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A New ZVS-PWM Full-Bridge Converter

Yungtaek JangSenior Member, IEEBMilan M. Jovanovic Fellow, IEEE and Yu-Ming Chang

Abstract—A full-bridge converter which employs a coupled in- J R 'J ' l
ductor to achieve zero-voltage switching of the primary switches A{w Di +__ Ds
in the entire line and load range is described. Because the coupled Q, | C Q, I Cs
inductor does not appear as a series inductance in the load current J Vs !
path, it does not cause a loss of duty cycle or severe voltage ringing + -
across the output rectifier. The operation and performance of the V= A B

proposed converter is verified on a 670-W prototype.
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Index Terms—Coupled inductor, full bridge converter, phase
shift control, zero voltage switching.

I. INTRODUCTION

HE full-bridge (FB) zero-voltage-switching (ZVS) PWM ip *

converter shown in Fig. 1 is the most widely used
soft-switched circuit in high-power applications, [1]-[4]. This
constant-frequency converter features ZVS of the primar . Ns
switches with relatively small circulating energy. The control .
of the output voltage at constant frequency is achieved t
the phase-shift technique. In this technique the switchin Dr;
transition of switches in th€@;—Q5 leg of the bridge is delayed,
i.e., phase shifted, with respect to the switching transition of (@
corresponding switches in thigs—Q, leg. With no phase-shift
between the legs of the bridge, no voltage is applied acro ! ON OFF [
the primary of the transformer and, consequently, the outp q, t
voltage is zero. On the other hand, if the phase shift i$ 18@ OFF | ON
maximum volt-second product is applied across the primai q, .t
winding, which produces the maximum output voltage. In th OFF ON
circuit in Fig. 1, ZVS of the lagging-leg switch€¥, andQ- is Q, t
achieved primarily by the energy stored in output filter inducto I ON OFF
Lr. Since the inductance of inductds is relatively large, DTs/2 Vi t
the energy stored in inductdry is sufficient to completely [ [T
discharge output parasitic capacitan€gsandC, of switches
Q1 andQ- and to achieve ZVS even at very light load currents
However, the discharge of parasitic capacitanCgsand C, e Vin T
of leading-leg switche€); and Q4 is done by the energy
stored in leakage inductandg i of the transformer because
during the switching ofQ3 or Qq, the transformer primary R
is shorted by the simultaneous conduction of rectifiBg, Vs
andDg» which carry the output filter inductor current. Since ADTs/
leakage inductancé i is small, the energy stored ihpxy [~~~ °°- .
is also small so that ZVS of); and Q4 cannot be achieved Ts t
even at relatively high output currents. The ZVS range of the
leading-leg switches can be extended to lower load currents (b)
by intentionally increasing the leakage inductance of they. 1. Conventional full-bridge ZVS converter and its key waveforms.
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the stress of the semiconductor components as well as thea shorter time than the linear inductor, which will reduce
conversion efficiency. the secondary-side duty-cycle loss. At the same time, at low
One of the major limitations of the conventional FBoad currents, when the inductor is not saturated, it will have
ZVS-PWM converter is a loss of duty cycle on the secondasyfficiently high inductance to store enough energy to provide
side which is indicated by shaded area in Fig. 1. GeneralB\V/S of the leading-leg switches even at very light loads.
a large leakage and/or external inductance extends the tiWivkile it was demonstrated that a properly designed saturable
that is needed for the primary current to change directionductor can improve the performance of the FB ZVS-PWM
from negative to positive, and vice versa, as shown in Fig. donverter, the circuit requires a relatively large-size magnetic
This extended commutation time results in a loss of dutore to implement the inductor, which increases the cost of
cycle on the secondary of the transformer, which decreadhs circuit. Generally, a larger core is required to eliminate the
the conversion efficiency. Namely, to provide full power athermal problem that is created by excessive core loss, since
the output, the secondary-side duty-cycle |@sB must be the saturable core is placed in the primary circuit and its flux
compensated by reducing the turns ratio of the transformewings between the positive and negative saturation levels.
With a smaller transformer’s turns ratio, the reflected output In the approaches proposed in [7], [9], and [10], full-range
current into the primary is increased, which increases t@&/S of the primary switches is achieved by utilizing energy
primary-side conduction losses. In addition, since a smallgtored in inductive components of an auxiliary circuit. Since the
turns ratio of the transformer also increases the voltage strasxiliary circuit is decoupled from the load, i.e., the load cur-
on the secondary-side rectifiers, the rectifiers with a higheent does not flow through the auxiliary circuit, the extended
voltage rating that typically have higher conduction losses m@yS range can be obtained with a minimal duty-cycle loss and
be required. secondary-side parasitic ringing. In the approach described and
Another major limitation of the conventional FB ZVS con-analyzed in [7] and [10], the auxiliary circuit comprises of a
verter in Fig. 1 is a severe parasitic ringing at the secondgugir of inductors that are connected between the mid-point of
side of the transformer caused by the resonance of the rectifighie bridge legs and a mid-point of an input-voltage capacitive
junction capacitance with the leakage inductance of the tramkvider, whereas in the approach described in [9], the energy
former and/or the external inductance during the turn-off of stored in the magnetizing inductance of an auxiliary transformer
rectifier. To control the ringing, a snubber circuit is required. s used to extend the ZVS range. While in the proposed FB
a conventional RC or RCD snubber is used, the conversion e#fivS-PWM converters the energy available for ZVS increases
ciency of the circuit may be significantly degraded. as the input voltage increases, which is the desirable direction of
A number of techniques have been proposed to optimize ttigange since more energy is required to achieve ZVS at higher
performance of the FB ZVS converter by extending its ZV8put voltages, the stored energy in the proposed FB ZVS con-
range without the loss of duty cycle and/or secondary-siderters is independent of load. As a result, the proposed FB
ringing [5]-[10]. Specifically, in [5] and [8], techniques thatZVS-PWM converters cannot optimally resolve the trade-off
virtually eliminate secondary-side ringing in the FB ZVSetween power-loss savings brought about by full-load-range
converters that use an increased value of the leakage inductafi¢§ and power losses of the auxiliary circuit. Ideally, the aux-
of the transformer and/or external inductance to extend the ZVi&ry circuit needs to provide very little energy, if any, at full
range are proposed. The approach described in [5] employs@d because the full-load current stores enough energy in the
active snubber on the secondary side that requires synchronanverter's inductive components to achieve a complete ZVS
tion between primary switches and an active-snubber switdf,all switches. As the load current decreases, the auxiliary cir-
which increases the complexity and cost of the circuit. Muatuit needs to provide progressively more ZVS energy, with the
simpler and cost-effective approach that employs only twaaximum energy required at no load.
additional clamp diodes on the primary side is described iniIn this paper, a FB ZVS-PWM converter that features this
[8]. In addition, to achieve virtually full-range ZVS without ankind of adaptive energy storage in the auxiliary circuit is de-
unreasonably large external inductance, [8] proposes a desigribed. This constant-frequency, FB ZVS converter employs a
optimization approach that besides the energy stored in #@upled inductor on the primary side to achieve ZVS in a wide
external inductor also utilizes energy stored in the magnetizingnge of load current and input voltage with reduced circulating
inductance of the transformer. It should be noted that tlemergy and conduction losses. Because, in the proposed circuit,
techniques described in [5] and [8] do not directly deal with thiae energy required to create ZVS conditions does not need to be
secondary-side duty-cycle-loss issue. stored in the leakage inductance, the leakage inductance of the
Techniques that can extend the ZVS range of the RBansformercan be minimized. This virtually eliminates the duty
ZVS-PWM converter without significant duty-cycle loss areycle loss and also significantly reduces the energy of the sec-
described in [6], [7], [9], and [10]. In [6], the ZVS range ofondary-side ringing caused by a resonance between the leakage
the leading-leg switches in the FB ZVS-PWM converter imductance and junction capacitance of the rectifier. As a resullt,
Fig. 1 is extended to lower load currents without a significarhe proposed circuit exhibits increased conversion efficiency.
increase of the circulating energy and loss of duty cycle by
using a saturable_ external _mductpr instead of a I_mear mductor.”_ NEW EB ZVS CONVERTERWITH COUPLED |NDUGTOR
If the saturable inductor is designed so that it saturates at
higher load currents, the inductor will not store excessive Fig. 2 shows a circuit diagram of the proposed isolated, dc/dc
energy at high loads and it will commutate the primary currefB ZVS converter that employs a coupled inductor on the pri-
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Fig. 2. Proposed full-bridge ZVS converter with coupled inductor. Fig. 3. Simplified circuit diagram of proposed converter showing reference

directions of currents and voltages.

mary side to extend the ZVS range of the primary switches with

aminimum circulating energy and conduction loss. The primapperation of the converter is negligible. The magnetizing induc-
side of the converter consists of two bridge l€ys—Q, and tance of coupled inductdrc and output capacitanc€s —C,
Q3—Q4 connected through two capacitdfg; andCp, to the of primary switches are not neglected in this analysis since
series connection of coupled induciag and transformer TR. they play a major roll in the operation of the circuit. In Fig. 3,
The two primary side capacitors are used to prevent the saturaupled inductoi. is modeled as an ideal transformer with
tion of the coupled inductor and transformer cores by blockifgrns ration,c = 1 and with parallel magnetizing inductance
the flow of any dc current throughc and TR. Generally these Ly; connected across the windings. The number of turns of
capacitors are selected large enough so that their voltageseaeh of the windings of.c is N¢.

approximately constant during a switching cycle. To regulate Finally, to further facilitate the analysis, Fig. 4 shows the
the output voltage against load and/or input voltage changeg@fological stages of the converter during a switching cycle,
a constant switching frequency, the circuit requires a phase-shjfiereas Fig. 5 shows the key waveforms. As shown in Fig. 5,
control. It should be noted that in Fig. 2, the output side of thg timet = To, switch S; in $1-S, leg and switchS; in
converter isimplemented with a full-wave rectifier with atapped, g, leg are closed and currenits andi, flow through the
secondary. However, any other implementation of the secondgbtresponding switch, blocking capacitor, and winding of
side rectification stage is possible. coupled inductof.¢ into the primary of transformer TR, as

To facilitate the explanation of operation of the circuit ircan be seen from the equivalent circuit in Fig. 4(a). At the same
Fig. 2, Fig. 3 shows its simplified circuit diagram. In the simplitime, output currenio flows through the upper secondary of
fied circuit, itis assumed that the inductance of output filier  the transformer so that primary currépt= i; + i = Io/nrg,
is large enough so that during a switching cycle the output filtetherentg = Np/Ns is the turns ratio of the transformer,
can be modeled as a constant current source with a magnitdge is the number of primary-winding turns, aid is the
equal to output curreriy. Also, it is assumed that the capacnumber of secondary-winding turns. From Fig. 4(a), it can be
itance of blocking capacitorSg; andCg; is large enough so seen that during this topological stage voltaggs must be
that the capacitors can be modeled as constant voltage sourges since voltage sourcd&g; and Veps are connected in
Because the average voltages of the coupled inductor windirgsposition through closed switch&s and S3. Furthermore,
and the transformer windings during a switching cycle are zepecause of the coupled inductor winding orientation [dot
and the pair of switches in each bridge leg operate with 508@sitions in Fig. 4(@)]vap = vac + ves = 0 can only
duty cycle, the magnitude of voltage souréésg; andVcee2  be maintained if the voltages across the coupled inductor
in Fig. 3 are equal t&/ 1 /2, i.e.,Vep1 = Vesz = Vin/2. windings are zero, i.e., only fac = ves = 0. Therefore,

To further simplify the analysis, it is also assumed thatince in this topological stage the voltage potential of points
the resistance of conducting semiconductor switches is zefq,B, and C in Fig. 4(a) must be the same, primary voltage
whereas the resistance of the nonconducting switches is infr = Vv — Vin/2 = Vin/2, as shown in Fig. 5(). It
nite. In addition, the leakage inductances of coupled inductalso should be noted that in this topological stage, magne-
L¢ and transformer TR, as well as the magnetizing inductantieing current of the coupled inductay; is constant because
of transformer TR are neglected because their effect on thec = veg = 0, i.e., the voltage across the windingslaf is
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Fig. 4. Topological stages of proposed converter power stage.

zero, as illustrated in Fig. 5(i). In addition, because the turhs Fig. 5, switchS, is turned on immediately after voltage,
ratio of the windings ofl.c is unity (n,c = 1), currenti; has fallen to zero.

flowing through winding AC is equal to currenj flowing Magnetizing currenty; reaches zero at= T3 and it con-
through winding BC, i.e.is = i4. Finally, from Fig. 3, it can be tinuestoincrease in the negative direction, as shown in Fig. 4(d).
seen that; = ip/2 + iy andiy = ip/2 — iy As aresult, current; continues to decrease, whereas curignt

When att = T4, switchS; is turned off, curreni, is di- continues to increase, as seen from waveforms (m) and (n) in
verted from the transistor of switch to its output capacitance Fig. 5. Att = Ty, switchS3 is turned off so that curreny is di-
Cq, as shown in Fig. 4(b). In this topological stage, curignt verted from the transistor of switdy to its output capacitance
charges capacitdf; and discharges capacit@y, at the same Cjs, as shown in Fig. 4(e). Because during this transitignis
rate since the sum of the capacitor voltages is equal to cararging, whileC, is discharging at the same rate, voltage
stant voltageVy, as illustrated in Fig. 5(e) and (f). As a re-increases from zero towakd;n, whereas voltages, decreases
sult, the potential of point A starts decreasing causing a decreé®en Vix to zero, as illustrated in Fig. 5(g) and (h). Since,
of voltagesvap andvp. Namely, voltager g decreases from during this topological stage, the potential of point B decreases
zero toward negativ® 1y, whereas voltagep decreases from from Vi /2 toward—Vix/2, while the potential of point A is
Vin/2 toward zero, as illustrated in Fig. 5(i) and (j). After caconstant at-Vix/2, voltagev s p increases from-Vy toward
pacitor Cs is fully discharged, i.e., when voltagey» reaches zero. Atthe same time, primary voltagge increases in the neg-
zero, current; starts flowing through antiparallel diod®, of ative direction from zero te-Vy/2 forcing the commutation
switch S, as shown in Fig. 4(c). Due to negative voltagg; of the load current from the upper secondary to the lower sec-
applied across winding AB of coupled inductag;, its magne- ondary. If the interconnect inductances and the leakage induc-
tizing currentiy; decreases with a rate ¥fix /L. Since during  tances of transformer TR and coupled indudter were zero,
this topological stage primary curreiptdoes not change, i.e., it this commutation would be instantaneous. However, due to the
stays constant dp /ntg, currentiy = ip/2 + iy decreases inevitable existence of various parasitic inductances on both the
while currenti, = ip/2 — iy;/2 increases at the same rateprimary and secondary side, the commutation of the load cur-
To achieve zero-voltage turn-on of switgh, it is necessary to rent from one secondary to the other when the primary voltage
turn-on switchS, while its antiparallel diod®, is conducting. changes sign is not instantaneous, as shown in Fig. 5. In fact,
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Fig. 5. Key waveforms of proposed converter power stage.
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In Fig. 5, switchS; is turned on immediately after voltage;

has fallen to zero. Because, after switghs turned off, voltage
vap Starts increasing, magnetizing currégtstarts increasing
as well, as can be seen from Fig. 5(I). From instant Tg,

this increase is linear since constant voltage = Vin is ap-
plied across magnetizing inductanteg. At t = Ty, current

im becomes positive, as shown in both Fig. 4(j) and Fig. 5(1).
Finally, att = Ty9, switch S, is turned off, which initiates
switching transition in th&35—S, leg. Because during this tran-
sition capacitoCs is discharging and capacit@t, is charging,

the potential of point B is increasing fromVix/2 to Vin/2.
Since during this time, the potential of point A is constant at
Vin/2, voltagev 5 is decreasing fronVy toward zero, while
primary voltagevp is increasing from zero towardyy /2. As

a result, positive primary voltage forces the commutation of the
load current from the lower secondary to the upper secondary, as
shown in Fig. 4(k). At = T4, the capacitance of switcdy is
fully discharged, and curremt starts flowing through antipar-
allel diodeD3 of switch S3, as shown in Fig. 4(l). To achieve
ZVS, switchS3 is turned on shortly afted; starts conducting.
During the topological stage in Fig. 4(l), primary currintcur-
renti;, and current, continue to increase from negative values
toward positive, as seen from waveforms in Fig. 5(k), (m), and
(n). Finally, att = T5, the commutation of th83;-S, leg is
completed so that the circuit enters the same topological stage
as shown in Fig. 4(a), awaiting the next switching cycle to be
initiated by the controller.

It should be noted that, in the proposed circuit, the value of the
magnetizing inductance of coupled induclker has no effect on
commutation time of the primary current from one direction to
the other. This commutation time is proportional to the sum of
leakage the inductances of transformer TR and coupled inductor
L¢, because they are effectively in series with the power path.

when primary Vo|tage,vp becomes negative, the load Curren-{hel'efore, to minimize the secondary—side duty-cycle loss and
is carried by both secondary windings, as shown in Fig. 4(@ptimize the performance of the circuit, it is necessary to min-
i.e., the transformer windings are effectively shorted. Becaud@ize the leakage inductances of transformer TR and coupled
during this commutation period, current in the upper seconddRgluctorLc. The minimization of the leakage inductances also
is; decreases, primary currépt= (is; —is»)/nr changes di- minimizes the secondary-side parasitic-ringing energy, which
rection at the moment the current in the lower seconitarpe- further improves the circuit performance.

comes larger than current in the upper secondanAt t = T,

the load current completes the commutation from the upper to
the lower secondary, as shown in Fig. 4(g). During the topolog-
ical stage in Fig. 4(g), currenig, ip, i1, andi, are constant and
flow in the negative direction. To achieve ZVS of switth itis
necessary to turn on switcy while currenti, is positive, i.e.,
while it still flows through antiparallel diode Dof switch S,.
In Fig. 5, switchS, is turned on immediately after= T, i.e.,

I1l. DESIGN GUIDELINES

As can be seen from the waveforms in Fig. 5, the commuta-
tion of the switches in th8,-S, leg is initiated when current
iy = ip/24 iy is maximum,i.e., whehy = (Io/ntr)/2+ M.
Also, the commutation of the switches in thg-S, leg is ini-
tiated when current, = ip/2 — iy IS maximum, i.e., when
) ; is = (Io/nTr)/2 4+ Im. Therefore, in the proposed circuit,
immediately after voltages falls to zero. all primary switches are commutated with the same magnitude
The second half of a switching cycle starts:at Tz when ¢ rrent, However, the charging and discharging of the capac-
switch S, is turned off, which initiates the charging of capaciignces of switche$; andS, is done by the sum of the en-
itance C, of switch S, and discharging of capacitan€g of gy stored in the output filter inductor, which is proportional to
switch 81, as shown in Fig. 4(h). During this switching transi{, /(21 )]2, and the energy stored in the magnetizing induc-
tion voltagev 4 5 increases from zero towak, while primary  tance of coupled inductdtc, which is proportional tqTy)2.
voltage vp increases from-Vix/2 to zero. This topological On the other hand, the charging and discharging of the capaci-
stage ends at= Tg when voltagers; across switcl$; reaches tances of switcheS; andS, are done by the sum of the energy
zero and antiparallel diodB; of switch S; starts conducting stored in the leakage inductance of the transformer and the en-
currentiy, as shown in Fig. 4(i). To achieve ZVS of switBh, ergy stored in the magnetizing inductance of coupled inductor
switchS; needs to be turned on while dioflg is conducting. Lc. Therefore, switches in th& —S, leg can achieve ZVSin a
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wide range of input voltage and load current even without as-
sistance from the energy stored in magnetizing inducténge

of coupled inductol.¢ since plenty of energy is available from
filter inductorLy. However, ZVS of the switches in tig—S,

leg is entirely dependent on the energy stored in the magnetizing
inductance of coupled inductdrc: since, for optimal perfor-
mance, it is desirable to minimize the leakage inductance of the
transformer so that the secondary-side duty-cycle loss and the
energy of the secondary-side parasitic ringing is also minimized.
Generally, to achieve ZVS of all bridge switches in the entire
input-voltage and load range, it is necessary to satisfy

1, , 1 , 1 Vin )’

iLMIM > CViy + §CLCVU\' + §CTR (T) (1)
whereC = C3 = Cy is the capacitance across primary switches
S3 andS,, Cr¢ is the interwinding capacitance of coupled in-
ductorL¢, andCrr is the capacitance seen across the primary
of transformer TR that includes interwinding capacitance of the
transformer and any reflected capacitance of the secondary-side
circuit. If capacitance€’1,c andCrg are neglected, (1) simpli-
fies to

Lul3; > 2CViy. 2

As can be seen from (2), if the value of induclgy is selected
so that ZVS is achieved at no load and maximum input voltage
ViIn(max)s ZVS is achieved in the entire load and input-voltage
range.

The value of inductot.y; required to achieve ZVS at no load
can be calculated by observing the waveform during time in-
terval Ts—Tp in Fig. 5. Magnetizing current; changes lin-
early from maximum negative vallg; = —Iy to maximum
positive valueI{,I = I\, i.e., iy changes forly, due to a
positive voltage oy across the winding AB of inductdtc.
Since according to Fig. 5, the time intervgd—T'; is approxi-
mately equal tq1 — D)Ts/2, where D is duty cycle an@s is
a switching period]y; can be calculated from

21

Vin = LMiMq (3
DT
as
. (1-D)Vix
In = T 4)

wherefs = 1/Ts is the switching frequency. Since at no load
D = 0 because the two bridge legs must be out of phase to
reduce the volt-sec product across the primary winding, the ZVS
condition at no load and high line from (2) and (4) is

VIN(max 2
Ly <%> 2 2CVI2N(max)‘ (5)
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Fig. 6. Experimental 670 W: (a) conventional converter power stage and
(b) proposed converter power stage with coupled inductor.

Finally, from (5), the value of.\; required to maintain ZVS at Therefore, in the proposed circuit, I6§—S, always carries a

no load and high line is

higher current than the Ieg3—S, the difference being magne-

1 tizing currentiy;. To simultaneously achieve ZVS at no load and

Ly < (6)

32Cf%°

minimize the bridge conduction loss in the proposed circuit in
Fig. 2, it is necessary to select the maximum magnetizing in-

As can be seen from Fig. 3, curragt flowing through mag- ductancel.,; determined from (6). Furthermore, if for such a
netizing inductancé.,; introduces a current asymmetry in theselected magnetizing inductance, currgrin the S3—S, leg is

two brldge IegS, i.e.11 = 1[)/2 + iuv and s = 1p/2 — iM.

significantly lower than current; in the S;—S, leg, different
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size switches can be selected for the two legs, which may re- Tek Run: 50.0MS/s  Hi Res
duce the cost of the implementation without sacrificing the cir- A A S
cuit performance. SRR | I R | A

Finally, it should be noted that to achieve maximum efficiency
improvement, the turns ratio of the transformer must be max-
imized. In fact, since the duty-cycle loss in the converter in
Fig. 2 is negligible due to the minimized leakage inductance ip ,
of the transformer, the converter can be designed with a larger 15 A/ [,
turns ratio compared to a converter that uses the leakage in- :
ductance and/or external inductance to extend the ZVS range.
Moreover, the minimized leakage inductance greatly reduces _ Ve«
the secondary-side ringing between the leakage inductance of 500 V/div]
the transformer and the junction capacitance of the rectifier so Vo 3
that any residual parasitic ringing can be damped by a small (500 Vidiyls
shubber circuit as, for example, the RCD-snubber circuit shown
in Fig. 6.

The control of the circuit in Fig. 2 is the same as the control (a)
of any other constant frequency FB ZVS converter. In fact, any Tek Run: 50.0MS/s  Hi Res
of the integrated phase-shift controllers available on the market S
can be used implement the control of the proposed circuit. How- S
ever, it should be noted that in the circuit in Fig. 2 the max- Vs
imum output voltage is obtained when the bridge legs are op- [100 V/divl;
erated in phase, which is the opposite from the behavior of the

—

VS ¥ :
(100 V/div]} | °
]..1., L

-~

conventional FB ZVS converter shown in Fig. 1 that achieves ip f

the maximum output voltage when the bridge legs are switched [10 Asdiv] | [,

out of phase. This difference in the control characteristic of the =

converter has a minor effect on the control-loop design since a Fooeet

simple control-signal inversion in the voltage control loop cir- Vor o

cumvents the problem. [500 V/div] T s
It also should be noted that the proposed circuit in Fig. 2 vy, 3o i i i

can be implemented with any type of secondary-side rectifier. [500 viip f o0

Specifically, it can also be implemented with a full-wave, full-
bridge rectifier, or a current-doubler rectifier.

Ch3 500V

(®)

IV. EXPERIMENTAL RESULTS

A e Fig. 7. Measured key waveforms Blo = 670 W: (a) conventional FB
The performance of the proposed circuit was verified OnZ%JS converter and (b) proposed FB ZVS converter. From top to bottom:

670-W experimental prototype operating at 116 kHz. The exp&kcondary voltagd’s; primary currenti,; drain-to-source voltagd/q, of
imental converter was designed to operate from 400-V dc inget; drain-to-source voltag¥ 4 of Q4. Time base: Jus/div.
and deliver 14 A from a 48-V output. The component values of
the experimental circuit are shown in Fig. 6(b). The phase-shifhere V...ondary is the peak voltage across the secondary
control circuit was implemented using a UC3875 controller. Feyinding of transformer TR. Moreover, the duty cycle loss is
performance comparison purposes, an experimental prototgpgroximately 0.5:s which is more than 18% of the secondary
of the conventional FB ZVS converter shown in Fig. 6(a) waside duty cycle. As can be seen from the corresponding wave-
also built. The conventional FB ZVS converter was designédrms in Fig. 7(b), the proposed converter has a very small duty
with an external inductance of 184 in series with the primary cycle loss 0.1 is) as well as a very much reduced parasitic
winding of the transformer (25T:5T.5T) to achieve ZVS over einging because of a minimized leakage inductance of the
load range from 50% to 100%. transformer that is less than34. The measured magnetizing
Fig. 7(a) and (b) show the oscillograms of key waveforms @fiductance of coupled inductés- is approximately 18Q.H.
the conventional FB ZVS converter and the proposed FB ZVSFig. 8 shows the measured efficiencies of the conventional FB
converter, respectively. As can be seen from Fig. 7(a), in ti&/S converter and the proposed FB ZVS converter as functions
conventional FB ZVS converter the parasitic ringing caused lpy output power. As can be seen from Fig. 8, the proposed con-
the external leakage inductance with the rectifier’s junction c@erter shows a conversion efficiency improvement in the entire
pacitance is severe even with a snubber circuit which dissipaiggasured power range from 50 W to 670 W. Generally, the effi-
approximately 12 W. As shown in Fig. 6(a), snubber capacitangncy improvement is more pronounced at light loads where the
Canubber is @approximately 0.5 nF, since two capacitors (1 nF) iBonventional FB ZVS converter operates with hard switching.

series. The snubber loss can be calculated as Specifically, at light loads, the efficiency improvement is more
) than 20%. At full load, the proposed circuit shows a efficiency
Panubber = Conubber X Viee ondary X 2 X fs improvement of approximately 3%, which translates into ap-

=0.5x 1072 x 320% x 2 x 116000 = 12 [W] (7) proximately 30% reduction of losses.
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V. CONCLUSION
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