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Abstract—A new, three-phase, single-stage, isolated ac–dc con-
verter (rectifier) that employs only two switches and achieves less
than 5% total harmonic distortion of the three-phase input cur-
rents and provides a tightly regulated, isolated, output voltage is
introduced. The rectifier features zero-voltage-switching of both
switches over the entire input and load range without any addi-
tional soft-switching circuitry. The rectifier is derived by combining
the three-phase, power-factor-correction, discontinuous-current-
mode boost rectifier that is also known as Taipei rectifier with the
conventional LLC resonant half-bridge converter. The introduced
rectifier requires single feedback loop with frequency control to
regulate the output voltage. The evaluation was performed on a
1-kW prototype operating with a three-phase line-voltage range
from 180 to 264 VL−L and delivering a tightly-regulated, isolated,
output voltage of 54 V. The measured efficiency of the prototype at
nominal line voltage VIN = 208 VL−L is above 95% from 90% of
full load down to 50% of full load. The maximum voltage stress is
approximately 430 V.

Index Terms—AC–DC rectifier, boost converter, discontinuous
conduction mode (DCM), frequency control, LLC resonant con-
verter, power factor correction (PFC), single stage, Taipei rectifier,
three phase, zero voltage switching (ZVS).

I. INTRODUCTION

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

lowed by an isolated dc–dc converter. In single-phase imple-
mentations, the PFC front-end is typically implemented either
as a conventional boost converter, an interleaved boost converter,
or a “bridgeless” boost converter [1]–[6]. In three-phase appli-
cations, the six-switch boost converter and Vienna rectifier are
the most commonly used front-end topologies [7]–[11]. In high-
performance applications, the Vienna rectifier is the preferred
topology because it offers the highest efficiency with today’s
commercially available Si semiconductor devices. However,
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the lower-component-count six-switch boost converter imple-
mented with wide-band-gap SiC devices can also provide
equally good efficiency and power density performance [8].

The choice of the isolated dc–dc output-stage topology is pri-
marily dependent on the power level. At higher power levels
(>400–500 W), bridge-type topologies are typically used. In
today’s ac–dc power supplies that need to meet extremely chal-
lenging efficiency requirements across the entire load range, the
zero-voltage-switching (ZVS) full-bridge (FB) converter with
phase-shift control and LLC series-resonant converter are ex-
clusively used as the dc–dc output stage.

Although two-stage off-line power conversion has demon-
strated excellent performance, various three-phase, single-stage
implementations have been introduced to reduce the cost and/or
increase the power density, [12]–[18]. Generally, they either in-
tegrate a three-phase boost rectifier with an isolated dc–dc stage
[12]–[16], or combine three single-phase, single-stage isolated
converters into a three-phase isolated converter [17], [18]. A
high PF and low input current total harmonic distortion (THD)
in the implementations in [12]–[18] were obtained by operat-
ing the integrated boost stage in the discontinuous-conduction
mode (DCM) where the phase currents naturally follow the re-
spective phase voltages, i.e., without any active current control.
In single-stage ac–dc topologies with wide bandwidth output-
voltage regulation, the major design challenge is the tradeoff
between the input-current THD and the maximum voltage stress
of the unregulated bulk capacitor voltage. Generally, the max-
imum bulk capacitor voltage should be limited to a value that
allows for the minimum-voltage-rated switches to be used. The
single-stage rectifier introduced in [16] is an integrated topology
of the three-phase, frequency-controlled, PFC, DCM boost rec-
tifier that is also known as Taipei rectifier [19] and a full-bridge
converter which regulates the output voltage as well as the bulk
capacitor voltage using two control loops. By actively regu-
lating the bulk capacitor voltage with phase-shift pulsewidth
modulation (PWM) of the full-bridge converter and the output
voltage with frequency control, the maximum voltage stress of
the rectifier is well limited.

In this paper, a new, three-phase, single-stage, isolated ac–
dc converter that is derived by combining the Taipei rectifier
[19] with the conventional LLC resonant half-bridge converter
is introduced. The converter employs only two switches and
achieves less than 5% current THD of the three-phase input cur-
rents and provides a tightly regulated, isolated output voltage.
The rectifier features ZVS of both switches over the entire input
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Fig. 1. Proposed two-switch isolated three-phase rectifier.

and load range without any additional soft-switching circuitry.
The introduced rectifier requires just a single feedback loop
with frequency control. Since the Taipei rectifier operates with
frequency control, the integration with a frequency controlled
LLC resonant converter is simpler than the integration with a
full-bridge phase-shift PWM converter which requires an addi-
tional PWM feedback loop to regulate the output voltage [16].
The evaluation was performed on a 1-kW prototype operating
with a three-phase line-voltage range from 180 to 264VL−L and
delivering a tightly regulated isolated output voltage of 54 V.

II. TWO-SWITCH ISOLATED THREE-PHASE RECTIFIER

As shown in Fig. 1, the proposed rectifier is derived by com-
bining the three-phase, frequency-controlled, PFC, DCM boost
rectifier with the conventional LLC resonant half-bridge con-
verter. The frequency-controlled, PFC, and DCM boost recti-
fier achieves a very low current THD of the three-phase line
input currents with only two switches, as described in [19],
while LLC resonant converters have been widely used because
of their superior efficiency [20]–[27]. In this circuit, switches
S1 and S2 simultaneously serve as the switches of the boost
front end and half-bridge switches of the LLC resonant con-
verter. 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 poten-
tial as power source neutral zero 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 mid-point
between two switches S1 and S2 . As a result of connecting vir-
tual neutral N directly to the mid-point 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 [19].

In Fig. 1, the primary side of the LLC resonant converter
includes isolation transformer TR, resonant inductor LR , and

Fig. 2. Proposed rectifier: (a) simplified circuit diagram showing reference di-
rections of currents; (b) input-voltage 60°-segments during which none of phase
voltages changes sign. Conducting diodes in each segment are also indicated.

resonant capacitors CR1 and CR2 . The secondary-side is im-
plemented with the center-tapped secondary winding, output
diodes DO1 and DO2 , and output filter capacitor CO . How-
ever, in some applications, it may be more appropriate to im-
plement secondary side with a full-bridge rectifier or employ
synchronous rectifiers (SRs) instead of the diode output recti-
fiers. Bulk capacitor CB that stores energy for hold-up time is
connected on the dc-side of input bridge rectifier D1–D6 .

Since switches S1 and S2 operate as the PFC boost switches
as well as the switches of the LLC resonant circuit, the energy
required to achieve ZVS of switches S1 and S2 is stored both in
boost inductors L1–L3 and resonant inductor LR . 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.

III. ANALYSIS OF OPERATION

To simplify the analysis of operation, it is assumed that rip-
ple voltages of the input and output filter capacitors as well
as the bulk capacitor shown in Fig. 1 are negligible so that
their voltages can be represented by constant-voltage source
VAN , VBN , VCN , VO , and VCB as shown in Fig. 2. Also, it
is assumed that in the ON state, semiconductors exhibit zero
resistance, i.e., they are short circuits. However, the output ca-
pacitances of the switches are not neglected in this analysis.

By recognizing that rectifiers D1 , D2 , and D3 conduct only
when their corresponding phase voltage is positive and rectifiers
D4 , D5 , and D6 conduct only when their corresponding phase
voltage is negative, the simplified circuit diagram of the rectifier
along with the reference directions of currents and voltages is
shown in Fig. 2(a). It should be noted that the input model
in Fig. 2(a) is only valid in the 60° segment of the line cycle
where VA0 > 0, VB 0 < 0, and VC 0 < 0, as shown in Fig. 2(b).
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Fig. 3. Topological stages of proposed rectifier when VA 0 > 0, VB 0 < VC 0 < 0, and LLC converter operates above its resonant frequency f0 , i.e.,
fS > f0 . (a) [T0 − T1 ]. (b) [T1 − T2 ]. (c) [T2 − T3 ]. (d) [T3 − T4 ]. (e) [T4 − T5 ]. (f) [T5 − T6 ]. (g) [T6 − T7 ]. (h) [T7 − T8 ]. (i) [T8 − T9 ].
(j) [T9 − T10 ].

However, the same model is applicable to any other 60° segment
during which the phase voltages do not change polarity.

To further facilitate the explanation of the operation, Fig. 3
shows topological stages of the circuit in Fig. 2(a) during a
switching cycle, whereas Fig. 4 shows the power-stage key

waveforms when LLC converter operates above its resonant
frequency f0 , i.e., fS > f0 . As can be seen from the gate-drive
timing diagrams for switches S1 and S2 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



JANG et al.: TWO-SWITCH, ISOLATED, THREE-PHASE AC–DC CONVERTER 10877

Fig. 4. Key waveforms of proposed rectifier when VA N > 0, VB N <
VC N < 0, and LLC converter operates above its resonant frequency f0 , i.e.,
fS > f0 .

switch S1 and the turn-ON of switch S2 , and vice versa. Because
of this gating strategy, both switches can achieve ZVS. How-
ever, to simultaneously maintain ZVS and regulate the output
voltage with respect to input voltage and/or load current varia-
tions, the proposed rectifier must employ 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 a low-frequency PWM mode or a controlled burst
mode at very light loads, including no load, to avoid excessive
switching losses at unreasonably high-switching frequencies.

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

IL1(PK) =
VAN

L1
× TS

2
(1)

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

conducts output current IO , as shown in Fig. 3(a). During this
interval, primary resonant current iLR resonates with resonant
inductor LR and resonant capacitors CR1 and CR2 . Since

switching frequency fS is higher than resonant frequency f0 ,
resonant current iLR is positive at t = T1 , as shown in Fig. 4.

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 switch S1
and switch S2 is clamped to voltage VCB , the output capaci-
tance 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 anti-parallel body diode of switch S2 starts conducting
at t = T2 , as shown in Fig. 3(c) and 4. Because the body diode
of switch S2 is forward biased, inductor currents iL2 and iL3
begin to increase linearly. During this period, primary voltage
VP is equal to nVO , where n = N1/N2 is the turns ratio of
the transformer, and the sum of VP and VCB resets resonant
current iLR quickly to zero. At t = T3 , switch S2 is turned ON

with ZVS and inductor currents iL1 , iL2 , and iL3 are commu-
tated from the antiparallel diode of switch S2 to the channel
of switch S2 . Moreover, resonant current iLR changes direction
and the secondary-side current is commutated from output diode
DO1 to output diode DO2 , 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 period between t = T3 and
t = T4 must be less than one-half of switching period TS which
means that the rising slope of inductor 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 − VCB)/L1 , re-
spectively. As a result, minimum voltage VCB−MIN across bulk
capacitor CB to achieve DCM operation is

VCB−MIN = 2 × VAN(PK) =
2
√

2√
3

× VL−L( RMS) (2)

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

inductor currents iL2 and iL3 and resonant current iLR flow in
the opposite direction from inductor current iL1 , the average
current through switch S2 is reduced so that the switch in the
proposed rectifier exhibits reduced power losses. During the
period between t = T2 and t = T4 , inductor currents iL2 and
iL3 continue to flow through switch S2 as shown in Fig. 4. The
slopes of inductor currents iL2 and iL3 during this period are
equal to VBN /L2 and VC N /L3 , respectively, and their peaks at
the moment when switch S2 turns OFF are approximately

IL2(PK) =
VBN

L2
× TS

2
and (3)

IL3(PK) =
VCN

L3
× TS

2
. (4)

As it can be seen in (1), (3), and (4), the peak of each inductor
current is proportional to its corresponding phase voltage, which
results in a low THD of the phase currents [19].

After switch S2 is turned OFF at t = T5 , resonant current iLR

and 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(f). This period
ends at t = T6 when the output capacitance of switch S1 is fully
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discharged and its anti-parallel diode starts conducting, as shown
in Fig. 3(g) and 4. After t = T6 , switch S1 can be turned ON

with ZVS. In Fig. 4, switch S1 is turned ON at t = T7 . As shown
in Fig. 3(h), once switch S1 is ON, increasing inductor current
iL1 and resonant current iLR flow in the opposite direction from
inductor currents iL2 and iL3 through switch S1 so that switch
S1 carries only the difference of the sum of inductor current iL1
and resonant current iLR and the sum of currents iL2 and iL3 .
This period ends when inductor current iL3 decreases to zero
at t = T8 . During period T8—T9 , decreasing inductor current
iL2 continues to flow through switch S1 , as shown in Fig. 3(i).
After inductor current iL2 reaches zero at t = T9 , as shown in
Fig. 3(j), a new switching cycle begins.

Since switches S1 and S2 operate as the switches of the
frequency-controlled, PFC, DCM, boost rectifier as well as the
switches of the half-bridge LLC resonant converter, the input
power of the boost rectifier and output power of the half-bridge
LLC resonant converter cannot be independently controlled.
Any difference between the input power and the output power is
handled by bulk capacitor CB . Since the bulk capacitor voltage
automatically reaches steady state at the voltage level where the
input power and output power are balanced, capacitor voltage
VCB varies with the load (output power) and input voltage. As
a result, the major design challenge of the proposed rectifier is
to find optimum values of boost inductors L1–L3 , resonant in-
ductor LR , magnetizing inductance LM of transformer TR, and
resonant capacitor CR so that capacitor voltage VCB stays in the
desirable range. This range is determined by minimum voltage
VCB−MIN that is required to achieve boost rectifier operation and
maximum voltage VCB−MAX to safely employ switches with de-
sirable (typically, lowest) voltage rating. The optimum compo-
nent values are found by using relationships between switching
frequency fS , bulk capacitor voltage VCB , line-to-neutral input
voltage VL−N , and input power PIN for both topologies and
following the design procedure outlined in Section IV. For the
frequency-controlled, PFC, DCM, boost rectifier, this relation-
ship is given by, [19]

fS ≈ 3 · V 2
CB

8 · L · M · PIN
× 0.48

M − 0.92
(5)

where voltage conversion ratio M = VC B√
2VL −N , R M S

and boost in-

ductor L = L1 = L2 = L3 , whereas for the LLC resonant half-
bridge converter, it is given by, [20]–[22], (6) shown at bottom
of this page, where h = LM /LR , f0 is resonant frequency, and
Z0 =

√
LR/CR is the characteristic impedance of the resonant

tank.
Finally, it should be noted that in the proposed rectifier, the

input current is not sensed. The input current shaping is obtained
naturally by maintaining voltage VCB 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 [19].

IV. DESIGN CONSIDERATIONS

Design guidelines and performance evaluation of the pro-
posed rectifier are presented for a telecom rectifier with the
following key specifications:
Three-phase input voltage VIN : 180–265 VL−L, RMS , 208

VL−L, RMS (nominal)
Output voltage VO : 54 V
Maximum output power PO−MAX : 1 kW
Peak efficiency η: >95%

A. Design of Boost Inductor

The value of boost inductor L should be selected so that
the maximum voltage of VCB doesn’t exceed allowable voltage
stress and that the minimum voltage of VCB is high enough to
perform boost rectifier operation. From (2) and the given input
voltage specification, the minimum voltage of CB is

VCB−MIN =
2
√

2√
3

× 180 VL−L( RMS) = 294V. (7)

The minimum voltage of VCB−MIN is selected to be 300 V
for the boost inductance calculation. To achieve desired effi-
ciency and power density, the minimum frequency fS−MIN
at full load PO−MAX = 1 kW and minimum input voltage
VIN−MIN = 180 VL−L, RMS is set to 45 kHz. As a result, by
using (5), the value of boost inductor L becomes

L ≈ 3 · V 2
CB−MIN · η

8 · fS−MIN · M · PO−MAX
× 0.48

M − 0.92

=
3 · 3002 · 0.95

8 · 45000 · 2.04 · 1000
× 0.48

2.04 − 0.92
≈ 150μH. (8)

To obtain the desired inductance of boost inductors L1 , L2 ,
and L3 of approximately 150 μH, each inductor was built using
a pair of ferrite cores (PQ-30/30, 3C96) with 46 turns of Litz
wire (120 strands /AWG #38). The Litz wire was used to reduce
the fringing-effect-induced winding loss near the gap of the
inductor core.

VC B ≈ 2nVO

√√√√
√√

⎡

⎢
⎣1 +

1
h
− 1

h
(

fS

f0

)2

⎤

⎥
⎦ +

[
Z0PIN

(nVO )2 8
π 2

]2(
f0

fS
− fS

f0

)2

(6)
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B. Selection of Resonant Tank Components

To maximize the efficiency at nominal line, the LLC res-
onant converter is designed to operate at resonant frequency
f0 = 1/(2π

√
LRCR ) = 65 kHz when it delivers full power

from nominal input voltage VIN−NOM = 208VL−L, RMS . By us-
ing (5), the bulk-capacitor voltage in this operating point is cal-
culated to be VCB−NOM = 316 V. Since VC B is the input of the
LLC converter, turns ratio n of the transformer can be determined
from the dc-voltage gain definition MLLC = (nVO )/(VCB/2).
Since at the resonant frequency MLLC = 1, turns ratio is
n = VCB−NOM/(2VO ) = 316/108 ≈ 3.

Because zero-voltage switching of the proposed rectifier is
mostly achieved by the energy stored in the boost inductors,
magnetizing inductance LM of the transformer could be large to
minimize circulating magnetizing current. As a result, different
from the conventional LLC design, the LLC converter in the
proposed rectifier can be designed with h = LM /LR >> 1.

To determine the resonant tank components, it is necessary
to determine the characteristic impedance Z0 =

√
LR/CR of

the resonant tank. Generally, Z0 should be selected so that bulk-
capacitor voltage VCB , which determines the voltage rating of
primary switches, is limited below the desired maximum voltage
in the entire input voltage and load range. For switching devices
with 600-V rating, to obtain 20% margin, VCB−MAX should
not exceed 480 V. In this design, VCB−MAX is conservatively
chosen to be 400 V.

Maximum bulk-capacitor voltage VCB−MAX occurs at the
maximum input voltage VIN−MAX and minimum power
PO−MIN which is determined by maximum switching frequency
fS−MAX . For a given f0 , VCB−MAX , VIN−MAX , and fS−MAX ,
characteristic impedance Z0 can be calculated from (6), which
for h >> 1 can be simplified to

Z0 ≈ (nVO )2 8
π 2

PO −M IN
η

(∥∥∥ f0
fS−M A X

− fS−M A X
f0

∥∥∥
)

√(
VCB−MAX

2nVO

)2

− 1.

(9)
By limiting maximum frequency fS−MAX to 360 kHz to avoid

high switching losses, minimum power PO−MIN that can be
regulated at high line VIN−MAX without entering burst mode
is calculated from (5) to be PO−MIN ≈ 300 W. Therefore, the
required characteristic impedance Z0 is calculated from (9) as

Z0 ≈ 0.95 · (3 · 54)2 8
π 2

300
(∥∥ 65

360 − 360
65

∥∥)

√(
400

2 · 3 · 54

)2

− 1 ≈ 9.0 Ω.

With characteristic impedance Z0 and resonant frequency f0
known, the values of resonant inductor and resonant capac-
itor are calculated as LR = Z0/(2πf0) ≈ 22 μH and CR =
1/(2πf0Z0) = 272 nF.

Accounting for 1–2 μH leakage inductance of transformer
TR that is part of the resonant tank, the desired inductance of
resonant inductor LR of approximately 20 μH is obtained by
using a pair of ferrite cores (PQ-25/30, 3C96) with 26 turns of
Litz wire (120 strands of AWG #38). Two parallel connected
film capacitors (MKP, 82 nF, 1600 VDC) from Vishay were used
to achieve 164 nF for each of resonant capacitors CR1 and CR2 .

Fig. 5. Calculated bulk capacitor voltage VC B of 1-kW proposed rectifier at
minimum, maximum, and nominal voltages as functions of output power.

Since resonant capacitors CR1 and CR2 of the half-bridge
resonant tank circuit are effectively in parallel, the total resonant
capacitance is 328 nF.

Fig. 5 shows calculated bulk capacitor voltage VCB of the pro-
posed rectifier at minimum, maximum, and nominal voltage as
functions of output power with selected component values. Be-
cause an explicit solution for bulk capacitor voltage VCB cannot
be derived from (5) and (6), numerical iteration was employed
to calculate the bulk capacitor voltages. The calculated peak
voltage stress is approximately 410 V, whereas the minimum
voltage is approximately 315 V.

C. Transformer Construction

The transformer was built using ferrite cores and Litz-wire
windings with the following specifications:

Core: A pair of PQ3535-3C96 ferrite cores.
Primary winding: N1 = 15 turns, Litz wire (120 strands

of AWG #38).
Secondary windings: N2 = 5 turns, Litz wire (200 strands of

AWG #38), each.
Air gap: 0.02 mm.

The measured magnetizing and leakage inductances are 960
and 1.2 μH, respectively. The maximum flux density in steady
state operation is approximately 0.25 T, which gives plenty of
margin from the saturation limit of the ferrite core.

D. Semiconductor Device Selection

Because the voltage stress of primary switches S1 and S2
is approximately equal to bulk capacitor voltage VCB , i.e.,
it is below 450 V, it is necessary to use switches that are
rated at least 600-V to maintain the desirable design margin
of 20%. In the prototype circuit, a IPW65R041CFD Si MOS-
FET (VDS = 650 V, RDS = 0.041 Ω, COSS = 350 pF, Qrr =
1.8 μC, VF = 0.9 V @ 44 A) from Infineon were employed.
Since output diodes DO1 and DO2 must block twice of the out-
put voltage with plenty of margin, a VB30202C Schottky diode
(VRRM = 200 V, IFAV = 30 A, VF = 0.6 V) from Vishay was
used for each diode.
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Fig. 6. Simplified block diagram of the controller.

E. Other Passive Components

A film capacitor (2.2 μF, 450 VDC, 10 A at 40 kHz) was
used for each of input filter capacitors C1 , C2 , and C3 which
carry the ac component of the boost-inductor currents as well
as the triplen harmonic component. Since the magnitude of the
triplen harmonic component is much smaller than that of the
ac component of the boost-inductor currents [19], the rating of
the input capacitors is essentially determined by the peak boost
inductor current that occurs at full load and low line. Two seri-
ally connected electrolytic capacitors (560 μF, 300 VDC) were
used for bulk capacitor CB . Six parallel connected electrolytic
capacitors (680 μF, 63 VDC) were used for output capacitor CO .

F. Control Implementation

The control of the prototype rectifier was implemented with
TMS320F28027 digital signal processor (DSP) from TI. Since
the rectifier naturally provides tracking of the average inductor
current with the corresponding phase voltage, the control con-
sists only of a wide bandwidth feedback loop that varies the
switching frequency to regulate the output voltage. Switches S1
and S2 operate with variable frequency, complementary switch-
ing pulses with 50% duty cycle. Generally a converter with vari-
able frequency control employs a burst-mode operation at light
load, in which the switching pulses are enabled and disabled
at regular intervals to regulate the output voltage. However, the
burst mode operation significantly increases the magnitude of
the output voltage ripple. To reduce the peak-peak ripple of

the output voltage at light load, PWM is employed instead of a
burst mode operation. Switches S1 and S2 operate with constant-
frequency, 180o phase shifted, variable-duty-cycle pulses. Be-
cause, the operation in PWM mode results in hard switching,
constant switching frequency is selected as 45 kHz to ensure
low switching losses.

Fig. 6 shows a simplified block diagram of the controller. As
it can be seen in Fig. 6, the variable frequency control and the
PWM control are implemented by a voltage-controlled oscillator
(VCO) and a duty-cycle calculator. In steady-state operation, the
frequency at the output of VCO and the duty-cycle of switching
pulses are determined by the output of the voltage controller
GVC which processes the error between sensed output voltage
VO (SENS) and reference VO (REF) . In addition, the controller
implements a soft-start control that consists of the PWM mode
and the variable frequency mode. Although soft-start control
can be implemented by variable frequency control alone, i.e., by
slowly decreasing the switching frequency from the maximum
frequency toward the required control frequency, starting with
the PWM mode ensures smooth start up by gradually increasing
the inductor current.

In the implementation in Fig. 6, the drive signals of switches
S1 and S2 are obtained by using digital pulsewidth modulator
(DPWM) with an up-down counter as digital carrier ramp. The
up-down counter is generated by counting DSP clock period
TCLK . Since the carrier ramp period TS = 2 · NCAR · TCLK ,
where NCAR is the number of clock periods, carrier frequency
fS is proportional to 1/NCAR . As shown in Fig. 6, the ramp
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frequency is set by the output of VCO. The number of clock
periods NCAR is obtained by finding the reciprocal value of the
VCO output.

In variable-frequency mode, the VCO transfer function is
set by the selection of its maximum frequency fS−MAX , i.e.,
minimum count number NMIN , gain KVCO , and the threshold
value of control voltage V T H

C at which the control changes
from variable-frequency mode to PWM mode. According to
Fig. 6, the VCO output 1/NCAR in variable-frequency mode
is given by

1
NCAR

=
1

NMIN
− KVCO · (VC − V T H

C ). (10)

Since

1
NCAR

= 2 · TCLK · fS =
2 · fS

fCLK
(11)

and

1
NMIN

= 2 · TCLK · fS−MAX =
2 · fS−MAX

fCLK
(12)

relationship in (10) can be written as

fS

fCLK
=

fS−MAX

fCLK
− KVCO

2
· (VC − V T H

C ). (13)

As it can be seen from (13), the normalized frequency
fS at the output of VCO with respect to fCLK is a lin-
ear function of control voltage VC with negative slope
KVCO/2. As a result, the frequency at the output of
VCO increases as the control voltage decreases, i.e., as
the load current decreases. At VC = V T H

C , the output fre-
quency of VCO increases to fS−MAX , after which the
mode of control is changed from variable frequency to
PWM. In the PWM mode, constant switching frequency
fS−PWM = 45 kHz, and the VCO output is 1/NPWM =
2fS−PWM/fCLK .

The drive signal of switch S1 is obtained by comparing the
carrier ramp with a comparison level NCAR − NDUTY and the
drive signal of switch S2 is obtained by comparing the carrier
ramp with a comparison level NDUTY , as shown in Fig. 6.
In the variable-frequency mode, switches S1 and S2 operate
in a complementary fashion with 50% duty cycle, therefore,
NDUTY = NCAR/2. Whereas, in PWM mode, switches S1 and
S2 operate with 180o phase shift with variable duty cycle whose
value is less than 50%. The variable duty-cycle is achieved by
varying NDUTY whose value is determined by the control volt-
age VC . As shown in Fig. 6, NDUTY changes from NMAX

DUTY at
VC = V T H

C to NMIN
DUTY at VC = VC(MIN) , therefore, the equa-

tion of NDUTY in PWM mode is given by

NDUTY = NMIN
DUTY +

NMAX
DUTY − NMIN

DUTY

V T H
C − VC(MIN)

· (VC − VC(MIN)).

(14)
The value of NMIN

DUTY is determined by the minimum duty-
cycle of the switching pulse which is required to turn-on the
switch after the gate driver delays. Whereas, in order to ensure
smooth transition from variable-frequency mode to PWM mode,
the value of NMAX

DUTY is determined by the duty-cycle at which the

output power of the rectifier in PWM mode is equal to the output
power of rectifier at maximum switching frequency fS−MAX in
variable-frequency mode. Since, the output power of the rectifier
at fS−MAX in variable-frequency mode changes with the input
voltage, therefore, NMAX

DUTY is determined based on the input volt-
age. In this paper, the values of NMAX

DUTY are determined exper-
imentally at different values of input voltage and a linear equa-
tion relating NMAX

DUTY and the average value of sensed phase “a”
to neutral voltage VA0(SENS), AV G , which is programmed in the
DSP, is given by NMAX

DUTY = 154.5 − 0.1022 × VA0(SENS),AVG .
VA0(SENS), AV G is calculated from the sensed value of phase
“a” to neutral voltage VA0(SENS) , which is synthesized from
the phase-phase input voltages VAB and VCA . As shown in
Fig. 6, VAB and VCA are sensed with gain KVS followed by
an anti-aliasing filter with corner frequency fAAFv = 7.2 kHz
to filter the high frequency switching noise. The sensed and
filtered phase-phase voltages are then sampled by analog-
to-digital converter (ADC), with full scale range (FSR), to
obtain VAB(SENS) and VCA(SENS) . VA0(SENS) is synthesized
from VAB(SENS) and VCA(SENS) according to the equation
VA0(SENS) = (VAB(SENS) − VCA(SENS))/3, considering bal-
anced three-phase input.

The start-up of the circuit is managed by the soft-start
circuit which gradually increases the control voltage from
its minimum value to that required by the regulation loop.
When the control voltage is near its minimum value, the rec-
tifier operates with PWM control. As the control voltage in-
creases, the rectifier operation transfers from PWM control
to variable-frequency control. As shown in Fig. 6, the soft-
start ramp for the control voltage is increased from VC(MIN)
to V T H

C by one count every time step TstepPWM in PWM
mode and from V T H

C to VC(MAX) by one count every time
step TstepVF in variable-frequency mode. Different time steps
are used in PWM mode and variable frequency mode to en-
sure that the output voltage monotonically increases to its
reference value during startup. For given values of VC(MIN) ,
V T H

C , and VC(MAX) , the durations of time steps TstepPWM
and TstepVF are determined by desired soft-start duration in
PWM mode TSSPWM and in variable-frequency mode TSSVF ,
as TstepPWM = TSSPWM/(V T H

C − VC(MIN)) and TstepVF =
TSSVF/(VC(MAX) − V T H

C ). In the DSP implementation of
soft-start circuit, VC(MIN) = 620, V T H

C = 820 and VC(MAX) =
3723 in Q12 format, TstepPWM = 1.9 ms, and TstepVF = 60 μs
which results in TSSPWM = 380 ms, TSSVF = 174.18 ms.

As shown in Fig. 6, during the soft start, the soft-start ramp
for the control voltage VCssRamp is compared with the output
of the voltage controller VVC OUT and the lower of the two val-
ues is selected by MUXSS which is then passed to the VCO.
At start up, the output of the voltage controller is at its maxi-
mum value. Since at the beginning of start up the soft-start ramp
for the control voltage is smaller than the output of the volt-
age controller, the soft-start circuit determines the VCO output
frequency. When the output of the voltage controller becomes
smaller than the increasing value of the soft-start ramp for the
control voltage, the control loop determines the VCO output fre-
quency. This implementation of soft start offers seamless tran-
sition from the soft start control to the feedback-loop control.
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The controller is designed by applying analog-redesign ap-
proach, i.e., by designing controller GVC in the s-domain and
mapping it in the z-domain. The equivalent s-domain voltage-
loop gain of the control loop in variable-frequency control mode
of the experimental converter is

TV (s) = KD · 1
FSR

· GAAF(s) · GV C (s) · KVCO

· fCLK

2
· GPS(s) · e−sTD

≈ KD · 1
FSR

· GAAF(s) · GVC(s) · KVCO

· fCLK

2
· GPS(s) (15)

where KD is the sensing gain of the output voltage, FSR is
the full-scale range of ADC, GAAF(s) is the transfer func-
tion of the anti-aliasing filter, GP S (s) is the power-stage
small-signal transfer function, and e−sTD is the total digital-
loop delay that includes ADC conversion time, DSP computa-
tional time, and the delayed update of DPWM when up-down
counter is equal to zero. Since in the experimental circuit the
sampling frequency fSAMPL = 50 kHz is much greater than
the desired 1.2-kHz bandwidth of the loop, the digital-loop de-
lay can be neglected since it has no measurable effect on the
voltage-loop phase margin.

For a resistive load, power stage small-signal transfer function
GPS(s) is a single-pole transfer function

GPS(s) = KPS
1

1 + s
2·π ·fP O

. (16)

By using small-signal measurements, it was estimated that
for the experimental circuit at full-power of 1-kW and at line-
to-line voltage of 230 V, power-stage gain KPS = 2.984 · 10−4 ,
and power-stage pole frequency fP 0 = 25 Hz.

To compensate the loop, a proportional and integral controller
was used. The controller’s s-domain transfer function is

GVC(s) =
K

s

(
1 +

s

2 · π · fZ

)
. (17)

To obtain 1.2-kHz bandwidth, the controller parameters were
selected as K = 6291 and fZ = 200 Hz.

Since the sampling frequency in the prototype circuit is
fSAMPL = 50 kHz, the controller’s z-domain transfer function
obtained by bilinear (Tustin’s) transformation that is coded in
the DSP is

GVC(z) = 5.07 +
0.126 · z−1

1 − z−1 . (18)

Finally, it should be noted that the control signals at the output
of the DSP controller are coupled to the gate-to-source voltage
of the corresponding switches with SI8233 drivers from Silicon
Labs and that the output overvoltage protection and switch cur-
rent overcurrent protection are implemented outside the DSP,
i.e., by using analog comparators.

Fig. 7. Schematics and component information of experimental prototype
circuit.

Fig. 8. Measured efficiencies of experimental prototype at minimum,
maximum, and nominal voltage as functions of output power.

V. EXPERIMENTAL RESULTS

The performance of the proposed rectifier was evaluated on
the prototype circuit design according to the design procedure
and key specifications given in Section IV. Fig. 7 shows the
schematics and component information of the prototype.

As shown in Fig. 8, the measured efficiency of the prototype at
nominal line voltage VIN = 208VL−L, RMS is above 95% from
90% of full load down to 50% of full load. It should be noted
that the efficiency can be further increased by using SRs instead
of output Schottky diodes DO1 and DO2 .

Fig. 9 shows measured bulk-capacitor voltage VCB . The peak
voltage stress is approximately 435 V and occurs at high line
VIN = 265VL−L, RMS and output power PO = 600 W. The dis-
crepancies between the calculated VCB shown in Fig. 5 and the
measured VCB are primarily due to inaccuracies of approximate
relationships in (5) and (6) that are used in VCB calculations.
With the 435-V maximum bus voltage, which is well within
10% of the 400-V design target, the employed 600-V rated
semiconductor devices have more than 25% voltage margin.
Fig. 10 shows the measured switching frequency. The maximum
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Fig. 9. Measured bulk capacitor voltage of experimental prototype at
minimum, maximum, and nominal voltage as functions of output power.

Fig. 10. Measured switching frequency of experimental prototype at
minimum, maximum, and nominal voltage as functions of output power.

Fig. 11. Measured input current waveforms when rectifier operates from three-
phase line-to-line RMS input voltage 208 VL−L and delivers 1 kW. Time scale
is 4 ms/div.

Fig. 12. Measured waveforms of gate driving voltages VG−S 1 and drain
current iS 1 of switch S1 as well as boost inductor current iL 1 and resonant
inductor current iLR when rectifier operates from three-phase line-to-line RMS
input voltage 208 VL−L and delivers 1 kW. Time scale 4 μs/div.

Fig. 13. Measured waveforms of bulk capacitor voltage VC B , output voltage
VO , output current iO , and phase-A input current iA during load step change:
(a) from 500 W to 1 kW; (b) from 1 kW to 500 W. The rectifier delivers 54 V
output from three-phase line-to-line RMS input voltage 208 VL−L . Time scale
10 ms/div.

switching frequency is set to be approximately 320 kHz. The
converter operates in PWM mode with constant switching
frequency of 45 kHz at light load as described in Section IV.F.

Fig. 11 shows the measured input current waveforms
of the experimental circuit at nominal line VIN−NOM =
208VL−L, RMS and full power PO−MAX = 1 kW. The measured
THDs of the input currents are below 5%. Fig. 12 shows the
measured gate voltage waveform of switch S1 , the current wave-
forms of boost inductor L1 , switch S1 , and resonant inductor
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Fig. 14. Measured waveforms of input current iA and line-to-line voltage
VA B , and output voltage VO when line frequency changes (a) 50 – 350 Hz and
(b) 350 – 50 Hz. The rectifier delivers 1 kW from three-phase line-to-line RMS
input voltage 208 VL−L .

LR for the same operating conditions. The measured switching
waveforms in Fig. 12 are in good agreement with the ideal
waveforms shown in Fig. 4. ZVS operation of switch S1 can be
observed from Fig. 12 since it shows that drain current iS1 flows
in reverse direction at the moment when the gate signal of S1 is
turned ON, which indicates that the body diode of switch S1 is
conducting and its drain-to-source voltage is zero. The measured
hold-up time at full load PO−MAX = 1 kW and nominal input
voltage VIN−NOM = 208VL−L, RMS is approximately 2 ms and,
if necessary, can be extended by increasing capacitance of CB .

The control of the prototype rectifier was implemented by
using a TMS320F28027 DSP from TI. Since the rectifier natu-
rally provides tracking of the average inductor current with the
corresponding phase voltage, this controller consists only of a
single feedback loop that regulates the output voltage. Fig. 13
shows the measured waveforms of bulk capacitor voltage VCB ,
output voltage VO , output current IO , and input current iA of
phase A during load step changes from 500 W to 1 kW and back
to 500 W. Because of the fast output-voltage feedback control,
the over shoot and under shoot of output voltage VO during the
load step changes are 200 and 190 mV, respectively, which are
less than specified 250-mV (�0.5%) limit.

Also, from Fig. 13(a) and (b), it can be seen that the steady-
state bulk-capacitor voltage VCB (the voltage before load tran-
sients) has a very low ripple and is practically constant. Because
input voltage VCB and regulated output voltage VO of the LLC

Fig. 15. Measured input current waveforms of the rectifier when it operates
under input-voltage imbalance: (a) one phase open; (b) one phase shorted.
The rectifier delivers 500 W from three-phase line-to-line RMS input voltage
208 VL−L . Time scale: 20 mS/div.

converter are constant, the ON-time of the switches is also con-
stant during a line cycle. As a result, the input currents in the
proposed ac–dc converter exhibit very low THDs.

Fig. 14 shows the measured input current and line-to-line
voltage waveforms during the line frequency transients from 50
to 350 Hz and from 350 to 50 Hz. No significant disturbances of
the input current and the output voltage are observed. The op-
eration of the circuit with unbalanced line voltages is illustrated
in Fig. 15. Fig. 15(a) shows input-current waveforms of the ex-
perimental circuit with phase A open. Even under this extreme
unbalanced condition, the measured THD of the remaining two
phases is below 10%. Fig. 14(b) illustrates operation of the cir-
cuit with one phase shorted (voltage of phase A set to zero).
Under this unbalanced condition, the measured THD of the line
currents is well below 10%.

VI. CONCLUSION

A new, three-phase, single-stage, ZVS, ac–dc converter
that employs only two switches and achieves less than 5%
current THD of the three-phase input has been introduced. The
evaluation was performed on a 1-kW prototype operating with
a three-phase line-voltage range from 180 to 264VL−L and
delivering a tightly regulated, isolated output voltage of 54 V.
The measured peak efficiency is greater than 95.2% and the
measured maximum bulk-capacitor voltage is approximately
430 V.
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