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Abstract

In this work, it is aimed to construct an Adaptive Neuro Fuzzy Inference System (ANFIS) model using the
experimental values of our previous work on solar heating with wind chimney thermoelectric generator and
to predict the generated open circuit voltage of experimental system under variable conditions. The ANFIS
model constructed makes use of input parameters such as local radiation intensity on solar collector tube (W),
ambiance temperature °C and average wind velocity in the chimney (m/s). Open circuit voltage (V) is denoted
as output. Selected experimental data sets are used in training and testing procedures to accomplish the model
required. Assessment of the outcomes of the study reveals that the proposed modeling by ANFIS is consistent
and validated by the experimental results. Promising results show that ANFIS model can be used to estimate
the output parameter of solar-based generator (the open circuit voltage) correctly and this result can use
enhancing of presented system. Employment of artificial neural networks on renewable energy systems is a
rather new area of study. Hence, continuing work via neural network structures will be related to the
optimization and improvement of these generators for useful energy producing.

Keywords: Energy conversion, Fuzzy neural networks, Renewable energy sources, Solar heating,

A.E. Ozdemir

Thermoelectricity.

1.

Energy is an indispensable element of economic and
social development. It is important to ensure the
continuity of energy for sustainable development. Due to
this reason, developed countries are in search for new
energy systems. Nowadays, energy requirement is ever
increasing so energy needs of the countries are growing
rapidly for economic and social industries.

Introduction

Though the energy demand is continuously increasing in
the world and proportionate decrease of fossil fuels, and
consequently increase in environmental problems has
been faced. Hence, clean energy sources such as solar,
wind, hydropower, geothermal and marine energies have
become indispensable for environmental future of the
world due to their emission nature [1].

Nowadays, many investments are under way to
accomplish the energy demand. Worries about
environmental problems direct researchers to the
renewable and clean energy areas. Also development of
new technologies in this area is important and this affects
the applications positively. Our previous work can be
given as an example to such applications [2].

It is known that artificial neural network (ANN) methods
are used in renewable energy applications frequently. In
the literature, usage of ANN methods in renewable
energy applications usually divides three basic branches.
These can be given as following.
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- Making estimation or modeling the potential of
renewable energy sources [1 - 6].

- Making estimation of power production in renewable
energy system [7 - 10].

- Modeling, analyzing or optimizing of energy producing
system [11 - 14].

The aim of the presented work is to create an ANFIS
model of constructed experimental system. It is
advantageous to model the virtual energy system.
Therefore, for optimization of the constructed systems it
is required to know the effects of the variables on the
systems. This can be achieved using reliable models
without troublesome experiments. It is possible to test
limits of constructed system against under different
conditions and to make the cost analysis of system under
the variable conditions for a selected time period by using
a virtual model. Also, making a choice of geographical
location without any test is a potential way.

In the previous work published by the authors [2],
parametric factors such as solar radiation, wind velocity,
ambient temperature that affect the system area
dependent on geographical location of the constructed
system. Finally, it is possible, by employing geographical
location and climatological data, to assess an investment
as to its goodness by using a virtual model. Based on this
given knowledge, the ANFIS model presented here is
used to predict the generated open circuit voltage under
variable parametric values. In this presented work, the
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experimental system which is constructed with a wind
chimney, TE module, heat sink, evacuated tube and
thermosiphon type heat pipe [2] is analyzed by an ANFIS
model.

Thermoelectric generator (TEG) modules have been of
great interest to achieve renewable energy. These
modules have no mechanical moving parts, and are
sufficiently ergonomic, light, quiet and eco-friendly DC
sources [2 - 3]. The working principle of the
Thermoelectric (TE) module is based on Seebeck effect
that was discovered in 1821 by Thomas Johan Seebeck.
They have been used in many areas where the thermal
flux exists in both commercial and private sectors.

The efficiency of the TE module is related to the thermal
efficiency of the device that depends on temperature
difference between the sides of the TE module [4]. Upon
a consideration of all these advantages, TEGs have been
used in aerospace and military applications in past years
[5]. Itis also considered for the waste heat recovery TEG,
such as power plants, geothermal energy, heat engine and
other industrial waste heat generation processes [2], [5 -
7].

TE energy generation is a direct conversion of thermal
energy to electrical energy [8]. When the temperature
gradient exists between the sides of the module, an
electrical voltage is generated to supply an external
electrical load.

Applications of these modules are not sufficiently
widespread because of the low efficiency (typically less
than 5%) [6] and high cost [8]. TEGs available in the
market are produced for preferred purposes and areas and
with optimized performance.

The TEG module contains semi-conductor materials that
are thermally in parallel but electrically in series.
Generally, hot surface of the TE module can withstand
application range about 300 for use in practical thermal
applications [9] and the application range between 77 °C
(350 K) and 177 °C (450 K) has attracted interest
considerably [10]. Performance of TEGs which can
withstand 800 °C [11 - 12] have also been reported.

In the next section, the modeled system is described.
Afterwards the related ANFIS model will be described in
detail. After a description of general structure of ANFIS,
the ANFIS model constructed with input and output
parameters in this work will be presented. Results of the
ANFIS model dependence on input and output variables
will be presented. The results will be discussed in
conclusion section.

2. Materials and Methods

In our paper, modelled system is based on thermoelectric
energy conversion. And main part of the systemisa TEG
module. A TEG module converts thermal energy into
electrical energy. The working principles of a TEG
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module is based on Seebeck effect. TEGs are consisting
of p and n type semiconductor material that are
electrically in series and thermally in parallel. Structure
of a TEG module can be seen in Figure 1.

conductive

materials

Figure 1. Structure of a standard TEG module.

Some electrical quantities such as Seebeck coefficient
(aTEG), maximum output power (Pmax) and electrical
efficiency (ne) can be calculated from using the collected
data from experimental constructions.

General structure of modelled system is shown in Figure
2. Figure 2 (a) shows physical structure and Figure 2 (b)
shows schematic diagram of our experimental

construction. In addition, presented system is modeled

[2].

Figure 2. (a) Physical structure and (b) schematic
diagram of experimental setup.

a) Aluminum block for cooling process

b) lsolation material for thermal isolation to aluminum
block from metal body of wind chimney

c) Isolation material for thermal isolation to metal body
of wind chimney from solar radiation

d) Metal body of wind chimney

e) TE module

f) Heat pipe

g) Reflector

h) Solar collector tube

i) Head of heat pipe

Solar collector tube consists of evacuated glass tubes
which is 1.8 m length, 37 mm inner diameter with 0.209
m2 surface area. A parabolic mirror that is located under
the tube with dimensions 1m x 2 m, reflects the sun light
towards the solar collector tube. Used chimney is play an
important role for cooling process. Chimney has a cross-
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sectional area of 0.27 x 0.27 m and length of chimney is
2m.

One of the most important points is thermal flux on the
thermoelectric generator for constructed system.
Thermal flux plays an important role on efficiency of
proposed system. Calculated maximum electrical
efficiency of proposed system is 0.459589% [2]. To
create enough thermal flux for generating electricity,
many components were used as shown in experimental
setup (a - i).

2.1 Methods

In general, artificial neural networks are based on the
mathematical model of human brain. Although there are
many kinds of neural network types, all of them are based
on the imitation of real neural cells. Nowadays, these
artificial neural network types are used for applications
on system modeling, parameter estimation, curve fitting,
classification, optimization etc. [13 —17]. ANFIS is well
known as a special kind of artificial neural network and
is based on fuzzy inference system. It was developed in
1993 by Jang [18]. This neural network structure consists
of 5 layers. These layers and the general structure of
ANFIS are shown in Figure 3.
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Figure 3. ANFIS structure and its layers.

An ANFIS structure that uses SUGENO type fuzzy
inference system can be explained on the system that
consists of two input data (x, y) and one output data (F),
as follows:

These layers are explained with equations mentioned in
[18]:

Layer — 1: Membership values are obtained from the
comparison of inputs with the membership functions of
each rule. This process is carried out in first layer of
ANFIS and this layer is called the fuzzifier layer and is
shown in Figure 4.
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Figure 4. Fuzzifier layer.

Layer — 2: These membership values are combined with
some operators (multiplication, max, min etc.). This
process is carried out in the second layer of ANFIS. This
layer is called the rule layer.

wi = Ai(x).Bi(y) (2.1)
Layer — 3: Outputs of the second layer are normalized in

the third layer. Therefore, this layer is called the
normalization layer.

Wi
L= Sw (2.2)
Layer — 4: The normalized values from the third layer are
weighed as inputs in the fourth layer.

Wifi = W(pix + qiy + 1) (2.3)
Layer — 5: In the last layer all outputs of fourth layer are
summed and finally the ANFIS output is obtained.

F=Y W fi= XWpix+qy+m) (2.4)

After the last layer a polynomial output is obtained and
the training stage aims to find independent parameters of
this polynomial output. There are many training
algorithms used for this purpose [19 - 20]. Generally,
some different algorithms are used together for training
of ANFIS. In our work we used hybrid algorithm [18] for
the training of ANFIS.

In this work, all obtained parameters such as, local
radiation intensity on solar collector tube (W), ambiance
temperature (°C) and average wind velocity in the
chimney (m/s) are used on ANFIS.

The experimental data was collected on 15th, 16th, 19th,
20th and 21st of August. For constructing the ANFIS
model, the experimental data of the first four days were
used for the training process (15th, 16th, 19th and 20th of
August) and experimental data of the last day (21th of
August) was used for the testing process.
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The collected data that belongs to hot and cold side
temperatures of the TE module, solar intensity on
pyranometer, ambiance temperature and wind velocity in
the chimney, open circuit voltage and short circuit
current measurements were recorded in fifteen minutes’
intervals and collected between 8:30 a.m. and at 4:00 p.m
within the experimental days.

The parametric values given below (Figs.5 - 9) prepared
with chronological order as data index. The mentioned
data index in the figures belongs to time period of fifteen
minutes’ intervals. So, all used parametric values that are
modelled with ANFIS are normalized values (between 0

and 1).
In modeling, input parameters are local radiation
intensity on solar collector tube (W), ambiance

temperature (°C) and average wind velocity in the
chimney (m/s). In this case, open circuit voltage (V) is
used as output.

Collected data set are shown in Figure.5, Figure.6,
Figure.7, Figure.8 and Figure.9, respectively.

Normalized data of 151" August
:

—o—Temperature differences

02l —— Solar intensity on pyranomater

—+— Ambiance temperature

——Daily average wind velocity in the chimney
Open circuit voltage

5 0 W5 2 = El
Data index

Figure 5. Collected data on 15th August.

Mormalized data of 16™ August

—e—Temperature differences
03l —— Solar intensity on pyranometer

—+ Ambiance temperature

sl ——Daily average wind velocity in the chimney
Open circuit voltage

+ 1 1 | | L |
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Data index

Figure 6. Collected data on 16th August.
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Normalized data of 19 August

—s—Temperature differences
—— Solar intensity on pyranometer

—+— Ambiance temperature
o ——Daily average wind velocity in the chimney
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Collected data on 19th August.

Normalized data of 20 August
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Figure 8. Collected data on 20th August.
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Figure 9. Collected data on 21th August.

Upon analyses of these figures, it is seen that many
different parameters have been used for ANFIS
modeling. For instance, in Figure.4 the variation of solar
density shows that the weather was partially cloudy on
the 15th of August. As a result of this, the sun was
shading and the solar intensity was decreasing distinctly
by the time. For all that, in Figure.5 that belongs to the
16th of August, given parameters show that weather
condition was clearly sunny.

In Figure.7, it is seen that the values of the average wind
velocity on that day are greater than those on the other
days. When collected parametric values were analyzed
particularly, it is noticed that the most variable parameter
was the wind velocity for all days. This variation is used
as ill condition for modeling. In this way the average of
the wind velocity values for an experimental day were
used. Accordingly, it is seen from Figure.8, related to 20
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August, all temperature values are comparably low.

The constructed ANFIS model of the presented generator
is shown in Figure.10 with the input and output
parameters.

Local radiation intensity on

solar collector tube (W)

Ambiance temperature (°C) ——» ANFIS MODEL ~|EEEN Open Circuit Voltage

Average wind velocity in

the chimney (m/s)

Figure 10. Inputs and output of the constructed ANFIS
model.

ANFIS is a rule based neural network. In this work the
ANFIS rules have been selected with grid partition and
the training algorithm of ANFIS have been selected as
hybrid training.

The membership function (MF) has been selected as the
generalized bell (gbell) function and for each input grid
size as trials 2, 2, 1 respectively. With selected grids,
2x2x1 = 4 rules were constructed. ANFIS structure of
presented work is shown in Figure.11.

Input MF

Local radiation intensity on
solar collector tube (W)

Rule OQutput MF

Ambiance temperature (°C)

Average wind velocity in the
chimney (m/s)

Figure 11. The constructed ANFIS structure.
3. Results and Discussion

Measured experimental data are normalized and used for
training and testing processes. Total size of data is in 155
X 4 matrix form. The measured data of the 15th, 16th,
19th, 20th of August are used for the training process and
the measured data of the 21st of August is used for the
testing process. Average values of training and testing
error are given as root mean square error (RMSE). At the
end of the training process an average training error of
0.042 and a testing error of 0.046 have been acquired.
The experimental data and the output of the ANFIS for
the training and testing processes are shown in Figure 12
and Figure 13.
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Figure 12. The experimental data and output of the
ANFIS for the training process
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Figure 13. The experimental data and output of the
ANFIS for the testing process.

For constructing an ANFIS model of the presented
generator the usage of a larger number of rules is
attempted. It is seen that a larger number of rules
decreases the training error but at the same time increases
the testing error. For example, when 16 rules are used,
the average training error is 0.0135 and the average
testing error is 0.075. But when 81 rules are used, the
average training error is 0.00263 and the average testing
error is 0.228.

4. Conclusion

Renewable energy systems are still in the stage of
development and design processes evolve accordingly. It
is very important to get reliable systems for two reasons.
The first one is that it is possible to estimate output data
without performing troublesome experiments under
several conditions. This makes the process of deciding
easier on the best conditions for generating electricity
without any experiment thus giving an opportunity for
making an investment in a healthy way. The other one is
that it is possible to perform the optimization of the
constructed system.

In this work, the ANFIS model of a previous
experimental system related to solar based thermoelectric
generator with wind cooling chimney is studied. The
constructed ANFIS model is tested to estimate the
amount of generated open circuit voltage under different
conditions. Usage of ANFIS is thought as a means to get
the values of accessible open circuit voltage of the
constructed system. When the measured experimental
values of the system are used for the training and testing
processes, it is observed that the obtained numerical
values of artificial intelligence are in good agreement
with the experimental values.

The ANFIS modeling reveals that it is possible to
estimate the values of the open circuit voltages at any of
input parameter set of the constructed system. Our results
show that the constructed ANFIS model is reliable.
Therefore, it can be a usable tool for analyses such as cost
analysis, investment analysis etc. by using geographical
location and climatological data.
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