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Abstract — Space-vector-based synchronized PWM algorithms
have been applied to the control of a dual-inverter fed open-end
winding induction motor drive supplied by two isolated dc
sources with non-equal voltages. It has been shown that
algorithms of synchronized PWM provide continuous phase
voltage symmetry for any ratio (integral or fractional) of
switching frequency to fundamental frequency of the inverters
and also for any ratio between the two dc source voltage levels of
these systems. Phase voltage spectra of open-end winding drives
for both continuous and discontinuous schemes of synchronized
PWM do not contain even harmonics and sub-harmonics during
the whole control range, including the zone of overmodulation
which is especially important for the medium and high-power
traction systems.

L INTRODUCTION

Some of the most interesting and promising power
converter topologies are cascaded (dual) converters, which
utilize two standard three-phase voltage source inverters [1]-
[8]. The structure of ac motor drives based on cascaded
inverters is realised by splitting the neutral connection of the
induction motor and connecting each end of the phase
windings to a two-level inverter. In this way, cascaded
converters are capable of producing voltages which are
identical to those of three- and four-level converters [3]-[9].

Dual-inverter fed open-end winding motor drives have
some advantages such as redundancy of the space-vector
combinations and the absence of neutral point fluctuations. In
particular, a dual-inverter scheme has a total of 64 switch
combinations distributed over 19 space-vector locations
compared to 27 switch combinations distributed over the
same number of locations for a typical three-level neutral-
point-clamped inverter [3]-[S] Among perspective fields of
application of open-end winding drives there can be traction
and propulsion systems with increased power rating.

It is known that for high power/high current drives
symmetry of the output voltage waveforms of the converters
is necessary in order to eliminate undesirable current and
voltage sub-harmonics [10]-[12]. In order to avoid asynchro-
nism of standard schemes of space-vector modulation, a
novel method of synchronized PWM has been proposed,
developed and applied to different topologies of converters,
drives, and renewable energy systems [13]-[18].

In this paper, both continuous and discontinuous schemes of
space-vector-based synchronized PWM, including specialized
schemes of synchronized PWM, have been applied to the
control of an asymmetrical dual-inverter fed open-end
winding drive supplied by two isolated dc sources with non-
equal voltages.

II.  BASIC TOPOLOGY OF ASYMMETRICAL DUAL-
INVERTER FED OPEN-END WINDING MOTOR DRIVE

Fig. 1 presents the basic structure of a dual inverter-fed
open-end winding induction motor drive, where
INVERTER-1 and INVERTER-2 are standard three-phase
voltage source inverters. Two isolated dc sources with
different (asymmetrical) voltages (V. and V,/2) are being
used. Consequently, the phase voltage of the system results in
four-level waveforms [9].

Fig. 2 shows the switching state vectors of the two
inverters, which provide avoidance of overcharging dc-link
capacitors of INVERTER-2 which operates at a lower dc-
voltage [9]. The switch state sequences (voltage vectors) of
phases abc for each inverter is expressed in the conventional
form. In particular, for INVERTER-1: 1 — 100; 2 — 110; 3 —
010;4-011;5-001; 6 —101,0—-000,7 - 111 (1 - switch-on
state, 0 — switch-off state); in the same way for INVERTER-
2:1"-10052 -1'10; 3 = 0°1°0°; 4 -0'1’'1"; 5 —
0°0’1’;6°—-1°0’1; 0 - 0°0°0; 7°— 1°1°1°, where 1’ - switch-
on state of the switches, and 0’ — switch-off state.
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Fig. 1. Asymmetrical dual-inverter fed drive with two dc-sources.

Fig. 2. Voltage space-vector combinations, providing avoidance of
overcharging of the dc-source capacitors with lower voltage.



III.  PECULIARITIES AND FEATURES OF THE METHOD OF
SYNCHRONIZED SPACE-VECTOR MODULATION

Algorithms of synchronized space-vector-based PWM for
drive converters provide a continuous symmetry of phase
voltage waveforms and can be successfully used for the
control of each inverter in a dual-inverter system.

Figs. 3 - 4 present the switching state sequences of a
standard three-phase inverter inside the interval 0" - 90°. Two
basic versions of space-vector PWM (Fig. 3 — continuous
PWM (CPWM), and Fig. 4 — discontinuous PWM with 30°-
non-switching intervals (DPWM)) [13] are schematically
illustrated.

The upper trace in Figs. 3 — 4 is the switching state
sequences (in accordance to conventional designation [13]),
while the middle ones correspond to the pole voltages of a
standard three-phase inverter. The lower trace shows the
corresponding quarter-wave of the line-to-line output voltage
of the inverter. Signals f; represent the total switch-on
duration inside the switching cycles 7, while signals y are
generated in the centers of the corresponding S interval.
Widths of notches A, represent the duration of zero states.

One of the basic ideas of the proposed PWM method is the
continuous synchronization of the position of all central f;-
signals inside each 60 -clock-interval (fixing the positions of
the p-signals in the center), with further symmetrical
generation of other active - and jysignals, together with the
corresponding notches, around each f;-signal.

Also in the output curve, special signals 4" (45 for CPWM,
Ay for DPWM in Figs. 3-4) with neighboring §° (fs for
CPWM, p, for DPWM) are formed at the clock-points [
60°, 120°...). They are simultaneously reduced until close to
zero value at boundary frequencies F;, providing a continuous
adjustment of voltage with smoothly changing pulse ratio. F;
is calculated in a general form as a function of duration of
sub-cycles 7in accordance with (1), and the neighboring F;. -
from (2). Here, index i is equal to the number of notches
inside half of the 60’-clock-intervals and is determined from
(3), where a fraction is rounded off to the nearest higher
integer:
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Fig. 3. Switching state sequence, pole voltages V,, V;, V., and
line voltage V,, of inverter with continuous PWM (CPWM).

F, =1/[6(2i - K,)7] (1)
F, =1/6Qi~K,)7] )
i=(1/6F +K,1)/27, 3)

where K,=1, K,=3 for CPWM, K,=1.5, K,=3.5 for DPWM.

Equations (4) - (9) present a set of control functions for the
determination of the duration, in absolute values (seconds), of
all the control signals of the three-phase inverters with
synchronized PWM for both linear modulation and over-
modulation control regimes [13]:

Forj =2, ...i-1:
IBj = B cos[(j—1-K,)K,,] G

Vi =B 05087 tan[(i— j~0.25)7}K y  (5)

B =B" =P cos[(i—125)K 1K (6)
7, =B {0.5-0.87 tan[(i—2.25)7 + o
By +B; + A4, 211K K,

Aj=1=(f;+B)/2 ®)
A=A =(e-f KK, ©)

where: B, =1.1tm (m is modulation index) if m<0.907, and
B, =7 if m>0907; K, =[1-(F-F)/F_ -F)], K,,, =1
until F,,=0.907F,, and K , =[1-(F—-F,)NF,,—F, )]
between F,, and F,, =0.952F ; K, , =1 until F,,, and
K,,=[1-(F-F,,)/(F,—F,,)] in the zone between F,,
and F,, ; K5=0.25 for DPWM, and K3=0 for CPWM.
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Fig. 4. Switching state sequence, pole voltages V,, V;, V., and line voltage V,,
of inverter with discontinuous PWM (30°-non-switching intervals, DPWM).




IV. ALGORITHMS OF SYNCHRONIZED PWM FOR CONTROL
OF ASYMMETRICAL DUAL-INVERTER FED SYSTEM

The control of each inverter in a dual-inverter system that
relies on algorithms of synchronized PWM, and in accordance
with the switching scheme presented in Fig. 2, provides
continuous symmetry of phase voltage waveforms during the
whole control range of an open-end winding motor drive. In
this case the output voltages of the two inverters have an
opposite polarity, with an additional phase shift between
voltage waveforms which is equal to one half of the
switching interval 7 (i.e. a sub-cycle equal to 0.57) [1].

The phase voltage V,, which is the basis of the dual
inverter system is calculated in accordance with (10)-(11) [9]:

(10)
(11)

where Va]o > Vblo s VL'Io s VaZo s VbZU > and VcZU are the
corresponding pole voltages of each inverter, V; is the zero
sequence voltage component in the system.

As an illustration of the control of an asymmetrical dual-
inverter system with synchronized PWM and with non-equal
dc-source voltages (V. and V,/2), Figs. 5-8 show the pole
voltages V,;, and V,,, the zero sequence voltage V), and the
phase voltage V,,; (with its spectrum) of such a dual-inverter
system with continuous (Figs. 5-6) and discontinuous (Figs.
7-8) synchronized PWM, for scalar V/F=const control mode.
The fundamental and switching frequencies of each inverter
(averaged switching frequency for discontinuous PWM) are
correspondingly F'=39Hz and F,=1kHz.
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Fig. 5. Pole voltages Vo, Vaz, zero sequence voltage Vy, and phase voltage
Vs of dual-inverter fed system with continuous synchronized PWM

(F=39Hz, F=1kHz, m;=m>=0.78).
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Fig. 6. Spectrum of the phase voltage V,, of the system with continuous
synchronized PWM (F=39Hz, F,=1kHz).

Modulation indexes are m;=m,=0.78 and in this case ratio
between the switching frequency and fundamental frequency
is equal to 1000Hz/39Hz=25.6. It is clear that the spectra of
the presented voltage waveforms do not contain even
harmonics or sub-harmonics.

In some cases (some control modes) controlling the
respective switching frequencies of the two inverters in a dual
inverter system can result in increasing the effectiveness of
the power conversion [9], [17]. In particular, for the
asymmetrical open-end winding configuration of the
analyzed drive system, the lower dc link voltage is half the
value of the other dc link voltage and it is possible to
proportionately increase the switching frequency of the
inverter supplied by the lower dc voltage. Figs. 9-12 present
the respective basic phase voltage waveforms and spectra for
a system with continuous (Figs. 9-10) and discontinuous
(Figs. 11-12) synchronized PWM with different switching
frequencies of the two inverters (F;=1kHz, F,=2kHz).

At this point it is necessary to mention that algorithms of
synchronized modulation provide symmetry of phase voltage
waveforms in dual-inverter configuration systems for any dc
voltage ratio between two isolated dc sources (and also for
any of the inverters’ switching frequencies). As an illustration
of this fact, Figs. 13-16 show the basic phase voltage
waveforms and spectra for a system with two dc voltages V.,
= 0.7V4; and scalar V/F control mode. The fundamental
frequency of the inverters is equal to F=32Hz (in this case
modulation indexes are m;=m,=0.64), and the inverters’
switching frequencies are correspondingly Fy;=1kHz and
F,=1.43kHz.
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Fig. 7. Pole voltages V1o, Vazo, zero sequence voltage V), and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM

(F=39Hz, F,=1kHz, m,;=m,=0.78).
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Fig. 8. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=39Hz, F=1kHz).
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Fig. 9. Pole voltages Vo, Vaz, zero sequence voltage Vy, and phase voltage
Vs of dual-inverter fed system with continuous synchronized PWM
(F:39HZ, F§[:1kHZ, F‘-g:ZkHZ ) mI:mg:(). 78)
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Fig. 10. Spectrum of the phase voltage V,, of the system with continuous
synchronized PWM (F=39Hz, F,;=1kHz, F;=2kHz).
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Fig. 11. Pole voltages Vo, Vaz, zero sequence voltage V5, and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM
(F=39Hz, F=1kHz, F;=2kHz , m;=m,=0.78).
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Fig. 12. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=39Hz, F,;=1kHz, F;=2kHz).
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Fig. 13. Pole voltages V1o, Va2, zero sequence voltage V7, and phase voltage
Vs of dual-inverter fed system with continuous synchronized PWM
(F:32HZ, Vdd:()- 7V4E1, F\-1:1kHZ, F§3:1.43kHZ N m1:m3:0. 64)
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Fig. 14. Spectrum of the phase voltage V,, of the system with continuous
synchronized PWM (F=32Hz, , V42=0.7V a1, Fs/=1kHz, Fy;=1.43kHz).
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Fig. 15. Pole voltages V1o, Va2, zero sequence voltage V7, and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM
(F:32HZ, Vdd:()- 7V4E1, F\-1:1kHZ, F§3:1.43kHZ N m1:m3:0. 64)

Spectrum of VVas

20 40 60 80 100

Order of voltaae harmonics

Fig. 16. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=32Hz,, V4e2=0.7V4e1, Fs1=1kHz, Fs;=1.43kHz).



Again, spectra of the presented phase voltage waveforms
(see Figs. 6, 8, 10, 12, 14, 16) do not contain even harmonics
or sub-harmonics for any operating condition of the dual-
inverter fed open-end winding motor drive system.

V.  SYNCHRONIZED PWM CONTROL DURING
OVERMODULATION

This method of synchronized space-vector modulation of
dual-inverter systems also provides high quality linear control
of the fundamental voltage in the zone of overmodulation.
For this particular purpose, the basic control correlations (4)-
(9) of the synchronised PWM method include two special
overmodulation coefficients K,,; and K, [13]. Reference
[15] contains a description of the operation of two-level
inverters with algorithms of synchronized PWM during
overmodulation.

A dual-inverter system (Fig. 1) composed of two inverters
with different switching frequencies is taken for example.
Figs. 17-18 present the basic phase voltage waveforms and
spectrum of such system with discontinuous synchronized
PWM (F=47Hz, m;=m,=0.94, F=1kHz, F,=2kHz) in the
first part of the overmodulation zone.

As an example of the operation in the second part of the
overmodulation zone (F'=49.5Hz, m;=m,=0.99), Figs. 19-22
show the basic phase voltage waveforms and spectrum of the
dual-inverter system using discontinuous synchronized PWM
with different switching frequencies (Figs. 19-20, F;=1kHz,
F,=2kHz), and also with equal switching frequencies (Fig.
21-22, F=F;,=1kHz).
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Fig. 17. Pole voltages Vo, Vaz, zero sequence voltage V5, and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM
(F:47HZ, Vd52:0-5Vch: FS1:IkHZ, FSZZZkHZ ) m1=mg=0.94).

Spectrum of VVas

0.8 B
0.6 1
=
g
=
>0.4H i

0.2H B

o M s
(0] 20 40 60 80 100

Order of voltaae harmonics

Fig. 18. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=47Hz, V4:2=0.5V 41, F51=1kHz, F,=2kHz).
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Fig. 19. Pole voltages V1o, Vaz0, Zero sequence voltage ¥, and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM
(F:49.5HZ, Vd(r2:0.5VdE[, F\-1:1kHZ, F\Q:ZkHZ ) m,zmg:(). 99)
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Fig. 20. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=49.5Hz, V4.2=0.5V 41 Fs1=1kHz, F;=2kHz).
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Fig. 21. Pole voltages V10, Vaz0, Zero sequence voltage ¥, and phase voltage
Vs of dual-inverter fed system with discontinuous synchronized PWM
(F:49 5HZ, Vd02=0.5Vd51, F;]ZFg:IkHZ ) m1=mg=0.99).
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Fig. 22. Spectrum of the phase voltage V,, of the system with discontinuous
synchronized PWM (F=49.5Hz, V42=0.5V 41 F1=F2=1kHz).



The analysis of the phase voltage spectral composition in
an asymmetrical dual inverter system with algorithms of
synchronized PWM does not contain even harmonics or sub-
harmonics in the zone of overmodulation (see Figs. 18, 20,
22).

VI. DUAL-INVERTER SYSTEM ON THE BASE OF NEUTRAL-
CLAMPED INVERTERS WITHOUT ZERO SEQUENCE VOLTAGE

In order to increase the effectiveness of operation of an
asymmetrical dual-inverter fed open-end winding motor
drive, dual neutral-point-clamped inverters can also be used
as elementary components of the dual-inverter topology. In
particular, a specialized control scheme provides the
elimination of zero sequence voltages in dual-inverter
systems comprised of neutral-point-clamped inverters [14],
[16], [18]. Fig. 23 presents the basic topology of a neutral-
clamped inverter. Each of the three legs of the inverter
consists of four power switches, four freewheeling diodes and
two clamping diodes.

Fig. 24 shows the switching state vectors of the inverter. It
is known, that the use of only seven of the vectors, V; - V5,
marked in Fig. 24 with the arrows and the corresponding
vector number, provides elimination of zero sequence
voltages [14]. A ternary switching variable (+, 0, -) is defined
for the switches of each one of the three phases:

+ if S}, S;are ON and S, S4 are OFF;
0 ifS, S;are ON and S}, S;are OFF;
- if'S; S,are ON and S}, S, are OFF.
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Fig. 23. Basic topology of three-phase neutral-point-clamped inverter.

V2(0+-)

V5(0-+)

Fig. 24. Switching state vectors providing elimination of zero sequence
voltage in system.

In this case the switching state sequences of the
corresponding vectors are:

Vi(30-); V2 (0+); Vs (-+0); Vi(-04);
Vs (0-+); Vs (+-0); V;7(000).

Two basic schemes of synchronized space-vector PWM
have been elaborated for the control of neutral-point-clamped
inverters in order to eliminate zero sequence voltages. These
schemes can be applied to the control of an asymmetrical
dual-inverter fed open winding system [14], [16]. In
particular, Figs. 25-28 present pole voltages V,;, and V,,,
zero sequence voltage Vj, and phase voltage V,, (with its
spectrum) in an asymmetrical (V,.,=0.5V,.;) dual-inverter
system using neutral-clamped inverters. Discontinuous
(DPWM, Figs. 25-26), and “direct-direct” (DDPWM, Figs.
27-28) schemes of synchronized PWM have been applied
with scalar V/F=const control mode.

The fundamental and switching frequencies of each
inverter (average switching frequency for discontinuous and
“direct-direct” PWM) are correspondingly F=39Hz and
Fy=1kHz, modulation indexes of the two neutral-clamped
inverters are m;=m,=0.78, and ratio between the switching
frequency and fundamental frequency is equal to
1000Hz/39Hz=25.6. Spectra of the phase voltage of this dual-
inverter topology system do not contain undesirable even
harmonics or sub-harmonics.
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Fig. 25. Pole voltages V1o, Vazo, zero sequence voltage V), and phase voltage
Vs of dual-inverter fed system with neutral-clamped inverters with
discontinuous synchronized PWM (F=39Hz, F,=1kHz, m;=m>=0.78).
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Fig. 26. Spectrum of the phase voltage ¥, of system with neutral-clamped
inverters with discontinuous synchronized PWM (F=39Hz, F,=1kHz).
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Fig. 27. Pole voltages Vo, Vazo, zero sequence voltage V5, and phase voltage
Vs of dual-inverter fed system with neutral-clamped inverters with “direct-
direct” synchronized PWM (F=39Hz, Fy=1kHz, m;=m,=0.78).
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Fig. 28. Spectrum of the phase voltage V,, of system with neutral-clamped
inverters with “direct-direct” synchronized PWM (F=39Hz, F,=1kHz).

VII. SPECTRAL ASSESSMENT OF PHASE VOLTAGE QUALITY
OF DUAL-INVERTER SYSTEM WITH SYNCHRONIZED PWM

Voltage Weighted Total Harmonic Distortion (WTHD)
factor is one of the most suitable criteria for analyzing the
power quality in adjustable speed drive systems. Fig. 29
presents the calculation results of the WTHD factor

1000

WTHD = (1/V, ) Vs, 1)), (12)
k=2

for phase voltage V,, as a function of modulation index
m=m;=m; of two inverters in an asymmetrical dual-inverter
open-end winding drive system (V;.,=0.5V,.;). The results
are shown in the case of two two-level inverters (with
algorithms of continuous (CPWM) and discontinuous
(DPWM) synchronized PWM), and also for neutral-point-
clamped inverters, controlled by algorithms of “direct-
direct” (DDPWM-NPC) and discontinuous (DPWM-NPC)
schemes of synchronized modulation. Control mode of the
drive system corresponds to standard scalar V/F control
(linear modulation zone), and the average switching
frequency of each inverter of the dual-inverter system is
equal to F,=1kHz.

The presented calculation results show that dual-inverter
systems based on neutral-point-clamped inverters with
specialized algorithms of synchronized PWM have better
phase voltage spectral composition (in comparison to dual-
inverter systems based on two-level inverters) in the zone of
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Fig. 29. Averaged WTHD factor of the phase voltage ¥, versus modulation
index m=m;=m, for asymmetrical dual-inverter system (Vy..=0.5V ;).

low and medium modulation indexes. It is also necessary to
note that in the case of the dual-inverter topology based on
two-level inverters, algorithms of discontinuous synchronized
PWM provide better spectral composition of the phase
voltage at higher fundamental frequencies (including the
overmodulation zone).

VIII. CONCLUSION

Novel algorithms of space-vector-based synchronized
PWM, disseminated for the control of asymmetrical dual-
inverter fed open-end winding motor systems based on two
voltage source inverters, supplied by two isolated dc sources
(V4e2=0.5V4.;), allow continuous symmetry of phase voltage
waveforms during the whole control range and for any
operating conditions. Spectra of the phase voltage of dual-
inverter drives with algorithms of synchronized PWM do not
contain even harmonics or sub-harmonics, which is
especially important for systems with increased power rating,
including medium-power and high-power traction systems
and propulsion systems. In particular:

1. Algorithms of synchronized PWM provide phase
voltage symmetry for any ratio (integral or
fractional) between the switching frequency and
fundamental frequency of each inverter of dual-
inverter systems (see the corresponding Figs. 5-8,
illustrating the operation of the system with
algorithms of continuous (Figs. 5-6) and
discontinuous (Figs. 7-8) synchronized PWM.
Frequency ratio is equal to F/F = 1000Hz/39Hz =
25.6 in this case).

2. Algorithms of synchronized PWM provide phase
voltage symmetry in dual-inverter systems with
different switching frequencies of the two inverters
(see the corresponding Figs. 9-12, illustrating the
operation of the system with algorithms of
continuous (Figs. 9-10) and discontinuous (Figs. 11-
12) synchronized PWM. Frequency ratio of the first
inverter is equal to F/F=1000Hz/39Hz=25.6, and
frequency ratio of the second inverter is equal to
F/F=2000Hz/39Hz=51.2 in this case).



3. Algorithms of synchronized PWM provide phase
voltage symmetry of dual-inverter system with
different voltage ratios of two isolated dc-sources
(see the corresponding Figs. 13-16, illustrating the
operation of the system with algorithms of
continuous (Figs. 13-14) and discontinuous (Figs.
15-16) synchronized PWM. Voltage ratio is equal to
Vaer/ Vaer=0.7, frequency ratio of the first inverter is
equal to Fy/F=1000Hz/32Hz=31.25, and frequency
ratio of the second inverter is equal to F/F=
1430Hz/32Hz=44.7 in this case).

4.  Algorithms of synchronized PWM provide phase
voltage symmetry of dual-inverter systems inside
the overmodulation zone (see the corresponding
Figs. 17-20, illustrating the operation of the system
with algorithms of discontinuous synchronized
PWM in the first (Figs. 17-18) and the second (Figs.
19-20) parts of the zone of overmodulation.
Frequency ratio of the first inverter is equal to F/F
=1000Hz/47Hz=21.3 and to F/F=1000Hz/ 49.5Hz
=20.2, and frequency ratio of the second inverter is
equal to F/F=2000Hz/47THz=42.6 and to F/F=
2000Hz/49.5Hz=40.4 in these cases).

5. Algorithms of synchronized PWM provide phase
voltage symmetry for dual-inverter systems based
on two neutral-point-clamped inverters with
synchronized PWM for any ratio (integral or
fractional) between the switching frequency and
fundamental frequency of each inverter of the
system (see the corresponding Figs. 25-28,
illustrating the operation of the system with
specialized algorithms of discontinuous (Figs. 25-
26) and “direct-direct” (Figs. 27-28) synchronized
PWM. Frequency ratio is equal to F/F=1000Hz/
39Hz=25.6 in this case).

6.  Dual-inverter system on the base of neutral-point-
clamped inverters with specialized algorithms of
synchronized PWM have better phase voltage
spectral composition (in comparison to dual-inverter
systems based on two-level inverters) in the zone of
low and medium modulation indexes of the two
inverters.

The analyzed configurations of asymmetrical dual-inverter
fed open-end winding motor drives controlled by algorithms
of synchronized PWM can also be used as basic components
of different multiphase multi-inverter systems, such as the
quad inverter ac motor drive proposed in [19]-[22].
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