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1. Introduction

DC-DC converter is the main and most important part of
voltage or current switching power supplies. Full bridge pulse-width
modulated (PWM) DC-DC converters have been often used in
high power high frequency applications because they have several
advantages over resonant converters [1]–[17]. Diode output rec-
tifier is mostly employed on the secondary side of the power trans-
former to rectify high frequency secondary voltage [1]–[8]. Various
snubbers, clamps and auxiliary circuits are often added on secondary

side to ensure soft switching of the main switches and suppression
of converter circulating currents [4]-[10]. The features of these
configurations are quite well known and widely described in many
papers. Very effective way, how to decrease circulating currents in
the converter and simultaneously achieve reduction of switching
losses, is to utilize a controlled output rectifier [18]–[21]. Accord-
ing to control algorithm it is either zero-voltage or zero current turn
off achieved at inverter transistors. The ZVZCS PWM DC-DC
converter with secondary controlled rectifier, novel turn-off energy
recovery snubber and new method of control is shown in Fig. 1.
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The proposed converter in Fig. 1 consists of high frequency
full-bridge inverter (T1 – T4), high frequency centre tapped power
transformer Tr , controlled output rectifier (T5 , D5 ; T6 , D6), free-
wheeling diode DO, output filter (LO, CO) and novel type of sec-
ondary turn-off snubber (CC5 , CC6 , LS5 , LS6 , DS5 , DS6 , DC5 , DC6). 

The converter is controlled by new algorithm of pulse-width
modulation (Fig. 2). The secondary switches are turned-off earlier
than primary switches and thus zero-voltage turn-on and zero-current
turn-off all of the transistors T1 – T4 in the inverter are reached.

The new snubber circuit eliminates the turn off losses of the
secondary transistors. The semiconductor switches T5 , T6 in the
secondary side are used to reset secondary and simultaneously also
primary circulating current. The energy stored in the leakage induc-
tance of the power transformer is transferred to the load.

2. Converter operation

The switching diagram and operation waveforms are shown
in Fig. 2. DC/DC converter is controlled by novel modified pulse
width modulation with variable phase shift between primary and
secondary switches. The transient time analysis is done in distinc-
tive intervals with help of Laplace-Carson transform. It is assumed
that all components and devices are ideal.

Interval (t0 – t1):
Operation of the converter in interval t0 – t1 is shown in Fig. 3.

The secondary transistor T5 is turned on at t0 half period earlier
than primary transistors T1 and T2 . The capacitor CC5 starts dis-
charging through T5 , LO, RO, LS , and DS5. The rate of rise of dis-
charging current of this capacitor CC5 is limited by the snubber
circuit inductance LS5, and thus zero current turn on for the
MOSFET transistor T5 is achieved. In the same time transistors T3,
T4 are turned on. Because the transistor T6 is already in on-state,
so the output voltage of the rectifier up is equalled UI/n (where 
n � up/us is transformer turn’s ratio). The current of the primary
transistors T3, T4 and the current of the secondary transistor T6

are reduced by the discharging current of capacitor CC5.

For mathematical analysis the equivalent operator circuit in
each interval of converter operation was created as it is present in
Fig. 4 for interval t0 – t1.

Fig. 2 Operation waveforms

Fig. 3 Operation of the converter in interval t0 – t1

Fig. 4 Equivalent operator circuit for interval t0 – t1
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Capacitor CC5 voltage and current image can be found from
operator scheme in Fig. 4 as follows

(1)

(2)

Initial conditions are

(3)

(4)

Voltage and current time waveforms are

(5)

(6)

From equation (6) follows that total discharging of the capac-
itor occurs only in the case if its initial voltage UCc5 is higher than
double rectified voltage ud � UI/n

(7)

If condition (7) is valid, capacitor discharging time (when
uCc5(t) � 0) can be obtained from equation (6) 

(8)

Discharging time is from interval 

(9)

As discharging time is greater than quarter of resonance period,
the magnitude of the discharging current of the capacitor can be
calculated from equation (5)

(10)

Interval (t1 – t2):
The energy stored in snubber inductance LS is now flowing

through DS5 , DC5 , LO, RO, LS . At t2 the whole load current flows
through the transistor T6 as it is seen in Fig. 5. The indispensable
equations for this interval can be derived from equivalent opera-
tor circuit shown in Fig. 6.

The snubber inductor current decays to zero according to
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From this equation decay time of the inductor current can be
determined 

(12)

Interval (t3 – t4):
This interval starts with the turn off of the primary transistors

T3 and T4. The magnetizing current of the transformer Tr discharges
the output capacitances COSS of the transistors T1, T2 and charges
the output capacitances of the transistors T3 , T4 (Fig. 7).

If we assume that magnetizing inductance of power transformer
and output smoothing inductance are much smaller than leakage
inductances (L1H, LO �� L1б , L�2б), then simplified equations for
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Fig. 5 Operation of the converter in interval t1 – t2

Fig. 6 Equivalent operator circuit for interval t1 – t2

Fig. 7 Operation of the converter in interval t3 – t4
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collector-emitter voltages of the primary transistors T1, T2 , and
T3 , T4 are obtained from Fig. 8 as follows

(13)

(14)

Where Lσ � L1σ � L�2σ

The minimum (transistors T1, T2) or maximum (transistors T3,
T4) collector-emitter voltages are achieved during following interval

(15)

Interval (t4 – t5):
The turn on of the transistors T1, T2 and T6 commutation from

freewheeling diode to T5 transistor occur at t4 (Fig. 2). The current
of transistor T5 is reduced by the discharge current of the capacitor
CC6 and later by the current of the inductance LS6 (Fig. 9).

Rate of rise of collector current of the secondary transistor T5
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Rate of rise of collector current of the primary transistors T1,
T2 is a little higher

(17)

Interval (t5 – t6):
At t5 transistor T5 turns off. Its current commutates on capac-

itor CC5 and diode DC5 and consequently zero voltage turn off of
this transistor is ensured. The energy of the leakage inductance of
the power transformer is absorbed by the snubber capacitance
and then transferred to the load. The situation is displayed in Fig.
10.

When assuming that Lo �� L�1б , L2б , then capacitor current
and capacitor voltage are described by the next simplified equa-
tions according to Fig. 11
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Fig. 9 Operation of the converter in interval t4 – t5

Fig. 8 Equivalent operator circuit for interval t3 – t4

Fig. 10 Operation of the converter in interval t5 – t6

Fig. 11 Equivalent operator circuit for interval t5 – t6
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The rectified secondary voltage drops to zero according to
equation 

(20)

The time needed to decreasing the rectified voltage to zero
during this interval can be calculated from (20) and it is approxi-
mately

(21)

Interval (t6 – t7):
Operation of the converter in this interval is shown in Fig. 12.

At t6 (Fig. 2) the rectified voltage ud reached zero and afterwards
the waveform of the charging process of the CC5 capacitance are
changed. In this interval the whole energy of the leakage induc-
tance is absorbed by the capacitor CC5 .

At t7 the current of the rectifier diode D5 falls to zero, and the
primary current that flows through the transistor T1 and T2 drops
on value of the magnetizing current. 

Charging current of the capacitor can be expressed from Fig.
13 as
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where L�σ � L�1σ � L�2σ

The capacitor voltage rises according to equation

(23)

In t7 the current flowing through rectifying diode D5 decays to
zero and current of the transistors T1, T2 drops to value of mag-
netizing current of the transformer, because capacitor absorbed
all the leakage inductance energy. This time interval is expressed
by

(24)

Where and 

Charging time of the capacitor is approximately sum of equa-
tions (21) and (24)

(25)

Voltage of the capacitor after charging is

(26)

Interval (t7 – t8):
Only the magnetizing current flows through the primary winding

of the power transformer in this interval (Fig. 14). This small mag-
netizing current is turned off by primary switches and thus zero
current turn off is achieved. The current of the smoothing induc-
tance LO is flowing through the freewheeling diode.
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Fig. 12 Operation of the converter in interval t6 – t7

Fig. 14 Operation of the converter in interval t7 – t8

Fig. 13 Equivalent operator circuit for interval t6 – t7
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At t8 the primary transistors turn-off only magnetizing current,
whose magnitude is given by 

(27)

The smoothing inductance current ripple is 

(28)

Where is duty cycle

Output voltage can be determined as

(29)

Then smoothing inductance current ripple can be expressed
as

(30)

The output voltage ripple is given by 

(31)

3. Simulation results

The theoretical analysis was verified by simulation of the pro-
posed converter in program OrCad. The results confirm zero voltage
turn-on and zero current turn-off of primary switches (Fig. 15) and
zero current turn-on and zero voltage turn-off of the secondary
switches (Fig. 16).

The secondary turn-off snubber works also in compliance with
theoretical assumptions as it is shown in Fig. 17. The circulating
current is totally depressed as can be seen in Fig. 18, where the
primary current decays to value of magnetizing current of the
transformer.

4. Conclusion

Detail mathematical description of the proposed converter
allows understanding individual dependences and gives the complex
view on converter behaviour. On the basis of this analysis it is pos-
sible to make optimization of the converter devices from the point
of their own operation as well as the converter operation. The
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present analysis can also help at calculation and optimization of
the converter efficiency. By using the new secondary energy recov-
ery turn-off snubber and used control algorithm the turn-off losses
of the primary switches are considerably reduced. Moreover, the
circulating current is suppressed by controlled rectifier and thus
efficiency of the converter is increased. 

Fig. 15 Collector current iC and collector-emitter voltage uCE of the
inverter transistor T2 at turn-on and turn-off

Fig. 16 Collector current iD and collector-emitter voltage uDS of the
output rectifier transistor T5 at turn-on and turn-off

Fig. 17 Current of the snubber inductor LS5, capacitor CC5

and diode DC5

Fig. 18 Primary voltage uP and current iP of the power transformer
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