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Abstract: In this study, the performance of a triple redundant nine-phase permanent magnet-assisted synchronous reluctance
motor with delta-connected windings is comprehensively assessed and compared with that of wye-connected winding under
healthy and fault conditions, including open circuit, inter-turn short-circuit and terminal short circuit. The steady-state torque
behaviour, loss, efficiency and temperature distribution of the two winding configurations are analysed and compared. It is
shown that the delta-connected winding has higher output torque under one phase open-circuit fault and lower inter-turn short-

circuit current with three-phase terminal short circuit.

1 Introduction

All electric aircraft (AEA) and more electric aircraft (MEA) have
attracted increasing attention due to growing demand for low
carbon air transport. It is desirable that electric drives in such
safety critical applications are fault tolerant with high torque/power
density, high efficiency and low maintenance cost [1]. While
permanent magnet (PM) machine is an attractive candidate for
meeting these requirements, the presence of PM field under fault
conditions is of major concern.

Many papers have investigated typical fault conditions of PM
machines and their responses under these fault conditions.
Uncontrolled generator mode and open-circuit (OC) faults are
relatively less harmful among all the faults because of the small- or
zero-phase currents [2]. Inter-turn short-circuit (SC) fault is
particularly critical since it leads to a large circulating current many
times greater than the rate in the faulted turns. This may give rise
to a local hotspot and ultimately cause a complete insulation failure
of the winding as well as irreversible demagnetisation of magnets.
It is also known [3] that the inter-turn short-circuit currents are
dependent on many factors, such as the number or the position of
the SC turns. One turn short-circuit located near the slot opening
will lead to the highest fault current. Symmetrical three-phase
terminal short circuit may be applied via the inverter as a
mitigation measure to reduce the inter-turn short-circuit current.
Thus, the ability to tolerate a single turn short circuit in the worse
location is most demanding for realisation of a fault-tolerant PM
drive.

A number of fault tolerant machine drives have been reported in
the literature. The most classical and straightforward method is to
employ redundant machine-drive systems. A drive with two
electric motors mechanically connected either in series or in
parallel fed by two separate inverters and power supplies are
described in [4, 5]. However, they usually have low power density
and torque density due to large space and extra accessories.
Modular PM machines have been investigated extensively in [6—8]
because of inherently fault tolerant capability. The modular PM
machine usually has concentrated coils which are wound either on
adjacent teeth or on alternate teeth leading to magnetic and thermal
isolations. Each single phase is controlled by an H-bridge PWM
converter resulting in electrical isolation. It also has high
inductance which could limit the short-circuit current. However,
the disadvantages of the modular PM machines are also obvious.
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The fractional slot concentrated winding yields high
magnetomotive force (MMF) space harmonics, causing high eddy
current loss in the rotor magnets [9]. Additionally, the modular
machine with concentrated windings has very small reluctance
torque. Therefore, increase in torque capability often leads to large
back electromotive force (EMF) and excessive inter-turn short
current even after application of terminal short circuit [6].

Multiple phase (>3) machines reported in [10] can continuously
operate at the loss of more than one phases with an appropriate
control algorithm. They have much better fault tolerance than
three-phase machines [11], but the multiple phase drive requires a
specific inverter control which may increase the cost. To improve
that, multiple three-phase PM machines fed by standard three-
phase drives have been investigated in [12, 13].

A triple redundant, 9-phase (3 x three-phase), 36-slot, 6-pole
permanent magnet-assisted synchronous reluctance motor
(PMASynRM) with wye-connected winding configuration as
shown in Fig. 1 is reported in [13]. ABC, DEF and GHI each forms
a balanced and non-overlapping three-phase winding to have
physical and thermal isolations between different three-phase sets.
Further, each three-phase set is controlled by an independent
inverter to have the electrical isolation. The performance of the
drive under healthy condition and various fault conditions,
including open circuit, one three-phase short circuit, and inter-turn
short circuit etc., has been assessed in [13]. The results show that
this machine has high saliency which leads to low permanent
magnet usage, inherent large reluctance torque, high efficiency and
torque density. All the above features are conducive for high
performance and fault tolerance, making this machine a promising
solution for the safety-critical applications.

Delta-connected winding is less adopted in industrial
applications due to presence of the triplen EMF harmonics and
resultant zero sequence current under healthy condition.
Investigations of performance for delta-connected PMASynRM
under various fault conditions are almost absent from the literature.
However, as reported in many literatures, three-phase wye-
connected machine cannot operate with three-phase inverter in the
one-phase open-circuit fault condition because the two remaining
active phases are dependent on each other. Therefore, the neutral
point of the wye connection has to be accessible and connected to
the mid-point of the drive's dc-bus or to an additional leg, which
increases the system cost and reduces the reliability of the overall
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Fig. 2 Schematic of the delta-connected PMASynRM with turn fault in
single phase

system. Delta-connected winding has better torque capability under
one-phase open-circuit fault condition in induction machines [14].
In addition, it will be shown that the delta-connected winding
yields low fault current under turn fault condition and consequently
lower hot spot temperature which is beneficial for improved
lifetime of the machine under this fault.

Therefore, this paper will investigate the delta-connected
winding PMASynRM with the same machine topology reported in
[13]. Firstly, an equivalent model of delta-connected winding with
inter-turn short-circuit will be established for better insight of the
fault behaviour. The performances of the triple redundant
PMASynRM with the delta- and wye-connected windings will be
comprehensively compared under healthy and various fault
conditions, including open circuit, inter-turn short-circuit and
terminal short-circuit. Additionally, because temperature is a key
limiting factor for post-fault operation, the highest hotspot
temperature under the worst condition will be analysed and
compared.

2 Equivalent model of delta-connected

PMASynRM with turn fault

For the convenience of the discussion, a turn fault is assumed to
occur in ABC set, and the influence between different three-phase
sets is neglected. Therefore, only one three-phase under the fault
condition needs to be considered. The circuit schematic of the
three-phase delta-connected winding ABC with a turn fault in
phase A is shown in Fig. 2. Phase A is divided into two sub-
windings denoted by AS1 (healthy part) and AS2 (faulty part).
Some further simplifications are made for derivation of the
influence of key parameters on the inter-turn fault current. (i)
Stator core are infinitely permeable and magnetic saturation is
neglected; (ii) Stator slotting effect is ignored. The fault ratio u is
defined as the ratio of the number of short-circuited turns to the
total number of turns in phase A.

The theoretical analysis for establishing the equivalent model
for the delta-connected PMASynRM with inter-turn fault in one
phase is based on the method described in [15].

It can be shown that based on the foregoing assumption the
voltage, v,,», and the flux linkage, 4,,,, of the SC winding AS2 for
the delta-connected PMASynRM in the dg frame are given by
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Fig. 3 Schematic of circuit under One three-phase SC
(a) Without neutral line, (5) With neutral line, (¢) Delta-connected

. o, s
Vass = Ryip = uR[izcos(0) — iysin(0) + i, — if] + dt2 (1)
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Similarly, the voltage and flux linkage of the short-circuited AS2

winding for the wye-connected machine in the dg frame are
obtained by [15]

das
Vas2 = Reig = pR[i400s(60) — igsin(0) — ir] + =3 @

Aasy = (L + Lin@)igeos() — u(Lys + Lmq)iqSin(e)

4
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where Ry is the fault resistance; ir is the fault circulating current; i
is the zero sequence current; iy, i, are the d- and g-axis currents; R,
is the phase resistance; Ly is stator slot leakage; L, is the phase A
self-inductance; 1,, is the phase flux linkage generated by the
permanent magnets; L4, Ly are the main d- and g-axis
inductances; 0 is the rotor angle (electrical) with respect to phase A
winding.

It can be observed from (1) and (2) of the delta-connected
winding and (3) and (4) of the wye-connected winding that the
only difference is the zero sequence current iy. FE analysis will be
used to assess the influence of zero sequence current on the flux
linkage 4,4.

Two different winding configurations are used in FEA as shown
in Figs. 3a and b. In both cases, the DEF and GHI three-phase sets
are wye connected and operate in the healthy condition and a
terminal SC is applied to the wye-connected three-phase set ABC.
However, Fig. 3b differs from Fig. 3a in that the ABC set is
terminal short circuit with a neutral line. This will result in
circulation of zero sequence current, which is equivalent to that of
Fig. 3¢ in which the delta-connected three-phase set ABC is
terminally short circuited.

In the simulations, the AS2 part is not short circuited, so the
turn-fault current ir is 0. The other two healthy three-phase sets
have the same mutual effect on the ABC set. Hence, the difference
of the turn flux linkage A4,, between the two winding
configurations is mainly due to the zero sequence current according
to (1)~(4). The turn flux A, under the two cases is compared in
Fig. 4. As seen, the turn flux A, of the machine with the neutral
line is smaller than that of the machine without the neutral line. It
follows that the zero sequence current helps nullify the turn flux
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Fig. 5 Comparison of output torque between wye- and delta-connected
machine

Table 1 Comparison of performance at rated operation

Winding configuration Wye Delta  Difference, %
average torque N m 95.66 95.23 -0.45
torque ripple, % 17.19 17.12 -0.41
copper loss, W 1228.62 1241.37 1.04
iron loss, W 57.98 58.20 0.38
efficiency, % 96.89 96.84 -0.05

Table 2 Comparison of performance under F1

Winding configuration Wye Delta_S1 Delta_S2
average torque, N m 54.57 86.85 76.96
torque ripple, % 28.09 31.69 17.96

linkage and hence further reduce the induced voltage and
circulating current in the faulted turn.

3 Healthy performance

The delta- and wye-connected PMASynRMs are required to have
the same fundamental MMF, the line current and slot fill factor.
Hence, the number of turns per coil, the conductor size and the
phase resistance in the delta-connected PMASynRM are
proportionally increased, while the fundamental phase current is
decreased. The design details and specification of the wye-
connected PMASynRM are given in [13].

Under no-load condition, the delta-connected PMASynRM has
extra triplen harmonic components in the line-to-line back EMF
compared with the wye-connected PMASynRM. In the rated
operation (rated torque at the base speed), the phase current of the
wye-connected PMASynRM is assumed to be sinusoidal through
inverter control, while the phase current of the delta-connected
PMASynRM contains the fundamental and triplen harmonics. The
third-harmonic component in the phase currents, known as zero
sequence current, is identical in phases A, B and C with the
magnitude around 10% of the fundamental current and results from
the triplen harmonics in the line-to-line back EMF as well as the
interaction of the rotor saliency with the fundamental component of
phase currents.

In the delta-connected PMASynRM, apart from the same torque
ripple with the wye-connected PMASynRM, the third-harmonic
phase current (neglecting higher order triplen harmonics) will
interact with the EMF harmonic to generate torque ripple.
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Fig. 7 Comparison of torque waveforms under F1

However, only the triplen EMF harmonics interacts with the zero
sequence current, generating 3k order of torque ripple.

The torque waveforms and their spectra of the delta- and wye-
connected machines at the rated torque and base speed are
compared in Fig. 5 and the key performance indicators in Table 1.
As can be seen, the fundamental torque of the delta-connected
PMASynRM (95.23 N m) is 0.45% lower than that of the wye-
connected PMASynRM (95.66 N m). Main torque ripple
harmonics of the two machines are 6th and 12th. Besides, there is
very little increase of the 3k order torque ripples of the delta-
connected PMASynRM because of relatively small triplen EMF
harmonics.

Hence, the zero sequence current of the delta-connected
PMASynRM has little effect on the output torque, albeit it will
increase the copper loss by 1%. The performances under peak
torque and base speed are very similar to that obtained from the
rated torque and base speed except for the more obvious partial
saturation due to the zero sequence current.

4 Fault performance

The performances of the two winding configurations under various
fault conditions at the rated torque and base speed are compared.
Fault conditions considered in this paper are F1: one-phase open-
circuit, F2: one three-phase open-circuit, F3: one-turn short circuit,
F4: one-turn short circuit with three-phase terminal short circuit.
One three-phase terminal short-circuit fault is not considered
separately because it has very similar steady-state performances to
F4. Besides, for the sake of discussion, all the faults are assumed to
occur in the ABC three-phase winding.

4.1 One-phase open-circuit fault

It has been known that in the wye-connected machine, a three-
phase set cannot produce continuous torque when one phase is
open-circuited. For the delta-connected PMASynRM, if one
connection to the inverter leg is open circuited, the faulty three-
phase set cannot operate either. However, if an open circuit occurs
in the phase connection as shown in Fig. 6, the currents in phases A
and B can still be controlled by the inverter to produce continuous
torque. For the same line currents, the magnitude of i, i, will /3
be times. This is denoted as Delta S1. Alternatively, the line
currents will be 1/4/3 times if the magnitude of i,, i, is kept the
same. This is denoted as Delta_S2. The resultant torque waveforms
and average torques under F1 between the wye- and delta-
connected PMASynRM with the remedial actions Delta S1 and
Delta_S2 are compared in Fig. 7 and Table 2.

It can be observed that the average torque of Delta S1 and
Delta S2 are both larger than that of the wye-connected
PMASynRM because the remaining two active phases in the delta-
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Table 3 Comparison of performance under F3

Winding configuration Wye Delta_C1 Delta_C2
average torque, N m 54.57 55.90 54.19
torque ripple, % 28.09 33.32 36.68
copper loss, W 819.0 977.2 925.4
total iron loss, W 56.93 51.61 52.43
efficiency, % 96.31 95.79 95.87
Table 4 Comparison of performance under F3

Winding configuration Wye Delta

RMS of turn current, A 726.70 694.43

RMS turn fault current normalised to/rated, pu 8.71 1444
turn loss, W 857.6 1354.8
average torque, N m 84.64 85.89
torque ripple, % 37.03 33.50

connected machine can be independently controlled and used to
produce torque. Additionally, with the remedial action Delta S2,
the torque ripple is much smaller than that in the wye-connected
PMASynRM. This is because the negative-sequence rotating
component of MMF has been eliminated by the angular phase shift
of currents [14].

4.2 One three-phase open-circuit fault

There are two possible cases of the delta-connected PMASynRM
under one three-phase open-circuit fault. One is named as
Delta_C1 in which the three-phase inverter is disconnected, and the
other is denoted as Delta C2 in which the three stator phases are
disconnected.

In Delta_Cl1, the faulted three-phase set has loop current which
is generated by the triplen harmonics in the line-to-line back EMF
and the mutual coupling between the healthy phases and the faulty
phases. The phase currents of the faulted three-phase set are both
zero in Delta C2 and in the wye-connected PMASynRM. The
remaining two healthy three-phase sets of the wye- and delta-
connected PMASynRMs are excited as usual. Under F2 of the
delta-connected PMASynRM, however, although the line currents
of the remaining two three-phase sets are kept the same by the
inverter control, the phase currents are more distorted to the
unbalance and mutual coupling, leading to increased copper loss
and torque ripple compared with the wye-connected PMASynRM
under F2. Table 3 compares the main performance indicators under
F2.

As observed, the steady-state performance of the wye-
connected PMASynRM under F2 is the same as that under F1. The
delta-connected PMASynRM has similar average torque but with
larger torque ripple, higher copper loss, and slightly lower
efficiency compared with the wye-connected PMASynRM under
F2.

4.3 One-turn short-circuit fault

The steady-state performance indicators under one turn short
circuit (F3) of the wye- and delta-connected PMASynRM are
shown in Table 4. It can be observed that the normalised RMS
turn-fault current and the resultant copper loss in the faulted turns
of the delta-connected PMASynRM are much higher than those of
the wye-connected PMASynRM. Additionally, the average torque
between two winding configurations is similar while the torque
ripple of the delta-connected machine is lower.

4.4 One-turn short-circuit with three-phase terminal short-
circuit

The extremely large fault current in F3 is unsustainable. However,
upon detection of the fault, three-phase terminal short circuit
should be applied through the inverter to nullify the flux linkage in
the faulted turn and hence reducing the fault current. This is
referred to as F4. Thus, performances under F4 are most critical for
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Fig. 8 Cross section of SC turn in B2 coil of PMASynRM
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Fig. 10 Comparison of performance under F4
(a) Currents in faulted turns (b) Output torque

post-fault operation and the resultant the maximum temperature
under F4 between the wye- and delta-connected PMASynRMs will
be assessed and compared.

Due to the mutual coupling between the two healthy three-
phase sets and the faulty three-phase set, the fault current is
dependent on the location of the fault in the six possible coils Al,
A2, Bl1, B2, C1 and C2 as illustrated in Fig. 8. It has been shown in
[13], when the SC turn is located in B2 coil marked by the black
square in Fig. 8, the resultant current of the wye-connected
PMASynRM is the highest. Similar scan of the turn fault current
when the fault occurs in six coils of the delta-connected
PMASynRM is performed by FEA. For each fault location, the
amplitude and GAMMA (torque) angle of the current vector in the
two healthy three-phase sets are varied over [0 A, 150 A] and [40°,
80°]. It has been found that the fault in B2 coil is also the worst.
The RMS fault current variation with the amplitude and GAMMA
angle of the currents in the two healthy three-phase sets is shown in
Fig. 9.

Hence, the black squares in Fig. 8 illustrate the worst fault
condition under F4 of the delta-connected PMASynRM.

The resultant torque waveforms and performance indicators of
the wye- and delta-connected PMASynRMs under F4 are shown in
Fig. 10 and Table 5, respectively. In addition, Table 6 compares the
average temperature and hotspot temperature of different parts
under the rated healthy operation and F4 between the two winding
configurations. These temperatures are obtained by establishing
representative thermal model of the machine under study as
described in [16]. Both thermal models of two winding
configurations have same initial and ambient temperatures.

It can be observed that the average torque and torque ripple of
the wye- and delta-connected PMASynRM are very similar.
However, the RMS turn fault current of the delta-connected
machine (122.26 A, 2.54 pu) is significantly lower than that of the
wye-connected machine (266.25 A, 3.20 pu). This is due to the
zero sequence current which tends to reduce the flux linkage of the
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Table 5 Comparison of performance under F4

Winding configuration Wye Delta
RMS of turn current, A 266.62 122.26
RMS turn fault current normalised to rated, pu 320 254

average torque, N m 63.37 62.92
torque ripple, % 20.45 18.76

Table 6 Comparison of temperature under healthy
condition and F4

Temperature Wye Delta
Healthy condition Rotor, °C 154 155
Stator tooth, °C 153 154
Stator yoke, °C 129 129
Copper, °C 162 163
Fault condition Hot spot, °C 251 186

short circuited turn in the delta-connected PMASynRM. Thus,
while the two design variants have very similar temperature rise
under healthy conditions, the hot spot temperature of the delta-
connected PMASynRM (186°C) is much lower than that of the
wye-connected PMASynRM (251°C).

5 Summary

This paper compares the performance of a triple redundant, nine-
phase PMASynRM with wye- or delta-connected windings under
healthy and fault conditions. It has been shown that they have very
similar performances in healthy operations, although the delta-
connected PMASynRM has extra zero sequence current which
leads to increase in the copper loss by 1%. The steady-state
performance of the delta-connected PMASynRM is slightly worse
than that of the wye-connected PMASynRM under three-phase
open-circuit and one-turn short-circuit fault. However, it has much
higher average torque and smaller torque ripple compared with the
wye-connected PMASynRM under one-phase open-circuit fault. It
is also shown that the zero sequence current in the delta-connected
machine reduces the flux linkage of the short-circuited turns,
resulting in significantly lower turn fault current and lower hotspot
temperature compared with the wye-connected PMASynRM. This
leads to better fault tolerance.
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