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Key words: communication A method of increasing the efficiency of thermoelectric system for providing
models, operating current, thermal modes of distributed heat-loaded elements of an on-board information
reliability performance, dynamic ~ system is considered. It is shown that thermoelectric coolers are most
performance. susceptible to thermal effects. In accordance with the reliability model, they are

connected in series with heat loaded elements and to a great extent determine
their operability. The inclusion of thermoelectric coolers in the feedback loop
of a thermal management system places increased demands on the dynamic
performance of the coolers. However, dynamics and reliability performance
are at odds with each other, requiring compromise approaches to cooler design
and control. Studies have been carried out for an uneven temperature field,
a typical dissipation power range, and a fixed geometry of thermocouple
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branches. Analytical relations for determining the relative operating current
depending on the relative temperature difference at a given supply voltage,
geometry of thermocouple branches and heat load value have been obtained.
The range of actual values of the relative operating current in the area of
relative temperature differences is determined. An analysis of relation between
relative operating current and refrigerating factor, amount of consumed energy,
heat dissipation capacity of a radiator, time of reaching steady-state mode and
probability of no-failure operation has been carried out. The dependence of
the relative failure rate, energy input, heat dissipation capacity of the heat sink
and the number of thermocouples on the supply voltage has been investigated.
This made it possible to determine the controlling features and to reveal the
efficiency of controlling actions when the coolers are connected in parallel in
an uneven temperature field. The possibility of selecting the optimum supply
voltage taking into account the limiting factors for mass-size, energy, dynamic
and reliability characteristics of a set of thermoelectric coolers with parallel
electric connection is shown. This makes it possible to create thermoelectric
systems for providing thermal modes with increased reliability while
minimizing mass and dimensional characteristics.
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Po3rsiHyTO croci0 migBHIEHHS €(EKTUBHOCTI TEPMOENEKTPUYHOI CUCTEMU
3a0€3MeUeHHs] TEIUIOBUX PEXHMIB PO3MOJAUICHUX TEIMJIOHABAHTAKCHUX
eleMeHTiB  OoproBoi  iH(opmaniitHoi  cuctemu.  Ilokazano, 1m0
TEPMOENEKTPUYHI OXOJO/KyBadi HaHOUIBII CXMIBHI O BIUIUBY TEIUIOBOTO
BIUIUBY. BigmoBinHO A0 Mojeni HaAifHOCTI BOHM 3’€[HAHI MOCIINOBHO 3
TETJIOHABAHTAXKCHUMH €JIEMEHTAMU 1 3HAYHOI0 MIpOI0 BHM3HAYAIOTh IXHIO
Ipare31aTHiCTb. BKIIOYEHHS TePMOETICKTPUYHHUX OXOJIOKYBAUiB y JAHIIOT
3BOPOTHOTO 3B’SI3KYy CHCTEMH KCEPYBaHHS TCIJIOBUMH PEKHMaMH BHCYBA€
MiABUILEH] BUMOTH J0 JUHAMIYHUX XapaKTepUCTHK OXOJoKyBadiB. OmHak
JUHaMiKa 1 MOKa3HUKU HaJiHHOCTI mepeOyBaloTh y MPOTUPIYUi, III0 BUMArae
KOMIIPOMICHUX MiAXOAIB O PO3pOOIEHHS OXOJMOMKYBauiB Ta KEpyBaHHS
HUMH. JloCTiIKeHHS TPOBEACHO ISl HEPIBHOMIPHOTO TEMIIEpaTypHOTO OIS,
THUIIOBOTO [iana3oHy MOTYXKHOCTI PO3CifOBaHHS, (hikCOBAHOI reoMeTpii riok
TepMoeneMeHTiB. OTpUMaHO aHAJITUYHI CHiBBiAHOIIECHHS IJS BU3HAYCHHS
BITHOCHOTO pOOOUYOr0 CTpyMy 3aJeXHO Bi BIJHOCHOTO Iepenany
TeMIeparyp 3a 3aJaH01 HalpyTH KUBJICHHS, TeOMETPii T1JIOK TEPMOEIIEMEHTIB
1 BeJIMYMHY TEIJIOBOTO HaBaHTaXKeHHS. Bu3HaueHo 001acTh AiHCHUX 3HAUCHb
BITHOCHOTO POOOYOro CTpyMy B 30HI BITHOCHMX II€peHajiB TeMIeparyp.
IIpoBeneno aHami3 3B’S3Ky BiTHOCHOTO POOOUYOr0 CTPyMYy 3 XOJOAMUIBHUM
Koe(iIlieHTOM, KIJIBKICTIO €Heprii, IO BHUTPAYAETHCS, TEIUIOBIIBIAHOIO
3[aTHICTIO pajiaTopa, 4acoM BHXOy Ha CTAIllOHAPHUI PEKUM 1 HMOBIPHICTIO
6e3BiAMOBHOI poOoTH. JloCHimKeHO 3aJeKHICTh BIIHOCHOI 1HTEHCHBHOCTI
BITMOB, KIJIKOCTi €HEpTii, II0 BUTPAYaEThCA, TEIUIOBIIBIAHOI 34aTHOCTI
pamiaropa i KiJIbKOCTI T€pPMOEJEMEHTIB BiA Hampyru >kuBineHHs. Lle mamo
3MOTy BHM3HAQUUTH KEPiBHI O3HAaKM Ta BUSBUTH E(EKTHBHICTH KEPIBHUX
BIUIMBIB y pa3i MmapalielbHOTO 3’€IHAHHS OXOJIOJKYBauiB Y HEPiBHOMIPHOMY
temneparypHoMmy moni. [lokazaHo MOXiIHMBICTH BHOOpPY ONTUMANIbHOL
KUBMJIBHOI HANpyTH 3 ypaxyBaHHSAM OOMEXKYyBalbHUX UYHHHUKIB 34
MacorabapuTHUMH, CHEPreTHYHHMH, AMHAMIYHAMH Ta XapaKTEPUCTUKAMHU
HAJIHHOCTI KOMIIJIEKCY TEPMOEICKTPHYHHIX OXOJOMKYBAdiB 3 MapaselNbHUM
CJICKTPUYHUM 3’€qHaHHSAM. lle I03BOJIsIE CTBOpPIOBATH TEPMOEICKTPHUHI
CHUCTeMH 3a0e3MEUYCHHS TEIUIOBHX PEeXHMIB MiJABUIIEHOI HaAIHHOCTI 3
MiHIMi3alli€}0 MACOBHUX 1 TaOapUTHUX XapaKTEPUCTHK.

Introduction

heat flow by simply changing the operating current

Modern information systems are based on com-
ponents with a high concentration of thermal emis-
sion per unit area. This is particularly significant for
on-board systems where weight, size and energy con-
sumption are critical. Heat-intensive components can-
not function without thermal management systems,
which are an essential component of information
systems. One of the most promising ways of thermal
management of electronic components is thermoelec-
tric cooling, which is the most effective over a wide
range of operating temperatures. Thermoelectric
cooling devices (TEC) allow controlling the value of
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value. The main advantages of thermoelectric cooling
are high reliability and small overall dimensions, easy
operation and rapid response. These advantages are
inherently a consequence of the solid-state nature of
such coolers, with no moving parts, pumped liquids
or gases. The design features of on-board equipment
include the dispersed arrangement of heat loaded ele-
ments with varying dissipation capacity. Therefore, to
ensure a given thermal regime of a number of dis-
persed thermally loaded and temperature-dependent
elements, a group arrangement system of thermoelec-
tric coolers, located on one heat sink and connected in
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electrical parallel, can be used. In this case it is impor-
tant to use a number of standard voltages to power the
complex and determine the optimum supply voltage,
taking into account the limiting factors for mass-size,
power, dynamic characteristics and reliability indica-
tors in an uneven temperature field.

Literature Overview

Thermal control systems for thermally loaded
components are an essential component of modern
on-board avionics [1]. Thermoelectric coolers are
the most suitable for on-board systems in terms of
mass-size and performance characteristics [2]. The
main advantage of TEC over air and liquid cooling
systems is the ease of control and high dynamic char-
acteristics [3]. At the same time, toughening require-
ments to dynamics and reliability of thermally
loaded equipment [4; 5], assumes their increase
also for systems of providing thermal modes [6;
7]. In [8] influence of loading on reliability indices
of thermoelectric coolers is investigated, however,
influence of design parameters is not considered.
In [9] research of influence of design parameters
on reliability indicators of thermoelectric coolers is
presented. In [10] a relationship between reliability
indices and current operating modes of the cooler is
analysed, which allowed to choose optimal operating
conditions by this criterion. However, for controlling
thermoelectric systems, apart from reliability indi-
cators, dynamic characteristics are also important,
the relationship between which was not considered
in the cited sources [11]. It is known that dynamics
unambiguously negatively affects reliability per-
formance, which is a fundamental problem [12], in
particular, linear thermal expansion of thermocouple
and substrate materials leads to cracking of junction
sites [13]. In [14] the relationship of dynamic per-
formance with TEC design, in [15] with the number
of thermocouples, in [16] with the current operation
modes of the product, however, only for a single
cascade cooler. Subsequent works [17; 18] analyzed
the possibilities of optimizing thermoelectric control
according to complex criteria, including both relia-
bility and dynamics indicators. A relevant develop-
ment in this direction is the control of thermoelectric
coolers when they are connected in parallel in an
uneven field. This is aimed at solving the problem of
coordinating the reliability and dynamics indicators
of operation, as applied to the management of critical
systems for providing thermal modes of radio elec-
tronic equipment.

Purpose and objectives of the study

The aim of the work is to develop a thermal man-
agement model for thermoelectric coolers connected
in parallel and operating in an uneven temperature
field.

In order to achieve this aim it is necessary to solve
tasks:
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1 To develop a mathematical model of thermoe-
lectric cooler which connects energy, dynamic, relia-
bility and structural parameters.

2 To analyses the developed model to identify
optimal modes of thermoelectric cooler operation.

Development of a thermoelectric cooler model

We will use the relations from [19] to calculate the
basic parameters, reliability indicators and dynamic
characteristics of the TEC.

The voltage drop on the TEC can be determined
from the relation:

AT
U =200, R(B+=220), (1)

0
where # — number of thermocouples, pcs;

;e
7max R
e — is the average value of the thermoelectric
coefficient of the thermocouple branch, V/K;

T, — temperature of the absorbing junction, K;

maximum operating current, A;

R= 4 — electrical resistance of the thermocou-
cS
ple branch, Ohm;
[ and S — respectively, height / and cross-sectional
area S of the thermocouple branch;
o — is the average conductivity value of the ther-
mocouple branch, Sm/cm;

B= L the relative operating current;

Imax
7 —is the operating current, A;
T-1T,
0= AT & _ the relative temperature difference;

max

T — is the temperature of the fuel junction, K;
AT, =0,5ZT; — maximum temperature differ-

ence, K;

Z —is the average efficiency value of the thermo-
electric materials in the module, 1/K.

The value of the operating current can be deter-

mined from the expression:

I=BI__. )

max

The number of thermocouples # of a single stage
TEC can be determined from the ratio:

= QO
IR (2B -B*-0©)

) 3)

where O, —is the heat load value, W.
The refrigerating factor £ can be calculated using
the formula:
=2, @
w
The relative magnitude of the failure rate A/4
be determined from the expression [20]:

, can
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where C = — the relative heat load;

K; — the coefficient of reduced temperatures.
The probability of no-failure operation P of the
TEC can be determined from the expression:

P=exp[-A] ; 6)

where /=10*hour — is the assigned resource.
The expression for the steady-state operation time
T can be represented as [20]:

C, + C,
mO 0 Zml i ,YBH(z_BH)
T= ’AT HZB -0 @)
K[1+ZBK mj £
0
2
Where — max H H;
y IriaxKRK

m,C, — is the product of the mass and heat capac-
ity of the cooling object. In our case m,C, — 0 (no
object);

Zml,ci — is the total value of the product of the

heat ’capacity and mass of the constituent structural
and technological elements at the heat absorbing
junction of the module at a given /S;

index H denotes the starting point in time;

index K is the finite point in time;

R — 1is the electrical resistance of the thermocou-
ple branch at the start of the cooling process, Ohm.

Relative operating current at the start of the cool-
ing process at 7=0:

B, =——. ®)
1

max H

The expression for the relative operating current
B can be obtained by substituting (1) into (3), fol-
lowed by conversion:

40A(A + Al

- T
=241 l-———2— 1, (9
24 24-1
where 4=—=% — is a relative value depending

0
on the voltage drop U, the heat load value Q,, the
cooling level temperature 7, and the geometry of the
thermocouple branches (//S ratio).
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For a cooling system consisting of M independent
elements (TEC), the probability of failure of the i-th
element is P (), then the total probability of system
failure is [19]:

@) =F@)-B(0)...5, (1) =HPI-(l)- (10)

Calculations of basic parameters, reliability indi-
ces and dynamic characteristics of the complex TEU
with parallel electric connection in an uneven tem-
perature field have been carried out. Results have
been received for temperatures from 7, = 295K to
T,= 250K at various thermal loading from Q, = 0.5
Wto O, = 15 W, standard values of a supply volt-
age from U = 6.0 V to U = 24 V, the set geometry
of branches of thermoelements //S, 7=300K and are
presented in the form of graphic dependences.

Model analysis

As the supply voltage U of the TEC complex
increases with total heat load Q,; =35 W in an irregu-
lar temperature field:

— the value 4= Zl—g" (Fig. 1) for different ther-
0
mocouple branch geometry /s increases.

As the /s ratio increases, the value 4 decreases for
a given supply voltage U:

— the number of thermocouples » increases (Fig. 2
p. 1);

— the total operating current /; decreases (Fig. 2
item 2);

— the refrigerating factor £ decreases (Fig. 2 item 3);

— the amount of consumed energy N increases
(Fig. 3 item 1);

— the required heat dissipation capacity of the heat
sink increases aF (fig. 3 item 2);

— the ramp-up time 7 increases (Fig. 3 item 3);

—the relative failure rate /4, increases (Fig. 4 item 1);

— the probability of no-failure operation P
decreases (Fig. 4 item 2).

The analysis of results of investigation of basic
parameters of the complex TEC at application of
standard voltages U has shown the necessity of appli-
cation of current operation modes close to the mode
0,70 (b<0). This leads to an increase in the number
of thermocouples n, dimensions and mass of the TEC
complex even when using the geometry of thermo-
couple branches (ratio I/s = 4.5). Therefore, in the fol-
lowing we will consider the possibility of applying
the characteristic current modes of operation of the
TEC complex for different geometry of thermocou-
ple branches (ratio /s = 4.5, 10, 20) for the values of
supply voltage obtained by calculation.

Calculations of basic parameters, dynamic char-
acteristics and reliability indicators of TEC complex,
consisting of 6 elements of radio-electronic equip-
ment were performed. Used power dissipation power
from Q=0.5W to Q0=15W, different level of tem-
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Fig. 2. Dependence of the number
of thermocouples n, the total value of the
operating current I, the refrigerating factor
E of the TEC complex with parallel electric
connection in the uneven electric field on the
supply voltage U at T=300K, I/s=4.5
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of TEC complex on supply voltage U for different

geometry of thermocouple branches (//s ratio) for
T=300 K, Q,=34,5W
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perature cooling from 7,=295K to T,=250K, differ-
ent characteristic current operation modes, different
geometry of thermoelement branches (ratio /s =4.5,
10, 20). Graphical dependencies were plotted and the
analysis was carried out.

As the average operating current B of the TEC
complex increases for different thermocouple branch
geometries (/s ratio) and characteristic current oper-
ating modes:

— the value of the operating current / increases
(Fig. 5). As the //s ratio increases, the operating current
I decreases with a fixed relative operating current B (for
the different characteristic current operating modes);

— the number of thermocouples » decreases
(Fig. 6). As the /s ratio increases, the number of ther-
mocouples 7 increases with a fixed relative operating
current B;

— the functional dependence of voltage drop
U={(B) on the relative operating current B has a min-
imum at B = 0.52 (mode (nl) . for different geometry
of thermocouple branches (/s ratio) (Fig. 7). As the
I/s ratio increases, the voltage drop U increases at a
fixed relative operating current B;

— the functional dependence of the refrigerant
E=f(B) on the relative operating current B has a maxi-
mum at B = 0.32 for the current mode (nf ¥4, 1), and
is independent of the geometry of the thermocouple
branches (/s ratio) (Fig. 8);

i 12 1

g1 02 03 04 05 08 OT 08 09 1.0

1 — mode Qonn, 2 — mode (i,
3 = mode (n115T aie, 4 = mode i,

Fig. 5. Dependence of total operating current
I, on the averaged relative operating current B
for different geometry of thermocouple branches
I/s and current operating modes
at7T=300K, 0, ,=345W
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— the functional dependence of the heat dissipa-
tion capacity of the heat sink aF" = (B) on the relative
operating current B has a minimum at B = 0.32 in the
mode (nl //4,7), and is independent of the geometry
of the thermocouple branches (/s ratio) (Fig. 9);

— the steady-state time 7 decreases (Fig. 10). As the
I/s ratio increases, the steady-state time 7 decreases
at a fixed relative operating current B. The minimum
steady-state time z _ is achievedat 9, ;

—the functional dependence of the amount of spent
energy N=f(B) on the relative operating current B has
a minimum at B = 0.52 in (nl) . mode (Fig. 11). As
the /s ratio increases, the amount of energy expended
N decreases at a fixed relative operating current B;

— the relative failure rate /4, increases (Fig. 12).
As the I/s ratio increases, the relative failure rate /7,
at a fixed relative operating current B;

— the probability of failure-free operation P
decreases (Fig. 13). As the ratio //s increases, the
probability of failure P decreases for a fixed relative
operating current B.

Discussion of the results of the analysis

For clarity and ease of comparative analysis, all
calculated data are shown in Table 1.

When selecting nominal supply voltage for the
complex with parallel electric connection of TEC it
is necessary to take into account the limiting require-
ments: for operating current /, number of thermoe-

npcs

Foh e

1600
1400
1200
1000

800

400

a0

01 92 €3 04

a8 06 oOF

08 09 10

1 = made (o, 2 = mode (1.
3 — moade (nladaT mie, 4 — miode Amm

Fig. 6. Dependence of the number
of thermocouples » in the TEC complex
on the averaged relative operating current B
for different geometry of thermocouple branches
I/s and current operating modes
at T=300K, 0, =345W
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Fig. 7. Dependence of the total voltage drop U,
of the TEC complex on the averaged relative
operating current B for different geometry
of thermocouple branches I/s and current
operating modes at 7=300 K, 0, =34.5 W
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Fig. 9. Dependence of heat dissipation capacity
aF of the TEC complex on the averaged relative
operating current B for different geometries of
thermocouple branches I/s and current operating
modes at 7=300 K, 0,=34.5W, I-T=10 K
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61 02 03 04 05 08 0T o0& 08 1o B

1 — made (omax, 2 — made (n1)win,
3 — made (20T . 4 — mode L

Fig. 8. Cooling coefficient E of the TEC complex
from the averaged relative operating current B
for different geometry of thermocouple branches
I/s and current operating modes
at7=300K, Q,=345W

01 02 03 04 05 06 07 08 0% 10 B

1 — mode Qomax, 2 — mode (1 win,
3 — mode (MIiZ0T) min, 4 — mode imia

Fig. 10. Dependence of time to steady-state
operation 7 of TEC complex on the averaged
relative operating current B for different
geometries of thermocouple branches //s and
current operation modes at 7= 300 K, 0, = 34.5
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Fig. 11. Dependence of amount of consumed
energy N of TEC complex on the averaged relative
operating current B for different geometries
of thermocouple branches //s and current
operating modes at 7=300 K, 0, =345 W

lements n, cooling factor £, power consumption W,
and, therefore, dimensions and weight of heat sink
aF, failure rate 44, and dynamics of operation .

At the same time, it is necessary to estimate the
weighting of each of the limiting factors and choose
an acceptable variant of the complex design. The
proposed approach allows a rational design of the
TEC complex with selection of the most acceptable
variants.

Conclusions

A model of thermal mode support system based
on a set of thermoelectric coolers with parallel elec-
tric connection has been developed to control the
thermal mode of a number of temperature-dependent
elements of radio electronic equipment. The model is
designed to operate with different power dissipation
in an uneven temperature field for different supply
voltages and thermocouple vertex geometries.

Comparative analysis of basic parameters, relia-
bility indices and dynamic characteristics of thermo-
electric cooler complex for different supply voltages
has been carried out.

Analysis of the results has shown the possibility of
selecting the supply voltage rating taking into account
the limitations on mass-size, energy, dynamic and
reliability characteristics for different geometries of
thermocouple vertebrae.
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01 02 03 04 05 05 07 08 05 10 B

1 = mode Qumax, 2 — mode (1w,
3 — moile (MlA4a0T min, 4 — mode

Fig. 12. Dependence of relative failure rate /4,
of TEC complex on the averaged relative operating
current B for different geometries of thermocouple

branches //s and current operating modes
at T=300 K, Q,=34.5W, 1=3-10* 1/h

‘fh

1 - mode Qe 2 — mode (ilnis.
X — maode (L0 . 4 — m0dE G

Fig. 13. The dependence of probability
of no-failure operation P of TEC complex
on the averaged relative operating current B for
different geometries of thermoelement branches
I/s and current operation modes at 7 =300 K,
0,=345W, 4 =310* 1/h, t = 10* h.
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11.

12.

13.

Table 1
Comparative analysis of basic parameters and indicators at O ; =34.5W, T -7, =10K
}\‘ 8
Mode s | UV [ mpes| LA | wwW| E |ar wiklns| Mo | = | MO 5
W-s Ao bl
o, 10 | 160 | 137 | 31.0 | 87.0 | 0.40 122 [ 10| 190 | 138 | 413 | 0.9595
45 | 51 | 126 | 350 | 254 | 1.40 6.1 12 133 | 48 | 145 | 0.9986
(nl) 10 | 120 | 283 | 16.0 | 26.0 | 1.30 6.0 11| 126 | 11.1 | 333 | 0.9967
" 20 | 240 | 563 | 8.0 | 260 | 1.35 6.0 11 ] 120 | 215 | 645 | 0.9936
A
nl =1 45 | 94 | 69 | 21.0 | 182 | 1.9 53 15| 200 | 1.8 53 | 0.99947
0 min
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