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ABSTRACT This paper presents experimental investigation study of Acoustic Noise and Vibration (ANV)
reduction in Permanent Magnet Synchronous Motor (PMSM) drives with a novel application of ‘harmonics
spread spectrum technique’. In order to reduce the ANV of PMSM drives, the Random Pulse Width
Modulation (RPWM) method is applied which distributes the power of harmonic noise in a wide range of
discrete frequency spectrum. Furthermore, in-depth theoretical analysis is presented about the way RPWM
improves torque ripples, vibration and acoustic noise in PMSM drives. The theoretical and experimental
results obtained are used to draw the operational concept of the power electronics converters to reduce ANV;
which is produced by PMSM drive. Time and frequency-domain analysis are carried out to examine the
effects of change in the operating parameters such as pulse-width, etc. of the power electronics converters
on the ANV. A small-scale laboratory set-up was developed for PMSM drive with low cost acoustic chamber
for experimental investigations. Experimental results show significant reduction in ANV and torque ripples
of the PMSM drive with the application of RPWM technique.

INDEX TERMS Acoustic noise and vibration (ANV), harmonic spread spectrum technique, permanent
magnet synchronous motor (PMSM) drive, random pulse width modulation (RPWM) technique and time-
domain analysis.

I. INTRODUCTION
The Permanent Magnet Synchronous Motors (PMSM) are
the most promising drives in the industries. Its numerous
advantages, such as, high torque to power ratio, flexibility in
operation and control, and high magnetic field density have
made it widely used motor for many applications.

The alternating flux in the air-gap in a working machine
is responsible for the efficient production of torque. In turn
this flux results in fluctuating mechanical forces in the stator
which give rise to a lot of Acoustic Noise and Vibration
(ANV) in the frame of the motor and its surroundings [1].
The challenges related to ANV have attracted a numbers of
power engineering researchers since last decade [2]–[5].

The associate editor coordinating the review of this manuscript and

approving it for publication was Dinesh Kumar .

It has been reported, that the dominating source for
vibration in the low- tomedium-power ratedmachines is elec-
tromagnetic sources. The radial forces are the main electro-
magnetic sources of ANV in well-designed motors [5]. The
spectrum of radial magnetic forces comprises many existing
harmonic sources in the machines. The stator Magneto-
Motive Force (MMF) harmonics are the most common. The
frequency of radial electromagnetic force harmonics is a
multiple of switching frequency [4]. In addition, the switch-
ing losses and adverse effects, caused by high dv/dt , are
considerably large in heavy industrial and railway traction
application drives. This causes unpleasant acoustic noise
development in industrial applications, such as electric vehi-
cles and elevators, which is needed researchers attentions.
Therefore, the switching frequency of the power devices is
severely restricted for their application in such drives [5].
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Recent reported research work addresses the ANV and its
possible reduction strategies [6]–[10]. Two major techniques
are adopted to make the system noiseless, first; to improve
the design of the machine and second; to adopt the innovative
drive control strategies. Although considerable work has been
done for the reduction of ANV through design innovations,
however, still there is a scope for newer solutions through
control techniques. Binojkumar et al. [4] in 2015 has pre-
sented the experimental results of acoustic noise investiga-
tions generated by induction motor at diverse frequencies and
over a range of carrier frequencies.

Fang and Zhang [5] in 2018 presented parameters such as
space harmonic and time harmonics responsible for the gener-
ation of ANV in electrical machines. Authors also performed
an analysis of time harmonics on the three-phase voltage
source inverter and mechanical gear system. This work uses
the findings for the design the mechanical components and
its aerodynamic structures, which is a function of the carrier
frequency of the converters.

Motor designers have proposed to increase the shape of the
flux barrier in rotor and stator teeth of themachine to decrease
the ANV. Zhu and Jewell [6] in 2009 has presented a way to
optimize the shape of the magnets and stator teeth in order to
decrease the ANV. Yang et al. [7] in 2013 has presented ANV
reduction of a single-phase switched reluctance motor using
skewed stator and rotor. The fast-changing radial magnetic
field in air-gap between stator and rotor poles is the main
source of ANV. It is observed that the maximum intensifi-
cation of the radial forces is on the stator yoke in proxim-
ity with salient poles. Hence the rapid change in the radial
force can be reduced by making stator and rotor laminations
skewed.

Jang et al. [8] in 2010 has presented the ways to reduce the
ANV in interior PMSM type integrated starter and generator
for a hybrid electric vehicle. This paper showed two major
ways to reduce the ANV in the PMSM drive. One way is to
enhance the stiffness of the stator yoke and another way is to
decrease the prevailing electromagnetic forces. By reducing
stator stiffness, the white noise has been reduced. However,
a compromisewith the increased size of themotorwas needed
to provide the noise solution. Hence, focus is needed on the
reduction of existing electromagnetic forces.

Trzynadlowski et al. [9] in 1994 has summarized the
responsibility and application of Random Pulse Width Mod-
ulation (RPWM) technique for a converter-fed induction
motor drive system. The paper analyzed RPWM applica-
tion for voltage-controlled power electronic converters for a
beneficial impact on the ANV of electric drives. The idea
behind random PWM modulation methods is that the power
of harmonic noise is distributed in a wide range of dis-
crete frequency spectrum. In simple words, randomization
of the ‘pulse width position’ acuminates the spectrum by
reducing most harmonics below the level of the continuous
spectrum and leaving narrow clusters of harmonics in the
close proximity of multiples of the power converter switching
frequency [9].

The wide spread spectrum necessarily not to be considered
a disadvantage of the randomization scheme as reported in
Zhang et al. [10], since the central frequencies of the power
converter switching frequency clusters, can be disciplined by
adjusting the number of switching intervals [11].

The randomization of the switching patterns affects the
noise in two ways. First, it reduces the susceptibility of the
drive system tomechanical resonances, which in certain cases
results in the decrease of the overall noise level. Second and
predominantly, it changes the subjective perception of the
noise, as the annoying tonal component becomes spread into
a wideband atonal noise [9].

On similar lines, Basu et al. [12] in 2009 has presented var-
ious PWM topologies to reduce the current and torque ripple
in three-phase inverter-fed induction motor drives. In [12],
authors have experimentally validated the proposed approach
to decrease the Root Mean Square (RMS) current and torque
ripple by around 30% at the rated speed of the motor drive as
compared to the conventional space vector PWM approach.

Pindoriya et al. [13] in 2019 has presented that how
power electronic converters inject harmonics and produce
electromagnetic forces that produce ANV in PMSM drive
and furthermore noise is radiated from motor structure to
its surrounding. Further authors presented the application
of pseudorandom PWM technique i.e. one of the harmonic
spread spectrum techniques for PMSM drives supported
with simulation results. An extensive study of application of
Random Pulse Width Modulation (RPWM) techniques,
specifically ‘random pulse position’, for PMSM based drive
for reduction of Acoustic Noise and Vibration (ANV) seems
absent from the reported literature. Hence, in this present
paper, a novel control approach based on random PWM
technique i.e. random pulse position has been discussed and
implemented experimentally to validate its effectiveness in
order to reduce the ANV in PMSM drive. In random pulse
position RPWM technique, the total time i.e. Ton + Toff
(or switching frequency) remains constant, however, pulse
position is randomly varying. The relationships between the
stator current harmonics/ripples feed by power electronics
converters and non-sinusoidal magnetic field flux distribu-
tion, with torque harmonics/ripple is developed and analyzed
in this paper. Furthermore, in-depth theoretical background
about the way RPWM improves torque ripples, vibration and
acoustic noise of PMSM drives is also presented.

A small-scale laboratory set-up is developed for PMSM
drive with low cost acoustic chamber for experimental val-
idation. Experimental and simulation results are obtained for
acoustic noise, torque ripples and vibrations to validate the
effectiveness of proposed RPWM technique.

The organization of this paper is as follows;
Section-II present sources of ANV in PMSM. Section-III
presents the theoretical background of RPWM technique
and design of control loops of PMSM drive. Section-IV
gives non-linear electrodynamic modelling of PMSM drive.
Section-V presents the detailed simulation and experimental
investigation of the PMSM drive for ANV reduction.
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FIGURE 1. Pictorial representation of the generation of noise and its
propagation in electrical machines.

II. SOURCES OF ACOUSTIC NOISE AND VIBRATION IN
ELECTRIC DRIVES
For an electrical machine, the ANV has been classified in the
following three categories, viz. aerodynamic, mechanical and
electromagnetic source as shown in Fig. 1 [1]. For PMSM, the
ANV is primarily produced by stator flux, not the rotor, as the
rotor is made up of permanent magnets.

The converter-fed PMSM drive uses solid-state power
electronic converters which supplies non-sinusoidal voltage
source and in-turn non-sinusoidal currents to the drive sys-
tem. PWM harmonics in stator currents which generates
harmonics in stator MMF which in-turn contributes to radial
magnetic forces causing vibration in the machine. Depending
on systems configuration, the frequency of the generated
harmonics may be lower or higher order. The harmonics of
the order 3rd , 5th, 7th, and 11th are of significance since
the higher-order harmonics are neglected due to low mag-
nitudes. The ripples produced in the torque signals finally
contribute to acoustic noise or EMI. Expression of elec-
tromagnetic torque Tem of converter-fed PMSM suitable to
study the effects of non-sinusoidal current can be derived as
follows [14]. A three-phase balanced PMSM has three-phase
stator windings electrical phase-shifted in space by 120◦. The
peak current in each phase is given by

√
2 I which is also

phase-shifted by 120◦.The instantaneous currents in all three-
phase windings are given as (1)-(3);

ia(t) =
√
2 I cos (ωt) (1)

ib(t) =
√
2 I cos

(
ωt −

2π
3

)
(2)

ic(t) =
√
2I cos

(
ωt −

4π
3

)
(3)

where, ia(t), ib(t) and ic(t) are instantaneous value of current
of phase-a, phase-b and phase-c respectively. I is fundamen-
tal current of the PMSM drive and ω is angular frequency of
rotor. At instant t , the instantaneous electromagnetic torque
produced by phase-a winding of PMSM is the interaction of
the magnetic field B (α, t) and the current ia(t) circulating in

N conductors [14]:

Ta (t) = 2pN
∫ π/6p

−π/6p
RlB (α, t) ia (t) dα (4)

or

Ta (t) = ia(t) ·
[
2pN

∫ π/6p

−π/6p
RlB (α, t) ia (t) dα

]
(5)

where, Ta is electromagnetic torque produced by phase-a, p is
number of pole pairs, N is number of conductors, R is radius
of stator core, l is active length of motor, B is magnetic field,
and α is space angle.

The back-EMF induced in phase-a at instant t is given by

ea (t) = 2pN
∫ π/6p

−π/6p
B (α, t) lRωm dα (6)

where ωm is the rotor angular speed and ea is back-EMF of
phase-a. The EMF ea(t) can be written as

ea (t) = ωm

[
2pN

∫ π/6p

−π/6p
RlB (α, t) dα

]
(7)

Substituting (7) in (5), the electromagnetic torque expres-
sion becomes

Ta (t) =
ea (t) ia (t)

ωm
(8)

The total instantaneous electromagnetic torque is the sum
of the torques produced by phases a, b, and c:

Tem (t) =
1
ωm

[ea (t) ia (t)+ eb (t) ib (t)+ ec (t) ic (t)] (9)

Torque ripple factor is zero for the case of sinusoidal back
EMF’s and the converter-fed stator currents with the elec-
tromagnetic torque is constant. However, due to the PMSM
stator construction and the step magnetic field distribution,
the induced back EMF’s are non-sinusoidal rich in high-order
harmonics. In this case, with sinusoidal stator currents also,
torque ripple will be present. If PMSM drive is supplied with
non-sinusoidal current, the torque ripple will get enhance
substantially. For PMSM, the torque ripple frequency will
be equal to six-times the converter-fed stator feed frequency.
Hence, the electromagnetic torque developed by PMSM will
have an mean torque component as well as torque harmonics
of order multiple of six, as given in (10):

Tem = T0 +
∑∞

n=1
T6n cos (n6ωt + Ø6n) (10)

where T0 is the mean electromagnetic torque and T6n are
harmonic torques. The Torque Ripple Factor (TRF) can be
given as the peak-to-peak torque ripple values by mean elec-
tromagnetic torque developed:

TRF =
Tpp
T0

(11)

where Tpp is peak-to-peak electromagnetic torque ripple
value.

Since the torque harmonics/ripples are function of stator
current time-harmonics/ripples which in turn contributes to
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FIGURE 2. Block diagram of generation of RPWM signals in
MATLAB/Simulink tool.

FIGURE 3. Intermediate waveforms for a generation of RPWM signals for
three-phase inverter.

production of ANV in PMSM. It is possible by employing
spread spectrum RPWM technique, then to spread out the
frequency spectrum of the harmonic voltage, and therefore
current, towards higher order in such a way as to significantly
damp lower order current time harmonics magnitude for
torque ripple minimization. Also, higher order stator current
time harmonicsmay be filtered out due to PMSM stator wind-
ing inductance which will further reduce the torque ripples.

III. RANDOM PWM TECHNIQUE FOR PMSM DRIVE
If PMSM drive runs through fixed frequency PWM pulses,
the noise (acoustic) generated by the drive will be higher.
Therefore, in this paper, an RPWM technique i.e. random
pulse position, has been proposed to utilize for minimization
of the ANV in PMSM drive. The block diagram of RPWM
signals generation is shown in Fig. 2. In the RPWM method,
the pulses of switching signals are randomly placed in indi-
vidual switching intervals. The simplest approach generally
used to place randomly pulse position either at beginning or
at the end of the switching interval. The randomly generated
fractional numbers, n, having uniform probability distribu-
tion, are compared with the desired duty ratios of the switch-
ing signals for individual phases of the inverter.

Intermediate waveforms for a generation of RPWMsignals
for three-phase inverter are shown in Fig. 3. Random bit

FIGURE 4. Schematic layout of an FPGA based generated RPWM signals
for a three-phase inverter.

FIGURE 5. A schematic diagram of vector control based PMSM drive.

generator generates a random number as shown in Fig. 3 (a)
and those random numbers compared with carrier wave as
shown in Fig. 3 (b). Finally, generated RPWM signals based
on a comparison between random number and carrier signals
are shown in Fig. 3 (c). A schematic layout of a generation of
Field Programmable Gate Array (FPGA) based RPWM sig-
nal for a three-phase inverter is shown in Fig. 4. A generated
RPWM, by varying the value of the output frequency (f ∗)
(maximum frequency range 20 kHz) and modulation index
(m∗) (the maximum modulation index is 0.8).
The FPGA based control structure of the PMSM drive is

shown in Fig. 5. To control the dynamic and steady-state
speed response of PMSM drive, cascaded control principle
including a Proportional and Integral (PI) current controller
(inner- loop) and a PI speed controller (outer-loop) has been
used with a sinusoidal PWM and RPWM techniques for
three-phase VSI fed PMSM drive.
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The design of a PI speed controller is performed using
transfer function model of PMSM drive as elaborated in [15].
The PMSM and inverter open-loop transfer function is given
by (12), as shown at the bottom of this page.

The inner current loop transfer function is given in (13),
as shown at the bottom of this page; where Ta = (Lq/Rs),
Km = (1/Bt), Tm = (J /Bt) and Kb = KtKmλaf, and Kt =

(3/2) (P/2)2λaf. Where P is number of rotor poles. From
Fig. 6, the block diagram of a closed-loop transfer function
of PMSM drive is obtained, as given in (14);

ωr (s)
ωr∗(s)

=
1
Hω

Kg
Ks
Ts
(1+sTs)

s3Tωi + s2 + (1+sTs)K g
Ks
Ts

(14)

where, Kg = ((KiKtKmHω)/Tm), Kin = 0.65(Vdc/Vcm),
Tin = (1/2 fc), Ts = 6Tωi and Ki = (KinTm/Kb).
Vdc is the dc-link voltage, Vcm is the maximum control

voltage, fc is the switching frequency of the inverter, Hω is
damping ratio (0.707), Kt is torque constant, Km is mechan-
ical gain, Tm mechanical time constant. The bode plot and
frequency response of speed control of PMSM drive is dis-
cussed in section V.

A brief analysis about how RPWM improves torque
ripples, vibration and acoustic noise of PMSM drives is
discussed as follows. Power dissipation (Pk ) in the k th har-
monic of current, when regular PWM techniques are used.
The power dissipation in the k th harmonic Pk is derived
by (15) [9],

Pk∝

∣∣∣∣∣E
{∑τ

n=1
ān
sin
(
π k
τ
ān
)(

π k
τ
ān
) ·e−j2πk/τne−j2πk/τθn}∣∣∣∣∣

2

(15)

where, E {·} and ān, are a statistical expectation and duty
cycle respectively where ‘n′ denotes nth switching interval
of an inverter, 0 and τ are random variables. θn represents
the random variable position of pulses in the nth interval
which varies from ((an – 1)/2) to ((1– an)/2). Considering
the randomization in θn with an equal probability interval of
± ((1– an)/2) then lead-lag RPWM power dissipation can be
written by (16);

Pk∝

∣∣∣∣∣∣∣

∑τ

n=1

ān
sin
(
π k
τ
ān
)(

π k
τ
ān
) ·e− j2πk

τn

cos
[
π k
τ
(1− ān)

]

∣∣∣∣∣∣∣
2

(16)

Eq. (16) shows that when θn, is a random variable, then
each term in the series is reduced by a cosine factor. Power of
the k th harmonic is reduced accordingly, and the power lost is
transferred to a continuous spectrum. The extent of this reduc-
ing effect depends on the k/τ ratio. The most pronounced

harmonics, i.e., those near the multiples of the switching
frequency, still tend to significantly exceed the level of the
continuous spectrum. In a nutshell, the randomization of the
pulse position acuminate the frequency spectrum by reducing
most harmonics below the level of the continuous spectrum
and leaving narrow clusters of harmonics in the vicinity of
multiples of the switching frequency [9].

IV. NON-LINEAR ELECTRODYNAMIC MODELING OF
PMSM DRIVE
The relation of total flux and forces with the current has been
proposed as non-linear in terms of electrodynamic behavior
of PMSM drive [1]. Magnitude of the exciting electromag-
netic forces and harmonic forces vicinity to any modal fre-
quency are primarily the causes of electromagnetic vibration
and noise emissions from the electric machines. Frequencies
corresponding to the peak values are the resonance frequen-
cies and are also known as modal frequencies. In addition,
the understanding of forces harmonic spectrum takes into
account both the factors that are magnitude and proximity of
harmonic forces. However, the resultant force will be having
the dominance of all the radial forces depending upon the
combination of aforementioned factors. Therefore, in this
work, the calculation of the dominant radial forces is vital,
to calculate acoustic noise, vibrations and torque ripples.

Measurement of acoustic noise and vibrations are very
much different rather calculating. Several Finite Element
(FE) software’s like ANSYS, etc. offer leading software
simulation packages for this purpose. Using the Finite Ele-
ment model, it is possible to calculate accurately the acoustic
noise and vibrations originated by any given set of radial
and tangential forces. The magnitude of the vibration for
calculating acoustic noise is generally turned out to be the
resultant of all external surfaces of electric machine vibra-
tions. Finite Element model is commonly used to find a
point wise approximation in the form of a single source of
noise. However, the radiation efficiency used for calculating
acoustic noise strongly depends on the dimension and the
shape of the noise source [16].

The stator system, that is, the stator core, winding, and
frame (enclosure) is considered as a single thick ring loaded
with teeth and winding. The natural frequency (fm) of the
stator system of the mth circumferential vibrational mode can
be expressed by (17) [1]:

fm =
1
2π

√
Km
Mm

(17)

whereKm is the lumped stiffness (N/m) andMm is the lumped
mass (kg) of the stator system. The amplitude of vibration

G =
ω (s)
Iq (s)
=

KinKt
(1+ sTm)

(
Rs + sLq

)
(Bt + sJ)+ Kin (Bt + sJ)+ Ktλa (1+ sTm)

(12)

irqs(s)

irqs∗(s)
=

KinKt (1+sTm)
HcKaKin (1+ sTm)+ (1+ sTin) {KaKb + (1+ sTa) (1+ sTm)}

(13)
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FIGURE 6. Block diagram of simplified speed loop of PMSM drive.

displacements ofmodem can be derived as (18) which require
development of FE models for calculations.

Am =
Fm
/
M√(

ω2
m − ω

2
r
)2
+ 4ξ2mω2

mω
2
r

(18)

here M is the mass (kg) of the cylindrical shell, ωm is the
angular natural frequency of the mode m, ωr is the angu-
lar frequency of the force component of the order r , and
ξm is the modal damping ratio. The amplitude of force
Fm = πD1inLiPmr, in which D1in is the inner diameter of
the stator core, Li is the effective length of the stator core,
and Pmr is the magnitude of the magnetic pressure of the
order r [1].

A general expression for the modal radiation efficiency of
finite length cylindrical frame defined by (19);

σmn(ω) =
πmn(ω)

ρ0c0S
(
¯v2mn
) (19)

where, m is a circumferential mode, n is axial mode, ρ0 is air
density at 20◦C , c0 is sound speed in the air at 1000 mbar, S
is a surface area in m2, v is a linear velocity which require FE
models for calculations based on exact rotor speed and force
at a given time instant.

The radiated acoustic power can be defined by (20);

π ≈ πm = ρ0c0

(
ωAm
√
2

)2

σmSf (20)

The sound power level can be expressed by (21)

Lw = 10 log10
π

πref
(21)

The reference sound power πref = 10−12 W is correspond-
ing to the refence sound intensity transmitted through a unit
area.

In this paper, the simulation studies have been performed
using MATLAB/Simulink and Magnetic Acoustic Noise
Analysis Tool for Electrical Engineering (MANATEE) soft-
ware [17]. The analysis of vibration and acoustic noise of
PMSM drive is not feasible in MATLAB/Simulink software.
Analysis of acoustic noise of PMSMdrive has been simulated
in MANATEE. Fig. 7 shows the MANATEE simulation flow
which contains four modules such as Electrical, Electromag-
netic, Structural and Acoustic module.

Themost important and useful fluxes are radial and tangen-
tial fluxes to analyze the ANV of PMSMdrive. The radial and

FIGURE 7. Pictorial view of the MANATEE simulation process.

tangential fluxes are the main sources of generation of ANV
in PMSM drive. Simulation results obtained from MANTEE
simulation process of the acoustic noise of the PMSM drive
are shown in Fig. 8. The time-domain and the frequency-
domain response of airgap radial flux density and tangential
flux density at αs = 0◦ as a function of time is shown
in Fig. 8 (a). The 3-D plot of airgap radial flux density
as a function of time and space is shown in Fig. 8 (b). In
order to analyze the machine acoustic behavior; computed
noise power level spectrum at variable speed, along with a
sonogram is shown in Fig. 8 (c).

Results clearly identify the magnitude of flux density of
permanent magnet and types of the force responsible i.e.
radial forces for the production of ANV in PMSM drive. The
sound power spectrogram gives maximum sound level gener-
ates at different inverter switching frequency and operational
speed. Hence, the concerned inverter switching frequency
may be avoided by implementing suitable control algorithms
for the reduction of ANV in the PMSM drive.

V. SIMULATION AND EXPERIMENTAL INVESTIGATIONS
The experimental results are obtained on a 1.07 kW small-
scaled laboratory setup to validate the effectiveness of the
proposed RPWM scheme. The parameters and system con-
figurations are given in Table-1 and Figs. 9 and 10, respec-
tively. A low-cost acoustic chamber has been developed in
laboratory to investigate the ANV from PMSM drive. The
pictorial view of a low-cost acoustic chamber with the sen-
sors and PMSM is shown in Fig. 11. For simulation stud-
ies, MATLAB/Simulink tool is employed. In experimental
set-up, PMSM is coupled with DC shunt motor and fed
from Semikron converter. Data Acquisition (DAQ) system for
ANV measurement is from National Instrument (NI).

A. SIMULATION RESULTS OF SPWM AND RPWM
TECHNIQUES FOR PMSM DRIVE
The SPWM technique is implemented to observe and ana-
lyze speed response, torque ripple and stator current of
PMSM drive. Further RPWM technique is implemented for
the reduction of torque ripple and ANV of PMSM drive.
The analysis of the ANV of PMSM drive is not possible in
the MATLAB/Simulink platform because of the limitation

103278 VOLUME 8, 2020
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FIGURE 8. Simulation results of acoustic noise of PMSM drive: (a) time
and frequency domain response of airgap radial flux density and
tangential flux density at αs = 0◦ as a function of time, (b) airgap radial
flux density as a function of time and space and (c) sound power
spectrogram of PMSM drive.

of the software itself. Henceforth, the analysis is primarily
focused on comparison of torque ripple of PMSM drive for
different control strategy as magnitude of ANV is related to
torque ripple.

TABLE 1. Experimental set-up specification.

FIGURE 9. Schematic diagram of experimental setup.

FIGURE 10. An experimental setup for analysis of ANV of PMSM drive.

Simulations are carried out for drive speed of 1000 rpm
and mechanical loading Tm of 1 N-m and results are shown
in Fig. 12. Three-phase stator line-line voltage Vab, Vbc and

VOLUME 8, 2020 103279
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FIGURE 11. Acoustic chamber with sensors and PMSM drive.

TABLE 2. Comparison of torque ripples of PMSM drive for SPWM and
RPWM techniques.

Vca of PMSM drive are shown in Fig. 12 (a). Each phase is
120◦ shifted with respect to each other. DC link reference is
set at 300 V. Non-sinusoidal stator current of converter-fed
PMSM drive is shown in Fig. 12(b).

The α-β axis magnetic flux response of PMSM drive is
shown in Fig. 12 (c). The Total Harmonic Distortion (THD)
of magnetic flux waveform is 43.25% and 28.63% for SPWM
and RPWM, respectively.

RPWM is implemented as discussed in previous section
and generated RPWM signal for switching operation of
inverter is shown in Fig. 12 (d). In RPWM, the pulses of
switching signals are randomly placed in individual switching
intervals. Due to RPWM signals, the stator voltage and in-
turn stator current harmonic spectrum gets spread out and
distributed towards the higher order of harmonics. The THD
of stator current reduces from 46.73% for SPWM to 33.58%
for RPWM technique.

The steady-state speed response of the PMSM drive is
shown in Fig. 12 (e) for a reference speed of 1000 rpm.
The speed controller guided the PMSM drive to follow set
reference speed. The settling time for speed response for
RPWM is around 0.02 s. Shorter settling time of a speed
response is key characteristics of a high-performance PMSM
drive.

Torque response for RPWM technique exhibits excellent
performance with almost one-fourth reduction in torque rip-
ples as compared to SPWM technique, as shown in Fig. 12 (f).
Reduction in torque ripple response is evidently related with
reduction in stator current harmonics. Torque ripples reduc-
tion will in turn leads to reduction in vibration and acoustic
noise. Table-2 presents quantitative comparative results for
torque profile of PMSM drive.

Furthermore, simulations are carried out for dynamic speed
response and torque performance with mechanical loading
Tm of 1 N-m and results are shown in Fig. 13 (a) and (b),
respectively. The speed of the PMSM drive varied dynami-
cally from 0 to 1 s. The dynamic speed of the PMSM drive
from 0 to 0.2 s is 600 rpm, 0.2 to 0.5 s 1500 rpm and 0.5 to 1 s

FIGURE 12. Simulation results of PMSM drive: (a). Three-phase stator
voltage response, (b) three-phase stator current response, (c) α-β axis
magnetic flux response, (d) RPWM signal for three-phase inverter,
(e) steady-state speed response, and (f) steady-state torque response.

400 rpm. The dynamics of speed response is comparable for
both techniques. However, RPWM performs better in terms
of well-behaved response with less torque ripple.
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FIGURE 12. (Continued.) Simulation results of PMSM drive: (a).
Three-phase stator voltage response, (b) three-phase stator current
response, (c) α-β axis magnetic flux response, (d) RPWM signal for
three-phase inverter, (e) steady-state speed response, and (f) steady-state
torque response.

Fig. 13 (c) shows a frequency response of the transfer func-
tion model of PMSM drive. The magnitude and phase plots
show that the speed gain for RPWM and SPWM technique is
17.8 dB and 6.8 dB at 275 rad/s and 896 rad/s, respectively.
The system has the phase of -5.6◦ at 157 rad/s for the RPWM
technique and the phase of -15.3◦ at 392 rad/s for the SPWM
technique. Hence, it is found that the RPWM technique for
PMSM drive is highly stable with enough phase margin at
the required cross over frequency.

Fig. 13 (d) shows a Nyquist response of the PMSM drive.
In cartesian coordinates, the real part of the transfer function
is plotted on the X -axis, and the imaginary part is plotted on
the Y -axis. The frequency is swept as a parameter, resulting
in a plot based on frequency.

B. EXPERIMENTAL RESULTS OF SPWM AND RPWM
TECHNIQUES FOR PMSM DRIVES
Experimental results for operation of PMSMdrive for SPWM
and RPWM techniques are shown in Figs. 14 to 17. The
three-phase stator voltages and currents of the PMSM drive
are shown in Figs. 14 (a)-(b). Three-phase stator current is
sinusoidal with amplitude of 2 A and 120◦ phase shift. Exper-
iments are carried out for reference drive speed of 1000 rpm
and mechanical loading Tm of 1 N-m. The steady-state speed
response of SPWMandRPWM technique based PMSMdrive
is shown in Fig. 14 (c). The RWPM performs better in terms

FIGURE 13. Simulation results of PMSM drive: (a) dynamic speed
response, (b) dynamic torque response, (c) frequency response of PMSM
drive and (d) Nyquist response.

of speed response as the settling time for RPWM is 0.01s and
SPWM is 0.07s.

Fig. 14 (d) shows electromagnetic torque response of
the PMSM drive. The electromagnetic torque ripple for
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FIGURE 14. An experimental result of PMSM drive: (a) Three-phase stator
voltage response, (b) three-phase stator current response, (c) steady-state
speed response (reference speed 1500 rpm), (d) torque response and
(e) α-β axis magnetic flux response.

SPWM and RPWM technique is calculated as 0.209 N-m and
0.128N-m, respectively. Reduction in torque ripple values
clearly indicate that RPWM operated PMSM drives may

TABLE 3. Comparison of torque ripples of PMSM drive for SPWM and
RPWM techniques.

have substantial reduction of vibration and acoustic noise as
compared to the SPWM technique. The α-β axis magnetic
flux response of PMSM drive is shown in Fig. 14 (e).

Table-3 presents numeric comparative experimental results
for torque ripple of PMSM drive.

Fig. 15 show the experimental result of ANV using SPWM
and the RPWM technique operated in the PMSM drive. The
output sensitivity of the microphone is 10 mV/Pa which is
situated in alignment with the radial axis of one of the sta-
tor poles. As per ISO standards, the microphone is placed
5 cm far away from the shaft of the PMSM [18], also a
half-inch free-field microphone is to measure the acoustic
noise.

The time and frequency domain sound spectrum of PMSM
drive for its operation from SPWM and RPWM techniques
are shown in Figs. 15 (a)-(b), respectively. Sound spectrum of
PMSM drive measured in a free-field environment i.e. inside
the acoustic chamber. The maximum amplitude of the sound
spectrum is coming out around 1.67 Pa and 1.12 Pa, respec-
tively observed at 14.5 Hz which clearly show that acous-
tic noise from SPWM is high as compared to the RPWM
technique. Hence justifying the application of the RPWM
technique for PMSM drives.

The time and frequency domain vibration spectrum of
sinusoidal carrier-based PWM and RPWM techniques based
PMSM drive is shown in Figs. 16 (a)-(b), respectively.
Accelerometer sensor is deployed horizontally on end body
of PMSM drive to measure vibration. Accelerometer sensor,
having an output sensitivity of 10 mV/g, is attached with help
of beeswax behind stator pole in order to measure vibration
from the motor. The sampling rate of the sound and vibration
data recorded through DAQ is 50000.

The maximum amplitude of the vibration spectrum
is observed around 1.4 and 0.8 gravitation for SPWM
and RPWM, respectively, with the reference set-speed
of 1000 rpm. That means vibration in SPWM is almost
double as compare to the RPWM technique, as shown
in Fig. 16.

The harmonic frequency spectrum and Total Harmonic
Distortion (THD) of PMSM stator current for SPWM and
RPWM techniques are shown in Fig. 17. THDs are 60.86 %
and 51.04 % for SPWM and RPWM, respectively. The har-
monic analysis clearly indicates the superiority of RPWM for
the reduction of ANV in the PMSM drive.

Table-4 shows the comparison of the experimentally mea-
sured acoustic noise of the PMSM drive with SPWM and
RPWM techniques. For applied load torque of 1 N-m, the
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FIGURE 15. An experimental result of time and frequency domain sound
spectrum of PMSM drive.

TABLE 4. Comparison of acoustic noise of PMSM drive.

TABLE 5. Comparison of vibration of PMSM drive.

significant amount of noise reduction can be seen for the
RPWM technique, which is nearly 50% less, as compared
to SPWM. Similarly, Table-5 shows the values of vibration
in g of PMSM drive. There is reduction of vibration of the
order of 40% in the case of RPWM technique as compared to
SPWM.

RPWM technique proves to be effective for the substantial
reduction of torque ripples and in-turn acoustic noise and
vibration in the PMSM drive. However, RPWM may pose
few limitations such as challenges in device loss calculation,
thermal and loop control design and hence thermal subsys-
tems cannot be optimally designed.

FIGURE 16. An experimental result of time and frequency domain
vibration spectrum of PMSM drive.

FIGURE 17. Experimental results of PMSM drive: (a) stator current
harmonic with SPWM and (b) RPWM technique.

VI. CONCLUSIONS
This paper has presented a novel application of the harmonic
spread spectrum technique, that is, Random Pulse Width
Modulation (RPWM) in order to reduce Acoustic Noise and
Vibration (ANV) in the Permanent Magnet Synchronous
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Motor (PMSM) drives. RPWM is a spread spectrum tech-
nique that spreads the acoustic noise frequency spectrum over
a wide range in contrast to the sinusoidal PWM, which is con-
centrated at particular frequencies.With the result, the overall
effect of noise is significantly reduced. Experimental results,
obtained on a small-scale laboratory set-up, have confirmed
substantial reduction of ANV of the order of 40% and the
torque ripple around 35% by the application of RPWM tech-
nique in comparison with the conventional sinusoidal PWM
technique.
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