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ABSTRACT

The paper presents the results of research of controllability of the thermoelectric system for ensuring thermal modes of
electronic equipment, including a regulator, a cooler, and a component of excess heat removal to the environment. It is shown that for
the use of methods of optimization of automatic control systems it is necessary to study the transfer and dynamic characteristics of
the object - thermoelectric cooling device with one input and one output. The mathematical model of the thermoelectric cooler of the
system of providing thermal modes of a given design is presented, which takes into account the influence of the conditions of
interaction of the heat sink with the medium on the main significant parameters, reliability indicators, dynamic and energy
characteristics of the single stage cooler. The model is created for the operating range of cooling, level of thermal load, geometry of
thermocouple branches, different temperature of the medium, for the characteristic thermal regime of maximum cooling capacity.
The results of calculations of the main significant parameters, reliability indicators, dynamic and energy characteristics of the cooler
for different medium temperature in the operating temperature range and variation of conditions of heat exchange of the heat sink
with the medium are given. It is shown that as the intensity of heat exchange of the heat sink with the medium increases, the
temperature difference between the heat sink and the medium decreases. This makes it possible to significantly reduce the relative
failure rate, increase the probability of failure-free operation of the thermoelectric cooler and control the reliability indicators of the
device of a given design during operation.
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INTRODUCTION cooling. Thermoelectric coolers (TEC) are the most
promising in terms of mass-size characteristics,
reliability and dynamics. In addition, they are the
most suitable for controlling the cooling capacity
according to the following parameters: lag time,
time constant, and transfer coefficient (operating
current — temperature difference). In accordance
with the theory of automatic control, this allows us
to consider the thermal management system as a

Thermal management systems (TMS) of heat-
loaded elements and processor units are a necessary
component of onboard information structures. From
the reliability point of view, the fuel element and the
heat extraction system are included in series and the
resulting probability of failure-free operation is
equal to the product of their probabilities. Hence the

requirement to the probability of failure-free i X :
operation of the cooler — its reliability index should SISO-system, which has one input and one output.

be not less than the index of the heat-loaded Since this dependence is nonlinear for thermal
element. Since the reliability indices of power plants, the study of the control object from

semiconductor components significantly depend on Fhe_pomt pf_wew of reliability and controllability
temperature, this requirement is very strict in indicators is important.

relation to cooling devices. Among the most rational LITERATURE REVIEW

and perspective TMS for thermal stabilization of

; ; . . - Systems for ensuring thermal conditions of
electronic equipment are: forced air or liquid

electronic equipment have become widespread in

products with strict requirements for mass and

© Zaykov V., Mescheryakov V., Ustenko A., 2024 dimensional characteristics [1]. This is largely
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satisfied by coolers operating on the Peltier effect
[2]. Analyzing the TEC as a control object from the
point of view of automatic control theory allows us
to consider the TEC and the controller as a SISO-
system [3]. These systems find application for
controlling separate objects with one input and one
output [4, 5], which satisfies the TEC — operating
current and temperature difference. At the same
time, the reliability of this system has not been
practically considered, and for thermal system it
seems to be important [6]. The comparison of TECs
was carried out on the allocated characteristics on
the basis of modeling [7] studies and on qualitative
results of passing accelerated tests [8]. It is shown in
[9, 10] that taking into account such design
peculiarities of TECs as a large number of single-
type thermoelements and their sequential connection
allowed to obtain mathematical models of TECs
with exponential distribution. Further studies are
aimed at revealing the analytical relationship of
reliability indicators with structural [11], mechanical
parameters [12], and manufacturing technology [13],
and energy effects [14]. The issues of TEC dynamics
are considered in [15, 16]. However, these works did
not consider the issues of TEC dynamics, which are
important for the cooler-regulator complex. In [17,
18], the results of investigation of the relationship
between the dynamics of a thermoelectric cooler and
reliability indices at variation of geometry of
thermoelements and modes of operation are
presented. In [19] the task of reducing the inertia of
the cooler and its dependence on the design and
loading characteristics is considered. In [20] the
possibilities of controlling the operating modes of
the cooler by complex indices are presented.
However, the above studies are oriented mainly to
the design stage, when there is an opportunity to
influence the design of the power plant. At the same
time, at creation of controlled systems for providing
thermal modes there arises a necessity in reliability-
oriented control of already existing coolers. The
relevance of such studies, especially in case of
limited terms of creation of systems with
thermoelectric TMSs, does not cause doubts.

PURPOSE AND OBJECTIVES OF THE
STUDY

The purpose of this paper is to enable the
management of the reliability performance of a
thermoelectric cooler during operation.

In order to achieve this goal, the following tasks
need to be solved:

1. To develop a model of thermoelectric cooler
for operation with variable load this provides the
possibility of reliability indices control.

2. To carry out analysis of relation of control
action on TEC with reliability indices.

CONTROL OF AHEAT-LOADED OBJECT

Provision of the thermal regime of a heat-
loaded element implies extraction of excess heat to a
level sufficient to achieve its required level of
reliability. Depending on the tasks to be solved, the
temperature difference between the object and the

environment (T —T;) can be achieved passively by

heat conduction or actively by cold generation. The
second approach is more appropriate to the control
task and can be realized on thermoelectric coolers.
In this case, the most important control
characteristics are the lag time, time constant and
transfer function.

If we abstract from the specific problem, we
obtain an information SISO control system, which
has one input and one output and perturbation, one
task and one controller. If there is a model of the
object, the system of providing thermal modes is
replaced by an information model, through which
signals are transmitted, but not the actual flows
themselves.

An ideal PID controller is described by the
expression [3]:

t
u(t) = Ke(t) + Kj [e(t)dt+ Kg % (1)

0

where u is control; e is mismatch signal.

If in the first approximation the cooler is
represented by a model of a first-order inertial link
with a lag

_Ko oo )

Wo=rog® T
then it is possible to study the quality of transients of
the thermal control system. The procedure of
controller synthesis allows finding a compromise
between robustness and speed of transients both on
perturbation and on setpoint.

However, this should be preceded by the
development of a reliability-oriented model of the
thermoelectric cooler and its analysis.
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DEVELOPMENT OF A THERMOELECTRIC
COOLER MODEL

When building reliable TMS, one of the key
problems is the necessity of estimation and
forecasting of FTE reliability indicators, as well as
searching for ways to improve and control them in
real time.

When operating the structure of the object
consisting of a TEC and a heat sink with forced air
cooling, which is used to dissipate thermal power
into the environment, it is possible to use different
modes of operation of the fan (air flow rate
G =Var ). With increasing air flow rate G of the
fan increases the velocity of air flow V in the live
section of the heat sink of a given design, which
leads to an increase in the heat transfer coefficient
a. This allows reducing the temperature drop
(T —Tc) ata given design of heat sink.

Let us consider the construction of the model in
the process of operation of thermal power plant in
the characteristic mode of maximum cooling
capacity Qomax at (T —T¢) = 10K. It means that the

number n of thermocouples temperature cooling Ty,
heat load Qp, geometry of branches of thermo-

couples (ratio % ), surface area of the heat sink in

the range F of temperature change of the medium is
set Te.

Let's consider the influence of conditions of
heat exchange of the heat sink with the medium on
the main significant parameters, reliability
indicators, dynamic and energy characteristics of the
single-cascade fuel-electric power plant.

To calculate the main parameters, reliability
indices, and dynamics of single-stage fuel and
energy units, we use the following relations [17]:

Qo

n=-5 2 ’
12 RK (2BK —BZ —©)

@)

where Qq is value of heat load; W — or dissipation

ek To
Rk

power of the cooling object;

maximum operating current, A; eT< is average value
of the coefficient of thermal TEC of the
thermocouple branch at the end of the cooling
process, VIK; Tp is temperature of the heat-

absorbing junction, is electrical
oS

resistance of the thermocouple branch at the end of

the cooling process, Ohm; |, S are respectively,

height and cross-sectional area of the thermocouple
branch;

ok s average value of electrical conductivity of

the thermocouple branch, S/sm; Bk =1/lpax K is

relative operating current at the end of the cooling
process; | is operating current value, A,

T-To
max
temperature of the heat-generating junction, K;

®=

is relative temperature difference; T is

ATrax =O,5§T02 is  maximum  temperature
difference, K; 7z is average value of initial
thermoelectric materials in the module, 1/K.

The reliability of the consumption of the TEC

W can be determined from the expression [18]:

Wk =2n12ay k Rk Bk (Bk +

ATmax
To ©). 4

Voltage drop Uk

W
Uk = TK . 5)
The refrigeration coefficient E can be
determined from the expression
-0 (6)

w
The relative failure rate %0 can be

determined from the relationship [18]

2

B LBK +7A-I_-I_mx @j

Z —nB2(@+0) 0 —Kr, (D)
1+7ATmaX ®j
To
~ Qo . : .
where Cc=————is relative thermal load;
2
Nlyax R

Ay =3 10®%1/h is nominal failure rate; Kt is
significant coefficient of reduced temperatures [17].
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The probability P of failure-free operation of
the thermal power plant can be determined from the
expression:

P =exp[-At], (8)
where t=10%h is the assigned resource.

The formula for determining the time of steady-
state operation can be presented in the form [19]:

MoCo + NY_M;C;
[

7BH (2 - BH ) (9)

T = In 1
2
nK(1+ 2Bk Mﬂ) eBk - Bk —©®
To
12 H
where y=-MaXH B - moco is product of mass

by heat capacity of the cooling object. In our case
moCo — 0 (no object); > m;c; is the total value of
i
the product of heat capacity and mass of the
constituent structural and technological elements on
the heat-absorbing layer of the module at a given
I
%.
Index H means the initial moment of time.
Index K means the final moment of time.

|
B =
Irax H

: (10)

e

lmax H = : is maximum operating current

H
at the beginning of the cooling process, A.

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

I'=Bk Imax K = BH Imax H (11)

The voltage drop U on the TEC can be written
in the following form

0

U = 2nl;mx k Rk (B + @). (12

The amount of energy N given can be written

as a ratio:
N=Wr. (13)

The required heat dissipation capacity of the
heat sink oF can be represented in the form:

oF is thermal conductivity of the heat sink, T is

medium temperature, K.

The results of calculations of the main
significant ~ parameters,  reliability indicators,
dynamic and energy characteristics of the TMS
using a single-cascade TEC in the mode Qqmax

under the variation of the conditions of heat
exchange with the medium of the heat sink at a
given cooling temperature level Ty =260K, thermal

load Qp=2.0 W, geometry of the branches of
thermocouples IS =10, the surface area F of the
T-T,=10K

I’adlator A = W

, for different temperature

of the medium T, are shown in Table 1.

ANALYSIS OF THE MODEL

As the temperature (T -T;) differential
between the heat sink T and the medium decreases
Tc for a given limiting temperature level T, =260K,

thermal load Qg =2.0 W, thermocouple branch
geometry %zlo and medium temperature T

variation from T.=290K to T;=320K in the mode
Qomax at (T —Tg)=10K:

— the relative temperature © difference
decreases (Fig. 1) for different temperature T;. As

the medium temperature T. increases, the relative

temperature difference © increases for a fixed
temperature difference © ;
—  relative operating current B decreases

(Fig. 2) for different medium temperature T; . As the

medium temperature B increases, the relative
operating current remains constant at a fixed value

of (T-T¢);

— the value of operating current | decreases
(Fig. 3) for different medium temperature T; . As the
medium temperature increases T, the operating
current | decreases insignificantly at a fixed value
of (T-T¢);

— number of thermocouples N (Fig. 4) remains
constant for different medium temperature T.. As

the medium temperature T¢ increases, the number of

Q
aF =TT (14)  thermocouples N increases for a fixed temperature
¢ difference (T —T¢);
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— cooling coefficient E increases (Fig. 5) for
different medium temperature To. As the medium

temperature

T increases,

the

refrigeration

coefficient E decreases for a fixed temperature
difference (T —T¢);

Table 1. Results of calculations of main parameters at Tg =260K; V =10; Qp=2.0W at (T —T;) =10K

T. |T-Te] ® | B I |W | E|U |Q |7 N | aF | %] 4 |11y |4 P
n 108
n=15.7pcs F =373 sm?
10 0.50 | 1.0 5.0 9.2 0.22 | 1.8 1[0.127 | 6.5 60 1.1 30 | 1.0 16 48 | 0.9952
7.0 0.46 | 0.81 | 41 6.2 032 | 15 6.5 41 1.1 32 | 2.2 7.2 21 | 0.9978
5.0 0.44 | 0.76 | 3.8 5.4 037 | 14 6.4 35 1.4 40 | 3.0 54 16 | 0.9984
290 30 042 |072 |37 |49 |041 |13 63 |31 |23 |60 |36 |44 |13 | 0.9987
2.0 0.40 | 0.70 | 3.5 4.6 0.44 | 1.3 6.2 29 3.3 90 | 4.1 3.9 11 | 0.9988
0.0 0.38 | 0.66 | 3.3 4.0 050 | 1.2 5.9 24 - - 5.5 2.9 8.7 | 0.9991
Nn=20.5pcs F =490 sm?
10 0.62 | 1.0 5.0 12.6 | 0.16 | 25 [0.097 | 9.0 113 1.4 30 | 1.0 21 63 | 0.9937
7.0 059 [ 082 | 41 8.6 0.23 | 2.1 9.0 77 1.5 31 | 2.1 9.8 29 | 0.9971
5.0 0.56 | 0.77 | 3.8 7.5 0.27 | 2.0 9.0 66 1.9 39 | 2.8 7.5 22 | 0.9978
300 30 [ 054 | 0.73 |36 |67 | 030 | L9 87 |59 |29 |60 |35 |60 |18 | 0.9982
2.0 0.53 | 0.70 | 3.5 6.3 032 | 1.8 8.6 54 4.1 85 | 4.1 5.1 15 | 0.9985
0.0 0.50 | 0.66 | 3.3 5.6 0.36 | 1.7 8.4 47 - - 5.3 4.0 12 | 0.9988
Nn=30.8pcs F =700 sm?
10 0.74 | 1.0 4.9 19.2 | 010 | 3.9 |0.065 | 12.2 | 234 | 2.1 30 | 1.0 31.5 | 94 | 0.9906
7.0 0.70 | 0.80 | 4.0 12.8 | 0.16 | 3.2 12.4 | 159 2.1 31 | 2.3 13.7 | 41 | 0.9959
5.0 0.68 | 0.77 | 3.8 11.7 | 0.17 | 3.1 12.1 | 142 2.7 39 | 2.8 11.3 | 34 | 0.9966
310 3.0 0.66 | 0.70 | 3.5 10.0 | 0.20 | 2.9 12.3 |1 123 | 4.0 57 | 4.0 7.9 23 | 0.9976
2.0 0.65 | 0.68 | 3.4 9.6 0.21 | 2.8 12.2 | 117 5.8 83 | 44 7.1 21 | 0.9979
0.0 0.62 | 0.65 | 3.2 8.6 0.23 | 2.7 12.1 | 104 | - - 5.5 5.7 17 | 0.9983
Nn=57.5pcs F =1300sm?
10 0.86 | 1.0 486 | 37.0 | 0.05 | 7.6 |0.035 | 16.6 | 616 3.9 30 | 1.0 59 (176 | 0.9826
7.0 9.83 | 0.82 | 4.0 25.6 | 0.07 | 6.4 17.2 | 440 3.9 31 | 2.2 27.4 | 82 | 0.9918
5.0 0.80 | 0.76 | 3.7 22.2 | 0.09 | 6.0 175 | 388 | 4.8 37 | 2.9 20.5 | 61 | 0.9939
320 3.0 0.78 | 0.71 | 3.5 19.8 | 0.10 | 5.7 17.4 | 345 7.3 56 | 3.7 16.1 | 48 | 0.9952
2.0 0.77 | 0.69 | 3.4 18.7 | 0.11 | 55 17.4 | 326 10 80 | 4.2 14.2 | 43 | 0.9957
0.0 0.74 | 0.65 | 3.2 16.9 | 0.11 | 5.2 175 | 295 - - 5.2 11.4 | 34 | 0.9966
Source: compiled by the authors
0 B
¢ ‘ 10
.
0,9
9 ’ ~
¢ Te=320K 08 ~
0,8 ‘ ,
| 310K i
0,7 ‘ 0.7 ==
0.6 300 K 0,6
0,5 290 K 0,5
0,4 0.4
0,3 0,3
0,2 ‘ 0,2
0,1 - 0,1
1. 2 i3 5 7 9 Lol 1 2 3 4 5 6 7 9 10 TTc,K

Fig. 1. Dependence of the relative temperature
difference ® of a single-cascade TEC on the

temperature difference (T —T¢)

Source: compiled by the authors

Fig. 2. Dependence of relative operating current
B of a single-stage TEC on the temperature

difference (T —Tg)

Source: compiled by the authors
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I, A

320K

4,0

3,0

2,0

1,0

1 2 3 4 5 6 7 8 9 10 T-Tce, K

Fig. 3. Dependence of the operating current
value | of asingle-stage TEC on the

temperature difference (T —T¢)
Source: compiled by the authors

n, pcs
60 !
Tc=320K
50 - —
40
310K
30
20 300 K
290K
10
\
1 2 3 4 5 6 7 8 9 10 T-Te, K

Fig. 4. Dependence of the number of
thermocouples N of a single-cascade TEC on the

temperature difference (T —T¢)
Source: compiled by the authors
— the voltage drop U decreases (Fig. 6) for
different medium temperature T.. As the medium
increases, the voltage drop U
a fixed temperature difference

temperature Tg
increases for
(T —Tc);

— cold-productivity per one element Q%

(Fig. 7) remains constant for different medium
temperature T.. As the medium temperature T
increases, the cooling capacity per element decreases

/.

Fig. 5. Dependence of the refrigeration coefficient
of a single-cascade TEC on the

temperature drop (T —Tg)

Source: compiled by the authors

U,V
10—
9.0
80 — Te=320K
310K
1 300 K
290 K
1 2 3 45 6 7 8 9 10 TTeK

Fig. 6. Dependence of voltage drop U of
single-stage TEC on the temperature
difference (T —Tg)

Source: compiled by the authors

— time of reaching the stationary mode 7 of
operation (Fig. 8) for different medium temperature

Tc remains practically constant. With the increase of

the medium temperatureT¢ , the time of reaching the
steady-state mode of operation remains practically
constant. With the increase of the medium
temperature, the time 7to reach the steady-state
operating mode increases.
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Qo
n
0.12 Tc = 290 K
011 |
0,10
0,09 300 K
0,08
0,07
0,06 310K
0,05
0,04
30K

0,03
0,02 ]
0,01

1 2 3 4 5 6 7 8 9 10 ITT,K

Fig. 7. Dependence of the cooling capacity per
one thermocouple Q% of a single-cascade

TEC on the temperature difference (T —T)

Source: compiled by the authors

20

18

Te=320K
16

14
0K

12

10
300 K

8,0

290 K

6,0

4,0

2,0

T-Te, K

Fig. 8. Dependence of time to reach the
steady-state mode of operation 7 of a
single-cascade TEC on the temperature

difference (T —T)

Source: compiled by the authors

— the amount of expended energy N decreases
(Fig. 9) for different medium temperature T;. As the

medium temperature T. increases, the amount of

N, W-s
‘ y Te=320K
600 /
/ f
500 /,
400 —
=
300
[ 310K
200 //
L
/'/ 1
oo L - 300 K
L
L .
— _— 290 K
L 1]
1 2 3 4 5 6 7 8 9 10 TTo, K

Fig. 9. Dependence of the amount of expended
energy N of a single-cascade TEC on the

temperature difference (T —T;)
Source: compiled by the authors

— the relative intensity of failures %0

decreases (Fig. 10) for different medium temperature
Tc. As the medium temperature T¢ increases, the

relative failure rate %0 increases for a fixed

temperature difference (T —T¢);

AlAo o ‘ . _
o — 111 T [ [ 1| ) | Te=320K
0 —r——+— 1 T | i —
40—+ T —
VAT
10K

30 { .
300 K

20 | / |
/"/ 7 ,/ - 290 K

10 ~ ’1//4/
I
‘_"_"'"'_'——— .—-"// —
[
i 2 3 4 5 6 7 8 9 10  TTe,K

Fig. 10. Dependence of relative intensity of
failures %0 of a single-cascade TEC on the

temperature difference (T —T¢)

expended energy N increases for a fixed Source: compiled by the authors
temperature difference (T —T;);
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— the probability of failure-free operation P
increases (Fig. 11) for different medium temperature

Tc. As the medium temperature T, increases, the
probability of operation T. at a fixed temperature
difference (T —T;) decreases;

1,0 ‘ ‘ ‘
0,999 —
-"'--.,__._-'-'--.
0,998 M — i-.\ 1
0,997 \'*
TN N Tc= 290 K
0,996 1\\ : —
0,995 \\\
0,994 —
300K
0,993 \ —
0,992
N
0,991 \
\ 310|K
0,990
o | [

1 2 3 4 5 6 7 8 9 10

Fig. 11. Dependence of probability P of
failure-free operation of single-cascade TEC

on the temperature difference (T —T;)
Source: compiled by the authors
— the ratio of failure intensity at (T —T¢)=10K
to failure intensity at (T —T;)=Var<10K (Fig. 12)
from temperature difference increases (T —Tg). As

the medium temperature T increases, the ratio A

remains almost constant;
— the heat dissipation capacity of the heat sink
oF increases (Fig. 13) for different medium

temperature T.. The heat dissipation capacity of the
heat sink T, at fixed temperature difference oF
increases with increasing of the medium temperature
(T-Te).

DISCUSSION OF ANALYSIS
RESULTS

Analysis of the research results showed that as
the temperature differential (T —T;) decreased from

(T-Te)=10K to (T-T¢)=2K at a cooling
temperature level Tp=260K, thermal load Qg

T-Te, K

A

N

1 2 3 4 5 6 7 8 9 10 T-Te, K

1-Tc =290 K 2-Tc=320K

Fig. 12. Dependence of the ratio of failure
intensities A of a single-cascade TEC on the

temperature difference (T —T¢)
Source: compiled by the authors

oF, w/h

90

70 -

6,0 |-

- ‘ Te=320K

4,0 1

30 — —
2,0 310 K
300 K

1,0 —— I — |
\ | 200K

_ | |

1 2 3 4 5 6 7 8 9 10 T-Tc, K

Fig. 13. Dependence of heat dissipation capacity
of the heat sink oF of a single-cascade TEC on

the temperature difference (T —T;)
Source: compiled by the authors

Decreases:
relative temperature difference © :
— from ©®=0.50 to ®=0.40, i.e. by 20 % at

T =290K;
— from ©=0.62 to ®=0.53, ie. by 145 % at

=2.0W, th le branch geometry 4/ =10in ¢ 00K
=<V, Thermocouple branch geometry /10 M _from ©=074tc ©=0.65 ie by 12 % at
the mode Qomax : Tc =310K;
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—from ®=0.86t0 ©=0.77, i.e.
Tc =320K;

relative operating current B:
—from B=1.0to B =0.70, i.e. by 30 % at T, =290K;
—from B=1.0to B =0.70, i.e. by 30 % at T; =300K;
—from B=1.0to B =0.68, i.e. by 32 % at T; =310K;
—from B=1.0to B=0.69, i.e. by 34 % at T; =320K;
operating current | :

by 10 % at

— from 1=5.0A to 1=3.5A, ie. by 31 % at
Tc =290K;

— from 1=5.0A to 1=3.5A, ie. by 30 % at
Tc =300K;

— from 1=49A to |=34A, ie by 31 % at
- Te=g10k;

— from 1=4.86A to 1=354, i.e. by 30 % at
- Te=320K;

voltage drop U :

— from U =18V to U=13V, ie by 28 % at
Tc =290K;

— from U =25V to U=18V, ie by 28 % at
Tc =300K;

— from U =39V to U=28V, ie by 28 % at
Tc =310K;

— from U=7.6V to U=55V, ie by 27 % at
Tc =320K;

time to reach steady-state operation 7 :
—from 7=65 s to 7=6.2 s, i.e. by 46 % at

Tc =290K;

— from 7=9.0 s to 7=86 s, i.e. by 44 % at
Tc =300K;

— from 7=12 s to 7=12.2 s, i.e. by 0.0% at
Tc =310K;

— from 7=16.6s to 7=17.5s, i.e. by 5.4% at
Tc =320K;

energy input N :

— from N =60 Ws to N =29 Ws,
Tc =290K;

— from N =113 Ws to N =54 Ws,
Tc =300K;

— from N =234 Ws to N =117 Ws, i.e. 2.0 times at
Tc =310K;

—from N =616 Ws to N =326 WS, i.e. B 1.9 times at
Tc =320K;

relative failure rate 4/4g :

i.e. 2.0 times at

i.e. 2.1 times at

— from A/4g =16.0 to A/ =3.9, i.e. 4.1 times at
Te =290K;

— from /49 =21.0 to A/4g =5.1, i.e. 4.1 times at
Te =300K;

— from A/4g =315 to A/ =7.1, i.e. 4.4 times at
Te =310K;

— from A/2g =59 to A/ =14.2,
Te =320K;

increases:

cooling coefficient E :
— fromE =0.22 to E =0.44,

T =290K;

— from E =0.06
Tc =300K;

— from E=0.10 to E =0.21,
Tc =310K;

— from E =0.054 to E =0.11, i.e. 2.04 times at
T =320K;

heat dissipation capacity of the radiator oF :

— from oF =1.1 W/K to oF =3.3 WIK, i.e. 3.0
times at Tg =290K;

— from oF =1.46 W/K to oF =4.15 WIK, i.e. 2.8
times at T; =300K;

— from oF =2.1 W/K to aF =5.8 W/K, ie. 2.8
times at Tg =310K;

— from oF =3.9 W/K to oF =3.3 WI/K, i.e. 10.4
times at T; =320K;

probability of failure P :

—from P =0.9952 to P =0.9988 at T, =290K;

—from P =0.9937 to P =0.9985at T;=300K;
—from P =0.9906 to P =0.9979 at T;=310K;

—from P =0.9826 to P =0.9957 at T;=320K.

Thus, along with the known method of
increasing the reliability of fuel and energy units
[20], the possibility of a systematic approach to
increasing the levels of reliability indicators of fuel
and energy units in TMS of a given design during
operation is considered.

CONCLUSIONS

1. The mathematical model of the heat
extraction object of the system of providing thermal
modes in the mode of maximum cooling capacity for
different temperature of the medium is developed,
which takes into account the interactions of the
component of heat removal to the external

i.e. 4.2 times at

i.,e. 2.0 times at

to E=0.22, i.e. 2.0 times at

i.e. 2.1 times at
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environment, reliability indicators, dynamic and
energy characteristics of the thermoelectric cooler.

2. Analyses of the research results have shown
the possibilities of controlling:

2.1) by increasing the air flow of the external
environment significantly reduce the dependence on
the temperature of the environment and the relative
intensity of failures up to 4.4 times, the value of the
operating current up to 30 %, the time to reach
steady-state operation up to 5 %, the amount of

2.2) increase of the refrigeration coefficient up
to 2 times, probability of failure-free operation from
0.9952 to 0.9988 at the medium temperature of
290K at constant cold-productivity per one
thermocouple for different medium temperature.

3. Thus, by varying the temperature difference
and the value of operating current, it is possible to
significantly increase the reliability indices of a
given design and thus to control the reliability
indices of TMC during operation.

expended energy up to 2 times;
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AHOTALIS

Y poboti mpencraBieHO Pe3yAbTaTH AOCTIKECHHS IPOIECOM VYIPABIIHHA TEPMOCIEKTPHYHOK CHUCTEMOK 3a0e3leueHHS
TEIUIOBUM PEXUMOM EJICKTPOHHOI amapaTypH, IO BKIIOYA€E PETYNSATOP, OXOJOUKYBad, CKJIAJIOBY Bi/IBEJICHHS HaUIMILIKY TEIJa B
HaBKOJIMIIHE cepenoBumie. [loka3aHo, mo I BUKOPUCTaHHS METOAIB onTuMizamii aBToMaTHdHuX SISO-cHcTeM perymoBaHHS
HEOOXiZIHE MOCHTI/DKCHHS TepeAaBalbHUX 1 JUHAMIYHUX XapaKTEPUCTUK O0'€KTa - TEPMOEIECKTPUYHOIO OXOJOMKYBAIBHOTO
MPUCTPOIO 3 OTHUM BXOZOM 1 OHMM BUXOZOM. [IpencTaBieHo MaTeMaTHYHy MOJENb TEPMOCICKTPUYHOIO OXOJIOXKYBada CUCTEMHU
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3a0e3NeueHHs] TEIUIOBUX PEXHMIB 3aJaHOi KOHCTPYKIii, SKa BPaxoBye BIUIMB YMOB B3a€MOii TEIUIOBiABIAHOTO pajiaropa i3
CepelIOBUIIIEM Ha OCHOBHI 3HAYyIli IapaMeTpH, IOKa3HWKM HAAIHHOCTI, IWHAMIUHI Ta EHEPreTH4YHI XapaKTepUCTUKH
OJJHOKACKAJHOTO OXOJNO[KyBada. Mozens CTBOPEHO Uit poOOYOro [iama3oHy OXOJOMKEHHS, PIBHS TEIUIOBOIO HABAHTAKEHHS,
reoMeTpii TiIOK TEpPMOENIEMEHTIB, DI3HOI TeMIepaTypu CEpeloBHINA, Ul XapaKTEPHOTO TEIUIOBOTO PEXHUMY MaKCHMAabHOI
XOJIOZONIPONYKTHBHOCTI. HaBeneHo pe3ynbTaT pO3paxyHKIB OCHOBHHMX 3HAUYINIMX IapaMerpiB, ITOKA3HHWKIB HamiHHOCTI,
IUHAMIYHAX Ta CHEPreTHYHHX XapaKTepPHCTHUK OXOJO/KyBada JUIS Pi3HOI TEeMIIepaTypH CepeloBHINa B PoOOYOMY Iiana3oHi
TeMreparyp 1 Bapiamii yMOB TEIUIOOOMIHY TEIUIOBIIBITHOTO pamiatopa i3 cepemoBumieM. Iloka3zaHo, mo 31 3pOCTaHHSAM
IHTEHCHUBHOCTI TEIIO0OMIHY TEIIIOBIIBITHOTO pajiaTopa i3 CepeoBHIIEM, 3MEHIIYETECS PI3HAL TEMIIEPATyp MK TEIUIOBIZBOIIOM 1
cepenoBumeM. Lle mae 3Mory 3Ha4HO 3MEHIIUTH BiJJHOCHY IHTCHCHBHICTH BIJIMOB, ITiJIBUIIITH WMOBIPHICTH 0€3BIIMOBHOI pOOOTH
TEPMOCJIEKTPHIHOTO OXOJIOMKYBaya Ta KepyBaTH IMOKA3HUKaMH HaifHOCTI IPUCTPOIO 331aHO0I KOHCTPYKIIi B IPOLeCi eKCIUTyaTarii.

KitrouoBi csioBa: cucremu 3a0e3neueHHsI TEIUIOBUX PEXUMIB; MaTeMaTHYHA MOJEIb; JMHAMIYHI XapaKTePHUCTUKH; ITOKA3HUKN
HaJiHOCTI; yIpaBIiHHSA
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