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This paper presents short overview of the development and dissemination of specialized schemes and algorithms of
space-vector-based synchronous multi-zone pulsewidth modulation (MZ PWM) for control of triple inverters of the
medium-power variable speed drives characterized by relatively low switching frequency of inverters. It insures
providing synchronization and symmetry of the basic voltage waveforms in triple-inverter-based configurations of drive
installations on the base of standard voltage source inverters (VSIs). It assures also minimization of magnitudes of
even-order harmonics and undesirable subharmonics in spectra of the basic voltages of drive installations, leading to
reducing of losses in the corresponding apparatuses and to increasing of its efficiency. Examples of application of the
basic techniques of multi-zone PWM for regulation of three typical structures of triple-VSI-based medium-power motor
drives are presented. Modeling and simulations give a behavior of drive installations based on triple inverters adjusted
by algorithms of synchronous MZ PWM. References 12, figures 11, table 1.
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Introduction. Progress in technical development and in expansion of application areas of adjustable
speed electric drives is based both on the development of system topologies and on the development of
methods and techniques of control and PWM for power electronic converters [1, 2].

Three-phase motor drives based on three VSIs feeding induction machine are ones of perspective
structures of the medium-power drive installations, which are characterized by multilevel phase and line
voltages in systems [3—7]. Space-vector-based schemes of PWM are ones of the most suitable for adjust-
ment of inverters of drive installations [8, 9]. So, specialized strategies and schemes of synchronous PWM
can be applied for regulation of triple VSIs of the
mentioned above medium-power drives [9—12], and this
paper presents a short survey of application of specific
techniques of synchronous multi-zone PWM [9] for
adjustment of triple-VSI-based drives, assuring
continuous synchronization and symmetry of the basic
voltage waveforms in these installations.

Fundamentals of the method of synchronous
MZ PWM, and analysis of some aspects of its
computational efficiency.

An alternative method of synchronous space-
vector-based MZ PWM of control and output signals of 2
VSIs makes it possible to ensure synchronization and ' ° 7 l
symmetry of the output voltage waveforms of inverters e d
over the entire control range. Fig. 1 shows (within a 120- 2 l -ﬁ—
degree clock interval) ﬁvi basii diagrams of switching * ° z u

. &0° 120°
state sequences of a three-phase VSI, corresponding to a
continuous synchronous MZ PWM (CPWM, Fig. 1, a),
to a discontinuous MZ PWM of the first type (DPWMI,
Fig. 1, b), to a discontinuous MZ PWM of the second
type (DPWM2, Fig. 1, ¢), to a discontinuous MZ PWM with the 30-degree non-conducting states
(DPWM30, Fig. 1, d), and to a discontinuous MZ PWM with the 60-degree non-conducting states
(DPWMG60, Fig. 1, e) [9].

Fig. 1 [9]
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Principle of synchronization of the output voltage
wave-form of three-phase VSI is based on continuous
synchronization of positions of the central control signals
in the centers of the 60°-clock-intervals, and in symmetrical
generation of all other signals around the corresponding
central signal [9]. The scheme of synchronous multi-zone
PWM includes step-by-step determination of the boundary
frequencies F; and F,;, transient between control sub-
zones, as functions of the width of sub-cycles t. Fig. 2
presents generalized flow-chart for determination of
voltage pulse patterns (with its definitions, presented, in
particular, in Fig. 1, a) for VSIs regulated by algorithms of
synchronous MZ PWM for scalar control modes of drive
inverters [9]. In this case, the determination of the A A
parameters of control signals can be carried out both on the
basis of trigonometric (providing higher accuracy in 71
determining the signal parameters) functional relationships,
and on the basis of simplified algebraic functional . Direct synthesis of the waveform
dependencies. Fig. 2 [9]

The majority of algorithms of conventional space-vector PWM for drive VSIs are based on
continuous calculation of trigonometric functions, which are not good for fast real-time computing during
process of determination of the pulse patterns of modulated drive inverters. Thus, the problem of
computational effectiveness of PWM schemes and techniques is between important problems in the area of
control of power electronic converters for drive application. So, some contribution to the solution of this
problem can be done by the using of techniques of MZ PWM based on algebraic control functions [9].

Table presents the averaged results of the

. ) . . Table [9]

comparison of normalized computing time between —
algebraic and trigonometric variants of discontinuous Computing time for | Trigonometric | Algebraic
MZ PWM with the 30-non-switching states (see Fig. the basw(;unctlons, PWM PWM
1, d) [9]. The results presented in Table show that °
computation time for algebraic variants of techniques tangents 48.3 -
of MZ PWM is 0.33 compared to the PWM schemes .

. . . .- . cosines 38.7 ---
based on trigonometric PWM functions, and it is mai-
nly due to the absence of costly functions such as tan- Total 100 33.4

gents and cosines in algebraic variants of MZ PWM.
Drive system with cascade converter based on triple bridge VSIs with synchronous PWM.
Fig. 3 shows a diagram of the main power circuits

of ac drive based on a cascade three-level converter, ity

which includes three bridge inverters [5, 10]. Fig. 4 shows =1 %

the pole V, and line V, voltages of a three-level

converter regulated by three schemes of synchronous

multi-zone PWM with fractional ratio between the i um

switching frequency F; and fundamental frequency F (F =

35 Hz, F/F = 1000/35= 28.6 in this case). Diagrams @

shown in Fig. 4, a, illustrate operation of system

controlled by scheme of continuous synchronous PWM @

5%

HB,

iz 5

(CPWM), diagram in Fig. 4, b illustrates operation of
system with scheme of discontinuous synchronous PWM
with the 30°-non-switching intervals (DPWM30), and
diagram in Fig. 4, c illustrate operation of system with
scheme of discontinuous PWM with the 60°-non-
switching intervals (DPWM60) [10]. Spectra of the line
voltage V,, are also presented in Fig. 4. The average Fig. 3 [5, 10]
switching frequency of VSIs is Fy = 1.0 kHz.
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Fig. 4 [10]

Analysis of the presented in Fig. 4 spectrograms shows that spectra of the output voltage of
converters with synchronous PWM contains only odd (not triple-order) harmonics, while subharmonics and

even harmonics are completely absent from the spectra.
Fig. 5 presents the average results of the analysis of

the integral spectral characteristics of the output voltage of g _e_(;pWM

three-level converter with synchronous PWM. In particular, 5 0016 ——DPWM30

Weighted Total Harmonic Distortion factor of the line voltage ~ & 0014 [ -2 DPIWME0
1000 E 0.012

Vau, was calculated (WTHD =(1/V ;) Z(Vabi /i)*) as a g oof
i=2 e

. o . £ 0.008

function of the modulation index m of inverters for a system E

with continuous PWM (CPWM), and with two discontinuous 2 0.008

versions of synchronous PWM (DPWM30 and DPWMG60) 2 0.004

[10]. The average switching frequency of inverters is equal to 0.003 - - - 1

1.0 kHz, and control mode corresponds in this case to standard
scalar regime with a constant V/F ratio.

modulation index m

Fig. 5 [10]

Triple-inverters-based drive system with double-delta configuration of power transformer.

Fig. 6 presents the basic power circuits of power
conversion system with three VSIs specifically connected
with three inverter-side windings of power transformer, which
insures decreasing of harmonic distortion of winding voltage
and current [6, 11]. So, this system configuration can be
perspective for the use in the medium-power ship propulsion

drives, which have many phase windings [6].
The values of the phase voltages V1, Vi1 and Vi of 1 vdez
the first VSI of this installation (Inverter 1, Fig. 6) are . Trvererd 1
determined by (1)—(3) [11]:
Vast = Varo + (Varo + Viro + Vero)/3 )] g I T
Ve
Vst = Voo + (Varo + Viio + Vero)/3 (2) — 1-
Vest = Vero + (Varo + Viro + Vero)/3, (3)

where V10, V10 and V.9 are the pole voltages of this inverter.

36

Fig. 6 [6, 11]
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The winding voltages (V,,1, Va2, Vi3 in Fig. 4) can be determined in terms of phase voltage of each
PWM inverter by (4) [11]:

Vw] = Vasj’ - Vbsl VwZ = Vbsl - VCSZ Vw3 = VC52 - Vas3- (4)

Figs. 7, a — 7, b present simulation results of drive system (Fig. 6) with triple inverters, adjusted by al-
gorithms synchronous multi-zone PWM [11]. The presented diagrams show basic voltages in this insta-llation
(pole voltages V,10, Vizo, Vazo of triple VSIs, phase V,, and line V,y; voltages of Inverter I in Fig. 6, and
voltages Vg and Vi, jema, for versions of star-connection and delta-connection of inverter-side windings of
power transformer. Figs. 7, a — 7, b include also the corresponding spectra of the winding voltage V,,;.

Diagrams in Fig. 7, a illustrate processes in drive installation with triple VSIs regulated by algorithms
of continuous synchronous multi-zone modulation (CPWM), diagrams in Fig. 7, b illustrate processes in drive
installation with triple VSIs regulated by algorithms of discontinuous synchronous PWM with the 30°-non-
switching intervals (DPWM30) [11]. The operating frequency of drive system F = 35Hz, and switching
frequency of VSIs F; = 1.0 kHz. Coefficient of modulation of VSIs m = 0.70 for this control mode.
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Fig. 7, a [11] Fig. 7, b [11]

Analysis of spectra of the winding voltages
in Fig. 5 illustrates the fact that its include only odd

WTHD of the winding Vw1 and line Va1b1 voltages

; ;
—s— Vw1(DPWM30)
— - - Va1b1(DPWM30)

(non-triplen) harmonics, and does mnot include 18| —=— Viw1(DPWMG0) o
. . . — "% - Valb1(DPWMGE0) L2
undesirable subharmonics and even harmonics. 16l | = vwicPwh) o

[ - -&--vatlb1(CPWM)

Fig. 8 presents diagram of the calculated
WTHD factor for the winding voltage V,,

1000 2.05
(WTHD = (1/V,1 )( X (Vyy1, /k)7)™") for systems
k=2

controlled by three basic versions of PWM (CPWM,
DPWM30, DPWMG60 [11]), and data of this diagram
underline the fact, that at the second part of control
diapason, if modulation index of VSIs m > 0.60, 02 03 04 05 _07‘5_ 07 08 09 1
discontinuous versions of synchronous PWM assure medulation index m
better spectral composition of the winding voltage. Fig. 8 [11]
Triple-inverter-based modular converter with intermediate transformer. One of perspective
topologies of the medium-power converters for powerful drive installations is triple-inverter-based system
with an intermediate 0.33 p.u. output transformer (Fig. 9, [3, 12]).

Weighted Total Harmonic Distortion,%
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Fig. 10, a — Fig. 10, b show
results of simulation of processes in
modular converter with three standard
VSIs (Fig. 9) regulated by the schemes
of  continuous multi-zone PWM
(CPWM, Fig. 10, a), and by

discontinuous synchronous PWM with
the 30°-non-switching states (DPWM,
Fig. 10, b) [12]. It presents normalized
value of the line-to-line voltage V,,
together with spectral composition of

Sy
&

A
2

this voltage (fundamental frequency of +_‘Th 2

system F' = 35 Hz modulation index of
VSIs m = 0.70, and switching frequency
of three VSIs is F; = 1.0 kHz).
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Fig. 11 presents results of calculation of
Weighted Total Harmonic Distortion  factor

(WTHD=(1/V, bl)(z( b /2)°%) of the line

voltages V151 and V,,;, versus index of modulation of
VSIs m for triple-VSI system adjusted by two
variants of synchronous PWM (CPWM and
DPWM) [12]. Switching frequency of VSIs is equal
to 1.05 kHz. Results on the presented diagram show
that the use of discontinuous multi-zone PWM
(DPWM) for regulation of triple VSIs of mo-dular
converter is more preferable in comparison with the
using of scheme of continuous PWM.
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Conclusion. Alternative methods, schemes, and techniques of synchronous multi-zone PWM,
disseminated for synchronous regulation of three VSIs (with the corresponding phase shift of the output
voltages of inverters) of triple-VSI-based drive installations, assure symmetry and improved spectral
composition of the resulting multilevel voltage of systems for any operation conditions, including control
modes with any frequency ratios (integral of fractional) between the switching frequency of VSIs and
fundamental frequency of drive installations.

The presented in Figs. 4, 7, and 10 harmonic compositions of basic voltage waveforms of triple-VSI-
based ac drives, regulated by schemes and algorithms of synchronous multi-zone PWM, underline the fact of
elimination of even harmonics and subharmonics in voltage spectra during the whole control range of the
analyzed motor drive systems. And this factor is especially important for the medium-power and high-power
installations which are characterized by low switching frequency of VSlIs.
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ITPUBO/IHI YCTAHOBKH CEPEJHbBOI IOTYKHOCTI HA OCHOBI IHBEPTOPIB IIOTPIMHUX
JUKEPEJI HAITPYTH 3 HAJTAIITYBAHHSIM AJITOPUTMIB CHHXPOHHOI BATATO30HHOI IIIIM
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Hageoero xopomxuii 02ns0 po3pooku ma po3sno8Cro0HCeHHs CReYiani308anux cxem i aneopummis npoCcmopo8o-6eKmMopHoOi
CUHXPDOHHOI  0a2amo30HHOI  WUPOMHO-IMNYAbCcHOI  mooynayii (LLIM) oOna kepysanHs nompitHumu iHeepmopamu
YACMOMHO-Pe2YIbOBAHUX NPUBOOIE CEPeOHbOI NOMYUCHOCTI, WO XAPAKMEPUZYIOMbCA BIOHOCHO HUZLKOKW UYACHOMON
Komymayii. Bin 3abesneuye cunxpoHizayilo ma cumempilo OCHOBHUX (opM HaAnpyeu 8 MpuiHeepmOPHUX KOH@I2ypayisx
NPUBOOHUX YCMAHOBOK HA OCHO8I cmanOoapmHuux ineepmopis Hanpyau (IH). Lle makoc 3abe3neuye Minimizayiro enudun
NAPHUX 2aPMOHIK | HebaXCAHUX CYO2aPMOHIK 8 CNeKMpax OCHOBHUX HANPY2 NPUBOOHUX YCMAHOBOK, WO NPU3B0OUMsb 00
3MEHWEeHHsT empam Y 6I0N0GIOHUX anapamax [ nidsuwyenHst ixuvoi egpexmuernocmi. Hasedeno npuxiadu 3acmocysamHsi
OCHOBHUX nputiomie Oazamosonnoi LIIIM ons pecymiosanuss mpbox Munosux CmMpyKmyp eieKmponpueooié cepeoHbol
nomyoicnocmi Ha 6a3i mpvox IH. Mooemosanns 0ae nogedinKy npueoOHUX YCMAHOBOK HA OA3I NOMPIUHUX [HEEPMOpIS,
Hanaumosanux aneopummamu cunxpounoi LLIIM. bion. 12, puc. 11, tabm. 1.

Knrwowuoei cnoea: eneKTponpuBOAN 3MIHHOTO CTPYMY, PEryjbOBaHi iHBEPTOPH, CTpaTeris MOIYJSLil, CHHXPOHI3aLlis
HaNpyry, CEKTPH HAMPYTH.
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