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Abstract—A novel, two-inductor, interleaved power-factor-
corrected (PFC) boost converter that exhibits voltage-doubler
characteristic when it operates with a duty cycle greater than 0.5
is introduced. The voltage-doubler characteristic of the proposed
converter makes it quite suitable for universal-line (90-264 grMs)
PFC applications. Because the proposed PFC boost rectifier oper-
ates as a voltage doubler at low line, its low-line range efficiency is
greatly improved compared to that of its conventional counterpart.
The performance of the proposed PFC rectifier was evaluated on
an experimental 1.3-kW universal-line PFC prototype.

Index Terms—Electromagnetic interference (EMI), power-
factor-corrected (PFC).

1. INTRODUCTION

O comply with various worldwide specifications gov-
Terning the harmonic limits of the line current in off-line
power supplies, the front-end power-factor-corrected (PFC)
boost converter has been used almost exclusively in off-line
power supplies for computer and telecom applications. How-
ever, in universal-line (90-264 Vrys) PFC applications, the
boost converter exhibits a significant degradation of perfor-
mance over the line-voltage range, [1]. Specifically, the low-line
(90 Vrms) operation of the boost rectifier is much less efficient
than high-line (264 Vyas) operation. As a result, the power
density of ac—dc power supplies for universal-line applications
is usually limited by a relatively low full-load efficiency at
low line since the size of thermal management components is
determined by the operating point with the highest power loss.

Generally, an improvement of the low-line efficiency of the
conventional PFC boost rectifier can be obtained by configuring
the rectifier to work as a voltage doubler at low line. Several
boost voltage-doubler topologies have been introduced in [2]
and [3]. However, the topologies described in [2] are not suit-
able for PFC applications in universal-input computer/telecom
power supplies since they require the PFC stage output voltage
to be at least twice that of the maximum line voltage, i.e., ap-
proximately 800 V. This increased voltage at the output of the
PFC front end puts undue burden on the cost and performance of
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the downstream dc/dc converters. The boost PFC voltage-dou-
bler circuit introduced in [3] can work in the entire universal-line
range with an output voltage slightly higher than the maximum
line voltage, i.e., around 400 V. However, the circuit requires
a number of range-select switches to reconfigure the converter
to the voltage doubler at low line. Generally, the employment
of mechanical range-select switches is not allowed in server ap-
plications and electronic range-select switches are not desirable
because of their detrimental effect on efficiency, as well as pos-
sible reliability issues and increased cost.

In high-power applications, interleaving of two boost con-
verters is very often employed to improve performance and re-
duce size of the PFC front end. Namely, because interleaving
effectively doubles the switching frequency and also partially
cancels the input and output ripples, the size of the energy-
storage inductors and differential-mode electromagnetic inter-
ference (EMI) filter in interleaved implementations can be re-
duced [4]-[10].

This paper presents a two-inductor, interleaved, boost PFC
converter with voltage-doubler characteristic that does not
require any range-select switches and that can regulate the
output voltage at around 400 V in the entire universal-range
line voltage. The proposed interleaved boost converter exhibits
an improved low-line efficiency compared to that of its conven-
tional counterpart because of the reduction of both conduction
and switching losses. The conduction losses of the boost
switches are reduced because at low line the converter operates
in the voltage-doubler mode for almost the entire line period,
which reduces the rms currents of the switches since the duty
cycles of the switches in the proposed interleaved converter
are larger compared to the duty cycles of the two convention-
ally interleaved converters. The switching losses of the boost
switches and reverse-recovery-related losses of boost rectifiers
are also significantly reduced because in the voltage-doubler
mode the switching voltages are reduced. In addition, the pro-
posed converter features natural self balancing of the currents
through the two interleaved channels so that no current sharing
circuit and associated current sensing components are required,
which reduces the component count and further enhances the
power density. However, the proposed interleaved converter
exhibits a slightly lower high-line efficiency compared to its
conventional counterpart due to slightly increased conduction
losses that are brought about by the operation of the converter
in the conventional, non-doubler, mode for the most part of the
line period. The reduced high-line efficiency has no effect on
the performance of the converter since the thermal design and
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Fig. 2. Proposed interleaved PFC boost converter with voltage-doubler
characteristics.

the size of thermal management components (heat sinks) is
solely determined by the full-load efficiency at low line that is
substantially improved in the proposed circuit.

II. ANALYSIS OF OPERATION

The conventional interleaved PFC boost rectifier is shown in
Fig. 1, whereas Fig. 2 shows the proposed interleaved PFC boost
converter with voltage-doubler characteristic. As can be seen
from Figs. 1 and 2, the proposed circuit is quite similar to the
conventional interleaved PFC boost converter. Since the pro-
posed rectifier also operates with interleaved gate signals, the
input current waveform and the differential-mode EMI perfor-
mance of the proposed circuit in Fig. 2 are nearly identical to
those of the conventional interleaved PFC rectifier in Fig. 1. It
should also be noted that the proposed boost converter exhibits
similar voltage-gain characteristic as the high-gain dc/dc boost
converter circuit introduced in [11].

To facilitate the explanation of the circuit’s operation, Fig. 3
shows a simplified circuit diagram of the circuit in Fig. 2. As-
suming that blocking capacitor C'g and filter capacitor Cg are
large enough that the voltage ripples across them are small com-
pared to their dc voltages, blocking capacitor C'p and filter ca-
pacitor Cr are modeled as voltage sources Vx and V, respec-
tively. In this analysis it is also assumed that all semiconductor
components are ideal, i.e., they represent zero impedances in the
on state and infinite impedances in the off state.

To further facilitate the analysis of operation, Fig. 4 shows
the topological stages of the circuit in Fig. 3 during a switching
cycle when the rectifier operates with a duty cycle greater than
0.5, whereas Fig. 5 shows its key waveforms. The reference di-
rections of currents and voltages plotted in Fig. 5 are shown in
Fig. 3. As can be seen from the timing diagrams of the control
signals for switches 1 and 2 shown in Fig. 5, switches 1 and

o conduct simultaneously, i.e., they operate with overlapping

1395

i51l iszl

+ +
Vs1 {31 Vsz(s2

Fig. 3. Simplified circuit diagram of the proposed circuit along with reference
directions of key currents and voltages.

control signals. It should be noted that during this mode of oper-
ation, voltage Vx across blocking capacitor C'p is equal to the
average voltage across diode D, because the average voltages
across inductors L1 and Ly are zero. By simple observations
from the voltage across diode D; in Figs. 3 and 5, voltage Vx
across blocking capacitor C'p can be easily derived. Namely,
during the period when switch 1 is off, the voltage across diode
Dy is zero because diode D; conducts the current of boost in-
ductor L;. During the period when switch o is off, the voltage
across diode D1 is output voltage Vi because diode D- con-
ducts the current of boost inductor Lo and switch ; is on. Fi-
nally, the voltage across diode D is equal to capacitor voltage
Vx during the period when both switches ; and - are on. Be-
cause the off time of switches ; and - are identical as shown
in Fig. 5, the voltage across blocking capacitor C'p is one-half
of the output voltage, i.e., Vx = V /2.

The topological stages in a switching cycle are shown in
Fig. 4. During the time interval when both switches are on, i.e.,
during the time interval 7' — T3 in Fig. 5, inductor currents 711
and 770 are increasing at the same rate. The rate of change of
111 and 12 can be calculated from Fig. 4(a), which represents
the equivalent circuit diagram of the converter during the time
interval ' — T4. According to Fig. 4(a)

dir dirs
ViN=L1— = Lo——. 1
IN 1 2 (1
If both inductances have the same value L. = L; = Lo, it
follows:

at  dt L

as illustrated in Fig. 5.

The output is decoupled from the input when both switches
are on and rectifiers D and D are reverse biased. As a result,
during this stage the load current is supplied from the filter ca-
pacitor Cp.

When at ¢t = T3, switch q is turned off, inductor current Ly
is diverted from the switch to rectifier D1, as shown in Fig. 4(b),
and the energy stored in inductor L; starts to discharge into
blocking capacitor C'g. During this stage, current 77,7 decreases.
The rate of current decrease can be found from the equivalent
circuit shown in Fig. 4(b) as

Vin=Li——+ —. 3
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Fig. 4. Topological stages (0.5 D <1).

From (3), assuming L. = L4, it follows:

diLl _ 1 ] Vo
it _E<V“\_7>' @

During the topological stage shown in Fig. 4(b), current i1
charges blocking capacitor Cpg.

When at t = T5, switch 1 is turned on again and the circuit
enters the topological stage shown in Fig. 4(c), which is iden-
tical to the topological stage in Fig. 4(a). During this stage, both
switches are on and both inductor currents 27,1 and 77,5 increase
at the same rate given by (2).

The converter enters the final topological stage shown in
Fig. 4(d) at ¢ = T5 when switch » is turned off and current
ir2 i1s commutated from switch o into rectifier Dy. During
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Fig. 5. Key ideal waveforms (0.5 D <1).

this stage, energy stored in inductor L, during the preceding
topological stages discharges into filter capacitor C'r through
blocking capacitor C'g. The rate of current decrease can be
found from the equivalent circuit shown in Fig. 4(d) as

- +Vo. (&)

From (5), assuming L. = L, it follows:

diLQ . 1 ] Vo
(- 2). ©

The rate of decrease of current 212 is equal to that of current ¢z ; .
The circuit enters a new switching cycle at ¢ = T when switch
o 1S turned on again.
The voltage conversion ratio of the circuit can be calculated
from the volt-second balance on the boost inductors. From
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Fig. 5 and (2) and (4), the volt—second balance equation for
both boost inductors L and L» is

v
Vindts = <70 - VIN> -(1-D)Ts )
so that
Vo 2
L == _ (05<D<1). 8

As can be seen from (7) and (8), the proposed rectifier operates
as a boost converter with a voltage doubler when its duty cycle
is greater than 0.5. It should be noted that the duty cycle of
a universal line PFC boost rectifier is greater than 0.5 for the
most of line cycle when it operates from the minimum operating
voltage that is typically 85 Vgrus.

Because the voltage step-up ratio of the proposed rectifier at
low line is twice as large as the step-up ratio of the conventional
interleaved PFC boost rectifier, the RMS switch current of the
proposed interleaved boost rectifier is smaller than that of the
conventional interleaved PFC boost rectifier. The ratio of the
RMS switch currents during a switching cycle is

M-2
iRMS ,interlea ed_boost M-1

where M = Vi /Vin, and M 4. The switch conduction loss
of the proposed rectifier at M =4 is approximately 67% of
the switch conduction loss of the conventional interleaved PFC
boost rectifier. Moreover, the blocking voltage of the switches
and diodes are only one-half of the output voltage. The turn-on
and turn-off losses of the switches and the reverse recovery
losses of the diodes in the proposed rectifier are much smaller
than those of the conventional interleaved PFC boost rectifier.
As a result, the proposed rectifier achieves the same advantages
of the conventional boost voltage doubler converter, such as low
conduction loss and smaller switching losses, at low line.

Fig. 6 shows the topological stages of the circuit in Fig. 3
during a switching cycle when the rectifier operates with a duty
cycle smaller than 0.5, whereas Fig. 7 shows its key waveforms.
By simple observations from the voltage across diode D; in
Figs. 3 and 7, voltage Vx across blocking capacitor Cg can
be easily derived. In this mode of operation, the voltage across
diode D, is equal to output voltage Vi, during the period when
switch ; is on, i.e., dts. The voltage across diode D; is zero
during the period when switch ; is off, i.e., (1-D) Ts. As a
result, voltage Vx across blocking capacitor C'p is DV, which
is equal to the average voltage across diode D1, i.e., Vx =
DVo.

During the time interval when both switches are off, i.e.,
during the time interval 7' — 77 in Fig. 7, inductor currents 71,1
and 715 are decreasing. The rate of change of i1 can be cal-
culated from Fig. 6(a), which represents the equivalent circuit
diagram of the converter during the time interval 7' — T}. Ac-
cording to Fig. 6(a)

iRMS,interlea ed_doubler

(0.5<D < 1) (9)

di
Vin = L1 —EL 4 1.

dt (19)
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Fig. 6. Topological stages (0 D  0.5).
From (10), assuming L = L1, it follows:
d’j;l = %(Vm - Vo). (11)

The rate of change of 77,2 can be also calculated from Fig. 6(a).
According to Fig. 6(a)

di
Vix = Lz% ~DVo + Vo.

From (10), assuming L. = Lo, the rate of change of i1, follows:

12)

dirs 1
=—[Vin—(1-D)Vy].
i L[IN ( ) Vol

13)
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When att = T, switch ; is turned on. During the time interval
Ty — T5 in Fig. 7, inductor current 77,4 increases. The rate of
change of 1,1 can be calculated from Fig. 6(b), which represents
the equivalent circuit diagram of the converter during the time
interval 71 — T5. According to Fig. 6(b)

(14)

From (14), assuming L = L1, the rate of change of 71, follows
that:

diry @
d L
as indicated in Fig. 7. During this stage, current 715 continu-
ously decreases with the slope given by (13).

When at t = T3, switch  is turned off again and the circuit
enters the topological stage shown in Fig. 6(c), which is iden-
tical to the topological stage in Fig. 6(a). During this stage, both
switches are off and both inductor currents 7,1 and ¢7,» decrease
at the rates given by (11) and (13), respectively.

The converter enters the final topological stage shown in
Fig. 6(d) at t = T when switch 5 is turned on and current 77,5
is commutated from diode D5 into switch 5. During this time
interval T — Ty in Fig. 7, inductor currents ¢71 and ¢ are
increasing. The rate of change of 77 can be calculated from
Fig. 6(d). According to Fig. 6(d)

15)

4
Viv = Li = + DVo. (16)
From (16), assuming L = Ly, it follows:
dirq 1
=—(Vin=DVp). 17
i I (Vin o) 17

The rate of change of 71> can be calculated from Fig. 6(d). Ac-
cording to Fig. 6(d)

»
Vin = Ly,

From (16), assuming L = Lo, the rate of change of ¢1,5 follows:

(18)

digo _ m

dt L~

The circuit enters a new switching cycle at ¢ = Ty when switch
o is turned off again.

The voltage conversion ratio of the circuit can be calculated
from the volt-second balance of the boost inductors. From Fig. 7
and (11), (15), and (17), the volt—second balance equation for
boost inductors L is

19)

(2Vix — DV o) DTs = (Vo — Vix) - (1 = 2D) Ts
so that

(20)

Vo 1

21
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Fig. 7. Key ideal waveforms (0 D  0.5).

From (20) and (21), it should be noted that the minimum voltage
gain of the proposed rectifier is unity when the duty cycle is zero.
Because of this voltage gain characteristic, the proposed rectifier
can regulate its output voltage in the entire universal-line range
without using any range-select switches.

The voltage gain of the proposed rectifier is shown in Fig. 8.
Since the voltage gain is monotonically changed by the duty
cycle and is identical to those of the conventional boost con-
verter at each minimum and maximum duty cycle, any com-
mercially available PFC control IC can be employed for the
proposed rectifier. In fact, the proposed rectifier requires a PFC
control circuit and a gate drive circuit that are identical to those
of the conventional interleaved PFC rectifier. However, there is
an exception for the current sharing circuit. Because blocking
capacitor C'g automatically balances the average currents of in-
ductors L1 and Lo, the proposed rectifier does not require an
active current sharing circuit that is required in the conventional
interleaved PFC boost rectifier.
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Fig. 8. Voltage gain of proposed rectifier.
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Fig. 9. Measured efficiency of the 100-kHz, 1.3-kW experimental rectifiers at
mw = 85and 265 Ac and o = 400V as functions of output power.

III. EXPERIMENTAL RESULTS

The performance of the proposed interleaved PFC boost con-
verter in Fig. 2 was evaluated and compared to the performance
of the conventional interleaved converter in Fig. 1 by building
a 1.3-kW prototype circuit designed to operate from a universal
ac-line input (85 Vrys — 265 Vrs) and deliver up to 3.25 A of
load current at a 400-V output. The prototype was constructed to
test both proposed and conventional circuits by a simple modifi-
cation since both power stage circuits are similar to each other.

In both implementations, an SPW47N60C3 MOSFET
(VDSS = 600 V./ ID25 = 47 A./ RDS = 0.07 Q) from
Infineon was used for each switch, whereas an STTH1506
Tandem diode (VRrm = 600 V, Ir vm = 15 A) from ST
was used for each output diode. Each boost inductor was built
using two toroidal cores (Magnetics, high flux 58894-A2) and a
57 turns of magnet wire (AWG#18). Two aluminum capacitors
(560 uF, 450 VDC) were used as output capacitor Cg. In
the prototype of the proposed circuit in Fig. 2, two paralleled
polypropylene capacitors (2.2 pF, 250 VDC) were used to
implement capacitor C'p.
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Fig. 10. Measured efficiency of the experimental rectifiers at Po = 1.2kW and

o =400V as functions of line voltage. It should be noted that the conventional
interleaved PFC boost rectifier couldn’t deliver 1.3 kW output power because
of high switch temperature at the minimum line voltage.
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Fig. 11. Measured THD of the experimental rectifiers at Po = 1.2 kW and
o =400V as functions of line voltage.

Fig. 9 shows the measured efficiencies of the conventional
interleaved PFC boost rectifier (dashed lines) and the proposed
PFC rectifier (solid lines) for minimum line voltage Vixy =85V
and maximum line voltage Vix = 265 V. As can be seen in
Fig. 9, at minimum line voltage Vin = 85V, the efficiency of
the proposed PFC rectifier is significantly higher than that of
the conventional interleaved PFC boost rectifier over the entire
load range. Because the duty cycle of the proposed PFC rectifier
is always greater than 0.5 at minimum line voltage, the circuit
operates as a voltage doubler over the whole line cycle. As in-
dicated in (9), the switch conduction loss of the proposed rec-
tifier is approximately two-thirds of the switch conduction loss
of the conventional interleaved PFC boost rectifier. In addition,
the turn-on and turn-off losses of the switches and the reverse
recovery losses of the diodes in the proposed rectifier are much
smaller than those of the conventional interleaved PFC boost
rectifier because the voltages across the switches and the diodes



1400
100 T \ \
Voi00 Y
v \
v Ve P,=1200 W
\= N
99.5 NS
_ \
B N
w \
o \
99 i i \
—— P‘roposed Prc re‘ctiﬁer
eeeeseee Conventional Interleaved \_
PFC boost rectifier
985 | ‘ l | ‘ | | I |

|
85 100 120 140 160 180 200 220 240
Input Voltage [V]

260

Fig. 12. Measured PF of the experimental rectifiers at Po = 1.2kWand Vo =
400 V as functions of line voltage.

(a)
Tek 25.0MS/s 2 Acgs
Ve, y }' r ..... . ,'[ .........
[20 Vidiv] " :m,zm,:m\___,_._ ..... \.___
Vs mw S \.NMJ
Rovidivl | R
Ve, . <—V°-V;(=
[250 V/div]3 J . L
v,, SUDEERE S FEE IR O
[250 V/div] "*ﬂ R S
gn;‘zzus.gi; m""ﬁ;ﬁs.gg 3,00 Che 7 issuv:

(b)

Tek S 25.0MS/s . 111 Acgs
} £

Ves2 y
[20 Vidiv] ™
Vest -
[20 V/div]

Voo
[250 Vidiv]3sf o

V2 g
[250 Vidiv]*f

ch3 250V

Fig. 13. Measured waveforms of the proposed circuit when duty cycle is
greater than 0.5. Time base: 2 ps/div.

are one half of output voltage Vo when they are switching as
shown in Fig. 5. It should be noted that the efficiency improve-
ment at lighter loads is more pronounced because switching
losses are dominant at this condition.

From Fig. 9 it can be seen that at maximum line voltage Vi =
265V, the proposed rectifier exhibits a lower efficiency than the
conventional interleaved boost rectifier because the proposed
circuit has increased conduction losses in series-connected rec-
tifiers D1 and D, when it operates with duty cycle less than
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Fig. 14. Measured waveforms of the proposed circuit when duty cycle is
smaller than 0.5. Time base: 2 ps/div.

0.5. It should be noted that this slightly reduced efficiency at
maximum line has no tangible effect on the overall performance
of the converter since the thermal design and, therefore, the
power-density of the converter is determined by the minimum
full-load efficiency that occurs at minimal line voltage. In fact,
due to an improved efficiency at minimal line voltage, the pro-
posed converter has the potential to achieve a higher power den-
sity than its conventional counterpart.

Fig. 10 shows measured efficiencies as functions of the input
voltage. To compare the efficiencies, both rectifiers were oper-
ated at 1.2 kW since the conventional interleaved rectifier could
not deliver 1.3 kW at the acceptable switch temperature.

Figs. 11 and 12 show measured total harmonic distortion
(THD) and power factor (PF) as functions of the input voltage,
respectively. The differences of the measured THD and PF be-
tween the proposed PFC boost converter and the conventional
interleaved PFC boost converter are insignificant.

The oscillograms of key waveforms of the experimental pro-
totype at full power and low line (D 0.5) are shown in Fig. 13.
As can be seen from Fig. 13(a), the voltages across switches 1
and 5 are one half of output voltage V,. The voltages across
diodes Dy and D, are shown in Fig. 13(b).

Finally, Fig. 14 shows the oscillograms of key waveforms of
the experimental prototype at full power and high line (D 0.5).
As can be seen from Fig. 14(a), the voltages across switches
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1 and o are close to output voltage V5. The voltages across
diodes Dy and D, are shown in Fig. 14(b).

It should be noted that at low line the proposed converter is
expected to show better common-mode EMI performance com-
pared to that of the conventional interleaved converter because
as shown in Fig. 13 at low line all switches operate with lower
drain-to-source voltages.

IV. CoNCLUSION

A novel two-inductor, interleaved boost PFC converter that
exhibits voltage-doubler characteristic for duty cycles greater
than 0.5 has been introduced. The voltage-doubler character-
istic of the proposed converter makes it quite suitable for uni-
versal-line (90-264 Vris) PFC applications. The performance
of the proposed PFC rectifier was evaluated on an experimental
1.3-kW PFC prototype that was designed to operate from a uni-
versal-line input and deliver up to 3.25 A at a 400-V output.
The efficiency improvement at full load and low line is approx-
imately 1.5%.
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