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Abstract—Multi-three-phase machines have attracted consid-
erable interest in several fields thanks to the enhanced fault tol-
erance and the reduced phase current, adopting standard three-
phase inverters instead of special custom converters. However,
the fault-tolerance and the quality of the derated performance
is strongly dependent to the winding topology and the type of
rotor adopted. This study compares two 12-phases machines
with distinctive rotor structure and magnetic behaviors: one
with high anisotropy and low PM content and the other with
lower anisotropy and dominant PM flux linkage. Efficiency
and torque ripple are included in the comparison, both in
healthy and open-set derated conditions. The results shows that
derating is not crucial on an average point of view, but can
significantly increase the torque ripple and, in some scenarios,
to further reduced operating area. Notably, the high-anisotropy
machine demonstrates superior field-weakening performance,
whereas the motor with greater PM flux linkage achieves better
derated output below base speed. These findings highlight the
importance of rotor selection in optimizing multi-three-phase
drives, according to the specific application.

Index Terms—Permanent Magnet Synchronous Machines,
Multi-Three-Phase Machines, Fault Tolerance

I. INTRODUCTION

In recent years, Multi-Three-Phase (M3PH) machines have
gained attention in both industry and academia. Like other
multi-phase machines, M3PH solutions offer fault-tolerance
capability, reduced phase currents (fudamental for high-power
applications) and improved harmonic content, compared to
standard three-phase counterparts [1]. Furthermore, M3PH
drives enable a modular approach adopting standard three-
phase inverters and modular control algorithms [2], simpli-
fying the drive design and streamlining the supply chain.
These features are essential in several applications, such as
naval [3], [4], aerospace [5] and energy [6], [7] sectors,
where fault-tolerance is mandatory and high-power drives
are needed, as well as in electric traction applications [8]-
[10], where fault tolerance and the ability to limit phase cur-
rents are highly beneficial. Traditionally, Induction Machines
(IMs) and Surface-mounted Permanent Magnet Synchronous
Machines (SPMSMs) were adopted for M3PH architectures.
However, the automotive sector asks for electrical machines
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TABLE I
MOTOR RATINGS
PM-SyRM IPMSM

Peak torque (Nm) 966 95
Peak power (kW) 88 47
Base speed (rpm) 870 4700
Maximum speed (rpm) 3000 10000
Maximum phase current  (Apk) 50 40
DC-link voltage (Vdce) 600 400
Number of sets 4 4
Stator outer diameter (mm) 159 375
Stack length (mm) 340 105

expressing a wide Constant Power Speed Range (CPSR) and
more efficient field-weakening operation. It follows that Inte-
rior Permanent Magnet Synchronous Machines IPMSM) and
Permanent Magnet (PM) - assisted Synchronous Reluctance
Machines (PM-SyRMs) have gained importance. The former
are already common in the automotive applications, while the
latter, initially introduced in industrial context [11], have only
recently begun to see wider adoption in automotive [12].
However, the rotor structure can deeply affect the machine
behavior under open-set derated conditions. To investigate this
aspect, the paper compares two 12-phase PM machines with
different rotor design: a PM-SyRM with four flux barriers, and
a V-type IPMSM, both with NdFeB PMs. Their key ratings
are summarized in Tab. I, and their cross-sections are shown
in Fig. 1. Both machines adopt the same asymmetric 12-phase
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Fig. 1. Cross section geometry of the two benchmark machines: (a) PM-
SyRM and (b) IPMSM.



winding, with a phase shift of 15° between each set.

II. MACHINE MODELING AND ANALYSIS BACKGROUND

Among the several modeling approaches for M3PH ma-
chines, this study will adopt the Multi-Stator (MS) one as it
allows the identification of each set’s individual contribution
to overall machine performance. Furthermore, the study is
conducted under the assumption of balanced operation: each
active three-phase set is controlled with the same current
amplitude and angle (in the rotor dq reference frame). In this
way, the magnetic model can be expressed function of the total
current Ngctive - tdg, Where ngetive 1S the number of active sets
and ¢4q is the phase current of one set in dg coordinates.

Dealing with derated conditions, the open-set fault is con-
sidered: inverter is turned-off and DC-supply is disconnected,
preventing the current flow in faulted sets. For completeness,
five scenarios are evaluated, each represented by a four-
elements binary vector (one element per set). If a vector
element is “1”, the associated set is active, otherwise, it is
inactive. The five considered scenarios and the corresponding
color labels adopted in the following are:

o [1111]: healthy supply (black);

o [1110]: light derating (blue);

e [1100]: medium derating, consecutive active sets (red);

o [1010]: medium derating, alternate active sets (green);

e [1000]: heavy derating (orange).

The comparative analysis is performed within SyR-e envi-
ronment [13]. As the machines have different power ratings,
results are presented in per-unit values to facilitate a direct
comparison between rotor technologies.

III. PERFORMANCE ASSESSMENT
A. Magnetic Model

The first comparison focuses on the magnetic model. For
each benchmark machine, the flux maps in the five scenarios
are computed and the axis curves, without cross-saturation
evidence, are reported and compared in Fig.2 as a function
of the total current for all scenarios.

As observed in previous analysis [14], the average values
in open-set derated conditions are aligned with the healthy
scenario, aside from the reduced total current amplitude. The
first major difference between the two machines is the PM
flux linkage amplitude, which is approximately 30% of the
maximum flux linkage for PM-SyRM, but around 75% of the
maximum flux linkage for the IPMSM. This disparity results
in distinct torque production mechanisms and different field-
weakening operations.

B. Torque Capability

The Maximum Torque Per Ampere (MTPA) curve can be
computed for each scenario, starting from flux maps. The
torque versus current curves along the MTPA are compared in
Fig. 3 for both machines. As expected, the torque reduction is
proportional to current reduction due to inactive sets. However,
the two machines exhibit specific behaviors. The [IPMSM gives
a torque curve perfectly proportional to the current for all the
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Fig. 2. Flux maps of the two benchmark machines at different derating levels.

derating levels, whereas the PM-SyRM shows reduced torque
constant at high derating levels. This difference arise from
the nature of the two machines: for IPMSM, magnetizing flux
linkage is primarly generated by the PMs (about 75%), while
for PM-SyRM, the PMs account for only about 30% of the
magnetizing flux linkage, with the remaining 70% induced
by the armature current. This behavior penalizes the torque
constant for PM-SyRM. These differences are illustrated in
Fig.4, which shows the flux linkage amplitude along the
MTPA as a function of torque.

A last comparison involves peak-to-peak torque ripple AT},
along the MTPA, which is the main distinction between
the healthy and derated conditions. It is reported versus the
average torque in Fig. 5 for both machines in all the scenarios.
The loss of one or more sets increase the harmonic content
of the airgap flux density, resulting in higher torque ripple.
As evident from Fig. 5, open-set derating significantly affects
the PM-SyRM because the unbalanced currents lead to an
unbalanced magnetizing flux. On the other hand, the IPMSM
express only a modest torque ripple detriment under derated
conditions, given that its magnetizing flux is mainly produced
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Fig. 3. Torque versus current curves along the MTPA for the two benchmark
machines and in the 5 considered configurations.
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Fig. 4. Flux linkage versus torque along the MTPA for the two benchmark
machines and in the 5 considered configurations.
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Fig. 5. Peak-to-peak torque ripple versus torque along the MTPA for the two
benchmark machines and in the 5 considered configurations.

by the PMs. Moreover, for both machines, the most convenient
derating configuration is [1010], as observed in [14]. This is
quite evident for PM-SyRM.

C. Power Limits

The power-speed curves are derived in lossless conditions
and at maximum current and voltage to provide a quick
overview of each machine’s power profiles. As shown in Fig, 6,
the PM-SyRM achieves a wide CPSR (around 3), according to
its design specifications. On the other hand, IPMSM presents
a limited CPSR (around 2). Besides the CPSR, the machines
markedly differ in their derated operation. The PM-SyRM
shows ideal power profile under all the derated scenarios, with
only a slight power detriment for heavy derating condition.
Conversely, IPMSM power profile is strongly affected by
derating, reducing the power limit with speed and making
impossible to reach the maximum speed for heavy derating.
These different behaviors derive from the higher share of PM
flux linkage in the IPMSM and the lower characteristic current
of the PM-SyRM, causing a more effective field-weakening.

D. Efficiency Maps

The comparison is extended to the entire torque-speed plane,
accounting for both copper and iron loss. PWM-induced and
mechanical loss are neglected to simplify the simulation.
However, the results remains consistent as both machines are
evaluated under the same assumptions. Efficiency maps are
evaluated according to [15] and reported in Fig.7 for both
machines across the five considered scenarios.
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Fig. 6. Power versus speed curves at maximum phase current for each derating
condition of the two benchmark machines.

The two machines present different efficiency contours al-
ready in healthy conditions. The IPMSM shows a wider high-
efficiency region at mid-high speeds, whereas the PM-SyRM
presents a narrower maximum efficiency area, but achieves a
higher efficiency at very high speeds.

In the derated scenarios, the open-set condition is more
critical for the PM-SyRM, that exhibit a greater efficiency drop
than in the IPMSM, especially below the base speed. This
difference aligns with the specific torque-speed relations re-
ported in Fig. 3. However, in field-weakening region, the trend
reverses: PM-SyRM achieve higher efficiency than IPMSM,
especially at low loads (and thus at partial supply). This feature
derives from the higher share of flux linkage generated by the
stator current in the PM-SyRM, resulting in a more efficient
field-weakening operation.

E. Torque Ripple Map

The AT}, maps on the torque-speed plane are reported in
Fig. 8, normalized to the average torque 7. Under healthy
conditions, both machines generally exhibit low torque rip-
ple (< 20%) across the entire operating range. However,
they behave differently with speed: PM-SyRM torque ripple
reduces in field-weakening operation, while IPMSM torque
ripple grows with speed, especially at very high speed and
low loads.

In open-set derating, torque ripple generally worsens, in
accordance with the MTPA analysis. For PM-SyRM, the most
critical operating area is high-load in field-weakening, where
incomplete supply leads to unbalanced magnetizing flux and
consequently high torque ripple. This worsen also at low
speed, especially in the [1100] and [1000] configurations,
(i.e. the most unbalanced supply configurations), leading to
average torque ripple values around 40% and 60%, respec-
tively. Conversely, IPMSM features only of a modest rise of
torque ripple at low speed, with peak around 30% in the
[1000] configuration. Nonetheless, IPMSM operation becomes
challenging as ﬁeld—weakenil}ﬁg begin. Here, torque ripple
skyrockets, soon exceeding % =1 (i.e. torque oscillations
of more than +50% of the output torque). Last, among the
50% derating scenarios, [1010] generally performs better for
both machines, as the active sets are wound as an asymmetric
six-phase winding, offering a more balanced distribution of
the airgap flux density.
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Fig. 7. Efficiency maps of the PM-SyRM benchmark in the 5 considered

scenarios.
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Fig. 9. Peak-to-peak toque ripple maps over the dq plane for the four derated
conditions of PM-SyRM benchmark.

F. Extended Torque Ripple Assessment

To deepen the understanding of the different nature of
torque ripple, Fig.9 and Fig. 10 shows the AT}, maps over
the dg plane for the PM-SyRM and IPMSM, respectively.
In these figures, torque ripple is reported as a function of
the total current and compared with the healthy condition,
represented by the colored, non-shaded contours. Maximum
current limit, MTPA and MTPV trajectories are reported
for references. This representation confirms and supports the
previous analysis. Specifically, PM-SyRM shows torque ripple
contours that scale with both dg currents amplitude in for
the [1110], [1100], and [1000] configurations, whereas in the
other two scenarios, ATpp is more affected by the g-axis
component. On the other hand, IPMSM exhibits very low
torque ripple for the symmetric scenarios ([1111] and [1010]),
outperforming the PM-SyRM in both cases. However, in the
other derating scenarios, torque ripple grows sharply with 74
amplitude, leading to critical field-weakening operations, as
seen in Fig. 8.

These differences arise from the different torque ripple spec-
tra, associated with each scenario. In general, all the multiples
of 6! harmonic are present in the torque ripple spectrum,
but for M3PH asymmetric windings, the main torque ripple
harmonic increases by the number of sets, leading to spectra
with multiples of 12t and 24*" harmonics for six and twelve
phase windings, respectively. Fig. 11 shows the torque ripple
spectra of both machines in two operating points at 50%

Fig. 10. Peak-to-peak toque ripple maps over the dg plane for the four derated
conditions of IPMSM benchmark.

of the maximum total current and at base speed (point 1)
and maximum speed (point 2). The former considers MTPA
comparison, while the second highlights the field-weakening
operation. Configuration [1000] is not considered as the se-
lected operating points are unfeasible in this configuration.

Under healthy conditions, only orders 24" and multiples
are visible, as expected from a 12-phase asymmetric winding.
In [1010] configuration, the phase shift of the two active
sets is the same of asymmetrical 6-phase winding, yielding a
spectrum with just 12" harmonic and multiples. Conversely,
the two unbalanced scenarios present all the 6% and multiple
orders.

Moreover, the two machines presents evident differences in
the spectra, especially under uneven derated conditions ([1110]
and [1100]). PM-SyRM shows a dominant 18" order, related
to the equivalent rotor “slots”, whereas the IPMSM dominant
harmonic is the 6! because of the single flux barrier. The
additional 6" order harmonic explains its significant torque
ripple increase under these conditions. Dealing with field-
weakening conditions, torque ripple spectra deteriorates for
both machines, with a general increase of the additional orders
(different from the 24%").

IV. CONCLUSIONS

This paper compared a PM-SyRM and a V-type IPMSM
each adopting a 12-phase asymmetric winding configuration,
under healthy and open-set derated conditions. The results con-
firm that, in terms of average values, there are no differences
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Fig. 11. Torque ripple harmonic spectra of the two benchmark machines at
base speed, 0.5 current and max speed and 0.5 current.

between the healthy and derated conditions, given that the total
current is considered. Opposite is the results for harmonic-
related quantities, as torque ripple, that deteriorates with the
derating and is function of the rotor structure. In details,
IPMSM performs better than PM-SyRM at low speed, thanks
to the higher share of PM flux linkage, reducing the needed
magnetizing current and allowing a toque reduction propor-
tional to the faulted sets. On the other hand, PM-SyRM needs
a high magnetizing current, exhibiting a more pronounced
torque detriment under open-sets conditions, especially for
heavy derating scenario. Furthemore, IPMSM shows also a
modest increase of torque ripple in this region, lower than the
one expressed by the PM-SyRM.

This results shifts in the high speed region, where the PM-
SyRM benefits from a more efficient field-weakening mech-
anism. Indeed, it maintains lower torque ripple and reaches
higher power at maximum speed compared to IPMSM, even
if the field-weakening speed range of the latter is lower.
In addition, IPMSM is not able to reach maximum speed
for heavy derating condition, as it needs high demagnetizing
current, not available in this scenario.

Among the derating scenarions, if half of the sets must be
deactivated an alternating active-sets pattern (i.e. [1010]) is
preferred, as effectively reproduce an asymmetric six-phase
winding, limiting the spectrum detriment. For designs with
more sets, more optimal derating scheme with this alternate
patterns can be implemented.

Finally, the harmonic analysis performed at two operating
points (base and maximum speed at half power) demonstrate
clear spectral differences between the two machines in de-
rated scenarios. Under uneven derating conditions, IPMSM
exhibits a dominant 6! order, that further increases under
field-weakening control. In the same conditions, PM-SyRM

shows a dominant 18" harmonic, related to rotor flux barriers.
Nevertheless, its torque ripple deterioration in field-weakening
is less severe, confirming its overall advantages in high-speed
region.
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