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Under the rough estimation the annual worldwide production of thermoelectric converters
(modules) for the needs of thermoelectric power generation and cooling reaches more than 50
million pieces. The thermoelectric convertors are mechanically stable, high-reliable with a life cycle
up to 20 years. The main disadvantage is their low energy efficiency. This especially applies to
miniature modules with a length of thermoelements in the range from 500 yum down to 200 pm. Their
low efficiency is due to the effect of electrical and thermal resistances of contacts, interconnectors
and insulating plates. One way to improve the efficiency of thermoelectric generators and coolers
is to optimize the materials and structure of thermoelectric modules for the required operating
conditions. For this purpose, it is advisable to use methods of optimal control theory. They are
suitable for optimizing single- and multi-stage converters made of homogeneous or inhomogeneous,
so-called functionally graded thermoelectric materials (FGTM). The optimal control method makes
it possible to take into consideration the temperature dependences of the thermoelectric parameters
of materials, additional bulk thermoelectric effects that occur in FGTMs, and the influence of
unwanted electrical and thermal resistances in modules. This lecture outlines the main concepts of
the optimal control theory and explains how to use them to design modules with optimal structure
and simulate module characteristics. Examples of modeling the convertor performances are
considered and the effect of undesirable electrical and thermal resistances on the maximum
efficiency of cooling and generating converters made of Bi>Tes;-based materials is analyzed. It is
shown that the efficiency of modules, especially of miniature ones, can be significantly improved if
these unwanted resistances are reduced to their rational values. The decrease in electrical contact
resistance is the predominant factor. The rational values to which it is advisable to decrease the
electrical contact resistivity have been determined. It is necessary to focus on such rational contact
resistance values in the development of modules’ technology. Bibl. 9, Figs. 9, Tabl. 2.

Key words: thermoelectric converter, thermoelectric module efficiency, methods of optimal control
theory, coefficient of performance, electrical contact resistance, thermal resistance of interconnect and
insulating plates.

Introduction

It is well known that thermoelectric (TE) convertors (usually we call them modules) have a lot of
important applications. Thermoelectric devices are widely used for cooling, controlling thermal
conditions and stabilizing the temperature of electronic elements and systems, such as various sensors,
laser diodes, light emitting diodes, computer chips and so on [1].

TE generators are used in applications where a heat source exists. In some cases, they can even
replace batteries, for example to power wireless sensors for monitoring the operating condition of
industrial processes or of pipelines [2]. TE converters are used in nuclear-based small-scale power
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sources for space or biomedical applications [3]. Miniscale TE generators that use human body heat, are
the promising energy sources for wearable electronics [4].

Fig. 1a shows a diagram of the growth in the market size of thermoelectric modules. The market
compound annual growth rate (CAGR) is about 9 %. Using this diagram and assuming that the average
price of a standard TE module is near $15, we can easily estimate the annual production of modules in
the world [5]. The results of such rough estimation are shown in Fig.1b. It is seen that now production
reaches more than 50 million pieces per year.
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Fig. 1. World market size (a) and estimation of production volume (b) of thermoelectric modules

The thermoelectric convertors are mechanically stable, high-reliable with a life cycle up to 20
years. The main disadvantage is their low energy efficiency.

Ideal model for module optimization

One way to improve the efficiency of thermoelectric generators and coolers is to optimize the
materials and structure of thermoelectric modules for the required operating conditions. In the 50s of
last century A. Ioffe with colleagues got the main optimal relations for an ideal thermocouple of
homogeneous materials with temperature-independent properties [6]. These relationships are still used
today as the simplest method for designing the cooling and generating modules and calculating their
performance.

Simple modeling of cooling modules

Let's consider these relationships for the cooling module. Fig. 2 shows a thermocouple for
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modules in cooling mode.
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Fig. 2. Schematic of ideal thermocouple for modules in cooling mode
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The module contains a number of thermocouples made of semiconductor n- and p-type legs,
which are commonly referred as thermoelements. If we pass an electric current / with the polarity
indicated in Fig. 2 and maintain the heat-liberating surface of the module at a temperature of 7}, close to
the ambient temperature, then the heat-absorbing surface will be cooled to a certain temperature of 7.
The module will operate in cooling mode.

Energy balance equations for a thermocouple which are used for optimization have the form

Q. =aTll —%FR - KAT

; (1)
Q,=aTl,l +%IZR - KAT
where a=o, +|a,|, R=L(p, /s, +p,/s,), K=(x,s,+K,s,)/ L.
The energy efficiency of the module is estimated by the coefficient of performance:
COP = Q = 9 , 2)
W Qh - Qc

where Q. is the cooling capacity, W is the consumed electrical power, Oy is the amount of heat given to
the ambient.

The design of the module, as a rule, is carried out for the maximum COP mode for a given
temperature difference.

Balance equations (1) are used for multi-parameter optimization and determination of the
maximum COP value under the conditions of given 7¢, 7). As a result, the following expressions are
obtained for calculating the optimal values of parameters, such as the ratio of cross section areas of the

thermocouple legs
(s./5,),,, =P, [\,0, 3)

and optimal current value
AT
(=L
opte R(M _ 1)

= — T +T o’
h M=\1+2, T, T=—""t 7 =
W ere + " 2 " (\'ppr + \'ann )2

thermocouple. If the material parameters of the legs are the same it will be the material figure of merit
2

Zy=72= 2. A maximum COP is calculated by the formula:
pK

4)

is the figure of merit for a

_ L M-T)T,

COP,_,. =
AT M+1

(5)
In the case of a cascade module, optimal values of inter-stage temperatures 7; are added to the

optimal parameters that ensure the maximum value of the COP. They are determined by the approximate
relations:

N
Z;:TL,(F] ,i=1,2,.,N-1, (6)
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where N is a number of stages. Then the formulas for one-stage module are used for modeling the
structure of every stage.
Described method is used for designing of cooling module with the maximum COP at a given

temperatures 7. and Tj. For a given value of operating current /, the optimal ratios L/s,, L/ s, are

calculated using the formulas (3) and (4) and the number of thermocouples providing the required
cooling capacity Ow of module is determined as follows n=Q, /O, . For a cascade module the ratios

n/n,, =0.., /th are used to find the number of thermocouples in every stage. Then module

characteristics such as COPnax, and the dependences of cooling capacity and supply power or voltage
on temperature drop and current are calculated using the formulas (1)-(5).

Simple modeling of generating modules

Fig. 3 shows the thermocouple for generating module. If the absorbing junction is heated by a
heat flow O, (Fig. 3) to a temperature of 7}, and the opposite junction is maintained at a temperature of
T, by removing of heat Q., then due to the Seebeck effect, a thermoEMF appears in a circuit. If the
circuit is closed, the electric current passes and a power is generated at the external load R;. The module
operates as a generator.

####QL}###

]
R,

Fig. 3. Schematic of ideal thermocouple for modules in generating mode

Energy balance equations for a thermocouple which are used for optimization have the form

1
0,=aT,I —EIZR +KAT

; . ™
0.=all +512R +KAT
The efficiency is defined as
w
n=—, ®)
9,
where generating power is determined by the formula
1
W=0,-0. =ocIAT—512R. )

Optimization gives the expression (3) for optimal ratio of legs cross-section areas which is the same as
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for cooling thermocouple, and the formula for optimal current in a circuit in the form:

aAT

I, =—. 10
TNOR(M +1) (1)
Maximum efficiency, output voltage and power in this mode are calculated as follows
— ATM ?
L Y - CATM (11
T, M+T,/T, M+1 R(M +1)

It should be mentioned that output voltage and power are close to their maximum values, which

occur when load and thermocouple resistances are equal: R, = R . In this case M=1 and the formulas

V. .=aAT/2 W

max max

=a’AT /4R | I

opt W

= aAT /2R (12)

are used.
The initial data for designing a generating module are temperatures 75, T, the required electric
power W; and voltage V; on the external load. Therefore, the current / in the closed circuit is also given

and is equal to I =W, /V, . The optimal cross-sectional areas of the n- and p-type legs are calculated

using the formulas for current /opin Or lope w and the number of thermocouples providing the required
power W, is determined as n=W, /W .

So, in accordance with the Ioffe formulas (5) and (11) for ideal module model the maximum COP
and efficiency are determined by the dimensionless figure of merit ZT of thermoelectric materials for
module legs. The ideal model of a TE converter does not take into consideration the following basic
physical factors:

e dependence of parameters of TE materials on temperature,
e influence of the Thomson effect,
e influence of electrical and thermal losses in the module structure, namely
v influence of contact resistance,
v electrical and thermal resistance of connectors,
v’ thermal resistance of insulating plates,
v" thermal resistance of heat sink on the cold and hot surfaces of module,
e possibility to use inhomogeneous materials for legs.

These factors can significantly affect the characteristics of the TE converter. The optimal structure
of the module depends on them. It is shown in [7], how the influence of some factors is approximately
taken into consideration if formulas for an ideal module model are used. For example, to take into
account the temperature dependences of TE material parameters, their average values

7, _
o= [o(rar . p=
T.

1 T, _ T,
p(T)dT , x=
T,-T.; TLTI

o7 — jK(T)dT (13)

h h c T,

can be used.
The electrical resistance of contacts at the boundaries between the legs and metal connecting
layers is considered as follows

2r,
p:pmat—i_T(’ (14)
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where 7. is the contact resistance. In this case the convertor efficiency depends on a leg length as can be
seen in Fig. 4.
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Fig. 4. Dependences of maximum COP & (a) and maximum efficiency 1y (b)

on a thermoelement length L for contact resistivity r.=5x10% Q2 cm?

The Joule heat, which is produced on the contacts, reduces the efficiency. A contact resistance is one of
the main reasons why Z of materials is not fully realized in thermoelectric coolers and generators.

Methods of optimal control theory for module optimization

To consider all the factors mentioned above, we use a more realistic model of TE convertor and
apply methods of optimal control theory for optimization and modeling of module structure and
estimation of its performances [8].

A schematic of a TE module for cooling or power generation is shown in Fig. 5.

2R AR EERE
h

Fig. 5. Schematic of TE module (a) for cooling (b) or power generation (c). 1 — heat-absorbing thermocouple
Jjunction, 2 — metallic interconnector, 3 — insulating plate, 4 — contact zone.

Typically, the legs are connected in a series electrical circuit by metallic interconnectors and
mounted between two insulating plates in parallel with respect to the heat flow. In general case, the
multistage modules can be used for coolers or generators.
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This schematic diagram is used to establish the appropriate mathematical relationships for the
module physical model. For simplicity, the heat flow is assumed to be one-dimensional. This assumption
is reasonable, since the interconnectors and insulating plates are usually thin and made of materials with
good thermal conductivity. Therefore, the heat flow along the module surfaces due to local temperature
gradients is neglected as it is usually compared to the heat flux across the thermoelements. The heat
losses from the edges of the thermoelements and insulating plates are also neglected. Moreover, as
shown, for example, in [9], the results of calculating the module parameters using the 3D approach little
differ from the results obtained based on the one-dimensional approximation.

To apply methods of optimal control theory, we need to write a system of the first order
differential equations for the temperature and heat flux distribution in the TE legs. For this we use the
one-dimensional second order equation of heat flow in thermoelectric leg at a steady state, which has
the following form

.2
4,97, 7 pdo,dT do.._, (15)
dc dx o dT dv dr

where EH =1/s is current density. In this equation, the thermoelectric material properties are

temperature and coordinate dependent. The third term of Eq. (15) represents the Thomson effect, the
last term is the volumetric Peltier effect. To calculate the temperature 7(x) and heat flux ¢(x)

. . - ar .. .
distributions in the n- and p-type legs of thermocouple, a new variable g = —KE +aiT is used to write

the two second order differential equations (15) for n- and p-legs of N-stage module in the form of a
system of first order equations as follows

dT  ai, . ¢

& T 4

dx K K X SXSX
dq o’ oio i | K=beN
dx K K GJup

; (16)

where we use the equalities o, =|0.n| and oi = —|ou‘| which are true for both »n- and p-type legs, since a

change in the type of conductivity in a thermocouple occurs simultaneously with a change in the direction
of the current density vector. The material characteristics depend on inhomogeneity functions C ,,,(x) and
temperature, i.e. Oy =04, (Ck np (x),T), S np =c5,(n’p(C,(n’p (x),T), Ky =Kinp (C,(n’p (x),T).
The functions Ci,p(x) characterize the charge carrier concentration distribution in a semiconductor along
the height of thermoelement legs, or distribution of impurity concentration or a change in composition of
the basic components of thermoelectric material.

To use optimal control methods, it is convenient to rewrite the system (16) taking the specific

value of heat flux density ¢=0Q/I = 5/1 , dimensionless coordinate x=x/L,0<x<L and specific

value of current density j, =i, L . The system (16) will take the form

ar_ i, g,
dx K K

dq ooy W i | k=leN
dx K K c ),

(17)
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The system is suitable for both cooling and generating modes.

Optimal control problem for cooling module

The main input data for designing a module are the cooling temperature 7., the number of stages
N, the temperature of cooler base 7}, and the cooling capacity Q.. The temperature and inhomogeneity
dependences of material properties should be known. The following parameters should also be specified:
specific values of contact resistance r., electrical and thermal resistances of interconnectors and
insulating plates, as well as their thickness, thermal resistances of heat sinks on the hot and cold sides
of a module. Usually, the thermoelement length L and the supply current / are given.

The main requirement is the maximum of the COP ¢=Q, /W, where W =0, -Q,. is the

consumed power. Q. and O are the absorbed and liberated heat powers.
This problem is equivalent to determining of minimum of a functional

_ %_ MOy _ & an _ < _
J=In —lnH——lnH——Z(ln g, —Ing,,) , (18)
Qc k=1 Q()k k=1 Qor k=l

where conditions of heat balance between the stages and on the hot and cold module sides in a form

Q1k+1 ZQOk’ k=1,.,N—1,

(19)
0,=-0,, On=-0,
and specific heat fluxes on thermocouple junctions in a form
Qlk QOk
==k == 20
9k nl Yo 1 (20)

were used. These specific heat fluxes are determined by solving the system (17) with the boundary
conditions

T (0)=T,0)=7(0),7,O=T7,1H=T,0, k=1....N

21
L(0)=T,+3T,, T, () =T, =87, () =T, ,() +3T, ,, k=2,....N ey
and using the expressions

7 T
qu :Z qk(1)+-]k_ +qcon’ qlk :Z Qk(o)_.]k_ _qcon’ (22)

n,p L np L

> n,p > np
2r, 1 2 .

where ¢, = % K., ~3) Formulas (22) take into account the release of the Joule heat due to the

resistances of contacts r. and interconnectors r.,. In (21), 87 is a temperature difference due to the
thermal resistances of interconnectors, insulating plates and heat sinks on the hot and cold sides. In a
one-dimensional approximation it is calculated as follows

9
01, =0, (R, _+R_+R, )=— R,,
0 Qh( ins con h.r) (L/(]])n +L/(J1)p) h
oy
8T, =Q.(R,,+R, +R )=— , 23
N Qc( ins con cs) (L/(JN)n+L/(JN)p) tc ( )
87; = QOk(Rins +Rcon) == QOk Rtk’k :1""’N_1’

(L/Go, + LG, )

12 Journal of Thermoelectricity Ne3, 2024 ISSN 1607-8829



L.M. Vikhor
Modeling of thermoelectric converter characteristics

. [ [, 1 .
Where Rth — lcon + lmx 1 con ins " l con lms

+ R th = —+ + . Rr = D
K., K K K thhA‘ Kcaanon KinsKins thcs KooK K K""“'

con™ " con ins” " ins con™ " con ins

K, I, h, K, are heat conductivity, height, heat transfer coefficients and fill factors of interconnector,
insulating plate and heat sinks, respectively.

Optimal control problem for generating module

In this case the initial data for optimization includes the temperatures of the heat-absorbing
surface 7} and heat-releasing surface 7.. As a rule, generator module design is made for the assigned
values of electrical power W and output voltage V. The value of current is also known and is equal to
=Wiv.

. . . . /4 -
The efficiency of generating module is defined as the ratio n=— EM. Instead of the
h h
maximum efficiency we determine the minimum of functional
N
J:Z(ln 9o —Ingy,) . (24)

k=1
The specific heat fluxes are determined by solving the system (17) with the boundary conditions

r.(0)=T,0)=7(0),T,0H=T7,1=T®1),k=1L..,N

. (25
T0)=T, +87,, T, (1) =T, =87, T,O) =T, ()+ 87,1, k=2, :
The expressions for specific heat flux densities have the form
. .7
qlk :Z qk(1)+]k_ +an’ qu :Z qk(o)_]k_ _(Ia)n . (26)
n,p L n,p L
) n,p 5 n,p
oT is calculated as follows
6]—6 = Qh (Rins + an + Rhs) == . qll . th >
(L/(]l)n +L/(.]1)p)
don
8T'N = QL’ (Rins + Rcon + Rc‘s) == . . Rc > (27)
(L/(.]N)n +L/(.]N)p) :
9o
8T, =0, (R, +R.,,)=— R, k=1,..,N-1.

(/G +LG,)

Optimization problem solution

The efficiency and COP depend of inhomogeneity functions Cy,,(x) and current densities(j),,p.
The problem is to find these optimal functions and these optimal parameters that satisfy the maximum
efficiency or COP values. In case of a cascade module, the interstage temperatures should be optimal as
well.

According to optimal control theory, for each continuity part of functions 7 and ¢ the Hamiltonian
function is introduced

H =Wy, f, +v,/5), k=1..,N. (28)
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where (fi 1, f2 ) are the right-hand sides of equations (17). ¥ = (¥i, ¥») is a costate vector-function,
which is built according to the rule

v ot oy, o

= A 2 29)
ox or  ox Ooq
and in our case satisfies a system of equations
dy, oj
d_l =Ry, ——" =Ry,
© oK ® k=1,..,N- (30)
d j ay
& = ]_k\lll - Vs,
dx x K

2

R, :1+MT_%(T+EJ

where ar ar « , Z:a G. The boundary conditions for this system are as
R, =R, —L o dinkf,. g «
Z dT dar a
follows:
for cooling mode
1 1
Vo), (0)2_’ Vo), (1)2_ (31
! 9k ’ Gox
for generating mode
1 1
Vo), (0) = WYy (1) = (32)
! 0k ! 9k

Optimality conditions

According to the optimal control theory, the following conditions must be met for the minimum J:

1. Optimal functions which characterize the inhomogeneity of n- and p-type thermoelectric
materials Ci,p(x) must satisfy the Pontryagin maximum principle, namely the condition of the
Hamiltonian function maximum

Hy, ,(W(x),T(x),q(x),C(x), j) = max Hy, , (y(x),T(x),q(x),C, j). (33)
2. Optimal current densities in stages are found from the relationships

. aJ + b aH](n,p(\ll’T’qﬂcﬂ(jk)n,p)dx
a(.]k )n,p 0 a(jk)n,p

=0 (34)

3. The interstage temperatures 7 must satisfy the system of equations
ZWI(’”‘)".p (O) = Z%(k),,_,, (1), k=1,..,N-1 (35)
n,p n,p

Calculation of module structure
The optimal parameters of module structure are calculated according to the following formulas:
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- cooling module:

The cross-section of thermoelements and the number of thermocouples in stages are determined
as follows (s,), =IL/(jk) iy == [qonI > n, =1, G [ Qo » k=1,...N=1.

n,p
v
exp(Jmin ) - 1 .

The electric power required for each stage and module as a whole is found from the relations

The coefficient of performance is calculated using the expression €, =

W, :_nkl(qlk_qu) ’ W:% .

- generating module:

The maximum module efficiency is calculated using the formula n,__ =1-exp(J ;).

The formula for the leg cross-section area is the same as for cooling module.
The optimal number of thermocouples 7 in the stages is determined from the conditions of their

thermal compatibility as follows n, =-0, / gl 5 n=n, G0 / qy» k=1,...,N =1, where the thermal

power required for generation of specified electrical power W is determined as the ratio O, =—.

Iteration algorithm
The problem is solved by a numerical method. The following iteration algorithm is used.
1. At first there are assigned some initial approximations of material inhomogeneity functions
C (x), current densities ( j, );0; and the initial distribution of interstage temperatures 7" .

2. The main boundary problem with the system (17) is solved. The initial distributions

1Y) (x), ¢ (x) are found for all the stages and the value of functional /) is calculated.

3. The obtained data is used for integration of adjoint equations system (30). We get functions
Wiy () Wago, (%)

4. New approximations are found for the inhomogeneity functions C/) (x)from the Pontryagin

maximum principle (33).
5. The nonlinear systems for current densities (34) and interstage temperatures (35) are solved by the
)

Newton iterations method and new values of current density ( jk) ) and interstage temperatures

Tk(l) are determined.

Items 2 — 5 are repeated with new functions and parameters, and iterations continue till the
difference in functional J values becomes less than the specified error.

As a result, we get all optimal functions and optimal parameters corresponding to the minimum
of functional Jx.

Application of optimal control methods for investigation of module characteristics

Usually in the Institute of Thermoelectricity (Ukraine) we design and investigate modules made

of Bi,Tes—based materials. TE performances of such materials for cooling and generation are shown in
Fig. 6.
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Fig. 6. Performances of Bi;Tes-based materials for cooling and
generating modules. Materials for cooling modules:
1 — n-type Bi;Te; 7Sey s, 2 — p-type BigsSb;sTes and alloys used for
generating converters: 3 — n-type (BirTes)o.00(Sb2Tes3)0.05(Sb25e3) .05,
4 — p-type (BixTe3)o.25(Sh2Tes)0.72(Sb2Se3)0.0.

Our latest research has focused on module miniaturization [5]. The miniaturization of
thermoelectric converters is one of the modern trends to diminish the use of expensive TE material
components, especially tellurium, reduce the cost of modules and expand the range of their applications.
The main disadvantage of miniature thermoelectric converters operating in cooling or generating modes
is their low energy efficiency, which is due to the effect of electrical and thermal resistances of contacts,
interconnectors and insulating plates.

The effect of undesirable electrical and thermal resistances on the maximum efficiency of cooling
and generating converters made of BirTes-based materials was analyzed. The dependences of the
maximum COP g, on a thermoelement length, calculated for temperature differences across the
modules of 50 K, are shown in Fig. 7.
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Fig. 7. Dependences of maximum COP &yax on a leg length L. Contact resistance:
re = 5x10% Qcm? (solid lines), r. = 107 Q2 cm? (dashed lines). Insulating plates: 1 — ALO;,
2 — AIN, 3 — pressed diamond powder. Temperature difference: AT=50 K. T,=300.

A calculation was made for two values of resistivity 7., namely, for the value r. = 5x10° Q cm?

which is considered as typical for commercial TE modules and for the minimum value 7. = 107 Q cm?

which is caused by a potential barrier at the boundary between the TEM and the nickel anti-diffusion

layer.

The influence of unwanted electrical and thermal resistances on the efficiency and power density

was studied for generating converters. The dependences of maximum efficiency nmax and power density

w on the leg length are shown in Fig. 8. Reducing the length of the thermoelements leads to a decrease

in efficiency, which is especially sharp if the length is less than 0.1 cm and the contact resistance is high.

It is obvious that with a decrease in the leg length, the density of the generated power increases. This

testifies to the absolute advantage of converters with miniature thermoelements. But unwanted electrical

and thermal resistances significantly affect this advantage, reducing the power density.
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Fig. 8. Dependences of maximum efficiency 1. and power density w on the leg length L.
Contact resistance: r. = 5x10°% Q cm? (solid lines), r. = 107 Q2 cm? (dashed lines).
Insulating plates: 1 — AL,O3 2 — AIN. Temperature difference: AT=100 K . T.=300 K.
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We compared two methods for designing the modules — the classical loffe method and the method
using optimal control. As an example we calculated the COP for the Ioffe ideal model of module (without
undesirable electrical and thermal resistances) and for the real model. The results are presented in Table 1
as aratio of COP ideal to COP real for different electrical and thermal resistances of contacts and insulating

plates. It can be seen that the COP ¢, approaches the value €y of an ideal model, only if the electrical

contact resistance is minimal and the insulating plates are made of materials with high thermal

conductivity. Otherwise, €uq 0f the miniature module with a leg length of less than 0.05 cm is 2—6 times

less than the value of &. This fact testifies that using of optimal control method is quite reasonable.

Table 1

Ratio &y/&nax of ideal module COP & to real module COP &y
in dependence of thermoelement length

Leg €0/Emax €0/Emax €0/Emax €0/Emax
length L,| 7.=107 Qcm? re=107 Q cm?, 7e=5x10° Q cm?, 7e=5x10° Q cm?,
cm AIN insulating plates | A/;Os insulating plates | AN insulating plates | A/,Os insulating plates
Temperature difference across a module A7=10 K, &,=4.149
0.1 1.02 1.06 1.10 1.14
0.05 1.04 1.12 1.21 1.29
0.02 1.11 1.30 1.54 1.77
Temperature difference across a module A7=30 K, €,=0.961
0.1 1.02 1.05 1.14 1.17
0.05 1.04 1.10 1.29 1.35
0.02 1.11 1.26 1.85 2.11
Temperature difference across a module A7=50 K, &,=0.324
0.1 1.03 1.07 1.25 1.29
0.05 1.07 1.14 1.59 1.72
0.02 1.18 1.40 4.18 6.47
2-stage module A7=70 K, &=0.153
0.1 1.02 1.08 1.32 1.40
0.05 1.05 1.17 1.76 2.0
3-stage module A7=90 K, &=0.0618
0.1 1.03 1.09 1.47 1.57
0.05 1.05 1.19 2.22 2.54
4-stage module AT=105K, &=0.0284
0.1 1.03 1.1 1.66 1.78
0.05 1.06 1.21 2.84 33
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The analysis of these data also shows that the efficiency of miniature modules can be significantly

improved if the unwanted resistances are reduced to their rational values. The decrease in electrical

contact resistance is the predominant factor.

The dependences of COP and efficiency on contact resistivity for convertors with various

thermoelement length are shown in Fig. 9. The data show that there is a rational value 7. 4, of the contact

resistivity, such that for 7.<r. ., the increase in the efficiency becomes insignificant, namely, does not

exceed 5%. The results of computer calculations have shown that the rational value of 7. ,,» depends only

on the length of the converter legs and does not depend either on the temperature drop in the converter

or on the thermal resistance of the insulating plates.

The data in Fig. 9 were used to determine the rational values to which it is advisable to decrease

the electrical contact resistivity for cooling and generator converters with different leg length. The

results are presented in Table 2.

gmax nmax’ %
0.35 1.2 ;
0.30
1.0
0.25
0.20
0.8
0.15
0.10 06
0.05
0.0 404 L - —
-6 -5 - - -
10 10 10
10 10 r, cm’ 10 r., Q cm’
a) b)
Fig. 9. Dependences of COP (a) and efficiency (b) on contact resistance for convertors
with various thermoelement length. Insulating plates are made of A1,O3
Table 2
Rational values of contact resistance re op
Cooling module
Thermoelement length L, cm 0.15 0.1 0.075 0.05 0.02
. o« o e 2 -6 -6 -7 -7 -7
Rational contact resistivity 7. o, (2-cm 2-10 10 9-10 7-10 3-10
Generating module
Thermoelement length L, cm 0.15 0.1 0.075 0.05 0.02
. e ) -6 -6 -6 -6 7
Rational contact resistivity . ,,;, Q2-cm 3-10 2:10 1.5-10 10 6-10
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It is necessary to focus on such rational contact resistance values in the development of

miniscale modules’ technology.

Conclusions

L.

This lecture outlines the main concepts of optimal control theory and explains how they are used to
design thermoelectric converters for coolers and generators and calculate their characteristics. It is
shown that the numerical method developed on the basis of optimal control theory for module
design has a number of advantages compared to the use for this purpose of the A. loffe classical
optimal relations. This method is suitable for the optimization of single- and multi-stage converters
made of homogeneous or inhomogeneous materials. It takes into account the temperature
dependence of material thermoelectric parameters and the additional thermoelectric effects in the
material volume, as well as electrical and thermal losses in contacts, interconnectors, insulating
plates and heat sinks on the hot and cold sides of the module.

The lecture gives examples of calculation the convertor characteristics and analyzes the influence
of undesirable electrical and thermal resistances of contacts, interconnectors and insulating plates
on the maximum COP and efficiency of converters made of Bi,7es-based materials. It is concluded
that the module energy efficiency is significantly improved if these resistances are reduced to their
rational values. In particular, the COP of modules with miniature thermoelements increases by
2 — 6 times, and the efficiency of generator converters increases by 1.5 — 2 times.

It is shown that the reduction of electrical contact resistance is the predominant factor for increasing
the efficiency of converters made of miniature thermocouples. The rational values have been
determined, to which it is advisable to reduce the contact resistance. These contact resistance
values should be adhered to when developing the technology of miniscale modules.
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IacTuTyT TepMoenekTpukun HAH i MOH VYkpainuy,
ByJ1. Hayku, 1, UepniBui, 58029, Ykpaina

MOJAEJIOBAHHS XAPAKTEPUCTHUK
TEPMOEJIEKTPUYHOI'O IEPETBOPIOBAYA
(JIexris va JliTHil TepMoeneKkTpUIHIN KO,

30 uepsHs, 2024, Kpakis, [Tombia)

3a  npubnusnumu  niopaxynkamu — piume  cimose  GUPOOHUYMEO — MEPMOENEKMPULHUX
nepemeoprogayie (Mooynis) 0151 nomped mepmoeneKmpudHol eeHepayii ma 0xon004cenHs 00ca2ae
nonao 50 minvtionie wmyx. Tepmoenekmpuuri nepemeopoéai MexanHivho CmilKi, UCOKOHAOIUHI 3
mepminom cayocou 00 20 pokis. I'0108HUM HEOONIKOM € ix HU3bKA eHepeoedexmugricmb. Ocobauso
ye CIMocyemb s MiHIamiopHUX MOOYIIG 3 0062CUHOI0 mepmoenemenmis 6i0 500 mxm 0o 200 mxm. Ix
HU3bKA eHepeoeekmusHicms 00ymosiena Oicto eleKmMpUuyHUx i meniogux onopie KOHMAakmis,
komymayiti ma Boaayiunux naacmur. OOHUM i3 WIAXI6 NIOBUUWEHHS — eheKmUeHOCmi
MepMOeNeKMPUUHUX 2eHepamopie i 0X0100H#CY8auie € ONMUMI3AYIA Mamepianie ma KOHCMPYKYii
MepMOeNeKMPUYHUX MoOYNi6 Oas HeoOXiOHux ymoé exkcnayamayii. /i ybo2o OOYiibHO
BUKOPUCIMOBYBAMU MeMOOU Meopii OnMUMAaIbHo20 Kepyeanus. Bonu npudamui ona onmumizayii
00HO- | 6A2aMOKACKAOHUX NEPemB8OPIOsaie, GUOMOBIICHUX 3 0OHOPIOHUX aD0 HeOOHOPIOHUX, MAK
36aHUX DYHKYIOHANbHO 2padieHmHux mepmoenekmpuunux mamepianie (@I'TM). Memoou
ONMUMANLHO20 — KePYBAHHA — O00360J5I0Mb  6DAX0BYEAMU  MEMNEPAMYPHI  3ANeHCHOCI
MepMoeNeKmpUYHUX napamempie mamepianie, 000amrkosi 00 eMui mepmoerekmpudni egexmu,
saxie eunuxaromov ¢ @I'TM, ma eniug HebOaNCAHUX eNeKMPUYHUX [ MENT0BUX ONOpi8 y MoOyasax. ¥ yitl
JIeKYii 8UCBIMIIOIOMbCA OCHOBHI NOHAMMA MEOPii ONMUMANLHO20 KePYBAHHA MA NOACHIOEMbCA, K
BOHU  BUKOPUCMOBYIOMbCS 0Nl  NPOEKMYBAHHS  ONMUMANbHOL  KOHCMPYKYii  mMooynie ma
MoOdeniosanna ix xapaxkmepucmuk. Posenamymo npukiaou po3paxyHKy — Xapakmepucmux
nepemeopiosayie ma NPoaHaALi308aHO GNIUE HEOANCAHUX eNeKMPUYHUX | MenIoeux Onopie Hd
MAKCUMATbHY €HEPeemUYHY eDeKmMUEHICMb 0XO0L00ACYIOUUX | 2eHepAMOPHUX NEPEemeopiosayis 3
mamepianié Ha ocHosi BirTes. Ilokaszano, wo epexmuguicmo Mooynie, 0cobIUB0 MIHIAMIOPHUX,
MOJNCHA 3HAYHO MIOBUWUMU, AKWO UYi HeOAXCAHi Onopu 3MeHwUumu 00 pAayioHATbHUX 3HAYEHb.
Iepesadicaiouum Gaxmopom € 3HUICEHHS eNeKMPUUHO20 KOHMAKMHO20 onopy. Busnaueno
PayioHanvHi sHavenms, 00 AKUX O0YinbHo smeHwumu yei onip. Came na maxi payioHanbHi 3HAUeH s
KOHMAKMHO20 ONOpy HeoOXIOHO OpieHmyeamucs 8 po3podyi mexnonozii mooynis. bion. 9, puc. 9,
maobn. 2

KniouoBi ci1oBa: TepMOENEKTpUYHMI TEPETBOPIOBAY, EHEProe)eKTHBHICTh TEPMOETIEKTPUYHOTO
MOJTYJIsI, METOJIU TEOPIT ONTUMAIIBHOTO KePYBaHHS1, XOJIOIMIbHUI KOSDILIEHT, eNeKTPHIHUNA KOHTAKTHHI
OITip, TEPMIYHHIA OMIp KOMYTALIIHHIX Ta I30JIILIHHNX TUIACTHH.
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