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Abstract: This paper presents a method of extracting temperature-dependent parameters of
thermoelectric material from the operating conditions of thermoelectric cooler (TEC). Based on
the finite element method of calculating TEC’s performance, non-linear least squares method is
used for extracting temperature-dependent material parameters including the seebeck coefficient,
electrical resistivity and thermal conductivity («, p, k) as operating current, thermal load and hot
end temperature are taken as inputs and cooling temperature is taken as output. To further improve
the voltage calculation accuracy, the electric resistance error factor which includes electrical contact
resistance and the calculation model error is extracted with the voltage being output on the basis
of extracted material parameters. The cooling temperature and voltage of another TEC with the
same thermoelectric material are recalculated by the extracted parameters and the exact parameters
provided by manufacturer respectively. Compared with the experimental results, the extracted
material parameters have the advantages of high accuracy, wide application ranges and easily
implementing in evaluating TECs’ performance.

Keywords: Thermoelectric Material Parameters; Temperature-Dependent; non-linear least squares
method; electric resistance error factor

1. Introduction

TEC is widely used in CCD cooling, precision temperature control and other fields because of
its advantages such as no vibration, noiselessness, long life, no refrigerant and easy installation and
so forth. Usually, TEC manufacturers provide a series of 1-5 stages TECs for customers to choose;
and corresponding performance curves to facilitate customers to determine whether the selected TEC
meets the application requirements. However, these performance curves are generally the curves
when the hot end temperature is 27 °C and 50 °C, which often does not accord with the practical
situation. Furthermore, there is often an error between these performance curves and experimental
results; it always becomes bigger with the increase of the TEC’s stage. For example, for the five-stage
TEC analyzed in this paper, the error of maximum temperature difference can be even up to 17 °C.
Therefore, for most practical applications, it is difficult to evaluate the performance of TEC accurately
only through the performance curves provided by manufacturers. For some special applications, TEC
needs to be customized because of no suitable TEC products. Since the error of the performance curves
provided by manufacturers is generally large, it is impossible for customers to determine whether the
customized TEC can meet the requirements before experiment. In order to accurately evaluate the
performance of TEC, amount of researches about the calculation model of TEC’s performance have
been carried out [1-3]. Although parameters required in the calculation model can hardly be obtained
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from manufacturers, they can directly be measured. However, these measurements are not practical
for customers due to cumbersome test process and the requirement of professional instruments [4-6].
These methods can only stay in theoretical stage for customers and are difficult to get actual application
as a consequence. Therefore, establishing a simple, practical and effective TEC parameters extraction
method is crucial to the performance evaluation of TEC.

Some researchers did a lot of research on the extraction methods of TEC parameters. The extracted
parameters can be divided into module parameters and material parameters. In Reference [7-10],
extreme values ATmax, Imax, Vmax, Qmax in datasheet were used to extract the module parameters
for one-stage TEC. Luo et al. [7] calculated two groups module parameters of four different TECs
using the extreme values ATmax, Imax, Vmax and ATmax, Imax, Qmax respectively. The study showed
the errors of two groups’ module parameters for the same TEC were less than 5% but different TECs
had completely different module parameters. Tan et al. [8] studied the application range of the
method of extracting module parameters using extreme values, the extracted module parameters
were applicable to one-stage and two-stage TECs and it became worsen for more stages TECs.
Zhang et al. [9] confirmed that the extracted module parameters had the same accuracy with the
iteration method using material parameters for one-stage TEC. Ben-Yaakov et al. [10] recalculated the
cooling temperature and voltage using the module parameters extracted by extreme value; and the
results were almost identical to the ones given in the datasheet. Palacios et al. [11] extracted module
parameters by taking multiple points from performance curves to reduce the error and the performance
analyzed with extracted module parameters was verified accord with experimental results when TEC
was used as thermoelectric power generation. Dziurdzia et al. [12] used the software provided by Laird
Technologies, Inc. (Saint Louis, MO, USA), the temperature difference between the hot and cold ends
was set to 0K at different hot end temperatures and the change of the module electric resistance with
temperature was calculated by the relationship between voltage and current, the seebeck coefficient
and thermal conductivity were calculated by the same way.

Since there is an error between the data provided by manufacturers and the experimental results,
it is necessary to actually test the working condition of the TEC during operation to obtain more
accurate parameters for TEC’s performance calculation under practical operation. Reference [13,14]
designed different experimental systems to provide different temperatures for the two ends of TEC
and then measured the output voltage or current to determine the module parameters, respectively.
Huang et al. [13] tested module parameters with temperature range of 0-30 °C and the measured
module parameters were approximated as a linear relationship of temperature due to the small
temperature range. Anatychuk et al. [14] measured module parameters with temperature range
of 30-600 °C and could be developed to 800 °C, good results were obtained in the performance
calculation when TEC was used as power generation. Reference [15-17] extracted module parameters
by measuring the change of voltage when the TEC current changed instantaneously and the
extracted parameters were regarded as the value of the average temperature of the hot and cold
end. Mitrani et al. [15] tested module parameters with the instantaneous output voltage at the moment
current was interrupted when TEC was at steady state and the module parameters were approximately
linear relationship of temperature in the range of 6-21 °C for the temperature range was too small.
Ahiska et al. [16] built a fully automatic system for testing the transient condition at the moment
current was interrupted for steady-state TEC, which greatly improved work efficiency. Chu et al. [17]
tested the transient voltage and temperature when the TEC was applied a constant current suddenly
and then extracted module parameters.

The module parameters are the macro parameters of the entire TEC and can be used for
performance analysis when TEC is used in non-standard applications. However, module parameters
contain the information about size, number of thermoelectric couples and contact resistance, so,
they are no longer applicable to another different TEC. In order to make the extracted parameters
have a wider range of applications, Reference [18,19] extracted material parameters as constant by
extreme values supplied by manufacturers. Chen et al. [18] showed that the error of the maximum
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temperature difference was 2.85% when it was recalculated using the extracted material parameters and
the relative error of voltage varied from 3% to 20%. Weera et al. [19] also showed that the recalculated
performance was nearly the same as that provided by manufacturer. Since the temperature difference
of one-stage TEC is relatively small, the extracted parameters which are viewed as constant have high
accuracy for the recalculation of one-stage TEC. In fact, these parameters vary with temperature and
the performance of the thermoelectric material deteriorates with temperature reduction. Therefore,
considering material parameters as constant cannot satisfy the situation at any cooling temperature,
especially for multi-stage TECs which have lower cooling temperature. In summary, there is currently
scarcely a simple way to obtain the thermoelectric parameters which are effective and can be
used extensively.

In this study, a new method of extraction of three temperature-dependent thermoelectric material
parameters has been developed. Under the premise of finite element analysis being verified with
high accuracy for calculating cooling temperature, non-linear least squares method is used to extract
material parameters. To further improve the calculation accuracy of voltage, the electric resistance
error is analyzed by extracting the electric resistance error factor varying linearly with temperature.
When the material parameters extracted from one TEC are used to calculate another TEC’s performance,
the result has high accuracy, which means the extracted material parameters can effectively characterize
the property of thermoelectric material.

2. Modeling and Experiments

2.1. Method of TEC performance

According to the basic thermoelectric equation, the cooling capacity, power consumption,
heat dissipation and voltage of a thermoelectric couple are follows:

Q.= «IT. — 0.5I°R — KAT — 0.51IAT, (1)

W = «IAT + PR + 1IAT, )

Qh = Q.+ W = T}, + 0.5°R — KAT + 0.57IAT, ®3)
U = «AT + IR, (4)

where olT., aIAT, «ITy, are caused by thermoelectric effect, IR represents Joule effect, KAT is heat
conduction effect, TIAT represents Thomson effect respectively. R, K and T are defined as: R = pL/A,
K = kA/L, v = £5T.

In order to consider the relationships between material parameters and temperature, the method of
finite element analysis with high accuracy is used for theoretically calculation of the TEC performance
in vacuum [20,21]. One-dimensional model is chosen for the finite element analysis of TEC. Its meshing
strategy is shown in Figure 1:
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TC:T1+Rce*Qc

n- 1 Tj+1 ‘ Qr«l

W; = oI(T; = Tigq) + PRy + GI(T; = Tiyy)

Qi=Qi1 W W,
i To. = oIT; — 0.51°R; — Qj41) -
R o5l + K; + 0.571

Ui = o;(T; — Tiyq) + IR;

2 T, ‘ Q

RCE Th=T11*17Rce*Qh

Figure 1. Finite element analysis meshing strategy of one TE leg.

Divide the leg into n units, if n is large enough, parameters of each unit can be regarded as
constant. For the ith unit:

Wi= “iI(Ti_THl)+12Ri+'fiI(Ti_Ti+l>r 5)

Q= Qi1 +W;, (6)
oqIT;—0.5°R; —Q;

T, =T — 1 i i+1 7

R oI+ K+0571 @

Ui= o(Tj—Tiq1)+IR;, 8)

T and Tp41 and U can be calculated by the following formulas

TC = T1+Rcchr (9)
Tn+1 - RCeQn+]+Thr (10)
Uu=3.U, (11)

If the parameters «, p, k are known and Ty, is determined, for the determined Q,, the iteration of
Equations (5)-(11) can be used to calculate the values of T and U.

2.2. Extraction Method of Thermoelectric Material Parameters

Thermoelectric materials parameters can be expressed as quadratic polynomial of temperature
empirically [6], According to the analysis in Section 2.1, if coefficients (aj bj, ¢;, i = 1,2,3) in
Equations (12)-(14) are known, then the relationships between «, p, k and T can be obtained.

o« = ag+a;T+ asz, (12)

p = by+biT+byT?, (13)
k = co+o1 T+ o T?, (14)
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Then T, can be written as

Te= £(I,Q., Tn, a9, a1,a2, by, b1, by, o, c1, 02), (15)

where, I, Ty, T can be directly measured, Q. is the applied thermal load, the function relationship f is
determined in Section 2.1, Therefore, the extraction of material parameters can be transformed into the
solution of the non-linear least squares problem.

In order to decide the upper and lower limits of material parameters, Figure 2 shows the
parameters of three different thermoelectric materials with respect to temperature. In handbook [6],
material parameters of a bismuth-telluride sample were tested. [22] provides relevant parameters of
bismuth-telluride from company Melcor, USA. [23] is the parameters of bismuth-telluride used by
company Namic, China. The coefficients are given in Table 1. The parameters are the average of p and
n legs, respectively.

23

*
— - Melcor ° % Melcor -
2.2 | | —&—handbook =R 12} |—&—nhandbook )
—-<—-Namic P -9~ Namic *

P08 Qm

5 5
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340
TIK K

(a) (b)

23

*—Melcor

N

22r | —©— handbook
N —0—-Namic

21

200 220 240 260 280 300 320 340

Figure 2. Material parameters as a function of T (a) seebeck coefficient (b) electrical resistivity
(c) thermal conductivity.

Table 1. Coefficients of material parameters.

Coefficient Melcor [22] Handbook [6] Namic [23]
ag 22224 x 1072 4.131 x 1075 —1.574 x 107>
ai 9.306 x 10~7 8.189 x 107 2.137 x 10~®
ap —9.905 x 10~10 —8.839 x 1010 —2.992 x 10~?
by 5112 x 1077 —9.379 x 1077 3.972 x 1076
by 1.634 x 10~8 3.036 x 108 —9.165 x 1072
b, 6.279 x 10~11 2232 x 10711 8.487 x 10~11
o 6.2605 5.460 5.230
a —2.777 x 1072 —2.428 x 1072 —2.249 x 102
o 4131 x 1073 3.786 x 1075 3.324 x 107°

According to Table 1, the coefficients of three materials parameters vary greatly, which is difficult
to intuitively reflect the values and trend of the parameters. Thus, it is not convenient to determine
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the upper and lower limits and constraints of the coefficients. Although the parameters of different
thermoelectric materials are different, almost all of them adopt bismuth telluride compounds, except
that the composition ratio and doping elements are different. According to Figure 2, the parameters
have a consistent trend with temperature and the values are close. In order to facilitate the initial
values and determine the upper and lower limits and constraints, Equations (12)—(14) are rewritten as
the following format:

o = [&a00(T — 250) (T — 300) 40300 (T — 250) (T — 200) —2ax250 (T — 200) (T — 300)] /5000,  (16)

0 =[paoo(T — 250) (T — 300)+p300 (T — 250) (T — 200) —2p950 (T — 200) (T — 300)] /5000,  (17)
=[ka00(T — 250) (T — 300)+k300(T — 250) (T — 200) —2k350 (T — 200)(T — 300)] /5000,  (18)

where the subscripts 200, 250, 300 of «, p, k are temperature with unit K. Then Equation (15) can be
written as:

Te=£(1,Q,, Tn,b), (19)

where b = (o500, %250, %300, P200, P250, P300, K200, K250, K300)-
According to Figure 2, the nine coefficients in Equations (16)—(18) meet the following constraints.

1074 < 00 < 050 < 300 < O X 1074, (20)
2 X 107 < pygo < posp < Pp< 2 X 1077, (21)
2.5 > Koo > Kos0 > Kzpo > 1, (22)

In order to reduce the influence of measurement error so that the extracted parameters are more
effective, different working conditions of TEC have been tested. For three different thermal loads
Qc1, Qu2, Qgs, three sets of cooling temperature T¢j, Tep, Tz with each set containing m different
currents are tested. Define Tsum = [Tc1,Tc2, T3] and the corresponding calculated cooling temperature
as f; (I/ Qct1, Thi, b)/ f (Ir Qo, ThZIb)r f3 (L Qs Tha, b)/ fsum (Ir Qc1, Qe2, Qc3, Thi, Th2, Tha, b) = [fll fr, f3] .
Initial value is given by b? = (g, o950, %500, P00+ 950, P00+ K200~ K950+ K3pp)- Then, the Taylor expansion
of feum at b? with high-order items omitted can be expressed as

9 af i
sum(Iu Qc1/ Qc2/ Qc3/ Thii Thois Thais b) = foumi + -1 S (b] - b]O) ’, (23)

where foumi = fsum (I3, Qc1, Q2 Qcss Thiir Thais Th3i,b0) , then the sum of squared residual of fsm and
experimental value Tgym is

2
af
S(b) = fol [Tsumi_ foumi + ’ 1 sumi (1, _b0>)1 (24)

Define zj=bj— b (=12... 9), 2 =(21,2,,...,29), then

2
3 9 af mi
s<b>:22[Tsumi‘ Faumi + 1 )1 >

The derivative of b; with respect to S is

O sumi O sumi
= = ZZ] [ sumi — sumi +2j9:1 asﬁjm Z]>‘| [ gll;;m‘|’ (26)

as
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According to the principle of least squares,
aa_li»: 0’] = 1/2/-'-9, therefore

3m Ofsumi [v—9  Ffsumi 3m
Zi:l gllslvjm [2_1 gg;nlzj] :Zizl(Tsumi

Define a;;= afggf“i , then
]

Ifsum1 Ifsum1
1 db,
T T
1 2
A =(ay) = . .
afsumf}m afsum3m
1 ob,

b; used in next iteration process is

Msumi .
- fsumi) ﬂr ] =

when S(b) is the minimum

ab,

afsuml
of, sum?2

dbo

afsum3m
9

bj= inv(A’'x A) X A’ X (Tsum — fsum)+bj0,

7 of 16

value,

(27)

(28)

(29)

By iterating over bj, the value of b minimizing the sum of the squares residual can be obtained,

which is the required thermoelectric material parameters.

2.3. Experiment Platform for TEC Performance

In order to determine the inputs and outputs in Section 2.2, the experiment platform shown
in Figure 3 is designed. In Figure 3, the test chamber is sealed with a rubber ring and is connected
to vacuum pump. The internal pressure is monitored by vacuum gauge. The two power sources
supply DC power for the TEC and the heater that attached to the cold end of TEC as thermal load.
Pt1000 thermocouple sensors whose accuracy is £0.1 °C are respectively arranged at the cold and
hot end of the TEC to measure T, and Ty, which can be read directly from temperature display.
The heat dissipated on the hot end is carried away by water cooler, all electrical signals transmit

by feedthroughs.

water co0

Figure 3. Experiment platform for TEC performance.
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3. Simulation and Experimental Results

3.1. Verification of the Accuracy of Calculation Model for TEC Performance

8 of 16

Cooling temperature and power consumption are the main considerations in the selection of TEC.
The cooling temperature and voltage of two TECs produced by Namic, China are calculated by
iterating Equations (5)-(11). A one-stage TEC named TEC1-19908 and a five-stage TEC named
TEC5-127-71-31-17-08-04 are used. The calculation results are presented in Figures 4 and 5, respectively.

— ©—-Q=0W tested
—o— QFTWtested
—©-- Q=13 tested
— - Q=0W calculated
—4— Q_=7W calculated | |
—-%—- Q=13W calculated
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— 0 -Q_=0W tested
—6— Q_=0.45W tested
—©-- Q=0.91W tested

— %~ Q_=0W calculated
—%— Q_=0.45W calculated | |
— - Q_=0.91W calculated

0.5

(a) (b)
Figure 4. Comparison between tested and calculated T, (a) one-stage TEC (b) five-stage TEC.

For one-stage TEC, cooling temperature and voltage are tested with current varies from 1 A to7 A
when thermal loads are 0 W, 7 W and 13 W respectively. For the five-stage TEC, cooling temperature
and voltage are tested with current varies from 1A to 4A when thermal loads are 0W, 0.45 W and
0.91 W respectively. The comparison between the calculated results and the tested results of cooling

temperature and voltage are also shown in Figures 4 and 5 respectively.

25

—5— Q_=0W tested
— 0 Q=13W tested
20} |- 0~ Q=0W calculated
—%— Q_=13W calculated

—5— Q_=0Wtested

— ©—- Q_=0.91W tested
~ %~ Q_=0W calculated

—— Q_=0.91W calculated

1A

(b)

Figure 5. Comparison between tested and calculated U (a) one-stage TEC (b) five-stage TEC.

According to Figure 4, for the one-stage TEC, the biggest absolute errors of Tc at Q. =0 W, 7 W,
13 W are 2.33 K, 1.34 K, 0.75 K, which are 3.43%, 2.00%, 1.18% of the maximum AT respectively.
For the five-stage TEC, the biggest absolute errors of Tc at Q .= 0 W, 0.45W, 0.91 W are 3.74 K, 2.89 K,
4.00 K, with 3.14%, 2.68%, 4.13% of the maximum AT respectively. The T, at Q. = OW given by
the manufacturer are —43 °C and —108 °C for the one-stage and five-stage TECs respectively and
the corresponding absolute errors are 7.70K and 17.10K, with 11.34% and 14.36% of the maximum
AT respectively. It can be seen that finite element method has a high accuracy for calculating the
cooling temperature of TEC in vacuum.

Figure 5 shows that the voltage at different thermal loads are nearly the same. The voltage error
becomes bigger with the increase of current. For the one-stage TEC, when I =7 A, it has the biggest
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absolute error of 2.00 V and the biggest relative error of 8.91%. The biggest absolute and relative
errors of the five-stage TEC are 2.66 V and 18.41% at I = 4A, respectively. It can be seen that for
the calculation of voltage, the accuracy of the calculation model is not very well, which is why the
voltage is not included in the output in Section 2.2. The voltage error is caused by factors such as the
calculation model error, electrical contact resistance, electrical resistance of wires and so forth. Despite
different effects of various factors on the voltage, all the factors can be regarded as an equivalent
electric resistance error.

3.2. Accuracy of the Extracted Material Parameters

In order to obtain effective material parameters so that it can be used for TEC design and
optimization, experimental results obtained in Section 3.1 are used to extract material parameters by
non-linear least squares method in this section. The comparison between the extracted results and the
exact material parameters used by the manufacturer are given in Figure 6.

According to Figure 6, the errors between the extracted and the exact parameters are very large,
so the extracted parameters cannot be regarded as the exact parameters. The factors that cause this
phenomenon are mainly the following aspects. First, there is an error between the calculation model
and the actual situation. The heat leak from the surrounding environment and the contact resistance
produced by the welding of thermoelectric couples are neglected in the calculation model. The heat
conduction on the inter-stage ceramics for each thermoelectric couple is regarded the same in the
calculation model which is not realistic in practice owing to the pagoda structure of the multi-stage TEC.
The same situation can be found for the temperature distributions of the p-leg and n-leg. The second
is the measurement errors, including the size error of the thermoelectric couple and the error of the
temperature measurement at the hot and cold ends end.

23 : : . . . . 9
Fareal ¥ preal .
22| —e—a1-stage 1 —o— ) 1-stage I S G L
—9—a 5-stage i 851 | -9, 5stage & P

21108*0*m

14 . L L . L . L 55 L . L L . L L L
200 210 220 230 240 250 260 270 280 290 300 200 210 220 230 240 250 260 270 280 290 300

TIK TIK
(a) (b)
2.1
N — <~k real
3 SN —6—x 1-stage | |
ANS -9k 5-stage
\ N
N
1.9 &\ *
NI
~
- SRR
L 18 NN
2 1.7 N R
“ o
Sy \*\
16 S o
ol e
oo

15} &=
14k . . . . . . ]

200 210 220 230 240 250 260 270 280 290 300

TIK
(c)

Figure 6. Extracted and exact material parameters vs. T (a) seebeck coefficient (b) electrical resistivity
(c) thermal conductivity.
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If the calculation model is completely the same with the actual situation, for a set of accurate
measurement of Ty, Tc and Q,, it is inevitable to extract completely correct parameters. However,
accurate measurement of T, alone is often difficult, provided that the model in Section 2.1 is completely
correct. The temperature measurement error is generally 0.2 K-0.5 K on condition of repeated
measurement. After the TEC is reassembled and measured again, the error is even larger, which
can be up to 2 K. Therefore, it is impossible to ensure that the error between the measured results and
actual value is sufficiently small. Figure 7 shows the parameters extracted using cooling temperature
with a deviation of +0 K, +0.2 K and +0.5 K for the one-stage TEC. According to Figure 7, even if tested
T¢ has a deviation of +0.2 K, the obtained parameters are far from the exact values.

For the finite element model described in Section 3.1, the biggest error of the calculated T, is
more than 2 K (see Figure 4). So the parameters obtained by this method are difficult to be regarded
as exact values. However, since the TEC’s performance is determined by these three parameters
together, according to Figure 4, the comprehensive performance of the material determined by the
three extracted parameters necessarily has an approximate performance with the exact parameters.
Only in this way, the calculated results will be approximate to the experimental values (experimental
values can be regarded as calculated by extracted parameters).

2.3 T T T T T T r T T 74
— =T */" —*—-T
221 T, 402K - 1 T3 e T 02K /
° - /
—H—-- T_+0.5K ¥ —H—- T_+0.5K /
21 9T - b 72p 9T /A

~
~ N
T T
~
~

p108*0*m
(o]
P
\\

6.8,

6.7 e

K
6.6¢— QQT:._Q_ - _.9._._;‘2.(_’_0.._._.@_ B Y —— 4

6.5 . 1 . I . . 1 . I
200 210 220 230 240 250 260 270 280 290 300

TIK

(b)

J7E T Tk oo K e — e — e — —

Figure 7. Effect of T. deviation on extracted parameters of one-stage TEC (a) seebeck coefficient
(b) electrical resistivity (c) thermal conductivity.

3.3. Verification of the Validity of the Extracted Parameters

This section verifies whether the extracted parameters can be used to calculate the TEC
performance instead of the exact parameters.
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To verify the validity of the parameters extracted in Section 3.2, the cooling temperature and
voltage of the five-stage TEC are recalculated with Q. = 0 W, 0.45 W and 0.91 W using the parameters
extracted from the one-stage TEC, respectively. In reserve, the cooling temperature and voltage of the
one-stage TEC are recalculated with Q. = 0 W, 7 W and 13 W using the parameters extracted from the
five-stage TEC, respectively. The comparison between the recalculated T, and experimental results is
shown in Figure 8.

According to Figure 8(a), for the one-stage TEC, the biggest absolute errors of the recalculated T,
atQc.=0W,7W, 13 W are 292K, 2.68 K, 3.72 K, which are 0.59 K, 1.34 K, 2.97 K higher than those
of the calculated T, (see Figure 4a), respectively. In fact, as TEC always works with current between
the maximum coefficient of performance (COP) and maximum AT, so the errors of recalculated T, at
working situation will be smaller. For example, when I =5 A, the errors of recalculated T, are just
135K, 1.51 K, 2.75 K respectively. For the five-stage TEC (see Figure 8b), the biggest absolute errors of
the recalculated T. at Q. =0 W, 0.45 W, 0.91 W are 2.18 K, 1.44 K, 3.52 K, which are 1.56 K, 1.45 K, 0.48 K
smaller than those of the calculated T, (see Figure 4b), respectively. This shows that the recalculated
T. have almost the same accuracy with T, calculated by exact parameters, so the extracted material
parameters can replace the exact material parameters in calculating T. of TEC.

! 20
i — O Q_=0W tested .
N

—0—Q_=7W tested Ny — ©--Q_=0W tested
o 0671 3W tested 1 04 \Qi\ —O6—Q_=0.45W tested
—o--Q=

3 N\ —-O---Q_=0.91W tested
* QC—DW recalculated N, *-— - Q =0W recalculated

A5

—*— Q_=7W recalculated | |
—-%--- Q_=13W recalculated

20% —%—Q_=0.45W recalculated

\ NS — - Q_=0.91W recalculated
N

-40

T /°C

c
T /I°C

=20 -60

-80

30f TS :,, o

) ‘ ‘ ‘ 100 . . . . . .
-40 05 1 15 2 25 3 35 4

(a) (b)

Figure 8. Recalculated T, vs. I (a) one-stage TEC (b) five-stage TEC.

Because of the heat dissipation at hot end of TEC should also be considered in TEC’s selection,
voltage across the TEC needs to be evaluated. The comparison between the recalculated U and
experimental results is shown in Figure 9. According to Figure 5 and datasheets provided by
manufactures, voltage for different Q. are very close. Therefore, Figure 9 only shows the voltage
when Q. = 0 W. For both calculated and recalculated voltage, as the current increases, the voltage
error becomes larger. For the one-stage TEC, the relative error of calculated voltage reaches up to
8.47% at 1 =7 A. For the five-stage TEC, the relative error of calculated voltages reaches up to 17.27% at
I =4 A. Since calculated voltages are lower than the experimental values, the calculated maximum heat
dissipation requirement will be smaller than the actual requirement, especially for the five-stage TEC.
Because of the error of calculated voltage is relatively large, the extracted parameters are relatively
ineffective for voltage calculation. Therefore, the designed heat sink will probably not meet the
demand. In this regard, an electric resistance error factor which indicates the error of calculated for
voltage must be considered to obtain a more accurate calculated voltage.



Energies 2019, 12, 169 12 of 16

257

16
— - - calculated — “%— - calculated
—S—tested g L |—©—tested
14
20| | =9~ recalculated g/ki' g ~ O recalculated
- 7],/5%
R 12
oK
15 ¥
/,;%/' - 10
z & 3
> s 3
3 2 8
10 -
-
’ 5
5 e
4 /ig
2
o
ol
; N 3 4 s s 2 05 1 15 2 25 3 35 4
A 1A
(a) (b)

Figure 9. Recalculated U vs. I with Qc = 0 W (a) one-stage TEC (b) five-stage TEC.

For both of the one-stage and five-stage TECs, the three voltages are approximated the quadratic
polynomial function of current in Figure 9, which is more obvious in Figure 9b. Then the absolute
errors of voltages can be written as AU = al” + bl and the absolute error of electric resistance can be
written as AR = al + b. Since different currents correspond to different cooling temperatures, so the
electric resistance error is temperature-dependent. According to Figures 9a and 4a, the relationship
between the total electric resistance error of the one-stage TEC and cooling temperatures is shown in
Figure 10. R is approximately linear to T. which can be expressed as R = —kT + Rq (k > 0). In order
to evaluate the voltages more accurately, the tested voltages are taken as the output in Section 2.2.
An electric resistance error factor linear to T is applied to the leg of the thermoelectric couple to correct
the voltage error.

0.3
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/
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-0.05 . . . . . . I .
235 240 245 250 255 260 265 270 275 280
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Figure 10. Electrical resistance error vs. T, for one-stage TEC.

Figure 11 shows the voltage versus current of the one-stage TEC and the five-stage TEC, which
are calculated and recalculated when considering electric resistance error. For the one-stage TEC,
whenI>5.5A, the recalculated voltage error is smaller if electric resistance error is considered.
The relative error of the recalculated voltage decreases as the current increases. When I < 5.5 A,
the recalculated voltage error deteriorates when electric resistance error is considered. WhenI=3.5 A,
the recalculated voltage error has a maximum relative error of 7.57%. When the electric resistance
error factor is extracted from the five-stage TEC, the voltage accuracy of a larger range of T, is taken
into account. Hence, it is reasonable that the voltage accuracy of the one-stage TEC will become worse
when voltage accuracy with a small temperature range is deteriorated.
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Figure 11. Calculated and recalculated U considering electric resistance error vs. I (a) one-stage TEC
(b) five-stage TEC.

For the five-stage TEC, both the calculated and the recalculated voltage are significantly improved
when electric resistance error is considered. Although the relative errors of the recalculated voltage are
10.33% and 5.93% at I = 0.5 A and 1 A, respectively, the absolute errors of the corresponding voltage
are only 0.26 V and 0.27 V, respectively. When I > 1 A, the maximum relative error of the recalculated
voltage is only 2.33%, which occurs at I = 1.5 A. On the whole, when the electric resistance error is
considered, the recalculated voltage can be improved and voltage of different series TEC can be better
taken into consideration.

Since NAMIC Corp., Ltd. does not provide software to calculate TEC performance, therefore,
the method in Reference [12] cannot be implemented. At the same time, the experimental equipment
used to maintain the TEC for a series of a certain temperature in Reference [13,14] was complicated
and instantaneous current change also needs to maintain the TEC for a series of a certain temperature.
This is what the experimental platform of this article cannot do. Therefore, the article is only compared
with the extracting method by extremum values in Reference [19]:

2AT
z- 2T (30)
(Th - ATmax)
2Qmax
o= , 31
1ﬂmax(Th + ATmax) ( )
0= OC(Th _ITmaX)A/L, (32)
max
2
0.6
= (33)

The material parameters extracted by Equations (30)—(33) for the one-stage TEC are:
x =213e — 4V/K

p=28.62e — 6Q2 xm
k =2.02W/(m x K)

The recalculated T, and U of the five-stage TEC are shown in Figure 12.
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Figure 12. Recalculated T. and U of five-stage TEC vs. I (a) cooling temperature (b) voltage.

According to Figure 12a, the biggest absolute errors of the recalculated T. by method in
Reference [19] at Qc = 0 W, 0.45 W, 0.91 W are 10.01 K, 11.65 K, 13.48 K, respectively, which are
only 2.18 K, 1.44 K, 3.52 K for the method proposed in this paper. The biggest relative error of
recalculated voltage by method in Reference [19] is 10.56%, it is also higher than 2.33% that recalculated
by this paper.

It can be seen that the accuracy is high when the material parameters extracted from one TEC by
the method proposed in this paper are applied to evaluate the performance of another TEC of the same
material with different stages and sizes. In the case where the true parameters cannot be obtained,
the extracted parameters can be used to calculate the performance of the TEC as the effective substitute.
In this way, by the experiment of a one-stage TEC (usually one-stage TEC is mostly supplied by
manufacturers), parameters can be extracted and then, used for the performance analysis of other TECs
of the same material for any structure and structural optimization for special requirement. Therefore,
the right TEC can be effectively selected or customized.

4. Conclusions

A method of extracting thermoelectric material parameters, including seebeck coefficient, electrical
resistivity, thermal conductivity, is proposed in this paper. This method only needs to test the cooling
temperature of the TEC under different currents in vacuum and there is no strict requirement for
other aspects. The extracted parameters are temperature-dependent and quadratic polynomials of
temperature. The cooling temperatures of the one-stage and five-stage TECs are recalculated using
the material parameters extracted from the five-stage and the one-stage TECs, respectively. And
the recalculated results verified have high accuracy, which means the extracted parameters can well
characterize the comprehensive performance of the thermoelectric material throughout the TEC
operating temperature range. In addition, the temperature-dependent electric resistance error of
thermoelectric legs is analyzed and extracted. The accuracy of the recalculated voltage is greatly
improved when the electric resistance error is considered. The extracted material parameters can
completely replace the exact material parameters for the calculation of TEC performance. This paper
provides a very useful method for TEC application engineers to accurately determine the actual
performance of TEC during the TEC selection and to optimize the dimensional parameters in
the customization.
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Nomenclature

Qc cooling capacity (W)

Qn heat dissipation of hot end (W)

W Power consumption (W)

I electric current (A)

T cold side temperature (K or °C

Th hot side temperature (K or °C)

AT temperature difference across the TEC (K or °C)

A leg cross-sectional area(m?)

L leg length (m)

U voltage (V)

K thermal conductance (WK™1)

R electric resistance (QQ)

Ree thermal resistance of ceramic (Q2)

Q; Heat dissipation of ith element (W)

Wj Power consumption of ith element (W)

o seebeck coefficient (VK1)

p electrical resistivity ((-m)

K thermal conductivity (W m~1 K1)

T Thomson coefficient (V K~1)

Ky thermal conductance of ith element (WK~1)

R; electric resistance of ith element (Q)

o4 seebeck coefficient of ith element (VK1)

o electrical resistivity of ith element ({2 m)

Ki thermal conductivity of ith element (W m~! K~ 1)

T Thomson coefficient of ith element (V K~1)

T; temperature of ith element (K or °C)

T temperature (K or °C)
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