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Abstract—A new three-phase, single-stage, isolated zero-voltage-
switching (ZVS) rectifier that achieves less than 5% input-current
total harmonic distortion (THD) and provides tightly regulated
output voltage is introduced. The proposed circuit is obtained
by integrating the three-phase, two-switch, ZVS, discontinuous-
current-mode, boost power-factor-correction rectifier, for short
named the TAIPEI rectifier, with the ZVS full-bridge phase-shift
dc/dc converter. The performance was evaluated on a three-phase
2.7-kW prototype designed for high voltage direct current (HVDC)
distribution applications with the line-to-line voltage range from
180 to 264 VRM S and with a tightly regulated variable dc output
voltage from 200 to 300 V. The prototype operates with ZVS over
the entire input-voltage and load-current range and achieves less
than 5% input-current THD with the efficiency in the 95% range.

Index Terms—Boost converter, discontinuous conduction mode,
power factor correction, single stage, three phase, zero voltage
switching.

I. INTRODUCTION

G ENERALLY, modern offline power supplies consist of
a front-end power-factor-correction (PFC) rectifier fol-

lowed by an isolated dc–dc converter. In single-phase implemen-
tations, the PFC front-end is typically implemented either as a
conventional boost converter, an interleaved boost converter, or
a “bridgeless” boost converter [1]. In three-phase applications,
the six-switch boost converter and Vienna rectifier are the most
commonly used front-end topologies [2]. In high-performance
applications, the Vienna rectifier is the preferred topology be-
cause it offers the highest efficiency with today’s commercially
available Si semiconductor devices.

The choice of isolated dc/dc output-stage topology is pri-
marily dependent on the power level. At lower power levels,
flyback and forward topologies are usually employed, whereas
the bridge-type topologies are typically used at power levels over
400–500 W. In today’s ac/dc power supplies that need to meet
extremely challenging efficiency requirements across the entire
load range, the zero-voltage-switching (ZVS) full-bridge (FB)
converter with phase-shift control, the two-switch interleaved
forward converter, and LLC series-resonant converter are ex-
clusively used as dc/dc output stage. In three-phase applications
with nominal line-to-line voltage 380/480 V, where the output
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voltage of the front end is in the 750–850-V range, the dc/dc
output stage is either implemented by connecting inputs of two
converters in series and their outputs in parallel, or by employing
a three-level dc/dc topology [3]–[5]. Both of these approaches
make possible to use 600-V-rated Si MOSFET devices which are
more efficient compared to 1200-V-rated insulated-gate bipolar
transistors (IGBTs) and are by far more cost-effective compared
to recently available 1200-V SiC MOSFET and bipolar junction
transistor devices.

Although the two-stage offline conversion has demonstrated
excellent performance, power supply designers have always
been tempted to combine the two stages into a single stage
to reduce the cost and/or to increase the power density. For ex-
ample, various three-phase, single-stage implementations have
been introduced in [5]–[10]. Generally, they either integrate a
three-phase boost rectifier with an isolated dc/dc stage [5]–[8],
or combine three single-phase, single-stage isolated convert-
ers into a three-phase isolated converter [9] and [10]. A high
power factor (PF) and low input current total harmonic distor-
tion (THD) in the implementations in [5]–[8] were obtained
by operating the integrated boost stage in the discontinuous-
conduction mode (DCM) where the phase currents naturally
follow the respective phase voltages, i.e., without any active
current control. Generally, these implementations can achieve
current THD from approximately 5%–15% in the load range
from full load down to 50% load. While this is acceptable per-
formance in many applications, it is not good enough for ap-
plications in today’s computer/telecom power systems which in
this load range require THD below 5%.

In this paper, a single-stage three-phase rectifier that main-
tains current THD below 5% from full load down to 20% load
is proposed. The proposed rectifier is derived by integrating
the recently proposed three-phase, two-switch, ZVS PFC DCM
boost rectifier, for short named the TAIPEI rectifier [11], with
a conventional phase-shift, ZVS FB converter [12]. In addition
to exhibiting an excellent THD and PF performance, the recti-
fier offers ZVS of all switches in a wide output-current range
which reduces switching losses and improves efficiency. The
performance was evaluated on a 2.7-kW prototype designed to
operate in the three-phase line-to-line voltage range from 180 to
264 VRMS and deliver a tightly regulated dc output voltage from
200 to 300 V. The proposed rectifier maintains input-current
THD below 5% from full load down to 20% load and efficiency
between 94% and 95.5% from full load down to 40% load.

II. THREE-PHASE SINGLE-STAGE TAIPEI RECTIFIER

The circuit diagram of the proposed three-phase, single-stage
Taipei rectifier is shown in Fig. 1. In this circuit, switches S1 and
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Fig. 1. Proposed single-stage TAIPEI rectifier.

S2 simultaneously serve as the switches of the boost front end
and leading-leg switches of the ZVS FB. At the input side, three
boost inductors L1 , L2 , and L3 are connected to the three-phase
power-source terminals along with three differential-mode filter
capacitors C1 , C2 , and C3 connected in Y (“star”) configuration.
Since for a balanced three-phase power source, the potential of
the common node of the filter capacitors, labeled N in Fig. 1, has
the same potential as power source neutral 0 that is not physically
available or connected in three-wire power systems, node N
represents a virtual neutral. Virtual neutral N is connected to
the midpoint between two switches S1 and S2 . As a result of
connecting virtual neutral N directly to the midpoint between
switches S1 and S2 , decoupling of the three input currents is
achieved. In such a decoupled circuit, the current in each of the
three inductors is dependent only on the corresponding phase
voltage, which reduces the THD and increases the PF [11]. In
addition, the midpoint of the switches do not experience abrupt
changes with high dV/dt, which makes it possible for the rectifier
to operate with a relatively low common-mode electromagnetic
interference noise.

Switches S3 and S4 serve as the lagging-leg switches of the
phase-shift FB converter whose primary also includes isola-
tion transformer TR and blocking capacitor CB . In Fig. 1, the
secondary-side of the FB converter is implemented with the
center-tapped secondary winding, output diodes DO1 and DO2 ,
and output filter LO − CO . However, in some applications it
may be more appropriate to implement secondary side with
an FB rectifier or employ synchronous rectifiers instead of the
diode output rectifiers.

Since switches S1 and S2 operate as the PFC boost switches
as well as the leading leg switches of the ZVS FB circuit, the
energy required to achieve ZVS of switches S1 and S2 is stored

both in boost inductors L1 − L3 and the leakage inductance of
transformer TR. Because the inductance of the boost inductors
is relatively large, they store enough energy for complete ZVS
of switches S1 and S2 even at very low power levels. As a re-
sult, in the proposed circuit in Fig. 1, the leakage inductance
of the transformer can be minimized. This improves the per-
formance of the ZVS FB converter because it minimizes the
secondary-side duty-cycle loss and parasitic ringing between
the junction capacitance of the secondary-side rectifier and the
leakage inductance [12]. The energy required to achieve ZVS of
lagging-leg switches S3 and S4 is stored in output inductor LO .
Since the inductance of the output-filter inductor is also large,
all four switches in the proposed converter can achieve ZVS
in a wide input-voltage and load range without an additional
energy-storage inductor in series with the transformer primary,
which is typically employed in conventional ZVS FB converters
to extend the ZVS range.

As illustrated in Fig. 1, to achieve a tight output-voltage reg-
ulation over the entire range of output voltage VO , the proposed
single-stage rectifier employs a high bandwidth frequency con-
trol assisted by the open-loop phase-shift control. The open-loop
phase-shift control is employed to regulate voltage VCR to be
approximately 400 V over the entire range of output voltage VO

from 200 to 300 V. Since for VCR = 400 V, duty ratio D of the
FB converter is

D =
1

2 · n · VO

400
(1)

where n = N2 /N1 is the turns ratio of transformer TR, the phase
shift for a given output voltage VO can be calculated as

DTS =
1

2 · n · VO

400
· TS (2)

where TS is the switching period determined by the variable-
frequency output-voltage control loop. Because of the required
phase-shift calculations, digital control is used in this design.

It should be noted that the proposed single-stage TAIPEI
rectifier is topologically identical to that described by Huang
et al. [8]. However, the input-current THD and efficiency perfor-
mance of the two implementations are dramatically different be-
cause of different control approaches. The implementation in [8]
regulates only the output voltage with a constant-frequency con-
trol that cannot achieve THD below 5% and does not provide
ZVS of all four switches.

III. ANALYSIS OF OPERATION

The simplified circuit diagram of the proposed rectifier along
with reference directions of currents and voltages is shown in
Fig. 2. It should be noted that the model in Fig. 2 is only valid in
the 60◦ segment of the line cycle where VAN > 0, VBN< 0, and
VCN < 0. However, the same model is applicable to any other
60◦ segment during which the phase voltages do not change
polarity by properly selecting conducting rectifiers in the input
six-diode rectifier [11]. The model in Fig. 2 also assumes that
the voltage across blocking capacitor CB is much smaller than
the voltage across the primary of transformer TR, i.e., that the
capacitance of the blocking capacitor is large enough so that the
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Fig. 2. Simplified circuit diagram of proposed single-stage Taipei rectifier
showing reference directions of currents and voltages in 60◦-segment where
VAN > 0, VBN < 0, and VCN < 0.

capacitor voltage drop caused by the primary current is small.
In Fig. 2, the blocking capacitor CB is represented by a short
circuit.

To further facilitate the explanation of operation, Fig. 3 shows
topological stages of the circuit in Fig. 2 during a switching
cycle, whereas Fig. 4 shows the power-stage key waveforms. As
can be seen from the gate-drive timing diagrams for switches
S1–S4 in Fig. 4, the switches operate in a complementary fashion
with approximately 50% duty cycle and with a short dead time
between the turn-off of one switch and the turn-on of the other
switch of each leg. Because of this gating strategy, all switches
can achieve ZVS. In the proposed single-stage rectifier, the input
power is controlled by S1 and S2 employing a variable switching
frequency control. The minimum frequency is set at full load
and minimum input voltage, whereas the maximum frequency
is set at light load and maximum input voltage. The rectifier
operates in controlled burst mode at light load or no load to
avoid unnecessarily high switching frequency.

As shown in Figs. 3(a) and 4, before switch S1 is turned OFF

at t = T1 , inductor current iL1 flows through switch S1 . The
slope of inductor current iL1 is equal to VAN /L1 and the peak
of the inductor current at t = T1 is approximately [11]

IL1(PK) =
VAN

L1
× TS

2
(3)

where VAN is line-to-neutral voltage.
During the period between T0 and T1 , output diodes DO1 and

DO2 conduct output current IO and the secondary winding of
transformer TR is shorted, as shown in Fig. 3(a). During this in-
terval, primary current iP decreases with the rate 2VS(ON) /LLK
where LLK is the leakage inductance of transformer TR (not
shown in Fig. 3) and VS(ON) is the on-state voltage drop of the
switch.

At t = T1 , when switch S1 is turned OFF, inductor current iL1
starts charging the output capacitance of switch S1 , as shown
in Fig. 3(b). Because the sum of the voltages across switches
S1 and S2 is clamped to the flying capacitor voltage VCR , the
output capacitance of switch S2 discharges at the same rate as
the charging rate of the output capacitance of switch S1 . This
period ends when the output capacitance of switch S2 is fully
discharged and the antiparallel body diode of switch S2 starts
conducting at t = T2 , as shown in Figs. 3(c) and 4. Because
the body diode of switch S2 is forward biased, inductor currents
iL2 and iL3 begin to increase linearly. When the body diode of

switch S2 starts conducting, primary voltage VP of transformer
TR reaches −VCR which makes output diode DO1 reverse
biased, as shown in Fig. 3(c). During this period, primary cur-
rent iP is equal to −nIO , where n = N2 /N1 is the turns ratio
of the transformer. At t = T3 , switch S2 is turned ON with ZVS
and inductor currents iL1 , iL2 , and iL3 are commutated from
the antiparallel diode of switch S2 to the switch, as shown in
Fig. 3(d). This period ends when inductor current iL1 decreases
to zero at t = T4 . To maintain DCM operation, the time pe-
riod between t = T3 and t = T4 must be less than one-half of
switching period TS which means that the rising slope of in-
ductor current iL1 should be smaller than its falling slope. As
illustrated in Fig. 4, the rising and falling slopes of iL1 are
VAN /L1 and (VAN−VCR)/L1 , respectively. As a result, mini-
mum voltage VCR(MIN) across flying capacitor CR to achieve
DCM operation is

VCR(MIN) = 2 × VAN(PK) =
2
√

2√
3

× VL -L( RMS) (4)

where VAN-PK is the peak line-to-neutral voltage.
It should also be noted that because during the T2 − T4 inter-

val inductor currents iL2 and iL3 and primary current iP flow
in the opposite direction from inductor current iL1 , the average
current through switch S2 is reduced so that the switch in the pro-
posed rectifier exhibits reduced power losses. At time t = T5 ,
switch S3 is turned OFF, primary current iP , that is reflected out-
put current nIO , charges the output capacitance of switch S3 to
flying capacitor voltage VCR which makes the antiparallel body
diode of switch S4 to start conducting, as shown in Fig. 3(f). At
t = T6 , switch S4 is turned ON with ZVS and primary current
iP is commutated from the antiparallel diode of switch S4 to
the switch as shown in Fig. 3(g). During the period between
T5 and T7 , output diodes DO1 and DO2 conduct output current
IO and the secondary winding of transformer TR is shorted so
that primary current iP increases with the rate 2VS(ON) /LLK , as
shown in Fig. 3(f) and (g).

During the period between t = T2 and t = T7 , inductor cur-
rents iL2 and iL3 continue to flow through switch S2 as shown
in Fig. 4. The slopes of inductor currents iL2 and iL3 dur-
ing this period are equal to VBN /L2 and VCN /L3 , respectively,
and their peaks at the moment when switch S2 turns OFF are
approximately

IL2(PK) =
VBN

L2
× TS

2
and (5)

IL3(PK) =
VCN

L3
× TS

2
. (6)

As shown in (3), (5), and (6), the peak of each inductor current
is proportional to its corresponding phase voltage, which results
in a low THD of the phase currents [11].

After switch S2 is turned OFF at t = T7 , inductor currents iL2
and iL3 start to simultaneously charge the output capacitance of
switch S2 and discharge the output capacitance of switch S1 ,as
shown in Fig. 3(h). This period ends at t = T8 when the output
capacitance of switch S1 is fully discharged and its antiparallel
diode starts conducting, as shown in Figs. 3(i) and 4. After
t = T8 , switch S1 can be turned ON with ZVS. In Fig. 4, switch
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Fig. 3. Topological stages of proposed single-stage TAIPEI rectifier with condition when VAN > 0, VBN < 0, and VCN < 0.

S1 is turned ON at t = T9 . As shown in Fig. 3(j), once switch
S1 is on, increasing inductor current iL1 and primary current iP
flow in the opposite direction from inductor currents iL2 and iL3
through switch S1 so that switch S1 carries only the difference
of sum of current iL1 and primary current iP and sum of cur-
rents iL2 and iL3 . This period ends when inductor current iL3
decreases to zero at t = T10 . During period T10 − T11 , decreas-
ing inductor current iL2 continues to flow through switch S1 , as
shown in Fig. 3(k). After inductor current iL2 reaches zero at
t = T11 , switch S4 is turned OFF at t = T12 and primary current
iP charges the output capacitance of switch S4 to VCR . The an-
tiparallel body diode of switch S3 starts conducting at t = T12 ,
as shown in Fig. 3(m). At t = T13 , switch S3 is turned ON with

ZVS and primary current iP is commutated from the antiparal-
lel diode of switch S3 to the switch, as shown in Fig. 3(n), and
a new switching cycle begins.

In the proposed rectifier, output voltage VO is related to the
average voltage across flying capacitor VCR(AVG) as

VO = 2 × n × D × VCR(AVG) (7)

where duty cycle D is the phase shift shown in the gate-timing
waveforms in Fig. 4. The value of voltage VCR(AVG) is de-
termined by the regulation set point of the variable-frequency
control loop and its minimum value has to meet (4).

Finally, it should be noted that in the proposed rectifier the
input current is not sensed. The input current shaping is obtained
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Fig. 4. Key waveforms of proposed single-stage TAIPEI rectifier when VAN
> 0 and VBN < VCN < 0.

naturally by maintaining voltage VCR relatively constant during
steady state, i.e., by maintaining switching period TS virtually
constant during a line cycle. With a constant switching period
TS and 50% duty cycle, the peaks of the inductor currents are
proportional to the corresponding phase voltages. For such a
triangular current waveform, the line-frequency average-current
distortion is predominantly contained in the third harmonic.
Since the third harmonic (triplen harmonic) currents cannot
flow in a three-wire system, they circulate through capacitors
C1 , C2 , and C3 , whereas the remaining harmonics contributes
less than 1% of input-current THD, as described in [11].

IV. DESIGN CONSIDERATIONS

The design optimization and performance evaluation of the
single-stage Taipei rectifier was performed for a prototype with
the following input and output specifications:

1) line-to-line three-phase ac input voltage range: 180–265
VRMS ;

2) line frequency range: 45–66 Hz;

Fig. 5. Output specifications of typical HVDC power supply.

3) THD: <5% above 50% load, <10% from 20% to 50%
load;

4) PF: ≥99% at 100% load, ≥98% at 50% load;
5) hold up time: ≥10 ms;
6) efficiency: 95% from 30% to 100% load;
7) output voltage: nominal 270 V, minimum 200 V, maximum

300 V (see Fig. 5);
8) output current: 10 A at 270 V (also see Fig. 5);
9) output voltage regulation: < ±0.25 V;

10) start up or load step overshoot/undershoot: <±8 V.
As shown in Fig. 5, the power supply delivers full power over

the output voltage range from 270 to 300 V. The output current
is limited to 10 A when the output voltage is between 200 and
270 V. When the output voltage drops below 200 V, the limit of
the output current decreases linearly from 10 to 1 A.

A. Switching Frequency Selection

Because the proposed rectifier employs variable-frequency
control, the minimum and maximum switching frequencies
should be selected first. The relationship between input power
PIN , output voltage VO , boost inductance L, and switching fre-
quency fS was derived in [11] as

fS =
3 · V 2

O

8 · L · M · PIN · (2 · n · D)2 × 0.48
M − 0.92

(8)

where input-to-output voltage conversion ratio M is

M =
√

3VO

2
√

2VIN · n · D
(9)

and boost inductor L = L1 = L2 = L3 .
As well understood, switching frequency selection is based

on the tradeoff between efficiency and size, i.e., power density.
In this design, the minimum frequency, which occurs at the
minimum input voltage and full load is set at 18 kHz, whereas
the maximum frequency is limited to 300 kHz to primarily limit
the switching losses in the transformer. With the 300 kHz limit,
the prototype rectifier can regulate the output voltage at high
line down to 10% load. For loads below 10% of the full load,
the burst-mode operation is applied.
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B. Boost Inductor Design

Because the rectifier operates in DCM, the triangle-shaped
currents of the boost inductors produce significantly higher core
losses compared with those when the rectifier operates in the
continuous-conduction mode (CCM). In addition, to maintain
a low THD, it is necessary to maintain constant slopes of the
boost-inductor currents. As a result, ferrite cores with an air
gap are a better choice than commercially available powder
cores, which exhibit higher core losses and whose permeability
significantly changes under the varying magnetic field strength.

Using the relationship between input power PIN , output volt-
age VO , switching frequency fS , and inductance L, shown in
(8), the inductance value can be calculated as

L =
3 · V 2

O

8 · fS · M · PIN · (2 · n · D)2 × 0.48
M − 0.92

. (10)

By selecting the switching frequency of 20 kHz at the mini-
mum input voltage and full load, which gives 2-kHz design mar-
gin, the required value of the boost inductors is approximately
L = 140 μH. To obtain this inductance, each inductor was built
using a pair of ferrite cores (PQ-40/40, DMR95) with 60 turns
of Litz wire (Φ 0.1 mm, 150 strands) and a 15.2-mm gap. The
Litz wire was used to reduce the fringing-effect-induced wind-
ing loss near the gap of the inductor core. For this inductor
design, the maximum flux density which occurs at full load and
the minimum input voltage is 0.32 T.

It should be noted that it is not desirable to implement three
boost inductors L1 − L3 on a single three-leg core in the pro-
posed circuit. Namely, the proposed circuit archives a low THD
by having the rising slopes of the DCM inductor currents be
proportional only to their respective phase voltages. Since any
magnetic coupling between the inductors degrades the PFC per-
formance, integrated three-leg core is not suitable because of its
inherent magnetic coupling between the core legs.

C. Transformer Design

The transformer was built using a pair of ferrite cores (PQ-
50/50, 3C96) with 42 turns of Litz wire (Φ 0.1 mm, 180 strands)
for primary and secondary windings. The measured magnetizing
and leakage inductances are 4 mH and 6.4 μH, respectively.

Peak magnetizing current IM (PK) that occurs when the
switching frequency is minimum is given by

IM (PK) =
VO

8 · LM · fS (MIN) · n · D (11)

where LM is the magnetizing inductance of transformer TR and
fS (MIN) is the minimum switching frequency at full load and the
minimum input voltage. According to (11), the maximum peak-
to-peak magnetizing current at full load and the minimum input
voltage is approximately 1.88 A so that the maximum flux den-
sity in steady state is approximately 0.25 T, which gives plenty
of margin with respect to the saturation flux of the ferrite core. It
should be noted that blocking capacitor CB , which is connected
in series with transformer TR, eliminates any low-frequency
component of the magnetizing current that may increase the
flux density of the transformer.

D. Output Inductor Design

Generally, the inductance of output inductor LO should be
selected sufficiently large so that it operates in CCM over the
entire switching frequency range. In this design, output inductor
LO was built using a pair of ferrite cores (PQ-40/40, 3C96) with
72 turns of Litz wire (Φ 0.1 mm, 150 strands) for each winding
and a 7.2-mm gap. The measured inductance is 350 μH. The
maximum flux density at steady state operation is approximately
0.27 T, which is far away from the saturation flux of the ferrite
core.

E. Input Capacitor Selection

Input capacitors C1 − C3 provide filtering of the switching-
frequency ripple of the boost inductor currents and a path for
their low-frequency triplen harmonics. Since the magnitude of
the triplen harmonic component is much smaller than that of
the ac component of the boost-inductor currents, the rating of
the input capacitors is essentially determined by the peak boost
inductor current that occurs at the full load and low line. Since in
this design, the maximum RMS current of capacitors C1 − C3
is approximately 7.5 A, a low equivalent series resistence (ESR)
film capacitor (2.2 μF, 630 Vdc /400 Vac , 16 A at 40 kHz and
20 A at 10 kHz) was used for each of input filter capacitors
C1 , C2 , and C3 .

F. Selection of Other Capacitors

The peak current of flying capacitor CR is equal to the sum of
the peak boost inductor current and the peak magnetizing cur-
rent of transformer TR. Two parallel connected film capacitors
(2.2 μF, 630 Vdc /400 Vac , 16 A at 40 kHz and 20 A at 10 kHz)
were used for flying capacitor CR . Moreover, to meet the hold-
up time requirement (10 ms), two additional electrolytic capac-
itors (560 μF, 450 Vdc) were connected in parallel with the film
capacitors.

Since the current through blocking capacitor CB is equal to
the magnetizing current of transformer TR and the reflected load
current, three film capacitors (2.2 μF, 630 Vdc /400 Vac , 16 A at
40 kHz and 20 A at 10 kHz) were used for blocking capacitor
CB .

Finally, two parallel connected electrolytic capacitors
(470 μF, 450 Vdc) were used for output capacitor CO .

G. Semiconductor Device Selection

Because the voltage stress of switches S1–S4 is approximately
equal to voltage VCR , i.e., it is around 400 V, it is necessary to use
switches that are rated at least 500 V to maintain desirable design
margin of 20%. In the prototype circuit, an IPW65R041CFD
MOSFET (VDS = 650 V, RDS = 0.041 Ω, COSS = 400 pF, Qrr
= 1.9 μC) from Infineon was used for each switch. It should be
noted that the body diode of the selected switch has relatively
small reverse recovery charge. Because the two switches of the
rectifier form a totem pole configuration, the fast body diode of
the switch limits shoot-through current if the rectifier accidently
enters CCM of operation.
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Fig. 6. Experimental prototype circuit of proposed rectifier.

Since input diodes D1 − D6 must block the same peak volt-
age stress and conduct the same peak current (approximately
28 A) as the switches, an STTH30R06 rectifier (VRRM = 600 V,
IFAVM = 30 A) from ST was used for each diode. Since the
turns ratio of transformer TR is n = 1, the voltage stress of
secondary-side diodes D7–D10 is equal to VCR = 400 V. A
C3D10060 SiC rectifier (VRRM = 600 V, IFAVM = 10 A) from
Cree was used for each output diode.

H. Control Implementation

The output-voltage regulation that employs variable-
frequency control together with open-loop phase-shift control
was implemented by a TMS320F28027 DSP from TI with a
sampling frequency of 25 kHz. From sensed output voltage VO ,
the phase shift is calculated from (1) to regulate voltage VCR
to approximately 400 V over the entire range of output voltage
from 200 to 300 V. The output-voltage variable-frequency feed-
back control is implemented with a two-pole-two-zero compen-
sator with the compensator poles placed at the origin and 5 kHz
and the zeros at 40 and 400 Hz.

V. EXPERIMENTAL RESULTS

Fig. 6 shows the power-stage schematics along with compo-
nent information of the experimental prototype circuit. The pro-
totype circuit was designed with the variable-frequency-control
feedback loop. Duty cycle D is obtained by (1) that is pro-
grammed in the microcontroller to maintain flying-capacitor
voltage VCR at around 400 V over the output voltage range. The
switching frequency range of the variable-frequency control was
between 20 and 300 kHz.

Figs. 7 and 8, respectively, show the measured input current
waveforms and current waveforms of boost inductors L1 , L2 ,
and L3 of the experimental circuit at the input voltage of 220
VL -L(RMS) and full load. The measured input-current THD is
approximately 2.1%.

Fig. 9 shows drain-to-source voltage VS1 and drain current
iS1 of switch S1 together with primary current iP and output

Fig. 7. Measured input current waveforms when rectifier operates from three-
phase input voltage 220 VL -L (RM S) and delivers 2.7 kW. Time scale is
5 μS/div.

Fig. 8. Measured waveforms of inductor currents iL 1 , iL 2 , and iL 3 when
rectifier operates from three-phase input voltage 220 VL -L (RM S) and delivers
2.7 kW. Time scale is 5 μS/div.

Fig. 9. Measured waveforms of drain voltage VS 1 and currents iS 1 of switch
S1 and primary current iP of transformer TR when rectifier operates from
three-phase input voltage 220 VL -L (RM S) and delivers 2.7 kW. Time scale is 5
μS/div.

inductor current iLO when rectifier operates at full load from
three-phase input voltage 220 VL -L(RMS) . As can be seen in
Fig. 9, drain current iS1 is negative before switch S1 turns ON.
The negative current flows through the body diode of switch
S1 , hence the voltage across the switch becomes zero before the
switch is turned ON. Switches S2 , S3 , and S4 (not shown in Fig. 9)
operate in the same manner. The experimental waveforms are
in very good agreement with corresponding ideal waveforms
shown in Fig. 4. The reason for a noticeable discrepancy be-
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Fig. 10. Measured ac ripples of voltages VCR and VO when rectifier operates
from three-phase input voltage 220 VL -L (RM S) and delivers 2.7 kW at VO =
300 V. Time scale is 5 mS/div.

Fig. 11. Measured efficiencies of experimental PFC rectifier prototype as
functions of output power.

tween the measured current waveform of primary current iP of
transformer TR and corresponding ideal waveforms in Fig. 4 is
the assumption that the ripple of output inductor current iLO is
zero and that ideally voltage of the blocking capacitor is zero. In
the prototype circuit, the peak-to-peak ac voltage across block-
ing capacitor CB caused by the primary current flowing through
it is around 30 V and its effect cannot be neglected. In fact, this
voltage causes a relatively large decrease of the switch currents
during the time intervals when the secondary winding of the
transformer is shorted, because the blocking capacitor voltage
resets (decreases) the transformer primary current with a rela-
tively high rate VCB /LLK .

Fig. 10 shows measured ripples of voltages VCR and VO when
rectifier operates from three-phase input voltage 220 VL -L(RMS)
and delivers 2.7 kW at VO = 300 V. The peak-to-peak ripple
of output voltage VO is less than 0.4 V which is approximately
0.13% of the dc level of output voltage VO .

The measured efficiency, THD, and PF of the proposed rec-
tifier as functions of output power at the line-voltage of 220
VL -L(RMS) are shown in Fig. 11, Table I, and Table II, respec-
tively. The measured efficiency is between 94% and 95.5% from
full load down to 40% load while the measured THD is below 5%

TABLE I
MEASURED THD AT NOMINAL INPUT VOLTAGE (220 VL -L (RM S) )

TABLE II
MEASURED PF AT NOMINAL INPUT VOLTAGE (220 VL -L (RM S) )

from full load down to 20% load. Finally, it should be noted that
the rectifier exhibits a good performance even with extremely
unbalanced line voltages. Specifically, with one phase open or
shorted, the measured THD of the remaining two phases is be-
low 10%. This performance is in line with that reported in [11]
for the Taipei rectifier front end.

VI. SUMMARY

In this paper, the three-phase single-stage rectifier that is de-
rived by combining the recently introduced Taipei rectifier and a
conventional phase-shift FB converter has been described. The
proposed rectifier offers low input-current THD (<5%) and a
tightly regulated, isolated, output voltage and features ZVS of
all the switches over the entire input and load range. The evalu-
ation of the proposed converter was performed on a three-phase
2.7-kW prototype operating from the 180–264-VRMS line-to-
line voltage range and delivering a tightly regulated output volt-
age from 200 to 300 V. The proposed rectifier maintains current
THD below 5% from full load down to 20% load and exhibits
efficiency between 94% and 95.5% from full load down to 40%
load.
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Milan M. Jovanović (S’85–M’88–SM’89–F’01)
was born in Belgrade, Serbia. He received the
Dipl.Ing. degree in electrical engineering from the
University of Belgrade, Serbia.

He is currently the Senior Vice President for R&D
of Delta Products Corporation, the U.S. subsidiary of
Delta Electronics, Inc., Taiwan, one of the world’s
largest manufacturers of power supplies.



<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


