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ABSTRACT: This paper examines the impact of modulation methods on the performance characteristics of high-speed and low-inductance

motors. Specifically, the attributes of SVPWM (noted for low current ripple), MLDPWM (effective for reducing switching loss), and RSPWM

(for suppressing common-mode noise) are compared through simulation for the modulation method. Inverter efficiency maps and current

THD maps for rotational speeds up to approximately 50000 min™

were analyzed across these modulation methods. Simulations have

revealed clear performance differences among the modulation methods regarding current ripple, inverter efficiency, and common-mode noise

for high-speed, low-inductance motor applications.
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I. INTRODUCTION

The spread of electric vehicles (EVs) is essential for
achieving carbon neutrality, and the number of vehicles with
electric drive systems is expected to increase. Currently, high-
performance motors for EVs rely on rare earth materials and
high-quality electrical steel sheets, both of which face price
and supply instability. In addition, a significant challenge in
reaching carbon neutrality lies in reducing CO2 emissions
during manufacturing. One promising solution is high-speed
motor rotation, enabling high output density and downsiz-
ing, conserving resources and reducing manufacturing-related
CO4 emissions. However, operating at high rotational speeds
also significantly increases motor iron losses. To address
this, coreless motors, which reduce iron losses, have been
researched and developed as a high-speed motor solution [1],
[2].

Coreless motors tend to exhibit lower inductance and
higher winding resistance than traditional motors. In low-
inductance motors, the electrical time constant is shorter,
causing an increase in current ripple under PWM (pulse
width modulation) control due to inverter switching. At high

rotational speeds, current ripple further increases because of

the higher motor electrical frequencies, which can lead to
increased torque ripple and reduced efficiency. A potential
approach to mitigate current ripple is to use switching devices
capable of high-frequency operation, such as silicon carbide
(SiC) power semiconductors; however, there are practical
limits to increasing the switching frequency.

Recent trends toward higher-voltage EV batteries, driven
by the need to reduce charging time and extend driving
range, have also impacted high-speed motor design [3]. At
higher speeds, the motor’s back electromotive force (EMF)
increases, necessitating a higher inverter input voltage. This
high voltage amplifies the output voltage variations caused
by switching, which, in turn, increases the current ripple.
Consequently, higher motor speeds, lower motor inductance,
and higher inverter input voltages collectively contribute to
increased current ripple in the motor current.

Increased switching losses in voltage-source PWM invert-
ers and higher inverter input voltages also result in common-
mode noise, which can impact motor drive systems, leading
to issues such as motor shaft voltage buildup and bearing
current increase.

Various modulation methods have been proposed to op-

timize the performance in voltage-source PWM inverters.
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Different modulation techniques impact characteristics like
current ripple, losses, and common-mode noise [4]. These
methods, primarily based on space vector PWM (SVPWM)
[5], exhibit varying performance depending on the selected
combination of voltage vectors.

For instance, discontinuous PWM (DPWM) [6] minimizes
the number of switching cycles to reduce switching losses.
Specifically, minimum switching loss DPWM (MLDPWM)
[7] is a method that minimizes inverter switching losses by
considering the power factor angle. Additionally, reduced
common-mode voltage PWM (RCMD-PWM) [4], [8] has
been proposed to suppress common-mode noise, while re-
mote state PWM (RSPWM) [4], [8] effectively reduces the
common-mode current to zero—although it tends to increase
current ripple.

This paper aims to evaluate the effect of the modulation
method on high-speed, low-inductance motors driven by
high-voltage input PWM inverters. Specifically, this study
compares current ripple, inverter efficiency, and common-
mode voltage characteristics across different modulation
methods. The motor under consideration is a permanent mag-
net synchronous motor (PMSM) with a maximum electrical
frequency of 3.3 kHz (8 poles, 50,000 min~1). Simulations
are conducted to compare SVPWM [4], [5], known for its low
current ripple; MLDPWM [7], recognized for its high inverter
efficiency; and RSPWM [4], [8], which minimizes common-
mode current. The SVPWM and RSPWM are implemented
on previously proposed methods.

Implementing MLDPWM in high-speed, low-inductance
motors requires a tailored strategy due to concerns about
modulation wave chattering caused by increased current
ripple. Therefore, the next section presents an approach to

effectively applying MLDPWM in such motors.
II. MLDPWM FOR HIGH-SPEED, LOW-INDUCTANCE
MOTORS

Reference [7] proposes a method for determining the

voltage vector to minimum switching losses by considering

the motor current and voltage command phase (power factor
angle). However, this method only accounts for the funda-
mental component of the motor’s electric angular frequency
when determining the motor current and voltage command
values. As a result, there is concern that the optimal voltage
vector for minimum switching losses may not be accurately
determined when harmonic components increases or the out-
put fluctuation occur. Reference [9] proposes MLDPWM-pp
(MLDPWM per phase) for four-leg inverters, where the zero
voltage vector is determined by the motor current and voltage
command value to minimize switching losses. MLDPWM-pp
is a method that can pause the switching of the phase with
the highest absolute current value among the uvw phases in
which switching can be paused. Thus, the switching losses
are minimized even when harmonic components increase and
output power fluctuates. This paper proposes MLDPWM,

which can be used in three-phase inverters based on [9].

First, the calculation method of the duty ratio by SVPWM
is explained. For detailed calculations, refer to [10]. The
instantaneous output voltage vector diagram is shown in Fig.
1. ve is the output voltage vector on the «-f coordinate.
SVPWM is a method that calculates the three-phase duty
ratios such that the sum of the voltage vectors during the
switching period outputs v, based on the voltage command.
By labeling the phases u, v, and w in order of the largest

duty ratio as a, b, and c, the duty ratios D,, Dy, and D, are
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Fig. 1. Definition of output voltage vectors and sectors [10].
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expressed by the following equations [10].

Da = k? + (1 - k)Dodd + (1 - k)Deven (1)
Db = k - kDodd + (1 - k)De'uen (2)
Dc = k- kDodd - kDeven (3)

Where k£ is the zero voltage vector ratio, the ratio of odd
voltage vectors Vi, V3, and Vi is D,q4, and the ratio of
even voltage vectors Vo, V4, and Vi is Deyen. Do and D7
are the ratios of the two zero voltage vectors V) and V7 in

one cycle. The zero voltage vector ratio k is defined as

D~
[ 4
Do + Dy ®
0<k<l1. 5)

By setting & to O or 1, switching can be paused. In the
proposed MLDPWM, £k is determined so that switching
losses are minimized based on the relationship between
motor current and voltage command. One of the three phases
can not pause switching, and one of the other two phases is
selected to pause switching [11]. Therefore, the switching
losses can be minimized by deactivating the switching of
the phase with the higher absolute current value out of the
two phases for which switching can be deactivated. Table I
shows k such that the above conditions are satisfied at all

power factors and X, y, and z each represent any of u, v

*

and w phase. Also, i,,;q [A] and v} ., [V] are the second-

largest current and voltage command values in the uvw phase,

respectively.

TABLE I
CONDITIONS FOR VOLTAGE COMMAND VALUES AND CURRENTS WITH A
ZERO-VOLTAGE VECTOR RATIO K THAT MINIMIZES SWITCHING LOSSES.

Voltage and current conditions k
v, =0 1
i?>i? .

.. i v <0 0
L= Unig V>0 1

i< i? =
* Y z v, <0 0

V. = Vi B

x mid . v'20 1
by = tnia v, <0 0
. v =0 1
z mid v,"<0 0

Furthermore, as mentioned above, the current ripple in-
creases in high-speed, low-inductance motors driven by
PWM inverters with high DC input voltages. With the
increase in current ripple, there is a concern that the zero-
voltage vector ratio k, determined according to Table I, may
chatter between 0 and 1. If k chattters between 0 and 1,
the switching times increase, and the switching losses also
increase. Therefore, this paper introduces a low-pass filter
(LPF) at the current value to determine %k to implement
MLDPWM in the case of increasing current ripple. The
LPF is expected to suppress the chattering of k& between
0 and 1. Fig. 2 is the control block for the modulation
method described above. In this method, the chattering of
k is suppressed by introducing a first-order LPF in the dg-
axis currents, as shown in Fig. 2. The simulations in the next
section show that MLDPWM can be implemented in the case

of increased current ripple by the proposed method.

III. SIMULATION

This section presents a simulation-based comparison of
common-mode voltage, inverter efficiency maps, and motor
current total harmonic distortion (THD) maps for three mod-
ulation methods: SVPWM, MLDPWM (proposed method),
and RSPWM.

A. Simulation conditions

The simulations were conducted through a co-
simulation setup using MATLAB/Simulink and PLECS.
MATLAB/Simulink was utilized for control calculations,

while PLECS analyzed switching device losses and the

TABLE II
MOTOR PARAMETERS OF IPMSM USED IN SIMULATION.
Motor type IPMSM
Number of pole pairs 4

d-axis inductance Lg4 60 pH

g-axis inductance L, 90 uH
Permanent magnet flux linkage v, 0.027 Wb
Winding resistance R, 0.352 Q

Limited torque 15 Nm

Limited Motor speed 50000 min~!

Copyright © 2025 Society of Automotive Engineers of Japan, Inc.



EVTeC2025
7tP International Electric Vehicle Technology Conference 2025

>
» » dq 3| Calculation of
LPF v 1€
> » uvw »| zerovoltage
p| vectorratio
« “ —»| (TABLET)
VidVitqg
. vk
La Vg +¥+ | Va 7% m Gate
»O N fbd R e ] 0 : @
T* | Torque - > PI > (iq »| Modulation d signals | Three
—> mo(cqlel i i Vi g +Y + U, ap vg* wave ;{:’v= PWM »| Phase - ( PMSM
» = » anerator 6
»0O— » PI - P sane > Inverter
4
7]
; \ 4 .
ig o] i
: U\iw < u
I.q dq « ly
Fig. 2. Control block diagram of MLDPWM for high-speed, low-inductance motor.
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Fig. 3. Modulation waveforms, three-phase currents, and torque waveforms for each modulation method.

motor model. The motor parameters used in the simulation
are listed in Table II. The inverter input voltage V3. was set
to 1000 V, and the switching frequency was 100 kHz. For
the switching devices analysis, publicly available “Thermal

Semiconductor Models for PLECS” models were used.

B. Simulation results

Fig. 3 shows the waveforms of modulation waves 1.,
three-phase currents 4,,, [A], and torque for SVPWM,
MLDPWM, and RSPWM obtained by the simulations at
10000 min~! and 10 Nm. The MLDPWM modulation
waveforms in Fig. 3(b) are clamped at —1 or 1, meaning
no switching occurs at these extremes, which helps reduce
switching losses. In MLDPWM, the phase with the larger
current magnitude is clamped to minimize further switching
losses, though this does increase the current ripple compared
to SVPWM. The RSPWM current waveforms of Fig. 3(c)
show greater current ripple, especially relative to the other
modulation methods.

Next, the requirement for LPF in Fig. 2 is shown for

MLDPWM with increased current ripple. Fig. 4 shows the
u-phase modulation wave, u-phase current, and torque wave-
forms with and without LPF at 10000 min~—! and 5 Nm. The
time constant of the LPF was set to 20 us. In the method
without LPF, the modulation wave is chattering. The current
and torque ripple increased accordingly. In contrast, with
the LPF shown in Fig. 2, the chattering of the modulation
wave is suppressed. Comparing the switching losses, 315 W
with LPF and 612 W without LPF, the proposed method
also suppresses the switching losses. Fig. 5 shows the power
factor angle characteristics of the switching losses of DPWM

[6] and MLDPWM. The switching loss improvement rate

(SLI) [%] is defined as

where Pgs [W] is the switching loss of SVPWM without
switching pause and P4 is the switching loss of any modula-
tion method. From Fig. 5, MLDPWM shows an improved SLI

at all power factor angles despite having the same switching

SLI =

Ps—Pa
Ps

pause period as DWPM.
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The analysis results of the common-mode voltage vy, [V]
are shown next. Common-mode noise arises from common-
mode current 4., [A], which flows through the stray capac-
itance C'cy [F] due to fluctuations in the voltage vyo, Uyos
and v,, between the inverter terminal and ground as shown

in Fig. 6. The common-mode current ., is calculated as
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Fig. 4. Waveforms of modulation waves, u-phase currents and torques with
and without LPF in the proposed method.
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Fig. 5. Switching loss improvement rate for DPWM and MLDPWM.
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Fig. 6. Motor drive systems considering leakage currents.

follows:

. dVem Vo + Vo + 0
lem = 3CCMTCta VUem = %~ (N

As shown in Fig. 7, the number of common-mode voltage
Vem transitions per switching cycle is six for SVPWM,
four for MLDPWM, and zero for RSPWM. This means
that RSPWM generates no common-mode noise. In contrast,
SVPWM has higher common-mode voltage fluctuations than
MLDPWM due to more frequent v, changes. Consequently,
tem = 0 A for RSPWM. These figures indicate a trade-
off between the common-mode noise and current ripple
magnitude across the three modulation methods.

Finally, Figs. 8 and 9 present the inverter efficiency maps
and THD maps of u-phase current of each modulation
method. The maps for RSPWM are narrower due to its
lower voltage utilization than SVPWM and MLDPWM. The
MLDPWM inverter efficiency map shows higher efficiency
across all operating points than SVPWM and RSPWM, as

MLDPWM minimizes switching losses. Comparing current
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Fig. 7. Common-mode voltage characteristics for each modulation method.
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Fig. 9. THD maps of u-phase current for each modulation method.

THD maps, RSPWM performs the worst; its THD exceeds
0.25 at all operating points with a low-inductance motor, and
some low-torque areas exceed a THD of 1.0. The increased
current ripple in RSPWM can lead to control instability and
decreased motor efficiency. The SVPWM maintains a lower
current THD than MLDPWM across all operating points,
although MLDPWM’s THD is still lower than RSPWM.

IV. CONCLUSION

This paper compared the characteristics of SVPWM,
MLDPWM, and RSPWM methods for high-speed, low-
inductance motors. Additionally, to suppress chattering that
can increase switching losses, this paper proposes an im-
plementation method of MLDPWM for high-speed, low-
inductance motors. The results showed that the current ripple
performance, ordered from highest to lowest, is SVPWM,
followed by MLDPWM, with RSPWM exhibiting the lowest
performance, particularly under high-speed conditions. In
terms of inverter efficiency, MLDPWM provided the highest
efficiency due to minimized switching losses. For common-
mode noise, RSPWM was the most effective, followed by
MLDPWM and then SVPWM; notably, RSPWM entirely

eliminated common-mode noise.

These findings suggest that RSPWM may generate exces-
sive current ripple for high-speed, low-inductance motors un-
der the conditions examined in this study. SVPWM is likely
more suitable for low-torque applications where reducing
current THD is important, while MLDPWM is advantageous

for high-torque scenarios to mitigate losses.
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