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Résumé

Est présenté ici une analyse de ia quantité de I'énergie disponible
pour la comur ion du bras p if-actif (synchronisé), dans un
convertisseur en pont & commutation douce, utilisant un réseau
d'side & la ion en f ion du courant de la charge. On
démontre que le choix approprié des inductances du circuit
permet d'obtenir s commutation douce dans une large plage du
courant de charge, sans que les pertes de conduction deviennent
importantes. Les couunu dans les diodes d'écrétage du réseau

d'side & la dé d de I'empl. de la self
de commutation. Si la ull se trouve entre le bras passif-actif
{modulé) et le tr f it, des ifs parcourent

les diodes d'écrétage, vénultant des pertes de commutation
blovées ot une défaillance éventuelie de ces diodes. Les courants
de diodes ne sont pas excessifs si le réseau d'side 2 la
commutation est entre le bras actif-passif du pont et le
transformateur. Les prédictions de I'analyse sont vérifiées par les
expérimentations sur un convertisseur de 3 kW fonctionnant a
200 kHz.
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Abstract

An anmalysis is preseated for demmmng the commutating energy
ilable for the clocked or p to-active leg of the full-bridge soft-
switching converier with extersal commutating aid, in function of the
load current. It is shown that by properly choosiag the values of the
circuit inductances, soft swilclilg can be achieved over a wide range of

load curreat without a sigrifi Ity is duction loss. The
currents ia the clamp diodes oflhe ting aid depend on the
location of the ting iaductor. If the inductor is commected

between the passive-lo-active leg asd the traasformer, excess curreat
circulates in the clamp diodes, leading to switching losses and poteatial
failure ot‘ lhe diodes. The excess curmeat is mot preseat if the

d is d b the active-to-passive leg and
the ms(onner The predictions of amalysis are verified by computer
simulation and by experimental results takea from a 3-kW coaverter with

200-kHz clock frequescy.

INTRODUCTION

he soft-switching full-bridge PWM phase shift dc/dc converter is

the preferred choice of topology ia many high-power telecom

applications. The main reason is that the coaverter offers a unique

combination of two seemingly mutually exclusive advantages of the hard-

switching (or square-wave) and soft-switching (load-resomant, quasi-
or malti ) converters. Those advantages are:

¢ good exploitation of the power traasistors and diodes (i.c., small
conduction losses in the semicosductor devices) and
¢ small switching losses.

Additional benefits are:
e lJow EMI,
e full integration of the sty componeats (junction capacitances,
leakage isductance, body diodes) ia the power processor, and
* minimem amoust of stored emergy is the additional passive
haping comp

If all four switches of the ter op with soft switching there are
80 switch turn-on losses. The switch turn-off losses can also be made
uegligible by usiag fast drive circuits. The dynamic losses of the outpat
rectifier diodes remain significant, however (especially if relatively slow
diodes are used, a3, e.g. in medium-voltage or high-voltage applications).
Also, at light load, the passive-to-active (or P-A) leg of the bridge loses
soft switching. (The passive-to-active leg is the one which has oaly
passive-to-active traasitions. The meaning of the terms active and passive
will be discussed in the mext section, together with a review of the
openation of the converter.)

A simple, but effective, solution to both problems is available [1), [2]).
The solution is adding a commutating aid comprisisg a small inductor
(“commutating” inductor) asd two low-curmrest diodes (“clamp” diodes)
1o the basic converter, as shows in Figure 1.

The presence of the commutatiag inductor reduces the rate of change of
curreat in the rectifier diode at tarn-off and leads to reduced voltage
overshoot. As additional benefit of the commutating inductance is that
it increases the amount of esergy (the “commutating™ emergy) available
for charging or discharging the capacitance which loads the juaction of
the two switches of the P-A leg. The increased commutating eaergy
exteads the range of soft switchiag Soward lighter loads.

At first, we analyze the leg transitions of the comverter. The commutating
energy of the P-A leg is determined as function of the load curreat. We
show that at heavy load the dominant source of eaergy are the commata-
ting inductance and the leakage inductance. At light load the emergy is
supplied by the magnetizing inductance. At medium load all circuit
inductances (includiag the output filter inductance) contribute. (Note that
the contribution of the output filter inductance is negative, i.e. it reduces
the commutsting energy.) Our analysis reveals that the available
commutating eaergy has s misimum between the borderline of continuons
and discontinuous mode and the load curreat where the magaetiziag
curreat is equal to the valley of the reflected filter ind By
properly choosing the valses of the magaetizing and commutating
inductances, the minimum value of the commutating esergy cas be
selected to easure soft switching over a wide raage of load carrest
without a2 significant penalty in cosduction loss.
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Figure 1. Soft-switching full-bridge PWM phase-shift dc/dc converter
with commutating’inductor and clamp diodes.

The purpose of the two clamp diodes placed between the junction of the
commutating inductor/power transformer and the positive and negative
supply buses is to prevent the voltage overshoot across the output rectifier
diodes in a simple lossiess manner. We demonstrate that the two possible
locations of the commutating inductor — between the P-A leg and the
transformer and between the A-P leg and the transformer — are not
equivalent if clamp diodes are used. The main difference berween the
two locations is in the currents of the clamp diodes. If the commutating
inductor is connected between the P-A leg and the transformer, excess
carrents circulate in the clamp diodes. The excess diode currents cause
switching and conduction josses and can lead to failure of the converter.
The excess currents are not present if the commutating inductor is
connected between the A-P leg and the transformer.

In addition to the analyses, we also give design considerations regarding
(1) the choice of magnetizing and commutating inductances and (2)
circuits which reduce the currents in the clamp diodes (in case the
commotating inductor is between the P-A leg and the transformer).

The analyses are confirmed by extensive computer simulations and

experimental measurements on a 3-kW telecom rectifier.

OPERATING STATES AND EQUIVALENT CIRCUITS DURING
SWITCH TRANSITIONS OF THE CONVERTER

The operation of the basic soft-switching full-bridge PWM phase-shift
converter has been described in detail in many references [3]-{9]. In this
section we discuss only the operating states and the equivalent circuits
during the switch transitions. The addition of the commutating aid causes
only minor changes in the operation. The effects are mostly quantitative;
they will be discussed where appropriate.

Operating states

Each switch of the bridge is driven with approximately 50% duty ratio.
(Note that in order to avoid shoot-through, a small dead time must be
inseried between the drive signals of a leg.) Regulation is achieved by
varying the position, or phase, of the switching instants of the two legs.
Figure 2 shows the various waveforms and states of the converter.

The ccenverter has four main operating states, determined by the four
main sllowed on/off combinations of the switch states. When two
diagonally piaced switches are conducting, energy is absorbed from the
input voltage source. That state is called active. When two switches on
the same side of the power bus are conducting, there is no ecmergy
absorpton. That state is called passive.

As can be seen, the clocked leg of the converter (in our case the leg with
the center point marked A) switches only from the passive state to the
active state. For that reason, it is called the passive-to-active (or P-A)

3%

Figure 2. Waveforms and operating states.

leg. The modulated leg (with the center point marked B) always switches
from the active state 10 the passive state and is called active-t0-passive (o1
A-P)leg. As will be shown, there is a significant difference betweer the
switching processes of the two legs.

Besides the active and passive states during which two of the switches
are always in conduction, the converter has four more states when none
of the swilches (or their anti-paralle! diodes) are in conduction. Those
states arc the transition states. Again, there are two different types of
transition states (or transitiops, for short). Dunag the P-A transibon. e
P-A leg switches over from tbe passive to the active ste. Dunag the
A-P trapsition, the A-P leg switches over from the acthve to the passive
state.

In addition to the two types of main states (active and passive) aad two
types of tragsition states (A-P and P-A), other converter states cap be also
defined. Those states correspond to the conduction (or the lack of it) of
the various diodes (anti-parallel, output, clamp) in the converter. We
shall discuss some of those states in the relevant parts of the paper

Active-to-passive transition

Figure 3 shows an equivaient circuit of the converier duriag the A-P
transition

Le Lik

Figure 3. Equivalent circuit during the A-P tramsition.

In the equivalent circuit the transformer is represented by the magnetizing
inductance L, , the ieakage inductance L, , and an cquivalent panasitic
capaciance C, (all transformed to the primary side). The location of the
singie equivaient parasitic capacitance is a function of the transformer
geometry and winding configuration and is somewhat arbitrary. C, is the
sum of the equivalent capacitances of the two switches of the leg and the
external stray and snubber capacitances loading the leg center point. (The
equivalent capacitance of a switch is the linear capacitance which stores
the same amount of coergy as does the nonlinear junction capacitance
when the voltage across it is V.) In Figure 3, the voltages across the
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capacitances and the currents in the inductances are the initial conditions
of the transition. I, is the peak value of the magnetizing current, /; is the
peak value of the current in the output inductor transformed to the input
side, V, is the output voltage transformed to the input side.

Above a very light load, the stored energy of the output inductor is much
larger thap the other stored energies. This fact makes the introduction of
the much simplified equivalent circuit of Figure 4 possible. Tbat
equivalent circuit yields a linear capacitor-voltage vs. time function. The
simplified equivaleat circuit is usuvally valid down 10 a few percent of the
full load current.

Viplcy <, Im*'p

Figure 4. Simplified equivaleat circuit during A-P transition.

The A-P transition is completed whea either the anti-paraliel diode of the
other, second, switch ia the leg (the body diode of the MOSFET switch
or aa exteraal diode) comes into coaduction, or the d switch is
tursed on, whichever happeas earlier. A delay time must be isserted
betweea the turn-off of the first switck and the tara-om of the second
swiich. Ia order to avoid lossy charge or discharge of the capacitaace
loading the junction of the two switches, the delay time must be above
2 ceraia limit Assuming that the minimum curreat in the primary
windiag is large enough that the linear spproximation of the leg-voltage
transition is valid, the limit is

v-(-m(c| + C,)

pr(nis)

m

Lan >

Theoretically the upper limit for the delay time is the misimam duratioa
of the passive state. In practice, it is advisable 10 tura on the second
switch well before the P-A transition begias, 3o that the minority charge
carries are removed from the body diode before reverse voltage is forced
across that diode.

Passive-to-active transition
Depeadiag on the openating mode (continwons or discontinuous) asd

circuit psrameters, the ter can be ch rized by three differeat
equivalent circuits during the P-A traasition.

Figure 5 shows the equivalent circuit when the coaverier is in DICM.
(DICM is short for discontinuous inductor curreat mode.)

Lk Lc

Figure 5. Equivaleat circuit duriag the P-A traasition, DICM.

Ia DICM, the magnetizing, leakage and commutating inductances carry
the same curreat (I,) whea the traasition begias. The equivalent circuit
remains valid throughost the transition.
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In CICM , the tramsition begins with the equivaleat circuit shown in
Figure 6. (CICM is short for conti ind mode.)

LG
x L
—
Im* Ty

Figure 6. Equivalent circuit at the begianing of the P-A transition
in CICM.

If the maguetizing current is smalier than the reflected valley curreat, the
transformer remains in shoried condition satil the traasition is over. (The
transitios eads cither because the voltage across C, swings all the way 10
the other bus, or because the other switch is turned on by the drive
sigaal.) If the magnetizing current is larger than the reflected valley
current, two things cas happea: (1) The tramsition is over before the
currest in the leakage inductance drops below the differeace between the
magsetiziag currest and the reflected inductor curreat.  The equivaleat
circuit of Figure 6 remains valid throughout the tramsition. (2) The
currest in the leakage inductance drops below the differeace between the
maguetizing curreat aand the reflected inductor curreat. Whea that
happeas the transformer comes out from the shorned coadition and the
equivalent circuit of Figure 7 becomes applicable.

Lk* Lc

Figure 7. Equivaleat circuit duriag the P-A transition in CICM when
the transformer comes out from the shorted coadition.

Ia the figure, for simplicity, we ase the following assumptions: 1. The
filter isductor curreat has sot chasged duriag the first part of the
tansition, i.c. its value is /, (the valley cument). 2. The ladder network
ofLy,C,, L., aad C, can be replaced by the network comprisiag oaly
oac inductor with an inductance of L, + L, and ose capacitor with a
capacitance of C, + C,. The initial capacitor voltage V, is calculated
from the law of conservation of eaergy; the resalt is

f 3 2

COMMUTATION ENERGY FOR THE P4 LEG

As the equivaleat circuits demonstrate, the esergy stored in the flter
inductor does not help the P+ trausition. This is why the P-A leg can
lose soft switching at 3 much lower load curreat thas the A-Pleg. Itis
2lso evideat that by storiag emergy ia the magaetizing inductance, the
raage of soft switching of the P-A leg can be exteaded.
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For an optimization of the design, it is useful to determine the energy
available for commutation of the P-A leg as function of the ioad current,
with the magnetizing inductance and the leakage plus commutating
inductances as parameters.

In DICM, from the equivaient circuit of Figure 5. the commutating
energy it

1
E =l sy L)I2 3)

In DICM the magnetizing current is function of the load current because
the daty ratio also depend on the load current. A simple derivation yields

1 2L NV YT

I = ——— 4
T : O)
-N-' .

The components and voltages are those defined in Figure 1, T is the
period of the clock frequency (i.c. the output frequency).

The load current at the borderline of DICM aad CICM is

VT \ 4
A A ®
1, T(l V:N]

In CICM, when the magnetizing current is smaller than the reflected
valley current, the commutating energy is

1 ,
E = T(L“ LA, - 1)) ©)

Ia CICM the magnetizing current is

V NT
I = _°
-t M
The reflected valley current is
I'= LW 1 - v, ®)
Y TFE( OV

For the case when the magnetizing current is larger than the valley
carrent, the commutation energy is

E = qluly =1 + 5@y +LDA + 1)} ®

Figure 8 shows the calculated commutating energy in function of the load
current for a converter with the following parameters:

Ve = 380 v
v, = 52 A\
T = 5 us
N = 1473

L, = 18 wH
J = S0 A

The minimum commutating eaergy needed for ensuring soft switching of
the PA leg of the example converter is

Egw = 200 W

which correspoads to an equivalent loading capacitance of
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C,+C,= 277 aF

i4

The sum of the leakage and commutating inductances is

Ly+L, = 11 uH
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Figure 8. Commutating energy vs. output current
(parameter: magnetizing inductance).

In Figure 8 the parameter is the magnetizing inductance. As can be seen,
with 150 uH magnetizing inductance, soft switching is maintained from

full load down to practically zero load.

In Figure 9 the parameter is the sum of the leakage and commautating
inductances. The magunetizing inductance is

L. = 115 mH

1.5m
Z
2
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Figure 9. Commutating energy vs. output current
(parameter: sum of leakage and commutating inductances).

By comparing Figures 8 and 9, it becomes obvious that reducing the
magnetizing inductance is 2 more effective means of maintaining soft
switching at light load than increasing the commutating inductance.
Although a complete loss analysis is outside the scope of this paper, it is
clear that the penalty of using low magnetizing inductance is iacreased
conduction losses in the switches and in the windings of the transformer
aad the commutating inductor. Iacreasing the commutating inductance
also increases the conduction losses, but much more gradually.

CURRENTS IN THE CLAMP DIODES

A task of the commutating inductance added in series with the primary
windizg of the transformer is to increase the energy available for the
tmansition of the P-A leg. Without parasitic capacitances around the
transformer and the output rectifier diodes, the inductor itself would be
safficient to accomplish that task. Unfortunately, the panasitic capacitanc-



es cause ringing across the transformer windings and lead to excessive
voluge overshoot across the rectifier diodes. To reduce the ringing and
o dissipative [5] sad dissipative [10] clamps bave been
recommended. Another, less expensive but equally effective, solution
was proposed in [1). The idea is 1o add clamp diodes between the
positive or pegative supply bus and the junction of the commutating
inductor and the transformer terminal. The clamp diodes prevent the
ringing across the primary winding of the transformer, so now the ringing
will be excited only by the energy stored in the leakage inductance. That
energy is ussally only about 10% of the total emergy stored in the
commutating inductance as is, therefore, much easier to absorb. The
excess energy stored in the commutatiag inductance is returned either to
the supply through the clamp diodes or to the output through the
transformer.

Due 1o the presence of the clamp diodes, the two possible locations of the
commutating inductor — between the P-A leg and the transformer and
between the A-P leg and the transformer — are not equivaieat. The main
diff b the two locations is in the cumreats of the clamp
diodes. Figure 10 shows the currest in the clamp diode D, (in Figure 1),
together with the bridge voltage v,, and transformer voltage v, for the
case when the commutating iaductor is at the P-A leg. (Note that in
Figure 1, the leg marked with B is the P-A leg.)

Brkige volage Traneformer vohege
A | | VAG— e
|
I s
1t2 te :
—— l
1y .
2
Diods current
ts

Figure 10. Bridge and transformer voltages and current in the clamp
diode D, whea the commutating inductor is at the P-A leg.

Figure 11 shows the curmreat is the clamp diode D,, together with the
bridge voltage v,, and transformer voltage vy, for the case whea the
commutating inductor is moved to the A-P leg. (Note that in Figure 1,
the leg marked with A is the A-P leg.)
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Figure 11. Bridge aad transformer voltages and curreat is the clamp
diode when the commatating inductor is at the A-P leg.

As can be seen, duriag the active state a curreat ramp flows is the clamp
diode. The ramp begias after the passive-to-active trasition, when the
voltage scross the transformer reaches V,,. Note that the voltage build-ap
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across the trapsformer is delayed by the presence of the commutating
inductor. The delay time ¢, — ¢, is

I'L,
b ot

L-ohL=

The peak J, of the current amp is approximately

an

The ramp decays with a slope which is approximately equal to the sum
of the slopes of the magnelizing current and the reflected filter isductor
current plus the diode forward voltage divided by the commutating
inductance. If the time coastant (L, + L VR, is small, an exponential
decay term also appears. In the active state the location of the commuta-
ting inductance has ao effect on the curreat waveform of the clamp diode.

Due to various traasformer parasitics, current flows ia the clamp diode
2t the active-to-passive transition, too. (The peak value /, of that currest
cannot be as simply calculated as chl of the currcat during the active
staie.) The location of the ind has a very distisct
effect on the waveform. If the eomnlunlg inductor is at the P-A leg.
the curmrent will be searly coastamt during the whole duration of the
passive state. The curreat circulates i the commutatiag inductor, the
clamp diode, and the switch which is commecied 0 the commutating
inductor os the same side of the supply bus as is the clamp diode (S,ia
the case of D,). The decay is isfluesced by several factors, including the
slope of the reflected filter inductor curreat aad the effect of the forward
voltage drop of the clamp diode. The reflecied slope increases the
cmll, while the diode forward voltage drop d it Comp

lations asd observations of the op of the actual coaverer
show that the resulting slope is arosad zero deriag zormal operstios asd
is positive (i.c. the curreat increases) st small duty ratios.

At the end of the passive stale, the clamp diode turas off with e di/dt of
V. /L. Thatdi/dt value is high esough to develop a large reverse curreat
puise in the clamp diode aad 1o cause significant switching losses.

If the commutating inductor is at the A-P leg, curreat flows oaly very
briefly in the clamp diode at the active-to-passive trausition. The peak
curreat [, of the diode will be approximately the same as before, but the
duration of the current puise will be very short. The reason is that the
excess current sow flows through the clamp diode which is coanected to
the opposite bas. This produces a high decay rate (V,/L,) and guick
termiaatios of the curreat. (Observed curreat pulse durations are is the
50 10 100 as range.) The high decay rate also causes switching losses in
the diode but the total loss is still much less than before.

It is interesting 1o mote that in the secoad location of the commutating
inductor, a third curreat palse appears in the clamp diode at the moment
whea the active-to-passive transition takes place ia the other direction.
The peak of the third current pulse I, is the same as the reverse peak
current of the other clamp diode. The current pulse decays with the sam
of the slope of the reflected filter inducior curreat aad the forward voltage
drop of the clamp diode divided by L.

DESIGN CONSIDERATIONS AND EXPERIMENTAL RESULTS

Choice of magnetizing and commutating inductances

The choice of the magaetiziag and commutatisg iaductasces depends on
the operating conditions of the . If the P close
o full load most of the time, it is sufficieat 10 use only the commutating
inductance for maintaining soft switching. If the load varies over a wide
range, it might become necessary to redsce the magaetizing inductance
of the transformer to emsure soft swiichiag in the whole load-curreat
range.
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As was shown in the section on commutation energy. it is possible to
extend the range of soft switching practically all the way to zero load
current by reducing the magnetizing inductance. The excess magnetizing
current, however, leads 1o excess conduction losses. We clearly have an
optimizat.on problem. To achieve the highest average efficiency. we
must alsc take into account the probability distribution function of the
load. A discussion of the optimization of the converter for efficiency is
the subject of a planned future paper.

Clrcuits 1o reduce currents in the clamp diodes

When the commutating inductor is at the P-A leg, the dc and rms current
and also the switching losses in the clamp diodes are much larger than
when the inductor is at the A-P leg. At small duty ratios where there is
not enough time for the current to decay to zero during the active state,
the switching losses can easily cause thermal runaway and, eventually
catastropnic failure, of the diodes.

Although there seems to be no practical reason which would justify
keeping 'he commutating inducior at the P-A leg, it is easy to prevent
current rénaway in the clamp diodes even in that position. Figure 12
shows a simple circuit which works satisfactorily. The resistor R speeds

up the decay of the current. In another circuit (Figure 13), the same is
achieved by using two back-to-back Zener diodes.

Figure 12. Resistive damping of the currents in the clamp diodes.
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“igure 13. Damping of the currents with Zeerer diodes.
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The extrx voltage drops introduced by the additional components (resistor
or Zener diodes) appear across the output rectifiers. During the design
of the converter, those extra voitage drops must be taken into account.
The other design parameter is the dissipation. Because the currents in the
clamp diodes are not easily predictable, computer simulations and/or
laboratory tests are recommended to refine the paper designs.

Although not essential, 3 smail amount of resistive damping might be
also beneficial in the case when the commutating inductor is at the A-P
leg. The damping ensures that the clamp diodes are not conducting when
2 transition takes place in the converter and so it helps further reducing
the switching losses.

Experimental results

We reccrded the current waveforms in the clamp diodes of a 3-kW
converter under various conditions. Figures 14 through 16 show those
waveforms. The parameters of the converter are given in a previous
section discussing the commutating energy.
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Figure 14. Current in a clamp diode without damping resistor at full
load. The commutating inductor is at the P-A leg. Scales: 1 A/div.,
2 ps/div.
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Figure 15. Current in a clamp diode with 2 4.2 ohm damping resistor
at full load. The commutating inductor is at the P-A leg. Scales:
1 A/div., 2 ps/div.
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Figure 16. Current in a clamp diode without damping resistor at full
load. The commutating inductor is at the A-P leg. Scales: 1 A/div,,
2 us/div.



$.12.C POWER CONVERSION TOPOLOGIES - 2
400V
oov 4
200v+
100v+
ov
9.9us 10.0us 10. 1us 10.2us 10. 3us 10.4us  10.5us
Time

Figere 17. Traasition of the PA leg. L, = 1.2mH, L, = 10 uH, L, = 1.7 uH. Parameter: output curreat.
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Figare 18. Transition of the PA leg. L = 150 uH, L, =0, L, = 1.7 uti. Parameter: ontpat curreat.
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Figure 19. Transition of the P-A leg. L, = 150 uH, L, = 10 uH, L, = 1.7 uH. Parameter: output current.

RESULTS OF COMPUTER SIMULATIONS

We carried out SPICE simulation of the 3-kW converter, to verify the
validity of the simplified models used for determining the transitions and
calculabing the commutation energy available for the P-A leg. Figures 17
through 19 show some of the resalts of the simulation.

Figure )7 shows the voltage transition of the P-A leg with the psrameter
valees ., = 1.2 mHand L, + L, = 11.7 uH . Figure 18 shows the
voltage transition of the P-A leg with the parameter values L, = 150 pH
and L .+ L, = 1.7 uH. Figure 19 shows the voltage tmaasition of the P-A
leg with the parameter values L = 150 uHand L . + L, = 11.7uH . On
all three figures the parameter is the output current which varies berween
1 Aano 50 A

The waveforms on Figure 17 show that with high magnetizing and
commutating inductances soft swilching is achieved only above 30 A, i.c.
60% of the full load. This is expected from the data in Figure 8. Those
data indicate that the ing energy b insufficieat for soft
switching at a load current below about 27 A.

The waveforms on Figure 18 show that with low magnetizing inductance
and without externally added commutating inductance soft switchiag is
achieved only below 10 A. The waveforms on Figure 19 show that with
low magunetizing inductance and high commutating inductance soft
switching is achieved from almost zero load to full load. This is also
expected from the data in Figure 8.

SUMMARY

We presented equivalent circuits for the switck tramsitions of the fall-
bridge soft-switching converter with an external commoutating inductor
and clamp diodes. We also determined the commutating energy available
for the passive-to-active leg, taking into account both the magnetizing
inductance aad the commautating inductance. The commautating energy
shows » minimum in function of the load cumrent.

In addition to the switch trapsitions, we investigated the currents in the
clamp diodes. Both the currents and the switching losses of the clamp
diodes are smaller when the commutating ind is located b the
active-to-passive leg and the transformer. If needed, further reduction of
the caments can be achieved by adding a small resistor or two Zener
diodes w the converter.

The predictions based on analyses using simpie equivalent circuits were
verified by experimental date taken from a 3-kW coaverter with 200-kHz
clock frequency and by exiensive SPICE simulations.
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