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CONTROL OF STORED MAGNETIC 
ENERGY IN POWER CONVERTER 

TRANSFORMERS 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

This is a continuation of application Ser. No. 08/373,112, 
filed Jan. 17, 1995, now abandoned. 

BACKGROUND OF THE INVENTION 

This invention relates to control of Stored magnetic 
energy in power converter transformerS. 

In one class of power converters, called Single-ended 
switching power converters (10, FIG. 1), a primary switch 
ing element 20 is used to repetitively connect an input Source 
to the primary winding 329 of a power transformer 25 (FIG. 
1) during a portion of each of a Series of converter operating 
cycles. In Some Such converters, called “single-ended for 
ward converters, forward energy transfer from the input 
Source toward the load occurs during the time that the Switch 
is closed. In other topologies, called “single-ended flyback 
converters', energy is Stored in the transformer during the 
time that the Switch is closed and is transferred forward to 
the load after the Switch is opened. In yet other Single-ended 
converters a portion of the energy may be transferred during 
both the on and off times of the Switch. In general, practical 
converters of this kind must incorporate circuitry for man 
aging the effects of magnetic energy Storage in the trans 
former. For example, in converters in which energy is 
transferred forward during the on-time of the Switch, cir 
cuitry is typically included to deal with the magnetizing 
energy which is Stored in the transformer at the time that the 
Switch is opened (e.g., to provide means for “resetting the 
transformer); more generally, the effects of magnetic energy 
Storage in the leakage inductance of the transformer must 
also be managed, e.g., to prevent the energy Stored in the 
leakage field from overstressing the Switch when the Switch 
is turned off. 

A wide variety of reset circuits (also called core reset 
circuits because almost all Switching power converter trans 
formers include a magnetic core), for use in Single-ended 
forward converters, are described in the literature. These 
circuits differ in terms of their efficiency, cost and impact on 
converter power density. One such circuit 15, shown in FIG. 
2, is described in Clemente, et al., “A Universal 100 KHZ 
Power Supply Using a Single HEXFET.” International Rec 
tifier Corporation Applications Note AN-939, December 
1980. One of the advantages of this circuit is that it can 
maintain the minimal value of peak Switch Voltage consis 
tent with converter input Voltage and duty cycle; one of its 
disadvantages is that it is dissipative and therefore compro 
mises both converter efficiency and power density. Another 
circuit 30, of the kind described in Vinciarelli, “Optimal 
Resetting of the Transformer's Core in Single Ended For 
ward Converters,” U.S. Pat. No. 4,441,146, (incorporated by 
reference) is shown in FIG. 3. This circuit has several 
advantages, among which are the following: (1) it, too, 
minimizes the peak voltage seen by the Switch, (2) it 
provides for bipolar transformer 25 core excitation, thereby 
maximizing utilization of the available flux Swing in the 
transformer's core and allowing for a Smaller transformer, 
and (3) it is essentially lossless. 
When used in Single-ended forward converters, core reset 

circuits 15, 30 of the kinds shown in FIGS. 2 and 3 will also 
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2 
inherently control the effects of leakage energy by providing 
a capacitive sink which "snubs” (i.e., clamps) the effect of 
the release of the leakage energy on Switch Voltage. In other 
kinds of converters, Single-ended or otherwise, circuits 15, 
30 of the kinds shown in FIGS. 2 and 3 may be used solely 
as Snubber circuits to manage and control the effects of 
Stored leakage energy. For example, in flyback converters all 
of the magnetizing energy Stored in the transformer 25 
during the time that the primary Switch 20 is closed is 
magnetically coupled into the transformer Secondary wind 
ing and released to the load after the Switch opens. While 
this provides a natural mechanism for reducing the magne 
tizing energy to Zero it does not provide a mechanism for 
managing transformer 25 leakage energy, which can cause 
excessive switch 20 voltage when the Switch 20 is opened. 
Circuits 15, 30 of the kinds shown in FIGS. 2 and 3 (the 
Simplified converter Schematics in the Figures can be modi 
fied to correspond to a single-ended flyback topology by 
simply reversing the polarity of one of the transformer 25 
windings) can be used to clamp the Voltage which might 
otherwise be caused by the Stored leakage energy. For 
example, in Ogden, “Improved High Frequency Switching 
in Coupled Inductor Power Supplies,” European Patent 
Application 0 350 297, a circuit essentially identical to that 
of the circuit 30 of FIG. 2 is used to both clamp the leakage 
inductance energy in a flyback converter and reroute it 
forward toward the load. 

SUMMARY OF THE INVENTION 

In an aspect, the invention features apparatus (and a 
method) useful in a Switching power converter having a 
transformer and a primary Switch for connecting a DC input 
Source to a primary winding of the transformer during a 
portion of each of a Succession of converter operating 
cycles, the apparatus includes a reset capacitor and a reset 
Switch. Reset circuitry cooperates with the reset Switch to 
connect and disconnect the reset capacitor in a manner 
which provides for resetting the transformer and which 
allows a current having a non-Zero average value to flow in 
the reset Switch. 

Embodiments may include one or more of the following 
features. The reset circuitry may open and close the reset 
Switch. The reset circuitry may cause the connecting and 
disconnecting to occur at times based on Switching of the 
main Switch. The reset Switch may be connected in Series 
with the capacitor. The reset circuitry may include circuit 
elements which inhibit bidirectional energy flow between 
the capacitor and the transformer. The apparatus may only 
allow transfer of magnetizing energy between the reset 
capacitor and the transformer if the polarity of the Voltage 
acroSS the reset capacitor is of a particular polarity. The 
apparatus may be connected in parallel with a winding on 
the transformer. The winding may be the primary winding, 
a Secondary winding, or an auxiliary winding. The reset 
switch may be a unidirectional Switch (e.g., a MOSFET) in 
parallel with a unidirectional conducting element (e.g., the 
intrinsic body diode of the MOSFET), the unidirectional 
Switch and the unidirectional conducting element being 
arranged to conduct in opposite directions. The unidirec 
tional Switch may be a MOSFET in series with a series 
diode, the series diode and the MOSFET being poled to 
conduct in the same direction. The circuit elements may 
include a reset diode connected in parallel with the capacitor. 
Bidirectional energy flow may be allowed only if the voltage 
acroSS the reset capacitor is of a particular polarity. The 
particular polarity may be that which will result in a reversal 
in the polarity of transformer magnetizing current during the 
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time that the reset Switch is closed. The reset circuitry may 
include circuit elements which inhibit bidirectional energy 
flow between the capacitor and the transformer. The circuit 
elements may include a reset diode connected acroSS a Series 
circuit comprising the reset capacitor and the Series diode. 
The Switching power converter may be a forward power 
converter, a Zero-current switching converter, or a PWM 
converter. The reset circuitry may open the reset Switch prior 
to the ON period of the primary Switch, may close the reset 
Switch during the OFF period of the primary Switch, and 
may keep the reset Switch open throughout the ON period of 
the primary Switch. 

In an aspect, the invention features a method for limiting 
the Slew rate in a Switching power converter which includes 
a transformer and a reset circuit of the kind which non 
dissipatively recycles the magnetizing energy Stored in a 
transformer during each of a Succession of converter oper 
ating cycles. The method includes Sensing the magnetizing 
current which is flowing in Said transformer, and allowing 
initiation of another converter operating cycle only if the 
magnetizing current meets a predefined criterion for Safe 
converter operation. In embodiments of the invention the 
predefined criterion may be the magnetizing current passing 
through a predefined value, e.g., Zero. Among the advan 
tages are the following. Resonance between the transformer 
and the reset capacitor is inhibited. Very low dissipation is 
achieved. The selection of Cr can be made based solely on 
the operating requirements of the converter. 

Other aspects, features, and advantages will become 
apparent from what follows. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 shows a Schematic of a Single-ended Switching 
power converter. 

FIG. 2 shows a schematic of a converter which includes 
a dissipative prior art circuit useful for performing trans 
former resetting and Snubbing. 

FIG. 3 shows a schematic of a converter which includes 
a non-dissipative prior art circuit topology which is useful 
for performing transformer resetting and Snubbing. 

FIGS. 4A through 4C show operating waveforms for the 
circuit of FIG. 3. 

FIGS. 5A through 5D show additional operating wave 
forms for the circuit of FIG. 3. 

FIG. 6 shows a Schematic of a single-ended Zero-current 
Switching converter which includes a reset circuit of the kind 
shown in FIG. 3. 

FIGS. 7A and 7B show the effect of a sudden change in 
operating frequency on the waveform of FIG. 4C. 

FIG. 8 shows a schematic of a single-ended converter 
which includes a prior art damped reset circuit topology. 

FIGS. 9A through 9D show operating waveforms for the 
converter of FIG. 8. 

FIG. 10 shows a schematic of a single-ended converter 
which includes an improved reset circuit topology according 
to the present invention. 

FIGS. 11A through 11D show operating waveforms for 
the converter of FIG. 10. 

FIGS. 12A and 12B show tables which compare losses in 
the damped reset circuit of FIG. 8 to the improved reset 
circuit of FIG. 10. 

FIGS. 13A and 13B show Schematics which indicate 
alternate connections for the reset circuits of FIGS. 3, 8 and 
10. 
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FIG. 14 shows an equivalent circuit of a Switch for use in 

the circuit of FIGS. 3, 8 and 10. 
FIGS. 15A and 15B show embodiments of the Switch of 

FIG. 14 which include a MOSFET. 

FIGS. 16A through 16C show alternate embodiments of 
the improved reset circuit topology of FIG. 10. 

FIGS. 17A and 17B show Schematic models of converters 
which include reset circuits of the kind shown in FIGS. 16A 
and 16C, respectively. 

FIGS. 18A and 18B show circuit schematics illustrating 
ways to Sense when the primary Switch has become non 
conductive. 

FIGS. 19A and 19B show waveforms for the circuit of 
FIG. 18B. 

FIG. 20 is a circuit Schematic of a reset Switch controller. 

FIGS. 21A through 21C show current waveforms for a 
ZCS converter. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Waveforms for the core reset circuit 30 of FIG. 3 in a 
Single ended forward converter under Steady-state operating 
conditions are shown in FIGS. 4A through 4C, assuming 
ideal circuit components and a reset capacitor 34 of Suffi 
ciently large value, Cr, So that the characteristic frequency, 
fr, of the resonant circuit consisting of the reset capacitor 34 
and the magnetizing inductance of the transformer 25 (of 
value Lm) is well below the converter operating frequency, 
fop (e.g., frz<fop, where fr=1/(2*pisqrt(Lm Cr) and fop= 
1/(t3-t1)). When a primary switch 20, connected to a 
primary winding 329 of the transformer 25, is turned on, the 
reset switch 32 is off (by means of control circuitry 16) and 
vice versa. When the reset Switch 32 is turned on at the end 
of an operating cycle (e.g., at time t=t2), energy Stored as 
magnetizing current in the transformer (e.g., current I=-Im 
at time t2, FIG. 4C) is resonantly transferred to the capacitor 
34 until, at time t=t3, at the beginning of the next converter 
operating cycle, the current has reversed (I=Im). Under a 
particular set of Steady-state operating conditions (e.g., Vin 
and duty cycle, D=ton/toff) the capacitor voltage Vc will 
converge on a value equal to Vin D and the peak voltage 
seen by the Switch, Vp (FIG. 4B), will be equal to Vin+Vc= 
Vinc1+D). Since Tr=1/fr is assumed to be large relative to 
the operating period of the converter, both of these voltages 
will be essentially constant throughout the time that the 
primary Switch is open and the peak voltage Seen by the 
Switch 20 will therefore be minimized. 

Core reset circuits of the kind shown in FIG. 3 offer 
Several important benefits. Recirculation of energy between 
circuit elements allows these circuits to operate as magne 
tizing current "mirrors, producing both a current and flux 
reversal during the reset interval (e.g., t=t2 to t-t3). As a 
result, circuits of this kind not only minimize loss, but 
effectively double the available “volt-time” product of the 
core and allow for an approximately two-fold reduction in 
the size of the core. 

Because the core reset circuit of FIG. 3 is based upon a 
resonant circuit, however, StepS must be taken to prevent 
resonant effects from adversely affecting converter opera 
tion. In practical Switching power converters, for example, 
neither the input voltage, Vin, nor the duty cycle, D, will be 
constant and, as a result, the average value of the Voltage Vc 
will vary with changes in Vin and D. For a circuit 30 of the 
kind shown in FIG. 3, however, changes in the average value 
of Vc may be accompanied by a persistent oscillation in Vc 
at the resonant frequency fr. 
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In converters in which operating frequency varies (e.g., in 
zero-current switching (ZCS) converters of the kind 
described in Vinciarelli, “Forward Converter Switching at 
Zero Current,” U.S. Pat. No. 4,415,959, incorporated by 
reference) additional problems may arise, especially as the 
converter operating frequency drops to values comparable 
to, or below, the frequency fr. In Such cases, the waveforms 
of FIG. 4 will no longer apply. Rather, as illustrated in FIGS. 
5A through 5D (for a zero-current switching converter 
having an equivalent circuit and the equivalent circuit values 
shown in FIG. 6 operating at a frequency, fop=50 KHZ, 
which is below the characteristic frequency of the reset 
circuit 130, fr=84 KHz) both the reset capacitor voltage, Vc 
(FIG.5C), and the magnetizing current, I (FIG. 5D) rise and 
fall sinusoidally and assume both positive and negative 
values (although, as described earlier for higher converter 
operating frequencies, the average value of the capacitor 
Voltage, Vc, over a time period which is long compared to 
a converter operating cycle and under Steady State operating 
conditions, will still be approximately equal to Vin D). With 
reference to FIGS. 5B and D and FIG. 6, during time periods 
that the voltage Vc goes positive (e.g., between times tp1 
and tp2, FIG. 5) energy can be transferred from the reset 
circuit 30 via the transformer 25 forward to the converter 
load. This will effectively cause a change in the open-loop 
gain of the converter and can contribute to, or cause, 
closed-loop instability. In addition, oscillation in the reset 
circuit 30 may generally result in undesirable coupling of 
energy into the converter output in the form of noise at the 
frequency fr, or, as seen in FIGS. 5B through 5D, at a higher 
frequency associated with resonant ringing of the trans 
former leakage inductance (L1, 123, FIG. 6) with both the 
reset capacitor 34 and the Secondary capacitor 60 during the 
time period that the Voltage Vc is positive. 

Another characteristic of the circuit of FIG. 3 is that the 
maximum allowable converter slew rate (e.g., the rate-of 
change of duty cycle), and hence converter response time, 
are reduced as the value of Cr is increased. This is illustrated 
in FIGS. 7A and 7B for a circuit 30 of the kind shown in 
FIG. 3 operating in a variable frequency converter. AS 
indicated in the Figures, the converter operating period is T1 
until time t=ta, after which the period decreases sharply to 
a lower value T2. If the reset capacitor 34 is assumed to be 
large enough So that the Voltage across the capacitor, Vc, 
cannot change Substantially over a time span corresponding 
to Several converter operating cycles, then the peak variation 
in magnetizing current, AIp, during the OFF times of the 
primary Switch 20 will not change substantially over the 
Same time span. Under these circumstances, a Sufficiently 
large reduction in operating period will, as illustrated in FIG. 
7B, result in a cycle-by-cycle increase in the peak negative 
excursion of the magnetizing current, I, Sufficient to cause 
transformer Saturation within a few operating cycles. 
Smaller values of Cr allow for greater cycle-by-cycle adap 
tation in Vc which, in turn, would allow for faster duty cycle 
Slewing and faster converter response time. The Same prin 
ciple applies in a constant frequency, pulse-width modulated 
(PWM) converter. 
One way to minimize the effects of resonance in the reset 

circuit of FIG. 3 is to damp the circuit, as illustrated in FIG. 
8. In the Figure, the damped reset circuit 230 is identical to 
the circuit of FIG. 3 except that a passive damper, consisting 
of a damper resistor 39 and damper capacitor 35, has been 
connected acroSS the reset capacitor 34. The damper resistor 
will dissipate energy at frequencies for which the impedance 
of Cd is low compared to Rd and for which the impedance 
of Cr is not low relative to Rd. Thus, at both very low and 
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6 
very high frequencies the damper creates little loss. In FIGS. 
9A through 9D, for example, waveforms are shown for the 
converter of FIG. 6 with the undamped reset circuit 130 
replaced with the damped reset circuit 230 of FIG.8. Circuit 
values are Cr=0.1 microfarad, Cd=0.22 microfarad, and 
Rd=20 ohms. Comparing the waveforms of FIG. 9 to those 
of FIG. 5 indicates that both the resonant reset circuit 
oscillations and the parasitic high frequency oscillations 
have been significantly reduced. Power flow from the reset 
circuit to the load has also been Substantially reduced. 

Effective damping has been achieved by Setting the value 
of the damper capacitor, Cd, to approximately two times the 
value of Cr, and Setting the damper resistor value, Rd, So that 
the damper frequency, fol=1/Rd Cd, is equal to about one 
half the undamped characteristic frequency fr. To avoid 
excessive dissipation in the damper resistor, fr is chosen to 
be well below (e.g., approximately 10% of) the maximum 
operating frequency of the converter Since this puts the 
"normal” operating frequency range of the converter well 
above fr and provides for minimum damper dissipation in 
this range. Thus, the characteristic frequency, fr, of a ZCS 
converter operating at frequencies up to 1 MHz (or of a 
constant frequency PWM converter operating at a similar 
frequency) would be set to be near 100 KHz. This provides 
effective damping with relatively little power loSS at con 
verter operating frequencies well above fr. 

In practice, however, use of the damped reset circuit 
requires balancing Several Sometimes conflicting require 
ments. On the one hand, use of a low value for Cr is 
generally desirable as it provides for a higher allowable 
converter Slew rates and increases the value of fr above the 
croSSOver frequency of the converter. On the other hand, low 
values of Cr result in increased dissipation in the damper 
resistor. For example, if the damped reset circuit 230 of FIG. 
8 is used in place of the undamped circuit 130 in the ZCS 
converter of FIG. 6, and if Cr=0.1 microfarad, Cd=0.22 
microfarad, and Rd=20 ohms, then, as indicated in the table 
in FIG. 12B, the dissipation in the damper resistor 39 at an 
operating period Top=3 microseconds (with the converter 
delivering 217 Watts) is approximately Pd=80 milliwatts. 
When the operating frequency is reduced to 50 KHZ (with 
the converter delivering 15 Watts), the dissipation, indicated 
in the table of FIG. 12A, rises to approximately Pd=2.4 
Watts. If, however, the component values are adjusted to 
Cr=0.01 microfarad, Cd=0.22 microfarad and Rd=120 
ohms, which provides the same damping at a higher value of 
fr, then, as indicated in the Table of FIG. 12B, the dissipation 
at Top =3 microseconds rises to Pd=3.0 Watts and the 
dissipation at 50 KHZ (Table of FIG. 12A) rises to 2.7 Watts. 
Thus, while the lower value of Cr would allow for improve 
ment in converter response time it would also result in an 
unacceptable increase in power loss (e.g., the additional 3 
Watts of loss at 217 Watts represents an approximate reduc 
tion in conversion efficiency of 1.5%). 

FIG. 10 shows a single-ended converter which includes 
an improved reset circuit 330. Like the circuits of FIGS. 3 
and 8, the reset switch 332 is opened when the primary 
Switch is closed and Vice versa. The improved reset circuit 
330 differs from the circuits of FIGS. 3 and 8 by including 
a diode 350 connected across the reset capacitor 334. By 
poling the diode as shown, So that the reset capacitor can 
Support positive values of the Voltage Vc but cannot Support 
negative values, the diode effectively prevents resonance 
(e.g., bidirectional energy transfer) from occurring between 
the reset capacitor 334 and the magnetizing inductance of 
the transformer 25. 
The beneficial effects of the diode in preventing resonance 

may be seen, in part, by comparing the waveforms in FIG. 
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11 to those in FIGS. 9 and 5. In FIG. 11, waveforms are 
shown for the converter of FIG. 6 in which the undamped 
reset circuit 130 is replaced with the improved reset circuit 
330 of FIG. 10. The reset capacitor 334 value is Cr=0.1 
microfarad. Comparing FIGS. 11A through 11D with the 
corresponding waveforms of FIGS. 9 and 5 it can be seen 
that the waveforms in the improved circuit are better 
behaved and more predictable than the waveforms in the 
other Figures-neither Vc (FIG. 11) nor I (FIG. 11B) show 
Sustained oscillations, either at the characteristic frequency, 
fr, or at higher frequencies, the absence of the higher 
frequency oscillation is also an indicator that forward power 
flow from the reset circuit to the load has been eliminated. 
FIG. 11D also clearly shows that the reset capacitor voltage 
does not assume positive values. Rather, as Vc passes 
through Zero volts (e.g., after t=to, FIG. 11) the diode 350 
becomes conductive, resonant energy transfer is terminated 
and the diode 350 conducts the magnetizing current I (FIG. 
11B) until the beginning of the next operating cycle. The 
decay in the current I in FIG. 11B is due to the non ideal 
characteristics (e.g., parasitic resistances or finite Voltage 
drops) of the diode 350, Switch 332, and transformer pri 
mary winding 329-if all circuit elements were ideal, the 
current I would remain unchanged until the next operating 
cycle. (In all of the circuits of FIGS. 10, 8 and 6 the parasitic 
resistances of the reset Switches 332, 32 is 0.1 ohm; the 
parasitic resistance of the transformer primary winding (e.g., 
primary winding 329 is 0.5 ohm; the diode 350, where used, 
is a silicon device). As in the reset circuits of FIGS. 3 and 
8, the average value of the capacitor Voltage, Vc, in the 
circuit of FIG. 10, over a time frame which is long with 
respect to a converter operating cycle and under Steady-state 
operating conditions, will be approximately equal to Vin D. 
At converter operating frequencies which are Substantially 
higher than the characteristic frequency fr, the diode 350 will 
not become conductive and the waveforms for the reset 
circuit of FIG. 10 will revert to those shown in FIG. 4 for the 
prior art circuit of FIG. 3. 

While selection of the value of the reset capacitor in the 
damped reset circuit (FIG. 8) involved tradeoffs between 
response time and dissipation, these tradeoffs do not apply 
to the improved circuit 330 of FIG. 10. The improved circuit 
exhibits such markedly lower dissipation that the value of Cr 
may be chosen Solely on the basis of desired converter 
performance criteria (e.g., response time) and the peak 
Voltage limits imposed by the converter Switches. This is 
indicated in the Tables of FIGS. 12A and 12B in which 
losses in the improved reset circuit of FIG. 10 are compared 
to losses in the damped reset circuit of FIG. 8 for different 
values of damper components (35, 35, FIG. 8) and at 
different operating frequencies. In the Tables, Preset repre 
Sents the total amount of power dissipated in the reset circuit 
(e.g., circuits 230, 330) and Pd represents the loss in the 
“resonance-control’ components used in the particular cir 
cuit (e.g., damper resistor 39 in circuit 230; diode 350 in 
circuit 330). AS discussed earlier, loss in the passive damper 
circuit is strongly influenced by the values of Cr, Cd and Rd, 
and reductions in Cr result in lower values of Cd and 
increased amounts of Pd and Preset. The values of both 
Preset and Pd in the improved reset circuit 330 are seen to 
be much lower than the corresponding losses in the pas 
sively damped circuit 230, and the value of loss is only 
weakly a function of the value of Cr. The dependence of Pd 
on operating frequency is a result of the increased peak-to 
peak Swing in the magnetizing current, I, flowing in the non 
ideal diode 350 at low converter operating frequencies. In 
practice, the losses are essentially insignificant. Of greatest 
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8 
importance is the fact that selection of the value of Cr in the 
improved reset circuit need not be traded off against circuit 
dissipation. Rather, the value of Cr in the improved circuit 
330 may be selected based solely upon converter perfor 
mance requirements (e.g., desired converter Slew rates; input 
voltage and load range) and the Voltage rating of the primary 
Switch 20. 
A fundamental and important difference between the prior 

art reset circuit topology 30 of FIG. 3 and the improved 
topology 330 of FIG. 10 is that the average value of the 
current, I, in the prior art topology must be Zero, whereas in 
the improved topology the average value of I can assume 
values which are nonzero and positive in the direction of the 
arrow. This is because all of the current, I, in the topology 
of FIG.3 must flow in the reset capacitor 34, and, as a result, 
the Voltage Vc can only Stabilize at an average value which 
is consistent with Zero average flow of current I. In the 
improved topology, the diode 350 provides a path for 
Supporting a positive average value of I. This is how 
resonance is prevented. In the topology of FIG.3 resonant 
energy transfer results in the current I passing bidirectionally 
between the capacitor 34 and the magnetizing inductance of 
the transformer. In the topology of FIG. 10 this is 
impossible-as the voltage Vc (FIG. 10) attempts to go 
negative the diode 350 begins to bypass current around the 
capacitor 334, effectively replacing the capacitor with a 
Short circuit. Energy in the magnetizing inductance is no 
longer transferred to the capacitor and the current, I, con 
tinues to flow in the inductor at an essentially constant value. 
AS noted above, however, in non-ideal embodiments, losses 
in circuit elements will cause a decline in the value of I. 
As shown in FIGS. 13A and 13B, the improved reset 

circuit 330 may be placed across a transformer winding 
other than the primary winding 329. For example, in FIG. 
13A the circuit 330 is placed across the secondary winding 
331 which delivers power to the load; in FIG. 13B it is 
placed across an auxiliary winding 341. Abenefit of “direct 
coupled” reset (e.g., as in FIG. 10, where the reset circuit 
330 is directly across the winding which is connected to the 
primary switch 20) is that the reset circuit 330 automatically 
acts as a snubber for the primary Switch when the Switch is 
turned off. On the other hand, a benefit of the use of an 
auxiliary winding 341 (FIG. 13B) is that a single reset circuit 
embodiment (e.g., same value of reset capacitor, Cr; the 
same Switch and diode) may be used within converters 
having widely varying values of both input and output 
Voltage by Simply adjusting the relative number of turns on 
the auxiliary winding to provide a predetermined value of 
transformer Volts-per-turn. However, where the reset circuit 
330 is connected in other than a direct-coupled 
configuration, the ability of the circuit to Snub the primary 
Switch 20 will be diminished by the leakage inductances 
between the windings. In Such cases care must be used to 
ensure that the coupling between windings is Sufficiently 
high to prevent excessive Voltage Spikes on the Switch 20. 

In practice the reset switch 332 may, as shown in FIG. 14, 
be embodied as a unipolar Switch 339 (the direction of 
conduction of the current ISW being indicated by the arrow) 
in parallel with a diode 337. If, as shown in FIG. 15A, the 
switch 332 is embodied as a MOSFETswitching device 333, 
then the intrinsic body diode 337a of the MOSFET device 
333 may, under appropriate circumstances, be exploited for 
use as the diode 337. Suitability of this approach will depend 
upon the reverse recovery characteristics of the intrinsic 
body diode (which, for a MOSFET switch, is a function of 
voltage rating) and the minimum required on-time of the 
reset Switch during the converter operating cycle. For 
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example, the reverse recovery time of the intrinsic body 
diode of an International Rectifier IRFZ15 MOSFET, having 
a breakdown voltage rating of 60 Volts, is 140 nanoSeconds, 
maximum, whereas the reverse recovery time of the intrinsic 
body diode of an International Rectifier IRF710 MOSFET, 
having a breakdown voltage rating of 400 Volts, is 520 
nanoSeconds, maximum. The relatively long recovery time 
of the intrinsic body diode in the cited higher Voltage 
MOSFET would make it unsuitable for use as the diode 337 
(FIG. 14) in applications in which the minimum on-time of 
the reset switch falls below 520 nanoseconds (e.g., in a ZCS 
converter with a maximum operating frequency around 1 
MHz; in most PWM converters at high duty cycles). On the 
other hand, the faster recovery time of the body diode in the 
lower voltage MOSFET would allow it to be used in a fairly 
broad array of applications. In cases where the intrinsic body 
diode 337 cannot be used as the diode 337, an external diode 
may be used. FIG. 15B shows a reset Switch 332 embodi 
ment using a MOSFET switch 333 and an external diode 
342. To prevent conduction by the intrinsic body diode 337a 
when current is flowing in the external diode 342, a Series 
diode 344 is put in series with the MOSFET switch 333. 

Several embodiments of an improved reset circuit 330a, 
330b, 330c are shown in FIGS. 16A through 16C, respec 
tively. In FIG. 16A the improved reset circuit 330a incor 
porates the MOSFETswitch 333 of FIG. 15A into the circuit 
topology 330 of FIG. 10; in FIG. 16B the improved reset 
circuit 330b incorporates the MOSFET switch 333 and 
diodes 342,344 of FIG. 15B into the circuit topology 330 of 
FIG. 10. In the embodiment 330c of FIG.16C, the circuit of 
FIG. 16B is modified by connecting the cathode of the reset 
diode 350 directly to the MOSFET switch 333, rather than 
to the series diode 344 as is done in FIG. 16B. At times at 
which current is flowing in the reset diode 350, the circuit of 
FIG. 16C will exhibit lower power loss than that of FIG. 
16B, since the current flow in the circuit of FIG. 16C will 
bypass the series diode 344. 
As a practical matter the diode 344 (FIG. 15B, 16B, 16C) 

should be a device having a relatively low breakdown 
voltage rating (e.g., a Schottky diode having a low avalanche 
voltage rating, Vav). One reason for this is that diodes 
having lower breakdown voltages also have lower forward 
Voltage drops and therefore will result in less circuit loss. 
Another reason is illustrated with reference to FIGS. 17A 
and 17B, which show converter circuit models 10a, 10b 
which include, respectively, reset circuits 330a, 330c of the 
kind shown in FIGS. 16A and 16C, and inductances 127 
which emulate the magnetizing inductance of a transformer. 
Also indicated in the Figures are certain parasitic capaci 
tances: the drain-to-Source capacitance, Cd 344, and the 
gate-to-drain capacitance, Cg 348, of the MOSFET 333 (the 
intrinsic body diode is not shown) and, in FIG. 17B, the 
parasitic junction capacitance, C346, of the external diode 
342. We assume that the converter input voltage, Vin, is 
relatively high (e.g., 300 Volts), that the primary switch 20 
has just opened and that magnetizing current, Im, has begun 
to flow, in the direction indicated, in both reset circuits 330a, 
330c. In the circuit of FIG. 17A, the flow of magnetizing 
current will losslessly discharge both Cg 348 and Cd 344 
and then continue to flow in the intrinsic body diode (not 
shown) of the MOSFET 333. Thus, when the MOSFET is 
turned on it is done So at essentially Zero Voltage and 
Switching losses are essentially eliminated. In the circuit of 
FIG. 17B, however, if the series diode 344 has a high 
breakdown Voltage rating, then the flow of magnetizing 
current, Im, will discharge the junction capacitance 346 of 
the external diode 342 but the blocking action of the series 
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diode 344 will prevent discharging of the capacitances Cg 
348 and Cd 344 of the MOSFET 333. These capacitances 
will remain charged to a Voltage equal to Vin--Vc, where Vc 
is the value of the reset capacitor 334 voltage at the time that 
the Switch 20 is turned off. When the reset MOSFET 333 is 
Subsequently turned on, the energy Stored in these capaci 
tances will be dissipated in the MOSFET as Switching 
losses. If however, the diode 344 has a low breakdown 
voltage (e.g., 20 Volts) then the diode 344 will avalanche 
when Im begins to flow in the reset circuit 330c and the 
capacitances 344, 348 will be discharged until the voltage 
across the MOSFET (e.g., the voltage across capacitor 344) 
falls below the breakdown voltage, Vav, of the diode 344, at 
which point the diode will come out of avalanche and cease 
conducting. Since Vav is much lower than Vin+Vc the 
amount of Switching loSS is Substantially reduced. The same 
reasoning applies to the circuit embodiment of FIG. 16B, 
which will also benefit from use of a series diode 344 having 
a low breakdown voltage rating. 
The breakdown Voltage rating, Vav, of the Series diode 

344 should not be made too low, however. As the drain 
source voltage, Vs, across the MOSFET (FIGS. 17A, 17B) 
drops, the value of the equivalent gate-to-drain capacitance, 
Cd 344, goes up. This will result in an increase in the 
parasitic gate current Ig as the value of Vav falls. In practice, 
allowing the Voltage to decline to near Zero volts (e.g., as 
would happen in the circuit of FIG. 17A) can result in 
Substantial transient values of Ig (e.g., to approximately 2 
Amperes for a HEX1 size MOSFET die in a 200 Watt ZCS 
converter). The flow of Ig can disrupt control circuitry 16 
connected to the FET gate. By keeping Vav at a suitable 
value (e.g., 20V) this problem can be avoided with minimal 
increase in Switching losses. In reset circuits 330a of the 
kind shown in FIG. 17A, where the series diode is not used, 
the flow of Ig may be bypassed around the control circuitry 
16 by adding a high-speed diode 347 (e.g., a Schottky diode) 
across the gate-to-source terminals of the MOSFET. 

Controlling the reset Switch 332 (FIG.10) in the improved 
reset circuit 330 is essentially the same as controlling the 
Switch 32 in the prior art converter of FIG. 3. The reset 
Switch 332 must be turned on after the primary switch 20 
opens and must be off when the primary Switch closes. If a 
reset Switch of the kind shown in FIGS. 14 and 15 is used, 
the timing of the closure of the reset Switch is not critical 
since the diode (337, FIG. 14) will begin to conduct mag 
netizing current Im as Soon as the current commutates into 
the reset circuit 330. Delay between opening of the primary 
Switch 20 and closure of the reset Switch 332 will not affect 
circuit operation provided only that the reset Switch is ready 
to conduct current when the current eventually reverses and 
the diode becomes non-conductive (e.g., the Switch must be 
conductive at and after time t=tX in FIGS. 4C, 5D, 7B, 9D, 
11B). On the other hand, closure of the reset switch must not 
be allowed to occur while the primary Switch is conductive 
as this can cause catastrophic failure of the converter. 
Therefore it is beneficial to provide means for Sensing that 
the primary Switch 20 has opened and enable closure of the 
reset Switch only when this signal is present. 
Ways to sense the state of the primary Switch are shown 

in FIGS. 18A and 18B. In the Figures a reset circuit of the 
kind shown in FIG.16B is shown connected to a transformer 
25 and a primary Switch 20. In FIG. 18Aasense resistor 402, 
of a relatively Small value RS, is connected in Series with the 
diode 342. When the primary Switch 20 opens and magne 
tizing current begins flowing, as a negative flow of the 
current I, in the diode 342 the voltage, Vm, across the 
resistor will go negative and this may be used to Sense that 
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the primary Switch is no longer conductive. One drawback 
of the method of FIG. 18A is that the use of the resistor will 
cause power loSS. 
A preferred method for Sensing the State of the primary 

Switch as a means of Safely enabling the reset Switch is 
shown in FIG. 18B. In the Figure a diode 410, a large value 
resistor 412 and bias source 414, of voltage Vb<Vin, are 
used as Sensing elements. Prior to opening the primary 
switch (e.g., prior to time t=tm in FIGS. 19A and 19B) the 
Voltage, Vr, acroSS the diode 342 is greater than Vin, the 
diode 410 is reverse biased and Vs=Vb. At time t=tm, when 
the primary Switch 20 becomes non-conductive, the mag 
netizing current begins flowing, as a negative flow of current 
I, in diode 342 and the Sense Voltage, Vs, drops to a Small 
Voltage value, VZ, equal to the difference between the drops 
in the two diodes 342, 410 (which may be assumed to be 
close to Zero volts). The drop in Vs may be sensed as an 
indicator that the primary Switch has opened. 

With reference to FIG. 7, it has already been noted that 
premature initiation of primary Switch turn-on can cause 
transformer 25 Saturation, and that this possibility requires 
that control be asserted over maximum converter Slew rate. 
One way to do this is to Sense the magnetizing current during 
the reset interval, and inhibit initiation of the next converter 
operating cycle (e.g., the next turn-on of the primary Switch) 
until the magnetizing current is deemed to be at a Safe level. 
In one example of Setting acceptable criteria for enabling 
turn-on of the main Switch, we note that during the first few 
operating cycles following application of input power to a 
typical power converter the variation in magnetizing current 
will not be Symmetrical about Zero current, but will, during 
the time the primary Switch is turned on, increase from 
essentially Zero current up to absolute values which can 
equal AIpmax (FIGS. 7, 19). As a result, the transformer is 
typically designed to be able to withstand at least this 
absolute value of current without saturating. Therefore, with 
reference to FIGS. 7 and 19, it would be safe to turn the 
primary Switch on at any time after time t=tX as this will 
ensure that the absolute value of magnetizing current during 
the next cycle will not exceed AIpmax. Use of a Strategy of 
this kind will automatically control the slew rate of the 
converter in Such a way that maximum Slew rates are always 
achieved consistent with Safe converter operation. 
One way of Sensing the magnetizing current is to measure 

it directly, as is done in the circuit of FIG. 18A in which the 
voltage Vm=I*Rs. Slew rate may be controlled by compar 
ing Vm to Some Set of predetermined Safe operating criteria, 
and inhibiting or enabling primary Switch turn-on based 
upon that comparison. Alternatively, a measurement indica 
tive of the value of magnetizing current may also be used. 
For example, the circuit of FIG. 18B may be used to derive 
a signal which indicates when the magnetizing current 
crosses through Zero. With reference to FIG. 19B, at time 
t=tX, the magnetizing current has increased by AIp/2 and is 
crossing through Zero. At this time, the Switch 333 begins to 
carry the current and the Voltage Vs increases to a value Vk, 
which is more positive than VZ and approximately equal to 
the Voltage drop across the Switch, VSW. ASSuming that the 
converter transformer can accommodate an absolute value 
of magnetizing current equal to AIp, the increase in the 
Voltage Vs at time t=tX may be used to indicate that it is Safe 
to enable initiation of the next converter operating cycle. 

It is also to be noted that, if the magnetizing current is 
Scaled properly, operation of the reset circuit may be 
exploited to allow the primary Switch to be switched on at 
Zero-voltage. ASSume, for example, that the circuits of FIGS. 
18A or 18B form a portion of a ZCS converter, that the 
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12 
primary Switch 20 is of the kind described with reference to 
FIG. 14 above, that the primary Switch 20 has a parasitic 
capacitance Cd 343, and that the reset Switch 333 (FIG. 18) 
is opened at time t=tif (e.g., as in FIG. 19). At t=tf, magne 
tizing current will be flowing as a negative flow of trans 
former primary current Ip. Following time t=tf, the current 
which flows in the transformer primary, Ip, will, as shown in 
FIGS. 21A through 21C, consist of a magnetizing current 
component, Im, and a forward current component, Io (e.g., 
in a ZCS converter, as shown in FIG. 21B, Io is the 
approximately Sinusoidal portion of the transformer primary 
current which is reflected into the Secondary winding). 
Between time t=tif and t=ts, the primary current, Ip, is 
negative, and this flow of negative current will discharge the 
parasitic capacitance 343 of the primary Switch 20 if the 
Switch is off. If the relative scales of Im and Io are Such that 
the total charge transferred between times t? and tS (as 
indicated by the shaded area 349 in FIG. 21C) is greater than 
the charge Stored in the parasitic capacitance, Cd 343, then 
Cd can be discharged to Zero Volts prior to the time at which 
Ip becomes positive. Once Cd is discharged the Switch may 
be turned on with virtually no Switching loSS. For a primary 
switch of the kind shown in FIG. 14 (e.g., a MOSFET), a 
turn-on Strategy for minimizing Switching losses would be to 
delay turning the primary Switch on until Ip has discharged 
Cd and has begun to flow in the intrinsic body diode (or 
external diode, if used) of the primary Switch. Sensing of the 
flow of current in the diode (using, for example, the tech 
niques illustrated in FIG. 18) may be used to initiate turn-on 
of the primary Switch. 

FIG. 20 shows a reset Switch controller 520 which incor 
porates Some of the features described above. A primary 
switch controller 530 delivers Primary Switch Enable (MS) 
pulses 511 indicating when the primary Switch 20 is to be 
turned on. ASSuming that the reset Switch 332 is turned on 
(e.g., the Reset Switch signal output of flip-flop 502 is high), 
delivery of a PSE pulse will cause both flip-flops 502,504 
to be reset via their reset inputs. This will cause the Reset 
Switch signal 501 to go low, initiating turn-off of the reset 
Switch, and will also cause the Disable signal 515 to go high. 
While the Disable pulse has no effect on the PSE Pulse 511 
currently being generated, the Primary Switch Controller 
530 will not deliver another PSE pulse unless the Disable 
signal 515 is low. A short time after the Reset Switch Signal 
501 goes low, the output of the Delay element 510 also goes 
low and the output of NOR gate 512 goes high, enabling gate 
514 and allowing the Primary Switch signal 503 to go high. 
The result is that the primary Switch 20 is turned on a short 
time after the reset Switch is turned off. The dead time is 
determined by circuit propagation times and the delay 
introduced by delay element 510 in a typical 1 Mhz ZCS 
converter the delay might be a few tens of nanoSeconds. 
Provided that the delay is relatively short, its value is 
non-critical Since the transformer magnetizing current which 
flows during the dead time will beneficially charge parasitic 
capacitances associated with both Switches. 
When the PSE pulse ends the output of gate 514 goes low, 

turning off primary Switch 20. When the Switch becomes 
non-conductive at time t=tm the signal VS 519 (discussed 
above with reference to FIG. 19) drops low. Comparator 500 
compares Vs to a reference Voltage, Vref, where 
Vz-Vref<Vk. Thus, the comparator output signal 513 goes 
high at essentially time t=tm Setting the Reset Switch Signal 
501 output of flip-flop 502 and causing the reset switch 332 
to turn on. Some time later, at t=tX, as also discussed above, 
the magnetizing current crosses Zero and the Voltage VS 
increases to a value greater than Vref. This causes the output 
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of the comparator 500 to go low, bringing the Disable signal 
low. This, in turn, signals the primary switch controller 530 
that it is safe for it to deliver a subsequent PSE pulse 511. 
Some time later (e.g., at approximately time t=tf) another 
PSE pulse is generated and the cycle is repeated. 

Other embodiments are within the scope of the following 
claims. For example, the topologies and circuits described 
above may be adapted for use in other than Single-ended 
converters (e.g.; full bridge or half-bridge converters). 
What is claimed is: 
1. A method for limiting the Slew rate in a Switching 

power converter which includes a transformer and a reset 
circuit of the kind which non-dissipatively recycles the 
magnetizing energy Stored in a transformer during each of a 
Succession of converter operating cycles, Said method com 
prising 

Sensing the magnetizing current which is flowing in Said 
transformer, and 

allowing initiation of another converter operating cycle 
only if the magnetizing current meets a predefined 
criterion for converter operation. 

2. The method of claim 1 wherein said predefined crite 
rion comprises the magnetizing current passing through a 
predefined value. 

3. The method of claim 1 wherein said predefined crite 
rion comprises the magnetizing current crossing through 
ZCO. 

4. Apparatus for use in a Switching power converter of the 
kind which delivers power from a DC input source to a load 
via a transformer and which has a primary Switch for 
connecting Said DC input Source to a primary winding of 
Said transformer during a portion of each of a Succession of 
converter operating cycles, Said apparatus comprising: 

reset circuitry including 
a capacitor leg, 
a Series circuit connected between Said capacitor leg 

and Said transformer, Said Series circuit providing the 
only Substantial path for completing a circuit com 
prising Said capacitor leg and Said transformer; 

Said Series circuit comprising Switch circuitry which 
enables current flow between Said capacitor leg and 
Said transformer through Said Series circuit during a 
closed state and inhibits current flow between said 
capacitor leg and Said transformer through Said Series 
circuit during an open State; and 

additional circuitry connected to Said capacitor leg 
which allows a current having a non-Zero average 
value to flow in Said Series circuit; 

Said reset circuitry resets Said transformer by transfer 
ring energy Stored in Said transformer to Said capaci 
tor leg and back to Said transformer without return 
ing energy to Said DC input Source. 

5. The apparatus of claim 4 wherein said Switch circuitry 
enterS Said open and Said closed States at times based on 
Switching of Said primary Switch. 

6. The apparatus of claim 4 wherein Said Switch circuitry 
is connected in Series with Said capacitor leg. 

7. The apparatus of claim 4 wherein said additional 
circuitry includes circuit elements connected to allow mag 
netizing energy to be transferred between Said transformer 
and Said capacitor leg only if the Voltage acroSS Said capaci 
tor leg is of a particular polarity. 

8. The apparatus of claim 4 wherein said additional 
circuitry includes circuit elements connected to inhibit bidi 
rectional energy flow between Said capacitor leg and Said 
transformer. 

9. The apparatus of claim 4 connected acroSS a winding of 
Said transformer. 
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10. The apparatus of claim 9 wherein said winding 

comprises Said primary winding. 
11. The apparatus of claim 9 wherein said winding 

comprises a Secondary winding. 
12. The apparatus of claim 9 wherein said winding 

comprises an auxiliary winding. 
13. The apparatus of claim 4 wherein said Switch circuitry 

comprises a unidirectional Switch connected in parallel with 
a unidirectional conducting element, Said unidirectional 
Switch and Said unidirectional conducting element being 
arranged to conduct in opposite directions. 

14. The apparatus of claim 13 wherein said unidirectional 
Switch comprises a MOSFET. 

15. The apparatus of claim 14 wherein said unidirectional 
conducting element comprises the intrinsic body diode of 
Said MOSFET. 

16. The apparatus of claim 13 wherein said unidirectional 
Switch comprises a MOSFET in series with a series diode, 
said series diode and said MOSFET being poled to conduct 
in the same direction. 

17. The apparatus of claim 7 or 8 wherein said circuit 
elements comprise a reset diode connected in parallel with 
Said capacitor leg. 

18. The apparatus of claim 8 wherein said bidirectional 
energy flow is allowed only if the Voltage acroSS Said 
capacitor leg is of a particular polarity. 

19. The apparatus of claim 7 or 8 wherein said particular 
polarity is that which will result in a reversal in the polarity 
of transformer magnetizing current during Said closed State. 

20. The apparatus of claim 16 wherein said additional 
circuitry includes circuit elements which inhibit bidirec 
tional energy flow between said capacitor leg and Said 
transformer and wherein Said circuit elements comprise a 
reset diode connected acroSS a Series circuit comprising Said 
reset capacitor and Said Series diode. 

21. The apparatus of claim 4 wherein Said Switching 
power converter comprises a forward power converter. 

22. The apparatus of claim 4 wherein Said Switching 
power converter comprises a Zero-current Switching con 
Verter. 

23. The apparatus of claim 4 wherein Said Switching 
power converter comprises a PWM converter. 

24. The apparatus of claim 4 wherein Said Switch circuitry 
enterS Said open State prior to the ON period of Said primary 
Switch. 

25. The apparatus of claim 4 wherein said Switch circuitry 
enters said closed state during the OFF period of said 
primary Switch. 

26. The apparatus of claim 4 wherein said Switch circuitry 
remains in Said open State throughout the ON period of Said 
primary Switch. 

27. The apparatus of claim 4 wherein said primary Switch 
connects Said DC input Source to Said primary winding 
essentially coincidentally with Said Switch circuitry entering 
Said open State. 

28. The apparatus of claim 4 wherein said primary Switch 
connects Said DC input Source to Said primary winding a 
finite delay after Said Switch circuitry enterS Said open State. 

29. The apparatus of claim 28 wherein said finite delay 
accommodates charging and discharging of capacitances in 
Said converter. 

30. The apparatus of claim 29 wherein said capacitances 
comprise parasitic capacitances. 

31. The apparatus of claim 29 wherein Said capacitances 
are associated with Said primary Switch. 

32. The apparatus of claim 29 wherein Said capacitances 
are associated with Said Switch circuitry. 
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33. The apparatus of claim 29 wherein Said capacitances 
are associated with windings in Said transformer. 

34. The apparatus of claim 4 further comprising: 
Slew control circuitry for inhibiting initiation of a con 

verter operating cycle based upon the value of a mag 
netizing current in Said transformer. 

35. Apparatus for use in a Switching power converter of 
the kind having a transformer for transferring energy from a 
DC input Source to a load during a forward energy transfer 
portion of a Succession of converter operating cycles, and a 
primary Switch for connecting Said DC input Source to a 
primary winding of Said transformer during Said forward 
energy transfer portions, the apparatus comprising: 

a reset capacitor; 
a Series circuit connected between Said reset capacitor and 

Said transformer, Said Series circuit providing the only 
Substantial path for completing a circuit comprising 
Said reset capacitor and Said transformer; 

Said Series circuit comprising a reset Switch; and 
reset circuitry which cooperates with Said Series circuit to 

connect and disconnect Said reset capacitor in a manner 
which 

provides for resetting a core of Said transformer, and 
allows a current having a non-Zero average value to flow 

in Said Series circuit, 
Said reset circuitry including a reset diode connected in 

parallel with Said reset capacitor to inhibit polarity 
reversal of the Voltage acroSS Said capacitor. 

36. A reset method for use in a Switching power converter 
of the kind having 

a transformer, 
a primary Switch for connecting a DC input Source to a 
winding of the transformer during a portion of each of 
a Succession of converter operating cycles, 

a reset capacitor, and 
a Series circuit connected between Said reset capacitor and 

Said transformer, Said Series circuit providing the only 
Substantial path for completing a circuit comprising 
Said reset capacitor and Said transformer; 

Said Series circuit comprising a reset Switch which enables 
current flow between Said reset capacitor and Said 
transformer through said Series circuit in a closed State 
and inhibits current flow between Said reset capacitor 
and Said transformer through Said Series circuit in an 
Open State, 

Said method comprising connecting and disconnecting 
Said reset capacitor in a manner which provides for 
resetting Said transformer and which allows a current 
having a non-Zero average value to flow in Said Series 
circuit. 

37. The method of claim 36 wherein the operation of said 
primary Switch occurs Substantially coincident with discon 
necting Said reset capacitor. 

38. The method of claim 36 wherein the operation of said 
primary Switch occurs a finite delay after Said reset capacitor 
is disconnected. 

39. Switching power converter apparatus comprising: 
a DC input Source; 
a transformer having a primary winding, 
a primary Switch for connecting Said DC input Source to 

Said primary winding during a portion of each of a 
Succession of converter operating cycles, 

a reset capacitor; 
a Series circuit connected between Said reset capacitor and 

Said transformer, Said Series circuit providing the only 
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Substantial path for completing a circuit comprising 
Said capacitor leg and Said transformer; 

Said Series circuit comprising a reset Switch; and 
reset circuitry, including a reset diode connected in par 

allel with Said reset capacitor to inhibit polarity reversal 
of the charge Stored by Said capacitor, Said reset cir 
cuitry cooperating with Said reset Switch to connect and 
disconnect Said reset capacitor in a manner which 
provides for resetting a core of Said transformer, and 
allows a current having a non-Zero average value to 
flow in Said Series circuit. 

40. A power Supply method comprising the Steps of 
initiating energy transfer from a DC input Source to a load 

via a transformer by connecting Said DC input Source 
to a winding of Said transformer during a forward 
energy transfer portion of each of a Succession of 
converter operating cycles, 

resetting Said transformer during each of Said converter 
cycles by providing for energy transfer between Said 
transformer and a reset capacitor during a Second 
portion of Said converter operating cycles Such that the 
flux in the transformer is reversed; and 

Selectively shunting Said reset capacitor to prevent polar 
ity reversal of the Voltage acroSS Said reset capacitor. 

41. The method of claim 40 wherein the initiation of Said 
Step of initiating energy transfer essentially coincides with 
completion of a previous Said Step of resetting Said trans 
former. 

42. The method of claim 40 further comprising the step of 
imposing a finite delay after performing Said Step of reset 
ting Said transformer and before commencing Said Step of 
initiating energy transfer. 

43. The method of claims 38 or 42 wherein said finite 
delay accommodates charging and discharging of capaci 
tanceS. 

44. The method of claim 43 wherein said capacitances 
comprise parasitic capacitances. 

45. The method of claim 44 wherein said capacitances are 
asSociated with at least one Switch. 

46. The method of claim 44 wherein said capacitances are 
asSociated with at least one winding of Said transformer. 

47. The method of claim 1 wherein the Sensing further 
comprises Sensing magnetizing current flowing between a 
winding of the transformer and a reset capacitor. 

48. The method of claim 47 wherein the Sensing further 
compriseS providing an impedance between the winding of 
transformer and the reset capacitor and Sensing the voltage 
induced in the impedance by the magnetizing current. 

49. The method of claim 48 wherein the impedance is a 
resistor. 

50. The method of claim 48 further comprising a first 
unidirectional conducting device in Series with the imped 

Ce. 

51. The method of claim 47 wherein the Sensing further 
comprises Sensing a voltage acroSS a first unidirectional 
conducting device connected between the winding of the 
transformer and the reset capacitor. 

52. The method of claim 51 wherein the Sensing further 
comprises. 

providing a Source of bias current, connected through a 
Second unidirectional conducting device to the reset 
capacitor Side of the first unidirectional conducting 
device, the bias current and Second unidirectional 
conducting device being poled to reverse bias the first 
unidirectional conducting device, and 

Sensing the voltage, Vs, across the Series combination of 
the first and Second unidirectional conducting devices. 
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53. The method of claim 52 wherein the Second unidirec 
tional conducting device comprises a diode. 

54. The method of claim 53 wherein the Source of bias 
current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

55. The method of claim 52 wherein the Sensing further 
comprises detecting a value of Vs corresponding to when the 
magnetizing current crosses zero. 

56. The method of claim 55 further comprising inhibiting 
initiation of another converter operating cycle until Vs 
indicates that the magnetizing current croSSes zero. 

57. The method of claim 55 further comprising inhibiting 
initiation of another converter operating cycle until Vs 
indicates that the magnetizing current has passed through a 
predefined value. 

58. The method of claim 52 further comprising providing 
a Signal indicating that a primary Switch has entered an 
OFF State. 

59. The method of claim 58 
further comprising Sensing current flowing in a primary 

Switch diode connected in parallel across a primary 
Switch and poled to block current flow from a DC input 
Source to a primary winding of the transformer, and 

turning On the primary Switch after a current flows 
through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch have 
discharged. 

60. The apparatus of claim 4 further comprising, 
a sense circuit connected to the Series circuit for detecting 

completion of a forward energy transfer portion of the 
converter Operating cycles. 

61. The apparatus of claim 60 wherein the Sense circuit 
Senses magnetizing current flowing between the transformer 
and the capacitor leg. 

62. The apparatus of claim 61 wherein. 
the Series circuit further comprises a first unidirectional 

conducting device poled to conduct a magnetizing 
current during a first portion of a magnetizing energy 
recycling portion of each of the Succession of the 
converter Operating cycles, and 

the Sense circuit Sense the current flowing in the first 
unidirectional conducting device. 

63. The apparatus of claim 62 wherein. 
the Series circuit further comprises an impedance Con 

nected in Series with the first unidirectional conducting 
device and the Sense circuit Senses a voltage acroSS the 
impedance induced by the magnetizing current. 

64. The apparatus of claim 63 wherein the impedance 
comprises a resistor. 

65. The apparatus of claim 63 wherein the first unidirec 
tional conducting device comprises a diode. 

66. The apparatus of claim 62 wherein the Sense circuit 
Senses a voltage acroSS the first unidirectional conducting 
device. 

67. The apparatus of claim 66 wherein the Sense circuit 
further comprises: 

a Source of bias current connected through a Second 
unidirectional conducting device to the capacitor leg 
Side of the first unidirectional conducting device, the 
bias current and Second unidirectional conducting 
device being poled to reverse bias the first unidirec 
tional conducting device, and 

the Sense circuit Senses the voltage, Vs, across the Series 
combination of the first and Second unidirectional 
conducting devices. 

68. The apparatus of claim 67 wherein the Second unidi 
rectional conducting device comprises a diode. 
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69. The apparatus of claim 68 wherein the Source of bias 

current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

70. The apparatus of claim 67 wherein the Sense circuit 
provides an indication of when the magnetizing current 
COSS6S 28O. 

71. The apparatus of claim 67 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current croSSes zero. 

72. The apparatus of claim 67 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current has passed through a predefined value. 

73. The apparatus of claim 62, 66, 67, 70, 71, or 72 
wherein the Sense circuit provides a Signal indicating that 
the primary Switch has entered an OFF State. 

74. The apparatus of claim 73 wherein the reset circuitry 
further comprises a Switch controller, the Switch controller 
causing the Switch circuitry to enter the closed State after the 
primary Switch has entered the OFF State. 

75. The apparatus of claim 74 wherein. 
the primary Switch further comprises a primary-switch 

diode connected in parallel across the primary Switch 
and poled to block current flow from the DC input 
Source to the primary winding of the transformer, and 

further comprising 
a primary Switch Sense circuit connected to Sense 

current flowing in the primary-switch diode, 
wherein the primary Switch Sense circuit initiates turn 

ing on the primary Switch after a current flows 
through the primary-switch diode indicating that 
capacitances associated with the primary Switch 
have discharged. 

76. The apparatus of claim 35 further comprising, 
a sense circuit connected to the Series circuit for detecting 

completion of the forward energy transfer portion of 
the converter operating cycles. 

77. The apparatus of claim 76 wherein the Sense circuit 
Senses magnetizing current flowing between the transformer 
and the reset capacitor. 

78. The apparatus of claim 77 wherein. 
the Series circuit further comprises a first unidirectional 

conducting device poled to conduct a magnetizing 
current during a first portion of a magnetizing energy 
recycling portion of each of the Succession of the 
converter Operating cycles, and 

the Sense circuit Senses the current flowing in the first 
unidirectional conducting device. 

79. The apparatus of claim 78 wherein. 
the Series circuit further comprises an impedance Con 

nected in Series with the first unidirectional conducting 
device and the Sense circuit Senses a voltage acroSS the 
impedance induced by the magnetizing current. 

80. The apparatus of claim 79 wherein the impedance 
comprises a resistor. 

81. The apparatus of claim 79 wherein the first unidirec 
tional conducting device comprises a diode. 

82. The apparatus of claim 78 wherein the Sense circuit 
Senses a voltage acroSS the first unidirectional conducting 
device. 

83. The apparatus of claim 82 wherein the Sense circuit 
further comprises: 

a Source of bias current connected through a Second 
unidirectional conducting device to the capacitor leg 
Side of the first unidirectional conducting device, the 
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bias current and Second unidirectional conducting 
device being poled to reverse bias the first unidirec 
tional conducting device, and 

the Sense circuit Senses the voltage, Vs, across the Series 
combination of the first and Second unidirectional 
conducting devices. 

84. The apparatus of claim 83 wherein the Second unidi 
rectional conducting device comprises a diode. 

85. The apparatus of claim 84 wherein the source of bias 
current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

86. The apparatus of claim 83 wherein the Sense circuit 
provides an indication of when the magnetizing current 
COSS6S 28O. 

87. The apparatus of claim 83 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current croSSes zero. 

88. The apparatus of claim 83 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current has passed through a predefined value. 

89. The apparatus of claim 78, 82, 83, 86, 87, or 88 
wherein the Sense circuit provides a Signal indicating that 
the primary Switch has entered an OFF State. 

90. The apparatus of claim 89 wherein the reset circuitry 
further comprises a Switch controller, the Switch controller 
causing the Switch circuitry to enter the closed State after the 
primary Switch has entered the OFF State. 

91. The apparatus of claim 90 wherein. 
the primary Switch further comprises a primary-switch 

diode connected in parallel across the primary Switch 
and poled to block current flow from the DC input 
Source to the primary winding of the transformer, and 

further comprising 
a primary Switch Sense circuit connected to Sense 

current flowing in the primary-switch diode, 
wherein the primary Switch Sense circuit initiates turn 

ing On the primary Switch after a current flows 
through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch 
have discharged. 

92. The apparatus of claim 39 further comprising, 
a sense circuit connected to the Series circuit for detecting 

completion of a forward energy transfer portion of the 
converter Operating cycles. 

93. The apparatus of claim 92 wherein the Sense circuit 
Senses magnetizing current flowing between the transformer 
and the reset capacitor: 

94. The apparatus of claim 93 wherein. 
the Series circuit further comprises a first unidirectional 

conducting device poled to conduct a magnetizing 
current during a first portion of a magnetizing energy 
recycling portion of each of the Succession of the 
converter Operating cycles, and 

the Sense circuit Senses the current flowing in the first 
unidirectional conducting device. 

95. The apparatus of claim 94 wherein. 
the Series circuit further comprises an impedance Con 

nected in Series with the first unidirectional conducting 
device and the Sense circuit Senses a voltage acroSS the 
impedance induced by the magnetizing current. 

96. The apparatus of claim 95 wherein the impedance 
comprises a resistor. 

97. The apparatus of claim 95 wherein the first unidirec 
tional conducting device comprises a diode. 
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98. The apparatus of claim 94 wherein the Sense circuit 

Senses a voltage acroSS the first unidirectional conducting 
device. 

99. The apparatus of claim 98 wherein the Sense circuit 
further comprises: 

a Source of bias current connected through a Second 
unidirectional conducting device to the capacitor leg 
Side of the first unidirectional conducting device, the 
bias current and Second unidirectional conducting 
device being poled to reverse bias the first unidirec 
tional conducting device, and 

the Sense circuit senses the voltage, Vs, across the Series 
combination of the first and Second unidirectional 
conducting devices. 

100. The apparatus of claim 99 wherein the Second 
unidirectional conducting device comprises a diode. 

101. The apparatus of claim 100 wherein the Source of 
bias current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

102. The apparatus of claim 99 wherein the Sense circuit 
provides an indication of when the magnetizing current 
COSS6S 28O. 

103. The apparatus of claim 99 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current croSSes zero. 

104. The apparatus of claim 99 wherein the Sense circuit 
produces a signal which inhibits (enables) initiation of 
another converter operating cycle before (after) the mag 
netizing current has passed through a predefined value. 

105. The apparatus of claim 94, 98, 99, 102, 103, or 104 
wherein the Sense circuit provides a Signal indicating that 
the primary Switch has entered an OFF State. 

106. The apparatus of claim 105 wherein the reset cir 
cuitry further comprises a Switch controller, the Switch 
controller causing the Switch circuitry to enter the closed 
State after the primary Switch has entered the OFF State. 

107. The apparatus of claim 106 wherein. 
the primary Switch further comprises a primary-switch 

diode connected in parallel across the primary Switch 
and poled to block current flow from the DC input 
Source to the primary winding of the transformer, and 

further comprising 
a primary Switch Sense circuit connected to Sense 

current flowing in the primary-switch diode, 
wherein the primary Switch Sense circuit initiates turn 

ing on the primary Switch after a current flows 
through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch 
have discharged. 

108. The method of claim 40 further comprising: 
Sensing completion of the forward energy transfer portion 

of the converter Operating cycles. 
109. The method of claim 108 wherein the Sensing further 

comprises Sensing magnetizing current flowing between a 
winding of the transformer and the reset capacitor. 

110. The method of claim 109 wherein the Sensing further 
comprises allowing the magnetizing current to flow through 
an impedance connected between the winding of the trans 
former and the reset capacitor and Sensing a voltage 
induced in the impedance by the magnetizing current. 

111. The method of claim 110 wherein the impedance is a 
resistor. 

112. The method of claim 110 further comprising allowing 
the magnetizing current to flow through a first unidirectional 
conducting device in Series with the impedance. 
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113. The method of claim 109 further comprising allowing 
the magnetizing current to flow through a first unidirectional 
conducting device connected between the winding of the 
transformer and the reset capacitor and Sensing a voltage 
across the first unidirectional conducting device. 

114. The method of claim 113 wherein the Sensing further 
comprises. 

providing a Source of bias current connected through a 
Second unidirectional conducting device to the reset 
capacitor Side of the first unidirectional conducting 
device, the bias current and Second unidirectional 
conducting device being poled to reverse bias the first 
unidirectional conducting device, and 

Sensing the voltage, Vs, across the Series combination of 
the first and Second unidirectional conducting devices. 

115. The method of claim 114 wherein the Second unidi 
rectional conducting device comprises a diode. 

116. The method of claim 115 wherein the Source of bias 
current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

117. The method of claim 114 wherein the Sensing further 
comprises detecting a value of Vs corresponding to when the 
magnetizing current crosses zero. 

118. The method of claim 117 further comprising inhib 
iting initiation of another converter operating cycle until Vs 
indicates that the magnetizing current croSSes zero. 

119. The method of claim 117 further comprising inhib 
iting initiation of another converter operating cycle until Vs 
indicates that the magnetizing current has passed through a 
predefined value. 

120. The method of claim 109, 113, or 114 further 
comprising closing a reset Switch after completion of the 
forward energy transfer portion of the converter operating 
cycles. 

121. The method of claim 120 wherein. 
Said connecting comprises using a primary Switch and 

further comprising 
providing a primary-Switch diode connected in parallel 

across the primary Switch and poled to block current 
flow from a DC input Source to the winding of the 
transformer, and 

Sensing current flowing in the primary-switch diode, 
turning On the primary Switch after a current flows 

through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch have 
discharged. 

122. Apparatus for use in a Switching power converter of 
the kind having 

a transformer, 
a primary Switch for connecting a DC input Source to a 

winding of the transformer during a portion of each of 
a Series of converter Operating cycles, and 

a reset capacitor, the apparatus comprising: 
a first unidirectional conducting device connected 

between a winding of the transformer and the reset 
capacitor to conduct a magnetizing current during a 
first portion of a magnetizing energy recycling por 
tion of the converter operating cycles, the first uni 
directional conducting device being poled to conduct 
the magnetizing current which flows at the time that 
the primary Switch is opened, and 

a Sense circuit connected to Sense the current flowing in 
the unidirectional conducting device. 

123. The apparatus of claim 122 further comprising a 
resistance in Series with the first unidirectional conducting 
device, and wherein the Sense circuit Senses the voltage 
acroSS the resistance. 
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124. The apparatus of claim 122 wherein. 
the first unidirectional conducting device comprises a 

diode, and 
the Sense circuit senses the voltage across the diode. 
125. The apparatus of claim 124 further comprising: 
a Source of bias current, connected through a Second 

unidirectional conducting device to the reset capacitor 
Side of the first unidirectional conducting device, 

the bias current and Second unidirectional conducting 
device being poled to reverse bias the first unidirec 
tional conducting device, and 

wherein the Sense circuit Senses the voltage, Vs, across the 
Series combination of the first and Second unidirec 
tional conducting devices. 

126. The apparatus of claim 125 wherein the Second 
unidirectional conducting device comprises a diode. 

127. The apparatus of claim 126 wherein the Source of 
bias current further comprises a voltage Source, Vb, and a 
current limiting resistor. 

128. The apparatus of claim 125 wherein the Sense circuit 
provides an indication of when the magnetizing current 
COSS6S 28O. 

129. The apparatus of claim 125 wherein the Sense circuit 
produces a Signal for inhibiting (enabling) initiation of 
another converter operating cycle before (after) the mag 
netizing current croSSes zero. 

130. The apparatus of claim 125 wherein the Sense circuit 
produces a Signal for inhibiting (enabling) initiation of 
another converter operating cycle before (after) the mag 
netizing current has passed through a predefined value. 

131. The apparatus of claim 122, 124, 125, 128, 129 or 
130 wherein the Sense circuit provides a Signal indicating 
that the primary Switch has entered an OFF State. 

132. The apparatus of claim 131 further comprises a 
Switch controller configured to cause a reset Switch to enter 
a closed State after the primary Switch has entered the OFF 
State. 

133. The apparatus of claim 132 further comprising: 
a primary-switch diode connected in parallel across the 

primary Switch and poled to block current flow from the 
DC input Source to the primary winding of the trans 
former, and 

a primary Switch Sense circuit connected to Sense current 
flowing in the primary-switch diode, 

wherein the primary Switch Sense circuit is configured to 
initiate turning On the primary Switch after a current 
flows through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch have 
discharged. 

134. A method for use in a Switching power converter of 
the kind having 

a transformer, 
a primary Switch for connecting a DC input Source to a 

winding of the transformer during a portion of each of 
a Series of converter Operating cycles, and 

a reset capacitor, the method comprising: 
providing a first unidirectional conducting device 

between a winding of the transformer and the reset 
capacitor to conduct a magnetizing current during a 
first portion of a magnetizing energy recycling por 
tion of the converter operating cycles, the first uni 
directional conducting device being poled to conduct 
the magnetizing current which flows at the time that 
the primary Switch is opened, and 

Sensing current flowing in the unidirectional conduct 
ing device. 
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135. The method of claim 134 further comprising: 
providing a resistance in Series with the first unidirec 

tional conducting device, and 
the Sensing comprises Sensing the voltage acroSS the 

resistance. 
136. The method of claim 134 wherein. 
the first unidirectional conducting device comprises a 

diode, and 
the Sensing comprises Sensing the voltage acroSS the 

diode. 
137. The method of claim 136 further comprising: 
providing a Source of bias current, connected through a 

Second unidirectional conducting device to the reset 
capacitor Side of the first unidirectional conducting 
device, 

the bias current and Second unidirectional conducting 
device being poled to reverse bias the first unidirec 
tional conducting device, and 

the Sensing comprises Sensing the voltage, Vs, acroSS the 
Series combination of the first and Second unidirec 
tional conducting devices. 

138. The method of claim 137 wherein the Second unidi 
rectional conducting device comprises a diode. 

139. The method of claim 138 wherein the Source of bias 
current further comprises a voltage Source, Vb, and a 
current limiting resistor. 
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140. The method of claim 137 wherein the Sensing further 

comprises detecting a value of Vs corresponding to when the 
magnetizing current crosses zero. 

141. The method of claim 140 further comprising inhib 
iting initiation of another converter operating cycle until Vs 
indicates that the magnetizing current croSSes zero. 

142. The method of claim 140 further comprising inhib 
iting initiation of another converter operating cycle until Vs 
indicates that the magnetizing current has passed through a 
predefined value. 

143. The method of claim 134, 136, or 137 further 
comprising closing a reset Switch after completion of the 
forward energy transfer portion of the converter operating 
cycles. 

144. The method of claim 143 further comprising: 
providing a primary-switch diode connected in parallel 

across the primary Switch and poled to block current 
flow from a DC input Source to the winding of the 
transformer, and 

Sensing current flowing in the primary-switch diode, 
turning On the primary Switch after a current flows 

through the primary-switch diode indicating that 
capacitances aSSOciated with the primary Switch have 
discharged. 
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