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CURRENT-FED, FORWARD CONVERTER
SWITCHING AT ZERO CURRENT

BACKGROUND OF THE INVENTION

This invention relates to DC-to-DC power conver-
sion of the zero-current switching, forward, single-
ended type.

One such converter (disclosed in Vinciarelli, U.S.
Pat. No. 4,415,959, issued Nov. 15, 1983, incorporated
herein by reference) converts energy from a voltage
source for delivery to a current sink using a transformer
that has a controlled amount of effective secondary
leakage current. On the source side of the transformer,
a switch is connected in series with the source and the
primary winding of the transformer. The switch con-
nects the source to and disconnects it from the primary
winding in a succession of power transfer cycles. On the
load side of the transformer, a diode and a capacitor are
connected in series with the secondary winding. The
capacitor and the effective leakage inductance define a
time scale for the cycling of the switch such that the
switch is cycled on and off at times when the current
through the switch and the diode are essentially zero.
Energy stored in the capacitor is transferred to a load
via an inductor (current sink). Thus power is efficiently
converted from a voltage source to a current sink.

SUMMARY OF THE INVENTION

A general feature of the invention is a single-ended,
zero-current switching, forward converter circuit
which converts energy from a current source for deliv-
ery to a voltage load by the combination of (1) a trans-
former constructed to have an effective primary leak-
age inductance L1, (2) a capacitor (capacitance C) that
is connected in series with the primary winding of the
transformer and is also connected to be charged by the
current source, (3) a switching device connected in
series with the primary winding to selectively couple
the capacitor to the primary winding, (4) a2 unidirec-
tional conducting device connected in series with the
secondary winding in an orientation to conduct when
the switching device is conducting, and (5) a controller
for selectively closing and opening the switching device
to transfer energy from the capacitor via the effective
primary leakage inductance to the voltage load during
an energy transfer cycle having a characteristic time
scale determined by Ljcand C.

Preferred embodiments of the invention include the
following features. The controller sets the switching
device into a blocking mode in response to cessation of
conduction by the unidirectional conducting device. An
inductor is connected in series with the capacitor for
causing the current from the current source to be effec-
tively constant during the energy transfer cycle. The
closing and opening of the switching device is caused to
occur at a fixed frequency. A filtering capacitor is con-
nected in series with the first unidirectional device to
store energy delivered to the load between energy
transfer cycles. The transformer includes an auxiliary
discrete inductor contributing to the effective value of
L., the inductor being connected in series with either
the primary winding or the secondary winding.

In some embodiments, a second unidirectional con-
ducting device is connected in parallel with the first
capacitor and oriented to conduct the transformer’s
primary current after the capacitor has been discharged
during the energy transfer cycle, thereby preventing
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the capacitor from becoming negatively charged and
hence resonating with the transformer. The closing and
opening of the switching device can be caused to occur
at a variable frequency to effect output voltage regula-
tion.

In some embodiments, the circuit is further adapted
to generate a plurality of output voltages for delivery
respectively to a plurality of loads; then the transformer
includes a plurality of secondary windings each associ-
ated with one of the loads, the secondary windings
having relative numbers of turns that correspond to the
relative voltages to be delivered respectively to said
loads, and there are a plurality of unidirectional con-
ducting devices each connected in series with one of the
secondary windings in a direction to conduct when the
switching device is conducting. The transformer is con-
structed to minimize the leakage inductances among the
secondary windings. These are also a plurality of filter-
ing capacitors connected in series respectively with the
unidirectional devices.

The converter efficiently converts power from a
current source to a voltage sink and is capable of pro-
viding isolation, voltage step-up or step-down, and volt-
age regulation. In embodiments for serving multiple
loads, different voltages can be supplied to different
loads and the relative voltages will closely track the
relative numbers of turns of the corresponding second-
ary windings.

Other advantages and features will become apparent
from the following description of the preferred embodi-
ment, and from the claims.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

We first briefly describe the drawings.

DRAWINGS

FIGS. 1, 3 are two converter circuit embodiments.

FIGS. 2A through C depict waveform charts repre-
senting the operation of the converter circuit of FIG. 1.

FIG. 2D depicts the voltage waveform across a ca-
pacitor in the embodiment of FIG. 3.

FIGS. 4, 5 are alternate embodiments of transformers
for use in the circuits of FIGS. 1, 3.

FIG. 6 is another converter circuit embodiment hav-
ing multiple outputs.

STRUCTURE AND OPERATION

Referring to FIG. 1, zero-current switching, forward,
single-ended converter 10 converts power from a high
impedance current source (the combination of supply
12 and inductor 36) for delivery to a low impedance
voltage sink (load) 14 via a transformer 16. Transformer
16 provides isolation and voltage multiplication func-
tions. Transformer 16 is constructed to exhibit a non-
negligible, controlled effective primary leakage induc-
tance defined as

2
Lio= L]LzL - M-
where L and L; are the self inductances respectively of
the primary and secondary windings 18, 20, and M is
their mutual inductance. An example of a possible trans-
former construction is described in the Vinciarelli pa-
tent; as an alternative to that construction, the bobbins
holding the primary and secondary windings may be
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concentric to one another with the leakage inductance
controlled by the radial spacing between them.

The primary winding 18 is connected in series with a
switching device 22 and a capacitor 24 (of capacitance
C). The secondary winding 20 is connected in series
with a unidirectional conducting device 26. The polari-
ties of the windings 18, 20 (indicated by standard dot
notation) and the polarity of device 26 are arranged so
that device 26 conducts current when switch 22 is con-
ducting current thus establishing a forward (rather than
a flyback) converter topology.

Capacitor 24 and the effective primary leakage induc-
tance L of transformer 16 define a characteristic time
scale for energy transfer cycles of the converter of

T2=mwLjC.

Switching device 22 is controlled by a control circuit 28
to be switched on with a fixed repetition rate and to be
switched off at the end of each energy transfer cycle
when negligible current is flowing in switching device
22, thus minimizing switching losses.

Referring to FIGS. 2A through 2C, prior to a time tg,
current from source 12 has charged capacitor 24 to a
voltage approaching a peak value V, (FIG. 2C). At time
to, control circuit 28 sets switching device 22 into a
conducting mode (FIG. 2A) and capacitor 24 dis-
charges via primary winding 18 (FIG. 2C). Unidirec-
tional conducting device 26 is forward biased and cur-
rent flows through device 26 into a filtering capacitor
34 and the load. Thus FIG. 2A also represents the con-
duction state of device 26. FIG. 2B depicts both the
current (1;) flowing in switching device 22 and the
current (I2) flowing in unidirectional conducting device
26. Those currents have a finite rise and fall time due to
the combination of capacitor 24 and the effective pri-
mary leakage inductance Lj.. After the voltage on ca-
pacitor 24 falls to a valley value (V,), the discharging
cycle ends and the primary current (I;) is negligibly
small because Li. is arranged to be much smaller than
L. At this time t;, switching device 22 is reset to a
blocking mode by control circuit 28, beginning a charg-
ing cycle (FIG. 2C) until at time t; the next discharge
cycle begins. Thus between tg and t;, energy has been
efficiently transferred from capacitor 24 through the
leakage inductance of transformer 16 to the load,
whereas from t; to t; this energy is supplied to capacitor
24 by the current source consisting of supply 12 and
inductor 36. The current carried by inductor 36, whose
reactance is large compared with L. is essentially con-
stant during the characteristic time scale of the energy
transfer cycle. The voltage across filtering capacitor 34
is

Vour = Vin —
out = ‘"n1
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where V;, is the voltage at supply 12, and ny/n; is the .

turns ratio of the two windings 18, 20. Voltage sink 14
is connected across capacitor 34 to receive the output
voltage Vour.

The voltage oscillation across capacitor 24 (FIG. 2C)
is centered about the source voltage V;, with an ampli-
tude (V,—V,) which, for a given repetition rate
(t—to)— !, increases with the load current. For large
values of the current
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Vp—Vy>2Viy

and the voltage across capacitor 24 changes sign during
the energy transfer cycle (i.e., the valley value V, falls
below zero), leading to a resonant energy exchange
between the effective primary leakage inductance L,
and capacitance C. In this resonant mode of operation,
energy transferred from capacitor 24 to transformer 16
during the early stage of an energy transfer cycle is in
part returned to capacitor 24 (during a later stage of the
energy transfer cycle) instead of being delivered to the
output voltage sink 14. This resonant mode violates the
underlying principle of unidirectional energy flow of
the forward converter.

The embodiment of FIG. 3 includes a second unidi-
rectional conducting device 40 connected in parallel
with capacitor 24 and poled to prevent capacitor 24
from becoming negatively charged by supplying pri-
mary current I; during the latter portion of energy
transfer cycles, e.g., during the period from t3 to tg in
FIG. 2D. The duty cycle of device 40 affects the rela-
tionship between V,,; and V;,, making it possible for
controller 28 to regulate the output voltage V. by
varying the repetition rate (t2—to)—! of energy transfer
cycles in proportion to the load current. Thus any out-
put voltage lower than the transformed source voltage

ny
Vour < Vin ";

is supported by the embodiment of FIG. 3, thus adding
a voltage regulation function which is not present in the
embodiment of FIG. 2.

Referring to FIGS. 4, 5, a discrete inductor 50 could
be connected in series with the primary (FIG. 4) or
secondary (FIG. 5) winding, to complement the effec-
tive leakage inductance of transformer 16 thus extend-
ing the duration of the energy transfer cycle.

Referring to FIG. 6, an alternative embodiment of the
circuits of FIGS. 1, 3 serves a number of loads 14 from
a single current source (in FIG. 6, the portion of each
circuit to the left of the primary winding is not shown).
The transformer is provided with multiple secondary
windings 52, one for each load to be served, and a sepa-
rate unidirectional conducting device and capacitor
combination (like the ones shown in FIGS. 1, 3) is con-
nected to each secondary winding for delivering power
to the corresponding load. The output voltages V», . ..
, V3 are then related to one another based on turns
ratios, for example:

n3
V3= VZE

Because the circuit is current fed from a high-imped-
ance current source and delivers power to relatively
low impedance voltage sinks, the relative voltages
available to the various loads 14 will track the relative
secondary turns numbers (n, . . . , n3) fairly accurately.

The accuracy of the tracking tends to be adversely
affected by the leakage inductances among the second-
ary windings, but the absence of current discontinuities
due to zero current switching mitigates the effect of the
secondary-to-secondary leakage inductance. In addi-
tion, the transformer is constructed using known tech-
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niques for minimizing the secondary-to-secondary leak-
age inductance.

The converter according to the invention is useful in
applications requiring a conversion from a lower input
voltage to a higher output voltage (because it places
relatively low voltage stresses on the secondary side
components), and is especially useful in generating si-
multaneous multiple output voltages.

Other embodiments are within the following claims.

I claim:

1. A single-ended, zero-current switching forward
converter circuit adapted to convert power from a
current source to a voltage load, comprising

a transformer having primary and secondary wind-
ings and constructed to have an effective primary
leakage inductance L,

a capacitor of capacitance C connected in series with
said primary winding, said capacitor being further
connected to be charged by said source,

a switching device connected in series with said pri-
mary winding to selectively couple said capacitor
to said primary winding,

a unidirectional conducting device connected in se-
ries with said secondary winding and oriented to
conduct when said switching device is conducting,
and

a controller for selectively closing and opening said
switching device to transfer energy from said ca-
pacitor via said effective primary leakage induc-
tance to said load during an energy transfer cycle
having a characteristic time scale determined by
Licand C.

2. The converter circuit of claim 1 wherein said con-
troller is adapted to set said switching device into a
blocking mode in response to cessation of conduction
by said unidirectional conducting device.

3. The converter circuit of claim 1 further comprising
an inductor connected in series with said capacitor for
causing the current from said current source to be effec-
tively constant during said energy transfer cycle.

4. The converter circuit of claim 1 further comprising
a second unidirectional device connected in parallel
with said capacitor and oriented to conduct the primary
current of said transformer after said capacitor has been
discharged during said energy transfer cycle.
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5. The converter circuit of claim 1 or 4 further com-
prising a filtering capacitor connected in series with said
unidirectional device for storing energy to be delivered
to said load.

6. The converter circuit of claim 1 or 4 wherein said
transformer includes an auxiliary discrete inductor con-
tributing to the effective value of Li., said inductor
being connected in series with either said primary wind-
ing or said secondary winding.

7. The converter circuit of claim 1 or 4 further
adapted to generate a plurality of output voltages for
delivery respectively to a plurality of loads,

wherein said transformer further comprises a plural-

ity of said secondary windings each associated with
one said load, said secondary windings having
relative numbers of turns that correspond to the
relative voltages to be delivered respectively to
said loads,

said converter circuit further comprising a plurality

of said unidirectional conducting devices each con-
nected in series with one of said secondary wind-
ings in a direction to conduct when said switching
device is conducting.

8. The converter circuit of claim 7 wherein said trans-
former is constructed to minimize the leakage induc-
tances among said secondary windings.

9. The converter circuit of claim 7 further comprising
a plurality of filtering capacitors connected in series
respectively with said unidirectional devices for storing
energy to be delivered to said loads.

10. The converter of claim 1 wherein said controller
causes said closing and opening of said switching device
to occur at a fixed frequency.

11. The converter of claim 4 wherein said controller
causes said closing and opening of said switching device
{o occur at a variable frequency to effect output voltage
regulation.

12. The converter of claim 7 wherein said controller
causes said closing and opening of said switching device
to occur at a fixed frequency.

13. The converter of claim 7 wherein said controller
causes said closing and opening of said switching device
to occur at a variable frequency to effect output voltage

regulation.
* %k %k ok %
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