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SUMMARY
Soft-switching DC-DC converter using Phase-Shifted Pulse Width Modulation (PS-PWM) on secondary side of highfrequency transformer is described in the paper. The converter consists of a full-bridge inverter fitted with fast IGBT
transistors. The output power of the converter is controlled by rectifier made up of two snap-off diodes in series with
MOSFET transistors which is connected on secondary side of high-frequency power transformer. This topology can easily
achieve soft-switching operation also under low commutating current. The conduction losses are substantially reduced
compared with conventional soft-switching DC/DC converters. The converter has been designed for arc welding with output
power of 1.5 kW and switching frequency of 50 kHz.
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1. INTRODUCTION

2. OPERATING PRINCIPLE

Along with increasing demand for high power
density conversion the IGBT transistors are
preferred to MOSFETs in high power range
applications. IGBT transistors are designed for
higher rated voltages and currents and they have
lower conduction losses compared MOSFETs.
However, the IGBTs are slower than MOSFETs
(IGBT frequency is usually limited to 20 – 30 kHz)
because of higher switching losses which come from
the tail current at turn-off. Hence, if the IGBT
transistor is to be utilized for higher switching
frequencies the turn-off losses should be minimized.
A solution may be either zero voltage switching
(ZVS), which is effected by adding an external
snubber capacitor or zero current switching (ZCS).
Zero current switching seems to be more efficient
that zero voltage switching since the tail current
problem can be eliminated to a minimum by
removing the minority carriers before turning off
[1], [2].
The soft-switching techniques applied to the
power converters have attracted attention for its
peculiar advantages over the hard-switching
techniques such as low switching loss, high-power
density, EMI/RFI noise reduction and so on [5], [6],
[7], [8].
Most of full-bridge DC/DC converters are
controlled by Phase-Shifted PWM scheme. However
the soft-switching PS-PWM DC-DC converters have
some difficulties to be solved. The conduction losses
of conventional soft-switched converter are
relatively high due to the circulating current flowing
through the primary winding of the high-frequency
transformer during freewheeling period. The
converter needs a large commutating current in order
to ensure ZVS operation. The proposed DC-DC
converter can nicely solve these problems mentioned
above. As a result, the conduction losses caused by
circulating currents are substantially reduced
compared to those produced by conventional softswitching PS-PWM DC-DC converters.

The conventional basic DC-DC converter
operates with PS-PWM control at constant switching
frequency. Value of the output current is controlled
by change of the phase shift between the leading
(transistors VT1, VT4) and lagging leg (transistors
VT2, VT3), respectively.

Fig. 1 Scheme of the converter
On the contrary to classic solution pulse width
modulation with phase shift on secondary side of
high-frequency transformer is used in the proposed
PS-PWM DC-DC converter. The full-bridge inverter
VT1 – VT4 is controlled with constant switching
frequency and with no phase shift between leading
and lagging leg of the inverter. So the inverter only
operates with 50% duty cycle and thus cannot
influence the output voltage value. Switches S1, S2
in series with the output rectifier diodes DU1, DU2
are added to secondary winding of the power
transformer. The scheme is shown in Fig. 1.
Value of the output voltage or current is
controlled via the phase shift between the inverter
switchesVT1-VT4 and switches S1, S2 on secondary
side of high-frequency power transformer Tr. The
waveforms of the DC-DC converter with secondary
switches are shown in Fig. 2.
The operation principle of the proposed DC/DC
converter is described as follows.
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Fig. 4 Converter operation in the interval t1-t2
Interval t2<t<t3

Fig. 2 Waveforms of the converter
Interval t0-t1
In this interval the primary current flow through
inverter switches VT1, VT2, secondary current
through switch S1 and diode DU1. The energy is
transmitted from input to output of the converter
until the inverter transistors VT1 and VT2 are
turned-off at time t1.

When the switches VT3 and VT4 get gate
voltage signals during conducting time of diodes D3
and D4, then the switches VT3 and VT4 can turn-on
under ZVS. The energy is not transmitted from input
to output, because corresponding secondary switch
S2 is still closed. During this interval the primary
current I1 is approximately zero, no circulating
current flows through primary winding.

Fig. 5 Converter operation in the interval t2-t3
Interval t3<t<t4
Fig. 3 Converter operation in the interval t0-t1
Interval t1<t<t2
When the inverter switches VT1, VT2 are
turned-off at time t1, the commutation current
charges the capacities C1, C2 to DC input voltage
value VIN. The rate of rise of the collector voltages
of VT1, VT2 is slowed down by snubber capacitors
C1, C2 and thus the reduction of turn off losses is
ensured. The primary voltage V1 changes its
polarity. The diode DU1 is turned-off when primary
voltage V1 changes polarity from positive to
negative. At the end of this interval the capacitors
C1 a C2 are fully charged to input voltage VIN and
the capacitors C3 a C4 are discharged to zero
voltage and therefore the diodes D3, D4 start
conducting. The secondary switches S1, S2 are
turned off under ZCS and output current starts to
flow through freewheeling diode ND.

When switch S2 turns-on at t3 the freewheeling
diode current commutates to switch S2 under the
ZCS as a result of leakage inductance of the power
transformer. The current starts flow through primary
winding of the high-frequency transformer and the
energy is transmitted from input to output. The first
half period is finished at t4. The second half period is
symmetrical to first one.

Fig. 6 Converter operation in the interval t3-t4
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current appears as a result of delay time of the
control pulses.

3. EXPERIMENTAL RESULTS
Operation of the proposed converter was verified
on laboratory prototype. The result was measured at
input voltage VIN=300V. The maximum output
power of the converter was 2.5 kW at switching
frequency of 50 kHz.
The following components were used in the
power stage:
T1-T4 - IRG4PC50W, ultra-fast IGBT transistors
D1-D4 – HFA25PB60 , freewheeling diodes
DU1, DU2 – BYW 255V, output rectifier
S1, S2 - IRFP260 (two in parallel), output rectifier
Power transformer:
Lm = 2.85 mH, magnetizing inductance,
LL = 3.4 μH, primary leakage inductance,
n = 6, transformer turns ratio
Smoothing inductance:
L0 = 12 μH
Turn-off snubber:
C1 – C4 = 3.9 nF, snubber capacitances
Special PS-PWM controller UCC 3895 is
implemented for the converter current mode control.
It is easy to assemble an integrated gate driver
UC3708 with isolation transformer because duty
ratio for transistors is almost 50%.
The switch voltage vCE1 and switch current iC1 of
the transistor VT1 in the inverter is shown in Fig. 7.
The transistor is turned-on under zero-voltage
switching. Because of symmetry of the leg the
transistor VT4 works under the same operating
conditions.
The turn-off loss is reduced by capacitors C1, C4
acting as the nondissipative snubbers.

m vCE1
m iC1
mt
0 vCE1
0 iC1

3

= 100V/div
= 5A/div
= 5μs/div
= 0div
= -3div

m vCE1 = 50V/div
m iC1 = 1A/div
= 250ns/div
mt
0 vCE1 = -3div
= -3div
0iC

Fig. 8 Voltage vCE1 and current iC1 at turn-off of the
transistor VT1-detail

m vDS1 = 50V/div
m iD1 = 10A/div
= 5μs/div
mt
0 vDS1 = 0div
0 iD1 = -3div

Fig. 9 Voltage vDS1 and current iD1 of the transistor
S1

m v0
m i0
mt
0 v0
0 i0

= 20V/d
= 20A/d
= 250ms/d
= 0div
= -4div

Fig. 10 Output voltage v0 and output current i0 of
the converter at short circuit, arc welding and noload conditions

Fig. 7 Voltage vCE1 and current iC1 of the transistor
VT1
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The detail of the turn-off transition is shown in
Fig. 8. It can be seen that the turn-off losses are
considerably reduced. The only tail current of the
transistor causes some turn-off losses.
Fig. 9 shows the voltage and current of
secondary side MOSFET transistor S1. The turn-on
and turn-off is under ZCS.
The properties of the converter were verified at
the arc welding application, where the full range of
the load current from no-load to short circuit occurs.
Fig. 10 shows the dynamic properties at
transition from short circuit to no-load of the
converter. At short circuit a slightly higher load
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Fig. 11 Measured efficiency of the converter
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The efficiency of the converter is illustrated in
Fig. 11. At nominal output power the efficiency is
over 90%.
The measured output characteristics of the
welder including added arc characteristic are shown
in Fig. 12. The output no-load voltage is about 65V,
which is enough for arc burning at normal operating
conditions. In the working area the converter
behaves as an adjustable current source keeping the
set welding current value.
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Fig. 12 The measured output characteristics
4. CONCLUSION
The high-frequency soft-switching current-mode
controlled DC-DC converter with secondary
switches using PS-PWM in secondary side of highfrequency transformer has been presented.
Turn-off losses are reduced by non dissipative
turn-off snubber.
Reduction of turn-on losses is achieved by using
the leakage inductance of transformer. The
circulating current was reduced approximately to
zero and thus high efficiency of the converter was
achieved. Using high frequencies allows a
remarkable reduction of the converter volume and
mainly its weight.
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