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Abstract 

 

Ear-piercing high-frequency noise from electromagnetic vibrations in motors has become unacceptable in sensitive 
environments, due to the application of pulse width modulation (PWM) and in consideration of switching losses. This paper 
proposed a synchronous periodic frequency modulation (SPFM) method based on the interleaving technique for paralleled 
three-phase voltage source inverters (VSIs) to eliminate PWM vibration noise. The proposed SPFM technique is able to 
effectively remove unpleasant high-frequency vibration noise as well as acoustic noise more effectively than the conventional 
periodic carrier frequency modulation (PCFM) and interleaving technique. It completely eliminates the vibration noise near 
odd-order carrier frequencies and reduces the PWM vibration noise near even-order carrier frequencies depending on the 
switching frequency variation range. Furthermore, the SPFM method is simple to implement and does not employ additional 
circuits in the drive system. Finally, the effectiveness of the proposed method has been confirmed by detailed experimental 
results. 
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I. INTRODUCTION 

Pulse width modulation (PWM) based voltage source 
inverters (VSIs) are the driving force in industrial and 
commercial applications to meet the ever growing demand 
for energy efficiency, feature rich functionalities, and lower 
total cost of ownership [1]. However, it generates undesirable 
high-frequency PWM voltage and current harmonics during 
the intrinsic switching process [2]. The high-frequency 
harmonics are concentrated near the carrier frequency and its 
multiples [3], [4]. Moreover, the stator magneto-motive force 
(MMF) harmonics caused by the PWM current harmonics are 
an important part of electromagnetic radial forces. In fact, it 
is considered as the main source of electromagnetic vibration 

[5], [6]. Meanwhile, the high-frequency vibration will generate 
acoustic noise within the hearing range. Hence, novel topologies 
and control strategies have been proposed to reduce the MMF 
produced by PWM current harmonics. 

Paralleled interleaving topologies can replace each phase- 
leg with multiple phase-legs to increase the power level with 
carrier phase shift [7]-[8]. The application of this method was 
first made popular in dc-dc converters and voltage regulator 
modules, and has since spread into ac-dc and dc-ac converters 
for applications ranging from uninterruptible power supplies 
to active power filters, single-phase power factor correction 
(PFC), and three-phase voltage-source converters [7], [9], [10]. 
According to the authors of [11]-[12], symmetrically interleaving 
N voltage source converter modules cancels all of the 
harmonics except for the N-multiples of the carrier harmonic 
and their sideband components in both the output voltage and 
the dc-link current. For example, interleaving  between two 

paralleled VSIs eliminates odd order carrier harmonics. However, 
the large inductors used to suppress circulating current are 
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obstacles to wide application [11], [12]. In addition, coupled 
inductors have been proposed to substitute inductors due to 
their small volume [7]. However, the symmetrical interleaving 

 between two paralleled VSIs cannot impair the even-order 

carrier harmonics. 
Moreover, combining a specially designed multi-phase 

permanent magnet synchronous motor (PMSM), particularly 
a dual three-phase PMSM, with the carrier phase shift 
technique also reduces PWM frequency noise. For dual three- 
phase PMSMs with two three-phase windings shifted by 

, driven by interleaved paralleled inverters, the results 
in [13] reveal that vibration and sound pressure can be 
approximately halved at around twice the carrier frequency 
when the carrier phase is  radians between each three- 

phase winding when compared to the conventional in-phase 
carrier PWM. Nevertheless, the resulting current harmonics 
due to the phase shift are not tackled properly. Shifting the 
carrier phase by  for the two-segment three-phase PMSMs 

driven by interleaved paralleled VSIs without coupled 
inductors can only reduce vibration and torque ripple in terms 
of even-order carrier frequencies [14]. In addition, adding 
coupled inductors with the carrier phase shifted by  also 

has an impact on vibration reduction due to decreasing of the 
current harmonics, whereas the vibration near odd carrier 
frequencies is not completely eliminated [15]. However, 
these methods fail to achieve reductions of both odd-order 
and even-order carrier harmonics. 

A well-researched strategy to reduce voltage noise and 
acoustic noise is the random PWM-based (RPWM) technique 
[16]-[21]. When compared with the fixed switching frequency 
SVPWM technique, RPWM-based methods spread the power 
of noise over a wide range of the frequency domain, and the 
peak PWM noise in the phase voltage is reduced by about 
9-10 dB [22]. The PCFM technique is similar to the RPWM 
and easier to achieve than the random function, whose carrier 
frequency varies as a periodic function [23], [24]. In fact, a 
shorter random frequency range weakens the effect of both 
the RPWM and the PCFM [22], [25]. Thus, decreases of the 
PWM noise in the phase voltage and phase current, especially 
in acoustic noise, is less than 10 dB in many situations. 

The reduction of PWM frequency noise using only PCFM 
and RPWM is not enough in many applications. Therefore, 
this paper proposes a SPFM technique for paralleled three- 
phase VSIs. This technique can remove odd-order (1st, 3rd, 
5th,…) carrier frequency noise and reduce even-order (2nd, 4th, 
6th,…) noise. In other words, the SPFM technique can remove 
unpleasant PWM acoustic noise effectively with a shorter 
frequency range. Therefore, it is favorable for occasions 
demanding low acoustic noise. 

In this study, the proposed method is applied in a motor 
drive system that drives a three-phase PMSM with coupled 
inductors (CIs), as shown in Fig. 1. Coupled inductors are used 
to suppress the circulating currents between the two VSIs [7].  

 
Fig. 1. Drive system configuration. 
 

 
Fig. 2. Carrier frequency change law of the sawtooth periodic 
carrier frequency modulation. 
 
In fact, the proposed method is practical in this drive system 
and in drive systems including dual three-phase motors with 
the interleaving technique, such as the topologies in [15]. 

The remainder of this paper is organized as follows. Section 
II introduces the proposed method. Section III analyzes an 
elimination principle for PWM vibrations. Section IV illustrates 
the obtained experimental results. Finally, some conclusions 
are made in section V. 

 

II. INTRODUCTION OF THE PROPOSED METHOD 

A. Review of Periodic Carrier Frequency Modulation 

Different from the fixed carrier frequency, the carrier 
frequency change law of sawtooth periodic carrier frequency 
modulation is shown in Fig. 2, and the switching frequency 
change law is expressed as follows: 

             (1) 

where  is the carrier frequency,  is the central 

frequency, and  is the carrier frequency variation. On 

the basis of Parseval theorem, the frequency-domain energy 
is kept constant when the time-domain energy distribution is 
unchanged [24]. Thus, the peak of harmonic amplitude 
decreases as the harmonic band width increases if frequency- 
domain energy remains constant. That is the basic principle 
for PWM noise reduction. It should be noted that the period 
of the sawtooth periodic carrier waveform  and 

variation range  influence the harmonic suppression. 

Here, the parameter  is defined as: 

                      (2) 
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where  is the frequency of the sawtooth periodic carrier 

waveform, and  is the fundamental electrical frequency of 

the motor. When and  are kept constant,  is 

proportional to . Generally, the greater  is, the higher 

the amplitude of the PWM harmonics become, since fewer 
frequency distribute energy. When , which means the 

frequency variation of the switching frequency cannot be 
finished in one fundamental cycle, it may have negative 
effects on the harmonic suppression and dynamic 
performance. Therefore,  is a good choice for reference 

[25]. 
A wider switching frequency variation range  leads 

to lower even-order carrier harmonics. Since  is far smaller 
than , the range of the spread-spectrum near the k-order 

PWM harmonics can be written as: 

            (3) 

It should be noted that when  and , 

the spectrum between  and  overlap, 

elevating the background noise between them. In practical 
applications, the range of the spread-spectrum  and 

the parameter  should be selected according to the 

application requirements. 

B. Implementation of the Proposed Method 

All of the orders of PWM harmonics still exists after using 
the PCFM. However, their peaks are reduced. In addition, the 
interleaving technique in paralleled VSIs is used to eliminate 
odd-order carrier harmonics. Therefore, the proposed method 
combines the advantages of the two technique. As shown in 
Fig. 3, the two-carrier wave of paralleled inverters are not in 
phase but have a  phase shift. Moreover, the carrier 

period changes with time according to Fig. 2. The volt- 
seconds characteristic of the two VSIs are kept the same in 
any sub-cycle of PWM. Thus, the fundamental voltages of 
the two three-phase VSIs are kept the same to make the 
motor run normally. Hence, the reference wave of the PWM 
generation should be identical in one PWM cycle for the two 
inverters. The special design of the coupled inductors enables 
fundamental current to pass through without impedance. 

Moreover, if , the average switching frequency of one 

fundamental wave still maintains the center frequency f0. 
Therefore, the dynamic response of the proposed SPFM are 
not influenced. 

Fig. 4 compares the effects of the suppression of PWM 
harmonics with four methods. The interleaving technique 
enables the elimination of the first and third carrier harmonics, 
and the PCFM spreads all of the orders of harmonics into a 
wider spectrum. The proposed method takes advantage of 
interleaving to eliminate the first carrier harmonics, and the 
PCFM to lower the amplitude of the PWM harmonics. 

 
Fig. 3. Implementation of the proposed method. 

 

 
Fig. 4. Spectrum analysis results of PWM harmonics with the 
SVPWM, PCFM, interleaving technique and SPFM when 

. 
 

TABLE I 
EFFECTS OF THE PROPOSED METHOD 

PWM harmonic order 

1st 

2nd 

3rd 

4th 

Reduction Effect 
 
 
 
 

 
Similarly, a wider switching frequency variation range 

leads to lower even-order carrier harmonics. As mentioned 
above, a much wider range of the switching frequency 
variation results in spectrum overlap for the PCFM, as can be 
seen in Fig. 4. It can also be seen in this figure that this is 
difficult for the SPFM, since the odd-order PWM harmonics 
are eliminated. 

Therefore, the proposed method SPFM combines their 
advantages and reduces the drawbacks of both the periodic 
carrier frequency modulation and the interleaving technique 
in paralleled interleaved VSIs to reduce the PWM frequency 
harmonics. Table I demonstrates the effect of the proposed 
method, where  means that the harmonics are totally 
eliminated and  indicates that the harmonics are decreased. 

 

III. ANALYSIS OF PWM NOISE ELIMINATION 

The vibration is closely related to PWM current harmonics. 
Thus, the current harmonics are analyzed in order to explain 
the principle of vibration elimination. 
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(a) 

 
(b) 

Fig. 5. Current moving path. (a) For fundamental current. (b) For 
odd-order PWM harmonic current. 

 

A. PWM Current Harmonic Analysis 

The PWM current harmonics in three-phase motors driven 
by paralleled VSIs with CIs are discussed in this section. The 
general harmonic form of a switched output waveform of a 
phase leg controlled by any carrier-based PWM scheme can 
be written as [26]: 

     (4) 

    (5) 

where C0n is the amplitude of the fundamental/baseband 
voltage and Cmn is the amplitude of the carrier/sideband 
harmonics. and  refer to the fundamental angular 

frequency and initial phase, respectively. and  refer to 

the carrier harmonics angular frequency and initial phase, 
respectively. Moreover, m and n are positive integers that 
have opposite parities [5]. It can be seen that the output 
voltage can be divided into two parts: the fundamental 
component  and the high-frequency PWM harmonics 

component . The proposed method has no effect on the 

fundamental component, and the two fundamental currents 
flow in the same direction, as can be seen in Fig. 5(a). 

Focusing on the high-frequency harmonics part, the harmonics 
voltage in two VSIs have opposite directions but the same 
amplitudes, when the carrier phase is shifted by  and m is 

an odd number, namely . Moreover, the 

windings on the magnetic core have the same impedance. 

Thus, the corresponding current harmonics  flow in 

the path shown in Fig. 5(b). They do not pass through the 
motor windings. In addition, the coupled inductors are used 
to reduce the odd-order carrier current harmonics. When m is 

an even number, . The even-order PWM 

harmonic currents flow like fundamental currents in Fig. 5(a), 
and exists in the three-phase windings. Due to periodic 

variations of the carrier frequency, the amplitude of  

and  are decreased. Consequently, the  formed 

by  and  is also suppressed. 

The proposed method requires synchronous variation of 
the carrier wave to retain the interleaving. Therefore, the 
odd-order PWM harmonics no longer circulate in the motor. 
Periodic switching frequency modulation makes the 
amplitude of the even-order PWM current harmonics smaller 
due to the energy distribution. 

B. Elimination Principle of Vibration Noise 

Electromagnetic vibration noise mainly comes from radial 
electromagnetic forces, and based on the Maxwell tensor 
method, the radial electromagnetic force can be expressed as 
[27], [28]: 

                  (6) 

where , which is related to space and time, is the 

radial air-gap flux density.  is the space permeability. 

According to Hopkinson’s law, the PM magnetic field in the 
air gap can be derived as [29]: 

            (7) 

where means the air-gap MMF, and denotes 

the air-gap permeance. In fact, is composed of three 

parts: the MMF  produced by the magnet magnetic 

field, the MMF  produced by the armature reaction 

magnetic field, and the MMF  produced by the 

high-frequency PWM magnetic field [29]. Hence, 

can be expressed as: 

     (8) 

Furthermore, high-frequency MMF can be expressed as a 
product result of the winding turns  and the PWM 

harmonic current : 

      (9) 
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When one of the teeth of stator is studied, the high- frequency  
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(a)                         (b)                          (c)                         (d) 

Fig. 6. MMF produced by PWM harmonics for one tooth with: (a) SVPWM, (b) PCFM, (c) Interleaving technique, (d) SPFM. 
 

electromagnetic radial force is only concerned with time 
harmonics, and (9) can be simplified as: 

       (10) 

Fig. 6(a) illustrates the traditional SVPWM method, and 
the corresponding MMF is generated by odd-order and 
even-order carrier harmonic currents. The PCFM spreads the 
odd-order and even-order carrier harmonic currents 

and  into a wider frequency spectrum. Thus, the 

amplitude of the MMF is reduced. The interleaving technique 
makes the odd-order carrier harmonics not flow in the motor 

windings. Thus, only the  produced by  remains. 

By comparison, the SPFM makes the odd-order PWM current 

harmonics  not flow in the three-phase PMSM, and 

decreases the amplitude of the even-order PWM current 

harmonics , reducing the  caused by the even- 

order carrier harmonics, as shown in Fig. 6(d). 
Since the harmonic MMF generated by every coil on every 

tooth in the air gap is reduced, from the perspective of the 
whole motor, for every space position , only the even-order 

PWM harmonic MMF exists in the three-phase windings. 
However, it is reduced with the proposed method. Hence, the 
radial electromagnetic force declines. Therefore, the 
corresponding PWM vibration caused by PWM frequency 
current harmonics is suppressed with the proposed method. 

 

IV. EXPERIMENTAL VALIDATION AND ANALYSIS 

In this section, a PMSM drive system has been 
implemented to verify the capability of PWM noise reduction 
for PWM frequency vibrations with the SPFM. An 
experiment platform based on a MCU TMS320F28075 from 
Texas Instrument was set up to validate the above analysis 
and the test bench is shown in Fig. 7. Vibration sensors are 
glued to the motor surface to measure high-frequency 
vibrations. A Brüel & Kjær® 2250S noise analyzer is used to 
measure acoustic noise from the motor at a distance of 10 cm.  

 
Fig. 7. Test bench and experimental system. 
 

TABLE II 
PARAMETER OF THE EXPERIMENTAL SYSTEM 

DC-link voltage 

Rated phase current 

Rated speed 

Phase resistance 

Phase inductance 

Resistance of CIs 

Inductance of Cis 

Center PWM frequency 

70 V 

1.5 A 

1200 rpm 

1.765  

2.345 mH 

0.302  

8.0 mH 

5 kHz 

 
In addition, the coupled inductors are made by ‘EC’ ferrite 
cores with high permeability. A hysteresis dynamometer 
loads the motor. 

The specifications and parameters of the drive system are 
listed in Table II. Sawtooth function modulation, as 
mentioned in Section II, is employed in the experimental 
validation. The PWM frequency of the PCFM and the SPFM 
range from 4.6 kHz to 5.4 kHz for part A, and from 4.0kHz to 
6.0 kHz for part B, the average frequency of which is 5.0 kHz. 
This is due to the fact that a lower PWM frequency can 
reduce the demands of the measuring instruments, and the 
measurements are linear and precise. Experiments with the 
SVPWM, PCFM, interleaving and SPFM have been carried 
out to show the advantages of the proposed method in 
removing PWM noise. In the following results, the sampling 
frequency of the Fast Fourier Transform (FFT) for the signals  
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(a) 

 
(b) 

(c) 
Fig. 8. Amplitude of the first and second PWM harmonics with 
four methods under a low modulation ratio for: (a) Current, (b) 
Vibration, (c) Noise. 
 
in the oscilloscope is 250 kHz. 

A. Results for Different Modulation Ratios 

On the one hand, in order to fully verify the effectiveness 
of the proposed SPFM, it is necessary to examine 
experimental results for the PMSM working at different 
modulation ratios. On the other hand, PWM vibration noise is 
closely related to current harmonics. Once the current noise 
in the three-phase windings is reduced, the corresponding 
vibration noise is eliminated. Moreover, high-frequency noise 
also reflects vibrations. Thus, current waveforms, vibration 
signals and noise signals ( ) are all provided. 

When the PMSM works at a low modulation ratio (0.3), 
that is 480 r/min and 0.2 Nm, the harmonic amplitude of 
phase current A using the SVPWM, PCFM, interleaving and 
SPFM are compared. As shown in Fig. 8(a), the traditional  

(a) 

 
(b) 

(c) 
Fig. 9. Amplitude of the first and second PWM harmonics with 
four methods under a medium modulation ratio for: (a) Current, 
(b) Vibration, (c) Noise. 

 
SVPWM technique has the highest amplitude of high- 
frequency PWM current harmonics in terms of 5.0 kHz and 
10.0 kHz. When compared with the SVPWM, the PCFM 
lowers the amplitudes of 7.4 dBA and 12.0 dBA by widening 
the harmonics spectrum. The interleaving technique nearly 
eliminates the first carrier harmonics at the level of the 
background noise. However, it has no impact on the second 
carrier harmonics. By comparison, the SPFM eliminates the 
first carrier harmonics and lowers the second carrier 
harmonics like the PCFM. Similar results can be found in Fig. 
8 (b) and (c) for vibration and noise. The vibration signal 
with the SPFM decreases by 34.3 dBV and 13.3 dBV at the 
first and second carrier harmonics when compared with the 
SVPWM. For high-frequency PWM acoustic noise, the 
proposed SPFM also significantly reduces the noise amplitude. 

The results for a medium modulation ratio (0.5) are also  
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(a) (b) 

      
(c) (d) 

Fig. 10. Waveforms and spectrum of the current A signal under a high modulation ratio with: (a) SVPWM, (b) PCFM, (c) Interleaving, 
(d) SPFM. 

 
demonstrated in Fig. 9, which shows similar results in terms 
of PWM noise reduction as Fig. 8. Although the amplitude of 
the PWM harmonics are all elevated for the current, vibration 
and noise, the effect on harmonic reduction is not affected. 
For vibration signals, when focusing on the first carrier 
harmonics, the SPFM achieves almost the same reduction as 
the interleaving technique. It also decreases by 11.0 dBV 
similar to the PCFM for the second PWM harmonics. 

When the motor runs under a high modulation ratio (0.75), 
as shown in Fig. 10(a), the PWM current noise concentrates 
on 5.0 kHz and its multiples for the conventional SVPWM. 
With the PCFM, the switching frequency varies from 4.6 kHz 
to 5.4 kHz as sawtooth function variation law. The amplitude 
of the first carrier current harmonics is 11.9 dBA less than the 
fixed switching frequency SVPWM, and that of second 
carrier harmonics is 13.9 dBA. As can be seen in Fig. 10 (c), 
the interleaving technique almost completely eliminates the 
first carrier harmonics at 5.0 kHz. It can also be seen that it 
has almost the same amplitude of the second carrier 
harmonics as the SVPWM. With the SPFM, the first PWM 
current noise is totally eliminated with the interleaving 
technique, while the second is reduced by 13.6 dBA. With the 
PCFM technique, the first PWM harmonics can only be 
distributed. However, it is removed with the SPFM like the 
interleaving technique. For the second PWM noise, the 
PCFM and the SPFM both spread the harmonics from 9.2 

kHz to 10.8 kHz. 
The PWM technique has a direct impact on high-frequency 

vibration. As shown in Fig. 11(b), when comparing the 
results of the fixed switching frequency in Fig. 11(a) with 
those of the PCFM, it can be seen that the first PWM 
vibration noise decreases by 5.7 dBV, and by 8.5 dBV for the 
second PWM harmonics. The effect on the reduction of the 
PWM vibration noise is not obvious for the PCFM, and the 
PWM noise energy still remains high. As a result, it does not 
satisfy the noise demands in many applications. The 
interleaving technique removes the first carrier harmonics, 
which reduces the amplitude of the vibration signal, as can be 
seen in Fig. 11(c). With the proposed SPFM, the amplitude of 
the first PWM vibration noise no longer exists and the second 
PWM vibration noise can be reduced. 

Once the high-frequency PWM vibration is reduced, the 
corresponding acoustic noise is also eliminated. The motor 
acoustic noise caused by PWM harmonics is measured by a 
Brüel & Kjær® 2250S noise analyzer. In fact, the mechanical 
noise is also received by the analyzer. As shown in Fig. 12(b), 
the first PWM acoustic noise with the PCFM is decreased by 
3.3 dBV, and the second PWM noise is reduced by 10.7 dBV 
when compared with the results of the fixed frequency 
SVPWM. Although interleaving technique reduces the first 
carrier harmonics, the amplitude of the second harmonics still 
remain unchanged. By contrast, the proposed SPFM shown in  
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(a) (b) 

      
(c) (d) 

Fig. 11. Waveforms and spectrum of the vibration signal under a high modulation ratio with: (a) SVPWM, (b) PCFM, (c) Interleaving, 
(d) SPFM. 

 

      
(a) (b) 

      
(c) (d) 

Fig. 12. Waveforms and spectrum of the noise signal under a high modulation ratio with: (a) SVPWM, (b) PCFM, (c) Interleaving, (d) 
SPFM. 
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(a) 

 
(b) 

 
(c) 

Fig. 13. Waveforms and spectrum of the current A signal with 
the SPFM when: (a) , (b) , (c) . 

 
Fig. 12(d) completely reduces the first PWM acoustic noise 
and decreases the second PWM acoustic noise by 10.5 dBV 
with the same effect as the PCFM. If a better reduction effect 
is required, a wider variation range of the switching 
frequency is implemented. 

B. Results for Different Period of a Sawtooth Periodic 
Waveform 

Fig. 13 demonstrates the spectrum of the phase current 

when ,  and , where . For the 

proposed SPFM, the larger  is, the less frequency is 

distributed to decrease the amplitude of the harmonics. 
Therefore, the spectrum of the second carrier harmonics  

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Waveforms and spectrum of the vibration signal with the 
SPFM when: (a) , (b) , (c) . 

 
becomes sparser and the amplitude of the second carrier 
harmonics get larger as  increases. However, the amplitude 

difference is not obvious. Moreover, the harmonics in Fig. 
13(c) obviously increase and lift the background noise. When 

, the variation of the switching frequency cannot finish 

in one fundamental cycles, which makes the dynamic 
response of one fundamental current waveform different from 
that of the next period. However, a smaller  makes the 

energy distributed in more of the frequency domain. Based on 
comprehensive consideration, is recommended. 

In Fig. 14, the results are line with the Fig. 13. When 
, more harmonics are introduced into the spectrum of 

the vibration signal. Thus, although the reduction difference  
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(a) (b) 

Fig. 15. Waveforms and spectrum of the phase A current when with: (a) PCFM, (b) SPFM. 

 

      
(a) (b) 

Fig. 16. Waveforms and spectrum of the vibration signal when with: (a) PCFM, (b) SPFM. 

 
is not obvious for different , using  is a good choice. 

C. Results for the Variation Range of PWM Frequency 

As analyzed in part A of section II, a wider range leads to a 
lower harmonic amplitude. However, the PCFM has a 
disadvantage in terms of spectrum overlap, which elevates 
the background noise. To verify the analysis and highlight the 
advantage of the SPFM mentioned above, the range of the 
switching frequency is varied between 4.0 kHz to 6.0 kHz. 
Thus, the second-time switching frequency variation changes 
from 8.0 kHz to 12.0 kHz, the third-time switching frequency 
varies from 12.0 kHz to 18.0 kHz, and the fourth-time 
switching frequency ranges from 16.0 kHz to 24.0 kHz. One 
the one hand, when compared with Fig. 10(b), the amplitude 
of first and second PWM harmonics in Fig.15(a) decrease by 
3.2 dBA and 4.1 dBA, respectively. One the other hand, a 
wide spread-spectrum leads to an overlap between 12.0 kHz 
to 16.0 kHz. However, in Fig. 15(b), the second carrier 
harmonics is reduced and the overlapping spectrum changes 
into background noise, since the harmonics between 12.0 kHz 
to 16.0 kHz are eliminated by interleaving. 

For the vibration signals in Fig. 16(b), the spectrum results 
are consistent with the current spectrum analysis. It is 
obvious that the background noise is lifted by the PCFM. 

Meanwhile, the SPFM can effectively improve the overlap. 

 

V. CONCLUSIONS 

The proposed SPFM method combing interleaving 
technique with PCFM is illustrated and implemented on 
paralleled VSIs with coupled inductors to eliminate high- 
frequency PWM vibration and acoustic noise. 

The electromagnetic vibration of a three-phase motor is 
closely related to the current harmonics. The proposed SPFM 
makes the odd-order PWM current harmonics not flow in the 
three-phase windings, and spreads the even-order PWM 
harmonics into a wide range. Thus, it generates no odd-order 
carrier MMF harmonics and reduces the even-order carrier 
MMF harmonics in the air gap. 

The experimental results verify the analysis of the 
vibration elimination principle and the advantages of the 
proposed method. Once the current harmonics are reduced, 
the corresponding vibration can be suppressed. The proposed 
technique can significantly remove the first PWM noise and 
decrease the second PWM noise under different modulation 
ratios. Elimination of the odd-order carrier harmonics helps to 
avoid spectrum overlap. In practical applications, appropriate 
values for the period of the sawtooth periodic carrier 

2cf kHz 

2cf kHz 

 1 
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waveform and the range of the switching frequency variation 
can be chosen depending on their requirements. 
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