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Abstract— An accurate transient model of Interior Permanent
Magnet (IPM) machine with stator turn fault with due account of
magnetic saturation is essential to develop robust and sensitive
inter-turn fault detection algorithms and to evaluate drive
controller performance and stability under fault conditions. The
paper proposes a general method of modeling stator turn fault
using flux-linkage map of IPM machine under fault extracted
from Finite Element (FE) analysis. Simulation results from the
proposed fault model are compared against FE and experimental
results. The results show that the proposed model matches well
with experimental data.

Index Terms— Fault currents, analytical models, permanent

magnet machines, saturation magnetization, condition
monitoring.
NOMENCLATURE
ig d-axis current
i g-axis current
i fault current
Aa d-axis flux linkage
Ag g-axis flux linkage
7, fault fraction
p Number of pole pairs
R Stator phase resistance
Ry External fault resistance
Ly Stator leakage inductance
Lp Faulted turn leakage inductance
Vy d-axis voltage
V. g-axis voltage

q
0., 0... Rotor angle (electrical) w.r.t to phase A winding

Oy Oneer, Rotor angle (mechanical) w.r.t to phase A winding
W, Angular speed in rad/sec (electrical)

L Stator stack length

p Skew angle (mechanical)

n Number of skew slices of rotor
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g General nonlinear mapping function between flux-
linkage/ torque to stator currents.

I. INTRODUCTION

INTERIOR permanent magnet (IPM) machines are increasing
being favored as the machine of choice for electric vehicle
application due to their high power density, robustness, large
constant power speed range and overall high efficiency [1]-
[6]. However, due to presence of magnets in the rotor,
electrical faults must be quickly detected and mitigating
controls initiated to prevent catastrophic failure of the
machine. Such a functionality commonly known as “limp-
home” mode [7] is essential for providing high degree of
availability, and reliability demanded in safety critical
application such as electric vehicles. In order to develop
sensitive fault detection algorithms and fault tolerant control
strategies, an accurate transient model of the machine under
fault condition is indispensable [8]-[10] at development stage
in order to save time and resources spent on experimental
testing. This is because many faults such as inter-turn short-
circuit may cause benign changes in terminal voltages and
currents. Consequently, it is difficult to detect them in an
electrically noisy environment. Inaccurate representation of
fault behaviors may lead to a detection algorithm working well
in simulations, but not effective in real testing.

Several surveys on reliability of industrial motors conducted
by Electric Power Research Institute EPRI [11] and IEEE
[12]-[15] concluded that stator winding failures accounts for
about 21-37% of faults in electrical machines. One of the
leading causes of winding failure are inter-turn short-circuit
failures which are especially critical, since it leads to a large
circulating current in the faulted turns [16]. This gives rise a
local hot spot which can cause further insulation failures and
ultimately leading to a complete failure of the winding as a
phase-ground or phase-to-phase fault [17]. The large
circulating current in the faulted turns can also produce
irreversible demagnetization of the magnets [18].

The modeling of inter-turn short-circuit fault in IPM was
treated in [19], where a phase variable model of IPM motor
under condition of linear magnetic characteristics was derived,
by extending the fault model derived for induction motors in
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[20]. However, no experimental validation was reported. In
[21] a method of extending the IPM model under fault
accounting for magnetic saturation was proposed. The self-
and mutual-fluxes of the healthy and faulted turns are assumed
to be proportional to their number of turns. The phase
inductance variation due to saturation described in [21] is
obtained by computing first the saturated values of d- and g-
axis inductances, L, and L, and then performing inverse
transformation to abc quantities. However, this assumption is
not strictly true for most PM machines in which a significant
part of the self- and mutual-inductances is contributed by the
slot leakage. Moreover, the concept was not tested in
simulation or experiments. In [8], [22], [23] an FE time
stepping co-simulation transient model of BLDC was used for
developing fault detection algorithms. However, time stepped
FE simulation is very time consuming and not suitable for
computationally efficient simulation studies involving pulse-
width modulated (PWM) drives, due to the small time scales
involved. Moreover, in case of IPM machine, fault detection
needs to be tested at a number of different dg currents due to
magnetic non-linearity, which will further increase compute
time. In [24], [25], a fault model for IPM BLDC was derived
using winding function theory (WFT) for single layer magnet
rotor, neglecting magnetic saturation effects. The inverse air
gap function used in [25] is difficult to derive for more
complex rotor geometries common in high saliency machines.
In [26] a permeance network (PN) model for turn faults in
saturated PMSMs was proposed. The permeance network
model is then wused to extract 4-dimensional (4-d)
flux/inductance lookup tables needed to formulate the
transient model. However no experimental validation was
performed. Further derivation of a PN model is very tedious,
and compromises accuracy, especially for complex rotor
geometries. In [10] and [27] an inductance based model was
proposed for inter-turn fault detection in PM synchronous
machines. However, IPM machines with buried magnets
exhibits high level of magnetic saturation and cross-saturation
effects and therefore separation of armature reaction flux
linkage from the total flux linkage will incur large error and
hence compromises model accuracy [28]-[33]. Moreover the
method of extraction of inductances reported in [27] and [34]
by energy-perturbation is computationally more demanding
requiring twice as many FE computations [32]. A hybrid
model for wound-rotor synchronous generator reported in [35]
assumes that the machine operates in linear region under
healthy condition. However, this assumption is not applicable
to IPM machines with high level of magnetic saturation [32].
The aim of this paper is to establish an accurate and
computationally efficient model of [IPM machines under stator
turn fault. This is achieved by extracting flux linkage map of
the machine under turn fault conditions using offline static FE
analysis and combining it with voltage equations of the
machine. The method is not limited to IPM machines and the
same technique can be used for modeling stator turn faults in
passive rotor systems including surface PM machines,
switched reluctance machines, switched flux machines and,
separately excited machines, such as wound field synchronous

machines. This approach enables the full representation of
spatial harmonics and magnetic saturation under inter-turn
fault and all load conditions and therefore is the most accurate
representation of the faulted motor behavior apart from a time
stepping FE-coupled analysis [36]. Although the generation of
flux map from offline static FE model is computationally
expensive, once the lookup tables are established it will have a
much faster simulation speed compared to time stepping FE
coupled simulation [36]. This is quite advantageous in drive
coupled simulation, since the PWM pulses are of small
duration, an FE-coupled time stepping simulation is
prohibitively expensive in terms of compute time. This
method is also advantageous when numerous test cases under
different loads and speeds need to be performed quickly
during development of fault detection/mitigation schemes.
Simplified models such as that presented in [19], [25] will not
be able to represent the phenomena correctly over all
load/speed ranges. It also allows speedup of simulation time
compared to FE coupled simulation in case where the rotor is
skewed, since multi-slice FE simulation has to perform
simulation for all the skew slices which results in significant
increase in the overall computation time [37]. It should also be
noted that although it is possible to neglect saturation
characteristics for simulation of turn fault as suggested by
some authors [19], [25], the fault model thus obtained will not
be useful to check validity of performance of fault detection
and fault tolerant algorithms over the entire range of operation
of the machine. This may lead to over-simplified fault
detection and mitigation methods which work well with the
simplified motor model, but may not perform well in actual
test conditions. Extensive experimental tests are performed to
validate the model over speed and load ranges.

II. PROPOSED FAULT MODEL

It is well known that in order to accurately model behavior
of a healthy IPM machine, a mapping of flux-linkages to
current is needed [38], [28]. This non-linear flux linkage map
can capture most of the behavior of the machine including the
magnetic saturation, spatial saliency and harmonics [28]—[31].
3-dimensional (3d) effects such as overhang fringe fields, iron
losses and rotor eddy currents may also be included. Using the
same approach, a model of a machine under stator turn fault
can also be extracted using appropriate flux-linkage lookup
tables together with voltage governing equations and loss
components.

Without loss of generality, the turn fault is assumed to be in
‘¢’ phase winding which is therefore divided into two sub-
windings. Sub-winding ‘csl’ is the healthy part and sub-
winding ‘cs2’ is the faulty part as shown in Fig. 1. ‘&’
represents the fault winding fraction, defined as the ratio of
number of short-circuited turns in phase ¢ () to the total
number of turns in phase ¢ (V) [19]. R, represents the fault
resistance, iy denotes the current into the fault resistance.
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Fig. 1: Schematic representation of IPM machine with turn fault in ‘C’ phase.

A. Machine Equations in abc Frame

The stator equations for IPM machines with turn fault can be
expressed as (1).

v/ =RSif +di |t (1)
where,
T
st = |:Vas Vbs  Vest (VCSZ = Vf ):|
. . . . . . T
lsf = |:las Ips  les e _lf:|
T
}'sf = |:ﬂ’as /1bs /1€s1 (A'CSZ = ﬂ’f )j|
R/ =R diag[l 1 1-p 4.
Since IPM machine exhibits strong saturation, the flux
linkage and torque is a nonlinear function of current and
mechanical angular position. This relationship is denoted

using function ‘g’ as a general non-linearity function between
the quantities as shown in,

ﬂ’xs =&y (ia’ib’ic’if’gm)

(@)

3
Te =8 (ia’ibﬂic’i,/"em)
where, x denotes healthy phases a, b, and two sub-windings
cs1 or ¢s2(f) in phase c. Since terminal voltage of phase ‘c’ is
the sum of voltages of sub-winding ‘cs/’ and ‘cs2’, the last
two rows of voltage equation in (2) can be added and re-
arranged to obtain terminal voltages as shown by (4).

da ,
V,=Ri, + =t pAi 4)
where,
T
Vs = |:vas Vbs (vcs = Ves1 T Ves2 ):'
is = [ias ibs ics ]T

. 5)
ls = [ﬂ’ /Ibs (ﬂ’cs = ﬂ“csl + /’LL’SZ ):|

4=-[0 0 R]
The voltage of the shorted winding ‘cs2’ can be written
separately as (6).
di,

Vi =Vea = Ryiy = uR, (ios ~is ) e (©)

3
Table I
SPECIFICATIONS AND DESIGN PARAMETERS OF THE MACHINE
Quantity Unit Value
Peak torque Nm 30
Rated torque Nm 17
Base Speed r/min 2100
Max Speed r/min 8200
Peak power kW 6.6
Rated power kW 3.75
Peak current A 85
Number of pole-pairs 3
Number of slots -- 36
Active stack length mm 105
Stator outer diameter mm 120
Airgap mm 0.35
Rotor diameter mm 67
Rotor skew slices -- 3

B. Machine Equations in dq Frame

The stator equations can be transformed to the dg frame
using the synchronous frame transformation defined in [39] to
obtain (7).

Vig = Ryigg +diyy 1 di+ 0,2y 7]

(7
—ngS[sm(aﬁzﬁm) cos(6, +27/3)] i,

where,

Aq = 8a igvignis-6,) .

Ay =8, (igiphif.0,)

The voltage of the shorted turns can be expressed in terms
of the dq currents as (9).

igsin(6, +27/3) dis
Vi=Ryiy = 1R, +—= )
: +i, cos(6,+27/3)—i, ) dt
where,

The torque of the faulted machine can be calculated by a
torque lookup table obtained from static FE using (11).

T, = g7 (igsigis-6,) (11)
In order to use the model in dynamic simulations, the
equations can be written in its integral form [39] given by

(12)-(14).
. T
Vig = Ryigy — @, [—/1 /ld]

q
W=l a2 [an(e+22/3)] | (12)
H3 % cos(6, +27/3) [/

) - I{Rfif an {id sin(6, +27/3) . JJ‘” (13)
‘ iy

+i, cos(0, +27/3
where,
iy =8, (A Agr s 0,
iy =8, (AarAgs 216, (14)
ip =g, (A Ay s -6,)
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Therefore, if the non-linear mapping of the d-, ¢-, and f-
flux linkages to iy, i,, irand 6,, can be obtained using static FE
calculations, it can be used with a differential-algebraic (DAE)
capable solver, such as Saber [40] to obtain the solution.
Alternatively the current to flux linkage map can be
numerically inverted to obtain the inverse mapping functions
(14) which can be used with an ordinary differential equation
(ODE) solver [41].

By way of example, Fig. 2 shows schematic of the ODE
solver based fault model established using the proposed
technique. It should be noted that the temperature effect of the
phase resistance can be accounted in the model.
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Fig. 2: Schematic of ODE solver based fault model.
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C. FE model

For the purpose of validation of the proposed modeling
methodology, an FE model of a 3-phase, 6-pole, 36-slot IPM
motor with a two turn fault is generated. The machine is
designed to maximize reluctance torque so that a high torque
density can be achieved with low grade magnets, such as
ferrite or bonded NdFeB. For this reason, it is often called
permanent magnet assisted synchronous reluctance machine.
The machine has 2 slots per pole per phase. The machine
incorporates a 3-step rotor skew of 7° (mech). The main
parameters of the machine are listed in Table I.

Additional
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@
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9 v )
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+

(b)
Fig. 3: FE model of 36 slot, 6 pole IPM Machine with 2 turn fault in C phase
(a) full FE model, (b) zoomed portion of model containing turn fault showing
excitation currents. (+, - signs depicts coil current direction. + represents
current direction into the plane of the paper).

Boundary condition
Imposed flux = 0

The laminations of the machine were manufactured by laser
cutting and the damage to material property due to the cutting
process [42] was accounted for in the FE model using
additional air-gaps in the rotor. Fig. 3 shows the FE model
including the two turn winding fault.

In order to obtain the flux-linkages map of the faulted
machine for generating mode of operation magneto-static FE
simulations are performed by varying i, over [-70A, 10A], iy
over [-70A, 10A] in steps of 10A and irover [-350A, 350A] in
steps of S0A over one complete electrical cycle [0, 120°]
(mech). To cover both motoring and generating modes of
operation, the corresponding d- and g-axis current range of [-
70A, 70A] is necessary. Although the coarse steps of SOA for
ir may compromise accuracy of the flux linkage map it was
selected to reduce the compute time. It is to be noted that in
performing the FE simulations, the current in the 2 short-
circuited turns are defined as i.-iy as illustrated in Fig. 1. The
lookup tables needed in (8) and (10)-(11) can be obtained
from FE simulations.

Although the faulted phase has been assumed to be in phase
‘C’, for the development of the model and for extraction of the
flux linkage-current lookup tables, fault in any other phase can
be simulated without the need to run any further FE
computation, since fault in any other phase is simply a shift of
electrical/mechanical angle. This can be achieved by
modifying 6, according to (15) and accordingly setting 6,
=0,/p in the lookup tables.

6,-2x/3 ; Phase A fault

0, —4x/3 ; Phase B fault
o ; Phase C fault

e

0:

e

(15)

D. Skew Computation

The machine selected for validation of fault modeling
incorporates a rotor which consists of 3 identical rotor slices,
which are skewed by -3.5° 0° and +3.5° (mechanical). The
rotor slices and shaft are shown in Fig. 11(b). The skewed
rotor has slightly different current to flux linkage mapping
compared to an un-skewed rotor and therefore needs to be
accounted for in the modeling process. An accurate method to
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model the effect of skew in healthy machines was presented in
[37]. However, the method in [37] was shown to be valid for
healthy machines and for machine with stator turn fault further
refinement of the model needs to be performed. A general case
of skew rotor slice is shown in Fig. 4 where, d), g, refers to the
reference dg axis of the rotor with 0 skew angle, and d, g
refer to the dg axis of the rotor with  mechanical skew angle.

s
2% II
X ! d
— 7 27 s
S ll 277
5~ II 2
oo B __ .)do l.’__’l_ ____,do
(a) (b)

Fig. 4: Rotor skew slices at mechanical angle of (a) 0 (rad) skew, (b) S (rad)
skew

Using the technique outlined in [37] the d-,q-, fault coil flux
linkages and mechanical torque of any rotor slice skewed from
the dy- axis by an angle of  mechanical (rad) can be obtained
by using modified dq currents in the lookup tables as shown in
(16).

iy + Jigs =iy + jiy ) e’
84 (ids’iqs’if’gm +/8)

P
+qu (ids ’iqs ’if’ Hm + ﬂ)

Ag +Jky =
(16)

Ap =85 (iagsigesis O+ B)

T;a (gm) = Te (ids’iqs’ifﬂam +ﬂ)

where iy and iy are the dy- and ¢, axis components of the
stator current referred to the skewed d;-¢, reference frame. The
total flux-linkage and torque can be obtained by adding
contribution of all the individual skewed rotor slices. In order
to verify the proposed skew calculation technique, a test case
of (i7= -40A, i;= -40A, i= -200A) was performed using multi-
slice FE simulation and the proposed method, and the results
are compared in Fig. 5.
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Fig. 5: Comparison between multi-slice FE and proposed method (calc) at (i~
-40A, i;=-40A, i=-200A) (a) d- axis flux linkage, (b) ¢- axis flux linkage, (c)
faulted turn flux linkages (d) Torque

It can be seen from Fig. 5 that the match is excellent. This
algorithm reduces the computation time by a factor of number
of skew slices compared to performing static FE calculation
for all rotor skew slices. This method is therefore used to
generate the flux-linkage lookup tables.

III. MODEL COMPARISON

To illustrate the utility of ODE and DAE solvers for the
proposed fault modeling approach without loss of generality,
generator operation of the machine under study with a
resistive load of 2.2Q with two turn short-circuit fault at 3500
r/min and R=5.5mQ is simulated by both the FE model and
the proposed model implemented with the inverse lookup
tables and ODE23s solver [41], and DAE solver [32]. It is to
be noted that the FE and proposed models are simulated for 1
rotor slice in order to reduce FE computation time, and does
not in any way affect model validation as long as the same
current-flux linkage relation is maintained in the both models.
Hardware validations provided in section IV uses the current-
flux linkage map which accounts for the 3-step skewed rotor.

Fig. 6 and Fig. 7 show the comparison of FE predicted fault
current and phase currents with those obtained from the ODE
solver based model. As is quite evident the currents predicted
by the proposed model matches very well with the FE results
in terms of both peak and wave-shape.
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Table 11
COMPARISON OF SIMULATION TIMES FOR GENERATOR MODE OPERATION
WITH RESISTIVE LOAD OF 2.2Q AT 3500 R/MIN

Solution

Method X Unit
Time

FE 12420 s

ODE solver 62 S

DAE solver 78 S

Fig. 8 compares the same operating point predicted by the
FE and DAE solver based model. It can be observed that the
DAE solutions also match the FE prediction very well. It is
also to be noted that the errors between the FE and DAE
results arises from the coarse steps in isselected to generate the

lookup table. A finer step size in the lookup tables will
improve the model accuracy. The DAE based model is simpler
to set up if a DAE solver, such as Saber, Modelica/Dymola, or
Simulink/Simscape, etc, is available to the user compared to
the ODE based solution which requires numerical inversion of
the lookup tables. The numerical inversion with four variables
can be time consuming and introduce additional errors in the
model. A comparison of simulation time is shown in Table II
where the time for numerical inversion to build the ODE
based model is not included. It is evident that the proposed
model dramatically reduces simulation time compared to FE
analysis. It is worth noting that healthy machine FE simulation
do not require as much time to solve as fault machine
simulation, since the symmetry which can be employed in
healthy conditions to reduce model size cannot be used in fault
conditions, and the model has to be solved for several

electrical cycles for the fault currents to reach a steady state.
20 T
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Fig. 9: Phase and fault current comparison of FE verses model (ODE) under
transient condition at 3500 r/min. Step resistive load (2.2Q2) applied at
Oiee=0.5236 rad and 2 turn fault (R=5.5mQ) at 6.;.,=10.472 rad
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Fig. 10: Phase and fault current comparison of FE verses model (ODE) under
transient condition at 3500 r/min with 10x nominal fault resistance (R
=55mQ). Step resistive load applied at 0Oge—=0.5236 rad and 2 turn fault at
Oclee=10.472 rad.

Transient test is performed by introducing step load of 2.2Q
at 0.—=0.5236 rad and 2 turn fault at 6..=10.472 rad at
3500 r/min, 2.2 ohm load as shown in Fig. 9. It can be
observed that the model matches well with the FE prediction.
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Effect of increase of fault resistance on model prediction is
shown in Fig. 10 where the fault resistance is increased to 10
times the nominal value assumed in the simulations. It can be
observed that there is a good match between FE and model
predictions.

IV. EXPERIMENTAL VALIDATION

A prototype 36s6p IPM machine whose specification is
given in Table I was used for the purpose of validation of the
fault model. The machine has 2 turns in C phase taken out of
the machine for emulating the turn fault (N,= 2). The machine
winding and the fault turns are shown in Fig. 11. To test the
system under fault, a 3 phase contactor connected to the
faulted turns was triggered using a timer circuit to turn on for
approximately 500ms. The time is deliberately kept small to
prevent any damage to the coils due to prolonged circulating
currents. Fig. 12 shows the experimental setup. The test
machine is driven by a dynamometer and operates in generator
mode connected to a 3 phase resistive load bank. Generator
mode is chosen specifically to avoid any controller actions
from a motor drive from affecting the validation of the faulted
machine model. Moreover, creation of fault can cause inverter
shutdown especially when fault currents are switched off by
the fault timer circuit.

(V]
Fig. 11: (a)Stator winding with 2 turn fault in phase C (b) 3 step rotor and

shaft
» Dynamometer

Machine
Under Test g

(b
Fig. 12: Experimental Setup (a) Motor Dynamometer setup (b) Resistive load
First no load test under healthy condition was performed
and the back-EMF noted and compared against model
prediction. Fig. 13 shows the match between experiment and
model.

— Ea(meas)
—&—Ea(pred) {
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Fig. 13: Comparison of measured (meas) and FE model predicted (pred) phase

back-EMF at 2100 r/min

0.008 0.01

The leakage inductance of the 2 turns was calculated to
around 3.76pH. This however, does not account for the end-
winding inductance and the inductance introduced due to
external connection. When all these effects are accounted, the
leakage inductance of the faulted turns was increased to
5.5uH. The contactor resistance was measured to be around 2-
2.5mQ. The extra connection wires from the winding to the
contactor introduce an additional resistance of 3mQ which
was also accounted for in the model. To obtain positional
alignment of the waveforms w.r.t to rotor position an analog
sin/cos encoder was used. Fault tests were performed at four
load conditions namely no-load, 1.01Q2, 2.2Q3, and 0.69Q. For
each load condition the speed of the machine is varied from
500r/min to 6500 r/min. Fig. 14 shows the comparison of
measured and predicted peak and RMS fault current. It can be
seen that there is a close match between experiments and
simulation both in magnitude and overall trend of the graphs.
The maximum error observed is about 20% and occurs at
lower rotor speeds and lower load resistances. It is to be noted
that in simulation the contactor resistance is accounted for at
fixed value of 2mQ. However, the contactor resistance has
poor repeatability and varies from 2-2.5mQ (25% variation) at
different contactor closures during the experiments. At lower
speeds, the resistive component dominates the overall fault
impedance compared to higher speeds where dominating
contributor is inductance. Consequently, the fault current is
particularly sensitive to fault resistance variation at low
speeds. It is therefore to be expected that the fault current
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prediction could be less accurate at low speeds due to
contactor resistance variation, and this should not be mistaken
as inherent problem with model fidelity. It is also to be noted
that FE modeling error, parasitic effects like the extra
inductance introduced by the fault emulation set-up and
machine construction on lamination BH characteristic all
contributes to error. It is difficult to account all these effects in

simulation accurately.
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Fig. 14: Comparison of measured and predicted fault current variations with
speed and load (a) No-load, (b) 2.2Q load, (c¢) 1Q load and (d) 0.69Q2 load.

Measured and predicted instantancous fault current
waveforms are compared in Fig. 15 at 4 sample test-points at
rotor speeds of 1500 r/min and 5500 r/min under no-load and
at 0.69Q load respectively. In all the 4 cases it can be
observed that the predicted fault currents match well with the
experimental waveforms in terms of both magnitude and
shape. The differences are likely caused by the similar effects
as described previously, namely, the parasitic inductance of
the cables, uncertainty in contactor resistance and the effect of
laser cutting on the magnetic property of the lamination which
is not fully accounted in the FE model. Fig. 16 shows the
performance of the model under a sample transient fault
condition at 3500 r/min and 2.2Q2 load.
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The inter-turn short-circuit fault will give rise to unbalance
in the machine operation and hence additional current and
voltage ripples. Measured and predicted i; and i, ripples are
compared in Fig. 17 at 3 sample test-points at 5500 r/min with
2.2Q load and 0.69Q load, and at 3500 r/min with 2.2Q load.
It can be observed that the predicted ripple matches closely
with experiment both in peak and wave-shape. It is to be noted
that the voltage ripple is simply a scaled value of the current
ripple since the machine is connected to a constant resistive
load.
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V. CONCLUSION

A methodology for derivation of detailed transient model of
IPM machine under turn fault has been described. The effects
of high level of saturation and rotor skew are accounted. It is
shown through simulation and experiments that the model
established with the proposed method is accurate and
computationally efficient, and is able to capture the harmonics
in the fault current and the dq currents in sufficient detail. The
proposed modeling technique can also be used for modeling
stator turn faults in other electrical machines including surface
PM machines, switched reluctance machines, switched flux
machines and wound field synchronous machines. The
proposed model provides an effective tool for assessing inter-
turn short-circuit fault behavior and for evaluation of
associated fault detection techniques and mitigation strategies.

It should be noted that the effect of possible partial
irreversible demagnetization as a result of inter-turn faults, and
influence of temperature variation on permanent magnet field
are not accounted in the model. These effects will be the
subject of future research.
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