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Emitting Diode Systems

Huan-Ting Chen, Siew-Chong Tan, Senior Member, Albert. T. L. Lee, Member, IEEE, De-Yan Lin,
Member, IEEE, IEEE, S. Y. (Ron) Hui, Fellow, IEEE

Abstract—The complex nature and differences of the
luminous and thermal characteristics of red, green and blue
(RGB) light-emitting diodes (LEDs) make precise color
control of RGB LED systems a great technological
challenge. This paper presents a nonlinear model that
includes coupling effects among LED devices for predicting
color in RGB LED systems. A control method is included to
demonstrate that this model can be used for precise color
control. The proposed model and control method have been
successfully evaluated in practical tests. The measurements
agree well with model predictions. They form a new design
tool for precise color control of RGB LED systems.

Index Terms—L ighting system, photo-electro-thermal
(PET), Red-Green-Blue (RGB) light-emitting diodes
(LED) system, Color control.

I INTRODUCTION

U nlike traditional light sources such as incandescent lamps
and discharge lamps, light-emitting diode (LED) has the

properties of wide color gamut and high color saturation.
For white light generation, one method is to use light from a
blue LED to excite yellow phosphor to obtain white light.
Another method is to use red, green, and blue (RGB) LEDs for
coloring mixing. RGB LED systems can vary color in wide
chromatic range and has been applied in architectural,
commercial and residential lighting. Companies such as Philips
Lighting and Osram Opto-semiconductors developed color-
tunable Hue bulbs, although the preciseness of color control is
still far from satisfactory.

As red, green and blue LEDs have different thermal and
luminous characteristics, variation in one color can have a
siginificant effect on the targeted color point. Color control in
RGB LED systems is a multidisciplinary subject involving
electric power, circuit topology, thermal management, and
optical performance [1], [2]. The RGB LED systems also face
thermal challenges because of their usual requirements for high
compactness [3],[4].
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A typical RGB LED system usually requires each type of
LED to be driven by either a dedicated LED driver or one
channel of a multichannel LED driver. RGB LED color tuning
can be achieved by PWM modulation of the current in each type
of LED [5]. Linear power supplies or switched-mode power
supplies can be used to drive the LEDs. The energy efficiency
of linear power supply system is low. Although the efficiency
of switched-mode power supply system is high, three
independent power supplies are required to drive the RGB
LEDs with proper current control schemes. This is redundancy
in three independent converter control circuits in the power
supplies [6]. To resolve the redundacy issue, a single-inductor
multiple-outputs converter topology has been rcently proposed
for driving single or multiple color LED strings in order to
reduce the form factor and increase the power density [7][8].
The performance of RGB LED systems, such as illumination
intensity and color, is determined by the luminous ratio of RGB
colors. For high-end applications, it is necessary to maintain
the LED color point even when LED junction temperature
changes with dimming level and ambient temperature. Color
control methods for RGB LED systems based on voltage-
junction temperature curve and current-voltage empirical
model have previously been reported [9] [10]. In [11], a lookup
table was used as the multivariable robust control to
compensate for the variation of junction tempreature to regulate
the color and luminous intensity outputs of RGB LED lighting
system. However, the illuminations of LEDs change with
junction temperature due to self-heating of LEDs and variation
of ambient temperature. Hence, the thermal coupling effect will
affect both luminous intensity and color of LED [12]. Precise
color control of RGB LED systems remains a grand challenge
in lighting technology.

Recently, a non-linear empirical model of the bi-color white
LED system for high-quality dimming and correlated color
temperature (CCT) control of the system has been proposed
[13]. It was demonstrated that precise control of color mixing
between warm-white and cool-white LEDs is possible [14].
Building upon the basic concept in [13], this paper presents a
coupled tri-color model and proposes a precise color control
method for RGB LED systems. Color deviation of a tri-color
LED system arising from current and temperature changes is
more complicated than that of a bi-color LED system. The
control variables of the bi-color LED system are correlated
color temperature (CCT) and luminous flux of two individual
LED sources, and the total variables are four. For the RGB LED
systems, the control parameters are tri-stimulus values of blue,
green and red LED sources, and so there are a total of nine
variables. Despite the complexity of the tri-color model
(reflecting the complex nature of light science), the proposed
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control method can be easily implemented in digital controller.
The model predictions and measured results are included to
demonstrate the validity of the tri-color model and control
method.

I. The COLOR STAILITY OF RGB LED SYSTEMS

The CIE 1931 color system is the root of colorimetry. The
tristimulus values X, Y and Z can be normalized as:

X
X=—m—
X+Y+Z

Y @)

Y = XTv+z

Z
71=——
X+Y+2Z

The CIE 1931 chromaticity diagram (Fig. 1) does not
represent color gradations in a uniform matter. Therefore, CIE
1931 color space could be transformed into CIE 1960 Uniform
Chromaticity Space (UCS), which has more uniform u and v
coordinates. The variables u and v can be derived from the
tristimulus values X, Y and Z as follows:
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Fig 1 The CIE 1931 color space chromaticity diagram

Conventional light sources can be manufactured with their
consistent light ouput and color. CIE 1960 UCS color system
(u,v) is commonly used to analyze color deviation. To quantify
the color deviation of a light source, the value Auv is defined as

Auv=\j(u—u0)2—(v—vo)2 ©)

where (u,v) is the color coordinates of the light source, and
(uo,vo) is the required color coordinates. This is the distance in
(u,v) color space of the light source from the targeted color
point. Fluorescent lamps are usually specified to be within
Auv=0.003 of the targeted color point [15]. The color tolerance
specifications for LED sources are listed in [16].

A Issues about color stability
A major influence on color properties of a RGB LED
system is the variation on the light output of individual LED

2

sources. This can be attributed to the coupled thermal effects on
the LED sources. An experimental setup (Fig. 2) has been used
to illustrate this point. The LED sources under test are mounted
to a Peltier-cooled fixture (with 10 W heat-sinking capability
and being used as a temperature-controlled heatsink), which is
attached to an integrating sphere in accordance with the
recommendations of CIE. The Peltier-cooled fixture is used to
stabilize the LED temperature for the optical measurements and
also serves as an actively temperature-controlled cold-plate for
thermal measurements. The LED sources are fixed on
temperature-controlled heatsink by thermal adhesive with high
thermal conductivity. The optical measurements of the LED
sources are performed under the steady-state thermal and
electrical conditions using the TeraLED & T3Ster system.
Apart from the thermal and optical measurements, all
temperature-dependent parameters of the LED (such as optical
power, luminous flux, chromaticity coordinates, etc.) are
measured and recorded. The light output and transient thermal
curves are measured only after 20 minutes of driving the LEDs
while the heatsink temperature is kept constant.

Tests have been conducted to evaluate the effects of
changing the power of one type of LED on the RGB LED
system. The variations of the measured chromaticity coordinate
(x,y) of the RGB LED system are shown in Fig. 3, while the
variations of the dominant wavelength of the LED lamp are
included in Fig. 4. The test procedures are:

1. The red, blue and green LEDs are housed inside a lamp
fixture.

2. Inject the same current of 0.35 A into red, blue and
green LEDs.

3. Decrease the current of blue LED from 0.35 A, while
keeping the currents of the red and green LEDs at 0.35
A.

4. The variations of the total optical power, chromaticity
coordinates (x,y), dominant wavelength of LED lamp
(integrated the blue, red and greed LED sources) are
measured and displayed as the respective “blue curves”
in Figs 3 and 4.

5. Repeat Step 1 and Step 2. Vary the current of the green
LED from 0.35 A, while keeping the currents of red and
blue LEDs at 0.35 A. Then plot the respective results in
Figs. 3 and 4 as the respective “green curves”.

6. Repeat Step 1 and Step 2. Vary the current of the red
LED from 0.35 A, while keeping the currents of green
and blue LEDs at 0.35 A. Then plot the respective results
in Figs. 3 and 4 as the respective “red curves”.

Fig. 3 shows that, at a required color point (x,y) of
(0.3474,0.2345), the variation range of the chromaticity
coordinates (x,y) of a RGB LED system is very large with a
change of less than 10% in light intensity of red, green or blue
LEDs. Fig. 4 indicates that the dominant wavelength of RGB
LED systems are highly dependent on the optical power of
individual LED sources. The dominant wavelength is
physically related to the perceptual attribute Hue. The dominant
wavelength can be defined as the intersection between a straight
line drawn from the white reference (x=0.333; y=0.333)
through the given color to boundaries of the CIE 1931 color
space chromaticity diagram. An example of such straight line is
shown in Fig. 1. The dominant wavelength of RGB LED
systems decreases with decreasing the optical power of blue or
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green LED at different rates. The thermal interactions of the
RGB LED devices are highly complex, making precise color
control very difficult particularly when dimming (i.e. changes
of power and junction temperature) is involved.

Controlled-Temperature
Heatsink

Integrating
Sphere

Fig 2 Diagram of experimental equipment

As shown in Figs. 5 and 6, at the controlled heatsink
temperature of 25 °C, the chromaticity coordinates (x,y) are
about (0.3474,0.2345) and the dominant wavelength of the
RGB LED lamp is 546.9 nm. When the heatsink temperature is
65 OC, the chromaticity coordinates (x,y) decrease to
(0.3058,0.2244), and dominant wavelength increases to 563.8
nm. These practical results highlight the important fact that
color properties of RGB LED systems are highly dependent on
thermal effects.
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Fig 3 Measured the chromaticity coordinates (x,y) of RGB LED systems as
function of a change in the optical power of the red, green, or blue LEDs
inside RGB LED systems

Fig 7 (a) show the color deviation of Auv as the light
intensity of individual LED source changes. At a color point of
the optical power of 0.416 W, a variation of 3% on the light
intensity of individual green LED source can lead to the mixed
color shift by A4uv=0.006 of RGB LED systems, which is
already outside the specification of LED sources [16]. This is a
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very small light intensity change compared with the variability
in nominally indentical LED sources. For example, the
minimum and typical optical power of Lumileds LED (LXML-
PMO01-0070) are 70 mW and 79 mW respectively [17]. The
optical variability in nominally indentical LEDs is about 11.3%.
Fig 7(b) shows the measured change in color point of Auv as the
heatsink temperaure changes in increments of 10 °C. A shift in
the heatsink temperature of only 9 °C can move the color point
by Auv=0.006. The reason on the color deviation is the
reduction of the light output of RGB LED systems due to the
thermal effect. Different LED sources could reduce their light
intensity with increasing temperature at different rates
according to their characteritic temperature values [2]. A high
characteristic temperature implies that the light intensity is
weakly dependent on junction temperature, which is a desirable
feature. If it is possible to select LED source with high
characteristic temperature, the color stability of the light output
from RGB LED systems with temperature could be
significantly improved.
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Fig 4 Measured the dominant wavelength of RGB LED systems as function
of a change in the optical power of the red, green, or blue LEDs inside RGB
LED systems
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Fig 5 Measured the chromaticity coordinates (x,y) of RGB LED systems as
function of heatsink temperature
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The mixed color point of an LED system is dependent on
both its junction temperature as well as the amplitude of its light
output of the invididual LED source. With the three LED
sources inside the lamp sharing the same heatsink and driver
together, but individually controlled, there will be thermal
influence of one LED source on the color property of the other.
In other words, there is thermal interdependence on the colors
of the three LED sources. This thermal coupling effect should
be carefully treated and should not be ignored in the design of
RGB LED systems. Otherwise, there will always be an
undesired change of the color in the process of adjusting
brightness regardless of which control approach is adopted. It
must be mentioned that a +0.006 of Auv deviation within the
desired color coordinates value is often cited as an acceptable
error in solid state lighting and is considered non-perceivable.
Nevertheless, it is found that existing approaches do not take
into consideration the abovementioned factors and still possess
perceivable color deviation.

4

B Existing Linear Color Control Approaches for RGB LED
Systems

Currently, approaches adopted in performing the color
mixing in such lamps with red, green and blue LED sources are
generally based on simple linear color averaging of the three
LED sources. Any color can be matched by a linear
combination of three color. This is fundamental to colorimetry
and is Grassman’s law of color mixture [19][20]. So a total
tristimulus values (Xr,Yr,Z7) can be matched by (Xr,Yr,Zr) units
of red, (Xg,Ys,Zg) units of green, (Xg,Ys,Zs) units of blue. The
units can be measured in any form that quantifies light power
in the following

X (Dg, g, D ) = Xg (Dg) + X (Dg) + X (Dg)
Y (DR' Ds. DB)=YR(DR)+YG(DG)+YB(DB) “)
ZT (DR'DG’DB):ZR(DR)+ZG(DG)+ZB(DB)

where Dg, Dg and Dg are duty cycles, and Xg, X¢ and Xg are
tristimulus values of the red, green and blue LED sources,
respectively. Xr, Yt and Zr are the total tristimulus values of the
mixed color. The chromaticity stablity of RGB LED systems is
largely dependent on the junction tempeature Ty, Tsc and Tig
of the red, green and blue LED sources respectively. The
junction temperature T;r and tristimulus value Xg of the red
LED are incorrectly assumed to be only dependent on the
operatinig conditions Dgr and not related to the operated status
D¢ and Dg of other two LEDs sources based on existing linear
color model for RGB LED systems [19],[20].

The main problem with existing linear approaches is that
they are rather simplistic by ignoring non-ideal characteristics
such as the effect of temperature change on tristimulus values,
and the thermal interdependency among the three LED sources.
Without proper consideration of the actual dynamics of
luminous flux, current, temperature, and duty cycle change, the
achievable tristimulus values control will be inaccurate. Such
errors are significant especially if wide-range dimming and
precise color control are required since the temperature
variation in such operations is large. Inaccuracy of the linear
approach can be seen from the results plotted in Fig. 8, which
shows the measured and calculated tristimulus values of the
RGB LED system for a range of optical power. The calculated
results are obtained with the use of (4). It is evident from the
data that there are significant deviations between the calculated
and measured tristimulus values. The errors increase with

increasing optical power.
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Fig 8 Measured and calculated tristimulus values (X,Y,Z) of RGB LED
systems for different optical power based on the linear approach
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M. NEW NONLINEAR COLOR MODEL FOR RGB
LED SYSTEMS

The junction temperature of a RGB LED system could
affect the color as reflected by the variations of tristimulus
values (X, Y Z) [3]. Fig. 9 shows a basic thermally-coupled
model of a RGB LED system with the RGB LEDs mounted on
the same heatsink. Rgr, Rpr and Rpg are thermal resistance
between green and red LEDs, blue and red LEDs, blue and
green LEDs , respectively. Rz, Rz and R are thermal resistance
between the corresponding LEDs and the heatsink. Generally,
the junction temperature of an LED is affected by the current

level, driving technique, heatsink size, and ambient temperature.

In the case of a RGB LED system, the junction temperature of
the individual LED source will be affected by the operating
states of the other LED sources since the LEDs share the same
heatsink. The thermal interdependency will be accounted for in
the nonlinear color model.

Fig 9 Thermally-coupled model of a RGB LED system.

A Practical Operating Range of Dimming and Color Control

for Tri-color systems:

The empirical nonlinear color model of a RGB LED system
is built upon measured results obtained from the LED sources
through the following steps. PWM drive is adopted in the
procedure.

1) Mount the red, green and blue LEDs on the same heatsink
and set their current amplitudes identically at 0.35 A.

2) Cover the green and blue LED sources with a black rubber
sheet which prevents their light from being emitted into
space whilst they can generate thermal energy into the
heatsink. The minimum and maximum thermal energy that
the green and blue LED sources can contribute to a RGB
LED system occur when they are fully turned off at (Dg= 0,
Dp=0) and fully turned on at (Dg= 1, Dz= 1), respectively.
The measurement of the tristimulus values (Xz, Yz, Zr) of the
red LED source with respect to the operating condition of
the green and blue LED sources will be performed under
these two boundary conditions. Fig.10 shows the tristimulus
values (X, Yz, Zr) versus the duty ratio Dr of the red LED in
both conditions of (Dg= 0, Dp= 0) and (Dg= 1, Dz=1).
Clearly, the maximum and minimum tristimulus values
(Xg, Y&, Zr) from the red LED source occur at (D=0, Dz=
0) and (Dg= 1, Dp= 1) as heat energy contributed by the
green and blue LED sources is at its lowest and highest,
respectively. The operating range of the red LED source at
different operating conditions of the green and blue LED
sources (i.e., 0 < Dg +Dp < 2) should occur between
maximum and minimum curves.

3) By covering the red and green LED sources with the black
rubber sheet, the same measurement process is repeated on
the blue LED sources. Fig. 11 shows the tristimulus values

5

(X3, Y5,Zp) versus the duty ratio Dp of the blue LED source
in both conditions of (Dr= 0, Dg= 0 when the red and green
LED sources are fully off) and (Dr= 1, Dg= 1 when the red
and green LED sources are fully on).

4) The same measurement process is repeated on the green
LED sources. Fig. 12 shows the tristimulus values
(Xe,Y6,Zg) versus duty ratio D¢ of the green LED source in
both conditions of (Dr= 0, Dg= 0 when the red and blue
LED sources are fully off) and (Dr= 1, Dp= 1 when the red
and blue LED sources are fully on).
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Fig. 10. Experimental values of tristimulus values (Xg,Yr,Zr) of the red LED
source when the green and blue LED sources are fully off and fully on at
different boundary conditions (Dg = 0 and Dg = 0; Dg = 0 and Dg = 1; Dg=1
and Dg =0; D(;:land DB=1)

Fig. 13 depicts typical profiles of the nonlinear total
tristimulus values (Xr,Yt,Z7) of a RGB LED system for different
values of Dr=(Dgr+Dg+Dg) with their highest and lowest
boundaries. For example, Dr=1 means that (Dg, D¢, Dg) can be
of any arbitrary combination provided that their sum is 1. For
this Dy =1 in Fig.13, the maximum of total tristimulus values
(Xr,Yt,Z7) are (0.062, 0.041, 0.112). The RGB color space can
be normalized so that the maximum is 1. The point with
coordinates (1,1,1) corresponds to the system’s brightest white.
To uniquely specify the color space, a white reference point has
to be specifed according to range of tristimulus values
(Xt,YT1,Z7). Since this white point has to be normalized as (1,1,1)
and this limit sets the full dimming range and color control for
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the RGB system. There exist maximum values (i.e. Xrmax, Y7-
max and Z7-max as shown in Fig. 13. The lowest value among these
three maximum values will be chosed as 1.0. In the case of Fig.
13, Y1.max is 0.088, which is smaller than Xrt.max (0.105) and Z.
max (0.243). SO Y1.max is set as 1.0 p.u. The full dimming range
and color control of this RGB LED system is achievable only
for the range of Yr. These boundaries represent the operational
dimming and color limits of a dimmable RGB LED system.

0.06 — . . T
0.051 "
0.04 { "
><°°0‘03- . K T
0.02 . o 1
0.014 . ]
0.00 . = DR=0Dg=0 * Dg=1Dg=0
. , ‘ , ‘a ?R=9 DG.=1 .— PR=1 DG‘=1
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Fig. 11. Experimental values of tristimulus values (Xg,Ys,Zg) of the blue LED

source when the red and green LED sources are fully off and fully on at
different boundary conditions (Dg= 0 and Dg = 0; Dr= 0 and Dg = 1; Dg=1
and Dg = 0; Dr=1 and Dg=1)
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Fig.12. Experimental values of tristimulus values (Xg,Ys,Zs) of the green LED
source when the red and blue LED sources are fully off and fully on at
different boundary conditions (Dg = 0 and Dg = 0; Dg=0 and Dg=1; Dg=1
and Dg = 0; Dr=1and Dg = 1)
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Fig. 13. Typical nonlinear total tristimulus values (Xr,Y+,Zr) behavior of a
RGB LED system for different values of Dr

B Empirical Tristimulus Model of Individual LED inside RGB
LED Systems

Careful observation of the results shows that the
tristimulus value (Xgr,Yr,Zr) of the red LED source with
consideration to the thermal contribution from the green and
blue LED sources (Fig. 10) can be modeled using an
polynomial function of the following form.

X (Dg, Dg, Dg) gy (Dg, Dg) Bzx (Dg, Dg)
Ye(Dg,Dg,Dg) |=| &gy (D, Dg) Dé"’ Bay (Dg, D) | Dy
Z,(Dg,Dg, Dg) gz (Dg, Dg) Brz (Dg, Dg)

®)

where arx, Srx, ary, Brv, arz, Brz are variables related to the duty
cycles of the green and blue LED sources. The results (Fig 10)
can be fitted into polynomial function as shown in (5).
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The gradient of each of these measured curves in Fig. 10  Therefore, the proposed mathematical model provides
(a) determines the values of arx and frx which vary with Dg.  reasonably accurate prediction.
For the tristimulus value Xz of red LED source, an operating

area within the limits of Dgmin<De<Demax and 014 I castomeni D402 D3=04 ¥ Cakuatoh Dg=02 05104
Dgmin<Dg<Dgmax (for its companion green and blue LED 0,4 |~ Messurement ;=04 D=06 @ Cakciation DG=04 D506 |
- . ) Measuremen(DG=OSDB=03 A Cak:ulamnD5=08DB=03
sources) will generate a range of gradient values of acrx min i
(Borx min) <arx(Brx) <ocrx,max(erx,max) and o101 ?:/: 4
aBrx,min(FBrRxmin) <arX(Frx)<0BRX max(fBrRx max).  (Noted that 0.08 /: — ]
Demin=Dgmin=0, Dgmax=Demax=1.) Likewise, for the & Gipe /! I
tristimulus values Yr and Zr of red LED source, an operating .
range of Dgmin<De<Dg max and Dgmin<Ds<Dgmax Will generate 0.041 ' 1
a range of gradient values of 002] |
acryY,min(Sry,min) Sary(Lry) <0GRY,max(SGRY,max) 000
oBry,min(Bery,min) <ary(Sry) <oery,max(SarYmax), YY) 6)74 g IofeR ;08 10
acrzmin(Berz,min) <orz(Lrz) <0.crz max(Berzmax) and K Cycie_ b
aBrz,min(Ferz,min) <0rz(Brz) <0Brz,max(fBRZMax), respectively. : 3 . )
Therefore, arx(frx), arv(Bry) and arz(fz) of the red LED e e
sources with the linear associations of Dg and Dg can be 0061 Measurement D=08 D03 4 Calciation D4=08 Dg=03 |
respectively expressed through interpolation inside the
operating area within the practical limits as: 008 /./;
r 7 >
O (D5, Dg) | | axo | | ot mar = oot D.-D Crex ma ~ %rex min D.-D /
D.D)l= ( G G‘min) ( B~ B‘min) 0.024 / ]
Oy (D5 Dy) |=| gy | +{ Groy e = Froy +| Crgy max = ey min
(DGmax_DGmm) (DBmax_DBmin)
% (D5 0) | |, gy s Oy i | N A A A :
RZAZGr =B/ | ¥Rz | | “Rezmax — “RGZ,min | L “RBZ,max  ““RBZmin o
(6) 0.00 : : . . :
_ o1t . - 0.0 0.2 0.4 06 08 10
ﬁpx (Dex DB) ﬂRX 0 ﬂRGX max _ﬂRGX‘min ﬂRBX max _ﬂRBX min DUty CVCIE_Red
(DG_DGmin) (DB_DBmin) 3.0x10” - = = T
By (D Dy) 1= By [+] “Brstmin |+ B ~Prgy i [~ — —Measurement D=0.2 Dg=04 ® Calculatioh Dg=0.2 Dg20.4
RY\™G' B RY,0 RGY max RGY,min (D —D ) RBY ,max RBY min (D —D ) — —Measurement D;=0.4 Dg=0.6 ® Calculation D5=0.4 Dg=0.6
G,max G,min B,max B,min leasurement = = 4 alculation D= =
_ﬁRZ(DG'DB)_ _ﬂRz.o_ _ﬂRGZ,max_ﬂRGZ‘min ] _ﬂRBZ,max_ﬂRBZ.min " B At
(7) 2.0x10° /aﬁzzz
. . .. o )
Equation (5) gives tristimulus value (Xg,Yr,Zr) of red LED N /
source at any Dgr, D¢ and Dg values (of which Dg and Dg 1.0x107 / l
contribute to the thermal energy affecting the junction g
temperature of the red LED source). From the experimental 0o

results given in Fig. 10, the required parameters in (5) are 00 02 08 10
extracted in the Table 1. Fitting these values into equation (5),
the tristimulus value (Xgr,Yr,Zr) for the red LED can be
predicted for any Dg, D¢ and Dg. Fig. 14 gives a comparison of
the experimentally measured tristimulus value (Xg,Yg,Zr) with
including thermal energy affecting from blue and green LEDs
and that calculated using equation (5). The maximum
discrepancy between the two is around 9.2% and the minimum
discrepancy is around 0.24%. The averaged discrepancy
between the measured and calculated results is around 4.3%.

Dou‘;y Cyclnged
Fig. 14. Calculated and measured total tristimulus values
(Xr,YRr,Zr) of red LED with different operating conditions

Likewise, the tristimulus values (X Y6 Zs) and
(X3, Ys,Zp)of the green and blue LED sources also can be
derived using the same method. Therefore, the tristimulus value
(X6,Y6,Z6) and (X3, Y5,Zp)of the green and blue LED sources
can be expressed as:

Xs(Dg, Dg, D) exo | | %erx mex ~ FeRX min D.-D Qpx max ~ %X min D.-D
Y.(D. D..D _ ( R™ R,min) ( B~ B,min) D2
(DD Dg) |=| | @oro | +] Yery max ~ Fonr min (D )"’ Qpy max ~ %eBY min ( ) (S
Rmax _ “R,min B, max B,min
Z4(D;. D5, D) ez | | %erz.max ~ Porz,min | Qpz max ~ Pz, min
ﬁex 0 ﬂGRX,max _ﬂGRX‘min D.-D ﬂGBX‘max _ﬂGBX,min D.-D (8)
( R™ R,min) ( B~ B‘min)

+

/BGY,O + ﬂGRY‘max_ﬂGRY,min W"’ ﬂGBV,max_ﬂGBY,min m DG
R,max R,min B,max B,min

ﬂez‘o ﬂGRZ,max - IBGRZ‘min

_ﬁGBZ‘max _ﬁGBZ,min
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X;5(Dg,Dg. Dg) gy o Cgry max ~ PBRX min Xpex max ~ XBox,min
Y.(D. D. D _ (DR _DR‘min) (DG _DG‘min) D2
8(Dr D6, Dg) [=|| @y || Farymax ~Forvmin |7 +| Poorma ~ Feovmin |[T——— | s
Z.(D..D..D (DR‘max - DR‘min) (DG,max - DG‘min)
8(Dg. Dg. D) Ogz 0 Xerz max ~ Perz,min | A6z max ~ 86z min
:BBX‘O ﬂBRX‘max _:BBRX,min ﬂBGX‘max _:BBGX,min (9)
(DR B DR,min ) (DG B DG,min )
+ ﬁBY 0 + ﬂBRV,max _ﬂBRV,min T~ 7T ﬂBGV,max _ﬂBGY,min N N DB
(DR,max - DR‘min) (DG‘max - DG,min)
ﬂBZ‘O ﬁBRZ‘max - IBBRZ,min _ﬂBGZ‘max - ﬂBGZ‘min
Table 1 Required parameters in (5) for the red LED source
Arx,0 Brxo ARGX,max ARrGX,min ARBX,max QARrBX,min Brex.max Brex.min Brex.max Brexmin
-0.06743 0.18805 -0.07332 -0.06743 -0.0733 -0.06743 0.15624 0.18805 0.17508 0.18805
ARy, Brvo ARGY,max ARGY,min ARBY,max ARBY,min Broy.max Bray.min Brav.max Brav.min
-0.02934 0.08314 -0.03383 -0.02934 -0.03278 -0.02934 0.079 0.08314 0.0755 0.08314
Qrz,0 Brz.o ARGz max ARrGz,min QRBZ,max ARrBZ,min Brez.max Brez.min Brez.max Brezmin
-2.589%10" | 4.844*10° -2.774*10° -2.589*10° | -2.705*%10° | -2.589*10° | 4.655*10° | 4.844*10° | 4.722*10° | 4.844*10°
5
Table 2 Required parameters in (8) for the green LED source
acx,0 Boxo AGRX,max AGRX,min AGBX,max AGBx,min Borx.max Berx.min Bosxmax Besx.min
-0.00928 0.02997 -0.0099 -0.00928 -0.01371 -0.00928 0.02776 0.02997 0.02906 0.02997
[o{cVA) Bavo AGRY,max AGRY,min AGBY,max AGBY,min Bory.max Bery.min Boay.max Besy.min
-0.03206 0.09763 -0.03944 -0.03206 -0.03273 -0.03206 0.09425 0.09763 0.09388 0.09763
ez Bezo AGRz,max AGRz,min AGBz,max AcBz,min Borzmax Berz.min Bopzmax Besz.min
-3.78*10° 8.88*10° |-4.11*10° -3.78*10° -4.35%10° -3.78*10° 8.29%10° | 8.88*10° 8.12*10° 8.88*10°
Table 3 Required parameters in (9) for the blue LED source
aBX,0 ﬁBx.o BRX,max O/BRX,min (BGX,max OBGX,min ﬂBRx,max ﬂBRx,min ﬂBGx.max ﬂBGx.min
-0.0158 0.0678 -0.0211 -0.0158 -0.0170 -0.0158 0.0592 0.0678 0.0589 0.0678
OBY,0 ﬁBv.o O/BRY,max (BRY,min OlBGY,max GBGY,min ﬂBRY‘max ﬂBRY‘min ﬂBGv.max ﬂBGv.min
-0.00404 0.01233 -0.00436 -0.00404 -0.00439 -0.00404 0.012403 0.01233 0.01045 0.01233
0BzZ,0 Pezo OBRZ,max GBRZ,min 0OBGZ,max GBGZ,min PBRz.max Perz.min Pecz.max Becz.min
-0.08188 0.34991 -0.08456 -0.08188 -0.08472 -0.08188 0.3328 0.3499 0.344931 0.34991

Putting the parameters of Table 1-3 into (5)-(9), the total
tristimulus values (Xr, Y1, Zr) of the RGB LED system under
consideration can be rewritten as (10), which provides the total
tristimulus values (Xr, Yr, Zr) of the mixed color for a RGB
LED system based on Dg, D¢ and Ds.

The total tristimulus values (Xr, Yr, Z1) of a RGB LED
system is the combined tristimulus values of red, blue and green
LED sources by considering (5) to (9).

C Complete Tristimulus Values Model of RGB LED Systems
From the experimental results given in Figs. 10-12, the
required parameters of red, blue and green LED sources have
been extracted and are tabulated in the following tables.

kXB(DR' DGY DB)
Y5 (Dg, Dg, Dg)
[ Z&(Dr, D Ds)

XT (DR’ DGY DB)
Y, (D;. D5, Dy)
Z,(Dy, D5, Dy)

Xg(Dg, Dg, Dg)
= YR(DRrDGvDB)
Z;(Dg, D5, D)

XG(DR' DG’ DB)
+|Ys(Dg,Dg,Dg) |+
Z;(Dg, Dg, Dg)

[[-0.0674 -0.00589 -0.00587 [0.189 -0.0318 -0.0129 (10)
=||-0.0293  |+|-0.00449 |D;+|-0.00344 |D, |DZ+||0.0831 |+|-0.00414 |Dg+|-0.00764 |Dj |Dj

||-2.59*10°] |-1.55%10° -1.16*10"° || 4.84*10° | [-1.89*10°° -1.22*10°°

[[-0.0003 -0.00443 -0.000614 0.0299 -0.000906 -0.00221
+||-0.0321  |+|-0.00738 |Dg+|-0.00067 |D, |Dj+||0.0976 |+|-0.00338 |Dj+|-0.00375 |Dg D

||-3.78*10° ] |-3.3*10"* 5.7*10" 8.88*10° | |-5.9*10" -7.6*10"

[[-0.0158 -0.0053 -0.0012 0.06787 [-0.0086 -0.0089
+|| —0.00404 | +| -0.00032 | D, +| -0.00035 | D, | D7 +| | 0.0123 |+| -0.00209 | D, +| -0.00188 | D |Dj

|[-0.0819 -0.00268 -0.00284 0.3499 | |-0.0171 -0.00497

D Model Validation with Practical Measurements and it occurs at (Dr=0.2, Dg=0.4 and Dg=0). The averaged

Fig. 15 gives a comparison of the measured and calculated
total tristimulus values (Xr, Yt, Zr). The maximum discrepancy
between the two is around 9.3% and it occurs at (Dr=0.2,
De=0.4 and Dg=1). The minimum discrepancy is around 1.8%

discrepancy between the measured and calculated results is
around 4.3%. Therefore, the proposed nonlinear model
provides reasonably accurate total tristimulus values (X, YT, Zr)
of a RGB LED system.
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e B O aeeen Dt 0e 2 These three LED devices are mounted on the same heatsink
0135 — T o ' T which has a thermal resistance of 10.5 K/W. The mixed light of
0.120 the RGB LED system is measured with a PMS-50 Spectro-
T 1 Photocolorimeter as shown in Fig 2.
0.105 N
0.090 4 s B Experimental Results and Discussion
< 0075 ] /g/A . ] For comparison between the linear and the proposed
' /2 e nonlinear approaches, seven set points are chosen for practical
0.060] 4 8" ] i i i
- o evaluation. Fig. 16 shows the experimental values of the (u,v)
0.045 1 o - of the RGB LED system that are obtained with the control based
0.030 o on the linear and nonlinear models for the seven different target
' 00 02 0. 6 08 10 set points. The measured color deviations of the linear control
Duty Cycle_Blue and linear control are included in the CIE 1960 color space. A
¢ Calculation D,=02D_=04 & Galculation Dy=04 D =0.2 shown in Fi_g 17, the maximL_Jm color deviation_betwe(_en the
—o—Measurement D,=0.2 D,=0.4 —a— Measurement D,=0.4 D=0.2 target set points and the experimental results obtained with the
0054 1 | linear approach is 0.048 and the average color deviation is about
0.032. These deviations (4duv > 0.006) exceed the maximum
0.0521 . . ;‘\w | color tolerance according to ANSI Standard C78.377 [16]. For
0.050- . /O/ | control with the nonlinear model, the maximum color deviation
Lo} . - . -
— . . is 0.01 and the averaged color deviation is about 0.006.
F0.048{ °_— a L . ;
> o . I S Therefore, it is clearly shown that the nonlinear approach
ray .
0.0464 a /—/A/A i results in a more accurate color control of RGB LED systems.
. /—/A - - . .
o While control errors are still present with the nonlinear
0.044 1 l approach because of model and measurement inaccuracies,
0042 —, . . . . . these errors in color is basically non-perceivable.
00 02 04 06 08 10
Duty Cycle_Blue MacAdam ellipses CIE 1960 color space
= Target color point Color point with linear method
¢ Calculation DR:O.Q DG:0.4 4 Calculation DR:0.4 DG:O.Z 0.40
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0.180- / ] > 0201
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Fig. 15. Calculated and measured total tristimulus values (Xr,Y+,Zt) of mixed (@) Linear model
color for a RGB LED system with different operating conditions
MacAdam ellipses CIE 1960 color space
= Target color point Color point with nonlinear method
IV.  PRACTICAL RESULTS AND DISCUSSIONS 0401
0.354
. . .. 0.304
In this section, the results of color predictions based on the
linear and nonlinear color control are compared with practical 0-251
measurements. > 020
0.154
A Experimental Setup 0.10
For a given desired set point of the CIE 1960 color space, 0.05.]
the total tristimulus values (Xt,Y7,Z7) could be obtained using -
by the nonlinear color model. Three individual PWM signals ' . . . ; . . .

are used to drive the MOSFET switches for dimming a red LED
source  (LXML_PDO1 0030), green LED  source ®) Nonline; model

(LXML_PMO01_0040) and blue LED SOUrCe€  Fig. 16. Measured color deviations of a RGB LED system based on different
(LXML_PRO01_0175). The averaged current amplitudes of the models (a) linear models (b) nonlinear models
red, blue and green LED sources are set precisely at 0.35 A.
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Fig 17 Measured color deviation of a RGB LED system based on the linear
and nonlinear methods
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