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A RANDOMIZED CARRIER-BASED DISCONTINUOUS PULSE
WIDTH MODULATION STRATEGY FOR NEUTRAL POINT
CLAMPED THREE-LEVEL INVERTER
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This article introduces a novel approach called randomized carrier-based discontinuous pulse width modulation (RCDPWM) to
address the challenge of mitigating both low-order and high-order harmonics concentrated at the switching frequency and its integer
multiples in the output voltage and current of a three-level inverter. The proposed strategy reduces switching losses and a wide
dispersion of voltage and current harmonics with significantly smaller amplitudes by integrating features from discontinuous and
randomized PWM methods. This characteristic proves beneficial for enhancing efficiency and electromagnetic compatibility. The
RCDPWM strategy involves three schemes: two simple schemes (one random parameter), randomized pulse position modulation (RPP-
DPWM) and randomized carrier frequency modulation (RCF-DPWM), and a dual scheme combining the two previous ones (RPPRCF-
DPWM). Power spectral density (PSD) is used to assess the effectiveness of the proposed strategy in quantitatively analyzing the
harmonic dispersion degree. The results demonstrate that the proposed RCDPWM strategy significantly expands harmonic clusters
around the switching frequency, reducing its intensity. The spectrum analysis revealed that the RPPRCF-DPWM scheme is the most

effective in spreading the output voltage and current spectrum compared to simple schemes (RPP-DPWM and RCF-DPWM).

1. INTRODUCTION

The pulse-width modulation (PWM) technique plays a
pivotal role in controlling multilevel inverters by facilitating
the adjustment of the useful voltage component and
mitigating undesirable harmonics [1]. Typically, multilevel
inverters operate at a fixed switching frequency, leading to
harmonic clusters in both the voltage and current spectrum
at multiples of the switching frequency. This phenomenon
results in electromagnetic interference (EMI) emissions,
substantial switch noise, and audible noise, particularly in
variable-speed drives [2].

Efforts to address this issue have seen the application of high
switching frequency PWM techniques to minimize harmonic
content in the output voltage [3]. However, this approach comes
with its own set of challenges. While effective in reducing
harmonics, high switching frequencies also increase emissions
and switching losses, compromising the overall system
efficiency. Striking a balance between harmonic reduction and
minimizing adverse effects on efficiency remains crucial in
designing multilevel inverter systems [4].

A potential solution involves adopting innovative
switching techniques such as zero voltage switching and
discontinuous PWM techniques to mitigate switching losses
[3]. However, the conventional discontinuous PWM with a
fixed switching frequency has challenges. It generates
substantial high-order harmonics at the switching frequency
and multiples [5,6]. Furthermore, this technique is
acknowledged for producing low-order harmonics due to the
non-sinusoidal shape of the modulating function. This
harmonic distortion is a primary cause of electromagnetic
interference (EMI) issues, adversely affecting the system's
electromagnetic compatibility (EMC).

In recent years, the random PWM (RPWM) strategy has
emerged as an effective and costless solution to the
challenges [7-18]. RPWM disperses harmonic components
across a smooth, low-amplitude noise spectrum without

raising the switching frequency. This approach offers several
advantages, notably improving adherence to EMC standards
for electromagnetic interference (EMI) and reducing audible
noise in variable-speed drives [18]. Existing basic random
schemes with a single random parameter are randomized
carrier frequency modulation (RCFM) and randomized pulse
position modulation (RPPM) [7-10]. However, combining
the two schemes (RCFM-RPPM) has also been proposed to
maximize the spreading of the voltage spectrum [11-17].

This paper introduces a novel strategy termed randomized
carrier discontinuous pulse width modulation (RCDPWM) for
the control of a three-level inverter. The proposed strategy
seamlessly integrates the efficiency benefits of discontinuous
PWM techniques — specifically, reduced switching losses — with
the enhanced electromagnetic compatibility (EMC) compliance
associated with randomized PWM techniques, leading to
minimized electromagnetic interference (EMI) [19-23].

The key focus of this strategy is the randomization of two
parameters in discontinuous PWM: the pulse position and
the switching frequency. Consequently, three distinct
schemes emerge: randomized pulse position (RPP-DPWM)
and randomized carrier frequency (RCF-DPWM), each
incorporating one randomized parameter, as well as a dual
scheme (RPPRCF-DPWM) that combines both previous
schemes. The switching signals are generated by comparing
a discontinuous DPWMO0 modulating function with a
triangular carrier characterized by two random parameters
(the pulse position and the switching frequency).

The paper is organized as follows: First, it presents the
modulating principle of the proposed RCDPWM strategy.
Next, it presents the results of the output voltage and current
analysis based on the estimated power spectral density using
the Welch method. The results demonstrate that the dual
RPPRCF-DPWM scheme is the most effective in spreading
the output voltage and current spectrum compared to simple
schemes (RPP-DPWM and RCF-DPWM). Finally, FFT
results confirm the results of the Welch method.
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2. RANDOMIZED CARRIER DISCONTINUOUS
PWM METHOD

Figure 1 shows the topology of a three-level neutral point
clamped NPC inverter.
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Fig. 1 — Topology of 3-level NPC inverter.

The carrier-based pulse width modulation (CPWM)
scheme for a multilevel inverter is generated by comparing
the reference phase voltage signal with several symmetrical
level-shifted carrier waves [24]. For a 3-level inverter, 2
level-shifted carrier waves are required for comparison with
the sinusoidal reference.

2.1. PRINCIPLE OF THE PROPOSED RCDPWM

Based on the proposed strategy, randomized carrier
discontinuous pulse width modulation (RCDPWM), the
switching signals are obtained by comparing the
discontinuous modulating signal with the randomized
triangular carriers, as shown in Fig. 2.

For one leg of the 3-level inverter, the required switching
signals for upper half-leg ual and ua2 are obtained by
comparing one discontinuous modulating signal r with two
randomized triangular carriers, C1 and C2. As shown in Fig. 2,
one random carrier, C1, is on the positive side, and the other,
C2, ison the negative side. Each carrier signal is responsible for
a pair of switches. One switch is controlled directly by a positive
carrier, and the second by a negative carrier.

Rand carrier: ¢;

‘_
g Rand carrier: ¢,

Modulating signal: r

Fig. 2 — Modulating principle of one leg.

For the lower half-leg, the switching signals are
complementary for the upper ones as follows:

Uaz=Ual and Uasa =Ua2.

The output voltage has three states: Vy/2, 0, and —Vgc/2.
For the level of V4c/2, switches ua and ua, need to be turned
on. For the zero level, switches u,2 and u,3 are turned on. For
the —Vg¢/2, the switches ua3 and u,4 must be turned on. The
switching state of power devices is shown in Table 1, 1
denotes the on state, and 0 denotes the off state.

Table 1
Switching states of the three-level inverter

Ua1 Uaz Uas Uas Output phase voltage (Van)
1 1 0 Vo2
1 1 0 0
0 0 1 Vo2

Discontinuous modulating functions have gained special
attention for their reduced-switching characteristics [3,5].
The most common carrier-based discontinuous modulating
functions are DPWMO0, DPWM1, DPWM2, and DPWM3
[5]. Figure 3 presents DPWMO as a case study in our work.
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Fig. 3 — Modulating function of DPWMO.

2.2. RANDOMIZATION OF THE TRIANGULAR
CARRIER SIGNAL

As depicted in Fig. 4, for each phase of the inverter, the
obtained switching signal is characterized by three parameters:
switching period T, delay reportd, and duty cycle d.
Theoretically, T, 6 and d can be randomized in a combined or
a separate way. In practice, d is obtained from a deterministic
reference signal, thereby adjusting the output voltage.
Therefore, only T and 6 are randomized. This can be obtained
by a triangular carrier having two random parameters: the
period T and the fall-time report B. The resulting random
discontinuous schemes are as follows:

e Conventional Discontinuous PWM (DPWM): The
carrier is deterministic (parameters T and (3 fixed).

e Randomized Pulse Position Discontinuous PWM
(RPP-DPWM): The carrier is randomized (fixed period
T and randomized B).

e Randomized Carrier Frequency Discontinuous PWM
(RCF-DPWM): The carrier is randomized (randomized
period T and fixed f3).

e Combined random scheme: Dual Randomized Pulse
Position Carrier Frequency Discontinuous PWM
(RPPRCF-DPWM): The carrier is randomized (T and
B are simultaneously randomized).
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Fig. 4 — Switching signal parameters.
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3. ANALYSIS OF THE OUTPUT VOLTAGE USING
POWER SPECTRAL DENSITY

Generally, the analysis of random signals can be
performed either by Fast Fourier Transform (FFT) or by
power spectral density (PSD) [1, 2, 11-14]. The FFT (which
is originally discrete) leads to a continuous random
spectrum, depending on the considered signal sample. Thus,
the (PSD) is more appropriate for such signals [25]; it can be
expressed as follows:

W () = lim ZE{F[ur (][, &)
Flur(t)] — Fourier transform of the signal sample ur of
length T, E{. } — mathematical expectation.

A numerical estimation of the PSD based on (1) called the
Welch method is used. The estimated PSD is computed by
applying Welch’s method to experimentally a sample of the
considered signals or by simulation (output voltage,
current...). The obtained signals are sampled with a
sampling time of Ts, and then the power spectral density can
be computed offline using MATLAB [26]. This method is
very satisfactory; it gives very good results compared to the
measurement and analytical ones [1, 2, 11-14]. In this work,
the analysis of phase-to-phase voltage vy, is carried out using
the (PSD) estimated by the Welch method. The Welch’s
estimation method is implemented in the Signal Processing
Toolbox of MATLAB by the pwelch function [26]:

PSD = pwelch (X, Window, Noverlap, NFFT, Fs),

where X — discrete-time signal vector (sampled data);
Window — the window function is applied to segments;
Noverlap — the number of overlapped samples; NFFT — the
number of discrete FFT samples used to calculate the
estimated PSD; Fs — the sampling frequency.

4. SIMULATION RESULTS

This section will verify the proposed randomized carrier
discontinuous PWM schemes using the PSD estimation-
based-Welch’s method. The estimated PSD is computed by
applying Welch’s method on a sample of the output voltage
and current after the simulation of the 3-level inverter. The
simulations are performed under the following conditions:

¢ Input voltage: Vqc = 800 V.

eload: R=10Q,L=5mH

o Random triangular carrier: the intervals of randomization of
parameters T and j are obtained with Rt = 0.4 and Rp =

o Switching frequency fs =2 kHz, which gives T = 1/f; =5 10*"

o The uniform probability density function is used for all
randomizations.

o Reference signal — discontinuous modulating function
DPWMO of fundamental frequency f =50 Hz, modulation
index M = 0.8.

e Settings of the Welch estimation method used in all
simulations:

Sampling frequency: 1 MHz

Window type: Hamming
Record length: 200 000 samples
Window length: 40 000 samples
Overlap percentage: 20 %.

4.1. SWITCHING SIGNAL WAVEFORMS

Figure 5 depicts the waveforms of the discontinuous
modulation function DPWMO, the carrier signal, and the

switching signals for upper switches Kai, and for lower
switches Ka, respectively, for the four schemes: DPWM,
RPP-DPWM, RCF-DPWM, and RPPRCF-DPWM. The
figures clearly show that the proposed modulation scheme
gives fewer switching losses.

Convanlloﬂal DPWMO

......................
|

0 0.005 0.01 0.015 0.02

0 0.005 0.01 0.015 0.02

0 0.005 0.01 0.015 0.02
Time (s)

RCF-DPWMO0
ia\

0 0.005 0.015 0.02

1 IHHHHHH

0 0.005 0.01 0. EH 0.02

1
@05
" 0.
0
0 0. flfl": 0.01 0. 01": 0.02
Time (s)
RPPRCF-DPWMO
1 ,1‘ 1\/\ AT /V\ V N /\/\ N x /\/
/ yATANY, \
0.5 ,\. ,'/‘, V Y { 1\'}‘. . A VoV
f A \/\\/ TRV /V\ / «“‘.\' \ //'M/‘ N\
o vV ! ¥ \
0 0.005 0.01 0.015 0.02
1
:(.“ - |H ’H ‘ ‘
0
0 0.005 0.01 0.015 0.02
1
x““().ﬁ H’ ’ H ‘ ‘

o 0.005 0.01 0.015 0.02
Time (s)

Fig. 5 — Simulated waveforms of triangular carrier and modulating
function (upper trace), switching signal for Kal (middle trace), switching
signal Ka2 (lower trace) (f; = 2 kHz, M = 0.8, Rr= 0.2, Rg = 1.2):

a) — DPWM; b) — RPP-DPWM,; c¢) — RCF-DPWM; d) — RPPRCF-DPWM.

4.2. VOLTAGE AND CURRENT WAVEFORMS

Figure 6a—d illustrates the corresponding waveforms of
the phase-to-phase voltage (vab) and phase current (i) for all
schemes.
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Conventional DPWMO

S
o 0
s
>
-500
-1000 . . . . . |
0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
40 T =l
20
< ol
o
-20 [
a0 b . . . L L J
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
RPP-DPWMO
1000 T
500
=
o 0
Gl
>
-500
-1000 . . L L .
0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
40 r
20
< o
o
20
40 b . . L
0o 0.01 0.02 0.03
Time (s)
RCF-DPWMO
1000 T
500
=
o 0
S
>
-500
1000 . . . . .
0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
40
20
S
)
-20
40 . . . . .
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

RPPRCF-DPWMO
T T T

0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 6 — Simulated voltage (upper trace) and current (lower trace),
fs =2 kHz, M = 0.8, voltage: 500 V/div., current: 20 A/div.)

As shown in Fig. 6, even when the random schemes
(Figs. 6b—d) are applied to the 3-level inverter, the voltage,
and the current waveforms are very similar to those of the
conventional scheme (Fig. 6a). Indeed, it is well known that
the randomization does not affect the output voltage and
current fundamental; the operating performance of the
converter is therefore not altered [2].

4.3. PSD ANALYSIS OF THE OUTPUT VOLTAGE

To verify the RCDPWM harmonics dispersion
performance, Fig.7 depicts the estimated power spectral
density of the voltage (vab) for different RCDPWM schemes.

Notably, the conventional DPWM scheme is utilized as a
benchmark for comparison.
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Fig. 7 — Welch PSD of phase-to-phase voltage, fs = 2 kHz, f = 50 Hz,
M = 0.8, X-axis: 2 kHz/div., Y-axis: 10 dB/div.

From Fig. 7a, when using conventional DPWM, dominant
discrete power harmonics will appear around the switching carrier
frequency and its integer multiples, which is the inherent
limitation of conventional DPWM. The proposed RCDPWM
schemes are an effective and costless method to solve this
problem. It can be seen from Figs. 7c, d that RCF-DPWM and
RPPRCF-DPWM provide a fully dispersed PSD, significantly
reducing the harmonics' amplitudes. In contrast, the RPP-DPWM
in Fig. 7b fails to fully disperse the PSD, where the spectrum
contains a discrete part (harmonics) and a continuous part (noise).
The RCF-DPWM s, therefore, more proficient than the RPP-
DPWM. Nonetheless, as depicted in Fig. 7d, the RPPRCF-
DPWM scheme results in the most dispersed PSD relative to
simple schemes (RPP-DPWM and RCF-DPWM). It reduced the
PSD amplitudes near the switching carrier frequency
(fs = 2 kHz) by 9 dB and near (2f; = 4 kHz) by 12 dB, especially
at higher frequencies. Notably, these benefits are envisaged, given
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that the proposed scheme merges the features of RCF-DPWM
and RPP-DPWM.
4.4. PSD ANALYSIS OF THE PHASE CURRENT

Figure 8 gives the Welch PSDs of the phase current (iz)
for all random carrier discontinuous schemes: DPWM, RPP-
DPWM, RCF-DPWM, and RPPRCF-DPWM.
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Fig. 8 — Welch PSD of phase current, f; = 2 kHz, f = 50 Hz, M = 0.8,
X-axis: 2 kHz/div., Y-axis: 20 dB/div.

For the conventional DPWM scheme, the PSD is formed
by discrete power harmonics (Fig. 8a). Conversely, the PSD
is spread out with reduced peaks for random carrier
discontinuous schemes (Figs. 8b-d). For the RPP-DPWM
scheme, the PSD has a continuous part (noise) and a discrete
part (power harmonics) (Fig. 8b). The RCF-DPWM scheme
provides more PSD spreading than RPP-DPWM (Fig. 8c).
The most spread PSD of the phase current is obtained by the
dual scheme RPPRCF-DPWM (Fig. 8d).

4.5. FFT ANALYSIS OF THE VOLTAGE

To reinforce the validity of Welch PSDs results, the
spectrum analysis of the output voltage for the conventional

DPWM and random DPWM is shown in Fig. 9 using the FFT
analysis tool of MATLAB/Simulink. The same signal
sample under the same conditions is used for the analysis.
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Fig. 9 — Spectrum analysis of voltage using FFT: a) - DPWM;
b) — RPP-DPWM; ¢) — RCF-DPWM; d) — RPPRCF-DPWM.

To corroborate the accuracy of the estimated PSD results,
Fig 9 depicts the spectra obtained via FFT analysis of
identical signal samples under the same simulation
conditions. Notably, the results of Fig. 9 perfectly align with
the PSDs depicted in Fig. 7 for all schemes.

DPWM: the voltage harmonics near the switching frequency
fs have significant amplitudes, resulting in a discrete spectrum.
We see that DPWM intrinsically adds even-order low-
frequency harmonics into the output voltage; this can be seen in
the graph marked by 6f, 12f, 18f, 24f. These are caused by the
zero sequence signals in the modulating function.

e RPPRCF-DPWM has a more widely spread spectrum,
especially for harmonics at high frequencies. The
amplitude value of the switching harmonics is six times
lower than the amplitude value for DPWM at a fixed
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switching frequency. We notice that the even-order low-
frequency harmonics have disappeared.

5. CONCLUSIONS

This paper uses randomized carrier discontinuous pulse
width modulation (RCDPWM) to control a three-phase, three-
level inverter. RCDPWM shares the advantages of
discontinuous PWM in terms of efficiency and randomized
carrier PWM in terms of a perfect spread spectrum. Based on
simulation results, the proposed strategy has a voltage and
current spectrum that is widely distributed with substantially
reduced PSD amplitudes, which is advantageous in terms of
electromagnetic compatibility. The analysis revealed that the
dual scheme (RPPRCF-DPWM) permits a reduction of 36
percent of the PSD peaks near the carrier switching frequency
relative to the simple schemes (RPP-DPWM and RCF-DPWM)
and conventional DPWM. Also, the proposed scheme mitigates
all the low-frequency harmonics in the output voltage.

Received on 27 November 2023
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