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Abstract:

The improved current-doubler-rectifier zero-voltage-switching PWM full-bridge converter (CDR ZVS PWM FB

converter) achieves ZVS for the switches in a wide load range with the use of the energy stored in the output filter

inductances, and the rectifier diodes commute naturally, therefore no oscillation and voltage spike occurs. The transformer

needs no special manufacture method to limit the leakage inductance. The ZVS achievement and the design considerations for
the output filter inductances and the blocking capacitor are discussed for the improved CDR ZVS PWM FB converter. A 540 W

prototype converter is built in the lab to verify the operational principle and design considerations for the improved converter,

the experimental results are also included.

Key words:

Full-bridge (FB) DC/DC converter is widely used
in medium-to-high power application. In the past
twenty years, a variety of soft-switching FB converters
were proposed. Phase-shifted zero-voltage-switching
(ZVS) PWM FB converters"* and phase-shifted
zero-voltage and zero-current-switching (ZVZCS) PWM

FB  converters * realize soft-switching  for  the

switches. Phase-shifted ZVS PWM FB converters
utilize the leakage inductance and the output capacitors
of the power switches to realize ZVS for the
switches "2 . However, the lagging leg is very difficult
to realize ZVS because only the energy stored in the
leakage inductance is used. In order to realize ZVS for
the lagging leg in a wide load range, we can increase
the leakage inductance or introduce a resonant
inductance in series with the primary winding of the
transformer. But duty cycle loss occurs in the process.
The issue of the reverse recovery of the rectifier diodes
still exists in phase-shifted ZVS and ZVZCS PWM FB
converters, which results in oscillation and voltage
spike on the rectifier diodes. In order to depress the
oscillation, several active or passive clamp circuits
were proposed, but these circuits need large clamp
capacitors, which result in large current spikes in the
switches ™" .

CDR ZVS PWM full-bridge converter® realizes
ZVS for the switches in a wide load range with the use
of the

inductances, and the

two output filter

diodes

energy stored in the

rectifier commute
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naturally, thus the oscillation is eliminated. However,
the primary current should decay rapidly during the
zero state, and it is only the conduction voltage drop of
the switches that forces the primary current to decay.
The conduction voltage drop is too small, so the
which

requires special manufacturing method to produce the

leakage inductance should be very small,

transformer.

An improved CDR ZVS PWM FB converter, which
keeps all the advantages of the original counterpart,
was proposed in Ref. [9]. Based on the original CDR
ZVS PWM FB converter, a blocking capacitor C, is
introduced in series with the primary winding. The
voltage of the blocking capacitor, which is considerably
larger than the conduction voltage drop of the switches,
is used to force the primary current to decay rapidly
even when the leakage inductance is relatively large,
therefore there is no special limit to the leakage
inductance.

The paper focuses on design considerations for the
improved CDR ZVS PWM FB converter. The realization
and optimums of the performances are ensured by the
elaborate design of the key parameters: (D The output
filter inductance; @ The blocking capacitor.

1 Features of ZVS Achievement for the
Switches

The improved CDR ZVS PWM FB converter is
shown in Fig.l(a). In Fig.l(a), Q, to Q, are the
power switches, D, to D, are body diodes of Q, to Q,.
C; to C; are the intrinsic capacitors of Q; to Q,, Ly is

the leakage inductance of the transformer, Dy, and Dy,
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are the rectifier diodes, L and L, are the output filter

inductance, C;is the output filter capacitor, R, is the
load. The phase-shifted
modulation strategy. Q, and Q; form the leading leg,

converter employs the

and Q, and Q,form the lagging leg.
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Fig.1 The improved CDR ZVS PWM FB converter. (a)

Main circuit; (b) Key waveforms

From the operation principle of the improved CDR
7ZNS PWM FB converter, we can know that the leading
leg realizes ZVS using the energy stored in the output
filter inductance when the current of output filter

inductance reaches its maximum value [,TmX , e.g., at

¢, or t;; and the lagging leg realizes ZVS using the

energy stored in the output filter inductance when the
current of output filter inductance reaches its minimum

value ]Lfmin, e.g., at t, or t,, see Fig.1(b). Please
note that I,mein is a negative value.

[leaX and ]eri“ can be obtained as

[ _ L V0(2 - D) Ts
erax - 2 + 4Li
I, V.2-D)T.

(1)

how =% = —"45, (2)
where T, is the switching period; D is the duty cycle of
20t — ¢
the converter represented by D = %

From (1) and (2),we can know that (D the larger

the output current is, the larger ]L|.nu1x is, and the

is, so the leading leg is easier to

smaller ‘ I Lmin

realize ZVS at heavy loads than at light loads, the
lagging leg is easier to realize ZVS at light loads than at

heavy loads; and @ because IL‘M > ‘]Lfmin , the

leading leg is easier to realize ZVS than the lagging leg
if the intrinsic capacitors of the switches of the leading
leg and the lagging leg are equal. So the worst case is
to achieve ZVS for the lagging leg at full load. The

design considerations should be set out from this point.
2 Design Considerations

This section discusses the design of the converter,
especially the design of the output filter inductance and
the blocking capacitor.

The specifications of the prototype converter are:

® DC input voltage: V,, = (250 + 20%)V;

® DC output voltage: V, = 54 V;

® Qutput current: I, = 10 A;

® Switching frequency: f, = 100 kHz;

® [eakage inductance measured at the switching

frequency L, = 0.46 pH.
2.1 Determination of K

The relationship between the output voltage and
the input voltage for the CDR FB converter in
continuous current mode (CCM) is

DVin
K = W (3)
here CCM means that the sum of the two filter

inductance currents is greater than zero, i.e., iL” +
i,lf2 > 0 when v,; = 0 as shown in Fig.1(b).

Let D,
K = 1.48. We choose K = 1.5.

= 0.8 at the lowest input voltage, then

2.2  Output filter inductance

As a filter inductance, it is better to be large
enough to reduce its current ripple. However in order
to realize ZVS for the lagging switches at full load, it
should be quite small so that the filter inductance

current can flow in the negative direction. So we
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should determine the maximum value of the filter
inductance to ensure ZVS for the lagging switches at
full load.

From mode [z, t5], when the lagging switch

turns off, the time for the voltage of C, to decrease to

Zero is tys .
2 Clag Vin 2 Clag Vin
t = = 4
4,5 I, (1,) ]Lfmin (4)
T K

As I, increases, ILfmin decreases, t,s increases.

From (2), (3) and (4), L, can be derived as
tosV,(V,, = KV,) (5)

4KC,), Vil fo + tas Vil f

Eq. (5) illustrates that L, is determined by V,, and

L fmax =

l4s. In order to reduce the turn-off loss of the lagging
switches at light load, a tradeoff is needed. We choose
t4s = Tty at full load, where ¢; is the turn-off time of
IRF450 (from IXYS
corporation) is selected as the power switch with
C.(= C,) = 300pF and ¢; = 44 ns.

Once i, 5 is determined, then L; is determined by

the lagging switch. Here

V... Fig.2 shows the plot of L, versus the input

voltage, from which we choose L; = 28 nH.
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Fig.2 The maximum filter inductance under different input voltages
As the filter inductance is determined, we can
calculate IL‘.m;J\’ and I,‘fmin. When the improved converter

operates in CCM, I,Tm;,x and I,mein can be derived from

(1), (2) and (3).
I, V.(V,-KV)T.

[/,fmax,ccrw =5t 2V, L, (6)
Io Vn<Vin - KV())T*
[I,‘.mirLCCM =2~ 2V, L, (7)

in

When the load becomes light,
converter will operate in discontinuing current mode
(DCM), where the sum of the two filter inductance
currents reduces to zero when v,; = 0, the load is

the improved

supplied by the filter capacitor, which is shown in
Fig.3. I} and 1}, in in DCM are given in (8) and (9)

respectively and are derived in the appendix.

Vin Ts VO IO
[Lfmin,l)crv[ =- \/gL[.( V., - 2KV,) (®)

in

\ N A
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Fig.3 Key waveforms in DCM

4K Vo Vin Ts V() I o
[Lfmzn(_DCM = (3 - Vin )/\/8Lf( V,'n _ 2KV0) (9)
The critical output current between CCM and DCM
is I;, which is given in (10) and is derived in

appendix.

V,(V, ~ 2KV)T.
le ==Ly, (10)

in

Fig.4 gives the ILf,,m and — ]Lfmin at different load

currents under the minimum, nominal and maximum
input voltages. There is an inflexion in each curve, the
corresponding current of the inflexion is the critical
output current. On the left of the inflexion, the
converter operates in DCM, and on the right of the
inflexion, the converter operates in CCM. Fig.4
illustrates that once we determine the value of filter
inductance according to (5), the lagging leg realizes
ZVS not only at the worst case in CCM but also at
nearly open load in DCM. So both the leading leg and
the lagging leg can realize ZVS from nearly open load to
full load under the input voltage range.

2.3 Blocking capacitor

The blocking capacitor C, is used to force the
primary current to decay rapidly when v,; = 0, and it
ensures that the rectifier diodes commute naturally, no
oscillation and voltage spike on the rectifier diodes
occur. From this point, C; should be as small as
possible, but a small Cj results in high peak voltage of
C, and increases the voltage stress of the rectifier

diodes. So C, should be large enough, which is just to



Design considerations for the improved current-doubler-rectifier ZVS PWM full-bridge converter

259

L d
Rt
’o’T-". e
10 Lttt
f”-:.' /"’
/..." .,/"—-—- IL‘_M(ZOOV)
P Pt
8| é _70 L I} nax (250 V)
2" ‘
L —e = I (300V)
< / r4
N_6f otz —_—m =1 in(200V)
= 17 f
5’ -~ e e = I min (250 V)
W, TSt Tl
4‘5?,’ et S e e e I (300V)
"'/..’,"/ \_~\~ . ,TA"~‘\
2 Tresl s
w4 ~. ‘.
7 \.~~
0 1 1 | 1 J
0 2 4 6 8 10
I/A
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ensure the commutation of the two rectifier diodes.
As shown in Fig. 1(b), the rectifier diodes finish

commutation at ¢;. The worst case is that t; = #,, in

which i, reduces to — [erin/K’ i.e.,

ILfmin

[p<t4> = K

(11)

During [ £,, t3], vy is fully applied to L,, C,

resonates with L, .

Ve (ty)
i) = - ¢, \h
P wly,

]p(tz)cosw(t -t,)

sinw(t — t,) +

(12)

Uch(t) = wly 1,(1;)sinw(t - 1,) +

Vch(tz)cosw(t -t,)
.
VLG,
1,(t) = I /K

Substituting (11) and (14) into
obtain

where w =

(13)

(14)

(12), we can

L min

L = -5 G )
plly) = — wly sinw(ty — 1) +
L max
}( cosw(ty, — t,) <-

<as)

Inequality (15) is the condition for the rectifier
diodes to finish commutation at #,, it is related with

Vch (t,).
During [ Lo, IQJ ,
V.

K—V

. 1
lp(t) = ?[]L(min +

f

At t,,

A - )]

(16)

Vc,(tz) = VC}(to) +Cijzip(t)dt =
' g b N

C
I,DT,

4KC,

From (13), we can obtain

Ve (t4) = wLy 1,(t,)sinw(t, — 1,) +

I,
T

1
Vch(to) +
b

V(:h(to) + (17)

VCh (ty)cosw(ty, — t,)

(18)
It can be seen in Fig.1(b) that

Ve, (1) == Vg, (1) (19)
From (17), (18) and (19), VCI, (t,) is derived as

I, DT,
4KC,

- wly I,(1,)sinw (1, - t,)

Vcb<t2) = 1+ cosw(t, — t,) (20)

where t, - t, = [(1 - D)T.]/2.
From (1), (2), (14), (15) and (20), we can

obtain

DT, by — I,
y<C)’Vin): —tan -4=0
‘ VI G 2V C,

(21)

From (21), we can know that (D The design of C,
is not related with output current I ; @ When the
converter operates under the same condition else, the
relationship between C, and L, is

L, C, = const (22)

From (22), we can obtain that L, C, should be
kept constant in order to ensure that when the rectifier
diodes commute naturally. Therefore, we can adjust the
design of C, according to (22) under different leakage
inductances of the transformer. And (22) proves that
there is no special limit to the leakage inductances, the
conventional transformer can be employed.

Fig.5 shows the plot of the left side of inequality
(21) versus C, under different input voltages, it
illustrates that in order to satisfy (21), C, should be
smaller than 2.3 pF at the lowest input voltage V.., =

inmin  —

200 V. That is because at the lowest input voltage, the
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Fig.5 The plot of the left side of inequality (21) versus
C), under different input voltages
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duty cycle is maximum, the time for i, to decay is the

shortest. We choose C, = 1.5 pF.

3 Experimental Results

A 540 W output power (54V, 10 A) prototype
converter is built in the lab to verify the operation
principle of the improved CDR ZVS PWM FB converter
and the parameter design. The parameters of the
converter are: V,, =250V; Q,(D, and C,) to Q,(D, and
C,): IRF450; Dy, and Dy, : DSEIN2-06A; K = 1.5; L,
=046pH; C, = 1.5pF; Ly = L, = 28pH; C; =
6 600 pF; switching frequency f, = 100 kHz.

Fig.6 shows the experimental results at full load.
the

blocking capacitor voltage v; and the current of the

Fig.6(a) gives wv,;, the primary current iy,
two filter inductances iL“ and iL‘2 , which illustrates
that when vy, = 0, v forces i, to decay rapidly to

make the rectifier diodes commute naturally. Fig.6(b)

shows the voltage of the rectifier diode vy, —and the

rectifier diode currents iDm and iDRZ , from which we
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Fig.6 Experimental results at full load (10 A). (a) v, iy, v¢

b

vps and vgg of Qy

can see that there is no oscillation and voltage spike on
the rectifier diodes. Fig.6(c) and (d) shows the gate
drive signal and its voltage across the drain and source
of the leading switch and lagging switch respectively,
which illustrate that both the leading switch and the
lagging switch realize ZVS.

Fig.7 and Fig.8 show the experimental results at
half load (5 A) and light load (1 A). From Fig.6 to
Fig.8, we know that the switches can realize ZVS in a
wide load range, and the oscillation caused by the
reverse recovery of the rectifier diodes is eliminated.

Fig.9(a)
different load currents under the nominal input voltage.
The efficiency is 92.4% at full load.

Fig.9(b) shows the efficiency at full load under

different input voltages, which illustrates the efficiency

shows the conversion efficiency at

decreases when the input voltage increases. This is
because there is idle current during zero state (when
v, = 0), which results in conduction loss in the
switches and the primary winding. The higher the input
voltage is, the longer zero state is, thus the higher

conduction loss is, and the lower the efficiency is.

o\

0 2 4 6 8 10 12 14 16 18 20

t/ps
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vps/V

U(;s/V
(=]

0 2 4 6 8 10 12 14 16 18 20
t/ps

(d)

s iL“ and iLm; (b) UDRI s iL)R] and ium; (e) vps and vgs of Q33 (d)
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Fig.9 Conversion efficiency of the improved CDR ZVS
PWM FB converter. (a) Conversion efficiency at different load

currents under the nominal voltage; (b) Conversion efficiency at full

load under different input voltages

4 Conclusions

of the ZVS

achievement for the switches and the design of the filter

This paper gives the features
inductance and the blocking capacitor in details for the
improved CDR ZVS PWM FB converter. The improved
converter keeps all the advantages of the original
counterpart:

1) The switches realize ZVS in a wide load range
with the use of the energy stored in the filter
inductances.

2) The rectifier diodes commute naturally without
oscillation and Furthermore, the

voltage spike.

introduced blocking capacitor forces the primary
current to decay rapidly without the restricted limit to
the leakage inductance. A 540 W prototype converter
verifies the principle of the improved converter and the
parameter design. The experimental results are also
presented.

Appendix
This appendix is provided to derive (D ]Lfm;n,ucm

and L s v » the maximum value and minimum value

of the filter inductance current when the CDR ZVS
PWM FB converter is operating in DCM, and @ I,

the critical output current at the DCM boundary.
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When the output current decreases, the sum of the
two filter inductance currents will reduce to zero when
vy = 0, the load is supplied by the output filter
capacitor. At this time CDR ZVS PWM FB converter
operates in DCM. The key waveforms are shown in
Fig.3.

During Lo, o], i,A“ increases linearly from

]Lfmin_DCM, and isz decreases linearly from — IL‘min_DCM.
v,

. K °
. (t) = [LfmiyLI)CM + T(l - to) (A1)

. v,
i, (t) =~ IL{.min,DCM - f{(t - to) (A2)

At t,, the sum of the two filter inductance

currents is

Vlﬂ
-2V,

[L” (tz) + ILa<tz) = T(tz - t0> (A3)

iy, increase t0 Iy . pev

[I,“ <t2> = ]I,fmax,l)CM = ]I,fmilLl)CM +

V.
o,
— A4
Li(ty - t0) (A4)
where
t, -ty = DT./2 (A5)
During [ t,, 5], i, and i, decreases linearly,
. v,
LLH(t) = ]L”(tz)—ff(t— t) (A6)
L (0 = 1, (1) - 2 (A
i, (0) = 1, (1) = (0 = 12) 7)
i/‘“ (t) + i/n(t) = ]/,“(lz) + I/‘fz(tz) -
2V,
L (t = 1) (A8)
At 1}, iL” =- IL|.mirLDCM7 iL,.z = ILI.min,DCMand iL“ +
i, =20, so

12
Ll-[IL“ (t,) + IL|2<If2)]
2V0

L; -1, = (A9)

v,
[LIZ(tg) = ILI.mirLDCM = ILI.Z(t2> - Zu - 1) =

V, ,
- [Lfmin_DCM - E[(tz —ty) + (t5 - 1,)] (A10)
Substituting (A3) and (AS) into (A9), yields

V.
Ig -2V,
iy — &, = ?DT‘“ (All)
From (A5), (A10) and (All), we can obtain
V. DT,
I . = - - Al12
L‘ min_DCM 8 KL{ ( )

Substituting (AS5) and (A12) into (A4), yields

3V, - 4KV,
sk, DL

The output current is the average value of the sum

(A13)

I Limax DCM =

of the two filter inductance currents, i.e.,
IO = iL” + isz =
I:]Lfl (h) + ILQ(IZ):I[<I/3 - tz) + (tz - to)]
T

s

(A14)
From (A3), (A5), (All) and (A14), the duty
cycle in DCM is derived as

8V, I, L;
D = Al5
( V_m2 2 Vin Vu ) T ( )
KZ - K s
Substituting (A15) into (Al12) and (Al3)
respectively, yields
Vin Ts Vo [0
[/,fmin,l)crv[ = - \/SL[-( Vin _ ZKVO) (A16>
/ ~ (3 4KV0)\/ V,T.V,1,
Lma DAV -V 8L (V,, - 2KV,)
(A17)
If t5 = ¢4, then the converter operates within

DV,

in

DCM boundaries, t; — t, = %, and K = Z—VO , so the
critical output current I can be derived from (3),
(A3), (A5) and (Al4),

Vo(Vi, - 2KV,) T,

lo==""5LV, (A18)
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