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ABSTRACT 

The addition of an external commutating inductor and two 
clamp diodes to the phase-shifted PWM full-bridge dc/dc 
converter substantially reduces the switching losses of the 
transistors and the rectifier diodes, under all loading condi- 
tions. We give analyses, practical design considerations, and 
experimental results for a 1.5-kW converter with 60-V. 25-A 
output, operating at 100-kHz clock frequency and 95% effi- 
ciency. 

I. INTRODUCTION 

The switching losses in dc/dc converters can be reduced by 
using snubbers, or quasi-resonant or fully resonant circuits, 
or soft-switching circuits. Soft-switching is preferred because 
of these advantages: 

simpler control circuits 

simpler power circuit 

simpler analysis 

better exploitation of the power transistors and recti- 
fier diodes 

high efficiency 

low EMI. 

At power levels high enough to justify the use of four con- 
trolled switches, probably the best choice is the full-bridge 
soft-switching forward converter [1]-[31. [9]. [lo]. That con- 
verter is controlled by phase-shifted (four-state) PWM. as  
opposed to the parent circuit, the full-bridge forward convert- 
er with traditional (Le., three-state) PWM. 

The dynamic losses of the controlled switches in the full- 
bridge soft-switching converter are much smaller than in the 
parent circuit. However, the switching losses of the rectifier 
diodes are not diminished appreciably. The interaction of the 
reverse-recovery process of the rectifier with the leakage 
inductance of the transformer causes voltage overshoot and 
ringing. That can lead to excessive dynamic losses, EMI. or 
failure of the rectifier. The severity of the problem increases 
with increasing rectifier breakdown-voltage rating (needed for 
increasing output voltage), because the diode reverse recovery 
time increases with increasing voltage rating. 
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The voltage overshoot can be controlled by using soft-recovery 
rectiflers which have low di/dt during the current-fall section 
of the rectifier reverse recovery. A clamp can also be used for 
this purpose, e.g.. as  shown in [3] and [lo]. In addition, RC 
snubbers connected across the rectifiers can reduce the 
ringing and can steer part of the switching losses to external 
resistors. Unfortunately all of the above are relatively ineffi- 
cient and/or complex solutions to the problem. A simpler 
and more efficient solution would be desirable. 

Fig. 1 shows such an improved circuit. By connecting a 
small external inductor L in series with the primary winding 
of the power transformeFand adding two low-current clamp 
diodes D, and D,. we can reduce substantially the switching 
losses and voltage stresses of the rectifier diodes. The induc- 
tor L, also helps the soft switching of the transistors. We call 
L, the "commutating inductor." 

1 D 5  

Fig. 1. Full-bridge soft-switching dc/dc converter with 
commutating inductor and clamp diodes. 

In this paper we shall discuss the following: 

(1) the operating states and switch transitions of the convert- 
er. 

(2) the conditions for ensuring lossless transitions at nominal 
load, at overload, and at zero load, 
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(3) the effect of the commutating inductor and the clamp 

diodes on the operation of the converter, 

(4) practical considerations regarding control method, current 
sensing, gate-drive circuit, control and protection circuit. 
and 

(5) experimental results for a 1.5-kW current-mode-controlled 
dc/dc converter (25 A at 60 V), operating at 100-kHz clock 
frequency and 50-kHz switching frequency, and having an 
efficiency exceeding 95%. 

11. OPERATING STATE8 AND SWITCH TRANSITIONS 

A. Operating States 

Fig. 2 shows an equivalent circuit of the converter where the 
load network is transformed to the primary side of the power 
transformer T. C , and C represent the sum of the stray and 
snubbing capacitors at t i e  two poles of the bridge. L1 is the 
leakage inductance and L, is the magnetizing inductance of 
the transformer. 

s3  

s 4  

Fig. 2. Equivalent circuit of the converter. 

The converter has four states, determined by the four allowed 
on/off combinations of the switches. The states in which two 
diagonally opposite switches are conducting (e.g., S, and S, 
or S, and S 3 )  are called actfue. The states in which two 
switches on the same side of the power bus are conducting 
are called passfue. Substantial energy flows in the converter 
only during the active state. 

The two legs of the bridge (S,-S, and S3-S,) operate under 
significantly different conditions. The switching of one of the 
legs moves the converter from the active to the passive state. 
The switching of the other leg moves the converter from the 
passive to the active state. The leg which switches only from 
active to passive state is called the leading leg, because the 
active state leads in the switching process. The other leg, 
which switches only from passive to active state, is the trail- 
ing leg. Fig. 3 illustrates the operation of the converter by 
showing some of the fundamental waveforms. 

A - r P  A 

Fig. 3. Waveforms illustrating the converter states and switch 
transitions: (a) trailing-leg voltage, (b) leading-leg 
voltage, (c) transformer voltage, (d) current drawn 
from the power source. " A  denotes the active state, 
" B  denotes the passive state. 

B. Switch Transitions 

1. Leading-Leg [Active-to-Passive) Transitions: Fig. 4 shows 
the equivalent circuit, which is used for determining the 
voltage-transition process of the leading leg. Here we assume 
that (a) the leading leg comprises the switch and diode 
combinations S,-D, and S,-D,, (b) the transition starts with 
the opening of S,,  (c) the elements in the circuit are ideal (Le.. 
lossless and linear), and (d) the current i,(t) in the output 
filter inductance stays above zero during the transition. (The 
equivalent circuit of Fig. 4 is valid only if assumption (d) 
holds.) Im is the peak value of the magnetizing current, I ' is 
the peak value of the transformed filter-inductor current i:(t), 
V ' is the transformed output voltage, and vcl(t) is the volt- 
aie across C, (the leg voltage). 

Fig. 4. Equivalent circuit for calculating the leading-leg tran- 
sition. 

A simple calculation results in the following time function for 
vc 1 (t) : 

- (Im+Ip') l / ~ s i n n t + v ~ c o s n t ,  + L, + L" 'Lo' 

(1) 
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where 

1 
n= 

$3 + L, + L" I L0')C1' 

We can obtain the time function of the leg voltage for a transi- 
tion starting with the opening of S, instead of S ,  simply as  

(31 

In practice, over a wide range of load current, only the begin- 
ning section of the transition can develop before the opposite 
diode begins to conduct. That section can be approximated 
as a linear function of time: 

(4) 

2. Trailing-Leg (Passive-to-Active) Transitions: Fig. 5 shows 
the equivalent circuit used for determining the voltage transi- 
tion process of the trailing leg. This equivalent circuit is sim- 
pler than that for the leading leg, because here the trans- 
former is shorted-circuited by the forward-biased rectifler- 
diode bridge. 

Fig. 5. Equivalent circuit for calculating the trailing-leg tran- 
sition. 

The current I, of the current source in the equivalent circuit 
is less than was the total current I + I ' for the leading-leg 
transition. The reason is that part 3 the'energy stored in the 
inductances of the circuit at the beginning of the previous 
transition was lost during the transition process. I, can be 
calculated from the equation 

-C,dvc,(tl)/dt = I, , (5) 

where t, is the time needed to complete the voltage transition 
of the leading leg, Le., to have the voltage across C swing 
from Vin to zero. t ,  can be determined from the fohowing 
equation: 

v,,(t,) = 0. (6) 

so is the energy stored in it. The total energy is usually of the 
same order of magnitude as  the change in the stored energy 
of C, during the transition: therefore the linear approxima- 
tion does not hold. 

III. CONDITIONS FOR LOSSLESS TRANSITIONS 

In order to achieve high efficiency in a dc/dc converter, low 
switching losses must be maintained over a wide range of 
operating conditions. In the soft-switching full-bridge con- 
verter, the tum-offlosses can be reduced by faster gate tum- 
off and by having snubber capacitors in parallel with the 
switches. Turn-on losses result if the switches discharge 
partially charged capacitors C, or C To ensure lossless 
transitions of the trailing leg, two condi%ons must be met: (1) 
the energy stored in the circuit inductances must be suffi- 
cient to swing the voltage of capacitors C or C, all the way 
to the other power bus and (2) the switch must be turned 
"on" actively while current flows in i ts  antiparallel diode. 
Because a full swing of the voltage of the leading leg can 
develop under any operating conditions, only condition #2 
applies for the transitions of that leg. 

A. Conditions for Lossless Transition of the Lea- Leg 

The tum-on of the switch must be delayed by at least the leg- 
voltage transition time to meet condition #2. Below, we 
calculate the required turn-on delay for the three most- 
important cases: full load, shorted output, and zero load. In 
each case, we begin by determining the transition tlme. 

1. Turn-On Delay at  Full Load: At full load the linear 
approximation of the transition is usually valid. Thus the 
transition time is 

P 
lm + I 

For lossless transition, the delay time td must be larger than 
that given in (8). However, the delay time must not exceed 
the minimum duration of the passive state. From those two 
requirements, after eliminating I and I ', the following 
bounds can be obtained for the delayqime: ' 

2LmN 2L0 2Vh,,aL0 " 
G I  I 

For the practical case, where the energy stored in the circuit (9) 
inductances is much larger than the energy change in capaci- 
tor C,, we can use the approximation I, 5 Im + 1'' instead of 
the exact solution of (5). 

where T: clock period (half of the switch period), 

The voltage across C, is 
V,: output voltage, 

Lo: output filter inductor, 

(7) Io: load current, 

Vin,&: mLnimum allowed value of Vin. and 

Vin,& that value of the input voltage which maxi- 
mizes the right-hand side of the inequality: 
depending on the particular parameter 

Unlike the case of the leading-leg transition, (7) usually 
cannot be approximated with a linear time function, even 
close to full load. The reason is that the total circuit induct- 
ance is much less than in the previous equivalent circuit, and 
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combinations, it is either the minimum or 
the maximum of Vw 

2. Turn-On Delay at Shorted OutDut: At shorted output, 
with pulse-by-pulse peak-current-Wting overload protection 
141. the active state is always of short duration: therefore the 
magnetizing current is negligible. Also, if substantial fold- 
back is used in the overload protection, the current in the 
circuit inductances may be so small that the linear approxi- 
mation is no longer applicable. 

From (1). the lower limit of the delay time is 

where Lt = L, + L, + L, I I L,/N2. 

The upper limit is equal to the duration of the passive state. 
At shorted output, it is easy to set the delay below that limit, 
because the duration of the passive state is only slightly 
shorter than the switch period T. 

3. Turn-On Delav at Zero Load: At zero load, the duration of 
the active state approaches zero, and both the magnetizing 
current and the load current disappear. However, the output 
voltage remains at its nominal value. This means that the 
output filter inductor will not have much influence on the 
transition process. For this case, we can obtain an upper 
U t  for the transition time from the simple equivalent circuit 
in Fig. 6. The minimum delay time for lossless transition 
must be larger than the maximum transition time, that is 

I + I  A - t  vci (t) Lc+L1+L, ? 
U 

vci (0) =vin 

Fig. 6. Equivalent circuit for calculating the upper limit for 
the transition time of the leading leg. 

The minimum value for the delay time at zero load is usually 
much larger than that allowed from the minimum duration of 
the passive state. A practical compromise is to set the delay 
time according to (9) and to tolerate the turn-on switching 
losses at, or close to, zero load, where the conduction losses 
become negligible anyway. If those switching losses are not 
acceptable, they can be eliminated by additional inductors 
and capacitors 151. 

B. Conditions for Lossless Transition of the Trailing k g  

The first condition for lossless transition is to have enough 
current in the leakage inductance Ll and in the commutating 
inductance L, to swing the leg voltage all the way to the other 
power bus. The required minimum current is found from the 

energy equation as 

(12) 

The second condition relates to the turn-on delay. The re- 
quired minimum delay time is determined by the transition 
time needed for a full swing of the leg voltage. The maximum 
allowable delay time is determined by the time needed to 
return the total energy stored in the leakage and commutat- 
ing inductances to the input power source. 

The minimum and maximum values of the delay time can be 
calculated with the help of the equivalent circuit shown in 
Fig. 7. The circuit is the same as  that in Fig. 5. with the 
addition of a diode which clamps the leg voltage at Vw Fig. 8 
shows the circuit waveforms. 

iL (t) 
4 D 

L1+LC 

Fig. 7. Equivalent circuit for calculating the turn-on delay of 
the trailing leg. 

t -  . t 

Fig. 8. Waveforms in the circuit of Fig. 7. 

The required minimum delay time is 
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The maximum allowable delay time is 

The normalized minimum and maximum delay times are 
plotted in Fig. 9 as  functions of the normalized current. As 
can be seen, lossless transition of the trailing leg is not 
achievable below a certain minimum current, given by (12). 
Above that mMmum current, lossless transition of the trail- 
ing leg is possible only if the delay time is between the two 
boundaries shown in Fig. 9. 

n t d ,  max 

I I 1- 

2 '4 '2 0 

I- 
"in 

Fig. 9. The boundaries of turn-on delay for lossless transition 
of the trailing leg. 

An optimum delay time can be inferred from Fig. 9. The 
optimum delay is that which produces lossless switching over 
the widest possible range of current, Le.. the delay time at the 
left edge of the area enclosed by the boundary cuwes in Fig. 
9. The optimum delay time is independent of the input volt- 
age. Its value is 

Differences in the transition of the trailing leg at full load, at 
shorted output, and at zero load are due only to the dlfferent 
values of I,. 

ofXe leading leg. Le., 
1. I, at Full Load: The current is very nearly equal to that 

n o m  elementary calculations 

Im = VoT/2LmN, (171 

and 

Ip' = N(Io + V0T/2LJ - Vo%/2VlIlLo . (181 

_. 2. I, at Shorted Output: In this case both the magnetizing 
current I and the ac component of the current in the filter 
inductor &e negligible. Thus 

I, = NIo. (19) 

- 3. I, at Zero Load: At zero load the only current available 
for swinging the voltage of the trailing leg is that previously 
developed during the transition of the leading leg. That 
current is 

I,=v,,., c JPl ( + L ~ + L ~ ~ .  (201 

This current is usually much smaller t han  the required 
minimum for lossless transition given in (12). Although 
highly asymmetrical capacitance values for the snubber 
capacitors (Le.. C, >> C2) somewhat help the situation, it is 
still very difficult to ensure lossless transition at zero load. 
As a solution, the idea introduced in [5] can be used. Note, 
however, that the excess switching losses can probably be 
tolerated without extra heat-sinking capacity. The reason is 
that the reduction in the conduction losses is usually smaller 
than the increase in the switching losses. 

IV. THE EFFECT OF THE COMMUTATING INDUCTOR 
AND THE CLAMP DIODES ON THE OPERATION 

OF THE CONVERTER 

A. The Commutating Inductor 

As is clear from (12). the mini" current for lossless transi- 
tion of the trailing leg is inversely proportional to the square 
root of the source inductance (the sum of the leakage induct- 
ance and the inductance of the commutating inductor). 
Therefore, in order to maintain lossless transition at light 
load, it is desirable to have a large commutating inductor. 
Another side benefit of that inductor is that it reduces the 
reflected reverse peak current caused by the charge storage 
in the rectifier diodes. As a first approximation, the reverse 
peak current is inversely proportional to the source induct- 
ance. 

However, the inductive source impedance causes voltage 
overshoot durlng the decaying portion of the reverse current 
in the diodes. The magnitude of the overshoot depends on 
the rate of the current decay and also on the inductance. The 
rate of the current decay is determined by (1) the doping 
profile, (2) the recombination time constant, and (3) the 
charge distribution at the instant the diode ceases to support 
the externally forced reverse current. Increasing the source 
inductance will not help; in the practical range of commutat- 
ing inductance values the current decay rate does not dimin- 
ish fast enough to compensate for the increase in the induct- 
ance. 

Due to the interaction between the junction capacitance and 
the source inductance, voltage overshoot and ringing will 
develop even with devices which do not have minority charge 
carrier storage (e.g., Schottky diodes]. Fig. 11 of [l] illus- 
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trates this effect. That figure shows a ringing with 30-V 
amplitude on a nominal transformer secondary voltage of 
approximately 38 V. Figs. 9 and 11 of [lo] show waveforms 
of a circuit where high-voltage PN-junction diodes were used 
for rectification. In that circuit, a dissipative clamp limits the 
voltage overshoot across the rectifier diodes, but we can stffl 
observe a severe ringing. This is also not desirable because 
(1) the excess losses caused by the circulating current and 
the dissipation in the clamp circuit reduce the efficiency, and 
(2) the ringing might generate a spectral line in the radiated 
noise profile of the unit above the allowed EM1 limit. 

B. The Clamp Diodes 

The voltage overshoot and ringing can generate excessive 
dynamic losses or unacceptable EMI. Failure of the fragile 
rectifier diodes can also occur. The overshoot and ringing 
can be controlled by methods listed in the introductory sec- 
tion of this paper (soft-recovery diodes, RC snubbers, or 
dissipative clamps) but none of those is a good cure to the 
problem. However, by selecting a large commutating induct- 
ance to leakage inductance ratio, we obtain an interesting 
solution: we can clamp the junction of the transformer and 
the commutating inductor to the supply rails with two diodes, 
as shown in Fig. 1. A s  a first approximation, the clamping 
will reduce the voltage overshoot in proportion to the ratio of 
those two inductances. 

In the converter, rectifier diode turn-off occurs at  each 
passive-to-active transition. During the passive state, both 
rectifier diodes conduct, although not evenly. The diode 
which was "on" during the previous active state will carry 
most of the load current. This can be explained as  follows. 
The commutation of the current from the conducting diode to 
the other diode is hindered by the leakage inductances of the 
transformer and by the lack of sufficient voltage to force the 
commutation. In a bridge converter with traditional PWM 
control, in the passive state the diodes would share the 
current equally, except for a small difference due to the 
magnetizing current. By using phase-shifted PWM in a 
bridge converter, in the passive state the transformer primary 
is shorted out by two conducting switches. At the beginning 
of that state the full load current is carried by only one diode, 
and only a few hundred millivolts -- the difference between 
the forward voltage drops of the diodes with close to full and 
close to zero current -- are available for changing the current. 
Usually even the full duration of the passive state is not sdi-  
cient to change the currents noticeably. 

Surprisingly. however, a small downward step can still be ob- 
served in the transformer primary current at the active-to- 
passive transition. The photo in Fig. 10, taken from a 1.5-kW 
converter, illustrates this observation. (The step can also be 
seen in Fig. 12d of 111.) The fundamental reason for that step 
is that the sum of the load current and the magnetizing 
current must charge up the various capacitances around the 
transformer. Those are: the junction capacitance of the 
nonconducting rectifier diode, the capacitance of the RC 
snubber (if any) across the same rectifier diode, and the dif- 
ferent stray capacitances of the transformer. The total avail- 
able charging current will be divided in two: the larger part 
will flow in capacitance C,. the smaller part will flow in the 
capacitances around the transformer. The ratio of the two 
currents is proportional to the corresponding capacitances. 

Fig. 10. Transformer primary current in 1.5-kW converter. 
Vi = 370 V, Io = 20 A. Vo = 53.5 V. (2 A/div., 2.5 
PS3diV.) 

1. Currents in the Clamp Diode: The small difference 
between the transformer primary current and the current in 
the commutating inductor flows through one of the two clamp 
diodes. Fig. 11 shows the current in a clamp diode together 
with the voltage across a secondary winding of the transform- 
er. 

Fig. 11. Current in a clamp diode (upper trace) and voltage 
across a secondary winding (lower trace). Vi = 370 
V. I = 20 A. V, = 53.5 V. (0.5 A/div.. 50 VI&., 2.5 
PS/&V.) 

The clamp diode carries current not only during the passive 
state. As can be seen in Fig. 11, a slowly decaying current 
pulse flows through the diode at the beginning of the active 
state. The origin of that current pulse is the following. Due 
to charge storage in the rectifier diode and various capaci- 
tances around the transformer and the rectifier an excess 
current develops in the commutating inductor during the 
passive-to-active transition. The excess current is the sum of 
the reverse peak current of that rectifier which is turned "off' 
during the transition plus the current needed to charge up 
the transformer, junction, and snubber capacitances. The 
excess current is carried by the clamp diode connected to the 
same power rail as the then conducting switch of the trailing 
leg. The current pulse decays to zero with a slope equal to 
the slope of the primary current of the transformer [te., the 
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sum of the slope of the magnetizing current and the reflected 
fflter inductor current). 

2. Switching Losses in the Clamp Diode: A clamp diode 
turns "off' twice in each clock period. The first tum-off which 
happens during the active state is virtually lossless because 
of the slow decay rate of the current. The second turn-off 
takes place at the end of the passive state. Here the rate of 
decay of the current is much larger, approximately V ,/CL, + 
$1. Considerable switching loss is expected in the diode at 
this tum-off. 

The diode voltage and current are shown in Fig. 12. 

Fig. 12. Voltage across a clamp diode (upper trace) and 
current in the same clamp diode (lower trace). V = 
370 V, Io = 25 A, V, = 53.5 V. (100V/div., 0.5 A/&.. 
2 ps/div.) 

In order to reduce the switching loss, we must use a fast 
clamp diode. Also, the magnitude of the current should be 
kept at  minimum. This can be achieved by (1) using the 
minimum amount of snubber capacitances, (2) selecting low- 
capacitance rectifiers, and (3) employing low-capacitance 
winding technique for the transformer. However, except for 
the snubber capacitances, the other capacitive components 
cannot be reduced significantly. If the switching loss be- 
comes a problem, a small RC snubber from the junction of 
the clamp diodes to ground or to the other end of the commu- 
tating inductor might provide a solution. Note that in the 
1.5-kW converter 1-A diodes were used with good results 
without extra snubbers or heat sinking. 

V. PRACTICAL CONSIDERATIONS 

A. Control Methods 

Both voltage-mode and current-mode control can be used in 
the converter. With voltage-mode control, however, the 
problem of transformer volt-second unbalance appears [SI. 
Although it is possible to eliminate the static unbalance with 
a coupling capacitor connected in series with the primary 
winding [I]. [31. (91. [IO]. it is better to use current-mode 
control with its many side benefits, including automatic volt- 
second balance 161 without a series capacitor. (121 describes a 
practical example with current-mode control.) In our design 
we used current-mode control, too. Aside from some minor 
details, the design and compensation of the feedback system 
is not different from that for a traditional bridge converter. 

therefore we shall not discuss it here. However, the location 
of the current sensor is important. 

1. Location of the Current Sensor: The current cannot be 
sensed with a current transformer in series with the primary 
winding of the transformer. The reason is that a circulating 
dc current can develop in the primary circuit which can 
cause saturation of the power transformer and/or the current 
transformer and can prevent the normal operation. That 
circulating dc current cannot be detected by a current trans- 
former. 121 recommends that two current transformer be 
used in series with the two switches of the trailing leg. This 
is a workable solution, but a single current transformer is 
sufficient if located properly. We place the current sense 
transformer in series with one of the power rails. e.g.. the 
negative rail. as shown in Fig. 13. The only condition for the 
proper operation of this scheme is that the passive state be 
long enough that the current transformer be able to reset 
during that state. Note that a sense resistor can also be used 
in place of the current transformer if loss or noise considera- 
tions allow it. That solution works even at zero duration of 
the passive state. Note further that  in case of a true dc 
current sensor which can detect signals of both positive and 
negative polarity (e.g., a Hall sensor), placing the sensor in 
series with the primary winding of the transformer is accept- 
able. 

Fig. 13. Location of the current-sense transformer. 

[7] gives details of a computer-aided study for voltage-mode 
control and for two different kinds of current-mode control for 
the converter. The two kinds of current-mode control differ in 
the origin of the current signal. In one case, the current 
signal originates from the primary current, in the other case 
it originates from the filter inductor current. Unfortunately, 
the study fails to note that primary current sensing does not 
work in a converter with capacitively coupled power trans- 
former (the one studied in that paper) unless special meas- 
ures are applied to prevent the voltage runaway across the 
coupling capacitor [SI. Sensing the output filter inductor is 
acceptable but it has  some drawbacks: (1) the coupling 
capacitor is definitely required because there is no direct 
control over the circulating current in the primary circuit, (2) 
there is no protection against transformer saturation caused 
by temporary volt-second unbalance (e.g., triggered by a load 
transient), and (3) the magnetizing current cannot be used as 
compensating ramp (needed at constant-frequency current- 
mode control to avoid subharmonic instability). 
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B. Gate Drive Circuit 

Fig. 14 shows the gate-drive circuit used in our 1.5-kW 
converter. The circuit provides drive signal for two MOSFET 
switches in one leg. Its operation is as  follows. The control 
circuit generates two signals each of which has somewhat 
less than 50% duty ratio. The falling edge of one of the sig- 
nals is followed by the leading edge of the other signal with a 
delay td necessary for lossless transition. The two signals 
drive two buffer stages (in our case two channels of a TSC427 
IC), which in turn drive a transformer with two secondary 
windings. One of the two MOSFET switches is tumed "on" 
through a forward-biased diode connected in series with a 
secondary winding. Then, during the delay time, the outputs 
of both buffers are at ground, and the transformer is effective- 
ly shorted. In this state both MOSFETs are kept "off' by the 
npn transistors. The sequence repeats for the other switch at 
the arrival of the next positive-going edge of the control sig- 
nal. 

B B  

cfi 
D D  

Fig. 14. Gate-drive circuit. 

This drive circuit is simple, it provides fast turn-off. and it 
does not reverse-bias the gates unnecessarily. This reduces 
the dissipation for the buffer stages to half of the dissipation 
of a drive with the same gate-voltage swing in the positive and 
negative directions. 

C. Control and Protection Circuit 

At the time this equipment was developed, no IC controller 
was available for generating the phase-shifted PWM signal 
with current-mode control. We used a push-pull current- 
mode-control chip (UC3846) with additional logic gates and 
RC delay members to generate the four control signals for the 
gate drive circuits. 

Fig. 15 shows the fundamental waveforms of the control 
circuit. A is the sensed current signal, B is one output signal 
of the push-pull control IC, C is the other output signal of the 
control IC, D is a control signal for the first gate drive circuit 
(for the trailing leg), E is a control signal for the second gate 
drive circuit (for the leading leg). The signals D and E must 
be processed further (they must be inverted and passed 
through delay-time setting circuits) before they can be actual- 
ly used for controlling the gate drivers. 

A s  can be seen from the waveforms, the two rising edges or 
the two falling edges of the output signals from the control IC 
define the two basic control signals for the two legs of the 
converter. Those control signals stay at a low or high value if 
the IC is disabled by the housekeeping circuitry during start- 
up, turn-off. or fault. Also, during load transients, the duty 
ratio of signal E can deviate temporarily from 50%. All those 
events can cause saturation of the drive transformer. The 

Fig. 15. Fundamental waveforms of the control circuit. 

saturation of the drive transformer is undesirable because it 
can lead to failure of the buffer stages and/or it can generate 
ringing which might turn "on" both switches in a leg simulta- 
neously, with catastrophic consequences. 

A simple "watchdog" circuit will prevent the drive-transformer 
saturation. That circuit comprises a retriggerable monostable 
multivibrator which is triggered by the edges of signal E. plus 
four gates. The gates let the four control signals through 
when the output of the multivibrator is "high," otherwise they 
inhibit the path. The timing of the multivibrator is set  
somewhat above the clock period. If the time elapsed be- 
tween two successive edges exceeds the set timing of the 
multivibrator. the control signals are inhibited and the drive 
transformer is shorted. Thus, transformer saturation be- 
comes impossible. 

VI. EXPERIMENTAL. RE8ULT8 

We built and tested a converter with 1.5-kW output power (60 
V, 25 A), operating from a regulated 370-V source (the output 
of a unity-power-factor boost converter operating from a 230- 
Vac power mains). The parameters of the circuit (shown in 
Fig. 1) are: 

Q1-Q,: IRFP460 each, 

D,, D,: BW72 each, two diodes in a package paralleled, 68 
i2 in series with 2.2 nF across each pair of paralleled diodes, 

D,, De: MUR15O each, 

n, = 20 tums. n2 = 4 turns. L, = 3 mH, L, = 3 pH, 

transformer core: E70. N27, 

L, = 15 pH, 

Lo = 70 pH, 

C,: 2 x 270 pF + 2 x Coss of the IRFP460 MOSFET switch, 

C,: 2 x Coss of the IRFP460 MOSFET switch, 

clock period: 10 IS, switch period: 20 ps. 

169 



Figs. 10 to 12 showed some of the waveforms of the convert- 
er; Figs. 16 to 24 show more waveforms. 

Figs. 16 to 18 present the currents in a switch of the leading 
leg and the trailing leg, and in a rectifier diode. As is clearly 
visible, the rates of transitions of the leading edges of the 
switch currents and both edges of the rectifier current are 
well controlled, thanks to the presence of the commutating 
inductor. Although at the time this paper was written no EM1 
measurements were completed, we expect little difficulty in 
meeting the usual requirements. 

Figs. 19 and 20 show the transitions of the leg voltages at 
80% load current and at 25% load current. Both transitions 
are lossless at 80% load (Fig. 19). and the transition times are 
about 100 ns. At 25% load (Fig. 20) the transition times slow 
down to about 300 ns. The leading-leg transition remains 
lossless. The trailing leg cannot swing all the way to the 
other power rail, but the estimated loss due to the discharge 
of C, by Q3 is still negligible (less than 0.1% of the full load). Fig. 18. Current in a rectifier diode. Vi, = 370 V, Io = 25 A, 

Vo = 53.5 V. (1 1 A/div., 2 pddiv.) 

Fig. 16. Current in a switch of the leading leg. V = 370 V. 
Io = 25 A. Vo = 53.5 V. (2 A/div., 2 ps/div.f 

Fig. 19. Leg-voltage transitions in the converter. Upper trace: 
trailing leg, lower trace: leading leg. V = 370 V. Io = 
20 A, Vo = 53.5 V. (100 V/div., 100 nsbiv.) 

Fig. 17. Current in a switch of the trailing leg. V 
Io = 25 A, Vo = 53.5 V. (2 A/div.. 2 ks/div.fn 

= 370 V. Fig. 20. Leg-voltage transitions in the converter. Upper trace: 
trailing leg, lower trace: leading leg. Vi, = 370 V, Io = 
6.25 A, V, = 53.5 V. (100 V/div.. 100 ns/div.) 
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To illustrate the beneficial effect of the commutating inductor, 
Fig. 21 shows the voltage transition at the trailing leg with 
the inductor removed by connecting a short-circuit across it. 
The load current was 12.5 A in this test. Without the induc- 
tor in the circuit, the leg voltage swings up to only 60 V and 
then swings back to zero. Then the switch charges the leg 
capacitance through the entire voltage transition of 370 V: 
the transition is lossy. The transition loss amounts to about 
0.5% of full load, a significant amount in a circuit with more 
than 95% efficiency. 

ing inductor and the clamp diodes are present. Here the load 
is twice as much as before (25 A. that is 100%) but the over- 
shoot is only about 15 V, Also the transition is well con- 
trolled. 

Fig. 21. Transition of the trailing leg with commutating induc- 
tor shorted-out. V = 370 V, Io = 12.5 A. V, = 53.5 V. 
(100 V/div., 50 nsydiv.) 

Figs. 22 to 24 show the effect of the commutating inductor 
and the clamp diodes on the waveforms of the rectifier diodes. 
Fig. 22 shows the voltage across the diode with the commu- 
tating inductor short-circuited, with 50% load. As the photo 
illustrates, the transition of the diode voltage is very abrupt, 
and the voltage overshoots above the plateau by about 40 V. 

Fig. 24. Rectifier current and reverse voltage at turn-off. V 
= 370 V, Io = 25 A, Vo = 53.5 V. (12 A/div.. 50 V/div., 108 
nS/d iV. l  

Fig. 22. Rectlfier current and reverse voltage at turn-off. The 
commutating inductor is shorted. V, = 370 V, Io = 
12.5 A. V, = 53.5 V. (6 A/div., 50 V/div., 50 ns/div.) 

In Fig. 23. the short is removed from the commutating induc- 
tor, but the clamp diodes are also removed. The load is 50%. 
Here the transition is well controlled, but the voltage over- 
shoots by about 45 V. At last in Fig. 24 both the commutat- 

Fig. 23. Rectifier current [upper trace) and reverse voltage 
[lower trace) a t  turn-off. The clamp diodes are 
removed. V = 370 V, I = 12.5 A, Vo = 53.5 V. 
(12 A/div., !%V/div., 180 ns/div.) 

9 0  JA l o  20 Io 

Fig. 25. Measured efficiency of the converter at output volt- 
ages of 40 V, 48 V, and 60 V, us. output current. V, 
= 370 V. 
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Fig. 25 shows the measured drain emciency of the converter 
at output voltages of 40 V. 48 V. 60 V, as  a function of the 
output current. From 50% to 100% load, the efficiency stays 
above 94% even at 40-V output, and is between 95 and 96% 
at 60-V output. The measured figures do not include the 
power consumption of the control, drive, and housekeeping 
circuits -- about 100 mA from 14 V; that power consumption 
is less than 0.1% of the full-load input power. 
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SUMMARY 

We present an improved soft-switching full-bridge converter 
which is especially suitable for high-power applications (e.g.. 
more than 1 kW output) because of its inherently high effi- 
ciency. At these power levels, the expense of four controlled 
switches is justifiable. The addition of a small commutating 
inductor and two low-current clamp diodes essentially e lM- 
nates the dynamic losses and the overshoot and ringing of 
the rectifier diodes associated with their charge storage and 
junction capacitances. The commutating inductance also 
helps to ensure lossless transition of the trailing leg of the 
converter, without requiring excessive magnetizing current in 
the transformer. We analyzed the conditions for lossless 
transitions, discussed the effect of the added components on 
the operation of the converter, and presented practical con- 
siderations and test results for a 1.5-kW converter with 100- 
kHz clock frequency. The converter has an efficiency above 
95% at 60-V output, it is free from voltage overshoots, and it 
exhibits well-controlled transitions for all switch and rectifier 
voltages and currents. 

The technology described in this paper is the subject of a 
patent application by the authors. 
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