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Abstract—Two-phase open winding electrical machines have
been proposed in the literature for their benefits in terms of
peak torque and low noise emission. For this type of open-
winding motors, a 4-leg power converter is required, allowing a
power increase of 15% at the cost of one additional converter
leg. This paper focuses on the impact of the two-phase open
winding solution on the size of the DC-link capacitors, which is
not covered in the literature. With reference to a state-of-the-art
concentrated-winding 12slot/10pole 3ph PMSM drive, the DC-
link RMS current stress and voltage ripple are comparatively
analysed for different operating conditions. The simulations
show that, under the same mechanical power conditions, the
DC-link capacitor in the two-phase machine experiences lower
voltage stress and similar RMS current compared to its three-
phase counterpart. This effect impacts the cost, volume, and
weight of the DC-link capacitor, partially compensating for the
additional inverter leg required by the two-phase solution.

Keywords — two phase machine, DC-link capacitor sizing,
capacitor RMS current, capacitor voltage ripple, four leg inverter.

I. INTRODUCTION

The automotive sector is currently one of the main
innovation leaders in high performance motor drives [1][2].
Significant advancements were recently achieved in the
modelling, design and control of high-performance motors
and converters [3]-[6], targeting high power density,
reliability, efficiency and competitive cost. In this scenario,
fractional slots concentrated windings electrical machines are
often preferred against the distributed winding counterparts,
as they present high torque and power density thanks to the
short end-windings, which reduce the total motor length, at the
cost of a higher magnetomotive force (MMF) harmonics.
Among the concentrated winding machines, the 12slot-10pole
three-phase Surface Permanent Magnet (SPM) synchronous
motor is one of the most popular solutions for high-
performance traction drives.

The studied two-phase 20slot-10pole open winding
machine presents short end-windings, comparable with the
fractional slot motors, and a high winding factor compatible
with a distributed winding, together with good NVH (Noise,
Vibration, and Harshness) performance [7]. Although this
typology has been proposed for automotive applications [8],
the related literature remains scarce. One drawback of this
solution with respect to a standard three-phase drive is the
addition of a 4" inverter leg. Nevertheless, such additional leg
allows a power increase of 15% [9]. This work focuses on the
impact of this topology on the sizing of the DC link capacitor,
which is a crucial aspect never been explored in prior studies.

The DC-link is among the most critical components of a
two-level voltage source converter [10]. Two main design
criteria are normally considered [11]-[14]: it must 1) comply
with the maximum RMS current stress determined by the
application, which generates acceptable losses and
temperature rise in the capacitor, and 2) limit the peak-to-peak
voltage ripple to a defined maximum threshold, to avoid
altering the ideal inverter operation.

This study comprehensively analyses the DC-link
capacitor stress within the operating range of both a
standard three-phase machine and the proposed two-
phase drive. Starting from the voltages and currents at the
machine terminals (computed via FEM simulation) the
stresses (i.e. RMS current and voltage ripple) on the DC-link
capacitor are computed via numerical analysis.

II. COMPARISON OF 12S8/10P AND 20S/10P MACHINES

In this study, a standard 3-phase 12s/10p SPM machine is
compared with a 20s/10p open-end winding 2-phase
counterpart, designed for equal inverter voltage and current
rating, maximum speed, active length and stator diameter. The
two motor topologies are presented in Table I. A cross-section
of both motors is presented in Fig. 1, while the corresponding
inverters are reported in Fig. 2 and Fig. 3. The maximum
torque and speed envelop for the two topologies under test are
compared in Fig. 4. As can be seen, the 20s/10p machine
outperforms in torque and power the 12s/10p 3ph, as it has a
higher winding factor, and the open winding configuration
allows to use a higher voltage per winding. Otherwise said in
the case of a two-phase machine supplied by a four-leg
inverter it is possible to apply the full DC-link voltage to the
machine phase thus reflecting in higher output power.
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Fig. 1. Cross section of the motors under comparison: a) 3ph 12 slot — 10
pole. b) 2ph 20 slot — 10 pole.
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Fig. 2. 3-leg inverter for 3ph 12 slot — 10 pole machine.
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Fig. 3. 4-leg inverter for open winding 2ph 20 slot — 10 pole machine.

TABLE L. MOTOR TOPOLOGIES UNDER COMPARISON

Number of 3 5
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Fig. 4. Maximum performance curve for 2ph open winding 20s10p (dashed
lines) versus 3ph 12s10p (solid lines)

III. DC-LINK STRESS FOR SINUSOIDAL LOAD CURRENT

The RMS current and voltage ripple stresses on the DC-
link capacitor are numerically computed in the case of a three-
leg and four-leg inverter supplying an ideal load absorbing a
sinusoidal current. The results are reported in Fig. 5 and Fig.
6 for the three and four-leg inverters respectively.

In particular, the two subplots of Fig. 5 report the capacitor
RMS current (left plot) and its charge ripple (right plot) for the
three-leg inverter. The RMS current stress in the DC-link
capacitor is plotted as a function of the modulation index and
the power factor (e.g. the phase between load current and
applied voltage) and normalized to the output phase current.
For these simulations, a standard sinusoidal PWM technique
with third harmonic voltage injection is adopted, i.e., the most
common in 3-ph drives [11], [15]. This permits to reach a
maximum modulation index of ~1.15. Furthermore, it can be
demonstrated that the choice of modulation technique does not
have any impact on the RMS current in the capacitor [15]. The
highest RMS current stress in the DC-link capacitor is found
for a modulation index of =0.6 and cos(¢)=1, where the RMS
current in the DC-link capacitor is 60% of the RMS phase
current. In the right plot of Fig. 5, the normalized charge ripple
Qripplenorm in the DC-link capacitor is plotted against the
modulation index and the power factor. The charge ripple is
normalized to the switching frequency and the output RMS
phase current:

fSW
. = . L ISW 1
erpple,norm anple Iphase,RMS ( )

Once the DC-link capacitor is selected, it is possible to
compute the voltage ripple from the charge ripple.

I
Avye = Qripple,norm '% @)

The highest normalized charge ripple, approximately 0.3,
occurs at a modulation index of 1.15, again for a cos(¢)=1. It
must be highlighted that, differently from the current stress,
the charge and voltage ripples depend on the adopted
modulation strategy [15]-[17].

The simulated capacitor stress for the four-leg inverter is
reported in Fig. 6. Being an open winding motor, an eventual
common-mode voltage injection would produce common
mode current, with additional Joule loss without affecting the



¢ deg]
¢ [deg]

11145 0 025 05 075

0 025 05 0.75
m m

Fig. 5. Three-leg inverter. Left plot: RMS current in the DC-link capacitor
normalized to the output phase current as a function of the modulation index
m, and phase between output current and voltage ¢. Right plot: ripple charge
in the DC-link capacitors normalized to the switching frequency and phase
current as a function of the modulation index m, and phase between the
output current and voltage ¢.

motor torque. For this reason, a sinusoidal modulation
technique without common mode voltage injection is assumed
while the leg load is set according to Fig. 3 (i.e. legl and leg2
have the same current but with opposite signs). The currents
in the two phases are both sinusoidal but the phase shifted by
90 degrees, as expected in the 2-phase machine under test.
Furthermore, legl and leg2 utilize the same triangular carrier,
while the triangular carrier of leg3 and leg4 is interleaved with
a phase shift of 90°. This configuration has been identified as
optimal for minimizing stress on the DC-link capacitor, as
confirmed through numerical analysis.

In the left plot of Fig. 6 the normalized RMS current stress
in the DC-link capacitor is plotted, again as a function of the
modulation index and the power factor. In this case, the
highest current stress in the DC-link capacitor is for a
modulation index of approximately 0.75 and cos(¢)=0,
leading to an RMS current in the DC-link capacitor equal to
70% of the RMS phase current. Although this maximum
capacitor current is considerably worse than the 3-phase case,
it must be noted that the inverter of a motor drive does never
realistically operate at such low values of power factor, with
cos(¢) approaching to zero.

The right plot of Fig. 6 depicts the corresponding
normalized charge ripple Qrippe as a function of the
modulation index and the power factor, for the four-leg
inverter. The worst-case scenario is again in a non-realistic
operating point for an electrical machine, with the highest
normalized charge ripple, approximately 0.2, occurring at a
modulation index of 0.75 and a cos(¢) value of 0.

IV. DC-LINK STRESS UNDER REAL OPERATING CONDITIONS

The analysis reported in Section III demonstrates that the
most critical operating points, i.e. characterized by the
maximum capacitor RMS current and voltage ripple, vary
between the two converters. Therefore, the superiority of one
configuration over the other depends on the required load
cycle of the inverter.
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Fig. 6. Four-leg inverter. Left plot: RMS current in the DC-link capacitor
normalized to the output phase current as a function of the modulation index
m, and phase between output current and voltage ¢. Right plot: ripple charge
in the DC-link capacitors normalized to the switching frequency and phase
current as a function of the modulation index m, and phase between the
output current and voltage ¢.

For the application under test, i.e. a traction drive, for each
point of the T — n plane, the corresponding inverter voltage
and current can be computed. A grid of points within the
operating limits of the two machines, reported in Fig. 4, are
simulated through Finite Element Analysis (FEA), obtaining
the voltage waveform for each operating point. Based on the
simulated voltage and current waveforms, the DC bus
capacitor RMS current is evaluated, together with the
expected charge ripple.

The following key assumptions are made:

e The current ripple on the machine due to the PWM
modulation is neglected, as this does not impact
significantly on the total DC-link capacitor RMS current
and charge ripple as shown in [15].

e The DC-link capacitor exclusively contributes to the
current resulting from PWM modulation, with the
external DC source, i.e., a battery, providing the
remaining current components, including DC and low-
frequency AC components.

The RMS current in the DC-link capacitors as a function
of speed and shaft torque for the two machines is shown in
Fig. 7a) for the three-phase machine and in Fig. 7b) for the
two-phase machine. The red line represents the maximum
torque envelope, including the flux weakening region, so the
data above the curve are of no use as the machine will never
be able to operate in that region.

For the three-phase machine (Fig. 7a), the highest DC-link
capacitor RMS current, reaching 203 A, occurs when the
machine operates at a speed of 8800 rpm while providing a
torque of 125 Nm. While for the two-phase machine (Fig.
7b)), the highest DC-link capacitor RMS current, reaching
245 A, occurs when the machine operates at a speed of 10600
rpm while providing a torque of 134 Nm. Although the
capacitor RMS current is slightly higher for the two-phase
machine, it is important to note that the machine is
concurrently generating more mechanical power. If the RMS
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Fig. 7. DC link capacitor RMS current as a function of the speed and shaft
torque. Red line represents the flux weakening curve limit, data on the right
of the curve is not significant. a) three-phase machine b) two-phase machine.

capacitor current is normalized to the peak mechanical power
of the two machines, the values obtained are 0.0013 A/W for
the three-phase machine and 0.0012 A/W for the two-phase
machine. Consequently, it can be concluded that the current
stress on the capacitor is comparable for both machines, with
the two-phase machine demonstrating slightly better
performance when the current is normalized to power.

The normalized charge ripple in the DC-link capacitors as
a function of speed and shaft torque for the two machines is
shown in Fig. 8a) for the three-phase machine and in 8b) for
the two-phase machine. The absolute value of the charge
ripple in the capacitor can be computed by dividing the
normalized charge ripple by the switching frequency.

The maximum normalized charge ripple for the three-
phase machine is 93 C-Hz, occurring at a torque of 126 Nm
and a speed of 11770 rpm. In contrast, the two-phase machine
exhibits its highest normalized charge ripple of 83 C-Hz when
operating at a torque of 134 Nm and a speed of 12300 rpm.
Remarkably, despite the higher power, the two-phase machine
outperforms the three-phase machine in terms of charge
ripple, indicating lower voltage ripple under the assumption of
an equivalent DC-link capacitor value.

As said one of the main assumptions behind the proposed
analysis is that the DC-link capacitor exclusively supplies the
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Fig. 8. DC link capacitor charge ripple as a function of the speed and shaft
torque. Red line represents the flux weakening curve limit, data on the right
of the curve is not significant. a) three-phase machine b) two-phase machine.

current resulting from PWM modulation, with the remaining
current sourced from the battery. However, it may be
interesting to analyse the current that the battery must provide
to the converter. An ideal scenario involves a constant DC
current, as it minimizes losses in the battery. Both converters
draw a constant DC current when required to deliver perfectly
sinusoidal currents and voltages, as outlined in Section III.
However, in practical scenarios where these converters
operate with real machines, the presence of subharmonics
becomes inevitable, resulting in a non-constant current
absorbed from the battery. In Fig. 9 and Fig. 10 the voltages
and the currents obtained from the FEM simulation are shown
together with the current absorbed from the battery for the
three-phase and two-phase machines.

Fig. 9 shows the currents and the voltages on the three-
phase machine when the machine is rotating at 14400 rpm and
is delivering a torque of 111.2 Nm. The FEM simulator
calculates the phase voltages that the inverter must apply to
the machine to achieve sinusoidal phase currents. In a real-
case scenario, the current control of the inverter would adjust
the voltage applied to the machine to maintain sinusoidal
currents. In this specific case, the phase voltages exhibit
sinusoidal characteristics with just a negligible presence of
subharmonics. This results in an almost constant current
absorbed from the battery.
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Fig. 9. Three-phase machine operating at 14400 rpm and 111.2 Nm with
the 700 V DC-link. Top plot: phase voltages computed via FEM simulation.
Bottom plot: phase and battery currents.
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Fig. 10. Two-phase machine operating at 14400 rpm and 133 Nm with the
700 V DC-link computed via FEM simulation. Top plot: phase voltages.
Bottom plot: phase and battery currents.

Fig. 10 reports the currents and voltages of the two-phase
machine rotating at 14400 rpm and delivering a torque of
133 Nm. In this case, the phase voltages necessary to sustain
a sinusoidal current in the machine are significantly distorted
and the presence of subharmonics is visible. In addition,
torque ripple is higher in the two-phase machine as presented
in [1]. This is reflected in a non-constant current absorbed
from the battery, with an AC component with a frequency that
is four times the fundamental frequency of the phase current
which reaches a peak-to-peak value of 180 A.

The peak-to-peak battery current ripple as a function of the
speed and the shaft torque for the two machines is shown in
Fig. 11a) for the three-phase machine and in Fig. 11b) for the
two-phase machine. For the three-phase machine (Fig. 11a)),
the highest battery current ripple is 20 A while for the two-
phase machine is 180 A. This latter value can be considered
critical especially if compared with the average current
absorbed from the batter which is around 300 A. This AC
component would result in additional losses and aging in the
battery. This represents a major disadvantage of the machine
taken as an example; however, the machine design can be
improved by reviewing the electromagnetic design to lower
the voltage harmonics and by introducing torque modulation
strategies to reduce the torque ripple.

Furthermore, in a real case scenario when the machine is
operating at high speed the frequency of the AC battery
component becomes significant. For example, at 30000 rpm,
the frequency of the AC current component in case of two-
phase machine is 10 kHz, and part of this current will
reasonably flow in DC-link capacitor. Therefore, the precise
computation of the current sharing between the battery and the
capacitor requires to know the total DC-link capacitance and
the impedance of the connecting cable and any potential EMI
filter between the battery and the DC-link capacitor.
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Fig. 11. Current ripple (peak to peak value) going to the battery as a function
of the speed and shaft torque. The red line represents the flux weakening
curve limit, data on the right of the curve is not significant. a) three-phase
machine b) two-phase machine.

V. CONCLUSIONS

In this study, the DC-link capacitor RMS current stress
was meticulously compared between a two-phase open-
winding 20s10p machine, as proposed in [7], and a standard
fractional slot three-phase 12s10p machine, utilizing Finite
Element Method (FEM) and numerical analysis techniques.
The findings unequivocally demonstrate that for identical
mechanical output, the RMS current experienced by the DC-
link capacitor remains comparable for both machines.
Furthermore, it was observed that the charge ripple is lower
for the two-phase machine under real operating conditions,
indicating potential benefits in terms of stability and
efficiency. Furthermore, a lower charge ripple reflects in a
lower voltage ripple if the same DC-link capacitor is
considered, this, in turn, enables to shrink the EMI filter that
is among the bulkiest components of the converter [18],
[19],[20]. Thermal unbalance and proper exploitation of the
converter power switches may always been considered in
future analysis, being this also important for the overall sizing
of the converter [21],[22],[23] [24].

Our analysis pointed out that the proposed two-phase
machine is introducing a “low frequency” AC current
component to the battery current. This phenomenon, often
disregarded in conventional literature analyses, inevitably



leads to additional AC losses and accelerates battery aging,
representing a significant limitation for this type of electrical
machine [25]. However, it is essential to acknowledge that
these drawbacks must be carefully weighed against the
inherent advantages of the two-phase solution, particularly its
enhanced power density and superior performance in terms of
Noise, Vibration, and Harshness (NVH).

In summary, while the two-phase open-winding electrical
machines offer promising benefits in peak torque and noise
reduction, their implementation necessitates a careful
consideration of the trade-offs involved. Balancing the
potential drawbacks, such as increased AC losses and battery
aging, with the advantages in power density and NVH
performance is crucial for maximizing the utility of these
innovative machine designs in practical applications.

Future work will be dedicated to the partial redesign of the
two-phase machine with the aim of lowering the low-
frequency AC component.
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