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ABSTRACT This article proposes an improved overvoltage suppression method for the initial charge of
the dc capacitor in voltage source power converters. The proposed method makes multiple short-circuits
in each leg, utilizing power devices in the converter. These short-circuits discharge the dc capacitor and
suppress overvoltage caused by resonant effects during the initial charge. The utilization of short durations
of short-circuits multiple times in each leg reduces the power consumption in the power devices and results
in a decrease in the peak junction temperature. Experimental verification using a 200-V, 5-kVA three-phase
converter demonstrates that the proposed multiple short-circuit method reduces power consumption by 6%
and suppresses device degradation by more than 40 times compared to the previously proposed single
short-circuit method. The experimental results exhibit the effective overvoltage suppression capability of the
proposed method with modest device degradation. As a result, the proposed method allows for the elimination
of the initial charge circuit, leading to reductions in the size and cost of power converters, particularly in
PWM rectifiers.

INDEX TERMS Electrolytic capacitorless power converter, initial charge, short circuit, SiC-MOSFET.

I. INTRODUCTION
Power density of power converters has been increasing in the
recent decade [1], [2], [3]. Improvements in power semicon-
ductor devices and the adoption of wide-band-gap (WBG)
semiconductor devices have contributed to reducing power
device losses and, consequently, the size of heat sinks in
power converters [3]. WBG devices, such as SiC and GaN,
offer the advantage of higher switching frequencies, enabling
the reduction of passive components [4]. As power con-
verters increase their power density, it becomes crucial to
reduce losses not only in power devices but also in pas-
sive components, as small converters face challenges in heat
dissipation [5]. However, conventional power converters usu-
ally employ electrolytic capacitors due to their high power
density and low cost, but the electrolytic capacitors contain

large parasitic resistors that become more remarkable, es-
pecially during high-frequency operations. Therefore, high
power density converters are increasingly utilizing film or
ceramic capacitors instead of electrolytic capacitors, even for
the dc link capacitors [6], [7], [8].

In addition, many researchers have proposed circuit topolo-
gies and control methods aimed at reducing the capacitor and
achieving electrolytic capacitorless power converters [9], [10],
[11], [12], [13], [14], [15], [16], [17]. Since electrolytic capac-
itors have a shorter lifetime, particularly in high-temperature
operations, compared to other components, they become a
limiting factor in the overall lifetime of power converters [18],
[19], [20]. Consequently, electrolytic capacitorless power con-
verters are attractive because they offer increased lifetime
and reduced maintenance costs. However, electrolytic capac-
itorless power converters require a significant reduction in
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capacitance to avoid becoming bulky, as film and ceramic
capacitors have lower energy density compared to electrolytic
capacitors. Reference [15] proposed a control method for an
interior permanent magnet (IPM) motor to achieve power
factor correction (PFC) in its single-phase diode rectifier con-
nected to the ac mains. This method utilizes the inertia of the
motor to absorb power ripple from the single-phase ac power
source, leading to a great reduction in passive components
within power converters.

However, power converters generally include not only the
main circuit but also auxiliary components such as sensors,
controllers, and protection elements. Grid connection convert-
ers, for example, integrate an initial charge circuit alongside
the typical auxiliary components. The conventional initial
charge circuit consists of a resistor and a mechanical contactor
connected in parallel, which is connected in series with the
converter [21]. The resistor serves to limit the source current
flowing into the dc capacitor when its voltage is lower than
that of the ac mains. Once the dc capacitor voltage reaches the
set value, the mechanical contactor turns on, bypassing the re-
sistor and allowing the converter to start operation. Therefore,
the resistor of the initial charge circuit is only used during
the initial charge period. However, since the converter current
constantly flows through the mechanical contactor, the contac-
tor must be designed to handle the rated power of the power
converters. Consequently, even with the implementation of
smaller passive components and heat sinks, the initial charge
circuit is a challenge for increasing converter power density.

Here, in an electrolytic capacitor-less converter, a small
capacitor needs to be employed as the dc capacitor, which in-
creases the characteristic impedance of the ac inductors and dc
capacitor, thereby reducing the inrush current. Consequently,
even when the converters start up without the initial charge
circuit, the inrush current is less likely to cause damage to the
power devices. However, due to resonance between the ac in-
ductors and the dc capacitor, the dc capacitor voltage increases
to double the source voltage. Since the rated voltage of a dc
capacitor is typically designed to be lower than 150–160% of
the supply voltage, an increase to double the supply voltage
results in an overvoltage condition in the dc capacitor.

Reference [22] proposed a method to suppress overvoltage
in the power converter by using a leg short circuit. This short
circuit discharges the dc capacitor when its voltage reaches the
set value, preventing the power converter from overvoltage.
During the short-circuit operation, the short-circuit current
is limited by both the parasitic elements of the power con-
verter [23] and the current saturation in the power devices,
resulting in a gradual discharge of the dc capacitor volt-
age. Many papers have reported the results of short-circuit
tests [24], [25], [26], [27], [28], [29], and it has been shown
that short-circuits cause significant losses and heat generation
in power devices. As a result, a single short-circuit may cause
destructive damage [30], and repetitive short-circuits can also
lead to the degradation of power devices [31], [32]. However,
the overvoltage suppression method proposed in [22] can be

FIGURE 1. Circuit diagram of a voltage source converter.

applied several hundred times without causing specific dam-
age to the power devices [33]. Considering that the start-up
sequence occurs only when the converter is connected to the
ac mains or when the ac mains are restored after a blackout, it
is assumed that the converter performs overvoltage suppres-
sion control a maximum of three times per day. However,
since the designed lifetime of the power converter is longer
than 10 years, it is necessary to perform the initial charge more
than 10000 times over its lifetime. Therefore, the overvoltage
suppression method proposed in [22] reduces the lifetime of
the power converter and lacks sufficient characteristics for
practical system utilization.

This article proposes an improved control method for sup-
pressing overvoltage across the dc capacitor in the power
converter. The proposed method utilizes the power devices
in the converter to make multiple short circuits in each leg,
effectively reducing the peak voltage across the dc capac-
itor [34]. In this multiple short-circuit method, each short
circuit has a short duration, and there are intervals between
the short-circuit periods for each power device. Consequently,
the maximum temperature of the power devices is lower com-
pared to the single short-circuit method proposed in [22].
Furthermore, theoretical analysis in this article clarifies that
the total power loss in the multiple short-circuit method de-
pends on the total number of short circuits, rather than the
duration of each individual short circuit. Experimental verifi-
cation confirms that the multiple short-circuit method results
in smaller voltage fluctuations in the dc capacitor during the
initial charge and lower energy consumption in the power de-
vices. The experimental results exhibit a good capability of the
multiple short-circuit method for suppressing the peak voltage
across the dc capacitor during the initial charge. Therefore,
the proposed multiple short-circuit method in this article is
suitable for practical utilization in power converters without
compromising their lifetime.

II. CIRCUIT CONFIGURATION
Fig. 1 shows a circuit configuration of the power converter
and its circuit parameters used for the following experiments
are listed in Table 1. Fig. 2 also shows a picture of the
experimental setup. This configuration assumes the rectifier
part of an electrolytic-capacitorless power converter for a
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TABLE 1. Circuit Parameters of the Converter Used in the Experiments

FIGURE 2. Picture of the experimental setup.

5-kVA three-phase motor drive system. The converter cir-
cuit is a three-phase voltage source converter consisting of
SiC-MOSFETs (Cree C2M0040120D) and SiC-SBDs (Cree
C4D10120D). The power converter has ac inductors L as a
switching ripple filter on its ac side. Only a small film capac-
itor Cdc is installed on its dc side as a dc capacitor. No initial
charge circuit is included in the converter, for example, a resis-
tor and contactor. The circuit parameters are designed enough
to operate the power converter at a switching frequency of
20 kHz [13], [14], [15], [16], [17].

After the converter without an initial charge circuit con-
nects to the ac source, the dc capacitor charges through the
ac inductors. If there is no control, the dc capacitor voltage
finally reaches double the ac source voltage.

III. OVERVOLTAGE SUPPRESSION METHOD USING LEG
SHORT-CIRCUITS IN THE CONVERTER
A. SINGLE SHORT-CIRCUIT IN EACH LEG
The overvoltage suppression method proposed in [22] per-
forms a single short-circuit in each leg using power MOSFETs
in the converter. This short circuit discharges the dc capacitor
and suppresses its peak voltage.

Fig. 3 shows an operation principle of the overvoltage sup-
pression method using a single short-circuit proposed in [22].
When the dc capacitor voltage reaches the set value in the
initial charge, both upper and lower MOSFETs in one of three
legs turn on simultaneously. In the leg short-circuit duration,
the dc capacitor voltage steeply decreases as if a small resistor
is connected to the dc capacitor in parallel. After a several-μs,
the MOSFETs turn off to finish the short circuit duration and
the dc capacitor voltage starts to increase again. It is important
to note that the short-circuit current flows only in the dc side,
involving the power devices and the dc capacitor. Therefore,
the short-circuit current has no effect on the ac mains. Fur-
thermore, since the short-circuit method is only used for the

FIGURE 3. Operation principle of the overvoltage suppression method
proposed in [22].

FIGURE 4. Operation principle of the overvoltage suppression method
using multiple short-circuits in each leg.

initial charge, it does not disturb the normal operation, and
the power loss during the short-circuits has no impact on the
overall efficiency of the power converter.

The single short-circuit method for overvoltage suppression
makes a short-circuit only once in each leg. In this case, each
short circuit has a long time duration and consumes a large
amount of energy to achieve overvoltage suppression because
the total number of short-circuit is limited to no more than
three, corresponding to the number of legs in the converter.
The large energy consumption may potentially damage the
MOSFETs and/or reduce their lifetime, even though the en-
ergy is less than the short circuit capability [33].

B. MULTIPLE SHORT-CIRCUITS IN EACH LEG
This article proposes an overvoltage suppression method us-
ing multiple short-circuits in each leg to reduce the damage
to the MOSFETs. Fig. 4 shows an operation principle of
the multiple short-circuits method. In this method, the short-
circuit duration in each leg is split into several times. Each
short-circuit has smaller energy consumption compared to the
single short-circuit method due to the reduced short-circuit
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FIGURE 5. Equivalent circuit diagram of the power converter under (a)
charging mode and (b) short-circuit mode.

time duration. In addition, intervals between short circuits in
each leg facilitate cooling of the MOSFETs and allow them to
recover their initial conditions. As a result, the multiple short-
circuit method can reduce the maximum junction temperature
of the MOSFETs and the thermal stress on them.

However, the multiple short-circuit method offers signifi-
cant flexibility, particularly regarding the timing and duration
of the short-circuits, which significantly influence energy con-
sumption and the peak junction temperature in the MOSFETs.
If the multiple short-circuit method employs inappropriate
timings and durations, it may damage and/or degrade the
MOSFETs, leading to a shorter lifetime. Therefore, the multi-
ple short-circuit method requires an appropriate design of the
timing and duration of short-circuits.

IV. CIRCUIT ANALYSIS OF THE INITIAL CHARGE
A. CHARGING MODE BEFORE SHORT CIRCUIT
When the ac voltage source connects to a voltage-source con-
verter equipped with no initial charge circuit, the dc capacitor
may begin to be charged from the ac voltage phases having
maximum and minimum potential through the ac inductors
due to the anti-parallel diodes. For the sake of simplicity,
assuming that the charging time of the dc capacitor is suffi-
ciently short, the following analysis regards the source voltage
as a constant value Vp during the initial charge, which is the
peak of the line-to-line ac voltage. Fig. 5 shows an equivalent
circuit diagram used for the analysis. In this case, the dc
capacitor Cdc is connected with the two ac inductors L and
voltage source Vp in series during the initial charge.

The source current i(t ) and dc capacitor voltage vdc(t ) are
derived from the following differential equations:

2 L d
dt i(t ) = Vp − vdc(t ), (1)

Cdc
d
dt vdc(t ) = i(t ). (2)

Here, the characteristic angular frequency ω and characteristic
impedance Z are defined as

ω = 1√
2 LCdc

, (3)

Z =
√

2 L
Cdc

. (4)

The source current i(t ) and dc capacitor voltage vdc(t ) are
obtained by solving differential equations (1) and (2) at the
same time, and are given by

vdc(t ) = A cos (ωt − φ) + Vp, (5)

i(t ) = − 1
Z A sin (ωt − φ), (6)

where A and φ are the amplitude and phase angle of the
resonant. When considering an initial condition at t = Tinit ,
A and φ are given by the dc capacitor voltage Vinit and source
current Iinit as follows:

A =
√(

Vinit − Vp
)2 + Z2I2

init, (7)

φ = ω
Tinit

2 + atan
(Vinit − Vp) sin ωTinit

2 + ZIinit cos ωTinit
2

(Vinit − Vp) cos ωTinit
2 − ZIinit sin ωTinit

2

.

(8)

Note that the source current i(t ) should be positive during the
initial charge due to diodes in the converter.

When the voltage source connects to the converter at t = 0,
both the dc capacitor voltage and source current at t = 0,
V0 and I0, are zero due to the initial charge. Therefore, the
amplitude and phase angle at t = 0 are A0 = Vp and φ0 = π ,
respectively, which are derived from Vinit = V0 = 0, Iinit =
I0 = 0, and Tinit = T0 = 0. After that, the dc capacitor voltage
and source current increase according to (5) and (6). The
source current takes its peak value Imax = Vp/Z at t = π/2ω,
and the current charges the dc capacitor until the current
becomes zero. As a result, the dc capacitor voltage finally
reaches Vmax = Vp + A. For example, if the converter operates
without any initial charge control, the maximum dc capacitor
voltage is Vmax = 2Vp. Therefore, it is necessary to reduce the
amplitude A in order to suppress the maximum dc capacitor
voltage.

B. CHARGING MODE AFTER SHORT CIRCUITS
After the short-circuit duration, the circuit immediately
switches to the charge mode and the dc capacitor voltage and
source current follow (5) and (6) again, respectively. Here,
the dc capacitor voltage and the source current at the end of
the n-th short-circuit duration t = Tne are defined as Vne and
Ine, respectively. After the n-th short-circuit duration, the dc
capacitor voltage vdcn and source current in are given by

vdcn(t ) = Ane cos (ωt − φne) + Vp, (9)

in(t ) = −Ane
1
Z sin (ωt − φne), (10)

where the amplitude Ane and phase angle φne are calculated as
follows:

Ane =
√(

Vne − Vp
)2 + Z2I2

ne, (11)

φne = ω Tne
2 + atan

(
Vne−Vp

)
sin ωTne

2 +ZIne cosωTne
2(

Vne−Vp
)

cosωTne
2 −ZIne sin ωTne

2

. (12)

C. MODELING OF THE SHORT-CIRCUIT CURRENT
WAVEFORM
The proposed initial charge method uses short-circuit oper-
ation for discharging the dc capacitor. However, the short-
circuit current waveform has various shapes which depend
on the power devices, applied voltage, stray inductance, and
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FIGURE 6. Measured short-circuit current waveforms of the proposed
method in various time durations and a modeled short-circuit waveform
using (13).

so on. The dependence on power devices is not solely based
on the internal structure and chip size, but also on individual
differences. Since it is quite difficult to analytically represent
the short-circuit waveforms, this article uses two approximate
functions based on the waveforms measured in experiments
for the following analysis.

Fig. 6 shows measured short-circuit waveforms during the
initial charge. When both the gates turn on at t = Tns, the
short-circuit current starts to increase slowly due to stray in-
ductance in the circuit. After several-μs, the short-circuit takes
its peak and starts to decrease slowly, because large power loss
in the devices heats themselves and increases their equivalent
resistance. After the gates turn off at t = Tno, the short-circuit
current steeply decreases and reaches zero at t = Tne.

The applied voltage for the devices can be assumed as
a constant during the short-circuit operation because the
short-circuit always starts at the same dc-capacitor voltage,
vdc = Vm, and the dc-capacitor voltage slightly decreases in
the proposed method. Therefore, it can be assumed that the
short-circuit current waveform in the proposed method always
follow the same line while both the gates are on.

This article assumes that the short-circuit waveform con-
sists of two parts: an exponential function while the gates are
on and a quadratic function after the gates turn off. This article
employs

isc(t )

=
⎧⎨
⎩

KR
(
1−e−KL(t−Tns )

) (
e−KT(t−Tns )+KS

)
(Tns ≤ t < Tno)

KO (t − Tne)2 (Tno ≤ t < Tne)
0 (others)

(13)

as a current waveform model during a short-circuit, where the
static parameters KX decide the short-circuit current wave-
form. KR is related to the equivalent resistance of power
devices during the short-circuit under a constant temperature.
KL is a coefficient caused by stray inductance in the circuit.
KT is from the temperature change in power devices caused
by the power loss in the short-circuit. KS shows a factor of
the short-circuit current in steady states, if possible. KO is
related to the turn-off speed of the power devices. This article

employs the static parameters KX extracted from and fitted
to the short-circuit waveforms measured at vdc = Vm in the
power converter in order to minimize the error.

Since the short-circuit current isc should be a continuous
function, the turn-off duration Tne − Tno is calculated by using
KO as follows:

Tne − Tno =
√

Iscno

KO
, (14)

where Iscno is the short-circuit current at t = Tno, Iscno =
isc(Tno).

D. IN THE SHORT-CIRCUIT DURATION
The source current and dc capacitor voltage during the short-
circuit duration, i(t ) and vdc(t ), are derived from the following
differential equations:

2 L d
dt in(t ) = Vp − vdcn(t ), (15)

Cdc
d
dt vdcn(t ) = in(t ) − isc(t ). (16)

Substituting (13) into (15) and (16), the current and voltage
while the gates are on are given by

ins(τ ) = Ans sin (ωτ + φns) + KSKR

(
1 − ω2e−KLτ

ω2 + K2
L

)

+ KRω2e−KTτ

(
1

ω2 + K2
T

− e−KLτ

ω2 + (KT + KL)2

)
,

(17)

vdcns(τ )= −AnsZ cos(ωτ +φns)−KRZω
(KT+KL)e−(KL+KT )τ

ω2 + (KT + KL)2

+ KRZω

(
KTe−KTτ

ω2 + K2
T

− KLKSe−KLτ

ω2 + K2
L

)
+ Vp,

(18)

where τ is the time since the short-circuit started, τ = t − Tns.
Here, Ins and Vns represent the current and voltage when the n-
th short-circuit starts at τ = 0. The amplitude and phase angle
of the resonant at τ = 0, Ans and φns, are given by

Ans =

√√√√√√√√
{
− (KT+KL )KRω

ω2+(KT+KL )2 + KTKRω

ω2+K2
T

− KLKSKRω

ω2+K2
L

+ Vp−Vns
Z

}2

+
{
− (2KT+KL )KLKRω2(

ω2+K2
T

){
ω2+(KT+KL )2} − K2

LKSKR

ω2+K2
L

+ Ins

}2,

(19)

φns = atan
− (2KT+KL )KLKRω2(

ω2+K2
T

){
ω2+(KT+KL )2} − K2

LKSKR

ω2+K2
L

+ Ins

− (KT+KL )KRω

ω2+(KT+KL )2 + KTKRω

ω2+K2
T

− KLKSKRω

ω2+K2
L

+ Vp−Vns
Z

.

(20)

After the gates turn off at τ = Tno − Tns, the short-circuit
current decreases steeply to zero. The source current and dc
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capacitor voltage are also given by

ino(τ ′) =
(

2KO
ω

√
Iscno
KO

+ Vp−Vno
Z

)
sin ωτ ′

+
(

2KO
ω2 + Ino − Iscno

)
cos ωτ ′

+ KO

(
τ ′ −

√
Iscno
KO

)2
− 2KO

ω2 , (21)

vdcno(τ ′) = Z
(

2KO
ω2 + Ino − Iscno

)
sin ωτ ′

− Z
(

2KO
ω

√
Iscno
KO

+ Vp−Vno
Z

)
cos ωτ ′

− Z 2KO
ω

(
τ ′ −

√
Iscno
KO

)
+ Vp, (22)

where τ ′ is the time since the gates turned off, τ ′ = t − Tno,
and vno and Ino are the dc capacitor voltage and source current
at τ ′ = 0, Vno = vdcns(Tno − Tns) and Ino = ins(Tno − Tns), re-
spectively. When the short-circuit current reaches zero, the dc
capacitor voltage starts to increase again. The end value of
the current and voltage in the n-th short-circuit duration are
calculated as

Ine = ino

(√
Iscno
KO

)
=
(

2KO
ω

√
Iscno
KO

+ Vp−Vno
Z

)
sin
(
ω

√
Iscno
KO

)
+
(

2KO
ω2 + Ino − Iscno

)
cos

(
ω

√
Iscno
KO

)
− 2KO

ω2 , (23)

Vne = vdcno

(√
Iscno
KO

)
= Z

(
2KO
ω2 + Ino − Iscno

)
sin
(
ω

√
Iscno
KO

)
− Z

(
2KO
ω

√
Iscno
KO

+ Vp−Vno
Z

)
cos

(
ω

√
Iscno
KO

)
+ Vp. (24)

Therefore, the amplitude and phase angle of the resonant after
the n-th short circuit, Ane and φne, are derived from substi-
tuting (23) and (24) into (11) and (12). Only the short-circuit
duration can change the amplitude of the resonant and sup-
press the peak voltage of the dc capacitor voltage.

E. ANALYSIS-BASED OPERATING WAVEFORMS IN THE
INITIAL CHARGE METHOD
Fig. 7 shows calculated waveforms of the resonant amplitude,
the dc capacitor voltage, and the source current during the
initial charge using a multiple short-circuit method. Fig. 8
is the time-expanded waveforms of Fig. 7, which focuses on
short-circuit durations. At the start of the short-circuit dura-
tions, around Tns, the dc capacitor voltage slightly increases
because the source current is still larger than the short-circuit
current due to its slow increase. And then, the dc capacitor
voltage decreases until the gates of the inverter are turned off.
After that the short-circuit current steeply decreases and the dc
capacitor voltage increases again. Each short-circuit duration
decrease the resonant amplitude and dc capacitor voltage. On
the other hand, the source current exhibits a more gradual
slope after the short circuit than before, which means that the
resonant takes longer to complete. This is because the applied
voltage to the ac-side inductors becomes smaller according to
the suppression in the dc capacitor voltage.

FIGURE 7. Calculated values of the amplitude A, the dc capacitor voltage
vdc, and the source current i.

FIGURE 8. Time-expanded waveforms of Fig. 7 focusing on the first
short-circuit.

In the single short-circuit proposed in [22], each leg can
make only one short-circuit and only three short-circuits
should suppress the peak voltage. As a result, each short-
circuit causes large power consumption in the devices and
damages them. On the other hand, the multiple short-circuit
method proposed in this article can make many short-circuits
in each leg, which may reduce the power consumption in
each short-circuit and damage in each device. However, the
multiple short-circuit method increases the degree of free-
dom such as the number of short-circuits, duration of each
short-circuit, and start timing of them, compared with the
single short-circuit, method which has only three variables for
controlling the initial charge behavior.

708 VOLUME 4, 2023



V. CONTROL STRATEGIES OF THE MULTIPLE
SHORT-CIRCUIT METHOD
A. POWER LOSS IN THE INITIAL CHARGE
The voltage source provides energy to the dc capacitor
through the initial charge current. Since the analysis in this
article assumes the source voltage is a constant during the
initial charge, the total amount of provided energy from the
source, Ws, is given by

Ws =
∫ Tf

0
Vpi(t )dt, (25)

where Tf is the finishing time of the initial charge. The source
current i(t ) reaches zero at t = Tf . The stored energy after the
initial charge, Wf , is calculated as

Wf = 1
2CdcV

2
f , (26)

where Vf represents the dc capacitor voltage reached after
finishing the initial charge. The energy difference between
Ws and Wf is considered to be consumed in the power de-
vices during the short-circuit duration. The final voltage Vf

is usually set to the peak voltage Vm to reduce unnecessary
energy consumption. The stored energy in the dc capacitor,
Wf , depends on the peak voltage Vm and remains constant
for each peak voltage. Therefore, the provided energy from
the voltage source, Ws, needs to be reduced to minimize the
consumed energy.

Equation (25) indicates that if the source current i(t ) de-
creases rapidly and for a short time to reach zero, the energy
provided from the voltage source, Ws, will be reduced. As-
suming that the dc capacitor voltage can be fixed at the peak
voltage Vm once it reaches that level, the source current de-
creases linearly at the maximum rate of decrease and achieves
the minimum finishing time Tf for a certain peak voltage. In
this case, the minimum value of the energy provided from the
voltage source, Ws, is given by

Ws = Vp

{∫ T1s

0
i0(t ) dt +

∫ Tf

T1s

(
I1s + (Vp−Vm )(t−T1s )

2L

)
dt

}

= CdcVpV 2
m

2(Vm − Vp)
. (27)

Therefore, the energy consumption in the power devices is
theoretically higher than the value given by

Wloss = Ws − Wf = CdcV 2
m(2Vp − Vm )

2(Vm − Vp)
. (28)

Fig. 9 shows the minimum energy consumption at a certain
peak voltage. As the peak voltage increases, the energy con-
sumption reduces. However, it is impossible for vdc to keep
the peak voltage Vp because the short-circuit waveforms de-
pend on the power devices. The achievable minimum energy
consumption is slightly larger than (28) as follows.

The source voltage is assumed to be a constant, Vp, the
provided energy Ws is calculated as

FIGURE 9. Theoretical minimum energy consumption in the short-circuits
during the initial charge.

Ws = Vp

∫
i(t )dt

=
{

N∑
n=1

(∫ Tns

T(n−1)e

i(n−1)(t ) dt +
∫ Tno

Tns

ins(t ) dt +
∫ Tne

Tno

ino(t ) dt

)

+
∫ Tf

TNe

iN (t ) dt

}
Vp, (29)

where N is the total number of the short-circuits. Note that
T0e can be regarded as T0e = 0, the initial condition of the
initial charge. Equations (9)–(12) and (17)–(24) indicate that
all the current functions, in(t ), ins(t ), and ino(t ), are functions
of each other. Tns is determined from the source current and dc
capacitor voltage at t = T(n−1)e, in(T(n−1)e) and vdcn(T(n−1)e),
and the set value to start a short-circuit, Vm. Tne is derived from
the time duration and turn-off characteristic of short-circuits.
Therefore, only the time duration of both the gates turned on
determines the behavior of the proposed multiple short-circuit
method.

B. TOTAL NUMBER AND TIME DURATION OF SHORT
CIRCUITS
This article discusses the following four strategies for making
short-circuits:

(i) Adjust the short-circuit duration individually to achieve the
same dc capacitor voltage ripple each time.

(ii) Optimize the duration of each short-circuit individually to
minimize the total losses during the short-circuits.

(iii) Minimize the losses by using the same short-circuit dura-
tion for every three short-circuits.

(iv) Minimize the losses by setting the same fixed duration for
all short-circuits.

Fig. 10 shows the calculated short-circuit time duration for
each strategy. Since analytical optimization of the multiple
short-circuit method is quite difficult due to the number of
variables, the calculated time durations are based on numer-
ical optimization to minimize power loss in the devices at a
certain maximum and final voltage, 420 V. In the optimized
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FIGURE 10. Calculated time duration of each short-circuit when the total number of short-circuits is set to (a) 3, (b) 6, (c) 9, (d) 12, (e) 15, and (f) 30.

FIGURE 11. Calculated total power loss of the initial charge with the
proposed multiple short-circuit method.

results, the short circuits start when the capacitor voltage
reaches the maximum voltage and end at the optimized time
durations for the four strategies.

When short-circuit time is set for each, short-circuit time
becomes shorter as the short-circuit order increases. The total
number of short-circuits also affects the time duration, with
the higher the number of short circuits, the shorter the duration
of each short-circuit. Note that the power loss for each short
circuit depends on the duration of the short circuit, and a short
circuit occurs every three times in each leg. For example, the
first, fourth, and seventh short circuits occur in the u-phase
leg. As a result, individual duration strategies may result in
unbalanced power losses between devices.

Fig. 11 shows the total power loss in the devices during the
initial charge. As the number of total short-circuits increases,
the total power loss decreases and approaches the theoretical
minimum. On the other hand, at a certain number of total
short-circuits, the power losses for each strategy are almost the
same value. Therefore, it is sufficient to consider and increase
only the total number of short-circuits in order to reduce the
overall power loss. Since the proposed method can be imple-
mented in the converter without any additional sensors and
components, it is easy to employ a fixed short-circuit duration,

FIGURE 12. Circuit diagram used in the experimental verification.

such as 3 μs for example, and trigger short-circuits when the
dc capacitor voltage reaches the set voltage, using a sensor
equipped for dc capacitor voltage control.

VI. EXPERIMENTAL VERIFICATION
Fig. 12 shows the experimental circuit configuration for the
initial charge. Since the initial charge needs to be tested under
the most critical condition, the initial charge always starts at
the same phase angle as the ac voltage, which corresponds
to the maximum line-to-line voltage. Considering that the
output voltage of one phase is zero at this angle, the initial
charge current flows through the two phases. In the following
experiments, a dc voltage power supply is connected to the
ac terminals of the u-phase and w-phase instead of using a
three-phase ac power source. The voltage source was set to
283 V, which corresponds to the maximum line-to-line voltage
of the ac 200 V. The v-phase leg terminal is excluded from the
connection with the voltage source because the initial charge
current flows through the other two terminals at this angle.
The experiments employed a simple gate driver without any
protection for each of the devices to make short-circuits. If
the circuit employs gate drivers with any protections, such
as DESAT, its protection time constant should be set longer
than the short-circuit time duration. An ac inductor 2L is in-
stalled on the ac side instead of the three-phase ac inductor L.
Furthermore, a switch on the dc side controls the connection
between the dc capacitor and the power supply, similar to a
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FIGURE 13. Experimental waveforms during the initial charge for the dc capacitor with the overvoltage suppression method when each leg has
short-circuits (a) once, (b) twice, (d) three times, and (d) four times, respectively.

circuit breaker on the ac side. The switch turns on at t = 0
and starts the initial charge by connecting the dc capacitor to
the power supply.

Fig. 13 shows experimental waveforms of the initial charge
for the dc capacitor using the overvoltage suppression method.
The short-circuit durations were set to achieve the same final
voltage based on the number of short-circuits. Fig. 13(a) rep-
resents a measurement obtained with the single short-circuit
method. In this method, each leg experienced a long-duration
short-circuit only once, resulting in a total of three short-
circuits during the initial charge. After starting the first short
circuit, the peak of the short circuit current reached 332 A,
and the dc capacitor voltage fluctuates between 420 V and
355 V. The source current showed no spikes during the short
circuit, confirming that the short circuit did not affect the ac
mains. Eventually, the source current i becomes 0, and the dc
capacitor voltage reached 420 V at t = 0.79 ms. Despite the
large current flowing through the dc capacitor, the capacitor
did not heat up due to the small equivalent series resistance
(ESR) in the film capacitor and the short time duration of the
short-circuit.

Figs. 13(b)–(d) show experimental waveforms of the
proposed overvoltage suppression method using multiple
short circuits. Each leg experienced short short-circuits 2–
4 times, resulting in a total of 6, 9, and 12 short-circuits

in Figs. 13(b)–(d), respectively. The duration of each short
circuit was adjusted to achieve a final voltage of 420 V, rather
than relying on the calculated time, due to the presence of
parasitic resistance in the circuit components and variations
in individual SiC-MOSFET parameters.

In the first short-circuit of Figs. 13(b), the proposed method
makes a short-circuit in the u-phase leg. The peak of the short-
circuit current was 334 A and the dc capacitor discharged
to 394 V. Subsequently, short-circuits occurred one by one
in the w- and v-phase legs, leading to a discharge of the dc
capacitor again and again. And then, the proposed method
makes the second short-circuit in the u-phase leg. The peak
current during the second short circuit was 326 A, which
is lower than that in the first short-circuit due to the higher
junction temperature in the MOSFET. In this case, the initial
charge was completed at t = 0.77 ms. The dc capacitor volt-
age fluctuation was reduced to 27 V, ranging between 420 V
and 393 V.

Similarly, in Figs. 13(c) and (d), the peak short-circuit
current in each leg gradually decreased. The initial charge
completed at t = 0.77 ms in Fig. 13(c) and t = 0.76 ms in
Fig. 13(d). The voltage fluctuation was 24 V in Fig. 13(c)
and 18 V in Fig. 13(d), respectively. Increasing the number
of short-circuits in each leg results in a shorter initial charge
duration and smaller voltage fluctuation.
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FIGURE 14. Measured power loss during each short-circuit duration in the initial charge when each leg has short-circuits (a) once, (b) twice, (d) three
times, and (d) four times, respectively.

FIGURE 15. Estimated peak junction temperature in each short-circuit duration of MOSFETs used as the switch (a) Sup, (b) Svp, (c) Swp, (d) Sun, (e) Svn,
and (f) Swn.

Fig. 14 shows the measured energy consumption under
different conditions. Fig. 14(a) is in a case of using the sin-
gle short-circuit method. During the short-circuit, the energy
consumption was 0.9 J in the u- and w-phase legs, 1.5 J in
the v-phase leg, and 3.2 J in total. The short-circuit capability
of the SiC-MOSFETs used in the experiments is 1.4 J [24].
Therefore, the energy consumption in the u- and w-phase legs
during the short-circuit is lower than the capability. Similarly,
in the v-phase leg, the energy consumption during the short-
circuit is also lower than the capability because the energy
consumption is divided between both the lower and upper
devices.

Figs. 14(b)–(d) represent the measured results using the
overvoltage suppression method with multiple short-circuits.
The energy consumption in each leg is divided into 2–4 sec-
tions corresponding to each short-circuit duration, similar to

those shown in Fig. 10. The maximum energy consumption in
each short-circuit duration was reduced to 0.4 J when using
4 short-circuits in each leg, as seen in Fig. 14(d). By increas-
ing the number of the short-circuits in each leg, the energy
consumption in each short-circuit duration decreases. The
total energy consumption of the proposed method was slightly
reduced to 3.0 J in Fig. 14(d). Therefore, as the number
of short circuits increases, the total energy consumption de-
creases similarly to Fig. 11. However, the energy consumption
in each device is still approaching the short-circuit capability,
resulting in a high junction temperature.

Fig. 15 shows the estimated peak junction temperature
of the MOSFETs for each short-circuit duration. Direct
measurement of the junction temperature poses a challenge
due to the short duration of the short circuit, typically lasting
only several-μs [35], [36], [37]. In Fig. 15, the junction
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FIGURE 16. Short-circuit current waveforms of the overvoltage suppression method using new devices and after several cycles of operation using (a) the
single short-circuit method and (b) the multiple short-circuit method with four short-circuits in a leg.

temperature was estimated through SPICE simulation using
the manufacturer-provided SiC-MOSFET device model
from Cree. The simulation replicated the same short-circuit
duration, timing, and conditions as the experiments.

Figs. 15(a) and (d) show the temperature of the upper and
lower MOSFET in the u-phase. The lower MOSFET exhibits
a higher junction temperature compared to the upper MOS-
FET, attributed to its larger device current and the majority of
the dc capacitor voltage being applied to the lower MOSFET
in the u-phase. Similarly, the upper MOSFET has a higher
junction temperature than the lower MOSFET in the w-phase.
On the other hand, Figs. 15(b) and (e) show the temperature
in v-phase, where the temperature of the upper and lower
MOSFETs are balanced due to the balanced voltage across
and the same current through the upper and lower devices.

The maximum junction temperature in each case was
378 ◦C, 286 ◦C, 233 ◦C, or 180 ◦C in Figs. 14(a)–(d), respec-
tively. By increasing the number of short-circuits in each leg,
the peak junction temperature in each short-circuit duration
was reduced. Additionally, a further increase in the number of
short-circuits in a leg may suppress the peak junction temper-
ature to lower than 175 ◦C. The multiple short-circuit method
can effectively suppress the peak junction temperature due
to both the small energy consumption in each short-circuit
duration and the intervals between the short-circuits. Focusing
on the u-phase leg, the total energy consumption in the single
short-circuit method was 0.9 J, while it was 1.1 J in the 4
short-circuits method. Despite the higher energy consumption
in the multiple short-circuit method compared to the single
short-circuit method, the peak junction temperature in the

multiple short-circuit method is lower. Even though the energy
consumption in the multiple short-circuit method is larger
than that in the single short-circuit method, the peak junction
temperature in the multiple short-circuit method is lower than
that in the single short-circuit method. Even though the inter-
vals between the multiple short-circuits were several tens of
μs, they had the capability to effectively cool the MOSFETs.
Therefore, the proposed multiple short-circuit method can re-
duce the thermal stress on the MOSFETs.

Fig. 16 shows experimental waveforms of the initial charge
obtained after several cycles of the overvoltage suppression
control. Since the short-circuit may affect the long-time relia-
bility of the power devices, this article conducted repetitive
tests of the initial charge to evaluate the effect of short-
circuits. The initial charge is required only when the power
converter is connected to the ac mains or after a blackout
event, and it is assumed to occur up to three times per day.
Considering the typical lifetime of inverters is 8–10 years,
the repetitive test focuses on device degradation up to 10000
cycles (≈ 3 times/day × 365 days/year × 10 years).

Fig. 16(a) is measured with the single short-circuit method.
The peak of the short-circuit current decreased by 12–25%
after 250 cycles and 36–57% after 1000 cycles compared to
the initial condition. Hence, the single short-circuit method
clearly resulted in degradation of the power devices with in-
creasing number of initial charge cycles. On the other hand,
Fig. 16(b) is measured with the proposed multiple short-
circuit method, which employs four short-circuits in each leg.
The short-circuit current waveforms of 250 and 1000 cycles
closely resembled those of the initial condition. After 10000
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cycles, the peak of the short-circuit current only decreased
by 8–15% compared to the initial condition. Even though the
multiple short-circuit method operated more than 40 times as
many times as the single short-circuit method, the peak cur-
rent change in the multiple short-circuit method was smaller
than that in the single short-circuit method. Consequently, the
multiple short-circuit method can extend the lifetime of the
power converter.

VII. CONCLUSION
This article proposed an overvoltage suppression method for
the initial charge of power converters, utilizing multiple short-
circuits in each leg. The proposed method employs several
brief short-circuits in each leg to effectively suppresses over-
voltage during the initial charge. The multiple short-circuit
method demonstrates the capability to reduce voltage ripple
across the dc capacitor and decrease energy consumption in
the MOSFETs during the initial charge. Additionally, the in-
tervals between the short-circuits contribute to lowering the
temperature of the MOSFETs, thus reducing overall stress.

Experimental verification revealed that the multiple short
circuit method reduced voltage ripple across the dc capacitor
from 15% to 4%. Simulation results estimated a significant
decrease in the peak junction temperature of the MOSFETs,
from 378 ◦C to 180 ◦C, when employing four short-circuits
in each leg. Despite only a 6% reduction in total energy
consumption during the short-circuits, the repetitive test of
the initial charge indicated that the power device degradation,
as indicated by the peak current, was limited to 8–15% after
10000 cycles of the four short-circuits method. This degrada-
tion was lower than that observed after 250 cycles of the single
short-circuit method.

Therefore, the multiple short-circuit method enables effec-
tive overvoltage suppression for the dc capacitor, leading to
reduced MOSFET degradation and an extended lifetime of the
power converter compared to the single short-circuit method.
The multiple short-circuit method can contribute to reducing
costs and volume in power converters, particularly in PWM
rectifiers.

REFERENCES
[1] Y. Li et al., “500kW forced air-cooled silicon carbide (SiC) three-phase

DC/AC converter with a power density of 1.246 MW/m3 and efficiency
>98.5%,” IEEE Trans. Ind. Appl., vol. 57, no. 5, pp. 5013–5027, Sep.-
Oct. 2021.

[2] J. D. Boles, J. E. Bonavia, J. H. Lang, and D. J. Perreault,
“A piezoelectric-resonator-based DC–DC converter demonstrating
1 kW/cm resonator power density,” IEEE Trans. Power Electron.,
vol. 38, no. 3, pp. 2811–2815, Mar. 2023.

[3] J. W. Kolar, D. Neumayr, and D. Bortis, “Google little box reloaded:
How to achieve 200 W/in3 & beyond? Concepts - evaluation - bar-
riers - future,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2017.

[4] A. Hariya et al., “Circuit design techniques for reducing the effects of
magnetic flux on GaN-HEMTs in 5–MHz 100-W high power-density
LLC resonant DC–DC converters,” IEEE Trans. Power Electron.,
vol. 32, no. 8, pp. 5953–5963, Aug. 2017.

[5] A. Nawawi et al., “Design and demonstration of high power density
inverter for aircraft applications,” IEEE Trans. Ind. Appl., vol. 53, no. 2,
pp. 1168–1176, Mar./Apr. 2017.

[6] M. Kwon and S. Choi, “An electrolytic capacitorless
bidirectional EV charger for V2G and V2H applications,”
IEEE Trans. Power Electron., vol. 32, no. 9, pp. 6792–6799,
Sep. 2017.

[7] W. Qi, S. Li, S. C. Tan, and S. Y. Hui, “A single-phase three-
level flying-capacitor PFC rectifier without electrolytic capacitors,”
IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6411–6424,
Jul. 2019.

[8] Y. Akama et al., “Predictive direct DC-link current control of IPMSM
drive system using electrolytic capacitorless inverter for fine har-
monics suppression,” IEEJ J. Ind. Appl., vol. 8, no. 3, pp. 394–403,
2019.

[9] T. Shimizu, K. Wada, and N. Nakamura, “Flyback-type single-phase
utility interactive inverter with power pulsation decoupling on the DC
input for an AC photovoltaic module system,” IEEE Trans. Power Elec-
tron., vol. 21, no. 5, pp. 1264–1272, Sep. 2006.

[10] M. Arias, M. F. Diaz, D. G. Lamar, D. Balocco, A. A. Diallo, and
J. Sebastian, “High-efficiency asymmetrical half-bridge converter with-
out electrolytic capacitor for low-output-voltage AC–DC LED drivers,”
IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2539–2550, May 2013.

[11] J. C. W. Lam and P. K. Jain, “A high power factor, electrolytic
capacitor-less AC-Input LED driver topology with high frequency pul-
sating output current,” IEEE Trans. Power Electron., vol. 30, no. 2,
pp. 943–955, Feb. 2015.

[12] P. Fang, B. Sheng, S. Webb, Y. Zhang, and Y. -F. Liu, “LED driver
achieves electrolytic capacitor-less and flicker-free operation with an
energy buffer unit,” IEEE Trans. Power Electron., vol. 34, no. 7,
pp. 6777–6793, Jul. 2019.

[13] I. Takahashi and H. Haga, “Inverter control method of IPM motor to
improve power factor of diode rectifier,” in Proc. IEEE Power Convers.
Conf., 2002, pp. 142–147.

[14] H. Yoo and S. Sul, “A novel approach to reduce line harmonic current
for a three-phase diode rectifier-fed electrolytic capacitor-less inverter,”
in Proc. IEEE 24th Annu. Appl. Power Electron. Conf. Expo., 2009,
pp. 1897–1903.

[15] K. Abe, H. Haga, K. Ohishi, Y. Yokokura, and H. Kada, “Source cur-
rent harmonics and motor copper loss reduction control of electrolytic
capacitor-less inverter for IPMSM drive,” IEEJ J. Ind. Appl., vol. 8,
no. 3, pp. 404–412, 2019.

[16] T. Sakurai, Y. Ohno, and H. Haga, “Control method of electrolytic
capacitor-less dual inverter-fed IPMSM under periodic load torque fluc-
tuations,” IEEJ J. Ind. Appl., Vol. 11, no. 6, pp. 833–844, 2022.

[17] T. Shinagawa, K. Ohishi, K. Abe, and Y. Yokokura, “Source-side state
feedback-based electrolytic capacitor-less inverter drive system using
one sample predictive state observer,” IEEJ J. Ind. Appl., vol. 12, no. 1,
pp. 45–53, 2023.

[18] A. Lahyani, P. Venet, G. Grellet, and P.-J. Viverge, “Failure prediction of
electrolytic capacitors during operation of a switchmode power supply,”
IEEE Trans. Power Electron., vol. 13, no. 6, pp. 1199–1207, Nov. 1998.

[19] H. Wang and F. Blaabjerg, “Reliability of capacitors for DC-Link appli-
cations in power electronic converters–An Overview,” IEEE Trans. Ind.
Appl., vol. 50, no. 5, pp. 3569–3578, Sep./Oct. 2014.

[20] F. Blaabjerg, A. Sangwongwanich, and M. Novak, “Three-level neutral-
point-clamped converters: State-of-the-art and recent advances in con-
trol solutions and reliability,” in Proc. IEEE Appl. Power Electron. Conf.
Expo., 2023.

[21] A. M. Y. M. Ghias, J. Pou, V. G. Agelidis, and M. Ciobotaru, “Initial
capacitor charging in grid-connected flying capacitor multilevel con-
verters,” IEEE Trans. Power Electron., vol. 29, no. 7 pp. 3245–3249,
Jul. 2014.

[22] T. Mannen and K. Wada, “Control method for overvoltage suppression
across the DC capacitor in a grid-connection converter using leg short
circuit of power MOSFETs during the initial charge,” IEEE Trans. Ind.
Appl., vol. 55, no. 4 pp. 4012–4019, Jul./Aug. 2019.

[23] Y. Liu, Z. Song, S. Yin, J. Peng, and H. Jiang, “Analytical and exper-
imental validation of parasitic components influence in SiC MOSFET
three-phase grid-connected inverter,” J. Power Electron., vol. 19, no. 2,
pp. 591–601, 2019.

[24] A. E. Awwad and S. Dieckerhoff, “Short-circuit evaluation and over-
current protection for SiC power MOSFETs,” in Proc. 17th Eur. Conf.
Power Electron. Appl., 2015, pp. 1–9.

[25] C. Ionita, M. Nawaz, K. Ilves, and F. Iannuzzo, “Short-circuit rugged-
ness assessment of a 1.2 kV/180 A SiC MOSFET power module,” IEEE
Energy Convers. Congr. Expo., 2017, pp. 1982–1987.

714 VOLUME 4, 2023



[26] F. Boige, F. Richardeau, D. Tremouilles, S. Lefebvre, and G. Guibaud,
“Investigation on damaged planar-oxide of 1200 V SiC power MOS-
FETs in non-destructive short-circuit operation,” Microelectronics Rel.,
vol. 76, pp. 500–506, 2017.

[27] P. D. Reigosa, F. Iannuzzo, H. Luo, and F. Blaabjerg, “A short-circuit
safe operation area identification criterion for SiC MOSFET power
modules,” IEEE Trans. Ind. Appl., vol. 53, no. 3, pp. 2880–2887,
May/Jun. 2017.

[28] L. Ceccarelli, P. D. Reigosa, F. Iannuzzo, and F. Blaabjerg, “A survey of
SiC power MOSFETs short-circuit robustness and failure mode analy-
sis,” Microelectronics Rel., vol. 76, pp. 272–276, 2017.

[29] T. Oeder, A. Castellazzi, and M. Pfost, “Electrical and thermal failure
modes of 600 V p-gate GaN HEMTs,” Microelectronics Rel., vol. 76,
pp. 321–326, 2017.

[30] G. Romano et al., “A comprehensive study of short-circuit ruggedness
of silicon carbide power MOSFETs,” IEEE Trans. Emerg. Sel. Topics
Power Electron., vol. 4, no. 3, pp. 978–987, Sep. 2016.

[31] J. Wei et al., “Comprehensive analysis of electrical parameters degra-
dations for SiC power MOSFETs under repetitive short-circuit stress,”
IEEE Trans. Electron Devices, vol. 65, no. 12, pp. 5440–5447,
Dec. 2018.

[32] Z. Wang et al., “Temperature-dependent short-circuit capability of sili-
con carbide power MOSFETs,” IEEE Trans. Power Electron., vol. 31,
no. 2, pp. 1555–1566, Feb. 2016.

[33] T. Mannen and K. Wada, “Operating-waveform analysis based reliabil-
ity evaluation of power MOSFETs used for a leg short-circuit initial
charge method,” Microelectronics Rel., vol. 88, pp. 589–592, 2018.

[34] T. Mannen, H. Mishima, and K. Wada, “Peak temperature reduction
method of SiC-MOSFETs employed in the initial charge for the DC
capacitor using leg short-circuits,” in Proc. IEEE Int. Conf. Power
Electron. ECCE Asia, 2019, pp. 1–6.

[35] H. Yang, R. Simanjorang, and K. Y. See, “A method of junction temper-
ature estimation for SiC power MOSFETs via turn-on saturation current
measurement,” IEEJ J. Ind. Appl., vol. 8, no. 2, pp. 306–313, 2019.

[36] Y. Du, R. Rodrigues, and T. Jiang, “A measurement method to extract
the transient junction temperature profile of power semiconductors at
surge conditions,” in Proc. IEEE Energy Convers. Congr. Expo., 2017,
pp. 2512–2519.

[37] F. Stella, G. Pellegrino, E. Armando, and D. Dapra, “On-line tem-
perature estimation of SiC power MOSFET modules through on-state
resistance mapping,” in Proc. IEEE Energy Convers. Congr. Expo.,
2017, pp. 5907–5914.

TOMOYUKI MANNEN (Member, IEEE) received
the B.S., M.S., and Ph.D. degrees in electrical en-
gineering from the Tokyo Institute of Technology,
Tokyo, Japan, in 2012, 2014, and 2017, respec-
tively. They joined Tokyo Metropolitan University,
Tokyo, Japan, as a Postdoctoral Researcher in
2017, and moved to Tokyo University of Science,
Tokyo, as an Assistant Professor in 2018. Since
2019, they have been an Assistant Professor with
the Department of Applied Physics, University of
Tsukuba, Tsukuba, Japan. Their research interests

include grid-connection converters, especially in current unfolding strategies,
active power filters, and control methods, as well as optimum switching
behavior and extreme overload operation in power devices. Dr. Mannen was
the recipient of the Committee Prize Paper Awards from the IEEE Industry
Applications Society Industrial Power Converter Committee in 2016, 2019,
and 2021, Conference Presentation Award from the Institute of Electrical
Engineers of Japan in 2013, 2015, 2017, and 2019.

KEIJI WADA (Senior Member, IEEE) received
the Ph.D. degree in electrical engineering from
Okayama University, Okayama, Japan, in 2000.
From 2000 to 2006, he was an Assistant Professor
with Tokyo Metropolitan University, Tokyo, Japan,
and Tokyo Institute of Technology, Tokyo. From
2006 to 2020, he was an Associate Professor with
Tokyo Metropolitan University. Since 2021, he has
been a Professor with Tokyo Metropolitan Univer-
sity. His research interests include medium-voltage
inverters, electromagnetic interference filters, and

circuit implementation. He is a Senior Member of IEEJ.

VOLUME 4, 2023 715



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


