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ABSTRACT An implementation of a harmonic injection pulse width modulation frequency-modulated
triangular carrier (HIPWM-FMTC) control strategy applied to a multilevel power inverter feeding an
asynchronous motor is presented. The aim was to justify the reduction in acoustic noise emitted by the
machine compared with other strategies in the technical literature. In addition, we checked how the THD at
the inverter output was reduced compared to the other control techniques used as a reference. The proposed
strategy is based on frequency modulation of the triangular carrier. The main advantage of the proposed
method is that only one control parameter is required for modifying the electrical spectrum. Therefore, the
mechanical natural frequencies and spatial harmonics of the machine can be avoided, and acoustic noise can
be reduced. The effectiveness of the technique was demonstrated after laboratory validation by comparing the
acoustic results for a 1 kW motor. The results obtained from the laboratory tests are presented and compared
with those of other acoustic measurements using different PWM strategies.

INDEX TERMS Acoustic noise reduction, multilevel power inverters, induction motors, PWM modulation
technique, total harmonic distortion.

NOMENCLATURE fSW SWltChlng frequency. )
AMm Parameter to adjust the maximum frequency of the lf(t grelquzen;y of the carrier wave.
carrier. wave i .
K  Truncated level of the function that controls
f Fundamental frequency of the modulated wave .
(50 Hz) the carrier wave frequency.
fk Frequency of the electrical harmonic. M Number of pulses per period.
M, Amplitude modulation order.
f Frequency of the modulator wave. — .
£, Frequency of the radial magnetic force. M M(t) average value (Frequency modulation order).
m;  Number of stator phases.
P Number of pairs of poles.
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St Stator slots.
S? Rotor slots.
THD Total harmonic distortion.

I. INTRODUCTION

Multilevel Power Inverters (MLI) refer to the connection
of individual inverters called stages to provide an output
voltage as a function of the association between the volt-
ages of different stages. Increasing the number of levels
significantly reduces harmonic distortion, both in the voltage
and current [1]. The multilevel inverter provides a suitable
solution for medium- and high-power systems to synthesize
an output voltage that makes possible a reduction of voltage
and current harmonic content. Multilevel converters have
superior characteristics compared with two-level converters,
such as lower dv/dt, lower switching losses, and better output
waveform quality. With the ability to handle high-voltage and
high-power devices, multilevel converters are widely used
in medium- and high-voltage (>3 kV) power conversion
systems but are also suitable for low-voltage power appli-
cations (approximately 400 V) owing to the reduced output
filter volume or the higher fault tolerance capability they can
achieve [2].

Although there is a wide diversity of multilevel inverter
topologies [3], [4], the most common voltage-source topolo-
gies are neutral-point diode converters (NPC) [5], [6], [7],
[8], flying capacitor converters (FCC) [9], cascaded H-bridge
converters (CHB) [10], [11], and modular multilevel convert-
ers (MMC) [12], [13], [14].

A multilevel cascaded H-bridge inverter has several advan-
tages over other topologies (e.g., flying capacitor or clamped
capacitor, diode-clamped, and neutral-point clamped). The
CHB inverter is modular and simple to control, because each
cell has the same structure. In addition, the CHB inverter
makes it possible to reach many levels with minimum neces-
sary components. These components mitigate the switching
losses of the devices used and increase the reliability and effi-
ciency of the circuit [15]. Therefore, this topology is widely
used in industrial applications [4]. These cascaded multilevel
inverters are widely used in renewable energy systems owing
to several advantages, such as the absence of voltage imbal-
ance problems, possible elimination of the DC-DC converter,
low-frequency switching enabling cheaper transistors, and
the absence of floating capacitors and latching diodes. The
disadvantage is that powering cascaded multilevel inverters
requires separate power supplies for the different stages of
the multilevel inverters.

Numerous modulation techniques for the control of MLIs
are available in the literature, such as carrier-based pulse-
width modulation (PWM) [16], space vectors [17], [18],
and selective harmonic elimination [19], [20]. Carrier-based
modulation is a popular technique for networked MLIs such
as carrier phase-shifted pulse-width modulation (PS-PWM)
and carrier-level-shifted PWM (LS-PWM) [21], [22]. Other
techniques modify the frequency of the carrier signals and
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amplitude of the harmonics of the modulating signal to reduce
losses and improve the electrical parameters of the modulated
wave [23].

In [24], the reference signal was shifted vertically to obtain
a switching signal for MLI. Because there is a level shift
between the carrier signals in LS-PWM, there is a higher
voltage distortion, which is not the case in PS-PWM. The
proposed strategy focuses on cascaded or H-bridge invert-
ers and follows an efficient PS-PWM technique, which not
only imposes a uniform power distribution between the cells,
but also leads to lower voltage distortion and effective cur-
rent harmonic distortion. However, it is well known that
the reduction in noise emitted by a motor depends on the
modulation technique [25], [26], [27]. In the technical lit-
erature, to the best of our knowledge, there is no recent
work on induction motor noise reduction using multilevel
inverters.

An application of this type of CHB inverter is the power
supply of high-power motors fed at high voltages to reduce
the current in the windings, which require several stages for
each phase. The increase in noise emitted by AC electrical
machines when powered by such devices to control speed or
torque is well known.

Fig. l.a) shows the generic topology of a three-phase
5-level multilevel. Fig. 1. b) shows the details of the H-bridge
with its four control signals: IGBT11, IGBT13, IGBT15, and
IGBT17. It should be noted that the trigger signals corre-
sponding to the other two bridges, H2 and H3, are 120° and
240° out of phase, respectively.

All electric drives increase the acoustic noise of the
motors. Depending on the control technique used, the level
of acoustic noise can be reduced [28]. In this study, a con-
trol technique that significantly attenuates the acoustic noise
produced by a motor was proposed. The acoustic results
and inverter output wave quality parameters of the pro-
posed modulation technique were compared with those of
other techniques in scientific literature, which showed good
results. Specifically, these are amplitude-shifted modulation
in the carrier waves (Fig. 2a), phase-shifted modulation
in the carrier waves (Fig. 2b), and phase-shifted modu-
lation with an injection of harmonics in the modulating
wave (Fig. 2¢).

Chapter II summarizes the frequencies of the acoustic
noise that can be identified after feeding an induction motor
with either a sine wave supply or an inverter that generates a
set of identifiable harmonics.

Chapter III discusses how a strategy is defined when
applied to multilevel inverters, by showing its basic concepts.
Subsequently, the genesis of the signals attacking the gates
of the IGBTs and the waveform at the inverter output are
presented as functions of control parameters. Finally, the
evolution of the instantaneous frequency of the carrier wave
with respect to the modulating signal was presented as a
function of the control parameter.

Section IV presents the laboratory results. It shows the
equipment necessary to generate the waves that control the
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FIGURE 1. a) Multilevel inverter H-bridge. b) Control signals for a H-bridge.

multilevel inverter for the different strategies tested, the lay-
out of the sound-level meter, and the signal analyzer that
records the waveforms of the voltages and currents and their
corresponding electrical spectra. Finally, Section V presents
the conclusions.
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Il. ACOUSTIC NOISE IN INDUCTION MACHINES

Motor acoustic noise can be classified into two types depend-
ing on its origin. The first type comprises aerodynamic and
mechanical noise (fan, bearing, and magnetostrictive expan-
sion of iron). They are low-frequency, depend on the degree
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FIGURE 2. Multilevel inverter modulation: a) with amplitude shift; b) with
phase shift; c) with phase shift and injection of harmonics into the
modulating signal.

of saturation of the magnetic circuit, and do not depend on
load level.

The other type (spatial and temporal harmonics) is electro-
magnetic noise, which is a consequence of the finite number
of slots and coils of the electrical machine (spatial harmonics)
and the harmonics of the output voltage of the inverters that
feed it (temporal harmonics). The latter depends on the load
level and degree of saturation of the magnetic circuit.

If the motor is fed from a balanced three-phase power
supply, the only harmonics that appear are spatial harmonics.
These are proportional to Bz(a, t), where B is the magnetic
flux density in the air gap, « is the angular position of the
reference, and t is time. Other harmonics are caused by mag-
netostriction, bearing noise, and aerodynamics, which depend
on the speed and the number of fan blades on the shaft.

If the motor is fed from an inverter, the radial forces that
appear are a consequence of the products of stator harmonics
with the same number n as their time harmonic, reaching a
frequency of f, = 2f-(2k-m;%1). However, the frequencies
of the harmonics of the rotor currents of the same num-
ber n of its time harmonic are n times 2f-(sa/p)+1), where
n=2km;+1 [29].
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However, the most important acoustic harmonics that
appear are produced by the interaction of the switching fre-
quency of the carrier signal, fgy,, with the first-order time har-
monics. These acoustic harmonics have a vibrational mode
(r = 0) of high acoustic response at a vibrational frequency f;
= | &(a-fgwxb-f) —f|, where f is the fundamental component
of the frequency of the modulated waveform and f; is the
acoustic harmonic. If a is even, b is odd, and vice versa; that
is, fgw & 2f, fow £ 4f, 2f,, + £, 2fs £ 3f... [29]. In other
words, the acoustic harmonics produced by the inverter are
expected to appear at a frequency of one plus or minus the
frequency of the electrical spectrum of the modulated wave
applied to the motor. If there is an electrical harmonic at a fre-
quency of n-f, where n is a natural number, then the temporal
type of acoustic harmonic appears at a frequency of (n-f+1)
or (n-f-1).

Power inverters regulate the voltage level of the machine,
as well as the frequency, when it is intended to control the
speed using a specific control strategy, generating specific
electrical harmonics whose amplitude and location in the
spectrum depend on this strategy. The existence of these har-
monics produces extra heating, which results in a reduction in
performance, as well as pulsating torques that cause acoustic
noise and vibrations in the structure of the machine.

To reduce the effect of the electrical harmonics on the
motor, the frequency of the carrier signal was increased
by limiting it to the maximum switching frequency. For
large powers and voltages, owing to the reduced cost of
the switches, several elementary stages can be connected
in series, requiring one or several different sources. This
reduces the number of commutations for each cycle of each
switch, and can further increase the voltage and power of the
electrical machine.

To increase the voltage of the fundamental term, a sine
wave signal with harmonic injection is used as the modulating
signal [30], [31], [32]. The vibration modes when the motor is
supplied with a balanced three-phase wave are variable, and
the acoustic level emitted by the motor with these supplies
is limited by the international standards. However, when a
power inverter is installed and the load level is high, time
harmonics considerably affect the overall acoustic level pro-
duced when the vibration mode is low. In such cases, the
control strategy is particularly relevant.

Ill. NEW HIPWM-FMTC STRATEGY APPLIED TO
MULTILEVEL INVERTERS

The HIPWM-FMTC technique compares a harmonic-
injection modulating wave with a frequency-modulated tri-
angular carrier wave to generate an output waveform. The
instantaneous frequency of the carrier wave was adjusted
according to a periodic function synchronized with the mod-
ulating wave. The main motivation for using this technique
compared to the classic PWM sinusoidal technique is the
reduction of the total harmonic distortion, the reduction of
the distortion factor, and the shift of temporal harmonics
to higher frequencies for any modulation frequency order,

VOLUME 11, 2023



A. Ruiz-Gonzalez et al.: PWM Technique With Harmonic Injection

IEEE Access

avoiding their coincidence in frequency with the mechanical
resonances of the motor structure.

For one period of the modulating waveform, the number
of switching pulses is increased at an interval around the
highest slope of the modulating waveform and reduced to
zero when the modulating waveform has its lowest slope
(around its maxima and minima), maintaining a constant
number of switching pulses for a conventional PWM tech-
nique. The maximum switching speed is determined based
on the theoretical limit of the inverter. This technique has
been referred to by the technical literature for 3-level inverters
as HIPWM-FMTC (Harmonic Injection PWM- Frequency
modulated Triangular Carrier) [28], [30], [31], [33], [34].
A modification of the HIPWM-FMTC technique for three
levels was proposed by introducing a parameter to truncate
the triangular function to increase the instantaneous switch-
ing frequency and shift the electrical harmonics to higher
frequencies [32]. The technique published in [32], but applied
to multilevel inverters, is called truncated HIPWM-FMTC
or HIPWM-FMTCt. Thus, the instantaneous pulsation of the
carrier signal wj is a synchronized discontinuous function of
the fundamental term of the modulating wave, defined as
follows:

de 5

w; = T = Ay - oplcos ot — K] (1)
In the intervals in which (1) takes negative values, wj is forced
to zero (switching is blocked). The desired modulating wave
and the instantaneous pulsation of the carrier wave w; must
be synchronized, as shown in Fig. 3. Parameter K (truncation
level) is defined as a real number in the interval [0, 1], and
it does not depend on the value of M (number of pulses
per period). Ay is a parameter that controls the maximum
frequency of a carrier wave. These parameters allow the
electrical spectrum to be modified without changing the value
of M during the modulated wave period. After setting the
value of M, for each value of K, it is necessary to obtain Ay.
The relative frequency of the carrier and modulating
waves is the instantaneous frequency modulation order (null
between t; and t; and between t3 and t4 for each period of the

modulating wave):

M@ =2 )
W
The average value of M(t), M, defines the frequency modu-

lation order. For a complete period of the modulating wave,
both the M and M values are the same:

_ 1 [Tm
M=— / Ay [6052 (i) — K] di 3)
Tm 0

with Ty, = 27 /wy. The first zero of (1) is reached for ¢ = ¢,
with 11 = (cos'VK)/wp.

To achieve synchronization between the modulator and
carrier waveforms, M must be set to an integer value. To avoid
even and triple harmonics with three-phase inverters, must be
set to odd multiples of three K y Ay from equation (3), which
makes synchronization between the modulating and carrier
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waveforms possible. The objective of this synchronization is
to ensure that the maximum instantaneous value of the carrier
frequency coincides with the instant at which the modulating
sine wave with harmonic injection exhibits a higher slope
(angles close to 0 and m rad). Its value is then reduced
following a quadratic cosine function around these phases,
and reaches zero during a time interval that depends on K,
as shown in (1) and (3).
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FIGURE 3. Temporal synchronization between modulating wave and the
instantaneous modulation order for the frequency of the carrier wave: a)
Modulating wave versus time; b) Instantaneous modulation order versus
time (fm = 50 Hz, K = 0.5 and Ay = 30z, M = 15).

For K = 0, the carrier wave frequency is theoretically zero
only for instants corresponding to the phase values of the
modulating waves 7/2 and 37/2 (0.005 and 0.015 s, respec-
tively, for 50 Hz). The same carrier wave can be obtained
using the HIPWM-FMTC technique [30], where o is 30w,
and k¢ is 0, and o, and k¢ are the control parameters of the
proposed technique. The waveform obtained at the inverter
output was the same for both techniques for both control
parameter values.

For any other value of K € R/ (0, 1], the carrier frequency
of the proposed technique is zero at time intervals near the
/2 and 3m/2 phase values of the modulating wave. The
instantaneous frequency of the carrier wave increased around
the 0 and 7 rad phases of the modulating wave, coinciding
with the steepest slope. The modulating waveform changes
its slope more rapidly for these phase values. Therefore,
increasing the number of pulses around the phases is desirable
to transmit more information to the modulated waveform.

As shown in Fig. 4, K = 0.5 (the center value of K), and
M = 15 (AMm = 30m), During half of this period, there
was a modulated triangular carrier and during the other half,
switching was prevented. Therefore, the inverter switches
during only half of the total period of the modulating wave-
form, that is, 20 ms (50 Hz). The maximum carrier frequency
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excursion is Ay - om-(1 — K) = 157wy, as shown
in Eq.(1)—(3). Therefore, t; was 2.5 ms, and tp, t3, and t4 were
7.5,12.5y 17.5 ms, respectively. The pulses are concentrated
around instant mT/2, where T is the fundamental period of
the modulating wave and m is the series of natural numbers.
At these times, the instantaneous frequency of the carrier
wave has a maximum value of 307/2 times the frequency
of the modulating wave instead of 15, as would be the
case in the Sinusoidal PWM technique, and the area under
the instantaneous modulation order curve in Fig. 3. b) is
M = 15. Each value of K creates a different Ay value when
is set.

°

| i | i + T
0.002 0.004 0006 0008 o,gt 0012 0014 0016 00ia 0.02

FIGURE 4. Simulation of the waves used in the generation of the
proposed PWM. a) Modulating wave with harmonic injection for f = 50
Hz; b) Carrier signal HIPWM-FMTCt technique (K = 0.5 and Ay, = 30x);
) Line-to-neutral voltage at the output inverter for a single bridge H.

carrierd carrierd0 modulator180
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Time (s)

FIGURE 5. Simulation of the waves used in the generation of the
proposed PWM: Modulating and carrier waves with harmonic injection
for f = 50 Hz for HIPWM-FMTCt technique (K = 0.5 and Ay; = 30x).

The modulation technique is shown in Fig. 5 and 6 with
reference to the power structure shown in Fig. 1. Fig. 7 shows
the different signals driving the gates of the 2-stage H-bridge.
The pulse train that excites the base of IGBT11 is obtained by
comparing the modulating signal with the phase 0° harmonic
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TRIGER PULSES APPLIED ON IGBT GATES
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FIGURE 6. Simulation of the generation of the trigger pulses for an
H-bridge IGBT.
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FIGURE 7. a) Simulation of the generation of the trigger pulses for an
H-bridge IGBT; b) Simulation of the generation of two carrier waves
shifted by 90°.

injection with the phase 0° carrier. In turn, the pulse train
that excites the base of IGBT13 is obtained by comparing
the modulating signal with a 180° phase harmonic injection
with the 0° phase carrier. IGBT15 was excited with pulses
resulting from a comparison between the modulator and car-
rier phases at 0° and 90°, respectively. Compared with the
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carrier at 90°, the 180° phase modulator will in turn provides
pulses that drive the gate of the IGBT17.

Table 1 shows the evolution of some variables against K
when wy, and M were set to 1007 rad/s and 15, respectively.
The variables presented are t;, which represents a quarter of
the time that enables per-period switching of the output wave-
form (see Fig. 3); Am, to set the maximum frequency of the
carrier waveform; and the maximum frequency modulation
order, which is calculated as Ay-(1 — K). The maximum
carrier frequency is Ap-(1 — K)-wp,.

TABLE 1. Ay, Ty and Ay -(1-K) for different values of K.

K Am ti (ms) Am (1-K)
0.2 44277 3.524 35422
03 55.134 3.155 38.594
04 70.638 2.820 42.383
0.5 30 2.5 47.124
0.6 133.513 2.180  53.405
0.7 208.142 1.845 62.443
0.8 386.859 1.476  77.372

Fig. 8 shows the phase-to-phase voltage of a single phase
with nine voltage steps with the proposed new technique and
for a value of K = 0.5 and f = 50 Hz.

¥L_ab

200

-200

0.04 0.045 0.05 0.055 0.06
Time (s}

FIGURE 8. Phase-to-neutral modulated voltage waveform of a multilevel
inverter H-bridge with HIPWM-FMTCt strategy (K = 0.5, f = 50 Hz and
M = 15).

IV. RESULTS

The asynchronous motor used was an AEG™ 2207380 V,
1 kW, 4-pole (p = 2) motor with 36 slots in the stator (s1)
and 26 slots in the rotor (sp). The sound emitted by the
motor was measured in a semi-anechoic chamber at a dis-
tance of 1 m between the microphone and machine in the
transverse direction of the longitudinal axis. For the multi-
level inverter implementation, the GPT-IGBT module from
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FIGURE 9. a) Multilevel inverter and network analyzer, NI9154 control
equipment, b) Semi-anechoic chamber, c) 01-dB METRAVIT Symphonie
sound level meter.

GUASCH S.A™ was used. It offers a compact and ver-
satile insulated-gate bipolar transistor (IGBT) power stack
for motor control. This power module includes a 3-phase
rectifier bridge, capacitor bank, IGBTs with a forced-air-
cooled heat sink, optocoupled drivers, output phase current
sensors, DC-Link current sensor, and DC-Link voltage sen-
sor. The main electrical features are as follows: maximum
voltage applied to the DC link, 750 V, and output current per
phase, 32 A.

To generate the control signals for the inverter stages,
hardware from National Instruments, specifically the
NI9154 card, was used, and a Labview M-based platform
was developed for the generation of different PWM tech-
niques. The current harmonics at the inverter output were
measured using three-phase power analyzers, and the energy
quality was measured using a Chauvin Arnoux™ C.A
8336, that measures the first 50 harmonics. The acoustic
noise emitted by the engine was measured and analyzed
using a 01-dB METRAVIT Symphonie model sound-level
meter with a G.R.A.S.™ 40FA microphone of 50 mV/Pa
at 250 Hz, which meets the requirements of the IEC
1094 standard, together with a G.R.A.S.™ type 26AK
preamplifier.

Fig. 9 a) b) and c) illustrates the multilevel inverter, the
network analyzer, the NI9154 control equipment, and the
semi-anechoic chamber.
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FIGURE 10. Noise level (dBA)/Hz of the motor powered by a three-phase
balanced 220 V grid.

TABLE 2. Number of the spatial harmonics and frequency for 50 Hz
modulating wave.

k Typel Typel Type3 Type3 Type3
1 28f 24f 11f 13f 15f
1200Hz 1400Hz 550Hz 650Hz 750 Hz
5 54f 50f 24f 26f 28f
2700 Hz 2500 Hz 1200 Hz 1300 Hz 1400 Hz
3 80f 76f 37f 39f 41f
4000 Hz 3800 Hz 1850 Hz 1950 Hz 2050 Hz
4 106f 102f 50f 52f 54f
5300 Hz 5100 Hz 2500 Hz 2600 Hz 2700 Hz
5 132f 128f 63f 65f 67f
6600 Hz 6400 Hz 3150Hz 3250 Hz 3350 Hz

The following figures correspond to the acoustic results
of the motor with a sinusoidal power supply, waveforms of
the line voltages with the modulation techniques SPWM1,
SPWM2, and SPWM3, and frequency spectra of the motor
line current for each of them. In addition, the line voltage
obtained using the proposed modulation technique is shown
for a value of K that minimizes acoustic noise emitted by the
motor. Fig. 10 shows the noise spectrum emitted by the motor
when it was fed by a three-phase sinusoidal power supply
of 220 V and 50 Hz.

In Table 2 the different space harmonics can be identified:

1) Acoustic noise due to the products of the rotor space
harmonics of the same harmonic number, with frequencies
fr = 2f-[1 £ k-(so/p)(1 — s)], withk=0,1,2,3, ...

2) Electromagnetic noise owing to the products of the
stator space harmonics of the same harmonic number, whose
frequency of the radial magnetic forces is 2f (100 Hz)
andr=4.

3) Interaction between stator and rotor space harmonics:
f = £-[k (52 /p)(1 — s)] and f; = £-[k((s2 /p) (1 — s) £ 2)]

Comparative studies will be conducted between various
modulation strategies for inverter switches that feed motors.
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FIGURE 11. a) Modulated waves for the multilevel inverter line signal
with SPWM1; b) Percentage electrical spectrum of the output current of
the SPWM1 multilevel inverter: V = 220 v RMS of the fundamental term.

1,00%

Three techniques from technical literature on multilevel con-
verters were applied. SPWM1 is an amplitude-shifted tech-
nique for a triangular carrier wave with a sine wave modulator
for which the output line voltage and the current frequency
spectrum are displayed in the Fig. 11.

The line voltage and current—frequency spectra are pre-
sented. Fig. 11 (a) shows the modulated waves for the multi-
level inverter line signal with SPWM1; b) Percentage electri-
cal spectrum of the output current of the SPWM1 multilevel
inverter: V = 220 V RMS of the fundamental term.

The SPWM2 technique involves a phase shift of triangu-
lar wave carriers and sine modulator waves. See Fig. 12:
a) Modulated waves for the multilevel inverter line signal
with SPWM2; b) Percentage electrical spectrum of the output
current of the SPWM2 multilevel inverter: V = 220 v RMS
of the fundamental term.

The SPWM3 technique consists of phase-shifting for a
triangular wave carrier and injecting harmonics into the mod-
ulating wave. Fig. 13 (a) shows the modulated waves for the
multilevel inverter line signal with SPWM3 and b) shows
the percentage electrical spectrum of the output current of
the SPWM3 multilevel inverter: V. = 220 V RMS of the
fundamental term.

Finally, the proposed HIPWM-FMTCt strategy with the
peculiarity of modulating and truncating the carrier wave fre-
quency is given in Fig. 14 HIPWM-FMTCt with K =0.55 and
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FIGURE 12. a) Modulated waves for the multilevel inverter line signal
with SPWM2; b) Percentage electrical spectrum of the output current of
the SPWM2 multilevel inverter: V = 220 v RMS of fundamental term.

V = 220 v RMS of fundamental term: a) Waveform at the
output of the multilevel inverter for the HIPWM-FMTCt;
b) Percentage frequency spectrum: current.

Since the line voltage obtained is different for each strat-
egy, from the same DC-link voltage value, the criterion used
to establish a comparison between the different control strate-
gies is the RMS voltage of the fundamental term, which is set
at 220 V.

Fig. 15 shows the results of the SPWMI1 strategy with
M = 15. In addition to the noise caused by space harmon-
ics, time harmonics also appeared. It can be observed that
electrical harmonics 5, 11 (1-750-4-50 Hz), 19 (1-750+4-50
Hz), 25, and 37 generate sound harmonics 6 (300 Hz),
20 (1000 Hz), 26 (1300 Hz), and 36 (1800 Hz), respectively,
if the most significant ones are indicated.

For the SPWM2 strategy (Fig. 16), the most significant
electrical harmonics (currents) are shown in Fig. 13, which
makes it possible shows that fr = | +(a-fgb-f) — f| equation
is fulfilled. The electrical spectrum terms 15f, 25f, 33f, and
39f are located in the acoustic spectrum at frequencies of
800, 1300, 1700, and 2000 Hz. The remainder could not be
identified due to the limitation of the analyzer on the first
50 electrical harmonics of the spectrum.

The SPWM3 strategy has electrical current harmonics that
are significant for harmonics 5, 7, 15 and 49. Therefore,

VOLUME 11, 2023

e

12215 v 22209 v (32204 v

= 52ms Ul=42993 L2=-1386 U3=-1607

| AMS WTHDI ICE i WIEET ks 2.6

(a)
Percentage amplitude of current harmonics
(SPWM3)
7,00%
5,00%
3,00%
1,00% | |
| ' I - . ' I

-1,00% 1471013161922 252831343740434649

(b)

FIGURE 13. a) modulated waves for the multilevel inverter line signal
with SPWM3; b) Percentage electrical spectrum of the output current of
the SPWM3 multilevel inverter: V = 220 v RMS of fundamental term.

acoustic noise is expected at frequencies of 300 Hz, 400 Hz,
750 Hz, and 2450 Hz. For example, if a = 3 and b = 4, the
frequency is 3-750+4-50 Hz = 2450 Hz. See Fig. 17.

The proposed strategy (HIPWM-FMTCt) has an electrical
spectrum of line currents, as shown in Fig. 14. Fig. 18 illus-
trates the acoustic result with the HIPWM-FMTCt strategy
for a control parameter value of K = 0.55 and 15 pulses per
period. The harmonics 8f (400 Hz), 12f (600 Hz), 17f (850
Hz), 20f (1000 Hz), 251, 26f (1250 Hz and 1300 Hz), and 41f
(2050 Hz) were easily distinguished.

Table 3 illustrates the results obtained in the laboratory.
The first two columns show the average SPL. RMS of a 10 s
measurement measured in the semi-anechoic chamber when
the motor is excited by the different strategies at a line voltage
of the fundamental term (50 Hz) of 220 V, and the value of
the voltage THD obtained by the network analyzer. The third
entry in the Table 3 represents the RMS value of the voltage
obtained at the inverter output using the different control
strategies when the DC voltage applied to the DC-link is 75V.

Table 3 has been configured in the noise level column from
the mean value of 50 samples. The sonograms correspond
to one of the closest samples for each technique. The results
confirmed that the noise level emitted by the electric machine
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FIGURE 14. HIPWM-FMTCt with K = 0.55 and V = 220 v RMS of the
fundamental term: a) Waveform at the output of the multilevel inverter
for the HIPWM-FMTCt; b) Percentage frequency spectrum: current.
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FIGURE 15. Acoustic response —dBA/Hz- for SPWMI1.

for a reference value of fsw = 750 Hz (M = 15) was reduced
over a wide range of K values (approximately K = 0.5). For
small values of K, the truncated function of the instantaneous
frequency of the carrier increases in width (fig. 3.b). There-
fore, switching occurs outside the quasi-linear range of the
modulating signal (figure 3.a). Therefore, the THD increases.
When K values are close to the upper limit, the instantaneous
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FIGURE 18. Acoustic spectrum —dBA/Hz- with HIPWM-FMTCt strategy for
K = 0.55, M = 15, Ay, = 157/0.45 = 33.3333x.

frequency of the carrier wave increases, and therefore the
frequency of the power IGBTs. When using real inverters and
taking into account their dead time, the output waveform of
the power inverter loses quality and thus the THD increases.
As a conclusion, values close to K = 0.5 are the ones that
improve the THD.
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FIGURE 19. Comparison between noise harmonic levels for K = 0.4 and
K = 0.6 (M = 15) with the HIPWM-FMTCt technique.

TABLE 3. Experimental results.

Level of THD Vrms(V)
Type of PWM/Power noise Voltage DC-link
Supply dB(A) (%) 75V
220 VRMS 220V RMS
fund. term  fund. term
Power supply 49.6 0% -
SPWMI1 59.4 15.0% 187
SPWM?2 55.7 4.5% 190
SPWM3 53.5 5.7% 226
HIPWM-FMTCt K=0.3 56.3 8.5% 220
HIPWM-FMTCt K=0.4 54.9 7.0% 223
HIPWM-FMTCt K=0.45 53.8 4.0% 226
HIPWM-FMTCt K=0.5 52.9 4.2% 231
HIPWM-FMTCt K=0.55 52.3 4.5% 229
HIPWM-FMTCt K=0.6 52.3 5.0% 228
HIPWM-FMTCt K=0.65 52.1 5.2% 230
HIPWM-FMTCt K=0.7 52.0 5.5% 230
HIPWM-FMTCt K=0.75 52.7 6.8% 231
HIPWM-FMTCt K=0.8 53.0 7.4% 231

Finally, Fig. 19 graphically compares the acoustic results
with the proposed technique for K = 0.4 and K = 0.6,
showing that with the second value, the acoustic results are
2.6 dBA lower. Consequently, the value of K, which is a good
compromise between the acoustic noise level and the THD
parameter, can be identified for each engine.

V. CONCLUSION
A PWM technique with the frequency modulation of the
carrier wave synchronized with the modulating wave was
simulated and implemented in a CHB multilevel inverter.
Laboratory measurements were performed for both acoustic
levels and electrical results.

The advantage of the proposed technique is that by using a
K parameter, for the same number of switch pulses, the output
waveform characteristics can be modified. Depending on the
objective: minimizing noise, or THD or increasing the RMS
value of the output voltage, there will be a more suitable K
value. This can be seen in Table 3 of the paper where for
a value of K = 0.7, the noise is improved. With K = 0.5,
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the THD is improved, and with higher values of K, the RMS
value at the inverter output is increased. In this paper we
have focused on choosing K values that reduce the harmonic
MMFs of the motor and consequently the noise emitted with-
out significantly affecting the rest of the electrical parameters.

If the number of pulses is kept constant, the two variables
K and Ay can modify the electrical spectrum of voltage at the
inverter output. It is possible to apply values of K that reduce
the acoustic noise emitted by the motor at the same number
of pulses per period by up to 1 dB(A) compared with other
techniques in the technical literature. The acoustic level of
the emitted noise could be reduced by avoiding mechanical
resonances and spatial harmonics with a high winding factor
in the tested motor. For the proposed technique with central
K values, the THD value was lower than that obtained for the
techniques with which it was compared.
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