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Summary. It is suggested to use the thermoelectric cooling modules (TCM) to stabilize the LED thermal
mode. The thermoelectric cooling system has several advantages over other systems, such as: high reliability and
absence of moving parts, compactness and low weight, low inertia and noiselessness of operation. The cooling
system operates due to the temperature difference between the hot and cold TCM surfaces. The thermal
mathematical model of the thermoelectric cooling system is constructed. The system of equations including the
stationary heat conductivity equation, the thermogeneration equation, and the cold generating equation is solved.
The temperature of the heterojunction of the LED is calculated, depending on its power, the total thermal
resistance of the cooling system, the ambient temperature and the cold productivity of TCM. The analytical
dependences of the temperature of the heterojunction on the current supply of TCM at various LEDs and at various
values of the thermal resistance of the cooling system are obtained. With the given thermal power of LED and the
thermal resistance of the cooling system, an optimal value of the TCM supply current is found, in which the
temperature of the heterojunction of the LED reaches its minimum. At current value that is close to the optimal,
the thermoelectric cooling system allows to achieve lower value of the temperature of the heterojunction in
comparison with the traditional one. It has been shown that the use of TCM makes it possible to reduce the
temperature of the heterojunction of the LED to the values that are lower than the ambient temperature. This is
especially actual under the condition of the temperature of the medium is close to the critical temperature of the
heterojunction. It has been shown that the efficiency of using the TCM decreases with the increasing of LED power,
ambient temperature and total thermal resistance of the cooling system. When analyzing the efficiency of the
cooling system, it should be guided not only by the parameters of the TCM, but also by the parameters of the entire
LED cooling system as a whole.
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Statement of the problem. Modern semiconductor light sources have an efficiency of
converting electrical energy into light close to 30 % [1, 2]. Thus, almost 70 % of the supplied
energy is converted into heat. In terms of increasing the power of the light emitting diodes
(LED) traditional stabilization system are not coping with providing adequate thermal regimes.
If the thermal power is not removed, excessive heating of the LED results in the degradation of
light characteristics and reduces its lifetime. In addition, increased temperatures will reduce the
light intensity and luminous flux.
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To improve the efficiency of thermal stabilization of high-power LED active means of
heat sink: fans, liquid cooling, thermoelectric cooling, etc. are used. Thermoelectric cooling
systems have several advantages in comparison with other systems, such as: high reliability and
no moving parts, compact size and light weight, low inertia and no noise. The use of
thermoelectric cooling modules (TCM) provides the heat sink system with cooling function,
1.e. makes it possible to reach the temperature of the LED heterojunction lower than the ambient
temperature. This problem becomes especially relevant in the conditions when the temperature
environment becomes equal to or more than the temperature of the LED heterojunction.

Analysis of the latest researches and publications. The problem of stabilization of the
LED thermal conditions has already been concerned in several papers. Particularly, in [3, 4] the
problems of ensuring the thermal conditions of LED Lamp were discussed. Special attention is
paid to the problem of minimizing the thermal resistance when using different models. The
innovative technologies of LED cooling using jet blowing were concerened. However, the
thermal mathematical model was not created and heat calculations were not carried out. In [5]
due to the well-known formulas of thermal engineering and experimental observations of
temperature conditions, the methods of selecting an effective radiator and air flow rate are
developed. Thus, for the intensification of heat exchange of the radiator with external
environment fan blowing is used. In [6] theoretical analysis of the LED thermal conditions with
remote radiator and traditional cooling was carried out. Overheating temperature of the LED
heterojunction, depending on its capacity and parameters of the heat conductor and radiator is
calculated. However, thermoelectric thermal stabilization mode was not considered.

The objective of this paper is to develop the mathematical thermal model of LED
thermoelectric cooling system and to calculate on its basis the overheating temperature of the
heterojunction LED, depending on its power, the thermal resistance of the cooling system and
the cooling capacity of the TCM.

Statement of the task. To determine by theoretical analysis the analytical relationship
between the LED power, the thermal resistance of the cooling system, the cooling capacity of
TCM and the temperature of the LED heterojunction, providing the rational choice of the LED
circuit to ensure the required luminous flux and lifetime.

Results of the investigations. It is known that LED generates heat power

Pt:(l_ne)uflf’ 1)

where It and Us is the direct current and direct voltage of LED, ne is its quantum efficiency.

It is obvious that TCM must absorb the power not smaller than the thermal LED power,
because, otherwise, the thermal conditions stabilization becomes impossible. If TCM absorbs
excess power, its cold surface will produce condensed water resulting in short circuit. The only
possible way use effective TCM use is the application of the electronic unit, which can adjust
the power depending on the temperature of the LED heterojunction.

Let us assume that the thermal power of the LED is completely absorbed by the cold
surface of TCM

R=F, (2)
and from the hot surface due to the radiator heat capacity Py is removed. To calculate the LED
thermal conditions the method of electrothermal analogy [7] is used. The scheme of the
stabilization system of the LED thermal conditions equipped with TCM IS shown in Figure 1.
In the scheme each element is characterized by its thermal resistance. In particular, ©js is
thermal resistance between the heterojunction and the contact pad, @s.=Gnr — thermal resistance
between the contact pad and the cold surface of TCM and between the hot surface of the TCM
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and the radiator, @ra is the thermal resistance between the radiator and the environment,
AT=Tn — T¢ is the temperature difference between hot and cold surfaces of the TCM due to the
Peltier effect.

The thermal diagram corresponds to the equation of thermal equilibrium:

Tj:Ta+Pc'(®js+®sc)+Ph'(®hr+®ra)_AT' (3)
Thermal power absorbed by the TCM (refrigeration) is determined by [8, 9]:
1.
PczaTcI—EI R — AT , (4)
and from the hot surface due to the radiator the heat power Py, is removed
1.
thaThI+EI R — kAT (5)

where o is the coefficient of differential thermopower, « is the thermal conductivity, R is the
resistance ofa semiconductor material of the TCM branches, T, and Ty is the temperature of
hot and cold surfaces of TCM, and I is the current of the TCM power supply.
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Figure 1. Schematic representation of the stabilizing system of the thermal mode of the LED with the TCM and
the radiator (a) and its thermal scheme (b). Here T; is the temperature of the LED heterojunction, Ts is the
temperature of the contact pad, T. and T is the temperature of the cold and hot surfaces of the TCM
respectively, T, is the radiator temperature, T, is the envirinment temperature, AT is the temperature difference
between the hot and cold surfaces of the TCM

Power generated on the TCM hot surface is larger than the power absorbed by the cold
surface on the magnitude of the cost of electricity power sources
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P =P +W. (6)

The power W is consumed for performing the work of moving charge against the
potential difference which occur according to Seebeck law in the thermoelectric curcuit, and
Joule heat loss:

W =P —P =alAT +I°R. (7)

The TCM efficiency is determined by the cooling coefficient [10]:
£=— (8)

From the equation of thermal equilibrium for the overheating temperature of the LED
heterojunction we define:

AT, =T, -T,=P. (@, +0,)+(alAT +1°R)-©, — AT )

where ©.=0js+0Os, and Gn=06nr+Ora are thermal resistances from the hot and cold surfaces of
TCM,

AT:E-(aTCI—lIZR—ch, (10)
K 2

temperature differential.

In the formula (9) the first summand describes the increase of the LED heterojunction
temperature during the thermal power transfer generated by the LED and the module itself. The
last two summands determine the influence of TCM on the temperature of the LED
heterojunction. Cooling is provided by the temperature difference between hot and cold
surfaces of TCM. As the result, the efficiency of thermoelectric cooling system depends exactly
on the mutual correlation of these summands values.

The temperature of the LED heterojunction is determined by its capacity, thermal
resistance of the cooling system, environment temperature and TCM operation mode. Control
of module operation is performed by changing the amount of current supply. While developing
and operating the thermoelectric cooling system it is important to select optimal current with
efficient cooling.

Analysis of the obtained results

Let us consider the impact of TCM supply current on the efficiency of thermal
stabilization of the LED heterojunction under given values of power and thermal resistance of
the system. As the semiconductor light source we choose modern LED XLamp CMA1516
matrix which parameters are given in Table 1 [11].

Table 1

Parameters of LED XLamp CMA1516

Maximum current, Maximum Maximum Light Flux, Thermal resistance The area of thermal
4 voltage, power, Im LED contact. mm?
\ W O, KW '
1.05 39 41 1400-4800 0.4 251
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The LED power can be controlled within wide limits by varying the voltage or current.
It is obvious that the maximum LED power should be less than maximum TCM cooling
capacity. For the given LED matrix the maximum thermal capacity equals:

P =@-7)U, 1 =0.75-39-1.05=30W.

f max f max

TCM model is be chosen taking into account thermal power, dimensions and
requirements to the temperature conditions of LED operation. The characteristics of
commercial 7CM TB-161 [12] with the following parameters: maximum current Imax=5,7 4
maximum voltage Umax=18,3 V, maximum cooling capacity at zero temperature difference
Pcmax=66.3 W, the maximum temperature difference at zero cooling capacity 4Tmax=70 K were
used during calculations.

The use of thermoelectric modules is always associated with the use of a certain radiator
designed to dissipate not only the heat emitted by the LED, but also Joule heat, generated in the
thermal element during the electric current passage through it. The thermal resistance of modern
radiators equipped with fans is ©ra=0,3+0,6 K/W. The best samples with heat pipes reach the
values of ©r.=0,1 K/W. Liquid cooling systems are still more efficient. Their thermal resistance
IS Ora=0,1+0.01 K/W, but they are too large and difficult to be installed into the lighting system.

The analysis of the derived dependences is carried out by numerical methods. Figure 2
shows the graphical dependence of the overheating temperature of the LED heterojunction on
TCM current at different values of LED thermal power.
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Figure 2. The dependence of the overheating temperature of the LED heterojunction from the current of TCM at

different values of the power of the LED and with thermal supports ©:=0.6 K/W, &,=0.2 K/W. Solid lines 1 and

2 at Pc=10 W, and P,=20 W, respectively. Dashed lines 3 and 4 are at the same power and thermal support, but
without TCM

Minimums of lines ATj(l) correspond to operation modes with maximum efficiency of
the cooling system, the one that produces the lowest temperature of the heterojunction. It is
obvious that the currents close to the efficient thermoelectric cooling system make it possible
to get the lower temperature values than the traditional one. Dashed lines in the figure define
out temperature dependences for the cooling system without the TCM calculated by the formula
(7) for the same values of thermal resistance.
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The dependence of the overheating temperature of the heterojunction on the TCM
current at various values of the thermal resistance from the hot side of the TCM is shown in

Figure 3.
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Figure 3. The Dependence of the overheating temperature of the heterojunction on the current of the TCM at the
power of the LED P.=10 W and at different values of the thermal resistance from the hot side of the TCM. The
solid lines 1 and 2 are at ®,=0.2 K/W and ©,=0.6 K/W, respectively. Dashed lines 3 and 4 are at the same power
and thermal supports, but without of TCM

It is obvious that with the growth of value @, the cooling efficiency worsens and the
location of the minimums of ATj(l) dependences is shifted towards the lower values of current.
At certain relations between the power of TCM and LED the temperature of the heterojunction
towards the environment temperature decreases and sometimestowards to the lower than the
temperature of the environment. This is especially important in case when the environment
temperature is close to the critical temperature of the LED heterojunction.

The dependence of the temperature difference from the TCM current at different LED

power is presented in Figure 4.
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Figure 4. The Dependence of the temperature difference on the current of the TCM at different powers of LEDs.
Line 1 isat Pc=10 W, line 2 at P.=20 W
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It follows from the graph that with the increase in the current the differential temperature
between hot and cold surfaces of TCM increases. Besides, it depends on the heat load.
Particular, while increasing the LED thermal power the temperature differential decreases, and
vice versa, while reducing the power it increases.

The value of the thermal resistance of the cooling system is significantly influenced by
the TCM operation mode and capacity of the heat load. If the temperature of the LED
heterojunction equals to the environment temperature or becomes lower, the thermal resistance
of the system will be zero, or even negative.

Conclusions. In conditions when the environment temperature is close to the critical
temperature of the LED heterojunction, it is offered to use a thermoelectric cooling modules
(TCM) in order to stabilize the thermal conditions.

At the given thermal LED power and the thermal resistance of the cooling system there
is an optimal value of the TCM supply current when the temperature of the LED heterojunction
reaches the minimum. At currents close to optimal the thermoelectric cooling system makes it
possible to get lower temperatures for the heterojunction than the traditional one.

At the optimal ratio between the capacity of TCM and LED the thermoelectric cooling
system reduces the temperature of the LED heterojunction to the temperatures lower than the
environment temperature. The efficiency of TCM use is reduced by increasing the thermal
power of the LED and the total thermal resistance of the cooling system.

While analyzing the efficiency of the cooling system we should take into account not
only the TCM parameters, but the parameters of the whole LED cooling system, in general, the
total thermal resistance of the cooling system, heat load and the TCM operation mode.
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CTABIJIIBALIA TEIIJIOBOTI'O PEXKUMY CBITJIOAIOAIB
TEPMOEJEKTPUYHUMU MOAYJAMHU OXOJIOIKEHHA

Boaoaumup 3akopaoneus; Haramia Kyry3zosa

Teprnoninbcokuu HayioHanbHuu mexHivHuu yHigepcumem imeni leana Ilynios,
Tepnoninw, Yrkpaina

Peswome. J[na cmabinizayii  mennogozo pexcumy LED  sanpononosano  euxopucmosysamu
mepmoenekmpuuni mooyi oxonodicennss (TCM). Tepmoenexmpuuna cucmema 0xon00icenHs Mae psio nepesas y
NOPIGHAHHI 3 IHUUMU CUCTEMAMU, A caMe. 8UCOKY HAOIIHICMb 1 8BIOCYMHICMb PYXOMUX YACMUH, KOMIAKMHICIDY |
HegenuKy 8azy, many inepyitnicms i 6OesuymHicmo pobomu. Cucmema OXONOONCEHHA NPAYIOE 3ad PAXYHOK
BUHUKHEHHs. Nepenady memnepamyp Mmisxc 2apsauoio i xonoonoio nosepxuimu TCM. Ilobydosano mennogy
MamemMamuyHy Mooeib mepmMoereKmputHoi cucmemu 0Xon00xceHHs. Po36’a3ano cucmemy pigHaHb, KA Micmumao
cmayionapue pIiGHAHHA MENIONPOGIOHOCMI, DIGHAHHA MepMOozeHepayii ma pieHAHHA 2eHepayii X0100y.
Pospaxosano memnepamypy eemeponepexody LED 3zanesicno 6i0 tioco nomyoscnocmi, 3aeanvioco meniogozo
ONnopy cucmemu 0X0A00HCEHHsl, MEMNEPAMYPU HABKOAUUHLO20 cepedosuuya ma xoao00onpoodykmusnocmi TCM.
Ompumano ananimuyHi 3anedcHoCmi memnepamypu zemeponepexody 6i0 cmpymy owcusnenus 1CM pizuux
nomyoicnocmsax LED ma npu pisnux 3snauenusx mennosoeo onopy cucmemu oxonoodicents. Ilpu oaniti mennosii
nomyosicnocmi LED ma mennosomy onopi cucmemu 0xonoldicents 3HaOEHO ONMUMALbHY GEIUYUHY CHPYMY
acuenennsi TCM, npu sikomy memnepamypa cemeponepexody LED oocsieae minimymy. Ilpu cmpymax, 6auzokux
00 ONMUMANLHO2O, MEPMOCIEKMPUUHA CUCTNEMA OXON00JCEHH 00360JIE OMPUMYSAMU HUJCYI 3HAYEHHS.
memnepamypu 2emeponepexody wixc mpaouyiuna. Iloxasano, wo sacmocysannuss TCM odae mooscrusicmo
smeHwiumy memnepamypy eemeponepexooy LED 0o 3snauenv, nuoswcuux memnepamypu HABKOAUWHLO2O
cepedosuwja. Lle ocobauso akmyanrbHo 8 YyMO8aX, KOAU MemMnepamypa cepedosuuja OIu3bKa 00 KpumuiHoi
memnepamypu 2emeponepexody. Iloxkasano, wo epexmusnicmo euxopucmanus TCM  3uudcyemocs npu
s0invwenni nomyxcnocmi LED, memnepamypu nasxonuwmnvoco cepedosuwa i cymapnoco meniogozo onopy
cucmemu 0xon00xcenus. Ilpu ananisi echekmusrocmi pobomu cucmemu 0X0N00HCEHHS CIO KepYBaAmucs He auiue
napamempamu TCM, a i napamempamu sciei cucmemu oxonoooxcennss LED y yinomy.

Knrouosi cnosa: ceimnodioo, cemeponepexio, meniosuti pexcum, menjiosuti onip, mepmocmadoinizayis,
mepMoeneKmpudHULL MOOYilb 0X0N00JCEHHs, padiamop.
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