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Abstract—This paper presents a novel three-phase power factor

corrector (PFC) circuit which uses two power switches work- ‘ES ‘:Z"S
ing in zero-voltage-switching (ZVS) condition. The two switches v, o

along with a high-frequency inductor constitute a high-frequency ra

current source which is responsible for the energy transfer in Vg —s ¥y b — l:}

the circuit. The input current is partly continuous and partly c Ca Toad

discontinuous. The total harmonic distortion (THD) in the input ¢ ;
current has a low value of 4.5%, and the output dc voltage is very WES 723
close to the peak line voltage. The operation of the converter is

explained by identifying the different switching modes, and the o
simulation and experimental waveforms are presented. Fig. 1. Power circuit of three-phase PFC of [1].

Index Terms—Boost topology, three-phase ac—dc power con-
version, zero-voltage switching. inductor. This is done by controlling the duty cycle of the

power switches.

A three-phase PFC converter with DCM [2] is composed
of one power switch, three boost inductors, three differential
T HREE-PHASE converters are used to handle large poghokes, and seven ultrafast diodes as shown in Fig. 2. The

_ers while maintaining a balanced operation of the ggyut currents are partly shaped by the power switch. The
mains. Several power factor corrector (PFC) topologies aﬂé)cay time of the boost-inductor current during a switching
control methods for reducing the input current hgrmomc; half?cle is determined by the difference between the output dc
been presented in recent years. Due to the higher efficieng){tage and the input voltage during that cycle. The decaying
of the topology, the boost-type PFC is being considereg, tions of the current are not controlled by the power switch.
for several applications. Based on the input current of e \way to reduce these decay currents is to increase the
converter, the operation could be in the continuous curr€fifterence between the output voltage and the amplitude of the
mode (CCM) or in the discontinuous cur_rent _mode (DCM). input voltage. The other method is to control the equivalent
_ A three-phase PFC converter operating in the CCM [} v cvcle of the input inductor which is almost the same as the
is composed of six power switches, six ultrafast diodes, agflq \sed in the continuous current case. In a single-phase PFC,
three inductors as s_hown in Fig. 1. Current co_ntrol IOODS_ a8 cond-harmonic injection is used to control the equivalent
used to shape the input current waveform. Since each in cycle of the input inductor [3]. In this way, the input
phase-current is shaped by a separate current loop, the OUEEHi/ent is shaped and the THD in the input currer;t is reduced.
yoltage of the convert.er can be made to follow the PE3K the control scheme, the equivalent duty cycle is controlled
line-line voltage resulting in a low value of total harmom(,by controlling the duty cycle of the power switch. For a
ree-phase system, the use of some modulation techniques in

I. INTRODUCTION

distortion (THD) in the input current. Since the current i
contlnuo.us,'the swnghes in the converter wil t.’e s.ubjegtedl %ntrolling the equivalent duty cycle of each phase current has
hard-switching condition unless some soft-switching cwcw?

are added. Wide-band current sensors are required to de ?eﬁn descrlbeq [.4]' .D-ue to the coupling present in t.he three-
: . ; ase system, it is difficult to decrease the THD drastically [5].
each of the input current in order to implement the curre

. . n order to keep the THD value low, generally, the converter
loop. Due to the continuous nature of the current in the lOOP\/\ﬁII be designed with a higher output voltage which is not

complex compensation circuit will be needed to ensure system

T . od for the succeeding converter in a cascade. It is clear that
stability. The nature of the control is such that the currer%flj ; :
the only way to reduce the THD in a three-phase system is to

loop essentially controls the equivalent duty cycle of the ian(Jite couple and control each phase separately
From the control system point of view, a three-phase PFC
M ot ved March 13. 1998: revised Aol 23. 1998. R operating in CCM can be decoupled into three single-phase
anuscri receive arc s , revise rn s . Recom; .
mended bypAssociate Editor. M. Elbuluk. P "Systems (converters). Each system is independently controlled
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Fig. 3. Power circuit of the proposed three-phase PFC converter.

the three-phase system into three single-phase systems an

to pontrol gach phase |.nde.pendejntly. A single-phase PFC in . o . Wi voer 7L
which the input current is discontinuous over the lower range-+i» oM =
of instantaneous ac line voltage and continuous over the high Lo o L -

instantaneous voltage range has been presented as a hybri
between the CCM and DCM [6].

A new topology for a resonant boost input (RBI) three-phase bz _‘ —
PFC converter is presented in this paper. In this topology, M2 q oMz ]
three capacitors are used to decouple the three-phase system ‘;o
into three single-phase systems and to control each phg%_e
independently. It is the independent control of each single-
phase system that helps to obtain a low THD value for each
input current even for a low-output dc voltage. Comparing
the converters of [1] (Fig. 1) and [2] (Fig. 2), the proposed._] ,, D1 Da fg 'ﬂrj
circuit is simple and the cost will be low. All the power 3 DM1

Db Vde2 T

4. Power circuit of equivalent single-phase PFC converter.
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switches will be turned on or off under zero-voltage-switching" Lo Co L
(ZVS) condition. The circuit is ideally suitable for operation =", * hAAS
at high switching frequencies which will reduce the size of
the converter.
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[I. STRUCTURE AND PRINCIPLE OF OPERATION @)
The power circuit of the proposed converter is shown in .

Fig. 3. The circuit is composed of three differential chokes, 3 :
six ultrafast diodes, one high-frequency inductdr ), two !
general-purpose diodes, three input capacitors, and two power i T
7y

switches. In the circuitD,, Dy, My, M-, andL; constitute a l/ te \/
high-frequency current source. The current source discharges
the capacitors’,, Cy, andC,, and transfers the energy stored (b)
in Cq, Cy, and C., to the dc filter capacitolCy. (here, the Fig. 5. (a) Equivalent circuit during Mode 1 and (b) the waveform of input
value of the capacitor is very high, and it is replaced by a darrent.
voltage sourceV,.).

For a balanced three-phase system, the converter canirpt capacitorC, transfers part of the input energy to the
decoupled into three single-phase PFC converters (Fig. #iductor I.; and the energy is then transferred to the dc filter
each of which is a single-phase doubler PFC converter. Toapacitor and the load. Depending on the magnitude of the
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Fig. 6. lllustrative waveforms of,, i, (instantaneous), and, (average) for (a) discontinuous input current and (b) continuous input current.
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Fig. 7. Combination of the three single-phase doubler PFC converters.

instantaneous input voltage, the circuit may operate under:
1) a resonant input mode or 2) a boost input mode. The
resonant input mode corresponds to a low instantaneous inpu
voltage, and during this mode, the voltage @R is always
less than Vyc1 + Viae2). The boost input mode, on the other
hand, corresponds to a high instantaneous input voltage, an
during this mode the voltage drl, approachesW.1 + Vieo).

The resonant input mode can be further divided into six
switching modes. In the analysis, only the positive half cycle
of the input voltage is considered. The operation during tfé9- 8. Combination of two single-phase doubler PFC converters.
negative half cycle can be analyzed in the same way.

Mode 1: The switchi/; is turned on. Assuming the currentis a circulating current flowing througP,,, L1, and ;. The
in L; to be larger than the current in the differential chdkg energy stored i, continues to be released 1g.; through
the diodeD, turns on. The input capacitdr, is charged by D,.

Vi(Vin) through L,. The voltage acros€’, increases, but it Mode 5: As the switchM; turns off, the switchM> can
will be less than Ve + Viez). be turned on under ZVS condition. The energy stored.in

Mode 2: Once the switchA/; is turned off, the current will be released to¥.1 + Vyeo) through D, and Dy;». The
through L; continues througtD,,; and switchAf; is turned current in L; will decrease to zero, and theh, is turned
on under ZVS condition. The energy stored/in is released off. The energy stored i, continues to be released 1§,
to the dc capacitorW.; + Vie2) through D, and Dy,;. The through D;.
current inL; will decrease to zero causing, to turn off. Mode 6: The switch M- is turned on. The capacitaf,

Mode 3: The capacitolC, with its initial voltage resonates will resonate withZ; and the current through; increases.
with L; and the resonant current flows through and A;. As the current throughl.; exceeds the input currenf); will
The energy stored i, is transferred tal; and the energy be turned off andD, will turn on and carry the current af;.
stored inL, is released td/;.; throughD;. The switching process will go back to Mode 1.

Mode 4: As the voltage onC, drops below zeroD, is The boost input mode can divided into the following seven

turned on. The voltage of, is clamped to zero and thereswitching modes.
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Fig. 9. (a) Simulation waveforms of the input currents. (b) Frequency spectra of the waveforms of Fig. 9(a).

Mode 1: The switchM; is turned on. The input capacitor Mode 6: As the switchA; turns off, the switchiM,; can
C, is charged by, throughL,. The voltage orC, increases be turned on under ZVS condition. The energy stored.in
until it reaches Vi1 + Vaez). will be released to¥y.; + Vacz) through D, and Dy;». The

Mode 2: Once the voltage o, exceeds (i + Vi), D1 CUrrent in Ly will decrease to zero, and theR, is turned
will be turned on and the energy storediig will be released ©ff- The energy stored iti, continues to be released tQ.:
t0 Vae1. A circulating current flows throug®,, L, and M,. through D _ _ _

Mode 3: The switch M, is turned off and switchs; is  M0de 7: The switch My is turned on. The capacitaf,
turned on under ZVS condition. The energy storedZinis will resonate withL; and the current irl.; increases. As the

released to the dc bulk capacitdiyly + Vaes). As a resul, current in L excee_ds the input current ih,, D WI||. be
. . . turned off andD, will turn on and carry the current i, .
the current inL; will decrease to zero. It will caus®, to

: : ) ) The switching process will then be back to Mode 1.
turn off. The inductorL, will continue releasing the stored o the gperation of the circuit, it is clear that, because of
energy toVe through D;. input capacitoiC,, the input voltage modulates the equivalent
Mode 4: The capacitorC, with its initial voltage will guty cycle of the single phase converter, and the circuit
resonate withZ, and the resonant current flows through  automatically shapes the input current. During the resonant-
and M. The energy stored if, is transferred ta.; and the input mode 1 and the boost-input mode 1, the instantaneous
energy stored i, continues to be released Q.1 through input voltage charges the input capacir through the input
Dy. inductor L, as shown in Fig. 5. The volt-second VDT exciting
Mode 5: As the voltage acros€’, drops below zero, the input inductorL, is given by
is turned on. The voltage of’, is clamped to zero and a ty Vig 4+ Viaeo — Via (0]
circulating current flows through,,, L, andA/;. The energy VDT = /0 Vi(t) - dt = Ca - Requ - Win t dQ.QVm ©)
stored inL, continues to be released 4., throughD;. 1)
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whereV, is the voltage acrosb,, t; is time during which the s
inductor voltage is positiveR., is the equivalent resistance - oo
of the converter,Vi, is the instantaneous ac input voltage,
andV,,(0) is value of the capacitor voltage when the inductor ¢ |
current starts increasing. The expression for the excitation volt-
second on the input inductor shows that the value of VDT *°©
changes with the instantaneous input voltage, that is, for a
low value of instantaneous voltage, the volt-second VDT is*=°
high and vice versa. The equivalent duty cy&le,,(= t;/T)
of the input inductor can be obtained from (1) as

[‘/in + Vdc2 - ‘/ca (0)]2

=3

MV
+ 500

+400

! o
[ ¥oTe)

900 [ ...

Dequ =Cq - Requ . fs . (2) @
2"/;“'(‘/;“ + VdCQ) iafft.M  ibFFtM
mv myv
where f, = 1/T is the switching frequency. IF.,(0) is much 360 360
smaller thanViy + Vie2, Dequ Can be approximated as
(‘/in + Vdc?)

Dequ ~ Ca . Requ . fs . 27‘/111 (3) 180 180
Equation (3) shows that the equivalent duty cyflg,, varies
with the input line voltage. If the instantaneous input voltage o
is low, the equivalent duty cycle is high and vice versa. 0.00 1.00 2,00

KHz

The illustrative waveforms ot,, i, (instantaneous), ant], b)
(average) for the discontinuous and continuous cases a_re10 (@) Experimental .  the inout . (b) F

. . . . . . 19. . a Xperimental wavertorms o € Input currents. requency
_shown in Fig. 6 The input currgnt is dlscontlnuous_for IovgﬁeCtra of the waveforms of Fig. 10(a).
instantaneous input voltages. Since there are no diodes, the
current goes from positive maximum to a negative minimum.

The form of equivalent duty-cycle variation is the same a ) . .
e amplitude of the current source. The easiest way is to

one required in the CCM control and the DCM-modulate L _ ; =
control. In the volt-second calculation, the duty cycle of th&ontrol the switching frequency. An increase in the switching

power switch is not considered. The duty cycle of the pow gquency decreases the amplitude of the current source and
switch can be almost independent of the volt-second contr}ﬂ'l(.:le versa. bi h inale-oh doubler PEC
The duty cycle of the power switch (turn on or off) is just used t Is easy to combine three single-phase doubler

to provide a high-frequency current source to discharge tﬁgnverters into a three-phase PFC converter as shown in

energy stored in the input capacitoy, and transfer the energy Fig. 7. Since eac_h phase-converter _has PFC _funct_lon, the
to the dc filter capacitor(i; + Vaes). The input inductor waveform of each input phase current is almost sinusoidal. For

exciting timeD.,7 is equal to the time interval during which? balanced three-phase system, the sum of the input currents

the input capacitoC, is charged from the initial voltage to is equal to zero as given by
the dc bulk voltage. If the dc bulk voltage is low, the exciting
time will be low and the volt-second on the input inductor will
be low. Thus, it is possible to choose the output dc volta % L . .
very close the input voltage amplitude. In other words, tf%t. € comblnatlop Of. Fhree single-phase cor?vert_ers shown in
rectifier voltage gain = Va./Vii.. can be chosen to be Fig. 7 can be simplified as the one shown in Fig. 3. In fact,
closer to one o two single-phase doubler PFC converters can be combined into
During each switching period, the input capacitor is chargé)(fle smgle_z-phas_e PFC conver_ter as §h_0wn n Flg. 8.
by the instantaneous input voltagé, through the input _Fr(_)m 5|mula_t|0n_and experiment, it is established that_the
inductor and discharged by the high-frequency current sour€dcuits shown in Figs. 3 and 8 can be used to shape the input

The amplitude of the high-frequency current source will affe(gurrent. The ITHD n theb'anr']t current canl be keptr:ow an(?' thg
the initial voltage on the input capacitdf,. The higher the ¢ output voltage can be chosen very close to the amplitude

amplitude of the high-frequency current source, the lower tt% the line voltage.
initial voltage on the input capacita?, will be. From (1) to

(3), it is clear that the exciting time of the input inductby

is determined by the difference between the initial voltage of The converter of Fig. 3 was simulated at a line frequency
C., V..(0), and the final voltage of”,, which is equal to of 600 Hz in order to reduce the simulation time. The

the dc bulk voltage¥(;.1 + Vac2) and the instantaneous inputwaveforms of (600 Hz) input currents are shown in Fig. 9(a).
current. The higher the voltage difference is, the larger will bEhe corresponding frequency spectra are shown in Fig. 9(b),
the exciting time. The higher the input current and input powand it is seen that the distortion is very low. The experimental
are, the smaller the exciting time will be. In this circuit, thevaveforms of the input currents for the three-phase PFC
amplitude of the high-frequency current source can be useghverter of Fig. 3 are shown in Fig. 10(a). Only two of

control the input power. There are several ways to control

bq +ip 4 = 0. ()

I1l. RESULTS
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vesm o ias TABLE |
v v CoMPARISON OF THREE-PHASE PFC (ONVERTERS
140 [ £2.80 Converter type | CCM PFC DCM PFC | RBI PFC
+70 +1.40
Features
) i 1
0 10.00 No. of switches 6 2
No. of diodes 6 7 6+2
-70 ~1.40
No. of inductors 3 6 3
140 — e T t 2.80 (Boost and filter)
0.0 17.0 24.0 56.0 No. of capacitors 0 0 3
mS
Fig. 11. Waveforms of the input voltage (Phase A) and correspondingE2se of loop design Difficult Easy Moderate
current.
Switching condition Hard-switching | ZCS VAN
+12.0 Voltage gain (M) possible | Low High Low
v
vgs2
+0.0 . ) )
voltage much closer to the amplitude of the input line voltage
~6.0 (i.e., M is low).
—-12.0
+340 V. CONCLUSIONS
v
vds2 A new topology for a three-phase resonant boost PFC
160 converter is presented. The operation of the converter was
explained by identifying the different switching modes for
both the resonant input mode and the boost input mode. The
-20 simulation and experimental results obtained on a prototype

5.0

Fig. 12. Waveforms of the gate voltage &f> and the drain voltage af/s.

20.0
MS

converter were presented. By operating partly under DCM and
partly under CCM, the converter has a low input-current THD
and a high efficiency. The THD for the experimental converter

was measured as 4.5% and the efficiency was 98%.

the three input currents are shown since only two current
probes were available. The frequency spectra of the two |nput
currents are shown in Fig. 10(b) and the THD is measured ay
4.5%. The waveforms of the input voltage (Phase A) and the
corresponding current are shown in Fig. 11, and it is seen th&l
the two are in phase. The experiment was conducted with an
input voltage of 204-V line, rms, and an output dc voltage3]
of 300 V. The switching frequency was selected as 170 kHz.
With L, =L, =L.=172mH,C, =C, =C, =51nF, [4
and a load resistance of 468 the output power is 192 W and
the efficiency is 98.0%. The waveforms of the gate voltage OP]
M and the drain voltage oM, are shown in Fig. 12. It is
seen that there is ZVS fa¥/, which is also true fo\f;.

A comparison of the proposed resonant boost input (RBI)
PFC converter with the CCM PFC converter and the DCM
PFC converter is made and Table | lists the salient features.

As shown in Table I, the RBI PFC converter usest-62
diodes, which means six ultrafast recovery diodes and
general-purpose diodes. It uses only three boost inductors
compared to six in the case of a DCM PFC. In a powg
converter, the inductor is an expensive component and als
takes up more space. The inductor also affects the efficier]
of the whole system. It is seen that the proposed three-ph

(6]

PFC converter yields the same or better results (efficiency g&

THD) as the CCM PFC converter [1], but at a reduced cost -"'
using a fewer switches and a much simpler control circuit. i,'g,v‘b
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