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(57) Abstract: Apparatus for controlling an RBG based LED lu-
minary which measures the output signals of filtered photodiodes
and unfiltered photodiodes and correlates these values to chro-
maticity coordinates for each of the red, green and blue LEDs of
the luminary. Forward currents driving the LED luminary are ad-
justed in accordance with differences between the chromaticity
coordinates of each of the red, green and blue LEDs and chro-
maticity coordinates of a desired mixed color light.
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LED CONTROL APPARATUS

The present invention relates to RGB based LED luminaries, and more
particularly, to an apparatus for controlling an RGB based LED luminary, in which the LED
luminary is adjusted according to measured differences in wavelengths between the actual
wavelengths output by each LED and a desired wavelength of each LED so that the LED

luminary generates a desired color and lighting level.

As well known in the art, red, green and blue (RGB) light emitting diode
(LED) based luminaries generate various colors of light which when properly combined
produce white light. RGB LED based luminaries are widely used in applications such as, for
example, LCD back lighting, commercial-freezer lighting and white light illumination.
Tllumination by LED based luminaries presents difficult issues because the optical
characteristics of individual RGB LEDs vary with temperature, forward current, and aging.
In addition, the characteristics of the individual LEDs vary significantly batch-to-batch for
the same LED fabrication process and from manufacturer to manufacturer. Therefore, the
quality of the light produced by RGB based LED luminaries can vary significantly and the
desired color and the required lighting level of the white light cannot be obtained without a
suitable feedback system.

One known system for controlling an RGB LED white luminary uses a lumen-
feedback temperature-feed-forward control system which controls a white LED luminary so
as to provide a constant color light with a fixed lumen output. The temperature-feed- forward
control system provides compensation for variations in the color temperature and supplies the
reference lumens. The lumen feedback control system regulates each RGB LED lumens to
the reference lumens. This type of control system requires the characterization of each type
of LED with changes in temperature, which requires a costly factory calibration. In addition,
this control system also requires that the LEDs be briefly turned off for light measurements.
The turning-off of the LED light sources introduces flicker to the light source. Therefore the
power supplies must have a relatively fast response time. In addition, a PWM (pulse-width-

modulation) driving method is required to overcome the LED variations with forward
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current. With the PWM control, the implementation becomes complex and, in addition, the
LEDs are not utilized to their full capacity.

Another known prior art system compares the feedback tristimulus values
(x,y,L) of the mixed output light of the RGB based LED luminary with tristimulus values
representative of the desired light, and adjusts the forward currents of the LED luminary in
such a way that the difference in tristimulas values is decreased to zero. The system control
includes a feedback unit including photodiodes which generate the feedback tristimulus
values of the LED luminary, and a controller for acquiring a difference between the feedback
tristimulus values and the desired reference tristimulus values. The system generates control
voltages which adjust the forward currents of the LED luminary so that the difference in
tristimulus values is decreased to zero.

The tristimulus values under comparison may be either under the CIE 1931
tristimulus system or under a new RGB colorimetric system. In either case, the control of the
luminary tracks the reference tristimulus values. Thus, under a steady-state where the
feedback tristimulus values follow the desired reference tristimulus values, the light produced
by the LED luminary has the desired target color temperature and lumen output, which are
regulated to the target values regardless of variations in junction temperature, forward current
and aging of the LEDs.

The efficiency and accuracy of these prior art methods depend on their ability
to sense both the CIE chromaticity coordinates as well as the luminous intensity L of the
white color point. There exists a need in the art for a system and method of controlling RGB
based LED luminaries which is not dependent upon sensing CIE chromaticity coordinates as

well as the luminous intensity L of the white color point.

It is an object of the present invention to overcome disadvantages of the prior
art systems and methods of controlling an RGB based LED luminary.

In accordance with one form of the present invention, an LED luminary
control system including red, green and blue (RGB) light emitting diodes (LEDs) driven by
forward currents to produce a mixed color light includes the steps of:

measuring an output signal of a filtered photodiode for each of the red, green
and blue LEDs of the LED luminary;

measuring an output signal of an unfiltered photodiode for each of the red,
green and blue LEDs of the LED luminary;
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calculating a photodiode output signal ratio by dividing the output signal for
the filtered photodiode with the output signal of the unfiltered photodiode for each of the red,
green and blue LEDs;

utilizing the photodiode output signal ratio to determine the chromaticity
coordinates for each of the red, green and blue LEDs; and

adjusting the forward currents for each of the red, green and blue LEDs to
produce a desired color light.

In accordance with another form of the present invention, an LED luminary
control system including red, green and blue (RGB) light emitting diodes (LEDs) driven by
forward currents to produce a mixed color light includes:

a feedback unit which generates feedback values representative of the mixed
color light produced by said LED luminary, said feedback values corresponding to output
signals of a photodiode; and

a controller which acquires a difference between said feedback values and
reference values representative of a desired mixed color light, said controller adjusting said
forward currents in accordance with said difference.

These and other objects, features and advantages of the present invention will
become apparent from the following detailed description of illustrative embodiments, which

is to be read in connection with the accompanying drawings.

Fig. 1 is a schematic diagram of a RGB based LED luminary including the
sensing apparatus in accordance with the present invention; and
Fig. 2 is a flow chart illustrating the control method in accordance with the

present invention.

RGB LEDs can be used to make white light. This is not new. The same
principle is used in fluorescent tube lighting and TV, both of which are based on phosphor
emission instead of illumination of LEDs. In the field of colorimetry, colors are quantified by
chromaticity coordinates, of which the most widely used are the CIE (Commission
Internationale de I’Eclairage) 1931 (x,y,L) chromaticity coordinates. Here the combination of

x and y define the color and L defines the brightness, i.e. luminosity, of the light. This system
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4
is based on the response of the eye of the average observer and is the internationally accepted
standard.

The consistent generation of good quality white light is primarily based on
making lamps with near identical chromaticity coordinates. In other words, for a lamp
manufacturer it is important that every lamp of a specific kind be visually identical for the
user/observer. In the case of fluorescent tube lighting this is achieved by mixing the different
colored phosphor powders in appropriate proportions. This is a simple procedure and
achieves near identical fluorescent tubes. For the manufacture of RGB LED luminaries this is
not as simple. In the first instance, it would be said that one needs to figure out only once
what the appropriate driving currents of the separate RGB LEDs need to be in order to
achieve the desired color light (white point). This would be true if all LEDs of a particular
color are identical. However, this is not the case. In the manufacture of LEDs, significant
differences in physical properties and performance of each LED are unavoidable. For
example, the efficiency of various green LEDs from a manufacturing lot can vary
significantly, sometimes by at least a factor of two. Using such LEDs without taking into
account the variability in performance would lead to inconsistent product performance due to
the large variation in white point (from purple-white light to green-white light) between the
various lamps in which these LEDs are used. This problem needs to be solved.

A common solution to this problem is achieved by binning LEDs. That is
measuring the relevant physical properties of every LED, labeling them, and making products
with selected combinations of LEDs. Besides the fact that this method is a logistical
nightmare (i.e., it is very expensive), this approach will not solve all problems. After
fabrication of the lamp, the properties of LEDs change (this is called ageing of LEDs) which
leads to variation in the color point after some time. The only way to ensure a consistent
color point from manufacture through the usable life of the lamp is to constantly measure the
color point for the entire lifetime of the lamp, and adjust the driving currents (or pulse width
modulation duty cycles) correspondingly to achieve and maintain the desired white point.
The present invention discloses one method of measuring and controlling the color point of
an RGB LED based luminary, using signals from filtered and unfiltered photodiodes.

Referring now to Fig. 1 of the drawings, the apparatus for sensing the color
point of an RGB LED white luminary using three edge filtered photodiodes in combination
with an unfiltered photodiode is shown. The system includes a white LED luminary 10, a

feedback unit 20 and a controller 30. As an exemplary embodiment, a white LED luminary
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10 is described herein, but it shall be appreciated that the present invention is applicable to
any other color LED luminary.

The white LED luminary 10 includes red, green and blue (RGB) LED light
sources 11R, 11G and 11B, optical assembly and heat sink 12, and power supply 13 with
three independent red, green and blue drivers 14R, 14G and 14B. Each LED light source is
made of a plurality of LEDs with similar electrical and optical characteristics, which are
connected in proper series and parallel combinations to make a light source as known in the
art. The LEDs are mounted on the heat sink and their arrangement in the heat sink is subject
to the application of the white LED luminary 10 such as back lighting and white light
illumination for freezers. Depending on the application, proper optics is used to mix the light
optics of the RGB LED light sources 11R, 11G, 11B to produce the white light.

The LED light sources 11R, 11G, 11B are driven by a power supply 13 which
includes three independent drivers 14R, 14G, 14B for the RGB LED light sources. The
power supply and drivers for the LED light sources are based on suitable AC-to-DC, DC/DC
converter topologies. The RGB LED drivers receive LED forward current reference signals
in the form of the control voltages Vcrrer, Vea-rer and Vep-rer from the controller 30 and
supply the necessary control voltages and/or forward currents to the RGB LED light sources.
The LED drivers contain current feedback and suitable current controlling systems, which
make the LED forward currents follow their references. Here the control voltages Vcr-rer,
Vearer, and Vev.rer are the references to the current controlling systems for the respective
forward currents that drive the LED light sources.

In the preferred embodiment the feedback unit 20 includes three filtered
photodiodes 21R, 21G, 21B and an unfiltered photodiode 22. The feedback unit includes the
necessary amplifier and signal conversion circuits to convert the output signals of the filtered
and unfiltered photodiodes to an electrical signal that can be used by the controller 30. The
filtered and unfiltered photodiodes are mounted in a suitable place inside the optical
assembly 12 in such a way that the photodiodes receive sufficient mixed light from the LED
light sources 11R, 11G, 11B. Therefore, the corresponding photocurrents are higher than the
noise levels and can be distinguished from any noise (other light). The photodiodes are also
shielded such that stray and ambient light are not measured by the photodiodes. The details of
the placement of the photodiodes are specific to the application. The amplifier and signal
conversion circuits convert the photocurrents to voltage signals with proper amplifications.

The controller 30 includes a user interface 31, a reference generator 32 and a

control function circuit 33 for implementing control functions. The controller 30 can be in
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either analog or digital form. In the preferred embodiment the controller is in digital form
using a microprocessor and/or microcontroller. The user interface 31 obtains the desired
white color point and the lumen output of the light desired by the user and converts these
inputs into appropriate electrical signals, which are provided to the reference generator 32
which correlates the electrical signals to chromaticity coordinates of the desired white color
print. The chromaticity coordinates are provided to controller 33 along the feedback signals
from the feedback unit 20 as explained below.

The controller 30 contains the necessary control function unit 33 to track and
control the light produced by the white LED luminary 10. The output of the user interface 31,
which provides the desired color and lumen output for the white light are provided to the
reference generator 32, which, based on the user input signals, derives the necessary
chromaticity coordinates which are provided to the control function unit 33. The feedback
signals for the control function unit 33 are derived from the output of the feedback unit 20.
The feedback signals are provided to the control function unit which determines a difference
between the chromaticity coordinates of the RGB LEDs of the white LED luminary (based
on the output of the photodiodes) and the chromaticity coordinates of the desired color light
provided by the reference generator. The controller provides the necessary control voltages
Verrer, Voorer, Ves-rer for the power supply 13 and LED drivers 14R, 14G, 14B based on
the analysis of the feedback signals (explained below) which in turn changes the forward
current of the LED light sources to provide the desired color light. The feedback preferably
continues for the life of the luminary to provide a consistent color point for the life of the
luminary.

The method of controlling an LED luminary including red, green and blue
(RGB) light emitting diodes (LEDs) driven by forward current to produce a color light will
now be described. It should be mentioned that initially the chromaticity coordinates for a
plurality of desired color points must be provided to the reference generator so that when a
user inputs a desired color light, the corresponding coordinates can be supplied to the control
function unit. Moreover, a LUT for each red, green and blue LED of the type employed in the
luminary must be stored, preferably in a memory internal to the controller unit, to correlate
the measured feedback signals provided by the feedback unit 20 to estimate chromaticity
coordinates for the red, green and blue LEDs being used in the luminary.

In a preferred embodiment one look-up table is generated for each type of
LED (that is, one lookup table for the red LED, one lookup table for the green LED and one
lookup table for the blue LED). The lookup table is generated by measuring the output signal
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(F) of an edge filtered photodiode and the output signal (A) of an unfiltered photodiode for
each group of LED. In addition, the chromaticity coordinates x and y, and the luminous
efficacy E, which define the characteristics of the LED are also measured. The luminous
efficacy is obtained by dividing the measured luminosity (obtained from a spectrometer) by
the unfiltered photodiode output signal (i.e., E=L/A). Based on the measurements for a
plurality of LEDs, a relationship is determined between the ratio (F/A) of the output signal
(F) of the filtered photodiode to the output signal (A) of the unfiltered photodiode, the
chromaticity coordinates x and y, and the luminous efficacy E.

After the lookup tables are generated, they are stored in memory for access by
the control function circuit 33. If the lookup tables have been previously generated by the
manufacture of the LEDs, the information can be downloaded into the system memory.

Referring to Fig. 2, the method of controlling an LED luminary is shown. The
method includes measuring the filtered and unfiltered photodiode output signals after the
white LED luminary is operated (Step 100). As mentioned previously, in the preferred
embodiment three separate filtered photodiodes used. One filtered photodiode 21R measures
the output of the red LEDs, one filtered photodiode 21G measures the output of the green
LEDs, and one filtered photodiode 21B measures the output of the blue LEDs. The apparatus
also includes one unfiltered photodiode which is used to measure the unfiltered output of the
red, green and blue LEDs. The unfiltered photodiode output signal of the red, green and blue
LEDs is accomplished in the preferred embodiment with a single photodiode by alternatively
turning off two of the three LEDs so that only the output of the one currently operating LED
is measured. That is, to measure the unfiltered photodiode output signal for the red LED, the
green and blue LEDs are momentarily turned off, to measure the unfiltered photodiode output
signal for the green LED, the red and blue LEDs are turned off, and to measure the unfiltered
photodiode output signal for the blue LED, the red and green LEDs are turned off.

The output signals of the filtered (F) and unfiltered (A) photodiodes are
provided to the control function circuit 33 which generates a photodiode output signal ratio
(F/A) by dividing the output signal for the filtered photodiode with the output signal (A) of
the unfiltered photodiode for each of the red, green and blue LEDs (Step 105). The
photodiode output signal ratio for each of the red, green and blue LEDs is then compared to
the corresponding red, green and blue look-up tables stored in the control function circuit
(Step 110). From the look-up table, and based upon the photodiode output signal ratio for the
red, green and blue LEDs, the chromaticity coordinates (Xyur, Yrur) and the luminous

efficacy (Epur) for the red, green and blue LEDs is obtained.
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Thereafter, the best estimate for the actual color point (x, y and L) of the red,
green and blue LEDs of the luminary are obtained (Step 115). The best estimate for the x and
y chromaticity coordinates correspond to the x and y coordinates from the corresponding
lookup table. The luminosity of each of the red, green and blue LEDs is calculated by
multiplying the luminous efficacy (Eput) by the measured unfiltered photodiode output signal
(A) obtained from the feedback unit 20. The estimate of the color point of the white LED
luminary is then compared to see if it is different from that of the desired color point input by
the user through user interface 31 (Step 120). If a difference exists, and based on the best
estimate of the current color point for the red, green and blue LEDs of the white LED
luminary, the output of each of the LEDs is modified to generate the desired white color
point (the color point provided by the user through user interface 31) (Step 125). That is,
based on the estimated color points, the controller generates the control voltages and forward
currents (using standard color mixing) which are provided to the LED drivers to modify the
output of the red, green and blue LEDs to provide the desired white light input by the user.

The present invention is advantageous in that the method does not require a
factory calibration to obtain the temperature related characteristic of the LEDs. In addition, it
overcomes the batch-to-batch variations in the IEDs, which can lead to significant cost
reduction due to the use of any LED in a batch.

Although illustrative embodiments of the present invention have been
described herein with reference to the accompanying drawings, it is to be understood that the
invention is not limited to these precise embodiments, and that various other changes and
modifications may be effected therein by one of ordinary skill in the art without departing
from the scope or spirit of the invention. For example, instead of using three filtered
photodiodes and one unfiltered photodiode, one photodiode could be used with a rotating
color wheel to generate the necessary filtered and unfiltered photodiode output signals.
Moreover, instead of one unfiltered photodiode, three separate unfiltered photodiodes could

be employed, respectively corresponding to the RGB LEDs.
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CLAIMS:

1. An LED luminary control system (10) including red, green and blue (RGB)
light emitting diodes (LEDs) (11R, 11G, 11B) driven by forward currents to produce a mixed
color light, comprising:

a feedback unit (20) which generates feedback values representative of the
mixed color light produced by said LED luminary (10), said feedback values corresponding
to output signals of a photodiode (21, 22); and

a controller (30) operatively coupled to said feedback unit (20) which
determines a difference between said feedback values and reference values representative of
a desired mixed color light, said controller adjusting at least one of control voltages and

forward currents in accordance with said difference.

2. The LED luminary control system according to claim 1 wherein said feedback

unit comprises a filtered photodiode (21) and an unfiltered photodiode (22).

3. The LED luminary control system according to claim 2 wherein said filtered
photodiode (21) corresponds to an edge-filtered photodiode and wherein the edge filtered
photodiode comprises an optical colored glass filter which transmits long wavelengths of
light and absorbs short wavelengths of light and having a small wavelength transition region

centered around a cut-off wavelength.

4, The LED luminary control system according to claim 3 wherein cut-off
wavelengths for each of the filtered photodiodes for said red, green and blue LEDs are
610nm, 530nm and 470nm respectively.

5. The LED luminary control system according to claim 1 wherein said feedback
unit further comprises an amplifier and signal conversion circuitry for converting output

photocurrents of said photodiode to voltage signals.
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6. The LED luminary control system according to claim 1 wherein said feedback

unit further comprises means for providing said feedback values to said controller.

7. The LED luminary control system according to claim 1 further comprising a
user interface (31) operatively coupled to said controller (30) for a user to select said desired

mixed color light.

8. The LED luminary control system according to claim 7 further comprising a
memory (32) operatively coupled to said controller for storing and providing to said

controller reference values representative of said desired mixed color light.

9. The LED luminary control system according to claim 1 wherein said reference
values correspond to chromaticity coordinates of the CIE 1931 chromaticity coordinate

system.

10. The LED luminary control system according to claim 1 wherein said reference

values correspond to chromaticity coordinates in a new RGB colorimetric system.

11. The LED luminary control system according to claim 1 further comprising a
voltage generator (33) operatively coupled to said controller (30) which generates a control
voltage in accordance to said difference between said feedback values and said reference
values, said controller applying said control voltage to LED drivers (14R, 14G, 14B) for each
of the red, green and blue LEDs (11R, 11G, 11B) of said LED luminary (10) so as to adjust

forward currents for each of the red, green, blue LEDs to produce the desired color light.

12. The LED luminary control system according to claim 1 wherein said controller

comprises analog circuitry.

13. The LED luminary control system according to claim 1 wherein said controller

comprises digital circuitry.

14. The LED luminary control system according to claim 1 further comprising a
memory (32) operatively coupled to the controller for pre-storing a plurality of desired mixed

color lights that a user may select.
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15. The LED luminary control system according to claim 1 wherein said feedback
unit comprises further comprising first, second and third filtered photodiodes (R;, Gp, Bp)
respectively corresponding to said red, green and blue LEDs (11R, 11G, 11B), and an
unfiltered photodiode (22).

16. The LED luminary control system according to claim 15 wherein said
feedback unit (20) measures an output signal of said first, second and third photodiodes (R,
Gy, B;) and an output of said unfiltered photodiode (22) for each of said red, green and blue
LEDs (11R, 11G, 11B); and

said controller (30) calculates a photodiode output signal ratio by dividing
filtered photodiode output signals for said red, green and blue LEDs with unfiltered
photodiode output signals for said red, green and blue LEDs respectively, utilizes the
photodiode output signal ratio to determine chromaticity coordinates for each of the red,
green and blue LEDs, and adjusts forward currents for each of the red, green and blue LEDs

to produce the desired mixed color light.

17. The LED luminary control system according to claim 16 wherein said
controller determines the chromaticity coordinates for each of the red, green and blue LEDs
by accessing a look-up table which includes a relationship between the photodiode output
signal ratio and the chromaticity coordinates for each of the red, green and blue LEDs.
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