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Abstract —  The paper focus to study on noise reduction
of the line voltage of two level three phase voltage source
inverter (VSI) fed induction motor (IM) at the specific
frequency, and developed new PWM called Random
Space Vector Pulse width modulation technique
(RSVPWM) for reducing noise on line voltage. The
developed RSVPWM is combining RPWM and Space
vector modulation (SVPWM) technique. The paper also
investigates the three-phase VSI fed induction motor and
its noise behavior. The proposed method is able to create
a gap in the spectrum of line voltage at selective frequency
in human hearing range. Therefore, unlike conventional
RPWM techniques, switching periods are determined
based on the position of rotary reference vector. The
paper compared with other PWM such as SPWM, RPWM
and SVPWM. Among all PWM method the proposed
RSVPWM generate higher voltages with low total
harmonic distortion. The proposed RSVPWM is receipt
less line voltage noise (10.4dB at lower modulation range
and 9dB at higher modulation range). The simulation and
experimentation is carried out for the full range of
switching frequency of 1 kHz to 20 kHz. The modulation
method can be used in both open- and closed-loop IM
drive such as V/F and vector control.

Keywords: Random Space Vector Pulse width
modulation, Acoustic noise, Power spectral density, three
phase voltage source inverters, resonant frequency
excitation.

1. Introduction

Most of the industrial drives produce heavy
noise in the environment. The friction, imbalance,
and aerodynamic origin cause acoustic noise,
especially at low speed. The human ear is the usual
receiver for noise. The Human ear responds for
sounds varies over a frequency range from about 16-
20 Hz up to frequencies in the 16-20 kHz range [1].
Many papers recommend RPWM method to avoid
whistling and EMI noise in three phase VSI. The
various randomization techniques are implemented
by the converter fed drive system [2]. The first order
sigma modulator used for the SVPWM technique to

spread the harmonics for the desired range [3]. The
author [4] suggests the quasi- random modulation
strategy used for the Acoustic Noise in the VSI. The
emitted acoustic noise is reduced using randomly
varying switching frequency within the pre specified
bands. The modulation in the random scheme
determines the mechanical resonances and wide
range of frequency of the voltage spectrum can be
spread [5].

Random modulation technique is used for
adjusting the duration of the zero vectors or
adjusting the three pulse positions in a switching
period with fixed switching frequency. The
mitigation of electromagnetic interference and
acoustic noise in vehicular drives by fixed and
random PWM technique [6, 7, 21-24]. In inverter fed
drive system using digital modulator, a constant
switching period is equal to the sampling period for
mitigation of noise in the system. The switching
periods and random PWM method with a constant
sampling period are randomly varied. The sampling
period equal to the randomly varied switching period
around an average value [8]. The basic motor control
algorithm has minimal impact on variable delay
random PWM technique. Even with asynchronous
current sampling, the current regulation is found
optimal. In the low-speed motor this technique
deployed to reduce switching losses of the inverter
[9]. Three types of randomized pulse position
modulation techniques are proposed in indirect
matrix converter. Those techniques are carrier based
randomize the pulse position modulation of an
indirect matrix converter [10]. A two-dimensional
random switching pulse width modulation schemes
diminishes  the  harmonic  clusters  while
simultaneously retaining constant average inductor
current and constant sampling frequency. The output
voltage ripple is reduced by constant average
inductor current [11]. Pederson et al., reduced noise
power in specified interval in frequency domain by



removing determined range or ranges from
switching frequencies. Along with providing a gap
in the frequency spectrum, this method leads to
increase in peak of Power Spectrum Density (PSD)
diagram. In Electric drive System without Exciting
Mechanical Resonance, A new fixed carrier
frequency quasi- random PWM method to generate
acoustical noise by the drive can be improved [12].
Randomly centered distribution (RCD) problem is
solved by the two-phase dual zero vector random
centered distribution scheme. Modulation index of
RCD is high and not reduced properly [13]. Fixed
and randomized PWM technique for the fully
controlled converter reduces the harmonic intensity
for contributing the efficiency [14, 15]. The
asymmetric carrier wave to implement digitally,
without employing external circuit [16, 17].
Sinusoidal PWM and SVPWM utilize a changing
carrier frequency to spread the harmonics in a
wideband area thereby achieving great reduction in
harmonics. The SVPWM gives 15% improved
fundamental output with better quality [18]. New
RSPWM technique used to provide gap in the
spectrum of line voltage to prevent the system
resonant frequency excitation [19].

In this paper, a RSVPWM technique is
employed to reduce noise from the line voltage of
two level three phase voltage source inverter. The
proposed method can prevent the excitation of
system resonant frequency. The remaining paper
been organized as noise investigation in random and
SVPWM technique, review of random space vector
pulse  width  modulation, simulation and
experimental results and conclusion of proposed
system.

3. Review of Three-Phase VSI Fed Induction Motor
and Its Noise Behavior

The Fig.1 shows the three-phase six switch VSI
fed induction motor. The three-phase voltage source
inverter consist of six semiconductor switches (S; to
Se) and they are conducting in 180-degree phase
shift between their upper and lower switches. There
are six intervals of operation in VSI which are 60
degree each. In every interval either one upper and
two lowers, or two upper and one lower switches are
tuned on for symmetry operation of the inverter.
Totally eight possible combinations of on and off
process for the three phase VSI, which are
represented from the switching position of upper lag

or in lower leg. In this paper following upper
switching positions. Example, in mode-1 all upper
switches are “OFF’. Hence the switching
representation of this state is used as [000], like in
mode-2, phase A leg and phase B leg upper switch
are ‘ON’, and phase C lower switch is ‘OFF’ (phase
C lower switch is ‘ON’). Hence the switching
representation of this state is used as [110]. The table
1 illustrate all mode of operation switching and its
corresponding line and phase voltages. Form the
eight possible combinations six is called as active
inverter modes and other two ([111], [000]) zero
vector modes. In active mode, the dc-link voltage is
connected to load, where as in [111] and [000] mode
dc-link and load is isolated.
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Fig.1. Three Phase Inverter fed Induction Motor

To control the power switches from the inverter,
numerous modulation approaches were reported in
literature [20]. In which sine PWM (SPWM) and
space vector PWM (SVPWM) are the frequently
used one and all modified PWM techniques are
developed from SPWM and SVPWM. The
SVPWM and its switching is explained though
Fig.2. In SVPWM is reference vector V* is sampled
with a frequency f; (Ts = 1/fs). The V* generated from
three-phase 120-degree phase shift references using
the alpha -beta transformation. The space vector
diagram (SVD) is consist of six-sector and each
sector is synthesized using three adjacent switching
states (vectors). The V* is synthesized using a two
adjacent active switching vectors and one zero
vector (either [111] / [000]). By using zero vector
potion in forming vector sequence the SVPWM can
be modified as continuous and discontinuous
SVPWM. The strategy selection will have focused
for reducing harmonic content and the switching



losses. Fig.3 shows the sector-1 switching states and
its pulse pattern.

Table 1. VSI switching vector, phase voltage and line voltage.

Mode | Voltage Switching vector Line to Line
Vector voltage

A B Cc Va | Vie Vea
1 Vo 0 0 0 0 0 0
2 A\ 1 0 0 1 0 0
3 V, 1 1 0 0 1 -1
4 A 0 1 0 [ 1] 1 0
5 V. 0 1 1 -1 0 1
6 Vs 0 0 1 0 -1 1
7 Vs 1 0 1 1 -1 0
8 \% 1 1 1 0 0 0

Fig.2. Space vector diagram (SVD) and switching

Reference signal

4
X '

Carrier signal

\

1
~

Py

|
|
|
|
T
|
4
|

T
1
|
t
|
! |
| \
! |
| T
! |
. .
| |
|
|

|
 —

H
TYB T2 T2 e Tof3 —>T,J2 >Ty/2>+ T3 >

[000] [100] [120] [111] [110] [100] [000]
' ' 4 '

m ' ¢m ' E

T
1
|
|
I
|
|
T
|
T
|
|
|

Pe|

Fig.3. sector-1 switching scheme

The switching Pattern for each sector in SVD is
shown in Fig 4.
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Fig.4. Switching pattern for each sector of SVD

Here the reference is generated by using on-time
equations of the SVD. Then the symmetrical carrier
is compared with reference signal. The SPWM and
SVPWAM is similar way of approach. In SPWM, the
three-phase reference signal directly compared with
carrier signal, where as in SVPWM composed time
manner and finally compared with carrier signal.
Though SPWM and SVPWM s a frequently used
method for all VSI applications. These methods had
a discrete frequency components in their current
spectrum which cause the EMI and acoustic noise in
the induction motor. To distribute the discrete
components from the current spectrum of the motor
is called as RPWM. There are few concepts were
developed in RPWM approaches which can reduces
the EMI and lower order harmonics.

3. Noise Investigation

When the induction motor is operated in non-
sinusoidal power supply (quasi-square wave form)
the acoustic noise is created on the starter. This may
excite the system resonant frequencies which
increases the acoustic noise and vibration [13-15].
For acoustic noise reduction, a weighted IEC 61672-
2013-standard range of RPWM method compared to
conventional RPWM technique is to reduce broad
band noise by 2-6 dB over the full modulation index
range. This range produces a better acoustic noise.
Acoustic noise generated by electrical motors driven

Vi [100]



by a pulse width modulated power electronic
inverter. Various PWM techniques (i.e. SPWM,
RPWM, FCF-RPWM, RCF-RPWM, and SVPWM)
are used to reduce the greatest annoyance of the
motor. The proposed method of RSVPWM
technique used to reduce the acoustic noise below 10
dB. The human ear is the remarkable acoustic
system. The ear is capable of responding to sounds
over a frequency range from about 16-20Hz up to
frequencies in the 16-20 kHz range. Above 20 kHz
is the greatest annoyance. The acoustic noise creates
an unpleasant atmosphere to work and the
mechanical vibration causes gap separation between
the stator and rotor. The best way to reduce audible
noise radiated from the AC motor is to increase the
PWM switching frequency up to 18 kHz. A
randomized pulse position method in which, the
discrete harmonics are significantly reduced and
harmonic power spread over as a continuous
spectrum. The discrete harmonic spectra occur at
switching frequency and its multiples. The normal
voltage source inverter produces the noise shown in
Fig. 5, it was analyzed by spectrum scope. The
acoustic noise produced above 20 dB for the three-
phase voltage source PWM inverter. Fig. 6 shows
the spectrum of noise in three phase VSI.
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3. Proposed Random SVPWM Technique

As mentioned in the section-2 the SVPWM has
several advantages over the SPWM such as: low common
mode current and switching loss. In this section, the
capability of SVPWM and RPWM for noise reduction has
been evaluated when the switching frequency is selected
randomly. In this way, first in each cycle the switching

period is selected from the proper range, then according
to time percentage of da, db, and do, the switching pulses
has been generated.

From the SVPWM generation block random carrier is
created and PWM pulses are generated. The basic
diagram of RPWM is shown in Fig.7 and the flow chart
for producing RSVPWM is shown in Fig 8.
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Fig.7. RSVPWM signal generator
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Fig.8 Flow Chart for Producing RSPWM

Initially the three-phase reference is generated and
they are sampling in to Vp and V4. The magnitude
(reference voltage vector, V*) and angle () of Vg, Vq
is calculated from Real-Image to complex block.
The V* and a is helping to find out the SVD sector
and switching states.

Vq = Van — Vpn cos 60° — V., cos 60°
1 1
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|Vref| = ,’de + szz (3)

a = tan! (::—q) =wt =2nft (4)
da

In order to create the random pulses in the SVPWM
pulses, the random carrier is created and sampled
with V* and a. Fig.9 shows the random carrier signal
of 5 kHz. There are 10 timing is fixed (0 1.5/fs 3/fs
4.5/fs 6/fs 7/fs 8/fs 9/fs 10/fs) to creating the Fig.9
carrier signal.

= Random signal
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Fig.9 Random carrier signal

Next the angle y is calculated with in the sector. The
maximum values y is 60 degree which to find out the
exact location of the V*. The timing calculation of
the switching vector is calculated by using eq (5) to

(9)

T14 T2

T T- T
fOOVT’ef = folVl dt +fT1 VZ dt + le(:—TZ VO dt (5)

Vier [To] = V;[Ty] + V5[T,] + VO[TO — T, —T,] (6)

VT [cos 0(] _ 2V [cosO 2V cos /3
ref 20 |sinal — "3 !lsin0 3 2 sin™/5
Hence,
_ V3TsVrer . (T
T, = Vg S (3 6) (7
T, = % Vrefgin9),0<0 < (8)
Vac 3
Ts=To_(Ty + T3) 9)

Where, (Ts =1/fs) is a switching time, T and Tz is the
on-time, Tois off time (commutation time)

Once the time calculation has done, the
correspondence switching states selection is chosen
based on the sector number. The Fig.10 show the
vector selection of RSVPWM. The switching states
are mapped to get a symmetry pulse structure, which
ensure the better harmonics profiles and dc-link

voltage utilization. RSVPWM train when pulses are
located at the centre of switching period of SVPWM.
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Fig.11 Pulse pattern of SVPWM and RSVPWM train when
pulses are located at the centre of switching period

The switching time at each sector is summarized in
Table-2. The phase voltages consist of pulse train as
shown in Fig. 11. For the case in which pulses are
located at the beginning of switching period, to
remove noise from pulse train a formula has been
derived as,

Thyr = %(1 -DpTy (10)
where T, is switching period of nth cycle, Dy is duty

ratio of nth cycle, k is a natural random number, and
fo is desired frequency for eliminating noise.



By replacing t\+1 with t,+T, in (10) the switching
periods, for eliminating noise at f, from spectrum,

has been calculated as,

Thr =

2K—(1+Dp)foTn
(1+Dp)fo

Table -2 switching time at each sector

(11)

Table-3 parameters of the induction motor

Sector | Upper Switches (Si, Ss, Ss) Lower Switches (S, Se, S2)
S1=T1+To+To/2 S4=Tol2
S3=T,+To/2 Se=T1+T/2
Ss=To/2 So=T1+T+To/2
Si=T,+To/2 Sy=T,+T/2
Ss=T1+T+To/2 Se=To/2

Power (p) 0.75 KW
Line to Line voltage (V.) 415V
Frequency (f) 50 Hz
Stator resistance (Rs) 1.435Q
Stator inductance (Ls) 0.005839 H
Rotor resistance (R;) 1.395Q
Pole pairs (P) 2 Pole
Speed (N) 1461 rpm
Current, lims 3.641A
Voltage, Vims 0.44Vv
Torque, T 5.865 N-m

SszTo/ 2

55:T1+T0/ 2

Ss=To/2 So=Ti+To+To/2
S1=To/2 S/=Ti+To+To/2
Ss=T1+To+To/2 Se=To/2
Ss=T,+T/2 Se=T1+T/2
S1=Tol2 Sy=T1+T+To/2
S3=T1+T/2 Se=T,+T/2
Ss=T1+To+To/2 S,=Tol2
Si=T,+To/2 Sy=T1+T/2
Ss=To/2 Se=T1+To+Ty/2
Ss=T1+To+To/2 S,=To/2
Si=Ti+To+To/2 S4=To/2

SG=T1+T2+T0/2

52=T2+T0/ 2

4. Simulation and Results

In order to investigate the proposed RSVPWM for
VS| fed induction motor noise elimination, the 0.75 kW
induction motor connected six switches VSl is designed
in  MATLAB/Simulink platform and texted with
SVPWM and proposed RSVPWM for different
modulation indices. The Table-3 shows the simulation
parameters of the induction motor with maximum
randomization freedom, the nonlinearities such as dead
time and pulse filter have been ignored in the
simulation. The Fig.12 shows the full simulation model
for VSI fed induction motor and Fig. 13 shows the
random SVPWM signal generator, where the timing
calculation block is modelled by varying the carrier
signal in random fashion.
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Fig. 13 random SVPWM signal generator




The inverter switching frequency is adjusted from 1
kHz to 20 kHz range and results were obtained. The
Fig.14 shows the pulses (S: to Se) of the inverter.
Here it could see that the pulses of the inverter
switches are positioned randomly. The Fig.15 shows
the line voltage waveform of RSVPWM fed VSI
high modulation index 0.9. When the inverter
operated 0.9 M,, the line voltage is measured as
268V. Fig.16 shows the harmonics spectrum for line
voltage. The percentage voltage THD is measured as
22.4% when the inverter operated in maximum
operation M, range. Fig. 16 and 17 shows the voltage
noise spectrum of lower M, (0.4) and higher M,
(0.9). When inverter operated at 0.4 M,, the noise dB
is measured as 12.56. In the same switching
frequency range (4 kHz), when inverter operating at
0.9 M, the noise is measured as 9dB. The lower
modulation ranges the voltage waveform had more
noise compared to higher modulation lines range.
This is happening due to the pulse dropping. Based
on the results it could understand that the proposed
RSVPWM is limiting their voltage spectra noise
within the recommended range.
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Fig. 14 random SVPWM signal generator
In order to make the comparison between SPWM,
RPWM, SVPWM and RSVPWM modulation
methods, the inverter simulated and the results are
measured. The inverter operation condition is
maintaining the same for all PWM and the results
was performed for 0.5 and 0.9 Ma. Fig.19 shows the
simulation results of the motor voltage spectrum of
modulation index 0.5 SPWM and RPWM, SVPWM,
Proposed RSPWM and Fig.20 shows the simulation

results of the motor voltage spectrum of modulation
index 0.9 SPWM and RSPWM, SVPWM, proposed
RSPWM.
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Fig. 15 RSVPWM VSI line voltage Vas for Ma=0.9
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Fig. 16 Harmonics spectrum of line voltage Vas for Ma=0.9
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From the results for both 0.5 and 0.9 M, the proposed
RSVPWM is has less dB compare to other reposed
PWM. The RSVPWM gave a similar performance,
when the inverter operated wide range of switching
frequency. Table-4 show the noise level for the
different frequencies. Here, RPWM and RSVPWM
noise level is maintain the same boundary compare
to other RSPWM and RPWM. Fig 21 shows the
noise level in different range of frequency for all
discussed PWM methods. The RSVPWM is better
in all the frequency range. Note; the noise is also
related semiconductor switching technology. Hence,
this result may differ when the different type of
switches used.
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Table-4 noise level for SPWM, RSPWM, SVPWM, RSVPWM

fs SPWM RSPWM SVPWM RSVPWM
4kHz 24 14 18 9
5kHz 25 16 195 9
6kHz 26 17 204 9.2
TkHz 27 18.3 235 9.2
8kHz 29 18.4 20.5 9.2
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Fig.21. Switching pattern for each transistor

5. Experimental Results

In order to evaluate the proposed PWM
performance and its acoustic noise reduction on VSI
fed IM drive, the six switch 1 kW inverter power
module fed 1HP (0.75kW) IM drive test bench is
developed with  mechanical load. Fig.22.
illustrations the experimental setup of the three-
phase VSI fed IM drive. In order to validate to the
proposed RSVPWM, the RSPWM is also
preprogramed in MATLAB/Simulink code is
converted to VHDL code using Xilinx system
generator tool. The developed VHDL bit file is done
loaded in spartan-6 FPGA processor and the pulses
are given to TLP250 gate driver circuit. The 5 volts
generated pulse is given to IPM. The inverter is
tested with the frequency range of 1 kHz to 15 kHz.
The dead band is fixed as 5micro sec for all the range
of switching frequency. The vibrations on the motor
shell were measured with multianalyzer and other
motor parameters are measured with fluke meter and
digital oscilloscope. The was performed between 1



kHz to 15 kHz for the inverter control modulation
index range from M,= 0.5 to M.=0.9. The
experimentations are performed different inverter
switching frequencies and the line voltage and
correspond noise harmonics spectrum is recorded.
Fig.23 shows the proposed RSVPWM line voltage
of Vag for 0.5 M, at 5 kHz and its corresponding
experimental harmonics spectrum is shown in
Fig.24. Similarly, for higher (M. = 0.9), Fig.25
shows the line voltage of Vg for 0.9 Maand Fig.26
shows the Experimental harmonics spectrum of Line
voltage of Vag for 0.9 M.
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Fig.22. Experimental setup .

Fig.25 shows the proposed SRPWM line voltage of
Vag for 0.9 My at 5 kHz and its corresponding
experimental harmonics spectrum is shown in
Fig.26. Similarly, the recovered line voltage and its
corresponding harmonics are tabulated and
compared in Table-5. From the table, it could see
that the proposed RSVPWM is has a merits of
producing the higher DC-link utilization with
reduced harmonics, which leads to reduce the noise
in the drive.
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Fig.23. Experimental results of Line voltage of Vas for 0.9 Ma
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Fig.24. Experimental harmonics spectrum of Line voltage of
Vs for 0.9 Ma

UL 3000V

V
([

150V/Div

U4 -300.0 ¥
0.0005

Fig.25. Experimental results of Line voltage of VVag for 0.9 Ma

Bar U 1 1,000k (log Scale) (SRR

Fundamental Voltage

Higher Order harmonics

|
60 Order

L A

Harmonics order ---cc-eeeeeeeeees

Fig.26. Experimental harmonics spectrum of Line voltage
of VAB for 0.9 Ma

<< 1602 (pp) 3> 100.000Rs.

Table-5 Experimental performance and comparison between
RSPWM and proposed RSVPWM for 5kHz switching
frequencies.

Ma SPWM MCRSVPWM
V1 %V THD V1 %V THD
0.1 21 42.36 23 21.2
0.2 52 43.22 54 22.359
0.3 80 41.11 85 25.990
0.4 109 44.23 113 26.10
0.5 133 44.45 138 26.19
0.6 161 46.46 169 26.79
0.7 190 47.78 198 27.22
0.8 226 48.35 235 27.82
0.9 243 49.34 265 28.27
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Fig.27. Line voltage and its THD for RSPWM and
RSVPWM at 5 kHz

6. Conclusion

The conventional Random pulse width modulation
(RPWM) method used in space vector pulse width
modulation (SVPWM) inverter for spreading the
harmonic noise cluster can excite the system
resonant frequencies. The proposed method of this
paper is randomized SVPWM technique for
reducing acoustic noise in line voltage of two level



three phase VSI. Simulation and experimental
results show that by using the proposed method,
some unwanted noise can be reduced successfully.
RSVPWM technique used for avoiding system
resonant frequency excitation in squirrel cage
induction motor for three phase VSI.
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