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1

kW converter;

SOFT-SWITCHING FULL-BRIDGE DC/DC
CONVERTING

FIG. 11 shows current in a clamp diode in the upper
trace and voltage across a secondary winding in the

This is a continuation of application Ser. No. 553457
?led Jul. 13, 1990, now abandoned.
The present invention relates in general to softswitch

lower trace;

in dc/dc converters can be reduced by using snubbers,
or quasi-resonant or fully resonant circuits, or soft

transformer;
FIG. 14 shows a gate-drive circuit;
FIG. ISA-15E shows fundamental waveforms of the

switching circuits. Soft-switching is preferred because
of these advantages:
simpler control circuits
simpler power circuit

simpler analysis

I

FIG. 12 shows the voltage across a clamp diode in
the upper trace andthe current in the same clamp diode
in the lower trace;
FIG. 13 shows a suitable location of the currentsense

ing full-bridge dc/dc converting. The switching losses

control circuit;
FIG. 16 shows the current in the switch of the lead
15

better exploitation of the power transistors and recti
?er diodes

2

FIG. 10 shows transformer primary current in a 1.5

'

ing leg;
FIG. 17 shows current in the switch of the trailing

168;

FIG. 18 shows current in the recti?er diode;
high efficiency
FIG. 19 shows leg-voltage transitions in the con
low EMI.
At power levels high enough to justify the use of four 20 verter with upper and lower traces showing trailing and

controlled switches, probably the best choice is the

full-bridge soft-switching forward converter [l]-[3], [9],
[10]. That converter is controlled by phase-shifted
(four-state) PWM, as opposed to the parent circuit, the
full-bridge forward converter with traditional (i.e., 25

leading legs, respectively;

FIG. 20 shows leg-voltage transitions in the con
verter with upper and lower traces showing trailing and

leading legs, respectively;
FIG. 21 shows the transition of the trailing leg with

three‘state) PWM.

commutating inductor shorted-out;

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

at turn-off with the commutating inductor shorted;

losses of the recti?er diodes are not diminished appre

FIG. 22 shows recti?er current and reverse voltage

FIG. 23 shows recti?er current in the upper trace and
reverse voltage in the lower trace at turn-off with the

clamp diodes removed; and
ciably. The interaction of the reverse-recovery process
FIG. 24 shows recti?er current and reverse voltage
of the recti?er with the leakage inductance of the trans
at current-off.
_
former causes voltage overshoot and ringing That can
FIG. 25 shows the measured drain ef?ciency of the
lead to excessive dynamic losses, EMI, or failure of the
‘
recti?er. The severity of the problem increases with 35 converter.
FIG. 1 shows such an improved circuit. By connecting
increasing recti?er breakdown-voltage rating (needed
a small external inductor LC in series with the primary
for increasing output voltage), because the diode re
winding of the power transformer and adding two low
verse recovery time increases with increasing voltage

rating.

current current clamp diodes D5 and D6, we can reduce

A clamp can also be used for this purpose, e.g., as

ing inductor.”

The voltage overshoot can be controlled by using 40 substantially the switching losses and voltage stresses of
the recti?er diodes. The inductor LC also helps the soft .
soft—recovery recti?ers which have low di/dt during
switching of the transistors. We call L; the “commutat
the current-fall section of the recti?er reverse recovery.
shown in [3] and [10]. In addition, RC snubbers con

This detailed description discusses:

(l) the operating states and switch transitions of the
nected across the recti?ers can reduce the ringing and 45
converter,
can steer part of the switching losses to external resis
(2) the conditions for ensuring lossless transitions at
tors. Unfortunately all of the above are relatively inef?
nominal load, at overload, and at zero load,
cient and/or complex solutions to the problem. A sim

(3) the effect of the commutating inductor and the
pier and more efficient solution would be desirable.
Other features and advantages will become apparent 50 clamp diodes on the operation of the converter,
from the following detailed description when read in
connection with the accompanying drawings in which:
FIG. 1 shows an improved circuit according to the

(4) practical considerations regarding control

method, current sensing, gateedrive circuit, control and
protection circuit, and

(5) experimental results for a 1.5 kW current-mode
FIG. 2 shows the equivalent circuit of the converter; 55 controlled dc/dc converter (25 A at 60 V), operating at
IOO-kHz clock frequency and SO-kHz switching fre
FIG. 3A-3D shows waveforms illustrating the con
quency, and having an ef?ciency exceeding 95%.
verter states and switch transitions;
FIG. 2 shows an equivalent circuit of the converter
FIG. 4 shows an equivalent circuit for calculating the
where
the load network is transformed to the primary
leading leg transition;
side of the power transformer T. C; and C1 represent
FIG. 5 shows the equivalent circuit for calculating

invention;

the trailing leg transition;

the sum of the stray and snubbing capacitors at the two

FIG. 6 shows the equivalent circuit for calculating
the upper limit for the transition time of the leading leg
FIG. 7 shows the equivalent circuit for calculating

poles of the bridge. L1 is the leakage inductance and L,,,

lossless transition of the trailing leg;

states in which two switches on the same side of the

is the magnetizing inductance of the transformer.
The converter has four states, determined by the four
65 allowed on/off combinations of the switches. The states
the turn-on delay of the trailing leg;
_
in which two diagonally opposite switches are conduct
FIG. 8 shows waveforms in the circuit of FIG. 7;
ing (e.g., S1 and S4 or S; and S3) are called active. The
FIG. 9 shows the boundaries of turn-on delay for

3
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The two legs of the bridge (51-52 and 53-84) operate
under signi?cantly different conditions. The switching

across C1 swing from V,-,, to zero. t; can be determined

from the following equation:

of one of the legs moves the converter from the active

to the passive state. The switching of the other leg

vc1(t1)=°‘

moves the converter from the passive to the active state.

The leg which switches only from active to passive

(6)

For the practical case, where the energy stored in the
circuit inductances is much larger than the energy
change in capacitor C1, we can use the approximation
I1:Im+Ip’ instead of the exact solution of (5).
The voltage across C2 is

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 trailing
leg. FIG. 3 illustrates the operation of the converter by
showing some of the fundamental waveforms.
15

4 shows the equivalent circuit, which is used for deter

I L +L

mining the voltage-transition process of the leading leg.

V410) = 11

Here we assume that (a) the leading leg comprises the
switch and diode combinations S1-D1 and SZ-DZ, (b)
the transition starts with the opening of S1, (6) the ele

(7)

-Lcz—c sin wt,

where
w

ments in the circuit are ideal (i.e., lossless and linear),
and (d) the current iL(t) in the output ?lter inductance
stays above zero during the transition. (The equivalent

circuit of FIG. 4 is valid only if assumption (d) holds.)
1,, is the peak value of the magnetizing current, I1,’ is the

( (5)

where t1 is the time needed to complete the voltage
transition of the leading leg, i.e., to have the voltage

state.

l. Leading-Leg (Active-to-Passive) Transitions: FIG.

4
—C1dv¢1(!1)/d1=lt.

power bus are conducting are called passive. Substan
tial energy flows in the converter only during the active

l

m = —-————

1 (1-1 + L¢)C2
25

peak value of the transformed filter-inductor current

Unlike the case of the leading-leg transition, (7) usu

iL'(t), V0’ is the transformed output voltage, and vci(t) is
ally cannot be approximated with a linear time function,
the voltage across C1 (the leg voltage).
even close to full load. The reason is that the total cir
A simple calculation results in the following time
cuit inductance is much less than in the previous equiva
30 lent circuit, and so is the energy stored in it. The total
function for vc1(t):
energy is usually of the same order of magnitude as the
,
vc1(t) = V,

L

charge in the storage energy of C2 during the transition;

(1)
(1 - cos 0:) -

therefore the linear approximation does not hold.
In order to achieve high efficiency in a dc/dc con

35 verter, low switching losses must be maintained over a

wide range of operating conditions. In the soft-switch
ing full~bridge converter, the tum-off losses can be

reduced by faster gate tum-off and by having rubber
capacitors in parallel with the switches. Turn-on losses
result if the switches discharge partially charged capaci
tors C1 or C;. To ensure lossless transitions of the trail

We can obtain the time function of the leg voltage for
a transition starting with the opening of 8; instead of 8]
simply as

ing leg, two conditions must be met: (I) the energy
stored in the circuit inductances must be sufficient to
45

swing the voltage of capacitors C1 or C2 all the way to
the other power bus and (2) the switch must be turned
“on” actively while current flows in its antiparallel
diode. Because a full swing of the voltage of the leading

In practice, over a wide range of load current, only
leg can develop under any operating conditions, only
the beginning section of the transition can develop be
condition #2 applies for the transitions of that leg.
fore the opposite diode begins to conduct. That section 50 The turn-on of the switch must be delayed by at least
can be approximated as a linear function of time:
the leg-voltage transition time to meet condition #2.
Below, we calculate the required tum-on delay for the
three most-important cases: full load, shorted output,
and
zero load. In each case, we begin by determining
2. Trailing-Leg (Passive-to-Active) Transitions: FIG. 55 the transition time.
5_shows the equivalent circuit used for determining the
I. Turn-on Delay at Full Load: At full load the linear
voltage transition process of the trailing leg. This equiv
approximation of the transition is usually valid. Thus
alent circuit is simpler than that for the leading leg,
the transition time is
because here the transformer is shortedcircuited by the

forward-biased recti?er-diode bridge.
The current 11 of the current source in the equivalent
circuit is less than was the total current Im+Ip' for the
leading-leg transition. The reason is that part of the
energy stored in the inductances of the circuit at the

Vincl

(8)

‘time = 7.717 -

For lossless transition, the delay time tdmust be larger
beginning of the previous transition was lost during the 65 than that given in (8). However, the delay time must not
transition process. I1 can be calculated from the equa
tion

exceed the minimum duration of the passive state. From

those two requirements, after eliminating I”, and IF’, the
following bounds can be obtained for the delay time:

5,198,969
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6
(12)

(9)
T

1

__"s_
— VimminN

ILnu'n = Vimmax lCZ/(LI + Le) ~

.
> tdJtadmg>

The second condition relates to the turn-on delay.

Vimextcl
V07‘
zLmN *

VOTN
2L0

V027‘

The required minimum delay time is determined by the
transition time needed for a full swing of the leg volt

I

' mWL. + "N

age. The maximum allowable delay time is determined
by the time needed to return the total energy stored in

where

the leakage and commutating inductances to the input

N=n;/n1, T: clock period (half of the switch period),

power source.

V0: output voltage,

-

The minimum and maximum values of the delay time
can be calculated with the help of the equivalent circuit

Lo: output ?lter inductor,
I0: load current,

shown in FIG. 7. The circuit is the same as that in FIG.

15 5, with the addition of a diode which clamps the leg
Vimmm: minimum allowed value of Vin, and
Vimw: that value of the input voltage which maxi
voltage at V,-,,. FIG. 8 shows the circuit waveforms.
mizes the right-hand side of the inequality; depending
The required minimum delay time is
on the particular parameter combinations, it is either the

minimum or the maximum of V,-,,.

2. Turn-On Delay at Shorted Output: At shorted
output, with pulse-by-pulse peak-current-limiting over
load protection [4], the active state is always of short
duration; therefore the magnetizing current is negligi

20

ble. Also, if substantial foldback is used in the overload
protection, the current in the circuit inductances may be 25
so small that the linear approximation is no longer appli
cable.

.

From (1), the lower limit of the delay time is
(10)
ldJeading >

Lzcl are tan

30

Vinmuur 1 Cl
ION Lr

,

The normalized minimum and maximum delay times
are plotted in FIG. 9 as functions of the normalized

where

35 current. As can be seen, lossless transition of the trailing

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 Delay 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 ?lter inductor will not
45
have much in?uence on the transition process. For this
case, we can obtain an upper limit for the transition time

from the simple equivalent circuit in FIG. 6. The mini
mum delay time for lossless transition must be larger
than the maximum transition time, that is
(1 1)
talleadingmin > ttr,leading,max = 121"’

lC1(L¢ + Ll + Lm) -

The minimum value for the delay time at zero load is 55

usually much larger than that allowed from the mini
mum duration of the passive state. A practical compro
mise is to set the delay time according to (9) and to
tolerate the tum-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 ca

pacitors (5).
The ?rst condition for lossless transition is to have

enough current in the leakage inductance L1 and in the 65
' commutating inductance LC to swing the leg voltage all
the way to the other power bus. The required minimum
current is found from the energy equation as

leg is not achievable below a certain minimum current,

given by (12). Above that minimum current, lossless
transition of the trailing leg is possible only if the delay
time is between the two boundaries shown in FIG. 9.
An optimum delay time can be inferred from

