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ABSTRACT This paper proposes an advanced discontinuous pulse-width modulation (DPWM) scheme
for a dual inverter to reduce switching loss. A dual inverter is used to drive an open-end winding interior
permanent magnet synchronous motor (OEW-IPMSM). It is composed of double two-level inverters with
large switching loss owing to the use of 12 switching devices. When a current phase changes, the switching
loss cannot be minimized by using a conventional DPWM scheme. As the conventional DPWM scheme uses
reference voltage for switching, the switching loss cannot be minimized due to the difference between the
phases of the stator current and phases of reference voltages. However, the proposed DPWM scheme with
additional calculations of the current phase can minimize switching loss. When the current phase changes, the
proposed DPWM is switched to +30° of the maximum point of the current. Furthermore, the effectiveness
of the proposed switching loss reduction ability is verified through simulations and experimental results.

INDEX TERMS Dual-inverter, open-end winding interior permanent magnet synchronous motor

(OEW-IPSM), discontinuous pulse width modulation (DPWM).

I. INTRODUCTION

Interior permanent magnetic synchronous motors (IPMSMs)
are widely used in various industrial fields, such as electric
vehicles and home appliances, owing to their high power
density, high torque density, and high efficiency [1], [2], [3],
[4], [5]. A general motor drive system has disadvantages
in terms of weight and volume because it includes a
boost converter to expand its operating range [6], [7].
To overcome these disadvantages and increase the voltage
utilization rate, open-end winding interior permanent magnet
synchronous motors (OEW-IPMSM) drives operated via a
dual inverter have been widely researched [8], [9], [10],
[11], [12]. A dual inverter comprises two 2-level inverters,
with the configuration offering several advantages. The rated
voltage of the dual inverter doubles when the same switch
device is utilized, which is significant for high-voltage and
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high-power applications [13]. In addition, the dual inverter
has a three-level effect with advantages such as the absence
of neutral-point control. Moreover, because of the boosting
influence of the voltage, the OEW-IPMSM can achieve
higher speed and power density then a single 2-level
inverter [14]. In addition, the fault tolerance is improved
owing to the phase currents of the OEW-IPMSM being
independently controlled [15].

Depending on the connection status of each inverter,
the OEW-IPMSM system fed by the dual inverter can be
classified into three topologies comprising two isolated DC
source types: one being an isolated voltage source and
floating capacitor type, and the other as common voltage
source type. A dual inverter with a common DC power
source offers advantages related to cost and volume of the
system. A zero-sequence current (ZSC) is formed in this
system such that the torque ripple and switching loss are
increased [16], [17]. Further, a dual inverter with the floating
capacitor can extend the speed range of the OEW-IPMSM and
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supply the machine with a multilevel pulse-width modulated
(PWM) voltage, thereby reducing the current ripple for
PM motors exerting a small synchronous inductance [18].
In addition, the dual inverter can be used as a power
factor compensator for the main inverter, which can transfer
the maximum active power to the motor [19]. Using two
isolated DC sources, the dual invertor can easily control
the OEW-IPMSM, and the ZSC is zero as the sources
are electrically isolated. Thus, an additional control method
was not required. However, the use of an isolated source
increases the cost and volume of the system because of the
two isolated DC sources [20], [21]. Moreover, as the dual
inverter comprises 12 power semiconductors, the switching
loss are higher than the single 2-level inverter. To reduce
switching loss, a discontinuous pulse width modulation
(DPWM) method has been proposed [22], [23], [24]. The
DPWM method locks certain power semiconductors as ON or
OFF in a specific interval. Hence, it is advantageous in terms
of efficiency compared to space vector PWM (SVPWM) in
high-power and high-switching frequency applications [25].
Further, the 30°, 60°, and 120° DPWM methods have been
proposed, which are clamped to the top and bottom. The
DPWM avoided switching transition in the 30° range before
and after the phase current peaks, thereby reducing the
switching loss by an average of 33% [26]. In addition, using
the DPWM considering the phase difference between current
and voltage reduces switching loss even when the power
factor (PF) changes [27]. Therefore, the DPWM can reduce
switching loss and improve the system efficiency.

This paper proposes a DPWM scheme that considers the
current phase of the dual inverter to reduce switching loss.
The proposed DPWM scheme is suitable for high power
applications since it has advantage in reducing switching
losses. In case of a change in the current phase, switching loss
cannot be minimized using the DPWM scheme. However,
the proposed DPWM scheme combines with additional
calculations of the current phase can minimize switching
loss. When the current phase changes, the proposed DPWM
scheme changes the reference voltage, such that discontin-
uous modulation occurs based on the current. Moreover, the
proposed DPWM does not switch at +30° from the maximum
point of the current. The accuracy for current measurement
should be ensured for the application of the proposed DPWM
technique. The performance of the proposed switching loss
reduction ability is verified through appropriate simulations
and experimental results.

Il. OEW-IPMSM DRIVING SYSTEM MODELING

A. MODELING OF DUAL-INVERTER WITH ISOLATED DC
SOURCE AND OEW-IPMSM

The dual inverter is composed of two 2-level inverters as
shown in Fig. 1. The two-level inverter has eight switching
states. Vector diagrams of inverters 1 and 2 are shown in
Fig. 2. If the two isolated DC voltages of the dual inverter are
different, the same power source should be used as common
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FIGURE 1. OEW-IPMSM and dual-inverter with two isolated power
sources.
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FIGURE 2. Space voltage vectors of dual inverter with isolate DC source.

mode voltage (CMV) occurs in all vectors, except when
inverters 1 and 2 output zero vectors. Further, owing to the
same DC link voltages of inverters 1 and 2, the dual inverter
has 64 switching states. If the switching states of the upper
and lower switches on the same leg are complementary,
then S,1, Sp1, Sc1, Sa2, Sp2, and S, are used to indicate the
switching state. The phase voltage of the stator winding in
the dual inverter can be expressed as the difference between
the phase voltages of inverters 1 and 2. The phase voltage of
the dual inverter can be described as

Val2 Vanl — Van2 — Vanln2
Vb12 | = | Vbnl — Vbn2 — Vbnln2
Vel2 Venl — Ven2 — Venln2

Vil (x=a, b, ¢) = VDC1 (Sx1 (x=a, b, ¢) — 0.5)
Vxn2 (x=a, b,c) = Vbea (Sx2 (x=a, b,c) — 05) (1)

where v,1, Vpnl, and vg,1 are the a-, b-, and c-axis terminal
voltages of inverter 1, and vg,2, Vpn2, and ve,n are the a-, b-,
and c-axis phase voltages of inverter 2, respectively. Further,
Vpc1 and Vpes are the DC-link voltages of inverters 1 and 2,
respectively.

The OEW-IPMSM opens the neutral point of the conven-
tional Y-connected IPMSM. An OEW-IPMSM driven by a
dual inverter with an isolated DC source is shown in Fig. 1.
The model of the OEW-IPMSM with the d-g synchronous
rotating reference frame can be expressed using the Clarke
and Park transformations as

|:ud“ } = d.Ld B + Ryide — orLgige
Uge Ly + Ryige + wrLaide + wphy
3P, . .
T, = 55 (Arige + (La — Ly) ideige) 2
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FIGURE 3. When Vp, is 0V, dual inverter circuit using superposition
principle (Case 1).
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FIGURE 4. Equivalent dual inverter circuit of Case 1.

where ug. and ug, are the d-g axis voltages of the stator,
T, is the electromagnetic torque, P is the number of poles,
lge and I, are the d-q axis currents of the stator, R; is
the stator resistance, Ly and L, are the d-g axis stator
inductance, w, is the electrical angle if the velocity, electrical
angle of the motor, and Ay is the fundamental flux linkage.
Simulations were performed via modelling using equation (1)
and equation (2).

B. ANALYSIS OF DUAL INVERTER PHASE VOLTAGE

The dual inverter is a topology that drives the load of the OEW
structure. The Y-connection load has a neutral point of load,
whereas the OEW-connection load does not. Therefore, the
relationship between the terminal, phase, and line voltages
of the dual inverter was analyzed using the superposition
principle. Because the dual inverter has two isolated power
sources, the phase voltage of the OEW load was analyzed in
Case 1 and Case 2. In Case 1, the input voltage of inverter 2
(Vpca) was zero. The dual inverter in Case 1 is shown in
Fig. 3. Assuming that the diode is an ideal switch, the a-, b-,
and c-phase output voltages of inverter 2 (va2(1), Vb2(1), Vb2(1))
had the same voltage regardless of the direction of the output
current. The equivalent circuit of Case 1 is shown in Fig. 4.
The phase voltage output from inverter 1 was a sinusoidal
wave. The a-axis phase voltage of Case 1 can be expressed as
equation (3)

Val12(1) = Val(l) — Va2(1) = Val(l) — Vn2(1)
= Asin(wt) 3)

Case 2 is when Vpc is zero. The dual inverter in Case 2 is
shown in Fig. 5. Assuming that the diode is an ideal switch,
the a-, b-, and c-phase output voltages of inverter 1 (v4(1),
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FIGURE 5. When Vp¢, is 0V, dual inverter circuit using superposition
principle (Case 2).
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FIGURE 6. Equivalent dual inverter circuit of Case 2.

Vp2(1)> Ve2(1)) had the same voltage regardless of the direction
of the output current and were zero. The equivalent circuit
for Case 2 is shown in Fig. 6. The phase voltage output from
inverter 2 was a sinusoidal wave. The a-axis phase voltage of
Case 2 (vq12(2)) 1s expressed as equation (4).

Val12(2) = Val(2) — Va2(2) = 0—- Va2(2)
= Bsin (wt) 4

The a-axis phase voltage of the OEW load is the sum of the
a-axis phase voltages of Cases 1 and 2, and is expressed as
equation (5)

Val2 = Val2(1) + Val122) = Val(l) = Va2(1) — Va2(2)
= (A + B)sin (wt) 5)

The phase voltages of the OEW load are a sinusoidal wave,
and no offset voltage appeared. However, the phase voltage
can be boosted using the common-mode voltage (v,2(1)) of the
a-axis phase voltage component (v4(2)) compared to a single
inverter. Because the two DC sources of the dual inverter
are isolated, no current path is followed by switching and
the ZSV. As ZSC is not generated, the additional ZSC and
reduction method is not required. In Case 1, the line voltage
between the a-axis and b-axis of inverter 1 is expressed as
equation (6).

Vab1(1) = Val(l) = Vb1(1) (6)

Further, in Case 2, the line voltage between the a-axis and
b-axis of inverter 1 is, is expressed as equation (7).

Vap12) =0 @)
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Thus, the line voltage of inverter 1 is the sum of equations (6)
and (7), which is expressed as equation (8)

Vabl = Vab1(1) — Vab1(2) = Val(l) = Vb1(1) (8)

In addition, equation (9) is obtained using equation (3) as
follows:

Vabl = Val2(1) — Va2(1) — Vb12(1) — Vb2(1)
= Val2(1) — Vr2(1) — Vb12(1) + Viu2(1) 9

The line voltage output between the a- and b-axes of inverter
1 was a sinusoidal wave. The line voltage of the dual inverter
is expressed as equation (10).

vapl = Asin(wt) — vpo(1) — B sin(wt — 120°) + vy2(1)
= C sin(wt + 30°) (10)

Consequently, the offset voltages of inverters 1 and 2 have
no effect on the OEW load (phase voltage) and line voltage.
However, in case of the occurrence of overmodulation of the
dual inverter owing to the offset voltage, an effect on the OEW
load can be observed.

IIl. PROPOSED DISCONTINUOUS PULSE WIDTH
MODULATION SCHEME

A. CONVENTIONAL DPWM

Case 2 represents a situation in which the DC-link voltage
of inverter 1 Vpci is zero. The dual inverter in Case 2 is
shown in the DPWM scheme is used to reduce the switching
loss and increase the efficiency of a high-power system
with a high switching frequency. The DPWM method locks
certain power semiconductors as ON or OFF at discontinuous
modulation regions. The DPWM method can set discontin-
uous modulation regions according to the application used,
but fundamentally selects points at which the magnitude
of absolute value of the phase voltage is maximized to
minimize the switching loss. The DPWM avoided switching
transition thereby reducing the switching loss by an average
of 33%. Hence, it is advantageous in terms of efficiency
compared to space vector PWM (SVPWM). However, when
there is phase difference between the phases of the stator
current and reference voltages, the loss reduction effect by
DPWM is reduced. In the conventional DPWM method,
the discontinuous modulation region is simply determined
by the phase of reference voltage, and thus, discontinuous
modulation occurs for £30° based on the maximum reference
voltage. Hence, to improve the efficiency, the current phases
must be considered. The offset voltage (Vipser) for 60°
DPWM scheme is calculated using the reference a-, b-, and
c-phase voltages (vgs, Vps, Ves) and Vpe, as expressed in
equation (11)

Vi
v _12)C — Vmax  Vmax + Vmax > 0
offset =
7 —Ypc 3 in Vinax + Vimax < 0
) 'min  Vmax 'max

. * * *
Vmin = min(Vy, Vi, Vog)

(11)

* *
Vmax = MaxX(Vas, Vpe, Veg)s
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where max(-) and min(-) are the maximum and minimum
values in brackets. The 60° DPWM scheme locks power
semiconductors at the maximum point of the reference
voltage. In case of same phases of the reference voltage
and stator current, the switching loss can be reduced to the
maximum with an average of 33%. In the OEW-IPMSM
system, a phase difference between the reference voltage
and current may occur, depending on the speed and control
method. Fig. 8 and Fig. 9 show the phase of the stator current
and reference voltage when the phase difference between
the reference voltages of inverters 1 and 2. Therefore, the
DPWM was not applied at the maximum point of the current,
as shown in Figs. 8(b) and 9(b). Further, the switching loss did
not reduce to a maximum, as shown in Figs. 8(a) and 9(b).

B. PROPOSED DPWM

The dual inverter is composed of double two-level inverters
and has large switching loss owing to the 12 switching
devices. To effectively reduce the switching loss for the dual
inverter, a DPWM scheme was generated considering the
current phase angle. A block diagram of the proposed DPWM
scheme is shown in Fig. 7. The conventional DPWM was
calculated using the reference phase voltages. The offset
voltage of the proposed DPWM scheme is calculated using
the phase angle (6;) of the d-g current and electrical angle
(6;) of the motor. The proposed DPWM scheme determines
a discontinuous modulation interval using a reference angle
instead of reference phase voltages. The reference angle of
the proposed DPWM scheme is calculated as follows:

.
0F =0; + 6, = tan™! (%) +6,, —7w <6 <m (12)
q
The offset voltage of the proposed DPWM method was
calculated using the reference angle of the proposed DPWM.
The offset voltage of inverters 1 and 2 is shown in Table 1.
where vy, Vvps1, and ve are reference phase voltages of
inverter 1, v45, Vps2, and v are the reference phase voltages
of inverter 2, and the offset voltages of inverters 1 (Vogfser1)
and 2 (voffser2) are added to their phase voltages. The reference
voltage is calculated as follows:

Vanl(x=a, b, ¢) = Vxsl(x=a, b, ¢) T Voffset1

Vxn2(x=a, b, ¢) = Vxs2(x=a, b, ¢) T Voffset2 (13)

The proposed DPWM scheme was applied at the maximum
point of the current. Discontinuous modulation occurred at
+30° devices of the dual inverter were not switched during
60° period. The switching loss can be minimized. Further, the
switching loss can be reduced to a maximum compared to the
conventional DPWM scheme.

IV. SIMULATION RESULTS

Simulations of the dual inverter were performed using
PSIM to demonstrate the efficiency of the proposed DPWM
scheme. The circuit of the dual inverter used for the
simulations is shown in Fig. 1, and the input voltage of
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FIGURE 8. Stator current and reference voltage of inverter 1. (a) the
proposed DPWM and (b) the conventional DPWM.

TABLE 1. Offset voltage of inverters 1 and inverter 2.

Offset voltage
Reference angle(6;") . Offset voltage of
of inverter 1 inverter 2
'T[/6<(9i*57'5/6 -Vas1 +0.5 Vb -Va32+0.5 Vb
n/6<6;"<n/2 -Ves1+0.5VDc1 “Ves2+0.5Vpe2

/2<0,"< 51 /6
51/6<0;", 0,"<- 57/6
S51/6<6,"<-m/2
1/2<0,"<-1/6

-vbs11t0.5VDc1
-vas11t0.5VDc1
-Ves1 0.5V pc1

-vbs1+0.5Vpc1

-Vbs2+0.5VDpc2
-Vas2+0.5VDpc2
Ves2+0.5VDpc2

-vbs2+0.5V D2

inverters 1 and 2 was considered as 2 cases: same case
and difference case. The simulation parameters are listed in
Table 2. Simulations were performed using SVPWM, the
conventional DPWM, and the proposed DPWM. To demon-
strate the effectiveness of the proposed DPWM scheme,
a synchronized d-axis current (Iz,) was set to generate a
phase difference between the reference voltage and the stator
current.

When I, of Condition 1 was set to 0.5 A, the phases of the
voltage and current vectors were 94° and 80°, respectively,
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FIGURE 9. Stator current and reference voltage of inverter 2. (a) the
proposed DPWM and (b) the conventional DPWM.
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FIGURE 10. Current and reference voltage vector. (a) condition 1 (Ige =
0.5 A), (b) condition 2 (14 = —0.5 A), and (c) condition 3 (Ige = —1.5 A).

as shown in Fig 10(a). Further, when I, of Condition 2 was
set to —0.5 A, the phases of the voltage and current vectors
were 94° and 99°, respectively, as shown in Fig. 10(b).
Finally, when I, of Condition 3 was set to —1.5 A, the
phases of the voltage and current vectors were 94° and 117°,
respectively, as shown in Fig. 10(c).

Even in case of the existence of phase difference, the
proposed DPWM scheme occurred for £30° based on the
maximum stator current in the simulation results, as shown
in Figs. 11 and 12. In Condition 1, Figs. 11(a) and 12(a)
show the simulation results when applying the conventional
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and ¢y = 94°), and (c) condition 3 (6; = 117° and 6y = 94°).

TABLE 2. Simulation and experiment parameters.

Parameters Value
Stator resistance (R) 0.213 Q
d-axis inductance (La) 1.60 mH
g-axis inductance (L,) 2.18 mH
Permanent magnet flux (¢,) 0.113 Wb
Number of poles (P) 12
Switching frequency(fsw) 10 kHz
Collector-emitter voltage (Vee) 05V
Turn on time (Zon) 1.2 us
Turn off time (T4y) 1.8 us

and proposed DPWM schemes. Owing to the added g4, to
verify the validity of the proposed method, the phase of the
current was 6° behind the reference-voltage phase. When
the conventional DPWM method was applied, switching
occurred at the maximum current point owing to the phase
difference. However, the proposed discontinuous modulation
occurred at £30°, based on the maximum stator current.
In Condition 2, Figs. 11(b) and 12(b) show the simulation
results when applying the conventional and proposed DPWM
schemes. Because of 1., the phase of the current was 6° ahead
of the reference voltage phase, and the conventional DPWM
method did not occur for £30° based on the maximum point
of the stator current. The proposed discontinuous modulation
occurred at £30°, based on the maximum stator current.
In Condition 3, Figs. 11(c) and 12(c) show the simulation
results when applying the conventional and proposed DPWM
schemes. Because of I, the phase of the current was 24°
ahead of the reference voltage phase, and the conventional
DPWM method switched to the maximum point of the
current. The proposed discontinuous modulation occurred
at +30° based on the maximum stator current. Thus, the
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TABLE 3. Total switch loss simulation of dual inverter with same
magnitude of isolated DC source.

Condition Modulation Total Inverter 1 Inverter 2
SVPWM 2248 W 11.24 W 11.24 W
1 .
(ie= C"]‘;VPG\’)‘JI‘\‘/)[“@‘I 1432W  716W  7.16W
0.5A) q
Propose
DPWM 1412 W 7.06 W 7.06 W
SVPWM 22.58 W 1129 W 1129 W
2 Conventional
Ue= DVPWM 1426 W  7.13W 713 W
-0.5A) q
Propose
DPWM 1420 W 7.10 W 7.10 W
SVPWM 25.08 W 12.54 W 12.54 W
3 Conventional
(g = DPWM 16.52 W 826 W 826 W
-1.5A)
Proposed
DPWM 1576 W 7.88 W 7.88 W

proposed DPWM scheme occurred at the maximum point of
the current.

In addition, the switching loss were compared to confirm
the validity of the proposed scheme. The switching loss were
calculated using PSIM, considering the collector-emitter
voltage (V.), turn-on time (7,;), turn-off time (T,4), and
switching frequency (f5,). Even when the current angles
were changed, the switching loss increased, as shown in
Tables 3 and 4. When I, was added to validate the proposed
DPWM scheme, the output current increased. Consequently,
the switching loss increased. When the output current
was increased and changed, the proposed DPWM avoided
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FIGURE 12. Simulation results under difference case (Vpc; = 120 V and Vpc, = 60 V). (a) condition 1 (¢; = 80° and 6y = 94°), (b) condition 2 (¢; =

100° and 6y = 94°), and (c) condition 3 (6; = 117° and 6y = 94°).
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FIGURE 13. Total loss simulation (under Vpcy; =90V and Vpc, = 90 V)
for various angles of current. (a) inverter 1 and (b) inverter 2.
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FIGURE 14. Total loss simulation (under Vpc; = 120 V and Vpc, = 60 V)
for various angles of current. (a) inverter 1 and (b) inverter 2.

switching transition in the 30° range before and after the
phase current peaks. This results in reduced the switching
loss, as in Tables 3 and 4. When the input voltages of
inverters 1 and 2 were the same, Fig. 13 shows the total
switching loss of the conventional and proposed DPWM
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TABLE 4. Total switch loss simulation of dual inverter with different
magnitude of isolated DC source.

Condition Modulation Total Inverter 1 Inverter 2
SVPWM 2248W  1404W 844 W
! Conventional
(e = DPWM 1433W  861W 5T2W
0.5 A)
P];‘;,p\;sl\fld 1411W 846 W 5.65W
SVPWM 2259W  1411W 848 W
2 Conventional
(Lo = DPWM 1426 W 855W STIW
0.5 A)
P];‘;,p\;sl\fld 1420W  852W 568 W
SVPWM 25.08W  15.67W 941 W
3 Conventional
(Tee = DPWM 1652W 996 W 6.56 W
15 A)
P];‘;}’\;Sl\fld 1576 W 945 W 631 W

methods according to the change in the phase of the stator
current. Although the switching loss owing to the output
current increased, the proposed method exhibited better
switching loss reduction capability than the conventional
DPWM method. When the input voltage of inverter 1 was
twice as large as that of inverter 2, Fig. 14 shows the switching
loss of the conventional and proposed DPWM methods
according to the change in the current phase. Following
analysis of switching loss, the efficiency according to the
variation in the switching loss under each condition is shown
in Tables 5 and 6. It can be seen from Tables 5 and 6 that
the efficiency decreases with the increase in angles of current
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TABLE 5. Total efficiency simulation of dual inverter with same

magnitude of isolated DC source.

Condition Modulation Total Inverter 1 Inverter 2
SVPWM 92.10%  92.10%  92.10%
! Conventional
(e = DPWM 94.97%  9497%  94.97%
0.5 A)
PI;‘I’,Q;SI\e/Id 95.05%  95.05%  95.05%
SVPWM 92.08%  92.08%  92.08%
2 Conventional
(e = DPWM 95.01%  9501%  95.01%
0.5 A)
PI;‘I’,Q;SI\e/Id 95.03%  95.03%  95.03%
SVPWM 9121%  9121%  91.21%
3 Conventional
(e = DPWM 9422%  9422%  94.22%
1.5 A)
PI;‘I’,Q;SI\e/Id 94.49%  9449%  94.49 %

TABLE 6. Total efficiency simulation of dual inverter with different

magnitude of isolated DC source.

Condition Modulation Total Inverter 1 Inverter 2
SVPWM 92.11%  9259%  91.13%
1 Conventional
T = 94.97%  9546%  93.99 %
DPWM
0.5 A)
P];‘;‘{,‘z,s&d 95.06%  95.54%  94.07%
SVPWM 92.06%  92.56%  91.07%
2 _ Conventional
T = 94.89%  9549%  93.99 %
DPWM
0.5 A)
P];‘;‘{,‘z,s&d 95.02%  9551%  94.02%
SVPWM 91.19%  91.74%  90.09 %
3 Conventional
Too = 9421%  9476%  93.11%
DPWM
-1.5A)
P];‘;F{;s]\j[d 94.48%  95.03%  93.38%

by the tendency of the loss to increase according to angles of
current.

The harmonic analysis of proposed DPWM method is
represented in Fig. 15 and Table 7. Fig. 15 shows the results
of performing fast fourier transform (FFT) analysis under
conditions in which the effectiveness of the proposed method
is noticeable among the conditions of the simulation. The
FFT analysis in Fig. 15 was performed under Condition
3 of Table 4, and it can be confirmed that the proposed
method has superior harmonic characteristics compared to
the conventional methods. Table 7 shows the results of
analyzing the total harmonic distortion (THD) of the stator
current for Condition 3 of Table 3 and Table 4. The current
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FIGURE 15. Total harmonic distortion simulation (under Vpc = 120 V
and Vpc, = 60 V). (a) SVPWM, (b) the conventional DPWM, and (c) the
proposed DPWM.
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FIGURE 16. Experimental setup of OEW-IPMSM and the dual inverter.

THD under each condition reflects the tendency of the
analysis of the previous switching loss and efficiency, and
it was confirmed that the THD was reduced in the proposed
method.

V. EXPERIMENTAL RESULTS

Fig. 16 shows the experimental setup of the dual inverter
with an isolated DC source and OEW-IPMSM. The proposed
algorithm was programmed on a digital signal processor
(DSP) board with TMS320F28377S. The other parameters of
the experimental setup are equal to those of the simulation,
as shown in Table 2. The harmonic component of the current
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FIGURE 19. Experimental results of the proposed DPWM when Vp ¢, is 120 V and Vp ¢, is 60 V. (a) condition 1 (; = 80° and 6y = 94°), (b) condition 2
(6; = 100° and ¢y = 94°), and (c) condition 3 (6; = 117° and 6y = 94°).

tends to be larger in the experimental results compared 14, of condition 1, 2 and 3 were set to 0.5, —0.5, and —1.5 A,
to simulation results. These results are affected by various respectively.

conditions. The harmonic component of the current increases Figs. 17 and 18 show the experimental results for the
when the inductance component of the motor winding is applications of the conventional DPWM and the proposed
small, such as the motor used in this experiment. Compared DPWM scheme when the input voltages of inverters 1 and 2
to the simulation, the main reason for the increase in the were the same as 90 V. The reference voltages of inverters
harmonics of the output current in the experiment is the low 1 and 2 had the same command voltage with a difference of
inductance component of the stator winding. In addition, only 180°. As shown in Fig. 17, the proposed discontinuous
dead time and rising/falling time of the switches also cause modulation occurred for £30° based on the maximum stator
differences between simulation and experimental results. current under conditions 1 (§; = 80° and 6, = 94°), 2 (6; =

d-axis stator current I, was added to validate the proposed 100° and 6, = 94°), and 3 (§; = 17° and 6, = 94°).
DPWM method, and conditions 1, 2, and 3 were divided Fig. 18 shows the experimental results obtained by applying
according to the magnitude of Iz. For the experiment, the conventional DPWM scheme. Discontinuous modulation
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TABLE 7. Total harmonic distortion simulation of dual inverter with
isolated DC source.

are maximized in high-power applications, so the proposed
algorithm is effective in improving the efficiency of high-
power applications. Moreover, based on the simulation and

Condition Modulation THD R .
experimental results, the validity of the proposed DPWM
0, . e
1 SVPWM 6.78 % scheme was verified.
(Lge=-1.5A, Conventional 456 %
. 0
Vpei=90 'V, DPWM REFERENCES
Voc=90 V) Proposed DPWM 432 % [1] K.-B. Lee, Advanced Power Electronics, Seoul, South Korea: Munundang,
2019.
[2] Y. Cho, K.-B. Lee, J.-H. Song, and Y. I. Lee, “Torque-ripple minimization
) SVPWM 7.86 % and fast dynamic scheme for torque predictive control of permanent-
1o=15A c ional magnet synchronous motors,” IEEE Trans. Power Electron., vol. 30, no. 4,
( de ™ OV onventiona 6.14 % pp. 2182-2190, Apr. 2015.
Vpei=120'V, DPWM [3] D.-W. Seo, Y. Bak, and K.-B. Lee, “An improved rotating restart method
Vpe2=60 V) Proposed DPWM 503 9 for a sensorless permanent magnet synchronous motor drive system using
. 0

did not occur for £30°, based on the maximum stator current
under conditions 1, 2, and 3.

Figs. 19 and 20 show the experimental results when
the input voltages of inverters 1 and 2 were different.
So, the reference voltages of inverters 1 and 2 had the
different command voltage with a difference of only 180°
The conventional modulation did not occur for +30°, based
on the maximum stator current under conditions 1, 2, and 3.
The proposed discontinuous modulation occurred at £30°
based on the maximum current under conditions 1, 2, and 3.
The switching loss reduction ability of proposed method was
verified when Vpc1 and Vpcp were different and same.

VI. CONCLUSION

This paper proposed an advanced DPWM scheme with
switching loss reduction for a dual inverter with an isolated
DC source. When the conventional DPWM method was
applied, switching occurred at the maximum current point
owing to the phase difference between the reference voltage
and current. The proposed DPWM scheme used additional
calculations of the current phase to reduce switching loss
when the phases of the reference voltage and current were
different. The proposed DPWM scheme exhibited a higher
efficiency than the conventional DPWM scheme because
the it was not switched at 30° of the maximum point of
the current. The efficiency gains from this loss reduction

VOLUME 11, 2023

repetitive zero voltage vectors,” IEEE Trans. Ind. Electron., vol. 67, no. 5,
pp. 3496-3504, May 2020.

[4] Y. Bak and K.-B. Lee, “Constant speed control of a permanent-magnet
synchronous motor using a reverse matrix converter under variable
generator input conditions,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 6, no. 1, pp. 315-326, Mar. 2018.

[5] X. Zhou, J. Sun, H. Li, M. Lu, and F. Zeng, “PMSM open-phase fault-
tolerant control strategy based on four-leg inverter,” IEEE Trans. Power
Electron., vol. 35, no. 3, pp. 2799-2808, Mar. 2020.

[6] Y. Lee and J. Ha, “Hybrid modulation of dual inverter for open-end
permanent magnet synchronous motor,” IEEE Trans. Power Electron.,
vol. 30, no. 6, pp. 3286-3299, Dec. 2015.

[7] J. Ewanchuk, J. Salmon, and C. Chapelsky, “A method for supply voltage
boosting in an open-ended induction machine using a dual inverter system
with a floating capacitor bridge,” IEEE Trans. Power Electron., vol. 28,
no. 3, pp. 1348-1357, Mar. 2013.

[8] Z.Song, F. Zhou, Y. Yu, R. Zhang, and S. Hu, “Open-phase fault-tolerant
predictive control strategy for open-end-winding permanent magnet
synchronous machines without postfault controller reconfiguration,” IEEE
Trans. Ind. Electron., vol. 68, no. 5, pp. 3770-3781, May 2021.

[9] N. K. Nguyen, F. Meinguet, E. Semail, and X. Kestelyn, ‘“Fault-
tolerant operation of an open-end winding five-phase PMSM drive with
short-circuit inverter fault,” IEEE Trans. Ind. Electron., vol. 63, no. 1,
pp. 595-605, Jan. 2016.

[10] Z. Song, X. Ma, and Y. Yu, “Design of zero-sequence current controller
for open-end winding PMSMs considering current measurement errors,”
1EEE Trans. Power Electron., vol. 35, no. 6, pp. 6127-6139, Jun. 2020.

[11] W. Hu, H. Nian, and D. Sun, “Zero-sequence current suppression strategy
with reduced switching frequency for open-end winding PMSM drives
with common DC BUS,” IEEE Trans. Ind. Electron., vol. 66, no. 10,
pp. 7613-7623, Oct. 2019.

[12] X.Lin, W.Huang, and L. Wang, “SVPWM strategy based on the hysteresis
controller of zero-sequence current for three-phase open-end winding
PMSM,” IEEE Trans. Power Electron., vol. 34, no. 4, pp. 3474-3486,
Apr. 2019.

[13] C.Liu and J. Shang, “Three-dimension space vector based finite control
set method for OW-PMSM with zero-sequence current suppression and
switching frequency reduction,” IEEE Trans. Power Electron., vol. 36,
no. 12, pp. 14074-14086, Dec. 2021.

2709



IEEE Access

H.-W. Lee et al.: Advanced DPWM Method for Switching Loss Reduction in Isolated DC Type Dual Inverter

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

2710

P. Sandulescu, F. Meinguet, X. Kestelyn, E. Semail, and A. Bruyere,
“Control strategies for open-end winding drives operating in the flux-
weakening region,” IEEE Trans. Power Electron., vol. 29, no. 9,
pp. 4829-4842, Sep. 2014.

W. Zhao, B. Wu, Q. Chen, and J. Zhu, “Fault-tolerant direct thrust force
control for a dual inverter fed open-end winding linear Vernier permanent-
magnet motor using improved SVPWM,” IEEE Trans. Ind. Electron.,
vol. 65, no. 9, pp. 7458-7467, Sep. 2018.

W. Hu, H. Nian, and T. Zheng, “Torque ripple suppression method
with reduced switching frequency for open-winding PMSM drives with
common DC bus,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 674-684,
Jan. 2019.

H. Zhan, Z. Q. Zhu, and M. Odavic, “Analysis and suppression of
zero sequence circulating current in open winding PMSM drives with
common DC bus,” IEEE Trans. Ind. Appl., vol. 53, no. 4, pp. 3609-3620,
Jul./Aug. 2017.

A. Amerise, L. Rovere, A. Formentini, M. Mengoni, L. Zarri, and
P. Zanchetta, “Control system for open-end winding surface PM syn-
chronous machines with a floating capacitor bridge,” in Proc. IEEE Energy
Convers. Congr. Expo., Sep. 2018, pp. 6585-6591.

M. Mengoni, A. Amerise, L. Zarri, A. Tani, G. Serra, and D. Casadei,
“Control scheme for open-ended induction motor drives with a floating
capacitor bridge over a wide speed range,” IEEE Trans. Ind. Appl., vol. 53,
no. 5, pp. 4504-4514, Sep. 2017.

Y. Zhou and H. Nian, “Zero-sequence current suppression strategy of
open-winding PMSG system with common DC bus based on zero vector
redistribution,” IEEE Trans. Ind. Electron., vol. 62, no. 6, pp. 3399-3408,
Jun. 2015.

A. Edpuganti and A. K. Rathore, ‘“New optimal pulsewidth modulation
for single DC-link dual-inverter fed open-end stator winding induction
motor drive,” IEEE Trans. Power Electron., vol. 30, no. 8, pp. 4386-4393,
Aug. 2015.

S.-M. Kim, E.-J. Lee, J.-S. Lee, and K.-B. Lee, “An improved
phase-shifted DPWM method for reducing switching loss and thermal
balancing in cascaded H-bridge multilevel inverter,” IEEE Access, vol. 8,
pp. 187072-187083, 2020.

M. H. V. Reddy, T. B. Reddy, B. R. Reddy, and M. S. Kalavathi,
“Discontinuous PWM technique for the asymmetrical dual inverter
configuration to eliminate the overcharging of DC-link capacitor,” IEEE
Trans. Ind. Electron., vol. 65, no. 1, pp. 156-166, Jan. 2018.

J. C. Giacomini, L. Michels, M. C. Cavalcanti, and C. Rech, “Modified
discontinuous PWM strategy for three-phase grid-connected PV inverters
with hybrid active—passive damping scheme,” IEEE Trans. Power
Electron., vol. 35, no. 8, pp. 8063-8073, Aug. 2020.

Q. An, J. Liu, Z. Peng, L. Sun, and L. Sun, “Dual-space vector control of
open-end winding permanent magnet synchronous motor drive fed by dual
inverter,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8329-8342,
Dec. 2016.

B. Zhang, C. Zhang, X. Xing, X. Li, and Z. Chen, “Novel three-layer
discontinuous PWM method for mitigating resonant current and zero-
crossing distortion in Vienna rectifier with an LCL filter,” IEEE Trans.
Power Electron., vol. 36, no. 12, pp. 14478-14490, Dec. 2021.
N.-V.Nguyen, B.-X. Nguyen, and H.-H. Lee, “An optimized discontinuous
PWM method to minimize switching loss for multilevel inverters,” IEEE
Trans. Ind. Electron., vol. 58, no. 9, pp. 3958-3966, Sep. 2011.

&

:Qv\..‘

HYUNG-WOO LEE (Student Member, IEEE)
received the B.S. and M.S. degrees in electrical
and computer engineering from Ajou University,
Suwon, South Korea, in 2020 and 2022, respec-
tively, where she is currently pursuing the Ph.D.
degree in electrical and computer engineering. Her
research interests include dual inverters, electric
machine drives, and power conversion.

SUNG-JIN JANG (Student Member, IEEE)
received the B.S. degree in electrical engineering
from Kookmin University, Seoul, South Korea,
in 2019. He is currently pursuing the M.S. degree
in electrical and computer engineering with Ajou
University, Suwon, South Korea. His research
interests include electric machine drives and dual
inverters.

KYO-BEUM LEE (Senior Member, IEEE)
received the B.S. and M.S. degrees in elec-
trical and electronic engineering from Ajou
University, Suwon, South Korea, in 1997 and
1999, respectively, and the Ph.D. degree in
electrical engineering from Korea University,
Seoul, South Korea, in 2003.

From 2003 to 2006, he was with the Institute of
Energy Technology, Aalborg University, Aalborg,
Denmark. From 2006 to 2007, he was with the

Division of Electronics and Information Engineering, Jeonbuk National
University, Jeonju, South Korea. In 2007, he joined the Department of
Electrical and Computer Engineering, Ajou University. His research interests
include electric machine drives, renewable power generation, and electric
vehicle applications. He is currently an Editor-in-Chief of the Journal of
Power Electronics. He is also an Associate Editor for the IEEE TRANSACTIONS

oN Power ELECTRONICS.

VOLUME 11, 2023



