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Abstract: This study investigates the efficiency and noise, vibration, and harshness (NVH) charac-
teristics of electric vehicle (EV) powertrains based on three key Pulse Width Modulation (PWM)
techniques: Space Vector PWM (SVPWM), Discontinuous PWM (DPWM), and Random PWM
(RPWM). The objective is to evaluate the impact of these PWM techniques on inverter and motor
efficiency, as well as their effects on NVH performance, particularly in relation to noise and vibration.
Experiments were conducted across various speed and torque levels using a motor dynamo. The
study reveals that DPWM provides the highest efficiency, outperforming SVPWM by up to 2.23%.
However, DPWM introduces more noise due to increased total harmonic distortion (THD), nega-
tively affecting NVH performance. SVPWM, on the other hand, offers a balanced trade-off between
efficiency and NVH, while RPWM demonstrates comparable noise characteristics to SVPWM, with
potential for broader harmonic distribution. The findings suggest that each PWM technique offers
distinct advantages, and their selection should depend on the required balance between efficiency
and NVH.

Keywords: electric vehicles; torque control; efficiency optimization; harmonic analysis; motor drives

1. Introduction

The automobile industry is making various efforts to reduce greenhouse gas emissions
and reduce dependence on fossil fuels by switching to electric vehicles (EVs) [1]. EVs do not
directly use fossil fuels, so they reduce greenhouse gases, have high energy efficiency, etc.
However, for smooth adoption of EVs, noise, vibration, and harshness (NVH) performance
optimization is required for higher efficiency and comfortable driving for drivers [2,3].

The efficiency of an inverter, which converts DC power into the AC power required to
drive an electric vehicle, is essential for overall powertrain performance. Various PWM
techniques are key factors in determining this efficiency. These techniques play a crucial
role not only in the efficiency of power conversion but also in the NVH (Noise, Vibration,
and Harshness) characteristics of the system, directly affecting the driver’s experience [4,5].

This paper investigates the effects of three Pulse Width Modulation (PWM) techniques—
Space Vector PWM (SVPWM), Discontinuous PWM (DPWM), and Random PWM (RPWM)—on
the efficiency and NVH characteristics of electric vehicle powertrains. These techniques
are widely applied in EV driving systems due to their distinct advantages [6,7]. Through
experimental analysis, we quantify the impact of each PWM method on motor efficiency
and acoustic performance. SVPWM is shown to improve motor efficiency by up to 15%
compared to traditional sinusoidal PWM [8]. DPWM techniques can further reduce switch-
ing losses, potentially increasing inverter efficiency by 20-30% [9]. RPWM, while less
efficient, demonstrates superior NVH performance by spreading harmonic energy across
a wider frequency spectrum, reducing the perception of tonal noise [10]. By elucidating
the trade-offs between efficiency and NVH for each technique, this study provides crucial

World Electr. Veh. ]. 2024, 15, 546. https:/ /doi.org/10.3390/wevj15120546

https:/ /www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj15120546
https://doi.org/10.3390/wevj15120546
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0003-3258-3311
https://doi.org/10.3390/wevj15120546
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj15120546?type=check_update&version=3

World Electr. Veh. ]. 2024, 15, 546

20f 18

insights for EV powertrain designers aiming to optimize both performance and driving
comfort.

The main purpose of this study was to evaluate and compare the efficiency of inverters,
motors, and inverter and motor integrated systems according to various PWM techniques,
and to analyze the impact of these PWM techniques on NVH, especially focusing on noise.
Through this, it is expected that a PWM technique can be selected to achieve the optimal
balance between efficiency and NVH.

The structure of this paper is as follows. Section 2 introduces existing research on EV
PWM technology, inverter performance, and NVH. Section 3 presents the method used in
the experiment and presents the experimental results. Section 4 discusses the implications
of these findings and concludes the paper with key analyses and suggestions for future
research.

2. Literature Review of EV Inverter
2.1. Overview of Electric Vehicle (EV) Inverters

Voltage source inverters are commonly used in electric vehicles to convert DC power
from the battery into AC power required for motor operation, as illustrated in Figure 1. The
inverter consists of six switches, arranged in three arms, each responsible for producing
one phase of the three-phase current. Each arm has a top and bottom switch that perform
complementary switching operations to avoid short circuits in the arms [11,12].

Figure 1. Three-phase inverter.

Typically, the continuous SVPWM technique is used to generate three-phase voltages
efficiently. To further optimize performance, the DPWM technique can be applied to reduce
switching losses, while the RPWM technique is often employed to mitigate NVH. Each of
these techniques plays a key role in improving the inverter’s efficiency and overall driving
comfort.

2.2. Pulse Width Modulation Techniques
2.2.1. Space Vector PWM

One of the key performance indicators of PWM techniques is the magnitude of the
output voltage produced when converting a limited direct current (DC) voltage into an
alternating current (AC). Table 1 presents a comparison of the output voltages for different
PWM techniques. Among these, the 6-Step technique can achieve the highest voltage.
However, this technique operates by generating output voltages at intervals of 60 degrees
in the frequency domain, producing six distinct voltage steps over 360 degrees. Due to its
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discontinuous nature, the 6-Step technique is typically not used under normal operating
conditions [13,14].

Table 1. Comparison of output voltage sizes according to PWM technique.

No PWM Method Output Voltage PU Voltage Ratio
1 SPWM Yee 0.5 100 [%]
SVPWM % 0.5773 115.47 [%]
6-Step % Ve 0.6366 127.324 [%]

Among continuous PWM techniques, SVPWM is capable of generating the highest
output voltage. When compared to SPWM, which uses the same DC voltage input, SVPWM
produces an output voltage that is 15.47% higher, making it a more efficient choice for
generating alternating voltages in electric vehicle inverters.

The phase voltages Vis, Vs, Ves, and Vs generated by the inverter can be expressed
in terms of the switching functions S, S, and S, as shown in Figure 1. These switching
functions determine the ON/OFF states of the inverter’s switches, and the resulting phase
voltages are described by Equation (1):

Vys = Y4 (25, — S, — S¢)
Vjs = (25, — S — S,) (1)
¢ (25, — Sy — Sp)

3
I
SERENE

The switching function controls the output voltages for each phase. Depending on the
combination of switching states, a total of eight possible voltage vectors can be generated
by the inverter. These eight vectors are represented graphically as a space vector in Figure 2.

V3(0,1,0), V2(1,1,0)

Sector 3

V1(1,0,0)

VO (O.Opo) ....--}as

V7(1,1,1)

V,(0,1,1)4

Sector 4

Vs(1,0,1) ¢ V,(0,0,1)
[y

Figure 2. Space vector method.

The change in the inverter’s three-phase switching command causes the command
voltage vector V* to rotate counterclockwise in the space vector plane (d-q axis stationary
coordinate plane), as illustrated in Figure 2. During each cycle of the command voltage, the
voltage vector completes one full rotation.

SVPWM generates the desired command voltage by using the eight available switching
vectors. Specifically, two adjacent effective voltage vectors, V;, and V;, 1, which are closest to
the command voltage vector V*, are selected. In addition, zero-voltage vectors Vj and V7 are
used to maintain the average output voltage during each modulation period Ts.



World Electr. Veh. ]. 2024, 15, 546

40f18

The time allocated to apply each vector is as follows: T; for the first vector V,,, T, for
the second vector V), 1, and Tj for the zero vectors. The composition of the voltage using
the vectors V,, and V;,;1 and the zero vectors during T; is described by Equation (2):

s T T+T: Ts
JorVidt = [y Vadt+ [} Viadt + [1° 1 Vot

)
( V*Ty =V, T1 + V,H,sz).

Among the various Space Vector Pulse Width Modulation (SVPWM) techniques that
combine two adjacent effective voltage vectors with zero-voltage vectors, the symmetrical
space vector voltage modulation method stands out for its efficiency and balanced perfor-
mance. This method involves placing the effective vector application time T; + T, exactly
at the center of one cycle of voltage modulation T, thereby achieving symmetry within
the modulation cycle. As a result, the effective voltage vector is positioned at the center,
while the zero vectors are located at the beginning and end of the cycle. This symmetrical
arrangement ensures that the ripple of the phase current within each cycle maintains a
symmetrical shape, thereby reducing the number of switching events required [15,16].

Figure 3 illustrates the switching status in the sector 1 area, providing a visual repre-
sentation of how the symmetrical SVPWM operates. In this figure, the top switch of phase
A remains ON while the bottom switch stays OFF, and phases B and C perform comple-
mentary switching operations [17]. This coordinated switching pattern is fundamental to
maintaining the symmetry and minimizing harmonic distortions in the output voltage. By
ensuring that all three-phase switches undergo switching operations within each modu-
lation cycle, symmetric SVPWM is classified as a continuous modulation method. This
continuous approach not only enhances voltage utilization but also contributes to smoother
motor operation and reduced electromagnetic interference (EMI).

Sector 1

1- k)T,
( )Tf T, KT,

S{0]J0j0]J1T]1]0]0(O0
Vo i V2 g
ON Sequence OFF Sequence

Figure 3. Switching status in sector 1 of SVPWM.

Symmetric SVPWM is the most widely used SVPWM technique due to its ability to
balance efficiency and NVH performance. By maintaining continuous switching across all
phases and achieving a symmetrical current ripple, this method optimizes the inverter’s
performance, making it highly suitable for electric vehicle applications where both efficiency
and driving comfort are paramount.

2.2.2. Discontinuous PWM

Unlike the continuous voltage modulation method, DPWM is a technique designed to
reduce the number of switching events by switching only two of the three inverter phases.
The main goal of applying DPWM is to increase the efficiency of the inverter by reducing
switching losses. However, the harmonic characteristics vary depending on the placement
of the non-switching discontinuous section.
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In the discontinuous modulation method, the symmetry of the effective voltage vector
is lost, but the number of switching operations is reduced to two-thirds of the continuous
modulation method. When the discontinuous section is inserted at an optimal position—
especially in areas with a high voltage modulation index—it can result in better harmonic
performance than continuous modulation methods, even when operating at the same
switching frequency. In regions with a low modulation index, however, the loss of symme-
try in the effective voltage vector can lead to an increase in harmonic distortion compared
to continuous modulation techniques [18-20].

Reflecting on these characteristics, research has been conducted into various discontin-
uous section placements, resulting in six distinct DPWM techniques: 60°, 60° + 30°, 60° —
30°,30°, +120°, and —120° DPWM. Each technique has different harmonic characteristics
based on the placement of the non-switching phase.

Figure 4 shows the switching status of DPWM in sector 1. In this example, the top
switch of phase A remains ON, the bottom switch remains OFF, and phases B and C
perform the necessary switching operations.

Sector 1
I, T, T
T

Sal 1| 1 1 1 1|1
Syl 0| 1 1 1 110
s.|lo] o] 1 1 010

Vo i V2 Vg
ON Sequence OFF Sequence

Figure 4. Switching status in sector 1 of DPWM.

The three-phase inverter can be configured with a 120° discontinuous modulation
section, during which no switching occurs in one phase over a cycle of the command
voltage. Although the discontinuous section can be placed at any position within the
command voltage cycle, it is generally positioned near the maximum phase current. This is
because switching losses are proportional to the amount of current flowing through the
switch, and placing the discontinuous section at the point of maximum current helps to
reduce switching losses.

To achieve optimal efficiency, the placement of the discontinuous section must be
adjusted based on the load status. Under different load conditions, the discontinuous
section may need to be rearranged to further reduce losses and maintain performance.

In the 60° discontinuous modulation method, switching is not performed during
the 60° section of the modulation cycle where the phase voltage reaches its maximum
or minimum value. This approach is especially useful for applications like UPS systems,
grid-connected inverters, and permanent magnet synchronous motor drives, where the
voltage and current are controlled to be nearly in phase. By eliminating switching in these
sections, switching losses can be minimized.

Figure 5a provides an example of the a-phase pole voltage command used to im-
plement this modulation method. During the 60° section where the phase static voltage
command V5 is at its most positive, the upper switch of phase A remains on, and the pole
voltage command V};, is set to V. /2. Conversely, during the most negative 60° section, the
lower switch is kept on by fixing the pole voltage command at —V;;. /2.
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Figure 5. Switching patterns of a-phase with six types of DPWM applied.

In the case of an R+XL load, such as an induction motor, the current lags behind the
input voltage. This lagging current is a typical characteristic of inductive loads. The main
goal of using the discontinuous modulation method is to reduce switching losses when the
current reaches its maximum value.

To address the current flowing to the ground in relation to the phase voltage, a
60° + 30° discontinuous modulation method is applied. In this technique, switching is
avoided during the 30° delayed section, resulting in discontinuous modulation within the
60° to 120° portion of the cycle. This helps to minimize switching losses, especially when
dealing with a lagging current.

Figure 5b illustrates the space vector diagram for the 60° + 30° discontinuous modula-
tion method, along with the sectors where discontinuous modulation is applied.

The 30° discontinuous modulation method is widely regarded as the best approach
for reducing harmonic losses. In this technique, the discontinuous modulation area added
to one complete cycle covers a total of 120°. However, in the 30° discontinuous modulation
method, this area is distributed across four specific regions.

The four areas where discontinuous modulation is performed are as follows:

30° to 60°, 120° to 150°, 210° to 240°, and 300° to 330°.

This division allows for optimized performance in minimizing harmonic distortions.
Figure 5d illustrates the space vector diagram for this modulation method, showing the
sectors where discontinuous modulation occurs.

The 120° discontinuous modulation method is a technique where switching is avoided
for one-third of a cycle (120°). This method is suitable for low-cost systems due to its ability
to reduce switching frequency and complexity.

However, there are some drawbacks. The +120° and —120° discontinuous modulation
methods result in uneven switching losses between the upper and lower switches of the
inverter. While the +120° method effectively reduces the switching losses in the lower
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switch, and the —120° method focuses on the upper switch, this imbalance can be a
disadvantage. Although the overall switching losses are reduced, this method does not
offer any significant improvement in the inverter’s maximum output performance.
Figure 5e illustrates the space vector diagram for the +120° discontinuous modulation
method and highlights the sectors where discontinuous modulation occurs.
Figure 5f shows the space vector diagram for the —120° discontinuous modulation
method and highlights the sectors where discontinuous modulation is applied.

2.2.3. Random PWM

When controlling an inverter using the PWM technique, harmonics tend to concentrate
in the output voltage within specific frequency bands, particularly those corresponding
to the switching frequency and its multiples, as well as the associated sidebands. These
harmonics can lead to undesirable effects such as noise and vibration. To mitigate these
issues, RPWM has emerged as a promising technique that reduces the impact of harmonics
without increasing the overall switching frequency [21].

RPWM operates by introducing random variables to alter the inverter’s switching pat-
tern, effectively dispersing the harmonic spectrum across a broader frequency range. This
is significant because the ripple in the phase current typically exhibits peaks at frequencies
tied to the inverter’s switching frequency, the output voltage frequency, and the natural
characteristics of the load. Such specific frequency ripples can induce vibrations and noise
in connected loads [22,23].

Moreover, with the rising concern over EMI due to power converters, RPWM offers a
valuable solution by spreading high-frequency components—often concentrated around
the switching frequency and its harmonics—across a wider frequency band. This results in
a more symmetrical current profile, minimizing potential EMI issues.

In this paper, we have implemented a Random PWM technique that maintains a
constant switching frequency while utilizing offset voltage modulation. This approach
is particularly advantageous as it simplifies implementation; it involves merely adding a
randomization function to the offset voltage, based on the previously established offset
voltage modulation with SVPWM. Importantly, this can be achieved without the need
for additional hardware or complex algorithms, making it an efficient choice for practical
applications.

The voltage modulation method utilizing offset voltage is an integrated approach that
facilitates the easy implementation of various existing voltage modulation techniques. As
depicted in Figure 6, this method integrates Random RPWM by incorporating a random
function into the pole voltage calculated for SVPWM in the context of SVPWM.

* + v, + T
Vas —® :Q - :O—' J:—b Sy
+ * -1
: £ Von 4 1
Vs 'bg N/ W " 5,
*
* + Vcn"' R 1
VC“ £ ) Sr;
+ —
*
. Vae
Vsn* 2
Ven Calculator > ”
+ 2
Random Function-
Via

Figure 6. RPWM algorithm block diagram with offset voltage technique applied.
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The offset voltage (V;;,) generated through this randomization process is represented
mathematically in Equation (3), showcasing how the random function influences the overall
voltage modulation. V;j, is calculated as follows:

Viax + V7

Vap = — 8+ V,y 3)

2.3. Contemplation of Harmonics in General PWM Techniques

The primary objective of the PWM technique is to control the switches in each phase
to generate a fundamental wave voltage with the same magnitude and frequency as the
command voltage. Various PWM techniques have been developed, starting with sinusoidal
PWM (SPWM). The performance of a PWM technique is evaluated based on its ability to
linearly output the voltage within the constraints of the DC link voltage and the harmonic
characteristics of the output voltage. The voltage modulation index (MI), defined in
Equation (4),

th:Vﬁm(MmfiAopnﬁt+®ﬂ, @)

is used to describe the output voltage magnitude for each phase in PWM techniques.

Compared to SPWM, SVPWM has a voltage modulation index approximately 1.155 times
higher, meaning it utilizes the DC link voltage more effectively. However, the output voltage
of the inverter contains harmonics concentrated around specific frequencies—specifically
the switching frequency f, its multiples M, and the sidebands at N f.

Equation (4) represents the harmonic components of the pole voltage V), caused by
PWM switching, where f is the fundamental frequency of the output voltage, and iy is
the frequency modulation index, which is the ratio of the switching frequency to the
fundamental frequency, as defined in Equation (5):

_fe
fo

Here, M and N are integers, and their sum (M + N) must be odd. The harmonic orders
from Equation (4) are as follows:

(5)

my

mf Tlflfiz T’Hfi4 mfi6 .
2mp+1 2my+3 2mpE5 2mp k7 .. (6)
31’11f 3111f:b2 3111f:b4 37}’lfi6

Among these harmonic components, those of order my are the largest. In other
words, the harmonic components associated with the switching frequency f. are the most
dominant. Figure 7 illustrates the harmonic distribution of pole voltages for general PWM
techniques.

Amplitude

Fundamental
® Frequency

fe

2fc = fo ify"‘fo
fe—2fo fe+ 2fo

4
il ?I,I? .

2f. —F requency[H]

Figure 7. Harmonic distribution of pole voltages in common PWM techniques.
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The harmonic characteristics for the line voltage and phase voltage are further detailed
in Figure 8. In a three-phase inverter driving system, harmonic components that are
multiples of three are effectively removed from the line-to-line voltage calculated as the
difference between pole voltages. Since these components are in phase within each phase
voltage, they do not contribute to the line voltage.

If the frequency modulation index miy is set to a multiple of three, all harmonics that
are multiples of m; can be eliminated from the line voltage, leading to a reduction in
the overall harmonic content. Consequently, the largest harmonic component iy is also
removed, resulting in the following harmonic components:

e mgt2 mypt4 myt6

2me+1 2me4+3 2met5 2me£7 .. (7)
3mr 3mp+2 3myt4 3mpt6

Figure 8 illustrates the harmonic distribution of the line voltage when miy is a multiple
of three. These harmonics, concentrated in specific frequency bands, contribute to noise,
vibration, and electromagnetic interference issues.

Amplitude

4 Fundamental

® Frequency

2fc —fo 2fc + fo
fe = 2f fi + 2f; '
/

\‘T,T ?I.I? ,

fe 2f- —F requency[H]

Figure 8. Harmonic distribution of line voltage in common PWM techniques.

As a method to evaluate the harmonic-spectrum spread effect of the random PWM
technique, the harmonic spread factor (HSF), a concept derived from standard deviation in
probability theory, can be applied. The HSF is calculated using the following formula:

HsF— |1y (H; — Ho)* 8)
N-1 j>1 !

In these equations, H; refers to the magnitude of the j-th individual harmonic, and Hy
represents the average of N — 1 harmonics. An ideal harmonic diffusion effect is achieved
when the HSF equals 0, which corresponds to the condition of ideal white noise. The
equation for Hy can be expressed as follows:

N
_ L H
- N-1

H, )

Additionally, an analysis of total harmonic distortion (THD) is necessary to examine
the impact of harmonic characteristics when applying the Random PWM technique. THD
is expressed by the following equation:

JIN, V2
THD = Y.=71 T (10)

4
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where V; is the root mean square (rms) value of the output voltage fundamental wave,
and V; represents the rms value of the j-th harmonic. This analysis provides insight into
how effectively the Random PWM technique can minimize harmonic distortions while
maximizing efficiency.

3. Experimental Results
3.1. Efficiency Measurements

The efficiency test was conducted using a motor dynamo, with power measurements
taken by Yokogawa’s WT3000 power meter. The experimental procedure first presents
the inverter’s efficiency by analyzing its performance based on varying speed and torque
values. Following this, the motor efficiency is evaluated under similar conditions. Finally,
the combined efficiency of the inverter and motor system is presented, showcasing how
the entire system performs across different operational ranges. This stepwise approach
allows for a detailed comparison of each component’s efficiency and their integrated
performance. Figure 9 illustrates the command voltage patterns for SVPWM, DPWM, and
RPWM techniques, highlighting their distinct characteristics. In SVPWM, the command
voltage is represented by a rotating voltage vector that covers the full 360-degree space,
aiming for continuous modulation to maximize voltage utilization while maintaining
balanced switching across all three phases.

DPWM, on the other hand, introduces non-switching periods in the command voltage,
where only two out of the three phases are actively switching, effectively reducing switching
losses. This results in distinct discontinuous sections in the command voltage. Lastly,
RPWM incorporates random variations in the switching pattern of the command voltage,
dispersing harmonics across a wider frequency spectrum. This technique aims to reduce
the concentration of harmonics in specific frequency bands, thereby improving NVH and
reducing EMI. Figure 9 visually captures these differences in the modulation behavior of
each technique.

div

AV AVAN |

(e) DPWM 60°+30°
ik S0ms/div

A L AW

i e

(fy DPWM 60°—30° (g) DPWM 120° (h) DPWM —120°

Figure 9. Three-phase voltage commands of SVPWM, RPWM, and DPWM.
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The experimental conditions are shown in Table 2.

Table 2. Experimental conditions.

Parameters Value Unit
DC Voltage 400 \%
Speed range 1000~10,000 rpm
Torque range 20~300 Nm
Pole pair 4 -
Ly/Ly/Rs 0.168/0.632/0.0135 mH/mH/Q

3.1.1. Inverter Efficiency Results

In Figure 10, the inverter efficiency results according to the PWM technique are
presented based on speed and torque. Figure 10a shows the efficiency (%) obtained when
applying the SVPWM technique. In contrast, Figure 10b displays the efficiency (%) results
of the highest performing PWM technique chosen from the DPWM and RPWM methods.
Figure 10c provides a comparative analysis of the techniques, where number 1 represents
SVPWM, numbers 2 to 7 represent different DPWM methods, and number 8 corresponds
to RPWM. The results indicate that the PWM technique has the highest efficiency based on
speed and torque measurements. Finally, Figure 10d highlights the efficiency difference
between the PWM technique selected in Figure 10b and the baseline SVPWM in Figure 10a.
As demonstrated by these test results, the inverter’s efficiency is highest when applying
the DPWM technique, showing an improvement ranging from a minimum of 0.35% to a
maximum of 2.23% compared to SVPWM.

Torque(Nm) Torque(Nm)

300 | 8962 9373 9545 %| 300 | 9176 9492 96.60 %

280 | 8986 9417 9572 280 | 9220 9541 9663

260 | 9015 9449 9596 260 | 9246 9569 9686

240 | 9049 9475 9620 9662 240 | 9276 9592 97.07 97.33

220 | 9062 9485 9629 9676 220 | 9288 9601 97.15 97.45

200 | 9081 9497 9645 9698 9681 200 | 9306 9617 9730 97.64 97.46

180 | 9094 9505 9657 | 97.14 97.01 180 | 9319 9629 9740 | 9777 9763

160 | 9096 9507 9658 9717 97.05 9691 160 | 9322 9631 9742 9780 9767 9751

140 | 9100 9513 9660 | 9727 97.16 97.04 96.89 140 | 9330 9638 97.47 | 9790 9779 9764 9742

120 | 9103 9517 9662 | 97.34 9723 97.13 9695 9701 120 | 9335 9643 9750 | 9797 9788 9773 9754 97.50

100 | 9105 9519 9663 | 97.37 9727 97.17 9698 9701 100 | 9338 9645 9752 | 9800 9792 9777 9759 9755

80 | 9084 9509 9656 97.35 97.26 97.08 9685 96.89 9697 9720 | 80 | 9331 9641 9751 | 9801 9792 97.73 9751 9748 9745 97.55

60 | 9059 9498 9648 | O7.32 97.24 9698 9670 9676 9679 9694| 60 | 9322 9637 9749 | 9803 9792 9768 9741 9740 9737 9742

40 | 9034 9487 9639 | 97.29 9722 9687 9654 9662 9660 9668 | 40 [ 9313 9632 9747 [ 9804 9791 97.62 97.31 97.31 97.28 97.28

20 | 9065 9471 9628 9717 9690 9685 9644 9650 9646 9658 | 20 | 9356 9598 97.31 9767 97.72 9757 9682 9685 9680 97.08
1,000 | 2,000 [ 3,000 | 4,000 | 5,000 | 6,000 [ 7,000 ] 8,000 [ 9,000 [ 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 [ 7,000 | 8,000 [ 9,000 ] 10,000

Speed(rpm) Speed(rpm)
(a) Efficiency test results applying SVPWM. (b) Efficiency test results applying DPWM and RPWM.

Torque(Nm) Torque(Nm)

300 | 4 4 4 svewMl 1 [ 300 [ 215 119 115 RDPWM-SWPWM(%)

280 | 4 4 4 30DPWM | 2 | 280 | 234 124 091

260 | 4 4 4 60DPWM 3 | 260 | 231 120 090

240 | 4 4 4 4 60+30DPWM 4 | 240 | 227 117 087 071

220 | 4 4 4 4 60-30DPWM 5 | 220 | 226 116 086 069

200 | 4 4 4 4 4 +120DPWM. 6 | 200 | 225 120 085 066 065

180 | 4 4 4 4 4 -120DPWM| 7 [ 180 | 225 124 083 063 062

160 | 3 4 4 1 3 4 RPWM| 8 | 160 | 226 124 084 063 062 060

140 | 3 4 4 1 3 1 4 140 | 230 125 087 063 063 060 053

120 | 3 4 3 2 3 2 3 4 120 | 232 126 088 063 065 060 059 049

100 | 3 4 3 3 3 3 3 3 100 | 233 126 089 063 065 060 061 054

80 | 4 3 3 3 5 5 5 5 3 3 80 | 247 132 095 066 066 065 066 059 048 035

60 | 4 3 3 3 5 5 5 5 3 3 60 | 263 138 102 071 067 070 072 064 058 047

20 | 4 3 3 3 5 5 5 5 5 5 | 40 | 279 145 108 075 069 075 077 069 068 060

20 | 4 3 3 3 5 5 5 5 5 5 20 | 292 | 127 103 050 082 072 | 038 036 034 050
1,000 | 2,000 [ 3,000 | 4,000 | 5,000 | 6,000 [ 7,000 | 8,000 [ 9,000 [ 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000 | 9,000 | 10,000

Speed(rpm) Speed(rpm)

(c) Results of selection of maximum-efficiency PWM. (d) Efficiency comparison results (D/RPWM—-SVPWM).

Figure 10. Comparison of inverter efficiency measurement results by speed and torque with SVPWM,
RPWM, and DPWM applied.
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3.1.2. Motor Efficiency Results

In Figure 11, the motor efficiency results according to the PWM technique are analyzed
based on speed and torque. Figure 11a illustrates the efficiency (%) when the SVPWM
technique is applied. Figure 11b presents the efficiency (%) for the PWM technique that
achieved the highest efficiency among the DPWM and RPWM techniques. In Figure 11c, the
test results compare the best performing techniques, where number 1 represents SVPWM,
numbers 2 through 7 represent various DPWM methods, and number 8 represents RPWM.
Figure 11d highlights the efficiency difference between the PWM technique selected in
Figure 11b and the baseline SVPWM in Figure 11a.

The results demonstrate that overall, the motor’s efficiency is highest when using the
SVPWM technique. Although RPWM and DPWM show higher efficiency in certain regions,
the DPWM technique primarily reduces switching loss, but at the cost of increasing the
THD of the output current. It is noted that the difference in efficiency between the various
PWM techniques is less than 0.89%, indicating that the impact of switching technique on
motor efficiency is minimal.

Torque(Nm) Torque(Nm)
300 8948 91.59 %[ 300 8951 9209 %
280 89.59 9205 280 89.62 9219
260 9085 93.19 260 9093 93.19
240 | 8752 9198 9397 240 | 8759 9203 9397 94.15
220 | 8839 9242 9428 220 | 8839 9246 9428 9455
200 | 89.76 93.19 95.10 94.00 200 | 89.76 93.20
180 | 9075 9374 180 | 9075 9374
160 | 91.02 9385 9369 160 | 91.02 9386 93.69
140 | 91.85 94.18 9405 9253 140 | 9185 9422 9408 9254
120 | 9244 9441 9430 93.02 9204 120 | 9244 9447 9435 93.02 9204
100 | 9271 9452 9442 9325 9235 100 | 9271 9459 9448 9325 9235
80 | 93.03 9448 9421 9306 9214 9097 9028 | 80 | 93.06 9454 9522 9434 9306 9214 9118 9032
60 | 9341 9444 9525 9396 9285 9190 9058 9018 | 60 | 9347 9449 9525 9501 9417 9285 9190 9113 90.20
40 | 9379 9440 9510 9510 9479 9371 9263 9165 9018 9007 | 40 | 9387 9443 9510 9510 9479 9400 9263 9165 9107 9007
20 | 9396 9438 9498 9499 9437 9355 9261 9135 8992 8970| 20 [ 9417 9426 9493 9466 9438 9363 9216 91.56 90.72 89.97
1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 ] 7,000 | 8,000 ] 9,000 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 ] 7,000 | 8,000 [ 9,000 10,000
Speed(rpm) Speed(rpm)
(a) Efficiency test results applying SVPWM. (b) Efficiency test results applying DPWM and RPWM.
Torque(Nm) Torque(Nm)
300 SVPWM 300 | 001 002 = 050 RDPWM-SWPWM (%)
280 30'DPWM 2 280 003 014
260 60DPWM 3 | 260 | 027 008
240 60°+30DPWM 4 [ 240 | 007 005
220 60"-30DPWM 5 | 220 004
200 +120DPWM 6 | 200 001
180 ~120°'DPWM 180 004
160 RPWM 160 001 003 001
140 140 0.04 002 003 001
120 120 0.06 001 005
100 100 0.07 0.06
80 2 4 80 003 0.06 0.13 021 004
60 2 4 60 006 0.05 0.21 055 0.02
40 40 | 008 003 029
20 20 | 011 007 029
1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000 | 9,000 | 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5000 | 6,000 | 7,000 | 8,000 | 9,000 | 10,000
Speed(rpm) Speed(rpm)
(c) Results of selection of maximum-efficiency PWM. (d) Efficiency comparison results (D/RPWM—-SVPWM).

Figure 11. Comparison of motor efficiency measurement results by speed and torque with SVPWM,
RPWM, and DPWM applied.

3.1.3. Inverter and Motor Efficiency Results

Figure 12 presents the results of measuring the efficiency of the combined inverter
and motor system based on different PWM techniques as a function of speed and torque.
Figure 12a shows the system efficiency (%) when SVPWM is applied, while Figure 12b
displays the experimental efficiency (%) for the PWM technique that achieved the highest
efficiency among the DPWM and RPWM techniques. Figure 12¢ highlights the PWM
technique with the highest efficiency, selected after comparing the results from SVPWM,
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DPWM, and RPWM, where number 1 represents SVPWM, numbers 2 through 7 corre-
spond to various DPWM techniques, and number 8 represents RPWM. Finally, Figure 12d
compares the efficiency of the selected DPWM and RPWM techniques from Figure 12b
with the baseline SVPWM.

The results indicate that the overall system efficiency is highest when the DPWM
technique is applied. Although SVPWM and RPWM show competitive efficiency in some
regions, the maximum efficiency difference between the PWM techniques is less than 2.13%.
The DPWM technique consistently outperforms the others, demonstrating its effectiveness
in reducing switching losses while maintaining high system efficiency.

Torque(Nm) Torque(Nm)

300 | 7442 8388 87.89 %] 300 [ 7594 8492 8843 %
280 | 7476 8437 88.11 280 | 76.11 85.05 88.72

260 | 76.88 85.84 8943 260 | 7844 86.50 89.80

240 | 7920 87.15 9040 9097 240 | 8048 87.73 90.73 91.26

220 | 80.10 87.66 90.78 9149 220 | 8128 8821 91.09 91.83

200 | 8151 8850 9138 9223 91.00 200 | 8262 89.03 9168 9256 91.37

180 | 8253 89.10 9181 9277 91.71 180 | 8359 8963 9211 93.09 9217

160 | 8279 8922 91.88 9287 9186 90.79 160 | 8392 8977 9219 9319 923 91.12

140 | 8358 8959 9209 93.18 9232 91.26 89.65 140 | 8491 9021 9243 9348 9268 91.63 90.00

120 | 8415 8985 9224 9339 9264 91.59 90.19 8929 120 | 85.61 90.53 1 9260 9370 9295 91.99 90.52 8958
100 | 8441 8997 9231 9349 9280 91.75 9043 8959 100 | 85.94 9067 9268 9380 9308 9216 90.76 89.77

80 | 8451 8985 9212 9320 9260 9146 90.13 8928 8821 8775] 80 | 8626 9068 9250 9359 9295 9201 9048 8954 8864 8807
60 | 8462 8971 9190 9286 9238 91.12 8978 8892 8766 8742) 60 | 8664 9070 9229 9336 9280 91.83 90.15 8927 8832 87.58
40 | 8473 8956 9167 9252 9215 9078 8943 8855 87.11 87.08| 40 | 87.02 9071 9208 9312 9265 9165 8982 8899 8799 87.08
20 | 8496 8926 9165 9243 9176 9041 89.08 8834 8699 87.02) 20 | 8714 9035 9204 9276 9243 9144 8966 8865 8770 86.71

1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000 | 9,000 | 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000 | 9,000 | 10,000
Speed(rpm) Speed(rpm)
(a) Efficiency test results applying SVPWM. (b) Efficiency test results applying DPWM and RPWM.
Torque(Nm) Torque(Nm)
300 | 7 7 4 svwMml 1 | 300 [ 152 104 o054 RDPWM-SWPWM (%)
280 7 4 30DPWM | 2 | 280 | 135 068 061
260 | 3 7 7 60DPWM 3 | 260 | 156 066 037
240 | 3 7 4 4 60+30DPWM 4 [ 240 | 128 058 033 029
220 | 3 7 4 4 60-30DPWM 5 | 220 | 118 055 031 034
200 | 3 4 4 4 4 +120DPWM 6 [ 200 | 111 053 030 033 037
180 | 3 4 4 4 4 -120DPWM| 7 [ 180 | 106 053 030 032 046
160 | 3 4 4 4 2 4 RPwM 8 | 160 | 113 055 031 032 044 033
140 | 3 4 4 4 2 6 4 140 | 133 062 034 030 036 037 035
120 | 3 4 4 4 2 5 4 4 120 | 146 068 036 031 031 040 033 029
100 | 3 4 4 4 2 6 4 2 100 | 153 070 037 031 028 041 033 018
80 | 4 4 4 4 6 6 4 4 8 4 | 80 | 175 08 038 039 035 055 035 026 043 032
60 | 4 4 4 4 6 6 4 4 8 3 60 | 202 099 039 050 043 071 037 035 066 016
20 | 4 4 4 4 6 6 4 4 8 1 40 | 229 115 041 060 050 087 039 044 083 000
20 | 4 4 4 4 6 6 4 4 8 1 20 [ 218 109 039 033 066 103 058 031 071 _-031
1,000 [ 2,000 | 3,000 | 4,000 ] 5,000 | 6,000 [ 7,000 | 8,000 ] 9,000 [ 10,000 1,000 | 2,000 | 3,000 | 4,000 | 5000 | 6,000 [ 7,000 | 8,000 | 9,000 | 10,000
Speed(rpm) Speed(rpm)
(c) Results of selection of maximum-efficiency PWM. (d) Efficiency comparison results (D/RPWM—-SVPWM).

Figure 12. Comparison of inverter and motor integrated system efficiency measurement results by
speed and torque with SVPWM, RPWM, and DPWM applied.

3.2. NVH Measurements
Noise Frequency Analysis and Impact of PWM Techniques on NVH

The NVH experiment was designed to assess the noise and vibration effects of different
PWM techniques. The motor was tested under 50% torque, while the speed was swept from
1000 rpm to 11,000 rpm. The analysis included eight types of PWM—SVPWM, DPWM
(selected from Section 3.1.3 for maximum system efficiency), and RPWM—with SVPWM
serving as the baseline for comparison. The setup for the NVH measurement adhered to
IEEE standards, with microphones placed 1 m from the motor surface at three locations,
Left Hand (LH), Right Hand (RH), and Top Side, as shown in Figure 13. For maximum
power output conditions, powertrain performance typically takes priority over NVH
characteristics. Therefore, NVH speed sweep tests are generally conducted at continuous
power rather than maximum power. Accordingly, this NVH test was conducted at 50%
continuous torque, aligning with industry standards for realistic NVH assessment.
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Figure 13. Environmental setup for NVH measurement.

The NVH Test Chamber (semi-anechoic chamber) technical specifications are as fol-
lows Table 3.

Table 3. The NVH Test Chamber technical specifications.

Parameters Value Unit
Chamber dimensions 8.5/8.5/4.5 M

Noise floor 20 dB(A)
Lower frequency limit 100 Hz

The Dyno(Dynamo) system technical specifications are as follows in Table 4.

Table 4. Dyno system technical specifications.

Parameters Value Unit
Maximum power 1000 kW
Maximum DC voltage 1200 \%
Maximum current 1200 \%
Speed range —24,000~24,000 rpm
Maximum torque (nominal) 1200 Nm

As shown in Figure 14a, the NVH performances of RPWM and SVPWM are at similar
levels, while SVPWM demonstrates superior NVH performance compared to DPWM. This
finding aligns with the known characteristic of DPWM, which increases THD, thus leading

to higher noise and vibration levels.
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Figure 14. NVH experimental results for inverter and motor integrated system.

9 10 11

Figure 14b shows the NVH characteristics of SVPWM, DPWM, and RPWM by order. It
highlights the variation in the size of the noise components generated by inverter switching
depending on the PWM technique. Among the three PWM techniques, DPWM exhibited
the poorest noise characteristics, while SVPWM and RPWM demonstrated similar levels of
noise. In all test cases, DPWM was consistently shown to have inferior NVH performance

compared to the baseline, regardless of the conditions.
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4. Conclusions

This paper has presented a comparative analysis of the efficiency and NVH perfor-
mance of various PWM techniques, including SVPWM, DPWM, and RPWM, for an electric
vehicle inverter and motor system. The experimental results demonstrated that DPWM
showed the highest efficiency, outperforming SVPWM by up to 2.23%. However, the
efficiency benefits of DPWM were countered by its higher noise levels, as its increased
THD negatively affected NVH performance. In contrast, SVPWM exhibited balanced
performance with solid efficiency and NVH characteristics, making it a strong candidate
for applications where noise is a key concern. RPWM, while showing similar NVH perfor-
mance to SVPWM, offered the potential for noise reduction across a wider frequency band
due to its ability to distribute harmonics.

The results also highlighted the impact of switching techniques on both system effi-
ciency and noise. DPWM, while efficient, showed inferior NVH performance compared to
SVPWM and RPWM, with significant noise generation from inverter switching components.
This confirms the trade-off between efficiency and NVH performance, particularly when
choosing switching techniques for practical applications.

In the case of RPWM, there is a possibility of NVH performance changing depending
on the gain factor, and additional experiments are needed while adjusting the factor. Further
investigations into the optimal settings for RPWM could improve its NVH performance
without sacrificing efficiency, making it a promising technique for future research.
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