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(57) Abstract: An apparatus includes a first LED driver configured to control a first string of LEDs, a second LED driver configured
to control a second string of LEDs, a third LED driver configured to control a third string of LEDs, and a control circuit configured
to receive a control signal and to control the first, second, and third LED drivers so that the first, second, and third strings of LEDso cooperate in producing light according to the control signal and a color curve.



MULTI-STRING DIMMABLE LED DRIVER

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This present disclosure claims the benefit of U.S. Provisional Application No.

61/822,020, filed on May 10, 2013, and of U.S. Provisional Application No. 61/943,269, filed

on February 21, 2014, which are each incorporated by reference herein in their entirety.

BACKGROUND

[0002] The background description provided herein is for the purpose of generally presenting

the context of the disclosure. Work of the presently named inventors, to the extent the work is

described in this background section, as well as aspects of the description that may not otherwise

qualify as prior art at the time of filing, are neither expressly nor impliedly admitted as prior art

against the present disclosure.

[0003] Light-Emitting Diodes (LEDs) are semiconductor devices that convert electric current

to light. A color of the light emitted by an LED is determined by an energy band gap of the

semiconductor. The color may range from infrared (e.g., 940nm wavelength) to ultraviolet (e.g.

210 nm wavelength).

[0004] LEDs emitting different colors of light may have different operating voltages.

Furthermore, the relationship between current and light output power varies between different

types and colors of LEDs, and may be nonlinear.

[0005] LEDs with energy band gaps that produce infrared, red, orange, yellow, green, blue,

violet, and ultraviolet light have been developed. In addition, LEDs have been developed that

illuminate a phosphor to create additional colors of light.

[0006] A plurality of different colors of light can be combined to produce other colors of light,

including a white light. The "whiteness" of the white light produced is measured by correlating

the produced white light to light emitted by a black body radiator of a given temperature to

determine a Correlated Color Temperature (CCT). For example, light having a CCT of 2700°

Kelvin (K) is considered "warm white," and sunlight has a CCT of 4500°K.



[0007] The amount of light emitted by an LED may be controlled by varying the magnitude of

a current flowing through the LED. Reducing the current through an LED dims the LED, that is,

lowers the amount of light emitted by the LED. An LED may also be dimmed by rapidly turning

the LED on and off while varying a ratio of an on time to an off time of the LED, that is, by

varying the duty cycle of the LED.

[0008] When light from a plurality of LEDs having different colors are combined, the resulting

color of the light produced may vary as the plurality of LEDs are dimmed. Furthermore,

manufacturing tolerances of LEDs and changes over time in LEDs may also cause the resulting

color to vary.

SUMMARY

[0009] An embodiment of an apparatus includes a first LED driver configured to control a first

string of LEDs, a second LED driver configured to control a second string of LEDs, a third LED

driver configured to control a third string of LEDs, and a control circuit configured to receive a

control signal and to control the first, second, and third LED drivers so that the first, second, and

third strings of LEDs cooperate in producing light according to the control signal and a color

curve.

[0010] In an embodiment, the color curve indicates light having a predetermined Correlated

Color Temperature (CCT) when one or more of the strings of LEDs are dimmed. The color

curve may indicate light having a Correlated Color Temperature (CCT) according to the

luminance of the strings of LEDs. The first, second, and third LED drivers may be controlled so

that the CCT of the luminance of the strings of LEDs substantially follows a black body curve.

[0011] In an embodiment, one or more of the first, second, and third LED drivers is configured

to control duty cycles of currents of the respective strings of LEDs. The one or more of the first,

second, and third LED drivers may be configured to control magnitudes of the currents of the

respective strings of LEDs. The one or more of the first, second, and third LED drivers may be

configured to control the magnitudes using a linear mode. The one or more LED drivers may be

configured to control the duty cycles of the currents of the respective strings of LEDs when in a

first mode, and configured to control the magnitudes of the currents of the respective strings of



LEDs when in a second mode. The second mode may be a linear mode. The first LED driver

may be configured to operate a buck converter for controlling the first string of LEDs.

[0012] In an embodiment, the apparatus further includes a sensor circuit configured to sense

the current of one or more of the first, second, and third strings of LEDs.

[0013] In an embodiment, the color curve may indicate ratios of the currents of the first,

second, and third strings of LEDs.

[0014] In an embodiment, the control circuit is configured to receive a color sense signal and

to control the first, second, and third LED drivers according to the control signal, the color curve,

and the color sense signal.

[0015] In an embodiment, a single integrated circuit includes the apparatus.

[0016] An embodiment of a method of controlling a plurality strings of LEDs in a multi-string

LED driver comprises receiving a control signal, determining a target value according to the

control signal and a color curve, and controlling an LED driver according to the target value so

that the plurality of LED strings cooperate in producing light according to the control signal and

the color curve. The LED driver is one of first through third LED drivers of the multi-string

LED driver.

[0017] In an embodiment of the method, the color curve indicates light having a Correlated

Color Temperature (CCT) according to the luminance of the strings of LEDs. The first, second,

and third LED drivers may be controlled so that the CCT of the luminance of the strings of LEDs

substantially follows a black body curve.

[0018] In an embodiment, the method further comprises controlling a duty cycle of a current of

a string of LEDs of the plurality of strings of LEDs. The method may further comprise

controlling a magnitude of the current of the string of LEDs. The method may further comprise

controlling the duty cycle of the current when the LED driver is in a first mode, and controlling

the magnitude of the current when the LED driver is in a second mode.



[0019] In an embodiment, the method further comprises sensing a current of one or more of

the first, second, and third strings of LEDs and controlling the LED driver according to the

sensed current.

[0020] In an embodiment, the method further comprises receiving a color sense signal and

determining the target value according to the color sense signal, the control signal, and the color

curve.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a block diagram of an LED illumination system including a multi-string LED

driver according to embodiments of the disclosure.

[0022] FIGS. 2 and 3 illustrate LED lighting circuits including a multi-string LED driver

according to a first embodiment.

[0023] FIG. 4 is a block diagram of a multi-string LED driver according to the first

embodiment.

[0024] FIG. 5 illustrates an LED lighting circuit including a multi-string LED driver according

to a second embodiment.

[0025] FIG. 6 is a block diagram of a multi-string LED driver according to the second

embodiment.

[0026] FIG. 7 is a block diagram of an LED illumination system including a multi-string LED

driver according to a third embodiment.

[0027] FIG. 8 is a block diagram of a multi-string LED driver according to the third

embodiment.

[0028] FIG. 9 is a flowchart of a process of controlling multiple LED strings according to an

embodiment.

DETAILED DESCRIPTION

[0029] FIG. 1 shows a LED illumination system 1-100 including a master control circuit

1-104, a plurality of LED strings 1-1 14, and a multi-string LED driver 1-1 10 according to



embodiments of the disclosure. The master control circuit 1-104 transmits master control signals

CTRL to the multi-string LED driver 1-1 10.

[0030] The multi-string LED driver 1-1 10 receives the master control signals CTRL and

controls currents in the plurality of LED strings 1-1 14 based thereon. The multi-string LED

driver 1-1 10 modulates the currents in the plurality of LED strings 1-1 14 by modulating the

string control signals SCTL and by sensing the current in the LED string using the current sense

signals SENSE. The multi-string LED driver 1-1 10 modulates the string control signals SCTL

by controlling a duty cycle of each of the string control signals SCTL, a magnitude of each of the

string control signals SCTL, or a combination thereof.

[0031] The multi-string LED driver 1-1 10 also includes a color curve, and uses the color curve

to control the currents in the plurality of LED strings 1-1 14. The color curve may include ratios

between the currents, which may vary according to the amount of illumination produced by the

plurality of LED strings 1-1 14.

[0032] FIG. 2 illustrates a first LED lighting circuit 200 including a multi-string LED driver

2-1 10 according to an embodiment suitable for use as the multi-string LED driver 1-1 10 of FIG.

1. The multi-string LED driver 2-1 10 receives first and second dimmer signals DIM A and

DIM B and an Inter-Integrated Circuit (I2C) signal I2C. In an embodiment, the I2C signal I2C

may be a System Management Bus (SMB) signal, a Universal Serial Bus (USB) signal, a High

Speed Inter Chip (HSIC) signal, or other suitable digital communication bus signal.

[0033] A first string control signal SCTLA is generated by the multi-string LED driver 2-1 10

and is transmitted to a gate terminal of a first transistor 2-208. A source terminal of the first

transistor 2-208 is connected to a first end of a first LED string 2-204. The first LED string

2-204 includes a first first-color LED 2-204a and a second first-color LED 2-204b. A second

end of the first LED string 2-204 is connected to a supply voltage Vs.

[0034] A drain terminal of the first transistor 2-208 is connected to a first end of a first resistor

2-212 and to a first current sense input SENSEA of the multi-string LED driver 2-1 10. A second

end of the first resistor 2-212 is connected to ground. A voltage across the first resistor 2-212

corresponds to a current flowing through the first LED string 2-204.



[0035] In a first string control mode, the multi-string LED driver 2-1 10 controls the current

flowing through the first LED string 2-204 by controlling a magnitude of a voltage of the first

string control signal SCTLA until a voltage of the first current sense input SENSEA has a

predetermined value. The first string control mode may be a linear mode.

[0036] In a second string control mode, the multi-string LED driver 2-1 10 controls the current

flowing through the first LED string 2-204 by turning the first transistor 2-208 on and off using

the first string control signal SCTLA, thereby controlling a duty cycle of the current flowing

through the first LED string 2-204. The second string control mode may be a Pulse Width

Modulation (PWM) mode. In an embodiment, the multi-string LED driver 2-1 10 determines an

average current flowing through the first LED string 2-204 using signals received through the

first current sense input SENSEA.

[0037] Second and third string control signal SCTLB and SCTLC are generated by the multi-

string LED driver 2-1 10 and are transmitted to gate terminals of second and third transistors

2-228 and 2-248, respectively. Source terminals of the second and third transistors 2-228 and

2-248 are connected to first ends of second and third LED strings 2-224 and 2-244, respectively.

Second ends of the second and third LED strings 2-224 and 2-244 are connected to the supply

voltage Vs.

[0038] The second LED string 2-224 includes first and second second-color LEDs 2-224a and

2-224b. The third LED string 2-244 includes first through third third-color LEDs 2-244a

through 2-224c. While FIG. 5 shows the first through third LED strings 2-204 through 2-244

including two, two, and three LEDs, respectively, each of the first through third LED strings

2-204 through 2-244 may include any number of LEDs.

[0039] Each of the first, second, and third LED strings 2-204, 2-224, and 2-244 include one or

more LEDs emitting the same color. The first LED string, second, and third LED strings 2-204,

2-224, and 2-244 may, respectively, include red, green, and blue LEDs, amber, white, and blue

LEDs, or amber, white, and yellow LEDs, and so on.

[0040] In an embodiment, the colors of the first through third LED strings 2-204 through 2-244

are selected so that the light produced thereby follows a selected color curve, such as a black



body curve, when dimmed. Such control of the color of the light produced is not easy in lighting

systems using only one or two strings of LEDs.

[0041] Drain terminals of the second and third transistors 2-228 and 2-248 are connected to

first ends of second and third resistors 2-232 and 2-252 and to second and third current sense

inputs SENSEB and SENSEC of the multi-string LED driver 2-1 10, respectively. Second ends

of the second and third resistors 2-232 and 2-252 are connected to ground. Voltages across the

second and third resistors 2-232 and 2-252 correspond to currents flowing through the second

and third LED strings 2-224 and 2-244, respectively.

[0042] Each of the currents flowing through the second and third LED strings 2-224 and 2-244

may be controlled by the multi-string LED driver 2-1 10 using either of the first or second string

control modes described above with respect to the first LED string 2-204. The string control

mode used for each of the first through third LED strings 2-204 through 2-244 may be

independent of the string control mode used for the other LED strings.

[0043] The first through third transistors 2-208 through 2-248 are shown as a Metal Oxide

Semiconductor Field Effect Transistors (MOSFETs), but may be junction FETs, bipolar junction

transistors, insulated-gate bipolar transistors, or similar devices or circuits.

[0044] In a first configuration, the multi-string LED driver 2-1 10 controls the first LED string

2-204 according to the first dimmer signal DIM A, and controls the second and third LED

strings 2-224 and 2-244 according to the first dimmer signal DIM A and a color curve of the

multi-string LED driver 2-1 10.

[0045] In a second configuration, the multi-string LED driver 2-1 10 controls the first LED

string 2-204 according to the first dimmer signal DIM A, controls the second LED string 2-224

according to the second dimmer signal DIM B, and controls a third LED string 2-244 according

to the first dimmer signal DIM A, the second dimmer signal DIM B, and a color curve of the

multi-string LED driver 2-1 10.



[0046] In a third configuration, the multi-string LED driver 2-1 10 controls the first through

third LED strings 2-204 through 2-244 according to an I2C signal I2C and a color curve of the

multi-string LED driver 2-1 10.

[0047] A color curve may comprise ratios between currents flowing through the first through

third LED strings 2-204 through 2-244. The ratios between the currents may vary according to

the amount of illumination produced by the first through third LED strings 2-204 through 2-244.

[0048] A color curve may also produce light from the first through third LED strings 2-204

through 2-244 that follows a black body curve. That is, the light produced by the first through

third LED strings 2-204 through 2-244 according to the color curve may have a range of

Correlated Color Temperature (CCT) values according to a range of luminance values, and may

thereby emulate light produced by a predetermined black body radiator as a temperature of the

black body radiator is varied. The produced light may have a CCT of 2200°K (i.e., candlelight)

when the light produced has a minimum luminance, and the CCT of the produced light may

increase to 5800°K (i.e., sunlight) as the luminance of the light produced increases to a

maximum luminance.

[0049] Another color curve may produce light from the first through third LED strings 2-204

through 2-244 that maintains a substantially constant CCT as the luminance of the light produced

varies. In an embodiment, the ratios between the currents flowing through the first through third

LED strings 2-204 through 2-244 are varied according to the luminance of the light produced in

order to maintain the constant CCT.

[0050] In an embodiment, a color curve is predetermined by the design of the multi-string LED

driver 2-1 10. In an embodiment, a color curve is determined during a calibration procedure. In

an embodiment, a color curve may be provided to the multi-string LED driver 2-1 10 using an

I2C signal I2C. The provided color curve may be stored in volatile or nonvolatile memory

within the multi-string LED driver 2-1 10.

[0051] The multi-string LED driver 2-1 10 may include a plurality of color curves. A color

curve used for controlling the first through third LED strings 2-204 through 2-244 may be



selected from among the plurality of color curves according to an I2C signal I2C, during a

calibration procedure, or during a manufacturing step.

[0052] FIG. 3 illustrates a second LED lighting circuit 300 including the multi-string LED

driver 2-1 10 configured to operate with buck converters. FIG. 3 differs from FIG. 2 in that the

first and second LED strings 3-204 and 3-224 of FIG. 3 are controlled using buck converters.

[0053] The first string control signal SCTLA generated by the multi-string LED driver 2-1 10 is

connected to a gate terminal of a first transistor 3-208. A source terminal of the first transistor

3-208 is connected to a first terminal of a first inductor 3-314 and to a first terminal of a first

diode 3-316. A second terminal of the first inductor 3-3 14 is connected to a first end of a first

LED string 3-204. The first LED string 3-204 includes a first first-color LED 3-204a and a

second first-color LED 3-204b. A second end of the first LED string 3-204 and a second end of

the first diode 3-316 are connected to a voltage bus V bus.

[0054] A drain terminal of the first transistor 3-208 is connected to a first end of a first resistor

3-212 and to a first current sense input SENSEA of the multi-string LED driver 2-1 10. A second

end of the first resistor 3-212 is connected to ground. A voltage across the first resistor 3-212

corresponds to a current flowing through the first LED string 3-204, first inductor 3-314, and

first transistor 3-208.

[0055] A current flowing through the first LED string 3-204 is controlled by the multi-string

LED driver 2-1 10 using the second string control mode described above with respect to the first

LED string 2-204 of FIG. 2 . That is, the multi-string LED driver 2-1 10 controls the current

flowing through the first LED string 3-204 by turning the first transistor 3-208 on and off using

the first string control signal SCTLA. The second string control mode may be a Pulse Width

Modulation (PWM) mode.

[0056] When the first transistor 3-208 is on, current flows through the first LED string 3-204,

the first inductor 3-314, the first transistor 3-208, and the first resistor 3-212, and energy is stored

into the first inductor 3-314. A back Electro-Motive Force (back EMF) of the first inductor

3-314 generates a current across the first inductor 3-314 according to the amount of energy

stored in the first inductor 3-314.



[0057] When the first transistor 3-208 is off and a voltage generated by the energy stored in the

first inductor 3-3 14 is greater than the combined forward voltage drops of the first LED string

3-204 and the first diode 3-316, current flows through the first LED string 3-204 and the first

diode 3-316, extracting energy from the first inductor 3-314. As the energy stored in the first

inductor 3-314 decreases, the current generated by the energy stored in the first inductor 3-314

decreases.

[0058] The amount of energy stored into and extracted from the first inductor 3-314

determines an average current flowing through the first LED string 3-204. Using the second

string control mode, the multi-string LED driver 2-1 10 controls the amount of energy stored into

and extracted from the first inductor 3-3 14 by controlling the on and off durations of the first

transistor 3-208. In an embodiment, the multi-string LED driver 3-1 10 determines the energy

stored into the first inductor 3-314 using signals received through the first current sense input

SENSEA.

[0059] A second string control signal SCTLB generated by the multi-string LED driver 2-1 10

is connected to a gate terminal of a second transistor 3-228. A source terminal of the second

transistor 3-228 is connected to a first terminal of a second inductor 3-334 and to a first terminal

of a second diode 3-336. A second terminal of the second inductor 3-334 is connected to a first

end of a second LED string 3-224. The second LED string 3-224 includes a first second-color

LED 3-224a and a second second-color LED 3-224b. A second end of the second LED string

3-224 and a second end of the second diode 3-336 are connected to a bus voltage V bus.

[0060] A drain terminal of the second transistor 3-228 is connected to a first end of a second

resistor 3-232 and to a second current sense input SENSEA of the multi-string LED driver 2-1 10.

A second end of the second resistor 3-232 is connected to ground. A voltage across the second

resistor 3-232 corresponds to a current flowing through the second LED string 3-228, second

inductor 3-334, and second transistor 3-228.

[0061] The multi-string LED driver 2-1 10 controls the second LED string 3-224 as described

for the first LED string 3-204, above. In an embodiment, either or both buck converters used



with the first and second LED strings 3-204 and 3-224 may be implemented using source

switching.

[0062] The multi-string LED driver 2-1 10 controls a current flowing through the third LED

string 3-244 as described for the third LED string 2-244 of FIG. 2 . That is, the current flowing

through the third LED string 3-244 may be controlled using the either the first or second string

control mode. In another LED lighting circuit (not shown), the third LED string 3-244 may be

coupled to a third inductor and a third diode such that the third LED string 3-244 is controlled

using a buck converter, as described for the first LED string 3-204, above.

[0063] In a first configuration, the multi-string LED driver 2-1 10 controls the first LED string

3-204 according to the first dimmer signal DIM A, and controls the second and third LED

strings 3-224 and 3-244 according to the first dimmer signal DIM A and a color curve of the

multi-string LED driver 2-1 10. In a second configuration, the multi-string LED driver 2-1 10

controls the first and second LED strings 3-204 and 3-224 according the first and second dimmer

signals DIM A and DIM B, respectively, and controls the third LED string 3-244 according to

the first and second dimmer signals DIM A and DIM B and the color curve. In a third

configuration, the multi-string LED driver 3-1 10 controls the first through third LED strings

3-204 through 3-244 according to an I2C signal I2C and the color curve.

[0064] A color curve may comprise ratios between currents flowing through the first through

third LED strings 3-204 through 3-244. The ratios between the currents may vary according to

the amount of illumination produced by the first through third LED strings 3-204 through 3-244.

[0065] A color curve may be used to produce light from the first through third LED strings

3-204 through 3-244 that follows a black body curve. Another color curve may produce light

from the first through third LED strings 3-204 through 3-244 that maintains a constant CCT as

the luminance of the light produced varies.

[0066] The multi-string LED driver 2-1 10 may include a plurality of color curves. A color

curve used to control the first through third LED strings 3-204 through 3-244 may be selected

from among the plurality of color curves according to an I2C signal I2C, during a calibration

procedure, or during a manufacturing step.



[0067] FIG. 4 is a block diagram of the multi-string LED driver 4-1 10 suitable for use as the

multi-string LED driver 2-1 10 of FIGS. 2 and 3, according to an embodiment. The multi-string

LED driver 4-1 10 includes a multi-string control circuit 4-400 that controls first through third

LED drivers 4-408a through 4-408c. The first through third LED drivers 4-408a through 4-408c

are configured to control currents through first through third LED strings, respectively.

[0068] The multi-string control circuit 4-400 receives first and second dimmer signals DIM A

and DIM B, and also receives an I2C signal I2C through I2C interface circuit 4-410. The first

and second dimmer signals DIM A and DIM B each correspond to a target luminance of one or

more of the first through third LED strings and may be analog signals, pulse-width modulated

(PWM) signals, or multi-bit digital signals.

[0069] The I2C signal I2C may be a multi-bit digital signal corresponding to a target

luminance of one or more of the first through third LED strings, a string control mode setting for

one or more of the first through third LED drivers 4-408a through 4-408c, a configuration setting

for the multi-string control circuit 4-400, a color curve to be stored in the multi-string control

circuit 4-400, a color curve selection, and so on.

[0070] The first through third LED drivers 4-408a through 4-408c are configured to control the

first through third LED strings using first through third string control signals SCTLA through

SCTLC, according to control signals received from the multi-string control circuit 4-400 and

signals received through the first through third current sense inputs SENSEA through SENSEC,

respectively. The first through third LED drivers 4-408a through 4-408c control the first through

third LED strings by varying an amplitude of or by Pulse Width Modulation (PWM) of the first

through third string control signals SCTLA through SCTLC.

[0071] The multi-string control circuit 4-400 includes a color curve circuit 4-404 configured to

produce target values for one or more of the first through third LED strings according to one or

more dimming signals and a color curve. The target values are such that the first through third

LED strings produce light having a luminance according to the one or more dimming signals and

a CCT, which corresponds to the CCT of the color curve at the produced luminance. A target

value may indicate one or more of a current in one of the first through third LED strings, a



current ratio between two of the first through third LED strings, a duty cycle of one of the first

through third LED strings, and the like.

[0072] The color curve circuit 4-404 may be configured to produce target values using a look

up table (LUT) including a plurality of entries, each entry mapping one or more luminance

values to target values for the first through third LED strings according to a color curve. The

color curve circuit 4-404 may produce the target values by interpolating between entries in the

LUT.

[0073] The one or more luminance values used to determine the target values may be a

luminance value of combined light produced by the three LED strings, a luminance value of light

produced by the first LED string, first and second luminance values of light produced by the first

and second LED strings, and so on. A luminance value may indicate an absolute luminance

values (e.g., "600 lumens"), a fraction of a maximum output (e.g., "50% of maximum

luminance"), or may indicate a current in an LED string (e.g., "500 milliamps").

[0074] The entries in the LUT may correspond to a plurality of color curves which may be

selected for use. The entries of the LUT may be stored in volatile or nonvolatile memory.

Entries may be stored into the LUT according to an I2C signal I2C.

[0075] The color curve circuit 4-404 may be configured to produce the target values using an

equation set comprising one or more of equations defining a color curve. The equation set may

determine target values of the first through third LED strings according to luminance values.

[0076] The color curve circuit 4-404 may select the equation set to use from a plurality of

equations sets embodied within the color curve circuit 4-404. The equation set may be embodied

in a sequence of computer programming instructions, or may be embodied in parameters used to

configure a circuit or as parameters provided to a processor executing a sequence of computer

programming instructions. An equation set may be incorporated into the color curve circuit

4-404 during the design of the color curve circuit 4-404, during a manufacturing process, during

a calibration process, or by an I2C signals I2C.



[0077] The color curve circuit 4-404 may include one or more processors, such as one or more

of a general purpose processor, a special purpose processor, and a digital signal processor, which

may be used to produce the target values. The one or more processors may execute computer

programming instructions stored in a non-transitory computer-readable medium.

[0078] The multi-string control circuit 4-400 provides dimmer signals to the color curve circuit

4-404 and receives corresponding target values therefrom. The multi-string control circuit 4-400

controls the first through third LED drivers 4-408a through 4-408c according to their respective

target values.

[0079] FIG. 5 illustrates a third LED lighting circuit 500 including a multi-string LED driver

5-110 according to an embodiment suitable for use as the multi-string LED driver 1-1 10 of FIG.

1. The multi-string LED driver 5-1 10 receives first through fourth dimmer signals DIM A

through DIM D and an I2C signal I2C. In an embodiment, the I2C signal I2C may instead be a

System Management Bus (SMB) signal, a Universal Serial Bus (USB) signal, a High Speed Inter

Chip (HSIC) signal, or other suitable digital communication bus signal.

[0080] First through fourth string control signals SCTLA through SCTLD generated by the

multi-string LED driver 5-1 10 are connected to gate terminals of first through fourth transistors

5-208 through 5-268, respectively. Source terminals of the first through fourth transistors 5-208

through 5-268 are connected to first terminals of first through fourth inductors 5-314 through

5-374 and to first terminals of first through fourth diodes 5-316 through 5-376, respectively.

Second terminals of the first through fourth inductors 5-314 through 5-374 are connected to first

ends of first through fourth LED strings 5-204 through 5-264, respectively. Second ends of the

first through fourth LED strings 5-204 through 5-264 and second ends of the first through fourth

diodes 5-316 through 5-376 are connected to a voltage bus V bus.

[0081] Drain terminals of the first through fourth transistors 5-208 through 5-268 are

connected to first ends of first through fourth resistors 5-212 through 5-272 and to first through

fourth current sense inputs SENSEA through SENSED of the multi-string LED driver 5-1 10,

respectively. Second ends of the first through fourth resistors 5-212 through 5-272 are connected

to ground. Voltages across the first through fourth resistors 5-212 through 5-272 correspond to



currents flowing through the first through fourth LED strings 5-204 through 5-264, first through

fourth inductors 5-314 through 5-374, and first through fourth transistors 5-208 through 5-268,

respectively.

[0082] Currents flowing through the first through fourth LED strings 5-204 through 5-264 are

controlled by the multi-string LED driver 5-1 10 using a PWM mode and a buck converter as

described in relation to the first LED string 3-204 of FIG. 3 .

[0083] FIG. 5 shows the multi-string LED driver 5-1 10 controlling each of the first through

fourth LED strings 5-204 through 5-264 using a buck converter circuit. In another lighting

circuit including the multi-string LED driver 5-1 10, any or all of the LED strings may be

controlled as described in relation to the first LED string 2-204 of FIG. 2 . A person of skill in

the art in light of the teachings and disclosures herein would understand how to modify the LED

lighting circuit 500 to control one or more of the LED strings using a linear mode of the multi-

string LED driver 5-1 10. When an LED string is controlled using the linear mode, the inductor

and diode shown associated with the LED string in FIG. 5 may be omitted.

[0084] The first through fourth transistors 5-208 through 5-268 are shown as a Metal Oxide

Semiconductor Field Effect Transistors (MOSFETs), but may be junction FETs, bipolar junction

transistors, insulated-gate bipolar transistors, or similar devices or circuits. The first through

fourth LED strings 5-204 through 5-264 are shown as including two, two, three, and two LEDs,

respectively, but may include any number of LEDs.

[0085] In a first configuration, the multi-string LED driver 5-1 10 controls the first LED string

5-204 according to the first dimmer signal DIM A, and controls the second through fourth LED

strings 5-224 and 5-264 according to the first dimmer signal DIM A and a color curve of the

multi-string LED driver 5-1 10.

[0086] In a second configuration, the multi-string LED driver 5-1 10 controls the first LED

string 5-204 according to the first dimmer signal DIM A, controls the second LED string 5-224

according to the second dimmer signal DIM B, and controls the third and fourth LED strings

5-244 and 5-264 according to the first dimmer signal DIM A, the second dimmer signal DIM B,

and a color curve of the multi-string LED driver 5-1 10.



[0087] In a third configuration, the multi-string LED driver 5-1 10 controls the first LED string

5-204 according to the first dimmer signal DIM A, controls the second LED string 5-224

according to the second dimmer signal DIM B, controls the third LED string 5-244 according to

the third dimmer signal DIM C, and controls the fourth LED string 5-264 according to the first

through third dimmer signals DIM A through DIM C and a color curve of the multi-string LED

driver 5-1 10.

[0088] In a fourth configuration, the multi-string LED driver 5-1 10 controls the first LED

string 5-204 according to the first dimmer signal DIM A, controls the second LED string 5-224

according to the second dimmer signal DIM B, controls the third LED string 5-244 according to

the third dimmer signal DIM C, and controls the fourth LED string 5-264 according to the fourth

dimmer signal DIM D. In the fourth configuration, a color curve of the multi-string LED driver

5-1 10 is not used to control the first through fourth LED strings 5-204 through 5-264.

[0089] In a fifth configuration, the multi-string LED driver 5-1 10 controls the first LED string

5-204 according to the first dimmer signal DIM A, controls the second LED string 5-224

according to the second dimmer signal DIM B, controls the third LED string 5-244 according to

the third dimmer signal DIM C, and controls the fourth LED string 5-264 according to the fourth

dimmer signal DIM D, and a color curve of the multi-string LED driver 5-1 10 is used to adjust

values generated according to the first through fourth dimmer signals DIM A through DIM D

so that a light produced by the first through fourth LED strings 5-204 through 5-264 follows the

color curve.

[0090] In a sixth configuration, the multi-string LED driver 5-1 10 controls the first through

fourth LED strings 5-204 through 5-264 according to an I2C signal I2C and a color curve of the

multi-string LED driver 5-1 10.

[0091] A color curve may comprise ratios between currents flowing through the first through

fourth LED strings 5-204 through 5-264. The ratios may vary according to a luminance of the

light produced by the first through fourth LED strings 5-204 through 5-264.

[0092] A color curve may also produce light from the first through fourth LED strings 5-204

through 5-264 that follows a black body curve. That is, the light produced by the first through



fourth LED strings 5-204 through 5-264 according to the color curve may have a range of CCT

values according to a range of luminance values, and may thereby emulate light produced by a

predetermined black body radiator as a temperature of the black body radiator is varied. The

produced light may have a CCT of 2200°K (i.e., candlelight) when the light produced has a

minimum luminance, and the CCT of the produced light may increase to 5800°K (i.e., sunlight)

as the luminance of the light produced increases to a maximum luminance.

[0093] Another color curve may produce light from the first through fourth LED strings 5-204

through 5-264 that maintains a substantially constant CCT as the luminance of the light produced

varies. In an embodiment, the ratios between the currents flowing through the first through

fourth LED strings 5-204 through 5-264 are varied according to the luminance of the light

produced in order to maintain the substantially constant CCT.

[0094] In an embodiment, a color curve is predetermined by the design of the multi-string LED

driver 5-1 10. In another embodiment, a color curve is determined during a calibration

procedure. In another embodiment, a color curve may be input into the multi-string LED driver

5-110 using an I2C signal I2C and stored in volatile or nonvolatile memory within the multi-

string LED driver 5-1 10.

[0095] The multi-string LED driver 5-1 10 may include a plurality of color curves. The color

curve used to control the first through fourth LED strings 5-204 through 5-264 may be selected

from among the plurality of color curves according to an I2C signal I2C, during a calibration

procedure, or during a manufacturing step.

[0096] FIG. 6 is a block diagram of the multi-string LED driver 6-1 10 suitable for use as the

multi-string LED driver 5-1 10 of FIG. 5, according to an embodiment. The multi-string LED

driver 6-1 10 includes a multi-string control circuit 6-400 that controls first through fourth LED

drivers 6-408a through 6-408d. The first through fourth LED drivers 6-408a through 6-408d are

configured to control currents through first through fourth LED strings, respectively.

[0097] The multi-string control circuit 6-400 receives first through fourth dimmer signals

DIM A through DIM D, and also receives an I2C signal I2C through I2C interface circuit

6-410. The first through fourth dimmer signals DIM A through DIM D each correspond to a



target luminance of one or more of the first through third LED strings and may be analog signals,

pulse-width modulated (PWM) signals, or multi-bit digital signals.

[0098] The I2C signal I2C may be a multi-bit digital signal corresponding to a target

luminance of one or more of the first through fourth LED strings, a string control mode setting

for one or more of the first through fourth LED drivers 6-408a through 6-408d, a configuration

setting for the multi-string control circuit 6-400, a color curve to be stored in the multi-string

control circuit 6-400, a color curve selection, and so on.

[0099] The first through fourth LED drivers 6-408a through 6-408d are configured to control

the first through fourth LED strings using first through fourth string control signals SCTLA

through SCTLD, according to control signals received from the multi-string control circuit 6-400

and signals received through the first through fourth current sense inputs SENSEA through

SENSED, respectively.

[00100] The first through fourth LED drivers 6-408a through 6-408d control the first through

fourth LED strings using a first string control mode or a second string control mode,

respectively. The first string control mode varies an amplitude of a respective one of the first

through fourth string control signals SCTLA through SCTLD. The second string control mode

applies Pulse Width Modulation (PWM) to the respective one of the first through fourth string

control signals SCTLA through SCTLD. The string control mode used by each of the first

through fourth LED drivers 6-408a through 6-408d may be independently determined.

[00101] The multi-string control circuit 6-400 includes a color curve circuit 6-404 configured to

produce target values for one or more of the first through fourth LED strings according to one or

more dimming signals and a color curve. The target values are such that the first through fourth

LED strings produce light having a luminance according to the one or more dimming signals and

a CCT, which corresponds to the CCT of the color curve at the produced luminance. A target

value may indicate a current for an LED string, a current ratio between LED strings, or a duty

cycle of an LED string.

[00102] The color curve circuit 6-404 may be configured produce target values as described

with respect to the color curve circuit 4-404 of FIG. 4 .



[00103] The color curve circuit 6-404 may include one or more processors, such as one or more

of a general purpose processor, a special purpose processor, and a digital signal processor, which

may be used to produce the target values. The one or more processors may execute computer

programming instructions stored in a non-transitory computer-readable medium.

[00104] The multi-string control circuit 6-400 provides dimming signals to the color curve

circuit 6-404 and receives corresponding target values therefrom. The multi-string control

circuit 6-400 controls the first through fourth LED drivers 6-408a through 6-408d according to

their respective target values.

[00105] FIG. 7 shows a LED illumination system 7-100 including a master control circuit

7-104, a plurality of LED strings 7-1 14, a color sensor circuit 7-718, and a multi-string LED

driver 7-1 10 according to embodiments of the disclosure. The master control circuit 7-104

transmits master control signals CTRL to the multi-string LED driver 7-1 10.

[00106] The color sensor circuit 7-718 receives light generated by the LED strings 7-1 14 and

generates a color sense signal CSENSE including color information of the received light. The

color sense signal CSENSE may also include luminosity information of the received light.

[00107] The multi-string LED driver 7-1 10 receives the master control signals CTRL and

controls currents in the plurality of LED strings 7-1 14 based thereon. The multi-string LED

driver 7-1 10 modulates the currents in the plurality of LED strings 7-1 14 by modulating the

string control signals SCTL and by sensing the current in the LED string using the current sense

signals SENSE. The multi-string LED driver 7-1 10 modulates the string control signals SCTL

by controlling a duty cycle of each of the string control signals SCTL, a magnitude of each of the

string control signals SCTL, or a combination thereof.

[00108] The multi-string LED driver 7-1 10 also includes a color curve, and uses the color curve

to control the currents in the plurality of LED strings 7-1 14. The color curve may indicate

currents, duty cycles, or current ratios for the plurality of LED strings 7-1 14.

[00109] The multi-string LED driver 7-1 10 receives the color sense signal CSENSE from the

color sensor circuit 7-718 and may modify the color curve according to the color sense signal



CSENSE. The multi-string LED driver 7-1 10 may adjust the color curve if the color sense signal

CSENSE includes color information indicating that the light output from the plurality of LED

strings 7-1 14 does not have a color specified by the color curve. The color may correspond to a

CCT.

[00110] When the color sense signal CSENSE includes luminosity information, the multi-string

LED driver 7-1 10 may adjust the color curve if the color sense signal CSENSE includes

luminance information indicating that the light output from the plurality of LED strings 7-1 14

does not have a luminance specified by the color curve.

[00111] Using the color sense signal CSENSE, the multi-string LED driver 7-1 10 may

recalibrate a color curve to compensate for changes in the light produced by the plurality of LED

strings 7-1 14 caused by one or more of manufacturing tolerances, variations in operating

conditions, and the passage of time.

[00112] FIG. 8 is a block diagram of a multi-string LED driver 8-1 10 suitable for use as the

multi-string LED driver 7-1 10 of FIG. 7 according to an embodiment. The multi-string LED

driver 8-1 10 includes a multi-string control circuit 8-400 that controls first through third LED

drivers 8-408a through 8-408c. The first through third LED drivers 8-408a through 8-408c are

configured to control currents through first through third LED strings, respectively.

[00113] The multi-string control circuit 8-400 receives a color sense signal CSENSE and first

and second dimmer signals DIM A through DIM B. The multi-string control circuit 8-400 also

receives an I2C signal I2C through an I2C interface circuit 8-410.

[00114] The first and second dimmer signals DIM A through DIM B each correspond to a

target luminance of one or more of the first through third LED strings and may be analog signals,

pulse-width modulated (PWM) signals, or multi-bit digital signals. The color sense signal

CSENSE includes color information. In an embodiment, the color sense signal CSENSE also

includes luminance information.

[00115] The multi-string LED driver 8-1 10 of FIG. 8 operates similarly to the multi-string LED

driver 5-1 10 of FIG. 6 and provides similar functionality. In addition, the multi-string control



circuit 8-400 of the multi-string LED driver 8-1 10 may control the first through third LED

drivers 8-408a through 8-408c according to a comparison of the color information of the color

sense signal CSENSE to a color curve value, and may recalibrate a color curve according to the

color information of the color sense signal CSENSE. In an embodiment wherein the color sense

signal CSENSE also includes luminance information, the multi-string control circuit 8-400 may

control the first through third LED drivers 8-408a through 8-408c according to a comparison of

the luminance information to a target luminance value, and may recalibrate a color curve

according to the luminance information.

[00116] FIG. 9 is a flowchart of a process of controlling a plurality LED strings according to an

embodiment. At S904, one or more dimming signals are received by a multi-string LED driver.

[00117] At S908, a target value is determined for each of a plurality of LED strings coupled to

the multi-string LED driver. The target value for each LED string may be determined according

to one or more of the received dimming signals or according to one or more of the received

dimming signals and a color curve.

[00118] A color curve may include a current ratio between the plurality of LED strings. The

current ratio may vary according to a received dimming signal. The color curve may control the

plurality of LED strings to follow a black body curve, or to maintain a substantially constant

CCT across a range of value for the one or more of the received dimming signals.

[00119] At S912, currents in the plurality of LED strings are controlled according to the

respective target values determined for each LED string.

[00120] Aspects of the present disclosure have been described in conjunction with the specific

embodiments thereof that are proposed as examples. Numerous alternatives, modifications, and

variations to the embodiments as set forth herein may be made without departing from the scope

of the claims set forth below. Accordingly, embodiments as set forth herein are intended to be

illustrative and not limiting.



WHAT IS CLAIMED IS:

1. An apparatus, comprising:

a first LED driver configured to control a first string of LEDs;

a second LED driver configured to control a second string of LEDs;

a third LED driver configured to control a third string of LEDs; and

a control circuit configured to receive a control signal and to control the first, second, and

third LED drivers so that the first, second, and third strings of LEDs cooperate in producing light

according to the control signal and a color curve.

2 . The apparatus of claim 1, wherein the color curve indicates light having a

predetermined Correlated Color Temperature (CCT) when one or more of the strings of LEDs

are dimmed.

3 . The apparatus of claim 1, wherein the color curve indicates light having a

Correlated Color Temperature (CCT) according to the luminance of the strings of LEDs.

4 . The apparatus of claim 3, wherein the first, second, and third LED drivers are

controlled so that the CCT of the luminance of the strings of LEDs substantially follows a black

body curve.

5 . The apparatus of claim 1, wherein one or more of the first, second, and third LED

drivers are configured to control duty cycles of currents of the respective strings of LEDs.

6 . The apparatus of claim 5, wherein the one or more of the first, second, and third

LED drivers are configured to control magnitudes of the currents of the respective strings of

LEDs.

7 . The apparatus of claim 6, wherein the one or more of the first, second, and third

LED drivers are configured to control the magnitudes of the currents using a linear mode.



8. The apparatus of claim 6, wherein the one or more LED drivers are configured to

control the duty cycles of the currents of the respective strings of LEDs when in a first mode, and

configured to control the magnitudes of the currents of the respective strings of LEDs when in a

second mode.

9 . The apparatus of claim 7, wherein the second mode is a linear mode.

10. The apparatus of claim 5, wherein the first LED driver is configured to operate a

buck converter for controlling the first string of LEDs.

11. The apparatus of claim 1, further comprising:

a sensor circuit configured to sense a current of one or more of the first, second, and third

strings of LEDs.

12. The apparatus of claim 1, wherein the color curve indicates ratios of currents of

the first, second, and third strings of LEDs.

13. The apparatus of claim 1, wherein the control circuit is configured to receive a

color sense signal and to control the first, second, and third LED drivers according to the control

signal, the color curve, and the color sense signal.

14. The apparatus of claim 1, wherein a single integrated circuit includes the

apparatus.

15. A method of controlling a plurality strings of LEDs in a multi-string LED driver,

the method comprising:

receiving a control signal;

determining a target value according to the control signal and a color curve; and

controlling an LED driver according to the target value so that the plurality of LED

strings cooperate in producing light according to the control signal and the color curve, wherein

the LED driver is one of first through third LED drivers of the multi-string LED driver.



16. The method of claim 1, wherein the color curve indicates light having a

Correlated Color Temperature (CCT) according to the luminance of the strings of LEDs.

17. The method of claim 16, wherein the first, second, and third LED drivers are

controlled so that the CCT of the luminance of the strings of LEDs substantially follows a black

body curve.

18. The method of claim 1, further comprising controlling a duty cycle of a current of

a string of LEDs of the plurality of strings of LEDs.

19. The method of claim 18, further comprising controlling a magnitude of the

current of the string of LEDs.

20. The method of claim 19, further comprising controlling the duty cycle of the

current when the LED driver is in a first mode, and controlling the magnitude of the current

when the LED driver is in a second mode.

21. The method of claim 1, further comprising sensing a current of one or more of the

first, second, and third strings of LEDs and controlling the LED driver according to the sensed

current.

22. The method of claim 1, further comprising receiving a color sense signal and

determining the target value according to the color sense signal, the control signal, and the color

curve.
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