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ABSTRACT

The possibility of using a complex of thermoelectric coolers to control the thermal regime of heat-loaded elements of radio
electronic equipment, the parameters of which significantly depend on the temperature conditions of operation, is considered. The
analysis was carried out for conditions of the same level of cooling of semiconductor elements for typical temperature drops, range of
dissipation power, current modes of operation, and geometry of thermoelement legs. It is shown that it is rational to use distributed
active cooling systems to ensure the required thermal regime of spatially distributed heat-loaded elements with different dissipation
power. To ensure the required thermal conditions, it is proposed to use both individual and group variants of the structure layout:
heat-loaded element-thermoelectric cooler-radiator. The developed mathematical models of the relationship between the number of
thermoelements and the thermal load, the power consumption with the temperature difference and the operating current are analyzed.
Models of the main operational characteristics of coolers that are significant for control systems are presented: the relative failure rate
and the time to reach a stationary mode. The results of calculations of the main parameters, reliability indicators and dynamic
characteristics for an individual version of the layout of thermoelectric coolers with different dissipation power and current operating
modes are presented. The group diagram of the arrangement of the object-cooler with series connection and located on the same heat
sink and their comparative analysis is considered. When choosing the current mode, it is necessary to take into account the mutual
influence and weight of each of the limiting factors, by varying which, when designing the complex and thermoelectric coolers, it is
possible to choose compromise modes of operation.
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INTRODUCTION conditions, technical implementation of effective
methods of ensuring thermal conditions is necessary,
taking into account the design features of the
equipment and operating conditions.

One of the most acceptable ways to ensure the
thermal conditions of the elements and components

purpose equipment, which must have the necessary ©f the equipment is thermoelectric, as the most
functionality, high performance and reliability at the ~ &fféctive in a wide range of operating temperatures
lowest possible mass and overall dimensions. A from 140 to 350K. Thermoelectric cooling devices
significant part of the consumed power from 40 to  allow you to control the amount of heat flux by
75 %, used by the element base, is inevitably ~Simply changing the magnitude of the operating
converted into heat, causing unacceptable current. The main advantages of the thermoelectric
overheating of the elements. In some cases, the cooling method over others are high reliability and
required parameters of the elements can be obtained small overall dimensions of thermoelectric devices,

only at relatively low temperatures. Under these ease of control and speed. These advantages are
inherently a consequence of the solid-state nature of

The process of improving electronic equipment
is characterized by an increase in its complexity and
layout density, including a stable increase in the
degree of integration of the element base. A high
packing density is especially typical for special-

© Zaykov V., Mescheryakov V., Zhuravlov Yu., 2021 S_Uch coolers, i.e. absence of moving parts, pumped
liquids and gases.
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Systems for ensuring thermal modes of
electronic equipment are its integral component,
since 40-75 % of the power supply is converted into
heat [1]. For onboard equipment, thermoelectric
coolers are the most acceptable in terms of weight,
dimensions, and performance [2, 3]. Since
thermoelectric coolers are designed to increase the
reliability of heat-loaded elements, they are subject
to increased reliability requirements [4]. Reliability
indicators are increased due to the structural
organization [5], modification of the functioning of
modules [6, 7], and optimal design [8, 9]. At the
same time, the main disadvantage of thermoelectric
coolers is associated with the low efficiency of the
thermoelement material [10], the creation of which
has been devoted to many studies [11]. At the same
time, no significant breakthrough has yet been
observed in this area. Therefore, modern design is
focused on adapting the achieved parameters of
coolers to specific applications, where significant
progress has been achieved [12]. Thus, it was
possible to increase the performance when using
graphene [13, 14], due to the thermodynamic
analysis of the processes in the module [15], by
matching the cooler with an infrared camera [16].
Expansion of the field of application of
thermoelectric coolers [17, 18] has led to stricter
requirements for systems for providing thermal
conditions based on them [19, 20]. These conditions
refer to the most important performance indicators:
reliability and dynamic characteristics, which always
need to be increased and are in conflict [21, 22],[23].
The problem is aggravated by the fact that when
using a thermoelectric cooler in the feedback circuit
of the control system, an increase in the dynamic
characteristics of the cooler is required, which
reduces its reliability [24]. In [25], a method is
proposed for increasing the dynamic performance by
choosing the material of thermoelements without
deteriorating the other parameters of the device.
However, the interconnection of the parameters of
the cooler constitutes a control problem, to which
the work [26] is devoted. The issues of reliability of
thermoelectric cooling devices were considered in
detail in [27], and the dynamic characteristics and
their relationship with reliability indicators in [28].
However, the problems of controlling thermoelectric
coolers were practically not considered and were
limited exclusively to a stationary mode of operation
on one heat-loaded element. Modern equipment has
many distributed heat sources that need to be
provided with a thermal regime (servers, onboard
equipment). The inefficiency of general cooling of
such equipment is obvious for systems with limited

energy resources. Therefore, the relevance of the
development of systems for ensuring thermal
conditions, the energy of which adapts to
inhomogeneous spatially distributed heat sources, is
obvious.

PURPOSE AND OBJECTIVES OF THE
RESEARCH

The aim of the work is to develop a topology of
a thermal regime control system for controlling
thermoelectric coolers of distributed heat sources
with a priority in terms of dynamic and reliability
indicators.

To achieve this goal, it is necessary to solve the
following tasks:

1. To develop a mathematical model of the
functioning of thermoelectric coolers, which
provides control of the time to reach a stationary
mode and the relative failure rate.

2. Analyze the model in the range of operating
temperature drops and standard energy modes of
operation to determine the compromise conditions of
use.

DISTRIBUTED THERMOELECTRIC
COOLER MODEL

The complexity and relevance of the
development of effective means of ensuring the
thermal conditions of radio electronic equipment is
due to its operation under the influence of many
destabilizing factors. Climatic conditions and own
heat generation sharply reduce the reliability
indicators. To provide the required thermal
conditions for a number of spatially dispersed and
heat-loaded equipment elements, various designs of
complexes of thermoelectric coolers are used [27].

Among the design features of the construction
of electronic equipment should be attributed to the
dispersed arrangement of heat-dependent elements
with different dissipation power. Therefore, to
provide the required thermal conditions for a number
of dispersed heat-dependent and heat-loaded
elements, both individual and group versions of the
system layout (heat-loaded element — cooler-radia-
tor) can be used.

To calculate the main parameters, reliability
indicators, dynamics of functioning of the complex
of thermoelectric coolers (TEC), we use the
following relations [27].

The number of thermoelements n of a single-
stage TEC can be determined from the ratio:

Qo

nzlﬁmKRK(zBK—Bi—@)’ )
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where: Q, is the value of the heat load, or the power
of the heat release of the cooling object, W;

exTo
Imax K =

— maximum operating current, A;
K

e — average value of thermoEMF coefficient of
thermoelement leg at the end of the cooling process,
B/K;

|

R =—— - electrical resistance of the

oxS
thermoelement leg at the end of the cooling process,
Oohm;
| and S - respectively, the height | and cross-
sectional area S of the thermoelement leg;

o, — average value of thermoelement branch

electrical conductivity, S/cm;

T, - temperature of the heat-absorbing junction,

K;

Bk = ! — relative operating current at the end
Irns\xK

of the cooling process.
I — working current value, A,

0= T-T _ relative temperature difference;

max

T - heat-generating junction temperature, K;
AT . =05ZT2 - maximum temperature drop, K;

Z - the average value of the efficiency of the
initial thermoelectric materials in the module, 1/K.

The power consumption of the TEC W, can be
determined from the expression:

W, =2n12, «R¢By (By + A_Tr'mx 9); (2
0

Voltage drop U
Uk = 3)
The coefficient of performance E can be
calculated using the formula:

_Q
B (4)

The relative value 4/4, of the failure rate can
be determined from the expression [27]

AT,

(B + =™ @)
A/ =nB2(®+C) 0 K., (5)
K T
A’O (1+ ATrnax @)2
TO
where: C = ZL is the relative heat load;
N o R

K; — coefficient of lowered temperatures.

The probability of trouble-free operation P of
the TEC can be determined from the expression:

P =exp[- 4t], (6)

where — t is the assigned resource, hour.

The expression for determining the time of
reaching the stationary mode of operation z can be
represented in the form [28]:

m,C, + 2. m,C;
I L7 C - R
2By -B;-©
K[1+2BKAT"BXJ «~B—©
0
2
Where:yzl';‘*x—HRH;
R
max K' 'K

m,C, - product of mass and heat capacity of the
object of cooling;

m,C, =0 — in the absence of a cooling object;

> m,C; — the total value of the product of the heat

capacity and the mass of the constituent structural
and technological elements on the heat-absorbing

junction of the module at a given 1/S;

Ry - electrical resistance of the thermoelement

leg at the beginning of the cooling process, Ohm;

By = |
max H

beginning of the cooling process, at z=0;

relative operating current at the

L e, T

maxH —

— maximum operating current at the
H

beginning of the cooling process, A.
Provided that the currents are equal at the
beginning and at the end of the cooling process:

I =Bl ok =Byl - ®)

ANALYSIS OF THE MODEL OF PROVIDING
THERMAL REGIMES

With an individual version of the layout for
each separate heat-loaded element, a TEC of a
specific design is used with an individual heat sink.
The mode of operation is simultaneous for all
elements of the complex. In this case, the dissipated
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power of each heat-loaded element of the equipment
is constant in time and is, for example, Q, = 0.5; 1.0;

3.0;5.0; 10.0; 15 W.

In this case, it is necessary to use a number of
power sources to ensure the functioning of various
designs of thermoelectric cooling devices.

The results of calculations of the main
parameters, reliability indicators and the time to
reach a stationary mode of operation with an

individual layout, for example, in heat-loaded
electronics elements with different dissipation power
from Q, =05 Wto Q,= 15 W and six TECs of
various designs at a temperature level of cooling

T,=260 K thermoelement leg geometry 1/S=4.5

and for different current operating modes are given
in Table 1.

Table 1. The main indicators of the thermoelectric system for ensuring thermal conditions in various
operating modes at To=260K; 7=300K; AT=40K; Tc=295K; R=4.55:1030mM; Imax=11,1A;
ATmax=79.8K; ® = 0.5; T-Tc= 5K

Mode B QO, n, L W, |U,|l E T,| aF, N, Mo | 1108, P
W it. A W V s |WIK| W-s 1/h
0.5 1.8 23 | 021 056 | 17.7 | 184 | 552 0.99945
10 | 36 46 | 042 1.12 | 354 37 11.1 0.99889
10 30 | 108 | 494 | 139 |126| 456 | 76 | 34 | 1070 | 111 | 333 0.99667
Qomax ' 50 | 180 ' 232 | 21 ' ' 56 | 1786 | 185 | 555 0.99446
10 | 36.0 464 | 4.2 11.3 | 357.3 | 37.0 | 111.0 0.98896
15 | 54.0 696 | 6.3 16.9 | 5359 | 542 | 1626 0.9839
345 | 124 160 | 9.5 389 | 1232 | 1263 | 379 0.9628
0.5 2.2 15 | 0.19 040 | 138 | 0566 | 1.7 0.99983
10 | 44 30 |o0.38 080 | 276 | 1.13 34 0.99966
0707 130 | 182 | ;oo | 90 [ 114 g6 | go | 24 82.8 34 10.2 0.99898
(nDmin ' 50 | 220 ' 150 | 1.9 ' ’ 4.0 138 5.66 17.0 0.99830
10 | 440 300 | 38 8.0 276 11.3 | 340 0.99660
15 | 66.0 450 | 5.7 12.0 | 414 17.0 510 0.9949
345 | 152 1035 | 13.1 276 | 952 390 | 117.2 0.9883
0.5 3.2 13 | 0.22 036 | 156 | 025 | 0.75 0.999925
10 | 64 26 | 044 072 | 312 | 050 1.5 0.99985
_ 053 |30 | 192 | o 7.8 [ 132 ] jag5 | 190 | 216 | 936 1.5 45 0.99955
(n12/207)min 50 | 32.0 130 | 2,2 36 156 25 75 0.99925
10 | 64.0 260 | 4.4 7.2 312 5.0 15.0 0.9985
15 | 96.0 390 | 6.6 10.8 | 468 75 225 0.99775
345 | 221 89.7 | 15.2 248 | 1076 | 173 | 518 0.9948
05 | 43 1.35 | 0.27 037 | 193 | 0.19 | 0.556 | 0.999944
10 | 86 270 | 054 074 | 386 | 0.37 1.11 0.999889
30 | 258 8.1 | 1.62 222 | 1158 | 111 | 3.33 0.99967
(n12/20)min 046 | 50 | 430 | 51 | 135 | 27 | 037 | 143 | 37 193 1.85 | 555 0.999445
10.0 | 86.0 270 | 54 74 386 37 111 0.99889
15.0 | 129.0 405 | 81 11.0 | 579 5.55 16.7 0.99833
345 | 296.7 932 | 186 254 | 1332 | 12.8 | 383 0.9962
0.5 6.4 1.60 | 0.36 042 | 283 | 0.15 | 0.46 0.999954
10 | 128 320 071 084 | 566 | 031 | 0.92 0.999908
30 | 384 9.60 | 2.16 252 | 170 0.92 2.76 0.99972
Amin 040 | 50 | 640 | 44 | 160 | 3.60 | 0316 | 17.7| 4.2 283 1.55 4.65 0.99954
10.0 | 128.0 320 | 7.2 8.4 566 31 9.3 0.99907
150 | 192 480 | 10.8 12.6 | 8496 | 4.65 14.0 0.9986
345 | 442 1104 | 24.8 290 | 1954 | 107 | 320 0.9968
Source: compiled by the authors
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From the point of view of reliability, it should
be noted that if the system consists of — independent
elements (TEC), and the probability of failure-free
operation of the i-th element is equal P(t), then the

total probability of failure-free operation of the
system is [27]:

Ry (t)=R(t)- Pz(t)...Pj(t)...PN(t)=_]iPi(t) .

In this case, it is necessary to use auxiliary data
to calculate the main parameters, reliability
indicators and dynamics of functioning.

With an increase in the relative operating
current B at a given temperature difference AT and
the geometry of the thermoelement legs | / S = 4.5
for different heat loads QO, which corresponds to the
dissipation power of the elements, the number of
thermoelements n decreases (Fig. 1).

n, pcs
200
180 Q, = 15W
|
160 |
'\
140 I \
120 10I\i
100 '\i
|
80 F N\
60 500 1R T—
NN —
10 15\4 13 2 11
TN R
20 | \:\\J\ I
: \:\\| —
0,51 |

0102 03 04 05 06 0,7 08 09 10 B

Fig. 1. Dependence of the number of
thermoelements n in a single-stage TEC on the
relative operating current B for different heat

loads Qo at T=300K; I/S=4.5; AT=40K:
1 — Qomax mode; 2 — (nl)min Mode;
3 — (nI2/20 7)min mode; 4 — (nIA/A0)min ;

5 — mode Amin
Source: compiled by the authors

At a given relative operating current B, with an
increase in the thermal load Qo, the number of
thermoelements n increases. The minimum number
of thermoelements nmin is provided in the Qomax
mode. and the time of reaching the stationary
operating mode 7 decreases (Fig. 2).

The time of reaching the stationary operating
mode t decreases from the Amin mode to Qomax.

The minimum time to reach the stationary
operating mode zmin = 7.6 sec is provided in the Qomax
mode:

— the value of the operating current | increases
(Fig. 2). The value of the operating current |
increases from the mode Amin t0 Qomax. The minimum
value of the operating current Imin = 4.4A is provided
in the Amin mode, and the maximum — Imax = 11.1A
in the Qomax mode;

— the functional dependence of the coefficient
of performance E=f(B) has a maximum at B = 0.53,
which corresponds to the mode (nlA/Aot)min (Fig. 2);

— the relative failure rate A/Ao increases (Fig. 3).

E T, sec I, A
0,40 o
038 20 10
036 18 i 9,0
0,34 16 | 80
032 14 | i 7,0
0,30 12 i 60
0,28 10 i . i i 5,0
0,26 8,0 . | a0
0,24 6,0 i i i i i 3,0
022 40 . | 20
020 2,0 5i i“i 8 i z il 1,0
. |

I
01020304050607080910 B

Fig. 2. Dependence of the cooling coefficient — E,
the time to reach the stationary operating mode —
7 and the value of the operating current — | of a
single-stage TPP on the relative operating
current B at T=300K; 1/S=4.5; AT=40K:

1 — Qomax mode; 2 — (n)min Mode;

3 — (nIA/20 T)min mode; 4 — mode (rnZA/A0)min ;

5 — mode Amin
Source: compiled by the authors

With an increase in the heat load Qo, the
relative failure rate A/Ao increases at a given relative
operating current B. The relative failure rate A/%0
decreases from the Qomax mode to the Amin mode. The
minimum failure rate (A/o)min is provided in the
mode (A/20)min;

— the probability of failure-free operation P
decreases (Fig. 3).
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For a given relative operating current B, with an
increase in the thermal load Qo, the probability of
failure-free operation P decreases. The probability of
no-failure operation P increases from the Qomax mode
t0 Amin.

Mg P
_Q=05Ww Q=15W 10
50 0,999
45 0,998
40 0,997
35 0,996
1
30 0,995
10
25 0,094
20 5o 0999
15 0,992
10 30 0901
5,0 o 099
5

Fig. 3. Dependence of the relative failure rate A/
and the probability of failure-free operation P of
a single-stage TPP on the relative operating
current B for different thermal loads Qo at
T=300K; I/S=4.5; AT=40K; 10=3-10" 1/hour; t=10*
hour:

1 — Qomax mode; 2 — (nl)min Mode;

3 — (nI2/20 T)min mode; 4 — mode (nIA/A0)min ;

5 —mode Amin
Source: compiled by the authors

The maximum probability of no-failure
operation Pmax is provided in the Amin mode:

— the functional dependence of the required
heat dissipation capacity of the radiator aF=f(B) has
a minimum at B = 0.53, which corresponds to the
mode (nlA/Aot)min (Fig. 4); With an increase in the
heat load Qo, the required heat dissipation capacity
of the radiator aF increases at a given relative
operating current B;

— the functional dependence of the amount of
consumed energy N = f (B) has a minimum at B =
0.707 (Fig. 5), which corresponds to the mode
(nDmin. With an increase in the heat load Qo, the
amount of consumed energy N increases at a given
relative operating current B;

— the functional dependence of the voltage
drop U = f (B) has a minimum at B = 0.71, which
corresponds to the mode (nl)min (Fig. 6). With an
increase in the thermal load Qo, the voltage drop U
increases at a given relative operating current B.

A variant of the group layout of the system,
consisting of 6 heat-loaded elements and 6 coolers
(TEC) on one heat sink, is considered.

al’, W/K

Q,=15W
14 ;
13 /
12 !
| 10
ll I I ]
Pl | |
0 N :
9,0 1 |
I I
8,0 | |
] I
7.0 hNg |
511413 12 1
60 AR 5,0
5,0 !
]
4,0 }\\_/ 30
[} ] [} 1
3,0 M
| I ] ]
2,0 | |
1 1 1,0
1,0 : L
1 : 05

0102030405060,7080910 B

Fig. 4. Dependence of the heat-removing capacity
of the radiator aF of a single-stage TEC on the
relative operating current B for different heat
loads Qo at T=300K; 1/S=4.5; AT=40K:
1 — Qomax mode; 2 — (nl)min Mmode;
3 — (nIA/20 t)min mode; 4 — mode (nIA/i0)min ;

5 — mode Amin
Source: compiled by the authors

N, W:-sec
600
1 i Qo=15W
500 /
(RN ]
I\ ]
400 '

- | '\i /:
~1—

51\i4:3 d 11
200 \ 50
|
100 |\| 1 13,0
|W 1,0
105

0,10,20,30,405060,70,80,91,0 B

Fig.5. Dependence of the amount of consumed
energy NV = W-r of a single-stage TPP on the
relative operating current B for different heat
loads Qoat T=300K; I/S=4.5; AT=40K:

1 — Qomax mode; 2 — (n)min Mode;

3 — (nIA/20 T)min mode; 4 — mode (rIA/A0)min ;

5 — mode Amin
Source: compiled by the authors

334 Information technologies in energy
engineering and manufacturing

ISSN 2663-0176 (Print)
ISSN 2663-7731 (Online)



Herald of Advanced Information Technology

2021; Vol. 4 No.4: 329-340

In this case, one heat-loaded element is installed
on each TEC, and all TECs together with cooling
objects are located on one common heat-removing
radiator with separate power supply to each TEC.

The results of calculations of the main
parameters, reliability indicators and dynamics of
functioning with separate power supply (object-
cooler) are shown in Table 1. Conditions:
temperature level of cooling To = 260K, heat load
range Qo = 0.5-15W for various current operating
modes.

A positive point in this layout is the overall heat
sink. The disadvantages of this layout option, as
with an individual scheme, include the need to use a
number of power supplies (see Table 1).

U,V

12

11

10

9,0
8,0
7,0
6,0
50
4,0
3,0
2,0
1,0

010203040506 07080910 B

Fig. 6. Dependence of the voltage drop U of a
single-stage TPP on the relative operating
current B for the different heat loads Qo at

T=300K; 1/S=4.5; AT=40:
1 — Qomax mode; 2 — (n)min Mode;
3 — (nIA/Z0 T)min mode; 4 — mode (nIA/A0)min ;

5 — mode Amin
Source: compiled by the authors

The mode of operation is simultaneous. That is,
the simultaneous inclusion of all elements included
in the complex. Consider a group layout system
(cooler object) with serial electrical connection of
coolers in a complex; located on one heat sink.

With serial electrical connection of coolers, the
complex provides:

— the same operating current | depending on the
selected current operating mode;

— the value of the heat load Qo is provided by
the calculated number of thermoelements — n in the
TEC at a given current operating mode;

— total supply voltage of the TEC complex;

— one and the same refrigerating coefficient E,
and the time of reaching the stationary operating
mode z;

— the ability to use one power source;

— the possibility of using one thermoelectric
module with total cooling capacity.

When carrying out a comparative analysis of
the calculated data of the main parameters,
reliability indicators and the dynamics of the
functioning of the TPP complex, consisting of M-
modules, to ensure both for different temperature
levels of cooling and the same with a total thermal
load for different current operating modes, the
following ratios can be used.

The power consumption of the complex Wk is
equal to the sum of the power consumption of each
TEC included in the complex, at a given current
operating mode:

Wi =2W; . (9)

The number of thermoelements of the complex
ne is equal to the sum of thermoelements in the

TEC included in the complex, at a given current
operating mode:

(10)

The refrigerating coefficient of the complex Ex
is equal to the ratio of the total heat load Qos to the
power consumption of the complex Wk at a given
current operating mode:

= QOZ
W,

Ex (12)

The amount of energy expended by the Nk
complex is equal to the sum of the energy expended
by each TEC included in the complex, for a given
current operating mode:

M
Ny :ZNi'
i=1

The time of reaching the stationary mode of
operation of the TEC complex 7, is equal to the
maximum time of reaching the stationary mode of

operation of the TPP included in the complex, at a
given current operating mode:

(12)

(13)

Tk = TmexTEC

When determining the reliability indicators of
the TEC complex under operating conditions,
namely, the relative failure rate A/lo and the
probability of failure-free operation P, we assume
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that, firstly, all n terminals in the TEC are
electrically connected in series, the failure of any
thermoelement leads to failure building the TEC and
the complex as a whole. Events involving the failure
of thermoelements are taken independently.

Under the assumptions made, the reliability
indicator of the TEC complex Pk(t) can be
represented as the product of the reliability of the
TEC Pi(t):

M
&®=QRM, (14)
or taking into account the fact that the value of

reliability of the i-th TEC during time t is
determined by the expression:

Pt)= exp[— j/l(t)dt} . (15)
0

Then the expression for determining the
reliability of the TPU complex will take the form:

P (t) =exp[- X A4 (t)dt]. (16)

With a serial electrical connection of the TEC
in the complex, the total voltage drop of the Ux
complex is equal to the sum of the voltage drops on
the TEC included in the complex, at a given current
operating mode:

17

The required heat dissipation capacity of the
radiator of the TEC aFx complex is equal to the sum
of the heat removal capabilities of the TEC radiators
included in the complex, at a given current operating
mode:

M
aF¢ =2 aF . (18)
i-1

The value of the operating current | of the TEC
complex with a serial electrical connection can be
determined from the ratio for a given current
operating mode:

=K (19)

The results of calculations of the main
parameters, reliability indicators and the time to
reach a stationary mode of operation for a group
layout (cooling object) of a complex with a series
electrical connection of coolers are shown
in Table 2.

DISCUSSION OF RESEARCH RESULTS

With an increase in the relative operating
current B of the complex at a given temperature drop
AT = 40K and heat load Qo = 34.5W and the
geometry of thermoelement legs | /S = 4.5:

— the value of the operating current | (Fig. 2)
increases from Imin = 4.4A in the mode Amin t0 Imax =
11.1A in the mode Qomax;

— the time of reaching the stationary operating
mode 7 decreases (Fig. 2).

The minimum time to reach the stationary
operating mode zmin = 7.7 sec is provided in the Qomax
mode.

— the number of thermoelements n decreases
(Fig. 7).

The minimum number of thermoelements nmin
= 124 pcs is provided in the Q0max mode:

— the functional dependence of the voltage drop
U = f (B) has a minimum at B = 0.707 in the (nl)min
mode (Fig. 7), Umin= 13.1V;

— the functional dependence of the coefficient
of performance E = f (B) has a maximum at B =
0.53, which corresponds to the mode (nl4 / A0z)min.
Emax = 0.385 (Flg 2)

Table 2. Main parameters, indicators of reliability and time to reach steady-state mode in the group
version of the layout of thermoelectric coolers

Mode Bl L| n| W|U/|E| 77| | N | Mo | 108 P
Al it| W |V W/K| W-s 1/h
Qomax | 1.0 | 11.1| 124| 160 |14.5(0.216| 7.7| 39.0| 1232| 126.3 | 379.0 | 0.9628
(NDmin | 0.707| 7.85| 152| 104 | 13.1|0.336| 9.2| 27.6| 956.8| 39.0 | 117.2 | 0.9883
(nl/ot)min| 053 | 59| 221| 90.0 | 15.2|0.385| 12.0 24.8| 1080| 17.3 | 51.8 | 0.9948
(Nl/o)min| 0.46 | 5.1| 297| 93 |18.6|0.37 | 14.3] 254 1330| 128 | 383 | 0.9962
dmin | 0.40 | 4.4 442| 110 |24.8(0.316| 17.7] 29.0| 1947| 107 | 32.0 | 0.99680

Source: compiled by the authors
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Fig. 7. Dependence of the number of
thermoelements n and the voltage drop U of the
TPP complex with their serial electrical
connection on the relative operating current B at
Tc=300K; AT=40K; I|/S=4.5:

1 — Qomax mode; 2 — (n)min Mode;

3 — (nI2/20 T)min mode; 4 — mode (nIA/A0)min ;

5 — mode Amin
Source: compiled by the authors

The minimum number of thermoelements Nmin =
124 pcs is provided in the Qomax mode:

— the functional dependence of the voltage drop
U = f (B) has a minimum at B = 0.707 in the (nl)min
mode (Fig. 7), Umin = 13.1V;

— the functional dependence of the required
heat dissipation capacity of the radiator aF = f (B)
has a minimum at B = 0.53 aFmin = 24.8W/K, which
corresponds to the mode (nlA / A07)min (Fig. 8);

— the functional dependence of the amount of
consumed energy N = f (B) has a minimum at B =
0.71 Nmin = 957 W/s, which corresponds to the mode
(nl min (Fig. 8);

— the relative failure rate A / A0 increases and
the probability of failure-free operation P decreases
(Fig. 9).

Thus, the criterion for choosing the current
mode of operation can be both one- and
multifactorial. In most cases, it is necessary to
consider the mutual influence and weight of each of
the limiting factors. Since the conditions for the
design of the TEC complex to ensure the thermal
regime of a number of dispersed elements can be
very diverse. By varying simultaneously several
limiting factors (n, I, E, A / Jo, 7), one can choose
compromise modes of operation.
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Fig. 8. Dependence of the N, aF values of the TPP
complex with their serial electrical connection on
the relative operating current B at Tc=300K;
AT=40K; 1|/S=4.5:

1 — Qomax mode; 2 — (n)min Mode;

3 — (nIA/20 T)min mode; 4 — mode (nIA/i0)min ;

5 — mode Amin
Source: compiled by the authors
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Fig. 9. Dependence of the failure rate Awta and the
probability of failure-free operation Protal of the
TPP complex on the relative operating current B
at T=300K; AT=T=40K; Qo=0.5; +15.0 W;
T-Te=5K; 40=3-10® 1/hour; t = 10* hour:

1 — Qomax mode; 2 — (nl)min Mode;

3 — (nIA/20 T)min mode; 4 — mode (rlA/A0)min ;

5 — mode Amin
Source: compiled by the authors
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CONCLUSIONS

1. A mathematical model of a thermoelectric
cooler has been developed, which connects the
energy and design parameters with the dynamics and
reliability indicators of the device, which makes it
possible to determine a compromise between
competing characteristics already at the design stage.

2. The analysis of the model has been carried

radiator, and the coefficient of performance, which
are significant for on-board systems, have been
identified.

3. Variants of the structures of systems for
ensuring temperature regimes of heat-loaded
equipment are proposed, the control system of which
is based on taking into account the extreme values of
energy and design indicators, their comparative

out and the conditions for obtaining the extrema of analysis is carried out.

the required energy, heat-removing capacity of the
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AHOTALIS

Po3risiHyTa MOXIIMBICTE BHKOPHCTAHHS KOMIUIGKCY TEPMOCNIEKTPHYHMX OXOJOKYBadiB JUI 3a0e3NeUYEeHHsS YIpaBIiHHI
TEIUIOBHM PEXHMOM TEIUIO HaBaHTA)KEHHX EJIEMEHTIB pajio eJIeKTPOHHOI amapaTypH, IapaMeTpH SKOi CYTTEBO 3aleXaTb BiJ
TeMIIepaTypHUX YMOB eKCIUTyaralii. AHajli3 MpoBeJeHO I yMOB OJJHAKOBOTO PiBHS OXOJIOMKESHHS HAIlBIIPOBITHUKOBUX €JIEMEHTIB
JUIT TUIOBHX IIepernajiB TeMIlepaTyp, Aialla30Hy IOTY)KHOCTI PO3CIIOBAaHHS, CTPYMOBHX DPEXKHMIB pPOOOTH Ta reoMeTpii rijlok
TepmoernieMeHTiB. [lokazaHo, mo 1y 3a0e3leueHHs HEOOXITHOTO TEIJIOBOTO PEXUMY IPOCTOPOBO PO3MOIUICHUX TEIJIo
HaBaHTKEHHUX €JIEMEHTI 3 PI3HOI0 HOTY)KHICTIO PO3CIIOBaHHS pallioHAJbHO BHKOPUCTOBYBAaTH PO3MOAITICHI CHCTEMHU AKTHBHOTO
OXONOMKeHHA. [ 3abe3nedeHHs HEOOXiTHOTO TEIJIOBOTO PEXHUMY 3allPOIIOHOBAHO BHKOPHCTOBYBATH SIK 1HAWBITyalbHUH, Tak i
IPYNOBHI BapiaHT KOMIIOHYBAaHHS CTPYKTYPH: TEIUIO HABAHTQKCHHH EJIEMEHT-TEPMOCNEKTPUYHUI OXOJIOIKYBau-pamiaTop.
[IpoananizoBaHo po3poOieHI MaTeMaTHYHI MOJENi 3B'SI3Ky KUTBKOCTI TEPMOENIEMEHTIB 3 TEIIOBUM HAaBAHTAXKEHHSM, CIIOKHBAHOI
MIOTYKHOCTI 3 TIeperajioM TeMIeparyp Ta pododnm crpymoM. IlpencraBieHi Momeni OCHOBHHX EKCIUTyaTalliHHUX XapaKTepHUCTHK
OXOJIO/DKYBAUIB, 3HAUYIN JUISI CHCTEM YIPABIIiHHS: BiIHOCHOI IHTEHCHBHOCTI BIZIMOB Ta 4acy BUXOAY Ha CTAIliOHApPHHN PEXHM.
HaBeneHo pe3ynbraTé po3paxyHKiB OCHOBHHX IIapaMeTpiB, MOKa3HMUKIB HAJIHHOCTI Ta AWHAMIYHHX XapaKTEPHUCTHUK HPH
IHIUBITyaJbHOMY BapiaHTi KOMIIOHYBaHHS TEPMOEIEKTPHUHNX OXOJIOKYBAUiB 3 PI3HOIO MOTYXKHICTIO PO3CIIOBAHHS Ta CTPYMOBHUX
pexumax poOoTH. PoO3rsHYTO TpymoBy cXeMmMy KOMIOHYBaHHS 00'€KTa-0XOJO/[KyBaya IpH MOCTIJOBHOMY 3'€HaHHI Ta
pO3TaIIoBaHUX HA OJHOMY TEIUIOBLABITHOMY pajiaTopi Ta iX MOpiBHsIbHUM aHami3. [lpu BHOOpi cTpyMOBOro pesxumy HEOOXiTHO
BPaxOBYBATH B3a€EMHHI BIUIUB Ta BarOMICTh KOKHOTO 3 00MEKYBalIbHUX (aKTOPiB, BApilOI0UN SKUMHU IPHU MPOEKTYBaHHI KOMIUIEKCY
Ta TEPMOETEKTPUYHHUX OXOJIOAKYBadiB MOXHA BHOPAaTH KOMIIPOMICHI PEKUMHI POOOTH.

Knrwuosi cnosa: ynpaBiiHHS PO3NOAUICHUME OXOJO/KYBadyaM; MOJENI JWHAMIKH Ta IHTCHCHBHOCTI BIJIMOB;, BapiaHTH
KOMIIOHYBaHHS; TOKOBI PEKHMHU; IIepernaj] TeMIepaTyp
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