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Abstract: Thermoelectric generators (TEGs) are used in small power applications to generate electrical energy from
waste heats. Maximum power is obtained when the connected load to the ends of TEGs matches their internal resistance.
However, impedance matching cannot always be ensured. Therefore, TEGs operate at lower efficiency. For this reason,
maximum power point tracking (MPPT) algorithms are utilized. In this study, both TEGs and a boost converter with
MPPT were modeled together. Detailed modeling, simulation, and verification of TEGs depending on the Seebeck
coefficient, the hot/cold side temperatures, and the number of modules in MATLAB/Simulink were carried out. In
addition, a boost converter having a perturb and observation (P&O) MPPT algorithm was added to the TEG modeling.
After the TEG output equations were determined, the TEG modeling was performed based on manufacturer data sheets.
Thanks to the TEG model and the boost converter with P&O MPPT, the maximum power was tracked with a value of
98.64% and the power derived from the TEG was nearly unaffected by the load changes. The power outputs obtained
from the system with and without MPPT were compared to emphasize the importance of MPPT. These simulation
values were verified by using an experimental setup. Ultimately, the proposed modeling provides a system of TEGs and
a boost converter having P&O MPPT.
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1. Introduction
Thermoelectric generators (TEGs) are semiconductor devices that convert the temperature difference between
surfaces into electrical energy directly [1]. In order to increase their voltage, thermoelements (TEs) of p and n

types are electrically connected in series and thermally connected in parallel to raise thermal conductivity [2].
They are utilized as small power electric energy sources both to gain electrical energy from waste heats and to
contribute to energy efficiency [3–6].

TEGs have some advantages and disadvantages. Their advantages are that there are no moving parts,
they have a long service life, and they operate quietly. Moreover, they do not release greenhouse gases and
therefore do not have any harmful effects on the environment. However, they have two disadvantages, which
are low efficiency and high cost. For these reasons, the usage areas are limited [7, 8]. However, considering the
contribution of TEGs to energy efficiency, the generated electricity is quite valuable.

When a load is directly connected to TEG terminals, if the load resistance and the internal resistance
of the TEG are not equal, TEG efficiency decreases further. This is called an impedance imbalance [9–11]. In
∗Correspondence: hayati.mamur@cbu.edu.tr
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order to avoid this, they are used with converters that perform both maximum power point tracking (MPPT)
and power regulation as in photovoltaic panels (PVs) [12–15]. Various algorithms have been developed for the
MPPT process in these converters. It is observed that these algorithms are adapted from PVs [16, 17]. The
most common of these is the perturb and observation (P&O) algorithm. The algorithm is a reference for other
algorithms and the results of the developed algorithms are compared with those of the algorithm [18, 19]. The
focus of the present study is on detailed modeling of a TEG with the Seebeck coefficient and temperature
difference provided by the TEG manufacturers, as well as the minimization of impedance imbalance by means
of a boost converter with P&O MPPT.

TEG manufacturers publish datasheets of TEGs. The datasheets include maximum power, current, and
voltage when the impedance matching is provided. Furthermore, they ensure hot and cold surface temperatures
that can be reached by TEGs. In addition, they indicate the Seebeck coefficient, which is one of the most
important criteria. When a TEG is modeled via temperature difference and Seebeck coefficient, the power value
taken from the TEG can be calculated easily. Furthermore, the power of TEGs is low. For this reason, they
must be connected in series and parallel to achieve the desired power value [20, 21]. They are connected in
series in order to increase voltage and connected in parallel in order to raise current. If the numbers of series
and parallel connected TEGs are arranged in modeling, ideal modeling will be carried out for industrial TEG
users.

In the literature, TEG models have been given with the product characteristics of the manufacturers.
In these studies, hot and cold side temperatures, power, voltage, and current matching and optimal efficiency
values were used together for the TEG models [22]. The responses of TEGs were measured by observing
the changes in rapidly changing temperature conditions [23]. Moreover, the efficiency values obtained from
the series/parallel connection of TEGs with each other were determined [24]. In addition, TEGs have been
utilized in both thermoelectric coolers (TECs) and PVs to improve energy efficiency in grid-on and grid-off
applications [25, 26]. They contribute to increase the energy efficiency of PV panels throughout by converting
the temperature difference between the heated and the relatively cold surfaces of PV into electrical energy.

When the modeling studies are examined carefully, the detailed modelings of PV by MATLAB/Simulink
are quite common and these are the basis of other studies [27–33]. However, it appears that TEGs have not been
modeled in detail by means of Seebeck coefficient and cold-hot side temperature values. Therefore, the present
study is based on the modeling of TEGs with these parameters so that MPPT applications can be implemented
easily via SimPowerSystems in MATLAB/Simulink. Additionally, the present study provides boost converter
modeling with a P&O MPPT algorithm. Finally, the results of TEG modeling with and without MPPT have
been compared and confirmed by means of an experimental liquid–liquid TEG system setup newly installed.

One of the most important features of the present paper, which differs from the studies in the literature,
is to simulate TEGs by entering the Seebeck coefficient, the hot/cold side temperatures, and the number of
modules, as well as the addition of MPPT to these simulation studies. There are some models in the literature
related to TEGs [9, 10, 22]. However, when these studies are taken into consideration, it is seen that there is
no study involving comprehensive modeling. TEG modeling, boost converter modeling with and without P&O
MPPT, and the verification of these simulation studies by means of an experimental setup will be a great source
for researchers in this field.

The presentation of the present study is as follows. After giving the introduction section in the first
part of the study, the TEG structure, equations, characteristic curves, a boost converter, and a P&O MPPT
algorithm are expressed in the material section. The third section is divided into three parts. One of them
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is TEG modeling carried out by means of the hot/cold side temperatures and Seebeck coefficient. Second is
series/parallel connected TEG modeling and the last one is TEG modeling with a boost converter having P&O
MPPT. Then, in the fourth section, the modeling and the experimental outcomes and discussions are given.
Finally, the results are explained at the end of the study.

2. Material
In this section, the structure, equations, and characteristic curves of TEGs, a boost converter, and a P&O
MPPT algorithm are expressed.

2.1. TEGs
A TE is formed by combining high figure of merit p and n type semiconductors. The TEs are connected
in series with each other to increase the voltage. TEGs are made up by connecting the TEs in parallel with
the help of ceramic plates in order to raise thermal conductivity. When a temperature difference between the
ceramic plates is generated, heat transfer from the hot surface to the cold surface becomes possible. The heat
transfer leads to electron flow from the n -type to the p -type semiconductors. Thus, a voltage is generated as
follows:

VOC = α.∆T, (1)

where VOC is the open circuit voltage (V) of the TEG, α is the Seebeck coefficient (V/K), and ∆T is the
temperature difference (K). The temperature difference is between the hot, Th , and the cold surfaces, Tc ,
(∆T = Th−Tc ). The Seebeck coefficient of a good material varies between 100 and 300 µV/K. The temperature
value is determined according to the catalog information provided by manufacturers. The TEGs used for
industrial purposes have a hot surface temperature of up to 350◦C. The value is higher in TEGs used in vehicle
exhaust systems.

The electrical equivalent circuit of a TEG consists of a temperature-dependent voltage source and an
internal resistor, Rin . A load, RL , is connected to the TEG for generating power. When the load value and
the internal resistance of the TEG match (Rin = RL ), the power generated from the TEG reaches a maximum
power point (MPP). As the load value changes, the generated power decreases. When the load is infinite, an
open-circuit voltage is measured from the TEG terminals. Similarly, the load is zero when TEG terminals are
shorted. Therefore, a short-circuit current passes through the TEG. When the power taken from a TEG is at
the MPP point, the open-circuit voltage and the short-circuit current are also in their half-value as described
below:

VMPP = VOC/2 (2)

IMPP = ISC/2, (3)

where VMPP and IMPP are the voltage (V) and the current (A) at the MPP, respectively. ISC is the short-
circuit current (A). The MPP can be defined with these values.

The value of the current passing through the TEG is given below:

ITEG = VOC/(Rint +RL), (4)

where ITEG , Rint , and RL are the current of TEG (A), the internal resistance of TEG (Ω), and the load
resistance (Ω), respectively.
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Depending on the load resistance and the internal resistance, the power taken from the TEG is as follows:

P = VOC
2.RL/(Rint +RL)

2, (5)

where P is the power generated from the TEG (W). The power is sensitive to load changes; at the same time,
it is directly proportional to the temperature difference. As the temperature difference is raised, the power
value also increases and, as a result, the MPP changes. If an equal and constant load to the internal resistance
of the TEG is connected, the MPP value can be captured for a given temperature difference. However, as the
temperature difference varies, the MPP shifts from the old MPP. The load must be adaptive so that the MPP
value can be tracked continuously. For this purpose, an adaptation circuit is placed between the TEG and the
load. The circuits are converters performing both power regulation and MPPT.

2.2. Boost converter
DC–DC converters are electronic devices that efficiently change the voltage level from one value to another.
They are in the group of not insulated converters that increase the DC voltage level from low to high. A boost
converter is illustrated in Figure 1a. The coil of the converter is very important for MPPs. The MPP points are
captured by programmable coil current. This is the principle of MPPT, as presented in Figure 1b. The block
diagram of a TEG system with MPPT is also presented in Figure 1c.

Figure 1. For MPPT (a) boost converter, (b) MPPT principle, and (c) block diagram.

The voltage in a boost converter is raised by switching the S1 switch from a few kHz to a few MHz. The
ideal switching frequency is between 20 kHz and 2 MHz. The output voltage is regulated by the duty cycle of
the switch. When the S1 switch is switched on, the current flows through the L1 coil and the S1 switch, and
the energy is stored in the magnetic field of the coil. A current does not flow through the D1 diode and the load
current is provided via the C1 capacitor. When the S1 switch is switched off, the drop in the L1 coil current is
immediately supplied with its back-electromotive force and the L1 coil voltage is added to the source voltage.
The current flows through the L1 coil, the D1 diode, and the RL load, and thereby the capacitor C1 is charged.
Therefore, the output voltage is greater than the input voltage and the voltage equation is as follows:

Vout/Vin = 1/(1−D), (6)

where Vout , Vin , and D are the output voltage, the input voltage, and the duty cycle, respectively. The 1−D

value is proportional to the on position time of the S1 switch. The boost rate is as follows:

Vout/Vin = T/Toff , (7)

where T is the switching cycle (s) and Toff is the off cycle of switching (s).
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2.3. P&O MPPT principle

The power obtained from TEGs varies by not only load variations but also temperature differences. This results
in a change in MPP. In this case, a MPPT algorithm is used to monitor the MPP. MPPT is realized by changing
the D value of the S1 switch in the boost converter. This is explained for MPPT in Figure 2a.

For better understanding of the MPPT principle in TEGs, it is assumed that the voltage/power curve in
Figure 2a first starts at point A. The target is the capture of T, which is the MPP. The voltage at point A is V2
and power is P5. If the voltage value is increased from V2 to V3, the power value will be from P5 to P6. The
new operating point on the power curve is C. Again, when the voltage value is reduced from V2 to V1 while
at point A, the power value also comes from P5 to P3. The operating point is D in the power curve, which
is a sign of a drop in the power value. Accordingly, in order to reach T from A, the voltage will need to be
increased continuously. In other words, the voltage value must be increased in order to capture the MPP in the
region where the derivative of the power is positive according to the voltage. On the other hand, given point B,
the variation in voltage and power will be different. If the voltage is reduced and brought from V5 to V4, the
power value also comes from P2 to P4. The new operating point is E, which is an increase in the power value.
However, if the voltage value is increased from V5 to V6 at point B, the power value comes from P2 to P1 and
the power value is reduced. Accordingly, the new operating point on the power curve is F. In other words, the
voltage value must be reduced in order to capture the MPP in the region where the derivative of the power is
negative according to the voltage. These possibilities are given in Table 1.

The P&O MPPT algorithm, which needs to be composed to operate the system at the MPP point, is
shown for the boost converter in Figure 2b. Firstly, the current and voltage values are measured by sensors.
Secondly, the power value is calculated. The changes in the power and voltage are found and then the change
value in power is queried. If the power change is positive, the voltage change is questioned and if it is positive,
D value is reduced by ∆D . If the voltage change is negative, D value is increased by ∆D . Then it is returned
to the beginning again. With a new measurement, the power value is calculated and the new power and voltage
variations are found. According to these values, if the power change is negative, the voltage change is again
questioned. If the voltage change is positive, D value is increased by ∆D . If the voltage change is negative, D
value is reduced by ∆D . This process is continued until the MPP value.

Figure 2. For MPPT principle (a) voltage/power curve of TEG and (b) P&O algorithm.
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Table 1. P&O MPPT algorithm probabilities.

Voltage variation ∆D Power variation ∆P Direction of P&O MPPT
+ + +

+ − −
− + −
− − +

Although the MPP point in the P&O algorithm can be found, oscillations occur around the point because
the process is still running at the point. This is a disadvantage and it is desirable to minimize these oscillations.
Large ∆D values result in bigger oscillations in the MPP, although this results in rapid MPP capture. Moreover,
although small ∆D ranges result in slow MPP capture, this reduces the magnitude of MPP oscillations. Another
drawback is that the MPP will change when the temperature difference changes and in this case a separate
oscillation will occur for the presence of the new MPP.

2.4. Experimental setup

When a TEG is used alone in a system as a single module, the obtained power value is low. To increase this power
value, they should be connected in series or parallel. For this purpose, a hot/cold plates design was prepared
as shown in Figure 3a. A setup of 40 TEGs was used in the setup. Those were placed between three aluminum
plates. Twenty of them were connected in series in order to increase the voltage value. Additionally, in order to
enhance the current value, these two groups of 20 were connected in parallel. In the experimental installation,
hot and cold water were passed from the middle and outside aluminum plates, respectively, for providing the
temperature difference. Thus, electric energy was generated by the obtained temperature difference.

In order to compare the simulation with the experimental results, the experimental setup given in
Figure 3b was carried out. In Figure 3b, five Brymen BM 907S digital measuring instruments were used.
The input/output current/voltage values of the TEG system were measured by four of them. The current and
voltage measurement error values of the measuring instruments were 1.2% and 0.6%, respectively. With the
help of another measuring device, both the hot and cold water outlet temperature values of the TEG system
were taken. The measurement error value of the measuring instrument was 0.4%. A K-type point thermocouple
was used to measure the temperature values. As a hot water input source in the system, a Baymak brand
thermosiphon was preferred. The device increased the water temperature to about 90 ◦C. The temperature
value of the hot water was taken from the temperature indicator on the thermosiphon. The measurement error
value of this was 0.5%. For the cold water inlet of the system, running water was used. Four stone resistors
were used to see the system output power values depending on load changes. During the experiments, the flow
rates of the hot and cold water entering the TEG system were kept constant and they were taken out via the
wash basin after use.

3. Method
In this section, the modeling of TEGs with Seebeck coefficient and temperature values given the datasheets of
manufacturers, the TEG modeling in series and parallel without MPPT, and the TEG modeling in series and
parallel with a P&O MPPT boost converter by means of MATLAB/Simulink are explained.
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Figure 3. TEG (a) hot/cold plates design and (b) experimental setup.

3.1. TEG modeling with MATLAB/Simulink

In the present study, the TEGs manufactured by TES Thermoelectric Systems were utilized. Their properties
are given in Table 2.

Table 2. TEG properties.

Properties Value
Hot surface temperature, Th 250 ◦C
Cold surface temperature, Tc 30 ◦C
Open circuit voltage, VOC 4 ± 0.4
Short circuit current, ISC 5.8 ± 0.6
Load matching resistance, Rin = RL 0.7 Ω

Load matching output voltage 2.0 ± 0.2
Load matching output current 2.9 ± 0.3
Load matching output power Rin = RL 5.8 W
Seebeck coefficient 185 µV/K
Figure of merit 2.86 × 10−3K−1

ZT 0.8

Modeling of a TEG modeled and simulated through MATLAB/Simulink is shown as a temperature-
dependent voltage source in Figure 4. In the modeling, the TEG output power was obtained by Seebeck
coefficient and hot/cold side temperatures. In Figure 4a, one TEG was used. The temperature difference
was calculated in the modeling. Moreover, the internal resistance value was entered in the modeling as shown
Figure 4b. Here the TEG modeling is a temperature-dependent controlled voltage source.

3.2. TEG modeling in series and parallel without MPPT
Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs. The
modeling of TEGs connected in series and parallel is depicted in Figure 5. The number of connected modules
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Figure 4. For one TEG, (a) modeling and (b) internal structure.

in the TEG modeling was 20 in series. In this case, the internal resistance of this model was 0.7 × 20 =
14 Ω . In order to increase the generated power, a separate model consisting of 20 TEGs was added to the
series connected model in parallel. Thus, the TEG internal resistance value of the system was 14/2 = 7 Ω . In
addition, current, voltage, and power indicators were put to measure the power to be generated depending on
load and temperature variations.

Figure 5. TEG modeling in series and parallel.

3.3. TEG modeling in series and parallel with a P&O MPPT boost converter

A boost converter with P&O MPPT was included in the designed modeling as shown in Figure 6. Its parameter
values were selected as L1 = 1 mH, C1 = 3000 µF, and switching frequency f = 20 kHz. The power variations
generated from the TEG system in series and parallel were minimized by the modeling.
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Figure 6. TEG system modeling with a P&O MPPT boost converter.

In Figure 6, a variable resistor was connected to the boost converter output. That was changed to
determine the MPPT of the boost converter at different load variations. In addition, a variable temperature
signal was applied to the hot side input in order to determine the reaction of the boost converter with P&O
MPPT at different temperatures. The modeling of the variable resistor and the variable temperature signals
are detailed in Figure 7.

Figure 7. Structure of (a) variable resistor and (b) variable hot side temperature.

In Figure 7, for determining the value of MPPT, the current, voltage, and power indicators were connected
to both the TEG output and the output of the boost converter with P&O MPPT. Lastly, two oscilloscopes
were put to measure the time responses of both the TEG output and the boost converter with P&O MPPT.
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4. Results and discussion
Here the results and evaluations obtained from the TEG modeling and the experimental setup are presented in
three stages. Firstly, the results and evaluations of the TEG modeling in series and parallel without MPPT are
given. Then the results and evaluations of the TEG modeling in series and parallel of the boost converter with
P&O MPPT are explained. Lastly, the experimental verification of the simulated system is presented.

4.1. Results and evaluations of the TEG modeling in series and parallel without MPPT

The results were taken from Figure 5. First, temperatures were kept constant and a variable load was connected
directly to the TEG output terminals. The hot side temperature was entered as 250◦C depending on the given
datasheet information. In addition, the cold side temperature was 20◦C. The variable load was also gradually
increased from 1 Ω to 200 Ω in eleven steps. Depending on the variable load values, the obtained voltage/power
curve without MPPT is given in Figure 8a.

In Figure 8a, the red line marked with rounded pointers indicates the power without MPPT. When the
load value was 7 Ω , the highest power was obtained from the TEG because the value was that of load matching.
There was a decrease in the obtained power under and above that. On account of the fact that it moved away
from the impedance matching, the generated power decreased. Finally, the lowest generated power was obtained
for the load value of 200 Ω .

In order to measure the variable temperature response, the load resistance was kept constant as 7 Ω ,
which was an MPP point. Then the hot side temperature was changed. In that situation, the cold side
temperature was fixed at 20 ◦C. The hot side temperature was gradually increased from 30 ◦C to 250 ◦C in
ten steps. The results obtained are given in Figure 8b.

Figure 8. Results of the TEG modeling connected in series and parallel without MPPT as a function of (a) the variable
load values and (b) the variable temperature values.

In Figure 8b, the red line marked with rounded pointers illustrates the power without MPPT taken as a
function of hot side variable temperature values. When the temperature values were taken into consideration,
it was seen that an increase in the temperature difference was very effective at the generated power value. The
values may not be possible when considering the generation of electrical energy from waste heat in geothermal
areas through the help of TEGs. However, it is possible to achieve a temperature difference of 100 ◦C in these
geothermal fields. In such an area, according to the simulation results, power of about 30 W could be obtained
from a system of 40 TEGs connected to a load resistance of 7 Ω . The change in temperature results in a change
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in the internal resistance of TEGs, because when the hot side temperature rises, the internal resistance of TEGs
increases. In that case, the MPP point shifts.

4.2. Results and discussion of the TEG modeling of the boost converter with P&O MPPT

The obtained results in the modeling were taken from the modeling shown in Figure 6. First, temperatures were
kept constant and the load resistance was changed. The output data of both the TEG output and the boost
converter with P&O MPPT are shown in Table 3. For each value, the simulation was run for 1 s. Furthermore,
the percentage values were illustrated for how much MPPT could be monitored for the different load values.
After that, the temperature of the hot surface was changed gradually. The cold side temperature and the load
resistance values were fixed at 20 ◦C and 7 Ω , respectively.

Table 3. Results of the TEG modeling with a P&O MPPT boost converter as a function of variable load.

Surface temperatures Load (Ω) Current (A) Voltage (V) Power (W) MPPT
(◦C)

RL
I V P (%)

Th Tc Input Output Input Output Input Output

250 20

1 10.540 10.540 11.34 10.54 119.5 111.09 92.95
5 7.025 7.025 35.91 35.12 252.3 246.72 97.80
7 6.055 6.021 42.72 42.15 258.7 253.79 98.11
9 6.301 5.313 40.99 47.82 258.3 254.07 98.37
15 6.488 4.115 39.69 61.73 257.5 254.02 98.64
30 6.056 2.905 42.72 87.16 258.7 253.20 97.87
50 5.818 2.246 44.37 112.30 258.1 252.23 97.71
75 5.673 1.830 45.39 137.30 257.5 251.26 97.58
100 5.567 1.582 46.13 158.20 256.8 250.27 97.46
150 5.452 1.282 46.93 192.20 255.9 246.40 96.30
200 5.351 1.094 47.64 218.90 254.9 239.48 93.94

Table 3 shows that almost all of the generated power of the TEG could be transferred to the output
through MPPT, even without impedance matching. It was determined that the highest performance of MPPT
was achieved for 15 Ω . Although the power transfer was 253.79 W when the impedance matching of the system
was 7 Ω , the value was 254.02 W for 15 Ω with the highest power transfer. In order to compare the power
with MPPT and without MPPT, the obtained power and voltage variations are shown in Figure 8a. Here the
green line marked with a green cross marker indicates the power with MPPT as a function of load variations.
In the system without MPPT, while the power value dropped after 7 Ω impedance matching value, there was
no decrease in the system with MPPT.

The results obtained from the output of the TEG and the boost converter with P&O MPPT are detailed
in Table 4 when the hot side temperature is changed by keeping the load resistance constant at 7 Ω .

Depending on the data in Table 4, it was seen that the power values obtained in small temperature
differences were sufficient for very low power electronic devices. However, in the case of the bigger temperature
differences, the increase in the power value was very distinct. In addition, although the transfer value of MPPT
was lower in small temperature differences, it was higher in larger temperature differences. When keeping the
load at 7 Ω , the obtained power values with MPPT and without MPPT as a function of variable temperature
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values are shown in Figure 8b. Here the green line marked with a green cross pointer indicates the power with
MPPT.

Table 4. Results of the TEG modeling with a P&O MPPT boost converter as a function of variable temperature.

Surface temperatures Load (Ω) Current (A) Voltage (V) Power (W) MPPT
(◦C)

RL
I V P (%)

Th Tc Input Output Input Output Input Output
30

20 7

0.282 0.213 1.725 1.490 0.486 0.317 65.24
50 0.806 0.738 5.460 5.163 4.401 3.810 86.58
70 1.313 1.265 9.310 8.858 12.224 11.205 91.67
90 1.850 1.790 13.06 12.55 24.161 22.465 92.98
110 2.490 2.345 15.87 16.05 39.516 37.637 95.24
130 2.910 2.850 20.32 19.95 59.131 56.858 96.15
150 3.416 3.379 24.19 23.65 82.633 79.913 96.71
175 4.069 4.039 28.87 28.28 117.472 114.223 97.23
200 4.749 4.700 33.36 32.90 158.427 154.630 97.60

On the other hand, as another part of the study, the load and temperature variations of the TEG system
that have the boost converter with P&O MPPT were recorded depending on time. The modeling was subjected
to both load and temperature variations and the MPP values were measured. The system response to the load
variations is given in Figure 9a. The system modeling was run at 25 Ω for 0.25 s and then the load resistance
was raised to 100 Ω with a large change in the resistance. In that case, the hot side temperature was 250 ◦C
and the cold side temperature was 20 ◦C.

In Figure 9a, when the TEG system with MPPT was operated with a load of 25 Ω , the time to find the
MPP was 0.2 s. When the load value was raised from 25 Ω to 100 Ω , the MPP point was captured in 0.65 s.
The values were shown with the help of lines 1 and 2. The increase in load value was very effective at the time
of capturing the MPP of the TEG.

On the other hand, the response of the modeling to temperature variation is shown in Figure 9b. The
modeling was run for the hot side temperature of 120 ◦C for up to 0.3 s. After that, the hot side temperature
value was raised to the highest utilization temperature of 250 ◦C suddenly. When the hot side temperature
was increased from 120 ◦C to 250 ◦C, the time stabilize of the MPP is indicated between lines 1 and 2.

In Figure 9b, the hot side temperature change was suddenly carried out. Although the situation was not
seen in real systems, it was effective to measure the system response. When the system was operated with the
first 100 ◦C temperature difference, the MPP capturing time value was less than 0.1 s. Again, when the 230
◦C temperature difference occurred, the MPP capturing time value was greater than 0.1 s. When they were
evaluated, the MPP capturing time was slightly longer for the high temperature difference value.

4.3. The experimental verification results of the simulated system

Firstly, as in the MATLAB/Simulink design shown in Figure 5, the load resistance was directly connected to
the TEG terminals and the results were obtained from the experimental setup. Then, as shown in Figure 6,
the results of the boost converter with P&O MPPT were taken from the experimental setup. The internal
resistance of the TEG system was 7 Ω . During the experiments, the data were recorded for the highest hot side
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temperature value of 89 ◦C and the lowest cold side temperature of 21 ◦C, which gave maximum/minimum
hot/cold sides temperature values. In the experiments, because of the obtained low temperature difference ∆ T

= 68 ◦C, the generated power was about 20 W. Simulation results were obtained for the values. After that,
they were compared with the simulation results. Eight different values were used for the connected load of the
system, i.e. 1, 5, 7, 9, 15, 30, 50, and 75 Ω .

Figure 9. Response of the P&O MPPT boost converter to (a) the load resistance and (b) temperature variations.

In the experiments fulfilled without MPPT, the TEG system was highly affected by load changes and
the highest power was achieved with the load value about 7 Ω , which was the impedance matching value as
expected. The power absolute error values were 0.13, 0.36, and 0.17 when loads of 1, 7, and 75 Ω were connected,
respectively. The comparison of experimental and simulation results without MPPT is shown in Figure 10a as
a function of the load variations.

The experimental and the simulation results having the P&O MPPT algorithm embedded in the boost
converter are compared in Figure 10b. The obtained power in the application with MPPT was not affected
very much by the load variations and the power was close to the impedance matching. The load variations
were applied at the steps of 1, 5, 7, 9, 15, 30, 50, and 75 Ω , as in the system without MPPT. According to the
obtained results, the power absolute error values between the experimental and simulation results were 0.05,
0.37, and 0.81 for 1, 7, and 75 Ω loads, respectively.

Figure 10. Comparison of the power curves as a function of the load variations (a) without MPPT and (b) with MPPT.
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5. Conclusion
In this study, the modeling of TEGs via MATLAB/Simulink was presented depending on the Seebeck coefficient
and temperature values provided by TEG manufacturers. The modeling was designed in such a way that the
quantities of TEGs connected in series and parallel could be entered. In addition, both the direct load connection
and the load connection with the P&O MPPT boost converter models were carried out to emphasize the
importance of impedance matching between the load and TEG internal resistance. Although the modeling
without P&O MPPT obtained the highest power on the impedance matching, the highest value was far from
this power value for other load values. Furthermore, 98.54% of the TEG power was transferred to the output by
means of the proposed boost converter with P&O MPPT. The proposed TEG and P&O MPPT boost converter
models were confirmed by means of an experimental liquid–liquid TEG system setup. Consequently, both the
TEG and the P&O MPPT boost converter models were presented for TEG users.
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