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(57) Abstract

A power converter nearly losslessly delivers energy and recovers energy from capacitors (C3, C4) associated with controlled rectifiers

(Q3, Q4) in a secondary winding circuit, each controlled rectifier having a parallel uncontrolled rectifier. First and second primary switches
(Q1, Q2) in series with first and second primary windings, respectively, are turned on for a fixed duty cycle, each for approximately one
half of the switching cycle. Switched transition times are short relative to the on—state and off—state times of the controlled rectifiers. The
control inputs to the controlled rectifiers (Q3, Q4) are cross—coupled from opposite secondary transformer windings.
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HIGH EFFICIENCY POWER CONVERTER

BACKGROUND OF THE INVENTION

This invention pertains to switching power converters.
A specific example of a power converter is a DC-DC power
supply that draws 100 watts of power from a 48 volt DC
source and converts it to a 5 volt DC output to drive logic
circuitry. The nominal values and ranges of the input and
output voltages, as well as the maximum power handling
capability of the converter, depend on the application.

It is common today for switching power supplies to
have a switching frequency of 100 kHz or higher. Such a
high switching frequency permits the capacitors, inductors,
and transformers in the converter to be physically small.
The reduction in the overall volume of the converter that
results is desirable to the users of such supplies.

Another important attribute of a power supply is its
efficiency. The higher the efficiency, the less heat that
is dissipated within the supply, and the less design
effort, volume, weight, and cost that must be devoted to
remove this heat. A higher efficiency is therefore also
desirable to the users of these supplies.

A significant fraction of the energy dissipated in a
power supply is due to the on-state (or conduction) loss of
the diodes used, particularly if the load and/or source
voltages are low (e.g. 3.3, 5, or 12 volts). In order to
reduce this conduction loss, the diodes are sometimes

replaced with transistors whose on-state voltages are much
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smaller. These transistors, called synchronous rectifiers,
are typically power MOSFETs for converters switching in the
100 kHz and higher range. '
The use of transistors as synchronous rectifiers in
high switching freguency converters presents several
technical challenges. One is the need to provide properly
timed drives to the control terminals of these transistors.
This task is made more complicated when the converter
provides electrical isolation between its input and output
because the synchronous rectifier drives are then isolated
from the drives of the main, primary side transistors.
Another challenge is the need to minimize losses during the
switch transitions of the synchronous rectifiers. An
important portion of these switching losses is due to the
need to‘charge and discharge the parasitic capacitances of
the transistors, the parasitic inductances of
interconnections, and the leakage inductance of transformer

windings.

SUMMARY OF THE INVENTION

Various approaches to addressing these technical
challenges have been presented in the prior art, but
further improvements are needed. In response to this need,
a new power circuit topology designed to work with
synchronous rectifiers in a manner that better addresses
the challenges is presented here.

In preferred embodiments of the invention, a power
converter comprises a power source and a primary
transformer winding circuit having at least one primary

winding connected to the source. A secondary transformer
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winding circuit has at least one secondary winding coupled
to the at least one primary winding. Plural controlled
rectifiers, such as voltage controlled field effect
transistors, each having a parallel uncontrolled rectifier,
are connected to a secondary winding. Each controlled
rectifier is turned on and off in synchronization with the
voltage waveform across a primary winding to provide an
output. Each primary winding has a voltage waveform with a
fixed duty cycle and transition times which are short
relative to the on-state and off-state times of the
controlled rectifiers. A regulator regulates the output
while the fixed duty cycle is maintained.

In the preferred embodiments, first and second primary
transformer windings are connected to the source and first
and second primary switches are connected in series with
the first and second primary windings, respectively. First
and second secondary transformer windings are coupled to
the first and second primary windings, respectively. First
and second controlled rectifiers, each having a parallel
uncontrolled rectifier, are in series with the first and
second secondary windings, respectively. A controller
turns on the first and second primary switches in
opposition, each for approximately one half of the
switching cycle with transition times which are short
relative to the on-state and off-state times of the first
and second controlled rectifiers. The first and second
controlled rectifiers are controlled to be on at
substantially the same times that the first and second

primary switches, respectively, are on.
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In a system embodying the invention, energy may be
nearly losslessly delivered to and recovered from
capacitors associated with the controlled rectifiers during
their transition times.

In the preferred embodiments, the first primary and
secondary transformer windings and the second primary and
secondary transformer windings are on separate uncoupled
transformers, but the two primary windings and two
secondary windings may be coupled on a single transformer.

Preferably, each controlled rectifier is turned on and
off by a signal applied to a control terminal relative to a
reference terminal of the controlled rectifier, and the
reference terminals of the controlled rectifiers are
connected to a common node. Further, the signal that
controls each controlled rectifier is derived from the
voltage at the connection between the other controlled
rectifier and its associated secondary winding.

Regulation may be through a separate regulation stage
which in one form is on the primary side of the converter
as part of the power source. Power conversion may then be
regulated in response to a variable sensed on the primary
side of the converter. Alternatively, the regulator may be
a regulation stage on the secondary side of the converter,
and power conversion may be regulated by control of the
controlled rectifiers. Specifically, the on-state voltage
of a controlled rectifier may be made larger than its
minimum value to provide regulation, or the on-state
duration of a controlled rectifier may be shorter than its

maximum value to provide regulation.
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The preferred systems include reset circuits
associated with transformers for flow of magnetizing
current. The energy stored in the magnetizing inductance
may be recovered.  In one form, the reset circuit comprises
a tertiary transformer winding, and in another form it
comprises a clamp.

In preferred embodiments, the power source has a
current fed output, the current fed output characteristic
of the power source being provided by an inductor.
Alternatively, the power source may have a voltage-fed
output where the voltage-fed output characteristic of the
power source is provided by a capacitor. In either case,
the characteristics may alternatively be provided by active
circuitry.

With the preferred current-fed output, the primary
switches are both turned on during overlapping periods, and
the overlapping periods may be selected to achieve maximum
efficiency. With the voltage-fed output, the primary
switches are both turned off during overlapping periods.
Additional leakage or parasitic inductance may be added to
the circuit to accommodate an overlap period.

In one embodiment, a signal controlling a controlled
rectifier is derived with a capacitive divider circuit. A
circuit may determine the DC component of the signal
controlling the controlled rectifier, and the DC component
of the signal may be adjusted to provide regulation.

In accordance with another aspect of the invention, an
ORing controlled rectifier connects the converter's output
to an output bus to which multiple converter outputs are

coupled, and the ORing controlled rectifier is turned off
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if the power converter fails. Preferably, the signal
controlling the ORing controlled rectifier is derived from
one or more secondary windings. The ORing controlled
rectifier is turned on when the converter's output voltage

approximately matches the bus voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and
advantages of the invention will be apparent from the
following more particular description of preferred
embodiments of the invention, as illustrated in the
accompanying drawings in which like reference characters
refer to the same parts throughout the different views.
The drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the
invention.

Figure 1 is a block diagram illustrating a preferred
embodiment of the invention.

Figure 2 is a schematic of an embodiment of the
invention with synchronous rectifiers replaced by diodes.

Figure 3 1is an illustration of a preferred embodiment
of the invention with the contrclled rectifiers and
parallel uncontrolled rectifiers illustrated.

Figure 4 illustrates an alternative location of the
synchronous rectifiers in the circuit of Figure 3.

Figure 5 illustrates the circuit of Figure 3 with
important parasitic capacitances and inductances

illustrated.
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Figure 6A illustrates another embodiment of the
invention with the tertiary winding connected to the
primary side.

Figure 6B illustrates another embodiment of the
invention with a voltage fed isclation stage.

Figure 7 illustrates a secondary circuit having
capacitive dividers to divide the voltages applied to the
control terminals of the controlled rectifiers.

Figure 8 shows an alternative embodiment in which the
output is regulated by controlling the voltage applied to
the control terminals of the controlled rectifiers.

Figure 9 illustrates an embodiment of the invention in
which the primary windings are tightly coupled.

Figure 10 illustrates the use of an ORing controlled

rectifier to couple the power converter to an output bus.

DETAILED DESCRIPTION OF THE INVENTION

One embodiment of the invention described herein
pertains to an electrically isolated DC-DC converter that
might be used to deliver power at a low DC voltage (e.g. 5
volts) from a DC source such as a battery or a rectified
utility. 1In such a converter a transformer is used to
provide the electrical isolation and to provide a step-down
(or step-up) in voltage level according to its turns-ratio.
Switches in the form of power semiconductor transistors and
diodes are used in conjunction with capacitors and
inductors to create the conversion. A control circuit is
typically included to provide the drive signals to the

transistors’ control terminals.
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When the switching frequency is high (e.g. 100 kHz and
above) it is typical today to use power MOSFETs and
Schottky diodes for the converter's switches since these
majority carrier devices can undergo faster switch
transitions than minority carrier devices such as power
bipolar transistors and bipolar diodes.

Most DC-DC converters are designed to provide
regulation of their output voltage in the face of input
voltage and output current variations. For example, a
converter might need to maintain a 5 volt output (plus or
minus a few percent) as its input varies over the range of
36 to 75 volts and its output current ranges from 1 to 25
amps. This ability to provide regulation is usually the
result of the power circuit’'s topology and the manner in
which its switching devices are controlled. Sometimes the
regulation function is supplied by (or augmented with) a
linear regulator.

Figure 1 shows a block diagram of a DC-DC converter
that represents one embodiment of the invention. It shows
a two stage converter structure where the power first flows
through one stage and then through the next. One stage
provides the regulation function and the other provides the
electrical isolation and/or step-down (or step-up)
function. In this embodiment the regulation stage is
situated before the isolation stage, but this ordering is
not necessary for the invention. Notice also that the
block diagram shows a control function. As mentioned, the
purpose of this control function is to determine when the
transistors in the power circuit will be turned on and off

(or to determine the drive of a linear regulator). To aid
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in this function the control circuit typically senses
voltages and currents at the input, at the output, and/or
within the power circuit.

Figure 2 shows one way to implement the two power
stages represented in the block diagram of Figure 1. 1In
this figure diodes, rather than synchronous rectifiers, are
used to simplify the initial description of the circuit's
operation. The topology of the regulation stage is that of
a “down converter”. This canonical switching cell has a
capacitor, Cy, & transistor, Qz, a diode, D, and an
inductor, L. Regulation is by control of the duty cycle of
the transistor Q; in response to one Or more parameters
sensed in the circuit. In a well known manner the
regulation stage can be modified by providing higher order
filters at its input and output, by replacing the diode
with a synchronous rectifier, by adding resonant elements
to create a “multi-resonant” converter and the like.

The topology of the isolation stage shown in Figure 2
has two transformers that are not, in this case, coupled.
Each of these transformers Tl and T2 has three windings: a
primary winding Tlg;,T2.,;; a secondary winding Tlgpe, T2ggci
and a tertiary winding Tlqg, T2g. The transformer windings
are connected through MOSFETs Q1 and Q2 on the primary
windings and through diodes D1, D2, D3, and D4 on the
secondary and tertiary windings. The stage is “current-
fed”, in this case by the inductor L from the output of the
regulation stage. By this it is meant that the current
flowing into the primary side of the isolation stage is
held relatively constant over the time frame of the

switching cycle. It also means that the voltage across the
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primary side of the isolation stage is free to have large,
high frequency components. The output filter is simply a
capacitor C,,, whose voltage is relatively constant over the
time frame of the switching cycle. Additional filtering
stages could be added to this output filter in a known
manner.

The operation of the isolation stage proceeds in the
following manner. First, for approximately one half of the
switching cycle, transistor Ql is on and Q2 is off. The
current flowing through inductor L therefore flows through
the primary winding of transformer Tl, and a corresponding
current (transformed by the turns ratio) flows through the
secondary winding of Tl and through diode D1 to the output
filter capacitor Cgp and the load. During this time the
magnetizing current in Tl is increasing due to the positive
voltage placed across its windings. This positive voltage
1s determined by the output capacitor voltage, Vg, plus
the forward voltage drop of D1.

During the second half of the switching cycle,
transistor Q2 and diode D2 are on and Q1 and D1 are off.
While the current of inductor L flows through transformer
T2 in the same manner as described above for T1l, the
magnetizing current of transformer Tl flows through its
tertiary winding and diode D3 to the ocutput filter
capacitor, Cgy. This arrangement of the tertiary winding
provides a means to reset the Tl transformer core with a
negative voltage and to recover most of the magnetizing
inductance energy. The tertiary winding may alternatively
be connected to other suitable points in the power circuit,

including those on the primary side of the transformer.
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Other techniques for resetting the core and/or for
recovering the magnetizing energy are known in the art and
may be used here. 1In particular, the tertiary winding
could be eliminated and replaced with a conventional clamp
circuit attached to either the primary or secondary winding
and designed to impose a negative voltage across the
transformer during its operative half cycle. Techniques to
recover the energy delivered to this clamp circuit, such as
the one in which a transistor is placed in anti-parallel
with a clamping diode so that energy can flow from the
clamping circuitry back into the magnetizing inductance,
could also be used.

Notice that because the isolation stage of Figure 2 is
fed by an inductor (L), it is important to make sure there
is at least one path through which the current in this
inductor can flow. At the transitions between each half
cycle, it is therefore typical to turn on the new primary
side transistor (say Q2) before turning off the old primary
side transistor (say Ql1). The time when both transistors
are on will be referred to as an overlap interval.

In a conventional current-fed push-pull topology where
all the transformer windings are coupled on a single core,
turning on both primary-side transistors will cause the
voltage across the transformer windings to drop to zero,
the output diodes to turn off, and the power to stop
flowing through the isolation stage.

Here, however, since two separate, uncoupled
transformers are used, the voltage across the transformer
windings does not have to collapse to zero when both Q1 and

Q2 are on. Instead, both of the output diodes D1 and D2
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turn on, both transformers have a voltage across them
determined by the output voltage, and the current of
inductor L splits (not necessarily equally) between the two
halves of the isolation stage. The power flow through the
isolation stage is therefore not interrupted (except to
charge/discharge parasitic capacitances and inductances).
This means the output filter (Cuy) can be made much smaller
and simpler than would otherwise be necessary. It also
means that the isolation stage does not impose a large
fundamental frequency voltage ripple across the inductor
(L) which provides its current-fed input characteristic.

After an appropriate amount of overlap time has
elapsed, the old primary side transistor (say Ql) is turned
off. The voltage across this transistor rises as its
parasitic capacitance is charged by the current that had
been flowing through the channel. Once this voltage rises
high enough to forward bias diode D3 connected to the
tertiary winding, the transistor voltage becomes clamped,
although an over-ring and/or a commutation interval will
occur due to parasitic leakage inductance. Eventually, all
of the current in inductor L will flow through switch Q2,
switch Q1 will be off, and the magnetizing current of T1
will flow through diode D3.

Now replace output diodes D1 and D2 with MOSFET
synchronous rectifiers Q3 and Q4, as shown in Figure 3.
Note that in this and later figures, the body diode of the
MOSFET synchronous rectifier is explicitly shown since it
plays a role in the circuit’'s operation. More generally,
the schematical drawings of Q3 and Q4 depict the need for a

controlled rectifier (e.g. a transistor) and an
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uncontrolled rectifier (e.g. a diode) connected in
parallel. These two devices may be monolithically
integrated, as they are for power MOSFETs, or they may be
separate components. The positions of these synchronous
rectifiers in the circuit are slightly different than the
positions of the diodes in Figure 2. They are still in
series with their respective secondary windings, but are
connected to the minus output terminal rather than the
positive output terminal. This is done to have the sources
of both N-channel MOSFETs connected to a single, DC node.
If P-channel MOSFETs are to be used, their position in the
circuit would be as shown in the partial schematic of
Figure 4. This position permits the P-channel devices to
also have their sources connected to a single, DC node.

As shown in Figure 3, the gates of the synchronous
rectifier MOSFETs are cross-coupled to the opposite
transformers. With this connection, the voltage across one
transformer determines the gate voltage, and therefore the
conduction state (on or off) of the MOSFET connected to the
other transformer, and vice versa. These connections
therefore provide properly timed drives to the gates of the
MOSFETs without the need for special secondary side control
circuitry.

For instance, during the half cycle in which
transistor Q1 is turned on and transistor Q2 is off, the
current of inductor L flows into the primary of Tl and out
its secondary. This secondary side current will flow
through transistor Q3 (note that even if Q3's channel is
not turned on, the secondary side current will flow through

the transistor’'s internal anti-parallel body diode). The



10

15

20

25

30

WO 98/33267 PCT/US98/01498

-14-

voltage across transformer Tl's secondary winding is
therefore positive, and equal to the output voltage Vgur
plus the voltage drop across Q3. The voltage across T2's
secondary winding is negative during this time, with a
magnitude approximately equal to the output voltage if the
magnetizing inductance reset circuitry takes approximately
the whole half cycle to finish its reset function. (The
negative secondary winding voltage may be made greater than
the positive voltage so that the core will finish its reset
before the next half cycle begins. This could be
accomplished, for example, by using less turns on the
tertiary winding.)

Referring to Figure 3, the voltage at node A during
this state of operation is nearly zero with respect to the
indicated secondary-side ground node (actually the voltage
is slightly negative due to the drop across Q3). The
voltage at node B, on the other hand, is, following our
example, approximately twice the output voltage (say 10
volts for a 5 volt output). Given the way these nodes are
connected to the synchronous rectifier transistors, Q3 is
turned on and Q4 is turned off. These respective
conduction states are consistent with transformer T1
delivering the power and transformer T2 being reset.

In the second half-cycle when Q2 is on and Q1 is off,
the voltage at node B will be nearly zero (causing Q3 to be
off) and the voltage at node A will be approximately twice
the output voltage (causing Q4 to be on).

During the transition from one half-cycle to the next,
the sequence of operation is as follows. Start with Q1 and

Q03 on, Q2 and Q4 off. (The clamp circuit’'s diode D4 may
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still be on, or it may have stopped conducting at this
point i1f the magnetizing inductance has finished resetting
to zero.) First, Q2 is turned on. If we ignore the
effects of parasitic capacitances and inductances, the
voltage across T2 steps from a negative value to a positive
value. The current flowing through inductor L splits
between the two primary windings, causing current to flow
out of both secondary windings. These secondary currents
flow through Q3 and Q4. Since the voltages at both node A
and node B are now nearly zero, Q3, which was on, will now
be off, and Q4 will remain off (or more precisely, the
channels of these two devices are off). The secondary side
currents therefore flow through the body diodes of Q3 and
Q4.

At the end of the overlap interval, Q1 is turned off.
The current stops flowing through transformer T1l, the body
diode of Q3 turns off, and the voltage at node A rises from
nearly zero to approximately twice the output voltage as T1
begins its reset half-cycle. With node A voltage high, the
channel of transistor Q4 turns on, and the secondary side
current of transformer T2 commutates from the body diode of
Q4 to its channel.

Notice that during the overlap interval, the secondary
gside currents flow through the body diodes of transistors
Q3 and Q4, not their channels. Since these diodes have a
high on-state voltage (about 0.9V) compared to the on-state
voltage of the channel when the gate-source voltage is
high, a much higher power dissipation occurs during this
interval. It is therefore desirable to keep the overlap

interval short compared to the period of the cycle.
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Notice also the benefit of using two, uncoupled
transformers. The voltage across a first transformer can
be changed, causing the channel of the MOSFET synchronous
rectifier transistor connected to a second transformer to
be turned off, before the voltage across the second
transformer is made to change. This could not be done if
both primary and both secondary windings were tightly
coupled in the same transformer, since the voltages across
all the windings would have to change together.

Figure 5 shows the same topology as Figure 3, but with
several important parasitic capacitances and inductances
indicated schematically. Each indicated capacitor (C3 and
C4) represents the combined effect of one synchronous
rectifier’'s input capacitance and the other rectifier’s
output capacitance, as well as other parasitic
capacitances. Each indicated inductor (L, and Ly,)
represents the combined effect of a transformer leakage
inductance and the parasitic inductance associated with the
loops formed by the primary side components and the
secondary side components. These elements store
significant energy that is dissipated each switching cycle
in many prior art power circuits where diodes are replaced
with synchronous rectifiers. Here, however, the energy
stored in these parasitic components is nearly losslessly
delivered to and recovered from them. By nearly lossless
it is meant that no more than approximately 30% of the
energy 1s dissipated. With one implementation of the
present invention, less than 10% dissipation is obtained.

The nearly lossless delivery and recovery of energy is

achieved because the circuit topology permits the
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synchronous rectifier switch transitions to proceed as
oscillations between inductors and capacitors. These
transitions are short compared to the overall on-state and
off-state porticns of the switching cycle (e.g. less than
20% of the time is taken up by the transition). This
characteristic of nearly lossless and relatively short
transitions, which we will call soft switching, is distinct
from that used in full rescnant, quasi-resonant, or multi-
resonant converters where the oscillations last for a large
portion, if not all, of the on-state and/or off-state time.

The way in which the soft-switching characteristic is
achieved can be understood in the following manner. Start
with transistors Q1 and Q3 on, Q2 and Q4 off. The voltage
at node A, and therefore the voltage across C4, is nearly
zero and the voltage at node B (and across C3) 1is
approximately twice the output voltage. The current
flowing through inductor L, I,, is flowing into the primary
winding of Tl. The current flowing out of the secondary
winding of Tl is I, minus the current flowing in Tl's
magnetizing inductance, I,, both referenced to the
secondary side. The magnetizing current is increasing
towards its maximum value, I, which it reaches at the end
of the half cycle.

When Q2 is turned on at the end of the half cycle, the
voltage across both windings of both transformers steps to
zero volts in the circuit model depicted in Figure 5. An
L-C oscillatory ring ensues between capacitor C3 and the
series combination of the two parasitic inductances, Ly,
and L;,. If we assume the parasitic capacitances and

inductances are linear, the voltage across C3 decreases
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cosinusoidally toward zero while the current flowing out of
the dotted end of T2's secondary winding, I,,,, builds up
sinusoidally toward a peak determined by the initial

voltage across C3 divided by the characteristic impedance

Note that the current flowing out of the dotted end of
Tl's secondary winding, I,;, decreases by the same amount
that I,;, increases such that the sum of the two currents is
(I, - Iwpx), referenced to the secondary side. Also note
that during this part of the transition, the voltages
across both transformers’' secondary windiﬁgs will be
approximately the output voltage minus half the voltage
across C3. As the oscillation ensues, therefore, the
transformer winding voltages, which started at zero, build
up toward the output voltage.

The oscillation described above will continue until
either the current I,,, reaches (I, - I,w) or the voltages
across C3 reaches zero. The first scenario occurs for
lower values of (I, - I, and the second occurs for higher
values of this current.

If I,,, reaches (I, - I, first (and assuming the
voltage across C3 has fallen below the threshold voltage of
Q3 so that I,; is flowing through the body diode of Q3),
the oscillation stops because the body diode will not let
I,,, go negative. I, and I;; will hold constant at (I, -
I.x) and zerc, respectively. Whatever voltage remains
across C3 will then discharge linearly due to the current

I, until the body diode of Q4 turns on. The body dicde
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will then carry I,,, until the overlap interval is over and
Q1 is turned off.

When Q1 is turned off, the magnetizing current I
will charge the parallel capacitance of C4 and Cl, the
parasitic output capacitance of Q1, until the voltage
across them is high enough to forward bias the clamping
diode D3. At this point the reset portion of Tl's cycle
commences.

Notice that for this first scenario, the complete
transition is accomplished with portions of oscillatory
rings that, to first order, are lossless. (Some loss does
occur due to parasitic series resistance, but this is
generally less than 20% of the total energy and typically
around 5%.) It could be said that the energy that had been
stored in L, has been transferred to L,,, and that the
energy that had been stored in C3 has been transferred to
C4.

If, on the other hand, the voltage across C3 reaches
zero (or, more precisely, a diode drop negative) first,
then the body diode of Q4 will turn on and prevent this
voltage from ringing further negative. The currents I,
and I,,, (which are flowing through the body diocdes of Q3
and Q4) will hold constant until the overlap interval is
over and Q1 is turned off.

Once Q1 is turned off, an oscillation ensues between
L, and Cl. This oscillation is driven by the current
remaining in L, when Q1 was turned off. Given typical
parameter values, this oscillation will continue until I
reaches zero, at which point the body diode of Q3 will turn

off. Finally, the magnetizing current I, charges up the
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parallel combination of C4 and Cl until the clamping diode
D3 turns on to start the reset half-cycle.

Notice that for this second scenario, the transition
is almost accomplished in a (to first order) lossless
manner. Some loss does occur because in the final portion
of the transition the voltages across C4 and Cl do not
start out equal. Cl has already been partially charged
whereas C4 is still at zerc volts. As these capacitor
voltages equalize, an energy will be lost. This lost
energy is a small fraction (typically less than one third)
of the energy stored in Cl before the equalization occurs.
The energy stored in Cl equals the energy stored in I,
when Q1 was turned off, which itself is a small fraction
(typically less than one third) of the energy that was
stored in this parasitic inductance when it was carrying
the full load current, (I, - I,). As such, the energy lost
in this second scenario is a very small fraction (typically
less than one ninth) of the total energy originally stored
in (or delivered to) L;, L,, C3 and C4. In other words,
most of the parasitic energy is recovered.

Note that since the second scenario has a small amount
of loss, it may be desirable to avoid this scenario by
adjusting component values. One approach would be to make
C3 and C4 bigger by augmenting the parasitic capacitors
with explicit capacitors placed in parallel. With large
enough values it is possible to ensure that the first
scenario described above holds true for the full range of
load currents expected.

The descriptions given above for both scenarios must

be modified to account for the nonlinear nature of
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capacitors C3, C4, and Cl, and also to account for the
reverse recovery charge of the body diodes of Q3 and Q4.
The details of the nonlinear waveforms are too complex to
be described here, but the goal of recovering most of the
parasitic energy is still achieved.

As mentioned previously, it is desirable to keep the
overlap pericd as short as possible to minimize the time
that the secondary currents are flowing through the body
diodes of Q3 and Q4. It is also desirable to allow the
energy recovering transitions just described to reach
completion. These two competing desires can be traded off
to determine an optimum overlap duration. In general, it
is desirable to make sure the new primary switch is turned
on before the old one is turned off, and that the portion
of the half-cycle during which the uncontrolled rectifiers
are conducting should, for efficiency sake, be less than
20%. Note that due to delays in the gate drive circuitry
it is possible for the overlap interval to appear negative
at somé point in the control circuit.

The size of the output filter required to achieve a
given output voltage ripple is affected by the AC ripple in
the current of inductor L. This ripple current is largely
caused by the switching action of the preregulation stage.
A larger inductance, or a higher order filter for the
output of the regulation stage, as shown in Figure 6 where
inductor L, and capacitor C, have been added, will reduce
this ripple current.

The required size of the output filter is also
affected by the AC ripple currents flowing in the

magnetizing inductances of the transformers. Making these
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inductances as large as possible to reduce their ripple
currents is therefore desirable. It is also beneficial to
connect the tertiary reset windings back to a suitable
point on the primary side as shown in Figure 6A where they
are connected to capacitor C,, rather than to connect them
to the output filter, as shown in Figure 3. This
alternative connection reduces by a factor of two the
ripple current seen by the output filter due to the
magnetizing inductance currents, compared to the connection
shown in Figure 3, since these magnetizing currents no
longer flow to the output capacitor during their respective
reset half cycles.

The power converter circuits described so far have all
had an isolation stage that is current fed. It is also
possible to incorporate the invention with an isolation
stage that is voltage fed. By "voltage fed" it is meant
that the voltage across the primary side of the isolation
stage is held relatively constant over the time frame of
the switching cycle. Such a converter circuit is shown in
Figure 6B where two uncoupled transformers are used.

The operation of the voltage-fed isolation stage is
slightly different than for a current-fed isolation stage.
Each primary transistor is still turned on for
approximately one half the cycle, but instead of providing
a brief overlap period during which both primary
transistors, Q1 and Q2, are turned on together, here the
primary transistors are both turned off for a brief overlap
period.

During each half cycle, the current flowing into one

primary winding and out its respective secondary winding
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can be determined as follows. Say transistors Q1 and Q3
have just been turned on to begin a new half cycle. At the
completion of their switch transition they will be carrying.
some initial current (to be discussed in more detail
below). There is also a difference between the voltage
across capacitor C, and the voltage across capacitor Cyy,
both reflected to the secondary side. This voltage
differential will be called AV. It appears across the
series circuit composed of the leakage/parasitic
inductances and resistances of the primary and secondary
windings, T,pe; and T,ee, the transistors Q1 and Q3, and the
capacitors C; and Cop. The current flowing through this
series L-R circuit responds to the voltage across 1it,

AV, in accordance with the component wvalues, all referenced
to the secondary side.

Since Cp; and Cuy are charged and discharged throughout
the half cycle, AV will vary. But if we assume AV is
relatively constant, then the current flowing through the
series L-R circuit will change exponentially with an L/R
time constant. If this time constant is long compared to
the duration of the half cycle, then the current will have
a linearly ramping shape. If the time constant is short,
that the current will quickly reach a steady value
determined by the resistance.

To understand the switch transitions that occur
between each half cycle, consider the leakage/parasitic
inductances, L, and L,,, and the capacitances associated
with the controlled rectifiers, C3 and C4, to be modeled in
the same way as was shown in Figure 5. Assume Q2 and Q4

have been on and are carrying a final current level, I,, at
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the end of the half cycle. Transistor Q1 is then turned
on, causing the voltage Vg, to be applied across primary
winding Tlpz;, and its reflected value across secondary
winding Tlge. An oscillation between C4 and L,; will ensue,
with the voltage across C4 starting at approximately twice
the output voltage. After approximately one quarter of a
cycle of this oscillation, the voltage across C4 will
attempt to go negative and be clamped by the body diode of
Q3. At this point the current flowing through L, will
have reached a peak value, I, determined by approximately
twice the output voltage divided by the characteristic
impedance, ¢E;7EZ. This transition discharges capacitor
C4 and builds up the current in L,, to the value Ig in a
nearly lossless manner.

During the gquarter cycle of oscillation the voltage
across the gate of transistor Q4 will drop below the
threshold value for the device, and the channel of Q4 will
turn off. The current that had been flowing through the
channel will commutate to the body diode of Q4.

At this peoint current if flowing through both
transformers' secondary windings and through the body
diodes of Q3 and Q4. Q3 is carrying the current Iy and Q4
is carrying the current I,. Now transistor Q2 is turned
off and its voltage rises as parasitic capacitors are
losslessly charged until the voltage is clamped by the
diode in series with the tertiary windings, T2.x. Inductor
L1y, now has a negative voltage across it and its current
I.p2, Will therefore linearly ramp down to zero as its
energy is recovered back to CB through the clamping

circuit. Once this current reaches zero, the body diode of
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Q4 will turn off and the current will become negative, but
only to the point where it eguals the second transform's
magnetizing current, Iy (reflected to the secondary side);
This current will linearly charge capacitor C3 nearly
losslessly as energy 1is delivered to the capacitor from the
magnetizing inductance of the second transformer (reflected
to the secondary side). This current will linearly charge
capacitor C3 nearly losslessly as energy is delivered to
the capacitor from the mangetizing inductance of the second
transformer.

As the voltage across C3 rises above the threshold
value, transistor Q3 will turn on and the current that had
been flowing through the body diode of Q3 will commutate to
the channel of Q3. The new half cycle will then proceed as
discussed above, with I being the initial value of current
mentioned in that discussion.

As with the current-fed isolation stage, the
transition between the two half cycles has a period of time
when the two body diodes are conducting. This condition is
highly dissipative and should be kept short by keeping the
overlap period that both primary side transistors, Q1 and
Q2, are off short.

In all of the power converter circuits described
above, it might be desirable to slow down the switch
transitions in the isolation stage for many reasons. For
instance, slower transitions might reduce the high
frequency differential-mode and common-mode ripple
components in the output voltage waveform. There are
several ways the switch transitions might be slowed down.

For instance, in a well known manner a resistor could be
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placed in series with the gate of the primary side
transistor Q1 (or Q2) in Figure 5 so that its gate voltage
would change more slowly. Similarly, a resistor could be '
placed in series with the gate of a synchronous rectifier
Q3 or (Q4). 1In either case an RC circuit is created by the
added resistor, R, and the capacitance, C, associated with
the transistor. If this RC product is long compared to the
normal length of the oscillatory transitions described
above, the switch transitions will be slowed down.

If the length of the switch transitions are on the
order of (LC) or longer, where L is the
leakage/parasitic inductance (L,, and/or L,,) that
oscillates with the capacitor C4 (or C3), then the nearly
lossless transitions described above will not be achieved.
The more the switch transitions are slowed down, the more
the energy delivered to and/or recovered from the
capacitors associated with the controlled rectifiers will
be dissipated. As such, there is a tradecff between the
power converter's efficiency and its other attributes, such
as output ripple content. This tradeoff might result in
slower switch transitions in situations where high
efficiency is not required or if better synchronous
rectifiers in the future have much smaller capacitances.

As discussed above, the synchronous rectifier MOSFETs
Q3 and Q4 in the circuit of Figure 3 are driven with a
gate-source voltage equal to approximately twice the output
voltage. For a 5 volt output, the 10 volt drive that
results 1s appropriate for common MOSFETs. If the output
voltage is such that the gate drive voltage is too large

for the ratings of the MOSFET, however, steps must be taken
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to reduce the drive voltage. For example, if the output
voltage is 15 volts, a 30 volt gate drive will result, and
it is typically desired that the gate be driven to only 10
volts. Also, some MOSFETs are designed to be driven with
only 5 volts, or less, at their gates.

Figure 7 shows one way to reduce the drive voltage
while maintaining the energy recovery feature. The voltage
waveform at node B (or at node A) is capacitively divided
down by the series combination of capacitors C5 and C3 (or
by C6 and C4). The values of these capacitors are chosen
to provide the division of the AC voltage provided at node
B (or node A) as desired. For example, if node B has a 30
volt step change and a 10 volt step change is desired at
the gate of Q3, then C5 should have one half the
capacitance of C3. Since C3 may be comprised of the
parasitic capacitance of Q3, it is likely to be nonlinear.
In this case, an effective value of capacitance that
relates the large scale change in charge to the large scale
change in voltage should be used in the calculation to
determine C5.

Since a capacitor divider only divides the AC
components of a waveform, additional components need to be
added to determine the DC component of the voltage applied
to the gates of Q3 and Q4. Figure 7 shows one way to do
this in which two resistors, R1 and R2 (or R3 and R4),
provide the correct division of the DC component of the
voltage at node B (or node A). These resistors should have
values large enough to keep their dissipation reasonably
small. On the other hand, the resistors should be small

enough such that the time constant of the combined
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capacitor/resistor divider is short enough to respond to
transients such as start-up.

Other techniques employing diodes or zener diodes thaﬁ
are known in the art could be used instead of the resistor
technique shown in Figure 7.

One variation of the invention described herein would
be to create a power supply with multiple outputs by having
more than one secondary winding on each transformer in the
isolation stage. For example, by using two secondary
windings with the same number of turns it would be possible
to create a positive 12 volt output and a negative 12 volt
output. If the two secondary windings have a different
number of turns it would be possible to create two output
voltages of different magnitudes (e.g., 5 volts and 3.3
volts). Another approach for creating multiple outputs
would be to have multiple isolation stages, each with a
turns-ratio appropriate for their respective output
voltages.

When multiple outputs are provided in this manner, a
phenomenon commonly called cross-regulation occurs. A
single regulation stage cannot control the various output
voltages independently, and these output voltages depend
not just on the relative turns ratios, but also on the
voltage drops that result as the various output currents
flow through the impedances of their various output paths.
A change in any one or more output currents therefore
causes a change in the voltages of those outputs that are
not used for feedback to the regulation stage. If this
variation due to changes in output currents is a problem,

then various approaches for providing regulation of the
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uncontrolled outputs can be provided. For example, a
linear regulator might be added to each output that is not
otherwise regulated. .

One advantageous approach to providing linear
regulation with the power circuits described here is to
control how much the synchronous rectifier MOSFETs are
turned on during their conduction state. This can be done
by adding circuitry to limit the peak voltage to which
their gates will be driven so that their on-state
resistances can be made larger than their minimum values.
It can also be done by controlling the portion of operative
half cycle during which a MOSFET' s gate voltage is allowed
to be high so that the MOSFET' s body diode conducts for the
rest of the time. With both technigques, the amount to
which the output voltage can be regulated is the difference
between the voltage drop of the synchronous rectifiers when
their channels are fully on (i.e., when they are at their
minimum resistance) and when only their body diodes are
carrying the current.

One way to accomplish the first technique, that of
controlling the peak gate voltage, is to use the basic
capacitor divider circuit that was shown in Figure 7. All
that is needed is toc make the resistor divider ratio, (or,
alternatively, the diode clamping voltage if such an
approach is chosen) dependent on a control signal derived
from the error in the output voltage compared to its
desired value. The goal is to shift the DC component of
the gate voltage in response to the error signal such that
the peak voltage applied to the gate, and therefore the on-

state resistance and voltage of the synchronous rectifier,
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helps to minimize this error. Various control circuitry
schemes that might be used to achieve this goal will be
obvious to one skilled in the art. Note that this approach
preserves the energy recovery feature of the gate drive.
Note also that if the voltages at nodes A and B are such
that no AC division is desired, then C5 and Cé should be
made large compared to C3 and C4.

Figure 8 shows an alternative method to control the DC
component of the gate voltage waveform. The output voltage
(or a scaled version of it) is subtracted from a reference
voltage and the error is multipled by the gain of an op-amp
circuit. The output of the op-amp (node C) is then
connected to the synchronous rectifier gates through
resistors that are large enough to not significantly alter
the AC waveforms at the gates. With this connection, the
DC components of the gate voltages will equal the output
voltage of the op-amp at node C. If the gain of the op-amp
circuit is large enough, such as when an integrator is
used, the error in the output voltage will be driven toward
zero. Zp and Z; are impedances that should be chosen, with
well established techniques, to ensure stability of this
feedback loop while providing the gain desired.

The range of voltage required at the output of the op-
amp depends on the particular application, and it may
include negative values. This range influences the supply
voltage requirements for the op-amp. Also, if the op-amp’'s
output voltage gets too high, the synchronous rectifiers
may not turn off when they are supposed to. Some means of
limiting this voltage, such as a clamp circuit, may

therefore be desirable.
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One way to accomplish the second technique, that of
controlling the portion of the half cycle in which the
MOSFET is gated on, is to place a low power switch network.
between the gate of Q3 (or Q4), node B (or node A), and
ground. This network (composed, say, of analog switches
operated with digital control signals) might be used to
keep the gate voltage grounded for some period of time
after the node voltage increases, and to then connect the
gate to node B (or A) for the remainder of the half cycle
with a switch capable of bidirectional current flow. The
length of the delay would be based on a signal derived from
the error in the output voltage. With this approach, the
energy recovery feature associated with discharging each
synchronous rectifier’s gate capacitance is preserved, but
the charging transition will become lossy. Alternatively,
the switch network could be controlled to start out the
half cycle with the gate connected to node B (or A), and
then after some delay to connect the gate to ground.

Using a synchronous rectifier to provide regulation as
well as rectification, as described above, is not limited
to multiple-output situations. It can also be used in
single-output situations either as the total regulation
stage or as an additional regulation stage to augment the
first one.

It is also possible to use DC-DC switching regulators
on the secondary side to achieve the additional regulation
desired, or to create more than one output voltage from any
of the outputs of the isolation stage.

With multiple ocutputs it is not necessary for the gate

of each controlled rectifier to be connected to secondary
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winding of the other transformer which corresponds to the
same output. For instance, 1f the two outputs are 5 volts
and 3.3 volts, the gates of the 3.3 volts output controlle&
rectifiers could be connected to the 5 volt output
secondary windings. Doing so would give these controlled
rectifiers a 10 volt gate drive, resulting in a lower on-
state resistance than if they had a 6.6 volt gate drive.

In some situations, it may be desirable to place the
isolation stage first in the power flow, and to have the
regulation stage follow. For example, when there are many
outputs sharing the total power, the circuit might be
configured as one isolation/step-down (or step-up) stage
followed by several DC-DC switching or linear regulators.

No matter where the isolation stage is situated, 1if it
is to be current fed this requirement could be met with
active circuitry as well as by a passive component such as
an inductor. For instance, if the current fed isolation
stage follows a regulation stage that is achieved with a
linear regulator, then this linear regulator could be
designed to have a large AC output impedance to achieve the
input requirement of the current fed isolation stage.

When the regulation stage precedes the isclation
stage, 1t is not necessary to sense the isolated output
voltage to control the regulation. An alternative approach
is to sense the voltage on the primary side of the
isolation stage, which may eliminate the need for secondary
side circuitry and the need to bridge the feedback control
signal across the isolation barrier.

For example, in Figure 6 the voltage across C;, the

capacitor of the third-order output filter of the down
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converter, could be used. This voltage nearly represents
the isolated output voltage (corrected for the turns-
ratio). It differs only due to the resistive (and
parasitic inductance commutation) drops between C, and the
output. Since these drops are small and proportional to
the current flowing through the isolation stage, the error
in output voltage they create can either be tolerated or
corrected.

To correct the error, the current on the primary side
could be sensed, multiplied by an appropriate gain, and the
result used to modify the reference voltage to which the
voltage across Cy; is compared. Since these resistive drops
vary with temperature, it might also be desirable to
include temperature compensation in the control circuitry.
Note that this approach could also be used to correct for
resistive drops along the leads connecting the supply’'s
output to its load.

The embodiments of the invention described above have
used two uncoupled transformers for the isolation stage.
It is also possible, as shown in Figure 9, to use a single
transformer T in which, for example, there are two primary
windings Tpgqy, Terr; @nd two secondary windings, Teer: Teges -
While the two primary windings may be tightly coupled,
either the two secondaries should be loosely coupled to
each other or the connections to the output capacitors and
synchronous rectifier transistors should provide adequate
parasitic inductance. The resulting leakage and parasitic
inductance on the secondary side can then be modeled as is

shown in Figure 9.
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With this inductance present in the secondary side
loops, the operation of the coupled isolation stage during
the overlap periocd is similar to what was described above
for the uncoupled case. With Q1 and Q03 on, turn Q2 on.

The voltage across the transformer windings, as modeled in
Figure ¢, drops to zero, which is consistent with what must
happen if the primary windings are tightly coupled. A
nearly-lossless energy saving transition involving
inductor/capacitor oscillations and linear discharges then
ensues.

What is different here is that the overlap period
during which both Q1 and Q2 are on cannot last too long.

If the overlap lasts too long, the transient waveforms will
settle into a state where the voltages at nodes A and B
rise to the output voltage. If this voltage is higher than
the gates’ threshold levels, transistors Q3 and Q4 will
partially turn on. A large amount of energy will then be
dissipated while this state persists, and it is possible
for the output capacitor to be significantly discharged.

These problems can be avoided by making sure the
overlap period when both Q1 and Q2 are on does not last too
long. For a given converter, an overlap period can be
found which will give the highest converter efficiency.

The more leakage/parasitic inductance there is, the longer
an overlap period that can be tolerated. Based on the
overlap time provided by a given control circuit, it may
become necessary to add additional inductance by increasing
the leakage or parasitic inductance.

With a coupled transformer it is not necessary to

provide a separate reset circuit (whether it uses a
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tertiary winding or not) since the magnetizing current
always has a path through which it can flow. With a
coupled transformer it is necessary to keep the lengths of
the two halves of the cycle well balanced to avoid imposing
an average voltage across the core and driving it into
saturation. Several technigques for balancing the two half
cycles are well known in the art.

When two or more power supplies are connected in
parallel, diodes are sometimes placed in series with each
supply’'s output to avoid a situation where one supply’'s
failure, seen as a short at its output, takes down the
entire output bus. These “ORing” diodes typically
dissipate a significant amount of energy. One way to
reduce this dissipation is to replace the diode with a
MOSFET having a lower on-state voltage. This “ORing”
synchronous rectifier MOSFET can be placed in either output
lead, with its body diode pointing in the direction of the
output current flow.

With the invention descfibed here, the voltage for
driving the gate of this MOSFET, Q5, can be derived by
connecting diodes to node A and/or node B (or to nodes of
capacitor dividers connected to these nodes), as shown in
Figure 10. These diodes rectify the switching waveforms at
node A and/or node B to give a constant voltage suitable
for turning on the ORing MOSFET at node D. A filter
capacitor, C,, might be added to the circuit as shown in
the figure, or the parasitic input capacitance of the ORing
MOSFET might be used alone. A resistor R, ensures the gate

voltage discharges when the drive is removed.
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If the power supply fails in a way that creates a
short at its output, such as when a synchronous rectifier
shorts, the voltages at nodes A and B will also be shorted’
after the transient is complete. With its gate drive no
longer supplied, the ORing MOSFET will turn off, and the
failed supply will be disconnected from the output bus.

When two (or more) power supplies of the type
described here are placed in parallel, a problem can arise.
If one power supply is turned on while another is left off
(i.e. not switching), the output bus voltage generated by
the first supply will appear at the gates of the second
supply’'s synchronous rectifiers. Once this voltage rises
above the threshold value, these synchronous rectifiers
will turn on and draw current. At the least this will
result in extra dissipation, but it could result in a
shorted output bus. This problem can occur even if both
supplies are turned on and off together if one supply's
transition “gets ahead” of the other.

There are several approaches to solving this problem.
One is to make sure both supplies have matched transitions.
Another is to connect the supplies together with ORing
diodes so that no supply can draw current from the combined
output bus. If an ORing MOSFET is used instead of an ORing
diode, however, this second approach can still fail to
solve the problem. For instance, consider the case where a
supply drives its ORing MOSFET with the technique shown in
Figure 10. Assume the bus voltage is already high due to
another supply, and the first supply is then turned on in a
way that causes its output voltage to rise slowly toward

its desired value. If the ORing MOSFET's gate voltage
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rises high enough to turn it on before the newly rising
output voltage approximately matches the existing bus
voltage, then there will be at least a momentary large
current flow as the two voltages equalize. To avoid this
problem additional circuitry can be added to make sure an
ORing MOSFET is not turned on until its supply’'s output
voltage has approximately reached the bus voltage. This
might be done by sensing the two voltages and taking
appropriate action, or it might be done by providing a
delay between when the ORing MOSFET's gate drive is made
available and when it is actually applied to the gate.
Such a delay should only affect the turn-on, however; the
turn-off of the ORing MOSFET should have minimal delay so
that the protective function of the transistor can be

provided.

While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the
invention as defined by the appended claims. Those skilled
in the art will recognize or be able to ascertain using no
more than routine experimentation, many equivalents to the
specific embodiments of the invention described
specifically herein. Such equivalents are intended to be
encompassed in the scope of the claims. For instance, the
regulation stage could be composed of an up-converter. The
ideas that have been presented in terms of the N-channel

implementation of the synchronous rectifier MOSFET can be
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modified to apply to the P-channel implementation, as well.
The components shown in the schematics of the figures (such
as Q3 in Figure 3) could be implemented with several |
discrete parts connected in parallel. 1In addition, certain
5 aspects of the invention could be applied to a power
converter having only one primary transformer winding

and/or one secondary transformer winding.
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CLAIMS
What is claimed 1is:
1. A power converter comprising:
a power source;
5 a primary transformer winding circuit having at

least one primary winding connected to the source;

a secondary transformer winding circuit having at
least one secondary winding coupled to the at least
one primary winding;

10 plural controlled rectifiers, each having a
parallel uncontrolled rectifier and each connected to
a secondary winding, each controlled rectifier being
turned on and off in synchronization with the voltage
waveform across a primary winding to provide an

15 output, each primary winding having a voltage waveform
with a fixed duty cycle and transition times which are
short relative to the on-state and off-state times of
the controlled rectifiers; and

a regulator which regulates the output while the

20 fixed duty cycle is maintained.

2. A power converter as claimed in claim 1 wherein the
regulator is a regulation stage on the primary side of

the converter.

3. A power converter as claimed in claim 2 wherein the

25 regulation stage is part of the power source.
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A power converter as claimed in claim 2 wherein power
conversion is regulated in response to a variable

sensed on the primary side of the converter.

A power converter as claimed in claim 1 wherein the

regulator is a regulation stage on the secondary side

"of the converter.

A power converter as claimed in claim 5 wherein power

conversion 1s regulated by control of the controlled

rectifiers.

A power converter as claimed in claim 6 wherein the
on-state voltage of a controlled rectifier is made

larger than its minimum value to provide regulation.

A power converter as claimed in claim 6 wherein the
on-state duration of a controlled rectifier is made

shorter than its maximum value.

A power converter as claimed in claim 1 wherein the
first and second controlled rectifiers are voltage

controlled field effect transistors.

A power converter as claimed in claim 1 further
comprising a reset circuit associated with a

transformer for flow of magnetizing current.
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A power converter as claimed in claim 10 wherein the

energy stored in the magnetizing inductance is

recovered.

A power converter as claimed in claim 10 wherein the

reset circuit comprises a tertiary transformer

winding.

A power converter as claimed in claim 10 wherein the

reset circuit comprises a clamp.

A power converter as claimed in claim 1 wherein the

power source has a current-fed output.

A power converter as claimed in claim 14 wherein the
current-fed output characteristic of the power source

is provided by an inductor.

A power converter as claimed in claim 1 wherein the

power source has a voltage-fed output.

A power converter as claimed in claim 16 wherein the
voltage fed output characteristic of the power source

is provided by a capacitor.

A power converter as claimed in claim 1 wherein the
signal controlling a controlled rectifier is provided

by a transformer winding.
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A power converter as claimed in claim 1 wherein a
signal controlling a controlled rectifier is derived

with a capacitive divider circuit.

A power converter as claimed in claim 19 further
comprising a circuit to determine the dc component of

the signal controlling a controlled rectifier.

A power converter as claimed in claim 20 wherein the

dc component of the signal is adjusted to provide

regulation.

A power converter as claimed in claim 1 further
comprising a signal for controlling an ORing
controlled rectifier that connects the converter's

output to an output bus.

A power converter as claimed in claim 22 wherein the
ORing controlled rectifier is turned off if the power

converter fails.

A power converter as claimed in claim 22 wherein the
signal controlling the ORing controlled rectifier is

derived from one or more secondary windings.

A power converter as claimed in claim 22 wherein the
ORing controlled rectifier is turned on when the

converter's output voltage approximately matches the

bus voltage.
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A power converter as claimed in claim 1 wherein energy
is nearly losslessly delivered to and recovered from

capacitors associated with the controlled rectifiers.

A power converter as claimed in claim 1 wherein each
controlled rectifier is turned on and off by a signal
applied to a control terminal relative to a reference
terminal of the controlled rectifier and the reference
terminals of the controlled rectifiers are connected

to a common node.

A power converter comprising:

a power source;

first and second primary transformer windings
connected to the source;

first and second primary switches in series with
the first and second primary windings, respectively;

first and second secondary transformer windings
coupled to the first and second primary windings,
respectively;

first and second controlled rectifiers, each
having a parallel uncontrolled rectifier, in series
with the first and second secondary windings,
respectively; and

a controller which turns on the first and second
primary switches in opposition, each for approximately
one half of the switching cycle with transition times
which are short relative to the on-state and off-state
times of the first and second controlled rectifiers,

the first and second controlled rectifiers being



WO 98/33267 PCT/US98/01498

29.

5
30.
10 31.
32.

15
33.

20

-44-

controlled to be on at substantially the same times
that the first and second primary switches,

respectively, are on.

A power converter as claimed in claim 28 further

comprising a regulation stage.

A power‘converter as claimed in claim 28 wherein
energy 1is nearly losslessly delivered to and recovered

from capacitors associated with the first and second

controlled rectifiers.

A power converter as claimed in claim 28 wherein the
first primary and secondary transformer windings and
the second primary and secondary transformer windings

are on separate uncoupled transformers.

A power converter as claimed in claim 28 wherein the
signal that controls a controlled rectifier is derived
from the voltage at the connection between the other
controlled rectifier and its associated secondary

winding.

A power converter as claimed in claim 28 wherein the
power source has a current fed output and the primary
switches are both turned on during overlapping

periods.



WO 98/33267

10

15

20

34.

35.

36.

37.

38.

39.

40.

PCT/US98/01498

-45-

A power converter as claimed in claim 33 wherein the

overlapping periods are selected to achieve maximum

efficiency.

A power converter as claimed in claim 33 wherein
additional leakage or parasitic inductance is added to

the circuit to accommodate an overlap period.

A power converter as claimed in claim 28 wherein the
power source has a voltage-fed output and the primary

switches are both turned off during overlapping

periods.

A power converter as claimed in claim 36 wherein the

overlapping periods are selected to achieve maximum

efficiency.

A power converter as claimed in claim 36 wherein
additional leakage or parasitic inductance is added to

the circuit to accommodate an overlap period.

A power converter as claimed in claim 28 wherein the
two primary windings and two secondary windings are

coupled on a single transformer.

A power converter as claimed in claim 28 wherein the
first and second controlled rectifiers are controlled
by signals derived from transformer windings coupled

to the first and second primary transformer windings.
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A power converter as claimed in claim 28 wherein the
first controlled rectifier is controlled by a signal
derived from the voltage of the second secondary
winding and the second controlled rectifier is

controlled by a signal derived from the voltage of the

first secondary winding.

A power converter as claimed in claim 28 wherein each
of the first and second controlled rectifiers is
turned on and off by a signal applied to a control
terminal relative to a reference terminal of the
controlled rectifier and the reference terminals of

the controlled rectifiers are connected to a common

node.

A power converter comprising:

means for converting power;

means for providing a source of power to first
and second primary transformer windings;

means for controlling a voltage waveform across
the first and second primary transformer windings with
a fixed duty cycle;

means for controlling first and second controlled
rectifiers, each having a parallel uncontrolled
rectifier, each contrclled rectifier being turned on
and off in synchronization with the voltage waveform
across a primary winding over transitions times which
are short relative to the on-state and off-state times

of the controlled rectifiers; and
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means for regulating the output while the fixed

duty cycle is maintained.

A method of conVerting power comprising:

providing a source of power to first and second
primary transformer windings;

controlling a voltage waveform across the first
and second primary transformer windings with a fixed
duty cycle;

controlling first and second controlled
rectifiers, each having a parallel uncontrolled
rectifier, each controlled rectifier being turned on
and off in synchronization with the voltage waveform
across a primary winding over transitions times which
are short relative to the on-state and off-state times
of the controlled rectifiers; and

regulating the output while the fixed duty cycle

is maintained.

A method as claimed in claim 44 wherein the source of
power has a current fed output and the voltage
waveforms on the first and second primary transformer
windings are turned on during overlapping periods,

each for approximately one half of a switching cycle.

A method as claimed in claim 45 wherein energy is
nearly losslessly delivered to and recovered from

capacitors associated with the controlled rectifiers.
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A method as claimed in claim 46 wherein the first
contreclled rectifier is controlled by a signal derived
from the voltage of the second secondary winding and '
the second controlled rectifier is controlled by a

signal derived from the voltage of the first secondary

winding.

A method as claimed in claim 47 wherein energy is
nearly losslessly delivered to and recovered from

capacitors associated with the controlled rectifiers.

A method as claimed in claim 48 wherein the first
controlled rectifier is controlled by a signal derived
from the voltage of the second secondary winding and
the second controlled rectifier is controlled by a

signal derived from the voltage of the first secondary

winding.

A power converter comprising:

a controlled rectifier; and

a capacitive divider circuit, a signal
controlling the controlled rectifier being derived

from the capacitive divider circuit.

A power converter as claimed in claim 50 further
comprising a circuit to determine the dc component of

the signal controlling a controlled rectifier.
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A power converter as claimed in claim 51 wherein the

dc component of the signal is adjusted to provide

regulation.

A power circuit comprising:
a power converter; and
an ORing controlled rectifier that connects the

converter output to an output bus, the ORing

controlled rectifier being controlled by a signal from

the power converter.

A power converter as claimed in claim 53 wherein the
ORing contrclled rectifier is turned off if the power

converter fails.

A power converter as claimed in claim 53 wherein the
signal controlling the ORing controlled rectifier is

derived from one or more secondary windings.

A power converter as claimed in claim 53 wherein the
ORing controlled rectifier is turned on when the

converter's output voltage approximately matches the

bus voltage.
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