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Abstract- This paper proposes the use of a three-phase ver- 
sion of the hybridge rectifier in the three-phase ZVS dcldc 
converter with asymmetrical duty cycle. The use of this new 
rectifier improves significantly the efficiency of the converter 
because only three diodes are responsible for the conduction 
losses in the secondary side. Besides, the current in the secon- 
dary side of the transformer is half of the output current. In 
addition, all the advantages obtained in the three phase dcldc 
converter, i.e. the increase of the frequency of the output and 
input currents, the improved distribution of the losses as well 
as the soft commutation for a wide load range, are preserved. 
Then, the resulting topology is viable to achieve high efficiency 
and high power density at high power levels. The theoretical 
analysis, simulation and experimental results obtained with a 
prototype of 6kW, as well as the comparison of the efficiency 
with the full bridge rectifier are presented. 

Zndes Terms- three phase dc/dc converter, asymmetrical 
duty cycle, hybridge rectifier. 

I. INTRODUCTION 

Nowadays, the main topology used in high power dcldc 
conversion is the ZVS PWM Full Bridge converter [1][2]. It 
is characterized by four switches operating in high fre- 
quency. The soft commutation can be obtained by using 
phase shift modulation, which preserves the simplicity and 
achieves high power density. 

However, for higher power levels, the components face 
several stresses. As possible solutions, the parallelism of 
components or even converters can be applied. The former 
choice increases the complexity of the compromise between 
the layout circuit and the thermal design. Besides that, one 
should consider that the dynamic and static current sharing 
problem limits its application. The other alternative causes 
redundancy in the control circuits as well as in the number 
of power components and drivers, increasing the global cost 
and size of the equipment. 

A prominent alternative was proposed by Ziogas [3]. It 
uses a three-phase inverter coupled to a three-phase high 
frequency transformer and to a three-phase high frequency 
rectifier. The resulting advantages consist in the increase of 
the input and output current frequency. by a factor of three 
compared to the Full Bridge converter, lower rms current 
through power components and reduction of the cores. 

Although it presents satisfactory advantages, soft c o m u -  
tation has not been achieved, which limits the switching fre- 
quency and the power density. Then, the use of the asym- 
metrical duty cycle [4] in the three-phase dc/dc converter 
was proposed [5], in order to provide the ZVS commutation 
of all switches for a wide load range. Nevertheless. the re- 

sulting topology suffers high conduction losses, since two 
series diodes conduct the load current. 

11. TNE PROPOSED THREE PHME HYBRIDGE RECTIFIER 

In order to overcome the efficiency limit imposed by the 
full bridge rectifier used in [5], the extension of the hy- 
bridge converter [6] for its three-phase version is proposed, 
as shown in Fig. 1. This rectifier is formed by only three 
diodes and three inductors. but provides the same optimum 
transformer utilization as the four diode Full-Bridge recti- 
fier. Additionally, current through secondary winding is a 
half of the output current. On the other hand, although the 
inductors size is theoretically maintained, the three separate 
inductors will actually occupy a greater volume. In order to 
avoid this penalty, these inductors can be combined into a 
three-phase core. Since the waveforms obtained with such 
inductor configuration are different. the study of this alter- 
native will consist in the scope of subsequent works. 
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Figl. - Three-phase ZVS dc/dc converter with the hybridge rectifier. 

111. OPERATING MODES 

The study of the waveforms relevant to the proposed 
converter reveals the existence of several operating modes, 
depending on the duty cycle and output current. Each oper. 
ating mode has distinct sequences of stages and they will be 
named as DMIN, DMED and DMAX. 

A.  Stages in DMIN operation niode (Fig. 5) 

First stage (Fig. 2 ) :  the switch S, turning off causes the 
linear transition of all line currents. The rectifier diodes DI ,  
D2 and D3 conduct and the currents in the output inductors 
decrease linearly. 

Second stage (Fig. 3):  at the moment when current iLdc 
reaches iL3, the diode D3 is blocked and energy is trans- 
ferred to the load. 

Third stage (Fig. 4): the switch Ss turning off ceases the 
energy transference and causes a freewheeling stage to be- 
gin. in which all currents and voltages remain constant. until 
switch S, turns off. Then, the same behavior is assumed for 
the remaining switches. 

0-7803-7912-8/03/$17.00 0 2003 IEEE 516 



w 
Fig. 3 - Second stage in mode Dh4IN. 
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Fig. 5 - Main wavefonns in mode DMIN. 

B. Stages in DMED operation mode (Fig. 9) 

First stage (Fig. 6 ) :  the switch S, turning off causes the 
linear transition of the line currents in phases a and c. The 
rectifier diodes DI and D3 conduct and nearly a half of the 
input voltage is transferred to the load. 

Second stage (Fig. 7): at the moment that current iLdc 

reaches iL3 the diode D3 is blocked and energy is transferred 
to the load. 

Third stage (Fig. 8 ) :  the switch S, turning off causes D2 
to be forward biased, but energy continues to be transferred 
to the secondary until the switch S, turning o€€. Then. the 
same behavior is assumed for the remaining switches. 

Fig. 6 - First stage in mode DMED. 

D, 

nd stage in mode DMED 

C. Stages in DMAX operation mode ( F ~ s  I3  i 

First stage (Fig. 10): the switch S, ttirniiig oll' c;itises all 
rectifier diodes to be forward biased. Tllcn. no cnergy is 
transferred to the load and the currents dccrcasc according 
to the output voltage. 

Second stage (Fig. 1 1 ) :  at the moment that Si turns off- a 
linear transition between the line currents Ci and c begins. 
Besides a half of the input voltage is transfeiied to the load. 

Third stage (Fig. 12): when the line cut-rcnl in phase c 
reaches iL3, diode D3 is blocked and an energ transference 
stage begins. 
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Fig. 10 - First stage in mode DMAX. 
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where Ld=Ldo=Ldb=Ldc are the transformer leakage in- 
ductances, ( rL I=Lz=L3  is output filter inductance, V,, is 
the input voltage and T, corresponds to the switching pe- 
riod. as all the parameters are referred to the secondary side 
of the transformer. 
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DMED 
STAGE STAGE STAGE 

1 2 3 
0 0 0 

IV. OUTPUT CHARACTERISTIC AND SOFT 
COMMUTATION CONDITION 

DMAX 
STAGE STAGE STAGE 

1 2 3 
0 0 0 

From the theoretical analysis shown in Table 1, one can 
state the conditions for each operating mode as well as the 
respective output characteristic, as shown in Table 2. One 
can see that the equations describing each operating mode 
do not include an interval between DMIN and DMED. In 
this interval, named DINT, a linear transition stage is inter- 
rupted by the turning off of one switch, as another linear 
transition stage with different derivative begins. Its output 
characteristic is considered constant and given by: 

1 G = - - I '  
3 "  

Then, the graph of the output characteristic versus duty 
cycle can be plotted. as shown in Fig. 14. In addition, Table 
2 shows the load condition for soft commutation, where 
z, = m. The constant value in the numerator is present 

because the currents in the output inductors are one third of 
the output current. Besides, the constant value in the de- 
nominator represents the leakage association in each operat- 
ing mode. In the modes in which there is no minimum load 
condition to get ZVS commutation, the output inductors are 
connected in series with the switches. 
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Table 2 
Operation modes conditions and output characteristic. 

DMIN DMED 
1 1 2 

Conditions D > I ; A D I ?  D > T + 2 1 ; ~ D _ < T  

-.. 1.......***.........---........**...***.*....- 
* * * . -  
* . * . -  . . * .  I 1)RefA: JOOVOlt 5 U$ II 

: 2)RftfB: i10A $us 31 , , r I I I 1 '  

G =  D - 3 4  
Load condition for soft 

commutation of switches 

Load condition for soft 1.5 Y,, 1; >-- 

G = 2 - 2 0 -  31; 

0 
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Fig. 14 - Output Characteristic. 

V. SIMULATION AND EXPERIMENTAL RESULTS 
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Fig. 15 - Main waveforms of the circuit in mode 
DMED obtained via simulation. 

Table 3 
Siinulation parameters set. 

In order to obtain the experimental results, a prototype 
with the same parameters set used in simulation has been 
built. The following results were obtained with the con- 
verter operating in the maximum output voltage mode. Fig 
16 shows current and voltage in switch Sj, in which ZVS 
commutation can be visualized. In addition, Fig. 17 presents 
the obtained waveforms in switch S6, where, one can see 
that all switches commutate in ZVS mode. 
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Fig. 17 - Voltage on switch Sj and current in Ldc 

519 



t..... ......................................... . . . .  * * .  * A  

+ * * * -  
* * * .  

- .  * * . -- 
L 5 ) E f k .  * 2 a A . 5 u s * . :  * * ,  ;; f . . * 1 * * *. 1 * * * 1 t 1 * * .  * * .: 
I 6 )  RkfA. 2 0 A  5 us : TI ' * + * -  

* * * . -  . . . .  1 7 ) R ~ f A .  ; 2 0 A + u s  i II , 1 

L.* ...........*.....**.A*.**....... ........ 

. * * .  . . . . .  
* * . I  

L . .  I . L * + *  * A  

Fig. 18 - Line currents imo,, im and imc 

Fig. 18 shows the obtained line currents iLdn. iLdb and iLdc. 

The waveforms demonstrate satisfactory equilibrium among 
the line currents. In Fig 19, one can see the currents in out- 
put inductors L,, L1 and L j .  A difference equal to 15% of 
the output current between the currents iLl and iL3 was meas- 
ured but considered acceptable. i i  ............................................ . * . .  * . .  . .  
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Fig. 19 - Voltage and current in switch s 6 .  

Fig. 20 shows that the use of a three-phase version of the 
Hybridge rectifier improves substantially (about 2%) the 
efficiency of the three-phase Z V S  dc dc converter with 
asymmetrical duty cycle when compared to the three-phase 
Full-Bridge rectifier. 
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Fig. 20 -Efficiency obtained with the Hybridge rectifier 
and with the Full-Bridge rectifier. 

VI. CONCLUSIONS 

This paper has presented the use of a three-phase version 
of the hybridge rectifier, in the three-phase dc dc converter 
with asymmetrical duty cycle. This approach has improved 
substantially the global efficiency of the com'erter (about 
2%) since only one diode conducts the load current. 

In the Hybridge configuration, the output filter volume is 
theoretically maintained and only three recti l ie r  diodes are 
used. In addition, the sink requirements tor theses semicon- 
ductors are smaller, since that losses are dramatically re- 
duced in the secondary side. 

The theoretical waveforms as well as the output charac- 
teristic and the soft commutation conditions h a w  been ana- 
lyzed for all operational modes. Furthemiorc. ;I prototype of 
6kW of the proposed converter has been de\.eloped in labo- 
ratory and the relevant results are presented. 

VII. REFERENCES 

[l]  I. Barbi, W.A. Filho, "A Non-Resonant Zcio \'olt:igc Switching 
Pulse Width Modulated Full-Bridge DC/IX' C ' o i i t  cner." i n  Proc. 

R.L. Steingenvald, K.D.T. Ngo, "Full-Bridge I .o~sless Switching 
Converter," U.S. Patent 4864479, Sept 5.  I ')S" 
P.D. Ziogas, A.R. Prasad, S. Manias, "Analysis ;inJ 1 1 c ~ i y  of a three 
phase off-line dc-dc converter with high ficqwnc\ istd:ition." IN 
Proc IAS 88, pp. 813 - 820 

[3] N. Mohan, P. Imbertson, "Asynmetrical dut! c \c l c  permits zero 
switching loss in PWM circuits with no e ~ t i d ~ ~ e ~ ~ o ~ ~  Io'i penalty,'' 
IEEE Transactions on Industry Applications. \ 01 2 ~ )  no I. janlfeb 

D.S. Oliveira Jr, I Barbi, "A dcidc ZVS t l i t c ~ ~  Iili;izc c{)ii \ci~er with 
asymmetrical duty cycle." under subinissioii iii 11.1 .1  I iansactions 
on Power Electronics. 
C. Peng, M. Manningan, 0. Seiresen. "A ne\\ clticiciir hid1 fre- 
quency rectifier circuit," Proceding of HFI'C' I < P I  I .  I ~ I I O I I I ~ I .  Canada. 
pp. 282-292, June 9-13, 1991. 

IECON 1990, pp 1051-1056. 
[2] 

[3] 

1993. pp 121-125 
[SI 

[6] 

520 


