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This paper presents an acquisition system for measuring and characterization of thermoelectric generators (TEGs) for energy
harvesting purposes on wireless sensors networks (WSNs). This system can monitor and characterize up to three TEGs
simultaneously and is comprised of two main electronic circuits: the first one is composed of 12 input channels being three for
reading voltage, three for reading current by making use of instrumentation amplifiers (ACS712), and six thermocouples for signal
reading (<400°C). The second electronic circuit consists of a proportional-integral-derivative (PID) controller with two pulse width
modulation (PWM) input channels for controlling the heat (thermoresistance) and cooling (controlled cooler) sources, respectively,
following a predefined temperature gradient. The TEG measured data for the voltage, current, and temperature can be acquired in
real-time with an application written on Delphi language and displayed both through a numeric and graphical display. In order to
validate the precision and accuracy two commercial TEG modules (inbCl1-127.08HTS) compatible with temperatures up to 200°C
without signal degradation were used in series. The functional prototype of the implemented system had a cost under ~430 USD,
making it suitable where a good knowledge of the electrical characteristics of TEGs is of major interest, especially on cogeneration

systems.

1. Introduction

In the present days, the search for new energy sources is
mandatory in order to respond to continuous demand for
electric energy [1, 2]. Among all the energy sources cur-
rently available, renewable energy [3, 4] and residual energy
scavenging from industrial processes [5, 6] are presented
as viable options. This is not strange, when looking at the
increasing interest of ubiquitous electronic devices in the
everyday life of human-being. Moreover, the complexity and
requirements of these devices are not bounded by strict limits,
which means that the use of batteries cannot be enough to
ensure an uninterruptible working cycle. Therefore, the oper-
ational integration of such devices with some kind of energy
recovering systems can reveal an interesting approach. This is
the main reason behind the growth in the use of external
(and renewable) energy sources for powering the devices
with a process known as energy harvesting [7-24]. Regarding

the latter, the use of materials presenting thermoelectric
properties due to the Seebeck effect makes possible the
conversion of thermal energy into electric energy [25] with
an efficiency of 5-7% [26]. The efficiency follows a close
relation to the Figure-of-Merit, ZT' (dimensionless), which is
conditioned by three factors: Seebeck coefficient, o [VK!],
low electric resistivity, p [Qm], and low thermal conductivity,
x [Wm™ K] [27, 28]. Another performance factor is more
appropriate on TEGs: the power factor (PF [WK 2 m™]). The
PF is defined as the electric power per unit of area through
which the heat flows, per unit of temperature gradient
between the hot and the cold sides. These quantities, for
example, ZT (dimensionless) and PF, are, respectively, given
by the well-known formulas [29, 30]:

ZT = T PF = o« [WK?m™]. 1

px’ p
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FIGURE 2: Acquisition hardware.

Recent researches presented efficiencies higher than 20% by
using new techniques in the development of thermoelectric
materials [31, 32]. In the face of these developments, the use
of TEGs as power sources by harvesting thermal energy from
the cogeneration losses on fabrication plants, transforming it
into electrical energy [33, 34], is expected. In this context, a
monitoring and acquisition system for TEG characterization
is presented, comprised by thermal system with heating and
cooling capabilities and a data acquisition and monitoring
system for temperature, voltage, current, and power. The
resulting data is then acquired and presented in real time by
software developed in Delphi language, making possible the
visualization and study of the thermoelectric material prop-
erties by plotting its efficiency curves. Finally this system is
validated against two inbCI-127.08 HT'S from Thermoelectric
Power Generation connected in series.

2. System Architecture

The acquisition and control system is implemented with a
microcontroller capable of acquiring the data signals from the
thermoelectric modules: temperature, voltage, current, and
power. The following stage offers a PID controller compatible
with two PWM control signals for setting the heat and cooling
sources, by thermoresistance and controlled cooler, respec-
tively, in order to follow the thermal gradient predefined test
parameters. The development of a Delphi running software,

capable of data acquisition and monitoring, plots graphics for
each of the variables being measured. Figure 1 presents the
diagram for the data acquisition system.

The use of this integrated system also offers the advantage
of reducing the necessity of using equipment with different
task capabilities for reading and presenting the data that is
usually involved in these procedures, thus simplifying the
process. The acquisition software saves the data onto hard
drive disc from where it can be printed or exported to other
software for analysis purposes making possible the compari-
son with previous tests.

The use of a universal serial bus (USB) to serial commu-
nication hardware makes possible the use of any personal
laptop computer as an acquisition tool, with the previous
communication driver install being only necessary.

2.1. Hardware. The acquisition hardware offers six channels
for temperature reading (<400°C), three for current (<20 A)
and three for voltage (<24 V4.) making a total of twelve input
channels. Moreover the voltage channels offer the option
for differential readings for each individual thermoelectric
module by using separate voltage references.

The acquisition hardware diagram, shown in Figure 2, is
divided into two main modules: the first one is responsible for
temperature reading while the second for reading the electric
signals and controlling the heat and cooling sources. These
sources are then controlled by two PWM signals generated by
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FIGURE 3: Software main screen showing plotted data.

a PID controller previously calibrated guaranteeing control
precision for the temperature.

The modular acquisition system with noncentralized
architecture enables the independent selection of each indi-
vidual channel. The configuration is done via software by
enabling or disabling each channel according to the test
parameters.

2.2. Software. Data from the acquisition hardware is handled
by a computer running a custom software developed in Bor-
land Delphi 7.0 graphical development environment. In the
software menus it is possible to enable or disable each individ-
ual channel, select the temperature gradient required for the
test, and generate data reports. The dynamic graphical data
presentation can also be stored in archives for future analysis.

Figure 3 shows the acquisition data software main screen:
from top to bottom in the first graph the temperatures in °C
for the heat source (red top line), the low temperature source
(blue lower line), and the temperature differential (black
middle line) are plotted. In the second, third, and fourth
graphs the data for voltage, current, and power is plotted.

The communication between the devices is managed by
the computer which starts by requesting data from the acqui-
sition hardware. If the computer requests the temperature
reading, the first module sends the request. If the request is for
the voltage or current, the first module bypasses the request
to the second module which returns the information accord-
ingly. At last, the computer sets the temperature by sending
the control signals for the thermal (heat and cold) sources.
Figure 4 shows the communication flowchart.

3. Experimental

By maintaining a constant temperature differential on oppo-
site sides of a thermoelectric material current flow is gener-
ated and a voltage differential builds up. In order to study the
characteristics and performance of a thermoelectric device,

PC request/
analyzes data

Information
for first
microcontroller?

Read
temperature
and send to PC

Information
for second
microcontroller?

Read voltage or
current and send
to PC

Send error
message

FIGURE 4: Flowchart for the communication protocol.

a device capable of maintaining a controlled and precise
temperature differential by actuating a heat and cool sources,
resulting in a TEG response curve behavior, is required.

3.1. Measurement Setup. The TEG test setup assembled is
shown in Figure 5. The heat resistor is positioned under the
TEG for rising the temperature of one side while on the top
is placed a heat sink assisted by a cooler for lowering the
temperature. This ensures a constant temperature differential
on opposite sides of the TEG.

Two sheets of aluminium are used: one placed between
the heating resistor and the TEG, while the other between
the TEG and the heat sink. This provides an even temperature
on both TEG surfaces and an attachment point for thermo-
couples. The data was acquired by the previously described
system aided by a computer running the custom software.
Figure 6 shows the schematic for the complete system.

In order to plot the TEG characteristic curves, a temper-
ature gradient (AT) sweep from 5°C to 80°C with 5°C incre-
ment steps was conducted. From the stipulated temperature
gradient was calculated, via software, the control signals for
both the heat and cooling sources. A temperature closed loop
feedback was implemented providing precision by using one
of the three temperature reading channels. This ensures a sta-
ble final temperature differential value for each step by actu-
ating both the heat and cool sources with PWM commands.
The software displays a visual notification when temperature
gradient reaches a constant value ensuring the stability test.

Real-time measurement takes place for the temperature
differential, voltage, and current by activating the respective
reading channels. This synchronized reading for the variables
can be visualized, also in real time, on the computer. By
using the extra reading channels it is possible to acquire the
temperature, voltage, and current at distinct places among the
modules.

This procedure was conducted for all temperature gra-
dients, from 5°C to 80°C, for two separate procedures: in
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the first sixteen tests, were performed without any load, with
the temperature gradient and output voltage only being mea-
sured. In the second another sixteen tests, took place but with
a resistive load attached to the TEG output. The measured
variables were the temperature gradient, voltage, and current.

The performed tests revealed a precision of +1%, +1.5%,
and +1.4% for the temperature, voltage, and current, respec-
tively, with a maximum error of 1%. These values were
obtained after comparing both the setup performance and a
calibrated hardware performance. Adjustments via software
were made after using data analysis tools based on ordinary
least squares (OLS) and linear equations.

For every test procedure the sampled data generated
several different files with temperature values for the heated
side, cooled side, temperature gradient, voltage, current, and
electric power. These files were exported to a spreadsheet
for data treatment in order to obtain a graphical output the
current software cannot plot.

3.2. Measurement Results. This chapter validates the use of
the two inbCl-127.08HTS connected in series by analysing
the test results. The open voltage, V., procedure determines
the output open voltage value for each temperature gradient
value, AT. Figure 7 shows the graphic obtained data analysis
of the open voltage procedure.

Output voltage, V. (V)

0 10 20 30 40 50 60 70 80
Temperature gradient, AT (°C)

FIGURE 7: The open circuit voltage, V,,, [V], as function of the

temperature gradient, AT [*C].

ut

Based on data presented on Figure 7, the generated volt-
age constantly varies with the temperature gradient. For tem-
perature gradients AT in the range 5 to 80°C, the following
equation is obtained after applying the OLS for all the output
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FIGURE 8: The internal resistance of TEG, R, [(2], as function of the
temperature gradient, AT ['C].

voltage samples: V,,, = 78.6 + 82.7 x AT [mV]. The dashed
red line with respect to the linear regression adjusts perfectly
to the measurements (blue diamonds) with a measured
correlation coefficient of 99.97%.

Comparing the data samples with the tendency line it
is clear that for every sample the relation V/I follows the
same variation rate, which translates into a constant internal
thermoelectric module resistance regarding the temperature
at which the test took place making possible the determi-
nation of the internal resistance (Figure 8) for the group of
thermoelectric modules. The dashed red line in Figure 8 was
obtained by considering the mean R, (AT) of individual
values of Ry 1, k = 1,...,6, for each temperature gradient
AT. Then, the latter line was obtained by linear regression of
these individual R, (AT)’s. Theline is defined as R; ; = Ry, o+
Ry aXAT, where R, o = 3.66 Qand R; , = 2.5mQ/°C. This
gives a mean range of temperature gradients around 40°C of
R =3.76 Q.

int,mean-range-AT —

In Figure 9, the triangles represent the mean value ()
of R, (the values represented by the blue xs in Figure 8) for
that specific AT, while the distances into the squares are the
standard deviation o, for that specific AT Thus, for each AT,
the central triangle identifies the internal resistance average,
Rint mean,at- Figure 9 also shows the average line (dashed red
line in the middle) for the internal resistance average value
Rint_mean,a1> Showing that it varies linearly with the increment
of the temperature gradient, AT. For the sample universe, the
mean value of these 15 different values of Ry, eqn a7 is €qual
to (Use + i + -+ + Ugp)/15 = 3.76 ), while the mean value
of o, (for each AT) is equal to (05 + 0 + -+ + g ) /15 =
0.28 Q). Hereby, it is possible to obtain the internal resistance
of 3.76 Q with deviation of 0.28 Q) resulting in R, = R,
AR, = 3.76 + 0.28 Q) for the series modules. In Figure 9, the
distances between the dashed cyan (top line) and green lines
(bottom line) with respect to the dashed red line in the middle
are equal to 0.28 Q.
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FIGURE 9: The medium and standard deviation values of the internal
resistance of TEG, R, [Q], as function of the temperature gradient,
AT ['C].
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By using a fixed resistive load value (Figure10) for
different temperature gradients (AT = Ty — T ['C]), the
same behaviour can be observed without any load, that is, the
output voltage, V., and current, I, increases proportion-
ally with the increment of the temperature gradient, AT, thus
the power output, P, .. The linearity between the temperature
gradients, AT = Ty — T [°C], is also observed which is
explained by the linearity observed in the internal resistance,
R;,»as afunction of the test temperature gradient for the ther-
moelectric module. The red lines (V,; gyeq) in Figure 10 seem
to be parallel to each other, confirming the previous state-
ment. The analysis showed correlation coefficients always
above 99.74%, except for the case with the smaller temper-
ature gradient (e.g., for AT = 5°C), whose value was 97.55%
but still high enough to make the regression lines agree well
with the measurements.
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Data analysis revealed that the increase of the temper-
ature gradient, AT, lead to a proportional increment of the
power output, P, [W], for a fixed load value, R; [Q)], result-
ingin P, = R; - I,,> [W]. By conducting the same tests for
different fixed load values R, it is possible to plot the resulting
maximum power output curves for the output current I,
(Figure 11) and voltage V. (Figure 12) for different temper-
ature gradient values, AT. Both in Figure 11 and in Figure 12,
the red lines were obtained from the minimum square
approximation that resulted in the red lines of Figure 9. In
this context, the red plots P, gieq1Tou) and Py fiied 2 (Vour)
in Figures 11 and 12 were obtained in this manner:

P out,fitted,1 = Iout X Vout,ﬁtted' (2)

Additionally, the measured powers P, (blue dots and black
stars) were obtained as follows:

Pout (Iout) = Lout X Vout‘ (3)

After analysis of the output power curve P, shown in
Figures 11 and 12 it is possible to determine the maximum
power output as a function of the output voltage V. (V)
and output current I, (A) by series module association for
different temperature gradient values (AT).

4. Conclusions

The assembled monitoring and acquisition system presented
a low maximum reading error of +1.5% for all sampled
variables. This was achieved after calibration using precision
instruments as reference and by using an accurate tempera-
ture monitor and PID controller with a maximum error of
+2°C. Moreover, the file export capability enables the use of
more complex data treatment algorithms.

The characterization for the module association was
validated by revealing data coherence with data presented in
[35]. The series configuration for the two inbCI1-127.08 HT'S
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modules from Thermoelectric Power Generation is capable
of supplying P,,, = 2.89 W for a current of I, = 850 mA
and voltage V,, = 3.40 V. The observed load resistance of
Vout! Loue = 3-99 Q is also validated for being contemplated in
the interval defined by [u—0, u+0] Q, wherey = R, = 3.76 Q
and 0 = AR, = 0.28 Q.

The use of the assembled monitoring and acquisition
system presents itself as a viable option for TEG monitoring
and characterization for presenting a low reading error, easy
assembly, and low cost. For all of these considerations, this
setup is also qualified for academic learning purposes where
TEG characterization is desirable.
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