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Abstract: This study presents a comparative analysis of the accuracy of different methodologies
for the design and performance evaluation of thermoelectric generators (TEGs), using analytical,
computational numerical, and experimental approaches. TEGs are promising devices for capturing
waste energy in industrial processes, converting waste heat into electrical energy and contributing
to energy sustainability. However, the efficiency of TEGs is a significant challenge due to their low
conversion rates. To address this challenge, three different methodologies were developed and sys-
tematically compared. Analytical Model: Developed for the electrical design of thermoelectric micro
generators, using theoretical performance data and industrial temperature gradients. This method
offers a robust theoretical view but may not capture all practical variables. Computational model in
Simulink/MATLAB: Created and validated to consider the variation of the Seebeck coefficient and
the internal resistance of thermoelectric modules with temperature. This model provides an accurate
simulation of operating conditions but depends on the accuracy of the input parameters. Experi-
mental Multi-string Electrical Arrangement Prototype: This involved the design and construction
of a prototype followed by experimental tests to validate its performance. This method provides
valuable empirical data but can be limited by the complexity and cost of the experiments. The results
show that each methodology has specific advantages and limitations, offering valuable insights
for the development of more efficient TEG systems. The comparison of analytical, numerical, and
experimental methods revealed differences in accuracy and efficiency, highlighting the importance of
an integrated approach to TEG design. This study lays a solid foundation for future research and
practical applications in the field of industrial residual energy harvesting.

Keywords: seebeck coefficient; multi-string electrical arrangement; maximum power point tracking;
simulink model; industrial processes; waste recovery energy

1. Introduction

The growing demand for energy and the need for efficient energy harvesting methods
have fueled research and development into new technologies. Thermoelectric generators
(TEGs) are promising devices that directly convert thermal energy into electrical energy
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using the Seebeck effect. This effect, discovered by Thomas Johann Seebeck in 1821, occurs
when two different materials are joined and exposed to a temperature gradient, generating
a difference in electrical potential between the junction points [1-6].

Thermoelectric modules are made up of thermoelectric elements (TEs) that can be
connected in series or parallel to increase the output voltage and thermal conductivity
respectively. The application of TEGs in industrial processes to capture waste energy is
particularly attractive, as it allows waste heat to be utilized, contributing to energy efficiency
and environmental sustainability. Energy capture techniques are important because they
allow the reuse of energy that would otherwise be wasted, reducing dependence on non-
renewable energy sources and reducing greenhouse gas emissions, incorporating clean
technologies to promote a sustainable future [6-15].

However, the efficiency of TEGs is a significant challenge due to their low conversion
rates. To maximize the energy obtained, precise design and the implementation of power
management techniques, such as DC-DC converters with maximum power point tracking
(MPPT) algorithms [16-21], are essential.

This article presents a comparative analysis of the accuracy of different methodologies
for the design of thermoelectric generators (TEGs), including analytical, numerical, compu-
tational, and experimental approaches. These methodologies make it possible to optimize
the development of proofs of concept, providing a comprehensive and innovative solution
for the design and implementation of TEG systems based on energy harvesting. It is worth
noting that the methodologies adopted in this research are the result of research and de-
velopment (R&D) by the Energy and Sustainability Research Group (GPEnSE) focused on
the development of solid-state generators, self-powered devices, and autonomous sensors
based on energy harvesting [22-29]. The main contributions of this article are:

Development of Analytical Modeling: Proposal and development of a detailed analyt-
ical approach for the electrical design of thermoelectric microgenerators, using theoretical
performance data and temperature gradients.

Development of Computational Numerical Modeling: Creation and validation of
a computer model in Simulink/MATLAB that considers the variation of the Seebeck
coefficient and the internal resistance of thermoelectric modules with temperature.

Development of an Experimental Analysis: Carrying out experimental tests to vali-
date the performance of the prototype and comparing the results with the analytical and
numerical computer models.

Section 2 details the conceptual design of a Thermoelectric Generator (TEG) system
featuring a multi-string electrical arrangement for energy harvesting. Section 3 outlines the
analytical methodology for electrical design, including steps for electrical dimensioning,
selection of thermoelectric modules, and configuration of the arrangement. This section
concludes with the presentation of a Proof of Concept (PoC) TEG system designed using the
proposed analytical methodology. Section 4 describes the development of a computational
numerical model in Simulink/MATLAB (Version R 2023a), which accounts for variations
in the Seebeck coefficient and internal resistance with temperature and validates the model
using experimental data. Section 5 focuses on the development and experimental analysis
of the multi-string electrical arrangement based on TEGs for energy harvesting. Section 6
presents the results, comparing the accuracy and efficiency of TEG systems obtained from
each methodology. Finally, Section 7 summarizes the main findings of the study and
provides recommendations for future research and practical applications.

2. Conceptual Design of a TEG System

This section describes the electrical design analytical methodology of a TEG system
concept with a multi-string electrical arrangement for the TEG system. Figure 1 presents
the block diagram outlining the main stages for assembling and applying a generic TEG
system for energy harvesting. In this system, the heat source includes thermal losses that
can be captured through surface contact, fin systems, and heat pipes. The thermal system
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should be customized according to the specific characteristics of the installation site to
maximize resource utilization and enhance the waste recovery process.

Heat Source

B - MPPT - Converter - Load

Cold Source

Figure 1. Block diagram demonstration of the TEG system.

2.1. TEG Operated in Multi-String Electrical Arrangement

When operating the TEG system in a multi-string electrical arrangement, efficiency is
not solely dependent on the thermoelectric modules, as their output power is influenced by
the temperature gradient. Therefore, the temperatures to which the modules are subjected
directly affect the overall system efficiency. Tests confirm that the thermoelectric modules
function as a voltage source. When connected in series, the total output voltage equals the
sum of the voltages of each individual module. Conversely, when connected in parallel,
the current circulating among the modules, when powering a specific load, is equally
divided according to the number of modules. To increase the system’s output voltage,
multiple modules can be connected in series, while to supply a higher current, multiple
modules can be connected in parallel. Due to variations in the temperatures of thermal
processes, the output voltage of the modules also varies. For this reason, a DC-DC converter
is necessary to maintain a constant voltage to supply a load. This converter can either
step up or step down the output voltage and has its own efficiency, which influences
overall system performance. Additionally, load impedance affects power transfer efficiency;
maximum energy transfer is achieved when impedance matching occurs, meaning the
internal electrical resistance of the system equals the electrical resistance of the load.

2.2. Maximum Power Point Tracking (MPPT)

The Maximum Power Point Tracking (MPPT) function optimizes the utilization of
available energy by adjusting the impedance seen at the input of a DC-DC converter
to operate at the point of maximum power. MPPT varies the conduction time of the
transistor based on voltage and current data from the source, which is crucial for non-ideal
voltage sources, such as solar panels subject to light variations or TEGs with variable
temperature gradients.

One of the most commonly used algorithms for this function is Perturb and Observe
(P&O). This algorithm works by perturbing the system’s current or voltage in small in-
crements and monitoring the corresponding changes in power. If the power increases
with perturbation, the system was operating below the maximum power point and the
perturbation continues in the same direction. If the power decreases, it indicates that
the system has passed the maximum power point, and the direction of the perturbation
is reversed.
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This process is repeated continuously, allowing MPPT to “track” the maximum power
point and adjust the system’s operation to maximize energy generation. Figure 2 shows
a graph with the operating points and a diagram illustrating how the P&O algorithm
makes decisions to find the maximum power point. The basic principle of the P&O algo-
rithm involves periodically perturbing the system’s current or voltage in small increments
while monitoring the corresponding changes in power. If the power increases with the
perturbation, it means the system was operating below the maximum power point and the
perturbation continues in the same direction. If the power decreases with the perturbation,
it indicates that the system has passed the maximum power point and the perturbation
is reversed.
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Figure 2. Graph and diagram on MPPT operation [20,21].

The P&O algorithm is effective and widely used due to its simplicity of implementa-
tion; however, it may exhibit oscillations around the maximum power point and, under
extreme conditions, may not converge quickly or lose track of the optimal point. Currently,
for extreme conditions with high variability in the generated power due to external factors,
various MPPT algorithms are being studied and developed, which can be used depending
on the desired operation [30-33].

2.3. DC-DC Converters

The design of the DC-DC converter involves determining several parameters based on
the specific characteristics of the system, including the load supply voltage, the maximum
power that the load connected to the converter can handle, the minimum input voltage,
and the maximum input voltage of the converter. To ensure correct sizing, it is necessary
to establish key values such as the switching frequency of the transistor, the inductor
current ripple (expressed as a percentage), and the output voltage ripple (also expressed
as a percentage).

The choice of the most suitable DC-DC converter for the proposed cogeneration
system should take into account the output voltage of the thermoelectric modules feeding
the converter’s input and the required output voltage of the converter powering the load.
Specifically, if the input voltage is lower than the desired output voltage, a boost converter
is recommended as it elevates the output voltage. Conversely, if the input voltage exceeds
the output voltage, a buck converter is more suitable, as it reduces the output voltage to
the required level.

Although the described selection model is valid, it is not conclusive. For a more
detailed analysis, the relationship between the converter’s output power (Po) and the
power consumed by the switching elements (Pt) should be examined, disregarding current
ripple (assuming the converter operates in continuous conduction mode) and voltage
ripple. It is also assumed that the input voltage may vary and that the duty cycle should be
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controlled to maintain a constant output voltage. Figure 3 shows the relationship between
these powers, representing the utilization efficiency of the switching elements as a function
of the duty cycle. For voltages of the same magnitude, the buck converter is the most
efficient in utilizing the switching elements, as the duty cycle (D) will be close to 1. The buck-
boost converter, on the other hand, has a lower utilization index, with a maximum value of
25% if the duty cycle is 0.5. The major advantage of the buck-boost converter is its ability
to operate with input voltages both lower and higher than the output voltage, adjusting
according to the system’s needs, especially considering that thermoelectric modules vary
with the temperature difference (4). For the physical sizing of any chosen converter model,
it is recommended to use classical methodologies [34-36].
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Figure 3. Energy utilization in DC-DC converters (4).

3. Analytical Methodology and Design of the PoC

This subsection describes the analytical modeling and detailed design methodology
steps for the electrical dimensioning of the TEG system including the (i) calculating of
power output, voltage, and current requirements based on the theoretical performance
curves of thermoelectric modules and predetermined temperature gradients. (ii) Selection
of Thermoelectric Modules involves selecting the appropriate specific performance criteria
(Seebeck coefficient, internal resistance, and module dimensions), and (iii) configuration of
the thermoelectric modules in series or parallel is determined based on the desired output
voltage and current. The arrangement is optimized to ensure maximum power output and
efficient energy harvesting.

3.1. Analytical Methodology

The calculation methodology developed for the electrical dimensioning of the main
components in the TEG system is based on the structure outlined in Section 2. Applying this
methodology requires prior knowledge of the system’s thermal behavior at the installation
site and the operational conditions of the load that will be powered. The necessary input
data includes: (i) the power and supply voltage of the load; (ii) the temperature gradient
and temperatures of the hot and cold sources; (iii) the number of daily operating hours;
and (iv) the selection of the thermoelectric module along with its performance curve. To
achieve the optimal configuration of the thermoelectric cogeneration system for a specific
application, the design process should involve thermoelectric modules with different
characteristics (performance curves and dimensions). The system configuration that best
satisfies the specific requirements of the installation site should be chosen.
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3.1.1. Forecast of Electrical Energy Demand and Load Current Estimation

The estimation of energy consumption in the thermoelectric system serves as the
foundation for sizing the entire proposed system. This process involves calculating the
daily energy consumption in watt-hours, taking into account that not all components
operate continuously throughout the day. To determine the energy usage of each load, it
is necessary to compile a list of the nominal power of each load and the number of hours
each load operates for daily. The calculation follows Equation (1), and with the known
load power and the effective voltage required for operation, the load current (Iy ,4) can be
determined using Equation (2).

Pcons = Proad * Niour [Wh] (1)
Pe
ICargu = VCZ:ZZ [A] 2)

where Pcong is the total energy consumption [Wh]; Py .4 is the power of the load [W]; Nyour
is the number of operating hours of the system [h], Py .4 is the power of the load [W], and
VlLoad is the voltage of the load [V].

3.1.2. Estimation of the Number of TEG Modules

The number of thermoelectric modules needed for the cogeneration system is directly
influenced by the load’s power and voltage requirements, as well as the temperature
gradient within the thermal system, since the generated power increases proportionally
with the temperature gradient. The selection of the thermoelectric module is critical at this
stage because different models offer varying dimensions and characteristic performance
curves for voltage, current, and power.

After determining the load current (I y,4), the next step is to choose the most suitable
thermoelectric module for the project. The module’s datasheet should be reviewed to
establish the optimal configuration of thermoelectric modules that will fulfill the voltage
and current requirements of the load. This configuration is determined based on the
temperature gradient of the thermal system and the performance curves of the selected
modules. Figure 4 presents the performance curves for voltage, current, and power as
a function of the temperature gradient, taken from the datasheet of the thermoelectric
module inbC1-127.08HTS, WATRONIX [37].

Power Curve

i — QW)
— U(V)
- — 1(A)

2 /
) e
0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160170 180
dT(°C)

Figure 4. Performance curves (voltage, current, and power) as a function of AT [37].
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Some datasheets provide the hot and cold side temperatures instead of the temperature
difference, as shown by the datasheet of the thermoelectric module TEHP1-24156-1.2,
Thermomanic (Figure 5) [38].
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Figure 5. Performance curve of generated voltage as a function of hot and cold temperatures [38].

Figure 5 shows the performance curve of the generated voltage for four different
cold-side temperatures. If the system’s operating cold-side temperature (cold source)
differs from the temperatures used to obtain the curves, the generated values should be
approximated using interpolation based on Equation (3):

TCHigh - TfLow o TCHigh — TCmoq
VHigh — Viow VHigh — Vinod

)

where Tey;g, is the higher cold source temperature from the performance curve [°C], Tepow
is the lower cold source temperature from the performance curve [°C], Tcyoq is the cold
source temperature for the thermoelectric module [°C], Vy;gp, is the Voltage generated at
Tenigh [V], VLow is the voltage generated at Tcp o [V], and Vyoq is the voltage generated at
Temod [V].

Ideally, Teyign and Tepow should be chosen so that Tey,eqg falls between these values.
For example, if Teyoq is 70 °C, then Tep;gn should be 80 °C and Tepow 50 °C. If Tepyoq is
120 °C, Tepign would be 100 °C and Tep oy 80 °C. The interpolation method in Equation (3) is
also recommended for determining the current or power generated based on performance
curves, provided that the necessary adjustments are made.

3.1.3. Series Association in the Multi-String Electrical Arrangement

After determining the voltage generated by each thermoelectric module and the
average input voltage required by the system’s DC-DC converter, the number of modules
that need to be connected in series (Ngerie) can be estimated, considering that the voltages
of the individual modules will add up. The number of modules required to achieve
the necessary voltage can be calculated using Equation (4), where AV, represents the
average voltage at the DC-DC converter [V], and V.4 denotes the voltage generated by
each thermoelectric module [V].

V Vi
NSerie =~ AVConv = w
mod

4)
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It is essential to consider that the voltage used to power the converter should be the
average of its maximum and minimum input values. For instance, if the DC-DC converter’s
input voltage varies from 10 V to 20 V, then AV ¢y, would be set at 15 V. This approach is
vital for safety purposes, as the output voltage of the thermoelectric modules fluctuates
with changes in the temperature gradient and can occasionally surpass the converter’s
minimum or maximum input thresholds. If the resulting number of modules is not an
integer, it should be appropriately rounded up or down to provide a wider operational
range for the converter’s input voltage.

3.1.4. Parallel Association in the Multi-String Electrical Arrangement

Knowing the load current, the number of series blocks that need to be connected in
parallel (Npayaite1) to meet the load current can be determined. The number of modules
that must be connected in parallel to supply the maximum current required by the DC-DC
converter (Icyitical) is calculated using Equation (5), where Icyitica1 is the maximum circuit
current [A] and I;,,0q is the current supplied per module [A].

ICriticul VLoad
I — Icritical = ILoad % V.. ®)
mod min

Nparaltel =

As with the voltage-based calculation, the result is not always an integer. In this case,
the number should always be rounded up because the current capacity of the modules
must exceed the system’s current to ensure proper operation. For instance, if the calculated
number is 3.9 modules, it is recommended to use 4 modules for full assurance, considering
that temperature variations in the system also affect the maximum current of the modules.
Adding more parallel blocks of modules does not pose a problem, as increasing the num-
ber of parallel blocks will not change the voltage but will increase the current capacity,
providing extra reliability in case any module fails, though it will increase the project cost.

3.1.5. Multi-String Electrical Arrangement and Estimation of the Area the TEG System

Once the series and parallel configurations of the thermoelectric modules are deter-
mined, the total number of modules (Np,oq) required for the electrical arrangement of
the thermoelectric conversion system can be estimated using Equation (6), where Ngerie
represents the number of modules connected in series, and Npgya1e; denotes the number of
modules connected in parallel.

Nipod = NserieXNpamllel [unit] (6)

The minimum area (Area) occupied by the thermoelectric system can be determined
based on the dimensions of the individual thermoelectric modules and the total number
of modules required for the system’s electrical configuration. This area can be calculated
using Equation (7), where Width and Length represent the dimensions of each module
[cm], and N4 is the total number of modules in the system.

Area = Width x Lenght x N,oq [cm?] (7)

3.2. Design of a TEG System (PoC) with a Multi-String Electrical Arrangement

To demonstrate the applicability of the developed methodology, this subsection will
design a TEG system (PoC) with a multi-string electrical arrangement to operate with a
temperature difference (AT) of approximately 100 °C, providing a load voltage of 12 Vdc
and capable of supplying up to 30 Watts of power to the load.

The thermoelectric modules used are the INBC1-127.08HTS models from WATRONIX [37].
By applying the methodology described in Section 3.1 and using Equation (2), the maximum
load current is determined to be 2 A. The DC-DC converter has a fixed output voltage of
12 Vdc with a fluctuating input voltage ranging from 10 to 34 V.



Energies 2024, 17, 5176

9 of 23

Based on the power curve provided in the datasheet (Figure 5), the output voltage of
each module under load is determined to be 2.4 V, depending on the temperature gradient.
This value will be used to calculate the required number of modules in series. Thus, for
the calculations, the average input voltage of the DC-DC converter is used along with
Equation (4) to determine the number of modules connected in series.

Vinax + Vipin 34+ 10 AVeonp 22

AV = = =22V Ngppie = =— =92 dul
Conv 5 5 — INgerie Vo 24 modules

Since the calculated number of modules was fractional, it has been rounded to
10 modules in series (Ngerie). The output voltage is then the product of the number of
series-connected modules and the output voltage of each module (2.4 V), totaling 24 V.

Based on the power curve provided in the datasheet (Figure 5), with a temperature
difference (AT) of approximately 100 °C, each module can supply around 3.5 W of power,
with an output voltage of 2.4 Vdc and a current of 1.45 A. Therefore, applying Equation (5),
the number of modules needed to be connected in parallel can be determined:

Vi oad 12 Icvitical 2.4
ICritical = ILoad X VL":; =2 X E =24 — NPamllel = ﬁ = E = 1.65 modules

Thus, two parallel strings (Npararel) should be used to ensure that the maximum oper-
ating current at the design temperature gradient is 2.9 A, which is greater than the system’s
critical current of 2.4 A. The total number of modules in the multi-string arrangement is
found by applying Equation (6), and the minimum area occupied by the TEG system is
calculated using Equation (7).

Nyod = Nserie X Nparater = 10%20 = 20 modules

Area = Widthx Lenght X Nyoq = 4 X 4 x 20 = 320 cm?

3.3. Prototype of a Proof-of-Concept (PoC)

The Prototype of the TEG system with a multi-string electrical arrangement was de-
signed using an analytical electrical design methodology to power a load of approximately
30 W, with an output voltage of 12 Vdc for a maximum operating temperature of +200 °C.
The system utilizes 20 thermoelectric modules, model INBC1-127.08HTS by WATRONIX,
arranged in a multi-string configuration (10 in series and 2 in parallel), covering a minimum
area of 320 cm?. The cost for acquiring the TEG modules is $49.00 per unit, totaling $980.00.
Each TEG module is capable of supplying approximately 3.5 W of power, with an output
voltage of 2.4 Vdc and a current of 1.45 A per unit at a temperature difference (AT) of
around 100 °C [29,37].

Figure 6 shows the schematic design of PoC, illustrating the electrical arrangement
with 20 thermoelectric modules (model INBC1-127.08 HTS by WATRONIX) configured with
10 modules in series and two strings connected in parallel [37].

Figure 6. Design of the proposed (a) and demonstrated parts and pieces of the generator (b).
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The Proof of Concept (PoC) (Figure 6) is composed of two independent thermal
transfer systems operating in tandem. The first system captures residual heat (3, 4) from
industrial processes, comprising a heat transfer module (3) and a heat exchanger (hot plate)
(4). This system facilitates heat transfer (4) via convection from the industrial process to
the heat transfer block (3), where the thermoelectric modules (5) are arranged. The second
system is a hybrid refrigeration—cogeneration setup (1, 2, 7, 8), which includes fins (1, 7)
and a flat cooling block (2, 8) to enhance the contact area with the thermoelectric modules.
This configuration generates hot water (6) that can be reused in the industrial process and
maintains a thermal gradient essential for thermoelectric power generation. It is important
to note that the thermal system can be adapted to various processes by replacing the heat
exchanger (4), thereby optimizing thermal transfer to the TEG system.

4. Computational Numerical Modeling

This section addresses the computational modeling and simulation of a system com-
posed of 20 thermoelectric generators (TEGs). The system is divided into three main parts:
power generation, consisting of the thermoelectric modules under a specific temperature
gradient; a DC-DC converter that maintains a constant output voltage; and a maximum
power point tracker (MPPT). The initial focus is on simulating the modules based on a
realistic model, evaluating their performance under different temperature gradients and
loads. At the end of the chapter, an analysis is conducted to compare the accuracy of the
simulated values with the experimental data.

The thermoelectric generator was initially modeled electrically as a non-ideal voltage
source with a series resistance (RjnT), where the source voltage corresponds to the open-
circuit voltage (Vpc), and the series resistance represents the internal resistance of the
thermoelectric module. In this model, the open-circuit voltage is given by Vpoc = «AT,
where « is the Seebeck coefficient, and AT is the temperature gradient. The internal
resistance is determined by adding a resistive load to the TEG terminals, measuring the
output voltage and current. The internal resistance, RjyT, can be calculated (Equation (8)):

Vi
RinT = ROLIT(VOOL(I:T - 1) (8)

The power delivered to the load resistance Royt is calculated from the voltage, Vour,
according to Equation (9):

Rour Viur RourV3c
Vour = ( Voc; Pour = = )
Rour + RinT Rour R2,;r + 2RoutRinT + Rinp

By analyzing Poyr as a function of Rpoyt, keeping the other parameters constant, it is
observed that power decreases as Poyr(Royr) increases, as can be verified by calculating
the limit of Poyr(Royrt) using Equation (10):

lim Pour(Rour) =0 (10)
Royr—roo
The power is zero both when the load resistance is zero and when this resistance is
very high. The maximum power point Poyr(Royr) occurs when Royr = RinT-
Additionally, the short-circuit current, Isc, is given by the ratio of the open-circuit
voltage, Voc, to the internal resistance, Rjyt. When the load resistance equals the internal
resistance, the current at the maximum power point (MPP) will be half of Isc. Thus, it can
be defined that the optimal operating point to extract the maximum power from a TEG
should be according to Equation (11). The total power generated by the TEG, dissipated
internally and in the load resistance, is described by Equation (12).
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Voc Isc Preg 2 Rour
Vour = ——;  lour = 5= Pour = = Ve (11)
2 2 2 (RinT + Rour)?
VZ
P =____oc 12
TEC ™ (RinT + Rour) (12)

Rate that the power supplied varies according to the load resistance and the tempera-
ture gradient. For this reason, it is necessary for the load Rpyr to be variable to track the
variations of Rjyt which change according to the Seebeck coefficient, while also remaining
constant when required.

To obtain a fixed voltage, a DC-DC converter with a Perturb and Observe (P&O)-
based MPPT algorithm is used. This algorithm measures the output current and voltage of
the TEG and adjusts the converter’s duty cycle so that the resistance seen by the generator
equals Rjnrt; thus, allowing the maximum power to be extracted from the generator.

In the simulation, the inbC1-127.08HTS module from WAtronix Inc. (West Hills,
CA, USA) was used in the Simulink/MATLAB (Version R 2023a). The simulation was
adapted from the model provided by [16]. A system composed of 20 TEGs was simulated,
arranged as two sets connected in parallel, with 10 TEGs in series in each set. The goal
was to simulate a system with a converter capable of supplying 30 W at a constant 12 V
to a load. The module used can generate 3.5 W of power with a voltage of 2.4 V and a
current of 1.45 A under a temperature gradient of 100 °C. Based on the model developed
in [16,20,21], the modules were assembled as shown in Figure 7, using a voltage source
dependent on temperature parameters, the Seebeck coefficient, and the number of TEGs in
series. Additionally, an internal resistance with a value equivalent to the series resistances
was included.

Gradient AT
Controlled Voltage Source
X =s: >N, AN, 1
Product M +
Te Internal Resistance
Seebeck coefficient
—— 2>

Module Number _

Figure 7. Internal view of the thermoelectric modules in Simulink®.

In the simulation, the gradient block (T}, and T.) calculates the difference between,
which is then multiplied by the Seebeck coefficient and the number of modules; this will
be the value of the dependent voltage source. A constant internal resistance value was
used, as the data could not be obtained from the module manufacturer. The value used was
the average measured internal resistance multiplied by the number of modules in series.
The Seebeck coefficient and the internal resistance were calculated from the module power
curve under a temperature gradient of 100 °C. Table 1 shows the data values used in the
open circuit simulation.

Table 1. Open Circuit Simulation Data.

Description Value
Seebeck Coefficient 0.048 V/K
Internal Resistance (series) 16.55 ()
Module number in series 10
Gradient From 0 °C to 80 °C

Gradient increment interval 5°C
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The results of the computational simulation are presented in Figure 8, which shows
the graph of the open circuit voltages of the system as the gradient varies from 5 °C to

80 °C with a 5 °C increment.
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._.
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Figure 8. Computational simulation results (no load) test (INBC1-127.08HTS).

80

The open circuit voltage is a straight line, as the Seebeck coefficient used is constant.
Next, a variable load was added to measure the output values of the TEGs and obtain the
voltage versus current curve, as well as the power versus voltage and power versus current
curves. Figure 9 shows the system with the variable load and the meters.

Thermoelectric Generators

[Th) »Th

Ammeter

I 1

> Seebeck coefficient

Ts) > Module Number

a Seebeck N
TEGs in serie
> Seebeck coefficient

Module Number

‘ Voltmeter ¢

J Adjustable Resistor

Figure 9. Demonstration of circuit modeling with variable load.

]

Current

]

Power

p

Voltage

i

Scope

As in the no load simulation, the same input values were used in both modules. The
component and simulation data are presented in Table 2.

Table 2. Variable Load Circuit Simulation Data.

Description Value
Seebeck Coefficient 0.048 V/K
Internal Resistance (series) 16.55 ()
Module number in series 10
Gradient From 0 °C to 80 °C
Gradient increment interval 5°C

Loads ()

0,1.25,5,7.5,10,12.5, 25, 37.5, 50, 60, 75.
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Figure 10a shows the graphs generated from the simulation data. The first graph
shows the variation of the output voltage relative to the current as a function of the

temperature gradients.
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Figure 10. Presents of computational simulation results (with load): (a) the output voltage versus
output current curve; (b) the output power versus output current curve; and (c) the output power
versus output voltage curve as a function of the temperature gradient.
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The graph shows that the higher the temperature gradient, the farther from the origin
the obtained line is. With a gradient of 80 °C, the voltage reaches up to 35 V under open-
circuit conditions. However, the maximum power point is around 17 V-1.7 A. Very high
or very low load resistance values relative to the TEG’s internal resistance result in an
operating point close to one of the graph’s axes.

The power versus current graph (Figure 10b) shows a maximum of approximately
32 W-1.9 A operating under a gradient of 80 °C. As expected, the power increased until it
reached a maximum point. After this point, the power begins to decrease as the current
continues to increase until it reaches the short-circuit current limit of 3.7 A.

Meanwhile, Figure 10c shows the previous graph, where the power versus voltage
graph exhibits a peak of maximum power around 32 W-17 V. As seen in the other graph,
the highest voltage is the open-circuit voltage, occurring at 35 V when operating under a
gradient of 80 °C.

5. Development and Experimental Analysis

This section outlines the development and experimental analysis of the TEG system,
designed to output 30 W at 12 Vdc, with a maximum operating temperature of +200 °C.
The system utilizes 20 thermoelectric modules (INBC1-127.08HTS—WATRONIX [29,30]).
The experimental analysis was conducted with temperature gradients below the system’s
maximum operating limit (Th = 170 °C) and a maximum temperature gradient (AT) of
80 °C. This limitation was necessary due to laboratory infrastructure constraints, particu-
larly to comply with safety standards and ensure accurate data acquisition, as detailed in
references [22-24]. The results of the experimental analysis are presented in Figure 11.

32 e

28 —

24 -

20 N

16

12

Open Circuit Voltage, Voc [V]
e

0 10 20 30 40 50 60 70 80
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Figure 11. Presentation of experimental results (no load)—a graph of the output voltage in the open
circuit test (INBC1-127.08HTS).

The open circuit test involves subjecting the system to a defined temperature gradi-
ent and measuring its thermal properties, such as the temperatures of the hot and cold
sources, along with the electrical voltage generated at the open terminals (Voyt), with
no load connected. Figure 11 illustrates the graph obtained from the open circuit test,
depicting how the output voltage (Vout) increases with varying temperature gradients (AT).
The results clearly indicate a linear relationship between the generated voltage and the
temperature gradient. By applying the least squares method to the output voltage (Vout)
data, Equation (13) is derived, which characterizes the open circuit voltage. To maintain a
constant output voltage, the use of a DC-DC converter is necessary.

Vout = 0.4306AT[V] (13)

To determine the voltage—current (V-I) characteristics of the thermoelectric generator,
a series of resistors were employed as the load to measure the output voltage (Vout) in volts
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[V] and the output current (Ioyt) in amperes [A] across various temperature gradients (AT)
ranging from 5 °C up to the maximum operating limit of 80 °C. The results are depicted
in Figure 12a, where the dashed lines represent linear regressions obtained using the least
squares method, with each line corresponding to 5 °C intervals of temperature gradient.
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Figure 12. Presentation of experimental results (with load): (a) the output voltage versus output
current curve; (b) the output power versus output current curve; and (c) the output power versus
output voltage curve as a function of the temperature gradient.
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From examining the relationship between output voltage (Vout) and output current
(Iout) at different temperature gradients (AT = TH — TC [°C]) in Figure 12a, it is clear that
both Vot and Iyt increase proportionally as the temperature gradient (AT) rises. This leads
to a substantial increase in output power (Poyt) at higher temperature gradients. The curves
in Figure 12a exhibit a degree of linearity across different temperature gradients, which
is attributed to the linear response of the module’s internal resistance (Rin¢) relative to the
temperature gradient during the testing.

To determine the maximum power curve delivered by the solid-state generator, data
from the open circuit test (Figure 11) and the voltage-current curve (Figure 12a) were
employed. These data establish a direct proportional relationship between the temperature
gradient (AT) and the power output (Pout) in watts [W] for a given fixed load resistance
(Rp) in ohms [Q)]. According to basic circuit analysis principles, the power dissipated in the
external load is given by Poy = RpI%,; [W]. Using this equation with different resistance
values as the fixed load (RL), Figure 12b shows the curve of maximum power output (Poyt)
as a function of output current (Ioyt) for various temperature gradients (AT). Figure 12c
illustrates the maximum power output (Poyt) curve as a function of output voltage (Vout)
for different temperature gradients. The dashed curves in Figure 12b,c were derived by
multiplying the linear regression lines from Figure 12a by the current delivered by the
module to the load.

By examining the power output (Poyt) curve as a function of the output current (Iout)
in Figure 12b, the maximum current and power that the thermoelectric generator can
supply at different temperature gradients (AT) can be identified. Similarly, by analyz-
ing the maximum power curve (Pyyt) as a function of output voltage (Vout) shown in
Figure 12¢, the maximum power output (Poyt) and corresponding voltage (Vout) at the
output terminals of the solid-state thermoelectric generator can be determined for various
temperature gradients.

6. Results and Discussion

In this section, the comparative results of the analytical, computational numerical, and
experimental methodologies for the design and analysis of thermoelectric generators (TEGs)
are presented and discussed. The analysis focuses on the main performance indicators:
output power, voltage, and current. The results obtained with a temperature gradient of
80 °C for each methodology are detailed and compared below. Table 3 summarizes the
results for the variables of power (P), voltage (V), and current (I) in the different methods.
As observed, there are significant differences in the error percentages between the analytical,
computational numerical, and experimental methods.

Table 3. Results obtained with a temperature gradient of 80 °C.

Value Analytical Computational Simulation Experimental
AT (°C) u(wv) 1(A) QW) U(wv) 1(A) QW) U (V) 1(A) Qw)
5 1.25 0.20 0.25 1.14 0.13 0.15 1.21 0.01 0.01
10 2.50 0.40 1.00 2.27 0.27 0.61 2.30 0.24 0.54
15 5.00 0.60 3.00 3.42 0.40 1.38 3.31 0.34 1.13
20 6.25 0.80 5.00 4.56 0.54 2.44 4.25 0.44 1.86
25 7.00 0.90 6.30 5.70 0.67 3.82 5.59 0.56 3.13
30 7.50 1.00 7.50 6.84 0.80 5.50 6.61 0.66 4.37
35 8.75 1.05 9.19 7.98 0.94 7.49 7.65 0.77 5.86
40 10.00 1.10 11.00 9.12 1.07 9.78 8.67 0.87 7.51
45 12.75 1.40 17.85 10.26 121 12.38 9.93 0.99 9.86
50 14.00 1.55 21.70 11.40 1.34 15.29 11.13 1.11 12.38
55 14.75 1.65 24.34 12.54 148 18.50 11.60 121 14.01
60 15.50 1.70 26.35 13.68 1.61 22.01 13.05 131 17.04
65 17.75 2.00 35.50 14.82 1.74 25.83 14.01 1.40 19.62
70 18.50 2.10 38.85 15.96 1.88 29.96 15.04 1.50 22.63
75 19.25 2.20 42.35 17.09 2.01 34.37 16.08 1.61 25.85
80 20.00 2.30 46.00 18.23 2.15 39.10 17.01 1.70 28.94
85 22.50 2.53 56.93 19.37 2.28 44.14 - - -
90 23.75 2.63 62.46 20.51 2.41 49.49 - -
95 24.50 2.71 66.40 21.65 2.55 55.14 - - -
100 25.00 2.76 69.00 22.79 2.68 61.12 - - -
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Table 4 presents the percentage errors of the analytical and computational numerical
methods in comparison to the experimental values. It is observed that the power in
the analytical method showed an average error of 47.2% compared to the experimental
value, indicating a significant discrepancy, suggesting that the analytical model may not
capture all relevant factors. In contrast, the computational numerical method showed a
smaller error of approximately 26.0%, indicating greater accuracy and alignment with the
experimental data.

Table 4. Percentage errors of the analytical and computational numerical models compared to
experimental results for different temperature gradients.

Value Analytical Error Computational Simulation Error
AT (°O) U () 1(A) QW) U (V) I(A) QW)
5 3.4% 96.7% 96.8% 5.9% 95.1% 94.8%

10 8.0% 40.8% 45.6% 1.1% 11.8% 10.8%

15 33.9% 43.2% 62.5% 3.3% 15.3% 18.1%
20 31.9% 45.2% 62.7% 6.7% 18.3% 23.8%
25 20.1% 37.9% 50.3% 1.8% 16.6% 18.1%
30 11.9% 33.9% 41.7% 3.3% 17.8% 20.5%
35 12.5% 27.1% 36.3% 4.1% 18.5% 21.8%
40 13.3% 21.2% 31.7% 4.9% 19.2% 23.2%
45 22.1% 29.1% 44.7% 3.2% 17.7% 20.4%
50 20.5% 28.2% 43.0% 2.4% 17.0% 19.0%
55 21.4% 26.8% 42.4% 7.5% 18.1% 24.2%
60 15.8% 23.2% 35.3% 4.6% 18.9% 22.6%
65 21.1% 30.0% 44.7% 5.5% 19.6% 24.0%
70 18.7% 28.4% 41.7% 5.7% 19.8% 24.5%
75 16.5% 26.9% 39.0% 5.9% 20.0% 24.8%
80 15.0% 26.0% 37.1% 6.7% 20.7% 26.0%
Average Error 17.9% 35.3% 47.2% 4.5% 22.8% 26.0%

The voltage in the analytical method had a percentage error of 17.9%, while the
computational numerical method presented an error of only 4.5%. These results suggest
that the computational model is significantly more accurate in estimating voltage, possibly
because it considers temperature-dependent parameters.

As for the current, the analytical method presented an error of 35.3%, while the
computational numerical method had an error of 22.8%, again showing greater accuracy of
the computational model.

The 80 °C gradient was selected as it is representative of steady-state operation in
practical applications. When comparing the graphs (Figures 10c and 12c), it becomes evi-
dent that the computational method offers more accurate and reliable estimates compared
to the analytical method when confronted with the experimental data. This underscores
the importance of using detailed computational models to obtain more realistic predictions,
considering temperature variations and other influencing factors.

Although the analytical model provides quick estimates, it does not account for vari-
ations in material properties with temperature changes, which can lead to significant
discrepancies in real-world scenarios where thermal conditions are dynamic. The compu-
tational model, in turn, offers more detailed and accurate insights, although it requires
substantial computational resources and precise data for predictions.

The experimental approach validates the theoretical models and highlights practical
challenges, such as thermal management and electrical insulation, which are crucial for
the effective implementation of TEG systems. The experimentation also revealed practical
issues not captured by the theoretical models, such as thermal transfer between hot and
cold surfaces, which affect the accuracy of the models.

Moreover, the theoretical models assume a uniform temperature gradient throughout
the TEG multi-string arrangement, which is an oversimplification. In practice, surface
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roughness and other thermal resistances create significant variations in the temperature
gradient and thermal losses of the TEG [25].

Therefore, each methodology has its strengths and limitations. An integrated approach
that combines all three methodologies offers the most comprehensive solution for TEG
system design: the analytical model is effective for initial sizing, the computational nu-
merical model provides detailed performance analysis under variable conditions, and the
experimental model validates the system’s applicability on a real scale, offering directions
for future optimizations.

As a continuation of this research, the focus will be on developing a computational
model that incorporates the other parameters, taking into account temperature gradient
fluctuations, the variation of internal resistance with temperature, and other external
influencing factors such as the inclusion of thermal losses associated with coupling and
temperature gradient variation along the surface of the TEG multi-strings.

Buck Converter Design: Computational and Experimental—In order to ensure that
the multi-string TEG provides a stable power supply to the load at a constant voltage,
it is essential to design and implement a buck converter. The design of this converter is
based on the voltage and power parameters generated by the TEGs and the required values
needed to power the load. Additionally, the energy utilization characteristics for DC-DC
converters, as illustrated in Figure 3, were considered in the design process.

To reduce the available DC voltage from the TEGs to a lower and constant value, a buck
converter was designed utilizing the fundamental equations governing such converters.
Figure 13 depicts the TEG modules integrated with the buck converter circuit modeled in
Simulink®. Two distinct simulations were conducted: one under open-circuit conditions
(No load) and the other under loaded conditions, employing the parameters listed in
Table 5.
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Figure 13. Demonstration of buck converter circuit with a resistive load.

Table 5. Buck converter design parameters circuit simulation.

Parameter Value Description
« 0.048 V/K Seebeck Coefficient
RinT 16.55 Q) Internal Resistance (series)
NseRIE 10 Module number in series
NpARALLEL 2 Module number in parallel
AT From 0 °C to 80 °C Gradient
ATNT 5°C Gradient increment interval
Pyipp 30 W Maximum power output
PN 70W Maximum power input
Vin 24V Input voltage
Ry, 48 Q) Load resistance
Vo 12V Maximum output voltage

Io 25A Maximum output current
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Table 5. Cont.
Parameter Value Description
Aip, 5% of Ip Maximum ripple current
AVp 2% of Vo Maximum ripple voltage
fs 1 MHz Switching frequency
L 33 uH Inductor
c 27 uF Capacitor

The temperature gradient was incremented in 5 °C steps up to 80 °C. For each in-
crement, the input and output voltages of the converter were measured. The resulting
graphs, presented in Figure 14, show the relationship between the input voltage and the
output voltage of the converter, both under open-circuit conditions and with a 4.8 Ohm
load connected at the output.
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Figure 14. Computational simulation results (open circuit and with load).

When operating under open-circuit conditions (no load), the converter exhibits a slight
voltage drop compared to the input voltage at a AT of 25 °C. Under loaded conditions, the
output voltage is approximately one-third of the input voltage at a AT of 70 °C, success-
fully achieving the expected voltage output designed for the converter. Additionally, the
performance of the buck converter was experimentally analyzed by calculating the overall
efficiency based on the input and output values of the converter (Table 5), demonstrating
an efficiency exceeding 92.5%.

7. Conclusions

This paper presents a comprehensive comparative analysis of the accuracy of various
methodologies for the design and analysis of thermoelectric generators (TEGs) operating
under different temperature gradients. By employing analytical, computational numer-
ical, and experimental approaches, the research aimed to evaluate the performance and
efficiency of TEG systems in energy harvesting applications.

The findings of this study demonstrate that each methodology offers unique and
valuable insights into the performance of TEG systems.

Analytical Methodology: The analytical model effectively estimated power output,
voltage, and efficiency based on theoretical performance data across industrial temperature
gradients. This methodology is particularly useful for initial dimensioning and config-
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uration, providing quick and reliable estimates that can serve as a foundation for more
detailed analyses.

Computational Numerical Model: The Simulink/MATLAB model, which incorpo-
rated temperature-dependent variations in the Seebeck coefficient and internal resistance,
produced highly accurate predictions. The detailed analysis provided by the computational
model under varying temperature conditions underscored the importance of accounting
for these variations to achieve realistic and reliable results in the TEG system design.

Experimental Analysis: The experimental tests validated the performance of the
TEG prototype, confirming the accuracy of both the analytical and computational models.
Furthermore, the experimental approach identified practical challenges, such as thermal
management and electrical insulation, which are critical for the successful implementation
of TEG systems in real-world applications.

The comparative analysis revealed that an integrated approach, combining analytical,
computational, and experimental methodologies, offers the most comprehensive solution
for TEG system design. The analytical model is effective for initial design and dimensioning,
the computational model provides detailed performance analysis, and the experimental
analysis ensures real-world validation, making this approach robust and reliable.

In summary, this paper highlights several key contributions and potential applications
of TEG systems, particularly those operating in multi-string electrical arrangements for
energy harvesting. These systems have potential applications across various sectors, in-
cluding wearable electronics, building integration, and automotive industries. The research
demonstrates the value of an integrated approach that combines analytical, computational,
and experimental methodologies for the design and analysis of TEG systems. Where, the
key contributions of this study include: (i) comparative evaluation: the research success-
fully compared different methodologies for TEG design, providing a thorough evaluation
of each approach’s accuracy and efficiency. (ii) Integrated insights: the integrated method-
ology offered unique insights into the performance and efficiency of TEG systems, with the
combined approach delivering the most robust and comprehensive solution. (iii) Experi-
mental application: the potential for using these modeling approaches in the accurate and
efficient design of TEG systems in energy harvesting contexts is significant. The innovative
aspects and advantages of the methodologies are as follows:

Simplified Analytical Method: This method uses performance curves provided by
manufacturers, offering a quick way to estimate TEG configuration and sizing values. Its
main advantages are the ease of application and rapid estimation of electrical configuration,
making it ideal for initial analyses. However, this method does not consider external factors,
non-uniform temperature gradients, coupling resistance, and variations in the internal
resistance of the modules, leading to a higher margin of error.

Computational Method Integrated with the Analytical Model: The integration of the
computational method with the analytical model allows for the inclusion of critical factors
such as internal losses, variations in temperature gradients between strings, and coupling
resistances. This approach offers greater accuracy by considering the variation of internal
resistance as a function of temperature, enabling a more realistic estimate of the system
output. When used together, the computational model enhances the precision of the results,
providing a detailed analysis of real operating conditions.

Practical Implications and Future Research Directions: The methodologies developed
in this study significantly contribute to the understanding and implementation of TEGs in
energy harvesting systems, promoting energy efficiency and sustainability. The study facili-
tates the practical application of TEGs, especially in self-powered systems, standing out for
its practical approach and adaptability. Future research should focus on developing models
that integrate dynamic temperature gradient variations and external parameters, as well as
exploring new materials that could improve TEG performance under extreme conditions.
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Challenges in Practical Applications: Among the main challenges identified are the
precise control of temperature gradients and the need to manage thermal losses and coupled
resistances, which directly affect TEG performance. Practical implementation requires care-
ful adaptation of theoretical models to reflect the complexities of real operating conditions.

The integrated approach proposed in this study offers a robust and accessible pathway
for the design and analysis of multi-string TEGs, enhancing prediction accuracy and pro-
moting broader use in diverse sectors. The methodologies developed serve as a foundation
for future research and practical applications, enhancing the efficiency and sustainability of
energy harvesting technologies. As a continuation of this research, it is proposed to develop
an integrated model for the sizing of the heat transfer system and the MPPT converter
with an optimized power conditioner. This model should combine thermal and electrical
simulations using computational tools to maximize TEG efficiency, utilizing advanced
techniques to optimize energy extraction and storage for energy harvesting applications.
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