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Est pr6rent6 ici uno analyse de le quentit6 de I'6nergie disponible 
pour la commutation du bras passif-actif (synchronis6). dans un 
conwrtiseeur en pont i commutation douce. utilisent un r6seeu 
d'aide i la commutation en fonction du courant de la charge. On 
d6montre que le choix approprii des inductoncos du circuit 
pennet d'obtenir le commutation douce dans uno Ierge plege du 
courant de charge. sons que 10s perter de conduction deviennent 
importanter. Los courentm dans 10s diodes d'6cr6tage du r6seeu 
d'aide i la commutation d6pendent de I'emplecement de le self 
de commutation. Si la eel1 se t r w w  entre Io bras passif-acrif 
hodul6) et le transfonnateur, des courants excessifs percourent 
lee diodes d'6or6tage. r6multant des pertes de commutation 
6lev)ee et uno d6faillance 6wntuelle de cos diodes. Los courants 
de diodes ne mont p r  excersifr si le r6sew d'aide i la 
commutation est entre le bras actif-passif du pont et le 
trensfomtaur.  Le8 pr6dictione de I'analyse sont drifi6es par lor 
exp6rimentations our un convertissour de 3 kW fonctionnent i 
200 kHz. 
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Aa rmrlysis is pmeutod for determining the commmtatimg erergy 

switching convener with utenrl commutating rid. in hnction of the 
lord cumut. 11 is show CLt by paperly ch0oli.g tk vdma of Be 
circuit imdu*rmca, soft swirhimg ui k rchieved over 8 wide nmge Of 
lod cmmmt without 8 s i g 8 h m t  pmdty im comdrtioa lo8s. Tk 
cumits iu the clamp diodes of the co"utaUmg rid dcpcsd 0. lk 
loation of tLe commntrting inductor. If the hdr to r  is amreaed 
betwecm the p&ve-&a& leg rmd fk baufofmer, UOCLC curell 
circulrtes in the clamp dioda, ludirg U, switching lavr rid po8crtial 
failure of ck diodes. 
commutatimg induolor is couccrcd klweer the ora'vc-lo-pCmiw k g  rmd 
the transformer. The pcdiaiolr of urlysis arc verifii by comptcr 
S h l l h l i O U  8.d by U p C h C m t a l  take. f" 8 >kw COWCl(Cr wiu 

8V8hbk for the Cloclred 01 ~ ' W - l O - o d V r  k g  Of the fdl-bridgc dl- 

ne aceo cumst is 101 prwil if the 

m-* clock frrq.ery. 

INTRODUCTION 

be soft-owltcbing fitl-bridgc P W M  phuc l i h  dc/dc convener is 
the prcfemd choice of topology im many high-powcr tclccom 

rppliutions. The main m s o m  is thrt the C O 8 V C h l  d e n  r uique 

switching (or 8qurr-anvc) rad SOft-SWitcbhg (lord-muit ,  quasi- 
morrnt, or mdti-"aut) convenem. nose 8dv8Dl8gcs 8E: 

combinrtion Of two retmiU& mUlU8IIy U C I l d V C  8dv81l8m Of the h8rd- 

pod cxploitatioa of the pomr Ir8rsistom rid diodes (i.e., rmrU 
conduction lova in the cemicodnaor devicu) md 
~ ~ i i s w i t c b i n g l ~ ~ ~ ~  

Mditioul kacfirr r e  
l o w m  
hll htegnt ia  of Be s l n y  componcmk (junction wpdta.#., 
leakage irdactamcc, body diodes) in the power p", rid 
minimum amomit of .tored errgy in tk additiarl purive 
wrvcrbrping compomc8a 

If all fonr switcher of the convener openk with soft switching thcr arc 

ucgligibk by d i g  fast drive circulk. n e  dynrmic larcr of the ortpr 
mctlfiir diodes remain sipif i i i t ,  however (apccully if mlatively door 
diodes M .red, as, e.g. in medium-voltage or high-voltaw rppliutiomsj 
Abo. at Ugh1 lord, the purivc-co-rcUve (or PA) k g  of the bridge l acs  
soft switching. me prrivc-to-rctivc leg is tk one wbich h u  only 
puhre-(o-rctivc muitious. The mumhgof the tcrmsocriW udpcpn'w 

opention of the comvehr.) 

10 switch IWU-08 1- Tbe roritch hnoff am .bo k m8de 

dl k dbe- tk WII -01, topthCr wilh 8 d C W  Of tk 

A simple, bat effccUve. rduliom (0 both poMems b rvrihbk 111, 121. 

("commutrtirg" imduccor) u d  two lowcurcmt diodes ("clamp" diodes) 
U, the brsic wnvcl(er, 8s shoan in Fig" 1. 

n e  pracnce of the commutating i d r a o r  d c e s  the ntc of change of 

OvenhooL A. 8dditiO.d braefit of tke commutating imdrtamcc is CLt 
it ircrruer the rmmmt of errgy (the "commutating" c ~ r g y )  rvlil8bk 
for chqing or d*clrrgirg Be aprituec which lords the j u r t i a  of 
the two switcLcs of the PA kg n e  irrCrsed commmhtirg aergy 
extcmds the nip of .oft swi&king &ward ligbkr lor& 

AI first, we rrrlyoc Be Icg dtka of tk amvQILT. n e  commuI8ti.g 
errgy of the PA kg b detcfmiud U h v U a  of Ik l a d  c u r a L  We 
&ow tbr 81 heavy h d  Be domiumt soucc of meay ate tk commmta- 
ling inductance r d  Be k8+ imdlauce. At Ugh1 l a d  Be cwrgy is 
supplied by the m8petisi.g inductmce. At m d m m  lord rU eirCrit 
indnctamcu (icludhg the ouqmt filter hdnctamcc)corbibmtr. (Note CLt 
the combibmtiom of the aqmt filer inductarc b megadvc. i.e. it redices 

commutating energy h u  8 mimimum between the bordcdinc of amtimuorc 
rmd dircoltinuou mode u d  the load cumit d e r  tk mrpeth lg  
cum11 is qul to the vrlky of lhe reflected filer indictor cmmmt. By 
pmpcriy choooiug the vr l ra  of the mrlpetizi.g a d  commutating 
inductriq the minimmm vr lu  of ck commntating erergy am k 
vlcacd U, cisnr soh switchiig over r aride mp of lord c u l ~ l t  

without r signifiaat pult]r in co.duuiom Lou 

n e  SOlUliOl b rdding 8 ca"mtati1g rid COmpri*.g 8 SfO8ll indmctor 

C l m O t  in the rrCtifiCr d i d  81 Dndf 8.d b d S  U, Idmeed Voltage 

the co"lI8lhg emem.) OU 818lYrb m b  h t  the 8 v l h b k  
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Figure 1. Soft-switching full-bridge PWM pbrsc-shift dcidc convener 
with commutating'inductor and clamp diodes. 

'Ibe plrposc of the two clamp diodes placed between the junction of the 
commntating inductor/power transformer and the positive and negative 
snpply buses is to prevent the voltage overshoot across the onrput rectifier 
diodes in a simple lossless manner. We demonstrate that the two possible 
locltions of the commutating inductor - between the P-A leg and the 
m n s f o m e r  and between the A - P  leg and the transformer - are  not 
equivalent if clamp diodes w d .  'The main d i f f e r "  between the 
WO l oa t ions  is in the currents of the clamp diodes. If  the commutating 
inductor is connected between the P-A leg and the transformer. excess 
currenu circulate in the clamp diodes. ' Ibc excess diode currents uusc 
switching and conduction l o s s  and can l u d  Io failure of the convener. 
Tbc e x a v  currents are not present If the commutating inductor is 
connecled berwccn 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 inductance and ( 2 )  
circuib which d u c e  the currents in the clamp diodes (in use the 
commotlting inductor is between the P-A leg and the transformer). 

Tbe analyses are confirmed by extensive computer simulations and 
experimental mcasnrements on I I k W  telecom rectifier, 

OPERATING STATES AND EQUIVALENT CIRCUITS DURING 
SWITCH TRANSITIONS OF THE CONVERTER 

Tbc operation of the basic soft-switching full-bridge P W M  phase-shiff 
convener bas been described in detail in many references 131-191. In this 
section we d i s c u s  only the operating states and the equivalent circuits 
during the switch transitions. Tbe addition of the commutating aid canses 
only minor changes in the operation. Tbe effects are mostly quantitative; 
they wll be discussed where appropriate. 

Each switch of the bridge is driven with approximately 50% duty nt io .  
(Note &at in order lo avoid shoot-through. a small dead time must be 
iusened beween the drive signals of a leg.) Regulation is achieved by 
varying the position, o r  phJSC, of the switching instants of the IWO legs. 
Figom 2 shows the VJriOUS WrVCfOlmS and States O f  the convener. 

Tbe convener has  four main operating states, determined by the fonr 
main allowed odoff combinations of the switch states. W h e n  W O  

diagonally placed switches are conducting, energy is absorbed from the 
inpt voltage source. Tlut state is ullcd active. W h e n  two switches on 
the same side of the power bus are conducting. there is no energy 
absorption. That shte is u l l e d  passive. 

As can be seen, the clocked leg of the convener (in our use the leg with 
tbe center point marked A) switches only from the passive state to the 
aa ive  state. For that Tuson.  it is called the p~uivc-co-octivc (or P-A) 

A A A A 

W P  P P P -m f 

Figure 2. Waveforms and operating states. 

leg. The modulated leg (with the center point marked B) always s w t c h e  
from the active state to the pss ive  state and i s  wiled active-ro-parsrvc (or 
A-P) leg. As will  be shown, there is a signifiunt difference between the 
switching processes of the two legs 

Besides the active and p u i v c  states during which two of the swtcbo 
J R  aJways in conduction, the convener has  four more states when none 
of h e  switches (or their anti-parallel diodes) are i n  conduction Thov 
states are the t ransit ion states. Again. there am IWO different types d 
transition states (or musitions. for short) Dunng the P-A trausihon. b e  
P-A leg switches over from tbe p u i v e  lo the acnve state Dunrg tk 

A - P  transition. the A - P  leg swubes over from the acave U, Ibc pvnr 
State. 

In addmon to the IWO t y p a  of main states (active and ~ L S S I V ~ )  r ad  frvo 

typcs of transition s u k s  ( A - P  and P A ) .  other convener stales u n  bc also  
defined Tbose s t a t e  comspond io the conduction (or the lack of I t )  of 
the vinous diodes (anti-panllel, ourput. clamp) i n  the convener We 
shall d ~ r u s s  some of those u t e s  i n  the relevant pm of the paper 

AcIlvc-Io-p~sslvc IramlIbn 

Figure 3 sbows an cquivaleni circuil of Ibc convener dunng the A.P 
mnsibon 

L C  

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

In the equivalent circuit the transformer is represented by the magnetizing 
inductance L., the l u k a g c  inductance L, , and a n  equivalent p n s i t i c  
u p c i t a n a  C, (all transformed 10 the primary side). 'Tbe loution of the 
single equivalent parasitic a p c i t r n a  is a function of the transformer 
gcomcby and winding configuration and is somewhat arbitrary. C, is the 
sum of the equivalent capacitances of the WO switches of the leg and cbc 
external s t n y  and snubber u p a c i u n a s  loading the leg center point. (The 
equivalent u p c i u n c e  of a switch is the linear u p c i t a n c e  which stores 
the same amount of energy as does the nonlinear junction u p c i u n a  
when the voltage across it is Vh.) h Figure 3, the voltages am055 the 



352 S.12.C POWER CONVERSION TOWLOGKS - 2 

apclences rod the cimnls in the indndmces rte the initirl conditions 
of the muition. I ,  is the peak vrlue of the magnetizing cumnt, I; is the 
p l k  vrlue of the camnt in the onqmr inductor tnnsfotmed lo the inpot 
side, V: is the o u p t  VOlhgC tnnsfomed to h e  inpnt side. 

Above 8 very light lord, the stoted energy of the output inductor is much 
larger than the other stored energies. This fact mrka the introduction of 
tbe much simpllficd equivrlent circuit of Figure 4 possible. Tb8t 
qiivrknt cimit yields 8 hcrr  upcilor-volhgc vs. time function. n e  
rimplirwl apivslent circuit is usnrlly vrlid down to a few p " r  of the 
hll lord cumnt. 

Rgre 4. Simplified cqrivdeit d r a i t  daring A P  muition. 

The A-P &aidlion is complelcd w k i  dtber tk anti-pnllel diode of tk 
0tLr.ueO.dswitcb in tk kg(* body diode of tk MosFETswilfL 
or u mnrl diode) comes imto cordador, or the wcod switcL is 
"rd on, whichever Lppu eul*r. A delay cime mist be hated 
be- the l " 4 F  of the Bnt swirl rid the m o r  of the record 
swilfL. I. order to avoid lossy k r g e  or discharge of the apc ie i cc  

r -in limlt. Aauohg that the mini" cmmrt in the primary 
wl.dirg is law ro lgh  that tLc lhar  rppodmrtioi of the leg-vdegc 
"&ion is valid, the Umlt is 

kdi.g tk ]r~Clbl Of tk (WO switch- the dd8y h e  "U be 8boVC 

Thconllally t k  upper limit for the delay time Is tk mimimim dintior 
of the passive stale. In petice, il is rdviubk io hn on tk sewid 
rwireL VCU before tk P-A tnuitbr beghr. so thrt tk mliorily charge 
arrkr rre removed from tk body diodc before -ne voltage is forced - CL81 diode. 

Deprdirg or the operating mode (continrolls or dbcontinnors) r d  
d m i t  pmmetm, the caavcI(cr a n  be churclerized by three diLIa+it 
C#V8kll d d 6  dad6 the P A  tfadt~on. 

Rpre 5 shows the qmivrknt &mil when the comvcncr is in DICM. 
(DICM is don for dirontinmons indictor c u r u t  mode) 

I 

In CICM , the mnsition begins with the quivrleir arcnit shown in 
Fipte 6. (CICM is shon for continnous indnctor cmmnt mode.) 

Im+rv 1 
T cp 

1 
"T 

Figure 6. Eguivrlent chuit  I t  the kgiirhg of the PA muition 
in CICM. 

=L 
Fipre 7. Eqdvrkrt circiit drriag tk P-A multia im UCM when 

the "dormer comes om1 from the shorted COD~~I~OL 

COMMUTATION ENERGY FOR THE PA LEG 

As the cqrivdat ciralu demonsmy the acrgy .tored in the Blrr 
hdmetor docs rot k l p  the P-A mdUor. This is why the P-A kg a m  

rbo cvidat hi by storiag erem ir the mypetiZirg imd.ctuce, tk 
m g  of roH swiehhg of the P-A kg ai be CNdCd 

Rgre 5. Q d v r k r t  circnlt dmriag tk PA mullioll, DICM 

I. DICM. the nupethim& IC&@ 8.d ammuetirg imdiceracr arr)r Lore mfI s w i & l i ~  It 8 m i d  k v c r  h d  "1 tLu the A P  ke It is 
the same c m m t  (I.) wha the muil lon beau The apivskrt dmit 
d U  V8ud thIO@olt U 8 D S i b L  
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For an optimization of the design, i t  is useful to determine the energy 
available for commutation of  the P-A leg as function of the lord current, 
with the magnetizing inductance and the leakage plus commutating 
inductanms as panmeten. 

In DICM. from the equivalent circuit of Figure 5 .  the commutating 
energy i! 

In DICM the magnetizing current is function of the lord current because 
the duly ntio also depend on the load current. A simple derivation yields 

(4) 

n e  components and voltages are those defined in Figure 1; T is the 
pcriod oi the clock frequency (i.e. the ontput frequency). 

n e  load current at the borderline of DICM and CICM is 

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

h CICM the magnetizing current is 

n e  refleeted valley ar rent  is 

For the ase when the magnetizing cnrrent is larger than the valley 
c m n t ,  the commitation energy is 

F l p r e  8 show the alculated commutating energy in function of the load 
c m n t  for a converter with the following pnmelen:  

v, = 3 8 0  v 
v, = 52 v 
T = 5  ps 
N = 14/3 
L ,  = I8 p H  
I , . S O  A 

n e  minimnm commutating energy needed for ensuring sofi switching of 
tbe PA leg of the a m p l e  converter is 

E W . 2 0 0  IJ 

which eomrpondr to  an cqnivalent lording apacitancc of 

C, + C, = 2.77 OF 

The sum of the leakage and commutating inductances is 

L, + L ,  = I1 fi 

lm 

4m 

0 
0 10 P 

Figure 8. Commutating energy vs. output currcnt 
@anmeter: magnetizing inductance). 

In Fignre 8 the panmeter is the magnetizing inducunce. As u n  be seen. 
with 150 pH maguetizing inductance, soft switching is maintained from 
full load down to pnc t iu l ly  zero lord. 

I n  Figure 9 the panmeter is the sum of the leakage and commutating 
inductances. The magnetizing inductance is 

L, = 1.15 mH 

Figure 9. Commutating energy vs. output current 
@"eter: sum of leakage and commutating indoctancis) 

By compring Figures 8 rad 9, It becomes obvious that reducing the 
magnetizing inductance is a more effective m a n s  of maintaining soft 
switching at light lord than Increasing the commutating inductance. 
Although a complete loss analysis is outside the rope of this p p e r ,  it is 
c l u r  that the p e ~ ~ l t y  of w ing  low magnetizing inductancc is i n c d  
conductioa I- in the switches and in the w i n d i n p  of the transformer 
a i d  the oommutating inductor. lacmasing the commutating inductancc 
also increases the conduction louu, bnt much more gndnally. 

CURRENTS IN THE CLAMP DIODES 

A task of the commntating inductance added in seria with the p a y  
winding of the t nns fomer  is to increase the energy available for the 
tnnsition of the P-A leg. Without p m l t i c  u p a c i t a n m  around the 
t nns fomer  and the o n t p t  rectifier diodes, the inductor laelf wonld be 
saflkient to accomplish that usk. Unfortunately, the pns i t i cupac i t amc-  
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es caw hging across tbe lnnsformcr windings and lead 10 cxccrrive 
voltage oversboot across tbe rectifier diodes. To rednce the ringing and 
ovenboot, dissipative [SI and nondissiptive [IO] clamps bve  been 
recommended. Another, less expensive but equally effective, solotion 
was pposcd in [I]. Tbe idu  is lo add clamp diodes between the 
poritive or negative snpply bns and the jnnction of tbc commntating 
indnctor and tbe mnsfonner terminal. Tbe clamp diodes prevent the 
ringing across tbe primary winding of tbe transformer, so now tbe ringing 
will be ucitcd only by the energy stored in tbe leakage indnctance. Ibat  
energy is uurl ly  only abont 1096 of tbe total energy stond in tbe 
commutating inductance as is, tberefore, mncb easier to absorb. The 
e x e s  energy stored in Ibe commntatirg inductance is retuned either to 
tbe snpply throngb the clamp diodes or to the outpnt tbrongb the 
tnnsformer. 

h e  to tbc prrrcnce of the clamp diodes, the two possible loutions of tbc 
commnucirg Udwtor - bclwccn the PA leg and tbe transformer and 
klwem the A-p kg a d  tk transformer - are no1 qnivalent. The main 
differemcc khwa Ibe two loutiou is in tbc cnmmts of tbc clamp 
dioder Figure 10 doan t k  k c a t  in tbe clamp diode D ,  ( i  Figore l), 
togctbcr witb tbe bridge voltage v,,, and tnrsformer voltage vAo for tbe 
caae d e n  tbe commntathg imdnctor is at tbe P-A leg. (Now tbat in 
Figure 1, tbe kg marked with B is tbe P-A leg.) 

'a I 
Figure 10. Bride amd transformer voltages a d  cumit in tk clamp 

diode D, wkm tbe commutacirg Udmctor is a i  tbc PA kg. 

Figure 11 rLm tk cumml h Ik clamp diode D,, togetkr witb tbe 
bridge voltage vu a d  transformer voltage U- for tk case d e n  tbe 
c0"utari.g ladmaor b moved to tbe A I  leg. (Now h a t  im Fire 1, 
&e leg marked with A is tbc A-P leg.) 

il ip I '14 I 
mbaumn '7 

Rpre 11. Bride and muformer voltages a d  ~IFUI in tk clamp 
diode WLer &e co"utacl.g Udmctor is at tbc A P  kg. 

As mm be a e e m .  d u h g  tk ac&e state 8 cmrmt ramp O m  U Ibe clamp 
diodc. lk nmp kghs .[ut the purivc-co-.ctivc mdtion. w k o  tk 
volrrge a m a s  the (rrularmer mda V,. Nor that tk voluge b~i ld4p  

across the tnnsformcr is delayed by tbe prrsc~cc of tbe commntating 
indnctor. Tbe delay time 1, - I2 is 

Ibe perk I, of tbe cnmnt nmp is approximately 

Ibe nmp decays with a slope wbicb is rppmximalcly q n a l  to tbc snm 
of the s l o p  of tbe magnelizing cnmnt and Ibc reflected filler indnctor 
cnmnt plns (Le diode forward voltage divided by t k  commrtaling 
imductarcc. If tbc time c o ~ t a n t  (L, + LJR,. is small, U uponenIia1 
decay term also a p p m .  11 tbc active rtrtc the loutiom of tk commnta- 
ting indmcunce bar mo effect on Ibe cumut waveform of tbe clamp d i d .  

Ihe to varions Inusformer parasiticq cmmnl flows im tbc clamp diodc 
81 the active-lo-passivc transition. too. (Tbe peak value I ,  of tLI crmul 
anmot k as simply ukulakd as that of tbe n m a t  d u h g  tbc acliw 
sur.) TLc Loution of tbe commutatimg indncumcc bas r wry dirlhcl 
effea om the waveform. If lbe commutatiug iudrtor is at tbe P-A kg. 
tbe cumnt will k marly colsumi dnrimg tbe wbok dnntiom of t k  

F i v e  state. Tbe cnmmt arrilates in the commitatirg imductor, OC 
clamp diodc, and tbe switch wbicb is c m i a r d  to tbc wmmuuliug 
Ud8C*n Om (Le YmC *be Of lk S 8 M y  bu I S  b t b C  damp diodc (S. U 

tbc case of03 Tbe &cay is imflwmad by wvml factoa imclndimg tbr 
slop of tbc refkcccd filter inductor cumit rad tbc effect of tbc lowad 
volrrge drop of tbe clamp diodc. fk reflected .lop Uc- br 
cwrmt, wbik h e  diode forward voltage drop decreases IL Comper 
rimalatio.r aid obrcnra60us of the oprrtioo of tk acnal CoIvencf 
show hat  tbe runltimg dopc is around zero during 10md opcnliom and 
is pooitivc (U. tk cummt ir-) at small duty ntk 

At tbe e d  Of Ibe p.*W SUk, tbe clamp diode 1"s Off With dildl d 
VJZ, Tbat diMt value is bigb cmougb to develop a law reverse cumut 
pk iu h e  clamp diode and to cause ripificaml switching lover 

If tbc commotating imdnclor is at tbe A P  kg. CWCDI flows omly very 
briefly ir the clamp diodc at tbe active-IO-puivc tnnsitioi. Tbe peak 
cmmt I ,  of h e  diode will k approximauly tbc y m c  as before. but tbe 
dmntim of tbe c u m t  pk will k vey Jon. 'Ile rasou is t k  
excess cunni mow flows tbrougb lbe clamp diodc wbkb is colmakd lo 
lbe opposik bus. This p d ~ a  a Ugb decay nr (VJZJ aid quick 

50 IO 100 U range.) Tbe bigb decay nk abo UUCI swi~cMng l a r a  lu 
the diode k t  tbe total lau is still mucb l a c  lbar before. 

krmUah1 Of tbe C-L (ObUWed C U m l t  pk d-tias art  U Ik 

It is imtcmting to mote tb81 U tk vcoud loutiom of tbc commuutimg 
Uductor, r third c u m t  p n k  appcus U tbe clamp diode at the mom'mt 

Tbc peak of tbc tbird cummt pbe I, is tbe same as tbc revase peak 
cumut of tbc otkr clamp diodc. ?k nmur pdse dears witb tbe sum 
of tbe slop of tbc reflecwd filkr hdwtor cmmmt and the fanwud voltage 
drop of tbe clamp diode dividcd by L, 

WbCm tbe a c t i ~ ~ - t o - p u * ~ ~  tnuiti~r t a b  plra U ~ I b e r  dirrcti~r. 

n e  choke of lhc mpUbi.g u d  commmtacirg i d m c l r r a  depmds am 
h e  opntilg comditions of tbc comvencr. If tbe comvcncr o p m l a  dorc 
to full l a d  mat  of tbc time, it is afiicieit Y, uc only tbc commuuthg 
Udmctaucc for maintaining soft swiehilg. If tbc bud varies over a wide 
nnge, it migbt become mcccrury to reduce tbc mapl iz irg h d m C h m a  
of the bansformer to c w r e  soft r0ri1cbi.o im the wLok l a d c m t  
n'%. 
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As was shown i n  the section on commutation energ, i t  i s  p s i b l e  to 
extend t h e  range of  soft swtching practicalh all the wa) to zero load 
current bi reducing the m a p e t u i n g  inductance Tbe excess mapnettzing 
current however leads to excess conduclion losses We clearl\ hate an 
opttmtzat on problem To achieve the highesl average efficienck we 
must a l x  take into account the probabilin distnbution function of the 
load A iliscussion of the optimuation of the con\ener  for efflcienc\ IS 

the SUbp I of a planned fUNre pper 

Clrcults to reduce c u r r c n b  In lhc c lamp  diodes 

When the commulating inductor i s  at the P A  leg the dc and ms cunenr 
and also the swtchtng lossa  i n  the clamp diodes are much larger than 
wbcn the inductor IS at the A-P leg AI small dulv ratios where there is  

not enough time for the cumnt to decay to zero dunng tbc  ac t~vc  statc. 
the swtching losscs u n  u s i l y  cause thermal runawav and eventual l~ 
utastropnic failure, of the diodes 

Although there seems to be no practical reason which would justify 
keeping *be commutating inductor at  the P-A leg, i t  is easy to prevent 
cumnt  runaway in the clamp diodes even i n  tha t  position. Figure 12 
shows a ximple circuit which works satisfactorily. The resistor R speeds 
up the d r a y  of the c n m n t .  In another circuit (Figure 13). the same is 
achieved by using two back-to-back Zener diodes. 

355 

Figure 14 Current i n  a clamp diode wthour damptag resistor a t  full 
load The commutating inductor i s  at the P-A leg Scales 1 A/&v , 

2 psldiv 

Figun 12. Resistive damping of the currents in the clamp diodes. 

I 
Figure 15. Current in I clamp diode with J 4.2 ohm damping resistor 

at  f u l l  load. T h e  commutating inductor is a t  the P-A leg. Sales :  
1 Ndiv. ,  2 pddiv. 

I I 

'3gurC 13. Damping of the currents wi th  Zener diodes 

Tbe cxtrx voltage drops introduced by the additional components (resistor 
or Zener diodes) ~ p p c a r  across the output rectifiers. During the design 
of the ccmvener, those utn voltage drops must be taken into account. 
Tbc other design pnmeler  is the dissipation. &cause the currents in the 
clamp diodes are not u s i l y  predictable, computer simulations and/or 
labontory tests are rewmmended to refine the ppcr designs. 

Although not urent ia l ,  a small amonnt of resistive damping might be 
also beneficul in the c.sc M e n  the commutating inductor is at theA-P 
leg. T h e  damping ensores that the clamp diodes are not conducting when 
a tnnsibon takes place in the convener and so it helps fnnber reducing 
the switrhing loses. 

Exprimcat.1 r r s l l l b  

We tewrded the c u m n t  waveforms in the clamp diodes of J 3-kW ~ _ _  1 
convener under various conditions. Figures 14 through 16 show those 
waveforms. T h e  paramelers of the convener arc given in a previous 
section discussing the commutating energy. 

Figure 16. Current i n  a clamp diode without damping resistor at ful l  
load. The commnuting inductor is at the A - P  leg. S u l a :  1 Ndiv. ,  

2 psidiv. 



400V -I 

300V 

200v 

10ov 

ov 

9 

' y  2 0 A  \ 

us 1o:ous 10.  i u s  10.2I Is  10.311s 10.411s 1 0 . 5 ~ ~  

Time 

4OOV f 

300V 

200v 

l0OV 

ov I 
x 30A 

c- 

I 
9.9us 10. ous 10 .  l u s  10.2us 1 0 . 3 ~ s  10.411s 1 0 . 5 ~ s  

Time 



5 .12 .C  STRUCTURES DE CONVERTISSEURS - 2 

4oov 

1oov 

!OOV 

1 oov 

ov 

9 . 9 " s  1 0 .  o u s  1 0 .  l u s  1 0 . 2 u s  

T i m e  

Figure 19. Tnnsition of the P-A leg. L ,  = 150 fi L ,  = 10 fi L a  = 1.7 @-I. Panmeter: o u p t  comnt.  

RESUL'IS OF COMPUTER SIMULATIONS 

We u m e d  out SPICE simulation of the 3-kW convener, IO verify the 
validity of the simplified models used for determining the aresitions and 
ulalabng the commutation energy available for the P-A leg. F ign ra  17 
throngh 19 show some of the mnl t s  of  the simnlation. 

Figure I7 shows the voltage transition of the P-A leg with the p n m c t e r  
val ier  1.- I 1.2 mH and L ,  + L ,  = 11.7 pH . Figure 18 shows the 
voltage Innsition of the P-A leg with the panmeter values L ,  = 150 pH 
and L ,  i La = 1.7 pH . Figure 19 shows the voltage tnnsition of the P-A 
kg with the p n m c t c r  values L ,  = 150 pH and L, + La = 11.7 pH . On 
all three figures the panmeter i s  tbe output c o m n t  which varies betwnn 
1 A ana 50 A. 

The waveforms on Figure 17 show that with high magnetizing and 
commutating inductances softswitching is achieved only above 30 A, i.e. 
60% of the full load. This is expected from the data in Fignre 8. Thosc 
data indicate that the commutating energy b e c o m a  insufficient for soft 
switching at a lord cumit below about 27 A. 

The waveforms on Figure 18 show that with low magnetizing indnctancc 
and withont externally added commutating indnctancc s o f t  switching is 
achieved only below 10 A. The waveforms on Figure 19 show that with 
low maguctizing inductance r a d  high commouting inductance soft 
switching is achieved from almost zero load to full load. This b also 
expected from the data in F i g m  8. 

SUMMARY 

We prrrcnted equivalent circuits for the switch tnnsitions of the full- 
bridge soft-switching convener with an external commutating inductor 
and d a m p  diodes. We also determined the commotating ene%y available 
for the pprriw-ro-p.riw leg. taking into account both  the magnetizing 
indoctancc a i d  tbe commnuting indnctancc. The commutating energy 
skws a minimum in fnnction of the load cumi t .  

I addition to the switch tnnsitions, we investigated the mmnb in the 
damp aiodes. Both the c n m n n  a i d  the switching lossa of the d a m p  
diodes are smaller when the commnhtiug indnctor is l ou ted  between the 
ariw-cv-pa&w leg and the bansformer. If needed, further reduction of 
the c o m e t s  u n  be achieved by adding a smaU ruis tor  o r  two Zener 
diodcr BJ *e Convcrlcr. 

The predictions based on analysu using simple cqnivalent circoitr were 
verified by experimental date taken from a 3-kW convener with aO0-kI-l~ 
clock frequency and by extensive SPICE simulations. 
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