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Abstract—The three-phase multilevel inverter output voltage
waveforms are compared for the recently proposed simple
voltage source multilevel inverter space vector PWM technique,
which uses the natural nonsymmetric three-segment vectors
switching sequence, and for the traditionally applied in industry
multicarrier sinusoidal PWM, namely the phase opposition
disposition (POD) PWM. The two variants of the POD sinusoidal
PWM technique with the opposite carriers phases are considered.
The developed waveforms mathematical models were
implemented in LabVIEW virtual instruments for simulation.
The values of the total harmonic distortion (THD), the first order
integral voltage harmonics factor and the zero and first orders
indices of the so-called aggregate switchings and integrated
voltage harmonics factors are presented as the functions of the
amplitude modulation index for the five lowest values of the
frequency modulation index. The simulation results have proved
the clear superiority of the offered space vector PWM technique
in the aggregate indices values.
Keywords—pulse width modulation inverters; space vector
pulse width modulation; total harmonic distortion; multilevel
voltage source inverter; sinusoidal PWM (SPWM); level-shifted
multicarrier modulation; phase opposition disposition PWM (POD
PWM); space vector PWM of two delta voltages; n-order integral
voltage harmonics factor; n-order aggregate switchings and
integrated voltage harmonics factor

I. INTRODUCTION
The present-day stage of the PWM technique evolution in
power electronics area is characterized by the active phase of
the space vector PWM (SVPWM) application to the multilevel
voltage source inverters (MLVSI) [1, 2]. The advantages
combining of the above mentioned control method and the
circuitry is now available due to the readiness of various
SVPWM techniques for the high effective implementation by
cheap microprocessors, DSP or FPGA. This is also the basis
for further development and refinement of the modulation
method for various MLVSI topologies.
While the SVPWM has well known advantages in
comparison with the carrier-based PWM, like the better input
direct voltage source usage and the better inverter output
capability, there are trends towards not only the results
convergence of these two techniques using but also their joint
(combined) use [3]. In fact, the study of sinusoidal PWM

(SPWM) models and refinement of their characteristics for the
increased MLVSI levels number still continue [4-7].
II. PROBLEM DEFINITION
The simple SVPWM technique for the quarter-wave
symmetric output voltage waveform formation of the threephase multilevel inverter with arbitrary levels number, based
on the applying the appropriate natural nonsymmetric threesegment vectors switching sequence to the simple voltage
source multilevel inverter space vector PWM algorithm [8-11],
has been recently proposed [12-14]. The accurate mathematical
description of the offered technique is provided by [14].
Nevertheless, in addition to [12, 13], comparisons with existing
and widely spread in industry PWM techniques are needed.
The most frequently implemented PWM schemes are the
phase-shifted and the level-shifted multicarrier modulations
[15, 16]. And the simplest of them is the multicarrier SPWM
existing in some different kinds.
Probably, the most popular and easily implemented kind of
the multicarrier SPWM is the phase opposition disposition
(POD). In the POD, the positive and negative carriers are in
phase, but between them, there is the 180 degrees phase shift
[15, 16, 4-6].
There are two variants of the POD, having 0 and 180
degrees phase delay of the positive carrier triangular waves,
respectively. They are called here POD-0 and POD-180 and
shown in Fig. 1 a) and b), correspondingly.

a)

b)
Fig. 1. Carriers and reference waveforms of the phase opposition disposition
method: a) POD-0 with 0 degrees phase delay of the positive carriers;
b) POD-180 with 180 degrees phase delay of the positive carriers.
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The purpose of this paper is to compare the three-phase
MLVSI output voltage waveforms of the two above mentioned
POD variants and the simple SVPWM algorithm of two delta
voltages under the proposed three-segment vectors switching
sequence [12-14]. This comparison has been performed by the
total harmonic distortion (THD), the first order integral voltage
harmonics factor (IHF) [17] and the zero and first orders
aggregate switchings and integrated voltage harmonics factors
(ASIHF) [13] values for the five lowest values of the frequency
modulation index to research modes with low switching loses
values. Thus, here just main coefficients, related to the load
current quality and to the price of voltage quality achieving (in
form of the rising of the switches commutation frequency), has
been considered.

*

The phase x executed phase-to-ground voltage uEXExg for
POD level-shifted multicarrier modulation can be expressed in
form:
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here u *REFx is the relative value of the reference instantaneous
phase voltage u REFx (here the sinusoidal one);
∗
ucarr
is the only carrier signal (here the triangular one) with

the peak-to-peak amplitude equal to the unite;

III. MATHEMATICAL MODELS
Herein after voltages marked with an asterisk (*) are the
relative values, in relation to the input DC voltage of the unit
level Ud .

− 1 if w < 0

sgn (w) = 0 if w = 0
1 if w > 0.


The basical delta voltage waveform formation principle of
the recently offered SVPWM algorithm of two delta voltages
[14] is as follows:

Since the load is assumed to be balanced, the phase-toneutral executed voltages can be derived from phase-to-ground
voltages for POD and from delta voltages for SVPWM:

*
*
ukEXE
xy (tc ) = u ksREFxy  + f kEXExy (tc ) ,

(1)

*
here ukEXE
xy (tc ) is the relative value of the instantaneous

output delta voltage u xy that is being executed during the
current time tc from the start of the clock cycle with number
k, k = 1… mf, mf is the frequency modulation index, mf = fc / f,
fc and f are, respectively, clock and modulating frequencies;
*
uksREFxy
is the relative value of the instantaneous reference
delta voltage u REFxy sampled for the midpoint of the k-th
clock cycle;
w means the rounding down w to the closest integer number,
taking into account the sign (the “floor” function);
f kEXExy (tc ) is the function, which is being executed during
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Due to some advantages in comparison to PSIM and to our
existing groundwork [18, 19], the graphical programming
environment LabVIEW was chosen for the simulations.
The waveforms of the reference absolute value integer and
fractional parts for POD are shown in Fig. 2. The resulted
voltages waveforms for POD-0, POD-180 and SVPWM under
the mode with mf = 36, ma = 3.4 are shown in Fig. 3. The
reference node of the phase-to-ground voltages (the ground) is
the MLVSI neutral node.

the clock cycle with number k, and it can possess only the
values 0 and 1; the clock cycle mean value f kEXExy of this
function should correspond to the fractional part of the relative
value of the instantaneous reference delta voltage u REFxy :

{

}

*
f kEXExy = uksREFxy
,

(2)

a)

{w} means the fractional part of w.
In this paper, unlike [14], the reference delta voltage
amplitude is 3 ⋅ ma , since the amplitude modulation index ma
is defined as follows:

ma = U Ud = U* ,
*

(3)
b)

here U and U are the value and the relative value of the
voltage space vector magnitude, equal to the reference phase
voltage amplitude.

Fig. 2. LabVIEW-simulated POD reference signal for ma = 3.4: a) the
absolute value (black curve) and its integer part (red curve); b) the
fractional part of the absolute value.
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a)

b)

c)

d)

e)
Fig. 3. LabVIEW-simulated output voltages idealized waveforms for the POD-0 (green curves), the POD-180 (blue curves) and the offered SVPWM technique
(red curves) under mf = 36, ma = 3.4: a) the phase-to-ground voltages; b) the delta voltages; c) the phase-to-neutral voltages and their fundamental
components; d) the high harmonics components of the phase-to-neutral voltages; e) the integrated high harmonics components of the phase-to-neutral
voltages.
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K hu [17, 20, 18, 19], also called weighted THD (WTHD)

B. Switchings Number and Aggregate Switchings and
Integrated Voltage Harmonics Factors
The number of the switchings in the MLVSI phase leg (the
number of the phase-to-ground voltage relative value
changings by 1) per the output voltage cycle N swph is used

factor [15], provides the estimate of relative harmonics content
in a researched signal after the action of the idealized first order
integrating electric circuit:

here as the generic value for different MLVSI circuits for the
MLVSI power switches dynamical losses preliminary
assessment.

IV. HARMONICS FACTORS SIMULATION RESULTS
A. THD and First Order Integral Voltage Harmonics Factor
The first order integral voltage harmonics factor (IHF)
(1)

(1)

(1)

(1)

K hu =

U ( hh )
(1)

=

U (1)
(1)

U ( hh ) ⋅ ω
,
U (1)

(6)

The used here so-called n-order aggregate switchings and
integrated voltage harmonics factor (ASIHF) [13] is defined as
follows:
(n)

(1)

fundamental component and RMS values of the results of the
single indefinite integral taking of the instantaneous values of
(1)

the fundamental component u (1) and of the high harmonics
(1)

component u (hh ) (see Fig. 3 e)) of the whole voltage,
correspondingly; ω is the angular frequency of the
fundamental component.
In many cases, one can estimate the output current THD of
some ohmic-inductive loaded inverter as proportional to
corresponding voltage first order IHF [17, 20].
The phase-to-neutral voltage THD and the first order IHF
simulated curves for the considered POD and SVPWM
variants as the functions of the amplitude modulation index (up
to 6) under the frequency modulation index values 12, 18, 24,
30 and 36 are shown in Fig. 4 and Fig. 5.

a)

( n)

K hu −aggr− sw = N swph ⋅ K hu ,

here U (1) , U (1) and U (hh ) are the RMS value of the voltage

(7)

(n)

here K hu is the n-order IHF, n = 0 and n = 1 correspond to the
THD and the first order IHF (see (6)), respectively.
Such the aggregate indices, taking into account both the
voltage harmonics and the number of the switchings, were first
proposed in [20, 21]. The n-order normalized integral
(weighted) harmonic factor in [22] is coincident to (7) just for
(1)

n = 1, i.e. for the first order ASIHF K hu − aggr − sw [13].
The phase-to-neutral voltage zero and first order ASIHF
simulated dependences on the amplitude modulation index (up
to 6) for the considered POD and SVPWM PWM variants
under the frequency modulation index values 12, 18, 24, 30
and 36 are presented in Fig. 6.

b)

c)

Fig. 4. LabVIEW-simulated dependences of the MLVSI phase-to-neutral voltage THD on the amplitude modulation index for the POD-0 (green curves), the
POD-180 (blue curves) and the offered SVPWM technique (red curves) under the different low values of the frequency modulation index: a) mf = 12 and
mf = 18; b) mf = 24 and mf = 30; c) mf = 36.

a)

b)

c)

Fig. 5. LabVIEW-simulated dependences of the MLVSI phase-to-neutral voltage first order integral voltage harmonics factor on the amplitude modulation index
for the POD-0 (green curves), the POD-180 (blue curves) and the offered SVPWM technique (red curves) under the different low values of the frequency
modulation index: a) mf = 12 and mf = 18; b) mf = 24 and mf = 30; c) mf = 36.
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a)

b)

c)

d)

e)
Fig. 6. LabVIEW-simulated dependences of the MLVSI phase leg switchings numbers, the zero order aggregate switchings and integrated voltage harmonics
factor and the first order aggregate switchings and integrated voltage harmonics factor of the phase-to-neutral voltage on the amplitude modulation index for
the POD-0 (green curves), the POD-180 (blue curves) and the offered SVPWM technique (red curves) under the different values of the frequency
modulation index: a) mf = 12; b) mf = 18; c) mf = 24; d) mf = 30; e) mf = 36.
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As can be seen from Fig. 4 and Fig. 5, the more the
frequency modulation index is, the less difference between the
two POD variants in the both THD and the first order IHF
values is. The POD modulating technique is competitive with
the offered SVPWM technique at the only lowest value of the
frequency modulation index (mf = 12): beginning from the
amplitude modulation index value of about 4 all the considered
indicators (the THD, the first order IHF, the zero and the first
order ASIHF, see Fig. 4…Fig. 6) have the less values for the
POD sinusoidal PWM.
In the rest of cases all of the offered SVPWM technique
results turned out to be better. The particularly compelling
evidence of this SVPWM scheme advantage is the values of
the aggregate switchings and integrated voltage harmonics
factors (see Fig. 6) which contain data on the total impact of
the voltage quality degree and the price of its achieving.
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V. CONCLUSION
The three-phase multilevel inverter output voltage
waveforms are compared for the recently proposed simple
voltage source multilevel inverter space vector PWM
technique, having the natural three-segment vectors switching
sequence, and for the traditionally applied in industry
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switchings and integrated voltage harmonics factors are
presented as the LabVIEW-simulated functions of the
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values have been proved.
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