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Abstract—A novel zero voltage and zero current switching parasitic elements in the bridge to provide ZVS conditions
(ZVZCS) full bridge (FB) pulse width modulation (PWM) con-  for the switches. Distinctive advantages including ZVS with
verter is proposed to improve the demerits of the previously 4 aqgitional components and low device voltage/current

presented ZVZCS-FB-PWM converters [5]-[8], such as, use of . . . ;
lossy components or additional active switches. A simple auxil- SI'€SS€S make it very attractive for high-frequency, high-power

iary circuit which includes neither lossy components nor active applications where MOSFET's are predominantly used as
switches provides ZVZCS conditions to primary switches, ZVS the power switches. The IGBT's, however, are not suited for
for leading-leg switches and ZCS for lagging-leg switches. Many the ZVS-FB-PWM converter because the ZVS range is quite
advantages including simple circuit topology, high efficiency, and |iiteq unless the leakage inductance is very large. In addition,
low cost make the new converter attractive for high power 2 . e

kW) applications. The operation, analysis, features and design several dement.s §uch as dgty cycle loss aqd parasitic ringing in
considerations are illustrated and verified on a 2.5 kW, 100 kHz the secondary limit the maximum power rating of the converter.

insulated gate bipolar transistor (IGBT) based experimental To apply IGBT's for high frequency (around 100 kHz), high

circuit. power full bridge dc/dc converters, a ZVZCS technique, ZVS
Index Terms—insulated gate bipolar transistor, switching con- for leading-leg switches and ZCS for lagging-leg switches,
verter, zero current switching, zero voltage. has been introduced and a couple of ZVZCS-FB-PWM con-
verters have been presented [8]-[11] (seeFig. 1). The ZVS of
|. INTRODUCTION leading-leg switches is achieved by the same manner as that

) ) ) . of the ZVS full bridge PWM converters [2]-[6] while the ZCS
I NSULATED gate bipolar transistors (IGBT’s) are widelyyt |agging-leg switches is achieved by resetting the primary

used in the switching power conversion applications becaySgrent during the freewheeling period. The primary current,
of their distinctive advantages such as easiness in drive and higf} ever is reset by different manners

frequency switching capability. The performance of IGBT's
has been continuously improved and the latest IGBT’s can be
operated at 10—-20 kHz without including any snubber circuit.
Moreover, IGBT’s are replacing metal oxide semiconductor
field effect transistors (MOSFET’s) for the several kilo-watts
up to ten kilo-watts power range applications since IGBT'’s can
handle higher power with higher power density and lower cost reactor'[9]; ) ) ,
comparing to MOSFET's. The maximum operating frequency ) PY adding an active clamp in the secondary side [10]
of IGBT's, however, is limited to 20-30 kHz [1] because of ~ Which needs one additional active switch.
their tail current characteristic. To operate IGBT’s at highddsing lossy components to reset the primary current [8], [9] re-
switching frequencies, it is required to reduce the turn-offuces the overall efficiency and hinders the increase of power
switching loss. zero-voltage switching (ZVS) with a substantisiandling capability over than 5 kW. Using an active clamp in-
external snubber capacitor or zero-current switching (ZCS) careases the cost and the control complexity [10]. Another ap-
be a solution. The ZCS, however, is more effective than Z\f80ach to reset the primary current is by adding a snubber cir-
since the minority carrier is swept out before turning off [7]. cuitin the secondary side [11]. There is no lossy components in
Full bridge-pulse width modulation-zero voltage switchinghe snubber circuit however the rectifier voltage is increased to
(ZVS-FB-PWM) converters have received considerable attefwice of the nominal voltage which, increases the voltage rating
tion in recent years [2]-[6]. This converter is controlled byf the secondary rectifier diodes by twice.
phase shifted PWM technique which enables the use of allThis paper proposes an improved zero-voltage and zero-cur-
rent-switching (ZVZCS) full bridge PWM converter to
Manuscript received December 1, 1997; revised September 14, 1999. dé@prove the disadvantages of the previously presented
ommended by Associate Editor, M. Rahman. ZVZCS-FB-PWM converters [8]-[11]. The ZVS mechanism
The authors are with the Power Electronics Research Group, Korgfleading leg switches is also the same as that of the converters
Electrotechnology Research Institute, Changwon 641-120, Korea (e-mail: . .
igcho@keri.re.kr). in' [2]-[6] and [8]-[11]. The ZCS of lagging leg switches, how-
Publisher Item Identifier S 0885-8993(00)02330-9. ever, are achieved by adding a transformer auxiliary winding

1) by using the reverse avalanche break down voltage of
the leading leg IGBT's[8], where the stored energy in
the leakage inductance is completely dissipated in the
leading-leg IGBT's;

2) by using the dc blocking capacitor voltage and a saturable
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and a simple auxiliary circuit in the secondary side. No los:
components are involved and no additional active switch
added. Besides, no large circulating energy is generated. SI_| = 54J
active and passive devices are operated under minimum volt: ST DS4
and current stresses. So, most of the problems of the previt,, —— a b
ZVZCS converters are solved.
The operation, analysis, features and design considerati S3J@C3 szJ
of the proposed converter are illustrated. A 2.5 kW, 100 kF+
prototype has been built using IGBT’s and tested to verify tf DS3 y Ds2
principle of operation. —
Vrec ‘/_0’
[I. OPERATION PRINCIPLE L,kgvp DI [D4 Dth '?3\
The basic operation of the proposed ZVZCS-FB-PWM col - |
verter is the same as that of the ZVS-FB-PWM converter, phz H X ==Co S Ro
shift PWM control. The new converter has nine operating mod o oNa JL Ch:z? fe
within each operating half-cycle. The equivalent circuits ar D3[D2]. ;@37 Td2
simplified equivalent circuit are shown in Figs. 2 and 3, respe Auxiliary Circuit

tively, and the corresponding operation waveforms are shown

in Fig. 4. In Fig. 3, the simplified equivalent circuit of Mode 1Fig. 1.  Circuit topology of the proposed ZVZCS full bridge PWM converter.

is derived by reflecting the primary side to the auxiliary while

those of Mode 4 and Mode 5 are derived by reflecting the segnd the secondary rectifier voltage is also decreased with the
ondary side to the primary. same rate.

To illustrate steady state operation, itis assumed that all com+\jode 4: When the rectifier voltage reaches the holding ca-
ponents and devices are ideal and the output filter inductor Cggcitor voltageVc,, the diodeD, is turned on and the recti-
rent is constant during one operating half-cycle. fier voltage varies together with holding capacitor voltage. This

Mode 1:S1, S2, D1, and D2 are conducting and the inpweans that the rectifier voltage decreases more slowly than the
power is delivered to the output. The holding capacitor voltaggimary voltage. The primary voltage decreases almost same
Ve is charged up through the d1 and d2 by the resonance Wiffie as before since the stored energy in the leakage inductance
leakage inductance as shown in Fig. 4. The simplified equivg|| charges”1 and discharges'3. (C;, is assumed much larger
|ent CiI’CUit I’eﬂected to the aUXiliary Circuit iS ShOWn in F|g :ihanc’]_ OrOQ_) The difference between the primary Vo|tage and
and the holding capacitor voltage and the charging current @@ reflected secondary voltage is applied to the leakage induc-

be obtained as follows: tance and the primary current starts decreasing. The simplified
mv. equivalent circuit reflected to the primary is shown in Fig. 3 and
I.(t) =— ~ % sin(wet) (1) the primary current and voltage and the secondary voltage can
Ven(®) =mVi(1 — cos(wat)) @ be obtained as follows:
C. C.
where L(t) =nl, <1 - —27) cos(wpt) + —5 nl, 4)
“Wh Wy
N3 mQle 1 71.[0 < 1 1 ) . 7‘LIO ZmVS
== Z,= = — Voo (8) = — — sin(wpt) — t+ 5
TN ’ V C, Wa Vm2LCh o) wy \wj Cu (wet) w} n()
IoOe, - IOO€
Viee(t) =— I sin(wyt) + ¢4 2mV, (6)

If the turns ratio of the auxiliary windingr§) is smaller than
a half of that of the secondary winding (= N2/N1)), the
Vi, reaches twice afnV'’s after one resonant period ahy, is  where
never turned on. (The parasitic ringing between the leakage in-
ductance and the junction capacitance of the secondary rectifier 20+ O
diodes is ignored to simplify the explanation of operation.) wp = ”QC—JWI 7 Ceq = C1+ C3.

Mode 2: After the half resonant period df;; andC}, the \ 7° L CeCeq
capacitor’y, is trying to discharge through d1 and d2 and then, ) ) )
the d1 and d2 are turned off. The holding capacitor holds #f§ the end of this mode, the's is completely discharged and
voltage. The input power is still delivered to the output. the primary current and the secondary voltage are defined as

Mode 3:S1 is turned off and then the current through thep(TM4) = L, Viee(TM4) = V..

primary winding charges capacit6fl and discharges capacitor Mode 5:The €3 is completely discharged and then DS3 is
C3. The primary voltage is linearly decreased as follows: conducting. The S3 can be turned on with ZVS. The whole re-

flected secondary voltage is applied to the leakage inductance
nl, and the primary current decreases more quickly. Thesup-
T O+ O t ) plies more current to the load. The simplified equivalent circuit

Cow} Cow?

Var(t) = Vs
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Fig. 2. Equivalent circuits for each operating mode.

reflected to the primary is shown in Fig. 3 and the primary cur- Mode 8: At the end of the freewheeling period, S2 is turned
rent and the secondary voltage are obtained as follows: off with complete ZCS since there is no current in the device.
v The time period of this mode is the dead time between S2 and
L) = (I, = nl,) cos(wet) — —= sin(w.t) + nl, (7) S4.

nZ; Mode 9: After dead time between S2 and S4, S4 is turned

Viee(t) =n(la = nlo)Ze sin(wet) + Vo cos(wet) (8)  on. This turn-on process is also ZCS since the primary current
where can not be changed abruptly due to the leakage inductance. The
primary current is linearly increased as follows:
7 le 1
c = bl wC =
V n2c. V2 LG, L) = LV : (10)
Lk

The primary current reaches zero at the end of this mode and

the rectifier voltage is defined 8$...(TM5) = (Vj). The rectifier voltage is still zero. This is the end of an operating
Mode 6:The primary current is completely reset and no cuhalf-cycle.

rent flows through the primary. Then the rectifier diodes D1 and

D2 are turned off and thé€’, supplies whole load current and Ill. FEATURES OF THEPROPOSEDCONVERTER

thus the rectifier voltage is decreased quickly. From the equiva- . oo

lent circuitin Fig. 3, the rectifier voltage in this mode is Iinearly&l' Effective Soft Switching (ZVZCS)

decreased as follows: In the proposed converter, the ZVS of leading leg switches is
I achieved by the same manner as that of the converters in [2]-[6]

Viee(t) = —5" t+ Vs. (9) and [8]-[11] while the ZCS of lagging leg switches is achieved

¢ by adding a transformer auxiliary winding and a simple auxil-

Mode 7:TheC}, discharges completely and then, the rectifigary circuit in the secondary side. Neither lossy components [8]
diodes D1-D4 start to conduct and the load current freewhealsd [9] nor additional active switch [10] are required to get ZCS.
through the rectifier as most of the full bridge converters.  Besides, neither large circulating energy [11] nor high diode
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Fig. 3. Simplified equivalent circuits.

not increase the transformer size. The rectifier diodes and dis-
Vs Si S3 S1 charging diode are also small (about 20—-30% of main diodes).
The cost increase by the auxiliary circuit is almost negligible.
Vs 52 S4 S2
Vs —— IV. DESIGN CONSIDERATIONS
Vi A. Design of Auxiliary Circuit
Due to the resonance between the leakage inductance and the
— holding capacitor, the holding capacitor voltage is increased to
nlo . . . D
1, twice of the nominal voltage of the auxiliary winding as shown
in (3). If the turns ratio of the auxiliary winding is larger than a
half of the turns ratio of the secondary, the discharging dioge
- Vs is turned on during the capacitor charging mode. This causes a
rec ™ b ringing in the secondary rectifier. Therefore, the turns ratio of
the auxiliary winding should be less than a half of that of the
Veh secondary.
I 1 If the holding capacitor voltage is high, the primary current
/ TI" reset time is decreased and in turn, the duty cycle loss is de-
¢ : e | e ¢ creased. The circulating energy (loss), however, is increased. If
Ml M2M§/f %}\46M7M8M9 Ml the holding capacitor voltage is low, the primary current reset

time is increased but the circulating energy is decreased. There-
fore, the turns ratio of the auxiliary winding should be designed
by trading off between the primary current reset time and the

voltage stress [11] generated. All main switches and diodes gpg:ulating energy.

operated under minimum voltage and current stresses. In addil N€ holding capacitor should be large enough to hold the sec-

tion, wide ZVZCS range, small duty cycle loss, no severe pal,oclr_wdary rectifier voltage for the time taken to reset the primary

sitic ringing are exhibited. So, the ZVZCS is achieved very efurrent but npt to large to ensure that the hplding (_:apacitor is
ficiently and cost effectively. Many of the problems of the preCOMPpletely discharged during the freewheeling period. So, the

viously presented ZVZCS converters [8]-[11] are solved. Tht?ldi_ng capacitor Sh_OU|d b,e optimized since large capacitance
means the proposed converter is very attractive for high powaf© increases the circulating energy.
applications.

Fig. 4. Operation waveforms.

B. ZVS Range of Leading-Leg

B. Simple Auxiliary Circuit The ZVS range of leading-leg is wide but limited at light load.

The proposed auxiliary circuit consists of a transformer auXhe snubber capacitors added to the leading-leg switches are
iliary winding, two or four small rectifier diodes, a holding ca-discharged/charged by the load current first (mode 3) and then
pacitor and a discharging diode. The auxiliary winding is onlgischarged/charged by the stored energy in the leakage induc-
a few turns comparing to the main windings and thus, it doésnce (mode 4). At light load, this stored energy in the leakage
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Ch 50uF | 10hm Fig. 6. Experimental waveforms of the primary voltagé ) and primary
40}1' 0.44ufF current {,,), and secondary rectifier voltag®’(...).

Fig. 5. Experimental circuit diagram of the proposed converter. \
inductance determines the ZVS range of leading-leg. The pri-
mary voltage at the end of mode 3 is equal to the reflected peak p2ppy/p; T \ <
holding capacitor voltage to the primary and then, ZVS range '
of leading-leg can be obtained from the energy relationship as 1 \“
follows: it T e A
omV, [C1+C3 b L ‘
Iz = : 1y 04D !
n? le L et
It can be seen that he ZVS range of leading-leg is inversely pro- |, = =——T"=1— N s et aenm
portional to the turns ratio of the auxiliary winding.j and [50V/D.] \.\\;: J‘J
square of the snubber capacito€sl(+ C3), and proportional A <

to the square of the leakage inductance. Time[.5us/D.]

Fig. 7. Extended waveforms of Fig.6.

C. ZCS Range of Lagging-Leg

The ZCS of lagging-leg is achieved by resetting the primar

current and the primary current is reset by the holding capaci%rused for freewheeling diode which allows the freewheeling

voltage. At light load, the holding capacitor voltage may nq urrrenth t'?h flogv hn(i:kthrdoiugh t_?ﬁ trairrlsfclnr?ner Sﬁccr)ndaryn btl:t
be discharged completely. In this case, the holding capaci[orouq € Schotlky diode. The circulaling energy can be
ced since there is no diode reverse recovery during the

: . re
is charged up less and the peak voltage is reduced as the lgad . . X .
current is decreased. Then, the primary current reset time n%[dansmon from the free wheeling mode to the powering. The

be increased and ZCS of lagging-leg may not be achieved. T 'It'ﬁgyhvg'lgqr:ngcg Zrc]:l')t/olr.itg s with center tapped structure
primary current, however, is also decreased as the load curr%'ﬂ?:i 6 sh 'Wg th pW Iv flrm.%?th rimarv volt nd cur
is decreased and the ZCS of lagging-leg can be achievedrb%t 9. © SNOWSs the wavelorms of the primary voltage and cur-

lower holding capacitor voltage. Therefore, the ZCS range of and the secondary rectifier voltage and Fig. 7 shows th_g|r
lagging-leg is wide enough. extended waveforms. It can be seen that the secondary rectifier

voltage still left after the primary voltage falls down to zero and
the primary current is completely reset by this secondary recti-
fier voltage during the freewheeling period. This provides ZCS
A 25 kW, 100 kHz prototype of the proposedcondition to the lagging-leg IGBT’s. All waveforms are quite
ZVZCS-FB-PWM converter has been built and tested tdean thanks to complete soft switching and well matched with
verify the principle of operation. Fig. 5 shows the experimentéhe theoretical ones.
circuit diagram with the part numbers of components used. The Fig. 8 shows the ZVS waveforms of leading-leg switches.
transformer is built using two PQ5050 cores in parallel witRrom the ZVS turn-on waveforms, the antiparallel diode current
the turns ratio ofN1: N2 = 21:4. The leakage inductanceis not staying but decreasing to zero since the primary current is
measured at the switching frequency is glb. IRGPC50UD2 reset during freewheeling period. The ZVS turn-on is achieved
IGBT'’s are used for the primary switches. PC50F4 diode s/ turning on S3 while the anti-parallel diode is conducting.
used for the secondary rectifier and C30P10Q Schottky dio@lbe ZVS turn-off waveforms show the typical IGBT tail current

V. EXPERIMENTAL RESULTS
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Fig. 10. Waveforms of secondary rectifier voltag¥..{.) and holding
capacitor voltageV(c;. ), and currentl..).

Vrec \\ -
povoy T F T \W»NM'-"’"
I ;
e O /\
Time[ . 5us/D.]

Fig. 8. ZVS waveforms of leading-leg switches: (a) turn-on and (b) turn-off.
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Fig. 9. ZCS waveforms of lagging-leg switches.
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Fig. 11. Waveforms of secondary rectifier voltag€.{.) and holding
capacitor voltage¥(c;,) and current{.).

through it is zero before turning off. There is no IGBT tail cur-
rent due to ZCS. A small current pulse when the S4 is turned on
is the charging current of switch output capacitances. Fig. 10
shows the waveforms of rectifier voltage and holding capacitor
voltage and current and Fig. 11 shows the extended waveforms
of the Fig. 10. All waveforms are also the same as the ex-
pected except the holding capacitor voltage. The holding capac-
itor voltage goes to the negative, which is because of the stray
inductance of rectifier and auxiliary circuit.

Fig. 12 shows the measured efficiency of the proposed con-
verter with the efficiency of the previous ZVZCS converter [8]
for comparison. Maximum efficiency of the proposed converter
at full load is 94.5%. It can be seen that the proposed converter
has higher efficiency at full load while it has lower efficiency at
light load comparing to the efficiency of the previous ZVZCS

but the switching loss is considerably reduced by delaying toenverter [8]. That is because the circulating energy of the pro-

applied switch voltage.
Fig. 9 shows ZCS waveforms of lagging-leg switches. The Novel ZVZCS concept allows to use a low cost IGBT'’s

switch S2 is turned off with complete ZCS since the curref10-20 kHz recommended switching frequency) at a very high

posed converter becomes higher at light load.
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