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Fig. 1 Schematic diagram of light source and experimental setup. (a) Light source; (b) experimental setup
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Tablel Fitting coefficients of three models of R/G/B/WW four-color LED light source

Model R G B Part Tin WW Part IT in WW
Gaussian model 0. 985 0.994 0.992 0.988 0.991
Gauss-Lorentz model 0.970 0.988 0.984 0.972 0. 986
Bigaussian model 0.972 0.991 0.989 0.992 0.996
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Fig. 3 Color rendering index of mixed white light at different correlated color temperatures. (a) 3000 K; (b) 5000 K; (¢) 6500 K
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Table 2 Comparison errors between experimental and model light source parameter values under correlated color temperatures of
3000 K, 5000 K and 6500 K

Correlated color

emperature /K Errorin T. /% Errorin E, /% Errorin Ra /% Errorin Cy. /% Errorin ny /%
3000 3.79 (70 °C) 1.45 (20 °C) 3.25(30°C) 2.92(30°C) 2.94 (80 °C)
5000 2.67 (70 °C) 1.38 (40 °C) 2.10(20°C) 2.77 (90 °C) 3.66 (90 °C)
6500 1.56 (90 C) 1.14 (40 °C) 2.66 (80 °C) 3.34 (70 °C) 2.52 (90 °C)

0930001-3



%43 %

% 9HI/2023 £ 5 B/FEFIR

(a) 0.014 (b) 0.012
0.012 F 0.010 }
£20.010 )
£ £ 0.0081
= 0.008 | =
B & 0.006
<0.006 | Z < \
g £ 0.004}
@ 0.004 | u
0.002 0.002
0 L L L 0 L L L
400 500 600 700 400 500 600 700
Wavelength /nm Wavelength /nm
(c) 0.018
0.015 |
(o
E 0.012
é 0.009
<
£ 0.006
n
0.003 |
0 \ \ .
400 500 600 700
Wavelength /nm

—=— 20 C (measured) ——60 ‘C (measured)—*—90 ‘C (measured)
--=-20C (model)  --+-60°C (model) --e--90 C (model)

P4 ARTRARSG R T BT 5 i 145 2R 3T L < (a) 3000 K5 (b) 5000 K;(¢) 6500 K
Fig. 4 Comparison between measured and model calculated results under different correlated color temperatures. (a) 3000 K;
(b) 5000 K; (c) 6500 K

M 2 T DA, 3R 6 U8 A A Y S 80 (E 5 5 = B E, FRET 15.5% , T, BT T 11.9% , Cop 1 7y 5351
BOE 2 18] B Fe KR 22 4 3. 79% , 8l 22 (AC) B /N TF BT T 10.6% F1 7. 1% 5 3R A 5000 KGR 1 E, R K
5.4X10 %, 711 8% ,Te LTFT 11.8%, Cop Ml py {45 ETH T

AN, NIEL S ] LU B, bl & IR T, T 0.5% M19.7%; 0 ¥ K 6500 KRB E, F T
Car Fl py EIEAR LRGN, E(E R 2. iR 10.9%, Te EFH T 10.0%, Cop #2050 BT T

FEFFE] 90 CI - 501 IR (ELAR 1L , €3 S 3000 K LR 9. 1% fI8.3%.
@ p () 1.20 —
8000 | " T, vC,,
T =6500 K {os2
*E, T -6500K 1100 1.05F A, c
Lo [
w00f " S
L 0.90 }
. 024
% 6000 F . - \‘\.\. 490 B e ol 15 kst - -:- ¥ :;: :}@: _#
s L oeme - oETR i A e
S o i GOT5E v T -5000K -
Sceo  TSBO0OK -, ol los
e | X _
4000 e T,=3000K 180 T,=3000 K
\\d - | A AecAcc A Ao A
3000p =momTeTETYT e ] BRI S [T

.30,
10 20 30 40 50 60 70 80 90 100
Temperature /C

70
10 20 30 40 50 60 70 80 90 100
Temperature /C

K5 3000 K.5000 Kl 6500 K AH 3¢ (@ T WAL S5, (a) Te Fl Ev; (b) Cye Ml gy
Fig. 5 Measured parameter of light source under correlated color temperatures of 3000 K, 5000 K and 6500 K. (a) T and Ey; (b) C,y

and 7y
B T I BE R B OB R G S e S R A, R hi s 5 A — E 2R 6 &, 2R Origin 9.0

JJADE B8 #4508 38 10 5 25 H, R DG A X H AT R LA S B UTIRE TS5 8 fM2 52 1
XS BT . MO8 IR @R S8 3000, 5000, Dy D Dy Dy R E 2 4 2B R7=0. 9818,

6500 K B}, il it JADE 834 45 21 (9 A 5] 3 E T 09 % B2 2R

0930001-4



43 %5 F 9HI/2023 F£ 5 A/FEFIR

D500 = 0.10183 4 0.00329 « T

D 5000 = 0.11454 + 0.000248 + T

Dy 5000 = 0.0089 4+ 4.89 X 10 *+ T~ (9)
Dy 5000 = 0.49346 + 0.00121 « T

Dy oo =0.05298 + 7.34 X 10 *+ T
De.swo=0.17937 + 2.52 X 10+ T (10}
Dy son = 0.00863 + 1.77 X 10 *+ T’

Dy 5000 = 0.51442 + 0.00121 - T

Dy g0 = 0.02952 + 2.14 X 10 °« T

De ss00=0.1849 + 2.38 X 10 *+ T (1)

Dy o0 =0.14458 + 2.66 X 10 *+ T’

Duww.ss00 = 0.54594 + 0.00142+ T
B ()~ D AR 4 LEDIREG A EIRA R N
300050006500 K A [A] 3 BE T 9 #Ma2 5 28 HE, 9% 4b
2 5 WG TE R LSBT T S0 0 UE . 2001 2 4h
P 5 AN AR T B GRS DR A I 50 e TR R ok
TEDEAT X e, AR 6 s o AT RL R B, 20 0 A IR Ok
T T 23 A 5 ) R TR A 6T T o A R AR — 3

() 0.012

0.010

SPD /(W-nm-)
o o o
[ =] oo § [ ]
(=} = [
'~ (2] [e75)

o

0.002 |

400 500 600 700
Wavelength /nm

@
0.012 f
_ 0010}
E 0.008 }
E 0.006 -
)
& 0.004
0.002 }
0 5 L L L
400 500 600 700
Wavelength /nm
(&
© 0.015F
_ o012t
,é 0.009 }
g
2 0.006
ay
n
0.003 }
0
400

—s— 20 'C (measured)

500 600 700

Wavelength /nm
—+—60 ‘C (measured)—*— 90 ‘C (measured)
--4+-60 'C (model) --e--90 C (model)

6 AN [ AR G Gl RO 5 ARG RS XT L . (2) 3000 K5 (b) 5000 K (c¢) 6500 K
Fig. 6 Comparison between measured and compensation model spectra under different correlated color temperatures. (a) 3000 K;

(b) 5000

X ) 4 U O IR S S MR R R AR EE R O
VESHEAT TIRZE T B4 3TTAN 7F LR 3R IE
T OAMEEHOCIE B T E,y . Co Fl oy BEIE JE 097381k
PRFFEEATRE - 500 IR 1R 0 HH G iR A L, A2 IS 3
Folr 6 R B - 2435 22 4351 R 0. 83% 0. 63% F10. 63% 5
SRt A5 30 TR R P BG0 5  n I RE RROEE SF 1
W2 MR 1.46% ,0.52% F10.86% ; Ci 51 17
T BE I A SR 2 40 ) 1,78 % .0, 66 % AT 1. 05% 5
ns (E 500065 6B B B P34 22 00 o 1. 729 .2, 03%

0. 3496 s EWSHUI RIRZEN 2. 6205 ¢
4 B £

IR

A PWM G £ AR, Fl H JADE B3k 058 1 IR

K; (¢) 6500 K

A EJ6 LED bifi i 2 A8 40 06 3% o 4k 5 s ol il DG
RERIAI GRS T R/G/B/WW IR & 116 LED 16 A [A] iR
BETN G T IR R AR JADE B33 ke 45 R
SO TS R AR R AT A Ak AN R IR BE T O D
i SRR AME T 7RI E AN TR B TR 8 T 0 4R R
JEE 10 6 1% B 5 A TR R BT MO 1 R A —
LS B i KSR 22 R 2. 62% 0 X IETE—
E P bR ok DR R B AR R S iR i 2 3 4 LED e
5 AR ) R, 4 R R R S AL BT R T B
FEJa S TAE D, 5 HE— 22 WF I AR B LED Gt F 52 B 25 7t
(77 1%, JEAR E— > R B T 3R 4, S IR AR AR Ol
RSB S M

0930001-5



& 43 % 2 9 H1/2023 £ 5 B /R

F 3 AMERJE AN RIAH G (I AL 2 B A 2 U A R 1R 22

Table 3 Relative errors between measured values and set values at different correlated color temperatures and temperatures after

compensation

Correlated color Set  Measured Relative Measured Relative Measured Relative Measured Relative
temperature /K T /C T, /K error of £, /lx error of Co error of " error of
T. /% E, /% Cue /% ns /%
30 3109 0.98 83.99 0.51 0.4101 1.74 0.1001 1.62
40 3119 0.66 83.55 1.03 0. 4102 1.76 0. 1002 1.73
50 3131 0.26 83.51 1.07 0.4101 1.74 0. 1003 1.83
3000 60 3140 0.12 83.18 1.47 0.4104 1.81 0.1001 1.62
70 3164 0.79 82.91 1.79 0.4103 1.79 0. 1002 1.73
80 3175 1.12 82.74 1.99 0. 4102 1.76 0.1002 1.73
90 3199 1.91 82.43 2.35 0. 4105 1.84 0. 1003 1.83
30 5098 0.42 92.90 0.13 0. 7422 0.63 0.2169 1.40
40 5112 0.09 92.70 0.40 0.7449 0.28 0.2173 1.59
50 5128 0.22 92.00 1.07 0.7478 0.12 0.2178 1.82
5000 60 5145 0.41 92.70 0.38 0. 7502 0.44 0.2184 2.10
70 5154 0.69 92.10 1.06 0.7531 0.83 0.2187 2.24
80 5169 1.09 92.50 0.53 0. 7546 1.03 0.2192 2.47
90 5189 1.48 92.90 0.06 0.7563 1.26 0.2195 2.62
30 6517 0.99 99.70 1.36 0.9315 1.31 0.2718 0. 80
40 6526 0.85 99. 30 0.98 0.9316 1.30 0.2724 0.58
50 6554 0.43 98. 60 0. 30 0.9314 1.32 0.2729 0.40
6500 60 6571 0.18 97. 60 0.75 0.9337 1.08 0.2734 0.22
70 6596 0.21 98. 80 0.42 0.9345 0.99 0.2737 0.11
80 6627 0.68 97.50 0.85 0.9367 0.76 0.2741 0.04
90 6653 1.07 97.00 1.34 0.9386 0. 56 0.2746 0.22
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Tian Huijuan"”, Zhang Xinhua"’, Zhang Jin"’
'Tianjin Key Laboratory of Optoelectronic Detection Technology and System, School of Electronics and
Information Engineering, Tiangong University, Tianjin 300387, China;
*Engineering Research Center of Ministry of Education on High Power Solid State Lighting Application System,
Tiangin 300387, China

Abstract

Objective Light emitting diode (LED) features high luminous efficiency, adjustable luminance and color temperature,
fast response, and long life, and it is widely applied in various fields. During the operation of LED light sources, the
temperature change exerts an impact on its emission spectrum and energy efficiency. In previous studies, the designs of
heat dissipation structures are mainly adopted to reduce the impact of temperature on LED luminous efficiency and
performance. Some researchers have also employed other methods to study the impact. A closed-loop negative feedback
system is designed to reduce the influence of temperature on the spectrum of the light source, and the temperature
spectrum compensation method of RGBY four-color LED light source is proposed based on visual and non-visual effects.
The white LED for lighting is mostly obtained by blue excited yttrium aluminum garnet phosphor. However, its color
temperature cannot be adjusted and color rendering is poor. A mixed white LED cluster can achieve dynamic adjustment of
color temperature and high color rendering index. Therefore, the optimization method of multi-channel LED white light
with tunable color temperature and high color rendering index has been extensively studied. However, the influence of the
thermal effect on the optical parameters of a mixed white LED is rarely considered. Thus, this paper studies the impact of
temperature on the spectrum of red/green/blue/warm-white (R/G/B/W W) four-color LED and obtains the spectral model
with temperature change. Additionally, the spectral optimization model of R/G/B/WW LED mixed white light is built by
the adaptive differential evolution (JADE) algorithm based on the temperature and duty ratio, and it is verified through

experiments.

Methods The experimental setup mainly consists of microcontroller (MCU), R/G/B/WW LED light source, integrating
sphere, HASS-2000 spectral radiometer, and CL-200 temperature control device. Two R/G/B/WW four-color LED
clusters are connected in series. The MCU can generate four different pulse width modulation (PWM) signals with specific
duty ratios (Dy, D, Dy and Dyy,) to achieve four-color LED mixed white light. The HASS-2000 spectral analysis system
is adopted to measure the spectral power distribution (SPD) of each LED in the R/G/B/WW LED clusters, and the
parameters of mixed white light including the luminous flux, color rendering index, and correlated color temperature. The
stability of LED temperature is controlled by the CL.-200 temperature control device. The temperature range is from 20 °C
to 90 °C with error margin of £0. 1 °C, and the temperature interval is 10 ‘C. In addition, the driving output current of the
R/G/B/WW four-color LED clusters is 350 mA and the driving voltage is 6 V. Eight groups of spectral power distribution
curves of each monochrome LED light source with temperature between 20 ‘C and 90 °C and the interval of 10 ‘C are
measured by experiments when the duty ratio is 1. Three modes of Gaussian, Gauss-Lorentz, and Bigaussian are utilized
to study the temperature spectral model of LED light source respectively. Additionally, the spectral model changing with

temperature can be obtained.
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Results and Discussions The four-color LED mixed white light with color temperatures of 3000 K, 5000 K, and 6500 K

is employed to verify the accuracy of the temperature spectrum model (Fig. 3). Based on the temperature spectral model,
the SPDs at temperatures of 20 ‘C, 60 °C, and 90 C are calculated, respectively. The results show that the SPD of the
model with temperature change is approximately the same as the measured results (Fig. 4). According to the temperature
spectrum model, the parameters of light source containing illuminance (Ey), color rendering index (Ra), correlation color
temperature (T.), blue light hazard factor (y,), circadian action factor (C,), and considering visual/non-visual effects can
be calculated at different temperatures. Meanwhile, the calculation results are compared with the measured parameters of
the light source at different temperatures (Table 2). The maximum deviation between the model parameters and measured
parameters in the three LED light sources is 3.79%, and the chromaticity difference is less than 5.4>X107°. The light
source spectrum and parameter values can change with the rising temperature (Fig. 5). Finally, the JADE algorithm is
adopted to acquire the single channel duty ratio to optimize the light source spectrum and related parameters. At the above
three LED light sources, the optimization duty ratio obtained by the JADE algorithm shows a linear relationship with the
temperature. Based on the optimization model, the SPDs and parameter values of light source at different temperatures
after optimization can be obtained. The optimized SPD is approximately the same as the light source spectrum at the initial

temperature (Fig. 6), and the maximum relative error of the parameter values is 2. 62% (Table 3).

Conclusions In this paper, according to PWM dimming technology, the JADE algorithm is leveraged to study the
spectrum optimization of R/G/B/WW LED mixed white cluster with temperature change. According to the temperature
spectral model, the R/G/B/WW LED mixed white spectra changing with temperature are obtained. Based on the
obtained mixed white light spectra at different temperatures, the spectral optimization model that can effectively adjust the
spectrum of the light source at different temperatures is built in accordance with the compensation results of the JADE
algorithm. After compensation, the measured spectra are basically consistent with those of the optimization model, and
the maximum relative error of LED light source parameter values is 2. 62%. This method can compensate for parameters
of light source caused by temperature, and guide the optimal design of health lighting system. In future studies, the
method of obtaining real-time junction temperature of LED chips should be further explored, and the feedback control

system should be constructed to realize the dynamical compensation of the light source parameters.

Key words spectroscopy; spectral optimization model; light-emitting diode; temperature; pulse width modulation;

adaptive differential evolution algorithm
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