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Abstract — Multi-phase motors offer a high reliability solution
for safety-critical applications as they can operate under some
fault conditions with reduced performance. Permanent magnet
synchronous motors (PMSMs) provide high torque density and
efficiency. This study performed a thorough parametric analysis
using 2-D magnetostatic and transient finite element analysis
(FEA) to individually optimize PMSMs with double-layer or
single-layer windings. There is no defined relation between rotor
pole pair and stator phase numbers for better optimization. This
paper uses an H-bridge for each phase to control the phases
independently and introduces an optimal approach for power
compensation during the open circuit fault. This method achieves
the minimum torque ripple and the minimum increase in DC
copper losses. As expected, the topology using a double-layer
winding and a Halbach array was found to outperform the other
topologies with regards to torque density and efficiency.

Index Terms— AC motors, Brushless motors, Electric motors,
Fault diagnosis, Finite element analysis, Optimization,
Permanent magnet motors, Reliability, Traction motors.

L. INTRODUCTION

M ulti-phase motors are a common solution for
applications requiring high reliability, such as
aerospace, traction, and military vehicles [1]-[8]. Increasing
the number of phases in a motor allows the motor to continue
operating with less of a performance penalty when a fault
occurs. Multi-phase permanent magnet synchronous motors
(PMSMs), such as those shown in Fig. 1, are advantageous for
these applications due to their high power density and
efficiency. Most existing literature analyzes the performance
of a few designs that are not necessarily optimized for specific
rotor pole pair counts or stator phase numbers. Many previous
studies [7]-[17] investigate multi-phase PMSM designs with
phase numbers equal to five or multiples of three because this
allows the associated drive to be formed from multiple
conventional three-phase inverters. However, utilizing an H-
bridge for each phase potentially improves the reliability
because the current in each phase can be controlled
independently [2], [18], [19]. Additionally, if each phase is
driven by an H-bridge, then any number of phases can be used
instead of restricting the choice to a multiple of three. Thus,
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this paper explores the performance of an unprecedently wide
range of slot/pole combinations during both normal operation
and operation with an open circuit fault affecting one phase.
An outer rotor topology was selected for evaluation so that
the PMSM can be integrated into the bore of a magnetic gear
to form a highly reliable powertrain. Using tooth-wound
windings eliminates overlapping end turns, which
significantly reduces the probability of a phase-to-phase fault.
The windings can be double-layer, with a coil wrapped around
each tooth, as in Fig. 1(a), or single-layer, with a coil around
only every other tooth, as in Fig. 1(b). By introducing a bare
tooth, a tooth between each set of windings, the single-layer
winding further reduces the likelihood of phase-to-phase
faults [16]. Furthermore, Halbach permanent magnet (PM)
arrangements, such as the array in Fig. 1, have previously been
shown to improve torque density [20] and efficiency [21], and
reduce torque ripple [22]. While previous studies compared
double-layer and single-layer designs for a single or a few
slot/pole combinations [23]-[25], this paper employs an
extensive parametric finite element analysis (FEA) study to
characterize and compare the performance of the optimal
double-layer and single-layer designs in terms of their torque
density, power factor (PF), efficiency, and performance in the
case of a fault. Additionally, different pole counts, phase
numbers, and geometries were evaluated with both
conventional (north-south) and Halbach PM arrangements.
Several methods have been developed to control PMSMs
during an open phase fault and compensate by adjusting the
phases and amplitudes of the currents in the healthy phases to
achieve different performance objectives [26]-[30].
Maintaining a constant magnetomotive force (MMF) during
the fault is one such control approach, but it results in a higher
torque ripple, as discussed in [26], [28], and [30], as well as
significantly increased copper losses. Although [26]
considered a means of minimizing these losses, the proposed
solution also decreased the torque. Past studies [26] and [27]
focused on nine- and six-phase motors, where the windings
were divided into groups of three. In the case of an open circuit
fault in a phase, the control algorithm only changed the
currents in the two healthy phases in the three-phase set with
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Fig. 1. Cross-sections of an outer rotor PMSM with (a) a double layer
winding and (b) a single layer winding.

the fault. This results in a simpler control algorithm, but it also
results in increased copper losses and larger torque ripple. This
approach also restricts the number of phases to a multiple of
three. The control method described in [29] restricts the
different phase currents to similar amplitudes and yields lower
copper losses, but higher torque ripples.

In this paper, a novel open phase fault current
compensation scheme is proposed, in which the phase currents
need not sum to zero; the ability to eliminate this constraint is
one advantage of utilizing H-bridges. In the proposed scheme,
the average torque and torque ripple are kept approximately
constant, while the increase in DC copper losses (copper
losses neglecting skin effects and eddy currents) is smaller
than those experienced in [26]-[30]. Equations are provided to
show that this compensation method minimizes the DC copper
losses while delivering the rated power.

II. DESIGN STUDY METHODOLOGY

The two topologies shown in Fig. 1 were compared using a
parametric design study and 2D finite element analysis (FEA)
simulations. For each design, the stack length was scaled to
achieve an average torque of 7 N-m. Table I lists the design
parameter values used in the parametric sweep, and Table 11
shows the pole and phase count combinations that were
evaluated. However, cases where the number of phases
equaled the number of poles or the number of pole pairs (P)
would yield excessively large torque ripples; thus, these cases
were not considered. The phase count ranges for each number
of pole pairs were informed by initial observations and
selected to include the optimal phase count within the range.
For the double-layer cases, the number of slots is equal to the
number of phases, whereas, for the single-layer cases, the
number of slots is twice the number of phases.

The primary metrics for evaluating the designs during
healthy operation are volumetric torque density (VTD), which
is the rotor torque divided by the motor’s active volume,
specific torque (ST), which is the rotor torque divided by the
motor’s active mass, efficiency, torque ripple, and PF. All the
cases from Tables I and II were initially evaluated using
magnetostatic FEA, and the 16,000 best designs based on
VTD and ST were evaluated using transient FEA to
characterize core losses and power factor. These cases were
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also evaluated using magnetostatic FEA with a single open
phase fault to characterize the effects of this fault on the
average torque and torque ripple of the designs.

All designs were simulated using NdFeB N48SH PMs, 29-
gauge M19 silicon steel for the ferromagnetic components
(rotor back iron and stator core), and copper for the windings.
To facilitate air cooling, the rms current density was set to 3.5
A/mm? during healthy operation. The current was aligned with
the g-axis for maximum torque per ampere (MTPA) operation.
In the simulation models, each phase was assumed to have a
single series turn. The number and cross-sectional area of the
series-connected turns can be adjusted to meet the voltage or
current limitations of the drive. As long as the copper fill
factor remains constant, this will not affect the efficiency
(neglecting AC losses in the windings, which were assumed
negligible in this study), power factor or torque of the designs.

The slot opening factor (asior opening) 1s defined as the ratio
of the slot opening arc length (between adjacent tooth tips) to
the arc length of the outer edge of the full slot. For instance, a
0.4 asior_opening means that 40% of the top arc length of the slot
is open and not covered by tooth tips. Also, the tooth fill factor
(aroom) 1s the ratio of the angular width of a tooth to the
combined angular width of a tooth and a slot. A low azoom
corresponds to a large area available for the windings, which
enables more current for the same current density. Because

TABLEI
DESIGN PARAMETER SWEEP RANGES
Parameter Description Range Units
P Pole pairs 2-15
Rou Active outer radius 50, 70, 90 mm
Tpr s Stator back iron thickness 5, 10 mm
TWinding Stator winding thickness 10, 15 mm
Troothtip Tooth tip thickness 1 mm
Tic Air gap thickness 1 mm
Trm Rotor magnet thickness 3,6,9 mm
Tsi v Rotor back iron thickness 0, 5, 10 mm
Osior opening  Slot opening factor 0.1,0.3,0.5
ATooth Tooth fill factor 0.3,0.4,0.5
OCopper Copper fill factor 0.5
TABLE II
STATOR PHASE NUMBER SWEEP RANGES
Pole Pairs Number of Phases (N)
P) Double Layer Single Layer
2 3,5,6 3,5
3 4,5,7,8 3,4,5
4 3-10 3,5,6
5 3-12 3,4,6,7
6 8-14 3-10
7 8-16 3-10
8 10-18 5-10
9 10-20 6-11
10 12-22 6-11
11 12-20 7-12
12 13-23 8-13
13 14-24 9-12
14 19-25 10-15
15 19-26 10-14




higher currents tend to increase the torque density, most of the
designs favored lower armen values. The copper fill factor
(acopper) 1s the fraction of the slot area that is filled with copper.

III. RESULTS

The 2-D FEA magnetostatic simulations determined the
initial sizing of the motor for both variations of the topology
shown in Fig. 1 (with both north-south PMs and a Halbach
array). The legend in Fig. 2 summarizes these different
scenarios. The designs on the Pareto front maximizing VID
and maximizing ST at each radius and pole/phase combination
were simulated using transient FEA to evaluate efficiency and
power factor and under the single open phase fault condition.

A.  Normal Operation

Figs. 3(a) and (b) show the maximum VTD and ST
achieved in each PM arrangement scenario. The double-layer
designs can achieve a slightly higher VID and ST than the
single-layer designs. In a double-layer topology, the number
of teeth is the same as the number of phases. However, in a
single-layer topology, there are twice as many teeth as there
are phases. Therefore, the windings do not cover the bare teeth
in the single-layer topology and the equivalent current flowing
around those teeth, which is the resultant of the currents
flowing in the two adjacent windings, is less than the current
flowing around the other teeth. This difference results in
slightly different maximum VTDs and STs for the double-
layer and single-layer topologies. Employing the Halbach
array on the rotor improves the torque density of both
topologies, especially at higher rotor pole pair counts, as

Double-Layer Winding |Single-Layer Winding

Conventional PMs

Halbach Array PMs
Fig. 2: Legend for the design trend plots in Figs. 3-8.
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Fig. 3. Impact of rotor pole pair count on the maximum acheiveable (a)
VTD and (b) ST of the topologies with conventional or Halbach array PMs.
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shown in Figs. 3(a) and (b). The Halbach array increases the
air gap flux and reduces the flux in the rotor back iron. As the
rotor pole pair counts increase, the arc lengths of the PMs
decrease. Thus, the tangential portions of the flux paths get
shorter, and the Halbach arrays can provide an adequate return
path for the flux, eliminating the need for the rotor back iron.
Figs. 3(a) and 3(b) also indicate that the maximum achievable
VTD and ST exhibit similar trends with respect to pole pair
count and Halbach arrays.

The following figures show the values of various
parameters corresponding to each of the optimal VTD designs.
Fig. 4(a) displays the corresponding number of phases for the
optimal designs in Fig. 3(a). The single-layer designs have
much lower optimal phase counts than the double-layer
designs. However, comparing the cross-sectional areas of the
windings shows that the winding area of the single layer
topology is same as the winding area of the double layer
topology with twice the number of phases. The teeth
separating windings in the single-layer designs may increase
the reliability by preventing adjacent phases from being
affected if there is a short circuit in a winding. However, the
higher number of phases in the optimal double-layer designs
provides more redundancy in the case of open circuit faults.

The maximum VTD designs have the maximum simulated
outer radius, except in the case of the optimal double-layer
designs with 2 pole pairs, so the stack lengths are generally
inversely proportional to the VTD, as shown in Fig. 4(b).

Figs. 5(a) and 5(b) show how the phase count affects the
maximum achievable VTD for the double-layer and single-
layer topologies with Halbach arrays. For better visualization,
only 4 rotor pole pair counts are illustrated. For some pole pair
counts, the VTD is maximized with a number of phases that is
not a multiple of 3. Thus, considering a wide range of phases
can yield higher VTDs, at the expense of requiring an
unconventional inverter.
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Fig. 4. Corresponding (a) stator phase numbers and (b) stack lengths for the
maximum VTD designs shown in Fig. 3(a).
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Fig. 5. Impact of stator phases on the maximum achieveable VTD for (a)
double-layer designs and (b) single-layer designs with Halbach arrays.

Fig. 6 shows the PF for both topologies and PM
arrangements during MTPA operation. Due to the surface
mounted PMs, the inductances are relatively low, so the PFs
are relatively high, especially for designs with thicker PMs.
The Halbach array designs with maximum PF use thicker PMs
than the conventional PM designs with maximum PF.

Fig. 7(a) depicts the electromagnetic efficiencies (not
including friction or windage) of the optimal VTD designs at
full load (7 N-m) and rated speed (1800 rpm). Figs. 7(b)-7(d)
show the per unit (pu) copper loss, PM loss, and core loss of
the same designs in Fig. 7(a), where the pu loss is defined as
the ratio of the losses to the output power (1.3 kW for all
designs). The DC copper losses decrease as the pole pairs
increase, due to the increased VTD, which reduces the copper
volume. Additionally, the number of slots in the optimal
designs increases with the number of pole pairs, which reduces
the length of the end windings. The eddy current losses in the
PMs are unexpectedly high, which reduces the efficiency
significantly, especially in the designs with lower pole pair
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Fig. 6. Variation of PF for the maximum VTD designs using (a) a double-
layer winding with conventional PMs, (b) a double-layer winding with a
Halbach array, (c) a single-layer winding with conventional PMs, and (d) a
single-layer windings with a Halbach array.
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counts. This likely occurs because the 2D simulation does not
account for the finite axial length of the PMs when computing
the eddy current losses in the PMs. Furthermore, the PM losses
could be reduced by segmenting the magnets or optimizing
the shape of tooth tips. This is illustrated by the fact that the
Halbach array designs, which have twice as many PM pieces
as the conventional PM designs, have significantly lower PM
eddy current losses than the conventional north-south designs.
Additionally, the PM eddy current losses tend to decrease as
pole pair count increases, reducing the arc length of each PM.
The core losses in the rotor back iron and stator increase with
the pole pair count, due to the increase in electromagnetic
frequency. However, the core losses tend to be significantly
smaller than the other losses, except at the very highest pole
counts. Overall, the designs with Halbach arrays and high pole
counts are able to achieve good efficiencies, and the other
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and (d) core losses for the maximum VTD designs shown in Fig. 3(a).



designs could likely achieve acceptable efficiencies if the PM
eddy current losses were reduced by segmenting the PMs.

B.  Short Circuit Fault

One important tradeoff to consider when designing a
PMSM is that using thicker magnets results in lower
inductance and higher PF, but the smaller inductance also
leads to a higher short circuit current. A short circuit fault in
can cause a cascading failure by further damaging the
insulation or demagnetizing the PMs. Fig. 8 shows the
characteristic current in one phase, where the per unit ratio is
defined as the ratio of the RMS characteristic current to the
nominal RMS current. The designs with Halbach arrays favor
thicker magnets and, for the higher pole counts, air cores (no
rotor back irons). Thus, the Halbach array designs tend to have
lower inductances and higher characteristic currents. The
single-layer designs also tend to have smaller per unit
characteristic currents than the double-layer designs because
the windings in the optimal single-layer designs have larger
cross sections, which results in higher nominal currents. Thus,
the single-layer designs’ per unit characteristic currents are
lower than those of the double-layer designs, even though their
back emfs and inductances are in the same ranges. The
characteristic currents in Fig. 8 are too high; this should be
considered in future optimization studies.

C. Open Circuit Fault

An open circuit fault in one of the switches or windings can
result in the machine operating with one less phase than
normal. Alternatively, a machine may stop using one of its
phases if an incipient fault in that phase is detected. In either
case, the loss of one phase will reduce the torque produced by
the machine and increase the torque ripple. However, these
issues can be mitigated by appropriately increasing the current
in the remaining healthy phases, but this results in increased
DC copper losses and, potentially, local saturation.

There are several approaches to calculate the compensating
current in the other phases when one phase has no current
[26]-[30]. The goal is to maintain the same average torque
without significantly increasing the torque ripple or DC
copper losses. In one of the evaluated motors with N phases
and P pole pairs, the per unit healthy current phasor in phase
n can be determined based on the electromagnetic angle of the
tooth the phase is wound around, as in (1).

. 2T
Lp= e/ UW? (1)

When phase 1 is open, the currents in the other phases can
be adjusted to compensate and maintain the same average
torque with a similar torque ripple. Each remaining healthy
phase (n > 2) is adjusted in the direction of the phase 1 current
phasor by an amount proportional to the cosine of the angle
between the healthy current phasor for that phase and the
phase 1 current phasor. Thus, (2) gives the adjusted per unit
current phasors for the remaining healthy phases.

cos(n—l)-zﬁn-P

Zﬁﬂ(cos(n_ 1)_%11_13)2

- i(n—1)2%.
e—}(n—l) NP +

Ly = (@)
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Increasing the number of phases generally reduces the
current compensation required for each phase. Because the
DC copper losses increase with the current squared, their
increase is largest for the designs with the fewest phases, as
depicted in Fig. 9. Also, the large current compensations in the
designs with fewer phases are more likely to produce
saturation and increase torque ripple than the smaller current
compensations in the designs with more phases. One design
for each topology from Fig. 3(a) is characterized in Table III.
Phasor diagrams of the current in each winding before and
after the open circuit fault are provided for each design in
Table III. Additionally, the torque waveforms for a full
electromagnetic period are presented for both healthy and
faulted operation. The ability to maintain the average torque
without a significant increase in torque ripple demonstrates the
proposed current compensation’s effectiveness. The increase
in DC copper losses is smaller than those incurred using the
approaches in similar studies [26]-[30].

A case with 4 pole pairs and 5 phases is presented to
illustrate the optimality of (2). The current phasors for healthy
operation are shown in Fig. 10(a). When the current in phase
1 goes to zero, the currents in the other phases are increased to
compensate for the power that phase 1 supplied. To keep the
ripple from drastically increasing, the instantaneous power,
not just the average power, is kept constant. Thus, the currents
in the remaining healthy phases are increased in the direction
parallel to the phase 1 current phasor. Due to symmetry, the
increase in phase 2 mirrors the increase in phase 5, and the
increase in phase 3 mirrors the increase in phase 4. This results
in two degrees of freedom for the current increases, shown as
x and y in Fig. 10(b). For MTPA operation, the healthy current
phasor aligns with the back emf for each phase. Thus, the pu
power contributions of the current compensations in phases 2-
5 can be expressed as the left-hand side of (3) when phase 1
would normally have its maximum current; to keep the same
instantaneous power, the right-hand side is set to unity. The
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Fig. 9. Percentage increase in DC copper losses during faulted operation for
the maximum VTD designs in Fig. 3(a).
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Fig. 10. Current vectors of a 4 pole pair, 5 phases PMSM during (a) healthy
operation and (b) a phase 1 open circuit.

per unit average DC copper losses, Pcu, for the currents in Fig.
10(b) are given in (4), where R is the per unit phase resistance.
Solving for y in (3), substituting it into (4), and setting the
derivative of (4) with respect to x equal to 0 yields (5), which
agrees with (2) for the 5-phase case. Thus, for this example,
(2) maintains the same instantanecous power with the
minimum increase in copper losses.

2x cos(72°) + 2y cos(144°) =1 3)

P, = 2R(sin(72°)? 4 (x + cos(72°))%) +
2R(sin(144°)? + (y + cos(144°))?) “

_ cos(72°)
x= 2c0s2(72°)+2c0s2(144°) ®)

V. CONCLUSION

This paper analyzes the performance of multi-phase

PMSMs with double-layer and single-layer windings. The
topologies are optimized with independent selection of pole
pair and phase counts. An H-bridge is used to drive each
phase, allowing more flexible control in the case of a fault.
The H-bridges and large number of phases require a large
number of switches. Thus, this approach may be best suited
for high power motors, where it is necessary to use a large
number of switches with reduced power ratings. The FEA
results yield the following conclusions:

e Double-layer windings can yield higher torque
densities and efficiencies than single-layer windings.
Allowing the phase numbers to vary freely (not just
multiples of 3) can increase the torque density.

e Using Halbach arrays improves the torque density and
efficiency, but increases the characteristic circuit

current.
e Equation (2) proposes a closed-form novel open circuit
fault compensation scheme for any slot/pole

combination that maintains the same average torque
and torque ripple with a minimal increase in DC copper
losses.
Future work includes system-level analysis of the benefits
and disadvantages of using an H-bridge for each phase.
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TABLE IIT
COMPARISON OF PERFORMANCES DURING NORMAL OPERATION AND WITH AN OPEN CIRCUIT FAULT

P = Pole Pairs N = Phases

Current Phasor Diagram
During Normal Operation (red)
and Operation with an Open
Circuit Fault (black)
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