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Abstract—This paper introduces a new flyback-current-fed
push—pull dc—dc converter whose significant advantages in com-
parison with the conventional one are a reduction in the number
of output diodes and unified output characteristics to represent
both the buck and the boost operation modes in the continuous
conduction mode. Theoretical analysis, design methodology, and
experimental results taken from a 600-W 25-kHz laboratory
prototype are presented in this paper. The circuit introduced
is suitable for switching mode power supply design and power-
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NOMENCLATURE
D Duty ratio.
F Switching frequency.
Io Normalized average output current.
TLIPW Normalized minimum current through; p.
TLW‘W Normalized maximum current through p.
TLISW Normalized minimum current through; s.
TLISMX Normalized maximum current through s.
Irip Current throughL p.
Iris Current throughL s.
I Average input current.
1, Average output current.
151, 152 Current through switcheS; and S..
Zz‘LlS Normalized ripple current through; s.
Air, . Normalized ripple current through; p.
N Transformers turns ratio.
P, Output power.
Vas Gate—source MOSFET voltage.
Vier \oltage across the push—pull primary winding.
Ve Normalized average output voltage.
Vs Output voltage.
Vi Input voltage.
Vsi, Vso Voltage across switcheS; and Ss.
V; min Minimum input voltage.
Vi max Maximum input voltage.
AV, /V, Normalized ripple output voltage.
AVs,, Saturation voltage across the switches.
7 Efficiency.
t Time.
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Aty Time interval where for both buck and boost
modesS; is turn on.

At Time interval where for both buck and boost
modes a current flows through the flyback trans-
former.

I. INTRODUCTION

HE flyback-current-fed push—pull dc—dc converter [1], [2]

has several advantages over the conventional voltage or
current-fed push—pull ones. It has one single input and no
output inductor, which makes it a good choice for a multiple
output power supply. Besides, it provides inherent protection
against transformer saturation. It is also recognized that this
converter is more reliable than the conventional push—pull one
due to the presence of the input inductor.

However, some disadvantages have been detected, namely,
the existence of four diodes on the secondary side, and the
impossibility of representing the operation for duty ratio from
zero up to one, by the same set of output characteristics.

The circuit introduced in this paper is generated from the
traditional flyback-current-fed push—pull topology, simply by
removing diodesiys and dy4, as shown in Fig. 1.

The new converter is composed of a push—pull transformer
and one two-winding flyback transformer. In addition, the
circuit includes two switches and two output diodes. The
converter’s characteristics are as follows.

1) It has two operation modes, namely, buck and boost that
depend exclusively on the duty ratio. For duty ratio less
than 0.5, it operates in the buck mode (nonoverlapping
mode), and for duty ratio larger than 0.5, it operates in
the boost mode (overlapping mode).

2) Its switches are at the same reference point, which
simplifies the driving circuitry.

3) When both transformers have the same turns ratio, the
output characteristics in continuous conduction mode
(CCM) are the same for both the overlapping and the
nonoverlapping operation modes.

4) It has only two output diodes.

The operation of the new circuit, represented in Fig. 1, is
described in the following section.

. PRINCIPLE OF OPERATION FORD < 0.5

we assume that all passive and active components are ideal
andnl/m = 713/714 = N.
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Fig. 1. (a) The conventional and (b) the new flyback-current-fed push—pull dc—-dc converter.
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Fig. 2. (a) First and (b) second stages for< 0.5. d)

(
In the buck mode, four topological states exist within a 4 )
switching period. However, it is necessary to describe only G [\—-———”’/
i ! ’ ‘ ' t
(e)

two of them, as the remaining two stages are analogous.
The stages of operation for a half cycle are shown in Fig. 2.
They are described as follows.
First Stage {o, t1): At the instantt = ¢,, S; turns on and \Y [ML]
a current flows througli,,,, La,, andS;. The voltage across L2p :
Ly, is reflected across the push—pull secondary windings l l

e

(L2s) andd,s is turned on. The flyback transformer acts as t

an inductor, storing energy. The load receives energy only

from the push—pull transformer. This stage exists for both the ®

continuous and the discontinuous conduction modes. Fig. 3. Waveforms for the new converter working Bt < 0.5 in CCM:

Second Stage(, t2): At ¢ = ¢;, S; turns off and the (a) and (b) driving signals, (c) input current, (d) current through the inductor
flyback transformer transfers energy to the load with a currqbﬁc’“g g?rtrﬁgtgggﬂi%tI}htfa%iﬁgf:ni'fdes’ and (f) voltage across the primary
which is twice the current of the previous time interval. The
value of the current flowing through each diode is equal to the
current through the diode that was on during the previous tintéird stage can be observed, in which there is no transfer
interval. Since both diodes are conducting, the push—pull tramd- energy. The load is supplied by the output capacitor.
former is short circuited. This stage ends whgnturns on.  The corresponding theoretical waveforms for continuous and

In the discontinuous conduction mode (DCM), this stagdiscontinuous current modes are shown in Figs. 3 and 4,

ends when the inductor current reaches zero and therresapectively.



1058 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 6, NOVEMBER 1999
iLlp {Il.ll‘mux) "G
S
1
o t t~.I 2 / t, t t,
iL1s Aty Ay T2 T @ 72 T !
ZN',L,,,_,,
(@
(ype=s/]
. t \ — t \ t GS,
idol t (b) "—‘
. tpne M) /\ | t
. . t + (©) (b)
Ido2 ‘ !
Lirmas N :
1 I
Llp i
: , — () }/\/
V i
L2p T 7
—J (©
i = = © -
l s lo
Vsi
r\__l—Ll v ' t
. , , . d
—— - 20 @

Fig. 4. Waveforms for discontinuous operation mod®at. 0.5: (a) current
through the primary winding. », (b) current through secondary winding
Lis, (c) and (d) current through output diodes, (e) voltage across the primary
winding of the push—pull transformer, and (f) voltage across the switches.
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Fig. 5. (&) First and (b) second stages 0

r=0.5.

Ill. PRINCIPLE OF OPERATION FORD = 0.5

The stages of operation fd0 = 0.5 are shown in Fig. 5

and are described as follows.

®

Fig. 6. Theoretical waveforms for the converter operatindat 0.5: (a)

and (b) driving signals of; and.S2, (c) current through the primary winding
Ly p, (d) current through the secondary windidg s, (e) current through
output diodes, and (f) voltage across the primary winding of the push—pull
transformer.

on. The flyback transformer does not transfer any power to the
load, which is supplied only by the push—pull transformer.

Second Stageq(, t2): At the instantt = ¢;, Ss is turned
on andS; is turned off. All electrical and magnetic variables
evolve in a manner similar to the previous stage.

The principal features of the converter when operating
at D = 0.5 is that it works like a continuous current
electronic transformer and theoretically never operates in the
discontinuous current mode. Theoretical waveforms are shown
in Fig. 6.

IV. PRINCIPLE OF OPERATION FORD > 0.5

The circuits representing the stages of operation for a half
cycle are shown in Fig. 7.
First Stage £y, t1): When this stage begins, switc$y is

First Stage {o, t1): At the instantt = £,, 51 is turned gjready on. Att = ¢,, S; is gated on, conducting simulta-

on while S, is turned off, and a current flows through,,,

neously withS,. Diodesd,, d,2 are reverse biased. Current

Ly,, and S;. The voltage acrosd.y, is reflected across the starts flowing through the push—pull primary windinbsp so
push—pull secondary windingé.45). The dioded,,» is turned that the fluxes induced by the primary windings are in opposite
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| 1
directions, causing a magnetic short circuit in the transformer. )
As a result, energy is stored iby p.
Second Stageq(, t2): At the instantt = ¢1, S, is turned I, _(z,‘,,_"m )
off and energy begins to be transferred to the load. This energy }"7 ? r"’,’\/
transfer occurs in two ways: directly through the push—pull T i
transformer and indirectly through the flyback transformer (e)
(which delivers the energy stored during the previous time
interval). Vsz

When operating in the discontinuous mode, the boost mode
also presents a third stage, with no energy transfer, in which the :
load is supplied by the output capacitor. This interval finishes ‘
att = T/2 when S, turns on. 0

The theoretical waveforms for CCM and DCM are shown
; ; ; Fig. 8. Waveforms for the converter operatinglat> 0.5 in CCM: (a) and
in Figs. 8 and 9, respectlvely. (b) driving signals ofS; andSs, (c) current through the secondary winding
Lys, (d) current through the primary windind.;», (e) current through
V. OUTPUT CHARACTERISTICS the switches, and (f) voltage across the primary winding of the push—pull
transformer.

The normalized load current is given by
7 _2Lis Fs-N

’ Vi
The normalized load voltage is given by

v v o_1-4-L—-v1-16-1,

I,. @ The boundary between DCM and CCM fd» < 0.5 is
given by

- o o Y 6
Vo =Ny (2) 2-(2-1,+1) ©)
The transformers turns ratio are given by For the boost mode, the output characteristics in DCM are
N _ns 3) given by
n n —
o @ D-12+21,
The output characteristics in the continuous current mode for Vo= 9.7 . (7)
any duty ratio are given by °
_ D The boundary between DCM and CCM fd» > 0.5 is
Vo= 1-D) (4) given by
In DCM the output characteristics are represented by two 7 Vo, —1] ®)
different expressions. For the buck mode, they are given by 7T 9. 1+ V]2
2
V, = N S (5) The unified output characteristics of the converter are shown

(2-1,+D?)’ in Fig. 10. They are created by the superposition of the



1060 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 6, NOVEMBER 1999

iLlp 0.t
—aLlpmax)
[ T
—(_2_1‘1"”"') noe - =
A ) ) T \
oot IR S ? i @) 2 :
iLs 4 t0 1 L V) T ! S
Ny pmax) 0.06 - X
N N 5 d ‘
140 d
igy - ' ! 0.04 ~ \"
{11 Ipmed) : S \
e b \
i ' + ' i 0.02 // R
s2 ”Llcmnx) (C) /’
2 A / /
y ¥ 7 0 0 0.2 03 0.4 05
\Y
Lo (d) D
t 1 7 02
' — ©) o
o ",
V, o T
S lewve 015 .
—Vg, ; : s b
e / N
. ; ; s "\
¢ () ALip o4 A \"‘,
! N
Fig. 9. Waveforms for the discontinuous conduction mode &nhd> 0.5: ,,,f" 1"\
(a) current through the primary winding, p, (b) current through secondary / .
winding L g, (c) current through switcts';, (d) current through switcls, 046 7 N
(e) voltage across the primary winding of the push—pull transforngr, and { -
(f) voltage across the switches. / "
; kY
0
_ 05 08 07 08 09 1
ooy - D
| \ . (b)
9 : Fig. 11. (a) Current ripple for buck and (b) boost modes as functial of
! =\ p=0g-----
\ ' The normalized minimum load current which ensures con-
| tinuous current mode i§, ., = 0.0625 for both the buck and
* \ the boost modes.
~\ DCM Boost Mode
? v / VI. INPUT AND OUTPUT CURRENT RIPPLE
vs \ For D < 0.5, according to the waveforms shown in Fig. 3,
N 7LD=0.7 the normalized output current ripple is given by
: < Birge = Tiise = ILisy, - ©)
™. CCM Boost Mode —. - - _
15 R S SN D=0.6§-— - AZLlS’ ILlSmax’ and ILlSmin are given by
T —. 2-Ins-Fs-N .
S ey Nip,, = s s A Nigp, . (10)
e oM Buck mode Vi
i SR uck mode -
LN e e e S AU DU s v it - 1, D.-(1-2.D)
o5 |—DCM Buck Mode == B () R R () -
| e BN
— A ™ J SEUORR DU E—
::d_—::,:ﬁ—_—,—_—::—::’f? __D=01_ | 7 1 D-(1-2-D) 12
0 0008 0018 0024 0032 004 0048 0056 0084 0072 008 Liopin = (1 — D) - 4. (1 — D) : ( )

I

By substituting (11) and (12) into (9), one obtains (13)

Fig. 10. Unified output characteristics.

—. 1-2.D)-D
Kin. = Gy (13)
individual output characteristics of the classic buck and boost . N
For D > 0.5, according to the waveforms shown in Fig. 8,
converters. ; : ; o
_ ) the normalized input current ripple is given by
For D = 0.5 the converter will never operate in the

discontinuous conduction mode, even for light loads. Airge = Inip, ~ 1L, (14)

min
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Airyp, Iy, and TLlein are given by e [SA/div] : ‘ 1
~. _2-Lip-Fs-N . 0 e J ‘
Nig,p = v, Nigyp (15) 5 u sec/div
- I, (2-D-1)-(1-D ©
ILIP ==+ ( ) ( ) (16) . . . .
max D 2-D Fig. 13. Experimentally obtained inpufz(; p) and output {;,15) currents
_ Ti 2.D—-1)-(1-D for () D = 0.3, (b) D = 0.6, and (c)D = 0.5.
Ir.,. :——( ) ). a7
min D 2. D
By substituting (16) and (17) into (14), one obtains
x  _(@D-1)-1-D) ;!
Aip,, = ) . (18)
Expressions (13) and (18) are represented in Fig. 11(a) and " \’\/““W\._.N
(b), respectively. - - / TN
The ripple currentA:r,, and A:r, . are similar to the
primary and secondary flyback transformer ripple currents of /
the conventional push—pull converter. or
VIl. EXPERIMENTAL RESULTS Porw

. A laboratory prototype,.operating i'n the continuous condpgrg_ 14. Experimentally obtained efficiency as a function of the converter
tion mode, has been designed and implemented. Its specifi@aput power in the buck mode.
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converter withD < 0.5, and (d)D > 0.5.

TABLE |
POWER STAGE COMPONENTS
S, S, IRFP150
do,, do, MUR 135
dg,,dg, SKE 42/04
Cg,.Cg, 4700pF, 1.6kV
polypropylene
Rg,.Rg, 47k Q, 12W
Co 1000uF, 250V
Ce 100uF
dgy,ds, MUR 1530
Rys 600
Flyback transformer: n,=9 turns, AWG 22,
core E-65/26, N=0.33, 13 wires,
airgap: 0.5mm, n,=27 turns, AWG 22,
8wires.
Ty: core E-65/26, ny=n¢=06 turns, AWG 22,
N=0.33. 9 wires,
n,=n.~=18 turns, AWG 22,
5 wires.

tions are as follows:

P,=600W Vi =48V  V,, =15V

Fs =25 kHz V, =60V I,=10A
AV, :

V‘ =0.01 AZLlS =1 A AVSVV =1 V

The turns ratiaV is calculated by usind> = 0.3, which is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 6, NOVEMBER 1999

the duty ratio that causes the maximum output current ripple in
the buck mode. With the saturation voltage across the switches

equal to 1 V, from (2), we obtaidv = 0.33.

IL;,, —
<l
D
t
l()
<« L
D
0 DT ™7 ' !
. (b)
L o] 21,
O - TH
B R — _I_Q_
(I-D}
' I i t
I, —
L
(1-D)
7 @zo-1n,. T '
(d)

Input and output currents withy, = Lis = oo and Ny = N2 = 1: (a) new converter withD < 0.5, (b) D > 0.5, (c) the conventional

TABLE 11
CoNTROL CIRcUIT COMPONENTS
Pl 56kQ
P2,P3 1kO
P4 10kO
Ri, R, 5.6k, 1/8W
Rs, R, 15kQ, 1/8W
R, R 100 O, 1/8W
Ro, Ry Lko, 1/8W
Ry, Rio 15kQ, 1/4W
Ry, Rpp 1kQ, 1/4W
Ri; Ry, 15k, 1/4W
Ris Ry Rip Ryg 1kQ, 1/4W
Rig, Ry 22kQ, 1/4W
Ry, Ry, 6.8 O, 1/4W
Ry 20kQ, 1/4W
C 82 pF
G, 100 nF
Gy, G, 27 pF
Ci,.C Gy 56 nF
GG 100 nF
C»,Cyy I nF
Cp, 1.2 nF
d,d,d;d,ds dg IN4148
dz,,dz, 2.7V IN4371
dz,,dz, 5.1V IN751
Q.Q, BC558B, PNP
Q;Q, BC537, NPN
Q5Q6Q:.Q5 Qo Q10 BC327, PNP
IC, LM311
IC, CD4047BE
1C, CD4528BE
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TABLE I
CoMPARISON BETWEEN THE NEW AND THE CLASSIC CONVERTER
RELATIONSHIPS NEW CLASSIC
FLYBACK PUSH PULL FLYBACK PUSH PULL
RMS input current Ty 16.17A ) 16.13A
PPN CiE =2 (D<0.5)
2-N-(I1-D) N
Voltage across the Vv i 68.57V v 76.8V
switches. 7" = -0 v, =[+2-D (D<0.5)
Vs 1 (D>05)
Vi (1-D)
Average current Lo D 6.26A lew D (D<0.5) 6.25A
lhroughthe T{,_-Z-N-(]—D) Tiﬁ’ .
switches. J
W :_i)____’ (D>0.5)
Iy 2-N-(1-D)
iMS c}:xrt;‘ent low _ Jn 11.439A Iaw VD (0<0.5) 11.41A
rough the 1, 2N-(I-D) o N '
switches.
L (D>0.5)
o 2 N-(I-D) ’
Flyback _transtormcr N = ) 0.342 N 2.0 i (D<0.5) 0.48
turns-ratio. V, Ve
29 f-Dn) 0
i Vi
N=s b (D>0.5)
9 .(1-D)
PUSh-Pull N = D 0.342 N = 2-D ’ (D<0.5) 0.48
transformer turns- Vo -D Vo
ratio. T/,-v.( / T/,—
N = V—”_ (D>0.5)
Li-b
v, { )
RMS current > 3.1 5.05A Zero, (D<0.5) 0
through the output 1Co = —2“/ lo I~ DD
capacitor. 2.(1-D) 1Co = ’__(_I_T g,
D<0.5
( ) (D>0.5)
ICo = [-4:D(1-D) ,
° (1-D) 0
(D>0.5)

The primary and secondary flyback transformer inductanceput ({1 ») and the output currentd{;s) for D = 0.5. The
Ly, and Ly, are calculated using (10) and (13). The valuesaveforms shown in Fig. 13(b) and (c) were taken at output
obtained arel1s = 249.312 yH and L, p = 27.15 pH. power equal to 300 W.
The duty ratio forV; ,;, and V; ,..x, Calculated using (2) The experimental waveforms confirm that fér = 0.5,
and (4), is as follows: both the output and the input currents are ripple free, which
Do —03 for V- 48V characterizes the behavior. of an ideal dg—dc tr§n§former.
i T ¢ max Fig. 14 shows the experimentally obtained efficiency of the
and implemented converter, utilizing a dissipative clamping circuit,
Diax =0.6, for V; min = 15 V. for Vo =60 VandV, = 48 V.

The power and control diagrams are shown in Fig. 12 and
the parameters of the prototype are given in Tables | and I
for the power stage and the control circuit, respectively.

We have added a clamping circuit composed of
ds1, ds2, Cys, and Ry, to prevent overvoltages across Let us compare the waveforms of the input and output
of switches, caused by the leakage inductance in therrents of both converters, taking = 1, and very large
transformers. inductancesL,,, and L;,. These currents are represented in

Fig. 13(a) shows the input/{;,) and the output currents Fig. 15(a) and (b) for the new converter and in Fig. 15(c)
(Iz1s) for D = 0.3 at rated load power, which is equal toand (d) for the conventional one. We note that for >
600 W. Fig. 13(b) shows the input/{;,) and the output 0.5, operation in the boost mode, both converters behave
current (;15) for D = 0.6. Finally, Fig. 13(c) shows the identically. ForD < 0.5, when operating in the buck mode,

VIII. COMPARISON BETWEEN THE
PROPOSED AND THECONVENTIONAL
FLYBACK -CURRENT-FED PusH-PuLL CONVERTER
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the output current of the new converter is composed of tw(] R. Redl and N. Sokal, “Push—pull current-fed, multiple output regulated
steps, while the same current in the conventional converter is wide input range dc/dc power convert_erwith only one inductor and W_ith
Th f h . | 0 to 100% switch duty ratio: Operation at duty ratio below 50%,” in

constant. Therefore, the new converter requires a larger output |egg power Electronic Specialist Conf., 1981 Regp, 204-212.

filter capacitor. [3] D. A. Ruiz-Caballero, “A new flyback-push—pull current-fed dc to dc
These disadvantages do not exist Wh7§n¢ 1. situation converter: Theoretical and experimental development,” Ph.D. disserta-

. ' tion, Federal Univ. Santa Catarina, Brazil, 1999 (in Portuguese).

where both converters operate with pulsed output current.

Table Il shows the most relevant equation describing the
behavior of both converters and numerical values generated
by these equation fo¥; =48 V, V, =60 V, D = 0.3, and
I, =10 A

Details about the deduction of these equations can be fot
in [3].
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IX. CONCLUSIONS

From our study, as reported in this paper, we draw tt

following conclusions.

* The new converter preserves all the basic properties of
the conventional flyback current-fed push—pull converter
with fewer components.

It operates in both buck and boost modes, which are
represented by the same mathematical model.

e It is the opinion of the authors that the introduce
converter is suitable for switching mode power suppli
design and power-factor-correction applications, with a
vantage over the classic push—pull dc—dc converter.
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