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Youhao Xi Student Member, IEEFPraveen K. JainSenior Member, IEEEYan F. Liuy, Senior Member, IEEE
and Ray Orr

Abstract—A self core reset and zero voltage switching (ZVS) for- converter is high, producing the EMI problems. Consequently,
ward converter topology is presented in this paper. By employing the conventional hard switching topology is not suitable for ap-
a simple auxiliary circuit, the proposed topology is able to achieve icatinns in advanced telecom and computer systems. To solve
self reset of the power transformer without the use of the conven- e :
tional tertiary reset winding, and its main switch can be turned these prObIemS_'_ soft switching teChmqueS are normally used..
on and turned off under ZVS independent of line and load con- Several modified forward topologies have been developed in
ditions. This simplifies the power transformer, and the switching recent years [1]-[17]. Among them, the resonant reset forward
losses are substantially removed to improve the overall efficiency. (RRF) and active reset/clamp forward (ARF) topologies operate
Steady state analysis of the circuit is performed. Based on the anal- with simplified power transformers that do not need the ter-

ysis, a design procedure is presented, and the effects of the cir-t. t windi | der t timize it f th
cuit parameters on the flux excursion of the power transformer lary reset winding. In oraer to optimize Its periormance, the

are investigated to make sure self reset can be achieved without in- RRF generally works with variable switching frequency. Unfor-
creasing the core losses. Simulation and experiment on a 5 V, 100tunately, this is not applicable to applications like computer sys-
W prototype circuit operated at 200 kHz are carried out to verify  tems, because the switching ripples and harmonics are varying
the design. About 5% higher overall efficiency is obtained in the - 4t yjariable switching frequencies and they are very hard to filter
prototype converter than in its conventional counterpart. .. . . .
out. Then, the digital display of a computer, for instance, will
Index Terms—Forward converter topology, power transformer,  appear flickering and swimming. The RRF can also operate at
self-driven synchronous rectifiers, soft switching, zero voltage fyqaq switching frequency, but the penalty for this is the high
switching. voltage stress on the main switch. For a typical input voltage
range of 35 Vto 75V, the voltage stress would be close to 200 V.
I. INTRODUCTION In addition, although RRF usually achieves soft switching at full
Pad, it loses soft switching at light load. The hard switching will

N THE conventional forward converter topology, the pow . . :
pology P &cally cause thermal problems on the main switch. This leads

transformer essentially requires a tertiary winding to res hiah i : t on th itch
the core. This makes the transformer structure more comﬁﬁ- Ihg cootmg'reqwrerglen O'r'lh ReRSIZWI fh ) difficultytodriveth
cated than those of other single switch converter topologies, an €MmostSerious problemwi Isthe difficultytodrivethe

it merely means higher cost in manufacturing the transform ynchronousrectifier(SR). If SRisdrivendirectly fromthe trans-

Furthermore, a transformer with more windings needs a bob ﬂ{merwinding,the body diode ofthe synchronous MOSFET will

requiring more pins, and a bobbin with more pins needs a lar (gnduct. Thisis because, dueto resonance, the voltage waveform

core, therefore a larger core has to be used even though a sm sy & sinusoidal shape during Fhe resetinterval. This wr?\veform
one satisfies the power requirement. This for sure increases a slow SIOPtT at :jhe _begtlr:lnlngt agd_ end ﬁf thel reslett) |Tter¥r?l,
size of the transformer and eventually increases the overall s Cr? nlzeqfutﬁn fy re lrJ]cmlg €ga f\ rve VOFE_?_GT‘:]VG tﬁ O\t’)v de
of the converter. Thus, the forward power transformer should eshold of the freewheeling synchronous - 1hus, the body
simplified iode ofthe freewheeling synchronous FET hasto conductduring
Another shortcoming of the conventional forward topolog ese periods, reducing the efficiency ofthe synchronous rectifier
age. Furthermore, as the body diode latches in, its slow reverse

is the hard switching operation. To reduce the size and incre Id e, Extra circuit be added t
the power density of the converter, the switching frequency figeovery would cause Spikes. Extra circuit can be adaed to over-

usually increased so that smaller sized mangnetics and capgef—ne these problems. However, first of all, the circuit becomes

tors can be employed. Unfortunately, to do so, the overall offfiore complicated. Secondly, the two SR’s will cross conduct. It

ciency will be very low because of increased switching IossesspOUId be noted that SR must be properly driven over wide input

and high power density can simply not be obtainable due to hiéf’lltagte.3 and grltlﬁt!oadtﬁurrerjtt Eqnd:ctlon, not Ju.st.at a speglﬂter:]d
cooling requirements. Besides, & dt in the hard switching perating point. ¥vhen the swiiching frequency Is increased, the
problem becomes even worse.

. . _ ARF overcomes many of RRF’s drawbacks—it operates at a
Manuscript received September 10, 1999; revised August 12, 2000. Recom-
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Fig. 1. Proposed forward converter topology. No tertiary reset winding.

losses. Circulating current in the clamp circuit results in addiissing a 35-75 V to 5V, 100 W, 200 kHz prototype converter.
tional conduction losses. Besides, ARF, as well as other matbout 5% higher overall efficiency is obtained in the prototype
ified forward topologies reported in recent years, also suffecsnverter than in its conventional counterpart.

from at least one of the following drawbacks.

1) Variable pulse width gating pattern with controllable dead Il. CIRCUIT DESCRIPTION
time for the reset/clamp switch must be generated, .
2) When the clamp switch uses an n-channel MOSFET, ilttsFlg. 1 shows the proposed ZVS forward converter topology.

. . . . can be divided into two functional sub-circuits. One is the
gate drive must be isolated from the main switch. Whena .. oo L
) : uxiliary circuit that is inside the shaded block. The other one
p-channel MOSFET is used as the clamp switch, theoref- . . . S . -
. o ; outside the block is the power circuit, which employs a simpli-
cally there is no need of the gate drive isolation. Howeveftl'

o . . &d transformer without the tertiary reset winding.
an additional, negative bias voltage Y cc) for the gate L . ) ]
. L : . The power circuit is comprised of the following components:
drive circuit is required to turn off the p-type device.

3) ZVS is lost under light load conditions. 1) 7., the two-winding power transformer with a magne-

4) Current mode control is not applicable in topologies like __ tiZing inductanceL., .and a tums ratio of;
ARF, making the compensation hard in closing the loop 2) @1, the main switch; B
and causing slow dynamic response, and 3) D,; and D,s, the output rectifiers that can be replaced

5) Patent related legal issues create difficulties in their ap- _ With synch FETS; ,
plications. 4) L, andC,, the output filter;

In order to overcome these drawbacks, this paper present) £, the load. _ _
an improved ZVS forward converter topology with self core The auxiliary circuit consists of the following components:
reset. In this topology, a simple auxiliary circuit is employed. 1) @2, an auxiliary switch;
The auxiliary circuit consists of a small switch as well as a few 2) Csnp, @ snubber capacitor for the main switch;
passive components. With this auxiliary circuit, the proposed 3) L, a current limiting inductor, which is inserted into the
topology is able to achieve self-reset of the power transformer ~ secondary side df;;
without the use of the conventional tertiary reset winding, and 4) Lqp and L, two coupled inductors;
its main switch can be turned on and turned off under ZVS 5) D., a blocking diode.
independent of line and load conditions. This simplifies the The auxiliary circuit fulfills a threefold function, namely

power transformer, and the switching losses are substantially1) it provides the ZVS conditions for the main switch
removed to improve the overall efficiency under all operating at both turn-on and turn-off, thereby eliminating the
conditions. Besides, the gating of the auxiliary switch is in switching losses;

fixed pulse width, and there is no need of gate drive isolation. 2) it resets the core of the power transformer at desired con-
All these simplify the design of control and gate drive circuits. stant frequency;

Moreover, the feedback loop design is flexible; it can be 3) it provides the zero current switching (ZCS) condition for
accomplished in either voltage mode or current mode control,  the auxiliary switch, at turn-on.
though it will not be discussed in this paper.

In this paper, steady state analysis of the circuit is performed
to understand its operation and hence to optimize its perfor-
mance. A design procedure is given based on the analysis. ThEollowing assumptions are made to perform the steady state
effects of the circuit parameters on the magnetic flux excursi@halysis:
of the power transformer are investigated to make sure self resefl) the input and output voltages drg andV/,, respectively;
can be achieved without increasing the core losses. Simulatior2) the output power i£;;
and experiment are carried out to verify the analysis and design3) L., is much greater than both,, andk*L;;

Ill. STEADY STATE ANALYSIS
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of O O ] > wherel,, is the value of the magnetizing currentBf at¢.
Second. B i I v, ! i At the end of this interval’’s,,, is totally discharged and;
current | L1 1 7 | > becomes zero. As the inductor current through must con-
Mag- Al | i kTN - tinue, the pody diode ap; latches in t.o give Fhe currenta pa'lt.h.
x?ctmng \i/| | | i - Thus,uy; is clamped at zero, and this provides ZVS condition
current J} DLl i | for @, to turn on.
fus| | M o The magnetizing current, the secondary current and the aux-
w0 b Litats wh T iliary circuit current that are governed by (4), (5), and (3), re-
spectively, reach the values defined by
Fig. 2. Key waveforms. Each cycle can be divided into six intervals. L1 =i, (tl) (6)
4) L, andC, can be considered as infinite; L1 =s(t1) (7
5) the converter is operated in the continuous conduction Lop =igp(t). (8)
mode (CCM).
Fig. 2 shows key waveforms of the steady state operation of
the proposed converter topology. Each switching cycle can é)e Interval 2(t; < t < 12)
divided into six intervals. At the beginning of this intervaly; is turned on under zero
voltage condition and), can be turned off now or shortly after.
A. Interval 1(to < ¢ < t1) The equivalent circuit is shown in Fig. 3(b).

At the beginning of this intervak), is turned on under the When Q- is turned off, i, is stopped abruptly and the
zero current switching (ZCS) condition because of the series ¥pltage polarity acrosd.,, is changed. This forced), to
ductorL,. As ), is ON, a resonant network comprisidg,,, conduct, feeding the energy that was storedZiy), during
Lap, Ly, and L, is formed. Fig. 3(a) shows the equivalent cirlnterval 1 back the input dc line. This current is determined by
cuit.

The drain-to-source voltage 6f; is found given by Gas(t) = % I, — Ij/_d (t—t1). 9)
Lap kQLS as . as '
uq1(t) = I > Vat 57— to As D, conducts,. sees the input voltage. Due to coupling
ap + E?L; Lop+ k2L, . ) :
of the coupled inductorg), will see a voltage stress as given
- Vacos[wi(t — to)] @) by
wherec is a factor by whichy,; is higher tharV; att,, and
Vo = A/ Lap/LasVa. (20)
1 Lgp+ KL,
w1 = Cort ’ 2L, L. 2) On the other hand, a3, is ON, L.,,, sees a constant voltage
v Vg, andi,, rises linearly as governed by
The current flowing througlt.,;, and@); is found to be v
. d
. v, k2L, i (t) = . (t —t1) 4 Iy (11)
=7 e, R T e, T
op s op s The secondary current keeps rising as governed by
. sinfwy (¢ — o). (3) v
Witap is(t) = de (t—t1)+ L. (12)

This current stores energy in form of a static magnetic field in
the core of the coupled inductors. Owing to the assigned polarityAt the end of this intervali, reaches the output inductor cur-
of Lqs andL,y,, D, is reverse biased and it blocks any currenent/,. Itis seen that this interval reduces the effective duty ratio
throughL,;. of the main switch.
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Fig. 3. Equivalent circuits during each interval. (a) Interval 1. (b) Interval 2. (c) Interval 3. (d) Interval 4. (e) Interval 5. (f) Interval 6.

C. Interval 3(t; < t < t3) period of the main switch is completed so as to regulate the
At the beginning of this interval, the secondary currerfutput voltage. At this timet = #3), th_e magnetizing current
reaches the value of the output inductor current, i.e., governed by (11) reaches a value defined by
Lo = im(t3). (14)
i,(t) =1, (13)

wherel, is the load current, namel, /V,,. Then,D,, is reverse D Interval 4(f3 <t < t4)

biased and),; starts to carry the total output inductor current, At the beginning of this interval); is turned off. The drain

and the power circuit transfers power to the load as in the carurrent starts to drop fast to zero while the voltage actgss

ventional forward converter. The equivalent circuit is shown istarts to rise at a relatively slow rate determinedcy;,. By

Fig. 3(c). selecting a proper value @f,,,;, the overlap between the drain
The magnetizing current is still governed by (11)as still  current and drain voltage is greatly reduced and a ZVS turn-off

sees the constant voltagig. At the end of this interval, the on is essentially achieved fap; .
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Beforeu,; reached/,, the secondary winding still sees a pos- This interval completes &t= ¢; wheni, drops to zero. From
itive voltage equal td&’; — wy; . Thus,D, is still forward biased (24) the duration of this interval is found to be

to conduct the total output inductor current as in (13). The equiv- 1 %
alent circuit is shown in Fig. 3(d). ts — ty = — arccos <4’"3> . (25)
The drain-to-source voltage 6f; is how determined by w3 klms + Lo
kL + 1, At the end of this interval, the magnetizing current governed
ugy (t) = Vg— Vi cosfwa(t—ts)]+ TorCop sinfwa(t—%3)] by (23) reaches a value as given by
(15) Irn4 = Lrn(t()) (26)
where and the drain voltage of the main switch governed by (20)
ws = 1/\/ImComp (16) reaches a value given by
and the magnetizing current is now determined by Vi = ua(ts). @7)
. - Io
tm(t) = ” sinfwo(t — t3)] + <Im2 + E) F. Interval 6(t; < t < to+ T5)
24Lim

I, At the beginning of this interval, the residual current through
7 (17) L, reaches zero. As blocked b¥,;, the current througt.,

This interval ends when,; reached/;.
of this interval is given by

- cos[wa(t — t3)] —
h he d . cannot reverse to continue the resonance. Thysand C,,;
Thus, the duration 51, 5 new resonance circuit. The equivalent circuit for this
process is shown in Fig. 3(f).

. It is found that
ty —ty = = arctan <W) . (18)
w2 m2 1 Lo w1 (t) = Va4 (Vi — Vi) cos|wa(t — t5)]
At the end of this interval, the magnetizing current governed Lpa . L
by (17) reaches a value defined by + w2Csnp stnfws(f = 5)] (28)
. Va—WV1 .
Ins = im(ts). (19)  im(t) = L sinfwa(t — t5)] + Lma cos[wa(t — t5)]. (29)

W2 Loy

At the end of this interval, one switching cycle is completed.

E. Interval 5(t, <t < ;) The drain voltage returns to the same value as at the beginning

At the beginning of this interval,,; rises abové/; andL,,, of this cycle, and this defines the facterby
starts to see a negative voltage equaite u4; . Due to this neg-
ative voltage, the secondary current throdgldecreases. Since = w
the current througlt,, is almost constant), is forced to con- Va
duct to compensate for the decreasing current thrddghand  The magnetizing current also returns to the same value as at the
L,. The equivalent circuit for this interval is shown in Fig. 3(e)beginning of this cycle, namely (29) should yield

The drain-to-source voltage 6f; is now governed by

tm(Ts) = Imo- (31)

Thus, the core of the power transformigris reset. A new cycle
now begins.
In summary, at the beginning of each cycle, the auxiliary cir-
k2L.L, cuit discharges the snubber capacitor in Interval 1, it feeds the
wg =1 /1/ L.+ L. Conp =1 /\/ k?L:Csp (21)  discharged energy back the input dc line afterwards, and in this
o way it helps remove and save the turn-on switching losses of the
Itis found that this voltage will reach the peak value determinddain switch. Power is delivered to the output in Interval 3 in the

by same way as in a conventional forward converter. The snubber
capacitor slows down the rise of the drain voltage of the main

(30)

k-[rn?) + Io

ugr(t) = Va+ FwsCoy

sinfws(t — t4)] (20)

where

Viear = Va + M (22) switch in Interval 4 and 5 to substantially remove its turn-off
kwsCont losses. Finally, through the rest of the cycle, the power trans-
The magnetizing and secondary currents are now governed,fasmer is reset through the resonance undertaked. fyL,,
spectively, by andCsyy,.

A fixed gating pattern for the auxiliary switch is chosen on
kLs(klms + 1o) purpose to simplify the design and implementation, otherwise

im(t) = cos|ws(t — t4)]

L, the proposed topology would suffer from the same drawbacks
n k(L — K*Ly) I3 — KL, 1, (23) @S does the active reset forward (ARF) in the complex control
kL, and gate drive circuit design. With this fixed gating pattern, ZVS

1s(t) = (klns + 1,) cos|ws(t — t4)] — klpa. (24) can not be achieved arbitrarily. Careful attention must be paid
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to selecting and matching the auxiliary circuit components in 3) Current Limiting InductorL,: As seen from (5), a large
order to guarantee ZVS under the entire operating range, whikhwill sufficiently slow down the rise of the secondary current
will be discussed below. in Interval 1 and that permit§’,,,;, to discharge completely. For
successful depletion of charges 6%,;, the actual current di-
IV. DESIGN PROCEDURE AND THEEFFECTS OF THECIRCUIT  rection through the capacitor must be flowing out. This requires

PARAMETERS ON THEFLUX EXCURSION the derivative of (1) to be negative, which leads to
Based on above analysis, a design procedure to select com- Dy < 36
ponents of the auxiliary circuit of Fig. 1 is given in this section. wi fs = s (36)

The selection criteria for the power circuit are not shown herej . . o L
as it is a conventional circuit for which the design has been egybstltutmg (2) and (34) into (36), it yields the following limi-

tensively published in the literature. tation on the selection af,:

Assume that the following principal parameters are known. I 2D2,... 37
1) Dyax: maximum duty cycle of);; s k2m2f2C,,," (37)

2) f,s: switching frequency;

3) L,,: magnetizing inductance df,;
4) k: the turns ratio ofZ};

5) V,: output voltage;

However, L, reduces the effective duty ratio of the main
switch as shown in Interval 2. Excessive duty ratio reduction
will require a larger output inductor to meet the output ripple
6) L,: full load current; specification. To limit the duty ratio reduction, as seen from

7) Vimin @and V. the minimum and maximum input (12), L, must be limited by
volta i .
ge, respectively I < Vi
kI, fs

A. Design Procedure
. .. . . where$ is the permitted reduction of the effective duty ratio. A
1) Selection of the Auxiliary Duty RatioBasically, the suc- ractical design should limit below 10%.

cessful reset of the power transformer by any means requiPea) Selection of the Snubber Capacitgt,,,: The value of
nb-

the_v_olt-second balance between _the magnetizing and demag',b determines the rise time of the drain voltagecpf at its
netizing process. When the reset interval is shorter, the povi[e“l”

. - ) . urn-off, as described in (15). For a very short duration, as the
switch as well as the rectifidp,,; will suffer from higher voltage . . -
. ; magnetizing current is negligible when compared to the load
stress. To avoid excess voltage stress, the design must leave alr,zg o .
. . i . current, it is approximated that
equate time for resetting. As the auxiliary duty ratio steals some
time from the permitted resetting duration, a laigg,,,. will 1,
narrow the reset duration. To guarantee the least reset time not ECsm
to be less than the maximum magnetizing time, the fixed duftyindicates thaC.., should be so chosen to limity, belowV;

ratio of the auxiliary switch shall be limited by

s (38)

Audl (t) ~

(t—t3). (39)

within an expected rise timg that usually is about a few hun-
Daguz < (1= 2Dy0x). (32) dred nanoseconds. Then, by (39), the capacitor should satisfy
the following equation:
The auxiliary duty ratio may also be limited by the PWM chip I
like UC3855, where it is less than 0.1. Conp >
2) Coupled Inductord.,;, and L,,: As seen from (1), to kVa min
guarantee ZVSy,; must always drop to zero at the end of InOn the other hand, as seen from (1) and (2),, must also
terval 1. This can only be achieved if the following condition isatisfy the following equation to guaranteg to drop to zero

satisfied: by the end of Interval 1

f. (40)

11—« 2
Ly > —— Loy 33 4(Lop + k°L,)
T lta 59 Cont < 7r2/§2LsLap ' “1)

Obviously, it is difficult to satisfy (33) over all the operating 5) Auxiliary SwitchQs: In selection 0i», trade off should

conditions, because that is determined by (30) is not a fixed . i
. . . e made between the least inherent capacitance and the least
parameter but depending on the line and load conditions. For . . : .
simplicity in desian. let on-resistance in order to result in the least total lossé€kirts
phicity an, current rating should be able to handle the discharging current
Lap = E2L,. (34) given by (3), and its voltage rating is determined by (22).
6) Blocking DiodeD,: Itis a fast recovery diode with low
L, should be large enough to suppress the turn-off voltagmrward voltage drop. The maximum reverse voltage it sustains
stress orf), as described in (10). But,; should also be limited is given by

such that the release of the stored energy after Interval 1 can

. o o R L.

finish within one switching cycle. This limit&,, by Ve = Vi + /L Voear (42)
ap

1- Dauac 2
Las S <4> Lap- (35)

auwr

It should be able to handle a current given by (9).
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direction by a dc flux that is determined by the operating condi-
B tions. Therefore, during operation, the flux excursion in the self
reset transformer may shift over the first and third quadrants of
the hysteresis loop. The most important thing is to keep the shift
from the saturation point that does not exceed 3000 Gauss for
most ferrite core materials.

Another important issue is the core and copper losses. The
core losses are determined by the area of the hysteresis loop that
the flux excursion traverses, and they are approximately propor-
tional to the square of the ac peak flux density. As seen in (4),
(12), (17), (23), and (29), increasidg,, will narrow the swing
range of magnetizing current, and it reduces the ac peak flux
-Bow density and the core losses as well. This can be done by adding
more turns in the magnetizing winding. However, it increases
the copper losses as well as the transformer size and weight.
Hence, a compromise in selectifg, should be made to mini-
mize the total losses in magnetics, and it is well treated in con-
ventional design. A question here is whether the conventional
design suits for the self reset transformer.

Fortunately, the core losses as well as the copper losses in
the self reset transformer does not differ much from that in the
conventional forward transformer, if they are designed the same
except for the absence of the tertiary reset winding in the former.
The reason is as follows. The ac peak flux is almost half of
the swinging up (or equally the swing down) excursion of the
flux. When the main switch is ON, the flux swings up linearly,
and this swinging up excursion is proportional to the input dc
voltage and the duty ratio of the main switch. If the operating
conditions are the same, the ac peak flux in both the self reset
transformer and a conventional one will be the same, although
the dc bias flux may differ. Hence, the core losses will be the
same in both transformers. The copper losses are determined

(b) by the power that the transformer transfers. Both conventional
Fig. 4. Comparison of the flux excursion and the hysteresis loop traverster("fmeormer and the self reset one will suffer from almost ,th,e
in the conventional forward transformer and the self reset transformer. GMe copper losses for the same output power. Some negligible

Bsat

im

@

Bsat

-Bisar

Conventional transformer. (b) Self reset transformer. difference in copper losses may exist due to their different bias
in magnetizing current, which is comparatively much less than
B. Flux Swing and the Effects of Circuit Parameters the load current. In short, the self reset transformer can achieve

q llv. the flux density is related to th . self reset without sacrificing copper and core losses. Therefore,
Fundamentally, the flux density is related to the magnetizinge et reset transformer can follow the well developed conven-

current by tional design procedure.
L Above all, the flux excursion should be kept from saturation.
B(t) = ﬁ im(t) (43) To guarantee this, it must be investigated how the flux excursion
‘ varies with operating conditions as well as the circuit parame-
where ters. Should the core self reset, (31) must be satisfied. Based on
B flux density; 4, (11), (A7), (23), (29), (31), and (43), the effects of each pa-
N number of turns of the magnetizing winding; rameter on the magnitude and range of the swinging flux can be
A, effective cross section area of the core. determined accordingly.

In magnetic design, the flux excursion should be kept well Fig. 5 shows the flux excursion as functions\of, 1,, L.,
below the saturation point. Then, the flux excursion and the,, andCs,,;, in the prototype circuit that is shown below. These
magnetizing current swing are linearly proportional. Fig. 4(ajurves are generated with MathCAD based on the analysis pre-
shows the flux excursion in the conventional forward type transented in this paper. The flux swings back and forth over the
former, and as long as the circuit is in CCM, this excursion reange bounded b#.,.x andBy,;», and the excursion varies with
mains almost the same under different line and load conditiotise circuit parameters and operating conditions.

In contrast, for the self reset transformer, as seen in (17), (23)t is seen from these curves that the excursion moves toward
and (29), the line and load conditions indeed affect the swirige first quadrant from the third quadrant of tBe H loop when

of magnetizing current. This causes the shift of the flux excuthe load decreases. The reason is as follows. As shown in (22),
sion, as shown in Fig. 4(b), leaving it biased in either up or dowl},. is proportional to the load current, and it overcomes the
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Fig. 6. The prototype converter. It employs self-driven synchronous rectifiers
reported in [18].

input voltageV; to drive the magnetizing current, to drop
back during the reset process. At light 10&g,.. is lower, re-
sulting in a weaker driving force to reversg.

It is also seen in these curves that at full load, the excursion
traverses only the third quadrant of the-H loop. It means a
negative magnetizing current. Benefited from this negative cur-
rent are the slightly reduced copper losses, since the current
stress on the primary side is likely reduced.

In detail, Fig. 5(a) and (b) show that the flux excursion as a
function of the magnetizing inductands,,. These curves also
point out that a largek.,,, reduces the excursion range and hence
the core losses. However, at full load, the excursion drifts farther
away from the origin a,,, increases. Itimplies that a very large
L,, will not only increase the conduction losses and size of the
transformer due to more turns in the winding but also drive the
transformer into saturation.

Fig. 5(c) and (d) show the flux excursion as a function of the
input voltageVy. It is seen that, ag, increases, though the ex-
cursion remains almost independentgfat light load, it shifts
toward the first quadrant of thB—H loop under full load con-
dition. The reason can also be found in (22); at highgV,cqx
produces a relatively weaker force to drive the magnetizing cur-
rent to drop back during the reset process.

Fig. 5(e) and (f) show the flux excursion as a function of the
output current,. It is seen that, as the load decreases, the ex-
cursion shifts toward the first quadrant. This does not increase
the conduction losses at light load, because of the reduced load
current.

Fig. 5. Flux excursion as function of different parameters in the prototype _. . .
circuit. The flux density swings back and forth between the two boundaries, Fig. 5(9) and (h) show the excursion as a function of the

Bmax andB min. The output voltagd”o = 5 V, switching frequency is 200 snubber capacitof’,,,;. It is seen that, at full load, the excur-
kHz. (a) B versus_.,, at full load. (b) B versud.,, at light load. (c) B versus gjon js almost independent of the snubber value. But at light
‘a at full load. (d) B versus , at light load. (€) B versus, at highV.. () B load, the larger the snubber, the higher the excursion moves up

versusl,, at lowV;. (g) B versusC',..;, at full load. (h) B versug’...; at light ] ;
load. (i) B versusl, at full load. (j) B versusL, at light load. into the first quadrant of th&—H loop. The reason can still be
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Fig. 7. Typical key waveforms of simulation results. (a) Flux excursion at light loady (bjvaveforms at light load. (d}}. waveforms at light load. (d) Flux
excursion at full load. (e§?; waveforms at full load. (f2. waveforms at full load.

found in (22); the peak voltage of the main switch is in invers€. A Design Example
proportion toC,,.;. A larger C,,,;, results in a loweV,,.,, and
a weaker force to drive,, back during the reset process. Thus, A prototype of 35V to 75V dc to 5 V dc 100 W converter
the value ofC,,,;, should be limited again in this sense, althoughperating at 200 kHz has been built. Synchronous rectifiers are
a largerC,,,; is preferable in removing the turn-off losses of th&ised in the output stage. Design of the auxiliary circuit follows
main switch. the procedure given above, and the selection of components
Fig. 5(i) and (j) show the excursion as a function of the currei# refined by consulting the flux swing curves in Fig. 5. The
limiting inductancel,. It is seen that a largdk, will move the components and principal parameters of the circuit are listed in
excursion deeper into the third quadrant of #BeH loop. It Table I.
is because, as seen in (21) and (22), a lafgeresults in a  Fig. 6 shows the schematic of the prototype circuit with self-
smallerws and hence a higheét,..;, producing a stronger force driven synchronous rectifiers [18] in the output stage. The main
to drivei,, to drop back during the reset process. The curves alswitch uses two paralleled IRF640 to half the conduction losses,
show that, whetl, is too small, the excursion move fast up int@and the auxiliary switch uses a lower power rating IRF634. Two
the first quadrant of th&—H loop, and saturation may happenparalleled lowR ;o MOSFET's (MTP75N05, 9 ) are used
This just demonstrates the necessity of the role thaplays for each of the synchronous rectifiers to further improve the
in the self reset topology. Hence, to avoid saturatianshould conversion efficiency. The gate drive for synchronous rectifier
be limited on both ends so that excursion does not reach theg; is generated by a winding coupled®, and forD,,» by a
saturation point either in the first quadrant or the third quadramtinding coupled td.,. A small MOSFET switch}s (IRF510)
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Fig. 8. Experimental results: key waveforms at different operating conditions. Trace 1: gating. Trace 2: drain voltage. Trace 3:draifiscetrefifl kHz.
Scales: gating—10 V/div., drain voltage—20 V/div., drain current—1A/div., timing (except in 7 g)stdiv. (a)QQ;, Vy = 35V, P, = 100 W. (b)Q;, V, = 35
V, P, =25W. (c)Q;,Vy =35V, P, = 100 W. (d)Q;, Vy =55V, P, = 100 W. (e)Q;,V, =75V, P, = 100W. ()Q,,Vy; =75V, P, = 25 W. (9)Q;, V4 =
55V, P, =100 W, 0.5 MS/div.

helps to fast turn ofiD,,. The Schottky diodeD > (1N5819) In this prototype circuit, an ETD29 core is selected for the
blocks the excessive negative gate voltage during the off timegdwer transformer. The core material is PC40 with an effec-
D,s. tive permeability of 1500, and the maximum flux excursion is
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100F shown in (3). This increases the conduction losses in the auxil-
o5k iary circuit. Besides, as the auxiliary switch has a hard switching
90§ /lifﬁciellcy of the proposed topology Furn—off, more switching losses will be resulted from a _hi_gher
2 g = ° - T vTT—e—¢ input voltage. All these reduce the overall converter efficiency
§ sol \ at higher input voltage, although these losses are very small
'5” < Efficiency of the standard forward topology as compared to the load current. At middle point of the input
3L voltage range, either the conduction losses in the power circuit
70 L . L TR R T il L TR S - e . . .
35 20 45 50 55 60 65 70 75 or the losses in the auxiliary circuit do not go excessive, thus the

converter has the highest overall efficiency.
Above all, the proposed self reset ZVS topology has about
Fig. 9. Overall efficiency versus input voltagBo = 100 W, Vo = 5V, 9% higher efficiency at full load than does the conventional hard

fs = 200 kHz. Synchronous rectifiers are employed in both ZVS convertgwitching forward converter.
and the standard forward converter.

Input voitage V; (V)

chosen at 880 Gauss. Litz wires are used for the two power V1. CONCLUSIONS

windings. The primary winding with 12 turns yields a magne- The proposed forward converter topology employs a simpli-

tizing inductance of about 320H. At the switching frequency fied power transformer that can self reset without the use of
of 200 kHz, the core losses are about 0.6 W at’f@nd the the conventional tertiary reset winding. This reduces the cost
copper losses are about 0.9 W at full load. As shown in Fig. &nd size of the transformer without increasing the core losses

whenCj,;, = 16 nF, L, = 0.3 iH, the flux excursion is well and thus not sacrificing the overall circuit efficiency. Simulation

bounded within the saturation points of 3000 Gauss.

and experimental results show successful core reset and guar-

The coupled inductork,,;, andL,, are made of an air gappedanteed ZVS under various operating conditions. Better than 5%
SP41408 pot core, and, takes the advantage of the secondarycrease in efficiency is obtained with the proposed topology as
winding leakage. The total losses by the coupled inductors &®mpared to the conventional forward converter.

less than 0.5 W.

V. EXPERIMENTAL AND SIMULATION RESULTS
. . . . [1]
Using the prototype circuit, simulation and experiment are

carried out. Some characteristic results are shown below. 2l

Fig. 7 shows typical key simulation waveforms obtained
using Pspice. It shows, at either full load or light load, that i)
the magnetizing current returns to the same value after each?!
cycle, that means the core is successfully reset, ii) the mairy,,
switch has ZVS at both turn-on and off, and iii) the auxiliary
switch has a ZCS turn-on.

Fig. 8 shows key waveforms of the experimental results underIS]
different operating conditions. The drain current of the main
switch is not shown for the reason that inserting a current probd®l
into the power circuit requires a long wire hook and it inter-
feres with the normal operation of the circuit. But it is safe to [7]
judge that ZVS is always achieved in the main switch under all
those operating conditions, because the gate signal always afg
rives after the drain voltage drops to zero and finishes before
the drain voltage rises from zero. Though unable to measure thé!
flux swing, the successful self reset of the core can be proven by
the steady state operation under all those operating condition$Lo]

Fig. 9 shows the overall efficiency as a function of input
voltage. It is seen that the efficiency is the highest when thét!
input voltage is 55 V that is the middle point of the input voltage
range, and it reduces slightly at both ends of the input voltagﬁz]
range. The reasons are as follows.

At a lower input voltage, higher rms current flows for a given
output load, thus the conduction losses are higher. At a highé#3l
input voltage, although the conduction losses in the power cir[14]
cuit decrease, the auxiliary circuit will be slightly less efficient
to feed the removed switching losses back into the input dc line,

It is because the snubber stores more energy to discharge a[tlg]
higher input voltage, and higher auxiliary current is required as
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