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Abstract — Topology of dual three-phasgsix-phase) adjustable speed motor drives can be $&d on two
standard inverters and two neutral-point-clamped caverters. Control of these systems in accordance thi
specialized schemes and techniques of synchronizguailsewidth modulation (PWM) allows providing
elimination of the common-mode voltage and continugs symmetry of the output voltage waveforms during
entire control region for any operating conditions.MATLAB-simulations illustrate behavior of hybrid m ulti-
inverter drive system with basic versions of synclomized PWM.

Index Terms — adjustable speed drive, control and modulation sategy, inverter, synchronization.

operation of six-phase drive system on the basisoafbined
[. INTRODUCTION system topology (two conventional converters + tWBC
Multiphase power converters and adjustable speaasjr converters), controlled by algorithms of synchredizpace-
controlled by algorithms of PWM, are between thesmo Vector modulation.
perspective power conversion systems for the medioitage
applications, which are characterized by low switgh II. STRATEGYOFSYNCHRONIZEDSPACE-VECTOR
frequency of converters [1]-[6]. PWM
Focused to the medium-power and high-power appicat
of ac drives, new multi-inverter topology of sixgde system
has been investigated, based on four voltage samarmeerters

[7]-[20]. Fig. 1 shows structure of power circuitd this scheme of synchronized PWM [11] can be applied for

system, consisting O_f twolsections .(eachlwith twnvmer_ters), adjustment of each converter of dual three-phaise dystem.
supplying asymmetrical six-phase induction motofwapen-  tapie | demonstrates generalized features and basic

end windings [7]. Two sets of windings of ac maeh@e g,hctional correlations for this scheme (method) of
spatially shifted by 30 electrical degrees in tise. synchronized pulsewidth modulation [11], comparksd avith

Additional possibilities of dual three-phase muiverter yne  corresponding parameters of classical versiais
drive allow using various system structures andiouar asynchronous space-vector PWM.

combinations of schemes of modulation for its caintin In accordance with basic features of specializdwise of
particular, it is possible to use two conventiottaee-phase synchronized PWM, positions of all central actiweitsh-on

mvert_ers for the first converter secnoer_(/l N INV2 |n_F|g. signals (B, -signals in Table I) should be fixed in the centers
1). Fig. 2 shows structure of power circuits of wemional

voltage source invertdNV1. Also, it is possible to use two ©f the 60-clock-intervals. And generation of other actif-
neutral-point-clamped converters for the secondveder and y-signals (and also the corresponding notches, sb&eT
section (NV3 + INV4 in Fig. 1). Fig. 3 presents structure of |y should be done symmetrically around tfg-signals [11].
neutral-point-clamped (NPC) convertdNV3 (Fig. 3a),

together with combination of its voltage space @ect(Fig.

3b) [12]. So, this paper presents results of ingatbn of

To provide voltage waveform symmetries of multiénter
system (and elimination of undesirable sub-harnwiid the
fundamental frequency) from voltage spectra), sjeeid

INV1
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Fig. 1. Structure of six-phase drive with four certers (the first converter (inverter) sectibtv1 + INV2, and the second NPC converter sectd%3 + INV4)
feeding asymmetrical dual three-phase inductioromwith open-end windings [7].
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Fig. 2. The first invertelNV1 of the firstiINV1 + INV2 section in Fig. 1.
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Fig. 3. Neutral-point-clamped convertdlV3 of the second converter
sectionINV3 + INV4 in Fig. 1 (A), and its voltage space vectors (B).

TABLE |
BASIC FEATURES OF METHODS OF VECTOR MODULATION

Basic Classical Method of synchronized
parameters schemes of space space-vector
and functions vector PWM modulation
Operating and | Operating & max Operating & maximum
max parameter| voltageV andv,, | fundamental ;requenué‘sand
m
Modulation
indexm VIV, FI/F,
Duration of sub- .
cycles AT
Center _
of thek-signal ay (angles/degr.) r(k-1) (sec)
Algebraic Trigonomet-
PWM ric PWM
Switch-on Ty =1AmT[sinG6C"| B, =B[1-Ax| B =4 x
durations .
-a,)+sina,] (kK =1)1FK,,] | cos[k-DK,,]
ty = 1.1mT sina, Ve = Bwal059 W= @—k+1[0-5_
6( - K)TF1K,, | 09in( —K)7IK,,
ty = 1.1mT % 5
BV K~
singd - a,) ko Tk
Switch-off
durations o =T~y —tye A =T [
= 1- A% "=
Durations of F=Al B'= P> cos
pulses and (k=D7FKlK{ (k= DKoylKs
notches at the
boundaries of i " " .
A=(r- A'=(1-B")%
clock-intervals (7= F)x (r=F)
KO\AKS Kc\/lKS

widths are reduced simultaneously until close t® zalue

at the boundary frequenciEs between control sub-zones.
It allows providing voltage waveform symmetries and
smooth pulses ratio changing during adjustment haf t
system. Each boundary frequenéy is determined as a
function of duration of sub-cycles in accordance with
(1), and the neighborindr;,_; - from (2). Indexi is equal
here to number of notches inside a half of th&dack-

intervals and is calculated from (3), where fratt&hould
be rounded off to the nearest higher integer:

F =1/[6(2i - K,)7] 1)
F._, =1/6(2 -K,)7] @)
i = (L/6F +K,7)/21, 3)

where (for conventional three-phase convertéf)=1,
K,=3 for continuous synchronized PWM;=1.5, K,=3.5
for discontinuous synchronized modulation [11].

For NPC converters (Fig. 3) it is rational to use
specialized control scheme, based on the use gfsaven
voltage vectors marked by the big arrows in Figaid it
can provide elimination of undesirable common-mode
voltages in drive system [12]. In particular, imstbase it is
possible to use one dc-source (instead of two aé&gxhdc-
sources) for the second converter secthd¥3 + INV4 of
six-phase system.

.  SYNCHRONOUSOPERATIONOFHYBRID
FOUR-INVERTER-BASEDDRIVE SYSTEM

Four converters of dual three-phase drive systdm (5
are grouped into two sections with two cascadededars
in each section. Each converter section is condewith
the corresponding open-end windings of dual thieasp
ac machine. Symmetrical adjustment of the outpltage
of each converter of each converter section byrdlgos
of synchronized modulation insures synchronized
symmetrical regulation of voltage in open-end phase
windings of six-phase induction motor. It is necggsalso
to provide the corresponding phase shift betwedtage
waveforms of two converters in each converter eacti
which should be equal to ¥z of the switching subleyc
[13].

For the first converter sectiofNV1 + INV2, which
includes two voltage source converters (Figs. 12naith
two insulated dc-link¥y; andVye,, the phase voltagé, is
determined by (4)-(5) [14]:

Vor = Y3(Va10 - Vazo + Vb0 - Voo + Veio - Vezo) (4)

Vas = Va1 - Vaxo - Vo )

In accordance with other specific peculiarity ofisth WhereVaw, Vio, Veio, Vazo, Vizo, Vezo @re pole voltages of
specialized scheme of space-vector PWM, speciathnot the first converter sectioWy, is zero sequence voltage.

signals A’ together with the neighboring actiy8 -signals

(see Table I) are generated near the clock-podtts6(f,

For the second converter sectittiv3 + INV4, which
includes two neutral-point-clamped converters adpidy

specialized algorithm allowing cancellation of zero

12¢..) of the period of the fundamental frequency. I%equence voltage (Figs. 1 and 3, it is necessamyetttion,
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that the use of this control strategy insures tewel
operation of NPC converters), the phase volt&geis
determined by (6) [12]:

Vs=Vyao - Vieo (6) szoﬂﬂr"”"""l" LLILL "lnﬂnmﬂﬂﬂ—uuum"””l” TTATTTImLILLL
Ve

whereVyyo andVig, (and alsoVyag, Vo, Vyeo, Vo) are pole
voltages of the second neutral-point-clamped cdaver
section (Fig. 1). Vies

A. Synchronized PWM for System with Four DC-Sources

To illustrate operation of combined topology of -six 5 oo e e = e
phase drive on the base of two standard conveatergwo time (s)
NPC converters with four dc-links with non-equal- dCFig. 6. Basic voltage waveforms of the sectd3 + INV4 NPC
voltages Vuc2=0.5Vue, V= 0.5V, Vaar=2Vaes=Vac=1),  converter section with discontinuous synchronizééMP(F=40Hz,
controlled by various techniques of synchronized NPW Fs=1kHz, Vier= 0.5Vies, me=mi=0.8).
[11],[12], Figs. 4 — 11 show, as a result of MATLAB
simulation, basic voltage waveforms (pole voltadygs,
Va0, Viao, Vxeo,, COMmon-mode voltag¥,, and the phase
voltagesV,s andV,s (with harmonic composition of thé,g
and Vs voltages)) of two sections of convertetsl\{1 +
INV2 and INV3 + INV4) controlled by algorithms of
synchronized PWM.

The fundamental and average switching frequendies o
each converter are equal tB=40Hz and Fs=1kHz

Vxia

Spectrum of Vxs

modulation indices of all converters are equal to Brder of voltage harmonice. | *
my=my=Mmg=m=0.8 (Vgc= V= 2Ves=1in Figs. 4-11). Fig. 7. Harmonic composition of thgs voltage of the secontiV3 +
. . . . . INV4 converter section with discontinuous synchroni2&d\ (F=49Hz,
Fe=1kH2).
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Fig. 4. Basic voltage waveforms of the fifsiv1 + INV2 converter Fig. 8. Basic voltage waveforms of the filstv1 + INV2 converter
section with continuous synchronized PWI=@0Hz, Fs=1kHz, section with discontinuous synchronized PWi4 80Hz, Fe=1kHz, Vo=
Viez=0.5Vige1, ml=mz=0.8). 0.5Vget, m1=m2=0.8).
Spectrum of VVas Spectrum of Vas
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Fig. 5. Harmonic composition of thgs voltage of the firstNV1 + NV2 Fig. 9. Harmonic composition of th&s voltage of the firstNV1 + INV2

converter section with continuous synchronized P\{¥40Hz, converter section with discontinuous synchronizééMP(F=40Hz,
Fs=1kHz). F<=1kH2).
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Fig. 10. Basic voltage waveforms of the sectitid3 + INV4 NPC
converter section with continuous synchronized P\{#¥40Hz,
F=1kHz, Vges= 0.5Ve3, ms=my=0.8).
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Fig. 11. Harmonic composition of thés voltage of the seconiNV3 +
INV4 converter section with continuous synchronized PY#¥40Hz,
Fe=1kH2).

B. Synchronized PWM of Drive System with Two DC-
Links

So, specific combinations of switching state segasn
presented in Fig. 12, allow preventing generatidn o
common-mode voltages by the corresponding inverters
And this useful property of the presented contaliesne
can be used for PWM control of inverters of thestfir
INV1+ INV2 converter section of six-phase drive,
presented in Fig. 1.

Fig. 13 shows switching state sequence, pole vedtdg
and V,, of the phase of the inverterdNV1 andINV2
(Fig. 1), and the phase voltage of the systeprVa-Vay,
controlled by continuous scheme of synchronized PWM
Fig. 14 presents the corresponding signals of ohvalrters
controlled by algorithms of discontinuous synchrewi
PWM (F=40Hz andFs~=650Hz in these cases).

Switching State Sequence

5

3

1 |
0 sector] 60 sector2 120 sector3 180 sectord 240 sector 3 300 sector& 360

| [
e LU OTE T

Val-Val
Vas)

Fig. 13. Switching state sequence and basic voltayeforms on the
period of the fundamental frequency of the fildV1 + INV2 converter
section controlled by specialized algorithms oftearmous synchronized
PWM.

Switching State Sequence

It is known, that in dual (cascaded) inverters witt 5
eliminated common-mode voltage (in particular, imad 34HMHW—“.HM|MM—W%M
NPC converters of the second converter sectiévi3 + 1

INV4 of six-phase drive (Figs. 1,3)) it is possible use

only one dc-source for supply of two inverters ascaded

system [12].
Also, special control strategy can insure elimioatof

the common-mode voltage in cascaded system onaée b

of two standard inverters. Fig. 12 shows the cpaading

0 sector]l @0 sector2 120 sector3 180 sectord 240 sector 5 300 sectord 360

N 1] 1
e[ LU LT

scheme (voltage vectors) applied for control of ldua

inverter topology, standard definition of voltagectors of

each three-phase converter of this dual-invertetesy has

been used here [15].

15°

13

Fig. 12. Switching state sequences (voltage spactois) of the specific
scheme of PWM control of dual inverters [15].

Val-Va2
(Vs)

Fig. 14. Switching state sequence and basic voltayeforms on the
period of the fundamental frequency of the fildV1 + INV2 converter
section controlled by algorithms of discontinuoyschronized PWM.

Figs. 15-22 present, as a result of MATLAB-simwdati
basic voltage waveforms (pole voltagés, V., Vi, Vi,
common-mode voltag&/,, line voltageV,,, and phase
voltagesV,s and V,s (with spectral composition of thé.
and V,s voltages)), of the corresponding sections of
converters of six-phase drive with two dc-sourdbdl/( +
INV2 section is supplied bWy, and INV3 + INV4
section is supplied by Vgs (Fig. 1), Vg=Vaes=Vea),
controlled by algorithms of specialized schemes of
synchronized PWM, insuring elimination of the commmo
mode voltage.
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Fig. 15. Basic voltage waveforms of the fildV1 + INV2 converter
section controlled by specialized scheme of cowtirsuisynchronized

PWM

VkVde

(F=30Hz, Vge1=Vicz, m=mp=0.6, F=1kH2z).
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Fig. 16. Spectral composition of tN&g voltage of the firstNV1+INV2
sec-tion controlled by specialized scheme of corus PWM F=30Hz,
m=0.6).
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Fig. 17. Basic voltage waveforms of the filslv1 + INV2 converter
section controlled by specialized scheme of disnanus synchronized

PWM
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(F=30Hz, Vge1=Vicz, mi=mp=0.6, F=1kH2z).
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Fig. 18. Spectral composition of thé, voltage of the firstNV1+INV2 ! the _ _
converter section controlled by specialized schefrdiscontinuous PWM  converter section controlled by specialized schefriiscontinuous
(F=30Hz m=0.6).
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Fig. 19. Basic voltage waveforms of the sectid3 + INV4 NPC
converter section controlled by specialized schefrntinuous
synchronized PWMHR=30Hz, V= Vaea, Me=my=0.6, Fs=1kH2).
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Fig. 20. Spectral composition of tNgs voltage of the secon®V3 +
INV4 NPC converter section controlled by specializeéteate of
continuous PWMF=30Hz, m=0.6).

The presented spectrograms illustrate the factt tha
spectra of the phase voltages of dual three-phgsterns
contain only odd (non-triplen) harmonics. So, evetiage
harmonics and sub-harmonics are eliminated in spexft
the phase voltage of six-phase drives with syndheah
PWM.

As an illustration of synchronous control of sixgsk
system at higher fundamental frequencies, Fig. f&8vs
symmetrical voltage waveforms of the first converte
section INV1 + INV2, controlled by algorithms of
discontinuous synchronized PWM, operating in the
overmodulation zoneé==48Hz, m=0.96).

- MWWWMMW%WWWWWUMWWW
- WHWMMHJUUUIUUU[WMMHWMHWWWWWWM
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Vxs

0 0.005 0.01 0.015 0.0z 0.025 0.03
time (s)

Fig. 21. Basic voltage waveforms of the sectid3 + INV4 NPC

synchronized PWMHR=30Hz, V= Vs, Me=my=0.6, Fs=1kH2).
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Fig. 22. Spectral composition of tNgs voltage of the secontV3 +
INV4 NPC converter section controlled by specializetese of
discontinuous PWMHR=30Hz, m=0.6).
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Fig. 23. Basic voltage waveforms of the filslv1 + INV2 converter
section controlled by specialized scheme of disnanus synchronized
PWM in the overmodulation zon€£48Hz, Vc1=Vac2, M=mp=0.96,
Fe=1kH2).

IV. CONCLUSION

(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

Multi-inverter and multiphase power converters and

drives have additional degrees of freedom for gontbn
of system structure, and for the choice of modofati
schemes and algorithms for control of convertershete
systems. Combined (non-uniform) topologies of cotere
part of multiphase drives can be an interestingradttive
of existing solutions. In particular, asymmetricfalur-

[11]

converter-based six-phase motor drive with open-end

windings can be supplied by two conventional inmext [12]
controlled

and by two neutral-clamped converters,
correspondingly by different (hybrid) algorithms of
synchronized space-vector modulation.

It has been shown, that in combined six-phase s\sste [13]

symbiosis of specialized control scheme with athons of
synchronous space-vector PWM insures eliminatiothef
common-mode voltage and continuous symmetry
voltage waveforms during entire control region fmy
operating conditions, and for any (integer or fiawl)
ratio between the switching and fundamental fregigsnof
converters.
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