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Hybrid RPWM Technique Based on Modified
SVPWM to Reduce the PWM Acoustic Noise
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Abstract—This paper proposed a novel hybrid random
pulsewidth modulation (HRPWM) technique based on the mod-
ified space vector PWM for three-phase voltage source inverters
to eliminate the PWM acoustic noise. Due to PWM technique and
switching losses considerations, ear-piercing high-frequency noise
from motor is common. The proposed HRPWM technique is able
to remove the high-frequency unpleasant acoustic noise more effec-
tively than the conventional RPWM with lower switching losses and
shorter random frequency range. In addition, the PWM harmon-
ics in phase voltage and phase current are reduced significantly.
The HRPWM method is simple to implement and does not employ
additional circuits in drive system. Finally, the effectiveness of the
proposed approach has been confirmed by detailed experimental
results.

Index Terms—Acoustic noise, harmonic suppression, random
pulsewidth modulation (RPWM) technique, space vector PWM
(SVPWM).

I. INTRODUCTION

PULSEWIDTH modulation (PWM)-based voltage source
inverters (VSIs) are the driving force in industrial and

commercial applications [1]. In these VSIs, space vector PWM
(SVPWM) technique is widely employed to achieve excellent
static and dynamic performances [2]. However, SVPWM gener-
ates undesirable sideband voltage and current harmonics during
the intrinsic switching process. The high-frequency harmonics
are concentrated nearby the carrier frequency and its multiples
[2], [3], which overlaps with the range of human hearing [3].
In certain domestic and commercial areas, such as electric ve-
hicles and elevators, the acceptability of the drive system is tied
strongly to the perceived sound levels resulting from their op-
eration [1], [4]. Acoustic comfort has become an increasingly
important feature, as well as a way to comply with the IEC
60034-9 norm [5]. Thus, such unpleasant acoustic noise and
electromagnetic vibration caused by PWM are quite common
issues and should be addressed properly [2]–[5].
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The acoustic noise in VSI-driven motor systems can be cat-
egorized in two parts: 1) Mechanical noise due to surface ac-
cidents, cooling fans and aerodynamic noise constituted by air
turbulences, cavity resonance [6]. The type of noise is practi-
cally independent from the electrical supply of the motor. Their
frequencies are typically below 2 kHz in industrial applications
[1]. 2) Time harmonics, due to voltage harmonics with the fun-
damental voltage when the motor is fed by a power inverter
[5]. The harmonics depends on the PWM strategy used. The
PWM technique has a direct impact on mechanical noise and
vibrations caused by time harmonics [6].

Human ear is most sensitive to acoustic noise between 2
and 5 kHz, and the sensitivity reduces with the increase of
frequency until 10 kHz [7]. Unfortunately, most of common
VSIs are operating near 4–8 kHz for high-power applica-
tions [8]. Raising the switching frequency beyond ear sensi-
tive range could reduce the PWM acoustic noise effectively
[5], [9]. However, most PWM converters operate below the
frequency limited by modern semiconductor power switches
[5]. In addition, reduction of switching losses would ease
the cooling requirements and result in greater compactness of
the system, especially vital concern in limited-space environ-
ments and high-power applications [5]. Thus, the demands of
PWM harmonics reduced strategy for VSIs are classified as
follows: 1) The reduction of switching frequency harmonics
is more important than its multiples and 2) It is necessary to
balance the reduction of PWM harmonics and the switching
losses.

To eliminate the PWM harmonics and reduce the intensity
of noise, random PWM-based (RPWM) methods have been de-
veloped, in which carrier periods, pulse position or pulse width
vary from one switching cycle to another [10]–[12]. An RPWM
technique with good potentials for applications in high-volume
drives is developed in [13]. The RPWM techniques based on
adjusting the duration of the zero vectors or adjusting the three-
pulse positions in a switching period are introduced in [14] and
[15]. The random carrier period and the random pulse position
are combined together in [16]. The switching frequency values
are normally picked randomly within a predefined switching
frequency range typically ±25% around a nominal switching
frequency [1], [17], [18]. The switching frequency range influ-
ences the reduction of the PWM noises. Compared with the fixed
switching frequency PWM technique, RPWM-based methods
spread power of noise over a wide range of frequency domain
and the peaky PWM noise in phase voltage is reduced about
9–10 dB [1], [19], [20].
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Fig. 1. Switching states and phase voltages of (a) conventional SVPWM and
(b) modified SVPWM.

By changing the original switching state functions of the con-
ventional SVPWM, a modified SVPWM approach is proposed
to shift the PWM frequency noise to double at the expense
of increasing 33% switching frequency in [3]. With the modi-
fied SVPWM, the peaky PWM frequency noise in phase voltage
could be reduced about 15 dB [3]. However, the technique could
only reduce the odd order (1st, 3rd, . . . ) PWM frequency noise
and has no effect on the even order noise.

In fact, lower modulation ratio or shorter random frequency
range will weaken the effect of RPWM. The decrease of PWM
noise in phase voltage and phase current, especially in acoustic
noise, is less than 10 dB in some situations. 9–10 dB (RPWM)
reduction on PWM frequency noise, even 15 dB (modified
SVPWM) is not enough in many applications. Therefore, this
paper proposed a hybrid RPWM (HRPWM) technique for three-
phase inverters with the advantages of both RPWM and the mod-
ified SVPWM. The odd order PWM frequency noise could be
reduce more remarkably than the modified SVPWM or RPWM,
and the reduction of the even order noise is almost equal to
RPWM. The primary benefits of the proposed HRPWM include:

1) The peaky amplitude of PWM frequency noise of phase
voltage could be reduced about 22 dB and the even order
PWM noises are reduced as well;

2) The HRPWM technique could remove unpleasant PWM
acoustic noise effectively with the lower switching losses
and shorter random frequency range.

II. PROPOSED HRPWM TECHNIQUE

A. Review of the Modified SVPWM

The switching pulse pattern and phase voltages with the
SVPWM technique are shown in Fig. 1(a), where sa , sb , sc

are the switching states and va , vb , vc are the corresponding
phase voltages. Compared with the conventional SVPWM, the
modified SVPWM exchanges the sequence of active vectors,
as shown in Fig. 1(b). In each PWM cycle Ts , active vec-
tors are applied twice in order. The waveform 1 of three-phase
voltages is the same as waveform 2. The phase voltages meet
v(t + 0.5 Ts) = v(t) and the harmonic period of phase voltage
is 0.5 Ts . Thus, the PWM harmonics frequency in phase volt-
age is doubled and the odd order PWM frequency harmonics
are reduced. In a PWM cycle, one phase arm is operated twice,
one time more than the conventional SVPWM. In order to re-

Fig. 2. Diagram of the proposed HRPWM with program.

move the first PWM frequency noise, the switching losses of
the modified SVPWM increase 33% by comparing with the
SVPWM technique in the same carrier frequency. In other
words, if the actual switching frequency is 4.0 kHz, the main
first PWM noise frequency 4.0 kHz for SVPWM and that is
6.0 kHz for the modified SVPWM.

B. Implementation of the Proposed HRPWM

The proposed HRPWM method could eliminate the PWM fre-
quency noise further, based on the modified SVPWM, through
spreading the power of PWM frequency noise over a wide range.
Due to the reduction of PWM frequency noise, the switching
frequency with HRPWM could be selected in lower range and
remains the PWM noise in lower level compared with the con-
ventional SVPWM and RPWM technique.

As shown in Fig. 2, the modified SVPWM technique is
achieved before the PWM signals output to insulated gate bipo-
lar translators (IGBTs), and the output reference voltages Va ,
Vb, and Vc are calculated based on the RPWM period Ts in the
motor control program. The key point of the proposed HRPWM
is to achieve the modified SVPWM based on the results of
RPWM. For the common SVPWM technique, the output refer-
ence voltages Va , Vb, and Vc are equivalent to the durations of
three phases on-time Ta , Tb, and Tc . The PWM module outputs
the control signals of IGBTs based on Ta , Tb, and Tc . Although
the PWM period Ts is a random value for RPWM, Ta , Tb , Tc,
and Ts are known information.

The modified SVPWM strategy could adjust the switch-
ing functions according to Ta , Tb , Tc, and Ts . More detailed
process is as follows. The sector could be obtained by com-
paring the values of Ta , Tb, and Tc . If Ta > Tb > Tc , in
sector I, three special points marked as ©1 , ©2 , and ©3 in Fig. 4
are calculated by 0.5(Ts + Tc), 0.5(Ts + Tc) + 0.5(Ta − Tb),
and 0.5(Ts + Ta), respectively. The switching functions sa and
sc are the same as the conventional SVPWM. The modified
switching state function sb changes to low level at point ©1
with sc , then high level at point ©2 , at last low level with sa .
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Fig. 3. PWM harmonics in phase current with (a) SVPWM (4.0 kHz), (b) RPWM1 (3.2–4.8 kHz), (c) RPWM2 (4.8–7.2 kHz), and (d) HRPWM (3.2–4.8 kHz).

Fig. 4. Comparison of (a) the first-order and (b) the second-order PWM frequency current harmonics with SVPWM (4.0 kHz), RPWM1 (3.2–4.8 kHz), RPWM2
(4.8–7.2 kHz), and HRPWM (3.2–4.8 kHz).

When vector is located in other five sectors, the special three
points could be calculated in the same way. The HRPWM could
be achieved easily with the random function and the switch-
case function, and the computational burden is light for present
microcontroller unit (MCU).

III. NOISE INVESTIGATION IN SVPWM,
RPWM, AND HRPWM

For the conventional SVPWM technique, the PWM voltage
harmonics are located near nfc , where n = 1, 2, . . . and fc is
the carrier frequency [21]. In the following computer simula-
tion results, the PWM noises of phase current with SVPWM,
RPWM, and HRPWM are compared, whose fundamental fre-
quency are all 100 Hz. As shown in Fig. 3(a), the PWM fre-
quency of SVPWM is 4.0 kHz. The first PWM frequency har-
monics increase with the modulation ratio, the second PWM
harmonics increase with modulation ratio, then decrease. The
PWM noises in phase current with RPWM technique are shown
in Fig. 3(b) and (c), the RPWM frequency range is 3.2–4.8 kHz

and 4.8–7.2 kHz, respectively. The amplitudes of the first- and
second-order PWM harmonics decrease significantly in com-
parison with SVPWM. The results of the HRPWM are shown
in Fig. 3(d).

In order to compare these methods visually, the first- and
second-order PWM frequency current harmonics with SVPWM
(4.0 kHz), RPWM1 (3.2–4.8 kHz), RPWM2 (4.8–7.2 kHz), and
HRPWM (3.2–4.8 kHz) are illustrated in Fig. 4. As seen in
Fig. 4(a), the RPWM1 could reduce the first PWM frequency
harmonics about 9 dB. With increasing 50% switching fre-
quency, RPWM2 could reduce that about 12 dB. The HRPWM
could reduce the first-order PWM frequency harmonics more
than 20 dB when the modulation ratio larger than 0.5. It has
better effect on PWM frequency harmonics cancelation than
RPWM in the whole range of modulation ratio. As demonstrated
in Fig. 4(b), the second-order PWM frequency harmonics are
reduced about 10 dB with RPWM1 or HRPWM. The decrease
of that with RPWM2 is 16 dB, which mainly benefits from the
impedance of inductor for higher frequency noises. The switch-
ing frequency of HRPWM is 1.33 × 4.0 = 5.3 kHz, it is 6.0 kHz
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Fig. 5. Diagram and photograph of experimental platform.

TABLE I
SPECIFICATION AND PARAMETER OF MOTOR

for RPWM2. In general, the first-order PWM harmonics locates
near human ear’s sensitive range, so the reduction of the first
PWM frequency harmonics is more important. HRPWM has
better performance on harmonics reduction than RPWM with
lower switching losses.

IV. EXPERIMENTAL VALIDATIONS AND ANALYSIS

In this section, the PMSM drive system has been imple-
mented to verify the capability of PWM noise reduction with
HRPWM practically. The experimental platform photograph
and its diagram are shown in Fig. 5. The dc electronic load
is employed to load motor through the rectifier and adjust the
load torque, which ensures that the load motor does not make
acoustic noise near the switching frequency. The motor is op-
erated in rated load and speed is 1200 r/min. The phase volt-
age and phase currents are measured by high-voltage differen-
tial probe and currents probes, respectively. The Brüel & Kjær
2250S noise analyzer is used to measure acoustic noise from the
motor.

The specification and parameters of the drive system are
shown in Table I. Xorshift random number generator is em-
ployed in this paper. The PWM frequency range of RPWM and
the HRPWM is from 3.2 to 4.8 kHz, the average frequency is
4.0 kHz.

In the following results, the sampling frequency of the phase
voltage, phase current, and acoustic noise in oscilloscope is
125 kHz. In order to show the advantages of the method in
removing PWM noise, the experimental results of the SVPWM
and RPWM are listed.

A. PWM Frequency Voltage Noise Cancelation

The phase voltage and its harmonics spectrum with conven-
tional SVPWM, RPWM, modified SVPWM, and the HRPWM
are shown in Fig. 6. The levels of PWM harmonics using
the conventional SVPWM are marked in these figures. The
RPWM decreases the peak value of the first PWM frequency
harmonics amplitude by 6.80 dBV and the second PWM fre-
quency harmonics by 8.49 dBV compared with the conventional
SVPWM. The results of the modified SVPWM are shown in
Fig. 6(c), it decreases the first PWM frequency harmonics am-
plitude by 17.23 dBV and the second PWM frequency harmon-
ics is similar to that of SVPWM. As seen in Fig. 6(d), with
HRPWM, the peak value of the first PWM frequency noise
amplitude decreases by 24.48 dBV, and that of the second
PWM frequency noise reduces 5.82 dBV. These experimen-
tal results confirm that the HRPWM could eliminate the first
PWM frequency voltage noise more significantly compared with
RPWM.

B. PWM Frequency Current Noise Cancelation

The PWM acoustic noise depends largely on the current
noises. Thus, the level of PWM current noise using the SVPWM,
RPWM, and HRPWM are compared. As shown in Fig. 7(a),
the PWM current noise concentrates on 4.0 kHz and its multi-
ples for the conventional SVPWM. With RPWM, as shown in
Fig. 7(b), the amplitude of the first PWM frequency current noise
is 7.30 dBA less than the fixed switching frequency SVPWM
and the second PWM frequency current noise is 8.91 dBA. As
seen in Fig. 7(c), HRPWM decreases the first PWM frequency
current noise by 23.51 dBA and the second PWM frequency
noise by 5.05 dBA.

The enlarged figures of phase current using conventional
SVPWM, RPWM, and HRPWM are shown in Fig. 8(a)–(c),
respectively. As seen in Fig. 8(a), the period of the main harmon-
ics near the peak of ia is 125 µs, and the frequency is 8.0 kHz.
The frequency of the main harmonics at ia zero-crossing is
4.0 kHz. This result indicates that PWM current harmonics
(voltage harmonics) are not evenly distributed in fundamental
cycle. For the RPWM technique, the frequency of PWM har-
monics appear randomly in the range of 3.2–4.8 kHz, as shown
in Fig. 8(b). For HRPWM in Fig. 8(c), the frequency of main
harmonics in phase voltage and phase current is from 6.4 to
9.6 kHz, which is double of the PWM frequency. The first PWM
frequency harmonics with RPWM could only be distributed
but removed with HRPWM. For the second PWM frequency
noise, the RPWM and HRPWM both spread the power from
6.4 to 9.6 kHz.

C. PWM Acoustic Noise Cancelation

The PWM technique has a direct impact on vibrations
and acoustic noise. The PWM acoustic noise could almost
be removed due to the cancelation of PWM noise in phase
current. The motor acoustic noise caused by PWM harmonics
is measured by Brüel & Kjær 2250S noise analyzer. As shown
in Fig. 9(b), compared with the results of SVPWM in Fig. 9(a),
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Fig. 6. Harmonics spectrum of phase voltage with (a) conventional SVPWM, (b) RPWM, (c) modified SVPWM, and (d) HRPWM.

Fig. 7. Harmonics spectrum of phase current with (a) conventional SVPWM, (b) RPWM, and (c) HRPWM.

Fig. 8. Enlarged figure of phase voltage and phase current harmonics with (a) conventional SVPWM, (b) RPWM, and (c) HRPWM.

RPWM decreases the first PWM frequency acoustic noise by
3.34 dBV and the second PWM frequency noise by 6.55 dBV.
Based on the experimental results, two conclusions could be
obtained. First, the effect on the first PWM frequency acoustic
noise reduction is not obvious with RPWM and does not

satisfy the noise demands in some applications. In addition,
the acoustics noise amplitude with fixed switching frequency
SVPWM in Fig. 9(a) remains relatively stable, but the noise
amplitude with RPWM in Fig. 9(b) varies rapidly. The rapidly
changing low-frequency motor acoustic noise may be much
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Fig. 9. Acoustic noise spectrum with (a) conventional SVPWM, (b) RPWM, and (c) HRPWM.

Fig. 10. Enlarged figure of acoustic noise and phase current harmonics with (a) conventional SVPWM, (b) RPWM, and (c) HRPWM.

TABLE II
COMPARISON OF PWM NOISE CANCELATION WITH RPWM AND HRPWM

harsher than the conventional SVPWM. With the proposed
HRPWM, the amplitude of the first PWM frequency acous-
tic noise is 18.86 dBV less than the conventional SVPWM.
The decrease of the second PWM frequency acoustic noise is
6.59 dBV, which is similar to the effect of RPWM.

The figures of acoustic noise with SVPWM, RPWM, and
HRPWM are zoomed in Fig. 10(a)–(c), respectively. As seen in
Fig. 10(a), the period of the main harmonics of ia near its peak
is 125 µs, and that is 250 µs at ia zero-crossing. Because the
period of the harmonics in ib and ic is 250 µs, the period of the
main harmonics in acoustic noise is 250 µs. The comparison
between Fig. 10(b) and (c) shows that the first PWM frequency
acoustic is still the main parts for RPWM and the second PWM
frequency acoustic noise is the main components for HRPWM.
The acoustics noise amplitude with HRPWM in Fig. 10(c) varies
more gently compared with RPWM, which avoids the additional
low-frequency acoustic noise.

D. Comparison and Analysis of the Experimental Results

The experimental results of noise cancelation in voltage, cur-
rent, and motor acoustic noise have been analyzed above. In
order to illustrate these results clearly, the amplitudes of PWM

harmonics reduction are listed in Table II. By comparing the
results, two conclusions can be inferred: 1) the HRPWM could
remove the first PWM frequency noise more effectively than
the RPWM technique and 2) the decrease of the second PWM
frequency noise with HRPWM is close to that with RPWM.

E. Discussion of Switching Losses and PWM Noise
Cancelation Performance

The modified SVPWM approach shifts the PWM frequency
noise to double at the expense of increase 33% switching fre-
quency. Due to the incremental switching losses, the perfor-
mance and advantage of HRPWM is dubious. Hence, a series
of experiments are done to compare RPWM with HRPWM.
The PWM frequency range for HRPWM is from 3.2 to 4.8 kHz,
whose actual switching frequency is 5.3 kHz. It is 4.8 to 7.2 kHz
for RPWM, whose equivalent switching frequency is 6.0 kHz.
The switching frequency with RPWM is 12.5% more than
HRPWM’s and the RPWM frequency range is 50% more than
HRPWM’s. The experimental results of phase voltage, phase
current, and the acoustic noise are demonstrated in Fig. 11.
From 3.2 to 4.8 kHz, the PWM noise amplitudes of HRPWM
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Fig. 11. PWM harmonics in (a) phase voltage, (b) phase current, (c) acoustic noise with RPWM (4.8–7.2 kHz), and HRPWM (3.2–4.8 kHz).

are almost equal to the background noise of RPWM, which is
marked by rectangle. However, the level of the first PWM fre-
quency harmonics with RPWM is high enough and the lowest
frequency noise is 4.8 kHz. The clustered low-frequency acous-
tic noise is particularly obvious and ear-piercing. The lowest
frequency noise is 6.4 kHz for HRPWM due to the cancelation
of the first PWM frequency noise. Thus, compared with RPWM
in higher PWM frequency, the HRPWM still has advantage in
removing the PWM noise. In other words, the PWM frequency
with HRPWM could be selected in rather lower range to re-
duce switching losses and remains the effects of PWM noise
cancelation.

V. CONCLUSION

This paper proposed an HRPWM technique for three-phase
VSIs to remove the PWM acoustic noise based on the modified
SVPWM. The effects on PWM noise cancelation of RPWM and
the proposed HRPWM technique are compared by detailed ex-
perimental results. The RPWM technique could reduce the am-
plitudes of the second PWM frequency noise more effectively
than the first PWM frequency noise. In addition, the reduction
on the first PWM frequency acoustic noise with RPWM is rather
low and not enough in many applications. The HRPWM tech-
nique could significantly remove the first PWM frequency noise
in phase voltage, phase current, and acoustic noise. And its de-
crease of the second PWM frequency noise is almost equal to
that of RPWM. The experimental results of HRPWM at lower
switching frequency and in shorter random frequency range are
shown as well. In this situation, the HRPWM could remain the
effects of PWM noise cancelation to reduce switching losses.
Furthermore, the HRPWM also could be used in grid-connected
inverter system to reduce the PWM noise and power filters size.
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