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Abstract: The efficiency of thermoelectric generators (TEGs) is quite low. To operate the
TEGs at the maximum power point (MPP), the internal resistance of the connected load and
the TEG must be equal. This is not always possible. For this, converters containing the
maximum power point tracking (MPPT) algorithm tracking MPP are placed between the
TEG and the load. These converters cannot perform MPPT on every connected load value.
The aim of this study is to investigate and highlight at which load values MPPT can be
performed in non-isolated boost converters by using perturb & observation (P&O) method.
For this purpose, a 50 W converter was designed with a 45.76 W TEG in MATLAB/Simulink
environment. Load resistances have been increased starting from the minimum value up to
5.84 ohm being the internal resistance value of the TEG. For this case, the amount of error
in MPPT was large up to the internal resistance value of the TEG. In other words, the P&O
algorithm could not perform MPPT. When the load resistance value started from 5.84 ohms
and increased to larger values, MPPT could be performed by means of the non-isolated boost

converter with the P&O algorithm.
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1. INTRODUCTION

Thermoelectric generators (TEG) used to recover waste heat
are semiconductor elements. Their output power raises in
direct proportion to the temperature difference between their
surfaces (Mamur et al., 2021). Since the efficiency of TEGs
is low, it is important to generate maximum power for
improving their working performance and ensure that they
work close to full capacity (Mamur and Ahiska, 2015). To
generate maximum power from the TEG, the overall internal
resistance of the TEG setup and the external load resistance
linked to the TEG must be equal (Bond et al., 2015). Ahmet
et al. (2022) used a load resistor and a boost converter under
different conditions to compare MPPT algorithms in
photovoltaic (PV) systems. In the load resistance calculation
and converter design, they did not specify the exact value of
the resistance value in the PV system model. Dileep and
Singh (2017) focused on the connection between converters
and load resistors. They explained the relationship between
the load resistors and the input impedance according to the
converter type in their study. Attar et al. (2020) conducted a
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study to find the optimum electrical load resistance in TEG
systems without converters with MPPT. Khan et al. (2022)
developed different algorithms for MPPT tracking by using
PV and TEG systems together and used boost converter in
their systems. Zafar et al. (2022) developed an algorithm
using machine learning for MPPT in TEG system and used a
boot converter here. They did not mention which loads can
be connected to the boost converter and at which load values
maximum power point (MPP) will follow. In another study,
Benhadouga et al. (2022) performed MPPT with a boost
converter using the sliding mode technique. They started
their load from the lowest value and increased it up to about
50 Q. They obtained the best MPP value around 5 Q. Again,
these researchers did not emphasize which loads are suitable
for the boost converter.

Although many studies have been done using some
converters, the relationship between selected load resistors,
converter and input impedance has not been mentioned.
Unlike other studies, in this study, a simulation of load
behavior based on perturb-observation (P&O) method in
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non-isolated boost converter for maximum power point
tracking of thermoelectric generators has been carried out by
means of a TEG setup in MATLAB/Simulink.

2. MATERIAL AND METHOD
2.1. Principle of Maximum Power Point

The circuit diagram of TEG and load connection is given in
Figure 1. The load resistance in the circuit varies
continuously. The load in the TEG system is connected to
obtain power from the TEG. MPP is reached when the load
resistance and TEG internal resistance are equal (Bhuiyan et
al., 2022). This situation cannot always be achieved because
the load is not always the same and the overall resistance of
the TEG varies depending on the temperature difference
(Mamur and Coban, 2020a). But this equality is always
desired.

Figure 1. TEG load connection

The derivative of the power from TEG when MPP is zero:
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Where, V, is the open circuit voltage of TEG in (V), Vigg
is the voltage obtained from TEG in (V), and R;,,; represents
the internal resistance of TEG in (Q) (Montecucco et al.,
2014). The value of Vrgg/max in MPP is half of the value of
Vo and is given by the below equation (Armin Razmjoo et
al., 2020).

V. _Voc
TEG/MAX = —,

)
The maximum power from the TEG is explained by the
following equation, depending on the open circuit voltage
and internal resistance of the TEG:

2
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Where, Prg; max is the maximum power of TEG in (W).
TEG current and TEG voltage vary linearly depending on the
load. MPP can also be extracted from the half of short-circuit
current or open-circuit voltage of the TEG. Hence, the MPP
voltage and MPP current are formulated by the given
equation (Mamur and Ustiiner, 2021):

14 I
Vupp = Vrec/max = % or Ivpp = Irgg/max = % 4)
Where, Vy,pp is TEG MPP voltage in (V), Ipp is the MPP
current of the TEG in (A), and I is the short-circuit current

of the TEG in (A). When the load is directly linked to the end
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pins of the TEG, the efficiency of the TEG is further reduced
if the internal resistance of the linked load and the TEG are
not equal. This is called impedance imbalance. For
minimizing the problem, DC-DC converters that carried out
both maximum power point tracker (MPPT) and power
arrangement are employed with TEGs. At that rate, the load
of TEG becomes DC-DC converter (Bijukumar et al., 2019).
Since the DC-DC converter linked between the TEG and the
load is the load of the TEG, making the TEG overall internal
resistance and the DC-DC converter resistance equal is
carried out by the MPPT program. Thus, both the highest
efficiency from TEG is obtained and voltage regulation is
ensured (Tsai and Lin, 2010). Figure 2 illustrates the MPPT
principle.
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Figure 2. MPPT principle

When the converter is connected between TEG-load, now
the load resistance of TEG is this DC-DC converter. This is
expressed by Rproe (Mamur et al., 2022).

2.2. Boost converter

A DC-DC converter is a circuit that converts DC voltage
from one value to a higher value and operates with electronic
switching. (Mamur and Coban 2020b). As seen in Figure 3a,
it consists of a coil, a switch, and a diode. Boost converters
can be studied in 2 modes, Model and Mode2, as seen in

Figures 3b and 3c.
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Figure 3. Boost converter (a) scheme, (b) Model, and (c)
Mode2

In model, when the switch is on, the current comes from the
source and flows through the coil and the switching element.
In this way, energy is stored on the coil. In Mode2, when the
switch is in off, the current circuit is completed via the diode
and capacitor, not through the switching element. When the
switch is conducting, the coil transfers the energy stored on
the capacitor and the load via the diode. On the other hand,
the capacitor charges when the switch is off, and discharges
when the switch is on. When the switching process is
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fulfilled very fast, the coil is not completely discharged
during charging and discharging and is always loaded. In this
way, the energy of the source and coil is loaded into the
capacitor (Taghvaee et al., 2013). The load is fed from the
capacitor when the switch is in the conduction position, and
from the source and coil when it is cut. Thus, a low DC
voltage is converted to a higher DC voltage.

The transformation equation of a typical boost converter is
given below:

Vo _ 1

Vi,  1-D ®)
Vi =V, x(1-D) (6)
lip = II_OD (7)

Where, V,, V,,,, D, I, and I, are the output voltage in (V),
the input voltage in (V), the duty cycle, the input current in
(A) and the output current in (A) of the converter,
respectively. The value of Ry in Figure 2 is the internal
resistance of the inverter. Using the boost converter
equations, the following result is obtained:

R _ Vin _ Vox(1=D) _ Vox(1-D)?
PROG — [ I,/(1-D) I

=R, x(1-D)? (8)

Where, R, is the load resistance in (Q). (8) shows that in
boost converters, the resistance of load can be increased up
to an infinite resistance non depending on the TEG internal
resistance.

While calculating the boost converter, the D value is given
by the following equation:

_ 1 _ Vin(min) XN
D=1-—=ER— 9)
Where, Vi(min) IS the minimum input voltage of the
converter in (V), and n is the efficiency of the converter. The
ripple current of the coil is shown in the following equation:

_ Vin(min) xD
Al = AT (10)
Where, Al is the ripple current of the coil in (A), f5 is the
switching frequency in (Hz), and L is the inductance of the
coil in (H). Hence, the output current of the converter is
given as below:;

_ DX(1-D)xVip

I
o 2XLXfs

+ (1= D) X Lpin (11)
The maximum allowable output current of the converter can
be calculated by two different equations. These are given

below:

Al
Io(max) = (ILIM(min) - TL) X (1 - D) (12)
Io(max) =4 P TEG?MAX/ R 13)

72

Where, I,(max) and I yeniny are the maximum allowable
output current in (A), minimum allowable switching current
in (A) of the converter, respectively. On the other hand, the
maximum allowable output voltage of the converter is given
below:

Vomax) =+ Prec_max X Ry

Where, Vi, max) IS the maximum output voltage value of the
converter in (V). Along with these, the maximum switching
current is given by the following equation:

(14)

Aly,

I _ Io (max)
SW(max) — 5

1-D

(15)

Where, I,(max), and Iy niny are the maximum allowable
output current (A), minimum allowable switching current
(A) of the converter, respectively. Iy nqyx) IS the maximum
switching current. The coil inductance equation of the
converter is given below:

Al X fs X Vp

Since the coil value is not known in (10), the value of AI,
cannot be calculated. Therefore, the following equation is
used:

Al = (0.2~0.4) X Ioimax) x‘f—n a7

Al value fluctuates between 20% and 40% of the output
current and is taken between these values. On the other hand,
the required minimum capacitor value to be used in the boost
converter is found with the following equation:

Io(max) X (1—-D)
fs XAV,

(18)

Cout(min)

Where, Couraminy IS the output capacitor (F). The output
ripple voltage of the boost converter is given below:

AV, = ESR x -omen 4 Al (19)
1-D 2

Here, AV,, and ESR are the output ripple voltage in (V) and

the equivalent series resistance in (€2) of the output capacitor

used, respectively. The values calculated according to the

equations used are shown in Table 1.

Table 1. The boost converter calculated values

Parameter | Value Unit | Description

Preg max | 45.76 \W Power at MPP
Pony 50 W Power of converter
V; 16.4 \Y Input voltage

R, 1-45 Q Load resistance
Lo(max) m A Max output current
Vo(max) m \Y Max output voltage
Al 30% of 1, A Max ripple current
AV, 5% of 1, A Max voltage ripple
n 0.8 Converter efficiency
fs 20 kHz | Frequency

Ly ~62 pH Inductance

C; ~2400 uF Capacitance
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Figure 4. P&O MPPT algorithm
2.3. Perturb and observe algorithm

The most popular of MPPT methods is the P&O algorithm
(Qasim et al., 2021), whose flow diagram is given in Figure
4. MPPT is required because when a power is generated from
TEGs, the change in load and the change in temperature
causes a difference in the generated MPP value. Power
conditioning methods are used to capture MPP in TEGs. One
of the power conditioning methods is impedance matching.
The P&O MPPT algorithm fulfils the impedance matching.
The algorithm adjusts the duty cycle of the switch in the
converter operated in the setup. First, current and voltage
values are obtained by means of current sensor and voltage
sensor. Using the measured current and voltage value, the
power, the changes of power, and of voltage are calculated.
Then, the power change is questioned (Pilakkat et al., 2019).
If the power change is positive, the voltage change is
questioned. If this is also positive, the D value is lowered by
AD. Here, if the voltage change is negative, the D value is
raised by AD. It's back to the beginning. By making a new
measurement, the power value is figured out, and new power
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and voltage changes are found. According to these found
values, if the power change is negative, the voltage change
is again questioned. If the voltage change is positive, the D
value is increased by AD. If the voltage change is negative,
the D value is reduced by AD. The process is continued until
the MPP value (Sarbu and Sebarchievici, 2018).

Although this P&O algorithm has a disadvantage MPP,
oscillations occur around the MPP as the process is still
running. Large AD ranges result in rapid MPP capture,
resulting in ample oscillations in MPP (Al-Diab et all.,
2010). On the other hand, small AD intervals result in slow
MPP capture while reducing the magnitude of MPP
oscillations. Another drawback is that when the temperature
difference changes, the MPP will change and in this case a
separate oscillation will occur to find the new MPP (Jouhara
et al., 2018).

2.4. TEG setup

A TEG setup was designed in the MATLAB/Simulink
software to carry out the study. In this TEG system, as many
TEG modules as desired can be linked in series and parallel.
The amount of power obtained varies according to the serial
and parallel connection. A boost converter has been added to
the TEG system, whose design calculations have been made.
A gradually adjusted load is connected to the end pins of the
boost converter. Figure 5 shows this TEG system-converter
and load connection.

The internal resistance values of these TEG modules change
depending on the temperature. Desired temperature ranges
can be given with input values. The P&0O MPPT method is
operated to switch the boost converter. In the simulation
study, the power obtained from the TEG to the converter and
the power given by the converter to the load resistor were
measured. The overall internal resistance of the TEG system
is 5.84 Q. The load resistors linked the converter were
gradually changed to 1, 3, 5.84, 7, 9, 11, 15, 20, 30 and 45
Q.
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The hot surface temperature of the TEG setup was hold
steady at T, = 200°C,and the cold surface temperature
atT, = 30°C. Then, the variation of the output power
obtained according to the changing loads was observed. The
duty cycle D values produced by means of the P&O MPPT
method depending on the variability of the load have been
changed (Mamur et al, 2022).

3. RESULTS

In the simulation study performed in MATLAB/Simulink
software, the load values of the TEG system were changed
gradually. It would be better to think of these modified
values as values above and below the overall internal
resistance of the TEG system. In the study carried out, these
values below 5.84 Q are these values below the overall
internal resistance of the TEG system. These values 5.84 Q
and above are these values above the owverall internal
resistance of the TEG system. In addition, analysis was made
for the case of R;,; = R, where it is equal. The MPP value
of the modeled TEG system is 45.76 W.

The D value produced by the P&0O MPPT algorithm has to
be zero according to equation (8) to obtain the maximum
load value at load resistance values below 5.84 Q. In
simulation studies, the minimum D value was determined as
0.05 to prevent the converter from turning off or to keep it
on continuously, as given in Table 2. In cases where the
resistance of load is less than the overall internal resistance,
the boost converter switch is expected to operate with a
minimum value of D. When the value of the resistor of load
is increased, it is hoped that the P&O MPPT algorithm will
keep the R;,, = R, state continuously by increasing the D
value of the boost converter switch, so that the system will
remain at the MPP value, since the overall internal resistance
of the TEG setup is equal to the resistance of load.

The curves of change in current, voltage, and power in the
TEG system under constant surface temperatures and
variable loads of the TEG, performed in the
MATLAB/Simulink simulation software, are illustrated in
Figure 6. Depending on these load changes, the change in the
D value of the boost converter switch generated by means of
the P&O MPPT algorithm to catch the MPP value is given
in Figure 7. In addition, the average D values produced
according to the load changes are presented in Table 2. It
would be appropriate to evaluate this Figure 6 and Figure 7
together.

There are two cases where the resistance of load is less than
the overall internal resistance in the TEG setup. These are 1
Q and 3 Q values. The D value in these two cases was 0.05.
For impedance matching, the system worked with a
minimum D value. In these two cases, they are 19.88 W and
37.42 W, respectively, as given in Table 2.

In the third case, the R;,, = R, condition is desirable. The
P&O MPPT algorithm produced an average of 0.06 D,
keeping the impedance matching state and reaching the MPP
value with 43.4 W. When the resistance of load was changed
to7Q,9Q, 11 Qand 15 Q, the P&O MPPT algorithm was
able to perform impedance matching, producing D values of
0.097, 0.199, 0.27 and 0.348, respectively. The MPP values
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obtained from the TEG system in these cases were 43.38 W,
42.76 W, 42.11 W and 40.93 W, respectively.

When the value of the load resistance in the stepped TEG
system applied in MATLAB/Simulink environment is
changed to 20 Q, 30 Q and 45 Q, the obtained power values
are 39.55 W, 37.32 W and 34.53 W, respectively. D values
produced depending on these load values are 0.414, 0.496
and 0.547, respectively.

4. DISCUSSION AND CONCLUSIONS

In this study, which was carried out in MATLAB/Simulink
environment, a 50 W converter was designed for the TEG
system with a maximum power of 45.76 W and a converter
with P&O MPPT was used to prevent it from being affected
by different loads. The boost converter was operated with the
D values produced by the P&O MPPT algorithm according
to the connected load values.

At the resistance values of load lower than the internal
resistance of the TEG system, MPP cannot be followed due
to the working principle of the boost converter. In the study,
this situation is clearly seen in the first two resistance values
of the MATLAB/Simulink simulation studies. In cases
where the load resistance values connected with the overall
internal resistance of the TEG system are equal and large, the
boost converter working with the D values generated by
means of the P&O MPPT algorithm provides the MPP value
by matching the impedance. However, approaching the full
MPP value is difficult due to the losses in the boost
converter. However, at high load values, the power value that
drops considerably without utilizing a boost converter
embedded MPPT enables the follow-up of MPP when
utilizing a boost converter embedded P&O MPPT algorithm.
However, when high load values are reached, the output
voltage of the boost converter increases with increasing D
values and the MPPT error percentage increases. In R, of
5,84 Q, D, Pypp and error values are 0.06 and 43.4 W and
5.16, respectively.

As a result, in this study, a boost converter embedded P&O
MPPT algorithm by a program software is linked between
TEG and load to reach the power obtained from TEG to MPP
value. The task of this boost converter is to ensure that the
power obtained from the TEG is not affected by load
changes. The load resistance value of the boost converter
with P&0O MPPT algorithm does not function from the
minimum to the internal resistance value of the TEG.
However, when the TEG reaches its overall internal
resistance and rises above this value, the P&O MPPT
algorithm starts to function. While the best MPP tracking is
close to the internal resistance value, MPP tracking is
performed at the load resistance values above it. However,
as the load resistance increases, the MPPT error increases.
As a result, MPP monitoring can be made between the TEG
overall internal resistance and the infinite load resistance
with the boost converter with P&O MPPT. The most
efficient MPPT can be made up to about three times the
internal resistance of the TEG.
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Table 2. Average D values produced according to load changes.
R, values (Q)
1 3 5.84 7 9 11 15 20 30 45
D 0.05 0.05 0.06 0.097 0.199 0.27 0.348 0.414 0.496 0.547
Pypp(W) 19.88 | 37.42 43.4 43.38 | 42.76 42.11 40.93 39.55 37.32 34.53
Error (%) 56.56 | 18.23 5.16 5.20 6.56 7.98 10.56 13.57 18.44 24.54
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