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Abstract
One way to manage low-temperature heat is to convert it directly into DC electricity using thermocells.
By placing a single thermoelectric generator or a battery of thermoelectric cells between two heat exchangers,
one side with a higher temperature medium and the other with a lower temperature medium, a temperature
difference is created between the covers of the thermoelectric elements, which causes heat transfer and
the generation of electricity. The module with thermogenerators and exchangers (MTEG) discussed in the
article is equipped with a developed measurement system. This system is used to determine the electric
current of twenty, serially-connected thermoelectric generators and to measure the electric voltage across
the load resistance of the thermoelectric circuit. The publication presents subcircuits for measuring the
internal resistance of two thermogenerators placed symmetrically in individual sections of the MTEG
module. According to the developed test method, the measurement system was verified in cyclic tests with
varying thermodynamic forcing. The accuracies of the test bench electric parameter measurement paths were
estimated, yielding expanded uncertainties of ±0.012 W in the measurement of generated electric power and
±0.0008 Ω and ±0.0009 Ω in the resistance of the internal thermogenerators, respectively. Repeatability (EV)
was verified and the “capability” of the developed measurement system to function correctly was confirmed..
Keywords: thermoelectric cell, measurement of electric parameters, measurement, uncertainty, internal
resistance.

1. Introduction

Increasing energy demand, dwindling fossil fuel resources and, at the same time, concern
for the environment imply the need for new initiatives, such as improving the energy efficiency
of processes, increasing the use of renewable energy [1] and reducing carbon dioxide (CO2)
emissions. In particular, waste heat management could improve the energy efficiency of many
processes. Some countries and their industries are a case in point, e.g.: in Turkey, about 41% of
the total heat consumed in the manufacturing industry (cement plants) is not used [2, 3], in Serbia,
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about 45% of heat is lost in industrial installations [4], and in France it is estimated that about
30% of heat energy is unused and lost in the form of hot flue gases, cooling water and heated
product [5].

One method of managing waste heat is its conversion to electricity using thermoelectric
cells and the Seebeck phenomenon [6]. Thermoelectric cells in a single thermoelectric generator
(TEG) are usually connected in series, and entire TEG components are connected serially or
parallelly to form larger thermoelectric generator sets/batteries [7]. A thermoelectric generator
generates electricity when temperature difference ∆T between its opposite walls is caused by
a hot temperature on one wall and a low temperature on the other [8]. This technology has so far
been used more widely in medical, military and space solutions [9–11]. The structure of such an
element and its electric circuit is shown in Fig. 1.

(a) (b)
Fig. 1. Thermogenerator design; a) electric circuit (1 – ceramic cover, 2 – inner layer of semiconductors type N and P,
ÛQ – heat flux); b) view of the semiconductor layer (1 – ceramic cover, 2 – copper conductor, 3 – P-type semiconductor,

4 – N-type semiconductor) [13, 17].

Thermoelectric generators are based on elements/cells consisting of P and N-type semicon-
ductors. [12]. The materials used in these cells determine their functional performance [13]. The
search for new semiconductors that will convert heat into electricity more efficiently is an active
research direction in thermoelectric technology [14,15]. The quantity that characterises the ability
of a thermoelectric material to convert energy is the ZT factor [16], which is determined by
parameters αS , ρm and λm and temperature T .

ZT =
α2
S

ρm · λm
T, (1)

where:
T – absolute temperature of the material, K,
ρm – electric resistivity of the material, Ω·m,
λm – thermal conductivity coefficient of the material, W/(K·m),
αS – Seebeck coefficient, V/K.
Examples of ZT efficiency values and the temperature range of the materials are shown in

Table 1. Newly developed thermoelectric materials tend to have higher ZT values. They focus
on introducing nanomaterials as additives or making them entirely from nanomaterials [11] and
non-toxic organic materials [14].
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Table 1. Average ZT values for different thermoelectric cell materials.

Material ZT Operating temperature range, ◦C Source
CuxSn1S4 0.6 97 ÷ 297 [18]

Bi2(Te,Se)3 nanowire 1.0 ~ 27 [19]
Bi0.5Sb1.5Te3 & Bi0.3Sb1.7Te3 > 1.0 50 ÷ 250 [20]

Bi2Te3 nanostructured > 2.0 – [21]
PbTe0.7S0.3 2.2 400 ÷ 700 [22]

The use of thermoelectric generators as a source of electricity is beneficial and economically
justifiable [23]. This source has the advantage of being able to generate electricity directly from
a low-temperature heat stream [24]. Such generators are characterised by long life, ability to operate
regardless of position in space, noiseless operation [25], vibration resistance, wide operating
temperature range, high specific power generation efficiency (W/cm2), reliability [26], light weight,
lack of moving parts, and little to no maintenance requirements [27].

The research on TEG elements aims to improve the thermal-to-electric energy conversion
efficiency, which is currently at around 5% (TEC1-12730) for commercial products [26], although
values of approximately 10% for Bi2Te3 alloys [28] and 11.7 % for Pb1−xSbxTe material [29] have
been achieved in laboratory systems.

A limitation of the efficiency of thermogenerators is the need to maintain an even temperature
distribution on their planes (“hot” and “cold”) and a high and constant temperature difference
between them, in the range of their work temperature [25]. The disadvantage of these devices is
their minimal impact resistance [11].

Single thermoelectric generators, due to the low electric power generated, are used to power
low-power electronic components [30–32], such as measurement sensors and simple actuators.
Using systems of multiple interconnected thermoelectric generators (TEG batteries), much higher
electric power can be generated [23,33,34]. To feed it into the public electricity grid, an additional
power conversion system (specialised DC/AC converters) is used [35, 36]. Advanced DC/DC
converters [37, 38] are applied to directly use the electricity generated in this way.

The paper presents a prototype test bench and a developed two-section module with a battery
of thermogenerators. The MTEG module has two prototype sectional heat exchangers and a set of
thermogenerators. The novelty of the developed and verified system for measuring the electric
parameters of the thermoelectric cell batteries of the section module with thermogenerators lies in
the ability to simultaneously measure the generated electric power and the internal resistance of
selected TEG elements placed in each of the two sections. The added value of this paper is the
developed and discussed research methodology of the MTEG module.

2. Description of the measurement system

The test bench consists of a thermoelectric generator module (Fig. 2), which contains three
main components: a hot-side heat exchanger (HSHE), thermogenerators, and a cold-side heat
exchanger (CSHE). Heat ÛQin is taken up from the HS source by the heat exchanger and then
absorbed by the CS source in the form of flux ÛQout. As a result of the heat transfer process,
a temperature difference is created on the covers of the thermogenerators, and DC electricity is
generated within them. The electricity thus generated can be stored (batteries, capacitors) [39]
or converted to a form that meets the user’s needs (e.g. in wearable multi-sensing and medical
applications) [40, 41].
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Fig. 2. Thermoelectric current generation circuit in the MTEG module; 1 – high-temperature part; 2 – thermogenerator
battery; 3 – low-temperature part; 4 – electric circuit load.

This paper describes a system formeasuring the electric parameters of thermoelectric generators
consisting of two main sub-systems. One evaluates the internal resistance of individual TEGs
and the other measures the electric load parameters of thermoelectric generator batteries. Two
generators (Table 2), located in the middle of the individual exchanger sections of the MTEG
module (Fig. 3), were selected to assess the internal resistance of the twenty generators connected
in series (Table 2). Thermogenerators a23 and a28, due to their location in the central parts of the
section, operate under the most stable thermal conditions, as do elements a13 and a18. However,
due to the accessibility of their electrical connections and the thermal insulation of the entire
MTEG module, a23 and a28 were selected for testing as representative systems.

Table 2. Selected thermogenerator parameters [26, 42].

Parameter Value

Dimensions (height × width × depth) [mm] 62 × 62 × 3.9

Heat exchange surface area of a single side of the module [mm2] 3844

Maximum electric power from a single module [W] 4.63

Maximum operating temperature [◦C] 138

P-N connector (number of thermocouples) 127

The system for measuring the electric parameters of the thermogenerator battery of the MTEG
module allows the following to be determined: the electric voltage at individual generators Ua23
and Ua28, the current Iload across the electric circuit, and the voltage drop Uload across the load
resistance (Fig. 4). In the electric parameter measurement system, the individual analogue signals
are processed in the A/A (PCB-P1) and A/D conversion sub-systems or directly converted to
digital form in the A/D converters of the PLC. The system allows online visualisation of the
processed data and its archiving in the PC memory to create knowledge bases.
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(a)

(b)

Fig. 3. View of the test bench – a prototype thermoelectric cell module; a) arrangement of thermogenerator batteries on
a two-section heat exchanger (S1 and S2 – exchanger sections); b) view of the MTEG module from electrical and hydraulic
connections; 1 – liquid flow connections in Section 1; 2 – TEG electrical connections; 3 – exchanger temperature sensors

for Section 1; 4 – liquid flow connections in Section 2; 5 – exchanger temperature sensors for Section 2.

Fig. 4. Block diagram of the measuring system of the thermoelectric battery test module.

The PCB-P1 processing system in a single design solution consists of two electronic analogue
converters which process voltage signal Uload and current Iload, which in turn, are converted to
voltage signals (Fig. 5) and routed to the A/D modules (AnUP1 and AnIP1). The main processing
element in the Uload voltage conversion channel is the LV-P1 converter (LV 25-P, LEM) [43].
The basic parameters of this element are given in Table 3. Based on this data, the mathematical
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formulas in the datasheet [43] and an estimate of the expected voltage on the Rload, the values of
RZP1 (3.13 kΩ) were selected and the maximum voltage of the measuring range of the converter
(Uload = 62.6 V ± 0.5 V) was determined. The resistance Rload consists of two resistors connected
parallelly with an equivalent value of 12.12 Ω (Fig. 6). The measured Uload voltage at the input of
the measurement system is then converted into an output signal in the system, also in the form of
a voltage (at RVP1 = 360 Ω), which is further processed in the A/D module (AnUP1) of the PLC.

(a) (b)
Fig. 5. PCB-P1 two-channel analogue measurement system; a) scheme; b) prototype PCB board.

Fig. 6. View of the load resistors of the thermoelectric battery and the two-channel PCB-P1measuring system; 1 – load
resistors for the thermogenerator circuit; 2 – PCB-P1 circuit, 3 – current measurement control system.

The element that converts the Iload current into electric voltage in the second channel of the
PCB-P1 circuit is the LA-P1 converter (LA 25-NP, LEM) [44]. Its parameters are given in Table 4.
The data from this Table and the estimated value of the current in the thermogenerator circuit
(Iload = 5.0 A ±0.025 A) allowed us to configure the design of the LA-P1 element of the PCB-P1
circuit. The current intensity measured at the LA-P1 converter input is then converted into a voltage
signal (for RIP1 = 300 Ω) and into the digital form in the A/D module (AnIP1) of the PLC.

Voltage measurement on selected thermogenerators is carried out directly by the A/D modules
(AnUa23, AnUa28) of the PLC (Table 5). Such a measurement is possible due to its low expected
value (< 10 V DC) and the electrically isolated design of the analogue measurement module.
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Table 3. Selected parameters of the LV 25-P (LEM) converter [43].

Parameter Value

Power supply voltage [V] ±15

Primary rated RMS current (IPN) [mA] 10

Measured voltage DC, AC (UPN) [V] 10 ÷ 500

Secondary nominal current RMS (ISN) [mA] 25

Total errorUPN at IPN, tA = 25◦C, ±15 V (±5%) [%] ±0.8

Linearity error [%] < 0.2

Ambient temperature during operation (tA) [◦C] 0 ÷ 70

Mass [g] 22

Dimensions (height × width × depth) [mm] 15.2 × 26 × 29.2

Table 4. Selected converter parameters LA 25-NP (LEM) [44].

Parameter Value

Supply voltage [V] ±15

Current intensity, AC (IPN) [A] 5 ÷ 25

Secondary rated current RMS (ISN) [mA] 25

Total error at IPN, tA = 25◦ [%] ±0.5

Linearity error [%] < 0.2

Ambient temperature during operation (tA) [◦C] −40 ÷ 85

Mass [g] 22

Dimensions (height × width × depth) [mm] 16.4 × 26 × 29.2

Table 5. Main parameters of the A/D module of voltage measurement [45].

Name and type Element description, parameters

Modicon TM5,
type: TM5SAI4L

(Schneider
Electric)

– digital resolution of the module: 12-bit

– input: −10 ÷ 10 V

– module power supply: 20.4 ÷ 28.8 V DC

– input impedance: 20 MΩ

– input tolerance – maximum deviation at ambient temperature 25◦C:
< 0.08% measurement

– input tolerance – temperature drift: 0.006%/◦C measurement

– input tolerance – nonlinearity: < 0.025% full scale (20 V DC)

– resolution value: 2.441 mV

3. Research method

A procedure for the research method has been developed and is shown in Fig. 7. This algorithm
determines the electric parameters of a system with thermogenerators, the total electric power
generated, and the internal resistances of two example TEG elements.
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Fig. 7. Experiment procedure.

The first step of the algorithm is initialisation, during which the following parameters are
set: the fluid circuits in the hot-side heat exchanger of the thermogenerators (HSHE) to the flow
TEG-O2 / O2 (flow inwards), described in detail in the paper [46] and the flow to the right in the
cold-side heat exchanger (CSHE) (Fig. 8). In this step, the temperature and flow parameters of the
cold liquid of the CSHE are also set.

Fig. 8. View of the MTEG module with liquid flow directions in the sections (S) of the exchangers;
1 – HSHE exchanger; 2 – thermogenerator battery layer; 3 – CSHE exchanger.

In the next steps, different setpoint values are selected: temperature tj in the inlet section
of the HSHE exchanger and liquid flow rate qk . For a given iteration of the test process, the
values of the indicated electric parameters are determined (Uload, Iload, Ua23, Ua28). The algorithm
allows for the execution of a single experiment with a given duration τ, which influences the
run length of the iteration loop. The range of variation of a single iteration time was defined
as an interval (τ = 15 ÷ 30 min) by measuring the values of the electric parameters of the system
with a two-second sampling time. The selection of the duration time is based on the minimum
time required to achieve a fixed heat exchange in the MTEG module.

In the last step, the algorithm enables the determination of the minimum andmaximum values of the
generated electric power PTHM and the internal resistance of the two TEG modules (rim−a23, rim−a28).
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4. Results of the experiment

Using the algorithm shown in Fig. 7, the operation of the sectional MTEG module and the
thermoelectric cell battery electric parameters measurement system was verified. The main electric
parameters of the circuit with thermogenerators were determined (Uload, Iload, Ua23, Ua28), which
made it possible to obtain the values of power PTHM and internal resistances rim−a23 and rim−a28.
The generated electric power was determined indirectly from the measured electric voltage values
Uload and current Iload from dependence PTHM = Uload · Iload. The analysis of the measurement
uncertainty, voltage Uload, and current Iload was conducted for a selection of three variants of the
test method (at constant temperature tj = 90◦C and variable liquid flow qk).

The test was conducted under stabilised heat transfer conditions for each value of the liquid
flow rate. One sample was thirty consecutive observations and the sampling time was two seconds.
The results are shown in Table 6.

Table 6. Voltage measurement resultsUload and current Iload for three liquid flow rates qk .

qk [kg·s−1] 0.20 0.27 0.34 0.20 0.27 0.34

Parameter Uload (tj = 90 ◦C) [V] Iload (tj = 90 ◦C) [A]

Average 18.08 18.30 18.43 1.50 1.52 1.53

Maximum 18.09 18.33 18.45 1.50 1.52 1.53

Minimum 18.06 18.28 18.42 1.49 1.51 1.53

Max. – Min. 0.03 0.05 0.03 0.01 0.01 0.00

σU load = uU load 0.0019 0.0021 0.0051 – – –

σI load = uI load – – – 0.0003 0.0002 0.0001

Compound uncertainty in the measurement of electric power generated uC(PTHM) was
estimated for the data shown in Table 6 and from the mathematical relationship (2) [47].

Figure 9 shows the distribution of measurements Uload and Iload. They are largely symmetric,
unimodal and without extreme outliers. Hence, they can be approximated with the Gaussian
distribution [48, 49]. The expanded uncertainty U95(PTHM) was determined with a coverage factor
adopted of kp = 2 from (3) [48,49]. Values U95(PTHM) at three flow rates qk are shown in Table 7.
The maximum estimated value of the expanded uncertainty in the measurement of the generated
electric power was obtained at a flow rate of 0.20 kg·s−1 and is U95(PTHM) = ±0.012 W.

uC (PTHM) =

√(
∂PTHM
∂Iload

)2
u2
I load +

(
∂PTHM
∂Uload

)2
u2
Uload, (2)

U95 (PTHM) = kp · uC (PTHM) . (3)

Table 7. Extended uncertainties in the measurement of electric power PTHM = f (Uload, Iload).

qk [kg·s−1] 0.20 0.27 0.34

Parameter PTHM [W]

U95 (for n = 30) 0.012 0.009 0.006
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(a) (b)
Fig. 9. Bar charts of sample sizeUload and Iload, conducted at the same temperature.

The maximum estimated expanded uncertainties of measurement of voltage Uload and current
Iload with expansion factor kp = 2 for the data in Table 6 are respectively: U95(Uload) = ±0.01 V
and U95(Iload) = ±0.0006 A.

The estimated maximum expanded uncertainties were taken as the uncertainties of the
measurement sub-systems in question for the presentation of the results: electric power generated,
electric voltage Uload, and electric current Iload. Resistors Rload from Kanthal were used as the
load. The value of the electrical power dissipated on this load during the tests is small and their
operating temperature does not exceed approximately 50◦C, hence the determined thermal drift of
the resistors is no greater than 0.1%. For this reason, it was decided not to include it in the estimated
uncertainty. Examples of the results obtained from the verification of the electrical measuring
system Uload, Iload and PTHM circuit with thermoelectric generators, the thermogenerator test
module, are shown in Fig. 10.

Internal resistances rim−a23 and rim−a28 were determined by measuring the electric voltages
Ua23 and Ua28 and current Iload in the thermogenerator circuit and then calculated from the
relationship: rim−a23 = Ua23/Iload and rim−a28 = Ua28/Iload. Uncertainty analysis of parameter
measurements Ua23 and Ua28 was conducted for three system operating conditions (at constant
temperature tj = 50◦C and variable liquid flow qk) with the size (n = 30) of a single test sample
and a two-second sampling step. The results obtained are shown in Table 8. Compound uncertainty
of measurement of internal resistance values uC(rim−a23) and uC(rim−a28) was estimated based on
the data presented in Table 8, and mathematical relationships (4) and (5). Extended uncertainties
U95(rim−a23) and U95(rim−a28) were determined with expansion factor adopted kp = 2 according to
(6) and (7). The maximum values of the estimated expanded uncertainties of the measurement of
the internal resistance of individual thermogenerators for the individual measurement channels are
respectively U95(rim−a23) = ±0.0008 Ω and U95(rim−a28) = ±0.0009 Ω.

uC (rim−a23) =

√(
∂rim−a23
∂Iload

)2
u2
I load +

(
∂rim−a23
∂Ua23

)2
u2
Ua23, (4)

uC (rim−a28) =

√(
∂rim−a28
∂Iload

)2
u2
I load +

(
∂rim−a28
∂Ua28

)2
u2
Ua28, (5)

U95 (rim−a23) = kp · uC (rim−a23) , (6)
U95 (rim−a28) = kp · uC (rim−a28) (7)
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(a)

(b)
Fig. 10. Electric power generated PTHM as the function of flow rate qk ; a) dependencies PTHM,Uload, Iload for temperature

tj = 90◦C; b) power relations PTHM for different temperatures.

Table 8. Voltage measurement resultsUa23 andUa28 for three flow rates qk .

qk[kg·s−1] 0.21 0.29 0.31 0.21 0.29 0.31
Parameter Ua23 (tj = 50◦C) [V] Ua28 (tj = 50◦C) [A]
Average 0.465 0.468 0.465 0.454 0.458 0.455
Maximum 0.468 0.470 0.468 0.457 0.460 0.457
Minimum 0.463 0.465 0.463 0.450 0.457 0.454
Max. – Min. 0.005 0.003 0.005 0.007 0.003 0.003

σUa23 = uUa23 0.00025 0.00015 0.00024 – – –
σUa28 = uUa28 – – – 0.00029 0.00026 0.00028
Parameter Iload (tj = 50◦C) [A] Iload (tj = 50◦C) [A]
Average 0.735 0.740 0.736 0.735 0.740 0.736

σI load = uI load 0.00019 0.00017 0.00015 0.00019 0.00017 0.00015

Measurements Ua23 and Ua28 presented in Fig. 11 are also quasi-symmetric, unimodal and
without outliers, which justifies the use of the Gaussian approximation. Values of estimated
uncertainties U95(rim−a23) and U95(rim−a28) at three flow rates qk are shown in Table 9.
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(a) (b)
Fig. 11. Bar charts of sample sizesUa23 andUa28 for temperature tj = 50◦C.

Table 9. Extended uncertainty of measurement of internal resistances rim−a23 = f (Ua23, Iload)
and rim−a28 = f (Ua28, Iload).

qk[kg·s−1] 0.21 0.29 0.31 0.21 0.29 0.31
Parameter rim–a23 [Ω] rim–a28 [Ω]

U95 (for n = 30) 0.0008 0.0005 0.0007 0.0009 0.0008 0.0008

The maximum estimated expanded uncertainties of measurement of electric voltages Ua23 and
Ua28 with expansion factor kp = 2 for the data in Table 8 are respectively: U95(Ua23) = ±0.0005 V
and U95(Ua28) = ±0.0006 V. Figure 12 shows selected results from the verification process of the
parameter measurement system Ua23, Ua28, rim−a23 and rim−a28 for the individual TEG elements of
the circuit with the thermoelectric generators of the MTEG module.

Fig. 12. Internal resistance and electric voltage dependence of individual thermogenerators as
the function of the working liquid flow rate.

New measurement systems are subjected to tests that verify their parameters, such as scatter,
centring, capability, repeatability, reproducibility, linearity, and stability [50–53]. The repeatability
of the EV of the developed measurement system was analysed in accordance with the third
procedure of the R&R method [54].

It was determined for each measurement path from two series of twenty-five test trials, with
a two-second sampling time. Examples of the results from the analysis of values of the electric
parameters measured (Uload, Iload, Ua23, Ua28), are shown in Tables 10, 11, 12 and 13.
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Quantity σ∆ and repeatability EV of the measurement system were estimated, with the
maximum spread of the analysed parameters and a confidence level of 99%, as given in Tables 6
and 8. The obtained relative repeatability values of the measurement system are in the range
%EV < 10%, hence the developed and verified measurement system is considered “capable” of
functioning correctly [54].

Table 10. Summary of procedure parameters forUload using standard deviation.

∆̄ [V] s∆ [V] σ∆ [V] EV0.99 [V] %EV0.99 [%]

–0.004 1.47·10−9 1.04·10−9 5.36·10−9 1.75·10−5

∆̄ – arithmetic mean of differences between two series of measurements, s∆ – standard
deviation of the series of differences between measurements, σ∆ – spread of the
measurement system.

Table 11. Summary of procedure parameters for Iload using standard deviation.

∆̄ [A] s∆ [A] σ∆ [A] EV0.99 [A] %EV0.99 [%]

–0.0004 5.38·10−10 3.80·10−10 1.96·10−9 1.09·10−4

Table 12. Summary of procedure parameters forUa23 using standard deviation.

∆̄ [V] s∆ [V] σ∆ [V] EV0.99 [V] %EV0.99 [%]

–0.0004 2.89·10−5 2.04·10−5 1.05·10−4 7.01

Table 13. Summary of procedure parameters forUa28 using standard deviation.

∆̄ [V] s∆ [V] σ∆ [V] EV0.99 [V] %EV0.99 [%]

0.00008 4.08·10−5 2.89·10−5 1.49·10−4 8.54

5. Conclusions

Measurements of the electric parameters of thermoelectric cell batteries operating in a heat-to-
electricity conversion system require high accuracy and repeatability. In the experimental study of
the test bench, an MTEG module containing twenty thermogenerators connected in series and
constructed from bismuth alloys was evaluated. A research methodology was developed for the
thermogenerator module, whose algorithm discussed. The test bench contains several measurement
elements including, but not limited to, temperature, liquid flow and pressure sensors, which are
necessary to force and monitor thermodynamic processes in the system. This paper presents the
verification results of a developed system for measuring the electric parameters of a thermoelectric
cell battery of a sectional MTEG module, in which thermogenerators are symmetrically arranged
with ten elements in each of the two sections.

Experimental investigations were conducted under thermoelectric cell power generation condi-
tions at varying temperatures and hot liquid mass flow rate measured at the inlet cross-section of the
HSHE exchanger and quasi-steady parameters of the heat-taking liquid through the CSHE exchanger.

The current and voltage measurement paths of the load resistance of the serially connected
TEG elements and the two, independent internal resistance measurement paths of the selected
thermogenerators were checked. The accuracy of the measurement of electric parameters of the
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test bench was assessed. The experimental results resembled the Gaussian distribution, with
the compound uncertainties of the generated electrical power and the internal resistance of the
thermogenerators estimated from the experimental measurements being acceptable.

To achieve the required accuracy of the measurement data, the thermoelectric and thermody-
namic phenomena of the module with heat exchangers and thermogenerators had to be analysed
under real conditions. It was found that uniform heat transfer across all thermoelectric cells,
good matching of the contact surfaces between the walls of the TEG elements and the heat
exchangers and the correct strength of their interaction improve the energy conversion efficiency
of the thermocells, and the metrological properties of the electric parameters analysed. The use of
analogue-to-digital converters with 12-bit resolution was guided by their high A/D data conversion
speed and low cost of the measurement modules. The authors strived to design a relatively
inexpensive system because, in addition to fulfilling its primary metrological role, it is intended
for the multiplication and realization of measurements in complex systems containing dozens or
even hundreds of multiplied measuring paths of the presented type.

The developed system for measuring the electric parameters of the cell battery of a sectional
module with thermogenerators makes it possible to accurately determine the electric current and
voltage and estimate power in an electric circuit as well as measure the internal resistance of
the individual TEG elements. The designed measurement paths of the system were subjected
to experimental verification and it was found to be suitable for the metrological analysis of the
discussed measurement task.

The measurement system in question can be part of a more complex system for controlling the
operation of thermoelectric cell batteries and modules with thermogenerators. It allows the electric
voltage of a closed and open circuit of a set of thermoelectric generators, as well as the DC currents
of the circuit under load and short-circuit conditions to be determined. The system also allows the
determination and continuous monitoring of internal resistance of the individual thermogenerators.
The above-mentioned measurement capabilities of the system extend its application possibilities
to real-time devices for regulating and controlling the maximum output power from TEG batteries,
which involves matching (in real time) their internal resistance with an external load [35]. Thus,
the prototype system can be used, for example, in controllers operating according to an MPPT
(maximum power point tracking) type algorithm [36,55].
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