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Abstract: The pulse width modulation (PWM) inverter is an obvious choice for any industrial and
power sector application. Particularly, industrial drives benefit from the higher DC-link utilization,
acoustic noise, and vibration industrial standards. Many PWM techniques have been proposed to
meet the drives’ demand for higher DC-link utilization and lower harmonics suppression and noise
reductions. Still, random PWM (RPWM) is the best candidate for reducing the acoustic noises. Few
RPWM (RPWM) methods have been developed and investigated for the AC drive’s PWM inverter.
However, due to the lower randomness of the multiple frequency harmonics spectrum, reducing the
drive noise is still challenging. These PWMs dealt with the spreading harmonics, thereby decreasing
the harmonic effects on the system. However, these techniques are unsuccessful at maintaining
the higher DC-link utilizations. Existing RPWM methods have less randomness and need complex
digital circuitry. Therefore, this paper mainly deals with a combined RPWM principle in space vector
PWM (SVPWM) to generate random PWM generation using an asymmetric frequency multicarrier
called multicarrier random space vector PWM (MCRSVPWM). he SVPWM switching vectors with
different frequency carrier are chosen with the aid of a random bi-nary bit generator. The proposed
MCRSVPWM generates the pulses with a randomized triangular carrier (1 to 4 kHz), while the
conventional RPWM method contains a random pulse position with a fixed frequency triangular
carrier. The proposed PWM is capable of eradicating the high-frequency unpleasant acoustic noise
more effectually than conventional RPWM with a shorter random frequency range. The simulation
study is performed through MATLAB/Simulink for a 2 kW asynchronous induction motor drive.
Experimental validation of the proposed MCRSVPWM is tested with a 2 kW six-switch (Power
MOSFET-SCH2080KE) inverter power module-fed induction motor drive.

Keywords: pulse width modulation; random PWM; space vector PWM; voltage source PWM inverter;
acoustic noise

1. Introduction

Pulse width modulated-based voltage source inverters (VSIs) are an unavoidable
segment of industrial drive systems. These VSIs are needed in order to provide several
advantages such as harmonics elimination, DC link utilization, common mode voltage
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elimination, bearing current reduction, and acoustic noise reduction. Numerous forms
of PWM schemes have been proposed in VSI to meet out the above requirements [1-3].
However, some of the PWM techniques are not helpful for acoustic noise reductions, which
is essential to address for VSI-based drives [4-6]. Acoustic noise reduction is possible
by spreading the harmonics throughout the harmonics spectrum [7]. For any PWM, the
DC-link utilization is an additional criterion. Hence, the power electronics research using
the random carrier PWM, which is called RPWM. In this PWM, unlike sine PWM (SPWM),
random carriers are compared with the sinusoidal signal for arriving at the pulse [8].

The interest in developing PWM techniques for VSI-fed AC drives has increased
in the current era due to their participation in industrial applications. The new age of
space vector PWM (SVPWM) has been developed for induction motor drives with reduced
common mode voltage and high utilization of DC-link voltage [9,10]. Several attempts have
been proposed for the reduction of the AC drives’ external noise suppression using PWM
and filters [11-16]. However, the suppression filters reduce the noise by a considerable
volume. These types of methods have led to broad claims for their use in electric-vehicle
drive applications. However, they also involve higher cost regarding the drive installation
and running.

The RPWM is the more promising of the two methods, as it helps to avoid whistling
and electromagnetic interference (EMI) noises. RPWM is the best PWM to handle the
induction motor drive with simple digital circuits and low cost, which leads to it being
one of the most optimal PWM schemes [17]. The RPWM is realized by randomly changing
the slope of the carrier wave. Generally, the prevailing RPWM can be grouped into
three types: (1) random carrier frequency pulse width modulation (RCFPWM) [18], (2)
random switching (RSPWM) [19] and (3) random pulse position pulse width modulation
(RPPPWM) [20]. The RCFPWM is the most popular scheme, which dealt with randomly
changing the switching events in an operating frequency cycle with the modulated carrier
frequency. Here, the modification is made by changing the slope of the carrier triangular
or the angle of the space vector reference. In RSPWM, instead of carrier triangular wave
form change, the random signal is used to create a switching control gesture. Lin et al.
implemented the RPWM using a simple digital hardware circuit, which is using only
logic gates. In this paper, the authors generated the inverter gate pulses through the
dedicated logical circuit, which dealt with the pseudorandom binary sequence (PRBS)
bits [21]. As the carrier of the RPPPWM is using only a digital circuit, a fixed frequency
triangular carrier signal or a saw-tooth carrier signal is used. Wang et al. [22] proposed
a chaotic PWM method to decrease the EMI in electric drive systems. It enables the
circuit to choose its own required carrier frequency. The paper also analyzed the effects of
low-order noises and mechanical resonance. The RCF-PWM is more effective compared
to the FCF-RPWM method [23,24]; meanwhile, the motor current spectrum is used to
spread discrete components. In most of the practical real-time drive applications, the
controller algorithm is coordinated with the inverter switching. Hence, the adjustable
switching frequency disturbs the drive performance when it plays in the closed-loop
systems [25,26]. In an electric drive system without exciting mechanical resonance, the fixed
quasi-random carrier frequency PWM technique is proposed to abolish acoustical noise [12].
A random center distribution (RCD) problem is solved by the two-phase double zero-
vector random center distribution structure. The modulation index of RCD is high and not
reduced properly [25-27]. A fixed and randomized PWM technique for the fully controlled
converter reduces the harmonic intensity, contributing efficiency [28,29]. The asymmetric
carrier wave is implemented digitally, without employing external circuits [30-34]. More
distinct states are essential to get random bit number generations. This process involves
higher numbers of sequential digital circuits. Therefore, random bit number generations
need higher circuit cost and implementation burden. Hence, the researchers recommended
a linear feedback shift register (LFSR) for getting more randomness [35-39]. LFSR is
commonly referred to as a pseudo-PWM code generator and works using a digital logical
process of a binary number [29]. The length of the LFSR along with the clock frequency
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present influences the amount of repetition. The sinusoidal reference is compared with the
winning triangle carrier cycle in order to get the gating pulses. Still, various random PWM
methods have been developed and investigated for the PWM inverter-fed drive noise
reductions; still, the shortcomings of these method items include their lower randomness
and complex digital circuitry.

Some of the PWM methods dealt with the spreading harmonics by decreasing the
harmonic effects on the system. However, these techniques overlook the effect of acoustic
noise and inverter DC-link utilizations. Therefore, this paper mainly deals with a combined
RPWM principle in space vector PWM to generate random PWM generation. The SVPWM
agreements with the multicarrier (different fixed frequencies as carrier waves) are chosen
with the aid of a random binary bit generator. The proposed RSVM generated pulses
with a randomized triangular carrier (1 kHz to 4 kHz), while the conventional RPWM
method contains a random pulse position with a fixed frequency triangular carrier. The
proposed PWM is capable of eradicating the high-frequency unpleasant acoustic noise
more effectually than conventional RPWM with a shorter random frequency range.

The Field Programmable Gate Array (FPGA)-based two PRBS bit (8 bit and 16 bit)
generators are used to generate the random binary. The SVPWM was developed using the
same FPGA controller, and it is getting random carriers from a PRBS binary selector block.
The simulation study is performed through MATLAB/Simulink software tool (2016.b) for
a three-phase VSI connected 2 kW, 400 V, 2.5 A asynchronous induction motor drive. The
experimental validation of the proposed RSVM is tested with a 2 kW six switch (Power
MOSFET-SCH2080KE) inverter power module-fed induction motor drive. The simulation
and hardware results show that the VSI and motor had comparable performance to the
conventional MCRSVPWM; nevertheless, the noise power spectra of the current, voltage,
dominant harmonic components, and acoustic noise spectra were reduced as compared
with the reported RPWM methods.

This paper is structured as fellows: Section 2 reviews the random pulse width modu-
lation operating principles. In Section 3, the proposed Multicarrier Random Space Vector
PWM is presented and analyzed. Sections 4 and 5 present the simulation and experimental
results, respectively. Section 6 concludes the paper.

2. Review of Random Pulse Width Modulation

The important variance between standard PWM and random PWM methods is that
the pulse width signal is no longer restricted to a few fundamental frequencies. The control
relies on switching frequency (carrier frequency) and the modulated signal.

The following section explains the RPWM generation for six switch voltage source
inverters. The VSI is shown is Figure 1, where three legs and six switches are used to
synthesize three-phase AC power. The VSI should generate the symmetry-less THD voltage
and current. The reduction of THD is possible for spreading the harmonics spectra. Figure 2
shows the RPWM pulse arrangement. Here, the random carrier is achieved through a
digital binary assignment process PRBS. In general, the RPWM processes triangular carrier
waves (fixed frequency carrier), and multiplexer and shift register are used in the random
carrier. Figure 2 shows the conventional pseudorandom binary sequence RPWM.
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Figure 1. Three-phase VSI-fed inductor control.

Figure 2 shows that the fixed frequency triangular carrier ‘C’ is given through multi-
plexer (MUX) in ‘C” and “C-’ sequence.

Fixed Frequency Triangle Wave

Pseudo Random

_C> Frequency Carrier
2 1 o/
—_— X N
_»T’ Multiplier
C PRBS Random bits

——Pp1 b1 | b2 | b3 | b4 | b5 | b6 | b7 | b8 1—1.,00:

cecccccccccccccccny
»
~
-~
~
Ll
—~
2
A
=)
~
{
—_~
=]
~

Figure 2. Conventional pseudorandom binary sequence RPWM.

Here, the ‘C-" is the opposite phase of ‘C’ derived using ‘NOT’ gate. The ‘C" and ‘C-’
are randomly chosen, and the triangular carrier waves with fixed frequency “C-" with
an opposite phase of “C” are given by the selected signal (P) of the multiplexer. The
multiplexer is a combinational logic circuit designed to switch one of several input lines
through to a single common output line by the application of a control signal. The MUX
obtains the selected signal through the pseudorandom binary sequence shift register. The
PRBS shift register is normally an 8/16 bit register, including the Exclusive OR (XOR) gate.
Based on the values of the particular bit, the PRBS gives random binary logic.

In Figure 3, the 2 x 1" multiplexer selects ‘C’, where ‘P’ is ‘1’. Similarly, when ‘P’
is ‘1’, then ‘C-’ is selected. The reported pseudorandom frequency used two triangular
waveforms with the same frequency to synthesize the proposed random carrier. Therefore,
the randomness is limited. Hence, the proposed random carrier technique uses the multiple
randomness by using different frequency carriers.
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Figure 3. RPWM pulse arrangement. (a). Carrier signal and reference signals, (b). PRBS random bit,
(c) Invented Carrier signal and reference signal, (d). Mixed multi frequency carrier and reference
signal, (e). Resultant random pulses.

3. Proposed Multicarrier Random Space Vector PWM

The RCPWM practice is basically related to conventional SPWM, the only variance
being the usage of two different triangular carriers, which are the prerequisite frequency
and 180-degree phase shifting on the carrier. RPWM targets the way of overwhelming the
voltage and a current harmonic, which reduces the current ripple and torque ripple. For
improving the inverter DC-link consumption performance, the RPWM is connected with
SVPWM, which improves the SVPWM and RPWM quality on the VSI-connected drive. The
proposed PWM generates the multiple carriers with a random pattern, and it is applied
to SVD to generate the switching timings. The offered multicarrier random space vector
PWM structure is presented in Figure 4.

The four carrier signals with different frequencies of 1 kHz, 2 kHz, 3 kHz, and 4 kHz
(random values) are made to generate the randomness carrier. In order to merge these
random carrier signals, four 3 x 1 multiplexers (MUX) are used, and finally, the MUX
output is given to the 4 x 1 multiplexer. The 8-bit PRBS as well as 16-bit PRBS generator are
used to generate random ‘0" and ‘1" sequence, which manipulate the random combination
of four different carrier frequency signals. The randomness is present in the output in the
sense that one element value in a sequence is not dependent on any other element sequence.
Each carrier signal is selected through MUX and random binary sequence.
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Figure 4. Proposed MCRSVPWM scheme.

The random sequence for 16-bit PRBS and 8-bit PRBS is developed through the
pseudo method. Unlike conventional random sequences, the pseudo generator continues
the random signal, and N elements later, the random signal repeats automatically and
gives another set of random binary sequences in contrast to real random sequences, e.g.,
radioactive decay and white noise. It is executed using the linear feedback type of shift
registers for getting the same probability order of ‘1’ s and ‘0" s. The PRBS bit generator
is a lead-lag random bit trainer, which is designed by using shift register and XOR gates.
A more common form of LFSR is designed using a simple shift register getting feedback
from two or more points or tapings available in the chain of registers.

The PRPS working in the below example is from the output of the first (bit 0) and
third D-flip-flop (bit 2) of the 3-bit shift register. All the third D-flip-flops of the 3-bit shift
register are triggered by the same clock signal. The input for LFSR is produced by XOR
using bit 0 and bit 2 from the shift register. The rest of the D-flip-flop outputs are used only
for the data-shifting function. The pattern or the sequence of bits produced is the result of
the combined action of output produced by XOR and the choice of inputs of XOR.

This creates an n-bit shift register with a constant clock of frequency fc generated
with the help of a random carrier wave. The input for first D-flip flop is produced by the
output of the XOR gate and is shifted in series to adjacent D-flip flops. The output of the
XOR gate depends on the bits tapped from the D-flip flops and XOR operation. Random
pulses are generated every fc clock signal. The possible number of outputs is determined
by K =2n — 1.

The PRBS with a random variable needed to choose the PP is attained from the XOR
gate output. The random selection of triangular carrier wave having discrete frequency is
generated from a pseudo-random carrier method. The logic behind 8-bit and 16-bit PRBS
is shown in Figure 4. The output available from PRBS bits of the random bits generator is
found as follows in Equations (1) and (2)

OpRrBs—16bit = B16®B14®B13®B1q 1)
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where Bx represents the xth output bit of the n-bit shift register and @ represents the
XOR operator. When the output of the 8-bit PRBS generator becomes zero as well as
the output of 16-bit PRBS generator becomes zero, the carrier having 2 kHz frequency is
chosen. When there is zero output of the 16-bit PRBS generator and unity output of the
8-bit PRBS generator, a 3 kHz frequency carrier wave is chosen. When output of the 16-bit
PRBS generator becomes one and that of the 8-bit PRBS generator becomes zero, a 4 kHz
frequency carrier wave is chosen. When the output of the 16-bit PRBS generator becomes
one and the output of the 8-bit PRBS generator becomes one, the carrier is determined
to synthesize a random carrier wave. The random carrier wave generated is required for
producing trigger gate pulses in VSI. The modulating signal is represented by three-phase
reference signals. The proposed MCBRCPWM scheme waveforms are shown in Figure 4.
The randomness of the PWM signals is s result of both the different randomization of
carrier frequency and the bits from PRBS. This feature makes for an incessant distribution
of the power spectra when compared with just the random frequency carrier scheme or the
conventional scheme.

After creating a random signal, the multi-frequency random carrier signal is given
to the SVPWM block. Here, the proposed SVPWM is alerted for adapting a random
signal. The motor quantities (voltages and currents) can be given to the SVPWM reference
generator, and these references are calculating the magnitude and phase angle of the SVD.
In the SVPWM technique, the process of generating the pulse width command is reduced
to a few simple equations. The basic idea behind SVPWM is the compensation of the
required volt seconds by the use of discrete switching states and corresponding on-times
(ta and tb) for switching. Figure 5 represents the 2-level inverter space vector diagram
(SVD) and respective switching pulse [24]. Every sector of the SVD remains an equilateral
triangle with height; h (=3/2) is the height of a sector. The voltage vectors can be classified
into two types: large vector (LV) and zero vector (ZV). Here, V1 to V6 vectors viz., {[100],
[110], [010], [011], [001], and [101]} are active vectors and V0, V7 are zero vectors {(000),
(111)}. Table 1 maps the switch status with the vectors.

The switching instants of SVPWM for six switch VSIs and switching cycles for sector-
1 are shown in Figure 5. The on-time calculation for any of the six sectors (A;) (where
i=1,2,3,4,5 and 6) is the same, and hence, the function of sector 1 is considered for
understanding the complete SVD. V*, the reference voltage, represents the rotating SVD
form of three-phase voltage.

Table 1. SVPWM switching table.

Vector Sq1 S, S3 Sy Ss S¢ Vb Vie Vea Vector
V( = {000} OFF OFF OFF ON ON ON 0 0 0 Zero Vector
V1 = {100} ON OFF OFF OFF ON ON +Vge 0 —Vge Active Vector
V, = {110} ON ON OFF OFF OFF ON 0 +Vie —Vge Active Vector
V3 = {010} OFF ON OFF ON OFF ON —Vyc +Vge 0 Active Vector
Vy =1{011} OFF ON ON ON OFF OFF —Vie 0 +V4c Active Vector
Vs = {001} OFF OFF ON ON ON OFF 0 —Ve +V4e Active Vector
Ve = {101} ON OFF ON OFF ON OFF +Vge —Vyc 0 Active Vector
V7 = {111} ON ON ON OFF OFF OFF 0 0 0 Zero Vector
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Figure 5. Space vector diagram switching state and respective switching pulse. (a). Space vector
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diagram switching state, (b) respective switching pulse for sector —1.

The «-f plane projection of V* during any period lies in any one of the sector areas.
For instance, Figure 5 shows that V* lies in the first sector edged by vector V; and V;. From
time tg, V* travels to t; and the relationship with the time integral is given as

t

/ Vi= TaV1 4+ T,V 3)

to

VAT, = VT, + BT, )

VS, Ty = T, + 05T, )
Vi T = hTy ©)

From the above two Equations (5) and (6), the time durations T, and T} can be
estimated.
VEO
T, =Ts lh] @)

where T (=1/fg) is the sampling period. Thus, the T, equation is redefined as
Ty =Ta+ Ty + To ®)
Therefore, the time spent by the zero-vector state is
To=T,—T,— T, 9)

where Ty is turned to the zero state (off time of the switching).

The developed SVPWM is in agreement with the multicarrier (different fixed fre-
quencies as carrier waves) and is chosen with the aid of a random binary bit generator.
This contribution mainly deals with the combination of the multicarrier RPWM principle
with space vector PWM (SVPWM) to generate multicarrier random space vector PWM
(MCRSVPWM). The SVPWM is in agreement with multicarrier (different fixed frequencies
as carrier waves) signals, which are chosen with the aid of a random binary bit generator.
The proposed method generates pulses with a randomized triangular carrier (1 kHz, 2 kHz,
3 kHz, and 4 kHz), while the conventional RPWM method contains the random pulse
position with a fixed frequency triangular carrier.
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4. Simulation

The simulation study is done through the MATLAB/Simulink software tool (2016.b)
for a three-phase VSI-connected 2 kW asynchronous induction motor. The simulation
model of the proposed MCRSVPWM is shown in Figure 6. In this simulation, the major
structure is with three main blocks: (1) reference signal generation, (2) random carrier
generation, and (3) SVPWM pulse generation. After deciding the modulation index via
a reference signal, the random carrier generation block will give the carrier signal to the
SVPWM sampling and a holding block to compare the inverter pulses.

......

Inverter
Switching Pulses %

[ SVPWM Block |

1kHz

SVM theta &
Sector ¥
(alculator Tootal

3kHz

Different Carrier

e Switdhing On time

e
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Figure 6. MATLAB simulation model for the MCRSVPWM.

The inverter is investigated with different RPPWM including the proposed MCRSVPWM.
Initially, the VSI-connected conventional RPWM and RRPWM results are captured and
compared with the proposed MCRSVPWM schemes. The switching frequencies of RCPWM
are 1 kHz to 4 kHz; throughout the simulation, the DC-link voltage has been maintained as
400V, and the inverter is operated in the range of the modulation index from 0.1 M,. to
0.9 M,. When the multiple frequencies are fixed at the signal generator as 1 kHz, 2 kHz,
3 kHz, and 4 kHz, the analysis is taken. Around this frequency, the proposed RPWM
eliminates the noise of the selective frequency, which is less than 20 kHz. Figure 7a—c
shows the measured inverter line voltage under modulation index M, = 0.7 and M, =0.7.
During the condition, the inverter delivers the maximum permissible DC-link utilization.
Figure 7b—d shows the voltage and its corresponding harmonics spectra with M, = 0.7
and M, = 0.9, respectively. Based on the results, it can be seen that the fundamental
voltage is achieved linearly by changing the modulation index, and the harmonics spectra
(%VTHD) is validated as 47.6% and 51.5%, which is smaller than all the other reported
RPWM values. Correspondingly, when the inverter is operating at lower modulation, it
is in the M, (low speed) operating region, due to the pulse dropping the Vryp, and Ityp
is increasing. Table 2 shows all the corresponding results for different operating regions.
From the results, it can be understood that the inverter not only reduces the THD but also
maintains the DC-link utilization.
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Table 2. Motor specifications.

Parameters Values
Stator phase resistance, Rg 2.875 mQ)
Stator phase inductance, L 850 uH
Pole pairs 4

DC supply voltage 100VDC
Current limit threshold 20A

DC bus capacitance C; and C, 200 uF

Inertia, viscous damping;, static friction constants 0.8 x 1073 ](kg-mz), 1 x 1073 F(N-ms)

rFET analyss
Fundamental (50Hz) = 322.1 , THD= 47.79%

:

0 PO P -..-...A..AJL_-...J».. -

0 1000 2000 3000 4000 5000

Mag (% of Fundamental)
2

BT I e
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(@) (b)
f 500 FFT anaiyss
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Figure 7. Simulation results MCRSVPWM: (a) Line voltage for M, = 0.7, (b) Line voltage THD spectra for M, = 0.7, (c) Line
voltage for M, = 0.9, (d) Line voltage THD spectra for M, = 0.9.

Similar to the HSF of voltage, the current spectra must be calculated for any random
PWM schemes for evaluating their noise calculation. This is a simple statistical deviation

derived in [21,22].
1 «N
HSF = \/;ZM (Hj — Hp)2 (10)

1
Ho = 3 1, () (11)

Here, H; = amplitude of jth harmonics and h, = the average value of all order harmonics.

When HSF stays near zero, the white noise is zero. However, the zero HSF is partially
not possible. On the other hand, the HSF is too small to allow a better harmonics spread.
Hence, the proposed PWM coins the lesser HSF through a simple algorithm. The simulated
values of different PWM methods including the proposed MCRSVPWM are compared
through Table 3. The tables are focusing on the fundamental voltage and current, voltage
THD, and HSEF. The proposed MCRSVPWM shows its victory by means of the working
range when compared with the other five cases. When M, = 0.8, about a 42% reduction of
HSF is achieved from RPWM and SPWM, 36% reduction is achieved from chaotic PWM,
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14% reduction is achieved from RPPPWM, and 21% reduction is achieved from RCPWM.
The values of Vi and THD are not highly disturbed for the five cases, except for the non-
deterministic RPWM, where about 48% of reduction in V7 is observed. The simulations
(see Figure 8a—d) were made for the four speed values of the motor, which is achieved by
setting the different values of modulation indices (for M, = 0.2, My = 0.5, M, = 0.7, and
M, = 0.9). During the low-speed range, similar to RSWM, the proposed RSVPWM shows
good performance by means of the disappearance of discrete frequency components from
the spectrum around the switching frequency; nevertheless, the discrete components exist.
In medium speed to high speed, the proposed SVPWM has a better performance than all
the other reported PWM.

Table 3. Simulation study and HSF results comparisons.

Proposed

SPWM RPWM CPWM RCRPWM MRCRPWM

M./HSF (HSF) (HSF) (HSF) (HSF) (HSF) MCRSVPWM
(HSF)

0.1 9.21 9.11 6.26 6.54 4.32 4.12

0.2 8.31 8.11 6.09 6.26 4.12 4.03

0.3 7.56 7.42 6.02 6.12 4.01 3.89

04 6.14 6.03 6.03 6.11 3.95 3.76

0.5 6.89 6.56 5.00 5.19 3.91 3.65

0.6 5.88 5.31 4.56 4.71 3.71 3.56

0.7 5.69 5.12 4.21 4.56 343 3.29

0.8 5.57 5.07 3.95 4.25 3.23 3.00

0.9 5.16 4.98 3.25 3.56 3.02 2.86
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Figure 8. MCRSVPWM simulation results of motor current spectrum for M, values: (a) My = 0.2, (b) My = 0.5, (¢c) M, =0.7,

and (d) M, =0.9.

The proposed PWM completely removes the discrete components, and the discrete
components of the current spectrum are located around the switching frequency, which
can be easily limited by a simple filter. Table 3 shows the comparison of HSF for all the
reported RPWM with proposed MCRSVPWM. From the table, it is clearly seen that the
MCRSVPWM has less HSF throughout the inverter operation. The reason behind this is
that most of the dominant frequency component is considerably reduced by spreading
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the carrier frequency; hence, the non-fundamental power is spread out in an ample wider
frequency, which helps reduce the acoustic noise.

Table 4 shows the simulation study results for the line voltage and line voltage THD
for the SPWM, RPWM, CPWM, RCRPWM, and MRCRPWW,, including the proposed
MCRSVPWM method. Here, it can be seen that the proposed MCRSVPWM has a better
line voltage and THD compared to the other methods.

Table 4. Simulation study results comparing the line voltage and line voltage THD for the proposed MCRSVPWM with the
other reported RPWM methods.

SPWM RPWM CPWM RCRPWM MRCRPWM MCRSVPWM
M
’ Vi %Vtap  Vivoltsy % VTHD Vi %VTHD Vi %VTHD Vi %VTHD Vi %VTHD
(Volts) (Volts) (Volts) (Volts) (Volts)
0.1 24 59.56 17 53.36 25 55.11 25 59.12 29 51.12 29 50.54
0.2 55 54.82 43 49.82 56 51.84 56 54.42 58 47.49 59 46.87
0.3 81 53.21 62 47.21 83 52.54 83 53.01 89 45.67 90 4451
0.4 111 45.22 85 48.22 114 49.92 114 45.08 117 46.25 120 44.99
0.5 139 46.06 112 51.06 142 50.35 142 45.52 146 49.25 149 47.98
0.6 165 47.07 126 52.07 169 54.78 168 46.14 175 52.56 179 51.16
0.7 194 54.41 156 54.41 189 56.21 197 54.41 204 52.06 207 51.04
0.8 215 56.92 189 55.92 225 56.59 219 55.14 233 53.08 236 51.87
0.9 248 59.45 215 56.454 253 56.18 257 58.43 263 53.54 267 52.89

The inverter switches need to be rated to withstand the peak magnitude of the input
DC-link voltage and the maximum expected output voltage, and they should be able to
safely dissipate the heat generated in the switch due to conduction and switching losses. As
a result of high-frequency switching, the switches in the PWM inverters have significantly
more switching loss than in square wave inverters. Often, the switch chosen in the PWM
inverters is oversized, in terms of its current rating, so that the sum total of switching
loss and conduction loss remains well within the heat dissipation capability of the switch
and the associated net output voltage. Hence, based on the PWM pulse arrangement, the
output voltage of the inverter is varied.

In this study, the proposed MCRSVPWM used SVPWM, where the maximum DC-link
voltage is achieved. Other PWM methods used for the comparisons except for regular
SVPWM (without RPWM) are similar to that of sine PWM arrangement. Hence, for the
given modulation index, the inverter line voltage is higher in the proposed MCRSVPWM
and MRCRPWM. The variation in the voltage is verified and the comparison table is
revised.

The random carrier pulse width modulation (RCPWM) practice is basically related
to conventional SPWM with the variation in their carrier frequencies. In this method,
two prerequisite frequency triangular carriers with 180-degree phase shifting are used to
create the randomness on the resultant carrier. Hence, the noise of the inverter output is
reduced. However, any random carriers affect the inverter DC-link utilization. Compared
to sine PWM, space vector PWM has a superior quality to provide an operating region to
90.07% (maximum modulation index, m, = 0.907). Hence, the RCPWM is merged with
space vector PWM, which helps spread the noise harmonics around the inverter switching
spectra with better DC utilization. In addition, with RPWM and space vector PWM, the
proposed random carrier pulse width modulation (RCPWM) is used with multi-carrier
(different fixed frequencies as carrier waves) and is chosen with the aid of a random
binary bit generator. The proposed method generates pulses with a randomized triangular
carrier (1 kHz, 2 kHz, 3 kHz, and 4 kHz), while the conventional RPWM method contains
the random pulse position with a fixed frequency triangular carrier. Table 5 shows the
DC-link utilization (as a line voltage), the percentage voltage of THD, and HSF. From
the table, it is well understood that during the entire inverter operating condition, the
proposed MCRSVPWM maintains the voltage THD better than the other reported PWM
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schemes from the literature as well as maintains the DC-link utilization of the inverter with
better HSF.

Table 5. The combined comparisons of line voltage and line voltage THD and HSF study results.

SPWM RPWM RCRPWM MRCRPWM MCRSVPWM
M w1 % V1 % V1 % V1 % V1 %

(Volts) Vrup HSF (Volts) Vrup HSF (Volts) Vrtup HSF (Volts) Vrtup HSF (Volts) Vrup HSF
0.1 27.1 59.56 9.21 27.2 53.36 9.11 27.6 59.12 6.54 28.1 51.12 4.32 29 50.54 412
0.2 56.5 54.82 8.31 56.8 49.82 8.11 57.9 54.42 6.26 58 47.49 4.12 59 46.87 4.03
0.3 86.8 53.21 7.56 87.1 47.21 7.42 88.2 53.01 6.12 89.1 45.67 4.01 90 4451 3.89
04 115.9 45.22 6.14 116.3 48.22 6.03 117.3 45.08 6.11 118.6 46.25 3.95 120 44.99 3.76
0.5 144.9 46.06 6.89 145.6 51.06 6.56 146.8 45.52 5.19 147.8 49.25 3.91 149 47.98 3.65
0.6 174.1 47.07 5.88 174.9 52.07 5.31 176.8 46.14 4.71 177.8 52.56 3.71 179 51.16 3.56
0.7 200.3 54.41 5.69 201.1 54.41 5.12 204.3 54.41 4.56 206.1 52.06 3.43 207 51.04 3.29
0.8 215.6 56.92 5.57 220.1 55.92 5.07 229.5 55.14 4.25 233.6 53.08 3.23 236 51.87 3.00
0.9 255.4 59.45 5.16 256.3 56.454 498 259.9 58.43 3.56 264.5 53.54 3.02 267 52.89 2.86

5. Experimental Validation

An experimental setup is built in order to validate the simulation results of the
proposed induction motor (IM) drive. The experimental setup and design flow of the FPGA
implementation design flow for MCRSVPWM is shown in Figures 9 and 10, respectively.

i ‘ 5
St |

Figure 9. Laboratory-scale experimental setup of three-phase VSI-connected induction motor drive.
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Figure 10. Design flow of FPGA implementation on MCRSVPWM.

Experimental validation of the proposed RPWM is tested with the VSI-fed induction
motor. The experimental setup of the three-phase VSI connected induction motor drive is
show in Figure 9. A 2 kW six switch (Power MOSFET-SCH2080KE) inverter power module
is used as a VSI and the 3HP, three-phase induction motor is used for the experimentation.
The inverter used a 3400 microF DC-link capacitor to main the DC bus voltage as 400 V. The
random carrier (1 to 4 kHz) and SVPWM is developed using the Xilinx-MATLAB system
generator tool, and the bit file is generated and downloaded in a Spartan-6 FPGA controller.
The multicarrier signals are generated using ramp logic code using VHDL and stored using
a FPGA look-up table (LTU) [40]. The different carrier frequencies are mixed through a
PRPS generating random binary and given to the SVPWM block. The dead time is fixed
for an inverter leg as 6 microseconds. The VSI-fed IM drive is tested for different frequency
combinations for changing the sequences of the mixer of carrier frequencies. The SVPWM
block is designed to support the variation of the inverter modulation index M, between 0
and 0.9. Figure 11 shows the inverter excremental results of switching the pulses of the
MCRSVPWM-fed VSI for M, = 0.9.

Initially, the inverter is tested for the frequencies without floating combinations as
faq =1kHz, £, = 2 kHz, {3 = 3 kHz, and f4 = 4 kHz. Figures 12 and 13 show the
inverter operating line voltage and voltage harmonics performance at M, = 0.6 and 0.9. It is
illustrating the line-to-line voltage of V A and its percentage Vryp of M, = 0.6 and M, = 0.9.
When the inverter drive is operating at medium speed (M, = 0.6), the VAp and its THD
are observed as 173 V and 51.6%, respectively. Similarly, when the inverter is operating
at a higher modulation index, M, = 0.9 operating region, the line-to-line voltage, Vp is
increasing linearity to 262.5 V, and its percentage Vryp is recovered as 51.7%. From these
results, it can be understood that during the entire inverter operating condition proposed,
MCRSVPWM maintains the voltage THD better than the other reported RPWM schemes
and also maintains the DC-link utilization of the inverter.
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«------ Line Voltage (VLL)

The different hardware results with respect to different modulation conditions are
reordered and given in Table 6. The hardware results confirm the simulation results. The
MCRSVPWM confirms the superiority of their reduction of noise (HFS %) and better
DC-link utilizations.

Table 6. Experimental study results for the MCRSVPWM.

M SPWM RPWM  CPWM RCRPWM MRCRPWM PMrOCI;{’SS‘e;;,WM
a (HSP) (HSF) (HSP) (HSF) (HSPF)
(HSF)
0.1 9.24 9.16 6.29 6.58 432 415
02 8.35 8.15 6.13 6.29 412 4.07
03 7.59 7.46 6.06 6.17 401 3.94
0.4 6.18 6.08 6.05 6.15 3.99 3.85
05 6.93 6.59 5.05 523 3.96 3.75
06 5.92 5.36 459 4.75 3.76 3.64
0.7 572 517 425 4.59 3.48 3.39
0.8 5.60 511 3.99 4.29 3.28 3.07
0.9 5.20 5.02 3.28 3.59 3.08 2.95

Comparisons of simulation and experimental results are given in Figure 14. Figure 14a
shows the line voltage versus the modulation index, and Figure 14b shows the reduction
of noise (HFS %) versus the modulation index. Figure 14a shows that the simulation line
voltage is slightly higher than the experimental line voltage. This is due to the switching
and conduction losses in real-time experimentations factors. The noise HFS% is slightly
higher in the experimental results against all modulation indices. This is due to the higher
harmonics that appeared in the experimentation.
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Figure 14. Comparisons of simulation and experimentation: (a). Line voltage versus modulation index, (b) Reduction of
noise (HFS %) versus modulation index.

The proposed MCRSVPWM can be used in various applications such as drives and
power system power quality improvement. The proposed random PWM is able to reduce
the acoustic noise and electromagnetic interference in VSI-fed motor drives. It also can be
extended for CSI drives such as current controlled and Direct Torque Control (DTC) AC
drives. The time for zero voltage is randomized to get better results with Direct Torque
Control (DTC) for drives. The proposed MCRSVPWM can help flatten the power density
spectrum of the drive, reduce switching loss, decrease current ripple, and auto-adjust load
characteristics. The proposed RPWM can be used to reduce the particular acoustic noise and
electromagnetic noise. Hence, it can be used for dynamic load characteristics applications
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References

such as electrical vehicles” drives and automobiles” AC motor drives (induction motor and
PMSM motor drives). In shunt active power filter is used to improve power quality issues
such as current harmonics and power factor for a power system with nonlinear load. With
random PWM, the APF response can be improved without adding any cost.

6. Conclusions

In this paper, a multicarrier random space vector PWM was presented for a three-phase
two-level six switch voltage source inverter-fed induction motor. The proposed multiple
carrier-based random method improves the randomness, which helps spread the harmonics
around the spectra. The SVPWM agrees with multicarrier (different fixed frequencies as
carrier waves), which are chosen with the aid of a random binary bit generator. The
proposed MCRSVPWM generated pulses with a randomized triangular carrier (1 to 4 kHz),
while the conventional RPWM method contains the random pulse position with a fixed
frequency triangular carrier. The FPGA-based two PRBS bit (8 bit and 16 bit) generators are
used to generate the random binary for getting random carriers for the pulse generations.
The simulation study is performed through MATLAB/Simulink for a 2.5A asynchronous
induction motor drive. The experimental validation of the proposed RSVM is tested with
a 2 kW six switch (Power MOSFET-SCH2080KE) inverter power module-fed induction
motor drive. The MCRSVPWM is confirming the superiority of their reduction of noise
and better DC-link utilizations. The proposed PWM is capable of eradicating the high-
frequency unpleasant acoustic noise more effectually than a conventional RPWM with a
shorter random frequency range.

The proposed MCRSVPWM can be used in drives and a power system shunt ac-
tive power filter to improve the power quality. The proposed random PWM is able to
reduce the acoustic noise and electromagnetic interference VSI-fed motor drives. The
proposed MCRSVPWM can help flatten the power density spectrum of the drive, reduce
the switching loss, decrease the current ripple, and auto-adjust load characteristics. The
proposed RPWM can be used to reduce the particular acoustic noise and electromagnetic
noise. Hence, it can be used for dynamic load characteristics applications such as electrical
vehicles drives.
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