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Abstract 

'/ hr papo p1nenl� ana!]lsi.r;, d('5l?,II, and a111i/icalfr111 o( <1 l,;:z.h-1·0/tagr. 

hi�h•1nnv·n, zno-vohay,e .nv;1r-/1pd, {11!!-bridf!P PH'�f rom·r-rrrr 1,vitli an 

(/ctfre .rnuhhe, in the sPcnndmy rirn,it. 1'/1e nond;,Hi/Ullil"<' 1nuhh{'r rom

rill!frh· ,;,/imina!C'.f thr voll<lgf' m·rr.rhrml and rinr.J1�r; anoVi 1hr N'( ti/il'n 

I. I ntrodnction

l'hc rc'-c:irch and application of zcro-vn\t;1�c '-Witching (/VS) for 

the clasc; of P\Vf\.1 ronvcrtns is gaining itH"rC':i'-ing atlcnlinn, rt'- this 

comTrtcr family pro1niscs to cnmhinc the simplicity nf P\\.l\1 C011\.Tr1-

c1s \villi the soft switching rhar;;:irtnistics of n.--sonanf l'Oll\ crlC'f' 1\ 

111cmhc1 of lliis family that i:1, most widely u-:cd, l"'-r'c{ i·i!ly 111 hi}!h

ro\\er and high-voltage .:tpplications, is the /,VS full-b1ide1' { l'B) P\V\1 

(/.VS-I-"B-1'\\.'\f) COll\'C!lcr ! 1-�f. ·r hi" Cnll\C!h'l j;, cn11(1o!kd h> the 

ph:t'-l·-shilted l'\\'\l tcclmiqu,· whid1 cn,thk" 1lie tl"l' 1\I :111 p:ira-;ili( 

ekrncnts in the h1idgt� to prn,.,·idc zv:,..; <nndi11011, f(ir the :Kti\c 

S\\.itdlC'-. 

J'hi,;; Jornlngy, however, cloe." not provide any nw:m'> of ;ih;;;nrhine 

the parasitic capacitance, of the rectifier diode'- The intcr:iction nf 

rectifier capacitances \\ith the leakage iml11ct:1m-e nf the tran,lonrn.T 

c.tusec. Sl:\Tre \oltagc ovLT<.:la1ot anrl ringing acrns'- the n:cti!in,;;. Thi� 

prohkm i-. exace1batcd hy the ncces�it) ol a large k:ak;t!J.C imh1L·t.u1Cv 

for the pov,-cr t1an�former, rcs;ulting in a 1cdUCl'd ri11g.ing frvqul'IIC\ 

Thi� makes the u�e of RC snuhhcr m !he scuHHlary /mpr:wtic:tl /S) 

The problem is particularly severe in high-voltage, hi)!h-pown appli

cations, whl're the reverse recovery time of tlw n·rtifier.., is exccso.::in·, 

\->ecausc Schottky diodes cannot be used. 

1 rl1c work was s11pporlcJ hy llll' lntcrnHtional Bu'.-in<'�'i I\ lilchinc-s Co .• 
Ki11g!-lt)J1, NY. and hy lhc Yirginia Cc-nlcr f<,r 111110,ath·c Tc-c·h11nloi:-:,:, 
·1-cchnology [kvdnpmcnl c·'cnlrr for P<rn:er l]C'ctronk'.-. 

1 

Fig. I. ZVS-FB-PWM converter with th,· at'liH· snnbb,·r. 

Several �olutions to this probkrn havl..' hecn sug12.e-.,kd_ ·1 he "till· 

pk-st one ]21 is to u�c a clamp circuit anoss the 1cctilln". I he cbnip 

circuit limits tlii.: pl'<tk \Oltag.l' in the secondary, (iut d(1<'" nofliin� to 

damp or prevent th·.: ri11µi11g. ·1 he C'Xccs,i\l' 1i11µinµ. (·;111t..c.;. I· \fl ;ind 

cont ml problems. I he amount pf r(lwer dis"iip;tfitlll n! the clamp cir

lUit al�o make-; it impractic:il for u,c in high-nllta�c- liiuh�po·,vcr :q,. 

plicatiPns aho\·c sn-cral hnndrcd volts and c;c\l'lal kilo\\ :1tt<; 

Another :1ttcmrt is to use ;i. low-kakagc pO\\l'J tr:111s,frnm1,_·1 with 

,1 separate inductor in the prirna,y, and to clamp the \nltagi: in the 

primary rircuit l\41. This approach ha<; two dr:twback-; One is the 

rcq11ircmcnt for :rn l�xlra inductor, \Vhich i11cn;;1"ivs the "1/.l' :111d rcdttc('s; 

the ellicienc\ of the con\e11n. ·1 lie o!hn is th<..' high lrvqt1l.'ltl.Y ringine 

bdHl'en tlH· pa1a..,1tic caracilall(T ()j the J('d1til.'J<; ;111(1 the lcak:igr' 

inductance, which may require:- the u:-;e of c1n RC snuhhn in tht' scr

onc.1ary. 

Thi� paper presents thr annl ysi,;, 1.ksign, .-111d npplication (lf tlw 

ZVS-FB-P\Vf\,1 converter with an nctivc snuhher aero<.:" tlic rcctifin"-. 

The �nuhhcr compktcfy elimi11afc'- voltagr ()HT'\hool ;lt1,I rineing in it 

nondissipalivc manner. These attrihutcs make lhl' sn11hl11.'1 p:H"lienbrl\ 

uscl,11 in high-voltage, high-power applications. 



2. Proposed Converter 

The proposed converter is shmvn in Fig. l- \Vhen the secondary 
voltage is high, the active snuhbcr, (Q,, n,, C,), connects a large 
capacitor in parallel with the rectifiers. ')'he rc-sonant frequency .c,f the 
sn11hbcr capacitor and leakage inductance has to he small compared to 
the switching frequency, i.e. 2rrJ�2f,tkC-'t>'f:,, where T, is the switch
ing period. Consequently, the rectifier voltage is damped to the 
steady-state value of the s.nuhhcr capacitor vohagc, and there is no 
voltage overshoot in t.hc secondary. 

In steady-state operation, the average current through the snuhlwr 
capacitor is zero. The energy from the leakage inductanct· of the 
transfonner charges the snuhhcr capacitor through the snubber diode. 
The capacitor delivers this energy to the load through the snuhher 
'.\IOSl'ET. 

I"hc hridgc is operate<! wilh rhasc-shift control in the same m;m
ncr as in the conventional ZVS-l'B-l'WM converter I 1,2,.1,:i!. 1 ·iJ(11rc 
2 shows the typical waveforms for the converter with lhc snuhhcr eir
cnit. the current through the snuhhcr capacitor. and the driver signal 
of the snubber MOS FF r. The convcl1cr operation for a half cycle is 
dcsnihcd as follows: 

t, to ti: In the primary. Q4 apd /) 1 arc comlucling. In !he Srcondary 
/),.. and /)d arc conducting. The primary currl'nl follows the 
output filter cuncnt. 

t/: 

Q4 turns off, and the current through the primary charges lhl' 
output capacitance of Q4 and discharges the oulput 
cnpacit:mcc of Q1, turning on diode n2. 
Diode l>2 star1,;; cnml11c:ting

1 
and immedialdy af"ter that, !h is 

turned <'1l v:itl1 7.<.'ro voltage. 
In lhc secondary. all four diodes sl;1rt conducting. shorting the 
secondary of the transformer. 

fz to t.1: 1"11c primary current circukitcs through diodt's 1>1 and P2 
until it rcachc-" zero. The secondar� of tin.: tr:111sfonrn:r j,. 
shorted, 

t.i to (4: Primary current circulates throug.h {!1 :ind V,, !"he svcotulary 
of the tram;formcr is shortc-d. 

r., .- The primary current rcachc•c,; the reflected filter indnct(lr cur
rent. 

t4 to t_.,: The voltage in the SC(.'Ot1dary of the tran..,f(,rmc·r slart<.;. in-

, �: 

crcasin�. and lhc lcakag.c inductance of the ti;1nsfornwr starls 
rcsonafin� wilh tlw rcdifier diodes' capacit:1nlT. 
f"he ,;;ccondar�· volta�t'. r:,. re:1chcs the snnhher capacitn, 
•.-olt;1gc. ;1n1l rhc ,1rnhhcr dindc st:irh cn11d11cli11e. l"l1l· "l''-
(1fld:uy j,:;; cbmpcd tn rhc \';1luc of 11H' sn11hhn 1·:1p:ll"itnr ,.-011 

;igc 

r, 111 t,,: ·1 he c11rrcnt 1firnt1�h the c;1whhn c1p:1cil(1J d.•�·1t•:1"('" 1111til ii 
rci;cr,:;;cc; �ign ;11 1 1, '\t this lime the '-J1t1l,\,1·1 \10SITT li:ic; 
ro he ;1lrc:1d� t11rnrd on 
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Fii, 2. : l'H-ZVS-PW\1 converter and primary and =ondary 

waveforms, snubbcr's current, and Q, gate drive signal. 

lr,: The snubbn current naturally commulalcs from l>s to Q1. 
f-or this reason f>s docs not ncct.l to he a fast diode, and the 
hody diode of Q., is used. 

16 tn t., : The current thwugh the snuhher capacitor flows through the 
MOSFFT Q, until Qi is !urned ofT, The snubber MOSFFT 

t,': 

has to he turned ofT when the- secondary \'olf[lgc start!'; de
creasing. 
\Vhcn the voltage in I.he secondary starts decreasing, the pri
mary current is smalkr than the reflected filtcr induclor cur
rent, Thcrcfon,. the output filter induclor current stal1s 
free-wheeling through thr rectifiers. Thc sccondary of the 
transformer is r-hm1ed. 
The current in the leakage inductance, chnrgcs the outpul 
capacitance of {)1 and discharges the capacilanrc of Q3; 1hc: 
diode ])3 1� suhst�qucntly turned on 
Diode /)3 start" conducting, aml immcdi:11cly af!t'r that, (_}3 
is turned on with zero voltage. 

t7 to t6 : Thr primary current remains con"tant (a<s<.:11ming th_:it !he 
S\Vitchcs have 1,c•ro on resistance and the diodes han· Z<'ro 
forxard drnr). Tlw secondary i:-; '.dill ,d,orkd. 
Tlil· primar� curtTnt reaches t!it' rdkcki1 output fi\1c1 
inJucto1 current Rectifier diodes />, ;1rnl /)d '-lnp conducting 

·1 he most irnport;"l.nt rhangC'<; in thr cnnvcrfcr opcr;1tion due tl1 the in
troduction of the snubber a,e: 
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• 'Jbere is no ringing in the secondary voltage, rcdueing the voltag<> 

stress in the rectifiers and eliminating snuhher losses. 
• '!be transformer secondary current is the sum of the output filter 

inductor current and the current through the snuhh,·r capacitor. 
• The peak primary current is reduced hccausc the cnrrcnl through 

the snubber capacitor is negative when !he output filter inductor 
current reaches its peak. 

• The ZVS for Q1 and Q3 is achieved in exactly the same manrwr 

as for Q2 and Q4. The output filter inductor docs not intervene in 

the process. 

3. Analysis

Assuming that the snuhbcr capacitor is chosen sufficiently large, 

the voltage in the secondary is a square wave with a peak value equal 

to the voltage acmss the snubber capacitor. Consequently, the output 

voltage, Vnur, is detennincd hy the duty cyde of the secondary ml! age, 

D,Jr, and the snuhhcr capacitor voltage, Vcs , as: 

V =I) V . out '!.ff t::f (I) 

Previous analysis of the ZVS-FB-PWM conver1,•r 151 shows how 

to calculate the primary duty cycle, /), knowing the drn,it parameters. 

That part of the analysis is also valid for this circuit. The goal nf thr 

analysis presented here is to determine the snubber capacitor voltag,·. 

During the interval t, lo '7 the slope, S1.r, of the transformer sec

ondary current is dctennined by: 

s, ..

n 1�,, - Vcs 

n2 /,lk 
(2) 

where Vin is the input voltage, 11 is the transform,·r turns ratio ( 

n = N,/Np), Ve., is the steady state voltage of the snuhher rnpacitor. and 

l,tk is the leakage inductance of the transformer. The ,·urrent through 

the snuhher capacitor is the difference between the ::.:c·c<1mlary tUITent 

and the. filter inductor. current. The slope of the snuhher capacitor cur

rent is: 

n Vin - Vcs 
s1r.f=--2---

11 /,lk 

V - V cs out 

/1 
(.1) 

where Vaut is the output voltage and ff is the v:oluc of tlw output filler 

inductor. 

The difference hctwecn transformer secondary nun·nt and the fil

ter inductor current at time , t5, corresponds to thr- rr'-ommrc hdwt·en 

/,Jk and the rct·tificrs capacitance when the scrondary v,,ltagc rcachc,;; 

Fc.'f, plus the reverse recovery crnTCnt throng.h tht• fl'<:tH'icrs that arc 

turned off. Assuming that the rectifiers capacitance is constant, lhi1' 

current difforencc, Msec, can he ralculaled as 121: 
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Fig. 3. Rati11 of fl',./ J/ll, vs. serondary d11ly eyrl,•: l'or lrakage 

ind11ctances 5 ,,n, 25 µII, and 50 ,,1 I. 

.. nV;,, [·-'(vc.,-nv;,,)] . 
�1,ec= flt cos Stn n V. f-2 lrrr l, 

/,.lk m 

cscc-

(4) 

where c,�c i� the sum of rectifiers and transformer winding 

capacitances, and i,r is the peak reverse cum�nt thrnugh one rcclificr 

diode due to the reverse recovery. 

Since the average current through the snuhhcr cap:tdtor is zero in 

steady state, the following implicit expression for the snuhher capa,·itor 

voltage is ohtained: 

( 
V -- V cs 0111 

IT 

fl;,, II 

l · -1( 

- {T,;;�- eos �m 

✓ T:cc
where T, is the switchin)! reriod. 

V - n I'. cs m 
nV. 

V 1' 
:

u;/ �- =
,., 

)]nli,,1. ('i) 

Using P.q. (I). Fq. (5) can he written as" functi<>n of the ,·lfertiw 

duty cycle: 



(6) 

This equation can he �mlved cxplic1t1y for I\_, (1hc solution i� 

provided in the appendix). 

To illustrate the variation of V,.s with respect to l>rrt� 1-'r .i is com

pared with the steady :-:;tate secondary voltage in the ideal c:asc, 

Csrc = 0, and i,, = 0. In this ideal case , Eq. (6) gives: 

v
r.i 

= n v. 
(:.', In (7) 

Figure 3 slmws the ratio J,-·'c.d V9., as a function of /),'fl for dim.�rcnt 

values of l.1k and for the following circuil parnrne1crs: 

• li,,I =0.6A 
• Cscc = 130 pF 
•V;n= 600V 

• l,r= 300 1,// 

•n=I 

• T,= 1011sec. 

The graph in Fig. :1 shows several things that influence the design 

of the converter with the snubhcr. rirst, the steady-state secondary 
voltage with the snubber is always higher than the secondary voltage 
in the ideal case; the secondary voltage increasci- with an increase of 

/,fk and/or .Csec• Second, there i:-- a sharp increare in Fn a" />Pf/ is small 

( less than 0.2 ). This operation area should be avoided. because of lhc 

increased voltage stress on the rectifier diodes. 

f-igurc J docs i:; not shown for values of duly cycle smaller t1rnn 

0.05 hccause these duty cyrlcs correspond to a time shorter than the 

time required for the seconclary rnltage to rise (i.e.. n,rr = 0.05, or 
l>dt "f, = 0.251uec. ) J'or these small duty cycles Fq. (6) is not valid. 

The rising time of the ,secondary voltage can be calculaled from know
ing the leakage inductance and the total capacitance in the �ccondary: 

1ritr' = 1- •J / '/k_ (:('C ' (8) 

where f+:r cnrn',;;pnnds lo the fimC' rrquirC'd for the ,c-rn1Hbr� \·olt:iec 

t(, rr,1ch n Vi11. 

4. Experimental Realization 

I he hrc.idhoanl o�,;.·d tn tr-e,t the pn:�entnl c1cti\T "nuhher u�nccpl 

:1.ml anal)<;j:-, ha'- thr foll\1\\ill!.! <;p�·cific;itinns (h1.; I): 

4 

Fi�. 4, , Without active snuhher: V oltagc and rurrenl in the 

primary (top waveforms) and voltage across the rectifier 

(lower waveform}, full-load oi,cralion. (&airs: voltage: 

200 V/div., vurrcnl: 5 A/div., time: 2 ,,sec/div.) 

l'ig. 5. : With active snubber Primary and secondary voltagrs 

(top waveforms) and primary 3nd snubl,cr m1Tcnts (lower 

waveforms), full-load operation. (Scalrs: voltage: 200 

V/div., current: 2 A/div., liim·: I 11S<'c/dh·.) 

• inrut \-Oit<lj!C' V:11 600 ,, 

• output voltage Vnut = lfi() V 

• oulput P0wC'r P1,111 - 2 t: IV 

• switching frequrncy 1., � J 1111 kl lz 
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• transformer turns ratio n = l 

• maximum primary duty cycle Dmax = O,g 1.5 

• secondary duty cycle IJ,tJ= 0.6 

• transformer leakage inductance 1,/k = 52 1tl I 

• rectifier's diodes capacitance C,.,, = 130 pl,. 1.4 

• prak reverse recovery current Ii,.,- I = 0.6 A. 

Figure 4 shows the cnnverter waveforms at full-load using the J.3 

clamp circuit proposed in 12,SJ. Pigure 5 shows the corresponding 

waveforms at the same power level (2 kW) using the active snubber. 

The severe ringing seen in Fig. 5 is completely eliminated. 

Figure 6 shows the converter wavefonns at power lt'vcl of I kW. 

The current through the snuhher capacitor has not changed signif

icantly. This supports the assumption that was used to derive 1'<1. (6). 

The slope of the current when reverse voltage i5 applied to thC', 

diodes is limited hy the leakage inductance. Consequently !,-, is rela

tively small and docs not vary significantly with the load current. 

Therefore, the snuhhcr capacitor voltage is almost independent of the 

converter load current. 

Figure 7 shows the values of secondary voltage:, V, 1-, as a runction 

of J>,rra.s predicted by Eq. (6) and the measurements of V0 . 

l·ig. 6. 

o W'dlu 19 

r-71 ,
r--7 

� , I 

\ 
/ I 

\ 

\\"ith activr- snuhhr-r at 50 �-� load Primary and sec

ondary voltagr-,"i (top wan�forms) and primary amt snuhlK'x 

l'lllTl'nt� (lower nan'forms), fnll-lo:,d operation. (Sc,le..,: 

volt:igc: 2!�) V /div., current: 2 :\/div., time: I 1isc,·/di, .) 
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Fig. 7. : Snublwr capacitor voltage vs. secondary duty cycle 

Calculat�..t (solid line) and measured (dashed line). 

4. I. Control nf the s1111hber 

The gate-drive signal for Q., can be generated by <rnsing the sec

ondary vohage of the power tran�formcr and turning cm O.t whenever 

this voltage reaches Vrs• 1Iowcver 1 a simplified the gate drive i� pro

posed without sensing the secondary voltage of the pow1•r lransfonncr. 

131ock diagram nf this gate driYc circuit is shown in I 'ig. 8. 

Since the transformer secondary volt;igc is ddaycd (12 -- 15, Fig. 

2). the switch Qs ha� to he turned on with a delay . ld, 11rcatcr than the 

maximum delay of the secondary voltage. The maximum delay of the 

secondary voltage occurs at fuJl-load low-line. Since in this case Id is 

fixed! for proper circuit operation, ld and 6.l>r;tf have to satlsf)'' 

where !>min is the primary duty cycle at minimum load. and />min is 

defined as ti/Jm,, � /Jm,x - l>,rt (at full-load low-line) 

5. Conclusions

The ringing hc-twc-c-n the- kak<lg_c irnlllclc1nn- of llw 11;in,;,fnrmcr ;111d 

1hc parasitic capacitance- of the rcctific-r diodc:c- rcpr<'<.:cnl'.: th" 111:1i11 nh

staclc for u:-:ing the 1/.VS• FR-P\Vf\1 converter in hig.h--\ol!agc, high

power application�. The ringing impo�c� a �C\l'l'C voll;q.!(.' -.tn:�-; on !h(.' 



rellifier diodes, an<l call5 for use of �ome kind of snuhhn ci1L·uit in the 
�ccondar). At high power and voltage In els, the cncq.!.\' of thi� 1i11gi11g 
i, so high that the tViC of any type of di..,,ipativc ,n11hhcr hccomco;, im
practical. 

The paper prc<;,cnts the solution to thi" problem. The propm;ed 
active snuhhcr u-;cd in the '.">ccondar:,. completcl) t:"1imi11all'� lhc ring:ing. 
f'his �ignificantly rcducc.s the voltage stress on the rvdilicrs, rn:tki11µ 
possible the use of faster, k)\ver volta�e rectifier dif)Llcs 

I he ringing of thc- p<1rn,itic cap<1ritancc of !he- rc('fificrs and 1hc 
lrrtkage inductance of the transformer is rliminated in a nondissipatiw· 
manner, thus increasing the overall efliciency of the circuit. The active 
snuhher employs only a high-\·oltagc low-power J\·10�ITT and a 

high-voltage capacitor ·r he control of the- snuhhcr o;,witrh j, simple ·;111d 
utilizes the- P\\'1\1 o;,ig:n,il c-ontwlling the- primary "\\·itdws with a tinw 

delay 

I he paper also prc�enb the complete steady-:--tate a11aly:-i� of thl' 

ZVS-FB-P\VM converter employing the active snnhhcr. The iln:ilysio;, 
shov,,.s that the transformer secondary voltage i" a function of the 
strarly-,;tatc d1Jty cycle-. and give" the equation to ca\cnla1c the steadv
sfate secondary \'oltage. The breadboard built o;,}io1,1,;<., tlil' \alidity of the 
proposed �olution. The 1e,._;ults nf the analy�is are in t!,OOd agreement 

with the rxpcrimcnta1 result, 
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Appendix 

An explicit expres�ion for the \"oltage Vn cJn hv oht:1ined from 
l'q (h) as foll0ws 
I Tsing 

in f'q (6), ancl solving for fies, 

where 

wilh: 

J 

X+..jX -) 

\' = r n 1\, + F Ii) 

}' = (; 11 1-·.2 - If Ii I 
2 

- ct> fl V Ii 1 
m 11 111 rr 

{, = A II+ ct, 

F= <l>,1 

J 
(i <I> /J 

II= 2F 

j _ /J.-r, r, ( I _ I - 1\.11 ) ' 4 2 /, 
\ fl Ln I 

(A.I) 

(A.2) 

!1Ul 

(AA) 

(A.S) 

(Hl 

(A 7\ 

(AX) 

(A.II) 

(A.12) 



u Isolated USB
u Full Frequency 
u 0.01 Hz to 30 MHz
u Source 1 mV to 20 V 
u RF Power Amplifier 
u Graphic Control 
u Multi-Sweep Storage
u Full Range Accessories 
u Maximum Productivity 
u Fully-Automated Loop Design
u Support from Industry Experts 
u Easy to Use
u One-Button Setup

RIDLEY ENGINEERING
601 E Daily Drive, Suite 112    Camarillo CA 93010    info@ridleyengineering.com    +1 805 504 2212     POWER SUPPLY DESIGN CENTER GROUP on FaceBook

AP310 is the industry’s only full-featured frequency response analyzer 
designed specifically for power supplies. Enhance the experience with 
RidleyWorks® software for seamless integration between power supply 
design and measurement. Made in California since 1995.

RIDLEYENGINEERING.COM

Workshops Design Software Analyzer Design Ideas

AP310 
from AP Instruments Inc.

RidleyWorks®

Automation Software

https://www.facebook.com/groups/ridleyengineering/
http://ridleyengineering.com/education/analog-lab-workshop/intro.html
http://ridleyengineering.com/design-center-ridley-engineering.html
http://ridleyengineering.com/hardware/ap310-analyzer/intro-ap-analyzer.html
http://ridleyengineering.com/software-ridley/ridleyworks/ridleyworks-software.html


Differential Probes

Full Range Measurements 

0.01 Hz Minimum frequency 
for PFC measurement 
30 MHz Maximum frequency 
for full magnetics characterisation 
117 dB Dynamic range 
Exceptional performance 
for high-noise environments, 
challenging impedance and PSRR 

Full Calibration and Certification 

Power Amplifier Output 

1 mV Minimum source value 
for sensitive systems 
20 V p-p Source for high-power 
and high-drive systems 
2 Ohm Output impedance 
500 mA Current capability 
Self protected from damage 

Z540-1 Military calibration and certification with full data 
NIST Calibration and certification with full data 
2-year warranty 

..... / ~niversal Injector 

---. ... ······· .... 

Line Injector 

Output Impedance 

, l l:) 

Impedance Test Kit 




