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This publication provides a brief historical overview of the development of methods and techniques of pulsewidth
modulation (PWM) for voltage source inverters, published mainly in Ukrainian publishing houses and in Ukrainian
periodicals. Accent has been done to review of results of investigation of alternative methods and techniques of
synchronous space-vector-based multi-zone PWM for inverters with low switching frequency. In particular, in the
mentioned publications, the basic strategies, schemes, and algorithms of synchronous multi-zone modulation have been
further developed, modernized, modified, and disseminated in relation to new promising topologies of power conversion
systems, including: two-inverter-based electric drives with open-end winding of electrical motor, dual three-phase
electric drives of symmetrical and asymmetric types; powerful six-phase systems based on four inverters, and two-
inverter-based and three-inverter-based photovoltaic installations with multi-winding transformer. It is shown that the
developed schemes and algorithms of synchronous space-vector PWM, applied for control of inverter-based systems,
provide continuous synchronization and symmetry of basic voltage waveforms of systems during the whole control
range including zone of overmodulation of inverters. It provides minimization of even harmonics and undesirable
subharmonics (of the fundamental frequency) in spectra of the basic voltages of systems, leading to reducing of losses
in systems and to increasing of its efficiency. Based on a comparative analysis of the integral spectral characteristics of
the phase and line voltages of systems, recommendations are formulated for the rational choice of schemes and
algorithms of synchronous modulation for the relevant installations, depending on the modes of their operation. Refer-
ences 30, tables 2, figures 25.

Keywords: voltage source inverter, modulation strategy, adjustable speed ac drive, photovoltaic installation, six-phase
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Introduction. Power electronic converters are currently one of the most common electric power
installations, providing energy savings and improving the quality of technological processes in various fields
of industry, utilities, electric transport, renewable energy systems, etc. [1, 2].

The structure of the power circuits of power converters includes powerful semiconductor switches
(transistors and thyristors) operating in a pulsed mode. So, characteristics of these systems depend on the
used methods of pulsewidth modulation (PWM) of the control signals of converters [3 — 5].

Development of theory and practice of pulsewidth modulation for power converters began at the 60s
years of the last century. In accordance with this fact, it is necessary to mention, that from the beginning of
the 70s Institute of Electrodynamics of the Academy of Sciences of Ukraine was put in charge on research on
power conversion systems, in the range of the former USSR, including investigation of methods and
techniques of pulsewidth modulation for power converters. So, it has been marked by remarkable
contribution in the development of novel strategies, methods, and techniques of PWM by Ukrainian
researchers and engineers [6 — 16].

In particular, in the last quarter of the 20™ century activity of researchers has been concentrated on
investigation of both pulse-width modulation and pulse-amplitude modulation [6 — 11], and it is necessary to
mentioned specially about study of methods and techniques of space-vector-based modulation for voltage source
inverters for drive applications ([9], and this publication is one of the first publications in the world on this topic).
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Latter, at the beginning of the 21 century, methods, schemes, and techniques of space-vector-based
PWM has been further developed and analyzed [12 — 16]. Rational techniques of determination of stationary
states of power switches of inverters have been investigated, with definition of the order of their alternation and
relative durations on the cycle of modulation for the formation of undistorted output voltage of inverters with the
maximum modulation index. Comparison of vector and scalar approaches to different methods of PWM has been
carried out. Detailed investigation of operation of inverters in the zone of overmodulation has been done.

At the same time, some specialized methods and techniques of pulsewidth modulation have been
elaborated and studied at the beginning of the 21* century. In particular, in order to provide continuous syn-
chronization and symmetry of the output voltage and current of voltage source inverters with low switching
frequency, alternative method of synchronous multi-zone modulation for three-phase inverters, based on
space-vector approach, has been elaborated, investigated, and disseminated to different perspective topolo-
gies of systems and installations [17 — 22].

So, this publication presents a brief overview of the results of research in the field of development
and dissemination of the method of synchronous multi-zone PWM of inverters with application to different
topologies of inverter-based ac drives and photovoltaic installations, published mainly in the journal
"Technical Electrodynamics" during 2002-2022.

Method, schemes, and techniques of synchronous multi-zone space-vector modulation for
three-phase inverters. In order to provide continuous synchronization of voltage waveforms of inverters
with space-vector-based PWM, novel approach has been proposed for synthesis of the output voltage of
three-phase voltage source inverters [17]. The PWM process is characterized here by smooth pulses-ratio
changing and by quarter-wave symmetry of the voltage waveforms during the whole control range including
the zone of overmodulation. Generalized properties of both conventional asynchronous and proposed syn-
chronous methods of feedforward space-vector PWM are presented in Table 1 [17]. In comparison with con-
ventional space-vector scheme of PWM the proposed method is based on representation of pulse-widths of
the signals of the inverter as a function of the fundamental frequency and switching frequency of inverters.
There can be used either accurate trigonometric or simplified algebraic control functions for generation of
the pulse patterns. The equations presented in Table I correspond to scalar control mode of operation of ad-
justable speed drives.

Table 1 [17].

Control (modulation)
parameter

Conventional asyn-
chronous PWM

Proposed method of synchronous
modulation

Current and max parameter

Current & max
voltage V and V,,

Current & maximum
fundamental frequency F and F,,

Modulation index m

V / Vm F / I:/ll
Duration of sub-cycles T .
Centre of the &-signal o, (angles/degr.) 2(k—1) (sec)
T, = mT[sin(60° — Algebraic PWM | Trigonometric PWM
- ) +sing; ] B =1Amell -
Switch-on durations = mTsing Atk =1zF] B, =1.1mzx cos[(k - 1)r]
Ve =B al0.5 = — ;—
b =mTsin(60° - a,) o] Ve =B 4.[0.5-09tan(i - k)7]
B =7k
B =7k

Switch-off states (zero voltage)

log =T =Ly — Iy

A =71= B

Special parameters providing
synchronization of the process
of PWM

2 (clock-point notches)
B (signals, the next to 1)

F, (boundary frequencies, where Z=o0and " =0)

The process of calculation the parameters of control pulse signals for three-phase drive inverters
with synchronous multi-zone PWM is based on the continuous determination of the values of
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F =[6(2i-1)z]" and F,_,=[6(2i—3)7]" of intermediate frequencies between the control sub-zones of system
(as a function of the duration of the clock sub-interval 1), and in calculation of special coefficient

Ky =[1-(F-F;)/(F;_1 — F;)], which is correcting coefficient for continuous determination of the A and

ﬁ" control signals.

Fig. 1 shows switching state sequence (with the corresponding control signals) of three-phase in-
verter with continuous scheme of synchronous PWM (upper curve, the corresponding control signals are pre-
sented here), and also the corresponding parts of the phase voltages and of line voltage for a quarter-period
of the output voltage of inverter [17]. In Fig. 1, the conventional designation for state sequences for the
switches of the phases abc of the inverter is used: 1 — 100; 2 -110; 3 -010; 4 —011; 5-001; 6 —101; 7-111; 0
—000 (‘1° -switch-on state, ‘0’ —switch-off state) [17].

switching sequence

RinihiE
T T TTTTT

phase ¢

BN 11 o

Fig. 1 [17]

Fig. 2 shows, as an example, two half-waves of the line-to-line output voltage of inverter with syn-
chronous PWM, and presents also the corresponding spectra of its line voltages (N — number of pulses in a
half-wave of the line voltage) [17]. The presented voltage spectra include only odd (non-triplen) voltage
harmonics, and even harmonics and subharmonics are illuminated from the spectrum during the whole con-
trol range due to the proposed method of voltage synchronization [17].

F=32.5Hz ﬂ
m=0.65
N=27

F=40Hz
m=0.8

N=I5 L

Fig. 2 [17]

Open-end winding drive systems with two inverters with synchronous space-vector PWM. One
of the interesting and perspective topologies of power converters are cascaded (dual) two-level converters
which utilize two standard three-phase voltage source inverters [18, 23]. The structure of adjustable speed
drive based on cascaded inverters is constructed by splitting the neutral connection of the induction motor
and connecting both ends of each phase coil to a two-level inverter. In this case cascaded converters are ca-
pable of producing voltages which are identical to those of three-level and four-level converters [18].

Fig. 3 presents the basic structure of a dual inverter-fed open-end winding induction motor drive, where
INVI1 and INV?2 are standard three-phase voltage source inverters [18, 23]. The single power supply is used for
both inverters in this case, because elimination of the common-mode voltages is provided by the specialized
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scheme of modulation. Fig. 4 shows the switching state vectors of two inverters, which provide elimination of the
zero sequence currents in drive system [18]. All control and output signals of the inverters INV1 and INV2 have
mutual phase shift in 120° in accordance with the presented scheme of space-vector modulation. Each inverter
generates in this case alternating common-mode voltage, but these common-mode voltages do not cause the zero
sequence currents in the machine phase winding, because these voltages compensate each other [18].

Fig. 5 presents the corresponding voltage waveforms of the drive system with continuous synchro-
nous PWM (Fig. 5, a, fundamental frequency F' = 40 Hz, modulation index m = 0.8 in this case) and shows
also spectrum of the phase voltage (Fig. 5, b) [18]. Average switching frequency of inverters Fy = [ kHz. Fig.
6 illustrates corresponding voltage waveforms and spectrum of the phase voltage for dual-inverter system
controlled by algorithms of discontinuous synchronous PWM with the 30-degrees non-switching intervals
[18]. The spectra of the phase voltage of the system, presented in Fig. 5, b and Fig. 6, b, contain only odd
harmonics without the triplen components.

Fig. 3 [18]
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Fig. 7 presents results of calculation of Weighted
Total Harmonic Distortion factor

’1000
(WTHD =(1/7) Z(Vi /i)? ) for dual-inverter system with
i=2

continuous (CPWM) and discontinuous (DPWM) versions
of synchronous modulation. Average switching frequency
for each presented version of pulsewidth modulation is
equal to / kHz, control mode corresponds here to standard
V/F control [18]. Presented in Fig. 7 spectral characteristics
show some advantage regarding spectra of the phase volt- bo 83 04 0c 05 07 05 08
age in the systems with continuous PWM at low modula- Fig. 7 [18]

tion indexes, and advantage of discontinuous scheme of ’

synchronous PWM at higher values of modulation index.

Dual three-phase inverted systems controlled by algorithms of synchronous PWM. Application
of dual three-phase inverter-based drives can be perspective for the systems with an increased power rating
[19], [24] — [25]. As an example of asymmetrical dual three-phase traction drive system with two dc voltage
sources, Fig. 8, a shows structure of the electrical vehicle system on the base of the dual three-phase induc-
tion motor supplied by two inverters with two different dc links: 1) Battery dc link with the V., voltage, and
2) Fuel Cell dc link with the V., voltage [19], [24]. The induction machine has in this case two sets of wind-
ing spatially shifted by 30 electrical degrees with isolated neutral points (Fig. 8, b) [19], [24].
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Fig. 8 [19, 24]

Two neutral-point-clamped (NPC) inverters can be used in dual three-phase systems with an increased
power level. Fig. 9, a presents basic topology of NPC inverter (of the first inverter in Fig. 8, a with the
phases a, b, c¢). Fig. 9, b shows switching state vectors of the inverter. In accordance with the diagram pre-
sented in Fig. 9, b, specialized control scheme has been applied for adjustment of NPC inverters of dual
three-phase system, which is based on the using of only seven voltage vectors, marked by the big arrows in
Fig. 9, b. It allows providing elimination of undesirable common-mode voltage in a three-phase load [19].
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Fig. 9 [19]
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Control of asymmetrical dual three-phase drives is based on the 30°-phase-shift of the signals of two
inverters with the phases a, b, ¢, and x, y, z [19], [24]. Fig. 10 — Fig. 11 present basic voltage waveforms
(phase voltages V,; and V,, and its useful components V, and V,, common-mode and line voltages V', and
V., and spectrum of the V,; voltage) of dual three-phase system with two dc sources with equal voltages
(Vaer = Vaez) under standard scalar V/F control mode [19]. In particular, Fig. 10 illustrates behavior of dual
three-phase system with NPC inverters controlled by continuous synchronous PWM, and Fig. 11 presents
basic voltage waveforms and spectrum of the phase voltage for system with algorithms of “direct-direct”
synchronous PWM [19]. The switching and fundamental frequencies of each NPC inverter are equal to F,=
900 Hz and F = 42 Hz (m;=m,=0.84).

The motor phase and line voltages of dual three-phase system with NPC inverters controlled by algo-
rithms of synchronous PWM have symmetry during the whole control range, and its spectra do not include
even harmonics and sub-harmonics. The described strategy of control of dual NPC inverters provides elimi-
nation of common-mode voltage both in each inverter and in the load, which is leading to an increase of the
reliability and life span of adjustable speed drives with modulated power converters.

Fig. 12 presents calculation results of the Weighted Total Harmonics Distortion factor

1000
(WTHD =(1/V,)(X (V, /1k)*)* ) versus modulation index m for the useful component V,, of the motor
k=2

phase voltage of asymmetrical dual three-phase system with two NPC inverters controlled by algorithms of
continuous (CPWM), discontinuous (DPWM) and “direct-direct” (DDPWM) schemes of synchronous multi-
zone PWM during scalar V/F control (Vye; = Ve, mp=m ;= m = 0.3-0.9) [19]. Average switching frequency
of each inverter is equal to Fy = 900 Hz [19].
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Fig. 11 [19]

Results of analysis of spectral composition of the useful component of motor phase voltage show
that at low modulation indices WTHD factor is better for systems controlled by continuous and “direct-
direct” schemes of synchronous PWM, and at the medium and high modulation indices, discontinuous and
“direct-direct” versions of synchronous PWM provide the better WTHD factor of the V, voltage.
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Six-phase systems based on four inverters

WTHD of Vsa

= 1.3 :
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and, in particular, six-phase induction motor drives ~§ | |- >~ DPWM =
are a subject of increasing interest in the last years & 1-1f (== DDPVM o
due to some advantages compared with conventional £ 1} s
three-phase drives [20, 26, 27]. One of the most per- £ g9/ . :O
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of power switches of inverters. 506 o
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Fig. 13 shows one of perspective structure o5 5a G e

of six-phase four-inverter-based system, consisting
of two groups of two inverters (INV1+INV2 and
INV3+INV4), supplying the open-end windings of

modulation index m

Fig. 12 [19]

asymmetrical dual three-phase (six-phase) motor.
The induction machine has in this case two sets of winding spatially shifted by 30 electrical degrees [20, 26].
Control of four three-phase inverters supplying asymmetrical six-phase induction motor has some
specific peculiarities. In particular, all inverters are grouped into two groups with two cascaded inverters in
each group, and each inverter group is connected with the corresponding open-end windings of six-phase in-
duction motor. Synchronous symmetrical control of the output voltage of each inverter of each inverter group
by algorithms of synchronous multi-zone PWM provides synchronous symmetrical regulation of voltage at
the corresponding windings of induction machine. Rational phase shifting between the output voltages of
two inverters in each inverter group is equal in this case to one half of the switching interval (sub-cycle) [20].
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Fig. 13 [20]

As an illustration of operation of six-phase system with four inverters controlled by algorithms of
synchronous PWM with equal voltages of the all de-sources (Vye; = Vier = Vies = Vaes), Figs. 14 — 15 present
basic voltage waveforms (pole voltages V,;, Vo, Vi, Vi, line-to-line voltages Vs, Visyi, and the phase volt-
ages V,, and V,, (with the spectrum of the V,, voltage)) of two groups of inverters, controlled by algorithms
of continuous (Fig.14) and discontinuous with the 30°-non-switching intervals (Fig. 15) synchronous PWM
[20]. The fundamental and switching frequencies of each inverter are equal correspondingly to F' = 35 Hz
and Fy = 1000 Hz, modulation indices of all inverters are equal to m; = m, = m; = m,; = 0.7 in this case. The
phase output voltage of the system has nine levels (like output voltage of three-level neutral-point-clamped
inverter) in this control mode. In particular, the presented voltage waveforms have symmetry, and its spectra
do not contain even harmonics and sub-harmonics.

20 ISSN 1607-7970. Texn. enexmpoounamira. 2023. Ne 5



In order to compare characteristics of asymmetrical six-phase systems on the base of two inverters
(standard topology of the system), and on the base of four inverters (topology of six-phase system presented
in Fig. 13 [20]), Fig. 16 presents calculation results of Weighted Total Harmonic Distortion factor (WTHD)

1000
versus modulation index m for the motor phase voltage V,, (WTHD = (1/ Vas W Z Vs, / k)z)o'5 for six-phase
k=2

system controlled by algorithms of continuous (CPWM) and discontinuous (DPWM) schemes of synchro-
nous multi-zone PWM. In particular, DC-voltage magnitudes are equal in this case for all DC-sources, so,
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Fig. 14 [20] Fig. 15 [20]

modulation indices of all inverters are equal too [20]. Control mode of drive system corresponds here to sca-
lar V/F control, and average switching frequency of each inverter is equal to F; = 1000 Hz. The presented re-
sults show, that integral spectral characteristics of the phase voltage of six-phase system on the base of four
inverters are much better, than of the system on the base of two inverters.

Fig. 17 presents results of analysis of spectral composition of the phase voltage Vas of six-phase sys-
tem on the base of four inverters with both continuous (CPWM) and discontinuous (DPWM) versions of syn-
chronous PWM for the case of non-equal magnitudes of DC-voltages. In particular, for this case V,.; # Vg, and
Vies® Ve, but Vi =Vyes and Vye:=Vae4 [20]. Two basic control modes have been analyzed:

1) Vier = 0.9 Vo, Vaez = 0.9 Ve, Kge = 0.9, 2) Vi1 = 0.7 Vs, Vaes = 0.7 Viges, Kge = 0.7.
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The presented results show, that a value of the WTHD factor of the phase voltage of six-phase sys-
tem on the base of four inverters controlled by algorithms of discontinuous synchronized PWM is not strong-
ly sensitive to relative magnitudes of DC-voltages.

Grid-tied photovoltaic system based on two inverters controlled by schemes of synchronous
PWM. Besides adjustable speed ac drives, photo-
voltaic systems are between perspective areas of
application of the dual-inverter topology [21, 28,
29]. In particular, Fig. 18 presents dual inverter
system supplied by two insulated strings of photo-
voltaic panels with the resulting dc voltages V; and
Vi [21, 28]. Dual inverters are connected to a grid
by a three-phase transformer with the open wind-
ing configuration on primary side, and this con-
figuration is one of the most suitable for photo-
voltaic systems with a higher power range, allow-
ing also galvanic isolation between low-voltage
photovoltaic panels and the power grid.

In order to increase effectiveness of operation Fig. 18 [21,28]
of dual three-phase systems on the base of two in-
verters supplied by isolated DC-sources (with equal
or different voltages), it is rational to adjust continuously switching frequency of each modulated inverter in func-
tion of voltage magnitude of DC-sources (under condition of similar switching losses of two inverters) [21].

Synchronous control of the output voltage of each inverter of dual-inverter-based system in accor-
dance with algorithms of synchronous PWM provides synchronous symmetrical regulation of the phase volt-
ages V;, Vyand V; of the system. Rational phase shift between output voltage waveforms of the two inverters
in the case of equal dc-links voltages (Vy=V7) is equal to one half of the switching interval (sub-cycle) [21],
and in the case of different dc voltages (and different switching frequencies of two inverters) this shift should
be equal to average value of the halves of the corresponding switching intervals.

To illustrate processes in photovoltaic system on the base of cascaded inverters with controlled
switching frequencies, supplied by two isolated DC-sources with equal voltages (V;, =Vy,), Fig. 19 — Fig. 20
present results of simulation of PV system with both continuous (Fig. 19) and discontinuous (Fig. 20) ver-
sions of synchronous PWM [21].
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Fig. 19 shows basic voltage waveforms of the system with continuous synchronous PWM with high
DC-link voltage (V,=Vy=Vdc-high) during period of the fundamental frequency F =50 Hz (switching fre-
quency F; = 1.2 kHz and modulation index m = 0.45 are relatively low here). It presents also spectrum of the
phase voltage V; for this control mode [21].

Fig. 20 presents detailed (inside the 60°-interval) basic voltage waveforms of the system, and spectrum
of the phase voltage V; for system with discontinuous synchronous PWM, operating under low dc voltage
(Vi=Vy=Vdc-low (Vdc-low=0.5Vdc-high), in particular, it can corresponds to low level of solar irradiance).
And this control regime is characterized by relatively high values of switching frequency Fy = 2.4 kHz and
modulation index m=0.9. So, waveforms of the phase voltage of the system are characterized in this case
much better spectral composition than for the systems with relatively high dc-voltages and lower switching
frequencies of inverters [21].

Fig. 21 presents the calculation results of Total Harmonic Distortion factor (THD) for the phase volt-
age V; in function of modulation index m = m; = m,, of the dual-inverter system on the base of two inverters
with equal DC voltages (Vi = V), controlled by algorithms of continuous (CPWM) and discontinuous

(DPWM) schemes of synchronous modulation.
THD of the phase voltage, k=40

THD factor (THD=(1/V, ) /nglf ) has been 035 — PN =1 2
calculated until the 40-th low-order (k-th) voltage § 03 Q_gﬁm Ez;;imz
harmonic. The fundamental frequency of the sys- E 0.25| —— DPWM Fs=2.4kHz T,
tem is // = 50 Hz, and THD factor has been calcu- o ,| o o
lated for two values of the average switching fre- 5 o
quency of each modulated inverter: F, = 1.2 kHz £ 0-15 o @ e ®
and F, = 2.4 kHz [21]. s o4l e
The presented in Fig. 21 calculation results 2 T
show big dependence of THD factor on switching 0.05y

frequency of inverters. So, the analyzed scheme of 8
flexible control of switching frequency of dual in-

verters in function of dc voltages (voltages of two

strings of photovoltaic panels) during fluctuation of Fig. 21 [21]
solar irradiance can improve strongly effectiveness

of processes of photovoltaic generation in these systems.
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Transformer-based photovoltaic system with three inverters with synchronous PWM. Solar-
energy-based photovoltaic (PV) renewable energy systems are ones of the most rapidly growing directions of
research, implementation, and application between renewable sources of electrical energy [1, 22]. Fig. 22
presents one of perspective configuration of transformer-based grid-connected PV system consisting from
three three-phase inverters, outputs of which are specifically connected to the corresponding inverter-side
windings of the power transformer [22, 30].

Based on the development of the methodology of synchronous space-vector modulation, and proper-
ties of three-inverter-based PV system ([22, 30]), Table 2 presents set of modified control dependences for
the presented PV installation allowing synchronous and symmetrical regulation of winding voltages during
adjustment of the system, including control modes in the case of fluctuation of frequency of electrical grid
[22]. In this Table F is fundamental frequency of electric grid (usually /' = 50Hz with some small fluctua-
tions), m is coefficient of modulation of inverters, V;; - V3; are pole voltages of three inverters.

In accordance with the used control and modulation strategy, control signals of three two-level in-
verters are shifted by 120°, and additional mutual phase shift between control pulse signals of three inverters
is equal to 1/3 of the width of switching sub-cycle [22].

Fig. 23 — Fig. 24 present results of simulation of PV installation controlled by algorithms of syn-
chronous space-vector PWM, and show, in the relative scale, pole voltages V;;, V;; and V;; of the first in-
verter, line voltages of the first and the second inverters (V;, — V;3) and (V3; — V>;), and winding voltage V, of
multi-winding power transformer. It presents also spectral composition of the line (V,; — V3;) voltage, and of
the winding voltage V, [22]. The fundamental frequency of the output voltage of inverters is equal to F=50
Hz, and the averaged switching frequency of inverters is equal to ; = 1120 Hz in these cases.

Table 2 [22]

Parameters of control signals and of
the output voltage of inverters

Switching frequency F
Switching sub-cycle t

Instantaneous values of winding vol-
tages V;, V,, and V; of system

FS(CPWM) = F(6n-3) B = l.imz

Vi=Vi-Viz- Vit Vs

tepwm =1/2F, =1/[6F(2n-1)]
Fsppwary = FBn=5)
TDPWM = 1/[6F(2n - 1.5)]

B = B cos[(j—1r]
¥ =B j+1{0.8-0.5tan[(n - j)r]}
Aj=1=(f;+ B2

Vo=Vo-Vos-Vip + Vi3

Vs=Vs1-Vs3-Va+ Vi3

where n=2,3,4....

Fig. 23 shows basic voltage waveforms and spectra of the winding voltage of PV system with inverters
controlled by the scheme of continuous synchronous PWM (CPWM), coefficient of modulation of inverters is
equal to m = 0.6. Fig. 24 presents the corresponding diagrams for PV system with inverters controlled by algo-
rithms of discontinuous modulation with the 30-degrees non-switching intervals (DPWM30) [22].

Simulation results, presented in Figs. 23 — 24, show, that for the analyzed control modes both line
voltages and winding voltages have quarter-wave symmetry and are characterized by the absence in its
spectra of even harmonics and sub-harmonics (of the fundamental frequency) [22].

Total Harmonic Distortion (7THD) factor of the winding voltage V', of the analyzed PV system (with
average switching frequency of inverters equal to 1120 Hz), has been determined and presented in Fig. 25, a,
b for the cases for two values of the maximum number of calculated low-order harmonics (k-th harmonics) —
k=40 (Fig. 25, a), and k=100 (Fig. 25, b) [22]:

40 100
THD =(1/V,)) > V5. (Fig. 25, a); THD=(1/V;)) > V5, (Fig. 25,b).
k=2 k=2

The presented diagrams show a big dependence of the value of THD factor on number of voltage
harmonics, taking into account during determining 7HD. But for the both cases of determining of THD fac-
tor, presented in Fig. 25, a (k=40) and in Fig. 25, b (k=100), better values of THD factor can be provided by
the using of algorithms of discontinuous PWM (DPWM30 and DPWMG60) for control of triple inverters of
PV installation. In any case, the use of algorithms of synchronous space-vector PWM insure improved har-
monic composition of winding voltage, providing the corresponding reduction of power losses of power
transformer of this structure of PV apparatuses [22].
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Conclusion. Development of theory and practice of pulsewidth modulation for power electronic
converters began at the end of the 60s — at the beginning of the 70s of the last century. Big efforts of re-
searchers in this field at the end of the 20" century — at the beginning of the 21* century have been concen-
trated on development of methods and techniques of space-vector-based PWM, which are ones of the most
suitable for inverters of drive systems. In order to avoid asynchronous character of standard versions of
space-vector PWM, alternative method of synchronous multi-zone modulation, based on space vector ap-
proach, has been proposed and developed at the beginning of this century.

The presented review shows some results of development and dissemination of the method of syn-
chronous multi-zone PWM with applications to such perspective topologies of inverter-based systems, as
open-end winding motor drives, dual three-phase drive systems, six-phase drives based on four inverters, and
two-inverter-based and three-inverter-based photovoltaic installations with increased power level.

It is shown that appropriately modified laws and algorithms of synchronous PWM make it possible
to ensure synchronization and symmetry of basic voltage waveforms of the above-mentioned systems over
the entire control range, including the overmodulation zone. There are no even harmonics and subharmonics
(of the fundamental frequency) in spectra of the base voltages of these power conversion systems. Such an
improvement in the harmonic composition of the base voltages and currents in the analyzed inverter-based
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systems with synchronous multi-zone modulation, observed under various modes and conditions of their
operation, helps to reduce losses in the corresponding installations, and increase their efficiency.
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Y pobomi nooano kopomxkuii icmopuunuil 02150 po36umKy mMemoois i MmexHiKu WUpoOmHo-iMnyiecHoi mooyaayii (LLIIM)
iHgepmopie Odicepen Hanpyau, ONYOIIKOBAHUU NEPEBANCHO 8 YKPATHCOKUX BUOABHUYMBAX MA 8 YKPAIHCbKIl NepioouyHill
npeci. Axyenm 3poOaeHo HA 021501 pe3ynbmamie O0CHIOHNCeHHs ANbMEPHAMUSHUX MeMO00i8 | MexXHON02I CUHXPOHHOI
npocmopoeo-eekmoptoi bazamosounoi LIIIM ona ineepmopis 3 HU3bK010 yacmomoro komymayii. 3okpema, y 3a3Hade-
HUX nyOniKayisix OCHOGHI cmpamezii, cxeMu ma arOpUmMU CUHXPOHHOI 6a2amo30HHOT MOOYIsSYIT ompumany nooab-
Wull po36UMOK, MOOEpHI3ayiio, MOOUQIKayilo ma po3snoecioOHCenHs Woo00 HOBUX NEPCHEKMUBHUX MONON02I cucmem
nepemeopents enekmpoenepeii, 30Kkpema: 080iH6ePMOPHIll — HA OCHOGI eleKMmponpugooie 3 GiOKpUMOI0 0OMOMKOIO
eNeKmpoosuUcyna; 3060€Hi Mpupasni enexmponpusooy CUMempUiHO20 ma HeCUMEMpUIHO20 MUNY, NOMYHCHI wecmu-
@asHi cucmemu Ha OCHOBI HOMUPLOX [HEEPMOPIB, A MAKONHC POMOETIEKMPUYHI YCMAHOBKU HA OCHOBI 080X I MPbOX IH-
eepmopie 3 b6azamoodmomkosum mpancgopmamopom. Iloxkasarno, wo po3pobneni cxemu ma aneopummu CUHXPOHHOT
npocmopogo-eekmopoi LLIIM, 3acmocoganoi 011 Kepy8aHHs iH8epMOPHUMU cUCmeMamu, 3a0e3neyyioms besnepepeny
CUHXDOHI3aYil0 ma CUMempilo OCHOBHUX hOpM HANpy2u cucmem y CboMy OlaNA30HI KePYBaAHHS, GKIIOUAIOUYU 30H) Ne-
pemoodynayii ineepmopis. Lle 3abe3neyye MiHimizayilo nApHUx 2apMoHiK i HebaXCaHux cyoeapMOHIK (0CHOBHOI Yacmo-
M) 8 CNEKMpPax OCHOBHUX HANPY2 CUCIEM, WO NPU3B0OUMb 00 3MEHWEHHA 6mpam 6 cucmemax i niosuwyenus ii egpex-
muenocmi. Ha ocnosi nopignsiibho2o ananisy inmespanbhux CneKmpaibHux Xapakmepucmux GasHux i JiHitHux Hanpye
cucmem chopmyrb08anHo peKomeHoayii wooo payioHarbHo2o 8UOOpY cxem i an20pummie CUHXPOHHOT MOOyaYii Ona
BIONOBIOHUX YCMAHOBOK 3ANENHCHO 6I0 pedicumis ixuvoi pobomu. biomn. 30, puc. 25, Tabdm. 2.
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