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Abstract — A three-phase, high-power-factor (HPF), soft-
switched isolated rectifier is introduced. The proposed circuit
employs a discontinuous-voltage-mode (DVM) resonant input
rectifier followed by a two-switch forward converter. In
addition to achieving HPF rectification, the circuit also offers
soft switching of the forward converter switches. The operation
and performance of the proposed topology were verified on a 3-
kW prototype operating from a three-phase line-to-line voltage
of 220 V + 10%. The experimental results show that the input-
current-shaping using the proposed rectifier can be performed
with a THD less than 6% over the entire line range and in the
load range from full load down to less than 10% of full load.
The measured efficiency of the experimental prototype at full
load and nominal line was approximately 90 %.

I. INTRODUCTION

A three-phase six-switch rectifier followed by an isolated
dc-dc converter is typically used in three-phase applications
that require high-power-factor (HPF) and galvanic isolation
between the input and output [1]-[2]. While this approach
offers excellent performance, its major drawback is a
relatively high cost due to the high number of switches and
complex control that is required to achieve a low input-
current harmonic rectification. In cost sensitive applications,
circuits with a fewer number of switches and simpler control
are preferred.

In the past, several non-isolated three-phase single-switch
HPF rectifiers were introduced [2]-[10]. Generally, these
single-switch circuits either employ a discontinuous-current-
mode (DCM) pulse-width-modulation (PWM) boost rectifier
topology [4]-[8], or multi-resonant buck topology [9]-[10].
Whereas the boost rectifier implementations offer a low
component count and exhibit high efficiencies, the single-
switch multi-resonant non-isolated buck rectifier seem more
attractive at high power levels because it exhibits a low THD
with continuous input and output currents.

The major drawback of the multi-resonant buck converter
rectifier is the voltage stress on the switching devices. As a
result, the use of this circuit has been limited to applications
with a relatively low line voltage, specifically, to rms line-to-
line voltages 380 V and below [10].

In this paper, the multi-resonant HPF rectifier combined
with two-switch forward converter topology is introduced.
Because the switch voltage in the two-switch forward
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converter is clamped, this topology exhibits minimal voltage
stress across semiconductor switches. For example, for this
converter operating from a 220-V £10% three-phase line, the
switch voltage stress is limited to less than 700 V. In
addition, the converter offers zero-current switching (ZCS) of
the switches, which is the preferred operating mode for IGBT
devices. Because all rectifiers operate with zero-voltage turn
off, the proposed converter exhibits excellent electromagnetic
compatibility (EMC) performance. It should also be noted
that since the proposed three-phase HPF front end provides
galvanic isolation, a downstream regulator could be a simple
non-isolated buck converter.

Finally, since in this variable-frequency controlled HPF
isolated rectifier the output power is directly proportional to
the switching frequency, the practical minimum switching
frequency imposes a lower limit on the output power
variation at a given input voltage. A technique that
significantly reduces the switching frequency range over the
entire input and load range is also described in this paper.

II. 3-¢ ISOLATED HPF MULTI-RESONANT ZCS TwWO-SWITCH
FORWARD RECTIFIER

A.  Principle of Operation

The circuit diagram of the proposed 3-kW, isolated, HPF,
multi-resonant, ZCS two-switch forward rectifier is shown in
Fig.1. The primary side consists of input filter inductors La,
Lg, and L¢, input side resonant capacitors C;-Cs;, input
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Fig. 1. Proposed isolated three-phase HPF multi-resonant rectifiers

employing two-switch forward converter.

809



x & & g

D, [D; [Ds! Dos S1)
+ | ipRI
lan CY1I Vet | ¢ | |
= = + + wLM . Dp o
M Ve VpRi L N4 X
+ - - M i
len Cv2T v, fioo
= - ; Dc2
_@_-L_\_/\_ C—g—t
+ ! +
Llen CyT Ves b(a)Ve Vs
= = — |Dg |Ds |Dgy is2 S2 I

Fig. 2. Simplified circuit diagram of proposed converter with reference
directions of voltages and currents.

rectifiers D through D¢, switches S; and S,, and the primary
winding of transformer TR. It should be noted that switch
voltages are clamped by clamp diodes D¢;-Dc¢; and clamp
capacitor Cc. The voltage across clamp capacitor Cc is
utilized as both the transformer reset voltage and a dc source
for the housekeeping power supply.

The output side of the circuit consists of the secondary
winding of transformer TR, resonant inductor Ly, secondary-
side resonant capacitor Cp, forward diode Dg, output rectifier
Dp, and output filter L with Cg connected across load R;.

To facilitate the explanation of the circuit operation, Fig. 2
shows a simplified circuit diagram of the circuit in Fig. 1. In
the simplified circuit, A-connected input side resonant
capacitors C;-C; in Fig. 1 are converted to a Y-connection,
which is more convenient to describe the operation. The Y-
connected input side resonant capacitors are denoted as Cyy,
Cy», and Cy; as shown in Fig. 2. Moreover, clamp capacitor
Cc is modeled by voltage source V¢, assuming that the value
of capacitor Cc is large enough that the voltage ripples across
the capacitor are small compared to its dc voltage. Input filter
inductors L, Lg, and L¢ are modeled by current sources I,
Ign, and Icy, respectively. Also, output filter inductor Lg is
modeled by current source Io. Because the inductance of the
input and output filter inductors are large, the current ripples
in the inductors are small compared to their dc or line
frequency currents.

In addition, isolation transformer TR is modeled by
magnetizing inductance Ly and an ideal transformer with
turns ratio n=N;/N,, where N, is the number of turns for the
primary winding and N, is the number of turns for the
secondary winding. The leakage inductance of transformer
TR is neglected in the model since resonant inductor Lg,
whose inductance is much larger than the leakage inductance,
is connected in series. Finally in this analysis it is also
assumed that all semiconductor components have zero
impedance in the on state and infinite impedance in the off
state.

To further facilitate the analysis of operation, Fig. 3 shows
the topological stages of the circuit in Fig. 1 during a
switching cycle, whereas Fig. 4 shows its key waveforms. It
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should be noted that the operation shown in Figs. 3 and 4 is
within the period when Iz>-Ign>-Icn. The reference
directions of currents and voltages plotted in Fig. 4 are shown
in Fig. 2.

As can be seen from the timing diagram of the control
signals for switches S; and S, shown in Fig. 4, switches S,
and S, of the proposed circuit are simultaneously turned on
and off. It should be noted that switch on-time Toy is
constant, whereas, switch off-time Togr is modulated by the
control circuit, leading to a variable switching frequency.
During the time interval when switches S; and S, are open,
input currents Iy, Ign, and Icny flow through input resonant
capacitors Cy-Cy;, respectively, as shown in Fig. 3(a).
Assuming that at t=T,, transformer TR is completely reset,
i.e., magnetizing current i v(t=T¢)=0, no other current is
flowing in the circuit during the time interval from t=T until
switches S; and S, are turned on at t=T. Since input currents
Ian, Ipn, and Ien are constant, the voltages across input
resonant capacitors Cy-Cy; are linearly changed during the
[Ty — Ty] interval, as shown in Fig. 4. The slopes of the
voltage variations are as follows,

dVe _ Izy dVe,  Ipy dVes Iy

= , = , and =—,

ey

It should be noted that the peak voltages of input resonant
capacitors Cy;-Cy; at t=T; are proportional to input currents
Ian, Ign, and Icn. Because input resonant capacitors Cyi-Cys
operate very close to the continuous/discontinuous-voltage-
mode boundary (CVM/DVM), their average voltages are
proportional to input currents Iy, Ipn, and Icn. Since the
average voltage of each input resonant capacitor is equal to
the phase input voltage, the average voltage across input
inductors La ¢ is proportional to the input voltage. As a result,
the average inductor current is proportional to the input
current and a HPF is achieved.

After switches S, and S, are closed at t=T, input resonant
capacitors Cy; and Cy, start to resonate with resonant
inductor Ly through transformer TR as shown in Fig. 3(b).
This period ends at t=T, when the current of resonant
inductor Ly reaches output current Ip. During the [T, — T;]
interval, input resonant capacitors Cy; and Cy, are discharged
by the resonance while input resonant capacitors Cy; is still
linearly charged by input current Icy because diode Dy is
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Fig. 4. Key waveforms of proposed circuit.
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reverse biased. When capacitor voltage V¢, reaches voltage
V3 at t=T;, as shown in Fig. 4, input resonant capacitor Cy;
also resonates with resonant inductor Lg, as shown Fig. 3(d).
Voltage Vg across the dc side of the input bridge rectifier is
the difference between resonant capacitor voltages V¢; and
Vo, as shown in Fig. 4. After input resonant capacitors Cy;-
Cy; are completely discharged at t=T,, resonant inductor
current flows through input bridge diodes D;-Dg, as shown in
Fig. 3(e). When the current of resonant inductor Ly reaches
zero at t=T', forward diode Dy becomes reverse biased. After
t=Ts, small magnetizing current iy flows through input
bridge diodes D, and Ds while the majority of input currents
Ian, Ipn, and Icy begins charging input resonant capacitors
Cy1-Cys3, as shown in Fig. 3(f).

At t=Tg, switches S; and S, are simultaneously open so that
the magnetizing current flows through clamp diodes D, and
Dc; and starts to reset transformer TR by clamp voltage Ve,
as shown in Fig. 3(g). During the [T — T5] interval, switch
voltage Vs, is equal to clamp voltage V¢ because clamp diode
Dc, conducts. It should be noted that switches S; and S, are
turned off when their current is only magnetizing current iy,
which is a negligible amount compared to the resonant
current. During the [Ts — T5] interval, output side resonant
capacitor Cp delivers output current Ip, hence its voltage
linearly decreases as shown in Fig. 4. When the voltage of
resonant capacitor Cp reaches zero at t=T7, output diode Dy, is
forward biased and delivers output current Io. Transformer
TR is completely reset at t=Ts, as illustrated in Fig. 4. The
voltages across input resonant capacitors Cy;-Cy; are linearly
charged during the [Ts— To] interval, as shown in Fig. 4. The
next switching cycle is initiated at t=Ty when switches S; and
S, are turned on again.

B.  Normalized Control Characteristics

To simplify the three-phase input and single-ended output
circuit shown in Fig. 2, one operating point at the time 7/2 of
the angular line frequency is chosen as described in [9]. At
this moment, phase voltage Vy is at its peak value, whereas
phase voltages Vgy and Ven are both negative and equal in
magnitude to one-half of V,n. The simplified single input
single output circuit model is derived, as shown in Fig. 5.
Diodes D, and D, of Fig. 5 represent the three phase input
bridge diodes. The relations between the three phase input
circuit and normalized quantities are described approximately
by:

(a) Cx = Cy X 2/3, where resonant capacitors Cy;-Cy; have
the same values and are represented as Cy,

(b) I, =peak phase current Ian_peak,
(¢) V,=3/2 times peak phase voltage Van-pgak,
(d) input power PIN = Vg X Ig =3/2x (VAN-PEAK X IAN-PEAK)-

The normalizing base quantities nVo, lo/n, Rg, and fo are
defined as:

nVo— base voltage,
Iz =nVo/Ro — base current,

D1 S n2LR
iR
+ n

lg C* G Vex D,

Lol (s
"‘f“'[?g zop (D

Fig. 5. Simplified single input and single output circuit model of proposed
circuit in Fig. 3.

Ro =4/n? Ly /Cx — characteristic impedance,

fo= l/ (ZTWnZLRCX ) — base frequency,

where Vg is the output voltage of the rectifier. Therefore, the
normalized values of the input and output quantities are:

normalized input voltage M, = V/(nVo),

normalized input current J, = I, Ro/(nVo),

normalized output current Jo = IORO/(nZVO) =M,J,.

Figure 6 shows the input characteristic of the converter,

i.e., normalized input current J, vs. normalized input voltage
M,, for normalized switching frequency F = fs/fy as a
parameter, as derived in [9] and [10]. Figure 6 is
indispensable in determining the converter’s steady-state
operating point and design parameters. The shaded area in
Fig. 6 is the operating area for the experimental 3 kW
converter.

C. Resonant Component Design

A 3-kW HPF rectifier is required to deliver an isolated 400
Vpc output from a 3-¢ 220 Vi £10% input. Because the
input line-to-line voltage is 220 V, effective input voltage

3, 22042

3
V. ==XV =—X———= 269.4V, therefore,
g-NOM ) AN-PEAK B \/g

normalized nominal input voltage Mywnom) = Venom/(NVo)=
269.4/200 = 1.34 when turns ratio n=0.5. From Fig. 6,
normalized nominal input current Jynowm) 1S chosen to be 0.72
for the maximum output power of 3 kW so that the selection
of Jgmax) =0.8 at low line allows for over a 30% margin from
the zero-current-switching (ZCS) boundary (Jyzcs) = 1.2),
ensuring ZCS over the entire input-voltage range including
some transient condition. Since at maximum output power
Mgnomy = 1.34 and Jgnomy = 0.72, normalized full-load
frequency Fg nowm is determined as Fr nom = 0.89, as shown
in Fig. 6. Furthermore, because output current Io = Po/Vg =
T5A, characteristic impedance is Ro =
Mg(NOM)Jg(NOM)nZVO/IO = 9.5 Q. If the switching frequency at
full load and nominal line is chosen to be fsnom) = 70 kHz,
then resonant frequency fo can be calculated as fo =
fswomy/Fr, = 70/0.92 = 76 kHz. It should be noted that the
maximum switching frequency is approximately 75 kHz at
full load and low line.
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The normalized frequency F is defined as the ratio of the
switching frequency fs and the resonant frequency fo. The shaded
area is the operating area for the experimental 3 kW converter.

The operating region for this design is indicated as the
shaded area in Fig. 6. Three salient points which define the
operating region are high-line full-load (HL, FL), nominal-
line full-load (NL, FL), low-line full-load (LL, FL). The
maximum normalized input voltage Mywmax) is 1.47 at input-
voltage of 220 Vi + 10% and the minimum normalized
input voltage Mg is 1.2 at an input-voltage of 220 Vi -
10%. The calculated effective capacitance Cyx is
C, =1/2nRyfy) = 220 nF, whereas the resonant

inductance is Ly =R0/(2nfon2) = 80uH. Therefore,

input-side A-connected resonant capacitors C-C; = Cx /2 =
110 nF and the value of output-side resonant capacitor Cp, is
chosen to be Cx xn’= Cq =55 nF. This choice leads to a good
compromise between low voltage stress and low input-
current harmonics.

Due to the wide input-voltage and load ranges, the closed-
loop control of the prototype rectifier is implemented by a
combination of variable- and constant-frequency control. The
circuit frequency is controlled in the range between full load
and light load. In this power range the switching frequency
varies from 75 kHz at full load to 20 kHz at light load. When
the switching frequency falls to 20 kHz, the constant
frequency PWM control takes over to regulate the output
voltage without further decreasing the switching frequency.
When the constant-frequency PWM control is active, the
switch operates with ‘“hard” switching. To minimize
switching loss during the PWM operation, the switch current
should be minimized. This can be achieved by selecting input
inductors Ls-L¢ to form a 20-kHz resonant tank circuit with
input resonant capacitors C;-C;. At the moment when
switches S; and S, are turned off, the currents of input
inductors Ls-L¢ begin to charge input resonant capacitors C;-

C; in resonant fashion. Because the resonant frequency and
the switching frequency are nearly the same, the stored
energy in input resonant capacitors C;-C; was already
decreased to near zero by the resonant currents of input
inductors La-Lc at the moment when switches S; and S, are
turned on again. As a result, because there is no energy in
input resonant capacitors C;-C; to resonate with resonant
inductor Lg, the switch current decreases dramatically at 20-
kHz operation, hence switching losses are minimized even
when operating with hard-switching PWM operation. The
value of input inductors La-Lc is selected to be
approximately 300 uH to form a 20-kHz resonant tank circuit
with input resonant capacitors C;-Cs.

Since during operating conditions when the constant-
frequency PWM control or line and load transients are active
and the switches operate with “hard” switching, the passive
clamp circuit, shown in Fig. 1, is used to prevent any voltage
overshoot. In fact, if the switch is turned off while a certain
amount of current is flowing through it, the switch current is
diverted through diodes D¢-Dc¢; and clamping capacitor Ce.
Because the output power is low in the constant-frequency
PWM control mode, the clamping circuit operates with
negligible losses.

III. EXPERIMENTAL RESULTS

The performance of the proposed isolated, 3-phase, HPF,
resonant, two-switch forward rectifier topology was verified
on a 3-kW experimental prototype operating at 20 kHz to 75-
kHz switching frequency and providing 400-V dc output
voltage.

A. Component Selection

To reduce the conduction loss and temperature of the
switches, two IGBTs were connected in parallel for S; and S,
(Fairchild, FGLO60N100, Vcgs = 1000V, Icep = 60 A).
Because the switches are punch-through (PT) type IGBTs
that have a negative thermal feedback characteristic, the
parallel operation of the IGBT provides much better thermal
performance than that of the single IGBT operation.

A high voltage diode from Fairchild (FFAF10U170S,
Virm = 1700V, Igavm = 10 A) was employed as secondary
side forward diode Dg. Because the maximum voltage stress
across input bridge diodes D;-Dg and output diode Dp is
approximately 700 V, high voltage diodes from Fairchild
(FFAF10U17OS, VRRM = 1000 V, IFAVM = 30 A) were
employed.

High voltage polypropylene capacitors with values of
100 nF (CDE, 940C20P1K, 2kV, 8.3 Arms) and 10 nF (CDE,
940C30S1K, 3kV, 2 Agyms) were used in parallel for input-
side resonant capacitors C;-C;. Two polypropylene capacitors
with values of 47 nF (CDE, 940C20S47K, 2kV, 5.2 Arwms)
and 10 nF were connected in parallel and used for output-side
resonant capacitor Cp. The total values of the input- and
output-side resonant capacitors were 110nF and 57 nF,
respectively.
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Fig. 7. Measured three-phase current waveforms of experimental
prototype at Po=3 kW and (a) V(=200 V1, (b) Vin=220 V4,
(c) Vin=242 V| 1, . Time base: 2 ms/div.

The desired inductance of input filter inductors La, Ly, and
Lc was 300 pH for each phase. Two high-flux toroidal cores
(Arnold, HF488075-2) were used in parallel to reduce the
flux density and number of turns of the winding. A magnet
wire (45 turns, AWG# 13) was used as the inductor winding.

The inductance of resonant inductor Ly was 80 uH to
obtain the desired resonant frequency of 76 kHz. A set of
ferrite EE cores (ETD44/21-3F3, air gap=6 mm) was used.
Litz wire (435 strands, AWG# 40, 45 turns) was used to
reduce the proximity effect of the winding.

The inductance of output filter inductor L was 900 pH. A
set of ferrite EE cores (E65/32/27-3C94, air gap=40 mils)
was used. A solid magnet wire (50 turns, AWG# 12) was
used because the proximity effect in the output filter inductor
was negligible.
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Fig. 8. Measured waveforms of experimental prototype at Vin=220 V.
L, Vo=400 Vpc, and Po=3 kW. Time base: 5 us/div.

Finally, two sets of EE cores (E80/38/20-3C94, air gap=1
mil) were used in parallel to construct isolation transformer
TR. Two Litz wires (435 strands, AWG# 40, 22 turns)
connected in parallel were used as the primary winding and a
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Po=3 kW at fs=67 kHz and (b) Po=200W at fs=23 kHz and
V=220 V.. Time base: 10 ps/div.

Litz wire (435 strands, AWG# 40, 44 turns) was used as the
secondary winding of the transformer.

B. Measured Results

Figures 7(a) — 7(c) show the measured waveforms of the
input line current delivering 3 kW at prototype rectifier’s
three input voltages: Viy = 200 V, 220 V, and 242 V. Results
demonstrate total-harmonic-distortion (THD) of less than 6%
at full output power and less than 5% THD at 50% output
power. The rectifier efficiency is approximately 91% at 50%
load and approximately 90% at full load and nominal line.

Figures 8(a)-8(d) show the measured waveforms of key
components. All the measured waveforms in Fig. 8 have the
same time scale and aligned to the equal trigger moment.
Figure 8(a) shows the measured gate-to-source voltage of
switch S, which is identical to the gate-to-source voltage of
switch S; and the measured voltage waveforms of input
resonant capacitors C;-C;. Figure 8(b) shows the measured
current waveform of switch S, and the drain-to-source
voltage waveforms of switches S; and S,. As shown in Fig.
8(b), the measured voltage stresses of the switches are well
below the employed IGBT’s nominal voltage rating (1 kV).
Figure 8(c) shows the measured current waveform of
resonant inductor Ly, voltage waveforms across forward
diode Dr and output resonant capacitor Cp. Figure 8(d) shows
the current and voltage waveforms of primary winding of
transformer TR and voltage waveform of Vg. As shown in

Fig. 8(c), the voltage across forward diode Dg is well
clamped to 1 kV, which is also well below the device rating
of 1.7kV.

Finally, Fig. 9 shows the measured current waveforms of
switch S, and the voltage waveforms of input resonant
capacitors C;-C; at full load with switching frequency of 67
kHz and light load with switching frequency of 20 kHz. The
switch current decreases dramatically at 20-kHz operation.

IV. SUMMARY

A three-phase soft-switched rectifier that provides galvanic
isolation and automatically achieves HPF by employing a
DVM resonant input circuit and a two-switch forward
converter has been introduced. The performance of the
proposed topology was verified on a 3-kW prototype
operating from a three-phase input voltage of 220 Vo, =+
10%. The experimental results show that the input-current-
shaping using the proposed rectifier can be performed with
less than 6% THD over both the entire line range and full
load to less than 10% load range. The measured efficiency at
full load and nominal line is approximately 90%.
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