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ABSTRACT

This paper proposes a temperature compensation method for RGBW LED mixing based on
fast non-dominated sorting genetic algorithm(NSGA-II). The proposed method can achieve
compensation for temperature-induced changes in LED correlated color temperature (CCT), color
fidelity (R¢) and color gamut index (Ry) by predicting the spectral power distribution (SPD) at
different temperatures. The SPD-temperature model of the RGBW LED light source is established
by measuring the spectral power distribution of LEDs at different temperatures. Based on the
established model, NSGA-II is used to compensate the mixing temperature of the RGBW LED light
source according to the spectral superposition theorem. The experimental results show that the fit
of the established temperature-spectral model is R2>0.98, and the deviation of the compensated
mixing results from the initial state of the light source is less than 10K in CCT; the deviation value
of Rg is less than 4% in the range of 2000K-7000K, and less than 2.15% in the range of 3000K-
7000K; and the deviation value of Ry in the range of 2000K-7000K is less than 4.46%.
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1. Introduction

As lighting technology advances, people are no longer satisfied with using single-colour LEDs
for lighting. More people are now inclined to use adjustable LED light sources. Different lighting
options can create more comfortable working and living environments. Appropriate lighting can
increase people's productivity and lead to better rest!!*#l. Compared to traditional light sources, LED
light sources have advantages such as smaller size, lower energy consumption and longer life.
However, temperature is a critical factor that affects the quality of light sources. Internal heating

and extreme external conditions can cause changes in the operating temperature of LEDs, resulting



in parameter deviations and affecting the stability and performance of the light sources!>19l. The
advent of adjustable correlated colour temperature (CCT) LED light sources offers a potential
solution to the problem of reduced light output quality due to temperature effects.

Currently, the theoretical and experimental research on LED light sources with adjustable CCT
is generally divided into three methods: (1) using two white LEDs with different CCTI!!]; (2) using
multiple single-color LEDs!'>151; (3) using a combination of single-color LEDs and white LEDs[1¢],
The first method allows CCT adjustment, and the range of adjustment depends on the selected CCTs
of the two white LEDs. The second method allows both CCT and chromaticity coordinate
adjustments, with common combinations including RGB, RGBY, and RGBCAL. The advantage of
the third method over the second is its ability to reduce the complexity of LED control while
achieving a favorable lighting effect.

In this paper, we focus on exploring the optimal lighting performance of RGBW LEDs with
the goal of reducing or even eliminating the variations in LED lighting caused by the heating of the
LEDs themselves or by external temperature influences. We investigate the proportions of each
color LED (R, G, B, and W) in RGBW LED that exhibit similar R¢ and Ry performance to their
initial temperatures within the temperature range of 20°C to 90°C and the CCT range of 2000K to
7000K.

2. Experimental description

2.1 Multi-Color Light Mixing Principle and Light Source Evaluation

The color of the light source and its ability to accurately reproduce the colors of illuminated
objects depends on the spectral power distribution of the light source. The spectral power
distribution of a combination of multi-color light sources is the linear sum of their individual spectral
power distributions, expressed by the following formula:

Sreew =Ky * S+ Ky% Sg+ Ky * Sp+ Ky % S, (1)

White LED light is commonly described in terms of color temperature. Color temperature is
defined as the temperature at which a blackbody emits light that matches the color of the light source.
Plotting the colors emitted by black bodies at different temperatures in the CIE 1931 color space
yields a curve known as the black body locus. However, if the color emitted by the blackbody does
not perfectly match the color of the light source-that is, the chromaticity coordinates of the light
source do not lie on the blackbody locus-the color temperature is described by the color temperature
of the point on the blackbody locus that is closest to the chromaticity coordinates of the light source.
This color temperature is called the correlated color temperature. Color temperature and correlated
color temperature are typically calculated using empirical formulas proposed by McCamy!!”l and

others, as shown below:
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The ability of a light source to accurately reproduce the colors of illuminated objects is
commonly evaluated using the standardized metric called the CIE (International Commission on
[lumination) Color Rendering Index (CRI). The CRI performance of a light source has become an
important indicator for evaluating the quality of light sources!!8]. However, as research on light
sources has progressed, the CRI has been found to have some limitations in evaluating certain colors.
Therefore, we use the Illuminating Engineering Society (IES) Color Fidelity Index (Rf) and Gamut
Index (Ry) as the evaluation criteria for the illumination performance of light sources(!°l. The Color
Fidelity Index and Gamut Index use 99 color samples, which is more comprehensive than the
standard CRI, which typically uses 15 color samples, allowing for a more thorough evaluation of a
light source's color performance?%21]. When adjusting a luminaire to achieve the desired correlated
color temperature, its Rf and R, performance should be as good as possible to achieve the best
lighting effect. Ry is calculated by determining the difference between the CAMO02-UCS
coordinates of each CES(AEjq, ;) under the test source and reference illuminant, and then
determining the arithmetic mean of these color differences. R¢ represents the color similarity
between the test and reference illuminants and accurately measures the average color fidelity. All
color shifts from the reference illuminant are minimal when the Ry is close to 100. However, light
sources with the same Ry value do not necessarily have the same color performance in the
illuminant space. To accurately describe the color performance of the light source, the color shift of
the light source must be represented.

The calculation of the Euclidean distance in J'a'b' color space as the standard color difference

formula in CAMO2-UCS is as follows:

/ 1 N\2 / Y ' rN2
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The calculations for Rf is as follows:

R'f =100 — 6.73[% 292, (AEjany)| (5)

R'f =100 — 6.73[ - 222 (AEja)] (6)
.

Ry =10In [exp (%) + 1] %)

Ry is a measure of chroma which is the ratio of the area of the polygon formed by the average
coordinate in each hue angle box to the area of the polygon formed by the reference illuminant. The

calculation of Ry is as follows:
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We evaluate LED mixed-light results from three perspectives: deviation from target color
temperature, R, and Ry. To provide a more intuitive evaluation of the mixed light results, we use

a scoring system to quantify the results. The scoring formula is as follows:

CCT
§=100 — = —2 (100 — Ry) — [100 — Ry ©)

2.2 Establishment of LED Spectral Power Distribution Temperature Model
Due to the inherent characteristics of LEDs, their spectral power distribution (SPD) shifts with

temperaturel?!l. In general, for RGB LEDs, the peak wavelengths experience a redshift, and the peak
values decrease as the temperature increases. As shown in Figure 1, we tested the spectral power
distribution of R, G, B, and W LEDs at 10°C intervals from 20°C to 90°C. It is evident that the red
LED is the most affected by temperature, with its peak value at 90°C decreasing by over 60%
compared to the peak value at 20°C, and showing a noticeable redshift phenomenon. The blue and
green LEDs are less affected compared to the red LED, but their peak values also experience
reductions of 20% and 22%, respectively.

To visually represent the changes in spectral power distribution (SPD) of LEDs at different
temperatures, it is necessary to mathematically model the SPD of each LED. For single-color LEDs,
a Gaussian model is used to simulate their spectral power distribution, with parameters to be
determined: peak value, peak wavelength, and full width at half maximum (FWHM). On the other
hand, white LEDs typically have two peaks, so a double Gaussian model is used to describe them,
with parameters to be determined for both peaks: peak values, peak wavelengths, and FWHMs.
Figure 2 shows the measured and fitted spectra of R, G, B, and W LEDs at 20°C. All R2 values are

above 0.98, indicating a good representation of the spectral power distribution of the LEDs.
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Figure 1. The spectral power distribution of RGBW LEDs at different temperatures
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Figure 2. Displays the measured spectra and fitted spectra of LEDs at 20°C for (a) red LED, (b) green LED,
(c) blue LED, and (d) white LED.

After establishing the above model, the SPD of LED light sources can be represented by three
parameters: peak value, peak wavelength, and full width at half maximum (FWHM). By linearly
fitting the peak value, peak wavelength, and FWHM of the Gaussian model at different temperatures,

we can obtain the relationship between the SPD and temperature as shown in Equation 10-13. In



the equation, A represents the peak value of the spectral power distribution, A, represents the peak

wavelength, and AX represents the FWHM. The subscripts 1, g, b, and w represent the corresponding

colors of the LED light sources.
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To validate the reliability of the model, a comparison was made between the calculated and

actual SPD. Using the established model, the SPD was calculated for the red LED at 25°C, the green

LED at 45°C, the blue LED at 65°C, and the white LED at 85°C. The actual SPD was also measured

at these temperatures. The calculated and measured results are shown in Figure 3. The graph shows

that the calculated results using the model closely match the actual spectral power distributions,

with R2 greater than 0.98.
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Figure 3. Comparison of the fitted spectra of the temperature spectral model with the tested spectra at
different temperatures (a) red LED with 25°C (b) green LED with 45°C
(c) blue LED with 65°C (d) white LED with 85°C

3. Results and discussion

3.1 Effect of Temperature on Light Mixing Results

The goal of LED temperature compensation is to keep the light output as constant as possible

within the target temperature range. First, we need to obtain the light mixing results of the RGBW

LED light source at 20 C. We use PWM to change the duty cycle to realize the control of the

different specific gravity of the four LEDs[?3-26]. Using the spectral power distribution of the RGBW

LED light source at 20°C obtained from the test, we control the duty cycle of the four LEDs and

superimpose the spectra, and take the result with the best performance as the initial state. The light

source performance in the initial state is shown in Figure 4.
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Figure 4. Color performance of RGBW light source in correlated color temperature range of 2000K-7000K

As the temperature increases, using the LED on time directly for light mixing without

temperature compensation at the start of the process can result in large variations. The main problem

caused by temperature increase is the increase of the color temperature of the light source, and the

Ry and R¢ performance is slightly lower at most color temperatures, as shown in Figure 5. Table

1 shows the R¢ and Ry at some CCT. Tables 2 and 3 show the CCT, R¢ and R; deviations of the

RGBW mixing results at 55°C and 85°C. At 55°C compared with 20°C, the maximum deviation of

the CCT = 2000K, the deviation value is 333K, the maximum deviation of R¢= 15.95, the

maximum deviation of R; =34.5. At85°C compared with 20°C, the maximum deviation of CCT

= 6500K, the maximum deviation of R¢= 31.94, and the maximum deviation of Rg=53.7.

Table 1. RGBW LED mixing results at 20°C with relative intensities of the four channels

CCT/K R¢ R, Red Green Blue White
2000 34.3617 170.0625 0.3809 0.0129 0 0.6061
3000 74.5489 107.1144 0.1458 0.0745 0 0.7796
4000 87.0497 105.6701 0.0907 0.1412 0.0358 0.7320
5000 91.9631 105.1416 0.0476 0.1466 0.0839 0.7218
6000 92.5927 102.2622 0.0512 0.2541 0.0834 0.6112
7000 90.4860 100.0014 0.0787 0.3309 0.0975 0.4927
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Figure 5. Effect of temperature on the light output of the light source (a) Variation of R¢ at 55°C (b)
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Variation of Ry at 55°C (c¢) Variation of Rf at 85°C (d) Variation of Ry at 85°C

Table 2. Variation of Rf and Ry at 55°C

CCT/K CCT R¢ deviation  R¢ deviation R, deviation R, deviation
deviation/K rate rate
2000 255 15.9591 46.44% -34.5027 -20.28%
3000 205 4.6915 6.29% -3.6654 -3.42%
4000 207 2.0787 2.38% -2.0318 -1.92%
5000 226 -1.6578 -1.80% 0.7601 0.72%
6000 219 -0.5305 -0.57% -1.7170 -1.68%
7000 333 -0.9732 -1.08% -2.3538 -2.35%

Table 3. Variation of Rf and Ry at 85°C

CCT/K CCT R¢ deviation  R¢ deviation R deviation R, deviation
deviation/K rate rate
2000 650 31.94061 92.95% -53.7363 -31.60%
3000 459 8.479784 11.37% -7.76715 -7.25%
4000 441 3.206903 3.68% -4.61825 -4.37%
5000 461 -1.76276 -1.92% -1.14647 -1.09%
6000 414 -1.56002 -1.69% -3.77007 -3.69%
7000 607 -2.7493 -3.04% -4.79731 -4.80%

3.2 Temperature compensation of the LED light source

The compensation process is mainly divided into two steps, namely color power compensation
and luminance compensation. First, in order to maintain the consistency of the color of the light
output as much as possible, the result of temperature compensation is as close as possible to the
initial state of the light mixing results. The compensation target is set as the R¢ and Ry of each
color temperature point under 20 C, and the result is to control the relative intensity of the four
channels of the light source so that the color performance of the light source is close to the
performance under 20°C. Then, the luminance of the light source is adjusted so that the illumination
effect of the light source is the same as that at 20 °C . However, in some temperature and color
temperature, the target brightness could not be achieved due to the attenuation of the peak of the
light source, then the light source is set to the closest brightness.

Non-dominated Sorted Genetic Algorithm is commonly used for multi-objective optimization
problems. In this paper, the objective is to optimize the deviation, R¢ and R, between the mixed
color temperature and the target color temperature by controlling each color LED by varying the
PWM duty cycle. Figure 6 shows the flow chart of NSGA-2[?7]. At the beginning of the algorithm,

the duty cycles of the four channels are expanded by 1000 times and then converted to binary ones



as gene codes, e.g. if the duty cycle is 0.231, the corresponding code is 0011100111.There are four
codes for the duty cycles of the RGBW LEDs, which are concatenated in series to form a set of 40-
bit binary codes as genes for storing the information.The crossover, mutation, and variance in the
NSGA-II processes in NSGA-II are also performed using this set of genes. It is necessary to scale
the set of duty cycles as a whole as shown in Equation 14, when the crossover or mutation process

produces a duty cycle greater than 1, that is the binary code is greater than 1111101000.

K, = K,r/P
K,=K',/P
g g
Ky = K'y/P (4
K,=K'/P

K' denotes the duty cycle before scaling, K denotes the duty cycle after scaling, and P denotes
the maximum duty cycle greater than one.

Set the running parameters of the genetic algorithm, initial population size M=30, end of
evolutionary generations G=300, crossover probability Pc=0.8, mutation probability Pm=0.1. The
crossover and mutation probabilities are realized by generating a random number between 0 and 1.
If the generated random number is not greater than the value of the probability, the crossover or
mutation process is performed. The encoded duty cycle is used as the gene of the individual, and
the color temperature deviation of the light mixture and the superiority or inferiority of R and Ry
are used as the adaptation degree of the individual, and the calculation of the adaptation degree is

shown in Equation 9.
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Figure 6. NSGA-II Flowchart

Based on the fitness of the individuals in the initial population, non-dominant sorting and
crowding are calculated for all individuals in the population. At this point, the initialization of the
population is complete. After the initialization of the population is complete, genetic selection of
the population begins until the number of genetic generations reaches the specified number of
completed evolutionary generations. At the end of the algorithm, the results are taken as the first
level of non-dominated, and the appropriate results in the first level are selected for storage. For the
results with large deviation in color temperature but good color performance, they are saved as other
parent individuals with similar color temperature to that result to speed up the convergence of the

algorithm results. Figure 7 shows the results after color compensation.



For the priority of the optimization target, it is set as the priority of CCT deviation
compensation, followed by Rf compensation and finally R; compensation. It can be seen that
under this objective, the deviation of the color temperature of the light source from the target color
temperature is usually within 10K. The R¢ can also be very close to the performance, and the
deviation values are all less than 3. At 55°C, the deviation of the R¢ in the interval of 2000K-7000K
is less than 4%, and the deviation of the Rf in the interval of 3000K-7000K is less than 2.15%. At
85°C, the R¢ deviation is less than 6% in the 2000K-7000K interval and less than 2.21% in the
3000K-7000K interval. R; has a lower compensation priority and has a slightly higher deviation
than CCT and Rg, but the deviation values are also usually less than 5. the Rgdeviation is less than
4% at 55°C and less than 4.46% at 85°C. the Ry deviation is less than 4% at 55°C and less than
4.46% at 85°C. the Ry deviation is less than 4% at 55°C and less than 4.46% at 85°C. For better
results, the population size can be increased and the number of evolutionary generations can be
increased. The parameters chosen in this paper allow the calculations to be close to the color

performance of the light source at 20°C without taking too much time.
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Since the luminous intensity of the light source is not taken into account when color
compensation is performed, it is necessary to make the luminous intensity of the light source

consistent with that before color compensation is performed after color compensation is completed.



First of all, we need to calculate the luminous intensity of the light source after the completion of
color compensation, using the duty cycle obtained to calculate the SPD of the RGBW LED after
mixing, the formula is shown in Equation 1. The luminous intensity of the light source can be further
calculated based on the obtained SPD. Then compared to the luminous intensity of the light source
before compensation, to maintain the proportion of each light source is unchanged between the
mixing duty cycle to amplify or reduce to complete the brightness compensation. Compensation is

calculated as follows:

1,
K. =K x—
g g

. b (15)
K,=K, =

L

When the light source temperature is high, a color light source may reach its maximum
brightness and still not reach the brightness before compensation. To solve this problem, it is
necessary to re-compensate the color at that point, reducing some of the color output in exchange

for higher luminous intensity.

4. Conclusion

Multi-color LED mixed lighting future lighting industry trend, based on the lighting effect,
control difficulty and cost considerations, the most common multi-color LED mixed lighting
solutions on the market for the two-color temperature as well as RGBW. Due to the characteristics
of the LED itself, the LED spectral power distribution of different colors will produce different
degrees of change when the temperature rises. In this paper, we model the LED spectral power
distribution-temperature, and use the NSGA-II algorithm to compensate the spectral temperature of
RGBW LEDs based on the spectral superposition theorem, with the goal of making the light output
effect of LEDs at different temperatures consistent. The compensation priority for each light output
parameter of the light source is color temperature first, R second, and Ry last. The results show
that in the selected group of light sources, the CCT deviation is less than 10K; R¢ deviation value
in the range of 2000K-7000K is less than 4%, 3000K-7000K range is less than 2.15%; R, deviation
value in the range of 2000K-7000K is less than 4.46%. For different application scenarios, different

compensation priorities can be controlled to achieve the desired lighting effect.
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