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THREE - PHASE SINGLE - STAGE suitable for high power applications , and four - wire three 
SOFT - SWITCHING AC - DC CONVERTER phase systems are not desirable because of the higher cost of 
WITH POWER FACTOR CORRECTION implementation . 

RELATED APPLICATION 5 SUMMARY 

a 

This application claims the benefit of U.S. provisional According to one aspect of the invention there is provided 
application 62 / 795,375 filed on Jan. 22 , 2019 , the contents a three - phase AC - DC converter , comprising : first , second , 
of which are incorporated herein by reference in their and third input terminals that respectively receive first , 

10 second , and third AC voltage phases of a three - wire three entirety . phase AC input voltage ; first , second , and third rectifier 
FIELD circuits that respectively rectify the first , second , and third 

AC voltage phases received by the first , second , and third 
This invention relates generally to AC - DC power con input terminals , and respectively produce first , second , and 

verters . More specifically , the invention relates to three 15 third input DC voltages ; first , second , and third single - stage 
power factor correction ( PFC ) modules that respectively phase AC - DC power converters with power factor correc receive the first , second , and third input DC voltages and tion and voltage regulation in a single stage . Three - phase respectively produce first , second , and third output DC 

AC - DC power converters of the invention achieve high voltages ; and first and second output terminals ; wherein the 
power factor and high efficiency , and are suitable for use in 20 first , second , and third output DC voltages are connected high power applications . together in parallel across the first and second output ter 

minals ; wherein the first , second , and third single - stage PFC BACKGROUND modules provide simultaneous PFC operation and output 
voltage regulation . 

Three - phase AC - DC converters are used in many 25 Embodiments may further comprise at least one non 
demanding applications where high - power loads are directly electrolytic output capacitor connected in parallel with the 
connected to the utility grid . The effect of power factor in first and second output terminals . 
such AC - DC converters is paramount because low power Embodiments may further comprise first , second , and 
factor reduces the availability of the mains electricity and third input filters connected between the first , second , and 
high harmonics generated in the AC current produce voltage 30 third input terminals and the first , second , and third rectifier 
distortion leading to electromagnetic interference . There- circuits . 
fore , power factor correction ( PFC ) converters are essential In one embodiment , each of the first , second , and third 
to comply with the required international standards for single - stage PFC modules comprises a resona converter . 
generated current harmonics at the AC side [ 1 ] - [ 3 ] . In one embodiment , each of the first , second , and third 

Conventionally , PFC AC - DC converters consist of two 35 single - stage PFC modules comprises an LLC resonant con 
separate single - stage converters connected in series , i.e. , verter . In one embodiment , each of the first , second , and 
AC - DC rectification with PFC as the first stage and DC - DC third single - stage PFC modules comprises an LCC resonant 
conversion to achieve voltage regulation and in some cases converter . Embodiments may further comprise a controller ; 
voltage isolation as the second stage [ 4 ] , [ 5 ] . A general wherein the controller senses the first , second , and third 
structure of a two - stage three - phase AC - DC converter with 40 input DC voltages and input DC current of the first , second , 
PFC is show in FIG . 1. The AC - DC rectification is usually and third single - stage PFC modules , and uses the sensed 
implemented with a three - phase boost converter that per- voltages and currents to generate phase current reference 
forms PFC and the second stage is a three - phase DC - DC signals ; wherein the controller uses the phase current refer 
converter that performs voltage regulation [ 6 ] . The main ence signals to generate gate driving signals for one or more 
drawbacks of two - stage AC - DC converters are low conver- 45 switches of the first , second , and third single - stage PFC 
sion efficiency and low power density , both due to the use of modules ; wherein simultaneous PFC operation and output 
multiple power conversion stages and large passive compo- voltage regulation is provided by the first , second , and third 
nents , and low reliability that is due to a large number of single - stage PFC modules . 
vulnerable components , and large DC - link electrolytic In one embodiment , each of the first , second , and third 
capacitors that are required for DC - link voltage ripple 50 single - stage PFC modules comprises an isolated PWM 
reduction . boost converter . One embodiment further comprises a con 

In new generations of AC - DC converters , single - stage troller ; wherein the controller senses the first , second , and 
structures have been proposed for both single - phase and third input DC voltages and input DC current of the first , 
three - phase topologies to improve reliability , integration , second , and third single - stage PFC modules , and uses the 
power density , and efficiency [ 7 ] - [ 12 ] . In single - stage three- 55 sensed voltages and currents to adjust a duty cycle of each 
phase converters , a three - phase diode rectifier bridge is phase ; wherein the controller generates gate driving signals 
typically used with a DC - DC converter for PFC and voltage for one or more switches of the first , second , and third 
regulation purposes . With such an approach , the whole single - stage PFC modules ; wherein simultaneous PFC 
output power is processed in one portion and hence large operation and output voltage regulation is provided by the 
passive components ( i.e. , inductors , transformers , and 60 first , second , and third single - stage PFC modules . 
capacitors ) are required , which reduce the power density and A three - phase AC - DC converter according to embodi 
efficiency . Another approach to achieve three - phase struc- ments described herein may be implemented in high power 
ture is a modular three - phase structure connected to a AC - DC applications . In one embodiment , the high power 
three - wire or four - wire three - phase system . Isolated three- AC - DC application comprises an electric vehicle charger . 
phase single - stage modular PFC converters based on for- 65 According to another aspect of the invention there is 
ward , flyback , SEPIC , Cuk , and push - pull converters are provided a method for implementing a three - phase AC - DC 
reported in [ 13 ] - [ 18 ] . In general , these approaches are not converter , comprising : using first , second , and third rectifier 
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circuits to respectively rectify first , second , and third AC FIGS . 5A - 5B are schematic diagrams of a three - phase 
voltage phases of a three - wire three - phase AC input voltage , single - stage PFC isolated PWM boost converter with a 
and respectively produce first , second , and third input DC digital control implementation , according to one embodi 
voltages ; using first , second , and third single - stage power 
factor correction ( PFC ) modules that respectively receive 5 FIG . 6 is a plot showing voltage gain of an LLC tank 
the first , second , and third input DC voltages and respec circuit at different phase angles . 
tively produce first , second , and third output DC voltages ; FIG . 7 is a plot showing simulation results of a three 
and connecting the first , second , and third output DC volt phase single - stage resonant PFC LLC converter according to 
ages together in parallel to produce a final output voltage ; the embodiment of FIGS . 4A - 4B , with 380 VAC RMS 
wherein the first , second , and third single - stage PFC mod- 10 three - phase input voltage ( upper panel ) , three - phase input 
ules provide simultaneous PFC operation and output voltage current ( middle panel ) , and 400 VDC output voltage ( lower 
regulation . panel ) under full load . 

FIG . 8 is a plot showing simulation results for resonant In one embodiment of the method , each of the first , current ( upper panel ) and input voltage ( lower panel ) of the second , and third single - stage PFC modules comprises a 15 first phase of the embodiment of FIGS . 4A - 4B , with 380 resonant converter . In various embodiments each of the first , VAC RMS three - phase input voltage and 400 VDC output second , and third single - stage PFC modules may comprise voltage under full load . 
an LLC resonant converter , or an LCC resonant converter . FIGS . 9A - 9C are plots showing simulation results for The method may comprise controlling the three - phase resonant current and parallel inductor current of the first 
AC - DC converter by : sensing the first , second , and third 20 phase of the embodiment of FIGS . 4A - 4B , with 380x1.2 
input DC voltages and input DC current of the first , second , VAC RMS three - phase voltage , for input voltage phase 
and third single - stage PFC modules , and using the sensed angles of ( A ) O = 30 ° , ( B ) 0 = 45º and ( C ) 0 = 90 ° . 
voltages and currents to generate phase current reference 
signals ; and using the phase current reference signals to DETAILED DESCRIPTION OF EMBODIMENTS 
generate gate driving signals for one or more switches of the 25 
first , second , and third single - stage PFC modules ; wherein Described herein are three - phase single - stage AC - DC 
simultaneous PFC operation and output voltage regulation is converter topologies . Embodiments are based on a modular 
provided by the first , second , and third single - stage PFC design wherein a single - stage PFC converter is used for each 
modules . of the three phases , and the three single - stage PFC convert 

In one embodiment of the method , each of the first , 30 ers are connected in parallel to provide the DC output to the 
second , and third single - stage PFC modules comprises an load . The single - stage PFC converter may be based on a 
isolated PWM boost converter . resonant converter such as an LLC or LCC converter , or a 

The method may comprise controlling the three - phase pulse width modulation ( PWM ) converter such as an iso 
AC - DC converter by : sensing the first , second , and third lated PWM boost converter . Each single - stage PFC module 
input DC voltages and input DC current of the first , second , 35 may include switches in a bridge or other suitable configu 
and third single - stage PFC modules , and using the sensed ration implemented for power factor correction , a converter 
voltages and currents to adjust a duty cycle of each phase ; circuit , and an output circuit . Power factor correction is 
and generating gate driving signals for one or more switches achieved with phase voltage stress on the bridge switches . 
of the first , second , and third single - stage PFC modules ; An input rectifier is used to provide a DC voltage for the 
wherein simultaneous PFC operation and output voltage 40 single - stage PFC module . The input current and voltage of 
regulation is provided by the first , second , and third single- each single - stage PFC module are sensed to implement the 
stage PFC modules . power factor correction . Embodiments are capable of high 

In various embodiments the method may further comprise power factor ( e.g. , above 0.99 ) , single - stage power conver 
an implementation in a high power AC - DC application . In sion , and soft - switching of all the switches , which provides 
one embodiment , the high power AC - DC application com- 45 a high power conversion efficiency ( e.g. , above 97 % ) in a 
prises an electric vehicle charger . cost - effective single - stage three - phase structure . Moreover , 

the embodiments benefit from low output voltage ripple with 
BRIEF DESCRIPTION OF THE DRAWINGS no double line frequency component , or substantially no 

double line frequency component , which allows for imple 
For a better understanding of the invention , and to show 50 mentation without electrolytic capacitors , which improves 

more clearly how it may be carried into effect , embodiments reliability . Embodiments may include features of single 
will be described , by way of example , with reference to the stage topology with reduced component count , three - wire 
accompanying drawings , wherein : three - phase connection that provide phase voltage to the 
FIG . 1 is a block diagram of a two - stage three - phase bridge switches , no electrolytic capacitors , zero voltage 

AC - DC converter according to the prior art . 55 switching ( ZVS ) turn - on of all switches and zero current 
FIG . 2A is a schematic diagram of a single - phase single- switching ( ZCS ) turn - off of all diodes . Hence , a reliable high 

stage PFC converter , according to one embodiment . power density three - phase AC - DC converter with high con 
FIG . 2B is a schematic diagram of a three - wire three- version efficiency , low cost , and compact size may be 

phase PFC converter according to one embodiment wherein achieved with the embodiments . 
each phase is implemented with a single - stage PFC module . 60 Embodiments may be used in any application , and are 
FIGS . 3A - 3C are schematic diagrams of single - stage PFC particularly suitable for high power applications . An 

modules based on an LLC resonant converter , an LCC example of a high power application is an electric vehicle 
resonant converter , and an isolated PWM boost converter , DC fast charging station , where high power delivery is 
respectively , according to various embodiments . required . 

FIGS . 4A - 4B are schematic diagrams of a three - phase 65 As noted above , a common prior approach to modular 
single - stage PFC LLC converter with a digital control three - phase converters is based on four - wire three - phase 
implementation , according to one embodiment . systems to apply phase voltage to each module . When a 



1 

. 

US 11,451,139 B2 
5 6 

three - wire system is used for these converters , line - to - line voltage stress to the primary side switch ( es ) , and high 
voltage is applied to each module , such that high voltage efficiency and high power density may be achieved due to 
rating switches are required in the circuits , which makes the modular structure and the requirement for only a small 
them expensive to implement . In contrast , embodiments ( non - electrolytic ) output capacitance . 
described herein are optimized for three - wire three - phase 5 FIGS . 4A - 4B and 5A - 5B show embodiments of three 
systems and may be designed to take advantage of suitable phase single - stage PFC converters implemented with LLC 
high - voltage switching devices , such as , for example , 650 V and isolated PWM boost PFC modules , respectively , 
gallium nitride ( GaN ) high electron mobility transistors together with digital controllers . Connections between the 
( HEMTs ) , for improved performance . portions shown in FIGS . 4A and 4B are indicated by 

“ To / From a ” , “ To / From b , and “ To / From c ” . Connections FIG . 2A is a generalized circuit diagram showing a 10 
module of a single - stage PFC converter . Three such modules between the portions shown in FIGS . 5A and 5B are 

indicated by “ To / From 1 ” , “ To / From 2 , and “ To / From 3 ” . are used for three - phase converter embodiments , one mod Referring to the embodiment of FIGS . 4A - 4B , control of ule for each phase . The input AC voltage Va is one of three a three - phase single - stage LLC PFC AC - DC converter may phases of a three - wire three - phase AC power supply ( i.e. , the include input voltage sensing circuits R -R2 , R3 - R4 , and 
mains power , typically low frequency ( e.g. , 50 Hz or 60 Hz ) . 15 Rs - Ro , input current sensing circuits , Rsen , Rseny , and 
Rectifier diodes Dr1 - Dr4 in a full - bridge configuration pro- Rseng together with respective operational amplifiers 42a , 
vide DC power to the single - stage PFC module 20. An 42b , and 42c , and output voltage sensing resistors R7 - R8 . 
output capacitor Co is connected in parallel with the load , An average current calculator 44 receives the outputs of the 
shown as R? . The output voltage is a DC voltage with a operational amplifiers 42a , 42b , and 42c , and the average 
double line frequency component . As noted above , the 20 input current is calculated and used for power factor cor 
single - stage PFC module may be implemented with a reso- rection . In the digital control block 45 signals from input and 
nant converter or a pulse width modulation ( PWM ) con- output voltage sensing circuits and the average current 
verter . calculator 44 are digitized using analog - to - digital converters 

FIG . 2B is a generalized circuit diagram showing a ( ADC ) , sampled ( sample & hold , S / H ) . The sampled output 
three - phase single - stage PFC converter according to 25 voltage is compared with a reference voltage 46 and used for 
embodiments described herein . Each of the three modules comparisons with the input voltage and current signals . 
20a , 206 , 20c , together with the rectifier circuits , is identical . Outputs of the comparators are processed using PI compen 
The input AC voltage to the rectifier for each module is one sators and multipliers to generate phase current reference 

signals at 47a , 476 , 47c , and gate driving signals are of the three phases A , B , C of a three - wire three - phase AC power supply ( i.e. , the mains power ) . As shown in FIG . 2B , 30 generated for the switches of the PFC modules of each 
the three - wire three - phase AC power supply may have , e.g. , phase . Hence , there is one voltage control loop to realize 

output voltage regulation and each phase has its own current a star or delta connection , and may be referred to herein as control loop to realize PFC individually . Control of a three a “ true ” three - phase power supply . Capacitors Cf connected phase single - stage PFC converter with LCC PFC modules 
between each of the three AC phases , are used to create a may be implemented similarly to that for the LLC modules . 
neutral point that is connected to the common point of the 35 Referring to the embodiment of FIGS . 5A - 5B , control of 
three rectifier circuits . In this way , each rectifier receives a three - phase single - stage isolated PWM boost PFC AC - DC 
only the phase voltage and not the line voltage . The outputs converter may be implemented similarly to that described 
of the three modules are connected together in parallel above . In the digital control block 55 ( FIG . 5B ) , processing 
across an output capacitor Co , which is connected in parallel of the sampled / compared signals following PI compensation 
with the load . The output from each single - stage module is 40 includes adjusting the duty cycle of each phase at blocks 
a DC voltage with a double line frequency component . 57a , 57b , 57c , with subsequent generation of the gate 
When the three DC outputs are connected together in driving signals for the switches of the PFC modules of each 
parallel the double line frequency components are com- phase . As in the above case for LLC ( LCC ) PFC modules , 
pletely or substantially cancelled , avoiding the need for a there is one voltage control loop to realize output voltage 
large electrolytic output capacitor , and resulting in a com- 45 regulation and each phase has its own current control loop 
pletely or substantially ripple - free DC output voltage at the to realize PFC individually . 
load using only a small output capacitor . Further description will now be provided for a single 
As noted above , a single - stage PFC module may be stage LLC PFC module , as a non - limiting example . 

implemented with various converter designs . These may Design Considerations for a Three - Phase Single - Stage LLC 
include frequency controlled converter modules or pulse 50 PFC Converter 
width modulated converter modules . For example , FIGS . 3A The following equations are used for an LLC tank circuit . 
and 3B are circuit diagrams showing embodiments of a 
single - stage PFC module 30a , 30b implemented with a LLC 
converter and a LCC resonant converter , respectively , and ( 1 ) fr = FIG . 3C is a circuit diagram showing an embodiment of a 55 22VL , C 
single - stage PFC module 30c implemented with an isolated 
PWM boost converter . In all embodiments the rectified AC fp = 
voltage feeds the primary side of a full bridge of the 27V ( L , + LC 
converter and the output voltage is a DC voltage with a small 
ripple at double the line frequency . The PFC operation of the 60 R ? LY ( 3 ) 

Q LCC resonant converter is similar to that of the LLC 8n2 Cr RL 
converter , which may be realized by changing the switching ( 4 ) frequency between the series resonant and parallel resonant GLLC ( total ) 
frequencies . For the isolated PWM boost converter , PFC 
operation may be realized by changing the duty cycle of the 65 fr 
main switch ( S ) between the minimum duty cycle and the 
maximum duty cycle . The embodiments apply only a low 
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In ( 3 ) n is the turns ratio of the transformer and is defined ( 2 ) as fp = 139.6 kHz . For PFC operation , the minimum 
as n = N , N ,. In ( 4 ) K is the inductance ratio and is defined switching frequency is set to about f , to ensure operation in 
as K = Lm / L . ,, and f , is the frequency ratio and is defined as the inductive area and the maximum switching frequency is 
fn = fz / f In PFC operation the instantaneous output power of set slightly high than f , to ensure output voltage regulation 
an LLC converter is changing based on the phase angle ( 0 ) 5 at maximum voltage gain requirement . 
and hence to achieve high output power an LLC converter 
should achieve different gains at different input voltage EXAMPLE 
levels . For a lossless circuit the instantaneous output power 
is calculated as follows : A three - phase single - stage LLC PFC AC - DC converter 

Pour ( O ) = Pin ( O ) = vin ( O ) ' in ( O ) = 2Vin ( RMS > / in ( RMSysin ( 0 ) 2 = 2 was simulated using PSIMTM software ( Powersim , Rock 
sin ( 0 ) P. ( 5 ) ville , Md . , USA ) . FIGS . 4A - 4B show the schematic diagram 

From ( 5 ) , the maximum instantaneous output power of the three - phase single - stage LLC PFC AC - DC converter 
occurs at 0 = 90 ° and is equal to twice the rated output power with its sensing circuits and digital control implementation . 
and the input voltage is equal to 1.414 Vin ( RMS ) . The instan Table I shows the set of parameters used for the simulations . 
taneous output power at 0 = 45 ° is equal to the rated output 15 The voltage gain requirement for an LLC tank with different 
power and the input voltage is equal to Vin ( RMS ) . The phase angles or output powers is plotted in FIG . 6 using the 
instantaneous output power at O = 30 ° is equal to the rated parameters of Table I. 
output power and the input voltage is equal to 0.707V in ( RMS ) : 
As three identical single - phase PFC modules TABLE I 

employed in a three - phase converter , only design guidelines Parameters used in the simulation . for one PFC module will be discussed . The first step of the 
design procedure is to find the transformer turns ratio ( n ) Values / Description 
based on the input and out voltages of the LLC PFC Output Power ( P. ) 3 kW converter . In PFC application the minimum voltage gain is Input Voltage ( Vg1 , V required at 0 = 90 ° when the input voltage is at its peak value Output Voltage ( V. ) 
( VŽVin ) . In order to consider line voltage fluctuations , the Switching Frequency ( fs ) 
maximum input voltage should be considered at 0 = 90 ° . The Parallel Resonant Inductor 

( Lm ) transformer turns ratio is found such that the minimum gain Series Resonant Inductor ( L ) of the LLC PFC is achieved in the inductive area and at or Series Resonant Capacitor ( CN ) 
near the series resonant frequency f ,, where the LLC voltage Transformer Turns Ratio 15:16 
gain is unity . The maximum required voltage gain in PFC ( N : N ) Input Filter Inductor ( LJ ) application should be theoretically infinite to compensate for 100 ?? 

Capacitor ( CD ) 1 uF line voltage zero crossing regions . However , if the minimum Input Capacitor ( Cin ) 
switching frequency of an LLC PFC AC - DC converter is set Output Capacitor 
at the parallel resonant frequency ( fp ) of the LLC resonant ( C1 , C2 , C3 ) 

Input rectifier ( D , 1 - D , 12 ) IDW30E65D1 , 650 V 30 A tank , a high - power factor can be achieved . ( Infineon Technologies AG ) 
Switches ( S1 - S12 ) GP165015TO , N - channel 650 V 

15 A GaN power HEMT 
V. V. ( GaNPower International Inc. ) ( ) 40 Output rectifier ( D. - D12 ) STPSC10065GY , 650 V power 

V2 Vin ( RMS ) sin Schottky silicon carbide diode 
( ST Microelectronics ) 

( 6 ) 
GLLC ( total ) XGLLC ? Gmin 

It is noted that MOSFETs could be substituted for the 
Np ( 7 ) 45 input rectifier diodes ( e.g. , IPW65R045C7 650 V C7 power V2 V max transistor ( Infineon Technologies AG ) ) and for the output N. VO rectifier diodes ( e.g. , IPT60RO50G7 600 V G7 power tran 

sistor ( Infineon Technologies AG ) ) . 
When the turns ratio is calculated from ( 7 ) the total required FIG . 7 shows the simulation results for input voltages and 
gain at the parallel resonant frequency and O = 90 ° for the 50 currents for all three phases at 380 VAC RMS three - phase 
LLC tank should be higher than input voltage fluctuations as input voltage and 400 VDC output voltage at full load . The 
follows : measured power factor was close to unity ( > 0.999 ) and all 

three phases exhibited good performance . Moreover , the 
output voltage of the three - phase single - stage PFC converter 

( 7 ) 55 had substantially no double line frequency ripple and the 
GLLC ( total ) > peak - to - peak voltage ripple was about 0.04 V ( -0.01 % ) . 

FIG . 8 shows the resonant current and input voltage of the 
first phase for one line cycle at 380 VAC RMS three - phase 

The converter is connected to a three - wire three - phase input voltage and 400 VDC output voltage at full load . It is 
system with 20 % fluctuations and it regulates the output 60 clear that the peak input voltage is below 400 V , hence 650 
voltage to a constant value . Although a constant output V GaN HEMTs can be used to improve high frequency 
voltage is considered for simulations , wide output voltage switching performance and to reduce the volume of the 
variations also can be incorporated into the design . Consid- converter . Moreover , the peak of the resonant current occurs 
ering 400V output voltage , the transformers turns ratio can in peak of input voltage ( 0 = 909 ) . 
be calculated from ( 3 ) as n = xV2x220 * 1.2 / 400 = 0.93 . The 65 FIGS . 9A - 9C show the resonant current and parallel 
maximum switching frequency is set to about 250 kHz and inductor current for the first phase with different input 
the minimum switching frequency can be calculated from voltage phase angles ( = 30 ° , 0 = 45 ° , and 0 = 90 ° , respec 
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tively ) , considering 380x1.2 V RMS three - phase voltage . It [ 12 ] Y. Jang , et al . , A new , two - switch , isolated , three - phase 
is clear that the operating point at 0 = 90 ° is close to the AC - DC converter , 2018 IEEE Applied Power Electronics 
resonant frequency , confirming that ZCS is achieved for the Conference and Exposition ( APEC ) , San Antonio , Tex . , 
output diodes ( D - D 2 ) . pp . 60-67 . 

5 [ 13 ] Y. K. E. Ho , S. Y. R. Hui and Yim - Shu Lee , Charac 
EQUIVALENTS terization of single - stage three - phase power - factor - cor 

rection circuit using modular single - phase PWM DC - to 
While the invention has been described with respect to DC converters , IEEE Trans . Power Electron . , vol . 15 , no . 

illustrative embodiments thereof , it will be understood that 1 , pp . 62-71 , January 2000 . 
various changes may be made to the embodiments without 10 [ 14 ] B. Tamyurek and D. A. Torrey , A three - phase unity 
departing from the scope of the invention . Accordingly , the power factor single - stage AC - DC converter based on an 
described embodiments are to be considered merely exem interleaved flyback topology , IEEE Transactions on 
plary and the invention is not to be limited thereby . Power Electronics , vol . 26 , no . 1 , pp . 308-318 , January 

2011 . 
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3. The three - phase AC - DC converter of claim 1 , further first , second , and third input DC voltages and respec 
comprising first , second , and third input filters connected tively produce first , second , and third output DC volt 
between the first , second , and third input terminals and the ages ; 

first , second , and third rectifier circuits . connecting the first , second , and third output DC voltages 
4. The three - phase AC - DC converter of claim 1 , wherein 5 together in parallel to produce a final output voltage ; 

sensing the first , second , and third input DC voltages and each of the first , second , and third single - stage PFC modules input DC current of the first , second , and third single comprises a resonant converter . stage PFC modules , and using a controller to control 5. The three - phase AC - DC converter of claim 4 , wherein the first , second , and third single - stage PFC modules 
each of the first , second , and third single - stage PFC modules according to a single control parameter determined 
comprises an LLC resonant converter . from the sensed voltages and currents ; 

6. The three - phase AC - DC converter of claim 4 , wherein wherein the first , second , and third single - stage PFC 
each of the first , second , and third single - stage PFC modules modules provide simultaneous PFC operation and out 
comprises an LCC resonant converter . put voltage regulation with soft - switching . 

7. The three - phase AC - DC converter of claim 4 , wherein 13. The method of claim 12 , comprising connecting at 
the single control parameter is switching frequency and is least one non - electrolytic output capacitor in parallel with 

the final output voltage . used by the controller to generate phase current reference 14. The method of claim 12 , wherein each of the first , signals for the first , second , and third single - stage PFC second , and third single - stage PFC modules comprises a 
modules ; resonant converter . 

wherein the controller uses the phase current reference 20 15. The method of claim 14 , wherein each of the first , 
signals to generate gate driving signals for one or more second , and third single - stage PFC modules comprises an 
switches of the first , second , and third single - stage PFC LLC resonant converter . 
modules ; 16. The method of claim 14 , wherein each of the first , 

wherein simultaneous PFC operation and output voltage second , and third single - stage PFC modules comprises an 
regulation with soft - switching is provided by the first , 25 LCC resonant converter . 
second , and third single - stage PFC modules . 17. The method of claim 14 , wherein the single control 

8. The three - phase AC - DC converter of claim 1 , wherein parameter is switching frequency and is used by the con 
each of the first , second , and third single - stage PFC modules troller to generate phase current reference signals for the 
comprises an isolated PWM boost converter . first , second , and third single - stage PFC modules ; and 

9. The three - phase AC - DC converter of claim 8 , wherein wherein the controller uses the phase current reference 
the single control parameter is duty cycle and is used by the signals to generate gate driving signals for one or more 

switches of the first , second , and third single - stage PFC controller to adjust a duty cycle of the first , second , and third modules ; single - stage PFC modules ; 
wherein the controller generates gate driving signals for wherein simultaneous PFC operation and output voltage 

one or more switches of the first , second , and third 35 regulation with soft - switching is provided by the first , 
single - stage PFC modules ; second , and third single - stage PFC modules . 

wherein simultaneous PFC operation and output voltage 18. The method of claim 12 , wherein each of the first , 
regulation with soft - switching is provided by the first , second , and third single - stage PFC modules comprises an 

isolated PWM boost converter . second , and third single - stage PFC modules . 
10. The three - phase AC - DC converter of claim 1 , imple- 40 19. The method of claim 18 , wherein the single control 

mented in an electric vehicle charger . parameter is duty cycle and is used by the controller to adjust 
11. An electric vehicle charger comprising the three - phase a duty cycle of the first , second , and third single - stage PFC 

modules ; AC - DC converter of claim 1 . 
12. A method for implementing a three - phase AC - DC wherein the controller generates gate driving signals for 

converter , comprising : one or more switches of the first , second , and third 
using first , second , and third rectifier circuits to respec single - stage PFC modules ; 

wherein simultaneous PFC operation and output voltage tively rectify first , second , and third AC voltage phases 
of a three - wire three - phase AC input voltage , and regulation with soft - switching is provided by the first , 
respectively produce first , second , and third input DC second , and third single - stage PFC modules . 

20. The method of claim 12 , further comprising using the voltages ; 
using first , second , and third single - stage power factor three - phase AC - DC converter to charge an electric vehicle . 

correction ( PFC ) modules that respectively receive the 
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