
WO 2006/121538 PCT/US2006/012615  CAPACITOR CHARGING
METHODS AND APPARATUS 5 FIELD OF THE INVENTION The
invention relates to capacitor charging circuits and,
more particularly to  methods and apparatus for
charging a camera photoflash capacitor. 10 BACKGROUND
OF THE INVENTION The use of conventional switch mode
power supplies, or converter circuits, for  charging
capacitive loads, such as a camera photoflash
capacitor, is known. U.S. Patent  No. 6,518,733 to
Schenkel et al., entitled "Circuits and Techniques for
Capacitor 15 Charging Circuits," describes various
features of such a circuit. For example, a switch
control scheme is described in the `733 Patent with
which the main converter switch is  controlled based
on the transformer primary winding current and the
secondary  winding current. Specifically, the switch
on time is controlled in response to the sensed
primary winding current and the switch off time is
controlled in response to the sensed 20 secondary
winding current. The above-referenced patent also
describes sensing the  converter output voltage from
the primary side of the transformer with a comparator
in  order to determine when the capacitor is charged
to the desired level. One-shot  circuitry is used to
disable the output of the comparator for an interval
at the beginning  of each off time of the switch since
the voltage spikes occurring when the switch shuts 25
off are not indicative of the actual output voltage.
SUMMARY OF THE INVENTION 30 According to the
invention, apparatus for measuring the output voltage
of a  capacitor charging circuit having a transformer
with a primary winding coupled to a  switch and a
secondary winding includes a filter coupled to the
switch to provide a  filtered switch voltage signal
and a comparator responsive to the filtered signal and
to a 35 reference voltage to provide a control signal
indicative of whether the output voltage of  the
capacitor charging circuit has reached a desired
level. 1 



WO 2006/121538 PCT/US2006/012615  In an alternative
embodiment, apparatus for measuring the output voltage
of the capacitor charging circuit includes a
comparator responsive to the switch voltage and to  a
reference voltage, a current sensing circuit for
sensing a secondary side current level  5 and a logic
gate coupled to the output of the comparator and to
the current sensing circuit. The logic gate provides
the control signal indicating that the output voltage
of  the capacitor charging circuit has reached the
desired level only when both of the  following
conditions are true: (a) the switch voltage exceeds
the reference voltage; and  (b) the secondary side
current level reaches approximately zero amps. 10
According to a further alternative embodiment,
apparatus for measuring the  output voltage of the
capacitor charging circuit includes a first comparator
responsive  to the switch voltage and to a first
reference voltage, a delay element coupled to the
first comparator to provide a delayed version of the
comparator output signal, and a 15 second comparator
responsive to the switch voltage and to a second
reference voltage.  Also provided is a logic gate
having a first input coupled to the output of the
delay  element and a second input coupled to the
output of the second comparator and an  output at
which is provided the control signal indicating that
the output voltage of the  capacitor charging circuit
has reached the desired level only when both of the
following 20 conditions are true: (a) a delay has
occurred since the switch voltage exceeded the first
reference voltage; and (b) the second reference
voltage exceeds the switch voltage.  With these
arrangements, a capacitor charging circuit is provided
with a primary side output voltage sensing circuit for
generating a control signal indicative of whether  25
the output voltage has reached the desired level.
Advantageously, the control signal is  unaffected by
voltage spikes occurring on the switch voltage when
the switch is turned  off. Also described is apparatus
for charging a capacitor and having a transformer  30
with a primary winding coupled to a main switch and a
secondary winding coupled to  the capacitor through a
diode. The apparatus includes an auxiliary switch
coupled in  



parallel with the main switch and adapted to be on
when current through the capacitor  2 WO 2006/121538
PCT/US2006/012615  is less than a predetermined level
and off when the capacitor current is greater than the
predetermined level. With this arrangement, the
reverse recovery time of the diode is  reduced,
thereby speeding up charging of the capacitor. 5 BRIEF
DESCRIPTION OF THE DRAWINGS The advantages and aspects
of the present invention will be more fully
understood in conjunction with the following detailed
description and accompanying  drawings, wherein: 10
Figure 1 is a schematic of a capacitor charging
circuit having a primary side  output voltage sensing
circuit according to one aspect of the invention;
Figure IA shows several waveforms associated with the
charging circuit of  Figure 1 when the output voltage
has not yet reached the desired level; Figure 1B shows
several waveforms associated with the charging circuit
of  15 Figure 1 when the output voltage has reached
the desired level; Figure 2 is a schematic of an
alternative embodiment of the capacitor charging
circuit of Figure 1 having an alternative primary side
output voltage sensing circuit;  Figure 2A shows
several waveforms associated with the charging circuit
of  Figure 2 when the output voltage has not yet
reached the desired level; 20 Figure 2B shows several
waveforms associated with the charging circuit of
Figure 2 when the output voltage has reached the
desired level; Figure 3 is a schematic of a still
further alternative embodiment of the capacitor
charging circuit of Figure 1 having a further
alternative primary side output voltage  sensing
circuit; 25 Figure 3A shows several waveforms
associated with the charging circuit of  Figure 3 when
the output voltage has not yet reached the desired
level; Figure 3B shows several waveforms associated
with the charging circuit of  Figure 3 when the output
voltage has reached the desired level; 



Figure 4 is a schematic of a capacitor charging
circuit including a circuit for 30 sensing the output
capacitor current according to a further aspect of the
invention and a  switch control circuit responsive to
the sensed output capacitor current; Figure 5 is a
schematic of an alternative embodiment of the
capacitor charging  circuit of Figure 4 including the
circuit sensing the output capacitor current and an 3
WO 20061121538 PCT1uS20061012615  alternative switch
control circuit responsive to the sensed output
capacitor current; Figure 6 is a schematic of a
capacitor charging circuit including a circuit for
reducing the capacitor charge time according to yet
another aspect of the invention;  Figure 6A shows
several waveforms associated with a charging circuit 5
substantially similar to the charging circuit of
Figure 6, but without the auxiliary  switch; and
Figure 6B shows several waveforms associated with the
charging circuit of  Figure 6 with the auxiliary
switch. 10 DETAILED DESCRIPTION Referring to Figure 1,
a capacitor charging circuit 10 includes an input
voltage  source 14, a transformer 18 having a primary
winding 18a and a secondary winding  15 18b, a main
switch 22, a diode 24, and an output capacitor 26,
coupled as shown, to supply power to a load 30. The
circuit 10 has a flyback topology. The load 30, in the
illustrative embodiment, is a camera photof lash and
thus, the circuit 10 may be referred  to as a
photoflash charger or charging circuit Typical
photoflash voltage requirements  vary from
approximately 0 to 300 volts. The inputvoltage source
14 may, for example, 20 be a battery, such as an
Alkaline, NiMH, or Lithium battery, providing a
voltage in the  range between approximately 1.8 and
5.0 volts in the illustrative embodiment. In
operation, when the switch 22 is on, energy is stored
in the primary winding  18a of the transformer. During
this time, the diode 24 is reverse-biased and no
current  25 is delivered to the output capacitor 26.
When the switch turns off, the diode 24 



becomes forward-biased and energy is transferred from
the transformer secondary  winding 18b to the output
capacitor 26. The capacitor charging circuit 10
includes a switch control circuit 28 for 30 generating
a control signal for the switch 22 whic inay be a
MOSFET device. The  control signal causes the switch
to turn on and off until the output voltage Vout
across  the capacitor 26 reaches a desired level, such
as 300 volts in the illustrated  embodiment,
preferably at an adaptive rate rather than at a fixed
frequency. Once the  output voltage Vout reaches the
desired level, an indication is typically provided to
the 4 0 WO 2006/121538 PCT/US2006/012615  camera user
that the photoflash 30 may be activated. When the user
activates the  photoflash 30, energy is transferred
from the output capacitor 26 to the load. The switch
control circuit 28 includes a first comparator 32
having an inverting  5 input coupled to the switch
voltage Vsw at node 38 and a non-inverting input
responsive to a reference voltage Vrefl. A flip-flop,
or latch 36 has a set input  provided by the output
signal of comparator 32. A second comparator 34 has a
non- inverting input coupled to a resistor 42 provided
to sense the primary winding current  and an inverting
input responsive to a reference voltage Vref2. The
output of 10 comparator 34 is coupled to the reset
input of latch 36. The output of latch 36 is  coupled
to the gate of switch 22, as shown. In operation, the
on time portion of each switch cycle is controlled by
the  primary winding current level as sensed by
resistor 42. In particular, when the primary  15
winding current reaches a predetermined level, as
established by reference voltage Vref2, the output of
comparator 34 goes high, thereby resetting the latch
36 and causing  the switch control signal to go low to
shut off the switch 22. The reference voltage  level
Vref2 is selected (and in fact, may be user
selectable) in order to provide a  particular input
current limit. When the switch voltage Vsw falls to
the level of 20 reference voltage Vrefl, the output of
comparator 32 goes high causing the latch output  to
go high and turn on switch 22. 



The reference voltage Vref1 provided to comparator 32
is selected in order to  cause the switch 22 to turn
on once the secondary current has become discontinuous
25 (i.e., passed through zero amps) in order to have
the circuit operate near the continuous/discontinuous
boundary, thereby achieving high flyback conversion
efficiency. The level of the reference voltage Vref1
does not correlate to any particular  secondary
current level, but is selected only to ensure that the
output of comparator 32  transitions only after the
secondary current becomes discontinuous. In fact, the
30 secondary current level occurring when the switch
voltage Vsw reaches the level of  reference voltage
Vref1 will depend on various factors, including the
transformer  leakage inductance and parasitic
capacitance. 5 WO 2006/121538 PCT/US2006/012615  It
will be appreciated by those of ordinary skill in the
art that various alternative schemes for controlling
the switch 22 are possible. For example, the
above-referenced  U.S. Patent No. 6,518,733 describes
a switch control scheme in which the switch on 5 time
is controlled in response to sensed primary winding
current and the off time is  controlled in response to
sensed secondary winding current. A further
alternative  scheme, in which the on time is
controlled in response to the primary winding current
and the off time is controlled in response to sensed
output capacitor current, is  described below in
conjunction with Figures 4 and 5. 10 According to one
aspect of the invention, the charger 10 includes an
output  voltage sensing circuit 40 for sensing the
converter output voltage Vout from the  primary side
of the transformer, as is desirable in order to avoid
the high power  dissipation generally associated with
secondary side voltage sensing in high output 15
voltage circuits. The output voltage sensing circuit
40 includes a summing element 50,  a level shifter in
the form of a resistor divider comprising resistors 54
and 58, a resistor  64 and capacitor 62 for averaging
the level-shifted switch voltage Vsw over a cycle
during the off time of switch 22, a diode 66 and
capacitor 70 for sampling and holding  



the filtered signal, and a switch 74, all coupled as
shown. 20 The summing element 50 has a non-inverting
input coupled to the circuit node  38, an inverting
input coupled to the input voltage source Vin, and an
output coupled to  resistor 54. The voltage at the
junction of resistors 54 and 58 (i.e. at circuit node
44) is  proportional to the output voltage Vout when
the switch 22 is off. The voltage at 25 circuit node
44 is averaged by resistor 64 and capacitor 62 in
order to eliminate the  effect of voltage spikes
occurring at the circuit node 38 when the switch 22
turns off.  The voltage spikes are attributable to
current ringing through the transformer leakage
inductance and the parasitic capacitance of the switch
22. The filtered voltage at circuit  node 46 is
sampled and held by diode 66 and capacitor 70 to
provide a DC voltage, 30 Vsense, that is proportional
to the output voltage Vout when the switch 22 is off
and  that is unaffected by the voltage spikes
occurring at circuit node 38 when the switch 22  turns
off. Thus, components 64 and 62 (and also capacitor
70) ftmction to filter or 6 WO 2006/121538
PCT/US2006/012615  waveshape the voltage at node 44 so
that the Vsense voltage in an accurate indication  of
the output voltage Vout, having eliminated the affects
of the leakage inductance  ringing and the resulting
voltage spikes on the switch voltage Vsw. It will be
appreciated by those of ordinary skill in the art that
resistor 64 may be realized as a 5 combination of
resistors 54 and 58. The Vsense voltage is coupled to
a comparator 82 for comparison to a reference
voltage, Vref3, to provide a control signal 84 that is
indicative of whether the output  voltage Vout has
reached a desired, fully charged level. The control
signal 84 sets a 10 latch 88, the output of which
provides a "charge done" signal Ved, 86 in the form of
a  pulse to indicate a fully charged capacitor
condition only in response to one edge of the  control
signal 84, such as the rising edge as illustrated. The
reference voltage Vref3 is  selected so that the
Vsense voltage exceeds the reference voltage when the
output  voltage Vout reaches the desired level. 



15 In one illustrative embodiment, the charger 10
shuts down when the charge  done signal Ved indicates
that the output voltage has reached the desired level.
It will  be appreciated that other appropriate action
may betaken in response to the charge  done signal
Vcd, such as implementing a refresh feature described
in the above 20 referenced U.S. Patent No. 6,518,733.
The values of the resistor 64 and capacitors 62 and 70
are selected to average  the level-shifted switch
voltage at node 44 so as to.remove at least the
majority of the  voltage spikes that occur when the
switch turns off. Additional factors to consider 25
when selecting the value of the filter components
include the nominal output voltage  level, the level
of reference voltage Vref3, the turns ratio of the
transformer, and  whether the components are discrete
or incorporated in an integrated circuit (since in
the later case, keeping capacitor values small is
critical) to name a few. In one  illustrative
embodiment, the RC time period due to resistors 54,
58, 64 and the parallel 30 combination of capacitors
62 and 70 to reach Vref3 is selected to be on the
order of  one-quarter of the nominal switch off time.
7 WO 2006/121538 PCT/US2006/012615  The sample and
hold diode 66 and capacitor 70, referred to
alternatively as a peak charging circuit, may be
eliminated depending on the speed of the comparator
82.  If the comparator 82 is fast enough, the time
varying smoothed signal at node 46 may  be coupled
directly to the comparator input. In the preferred
embodiment however, 5 peals charging elements 66 and
70 are used to provide the DC Vsense voltage to the
input of comparator 82, as shown. A switch 74, such as
may be a MOSFET device for example, is coupled in
parallel with capacitor 70, as shown. Switch 74 is
turned on by a control signal 78,  10 thereby
discharging capacitor 70, whenever either one of the
following conditions occur: (1) the photoflash 30 is
activated; or (2) the output voltage Vout reaches the
desired level, as determined by the Vsense voltage
exceeding the reference voltage  



Vref3. 15 Referring also to Figure IA, various
waveforms are shown to illustrate  operation of
voltage sensing circuit 40 when the output voltage V
out has not reached  the desired level. Waveform 44
shows the level-shifted switch voltage at circuit node
44, waveform 46 shows the filtered voltage at circuit
node 46, and waveform 68 shows  the peak charged
Vsense voltage at node 68. Also shown is the reference
voltage Vref3 20 being greater than the Vsense voltage
68, thereby indicating that the output voltage  Vout
has not yet reached the desired level. Thus, the
control signal 84 at the output of  comparator 82
remains at a logic low level. Referring also to Figure
113, the same waveforms as in Figure lA are shown.  25
Here however, the output voltage Vout has reached the
desired level, as indicated by  the Vsense voltage 68
exceeding the Vref3 voltage at time A. Thus, the
control signal  84 transitions to a logic high level
at time A, as shown. Referring to Figure 2, an
alternative capacitor charging circuit 80 is shown, in
30 which like reference numbers refer to like
elements. Circuit 80 thus includes input  voltage
source 14, transformer 18, switch 22, switch control
circuit 28 (here simplified  for ease of
illustration), diode 24, and output capacitor 26. The
charging circuit 80 8 WO 2006/121538 PCT/US2006/012615
differs from the charger 10 of Figure 1 in that
circuit 80 includes an alternative output  voltage
sensing circuit 110 with which the converter output
voltage Vout is sensed from the primary side of the
transformer. 5 Circuit 80 also includes a resistor 36
coupled in series between the output  capacitor 26 and
ground for sensing the current leap, 132 through the
output capacitor  26. The voltage across the resistor
36 is proportional to the capacitor current leap. The
capacitor current leap is sensed for use by the output
voltage sensing circuit 110, as will  be described. 10
The output voltage sensing circuit 110 includes a
summing element 90 and a  



level shifter in the form of a resistor divider
comprising resistors 92 and 94. The  summing element
90 has a non-inverting input coupled to the circuit
node 38, an  inverting input coupled to the input
voltage source Vin, and an output coupled to 15
resistor 92. The voltage at the junction of resistors
92 and 94 (i.e., at node 130) is  proportional to the
output voltage Vout when the switch 22 is off. The
output voltage sensing circuit 110 also includes a
first comparator 114  having a non-inverting input
coupled to node 130 at the junction of resistors 92
and 94  20 and an inverting input responsive to a
reference voltage Vrefl. The output signal 134 of
comparator 114 is coupled to an input of an AND gate
118. Comparator 114 senses  when the output voltage
Vout reaches a desired level. Thus, reference voltage
Vrefl is  selected to correspond, via the transformer
turns ratio and resistor divider ratio (of  resistors
92 and 94), to desired fully charged capacitor
voltage. In one illustrative 25 embodiment, the
desired output voltage is 300 volts and the reference
voltage Vrefl is  5 volts or Vin. A second comparator
122 has an inverting input coupled to the current
sense  resistor 36, a non-inverting input responsive
to a reference voltage Vref2, and provides  30 an
output signal 136 coupled to an input of AND gate 118,
as shown. Comparator 122 senses when the capacitor
current leap, 132 becomes very small, for example
about  10% of its peak value. To this end, the
reference voltage Vref2 is generally at several  9 WO
2006/121538 PCT/US2006/012615  tens of milliamps
multiplied by the resistance of resistor 36 above
ground to account for propagation delay or other
non-ideal effects. The output signal 112 of AND gate
118 provides a control signal that indicates  5 that
the output voltage Vout has reached the desired level
when both of the following  conditions are true: the
output voltage Vout has reached the desired voltage
level as  established by reference voltage Vrefl and
the output capacitor is fully charged for a  given
switch cycle as determined by the capacitor current
becoming discontinuous as  sensed by resistor 36. In
particular, the control signal 112 is high only when
the output 



10 of both comparator 114 and comparator 122 are high.
The control signal 112 sets a  latch 116, the output
of which provides a charge done signal Vcd, 138 in the
form of a  pulse at each rising edge of the control
signal 112, such as may be used to shut down  the
charger 80. 15 Referring also to Figure 2A, several
waveforms associated with the circuit 80  are shown to
illustrate operation of the voltage sensing circuit
110 when the output  voltage Vout has not reached the
desired level. In particular, waveform 130 shows the
level-shifted switch voltage at node 130 and waveform
132 shows the capacitor current  Icap. Waveform 134
shows the output signal of comparator 114, waveform
136 shows 20 the output signal of comparator 122, and
waveform 112 shows the control signal 112 at  the
output of AND gate 118. Also shown is the reference
voltage Vrefl being greater than the level-shifted
switch voltage 130 once the voltage spikes occurring
when the switch 22 turns off have  25 dissipated,
thereby indicating that the output voltage V out has
not yet reached the desired level. However, some of
the peaks of the voltage spikes do exceed the
reference voltage Vrefl and thus, the output signal
134 of comparator 114 transitions  accordingly, as
shown. When the capacitor current 132 becomes very
small, the output  signal 136 of comparator 122 goes
high. However, since the output signal 134 of 30
comparator 114 is low, the control signal 112 remains
low, as is desired since the  output voltage Vout has
not reached the desired level. 10 WO 2006/121538
PCTIUS2006/012615  Referring also to Figure 2B, the
same waveforms as in Figure 2A are shown. Here
however, the output voltage has reached the desired
level as indicated by the  switch voltage 130
exceeding the reference voltage Vref1. Thus, the
output signal 134  of comparator 114 transitions in
response to the voltage spikes at time A and then
stays 5 high once the voltage spikes have dissipated.
At a later time, here time B, the capacitor  current
Icap 132 reduces to small value such that the output
signal 136 of comparator  122 goes high. Since the
output signal 134 of comparator 114 is also high at
time B,  



the output signal 112 of the AND gate 118 goes high,
as shown. 10 With this arrangement, the voltage spikes
that typically occur on the switch  voltage Vsw when
switch 22 turns off are prevented from affecting the
control signal  112 and the charge done signal Vcd,
138. This is because, the control signal 112 can  go
high, indicating that the output voltage has reached
the desired level, only when the  capacitor current
becomes very small, by which time the ringing causing
the voltage 15 spikes willhave dissipated. Thus, even
if the voltage spikes on the switch voltage 130  cause
the output signal 134 of comparator 114 to go high
when the output voltage has  not reached the desired
level, the control signal 112 will not go high since
the capacitor  current 132 will not have reached the
desired small value. 20 It will be appreciated that
while the circuit 110 is responsive to the voltage
across resistor 36, other schemes for sensing the
output capacitor current, or the  secondary winding
current may be used to provide an input to comparator
122 in order  to determine when the capacitor current
reduces to a desired small value. 25 Referring to
Figure 3, an alternative capacitor charging circuit
embodiment 140  is shown, in which like reference
numbers refer to like elements. Circuit 140 thus
includes input voltage source 14, transformer 18,
switch 22, switch control circuit 28  (again,
simplified for ease of illustration), diode 24, and
output capacitor 26. Circuit  140 differs from the
charger 80 of Figure 2 in that circuit 140 includes a
further 30 alternative output voltage sensing circuit
144. Like the output voltage sensing circuits  40 and
110 of Figures 1 and 2, respectively, circuit 144
senses the output voltage from  the primary side of
the transformer 18 in a manner that ensures that
incorrect sensing  11 WO 20061121535
PCT/1182006/012615  does not occur in response to
voltage spikes occurring on the switch voltage Vsw
when  switch 22 turns off. Output voltage sensing
circuit 144 includes a summing element 162 and a level
5 shifter in the form of a resistor divider comprising
resistors 164 and 168. The summing  element 162 has a
non-inverting input coupled to the circuit node 38, an
inverting input  



coupled to the input voltage source Vin, and an output
coupled to resistor 164. The  voltage at the junction
of resistors 164 and 168 (i.e., at node 142) is
proportional to the  output voltage Vout when the
switch 22 is off. 10 The output voltage sensing
circuit 144 further includes a first comparator 148
having a non-inverting input coupled to node 142 at
the junction between resistors  164 and 168, an
inverting input adapted to receive a reference voltage
Vrefl, and  provides an output signal 150. The
reference voltage Vrefl is selected to correspond, 15
via the transformer turns ratio, to a desired
fully-charged level for the output voltage  Vout. In
one illustrative embodiment, the desired output
voltage is 300V and the  reference voltage Vrefl is
equal to 5 volts or Vin. The comparator output signal
150 is  coupled to a delay element 152 that delays the
comparator output signal to provide  delayed signal
159 to an AND gate 156. '20 A second comparator 160
has an inverting input coupled to node 142 at the
junction between resistors 164 and 168, a
non-inverting input adapted to receive a  second
reference voltage Vref2, and provides an output signal
162 to a second input of  AND gate 156, as shown. The
output signal 164 of AND gate 156 provides a control
25 signal 164 that indicates that the output voltage
Vout has reached the desired level  when both of the
following conditions are true: (a) a delay has
occurred since the  output voltage Vout has reached
the desired level as established by reference voltage
Vrefl and (b) the capacitor 26 is fully charged for a
given switch cycle as is established  by the
combination of delay element 152 and reference voltage
Vref2, as will become 30 apparent from consideration
of Figures 3A and 3B. The control signal 164 sets a
latch  154, the output of which provides a "charge
done" signal Ved,166 in the form of a  pulse to
indicate a fully charged capacitor condition only in
response to one edge of 0  12 WO 2006/121538
PCT/US2006/012615  



control signal 164, such as the rising edge. In one
illustrative embodiment, the charger  140 shuts down
when the charge done signal Vcd, 166 goes high
indicating that the  capacitor 26 is fully charged. 5
Referring to Figure 3A, certain waveforms associated
with the circuit 140 are  shown to illustrate
operation of the voltage sensing circuit 144 when the
output voltage  Vout has not reached the desired
level. Waveform 142 shows the level-shifted switch
voltage Vsw at node 142 in relation to the reference
voltages Vrefl and Vref2.  Waveform 150 shows the
output signal of comparator 148, waveform 158 shows
the 10 output signal of delay element 152, waveform
162 shows the output signal of  comparator 160 and
waveform 164 shows the control signal at the output of
AND gate  156. In operation, when the level-shifted
switch voltage at node 142 reaches the level  15 of
reference voltage Vrefl, comparator output signal 150
goes high. Here, even though  the output voltage Vout
has not reached the desired level, the voltage spikes
occurring  at node 142 when the switch turns off cause
the output signal 150 of comparator 148 to  transition
several times, as shown. 20 Once the level-shifted
switch voltage at node 142 falls to below the second
reference voltage Vref2, the output signal 162 of
comparator 160 goes high, as shown.  Only when both
the delayed signal 158 and the comparator output
signal 162 are high  does the output signal 164 of AND
gate 156 go high. Here, since the delayed signal  158
and the comparator output signal 162 are not both high
at the same time, the 25 control signal 164 remains
low, thereby accurately indicating that the output
voltage  Vout has not reached the desired voltage
level. Referring also to Figure 3B, the same waveforms
as in Figure 3A are shown.  Here however, the output
voltage Vout has reached the desired level. Timis, the
output  30 signal 150 of comparator 148 transitions
several times as a result of the voltage spikes on the
switch voltage crossing the reference voltage Vrefl
and then stays high once the  voltage spikes have
dissipated. Here, however, when the switch voltage
falls and 13 



WO 2006/121538 PCT/1JS2006/012615  crosses the
reference voltage Vref2, causing the output signal 162
of comparator 160 to  go high, the output signal 164
of AND gate 156 also goes high, as shown, thereby
accurately indicating that the output voltage Vout has
reached the desired level. 5 The delay provided by
delay element 152 is selected to correspond to at
least  the time it takes the level-shifted switch
voltage at node 142 to fall from its plateau to
reference voltage Vref2. However, the delay should be
short enough to prevent the  voltage spikes at the
node 142 from erroneously resulting in an indication
that the  capacitor is fully charged. In one
illustrative embodiment, the delay element 152 10
provides a delay on the order of between 60 and 150
nanoseconds, such as 100  nanoseconds. Conventional
circuit simulation techniques can be used to refine
the  optimal delay. Referring to Figure 4, a further
alternative capacitor charging circuit 170 is  15
shown in which like reference numbers refer to like
elements. Circuit 170 includes  input voltage source
14, transformer 18, switch 22, diode 24, and capacitor
26 coupled  to a load 30, as shown. The circuit 170
includes an output voltage sensing circuit 176
coupled to the switch node 38, as may take the form of
any of the circuits 40, 110, and  144 of Figures 1, 2,
and 3, respectively, as examples. 20 Charger 170 also
includes a resistor 178 coupled in series with the
capacitor 26  in order to sense the capacitor current
Icap and a switch control circuit 174. Switch  control
circuit 174 provides an alternative switch control
scheme to the circuit 28  described above in
conjunction with Figure 1. Here, an on time portion of
each switch 25 cycle is controlled in response to
sensed primary winding current and an off time
portion is controlled in response to sensed output
capacitor current Icap. The output  capacitor current
is sensed with resistor 178 coupled between the output
capacitor 26  and ground, as shown. 30 It will be
appreciated by those of ordinary skill'in the art that
the output  capacitor current leap may be sensed for
reasons other than, or in addition to, use by the  



switch control circuit 174. One such reason is for use
by an output voltage sensing 14 WO 2006/121538
PCT/US2006/012615  circuit, as described and shown in
conjunction with Figure 2 for example. Another  reason
for sensing the capacitor current is for use by the
circuit of Figure 6 for speeding  up the capacitor
charging, as will be described. 5 The switch control
circuit 174 includes a first comparator 182 having an
inverting input adapted to receive a reference voltage
Vrefl and a non-inverting input  coupled to a resistor
190. The voltage across resistor 190 is proportional
to the primary  winding current Ipri. Thus, the output
signal of comparator 182 is at a high logic level
when the primary winding current Ipri is greater than
a first predetermined current level 10 as set by
reference voltage Vrefl and a low logic level when the
primary winding  current Ipri is less than the first
predetermined level. The switch control circuit 174
further includes a second comparator 184 having  a
non-inverting input adapted to receive a reference
voltage Vref2 and an inverting 15 input coupled to
resistor 178, as shown. Thus, the output signal of
comparator 184 is at  a low logic level when the
output capacitor current Icap is greater than a second
predetermined current level as set by reference
voltage Vref2 and a high logic level  when the output
capacitor current Icap is less than the second
predetermined level. 20 The output signal of
comparator 182 is coupled to the reset input of a
flip-flop  or latch 188 and the output signal of
comparator 184 is coupled to the set input of latch
188, as shown. The output signal of latch 188 provides
the control signal to the gate of  switch 22. 25 In
operation, when the primary winding current Ipri
reaches the first  predetermined level, as established
by reference voltage Vrefl, the latch 188 is reset
and the switch 22 is turned off. Once the output
capacitor current Icap falls to below  the second
predetermined level, as established by reference
voltage Vref2, latch 188 is  set and the switch 22
turns on. By proper selection of the reference voltage
Vref2, the 30 circuit 170 can be made to operate in
the boundary condition between continuous and  



discontinuous operation. 15 WO 2006/121538
PCT/US2006/012615  The above-described switch control
circuit 174 provides an efficient scheme for charging
the capacitive load 30, particularly in the
illustrative photoflash charger  application in which
a wide voltage range is required by the load.
Furthermore, this  scheme achieves efficient
performance with simplified circuitry than heretofore
used. 5 This is because of the use of the resistor 178
coupled to the output capacitor 26 to sense  the
capacitor current, hi the above-referenced U.S. Patent
No. 6,518,733, a negative  voltage is compared to a
reference voltage because of the direction of the
secondary  current through the sense resistor. 10
Referring also to Figure 5, an alternative charging
circuit embodiment 200 is  shown, in which like
reference numbers refer to like components. Thus,
circuit 200  includes an input voltage source 14, a
transformer 18, a switch 22, a diode 24, and an
output capacitor 26, coupled as shown. Output voltage
sensing circuit 176 is also  shown. 15 The charging
circuit 200 also includes resistor 178 coupled between
the output  capacitor 26 and ground and across which
is provided a voltage indicative of the  current
through the output capacitor Icap. Here, as in the
embodiment of Figure 4, the  output capacitor current
is sensed for use by the switch control circuit. 20
The charging circuit 200 differs from the circuit 170
of Figure 4 in the switch  control circuit 202. Switch
control circuit 202 achieves the same type of adaptive
rate  control as switch control circuit 174, but
without requiring resistor 190 (Figure 4).  Thus, here
again, an on time portion of each switch cycle is
controlled in response to 25 sensed primary winding
current Ipri and an off time portion is controlled in
response to  sensed output capacitor current reap.
When switch 22 is on, the voltage across resistor  178
is indicative of the primary winding current Ipri:
This is because when switch 22 is  



on, secondary current does not flow and so, the only
current flowing through the  resistor 178 is the
primary current Ipri. Whereas, when switch 22 is off,
the voltage 30 across resistor 178 is indicative of
the output capacitor current Icap.  16 WO 2006/121538
PCT/US2006/012615  Switch control circuit 202 includes
a first comparator 204 having an inverting input
adapted to receive a reference voltage Vrefl and a
non-inverting input coupled to  resistor 178, as
shown. Thus, the output signal of comparator 204 is at
a high logic  level when the primary winding current
Ipri is greater than a first predetermined level 5 as
set by reference voltage Vrefl and a low logic level
when the primary winding  current is less than the
first predetermined level. The switch control circuit
202 further includes a second comparator 208 having  a
non-inverting input adapted to receive a reference
voltage Vref2 and an inverting 10 input coupled to
resistor 178, as shown. Thus, the output signal of
comparator 208 is at  a low logic level when the
output capacitor current Icap is greater than a second
predetermined level as set by reference voltage Vref2
and a high logic level when the  output capacitor
current is less than the second predetermined level.
15 The output signal of comparator 204 is coupled to
the reset input of a flip-flop,  or latch 212 and the
output signal of comparator 208 is coupled to the set
input. The  output signal of latch 212 is coupled to
the gate of switch 22, as shown. In operation, when
the primary winding current reaches the first
predetermined  20 level, as established by reference
voltage Vrefl, the latch 212 is reset and the switch
22  turns off. Once the output capacitor current Icap
falls below the second predetermined  level, as
established by reference voltage Vref2, latch 212 is
set and the switch 22 turns  on. 25 Referring to
Figure 6, a further alternative capacitor charging
circuit 220 is  shown, in which like reference numbers
refer to like elements. Thus, charger 220  includes
input voltage source 14, transformer 18, switch 22,
switch control circuit 28  (here simplified for ease
of illustration), diode 24, and capacitor 26 coupled
to load 30,  



as shown. It will be appreciated that switch control
circuit 28 may alternatively be 30 provided by one of
the circuits 174 and 202, as described in conjunction
with Figures 4  and 5, respectively. 17 WO 2006/121538
PCT/US20061012615  Circuit 220 further includes an
auxiliary switch 224, here provided as a MOSFET
device, and associated circuitry provided to reduce
the reverse recovery time  of the diode 24 and speed
up the discharge of the secondary winding parasitic
capacitance. Models of the flyback transformer 18,
including parasitic elements of the 5 transformer 18
are also shown in Figure 6 in order to illustrate the
advantages of the  auxiliary switch 224. Specifically,
the transformer magnetizing inductance 18c,  effective
parasitic capacitance 18d, and leakage inductance 18e
are shown. The reason that it is desirable to reduce
the diode reverse recovery time is 10 because during
the reverse recovery time, the current through the
parasitic capacitance  and diode reflected to the
primary side (i.e., since switch 22 is off, this
current mainly  flows through magnetizing inductance
18c) causes a negative current to flow through  the
magnetizing inductance 18c (a current that flows
clockwise in 18c and 18a loop in  Fig.6) and thus a
negative initial switch current when switch 22 turns
on. The 15 magnitude of the negative primary current
swing increases with the output voltage.  The negative
switch current limits the minimum switch cycle and
thus slows down  charging of the capacitor 26. By
reducing the diode reverse recovery time, the negative
initial current is reduced and the switching cycles
become shorter and thus, the  capacitor 26 is charged
faster than otherwise possible. For example, use of
the 20 auxiliary switch 224 can reduce the capacitor
charging time by on the order of 6%-8%.  Auxiliary
switch 224 is coupled in parallel with the main switch
22, so that the  drain of the switch 224 is coupled to
the drain of switch 22 and the source of switch  224
is coupled to the source of switch 22 and to ground.
When switch 224 is on, the 25 switch node 38 is
coupled to ground through switch 224. When switch 224
is off, the  switch 224 is decoupled from the switch
node 38. The gate of switch 224 is coupled to  



the output of a comparator 228. The switch 224 is
selected to have a higher Rdson and  lower capacitance
than the main switch 22 in order to have a faster
response than the  switch 22. 30 Comparator 228 has an
inverting input coupled to the output capacitor
current  sense resistor 178 and a non-inverting input
coupled to ground, as shown. When the  18 WO
2006/121538 PCTIUS20061012615  output capacitor
current leap falls below zero amps, the output of
comparator 228 goes  high, thereby turning on
auxiliary switch 224. This is the beginning of the
diode  recovery interval. $ When switch 224 is on, the
current Ipri, ref lected from the current that flows
through the secondary winding I8b of the transformer
due to the diode recovery time,  flows through switch
224 to ground. This leads to a faster collapse of the
switch  voltage Vsw at node 38 and allows the
initiation of the next switch cycle to occur with
shorter delay, thereby reducing the overall charging
time for capacitor 26. 10 Referring to Figure 6A,
various waveforms are provided to illustrate the
advantages of the auxiliary switch 224 by showing
operation of a circuit like circuit 220  of Figure 6,
but with the auxiliary switch 224 removed. That is,
the waveforms 38, 232, 234, and 238 in Figure 6A
illustrate operation of the circuit 220 without the
use of  15 auxiliary switch 224. Specifically,
waveform 38 sliows the switch voltage Vsw at node  38,
waveform 232 shows the output voltage Vout, waveform
234 shows the primary  current Ipri that flows through
the transformer leakage inductance 18e, and waveform
238 shows the secondary current Isec. 20 As is
apparent, when the secondary current Isec, 238 reaches
zero amps, at a  time A, and the switch 22 is turned
on, it takes on the order of 114 nanoseconds for the
diode 24 to recover and thus for the switch voltage at
node 38 to fall to the input  voltage level, at a time
B, so that positive primary current can begin to flow.
This 114  



nanosecond reverse recovery interval during each
cycle, plus the time for the primary 25 current Ipri
to ramp from the peak negative current to zero, limits
the minimum switch  cycle or, alternatively the
maximum switching frequency and thus slows down the
charging of the output capacitor 26. With the switch
2.24 omitted from the circuit 220,  it takes on the
order of 76s to fully charge the capacitor 26. 30
Referring also to Figure 6B, waveforms 38, 232, 234,
and 238 illustrate  operation of the circuit 220 with
the auxiliary switch 224 functioning as described
above. Specifically, waveform 38 shows the switch
voltage at node 38, waveform 232 0  19 WO 2006/121538
PCTIUS20061012615  shows the output voltage, waveform
234 shows the primary current Ipri that f lows
through the transformer leakage inductance 18e, and
waveform 238 shows the  secondary current Isec. With
the use of auxiliary switch 224 operating as described
above, when the secondary current 238 reaches zero
amps, at a time A, the auxiliary 5 switch 224 is
turned on with sufficient speed. A higher magnitude of
recovery current  flows through the secondary winding,
which in turn reduces the recovery time, leading  to
faster collapse of switch node voltage and lower
negative primary current swing. In  particular, it
takes only on the order of 58 nanoseconds for the
diode 24 to recover and  thus for the voltage at node
38 to fall to the input voltage level, at a time B, so
that 10 primary current can begin to f low from a
smaller negative current. Thus, the auxiliary  switch
224 reduces each switch cycle, thereby reducing the
time it takes to charge  capacitor 26 as compared to a
circuit without the auxiliary switch. With this
arrangement, the capacitor 26 charges faster, such as
on the order of 6%-8% faster in  one illustrative
embodiment. With the use of auxiliary switch 224 in
circuit 220, it 15 takes only on the order of 70s to
fully charge the capacitor 26. Having described the
preferred embodiments of the invention, it will now
become apparent to one of ordinary skill in the art
that other embodiments  incorporating their concepts
may be used. 



20 For example, it will be appreciated by those of
ordinary skill in the art that the  different
inventive features described herein may be combined
for use in a capacitor  charging circuit or
alternatively, may be used selectively and
individually. For  example, the output voltage sensing
circuits 40, 110, and 144 of Figures 1, 2, and 3, 25
respectively, may be used alone in otherwise
conventional capacitor charging circuits  or
alternatively, may be used in a charging circuit that
also incorporates other inventive  concepts discussed
herein, such as those discussed in conjunction with
Figures 4-6. 0  20 WO 2006/121538 PCT/US2006/012615
It will also be appreciated that while particular
circuit elements and even logic signal levels have
been described in order to explain the inventive
concepts, the  embodiments of the invention should not
be limited to the disclosed embodiments, but  rather
should be limited only by the spirit and scope of the
appended claims. 5 What is claimed is: it  21 CLAIMS
1. Apparatus for measuring the output voltage of a
capacitor charging circuit  having a transformer with
a primary winding coupled to a switch and a secondary
winding coupled to an output capacitor across which
the output voltage of the  capacitor charging circuit
is provided, comprising: a filter coupled to the
switch to filter a voltage at the switch and at the
primary winding to provide a filtered signal; and a
comparator having a first input responsive to the
filtered signal, a second  input coupled to a
reference voltage, and an output at which is provided
a control  signal indicative of whether the output
voltage of the capacitor charging circuit  across the
output capacitor has increased to a desired level. 



2. The apparatus of claim 1 wherein the filter
comprises a resistor and a  capacitor. 3. The
apparatus of claim 1 further comprising a sample and
hold circuit  coupled to the filter to provide a DC
voltage having a level substantially equal to the
peak voltage of the filtered signal, wherein the DC
voltage is coupled to the first  input of the
comparator. 4. The apparatus of claim 3 wherein the
sample and hold circuit comprises a  diode and a
capacitor. 5. The apparatus of claim 1 further
comprising a level shifter coupled between  the switch
and the filter for shifting the level of the switch
voltage. 6. The apparatus of claim 5 wherein the level
shifter comprises a resistor  divider. 22 o o 7.
Apparatus for measuring the output voltage of a
capacitor charging circuit  having a transformer with
a primary winding coupled to a switch and a secondary
winding coupled to the capacitor, comprising: a first
comparator having a first input coupled to the switch,
a second input  coupled to a first reference voltage,
and an output at which is provided a first  comparator
output signal indicative of whether a voltage at the
switch exceeds the  first reference voltage; a delay
element coupled to the first comparator output for
providing a  delayed output signal that is a delayed
version of the first comparator output signal;  a
second comparator having a first input coupled to the
switch, a second input coupled to a second reference
voltage, and an output at which is provided an  output
signal indicative of whether the switch voltage
exceeds the second reference  voltage; and a logic
gate having a first input coupled to the output of the
delay element, a  second input coupled to the output
of the second comparator, and an output at which  is
provided a control signal indicative of the output
voltage reaching a desired level  



only when (a) a delay has occurred since the switch
voltage exceeded the first  reference voltage and (b)
the second reference voltage exceeds the switch
voltage. 8. The apparatus of claim 7 wherein the first
reference voltage is approximately  equal to an input
voltage to the capacitor charging circuit and the
second reference  voltage is at a level corresponding
to a current in the capacitor passing zero amps. 9.
The apparatus of claim 7 wherein the delay is selected
to be on the order of  one-quarter of a nominal on
time portion of the switch. 10. A capacitor charging
circuit having a transformer with a primary winding
coupled to a main switch and a secondary winding
coupled to the capacitor,  comprising: 23 Oo an
auxiliary switch coupled in parallel with the main
switch and adapted to  be turned on when a current
through the capacitor becomes less than a
predetermined level and off when the capacitor current
is greater than the  predetermined level. 11. The
apparatus of claim 10 wherein the predetermined level
is approximately  zero amps. 12. The apparatus of
claim 10 further comprising: a resistor coupled in
series with the capacitor; and a comparator having
inputs coupled across the resistor and an output at
which is provided a control signal coupled to the
auxiliary switch to control the  auxiliary switch. 24
o o 




