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Algorithms of synchronized pulsewidth modulation (PWM), based on special space-vector-based control scheme (with the
use of minimal number of voltage space vectors), have been applied for synchronous control of four neutral-point-clamped
(NPC) inverters feeding six-phase (dual three-phase) drive on the base of asymmetrical open-end windings induction
motor. It allows providing continuous synchronization and symmetry of the phase voltage of system during the whole
control range for any ratio of voltage magnitudes of DC-sources, and for any configuration of DC-sources. Therefore, in
this case four inverters of the system can be supplied by reduced number of insulated DC-sources (by one, or by two, or by
three DC-sources instead of four DC-sources for standard system topology based on four two-level inverters). MATLAB-
based simulations show behaviour of the system at steady-state control modes. References 11, table 1, figures 6.
Keywords: neutral-point-clamped inverter, six-phase open-end windings motor drive, modulation strategy, phase
voltage synchronization.

Introduction. Six-phase (dual three-phase) induction motor drives can be used successfully in the
field of the medium power/high power systems (ship propulsion, more electric aircraft, locomotive, electric
vehicles, etc.), which are characterized by low switching frequency of power switches [3], [7].

Recently, a novel four-inverter topology of six-phase system has been proposed (based on four
standard three-phase two-level inverters), allowing quadrupling the power capability of a single inverter with
given voltage and current rating [2], [8]. Fig. 1, a shows generalized structure of this system, consisting of
two groups of two inverters, supplying the open-end windings of asymmetrical dual three-phase motor.
Induction machine has in this case two sets of winding spatially shifted by 30 el. degrees.
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Method of synchronized space-vector PWM. Method of synchronized space-vector PWM [1]
(disseminated for neutral-point-clamped inverters in [S]) can be used for control of each inverter of six-phase
(dual three-phase) drive system. Table presents generalized properties and basic control correlations for the
proposed method of synchronized PWM [1]. In particular, this method is based on two-stage strategy of
modulation and includes some additional control parameters providing continuous voltage synchronization
during the whole control range including the zone of overmodulation. Its basic properties have been compared
in Table with conventional scheme of standard asynchronous space-vector modulation.

Control (modulation) Conventional scheme of space- Proposed method of modulation
parameter vector PWM
Operating and max Operating & max voltage V and Operating & maximum fundamental frequency F and F,
parameter Vi
Modulation index m VIV, F/F,
Duration of subcycles T T
Center of the k-signal a;, (angles/degr.) (k= 1) (sec)
T, =1.1mT[sin(60° —a,) +sine, ] Algebraic PWM Trigonometric PWM
Switch-on durations (. =1imTsina, Bo=pll-Ax (k-DFK,,] B, = x cos[k —DK,,]
, Vi =Bil05-6(-0)FIK,,,| v, =B, ,,[0.5—
t, =1.1mT x sin(60° — ;) K ik+l
o k Bi—7i —09m@i-k)lK,,
B =7k
Switch-off states (zero tor =T =t =ty h=1-5
voltage)
Special parameters = Al - Ax (k=DeFK, K, | B'=f xcos (=D, K,
providing synchronization V(o @n ' (r_R"
of the process of PWM A= (=P K, K, M= (=B K,K,

Operation of dual three-phase system on the basis of four NPC inverters with synchronized
PWM. Four inverters of the basic system topology (Fig. 1, a) 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
dual three-phase induction motor. Control of each inverter of each inverter group by algorithms of
synchronized PWM provides synchronous symmetrical regulation of voltage in the corresponding induction
machine phase windings. Rational phase shift between output voltage waveforms of the two inverters in each
inverter group is equal in this case to one half of the switching interval (sub-cycle) [9].

Phase voltages V,, and V,, of the system on the basis of four NPC inverters (Fig. 1) with specialized
control scheme, based on the use of only seven voltage vectors marked by the big arrows in Fig. 1, ¢ [5],
providing elimination of the common-mode voltages, are calculated in accordance with (1)-(2) [10],[11].
Specifically, it corresponds to a two-level operation of neutral-point-clamped inverters.

Vas= Vi - Va, Vi=Vxi - Vi, (1),(2)
where V,;, V,, and V,;, V,, are the corresponding pole voltages of the corresponding inverter group of three-
phase NPC inverters (Fig. 1, a).

Two basic schemes of synchronized space-vector PWM have been elaborated for control of neutral-
point-clamped inverters with elimination of zero sequence voltage [5],[9], which can be applied for control
of the corresponding asymmetrical four-inverter fed open-end winding motor drive. It is necessary to
mention, that for power conversion systems on the base of voltage source inverters, the phase and line-to-line
output voltages are the most universal characteristics for estimation of processes of electrical power
conversion, because output voltage waveforms are in this case almost independent from load parameters [5].
So, the presented estimation of steady-state control modes of four-inverter-based dual three-phase system is
based mainly of analysis and comparison of spectra of output voltage waveforms. Also, for more universality
of analysis, magnitudes of voltage waveforms in systems (during MATLAB-simulation) are presented as
relative values of basic voltage (usually it is basic DC-voltage, and it is equal to V,.;=1 in our case).

As an illustration of steady-state operation of dual three-phase system on the base of four NPC
inverters with synchronized PWM, supplied by one common DC-source (or by 2, or by 3, or by 4 DC-
sources with equal voltages (Vy.;=Vi2=Va43=Va4 in these cases)), Figs. 2 present results of MATLAB-
simulation of processes in the system. Therefore, Fig. 2, present basic voltage waveforms (pole voltages V,;,
Vi, Vi, Vi and the phase voltages V,, and V,, (with spectra of the V,, (V) voltages)) of two groups of
inverters, controlled by algorithms of synchronized PWM. Figs. 2, a, b illustrate processes in system with the
“direct-direct” scheme of synchronized PWM (DDPWM [9]), and Figs. 2, ¢, d illustrate processes in system
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with discontinuous synchronized PWM (DPWM [9]). The fundamental and switching frequencies of each
inverter of the system are equal correspondingly to F' = 38 Hz and F; =1 kHz, modulation indices of all
inverters are equal to m;=m,=m3;=m,=0.76 in this case. Therefore, the spectra of the presented voltage
waveforms do not contain even harmonics and sub-harmonics.

In the case of the topology of four-inverter system with two insulated DC-sources with V,.; and V.
voltages (Vye;=Vae2 and Vy5=Vyeq in Fig. 1, a), in order to provide equivalence of the output fundamental
voltages (and also power balancing) of two groups of NPC inverters during scalar V/F control of the system, it
is necessary to provide linear correlations between modulation indices of four inverters and magnitudes of DC
voltages: m;Vye; = myVye; = msVaes = myVyes [8]. Fig. 3 illustrate operation of the system with two DC-sources
with non-equal DC-voltages, controlled by algorithms of the “direct-direct” scheme of synchronized PWM
(Fig. 3, a, b), and controlled by algorithms of discontinuous synchronized PWM (Fig. 3, ¢, d). In this case V.;
= O.7Vdd, F=30 HZ, FS =1 kHZ, I1’l]:l112:0.6, 7113:7’)14:0.86).

In the case of three insulated DC-sources ((Vye; = Vie2), Vaes and Vyey in Fig. 1, a) it is necessary to
provide (for scalar V/F control mode) the following dependences of modulation indices of four inverters:
miVaer = maVaer = m3(Vaes + Vaed)2 = my(Vas + Vay)/2. Fig. 4 illustrate operation of system with
synchronized PWM with three DC-sources with non-equal DC-voltages, controlled by algorithms of the
“direct-direct” scheme of synchronized PWM (Fig. 4, a, b), and controlled by algorithms of discontinuous
synchronized PWM (Fig. 4, ¢, d). In this case Vjy = 0.5V4e3, Vaer = Vaeo = 0.8V4e3, F =35 Hz, Fy=1 kHz,
m1=m2=0.7, m3=m4=0.74).

As an illustration of operation of dual three-phase system on the base of four NPC inverters with
discontinuous synchronized PWM in the overmodulation zone (PWM algorithms should be modified in this zone
[9]), Fig. 5 present basic voltage waveforms with phase voltage spectra correspondingly for the system operated in
the first (Fig. 5, a, b — F=47 Hz, F,=1 kHz, m;=m;=m;=m,=0.94), and the second (Fig. 5, ¢, d — F=49 Hz, F,=1
kHz, m;=m;=m;=m,=0.98) stages of the zone of overmodulation (V,.;=V 2=V 4:3=V 44 in this case).
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base of two NPC inverters (DPWM-2INV and DDPWM-2INV in Fig. 6), and on the base of four NPC
inverters (four-inverter-based topology of six-phase system, analyzed in the paper, DPWM-4INV and
DDPWM-4INV in Fig. 6), Fig. 6 presents calculation results of Weighted Total Harmonic Distortion factor

(WTHD) versus modulation index m for the motor phase voltage V,, (averaged values of
1000

WTHD = (1/V,, )(Z(Vask /k)*)*%) for systems with both discontinuous synchronized modulation (DPWM)
k=2

and “direct-direct” synchronized PWM (DDPWM). DC-voltage magnitudes are equal in this case for all DC-
sources, so, modulation indices of all inverters are equal too. Control mode of the drive system corresponds
here to standard scalar V/F control, and the average switching frequency of each inverter is equal to F,=1
kHz. The presented results 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.
Conclusion. Space-vector-based algorithms of synchronized PWM, disseminated for control of four
neutral-point-clamped inverters feeding asymmetrical six-phase induction motor with open-end windings,
allow continuous synchronization of the phase voltages in the system for any operating conditions.
Specialized scheme of control of NPC inverters provides elimination of the common-mode voltages in
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CABOEHHAS TPEX®A3HASA MHOI'OMHBEPTOPHASA CPICTEMA, PEI'YJIUPYEMAS HA BA3E
CIHHEOQUAJIN3UPOBAHHBIX AJITOPUTMOB CUHXPOHHOMU LIUM, BASUPYIOILIIUXCS HA MATLAB

AHAJIN3E CTAIIUOHAPHBIX ITIPOLHECCOB

Ounemyk B., noxt.TexH.Hayk, IIpynsk P., CuzoB A.

HMHceTUTYT 93HEepreTMKH AKkajgeMuu HayK MoJiioBel,

Kumunen, MoJiioBa e-mail: oleschukv@hotmail.com

Beinonnerno uccnedosanue cucmemvl uwecmughazHozo 31eKmponpusooad ¢ AcCUMMEMPUYHbIM NeKMpoogueamenem ¢ pa3omK-
HYymMbLMU 00MOMKAMU, RUMAROWUMCS OM Yemblpex UHBEPMOpPO8 CO CPeOHell MOYKOUL 8 Yenu UCHMOYHUKA NUMAHUSL, pe2yiupy-
eMbIX Ha basze Cneyuanu3supO8aHHbIX AI20PUMMOB CUHXPOHHOU 8eKMOPHOU WUPOMHO-UMNYTbCHOU Mooyaayuu (LLIAM). Yra-
3aHHble ancopummsl LM, basupyiowuecs Ha UCnonb308aHul 8 cxeme YRpAeileHus MUHUMANBHO20 YUCIA 8eKMOPO8 HaANpsi-
JHCEHUSL, NO3BOIAIOM 0becnedums HenpepbleHYI0 CUHXPOHU3AYUIO U CUMMEMPUIO (a3HBIX HANPAX’CEHUL 8 cucmeme Ha 6cem
ouanaszone pezynuposanus Npu J0ObIX HANPANCEHUAX UCTNOYHUKO8 NOCMOSIHHO20 MOKA U 0751 IT00bIX KOHU2ypayull yenu
UCMOYHUKO8 nUumanus. B uacmnocmu, 6 0aHHOU MONOI02UL CUCHEMbL BOZMOICHO UCHONL30BAHUE YMEHBUIEHHO20 KOIUYECH -
60 OMOENLHBIX UCMOYHUKOE INEKMPONUMANUsL (803MOJICHO UCHOIL3068AMb OM 00HO20 00 MPeX UCMOYHUKO8, 6MeCo Yembl-
Pex UCMOYHUKOS, UCNOIb3YEMbIX 8 NPe0OPA306amMENbHbIX CUCEMAxX Ha 6ase yemvipex CMaHOapmHblX 08)XyPOGHEBbIX UHBED-
mopog). Ilpugedennvl pesynivmamol Mmamemamuieckozo mooenuposarus (va base MATLAB) cmayuonapruix npoyeccos 6 cuc-
meme npu pasiudHblx ancopummax cunxpounou [LIMM. bubn. 11, Tabmn. 1, puc. 6.

Knrouegvle cnosa: vHBEpTOp CO CpeiHEH TOYKOW B IIENM MCTOYHMKA MTUTAHUSA, MIeCTH(A3HBIN IEKTPONpUBO Ha Oaze
SIEKTPOJABUTATENS C PA30MKHYTEIMH 00MoTKaMu, crpaterus [IIM, cuHxpoHn3aIus (pa3sHOTo HAMPSDKEHHS.

MOJABIMHA TPUDA3HA EAFéTOIHBEPTOPHA CUCTEMA, 1O PEI'YJIOETBHCS HA BA3I CHEHIAJII3BOBAHUX
AJITOPUTMIB CUHXPOHHOI IIM 3A JOITOMOI'OIO MATLAB AHAJII3Y CTALHIOHAPHHUX ITPOLECIB
Ounemyk B., noxt.TexH.Hayk, IIpyask P., CizoB A.

IncTutyT eHepreTuxku Akaaemii Hayk MoanoBu, KumuneB, MomgoBa.  e-mail: oleschukv@hotmail.com
Buxonarno docniosicenns cucmemu wecmughaznozo eiekmponpugooa 3 aCUMempudHUM e1eKmpoO8USYHOM 3 POZIMKHEHUMU
00O MOMKAMU, SKULL JHCUBUMBCSL BI0 YOMUPLOX THEEPTOPIE 3 CEPEOHbOIO MOUKOIO Y KO 0JICepena JHCUBTIEHHS, WO Pe2yoioNtb-
¢ Ha 6azi cneyianizoeaHux aneopummie CUHXPOHHOI 6eKMOPHOL wupomHo-imnyabcHoi mooynayii (LLIIM). 3aznaueni aneo-
pummu LM, wo 6azyromsbcs Ha 6UKOPUCMAHHT 8 CXeMi KePYBAHHSL MIHIMAIbHOL KITbKOCHI 8eKMOPI@ HANPY2U, MONCYMb 3a-
besneuumu be3nepepeHy CUHXPOHIZAYII0 MA CUMempII0 (PA3HUX HANpye y CUCMeEMI 8 YCbOMY OIaNA30HI Pe2yllO8aHHs Npu
0yOb-AKUX Hanpyaax Oxcepen NOCMIUHO20 cmpymy i 01 6y0b-AKuX KoHgizypayiil Kin Oxcepen dcusieHHs. 30Kkpema, 8 OaHiil
MONONOSH cucmemu MON*CIUBe BUKOPUCTAHHS 3MEHUEHOI KIIbKOCHI OKpeMux O0cepell ellekmpodicusnerts (1-3 samicme yo-
MUPLOX, AKI SUKOPUCIOBYIOMbC Y NEPEMBOPIOBANIbHUX CUCIEMAX HA 0a3i 4-X cmanOapmHux 08OpIieHesUX [HEepmopis).
Ilpeocmasneno pesynomamu mamemamuuynozo mooenoganus (na 6azi MATLAB) cmayionapuux npoyecie y cucmemi npu
pizHux aneopummax curxpornoi LLIIM. Bion. 11, tabim. 1, puc. 6.

Kntouosi cnosa: iHBEPTOp 13 CEPEIHBOIO TOYKOIO y KOJI JDKEepena XHUBJICHHS, MIeCTU(a3HIA eIeKTPONPHBOA Ha Oa3i
€JIEKTPOJBUTYHA 3 PO3IMKHEHUMHU oOMoTKamH, crparerist ILIIM, cuaxponizanist gazHoi HanpyrH.
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