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In this study, genetic algorithm (GA) was utilized to optimize the phosphor distribution to decrease the
junction temperature of white phosphor-converted light-emitting diodes (pc-LEDs). The key steps of the
GA were introduced, including selection, crossover, and mutation. Both the junction temperature and
the entransy dissipation of each evolution were calculated. It was found that with evolutions, the phos-
phor particles tend to build a ‘‘thermal bridge’’ between the chip and the convective boundary and spread
along the convective boundary. The junction temperature decreases from �157.5 �C to �150 �C and the
entransy dissipation decreases from �18 W K to �6 W K. The least entransy dissipation principle was
demonstrated to be the rule that governs the optimization processes.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, light-emitting diode (LED) technology has
created more turmoil in the lighting industry than anything occur-
ring over the previous century. The conventional incandescent and
fluorescent light sources are increasingly being replaced by more
energy-efficient, longer-lived, and environmentally friendlier
white LEDs [1–5]. However, white LEDs still suffer from challenges
related to brightness, efficiency, reliability, and performance. Due
to the limited optoelectronic conversion efficiency of LED chip,
more than 70% of the input power converts into heat. Heat, how-
ever, plays a negative role that heat will increase the junction tem-
perature, which is the most important thermal parameter in LEDs.
High junction temperature will decrease the internal quantum effi-
ciency, reduce the luminous output, degrade the packaging mate-
rials, lower the reliability, and shorten the lifetime, etc. [1,2].
Thermal management, hence, is important for high power white
LEDs and its primary goal is to decrease the junction temperature.

According to the current state-of-the-art white LEDs, the phos-
phor-converted LEDs (pc-LEDs) are the most frequently-used
method to generate white light [1,2,6]. In pc-LEDs, since the
phosphor silicone matrix is coated on the chip, it badly influences
the chip heat dissipation. Moreover, in the pc-LEDs, besides the
heat generated in the active layer of the chip, it has been reported
that phosphors also generate heat [7–11]. Based on the Kubelka–
Munk theory, we also proposed a method to calculate the heat
generation in phosphors [12,13]. Although the heat generated in
phosphors is much less than that in chip, there is no good heat
dissipation medium for the phosphor particles since they are
embedded in silicone with low thermal conductivity (�0.2 W/
(m K)). The phosphor self-heating, not only affects the phosphor
characteristics, but also increases the LED junction temperature.

So far, most thermal management methods for LED packages
focus on enhancing the heat dissipation outside of the package, like
air cooling, liquid cooling, etc. [14–17]. According to the Bar-Cohen
star-shaped thermal resistance model, part of heat will be dissi-
pated through phosphor layer, lens, to the ambient air [18,19].
However, few reports focus on the internal thermal management
that aims at improving the heat dissipation inside the LED package,
more specifically dealing with the phosphors. It is affirmative that
the internal thermal management will benefit the external heat
dissipation.

In this study, we focused on the internal thermal management
of pc-LED package. The phosphor distribution in pc-LEDs was opti-
mized to decrease the junction temperature by genetic algorithm
(GA). The details about the GA procedure dealing with this problem
were introduced. The evolutions about the phosphor distributions
were presented and the corresponding junction temperature and
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Fig. 1. Schematic of pc-LED package.

Fig. 2. Calculation model for phosphor distribution optimization.

892 R. Hu et al. / International Journal of Heat and Mass Transfer 77 (2014) 891–896
entransy values were evaluated. At last, the optimized phosphor
distribution was given.
Fig. 3. Flowchart of GA procedure.
2. Problem statement

In pc-LEDs, the mixture of phosphor particles and silicone
matrix is dispersed onto the LED chip that is mounted onto the
substrate previously. The schematic of the pc-LEDs is pictured in
Fig. 1. The thermal conductivities of the phosphor particle and
the silicone matrix are kp and km, respectively. In the phosphor
layer, it is reported that the phosphor distribution, due to relatively
high thermal conductivity of phosphors (�13 W/(m K)), influences
the heat conduction processes in silicone [8–10]. But what’s the
best phosphor distribution that makes the LED junction tempera-
ture lowest? This is the exact motivation behind this study and
the following part clarifies the detailed solving procedure.

To optimize the phosphor distribution to obtain the lowest
junction temperature, we established a model, as shown in Fig. 2.
The width and height of the phosphor layer is L and H, respectively.
The chip dimension is one third of the width and it is placed in the
middle of the x axis. The phosphor layer is divided into M � N grids
along the y and x axes respectively, and each grid corresponds to a
unit cell, i.e. either one phosphor particle or silicone matrix. The
magenta grids in Fig. 2 denote the phosphor particle with thermal
conductivity kp. The cyan grids in Fig. 2 denote the silicone matrix
with thermal conductivity km. As the original intention of this
study, we put aside the external thermal management and mainly
focus on the internal thermal management of the pc-LED packages.
So, in the model, we neglected the substrate and only the top sur-
face is cooled with a convective heat-transfer coefficient, h, and
other surfaces are insulated. The heat sources in this model contain
two parts: LED chip and phosphor particles. The LED chip is
assumed as a homogenous heat source with power of qc. Each
phosphor particle is also assumed as a homogenous heat source
with the power of qp. It is predicted that the total phosphor heat
generation may be not homogenous because it is dependent on
the distribution of phosphor particles. The phosphor volume frac-
tion, /, is defined as Np/(M � N), where Np is the number of phos-
phor particles. The mathematical description of this problem is

minðmax TÞ
s:t:rðkirTiÞ þ qi ¼ 0; i ¼ p;m

�
ð1Þ

with boundary conditions

@T=@y ¼ qc=ki; at y ¼ 0; 1=3L � x � 2=3L

@T=@y ¼ 0; at y ¼ 0; x < 1=3L; x > 2=3L

@T=@y ¼ h=kiðT � TaÞ; at y ¼ H

@T=@x ¼ 0; at x ¼ 0; L

8>>><
>>>:

ð2Þ

where qm equals zero because silicone will not generate heat.
Another constraint condition is the phosphor volume fraction /.
The precise solution to such a nonlinear problem is not easy and



Fig. 4. Selected 12 evolution generations for 12 � 12 grids with volume fraction of 0.4.

R. Hu et al. / International Journal of Heat and Mass Transfer 77 (2014) 891–896 893
numerical method is preferred. For certain phosphor distribution,
the temperature field can be calculated by finite difference method
(FDM). For every phosphor distribution, the new temperature filed
calculation is required though it is kind of time-consuming.

The remaining problem is that how to find out the right
phosphor distribution that corresponds to the lowest junction tem-
perature. If we traverse all the distributions, we can find out the
best distribution but must be exhausted. Here, to avoid such
embarrassing situation, we adopted the genetic algorithm (GA) to
find out the best distribution without traversing all the
distributions.
Fig. 5. Junction temperature and entransy dissipation of the selected 12 evolution
generations.
3. Genetic algorithm

GA is a global search algorithm that is based on the Darwinian
theory of natural selection and survival of fittest one that exists in
the genetics of the species [20,21]. The GA generally consists of
population initialization, selection, crossover, and mutation pro-
cesses. The flowchart of GA procedure in this study is shown in
Fig. 3. The key steps in Fig. 3 are introduced in detail as follows.

3.1. Initialization

At the beginning, the population size, the crossover rate, the
mutation rate, and the number of generations are set. For certain
volume fraction, a certain number (population size) of phosphor
distributions are generated randomly as the initial population.
We reshape each distribution into a vector as the individual in
the population. For each individual, the temperature field is
calculated and the junction temperature, Tj, is obtained.



Fig. 6. Comparisons of temperature fields of evolution generation obtained by FDM
and COMSOL.
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3.2. Evaluate fitness

We sort the populations by their junction temperature in
descending order. The fitness value of ith individual is defined as
2i/(P(P + 1)), where P is the population size [21]. The fitness func-
tion can also be other formula but should have such a characteris-
tic that the lower the junction temperature is, the larger the fitness
of the corresponding individual is. The values of the fitness imply
the probability of the individual to be chosen for propagation.

3.3. Selection

Depending on the fitness function, parent generations are
selected to participate in the propagation for a new generation.
For saving computation time, we encoded the indexes of the phos-
phor particles as vectors, which are the chromosomes rather than
the individual. This is a really effective tip to speed up to obtain the
final global optimum result. To keep good genes, the elitism strat-
egy is applied that the best 2 chromosomes in every generation
propagate to the next generation without any change. The chromo-
somes hold genes that participate in the following crossover or
mutation processes. But at the end of each generation of propaga-
tion, we decoded the chromosomes and returned to the individuals
based on the chromosomes for the calculation of temperature
fields for the next generation.

3.4. Crossover

We randomly generate a number between 0 and 1. If the ran-
dom number is smaller than the crossover rate, the chromosomes
of the two parents are randomly exchanged to breed the child gen-
eration. Otherwise, no crossover happens and the child generations
are the exact copy of the parent generations. Since the chromo-
somes are the indexes of the phosphor particles, no matter in the
parent generation or in the child generation, it is not allowed that
there exist same numbers in the chromosomes. This rule is essen-
tial especially in the child generation. If it happens, we should
change the crossover position in the chromosomes or forbidden
the crossover at this generation.

3.5. Mutation

In order to maintain the diversity of the individuals, the chro-
mosomes are allowed for a small chance of mutation. Mutation
changes one or more genes in a chromosome randomly. Similar
to crossover, the mutation does not allow same number in the
chromosomes. This can add entirely new genes to the gene pool.
With the mutation, GA may be able to achieve global optimum
solution rather than being trapped in local optimum solution.

3.6. Termination

The optimization process is repeated until a termination condi-
tion has been reached. The termination condition can be two kinds:

(a) The number of evolution generations has been reached.
(b) The lowest junction temperature in each generation does

not change over 800 generations.

4. Results and discussions

Based on above algorithm, we optimized the phosphor distribu-
tion to obtain the lowest junction temperature of pc-LEDs. For cal-
culation convenience, the grid scale is selected as 12 � 12. The
thermal conductivity of phosphor particle and silicone matrix are
13 and 0.1 W/(m K). The volume fraction of phosphors is 0.4. The
population size is 20 and the crossover rate and mutation rate
are 0.9 and 0.2, respectively. The total heat power in chip and phos-
phors is 1 W and 0.2 W, respectively. The convective heat-transfer
coefficient is 10 W/(m2 K) and the ambient air is at 20 �C. The num-
ber of evolution generations is 2000, which should be large enough
to ensure the global optimum result.

The selected 12 evolution generations are plotted in Fig. 4 and
the corresponding junction temperature of each evolution genera-
tion is shown in Fig. 5. Fig. 4(a) is the initial distribution whose
junction temperature is the largest. It is seen in Fig. 4 that with
evolutions, the phosphor particles (with high thermal conductiv-
ity) tend to form a ‘‘thermal bridge’’ between the chip and the con-
vective boundary, and the remaining particles tend to spread along



Fig. 7. Optimized phosphor distribution for 60 � 6 grids with different volume fractions: (a) 0.2, (b) 0.3 and (c) 0.4.
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the convective boundary. The heat in chip can be conducted to the
boundary for cooling along the ‘‘thermal bridge’’ relatively easily.
And the particles spreading along the convective boundary imply
the enhancement of convective heat transfer. Both the ‘‘thermal
bridge’’ and the spreading along convective boundary benefit the
heat dissipation. It is seen in Fig. 5 that with evolutions, the junc-
tion temperature decreases gradually from �157.5 �C to �150 �C.
Obviously, the junction temperature is larger than usual, which is
because we neglect the heat dissipation through the substrate to
the ambient air.

To explore the reasons behind the evolution phenomena, the
concept of entransy dissipation was invoked, which can be used
to define the efficiency for heat transfer process [22–24]. Guo
et al. proposed the least entransy dissipation principle that leads
to the minimum difference between the two boundary tempera-
tures for the heat flux boundary in this study [22]. He also pointed
out that the least entransy dissipation principle corresponds to the
minimum equivalent thermal resistance of a system [22]. The
entransy dissipation in the study can be calculated as

UG ¼ �
Z

S
n � ðqTÞdS|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Gf

þ
Z

V

_qsTdV|fflfflfflfflfflffl{zfflfflfflfflfflffl}
_G

¼
X

in
AcqcTc �

X
out

AqT|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Gf

þ
X

Np
qpTVg|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
_G

ð3Þ

where Gf is the net entransy dissipation on all the boundaries, and _G
is the entransy dissipation due to the inner heat sources of phos-
phors. Gf can be calculated by the entransy difference between
the chip boundary and the convective boundary. Vg is the grid
volume.

The entransy dissipations for the selected 12 evolution genera-
tions were calculated according to Eq. (3) and plotted in Fig. 5. It is
seen that with evolutions, the entransy dissipation decreases from
�18 W K to �6 W K. The trend of entransy dissipation agrees well
with that of the junction temperature curve. The decrease of
entransy dissipation means the drop of equivalent thermal resis-
tance. With evolutions, the thermal resistance decreases gradually,
and the heat can be more easily dissipated, resulting in the
decrease of junction temperature. The optimization process of
the phosphor distribution is the process to minimize the entransy
dissipation or the equivalent thermal resistance. Therefore, the
fundamental reason behind the evolutions is the least entransy
dissipation principle.

To more vividly observe the variations of the temperature fields
along the evolutions, three evolutions were selected from Fig. 4 as
the examples and the FDM calculation results were shown in Fig. 6.
Besides the FDM calculations, the commercial software package
COMSOL Multiphysics 4.3 was also employed to simulate the tem-
perature fields for comparisons. From Fig. 6, it is seen that both
temperature fields calculated by FDM or COMSOL are similar,
and the maximum temperature locates at the LED chip. It is also
seen that heat tends to be conducted along the ‘‘thermal bridge’’
composed by the phosphor particles. Therefore, the phosphor dis-
tribution, corresponding to the morphology of the ‘‘thermal
bridge’’, influences the temperature field greatly. With evolutions,
the maximum temperature decreases and temperature gradient
decreases as well. It is proven that the temperature field is
optimized along the evolutions of phosphor distributions.

To simulate the pc-LED package with higher precision, we built
another model that contains 60 � 6 grids. The width and height are
both according to the dimensions of a real leadframe package that
L is 3 mm and H is 300 lm. The dimensions of each grid are
50 � 50 lm2. For such case, the population size and the number
of evolution generations must be enhanced to guarantee the final
global optimum result. Other conditions are kept the same as
above model. The optimization results of phosphor distributions
with different phosphor volume fractions are shown in Fig. 7. It
is seen that the phosphors build a similar ‘‘thermal bridge’’
between the chip and convective boundary and spread along the
convective boundary. When the volume fraction was low (like
0.2), there is only one ‘‘thermal bridge’’; while two ‘‘thermal
bridge’’ may appear when the volume fraction increases to 0.3,
0.4 or even higher. The chip and convective boundaries may not
be filled with phosphor particles entirely, which implies that the
phosphor particles tend to primarily build a ‘‘thermal bridge’’
rather than primarily spread along the chip or convective bound-
aries. No matter what the number of ‘‘thermal bridge’’ is or
whether the chip and convective boundaries are filled entirely, it
is calculated that the junction temperature is decreasing along
the evolutions of phosphor distributions. It is perceived that least
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entransy dissipation principle is also the rule that governs the opti-
mization processes.

Since the LED is a kind of optoelectronic device, both the optical
performance and thermal behaviors are important. In this study,
we mainly discussed on the effect of phosphor distribution on
the thermal behaviors. But from the optimized results, we can
see that the phosphor particles spread along the top convective
surface homogeneously, which is also beneficial to the optical per-
formance. Uniform distribution of phosphor particles on the top
surface results in homogeneous color conversion, which would
enhance the uniformity of color temperature (CT) or correlated
color temperature (CCT).
5. Conclusions

In this study, genetic algorithm (GA) was used to optimize the
phosphor distribution to decrease the junction temperature of
phosphor-converted light-emitting diodes (pc-LEDs). The key steps
of the GA were introduced and the temperature fields were calcu-
lated by finite difference method (FDM). It was found that with
evolutions, the phosphor particles tend to build a ‘‘thermal bridge’’
between the chip and the convective boundary and spread along
the boundary. When the phosphor volume fraction increases, two
‘‘thermal bridges’’ might appear. To further explore the fundamen-
tal reason behind the evolutions, the junction temperature and
entransy dissipation of each generation were calculated. It was
found that with evolutions, the junction temperature decreases
from �157.5 �C to �150 �C and the entransy dissipation decreases
from �18 W K to �6 W K. The decrease of entransy dissipation
implies that the heat can be dissipated to the ambient air more
easily along the evolutions. The least entransy dissipation principle
was demonstrated to be the rule that governs the optimization
processes.
Conflict of interest

None declared.
Acknowledgments

The authors would like to acknowledge the financial support
partly by National Science Foundation of China (51376070), and
partly by 973 Project of The Ministry of Science and Technology
of China (2011CB013105). R. Hu would like to acknowledge the
financial support by HUST Graduate Innovation Fund (No. 01-09-
070095). R. Hu would like to thank Prof. Yaowu Wu for fruitful dis-
cussions on programming.
References

[1] S. Liu, X.B. Luo, LED Packaging for Lighting Applications: Design,
Manufacturing and Testing, John Wiley & Sons, Singapore, 2011 (Chap. 1).

[2] E.F. Schubert, Light-Emitting Diodes, second ed., Cambridge, New York, 2006
(Chap. 1.).

[3] R. Hu, X.B. Luo, H. Zheng, Z. Qin, Z.Q. Gan, B.L. Wu, S. Liu, Design of a novel
freeform lens for LED uniform illumination and conformal phosphor coating,
Opt. Express 20 (13) (2012) 13727–13737.

[4] R. Hu, X.B. Luo, H. Feng, S. Liu, Effect of phosphor settling on the optical
performance of phosphor-converted white light-emitting diodes, J. Lumin. 132
(2012) 1252–1256.

[5] R. Hu, X.B. Luo, S. Liu, Study on the optical properties of conformal coating
light-emitting diode by Monte Carlo simulation, IEEE Photonics Technol. Lett.
23 (20) (2011) 1673–1675.

[6] R. Hu, S. Yu, Y. Zou, H. Zheng, F. Wang, S. Liu, X.B. Luo, Near-/mid-field effect of
color mixing for single phosphor-converted light-emitting diode package,
Photonics Technol. Lett. 25 (3) (2013) 246–249.

[7] C. Yuan, X.B. Luo, A unit cell approach to compute thermal conductivity of
uncured silicone/phosphor composites, Int. J. Heat Mass Transfer 56 (2013)
206–211.

[8] R. Hu, X.B. Luo, H. Zheng, Hotspot location shift in the high-power phosphor-
converted white light-emitting diode packages, Jpn. J. Appl. Phys. 51 (2012).
09MK05.

[9] X.B. Luo, X. Fu, F. Chen, H. Zheng, Phosphor self-heating in phosphor converted
light emitting diode packaging, Int. J. Heat Mass Transfer 58 (2013) 276–281.

[10] B.H. Yan, N.T. Tran, J.P. You, F.G. Shi, Can junction temperature alone
characterize thermal performance of white LED emitters, IEEE Photonics
Technol. Lett. 23 (9) (2011) 555–557.

[11] M. Arik, S. Weaver, C. Becher, M. Hsing, A. Srivastava, Effects of localized heat
generations due to the color conversion in phosphor particles and layers of
high brightness light emitting diodes, in: Proceedings of International
Electronic Packaging Technical Conference and Exhibition, Maui, Hawaii,
USA, 2003, p. 35015.

[12] R. Hu, X.B. Luo, A model for calculating the bidirectional scattering properties
of phosphor layer in the white light-emitting diode package, J. Lightwave
Technol. 30 (21) (2012) 3376–3380.

[13] R. Hu, X.B. Luo, Calculation of the phosphor heat generation in phosphor-
converted light-emitting diodes, Int. J. Heat Mass Transfer 75 (2014) 213–217.

[14] X.B. Luo, T. Cheng, W. Xiong, Z. Gan, S. Liu, Thermal analysis of an 80 W light-
emitting diode street lamp, IET Optoelectron. 1 (5) (2007) 191–196.

[15] X.B. Luo, Y.L. Liu, W. Liu, A honeycomb micro channel cooling system for
electronics cooling, Heat Transfer Eng. 32 (7–8) (2011) 616–623.

[16] X.B. Luo, S. Liu, A microjet array cooling system for thermal management of
high-brightness LEDs, IEEE Trans. Adv. Packag. 30 (3) (2007) 475–484.

[17] S.C. Wong, Water-cooling module for LED headlamp, US Patent:
US20100321950A1, 2009.

[18] A.B. Cohen, T. Elperin, R. Eliasi, Hjc characterization of chip packages –
justification, limitations, and future, IEEE Trans. Compon. Hybrids Manuf.
Technol. 12 (4) (1989) 724–731.

[19] H.T. Chen, Y.J. Lu, Y.L. Gao, The performance of compact thermal models for
LED package, Thermochim. Acta 488 (2009) 33–38.

[20] L. Davis, Handbook of Genetic Algorithms, Van Nostrand Reinhold, New York,
1991.

[21] X.H. Xu, X.G. Liang, J.X. Ren, Optimization of heat conduction using
combinatorial optimization algorithms, Int. J. Heat Mass Transfer 50 (2007)
1675–1682.

[22] Z.Y. Guo, H.Y. Zhu, X.G. Liang, Entransy – a physical quantity describing heat
transfer ability, Int. J. Heat Mass Transfer 50 (2007) 2545–2556.

[23] G.J. Hu, B.Y. Cao, Z.Y. Guo, Entransy and entropy revisited, Chin. Sci. Bull. 52
(27) (2011) 2974–2977.

[24] Q. Chen, X.G. Liang, G.Z. Yuan, Entransy theory for the optimization of heat
transfer – a review and update, Int. J. Heat Mass Transfer 63 (2013) 65–81.

http://refhub.elsevier.com/S0017-9310(14)00496-7/h0005
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0005
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0005
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0015
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0015
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0015
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0020
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0020
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0020
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0025
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0025
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0025
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0030
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0030
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0030
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0035
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0035
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0035
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0040
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0040
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0040
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0045
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0045
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0050
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0050
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0050
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0060
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0060
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0060
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0065
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0065
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0070
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0070
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0070
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0075
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0075
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0080
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0080
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0090
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0090
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0090
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0095
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0095
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0100
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0100
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0100
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0105
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0105
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0105
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0110
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0110
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0115
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0115
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0120
http://refhub.elsevier.com/S0017-9310(14)00496-7/h0120

	Phosphor distribution optimization to decrease the junction temperature in white pc-LEDs by genetic algorithm
	1 Introduction
	2 Problem statement
	3 Genetic algorithm
	3.1 Initialization
	3.2 Evaluate fitness
	3.3 Selection
	3.4 Crossover
	3.5 Mutation
	3.6 Termination

	4 Results and discussions
	5 Conclusions
	Conflict of interest
	Acknowledgments
	References


