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Abstract — This paper presents a study of permanent magnet
machines for automotive applications, comparing different slot,
pole and phase number combinations in terms of torque and
power output and NVH performance under constraint of the
same active volume. FEM simulations are used to estimate
electromagnetic performance and an analytical model to
evaluate noise emissions for each configuration. In this analysis,
a novel two-phase machine with mildly overlapped windings
emerges as the best combination between NVH and
electromagnetic performance, at the expense of a 4-leg power
converter instead of a standard 3-phase 2-level inverter.

Index Terms — Two-phase, AC Machines, Brushless machines,
Electric Machines, Permanent magnet machines

I. INTRODUCTION

Fractional slot PM machines with concentrated windings
are known for short end-windings and overall axial
compactness, added to high torque density. For this reason,
they are widely employed in applications with high power
density requirements such as automotive. In addition,
concentrated windings allow modularity and thus
simplification of the production phase and high slot fill
factors. A typical downside of these motors is the low-order
mode vibrations induced by radial and tangential
electromagnetic pull, which has been extensively studied [1-
3]. The rule of good engineering in this respect is to avoid
slot/pole combinations generating low-order modes (such as
12s/10p or 9s/10p), as precise simulation of noise emission is
a complicated task.

This paper presents a comparative analysis for concentrated
winding motors, elaborated in terms of performance and noise
emission for an automotive application, considering different
stator windings for the same surface mounted permanent
magnet rotor. Table I presents the combinations under study;
the table includes the unconventional 20 slot - 10 pole two
phase machine, which will be proposed for its performance’s
benefits for this application. Two-phase machines have been
studied for similar applications [4-7]. In [4] is found that both
two and three phase applications produce similar torque
density and efficiency, but two phases present higher torque
ripple.

This paper further expands this comparison by taking into
consideration mild overlapped winding (q=2), which makes it
possible to achieve unity winding factor with short end-
windings and thus obtain higher torque density.
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Table 1 — Motor topologies under comparison

Slot / Pole | 9s/10p 12s/10p 15s/10p 20s/10p
Number 2

of phases 3 3 3

Winding Double Double Double Double
Layer Layer Layer Layer Layer
Winding Fractional | Fractional | Fractional Integer Slot
Topology Slot Slot Slot &
Winding 1 1 1 2

Throw (overlapped)

In addition, as confirmed by calculation in [5] a two phase
machine operated with two full-bridges with respect to a
traditional three phase system delivers approximately 15%
more of power, by adding an additional inverter leg. Similar
performance analysis is performed in [6] where a 2-phase
8slot-10pole is compared with a 3-phase 10slot-10pole
machine and showed that 2-phase has higher torque density.
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Figure 1. Cross section of the motors under comparison. (a): 9slot — 10 pole.
(b) 12 slot — 10 pole. (c) 15 slot — 10 pole. (d) 20 slot — 10 pole.
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The literature on two-phases remains scarce, probably
because of the power converter of increased part count. Its
benefits, regarding performance and noise emission, have not
yet been widely studied.

II. MACHINES UNDER STUDY

Fig. 1 presents the different stators and windings for the
slot-pole combinations under investigation. As can be seen,
the winding for 20s10p is overlapped with a pitch of two slots.
This results in the coils being full pitched, covering a
mechanical angle of 36° equal to one rotor pole pitch. The
downsides are longer end windings and loss of modularity of
the stator, which makes the winding manufacturing process
more challenging.

A. Design Parameters

All the considered designs have the same ten-pole surface
permanent magnet (SPM) rotor. Target application is for a
30krpm machine with >120Nm, >140kW and >12krpm base
speed. Further constraints for the geometry were stator outer
diameter of <140 mm, stator bore diameter of <90 mm and
active stack length of 85 mm, as reported in Table II. In
addition to these geometrical constraints, the following
constructive and applications restrictions where applied:

1. The DC bus voltage is 650Vdc.

2. The inverter phase current rating is 370Arms.

3.  Wire fill factor of 65% (copper + insulation)

4. Windings sized for the same Joule loss at peak current.

With these constraints, the main geometric and electric
parameters are presented in Tab. II.

Table II — Geometric and electric design parameters

Slot / Pole 9s/10p 12s/10p | 15s/10p | 20s/10p
ool e [0 13065 | 10/73 | 10254 | 64/63
youe /550t Cep /164 | /156 | /175 | /166
(mm)

Winding area (mm2) | 278 194 150 126
Wire area (mm2) 178 123 96 82
Series coil turns per 32 32 32 43
phase

Ph resistance 68

@ 200°C (mOhm) 45 18.6
Copper loss 18.5 kW kW

@ 370A (kW)

Winding factor 0.957 0.943 0.866 1

B.  Winding factor

The winding factor represents the proportion for which
each winding unit contributes to the phase back-emf, and it
can be calculated as the vectorial sum of the back-EMF of
each winding unit for each phase as:
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where n!. is the number of conductors of the i*" slot for one
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phase and af = %ﬂ p is the electrical angle displacement of

each slot.

It has a direct relation with the average electromagnetic
torque of the machine as, for a SPM fed with sinusoidal
currents, it can be expressed as given by (2) [10].
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where k,, is the fundamental winding factor, n. is the
number of conductors per slot, Q is the number of slots, B is
the peak value of the fundamental no-load air gap flux density,
Agis the air gap area, fq is the peak value of the current in
quadrature with the phase of the magnets. This expression
does not consider any contribution of reluctance torque, which
holds true for the SPM rotor.

III. TWO PHASE INVERTER

For the 3-phase machines, a standard 3-phase voltage
source inverter is considered. For the 20s10p bi-phase
machine, a 4-leg inverter is considered as per Fig. 2. In this
case, each motor phase has a phase voltage range of plus-

minus V. instead of % as per the three-phase counterpart, at
the cost of one extra inverter leg. Fixed the dc-link voltage and

the maximum phase current- [,,4,, the power increment
associated to the 4-leg inverter can be understood as:
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Where n and PF are the efficiency and power factor of the

2- and 3-phase machines at peak power conditions, considered
equal for ease of comparison. Under such an assumption, a bi-
phase machine with the same inverter current rating benefits
from a 15.5% power increase. The disadvantages are the
increased complexity and cost of adding a fourth leg to the

inverter.
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Figure 2. 4-leg inverter for the 20s10p electric machine.
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IV. FEM BASED COMPARISON

FEM simulation was performed for the four cases under
study. Fig. 4 presents electromagnetic torque for all studied
combinations. It shows that 20s10p machine outperforms in



peak torque and power all other slot-pole combinations.

Figure 3. Open Circuit FEM example. Left: 12s10p. Right: 20s10p.
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Figure 4. Peak performance results at 650Vdc for all configurations.

Table III presents a summary of peak performance results.
The 20s10p machine presents an increase of 28% of peak
power (1 over 0.78) with respect to the 12s10p. In addition,
peak torque also improved in a similar trend because of the
winding factor increase. However, torque ripple is very high
and frequency low for the 20s10p with respect to other
combinations. This is because torque ripple frequency with
respect to mechanical frequency is calculated as the Least
Common Multiple between slot and pole number.

Finally, it can be seen as well that 9s10p machine has a
lower corner speed. This is mainly because for such winding
presents very high q axis flux linkage with respect other
combinations.

A.  Loss comparison and efficiency map

Copper, Iron and magnet loss have been simulated using
FEM. Fig. 5 presents total losses, the sum of these contributes,
for two speeds. For the same torque output, the 20s10p
machine is more efficient at high loads as, for example, at 126
Nm the 12510p machine dissipates 19.5kW and the 20s10p
16.8kW, 13% less of total losses. The main contribution to this
effect is that for the same torque less current is needed for the
20s10p, as it has a higher winding factor. On the other hand,
we see that for low torque values and higher speeds iron losses
are slightly higher in the 20s10p than the 12s10p. Fig. 6 and 7
presents the efficiency map for 20s10p and 12s10p machines.

Table III — Peak performance summary

Slot / Pole 9s/10p | 12s/10p | 15s/10p | 20s/10p
Peak Torque (Nm) 129 127 121 135
Peak Power (kW) 140 169 168 217
Corner speed (rpm) 9.600 12.000 12.000 14.400
Normalized torque 0.96 0.94 0.90 1
Normalized power 0.64 0.78 0.77 1
Pk-pk Torque
Ripple (Nm) 2.3 1.4 9.2 24
Torque Ripple
Frequency vs. Mech. 90x 60x 30x 20x
Frequency
Total loss at 8.400 rpm
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Figure 5. Losses comparison between 20s10p and 12s10p for 2 speeds

V. SIMPLIFIED VIBROACOUSTIC STATOR MODEL

A simplified vibroacoustic model from chapter 6 of [8] has
been used to compare the different geometries’ noise
emissions. This model does not have the intent to determine
precise absolute value of noise emission, but it is employed to
compare different designs only. The main assumptions for the
model are the following:

A. Stator is the main source of noise.

B. Stator is modeled as an infinite long cylindrical radiator,
simplified with a homogeneous material of radius 7,
length L., thickness h., and density p.g, es per Fig.7.

C. Main source of excitation comes from radial
electromagnetic forces.

D. Only circumferential modes of are considered, so the
force component of order “7”” only excites the mode of the
same order for the stator.
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Figure 6. Two phase 20slot-10pole efficiency map
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Figure 7.

Assumption “A” holds true for many radial flux automotive
applications as rotor vibration modes are usually higher than
the stator. Cases in which rotor noise emissions can be higher
than stator are in axial flux electrical machines, where the
rotor plate can be excited and produce significant noise for
specific speed ranges. Assumption “C” can be overcome by
incorporating tangential forces into the analytical model,
however they are usually much lower than radial forces for a
radial machine. Assumptions “B” and “D” consider the stator
as an infinite cylinder, which as its length becomes shorter it
can be expected that the end effects would become more
significant and the results from the model less representative.
However, the aim is not to catch the exact values of noise,
rather than predict a trend to compare different architectures.

Fig. 9 presents some examples of the first 4 radial modes
of deformation for the equivalent cylinder. As presented in [3],
these modes are excited mainly by the lowest radial force
harmonic order, which for fractional slot machines is the
greatest common divider of Q and 2p.

Table IV — Lowest radial force order for studied machines

Slot / Pole

Combination 9s / 10p 12s / 10p 15s/10p 20s/10p
Lowest spatial

radial force order ! 2 3 10

Sound power (II) radiated from the structure, in Watt, is
calculated as the sum of power radiated from each vibration
mode (I, ) as per Eq. (4).

n=>y n o= > pocoS@)m )

Figure 8. Equivalent stator model

Figure 9. Deformation of core caused by space distribution of radial
forces. Source [8].

Where pg, ¢y are the density and the sound speed in the
ambient medium, S is the area of the radiating surface, (ﬁ,fm)
is the spatial averaged mean square velocity of the mth spatial
mode and nth time mode and o, is the modal radiation
efficiency for the mth spatial mode.

Then sound power level indicator (dB) is defined as Eq.(5),
compared as to the reference power 10~ 12Watts, which is the
lowest sound persons can discern.

n
SWL = 101og (W) (5)

The modal radiation efficiency a,,(m, ko7,q) depends on
the mode, the radius 7, and the wave number k, of the
specific cylinder mode, as presented in Eq. (6.44) of [8].

The mean square velocity of the surface vibrating at mode
m with radial forces of time order » is calculated as Eq. (6).

(72) = [ f mo)do  (6)
v, = — cos\m
m 4T J,

Where V,,, is radial velocity amplitude of mode m at
angular frequency. Finally, the amplitude of the vibration
velocity for mode m can be calculated as per Eq. (7).

= 2T fr "’" "’"h Por  (7)

Where f; is the frequency of the electromagnetic force of
order r, M is the mass of the cylindrical shell w,,is the angular
natural frequency of the mode m, h,, is the magnification
factor as per Eq. (8), and P,, is the magnetic pressure
magnitude obtained from radial force spectral amplitude as per

Eq. (9). Damping factor &,, on stator depends on damping
sources (material damping as potting or glue, or friction



damping as friction between lamination sheets or wires). Its
value can be estimated experimentally from free-free modal
analysis of the stator, and its value ranges from 0.5% to 4%.
For the following calculations a typical value of 1% is used.

by, = - ®)
(1-(F)) + ()
o IRl
mr leq2MTyq ©)

A. Radial Forces and sound power

Radial forces have been FEM calculated for the four
machines under open circuit and load conditions. As an
example, space-time harmonics are presented in Fig. 10 for the
12s10p machine, where the second space order is the main
candidate to contribute to noise at 10" mechanical order
frequency.

Stator Radial Space-Time Harmonics

)

Time Order (to w
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Figure 10. Space and time order (time with respect to mechanical
frequency) radial force harmonics
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Figure 11. Simulation output for 12s10p configuration. Up: Radial
Pressure Input. Down: Sound Power Amplitude. (X axis: Spatial Order. Y
axis: Time Order w.r.t mech. frequency. Z axis: Sound Power Amplitude)
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Figure 12. Simulation output for 20s10p configuration. Up: Radial
Pressure Input. Down: Sound Power Amplitude. (X axis: Spatial Order.
Y axis: Time Order w.r.t mech. frequency. Z axis: Sound Power
Amplitude)

Fig. 11 presents the output from the simplified
vibroacoustic model for the 12s10p at a maximum torque
operation at 8000 rpm, where overall sound power is 106 dB.
Spatial orders 2 and 4 contribute to the sound power, where
the 2" dominates over the 4. The higher 10" spatial order
does not have significant effect on sound power though
developing the highest radial pressure amplitude. The time
order follows the pole number leading to a frequency of 1.3
kHz at 8000 rpm. This is well within the hearable sound
frequency band.

Fig. 12 presents the output from the simplified
vibroacoustic model for the 20s10p at same speed and
maximum load condition. The sound power level is 58 dB,
which is a -48 dB reduction with respect to the same condition
of the 12s10p. The main contribution to sound power in this
case is zeroth mode at 20 times the mechanical frequency, 2.6
kHz in this case.

Table V summarizes the output of the simplified
vibroacoustic model for all studied machine combinations. It
shows that the 20s/10p machine is the best slot/pole
combination and the 12s/10p the worst, generating as much as
106 dB of SPL at load, which is impractical for any
automotive application.



VI. CONCLUSIONS

The proposed two phase machine is an alternative for very
high power density applications as, for the same volume,
power performances are increased 28% with respect to the
12s10p next best solution. In addition, it presents a
significantly lower noise emission, as sound power is -48 dB
with respect to the same machine at 8.000 rpm and peak
torque. These noise level results were obtained with a
simplified analytical NVH model. In future work, the 12s10p
and 20s10p architectures will be compared using an NVH
FEM model. Last, the 20s10p machine presents construction
challenges, as windings are overlapped and not modular. Also,
torque ripple is substantial (17% of maximum torque vs 1% of

the 12spl0), to be further optimized by detailed
electromagnetic design.
Table V — Sound Power Level

Slot / Pole 9s /10p 12s/10p 15s/10p | 20s/10p

Open Circuit RMS

sound power. 8000 63 dB 100 dB 45dB <20dB

rpm

On Load RMS

sound power level 89 dB 106 dB 58 dB 58 dB

at 8000 rpm
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