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Abstract: Obtaining high-quality images plays an important role in active automatic optical inspection sys-
tems. Besides cameras, image quality is significantly affected by the illumination thermal stability. To ensure
the illumination thermal stability and capture high-quality images in optical inspection systems, a thermal dis-
sipation design method for LED array structure illumination is proposed in this paper. Firstly, the thermal res-
istance model of a single LED is built by analyzing its thermal resistance characteristics. Secondly, a setup
with two adjacent LEDs is taken as an example to analyze junction temperature characteristics of the same
color light in a LED array, and then the junction temperature model of the LED array structure illumination is
developed. Finally, the thermal dissipation design method for LED array structure illumination is illustrated
based on the proposed junction temperature model. Especially, the thermal design method is decomposed in-
to two sub-problems to simplify the design process. Experimental results show that the junction temperature
deviation is within —0.33%~0.33% by simulation and is 2.28% by experiment, which validates the effective-

ness of the proposed method.
Key words: automatic optical inspection; LED illumination; thermal dissipation; junction temperature char-
acteristics; thermal resistance model; illumination thermal stability
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1 Introduction

[llumination thermal stability may affect the
acquired image quality and weaken the detection
performance of visual inspection systems, including
their detection accuracy and reliability!'?. There-
fore, controlling the illumination thermal stability is
an essential part of visual illumination structure
design. In addition, the excellent thermal dissipa-
tion ability of illumination not only ensures the ac-
quired image quality of visual inspection systems
but also improves the illumination reliability and
service life®*. Within Light-Emitting Diode (LED)
array illumination, the high junction temperature of
the internal LEDs indicates that the accumulated
heat is high, and the thermal dissipation perform-
ance is poor. Luminous efficiency and intensity will
be reduced after working in such a state for a long
time. Eventually, the illumination’s service life will
be decreased to the point of failure, which is not fa-
vorable when acquiring high-quality images in a
visual inspection system.

LED array illumination has been widely used
in Automatic Optical Inspection systems (AOIs) be-
cause of their excellent performance, such as high
luminous efficiency, long operable lifetime, low
cost, stable brightness, low energy usage, low power
dissipation and environmental protection””. Due to
the variety of inspected objects, LED array illumina-
tion is usually designed into an organized structure,
such as a circular, ring-like or linear shape. For ex-
ample, linear structure LED array illumination is

used in the linear scanning AOIs and LED ring ar-

doi: 10.37188/C0.2020-0211

rays are applied in the monocular vision inspection

8-10

systems®™ ', More specifically, strip-type and ring
structures are composed of ring arrays and row
(column) arrays, separately. A single ring or row
(column) is an array, and multiple rings or rows
(columns) form arrays. In addition, in order to
achieve an ideal thermal dissipation, a special LED
array structure is required.

Recently, there have been many research art-
icles on the performance of LEDs in literature, some
of which are related to the design and optimization
of LEDs radiators. For example, Huang et al.l'"
studied a fin-shape design by using the Levenberg-
Marquardt method and a commercial package CFD-
ACE+ to design an optimal fin shape for a radial
heat sink for LED illumination and to improve the
thermal dissipation performance of a heat sink. Its
experimental results showed that the thermal dissip-
ation performance of the heat sink with the optim-
ized fin shape was better than those with initial and
existing fin shapes. Considering the limitations of a
solid metal heat sink in the thermal dissipation of
high-power LEDs, a miniaturized phase change heat
sink was also designed and manufactured"'”. Its res-
ults showed that the proposed heat sink presented
better heat transfer performance over traditional
metal solid heat sinks and was applicable for the
packaging of high-power LED. Likewise, Jang et
al.'"! proposed an analytic algorithm for the optimal
design of a Surface Mounted Devices (SMD)-type
LED heat sink. In that paper, the optimal fin struc-
ture and its corresponding thermal performance
could be predicted algorithmically.

In some studies, the thermal performance of
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LED is analyzed from its thermal-dissipation coat-
ing and thermal dissipation structure. For example, a
high heat-conducting Cu NP paste was prepared!*
and its application in high-power LED packaging
was studied. Its results showed that the Cu NP paste
sintered at 250 °C, which provided a feasible and ef-
fective method of improving the thermal dissipation
performance of high-power LEDs. In addition, a
new assembly structure for directly illuminated
high-power LED backlight units!"* was proposed to
improve the thermal dissipation of LED backlight.
Its experimental results showed that the LED junc-
tion temperature of the backlight unit with the pro-
posed structure was lower than that of the backlight
unit adopting the traditional assembly structure. In
order to solve the thermal dissipation problem of the
device, an optimized thermal dissipation structure!'®!
was designed, and it could significantly improve the
temperature  distribution of LED micro-array
devices.

There is also some research on the perform-
ance of LED from other perspectives. For example,
based on the micro-opto-electro-mechanical sys-
tems integrated technique, Ban et al.'”? proposed a
new method for manufacturing LED arrays and im-
proved the thermal dissipation of LED arrays by op-
timizing the substrate thickness and pixel separa-
tion pitch. In addition, a three-dimensional thermal
analysis of a 3.5W multi-chip Chip-on-board (COB)
LED package was developed in Ref. [18]. The num-
ber of LED chips and their disposition on different
substrates were optimized. Its results showed that
adopting the optimal multi-chip model instead of
one LED chip could effectively improve the thermal
dissipation of LEDs.

However, there are few reports about the
design and optimization of LED array structure illu-
mination. Furthermore, due to the different illumina-
tion structures of LED arrays, the relationship
between the junction temperature model of LEDs
and their illumination structure needs to be ana-

lyzed and parameterized. Above all, structure illu-

minations comprised of LED arrays are widely used
in AOlIs.

Based on LEDs’ thermal resistance and junc-
tion temperature characteristics, the thermal design
problems of mono-color-strip-type and ring struc-
tures of illumination are analyzed in this paper.
Then, a thermal dissipation design method of these
two structures of illumination is also proposed. It is
helpful to the thermal dissipation design for struc-
ture illumination. This paper is organized as fol-
lows: Firstly, the thermal resistance model of LED
is analyzed in Section 2, which paves the way for
the following study on junction temperature charac-
teristics of LEDs. Secondly, the junction temperat-
ure characteristics of homochromatic LED arrays
are developed in Section 3. Thirdly, the thermal
design models of mono-color structure illumina-
tions are built in Section 4. Then, experimental res-
ults are presented and analyzed in Section 5. Finally,

some conclusions are presented in Section 6.

2 The thermal resistance model of
LED

2.1 Thermal resistance

Thermal resistance is an important parameter in
thermal design and can provide necessary support
for LED thermal dissipation analysis. It can be ex-

pressed as:

thfjx = JP[h - s ( 1 )

where R,_, is the thermal resistance, T; is the junc-
tion temperature of the chip, 7, is the temperature of
a reference point and P,, is the thermal power.
2.2 Junction temperature

The temperature of a chip can be regarded as
the LED junction temperature because of its small
size (Its side length is within 0.228 6~0.304 8§ mm).
After an LED enters a steady state, its junction tem-

perature can be expressed as follows.

I'=T.+Ry;-P-(1-n) , 2
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where P is the input power and 7, is the luminous
efficiency, these two parameters are determined by
the LED.

Therefore, LED junction temperature can be
obtained by Equation (2) after measuring the tem-
perature at any position and thermal resistance.

2.3 The thermal resistance model of LEDs

As shown in Fig.1, the 3D model of a single
LED is built by using SolidWorks software!"”. Silic-
on, aluminum, iron, epoxy resin and FR-4 are the
main materials used in a chip, reflector, bracket and
pin, external encapsulation and substrate, respect-
ively. Then, it is analyzed by the finite element ana-
lysis software ANSYSP”. Specifically, the analysis
module of steady-state thermal in ANSYS work-
bench is used for thermal analysis and temperature
solution. It is noted that the finer the grid, the more
accurate the solution result will be. However, it will
also lead to an increase of the number of grids,
which consumes more running resources". There-
fore, default global settings are used for meshing in
the simulation. Heat is transferred from the chip to
the pins and epoxy resin through thermal conduc-
tion, and eventually released into the surrounding
environment by convection and thermal conduction.
In addition, the influence of the thermal perform-
ance of packing materials on LED thermal dissipa-
tion is largely considered in the simulation. Related
thermal conductivity and working parameters are

[22-24

shown in Tab. 1774 and Tab. 2, respectively.

External encapsulation

Reflector

Braket and pin
)

Substrate

Fig. 1 The 3D model of a single LED

Tab.1 Thermal conductivity of LED packaging materi-

al

Structural assembly Thermal conductivity (W-m™-K™)

Chip 130
Reflector 155
Bracket and pin 73
External encapsulation 0.2
Substrate 0.8

Tab.2 LED’s working parameters

Parameters Values
ha 10 W/(m?-K)
Tour 27°C
P 0.0228 W
P 0.01824 W
v 9.439x 10712 m?
H 1932418 560 W/m?

As shown in Tab. 2, A, is the convection coeffi-
cient of the contact surface between the LED model
and air, and the corresponding value was determ-
ined by analyzing experimental results. T, is the
ambient temperature. The input power of a single
LED chip is P=0.012A%x 1.9V =0.0228 W. 80%
of input power in the LED is converted into heat en-
ergy and the rest is converted into light energy™.
Therefore, the heating power of a single LED is
P, =0.018 24 W. The volume of a single LED is re-
garded as V =9.439x 10" m’ after analyzing an
LED in an experiment. The LED chip is regarded as
a whole light, and thus the internal heat generation
on the chip is H=P,/V =1932418 560 W/m’. Fi-
nally, the relevant simulation results are shown in
Fig. 2 (Color online). Then the maximum and min-
imum temperatures of the LED model are 40.53 °C
and 36.36 °C, respectively.

Based on the above parameters, a single LED
model was tested. Firstly, the LED was lit for a peri-
od of time. After its temperature became steady, the
maximum and minimum temperatures of its surface
were collected using an infrared thermal imaging

camera. Finally, after three similar experiments with
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the same parameters, the LED surface temperatures
were found to be as shown in Tab. 3. For specificity,

the LEDs used in the experiment are red.

40.531 Max
40.068
39.605
39.142
38.678
38.215
37.752
37.289
36.826]
86.362 Min

0.005 0.01 (m)
0.007 5

0.002 5
Fig.2 Surface temperature distribution of a single LED

model

Tab.3 Surface temperatures of a single LED model in

experiments

Group Maximum temperature (°C) Minimum temperature (°C)

Group 1 40.90 39.70
Group 2 39.80 38.50
Group 3 38.50 37.60
The average 39.73 38.60

Considering the experimental error, the maxim-
um and minimum temperatures of the LED surface
are respectively 40.07 °C and 36.83 °C in simula-
tions. In addition, the averages of the maximum and
minimum temperature on the LED surface are re-
spectively 39.73 °C and 38.60 °C in experimental
conditions.

Overall, the error between the experimental
data and simulated data is within 2.00 °C, which is
allowable. Therefore, the LED junction temperature
and surface temperature in simulations can be
viewed as the actual LED junction temperature and
surface temperature in experiments. Finally, the

LED thermal resistance is obtained as:

T,-T.
Ryj=——"— (3>
P-(1-n)

where T, represents the LED junction temperature

and T, is the average surface temperature of the

LED, these parameters are from thermal simulation

analysis. In addition, 20% of the input power in the
LED is converted into light, and the value of 7, is
0.2. After the relevant data are substituted into
Equation (3), LED thermal resistance is R, =
165.08 K/W.

3 The junction temperature charac-
teristic of same-color light in an
LED array

The thermal dissipation performance of illu-
mination will be greatly influenced by the junction
temperature characteristics of the same-color light.
Considering this will be helpful to the thermal dis-
sipation design of LED arrays illumination. The
junction temperature characteristics of homochro-
matic LEDs in strip-type and ring structure illumin-
ation will be developed.

3.1 Strip-type structure illumination

Taking two LEDs as an example, the case
where two adjacent LEDs in strip-type formation is
studied and analyzed based on the thermal resist-
ance model of a single LED mentioned above.
Firstly, two adjacent LEDs are used for modeling.
The diameter of one LED is 3.0 mm and the dis-
tance between these two adjacent LEDs is 4.0 mm
while the directions of their positive and negative
pins match. Parameters used in the simulation, such
as internal heat generation on the LED chips and the
convection coefficient, all are set in accordance with
the parameters described in Section 2. The relevant
simulation results are shown in Fig. 3 (Color

online).

ime:1
2020/5/10 21:41

0.005 0.01 (m)
0.007 5

0.002 5

Fig. 3 Simulation results of the model with two adjacent
LEDs
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As shown in Fig. 3, the temperature at the LED
chip is the highest, reaching 44.14 °C, and the tem-
perature at the top of the LEDs is the lowest, falling
to 38.78 °C. The LED junction temperature cannot
be measured directly in the experiment. Thus, by
studying the average surface temperature of the two
adjacent LEDs and combining the LED ’s thermal
resistance as calculated in Section 2, the LED junc-
tion temperature can be obtained by Equation (2).

Next, starting with a separating distance of 4.0
mm and ending with a distance of 6.0 mm, the
gradient is 0.2 mm. Eleven sets of data were collec-
ted by the ANSYS finite element analysis software
to study the relationship between different center
distances and the LEDs’ surface temperature. The
relevant data is shown in Tab. 4. Its fitting equation

can be expressed by the least square method:

T..=-17625d"+47.27 C))

where, d* and T,,, represent the center distance and
average surface temperature of two adjacent LEDs,
respectively.

This equation should be validated by experi-
ments. Firstly, the center distance is 5.0 mm while
the relevant experimental parameters, such as the
LEDs’ input power, convection coefficient and am-
bient temperature, are consistent. Secondly, after the
LEDs work in a steady state, the maximum and min-
imum values of their surface temperatures are cap-
tured by an infrared thermal imaging camera. Then,
their average is used to represent the average sur-
face temperature of an LED. Finally, in order to re-
duce the error, three groups of experimental data are
obtained. The results of the analysis are shown in
Tab. 5.

Tab. 4 Average temperature of the LED surface with different center distances in simulations

Center distance/mm 4.0 4.2 4.4 4.6

4.8 5.0 52 5.4 5.6 5.8 6.0

Average temperature/ °C 40.42 40.08 39.65 39.28

38.75 38.40 38.03 37.63 37.35 37.26 36.79

Tab.5 The measurement and analysis of LEDs surface temperatures

Minimum temperature Maximum temperature

Average surface .
Temperature obtained

Groups LEDs . . temperature . . Fitting error
from experiments/°C  from experiments/°C . by fitting equation/°C
from experiments/°C

LEDI 37.20 38.50

Group 1 38.05 38.46 1.08%
LED2 37.10 39.40
LED3 36.50 38.00

Group 2 37.45 38.46 2.70%
LED4 37.00 38.30
LED5 36.60 38.10

Group 3 37.80 38.46 1.75%
LED6 37.20 39.30

As shown in Tab. 5, the fitting error rate was
less than 3.00%, which indicates that the average
surface temperature of two adjacent LEDs can be
obtained by Equation (4). Therefore, the actual junc-
tion temperature of two adjacent LEDs can be ex-

pressed as

T =R, P-(1-1,)-1.7625d'+4727 . (5)

J

Assuming the junction temperature properties
of more than two adjacent LEDs can be obtained by
Equation (5). In order to validate this hypothesis, the
junction temperature properties of three and four ad-
jacent LEDs are analyzed by the ANSYS finite ele-
ment analysis software. The related five groups of
data obtained in experiments are displayed in
Tab. 6.
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Tab. 6 Junction temperature properties of three and four adjacent LEDs

Center distance/mm

Three LEDs

Four LEDs

Temperature obtained ~ Temperature from

Fitting error

Temperature obtained

Temperature from

Fitting error

by fitting equation/°C simulation/°C by fitting equation/°C simulation/°C
4.2 42.88 4425 3.10% 42.88 44.54 3.73%
4.6 42.17 43.22 2.43% 42.17 43.45 2.95%
5.0 41.47 42.26 1.87% 41.47 42.51 2.45%
5.4 40.76 41.49 1.76% 40.76 41.70 2.25%
5.8 40.06 40.71 1.60% 40.06 40.92 2.10%

The maximum error among data in Tab. 6 is
less than 4.00%, which indicates that the junction
temperature properties of three and four adjacent
LEDs can be expressed by Equation (5) and still fall
within the allowable error.

Similarly, the junction temperature character-
istics of each LED array in strip-type structure illu-
mination can also be calculated by Equation (5).

3.2 Ring structure illumination

The method for solving the junction temperat-
ure properties of ring structure illumination is the
same as that of strip-type structure illumination. The
model of LED ring structure illumination is shown
in Fig. 4. Furthermore, the zeroth layer LED array
of ring structure illumination is taken as an example
for analysis. Its top view is shown in Fig. 5.

From Fig. 4 and Fig. 5, the relevant equations

can be expressed as the following:

L, =2n-r, , (6)
1 2m- 0
Lol 2mn €
N, N,
L= —— (8)
sing
180!
a= : 9)
n-l

dg:2(l3—h,)-sin% , (10)

where [, and r, are the perimeter and radius of the
ring array, respectively. Meanwhile, /, and N, are
the arc length between two adjacent LEDs and the
number of LEDs in the ring array, respectively. /; is
the straight-line distance from the LED substrate to

the point that the central axes of the two adjacent
LEDs meet. ¢ is the angle between the generatrix of
the ring structure and the view plane, while a rep-
resents the angle between the central axes of the two
adjacent LEDs. In addition, d; is the center distance
and is defined as the straight-line distance between
the adjacent LEDs’ chips, and £, is the straight-line
distance from LED chip to the substrate.

M’q\//
A >

A
&
/s 6’\

<Y

Fig. 5 Top view for the zeroth layer LED array of ring illu-

mination
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The center distance d;, can be obtained by
Equation (6)~(10) as:

180 si
dg:Z( -ro —h,)-sin(ﬂ) . D
sing N,

Finally, the junction temperature characteristic
of two adjacent LEDs in the zeroth layer LED array
can be expressed as Equation (12) by analyzing
Equation (5) and Equation (11).

Similarly, the junction temperature character-
istic of the ith layer of the LED array in the ring
structure can be obtained by Equation (12) after
confirming the corresponding parameters of r, and
N,i=0,1,--- ,n.

T! =R,..-P-(1-n,) - 1.762 5x

z(L —h,) : sin(—lgo Sm“’) +47.27
sing N,

i

12>

3.3 The junction temperature characteristic of
the mono-color(red) LED array
In structure illumination, the junction temperat-
ure characteristic of the mono-color(red) LED array
can be expressed as follows based on the above
thermal analysis of the LED strip and ring structure

illumination.
T,=R,.-P-01-n)+b-d+C (13>

where d is the center distance between adjacent
LEDs in an array, b is the slope of the fitting line
while C is a constant value. Moreover, b and C are

parameters obtained by the least squares method.

4 A thermal dissipation design meth-
od for LED arrays structure illu-
mination

In vision systems, high working temperature of
structure illumination not only affects the light in-
tensity, but also causes irreversible damage to illu-
mination, which makes it difficult to capture a quali-
fied image. Therefore, the thermal dissipation per-
formance of structure illumination has great signi-

ficance in improving vision system performance.

The thermal dissipation design of mono-color LED
structure illumination will be analyzed based on
specific parameters involving specially appointed
engineering applications.
4.1 The thermal performance analysis for LED

arrays structure illumination

As shown in Fig. 4, based on the given condi-
tions, ring structure illumination is an example mod-
el of LED array structure illumination. In Fig. 4,
0,1,---,n is the number of layers in the LED ring ar-
rays. In addition, the radius of each LED ring array
isr,i=0,1,---,n. In the axial section, D, is defined
as the distance between the ith layer LED array and
the (i + 1)th layer LED array, i =0,1,--- ,n— 1.

In order to evaluate the thermal dissipation per-
formance of existing structure illumination, the fol-

lowing equations are used as:

1 n
Too=—-> (N-T,) , (14)

e T A ;( )
Tjh = max (Ti/) , 15
Ti/:ai'(thfjs'P'(l_n;v)+b'd;+c) 5 (16)

where T,
temperature of structure illumination, and N repres-
ents the total number of LEDs. N, is the number of

LEDs in the ith layer array, and T); is the working

is the overall working average junction

junction temperature of the ith layer array. T, is
defined as the highest temperature selected from the
junction temperatures of all LED arrays in the illu-
mination. ¢, is the temperature coefficient of the ith
layer LED array affected by its surrounding LED ar-
rays. a; > 1 and it can be obtained through experi-
mentation. d; is the center distance between adja-
cent LEDs in the ith layer array, i=0,1,---,n.
Therefore, according to the existing structure’s para-
meters, the values of parameters 7,,,,, T}, and T, can
be obtained. On this basis, the thermal dissipation
performance of structure illumination can be evalu-
ated with reference to related technical standards.
Similarly, the thermal dissipation performance
of strip-type structure illumination can be evaluated

in the same way.
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4.2 A thermal dissipation design method for

LED array structure illumination

Assuming the input power and luminous effi-
ciency of a single LED are p and 7,, respectively,
based on the determination of related parameters, a
mono-color LED structure illumination with excel-
lent thermal dissipation performance can then be de-
signed to ensure that the maximum junction temper-
ature of the LED does not exceed the ceiling tem-
perature T .

Taking the ring structure illumination as an ex-
ample, the thermal dissipation problem will be
transformed into an optimization design equation
based on the built model in Fig. 4. In other words, in
the optimization equations, parameters of n, r;, ¢
and D, are inherent parameters of the structure’s il-
lumination. It needs to confirm the value of d, and
calculate the corresponding value of N, to ensure the
LED junction temperature is limited to the value of
Ty, i=0,1,--- ,n. Based on the analysis mentioned

above, the optimization design equations can be ex-

pressed as:
Ry, P-1-n)+C-T,
d[ = b ( n ) ( 17)
-b
For ring structure illumination:
. 180 si
¢:2(i;—hjsm(—iﬂy) S as)
sing N,
Subject to
T.=k-T, , (19
T,<T, , (20)
1
ki=— , Q2D
a

where T, is the calculated junction temperature of
the ith layer array and k; is related to the temperat-
ure coefficienta, i=0,1,--- ,n.

For clarity, the proposed method can be con-
verted to the following proposed method of hier-
archical design to simplify the design process. In
other words, it can be decomposed into two sub-

problems. One is the thermal dissipation design

problem of the single-layer LED array, and the oth-

er one is the thermal dissipation design problem of

multi-layer LED arrays.

4.2.1 The thermal dissipation design problem of
the single-layer LED array

As for the thermal dissipation problem of the
single-layer LED array, the input power P, lumin-
ous efficiency 7, and thermal resistance R, of the
illumination can be confirmed based on the actual
conditions, which consequently simplifies Equation
(17). Then, the center distance d; is easy to be con-
firmed according to the junction temperature proper-
ties of LEDs and the cooling requirements. Finally,
the thermal dissipation design method of the single-
layer LED array is finished.

4.2.2 The thermal dissipation design problem of
multi-layer LED arrays

Based on the designed single layer LED array
illumination, the multi-layers LED arrays illumina-
tion is matched and eventually obtained according
to the design process shown in Fig. 6. Where P, is
the input power of a single LED in the ith layer ar-
ray, and 0 < k; < 1. In addition, the value of k; is de-
termined experimentally.

Firstly, to the zeroth layer LED array, the in-
put power P, and center distance d, are designed by
trial and error, which limits the average junction
temperature of an LED in the array within k7.
Then, the design of the zeroth layer LED array is
finished. Similarly, the design of the ith layer LED
array can be completed in the same way,
i=1,2,---,n. After finishing the design of all LED
arrays, the LED array structure illumination is pre-
liminarily completed. Secondly, the average junc-
tion temperature of each layer LED array is meas-
ured and calculated after lighting the structure for a
period of time. Afterward, whether the acquired av-
erage junction temperature of each array is limited
within the temperature 7, needs to be confirmed. If
it is limited within T, then the design of the multi-
layer LED array is completed. Otherwise, it means
that the average junction temperature of the ith lay-

er LED array exceeds T, which is not permitted. To
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solve such a problem, its corresponding parameter k,

should be adjusted according to the actual situation.

Furthermore, P, and d; also need to be redesigned to

limit the average junction temperature of ith layer
LED array within the new kT,. After the adjust-

ment, whether the average junction temperature of

START

each LED array is limited within the temperature T,
needs to once again be confirmed. If it is, then the
design of the multi-layers LED arrays is completed.
Otherwise, the above adjustment should be repeated

until the structure illumination design is finished.

The zeroth layer |_ Yes

is finished

restricted in 7},?

f average junction
temperature of each layer

The zeroth layer Trial and error Comput.ing the f average junction
| design » parameters P, #| average junction temperature restricted in
and d,, temperature kT,?
o
T No
The first layer is | Yes
finished
The first laer Trial and error Comput.ing the If average junction
design »{parameters P, and #{ average junction temperature restricted in
d, temperature kT2
2
g_ T No
4
k= . 4
: 2 The ith layer is Yes
= g finished
2
a
<]
v . .
The ith layer Trial and error Comput.mg the f average junction
design »parameters P; and »| average junction temperature restricted in
d, temperature kT2
it
l | T No
""" The nth layer is Yes
@ finished
The nth layer Trial and error Computing the If average junction
design #{parameters P, and # average junction temperature restricted in
d, temperature kT2?
nt nj*
T No

The thermal design for
LED arrays structure
illumination is finished

Fig. 6 The thermal dissipation design process of multi-layer LED arrays

5 Experimental results and analysis

In this experiment, the thermal dissipation

design problem of mono-color multi-layer LED ar-

ray illumination is illustrated by the proposed meth-
od, which considers the LED junction temperature
measurement as the application background. Ac-
cording to the application conditions of LED struc-

ture illumination, its parameters, such as the intern-
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al heat generation on the chip and convection coeffi-
cient and ambient temperature, are consistent dur-

ing the simulation analysis. As shown in Fig. 7 (col-

or online), the mono-color (red) LED strip-type ar-
rays structure illumination with 5x9 is designed

based on the proposed design method.

Fig. 7 The 3D model of strip-type structure illumination

5.1 Strip-type structure illumination

Assuming the LED junction temperature is lim-
ited to 45.00 °C. Then, T}, is equal to 45.00 °C in the
proposed method. Moreover, the center distance of
two adjacent LEDs in an array and that of two adja-
cent LED arrays are designed to respectively be

5.55 mm and 5.00 mm in strip-type structure illu-

mination. Finally, as shown in Fig. 7, the model of
the strip-type structure is built. Besides, its thermal
analysis is performed, and its LED junction temper-
atures are also obtained, as shown in Fig. 8 (Color
online). The details of one LED in strip-type struc-

ture illumination is shown in Fig. 9 (Color online).

Fig. 8 The thermal model of strip-type structure illumination

As can be seen from Fig. 8 and Fig. 9, the max-
imum junction temperature of the LEDs is 44.85 °C,
which is less than 45.00 °C. Furthermore, their er-
ror is —0.33% and less than 1.00%. These results in-
dicate that the illumination’s thermal stability is ex-
cellent. In addition, LEDs in the central arca have
higher operating temperatures than those at the
edge. The reason could be that the closer the LED is
to the central area, the more affected it is by its sur-

rounding LEDs. Then its thermal dissipation rate re-

latively decreases under the same working condi-
tions. Consequently, it accumulates more heat and
has a higher temperature. On the other hand, the op-
erating temperature of an LED at the edge is lower,
which is owing to the following reasons: firstly, the
number of its surrounding LEDs is less, which
makes it less affected by heat. Secondly, a better
thermal dissipation condition is provided to it be-
cause of the edge structure, such as the distance

between the edge and outermost LEDs, and the air
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convection on the side of the edge. Experimental
results show that the proposed method is effective
for designing a thermal dissipation structure for

strip-type structure illumination.

Fig. 9 The details of one LED in strip-type structure illu-

mination

5.2 Ring structure illumination

Similarly, if one were to assume that an LED’s
junction temperature in ring structure illumination is
limited to 40.00 °C, then based on the structure
parameters of r,=23.0mm, ¢ =23.0° and d,=
d=d,=d,=60mm, N,(=0,1,2,3,4), a new
structure is designed by applying the proposed
design method and it represents the number of LEDs
in the ith layer array. The specific values of N, are

shown in Tab. 7.

Tab.7 The number of LEDs in each layer array for

ring structure illumination

The ith layer array Number of LEDs
0 18
1 22
2 26
3 30
4 34

The mono-color (red) five-layer LED ring ar-
ray structure illumination is shown in Fig. 10, the
model of ring structure illumination is built based on
the proposed method. Its thermal analysis is per-
formed by using ANSYS finite element analysis
software, as shown in Fig. 11. The details of one
LED in ring structure illumination is shown in
Fig. 12.

“® &g
““—mm‘-\ L9 & L

o & ® g
[ S, g %

[._f‘f&rg_

L. %
[

Fig. 10 The 3D model of ring structure illumination

36.577
36.133 Min 0.050 0.100 (m)

Fig. 11 The thermal model of ring structure illumination

It can be seen from Fig. 11 (Color online) and
Fig. 12 (Color online) that the maximum junction
temperature of its LEDs is 40.13 °C, which is
slightly higher than 40.00 °C. Furthermore, their er-
ror is 0.33% and less than 1.00%. The illumination’s
temperature distribution is generally the same,
which is unlike strip-type structure illumination.
Overall, the proposed ring structure illumination
thermal stability is excellent. However, it is noted
that temperature distribution at the edge of the
zeroth layer array is not the same as that at the edge
of the 4th layer array, where that of the former is
higher than that of the latter. The possible reasons
for this phenomenon are as follows: firstly, the cen-
ter distance between two adjacent LEDs in the
zeroth layer array is less than that in the 4th layer ar-
ray. Secondly, in the generatrix direction of the ring
structure’s illumination, the distance between LED’s
center in the zeroth layer array and its correspond-
ing edge is 3.0 mm, while the distance between

LED’s center in the 4th layer array and its corres-
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ponding edge is 4.0 mm. It indicates that LED
thermal dissipation in the zeroth layer array is relat-
ively poor, which results in a slower thermal dissip-
ation rate, more thermal accumulation and a relat-
ively high temperature. Experimental results show
that the proposed method is also effective for
designing the thermal dissipation structure of ring

structure illumination.

Fig. 12 The details of one LED in ring structure illumina-

tion

5.3 Experimental comparison

The thermal dissipation of ring structure illu-
mination is more complex than strip-type structure
illumination. Therefore, in order to further evaluate
the effectiveness of the proposed method, the ring
structure illumination is taken as an example for ex-
perimental verification. Based on the design para-
meters provided in Section 5.2, ring structure illu-
mination is made. Specifically, the zeroth layer
lighting of the LED array ring structure illumina-

tion is shown in Fig. 13.

Fig. 13 The zeroth layer lighting of the LED array ring

structure illumination

The ring structure illumination was lit for a
period when the relevant parameters, such as the in-
ternal heat generation on the chip, convection coef-
ficient and ambient temperature, were consistent
with those in simulation. After its temperature be-
came stable, an infrared thermal imaging camera
was used to capture the maximum and minimum
temperature of each LED surface. Then, the maxim-
um average surface temperature of the LED in the
structure was 37.90 °C by calculation and comparis-
on. Finally, the maximum junction temperature of
the LEDs was obtained as 40.91 °C using Equation
(3). Tt is slightly higher than the 40.13°C obtained
by simulation, giving an error of 1.94%. In addition,
it is also slightly higher than the ceiling temperature
0f'40.00 °C, giving an error rate of 2.28%.

Experimental results show that the maximum
junction temperature of structure illumination is
higher than that of the simulation and the ceiling
temperature. The possible reasons for the error are
as follows: firstly, the manufacturing error of struc-
ture illumination should be controlled accurately.
The uneven solder at the LED pins can lead to poor
thermal dissipation of structure illumination.
Secondly, measurement error is also an effective
factor. For example, there is deviation when the in-
frared thermal imaging camera captures the temper-
ature because of the LED emissivity, measurement
distance and other factors. However, these error
rates are both less than 3%, which is within the al-
lowable level of error. The illumination thermal sta-
bility is still good. Experimental results validate the

effectiveness of the proposed method.

6 Conclusions

A thermal dissipation design method for LED
array structure illumination is proposed in this pa-
per. The main conclusions are as follows:

(1) The proposed thermal resistance model of a
single LED can be used to calculate the LED

thermal resistance effectively.



3 1]

WU Fu-pei, ef al. : A thermal dissipation design method for LED array structure ...... 683

(2) The proposed junction temperature model
for LED arrays structure illumination can be ap-
plied to obtain the junction temperature of the struc-
ture quickly after confirming the LED’s thermal res-
istance and center distance.

(3) Experimental results show that the junction
temperature deviation is —0.33%~0.33% by simula-

tion and is 2.28% by experimentation when using

the proposed thermal dissipation design method,
which indicates that the proposed method is an ef-
fective thermal dissipation design for LED array
structure illumination.

Further work will focus on studying the
thermal dissipation design problem of multi-color

LED array structure illumination.
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