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Abstract—The rapid improvement of the white light efficacy ! ; ; ‘ ; +InGaN LEDs
achievable with light-emitting diodes (LEDs) opens up new oppor- ] ; | 1 ; O AlInGaP LEDs
tunities in the general illumination market. An LED light source 1 656nm
made of red, green, and blue LEDs (RGB-LEDSs) can provide the ‘
unique feature of color variability, allowing the user to select the /
desired color point of the lamp. The white light color accuracy re-
quired in the general illumination market is a challenge for LEDs.
The variation in lumen output and wavelength for nominally iden-
tical LEDs and the change in these parameters with temperature
and time result in an unacceptably high variability in the color
point of white light from RGB-LEDs.

In this paper, we show that these problems can be overcome with
suitable feedback control schemes that can be implemented in a

.....................................................

practical LED lamp. We present results of experiment and theo- 0 e
retical modeling that shows the performance that can be achieved 0 0.1 02 0.3 0.4 0.5 0.6
with a number of different control schemes. ‘ ’ Tu i ’
Index Terms—Color accuracy, feedback control, light-emitting Fig. 1. The 1964 CIEu, v) coordinate system showing the coordinates of
diodes, white light illumination. InGaN and AlinGaP LEDs. Also shown is the blackbody line over a range of

color temperatures from 2000 K to 10000 K.

|. INTRODUCTION A key challenge for RGB-LEDs is to maintain the desired white
HE RAPID development of light-emitting diodes (LEDs)pOint within acceptable tolerances. This arises from the signif-

over the last few years has opened up new opportunitiesf‘fémt spread in lumen output and wavelength of manufactured

the general illumination market [1]. The efficacy of white Iigh{‘ Ds, and the changes in LED characteristics that occur with

from LEDS is now over 20 Im/W, which already exceeds thdgmperature and time. Maintaining the desired white point can
' nly be achieved with feedback schemes to control the relative

of incandescent lamps [2]. By 2005, it is forecast that LED efNybea Lo
ficacy will reach 50 Im/W [3], which approaches that of COmg:ontrlbutlons of red, green, and blue to the white light.
pact fluorescent lamps. In addition, higher power packages are
becoming available that enable compact lighting systems with
LEDs. However, additional challenges remain. The general illu- It is well known that red, green, and blue LEDs can be com-
mination market has strict requirements on the quality of whiténed to produce white light. This can be represented on a chro-
light—lamps of the same type must all appear to have the samaticity diagram. The most common chromaticity diagram is
color point. In this paper, we discuss these requirements, thettee CIE 1931 coordinate systgmy) [5]. However, the just no-
sues with LEDs that make these requirements a challenge, éindable color difference is not a constant length axgspace.
how to meet these requirements. By applying a linear transformation a new coordinate space can
There are several approaches using LEDs to achieve white generated where the just noticeable color difference is ap-
light [4]. One approach is to use a blue or UV LED to excite ongroximately uniform. A number of such transformations exist.
or more phosphors to give white light. In this paper, we focus d¥or the purposes of this paper we use the CIE 1960 UCS system
the use of red, green, and blue LEDs (RGB-LEDs) to produ¢ev), as shown in Fig. 1. By combining three different color
white light. The advantages of RGB-LEDs are that they pr&EDs, it is possible to produce any color poit.(v) coordi-
vide a light source that can have a variable color point, and theate) that lies within the triangle formed by tle, v) coordi-
oretically can provide the highest efficiency LED-based whiteates of the three LEDs. In almost all white light illumination
light. The ability to change the color point of the lamp provideapplications, the resultant color point must lie on, or very close
a new feature to general illumination that has the potential to the locus of points that follows the line of a black-body radi-
generate new applications and hence new market opportunite®er (shown in Fig. 1). An incandescent lamp has a black-body
temperature of approximately 2700 K. Most fluorescent lamps
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TABLE | 0.025 1—
VALUES OF COLOR RENDERING INDEX BN o Red
(R.) REQUIRED FOR A NUMBER OF 0.020 7=~
ILLUMINATION APPLICATIONS 1 N .
5 0015 3 > -
Indoor retail R, 90+ 2 0.010 1 \a‘xT_Green e r
Indoor office / home R, 80 ' Eﬁilue e, e -
Indoor work area R, 60 0.005 J ‘\ 4';;. v, £ ——
Outdoor pedestrian area R, 60+ ] A
Outd Tilluminati R, 40 0.000 "+t
urcoor general Luinalion - 07 08 09 10 11 12 13

Fractional Flux Variation

TABLE I Fig. 2. The calculated shift in theu, v) color coordinates as a result of a
VALUES OF COLOR RENDERING INDEX (R ) THAT CAN BE ACHIEVED change in the flux of the red, green, or blue LEDs in an RGB-LED.
WITH THE COMBINATION OF TwO, THREE, AND FOUR

DIFFERENT WAVELENGTH LEDS.

pends upon the application. To quantify the color error of a light

>00nm + 595nm R, 40 source, we introduce the quantiywv where

470nm + 540nm + 610nm R. 80+

465nm + 535nm + 590nm + 625nm | R, 90+ A = (1 — uo)? + (v — v,)%)°

(u,v) being the color coordinates of the light source, and
%,UO) are the required color coordinates. This is simply the
istance in(u, v) color space of the lamp from the desired color

A red objectilluminated with light that is drastically deficient in
red will appear black. The lighting industry uses a standard col

rendering indexR,, ) to determine the color rendition properties” ", X X
9 XFe) brop I;Hnt (see Fig. 1). As a point of reference, fluorescent tubes are

of a light source. Itis based on the components of eight stand® o s - . .
spectra in the white light source as comparedto a black—bodyi’J ually specified to be withishuv = 0.003 of their designed

diator with the same color temperature as the light source. Thﬁg!orApomt_. ?)OOTe d|§charge Iargpj have Iargert dbelw?atlons of
an incandescent lamp has &g value of 100. Typical fluores- overauv = 9.9., and are regarded as uhacceptable Dy some

cent lamps used in offices have & of 80. The requirecR, customers. As we will show below, the demands on color

L : . reproducibility of the general illumination market provides a
?/nal.lrj:b?:?ends upon the application. Typical examples are glV;gellg\?/ere challenge for RGB-LEDs. Color point reproducibility is

Iso a severe challenge for most approaches to phosphor-LEDs.

The |II_um|nat|0_n Of.QOOdS inaretail sto_re |s_typ|callythe mo_s;‘f\‘lo phosphor-LEDs on the market today meet the color point
demanding application for color rendering index. The precise L . . L
grodumblllty requirements of the general illumination market.

requirements depend upon the goods being displayed. As th
goods on display are changed, different color points may be de-
sired. With conventional light sources, this means that the lamp lll. THE COLOR STABILITY OF RGB-LEDs
has to be changed. RGB-LEDs will allow the desired color point Conventional light sources (fluorescent, incandescent, etc)
to be achieved simply by adjusting the ratio of RGB illuminaean be manufactured very reproducibly such that the lumen
tion. Typical indoor living space is illuminated with sources thasutput and color points are highly consistent (a few percent
have ank,, of 80. The color temperature can vary from 2700 Kn flux and aAuw of less than 0.003). As a result, the general
with incandescent lamps, to the 4000 K typically used in officéumination market has grown to expect this level of consis-
with fluorescent lighting. RGB-LEDs will allow one lamp totency. The manufacturing process for LEDs, on the other hand,
provide a range of color temperatures. General outdoor illuntlees not provide this level of consistency. Nominally identical
nation such as street lighting puts the lowest demands on cdl®Ds can vary in light output by over a factor of two, and the
rendering withR, of 40 or less being common. wavelength can vary by many nanometers. Lumen output and
The R, that can be achieved with LEDs depends on the whiteavelength also change with temperature [6] and lumen output
spectrum. The white spectrum is made up of the individual LEEhanges over time in a way that cannot be accurately predicted.
spectra, and thus, depends on the wavelengths selected, and tiese factors all influence the color point that is obtained by
number of different wavelength LEDs used to make white lightnixing the light from a combination of different wavelength
Table Il shows theR, values that can be achieved with the.EDs. We now discuss the quantitative effect of these LED
mixing of two, three, and four different wavelength LEDs.  characteristics based on white light from RGB-LEDs.
RGB-LEDs can achieve the requiré, values provided that  The largest impact on color point of RGB-LEDs comes from
the correct LED wavelengths are selected. Most applications adranges in light output of the individual LEDs. This can be as
be addressed by the selection of three different wavelengthsa result of aging, or from the initial spread in the performance
A major requirement of many illumination applications is thabf the LEDs used in the lamp. Fig. 2 shows a calculation of the
the light source has the required color point (i(e.,v) coordi- color error that occurs if any one of the red, green, or blue com-
nate), and that it stays at its color point over time. It is vieweggbonents changes in intensity. At a color temperature of 3000 K, a
as unacceptable if all fluorescent lamps lighting in an officehange of less than 10% in intensity of either green or red moves
area are not the same color. This raises the question: whathis color point byA«v = 0.005, already outside the specifica-
the required specification? There is no single answer—it diéen of a fluorescent lamp. This is a very small intensity change
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0.36 1 3000K CCT electrical, or optical sensors. The output of these sensors is fed
] \ | to a feedback controller, which adjusts the current to the red,

0.35 | . \ L green, and blue LEDs to produce the desired white light output.
1 T=120° T=60"C 1=0°C In this section, we describe a number of different approaches
] 9 -g g | { = to feedback control: temperature feed-forward compensation,

> 0.34 1 OL oY P -0 \p— =0 flux feedback, combined temperature and flux control, and

] >< feedback of the color coordinates of the white light.
] Auvz0.005

033 ] / \ A. Temperature Feed Forward Compensation

0.32 2 _ I“TO'O"('CCT The simplest measurement to implement is temperature. It is

not practical to directly measure the junction temperature of the

LED, and therefore, the temperature of the heatsink on which

Fig. 3. The calculated shift ifu, o) u i ¢ an RGBLLED as th the LEDs are mounted is measured. Thus, only an indirect mea-
1. o. e calculated shift ifw, v) coordinates of an - as the H H H H

temperature is changed in increments of 2D. The RGB-LED has a color Sure_ of the junction temperature is made. As d'SCL_‘Ssed above,

temperature of 3500 K for a junction temperature oP€D the light flux and wavelength of an LED both vary with temper-

ature. If the color point is correct at an initial set temperature,
compared with the variability in nominally identical LEDs. Rel{h€n the white color point can be maintained as the temperature
ative changes over lifetime between the different LEDs can G8anges provided that the temperature dependence of the flux
far greater than 10%. and wavelength of each color LED is known. At each tempera-
Change in temperature of the LED pn junction leads {yre the required fluxes of the red, green, and blue LEDs must
changes in light output, wavelength and spectral width. Thele calculated based on the qalculated wavelengths for that tem-
all influence the resulting color point of the RGB-LED. ThigP€rature. The currents required to produce tha}t qu>.< must also
is illustrated in Fig. 3, which shows the calculated change Rf calculated for each color LED. A problem with this method
color point on the(u,v) plane as the temperature change%f compensation is that the temperature dependence of the flux
in increments of 20C. The system is set to be on the blacR"d wavelength are not precisely known. These LED param-
body locus at a junction temperature of 60, with a color eters have a significant distribution just as the efficiency and
temperature of 3500 K. The calculation is based on typic\gpvelength do (see Section IlIl). This introduces significant er-

temperature coefficients of the LEDs. A shift in temperatuf@S in the resulting white color point. An additional problem
of only 10 °C moves the color point bjAuv = 0.005. The with this simple compensation scheme isthat it does not correct

021 022 023 024 025 026 027

largest contribution to this shift is the reduction of light outpuf°” changes in LED flux with time. Given the variability in the
of the red LED as the temperature increases. As a result, ading characterlstl_cs of LEDs, adding a simple correcuon.based
color point moves toward the blue-green. The red LEDs (81 hours of operation would not adequately address the issue.
any AlinGaP-based LED), typically reduces its light output bé
10-15% for every 10C increase in temperature. If it wereB- Feedback Control of the LED Flux
possible to reduce the temperature sensitivity of the red LEDs,Photodiodes can be used to measure the LED flux of each
the stability of white light from RGB-LEDs with temperaturecolor component directly. The feedback controller simply has to
could be significantly improved. maintain the preset flux from each color component to roughly
In addition to the effects already discussed, the peak wavaaintain the white point. This can be done with a set of three
length of an LED also shifts with current. Thus, as the intephotodiodes, each photodiode placed to detect only a single
sity of RGB-LEDs is adjusted by changing the amplitude of theolor component. It is also possible to use pulsing techniques
drive current to each of the LEDs, the color point of the combguch that only a single photodiode is needed to monitor each of
nation will change. While this effect limits the accuracy of thene three color components. Feedback control of the fluxes of
color point, it is typically less critical than the effects shown iRach of the color components will correct for the LED aging and
Figs. 2 and 3. the variation of LED flux with temperature. This provides im-
Changes in light output and peak wavelength with tempggsroved white light control compared to that obtained with tem-
ature, and changes in light output over time mean that factqsgrature feed forward alone, and does correct for the aging of
calibrations will not be sufficient to produce a stable white lighthe LEDs. The disadvantage of this approach is that it does not
RGB-LED product. The large variability in the performance pazorrect for the shift in wavelength with temperature. Calculation
rameters of LEDs makes compensation schemes based on teiaws that temperature changes of°#0can result in a color
perature measurement and time inadequate. The problem gamt shift Auv of more than 0.005.
be solved with appropriate feedback schemes used to control
the color point. We now discuss how this can be done, and e Combined Temperature and Flux Feedback

performance those feedback schemes can achieve. An improved feedback control system can be achieved by

combining both temperature feed forward and flux feedback.

This has all the advantages of the flux feedback discussed above,
There are several measurable quantities that can be usecdafut uses the temperature feed forward to allow corrections to be

compensation and feedback control schemes using thernmagde for the shift in wavelength with temperature. This scheme

IV. FEEDBACK SCHEMES
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Reference Control Forward Heat sink
for Red voltage current - «O |
o LED e . Flyback 1 ptical
ﬁ% Compensation Controller | | LED | ) RED S 2 Rectifier converter Assembly
Z8 Db forcokr for Red Driver LEDs o] a f
£ § 2 - — Flyback | RGB
1 Photo 2 converter LEDs
Reference for Flyback
Green and Blue ™ converter
Fig. 4. Block diagram of a control system with temperature feed forward and Q°n“°1—> | g 8
LED light output feedback. signals Interface Current & g
Feedback “
. . . PWM ] .
still relies on knowing the temperature dependence of wave- User _,———, ] Amplifiers
. Input > DSP controller | < «— & interface
length on temperature, and thus suffers from the spread in LED TMS320F240

characteristics. Fig. 4 shows a block diagram of such a con- ) )
. . FI% 5. Schematic of an RGB-LED lamp with feedback control system.

trol system. The compensation system supplies reference red,

green, and blue light outputs as a function of temperature to

three independent single-input-single-output (SISO) feedbaotnducting epoxy. A single temperature sensor (LM35 from Na-

controllers, which regulate the RGB-LED light outputs to th§onal Semiconductors) is used to measure the temperature of

reference values. the heat sink. The heatsink has a heater on it so that the tem-
perature can be varied. A single Si photodiode (VTB113 from
D. Feedback of the Color Coordinates EG&G) is used to measure the light output from the red, green,

and blue LEDs. The LEDs and the photodiode are mounted in-

Direct control of the white light from RGB-LEDs can be™ i . S - .
{de an integrating sphere to provide ideal mixing of the light

achieved by measuring the color coordinates of the white Iigj the diff i lenath LEDs. t that the phot
The measurement requires sensors with spectral respof%%] € difierent waveleng S, to ensure that the pnoto-
v

matching the CIE 1931 color matching functions. The feedba € seg_s at” IFhﬁt L_EI_ES _e(t:|uallyt,_ and tﬁ Sh'e.ld the ex?egrpent

signal then gives théX, Y, Z) color coordinates. The sensor om ambient ight. The integraling sphere 1S connected 1o a

would consist of three photodiodes each covered with Rectral lamp measurement system (spectrometer) to measure
oifre chromaticity coordinates of the mixed white light. This is

appropriate optical filter. A properly designed controller th
directly regulates the white light to the target color point. A higHsed tq measure the performanpe of th.e feedback system. In an
tual illumination system, the integrating sphere would be re-

degree of color accuracy is possible with this scheme. Howev@ L ! . o
ced by color mixing optics suited to the application.

there can be errors in sensing the tristimulus values due h ind dent fivback ; i ¢
inaccuracies in the color filters used. This tristimulus feedback ' €€ Ndependent flyback converters operating at a con-

control overcomes the variability in LED performance since tant switching frequency of 100-kHz drive the RGB-LED

directly controls the white light, and not the components that '(9ht source. We used a PWM driving scheme operating at

to make up the white light. Such feedback schemes, therefo efrequency of 120 Hz for these experiments. Each flyback

have the potential to be more accurate than the control methgagverter contains a current loop to mamta_un_ a const_ant _peak
described above. current for the PWM pulses. In order to minimize the rise time

Either pulsewidth modulation (PWM) or amplitude modula‘:jmd the fqll time for_the PWM current puI_s_es, a small vaIL!e
f output filter capacitance is used. In addition, an inductor in

tion (AM) can be used to supply the LED forward current witl?' ° . . .
(AM) PPy es with the LEDs is used to reduce the current ripple. The

the feedback sch ted above. H , PWM & | 10 TEOLEE. :
© foedback Schemes presented above. However olor control system (shown in Fig. 4) is implemented in a DSP

AM driving conditions affect the spectral response of the LEDS? ; .
differently. A change in the amplitude of the drive current of a .M8320F240’ which supplies the PWM turn-on and turn-off
hgnals for the power supply.

LED causes a shift in its wavelength, as described above. cS .

trol methods that do not measure the color coordinates directl The photodiode measures the flux of each_ of j[he three.LED

must take account of this if AM drive schemes are used. In t velengths according to the scheme shownin Fig. 6. In this ex-
ple, it is assumed that the duty ratio for green is largest, and

case of PWM driving of the LEDs, the current does not affe ) . .
r blue is smallest. The rise and fall times for the current pulses

the wavelength of the LED as the dc forward current is alwayg - )
at the same value. are assumed to be negligible. In Fig. 6, the start of the PWM cur-

rent pulse for red is aligned at the start of the overall PWM pe-
riod, the pulse for green is centered in the period, and the end of
the pulse for blue is aligned at the end of the period. Although
We have carried out experimental verification of the operatianany other configurations are possible, the pulse positioning
of a feedback control system for RGB-LEDs with temperaturghown in Fig. 6 provides a complete measurement in a single
feed forward and flux feedback. We now describe the expeRWM period. The light measurements are taken in a predefined
mental setup and present the results obtained. sequence of four points during the PWM cycle. The individual
Fig. 5 shows a schematic of an RGB-LED white light sourcikux components of the red, green, and blue LEDs are obtained
with this type of feedback control. The white light source is corby differential measurements as follows: Each photodiode mea-
structed from four red LEDs, eight green LEDs, and four blusurement provides the flux from one or more colors plus any
LEDs. The LEDs are mounted on a heat sink using thermabynbient light. Subtracting the fluxes at two of the measurement

V. AN EXPERIMENTAL CONTROL SYSTEM
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tribution at random? A statistical model has been developed to
study this issue.

N
2

8

i D * An LED light source is constructed from six red, six green,

‘§ Ist) | I and six blue LEDs. Each LED is characterized by a number

3 — pj———* of parameters including flux (lumens per amp), wavelength,
I spectral width, forward voltagéV;), and temperature coeffi-

«—p —» .

@ Q o’ cients of flux and wavelength. The values of these parameters
Oof“g;‘(‘)tto y X o are assigned at random based on a Gaussian distribution that
. approximates typical distributions of each parameter achieved

sensor 1
................................................................................................................. A in prOdUCtion. The LED Spectrum is modeled as a second-order

Sampling ~ - .
pulses 4 44 4 Lorentzian. All these parameters are based on a junction tem-
¢ PWMperiod ™ perature of 25°C. The LED junction temperature at a given
Fig. 6. Light measurement using a single photosensor with the elimination%?atsmk temperature is calculated from the power d|s§|pat|on
ambient light. (the product of current aniéfy), and the thermal conductivity
from the chip to the heatsink. We assume ideal optical mixing
0.025 1 Pl such that the white light output is a combination of all 18 LEDs
0020 I in the lamp. The required Qrivg currents for the red, green and
T blue LEDs to generate white light can be calculated based on
5 0015 the nominal performance of the LEDs (i.e., the mean of the
3 I Gaussian distributions for each of the LED performance param-
0010 1 -=—w/o control eters).
0.005 I /I/ —e—with control Once the LED performance parameters are selt_acted, the
1 actual color point of the lamp can be calculated. This can be
0.000 I e o ... .| compared with the designed color point, and a color error
25 35 45 55 65 75 (Auw) calculated. The color error will be dependent on the

Heat sink temperaure °C actual performance parameters selected, and those over a large

Fig. 7. The measured color error as a function of heat sink temperature offdmber of LED lamps will have a statistical distribution. We
RGB-LED lamp both open loop, and with a control system using temperatutgpically calculate the color error for 5000-10000 lamps
feed forward and flux feedback. to determine this distribution. From the distribution of color

. . ) i i errors, the product yield for a maximum acceptable color error
points gives the LED fluxes with the ambient light component,, he calculated. The model can also calculate the effect
eliminated. The red, green, and blue fluxes are given by the dif compensation and feedback schemes on the white light
ference between measurements three and four, two and One’ﬁé}‘i’ormance. The steady state function of a given control
three and two, respectively. _ system is also included in the simulation together with a model

The experimental setup as described was used 1o examifieihe sensors and LED drivers. The effect of AM or PWM
the performance of this type of feedback scheme. The systam,ing scheme can also be modeled.
was i”‘“f”‘"y cglibrated at a fixed temperature by adjusting A number of different control schemes have been modeled,
the_ relative drive currents of the red, green, and blue.LEl%? viding the product yield as a function of color accuracy. The
until the s_pectrometer showed_ that the desired _coIor po_mt hﬁfgdeling results for three different control schemes are shown
been achieved. The white point was then monl_tored with 4 Fig. 8. The simplest control scheme involves only tempera-
;pectrometer as the tgmperature of the heatsink was slo Ye feed-forward compensation (see Section IV). The simula-
increased. The egperlmentglly.measured color shift for #Bn results show that less than 20% of products will have a color
open loop system is shown in Fig. 7. The resuit shows a COlé)rrror of less than 0.005. It is clear that this control scheme will
shift Auv of about 0'00.5 for a temperature change Qfom not achieve the performance required for illumination applica-
comparable to the predicted shift shown in Fig. 3. Fig. 7 aI§ ns. If the control scheme is extended to include flux feed-
sho_w; th(_a performance of the feedbacl_< control system WB ck of the red, green, and blue components (see Section V), a
variation in temperature. The color point only changes br¥|uch improved product yield is achieved. As shown in Fig. 8,
.A“U = 0.004 with a temperature change of 3C. The change over 80% of products will have a color error of less than .005,
in lumen output over the same temperature change was fo 100% yield is achieved with a color error of 0.01. We also
to be less than 3%. These results show that_ thi; type of Contéﬂlow the result of a more complex feedback scheme that uses
system can be used to produce a stable white light source frgr\r/]vavelength feed-forward compensation scheme in addition to

RGB-LEDs. flux feedback. Color filters together with photodiodes are used
VI S A PR v to sense the wavelength shifts from the nominal value. This ap-
+ STATISTICAL ANALYSIS OF FRODUCT YIELD proach can further improve product yield, giving 98% vyield for

The experimental results discussed above have demonstraeolor error of only 0.005.
the ability of the feedback system to maintain a precalibratedThe results of our simulations show that it is possible to de-
white point. However, what happens if no calibration is pesign feedback control systems for RGB-LEDs that are capable
formed, and the set of LEDs is picked out of the production disf producing the required color accuracy for illumination ap-
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100% variable color sources, such that the user can select the desired
80% N color point as well as the desired intensity from a single lamp.
3 ’ f jf // The success of this type of light source in the general illumi-
£ 60% ad nation market will depend on efficacy and cost. The rapid im-
S f ?/‘ / provement in LED efficiencies indicate that within the next few
-§ 40% e years, LED white light sources will be available that can meet
a f / the efficacy of current compact fluorescent lamps. The chal-
20% 3 v lenge ahead is to reduce the cost of the LED lamp, including
0% _gz,,/ the LED chips and feedback control system.
0
0 0.005 0.01 0.015 0.02
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