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CROSS-REFERENCE TO RELATED APPLICATION

[001] This application claims the benefit under 35 U.S.C. § 119(¢) and 37 C.F.R. § 1.78 of U.S.
Provisional Patent Application No. 61/558,529, filed on November 11, 2011 and U.S.
Provisional Patent Application No. 61/600,330, filed on Feb. 17,2012. U.S. Provisional Patent
Application Nos. 61/558,529 and 61/600,330 are incorporated by reference in their entireties.

[002] This application also claims the benefit under 35 U.S.C. § 120 of U.S. Patent Application
No. 13/673,879, filed November 9, 2012, and entitled “Color Mixing Of Electronic Light
Sources With Correlation Between Phase-Cut Dimmer Angle And Predetermined Black Body

Radiation Function” which is incorporated by reference in its entirety.

[003]  This application is a continuation-in-part and claims the benefit under 35 U.S.C. § 120
of U.S. Patent Application No. 13/430,601, filed on March 26, 2012. U.S. Patent Application
No. 13/430,601 is incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[004]  The present invention relates in general to the field of electronics, and more specifically
to a lighting system and method with color mixing of electronic light sources in accordance with
a correlation between phase-cut dimmer angles and a predetermined black body radiation

function.
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DESCRIPTION OF THE RELATED ART

[005]  Electronic light sources, such as light emitting diodes (LEDs), offer lower energy
consumption and, in some instances, longer useful life relative to incandescent bulbs. In some
instances, lamps with LEDs are designed to approximate the familiar color characteristics of
incandescent bulbs. LEDs with different color spectra can be mixed within a lamp to obtain a
particular color. The color spectrum (e.g. the dominant wavelength) and brightness (i.e.
luminosity) of light emitted by an LED is a function of the junction temperature of the LED.

Thus, as the junction temperature changes, the color of the LEDs can also change.

[006]  Correlated color temperature (CCT) and color spectra represent characteristics to
classify the color of light emitted by a light source. The CCT of a light source is the color of an
ideal black-body radiator that radiates light at a certain temperature that is perceived as the same
color as the light source. The color spectrum is defined by the dominant wavelength of light

emitted by the light source.

[007]  Figure 1 depicts a lighting system 100 that includes a lamp 101 that includes a lamp
101, and the lamp 101 includes two sets of LEDs referred to as LEDs 102 and LEDs 104. LEDs
102 have a red-amber color spectrum, and LEDs 104 have a blue-white color spectrum. The
overall color spectrum of the light emitted from lamp 101 is a mixture of the color spectra from
LEDs 102 and LEDs 104 and varies with the intensity (i.e. brightness) of the respective LEDs
102 and LEDs 104. The intensity of LEDs 102 and LEDs 104 is a function of the respective
currents irgp A and irgp g to LEDs 102 and LEDs 104.

[008]  The lighting system 100 receives an AC supply voltage Vsuppry from voltage supply
106. The supply voltage Vsuppry 18, for example, a nominally 60 Hz/110 V line voltage in the
United States of America or a nominally 50 Hz/220 V line voltage in Europe and the People’s
Republic of China. The full-bridge diode rectifier 105 rectifies the supply voltage Vsuppry for
input to switching power converter 110. Controller 112 controls the switching power converter
110 to generate a light source current irpc. Capacitors 120 and 122 each provide a standard filter

across respective LEDs 102 and LEDs 104.

[009]  The current distributor 114 controls the current dividers 116 and 118 to respectively

apportion the light source current irpc as irgp a to LEDs 102 and i1gp s to LEDs 104. Since the
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proportional intensity of LEDs 102 and LEDs 104 and, thus, the color spectrum of lamp 101, is a
function of the currents irgp 4 and irgp g, by apportioning the current distributed to LEDs 102
and 104, the current distributor 114 causes the lamp 101 to generate a proportion of red-amber
color to white-blue color to emit light having a particular color spectra. The particular color

spectra can be used to approximate a particular color generated by an incandescent bulb.

[0010] The color spectrum and brightness (i.e. luminosity) of an LED is a function of the
junction temperature of the LED. Thus, as the junction temperature changes, the color of the
LEDs can also change. The color spectrum of some LEDs varies with the junction temperatures
of the LEDs more than others. For example, the brightness of blue-white LEDs varies less with
temperature than that of red-amber LEDs. The lamp 101 includes a negative temperature
coefficient (NTC) resistor 117 to allow the current distributor 114 to sense the ambient
temperature in proximity to LEDS 102 and LEDs 104. The resistance of NTC resistor 117 is
indirectly proportional to changes in the ambient temperature. Changes in the value of TDATA,
which represents the temperature value from the NTC resistor 117, associated with changes in
the resistance of the NTC resistor 117 represent changes in the ambient temperature. Thus, by
determining the value of TDATA, the current distributor 114 senses changes in the ambient

temperature in proximity to LEDs 102 and LEDs 104.

[0011] The spectrum of red-amber LEDs 102 is more sensitive to junction temperature
changes than the blue-white LEDs 104. As the ambient temperature in proximity to LEDs 102
and LEDs 104 changes, the junction temperatures also change. Sensing the ambient temperature
in proximity to LEDs 102 and LEDs 104 represents an indirect mechanism for sensing changes
in the junction temperatures of LEDs 102 and LEDs 104. Thus, sensing the ambient
temperature approximates sensing the respective color spectrum of LEDs 102 and LEDs 104.
Accordingly, as the ambient temperature changes, the current distributor 114 adjusts the currents

Irep A and irgp B to maintain an approximately constant color spectrum of lamp 101.

[0012] Thus, indirectly sensing the junction temperatures of the LEDs 102 and LEDs 104

allow the lighting system 100 to maintain an approximately constant color spectrum.
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SUMMARY OF THE INVENTION

[0013] In one embodiment of the present invention, an apparatus includes a controller. The
controller is configured to receive a phase- cut dimming level signal. The controller is further
configured to control a color of mixed light emitted from at least two light emitting diode
(“LED”) emitters by responding to phase-cut angles of the dimming signal and correlating the
phase-cut angles with a predetermined black body radiation function to dynamically adjust a
color spectra of the mixed light in response to changes in phase cut angles of the phase-cut
dimming level signal. During operation the LED emitters, the LED emitters emit light having at

least three dominant wavelengths representing at least three different colors.

[0014] In another embodiment of the present invention, a method includes receiving a phase-
cut dimming level signal. The method also includes controlling a color of mixed light emitted
from at least two light emitting diode (“LED”’) emitters by responding to phase-cut angles of the
dimming signal and correlating the phase-cut angles with a predetermined black body radiation
function to dynamically adjust a color spectra of the mixed light in response to changes in phase
cut angles of the phase-cut dimming level signal. During operation the LED emitters, the LED
emitters emit light having at least three dominant wavelengths representing at least three

different colors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The present invention may be better understood, and its numerous objects, features and
advantages made apparent to those skilled in the art by referencing the accompanying drawings.
The use of the same reference number throughout the several figures designates a like or similar

element.

[0016] Figure 1 (labeled prior art) depicts a lighting system that includes two sets of LEDs and

compensates for junction temperature changes to maintain a constant color.

[0017] Figure 2 depicts a lighting system that mixes colors from at least two LEDs in
accordance with a correlation between phase-cut dimmer angles and a predetermined black body

radiation function.

[0018] Figure 3 depicts exemplary phase cut voltages.
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[0019] Figure 4 depicts an exemplary LED emitter.

[0020] Figures 5A, 5B, and 5C depict International Commission on Illumination (CIE)
diagrams with color gamuts derived from mixing at least 3 colors from at least two LED

emitters.

[0021] Figure 6 depicts an exemplary control correlated color temperature-brightness

correlation profile.
[0022] Figure 7 depicts an embodiment of the lighting system of Figure 2.

[0023] Figures 8-11 depict various configuration of LED emitters.

DETAILED DESCRIPTION

[0024] A lighting system includes methods and systems to mix colors of light emitted from at
least two LED emitters. In at least one embodiment, the lighting system includes a controller
that responds to phase-cut angles of the dimming signal and correlates the phase-cut angles with
a predetermined black body radiation function to dynamically adjust a color spectra of the mixed
light in response to changes in phase cut angles of the phase-cut dimming level signal. In at least
one embodiment, the controller utilizes the predetermined black body radiation function to
dynamically adjust the color spectra of the mixed, emitted light in response to changes in phase
cut angles of a phase-cut dimming level signal. In at least one embodiment, the predetermined
black body radiation function specifies correlated color temperatures (CCTs) that model the
CCTs of an actual non-LED based lamp, such as an incandescent lamp. The lighting system
includes a controller that is configured to apply the predetermined black body radiation function
to correlate the dimming level signal with at least first and second light emitting diode (“LED”)
drive current levels. In at least one embodiment, the LED emitters collectively emit light at three
or more dominant wavelengths. The resulting color gamut achievable by the lighting system

incorporates all of part of the CCTs of the predetermined black body radiation function.

[0025] The relative brightness of the LED emitters determines the dominant wavelength of
light emitted by the mixed light of the LED emitters. The controller correlates dimming levels
with the CCTs of the predetermined black body radiation function and utilizes the correlation to

control LED drive currents. LED drive currents control the brightness of each LED emitters and,
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thus, the dominant wavelength of the lighting system. The controller responds to changes in the
dimming level by adjusting the LED drive currents to maintain a correlation between the
dimming level, the CCTs of the predetermined black body radiation function, and, thus, the
dominant wavelength of the light emitted by the mixed light of the LED emitters.

[0026] The dominant wavelengths of light emitted by the LED emitters define a color gamut of
light emitted by the lighting system. In at least one embodiment, a controller of the lighting
system correlates a particular dimming level with a particular CCT defined by the predetermined
black body radiation function. In at least one embodiment, the predetermined black body
radiation function defines a curve of CCTs matching a color spectrum of an incandescent bulb

from approximately no dimming to approximately fully dimmed.

[0027] In at least one embodiment, to adjust the color spectra of the mixed, emitted light, the
controller varies drive currents to the LED emitters so that the color spectra of the mixed,
emitted light from the LED emitters approximately tracks the color spectrum defined by the
predetermined black body radiation function in response to changes in the phase cut angles of the
phase-cut dimming level signal. In at least one embodiment, the controller directly or indirectly
relates the current, the dimming level in the lighting system, and the predetermined black body
radiation function to control the adjustable color spectra of the lighting system. In at least one
embodiment, the controller is programmable to specify the particular relationships between the
current, the dimming level, and the predetermined black body radiation function. In at least one
embodiment, the predetermined black body radiation function is also programmable, and
programming data and the black body radiation function are stored in a non-volatile memory. In
at least one embodiment, the values of the drive currents (or a parameter representing the drive
current) are pre-calculated based on the color spectra control function, dimming levels, and the

predetermined black body radiation function.

[0028] The junction temperatures of one or more of the LEDs in the LED emitters can also be
factored into the color spectra control function to maintain a particular color spectra. In at least
one embodiment, the pre-calculated values of the drive currents can be stored in a memory in a

desired format, such as in a look-up-table. In at least one embodiment, some of the drive current
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values are pre-calculated and stored in a memory, and the controller determines other drive

current values using the color spectra control function.

[0029] In at least one embodiment, the color spectra or spectrum of light emitted by an LED
emitter is a function of the color of light emitted by the LED emitter and any lumiphors
incorporated into the LED emitter. A lumiphor is a structure that contains any luminescent
material that generally converts exciting radiation of one wavelength to responsive radiation,
such as visible light, of another wavelength. For example, many lumiphors can receive a photon
of a wavelength representing a certain color of light and emit a photon of a wavelength
representing a different color of light. Luminescent materials include phosphors, scintillators,
and glow tapes and inks. In at least one embodiment, the particular lumiphors and LEDs define

the color gamut for the lighting system.

[0030] Figure 2 depicts a lighting system 200 that includes a LED emitter color mixing
controller 202 to control the color and intensity of light 209 emitted by the LED emitter group
204 of lamp 205 by controlling LED drive currents irpc 1-lipc w to respective LED emitters
206.1-206.N using a black body radiation function and a dimming level indicated by the phase-
cut dimming level signal DIM_LEVEL. “N”is an integer index number greater than or equal to
two (2). In at least one embodiment, the LED emitter color mixing controller 202 controls the
respective LED drive currents irpc 1-irpc 3. Controlling the LED drive currents irpc i-itpc w
controls the brightness of respective LED emitters 206.1-206.N. As subsequently described in
more detail, controlling the brightness of the LED emitters 206.1-206.N controls the color
spectra of mixed light emitted by the LED emitters 206.1-206.N. In at least one embodiment, the
controller 210 samples the phase-cut, rectified input voltage Vo r. Each of the N LED emitters

206.1-206.N includes one or more electronic light sources, such as one or more LEDs.

[0031] The lighting system 200 receives a supply voltage Vo. The supply voltage Vo is, for
example, a line voltage such as Vgyppry (Figure 1). The phase cut dimmer 203 phase-cuts the
supply voltage Vo, as subsequently described in more detail, to generate the phase cut voltage
version of supply voltage V. The phase cut dimmer 203 can be any type of phase cut dimmer,
such as a triac-based dimmer or a solid state dimmer, and can be a leading edge or a trailing edge

dimmer. Full-bridge diode rectifier 105 rectifies the phase- cut supply voltage Vo to generate a
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phase, cut rectified supply voltage Vo r. Switching power converter 208 converts the rectified,
phase-cut supply voltage Vo r into one or more, approximately constant (DC) output voltages
Vout and one or more output currents igur. The particular configuration of the LED emitters
206.1-206.N is a matter of design choice. In one embodiment, the LED emitters 206.1-206.N are
connected in series, and the switching power converter 208 supplies one output voltage Vour and
one output current igur to all the LED emitters 206.1-206.N. In at least one embodiment, the
LED emitters 206.1-206.N are connected in parallel, and the switching power converter 208
generates a separate output voltage and separate output current igyr for each of LED emitters
206.1-206.N. The particular type of switching power converter 208 is a matter of design choice.
For example, the switching power converter 208 can be a boost, buck, boost-buck, flyback, Ctuk
type switching power converter or a combination of any of the foregoing types of switching

power converters.

[0032] In at least one embodiment, the LED emitter color mixing controller 202 is part of a
larger controller 210. The controller 210 generates P switching power converter control signals
CS_SPC to control generation of the output voltage Vour and output current igyr. “P” is an
integer greater than or equal to 1. U.S. Patent Application Publication 2012/0025733 entitled
“Dimming Multiple Lighting Devices by Alternating Energy Transfer From a Magnetic Storage
Element”, inventor John L. Melanson, assignee Cirrus Logic, Inc. (referred to herein as
“Melanson 1”’) describes exemplary methods and systems for generating the control signals
CS_SPC to control a boost-type switching power converter with a fly-back converter. Melanson
I is hereby incorporated by reference in its entirety. In at least one embodiment, controller 210
controls the switching power converter 208 as described in, for example, U.S. Patent Application
No. 11/967,269, entitled “Power Control System Using a Nonlinear Delta-Sigma Modulator
With Nonlinear Power Conversion Process Modeling”, filed on December 31, 2007, inventor
John L. Melanson, U.S. Patent Application No. 11/967,275, entitled “Programmable Power
Control System”, filed on December 31, 2007, and inventor John L. Melanson, U.S. Patent
Application No. 12/495, 457, entitled “Cascode Configured Switching Using at Least One Low
Breakdown Voltage Internal, Integrated Circuit Switch to Control At Least One High
Breakdown Voltage External Switch”, filed on June 30, 2009, and inventor John L. Melanson, or

U.S. Patent Application No. 12,174,404, entitled “Constant Current Controller With Selectable
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Gain”, filing date June 30, 2011, and inventors John L. Melanson, Rahul Singh, and Siddharth

Maru, which are all incorporated by reference in their entireties.

[0033] The implementation of controller 210 including LED emitter color mixing controller
202 is a matter of design choice. For example, controller 210 can be implemented as an
integrated circuit, discrete components, or as a combination of an integrated circuit and discrete
components. Additionally, in at least one embodiment, the controller 210 utilizes software to

perform some functions.

[0034] The LED emitter color mixing controller 202 determines LED drive current levels to
generate LED drive currents for LED emitters 206.1-206.N. To determine the LED drive current
levels, the LED emitter color mixing controller 202 applies the predetermined black body
radiation function 207 to correlate the dimming level signal DIM_LEVEL with LED drive
current levels. In at least one embodiment, the predetermined black body radiation function 207
specifies CCTs for a particular dimming level value of the DIM_LEVEL signal, and the
controller 202 correlates drive current levels to the CCTs of the predetermined black body
radiation function 207 and the dimming level values. Thus, in at least one embodiment and as
subsequently described in more detail, for each particular dimming level value of the
DIM_LEVEL signal, the LED emitter color mixing controller 202 determines drive current
levels to generate the LED drive currents irpc 1 to irpc » so that LED emitters 206.1-206.N emit
light at respective brightness levels that when mixed has a CCT approximating a CCT of the
predetermined black body radiation function 207. The particular predetermined black body
radiation function 207 is a matter of design choice. In at least one embodiment, the
predetermined black body radiation function defines a curve of CCTs matching a color spectrum
of an incandescent bulb from approximately no dimming to approximately fully dimmed. The
predetermined black body radiation function can also include several predetermined black body
radiation functions that emulate various types of light sources or provide any desired color
effects. Any curve or other function can be approximated using, for example, any well-known
curve fitting function tool to define the curve or function as a polynomial equation. Values of

the curve can also be stored in a look-up-table.
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[0035] In at least one embodiment, the LED emitter color mixing controller 202 generates M
control signal(s) CS_ILDC to control the currents irpc 1-itpc y. M 18 a positive integer less than
or equal to N (N is the number of LED emitters 206.1 through 206.N.) In at least one
embodiment, the LED emitter color mixing controller 202 also responds to the dimming level
represented by the signal DIM_LEVEL by adjusting the brightness of light from LED emitter
group 204. The LED emitter color mixing controller 202 reduces the brightness of light emitted
by the LED emitters 206.1-206.N by reducing one or more of light source currents irpc 1-irpc -
The LED emitter color mixing controller 202 increases the brightness of light emitted by the
LED emitters 206.1-206.N by increasing one or more of LED drive currents irpc 1-irpc . The
DIM_LEVEL signal can be any signal representing a dimming level of the lighting system 200.
An exemplary mechanism for generating the control signal(s) CS_ILDC is described in
Melanson I. Exemplary generation of the control signal(s) CS_ILDC in accordance with the
value of the DIM_LEVEL signal and the black body radiation function 207 is subsequently
described.

[0036] In at least one embodiment, the controller 210 receives temperature data TEMP and is
responsive to changes in the ambient temperature and, thus, changes to the junction temperature
of the LED emitters 206.1-206.N. Adjusting the LED drive currents ir.pc 1-irpc v 18 described in
“U.S. Patent Application No. 13/430,601, entitled “Color Coordination of Electronic Light
Sources With Dimming and Temperature Responsiveness”, filed on March 26, 2012, inventors

Alfredo R. Linz, Michael A. Kost, and Sahil Singh (referred to herein as the “Linz Patent”).

[0037] Figure 3 depicts exemplary voltage waveforms 300 of the supply voltage Vo and phase
cut, rectified input voltage Vo r. Referring to Figures 2 and 3, if dimmer 203 is a leading edge,
phase cut dimmer, the dimmer 203 phase cuts a leading edge of the supply voltage Vo at a
particular phase angle. One cycle 301 of the supply voltage Vo is depicted in Figure 3. The
phase cut, rectified input voltage Vo r depicts two cycles, cycle A and cycle B, which are
derived from the cycle 301 of the supply voltage V. Cycle A is a phase cut version of the first
half cycle 302 of the supply voltage Vo, and cycle B is a rectified, phase cut version of the
second half cycle 304 of the supply voltage V. Cycle A occurs from time ty until the zero
crossing of the supply voltage Vg at time t,. Cycle B occurs from time t, until the next zero

crossing at time t4 of the supply voltage Vo. Between times ty and t; and between times t; and t;,

10
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the dimmer 203 does not conduct current and, thus, phase cuts the supply voltage Vo until time t;
and, after time t, until time t;. At times t; and t3, the dimmer 203 conducts so that the phase cut,

rectified input voltage Vo r equals a rectified version of the supply voltage Vo.

[0038] The phase cuts at times t; and t3 occur at respective phase angles of the phase cut,
rectified voltage Vo r. In at least one embodiment, the phase angles or phase cut times represent
specific dimming levels that are used by LED emitter color mixing controller 202 to determine

the color spectra of the light 209 emitted from lamp 205.

[0039] Figure 4 depicts a cross-sectional view of an exemplary LED emitter 400. The LED
emitter 400 represents an exemplary embodiment LED emitters 206.1-206.N. The LED emitter
400 includes a lead frame 402 that supports a chip 404. When the wire 406, connected to the
chip 404, conducts the LED drive current irpc, the chip 404 emits photons. The photons directly
strike the lumiphor 408 or are reflected to the lumiphor 408 by reflective surface 410. An
encapsulate region 412 forms an enclosure for the LED emitter 400. Luminscent material can
also be dispersed on the surface of the encapsulate 412 and/or embedded in the encapsulate 412
so that the encapsulate 412 also becomes a lumiphor. In at least one embodiment, the LED
emitter does not include the lumiphor 408 and/or does not include any significant amount of
lumiscent material. The particular size, density, disbursement pattern, luminescent material type,
color spectra of light emitted from chip 404, etc. determine the dominant wavelength(s) of light
emitted by the LED emitter 400. The particular luminescent material is a matter of design
choice. Construction and design of an exemplary LED emitter 400 having one or more dominant

wavelengths is, for example, described in U.S. Patent No. 7,213,940.

[0040] Figures 5A-5C depict International Commission on Illumination (CIE) diagrams with
color gamuts derived from mixing at least 3 colors from at least two LED emitters 206.1-206.N.
The CIE diagrams 502A, 502B, and 502C represent a color space created by CIE in 1931 to
define the entire gamut of colors visible to the average human viewer. The x and y axes specify
2-dimensional reference coordinates. Numbers on the perimeter of the CIE diagrams 502A,
502B, and 502C represent wavelengths of light. Blue wavelengths are approximately 430 nm to
490 nm. Green wavelengths are about 490 nm to about 570 nm. Yellow is about 570 nm to

about 590 nm, and red is any visible light greater than about 600 nm. The black body radiation

11
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curve 504 represents the CCTs of an exemplary incandescent bulb in Kelvin over a full dimming
range. A CCT of approximately 5000K represents a dimming level of approximately 100%
corresponding to a phase cut angle of approximately 0-5 degrees, and, in at least one
embodiment, a CCT of approximately 1500K represents a dimming level of approximately 2-
10% corresponding to a phase cut angle of approximately 4-20 degrees. In at least one
embodiment, a CCT of approximately 1500K represents a phase cut angle of approximately 45°,

as described with reference to Figure 6.

[0041] Referring to Figures 2 and 5A, the LED emitter group 204 has three LED emitters
206.1-206.3. LED emitter 206.1 emits light with a red dominant wavelength 506. LED emitter
206.2 emits light with a yellow dominant wavelength 508, and LED emitter 206.3 emits light
using a blue LED and a lumiphor that converts some blue light to a greenish dominant
wavelength 510. The lines connecting dominant wavelengths 506-508 form a triangle that
defines a color gamut 512. By adjusting the brightness of LED emitters 206.1-206.3, the lamp
205 can emit a light color 209 anywhere within the color gamut 512. By adjusting the respective
LED drive currents irpc 1-irnc 3, the LED emitter color mixing controller 202 adjusts the

brightness of LED emitters 206.1-206.3.

[0042] The black body radiation curve 504 of an incandescent bulb lies within the color gamut
512 from 1500K-5000K. Thus, by appropriately adjusting the respective LED drive currents
Irpc 1-irpe 3, the LED emitter color mixing controller 202 can cause the light 209 to have a color
spectra anywhere along the black body radiation curve 504 of an incandescent bulb from 1500K-
5000K. Determining the values of the respective LED drive currents irpc 1-irpc 3 that
correspond to CCTs on along the black body radiation curve 504 is a matter of design choice and
can be done empirically or by calculation using response characteristics of the LED emitters
206.1-206.3. In at least one embodiment, the efficacy of each of LED emitters 206.1-206.N is
calibrated by providing the programming & calibration data to the LED emitter color mixing
controller 202 as, for example, described in U.S. Patent Application No. 2010/0277072,
inventors William Draper, Robert Grisamore, and John Melanson, and assignee Cirrus Logic,
Inc., which is incorporated by reference in its entirety. “Efficacy” is defined herein as the light
output of an LED emitter 206 divided by the total electrical power input to the light source,

expressed in lumens per watt (Im/W). A phase cut angle corresponds to a particular dimming
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value of the DIM_LEVEL signal, and the dimming values correlate with respective CCTs along
the black body radiation curve 504. The particular correspondence is a matter of design choice
with an example correlation shown in Figure 6, which is discussed below. By applying the
CCTs of the black body radiation curve 504 to correlate the dimming levels from the phase cut
dimmer 203 to LED drive current levels for the respective LED drive currents irpc 1-irpc 3, the
LED emitter color mixing controller 202 controls the respective LED drive currents irpc i-irpe 3
so that the light 209 has a dominant wavelength that at least approximates the CCT of the

incandescent bulb when dimmed.

[0043] The manner of applying the CCTs of the black body radiation curve 504 to correlate the
dimming levels from the phase cut dimmer 203 to LED drive current levels for the respective
LED drive currents irpc 1-linc 3, 1S @ matter of design choice. In at least one embodiment, the
dominant wavelength of each of LED emitters 206.1 through 206.5 is known or stored as a value
in the LED emitter color mixing controller 202 or is received as data from a color sensor (not
shown). Any method including well-known methods can be used to determine a function that
specifies the spectra of the mixed light from the LED emitters 206.1 through 206.N as a function
of the drive current to LED emitters 206.1 through 206.N. The particular function depends on
the color spectra of each of the LED emitters 206.1 through 206.N and the physical parameters of
brightness-to-LED drive current of the LED emitters 206.1 through 206.N. Thus, by using the
black body radiation function, a function correlating dimming levels to the black body radiation
function, and the function correlating the LED drive currents to a color spectra of the mixed light
from the LED emitters 206.1 through 206.N, the LED emitter color mixing controller 202 can
apply the black body radiation function to correlate the dimming level signal with at least first
and second light emitting diode (“LED”) drive current levels to control the drive currents to the

LED emitters 206.1 through 206.N.

[0044] As the phase cut dimmer 203 changes the phase cut angle of the rectified voltage Vo g,
the LED emitter color mixing controller 202 responds to changes in the corresponding dimming
level signal DIM_LEVEL by applying predetermined black body radiation function to re-
correlate the dimming level signal DIM_LEVEL with revised current level values of LED drive
currents irpc 1-irpc 3. The black body radiation curve 504 represents one example of a

predetermined black body radiation function 207.
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[0045] Additionally, the particular color spectra or spectrum of each of LED emitters 206.1-
206.N is a matter of design choice. Figure 5B utilizes two LED emitters 206.1 and 206.2. The
LED emitter 206.1 includes a blue LED and lumiphors that shift the color of the blue LED to the
dominant wavelengths 520 and 522. The LED emitter 206.2 includes a red LED with a
dominant wavelength 524, which established a color gamut within triangle 526. As previously
described, by applying the CCTs of the black body radiation curve 504 to correlate the dimming
levels from the phase cut dimmer 203 to LED drive current levels for the respective LED drive
currents irpc i-lipc 3, the LED emitter color mixing controller 202 controls the respective LED
drive currents irpc 1-irpc 3 so that the light 209 has a dominant wavelength that at least

approximates the CCT of the incandescent bulb when dimmed.

[0046] Figure 5C utilizes three LED emitters 206.1-206.3. The LED emitter 206.1 includes a
blue LED with dominant wavelength 530 and lumiphors that shift the color of the blue LED to
the green dominant wavelength 532. The LED emitter 206.1 also includes a red LED, which has
a dominant wavelength 534. Thus, the LED emitter color mixing controller 202 can generate an
LED drive current irpc 1 to cause the LED emitter 206.1 to emit light at a dominant wavelength
538. The LED emitter 206.2 includes a yellow/amber LED with a dominant wavelength 524,
which established a color gamut along line 540, which closely approximates the black body
radiation curve 504 between 5000K and 1800K. As previously described, by applying the CCTs
of the black body radiation curve 504 to correlate the dimming levels from the phase cut dimmer
203 to LED drive current levels for the respective LED drive currents irpc i-irpc 2, the LED
emitter color mixing controller 202 controls the respective LED drive currents irpc i-lipc 2 SO
that the light 209 has a dominant wavelength that at least approximates the CCT of the

incandescent bulb when dimmed.

[0047] The number of LEDs within each LED emitter 206, and the number of LED emitters
206.1-206.N is a matter of design choice. The colors and color shifting using, for example,
lumiphors, of the LED emitters 206.1-206.N is also a matter of design choice. In at least one
embodiment, the choice of the number of LEDs within cach LED emitter 206, the number of
LED emitters 206.1-206.5, and the colors of light depend on a number of variables, such as the
level of brightness desired, the particular black body radiation function to be applied by the LED

emitter color mixing controller 202, the degree of accuracy desired between the actual CCT of
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the light 209 and the CCT of the particular, applied black body radiation function, and the cost of
the LED emitters 206.1-206.N and the LED emitter color mixing controller 202.

[0048] Referring to Figures 2 and 6, Figure 6 depicts an exemplary control CCT-brightness
correlation profile 600 for use by LED emitter color mixing controller 202 to control the color
and intensity of light 209 based on the dimmer level represented by the DIM_LEVEL signal. At
low phase angles, the LED emitter color mixing controller 202 generates the LED drive currents
Irpc 1 —1rpe v so that the lamp 205 generates light 209 with a CCT of 4500K at a maximum
brightness. As the phase angle cut increases, the LED emitter color mixing controller 202
generates the LED drive currents irpc 1 — ipc w S0 that the lamp 205 generates light 209 with a
CCT decreasing from 4500K to 1500K while maintaining maximum brightness. As the phase
angle cut continues to increase, the LED emitter color mixing controller 202 generates the LED
drive currents irpc 1 — irpc v so that the CCT remains at 1500K while the brightness is
decreased. Thus, the control CCT-brightness correlation profile 600 can be used to allow the
lighting system 200 to replace an incandescent bulb while providing a bright reading mode for
all levels of CCTs. The particular control CCT-brightness correlation profile is a matter of

design choice.

[0049] Figure 7 depicts lighting system 700, which represents one embodiment of lighting
system 200. Controller 701 represents one embodiment of controller 210, and LED emitter color
mixing controller 702 represents one embodiment of LED emitter color mixing controller 202.
Lamp 705 represents one embodiment of lamp 205 (Figure 2). The LED emitter color mixing
controller 702 includes a processor 712 to generate the M number of LED control signals
CS_ILDC to control the LED drive currents irpc i-irpc n. Capacitors 708.1-708.N each provides
a standard filter across respective LED emitters 704.1 and 704.N. The manner of determining
the ambient temperature indicated by the NTC resistor 717 is a matter of design choice and is,
for example, described in the Linz Patent. The dimming level detector 720 detects the phase cut
angle or phase cut time from the phase cut, rectified input voltage V¢ r and provides the
dimming level signal DIM_LEVEL to processor 712. Exemplary dimming level detectors are
described in U.S. Patent Application No. 13/290,032, entitled “Switching Power Converter Input
Voltage Approximate Zero Crossing Determination”, filed on November 4, 2011, inventors Eric

J. King, John L. Melanson, which is incorporated by reference in its entirety.
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[0050] The processor 712 utilizes the temperature of the LED group 714, the dimming level of
the lighting system 700 as represented by the respective TEMP and DIM_LEVEL signals, and
the black body radiation function 207 stored in memory 722 to generate the control signals
CS_ILDC to control the LED drive currents irpc i-irpc . In at least one embodiment, the
predetermined black body radiation function is represented by a map that correlates dimming
level signal DIM_LEVEL values to the levels for the LED drive currents irpc 1-iipc - The
memory 722 stores the map, and the processor 712 retrieves data from the map in the memory
722 that corresponds to the dimming level signal DIM_LEVEL values to generate light from
LED emitters 704.1-704.N having CCTs that tracks the dimming signal level and the
predetermined black body radiation function 207. In at least one embodiment, the predetermined
black body radiation function 207 is represented by an algorithm stored in the memory 722. To
correlate the dimming level signal DIM_LEVEL values with the LED drive currents irpc -
Irpc w, the processor 712 calculates the LED drive currents ippc 1-itpc w levels to cause the LED
emitters 704.1-704.N to generate light having CCTs that track the dimming signal level and the
predetermined black body radiation function 207.

[0051] Figures 8-11 depict various configuration of LED emitters, which represent
embodiments of LED emitters 206.1-206.N. Each of the LED emitters in Figures 8-11 is shown
for illustrative purposes having two LEDs and illustrative control signal pulses. However, the
number of LEDs in each LED emitter is a matter of design choice and can be one, two, or any
desired number. Referring to Figure 8, the LED emitter group 800 includes LED emitters A, B,
and C arranged in parallel. The voltage and, thus, the drive current irpc 4 18 held constant by
Zener diode 802. Respective LED drive currents irpc g and irpc ¢ to LED emitters B and C are
controlled by respective switches 804 and 806. In at least one embodiment, switches 804 and
806 are field effect transistors (FETs) with conductivity controlled by respective control signals
CSp and CSc. Control signals CSg and CSc represent one embodiment of control signals
CS_ILDC (Figures 2 and 7). In at least one embodiment, control signals CSg and CS¢ are pulse
width modulated signals, and the duty cycle of control signals CSg and CSc is directly
proportional to the brightness of respective LED emitters B and C. LED emitters A, B, and C
have a color spectrum that defines a color gamut as described with reference to Figures 5A, 5B,

and 5C. Since the brightness of LED emitter A is constant and the control signals CSg and CS¢
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control the respective brightness of LED emitters B and C, the control signals CSg and CS¢
control the CCT of the light 209 emitted by the mixture of light emitted from LED emitters A, B,
and C. Exemplary pulse width signals 808 generate the combinations 810 of color mixing. The
contribution of brightness of LED emitter A to light 209 (Figure 2) relative to the contribution of
brightness of LED emitters B and C for a series of R pulses and each pulse having a duration of
TT is:

TT -R

B, =
ATTT-R+TT-B+TT-C

wherein By is the contribution brightness of LED emitter A to light 209, TT is the duration of
cach pulse of control signals CSg and CS¢, R is the total number of pulses of control signals CSg
and CS¢ of a desired series of pulses, B is the number of pulses of control signal CSg, and C is

the number of pulses of control signal CSc.

[0052] The contribution of brightness By of LED emitter B to light 209 (Figure 2) relative to
the contribution of brightness of LED emitters A and C is:

B TT - B
" TT-R+TT-B+TT-C

Bg

[0053] The contribution of brightness Bc of LED emitter C to light 209 (Figure 2) relative to
the contribution of brightness of LED emitters B and C is:

5 — TT - C
C TT-R+TT-B+TT-C

[0054] Figure 9 depicts the LED emitter group 900 with LED emitters A, B, and C arranged in
parallel. Respective LED drive currents irpc a, irpc B and irpc ¢ to LED emitters A, B, and C
are controlled by respective switches 902, 804 and 806. In at least one embodiment, switch 902
is also a FET and has conductivity controlled by control signals CS4. Control signals CS,, CSg,
and CSc represent one embodiment of control signals CS_ILDC (Figures 2 and 7). In at least
one embodiment, control signal CSy is also a pulse width modulated signal, and the duty cycle of
control signals CSy is directly proportional to the brightness of LED emitter A. LED emitters A,
B, and C have a color spectrum that defines a color gamut as described with reference to Figures

5A, 5B, and 5C. Control signals CSa, CSg, and CS¢ control the respective brightness of LED
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emitters A, B, and C, and, thus, the control signals CS4, CSg, and CSc control the CCT of the
light 209 emitted by the mixture of light emitted from LED emitters A, B, and C. Exemplary
pulse width signals 904 generate the combinations 906 of color mixing. The contribution of
brightness of LED emitter A to light 209 (Figure 2) relative to the contribution of brightness of
LED emitters B and C for a series of R pulses and each pulse having a duration of TT is:

T - A

B, =
AT TT . A+TT-B+TT-C

wherein B, is the contribution brightness of LED emitter A to light 209, TT is the duration of
each pulse of control signals CSg and CSc, B is the number of pulses of control signal CSg, and

C is the number of pulses of control signal CSc.
[0055] The contribution of brightness By of LED emitter B to light 209 (Figure 2) relative to
the contribution of brightness of LED emitters A and C is:

B TT - B
" TT-A+TT-B+TT-C

Bg

[0056] The contribution of brightness B¢ of LED emitter C to light 209 (Figure 2) relative to
the contribution of brightness of LED emitters B and C is:

B TT - C
" TT-A+TT-B+TT-C

BC

[0057] Figure 10 depicts the LED emitter group 900 with LED emitters A, B, and C arranged
in series. LED emitters A, B, and C have a color spectrum that defines a color gamut as
described with reference to Figures SA, 5B, and 5C. Exemplary pulse width signals 1004

generate the combinations 1004 of color mixing.

[0058] Figure 11 depicts two LED emitter groups 1102 and 1104, each group having two LED
emitters A and B. The operation of LED group 1102 is the same as LED group 800 except that
LED group 1102 has two strings of LED emitters rather than three. Likewise, the operation of
LED group 1104 is the same as LED group 900 except that LED group 1104 has two strings of
LED emitters rather than three. LED groups 1102 and 1104 facilitate, for example, obtaining the
color gamut 526 (Figure 5B) and correlation between the dimming levels of the phase cut

dimmer 203 with the black body radiation curve 504.
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[0059] Referring to Figures 8-11, Melanson I describes the mechanism for generating the
combinations of pulses of control signals CS,, CSg, and CS¢. Referring to Figures 2 and 7, in at
least one embodiment, the LED emitter color mixing controllers 202 and 702 generate the
control signals CSa, CSg, and CSc to apply a predetermined black body radiation function to
correlate the dimming level signal DIM_LEVEL with LED drive current levels so that the color
spectrum of mixed, emitted light from respective lighting systems 200 and 700 approximates a
color spectrum of the predetermined black body radiation function for each value of the dimming

level signal DIM_LEVEL.

[0060] Thus, a controller of a lighting system receives a phase- cut dimming level signal and
controls mixing of colors of light emitted from at least two LED emitters by utilizing a
predetermined black body radiation function to dynamically adjust a color spectra (i.e. dominant
wavelength) of the light in response to changes in phase cut angles of the phase-cut dimming

level signal.

[0061] Although embodiments have been described in detail, it should be understood that
various changes, substitutions, and alterations can be made hereto without departing from the

spirit and scope of the invention as defined by the appended claims.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:
a controller configured to:
receive a phase- cut dimming level signal; and

control a color of mixed light emitted from at least two light emitting diode
(“LED”) emitters by responding to phase-cut angles of the dimming signal
and correlating the phase-cut angles with a predetermined black body
radiation function to dynamically adjust a color spectra of the mixed light
in response to changes in phase cut angles of the phase-cut dimming level
signal, wherein during operation the LED emitters, the LED emitters emit
light having at least three dominant wavelengths representing at least three

different colors.

2. The apparatus of claim 1 wherein to control the color of mixed light emitted from

the at least two LED emitters further comprises to:

apply a predetermined black body radiation function to correlate the dimming level signal

with at least first and second LED drive current levels;

control a first LED drive current to a first LED emitter corresponding to the first LED

drive current level; and

control a second LED drive current to a second LED emitter corresponding to the second

LED drive current level.

3. The apparatus of claim 2 wherein the controller is further configured to apply the
predetermined black body radiation function to correlate the dimming level signal with a third

light emitting diode (“LED”) drive current levels, and the controller is further configured to:

control a third LED drive current to a third LED emitter corresponding to the third LED

drive current level, wherein during operation the first, second, and third LED
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emitters emit light having respective dominant wavelengths representing at least

three different colors.

4. The apparatus of claim 3 wherein each dimming level signal correlates with one

combination of the first, second, and third LED drive current levels.

to:

5. The apparatus of claim 2 wherein the controller is further configured to:

respond to changes in the dimming level signal by applying the predetermined black
body radiation function to re-correlate the dimming level signal with revised at

least first and second LED drive current levels.

6. The apparatus of claim 2 wherein the controller is further configured to:
receive a selection of one or multiple predetermined black body radiation functions; and

apply the selected predetermined black body radiation function correlate the dimming

level signal with at least the first and second LED drive current levels.

7. The apparatus of claim 2 wherein the controller is further configured to:
receive data that modifies the predetermined black body radiation function; and

apply the modified predetermined black body radiation function to correlate the dimming

level signal with at least the first and second LED drive current levels.

8. The apparatus of claim 1 wherein the controller is further configured to:
receive a selection of one or multiple predetermined black body radiation functions; and

correlate the phase-cut angles with the selected predetermined black body radiation

function.

9. The apparatus of claim 1 wherein the at least one controller is further configured

receive data that modifies the predetermined black body radiation function; and
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correlate the phase-cut angles with the modified predetermined black body radiation

function.

10.  The apparatus of claim 1 wherein the predetermined black body radiation function
comprises a curve that approximates a black body radiation curve of an incandescent bulb from

approximately 5,000 Kelvin to 1,500 Kelvin.

11.  The apparatus of claim 1 wherein each of the dimming level signals is within one
of multiple ranges of dimming level signals, and each range of diming level signals correlates

with one combination of the first, second, and third LED drive current levels.

12.  The apparatus of claim 1 further comprising a memory coupled to the controller,
wherein the predetermined black body radiation function is represented by a map that correlates
dimming level signal values to at least first and second LED drive current levels, the memory
stores the map, and to correlate the dimming level signal with the at least first and second LED

drive current levels, the controller is configured to:

retrieve data from the map in the memory that corresponds to the dimming level signal

values.

13.  The apparatus of claim 1 further comprising a memory coupled to the controller,
wherein the predetermined black body radiation function is represented by an algorithm stored in
the memory, and to correlate the dimming level signal values to at least first and second LED

drive current levels, the controller is configured to:

calculate the at least first and second LED drive current levels using the dimming signal

level and the predetermined black body radiation function.

14.  The apparatus of claim 1 wherein the first LED emitter includes a first LED and
also includes a lumiphor, and light exiting the first LED emitter is emitted by the LED with a
first dominant wavelength corresponding to a first color and by the lumiphor with a second

dominant wavelength corresponding to a second color.
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15. The apparatus of claim 1 wherein to control the color of mixed light emitted from

the at least two LED emitters further comprises to:

apply the predetermined black body radiation function to correlate the dimming level

signal with two or more LED drive current levels.

16. The apparatus of claim 1 wherein a first of the LED emitters includes a first LED
and a second LED, a second of the LED emitters includes a third LED and a fourth LED, a third
of the LED emitters includes a fifth LED, and to control the color of mixed light emitted from

the at least two LED emitters further comprises to:

control a first LED drive current to the first LED and the second LED, wherein the first

LED emits a red color and the fourth LED emits a red-orange color;

control a second LED drive current to the third LED and the fourth LED, wherein the
first LED emits an orange-yellow color and the fourth LED emits a yellow color;

and

control a third LED drive current to the fifth LED, and the fifth LED is a blue LED that
emits a blue color and also includes a lumiphor that converts part of the blue color

emission from the blue LED to a green color.

17.  The apparatus of claim 1 wherein the predetermined black body radiation function

1s non-linear.

18.  The apparatus of claim 1 wherein a plurality of the phase-cut angles each
correspond to different correlated color temperatures of the predetermined black body radiation

function.

19. An method comprising:

receiving a phase- cut dimming level signal; and
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controlling a color of mixed light emitted from at least two light emitting diode (“LED”)
emitters by responding to phase-cut angles of the dimming signal and correlating
the phase-cut angles with a predetermined black body radiation function to
dynamically adjust a color spectra of the mixed light in response to changes in
phase cut angles of the phase-cut dimming level signal, wherein during operation
the LED emitters, the LED emitters emit light having at least three dominant

wavelengths representing at least three different colors.

20.  The method of claim 19 wherein controlling the color of mixed light emitted from

the at least two LED emitters further comprises:

applying a predetermined black body radiation function to correlate the dimming level

signal with at least first and second LED drive current levels;

controlling a first LED drive current to a first LED emitter corresponding to the first LED

drive current level; and

controlling a second LED drive current to a second LED emitter corresponding to the

second LED drive current level.

21. The method of claim 20 further comprising;:

applying the predetermined black body radiation function to correlate the dimming level

signal with a third LED drive current levels; and

controlling a third LED drive current to a third LED emitter corresponding to the third
LED drive current level, wherein during operation the first, second, and third
LED emitters emit light having respective dominant wavelengths representing at

least three different colors.

22.  The method of claim 21 wherein each dimming level signal correlates with one

combination of the first, second, and third LED drive current levels.
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23. The method of claim 20 further comprising;:

respond to changes in the dimming level signal by applying the predetermined black
body radiation function to re-correlate the dimming level signal with revised at

least first and second LED drive current levels.

24. The method of claim 20 further comprising;:

receiving a selection of one or multiple predetermined black body radiation functions;

and

applying the selected predetermined black body radiation function correlate the dimming

level signal with at least the first and second LED drive current levels.

25.  The method of claim 20 further comprising:
receiving data that modifies the predetermined black body radiation function; and

applying the modified predetermined black body radiation function to correlate the

dimming level signal with at least the first and second LED drive current levels.

26. The method of claim 19 further comprising;:

receiving a selection of one or multiple predetermined black body radiation functions;

and

correlating the phase-cut angles with the selected predetermined black body radiation

function.

27.  The method of claim 19 further comprising:
receiving data that modifies the predetermined black body radiation function; and

correlating the phase-cut angles with the modified predetermined black body radiation

function.
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28.  The method of claim 19 wherein the predetermined black body radiation function
comprises a curve that approximates a black body radiation curve of an incandescent bulb from

approximately 5,000 Kelvin to 1,500 Kelvin.

29.  The method of claim 19 wherein each of the dimming level signals is within one
of multiple ranges of dimming level signals, and each range of diming level signals correlates

with one combination of the first, second, and third LED drive current levels.

30.  The method of claim 19 wherein the predetermined black body radiation function
is represented by a map that correlates dimming level signal values to at least first and second
LED drive current levels, a memory stores the map, and correlating the phase-cut angles with a

predetermined black body radiation function comprises:

retrieving data from the map in the memory that corresponds to the dimming level signal

values.

31.  The method of claim 19 wherein the predetermined black body radiation function
is represented by an algorithm stored in a memory, and correlating the phase-cut angles with a

predetermined black body radiation function comprises:

calculating at least first and second LED drive current levels using the dimming signal

level and the predetermined black body radiation function.

32.  The method of claim 19 wherein the first LED emitter includes a first LED and
also includes a lumiphor, and light exiting the first LED emitter is emitted by the LED with a
first dominant wavelength corresponding to a first color and by the lumiphor with a second

dominant wavelength corresponding to a second color.
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33.  The method of claim 19 wherein to control the color of mixed light emitted from

the at least two LED emitters further comprises to:

apply the predetermined black body radiation function to correlate the dimming level

signal with two or more LED drive current levels.

34, The method of claim 19 wherein a first of the LED emitters includes a first LED
and a second LED, a second of the LED emitters includes a third LED and a fourth LED, a third
of the LED emitters includes a fifth LED, and to control the color of mixed light emitted from

the at least two LED emitters further comprises to:

control a first LED drive current to the first LED and the second LED, wherein the first

LED emits a red color and the fourth LED emits a red-orange color;

control a second LED drive current to the third LED and the fourth LED, wherein the
first LED emits an orange-yellow color and the fourth LED emits a yellow color;

and

control a third LED drive current to the fifth LED, and the fifth LED is a blue LED that
emits a blue color and also includes a lumiphor that converts part of the blue color

emission from the blue LED to a green color.

35.  The method of claim 19 wherein the predetermined black body radiation function

1s non-linear.

36.  The method of claim 19 wherein a plurality of the phase-cut angles each
correspond to different correlated color temperatures of the predetermined black body radiation

function.

37. A lighting system comprising:

a switching power converter;
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at least two light emitting diode (“LED”) emitters; and
a controller configured to:
receive a phase- cut dimming level signal; and

control a color of mixed light emitted from the at least two LED emitters by
responding to phase-cut angles of the dimming signal and correlating the
phase-cut angles with a predetermined black body radiation function to
dynamically adjust a color spectra of the mixed light in response to
changes in phase cut angles of the phase-cut dimming level signal,
wherein during operation the LED emitters, the LED emitters emit light
having at least three dominant wavelengths representing at least three

different colors.
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