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Abstract— This paper proposes a dual fed common dc link
inverter Open End Winding-Permanent Magnet Synchronous
Motor (OEW-PMSM) Drive. In order to increase the system
efficiency a dual technology converter is used, with one inverter
composed of standard IGBT devices and the other composed of
fast switching Silicon Carbide (SiC) devices. The common dc
link OEW configuration allows the zero-sequence current (ZSC)
to flow freely, and the low time constants of the zero-circuit can
lead to high zero sequence current flow, with associated losses
and stress on the power devices. To avoid this, the zero-sequence
voltage produced by the switching combinations adopted to
synthetize the control signals needs to be instantaneously
eliminated. A novel modulation for dual converter
configurations is proposed to eliminate the zero-sequence
voltage(ZSV).

Keywords— Dual Inverter Drive, open end winding,
permanent magnet synchronous motor, Wide bandgap devices,
Silicon Carbide Technology, zero/sequence current

I. INTRODUCTION

PMSM are widely used in both academic and industrial
applications[1-3]. The OEW-PMSM configuration offers
several advantages in the field of variable-speed ac drives. It
combines the high efficiency, high performance, compact
construction and high torque per volume ratio of the PMSMs
with the high fault tolerant capabilities, the multilevel
modulation effect[4] and the reduction by half of the dc bus
voltage of the OEW configuration. Two isolated dc power
supplies[5], one dc supply and a floating bridge or a single dc
supply[6] can be adopted for the dual inverter OEWM. Even
though the first two solutions can be employed to avoid zero-
sequence current (ZSC) circulation, still the ZSV due to the
switching can produce shaft voltage and bearing currents[7,
8]. While on one hand the common dc bus configuration
significantly simplifies and reduces the costs of the topology,
on the other hand it allows the ZSC to flow freely in the
system[9]. The circulation of additional current increases the
losses and reduces the system efficiency, but the level of ZSC
developed depends on the zero-sequence inductance
magnitude[10]. The zero-sequence inductance coincides with
the leakage inductance of the machine which is generally kept
low (4-7% of the phase inductance) since it does not increase
the average torque produced. Small time constants of the zero-
sequence circuit produce a high frequency, high intensity
current ripple with the risk of harming the switching devices.
Hence particular attention needs to be given to the zero-
sequence impedance when a machine is operated in OEW
configuration. The most critical implementation of the OEW

configuration happens when small phase inductance machines
are used, leading to high ZSC circulation. SiC technology in
combination with standard IGBT devices can be used to
increase the system efficiency as demonstrated in [11]. The
SiC devices can work at higher frequencies than the
conventional IGBT with less switching losses. Since the upper
current limit for SiC devices is lower than for IGBT devices,
it is challenging to use them in the same topology. The OEW
configuration with a common dc link allows the use of double
the supply voltage in order to halve the supply current for
constant power. In this paper a new mixed technology
composed of two converters, IGBT and SiC, feeding an
OEWM is used in order to obtain higher system efficiency and
reduce the zero-sequence circulating current problem. A new
modulation for the proposed architecture united with a zero-
sequence current instantaneous elimination strategy is
presented.

II. OEW PMSM MODEL

Fig. 1 shows the OEWM supplied at each end respectively
by the SiC converter and the IGBT one. The mathematical
model of the OEW-PMSM can be obtained from the well-
known star connected one where the neutral point of the stator
windings is opened. When working with the OEW
configuration supplied from a single dc link it is necessary to
take into account that the sum of the phase currents is no
longer zero, but equal to the neutral current i,

g+ i, +i.= I, (1)
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For the general case of a salient OEW-PMSM where the
magnetic saturation is neglected and perfect sinusoidal EMFs
are considered the machine voltage equations are:
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Where V.4, , Vyp and V., are the phase voltages, @4, @)
and ¢, are the flux linkages, Ry, Y., w, and ¢,, are
respectively the stator resistance, electrical position,
electrical speed and flux linkage while [Lg;] is the stator
inductance matrix as shown in (4-6)
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Where L, is the constant term of the phase inductance and
L is the term that takes into consideration the anisotropy of
the rotor, Lyand L, are the g- and d- axis inductances while
L;s is the phase leakage inductance. The model in the rotor
reference frame can be obtained by means of the Park
transformation as
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Where the leakage inductance L;; will be renamed as
the zero-sequence inductance L,. During the machine
design process the zero-sequence inductance is kept as
low as possible because it does not contribute to any
increment of the average torque produced, as can be seen
from torque equation (8).

3
T, = Ep(quiq +(La— Lq)ia

. (8)
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Where p is the number of pole pairs and ¢5,, is the third
harmonic amplitude of the flux linkage established by the
magnets. When the machine back electromagnetic force is
not perfectly sinusoidal an oscillation at 3 times the
fundamental frequency with zero mean is added to the
electromagnetic torque due to the flow of a ZSC. Higher L,
would also correspond to a less efficient machine. For
these reasons generally the leakage inductance is kept low
(common values are around the 5% of the phase
inductance). Therefore the value of the zero-sequence
inductance depends on the machine parameters and is
significantly smaller than the phase inductance[10, 12,
13]. In the particular case of high speed or high power
machines, the value of the zero-sequence inductance is
very small due to a small phase inductance. Considering
the third row of (7) the zero-sequence equivalent circuit
for a dual fed OEWM is shown in Fig. 2. If the zero-
sequence inductance has a small value, the time constant
of the equivalent RL circuit is too fast making the zero
current difficult to be controlled and, in most cases, the
zero current switching ripple inacceptable. In fact 1/3 of
the zero sequence current is summed to each phase
current as additional ripple that would not only reduce the
quality of the waveforms produced but especially increase
the stress for the power switching devices of the
converter. When the machine is used in OEW architecture
its parameters need to be taken into account in order to
understand the zero-sequence current ripple and evaluate
if it is tolerable or if the current needs to be suppressed.

III. DUAL-FED IGBT SIC OEW-PMSM DRIVE
A. Dual Inverter Voltage Vectors

From Fig. 1 the phase voltages of the dual fed OEW Drive
with common dc link as a function of the switching states are:
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Fig.2  Zero-sequence equivalent circuit
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Where s} indicates the switching state of the inverter and
it can be equal to 1 if the switch device on the upper bridge
turns on or 0 is the switch device on the lower bridge turns on.
Subscript k indicates the phase while superscript h stands for
the IGBT converter when equal to 1 or the SiC converter when
equal to 2. In the stationary af0 coordinate frame the phase
voltages of (2) can be expressed as (10).
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It follows that there are 8 x 8 = 64 possible combinations of
switching states: they are possible realisations of 19 different
space voltage vectors of which 18 are different active vectors
corresponding to the vertices of the two green hexagons and
the red dotted one of Fig. 3, and 1 zero vector located at the
origin. It should be noted that this configuration provides a
number of different space voltage vectors equal to the one of
a three-level inverter. However, if the machine leakage
inductance is too small, all the vectors that generate a non-zero

V, cannot be used to avoid the presence of a big zero-sequence
ripple. The number of admissible switching states that can be
used to synthetize the voltage control actions are the ones with

zero Vj component. The 64 switching states reduce than to 20:
they can produce 1 zero vector at the origin and 6 different
active vectors corresponding to the vertexes of the red dashed
hexagon of Fig. 3. Each hexagon of Fig. 3  Space voltage
vectors of the dual inverterFig. 3 has a maximum linear
modulation index associated where the modulation index m is
defined as

_m
Vdc

(11)

Where V is the reference voltage aimed to be synthetized by
the inverter and V.. is the dc-link voltage. Always referring to

Fig.3  Space voltage vectors of the dual inverter

Fig. 3 the maximum linear modulation indexes are 1/+/3, 1

and 2/+/3 for the small hexagon, the dotted red one and the
big green one respectively. Working with space vectors with
no ZSV corresponds to work on the red dotted hexagon thus
having a reduction of 13.4% compared to the maximum
modulation index (m) that this double converter configuration
would allow. The de-link utilisation is still higher if compared
with a standard single VSI drive (corresponding to the small
green hexagon) gaining 42.3%.

B. Duty Cycles generation for Dual-Fed IGBT-SiC OEW-
PMSM Drive

In order to exploit the different nature of the two
technologies used in the two converters a new way to generate
the duty cycles for the two bridges of the dual-fed architecture
is presented. From Fig. 1 it is clear how the voltage on the
OEWM is the difference between the IGBT converter output
voltage and the SiC one

Veusm = Vigsr — Vsic (12)

In the dual-fed single dc-link configuration the maximum and
minimum voltage that can be applied to each phase of the
OEWM are V,;, and —V;, respectively compared to V. /2 and
—V4c/2 of a standard single VSI drive. The modulation duty
cycles are obtained normalising the FOC output waveforms
with respect to V.. The new modulation technique proposed
is based on the voltage equation (12), in fact the same
relationship is used for duty cycle generation for the IGBT and
SiC converters that will be fed to the modulators

dape = diger — dsic (13)

Where dg,,. are the duty cycles corresponding to the
normalised FOC output control voltages, d;;gr and dg;c are
respectively the duty cycles of the IGBT and SiC converters.
As already mentioned the aim is to exploit the two different
technologies used for the two converters with the intent to
reduce the overall converter losses, therefore the IGBT
modules switch at the lowest possible switching frequency
while the SiC is intended to switch as fast as possible. Setting
the IGBT converter to modulate in six-step mode, i.e. square
wave mode at the fundamental frequency of the FOC output
waveforms would result in extremely low switching
frequency and almost exclusively conduction losses for the
IGBT switching devices. E.g. if we consider a 3 pole pairs
OEWM rotating at 3000 rpm the IGBT converter switching
frequency would be 150 Hz. The IGBT duty cycles are then
obtained from the FOC ones as follows

diggr = 0.5 sign(dgpc ) (14)

From (14) the IGBT duties consists in 3 square waveforms of
amplitude 0.5 with the same phase displacement of the 3
modulating FOC d ;. signals. The modulating signals for the
SiC converter are obtained from (13) knowing that the IGBT
ones are expressed by (14) as
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The modulation described in (13-15) consists of a square wave
control of the IGBT converter allowing it to switch at the
fundamental frequency set by the motor speed. The square
wave modulation of the IGBT converter introduces elevated
harmonic distortion therefore the SiC converter needs to
switch faster than the IGBT one in order to compensate it. The
role of the SiC converter in this configuration can be
interpreted as an active filter that eliminates the harmonic
distortion introduced by the low switching IGBT one. This
separation of the duty cycles between the two converters
results in an increased efficiency of the overall architecture
and allows exploitation of the different natures of the two
converters. Considering the different switching frequencies of
the two converters the IGBT is mainly responsible for the
conduction losses while the SiC is responsible for the
switching losses. The flowchart of the proposed modulation
strategy is shown in Fig. 4.

C. Suppression of Zero-Sequence Current in Dual-Fed
IGBT SiC OEW-PMSM Drive

Even if the common dc-link configuration presents the
advantages of reducing the costs of the supply it still presents
the drawback of circulating currents through the converters
and the OEWM. As already mentioned the drawbacks of ZSC
flowing into the drive would result not only in higher losses
but also in a significant phase current ripple due to the low
time constant of the zero-sequence circuit. Therefore in order
not to excite the equivalent zero-sequence circuit of Fig. 2 the
ZSVs produced by the two converters must be instantaneously
the same. The zero-sequence current can be instantaneously
eliminated by modulating at each sample time a ZSV V;, equal
to 0. That means by looking at Fig. 2 to have the common
mode voltage produced by the square wave modulated IGBT
converter equal to the common mode voltage generated by the
SiC converter. Fig. 5 shows the duty cycle waveforms of the
proposed modulation while their corresponding trajectories in
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Fig. 5
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the of3 plane are shown in Fig. 6. The values that the ZSV V
assumes for each inverter state should be presented as a third
dimension perpendicular to the aff plane but for simplicity of
comprehension it has been added as a label next to the inverter
state in Fig. 6. The blue hexagon of Fig. 6 corresponds to the
square wave IGBT duty modulation while the red trace
corresponds to the duty cycle modulation for the SiC
converter. The two black triangles are obtained from
connecting the vertices of the voltage state vectors with the
same ZSV. Furthermore the values assumed by the 8 state
vectors for a single VSI in the abc and off coordinates
normalised in respect to V,./2 are reported in Table I for
clarity of explanation. Considering the single inverter, either
the IGBT or the SiC one it can be noticed form Table I that for

the 6 active vectors V;_q the ZSV V,, can be cither 24 or — VZ”

. Hence the square wave duty cycles for the IGBT converter
in the alpha beta plane corresponds to jumping from one
inverter state to the adjacent (V;,V,, ..., Vi) never passing from
the zero state vectors V, and V,, therefore the ZSV of the

IGBT converter is also a square wave of amphtude <. By

adopting a conventional triangular wave PWM for the SiC
converter the resulting V, on the OEW-PMSM would not be
instantaneously equal to 0. A new modulation for the SiC
inverter is developed in order to instantaneously set V/; to zero.
Considering again Fig. 6 it is clear that when the IGBT is on

the states V;,V; and V5 the ZSV generated is —%, hence,
considering voltage equation (1 1) to obtain zero ZSV on the
PMSM also the SiC has to be — T In order to obtain so the

SiC converter needs to modulate only between V;, V5 and Vs.
The same applies for the states V,, V, and V. When the IGBT
square wave modulation is applying any of the Vectors V,,Vy

and V, the ZSV produced by the converter js Lde <, therefore

also the SiC converter needs to produce the same ZSV that
corresponds to modulation between the states V,, V, and V.
The SiC modulating duty cycles represented in the alpha-beta
plane will be then modulated with the odd vectors when the
IGBT is on one of the odd vectors and with even states when
the IGBT is on even states. The SiC converter modulation
states are represented by the two black triangles of Fig. 6 one

triangle has the vertices co1nc1d1ng with the states W1th de of

ZSV while the other with — T The overall control structure

of the system is shown in Fig. 7. Thanks to the zero-sequence
current modulation introduced to synthetize the SiC reference
duty cycles the zero- sequence PI controller is not needed
since at each sample time the ZSV of the SiC inverter is equal
to the ZSV of the IGBT converter.
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IV. SIMULATION RESULTS

The performance of the proposed drive has been tested in
simulation using Matlab\Simulink. The system parameters
used are listed in Table II. The results included in this paper
are obtained by implementing the drive torque control loop
with reference current values externally imposed. The
reference rotor speed is imposed as if the motor speed was
controlled by an external machine. Fig. 8 and Fig. 9 show the
simulation results when standard PWM modulation for both
converters is used. In particular Fig. 8 shows the ZSV for the
IGBT and SiC converters while Fig. 9 shows the resulting
ZSV on the OEW-PMSM and the phase currents, it can be
noticed that the ZSV produced by the SiC converter is
different from the square wave ZSV of the IGBT,
consequently the zero circuit is excited and the ZSC is
responsible of the high intensity ripple of the phase currents.
Fig. 10 and Fig. 11 show the ZSVs for the IGBT, SiC
converters, the OEW-PMSM and the phase current behaviour
when the zero sequence cancellation modulation is
implemented. The SiC ZSV is now modulated to be equal to
the one produced by the IGBT at each sample time, removing
ZSV on the OEW-PMSM and significantly reducing the
phase current ripple.

V. CONCLUSIONS

In this paper a new mixed technology IGBT-SiC Dual-fed
OEW-PMSM Drive united with a zero-sequence current
suppression strategy is presented. The adopted modulating

TABLE I SINGLE INVERTER VOLTAGE STATES
Vv, Vg Vo
V, [000] 0 0 -1/2
v, [100] 2/3 0 -1/6
v, [110] 1/3 -1/\3 1/6
Vs [010] -1/3 | —1/\/3 | —1/6
v, [011] -2/3 0 1/6
Vs [001] -1/3 1//3 -1/6
Ve [101] 1/3 1//3 1/6
Vv, [111] 0 0 1/2

Iq Duty cycles
generation
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Fig. 7 Proposed control structure fot the IGBT-SiC OEW-

PMSM

technique splits the FOC between the two converters, taking
advantage of the two different technologies used and resulting
in high efficiency of the overall system. In depth discussion of
the zero-sequence current impact and its dependence from the
machine parameters in order to evaluate if it is acceptable has
been carried out. Furthermore the modulation for zero-

Ref
dutyiger|  pyu .K} +
— —_—
Modulator|
IGBT Converter VdE

sequence current instantaneous suppression has been
presented.
TABLE II SIMULATION PARAMETERS
Name Description Value Unit
R Stator phase resistance 0.3 [Q]
Ly=Lg Stator inductance 1.2 [mH]
Zero-Sequence
Lo Inductance 75 [uH]
Flux linkage established | 0.06073
$m by magnets 3 [Vs]
p Pole pairs 3 -
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