... en are phase back-EMFs, L and M ar-sand
geometry of the machine is showr] in Fig. 1. It is an alternateutual-inductances of the healthy phases respectivétythe
tooth wound SPM machine which exhibits inherently faulpercentage of number of shorted turn®@Wer the total number
tolerance due to both physical and magnetic separation of @feturns N per phase.d\..., Mm are the mutual inductances
phase windings with virtually no mutual magnetic couplindgpetween the faulted turns and other healthy phases, while M
between the phases. ..., Mnm are the mutual inductances between the healthy turns
The schematic of a single winding of the machine under ti@ad other healthy phases.
turn fault conditions with Nfaulted turns out of a total N
number turns is shown 2. Based on the schematic, the
high frequency admittance of the winding under fault condi-



Fig. 3 Equivalent circuit under turn fault condition 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
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where un, Uas are the voltages in the healthy and faulted parts
phase A windingus, U, ... Uy are the inverter output voltages

referred to the ground (N is the voltage between the neu-

tral point (n) and the ground. The unknow is obtained in
(3) by summing the m voltage equations in (2) and rearrangi

verter output voltage.

flux, or the machine with one coil per phase[3Lhe 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 | and TaHbleespec-
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 a=sdtonbe con-
stant.
Ly =(@-p)L
L, =L
My = p(d-p)L
My=@1-uM, (=bc,.m)
M;=pM, (j=bc,..m)
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-
guency phase currents and the fault currieris 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)(elates the HF fault current to the
HF phase A current, which can be substituted into the rest
%uationsto establish the relation between the HF currents and
HF phase voltages. After defining a coefficiepirk(7), the
final expressions for HF voltage phasors in all phases can be
written in (8), in the form of corresponding HF currents and

(®)

 STTINY . MNhase A voltage.
By eliminating it the current can be directly related to the in-

_ Zua...m +

m

di
dt

1 dip, 1 _ 1
u (M, +L)—+—uRi, +—=M, +...+M
m( hf i) gt m,u f m( b m)

nN

©)

For high frequency currents due to PWM operation, th of turns per phasi 62
contribution of the back EMFs can be ignored because they are3ack-EMF(peak)
of low frequency. Hence, the equations in (2) can be rearranged DC voltage

by removing the back EMF and eliminatingywvith (3) in the
form of high frequency components in PWM voltagesis ...,
um , shown in (4), whergjis ..., im are high frequency currents

TABLE |
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
Maximum speed  3000r/min
37V Rated torque 1.86 Nm
60V Switching frequency 10kHz
TABLE Il

MACHINE PARAMETERS UNDER FAULT CONDITIONS

in each phase, ang.iis the high frequency current in the Parameter Fault conditions
L . .. . . \" 2 turn fault 20 turn fault
shorted circuit. For the sake of simplicity, the relationship R, 0.66 0.46
between the self- and mutual-inductances anday be ap- R 0.02 0.22
proximated in (5), where j denotes the ifdtealthy phased, Lin 2.6mH 1.3mH
C, ..., m. This is true in the machines which have low leakage Ls 2.8uH 0.28mH
\Y/™ 83],LH 0.6mH
U . di, m-1 di, m-1 . 1 dic,
UAZ(Ua_ZT)HF = RIA+(L—M)T§—7m(MN +Lg) c;t T ;leFa+—m(M pt+M ) :it
Uy . di; 1 dic, di,, 1 . 1 dic,
UB:(L\;_ZT)HF = RIB+(L_M)d7tB+Tn(Mm+L«) dFt -M I dFt *Tnl‘RWa**m(M fb+"'+M fm) (;t
: 4)
D 2L S VN R S VR U VI PO SR PR VRR.
M T l“n 3 HF — IM dt m hf ff dt fm dt m Fa m fb fm dt
o di d(i, —i di di
0=,uR(|A—|Fa)+thd—:+L“%+M bt




relative amplitudes of the HF currents in all phases. Therefore,

m-1 , the comparison of HF currents in adjacent phases in the form of
m H(L=M)s+R]E, ratio is investigated.

Uy =[(L-M)s+R]i, -

U =[(L-M)s+ R]ip + = u[(L-M)s+ ]
m I1l. TURN FAULT INDICATOR ANALYSIS

(6) A Prediction of HF PWM ripple currents

1 .
Uy =[(L=M)s+ R+ Cu(L-M)s+ R]i, PWM operation of an inverter produces a specific set of high

P [(L-M)s+ Fi]i frequency voltages whose frequency and magnitude can be
Fa uls+R * analyzed.
Assuming sine-PWM is employed, the frequency compo-
K - u[(L-M)s+R] nents of the inverter output voltage can be expressed in (9)[32]
"L+ (M=DM]ps+[m-p(m-1)| R (7)  andits spectrum is shown 5 (a).
Vv(t) =VM , cos, +6, )
U, =[(L=M)s+ R, —(m-1)k u, + Mo 5Ly (M, )sinxZ cogx .t +6, )
Us =[(L=M)s+ R]ig + K u, max s 2 2
. ® Ny w1 4 . V4
: +—23" " =, (xo Mm)sm{(x+ y)—} co§x @,t+6, Yy fo,t+0, |
Uy =[(L-M)s+ R]i, +k U, T SdyX 2 2

9
Since the first terms in J&re associated with the impedancg, hare \ is the dc voltage, Mis modulationsoc ©)

. " . . is switching
in healthy conditions, the calculation and comparison of Hﬁequency,wr is the fundamental frequency; is the phase

currents in each phase can be performed by applications of Hyie of the fundamental modulation sigral is the initial

voltages. As the HF voltages are symmetric, it is very easy i qe angle of the carrier wavgisithe Bessel function of the
use sucha procedure to calculate the ratio of the resultant Hgn order. x and y are nonnegative integers, and when x is odd

currents in two adjacent phasgsg. 4 shows the schematic y,op, yis even, and vice versa.
phasors diagram and their relative magnitudes for the 5-phas¢; Zan pe seen from (9) that the frequency and magnitude of

maghine for a given HF voltage component. the voltage components can be expressed in (10) and)in (11

— Input HF voltage phasors ' '
19 V(?Itage variatignspcaused by turn fault J - f= Xfc * r (10)
] [—= HF voltages across the normal phase impe a{ﬂe*M s+ R] Ia a1
ir b T
—k,u, Ma, =—2=J (x= M,) (12)
0.5 T X 2

of [(L-M)s + R]iy (=Dt

[ wys s where § = 2zax and f = 2zar. The side band frequency com-
0.1t =M)SHR|I

] ponents will only exist at xf xfc £ 2 f, xfc £ 4 f ,for x=1, 3, 5,

gy T oand xExf , xfc 31, forx=2 4, 6,...

15 [(L-M)s+R]iy ' " ] The switching frequency of the inverter is set to 10 kHz for

23 e g} o T B 3 " the machine under study, and the frequency components shown

in[Fig. 5 (a) accord with those {a0). After elimination of the

zero sequence voltages based on (4), the spectrum isf u
The HF voltage across the normal phase impedances shash@wn ih Fig. § (b). The side band frequency components with

be equal to the input HF voltages in healthy conditions, btgreater than 2 are ignored, since their amplitudes are much

deviate from them to different extents in turn fault conditionsmalker.

Since the fault occurs in phase A, the amplitude change in H

current of phase A is the largest. Although the influence of tusg 1

fault on the other phase voltage, represented by the green ar- 1 14

rows i Fig. 4is the same, the resultant changes of HF current$ 1

in each phase, which are proportional to the red arrows, &fe 1 °

different T ‘ ﬂ ] L
The amplitude of HF current is dependent on HF voltages, ©  %%quebey (id®  2:1¢ O O qudey iy 2ad

which is determined by modulation indeshul a non-constant (a) (b)

threshold whose value is related to operating conditions is

needed, if turn fault detection is based on the amplitude varigid- 5 (@) Spectrum of SPWM voltage. (b) SpectrurBR#WM voltage after

tion of the HF currents. Since the change of the HF currents is elimination of zero sequence voltages

dependent on operating conditions, the margin between theThe magnitudes for the sideband around 10 W, and

threshold and actual value to avoid false alarm is alser the sidebands around 20 kH#azandMags, can be eval-

non-constant, which compromises the sensitivity and robusfated by (11) and their variations with modulation index are

ness of the fault detection. illustrated iff Fig. §. It is seen that ovewide range of modu-
However, once a fault scenario is assumed, the phasor plofdtion, the magnitude of the sideband at#2f; is the largest.

can be determined. If the HF voltages change with optthough the magnitudat 2f. + 3f. is relatively small, its fre-

erating conditions, the amplitude of phasors will also changfiency is very close taRf f. As a result, the combined
proportionaly. The proportional change will not affect the

&

Fig. 4 Phasor plot in fault conditions

Mag (V)

: Mag (V) 15




magnitude of the two sideband HF components around 20 kHz 5 Low pass
is much larger than that around 10 kHz in most cases. These —* U ™ ilter \/a
two components are chosen for further evaluation. To extract
them from measured currents, "agkder bandpass filter can be Fig. 7 Signal processing block diagram of RMS converte

designed with the centre frequency of 20 kHz, and the bandWhen the input to the RMS convertgis expresseih (14),

width of 2kHz. the ideal output can be written @s). Although RMS current
0.4 ey, ia rms Changes when turn fault occurs, there is no simple way to
035 —o— via, v, ] define a threshold sincg fms h and h rms_in healthy and fault
03— wa,, | & conditions are dependent on modulation index, as shqwn ih Fig.
0.2 Thus, the threshold must be determined as a function of
0.2 5 modulation index, rather than a constant, which, will increase
0.1 1 the complexity. At low modulation index, the margin between
0.1 e 1 the RMS currents in fault and healthy conditions become small
0.0 T ] which would reduce detectability.

0 "Or.iﬁo.z 0.3 04 05 06 0.7 08 09 4.5
Modulation index

\4

—s— RMS current in healthy conditions (pJu.)
—+— RMS current with 2 turn fa p.uU.

4r 2v T
lp.u.= D o
Fig. 6 Variations in sideband frequency magnitudes mitkdulation index 3.5 " T R R (-

After filtering by the bandpass filter, the HF currents contain 25l AN
4 frequency components,.2f f;, 2f; + 3f.. The voltage com- 2¢ f fn_ms_i (PU-) ]
ponents that generate the corresponding currents are given i 1.5¢ f in rms n(PU)
(12). The HF current at each frequency can be calculated)by (7 1 A AN 1
and (8) as described in sectibnand the admittance associated 05
with each frequency component can be definedl8). The ¥ 01 02 03 04 05 06 0.7 08 0.9
expression for HF currents in phase A after filtering can be Modulation index

written as(14) andits root-mean-square (RMS) valigsfurther ~ Fig. 8 Normalized RMS current variations in phasender healthy and 2-turn

assessed. fault conditions with modulation index
Ua = the + o+ U F s, Therefore, the comparison of the RMS ripple currents be-
Jy(7 M) cod (2o, ~ B, J+6,, ) tween phasess studied for the purpose of better fault detec-
Y, | ~h@EM,)cod (o, -, 1+, ) (12) tions. The ideal output of the RMS current for phase B can be
T ~3,(zM,)cod (o, +», }+6,,, similarly derived and is givein (17), and their ratio of the

RMS currents in phases A and B under healthy and fault con-

+a(rMy)cod 20+ 3, J+0,a. ] ditions is shownn (18). It can be shown that ¥K=Kap,

K, = lins| K, = ia| K, = ia] K, = ] (13) K1a=Kib, Kia+=Kias+, Kza:=Ksps, under healthy conditions and,
s | U | || Y] hence, the ratio should be 1, regardless of modulation .index
Kas -J3(zM)cod (2o,— 30, )+6, ] Under fault conditions, the ratio is unequal t@tbeit it is still
N, | ~Ky -3,(2M,) cod] (o, @, }+6, ) dependent on modulation index. The ratio variations with

(14)  modulation index under healthy and 2-turn fault conditions are

7| =Ka - dy(xM,)cod (o + @, )+, ) comparedn[Fig. 9 for the prototype machine whose parameters

+ Ky, - J5(7M ) cod (20, + B, ) +6;, ) are given in Tabldl. It can be seen that for the whole range of
o modulation index from 0 to 1, the ratio in fault conditions de-
B. Faultindicator viates significantly from 1 and the slight variation at higher

The RMS value of a signal given (i5) can be obtained by modulation index will not affect fault detectioifhe large
and analogue RMS converter which consists of a square fuieviation from the healthy value dfunder the fault condition
tion, a low-pass filter (LPF) and a root-square function, dadicates a high signab-noise ratio and constant threshold
shown i Fig. 7. Ideally, all the frequency components excepill be sufficient to ensure sensitive and robust fault detection.
the dc component should be filtered out through the low-paBarther during a transient when speed or load torque changes

filter, thus the output should be a dc signal. in healthy conditions, the modulation will change, but the ratio
RMS(V,.) = V.., = [Average \?) (15) ks n should remain 1 according[to Fid 9. Thus, the fault de-
na Tout " tection with the RMS current ratio as indicator will be effective

in both transient and steady-state.

e = 22 [ 3 T K, -3 (M )17 K I (M K 5, 36aM ), (16)
o ave = 2 [y TG T+ 3 (M 17Ky, ICaM ] T K oy 9GaM] 7 a7
- T

e :J[Kga--Jg(nMnolﬂ[Kl&-uan24{ Ky IOV 4 Ky Iz ? a8

P [Kap - Io(7M I* +[K - (M P Ky, I(aM ) * K 5, -IGZM)),

B_rms



a1

o RS curent raflos T ealry corcigis which causes the output fluctuations. Consequently, the ratios

4.50 RMS current ratios with 2 turn fault

: Kne_ | also contain ripples, which makes the detection less robust if
3.5W they are to be compared with a constant threshold. Thus, to
3t . eliminate these ripples, a simple low-pass filter with its corner

2.57 1 frequency equal to the fundamental frequency can be applied to
125’ K ] enhance the robustness of detection.

ey AB_h 1

1 7 Phase currents (A)

1 ! j ! ! ! —— phase A

0.5( ] —— phase B

0 01 02 03 04.05 06 0.7 0.8 09 ‘ —

Modulation index 1 T

0.01 0.02 0.03 0.04 0.05 0.06 007 O
HF currentsand RM S currents detector output

00606
T VW W W W W RS e
Note that the ratios for other phases can also be calculated in 1 ‘ ‘ ‘ ‘ ‘ PRase B
a similar way, but among thenakis the largest and is used as K ntatetetetett i i +:HFA§“$L‘?Pém ‘
the indicator because the turn fault is assumed to occur in phase 1

' ' ' ' ' Phase C
A in this case. In real applications, the faulted phase can be Owigmﬁﬁ‘ém ‘

arbitrary, thus the ratios for each two adjacent phases need tobe

; ! -€ ) ; ; ; ; ; S D
calculated in real time. In healthy conditions, all the ratios O*M:Efﬂag%ﬁpém ‘

should be 1. In fault conditions, the ratios differ from each 'ic
other. If any ratio is larger than the predefined threshold,ahen O......M:EEE‘S&E”{ ‘
fault can be detected. Also, the largest ratio can identify the 46— 5i—cor t05 501 005 —ooe oo
phase where the turn fault occurs. RS)

The above analysis is based on ideal conditions with sim-Fig. 10 HF and RMS currents in both healthy and 2-turtit feanditions

plified models for the convenience of feature extraction. The | . . .
conclusion obtained is mainly qualitative, while the exact ratiQ Itis seen fror FigL3lthat in the healthy conq|t|on, the RMS
rrents in each phase are equal and the ratios are 1, and they

under fault may not be predicted accurately. However, it can Q"™ L s .
least prove in theory that the ratios of the selected RMS rip c m:munre]: to _spteed va(;mﬂon,ﬁexs[:iﬁ)t fo;_the :nlﬂal trgnts;ﬁnt
currents is superior to the amplitude as the turn fault indicato ﬂe step change _c;_rquet OZS a e; era '%S ST;]g yt,' L:j _e_
The applicability of these analytic results is explored in sim jntlueénce 1S insignificant and can be ignored. The ratio devia
lation and experimental studies in the next sections. ion fr_om 1 dur_ln_g the initial transient is dl_Je to the fact that
there is no sufficient data for RMS calculation. After one rev-
V. SIMULATION RESULTS olu_tion, correct RMS values in each phase are obtain(_ad, and the
' ratios are no longer affected by subsequent changes in speed. In
The proposed turn-fault detection technique is assessedth¥ fault condition, the ratios deviate from 1 with the largest
MATLAB/SIMULINK simulations on the 5-phase fault tol- above 3. Such a large deviation gives a high sigrabise
erant PM machine shown [in Fig] 1 with parameters listed fatio with a constant threshold without the need for extensive
Table I and Tablé. The 5 phases are star connected and fed byperimental tests and calibrations.
a 5-phase inverter as shown in Fig. 3. The inverter operates|f the machine has an inherembbalance, most detection
under sine-PWM at 10 kHz switching frequency. To accorghethods published in literature are affected, and data map
with the analysis, a 2-turn fault is injected in phase A at 0.038rough extensive tests is usually the only solution. The effect
[Fig. 10[shows the phase currents inB\ C, D and E, and their of phasainbalance on the proposed technique is also simulated.
HF currents after bandpass filtering and amplifying in both should be noted that the unbalance in the back-EMFs will not
healthy and 2-turn fault conditions, when the drive responds@ave any effect on the proposed detection technique because
a speed demand at 1000 r/min withGA. It is evident that the they are of low frequency and filtered out. Hence, the simula-
HF currents of all the phases and their RMS values are eqtish is performed by assuming the inductance and resistance in
when the machine is healthy. When turn fault occurs in phagRase B are 3% and 5% larger than those in the other phases
A, the HF and RMS currents differ among all the phases witspectively. The simulation results are shonder
those of phase A being the largest. the same operating conditions. As will be seen, the ratios as-
To test the robustness of fault detection in transients, tBgciated with phase B under the healthy condition are llight
variations of speed and torque, shown in Elij are introduced increased to 1.045 due to phasalance. However, the ratio
in the simulation and a 2-turn fault is injected at 0.3s in phag@der the fault condition is far greater. Thus, a few percent
A. The detecting results are showp in Big In the simulation, machine unbalance has little effect on this detection technique.
the RMS currents are obtained by the signal processing func{Fig. 14shows the detector responses when the drive operates
tion of the RMS converter shown[in Fid. 7. under the same speed and load profiles shown in Fig. 11 but the
As can be observed, the RMS currents contain undesirgglt is injected at 0.1s during the speed transient. It is evident
ripples. This is because the ideal low pass filter in RMS deéhe detection is equally effective under the non-stationary
tector is not possible and the sidebands associated with Hgditions.
fundamental frequency are present in the converter outputs.
Thus, the output of the RMS converter will contain the fre-
guency components at twice of the fundamental frequency

Fig. 9 Variations of RMS current ratios with modulatindex under healthy 1
and 2-turn fault conditions. 0
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The robustness of the proposed method is compared with

that described in [30] where the detector signal proportional to phase
RMS ripple current is usedgainst pre-defined thresholds as curen|

fault indicator] Fig.15|shows the simulated fault indicators of
the two methods in response to step change in load current at
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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 digital signal processor (DSP)
board (EzDSP F28335). A separate ana¢ogP filter circuit
board is designed and installed to extract the high frequency
components around 20 kHz from measured phase currents and
obtain thér 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 detect

<

Detecting

results

-

500 rpm in healthy condition. If the detector signals prOporFig.lY Diagram of PWM ripple current based turn fault detectechnique

tional to the RMS ripple currents are to compare with the

pre-defined thresholds directly, false alarms are very likely to 0.8 Phase ‘
occur as shown in the second gragfh of B This is caused by 06] :E'ﬁg%%% 1
the time delay of the RMS detection. Thus, reliable detection 0.4| —Phase B %
with the technique described in [30] is only feasible in steady 0 AR > =
state. However, since the time delay for all the phases are equal, 0~ 005 01 015 02 025 03 03 04
the effect on the ratio is greatly reduced. As a result, the ratio 4 Filtered ratios befor e calibration
based method will not cause false alarms in transient state, 3
enhancing the robustness and reliability of the fault detection. 2
iq command (A) 1
g 0 0105 6.1 6.15 biz(s) 6.25 ‘0.3 ‘0.35 ‘0.4
0 R,\%-giu”m?-sldaectgr-l‘input 02 el © Fig. 18 Detector output with 2-turn fault in phase A befoadibration, with
il ‘ ‘ ‘ . 5 phase RMY ig=3A and at 500 r/min.
1’"2”" ””” 7 Faise aldfiy ] [Fig. 18]shows the deteath results at4=3A and 500 r/min
005 0L e 0B O with 2-turn fault. The machine is operating in healthy condi-
4 ‘ hresh;JId ‘ " Ratios ] tions until 0.12s, when the 2-turn fault is injected. It (_:a_a_etm _
2<; 77777777777777777777777777 that the RMS values for 5 phase HF currents are initially dif-

Fig. 15 Comparison of fault indicators obtained from the fes and proposed

0.15
t(s)

methods in transient state under healthy condition.

ferent in healthy conditions and the ratios are not equal to 1.
Thisis 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 £% and small differences in filter gain also exist

V. EXPERIMENTRESULTS

The proposed turn-fault detection technique has been tesﬁe
on the 5-phase prototype machine described in sediieA.
The machine is mounted on the test rig shown inFffa) and
is controlled by the 5-phase MOSFET inverter shoyn in Fap.
(b). A 2-turn fault for short time duration is injected by thayel
shown i (a). The test machine operategorque con-

in different phases. Hence, the BP filter frequency responses in
abch phase are slightly different and the ratio in healthy condi-
ons may not be 1 in an actual system. Despite of the deviation
from the ideal conditions, the change of the raitothe fault
condition is still significant compared to thHathealthy 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 isy¢
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ah
Al Fig. 20 Variations of detector output (ph-4) with load (098/&100%) and
1 speed (a) before and (b) after calibrati@®]
0005 01 015 02 025 03 035 04 In contrast, the fact that ratio of RMS current ripples in two

e adjacent phases is 1 in the proposed technique provides a very

Fig. 19 Detector output with 2-turn fault in phase A aftatibration, with simple means of auto-calibratishows the ratio vari-
iq=3A and at 500 r/min. ations with modulation index after calibration in both healthy

The ratio deviation from 1 under healthy conditions can K"d fault conditions. As can been seen, a small difference in the
easily corrected by a simple calibration. By way of exampléatio exists for a given modulation index. This is not seen from
the ratio, ks n, calculated from measured RMS currents ithe theoretical analysis but can be explained. At the same
phases A and B in healthy conditiossrecorded, and cali- Modulation index with different combinations gfand speed,
bration coefficients defined in (9). The coefficient is applied the effect of unbalance in phase impedance on the ripple current
to obtain the calibrated ratiosk for both healthy and fault will be different. Further, the BP filter gains at the 4 side band
conditions given in (20). The calibration process for other ~frequencies are also different. These differences are ignored in
ratios are applied in the same manner. the analysis, but will cause the actual ratio slightly affected by

. 1 speed at a given modulation index. However, these differences
Caliyg DN (199  are insignificant, and will not affect the detection. The exper-
AB_h imental results verify the significant differences in the fault
Ky '=Caliy - Ky (20)  indicator in healthy and fault conditions, which implies that the

The results after the calibration are showp in E®]. The proposed technique has a high sigieahoise ratio, which
ratios are 1 in healthy conditions, while they differ significantlgnhances the robustness of the turn fault detection.
from 1 when the 2-turn fault occurs in phase A. The rafig, k
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 changgsin k
provides a very effective means for detecting fault.

The sensitivity of calibration to operating conditions is fur-
ther assessefFig. 21| and| Fig.22| show Ik ratio variations
before calibration with respect to speed and load current and
with modulation index, respectivellf is evident that the actual
ratio is not exactly but close to 1, and is virtually constant in all 200 001000
operating conditions. Therefore, the calibration only needs to Rotor speed (t/min)
be performed at 1 operating poiftt this case, the calibration Fig. 21 variations of ratio s with load current and speed before calibration
coefficient for kg is 1.08 The ratios in faukd state are also
very close and distinctive from 1 for a wide range of operating
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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 [3@he detecting results from
this technique is shown in Fig0. 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 Fig. 22 Variations of ratio Jg with modulation index before calibration
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 evidefit in Eig.
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S

' such as interior permanent magnet (IPM) machines. This is
' eebelod T — healthy _} because under healthy conditions, the multi-phase machine is
oo e® >P g e Frfo%er ofo oo balanced and the ratios of PWM current ripples between two
° e B e e ) BN R R adjacent phases should be 1.0 regardless of operating (or satu-
5 1 ration) conditions. If a turn fault occurs in one of its phases, the
H e e e M— incremental inductance at a given operating condition in each
T R o S B 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.
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Fig. 23 Variations of calibrated ratigkwith modulation index under healthy

and fault conditions VI. CONCLUSION

[Fig. 24]shows the detector output during transient in healthy The proposed turn fault detecting technique utilizes the HF
condition. At500r/min, a step change in load current from 0ACUrTents generated by PWM voltages directly without thel nee
to 3A is applied toq at 0.2s. A slight speed variation is wit-Of extra HF signal injection. The RMS values of the selected
nessed from the waveform of phase currgnduie to limited HF PWM currents are obtained by analogue BP filters and
disturbance rejection Capaci'qf the dynamometer_ Despite RMS converters which are required as extra electronic circuits
this, the ratio processed by the DSP is hardly affected. A simiRiid the ratios between the RMS currents from two adjacent
test is performed with the machine operating at 500 r/min apfiases are calculated and employed as the fault indicator. It has
ic=1A, and the 2-turn fault is initiated at 0.2s and removed hBeen shown that the non-ideal factors, such as phase unbalance
0.42s. The resultant phase current, fault current and fault in@i2d tolerances in the filter components can be effectively re-
cator are shown The fault current increases from 0AMoved by a simple calibration. Thus, the implementation of the
to 10A, and the ratio changes immediately from 1 to 3 when tREoposed technique is convenient without the need of a lookup
fault occurs. The effect of LPF to remove the ripple in thtable. The simulation and experiments also show that the pro-
original ratio can also be seen. Although it will introduce ad?osed technique is effective in both transient and steady states.
ditional delay, the effect is not significant as the fault can be

detected within 0.05s with the threshold set.at 2 REFERENCES
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