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Abstract -This publication provides a brief overview of the 

results of dissemination of the method of multi-zone space-

vector pulse-width modulation (PWM) for the adjustment of 

inverter-based installations (with low switching frequency of 

inverters) characterized by multilevel output voltage: a) of 

split-phase variable speed drives; b) of transport-oriented ac 

drives with two windings of the stator of electrical machine; c) 

of three-inverter-based power systems with modular 

configuration; d) of photovoltaic (PV) systems with twin 

inverters; e) of five-phase installations with asynchronous 

machine with open-end winding; f) of six-phase structures with 

quad inverters, and g) of photovoltaic installations based on 

triple inverters and transformer of multi-winding configura-

tion. It has been shown that the developed schemes, techniques, 

and algorithms of multi-zone synchronous PWM (MZS PWM) 

applied for control of the mentioned above inverter-based 

systems (with specialized phase-shift between signals of sepa-

rate inverters) assure synchronization and symmetry of the 

basic voltage waveforms of installations over the entire control 

range. It provides minimization of unwanted sub-harmonics 

(of the operating frequency) in spectral composition of the 

basic voltages of these installations, leading to reducing of 

losses in systems and to increasing of its efficiency.  

Keywords—pulse width modulation inverters, variable speed 

drives, photovoltaic systems, voltage control, spectral analysis.  

I.  INTRODUCTION   

Power electronic converters are the main operating 
mechanisms of multiple industrial, traction, and residential 
installations. Therefore, wide applications in transport-fo-
cused variable speed drives have now dual three-phase in-
stallations with two voltage source inverters (VSI) [1] – [3]. 
Also, ones of perspective topology of drives are two-inver-
ter-based apparatuses with electric machine with open-end 
winding, which are characterized by reduced common mode 
voltage/zero sequence voltage in these installations [4] – [6].  

Actively developed in recent years are five-phase 
equipment based on five-phase inverters, which are charac-
terized by increased reliability of operation [7] – [9]. Also, 
one of the promising varieties of controlled electric drives 
are installations based on two VSIs with two stator windings 
of asynchronous electric motor [10], [11].  

The areas of the most expedient use of six-phase instal-
lations with four (quad) VSIs are powerful ac electric drives 
for traction application [12] – [14]. It should be noted that in 
this area, also converters of a modular type based on three 
VSIs and intermediate transformer can be used [15], [16]. 

With regard to photovoltaic systems, promising struc-
tures for high-power systems include two-inverter-based 
installations with multilevel voltage, including structures 
with double-delta configuration of inverter-side windings of 
the transformer [17], [18]. Also, three-inverter-based photo-
voltaic systems can be used in the corresponding 
transformer-based power conversion apparatuses [19], [20]. 

All topologies of the above-mentioned power electronic 
converters are based on the use of powerful semiconductor 
switches (transistors and thyristors) operating in a pulsed 
mode. In accordance with this, the parameters and character-
istics of converters and the corresponding systems depend 
on the methods, schemes, and techniques of pulse-width 
modulation applied for generation of control signals (pulse 
control signals) of the converters used in the systems. 

In order to improve the harmonic (spectral) composition 
of the output voltage of inverter-based systems, a new 
method of MZS PWM has been developed, which assures 
providing minimization of even-order harmonics and un-
wanted sub-harmonics (of the operating frequency) in 
voltage spectra of converters [21], [22]. 

In this publication, a brief review of the results of recent 
research in the field of development and dissemination of 
the method of MZS PWM, based on space-vector approach,  
in relation to the converters of the above-mentioned ac drive 
systems and photovoltaic installations, published in [23] –
[42], is carried out. It is necessary to mention, that the using 
of algorithms of MZS PWM is the most perspective in in-
stallations with low switching frequency (SF) of VSIs.  

II. METHOD OF SYNCHRONOUS MULTI-ZONE MODULATION  

An alternative method of MZS PWM (based mainly on 
space-vector approach) of pulse signals of VSIs makes it 
possible to assure synchronous character of processes of 
modulation in systems, insuring symmetry of the output 
voltage of VSIs over the entire control diapason [23]. 

Table I presents the basic parameters and functional rela-
tionships for determining the values of the control signals of 
inverters with MZS PWM in relation to the scalar operating 
mode of three-phase, six-phase, and five-phase regulated 
drive systems [23]. Fig. 1 shows (within a 60-degree clock 
interval) the state diagram of the keys of a three-phase in-
verter (switching state sequence (SStS)), as well as the 
curves of the line voltage (Vab), and pole voltages (Va, Vb) of 
VSI adjusted by algorithms of continuous MZS PWM [23]. 
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TABLE I. CONTROL FUNCTIONS AND PARAMETERS OF CONTROL SIGNALS 

OF DRIVE VSIS ADJUSTED BY ALGORITHMS OF MZS PWM [23] 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. SStS and basic voltages (inside a 60-degree diapason) of three-phase 

VSI with continuous MZS PWM [23]. 

The process of determining the parameters of inverter 
control signals (pulse signals) for three-phase/six-phase sys-
tems with MZS PWM is based on the continuous calculation 
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important component of the basic functional relationships 
(Table I) [23].  

III. SPLIT-PHASE DRIVE SYSTEM WITH INVERTERS 

CONTROLLED BY MZS PWM [23], [29], [36], [40] 

Fig. 2 shows topology of traction drive base on split-
phase induction machine feeding by two three-phase VSIs 
supplied by insolated dc sources with unequal dc voltages 
(Vdc1=0.5Vdc2) [29]. Figs. 3–4 show basic waveforms of 
voltages and of the phase current, and also its spectra, for 
the system with the 10kW asymmetrical split-phase electric 
machine, regulated by algorithms of continuous MZS PWM. 
Operating frequency of installation is equal to 40Hz, and SF 
of VSIs is equal to 1050Hz [29].  

 

Fig. 2. Two VSI-based split-phase traction system [29]. 

 

 

Fig. 3. Pole voltages of VSIs (Va, Vx), and phase voltage of system Vxs (with 
its spectrum) for traction drive with continuous MZS PWM [29].  

The presented diagrams and spectrograms prove the fact, 
that waveforms of the basic voltages of the analyzed drive 
installation have symmetry (quarter-wave symmetry in this 
case) over the entire adjustment range, and its spectrum, and 
also spectrum of the phase current, does not contain even-
order voltage and current harmonics and unwanted sub-
harmonics. So, these factors have particular importance in 
the case of elaboration of power traction systems with low 
SF of VSIs. 
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Fig. 4. Phase current Ixs of split-phase system, together with  its spectrum, 
for traction drive controlled by continuous MZS PWM [29]. 

IV. VSI-BASED DRIVE WITH ELECTRICAL MACHINE WITH 

TWO STATOR WINDINGS [33] – [35], [37], [42] 

One of the promising structures for ac drives of in-
creased power is system based on two inverters, the output 
circuits of which are connected respectively to two stator 
windings of an asynchronous electric motor, characterized 
by a specialized connection of the stator windings of the 
motor to each other according to the double triangle scheme 
(Fig. 5) [34]. 

Figs. 6-7 present the results of modeling of processes in 
a system based on two inverters with synchronous continu-
ous space-vector modulation (PWMC), feeding two stator 
windings of the induction machine [34]. In particular, Fig. 6 
shows the diagrams of the base voltages in this installation, 
and Fig. 7 presents the spectrogram of the resulting voltage 
Vw11 on the stator winding of the induction machine. The op-
erating frequency of the system is equal to F = 32.5Hz, the 
modulation index of VSIs is equal to m = 0.65, and average 
SF of VSIs is equal to Fs = 1050Hz. 

 

 

Fig. 5. Topology of drive installation with two VSIs [34]. 

.  

Fig. 6. Basic voltages of system with continuous MZS PWM [34]. 

 

Fig.7. Spectrum of the winding voltage [34]. 

It should be noted that the analyzed mode of operation of 
a two-inverter system is characterized by a fractional ratio 
between the switching frequency of the inverters Fs and the 
system output frequency F (Fs/F = 1050Hz/32.5Hz = 
32.31). The results presented in Fig. 7 confirm the fact that 
even for operating modes with a fractional relationship be-
tween SF of VSIs and the output frequency of the system, 
the upgraded techniques of MZS PWM make it possible to 
provide an improved harmonic composition of the voltage 
on the stator windings of the motor, spectrum of which do 
not contain even-order voltage harmonics, as well as un-
wanted sub-harmonics (of the operating frequency).  

Fig. 8 presents the results of calculation of Weighted To-
tal Distortion Factor (WTHD) of the base voltages Va1b1 and 
Vw11 in two-VSI-based installation adjusted by the scheme 

of MZS PWM ( 
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ating under scalar control mode, as a function of the 
modulation index m of inverters, SF of VSIs is equal to 
1050Hz in this case [34]. Thus, it is shown that at low and 
medium values of modulation index of VSIs (m < 0.65), al-
gorithms of continuous MZS PWM (PWMC) allow insuring 
the best integral spectral characteristics of the winding volt-
age Vw11. At higher values of index of modulation (m > 
0.65), an improved integral characteristics of spectrum of 
winding voltage of the motor is achieved using modified 
techniques of discontinuous MZS PWM (PWMD) [34]. 
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Fig. 8. WTHD of voltages of two-VSI-based installation [34]. 

V. FIVE-PHASE DRIVE INSTALLATION WITH TWO VSIS 

ADJUSTED BY MZS PWM [26], [29], [36], [42] 

Fig. 9 shows the structure of a five-phase electric drive, 
which includes two five-phase VSIs with two separate pow-
er supplies, and outputs of VSIs are connected to the 
corresponding terminals of the open windings of a five-
phase asynchronous electric motor [26]. Fig. 9 shows also 
basic space-vector diagram of a five-phase VSI, which is the 
basis for the synthesis of rational control and modulation 
schemes, including schemes and techniques of MZS PWM, 
in five-phase structures [26]. 

Fig. 10 presents the basic voltages of a five-phase sys-
tem with operating frequency equal to 39.7Hz and SF of 
VSIs equal to 2300Hz, controlled by algorithms of MZS 
PWM [26]. Fig. 11 presents spectrogram of the phase volt-
age of five-phase drive installation, which contains only 
odd-order voltage harmonics [26]. 

 

 

 

Fig. 9. Topology of five-phase open-end winding drive installation, and its 

space-vector diagram [26]. 

 

Fig. 10. Base voltages in five-phase installation adjusted by algorithms of 
MZS PWM [26]. 

 

Рис. 11. Voltage spectrum of five-phase installation [26]. 

Thus, the use of algorithms of MZS PWM makes it pos-
sible to eliminate unwanted subharmonics from spectrum of 
the phase voltage of open-end winding five-phase drive ap-
paratuses. 

VI. SIX-PHASE INSTALLATION BASED ON FOUR VSIS ADJUS-

TED BY THE SCHEME OF MZS PWM [25], [27], [31], [40] 

One of the promising topologies of converter systems for 
the medium-power variable speed drive with increased 
power rating is shown in Fig. 12 six-phase installation with 
open windings of an asymmetric asynchronous electric ma-
chine, containing two sets of three-phase windings spatially 
shifted by 30 electrical degrees relative to one another [40]. 
Also, four VSIs (INV1 - INV4 in Fig. 12), and four insulat-
ed dc sources, are basic parts of this drive configuration 
[40]. 

Fig. 13 and Fig. 14 show the results of modeling of pro-
cesses in a six-phase system based on four power supplies 
with voltages Vdc1 - Vdc4, and four two-level VSIs adjusted 
by algorithms of MZS PWM for a specific control mode of 
inverters, characterized by the adjustment of the SF of the 
switches of each VSI Fs1 - Fs4 through its functional inter-
connection with value of voltages of the corresponding dc 
source. Fig. 13 presents the normalized values of the basic 
voltages of installation. Fig. 14 shows spectrograms of mul-
tilevel phase and line voltages of six-phase drive [40]. 

Thus, the use of techniques of MZS PWM algorithms 
for controlling VSIs of six-phase installations makes it 
possible to ensure symmetry of waveforms of the phase 
voltage of apparatuses over the entire control diapason and 
under any operating conditions of installation. In the phase 
voltage spectrum there are lacking in this case even voltage 
harmonics and unwanted sub-harmonics, which is especially 
important for systems based on VSIs with low SF. 
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Fig. 12. Topology of six-phase installation on the base of four VSIs [40].  

 

Fig. 13. Basic voltages of six-phase apparatus adjusted by MZS PWM (F = 

38Hz, Fs2 = Fs4 =1000Hz, Fs1 = Fs3 = 2000Hz, Vdc2 = Vdc4,  

Vdc1 = 0.50Vdc4, Vdc3 = 0.50Vdc4) [40]. 

 

 

Fig. 14. Spectra of the line-to-line (Va1b1, Vx1y1) and phase (Vas, Vxs) voltages 

of six-phase installation with algorithms of MZS PWM [40].  

VII. MODULAR CONVERTERS WITH THREE VSIS ADJUSTED 

BY THE SCHEME OF MZS PWM [24], [28], [42] 

One of configurations of modular converters consists 
from three VSIs, outputs of which are specially connected 
with the corresponding windings of a  0.33 p.u. intermediate 
transformer [15], [16].  

Results of investigation of operation of a modular con-
verter based on three two-level VSIs adjusted by techniques 
of modified MZS PWM show, that the developed schemes 
of multi-zone modulation assure providing an improved 
spectral composition of the multi-level voltage at the load of 
modular installations [24], [42].  

Also, in [28], a study of operation of modular installa-
tion with triple neutral-point-clamped converters adjusted by 
specialized algorithms of MZS PWM, has been executed. 

VIII.  TWO-INVERTER-BASED PHOTOVOLTAIC INSTALLATION 

WITH MULTI-WINDING POWER TRANSFORMER [30], [32], 

[38] – [39], [41] 

 Several configurations of power circuits of transformer-
based photovoltaic (PV) systems based on two inverters are 
known [30, 41]. Fig. 15 shows the structure of PV installa-
tion with power transformer and with two VSIs, and in this 
case inverter-side windings of transformer have specific 
double delta configuration [32]. 

Fig. 16 shows the basic voltages in a PV system based 
on two VSIs adjusted by techniques of continuous MZS 
PWM (PWMC), as well as the spectral characteristics of the 
winding voltage Vw11 of multi-winding transformer [32]. The 
output frequency of the system is equal to 50Hz, and aver-
aged SF of the inverters is 1050Hz [32]. 

Fig. 17 shows the results of determining the Total Har-
monic Distortion factor (THD) of the line voltage and of the 
winding voltage of multi-winding transformer 
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tion index m of VSIs, for three basic control modes of VSIs: 
for control mode with continuous MZS PWM (PWMC), and 
for two control regimes based on two discontinuous variants 
of MZS PWM (PWMD30 and PWMD60) [32]. Averaged 
SF of VSIs is equal to 1050Hz in these cases. 

 

Fig. 15. Topology of PV apparatus with two VSIs [32]. 
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Fig. 16. Basic voltages of PV installation, and spectrum of the winding 

voltage Vw11 [32]. 

 

Fig. 17. THD of voltages versus coefficient of modulation of VSIs [32]. 

The presented results show that over most of the control 
diapason of a VSI-based PV installation, the best spectral 
characteristics of the voltage on the windings of multi-
winding transformer are turns out for the cases of the using 
of techniques of discontinuous MZS PWM with the 600-
non-switching notches (PWMD60 in Fig. 17) for adjustment 
of two VSIs [32].  

IX. THREE-INVERTER-BASED PHOTOVOLTAIC 

INSTALLATIONS WITH MULTI-WINDING POWER 

TRANSFORMER [30], [41] 

Fig. 18 shows topology of PV installation based on a 
multi-winding transformer with a special connection of the 
corresponding windings of transformer to outputs of three 
VSIs supplied by the corresponding multi-string photovolta-
ic panels [30]. 

 

Fig. 18. Topology of PV apparatus with three modulated VSIs [30]. 

Figs. 19 - 20 show basic voltage waveforms (pole, 
phase, and line voltages, as well as the resulting winding 
voltage Vw1line) of PV installation with three VSIs controlled 
by algorithms of continuous MZS PWM (Fig. 19), and of 
discontinuous MZS PWM (Fig. 20) [30]. Fig. 19 and Fig. 20 
present also spectrograms of the basic winding voltage 
Vw1line of PV installation with operating frequency equal to 
50Hz, and averaged SF of VSIs equal to 1130Hz. Coeffi-
cient of modulation of VSIs is equal to 0.65 in this case 
[30].  

 

 

 

Fig. 19. Basic voltages and spectrum of the winding voltage of PV 
installation with three VSIs adjusted by the scheme of continuous MZS 

PWM (CPWM) [30]. 
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Fig. 20. Basic voltages and spectrum of the winding voltage of PV 
installation with three VSIs adjusted by the scheme of discontinuous MZS 

PWM (DPWM30) [30].  

The presented in Figs. 19 - 20 spectrograms confirm the 
fact that there are no even harmonics and unwanted sub-
harmonics (of the operating frequency) in spectra of the 
winding voltage of VSI-based PV system, which assure 
providing reduction of losses and increasing of efficiency of 
operation of this type of photovoltaic installations [30]. 

Fig. 21 presents the results of determining the Total 

Harmonic Distortion factor ( 
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basic voltages of PV system (of the line voltage Va1b1 and of 
the winding voltage Vw1) as a function of modulation index 
m of VSIs. Therefore, it presents results of determining of 
THD of voltages of PV system with three VSIs (SF = 
1400Hz in this case), adjusted both by technique of continu-
ous MZS PWM (CPWM), and by two schemes of 
discontinuous MZS PWM (DPWM30 and DPWM60) [30]. 

 

Fig. 21. THD of basic voltages of VSI-based PV installation [30]. 

CONCLUSION 

New strategies, schemes, and algorithms of MZS PWM, 
developed, modified, and disseminated for adjustment of 
VSIs of three-phase, five-phase, and six-phase installations 
of variable speed drives of increased power (characterized 
by low SF of VSIs), as well as to the regulation of dual and 
triple inverters of transformer-based PV installations, allow 
insuring continuous synchronization and symmetry of the 
resulting multilevel voltages of the mentioned above sys-
tems over the entire control range.  

In the spectra of the output voltage of VSIs, as well as in 
the spectra of the phase and line voltage of the correspond-
ing power conversion systems with MZS PWM, there are no 
even-order harmonics and unwanted sub-harmonics. Im-
proving the spectral composition of voltages and currents in 
these systems leads to redaction of losses in the correspond-
ing installations and an increase in the efficiency of their 
operation. Therefore: 

A. Algorithms of MZS PWM of signals of VSIs of pow-
er conversion installations of various functional purposes 
make it possible to insure synchronization and symmetry of 
the basic voltages of apparatuses at any ratio (integer or 
fractional) between SF of VSIs and the operating frequency 
of installations. 

B. Schemes and algorithms of MZS PWM make it pos-
sible to assure the symmetry of the basic voltage waveforms 
in multi-inverter installations with unequal dc voltages of 
insulated autonomous dc sources. 

C. Developed techniques of MZS PWM can be success-
fully applied for control of both systems based on standard 
two-level VSIs, of installations based on diode-clamped in-
verters, and of systems based on five-phase and six-phase 
VSIs. 

D. Specialized schemes and algorithms of MZS PWM 
make it possible to ensure synchronization and symmetry of 
the basic voltages in VSI-based installations and apparatuses 
at increased, close to the maximum, values of the coefficient 
of modulation of VSIs operating in the overmodulation con-
trol zone. 
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