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Abstract:

The paper proposes a novel zero-current-transition (ZCT) push-pull forward converter. The auxiliary resonant

cell is in parallel with the main circuit and the zero-current-switching (ZCS) range of the main and the auxiliary switches of

the proposed converter are entirely achieved. The resonant capacitor achieves high voltage by operating the auxiliary cell.

The auxiliary switch turns on before the main switches turn off, the high voltage of resonant capacitor blanks off the

rectifier, and then the current of the secondary windings and the primary windings reaches zero. The operation principle of

the new ZCT technique is detailed. And the key parameters to realize ZCS are calculated. The simulation and experiment

reveal that the above scheme is feasible. A family of ZCT circuit in isolated converters can be developed by the same

principle.
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The conventional push-pull converter suffers from
the flux imbalance of the transformer, and high turn-off
voltage spike of the main switches due to the
transformer leakage inductance''’.  The push-pull
forward (PPF) converter can eliminate the problems in
converter ™. PPF has the

advantages: (D The capacitor clamps the voltage

push-pull following
overshoot and recovers the leakage energy; (@ The
power transformer magnetizes symmetry and has no flux
imbalance problem; () This topology provides a
reduced input current ripple and requires a smaller
input filter than in conventional buck type converter.

To reduce switching losses, several kinds of ZCS
soft switching techniques have been proposed since the
7ZCS PWM switch cell was first proposed in Ref. [4].
In Refs.[4 — 6], ZCS of the active switches is achieved
by using a resonant inductor in series with the main
switch and a resonant capacitor in series with the
auxiliary switch. The main drawbacks of the ZCS
approaches are high current stress on the active
switches and high voltage stress on the diodes. In
Refs.[6 — 8], the resonating current for ZCS flows only
through the auxiliary circuit, thus the current stress of
the main switch is eliminated. However, it presents
two power diodes in the power transfer path, which
increases conduction losses of the diodes.

This paper proposes a novel ZCT PWM switch cell
that improves the previously proposed ZCS PWM
converters. The proposed cell provides ZCS condition

for both the main switches and the auxiliary switch.
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Since the resonant current for the soft switching flows
only through the auxiliary circuit, the conduction loss
and current stress of the main switch are minimized.
Design guidelines are described and verified by
experimental results from 17kW, 28.57V DC input,
757V DC output prototype converter operating at 1007
kHz. The ZCT push-pull forward converter is suitable

for the low input voltage and medium power range.
1 Operation Principle

Fig.1 shows the circuit diagram of the proposed
ZCT PPF. Where Npl = N, , N,and n = NS/Npl

Py
represent the winding turns of the primary, the
secondary, and the turns ratio of secondary to primary,
respectively. The duty ratio D is defined as: 27, /T,,
where T,is the on-time of each switch, T is the period

V./R, is the load
current. L;and C; are the filter inductor and capacitor,
and D,d2 , MOSFET 8S,,
resonant

of one switching cycle. [, =

o

respectively. The diodes D,

resonant inductor L, and capacitor C,

dashed

constitute the resonant cells shown in the
rectangle of Fig.1.

As the detailed operation mode of the push-pull
forward converter was mentioned in Ref.[2], we main-
ly give the principle concerned to the zero-current-
switching modes. In one switching cycle, the ZCT PPF
has 16 operating modes. The key operating waveforms
are given in Fig.2. To analyze the steady state

operation, the following assumptions are given[g] : All
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Fig.1 The proposed ZCS push-pull forward converter

components and devices are ideal; C is large enough to
be regarded as a const voltage source; the filter
inductor L; is much larger than the resonant inductor
L,; the output inductor and capacitor are large
enough, so L;, C; and R, are regarded as a const
current source.
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Fig.2 The key waveforms of ZCT PPF
1.1 Model [¢,,t]

Prior to t,, the main switches S, and S, in the
primary side are all off. The primary current freewheels
through V,,, -Np] - C—sz -V
1
2
current and magnetizing current flow through the diodes
(D,,Dy) and (D,,D,) equally. At t,, S, turns on,

the voltage nV,, is applied on the leakage inductance

, the current is [, =

nDI , which was proposed in Ref. [2]. The load

L, , the current i,)l increases linearly with the slope
in D,,D,
Accordingly the current in the primary

nV,/L,, and the current decreases

linearly.

windings NV, increases linearly from zero, so the main
switch S, turns on with snubbed zero-current. Until / b,
=1, ID2 = 0, the mode ends. The duration of this

= I,L,./(2nV,). The current in the

primary windings N, and the rectifier is obtained as

n Vin

mode is i

. 1

ip, (1) = 51+ (t - t) (1)
. 1 Vin

i, (1) = 5 1, = (1 = 1) (2)
. Vin

i (1) = Lo+ 5 7= 1) (3)

os

. nV
i, (1) =-1, +% 7

“(1 - 1) (4)

a8

1.2 Mode2 [¢,,¢,]

Prior to ¢, , the current of L, and the voltage of C,
are all zero. At ¢, the inductive voltage in the
secondary is applied on the resonant components L, and
C., L, and C, begin to resonant. At ¢,, the current of

resonant inductor equals to zero. As the diode Dﬂ]

prevents the current inversely, the resonant is

interrupted, and the voltage of C, equals to 2nV,,,

reaches the maximum. The duration of this mode is ¢,

= % T. = n +/L.C,. The current through L, and the
voltage of C, are obtained as
i (D) = " 2sine (1 - 1) (5)
ve (1) = nV,[1 - cosw(t - 1,)] (6)

The current through the primary windings and the
rectifier is
nV.

Z

r

in

ip, () =1, + sinw(t — t,) (7)

V.
Lo+ P nine(r - 1,)] (8)

ipI <t> = Ia\' + Zr

n
2
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V.
ipz(t) =-1, + %(IO + ansinw(t - tl))
(9)

So the current through the main switch S, can be
expressed as

is, (1) =i, (1) + i, (1) =

n(lo . ”ZVi“sinwu _ m) (10)

where Z, =/ L./C.; w = 1/ L,C,.

1.3 Mode3 [t,,t;]

In this period, the voltage of C, maintains the
voltage of 2nV,,, and the current through the secondary

n

21"’

windings is the load current. ip] (1) = 1, +

ip2<t) =-1, + %Iu.

1.4 Moded [¢,t,]

At t3, S, turns on with zero-current, C, and the
leakage inductance begin to resonant, i, decreases
until it reaches zero at ¢,. The voltage of C, is
1-(Z,1,/(nV,))?]

(11)

The current through the rectifier and the auxiliary

Vcr(z4) = nVinl:l +

switch S, is obtained as

nV.

Z,

in

iD1 (¢) =1, - sinw, (t - t3) (12)

V.

is (¢) = %sinw,(t— t3) (13)
# 1

The voltage of the resonant capacitor is: V. (1)

= nV,[1 + cosw, (t — t;)].
And the duration of this mode is

21y (15)

nV,
where Z, =/ L,,/C.; w, = 1/ L,C,.
1.5 Modes 5 and 6

1 .
ty = —arcsm(
W

[t,,t6]

The resonant capacitor is discharged through S,,
and the discharge current equals to the load current 7,
and no energy is transferred to the secondary windings

from the primary at this mode. The voltage of C, is:
I
vcr(t) = VCI_(t4) - ?U(t — t,). The main switch S,

can be turned off with zero-current at t5. At ty, the
voltage of C, reaches zero. The duration from ¢, to 4 is

s = C. Ve (1)/1, (16)

1.6 Modes7 and 8 [¢, ;]

The rectifier continues the load current from the
moment t¢. The auxiliary switch S, can be turned off
with zero-voltage and zero-current. At ¢y, the main
switch S, turns on with zero-current snubber, and the

next half cycle begins.
2 Design Guidelines

2.1 L,and C,

The next three factors restrict the value of the
resonant components.

The resonant impedance is large enough to deduce
the current stress caused by resonance. Generally,

nVo./Z, = (1/2t03/4)1,,. (17)

This is a merit of ZCT scheme, which means the
increased resonant current can be less than the
maximum load current. So the current stress of the
main switches is less than that in ZCS scheme.

The resonant cycle should be short enough to
minimize its impact on the pulse-width-modulation
control. Generally, T, = (6 to 15)T,.

The duration of C, discharging ([ t,,1]) is large
enough to easily control the main switches turn off with

zero-current, i.e. L, = C,Ve (1,)/1,,, should be

large enough.
2.2 Semiconductors

From Eqs.(7) and (17), the maximum current

through the rectifiers is obtained as

nVin 3 7
[D] max — Iumax + Zr = ( 5 to Z) Iomax . From Eq
(10), the current stress of the main switches is I, =

(i to l) nd g -
) 4 omax

Because the resonant cycle is very short, the
root-mean-square (RMS) current value of the rectifier
diodes increases little. But the voltage stress of the

rectifier is 2 times of original value.
3 Experimental Results

A prototype (V,, = 217V to 347V, V., = 757V,
and P, = 17000?7W) was built to evaluate the
performance of ZCT PPF DC-DC converter. The
switching frequency of main switches is 1007kHz. Fig.
3 and Fig.4 are the key waveforms of the converter
when the load current is 107A. Fig.3 shows the voltage

and current waveforms of the resonant capacitor C, and
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the secondary windings N, - The four channels in Fig.

3 are as follows. (D The voltage of grid and source of
S, Vgsl ; @ The voltage of grid and source of auxiliary

switch S,, Vs 3 ® The voltage of resonant capacitor,
Ve ;3 @ The current through secondary side i_. Fig.4

shows the voltage and current waveforms of the diode
D, and the resonant current through L,. The four
channels in Fig.4 are as follows: (D The voltage of grid
and source of S;, V. ; @ The voltage of grid and
source of auxiliary switch S,, V5 5 @ The voltage of
diode D, Vi 3 @ The current through the resonant
inductor, i, . The current through secondary windings
increases linearly with snubbed when S, turns on and it

reaches zero before the main switch S, turns off. So the

main switches turn on

-20

t/ps

Fig.3 The voltage and current waveforms of the resonant

capacitor C, and the secondary windings NV,

with snubber zero-current and turn off with zero-

current. The experimental waveforms verify the

theoretical analysis.
4 Conclusion

The paper proposes a novel zero-current-transition
(ZCT) push-pull forward converter. The auxiliary cell
is in parallel with the main circuit and the zero-
current-switching (ZCS) range of the main and the
auxiliary switches of the proposed converter are entirely
achieved by operating the auxiliary cell. The high
voltage of the resonant capacitor blanks off the output
of the rectifier before the main switches turn off, so the
current through the main switches reaches zero before
they turn off. The experimental results reveal that the

scheme is feasible. A family of ZCT circuit in isolated

0 2 4 6 8 10
t/ps
Fig.4 The voltage and current waveforms of the diode D,

and the resonant current through L,

converters can be developed by the same principle.
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