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Frank E. Scherkenbach (CA #142549)
FISH & RICHARDSON P.C.

11225 Franklin Street

Bostorn, Massachusetts 02110-2804
Telephone: (617) 542-5070
Facsimile: (617) 542-8506

Howard G. Pollack (#162897)
Subroto Bose (#230339)

FISH & RICHARDSON P.C.
500 Arguello Street, Suite 500
Redwood City, California 94063
Telephone: (650) 839-5070
Facsimile: (650) 839-5071

Attorneys for Plaintiff
POWER INTEGRATIONS, INC.

UNITED STATES DISTRICT COURT

NORTHERN DISTRICT OF CALIFORNIA

POWER INTEGRATIONS, INC,, a Delawg

corporation,

Plaintiff,

SYSTEM GENERAL CORPORATION, a

Taiwariese corporation, and

SYSTEM GENERAL USA, a California

corporation,
Defendants.

b4 2581

COMPLAINT FOR PATENT
INFRINGEMENT BZ

DEMAND FOR JURY TRIAL

Plaintiff Power Integrations, Inc. hereby alleges as follows:

THE PARTIES

1. Power Integrations, Inc. (“Power Integrations™) is incorporated under the laws of the

state of Delaware, and has a regular and established place of business at 5245 Hellyer Avenue, San

Jose, California 95138.
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2. Upon information and belief, defendant System General Corporation (hereinafter
“System General Corp.”) is incorporated under the laws of Taiwan, with its headquarters located at
5F, No. 9, Alley 6, Lane 45 Bao Shing Road, Shin Dian, Taipei, Taiwan.

3. Defendant System General USA is incorporated under the laws of the state of
California, and has a regular and established place of business at 1623 South Main Street, Milpitas,

CA 95035,
4, Defendant System General Corp. and defendant System General USA will

hereinafter be collectively referred to as “defendants.”

JURISIDICTION AND VENUE

5. This action arises under the patent laws of the United States, Title 35 U.S.C. § l et
seq. This Court has subject matter jurisdiction under 28 U.S.C. § 1338(a).

6. Upon information and belief, this Court has personal jurisdiction over defendants
because defendants are doing business and advertising in this judicial District.

7. Upon information and belief, venue is proper in this Court pursuant to 28 U.S.C.
§§ 1391(b), (c) and 1400 because the defendants are subject to personal jurisdiction in this judicial

District.

GENERAL ALLEGATIONS

8. Power Integrations’ products include its TOPSwitch® family of power conversion
integrated circuit devices which are used in power supplies for electronic devices such as cellular
telephones, LCD monitors and computers. These products are sold throughout the United Stateé,
including California.

9. Upon information and belief, defendants manufacture pulse width modulation
(“PWM?”) controller integrated circuit devices (e.g., devices intended for use in power conversion
applications such as LCD monitor power supplies or battery chargers for portabie electronics), and
directly and through their affiliates, import, sell, and offer to sell the same throughout the United

States, including California.

COMPLAINT FOR PATENT INFRINGEMENT
Case No. =~




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

FIRST CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 6,212,079 BY ALL DEFENDANTS

10.  The allegations of paragraphs 1-9 are incorporated for this First Cause of Action as
though fully set forth herein.

11.  Power Integrations is now, and has been since its issuance, the assignee and sole
owner of all right, title, and interest in United States Patent No. 6,212,079, entitled “Method and
Apparatus for Improving Efficiency in a Switching Regulator at Light Loads™ (“the 079 patent™),
which was duly and legally issued on April 3, 2001. A true and correct copy of the "079 patent is
attached hereto as Exhibit A.

12.  Upon information and belief, defendants have been and are now infringing, inducing
infringement, and contributing to the infringement of the *079 patent in this District and elsewhere
by making, using, selling, and offering to sell devices, including PWM controller integrated circuit
devices, covered by one or more claims of the 079 patent, all to the injury of Power Integrations.

13.  Defendants’ acts of infringement have injured and damaged Power Integrations.

14,  Defendants’ infringement has caused irreparable injury to Power Integrations and
will continue to cause irreparable imjury untit defendants are enjoined from further infringement by

this Court.

SECOND CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 6,351,398 BY ALL DEFENDANTS

15. The allegations of paragraphs 1-9 are incorporated for this Second Cause of Action
as though fully set forth herein.

16. Power Integrations is now, and has been since its issuance, the assignee and sole
owner of all right, title, and interest in United States Patent No. 6,351,398, entitled “Method and
Apparatus Providing a Multi-Function Terminal for a Power Supply Controller” (“the "398 patent™),
which was duly and legally issued on February 26, 2002. A true and correct copy of the 398 patent

1s attached hereto as Exhibit B.
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17. Upon information and belief, defendants have been and are now infringing, inducing
infringement, and contributing to the infringement of the 398 patent in this District and eisewhere
by making, using, selling, and offering to sell devices, including PWM controller integrated circuit
devices, covered by one or more claims of the "398 patent, all to the injury of Power Integrations.

18. Defendants” acts of infringement have injured and damaged Power Integrations.

19.  Defendants’ infringement has caused irreparable injury to Power Integrations and

will continue to cause irreparable injury until defendants ar¢ enjoined from further infringement by

this Court.

THIRD CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 6,366,481 BY ALL DEFENDANTS

20.  The allegations of paragraphs 1-9 are incorporated for this Third Cause of Action as
though fully set forth herein.

21. Power Integrations is now, and has been since its issuance, the assignee and sole
owner of all right, title, and interest in United States Patent No. 6,366,481, entitled “*Method and
Apparatus Providing a Multi-Function Terminal for a Power Supply Controller” (“the 481 patent™),
which was duly and legally issued on April 2, 2002. A true and correct copy of the 481 patent is
attached hereto as Exhibit C.

22, Upon information and belief, defendants have been and are now infringing, inducing
infringement, and contributing to the infringement of the "481 patent in this District and elsewhere
by making, using, selling, and offering to sell devices, including PWM controller integrated circuit
devices, covered by one or more claims of the *481 patent, all to the injury of Power Integrations.

23.  Defendants’ acts of infringement have injured and damaged Power Integrations.

24. Defendants’ infringement has caused irreparable injury to Power Integrations and
will continue to cause irreparable injury until defendants are enjoined from further infringement by
this Court.

Iy
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COMPLAINT FOR PATENT INFRINGEMENT
Case No. *




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

FOURTH CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 6,538,908 BY ALL DEFENDANTS

25. The allegations of paragraphs 1-9 are incorporated for this Fourth Cause of Action as
though fully set forth herein.

26.  Power Integrations is now, and has been since its issuance, the assignee and sole
owner of all right, title, and interest in United States Patent No. 6,538,908, entitled “Method and
Apparatus Providing a Multi-Function Terminal for a Power Supply Controller” (“the 908 patent™),
which was duly and legally issued on March 25, 2003. A true and correct copy of the "908 patent is
attached hereto as Exhibit D.

27. Upon information and belief, defendants have been and are now infringing, inducing
infringement, and contributing to the infringement of the 908 patent in this District and elsewhere
by making, using, selling, and offering to sell devices, including PWM controller integrated circuit
devices, covered by one or more claims of the 908 patent, all to the injury of Power Integrations.

28. Defendants’ acts of infringement have injured and damaged Power Integrations.

29.  Defendants’ infringement has caused irreparable injury to Power Integrations and
will continue to cause irreparable injury until defendants are enjoined from further infringement by

this Court.

PRAYER FOR RELIEF

WHEREFORE, Plaintiff requests the following relief:

(a) a permanent injunction preventing defendants and their officers, directors, agents,
servants, employees, attorneys, licensees, successors, assigns, and customers, and those in active
concert or participation with any .of them, from making, using, or selling any devices that infringe
any claim of the 079, "398, "481, and ‘908 patents;

(b) damages in an amount to be determined at trial;

{c) costs and reasonable attorney fees incurred in connection with this action pursuant to ‘
35U.S.C. § 285; and

(d) such other and further relief as the Court deems appropriate.
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A JURY TRIAL IS DEMANDED BY PLAINTIFF.

Dated: June 28, 2004 FISH & RICHARDSON P.C.

“ Howard G. péllack

>

Attorneys for Plaintiff
POWER INTEGRATIONS, INC.

50222636.doc
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METHOD AND APPARATUS FOR
IMPROVING EFFICIENCY IN A SWITCHING
REGULATOR AT LIGHT LOADS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to power supplies
and, more specifically, the present invention relates to a
switching regulator.

2. Background Information

Electronic devices use power to operate. Switched mode
power supplies are commonly used due to their high effi-
ciency and good output regulation to power many of today’s
electronic devices. In a known switched mode power supply,
a low frequency (e.g. 50 or 60 Hz mains frequency), high
voltage alternating current (AC) is converted to high fre-
quency (e.g. 30 to 300 kHz) AC, using a switched mode
power supply control circuit. This high frequency, high
voltage AC is applied to a transformer to transform the
voltage, usually to a lower voltage, and to provide safety
isolation. The output of the transformer is rectified to
provide a regulated DC output, which may be used to power
an electronic device. The switched mode power supply
control circuit usually provides output regulation by sensing
the output and controlling it in a closed loop.

A switched mode power supply may include an integrated
circuit switching regulator, which may include an output
transistor coupled in series with a primary winding of the
transformer. Energy is transferred to a secondary winding of
the transformer by turning on and off of the output transistor
in a manner controlled by the switching regulator to provide
a clean and steady source of power at the DC output. The
transformer of a switched mode power supply may also
include another winding called a bias or feedback winding.
In some switched mode power supplies, the feedback or
control signal can come through an opto-coupler from a
sense circuit coupled to the DC output. The feedback control
signal may be used to modulate a duty cycle of a switching
waveform generated by the switching regulator. The duty
cycle is defined as the ratio of the on time to the switching
period of the output transistor. If there is a large load at the
DC output of the power supply, the switching regulator
responds to this situation by increasing the duty cycle and
thereby delivering more power to the load. If the load
becomes lighter, then the switching regulator senses this
change through the feedback signal and reduces the duty
cycle.

If the load is further reduced and if the power delivered to
the DC output cannot be reduced indefinitely, then the DC
output voltage increases, resulting in poor output regulation.
This unfavorable situation becomes worse if the load is
completely removed. To improve the output regulation, a
constant load may be connected internal to the power supply.
However, because the internal load is always connected,
even when there is no load at the DC output, the power
supply efficiency is decreased. The power supply efficiency
loss is generally due to three components: (1) DC operating
power that keeps the switching regulator circuitry operating,
(2) the switching losses that are due to switching of the
switching regulator output transistor and its drivers—
switching losses are directly proportional to the operating
frequency, and (3) the power that is consumed by the
internal load.

In order to improve efficiency, a switching regulator may
use a method called cycle skipping. Cycle skipping method
involves reducing the duty cycle as the load decreases, and
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when the duty cycle is reduced down to a predetermined
minimum duty cycle, it alternatively switches for some
duration of time and stays idle for another duration of time
depending on the load. During this mode, if the load
increases very slightly, the output transistor will switch at
minimum duty cycle for a short time until the power
demanded by the load is delivered and then stop switching
again. In theory, the cycle skipping mode decreases the
switching losses at light loads since switching occurs as
intermittent groups of pulses. Also, cycle skipping elimi-
nates the need for the constant internal load. However, if the
groups of pulses occur at a frequency that is within the audio
range and the minimum duty cycle is larger than optimum,
then the power supply may create an undesirable audio
noise. In addition, cycle skipping degrades the output ripple
since it typically occurs in groups of pulses and therefore the
energy is delivered to the load intermittently.

SUMMARY OF THE INVENTION

Switching regulator methods and apparatuses are dis-
closed. In one embodiment, a switching regulator includes a
power switch coupled between first and second terminals.
The first terminal is to be coupled to an energy transfer
element of a power supply and the second terminal is to be
coupled to a supply rail of the power supply. A control circuit
is coupled to a third terminal and the power switch. The third
terminal is to be coupled to an output of the power supply.
The control circuit is coupled to generate a feedback signal
responsive to the output of the power supply. The control
circuit is coupled to switch the power switch in response to
the feedback signal. The control circuit is coupled to switch
the power switch at a fixed switching frequency for a first
range of feedback signal values and coupled to vary a
switching frequency of the power switch without skipping
cycles in response to the feedback signal for a second range
of feedback signal values. Additional features and benefits
of the present invention will become apparent from the
detailed description, figures and claims set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention detailed illustrated by way of
example and not limitation in the accompanying figures.

FIG. 1 is a schematic illustrating one embodiment of a
power supply including a switching regulator in accordance
with the teachings of the present invention.

FIG. 2 is a schematic illustrating one embodiment of a
switching regulator in accordance with the teachings of the
present invention.

FIG. 3 is a timing diagram illustrating waveforms of one
embodiment of switching regulator operating at full fre-
quency in accordance with the teachings of the present
invention.

FIG. 4 is a timing diagram illustrating waveforms of one
embodiment of switching regulator operating at a lower
frequency in accordance with the teachings of the present
invention.

FIG. 5 is a diagram illustrating one embodiment of a
relationship between frequency and current in one embodi-
ment of switching regulator in accordance with the teachings
of the present invention.

FIG. 6 is a diagram illustrating one embodiment of a
relationship between duty cycle and current in one embodi-
ment of switching regulator in accordance with the teachings
of the present invention.

DETAILED DESCRIPTION

Method and an apparatus for regulating a power supply
are disclosed. In the following description, numerous spe-
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cific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent,
however, to one having ordinary skill in the art that the
specific detail need not be employed to practice the present
invention. In other instances, well-known materials or meth-
ods have not been described in detail in order to avoid
obscuring the present invention.

The present invention improves the efficiency of a power
supply switching regulator with pulse width modulation by
decreasing the operating frequency at light loads. Switching
losses are decreased with one embodiment of the present
invention since switching losses are directly proportional to
operating frequency. Audio noise problems associated with
present day switching regulators are no longer a problem
because the minimum operating frequency of a switching
regulator in accordance with the teachings of the present
invention is chosen to be above audible frequency. One
embodiment of the present invention also improves output
ripple since the pulse width modulation is continuous in
nature and not intermittent.

To illustrate, FIG. 1 is a block diagram showing a power
supply 101 including one embodiment of a switching regu-
lator 139 in accordance with the teachings of the present
invention. As shown, a bridge rectifier 105 and capacitor 107
are coupled to rectify and filter an input alternating current
(AC) voltage received at AC mains 103. In one embodiment,
a positive power supply rail 108 and a ground power supply
rail 106 are provided across capacitor 107. The rectified
voltage generated by bridge rectifier 105 and capacitor 107
is received at a primary winding 115 of an energy transfer
element, such as transformer 113. In one embodiment,
transformer 113 includes a secondary winding 117 and a bias
winding 119. Diode 121 and capacitor 123 rectify and filter
DC output 129, whereas diode 125 and capacitor 127 rectify
and filter the bias winding.

The switching regulator 139 includes a drain terminal 141
coupled to the primary winding 115 and a source terminal
143 coupled to the ground rail 106. In one embodiment,
switching regulator 139 includes a control circuit 149, which
generates a drive signal 161 to switch a power switch 147 to
transfer the energy to the secondary winding 117 using
transformer 113. Diode 111 and Zener 109 are used for
clamping the drain terminal 141.

Aload 130 is configured to be coupled across output 129.
A feedback loop is formed from output 129 through output
sense circuit 131 to a control terminal 145 of the switching
regulator 139. The feedback loop includes the output sense
circuit 131 and opto-coupler 133. The opto-coupler 133
includes a transistor 135 that is optically coupled to a
photodiode 137. An output sense signal 146 responsive to
output sense circuit 131 is coupled to be received by control
terminal 145 of the switching regulator 139. Output sense
signal 146 may be a current or a voltage. The combined bias
supply current as well as the feedback current is provided to
the control terminal 145 by the opto-coupler 133 using the
bias winding 119. Thus, the control terminal 145 may be
characterized as a supply voltage (V,)/feedback terminal for
switching regulator 139. This control terminal 145 is there-
fore frequently referred to as a combined electrical terminal.
An external capacitor 151 is connected between control
terminal 145 and ground.

FIG. 2 is a schematic illustrating one embodiment of a
switching regulator 239 in accordance with the teachings of
the present invention. In one embodiment, switching regu-
lator 239 of FIG. 2 may be utilized in place of switching
regulator 139 of FIG. 1. As shown, an example embodiment
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of switching regulator 239 includes a power switch 247
coupled between a drain terminal 241 and a source terminal
243. A gate of power switch 247 is coupled to be switched
in response to a drive signal 261 generated by control circuit
249.

Control circuit 249 includes a feedback signal circuit 349
coupled to generate a feedback signal 248 responsive to an
output sense signal 246 coupled to be received by control
terminal 245. In one embodiment, an internal bias current
for switching regulator 239 during normal operation is
provided by an internal shunt regulator coupled to control
terminal 245. In one embodiment, an external capacitor,
such as capacitor 151 of FIG. 1, is coupled to control
terminal 245. For instance, one embodiment of switching
regulator 239 is powered after an initial turn-on by current
into control terminal 245 through opto-coupler 133 from
output sense circuit 131, which is coupled to the output 129
of power supply 101, as shown in FIG. 1. Part of the current
that goes into control terminal 245 powers up the circuitry
of switching regulator 239 and the remainder is shunted to
ground by the shunt regulator. Feedback signal 248 is
extracted from the amount of current that is shunted to
ground. If there is a substantial load 130 coupled to the
output 129 of power supply 101, then all available current
goes to the load.

To illustrate, attention is directed to feedback signal
circuit 349 of FIG. 2. As shown, comparator 456 includes a
positive terminal coupled to an internal reference voltage.
The negative terminal of comparator 456 is connected to a
voltage that is a fraction of the control terminal 245 voltage
through a voltage divider network of resistors including
resistors 202 and 203. Comparator 456 compares the inter-
nal reference voltage to the fraction of control terminal 245
voltage. If the internal reference voltage is lower than the
fraction of control terminal 245 voltage, indicating that the
control terminal 245 voltage is at the nominal voltage, the
output of comparator 456 goes low, turning on transistor
204. Any excess current that is going into the control
terminal 245 is shunted to ground through transistors 204
and 205. Since the transistors 205 and 207 form a current
mirror, a proportional fraction of this shunt current is used
as the feedback current in transistor 207. The feedback
current is converted to a feedback voltage signal through
resistor 206, from which feedback signal 248 is generated.

An example embodiment of control circuit 249 includes a
pulse width modulator (PWM) circuit 348. PWM circuit 348
generates drive signal 261 in response to feedback signal
248, which is used to control the duty cycle of power switch
247. PWM circuit 348 includes an oscillator 449 that gen-
erates three signals: SAW 451, CLOCK 453 and DMAX
455. As illustrated, the DMAX 455 signal is high during the
ramp-up of SAW 451 and DMAX 455 is low during the
ramp-down of SAW 451. In one embodiment, the CLOCK
453 signal is a short pulse generated at the low to high
transition of DMAX 455. The CLOCK 453 signal is coupled
to the S input of flip-flop 463 to set flip-flop 463.

When the CLOCK 453 signal goes high, the Q signal
output of the flip-flop 463 goes high and remains high until
the flip-flop 463 is reset by the R input of flip-flop 463 going
high at a later time. The Q signal output of flip-flop 463 is
coupled to one of the inputs of the NAND gate 465. The
other input of the NAND gate 465 comes from the DMAX
455 signal of the oscillator 449. Since DMAX 455 is also
high during this time, the output of NAND gate 465 is low
and the output of the inverter 469 is high. In one
embodiment, the output of inverter 469 is drive signal 261
coupled to switch power switch 247.
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When drive signal 261 is high, the power switch 247 is on.
In one embodiment, drive signal 261 is coupled to turn off
power switch 247 when either of the following conditions
are met: the reset R input of the flip-flop 463 goes high, or,
DMAX 455 of oscillator 449 goes low, which corresponds
to maximum duty cycle condition during start-up or an
overload condition. The reset R input of the flip-flop 463
goes high if the output of the comparator 457 goes high, or,
if the current limit signal input of OR gate 458 goes high.

As shown, one input of OR gate 458 is coupled to receive
the current limit signal and the other input of OR gate 458
is coupled to receive an output of comparator 457. In one
embodiment, the current limit signal going high indicates
that the current through the power switch 247 has exceeded
a prescribed limit and the power switch 247 is immediately
turned off. The output of comparator 457 goes high when the
SAW 451 signal of oscillator 449 is higher than the feedback
signal 248 coming from the drain of transistor 207. In one
embodiment, the feedback signal 248 is a very slow moving
signal—almost a DC level signal in comparison to the SAW
451 signal of oscillator 449. In one embodiment, the SAW
451 signal is a 100 kHz saw-tooth signal.

In one embodiment, PWM circuit 348 operates under at
least three different conditions: (1) when the feedback signal
248 is less than the “valleys” of the SAW 451 signal, (2)
when the feedback signal 248 is greater than the “peaks” of
the SAW 451 signal, and (3) when the feedback signal 248
is in between the “peaks” and “valleys” of the SAW 451
signal.

When there is a considerable current through the resistor
206, there is a corresponding voltage drop across resistor
206 and feedback signal 248 is below the “valleys” of the
SAW 451 signal. In one embodiment, a large amount of
current through the resistor 206 indicates that there is large
amount of current being dumped into the control terminal
246, which in turn indicates that the power demand by load
130, which is coupled to the output 129 of power supply
101, is low. In this situation, the positive terminal of the
comparator 457 is always greater than the negative terminal
and the output of the comparator 457 is always high, which
keeps the R input of flip-flop 463 high through OR gate 458.
When CLOCK 453 signal sets the flip-flop 463 through the
S input, the Q output of flip-flop 463 is ready to go high and
pull the gate of power switch 473 high to turn on power
switch 473. However, since R input of the flip-flop 463 is
kept high, the flip-flop 463 is reset immediately and the Q
output of flip-flop 463 goes back down immediately, never
allowing the power switch 247 to turn on.

In one embodiment, the feedback signal 248 is greater
than the “peaks” of the SAW 451 signal when there is not
enough current through the resistor 206 to drop the voltage
of feedback signal 248 down. In one embodiment, this is the
case when the output 129 is heavily loaded by load 130. In
this situation, the positive terminal of the comparator 457 is
always less than the negative terminal and the output of the
comparator 457 is always low, keeping the R input of
flip-flop 463 low and never resetting the flip-flop 463. This
means that after the CLOCK 453 signal turns on the power
switch 473 by setting the flip-flop 463, which makes the Q
output of flip-flop 463 go high, the power switch 247 is not
turned off until the DMAX 455 signal goes from high to low,
or until the power switch 247 reaches current limit, allowing
the output transistor to remain on for the maximum duty
cycle or until power switch 247 reaches its current limit.

In one embodiment, when the feedback signal is less than
the “peaks,” but greater than the “valleys” of the SAW 451
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signal, the power supply 101 is operating within its nominal
load range. In this case, PWM 348 will set the proper duty
cycle for drive signal 261 in response to feedback signal 248
to keep the output 129 of power supply 101 regulated.

In one embodiment, control circuit 249 also includes a
timer circuit 347 in accordance with the teachings of the
present invention. In one embodiment, if the duty cycle of
drive signal 261 is larger than 10%, the switching regulator
239 operates at a full frequency. In one embodiment, the full
frequency is 100 kHz. It is appreciated of course that actual
values provided in this disclosure, such as the 100 kHz
frequency value, are provided for explanation purposes and
that other actual values may be utilized in accordance with
the teachings of the present invention. For purposes of this
disclosure, the duty cycle of drive signal 261 is equal to the
on-time of drive signal 261 divided by the period T of drive
signal 261. The period T is equal to the on-time+off-time of
drive signal 261. Thus, for a drive signal 261 with a full
frequency of 100 kHz, the period T of each cycle of drive
signal 261 is equal to Y100 kHz or 10 us and the on-time of
a 10% duty cycle signal is equal to 1 us. Thus, the off-time
of a 10% duty cycle signal is equal to 10 us-1 us, or 9 us.
It is appreciated that PWM circuit 348 adjusts the duty cycle
of drive signal 261 in response feedback signal 248, which
is responsive to the level of the load 130 coupled to output
129 as well as the input voltage of power supply 101.

In one embodiment, there are two modes of operation for
a switching regulator 239 in accordance with the teachings
of the present invention—full frequency and low frequency.
In one embodiment, the on-time of the power switch 247,
which is responsive to feedback signal 248, determines
whether switching regulator 239 operates at full frequency
or low frequency. In one embodiment, when the on-time of
drive signal 261 is greater than 1 us, the PWM circuit 348
operates in full frequency mode. When the on-time of drive
signal 261 is less than 1 us, the PWM circuit 348 operates
in low frequency mode. Therefore, since the duty cycle of
drive signal 261 is responsive to feedback signal 248, the
PWM circuit 348 operates in full frequency mode for one
range of values for feedback signal 248 and PWM circuit
348 operates in low frequency mode for another range of
values for feedback signal 248.

In one embodiment, switching regulator 239 is operated
in full and low frequency modes as follows. A signal
designated TMIN 257 is derived from the DMAX 455
signal. In one embodiment, TMIN 257 includes a pulse that
is generated at each rising edge of DMAX 455. As
illustrated, the duration of the pulse of TMIN 257 is deter-
mined by a capacitor 353 and current sources 351 and 352.
In one embodiment, capacitor 353 is coupled to be dis-
charged through current sources 351 and 352 through tran-
sistor 210. In one embodiment, current source 351 draws
charge at a rate 30 times greater than current source 352
from capacitor 353. When both current sources 351 and 352
are on at the same time to discharge capacitor 353, the
duration of the TMIN 257 pulse width will be 1 us, 10% of
the full frequency period of one embodiment of drive signal
261. In one embodiment, the current source 352 is always
activated to discharge capacitor 353. However, the current
source 351 is only activated to discharge capacitor 353 when
the output of inverter 479 is high, or output of AND gate 478
is low. In one embodiment, AND gate 478 output will
always be low if the gate of power switch 247 is on for
longer than 1 us since AND gate 478 combines an inverted
drive signal 261 (from the output of NAND gate 465) with
TMIN 257. In one embodiment, when the drive signal 261
is on for longer than 1 us, the AND gate 478 output remains
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low and transistor 201 remains on to keep oscillator 449
unaffected. In one embodiment, the frequency of drive
signal 261 remains constant at 100 kHz in this case.

In one embodiment, as the duty cycle of drive signal 261
falls below 10% in response to feedback signal 248, the
switching regulator 239 goes into low frequency operation.
In one embodiment, as the duty cycle of drive signal 261
drops below 10%, or the on-time of drive signal 261 falls
below 1 us, the output of the NAND gate 465 goes high
while TMIN 257 is still high. During this time, if the status
of drive signal 261 was determined through the feedback
signal 248, instead of the current limit signal received at the
input of OR gate 458, the output of the comparator 456 is
also high. With all of the inputs of AND gate 478 being high,
the output of AND gate 478 goes high and turns off transistor
201, cutting off the current into the oscillator 449 and
suspending oscillations generated by oscillator 449.

In one embodiment, oscillator 449 maintains the value of
SAW 451 at its last voltage magnitude, and the signals
CLOCK 453 and DMAX 455 stop switching in response to
oscillator 449 being suspended in response to transistor 201
being turned off. In one embodiment, when the output of
AND gate 478 goes high, the output of inverter 479 goes low
and transistor 208 turns off, which deactivates the current
source 351 from discharging capacitor 353. Since the current
that discharges the capacitor 353 is 31 times smaller now
that current source 351 deactivated, capacitor 353 dis-
charges at a slower rate and remains charged for a longer
amount of time. Consequently, the remaining on-time of
TMIN 257 is increased by 31 times. As a result, the pulse
width of TMIN 257 is increased from a fixed 1 us value to
the value determined by the following equation:

For DSPW>1 us: TMINPW=1 us;

for DSPW<1 us: TMINPW=((1 us-DSPW)*31)+DSPW  (Eq. 1)

where TMINPW is TMIN 257 pulse width and DSPW is
drive signal 261 pulse width.

The oscillator 449 is suspended from switching for the
duration of TMIN 257 pulse width minus the drive signal
261 pulse width and then released. When released, the
operation of oscillator 449 resumes from where it left off and
SAW 451 signal ramps up from the point at where it had
been suspended. Accordingly, the switching period of drive
signal 261 is increased from 10 us of full frequency opera-
tion to a value determined by the following equation:

For DSPW<1 us: LFPDS=(TMINPW-DSPW)+10 s (Eq. 2)

where LFPDS is low frequency period of drive signal 261
and TMINPW is TMIN 257 pulse width.

To illustrate, FIGS. 3 and 4 show full frequency and low
frequency operation, respectively, of a switching regulator in
accordance with the teachings of the present invention. In
particular, FIG. 3 shows full frequency operation, which in
one embodiment occurs when feedback signal 248 is in a
range that causes the duty cycle of drive signal 261 to be
greater than 10%. As shown in FIG. 3, feedback signal 248
is in between the “peaks™ and “valleys” of SAW 251 signal.
SAW 251 signal rises in from “valley” to “peak™ in 6 us and
falls from “peak” to “valley” in 4 us, which results in a full
operating frequency of 100 kHz. In the example shown,
drive signal has an on-time of 2 us or a duty cycle of 20%,
which is greater than 10%. Accordingly, switching regulator
239 operates in full frequency mode. The inverted drive
signal 259 keeps both current sources 351 and 352 activated
all the time, allowing capacitor 353 to be discharged at the
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faster rate for an entire 1 us . Thus, TMIN 257 has a pulse
width or on-time of 1 us.

In comparison, FIG. 4 shows low frequency operation,
which in one embodiment occurs when feedback signal 248
is in a range that causes the duty cycle of drive signal 261
to be less than 10%. In the particular example illustrated in
FIG. 4, the on-time of drive signal 261 is only 0.5 us, which
is less than 1 us. As shown, since the on-time of drive signal
261 is only 0.5 us, which is less than 1 us, capacitor 353 is
still not fully discharged when current source 351 is deac-
tivated and oscillator 449 is suspended. As shown, SAW 251
signal is caused to be held at the voltage when oscillator 449
was suspended and TMIN 257 now remains high for more
than 1 us since capacitor 353 is discharged at a slower rate
as a result of current source 351 being deactivated. Indeed,
as shown, TMIN 257 remains high for the next 0.5 us *
31=15.5 us. After TMIN 257 goes low, the operation of
oscillator 449 is resumed and SAW 251 signal continues to
oscillate from where it left off to rise to its “peak™ in 5.5 us
and subsequently fell to its “valley” in the normal 4 us.

In the illustrated example of FIG. 4, the switching fre-
quency of drive signal 261 is reduced down to 39.2 kHz and
the period of the drive signal has been increased to 25.5 us
(0.5 us+15.5 us+5.5 us+4 us). If the voltage of feedback
signal 248 goes down more, the switching frequency of
drive signal 261 decreases further in accordance with the
teachings of the present invention. Note that the frequency
of drive signal 261 is reduced without skipping cycles of
drive signal 261 in accordance with the teachings of the
present invention. Instead, the period of each cycle is
increased to reduce the frequency of drive signal 261. In one
embodiment, both the on-time and the off-time of each cycle
of the drive signal 261 are adjusted simultaneously when
increasing the period of the drive signal 261 in accordance
with the teachings of the present invention.

In one embodiment, the lowest frequency that the power
supply controller can go to can be calculated using the
formulas above. In particular, assuming that the as the
feedback signal 248 voltage decreases down to the voltage
of the “valleys” of the SAW 251 signal, the on-time of drive
signal 261 reduces to a substantially zero or negligible
amount. In this case, using Equations 1 and 2 above:

TMINPW=((1 gs—~0 us)*31)+~0 us=31 us, (Eq. 3)

(Eq. 4)

where TMINPW is TMIN 257 pulse width and LFPDS is
low frequency period of drive signal 261. Thus, the period
of drive signal 261 at the lowest frequency in this particular
embodiment is 41 us.

The low frequency period of 41 us corresponds to a
frequency of Y41 us, or 24.4 kHz. Since the lowest switching
frequency of 24.4 kHz is higher than the human audible
frequency range of 20 to 20 kHz, a power supply 101
regulated with a switching regulator in accordance with the
teachings of the present invention will not produce any
audible noise, even at its lowest frequency.

Referring back to the embodiment shown in FIG. 2, timer
circuit 347 also includes a transistor 212 switched in
response to the output of AND gate 478. Transistor 212 acts
as a switch to allow current to flow through resistor 211. The
purpose of resistor 211 and transistor 212 is to keep the
current consumption of switching regulator 239 during low
frequency operation the same as the current consumption
was during full frequency operation. As discussed earlier,
one embodiment of switching regulator 239 is powered by
a current into the control terminal 245 through opto-coupler

LEPDS=(TMINPW-0 5)+10 ps=41 s
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133 from output sense circuit coupled 131 to the output 129
of the power supply 101. In one embodiment, part of the
current that goes into the control terminal 245 powers up the
circuitry of switching regulator 239 and the remainder of the
current is shunted to ground by the shunt regulator. The
feedback signal 248 is extracted from the amount of the
current that is shunted to ground.

As the frequency of drive signal 261 decreases during the
low frequency operation, the power consumed due to
switching of the internal circuitry of switching regulator 239
decreases, resulting in less current going into the circuitry of
switching regulator 239 and more current being shunted to
ground. As the current being shunted to ground increases,
the portion of this current that is being used for extracting
the feedback signal 248 would also increase, causing the
feedback signal 248 to go lower. Correspondingly, the
switching frequency of drive signal 261 would then go lower
due to decreased current consumption of the switching
regulator 239.

Thus, to keep the current consumption of the switching
regulator substantially constant, additional current is drawn
in low frequency mode operation through resistor 211 and
transistor 212 to compensate for the difference in switching
losses between full and low frequency operating modes of
switching regulator 239 in accordance with the teachings of
the present invention. If the additional current is greater than
the reduction of power consumption, then, the pulse width
modulation gain, i.e. the duty cycle versus control terminal
245 current, will be slightly reduced.

FIGS. 5 and 6 are diagrams illustrating the relationships
of frequency vs. current 561, and duty cycle vs. current 661,
respectively, in one embodiment of switching regulator in
accordance with the teachings of the present invention. In
particular, FIG. 6 shows that as the current into the control
terminal 245 increases, the duty cycle of drive signal 261
decreases. In one embodiment, the duty cycle of drive signal
261 decreases in a linear type fashion relative to the current
into control terminal 245 across the full and low frequency
modes of the switching regulator in accordance with the
teachings of the present invention.

FIG. 5 shows that in one embodiment as the duty cycle of
drive signal 261 decreases, the switching frequency of drive
signal 261 remains fixed until the duty cycle is reduced to a
value such as 10%. As the duty cycle of drive signal 261 falls
below 10%, in one embodiment, the frequency of drive
signal 261 starts to decrease gradually, all the way down to
approximately 25 kHz, by which time the duty cycle of drive
signal 261 goes down to 0%. In one embodiment, the
frequency of drive signal 261 decreases in a nearly linear
type fashion in response to control terminal 245 current
across the full and low frequency modes of the switching
regulator in accordance with the teachings of the present
invention.

In one embodiment, feedback signal 248 is responsive to
the control terminal 245 current. Therefore, for one range of
feedback signal 248 values, the switching regulator 239
operates at a fixed frequency and for another range of
feedback signal 248 values, the frequency of operation of the
switching regulator 239 is decreased in response to the
feedback signal 248. In one embodiment, the boundary of
fixed frequency operation and low frequency operation is a
feedback signal 248 value that corresponds to a 10% duty
cycle.

In one embodiment of the present invention, switching
regulator 239 is operated at a full frequency operation at 130
kHz. In this embodiment, the on-time of drive signal 261
that corresponds to the boundary at which switching regu-
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lator 239 is operated in either full frequency or low fre-
quency can be adjusted by adjusting the TMIN 257 time
constant when both current sources 351 and 352 are on. In
one embodiment, the minimum frequency of drive signal
261 is 40 kHz. In another embodiment, switching regulator
239 is operated at a full frequency operation at 65 kHz with
a minimum frequency for drive signal of 20 kHz.

In the foregoing detailed description, the method and
apparatus of the present invention has been described with
reference to specific exemplary embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the present invention. The
present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. A switching regulator, comprising:

a power switch coupled between first and second
terminals, the first terminal to be coupled to an energy
transfer element of a power supply and the second
terminal to be coupled to a supply rail of the power
supply;

a control circuit coupled to a third terminal and the power
switch, the third terminal to be coupled to an output of
the power supply, the control circuit coupled to gener-
ate a feedback signal responsive to the output of the
power supply, the control circuit coupled to switch the
power switch in response to the feedback signal, the
control circuit coupled to switch the power switch at a
fixed switching frequency for a first range of feedback
signal values, the control circuit coupled to vary a
switching frequency of the power switch without skip-
ping cycles in response to the feedback signal for a
second range of feedback signal values.

2. The switching regulator of claim 1 wherein the control

circuit comprises:

a feedback signal circuit coupled to the third terminal, the
feedback signal circuit coupled to generate the feed-
back signal; and

a pulse width modulator circuit coupled to switch the
power switch in response to the feedback signal.

3. The switching regulator of claim 1 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of levels of a load coupled to the output of the
power supply.

4. The switching regulator of claim 2 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of on-time values of a drive signal generated
by the pulse width modulator circuit to switch the power
switch.

5. The switching regulator of claim 2 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of duty cycle percentage values of a drive
signal generated by the pulse width modulator circuit to
switch the power switch.

6. The switching regulator of claim 2 wherein an off-time
value of a drive signal generated by the pulse width modu-
lator circuit to switch the power switch varies as a function
of a level of a load coupled to the output of the power supply
to vary the switching frequency of the power switch without
skipping cycles for the second range of feedback signal
values.

7. The switching regulator of claim 2 wherein on-time and
off-time values of a drive signal generated by the pulse width
modulator circuit to switch the power switch vary simulta-
neously as a function of a level of a load coupled to the
output of the power supply to vary the switching frequency
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of the power switch without skipping cycles for the second
range of feedback signal values.

8. The switching regulator of claim 7 wherein the off-time
value of the drive signal is varied as a function of the on-time
value and a first on-time value of the drive signal, the first
on-time value of the drive signal corresponding to an
on-time of the drive signal at a boundary between the first
and second ranges of feedback signal values.

9. The switching regulator of claim 2 wherein the switch-
ing frequency of the power switch is reduced without
skipping cycles for the second range of feedback signal
values as a level of load coupled to the output of the power
supply is reduced.

10. The switching regulator of claim 9 wherein the
switching frequency of the power switch is reduced without
skipping cycles to a minimum frequency when a duty cycle
percentage value of a drive signal generated by the pulse
width modulator circuit to switch the power switch is
substantially equal to zero percent.

11. A power supply, comprising:

an energy transfer element having an energy transfer
element input and an energy transfer element output
coupled to an output of the power supply;

a switching regulator circuit including a power switch
coupled to the energy transfer element input, and a
control circuit coupled to the power switch and the
output of the power supply, the control circuit coupled
to generate a feedback signal responsive to the output
of the power supply, the control circuit coupled to
switch the power switch in response to the feedback
signal, the control circuit coupled to switch the power
switch at a fixed switching frequency for a first range
of feedback signal values, the control circuit coupled to
vary a switching frequency of the power switch without
skipping cycles in response to the feedback signal for
a second range of feedback signal values.

12. The power supply of claim 11 wherein the control

circuit comprises:

a feedback signal circuit coupled to the output of the
power supply, the feedback signal circuit coupled to
generate the feedback signal; and

a pulse width modulator circuit coupled to switch the
power switch in response to the feedback signal.

13. The power supply of claim 12 further comprising an
output sense circuit coupled between the output of the power
supply and the switching regulator circuit, the output sense
circuit coupled to provide an output sense signal to the
switching regulator that is proportional to an output voltage
or current supplied by the output of the power supply,
wherein a duty cycle variation provided by a drive signal
generated by the pulse width modulator circuit to switch the
power switch is inversely proportional to the output sense
signal.

14. The power supply of claim 11 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of levels of a load coupled to the output of the
power supply.

15. The power supply of claim 12 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of on-time values of a drive signal generated
by the pulse width modulator circuit to switch the power
switch.

16. The power supply of claim 12 wherein the first and
second ranges of the feedback signal correspond to first and
second ranges of duty cycle percentage values of a drive
signal generated by the pulse width modulator circuit to
switch the power switch.

wn

10

20

30

40

50

60

12

17. A method for regulating a power supply, comprising:

switching with a drive signal a power switch coupled to
an energy transfer element of the power supply to
control power delivered to an output of the power
supply;

generating a feedback signal in response to the output of
the power supply;

maintaining a frequency of the drive signal at a fixed
frequency for a first range feedback signal values; and

varying the frequency of the drive signal without skipping
cycles in response to the feedback signal for a second
range of feedback signal values.

18. The method for regulating the power supply of claim
17 further comprising varying a duty cycle of the drive
signal substantially in response to the feedback signal.

19. The method for regulating the power supply of claim
17 wherein generating the feedback signal in response to the
output of the power supply comprises monitoring a current
representative of a level of the load coupled to the output of
the power supply.

20. The method for regulating the power supply of claim
18 wherein generating the feedback signal in response to the
output of the power supply comprises monitoring an on-time
of the drive signal.

21. The method for regulating the power supply of claim
20 wherein monitoring the on-time of the drive signal
comprises timing the on-time of the drive signal with a timer
circuit, the method further comprising suspending operation
temporarily of an oscillator circuit if the on-time of the drive
signal is less than a first on-time value.

22. The method for regulating the power supply of claim
21 wherein timing the on-time of the drive signal with the
timer circuit comprises

discharging a capacitor at a first rate during the on-time of
the drive signal; and

discharging the capacitor at a second rate during an
off-time of the drive signal, the first rate greater than the
second rate.

23. The method for regulating the power supply of claim
22 further comprising maintaining a voltage level of a
suspended oscillating signal generated by the oscillator
circuit while the operation of the oscillator circuit is tem-
porarily suspended.

24. The method for regulating the power supply of claim
23 further comprising resuming operation of the oscillator
circuit after the capacitor has been discharged.

25. A switching regulator, comprising:

a power switch coupled between first and second termi-

nals;

a control circuit coupled to a third terminal and coupled
to the power switch, the control circuit coupled to
receive an output sense signal responsive to an output
of a power supply, the control circuit coupled to gen-
erate a drive signal to switch the power switch in
response to the output sense signal to control the output
of the power supply; and

a timer circuit included in the control circuit, the timer
circuit coupled to time an on-time of the drive signal,
the timer coupled to the control circuit to vary a
switching frequency of the drive signal without skip-
ping cycles if the on-time of the drive signal is less than
a first on-time value, the drive signal to have a fixed
switching frequency if the on-time of the drive signal is
greater than the first on time value.

26. The switching regulator of claim 25 wherein the timer

circuit comprises a capacitor that is coupled to be charged
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and discharged in response to the drive signal, the capacitor
to be discharged at a first rate during the on-time of the drive
signal, the capacitor coupled to be discharged at a second
rate during an off-time of the drive signal, the first rate
greater than the second rate.

27. The switching regulator of claim 26 wherein the timer
circuit further comprises first and second current sources
coupled to discharge the capacitor at the first rate, the second
current source coupled to discharge the capacitor at the
second rate.

28. The switching regulator of claim 26 wherein the
control circuit comprises an oscillator circuit coupled to
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generate an oscillating signal, the oscillator circuit to sus-
pend generating the oscillating signal if the on-time of the
drive signal ends prior to the capacitor being discharged, the
oscillator circuit coupled to resume generating the oscillat-
ing signal after the capacitor has been discharged.

29. The switching regulator of claim 28 wherein the
oscillator circuit is coupled to maintain a voltage level of the
oscillating signal while the oscillator circuit is suspended,
the oscillator circuit is coupled to resume the oscillating

10 signal from the maintained voltage level.
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7) ABSTRACT

A power supply controller having a multi-function terminal.
In one embodiment, a power supply controller for switched
mode power supply includes a drain terminal, a source
terminal, a control terminal and a multi-function terminal.
The multi-function terminal may be configured in a plurality
of ways providing any one or some of a plurality of
functions including on/off control, external current limit
adjustments, under-voltage detection, over-voltage detection
and maximum duty cycle adjustment. The operation of the
multi-function terminal varies depending on whether a posi-
tive or negative current flows through the multi-function
terminal. A short-circuit to ground from the multi-function
terminal enables the power supply controller. A short-circuit
to a supply voltage from the multi-function terminal disables
the power supply controller. The current limit of an internal
power switch of the power supply controller may be
adjusted by externally setting a negative current from the
multi-function terminal. The multi-function terminal may
also be coupled to the input DC line voltage of the power
supply through a resistance to detect an under-voltage
condition, an over-voltage condition and/or adjust the maxi-
mum duty cycle of power supply controller. Synchronization
of the oscillator of the power supply controller may also be
realized by switching the multi-function terminal to power
or ground at the desired times.

29 Claims, 13 Drawing Sheets
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METHOD AND APPARATUS PROVIDING A
MULTI-FUNCTION TERMINAL FOR A
POWER SUPPLY CONTROLLER

This is a Divisional of U.S. application Ser. No. 09/405,
2009, filed Sep. 24, 1999, now pending.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to power supplies
and, more specifically, the present invention relates to a
switched mode power supply controller.

2. Background Information

Electronic devices use power to operate. Switched mode
power supplies are commonly used due to their high effi-
ciency and good output regulation to power many of today’s
electronic devices. In a known switched mode power supply,
a low frequency (e.g. 50 Hz or 60 Hz mains frequency), high
voltage alternating current (AC) is converted to high voltage
direct current (DC) with a diode rectifier and capacitor. The
high voltage DC is then converted to high frequency (e.g. 30
to 300 kHz) AC, using a switched mode power supply
control circuit. This high frequency, high voltage AC is
applied to a transformer to transform the voltage, usually to
a lower voltage, and to provide safety isolation. The output
of the transformer is rectified to provide a regulated DC
output, which may be used to power an electronic device.
The switched mode power supply control circuit provides
usually output regulation by sensing the output controlling it
in a closed loop.

Aswitched mode power supply may include an integrated
circuit power supply controller coupled in series with a
primary winding of the transformer. Energy is transferred to
a secondary winding from the primary winding in a manner
controlled by the power supply controller to provide the
clean and steady source of power at the DC output. The
transformer of a switched mode power supply may also
include another winding called a bias or feedback winding.
The bias winding provides the operating power for the
power supply controller and in some cases it also provides
a feedback or control signal to the power supply controller.
In some switched mode power supplies, the feedback or
control signal can come through an opto-coupler from a
sense circuit coupled to the DC output. The feedback or
control signal may be used to modulate a duty cycle of a
switching waveform generated by the power supply con-
troller or may be used to disable some of the cycles of the
switching waveform generated by the power supply con-
troller to control the DC output voltage.

A power supply designer may desire to configure the
power supply controller of a switched mode power supply in
a variety of different ways, depending on for example the
particular application and/or operating conditions. For
instance, there may be one application in which the power
supply designer would like the power supply controller to
have one particular functionality and there may be another
application in which the power supply designer would like
the power supply controller to have another particular func-
tionality. It would be convenient for power supply designer
to be able to use the same integrated power supply controller
for these different functions.

In order to provide the specific functions to the power
supply controller, additional pins or electrical terminals are
added for each function to the integrated circuit power
supply controllers. Consequently, each additional function
generally translates into an additional pin on the power
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supply controller chip, which translates into increased costs
and additional external components. Another consequence
of providing additional functionality to power supply con-
trollers is that there is sometimes a substantial increase in
power consumption by providing the additional functional-
ity.

SUMMARY OF THE INVENTION

Power supply controller methods and apparatuses are
disclosed. In one embodiment, a power supply controller
circuit is described including a current input circuit coupled
to receive a current. In one embodiment, the current input
circuit is to generate an enable/disable signal in response to
the current. The power supply controller is to activate and
deactivate the power supply in response to the enable/
disable signal. In another embodiment, a current limit of a
power switch of the power supply controller is adjusted in
response to the current. In yet another embodiment, a
maximum duty cycle of the power switch of the power
supply is adjusted in response to the current. Additional
features and benefits of the present invention will become
apparent from the detailed description, figures and claims set
forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention detailed illustrated by way of
example and not limitation in the accompanying figures.

FIG. 1 is a schematic illustrating one embodiment of a
power supply including a power supply controller having a
multi-function terminal in accordance with the teachings of
the present invention.

FIG. 2A is a schematic illustrating one embodiment of a
power supply controller having a multi-function terminal
configured to limit the current of the power switch in the
power supply controller to a desired value in accordance
with the teachings of the present invention.

FIG. 2B is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide a switchable on/off control to the power supply in
accordance with the teachings of the present invention.

FIG. 2C is a schematic illustrating one embodiment of the
power supply having a multi-function terminal configured to
limit the current of the power switch in the power supply
controller to a desired value and provide a switchable on/off
control to the power supply controller in accordance with the
teachings of the present invention.

FIG. 2D is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection and maximum duty cycle reduction of the power
supply in accordance with the teachings of the present
invention.

FIG. 2E is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection, maximum duty cycle reduction and a switchable
on/off control to the power supply in accordance with the
teachings of the present invention.

FIG. 2F is a schematic illustrating one embodiment of
current mode control of a power supply controller having a
multi-function terminal configured to regulate the current
limit of the power switch in response to the power supply
output in accordance with the teachings of the present
invention.

FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller including a multi-function termi-
nal in accordance with teachings of the present invention.
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FIG. 4 is a schematic illustrating one embodiment of a
power supply controller including a multi-function terminal
in accordance with the teachings of the present invention.

FIG. 5 is a diagram illustrating one embodiment of
currents, voltages and duty cycles in relation to current
through a multi-function terminal of a power supply con-
troller in accordance with teachings of the present invention.

FIG. 6A is a diagram illustrating one embodiment of
timing diagrams of switching waveforms of a power supply
controller including a multi-function terminal in accordance
with teachings of the present invention.

FIG. 6B is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

FIG. 7 is a schematic illustrating another embodiment of
a power supply controller including a multi-function termi-
nal in accordance with the teachings of the present inven-
tion.

FIG. 8 is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

DETAILED DESCRIPTION

A method and an apparatus providing a multi-function
terminal in a power supply controller is disclosed. In the
following description, numerous specifically details are set
forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one
having ordinary skill in the art that the specific detail need
not be employed to practice the present invention. In other
instances, well-known materials or methods have not been
described in detail in order to avoid obscuring the present
invention.

In one embodiment of the present invention, a power
supply controller is provided with the functionality of being
able to remotely turn on and off the power supply. In another
embodiment, the power supply controller is provided with
the functionality of being able to externally set the current
limit of a power switch in the power supply controller, which
makes it easier to prevent saturation of the transformer
reducing transformer size and cost. Externally settable cur-
rent limit also allows the maximum power output to be kept
constant over a wide input range reducing the cost of
components that would otherwise have to handle the exces-
sive power at high input voltages. In yet another
embodiment, the power supply controller is provided with
the functionality of being able to detect an under-voltage
condition in the input line voltage of the power supply so
that the power supply can be shutdown gracefully without
any glitches on the output. In still another embodiment, the
power supply controller is provided with the functionality of
being able to detect an over-voltage condition in the input
line voltage of the power supply so that the power supply
can be shut down under this abnormal condition. This allows
the power supply to handle much higher surge voltages due
to the absence of reflected voltage and switching transients
on the power switch in the power supply controller. In
another embodiment, the power supply controller is pro-
vided with the functionality of being able to limit the
maximum duty cycle of a switching waveform generated by
a power supply controller to control the DC output of the
power supply. In so doing, saturation of the transformer
during power up is reduced and the excess power capability
at high input voltages is safely limited. Increased duty cycle
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at low DC input voltages also allows for smaller input filter
capacitance. Thus, this feature results in cost savings on
many components in the power supply including the trans-
former. In yet another embodiment, some or all of the above
functions are provided with a single multi-function terminal
in the power supply controller. That is, in one embodiment,
a plurality of additional functions are provided to power
supply controller without the consequence of adding a
corresponding plurality of additional terminals or pins to the
integrated circuit package of the power supply controller. In
one embodiment, one or some of the above functions are
available when positive current flows into the multi-function
terminal. In another embodiment, one or some of the above
functions are available when negative current flows out from
the multi-function terminal. In one embodiment, the voltage
at the multi-function terminal is fixed at a particular value
depending on whether positive current flows into the multi-
function terminal or whether negative current flows out from
the multi-function terminal.

The multi-function features listed above not only save
cost of many components and improve power supply per-
formance but also, they save many components that would
otherwise be required if these features were implemented
externally.

FIG. 1 is a block diagram illustrating one embodiment of
a power supply 101 including a power supply controller 139
having a multi-function terminal 149 in accordance with the
teachings of the present invention. As illustrated, power
supply 101 includes an AC mains input 103, which is
configured to receive an AC voltage input. A diode rectifier
105 is coupled to AC mains input to rectify the AC voltage.
Capacitor 107 is coupled to diode rectifier 105 to convert the
rectified AC into a steady DC line voltage 109, which is
coupled to a primary winding 111 of a transformer. Zener
diode 117 and diode 119 are coupled across primary winding
111 to provide clamp circuitry.

As illustrated in FIG. 1, primary winding 111 is coupled
to a drain terminal 141 of power supply controller 139.
Power supply controller 139 includes a power switch 147
coupled between the drain terminal 141 and a source ter-
minal 143, which is coupled to ground. When power switch
147 is turned on, current flows through primary winding 111
of the transformer. When current flows through primary
winding 111, energy is stored in the transformer. When
power switch 147 is turned off, current does not flow
through primary winding 111 and the energy stored in the
transformer is transferred to secondary winding 113 and bias
winding 115.

A DC output voltage is produced at DC output 125
through diode 121 and capacitor 123. Zener diode 127,
resistor 129 and opto-coupler 131 form feedback circuitry or
regulator circuitry to produce a feedback signal received at
a control terminal 145 of the power supply controller 139.
The feedback or control signal is used to regulate or control
the voltage at DC output 125. As the voltage across DC
output 125 rises above a threshold voltage determined by
Zener diode 127, resistor 129 and opto-coupler 131, addi-
tional feedback current flows into control terminal 145. In
one embodiment, control terminal 145 also provides a
supply voltage for circuitry of power supply controller 139
through bias winding 115, diode 133, capacitor 135 and
capacitor 137.

As shown in FIG. 1, power supply controller 139 includes
a multi-function terminal 149, which in one embodiment
enables power supply controller 139 to provide one or a
plurality of different functions, depending on how multi-
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function terminal 149 is configured. Some examples of how
multi-function terminal 149 may be configured are shown in
FIGS. 2A through 2F.

For instance, FIG. 2A is a diagram illustrating one
embodiment of a power supply controller 139 including a
resistor 201 coupled between the multi-function terminal
149 and the source terminal 143. In one embodiment, the
source terminal 143 is coupled to ground. In one
embodiment, the voltage at multi-function terminal 149 is
fixed when negative current flows from multi-function ter-
minal 149. In one embodiment, the negative current that
flows through resistor 201 is used to set externally the
current limit of power switch 147. Thus, the power supply
designer can choose a particular resistance for resistor 201
to set externally the current limit of power switch 147. In one
embodiment, resistor 201 may be a variable resistor, a binary
weighted chain of resistors or the like. In such embodiment,
the current limit of power switch 147 may be adjusted
externally by varying the resistance of resistor 201. In one
embodiment, the current limit of power switch 147 is
directly proportional to the negative current flowing through
resistor 201.

FIG. 2B is a diagram illustrating another embodiment of
a power supply controller 139 including a switch 203
coupled between multi-function terminal 149 and source
terminal 143. In one embodiment, source terminal 143 is
coupled to ground. In one embodiment, power supply con-
troller 139 switches power switch 147 when multi-function
terminal 149 is coupled to ground through switch 203. In
one embodiment, power supply controller 139 does not
switch power switch 147 when multi-function terminal 149
is disconnected from ground through switch 203. In
particular, when an adequate amount of negative current
flows from multi-function terminal 149, power supply 101 is
enabled. When substantially no current flows from multi-
function terminal 149, power supply 101 is disabled. In one
embodiment, the amount of current that flows from multi-
function terminal 149 to ground through switch 203 is
limited. Thus, in one embodiment, even if multi-function
terminal 149 is short-circuited to ground through switch
203, the amount of current flowing from multi-function
terminal 149 to ground is limited to a safe amount.

FIG. 2C is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 201 and
switch 203 coupled in series between multi-function termi-
nal 149 and source terminal 143, which in one embodiment
is ground. The configuration illustrated in FIG. 2C combines
the functions illustrated and described in connection with
FIGS. 2A and 2B above. That is, the configuration illustrated
in FIG. 2C illustrates a power supply controller 139 having
external adjustment of the current limit of power switch 147,
through the selection of the resistance for resistor 201, and
on/off functionality through switch 203. When switch 203 is
on, power supply controller 139 will switch power switch
147 with a current limit set by resistor 201. When switch 203
is off, power supply controller 139 will not switch power
switch 147 and power supply 101 will be disabled.

FIG. 2D is a diagram illustrating still another embodiment
of a power supply controller 139 including a resistor 205
coupled between the line voltage 109 and multi-function
terminal 149. Referring briefly back to FIG. 1 above, DC
line voltage 109 is generated at capacitor 107 and is input to
the primary winding 111 of the transformer of power supply
101. Referring back the FIG. 2D, in one embodiment,
multi-function terminal 149 is substantially fixed at a par-
ticular voltage when positive current flows into multi-
function terminal 149. Therefore, the amount of positive
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current flowing through resistor 205 into multi-function
terminal 149 is representative of line voltage 109, which is
input to the primary winding 111. Since the positive current
flowing through resistor 205 into multi-function terminal
149 represents the line voltage 109, power supply controller
139 can use this positive current to sense an under-voltage
condition in line voltage 109 in one embodiment. An under-
voltage condition exists when the line voltage 109 is below
a particular under-voltage threshold value. In one
embodiment, if a line under-voltage condition is detected,
power switch 147 is not switched by power supply controller
139 until the under-voltage condition is removed.

In one embodiment, power supply controller 139 can use
the positive current flowing through resistor 205 into multi-
function terminal 149 to detect an over-voltage condition in
line voltage 109. An over-voltage condition when line
voltage 109 rises above a particular over-voltage threshold
value. In one embodiment, if a line over-voltage condition is
detected, power switch 147 is not switched by power supply
controller 139 until the over-voltage condition is removed.

In one embodiment, power supply controller 139 can also
use the positive current flowing through resistor 205 and
multi-function terminal 149 to detect for increases or
decreases in line voltage 109. As line voltage 109 increases,
for a given fixed maximum duty cycle, the maximum power
available to secondary winding 113 in power supply 101 of
FIG. 1 usually increases. As line voltage 109 decreases, less
power is available to secondary winding 113 in power
supply 101. In most cases, the excess power available at the
DC output 125 is undesirable under overload conditions due
to high currents that need to be handled by components. In
some instances, it is also desirable to increase the maximum
power available to DC output 125 at low input DC voltages
to save on cost of the input filter capacitor 107. Higher duty
cycle at low DC input voltage allows lower input voltage
operation for a given output power. This allows larger ripple
voltage on capacitor 107, which translates to a lower value
capacitor. Therefore, in one embodiment, power supply
controller 139 adjusts the maximum duty cycle of a switch-
ing waveform used to control or regulate power switch 147
in response to increases or decreases in line voltage 109. In
one embodiment, the maximum duty cycle of the switching
waveform used to control power switch 147 is inversely
proportional to the line voltage 109. As mentioned earlier,
reducing the duty cycle with increasing input DC voltage
has many advantages. For instance, it reduces the value and
hence the cost of capacitor 107. In addition, it limits excess
power at high line voltages reducing the cost of the clamp
circuit (117, 119), the transformer and the output rectifier
121 due to reduced maximum power ratings on these
components.

It is appreciated that since only a single resistor 201 to
ground, or a single resistor 205 to line voltage 109, is
utilized for implementing some of the functions of power
supply controller 139, a power savings is realized. For
instance, if a resistor divider were to be coupled between
power and ground, and a voltage output of the resistor
divider coupled to a terminal of power supply controller 139
were to be used, current would continuously flow through
both the resistor divider and into a sensor terminal of the
power supply controller. This would result in increased
power consumption. However in one embodiment of the
power supply controller 139, only the single resistor 201 to
ground or single resistor 205 to line voltage 109 is utilized,
thereby eliminating the need for a current to flow through
both the resistor divider and into power supply controller
139.
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FIG. 2E is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 205, as
described above, coupled between the line voltage 109 and
multi-function terminal 149. FIG. 2E also includes a switch
207 coupled between control terminal 145 and multi-
function terminal 149. In one embodiment, resistor 205
provides the same functionality as discussed above in con-
nection with FIG. 2D. Therefore, when switch 207 is
switched off, the configuration illustrated in FIG. 2E is
identical to the configuration described above in connection
with FIG. 2D.

In one embodiment, control terminal 145 provides a
supply voltage for power supply controller 139 in addition
to providing a feedback or control signal to power supply
controller 139 from DC output 125. As a result, in one
embodiment, switch 207 provides in effect a switchable low
resistance connection between a supply voltage (control
terminal 145) and multi-function terminal 149. In one
embodiment, the maximum positive current that can flow
into multi-function terminal 149 is limited. Therefore, in one
embodiment, even when switch 207 provides, in effect, a
short-circuit connection from a supply voltage, the positive
current that flows into multi-function terminal 149 is limited
to a safe amount. However, in one embodiment, the positive
current that does flow through switch 207, when activated,
into multi-function terminal 149 triggers an over-voltage
condition. As discussed above, power supply 139 discon-
tinues switching power switch 147 during an over-voltage
condition until the condition is removed. Therefore, switch
207 provides on/off functionality for power supply control-
ler 139. When switch 207 is the activated, the low resistance
path to control terminal 145 is removed and the positive
current flowing into multi-function terminal 149 is limited to
the current that flows from line voltage 109 through resistor
205. Assuming that neither an under-voltage condition nor
an over-voltage condition exists, power supply controller
139 will resume switching power switch 147, thereby
re-enabling power supply 101.

FIG. 2F is a diagram illustrating another embodiment of
a power supply controller 139 using current mode control to
regulate the current limit of the power supply. As shown,
resistor 201 is coupled between the multi-function terminal
149 and the source terminal 143 and the transistor 209 of an
opto-coupler coupled between multi-function terminal 149
and a bias supply, such as for example control terminal 145.
Similar to FIG. 2A, the negative current that flows out from
multi-function terminal 149 is used to set externally the
current limit of power switch 147. In the embodiment
illustrated in Figure in FIG. 2F, the current limit adjustment
function can be used for controlling the power supply output
by feeding a feedback signal from the output of the power
supply into multi-function terminal 149. In the embodiment
depicted in FIG. 2F, the current limit is adjusted in a closed
loop to regulate the output of the power supply (known as
current mode control) by adding the opto-coupler output
between multi-function terminal 149 and the bias supply.

In one embodiment, the power supply controller configu-
rations described in connection with FIGS. 2A through 2F
all utilize the same multi-function terminal 149. Stated
differently, in one embodiment, the same power supply
controller 139 may be utilized in all of the configurations
described. Thus, the presently described power controller
139 provides a power supply designer with added flexibility.
As a result, a power supply designer may implement more
than one of the above functions at the same time using the
presently described power supply controller 139. In
addition, the same functionality may be implemented in
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more than one way. For example, power supply 101 can be
remotely turned on and off using either power or ground. In
particular, the power supply 101 can be turned on and off by
switching to and from the control terminal (supply terminal
for the power supply controller) using the over-voltage
detection feature, or by switching to and from ground using
the on/off circuitry.

FIGS. 2A though 2F provide just a few examples of use
of the multi-function terminal. A person skilled in the art will
find many other configurations for use of the multi-function
pin. The uses for the multi-function terminal, are therefore,
not limited to the few examples shown.

It is worthwhile to note that different functions of the
presently described power supply controller 139 may be
utilized at different times during different modes of opera-
tion of power supply controller 139. For instance, some
features may be implemented during startup operation, other
functions may be implemented during normal operation,
other functions may be implemented during fault conditions,
while still other functions may be implemented during
standby operation. Indeed, it is appreciated that a power
supply designer may implement other circuit configurations
to use with a power supply controller 139 in accordance with
teachings of the present invention. The configurations illus-
trated in FIGS. 2A through 2F are provided simply for
explanation purposes.

FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller 139 in accordance with teachings
of the present invention. As shown in the embodiment
illustrated, power supply controller 139 includes a current
input circuit 302, which in one embodiment serves as
multi-function circuitry. In one embodiment, current input
circuit 302 includes a negative current input circuit 304 and
a positive current input circuit 306. In one embodiment,
negative current input circuit 304 includes negative current
sensor 301, on/off circuitry 309 and external current limit
adjuster 313. In one embodiment, positive current input
circuit 306 includes positive current sensor 305, under-
voltage comparator 317, over-voltage comparator 321 and
maximum duty cycle adjuster 325.

As shown in FIG. 3, negative current sensor 301 and
positive current sensor 305 are coupled to multi-function
terminal 149. In one embodiment, negative current sensor
301 generates a negative current sense signal 303 and
positive current sensor generates a positive current sense
signal 307. For purposes of this description, a negative
current may be interpreted as current that flows out of
multi-function terminal 149. Positive current may be inter-
preted as current that flows into multi-function terminal 149.
In one embodiment, on/off circuitry 309 is coupled to
receive negative current sense signal 303. External current
limit adjuster 313 is coupled to receive negative current
sense signal 303.

In one embodiment, under-voltage comparator 317 is
coupled to receive positive current sense signal 307. Over-
voltage comparator 321 is coupled to receive positive cur-
rent sense signal 307. As discussed earlier, both under-
voltage and over-voltage comparators also function as on/off
circuits. Maximum duty cycle adjuster 325 is also coupled
to receive positive current sense signal 307.

In one embodiment, on/off circuitry 309 generates an
on/off signal 311, under-voltage comparator 317 generates
an under-voltage signal 319 an over-voltage comparator 321
generates an over-voltage signal 323. As shown in the
embodiment illustrated in FIG. 3, enable/disable logic 329 is
coupled to receive the on/off signal 311, the under-voltage
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signal 319 and the over-voltage signal 323. The under-
voltage and over-voltage signals can also be used for on/off
functions as noted earlier.

In one embodiment, enable/disable logic 329 generates an
enable/disable signal 331, which is coupled to be received
by control circuit 333. The control circuit 333 is also coupled
to receive a control signal from control terminal 145. In
addition, control circuit 333 is also coupled to receive a
drain signal from drain terminal 141, a maximum duty cycle
adjustment signal 327 from maximum duty cycle adjuster
325 and an external current limit adjustment signal 315 from
external current limit adjuster 313.

In one embodiment, control circuit 333 generates a
switching waveforms 335, which is coupled to be received
by power switch 147. In one embodiment, power switch 147
is coupled between drain terminal 141 and source terminal
143 to control a current flowing through the primary wind-
ing 111 of power supply 101, which is coupled to drain
terminal 141.

In one embodiment, negative current sensor 301 senses
current that flows out of negative current sensor 301 through
multi-function terminal 149. Negative current sense signal
303 is generated in response to the current that flows from
negative current sensor 301 through multi-function terminal
149. In one embodiment, current that flows from negative
current sensor 301 through multi-function terminal 149
typically flows through an external resistance or switch
coupled between multi-function terminal 149 and ground.

In one embodiment, positive current sensor 305 senses
current that flows into positive current sensor 305 through
multi-function terminal 149. Positive current sense signal
307 is generated in response to the current that flows into
positive current sensor 305 through multi-function terminal
149. In one embodiment, current that flows into positive
current sensor 305 through multi-function terminal 149
typically flows through an external resistance coupled
between multi-function terminal 149 and the DC line volt-
age 109 input to the primary winding 111 of a power supply
101 and/or another voltage source. In another embodiment
the current flows through an external resistance or a switch
coupled between the multi-function terminal 149 and
another voltage source. In one embodiment, the line voltage
109 input to primary winding 111 is typically a rectified and
filtered AC mains signal.

As mentioned above, in one embodiment, positive current
does not flow while negative current flows, and vice versa.
In one embodiment, the negative current sensor 301 and
positive current sensor 305 are designed in such a way that
they are not active at the same time . Stated differently,
negative current sense signal 303 is not active at the same
time as positive current sense signal 307 in one embodiment.

In one embodiment, the voltage at multi-function terminal
149 is fixed at a first level when negative current flows out
of power supply controller 139 from multi-function terminal
149. In one embodiment, the first level is selected to be
approximately 1.25 volts. In one embodiment, the voltage at
multi-function terminal is fixed at a second level when
positive current flows into power supply controller 139
through multi-function terminal 149. In one embodiment,
the second level is selected to be approximately 2.3 volts.

In one embodiment, on/off circuitry 309 generates on/off
signal 311 in response to negative current sense signal 303.
In one embodiment, when the current flowing from multi-
function terminal 149 through an external resistance to
ground is less than a predetermined on/off threshold level,
on/off circuitry 309 generates on/off signal 311 to switch off
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the power supply 101. In one embodiment, when the current
flowing from multi-function terminal 149 is greater than a
predetermined on/off threshold level, on/off circuitry 309
generates on/off signal 311 to switch on the power supply
101. In one embodiment, the magnitude of the on/off thresh-
old level is approximately 40 to 50 microamps, including
hysteresis.

In one embodiment, external current limit adjuster 313
generates external current limit adjustment signal 315 in
response to negative current sense signal 303. In one
embodiment, when the magnitude of the negative current
flowing from multi-function terminal 149 through an exter-
nal resistance or switch to ground is below a predetermined
level, the current limit adjuster 313 generates an external
current limit adjustment signal to limit the current flowing
through power switch 147. In one embodiment, when the
magnitude of the negative current flowing from multi-
function terminal 149 is below a predetermined level, the
current flowing through power switch 147 is limited to an
amount directly proportional to the current flowing out of
power supply controller 139 from multi-function terminal
149. In one embodiment, predetermined level is approxi-
mately 150 microamps. In one embodiment, if the magni-
tude of the negative current flowing out of power supply
controller 139 from multi-function terminal 149 is greater
than the predetermined level, the current flowing through
power switch 147 is internally limited or clamped to a fixed
safe maximum level. Therefore, the current flowing through
power switch 147 is clamped to a safe value, even when
multi-function terminal 149 is shorted to ground. In one
embodiment, the current flowing through power switch 147
is internally limited or clamped to value of 3 amps.

In one embodiment, since the voltage at multi-function
terminal 149 is fixed at a particular voltage when current
flows out of power supply controller 139 through multi-
function terminal 149, the current limit through power
switch 147 can be accurately set externally with a single
large value, low-cost, resistor externally coupled between
multi-function terminal 149 and ground. By using a large
external resistance, the current flowing from multi-function
terminal 149 is relatively small. As mentioned above, the
current flowing from multi-function terminal 149 in one
embodiment is in the microamp range. Since the current
flowing from multi-function terminal 149 is relatively small,
the amount of power dissipated is also relatively small.

In one embodiment, multi-function terminal 149 is
coupled to the DC line voltage 109 input to the primary
winding 111 through an external resistance. In one
embodiment, the amount of current flowing into multi-
function terminal 149 represents the DC input line voltage to
the power supply 101. In one embodiment, under-voltage
comparator 317 generates under-voltage signal 319 in
response to the resulting positive current sense signal 307. In
one embodiment, when the current flowing into multi-
function terminal 149 rises above a first predetermined
threshold, under-voltage comparator 317 generates under-
voltage signal 319 to enable the power supply. In one
embodiment, when the current flowing into multi-function
terminal 149 falls below a second predetermined threshold,
under-voltage comparator 317 generates under-voltage sig-
nal 319 to disable the power supply. In one embodiment, the
first predetermined threshold is greater than the second
predetermined threshold to provide hysteresis. By providing
hysteresis or a hysteretic threshold, unwanted switching on
and off of the power supply 101 resulting from noise or
ripple is reduced. In one embodiment, the first predeter-
mined threshold is approximately 50 microamps and the
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second predetermined threshold is approximately O micro-
amps. In another embodiment, a hysteretic threshold is not
utilized. Thus the hysteresis is greater than or equal to zero.

In one embodiment, over-voltage comparator 321 gener-
ates overvoltage signal 323 in response to the positive
current sense signal 307. In one embodiment, when the
current flowing into multi-function terminal 149 rises above
a third predetermined threshold, over-voltage comparator
321 generates over-voltage signal 323 to disable the power
supply. In one embodiment, when the current flowing into
multi-function terminal 149 falls below a fourth predeter-
mined threshold, over-voltage comparator 321 generates
over-voltage signal 323 to enable the power supply. In one
embodiment, the third predetermined threshold is greater
than the fourth predetermined threshold to provide hyster-
esis. By providing hysteresis or a hysteretic threshold,
unwanted switching on and off of the power supply resulting
from noise is reduced. In one embodiment, the third prede-
termined threshold is approximately 225 microamps and the
fourth predetermined threshold is approximately 215 micro-
amps. In one embodiment, the third and fourth predeter-
mined thresholds are selected to be approximately four to
five times greater than the first predetermined threshold
discussed above for an AC mains input 103 of approxi-
mately 85 volts to 265 volts AC. In another embodiment, a
hysteretic threshold is not utilized. Thus the hysteresis is
greater than or equal to zero.

In one embodiment, power switch 147 is able to tolerate
higher voltages when not switching. When the power supply
is disabled, power switch 147 does not switch. Therefore, it
is appreciated that over-voltage comparator 321 helps to
protect the power supply 101 from unwanted input power
surges by disabling the power switch 147.

In one embodiment, over-voltage and under-voltage com-
parators 321 and 317 may also be used for on/off
functionality, similar to on/off circuitry 309. In particular,
multi-function terminal 149 may be switchably coupled to a
on/off control signal source to provide a positive current that
flows into multi-function terminal 149 that cross the under-
voltage or over-voltage thresholds (going above the third or
below the fourth predetermined thresholds). For example,
when the positive current through the multi-function pin
crosses above the first predetermined threshold of the under-
voltage comparator 317, the power supply will be enabled
and when the positive current goes below the second pre-
determined threshold of the under-voltage comparator 317,
the power supply is disabled. Similarly, when the positive
current through the multi-function pin crosses above the
third predetermined threshold of the over-voltage compara-
tor 321, the power supply will be disabled and when the
positive current goes below the fourth predetermined thresh-
old of the over-voltage comparator 321, the power supply is
enabled.

In one embodiment, maximum duty cycle adjuster 325
generates maximum duty cycle adjustment signal 327 in
response to the positive current sense signal 307. In one
embodiment, maximum duty cycle adjustment signal 327,
which is received by control circuit 333, is used to adjust the
maximum duty cycle of the switching waveform 335 used to
control power switch 147. In one embodiment, the maxi-
mum duty cycle determines how long a power switch 147
can be on during each cycle. For example, if the maximum
duty cycle is 50 percent, the power switch 147 can be on for
a maximum of 50 percent of each cycle.

Referring briefly for example to the power supply 101 of
FIG. 1, while power switch 147 is on, power is stored in the
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transformer core through the primary winding 111. While
the power switch 147 is off, power is delivered from the
transformer core to the secondary winding of the trans-
former in power supply 101. To delivery a given power
level, for a lower DC input voltage 109, a higher duty cycle
is required and for a higher DC input voltage 109, a lower
duty cycle is required. In one embodiment of the present
invention, maximum duty cycle adjuster 325 decreases the
maximum duty cycle of power switch 147 in response to
increases in the DC input voltage 109. In one embodiment,
maximum duty cycle adjuster 325 increases the maximum
duty cycle of power switch 147 in response to decreases in
the DC input voltage 109. Stated differently, the maximum
duty cycle is adjusted to be inversely proportional to the
current that flows into multi-function terminal 149 in one
embodiment of the present invention.

Referring back to FIG. 3, in one embodiment, the maxi-
mum duty cycle is adjusted within a range of 33 percent to
75 percent based on the amount of positive current that flows
into multi-function terminal 149. In one embodiment, maxi-
mum duty cycle adjuster 325 does not begin to decrease the
maximum duty cycle until the amount of current that flows
into multi-function terminal 149 rises above a threshold
value. In one embodiment, that threshold value is approxi-
mately 60 microamps. In one embodiment, the maximum
duty cycle is not adjusted if negative current flows out of
multi-function terminal 149. In this case, the maximum duty
cycle is fixed at 75 percent in one embodiment of the present
invention.

In one embodiment, enable/disable logic 329 receives as
input on/off signal 311, under-voltage signal 319 and over-
voltage signal 323. In one embodiment, if any one of the
under-voltage or over-voltage conditions exist, enable/
disable logic 329 disables power supply 101. In one
embodiment, when the under-voltage and over-voltage con-
ditions are removed, enable/disable logic 329 enables power
supply 101. In one embodiment, power supply 101 may be
enabled or disabled by starting and stopping, respectively,
the switching waveform 335 at the beginning of a switching
cycle just before the power switch is to be turned on. In one
embodiment, enable/disable logic 329 generates enable/
disable signal 331, which is received by the oscillator in the
control circuit 333 to start or stop the oscillator at the
beginning of a switching cycle of switching waveform 335.
When enabled the oscillator will start a new on cycle of the
switching waveform. When disabled the oscillator will com-
plete the current switching cycle and stop just before the
beginning of the next cycle.

In one embodiment, control circuit 333 generates switch-
ing waveform 335 to control power switch 147 in response
to a current sense signal received from drain terminal 141,
enable/disable signal 331, maximum duty cycle adjustment
signal 327, a control signal from control terminal 145 and
external current limit adjustment signal 315.

In one embodiment, the enable/disable signal can also be
used to synchronize the oscillator in the control circuit to an
external on/off control signal source having a frequency less
than that of the oscillator. The on/off control signal can be
input to the multi-function terminal through any of the three
paths that generate the enable/disable signal: on/off circuitry
309, under-voltage comparator 317 or over-voltage com-
parator 321. As discussed, enable/disable the oscillator in the
control circuit 333, in one embodiment, begins a new
complete cycle of switching waveform at 335 using known
techniques in response to enable/disable signal 331, which
represents the on/off control signal at the multi-function
input. By turning the on/off control signal “on™ at the
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multi-function input for a fraction of the switching cycle and
then “off,” the oscillator is enabled to start a new complete
cycle. Therefore, if the external on/off control signal has
short “on” pulses at a frequency less than the oscillator in the
control circuit, the oscillator will produce a switching cycle
each time an on pulse is detected, thus providing a switching
waveform that is synchronized to the external frequency.

In an alternate embodiment shown below in FIG. 7, the
enable/disable signal 331 directly disables or turns off the
power switch through the AND gate 493 when an under-
voltage or over-voltage condition exists. In this
embodiment, the power switch can be enabled or disabled in
the middle of a cycle and consequently, synchronization of
the switching waveform through a on/off control signal at
the multi-function input is not provided.

FIG. 4 is a schematic of one embodiment of a power
supply controller 139 in accordance with the teachings of the
present invention. As illustrated, negative current sensor 301
includes a current source 401 coupled to control terminal
145. Transistors 403 and 405 form a current mirror coupled
to current source 401. In particular, transistor 403 has a
source coupled to current source 401 and a gate and drain
coupled to the gate of transistor 405. The source of transistor
405 is also coupled to current source 401. Transistor 407 is
coupled between the drain and gate of transistor 403 and
multi-function terminal 149. In one embodiment, the gate of
transistor 407 is coupled to a band gap voltage Vg Plus a
threshold voltage V. In one embodiment, Vg is approxi-
mately 1.25 volts, V,» is approximately 1.05 volts and
Vgs+Vrna 1s approximately 2.3 volts. Transistors 411 and
413 also form a current mirror coupled to the drain of
transistor 405. In particular, the gate and drain of transistor
411 are coupled to the drain of transistor 405 and the gate of
transistor 413. In one embodiment, negative current sense
signal 303 is generated at the gate and drain of transistor 411.
The sources of transistors 411 and 413 are coupled to
ground. In one embodiment, ground is provided through
source terminal 143.

In one embodiment, on/off circuitry 309 includes a current
source 409 coupled between the drain of transistor 413 and
control terminal 145. In one embodiment, on/off signal 311
is generated at the drain of transistor 413.

In one embodiment, external current limit adjuster 313
includes a current source 415 coupled between control
terminal 145 and the drain of transistor 419 and the gate and
drain of transistor 421. The source of transistor 419 and the
source of transistor 421 are coupled to ground. The gate of
transistor 419 is coupled to receive negative current sense
signal 303. External current limit adjuster 313 also includes
a current source 417 coupled between control terminal 145
and the drain of transistor 423 and resistor 425. The source
of transistor 423 and resistor 425 are coupled to ground.
External current limit adjustment signal 315 is generated at
the drain of transistor 423.

In one embodiment, positive current sensor 305 includes
transistor 429 having a source coupled to multi-function
terminal 149 and the current mirror formed with transistors
431 and 433. In particular, transistor 431 has a gate and drain
coupled to the drain of transistor 429 and the gate of
transistor 433. Current source 435 is coupled between
ground and the sources of transistors 431 and 433. The gate
of transistor 429 is coupled to band gap voltage V. The
drain of transistor 433 is coupled to the current mirror
formed with transistors 427 and 437. In particular, the gate
and drain of transistor 427 are coupled to the gate of
transistor 437 and the drain of transistor 433. The sources of
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transistors 427 and 437 are coupled to control terminal 145.
Positive current sense signal 307 is generated at the gate and
drain of transistor 427.

In one embodiment, under-voltage comparator 317
includes a current source 439 coupled between the drain of
transistor 437 and ground. Under-voltage signal 319 is
generated at the drain of transistor 437.

In one embodiment, over-voltage comparator 321
includes a current source 443 coupled between the drain of
transistor 441 and ground. Transistor 441 has a source
coupled to control terminal 145 and a gate coupled to receive
positive current sense signal 307. Over-voltage signal 323 is
generated at the drain of transistor 441.

In one embodiment, enable/disable logic 329 includes
NOR gate 445 having an input coupled to receive under-
voltage signal 319 and an inverted input coupled to receive
on/off signal 311. Enable/disable logic 329 also includes
NOR gate 447 having an input coupled to receive over-
voltage signal 323 and an input coupled to an output of NOR
gate 445. Enable/disable signal 331 is generated at the
output of NOR gate 447.

In one embodiment, maximum duty cycle adjuster 325
includes a transistor 449 having a source coupled to control
terminal 145 and a gate coupled to receive positive current
sense signal 307. Maximum duty cycle adjuster 325 also
includes a current source 453 coupled between the drain of
transistor 449 and ground. A diode 451 is coupled to the
drain of transistor 449 to produce maximum duty cycle
adjustment signal 327.

In one embodiment, power switch 147 includes a power
metal oxide semiconductor field effect transistor (MOSFET)
495 coupled between drain terminal 141 and source terminal
143. Power MOSFET 495 has a gate coupled to receive a
switching waveform 335 generated by pulse width modu-
lator 333.

In one embodiment, control circuit 333 includes a resistor
455 coupled to the control terminal 145. A transistor 457 has
a source coupled to resistor 455 and a negative input of a
comparator 459. A positive input of comparator 459 is
coupled to a voltage V, which in one embodiment is approxi-
mately 5.7 volts. An output of comparator 459 is coupled to
the gate of transistor 457. The drain of transistor 457 is
coupled to diode 451 and resistor 479. The other end resistor
479 is coupled to ground. A filter is coupled across resistor
479. The filter includes a resistor 481 coupled to resistor 479
and capacitor 483 coupled to resistor 481 and ground.
Capacitor 483 is coupled to a positive input of comparator
477.

In one embodiment, control circuit 333 is a pulse width
modulator, which has an oscillator 467 with three oscillating
waveform outputs 471, 473 and 475. Oscillator 467 also
includes an enable/disable input 469 coupled to receive
enable/disable signal 331. In one embodiment, control cir-
cuit 333 also includes a voltage divider including resistors
461 and 463 coupled between drain terminal 141 and
ground. A node between resistors 461 and 463 is coupled to
a positive input of a comparator 465. A negative input of
comparator 465 is coupled to receive external current limit
adjustment signal 315.

In one embodiment, oscillating waveform output 471 is
coupled to a first input of AND gate 493. Oscillating
waveform output 473 is coupled to a set input of latch 491.
Oscillating waveform output 475 is coupled to a negative
input of comparator 477. An output of comparator 465 is
coupled to a first input of AND gate 487. A leading edge
blanking delay circuit 485 is coupled between the output of
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NAND gate 493 and a second input of AND gate 487. In one
embodiment, there is a gate driver or a buffer between the
output of the NAND gate 493 and the gate of the MOSFET
(not shown). An output of AND gate 487 is coupled to a first
input of OR gate 489. A second input of OR gate 489 is
coupled to an output of comparator 477. An output of OR
gate 489 is coupled to a reset input of latch 491. An output
of latch 491 is coupled to a second input of AND gate 493.
The output of AND gate 493 generates switching waveform
33s.

Operation of power supply controller 139 of FIG. 4 is as
follows. Beginning with negative current sensor 301, the
gate of transistor 407 is fixed at Vz;+V, in one embodi-
ment to approximately 2.3 volts. As a result, transistor 407
sets the voltage at multi-function terminal 149 to Vg in one
embodiment, which is approximately 1.25 volts, when cur-
rent is pulled out of multi-function terminal 149. This
current may be referred to as negative current since the
current is being pulled out of power supply controller 139.
In one embodiment, transistor 407 is sized such that it
operates with a current density resulting in a voltage drop
between the gate and source that is close to V4, wherein the
Vi a is the threshold of the N channel transistor 407, when
negative current flows from multi-function terminal 149.
When an external resistor (not shown) is coupled from
multi-function terminal 149 to ground, the negative current
flowing through the external resistor will therefore be Vg,
divided by the value of the external resistor in accordance
with Ohm’s law. This negative current flowing out from
multi-function terminal 149 passes through transistors 403
and is mirrored on to transistor 405. Current source 401
limits the negative current sourced by multi-function termi-
nal 149. Therefore, even if multi-function terminal 149 is
short-circuited to ground, the current is limited to a current
less than the current supplied by current source 401. This
current is less than the current source 401 by an amount that
flows through the transistor 405. In one embodiment, the
negative current that can be drawn from the multi-function
terminal is limited to 200 microamps by the current source
401. In one embodiment, if more negative current than
current source 401 is able to supply is pulled from multi-
function terminal 149, the voltage at multi-function terminal
149 collapses to approximately O volts.

The current that flows through transistor 403 is mirrored
to transistor 405. The current that flows through transistors
405 and 411 is the same since they are coupled in series.
Since transistors 411 and 413 form a current mirror, the
current flowing through transistor 413 is proportional to the
negative current flowing through multi-function terminal
149. The current flowing through transistor 413 is compared
to the current provided by current source 409. If the current
through transistor 413 is greater than the current supplied by
current source 409, the signal at the drain of transistor 413
will go low, which in one embodiment enables the power
supply. Indeed, on/off signal 311 is received at an inverted
input of NOR gate 445. Thus, when on/off signal 311 is low,
the power supply is enabled. Therefore, by having a negative
current greater than a particular threshold value, the power
supply of the present invention is enabled in one embodi-
ment. In one embodiment, the magnitude of that particular
threshold value is approximately 50 microamps.

As mentioned above, the current flowing through transis-
tor 411 is proportional to the negative current flowing out
from multi-function terminal 149. As illustrated, transistor
419 also forms a current mirror with transistor 411.
Therefore, the current flowing through transistor 419 is
proportional to the current flowing through transistor 411.
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The current flowing through transistor 421 is the difference
between the current supplied by current source 415 and the
current flowing through transistor 419. For example, assume
that the current supplied by current source 415 is equal to A.
Assume further that the current flowing through transistor
419 is equal to B. In this case, the current flowing through
transistor 421 is equal to A-B.

As illustrated, transistor 423 forms a current mirror with
transistor 421. Therefore, the current flowing through tran-
sistor 423 is proportional to the current flowing through
transistor 421. Continuing with the example above and
assuming further that transistors 421 and 423 are equal in
size, the current flowing through transistor 423 is also equal
to A—B. Assuming further that current source 417 supplies a
current equal to the current supplied by current source 415,
which is assumed to be equal to A, then the current flowing
through resistor 425 would be equal to A-(A-B), which is
equal to B.

Therefore, the current flowing through resistor 425 is
proportional to the current flowing through transistor 419,
which is proportional to the current flowing through tran-
sistor 411, which is proportional to the negative current
flowing out from multi-function terminal 149. Note that if
the current flowing through transistor 419 is greater than the
current supplied by current source 415, the current flowing
through transistor 421 would be zero because the voltage at
the drains of transistors 419 and 421 would collapse to
approximately zero volts. This would result in the current
flowing through transistor 423 to be zero . Thus, the current
through resistor 425 cannot be greater than the current
supplied by current source 417. However, as long as B is less
than A, the current that flows through resistor 425 is equal
to B. If B rises above A, the current that flows through
resistor 425 is equal to A.

In one embodiment, resistor 425 is fabricated using the
same or similar types of processes and diffusions or doped
regions used in fabricating power MOSFET 495. As a result,
the on resistance of resistor 425 follows or tracks the on
resistance of power MOSFET 495 through varying operat-
ing conditions and processing variations.

The voltage across resistor 425 is reflected in external
current limit adjuster signal 315, which is input to the
negative input of comparator 465. In one embodiment, the
negative input of comparator 465 is the threshold input of
comparator 465. Therefore, the negative input of comparator
465 receives a voltage proportional to the negative current
flowing out of multi-function terminal 149 multiplied by the
resistance of resistor 425.

The positive input of comparator 465 is coupled to drain
terminal 141 through resistor 461 of the voltage divider
formed by resistor 461 and resistor 463. Therefore, the
positive input of comparator 465 senses a voltage propor-
tional to the drain current of power MOSFET 495 multiplied
by the on resistance of power MOSFET 495.

When the voltage at the positive terminal of comparator
465 rises above the voltage provided by external current
limit adjuster signal 315 to the negative terminal of com-
parator 465, the output of comparator 465 is configured to
reset latch 491 through AND gate 487 and OR gate 489. By
resetting latch 491, the on portion of a cycle of waveform
335 received at the gate of power MOSFET 495 is masked
or cut short, which results in turning off power MOSFET
495 when the amount of current flowing through power
switch 147 rises above the threshold.

In one embodiment, AND gate 487 also receives input
from leading edge blanking delay circuitry 485. In one
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embodiment, leading edge blanking delay circuitry 485,
using known techniques, temporarily disables current limit
detection at the start, or during the leading edge portion, of
an on transition of power MOSFET 495.

As shown in the embodiment illustrated in FIG. 4, latch
491 is set at the beginning of each cycle by switching
waveform output 473. One way that latch 491 is reset,
thereby turning off power MOSFET 495, is through the
output of comparator 465. Another way to reset latch 491 is
through the output of comparator 477, which will be dis-
cussed below in connection with maximum duty cycle
adjuster 325.

With regard to positive current sensor 305, the gate of
transistor 429 is coupled to the band gap voltage V. In one
embodiment, transistor 429 is sized such that it operates with
a current density resulting in a drop between the source and
gate close to V;p, which is threshold of the P channel
transistor 429, when positive current flows into multi-
function terminal 149. In one embodiment, current that
flows into multi-function terminal 149 is referred to as
positive current since the current is being fed into the power
supply controller 139. As a result, the voltage at multi-
function terminal 149 is fixed at approximately Vgs+Vrp
when positive current flows into multi-function terminal
149.

The gate voltages on the transistors 407 and 429 chosen
in the embodiment discussed above are such that only one of
transistors 407 and 429 are switched on at a time depending
on the polarity of the current at the multi-function terminal.
Stated differently, if transistor 407 is on, transistor 429 is off.
If transistor 429 is on, transistor 407 is off. As result, if
negative current sensor 301 is on, positive current sensor
305 is isolated from multi-function terminal 149. If positive
current sensor 305 is on, negative current sensor 301 is
isolated from multi-function terminal 149. Therefore, if
there is negative current flowing through multi-function
terminal 149, positive current sensor 305 is disabled. If there
is positive current flowing through multi-function terminal
149, negative current sensor 301 is disabled.

In one embodiment, the positive current that flows into
transistor 429 flows through transistor 431 since they are
coupled in series. The positive current through multi-
function terminal 149 flows into and is limited by current
source 435. In one embodiment, if the positive current
through multi-function terminal 149 is greater than an
amount that current source 435 can sink minus the current in
transistor 433, then the voltage at multi-function terminal
149 will rise and is clamped either by the circuitry driving
the current or by the standard clamping circuitry that is used
for protection purposes on external terminals such as the
multi-function terminal, of a power supply controller. As
shown, transistors 431 and 433 form a current mirror.
Therefore, the current flowing through transistor 433 is
proportional to the positive current that flows through tran-
sistor 431. The current that flows through the transistor 433
flows to transistor 427 since they are coupled in series. As
shown, the gate of transistor 427 is coupled to the drain of
transistor 427, which generates positive current sense signal
307.

Transistors 427 and 437 form a current mirror since the
gate and drain of transistor 427 are coupled to the gate of
transistor 437. Therefore, the current flowing through tran-
sistor 437 is proportional to the current flowing through
transistor 427, which is proportional to the positive current.
Current source 439 provides a reference current, which is
compared to the current that flows through transistor 437. If
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the current flowing through transistor 437 rises above the
current provided by current source 439, then the voltage at
the drain of transistor 437, which is the under-voltage signal
319, goes high. When under-voltage signal 319 goes high
and the output of NOR gate 445 will go low, indicating that
there is no under-voltage condition.

Transistors 427 and 441 also form a current mirror since
the gate and drain of transistor 427 are coupled to the gate
of transistor 441. Therefore, the current flowing through
transistor 441 is proportional to the current flowing through
the transistor 427, which is proportional to the positive
current. Current source 443 provides a reference current,
which is compared to current that flows through transistor
441. As long as the current flowing through transistor 441
stays below the current provided by current source 443, then
the voltage at the drain of transistor 441, which is the
over-voltage signal 323, remains low. When over-voltage
signal 323 remains low, the output of NOR gate 447 remains
high assuming that there was no under-voltage condition
indicated by under-voltage signal 319 and no remote off
condition indicated by on/off signal 311.

The output of NOR gate 447 is enable/disable signal 331.
In one embodiment, enable/disable signal 331 is high if
on/off signal 311 is low, or under-voltage signal 319 is high
and over-voltage signal 323 is low. Otherwise, enable/
disable signal 331 is low.

In one embodiment, the oscillator 467 receives enable/
disable signal 331 at the start/stop input 469. In one
embodiment, oscillator 467 generates oscillating waveforms
at oscillating waveform outputs 471, 473 and 475 while
enable/disable signal 331 is high or active. In one
embodiment, oscillator 467 does not generate the oscillating
waveforms at oscillating waveform outputs 471, 473 and
475 while enable/disable signal 331 is low or in-active. In
one embodiment, oscillator 467 begins generating oscillat-
ing waveforms starting with new complete cycles on a rising
edge of enable/disable signal 331. In one embodiment,
oscillator 467 completes existing cycles of the oscillating
waveforms generated at oscillating waveform outputs 471,
473 and 475 before stopping the waveforms in response to
a falling edge of enable/disable signal 331. That is, oscillator
467 stops generating the waveforms at a point just before the
start of an on time of power switch of the next cycle in
response to a falling edge of enable/disable signal 331.

In one embodiment, control terminal 145 supplies power
to the circuitry of power supply controller 139 and also
provides feedback to modulate the duty cycle of switching
waveform 335. In one embodiment, control terminal 145 is
coupled to the output of the power supply 101 through a
feedback circuit to regulate the output voltage of the power
supply 101. In one embodiment, an increase in the output
voltage of power supply 101 results in the reduction in the
duty cycle of switching waveform 335 through feedback
received through control terminal 145. Therefore, if the
regulation level of the output parameter of power supply 101
that is being controlled, such as output voltage or current or
power, is exceeded during operation, additional feedback
current is received through control terminal 145. This feed-
back current flows through resistor 455 and through a shunt
regulator formed by transistor 457 and comparator 459. If no
feedback current or control terminal current in excess of
supply current is received through control terminal 145, the
current through transistor 457 is zero. If the current through
transistor 457 is zero, and assuming for the time being that
there is no current through the diode 451, the current through
resistor 479 is zero. If there is no current flowing through
resistor 479, then the voltage drop across resistor 479 is zero.
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If there is no voltage drop across resistor 479, there is no
voltage drop across capacitor 483. As a result, the output of
comparator 477 will remain low. If the output of comparator
477 remains low, and assuming for the time being that the
output of AND gate 487 remains low, the output of latch 491
will remain high. In this case, the maximum duty cycle
signal, which is produced by oscillator waveform output
471, will be generated at the output of AND gate 493. Thus,
switching waveform 335 will have the maximum duty cycle
produced by oscillator waveform output 471.

Therefore, when the voltage drop across resistor 479
remains at zero, the maximum duty cycle produced at
oscillator waveform output 471 is not limited, assuming that
the output of AND gate 487 remains low. This is because
latch 491 is not reset through the output of comparator 477.
However, when the feedback current or control terminal
current in excess to the supply current is received through
control terminal 145, this feedback current flows through
transistor 457. As the amount of current flowing through the
transistor 457 increases, the voltage drop across resistor 479
increases correspondingly. As a voltage drop across resistor
479 increases, the voltage drop across capacitor 483 will
increase. In any given cycle, when the voltage on the
oscillating waveform output 475 crosses below the voltage
across the capacitor 483 the output of the comparator will go
high and terminate the on-time of the switching waveform
335 or turn off the power switch 495. As a result, the duty
cycle (on time as a fraction of the cycle time) of the
switching waveform 335 decreases with increase in voltage
drop across resistor 479.

In one embodiment, the oscillating waveform at oscillat-
ing waveform output 475 is a sawtooth waveform having a
duty cycle and period equal to the maximum duty cycle
waveform generated at oscillating waveform output 471. As
the voltage drop across resistor 479 increases, the output of
comparator 477 will go high closer to the beginning of each
cycle. When the output of comparator 477 goes high, latch
491 will be reset through NOR gate 489. When latch 491 is
reset, the on time of the of switching waveform 335 is
terminated for that particular cycle and switching waveform
335 remains low for the remainder of that particular cycle.
Latch 491 will not be set again until the beginning of the
next cycle through switching waveform output 473, assum-
ing that there is a high or active enable/disable signal 331.

Referring now to maximum duty cycle adjuster signal
325, transistor 449 includes a source coupled to control
terminal 145 and a gate coupled the gate and drain of
transistor 427 to receive positive current sense signal 307.
Transistor 449 and transistor 427 also form a current mirror.
Therefore, the current flowing through transistor 449 is
proportional to the current flowing through transistor 427,
which is proportional to the positive current flowing into
multi-function terminal 149. The current that flows through
diode 451 is the difference between the current that flows
through transistor 449 and the current that flows into current
source 453. The current that flows through current source
453 is set such that current will not begin to flow through
diode 451 until the current flowing through transistor 449
rises above a threshold. In one embodiment, the above
threshold value is chosen such that the maximum duty cycle
is not reduced until the positive current flowing into multi-
function terminal 149 rises above the threshold used for
under-voltage comparison. In one embodiment, the thresh-
old positive current used for under-voltage comparison is
approximately 50 microamps and the threshold positive
current used for maximum duty cycle adjustment is approxi-
mately 60 microamps.
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When current begins to flows through diode 451, that
current will be combined with current that flows through
transistor 457. In one embodiment, the current that flows
through diode 451 is maximum duty cycle adjustment signal
327. The current flowing through transistor 457 and diode
451 will flow through resistor 479. As discussed in detail
above, current that flows through resistor 479 will result in
the voltage drop across resistor 479, which results in a
reduction in the maximum duty cycle of switching wave-
form 335. As the current that flows through resistor 479
increases, the maximum duty cycle of switching waveform
335 will be decreased.

FIG. 5 is a diagram illustrating some of the currents,
voltages and duty cycles associated with the power supply
controller 139 in accordance with teachings of the present
invention. In particular, diagram 501 illustrates when the
power supply is enabled in relation to the input current of
multi-function terminal 149. The x-axis represents the posi-
tive or negative current flowing into or out of multi-function
terminal 149. As illustrated, as positive input current rises
from zero and crosses over 50 microamps, power supply
controller 139 in one embodiment is enabled. At this time,
an under-voltage condition is removed. If the current is
above 50 microamps but then falls below zero microamps,
power supply controller 139 is disabled. At this time, an
under-voltage condition is detected. The difference between
50 microamps and zero microamps provides hysteresis,
which provides for more stable operation during noise or
ripple conditions in the input current.

As the input current rises above 225 microamps, the
power supply is disabled. At this time, an over-voltage
condition is detected. When the input current falls back
below 215 microamps, the power supply is re-enabled. At
this time, the over-voltage condition is removed. The dif-
ference between 225 microamps and 215 microamps pro-
vides hysteresis, which provides for more stable operation
during noise or ripple conditions in the input current.

Continuing with diagram 501, when the negative current
that flows out from multi-function terminal 149 rises in
magnitude to a level above 50 microamps, which is illus-
trated as —50 microamps in FIG. 5, the power supply is
enabled. At this time, the on/off feature of the present
invention turns on the power supply. When the negative
current falls in magnitude to a level below 40 microamps,
which is illustrated as —40 microamps in FIG. 5, the power
supply is disabled. At this time, the on/off feature of the
present invention turns off the power supply. The difference
between —50 microamps and -40 microamps provides
hysteresis, which provides for more stable operation during
noise or ripple conditions in the input current.

It is worthwhile to note that in one embodiment the
positive input current is clamped at 300 microamps and that
the negative input current is clamped at 200 microamps. The
positive input current would be clamped at 300 microamps
when, for example, the multi-function terminal 149 is short-
circuited to a supply voltage. The negative input current
would be clamped at 200 microamps when, for example, the
multi-function terminal is short-circuited to ground.

In diagram 503, the current limit through power switch
147 as adjusted by the present invention is illustrated. Note
that the hysteresis of the under-voltage and over-voltage
conditions are illustrated from zero microamps to 50 micro-
amps and from 215 microamps to 225 microamps, respec-
tively. In one embodiment, when positive input current is
provided into multi-function terminal 149 and there is
neither an under-voltage condition nor an over-voltage
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condition, the current limit through power switch 147 is 3
amps. However, when negative current flows out from
multi-function terminal 149, and the magnitude of the nega-
tive current rises above 50 microamps, which is illustrated
as =50 microamps in FIG. 5, the current limit through power
switch 149 is approximately 1 amp. As the magnitude of the
negative current rises to 150 microamps, which is illustrated
as —150 microamps in FIG. S, the current limit through
power switch 149 rises proportionally with the negative
current to 3 amps. After the magnitude of the negative
current rises above 150 microamps, the current limit of the
power switch 149 remains fixed at 3 amps. Note that there
is also the on/off hysteresis between —50 microamps and —40
microamps in diagram 503.

Diagram 505 illustrates the maximum duty cycle setting
of power supply controller 139 in relation to the input
current. Note that the hysteresis from —50 microamps to —40
microamps, from zero microamps to 50 microamps and
from to 215 microamps to 225 microamps as discussed
above is included. In the embodiment illustrated in diagram
505, the maximum duty cycle is fixed at 75 percent until a
positive input current of 60 microamps is reached. As the
input current continues to increase, the maximum duty cycle
continues to decrease until an input current of 225 micro-
amps is reached, at which time the maximum duty cycle has
been reduced to 33 percent. As illustrated, between 60
microamps and 225 microamps, the maximum duty cycle is
inversely proportional to the positive input current. Note that
when negative current flows through multi-function terminal
149, and when the power supply is enabled, the maximum
duty cycle in one embodiment is fixed at 75 percent.

Diagram 507 illustrates the voltage at multi-function
terminal, which is labeled in diagram 507 as line sense
voltage, in relation to the input current. When negative
current is flowing from multi-function terminal 149, the
voltage at multi-function terminal 149 is fixed at the band
gap voltage Vg, which in one embodiment is 1.25 volts.
When positive current is flowing into multi-function termi-
nal 149, the voltage at multi-function terminal is fixed at the
band gap voltage V. plus a threshold voltage V., which
in one embodiment sum to 2.3 volts. In the event that a
negative current having a magnitude of more than 200
microamps is attempted to be drawn out of the multi-
function terminal 149, the voltage at multi-function terminal
149 drops to approximately zero volts. In the event that a
positive current of more than 300 microamps flows into
multi-function terminal 149, the voltage at multi-function
terminal 149 rises. In this case, the voltage will be limited by
either by a standard clamp used at the multi-function ter-
minal for the purpose of protection or by the external
circuitry driving the multi-function terminal, whichever is
lower in voltage.

It is appreciated that the currents, voltages, duty cycle
settings and hysteresis settings described in connection with
the present invention are given for explanation purposes
only and that other values may be selected in accordance
with teachings of the present invention. For example, in
other embodiments, non hysteretic thresholds may be uti-
lized. Thus the hysteresis values may be greater than or
equal to zero.

FIG. 6A is timing diagram illustrating one embodiment of
some of the waveforms of a power supply controller in
accordance with teachings of the present invention. Refer-
ring to both FIGS. 4 and 6A, oscillating waveform output
475 of oscillator 467 generates a sawtooth waveform, which
is received by comparator 477. Oscillating waveform output
471 of oscillator 467 generates a maximum duty cycle
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signal, which is received by AND gate 493. Enable/disable
signal 331, which is received at enable/disable input 469 of
oscillator 467, is also illustrated. In FIG. 6A, the enable/
disable signal 331 is active. Therefore, the sawtooth wave-
form of oscillating waveform output 475 and the maximum
duty cycle waveform of oscillating waveform output 471 are
generated. Note that the sawtooth waveform and the maxi-
mum duty cycle waveform have the same frequency and
period. One cycle of each of these waveform occurs between
time 601 and time 605. The peak of the sawtooth waveform
occurs at the same time as the rising edge of the maximum
duty cycle waveform. This aspect is illustrated at time 601
and at time 605. The lowest point of the sawtooth waveform
occurs at the same time as the falling edge of the maximum
duty cycle waveform. This aspect is illustrated at time 603.

Referring now to FIG. 6B, a timing diagram illustrating
another embodiment of the waveforms of a power supply
controller in accordance with teachings of the present inven-
tion is shown. From time 607 to time 609, the enable/disable
signal 331 is low or inactive. In one embodiment, a low
enable/disable signal 331 disables the power supply. A high
or active enable/disable signal 331 enables the power supply.
At time 609, the rising edge of enable/disable signal 331
occurs. At this time, oscillating waveform outputs 475 and
471 begin generating the sawtooth waveform and maximum
duty cycle waveform, respectively. Note that a new com-
plete cycle of each of these waveforms is generated in
response to the rising edge of enable/disable signal 331 at
time 609.

From time 609 to time 611, enable/disable signal 331
remains high or active. Thus, during this time, the sawtooth
waveform and maximum duty cycle waveform are continu-
ously generated.

At time 611, a falling edge of enable/disable signal 331
occurs. Before oscillator 467 discontinues generating the
sawtooth waveform and the maximum duty cycle waveform,
the existing cycles of each of these waveforms are allowed
to complete. Stated differently, generation of the sawtooth
waveform and the maximum duty cycle waveform is dis-
continued at a point just before the start of the on-time of the
switching waveform 335 or the on-time of the power switch
of the next cycle. This point in time is illustrated in FIG. 6B
at time 613. Note that after time 613, the sawtooth waveform
remains inactive at a high value and the maximum duty
cycle waveform remains inactive at a low value.

At time 615, another rising edge of enable/disable signal
331 occurs. Therefore, the sawtooth waveform and the
maximum duty cycle waveform are generated beginning at
a new complete cycle of each waveform. As illustrated in
FIG. 6B, a falling edge of enable/disable signal 331 occurs
at time 617, which is immediately after the rising edge.
However, the sawtooth waveform and maximum duty cycle
waveforms are allowed to complete their then existing
cycles. This occurs at time 619. After time 619, the wave-
forms remains inactive as shown during the time between
time 619 and time 621, which is when another rising edge
of enable/disable signal 331 occurs. At time 621, another
new complete cycle of the sawtooth waveform and the
maximum duty cycle waveform are generated. Since enable/
disable signal 331 is deactivated at time 623, which occurs
during a cycle of the sawtooth waveform and the maximum
duty cycle waveform, these waveforms are deactivated after
fully completing their respective cycles. Thus, by pulsing
the on/off control signal at the multi-function terminal it is
possible to synchronize the oscillator to the on/off pulse
frequency.

FIG. 7 is a schematic of another embodiment of a power
supply controller 139 in accordance with the teachings of the
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present invention. The power supply controller schematic
shown in FIG. 7 is similar to the power supply controller
schematic discussed above in FIG. 4. The primary difference
between the power supply controller of FIGS. 4 and 7 is that
oscillator 467 of FIG. 7 does not have an enable/disable
input 469 coupled to receive enable/disable signal 331. As
shown in the embodiment depicted in FIG. 7, the enable/
disable signal 331 is used to directly gate the switching
waveform at the input of AND gate 493. In this embodiment,
the oscillator 467 is running all the time and switching
waveform 335 will be gated on and off at any point in the
cycle in response to the enable/disable signal 331.

To illustrate, FIG. 8 shows one embodiment of timing
diagrams of switching waveforms of the power supply
controller illustrated in FIG. 7. Referring to both FIGS. 7
and 8, oscillating waveform output 475 of oscillator 467
generates a sawtooth waveform, which is received by com-
parator 477. Oscillating waveform output 471 of oscillator
467 generates a maximum duty cycle signal, which is
received by AND gate 493. Enable/disable signal 331, which
is received by AND gate 493, and the output of AND gate
493, which is switching waveform 335, are also illustrated.
In FIG. 8, the enable/disable signal 331 is active only some
of the time. Therefore, the switching waveform 335 is
switching only during those portions of time that the enable/
disable signal 331 is active. When the enable/disable signal
331 is not active, switching waveform 335 does not switch.

In the foregoing detailed description, the method and
apparatus of the present invention has been described with
reference to specific exemplary embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the present invention. The
present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. A power supply controller circuit, comprising:

a current input circuit coupled to receive a current for
adjusting a current limit of a power switch, the current
input circuit to generate a current limit adjustment
signal in response to the current; and

a control circuit coupled to receive the current limit
adjustment signal, the control circuit coupled to adjust
the current limit of a current through the power switch
in response to the current limit adjustment signal.

2. The power supply controller circuit of claim 1 wherein
the power switch is coupled to a primary winding of the
power supply.

3. The power supply controller circuit of claim 1 wherein
the control circuit is a pulse width modulation circuit that
generates a switching waveform coupled to be received by
the power switch to regulate a power supply output.

4. The power supply controller of claim 3 wherein the
current is representative of a feedback signal from the power
supply output, wherein a power supply voltage is regulated
through current limit adjustment of the power switch in
response to the feedback signal.

5. The power supply controller of claim 3 wherein the
control circuit includes a first comparator coupled to com-
pare a voltage representative of the current through the
power switch with the current limit adjustment signal such
that the power switch is disabled in response to an output of
the first comparator when the current limit set by the current
limit adjustment signal is exceeded.

6. The power supply controller of claim 5 wherein the
control circuit is to generate said switching waveform con-
trolled in response to the output of the first comparator such
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that the switching waveform is coupled to limit the current
through the power switch.

7. The power supply controller circuit of claim 1 wherein
the current limit of the current through the power switch is
adjusted by the current when the current limit of the current
through the power switch is below a predetermined maxi-
mum level.

8. The power supply controller circuit of claim 7 wherein
the current limit of the current through the power switch is
fixed at the predetermined maximum level for magnitudes of
the currents that are higher than the current value corre-
sponding to the predetermined maximum level.

9. The power supply controller of claim 1, wherein the
current circuit also generates an enable/disable signal that
deactivates the power supply when the magnitude of the
current is below an on/off threshold, the on/off threshold
having a hysteresis of zero or greater.

10. The power supply controller circuit of claim 9 further
comprising an oscillator circuit coupled to an enable/disable
signal, the oscillator circuit to start and stop generating a
switching waveform in response to the current crossing the
on/off threshold.

11. The power supply controller circuit of claim 10
wherein the oscillator circuit is to complete an existing cycle
of the switching waveform before the oscillator is to stop
generating the switching waveform in response to the
enable/disable signal.

12. The power supply controller circuit of claim 10
wherein the oscillator circuit is to start a new complete cycle
of the switching waveform if the oscillator circuit is to start
generating the switching waveform in response to the
enable/disable signal.

13. The power supply controller circuit of claim 1,
wherein the current is received by the current input circuit on
a low impedance terminal that has a reference voltage with
respect to ground.

14. The power supply controller in claim 13, wherein the
current limit of the power switch is set by the value of
resistance connected between the reference voltage on the
low impedance terminal and ground.

15. A method for controlling a power supply, comprising:

supplying a first current from a first terminal of a power

supply controller;

deactivating the power supply if the first current supplied

from the first terminal falls below a first threshold
value; and

activating the power supply if the first current supplied

from the first terminal rises above a second threshold
value.

16. The method of claim 15 wherein deactivating the
power supply comprises stopping a switching waveform to
control a power switch coupled to a primary winding of the
power supply.

17. The method of claim 15 wherein activating the power
supply comprises starting a switching waveform to control
a power switch coupled to a primary winding of the power
supply.

18. The method of claim 17 wherein starting the switching
waveform includes starting a new complete cycle of the
switching waveform.

19. The method of claim 15 wherein the second threshold
value is greater than the first threshold value.

20. The method of claim 15 further comprising limiting
the first current supplied from the first terminal to a maxi-
mum value.

21. The method of claim 16 wherein stopping the switch-
ing waveform includes allowing to complete an existing
cycle of the switching waveform.
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22. The method of claim 15 further comprising coupling
a switch between the first terminal and ground.

23. The method of claim 15 further comprising coupling
a variable resistance between the first terminal and ground.

24. A method for controlling a power supply, comprising:

supplying a first current from a first terminal of a power

supply controller;

controlling a second current flowing through a primary

winding of the power supply with a power switch
coupled to the primary winding; and

adjusting a current limit of the second current in response

to the first current.

25. The method of claim 24 wherein adjusting the current
limit of the second current comprises increasing the current
limit of the second current in response to an increase in the
first current.

26. The method of claim 24, wherein adjusting the current
limit of the second current comprises decreasing the current
limit of the second current in response to a decrease in the
first current.

26

27. The method of claim 24 further comprising coupling
a resistance between the first terminal and ground.

28. The method of claim 24 wherein controlling a second
current flowing through the primary winding comprises:

switching the power switch in response to a switching
waveform; and

adjusting the switching waveform in response to the first
current.

29. The method of claim 28 wherein adjusting the switch-
ing waveform comprises:

generating a first voltage in response to the first current;

generating a second voltage in response to the second
current; and

adjusting the switching waveform in response to a com-
parison of the first voltage and the second voltage.
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METHOD AND APPARATUS PROVIDING A
MULTI-FUNCTION TERMINAL FOR A
POWER SUPPLY CONTROLLER

This is a Divisional of U.S. Application Ser. No. 09/405,
2009, filed Sep. 24, 1999, now pending.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to power supplies
and, more specifically, the present invention relates to a
switched mode power supply controller.

2. Background Information

Electronic devices use power to operate. Switched mode
power supplies are commonly used due to their high effi-
ciency and good output regulation to power many of today’s
electronic devices. In a known switched mode power supply,
a low frequency (e.g. 50 Hz or 60 Hz mains frequency), high
voltage alternating current (AC) is converted to high voltage
direct current (DC) with a diode rectifier and capacitor. The
high voltage DC is then converted to high frequency (e.g. 30
to 300 kHz) AC, using a switched mode power supply
control circuit. This high frequency, high voltage AC is
applied to a transformer to transform the voltage, usually to
a lower voltage, and to provide safety isolation. The output
of the transformer is rectified to provide a regulated DC
output, which may be used to power an electronic device.
The switched mode power supply control circuit provides
usually output regulation by sensing the output controlling it
in a closed loop.

Aswitched mode power supply may include an integrated
circuit power supply controller coupled in series with a
primary winding of the transformer. Energy is transferred to
a secondary winding from the primary winding in a manner
controlled by the power supply controller to provide the
clean and steady source of power at the DC output. The
transformer of a switched mode power supply may also
include another winding called a bias or feedback winding.
The bias winding provides the operating power for the
power supply controller and in some cases it also provides
a feedback or control signal to the power supply controller.
In some switched mode power supplies, the feedback or
control signal can come through an opto-coupler from a
sense circuit coupled to the DC output. The feedback or
control signal may be used to modulate a duty cycle of a
switching waveform generated by the power supply con-
troller or may be used to disable some of the cycles of the
switching waveform generated by the power supply con-
troller to control the DC output voltage.

A power supply designer may desire to configure the
power supply controller of a switched mode power supply in
a variety of different ways, depending on for example the
particular application and/or operating conditions. For
instance, there may be one application in which the power
supply designer would like the power supply controller to
have one particular functionality and there may be another
application in which the power supply designer would like
the power supply controller to have another particular func-
tionality. It would be convenient for power supply designer
to be able to use the same integrated power supply controller
for these different functions.

In order to provide the specific functions to the power
supply controller, additional pins or electrical terminals are
added for each function to the integrated circuit power
supply controllers. Consequently, each additional function
generally translates into an additional pin on the power
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supply controller chip, which translates into increased costs
and additional external components. Another consequence
of providing additional functionality to power supply con-
trollers is that there is sometimes a substantial increase in
power consumption by providing the additional functional-
ity.

SUMMARY OF THE INVENTION

Power supply controller methods and apparatuses are
disclosed. In one embodiment, a power supply controller
circuit is described including a current input circuit coupled
to receive a current. In one embodiment, the current input
circuit is to generate an enable/disable signal in response to
the current. The power supply controller is to activate and
deactivate the power supply in response to the enable/
disable signal. In another embodiment, a current limit of a
power switch of the power supply controller is adjusted in
response to the current. In yet another embodiment, a
maximum duty cycle of the power switch of the power
supply is adjusted in response to the current. Additional
features and benefits of the present invention will become
apparent from the detailed description, figures and claims set
forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention detailed illustrated by way of
example and not limitation in the accompanying figures.

FIG. 1 is a schematic illustrating one embodiment of a
power supply including a power supply controller having a
multi-function terminal in accordance with the teachings of
the present invention.

FIG. 2A is a schematic illustrating one embodiment of a
power supply controller having a multi-function terminal
configured to limit the current of the power switch in the
power supply controller to a desired value in accordance
with the teachings of the present invention.

FIG. 2B is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide a switchable on/off control to the power supply in
accordance with the teachings of the present invention.

FIG. 2C is a schematic illustrating one embodiment of the
power supply having a multi-function terminal configured to
limit the current of the power switch in the power supply
controller to a desired value and provide a switchable on/off
control to the power supply controller in accordance with the
teachings of the present invention.

FIG. 2D is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection and maximum duty cycle reduction of the power
supply in accordance with the teachings of the present
invention.

FIG. 2E is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection, maximum duty cycle reduction and a switchable
on/off control to the power supply in accordance with the
teachings of the present invention.

FIG. 2F is a schematic illustrating one embodiment of
current mode control of a power supply controller having a
multi-function terminal configured to regulate the current
limit of the power switch in response to the power supply
output in accordance with the teachings of the present
invention.

FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller including a multi-function termi-
nal in accordance with teachings of the present invention.
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FIG. 4 is a schematic illustrating one embodiment of a
power supply controller including a multi-function terminal
in accordance with the teachings of the present invention.

FIG. 5 is a diagram illustrating one embodiment of
currents, voltages and duty cycles in relation to current
through a multi-function terminal of a power supply con-
troller in accordance with teachings of the present invention.

FIG. 6A is a diagram illustrating one embodiment of
timing diagrams of switching waveforms of a power supply
controller including a multi-function terminal in accordance
with teachings of the present invention.

FIG. 6B is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

FIG. 7 is a schematic illustrating another embodiment of
a power supply controller including a multi-function termi-
nal in accordance with the teachings of the present inven-
tion.

FIG. 8 is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

DETAILED DESCRIPTION

A method and an apparatus providing a multi-function
terminal in a power supply controller is disclosed. In the
following description, numerous specifically details are set
forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one
having ordinary skill in the art that the specific detail need
not be employed to practice the present invention. In other
instances, well-known materials or methods have not been
described in detail in order to avoid obscuring the present
invention.

In one embodiment of the present invention, a power
supply controller is provided with the functionality of being
able to remotely turn on and off the power supply. In another
embodiment, the power supply controller is provided with
the functionality of being able to externally set the current
limit of a power switch in the power supply controller, which
makes it easier to prevent saturation of the transformer
reducing transformer size and cost. Externally settable cur-
rent limit also allows the maximum power output to be kept
constant over a wide input range reducing the cost of
components that would otherwise have to handle the exces-
sive power at high input voltages. In yet another
embodiment, the power supply controller is provided with
the functionality of being able to detect an under-voltage
condition in the input line voltage of the power supply so
that the power supply can be shutdown gracefully without
any glitches on the output. In still another embodiment, the
power supply controller is provided with the functionality of
being able to detect an over-voltage condition in the input
line voltage of the power supply so that the power supply
can be shut down under this abnormal condition. This allows
the power supply to handle much higher surge voltages due
to the absence of reflected voltage and switching transients
on the power switch in the power supply controller. In
another embodiment, the power supply controller is pro-
vided with the functionality of being able to limit the
maximum duty cycle of a switching waveform generated by
a power supply controller to control the DC output of the
power supply. In so doing, saturation of the transformer
during power up is reduced and the excess power capability
at high input voltages is safely limited. Increased duty cycle
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at low DC input voltages also allows for smaller input filter
capacitance. Thus, this feature results in cost savings on
many components in the power supply including the trans-
former. In yet another embodiment, some or all of the above
functions are provided with a single multi-function terminal
in the power supply controller. That is, in one embodiment,
a plurality of additional functions are provided to power
supply controller without the consequence of adding a
corresponding plurality of additional terminals or pins to the
integrated circuit package of the power supply controller. In
one embodiment, one or some of the above functions are
available when positive current flows into the multi-function
terminal. In another embodiment, one or some of the above
functions are available when negative current flows out from
the multi-function terminal. In one embodiment, the voltage
at the multi-function terminal is fixed at a particular value
depending on whether positive current flows into the multi-
function terminal or whether negative current flows out from
the multi-function terminal.

The multi-function features listed above not only save
cost of many components and improve power supply per-
formance but also, they save many components that would
otherwise be required if these features were implemented
externally.

FIG. 1 is a block diagram illustrating one embodiment of
a power supply 101 including a power supply controller 139
having a multi-function terminal 149 in accordance with the
teachings of the present invention. As illustrated, power
supply 101 includes an AC mains input 103, which is
configured to receive an AC voltage input. A diode rectifier
105 is coupled to AC mains input to rectify the AC voltage.
Capacitor 107 is coupled to diode rectifier 105 to convert the
rectified AC into a steady DC line voltage 109, which is
coupled to a primary winding 111 of a transformer. Zener
diode 117 and diode 119 are coupled across primary winding
111 to provide clamp circuitry.

As illustrated in FIG. 1, primary winding 111 is coupled
to a drain terminal 141 of power supply controller 139.
Power supply controller 139 includes a power switch 147
coupled between the drain terminal 141 and a source ter-
minal 143, which is coupled to ground. When power switch
147 is turned on, current flows through primary winding 111
of the transformer. When current flows through primary
winding 111, energy is stored in the transformer. When
power switch 147 is turned off, current does not flow
through primary winding 111 and the energy stored in the
transformer is transferred to secondary winding 113 and bias
winding 115.

A DC output voltage is produced at DC output 125
through diode 121 and capacitor 123. Zener diode 127,
resistor 129 and opto-coupler 131 form feedback circuitry or
regulator circuitry to produce a feedback signal received at
a control terminal 145 of the power supply controller 139.
The feedback or control signal is used to regulate or control
the voltage at DC output 125. As the voltage across DC
output 125 rises above a threshold voltage determined by
Zener diode 127, resistor 129 and opto-coupler 131, addi-
tional feedback current flows into control terminal 145. In
one embodiment, control terminal 145 also provides a
supply voltage for circuitry of power supply controller 139
through bias winding 115, diode 133, capacitor 135 and
capacitor 137.

As shown in FIG. 1, power supply controller 139 includes
a multi-function terminal 149, which in one embodiment
enables power supply controller 139 to provide one or a
plurality of different functions, depending on how multi-
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function terminal 149 is configured. Some examples of how
multi-function terminal 149 may be configured are shown in
FIGS. 2A through 2F.

For instance, FIG. 2A is a diagram illustrating one
embodiment of a power supply controller 139 including a
resistor 201 coupled between the multi-function terminal
149 and the source terminal 143. In one embodiment, the
source terminal 143 is coupled to ground. In one
embodiment, the voltage at multi-function terminal 149 is
fixed when negative current flows from multi-function ter-
minal 149. In one embodiment, the negative current that
flows through resistor 201 is used to set externally the
current limit of power switch 147. Thus, the power supply
designer can choose a particular resistance for resistor 201
to set externally the current limit of power switch 147. In one
embodiment, resistor 201 may be a variable resistor, a binary
weighted chain of resistors or the like. In such embodiment,
the current limit of power switch 147 may be adjusted
externally by varying the resistance of resistor 201. In one
embodiment, the current limit of power switch 147 is
directly proportional to the negative current flowing through
resistor 201.

FIG. 2B is a diagram illustrating another embodiment of
a power supply controller 139 including a switch 203
coupled between multi-function terminal 149 and source
terminal 143. In one embodiment, source terminal 143 is
coupled to ground. In one embodiment, power supply con-
troller 139 switches power switch 147 when multi-function
terminal 149 is coupled to ground through switch 203. In
one embodiment, power supply controller 139 does not
switch power switch 147 when multi-function terminal 149
is disconnected from ground through switch 203. In
particular, when an adequate amount of negative current
flows from multi-function terminal 149, power supply 101 is
enabled. When substantially no current flows from multi-
function terminal 149, power supply 101 is disabled. In one
embodiment, the amount of current that flows from multi-
function terminal 149 to ground through switch 203 is
limited. Thus, in one embodiment, even if multi-function
terminal 149 is short-circuited to ground through switch
203, the amount of current flowing from multi-function
terminal 149 to ground is limited to a safe amount.

FIG. 2C is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 201 and
switch 203 coupled in series between multi-function termi-
nal 149 and source terminal 143, which in one embodiment
is ground. The configuration illustrated in FIG. 2C combines
the functions illustrated and described in connection with
FIGS. 2A and 2B above. That is, the configuration illustrated
in FIG. 2C illustrates a power supply controller 139 having
external adjustment of the current limit of power switch 147,
through the selection of the resistance for resistor 201, and
on/off functionality through switch 203. When switch 203 is
on, power supply controller 139 will switch power switch
147 with a current limit set by resistor 201. When switch 203
is off, power supply controller 139 will not switch power
switch 147 and power supply 101 will be disabled.

FIG. 2D is a diagram illustrating still another embodiment
of a power supply controller 139 including a resistor 205
coupled between the line voltage 109 and multi-function
terminal 149. Referring briefly back to FIG. 1 above, DC
line voltage 109 is generated at capacitor 107 and is input to
the primary winding 111 of the transformer of power supply
101. Referring back the FIG. 2D, in one embodiment,
multi-function terminal 149 is substantially fixed at a par-
ticular voltage when positive current flows into multi-
function terminal 149. Therefore, the amount of positive
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current flowing through resistor 205 into multi-function
terminal 149 is representative of line voltage 109, which is
input to the primary winding 111. Since the positive current
flowing through resistor 205 into multi-function terminal
149 represents the line voltage 109, power supply controller
139 can use this positive current to sense an under-voltage
condition in line voltage 109 in one embodiment. An under-
voltage condition exists when the line voltage 109 is below
a particular under-voltage threshold value. In one
embodiment, if a line under-voltage condition is detected,
power switch 147 is not switched by power supply controller
139 until the under-voltage condition is removed.

In one embodiment, power supply controller 139 can use
the positive current flowing through resistor 205 into multi-
function terminal 149 to detect an over-voltage condition in
line voltage 109. An over-voltage condition when line
voltage 109 rises above a particular over-voltage threshold
value. In one embodiment, if a line over-voltage condition is
detected, power switch 147 is not switched by power supply
controller 139 until the over-voltage condition is removed.

In one embodiment, power supply controller 139 can also
use the positive current flowing through resistor 205 and
multi-function terminal 149 to detect for increases or
decreases in line voltage 109. As line voltage 109 increases,
for a given fixed maximum duty cycle, the maximum power
available to secondary winding 113 in power supply 101 of
FIG. 1 usually increases. As line voltage 109 decreases, less
power is available to secondary winding 113 in power
supply 101. In most cases, the excess power available at the
DC output 125 is undesirable under overload conditions due
to high currents that need to be handled by components. In
some instances, it is also desirable to increase the maximum
power available to DC output 125 at low input DC voltages
to save on cost of the input filter capacitor 107. Higher duty
cycle at low DC input voltage allows lower input voltage
operation for a given output power. This allows larger ripple
voltage on capacitor 107, which translates to a lower value
capacitor. Therefore, in one embodiment, power supply
controller 139 adjusts the maximum duty cycle of a switch-
ing waveform used to control or regulate power switch 147
in response to increases or decreases in line voltage 109. In
one embodiment, the maximum duty cycle of the switching
waveform used to control power switch 147 is inversely
proportional to the line voltage 109. As mentioned earlier,
reducing the duty cycle with increasing input DC voltage
has many advantages. For instance, it reduces the value and
hence the cost of capacitor 107. In addition, it limits excess
power at high line voltages reducing the cost of the clamp
circuit (117, 119), the transformer and the output rectifier
121 due to reduced maximum power ratings on these
components.

It is appreciated that since only a single resistor 201 to
ground, or a single resistor 205 to line voltage 109, is
utilized for implementing some of the functions of power
supply controller 139, a power savings is realized. For
instance, if a resistor divider were to be coupled between
power and ground, and a voltage output of the resistor
divider coupled to a terminal of power supply controller 139
were to be used, current would continuously flow through
both the resistor divider and into a sensor terminal of the
power supply controller. This would result in increased
power consumption. However in one embodiment of the
power supply controller 139, only the single resistor 201 to
ground or single resistor 205 to line voltage 109 is utilized,
thereby eliminating the need for a current to flow through
both the resistor divider and into power supply controller
139.
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FIG. 2E is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 205, as
described above, coupled between the line voltage 109 and
multi-function terminal 149. FIG. 2E also includes a switch
207 coupled between control terminal 145 and multi-
function terminal 149. In one embodiment, resistor 205
provides the same functionality as discussed above in con-
nection with FIG. 2D. Therefore, when switch 207 is
switched off, the configuration illustrated in FIG. 2E is
identical to the configuration described above in connection
with FIG. 2D.

In one embodiment, control terminal 145 provides a
supply voltage for power supply controller 139 in addition
to providing a feedback or control signal to power supply
controller 139 from DC output 125. As a result, in one
embodiment, switch 207 provides in effect a switchable low
resistance connection between a supply voltage (control
terminal 145) and multi-function terminal 149. In one
embodiment, the maximum positive current that can flow
into multi-function terminal 149 is limited. Therefore, in one
embodiment, even when switch 207 provides, in effect, a
short-circuit connection from a supply voltage, the positive
current that flows into multi-function terminal 149 is limited
to a safe amount. However, in one embodiment, the positive
current that does flow through switch 207, when activated,
into multi-function terminal 149 triggers an over-voltage
condition. As discussed above, power supply 139 discon-
tinues switching power switch 147 during an over-voltage
condition until the condition is removed. Therefore, switch
207 provides on/off functionality for power supply control-
ler 139. When switch 207 is the activated, the low resistance
path to control terminal 145 is removed and the positive
current flowing into multi-function terminal 149 is limited to
the current that flows from line voltage 109 through resistor
205. Assuming that neither an under-voltage condition nor
an over-voltage condition exists, power supply controller
139 will resume switching power switch 147, thereby
re-enabling power supply 101.

FIG. 2F is a diagram illustrating another embodiment of
a power supply controller 139 using current mode control to
regulate the current limit of the power supply. As shown,
resistor 201 is coupled between the multi-function terminal
149 and the source terminal 143 and the transistor 209 of an
opto-coupler coupled between multi-function terminal 149
and a bias supply, such as for example control terminal 145.
Similar to FIG. 2A, the negative current that flows out from
multi-function terminal 149 is used to set externally the
current limit of power switch 147. In the embodiment
illustrated in Figure in FIG. 2F, the current limit adjustment
function can be used for controlling the power supply output
by feeding a feedback signal from the output of the power
supply into multi-function terminal 149. In the embodiment
depicted in FIG. 2F, the current limit is adjusted in a closed
loop to regulate the output of the power supply (known as
current mode control) by adding the opto-coupler output
between multi-function terminal 149 and the bias supply.

In one embodiment, the power supply controller configu-
rations described in connection with FIGS. 2A through 2F
all utilize the same multi-function terminal 149. Stated
differently, in one embodiment, the same power supply
controller 139 may be utilized in all of the configurations
described. Thus, the presently described power controller
139 provides a power supply designer with added flexibility.
As a result, a power supply designer may implement more
than one of the above functions at the same time using the
presently described power supply controller 139. In
addition, the same functionality may be implemented in
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more than one way. For example, power supply 101 can be
remotely turned on and off using either power or ground. In
particular, the power supply 101 can be turned on and off by
switching to and from the control terminal (supply terminal
for the power supply controller) using the over-voltage
detection feature, or by switching to and from ground using
the on/off circuitry.

FIGS. 2A though 2F provide just a few examples of use
of the multi-function terminal. A person skilled in the art will
find many other configurations for use of the multifunction
pin. The uses for the multi-function terminal, are therefore,
not limited to the few examples shown.

It is worthwhile to note that different functions of the
presently described power supply controller 139 may be
utilized at different times during different modes of opera-
tion of power supply controller 139. For instance, some
features may be implemented during startup operation, other
functions may be implemented during normal operation,
other functions may be implemented during fault conditions,
while still other functions may be implemented during
standby operation. Indeed, it is appreciated that a power
supply designer may implement other circuit configurations
to use with a power supply controller 139 in accordance with
teachings of the present invention. The configurations illus-
trated in FIGS. 2A through 2F are provided simply for
explanation purposes.

FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller 139 in accordance with teachings
of the present invention. As shown in the embodiment
illustrated, power supply controller 139 includes a current
input circuit 302, which in one embodiment serves as
multi-function circuitry. In one embodiment, current input
circuit 302 includes a negative current input circuit 304 and
a positive current input circuit 306. In one embodiment,
negative current input circuit 304 includes negative current
sensor 301, on/off circuitry 309 and external current limit
adjuster 313. In one embodiment, positive current input
circuit 306 includes positive current sensor 305, under-
voltage comparator 317, over-voltage comparator 321 and
maximum duty cycle adjuster 325.

As shown in FIG. 3, negative current sensor 301 and
positive current sensor 305 are coupled to multi-function
terminal 149. In one embodiment, negative current sensor
301 generates a negative current sense signal 303 and
positive current sensor generates a positive current sense
signal 307. For purposes of this description, a negative
current may be interpreted as current that flows out of
multi-function terminal 149. Positive current may be inter-
preted as current that flows into multi-function terminal 149.
In one embodiment, on/off circuitry 309 is coupled to
receive negative current sense signal 303. External current
limit adjuster 313 is coupled to receive negative current
sense signal 303.

In one embodiment, under-voltage comparator 317 is
coupled to receive positive current sense signal 307. Over-
voltage comparator 321 is coupled to receive positive cur-
rent sense signal 307. As discussed earlier, both under-
voltage and over-voltage comparators also function as on/off
circuits. Maximum duty cycle adjuster 325 is also coupled
to receive positive current sense signal 307.

In one embodiment, on/off circuitry 309 generates an
on/off signal 311, under-voltage comparator 317 generates
an under-voltage signal 319 an over-voltage comparator 321
generates an over-voltage signal 323. As shown in the
embodiment illustrated in FIG. 3, enable/disable logic 329 is
coupled to receive the on/off signal 311, the under-voltage
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signal 319 and the over-voltage signal 323. The under-
voltage and over-voltage signals can also be used for on/off
functions as noted earlier.

In one embodiment, enable/disable logic 329 generates an
enable/disable signal 331, which is coupled to be received
by control circuit 333. The control circuit 333 is also coupled
to receive a control signal from control terminal 145. In
addition, control circuit 333 is also coupled to receive a
drain signal from drain terminal 141, a maximum duty cycle
adjustment signal 327 from maximum duty cycle adjuster
325 and an external current limit adjustment signal 315 from
external current limit adjuster 313.

In one embodiment, control circuit 333 generates a
switching waveforms 335, which is coupled to be received
by power switch 147. In one embodiment, power switch 147
is coupled between drain terminal 141 and source terminal
143 to control a current flowing through the primary wind-
ing 111 of power supply 101, which is coupled to drain
terminal 141.

In one embodiment, negative current sensor 301 senses
current that flows out of negative current sensor 301 through
multi-function terminal 149. Negative current sense signal
303 is generated in response to the current that flows from
negative current sensor 301 through multi-function terminal
149. In one embodiment, current that flows from negative
current sensor 301 through multi-function terminal 149
typically flows through an external resistance or switch
coupled between multi-function terminal 149 and ground.

In one embodiment, positive current sensor 305 senses
current that flows into positive current sensor 305 through
multi-function terminal 149. Positive current sense signal
307 is generated in response to the current that flows into
positive current sensor 305 through multi-function terminal
149. In one embodiment, current that flows into positive
current sensor 305 through multi-function terminal 149
typically flows through an external resistance coupled
between multi-function terminal 149 and the DC line volt-
age 109 input to the primary winding 111 of a power supply
101 and/or another voltage source. In another embodiment
the current flows through an external resistance or a switch
coupled between the multi-function terminal 149 and
another voltage source. In one embodiment, the line voltage
109 input to primary winding 111 is typically a rectified and
filtered AC mains signal.

As mentioned above, in one embodiment, positive current
does not flow while negative current flows, and vice versa.
In one embodiment, the negative current sensor 301 and
positive current sensor 305 are designed in such a way that
they are not active at the same time. Stated differently,
negative current sense signal 303 is not active at the same
time as positive current sense signal 307 in one embodiment.

In one embodiment, the voltage at multi-function terminal
149 is fixed at a first level when negative current flows out
of power supply controller 139 from multi-function terminal
149. In one embodiment, the first level is selected to be
approximately 1.25 volts. In one embodiment, the voltage at
multi-function terminal is fixed at a second level when
positive current flows into power supply controller 139
through multi-function terminal 149. In one embodiment,
the second level is selected to be approximately 2.3 volts.

In one embodiment, on/off circuitry 309 generates on/off
signal 311 in response to negative current sense signal 303.
In one embodiment, when the current flowing from multi-
function terminal 149 through an external resistance to
ground is less than a predetermined on/off threshold level,
on/off circuitry 309 generates on/off signal 311 to switch off
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the power supply 101. In one embodiment, when the current
flowing from multi-function terminal 149 is greater than a
predetermined on/off threshold level, on/off circuitry 309
generates on/off signal 311 to switch on the power supply
101. In one embodiment, the magnitude of the on/off thresh-
old level is approximately 40 to 50 microamps, including
hysteresis.

In one embodiment, external current limit adjuster 313
generates external current limit adjustment signal 315 in
response to negative current sense signal 303. In one
embodiment, when the magnitude of the negative current
flowing from multi-function terminal 149 through an exter-
nal resistance or switch to ground is below a predetermined
level, the current limit adjuster 313 generates an external
current limit adjustment signal to limit the current flowing
through power switch 147. In one embodiment, when the
magnitude of the negative current flowing from multi-
function terminal 149 is below a predetermined level, the
current flowing through power switch 147 is limited to an
amount directly proportional to the current flowing out of
power supply controller 139 from multi-function terminal
149. In one embodiment, predetermined level is approxi-
mately 150 microamps. In one embodiment, if the magni-
tude of the negative current flowing out of power supply
controller 139 from multi-function terminal 149 is greater
than the predetermined level, the current flowing through
power switch 147 is internally limited or clamped to a fixed
safe maximum level. Therefore, the current flowing through
power switch 147 is clamped to a safe value, even when
multi-function terminal 149 is shorted to ground. In one
embodiment, the current flowing through power switch 147
is internally limited or clamped to value of 3 amps.

In one embodiment, since the voltage at multi-function
terminal 149 is fixed at a particular voltage when current
flows out of power supply controller 139 through multi-
function terminal 149, the current limit through power
switch 147 can be accurately set externally with a single
large value, low-cost, resistor externally coupled between
multi-function terminal 149 and ground. By using a large
external resistance, the current flowing from multi-function
terminal 149 is relatively small. As mentioned above, the
current flowing from multi-function terminal 149 in one
embodiment is in the microamp range. Since the current
flowing from multi-function terminal 149 is relatively small,
the amount of power dissipated is also relatively small.

In one embodiment, multi-function terminal 149 is
coupled to the DC line voltage 109 input to the primary
winding 111 through an external resistance. In one
embodiment, the amount of current flowing into multi-
function terminal 149 represents the DC input line voltage to
the power supply 101. In one embodiment, under-voltage
comparator 317 generates under-voltage signal 319 in
response to the resulting positive current sense signal 307. In
one embodiment, when the current flowing into multi-
function terminal 149 rises above a first predetermined
threshold, under-voltage comparator 317 generates under-
voltage signal 319 to enable the power supply. In one
embodiment, when the current flowing into multi-function
terminal 149 falls below a second predetermined threshold,
under-voltage comparator 317 generates under-voltage sig-
nal 319 to disable the power supply. In one embodiment, the
first predetermined threshold is greater than the second
predetermined threshold to provide hysteresis. By providing
hysteresis or a hysteretic threshold, unwanted switching on
and off of the power supply 101 resulting from noise or
ripple is reduced. In one embodiment, the first predeter-
mined threshold is approximately 50 microamps and the
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second predetermined threshold is approximately O micro-
amps. In another embodiment, a hysteretic threshold is not
utilized. Thus the hysteresis is greater than or equal to zero.

In one embodiment, over-voltage comparator 321 gener-
ates over-voltage signal 323 in response to the positive
current sense signal 307. In one embodiment, when the
current flowing into multi-function terminal 149 rises above
a third predetermined threshold, over-voltage comparator
321 generates over-voltage signal 323 to disable the power
supply. In one embodiment, when the current flowing into
multi-function terminal 149 falls below a fourth predeter-
mined threshold, over-voltage comparator 321 generates
over-voltage signal 323 to enable the power supply. In one
embodiment, the third predetermined threshold is greater
than the fourth predetermined threshold to provide hyster-
esis. By providing hysteresis or a hysteretic threshold,
unwanted switching on and off of the power supply resulting
from noise is reduced. In one embodiment, the third prede-
termined threshold is approximately 225 microamps and the
fourth predetermined threshold is approximately 215 micro-
amps. In one embodiment, the third and fourth predeter-
mined thresholds are selected to be approximately four to
five times greater than the first predetermined threshold
discussed above for an AC mains input 103 of approxi-
mately 85 volts to 265 volts AC. In another embodiment, a
hysteretic threshold is not utilized. Thus the hysteresis is
greater than or equal to zero.

In one embodiment, power switch 147 is able to tolerate
higher voltages when not switching. When the power supply
is disabled, power switch 147 does not switch. Therefore, it
is appreciated that over-voltage comparator 321 helps to
protect the power supply 101 from unwanted input power
surges by disabling the power switch 147.

In one embodiment, over-voltage and under-voltage com-
parators 321 and 317 may also be used for on/off
functionality, similar to on/off circuitry 309. In particular,
multi-function terminal 149 may be switchably coupled to a
on/off control signal source to provide a positive current that
flows into multi-function terminal 149 that cross the under-
voltage or over-voltage thresholds (going above the third or
below the fourth predetermined thresholds). For example,
when the positive current through the multifunction pin
crosses above the first predetermined threshold of the under-
voltage comparator 317, the power supply will be enabled
and when the positive current goes below the second pre-
determined threshold of the under-voltage comparator 317,
the power supply is disabled. Similarly, when the positive
current through the multifunction pin crosses above the third
predetermined threshold of the over-voltage comparator
321, the power supply will be disabled and when the positive
current goes below the fourth predetermined threshold of the
over-voltage comparator 321, the power supply is enabled.

In one embodiment, maximum duty cycle adjuster 325
generates maximum duty cycle adjustment signal 327 in
response to the positive current sense signal 307. In one
embodiment, maximum duty cycle adjustment signal 327,
which is received by control circuit 333, is used to adjust the
maximum duty cycle of the switching waveform 335 used to
control power switch 147. In one embodiment, the maxi-
mum duty cycle determines how long a power switch 147
can be on during each cycle. For example, if the maximum
duty cycle is 50 percent, the power switch 147 can be on for
a maximum of 50 percent of each cycle.

Referring briefly for example to the power supply 101 of
FIG. 1, while power switch 147 is on, power is stored in the
transformer core through the primary winding 111. While
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the power switch 147 is off, power is delivered from the
transformer core to the secondary winding of the trans-
former in power supply 101. To delivery a given power
level, for a lower DC input voltage 109, a higher duty cycle
is required and for a higher DC input voltage 109, a lower
duty cycle is required. In one embodiment of the present
invention, maximum duty cycle adjuster 325 decreases the
maximum duty cycle of power switch 147 in response to
increases in the DC input voltage 109. In one embodiment,
maximum duty cycle adjuster 325 increases the maximum
duty cycle of power switch 147 in response to decreases in
the DC input voltage 109. Stated differently, the maximum
duty cycle is adjusted to be inversely proportional to the
current that flows into multi-function terminal 149 in one
embodiment of the present invention.

Referring back to FIG. 3, in one embodiment, the maxi-
mum duty cycle is adjusted within a range of 33 percent to
75 percent based on the amount of positive current that flows
into multi-function terminal 149. In one embodiment, maxi-
mum duty cycle adjuster 325 does not begin to decrease the
maximum duty cycle until the amount of current that flows
into multi-function terminal 149 rises above a threshold
value. In one embodiment, that threshold value is approxi-
mately 60 microamps. In one embodiment, the maximum
duty cycle is not adjusted if negative current flows out of
multi-function terminal 149. In this case, the maximum duty
cycle is fixed at 75 percent in one embodiment of the present
invention.

In one embodiment, enable/disable logic 329 receives as
input on/off signal 311, under-voltage signal 319 and over-
voltage signal 323. In one embodiment, if any one of the
under-voltage or over-voltage conditions exist, enable/
disable logic 329 disables power supply 101. In one
embodiment, when the under-voltage and over-voltage con-
ditions are removed, enable/disable logic 329 enables power
supply 101. In one embodiment, power supply 101 may be
enabled or disabled by starting and stopping, respectively,
the switching waveform 335 at the beginning of a switching
cycle just before the power switch is to be turned on. In one
embodiment, enable/disable logic 329 generates enable/
disable signal 331, which is received by the oscillator in the
control circuit 333 to start or stop the oscillator at the
beginning of a switching cycle of switching waveform 335.
When enabled the oscillator will start a new on cycle of the
switching waveform. When disabled the oscillator will com-
plete the current switching cycle and stop just before the
beginning of the next cycle.

In one embodiment, control circuit 333 generates switch-
ing waveform 335 to control power switch 147 in response
to a current sense signal received from drain terminal 141,
enable/disable signal 331, maximum duty cycle adjustment
signal 327, a control signal from control terminal 145 and
external current limit adjustment signal 315.

In one embodiment, the enable/disable signal can also be
used to synchronize the oscillator in the control circuit to an
external on/off control signal source having a frequency less
than that of the oscillator. The on/off control signal can be
input to the multi-function terminal through any of the three
paths that generate the enable/disable signal: on/off circuitry
309, under-voltage comparator 317 or over-voltage com-
parator 321. As discussed, enable/disable the oscillator in the
control circuit 333, in one embodiment, begins a new
complete cycle of switching waveform at 335 using known
techniques in response to enable/disable signal 331, which
represents the on/off control signal at the multi-function
input. By turning the on/off control signal “on™ at the
multi-function input for a fraction of the switching cycle and
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then “off,” the oscillator is enabled to start a new complete
cycle. Therefore, if the external on/off control signal has
short “on”™ pulses at a frequency less than the oscillator in the
control circuit, the oscillator will produce a switching cycle
each time an on pulse is detected, thus providing a switching
waveform that is synchronized to the external frequency.

In an alternate embodiment shown below in FIG. 7, the
enable/disable signal 331 directly disables or turns off the
power switch through the AND gate 493 when an under-
voltage or over-voltage condition exists. In this
embodiment, the power switch can be enabled or disabled in
the middle of a cycle and consequently, synchronization of
the switching waveform through a on/off control signal at
the multi-function input is not provided.

FIG. 4 is a schematic of one embodiment of a power
supply controller 139 in accordance with the teachings of the
present invention. As illustrated, negative current sensor 301
includes a current source 401 coupled to control terminal
145. Transistors 403 and 405 form a current mirror coupled
to current source 401. In particular, transistor 403 has a
source coupled to current source 401 and a gate and drain
coupled to the gate of transistor 405. The source of transistor
405 is also coupled to current source 401. Transistor 407 is
coupled between the drain and gate of transistor 403 and
multi-function terminal 149. In one embodiment, the gate of
transistor 407 is coupled to a band gap voltage Vg plus a
threshold voltage V. In one embodiment, Vg ; is approxi-
mately 1.25 volts, V,» is approximately 1.05 volts and
Viest+Vrn 1s approximately 2.3 volts. Transistors 411 and
413 also form a current mirror coupled to the drain of
transistor 405. In particular, the gate and drain of transistor
411 are coupled to the drain of transistor 405 and the gate of
transistor 413. In one embodiment, negative current sense
signal 303 is generated at the gate and drain of transistor 411.
The sources of transistors 411 and 413 are coupled to
ground. In one embodiment, ground is provided through
source terminal 143.

In one embodiment, on/off circuitry 309 includes a current
source 409 coupled between the drain of transistor 413 and
control terminal 145. In one embodiment, on/off signal 311
is generated at the drain of transistor 413.

In one embodiment, external current limit adjuster 313
includes a current source 415 coupled between control
terminal 145 and the drain of transistor 419 and the gate and
drain of transistor 421. The source of transistor 419 and the
source of transistor 421 are coupled to ground. The gate of
transistor 419 is coupled to receive negative current sense
signal 303. External current limit adjuster 313 also includes
a current source 417 coupled between control terminal 145
and the drain of transistor 423 and resistor 425. The source
of transistor 423 and resistor 425 are coupled to ground.
External current limit adjustment signal 315 is generated at
the drain of transistor 423.

In one embodiment, positive current sensor 305 includes
transistor 429 having a source coupled to multi-function
terminal 149 and the current mirror formed with transistors
431 and 433. In particular, transistor 431 has a gate and drain
coupled to the drain of transistor 429 and the gate of
transistor 433. Current source 435 is coupled between
ground and the sources of transistors 431 and 433. The gate
of transistor 429 is coupled to band gap voltage Vgs. The
drain of transistor 433 is coupled to the current mirror
formed with transistors 427 and 437. In particular, the gate
and drain of transistor 427 are coupled to the gate of
transistor 437 and the drain of transistor 433. The sources of
transistors 427 and 437 are coupled to control terminal 145.
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Positive current sense signal 307 is generated at the gate and
drain of transistor 427.

In one embodiment, under-voltage comparator 317
includes a current source 439 coupled between the drain of
transistor 437 and ground. Under-voltage signal 319 is
generated at the drain of transistor 437.

In one embodiment, over-voltage comparator 321
includes a current source 443 coupled between the drain of
transistor 441 and ground. Transistor 441 has a source
coupled to control terminal 145 and a gate coupled to receive
positive current sense signal 307. Over-voltage signal 323 is
generated at the drain of transistor 441.

In one embodiment, enable/disable logic 329 includes
NOR gate 445 having an input coupled to receive under-
voltage signal 319 and an inverted input coupled to receive
on/off signal 311. Enable/disable logic 329 also includes
NOR gate 447 having an input coupled to receive over-
voltage signal 323 and an input coupled to an output of NOR
gate 445. Enable/disable signal 331 is generated at the
output of NOR gate 447.

In one embodiment, maximum duty cycle adjuster 325
includes a transistor 449 having a source coupled to control
terminal 145 and a gate coupled to receive positive current
sense signal 307. Maximum duty cycle adjuster 325 also
includes a current source 453 coupled between the drain of
transistor 449 and ground. A diode 451 is coupled to the
drain of transistor 449 to produce maximum duty cycle
adjustment signal 327.

In one embodiment, power switch 147 includes a power
metal oxide semiconductor field effect transistor (MOSFET)
495 coupled between drain terminal 141 and source terminal
143. Power MOSFET 495 has a gate coupled to receive a
switching waveform 335 generated by pulse width modu-
lator 333.

In one embodiment, control circuit 333 includes a resistor
455 coupled to the control terminal 145. A transistor 457 has
a source coupled to resistor 455 and a negative input of a
comparator 459. A positive input of comparator 459 is
coupled to a voltage V, which in one embodiment is approxi-
mately 5.7 volts. An output of comparator 459 is coupled to
the gate of transistor 457. The drain of transistor 457 is
coupled to diode 451 and resistor 479. The other end resistor
479 is coupled to ground. A filter is coupled across resistor
479. The filter includes a resistor 481 coupled to resistor 479
and capacitor 483 coupled to resistor 481 and ground.
Capacitor 483 is coupled to a positive input of comparator
4717.

In one embodiment, control circuit 333 is a pulse width
modulator, which has an oscillator 467 with three oscillating
waveform outputs 471, 473 and 475. Oscillator 467 also
includes an enable/disable input 469 coupled to receive
enable/disable signal 331. In one embodiment, control cir-
cuit 333 also includes a voltage divider including resistors
461 and 463 coupled between drain terminal 141 and
ground. A node between resistors 461 and 463 is coupled to
a positive input of a comparator 465. A negative input of
comparator 465 is coupled to receive external current limit
adjustment signal 315.

In one embodiment, oscillating waveform output 471 is
coupled to a first input of AND gate 493. Oscillating
waveform output 473 is coupled to a set input of latch 491.
Oscillating waveform output 475 is coupled to a negative
input of comparator 477. An output of comparator 465 is
coupled to a first input of AND gate 487. A leading edge
blanking delay circuit 485 is coupled between the output of
NAND gate 493 and a second input of AND gate 487. In one
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embodiment, there is a gate driver or a buffer between the
output of the NAND gate 493 and the gate of the MOSFET
(not shown). An output of AND gate 487 is coupled to a first
input of OR gate 489. A second input of OR gate 489 is
coupled to an output of comparator 477. An output of OR
gate 489 is coupled to a reset input of latch 491. An output
of latch 491 is coupled to a second input of AND gate 493.
The output of AND gate 493 generates switching waveform
33s.

Operation of power supply controller 139 of FIG. 4 is as
follows. Beginning with negative current sensor 301, the
gate of transistor 407 is fixed at V54V in one embodi-
ment to approximately 2.3 volts. As a result, transistor 407
sets the voltage at multi-function terminal 149 to Vg in one
embodiment, which is approximately 1.25 volts, when cur-
rent is pulled out of multi-function terminal 149. This
current may be referred to as negative current since the
current is being pulled out of power supply controller 139.
In one embodiment, transistor 407 is sized such that it
operates with a current density resulting in a voltage drop
between the gate and source that is close to V4, wherein the
Vv is the threshold of the N channel transistor 407, when
negative current flows from multi-function terminal 149.

When an external resistor (not shown) is coupled from
multi-function terminal 149 to ground, the negative current
flowing through the external resistor will therefore be Vg
divided by the value of the external resistor in accordance
with Ohm’s law. This negative current flowing out from
multi-function terminal 149 passes through transistors 403
and is mirrored on to transistor 405. Current source 401
limits the negative current sourced by multi-function termi-
nal 149. Therefore, even if multi-function terminal 149 is
short-circuited to ground, the current is limited to a current
less than the current supplied by current source 401. This
current is less than the current source 401 by an amount that
flows through the transistor 405. In one embodiment, the
negative current that can be drawn from the multi-function
terminal is limited to 200 microamps by the current source
401. In one embodiment, if more negative current than
current source 401 is able to supply is pulled from multi-
function terminal 149, the voltage at multi-function terminal
149 collapses to approximately O volts.

The current that flows through transistor 403 is mirrored
to transistor 405. The current that flows through transistors
405 and 411 is the same since they are coupled in series.
Since transistors 411 and 413 form a current mirror, the
current flowing through transistor 413 is proportional to the
negative current flowing through multi-function terminal
149. The current flowing through transistor 413 is compared
to the current provided by current source 409. If the current
through transistor 413 is greater than the current supplied by
current source 409, the signal at the drain of transistor 413
will go low, which in one embodiment enables the power
supply. Indeed, on/off signal 311 is received at an inverted
input of NOR gate 445. Thus, when on/off signal 311 is low,
the power supply is enabled. Therefore, by having a negative
current greater than a particular threshold value, the power
supply of the present invention is enabled in one embodi-
ment. In one embodiment, the magnitude of that particular
threshold value is approximately 50 microamps.

As mentioned above, the current flowing through transis-
tor 411 is proportional to the negative current flowing out
from multi-function terminal 149. As illustrated, transistor
419 also forms a current mirror with transistor 411.
Therefore, the current flowing through transistor 419 is
proportional to the current flowing through transistor 411.
The current flowing through transistor 421 is the difference
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between the current supplied by current source 415 and the
current flowing through transistor 419. For example, assume
that the current supplied by current source 415 is equal to A.
Assume further that the current flowing through transistor
419 is equal to B. In this case, the current flowing through
transistor 421 is equal to A-B.

As illustrated, transistor 423 forms a current mirror with
transistor 421. Therefore, the current flowing through tran-
sistor 423 is proportional to the current flowing through
transistor 421. Continuing with the example above and
assuming further that transistors 421 and 423 are equal in
size, the current flowing through transistor 423 is also equal
to A-B. Assuming further that current source 417 supplies
a current equal to the current supplied by current source 415,
which is assumed to be equal to A, then the current flowing
through resistor 425 would be equal to A-(A-B), which is
equal to B.

Therefore, the current flowing through resistor 425 is
proportional to the current flowing through transistor 419,
which is proportional to the current flowing through tran-
sistor 411, which is proportional to the negative current
flowing out from multi-function terminal 149. Note that if
the current flowing through transistor 419 is greater than the
current supplied by current source 415, the current flowing
through transistor 421 would be zero because the voltage at
the drains of transistors 419 and 421 would collapse to
approximately zero volts. This would result in the current
flowing through transistor 423 to be zero . Thus, the current
through resistor 425 cannot be greater than the current
supplied by current source 417. However, as long as B is less
than A, the current that flows through resistor 425 is equal
to B. If B rises above A, the current that flows through
resistor 425 is equal to A.

In one embodiment, resistor 425 is fabricated using the
same or similar types of processes and diffusions or doped
regions used in fabricating power MOSFET 495. As a result,
the on resistance of resistor 425 follows or tracks the on
resistance of power MOSFET 495 through varying operat-
ing conditions and processing variations.

The voltage across resistor 425 is reflected in external
current limit adjuster signal 315, which is input to the
negative input of comparator 465. In one embodiment, the
negative input of comparator 465 is the threshold input of
comparator 465. Therefore, the negative input of comparator
465 receives a voltage proportional to the negative current
flowing out of multi-function terminal 149 multiplied by the
resistance of resistor 425.

The positive input of comparator 465 is coupled to drain
terminal 141 through resistor 461 of the voltage divider
formed by resistor 461 and resistor 463. Therefore, the
positive input of comparator 465 senses a voltage propor-
tional to the drain current of power MOSFET 495 multiplied
by the on resistance of power MOSFET 495.

When the voltage at the positive terminal of comparator
465 rises above the voltage provided by external current
limit adjuster signal 315 to the negative terminal of com-
parator 465, the output of comparator 465 is configured to
reset latch 491 through AND gate 487 and OR gate 489. By
resetting latch 491, the on portion of a cycle of waveform
335 received at the gate of power MOSFET 495 is masked
or cut short, which results in turning off power MOSFET
495 when the amount of current flowing through power
switch 147 rises above the threshold.

In one embodiment, AND gate 487 also receives input
from leading edge blanking delay circuitry 485. In one
embodiment, leading edge blanking delay circuitry 485,
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using known techniques, temporarily disables current limit
detection at the start, or during the leading edge portion, of
an on transition of power MOSFET 495.

As shown in the embodiment illustrated in FIG. 4, latch
491 is set at the beginning of each cycle by switching
waveform output 473. One way that latch 491 is reset,
thereby turning off power MOSFET 495, is through the
output of comparator 465. Another way to reset latch 491 is
through the output of comparator 477, which will be dis-
cussed below in connection with maximum duty cycle
adjuster 325.

With regard to positive current sensor 305, the gate of
transistor 429 is coupled to the band gap voltage V. In one
embodiment, transistor 429 is sized such that it operates with
a current density resulting in a drop between the source and
gate close to V;p which is threshold of the P channel
transistor 429, when positive current flows into multi-
function terminal 149. In one embodiment, current that
flows into multi-function terminal 149 is referred to as
positive current since the current is being fed into the power
supply controller 139. As a result, the voltage at multi-
function terminal 149 is fixed at approximately Vgs+Vyp
when positive current flows into multi-function terminal
149.

The gate voltages on the transistors 407 and 429 chosen
in the embodiment discussed above are such that only one of
transistors 407 and 429 are switched on at a time depending
on the polarity of the current at the multi-function terminal.
Stated differently, if transistor 407 is on, transistor 429 is off.
If transistor 429 is on, transistor 407 is off. As result, if
negative current sensor 301 is on, positive current sensor
305 is isolated from multi-function terminal 149. If positive
current sensor 305 is on, negative current sensor 301 is
isolated from multi-function terminal 149. Therefore, if
there is negative current flowing through multi-function
terminal 149, positive current sensor 305 is disabled. If there
is positive current flowing through multi-function terminal
149, negative current sensor 301 is disabled.

In one embodiment, the positive current that flows into
transistor 429 flows through transistor 431 since they are
coupled in series. The positive current through multi-
function terminal 149 flows into and is limited by current
source 435. In one embodiment, if the positive current
through multi-function terminal 149 is greater than an
amount that current source 435 can sink minus the current in
transistor 433, then the voltage at multi-function terminal
149 will rise and is clamped either by the circuitry driving
the current or by the standard clamping circuitry that is used
for protection purposes on external terminals such as the
multi-function terminal, of a power supply controller. As
shown, transistors 431 and 433 form a current mirror.
Therefore, the current flowing through transistor 433 is
proportional to the positive current that flows through tran-
sistor 431. The current that flows through the transistor 433
flows to transistor 427 since they are coupled in series. As
shown, the gate of transistor 427 is coupled to the drain of
transistor 427, which generates positive current sense signal
307.

Transistors 427 and 437 form a current mirror since the
gate and drain of transistor 427 are coupled to the gate of
transistor 437. Therefore, the current flowing through tran-
sistor 437 is proportional to the current flowing through
transistor 427, which is proportional to the positive current.
Current source 439 provides a reference current, which is
compared to the current that flows through transistor 437. If
the current flowing through transistor 437 rises above the
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current provided by current source 439, then the voltage at
the drain of transistor 437, which is the under-voltage signal
319, goes high. When under-voltage signal 319 goes high
and the output of NOR gate 445 will go low, indicating that
there is no under-voltage condition.

Transistors 427 and 441 also form a current mirror since
the gate and drain of transistor 427 are coupled to the gate
of transistor 441. Therefore, the current flowing through
transistor 441 is proportional to the current flowing through
the transistor 427, which is proportional to the positive
current. Current source 443 provides a reference current,
which is compared to current that flows through transistor
441. As long as the current flowing through transistor 441
stays below the current provided by current source 443, then
the voltage at the drain of transistor 441, which is the
over-voltage signal 323, remains low. When over-voltage
signal 323 remains low, the output of NOR gate 447 remains
high assuming that there was no under-voltage condition
indicated by under-voltage signal 319 and no remote off
condition indicated by on/off signal 311.

The output of NOR gate 447 is enable/disable signal 331.
In one embodiment, enable/disable signal 331 is high if
on/off signal 311 is low, or under-voltage signal 319 is high
and over-voltage signal 323 is low. Otherwise, enable/
disable signal 331 is low.

In one embodiment, the oscillator 467 receives enable/
disable signal 331 at the start/stop input 469. In one
embodiment, oscillator 467 generates oscillating waveforms
at oscillating waveform outputs 471, 473 and 475 while
enable/disable signal 331 is high or active. In one
embodiment, oscillator 467 does not generate the oscillating
waveforms at oscillating waveform outputs 471, 473 and
475 while enable/disable signal 331 is low or in-active. In
one embodiment, oscillator 467 begins generating oscillat-
ing waveforms starting with new complete cycles on a rising
edge of enable/disable signal 331. In one embodiment,
oscillator 467 completes existing cycles of the oscillating
waveforms generated at oscillating waveform outputs 471,
473 and 475 before stopping the waveforms in response to
a falling edge of enable/disable signal 331. That is, oscillator
467 stops generating the waveforms at a point just before the
start of an on time of power switch of the next cycle in
response to a falling edge of enable/disable signal 331.

In one embodiment, control terminal 145 supplies power
to the circuitry of power supply controller 139 and also
provides feedback to modulate the duty cycle of switching
waveform 335. In one embodiment, control terminal 145 is
coupled to the output of the power supply 101 through a
feedback circuit to regulate the output voltage of the power
supply 101. In one embodiment, an increase in the output
voltage of power supply 101 results in the reduction in the
duty cycle of switching waveform 335 through feedback
received through control terminal 145. Therefore, if the
regulation level of the output parameter of power supply 101
that is being controlled, such as output voltage or current or
power, is exceeded during operation, additional feedback
current is received through control terminal 145. This feed-
back current flows through resistor 455 and through a shunt
regulator formed by transistor 457 and comparator 459. If no
feedback current or control terminal current in excess of
supply current is received through control terminal 145, the
current through transistor 457 is zero. If the current through
transistor 457 is zero, and assuming for the time being that
there is no current through the diode 451, the current through
resistor 479 is zero. If there is no current flowing through
resistor 479, then the voltage drop across resistor 479 is zero.
If there is no voltage drop across resistor 479, there is no
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voltage drop across capacitor 483. As a result, the output of
comparator 477 will remain low. If the output of comparator
477 remains low, and assuming for the time being that the
output of AND gate 487 remains low, the output of latch 491
will remain high. In this case, the maximum duty cycle
signal, which is produced by oscillator waveform output
471, will be generated at the output of AND gate 493. Thus,
switching waveform 335 will have the maximum duty cycle
produced by oscillator waveform output 471.

Therefore, when the voltage drop across resistor 479
remains at zero, the maximum duty cycle produced at
oscillator waveform output 471 is not limited, assuming that
the output of AND gate 487 remains low. This is because
latch 491 is not reset through the output of comparator 477.
However, when the feedback current or control terminal
current in excess to the supply current is received through
control terminal 145, this feedback current flows through
transistor 457. As the amount of current flowing through the
transistor 457 increases, the voltage drop across resistor 479
increases correspondingly. As a voltage drop across resistor
479 increases, the voltage drop across capacitor 483 will
increase. In any given cycle, when the voltage on the
oscillating waveform output 475 crosses below the voltage
across the capacitor 483 the output of the comparator will go
high and terminate the on-time of the switching waveform
335 or turn off the power switch 495. As a result, the duty
cycle (on time as a fraction of the cycle time) of the
switching waveform 335 decreases with increase in voltage
drop across resistor 479.

In one embodiment, the oscillating waveform at oscillat-
ing waveform output 475 is a sawtooth waveform having a
duty cycle and period equal to the maximum duty cycle
waveform generated at oscillating waveform output 471. As
the voltage drop across resistor 479 increases, the output of
comparator 477 will go high closer to the beginning of each
cycle. When the output of comparator 477 goes high, latch
491 will be reset through NOR gate 489. When latch 491 is
reset, the on time of the of switching waveform 335 is
terminated for that particular cycle and switching waveform
335 remains low for the remainder of that particular cycle.
Latch 491 will not be set again until the beginning of the
next cycle through switching waveform output 473, assum-
ing that there is a high or active enable/disable signal 331.

Referring now to maximum duty cycle adjuster signal
325, transistor 449 includes a source coupled to control
terminal 145 and a gate coupled the gate and drain of
transistor 427 to receive positive current sense signal 307.
Transistor 449 and transistor 427 also form a current mirror.
Therefore, the current flowing through transistor 449 is
proportional to the current flowing through transistor 427,
which is proportional to the positive current flowing into
multi-function terminal 149. The current that flows through
diode 451 is the difference between the current that flows
through transistor 449 and the current that flows into current
source 453. The current that flows through current source
453 is set such that current will not begin to flow through
diode 451 until the current flowing through transistor 449
rises above a threshold. In one embodiment, the above
threshold value is chosen such that the maximum duty cycle
is not reduced until the positive current flowing into multi-
function terminal 149 rises above the threshold used for
under-voltage comparison. In one embodiment, the thresh-
old positive current used for under-voltage comparison is
approximately 50 microamps and the threshold positive
current used for maximum duty cycle adjustment is approxi-
mately 60 microamps.

When current begins to flows through diode 451, that
current will be combined with current that flows through
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transistor 457. In one embodiment, the current that flows
through diode 451 is maximum duty cycle adjustment signal
327. The current flowing through transistor 457 and diode
451 will flow through resistor 479. As discussed in detail
above, current that flows through resistor 479 will result in
the voltage drop across resistor 479, which results in a
reduction in the maximum duty cycle of switching wave-
form 335. As the current that flows through resistor 479
increases, the maximum duty cycle of switching waveform
335 will be decreased.

FIG. 5 is a diagram illustrating some of the currents,
voltages and duty cycles associated with the power supply
controller 139 in accordance with teachings of the present
invention. In particular, diagram 501 illustrates when the
power supply is enabled in relation to the input current of
multi-function terminal 149. The x-axis represents the posi-
tive or negative current flowing into or out of multi-function
terminal 149. As illustrated, as positive input current rises
from zero and crosses over 50 microamps, power supply
controller 139 in one embodiment is enabled. At this time,
an under-voltage condition is removed. If the current is
above 50 microamps but then falls below zero microamps,
power supply controller 139 is disabled. At this time, an
under-voltage condition is detected. The difference between
50 microamps and zero microamps provides hysteresis,
which provides for more stable operation during noise or
ripple conditions in the input current.

As the input current rises above 225 microamps, the
power supply is disabled. At this time, an over-voltage
condition is detected. When the input current falls back
below 215 microamps, the power supply is re-enabled. At
this time, the over-voltage condition is removed. The dif-
ference between 225 microamps and 215 microamps pro-
vides hysteresis, which provides for more stable operation
during noise or ripple conditions in the input current.

Continuing with diagram 501, when the negative current
that flows out from multi-function terminal 149 rises in
magnitude to a level above 50 microamps, which is illus-
trated as —50 microamps in FIG. 5, the power supply is
enabled. At this time, the on/off feature of the present
invention turns on the power supply. When the negative
current falls in magnitude to a level below 40 microamps,
which is illustrated as —40 microamps in FIG. 5, the power
supply is disabled. At this time, the on/off feature of the
present invention turns off the power supply. The difference
between —-50 microamps and -40 microamps provides
hysteresis, which provides for more stable operation during
noise or ripple conditions in the input current.

It is worthwhile to note that in one embodiment the
positive input current is clamped at 300 microamps and that
the negative input current is clamped at 200 microamps. The
positive input current would be clamped at 300 microamps
when, for example, the multi-function terminal 149 is short-
circuited to a supply voltage. The negative input current
would be clamped at 200 microamps when, for example, the
multi-function terminal is short-circuited to ground.

In diagram 503, the current limit through power switch
147 as adjusted by the present invention is illustrated. Note
that the hysteresis of the under-voltage and over-voltage
conditions are illustrated from zero microamps to 50 micro-
amps and from 215 microamps to 225 microamps, respec-
tively. In one embodiment, when positive input current is
provided into multi-function terminal 149 and there is
neither an under-voltage condition nor an over-voltage
condition, the current limit through power switch 147 is 3
amps. However, when negative current flows out from
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multi-function terminal 149, and the magnitude of the nega-
tive current rises above 50 microamps, which is illustrated
as =50 microamps in FIG. 5, the current limit through power
switch 149 is approximately 1 amp. As the magnitude of the
negative current rises to 150 microamps, which is illustrated
as —150 microamps in FIG. 5, the current limit through
power switch 149 rises proportionally with the negative
current to 3 amps. After the magnitude of the negative
current rises above 150 microamps, the current limit of the
power switch 149 remains fixed at 3 amps. Note that there
is also the on/off hysteresis between —50 microamps and 40
microamps in diagram 503.

Diagram 505 illustrates the maximum duty cycle setting
of power supply controller 139 in relation to the input
current. Note that the hysteresis from —50 microamps to 40
microamps, from zero microamps to 50 microamps and
from to 215 microamps to 225 microamps as discussed
above is included. In the embodiment illustrated in diagram
505, the maximum duty cycle is fixed at 75 percent until a
positive input current of 60 microamps is reached. As the
input current continues to increase, the maximum duty cycle
continues to decrease until an input current of 225 micro-
amps is reached, at which time the maximum duty cycle has
been reduced to 33 percent. As illustrated, between 60
microamps and 225 microamps, the maximum duty cycle is
inversely proportional to the positive input current. Note that
when negative current flows through multi-function terminal
149, and when the power supply is enabled, the maximum
duty cycle in one embodiment is fixed at 75 percent.

Diagram 507 illustrates the voltage at multi-function
terminal, which is labeled in diagram 507 as line sense
voltage, in relation to the input current. When negative
current is flowing from multi-function terminal 149, the
voltage at multi-function terminal 149 is fixed at the band
gap voltage Vg, which in one embodiment is 1.25 volts.
When positive current is flowing into multi-function termi-
nal 149, the voltage at multi-function terminal is fixed at the
band gap voltage V. plus a threshold voltage Vp, which
in one embodiment sum to 2.3 volts. In the event that a
negative current having a magnitude of more than 200
microamps is attempted to be drawn out of the multi-
function terminal 149, the voltage at multi-function terminal
149 drops to approximately zero volts. In the event that a
positive current of more than 300 microamps flows into
multi-function terminal 149, the voltage at multi-function
terminal 149 rises. In this case, the voltage will be limited by
either by a standard clamp used at the multi-function ter-
minal for the purpose of protection or by the external
circuitry driving the multi-function terminal, whichever is
lower in voltage.

It is appreciated that the currents, voltages, duty cycle
settings and hysteresis settings described in connection with
the present invention are given for explanation purposes
only and that other values may be selected in accordance
with teachings of the present invention. For example, in
other embodiments, non hysteretic thresholds may be uti-
lized. Thus the hysteresis values may be greater than or
equal to zero.

FIG. 6A is timing diagram illustrating one embodiment of
some of the waveforms of a power supply controller in
accordance with teachings of the present invention. Refer-
ring to both FIGS. 4 and 6A, oscillating waveform output
475 of oscillator 467 generates a sawtooth waveform, which
is received by comparator 477. Oscillating waveform output
471 of oscillator 467 generates a maximum duty cycle
signal, which is received by AND gate 493. Enable/disable
signal 331, which is received at enable/disable input 469 of
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oscillator 467, is also illustrated. In FIG. 6A, the enable/
disable signal 331 is active. Therefore, the sawtooth wave-
form of oscillating waveform output 475 and the maximum
duty cycle waveform of oscillating waveform output 471 are
generated. Note that the sawtooth waveform and the maxi-
mum duty cycle waveform have the same frequency and
period. One cycle of each of these waveform occurs between
time 601 and time 605. The peak of the sawtooth waveform
occurs at the same time as the rising edge of the maximum
duty cycle waveform. This aspect is illustrated at time 601
and at time 605. The lowest point of the sawtooth waveform
occurs at the same time as the falling edge of the maximum
duty cycle waveform. This aspect is illustrated at time 603.

Referring now to FIG. 6B, a timing diagram illustrating
another embodiment of the waveforms of a power supply
controller in accordance with teachings of the present inven-
tion is shown. From time 607 to time 609, the enable/disable
signal 331 is low or inactive. In one embodiment, a low
enable/disable signal 331 disables the power supply. A high
or active enable/disable signal 331 enables the power supply.
At time 609, the rising edge of enable/disable signal 331
occurs. At this time, oscillating waveform outputs 475 and
471 begin generating the sawtooth waveform and maximum
duty cycle waveform, respectively. Note that a new com-
plete cycle of each of these waveforms is generated in
response to the rising edge of enable/disable signal 331 at
time 609.

From time 609 to time 611, enable/disable signal 331
remains high or active. Thus, during this time, the sawtooth
waveform and maximum duty cycle waveform are continu-
ously generated.

At time 611, a falling edge of enable/disable signal 331
occurs. Before oscillator 467 discontinues generating the
sawtooth waveform and the maximum duty cycle waveform,
the existing cycles of each of these waveforms are allowed
to complete. Stated differently, generation of the sawtooth
waveform and the maximum duty cycle waveform is dis-
continued at a point just before the start of the on-time of the
switching waveform 335 or the on-time of the power switch
of the next cycle. This point in time is illustrated in FIG. 6B
at time 613. Note that after time 613, the sawtooth waveform
remains inactive at a high value and the maximum duty
cycle waveform remains inactive at a low value.

At time 615, another rising edge of enable/disable signal
331 occurs. Therefore, the sawtooth waveform and the
maximum duty cycle waveform are generated beginning at
a new complete cycle of each waveform. As illustrated in
FIG. 6B, a falling edge of enable/disable signal 331 occurs
at time 617, which is immediately after the rising edge.
However, the sawtooth waveform and maximum duty cycle
waveforms are allowed to complete their then existing
cycles. This occurs at time 619. After time 619, the wave-
forms remains inactive as shown during the time between
time 619 and time 621, which is when another rising edge
of enable/disable signal 331 occurs. At time 621, another
new complete cycle of the sawtooth waveform and the
maximum duty cycle waveform are generated. Since enable/
disable signal 331 is deactivated at time 623, which occurs
during a cycle of the sawtooth waveform and the maximum
duty cycle waveform, these waveforms are deactivated after
fully completing their respective cycles. Thus, by pulsing
the on/off control signal at the multi-function terminal it is
possible to synchronize the oscillator to the on/off pulse
frequency.

FIG. 7 is a schematic of another embodiment of a power
supply controller 139 in accordance with the teachings of the
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present invention. The power supply controller schematic
shown in FIG. 7 is similar to the power supply controller
schematic discussed above in FIG. 4. The primary difference
between the power supply controller of FIGS. 4 and 7 is that
oscillator 467 of FIG. 7 does not have an enable/disable
input 469 coupled to receive enable/disable signal 331. As
shown in the embodiment depicted in FIG. 7, the enable/
disable signal 331 is used to directly gate the switching
waveform at the input of AND gate 493. In this embodiment,
the oscillator 467 is running all the time and switching
waveform 335 will be gated on and off at any point in the
cycle in response to the enable/disable signal 331.

To illustrate, FIG. 8 shows one embodiment of timing
diagrams of switching waveforms of the power supply
controller illustrated in FIG. 7. Referring to both FIGS. 7
and 8, oscillating waveform output 475 of oscillator 467
generates a sawtooth waveform, which is received by com-
parator 477. Oscillating waveform output 471 of oscillator
467 generates a maximum duty cycle signal, which is
received by AND gate 493. Enable/disable signal 331, which
is received by AND gate 493, and the output of AND gate
493, which is switching waveform 335, are also illustrated.
In FIG. 8, the enable/disable signal 331 is active only some
of the time. Therefore, the switching waveform 335 is
switching only during those portions of time that the enable/
disable signal 331 is active. When the enable/disable signal
331 is not active, switching waveform 335 does not switch.

In the foregoing detailed description, the method and
apparatus of the present invention has been described with
reference to specific exemplary embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the present invention. The
present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. A power supply controller circuit, comprising:

a current input circuit coupled to receive a current repre-
sentative of an input voltage applied to a power supply,
the current input circuit to generate a maximum duty
cycle adjustment signal in response thereto; and

a control circuit to generate a switching waveform, the
control circuit coupled to receive the maximum duty
cycle adjustment signal, the control circuit to limit the
duty cycle of the switching waveform to a maximum
value in response to the maximum duty cycle adjust-
ment signal, the switching waveform to regulate the
power supply output.

2. The power supply controller circuit of claim 1 further
comprising a power switch coupled to a primary winding of
the power supply, the power switch coupled to receive and
to switch in response to the switching waveform.

3. The power supply controller circuit of claim 2 wherein
the maximum duty cycle adjustment signal is inversely
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adjusted by the current representative of the voltage input to
the power supply when the current representative of the
voltage input to the power supply is greater than a first value.

4. The power supply controller circuit of claim 3 wherein
the maximum duty cycle adjustment signal is independent of
the current representative of the voltage input to the power
supply when the current representative of the voltage input
to the power supply is less than the first value.

5. The power supply controller circuit of claim 1 wherein
the maximum duty cycle adjustment signal is combined with
a control signal received by the control circuit.

6. The power supply controller circuit of claim 5 wherein
the control circuit is a pulse width modulation circuit that
includes a comparator to compare an oscillating sawtooth
waveform with the combined maximum duty cycle adjust-
ment signal and the control signal received by the pulse
width modulation circuit.

7. The power supply controller circuit of claim 6 wherein
the duty cycle of the switching waveform is adjusted in
response to an output of the comparator.

8. A method for controlling a power supply, comprising:

receiving a first current representative of an input voltage

to the power supply through a first terminal of a power
supply controller;

switching a second current flowing through a primary

winding with a switching waveform having a duty
cycle;

adjusting the duty cycle of the switching waveform in

response to the first current.

9. The method of claim 8 wherein the limit to the duty
cycle is reduced in response to an increase in the first current
if the first current is greater than a first threshold value, the
first threshold having a hysteresis of greater than or equal to
ZEr0.

10. The method of claim 9 further comprising leaving
unchanged the duty cycle of the switching waveform if the
first current is less than or equal to the first threshold value.

11. The method of claim 8 wherein adjusting the maxi-
mum duty cycle of the switching waveform comprises:

generating a positive current sense signal in response to

the first current;

generating a first voltage in response to the positive

current sense signal;

comparing the first voltage with a switching sawtooth

waveform; and

resetting a latch to limit the maximum duty cycle of the

switching waveform in response to comparing the first
voltage with the switching sawtooth waveform.

12. The method of claim 8 wherein receiving the first
current representative of the input voltage to the power
supply comprises coupling a resistance between the first
terminal and an input of the primary winding.

ok ok ok %
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(&0 ABSTRACT

A power supply controller having a multi-function terminal.
In one embodiment, a power supply controller for switched
mode power supply includes a drain terminal, a source
terminal, a control terminal and a multi-function terminal.
The multi-function terminal may be configured in a plurality
of ways providing any one or some of a plurality of
functions including on/off control, external current limit
adjustments, under-voltage detection, over-voltage detection
and maximum duty cycle adjustment. The operation of the
multi-function terminal varies depending on whether a posi-
tive or negative current flows through the multi-function
terminal. A short-circuit to ground from the multi-function
terminal enables the power supply controller. A short-circuit
to a supply voltage from the multi-function terminal disables
the power supply controller. The current limit of an internal
power switch of the power supply controller may be
adjusted by externally setting a negative current from the
multi-function terminal. The multi-function terminal may
also be coupled to the input DC line voltage of the power
supply through a resistance to detect an under-voltage
condition, an over-voltage condition and/or adjust the maxi-
mum duty cycle of power supply controller. Synchronization
of the oscillator of the power supply controller may also be
realized by switching the multi-function terminal to power
or ground at the desired times.

34 Claims, 13 Drawing Sheets
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METHOD AND APPARATUS PROVIDING A
MULTI-FUNCTION TERMINAL FOR A
POWER SUPPLY CONTROLLER

This is a Continuation of U.S. application Ser. No.
09/405,209, filed Sep. 24, 1999, now U.S. Pat. No. 6,462,
971.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to power supplies
and, more specifically, the present invention relates to a
switched mode power supply controller.

2. Background Information

Electronic devices use power to operate. Switched mode
power supplies are commonly used due to their high effi-
ciency and good output regulation to power many of today’s
electronic devices. In a known switched mode power supply,
a low frequency (e.g. 50 Hz or 60 Hz mains frequency), high
voltage alternating current (AC) is converted to high voltage
direct current (DC) with a diode rectifier and capacitor. The
high voltage DC is then converted to high frequency (e.g. 30
to 300 kHz) AC, using a switched mode power supply
control circuit. This high frequency, high voltage AC is
applied to a transformer to transform the voltage, usually to
a lower voltage, and to provide safety isolation. The output
of the transformer is rectified to provide a regulated DC
output, which may be used to power an electronic device.
The switched mode power supply control circuit provides
usually output regulation by sensing the output controlling it
in a closed loop.

A switched mode power supply may include an integrated
circuit power supply controller coupled in series with a
primary winding of the transformer. Energy is transferred to
a secondary winding from the primary winding in a manner
controlled by the power supply controller to provide the
clean and steady source of power at the DC output. The
transformer of a switched mode power supply may also
include another winding called a bias or feedback winding.
The bias winding provides the operating power for the
power supply controller and in some cases it also provides
a feedback or control signal to the power supply controller.
In some switched mode power supplies, the feedback or
control signal can come through an opto-coupler from a
sense circuit coupled to the DC output. The feedback or
control signal may be used to modulate a duty cycle of a
switching waveform generated by the power supply con-
troller or may be used to disable some of the cycles of the
switching waveform generated by the power supply con-
troller to control the DC output voltage.

A power supply designer may desire to configure the
power supply controller of a switched mode power supply in
a variety of different ways, depending on for example the
particular application and/or operating conditions. For
instance, there may be one application in which the power
supply designer would like the power supply controller to
have one particular functionality and there may be another
application in which the power supply designer would like
the power supply controller to have another particular func-
tionality. It would be convenient for power supply designer
to be able to use the same integrated power supply controller
for these different functions.

In order to provide the specific functions to the power
supply controller, additional pins or electrical terminals are
added for each function to the integrated circuit power
supply controllers. Consequently, each additional function
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generally translates into an additional pin on the power
supply controller chip, which translates into increased costs
and additional external components. Another consequence
of providing additional functionality to power supply con-
trollers is that there is sometimes a substantial increase in
power consumption by providing the additional functional-

ity.
SUMMARY OF THE INVENTION

Power supply controller methods and apparatuses are
disclosed. In one embodiment, a power supply controller
circuit is described including a current input circuit coupled
to receive a current. In one embodiment, the current input
circuit is to generate an enable/disable signal in response to
the current. The power supply controller is to activate and
deactivate the power supply in response to the enable/
disable signal. In another embodiment, a current limit of a
power switch of the power supply controller is adjusted in
response to the current. In yet another embodiment, a
maximum duty cycle of the power switch of the power
supply is adjusted in response to the current. Additional
features and benefits of the present invention will become
apparent from the detailed description, figures and claims set
forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention detailed illustrated by way of
example and not limitation in the accompanying figures.

FIG. 1 is a schematic illustrating one embodiment of a
power supply including a power supply controller having a
multi-function terminal in accordance with the teachings of
the present invention.

FIG. 2A is a schematic illustrating one embodiment of a
power supply controller having a multi-function terminal
configured to limit the current of the power switch in the
power supply controller to a desired value in accordance
with the teachings of the present invention.

FIG. 2B is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide a switchable on/off control to the power supply in
accordance with the teachings of the present invention.

FIG. 2C is a schematic illustrating one embodiment of the
power supply having a multi-function terminal configured to
limit the current of the power switch in the power supply
controller to a desired value and provide a switchable on/off
control to the power supply controller in accordance with the
teachings of the present invention.

FIG. 2D is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection and maximum duty cycle reduction of the power
supply in accordance with the teachings of the present
invention.

FIG. 2E is a schematic illustrating one embodiment of a
power supply having a multi-function terminal configured to
provide line under-voltage detection, line over-voltage
detection, maximum duty cycle reduction and a switchable
on/off control to the power supply in accordance with the
teachings of the present invention.

FIG. 2F is a schematic illustrating one embodiment of
current mode control of a power supply controller having a
multi-function terminal configured to regulate the current
limit of the power switch in response to the power supply
output in accordance with the teachings of the present
invention.
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FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller including a multi-function termi-
nal in accordance with teachings of the present invention.

FIG. 4 is a schematic illustrating one embodiment of a
power supply controller including a multi-function terminal
in accordance with the teachings of the present invention.

FIG. 5 is a diagram illustrating one embodiment of
currents, voltages and duty cycles in relation to current
through a multi-function terminal of a power supply con-
troller in accordance with teachings of the present invention.

FIG. 6A is a diagram illustrating one embodiment of
timing diagrams of switching waveforms of a power supply
controller including a multi-function terminal in accordance
with teachings of the present invention.

FIG. 6B is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

FIG. 7 is a schematic illustrating another embodiment of
a power supply controller including a multi-function termi-
nal in accordance with the teachings of the present inven-
tion.

FIG. 8 is a diagram illustrating another embodiment of
timing diagrams of switching waveforms of the power
supply controller including a multi-function terminal in
accordance with teachings of the present invention.

DETAILED DESCRIPTION

A method and an apparatus providing a multi-function
terminal in a power supply controller is disclosed. In the
following description, numerous specifically details are set
forth in order to provide a thorough understanding of the
present invention. It will be apparent, however, to one
having ordinary skill in the art that the specific detail need
not be employed to practice the present invention. In other
instances, well-known materials or methods have not been
described in detail in order to avoid obscuring the present
invention.

In one embodiment of the present invention, a power
supply controller is provided with the functionality of being
able to remotely turn on and off the power supply. In another
embodiment, the power supply controller is provided with
the functionality of being able to externally set the current
limit of a power switch in the power supply controller, which
makes it easier to prevent saturation of the transformer
reducing transformer size and cost. Externally settable cur-
rent limit also allows the maximum power output to be kept
constant over a wide input range reducing the cost of
components that would otherwise have to handle the exces-
sive power at high input voltages. In yet another
embodiment, the power supply controller is provided with
the functionality of being able to detect an under-voltage
condition in the input line voltage of the power supply so
that the power supply can be shutdown gracefully without
any glitches on the output. In still another embodiment, the
power supply controller is provided with the functionality of
being able to detect an over-voltage condition in the input
line voltage of the power supply so that the power supply
can be shut down under this abnormal condition. This allows
the power supply to handle much higher surge voltages due
to the absence of reflected voltage and switching transients
on the power switch in the power supply controller. In
another embodiment, the power supply controller is pro-
vided with the functionality of being able to limit the
maximum duty cycle of a switching waveform generated by
a power supply controller to control the DC output of the
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power supply. In so doing, saturation of the transformer
during power up is reduced and the excess power capability
at high input voltages is safely limited. Increased duty cycle
at low DC input voltages also allows for smaller input filter
capacitance. Thus, this feature results in cost savings on
many components in the power supply including the trans-
former. In yet another embodiment, some or all of the above
functions are provided with a single multi-function terminal
in the power supply controller. That is, in one embodiment,
a plurality of additional functions are provided to power
supply controller without the consequence of adding a
corresponding plurality of additional terminals or pins to the
integrated circuit package of the power supply controller. In
one embodiment, one or some of the above functions are
available when positive current flows into the multi-function
terminal. In another embodiment, one or some of the above
functions are available when negative current flows out from
the multi-function terminal. In one embodiment, the voltage
at the multi-function terminal is fixed at a particular value
depending on whether positive current flows into the multi-
function terminal or whether negative current flows out from
the multi-function terminal.

The multi-function features listed above not only save
cost of many components and improve power supply per-
formance but also, they save many components that would
otherwise be required if these features were implemented
externally.

FIG. 1 is a block diagram illustrating one embodiment of
a power supply 101 including a power supply controller 139
having a multi-function terminal 149 in accordance with the
teachings of the present invention. As illustrated, power
supply 101 includes an AC mains input 103, which is
configured to receive an AC voltage input. A diode rectifier
105 is coupled to AC mains input to rectify the AC voltage.
Capacitor 107 is coupled to diode rectifier 105 to convert the
rectified AC into a steady DC line voltage 109, which is
coupled to a primary winding 111 of a transformer. Zener
diode 117 and diode 119 are coupled across primary winding
111 to provide clamp circuitry.

As illustrated in FIG. 1, primary winding 111 is coupled
to a drain terminal 141 of power supply controller 139.
Power supply controller 139 includes a power switch 147
coupled between the drain terminal 141 and a source ter-
minal 143, which is coupled to ground. When power switch
147 is turned on, current flows through primary winding 111
of the transformer. When current flows through primary
winding 111, energy is stored in the transformer. When
power switch 147 is turned off, current does not flow
through primary winding 111 and the energy stored in the
transformer is transferred to secondary winding 113 and bias
winding 115.

A DC output voltage is produced at DC output 125
through diode 121 and capacitor 123. Zener diode 127,
resistor 129 and opto-coupler 131 form feedback circuitry or
regulator circuitry to produce a feedback signal received at
a control terminal 145 of the power supply controller 139.
The feedback or control signal is used to regulate or control
the voltage at DC output 125. As the voltage across DC
output 125 rises above a threshold voltage determined by
Zener diode 127, resistor 129 and opto-coupler 131, addi-
tional feedback current flows into control terminal 145. In
one embodiment, control terminal 145 also provides a
supply voltage for circuitry of power supply controller 139
through bias winding 115, diode 133, capacitor 135 and
capacitor 137.

As shown in FIG. 1, power supply controller 139 includes
a multi-function terminal 149, which in one embodiment
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enables power supply controller 139 to provide one or a
plurality of different functions, depending on how multi-
function terminal 149 is configured. Some examples of how
multi-function terminal 149 may be configured are shown in
FIGS. 2A through 2F.

For instance, FIG. 2A is a diagram illustrating one
embodiment of a power supply controller 139 including a
resistor 201 coupled between the multi-function terminal
149 and the source terminal 143. In one embodiment, the
source terminal 143 is coupled to ground. In one
embodiment, the voltage at multi-function terminal 149 is
fixed when negative current flows from multi-function ter-
minal 149. In one embodiment, the negative current that
flows through resistor 201 is used to set externally the
current limit of power switch 147. Thus, the power supply
designer can choose a particular resistance for resistor 201
to set externally the current limit of power switch 147. In one
embodiment, resistor 201 may be a variable resistor, a binary
weighted chain of resistors or the like. In such embodiment,
the current limit of power switch 147 may be adjusted
externally by varying the resistance of resistor 201. In one
embodiment, the current limit of power switch 147 is
directly proportional to the negative current flowing through
resistor 201.

FIG. 2B is a diagram illustrating another embodiment of
a power supply controller 139 including a switch 203
coupled between multi-function terminal 149 and source
terminal 143. In one embodiment, source terminal 143 is
coupled to ground. In one embodiment, power supply con-
troller 139 switches power switch 147 when multi-function
terminal 149 is coupled to ground through switch 203. In
one embodiment, power supply controller 139 does not
switch power switch 147 when multi-function terminal 149
is disconnected from ground through switch 203. In
particular, when an adequate amount of negative current
flows from multi-function terminal 149, power supply 101 is
enabled. When substantially no current flows from multi-
function terminal 149, power supply 101 is disabled. In one
embodiment, the amount of current that flows from multi-
function terminal 149 to ground through switch 203 is
limited. Thus, in one embodiment, even if multi-function
terminal 149 is short-circuited to ground through switch
203, the amount of current flowing from multi-function
terminal 149 to ground is limited to a safe amount.

FIG. 2C is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 201 and
switch 203 coupled in series between multi-function termi-
nal 149 and source terminal 143, which in one embodiment
is ground. The configuration illustrated in FIG. 2C combines
the functions illustrated and described in connection with
FIGS. 2A and 2B above. That is, the configuration illustrated
in FIG. 2C illustrates a power supply controller 139 having
external adjustment of the current limit of power switch 147,
through the selection of the resistance for resistor 201, and
on/off functionality through switch 203. When switch 203 is
on, power supply controller 139 will switch power switch
147 with a current limit set by resistor 201. When switch 203
is off, power supply controller 139 will not switch power
switch 147 and power supply 101 will be disabled.

FIG. 2D is a diagram illustrating still another embodiment
of a power supply controller 139 including a resistor 205
coupled between the line voltage 109 and multi-function
terminal 149. Referring briefly back to FIG. 1 above, DC
line voltage 109 is generated at capacitor 107 and is input to
the primary winding 111 of the transformer of power supply
101. Referring back the FIG. 2D, in one embodiment,
multi-function terminal 149 is substantially fixed at a par-
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ticular voltage when positive current flows into multi-
function terminal 149. Therefore, the amount of positive
current flowing through resistor 205 into multi-function
terminal 149 is representative of line voltage 109, which is
input to the primary winding 111. Since the positive current
flowing through resistor 205 into multi-function terminal
149 represents the line voltage 109, power supply controller
139 can use this positive current to sense an under-voltage
condition in line voltage 109 in one embodiment. An under-
voltage condition exists when the line voltage 109 is below
a particular under-voltage threshold value. In one
embodiment, if a line under-voltage condition is detected,
power switch 147 is not switched by power supply controller
139 until the under-voltage condition is removed.

In one embodiment, power supply controller 139 can use
the positive current flowing through resistor 205 into multi-
function terminal 149 to detect an over-voltage condition in
line voltage 109. An over-voltage condition when line
voltage 109 rises above a particular over-voltage threshold
value. In one embodiment, if a line over-voltage condition is
detected, power switch 147 is not switched by power supply
controller 139 until the over-voltage condition is removed.

In one embodiment, power supply controller 139 can also
use the positive current flowing through resistor 205 and
multi-function terminal 149 to detect for increases or
decreases in line voltage 109. As line voltage 109 increases,
for a given fixed maximum duty cycle, the maximum power
available to secondary winding 113 in power supply 101 of
FIG. 1 usually increases. As line voltage 109 decreases, less
power is available to secondary winding 113 in power
supply 101. In most cases, the excess power available at the
DC output 125 is undesirable under overload conditions due
to high currents that need to be handled by components. In
some instances, it is also desirable to increase the maximum
power available to DC output 125 at low input DC voltages
to save on cost of the input filter capacitor 107. Higher duty
cycle at low DC input voltage allows lower input voltage
operation for a given output power. This allows larger ripple
voltage on capacitor 107, which translates to a lower value
capacitor. Therefore, in one embodiment, power supply
controller 139 adjusts the maximum duty cycle of a switch-
ing waveform used to control or regulate power switch 147
in response to increases or decreases in line voltage 109. In
one embodiment, the maximum duty cycle of the switching
waveform used to control power switch 147 is inversely
proportional to the line voltage 109. As mentioned earlier,
reducing the duty cycle with increasing input DC voltage
has many advantages. For instance, it reduces the value and
hence the cost of capacitor 107. In addition, it limits excess
power at high line voltages reducing the cost of the clamp
circuit (117, 119), the transformer and the output rectifier
121 due to reduced maximum power ratings on these
components.

It is appreciated that since only a single resistor 201 to
ground, or a single resistor 205 to line voltage 109, is
utilized for implementing some of the functions of power
supply controller 139, a power savings is realized. For
instance, if a resistor divider were to be coupled between
power and ground, and a voltage output of the resistor
divider coupled to a terminal of power supply controller 139
were to be used, current would continuously flow through
both the resistor divider and into a sensor terminal of the
power supply controller. This would result in increased
power consumption. However in one embodiment of the
power supply controller 139, only the single resistor 201 to
ground or single resistor 205 to line voltage 109 is utilized,
thereby eliminating the need for a current to flow through
both the resistor divider and into power supply controller
139.
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FIG. 2E is a diagram illustrating yet another embodiment
of a power supply controller 139 including resistor 205, as
described above, coupled between the line voltage 109 and
multi-function terminal 149. FIG. 2E also includes a switch
207 coupled between control terminal 145 and multi-
function terminal 149. In one embodiment, resistor 205
provides the same functionality as discussed above in con-
nection with FIG. 2D. Therefore, when switch 207 is
switched off, the configuration illustrated in FIG. 2E is
identical to the configuration described above in connection
with FIG. 2D.

In one embodiment, control terminal 145 provides a
supply voltage for power supply controller 139 in addition
to providing a feedback or control signal to power supply
controller 139 from DC output 125. As a result, in one
embodiment, switch 207 provides in effect a switchable low
resistance connection between a supply voltage (control
terminal 145) and multi-function terminal 149. In one
embodiment, the maximum positive current that can flow
into multi-function terminal 149 is limited. Therefore, in one
embodiment, even when switch 207 provides, in effect, a
short-circuit connection from a supply voltage, the positive
current that flows into multi-function terminal 149 is limited
to a safe amount. However, in one embodiment, the positive
current that does flow through switch 207, when activated,
into multi-function terminal 149 triggers an over-voltage
condition. As discussed above, power supply 139 discon-
tinues switching power switch 147 during an over-voltage
condition until the condition is removed. Therefore, switch
207 provides on/off functionality for power supply control-
ler 139. When switch 207 is the activated, the low resistance
path to control terminal 145 is removed and the positive
current flowing into multi-function terminal 149 is limited to
the current that flows from line voltage 109 through resistor
205. Assuming that neither an under-voltage condition nor
an over-voltage condition exists, power supply controller
139 will resume switching power switch 147, thereby
re-enabling power supply 101.

FIG. 2F is a diagram illustrating another embodiment of
a power supply controller 139 using current mode control to
regulate the current limit of the power supply. As shown,
resistor 201 is coupled between the multi-function terminal
149 and the source terminal 143 and the transistor 209 of an
opto-coupler coupled between multi-function terminal 149
and a bias supply, such as for example control terminal 145.
Similar to FIG. 2A, the negative current that flows out from
multi-function terminal 149 is used to set externally the
current limit of power switch 147. In the embodiment
illustrated in Figure in FIG. 2F, the current limit adjustment
function can be used for controlling the power supply output
by feeding a feedback signal from the output of the power
supply into multi-function terminal 149. In the embodiment
depicted in FIG. 2F, the current limit is adjusted in a closed
loop to regulate the output of the power supply (known as
current mode control) by adding the opto-coupler output
between multi-function terminal 149 and the bias supply.

In one embodiment, the power supply controller configu-
rations described in connection with FIGS. 2A through 2F
all utilize the same multi-function terminal 149. Stated
differently, in one embodiment, the same power supply
controller 139 may be utilized in all of the configurations
described. Thus, the presently described power controller
139 provides a power supply designer with added flexibility.
As a result, a power supply designer may implement more
than one of the above functions at the same time using the
presently described power supply controller 139. In
addition, the same functionality may be implemented in
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more than one way. For example, power supply 101 can be
remotely turned on and off using either power or ground. In
particular, the power supply 101 can be turned on and off by
switching to and from the control terminal (supply terminal
for the power supply controller) using the over-voltage
detection feature, or by switching to and from ground using
the on/off circuitry.

FIGS. 2A though 2F provide just a few examples of use
of the multi-function terminal. A person skilled in the art will
find many other configurations for use of the multifunction
pin. The uses for the multi-function terminal, are therefore,
not limited to the few examples shown.

It is worthwhile to note that different functions of the
presently described power supply controller 139 may be
utilized at different times during different modes of opera-
tion of power supply controller 139. For instance, some
features may be implemented during startup operation, other
functions may be implemented during normal operation,
other functions may be implemented during fault conditions,
while still other functions may be implemented during
standby operation. Indeed, it is appreciated that a power
supply designer may implement other circuit configurations
to use with a power supply controller 139 in accordance with
teachings of the present invention. The configurations illus-
trated in FIGS. 2A through 2F are provided simply for
explanation purposes.

FIG. 3 is a block diagram illustrating one embodiment of
a power supply controller 139 in accordance with teachings
of the present invention. As shown in the embodiment
illustrated, power supply controller 139 includes a current
input circuit 302, which in one embodiment serves as
multi-function circuitry. In one embodiment, current input
circuit 302 includes a negative current input circuit 304 and
a positive current input circuit 306. In one embodiment,
negative current input circuit 304 includes negative current
sensor 301, on/off circuitry 309 and external current limit
adjuster 313. In one embodiment, positive current input
circuit 306 includes positive current sensor 305, under-
voltage comparator 317, over-voltage comparator 321 and
maximum duty cycle adjuster 325.

As shown in FIG. 3, negative current sensor 301 and
positive current sensor 305 are coupled to multi-function
terminal 149. In one embodiment, negative current sensor
301 generates a negative current sense signal 303 and
positive current sensor generates a positive current sense
signal 307. For purposes of this description, a negative
current may be interpreted as current that flows out of
multi-function terminal 149. Positive current may be inter-
preted as current that flows into multi-function terminal 149.
In one embodiment, on/off circuitry 309 is coupled to
receive negative current sense signal 303. External current
limit adjuster 313 is coupled to receive negative current
sense signal 303.

In one embodiment, under-voltage comparator 317 is
coupled to receive positive current sense signal 307. Over-
voltage comparator 321 is coupled to receive positive cur-
rent sense signal 307. As discussed earlier, both under-
voltage and over-voltage comparators also function as on/off
circuits. Maximum duty cycle adjuster 325 is also coupled
to receive positive current sense signal 307.

In one embodiment, on/off circuitry 309 generates an
on/off signal 311, under-voltage comparator 317 generates
an under-voltage signal 319 an over-voltage comparator 321
generates an over-voltage signal 323. As shown in the
embodiment illustrated in FIG. 3, enable/disable logic 329 is
coupled to receive the on/off signal 311, the under-voltage
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signal 319 and the over-voltage signal 323. The under-
voltage and over-voltage signals can also be used for on/off
functions as noted earlier.

In one embodiment, enable/disable logic 329 generates an
enable/disable signal 331, which is coupled to be received
by control circuit 333. The control circuit 333 is also coupled
to receive a control signal from control terminal 145. In
addition, control circuit 333 is also coupled to receive a
drain signal from drain terminal 141, a maximum duty cycle
adjustment signal 327 from maximum duty cycle adjuster
325 and an external current limit adjustment signal 315 from
external current limit adjuster 313.

In one embodiment, control circuit 333 generates a
switching waveforms 335, which is coupled to be received
by power switch 147. In one embodiment, power switch 147
is coupled between drain terminal 141 and source terminal
143 to control a current flowing through the primary wind-
ing 111 of power supply 101, which is coupled to drain
terminal 141.

In one embodiment, negative current sensor 301 senses
current that flows out of negative current sensor 301 through
multi-function terminal 149. Negative current sense signal
303 is generated in response to the current that flows from
negative current sensor 301 through multi-function terminal
149. In one embodiment, current that flows from negative
current sensor 301 through multi-function terminal 149
typically flows through an external resistance or switch
coupled between multi-function terminal 149 and ground.

In one embodiment, positive current sensor 305 senses
current that flows into positive current sensor 305 through
multi-function terminal 149. Positive current sense signal
307 is generated in response to the current that flows into
positive current sensor 305 through multi-function terminal
149. In one embodiment, current that flows into positive
current sensor 305 through multi-function terminal 149
typically flows through an external resistance coupled
between multi-function terminal 149 and the DC line volt-
age 109 input to the primary winding 111 of a power supply
101 and/or another voltage source. In another embodiment
the current flows through an external resistance or a switch
coupled between the multi-function terminal 149 and
another voltage source. In one embodiment, the line voltage
109 input to primary winding 111 is typically a rectified and
filtered AC mains signal.

As mentioned above, in one embodiment, positive current
does not flow while negative current flows, and vice versa.
In one embodiment, the negative current sensor 301 and
positive current sensor 305 are designed in such a way that
they are not active at the same time. Stated differently,
negative current sense signal 303 is not active at the same
time as positive current sense signal 307 in one embodiment.

In one embodiment, the voltage at multi-function terminal
149 is fixed at a first level when negative current flows out
of power supply controller 139 from multi-function terminal
149. In one embodiment, the first level is selected to be
approximately 1.25 volts. In one embodiment, the voltage at
multi-function terminal is fixed at a second level when
positive current flows into power supply controller 139
through multi-function terminal 149. In one embodiment,
the second level is selected to be approximately 2.3 volts.

In one embodiment, on/off circuitry 309 generates on/off
signal 311 in response to negative current sense signal 303.
In one embodiment, when the current flowing from multi-
function terminal 149 through an external resistance to
ground is less than a predetermined on/off threshold level,
on/off circuitry 309 generates on/off signal 311 to switch off
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the power supply 101. In one embodiment, when the current
flowing from multi-function terminal 149 is greater than a
predetermined on/off threshold level, on/off circuitry 309
generates on/off signal 311 to switch on the power supply
101. In one embodiment, the magnitude of the on/off thresh-
old level is approximately 40 to 50 microamps, including
hysteresis.

In one embodiment, external current limit adjuster 313
generates external current limit adjustment signal 315 in
response to negative current sense signal 303. In one
embodiment, when the magnitude of the negative current
flowing from multi-function terminal 149 through an exter-
nal resistance or switch to ground is below a predetermined
level, the current limit adjuster 313 generates an external
current limit adjustment signal to limit the current flowing
through power switch 147. In one embodiment, when the
magnitude of the negative current flowing from multi-
function terminal 149 is below a predetermined level, the
current flowing through power switch 147 is limited to an
amount directly proportional to the current flowing out of
power supply controller 139 from multi-function terminal
149. In one embodiment, predetermined level is approxi-
mately 150 microamps. In one embodiment, if the magni-
tude of the negative current flowing out of power supply
controller 139 from multi-function terminal 149 is greater
than the predetermined level, the current flowing through
power switch 147 is internally limited or clamped to a fixed
safe maximum level. Therefore, the current flowing through
power switch 147 is clamped to a safe value, even when
multi-function terminal 149 is shorted to ground. In one
embodiment, the current flowing through power switch 147
is internally limited or clamped to value of 3 amps.

In one embodiment, since the voltage at multi-function
terminal 149 is fixed at a particular voltage when current
flows out of power supply controller 139 through multi-
function terminal 149, the current limit through power
switch 147 can be accurately set externally with a single
large value, low-cost, resistor externally coupled between
multi-function terminal 149 and ground. By using a large
external resistance, the current flowing from multi-function
terminal 149 is relatively small. As mentioned above, the
current flowing from multi-function terminal 149 in one
embodiment is in the microamp range. Since the current
flowing from multi-function terminal 149 is relatively small,
the amount of power dissipated is also relatively small.

In one embodiment, multi-function terminal 149 is
coupled to the DC line voltage 109 input to the primary
winding 111 through an external resistance. In one
embodiment, the amount of current flowing into multi-
function terminal 149 represents the DC input line voltage to
the power supply 101. In one embodiment, under-voltage
comparator 317 generates under-voltage signal 319 in
response to the resulting positive current sense signal 307. In
one embodiment, when the current flowing into multi-
function terminal 149 rises above a first predetermined
threshold, under-voltage comparator 317 generates under-
voltage signal 319 to enable the power supply. In one
embodiment, when the current flowing into multi-function
terminal 149 falls below a second predetermined threshold,
under-voltage comparator 317 generates under-voltage sig-
nal 319 to disable the power supply. In one embodiment, the
first predetermined threshold is greater than the second
predetermined threshold to provide hysteresis. By providing
hysteresis or a hysteretic threshold, unwanted switching on
and off of the power supply 101 resulting from noise or
ripple is reduced. In one embodiment, the first predeter-
mined threshold is approximately 50 microamps and the
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second predetermined threshold is approximately O micro-
amps. In another embodiment, a hysteretic threshold is not
utilized. Thus the hysteresis is greater than or equal to zero.

In one embodiment, over-voltage comparator 321 gener-
ates over-voltage signal 323 in response to the positive
current sense signal 307. In one embodiment, when the
current flowing into multi-function terminal 149 rises above
a third predetermined threshold, over-voltage comparator
321 generates over-voltage signal 323 to disable the power
supply. In one embodiment, when the current flowing into
multi-function terminal 149 falls below a fourth predeter-
mined threshold, over-voltage comparator 321 generates
over-voltage signal 323 to enable the power supply. In one
embodiment, the third predetermined threshold is greater
than the fourth predetermined threshold to provide hyster-
esis. By providing hysteresis or a hysteretic threshold,
unwanted switching on and off of the power supply resulting
from noise is reduced. In one embodiment, the third prede-
termined threshold is approximately 225 microamps and the
fourth predetermined threshold is approximately 215 micro-
amps. In one embodiment, the third and fourth predeter-
mined thresholds are selected to be approximately four to
five times greater than the first predetermined threshold
discussed above for an AC mains input 103 of approxi-
mately 85 volts to 265 volts AC. In another embodiment, a
hysteretic threshold is not utilized. Thus the hysteresis is
greater than or equal to zero.

In one embodiment, power switch 147 is able to tolerate
higher voltages when not switching. When the power supply
is disabled, power switch 147 does not switch. Therefore, it
is appreciated that over-voltage comparator 321 helps to
protect the power supply 101 from unwanted input power
surges by disabling the power switch 147.

In one embodiment, over-voltage and under-voltage com-
parators 321 and 317 may also be used for on/off
functionality, similar to on/off circuitry 309. In particular,
multi-function terminal 149 may be switchably coupled to a
on/off control signal source to provide a positive current that
flows into multi-function terminal 149 that cross the under-
voltage or over-voltage thresholds (going above the third or
below the fourth predetermined thresholds). For example,
when the positive current through the multi-function pin
crosses above the first predetermined threshold of the under-
voltage comparator 317, the power supply will be enabled
and when the positive current goes below the second pre-
determined threshold of the under-voltage comparator 317,
the power supply is disabled. Similarly, when the positive
current through the multi-function pin crosses above the
third predetermined threshold of the over-voltage compara-
tor 321, the power supply will be disabled and when the
positive current goes below the fourth predetermined thresh-
old of the over-voltage comparator 321, the power supply is
enabled.

In one embodiment, maximum duty cycle adjuster 325
generates maximum duty cycle adjustment signal 327 in
response to the positive current sense signal 307. In one
embodiment, maximum duty cycle adjustment signal 327,
which is received by control circuit 333, is used to adjust the
maximum duty cycle of the switching waveform 335 used to
control power switch 147. In one embodiment, the maxi-
mum duty cycle determines how long a power switch 147
can be on during each cycle. For example, if the maximum
duty cycle is 50 percent, the power switch 147 can be on for
a maximum of 50 percent of each cycle.

Referring briefly for example to the power supply 101 of
FIG. 1, while power switch 147 is on, power is stored in the
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transformer core through the primary winding 111. While
the power switch 147 is off, power is delivered from the
transformer core to the secondary winding of the trans-
former in power supply 101. To delivery a given power
level, for a lower DC input voltage 109, a higher duty cycle
is required and for a higher DC input voltage 109, a lower
duty cycle is required. In one embodiment of the present
invention, maximum duty cycle adjuster 325 decreases the
maximum duty cycle of power switch 147 in response to
increases in the DC input voltage 109. In one embodiment,
maximum duty cycle adjuster 325 increases the maximum
duty cycle of power switch 147 in response to decreases in
the DC input voltage 109. Stated differently, the maximum
duty cycle is adjusted to be inversely proportional to the
current that flows into multi-function terminal 149 in one
embodiment of the present invention.

Referring back to FIG. 3, in one embodiment, the maxi-
mum duty cycle is adjusted within a range of 33 percent to
75 percent based on the amount of positive current that flows
into multi-function terminal 149. In one embodiment, maxi-
mum duty cycle adjuster 325 does not begin to decrease the
maximum duty cycle until the amount of current that flows
into multi-function terminal 149 rises above a threshold
value. In one embodiment, that threshold value is approxi-
mately 60 microamps. In one embodiment, the maximum
duty cycle is not adjusted if negative current flows out of
multi-function terminal 149. In this case, the maximum duty
cycle is fixed at 75 percent in one embodiment of the present
invention.

In one embodiment, enable/disable logic 329 receives as
input on/off signal 311, under-voltage signal 319 and over-
voltage signal 323. In one embodiment, if any one of the
under-voltage or over-voltage conditions exist, enable/
disable logic 329 disables power supply 101. In one
embodiment, when the under-voltage and over-voltage con-
ditions are removed, enable/disable logic 329 enables power
supply 101. In one embodiment, power supply 101 may be
enabled or disabled by starting and stopping, respectively,
the switching waveform 335 at the beginning of a switching
cycle just before the power switch is to be turned on. In one
embodiment, enable/disable logic 329 generates enable/
disable signal 331, which is received by the oscillator in the
control circuit 333 to start or stop the oscillator at the
beginning of a switching cycle of switching waveform 335.
When enabled the oscillator will start a new on cycle of the
switching waveform. When disabled the oscillator will com-
plete the current switching cycle and stop just before the
beginning of the next cycle.

In one embodiment, control circuit 333 generates switch-
ing waveform 335 to control power switch 147 in response
to a current sense signal received from drain terminal 141,
enable/disable signal 331, maximum duty cycle adjustment
signal 327, a control signal from control terminal 145 and
external current limit adjustment signal 315.

In one embodiment, the enable/disable signal can also be
used to synchronize the oscillator in the control circuit to an
external on/off control signal source having a frequency less
than that of the oscillator. The on/off control signal can be
input to the multi-function terminal through any of the three
paths that generate the enable/disable signal: on/off circuitry
309, under-voltage comparator 317 or over-voltage com-
parator 321. As discussed, enable/disable the oscillator in the
control circuit 333, in one embodiment, begins a new
complete cycle of switching waveform at 335 using known
techniques in response to enable/disable signal 331, which
represents the on/off control signal at the multi-function
input. By turning the on/off control signal “on™ at the
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multi-function input for a fraction of the switching cycle and
then “off,” the oscillator is enabled to start a new complete
cycle. Therefore, if the external on/off control signal has
short “on” pulses at a frequency less than the oscillator in the
control circuit, the oscillator will produce a switching cycle
each time an on pulse is detected, thus providing a switching
waveform that is synchronized to the external frequency.

In an alternate embodiment shown below in FIG. 7, the
enable/disable signal 331 directly disables or turns off the
power switch through the AND gate 493 when an under-
voltage or over-voltage condition exists. In this
embodiment, the power switch can be enabled or disabled in
the middle of a cycle and consequently, synchronization of
the switching waveform through a on/off control signal at
the multi-function input is not provided.

FIG. 4 is a schematic of one embodiment of a power
supply controller 139 in accordance with the teachings of the
present invention. As illustrated, negative current sensor 301
includes a current source 401 coupled to control terminal
145. Transistors 403 and 405 form a current mirror coupled
to current source 401. In particular, transistor 403 has a
source coupled to current source 401 and a gate and drain
coupled to the gate of transistor 405. The source of transistor
405 is also coupled to current source 401. Transistor 407 is
coupled between the drain and gate of transistor 403 and
multi-function terminal 149. In one embodiment, the gate of
transistor 407 is coupled to a band gap voltage Vg plus a
threshold voltage V. In one embodiment, Vg is approxi-
mately 1.25 volts, V,» is approximately 1.05 volts and
Vgs+Vrna 1s approximately 2.3 volts. Transistors 411 and
413 also form a current mirror coupled to the drain of
transistor 405. In particular, the gate and drain of transistor
411 are coupled to the drain of transistor 405 and the gate of
transistor 413. In one embodiment, negative current sense
signal 303 is generated at the gate and drain of transistor 411.
The sources of transistors 411 and 413 are coupled to
ground. In one embodiment, ground is provided through
source terminal 143.

In one embodiment, on/off circuitry 309 includes a current
source 409 coupled between the drain of transistor 413 and
control terminal 145. In one embodiment, on/off signal 311
is generated at the drain of transistor 413.

In one embodiment, external current limit adjuster 313
includes a current source 415 coupled between control
terminal 145 and the drain of transistor 419 and the gate and
drain of transistor 421. The source of transistor 419 and the
source of transistor 421 are coupled to ground. The gate of
transistor 419 is coupled to receive negative current sense
signal 303. External current limit adjuster 313 also includes
a current source 417 coupled between control terminal 145
and the drain of transistor 423 and resistor 425. The source
of transistor 423 and resistor 425 are coupled to ground.
External current limit adjustment signal 315 is generated at
the drain of transistor 423.

In one embodiment, positive current sensor 305 includes
transistor 429 having a source coupled to multi-function
terminal 149 and the current mirror formed with transistors
431 and 433. In particular, transistor 431 has a gate and drain
coupled to the drain of transistor 429 and the gate of
transistor 433. Current source 435 is coupled between
ground and the sources of transistors 431 and 433. The gate
of transistor 429 is coupled to band gap voltage V. The
drain of transistor 433 is coupled to the current mirror
formed with transistors 427 and 437. In particular, the gate
and drain of transistor 427 are coupled to the gate of
transistor 437 and the drain of transistor 433. The sources of
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transistors 427 and 437 are coupled to control terminal 145.
Positive current sense signal 307 is generated at the gate and
drain of transistor 427.

In one embodiment, under-voltage comparator 317
includes a current source 439 coupled between the drain of
transistor 437 and ground. Under-voltage signal 319 is
generated at the drain of transistor 437.

In one embodiment, over-voltage comparator 321
includes a current source 443 coupled between the drain of
transistor 441 and ground. Transistor 441 has a source
coupled to control terminal 145 and a gate coupled to receive
positive current sense signal 307. Over-voltage signal 323 is
generated at the drain of transistor 441.

In one embodiment, enable/disable logic 329 includes
NOR gate 445 having an input coupled to receive under-
voltage signal 319 and an inverted input coupled to receive
on/off signal 311. Enable/disable logic 329 also includes
NOR gate 447 having an input coupled to receive over-
voltage signal 323 and an input coupled to an output of NOR
gate 445. Enable/disable signal 331 is generated at the
output of NOR gate 447.

In one embodiment, maximum duty cycle adjuster 325
includes a transistor 449 having a source coupled to control
terminal 145 and a gate coupled to receive positive current
sense signal 307. Maximum duty cycle adjuster 325 also
includes a current source 453 coupled between the drain of
transistor 449 and ground. A diode 451 is coupled to the
drain of transistor 449 to produce maximum duty cycle
adjustment signal 327.

In one embodiment, power switch 147 includes a power
metal oxide semiconductor field effect transistor (MOSFET)
495 coupled between drain terminal 141 and source terminal
143. Power MOSFET 495 has a gate coupled to receive a
switching waveform 335 generated by pulse width modu-
lator 333.

In one embodiment, control circuit 333 includes a resistor
455 coupled to the control terminal 145. A transistor 457 has
a source coupled to resistor 455 and a negative input of a
comparator 459. A positive input of comparator 459 is
coupled to a voltage V, which in one embodiment is approxi-
mately 5.7 volts. An output of comparator 459 is coupled to
the gate of transistor 457. The drain of transistor 457 is
coupled to diode 451 and resistor 479. The other end resistor
479 is coupled to ground. A filter is coupled across resistor
479. The filter includes a resistor 481 coupled to resistor 479
and capacitor 483 coupled to resistor 481 and ground.
Capacitor 483 is coupled to a positive input of comparator
477.

In one embodiment, control circuit 333 is a pulse width
modulator, which has an oscillator 467 with three oscillating
waveform outputs 471, 473 and 475. Oscillator 467 also
includes an enable/disable input 469 coupled to receive
enable/disable signal 331. In one embodiment, control cir-
cuit 333 also includes a voltage divider including resistors
461 and 463 coupled between drain terminal 141 and
ground. A node between resistors 461 and 463 is coupled to
a positive input of a comparator 465. A negative input of
comparator 465 is coupled to receive external current limit
adjustment signal 315.

In one embodiment, oscillating waveform output 471 is
coupled to a first input of AND gate 493. Oscillating
waveform output 473 is coupled to a set input of latch 491.
Oscillating waveform output 475 is coupled to a negative
input of comparator 477. An output of comparator 465 is
coupled to a first input of AND gate 487. A leading edge
blanking delay circuit 485 is coupled between the output of
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NAND gate 493 and a second input of AND gate 487. In one
embodiment, there is a gate driver or a buffer between the
output of the NAND gate 493 and the gate of the MOSFET
(not shown). An output of AND gate 487 is coupled to a first
input of OR gate 489. A second input of OR gate 489 is
coupled to an output of comparator 477. An output of OR
gate 489 is coupled to a reset input of latch 491. An output
of latch 491 is coupled to a second input of AND gate 493.
The output of AND gate 493 generates switching waveform
33s.

Operation of power supply controller 139 of FIG. 4 is as
follows. Beginning with negative current sensor 301, the
gate of transistor 407 is fixed at Vz;+V, in one embodi-
ment to approximately 2.3 volts. As a result, transistor 407
sets the voltage at multi-function terminal 149 to Vg, in one
embodiment, which is approximately 1.25 volts, when cur-
rent is pulled out of multi-function terminal 149. This
current may be referred to as negative current since the
current is being pulled out of power supply controller 139.
In one embodiment, transistor 407 is sized such that it
operates with a current density resulting in a voltage drop
between the gate and source that is close to V,,,, wherein the
Vi is the threshold of the N channel transistor 407, when
negative current flows from multi-function terminal 149.

When an external resistor (not shown) is coupled from
multi-function terminal 149 to ground, the negative current
flowing through the external resistor will therefore be Vg,
divided by the value of the external resistor in accordance
with Ohm’s law. This negative current flowing out from
multi-function terminal 149 passes through transistors 403
and is mirrored on to transistor 405. Current source 401
limits the negative current sourced by multi-function termi-
nal 149. Therefore, even if multi-function terminal 149 is
short-circuited to ground, the current is limited to a current
less than the current supplied by current source 401. This
current is less than the current source 401 by an amount that
flows through the transistor 405. In one-embodiment, the
negative current that can be drawn from the multi-function
terminal is limited to 200 microamps by the current source
401. In one embodiment, if more negative current than
current source 401 is able to supply is pulled from multi-
function terminal 149, the voltage at multi-function terminal
149 collapses to approximately O volts.

The current that flows through transistor 403 is mirrored
to transistor 405. The current that flows through transistors
405 and 411 is the same since they are coupled in series.
Since transistors 411 and 413 form a current mirror, the
current flowing through transistor 413 is proportional to the
negative current flowing through multi-function terminal
149. The current flowing through transistor 413 is compared
to the current provided by current source 409. If the current
through transistor 413 is greater than the current supplied by
current source 409, the signal at the drain of transistor 413
will go low, which in one embodiment enables the power
supply. Indeed, on/off signal 311 is received at an inverted
input of NOR gate 445. Thus, when on/off signal 311 is low,
the power supply is enabled. Therefore, by having a negative
current greater than a particular threshold value, the power
supply of the present invention is enabled in one embodi-
ment. In one embodiment, the magnitude of that particular
threshold value is approximately 50 microamps.

As mentioned above, the current flowing through transis-
tor 411 is proportional to the negative current flowing out
from multi-function terminal 149. As illustrated, transistor
419 also forms a current mirror with transistor 411.
Therefore, the current flowing through transistor 419 is
proportional to the current flowing through transistor 411.
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The current flowing through transistor 421 is the difference
between the current supplied by current source 415 and the
current flowing through transistor 419. For example, assume
that the current supplied by current source 415 is equal to A.
Assume further that the current flowing through transistor
419 is equal to B. In this case, the current flowing through
transistor 421 is equal to A-B.

As illustrated, transistor 423 forms a current mirror with
transistor 421. Therefore, the current flowing through tran-
sistor 423 is proportional to the current flowing through
transistor 421. Continuing with the example above and
assuming further that transistors 421 and 423 are equal in
size, the current flowing through transistor 423 is also equal
to A-B. Assuming further that current source 417 supplies
a current equal to the current supplied by current source 4185,
which is assumed to be equal to A, then the current flowing
through resistor 425 would be equal to A-(A-B), which is
equal to B.

Therefore, the current flowing through resistor 425 is
proportional to the current flowing through transistor 419,
which is proportional to the current flowing through tran-
sistor 411, which is proportional to the negative current
flowing out from multi-function terminal 149. Note that if
the current flowing through transistor 419 is greater than the
current supplied by current source 415, the current flowing
through transistor 421 would be zero because the voltage at
the drains of transistors 419 and 421 would collapse to
approximately zero volts. This would result in the current
flowing through transistor 423 to be zero . Thus, the current
through resistor 425 cannot be greater than the current
supplied by current source 417. However, as long as B is less
than A, the current that flows through resistor 425 is equal
to B. If B rises above A, the current that flows through
resistor 425 is equal to A.

In one embodiment, resistor 425 is fabricated using the
same or similar types of processes and diffusions or doped
regions used in fabricating power MOSFET 495. As a result,
the on resistance of resistor 425 follows or tracks the on
resistance of power MOSFET 495 through varying operat-
ing conditions and processing variations.

The voltage across resistor 425 is reflected in external
current limit adjuster signal 315, which is input to the
negative input of comparator 465. In one embodiment, the
negative input of comparator 465 is the threshold input of
comparator 465. Therefore, the negative input of comparator
465 receives a voltage proportional to the negative current
flowing out of multi-function terminal 149 multiplied by the
resistance of resistor 425.

The positive input of comparator 465 is coupled to drain
terminal 141 through resistor 461 of the voltage divider
formed by resistor 461 and resistor 463. Therefore, the
positive input of comparator 465 senses a voltage propor-
tional to the drain current of power MOSFET 495 multiplied
by the on resistance of power MOSFET 495.

When the voltage at the positive terminal of comparator
465 rises above the voltage provided by external current
limit adjuster signal 315 to the negative terminal of com-
parator 465, the output of comparator 465 is configured to
reset latch 491 through AND gate 487 and OR gate 489. By
resetting latch 491, the on portion of a cycle of waveform
335 received at the gate of power MOSFET 495 is masked
or cut short, which results in turning off power MOSFET
495 when the amount of current flowing through power
switch 147 rises above the threshold.

In one embodiment, AND gate 487 also receives input
from leading edge blanking delay circuitry 485. In one
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embodiment, leading edge blanking delay circuitry 485,
using known techniques, temporarily disables current limit
detection at the start, or during the leading edge portion, of
an on transition of power MOSFET 495.

As shown in the embodiment illustrated in FIG. 4, latch
491 is set at the beginning of each cycle by switching
waveform output 473. One way that latch 491 is reset,
thereby turning off power MOSFET 495, is through the
output of comparator 465. Another way to reset latch 491 is
through the output of comparator 477, which will be dis-
cussed below in connection with maximum duty cycle
adjuster 325.

With regard to positive current sensor 305, the gate of
transistor 429 is coupled to the band gap voltage V. In one
embodiment, transistor 429 is sized such that it operates with
a current density resulting in a drop between the source and
gate close to V;p, which is threshold of the P channel
transistor 429, when positive current flows into multi-
function terminal 149. In one embodiment, current that
flows into multi-function terminal 149 is referred to as
positive current since the current is being fed into the power
supply controller 139. As a result, the voltage at multi-
function terminal 149 is fixed at approximately Vgs+Vrp
when positive current flows into multi-function terminal
149.

The gate voltages on the transistors 407 and 429 chosen
in the embodiment discussed above are such that only one of
transistors 407 and 429 are switched on at a time depending
on the polarity of the current at the multi-function terminal.
Stated differently, if transistor 407 is on, transistor 429 is off.
If transistor 429 is on, transistor 407 is off. As result, if
negative current sensor 301 is on, positive current sensor
305 is isolated from multi-function terminal 149. If positive
current sensor 305 is on, negative current sensor 301 is
isolated from multi-function terminal 149. Therefore, if
there is negative current flowing through multi-function
terminal 149, positive current sensor 305 is disabled. If there
is positive current flowing through multi-function terminal
149, negative current sensor 301 is disabled.

In one embodiment, the positive current that flows into
transistor 429 flows through transistor 431 since they are
coupled in series. The positive current through multi-
function terminal 149 flows into and is limited by current
source 435. In one embodiment, if the positive current
through multi-function terminal 149 is greater than an
amount that current source 435 can sink minus the current in
transistor 433, then the voltage at multi-function terminal
149 will rise and is clamped either by the circuitry driving
the current or by the standard clamping circuitry that is used
for protection purposes on external terminals such as the
multi-function terminal, of a power supply controller. As
shown, transistors 431 and 433 form a current mirror.
Therefore, the current flowing through transistor 433 is
proportional to the positive current that flows through tran-
sistor 431. The current that flows through the transistor 433
flows to transistor 427 since they are coupled in series. As
shown, the gate of transistor 427 is coupled to the drain of
transistor 427, which generates positive current sense signal
307.

Transistors 427 and 437 form a current mirror since the
gate and drain of transistor 427 are coupled to the gate of
transistor 437. Therefore, the current flowing through tran-
sistor 437 is proportional to the current flowing through
transistor 427, which is proportional to the positive current.
Current source 439 provides a reference current, which is
compared to the current that flows through transistor 437. If
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the current flowing through transistor 437 rises above the
current provided by current source 439, then the voltage at
the drain of transistor 437, which is the under-voltage signal
319, goes high. When under-voltage signal 319 goes high
and the output of NOR gate 445 will go low, indicating that
there is no under-voltage condition.

Transistors 427 and 441 also form a current mirror since
the gate and drain of transistor 427 are coupled to the gate
of transistor 441. Therefore, the current flowing through
transistor 441 is proportional to the current flowing through
the transistor 427, which is proportional to the positive
current. Current source 443 provides a reference current,
which is compared to current that flows through transistor
441. As long as the current flowing through transistor 441
stays below the current provided by current source 443, then
the voltage at the drain of transistor 441, which is the
over-voltage signal 323, remains low. When over-voltage
signal 323 remains low, the output of NOR gate 447 remains
high assuming that there was no under-voltage condition
indicated by under-voltage signal 319 and no remote off
condition indicated by on/off signal 311.

The output of NOR gate 447 is enable/disable signal 331.
In one embodiment, enable/disable signal 331 is high if
on/off signal 311 is low, or under-voltage signal 319 is high
and over-voltage signal 323 is low. Otherwise, enable/
disable signal 331 is low.

In one embodiment, the oscillator 467 receives enable/
disable signal 331 at the start/stop input 469. In one
embodiment, oscillator 467 generates oscillating waveforms
at oscillating waveform outputs 471, 473 and 475 while
enable/disable signal 331 is high or active. In one
embodiment, oscillator 467 does not generate the oscillating
waveforms at oscillating waveform outputs 471, 473 and
475 while enable/disable signal 331 is low or in-active. In
one embodiment, oscillator 467 begins generating oscillat-
ing waveforms starting with new complete cycles on a rising
edge of enable/disable signal 331. In one embodiment,
oscillator 467 completes existing cycles of the oscillating
waveforms generated at oscillating waveform outputs 471,
473 and 475 before stopping the waveforms in response to
a falling edge of enable/disable signal 331. That is, oscillator
467 stops generating the waveforms at a point just before the
start of an on time of power switch of the next cycle in
response to a falling edge of enable/disable signal 331.

In one embodiment, control terminal 145 supplies power
to the circuitry of power supply controller 139 and also
provides feedback to modulate the duty cycle of switching
waveform 335. In one embodiment, control terminal 145 is
coupled to the output of the power supply 101 through a
feedback circuit to regulate the output voltage of the power
supply 101. In one embodiment, an increase in the output
voltage of power supply 101 results in the reduction in the
duty cycle of switching waveform 335 through feedback
received through control terminal 145. Therefore, if the
regulation level of the output parameter of power supply 101
that is being controlled, such as output voltage or current or
power, is exceeded during operation, additional feedback
current is received through control terminal 145. This feed-
back current flows through resistor 455 and through a shunt
regulator formed by transistor 457 and comparator 459. If no
feedback current or control terminal current in excess of
supply current is received through control terminal 145, the
current through transistor 457 is zero. If the current through
transistor 457 is zero, and assuming for the time being that
there is no current through the diode 451, the current through
resistor 479 is zero. If there is no current flowing through
resistor 479, then the voltage drop across resistor 479 is zero.
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If there is no voltage drop across resistor 479, there is no
voltage drop across capacitor 483. As a result, the output of
comparator 477 will remain low. If the output of comparator
477 remains low, and assuming for the time being that the
output of AND gate 487 remains low, the output of latch 491
will remain high. In this case, the maximum duty cycle
signal, which is produced by oscillator waveform output
471, will be generated at the output of AND gate 493. Thus,
switching waveform 335 will have the maximum duty cycle
produced by oscillator waveform output 471.

Therefore, when the voltage drop across resistor 479
remains at zero, the maximum duty cycle produced at
oscillator waveform output 471 is not limited, assuming that
the output of AND gate 487 remains low. This is because
latch 491 is not reset through the output of comparator 477.
However, when the feedback current or control terminal
current in excess to the supply current is received through
control terminal 145, this feedback current flows through
transistor 457. As the amount of current flowing through the
transistor 457 increases, the voltage drop across resistor 479
increases correspondingly. As a voltage drop across resistor
479 increases, the voltage drop across capacitor 483 will
increase. In any given cycle, when the voltage on the
oscillating waveform output 475 crosses below the voltage
across the capacitor 483 the output of the comparator will go
high and terminate the on-time of the switching waveform
335 or turn off the power switch 495. As a result, the duty
cycle (on time as a fraction of the cycle time) of the
switching waveform 335 decreases with increase in voltage
drop across resistor 479.

In one embodiment, the oscillating waveform at oscillat-
ing waveform output 475 is a sawtooth waveform having a
duty cycle and period equal to the maximum duty cycle
waveform generated at oscillating waveform output 471. As
the voltage drop across resistor 479 increases, the output of
comparator 477 will go high closer to the beginning of each
cycle. When the output of comparator 477 goes high, latch
491 will be reset through NOR gate 489. When latch 491 is
reset, the on time of the of switching waveform: 335 is
terminated for that particular cycle and switching waveform
335 remains low for the remainder of that particular cycle.
Latch 491 will not be set again until the beginning of the
next cycle through switching waveform output 473, assum-
ing that there is a high or active enable/disable,signal 331.

Referring now to maximum duty cycle adjuster signal
325, transistor 449 includes a source coupled to control
terminal 145 and a gate coupled the gate and drain of
transistor 427 to receive positive current sense signal 307.
Transistor 449 and transistor 427 also form a current mirror.
Therefore, the current flowing through transistor 449 is
proportional to the current flowing through transistor 427,
which is proportional to the positive current flowing into
multi-function terminal 149. The current that flows through
diode 451 is the difference between the current that flows
through transistor 449 and the current that flows into current
source 453. The current that flows through current source
453 is set such that current will not begin to flow through
diode 451 until the current flowing through transistor 449
rises above a threshold. In one embodiment, the above
threshold value is chosen such that the maximum duty cycle
is not reduced until the positive current flowing into multi-
function terminal 149 rises above the threshold used for
under-voltage comparison. In one embodiment, the thresh-
old positive current used for under-voltage comparison is
approximately 50 microamps and the threshold positive
current used for maximum duty cycle adjustment is approxi-
mately 60 microamps.

wn

10

20

30

35

40

50

60

20

When current begins to flows through diode 451, that
current will be combined with current that flows through
transistor 457. In one embodiment, the current that flows
through diode 451 is maximum duty cycle adjustment signal
327. The current flowing through transistor 457 and diode
451 will flow through resistor 479. As discussed in detail
above, current that flows through resistor 479 will result in
the voltage drop across resistor 479, which results in a
reduction in the maximum duty cycle of switching wave-
form 335. As the current that flows through resistor 479
increases, the maximum duty cycle of switching waveform
335 will be decreased.

FIG. 5 is a diagram illustrating some of the currents,
voltages and duty cycles associated with the power supply
controller 139 in accordance with teachings of the present
invention. In particular, diagram 501 illustrates when the
power supply is enabled in relation to the input current of
multi-function terminal 149. The x-axis represents the posi-
tive or negative current flowing into or out of multi-function
terminal 149. As illustrated, as positive input current rises
from zero and crosses over 50 microamps, power supply
controller 139 in one embodiment is enabled. At this time,
an under-voltage condition is removed. If the current is
above 50 microamps but then falls below zero microamps,
power supply controller 139 is disabled. At this time, an
under-voltage condition is detected. The difference between
50 microamps and zero microamps provides hysteresis,
which provides for more stable operation during noise or
ripple conditions in the input current.

As the input current rises above 225 microamps, the
power supply is disabled. At this time, an over-voltage
condition is detected. When the input current falls back
below 215 microamps, the power supply is re-enabled. At
this time, the over-voltage condition is removed. The dif-
ference between 225 microamps and 215 microamps pro-
vides hysteresis, which provides for more stable operation
during noise or ripple conditions in the input current.

Continuing with diagram 501, when the negative current
that flows out from multi-function terminal 149 rises in
magnitude to a level above 50 microamps, which is illus-
trated as —50 microamps in FIG. 5, the power supply is
enabled. At this time, the on/off feature of the present
invention turns on the power supply. When the negative
current falls in magnitude to a level below 40 microamps,
which is illustrated as —40 microamps in FIG. 5, the power
supply is disabled. At this time, the on/off feature of the
present invention turns off the power supply. The difference
between —-50 microamps and 40 microamps provides
hysteresis, which provides for more stable operation, during
noise or ripple conditions in the input current.

It is worthwhile to note that in one embodiment the
positive input current is clamped at 300 microamps and that
the negative input current is clamped at 200 microamps. The
positive input current would be clamped at 300 microamps
when, for example, the multi-function terminal 149 is short-
circuited to a supply voltage. The negative input current
would be clamped at 200 microamps when, for example, the
multi-function terminal is short-circuited to ground.

In diagram 503, the current limit through power switch
147 as adjusted by the present invention is illustrated. Note
that the hysteresis of the under-voltage and over-voltage
conditions are illustrated from zero microamps to 50 micro-
amps and from 215 microamps to 225 microamps, respec-
tively. In one embodiment, when positive input current is
provided into multi-function terminal 149 and there is
neither an under-voltage condition nor an over-voltage
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condition, the current limit through power switch 147 is 3
amps. However, when negative current flows out from
multi-function terminal 149, and the magnitude of the nega-
tive current rises above 50 microamps, which is illustrated
as =50 microamps in FIG. 5, the current limit through power
switch 149 is approximately 1 amp. As the magnitude of the
negative current rises to 150 microamps, which is illustrated
as —150 microamps in FIG. S, the current limit through
power switch 149 rises proportionally with the negative
current to 3 amps. After the magnitude of the negative
current rises above 150 microamps, the current limit of the
power switch 149 remains fixed at 3 amps. Note that there
is also the on/off hysteresis between —50 microamps and —40
microamps in diagram 503.

Diagram 505 illustrates the maximum duty cycle setting
of power supply controller 139 in relation to the input
current. Note that the hysteresis from —50 microamps to 40
microamps, from zero microamps to 50 microamps and
from to 215 microamps to 225 microamps as discussed
above is included. In the embodiment illustrated in diagram
505, the maximum duty cycle is fixed at 75 percent until a
positive input current of 60 microamps is reached. As the
input current continues to increase, the maximum duty cycle
continues to decrease until an input current of 225 micro-
amps is reached, at which time the maximum duty cycle has
been reduced to 33 percent. As illustrated, between 60
microamps and 225 microamps, the maximum duty cycle is
inversely proportional to the positive input current. Note that
when negative current flows through multi-function terminal
149, and when the power supply is enabled, the maximum
duty cycle in one embodiment is fixed at 75 percent.

Diagram 507 illustrates the voltage at multi-function
terminal, which is labeled in diagram 507 as line sense
voltage, in relation to the input current. When negative
current is flowing from multi-function terminal 149, the
voltage at multi-function terminal 149 is fixed at the band
gap voltage Vg, which in one embodiment is 1.25 volts.
When positive current is flowing into multi-function termi-
nal 149, the voltage at multi-function terminal is fixed at the
band gap voltage V. plus a threshold voltage V., which
in one embodiment sum to 2.3 volts. In the event that a
negative current having a magnitude of more than 200
microamps is attempted to be drawn out of the multi-
function terminal 149, the voltage at multi-function terminal
149 drops to approximately zero volts. In the event that a
positive current of more than 300 microamps flows into
multi-function terminal 149, the voltage at multi-function
terminal 149 rises. In this case, the voltage will be limited by
either by a standard clamp used at the multi-function ter-
minal for the purpose of protection or by the external
circuitry driving the multi-function terminal, whichever is
lower in voltage.

It is appreciated that the currents, voltages, duty cycle
settings and hysteresis settings described in connection with
the present invention are given for explanation purposes
only and that other values may be selected in accordance
with teachings of the present invention. For example, in
other embodiments, non hysteretic thresholds may be uti-
lized. Thus the hysteresis values may be greater than or
equal to zero.

FIG. 6A is timing diagram illustrating one embodiment of
some of the waveforms of a power supply controller in
accordance with teachings of the present invention. Refer-
ring to both FIGS. 4 and 6A, oscillating waveform output
475 of oscillator 467 generates a sawtooth waveform, which
is received by comparator 477. Oscillating waveform output
471 of oscillator 467 generates a maximum duty cycle
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signal, which is received by AND gate 493. Enable/disable
signal 331, which is received at enable/disable input 469 of
oscillator 467, is also illustrated. In FIG. 6A, the enable/
disable signal 331 is active. Therefore, the sawtooth wave-
form of oscillating waveform output 475 and the maximum
duty cycle waveform of oscillating waveform output 471 are
generated. Note that the sawtooth waveform and the maxi-
mum duty cycle waveform have the same frequency and
period. One cycle of each of these waveform occurs between
time 601 and time 605. The peak of the sawtooth waveform
occurs at the same time as the rising edge of the maximum
duty cycle waveform. This aspect is illustrated at time 601
and at time 605. The lowest point of the sawtooth waveform
occurs at the same time as the falling edge of the maximum
duty cycle waveform. This aspect is illustrated at time 603.

Referring now to FIG. 6B, a timing diagram illustrating
another embodiment of the waveforms of a power supply
controller in accordance with teachings of the present inven-
tion is shown. From time 607 to time 609, the enable/disable
signal 331 is low or inactive. In one embodiment, a low
enable/disable signal 331 disables the power supply. A high
or active enable/disable signal 331 enables the power supply.
At time 609, the rising edge of enable/disable signal 331
occurs. At this time, oscillating waveform outputs 475 and
471 begin generating the sawtooth waveform and maximum
duty cycle waveform, respectively. Note that a new com-
plete cycle of each of these waveforms is generated in
response to the rising edge of enable/disable signal 331 at
time 609.

From time 609 to time 611, enable/disable signal 331
remains high or active. Thus, during this time, the sawtooth
waveform and maximum duty cycle waveform are continu-
ously generated.

At time 611, a falling edge of enable/disable signal 331
occurs. Before oscillator 467 discontinues generating the
sawtooth waveform and the maximum duty cycle waveform,
the existing cycles of each of these waveforms are allowed
to complete. Stated differently, generation of the sawtooth
waveform and the maximum duty cycle waveform is dis-
continued at a point just before the start of the on-time of the
switching waveform 335 or the on-time of the power switch
of the next cycle. This point in time is illustrated in FIG. 6B
at time 613. Note that after time 613, the sawtooth waveform
remains inactive at a high value and the maximum duty
cycle waveform remains inactive at a low value.

At time 615, another rising edge of enable/disable signal
331 occurs. Therefore, the sawtooth waveform and the
maximum duty cycle waveform are generated beginning at
a new complete cycle of each waveform. As illustrated in
FIG. 6B, a falling edge of enable/disable signal 331 occurs
at time 617, which is immediately after the rising edge.
However, the sawtooth waveform and maximum duty cycle
waveforms are allowed to complete their then existing
cycles. This occurs at time 619. After time 619, the wave-
forms remains inactive as shown during the time between
time 619 and time 621, which is when another rising edge
of enable/disable signal 331 occurs. At time 621, another
new complete cycle of the sawtooth waveform and the
maximum duty cycle waveform are generated. Since enable/
disable signal 331 is deactivated at time 623, which occurs
during a cycle of the sawtooth waveform and the maximum
duty cycle waveform, these waveforms are deactivated after
fully completing their respective cycles. Thus, by pulsing
the on/off control signal at the multi-function terminal it is
possible to synchronize the oscillator to the on/off pulse
frequency.

FIG. 7 is a schematic of another embodiment of a power
supply controller 139 in accordance with the teachings of the
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present invention. The power supply controller schematic
shown in FIG. 7 is similar to the power supply controller
schematic discussed above in FIG. 4. The primary difference
between the power supply controller of FIGS. 4 and 7 is that
oscillator 467 of FIG. 7 does not have an enable/disable
input 469 coupled to receive enable/disable signal 331. As
shown in the embodiment depicted in FIG. 7, the enable/
disable signal 331 is used to directly gate the switching
waveform at the input of AND gate 493. In this embodiment,
the oscillator 467 is running all the time and switching
waveform 335 will be gated on and off at any point in the
cycle in response to the enable/disable signal 331.

To illustrate, FIG. 8 shows one embodiment of timing
diagrams of switching waveforms of the power supply
controller illustrated in FIG. 7. Referring to both FIGS. 7
and 8, oscillating waveform output 475 of oscillator 467
generates a sawtooth waveform, which is received by com-
parator 477. Oscillating waveform output 471 of oscillator
467 generates a maximum duty cycle signal, which is
received by AND gate 493. Enable/disable signal 331, which
is received by AND gate 493, and the output of AND gate
493, which is switching waveform 335, are also illustrated.
In FIG. 8, the enable/disable signal 331 is active only some
of the time. Therefore, the switching waveform 335 is
switching only during those portions of time that the enable/
disable signal 331 is active. When the enable/disable signal
331 is not active, switching waveform 335 does not switch.

In the foregoing detailed description, the method and
apparatus of the present invention has been described with
reference to specific exemplary embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the present invention. The
present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. A power supply controller, comprising:

a power switch having first, second and third terminals,
the first terminal to be coupled to a transformer of a
power supply and the second terminal to be coupled to
an input of the power supply;

a control circuit coupled to a control terminal of the power
supply controller and the third terminal of the power
switch, the control terminal coupled to an output of the
power supply, the control circuit to generate a switch-
ing waveform to control the power switch; and

multi-function circuitry coupled between a multi-function
terminal of the power supply controller and the control
circuit, the switching waveform generated in response
to the control terminal and the multi-function terminal.

2. The power supply controller of claim 1, wherein the
multi-function circuitry comprises:

a negative current sensor coupled to the multi-function
terminal, the negative current sensor to generate a
negative current sense signal in response to the multi-
function terminal if a voltage at the multi-function
terminal is less than a first voltage, the negative current
sensor isolated from the multi-function terminal if the
voltage at the multi-function terminal is greater than the
first voltage;

a positive current sensor coupled to the multi-function
terminal, the positive current sensor to generate a
positive current sense signal in response to the multi-
function terminal if the voltage at the multi-function
terminal is greater than a second voltage, the positive
current sensor isolated from the multi-function terminal
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if the voltage at the multi-function terminal is less than
the second voltage, wherein the second voltage is
greater than the first voltage, the switching waveform
generated in response to the negative current sense
signal and the positive current sense signal.

3. The power supply controller of claim 1 wherein the
multi-function circuitry comprises on/off circuitry coupled
to the control circuit and responsive to the multi-function
terminal, the on/off circuitry to control the control circuit to
start and to stop the switching waveform in response to the
multi-function terminal.

4. The power supply controller of claim 1 wherein the
multi-function circuitry comprises external current limit
adjuster circuitry coupled to the control circuit and respon-
sive to the multi-function terminal, the external current limit
adjuster circuitry to control the control circuit to adjust a
current limit of the power switch in response to the multi-
function terminal.

5. The power supply controller of claim 1 wherein the
multi-function circuitry comprises over-voltage comparator
circuitry coupled to the control circuit and responsive to the
multi-function terminal, the over-voltage comparator cir-
cuitry to control the control circuit to start and to stop the
switching waveform in response to the multi-function ter-
minal.

6. The power supply controller of claim 1 wherein the
multi-function circuitry comprises maximum duty cycle
adjuster circuitry coupled to the control circuit and respon-
sive to the multi-function terminal, the maximum duty cycle
adjuster circuitry to adjust the maximum duty cycle of the
switching waveform in response to the multi-function ter-
minal.

7. The power supply controller of claim 1, wherein a
voltage at the multi-function terminal is substantially equal
to a first constant voltage if there is a negative current
flowing through the multi-function terminal.

8. The power supply controller of claim 1, wherein a
voltage at the multi-function terminal is substantially equal
to a second constant voltage if there is a positive current
flowing through the multi-function terminal.

9. The power supply controller of claim 1 wherein the
first, second and third terminals of the power switch are
drain, source and gate terminals, respectively.

10. The power supply controller of claim 1 wherein the
first terminal is to be coupled to a primary winding of the
transformer.

11. A method for controlling a power supply, comprising:

generating a switching waveform to control a power

switch of a power supply controller coupled to a
primary winding of the power supply;

adjusting the switching waveform in response to a control

terminal of the power supply controller coupled to an
output of the power supply; and

adjusting the switching waveform in response to a signal

at a multi-function terminal of the power supply con-
troller.

12. The method of claim 11 wherein adjusting the switch-
ing waveform in response to the signal at the multi-function
terminal comprises generating a negative current sense
signal if a current flowing through the multi-function ter-
minal flows out of the power supply controller from the
multi-function terminal.

13. The method of claim 11 further comprising adjusting
a current limit of the power switch in response to the signal
at the multi-function terminal.

14. The method of claim 11 wherein adjusting the switch-
ing waveform in response to the signal at the multi-function
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terminal comprises enabling and disabling the switching
waveform in response to the signal at the multi-function
terminal.

15. The method of claim 11 wherein adjusting the switch-
ing waveform in response to the signal at the multi-function
terminal comprises generating a positive current sense signal
if a current flowing through the multi-function terminal
flows into the power supply controller through the multi-
function terminal.

16. The method of claim 11 further wherein adjusting the
switching waveform in response to the signal at the multi-
function terminal comprises adjusting a maximum duty
cycle of the switching waveform in response to the signal at
the multi-function terminal.

17. The method of claim 11 further comprising identifying
an under-voltage in the power supply in response to the
signal at the multi-function terminal.

18. The method of claim 11 further comprising identifying
an over-voltage in the power supply in response to the signal
at the multi-function terminal.

19. A power supply controller, comprising:

a power switch coupled between a transformer of a power
supply and an input terminal of the power supply;

a control circuit coupled to the power switch and a control
terminal of the power supply controller, the control
terminal coupled to an output of the power supply, the
control circuit to generate a switching waveform to
control the power switch; and

multi-function circuitry providing a plurality of functions
coupled between a multi-function terminal of the power
supply controller and the control circuit, the control
circuit adapted to generate the switching waveform
generated in response to the control terminal and the
multi-function circuitry.

20. The power supply controller of claim 19 wherein the
plurality of functions provided by the multi-function cir-
cuitry include at least two or more of current limit
adjustment, under-voltage detection, over-voltage detection,
maximum duty cycle adjustment and on/off control circuitry
at the same time in the power supply controller.

21. The power supply controller of claim 20 wherein the
current limit adjustment, under-voltage detection, over-
voltage detection, maximum duty cycle adjustment and
on/off control circuitry are adapted to be responsive to a
signal at the multi-functional terminal.

22. The power supply controller of claim 20 wherein at
least a portion of the plurality of functions provided by the
multi-function circuitry are adapted to be implemented
during startup operation of the power supply.

23. The power supply controller of claim 20 wherein at
least a portion of the plurality of functions provided by the
multi-function circuitry are adapted to be implemented
during normal operation of the power supply.

24. The power supply controller of claim 20 wherein at
least a portion of the plurality of functions provided by the
multi-function circuitry are adapted to be implemented
during fault conditions in of the power supply.

25. The power supply controller of claim 20 wherein at
least a portion of the plurality of functions provided by the
multi-function circuitry are adapted to be implemented
during standby operation of the power supply.

26. A power supply controller circuit, comprising:

a multi-function circuit coupled to receive a signal at a
multi-function terminal for adjusting a current limit of
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a power switch, the multi-function circuit to generate a
current limit adjustment signal in response to the sig-
nal; and

a control circuit coupled to receive the current limit
adjustment signal, the control circuit coupled to adjust
the current limit of a current through the power switch
in response to the current limit adjustment signal.

27. The power supply controller circuit of claim 26
wherein the control circuit is further coupled to an output of
a power supply through a control terminal of the power
supply controller circuit, the control circuit adapted to
control a switching of the power switch in response to the
output of the power supply.

28. The power supply controller circuit of claim 26
wherein the control circuit includes a control terminal
adapted to provide a supply voltage for the power supply
controller.

29. The power supply controller circuit of claim 28
wherein an optocoupler is coupled to an output of a power
supply, wherein an output transistor of the optocoupler is
coupled between the control terminal and the multi-function
terminal such that the current limit of the current through the
power switch is adjusted in a closed loop to regulate the
output of the power supply.

30. A method for controlling a power supply, comprising:

sensing a signal at a multi-function terminal of a power
supply controller;

controlling a current flowing through a primary winding
of the power supply with a power switch coupled to the
primary winding; and

adjusting a current limit of the current flowing through the
primary winding in response to the signal at the multi-
function terminal.

31. The method of claim 30 further comprising:

receiving a feedback signal from an output of the power
supply at a control terminal; and

regulating the output of the power supply in response to
the feedback signal and the current limit of the current
flowing through the primary winding.

32. The method of claim 30 wherein adjusting the current
limit of the current flowing through the primary winding
comprises increasing the current limit of the current flowing
through the primary winding in response to sensing an
increase in the signal at the multi-function terminal of a
power supply controller.

33. The method of claim 30 wherein adjusting the current
limit of the current flowing through the primary winding
comprises decreasing the current limit of the current flowing
through the primary winding in response to sensing a
decrease in the signal at the multi-function terminal of a
power supply controller.

34. The method of claim 30 wherein controlling the
current flowing through the primary winding of the power
supply comprises:

switching the power switch in response to a switching

waveform; and

adjusting the switching waveform in response to the

signal at the multi-function terminal of a power supply
controller.
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