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SWITCHED-MODE POWER SUPPLY STARTUP CIRCUIT, METHOD, AND
SYSTEM INCORPORATING SAME

Zahid Ansari

COPYRIGHT NOTICE

[1001] A portion of the disclosure of this patent document, including the Computer
Program Listing, contains material which is subject to copyright protection. The copyright
owner has no objection to the facsimile reproduction by anyone of the patent document or the
patent disclosure, as it appears in the U.S. Patent and Trademark Office patent file or records,

but otherwise reserves all copyright rights whatsoever.

BACKGROUND

Field of the Invention

[1002] The present invention relates generally to switched-mode power supply circuits,

and more particularly to startup circuits for such switched-mode power supply circuits.

Description of the Related Art

[1003] Electronic products usually require power supply systems that take power from a
high-voltage source and deliver regulated power either directly to the product or to a battery
that serves as the source of power for the product. Today, these power supplies are typically
switched-mode power supply (SMPS) circuits. These SMPS systems generally incorporate an
integrated circuit (IC) which controls the regulation of the delivered power by switching one
or more transistors connected to a transformer or inductor. These SMPS Control IC’s are
generally designed so that when they are operating and delivering power to the load, they
simultaneously deliver power to the IC itself. This is done to reduce power loss and improve
the efficiency of the system, by powering the SMPS Control IC off a low-voltage source
rather than off a high-voltage source. Since the low-voltage source is generated by the SMPS
Control IC, it is not available until the SMPS Control IC starts to switch the transformer or
inductor. This results in the common need for a startup circuit (sometimes called a
“bootstrap” circuit) as a mechanism to deliver startup current to the SMPS Control IC directly
from the high-voltage source until the SMPS Control IC starts to operate or “wakes up”. To

reduce the amount of power directly required from the high-voltage source, SMPS Control
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IC’s are usually designed to have very low current consumption until they wake up and start
delivering power to themselves. This is often referred to as the SMPS Control IC having a

sleep current consumption that is much lower than the operating current consumption.

[1004] The simplest and lowest cost startup circuit is a resistor between the high-voltage
source and the power supply or VDD pin of the SMPS Control IC. This resistor has the
following two key disadvantages: the startup current depends on the voltage of the high-

voltage source; and the startup circuit is a source of continuous power loss.

[1005] The prior art includes a variety of circuits in which transistors are connected
between the high-voltage source and the VDD pin of the SMPS Control IC, and these

transistors are switched off once the SMPS Control IC is operational.

SUMMARY OF EMBODIMENTS OF THE INVENTION

[1006] The prior art startup techniques disconnect the startup current once the SMPS
Control IC “wakes up” by using either a signal generated by logic in the SMPS Control IC, or
by detecting the VDD voltage relative to the SMPS Control IC ground pin. This results in
distinct solutions for different SMPS Control I1C’s, and perhaps for different SMPS
topologies, to match the wake-up and sleep voltages of specific SMPS Control IC’s, and/or
requires one or more logic signals from the SMPS Control IC (requiring one or more package

pins) to disconnect the current source.

[1007] However, there are two useful characteristics found in virtually all SMPS systems:
(1) SMPS Control IC’s are designed to consume less current prior to starting (before “waking
up”); and (2) a number of accessible nodes in the SMPS system (i.¢., external to the SMPS
Control IC) are static until the control IC starts, then exhibit an time-varying voltage
waveform when the SMPS Control IC starts switching the transformer or inductor used as the
energy storage element in the SMPS system. Such a time-varying waveform, or increased
current consumption by the SMPS Control IC, may be detected without requiring any ground
reference to the SMPS Control IC, nor without requiring any logic signals generated by the
SMPS Control IC, to then disconnect the startup current. This provides for rapid and
predictable startup of an SMPS Control IC and reduced power loss once the SMPS Control
IC is operational, and is independent of the operating voltages of the SMPS Control IC, and
independent of the particular control scheme and switch topology of the SMPS system.
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[1008] Disconnection of the startup current may be triggered, for example, by detecting
flow of current from the transformer or inductor to the SMPS Control IC, by detecting
voltage transitions on nodes of the transformer or inductor, by detecting transitions on nodes
of the transistor driving the transformer or inductor, or by detecting a time-varying waveform
on another observable node. In some embodiments, the startup current may be automatically
reconnected when no triggers are detected for a period of time (determined by design
parameters of the startup circuit), resulting in automatic restarting of the SMPS system
without disconnection of the power source. In some embodiments, a memory element may
be incorporated in the startup circuit, to thereby require disconnection of the power source

before the SMPS system will restart.

[1009] Certain embodiments provide a startup circuit for a switched-mode power supply.
An exemplary startup circuit includes: a voltage input node; an output current node; a disable
input node; a startup current circuit configured to provide a startup current from the voltage
input node to the output current node when enabled, and to block the startup current when
disabled; and a control circuit configured to enable the startup current circuit when a voltage
is first applied to the voltage input node, and to disable the startup current circuit in response
to one or more voltage excursions on the disable input node which exceed by a first offset a

voltage of the output current node.

[1010] In some embodiments, the control circuit draws a standby current that is less than
1% of the startup current. In some embodiments, the first offset is within the range of 10-500
mV. In some embodiments, the first offset is predetermined at manufacture of the startup
circuit. In some embodiments, the first offset is determined by one or more external
components coupled to the startup circuit. In some embodiments, the control circuit is
configured to disable the startup current circuit in response to a certain number of said

voltage excursions.

[1011] In some embodiments, the control circuit is configured to disable the startup
current circuit after a certain delay in response to said one or more voltage excursions. In
some embodiments, the certain delay is predetermined at manufacture of the startup circuit.
In some embodiments, the certain delay is determined by one or more external components

coupled to the startup circuit.
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[1012] In some embodiments, the control circuit is configured to re-enable the startup
current circuit after an absence, for a first duration, of a voltage excursion on the disable input
node. In some embodiments, the first duration is predetermined at manufacture of the startup
circuit. In some embodiments, the first duration is determined by one or more external

components coupled to the startup circuit.

[1013] In some embodiments, the startup current circuit is configured to provide a
controlled startup current that is substantially constant in magnitude irrespective of the
voltage difference between the voltage input node and the output current node. In some
embodiments, the startup current circuit includes a normally-on transistor coupled between
the voltage input node and a first node, having a gate terminal coupled to the output current
node. The startup current circuit further includes a resistor coupled between the first node
and a second node, and a transistor switch device coupled between the second node and the
output current node, having a control terminal coupled to an output node of the control

circuit.

[1014] In some embodiments, the control circuit includes an input circuit having an input
coupled to the disable input node. The input circuit is configured to generate on an output
node thereof an asymmetric signal relative to a signal coupled to its input node. The control
circuit further includes a comparator circuit having a first input coupled to the input circuit
output node, having a second input coupled to the output current node, and having an output
coupled to an enable input for the startup current circuit. The comparator circuit is
configured to disable the startup current circuit when a voltage of the first input exceeds a

voltage of the second input by a second offset.

[1015] In some embodiments, the control circuit further includes a latch circuit
configured so that the startup current circuit, once disabled by the comparator circuit, remains
disabled even in an absence of voltage excursions on the disable input node. In some

embodiments, the second offset is within the range of 10-500 mV.

[1016] Another exemplary startup circuit includes: a voltage input node; an output
current node; a disable input node; a startup current circuit configured to provide a startup
current from the voltage input node to the output current node when enabled, and to block the
startup current when disabled; and means for enabling the startup current circuit when a

voltage is first applied to the voltage input node, and for disabling the startup current circuit

_4.-



WO 2013/078429 PCT/US2012/066419

after a voltage conveyed to the disable input node exceeds by a first offset a voltage of the

output current node.

[1017] Certain embodiments provide a switched-mode power supply circuit which
includes a startup circuit. In some embodiments, the startup circuit includes an integrated
circuit, and the first offset is determined by one or more external components coupled to the
startup circuit. In some embodiments, the switched-mode power supply circuit also includes
a switched-mode control circuit having a power supply terminal and a ground terminal, which
is configured when operational to pulse current through a coil of an energy storage
transformer or inductor of the SMPS circuit; and also includes means for generating voltage

excursions on the disable input node in response to said current pulses through said coil.

[1018] In some embodiments, the means for generating includes a coupling capacitor
disposed between the disable input node and another node that exhibits a time-varying

voltage waveform when the switched-mode control circuit is operational.

[1019] In some embodiments, the means for generating includes a direct connection from
the disable input node to another node that exhibits a time-varying voltage waveform having
voltage excursions that exceed the voltage of the output current node when the switched-

mode control circuit is operational.

[1020] Certain embodiments provide a computer-readable storage medium including data

structures encoding an aspect of such a startup circuit.

[1021] Certain embodiments provide a method for starting up a switched-mode power
supply (SMPS) circuit. An exemplary method includes: providing a startup current to a
power supply terminal of a switched-mode control circuit to thereby develop an increasing
voltage on the power supply terminal; generating on a disable node a voltage excursion
exceeding by a first offset the voltage of the power supply terminal when the switched-mode
control circuit begins to operate; and disabling the startup current provided to the power

supply terminal in response to detecting the voltage excursion on the disable node.

[1022] In some embodiments, the method also includes re-enabling the startup current
provided to the power supply terminal upon detecting an absence, for a first duration, of a
voltage excursion on the disable node. In some embodiments, the startup current provided to

the power supply terminal is substantially a constant current irrespective of the magnitude of
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an input voltage provided to the SMPS circuit. In some embodiments, the first offset is

within the range of 10-500 mV.

[1023] In some embodiments, the method also includes generating a respective voltage
excursion on the disable node for each respective current pulse through a coil of an energy
storage transformer or inductor of the SMPS circuit, each respective voltage excursion
exceeding by the first offset the voltage of the power supply terminal. In some embodiments,
the voltage excursion on the disable node constantly exceeds by the first offset the voltage of

the power supply terminal so long as the switched-mode control circuit continues to operate.

[1024] Certain embodiments provide a method for making a startup circuit product for a
switched-mode power supply. An exemplary method includes: providing a voltage input
node; providing an output current node; providing a disable input node; providing a startup
current circuit configured to provide a startup current from the voltage input node to the
output current node when enabled, and to block the startup current when disabled; and
providing a control circuit configured to enable the startup current circuit when a voltage is
first applied to the voltage input node, and to disable the startup current circuit after a voltage
conveyed to the disable input node exceeds by a first offset a voltage of the output current

node.

[1025] The inventive aspects described herein are specifically contemplated to be used
alone as well as in various combinations. The invention in several aspects is contemplated to
include circuits (including integrated circuits), related methods of operation, methods for
making such circuits, systems incorporating same, and computer-readable storage media
encodings of such circuits and methods and systems, various embodiments of which being

described herein in greater detail, and as set forth in the appended claims.

[1026] The foregoing is a summary and thus contains, by necessity, simplifications,
generalizations and omissions of detail. Consequently, those skilled in the art will appreciate
that the foregoing summary is illustrative only and is not intended to be in any way limiting
of the invention. It is only the claims, including all equivalents, in this or any non-
provisional application claiming priority to this application, that are intended to define the

scope of the invention(s) supported by this application.
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BRIEF DESCRIPTION OF THE DRAWINGS

[1027] The present invention may be better understood, and its numerous objects,
features, and advantages made apparent to those skilled in the art by referencing the

accompanying drawings.

[1028] Fig. 1 is a schematic diagram of an exemplary configuration of a SMPS circuit.
[1029] Fig. 2 is a schematic diagram of an exemplary configuration of a SMPS circuit.
[1030] Fig. 3 is a schematic diagram of an exemplary configuration of a SMPS circuit.
[1031] Fig. 4 is a schematic diagram of an exemplary configuration of a startup circuit

shown in previous figures.

[1032] Fig. 5 is a schematic diagram of an exemplary configuration of a startup circuit

shown in previous figures.

[1033] Figs. 6-11 depict various simulation waveforms corresponding to the startup

circuit shown in Fig. 5.

[1034] Fig. 12 is a schematic diagram of an exemplary configuration of a startup circuit

shown in previous figures.

[1035] The use of the same reference symbols in different drawings indicates similar or

identical items.

DETAILED DESCRIPTION

[1036] Referring now to Fig. 1, a simplified schematic diagram is shown of an exemplary
SMPS system 100. A Startup IC 110 is preferably implemented as an integrated circuit
incorporating a normally-on transistor and additional circuitry that is connected between a
high-voltage power source Viy and the power pin 154 (VDD pin) of the SMPS Control IC
160. However, such a startup circuit 110 may also be implemented using discrete
components, or may be implemented as a portion of another integrated circuit (e.g., SMPS
Control IC). The high-voltage power source Vyy may correspond to an input node for a DC-
to-DC converter circuit, and may correspond to a full-wave rectified voltage node for an AC-

to-DC converter circuit.
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[1037] When power is first connected to the SMPS system input, the high-voltage power
source Vyy rises from zero volts, and regulated current is delivered from the high-voltage
power source to the pin 154 of the SMPS Control IC 160, which charges the capacitor Cypp.
When the voltage on node 154 reaches the operating voltage of the SMPS Control IC 160, the
Startup IC 110 detects the operation of the SMPS Control IC 160 and disconnects the startup

current source.

[1038] In this configuration, the Startup IC 110 detects operation of the SMPS Control IC
160 by sensing flow of current in a resistor Raux coupled between the auxiliary winding of
the SMPS transformer and the VDD pin 154 of the SMPS Control IC 160. Until the SMPS
Control IC starts operation, there is no voltage across the auxiliary winding so the auxiliary
diode Daux is off (i.e. reverse biased), and the Startup IC 110 delivers regulated current to the
VDD pin 154 through J;, Rg and Qpis. The startup current is limited by the threshold voltage
of the normally-on transistor J; and the source resistor Rg, and is largely independent of the
voltage value of the high-voltage source. When the voltage on the VDD pin 154 exceeds the
minimum operating voltage of the SMPS Control IC 160, the SMPS Control IC 160 begins
operation (i.e., pulsing transistor Qgw on/off), and the node of the auxiliary winding
connected to Daux (node 150) has both positive and negative voltage pulses with respect to
ground. The transformer is designed so that the positive voltage pulses rise sufficiently
above node 154 to forward bias Daux and thereby deliver power through the Rayx resistor to

the VDD capacitor and VDD pin 154 of the SMPS Control IC 160.

[1039] When such a positive current pulse occurs in Rayx, the voltage on the DISABLE
pin of the Startup IC 110 exceeds the voltage on the /OUT pin of the Startup IC 110 (i.e., the
voltage of node 152 is positive relative to the voltage of node 154). The Startup IC 110 thus
detects this positive current pulse in Raux and disconnects the startup current by switching
off the transistor Qprs. The ultra-low-power control circuit 112 within the Startup IC 110
continues to power itself through J;, but power loss is minimal since it is designed to have
current consumption that is very low in comparison with the startup current through Rg and
Qois. The resistor Rg also serves the secondary function of ensuring that there is adequate
voltage across the ultra-low-power control circuit 112 to ensure normal operation during

startup mode when Qpyg is on.

[1040] In some embodiments, the response time of the ultra-low-power control circuit

112 is preferably designed to ensure that Qpis does not get turned back on unless there has

-8-
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been an absence of current pulses in Rayux for a time period that is long relative to the
minimum operating frequency of the SMPS system. This also results in automatic
reconnection of the startup current and automatic restart of the SMPS if there have been no

pulses detected for a period of time and there is still voltage on the high-voltage source.

[1041] If the peak voltage across the Raux resistor is too large, external resistors may be
used to attenuate the signal. In some embodiments, the Rayx resistor may be incorporated
into the Startup IC. In some embodiments, the Qgsw transistor may be implemented as a

bipolar junction transistor instead of an NMOS transistor as shown.

[1042] In the configuration shown in Fig. 2, the Startup IC 110 detects operation of the
IC by sensing voltage transitions on the auxiliary winding of the SMPS transformer. Until
the SMPS Control IC 160 starts operation, there is no voltage across the auxiliary winding,
and the Startup IC 110 delivers regulated current to the VDD pin 154 through J;, Rg and Qpjs.
The startup current is limited by the threshold voltage of the normally-on transistor J; and the
source resistor Rg, and is largely independent of the value of the high-voltage source. When
the voltage on node 154 exceeds the minimum operating voltage of the SMPS Control IC
160, the SMPS Control IC 160 begins operation, and the node 150 of the auxiliary winding
connected to Daux has both positive and negative voltage pulses with respect to ground. This
node is capacitively coupled to the DISABLE input of the Startup IC 110. The capacitive
coupling scheme makes the method independent of the absolute values of voltages on the
transformer. The coupling capacitor 202 may be implemented using a small-value, low-

voltage capacitor.

[1043] When a positive voltage pulse on the DISABLE input is detected, the Startup IC
110 disconnects the startup current by switching off the transistor Qps. As before, the ultra-
low-power control circuit 112 within the Startup IC continues to power itself through J;, but
power loss is minimal since it is designed to have current consumption that is very low in
comparison with the startup current through Rg and Qpis. The resistor Rg also serves the
secondary function of ensuring that there is adequate voltage across the ultra-low-power

control circuit 112 to ensure normal operation during startup mode when Qpyg is on.

[1044] In some embodiments, the response time of the ultra-low-power control
circuit 112 is preferably designed to ensure that Qpis does not get turned back on unless there

has been an absence of voltage pulses on the auxiliary winding for a time period that is long

-9.



WO 2013/078429 PCT/US2012/066419

relative to the minimum operating frequency of the SMPS system. This also results in
automatic reconnection of the startup current and automatic restart of the SMPS if there have
been no pulses detected for a period of time and there is still voltage on the high-voltage

source.

[1045] The DISABLE input may be capacitively coupled from an Auxiliary or Feedback
winding on the transformer, or may be capacitively coupled from another available node that
exhibits a time-varying voltage when the SMPS Control IC 160 is operating, but exhibits a
static voltage when not operating. Such a time-varying voltage may, but need not, be a
sinusoidal voltage waveform, but also can be any non-static voltage waveform (e.g., a 10%

duty cycle positive pulse on a signal whose voltage otherwise is at ground).

[1046] Another exemplary configuration is shown in Fig. 3. In this configuration, the
Startup IC 110 detects operation of the IC by sensing voltage transitions on the SMPS current
sense resistor, Rcs, which transitions are capacitively coupled to the DISABLE input. Until
the SMPS Control IC 110 starts operation, there is no voltage across Rcs, and the Startup IC
delivers regulated current to the VDD pin 154 through J;, Rg and Qpis. The startup current is
limited by the threshold voltage of the normally-on transistor J, and the source resistor Rg,
and is largely independent of the value of the high-voltage source. When the SMPS Control
IC 160 begins operation, the voltage across Rcs rises and falls on every switching cycle in
proportion to the current in the transistor Qsw. These voltage transitions on node 156 are
capacitively coupled to the DISABLE input of the Startup IC 110, which causes a
corresponding voltage excursion above the voltage of the VDD pin 154 (which is coupled to
the JOUT pin) for each voltage transition on node 156. The coupling capacitor 202 may be
implemented using a small-value, low-voltage capacitor. Because the current sense resistor
Rcs 18 typically a low value resistor, the small incremental capacitance of the coupling

capacitor 202 has a negligible effect on node 156.

[1047] When a positive voltage pulse is detected, the Startup IC 110 disconnects the
startup current by switching off the transistor Qpis. The ultra-low-power control circuit 112
within the Startup IC continues to power itself through J;, but power loss is minimal since it
is designed to have current consumption that is very low in comparison with the startup
current through Rg and Qpis. The resistor Rg also serves the secondary function of ensuring
that there is adequate voltage across the ultra-low-power control circuit 112 to ensure normal

operation during startup mode when Qpyg is on.

-10 -
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[1048] In some embodiments, the response time of the ultra-low-power control circuit
112 is preferably designed to ensure that Qpis does not get turned back on unless there has
been an absence of voltage pulses on the current sense resistor Reg for a time period that is
long relative to the minimum operating frequency of the SMPS system. This also results in
automatic reconnection of the startup current and automatic restart of the SMPS if there have
been no pulses detected for a period of time and there is still voltage on the high-voltage
source. The capacitive coupling scheme makes the method independent of the absolute

values of currents in the application.

[1049] In each of the embodiments described in Figs. 1, 2, and 3, the Startup IC 110 is
not referenced to the ground of the SMPS Control IC, and is therefore independent of the
voltage required on the VDD pin 154 for normal operation of the SMPS Control IC. As a
result, each of the embodiments is compatible with a broad range of control IC’s and power
conversion systems. In each such configuration, a voltage excursion is generated on the
DISABLE pin when the SMPS Control IC 160 begins operation, which voltage excursion
exceeds the voltage of the IOUT pin.

[1050] Referring now to Fig. 4, a block diagram is shown for an exemplary
implementation 300 of the Startup IC which delivers a regulated startup current to the JOUT
pin (node 301) through J;, Rg and Qpis which together may be viewed as a startup current
circuit 320. The magnitude of the startup current is limited by the threshold voltage of the
normally-on JFET transistor J, and the source resistor Rg, and is largely independent of the
voltage value of the high-voltage source. A useful value of such a startup current is
approximately 1 mA, but other values may be chosen depending upon the needs of the

specific SMPS circuit.

[1051] In some embodiments, J; may be implemented using a depletion-mode MOS
transistor and likewise achieve a substantially constant current largely independent of the
voltage value of the high-voltage source. Both a JFET and a depletion-mode MOSFET may
be viewed as “normally-on transistors” since both have a negative threshold voltage. In other
embodiments in which a substantially constant current is not a high priority, the startup

current circuit 320 may omit J, and instead include one or more resistors.

[1052] When the voltage on the DISABLE pin of the Startup IC exceeds the voltage on
the JOUT pin of the Startup IC by a certain amount, the comparator detects this and disables

-11 -
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(i.e., disconnects) the startup current by switching off the transistor Qps. The ultra-low-
power control circuit 112 continues to power itself through J;, but power loss is minimal
since it is designed to have current consumption that is very low in comparison with the
startup current through Rg and Qpjs. Preferably such steady-state standby current is less than
250 nA to provide a standby power dissipation less than approximately 90 uW
(corresponding to an input voltage of 373 VDC). Also, such steady-state standby current is
preferably less than 5% of the startup current, and more preferably less than 1% of the startup
current, and even more preferably less than 0.1% of the startup current, depending upon the
requirements of a given SMPS application. The resistor Rg also serves the secondary
function of ensuring that there is adequate voltage across the comparator to ensure normal

operation during startup mode when Qpyg is on.

[1053] As described thus far, the steady-state standby current is sourced by the voltage
coupled to the VIN pin. In certain embodiments, the steady-state standby current that is
drawn from the VIN pin may be reduced by drawing power from the voltage excursions
coupled to the DISABLE pin, and coupling this additional power to the comparator 310. For
example, an optional diode 340 (whose connections are shown as dotted lines) that is forward
biased from the DISABLE pin to node 114 may be provided. If the voltage excursions on the
DISABLE pin are sufficiently above the /JOUT voltage, this diode 340 may drive the voltage
on node 114 to a value that is higher than the threshold voltage of J; (relative to the IOUT
voltage), thereby turning off transistor J; and sourcing the entire steady-state standby current
from the DISABLE pin. An optional filtering capacitor 342 (whose connections are also
shown as dotted lines) between node 114 and node 301 may also be included to provide a

more constant voltage on node 114.

[1054] Although shown here as being an enhancement-mode NMOS transistor, in other
embodiments Qpig may be implemented using a bipolar junction transistor, although this
would require a higher drive capability by the comparator output to achieve a given startup

current.

[1055] The diodes D; and D, provide an asymmetric response to voltage transients on the
DISABLE input to ensure proper operation at light load conditions (or “no load” conditions)
of the power supply when the SMPS duty cycle is very low. The input resistor Rpisapre
provides current limiting on the input stage to ensure proper operation over a wide range of

the differential voltage between DISABLE and IOUT. The resistor Rpisapre and diodes Dy
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and D; may be viewed as forming an input circuit 302 that is responsive to the DISABLE
input and generates an output signal on output node 306, which output is coupled to the

inverting input of comparator 310.

[1056] At low forward voltages, the forward current through diodes D; and D, may be in
the nano-Amp range, but diodes D; and D, also function as a capacitive divider to couple a
voltage onto output node 306 that is approximately half of the voltage transition on node 304
(assuming D; and D, are identical and the input capacitance of Q4 is negligible). At larger
voltages on node 304, the forward voltage across diodes D; and D, corresponds to a much

larger forward current through the diodes.

[1057] In some embodiments, the comparator 310 preferably includes a built-in offset
voltage to ensure that the transistor Qpys is in the on state for zero voltage between DISABLE
and /OUT. This offset voltage is indicated as a Voprser voltage 312 coupled to the non-
inverting input of the comparator 310. In some embodiments the offset voltage may be
generated by a reference circuit and the comparator 310 implemented without a built-in
offset. In some embodiments, the comparator 310 is preferably designed to have
substantially uniform operating current and performance over a wide range of operating

voltages that may be generated at node 114.

[1058] The input circuit 302 attenuates a positive excursion on the DISABLE node to
generate the signal on its output node 306. This attenuation and the comparator offset 312
together determine an effective offset for the Startup IC 300. However, other input circuits
are contemplated that, when combined with a suitable comparator (with or without a separate
comparator offset), can detect if a voltage conveyed to the DISABLE input exceeds by the
effective offset the voltage of the JOUT node. In some embodiments the magnitude of this
effective offset may be determined at manufacture, such as by proper selection of internal
component values within the Startup IC. In some embodiments the magnitude of this
effective offset may be determined by one or more external components coupled to the

Startup IC.

[1059] In some embodiments, the response time of the ultra-low-power control
circuit 112 is preferably designed to ensure that Qps does not get turned back on unless there
has been an absence of voltage pulses on the auxiliary winding for a time period that is long

relative to the minimum operating frequency of the SMPS system. This also results in
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automatic reconnection of the startup current and automatic restart of the SMPS if there have
been no pulses detected on the DISABLE input for a period of time and there is still voltage

on the high-voltage source.

[1060] A variety of other input circuits may also be incorporated that are suitable for use.
Generally, such input circuits serve to transform the voltage and time characteristics of the
voltage signal coupled to the DISABLE input, to an output signal having voltage and time
characteristics that are compatible with an input of a low current comparator. Exemplary
input circuits may attenuate the voltage of the DISABLE input and present a much lower
voltage output signal to the comparator, to thereby provide for large signal voltage excursions
on the DISABLE input without overdriving the comparator. Conversely, other exemplary
input circuits may amplify the voltage of the DISABLE input and present a higher voltage
output signal to the comparator. As described above, exemplary input circuits may provide
an asymmetric response to voltage transients on the DISABLE input. The output may be
configured to respond quickly to a narrow voltage excursion pulse, and to respond more
slowly to an absence of a voltage excursion pulse (or a continued absence of excursions).
Such response times may be predetermined at manufacture, or may be determined by one or

more external components coupled to the Startup IC.

[1061] The overall response time and offset voltage of the ultra-low-power control circuit
112 may be largely determined by the input circuit or the comparator acting alone, or
determined by both such circuits acting cooperatively. For example, rather than an input
circuit whose output is asymmetrical in response to narrow voltage pulses on the DISABLE
input, a comparator may be provided having a switching skew (i.c., an asymmetrical timing
delay) so that its output switches quickly to disable the startup current circuit (i.e., after
detecting one or more voltage excursions on the DISABLE input), but whose output switches
much more slowly to re-enable the startup current circuit in the absence of voltage excursions
on the DISABLE input. Such overall characteristics of the control circuit 112, including the
overall turn-on and turn-off delays and effective offset voltage, may be predetermined at
manufacture, or may be determined by one or more external components coupled to the

Startup IC.

[1062] As may be appreciated from the above, the ultra-low-power control circuit 112
may be configured to disable the startup current circuit 320 in response to one or more

voltage excursions on the DISABLE input which exceed by a first offset the voltage of the
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IOUT node. Such disabling of the startup current circuit may occur upon detecting a single
voltage excursion on the DISABLE input, or upon detecting multiple voltage excursions on
the DISABLE input, or after a certain delay time after detecting one or more voltage
excursions on the DISABLE input, or any number of similar variations. Such configuration
may be predetermined at manufacture, or may be determined by one or more external

components coupled to the Startup IC.

[1063] Referring now to Fig. 5, a schematic diagram is shown corresponding to an
exemplary implementation of the block diagram shown in Fig. 4, and as simulated with a
version of the well-known SPICE circuit simulator. The offset voltage may be implemented
by appropriate sizing of transistors, ¢.g. by the relative widths of the transistors Q4 and Qs,
without need for a voltage reference circuit 312 (i.e., shown in Fig. 4). A SPICE circuit
simulation input file is reproduced below under the heading “Computer Program Listing.”
Figs. 6-11 depict output plots from SPICE simulation showing exemplary operation of the

circuit shown in Fig. 5.

[1064] Fig. 6 depicts an output plot showing the transient response of the comparator’s
internal VDD node (i.e. node 114) and the gate of Qps (node 116) to a positive voltage pulse
on the DISABLE input relative to the voltage of JOUT (i.e., node 301). As shown, a single
pulse on the DISABLE input causes the gate voltage 116 to be discharged, thereby turning off
Qpis and thus disable the startup current circuit 320. The voltage of node 114 then rises to
the threshold voltage of J; above node 301 (e.g., 5 V) at which point J; turns off.

[1065] Fig. 7 depicts an output plot showing the transient response of the current from the
voltage source connected to VIN in response to the positive voltage pulse on the DISABLE
input from Fig. 6. A startup current of approximately 1.8 mA is turned off in response to the

positive voltage pulse on the DISABLE input.

[1066] Fig. 8 depicts an output plot showing the transient response of the internal VDD
node of the comparator (i.e. node 114) and the gate of Qpis (node 116) to a sequence of low
duty cycle positive pulses on the DIS4BLE input, and the response to an absence of pulses on
DISABLE. The low duty cycle pulses occurring from 10 ms to 20 ms represent 1 pulse every
millisecond, which corresponds to the operating frequency of many SMPS systems at “no-
load” conditions. Under normal load conditions, such SMPS systems operate at higher

frequencies. About 45 ms after the last DISABLE pulse, the gate of Qpis (node 116) is driven
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high to re-enable the startup current, which returns to a value of approximately 1.8 mA as
shown in Fig. 9. This time-out delay affords comfortable margin to prevent accidentally re-

enabling the startup current circuit.

[1067] Fig. 10 depicts an output plot showing the asymmetric response of the input
circuit 302 in response to a pulse on the DISABLE input. Node 306 is charged quickly by
current through resistor Rpisaprr and diode D in response to a positive voltage on the
DISABLE input, but node 306 is discharged only by the forward-leakage current through D2
and the much lower reverse-leakage current through D1. Consequently, the output node 306
of this input circuit 302 responds quickly to a positive voltage on the DISABLE input, but
responds slowly to the absence of a positive voltage on the DISABLE input. At low forward
voltages, the forward current through diodes D1 and D2 may be in the nano-Amp range, but
diodes D1 and D2 also function as a capacitive divider to couple a voltage onto output node
306 that is approximately half of the voltage transition on node 304 (assuming D1 and D2 are

identical).

[1068] Fig. 11 depicts an output plot showing the DC transfer function between the
DISABLE input and the current drawn from the VIN voltage source. This shows the inherent
voltage offset of the DISABLE input. In this example, the offset is approximately 10-20 mV.
Preferably the offset is chosen in the range of 10-500 mV depending upon the specific
requirements of a given application, although higher offset voltages are also contemplated for
certain embodiments. More preferably the offset is chosen in the range of 200-500 mV
which is large enough to provide a suitable margin so that the comparator 352 does not
disable the startup current circuit 320 when the respective voltages of the DISABLE input and
the JOUT node 301 are substantially identical, but small enough to be easily generated at the
output node of a simple input circuit, such as input circuit 302 which uses a diode clamp on

its output node.

[1069] As described for the embodiments above, the Startup IC may be designed to
provide for automatic reconnection of the startup current and automatic restart of the SMPS if
there have been no pulses detected on the DISABLE input for a period of time and there is
still voltage on the high-voltage source. In certain other embodiments, the Startup IC may
incorporate latching of the DISABLE signal to prevent such automatic restarting of the SMPS.
Fig. 12 depicts such a Startup IC which is similar to that shown in Fig. 4 but with the addition
of a latch 402 as part of the ultra-low-power control circuit 112. When the output of the
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comparator 310 first switches to disable the startup current circuit 320, the latch 402 drives
node 116 to the voltage of the JOUT node 301 to thereby turn off the Qpyg transistor. If the
comparator later detects an absence of pulses and tries to re-start the SMPS system, the latch
maintains the voltage on node 116 and holds Qps off. To reset the latch 402 and re-start the
SMPS system, the voltage of the VIN node must be reduced to below the minimum operating
voltage of the circuit 112. Typically this would occur if the source of voltage is removed

altogether from the V7N node.

[1070] The exemplary Startup IC embodiments described above can work without
modification with many different Control IC’s from multiple suppliers, and in a variety of
applications. Design and layout of such an SMPS system is simplified since the Startup IC
(e.g., in the embodiments shown) has only three terminals, only one of which is a high-
voltage terminal. Such a Startup IC is contemplated to be manufactured in an integrated
circuit form, and may be so manufactured using a two-metal, one-poly CMOS process and
assembled in a low-cost plastic package, as well as any number of other semiconductor
process and packaging technologies. However, such a Startup IC as described herein may
also be implemented using discrete components, and references to a “Startup IC” used
throughout this disclosure are for convenience and clarity, and should not be taken to require
an integrated circuit implementation. Fast startup time, independent of the input voltage, is
provided by use of a current source rather than a resistor-controlled current. Yet the Startup
IC contributes negligible power loss when the SMPS system is operating due to the extremely
low standby current within the Startup IC. The reduced component count for such an SMPS

system affords improved system manufacturability.

[1071] SMPS circuits are frequently designed for use with line voltages as high as

264 VAC (240V + 10%), which when rectified results in a voltage as high as 373 VDC. Asa
result, a suitable package may be selected so that a fault condition in which the startup
current is never disabled is not destructive or unsafe. For example, a 1 mA startup current
flowing permanently through a faulty device driven by a 373 VDC input voltage will
dissipate 373 mW, and an appropriate package that can tolerate such power dissipation may
be required. Such a package preferably uses materials and processes compatible with the
lateral peak electric field across the large JFET transistor or depletion MOS transistor. For
example, certain plastic compounds used frequently in low voltage circuits contain ionic

contaminants that tend to migrate in the presence of moisture and the high electric fields

-17 -



WO 2013/078429 PCT/US2012/066419

found in high voltage circuits, and change the electronic properties of certain devices such as
transistor threshold voltage. As a result, plastic compounds having low ionic content and
suitable for high voltage use are preferably used. In addition, care may be exercised to ensure
that no safety issue is caused by a single-point “open failure” or a single-point “short failure”

within the Startup IC or related to an external connection to the Startup IC.

[1072] In addition to the applications described above, the inventive aspects can be
applied to numerous other SMPS applications, including but not limited to power factor
control systems and power supplies for lighting systems, and may be used in conjunction

with many different SMPS circuit topologies.

[1073] As used herein, a transistor control terminal corresponds to the gate terminal of a
MOSFET and JFET, and corresponds to the base terminal of a bipolar junction transistor
(BJT). A transistor that is coupled between two nodes refers to the current-carrying terminals
of the transistor rather than the control terminal, unless the context so requires. For a
MOSFET and a JFET the current-carrying terminals are the source and drain terminals, while
for a BJT the current-carrying terminals are the collector and emitter terminals. As used

herein, the word “coupled” includes both directly coupled and indirectly coupled.

[1074] While circuits and physical structures have been generally presumed in describing
embodiments of the invention, it is well recognized that in modern semiconductor design and
fabrication, physical structures and circuits may be embodied in a computer readable medium
as data structures for use in subsequent design, simulation, test, or fabrication stages. For
example, such data structures may encode a functional description of circuits or systems of
circuits. The functionally descriptive data structures may be, ¢.g., encoded in a register
transfer language (RTL), a hardware description language (HDL), in Verilog, or some other
language used for design, simulation, and/or test. Data structures corresponding to
embodiments described herein may also be encoded in, e.g., Graphic Database System II
(GDSII) data, and functionally describe integrated circuit layout and/or information for
photomask generation used to manufacture the integrated circuits. Other data structures,
containing functionally descriptive aspects of embodiments described herein, may be used for

one or more steps of the manufacturing process.

[1075] Computer-readable storage media include non-transitory, tangible computer

readable media, ¢.g., a disk, tape, or other magnetic, optical, semiconductor (e.g., flash

- 18 -



WO 2013/078429 PCT/US2012/066419

memory card, ROM), or electronic storage medium. In addition to computer-readable
storage medium having encodings thereon of circuits, systems, and methods, the computer
readable storage media may store instructions as well as data that can be used to implement
embodiments described herein or portions thereof. The data structures may be utilized by
software executing on one or more processors, firmware executing on hardware, or by a
combination of software, firmware, and hardware, as part of the design, simulation, test, or

fabrication stages.

[1076] The foregoing detailed description has described only a few of the many possible
embodiments of the present invention. For this reason, this detailed description is intended
by way of illustration, and not by way of limitations. Variations and modifications of the
embodiments disclosed herein may be made based on the description set forth herein. It is

only the following claims, including all equivalents, that are intended to define the invention.
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COMPUTER PROGRAM LISTING

* Thigs is a SPICE simulation of a bootstrap circuit designed to disable
* based on sensing current in RAUX. This implementation uses a 2-stage
* comparator to drive the gate of QDIS. Copyright Zahid Ansari.

* ———=—===================== CIRCUIT ==============================
* High Voltage Rail
VIN 12 0 DC 20V

* Test using short pulses with low duty cycle representative of SMPS
* at no load
VDISABLE DISABLE 0 PWL(

+ 0 0 0.01lm 300mV 0.02m 300mV 0.03m O

+ 11m 0 11.01m 300mV 11.02msg 300mV 11.03m O
+ 12m 0 12.01m 300mV 12.02msg 300mV 12.03m O
+ 13m 0 13.01m 300mV 13.02ms 300mV 13.03m O
+ 14m 0 14.01m 300mV 14.02ms 300mV 14.03m O
+ 15m 0 15.01m 300mV 15.02mg 300mV 15.03m O
+ 1ém 0 16.01lm 300mV 16.02ms 300mV 16.03m O
+ 17m 0 17.01m 300mV 17.02msg 300mV 17.03m O
+ 18m 0 18.01m 300mV 18.02ms 300mV 18.03m O
+ 19m 0 19.01m 300mV 19.02ms 300mV 19.03m O
+ ) ac 1.0 dc 0.50

* Current mirrors

MQ1 © 9 3 3 PMOS1 W=20U L=50U

MQ2 7 9 3 3 PMOS1 W=20U L=50U

MQ3 QDIS GATE 9 3 3 PMOS1 W=20U L=500
R1 9 0 100000K

* Comparator stage

MQ4 5 Q4 GATE 7 7 PMOS1 W=6U L=400
MQ5 6 0 7 7 PMOS1 W=5U L=40U

MQ6 5 5 4 4 NMOS1 W=5U L=50U

MQ7 6 5 4 4 NMOS1 W=5U L=50U

* Qutput pulldown in second gain stage of comparator
MQ8 QDIS GATE 6 4 4 NMOS1 W=12U L=500

* DISABLE Input resistor
RDISABRLE DISABLE 15 1K

* Tnput diode - NOTE: These are done as body diodes in n-wells
* for this simulation

MD1 15 15 15 Q4 GATE PMOS1 W=20U L=20

MD2 Q4 GATE Q4 GATE 4 4 NMOS1 W=20U L=20

* Cascode FET that disconnects the startup current
MQDIS 11 QDIS GATE 4 4 NMOS1 W=50U L=20U

* Series resistor to prevent source of JFET dropping too low
RS 11 VDD 2000

* JFET to High Voltage Input
J1l 12 4 VDD J2N3819

* Current sense resistor (for current monitoring in simulation only)
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RDD VDD 3 1
RSS 4 0 1

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U0 LD=0.5U0 CJ=5E-4 CJSW=10E-10

+ U0=550 MJ=0.5 MJISW=0.5 CGSO=0.4E-S CGDO=0.4E-9
+ LEVEL=1

.MODEL PMOS1 PMOS VTO=-1 KP=150

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=b5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MJIJSW=0.5 CGS0O=0.4E-9 CGDO=0.4E-9
+ LEVEL=1

* =

* JFET Model

.model J2N3819 NJF (Beta=1.304m Rd=1 Rg=1 Lambda=2.25m Vto=-5
+ Is=33.57f Cgd=1l.6p Pb=1 Fc=.5 Cgs=2.414p Kf=9.882E-18 Af=1, LEVEL=1)

¥ —————————————=—————————=—= ANALYSTS ——=—————————————c———————————————
*Analysis

.OP

.control
delete all

* Set the hardcopy default to Postscript and the output folder for plots
set hcopydevtype=postscript

set hcopypscolor

cd Macintosh\
HD:Users:za:Documents:Work:Bootstrap:spice:Bootstrap RAUX:plots

* Transient analysis

tran lus 100us 0.0 1lus

plot 1i(VIN)

hardcopy 100us_1i vin.ps 1 (VIN)

plot V(DISABLE) V(QDIS GATE) V(VDD)

hardcopy 100us_v_dis disgate vdd.ps V(DISABLE) V(QDIS GATE) V(VDD)
plot V(DISABLE) V(Q4 GATE)

hardcopy 100us_v_dis g4gate.ps V(DISABLE) V(Q4 GATE)

* Transient analysis

tran 10us 100ms 0.0 5us

plot 1i(VIN)

hardcopy 100ms_1i vin.ps 1 (VIN)

plot V(DISABLE) V(QDIS GATE) V(VDD)

hardcopy 100ms_v_dis disgate vdd.ps V(DISABLE) V(QDIS GATE) V(VDD)

* DC sweep to show input threshold

dc VDISABLE 0.0 50mV 1mV

plot 1i(VIN)

* Put out the transfer function into a file
write ivin vs vdisable.lst V(QDIS GATE) 1 (VIN)
hardcopy ivin vs vdisable.ps 1i(VIN)

.endc
.END
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WHAT IS CLAIMED IS:

1. A startup circuit for a switched-mode power supply, said startup circuit

comprising:

a voltage input node;

an output current node;

a disable input node;

a startup current circuit configured to provide a startup current from the voltage input
node to the output current node when enabled, and to block the startup current
when disabled; and

a control circuit configured to enable the startup current circuit when a voltage is first
applied to the voltage input node, and to disable the startup current circuit in
response to one or more voltage excursions on the disable input node which

exceed by a first offset a voltage of the output current node.

2. The startup circuit as recited in claim 1 wherein:

the control circuit draws a standby current that is less than 1% of the startup current.

3. The startup circuit as recited in claim 1 wherein:

the first offset is within the range of 10-500 mV.

4. The startup circuit as recited in claim 1 wherein:

the first offset is predetermined at manufacture of the startup circuit.

5. The startup circuit as recited in claim 1 wherein:
the first offset is determined by one or more external components coupled to the

startup circuit.

6. The startup circuit as recited in claim 1 wherein:
the control circuit is configured to disable the startup current circuit in response to a

certain number of said voltage excursions.
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7. The startup circuit as recited in claim 1 wherein:
the control circuit is configured to disable the startup current circuit after a certain

delay in response to said one or more voltage excursions.

8. The startup circuit as recited in claim 7 wherein:

the certain delay is predetermined at manufacture of the startup circuit.

9. The startup circuit as recited in claim 7 wherein:
the certain delay is determined by one or more external components coupled to the

startup circuit.

10. The startup circuit as recited in claim 1 wherein:
the control circuit is configured to re-enable the startup current circuit after an

absence, for a first duration, of a voltage excursion on the disable input node.

11. The startup circuit as recited in claim 10 wherein:

the first duration is predetermined at manufacture of the startup circuit.

12. The startup circuit as recited in claim 10 wherein:
the first duration is determined by one or more external components coupled to the

startup circuit.

13. The startup circuit as recited in claim 1 wherein:
the startup current circuit is configured to provide a controlled startup current that is
substantially constant in magnitude irrespective of the voltage difference

between the voltage input node and the output current node.

14. The startup circuit as recited in claim 13 wherein the startup current circuit
comprises:
a normally-on transistor coupled between the voltage input node and a first node,
having a gate terminal coupled to the output current node;

a resistor coupled between the first node and a second node; and
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a transistor switch device coupled between the second node and the output current
node, having a control terminal coupled to an output node of the control

circuit.

15. The startup circuit as recited in claim 1 wherein the control circuit comprises:

an input circuit having an input coupled to the disable input node, said input circuit
configured to generate on an output node thereof an asymmetric signal relative
to a signal coupled to its input node; and

a comparator circuit having a first input coupled to the input circuit output node,
having a second input coupled to the output current node, and having an
output coupled to an enable input for the startup current circuit, said
comparator circuit configured to disable the startup current circuit when a
voltage of the first input exceeds a voltage of the second input by a second

offset.

16. The startup circuit as recited in claim 15 wherein:
the control circuit further comprises a latch circuit configured so that the startup
current circuit, once disabled by the comparator circuit, remains disabled even

in an absence of voltage excursions on the disable input node.

17. The startup circuit as recited in claim 15 wherein:

the second offset is within the range of 10-500 mV.

18. A computer-readable storage medium including data structures encoding an

aspect of the startup circuit recited in claim 1.

19. A switched-mode power supply circuit comprising the startup circuit recited in

claim 1.

20. The switched-mode power supply circuit as recited in claim 19 wherein:
the startup circuit comprises an integrated circuit; and
the first offset is determined by one or more external components coupled to the

startup circuit.
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21. The switched-mode power supply circuit as recited in claim 19 further

comprising:

a switched-mode control circuit having a power supply terminal and a ground
terminal, being configured when operational to pulse current through a coil of
an energy storage transformer or inductor of the SMPS circuit;

means for generating voltage excursions on the disable input node in response to said

current pulses through said coil.

22. The switched-mode power supply circuit as recited in claim 21 wherein the
means for generating comprises:
a coupling capacitor disposed between the disable input node and another node that
exhibits a time-varying voltage waveform when the switched-mode control

circuit is operational.

23. The switched-mode power supply circuit as recited in claim 21 wherein the
means for generating comprises:
a direct connection from the disable input node to another node that exhibits a time-
varying voltage waveform having voltage excursions that exceed the voltage
of the output current node when the switched-mode control circuit is

operational.

24. A method for starting up a switched-mode power supply (SMPS) circuit, said
method comprising:

providing a startup current to a power supply terminal of a switched-mode control
circuit to thereby develop an increasing voltage on the power supply terminal;

generating on a disable node a voltage excursion exceeding by a first offset the
voltage of the power supply terminal when the switched-mode control circuit
begins to operate; and

disabling the startup current provided to the power supply terminal in response to

detecting the voltage excursion on the disable node.

25. The method as recited in claim 24 further comprising:
re-enabling the startup current provided to the power supply terminal upon detecting

an absence, for a first duration, of a voltage excursion on the disable node.
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26. The method as recited in claim 24 wherein:
the startup current provided to the power supply terminal is substantially a constant
current irrespective of the magnitude of an input voltage provided to the

SMPS circuit.

27. The method as recited in claim 24 wherein:

the first offset is within the range of 10-500 mV.

28. The method as recited in claim 24 further comprising:

generating a respective voltage excursion on the disable node for each respective
current pulse through a coil of an energy storage transformer or inductor of the
SMPS circuit, each respective voltage excursion exceeding by the first offset

the voltage of the power supply terminal.

29. The method as recited in claim 24 wherein:
the voltage excursion on the disable node constantly exceeds by the first offset the
voltage of the power supply terminal so long as the switched-mode control

circuit continues to operate.

30. A startup circuit for a switched-mode power supply, said startup circuit

comprising:

a voltage input node;

an output current node;

a disable input node;

a startup current circuit configured to provide a startup current from the voltage input
node to the output current node when enabled, and to block the startup current
when disabled; and

means for enabling the startup current circuit when a voltage is first applied to the
voltage input node, and for disabling the startup current circuit after a voltage
conveyed to the disable input node exceeds by a first offset a voltage of the

output current node.
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31. A method for making a startup circuit product for a switched-mode power supply,
said method comprising;:

providing a voltage input node;

providing an output current node;

providing a disable input node;

providing a startup current circuit configured to provide a startup current from the
voltage input node to the output current node when enabled, and to block the
startup current when disabled; and

providing a control circuit configured to enable the startup current circuit when a
voltage is first applied to the voltage input node, and to disable the startup
current circuit after a voltage conveyed to the disable input node exceeds by a

first offset a voltage of the output current node.
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