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(57) A driving circuit for controlling power of a light-
emitting diode (LED) light source includes a transformer,
a switch controller, and a dimming controller. The trans-
former has a primary winding operable for receiving input
power from an AC/DC converter and a secondary wind-
ing operable for providing output power to the LED light
source. The switch controller coupled between an optical
coupler and the primary winding is operable for receiving
a feedback signal indicative of a target level of a current

Circuits and methods for driving LED light sources

flowing through the LED light source from the optical cou-
pler, and for controlling input power to the primary winding
according to the feedback signal. The dimming controller
coupled to the secondary winding is operable for receiv-
ing a switch monitoring signal indicative of an operation
of a power switch coupled between an AC power source
and the AC/DC converter, and for regulating the output
power of the transformer by adjusting the feedback signal
according to the switch monitoring signal.
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Description
RELATED APPLICATIONS

[0001] The present application claims priority to Chi-
nese Patent Application No. 201110447599.X, titled
"Driving Circuit, Dimming Controller and Method for Pow-
er Control of LED Light Source," filed on December 28,
2011 with the State Intellectual Property Office of the
People’s Republic of China, and the present application
is also a continuation-in-part of the co-pending U.S. ap-
plication, Serial No. 12/783,260, titled "Circuits and Meth-
ods for Driving Light Sources," filed on May 19, 2010,
which itself is a continuation-in-part of U.S. application,
Serial No. 12/316,480, titled "Driving Circuit with Dim-
ming Controller for Driving Light Sources," filed on De-
cember 12,2008 (now U.S. Patent No. 8,044,608, issued
on October 25, 2011), and all of which are fully incorpo-
rated herein by reference.

BACKGROUND

[0002] Inrecentyears, light sources such as light emit-
ting diodes (LEDs) have been improved through techno-
logical advances in material and manufacturing process-
es. LED possesses relatively high efficiency, long life,
vivid colors and can be used in a variety of industries
including the automotive, computer, telecom, military and
consumer goods, etc. One example is an LED lamp which
uses LEDs to replace traditional light sources such as
electrical filament.

[0003] FIG. 1 shows a schematic diagram of a conven-
tional LED driving circuit 100. The LED driving circuit 100
utilizes an LED string 106 as a light source. The LED
string 106 includes a group of LEDs connected in series.
A power converter 102 converts an input voltage Vin to
a desired output DC voltage Vout for powering the LED
string 106. A switch 104 coupled to the power converter
102 is used to turn the LED lamp on or off. The power
converter 102 receives a feedback signal from a current
sensing resistor Rsen and adjusts the output voltage
Vout to make the LED string 106 generate a desired light
output. One of the drawbacks of this solution is that during
operation, the light output of the LED string 106 is set to
a predetermined level and may not be adjusted by users.
[0004] FIG. 2illustrates a schematic diagram of anoth-
er conventional LED driving circuit 200. A power convert-
er 102 converts an input voltage Vin to a desired output
DC voltage Vout for powering the LED string 106. A
switch 104 coupled to the power converter 102 is used
to turn the LED lamp on or off. The LED string 106 is
coupled to a linear LED current regulator 208. An oper-
ational amplifier 210 in the linear LED current regulator
208 compares areference signal REF with a currentmon-
itoring signal from a current sensing resistor Rsen, and
generates a control signal to adjust the resistance of tran-
sistor Q1 in a linear mode. Therefore, the LED current
flowing through the LED string 106 can be adjusted ac-
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cordingly. However, in order to allow the user to adjust
the light output of the LED string 106, a special designed
switch, e.g., a switch with adjusting buttons or a switch
that can receive a remote control signal, is needed, and
thus the cost is increased.

SUMMARY

[0005] Inone embodiment, a driving circuit for control-
ling power of a light-emitting diode (LED) light source
includes a transformer, a switch controller, and a dim-
ming controller. The transformer has a primary winding
operable for receiving input power from an AC/DC con-
verter and a secondary winding operable for providing
output power to the LED light source. The switch control-
ler coupled between an optical coupler and the primary
winding is operable for receiving a feedback signal indic-
ative of a target level of a current flowing through the LED
light source from the optical coupler, and for controlling
input power to the primary winding according to the feed-
back signal. The dimming controller coupled to the sec-
ondary winding is operable for receiving a switch moni-
toring signal indicative of an operation of a power switch
coupled between an AC power source and the AC/DC
converter, and for regulating the output power of the
transformer by adjusting the feedback signal according
to the switch monitoring signal.

In a second embodiment, a dimming controller that is
electrically coupled to a secondary winding of a trans-
former and controls power from an AC/DC converter to
a light-emitting diode (LED) light source, said dimming
controller comprising a switch monitoring terminal that
receives a switch monitoring signal indicating an opera-
tion of a power switch coupled between an AC power
source and said AC/DC converter; a current monitoring
terminal that receives a current monitoring signal indicat-
ing a current flowing through said LED light source; and
a compensation terminal that generates a compensation
signal to control a control switch in series with a primary
winding of said transformer to adjust power to said LED
light source based on said operation of said power switch
and said current monitoring signal. Moreover, in said dim-
ming controller, said operation of said power switch may
comprise a turn-off operation. Moreover, in said dimming
controller, said switch monitoring terminal may monitor
a voltage of said switch monitoring signal so as to monitor
said operation of said power switch. Moreover, said dim-
ming controller may pull a voltage at said compensation
terminal to zero in response to an over-voltage signal
indicating an over-voltage condition of said LED light
source. Moreover, said dimming controller may further
comprise a trigger monitoring unit that receives said
switch monitoring signal from said switch monitoring ter-
minal, and that generates a driving signal in response to
said operation of said power switch; and a dimmer, cou-
pled to said trigger monitoring unit, that generates a dim-
ming signal to adjust said compensation signal based on
said driving signal. Moreover, said dimming controller
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may further comprise a counter driven by said driving
signal; and a digital-to-analog converter, coupled to said
counter, that generates said dimming signal based on a
counter value of said counter. Further, said dimming con-
troller may reset said counter when said power switch
remains off over a predetermined time period. Moreover,
said dimming controller may operate in a burst dimming
mode in which a pulse-width modulation signal (PWM)
is generated based on said dimming signal, wherein a
duty cycle of said PWM signal is determined by said dim-
ming signal, and wherein said PWM signal adjusts said
compensation signal and controls a second switch cou-
pled in series with said LED light source. Further, said
dimming controller may operate in an analog dimming
mode in which an operational amplifier compares said
dimming signal with said current monitoring signal and
generates said compensation signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Features and advantages of embodiments of
the claimed subject matter will become apparent as the
following detailed description proceeds, and upon refer-
ence to the drawings, wherein like numerals depict like
parts, and in which:

[0007] FIG. 1 shows a schematic diagram of a conven-
tional LED driving circuit.

[0008] FIG. 2 shows a schematic diagram of another
conventional LED driving circuit.

[0009] FIG. 3 shows a block diagram of a light source
driving circuit, in accordance with one embodiment of the
present invention.

[0010] FIG. 4 shows a schematic diagram of a light
source driving circuit, in accordance with one embodi-
ment of the present invention.

[0011] FIG. 5shows a structure of adimming controller
in FIG. 4, in accordance with one embodiment of the
present invention.

[0012] FIG.6illustrates signal waveforms in the analog
dimming mode, in accordance with one embodiment of
the present invention,

[0013] FIG. 7 illustrates signal waveforms in the burst
dimming mode, in accordance with one embodiment of
the present invention.

[0014] FIG. 8 shows adiagramiillustrating an operation
ofalight source driving circuit which includes the dimming
controller in FIG. 5, in accordance with one embodiment
of the present invention.

[0015] FIG. 9 shows a flowchart of a method for ad-
justing power of a light source, in accordance with one
embodiment of the present invention.

[0016] FIG. 10 shows a schematic diagram of a light
source driving circuit, in accordance with one embodi-
ment of the present invention.

[0017] FIG. 11 shows a structure of a dimming control-
lerin FIG. 10, in accordance with one embodiment of the
present invention.

[0018] FIGs. 12-13 shows signal waveforms of signals
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associated with a light source driving circuit which in-
cludes a diming controller in FIG. 11, in accordance with
one embodiment of the present invention.

[0019] FIG. 14 shows a schematic diagram of a light
source driving circuit, in accordance with one embodi-
ment of the present invention.

[0020] FIG. 15 shows a structure of a dimming control-
lerin FIG. 14, in accordance with one embodiment of the
present invention.

[0021] FIG. 16 shows signal waveforms associated
with a light source driving circuit which includes the dim-
ming controller in FIG. 15, in accordance with one em-
bodiment of the present invention.

[0022] FIG. 17 shows a flowchart of a method for ad-
justing power of a light source, in accordance with one
embodiment of the present invention.

[0023] FIG. 18 shows a block diagram of an LED light
source driving circuit, in accordance with one embodi-
ment of the present invention.

[0024] FIG. 19 shows an example of a power switch in
FIG.18, in accordance with one embodiment of the
present invention.

[0025] FIG. 20 shows a schematic diagram of an LED
light source driving circuit, in accordance with one em-
bodiment of the present invention.

[0026] FIG. 21 shows a structure of a dimming control-
lerin FIG. 20, in accordance with one embodiment of the
present invention.

[0027] FIG. 22 illustrates signal waveforms in the an-
alog dimming mode, in accordance with one embodiment
of the present invention.

[0028] FIG. 23 shows a schematic diagram of an LED
light source driving circuit, in accordance with one em-
bodiment of the present invention.

[0029] FIG. 24 shows a structure of a dimming control-
lerin FIG. 23, in accordance with one embodiment of the
present invention.

[0030] FIG. 25 llustrates signal waveforms in the burst
dimming mode, in accordance with one embodiment of
the present invention.

[0031] FIG. 26 shows a flowchart of a method for ad-
justing power of an LED light source, in accordance with
one embodiment of the present invention.

DETAILED DESCRIPTION

[0032] Reference will now be made in detail to the em-
bodiments of the present invention. While the invention
will be described in conjunction with these embodiments,
it will be understood that they are not intended to limit
the invention to these embodiments. On the contrary, the
invention is intended to cover alternatives, modifications
and equivalents, which may be included within the spirit
and scope of the invention as defined by the appended
claims.

[0033] Furthermore, in the following detailed descrip-
tion of the present invention, numerous specific details
are set forth in order to provide a thorough understanding
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of the present invention. However, it will be recognized
by one of ordinary skill in the art that the presentinvention
may be practiced without these specific details. In other
instances, well known methods, procedures, compo-
nents, and circuits have not been described in detail as
not to unnecessarily obscure aspects of the present in-
vention.

[0034] FIG. 3 shows an example of a block diagram of
a light source driving circuit 300, in accordance with one
embodiment of the present invention. In one embodi-
ment, the light source driving circuit 300 includes an
AC/DC converter 306 for converting an AC input voltage
Vin from a power source to a DC voltage Vout, a power
switch 304 coupled between the power source and the
AC/DC converter 306 for selectively coupling the power
source to the light source driving circuit 300, a power
converter 310 coupled to the AC/DC converter 306 for
providing an LED string 312 with a regulated power, a
dimming controller 308 coupled to the power converter
310 for receiving a switch monitoring signal indicative of
an operation of the power switch 304 and for adjusting
the regulated power from the power converter 310 ac-
cording to the switch monitoring signal, and a current
sensor 314 for sensing an LED current flowing through
the LED string 312. In one embodiment, the power switch
304 can be an on/off switch mounted on the wall. By
switching a handle, the conductance status of the power
switch 304 is controlled on or off, e.g., by a user. An
example of the power switch 304 is illustrated in FIG. 19
according to one embodiment of the present invention.

[0035] Inoperation, the AC/DC converter 306 converts
the input AC voltage Vin to the output DC voltage Vout.
The power converter 310 receives the DC voltage Vout
and provides the LED string 312 with a regulated power.
The current sensor 314 generates a current monitoring
signalindicating a level of an LED current flowing through
the LED string 312. The dimming controller 308 monitors
the operation of the power switch 304, receives the cur-
rent monitoring signal from the current sensor 314, and
controls the power converter 310 to adjust the power of
the LED string 312 in response to the operation of the
power switch 304. In one embodiment, the dimming con-
troller 308 operates in an analog dimming mode and ad-
justs the power of the LED string 312 by adjusting a ref-
erence signal indicating a peak value of the LED current.
In another embodiment, the dimming controller 308 op-
erates in a burst dimming mode and adjusts the power
of the LED string 312 by adjusting a duty cycle of a
pulse-width modulation (PWM) signal. By adjusting the
power of the LED string 312, the light output of the LED
string 312 is adjusted accordingly.

[0036] FIG. 4 shows an example of a schematic dia-
gram of a light source driving circuit 400, in accordance
with one embodiment of the present invention. FIG. 4 is
described in combination with FIG. 3. Elements labeled
the same as in FIG. 3 have similar functions.

[0037] The light source driving circuit 400 includes a
power converter 310 coupled to a power source and cou-
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pled to an LED string 312 for receiving power from the
power source and for providing a regulated power to the
LED string 312. In the example of FIG. 4, the power con-
verter 310 can be a buck converter including an inductor
L1, a diode D4, and a control switch Q16. In the embod-
iment shown in FIG. 4, the control switch Q16 is imple-
mented outside the dimming controller 308. In another
embodiment, the control switch Q16 can be integrated
in the dimming controller 308.

[0038] A dimming controller 308 is operable for receiv-
ing a switch monitoring signal indicative of an operation
of a power switch 304, and for adjusting the regulated
power from the power converter 310 by controlling the
control switch Q16 coupled in series with the LED string
312 according to the switch monitoring signal. The light
source driving circuit 400 can further include an AC/DC
converter 306 for converting an AC input voltage Vin to
a DC output voltage Vout, and a current sensor 314 for
sensing an LED current flowing through the LED string
312. In the example of FIG. 4, the AC/DC converter 306
can be a bridge rectifier including diodes D1, D2, D7, D8,
D10, and a capacitor C9. The current sensor 314 can
include a current sensing resistor R5.

[0039] Inone embodiment, the dimming controller 308
has terminals HV_GATE, SEL, CLK, RT, VDD, CTRL,
MON and GND. The terminal HV_GATE is coupled to a
switch Q27 through a resistor R3 for controlling a con-
ductance status, e.g., ON/OFF status, of the switch Q27
coupled to the LED string 312. A capacitor C11 is coupled
between the terminal HV_GATE and ground for providing
a gate voltage of the switch Q27.

[0040] A user can select a dimming mode, e.g., an an-
alog dimming mode or a burst dimming mode, by coupling
the terminal SEL to ground through a resistor R4 (as
shown in FIG. 4), or coupling the terminal SEL to ground
directly.

[0041] The terminal CLK is coupled to the AC/DC con-
verter 306 through aresistor R3, and is coupled to ground
through a resistor R6. The terminal CLK can receive a
switch monitoring signal indicating an operation of the
power switch 304. In one embodiment, the switch mon-
itoring signal can be generated at a common node be-
tween the resistor R3 and the resistor R6. A capacitor
C12 is coupled to the resistor R6 in parallel for filtering
undesired noises. The terminal RT is coupled to ground
through a resistor R7 for determining a frequency of a
pulse signal generated by the dimming controller 308.
[0042] The terminal VDD is coupled to the switch Q27
through a diode D9 for supplying power to the dimming
controller 308. In one embodiment, an energy storage
unit, e.g., a capacitor C10, coupled between the terminal
VDD and ground can power the dimming controller 308
when the power switch 304 is turned off. In an alternate
embodiment, the energy storage unit can be integrated
in the dimming controller 308. The terminal GND is cou-
pled to ground.

[0043] The terminal CTRL is coupled to the control
switch Q16. The control switch Q16 is coupled in series
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with the LED string 312 and the switch Q27, and is cou-
pled to ground through the current sensing resistor R5.
The dimming controller 308 is operable for adjusting the
regulated power from the power converter 310 by con-
trolling a conductance status, e.g., ON and OFF status,
of the control switch Q16 using a control signal via the
terminal CTRL. The terminal MON is coupled to the cur-
rent sensing resistor R5 for receiving a current monitoring
signal indicating an LED current flowing through the LED
string 312. When the switch Q27 is turned on, the dim-
ming controller 308 can adjust the LED current flowing
through the LED string 312 to ground by controlling the
control switch Q16.

[0044] In operation, when the power switch 304 is
turned on, the AC/DC converter 306 converts an input
AC voltage Vin to a DC voltage Vout. A predetermined
voltage atthe terminal HV_GATE is supplied to the switch
Q27 through the resistor R3 so that the switch Q27 is
turned on.

[0045] Ifthe dimming controller 308 turns on the control
switch Q16, the DC voltage Vout powers the LED string
312 and charges the inductor L1. An LED current flows
through the inductor L1, the LED string 312, the switch
Q27, the control switch Q16, the current sensing resistor
R5 to ground. If the dimming controller 308 turns off the
control switch Q16, an LED current flows through the
inductor L1, the LED string 312, and the diode D4. The
inductor L1 is discharged to power the LED string 312.
As such, the dimming controller 308 can adjust the reg-
ulated power from the power converter 310 by controlling
the control switch Q16.

[0046] When the power switch 304 is turned off, the
capacitor C10 is discharged to power the dimming con-
troller 308. A voltage across the resistor R6 drops to zero.
Therefore, a switch monitoring signal indicating a turn-off
operation of the power switch 304 can be detected by
the dimming controller 308 through the terminal CLK.
Similarly, when the power switch 304 is turned on, the
voltage across the resistor R6 rises to a predetermined
voltage. Therefore, a switch monitoring signal indicating
a turn-on operation of the power switch 304 can be de-
tected by the dimming controller 308 through the terminal
CLK. If a turn-off operation is detected, the dimming con-
troller 308 turns off the switch Q27 by pulling the voltage
atthe terminal HV_GATE to zero such that the LED string
312 can be turned off after the inductor L1 completes
discharging. In response to the turn-off operation, the
dimming controller 308 can adjust a reference signal in-
dicating a target light output of the LED string 312. There-
fore, when the power switch 304 is turned on next time,
the LED string 312 can generate a light output according
to the adjusted target light output. In other words, the
light output of the LED string 312 can be adjusted by the
dimming controller 308 in response to the turn-off oper-
ation of the power switch 304.

[0047] FIG. 5 shows an example of a structure of the
dimming controller 308 in FIG. 4, in accordance with one
embodiment of the presentinvention. FIG. 5 is described
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in combination with FIG. 4. Elements labeled the same
as in FIG. 4 have similar functions.

[0048] The dimming controller 308 includes a trigger
monitoring unit 506, a dimmer 502, and a pulse signal
generator 504. The trigger monitoring unit 506 is coupled
to ground through a Zener diode ZD1. The trigger mon-
itoring unit 506 can receive a switch monitoring signal
indicating an operation of the external power switch 304
through the terminal CLK and can generate a driving sig-
nal for driving a counter 526 when an operation of the
external power switch 304 is detected at the terminal
CLK. The trigger monitoring unit 506 is further operable
for controlling a conductance status of the switch Q27.
The dimmer 502 is operable for generating a reference
signal REF to adjust power of the LED string 312 in an
analog dimming mode, or generating a control signal 538
for adjusting a duty cycle of a pulse-width modulation
signal PWM1 to adjust the power of the LED string 312.
The pulse signal generator 504 is operable for generating
a pulse signal which can turn on a control switch Q16.
The dimming controller 308 can further include a start up
and under voltage lockout (UVL) circuit 508 coupled to
the terminal VDD for selectively turning on one or more
components of the dimming controller 308 according to
different power conditions.

[0049] Inone embodiment, the start up and under volt-
age lockout circuit 508 is operable for turning on all the
components of the dimming controller 308 when the volt-
age at the terminal VDD is greater than a first predeter-
mined voltage. When the power switch 304 is turned off,
the start up and under voltage lockout circuit 508 is op-
erable for turning off other components of the dimming
controller 308 except the trigger monitoring unit 506 and
the dimmer 502 when the voltage at the terminal VDD is
less than a second predetermined voltage, in order to
save energy. The start up and under voltage lockout cir-
cuit 508 is operable for turning off all the components of
the dimming controller 308 when the voltage at the ter-
minal VDD is less than a third predetermined voltage. In
one embodiment, the first predetermined voltage is great-
er than the second predetermined voltage, and the sec-
ond predetermined voltage is greater than the third pre-
determined voltage. Because the dimming controller 308
can be powered by the capacitor C10 through the termi-
nal VDD, the trigger monitoring unit 506 and the dimmer
502 can still operate for a time period after the power
switch 304 is turned off.

[0050] Inthe dimming controller 308, the terminal SEL
is coupled to a current source 532. Users can choose a
dimming mode by configuring the terminal SEL, e.g., by
coupling the terminal SEL directly to ground or coupling
the terminal SEL to ground via a resistor. In one embod-
iment, the dimming mode can be determined by meas-
uring a voltage at the terminal SEL. If the terminal SEL
is directly coupled to ground, the voltage at the terminal
SEL is approximately equal to zero. Under such condi-
tion, a control circuit turns on a switch 540, and turns off
switches 541 and 542. Therefore, the dimming controller
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308 is enabled to operate in an analog dimming mode
and adjusts the power of the LED string 312 (shown in
FIG. 4) by adjusting a reference signal REF. In one em-
bodiment, if the terminal SEL is coupled to ground via a
resistor R4 (as shown in FIG. 4), the voltage at the ter-
minal SEL is greater than zero. The control circuit thus
turns off the switch 540, and turns on the switches 541
and 542. Therefore, the dimming controller 308 is ena-
bled to operate in a burst dimming mode and adjusts the
powerofthe LED string 312 (shown in FIG. 4) by adjusting
a duty cycle of a pulse-width modulation signal PWM1.
In other words, different dimming modes can be selected
by controlling the ON/OFF status of the switch 540, switch
541 and switch 542. The ON/OFF status of the switch
540, switch 541 and switch 542 can be determined by
the voltage at the terminal SEL.

[0051] The pulse signal generator 504 is coupled to
ground through the terminal RT and the resistor R7 for
generating a pulse signal 536 for turning on the control
switch Q16. The pulse signal generator 504 can have
different configurations and is not limited to the configu-
ration as shown in the example of FIG. 5.

[0052] In the pulse signal generator 504, the non-in-
verting input of an operational amplifier 510 receives a
predetermined voltage V1. Thus, the voltage of the in-
verting input of the operational amplifier 510 can be
forced to V1. A current IRT flows through the terminal RT
andthe resistor R7 to ground. A current 11 flowing through
aMOSFET 514 andaMOSFET 515 is substantially equal
to IRT. Because the MOSFET 514 and a MOSFET 512
constitute a current mirror, a current 12 flowing through
the MOSFET 512 is also substantially equal to IRT. The
output of a comparator 516 and the output of a compa-
rator 518 are respectively coupled to the S input and the
R input of an SR flip-flop 520. The inverting input of the
comparator 516 receives a predetermined voltage V2.
The non-inverting input of the comparator 518 receives
a predetermined voltage V3. V2 is greater than V3, and
V3 is greater than zero, in one embodiment. A capacitor
C4 is coupled between the MOSFET 512 and ground,
and has one end coupled to a common node between
the non-inverting input of the comparator 516 and the
inverting input of the comparator 518. The Q output of
the SR flip-flop 520 is coupled to the switch Q15 and the
S input of an SR flip-flop 522. The switch Q15 is coupled
in parallel with the capacitor C4. A conductance status,
e.g., ON/OFF status, of the switch Q15 can be deter-
mined by the Q output of the SR flip-flop 520.

[0053] Initially, the voltage across the capacitor C4 is
approximately equal to zero which is less than V3. There-
fore, the R input of the SR flip-flop 520 receives a digital
1 from the output of the comparator 518. The Q output
of the SR flip-flop 520 is set to digital 0, which turns off
the switch Q15. When the switch Q15 is turned off, the
voltage across the capacitor C4 increases as the capac-
itor C4 is charged by 12. When the voltage across C4 is
greater than V2, the S input of the SR flip-flop 520 re-
ceives a digital 1 from the output of the comparator 515.
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The Q output of the SR flip-flop 520 is set to digital 1,
which turns on the switch Q15. When the switch Q15 is
turned on, the voltage across the capacitor C4 decreases
as the capacitor C4 discharges through the switch Q15.
When the voltage across the capacitor C4 drops below
V3, the comparator 518 outputs a digital 1, and the Q
output of the SR flip-flop 520 is set to digital 0, which
turns off the switch Q15. Then, the capacitor C4 is
charged by 12 again. As such, through the process de-
scribed above, the pulse signal generator 504 can gen-
erate a pulse signal 536 which includes a series of pulses
at the Q output of the SR flip-flop 520. The pulse signal
536 is sent to the S input of the SR flip-flop 522.

[0054] The trigger monitoring unit 506 is operable for
monitoring an operation of the power switch 304 through
the terminal CLK, and is operable for generating a driving
signal for driving the counter 526 when an operation of
the power switch 304 is detected at the terminal CLK. In
one embodiment, when the power switch 304 is turned
on, the voltage at the terminal CLK rises to a level that
is equal to a voltage across the resistor R6 (shown in
FIG. 4). When the power switch 304 is turned off, the
voltage at the terminal CLK drops to zero. Therefore, a
switch monitoring signal indicating the operation of the
power switch 304 can be detected at the terminal CLK.
In one embodiment, the trigger monitoring unit 506 gen-
erates a driving signal when a turn-off operation is de-
tected at the terminal CLK.

[0055] The trigger monitoring unit 506 is further oper-
able for controlling a conductance status of the switch
Q27 through the terminal HV_GATE. When the power
switch 304 is turned on, a breakdown voltage across the
Zener diode ZD1 is applied to the switch Q27 through
the resistor R3. Therefore, the switch Q27 can be turned
on. The trigger monitoring unit 506 can turn off the switch
Q27 by pulling the voltage at the terminal HV_GATE to
zero. In one embodiment, the trigger monitoring unit 506
turns off the switch Q27 when a turn-off operation of the
power switch 304 is detected at the terminal CLK, and
turns on the switch Q27 when a turn-on operation of the
power switch 304 is detected at the terminal CLK.
[0056] Inone embodiment, the dimmer 502 includes a
counter 526 coupled to the trigger monitoring unit 506
for counting operations of the power switch 304, a digit-
al-to-analog converter (D/A converter) 528 coupled to
the counter 526. The dimmer 502 can further include a
pulse-width modulation (PWM) signal generator 530 cou-
pled to the D/A converter 528. The counter 526 is driven
by the driving signal generated by the trigger monitoring
unit 506. More specifically, when the power switch 304
is turned off, the trigger monitoring unit 506 detects a
negative falling edge of the voltage at the terminal CLK
and generates a driving signal, in one embodiment. The
counter value of the counter 526 can be increased, e.g.,
by 1, in response to the driving signal. The D/A converter
528 reads the counter value from the counter 526 and
generates a dimming signal (e.g., control signal 538 or
reference signal REF) based on the counter value. The
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dimming signal can be used to adjust a target power level
of the power converter 310, which can in turn adjust the
light output of the LED string 312.

[0057] In the burst dimming mode, the switch 540 is
off, the switch 541 and the switch 542 are on. The invert-
ing input of the comparator 534 receives a reference sig-
nal REF1 which can be a DC signal having a predeter-
mined substantially constant voltage. In the example of
FIG. 5, the voltage of REF1 determines a peak value of
the LED current, which in turn determines the maximum
light output of the LED string 312. The dimming signal
can be a control signal 538 which is applied to the
pulse-width modulation signal generator 530 for adjust-
ing a duty cycle of the pulse-width modulation signal
PWM1. By adjusting the duty cycle of PWM1, the light
output of the LED string 312 can be adjusted no greater
than the maximum light output determined by REF1. For
example, if PWM1 has a duty cycle of 100%, the LED
string 312 can have the maximum light output. If the duty
cycle of PWM1 is less than 100%, the LED string 312
can have a light output that is lower than the maximum
light output.

[0058] In the analog dimming mode, the switch 540 is
on, the switch 541 and the switch 542 are off, and the
dimming signal can be an analog reference signal REF
having an adjustable voltage. The D/A converter 528 can
adjust the voltage of the reference signal REF according
to the counter value of the counter 526. In the example
of FIG. 5, the voltage of REF determines a peak value
of the LED current, which in turn determines an average
value of the LED current. As such, the light output of the
LED string 312 can be adjusted by adjusting the refer-
ence signal REF.

[0059] In one embodiment, the D/A converter 528 can
decrease the voltage of REF in response to an increase
of the counter value, For example, if the counter value is
0, the D/A converter 528 adjusts the reference signal
REF to have a voltage V4. If the counter value is in-
creased to 1 when aturn-off operation of the power switch
304 is detected at the terminal CLK by the trigger moni-
toring unit 506, the D/A converter 528 adjusts the refer-
ence signal REF to have a voltage V5 that is less than
V4. Yet in another embodiment, the D/A converter 528
can increase the voltage of REF in response to an in-
crease of the counter value.

[0060] In one embodiment, the counter value is reset
to zero after the counter 526 reaches its maximum coun-
ter value. For example, if the counter 526 is a 2-bit coun-
ter, the counter value will increase from 0 to 1, 2, 3 and
then return to zero after four turn-off operations have
been detected. Accordingly, the light output of the LED
string 312 can be adjusted from a first level to a second
level, then to a third level, then to a fourth level, and then
back to the first level.

[0061] The inverting input of a comparator 534 can se-
lectively receive the reference signal REF and the refer-
ence signal REF1. For example, the inverting input of the
comparator 534 receives the reference signal REF
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through the switch 540 in the analog dimming mode, and
receives the reference signal REF1 through the switch
541 in the burst dimming mode. The non-inverting input
of the comparator 534 is coupled to the resistor R5
through the terminal MON for receiving a current moni-
toring signal SEN from the current sensing resistor R5.
The voltage of the current monitoring signal SEN can
indicate an LED current flowing through the LED string
312 when the switch Q27 and the control switch Q16 are
turned on.

[0062] The output of the comparator 534 is coupled to
the R input of the SR flip-flop 522. The Q output of the
SRflip-flop 522is coupledto an AND gate 524. The pulse-
width modulation signal PWM1 generated by the pulse-
width modulation signal generator 530 is provided to the
AND gate 524. The AND gate 524 outputs a control signal
to control the control switch Q16 through the terminal
CTRL.

[0063] If the analog dimming mode is selected, the
switch 540 is turned on and the switches 541 and 542
are turned off. The control switch Q16 is controlled by
the SR flip-flop 522. In operation, when the power switch
304 is turned on, the breakdown voltage across the Zener
diode ZD1 turns on the switch Q27. The SR flip-flop 522
generates a digital 1 at the Q output to turn on the control
switch Q16 in response to the pulse signal 536 generated
by the pulse generator 504. An LED current flowing
through the inductor L1, the LED string 312, the switch
Q27, the control switch Q16, the current sensing resistor
R5 to ground. The LED current gradually increases be-
cause the inductor resists a sudden change of the LED
current. As aresult, the voltage across the current sens-
ing resistor R5, that is, the voltage of the current moni-
toring signal SEN can be increased. When the voltage
of SEN is greater than that of the reference signal REF,
the comparator 534 generates a digital 1 at the R input
of the SR flip-flop 522 so that the SR flip-flop 522 gener-
ates a digital 0 to turn off the control switch Q16. After
the control switch Q16 is turned off, the inductor L1 is
discharged to power the LED string 312. An LED current
which flows through the inductor L1, the LED string 312,
and the diode D4 gradually decreases. The control switch
Q16 is turned on when the SR flip-flop 522 receives a
pulse atthe S input again, and then the LED current flows
through the current sensing resistor R5 to ground again.
When the voltage of the current monitoring signal SEN
is greater than that of the reference signal REF, the con-
trol switch Q16 is turned off by the SR flip-flop 522. As
described above, the reference signal REF determines
a peak value of the LED current, which can in turn deter-
mine the light output of the LED string 312. By adjusting
the reference signal REF, the light output of the LED
string 312 is adjusted.

[0064] Inthe analog dimming mode, the counter value
of the counter 526 can be increased by 1 when the trigger
monitoring unit 506 detects a turn-off operation of the
power switch 304 at the terminal CLK. The trigger mon-
itoring unit 506 can turn off the switch Q27 in response



13 EP 2 611 263 A2 14

to the turn-off operation of the power switch 304. The D/A
converter 528 can adjust the voltage of the reference
signal REF from afirst level to a second level in response
to the change of the counter value. Therefore, the light
output of the LED string 312 can be adjusted in accord-
ance with the adjusted reference signal REF when the
power switch 304 is turned on.

[0065] If the burst dimming mode is selected, the
switch 540 is turned off and the switches 541 and 542
are turned on. The inverting input of the comparator 534
receives a reference signal REF1 having a predeter-
mined voltage. The control switch Q16 is controlled by
both of the SR flip-flop 522 and the pulse-width modula-
tion signal PWM1 through the AND gate 524. In the ex-
ample of FIG. 5, the reference signal REF1 determines
apeak value of the LED current, which in turn determines
a maximum light output of the LED string 312. The duty
cycle of the pulse-width modulation signal PWM1 can
determine the on/off time of the control switch Q16. When
the pulse-width modulation signal PWM1 is logic 1, the
conductance status of the control switch Q16 is deter-
mined by the Q output of the SR flip-flop 522. When the
pulse-width modulation signal PWM1 is logic 0, the con-
trol switch Q16 is turned off. By adjusting the duty cycle
of the pulse-width modulation signal PWM1, the power
of the LED string 312 can be adjusted accordingly. As
such, the combination of the reference signal REF1 and
the pulse-width modulation signal PWM1 can determine
the light output of the LED string 312.

[0066] In the burstdimming mode, a turn-off operation
of the power switch 304 can be detected by the trigger
monitoring unit 506 at the terminal CLK. The trigger mon-
itoring unit 506 turns off the switch Q27 and generates a
driving signal. The counter value of the counter 526 can
be increased, e.g., by 1, in response of the driving signal.
The D/A converter 528 can generate the control signal
538 to adjust the duty cycle of the pulse-width modulation
signal PWM1 from a first level to a second level. There-
fore, when the power switch 304 is turned on next time,
the light output of the LED string 312 can be adjusted to
follow a target light output which is determined by the
reference signal REF1 and the pulse-width modulation
signal PWM1.

[0067] FIG. 6illustrates examples of signal waveforms
of an LED current 602 flowing through the LED string
312, the pulse signal 536, V522 which indicates the out-
put of the SR flip-flop 522, V524 which indicates the out-
put of the AND gate 524, and the ON/OFF status of the
control switch Q16 in the analog dimming mode. FIG. 6
is described in combination with FIG. 4 and FIG. 5.
[0068] In operation, the pulse signal generator 504
generates pulse signal 536. The SR flip-flop 522 gener-
ates a digital 1 at the Q output in response to each pulse
of the pulse signal 536. The control switch Q16 is turned
on when the Q output of the SR flip-flop 522 is digital 1.
When the control switch Q16 is turned on, the inductor
L1 ramps up and the LED current 602 increases. When
the LED current 602 reaches the peak value Imax, which
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means the voltage of the current monitoring signal SEN
is substantially equal to the voltage of the reference signal
REF, the comparator 534 generates a digital 1 at the R
input of the SR flip-flop 522 so that the SR flip-flop 522
generates a digital 0 at the Q output. The control switch
Q16 is turned off when the Q output of the SR flip-flop
522 is digital 0. When the control switch Q16 is turned
off, the inductor L1 is discharged to power the LED string
312 and the LED current 602 decreases. In this analog
dimming mode, by adjusting the reference signal REF,
the average LED current can be adjusted accordingly
and therefore the light output of the LED string 312 can
be adjusted.

[0069] FIG.7 illustrates examples of signal waveforms
of the LED current 602 flowing through the LED string
312, the pulse signal 536, V522 which indicates the out-
put of the SR flip-flop 522, V524 which indicates the out-
put of the AND gate 524, and the ON/OFF status of the
control switch Q16, and the PMW signal PWM1 in the
burst dimming mode. FIG. 7 is described in combination
with FIG. 4 and FIG. 5.

[0070] WhenPWM1 isdigital 1, the relationshipamong
the LED current 602, the pulse signal 536, V522, V524,
and the ON/OFF status of the switch Q1 is similar to that
isillustratedin FIG. 6. When PWM1 is digital 0, the output
of the AND gate 524 turns to digital 0. Therefore, the
control switch Q16 is turned off and the LED current 602
decreases. If the PWM1 holds digital 0 long enough, the
LED current 602 can fall to zero. In this burst dimming
mode, by adjusting the duty cycle of PWM1, the average
LED current can be adjusted accordingly and therefore
the light output of the LED string 312 can be adjusted.
[0071] FIG. 8 shows an example of a diagram illustrat-
ing an operation of a light source driving circuit which
includes the dimming controller in FIG. 5, in accordance
with one embodiment of the present invention. FIG. 8 is
described in combination with FIG. 5.

[0072] Inthe example shownin FIG. 8, eachtime when
a turn-off operation of the power switch 304 is detected
by the trigger monitoring unit 506, the counter value of
the counter 526 is increases by 1. The counter 526 can
be a 2-bit counter which has a maximum counter value
of 3.

[0073] Inthe analog dimming mode, the D/A converter
528 reads the counter value from the counter 526 and
decreases the voltage of the reference signal REF in re-
sponse to an increase of the counter value. The voltage
of REF can determine a peak value Imax of the LED
current, which can in turn determine an average value of
the LED current. In the burst dimming mode, the D/A
converter 528 reads the counter value from the counter
526 and decreases the duty cycle of the pulse-width mod-
ulation signal PWM1 (e.g., decreases 25% each time) in
response to anincrease of the counter value. The counter
526 is reset after it reaches its maximum counter value
(e.g., 3).

[0074] FIG. 9 shows a flowchart 900 of a method for
adjusting power of a light source, in accordance with one
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embodiment of the presentinvention. FIG. 9 is described
in combination with FIG. 4 and FIG. 5.

[0075] Inblock 902, a light source, e.g., the LED string
312, is powered by a regulated power from a power con-
verter, e.g., the power converter 310. In block 904, a
switch monitoring signal can be received, e.g., by the
dimming controller 308. The switch monitoring signal can
indicate an operation of a power switch, e.g., the power
switch 304 coupled between a power source and the
power converter. In block 906, a dimming signal is gen-
erated according to the switch monitoring signal. In block
908, a switch coupled in series with the light source, e.g.,
the control switch Q16, is controlled according to the dim-
ming signal so as to adjust the regulated power from the
power converter. In one embodiment, in an analog dim-
ming mode, the regulated power from the power convert-
er can be adjusted by comparing the dimming signal with
a feedback current monitoring signal which indicates a
light source current of the light source. In another em-
bodiment, in a burst dimming mode, the regulated power
from the power converter can be adjusted by controlling
a duty cycle of a pulse-width modulation signal by the
dimming signal.

[0076] Accordingly, embodiments in accordance with
the presentinvention provide a light source driving circuit
that can adjust power of a light source according to a
switch monitoring signal indicative of an operation of a
power switch, e.g., an on/off switch mounted on the wall.
The power of the light source, which is provided by a
power converter, can be adjusted by a dimming controller
by controlling a switch coupled in series with the light
source. Advantageously, as described above, users can
adjust the light output of the light source through an op-
eration (e.g., a turn-off operation) of a low-cost on/off
power switch. Therefore, extra apparatus for dimming,
such as an external dimmer or a specially designed
switch with adjusting buttons, can be avoided and the
cost can be reduced.

[0077] FIG. 10 shows a schematic diagram of a light
source driving circuit 1000, in accordance with one em-
bodiment of the present invention. Elements labeled the
same asin FIG. 4 have similar functions. The light source
driving circuit 1000 gradually increases the brightness of
a light source, e.g., an LED string 312, if a power switch
304 coupled between a power source and the light source
driving circuit 1000 is turned on.

[0078] In one embodiment, the light source driving cir-
cuit 1000 includes a power converter 310 and a dimming
controller 1008. The power converter 310 is coupled to
the power source and the LED string 312. The power
converter 310 receives power from the power source and
provides a regulated power to the LED string 312. In the
example of FIG. 10, the power converter 310 is a buck
converter including an inductor L1, a diode D4, and a
control switch Q16. In FIG. 10, the control switch Q16 is
implemented outside the dimming controller 1008. Alter-
natively, the control switch Q16 can be integrated in the
dimming controller 1008. The dimming controller 1008 is
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operable for adjusting the regulated power from the pow-
er converter 310 by controlling the control switch Q16
coupled in series with the LED string 312. In one embod-
iment, the dimming controller 1008 is further operable for
adjusting a current flowing through the LED string 312
based on a ramp signal, such that an average current
flowing through the LED string 312 gradually increases
to a predetermined level if the power switch 304 coupled
between the power source and the light source driving
circuit 1000 is turned on.

[0079] The light source driving circuit 1000 can further
include an AC/DC converter 306 for converting an AC
input voltage Vin to a DC output voltage Vout, and a cur-
rent sensor 314 for sensing a current flowing through the
LED string 312. In the example of FIG. 4, the AC/DC
converter 306 is a bridge rectifier including diodes D1,
D2, D7, D8, D10, and a capacitor C9. The current sensor
314 can include a current sensing resistor R5.

[0080] Inthe example of FIG. 10, the dimming control-
ler 1008 has terminals HV_GATE, SST, LCT, RT, VDD,
CTRL, MON and GND. The terminal HV_GATE is cou-
pled to a switch Q27 through a resistor R3 for controlling
a conductance status, e.g., ON/OFF status, of the switch
Q27. A capacitor C11 is coupled between the terminal
HV_GATE and ground for providing a gate voltage of the
switch Q27. The terminal SST is coupled to ground
through a capacitor C20 for receiving a ramp signal. The
terminal LCT is coupled to ground through a capacitor
C12. The terminal RT is coupled to ground through a
resistor R7 for determining a frequency of a pulse signal
generated by the dimming controller 1008. The terminal
VDD is coupled to the switch Q27 through a diode D9 for
supplying power to the dimming controller 1008. In one
embodiment, an energy storage unit, e.g., a capacitor
C10, coupled between the terminal VDD and ground can
power the dimming controller 1008 when the power
switch 304 is turned off. In an alternate embodiment, the
energy storage unit can be integrated in the dimming
controller 1008. The terminal GND is coupled to ground.
[0081] The terminal CTRL is coupled to the control
switch Q16 in series with the LED string 312, the switch
Q27, and the current sensing resistor R5. The dimming
controller 1008 is operable for adjusting the regulated
power from the power converter 310 by controlling a con-
ductance status, e.g., ON and OFF status, of the control
switch Q16 using a control signal via the terminal CTRL.
The terminal MON is coupled to the current sensing re-
sistor R5 for receiving a current monitoring signal indi-
cating a currentflowing through the LED string 312. When
the switch Q27 is turned on, the dimming controller 1008
can adjust the current flowing through the LED string 312
by controlling the control switch Q16.

[0082] In operation, when the power switch 304 is
turned on, the AC/DC converter 306 converts an input
AC voltage Vin to a DC voltage Vout. A predetermined
voltage atthe terminal HV_GATE is supplied to the switch
Q27 through the resistor R3 so that the switch Q27 is
turned on. If the dimming controller 1008 turns on the
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control switch Q16, the DC voltage Vout powers the LED
string 312 and charges the inductor L1. A current flows
through the inductor L1, the LED string 312, the switch
Q27, the control switch Q16, the current sensing resistor
R5 to ground. If the dimming controller 1008 turns off the
control switch Q16, a current flows through the inductor
L1, the LED string 312, and the diode D4. The inductor
L1 is discharged to power the LED string 312. As such,
the dimming controller 1008 can adjust the power from
the power converter 310 by controlling the control switch
Q16.

[0083] FIG. 11 shows a structure of a dimming control-
ler 1008 in FIG. 10, in accordance with one embodiment
of the present invention. Elements labeled the same as
in FIG. 5 have similar functions.

[0084] Inthe example of FIG. 11, the dimming control-
ler 1008 includes a pulse signal generator 504, a
pulse-width modulation signal generator 1108, and a
start up and under voltage lockout (UVL) circuit 508. The
start up and under voltage lockout circuit 508 can selec-
tively turn on one or more components of the dimming
controller 1008 according to different power conditions.
The pulse signal generator 504 is operable for generating
a pulse signal for turning on the control switch Q16. The
pulse-width modulation signal generator 1108 is opera-
ble for generating a pulse-width modulation signal
PWM2. In one embodiment, the pulse-width modulation
signal generator 1108 includes a sawtooth signal gener-
ator 1102 for generating a sawtooth signal SAW, a power
source 1104 for generating a ramp signal RAMP1, and
a comparator 1106 for generating the pulse-width mod-
ulation signal PWM2 by comparing the sawtooth signal
SAW with the ramp signal RAMP1.

[0085] In operation, the pulse signal generator 504
generates a pulse signal 536 which includes a series of
pulses at the Q output of the SR flip-flop 520. The pulse
signal 536 is sent to the S input of the SR flip-flop 522.
The inverting input of the comparator 534 receives a ref-
erence signal REF2 which can be a DC signal having a
predetermined substantially constant voltage. In the ex-
ample if FIG. 11, the voltage of REF2 determines a peak
value of the LED current, which in turn determines the
maximum light output of the LED string 312. The output
of the comparator 534 is coupled to the R input of the SR
flip-flop 522. The Q output of the SR flip-flop 522 is cou-
pled to an AND gate 524. The pulse-width modulation
signal PWM2 generated by the pulse-width modulation
signal generator 1108 is provided to the AND gate 524.
The AND gate 524 outputs a control signal to control the
control switch Q16 through the terminal CTRL. In one
embodiment, when the pulse-width modulation signal
PWM2 is logic 1, the conductance status of the control
switch Q16 is determined by the Q output of the SR flip-
flop 522; when the pulse-width modulation signal PWM2
is logic 0, the control switch Q16 is turned off. By adjusting
the duty cycle of the pulse-width modulation signal
PWMZ2, the power of the LED string 312 can be adjusted
accordingly. As such, the combination of the reference
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signal REF2 and the pulse-width modulation signal
PWM2 can determine the brightness of the LED string
312.

[0086] FIGs. 12-13 show signal waveforms of signals
associated with a light source driving circuit which in-
cludes the dimming controller 1008 in FIG. 11, in accord-
ance with one embodiment of the present invention. FIG.
12 shows waveforms of the sawtooth signal SAW, the
ramp signal RAMP1, and the pulse-width modulation sig-
nal PWM2. FIG. 13 shows waveforms of the current 602
flowing through the LED string 312, the pulse signal 536,
the output V522 of the SR flip-flop 522, the output V524
of the AND gate 524, the ON/OFF status of the control
switch Q16, and the pulse-width modulation signal
PWM2.FIG. 12 and FIG. 13 are described in combination
with FIG. 10 and FIG. 11.

[0087] When the power switch 304 is turned on, the
dimming controller 1008 is supplied with power through
the terminal VDD. If the voltage at the terminal VDD is
greater than a predetermined voltage, the power source
1104 is enabled by the start up and under voltage lockout
circuit 508 to charge a capacitor C20 through the terminal
SST. As a result, the voltage across the capacitor C20,
i.e., the ramp signal RAMP1, gradually increases as
shown in FIG. 12. The sawtooth signal generator 1102
generates the sawtooth signal SAW. The comparator
1106 compares the ramp signal RAMP1 with the saw-
tooth signal SAW to generate the pulse-width modulation
signal PWM2. Consequently, if the power switch 304 is
turned on, the duty cycle of the pulse-width modulation
signal PWM2 increases as the voltage of the ramp signal
RAMP1 increases, as shown in FIG. 12.

[0088] In operation, the pulse signal generator 504
generates the pulse signal 536. The SR flip-flop 522 gen-
erates a digital 1 at the Q output in response to each
pulse of the pulse signal 536. If PWM2 is digital 1, the
control switch Q18 is turned on when the Q output of the
SR flip-flop 522 is digital 1. When the control switch Q16
is turned on, the current through the inductor L1 ramps
up and the LED current 602 increases. When the LED
current 602 reaches the peak value Imax, which indicates
that the voltage of the current monitoring signal SEN
reaches the voltage of the reference signal REF2, the
comparator 534 generates a digital 1 at the R input of
the SR flip-flop 522 so that the SR flip-flop 522 generates
a digital 0 at the Q output. The control switch Q16 is
turned off when the Q output of the SR flip-flop 522 is
digital 0. When the control switch Q16 is turned off, the
inductor L1 is discharged to power the LED string 312
and the LED current 602 decreases. If PWM2 is digital
0, the output of the AND gate 524 turns to digital 0. There-
fore, the control switch Q16 is turned off and the LED
current 602 decreases. If the PWM2 holds digital 0 long
enough, the LED current 602 can decrease to zero. As
such, if PWM2 is in a first state (e.g., digital 1), the dim-
ming controller 1008 turns on the control switch Q16 in
response to the pulse signal 536 and turns off the control
switch Q16 if the LED current 602 reaches the peak value



19 EP 2 611 263 A2 20

Imax. If PWM2 is in a second state (e.g., digital 0), the
dimming controller 1008 keeps the control switch Q16
off. As described above, the duty cycle of PWM2 can
determine an average current flowing through the LED
string 312. As shown in the example of FIG. 12, if the
power switch 304 is turned on, the duty cycle of PWM2
gradually increases as the voltage of the ramp signal
RAMP1 increases until the duty cycle reaches 100%. As
a result, the average current flowing through the LED
string 312 gradually increases such that the brightness
of the LED string 312 gradually increases.

[0089] FIG. 14 shows a schematic diagram of a light
source driving circuit 1400, in accordance with one em-
bodiment of the present invention. Elements labeled the
same as in FIG. 10 have similar functions. The light
source driving circuit 1400 gradually increases the bright-
ness of a light source, e.g., an LED string 312, if a power
switch 304 coupled between a power source and the light
source driving circuit 1400 is turned on.

[0090] In one embodiment, the light source driving cir-
cuit 1400 includes a power converter 310 and a dimming
controller 1408. The power converter 310 is coupled to
the power source and the LED string 312 for receiving
power from the power source and for providing a regu-
lated power to the LED string 312. In the example of FIG.
14, the power converter 310 is a buck converter including
an inductor L1, a diode D4, and a control switch Q16. In
the embodiment shown in FIG. 14, the control switch Q16
is implemented outside the dimming controller 1408. Al-
ternatively, the control switch Q16 can be integrated in
the dimming controller 1408. The dimming controller
1408 is operable for adjusting the regulated power from
the power converter 310 by controlling the control switch
Q16 coupled in series with the LED string 312. In one
embodiment, the dimming controller 1408 is further op-
erable for adjusting a current flowing through the LED
string 312 based on a ramp signal, such that an average
current flowing through the LED string 312 gradually in-
creases to a predetermined level if the power switch 304
coupled between the power source and the light source
driving circuit 1400 is turned on.

[0091] The light source driving circuit 1400 can further
include an AC/DC converter 306 for converting an AC
input voltage Vin to a DC output voltage Vout, and a cur-
rent sensor 314 for sensing an LED current flowing
through the LED string 312. In the example of FIG. 4, the
AC/DC converter 306 is a bridge rectifierincluding diodes
D1, D2, D7, D8, D10, and a capacitor C9. The current
sensor 314 can include a current sensing resistor R5.
[0092] In one embodiment, the dimming controller
1408 has terminals HV_GATE, VREF, ADJ, RT, VDD,
CTRL, MON and GND. The terminal HV_GATE is cou-
pled to a switch Q27 through a resistor R3 for controlling
a conductance status, e.g., ON/OFF status, of the switch
Q27 coupled to the LED string 312. A capacitor C11 is
coupled between the terminal HV_GATE and ground for
providing a gate voltage of the switch Q27. The terminal
VREF is coupled to ground through a resistor R20 and
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an energy storage element (e.g., a capacitor C14). The
terminal VREF provides a DC voltage to charge the ca-
pacitor C14 to generate a ramp signal RAMP2. The ter-
minal ADJ is coupled to the capacitor C14 for receiving
the ramp signal RAMP2. The terminal RT is coupled to
ground through a resistor R7 for determining a frequency
of a pulses signal generated by the dimming controller
1408. The terminal VDD is coupled to the switch Q27
through a diode D9 for supplying power to the dimming
controller 1408. In one embodiment, an energy storage
unit, e.g., a capacitor C10, coupled between the terminal
VDD and ground can power the dimming controller 1408
when the power switch 304 is turned off. In an alternate
embodiment, the energy storage unit can be integrated
in the dimming controller 1408. The terminal GND is cou-
pled to ground. The dimming controller 1408 can adjust
the regulated power from the power converter 310 by
controlling the control switch Q16.

[0093] FIG. 15 shows a structure of a dimming control-
ler 1408 in FIG. 14, in accordance with one embodiment
of the present invention. Elements labeled the same as
in FIG. 11 have similar functions. FIG. 15 is described in
combination with FIG. 14.

[0094] Inthe example of FIG. 15, the dimming control-
ler 1408 includes a pulse signal generator 504, a start
up and under voltage lockout (UVL) circuit 508, and a
comparator 1534. The start up and under voltage lockout
circuit 508 can selectively turn on one or more compo-
nents of the dimming controller 1408 according to differ-
ent power conditions. In the example of FIG. 15, the start
up and under voltage lockout circuit 508 further includes
a reference voltage generator 1505 for providing a DC
voltage at the terminal VREF. The pulse signal generator
504 is operable for generating a pulse signal for turning
on the control switch Q16. The comparator 1534 com-
pares the ramp signal RAMP2 received at the terminal
ADJ with a currentmonitoring signal SEN from the current
sensing resistor R5. The ramp signal RAMP2 is provided
to the inverting input of the comparator 1106. The current
monitoring signal SEN is provided to the non-inverting
input of the comparator 1106. The voltage of the current
monitoring signal SEN indicates a current flowing through
the LED string 312 when the switch Q27 and the control
switch Q16 are turned on. In the example of FIG. 15, the
voltage of the ramp signal RAMP2 determines a peak
value Imax of the LED current. A Zener diode ZD2 is
coupled between the terminal ADJ and ground for clamp-
ing a voltage of the ramp signal RAMP2.

[0095] FIG. 16 shows signal waveforms associated
with a light source driving circuit which includes the dim-
ming controller 1408 in FIG. 15. FIG. 16 shows signal
waveforms of a current 602 flowing through the LED
string 312, the pulse signal 536, the output V522 of the
SR filip-flop 522, and the ON/OFF status of the control
switch Q16. FIG. 16 is described in combination with FIG.
14 and FIG. 15.

[0096] In operation, the pulse signal generator 504
generates the pulse signal 536. The SR flip-flop 522 gen-
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erates a digital 1 at the Q output in response to each
pulse of the pulse signal 536, in one embodiment. The
control switch Q16 is turned on when the Q output of the
SR flip-flop 522 is digital 1. When the control switch Q16
is turned on, the current through the inductor L1 ramps
up and the LED current 602 increases. When the LED
current 602 reaches the peak value Imax, which indicates
that the voltage of the current monitoring signal SEN is
substantially equal to the voltage of the ramp signal
RAMP2, the comparator 1534 generates a digital 1 at
the R input of the SR flip-flop 522 so that the SR flip-flop
522 generates a digital 0 at the Q output. The control
switch Q16 is turned off when the Q output of the SR flip-
flop 522 is digital 0. When the control switch Q16 is turned
off, the inductor L1 is discharged to power the LED string
312 and the LED current 602 decreases. By adjusting
the voltage of the ramp signal RAMP2, the average cur-
rent flowing through the LED string 312 can be adjusted
accordingly, and therefore the light output of the LED
string 312 is adjusted.

[0097] When the power switch 304 is turned on, the
dimming controller 1408 is supplied with power through
the terminal VDD. If the voltage at the terminal VDD is
greater than a predetermined voltage, the dimming con-
troller 1408 provides a DC voltage at the terminal VREF.
The capacitor C14 is charged by the DC voltage such
that the voltage across the capacitor C14, i.e., the ramp
signal RAMP2, increases. Therefore, if the power switch
304 is turned on, the peak value Imax of the LED current
gradually increases until reaching a predetermined max-
imum level. As a result, an average current flowing
through the LED string 312 gradually increases,

[0098] FIG. 17 shows a flowchart of a method for ad-
justing power of a light source, in accordance with one
embodiment of the present invention. FIG. 17 is de-
scribed in combination with FIG. 10 and FIG. 14. In block
1702, a light source, e.g., the LED string 312, is powered
by a regulated power from a power converter, e.g., the
power converter 310. In block 1704, if a power switch,
e.g., the power switch 304, coupled between a power
source and the power converter 310 is turned on, a volt-
age of a ramp signal is increased.

[0099] In block 1706, an average current flowing
through the light source increases as the ramp signal
increases until the average current reaches a predeter-
mined level. In one embodiment, a pulse-width modula-
tion signal having a first state and a second state is gen-
erated by comparing the ramp signal with a sawtooth
signal. A duty cycle of the pulse-width modulation signal
is determined by the voltage of the ramp signal. A control
switch coupled in series with the light source, e.g., the
control switch Q16, is controlled based on the pulse-width
modulation signal to adjust the average current flowing
through the light source. Furthermore, a pulse signal is
generated. If the pulse-width modulation signal is in the
first state, the control switch is turned on in response to
the pulse signal and is turned off if a current monitoring
signal indicating the current flowing through the light
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source increases to a reference signal which determines
a peak value of the current through the light source. If
the pulse-width modulation signal is in the second state,
the control switch is turned off.

[0100] Inanotherembodiment, the ramp signal can de-
termine a peak value of a current flowing through the light
source. The ramp signal is compared with a current mon-
itoring signal indicating a current flowing through the light
source to generate a control signal. The control switch
is controlled by the control signal. Furthermore, a pulse
signal is generated. The control switch is turned on in
response to the pulse signal and is turned off if the current
monitoring signal increases to the ramp signal.

[0101] Accordingly, embodiments in accordance with
the present invention provide light source driving circuits
that can gradually increase the brightness of a light
source if a power switch coupled between a power source
and the light source driving circuitis turned on. Therefore,
a sudden brightness change of the light source can be
avoided, and a more comfortable user experience is pro-
vided.

[0102] FIG. 18 shows a block diagram of a light source
driving circuit 1800, in accordance with another embod-
iment of the present invention. The light source driving
circuit 1800 utilizes an isolated DC/DC converter 1807
which includes atransformer 1808. The transformer 1808
includes a primary winding and a secondary winding to
achieve isolation between a primary side circuit electri-
cally coupled to the primary winding and a secondary
side circuit electrically coupled to the secondary winding
so as to suppress high-frequency electromagnetic noise.
In one embodiment, a power switch 1804 coupled be-
tween an AC power source 1802 and the light source
driving circuit 1800 is operable for selectively coupling
the power source 1802 to the light source driving circuit
1800. An example of the power switch 1804 is illustrated
in FIG. 19 according to one embodiment of the present
invention. In one embodiment, the power switch 1804 is
an on/off switch mounted on the wall. By switching a han-
dle 1980, the conductance status of the power switch
1804 is controlled on or off, e.g., by a user.

[0103] Referring back to FIG. 18, the light source driv-
ing circuit 1800 further includes an AC/DC converter
1806, a switch controller 1810, a current sensor 1814, a
dimming controller 1816, and an optical coupler 1818.
The AC/DC converter 1806 converts an input AC voltage
V n from the AC power source 1802 to a DC voltage V.
The isolated DC/DC converter 1807 coupled between
the AC/DC converter 1806 and a light source, e.g., an
LED string 1812, is operable for receiving power from
the AC power source 1802 and for providing regulated
output power Vg1 to the LED string 1812. The switch
controller 1810 coupled between the optical coupler 1818
and the primary winding of the transformer 1808 is op-
erable for receiving a feedback signal CFB indicative of
a target level of a current I gp flowing through the LED
string 1812 from the optical coupler 1818 and for control-
ling the input power to the primary winding according to
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the feedback signal CFB. More specifically, the switch
controller 1810 generates adriving signal DRV according
to the feedback signal CFB. The driving signal DRV con-
trols the input power to the primary winding, thereby reg-
ulating the output power Vo of the isolated DC/DC con-
verter 1807. The current sensor 1814 generates a current
monitoring signal SEN indicating a level of a current || gp
flowing through the LED string 1812. The dimming con-
troller 1816 coupled between the optical coupler 1818
and the secondary winding of the transformer 1808 is
operable for receiving a switch monitoring signal TS in-
dicative of an operation (e.g., a turn-off operation) of the
power switch 1804 and for regulating the output power
Vour from the isolated DC/DC converter 1807 by adjust-
ing the feedback signal CFB according to the switch mon-
itoring signal TS.

[0104] In one embodiment, the dimming controller
1816 operates in an analog dimming mode and adjusts
the power of the LED string 1812 by adjusting a voltage
of a reference signal indicating a target average value of
the current | gp flowing through the LED string 1812. In
another embodiment, the dimming controller 1816 oper-
ates in a burst dimming mode and adjusts the power of
the LED string 1812 by adjusting a duty cycle of a pulse-
width modulation (PWM) signal. By adjusting the power
of the LED string 1812, the light output of the LED string
1812 is adjusted accordingly.

[0105] FIG. 20 shows a schematic diagram of a light
source driving circuit 2000, in accordance with one em-
bodiment of the present invention. FIG. 20 is described
in combination with FIG. 18. Elements labeled the same
as in FIG. 18 have similar functions.

[0106] Inthe example of FIG. 20, the AC/DC converter
1806 includes a rectifier, e.g., a bridge rectifier including
diodes D1, D2, D7, D8, and includes a capacitor C1. The
current sensor 1814 can be a current sensing resistor R5.
[0107] The isolated DC/DC converter 1807 receives
power from the AC/DC converter 1806 and provides reg-
ulated power Vo1 to a light source, e.g., the LED string
1892. In the example of FIG. 20, the isolated DC/DC con-
verter 1807 includes a transformer 1808, a control switch
Q1, a diode D4, and a capacitor C6. The transformer
1808 includes a primary winding 2004 for receiving input
power from the AC/DC converter 1806, a secondary
winding 2006 for providing output power to the LED string
1812, and a magnetic core 2024. The transformer 1808
further includes an auxiliary winding 2008 for providing
power to the switch controller 1810. For illustrative pur-
poses, three windings are shown in the example of FIG.
20. However, a different number of windings can be in-
cluded in the transformer 1808. In the embodiment
shown in FIG. 20, the control switch Q1 coupled to the
primary winding 2004 is located outside the switch con-
troller 1810. Alternatively, the control switch Q1 can be
included in the switch controller 1810.

[0108] The switch controller 1810 is electrically cou-
pledtothe primary winding 2004 and the auxiliary winding
2008 of the transformer 1808. The switch controller 1810
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can be a flyback PWM controller, which is operable for
generating a pulse-width modulation (PWM) signal to se-
lectively turn on the control switch Q1 coupled in series
with the primary winding 2004, and for adjusting the out-
put power of the transformer 1808 by adjusting a duty
cycle of the PWM signal. By way of example, and not
limitation, terminals of the switch controller 1810 includes
FB, GATE, CS, RT, VDD, and GND. The terminal FB
receives a feedback signal CFB indicative of a targetlevel
of a current | gp flowing through the LED string 1812 from
the optical coupler 1818. By way of example, the optical
coupler 1818includes an LED 2016 and a phototransistor
2012. The terminal FB receives the feedback signal CFB
from the phototransistor 2012.

[0109] The terminal CS receives a sensing signal
LPSEN indicating a current flowing through the primary
winding 2004. The switch controller 1810 receives the
feedback signal CFB and the sensing signal LPSEN, and
generates a driving signal DRV at the terminal GATE to
control the control switch Q1 so as to regulate the output
power Vot of the isolated DC/DC converter 1807. In
one embodiment, the driving signal DRV is a PWM signal.
The terminal RT is used to determine a frequency of the
driving signal DRV.

[0110] The terminal GATE provides the driving signal
DRYV to control a conductance status, e.g., ON/OFF sta-
tus, of the control switch Q1 according to the feedback
signal CFB. More specifically, in one embodiment, when
the voltage of the sensing signal LPSEN is greater than
that of the feedback signal CFB, indicating that the target
level of the current | gp flowing through the LED string
1812 is less than the current flowing through the primary
winding 2004, the switch controller 1810 decreases the
duty cycle of the driving signal DRV, and vice versa. In
one embodiment, if the driving signal DRV is in a first
state (e.g., logic high), the control switch Q1 is turned on,
the current flows through the primary winding 2004, and
the magnetic core 2024 stores energy. Ifthe driving signal
DRYV is in a second state (e.g., logic low), the control
switch Q1 is turned off, and the diode D4 coupled to the
secondary winding 2006 is forward-biased so that the
energy stored in the magnetic core 2024 is released to
the capacitor C6 and the LED string 1812 through the
secondary winding 2006. Accordingly, the power of the
LED string 1812 and the light output of the LED string
1812 are adjusted.

[0111] Theterminal VDD is coupled to the AC/DC con-
verter 1806 and the auxiliary winding 2008. In one em-
bodiment, an energy storage unit, e.g., a capacitor C5,
coupled between the terminal VDD and ground can pow-
er the switch controller 1810 when the power switch 1804
is turned off. The terminal GND is coupled to ground.
[0112] The dimming controller 1816 is electrically cou-
pled to the secondary winding 2006 of the transformer
1808 and operable for receiving a switch monitoring sig-
nal TS indicative of an operation of a power switch, e.g.,
the power switch 1804 coupled between the AC power
source 1802 and the AC/DC converter 1806, and for reg-
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ulating the output power V7 of the isolated DC/DC con-
verter 1807 by adjusting the feedback signal CFB ac-
cording to the switch monitoring signal TS. In one em-
bodiment, terminals of the dimming controller 1816 can
include CLK/OVP, FB, COMP, RT, VDD, and GND.
[0113] The terminal CLK/OVP is coupled to the sec-
ondary winding 2006 and operable for receiving the
switch monitoring signal TS indicative of an operation of
the power switch 1804 coupled between the AC power
source 1802 and the AC/DC converter 1806. In one em-
bodiment, after the power switch 1804 is turned on, the
switch monitoring signal TS has a positive-negative pulse
waveform. More specifically, when the voltage of the sec-
ondary winding 2006 of the transformer 1808 is increased
to a rising threshold of the transformer 1808, the switch
monitoring signal TS changes from a negative voltage
level to a positive voltage level. When the voltage of the
secondary winding 2006 of the transformer 1808 is de-
creased to a falling threshold of the transformer 1808,
the switch monitoring signal TS changes from the positive
voltage level to the negative voltage level. After the power
switch 1804 is turned off, the switch monitoring signal TS
is zero, in one embodiment. The dimming controller 1816
monitors the voltage of the switch monitoring signal TS
so as to monitor the operation of the power switch 1804
and to detect when the power switch 1804 is turned on
and when the power switch 1804 is turned off. In one
embodiment, the dimming controller 1816 further in-
cludes an over-voltage protection (OVP) circuit to prevent
an over-voltage condition of the LED string 1812.
[0114] The terminal FB is coupled to the current sens-
ing resistor R5 for receiving a current monitoring signal
SEN indicating a current | gp flowing through the LED
string 1812. The terminal COMP is operable for gener-
ating a compensation signal to control the control switch
Q1 in series with the primary winding 2004 of the trans-
former 1808 to adjust power to the LED string 1812 based
on the operation of the power switch 1804 and the switch
monitoring signal TS. More specifically, the compensa-
tion signal at the terminal COMP is used to adjust the
feedback signal CFB received by the switching controller
1810.

[0115] The terminal RT is used to set a predetermined
time period. In one embodiment, upon expiration of the
predetermined time period, a counter in the dimming con-
troller 1816 is reset. The terminal VDD is used to provide
power to the dimming controller 1816. In one embodi-
ment, an energy storage unit, e.g., a capacitor C6, cou-
pled between the terminal VDD and ground can power
the dimming controller 1816 when the power switch 1804
is turned off. The terminal GND is coupled to ground.
[0116] Advantageously, in response to a turn-off oper-
ation of the power switch 1804 in the primary side circuit,
the light output of the LED string 1812 can be adjusted
to a target level by the dimming controller 1816 in the
secondary side circuit with feedback loop control after
the power switch 1804 is turned on again.

[0117] FIG. 21 shows an example of a structure of the
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dimming controller 1816 in FIG. 20, in accordance with
one embodiment of the presentinvention. FIG. 21 is de-
scribed in combination with FIG. 20. Elements labeled
the same as in FIG. 20 have similar functions.

[0118] The dimming controller 1816 includes a trigger
monitoring unit 2131 and a dimmer 2133. The trigger
monitoring unit 2131 is operable for receiving the switch
monitoring signal TS from the terminal CLK/OVP and for
generating a driving signal 2120 in response to the op-
eration of the external power switch 1804 detected at the
terminal CLK/OVP. In one embodiment, the trigger mon-
itoring unit 2131 includes a clamp block 2117 and a dim-
mer judge 2113. The clamp block 2117 is operable for
clamping a voltage of the switch monitoring signal TS.
The dimmer judge 2113 is operable for generating the
driving signal 2120 according to the switch monitoring
signal TS. In one embodiment, the trigger monitoring unit
2131 generates the driving signal 2120 if a turn-off op-
eration is detected at the terminal CLK/OVP. The trigger
monitoring unit 2131 can further include an over-voltage
protection (OVP) circuit 2115 to prevent an over-voltage
condition of the LED string 1812.

[0119] The dimmer 2133 is coupled to the trigger mon-
itoring unit 2131 and operable for generating a dimming
signal (for example, a reference signal REF1) to adjust
the compensation signal and the feedback signal CFB
based on the driving signal 2120. In one embodiment,
the dimmer 2133 includes a counter 2111 driven by the
driving signal 2120 and operable for counting operations
of the power switch 1804. The dimmer 2133 can also
include a digital-to-analog converter (D/A converter)
2107 coupled to the counter 2111 and operable for gen-
erating the dimming signal based on the counter value
of the counter 2111. More specifically, after the power
switch 1804 is turned off, the switch monitoring signal TS
is zero. Upon detection of the zero voltage at the terminal
CLK/OVP, the trigger monitoring unit 2131 generates the
driving signal 2120, in one embodiment. The counter val-
ue of the counter 2111 is changed, e.g., increased by 1,
in response to the driving signal 2120. The D/A converter
2107 reads the counter value from the counter 2111 and
generates the dimming signal (e.g., the reference signal
REF1) based on the counter value. The dimming signal
is used to adjust the output power of the isolated DC/DC
converter 1807, which in turn adjusts the light output of
the LED string 1812.

[0120] As described above, the dimming signal can be
an analog reference signal REF1 having an adjustable
voltage. The D/A converter 2107 can adjust the voltage
of the reference signal REF1 according to the counter
value of the counter 2111. In the example of FIG. 21, the
voltage of the reference signal REF1 determines an av-
erage value of the current || g flowing through the LED
string 1812. As such, the light output of the LED string
1812 is adjusted by adjusting the reference signal REF1.
[0121] Inone embodiment, the D/Aconverter 2107 can
decrease the voltage of REF1 in response to an increase
of the counter value. For example, if the counter value is
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0, the D/A converter 2107 adjusts the reference signal
REF1 to have a voltage V6. If the counter value is in-
creased to 1 when a turn-off operation of the power switch
1804 is detected at the terminal CLK/OVP by the trigger
monitoring unit 2131, the D/A converter 2107 adjusts the
reference signal REF1 to have a voltage V7 that is less
than V6. Alternatively, the D/A converter 2107 can in-
crease the voltage of the reference signal REF1 in re-
sponse to an increase of the counter value.

[0122] In one embodiment, the counter value is reset
to a predetermined value, e.g., zero, after the counter
2111 reaches its maximum counter value. For example,
if the counter 2111 is a 2-bit counter, the counter value
willincrease from 0 to 1, 2, 3 and then return to zero after
four turn-off operations of the switch 1804. Accordingly,
the light output (brightness) of the LED string 1812 can
be adjusted from a first level to a second level, then to a
third level, then to a fourth level, and then back to the
first level. The dimmer 2133 can further include a timer
2109 coupled to the counter 2111. When the trigger mon-
itoring unit 2131 detects a turn-off operation of the power
switch 1804 via the terminal CLK/OVP, the timer 2109
starts to run. The counter value is reset to the predeter-
mined value, e.g., zero, if the power switch 1804 remains
off over a predetermined time period (for example, 3 sec-
onds). The predetermined time period is determined by
a voltage at the terminal RT of the dimming controller
1816. Advantageously, if there are multiple LED light
source driving circuits controlled by a common wall
switch, the control of each LED light sources can be syn-
chronized by using the timer 2109.

[0123] The dimming controller 1816 operates in an an-
alog dimming mode in which an operational amplifier
2105 compares the dimming signal (the reference signal
REF1) with a current monitoring signal SEN indicating a
currentl g flowing through the LED string 1812 and gen-
erates a compensation signal to adjust the feedback sig-
nal CFB. When the voltage of SEN is greater than that
of the reference signal REF1, indicating that the current
I_ep flowing through the LED string 1812 is greater than
a target level that is determined by the reference signal
REF1, the operational amplifier 2105 adjusts the com-
pensation signal to decrease the voltage at the terminal
COMP. Accordingly, the current through the optical cou-
pler 1818 is increased and the voltage of the feedback
signal CFB at the terminal FB of the switch controller
1810is decreased. As aresult, the switch controller 1810
decreases the duty cycle of the driving signal DRV ac-
cording to the feedback signal CFB so that the output
power of the isolated DC/DC converter 1807 is de-
creased accordingly. Similarly, when the voltage of the
reference signal REF1 is greater than that of SEN, indi-
cating that the LED current || g flowing through the LED
string 1812 is less than the target level that is determined
by the reference signal REF1, the operational amplifier
2105 adjusts the compensation signal to increase the
voltage at the terminal COMP. Accordingly, the voltage
of the feedback signal CFB at the terminal FB of the
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switch controller 1810is increased. As aresult, the switch
controller 1810 increases the duty cycle of the driving
signal DRV according to the feedback signal CFB so that
the output power of the isolated DC/DC converter 1807
is increased accordingly.

[0124] The dimming controller 1816 canfurtherinclude
an OR gate 2103. The OR gate 2103 receives an
over-voltage signal generated by the OVP circuit 2115
and receives a shutoff signal indicative of a shutoff of the
LED string 1812 generated by the counter 2111. More
specifically, the OVP circuit 2115 generates the over-
voltage signal when the voltage of the switch monitoring
signal TS is greater than a predetermined safety voltage.
In one embodiment, when the dimming controller 1816
detects that the power switch 1804 remains off for a pre-
determined time period (for example, 3 seconds) based
on the switch monitoring signal TS, the counter2111 gen-
erates the shutoff signal. In addition, the counter value
of the counter 2111 is reset to a predetermined value,
e.g., zero. The shutoff signal can also be generated by
the dimmer judge 2113 or other units, and is not limited
to the configuration shown in the example of FIG. 21.
The OR gate 2103 outputs a control signal to turn on a
switch 2121 according to the over-voltage signal or the
shutoff signal. More specifically, the dimming controller
1816 pulls the voltage at the terminal COMP to zero (by
turning on the switch 2121) in response to the over-volt-
age signal (e.g., logic 1) indicating an over-voltage con-
dition of the LED string 1812 or the shutoff signal (e.g.,
logic 1) indicating that the LED string 1812 is shut off. As
a result, the current through the optical coupler 1818 is
increased to a maximum value, and the voltage of the
feedback signal CFB is decreased to a minimum value.
Thus, the switch controller 1810 stops generating the
driving signal DRV. When the LED string 1812 restarts
and resumes lighting, the over-voltage signal and the
shutoff signal are both logic 0, in one embodiment. The
switch 2121 is turned off so that the operational amplifier
2105 adjusts the voltage at the terminal COMP according
to the reference signal REF1 and the current monitoring
signal SEN.

[0125] The dimming controller 1816 canfurtherinclude
an Under Voltage Lockout (UVLO) circuit 2101 coupled
to the terminal VDD for selectively turning on one or more
components of the dimming controller 1816 according to
different power conditions. In one embodiment, the UV-
LO circuit 2101 is operable for turning on all the compo-
nents of the dimming controller 1816 when the voltage
at the terminal VDD is greater than a first predetermined
voltage. When the power switch 1804 is turned off, the
UVLO circuit 2101 is operable for turning off other com-
ponents of the dimming controller 1816 except the trigger
monitoring unit 2131 and the dimmer 2133 when the volt-
age at the terminal VDD is less than a second predeter-
mined voltage, in order to save energy. The UVLO circuit
2101 is operable for turning off all the components of the
dimming controller 1816 when the voltage at the terminal
VDD is less than a third predetermined voltage. In one
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embodiment, the first predetermined voltage is greater
than the second predetermined voltage, and the second
predetermined voltage is greater than the third predeter-
mined voltage. Because the dimming controller 1816 can
be powered by the capacitor C6 through the terminal
VDD, the trigger monitoring unit 2131 and the dimmer
2133 can still operate for a time period after the power
switch 1804 is turned off.

[0126] FIG. 22 illustrates examples of signal wave-
forms of the ON/OFF status of the power switch 1804,
the voltage at the terminal VDD of the switch controller
1810, the driving signal DRV, the switch monitoring signal
TS, the output voltage Vo1, and the reference signal
REF1 in the analog dimming mode, in accordance with
one embodiment of the present invention. FIG. 22 is de-
scribed in combination with FIG. 20 and FIG. 21.
[0127] In operation, at time t0, the power switch 1804
is turned on. At time t1, the voltage at the terminal VDD
of the switch controller 1810 is increased to an enable
threshold Vg4 (for example, 13V) and the switch con-
troller 1810 generates the driving signal DRV. Once the
power switch 1804 is turned off, the voltage at the termi-
nal VDD of the switch controller 1810 starts to decrease.
At time t2, the voltage at the terminal VDD is decreased
to a disable threshold Vg1p, (for example, 9V) and the
switch controller 1810 stops generating the driving signal
DRV. Although not shown in FIG. 22, the duty cycle of
the driving signal DRV can be adjusted according to the
feedback signal CFB of the switch controller 1810.
[0128] Furthermore, at times t1, t3, t5, and t7, the volt-
age at the terminal VDD of the switch controller 1810 is
increased to the enable threshold Vg14, and the switch
monitoring signal TS changes from zero to a positive-
negative pulse waveform. At times t2, t4, and t6, the volt-
age at the terminal VDD of the switch controller 1810 is
decreased to the disable threshold Vg5, and the switch
monitoring signal TS changes from the positive-negative
pulse waveform to zero. By monitoring the switch moni-
toring signal TS, the dimming controller 1816 can detect
a turn-off operation of the power switch 1804 and adjust
the reference signal REF1.

[0129] In the example of FIG. 22, the reference signal
REF1 has three voltages: 150mV, 100mV, and 30mV.
At time t1, the switch monitoring signal TS detects that
the power switch 1804 is turned on. The reference signal
REF1 has afirstlevel (e.g., 150mV). Attime t2, the switch
monitoring signal TS detects that the power switch 1804
is turned off and the reference signal REF1 is adjusted
from the first level to a second level (e.g., 100mV). In the
example of FIG. 22, the time interval between t2 and t3
is greater than a predetermined time period (e.g., t3 - t2
> 3 seconds), indicating that the power switch 1804 is
turned on after it remains off over a predetermined time
period. Thus, the reference signal REF1 is reset to a pre-
determined level (e.g., 150mV) during t3-t4. At time t4,
the switch monitoring signal TS detects that the power
switch 1804 is turned off and the reference signal REF1
is adjusted from the first level to the second level. The
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time interval between t4 and t5 is less than the predeter-
mined time period (e.g., t5 - t4 < 3 seconds), indicating
that the power switch 1804 is off less than the predeter-
mined time period. Thus, the reference signal REF1
maintains the second level during t5-t6. At time t6, the
switch monitoring signal TS detects that the power switch
1804 is turned off and the reference signal REF1 is ad-
justed from the second level to a third level (e.g., 30mV).
Accordingly, the light output of the LED string 1812 is
adjusted in accordance with the reference signal REF1.
[0130] FIG. 23 shows an example of a schematic dia-
gram of a light source driving circuit 2300, in accordance
with one embodiment of the present invention. FIG. 23
is described in combination with FIG. 20. Elements la-
beled the same as in FIG. 20 have similar functions. The
schematic diagram of the light source driving circuit 2300
in FIG. 23 is similar to the schematic diagram of the light
source driving circuit 2000 in FIG. 20 except for the con-
figuration of the dimming controller 2316. In the example
of FIG. 23, terminals of the dimming controller 2316 in-
clude CLK/OVP, FB, COMP, PWM, VDD, and GND. The
terminal CLK/OVP receives a switch monitoring signal
TS indicative of an operation of the power switch 1804.
[0131] The terminal FB receives a current monitoring
signal SEN indicating a current || gp flowing through the
LED string 1812. The terminal COMP provides a com-
pensation signal according to the current monitoring sig-
nal SEN and the switch monitoring signal TS. The feed-
back signal CFB indicative of the target level of the cur-
rent || gp flowing through the LED string 1812 is adjusted
according to the compensation signal via the optical cou-
pler 1818. Therefore, the duty cycle of the driving signal
DRYV, the output power of the isolated DC/DC converter
1807, and the light output of the LED string 1812 are
adjusted accordingly.

[0132] Theterminal PWMis coupled to a control switch
Q2. The control switch Q2 is coupled in series with the
LED string 1812, and is coupled to ground through the
current sensing resistor R5. By controlling a conductance
status, e.g., ON and OFF status, of the control switch Q2
using a PWM signal DRV2 via the terminal PWM and
adjusting the duty cycle of the PWM signal DRV2, the
dimming controller 2316 can adjust the feedback signal
CFB and the current || gp flowing through the LED string
1812. For example, if the PWM signal DRV2 has a duty
cycle of 100%, the LED string 1812 can have a maximum
light output. If the duty cycle of the PWM signal DRV2 is
less than 100%, the LED string 1812 can have a light
output that is less than the maximum light output. By way
of example and not limitation, the adjustable duty cycle
of the PWM signal DRV2 can be 100%, 75%, 50%, and
25%, and thus the LED string 1812 can have a 100%
brightness level, 75% brightness level, 50% brightness
level, and 25% brightness level, respectively.

[0133] The terminal VDD is used to provide power to
the dimming controller 2316. In one embodiment, an en-
ergy unit, e.g., a capacitor C6, coupled between the ter-
minal VDD and ground can power the dimming controller
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2316 when the power switch 1804 is turned off. The ter-
minal GND is coupled to ground.

[0134] Advantageously, in response to a turn-off oper-
ation of the power switch 1804 in the primary side circuit,
the light output of the LED string 1812 can be adjusted
to a target level by the dimming controller 2316 in the
secondary side circuit with feedback loop control after
the power switch 1804 is turned on again.

[0135] FIG. 24 shows an example of a structure of a
dimming controller 2316 in FIG. 23, in accordance with
one embodiment of the present invention. FIG. 24 is de-
scribed in combination with FIG. 23. Elements labeled
the same asin FIG.21 and FIG. 23 have similar functions.
[0136] The structure of the dimming controller 2316 in
FIG. 24 is similar to the structure of the dimming controller
1816inFIG. 21 except for the configuration of the dimmer
2433 and the operational amplifier 2405. In the example
shown in FIG. 24, the dimmer 2433 includes a counter
2411 coupled to the trigger monitoring unit 2131 for
counting operations of the power switch 1804, and a dig-
ital-to-analog converter (D/A converter) 2407 coupled to
the counter 2411. The counter 2411 is driven by a driving
signal 2420 generated by the trigger monitoring unit
2131. More specifically, after the power switch 1804 is
turned off, the switch monitoring signal TS is zero, in one
embodiment. Upon detection of the zero voltage at the
terminal CLK/OVP, the trigger monitoring unit 2131 gen-
erates the driving signal 2420. The counter value of the
counter 2411 is changed, e.g., increased by 1, in re-
sponse to the driving signal 2420. The D/A converter
2407 reads the counter value from the counter 2411 and
generates a dimming signal 2408 based on the counter
value. The dimmer 2433 can further include a timer 2409
coupled to the counter 2411, similar to the timer 2109 in
FIG. 21.

[0137] The dimmer 2433 further includes a PWM gen-
erator 2409 coupled to the D/A converter 2407. The dim-
ming controller 2316 operates in a burst dimming mode
in which a PWM signal DRV2 is generated based on the
dimming signal 2408. The duty cycle of the PWM signal
DRV2 (for example, 100%, 75%, 50%, or 25%) is deter-
mined by the dimming signal 2408. The PWM signal
DRV2 adjusts the compensation signal and the feedback
signal CFB and controls the control switch Q2 coupled
in series with the LED string 1812. More specifically, an
operational amplifier 2405 receives a current monitoring
signal SEN and a reference signal REF2, and generates
a compensation signal at the terminal COMP. In the ex-
ample of FIG. 24, the reference signal REF2 is a DC
signal having a substantially constant voltage. When the
PWM signal DRV2 is in a first state, e.g., logic 1, the
control switch Q2 is on and the switch 2423 is off. Thus,
the operational amplifier 2405 generates the compensa-
tion signal according to the current monitoring signal SEN
and the reference signal REF2. The feedback signal CFB
indicative of the target level of the current | gp flowing
through the LED string 1812 is adjusted by the compen-
sation signal via the optical coupler 1818. When the PWM
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signal DRV2 s in a second state, e.g., logic 0, the control
switch Q2 is off and the switch 2423 is on. Thus, the
compensation signal is pulled to zero. The voltage of the
feedback signal CFB is decreased to a minimum value,
and the switch controller 1810 stops generating the driv-
ing signal DRV. Therefore, the dimming signal 2408 can
be used to adjust the feedback signal CFB, which can in
turn adjust the light output of the LED string 1812.
[0138] The dimming controller 2316 canfurtherinclude
an OR gate 2403 operable for receiving an over-voltage
signal generated by the OVP circuit 2115 and receiving
a shutoff signal indicative of a shutoff of the LED string
1812 generated by the counter 2411. More specifically,
the OVP circuit 2115 generates the over-voltage signal
when the voltage of the switch monitoring signal TS is
greater than a predetermined safety voltage. When the
dimming controller 2316 detects that the power switch
1804 remains off for a predetermined time period (for
example, 3 seconds) based on the switch monitoring sig-
nal TS, the counter 2411 generates the shutoff signal. In
addition, the counter value of the counter 2411 is reset
to a predetermined value, e.g., zero. The OR gate 2403
and the switch 2421 functions in a similar way as the OR
gate 2103 and the switch 2121 in FIG. 21.

[0139] Advantageously, in response to a turn-off oper-
ation of the power switch 1804 in the primary side circuit,
the light output of the LED string 1812 can be adjusted
to a target level by the dimming controller 2316 in the
secondary side circuit with feedback loop control after
the power switch 1804 is turned on again.

[0140] FIG. 25 illustrates examples of signal wave-
forms of the ON/OFF status of the power switch 1804,
the voltage at the terminal VDD of the switch controller
1810, the driving signal DRV, the switch monitoring signal
TS, the output voltage V1, and the duty cycle of the
PWM signal DRV2 in the burst dimming mode, in accord-
ance with one embodiment of the present invention. FIG.
25 is described in combination with FIG. 23 and FIG. 24.
[0141] The relation among the ON/OFF status of the
power switch 1804, the voltage at the terminal VDD of
the switch controller 1810, the driving signal DRV, the
switch monitoring signal TS, and the output voltage V1
is similar to what is illustrated in FIG. 22. In the analog
dimming mode shown in FIG. 22, by adjusting the refer-
ence signal REF1, the output voltage Vg1 can be ad-
justed accordingly and therefore the light output of LED
string 1812 can be adjusted. In the burst dimming mode
shown in FIG. 25, at time t0, the power switch 1804 is
turned on. At t1, the switch monitoring signal TS detects
that the switch 1804 is on and the PWM signal DRV2 has
afirstduty cycle (e.g., 100%). At t2, the switch monitoring
signal TS detects that the switch 1804 is off. In the ex-
ample of FIG. 25, the time interval between t2 and 3 is
greater than a predetermined time period (e.g., t3 - {2 >
3 seconds), indicating that the power switch 1804 is
turned on after it remains off over a predetermined time
period. Thus, the duty cycle of the PWM signal DRV2 is
reset to a predetermined level (e.g., 100%) during t3 - t4.
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At t4, the switch monitoring signal TS detects that the
switch 1804 is off. The time interval between t4 and tS is
less than the predetermined time period (e.g., t5-t4 < 3
seconds), indicating that the power switch 1804 is off less
than the predetermined time period. Thus, the duty cycle
of the PWM signal DRV2 is adjusted to a second level
(e.g., 50%) during t5 - t6. Similarly, the duty cycle of the
PWM signal DRV2 is adjusted to a third level (e.g., 25%)
att7.By adjusting the duty cycle of the PWM signal DRV2,
the output voltage Vo1 can be adjusted accordingly and
therefore the light output of LED string 1812 can be ad-
justed.

[0142] FIG. 26 shows a flowchart 2600 of a method for
adjusting power of a light source, e.g., an LED light
source, in accordance with one embodiment of the
present invention. FIG. 26 is described in combination
with FIG. 20, FIG. 21, FIG. 23, and FIG. 24.

[0143] Inblock2602,alightsource, e.g., the LED string
1812, is powered by regulated power from a DC/DC con-
verter, e.g., the isolated DC/DC converter 1807. In block
2604, a feedback signal CFB indicative of a target level
of a current flowing through the light source is received,
e.g., by the switch controller 1810. In block 2606, a switch
monitoring signal TS is received, e.g., by the dimming
controller 1816 in the secondary side. The switch moni-
toring signal TS indicates an operation of a power switch
in the primary side, e.g., the power switch 1804. In block
2608, a dimming signal is generated according to the
switch monitoring signal TS. In block 2610, the driving
signal DRV is adjusted according to the dimming signal
so as to control a switch coupled in series with a primary
winding of a transformer in the DC/DC converter, e.g.,
the control switch Q1, and to regulate the power from the
DC/DC converter. In one embodiment, in an analog dim-
ming mode, the power from the DC/DC converter is reg-
ulated by comparing the dimming signal with a current
monitoring signal SEN which indicates a current flowing
through the light source. In another embodiment, in a
burst dimming mode, the power from the DC/DC con-
verter is regulated by controlling a duty cycle of a
pulse-width modulation signal according to the dimming
signal.

[0144] Accordingly, embodiments in accordance with
the presentinvention provide a driving circuitthat controls
power of a light source, e.g., an LED light source, ac-
cording to a switch monitoring signal indicative of an op-
eration of a power switch, e.g., an on/off switch mounted
on the wall. The power of the light source, which is pro-
vided by an isolated DC/DC converter, can be adjusted
by a dimming controller by controlling a switch coupled
in series with a primary winding of a transformer in the
DC/DC converter. Advantageously, users can adjust the
light output of the light source through an operation (e.g.,
a turn-off operation) of a low-cost on/off power switch.
Therefore, extra apparatus for dimming, such as a spe-
cially designed switch with adjusting buttons, can be
avoided and the cost can be reduced.

[0145] While the foregoing description and drawings
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represent embodiments of the present invention, it will
be understood that various additions, modifications and
substitutions may be made therein without departing from
the spirit and scope of the principles of the present in-
vention as defined in the accompanying claims. One
skilled in the art will appreciate that the invention may be
used with many modifications of form, structure, arrange-
ment, proportions, materials, elements, and components
and otherwise, usedin the practice of the invention, which
are particularly adapted to specific environments and op-
erative requirements without departing from the princi-
ples of the present invention. The presently disclosed
embodiments are therefore to be considered in all re-
spects as illustrative and not restrictive, the scope of the
invention being indicated by the appended claims and
their legal equivalents, and not limited to the foregoing
description.

Claims

1. A driving circuit for controlling power of a light-emit-
ting diode (LED) light source, said driving circuit com-
prising:

a transformer having a primary winding that re-
ceives input power from an AC/DC converter
and having a secondary winding that provides
output power to said LED light source;

a switch controller, coupled between an optical
coupler and said primary winding, that receives
a feedback signal indicative of a target level of
a current flowing through said LED light source
from said optical coupler, and that controls input
power to said primary winding according to said
feedback signal; and

adimming controller, coupled to said secondary
winding, thatreceives a switch monitoring signal
indicative of an operation of a power switch cou-
pled between an AC power source and said
AC/DC converter, and that regulates said output
power of said transformer by adjusting said feed-
back signal according to said switch monitoring
signal.

2. The driving circuit of claim 1, wherein said LED light
source comprises an LED string.

3. The driving circuit of claim 1 or 2, wherein said op-
eration of said power switch comprises a turn-off op-
eration.

4. The driving circuit of claim 1, 2, or 3, wherein said
transformer further comprises an auxiliary winding
that provides power to said switch controller.

5. Thedriving circuitof any one of claims 1 to 4, wherein
said switch controller generates a pulse-width mod-
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ulation (PWM) signal to selectively turn on a control
switch coupled in series with said primary winding,
and adjusts said output power of said transformer
by adjusting a duty cycle of said PWM signal.

The driving circuit of any one of claims 1 to 5, wherein
said dimming controller monitors a voltage of said
switch monitoring signal so as to monitor said oper-
ation of said power switch.

The driving circuit of any one of claims 1 to 6, wherein
said dimming controller comprises:

atriggermonitoring unit that receives said switch
monitoring signal, and that generates a driving
signal in response to said operation of said pow-
er switch; and

a dimmer, coupled to said trigger monitoring
unit, that generates a dimming signal to adjust
said feedback signal based on said driving sig-
nal.

The driving circuit of claim 7, wherein said dimmer
comprises:

a counter driven by said driving signal; and

a digital-to-analog converter, coupled to said
counter, that generates said dimming signal
based on a counter value of said counter.

The driving circuit of claim 8, wherein said dimming
controller resets said counter when said power
switch remains off over a predetermined time period.

The driving circuit of claim 7, 8, or 9, wherein said
dimming controller operates in a burst dimming
mode in which a pulse-width modulation (PWM) sig-
nal is generated based on said dimming signal,
wherein a duty cycle of said PWM signal is deter-
mined by said dimming signal, and wherein said
PWM signal adjusts said feedback signal and con-
trols a second switch coupled in series with said LED
light source.

The driving circuit of claim 7, 8 or 9, wherein said
dimming controller operates in an analog dimming
mode in which an operational amplifier compares
said dimming signal with a current monitoring signal
indicating said current flowing through said LED light
source and generates a compensation signal to ad-
just said feedback signal.

The driving circuit of any one of claims 1 to 11, said
dimming controller further comprising:

a compensation terminal that generates a com-
pensation signal to control a control switch in
series with a primary winding of said transformer
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to adjust power to said LED light source based
on said operation of said power switch and said
current monitoring signal.

13. The driving circuit of claim 12, wherein said dimming

controller pulls a voltage at said compensation ter-
minal to zero in response to an over-voltage signal
indicating an over-voltage condition of said LED light
source.
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