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An Improved Asymmetric Modulation of Current-Source Rectifier With CM
Filter for Low Voltage Stress on Switching Devices

Haibin Cao"”, Ping Yang

Abstract—Common-mode (CM) filters are usually utilized in
high power density three-phase current-source rectifier (3ph-CSR)
to suppress the CM noise in the input currents. However, when
CM filters are utilized, the inductor currents at the positive and
negative ends of the dc side of 3ph-CSR are unequal, which brings
high voltage stress on switching devices. To reduce the voltage stress
on the switching devices, an improved asymmetric modulation is
proposed in this letter. In the proposed asymmetric modulation,
two switching devices are always turned ON in each sector, which
clamps the voltage of the switching devices to the peak of the input
line voltages. A 1 kW experimental prototype of the 3ph-CSR is
built to verify the analysis results.

Index Terms—Asymmetric modulation, three-phase current-
source rectifier (3ph-CSR), voltage stress.

I. INTRODUCTION

HREE-PHASE current-source rectifier (3ph-CSR) fea-
T tures low distortion of ac input currents and inherent start-
up inrush current limiting capability. The 3ph-CSR, also known
as the three-phase buck rectifier (3ph-BR), has been successfully
used in more electric aircraft (MEA) [1], [2] and electric vehicle
charger [3]. For 3ph-CSR, the high voltage stress on switching
devices not only brings high power loss but also makes selection
of switching device difficult. Besides, the switching devices with
high voltage rating means a high cost of 3ph-CSR. Therefore,
some research works on reducing the voltage stress on switching
devices have been performed to improve the performance of
3ph-CSR [4], [5], [6], [7].
An improved 3ph-BR with low voltage stress on switching
devices is proposed in [4]. The switching devices only need to
withstand the input phase voltage. The topology of 3ph-CSR has
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been modified so that a voltage stress lower than the input phase
voltage can be achieved [5]. However, specific modulation is
needed together with their topology to reduce voltage stress [4],
[5]; the modulation generates two pulse-width driving signals
with very small duty ratio, which is difficult to realize, especially
when a phase voltage is near to zero. In addition, the topologies
in [4] and [5] require an additional diode, which increase the
cost and cannot be used in the existing circuit of 3ph-CSR.

The switching loss optimized modulation strategy is widely
used in the conventional 3ph-CSRs [6], [7], which makes the
switching devices of 3ph-CSR withstand the input line voltage.
However, both the current distortion around the boundaries of
sectors and the common-mode (CM) noise in the input currents
are obvious, which results in a high input current total harmonic
distortion (THD) [8], [9].

To eliminate the current distortion around the boundaries of
sectors, an asymmetric modulation by applying two asymmetric
modulations in different sectors, respectively, has been studied in
[8] to achieve extremely low input current THD. For high power
density applications, the CM filter is usually utilized to suppress
the CM noise [9]. However, when the asymmetric modulation
in [8] is applied to 3ph-CSR with a CM filter, the difference of
the output inductor currents will appear and causes high voltage
stress on switching devices.

To reduce the voltage stress on the switching devices, an im-
proved asymmetric modulation of the 3ph-CSR with CM filter is
proposed in this letter. In the proposed asymmetric modulation,
two switching devices are always turned ON in each sector, which
can clamp the voltage on the switching devices to the input line
voltage. When the improved asymmetric modulation is applied
to the 3ph-CSR, not only the voltage stress on the switching
devices can be reduced but also the low input current THD can
be retained.

II. ASYMMETRIC MODULATION WITH HIGH VOLTAGE STRESS
ON SWITCHING DEVICES

The circuit of 3ph-CSR with CM filter is composed of an
input filter unit, six bridge legs, output filter unit, and CM filter
unit, as shown in Fig. 1. In Fig. 1, C451—Cgs¢ are the parasitic
capacitances of switches Q1—Qg, respectively. In high power
density applications, shield layer is usually adopted to decrease
the propagation impedance for the CM noise and to block the


https://orcid.org/0000-0003-2623-3606
https://orcid.org/0000-0001-5497-524X
https://orcid.org/0000-0003-2861-8876
https://orcid.org/0000-0002-8453-8777
mailto:caohaibin@my.swjtu.penalty -@M edu.cn
mailto:caohaibin@my.swjtu.penalty -@M edu.cn
mailto:pyang@swjtu.edu.cn
mailto:2020200396@my.swjtu.edu.cn
mailto:ruihuang_pcc@penalty -@M 163.com
mailto:ruihuang_pcc@penalty -@M 163.com
mailto:jpxu-swjtu@163.com
https://doi.org/10.1109/TPEL.2023.3247643

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

Input filter Bridge leg Output filter CM filter

™ ™. . 7
] T T "
Difc DsBe DsBc Co=

s s s N

CoT M R L[] Vo
Qﬂ:% Qﬂ% 0s] Co
[ Dy Ds D,
 LCast Caso .
CpsT T Cns CosiT TCos2

Shield Layer

Fig. 1.  Circuit model of 3ph-CSR.
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Fig. 2. Three-phase AC input voltages with 12 sectors.
A Sector 12 A Sector 1
O 0 Ql 0
[ 049
05 09
s s
QS 0 QS 0
0 » »
sz‘ T >, Q20‘ T —>
(2) (b)
A Sector 2 A Sector 3

Ql 0 Ql 0

Qs %

059 059

Q6 0 Q6 0

QS O QS 0

0:0 » T NiC 2:0 - T >

© (d)
Fig.3. PWM sequences of the LICT asymmetric modulation in one switching

period. (a) Sector 12. (b) Sector 1. (c) Sector 2. (d) Sector 3.

interference between the main power circuit and control circuit.
The shield layer produces the distributed capacitances (Cps and
Chs, Cos1 and C,52) between the shield layer and the main power
circuit. As distributed capacitances C,s1 and C,so are much
smaller than C,, and C,,, Cy,1 and C 2 are not considered.

The asymmetric modulation in [8] can achieve low input
current THD (LICT) (called as LICT asymmetric modulation
in this letter), which divides 1 ac input cycle into 12 sectors,
as shown in Fig. 2. Fig. 3 shows the pulse-width modulation
(PWM) sequences of the LICT asymmetric modulation in one
switching period in sector 12, sector 1, sector 2, and sector 3.
It can be known from Fig. 3(a) and (b) that the duty cycle of
Q; is larger than that of Qg and Qs, and the duty cycle of Q; is
symmetrical to the middle of the pulse period in sector 12 and
sector 1.

For sector 12, as shown in Fig. 3(a), the duty cycle of Q5 is
smaller than that of Qg, and Q5 conducts before Qg. For sector
1, as shown in Fig. 3(b), the duty cycle of Qs is larger than
that of Qg, and Q2 conducts before Q¢. Thus, the driver signal
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Fig. 4. Simulation waveforms of the output inductor currents and voltage
across Qo with LICT asymmetric modulation. (a) Output inductor currents and
voltage of Q2 in one ac input cycle. (b) Detailed voltage and current of Q2 and
the driver signals in one switching period in sector 2.

sequences of Q1, Oz, and Qg does not change in sector 12 and
sector 1, and the transition of driver signals between sector 12
and sector 1 is smooth. Similarly, from Fig. 3(c) and (d), the
transition of the driver signals between sector 2 and sector 3 is
also smooth. Therefore, the input current distortion during the
transition from the even sector to odd sector in space vector
pulsewidth modulation (SVPWM) can be eliminated [8].

Fig. 4 shows the simulation waveforms of the output inductor
currents iz, iz, and the voltage v across Q> when the LICT
asymmetric modulation is applied. The simulation is performed
for the 3ph-CSR when three-phase ac input voltage Vi, is
115 Vac/400 Hz, switching frequency fs = 200 kHz, output
voltage Vo =200V, inductors L, = L,, = 300 p.H, the distributed
capacitance tested in the prototype is Cps = C,,~500 pF, the
parasitic capacitance of Q5 from the datasheet of MOSFET is C 52
= 30 pF, and the input filter capacitance C. = 880 nF.

Fig. 4(a) shows the output inductor currents i, iz, and the
voltage v 2 across Qo in one ac input cycle. From Fig. 4(a), the
voltage stress on Qo is 410 V. Fig. 4(b) shows the driver signals
and detailed waveforms of i, iz, and v2 in sector 2. From
Fig. 4(b), v2 is expressed as follows:

'UQQ(t) =vg + A’UQQ(t). (D)

In Fig. 4(b), before time #;, Q1 and Q, are conducted, the
voltages across C,s and C,, satisfy vops = Vg > Vons = Ve,
so D is turned OFF.

When Q; and Q5 are turned OFF, C,, is discharged by iy,
C,.s is charged by i1,,,. vps and vy, Will be equal quickly, i.e.,
Veps = Vens = 0.5(Vea + vee). Thus, vi can be expressed as
follows:

VE = —Vce + 0~5(UCC + UCa)- (2)

Then, vey,s < Veons, D is turned ON.

From Fig. 4(b), during time interval t1—f9, i1, is not equal
to i, which generates three current paths in the 3ph-CSR, as
shown in Fig. 5.

It can be known from Fig. 5 that current path 1 is for load
current, current path 2 and current path 3 are for the difference
current Aiy, between iz, and iz,. In current path 2, a part of
Aipy, flows through C,¢ and C,,, to shield layer. In current path
3, as the voltage across C is minimum among the voltage across
Cq, Cy, and C. in sector 2, the other part of Aip, (ig2) flows
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Currentpath 3

Fig. 5. Current paths of the 3ph-CSR during time interval #;—f2 in sector 2
when the LICT asymmetric modulation is applied.

through switch Q> and the input filter capacitance C. to shield
layer. The parasitic capacitances Cgs2 of switch Qs is charged,
and Avgs is generated.

From Fig. 5, during #;—t2, i g2 can be expressed as follows:

ig2(t) = K Aiy,(t) 3)
where K is defined as follows:

_ CCCdSQ
B CCCd52 + (Cc + Cd82)(c’n5 + Cps) .

According to the principle of capacitor amp-second balance,
Av (o is expressed as follows:

Jiga(t)dt [ iy (1)
Cy Cy ’

From (1), (2), and (5), v2 in sector 2 can be expressed as
follows:

K “

Avgs(t) =

&)

[ Ay (t)lt
Cy

According to (6), with the same parameters as simulation
parameters, the peak voltage of Q5 can be calculated as 410V,
which is consistent with the simulation result. The voltages of
other switching devices can be calculated in the same way.

When ac input voltages or ac input frequency increases, Aijy,
increases. For the MEA application with input voltage of 90—
140 Vac (115 4 25 Vac) and ac input frequency of 360-800 Hz,
the peak voltage of Q2 can be higher than 650 V. In the selection
of switching devices, the switching device with a voltage rating
of 950 V (or higher) need to be considered.

UQQ(t) = —vge + 0.5(vee + ’Uca) + K (6)

III. PROPOSED ASYMMETRIC MODULATION WITH LVS ON
SWITCHING DEVICES

To reduce the voltage stress on switching devices, an im-
proved asymmetric modulation, called as low voltage stress
(LVS) asymmetric modulation, is proposed. Fig. 6 shows the
proposed LVS asymmetric modulation in sector 12, sector 1,
sector 2, and sector 3. Compared with the LICT asymmetric
modulation, the proposed LVS asymmetric modulation has two
always conducted switching devices in each sector, e.g., O3 and
Q. are always turned ON in sector 12. Table I presents two always
conducted switching devices in different sectors.

Fig. 7 shows the simulation waveforms of the output inductor
currents iy, and iz, and the voltage across Q2 when the pro-
posed LVS asymmetric modulation is applied to 3ph-CSR. From
Fig. 7(a), the voltage stress on Q5 is 282 V. From Fig. 7(b), when
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Fig. 6. PWM sequences of the bridge legs in one switching period. (a) Sector
12. (b) Sector 1. (c) Sector 2. (d) Sector 3.

TABLE I
TwO ALWAYS CONDUCTED SWITCHING DEVICES IN DIFFERENT SECTORS

Sectors | land2 | 3and4 | 5and6 | 7and8 [ 9and 10 |11 and 12
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Fig. 7. Simulation waveforms of output inductor currents i, iz, and the
voltage across Q2 when the proposed LVS asymmetric modulation is applied.
(a) Output inductor currents and the voltage of Q2 in one input ac cycle.
(b) Detailed voltage of Q2 and the driver signals in one switching period in
sector 2.

Q> is turned OFF and iz, > i1, in sector 2, v o has two segments
during time interval #;—f» and during time interval fo—f3, respec-
tively. v g2 increases rapidly during time interval #;—#2, and then
it is clamped to the input line voltage v,. during time interval
to—t3. The two segments of v during time interval #1—f5 and
time interval fo—f3 mean that 3ph-CSR has two operating states
during time interval #;—f3.

Fig. 8(a) and (b) show three current paths in the time interval
t1—t and time interval fo—t3, respectively. From Fig. 8(a), during
1112,V Q2<V(Ca—V e, D2 is turned ON. According to current path
3, a portion of Aijy, (ig2) flows through Cyo and C. to shield
layer, Cgs2 is charged, v 2 increases until vgo = Vac.

As shown in Fig. 8(b), during to—13, V2 = Vac, Dy is turned
ON, and D is turned OFF. According to current path 3, the current
i g4 will flow through Q4 and C, to shield layer, not flow through
02, v2 does not increase, i.€., V2 is clamped to the input line
voltage v,.. The voltages across other switching devices are
similar.
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Fig. 8.  Current paths of 3ph-CSR with the proposed LVS asymmetric modu-
lation in sector 2 when Q> is turned OFF and i1, > i1. (a) During time interval
t1—t2. (b) During time interval to—t3.

For the MEA application, the maximum voltage stress on
switching devices is 343 V, which is corresponding to the input
line voltage of 140 Vac. The switching devices with a voltage
rating of 650 V can be utilized.

IV. COMPARATIVE ANALYSIS OF POWER LOSS

The power loss of switching devices mainly includes conduc-
tion loss and switching loss. The conduction loss depends on the
current flowing through the device. Switching loss depends on
the current flowing through the device and the voltage across
it during the switching transition. In the following analysis,
sector 2 is taken as an example to compare the power loss
of the LICT asymmetric modulation and the proposed LVS
asymmetric modulation.

A. Analysis of Conduction Loss

1) When Qs is Turned ON: For the proposed LVS asym-
metric modulation, as shown in Fig. 6(c), the output inductor
currents only flow through switching devices Q1, Qs, and Qs,
but do not flow through Q4 and Qs [9], i.e., Q4 and Q5 do
not produce conduction loss. Furthermore, compared with the
LICT asymmetric modulation, the switch states of the switching
devices Q1, Q2, and Q3 are not changed in the proposed LVS
asymmetric modulation in sector 2. Thus, when Q> is turned ON,
the conduction loss of the switching devices in the proposed LVS
asymmetric modulation and the LICT asymmetric modulation
is consistent.

2) When Qg is Turned oFF: The switching devices Q1, Qo,
and Q3 are turned OFF and no conduction loss occurs.

For the LICT asymmetric modulation, as shown in Fig. 5,
among the six bridge legs of the 3ph-CSR, only D5 has a current
i g2 flowing through it. It can be known from (3) and (4) that i 9
is very small; thus, the conduction loss of D5 can be ignored.

For the proposed LVS asymmetric modulation, it can be
known from Section III that the 3ph-CSR have two operating
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states: Vg2 < Vac and vga = V,c, as shown in Fig. 8. When
V2<Vac, as shown in Fig. 8(a), no current flows through the
switching devices Q4 and Qs; thus, the operating state of 3ph-
CSR is the same as that of the LICT asymmetric modulation.
When v o = vac, as shown in Fig. 8(b), no current flows through
Qs and no conduction loss occurs, while almost all of the Ai,,
(iga) flows through Q4 and D4 to C, because the input filter
capacitance C, is much larger than the distributed capacitances
Cps and C,,; thus, Q4 and D, will produce extra conduction
loss compared with the LICT asymmetric modulation. This
extra conduction loss P gc in one switching period can be
expressed as follows:

Poss_Ec = /Roni2Q4(t)+VFiQ4(t)dt )

Ry, 1s the ON-resistance of MOSFET Qy4, and V is the forward
voltage of diode D,.

From Fig. 7(b), before vga = vae, Ay, decreases rapidly.
When v Qo = Vac, Aipy is relatively small, i.e., the current i g4 is
relatively small. What is more, the duration of v o = v, is short,
and R, is significantly reduced under the same rating package
conditions when the MOSFETs with low voltage rating are used.
Thus, from (7), the extra conduction loss Pj,¢s rc 1S small.

Thus, the conduction loss of LVS asymmetric modulation
is almost the same as LICT asymmetric modulation. However,
the proposed LVS asymmetric modulation can utilize the cost-
efficient and low voltage rating MOSFETs with low ON-resistance,
and the conduction loss of MOSFETs can be reduced significantly.

B. Analysis of Switching Loss

Compared with the LICT asymmetric modulation, Q4 and Qs
are always turned ON in each switching period of sector 2 for
the proposed LVS asymmetric modulation; thus, Q4 and Q5 do
not produce switching loss. The output inductor currents only
commutate among the upper bridge leg of phases A and B, the
lower bridge leg of phase C, and the freewheeling diodes [5] in
sector 2. Thus, for these two modulations, only the switching
losses of Q1—-Qs, D1-D3, and Dy need to be analyzed and
compared.

For the proposed LVS asymmetric modulation and the LICT
asymmetric modulation, when Q5 is turned OFF in sector 2, v ¢y
=V s is approved in the above analysis. To simplify the analysis
of switching loss, assuming that v ¢, is higher than v ¢, because
vy 18 relatively small, and the voltage of input filter capacitance
is equal to the corresponding input phase voltage, i.e., Vo, = vy
(x=a,b,c).

The switching loss of switching devices in 3ph-CSR has been
well analyzed [5], [10]. In [5] and [10], the current flowing
through the switching device is considered as the output current.
The switching loss of the switching devices is in proportional to
the voltage across the switching device, and the proportional
coefficient is a constant k. Therefore, the calculation of the
switching loss in one switching period of sector 2 is shown in
Table II.

In Table II, the proportional coefficient of MOSFET (Q1-Qg)
is k1, and the proportional coefficient of the diodes (D;—-Dg and
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TABLE I
SWITCHING LOSS IN ONE SWITCHING PERIOD OF SECTOR 2
Switching LICT asymmetric LVS asymmetric
Devices modulation modulation
Q1 /{]Io(vﬂ—vb)‘*'kl[o(va—\/r;) k|[o(vl.—vb)-*-kllo(vﬂ—vE)
0, kdo(vepsi—=ve)thilo(ve=ve) | kilo(vepsa—ve) Thkilo(Ve—ve)
05 0 0
D, 0 0
D, 0 0
Ds ko lo(Vensi—=Vo) thalo(va=ve) | kalo(Vensa—=ve) Thalo(Va—vp)
Dx kolo(Vo=ve)thalo(vVa=ve) kolo(Vo=ve)thalo(va=ve)
Total kl[ovab+k110Vac+2k210Vac+k1 kll()Vab+kllovac+2k210‘)ac+kl
switching loss [O(VCPSI—Vc)+k2IO(VCnsI_vh) IO(VCpSZ_Vc)+ kz]o(VCnsz—Vb)

it . /\ iLn b / N
e TTICT o} FLICT
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v v w
@ Vac @ LVS: Vac
() T () T
(@) (b)

Fig. 9. Simulation results of vg2 of these two modulations in one switching
period of sector 2. (a) Close to sector 1. (b) Close to sector 3.

Dr) in series with the MOSFET is ko. For the LICT asymmetric
modulation and the proposed LVS asymmetric modulation, the
voltages across Cps and Cyg are vops1 and voper and vepso and
V ons2, Tespectively.

From the above analysis, vga2 = vops—V; thus, the total
switching loss Pjoss sw of these two modulations can be ex-
pressed as follows:

Poss sw = k11oVap + k1IoVac+2k2 0V + k1lo(veps — ve)
+ kolo(vens — )
= k1lovay + k1lovic+2kalovse + kilovge F
(8)

va2_r is the voltage across O, at the time instant when it is
about to turn ON.

From (8), under the same input conditions, the difference of
the switching loss between these two modulations depends on
vQ2_r, the switching loss increases with the increase of vgo_p.

Fig. 9(a) and (b) show the simulation results of vgo with
these two modulations in sector 2. Fig. 9(a) shows the simulation
results close to sector 1, and Fig. 9(b) shows the simulation
results close to sector 3.

In Fig. 9(a), the difference of vga_p between these two
modulations is small, so the switching losses of these two
modulations are almost the same. InFig. 9(b), v g2_r of the LICT
asymmetric modulation is almost equal to its own maximum
value, i.e., the voltage stress on O, which is obviously higher
than that of the proposed LVS asymmetric modulation, so the
switching loss of the LICT asymmetric modulation is higher.
Therefore, in sector 2, the switching loss of the LICT asymmetric
modulation is higher than that of the proposed LVS asymmetric
modulation, and the difference of switching loss between these
two modulations mainly depends on the voltage stress on Qs.

The switching loss in other sectors can be evaluated in a
similar way, and the switching loss of the LICT asymmetric

+ kolo(vga p — wp)
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TABLE III
CIRCUIT PARAMETERS OF EXPERIMENTAL PROTOTYPE
Parameters Value
Switching frequency fs 200 kHz
Output voltage Vo 200V
Output power Po 1 kW
Output inductor Ly, L, 300 uH
Output capacitance Co 300 pF
CM filter capacitance C,, C, 880 nF
Diode D\- D¢, Dy IDDO8SG60CXTMA?2
MOSFET Q,-Qs (LICT) IPD95R750P7 (950 V)
MOSFET Q-0 (LVS) IPD60R180P7 (650 V)

—

iLn iLp QA/dY). o
VQz 250V/diy) 410V. " in iLn (ZAl:div)
g V2 250V /div) 410V.
" (400ps/div) R s ) AR SRR =
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© «

Fig.10.  Experimental results of output inductor currents and voltage across Q2
when Vi, = 115 Vac, f;, =400 Hz, and P = 1 kW with different modulations.
(a) Experimental results of the LICT asymmetric modulation. (b) Detailed
experimental results of the LICT asymmetric modulation. (c) Experimental
results of the LVS asymmetric modulation. (d) Detailed experimental results
of the LVS asymmetric modulation.

modulation is still higher than that of the proposed LVS asym-
metric modulation in 12 sectors.

Consider that the difference between the voltage stress on
switching devices of the LICT asymmetric modulation and the
LVS asymmetric modulation is relatively small when three-
phase input voltage Vi, is 115 Vac/400 Hz, the extra conduction
loss produced by these two always conducted switching devices
is relatively small; thus, the efficiency of these two modulations
will not be significantly different.

However, with the increase of the ac input voltage and ac
input frequency, the difference of the voltage stress of the
switching device between the LICT asymmetric modulation and
the proposed LVS asymmetric modulation becomes larger, and
the switching loss of the LICT asymmetric modulation will be
obviously higher than that of the LVS asymmetric modulation.

V. EXPERIMENTAL RESULTS

To verify the analysis results of the proposed LVS asymmetric
modulation, a 1 kW experimental prototype of 3ph-CSR with
standard full-brick size is developed. The circuit parameters of
the experimental prototype are given in Table III. The ac input
frequency f7, is 400-800 Hz and voltage Vi, is 90-140 Vac.

Fig. 10(a)—(d) show the experimental results of the output in-
ductor currents and voltage across Q- with different modulations
for the ac input of 115 Vac/400 Hz, respectively. Fig. 10(a) shows
that with the LICT asymmetric modulation, and Fig. 10(b) is the
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(a) LICT asymmetric modulation. (b) LVS asymmetric modulation.
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Fig. 12.  Voltage stress on Q2 of the LICT asymmetric modulation and the
proposed LVS asymmetric modulation versus input phase voltage with different
ac input frequencies when Po = 1 kW.

detailed waveforms of Fig. 10(a) for iy, iz, and v in sector 2.
It is known that the voltage stress on Qo is approximately 410 V.
Fig. 10(c) shows the proposed LVS asymmetric modulation, and
Fig. 10(d) shows the detailed waveforms of Fig. 10(c) for iy,
irn and v o in sector 2. It is known that the voltage stress on Qo
is reduced to the input line voltage of 282 V.

Fig. 11(a) and (b) show the experimental results of the output
inductor currents and voltage across Qo with different modu-
lations for the ac input of 115 Vac/800 Hz, respectively. It is
known that with the LICT asymmetric modulation, the voltage
stress on Qs is approximately 480 V, and with the proposed LVS
asymmetric modulation, the voltage stress on Qs is reduced to
the input line voltage of 282 V.

Fig. 12 shows the voltage stress on Qs with the LICT asym-
metric modulation and the proposed LVS asymmetric modula-
tion versus input phase voltage with different ac input frequen-
cies. It is known that when the LICT asymmetric modulation
is utilized, the voltage stress on Q- increases with the increase
of the ac input voltages and ac input frequency, which can be
up to 710 V when V;,, = 140 Vac and f7, = 800 Hz. However,
with the proposed LVS asymmetric modulation, the maximum
voltage stress on Qs is 343 V, which corresponds to the line
voltages with Vj, = 140 Vac. Therefore, when the proposed
LVS asymmetric modulation is applied, the switching devices
with a voltage rating of 650 V can be utilized in 3ph-CSR.

Compared with the LICT asymmetric modulation, the pro-
posed LVS asymmetric modulation has two always conducted
switching devices, while the output inductor currents do not
flow through these two switching devices [9]. Furthermore, the
switch states of other switching devices are not changed for the
proposed LVS asymmetric modulation. Therefore, there is no
input currents distortion of the 3ph-CSR with the LVS asym-
metric modulation during sector transition, and the low input
current THD can be achieved. However, the LVS asymmetric
modulation has an additional operating state in each switching

modulation when Vi, = 115 Vac and Pp = 1 kW for different ac input
frequencies. (a) 400 Hz. (b) 800 Hz.
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Fig. 14.  Experimental results of the efficiency of the LICT asymmetric mod-
ulation and the proposed LVS asymmetric modulation versus output power with
different ac input frequencies. (a) 400 Hz. (b) 800 Hz.

period, such as that represented in Fig. 8(b). In this additional
operating state, there has a current flowing through one of these
two always conducted switching devices to the input side, which
cause slightly higher input current THD than that of the LICT
asymmetric modulation.

Fig. 13(a) and (b) show the experimental results of the input
currents of the 3ph-CSR with the proposed LVS asymmetric
modulation when ac input frequency f7, = 400 Hz and 800 Hz,
respectively. The input current THD for ac input frequency f7,
=400 Hz and 800 Hz is 1.1% and 2.5%, respectively, i.e., low
input current THD can be achieved for ac input frequency f7, =
400 Hz and 800 Hz.

Fig. 14(a) and (b) show the experimental results of the effi-
ciency of the LICT asymmetric modulation and the proposed
LVS asymmetric modulation in different ac input frequencies,
respectively. From Fig. 14(a) and (b), the efficiency of the
LVS asymmetric modulation with low voltage rating MOSFETS
IPD60R180P7(650 V) is obviously higher than that of the
LICT asymmetric modulation with high voltage rating MOSFETS
IPD95R750P7(950 V).

For the input voltage 115 Vac/400 Hz, compared with the
LICT asymmetric modulation, under full-load condition, the
efficiency of the experimental prototype is improved from about
95.4% to 96.4%. For the input voltage 115 Vac/800 Hz, the
efficiency of the experimental prototype under full load is im-
proved from about 94.4% to 95.6%.
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Furthermore, the efficiency of the 3ph-CSR decreases with
the increase of the ac input voltage and input frequency. Under
the full-load condition, with the LICT asymmetric modulation,
when the input voltage is 115 Vac/400 Hz, the efficiency of the
experimental prototype is 95.4%. While when the input voltage
is 140 Vac/800 Hz, the efficiency of the experimental prototype
is only 93.0%.

Comparing these low voltage rating and high voltage rating
MOSFETs, they have similar parasitic parameters. The improve-
ment of efficiency is mainly due to the lower ON-resistance of the
low voltage rating MOSFETs and the reduction of the switching
loss.

VI. CONCLUSION

In this letter, an improved asymmetric modulation of 3ph-CSR
is proposed to significantly reduce the voltage stress on the
switching devices caused by CM filter. Therefore, the low volt-
age rating MOSFET can be adopted to obtain lower cost and higher
efficiency. Moreover, the proposed asymmetric modulation re-
tains the characteristics of low THD of the input currents of LICT
asymmetric modulation. Therefore, the proposed modulation
with LVS on the switching devices and low THD of the input
currents is very suitable for high power density applications.

REFERENCES

[1] J. Benzaquen, F. Fateh, M. B. Shadmand, and B. Mirafzal, “Performance
comparison of active rectifier control schemes in more electric aircraft
applications,” IEEE Trans. Transp. Electrific.,vol.5,n0. 4, pp. 1470-1479,
Dec. 2019.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

[2] G. Gong, M. L. Heldwein, U. Drofenik, J. Minibock, K. Mino, and J. W.
Kolar, “Comparative evaluation of three-phase high-power-factor AC-DC
converter concepts for application in future more electric aircraft,” IEEE
Trans. Ind. Electron., vol. 52, no. 3, pp. 727-737, Jun. 2005.

[3] C. Saber, D. Labrousse, B. Revol, and A. Gascher, “Challenges facing
PFC of a single-phase on-board charger for electric vehicles based on a
current source active rectifier input stage,” IEEE Trans. Power Electron.,
vol. 31, no. 9, pp. 6192-6202, Sep. 2016.

[4] J.Lei, S. Feng, J. Zhao, W. Chen, P. Wheeler, and M. Shi, “An improved
three-phase buck rectifier topology with reduced voltage stress on tran-
sistors,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 2458-2466,
Mar. 2020.

[5] Q.Chen,J.Xu,F.Zeng, R. Huang, and L. Wang, “An improved three-phase
buck rectifier with low voltage stress on switching devices,” IEEE Trans.
Power Electron., vol. 36, no. 6, pp. 6168-6174, Jun. 2021.

[6] A. Stupar, T. Friedli, J. Minibock, M. Schweizer, and J. W. Kolar, “To-
wards a 99% efficient three-phase buck-type PFC rectifier for 400 V DC
distribution systems,” in Proc. 26th Annu. IEEE Appl. Power Electron.
Conf. Expo., 2011, pp. 505-512.

[7] FE. Xu, B. Guo, L. M. Tolbert, F. Wang, and B. J. Blalock, “An all-SiC
three-phase buck rectifier for high-efficiency data center power supplies,”
IEEE Trans. Ind. Appl., vol. 49, no. 6, pp. 2662-2673, Nov./Dec. 2013.

[8] R.Huang,J.Xu, Q. Chen, X. Guo, and C. Zhou, “An optimized asymmetric
modulation scheme for three-phase buck rectifier without input current
distortion at the sector boundaries,” IEEE Trans. Power Electron., vol. 37,
no. 12, pp. 14040-14044, Dec. 2022.

[9] Q.Chen,J.Xu,L.Wang, R. Huang, and H. Ma, ““Analysis and improvement
of the effect of distributed parasitic capacitance on high-frequency high-
density three-phase buck rectifier,” IEEE Trans. Power Electron., vol. 36,
no. 6, pp. 6415-6428, Jun. 2021.

[10] M. Baumann, T. Nussbaumer, and J. W. Kolar, “Comparative evaluation of
modulation methods of a three-phase buck + boost PWM rectifier—Part
I: Theoretical analysis,” IET Power Electron., vol. 1, no. 2, pp. 255-267,
Jun. 2008.




<<
  /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


