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Abstract- An improved full-bridge ZVS PWM using a two- 
inductor rectifier dddc converter is presented in this paper. 
For this improved topology, the main devices are switched on 
under zero-voltage (ZVS) conditions using the energy stored in 
the secondary filter inductors. In addition, it utilizes the low 
leakage inductance of a coaxial winding transformer to reset 
the currents in the rectifier diodes and eliminate the secondary 
voltage spike. The two-inductor rectifier has only one diode 
conduction drop in addition to frequency doubling in the output 
capacitor. The secondary filter size in the proposed topology is 
rather small. The advantages of the new topology include a wide 
loa d range with ZVS, no lost duty cycle due to diode recovery, 
no secondary voltage spikes, in addition to high power density 
and high efficiency. 

I. INTRODUCTION 

OST of the dcldc converters in use today are derived M from the three basic single quadrant topologies: buck, 
boost, and buck-boost converters. At high power levels, the 
full-bridge (buck-derived) dc/dc converter with isolation on 
the intermediate high frequency ac link is the preferred topol- 
ogy. The main advantages of this topology include constant 
frequency operation, which allows optimum design of the mag- 
netic filter components, PWM control, minimum VA stresses, 
and good control range and controllability. However, the 
increase in device switching losses as the frequency increases 
and the high-voltage stress induced by the parasitic induc- 
tances following diode reverse recovery are major drawbacks 
of this topology. 

Various soft switching schemes (ZVS and ZCS) have been 
proposed to improve the performance of hard switching con- 
verters. A pseudoresonant dcldc converter proposed by Pat- 
terson et al. [l] demonstrates the possibility of achieving 
conventional PWM control with resonant switching. Yet, re- 
verse recovery of output diodes causes large voltage spikes 
and hence, a snubber circuit is needed. Another topology that 
achieves PWM control with resonant switching is the full- 
bridge ZVS (FB-ZVS) PWM converter [2]. In this topology, 
the transformer leakage and magnetizing inductances in ad- 
dition to the MOSFET capacitance are effectively utilized to 
achieve ZVS. The load range can be extended by properly siz- 
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Fig. 1. Full-bridge ZVS PWM converter with two-inductor rectifier. 

ing the leakage inductance of the transformer. One drawback 
of this topology is that secondary voltage spikes are generated 
and there is a lost duty cycle caused by output diodes reverse 
recovery. 

Most topologies, unless dependent on multiresonant conver- 
sion, or using active elements on both sides of the converter, 
are subject to diode recovery problems. In the FB-ZVS PWM 
converter described above, secondary voltage spikes are gen- 
erated due to the interaction between the transformer leakage 
inductance and the output diode capacitance following diode 
reverse recovery. This problem can get worse if the leakage 
inductance is made larger. On the other hand, reducing the size 
of the leakage inductance results in reducing the ZVS range 
and higher d i l d t ,  which in tums results in higher secondary 
voltage spikes. 

In this paper, an improved converter topology is proposed. 
It is basically a full-bridge topology with a two- inductor 
rectifier, as shown in Fig. 1. The two-inductor rectifier circuit 
was first reported in [3]. The output voltage is controlled 
using phase shift control. For this topology, ZVS is achieved 
using the energy stored in the output filter inductors instead 
of the leakage inductance energy. In fact, the transformer 
leakage inductance is reduced drastically to allow output diode 
commutation prior to switching the primary voltage to the 
other rail. This, in tum, results in elimination of secondary 
voltage spikes. 

The need for a transformer with very low and controllable 
leakage inductance makes the coaxial winding transformer 
(CWT) the preferred structure [4], [ 5 ] .  Due to its coaxial 
structure, the leakage inductance can be controlled and made 
very small. 

This paper presents a complete steady-state analysis of the 
proposed topology and an assessment of the various losses 
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Fig. 2. Typical voltage and current waveforms of the converter. 

in the circuit. Simulation and experimental results of a 2 kW 
prototype converter built in the lab will be included. 

11. ANALYSIS 

A. Principle of Operation 

As shown in Fig. 1, the converter is basically a full-bridge 
PWM converter with a two-inductor rectifier circuit. The 
converter is operated in a mode that provides zero voltage turn- 
on for the main devices. This can be achieved by introducing 
a phase shift between the switches in the right leg (leading 
leg) and those in the left leg (lagging leg). In addition, the 
phase shift will determine the duty cycle of the converter. The 
current and voltage wave forms of the circuit are shown in 
Fig. 2. 

In contrast with the FB-ZVS PWM converter described 
earlier, ZVS for the proposed topology is achieved using the 
energy stored in the secondary filter inductors to discharge the 
output capacitance of the MOSFET's before turning them on. 
As mentioned earlier, a low leakage inductance is required for 
this topology. 

With Q1 and 44 conducting at t o ,  the primary voltage will 
be+v, with diode Dsl off and diode Ds2 conducting. When 
44 is turned off at t l ,  the energy stored in the secondary 
filter inductor L1 charges the output capacitance of 44 and 
discharges the output capacitance of Q3 causing diode D3 to 
conduct. After D3 starts conducting, 4 3  can be turned on under 
ZVS. Since the energy available for achieving ZVS for the 
leading leg is the output filter energy, ZVS can be achieved 
even at light loads. 

In order to ensure ZVS for 43, a dead time is needed 
between the turn off of 44 and the turn-on of 4 3  to ensure 
that D3 conducts prior to the turn on of 43. The required dead 
time, A t , ,  can be computed using 

Fig. 3. Equivalent circuit for mode I. 

where C e ~  is the effective drain to source MOSFET capaci- 
tance and IP1 is the value of the primary current at t l .  

While Q1 and D3 are conducting, the primary current decays 
in a fashion similar to an R-L circuit with a time constant 
rp = Llp/rp ,  where the LlP is the primary referred leakage 
inductance while rp is the device-on resistance in addition to 
the transformer resistance. As the primary current decays, the 
current in diode Dsl ramps up while the current in Ds2 ramps 
down at the same rate. If the current 12 becomes negative 
during this mode and the time constant rp is very small, the 
secondary diodes will commutate, where Ds2 turns off and 
Dsl takes over. This is shown in Fig. 2, where Ds2 turns off 
and Dsl takes over at t2. As a result, the primary current 
will be the reflected secondary filter current 12. When Q1 is 
turned off at a later time t3, the energy available to charge and 
discharge the output capacitance of Q1 and 42, respectively, 
is again the energy stored in the secondary filter L z .  The delay 
time needed between the turn off of Q1 and the turn on of 42,  
Atz, is computed using a similar formula as in (l), namely, 

Ipz At2 = 2Cefivn (2) 

where Ip2 is the primary current at t z .  Note here that since 
the secondary diodes commutate prior to switching the primary 
voltage to the negative rail, no duty cycle is lost and no voltage 
spike will occur on the secondary side of the transformer. 

B. Steady-State Analysis 

The analysis of this converter is divided into three distinct 
circuit modes. Note that the secondary filter inductances, L1 
and La, are assumed to be the same and will be referred to as 
L,.  These circuit modes are categorized as follows: 

where tl  = DTs/2. Mode I: to < t < t l ,  

In the primary, Q1 and 44 are conducting while in the 
secondary, Ds2 is conducting. The equivalent circuit is shown 
in Fig. 3. The governing equations during this mode are as 
follows: 

UV,, - v, t 
I l ( t )  = 110 + 

where U is the secondary to primary turns ratio. This mode 
terminates when transistor 4 4  is turned off. 

Mode 11: tl  < t < t z ,  where tz 5 Ts/2.  

This mode is initiated by turning off 44  where Q1 and D3 
are conducting in the primary circuit. In the secondary circuit, 
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Fig. 4. Equivalent circuit for mode 11. 

Fig. 5. Equivalent circuit for mode 111. 

the output current freewheels in both Dsl and Ds2, hence, 
both diodes are conducting. The equivalent circuit is shown 
in Fig. 4. 

The governing equations for this mode are 

I l ( t )  = 11 (T) - 2 ( 1  - 7) (6) 

I 2 ( t ) = l z ( q )  -?(t+) (7) 

I p ( t )  = -- + - 
vfp T t  K? 

r, 

(9) 

Tt = Tmosfet + ~ z j m r  (10) 

where D is the duty ratio defined over half a cycle, f s  is 
the switching frequency, Lik is the primary referred leakage 
inductance, rt is the equivalent primary circuit resistance, T~ 
is the time constant of the primary current decay, and Vj, is 
the forward voltage drop of the primary diodes. 

Mode 111: t 2  < t < t 3 ,  where t3 = Ts/2 .  

This mode is very similar to mode 11, where Q1 and D3 are 
conducting in the primary circuit. It is initiated by the turn-off 
of Ds2 in the secondary circuit when the secondary diodes 
commutate. The equivalent circuit is shown in Fig. 5. 

The governing equations for this mode are 

l l ( t ) = I 1 ( ~ )  -?(t+) (11) 

1 2 ( t )  = DT, - 2 (t - 7) (12) 

I*(t)  = -a12(t) (13) 

Note here that the currents 11 and 1 2  are the same as in 
mode 11, while the diode Dsl will have the full-load current. In 
addition, the diode forward drop is small in comparison with 

the output voltage, and hence, it was neglected. This mode 
terminates when Q1 is turned off where the energy stored 
in the secondary filter L2 will charge/discharge the output 
capacitances of 41/42 in a linear fashion. 

In the steady state, and since L1 = LZ = L,, the currents 
Il  and12 will be symmetrical over half a cycle. Using this 
condition, the output voltage V, is computed as 

aDKn 
V, = -. 

2 

Since the average output currentl, = 11, avg + 1 2 ,  avg, the 
initial value of 11 and 1 2  can be computed. Hence, 

At the end of mode 111, Q1 turns off and diodes D2 and D3 
in the primary circuit will be conducting while diode Dsl in 
the secondary will be conducting. During this mode, 4 2  and 
4 3  can be turned on under ZVS. When the primary current 
goes negative, 4 2  and 43, in the primary circuit, will take 
over. Due to symmetry, the negative half cycle will be the 
same as the positive one. 

In order to simplify the analysis, the initial current 11, will 
be written as 

where d is defined as the secondary current undershoot ratio. 
The value of d defines the initial current 11, as a fraction 
of the average output current I,. The negative sign in (16) 
is used to indicate that the initial current 11, is negative for 
positive values of d. In fact, this condition is essential in order 
to achieve secondary diodes' commutation with zero voltage 
and to eliminate secondary voltage spikes due to diode reverse 
recovery. For a given value of d ,  the required secondary 
inductance can be computed via 

aD(2 - D ) K n  L ,  = 
4 f s ( l  + d)Io . 

Hence, given the rating of the converter, the operating 
frequency, and full-load duty cycle, the required L, can be 
computed. 

111. zvs RANGE 

As discussed earlier, it was shown that the transistors in 
the right leg are always turned on under ZVS conditions since 
the energy available to charge/discharge the MOSFET's output 
capacitance is the energy stored in the leakage inductance in 
addition to the energy stored in the secondary output filter L1. 
The latter energy is available due to the fact that when 44 is 
turned-off, the secondary diodes do not freewheel the output 
current until the primary voltage has fallen to zero. Hence ZVS 
for the right leg is achieved even at light load conditions. 

For the left leg transistors, it was stated that in order to 
achieve ZVS in a similar manner to that of the right leg, the 
secondary filter current I2 need be negative at the instant when 
44 is turned-off. This condition is equivalent to constraining d 
in (16) to be a positive value. In addition, the decay rate of the 
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lifpn/rtn with D = 0.67 and a = 3. 

primary current during mode I1 needs to be very rapid in order 
for the secondary diodes to commutate. This can be achieved 
if the time constant rp is very small compared with the time 
spent in mode 11. Once the secondary diodes commutate, the 
primary current will be the reflected secondary filter current, 

The above discussion can be rephrased mathematically as 
I;. 

I p ( t 2 )  = -+) DT, = - adIo 
2 

where tl = DTs/2 5 t 2  5 t 3  = Ts/2. In the limit, if t 2  

equals Ts/2,  (18) can be solved for rp as 

- 1 2 -In ?fs ( 1  + v f p  a loadIo ) .  (19) 
,+2 rp 1 - D  

l -  I 
D = Dd+ D, + 

Fig. 7. Primary voltage and current waveforms for loss analysis. 

IV. Loss ANALYSIS 

A. Conduction Losses 

In this section, the conduction losses of the converter, 
which are the main loss components, will be evaluated. For 
MOSFET's, conduction losses can be computed via 

Pcon = ~ : ~ ~ r d s  (21) 

where Tds  is the on-resistance of the MOSFET. Hence, the 
MOSFET's rms currents need to be evaluated first. In order 
to simplify the analysis, the primary current in mode I1 is 
assumed to decay in a linear fashion. This is shown in Fig. 7. 

Referring to Fig. 7, consider the case where t 2  equals to 
Ts/2,the devices rms currents are computed to be 

(23) 
Dt(2 + d ) 2  

24 
Equation (19) gives the value of rp required to achieve ZVS. 
Hence, by solving (19) for L l k ,  

I ~ 3 , 4 - ~ ~ ~  = a I o d  

where DtTs/2 is the conduction time of transistors 4 3  and 
44.  Dt can be computed by refemng to Fig. 7 as L11, = a 2 r t 7 ,  (20) 

where rt is defined in (10). In summary, (18) and (19) specify 
the conditions that are required to achieve ZVS for the left leg. 

Equation (19) can be normalized using the input voltage, 
the output currentand the switching frequency as base values. 

Dt = - 2 + d  D.  (24) 
2 (1+  d )  

Hence, the conduction losses of the MOSFET's are, 

Fig. 6 shows the normalized time constant (rp,) as a function PQ-con = a(&, Z-rms + I & 3 , 4 - r m s ) T d ~ .  (25) 
of the secondary current undershoot ratio d for different values 
of Vfpn/rtn. These curves were obtained with a duty cycle D 
of 0.67 and a turns ratio, a, of 3. 

For the primary and secondary diodes, the conduction losses 
are computed by 

PD-con = I a v g v f  (26) As shown in Fig. 6, the normalized time constant increases 
with increasing d and Vfpn/rtn.  Notice here that the leakage 
reactance required in the primary circuit can be found using 
(20) for a given set of base values. In fact, the value of 
the leakage reactance required in the primary circuit for this 
topology is typically low. Normally, this value cannot be 
achieved using conventional winding transformers. On the 
other hand, coaxial winding transformers can achieve low val- 
ues of leakage inductances due to their unique characteristics 
of confined and easily controlled leakage flux. 

where Iavg is the average current in the diode and vf is the 
forward voltage drop across the diode. The average currents 
of the Primary diodes were computed to be 

I ~ l , Z - a v g  = (27) - ( d:t) 

2(1 - D)( l  + dl + d D t ) .  (28) 
8 ID3,rl-avg = a10 
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Hence, the primary diodes conduction losses are 

Pdp-con = 2(IDl,Z-avg + ID3,4-avg)vfp (29) 

where Dt is computed using (24). 

and the totalconduction losses are given below: 
For the secondary diodes, the average current in each diode 

. Pds-con = Iovfs. . (31) 

Finally, the total devices' conduction losses are given by, 

Pcon-total = PQ-con + Pdp-con + Pds-con. (32) 

B. Switching Losses 

Since this converter achieves ZVS for both legs over a wide 
load range, the turn-on losses for the transistors are zero if the 
conditions stated in Section I11 are met. 

Turn-off losses in MOSFET's are very small due to their 
fast switching characteristics and the presence of parasitic 
capacitance across the output junction, c d s ,  which will control 
the d w / d t  across the device. The output capacitance has a 
nonlinear nature, where it is inversely proportional to the 
square root of the voltage. 

These losses are very small and can be computed using 

where t f  is the fall time of the MOSFET. By adding up (32) 
and (33), the total normalized losses are, 

ploss-total = Pcon-total + PQ-S~. 

Efficiency = 1 - P~os~-total-norm 

(34) 

Hence, the efficiency can be computed by 

(35) 

where P~oss-tota~-norm is the normalized total loss. 

V. DESIGN CURVES 

Using the equations derived in the preceding section, the 
design curves for a 10 kW converter can be obtained. The 
specifications of the proposed converter are 150 V input, 150 
V output voltages with 20 kHz switching frequency. 

For the proposed converter, the on-resistance of the MOS- 
FET's is assumed to be 20 mR with 2 V forward drop 
for the primary and the secondary diodes. For the isolation 
transformer, a minimum of 1:2 tums ratio is required to 
obtain a 150 V output voltage since the proposed topology 
has an inherent 2:.1 voltage ratio. The equivalent resistance of 
a coaxial winding transformer designed for such an application 
is calculated to be on the order of 1 mR. 

Using the above data, the effect of leakage inductance on 
the different design parameters is shown in Fig. 8. 

Fig. 8(a) shows the effect of the leakage inductance on the 
secondary current undershoot ratio d needed to ensure ZVS 
for all devices. For low values of leakage inductance (less 
than 150 nH), a minimum value of d equals to 0.1 is assumed 
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Fig. 9. Design curves of a conventional 10 kW FB-PWM converter 
(VB = V,,, I B  = I,, fs = 20 H z ,  a = 1.5). 

in the above analysis. As the leakage inductance increases, 
the required value of d becomes larger. This results in higher 
rms device currents, higher conduction loss, and hence, lower 
efficiency, as shown in Fig. 8(b), (c), and (d), respectively. On 
the other hand, increasing d results in a wider ZVS range for 
the MOSFET's. As a result, the design of d is a compromise 
between the higher losses and wider ZVS range. Note here 
that the value of d specifies the size of the secondary filters 
as given by (17). 

Unlike the FB-PWM ZVS converter, the required leakage 
inductance is rather small due to the fact that the secondary 
filter energy is used ,to achieve ZVS for the main devices 
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instead of the leakage energy. Such low values of leakage 
inductances cannot be realized easily using conventional wind- 
ing transformers. On the other hand, coaxial transformers can 
realize low leakages due to their unique structure of confined 
leakage flux. 

VI. A COMPARISON WITH A CONVENTIONAL 
FULL-BRIDGE PWM ZVS CONVERTER 

In this section, a comparison between the proposed con- 
verter and the full-bridge PWM ZVS converter is presented. 

For the FB-PWM ZVS converter, the leakage and magnetizing 
inductances of the transformer, in addition to the parasitic 
capacitance of the MOSFET's, are used to achieve ZVS. Phase 
shift control is also used here to achieve ZVS. 

In the FB-PWM ZVS converter, the MOSFET's in the 
leading leg of the primary bridge always switch under ZVS 
conditions even at light load. This is due to the fact that the 
energy available to charge/discharge the output capacitances of 
the MOSFET's is the energy stored in the leakage inductance 
of the transformer, in addition to the energy stored in the output 
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filter inductance. For the lagging leg MOSFET’s, the energy 
available to charge/discharge the output capacitances of the 
MOSFET’s is the energy stored in the leakage inductance of 
the transformer only. Hence, under a certain load condition, 
ZVS is lost. It was shown by Sabate [6] that by sizing the 
leakage inductance of the transformer, the ZVS range of the 
converter can be extended. 

In order to carry out a comparison between the conven- 
tional full-bridge PWM converter and the improved topology, 
the effect of the leakage inductance on the different design 
parameters will be investigated and compared with the results 
obtained in the preceding section. The 10 kW converter 
specifications proposed earlier will also be used for this 
comparison. Note here that the required transformer turns ratio 
to obtain the same output voltage is 2:3. 

By carrying out a similar analysis to that of Section IV, 
the effect of leakage inductance on the design of a 10 kW 
conventional FB-PWM converter is shown in Fig. 9. 

Fig. 9(a) shows the effect of leakage inductance on the 
actual duty cycle of the converter. As the leakage inductance 
increases, the time required for the secondary diodes to com- 
mutate becomes longer and hence the lost duty cycle becomes 
higher. In addition, a voltage spike on the secondary side 
occurs after the commutation of the secondary diodes due to 
the reverse recovery of these diodes. Hence, a snubber circuit 
is needed to limit this voltage spike. Such a snubber circuit 
consumes almost 1-2% of the output power [6], [7]. For the 
above analysis, a 1% loss is assumed to be consumed by such 
a snubber circuit. 

The effect of the leakage inductance on the normalized Q1 
rms current, the total normalized losses, in addition to the 
efficiency of the converter, is shown in Fig. 9(b), (c), and 
(d), respectively. Unlike the improved topology, increasing the 
leakage inductance results in reduced rms currents, reduced 
losses, and hence, higher efficiency. However, for values of d 
less than 0.3, the efficiency of the improved topology is higher 
than that of the conventional FB PWM converter. 

VII. SIMULATION RESULTS 
Simulation results for a 2 kW converter were obtained using 

SABER. The converter specifications are 150 V input, 48 
V output voltage with 20 kHz switching frequency. Detailed 
device and diode models were used in simulations (Lauritzen 
diode model with reverse recovery [8], IGBT’s library models, 
coaxial transformer model, and so on). Fig. 10(a) shows the 
primary voltage and current. The characteristics of the primary 
current, where it picks up the secondary filter current before the 
primary voltage is switched to the other rail, are clearly seen. 
Fig. 10(b) shows the secondary voltage and filter currents. 
Note that since the secondary currents have considerably 
higher ripple, the value of the secondary filters needed are 
rather small. Fig. 1O(c) shows the current and voltage wave 
forms of one of the secondary diodes. Again, here it is clear 
that the secondary diodes commutate under zero voltage before 
the primary voltage is switched to the other rail; hence, no 
secondary voltage spike occurs when the primary voltage 
changes polarity. 

10 pddiv 

(a) 

10 usldiv 

10 pddiv 

10 pddiv 
(d) 

10 pddiv . .  
( e )  

Fig. 11. Experimental results (at 1 kW). (a) Primary voltage (100 V/div). 
(b) Primary current (20 A/div). (c) Secondary filter current 11 (20 Ndiv). (d) 
Secondary diode voltage (100 V/div). (e) Secondary diode current (20 Ndiv). 

VIII. EXPERIMENTAL VERIFICATION 

A 2 kW prototype converter was built in the lab to ver- 
ify the operation of the proposed converter. The converter 
specifications are the same as those used in the simulations 
above. IGBT’s were used instead of MOSFET’s since they 
were readily available in the lab. The device ratings were 600 
V/100 A. For the secondary diodes, 600 VI30 A devices were 
used. A 1 : 1 coaxial winding transformer was designed where 
the leakage inductance was estimated to be on the order of 
250 nH. The required secondary filter inductors for a value of 
d of 0.3 was 30 pH. A phase shift control board was used to 
provide the required gating signals. 

Fig. 11 shows the resultant waveforms for a 1 kW output 
power. It is clear that the experimental results verify the 
simulations shown earlier. 

The experimental test data obtained were as follows: 

V,, = 125 V I;, = 16.5 A Pi, = 2063 W 
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data were the losses are about 203 W. In fact, the performance 
Of the converter be improved by using 
MOSFET’s with low on resistance for the primary devices, 

“Design considerations for high-voltage- high-power full-bridge zero- 
voltage-switched PWM converter,” IEEE-APEC Rec., Mar. 1990. 

[7] L. Mweene, C. A. Wright, and M. F. Schlecbt, “A 1 kW 500 kHz front- 
end converter for a distributed power supply system,” IEEE-APECRec., 

while using Schottky diodes on the secondary side. pp. 423-432, 1989. 
[8] P. 0. Lauritzen and C. L. Ma, “A simple diode model with reverse 

recovery,” IEEE Trans. Power Electron., pp. 188-191, Apr. 1991. 
IX. CONCLUSIONS 

An improved dc/dc converter topology was presented in this 
paper. Detailed analyses were conducted with both simulation 
and experimental results presented. The advantages of the 
proposed topology include the following. 

Fixed frequency operation with PWM control and mini- 

ZVS for the main devices is achieved using the energy 

Wide load range with ZVS. 
Utilizes the low leakage inductance of a coaxial winding 

mum VA ratings. 

stored in the secondary filter inductors. 
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transformer to achieve soft switching for the secondary 
diodes. 
No lost duty cycle since the secondary diodes commutate 
under zero voltage. 

Mr. Kutkut is a member of the IEEE Industry Applications Society and 
the IEEE Power Electronics Society. 

No voltage spike in the secondary circuit due to the soft 

Utilizes the circuit parasitic elements effectively. 
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