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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 dc/dc
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 dc/dc
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 te 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.

Index Terms— three phase dc/dc converter, asymmetrical
duty cycle, hybridge rectifier.

I. INTRODUCTION

Nowadays, the main topology used in high power dc/dc
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 commu-
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-
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sulting topology suffers high conduction losses, since two
series diodes conduct the load current.

11. THE PROPOSED THREE PHASE 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 mode (Fig. 5)

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

Second stage (Fig. 3): at the moment when current 7y,
reaches i;; the diode D; is blocked and energy is trans-
ferred to the load.

Third stage (Fig. 4): the switch S;s 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.
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Fig. 5 — Main waveforms in mode DMIN.

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

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

Second stage (Fig. 7): at the moment that current iq.
reaches i;; the diode D; is blocked and energy is transferred
to the load.

Third stage (Fig. 8): the switch S; turning off causes D,
to be forward biased, but energy continues to be transferred
to the secondary until the switch S, turning off. Then, the
same behavior is assumed for the remaining switches.
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Fig. 9 — Main waveforms in mode DME:D

C. Stages in DMAX operation mode (Fig. 13)

First stage (Fig. 10): the switch S, turning oft causes all
rectifier diodes to be forward biased. Then. no energy is
transferred to the load and the currents decrease according
to the output voltage.

Second stage (Fig. 11): at the moment that S, turns off, a
linear transition between the line currents ¢ and ¢ begins.
Besides a half of the input voltage is transferred to the load.

Third stage (Fig. 12): when the line current in phase ¢
reaches i;;, diode D; is blocked and an energy transference
stage begins.
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Fig. 12 — Third stage in mode DMAX.

According to the previously presented operation modes,
the time intervals and voltages on the output filters, corre-
sponding to each topological state can be obtained, as
shown in Table 1. For simplicity, the parameterized current
1,’ and inductance factor & are defined as:
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Fig. 13 — Main waveforms in mode DMAX.
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where L,=L,,=Ls=L4- are the transformer leakage in-
ductances, L,=L;=L,=L; 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.

Table 1
Voltages on the output inductors and time intervals.
DMIN DMED DMAX
STAGE STAGE STAGE STAGE STAGE STAGE STAGE STAGE STAGE
1 2 3 1 2 3 1 2 3
Vi1 0 0 0 0 0 0 0 0 0
Vv -V V. -V, V. =2V, V. -V,
Viz 0 0 0 ( n 0 ) ( n 0 ) 0 0 ( in 0 ) ( in 0 )
3k+2 3k+1 3k+2 3k+1
V.=V, V. -V, V. -V, vV -V
wl o |G| . h) | ) | . A
L5k+1 3k+1 k+1 3k+1
1 .
At 1 DT, -1, T:(E—D] 21 TS[D—éj—Zlg ];(%—Dj TS[D—%j 21 TS(I—D)—ZI(')
G:l—Q 3

IV. OUTPUT CHARACTERISTIC AND SOFT
COMMUTATION CONDITION

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:
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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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Fig. 14 — Output Characteristic.
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V. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the theoretical analysis, simulation re-
sults concerning this topology, with the parameters set
shown in Table 3, are presented in Fig. 15.

As it can be noticed in Fig. 12, the waveforms are typi-
cally referent to the mode DMED. The line currents 774, izas
and i, are unbalanced, what suggests a special adjustment
in the practical implementation of the output inductors. The
remaining waveforms validate the theoretical analysis.
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Fig. 15 — Main waveforms of the circuit in mode
DMED obtained via simulation.
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DMIN DMED DMAX
. , 1 1., 2 2 ,
Conditions D>10/\D$§ D>§+210/\D_<_§ D>§/\DSI—10
Output Characteristic G=D-1, G=D-31, G=2-2D-31;
Load condition for soft , 37,
commutation of switches 0 0 I; > T;‘
S:, Sie Ss 2 0
Load condition for soft 7 3 TV )7 1.5V
commutation of switches ) > =" o > == 0
S1,Ss e S 15 Z, V2 2,
Table 3
Simulation parameters set.
E Vin | N [P [ Lp | Le [ D] T [ Ik
R I S NI U~ AN W N S 420V | 2.25 | 6kW | 10uH | 45uH | 0.582 | 21.9us | 85A

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 Ss, in which ZVS
commutation can be visualized. In addition, Fig. 17 presents
the obtained waveforms in switch Ss, where, one can see
that all switches commutate in ZVS mode.
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Fig. 16 — Voltage and current in switch Ss.
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Fig. 17 — Voltage on switch S5 and current in Lg..
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Fig. 18 shows the obtained line currents iyq,, ira and iz
The waveforms demonstrate satisfactory equilibrium among
the line currents. In Fig 19, one can see the currents in out-
put inductors L;, L, and L;. A difference equal to 15% of
the output current between the currents i;; and i;; was meas-
ured but considered acceptable.
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Fig. 19 — Voltage and current in switch Se.

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 ZVS 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 converter (about
2%) since only one diode conducts the load current.

In the Hybridge configuration, the output filter volume is
theoretically maintained and only three rectifier diodes are
used. In addition, the sink requirements for 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 have been ana-
lyzed for all operational modes. Furthermore. a prototype of
6kW of the proposed converter has been developed in labo-
ratory and the relevant results are presented.
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