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Abstract: Novel method of space-vector-based pulsewidth modulation (PWM) has been
disseminated for synchronous control of four inverters feeding six-phase drive based on
asymmetrical induction motor which has two sets of windings spatially shifted by 30
electrical degrees. Basic schemes of synchronized PWM, applied for control of four se-
parate voltage source inverters, allow both continuous phase voltages synchronization in
the system and required power sharing between DC-sources. Simulations show a beha-
vior of six-phase system with continuous and discontinuous versions of synchronized
PWM.
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Nomenclature

F — fundamental frequency; F,, — maximum fundamental frequency; i — number of notches inside
a half of the clock-interval; K; — coefficient of synchronization; K,,; — the first coefficient of over-
modulation; K,,, — the second coefficient of overmodulation; m;, m,, msz, m; — modulation indices of four
inverters; Py, P,, P3, P, — power of four DC-sources; V.1, Vieas Vaess Vaea — DC-sources voltages ; V1,
Viis Vers Vazs Vo, Voo — pole voltages of the first and the second inverters; Vs, Vy,1, V21, Vig, Vi, V2, —pole
voltages of the third and fourth inverters; V,,, Vj,, V., — phase voltages of the first inverter group; Vi, Vs,
V.; — phase voltages of the second inverter group; Viipi, Vi, Veipt, Vioyo — line-to-line voltages of
inverters; V;— amplitude of the kth-harmonic of voltage; V, — zero-sequence voltage; WTHD — weighted
total harmonic distortion factor; £ — duration of the central active switching signal inside the clock-
interval; G — duration of others active switching signals; »; — duration of the minor part of the active
switching signals; 4; — duration of notches; A’ — duration of notches, generated at the clock-points; §”—
duration of the S-signals, neighboring with the A’ notches; — width of sub-cycle (switching interval).

1. Introduction

Multiphase and, in particular, six-phase induction motor drives are a subject of increasing
interest in the last years due to some advantages compared with conventional three-phase
drives [1-5]. One of the most perspective applications of six-phase induction motor drives lies
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in the field of high power/high current systems (ship propulsion, locomotive, electrical vehi-
cles, etc.), characterized by low switching frequency of power switches.

Recently, novel four-inverter-based topology of dual three-phase drive system with an in-
creased power rating has been proposed, allowing quadrupling the power capability of a single
inverter with given voltage and current rating [6]. Figure 1 shows this system structure, con-
sisting of two groups of two inverters, supplying the open-end windings of asymmetrical dual
three-phase motor. The induction machine has in this case two sets of winding spatially shifted
by 30 electrical degrees.
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Fig. 1. Topology of dual three-phase system on the base of four inverters (the first inverter group
INV1 + INV2, and the second inverter group INV3 + INV4) supplying open-end windings of asym-
metrical six-phase induction motor with two sets of winding spatially shifted by 30 electrical degrees
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For electrical drives with increased power and/or current it is necessary to synchronize the
output voltage waveforms of converters for elimination of undesirable subharmonics of vol-
tage and current [7-9]. In order to avoid asynchronism of standard versions of space-vector
modulation, novel method of synchronized space-vector PWM has been proposed and deve-
loped with application to different topologies of power electronic converters, electric drives,
and renewable energy systems [10-17].

So, this paper presents results of application of a novel method of synchronized pulsewidth
modulation for control of asymmetrical dual three-phase (six-phase) drive based on four
cascaded voltage source inverters, supplied by four isolated DC sources.

2. Peculiarities of the method of synchronized space-vector PWM

In order to avoid asynchronism of conventional space-vector modulation, novel method of
synchronized PWM [10, 11] can be used for control of each inverter in the six-phase (dual
three-phase) drive system.

Figures 2 and 3 present basic switching state sequences of standard three-phase voltage
source inverter inside the interval 0°-90°. They illustrate schematically continuous (Fig. 2)
and discontinuous (Fig. 3) versions of synchronized space-vector PWM.
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Fig. 2. Switching state sequence, pole voltages and line voltage ¥, of inverter with continuous
synchronized PWM
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The upper traces in Figures 2 and 3 are switching state sequences (in accordance with
conventional designation [10]), then — control signals for the cathode switches of the phases a,
b, ¢ (x, y, z) of each inverter. The lower traces in Figures 2 and 3 show the corresponding
quarter-wave of the line output voltage of inverters. Signals f; represent total switch-on dura-
tions during switching sub-interval t, signals y; are generated on the borders (Fig. 2) or in the
centers (Fig. 3) of the corresponding £ Widths of notches A; represent duration of zero
sequences (notches) [10, 11].

One of the basic ideas of the method of synchronized PWM is in continuous synchro-
nization of the positions of all central signals £, in the centres of the 60°-clock-intervals, and
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Fig. 3. Switching state sequence, pole voltages and line voltage ¥, of inverter with discontinuous
synchronized PWM

then — in symmetrical generation of all other active f-signals around the centres of the 60°-
clock-intervals. In particular, special signals A’ (s in Fig. 2, A4 in Fig. 3) with the neighboring
L7 (fs in Fig. 2, B, in Fig. 3) are formed in the clock-points (0°, 60°, 120°) of the output
curve of inverters with synchronized PWM for this purpose. They are reduced simultaneously
until close to zero value at the boundary frequencies between control sub-zones. Thus, this
novel PWM strategy provides continuous symmetrical output voltage control of inverters.
Table 1 presents generalized properties and basic control correlations for the proposed
method of synchronized PWM [10]. It is also compared here with conventional asynchronous

space-vector modulation.

Table 1. Basic parameters of PWM methods

Control (modulation)
parameter

Conventional schemes
of vector PWM

Proposed method of modulation

Operating and max.

Operating and max.

Operating and max. fundamental frequency

parameter voltage V and V,, Fand F,
Modulation index m ViV, F/F,
Duration of subcycles T T
Center of the k-signal o, (angles/degr.) T(k - 1) (sec)
Algebraic PWM Trigonometric PWM
Ty = 1.1mT Bi= Bl - 4 x b= P x
[sin(60° - &) + sing;] x (k- 1) TFK,,] x cos[(k - 1)K 1]
Switch-on durations tw = 1.1mTsing, =P8 i1 =P8 i1
[0.5 -6(i -k)TF]K,» | [0.5 -0.9tn(i - k)1]K,.»
t = 1.1mT x B v Bi- %
sin(60° - a)
e
Special parameters B7=PB1 - 4x B7=p x

providing synchronization
of the process of PWM

X (k - I)TFKOVI] Ks
A= (‘C B B”) X KDVIKS

x cos[(k - 1) 7K 511K,
A= (T - B”) X KOVIKS
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3. Synchronized PWM in dual three-phase system
on the base of four inverters

Control of four three-phase inverters supplying asymmetrical six-phase induction motor
has some specific peculiarities.

In particular, these 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 dual three-phase induction motor. Synchronous symmetrical control of the output voltage of
each inverter of each inverter group in accordance with algorithms of synchronized PWM
provides synchronous symmetrical regulation of voltage in the corresponding induction
machine phase windings. Rational phase shifting 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) r[18].

In the case, when the two DC-link voltage sources have the same voltage, the resulting
voltage space-vectors are equal to the space-vector patterns of conventional three-level in-
verter [3, 6, 18]. The phase voltage Vas of the first group of cascaded inverters with two
insulated DC-link sources (Fig. 1) is calculated in accordance with (1)-(4) [19, 20]:

Vor =183V a + Vi + VotV + Vip + V), )
Vas=Var + Vaa = Von, (2)
Voo = 13V + Vi + Vg + Vo + Vip + Vo), &)
Vis=Va + Vo= Vo, “

where Vi1, Vir, Ver, Vi, Vi, Voo and Vi, Vi, Vi, Vo, Vi, V2, are the corresponding pole vol-
tages of each group of three-phase inverters, Vy and Vy, are the corresponding zero sequence
(triplen harmonic components) voltages.

At the same time, control of asymmetrical six-phase induction machines is based on the
300-phase-shift of control and output signals of two mentioned above groups of four inverters
[2, 5]. As an illustration of control of dual three-phase system with synchronized PWM and
with equal voltages of the all DC-sources (V1 = Vo = Vies = Vaes), Figures 4-7 present basic
voltage waveforms (pole voltages V1, Ve, Vi1, Vo, line-to-line voltages V141, Viiy1, and the
phase voltages V,, and V,, (with the spectrum of the V, voltage)) of two groups of inverters,
controlled by algorithms of continuous (Figs. 4-5) and discontinuous with the 30°-non-switch-
ing intervals (Figs. 6-7) synchronized modulation. The fundamental and switching frequencies
of each inverter are equal correspondingly to /' =35 Hz and F; = | kHz, modulation indices of
all inverters are equal to m; = m, = m3 = my = 0.7 in this case. The phase output voltage of the
system has nine levels (like output voltage of three-level neutral-point-clamped converter) in
this control mode. In particular, the presented voltage waveforms have symmetry, and its
spectra do not contain even harmonics and sub-harmonics.

In the case of non-equal DC-voltages, if V. # Vo and Vi # Ve, but Vg = Vys and
Via= Vs, in order to provide equivalence of the output fundamental voltages (and also
power balancing) of two inverters of each inverter group during scalar V/F control of the



www.czasopisma.pan.pl P N www.journals.pan.pl

450 V. Oleschuk, G. Grandi Arch. Elect. Eng.

system, it is necessary to provide linear correlations between its modulation indices and
magnitudes of the DC voltages:

mVier = maVyea, Q)

m3Vies = maVyea. (6)
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Time [s]

Fig. 4. Pole voltages V1, V,, and V.4, V,, line-to-line voltages V15 and V4,1, and phase voltages V,
and V,, of dual three-phase system with continuous synchronized PWM
(F: 35 HZ, Vdcl = Vdcz = Vdc} = Vd(.4, my=my=msz = ny= 07, Fs =1 kHZ)
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Fig. 5. Spectrum of the phase voltage ¥, of the system with continuous synchronized PWM
(F=35Hz, F, = 1kHz)

In particular, for the case when Vy;.; = 0.7 Vg, Vyes = 0.7 Vyey and my = my = 0.7, in accor-
dance with (5)-(6) m; = m3 = 0.93, and the last value of modulation indices corresponds to
overmodulation control mode of the two corresponding inverters. To illustrate the process
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mentioned above in dual three-phase drive system on the base of four inverters supplied by
four isolated DC sources with different voltages (V.1 = 0.7 Vaa, Vs = 0.7 Vaeas Vacr = Vaea)s
Figures 8-11 present results of simulation of this system. In particular, Figures 8-9 show basic
voltage waveforms and spectra of the V1, V25 and Vs voltages for the system controlled by
algorithms of continuous synchronized PWM. Figure 10 presents basic voltage waveforms
during period of the fundamental frequency for the system with discontinuous synchronized
PWM with the 300-non-switching intervals, and Figure 11 shows spectra of the line and phase
voltages of the first group of cascaded inverters. The fundamental and switching frequencies
of each inverter are equal to F'= 35 Hz and F = 1 kHz. It is necessary to mention, that spectra
of the corresponding output voltages of inverters of the second inverter group will have the
same nature for the presented control mode.
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Fig. 6. Pole voltages V,, Vo and Vyy, Vo, line-to-line voltages V5, and V1, and phase voltages V,, and

V. of dual three-phase system with discontinuous synchronized PWM
(F: 35 HZ, Vdcl = Vdcz = Vdc} = Vd(.4, my=my=msz = ny= 07, Fs =1 kHZ)
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Fig. 7. Spectrum of the phase voltage V of the system with discontinuous synchronized PWM
(F=35Hz, F,;=1kHz)



www.czasopisma.pan.pl P N www.journals.pan.pl

452 V. Oleschuk, G. Grandi Arch. Elect. Eng.
Vel IO 0 LT
v (LU T T T T T T UL L
v TTTUULLL 1 LT

v LTI T T T T T | L1
ool W O

x1y1 " | | | | |

VESW
A BT

1 1 1 1
0 0.005 0.01 0.015 0.02 0.025
Time [s]

Fig. 8. Pole voltages V,, V,» and Vy, Vs, line-to-line voltages V5 and V1, and phase voltages V,; and
Vs of dual three-phase system with continuous synchronized PWM
(F= 35 HZ, Vdcl =0.7 Vchu Vdc} =0.7 Vdc47 Vch = Vd(,4, mp=ms3= 0933, my = My = 07, Fs =1 kHZ)
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Fig. 9. Spectra of the V151, V22 and V,, voltages of the system with continuous synchronized PWM
(F=35Hz, F,=1kHz)
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For dual three-phase drive system on the base of four inverters with non-equal voltages of
DC-links, in order to provide the rated power ratio P1/P2 and P3/P4 between four power sour-
ces of two groups of cascaded inverters (for scalar V/F control mode), it is necessary to provide
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Fig. 10. Pole voltages Vi, Vo2 and ¥y, Vo, line-to-line voltages V1, and ¥y, and phase voltages V,

and V,, of dual three-phase system with discontinuous synchronized PWM
(F=35Hz, V41 = 0.7 Vyers Vaez= 0.7 Vyes, Vdc2 = Vyey, my = m3 =0.933, my=my=0.7, F; =1 kHz)
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Fig. 11. Spectra of the V11, Vop and V,, voltages of the system with discontinuous synchronized PWM
(F=35Hz, F,= 1 kHz)
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the corresponding correlations between magnitudes of DC voltages, modulation indices of
four inverters and the rated power ratio in accordance with (7)-(8) [14]:

miVae _ B ™
myVar P
msVas _ Py ®)
maViea Py

For dual three-phase drive system it is practically important to provide equal power distri-
bution between two groups of inverters feeding asymmetrical six-phase induction motor:

P+ P,=P;+ P, )

For this case, in accordance with (7)-(8), for balancing operation of dual three-phase
system it is necessary to provide:

M VyerPy + maVyea Py = m3Vya Py + maVyeaPs, (10)

where corresponding power of each inverter can be described as relative value of the total
power of the system.

As an example of balanced operation of the system with four different levels of DC-vol-
tages, Figures. 12-13 present basic voltage waveforms and spectra of the V151, ViomnVisand Vi
voltages for the dual three-phase system with discontinuous synchronized PWM with the 30°-
non-switching intervals. The fundamental and switching frequencies of each inverter are equal
to F =35 Hz and F; = 1 kHz. Relative magnitudes of DC-voltages are equal for this case, as
parts of the maximum DC-voltage V.4:
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Fig. 12. Pole voltages V,;, V,, and Vy, Vi, line-to-line voltages V51 and V4,1, and phase voltages V,
and V,, of dual three-phase system with discontinuous synchronized PWM (F = 35 Hz, V.1 = 0.8V 4.5,
Vch = 0.9Vdc4, Vdc3 =0.75 Vdc4, my = 097, my = 0777, ms = 0933, my = 07, F_; =1 kHZ)
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Fig. 13. Spectra of the V151, Vaopy Vas and Vs voltages of the system with discontinuous synchronized
PWM (F =35 Hz, F,= 1 kHz)

Modulation index of the fourth inverter, supplied by the maximum DC-voltage V., is
equal to m4 = 0.7. Taking into consideration equal power distribution between the correspond-
ing sources (P, = P, = P; = P,), in accordance with (10) modulation indices of the correspond-
ing inverters are equal to:

m;=0.97, m,=0.777; m3 = 0.933.

Thus, in this case the control modes of two inverters, of the first and the third, correspond
to overmodulation control. The proposed algorithm provides equal magnitudes of the phase
fundamental voltages V,, and V., of dual three-phase system (see Fig. 13), and, correspond-
ingly, equal power distribution between two sets of three-phase windings of six-phase ma-
chine.

The motor phase voltages V,,and V,, of six-phase drives on the base of four inverters with
both continuous and discontinuous synchronized PWM have symmetry during the whole
control range and for any operating conditions (see Figs. 4-13), and its spectra do not contain
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even harmonics and sub-harmonics, which is especially important for high power/current
systems.

In order to compare the characteristics of asymmetrical dual three-phase (six-phase) sy-
stems on the base of two inverters ([2], standard topology of the system), and on the base of
four inverters (novel topology of six-phase system [6], analyzed in the paper), Figure 14
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/ VM(Z(VM /k)z] | ,

k=2

for the six-phase drive with continuous (CPWM) and discontinuous (DPWM) schemes of syn-
chronized modulation. In particular, 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.

WTHD of Vas
2= cPwm-2ny ;
—F— CPWM-4INV o
— »— DPWM-2INV o
15} | —%— DPWM-4INV _E.ﬁ'
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Modulation index m

Fig. 14. Averaged WTHD factor of the phase voltage ¥, versus modulation index m for six-phase
system on the base of two inverters (CPWM-2INV, DPWM-2INV), and for the system on the base of
four inverters (CPWM-4INV, DPWM-4INV)

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.

Figure 15 presents results of analysis of spectral composition of the phase voltage V,, of
dual three-phase system on the base of four inverters with both continuous (CPWM) and dis-
continuous (DPWM) versions of synchronized PWM for the case of non-equal magnitudes of
DC-voltages. In particular, for this case V. # Vg and Vyg # Ve, but Vo = Vs and Vg = Vs
Two basic control modes have been analyzed:

1) Vaer = 0.9V 42, Viges = 0.9V s, Ky = 0.9 for this case;
2) Vae1 = 0.7V 42, Vaez = 0.7V 44, Ky = 0.7 for this case.
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The presented results show, that a value of the WTHD factor of the phase voltage of six-
phase system on the base of four inverters controlled by algorithms of discontinuous synchro-
nized PWM is not strongly sensitive to relative magnitudes of DC-voltages.

WTHD of Vas

- % CPWM:Kdc=0.9
0.9r| = CPWM:Kdc=0.7
—» DPWM:Kdc=0.9
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1
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Weighted total harmonic distortion [%]

Fig. 15. Averaged WTHD factor of the phase voltage V,, versus modulation index m = m, = my
for the six-phase system on the base of four inverters with non-equal DC-voltages.

4. Conclusion

Space-vector-based algorithms of synchronized PWM, applied for control of four voltage
source inverters feeding asymmetrical dual-three phase (six-phase) induction motor with
open-end windings, allow continuous synchronization of the phase voltages in the system for
any operating conditions. In particular, it provides voltage synchronization for any ratios (inte-
gral or fractional) between the switching and fundamental frequencies, and for any ratios of
voltage magnitudes of four DC-sources.

The phase voltages of six-phase drives on the basis of four inverters with synchronized
PWM have symmetry during the whole control range, including the zone of overmodulation,
and its spectra do not contain even harmonics and sub-harmonics, which is especially impor-
tant for high power/high current applications.

Simple linear correlations between modulation indices of four three-phase inverters,
magnitudes of DC voltages, and required power sharing between inverters provide requiring
power balancing between DC sources and equivalence of the phase fundamental voltages of
two groups of inverters.
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