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Demagnetization analysis of an open-end windings
5-phase PMSM under transistor short-circuit fault
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Abstract— For an open-end windings integrated Permanent
Magnet Synchronous Machine, the demagnetization of the
permanent magnets is analyzed when a transistor is short-
circuited and no specific control strategy is adopted. Depending
on the temperature, the high currents due to the inverter fault
may locally demagnetized the permanent magnets leading to an
accelerated aging of the machine and torque loss. A co-
simulation, using a Finite Element software for the machine
coupled with an average modeling of the transistor, gives
interesting local prediction of the machine behavior in healthy
and degraded mode.
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|.INTRODUCTION

Multiphase permanent magnet synchronous machine
(PMSM) integrated drives are an attractive solution for the
electric traction of electric vehicles (EV) and hybrid-electric
vehicles (HEV) [1]-[3]. SIVETEC of SIEMENS [4] and i-
StARS of VALEO [5] are some examples of commercialized
integrated drives. Instead of installing one inverter and one
machine with the constraints due to the electric cables and
electromagnetic compatibility, the car manufacturer has only
one packaging and one thermal cooling. The integrated PMSM
can thus increase the torque density and decrease the weight
of the electric traction system in comparison to other drives
[2]-[12]. However, the compactness of the drive increases the
thermal constraints in the machine and in the inverter, because
of their thermal interaction [2], [4], [7]. [9].

Concerning the inverter, the high temperature Wide-Band
Gap (WBG) technology intends to improve the integration of
the drive [4]-[9]: high PWM carrier-frequencies with low
commutation losses are possible enabling then the use of
compact capacitors. Anyway, because of the relative high
temperature, WBG transistors are still susceptible to faults as
short-circuited transistor , one of the most common and more
constraining faults [13]. Short-circuited transistor faults
generate very high current amplitude and torque ripple.
Multiphase machines with open-end windings supplied by two
independent voltage sources (Fig. 1) are tolerant to this kind
of fault. It means that the system can keep functioning in
degraded mode [14]. In this paper, no specific control strategy
is implemented after a fault occurs. It is then considered that
the transistors tolerate the high-currents obtained under short-
circuited transistor fault during an indefinite period of time.

Concerning the machine, the irreversible demagnetization
of the permanent magnets is the most sensitive problem in
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Fig. 1: Electric scheme of the drive.

terms of cost when the temperature is too high [12], [15]-[17].
The irreversible demagnetization occurs with a combination
of the effects of the magnetic field generated by the winding
currents and the temperature of the magnets. The higher is the
temperature of the magnets, the lower is the winding current
leading to irreversible demagnetization and early aging.
Therefore, the torque density of the PMSM, a major advantage
for this technology, decreases.

Demagnetization could be avoided by increasing the
margin of safety, reducing the maximum operational current
or temperature. However, a larger margin of safety raises the
drive cost, what is a major constraint in a competitive industry
as the automotive one. This paper intends to improve the
acknowledge of the machine behavior in its most constraining
operating point.

This scenario shows that a short-circuit fault without the
appropriate fault control strategy can demagnetize the
permanents magnets of the machine’s rotor. In this perspective
this paper shows the local impact of this fault on the permanent
magnets for different operation temperatures and torque
references. Therefore, a co-simulation with
ANSYS/MAXWELL software, for the machine finite
elements model, and MATLAB/SIMULINK software, for the
machine control, was developed.

This paper is organized as follows: Section Il presents the
chosen machine design and the finite element model. The
machine control is depicted in Section Ill. Section IV
describes the transistor short-circuit fault simulation. Section
V presents the simulation results and the analysis of the
demagnetization of the machine.

Il. FINITE ELEMENTS MODEL OF THE 5-PHASE PMSM

The chosen machine is a 5-phase PMSM with 20 slots and
14 poles (Fig. 2 and Fig. 3), whose characteristics are
presented in Table I. As mentioned before, the multiphase
machines are tolerant to the inverter faults analyzed in this
paper [10], [18]. The rotor topology and magnets were chosen



Fig. 2: 3D representation of the machine and the integrated inverters.

Fig. 3: 2D Finite Elements Machine Model with the permanent magnets in
orange and the windings in red.

TABLE |. MACHINE CHARACTERISTICS

Poom 10 kW
Wnom 750 rad/s
Liom 45A
Krem1 4,5 V/rad/s
Krems 0,5 V/rad/s

TABLE Il. NDFEB N38SH CHARACTERISTICS AT 20°C

B, 1,26T
Hep 947 kA/m
He, 1592 kA/m

a(B,) —0.12 %/°C

B(H)) —0.535 %/°C

considering the irreversible demagnetization risk among other
industrial and EV application criterions.

The poles are composed by rare earth NdFeB N38SH
magnets, whose characteristics and B x H curve are
respectively presented in Table Il and Fig. 4. It is well known
that rare earth magnets have a high magnetic field density,
what increases the power density of the PMSM, but they are
expensive [12], [15]-[17]. Another important characteristic of
the rare earth magnets is their relative low sensibility to
temperature, what is directly related to the irreversible
demagnetization risk [11], [12], [15], [17]. Among the most
common rare earth magnets, the NdFeB has one of the highest
magnetic field density. Concerning, the temperature
sensibility, SmCo magnets are less sensitive than NdFeB
magnets, but they are even more expensive. N38SH is the
grade of the magnet and is also related to the magnetic and
thermal performance of the magnets and is related to the
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Fig. 4: Polarization J versus Demagnetisation field H characteritics of
N38SH magnets

presence of other very expensive rare earth elements in the
magnets as the Dysprosium (Dy). A higher concentration of
Dy lowers the thermal sensitivity of the magnets but increases
its cost [12]. The N38SH grade was chosen because is
classified as a “super-high” temperature magnet and the
irreversible demagnetization is improbable when the magnets
temperature is under 100°C.

The magnets are buried in the rotor in radial disposition
called spoke. Concerning the magnetic aspect of this topology,
the major advantage is the relative protection of the magnets
from the demagnetizing field generated by the windings’
currents [11]. The closer a magnet is from the windings, the
more susceptible it is to be irreversibly demagnetized.
However, the further the magnet is from the air gap, the lower
is its contribution to the torque generation. Concerning, some
industrial and EV applications aspects, it is important to
mention that this topology is relatively easy to assemble and
allows a large speed range thanks to a flux-weakening
strategy.

The simulations presented in this paper does not show a
temperature evolution, but several simulations with different
temperatures that are constant during the whole simulation
period. Therefore, each simulation considers a different non-
linear B x H characteristic of the NdFeB N38SH between
100°C and 180°C as shown in Fig. 4.

11l. MACHINE CONTROL AND CO-SIMULATION

Fig. 5 shows the control scheme of the system. All the
control was developed in MATLAB/SIMULINK and send to
ANSYS/MAXWELL via the SIMPLORER application. In the
SIMPLORER application, the inverter is represented as
controlled voltage sources. Finite Element model simulation
can be really long and the representation of the transistors
would highly increase the simulation duration due to the
relative high commutation frequency.

The machine is vector current controlled. The control was
developed considering the decomposition of the 5-phase
machine in 3 fictitious machines: 2-phase main machine, 2-
phase secondary machine and a homopolar one [19]. In this
decomposition, each fictitious machine independently
interacts to different current and back electromotive forces
(Back-EMF) harmonics as shown in Table Ill. The torque
generated by the real machine is the sum of the torque
generated by each one of the fictitious ones.
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Fig. 5: Co-simulation of a vector controled PMSM.

TABLE Il1l. HARMONICS DISTRIBUTION OF THE FICTITIOUS MACHINES OF A
5-PHASE MACHINE

Fictitious Machines Harmonics
Main 1%, 9% 5h+]
Secondary 39,77 ... 5h+2
Homopolar 50 5h

The control used on this paper is a vector control with the
Maximum Torque Per Ampere (MTPA) strategy [20]. That
means that the torque distribution between the main machine
and the secondary one respects the same ratio of the Back-
EMF amplitude of the 1t and 3™ harmonics.

IV. FAULT MODE SIMULATION AND FAULT CONTROL
STRATEGY

Finite elements simulations can take relative long time to
execute one time-step. Consequently, the simulation of a
transistor can be extremely time-consuming due to its
commutating frequency on the order of 10kHz. The solution
in order to considerably reduces the simulation time is to
replace the commutating inverter-leg by an equivalent mean
value model. Fig. 6 and Fig. 7 respectively present the
commutating model and the mean value model for one phase
of the machine.

Iron losses and the skin-effect on conductors are directly
related to the frequency of the current components[21]-[23],
impacting on the machine total losses and temperature.
However, the thermal time constant is much higher than the
electric one, allowing to neglect the thermal variation during
the simulation period and the high frequency current as well.

A. Mean value model in healthy mode

As mentioned in the previous section, the transistors are
represented as voltage sources (Fig. 7). The voltages of these
equivalent sources are calculated as follows.

Vo =Va1 = Vaa )
Va = Van1 = Vanz + Vo 2
% %
Vay = =55+ =% ®)
% %
V,, = — el 4 B¢ (4)

2 2

Vin = V1 — Vi 5)
(sz + Vbx + ch + de + Vex); x € [1:2] (6)
V;znx = Vax - [/HX (7)

Vax =

ul] =

B. Transistor short-circuit simulation

A short-circuit transistor fault occurs when one transistor
is blocked at the passing state (Fig. 8). When this occurs, the
other transistor of the same block must automatically open,
otherwise the voltage source would be short-circuited and the
whole system would stop working.

In degraded mode, the voltage of the faulty leg is V,. or
0V, if the short-circuit occurred respectively in the up or down
transistor as shown in Table IV.

The mean value model was validated by co-simulation in
MATLAB/SIMULINK and ANSYS/MAXWELL. Two
simulations were achieved, the first one with transistor model
which takes into account the commutation effect and
component voltage drop. In the second one, the mean value
model replaces the transistors by voltage sources.
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Fig. 6: Scheme of one phase supplied by an H-bridge and two electric
sources of the commutating model.
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Fig. 7: Scheme of one phase supplied by two equivalent controlled voltage
sources of the mean value model.
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Fig. 8: Scheme of one phase supplied by an H-bridge during the short-
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TABLE IV: VOLTAGE OF THE FAULTY INVERTER LEG X DEPENDING ON THE
FAULTY TRANSISTOR

Faulty transistor Van, Vax
Up Ve Ve + Vox
Down 0 Vox




Fig. 9 and Fig. 10 present the currents respectively
obtained with the commutating model and the mean value
model. Both graphics present a typical behavior of this drive
under a short-circuit transistor fault [14]. The current is well-
balanced in normal mode, contrary to the degraded mode, in
which each phase has a different amplitude and constant
component. Fig. 11 shows in the same graphic the torque
obtained by both commutating and mean value models in
healthy and in degraded mode. The unbalanced currents
generate torque oscillation in degraded mode.

The current amplitude and the generated torque on both
normal and degraded mode are similar, validating then the
mean value model for the analysis proposed in this paper. The
main difference between both models is the presence of the
high frequency component, whose impact on the system is
mostly on the copper losses, due to the skin and proximity
effects, and iron losses as already mentioned. Even if the
losses due to the high frequency component are neglected in
the mean value model, this will not significantly impact the
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Fig. 9: Phase currents before and after the occurrence of a short-circuit
transistor fault in phase A for the commutating model at 100°C.
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Fig. 10: Phase currents before and after the occurrence of a short-circuit
transistor fault in phase A for the mean value model at 100°C.
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Fig. 11: Torque obtained by co-simulation with commutating model and
mean value model at 100°C.

demagnetization analysis. No temperature variation is
considered because of the high thermal time constant in
comparison to the electric one.

V. DEMAGNETIZATION ANALYSIS

The following tests were achieved for different
temperatures and different torque references. The analyzed
conditions are:

e  Temperature: 100°C, 120°C, 150°C and 180°C;
e Torque reference: 20 Nm, 30 Nm and 40 Nm;

Fig. 12 and Fig. 13 present some results obtained in
degraded mode with no specific control applied after the
occurrence of the fault.

The consequences of the fault are high amplitude and
unbalanced currents and high torque ripple. As the currents are
unbalanced, a whole mechanical turn of the rotor is needed in
order to obtain the maximum demagnetization of the
permanent magnets.

For the same magnet, pointed out in Fig. 14, the
polarization map in healthy and faulty mode are shown in Fig.
15 and Fig. 16. As the polarization map depends on the rotor
position, the maps shown in this paper are the one with the
lowest polarization values. It is possible to define the parts of
the magnet that are not (red), partially (yellow, green and
turquoise) or totally (dark blue) demagnetized. Fig. 17 show
the relation between the colors and the demagnetization curve.
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Fig. 12: Current in healthy and degraded mode for a torque reference of 30
Nm and 150°C obtained by co-simulation.
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Fig. 13: Torque in healthy and degraded mode for a torque reference of 30
Nm and 150°C obtained by co-simulation.
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Fig. 14: Localisation of the analyzed magnet on the machine.

Fig. 15: Magnetisation map of a magnet in worst case during healthy mode
150°C and 40Nm.

Fig. 16: Magnetisation map of a magnet in worst case during degraded
mode for 150°C and 40Nm.

N38SH_1500C

J (tesla)
o
3

o
e
o

020

0.00
-6.00E+02

-4.00E+02
H (kA_per_meter)

-2.00E+02 0.00E+00

Fig. 17: Colour code of the magnetisation map for 150°C

As expected, the demagnetized part of the magnets is
larger in degraded mode because of the high amplitude of peak
currents. As well, the demagnetized part of the magnet is the
part that is close to the air gap and, consequently, to the
magnetic field generated by the winding currents. It is normal
that a small part of the magnets is partially demagnetized even
in healthy mode. This can be avoided by applying an air barrier
[11].

Analyzing the generated torque for the same currents
reference is a more objective way to evaluate the impact of the
demagnetization. The current reference and the control are the
same in normal and degraded mode, but the Back-EMF is
impacted by the demagnetization. The demagnetization will
lower the generated torque for the same current reference.
Table V present the average torque in healthy and degraded
mode for different temperatures and current reference.

If the characteristics of the magnets were constant, the
torque generated by the machine would be the same as the
reference, independent of the current amplitude or
temperature. However, the results obtained show that the
difference between the generated torque and the reference
increases if the temperature or the reference are higher. At
180°C the torque loss is too high in comparison with the other
temperatures, showing though that the magnets are already
severely demagnetized in normal mode.

When analyzing the torque in degraded mode the torque
losses increases because the current amplitudes are higher,
consequently generating a more intense demagnetization field.
For the same temperature, the degradation of the torque in
degraded mode in comparison to the normal mode is almost
constant for the different torque references. For example, at
120°C, the torque in degraded mode is around 5% lower than
in healthy mode. On the other hand, it is possible to see that
the torque losses can significantly increases with the
temperature, as the torque reduction in degraded mode in
comparison with normal mode is around 9% and 13% at
150°C and at 180°C respectively.

The results of Table V are not only related to irreversible
demagnetization. As the current amplitudes are higher in
degraded mode in comparison to healthy mode, some parts of
the magnets are reversibly demagnetized, reducing though the
torque generation. It would be possible separate the percentage
of the torque losses related to the irreversible and to the
reversible demagnetization. However, if no reconfiguration
strategy is applied in order to reduce the current amplitudes in
degraded mode, the reversible demagnetization will still
impact the torque generation.

TABLE V: MEASURED TORQUE RESULTS IN NORMAL AND DEGRADED MODE
AND THE TORQUE LOSS PERCENTAGE IN COMPARISON TO THE TORQUE

REFERENCE.
Normal Mode

22 Nm 33 Nm 44 Nm
100°C 21,87 (-1%) 31,68 (-4%) 40,31 (-8%)
120°C 21,40 (-3%) 30,99 (-6%) 39,41 (-10%)
150°C 20,62 (-6%) 29,77 (-10%) 37,72 (-14%)
180°C 15,43 (-30%) 22,20 (-33%) 27,38 (-38%)

Degraded mode

22 Nm 33 Nm 44 Nm
100°C 20,84 (-5%) 30,23 (-8%) 38,52 (-12%)
120°C 20,40 (-8%) 29,57 (-10%) 37,64 (-14%)
150°C 18,39 (-16%) 26,98 (-18%) 33,54 (24%)
180°C 12,41 (-44%) 17,74 (-46%) 21,88 (-50%)




VI. CONCLUSION

This paper analyzes the operation in degraded mode of 5-
phase open-end windings PMSM when functioning in relative
high temperature due to environmental constraints. Co-
simulation using a functional software and a finite elements
software were used in order to consider the transistor under a
short-circuit transistor fault and of the of the rotor permanent
magnets under demagnetization respectively. The obtained
results show the consequences of the transistor and magnet
faults on the torque generation, for then defined the limits of
the operation point for the analyzed machine and reduce the
margin of security of the system.

Without applying a specific fault control strategy, the
torque reduction seems inevitable at high temperature. At
120°C, the torque lowers of 5% in comparison to the torque
generated in normal mode what could be tolerate depending
on the applications constraints.
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