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Abstract

In hard-switched converters, the switching frequency is limited by switching losses and EMI problems. However,
high-switching frequency is necessary to reduce the converter size. Hence, soft switching is imperative at high
switching frequency to obtain good efficiency. Push—pull converter is a preferred topology at medium power
level. This paper proposes a novel resonant transition topology for push—pull converter. The proposed topology
uses two additional switches and two diodes when compared to hard-switched push—pull converter. These extra
switches introduce freewheeling in the primary circuit and thus enable loss-less switching. In classical push—pull
converters, the transformer primary is left open during two sub-intervals in a period making the turn-on of the
switch hard. The new circuit topology converts these open circuit intervals into freewheeling ones. With such a
modification, all trapped energy in the core is conserved to achieve zero-voltage switching during the entire tran-
sition. Switch stress, control and small signa model are similar to hard-switched PWM converter. |dealized
analysis and design methodology are explained for the push—pull converter. A prototype-300 kHz, 200 W push—
pull converter validates the design method. Dynamic analysis of the push—pull converter is presented. The pro-
posed topology can be extended to half-bridge converter also. Its circuit diagram is presented.

Keywords: Half-bridge converter, push—pull converter, zero-voltage switching and resonant transition.

1. Introduction

Switched-mode power supplies (SMPS) being efficient and compact are extensively used in
power conversion processes. The analysis, design and modeling processes have all matured
in the past three decades. Most of these developments centered around hard-switching con-
verters, where the switching frequency was limited to a few 10s of kHz. The present direc-
tion of evolution in SMPS is towards higher efficiency and higher power density. These
twin objectives demand high switching frequency and low overall losses. Soft switching re-
sults in practically zero switching losses and extends the switching frequency to 100s of
kHz and beyond. The soft-switching converters belong to several families, namely, resonant
load [1], resonant switch [2], resonant transition [3] and, more recently, active clamped cir-
cuit topologies [4]. The resonant load converters depend on the characteristics of the load to
achieve soft switching. The resonant switch converters have additional elements in the

*Author for correspondence. "Present address: Power Electronics Group, APC India Pvt Ltd, Bangalore 560 001,
India; Phones: 91-80-2227 2496/2221 3875-3016(E)



218 B. SWAMINATHAN AND V. RAMANARAYANAN

switch enabling loss-less switching. Resonant transition converters employ the parasitic of
the circuit to achieve loss-less switching.

This paper presents novel variant of push—pull DC-DC converter with soft-switching
properties. Push—pull converter is a popular power converter at medium power level. It is
characterized by circuit intervals when both power transfer switches are off. Such circuits
exhibit hard switching and are not readily adaptable to soft switching. The proposed topol-
ogy uses two additional switches and two diodes. The additional switches introduce free-
wheeling intervals in the circuit and enable loss-less switching. The following are the
features of the new circuit:

1) Lossless switching transition for all the switches employed.

2)  Switch stress similar to hard-switched PWM converter.

3) Conduction loss is amost the same as hard-switched PWM converter.

4)  Control and small signal behavior is similar to hard-switched PWM converter.

2. Proposed push—pull converter and operation

Figure 1 shows the proposed zero-voltage switching (ZVS) push—pull converter. This cir-
cuit is obtained from the hard-switched push—pull converter by connecting two switches (S;
and S;) and two diodes (D; and D,). The leakage inductance of the transformer is lumped
on the secondary side and is represented as L. C, and C, are the snubber capacitors.

Figure 2 indicates the gate pulses Vg, Vg, Vgs and Vg, for the switches S, S,, S; and S,
respectively. S; and S; have a duty ratio of nearly 50% (with a small dead time). The dead
time (Ty) isalso shown in Fig. 2.

Idealized operation of the circuit is explained by a set of six intervals. Figure 3 shows the
idealized waveforms of primary switch current, snubber capacitor current and secondary
diode currents.
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FiG. 1. ZVS push—pull circuit.
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FiG. 2. Control pulses.

The following are the assumptions made during the idealized analysis:

1) Switching devices areideal.

2) Diodes areideal.

3) Device output capacitance is neglected. Only the effect of snubber capacitor is considered.
4) Primary leakage inductance effects are neglected.

2.1, Interval Ty (to <t < ty)

Ininterval T;, S3 and S; are on. When S, is conducting, diode D5 is reverse biased in the
primary circuit. In the secondary circuit diode, D, is forward biased. This interval is known
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FIG. 3. Idealized waveforms.
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FiG. 4. Conduction path in Interval Ti.

as power transfer interval. During this interval, power is transferred from primary to secon-
dary. Figure 4 shows the conduction path.

2.2. Interval T, (t; <t < ty)

Interval T, begins when S, is turned off. The snubber capacitor C; assists the turn-off pro-
cess of S;. As the turn-off process is capacitor assisted, the turn-off process is low-loss
switching transition. The magnetizing current and reflected current charge C; from 0 to Vp¢
and discharge C, from 2Vp¢ to Vpc. Although S; is on, Dj is still reverse-biased because the
voltage V¢; has not reached Vpc. In the secondary circuit, D, takes the load current. This
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FiG. 5. Conduction path in Interval T..
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FiG. 6. Conduction path in Interval Ts.

interval is known as resonant transition-1 interval. Figure 5 shows the conduction path in in-
terval To.

2.3. Interval T; (tz <t< t3)

Interval Ts begins when C; is charged to Vpc. As C; is charged to Vpc, D3 is forward-biased.
The magnetizing current and reflected current 1p; freewheel through S; and Ds. This interval
is known as freewheeling interval. The leakage inductance L, ensures that only D,, takes the
load current. Figure 6 shows the conduction path.

24. Interval T, (13 <t < t,)

At the start (t = t3) of thisinterval, S; is switched off. The magnetizing current and reflected
current charge C; from Vp¢ to 2Vpc and discharge C, from Vpc to 0. This interval is known
as resonant transition-I1 interval. Figure 7(a) shows the conduction path. From the figure it
is clear that reflected current and magnetizing current discharge C,. So magnetizing induc-
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FiG. 7(a). Conduction path in Interval T,.
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FiG. 7(b). Equivalent circuit for Interval Ta.

tance and leakage inductance have to be designed to discharge C,. In the secondary circuit,
the load current starts shifting from D, to D,,.

Figure 7(b) shows the equivalent circuit for interval T,. It clearly shows that the secon-
dary circuit is short-circuited. During interval Ty, load current shifts from D, to D,. Figure
7(c) shows the equivalent circuit during interval T,. During interval T,, the secondary cir-
cuit D, takes the load current.

2.5. Interval Ts (t; <t < ts)

Interval Ts begins when C, is discharged fully. As C, is discharged, the magnetizing current
and reflected load current forward bias D,. The magnetizing current and reflected load cur-
rent (Ip2) flow through D,. When current is flowing through D,, S, and S, are turned on.
Thus, zero-voltage switching of device S; is achieved. This interval is known as ZVS inter-
va. When S, ison, D, is reverse-biased in the primary circuit. When the primary current di-
rection changes its direction, S, takes the current from D,. At the end of this interval, D,
blocks fully and takes the full load current. The time of interval Ts is decided by the leakage
inductance. Figure 8 shows the conduction path.

2.6. Interval Tg (t > ts)

This interval is known as power transfer interval. During this interval, S, and S, are on in
the primary circuit. D, is reverse-biased in the primary circuit and D, is forward-biased in the
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FiG. 7(c). Equivalent circuit for Interval T,.
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FiG. 8. Conduction path in Interval Ts.

secondary circuit. Figure 9 shows the conduction path. This interval is followed by similar
sets of intervals as earlier to achieve ZVSfor S,.

Interval Tg is the complimentary interval of T,. Each cycle consists of ten intervals. Cur-
rents and voltages at different intervals of the converter arelisted in Tablel.

3. Designing of ZVS

3.1. Parameters affecting ZVS

Various parameters like magnetizing current, leakage inductance of the secondary, |eakage
inductance of the primary, time delay, load current and device output capacitance affect
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FiG. 9. Conduction path for Interval Te.
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Tablel
Voltages and current of zer o-voltage switching push—pull converter
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ZV S. The choice of the various parameters is a trade-off between switching loss and con-
duction loss. The following section elaborates on the various parameters affecting ZV'S.

3.2. Magnetizing current

Magnetizing current aids ZVS and is in the direction of discharge device output and snubber
capacitance (Fig. 10). A higher value of magnetizing current is good from the ZV'S point of
view, but it increases the conduction loss and peak current.

3.3. Leakage inductance of the secondary side

L eakage inductance of the secondary side aids ZVS. It also limits the rate of reversal of re-
flected current in the primary circuit. Higher value of leakage inductance means more en-
ergy is available to discharge the device output capacitance and snubber capacitance. But
increasing its value decreases the effective duty ratio. Hence utilization of the installed
components is less. Further, leakage inductance resonates with junction capacitance of di-
ode and causes severe ringing. Figure 11 shows the secondary voltage current through di-
ode and rectified voltage. It is clear that the effective duty cycle reduces with the increase
in leakage inductance.
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FiG. 10. Voltage across one half of the primary wind- Fig. 11. Simulation waveforms with secondary leak-
ing and magnetizing current. age inductance = 1.2 nH.

3.4. Snubber and device output capacitors

Snubber capacitance and device output capacitance are together called the effective capaci-
tance. Increasing the value of effective capacitance reduces the turn-off switching loss. Fur-
ther, it will reduce any voltage spike that is caused during turn-off transition. But higher
value of effective capacitance demands more energy to be stored in magnetizing and leak-
age inductance.

3.5. Time delay

Figure 12 shows the voltage across S, current through S, and current through the effective
capacitance C, during ZVS instant. The operation of the circuit during ZVS is explained
through three sub-intervals, which are referred to as t;, t, and tz in Fig. 12. Interval T4
(resonant transition-I1) is the same as the sub-interval t;. During this sub-interval (t;), the
capacitance (C,) discharges from Vpc to 0. If the switch is turned on during this sub-
interval, t; results in hard switching. The time of discharge of the capacitor depends only
on the reactive elements (leakage inductance and effective capacitance). During the sub-
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FiG. 12. Idealized waveforms during ZVS.
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FIG. 14. Leakage inductances of the push—pull transformer.

interval (t,), the body diode of the switch conducts. As the body diode of the switch is con-
ducting during this sub-interval (t,) ZVS can be achieved by turning on the switch. The
time of the sub-interval (t,) depends on the reflected current. Higher load current increases
the sub-interval t,. Thisis shown in Fig. 13 through simulation results. If the switch is not
turned on during the sub-interval (t»,), the effective capacitance charges again and results in
hard switch. So, the time delay of the circuit should be abovet; and below (t; + t5).

3.6. Leakage inductance of the primary

Figure 14 shows the various leakage inductances in the push—pull transformer. Primary
leakage inductances are represented as Ly, and Ly, and secondary ones as Lys. During
the transition of intervals from T, to Ts and T4 to Ts, the magnetizing current and reflected
current shift their path from full primary winding to one half. So the energy trapped in the
primary leakage inductance causes ringing in the waveforms. Snubber circuits need to be
used to reduce ringing. It is advantageous to have very low value of primary leakage induc-
tance.

3.7. Design procedure

The following two important parameters decide the ZVS:

1. Energy available in leakage (secondary leakage inductance) and magnetizing should be
sufficient to discharge the device output and snubber capacitance.

2. Sufficient time delay should be available to discharge the device output capacitance.

Figure 15 shows the equivalent circuit of push—pull converter during interval T,.
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FiG. 15. Equivalent circuit in the primary side during Interval Ta.
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The following equations are used to design the leakage inductance, magnetizing induc-
tance and time delay.

Equation 1 gives the condition to achieve ZVS. The condition is,

Vb £i(0)\/%: i(0) = Im+ Irefl - (2)

From egn (2) the minimum time required to discharge the effective capacitance can be de-
termined.

vV = /L_ZC T =p+/2LC isthetotal time period. 2

\ thetime taken to discharge the snubber capacitance T, :% (©)]
- . p

\'" Minimum time delay =——+/LC. 4

Yy =2 ﬁ«/ (4)

The following steps need to be followed while designing the reactive elements (leakage in-
ductance and snubber capacitor) for ZV S push—pull converter.

Step 1. Based on switching frequency and device characteristics, select the time delay and
effective capacitance (output capacitance and snubber capacitance).

Step 2: Calculate L from egn (4) which is approximately equal to L*, because magnetiz-
ing inductance L, is much higher than the leakage inductance.

Step 3: If egn (1) is not satisfied with the value of the leakage inductance, then magnetiz-
ing current has to be increased to satisfy the equation.

3.8. ZVSlimit

From the above design procedure (egn 1) it is understood that ZVS is dependent on load
and magnetizing currents. At lightly loaded condition, it is difficult to achieve ZV S because
the energy stored in the leakage inductance and magnetizing inductance may not be suffi-
cient to discharge the effective capacitance prior to the turn-on of the switch. When the load
current is high, the reflected current in the primary is more. So it is easy to achieve ZVS at
higher load currents. So, for awider ZV S range more energy has to be stored in leakage and
magnetizing inductance. Wider ZV S range suffers from the disadvantage of higher conduc-
tion loss. Hence, selecting the ZV'S range is a trade off between conduction and switching
| osses.

4. Design and development of a 300 kHz/200 W push—pull converter

Based on the design methodology proposed in the paper a prototype of resonant transition
push—pull converter has been developed. The following are the 1/O specifications of the
power supply:
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FiG. 16. Voltage across S, and control pulse of S,. (Ch- FIG. 17. Voltage across S, and control pulse for §.

1-Vg and Ch-2 control pulse of ) Scale: Vg—40V/  (Ch-1-Ve; and Ch-2 control pulse for S;) Scale: Vo~
div, 0.5 me/div, Vg —10 V/div, 0.5 ne/div. 30 V/div, 0.2 ne/div, Vg—10 V/div, 0.2 ne/div.

Input voltage: 48 V

Output voltage: 20 V

Output power: 200 W
Switching frequency: 300 kHz.

4.1. Experimental results

Figure 16 shows the voltage across S; and the control pulse for S;. The leakage inductance
between the two primary windings is responsible for the ringing in the V, (voltage across
switch S;) waveform (Fig. 16). Figure 17 shows the voltage across S, and control pulse for
S, during turn-on. It is clear from the figure that the voltage across the device falls just be-
fore applying the control pulses. This indicates the ZVS of the switch S; during turn-on.
Figure 17 is the expanded time scale of Fig. 16. Figure 18 shows the voltage across S, and
control pulse of S,. The leakage inductance between the two primary windings is responsi-
ble for the ringing in V, (voltage across switch S;) waveform (Fig. 18). Figure 19 shows
the voltage across S, and control pulse of S, during turn-on. The voltage across the device
falls just before applying the control pulses. This indicates the ZVS of the switch S, during
turn-on. Figure 19 is the expanded time scale of Fig. 18. Figure 20 shows the voltage across
the synchronous rectifier S;. Additional inductance, which is added to aid ZVS, oscillates
with the junction capacitance of the body diode of S;. From Fig. 20 it is clear that the peak
of the ringing voltage is twice that of the nominal voltage. This is a drawback of the pro-
posed topology.

Rajapandian has proposed a technique [6], in which the energy associated with the ring-
ing is fed back to the source instead of dissipating it in the snubber circuits. Figure 21
shows the voltage across the synchronous rectifier Ss.
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FiG. 18. Control pulses for S; and voltage across S,.  FiG. 19. Voltage across S and control pulse for S,.
(Ch-1-V, and Ch-2 control pulse of ) Scale:  (Ch-1-V and Ch-2 control pulse of S). Scale: Ve
Ve—40 V/div, 0.5 ne/div, Vg—10 V/div, 0.5 ne/div. 30 V/div, 0.2 ne/div, Vg—10 V/div, 0.2 ne/div.

5. Dynamic analysis of ZV'S push—pull converter

The small signal dynamic model of push—pull converter is similar to PWM hard-switched
converter. This is validated by measuring the small signal characteristics of the push—pull
converter using frequency response analyzer.

The additional leakage inductances, which are introduced to achieve ZVS, are of small
value when compared to the filter inductor. It is assumed that the filter inductor absorbs
these leakages inductances. So the converter function remains the same as the hard-switc-
hed PWM converter.
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FiG. 20. Voltage across the synchronous rectifier S. FiG. 21. Voltage across the synchronous rectifier S.
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The control transfer function of the converter is of the form,

G(S) =2 :ﬂ(y_ SCRew) (5)

SPLC+s_+1
R

where L is the filter inductor and leakage inductance, C, the filter capacitor, R, the load re-
sistor, and Resr, the ESR of the filter capacitor.

Figure 22 shows the measured and estimated control characteristics of the push—pull con-
verter. Figure 23 shows the measured and estimated loop gain of the push—pull converter. The
frequency response analyzer used for measuring the loop gain gives reliable measurement up to
30 kHz. The experimental and estimated results almost match in our region of interest.

6. Efficiency plot

As the energy associated with the secondary leakage inductance is more the secondary snubber
lossis aso greater. By using the Rgjapandian technique [6], the secondary snubber loss can be
reduced. Figure 24 gives the plot of efficiency vsload current.

Synchronous rectifiers are used in the ZV S push—pull converter to achieve high efficiency. It
is interesting to see that the drives for the synchronous rectifier device are practically the same
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FiG. 25. (a) Load and (b) line regulations of ZV'S push—pull converter.

as the additional switches. Line and load regulations of the power supply are within £ 0.2%
(Fig. 25). Figure 26 shows the output voltage waveform.

7. Extension to half-bridge converter

This topology can be extended to half-bridge DC-DC converter also. The control technique
is the same as the push—pull converter. Figure 27 shows the circuit diagram of the half-
bridge converter. As in push—pull converter, two additional switches and two additional di-
odes are used to achieve ZVS. In push—pull converter, the primary inductance causes ring-
ing the voltage waveforms, whereas in haf-bridge converter the primary leakage inductance
also aids the ZV'S. Hence, the voltage waveforms will be free from ringing.

8. Conclusions

The objective of the paper is to develop an improvised push—pull converter suitable for soft
switching. The improvised push—pull converter uses two additional switches and two diodes.
The additional switches introduce freewheeling intervals in the circuit and thus enable loss-
less switching. In classical push—pull converter, the transformer primary is left open

Fig. 26. Output voltage waveform of ZV'S push-pull DC converter.
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FIG. 27. ZV'S half-bridge converter.

during two sub-intervals in a period. On account of this feature, the turn-on of the switch in
these converters is always hard. The new circuit topology converts these open circuit inter-
vals into freewheeling intervals with such a modification. All trapped energy in the core is
conserved to achieve ZVS during the transition. The following are the features of the new

circuit:
1) Losslessswitching transition for all the switches employed.
2) Switch stress similar to hard-switched PWM converter.
3) Control and small signal behavior similar to hard-switched PWM converter.
4) ZVS range of the converter is dependent on the load current. In order to have wider
range of ZV'S, additional inductance is added to the secondary of the transformer. The
inductance that is added to aid ZV S resonates with the junction capacitance of the diode
and produces ringing in the secondary voltage waveforms. This is a drawback of this
topology.
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