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Abstract: Reducing heat leakage is crucial for the development of practical superconducting devices.
In this work, orthogonal experimental design method is first used to optimize the design of hundred-
ampere and kiloampere Peltier current leads (PCLs). Geometry and arrangement of Peltier materials
and conductive materials of the current lead are analyzed. Through our simulation, we find that
the coupling effect between the radius of Bi2Te3 (r2) and the length of Bi2Te3 (L2) has the greatest
effect on the heat leakage of PCLs at the cold end for both PCLs. Furthermore, numerical simulations
suggest that the lowest heat leakage at the cold end (approximately 30.0 W/kA) is at the same level
for both hundred-ampere and kiloampere PCLs. If taking the heat dissipation area at the hot end
into account, multiterminal solutions are better solutions for kiloampere current leads.

Keywords: PCLs; heat leakage; orthogonal experimental

1. Introduction

Recently, great progress has been made in the development of high-temperature su-
perconducting (HTS) applications. Many demonstrative projects have been tested in grids,
such as HTS cables [1–7], superconducting fault current limiters [8–11], and supercon-
ducting maglevs [12–15]. Concept design and demo tests of superconducting electrical
machines have proved the potential of HTS electrical machines in electrical aircraft and
wind turbines [16–23]. For any HTS electrical power application, a strong current has to be
fed by a current lead bridging between room and cryogenic temperatures. Inevitably, heat
is transferred via the current lead into the HTS applications contained in the low tempera-
ture: at the same time, the resistive current lead produces Joule heat and contributes extra
heat. The heat from the current lead is the main loss of the short line HTS applications and
becomes a thermal load burden to the cryogenic system. Peltier effect, also known as the
thermoelectric effect, can be used to reduce the heat load at the low-temperature side by
transferring heat reversely to the room temperature.

Because the PCLs have a large temperature difference between both ends, the thermo-
electric material (Bi2Te3) and copper have the characteristic parameters that vary with the
temperature. At first, pioneer researcher Yamaguchi proposed a one-dimensional iterative
method [24,25], assuming that thermoelectric parameters are not affected by temperature.
Subsequently, in order to transform the heat conduction equation into a linear differential
equation, Widemann–Franz law was introduced and an approximate analytic solution was
obtained [26]. Later, Jeong limited the thermoelectric parameter independent of tempera-
ture to the Seebeck coefficient and obtained a more accurate analytical solution [27]. On
this basis, some groups have further considered the influence of the cooling mode [28,29],
the thermoelectric performance [30], the structure, and the higher current capacity of PCLs
on the heat leakage [31–33].

Electronics 2021, 10, 1054. https://doi.org/10.3390/electronics10091054 https://www.mdpi.com/journal/electronics

https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-0899-5183
https://doi.org/10.3390/electronics10091054
https://doi.org/10.3390/electronics10091054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/electronics10091054
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics10091054?type=check_update&version=2


Electronics 2021, 10, 1054 2 of 18

All the above studies had the goal of obtaining the minimum heat leakage of PCLs, so
optimal Bi2Te3 (L/A)p and copper (L/A)c ratios should be required (L is the length and A
is the cross-sectional area). Though the one-dimensional iterative method and the analytic
solution can estimate the optimal ratios (L/A) well, they have great limitations in solving
nonlinear problems in practice. Fortunately, some researchers have used multiphysics
software COMSOL [34] to deal with nonlinear problems. However, the emerging COMSOL
simulation solutions need to blindly select an optimal ratio of L/A from numerous values.

Hence, through a COMSOL two-dimensional asymmetrical model of PCL finite ele-
ment simulation, this study firstly uses the orthogonal experiment to scientifically choose
the parameters that have a great influence on the heat leakage at the cold end from the di-
mension parameters and their coupling effect parameters. Based on these more influential
parameters, the optimization range is narrowed. Then, through step by step optimization,
a set of optimal parameter sizes to obtain minimum heat leakage of PCLs is found.

This work is characterized by its innovation of using the orthogonal experiment design
method to solve the key difficulty of HTS current lead optimization: many parameters
and their coupling factors determine the heat leakage delicately with both thermal and
electrical effects. There is a heavy workload in the optimization of the results from such
a large parametric matrix, and it is difficult to find global optimal solutions. The method
developed in this work significantly reduces the number of simulations or experimental
cases during the optimization process, and adequate optimal solutions can be found for
different applications. The method developed in this work can be used not only to optimize
the regular PCLs described in this work but also to optimize arbitrarily shaped PCLs,
which may have wide application in the future.

2. Model and Analysis Method
2.1. Model

Figure 1 shows the structure of a conduction-cooled PCL. Bi2Te3 and copper blocks
compose a model of sandwich configuration, called the Peltier element (PE). PEs are put at
the warm terminals of copper leads. As the dimension parameters of the copper blocks
will lead to a complex optimization process, to simplify, this work uses the structure of
PCLs as shown in Figure 2. The optimized dimensional parameters used were as follows:
A, the copper leads radius (r1); B, the length of warm end copper leads (L1); C, the length
of cold end copper leads (L3); and D and E, the radius and length of Bi2Te3 (r2 and L2),
respectively.

Figure 1. Schematic view of a PCL.

Figure 2. Schematic view of a simplified PCL.
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In this paper, the finite element method is used to analyze the heat transfer in
PCLs. A two-dimensional asymmetrical thermoelectricity-coupled model is established
by COMSOL 5.3 [34] with the temperature characteristics of material parameters reported
in [28,31–33]. Thermal (electric) contact resistance and thermal radiation are ignored. The
PCL operates in a vacuum chamber with the designed current 120 or 1200 A. The room-
temperature terminal is set as constant temperature (300 K). At the cold terminal, as the
PCL extends into the liquid nitrogen pipeline, we set the temperature as 77 K. Taking
the minimum heat leakage of PCL as the optimization target, the heat leakage of PCL is
calculated by the solid heat transfer module of COMSOL simulation software. As the cost
of the heat dissipation at the cold end is much larger than at the warm terminals, we only
consider the minimum heat leakage at the cold end as the optimization target.

2.2. Optimization Procedure

Figure 3 is the flow chart of using orthogonal experiment to optimize the PCLs to
achieve the minimum heat leakage. For this purpose, the optimization should experience
two major steps: one is the orthogonal experiment, the other is the global optimization
of the PCLs. Orthogonal experimental design is a design method to arrange and analyze
multifactor experiments by using an orthogonal table [35]. It is carried out by selecting
some representative factors among all experimental factors. Through the analysis of
these experimental results, the overall situation of the test is understood, and the optimal
factor is determined. The basic characteristic of orthogonal experimental design is to
replace the comprehensive test with a partial test and to understand the situation of the
comprehensive test through the analysis of partial test results. More information about
orthogonal experimental design can be found in Ref. [35].

Figure 3. Global optimization procedure.

The specific optimization steps are as follows (Figure 3): First, orthogonal experiment
is completed for the initial model. Thus, we obtain the parameters that have the greatest
effect the heat leakage at the cold end. Then, we use these greatest effect factors to globally
optimize the PCLs. The global optimization process is as follows: Based on the initial
model, we choose the first three greatest effect parameters for a parametric sweep, keeping
other parameters unchanged. Via the electric-thermal analysis, we can obtain the lowest
heat leakage among the parametric sweep results. The corresponding value of the ith
(i = 1, 2, 3) greatest effect parameter is the best one, so we change them and fix them in the
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next iteration. Then, we parametric sweep the second/third greatest effect parameters of
the model and obtain the global lowest heat leakage. As with outputting a group of best
dimensional parameters, the optimal model is achieved.

3. Results and Discussions
3.1. Results of 120 A Peltier Current Lead Optimization
3.1.1. Orthogonal Experimental Design for 120 A PCLs

For the chosen five optimized dimensional parameters, our orthogonal experiment
considers their minimum and maximum values, as shown in Table 1. The principle for
data selection is based on the previous literature [28,31–33] and our simulation experience.
As there are five parameters, adding the ten parameters that describe the coupling effect
between them, we design an L16 (215) orthogonal experimental table to achieve our goal.
Here, the “L” represents the orthogonal table and the number “16” in subscript represents
16 lines, meaning the experiment with this orthogonal table contains 16 treatments. The
base “2” in parentheses indicates the horizontal number of parameters. The exponent
“15” in the parentheses indicates that there are 15 columns, and a maximum of 15 2-level
parameters can be arranged using this orthogonal table. More information about orthogonal
experimental design can be seen in Appendix A.1.

Table 1. Orthogonal experimental design for 120 A PCLs.

Symbol Quantity
Values (mm) Column

NumberLevel 1 Level 2

A: r1 Radius of copper leads 3.0 30.0 1
B: L1 Length of warm end copper leads 10.0 300.0 2
C: L3 Length of cold end copper leads 100.0 1500.0 4
D: r2 Radius of Bi2Te3 1.0 30.0 8
E: L2 Length of Bi2Te3 1.0 30.0 15

3.1.2. Orthogonal Experimental Results of 120 A PCLs

Table 2 is the orthogonal experimental results. The sample range indicates the influ-
ence weight of the corresponding parameters on the heat leakage of PCLs at the cold end.
The larger the values, the greater the effect. From the sample range in Table 2, we can
find that the most important factors affecting the heat leakage of PCLs at the cold end are
D × E, B × C, and A. Here, the D × E and B × C indicate the parameters of coupling effect
between D and E and between B and C, respectively. Furthermore, we find that parameter
B (length of warm end copper leads) has little effect on the heat leakage at the cold end.

Moreover, the mean value 1 and mean value 2 indicates the influence of each level
of parameters on the experimental indexes. As our goal is to achieve the minimum heat
leakage of PCLs at the cold end, the smaller mean values correspond to better levels. Hence,
for parameter A (copper leads radius r1), the level 1 (r1 = 3.0 mm) is better. Similarly, we
obtain better values for L1 = 10.0 mm, L3 = 1500.0 mm, r2 = 30.0 mm, and L2 = 1.0 mm. We
set these values as the initial values.

3.1.3. Global Optimization of the 120 A PCLs

Based on the orthogonal experimental results presented in the previous subsection,
we know the parameters that have the greatest effect on the heat leakage at the cold
end are D × E, B × C, and A. Thus, we first optimize the parameter of the interaction
between D (radius of Bi2Te3, r2) and E (length of Bi2Te3, L2) to reveal their coupling
influence on the heat leakage at the cold end (as shown in Figure 4), keeping the other
parameters unchanged (radius of copper leads r1 = 3.0 mm, length of warm end copper
leads L1 = 10.0 mm, length of cold end copper leads L3 = 1500.0 mm).
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Table 2. Orthogonal experimental results of 120 A PCLs.

Column
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Parameters

A:
Copper
Leads

Radius
(r1/mm)

B: Length of
Warm end

Copper
Leads

(L1/mm)

A × B

C: Length
of Cold

End
Copper
Leads

(L3/mm)

A × C B × C D × E

D:
Radius

of
Bi2Te3
(r2/mm)

A ×
D B × D C × E C × D B × E A × E

E:
Length

of
Bi2Te3
(L2/mm)

Mean
value 1 966.0 1736.5 1 1125.0 2143.2 1524.1 2379.2 223.7 2326.7 1801.2 1169.4 1738.9 1591.0 2166.4 1552.0 1002.1

Mean
value 2 2361.2 1591.6 2202.3 1184.0 1803.1 948.0 3103.5 1000.5 1526.0 2157.8 1588.3 1736.2 1160.8 1775.1 2325.1

Sample
range 1395.3 143.9 1077.3 959.2 279.1 1431.2 2879.8 1326.2 275.3 988.5 150.6 145.3 1005.6 223.2 1323.1

1 While the orthogonal experimental results indicate the better initial value for L1 is 300.0 mm, we choose L1 = 10.0 mm as the initial value.
On the one hand, there exists a small difference between the Mean values 1 and 2 for L1 in Table 2, but this difference provides insufficient
support to choose which one is better. On the other hand, through the parametric sweep iteration, we find that a shorter length of warm
end copper leads is better. In addition, the orthogonal experimental results indicate that the parameter B (L1) has little effect on the heat
leakage at the cold end. Based on these considerations, we choose L1 = 10.0 mm as the initial value.

Figure 4. The coupling influence between D (r2) and E (L2) on the cold end heat leakage of PCLs.
(a) The heat leakage vary with D (r2); (b)The heat leakage vary with E (L2).

It can be seen in Figure 4a that using a smaller L2 achieves a smaller heat leakage
value (black curve). Moreover, the value of r2 (radius of Bi2Te3) has a large influence on the
heat leakage of PCLs. When the value of r2 is larger than a certain value (such as 10.0 mm),
the heat leakage curve becomes stable at low values. In addition, from Figure 4b, we find
that the heat leakage curves for r2 = 10.0 mm, 15.0 mm, and 20.0 mm are similar. Hence, we
set the value of parameter D to r2 = 10.0 mm. Based on this setting, we obtain the lowest
heat leakage of 35.49 W/kA at the cold end of PCLs when L2 = 1.0 mm. We set r2 equal to
10.0 mm and L2 equal 1.0 mm and fix them in the next iteration.

Then, we optimize the parameter of the interaction between B (L1) and C (L3) to reveal
their coupling influence on the heat leakage at the cold end (as shown in Figure 5), keeping
the other parameters unchanged (r1 = 3.0 mm, r2 = 10.0 mm, L2 = 1.0 mm). As shown
in Figure 5a, the optimal value of cold end copper leads (L3) is some intermediate value,
which is confirmed by Figure 5b. As shown in Figure 5b, with the increasing in the length
of cold end copper leads (L3), the heat leakage curve is decreased first and then increased.
Hence, we have best values for B and C (L1 = 10.0 mm, L3 = 700.0 mm). Under these
optimization parameters, the lowest heat leakage at the cold end of PCLs is 30.1 W/kA.
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Figure 5. The coupling influence between B (L1) and C (L3) on the cold end heat leakage of PCLs. (a)
The heat leakage vary with B (L1); (b)The heat leakage vary with C (L3).

Finally, we optimize the parameter A (radius of the copper leads r1), keeping the other
parameters unchanged (L1 = 10.0 mm, L3 = 700.0 mm, r2 = 10.0 mm, L2 = 1.0 mm). Figure 6
illustrates the effect of r1 on the heat leakage of PCLs. Here, we obtain the best value for
r1 = 3 mm and achieve an optimized structure of PCLs with the lowest heat leakage of
30.1 W/kA.

Figure 6. The effect of radius of the copper leads r1 on the cold end heat leakage of PCLs.

Then, we change the initial values for different dimensional parameters slightly, and
through parametric sweep iteration, we obtain another two sets of optimal parameter sizes
corresponding to a minimum heat leakage of PCLs, as shown in Table 3 (the details of the
iteration progress are listed in Appendix A.2). Obviously, compared with the traditional
copper current leads, the reduction rate of heat leakage at the cold end of PCLs exceeds
30%. That shows a huge advantage in saving energy for PCLs.
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Table 3. Three sets of optimal parameters for 120 A PCLs.

Symbol Quantity Optimized Parameters

Case 1 Case 2 Case 3

A: r1 Radius of copper leads (mm) 3.0 4.0 5.5
B: L1 Length of warm end copper leads (mm) 10.0 10.0 10.0
C: L3 Length of cold end copper leads (mm) 700.0 1100.0 1900.0
D: r2 Radius of Bi2Te3 (mm) 10.0 10.0 10.0
E: L2 Length of Bi2Te3 (mm) 1.0 3.5 7.0

Lowest heat leakage (W/kA) 30.1 29.7 29.8
Heat leakage with pure copper (W/kA) 43.2 45.6 47.9
Reduction rate of cold end heat leakage 30.4% 34.8% 37.7%

From Table 3, we find that the optimal value for r2 in the three cases is 10.0 mm.
However, the value of r2 (radius of Bi2Te3) has a great influence on the heat leakage of
PCLs. When the value of r2 is larger than a certain value (such as 10.0 mm), the heat leakage
curve becomes stable at low values. Moreover, we find that the optimal value for L1 in
the three cases is 10.0 mm. On the one hand, the orthogonal experimental results show
that parameter B (L1) has little effect on the heat leakage at the cold end. On the other
hand, through the parametric sweep iteration, we find that a shorter length of the warm
end copper leads is better. Hence, we set the best value for L1 as 10.0 mm. Based on these
settings, the optimal values of 120 A PCLs for L2 and L3 are increased with the increase in
the radius of copper leads r1. In addition, the lowest heat leakage for three optimization
cases is about 30.0 W/kA, which is in good agreement with previous works [28,31–33].
This indicates the method used in this work is reliable.

From these optimization processes, we find that the initial values have a great influence
on the result. If change these optimal dimension parameters to the optimal ratio of L/A,
there still exists a wide variety in the ratios of (L/A)p and (L/A)c. That is also consistent
with previous studies [28,31–33], in which the optimal ratios of L/A were in a wide range.
Hence, the problem of optimization of the PCLs is a multisolution problem.

3.2. Results of 1200 A Peltier Current Lead Optimization
3.2.1. Orthogonal Experimental Design for 1200 A PCLs

Considering the multiple uses of PCLs, designing a multiterminal current lead con-
nector for higher current applications is necessary. We set the current in the multiterminal
current lead connector as 1200 A. For the 1200 A PCL optimization, we also choose two
values (the minimum and the maximum) for each optimized dimensional parameter, as
shown in Table 4. The principle for data selection is based on ensuring the convergence of
the model, choosing a parameter value range as wide as possible. We also design an L16
(215) orthogonal experimental table to achieve our goal. More information about orthogonal
experimental design can be seen in Appendix A.3.

Table 4. Orthogonal experimental design for 1200 A PCLs.

Symbol Quantity Values (mm) Column
NumberLevel 1 Level 2

A: r1 Radius of Copper leads 10.0 80.0 1
B: L1 Length of warm end copper leads 10.0 300.0 2
C: L3 Length of cold end copper leads 100.0 1500.0 4
D: r2 Radius of Bi2Te3 5.0 50.0 8
E: L2 Length of Bi2Te3 1.0 50.0 15

3.2.2. Orthogonal Experimental Results of 1200 A PCLs

Table 5 is the orthogonal experimental results. As the larger value of the sample range
indicates the greater effect of the corresponding parameters on the heat leakage of PCLs
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at the cold end, we can summarize the following effect weight order: D × E, D, E, B × C,
and A. To some extent, it is consistent with the order D × E, B × C, and A, which is that
found in the orthogonal experimental results for the 120 A PCLs. Furthermore, for the
optimization of 1200 A PCLs, parameter B (length of warm end copper leads) also has little
effect on the heat leakage at the cold end. As the mean value is smaller, the corresponding
level is better. For parameter A (copper leads radius r1), the level 1 (r1 = 10.0 mm) is better.
Similarly, we have better values for L1 = 10.0 mm, L3 = 1500.0 mm, r2 = 50.0 mm, and L2
= 1.0 mm. The chosen levels for all these parameters are consistent with the orthogonal
experimental results for 120 A PCLs. We set these values as the initial values.

Table 5. Orthogonal experimental results of 1200 A PCLs.

Column
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Parameters

A:
Copper
Leads

Radius
(r1/mm)

B: Length of
Warm End

Copper
Leads

(L1/mm)

A × B

C: Length
of Cold

end
Copper
Leads

(L3/mm)

A × C B × C D × E

D:
Radius

of
Bi2Te3
(r2/mm)

A ×
D B × D C × E C × D B × E A × E

E:
Length

of
Bi2Te3
(L2/mm)

Mean
value 1 726.0 918.8 746.3 1199.1 1024.4 1347.3 152.6 1583.1 962.5 786.1 920.6 1064.0 1198.5 1004.9 392.0

Mean
value 2 1267.8 1075.0 1247.5 794.7 969.4 647.5 1841.2 410.7 1031.3 1207.6 1073.2 929.8 795.4 988.9 1601.8

Sample
range 541.7 156.2 501.2 404.3 55.0 700.7 1688.7 1172.4 68.8 421.5 152.5 134.2 403.1 16.1 1209.8

3.2.3. Global Optimization of the 1200 A PCLs

Based on the orthogonal experimental results presented in the previous subsection, we
choose the first three greatest parameters to optimize. Through parametric sweep iteration,
by changing the initial values for different dimensional parameters slightly, we obtain
several sets of optimal parameter sizes corresponding to a minimum heat leakage of PCLs,
as shown in Table 6. Obviously, compared with the traditional copper current leads, the
reduction rate of heat leakage at the cold end of 1200 A PCLs is 30%. That shows a huge
advantage in saving energy for PCLs. The details of the iteration progress are listed in
Appendix A.4.

Table 6. Three sets of optimal parameters for 1200 A PCLs.

Symbol Quantity Optimized Parameters

Case 1 Case 2 Case 3

A: r1 Radius of Copper leads (mm) 10.0 15.5 20.0
B: L1 Length of warm end copper leads (mm) 10.0 10.0 10.0
C: L3 Length of cold end copper leads (mm) 700.0 1700.0 2900.0
D: r2 Radius of Bi2Te3 (mm) 15.0 20.0 30.0
E: L2 Length of Bi2Te3 (mm) 1.5 3.5 7.5

Lowest heat leakage (W/kA) 29.9 29.6 29.8
Heat leakage with pure copper (W/kA) 45.1 43.8 44.6
Reduction rate of cold end heat leakage 33.7% 32.5% 33.2%

From Table 6 we find that the optimal values for r2 in the three cases are 15.0 mm,
20.0 mm, and 30.0 mm, which are a little larger than the radius of copper leads. Through
the optimization process (A4), we know that though the value of r2 (radius of Bi2Te3) has a
great influence on the heat leakage of PCLs; when the value of r2 is larger than a certain
value (such as 15.0 mm, 20.0 mm, or 30.0 mm), the heat leakage curve will become stable
at low values. Based on these considerations, the optimal values for r2 are selected as
15.0 mm, 20.0 mm, and 30.0 mm. Moreover, the optimal value for L1 in the three cases is
10.0 mm. The reason is the same as for 120 A PCLs. Based on these settings, the optimal
values of 1200 A PCLs for L2 and L3 are also increased with the increase in the radius of
copper leads r1. Furthermore, the problem of optimization of the 1200 A PCLs is also a
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multisolution problem, where there exists a wide variety in the optimal ratios of (L/A)p
and (L/A)c.

The lowest heat leakage found for 1200 A PCLs, nearly 30.0 W/kA, is at the same
level as that found for 120 A PCLs. This indicates that the heat leakage for a multiterminal
current lead connector with a total current of 1200 A is equal to that of a single PCL with
a current of 1200 A. When taking the heat dissipation area at the hot end into account,
multiterminal solutions are better solutions for kiloampere current leads.

4. Conclusions

Through a COMSOL two-dimensional axisymmetric model of PCL finite element
simulation, this study first used the orthogonal experiment to scientifically choose the
parameters that have a great influence on the heat leakage at the cold end. Through our
simulation, we firstly found that the coupling effect between the radius of Bi2Te3 (r2) and
the length of Bi2Te3 (L2) has the greatest effect on the heat leakage of PCLs at the cold end
for 120 A and 1200 A PCLs. The second and third factors for 120 A PCLs are the coupling
effect between the length of warm end and cold end copper (L1 × L3) and the radius of
copper (r1), respectively. For 1200 A PCLs, the second and third factors are the radius of
Bi2Te3 (r2) and the length of Bi2Te3 (L2), respectively.

Based on these more influential parameters, the optimization range was narrowed.
Through parametric sweep iteration, by changing the initial values for different dimen-
sional parameters slightly, we obtained several sets of optimal parameter sizes. We found
that the problem of optimization of the 120 A and 1200 A PCLs is a multisolution problem,
where there exists a wide variety in the optimal ratios of (L/A)p and (L/A)c. Therefore,
in the practical application design, it is more necessary to consider the important factors
affecting the heat leakage at the cold end (r2 × L2, L1 × L3, r1).

Through our calculation comparison, we determined that the lowest cold end leakage
heat for PCLs of 120 A and 1200 A is close to 30.0 W/kA. This indicates that the heat
leakage for a multiterminal current lead connector with a total current of 1200 A is equal
to that of a single PCL with a current of 1200 A. When taking the heat dissipation area
on the hot end into account, multiterminal solutions are better solutions for kiloampere
current leads. The method developed in this work significantly reduces the number of
simulation cases and improves the comprehensiveness of optimal solutions. This method
can be used to optimize HTS current leads with more complex structures and materials to
reduce overall heat leakage, which deserves future work.
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Appendix A

Appendix A.1 Orthogonal Experimental Schedule for 120 A PCLs

Before solving the optimization problems, we usually need to choose a suitable
orthogonal table. Based on the number and level of the parameter factors, we need to
design the header of the orthogonal table. Then, we carry out the orthogonal experiment.
More information about orthogonal experimental design can be found in [35]. Table A1
is the orthogonal experimental schedule for the 120 A PCLs, which is a very important
intermediate process for the orthogonal experiment.
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Table A1. Orthogonal experimental schedule for 120 A PCLs.

Column
Number 1 2 4 8 15

Parameters
A: Copper

Leads Radius
(r1/mm)

B: Length of
Warm end

Copper Leads
(L1/mm)

C: Length of
Cold End

Copper Leads
(L3/mm)

D: Radius of
Bi2Te3 (r2/mm)

E: Length of
Bi2Te3 (L2/mm)

Simulation
Results (W/kA)

Simulation 1 3.0 10.0 100.0 1.0 1.0 154.9

Simulation 2 3.0 10.0 100.0 30.0 30.0 76.1

Simulation 3 3.0 10.0 1500.0 1.0 30.0 1608.3

Simulation 4 3.0 10.0 1500.0 30.0 1.0 158.8

Simulation 5 3.0 300.0 100.0 1.0 30.0 4920.0

Simulation 6 3.0 300.0 100.0 30.0 1.0 74.1

Simulation 7 3.0 300.0 1500.0 1.0 1.0 384.7

Simulation 8 3.0 300.0 1500.0 30.0 30.0 351.9

Simulation 9 30.0 10.0 100.0 1.0 30.0 5676.9

Simulation 10 30.0 10.0 100.0 30.0 1.0 5816.0

Simulation 11 30.0 10.0 1500.0 1.0 1.0 178.6

Simulation 12 30.0 10.0 1500.0 30.0 30.0 215.8

Simulation 13 30.0 300.0 100.0 1.0 1.0 183.9

Simulation 14 30.0 300.0 100.0 30.0 30.0 244.6

Simulation 15 30.0 300.0 1500.0 1.0 30.0 5507.5

Simulation 16 30.0 300.0 1500.0 30.0 1.0 1066.6

Appendix A.2 Global Optimization of the PCLs for 120 A PCLs

Appendix A.2.1 The Simulation Case 2 for 120 A PCLs

Based on the orthogonal experimental results in Section 3.1.2, we know the first set of
parameters that have the greatest effect on the heat leakage at the cold end is D × E, B × C,
and A. Thus, we first optimize the parameter of the interaction between D (radius of Bi2Te3,
r2) and E (length of Bi2Te3, L2) to reveal their coupling influence on the heat leakage at
the cold end (as shown in Figure A1), keeping the other parameters unchanged (radius of
copper leads r1 = 3.0 mm, length of warm end copper leads L3 = 10.0 mm, length of cold
end copper leads L1 = 1000.0 mm).

Then, we change the initial values for different dimensional parameters slightly, and
through parametric sweep iteration, we obtain another two sets of optimal parameter
sizes corresponding to a minimum heat leakage of PCLs, as shown in Figures A1–A3 and
Figures A4–A6, respectively.

Figure A1. Iteration step 1: the coupling influence between D (r2) and E (L2) on the cold end heat
leakage of PCLs (keeping parameters r1 = 4.0 mm, L1 = 10.0 mm, L3 = 1500.0 mm unchanged; in this
iteration Qmin = 30.0 W/kA). (a) The heat leakage vary with D (r2); (b)The heat leakage vary with
E (L2).
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Figure A2. Iteration step 2: the coupling influence between B (L1) and C (L3) on the cold end heat
leakage of PCLs (keeping parameters r1 = 4.0 mm, r2 = 10.0 mm, L2 = 3.5 mm unchanged; in this
iteration Qmin = 29.7 W/kA). (a) The heat leakage vary with B (L1); (b)The heat leakage vary with
C (L3).

Figure A3. Iteration step 3: the effect of radius of the copper leads r1 on the cold end heat leakage of
PCLs (keeping parameters L1 = 10.0 mm, L3 = 1100.0 mm, r2 = 10.0 mm, L2 = 3.5 mm unchanged; in
this iteration Qmin = 29.7 W/kA).

Appendix A.2.2 The Simulation Case 3 for 120 A PCLs

Figure A4. Iteration step 1: the coupling influence between D (r2) and E (L2) on the cold end heat
leakage of PCLs (keeping parameters r1 = 5.0 mm, L1 = 10.0 mm, L3 = 1500.0 mm unchanged; in this
iteration Qmin = 33.6 W/kA). (a) The heat leakage vary with D (r2); (b)The heat leakage vary with
E (L2).
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Figure A5. Iteration step 2: the coupling influence between B (L1) and C (L3) on the cold end heat
leakage of PCLs (keeping parameters r1 = 5.0 mm, r2 = 10.0 mm, L2 = 7.0 mm unchanged, in this
iteration Qmin = 29.9 W/kA). (a) The heat leakage vary with B (L1); (b)The heat leakage vary with
C (L3).

Figure A6. Iteration step three: the effect of radius of the copper leads r1 on the cold end heat leakage
of PCLs (keeping parameters L1 = 10.0 mm, L3 = 1900.0 mm, r2 = 10.0 mm, L2 = 7.0 mm unchanged;
in this iteration Qmin = 29.8 W/kA).

Appendix A.3 Orthogonal Experimental Schedule for 1200 A PCLs

Table A2 is the orthogonal experimental schedule for the 1200 A PCLs, which is a very
important intermediate process for the orthogonal experiment.

Appendix A.4 Global Optimization of the PCLs for 1200 A PCLs

Appendix A.4.1 The Simulation Case 1 for 1200 A PCLs

Based on the orthogonal experimental results in Section 3.2.2, we know the first set of
parameters that have the greatest effect on the heat leakage at the cold end is D × E, D, E,
B × C, and A. To some extent, this is consistent with the order of orthogonal experimental
results for the 120 A PCLs: D × E, B × C, and A. Thus, we first optimize the parameter of
the interaction between D (radius of Bi2Te3, r2) and E (length of Bi2Te3, L2) to reveal their
coupling influence on the heat leakage at the cold end (as shown in Figure A7), keeping
the other parameters unchanged (radius of copper leads r1 = 10.0 mm, length of warm end
copper leads L1 = 100.0 mm, length of cold end copper leads L3 = 500.0 mm).
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Table A2. Orthogonal experimental schedule for 1200 A PCLs.

Column
Number 1 2 4 8 15

Parameters
A: Copper

Leads Radius
(r1/mm)

B: Length of
Warm End

Copper Leads
(L1/mm)

C: Length of
Cold End

Copper Leads
(L3/mm)

D: Radius of
Bi2Te3 (r2/mm)

E: Length of
Bi2Te3 (L2/mm)

Simulation
Results (W/kA)

Simulation 1 10.0 10.0 100.0 5.0 1.0 69.7

Simulation 2 10.0 10.0 100.0 50.0 50.0 196.5

Simulation 3 10.0 10.0 1500.0 5.0 50.0 1254.7

Simulation 4 10.0 10.0 1500.0 50.0 1.0 68.6

Simulation 5 10.0 300.0 100.0 5.0 50.0 3482.7

Simulation 6 10.0 300.0 100.0 50.0 1.0 74.0

Simulation 7 10.0 300.0 1500.0 5.0 1.0 304.4

Simulation 8 10.0 300.0 1500.0 50.0 50.0 357.8

Simulation 9 80.0 10.0 100.0 5.0 50.0 3774.3

Simulation 10 80.0 10.0 100.0 50.0 1.0 1845.0

Simulation 11 80.0 10.0 1500.0 5.0 1.0 78.6

Simulation 12 80.0 10.0 1500.0 50.0 50.0 63.2

Simulation 13 80.0 300.0 100.0 5.0 1.0 83.0

Simulation 14 80.0 300.0 100.0 50.0 50.0 67.5

Simulation 15 80.0 300.0 1500.0 5.0 50.0 3617.8

Simulation 16 80.0 300.0 1500.0 50.0 1.0 612.8

Figure A7. The coupling influence between D (r2) and E (L2) on the cold end heat leakage of PCLs.
(a) The heat leakage vary with D (r2); (b)The heat leakage vary with E (L2).

It can be seen in Figure A7a that the use of a smaller L2 leads to achieving a smaller
heat leakage value (black curve). From Figure A7b, we find that if r2 ≥ 15.0 mm, the heat
leakage curves are similar. Hence, we set the value of parameters D and E (r2 = 15.0 mm, L2
= 1.6 mm) and fix them in the next iteration. For the first iteration, the lowest heat leakage
at the cold end of PCLs is 37.2 W/kA.

Then, we optimize the parameter of the interaction between B (L1) and C (L3) to
reveal their coupling influence on the heat leakage at the cold end (as shown in Figure A8),
keeping the other parameters unchanged (r1 = 10.0 mm, r2 = 15.0 mm, L2 = 1.6 mm). As
shown in Figure A8a, the optimal value of cold end copper leads (L3) is some intermediate
value, which is confirmed by Figure A8b. With the increase in the length of cold end
copper leads (L3), the heat leakage curve is decreased first and then increased (Figure A8b).
Hence, we obtain the best values for B and C (L1 = 10.0 mm, L3 = 700.0 mm). Under these
optimization parameters, the lowest heat leakage at the cold end of PCLs is 29.9 W/kA.
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Figure A8. The coupling influence between B (L1) and C (L3) on the cold end heat leakage of PCLs.
(a) The heat leakage vary with B (L1); (b)The heat leakage vary with C (L3).

Finally, we optimize the parameter A (radius of the copper leads r1), keeping the
other parameters unchanged (L1 = 10.0 mm, L3 = 700.0 mm, r2 = 15.0 mm, L2 = 1.6 mm).
Figure A9 illustrates the effect of r1 on the heat leakage of PCLs. Here, we obtain the best
value for r1 = 10.0 mm and achieve an optimized structure of PCLs with the lowest heat
leakage of 29.9 W/kA.

Figure A9. The effect of radius of the copper leads r1 on the cold end heat leakage of PCLs.

Then, we change the initial values for different dimensional parameters slightly, and
through parametric sweep iteration, we obtain another two sets of optimal parameter sizes
corresponding to a minimum heat leakage of PCLs, as shown in Figures A10–A12 and
Figures A13–A15, respectively.

Appendix A.4.2 The Simulation Case 2 for 1200 A PCLs

Based on the orthogonal experimental results presented in Section 3.2.2, we know the
set of parameters that have the greatest effect on the heat leakage at the cold end is D × E, D,
E, B × C, and A. Thus, we first optimize the parameter of the interaction between D (radius
of Bi2Te3, r2) and E (length of Bi2Te3, L2) to reveal their coupling influence on the heat
leakage at the cold end (as shown in Figure A10), keeping the other parameters unchanged
(radius of copper leads r1 = 15.0 mm, length of warm end copper leads L1 = 100.0 mm,
length of cold end copper leads L3 = 1500.0 mm).
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Figure A10. Iteration step one: the coupling influence between D (r2) and E (L2) on the cold end heat
leakage of PCLs (keeping parameters r1 = 15.0 mm, L1 = 100.0 mm, L3 = 1500.0 mm unchanged; in
this iteration Qmin = 34.9W/kA). (a) The heat leakage vary with D (r2); (b)The heat leakage vary with
E (L2).

Then, we optimize the parameter of the interaction between B (L1) and C (L3) to reveal
their coupling influence on the heat leakage at the cold end (as shown in Figure A11),
keeping the other parameters unchanged (r1 = 15.0 mm, r2 = 20.0 mm, L2 = 3.5 mm). As
shown in Figure A11, we obtain the best values for B and C (L1 = 10.0 mm, L3 = 1700.0 mm).
Under these optimization parameters, the lowest heat leakage at the cold end of PCLs is
29.6 W/kA.

Finally, we optimize the parameter A (radius of the copper leads r1), keeping the
other parameters unchanged (L1 = 10.0 mm, L3 = 1700.0 mm, r2 = 20.0 mm, L2 = 3.5 mm).
Figure A12 illustrates the effect of r1 on the heat leakage of PCLs. Here, we obtain the best
value for r1 = 15.5 mm and achieve an optimized structure of PCLs with the lowest heat
leakage of 29.6 W/kA.

Figure A11. Iteration step two: the coupling influence between B (L1) and C (L3) on the cold end heat
leakage of PCLs (keeping parameters r1 = 15.0 mm, r2 = 20.0 mm, L2 = 3.5 mm unchanged; in this
iteration Qmin = 29.6 W/kA). (a) The heat leakage vary with B (L1); (b)The heat leakage vary with
C (L3).

Appendix A.4.3 The Simulation Case 3 for 1200 A PCLs

Based on the orthogonal experimental results presented in Section 3.2.2, we know the
set of parameters that have the greatest effect on the heat leakage at the cold end is D × E, D,
E, B × C, and A. Thus, we first optimize the parameter of the interaction between D (radius
of Bi2Te3, r2) and E (length of Bi2Te3, L2) to reveal their coupling influence on the heat
leakage at the cold end (as shown in Figure A13), keeping the other parameters unchanged
(radius of copper leads r1 = 20.0 mm, length of warm end copper leads L1 = 100.0 mm,
length of cold end copper leads L3 = 1500.0 mm).
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Figure A12. Iteration step three: the effect of radius of the copper leads r1 on the cold end heat
leakage of PCLs (keeping parameters L1 = 10.0 mm, L3 = 1700.0 mm, r2 = 20.0 mm, L2 = 3.5 mm
unchanged; in this iteration Qmin = 29.6 W/kA).

Figure A13. Iteration step one: the coupling influence between D (r2) and E (L2) on the cold end heat
leakage of PCLs (keeping parameters r1 = 20.0 mm, L1 = 100.0 mm, L3 = 1500.0 mm unchanged; in
this iteration Qmin = 35.7 W/kA). (a) The heat leakage vary with D (r2); (b)The heat leakage vary
with E (L2).

Then, we optimize the parameter of the interaction between B (L1) and C (L3) to reveal
their coupling influence on the heat leakage at the cold end (as shown in Figure A14),
keeping the other parameters unchanged (r1 = 20.0 mm, r2 = 30.0 mm, L2 = 7.5 mm). As
shown in Figure A14, we obtain the best values for B and C (L1 = 10.0 mm, L3 = 2900.0 mm).
Under these optimization parameters, the lowest heat leakage at the cold end of PCLs is
29.9 W/kA.

Finally, we optimize the parameter A (radius of the copper leads r1), keeping the
other parameters unchanged (L1 = 10.0 mm, L3 = 2900.0 mm, r2 = 30.0 mm, L2 = 7.5 mm).
Figure A15 illustrates the effect of r1 on the heat leakage of PCLs. Here, we obtain the best
value for r1 = 20.0 mm and achieve an optimized structure of PCLs with the lowest heat
leakage of 29.8 W/kA.
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Figure A14. Iteration step two: the coupling influence between B (L1) and C (L3) on the cold end heat
leakage of PCLs (keeping parameters r1 = 20.0 mm, r2 = 30.0 mm, L2 = 7.5 mm unchanged; in this
iteration Qmin = 29.8 W/kA). (a) The heat leakage vary with B (L1); (b)The heat leakage vary with
C (L3).

Figure A15. Iteration step three: the effect of radius of the copper leads r1 on the cold end heat
leakage of PCLs (keeping parameters L1 = 10.0 mm, L3 = 2900.0 mm, r2 = 30.0 mm, L2 = 7.5 mm
unchanged; in this iteration Qmin = 29.8 W/kA).
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