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ABSTRACT

The energy is needed for all work done in daily life. This energy can be based on human
power, mechanical power or electrical power. Power is the key point. For this reason,
fossil fuels, nuclear energy, and other renewable sources are used to obtain the required
power. In this thesis renewable energy sources are used to produce power. During
literature review there is no PV, TEG, Fuel Cell combination with Super Twisting Sliding
Mode Control based MPPT application. For this reason the PV,TEG and Fuel Cell is
selected as source and Super Twisting Sliding Mode Control is selected as a control
method. PV panel is used to convert the sun light or light energy as the electrical energy.
PV is commonly used source in the literature. The other source is TEG (Thermoelectric
Generator). TEG device uses temperature difference between two surfaces to generate
electrical energy. The third source is Fuel Cell. The Fuel Cell used chemical reaction to
produce electrical energy. In the system, Fuel Cell will be used as a source and by using
reversable types of fuel cell or electrolyser, the fuel cell can be used as battery. Power and
voltage characteristics of the mentioned three sources are different from linear power
sources. The RES sources have Maximum Power Point (MPP) in the Power Voltage
Characteristic. MPP can be obtained from using Maximum Power Point Tracking (MPPT)
methods. In the thesis, Super Twisting Sliding Mode Control is selected. The aim is to
obtain efficient, sustainable design. For this reason, the control method is very important.
Super Twisting Sliding Mode control is reducing the disadvantages of the Sliding Mode
Control Method. In the thesis MPPT control the three boost converter and Buck Converter.
The system is connected 3 Phase Half Bridge based DC/AC inverter that controlled with
Sinusoidal Pulse Width Modulation (SPWM). The aim is to obtain 50 Hz, 220 Vs Voltage
on load side. The system is worked under two different load types as resistive, and motor
load. The system behavior is tested under ideal condition (there are three different test in
ideal condition) and under nonideal components (real switching units and components).
The aim is to obtain efficiency greater than 98%. To obtain the advantages and
disadvantages of the controller, Simulation is tested from using Super Twisting Sliding
Mode (STSM) Control and Perturb and Observe Control (P&Q). The aim of the test is to
ensure the controller performance.

Science Code : 90544, 90522

Key Words : Photovoltaic, Thermoelectric Generator, Fuel Cell, Super Twisting
Sliding Mode, Maximum Power Point Tracking Method, Hybrid

Page Number : 170

Supervisor . Assoc. Prof. Dr. Korhan KAYISLI



HIBRIT BIiR SISTEMIN YUKSEK VERIMLI VE DAYANIKLI MPPT DENETIMI
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GAZI UNIVERSITESI
FEN BILIMLERI ENSTITUSU
Haziran 2023

OZET

Giinlik hayatta yapilan tiim isler icin enerjiye ihtiya¢ vardir. Bu enerji insan giiciine,
mekanik giice veya elektrik giiciine dayal1 olabilir. Gii¢ kilit noktadir. Bu nedenle gerekli
giicii elde etmek icin fosil yakitlar, niikleer enerji ve diger yenilenebilir kaynaklar
kullanilmaktadir. Bu tezde yenilenebilir enerji kaynaklar1 gili¢ iiretmek icin
kullanilmaktadir. Literatiir taramast sirasinda, Siiper Biikiimli Kayan Mod Kontrolii
tabanlit MPPT uygulamasina sahip PV, TEG, Yakit Pili kombinasyonu yoktur. Bu nedenle
kaynak olarak PV, TEG ve Yakit Hiicresi, kontrol yontemi olarak Siiper Biikiimlii Kayan
Mod Kontrolii segilmistir. Giines 1518in1  veya 1s1k enerjisini elektrik enerjisine
donitistiirmek i¢in PV panel kullanilir. PV literatiirde yaygin olarak kullanilan bir kaynaktir.
Diger kaynak ise TEG'dir (Termoelektrik Jeneratdr). TEG cihazi, elektrik enerjisi tiretmek
i¢in iki yiizey arasindaki sicaklik farkini kullamir. Ugiincii kaynak, Yakit Pili'dir. Yakat
Hiicresi, elektrik enerjisi tiretmek icin kimyasal reaksiyon kullanir. Sistemde yakit pili
kaynak olarak kullanilacak ve tersinir tipte yakit pili veya elektrolizér kullanilarak yakit
pili pil olarak kullanilabilir. Bahsedilen {i¢ kaynagin giic ve gerilim 6zellikleri lineer gii¢
kaynaklarindan farklidir. RES kaynaklari, Gii¢ Voltaj1i Karakteristiginde Maksimum Giig
Noktasina (MPP) sahiptir. MPP, Maksimum Gii¢ Noktas: izleme (MPPT) yéntemleri
kullanilarak elde edilebilir. Tezde Siiper Biikiimlii Kayar Mod Kontrolii se¢ilmistir. Amag
verimli, siirdiiriilebilir tasarim elde etmektir. Bu nedenle kontrol yontemi ¢ok dnemlidir.
Siiper Biikiimlii Kayma Modu kontrolii, Kayan Mod Kontrol Yo6nteminin dezavantajlarini
azaltmaktadir. Tezde MPPT, ii¢ boost doniistiiriiciiyli ve Buck doniistiirticiiyli kontrol eder.
Sistem, Siniizoidal Darbe Genislik Modiilasyonu (SPWM) ile kontrol edilen 3 Fazli1 Yarim
Koprii tabanli DC/AC inverter baglanmistir. Amag yiik tarafinda 50 Hz, 220 Vrms gerilim
elde etmektir. Sistem rezistif ve motor yiikii olmak {iizere iki farkli yiik altinda
caligmaktadir. Sistem davranisi, ideal kosul altinda (ideal durumda ii¢ farkli test vardir) ve
ideal olmayan bilesenler (ger¢cek anahtarlama birimleri ve bilesenleri) altinda test edilir.
Amag¢ %98'in lizerinde verim elde etmektir. Denetleyicinin avantajlarint  ve
dezavantajlarmi elde etmek icin Simiilasyon, Siiper Biikim Kayma Modu (STSM)
Kontrolii ve Degistir ve Gozlemle Control (P&O) kullanilarak test edilir. Testin amaci
kontroldr performansini saglamaktir.
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1. INTRODUCTION

The usage of electricity has been increased during time. Especially todays, technology is
supplied by the electrical energy and it is mainly produced by fossil fuels, hydroelectric
power station, independent RESs and the nuclear power plants etc. The fossil fuel reserve
of the world is limited and also it is not reusable, pollute the environment, and it is
consumed away over time. The hydroelectrical power station is a RES but it is not possible
to construct on every place. Also, they are limited sources because they need water level to
generate the electricity by using potential difference between two places. The nuclear
power plants are used nuclear elements and reactions. During these reactions, the
radioactive wave forms are produced to heat and evaporate the water. The generators are
fed by the water vapor with high pressure to generate electricity. The process contains
radioactive activities, so each nuclear reaction contains dangerous and risky situations.
From that knowledge, the independent RESs are very important to product electrical

energy.

The RESs also need main source to product electricity. They have limitations and must be
used efficiently; however, the RESs are saved and generally cleaned sources. One source
produces the required power on the industrial applications. But using combination of the
RESs, the power production and efficiency can be increased. In the renewable energy
application, one losses factor (such as heat or byproduct of the system) may be source of
other RES.

In this thesis, the Photovoltaic system (PV), Thermoelectric Generator (TEG) and
Reversible Fuel Cell (FC) are used to produce electrical energy as RESs. PV and TEG
device work continuously and the FC produce electrical power if the produced energy is
greater than the demanded power. The electrolyser part is started to convert extra energy to
the fuel of FC. If the energy production is higher than requirements, the fuel cell store
electrical energy. If the energy production is lower than requirements, the fuel cell start to

release the stored energy to the load.

In the literature, there is no research that examined these three RESs with Super Twisting
Sliding Mode Control (STSMC) based Maximum Power Point Tracking (MPPT). The
STSMC algorithm is a high order Sliding Mode (SM) algorithm and it is relatively new



method from the other MPPT methods. It is aimed with this MPPT algorithm to obtain, the
robust, reliable, highly efficient, clean power production.

Energy is very important for modern world, and all works depend on the energy which can
be electrical, mechanical or other type. By the way, the global warming and the
environmental (especially air) pollution are important issues for the modern world. In this
thesis, the main aim is to investigate electrical energy production from RESs. For this

reason, the literature review has also relatively older studies to.

Can was prepared a thesis that examine renewable microgrid system for optimal power
planning with the metaheuristic techniques. The wind, PV, hydro and geothermal energy
sources were investigated (Can, 2016). One thesis which was done by Keles in 2017
researched energy and load management of the smart grid system which contains
renewable energy systems. In the thesis, one optimization algorithm was proposed to
optimize and manage of the electrical consumption of the house by using time rate
multiphase amplitude modulation (Keles, 2017). Another research about renewable energy
was Koyuncuoglu’s thesis which search the blockchain application on smart grid. Wind
and solar energy were defined, an also other RESs were mentioned such as bio energy,
geothermal energy hydroelectric etc. (Koyuncuoglu, 2019).

Other application was used for multi objective optimization of household level hybrid
renewable energy systems. In this paper, genetic algorithm was used to obtain
environmental and economic analysis. (Mayer, Szilagyi and Grof, 2020). The other
research was done by Ang et al. to classify, find challenges and give suggestions about
usage of RESs. The mentioned energies are; Solar energy, wind energy, hydropower, tidal
energy, bioenergy, biomass, biodiesel, geothermal energy, hydrogen energy (Ang, Salem,
Kamarol, Das, Nazari and Prabaharan, 2022)

PV panel converts sun light or light to the electrical energy, if the light contains enough

energy. For PV panel application this knowledge is important.

The first topic is related with PV panel used systems designed articles The first study was
Simmons and Infield’s study about amorphous silicon photovoltaic array in 1996
(Simmons and Infield, 1996). Lloret et.al. presented a study that examine Hybrid PV (PV-



Thermal) system integrated Public Building in Barcelona Spain in 1998 (Andreu, Merten,
Puigdollers, Aceves, Sabata, Chantant and Eicker, 1998). The other application example
was performed by Nayar. The topic was control and integrate bidirectional inverter in off
grid and weak grid using PV power system (Nayar, 2020). Another research was done for
off grid residential PV system maintenance experience by Canada et.al. (Canada, Moore,
Post and Strachan, 2005). Valcan et.al studied about an application of PV supplied micro
grid system to the public grid (Valcan, Marinescu and Kaplanis, 2008). Similar application
was performed by Kim et.al by using PV panel to obtain highly efficient low-cost series
connected DC-DC converter system to connect PV panel as a supply (Kim, Kim, Yoo and
Kim, 2009). A study was done by Qoaider and Steinbrecht and it was related with PV
system application for agricultural communities, and examination of cost options to supply
energy for off grid system was researched (Qoaider and Steinbrecht, 2010). Gupta et.al.
modelled steady state condition of a hybrid energy system that examine off grid
electrification for the villages (Gupta, Saini and Sharma, 2010). Saranrom and Polmai
performed an application that increase the efficiency of the Series connected PV panels
under partial shading condition for using per-panel DC/DC converter (Saranrom and
Polmai, 2011). The other application was about lightning system by using solar controller
and solar power at off grid condition (He and Chen, 2011).

In 2011, Caliskan wrote a thesis that designed the DSP based solar converter application
for using PV system (Caliskan, 2011).Other application about smart grid for using PV
inverters and voltage control performed by Fawzy et al. (Fawzy, Premm, Bletterie and
Gorsek, 2011).Shah, et al. studied smart wireless dc micro-grid application with using PV
panel in 2012 (Shah, Chen, Shwab, Shenai, Gouin-Davis and Downey, 2012). And also the
inverter application was done like impedance source to the transformer-based Z source
inverter fed by PV panel. (Mehdipour, Majdinasab, Khazraj and Kumar, 2012). The
sustainability applications for renewable energy projects for off grid rural areas done in
The Pangan Island Philippines in 2012 (Hong and Abe, 2012). In 2012, the newer (to their
time) technology application which is done by Bandara et al. In the study, multilevel
inverter technology was examined for off grid electrification and energy storage (Bandara,
Sweet and Ekanayake, 2012). The other application was boosting half bridge PV based
micro inverter connected to grid. The used MPPT technique was repetitive current control
(Jiang, Cao, Peng and Li, 2012). The other application was classification and comparison

application of PV panel supplied DC-DC converter concepts (Kasper, Bortis, Friedli and



Kolar, 2012). An application was performed to improve PV grid connected micro inverters
by using active clamp interleaved flyback converters with digital controller (Mo, Chen,
Zhang, Zhang and Qian, 2012).

As study was performed by using multifunction converter on Lyapunov function in PV
systems to improved quality of the distribution generation (Nguyen and Luo, 2014). Other
one was tried to improve PV voltages by using high step-up DC/DC converter. The
proposed system was combination of Buck-Boost and flyback converter for high voltage
gain (Shen, Lee, Su and Tsai, 2014). A multilevel DC/DC converter research was done by
Hafez (Hafez, 2015). Another multilevel application was three phase multilevel inverter
application for active filtering. (Sezen, 2015). In 2015, Hakimizad et al. reviewed the
design approach of the urban park. The park designed by using renewable energy systems.
(Hakimizad, Asl and Ghiai, 2015). The other study performed for the partial shading
condition and to use adaptive fuzzy logic based MPPT system for PV panels (Choudhury
and Rout, 2015). Basoglu and Cakir examined a new MPPT method (for their time) which
was based on incremental conductance, constant voltage, and look-up table approach and
named as improved incremental conductance for PV modules (Basoglu and Cakir, 2015).
A research was done to develop and compare solar tracked PV panel by using improved
incremental conductance algorithm (Huynh and Dunnigan, 2016). In 2016, Belkaid et al.
presented an application that using modified P&O algorithm for PV application under
variable solar radiation. The aim was to improve the performance and handle the
disadvantages of the P&O using modified P&O control. (Belkaid, Colak and Kayisli,
2016).

An energy management application was proposed for the residential smart energy storage
systems for supplied by hybrid renewable energy. (Alkan, 2016). Another thesis study was
done by Koca. The topic of the thesis was cascade H-bridge inverter based multilevel
inverter by using PV panel for grid connection (Koca, 2017). Another thesis study and
management application about the micro grid system by using PV panel and lithium
battery for different load conditions (Gozliikkaya, 2018). Eksi prepared a thesis which
examined the Micro PV systems to smart grid applications (Eksi, 2019).

Not only these applications were done but also the other MPPT techniques and converters

were used in the applications. One application which used Cuk converter with direct duty



cycle incremental conductance MPPT algorithm for PV Battery system (Belkaid, Colak,
Kayisli and Bayindir, 2019). One of the high efficiencies aimed application about PV panel
used Fuzzy Logic Control based MPPT (Belkaid, Colak, Kayisli and Bayindir, 2020).
Other applications were energy conversion related studies. The cascaded DC-AC-AC
converters grid connection was used study. The source was PV Panels and the system had
AC-Link part (Barrios, Cardenas, Sandoval, Guerrero and Vazquez, 2021). The other
research aimed to control a system with MPPT and no need to inverter that supplied
electrical thermal load without grid connection. The used techniques were relatively new

technique called load segmentation (Eldessouky, Mahmoud and Abdel-Salam, 2023).

The number of studies increasing day by day and this situation the importance of
renewable energy source-based researches. There are also studies that analyses the system
factors such as cost, efficiency etc. In 1996 Caamano, and Lorenzo did an analysis. In the
paper analyses model was estimated PV systems energy performance and economic
performance (Caamano and Lorenzo, 1996). Other analysis was performed the technical
and economic analysis by using simulation on Grid connected PV systems in 1999
(Reinders, van Dijk, Wiemken and Turkenburg, 1999). The only analysis was not
depended on this topic. The other analysis topic was Modeling, simulation and control for
output on PV systems for using MATLAB (Fara and Craciunescu, 2017). The other study
was performed by using new combine MPPT technique which was based on Incremental
voltage step size algorithm and Adaptive Fixed Duty cycle algorithm comparative and
experimental analyses. The analysis was done by Srikumar, and Saibabu in 2020
(Srikumar and Saibabu, 2020).

There is also the researched to solve PV connection problem. Their aim was to focus on
the problem and tried to solve. Ropp, and Rohatgi wrote an article that tried to prevent
islanding problem in grid connected PV systems (Ropp and Rohatgi, 1999). Another
research was tried to solve grid connection problems like power quality, islanding mode,
voltage distortion for short and long term, voltage fluctuation, harmonics, voltage

imbalance and other grid related problems (Aric1 and Iskender, 2020).

There are several topics are related to PV panel as a source. The modelling of the PV panel
is important for all studies. They firstly needed a simulation model and then real time

application was started. Sera et al. wrote a conference paper that modelling PV panel for



using datasheet values. In the article the important formulas for the mathematical model
and equivalent circuit for mathematical model were given (Sera, Teodorescu and
Rodriguez, 2007). The other modelling was done by using Simscape tool to verify the
result (Sahoo, Elamvazuthi, Nor, Sebastian and Lim, 2011). The other modelling study was
performed with using one diode equivalent circuit model of PV modules. They also
obtained the important formulas to convert real PV panel to mathematical equivalent and
equivalent circuit model (Qi and Ming, 2012). Edouard and Njomo designed PV solar
panel mathematical modelling and digital simulation with MATLAB. They defined the
solar panel and derived the equations (Edouard and Njomo, 2013). There were also other
studies that done by using PV panel topics. These modelling studies done by Rahman et al.
The article published in 2014. (Rahman, Varma and Vanderheide, 2014). Aoun et al. was
done another modelling study (Aoun, Chenni, Nahnan and Bouchouicha, 2014). The other
study was optical and thermal model combination that predict electrical production study
(Hoang, Bourdin, Liu, Caruso and Archambault, 2014). Other modelling study was aimed
to found saturation current and ideality factor from open circuit voltage and shorth circuit
current of PV model (Meyer, 2017). A thesis study aimed to model and simulate the PV
battery power generation microgrid system (Algowairi, 2017). Vinod et al. wrote a paper
that modelled the PV panel and simulated for renewable energy solutions (Vinod, Kumar
and Singh, 2018). Another study was about polycrystalline silicon PV cell modelling and
simulation by using MATLAB/Simulink (Belkaid, Colak, Kayisli, Sara and Bayindir,
2019).

The other important topic is modelling and application of proposed systems. The studies
were both modelling PV panel and examining specifical condition. The Coppolaet al.
presented a paper designed coupled inductor boost DC-AC Converter (Coppola, Daliento,
Guerriero, Lauria and Napoli, 2012). Other one was aimed to obtain multimode operation
capacity for PV panel fed an inverter system (Kale, Thale and Agarwal, 2013). Another
inverter modelling and application was about micro inverter system application for solar
home systems (Loba and Salim, 2013). About modelling and micro grid connection
application was done by AbdelHady (AbdelHady, 2017). A PV panel related modelling
and application study presented the PV array configurations such as series, series-parallel,
honey Comb type connections under partial shading connection application (Pendem and
Mikkili, 2018).



There is many different type of PV panel studies have been performed by researchers.
Optimization of the systems based on PV panel is another hot topic in literature.
Optimization means get better the system for efficiency, cost or other important issues to
have more advantages compared to other systems. Kapser et al. prepared a conference
paper about system optimization of the PV string under shading condition by using panel
voltage equalizing converter and also the system to single converter with overcurrent
protection (Kasper, Herden, Bortis and Kolar, 2014). Other optimization study was about
sub-panel MPPT to remove the bypass capacitor and optimization the sub panels
individually (Marti-Arbona, Mandal, Bakkaloglu and Kiaei, 2015). The Fuzzy logic based
MPPT controlled PV was optimized in a thesis (Kocabas, 2017). Another study was
performed by Kayisli in 2023 and aim was parameter optimization of the Super Twisting
Sliding mode based Il fuzzy based MPPT control. The PV system was examined under

variable irradiance condition (Kayisli, 2023).

The following topic is about comparison studies according to control and performance
analysis. A thesis related with comparison of MPPT methods under partial shading
condition by using MATLAB Simulink (Raof, 2020). And another study was performed to
compare different MPPT strategies with using zeta converter used PV system (Basoglu,
2021). The control topic is also important and a thesis aims to control power flowing, load
and energy storage in large scale PV micro grid (Fazalyar, 2021). The last but not least
important topic was performance analysis studies. Rastogi et al. wrote an article (not
pressed yet) that examined two level reduced-switch D-STATCOM for grid tied PV array
using stepped P and O MPPT and modified synchronous reference frame study (Rastogi,
Ahmed and Bhat, 2021).

Thermoelectric generators (TEG) devices convert heat energy to the electrical energy. The
system works based on Seebeck Effect, Peltier Effect, Thomson Effect, Joule Heating to
produce electrical energy (some effects are investigated reverse phenomenon of the

producing electricity). In this part, the literature review continues with TEG studies.

Hatzikraniotis et al. was written an article that examine the TEG systems during long term
performance and stability under temperature and power cycling. The result shown that for
long term usage the Seebeck coefficient was reduced and resistance was increased.

(Hatzikraniotis, Zorbas, Samaras, Kyratsi and Paraskevopoulos, 2009). Other TEG related



study was modelling a system that use TEG modules controlled by artificial neural
networks. (Bilen, 2011). Another TEG related study was multiphase multilevel modular
DC/DC converter with zero current switching capacitor dc-dc converter usage together.
The aim was to obtain high current and high voltage gain with minimize the losses, such as
the switching losses and reduce electromagnetic interference noise (Cao and Peng, 2011).
Nagayoshi et al. presented a study that designed 100 W TEG with battery system and it
was aimed to achieve high efficiency (96.7%) MPPT power conditioning (Nagayoshi,
Nakabayashi, Maiwa and Kajikawa, 2011). Kanimba and Tian wrote a chapter that
investigated the modelling of TEG device. The necessary examinations and the founding
the important formulas done in the chapter (Kanimba and Tian, 2016). Other modelling
study was performed by Belkaid et al. In the paper they modelled the TEG device and
simulated the system and used SMC for boost converter. In the article, the comparison of
P&O and SMC were done (Belkaid, Colak and Kayisli, 2017). Yahya et al. prepared
conference paper that aimed to improve MPPT performance in TEG system. Kalman filter
was used to predict the following variable that reduce the disturbance in real time
application. The preferred MPPT method was P&O based MPPT technique (Yahya,
Bilgin, Erfidan and Cakir, 2018). Other TEG related application was performance analysis
of TEG devices with grid connected photovoltaic inverter. The control mechanism was
conventional P&O method with current limit control. (Bijukumar, Raam, Ganesan and
Nagamani, 2020). Other TEG device research was phase change material for harvesting

energy from changing ambient temperature study. (Tuoi, Toan, and Ono, 2020)

In a study, the TEG device was firstly modelled as mathematical model and it converted to
the equivalent circuit. P&O was used to control of boost converter under changing load
condition (Mamur and Coban, 2020). In 2021, there was a review article that review the
TEG technology and applications of the TEG devices (Jouhara, Zabnienska-Gora,
Khordehgah, Doraghi, Ahmad, Norman, Axcell, Wrobel and Dai, 2021). One of the
efficiency studies was Ataol’s thesis and it was aimed to examine the effects of TEG
density on close hot air flowing geometries electrical power production efficiency. In this
thesis, three-dimensional numerical approach was used. The result showed that if TEG

density was increased TEG devices power production was increased (Ataol, 2021).

Vergragt, and Noort wrote an article about mobile hydrogen fuel cell. The long-term

challenges and other thing about fuel cell technology were researched (Vergragt and van



Noort, 1996). He presented an article to analyze molten carbonate fuel cell systems
numerically. System modelling, system definition and working principles of the system
was mentioned (He, 1997). In 1998, He wrote an article about the dynamic performance of
Molten carbonate fuel-cell system. The analysis was done by using computational fluid
dynamic software as Phoneics, and speedup (He, 1998). One historical development and
working principles study was done by Biyikoglu in 2003. In the article review of the Fuel
Cell history, working principles of fuel cell and types of fuel cells was presented
(Biyikoglu, 2003). Another fuel cell application was performed by Obara in 2007. The
system used wind power as another RES (Obara, 2007). Obara wrote an article that
connect the micro grid with diesel power plant and solid polymer membrane fuel cell.
(Obara, 2008). Ural and Gencoglu prepared a conference paper about modelling
mathematically of PEM Fuel Cell and it was simulated by using MATLAB/Simulink
(Ural, and Gencoglu, 2010). Another conference paper was prepared by Bhuyan et al. The
paper aimed to investigate fuel cell connected to the grid via inverter and controlled by
hysteresis current control method (Bhuyan and Mahapatra, 2012). Another study examined
the fuel cell integrated micro combined heat and power unit on low voltage grid in Danish.
The aim was to determine technical issues for different systems which was used fuel cell
system for different levels of penetration (You, Marra and Trzholt, 2012). In the Ozden’s
thesis, the hybrid hydrogen-solar RESs and electrolysers were examined for standalone
application. The simulation was done by using transient systems simulation against the
reference system. The real time reference was taken according to Kegioren Research and
Training Hospital in Ankara. For obtaining transient systems simulation data, ANSYS
Fluent Solver was used (Ozden, 2015). The other research study aimed to determine the
proton exchange membra fuel cell’s thermodynamic, components and application areas. In
the article, the usage areas of the fuel cell and historical knowledge about fuel cell was
mentioned (Karanfil, 2020). A paper related to mathematical modelling of proton-
exchange membrane (PEM) fuel cell was prepared by Omranet al. (Omran, Lucchesi,
Smith, Alaswad, Amiri, Wilberforce, Sodre and Olabi, 2021)

For renewable energy systems, the other important issue is storage systems. The renewable
energy topic is depending on some external conditions. These external conditions will be
discontinuous like wind energy, sun light etc., or continuous like fuel. For both cases, the
storage of the power is very important to obtain continuous energy distribution. The

storage related studies are written in this paragraph. Latif wrote a thesis to control
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microgrid RESs with multiple converters. In thesis, the writer mentioned control methods
of the microgrid, renewable energy systems, the storage units like batteries, flywheels and
supercapacitors (Latif, 2019). Other storage unit mentioned thesis include renewable

energy and energy storage systems in smart DC microgrid (Moghanlou, 2020)

The main subject of this thesis is to get hybrid combination of RESs, and the aim is to
design a sustainable and efficient system. The system must be new and must improve the
literature studies to develop new technologies. In this part, the literature review about the

hybrid systems is mentioned.

The first hybrid system type was PV-TEG based. This article researched PV/Thermal
system modelling (Zakharchenko, Licea-Jimenez, Perez-Garcia, Vorobiev, Dehesa-
Carrasco, Perez-Robles, Gonzalez-Hernandez and Vorobiev, 2004). Ammar et al. wrote a
paper about PV/T system with ANN control to track optimum thermal and electrical
power. (Ammar, Chaabene and Chotourou, 2013). Alhammad et al. prepared a conference
paper to use TEG and thermoelectrical cooler with PV panel to improve the power
efficiency. The used control was current control to improve coefficient of performance
(Alhammad, Al-Azzawi and Tutunji, 2016). Belkaid, et al. presented a conference paper
that used SMC to extract the maximum power from PV-TEG hybrid system (Belkaid,
Colak, Kayish, Baymdir and Bulbul, 2018). Fini et al. wrote an article about mathematical,
numerical and experimental approach to improve the efficiency of hybrid PV and TEG
system (Fini, Gharapetian and Asgari, 2022). In 2022, a review study was written to
examine of the PV-TEG system for critical factors and parameters. The explored factors
and parameters were material properties and other important issues like geometrical
structural parameters, solar irradiation, temperature, applied cooling technology, thermal
interface material, thermo-mechanical stability, MPPT techniques. (Cotfas, Cotfas,
Mahmoudinezhad and Louzazni, 2022)

The other combine system type was PV-Fuel hybrid system. Yu and Yuvarajan prepared a
conference study about load sharing condition on hybrid PV- proton exchange membrane
fuel cell with PI controller (Yu, Yuvarajan, 2006). Altanneh wrote a thesis study about to
design and implementation of the electrical car battery charger system supplied with solar
cell and hydrogen fuel cell. Battery systems, solar cells, fuel cells, motor selection and

converter were mentioned (Altanneh, 2012). The other study related with optimization to
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grid connected PV-Fuel Cell- Ultra capacitor system with frequency control. The used
optimization algorithm was Partial Swarm Optimization (PSO) algorithm
(Hassanzadehfard, Moghaddas-Tafreshi and Hakimi, 2015).

Another hybrid system was about PV-Diesel hybrid system. According to this conference
paper and the article study (Caglayan, Kayisli, Zhakiyev, Harrouz and Colak, 2022) diesel
can be produced from organic materials, and this biodiesel will be used in diesel systems.

In this case, it is possible to operate diesel systems with biodiesel.

Shaahid and EI-Amin wrote an article to examine the techno-economic evaluation of the
off-grid PV-Diesel battery systems for rural areas in Saudi Arabia (Shaahid and EI-Amin,
2009). Yamegeu et al. presented a study about the electricity production of the PV/Diesel
hybrid system without battery for off-grid places (Yamagueu, Azoumah, Py and Zongo,
2011). Another real time application study was Nour and Rohani’s article and they
designed a system and tried to find optimal standalone PV-Diesel hybrid system for rural
area in Al Gharbia United Arab Emirates (Nour and Rohani, 2014). Another real time
application was performed for Nigerian Oil Producing Communities based on PV-Battery-
Diesel systems. In this article, HOMER program was used to optimize of Net Present Cost
(Diemuodeke, Agbalagba and Okorho, 2014).

The following topic is about Wind-PV hybrid system. Brent and Rogers wrote a paper
about the sustainability of mini hybrid off grid renewable energy systems for rural areas
electrification for Africa in 2010 (Brent and Rogers, 2010). Oguz et al. wrote an article to
analyze of the hybrid system efficiency for laboratory illumination by using Wind PV
hybrid renewable energy system (Oguz, Oguz, Yabanova, Oguz and Kirkbas, 2012).
Another article was integrated the renewable hybrid wind-PV-battery system with reduced
number of power converter and fast control for off grid application (Ghoddami, Delghavi
and Yazdani, 2012). Other off-grid hybrid wind-PV analyze was done for water pumping
system by Vick and Neal (Vick and Neal ,2012). The other application was performed by
Gongmeiet al. to examine of Hybrid Wind-PV system for Micro grid connected and
islanding operation conditions (Dongmei, Nan and Yanhua, 2012). One thesis was done by
Cicek and RESs supplied from smart grid. The aim was to obtain demand response and
optimize the supply (Cicek, 2013). Other implementation was performed by using Buck

converter to hybrid solar-wind system for off-grid condition (Rahman, Razak and Hassan,
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2016). Sharma and Suhang presented an article to examine a special control strategy. The
strategy includes optimal power point tracking algorithm for hybrid Wind-PV system and
the storage units was connected to system via bidirectional Buck/Boost converter The
storage units were battery and super capacitor (Sharma and Suhag, 2017). Yapici1 presented
a thesis about a novel (to his time) optimization method. The method was integrated to the
RESs (mentioned PV and wind), smart grid, and mentioned optimization algorithms as
PSO, eagle strategy algorithm, salp swarm algorithm, firefly, and chaotic firefly. The used
algorithm was improved PSO with cagle strategy (Yapici, 2019). Another optimization
related thesis was done by Yilmaz in 2019. The aim was to optimize the power quality of
the smart grid and integrated the RESs. In the thesis, ANN was used to predict the
optimization conditions (Y1lmaz, 2019). Other thesis was related to improve reliability of
the Nigeria’s electrical grid by using renewable energy systems. Wind, PV, and Pumped
Hydro electrical systems were mentioned, but in the methodology part PV and Wind were
used to improve of the grid reliability (Koyi, 2019).

One of the types of research was performed by Altun and Kilig. This study was containing
simulation of PV-Wind hybrid energy production. (Altun and Kilig, 2019). In 2021, Qadir
et al. wrote an article to predict the output energy of the PV-wind hybrid system using
recursive feature elimination include cross-validation and the data trained by ANN. From
the results, the opting feature selection technique had lower mean square error (Qadir,
Khan, Khalaji, Munawar, Al-Turjman, Mahmud, Kouzani, and Le, 2021). Zafar et al.
wrote an article and tried to predict the produced power to hybrid renewable PV-Wind
system. In the article, the improvised dynamic group-based cooperative search mechanism
with search radial basis function neural network was used to forecast short times (Zafar,
Khan, Mansoor, Mirza, Moosavi and Sanfilippo,2022). The other PV-Wind based study
was done by Chakir et al. examined the smart home using electrical vehicle and renewable
energy study (Chakir, Abid, Tabaa and Hachimi,2022).

The other hybrid type is Wind-PV and diesel system. Liu et al. prepared a conference
paper and they proposed a new (for its time) DC micro grid system that use renewable
energy, electrical machines, ultra capacitors (Liu, Chau, Zhong, Zhang, Gao and Wu
,2010). Ullah wrote an article that about using Solar-Wind-Diesel and battery hybrid
system. The aim was to reduce the CO> emission of diesel system by adding RESs (Ullah,

2013). Another study was done by Vakili et al. The article examined techno-economic
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feasibility of hybrid PV wind and diesel hybrid system for standalone and grid connected
shipyard electrification of Italy (Vakili, Schénborn and Olger,2022).

The following hybrid system was PV- Wind and Fuel Cell system. Palizban et al. prepared
a conference paper to control the active and reactive power of PV-Wind, Fuel Cell,
Electrolyser, and super capacitor system for off-grid mode (Palizban, Rezaei and Mekhilef,
2011). Ganesan et al. wrote an article to model, control and get power management of the
grid connected hybrid PV-Wind-Fuel Cell system. The system simulation performed by
using MATLAB/Simulink (Ganesan, Dash and Samanta, 2016). Ozdemir prepared a thesis
to examine the reliability of the PV-Wind- Fuel hybrid system. The loss of load
probability, loss of load expectation, energy expected Not Supplied, and energy index of

reliability were calculated in the thesis (Ozdemir, 2021).

The other hybrid type study was about PV-Wind and Hydro hybrid system. Bekele, and
Tadesse performed a study to examine the feasibility of the Hydro-PV-Wind off grid
electrification for rural area of Dejen district of Ethiopia. The study used optimization

program called as HOMER to optimize the combinations (Bekele and Tadesse, 2012).

The following studies were mentioned more than one hybrid system and researches
reviewed or compared the systems. Goel and Ali wrote a feasibility study and optimized
the renewable system by using HOMER for remote area electrification in Odisha India
(Goel and Ali, 2013). Rhaman wrote a study contains more than one hybrid system to
obtain sustainable future of Bangladesh’s energy system and Wind-Diesel-Battery, PV-
Diesel-Battery, Wind-PV-Diesel-Battery systems were mentioned. (Rhaman, 2013). Other
paper tried to find optimum configuration of RESs which was performed by Maleki and
Askarzadeh. The combinations of the Fuel Cell, PV and wind system was examined by
using hybrid metaheuristic technique based on chaotic search, harmony search, simulated
annealing methods (Maleki and Askarzadeh, 2013). Beyarslan wrote a thesis about to find
optimal solution of renewable energy system for micro grid design by using HOMER
program (Beyarslan, 2021). Li et al. presented a study that explored the feasible hybrid
renewable energy generation system for resource-based areas of China by using HOMER.
The mentioned renewable systems were PW-Wind-Diesel Generator-Battery, PV-Wind

Turbine-Battery (Li, Zhou, Zhang and Shan, 2022). Other review-based hybrid system was
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thermoelectric generator based renewable energy (Wehbi, Taher, Faraj, Castelain and
Khaled, 2022).

Bishnoi, and Chaturvedi wrote an article that examined the optimized site for installing the
renewable hybrid system to reduce the combustion gasses by using multi-criteria decision
making (Bishnoi and Chaturvedi, 2022). Nur presented a thesis about the hybrid AC/DC
energy system power flow analyses for smart grid. The aim was to obtain reliable, high
quality, cost effective and uninterrupted power for consumption facilities. Newton-
Raphson and Gauss-Seidel iteration methods were used for power flow analysis of the
system (Nur, 2022).

In the electrical systems, the load is very important and the aim is to supply the load. The
power demand should be satisfied, so the load is also important for hybrid system. Because
of that, the load sharing topic is also important. For Hybrid systems each source need load
for producing power, so the load is important not only one source, but also all system. Yu
and Yuvarajan examined the load sharing principles of PV-Fuel Cell devices which was

controlled by constant output voltage with PI controller. (Yu and Yuvarajan, 2006)

The power sources generally behave as non-linear. In the working limits of power and
voltage or power and current are not linearly growing. There is one point that the
derivative of the equation is equal to zero, this means that the maximum point is obtained.
The main aim is to obtain this Maximum Power Point (MPP). In the literature, there is a
special definition that defines some control algorithm which is track the MPP and called as
Maximum Power Point Tracking Methods (MPPT). In the next part of literature review

MPPT based studies are mentioned.

Bekker and Beukes investigated the optimal PV panel MPPT method and voltage
controlled MPPT was examined (Bekker and Beukes, 2004). Onat and Ersoz wrote a
conference paper about the Perturb & Observe (P&O), Constant Voltage, Constant
Current, Incremental Conductance (IC), Parasitic Capacitance Algorithm for PV panel. A
comparison table shown the efficiency of these algorithms (Onat and Erséz, 2009).
Another MPPT modelling and investigation was done by Roshua et al. In the study,
voltage based MPPT with buck-boost converter was used. The result showed that the

system more efficient than older (the older than this method) VMPPT based systems
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(Roshau, Yuvarajan and Schulz, 2009). Korodi presented a conference paper that built the
knowledge based (2 dimensional look up table was used) MPPT algorithm that tracked the
MPP. The methods were knowledge-driven method and the classical search method. The
classical search method was based on P&O algorithm. The results showed that the new
method was faster and had no oscillation around MPP. (Korodi, 2012) Another comparison
study about PV based MPPT algorithms was written by Dris and Djilani. The efficiency of
fractional open circuit voltage method, P&O and IC algorithms were compared (Dris and
Djilani,2013). A PV related study was performed by using Boost converter topology, and
soft switching methods used as MPPT method (Erdogan, Dingler, Kuncan and Ertung,
2014). Raj et al. wrote an article that compare ANN, P&O and IC algorithms for PV Panel
as a source. The results showed that ANN had extracted same power value with lower
oscillation. (Raj, Winston, Ramaraj, and Christabel, 2015). Kurak et al. presented a study
about Constant Voltage Algorithm, IC Algorithm and P&O algorithm for PV application.
The definitions of P&O algorithm were examined. (Kurak, Erdemir and Dursun, 2016)
Belkaid et al. presented a conference paper to compare P&O, IC, SMC and Fuzzy MPPT
methods. The results showed that SMC and fuzzy control were better according to
efficiency, tracking time and simultaneous static oscillation (Belkaid, Colak and Kayisli,
2017).

The other application about MPPT for PV panel was based comparison of P&O, IC,
Fractional Open Voltage, Fuzzy Control and ANN algorithms. (Mnati, Araujo, Abed and
Bossche, 2018). Baba et al. wrote a review study about MPPT Methods (Baba, Liu and
Chen, 2020). Other review and classification article was written by Mao et al. In the article
the basic algorithms and intelligent algorithms were compared. The comparison was
performed for cost, efficiency, accuracy (Mao, Cui, Zhang, Guo, Zhou and Huang, 2020).
Another review article was written by Tozlu and Calik and they examined conventional
Methods (Constant voltage, Fractional order open circuit voltage etc.) and intelligent
methods (fuzzy logic, ANN etc.). A comparison was done according to stability, speed,
cost, efficiency and other factors. (Tozlu and Calik, 2021). In a similar study, P&O and IC
MPPT Methods were compared experimentally by using Field Programmable Gate Arrays
(FPGA) under different radiation conditions. (Celikel and Giindogdu, 2021). Other article
examined the twin rotor multiple input and multiple output system with different control
algorithms which PID, Fractional order PID, SMC, STSMC, Fractional order STSMC and

combination of both, Fractional order PID and Fractional order STSMC were used. The
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results showed that the combination method was suitable for these applications (Abukan
and Almali, 2023).

In this thesis, the selected MPPT method is an improved version of SMC, and it is
classified as second order SMC. In this part, the SMC based studies are mentioned on the

literature.

Levron and Shimilovitz was used SMC to control of the PV for high tracking efficiency,
fast dynamics and all range stability. (Levron and Shmilovitz, 2013). The difference
between traditional methods and SMC algorithm was examined for achieved the switching
surface according to voltage, current and temperature (Vazquez, Azaf, Cervantes, Vazquez
and Hernandez, 2015). The other application was done by using wind energy fed induction
generator to obtain robust system. They designed special SMC algorithm called low-cost
SMC (Djoudi, Chekireb, Berkouk and Bacha, 2015). Other SMC design was performed by
Belkaid et al. In the application, solar system and battery was used and modified
equivalent SMC is used as controller. The efficiency of the system was nearly 100%
(99.6) (Belkaid, Colak and Kayisli, 2016).

Not only the DC-DC converter application was done related this topic, but also one of the
DC-AC application by performed by Saheb and Gudey. The used SMC was called
fractional order SMC. The results showed that lower steady state error and low total
harmonic distortion (THD) was obtained (Saheb and Gudey, 2020). Also, the SMC based
STSMC was used in inverter applications. This controller provided low THD and allowed
usage of nonlinear load (Giiler, 2021). One of the articles searched the Robust Model
reference, and Adaptive STSMC and its Lyapunov stability analyses was done. The results
showed that proposed system was globally stable and had high robust characteristic
(Hollweg, Evald, Milbradt, Tambara and Griindling, 2022). The other study was performed
by using Bidirectional converter for constant power load with STSMC. The results were
compared with PI control under bounded perturbations. The result showed that system was

robust under external system variations. (Hatlehol and Zadeh, 2022).

There are many researches have been presented about SMC based algorithms for

especially the robustness,
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The other important issue is optimization of renewable energy. A thesis study by Yapici
and he was aimed to propose a new optimization method for the RESs to smart grid

integration (Yapict, 2019).

The mentioned topics are renewable sources like PV, TEG, Fuel cell, combine sources,
MPPT method and the importance of optimization. There are also some studies that review

related to renewable energy.

Kartite, and Cherkaoui presented a conference paper about the different structures of the
hybrid energy systems. The mentioned hybrid systems were PV system with conventional
source, wind system with conventional source, PV/wind/Diesel system, standalone
systems, PV with storage, wind with storage, PV/Wind storage hybrid systems. The
mentioned optimization algorithms are genetic algorithm, optimization based on
degradation, and loss of power supply probability optimization (Kartite and Cherkaoui,
2019) and also, mentioned softwares were Hybrid2, HOMER and RAPSIM. Another study
examined the hybrid renewable systems for off-grid electrification in developing countries.
The most used sources and the optimization techniques were explored (Zebra, van der
Windt, Nhumaio and Faaij, 2021). Naz et al. prepared a review study about hybrid energy
controls, combination systems and principles. (Naz, Bou-Rabee, Shukrullah, Gungor and
Sulaiman, 2021). Another article examined the renewable energy systems for building to
heat, cool and electric production with thermal energy storage. The reference sources,
problem studies, and the major results were presented. (Zhang, Oclon, Klemes,
Michorczyk, Pielichowska and Pielichowski, 2022). The analysis of hybrid systems and
recommendations about hybrid systems were offered (Farhat, Khaled, Faraj, Hachem,
Taher and Castelain, 2022). Other study was about countries, hybrid system applications,
cost of electrifications, and net present cost using tables (Sohail, Afrouzi, Mehranzamir,
Ahmed, Siddique and Tabassum, 2022). The sizing, optimization, controlling and energy
management of hybrid renewable energy systems were the subjects of a review study
(Ammari, Belatrache, Touhami and Makhloufi, 2022).

All Power Electronic based systems need special circuit topologies. In this part the
converter and inverter related studies (which was based on the renewable energy topic) are
mentioned. The first topic is DC/DC converter-based studies. An important application

report about boost converter was presented by Texas Instruments. In the report the analysis
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of Boost converter and the matrix form of the equations was obtained (Zaitsu, 2009). Rao,
et al. wrote a paper about grid connected high voltage gain DC-DC converter supply
asymmetrical multilevel inverter topology for renewable energy applications. (Rao, Kumar
and Babu, 2018).

Khan wrote a thesis to examine new (for his time) AC/DC control method. PV Panel was

used as a source and the proposed controller was droop (Khan, 2019)

The literature review is very important to determine the thesis topic. The results of this
review shows that the renewable energy is very important issue to obtain clean, efficient,
and sustainable energy. The researches contain different researchers’ studies. There are
also some studies which was prepared or presented by us. These sources topics are related
to RES and MPPT. In this part, the prepared and presented studies which belongs to us are

mentioned.

The conference paper was the case study of the standalone hybrid renewable energy
systems and it examined the RESs briefly, and used MPPT techniques. The main objective
was to review of the renewable energy combination as hybrid systems, applications and
studies (Caglayan, Kayisli, Zhakiyev, Harrouz and Colak, 2022). Second study was a
review article of hybrid renewable energy systems and MPPT method. In the article,
renewable energy-based sources related studies, MPPT techniques, and the hybrid systems
were reviewed and brief summary was presented (Caglayan, Kayisli, Zhakiyev, Harrouz
and Colak, 2022). The third article was about Twisting SMC with PV which was used as
renewable and nonlinear supply. The total system was examined and analysed based on
MPPT dc dc boost converter (Kayisli and Caglayan, 2022).

Hypothesis

- The power sources of the systems are renewable energy-based sources. Not only
one source is used, but also three different energy sources are used. (Sun Light, Heating

Energy, and Fuel Sources (Hydrogen and other renewable fuels)).
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- According to first hypothesis power sources are nonlinear power sources. Their
Power — Voltage or Power - Current characteristics are not linear. The MPP should be
determined. For this reason, the MPPT techniques are defined by reviewing the literature.

In this system, the MPPT control is also used to obtain the MPP.

- The proposed hybrid system has DC-DC Converters fed a DC-AC Converter that
supply the AC load. The output of DC-AC Systems will supply resistive, and motor. The
examination must be done at least one linear load (resistive-based load) nonlinear load

(motor) supplied and the output behavior must be examined.

- The maximum efficiency of renewable energy sources cannot be increased because
the efficiency depends on the production technology. The important point is to use the RES
on MPP under all conditions. To obtain MPP, the system should be controlled with an
efficient of the MPPT Method. In this thesis, the proposed MPPT method is STSMC (one

of the second order SMC). The aim is to obtain efficiency value higher than 98%.

- As for the reason to choose STSMC, the robustness and fast response of the method
are the first things that come to mind. The aim is to obtain high efficient and sustainable
hybrid system. Additionally, minimum one other MPPT method is used to compare with
STSMC. The Efficiency Factor is calculated as RESs outputs (output side of boost

converters) and the overall output (three phase load output power).

- The STSMC method minimize some disadvantages of the SMC and the selected
MPPT Algorithm.

Assumptions

- In the design stage all components are ideal.

- The AC analyses was done by using ideal components.

- For obtaining nonideal condition efficiency the switching elements must be
selected as real elements and the efficiency is obtained.

- PV, TEG and Fuel Cell have some limitations like power and voltage limits. In the

design. These limitations must be considered.
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Limitations

- The RESs like TEG, PV, Fuel Cell are nonlinear power sources. Their control is
relatively different than the linear power sources, so the MPPT algorithms are used to
control these sources.

- These sources are not ideal and they have losses, and the power extractions are
relatively low according to full power (the conversion is not 100% efficient) especially PV
panel.

- The TEG device needs heat difference, so the heat difference is obtained by the
highest temperature rise element and heating losses of the system is used to generate
electricity. For this case, the TEG device cannot start to generate electricity, until the
temperature difference is obtained. If the TEG device uses heat energy of another systems,
it causes that the other systems heat losses is a source of designed system, so the converted
heat energy is greater than the designed systems heat losses, but losses of the other system
is not converted to the same system.

- The Electrolyser is not working until the time when the systems power should be
greater than limit power.

- The nonideal case is also limitation. It must examine and the efficiency must be
found greater than 98%. In the thesis the aim is to obtain higher efficient system.

Definitions

Maximum power point tracking

This is one of the control methods that used for finding maximum power point from the
working condition. This topic is used mostly in renewable energy application and
nonlinear systems. There are several control methods are defined as Maximum Power
Point Tracking Methods.

Super twisting sliding mode control

The Super Twisting Sliding Mode Control is second order sliding mode control methods.

This method is defined as one of the Maximum Power Point Tracking Method.
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Subatomic particles

The subatomic particles are matter or energy that are the fundamental parts of all materials.
These particles will be negative charged like electron, positive charged like proton, and
neutral like neutrons. The proton, neutron and electron does not only subatomic particles,
also there are quarks, muons and neutrinos. There are also unusual antimatter particles that
positron etc. (Sutton, Invictus, Augustyn, Curley, Gaur, Gregersen, Jain, Hosch, Lotha,

Cunningham, Rodriguez, Setia, The Editors of Encyclopedia Britannica, 2023)

Free energy

In the thermodynamic, free energy is a word that will be define as the energy like property
or state function related to the thermodynamical equilibrium of the system. It shows the
work done of the system and change of the system. There are two forms of the free energy;
Helmholtz free energy and Gibbs free energy. (The Editors of Encyclopaedia Britannica,

Gregersen, Hosch, and Young, 2022)

Entropy

Entropy has different definitions. These definitions are; Entropy is a measure of molecules
or systems disorder or randomness. The other definition is systems thermal energy per unit
temperature. This was introduced by Rudolf Clausius according to Britannica
encyclopedia’s entropy title. (Drake, Schreiber, Gaur, Gregersen, Hosch, Lotha,
Manchanda, and The Editors of Encyclopaedia Britannica, 2023)
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2. RENEWABLE ENERGY SOURCES

There are several RESs that can be used to produce electrical energy. Most of them is
nonlinear energy sources. In this chapter, RESs are examined. There are several RESs can
be used in applications, but in this thesis, there are three different types of RESs
Photovoltaic (PV) Panels, Thermoelectric Generator (TEG) and, Fuel Cell are selected to

use.

2.1. Photovoltaic Generator (PV Panels)

PV Panels are special devices that convert Sun light and heat to the electrical energy. The
PV panels are constructed p-n junction areas and these areas consumes the sun power. If
the energy of sun lights or light is equal or greater than the needed ionize power, PV
device starts to produce electrical energy. In this part, the aim is to examine and define the

production chain of electrical energy by using PV panel.

The first step is to define sun light, second is to define electron ejection, third is to obtain
the equivalent model of the PV panels, and last is to list the types of PV panels.

2.1.1. Fusion and sunlight

There are several reactions defined in the science of chemistry. One of the reactions is

called as nuclear reaction and it happens between nucleus and the subatomic particles.

One of the nuclear reactions is called as fusion. “The fusion reaction is occurred between
the light nucleus. The reaction produces heavier elements”. (Mortimer, 1999: 441).
According to (Serway and Beichner, 2011: 1483) “the light nucleus are the elements that

mass number is less than 20”.
The fusion reaction examples:
H+1H - 2H + % (2.1)

2H +1H > 3He +y (2.2)
3He + 3He — 4He + 21H (2.3)
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(Mortimer, 1999: 441)

And also

lH+3He > jHe+e™ +v (2.4)

(Serway and Beichner, 2011: 1484)

The fusion reactions also produce energy. The reaction examples and the produced
energies are shown in Eq. 2.5, Eq 2.6, Eq 2.7.

According to (Serway and Beichner, 2011: 1484)

‘H+2H - 3He + in  Q=3,27 MeV (2.5)
20 +2H > 3He+ 1H Q=4,03 MeV (2.6)
‘H+3H - 3He + in  Q=17,59 MeV (2.7)

According to (Serway and Beichner, 2011: E.2)

leV = 1.602 * 10719] (2.8)
Q = 3,27 MeV = 5.23854 10713 ] (2.9)
Q = 4,03 MeV = 6.45606 * 10713] (2.10)
Q = 17,59 MeV = 2.817918 x 10~1%] (2.11)

The sun is the source of life and the main power source of the photosynthetic reactions. It
is nearly eternal power source. The energy of the sun is produced by the nuclear reaction

called as fusion reactions. The fusion equation is shown below

4p - *He + 2e* + 2v, (2.12)
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Figure 2.1. The proton used fusion reaction

For this reaction, 4 proton particles converted to 1 Helium atom, 2 positron, and 2 electron
neutrinos. This reaction is a nuclear reaction and the result is produced radiation too
(Mosteiro et. Al, 2015), (Office of Energy Efficiency & Renewable Energy, n.d.)

The energy quantity will be found by using the formula: Original formula is given in
(Conn, 2023)

Energy = (4 *m, — (mHe +2xm,+ 2% mve)) * 2 (2.13)

If the energy is positive the energy is given to output side. The amount of energy from a
single reaction is very small, however if the atom amount is nearly tons of atoms, the

energy of reaction is very high values.

2.1.2. P-N junction and electron ejection on PV panel

P-N junction

The PV panel has P-N junction surfaces and the sunlight hit the PV Panels surface. The
system is made by using semiconductor materials. Atoms of this materials can be pure

semiconductor or has some impurities.

If the placed material has greater than 4 valence electrons, the new material is called as n

type semiconductor. The impurity atom is called as donor atom.
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Figure 2.2. N type material

The number of electrons and the nucleus’s protons are equal, but the in free space, there
are a lot of free electrons of the material. For this type of materials, majority type of carries
are electrons and the minority carriers are holes. (Boylestad and Nashelsky, 1998)

If the new element has less than 4 valence electrons, it is called p type material and the

impurity element is called acceptor atom.
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Figure 2.3. P type material

The electron and the proton numbers are equal, but one electron place is empty in the free
space. For this type of materials majority type of carriers are holes, and minority carriers

are electrons.

PV panel contains P and N type materials which bounded each other and the overall
material called as P-N type materials. Diode material is one of the examples of P-N type
materials. In diode there is a P-N Junction area and if the enough electrical energy is
supplied to the diode, it starts to conduct. The generalization of the current in this type of

material

CBoltzman*VPN

Ipy = Isqr * (€ Tkewin  —1) (2.14)

The original formula is shown in (Boylestad and Nashelsky, 1998: 14)
This condition is created by using power source, but the only source is sun radiation and
the temperature in the PV Panel (also the light is used, but it must be equal or higher than

ionized power). For this reason, the electron ejection topic is important, too.
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Electron ejection

The new topic is electron ejection from the atom. In 1913 Bohr was explained the Bohr
atomic model. In this model there were placed (orbital) that the electron could be found.
This placed was called orbitals which had energy. If one electron is changed its place, the
energy difference is occurred. If its energy increase, the electron move other orbitals that
far from the atoms nucleus. If the electron moves orbitals have lower energy, the electron
must be reducing its energy. Energy dissipation is done by the electromagnetic radiation
called as photon and the photons energy, and the frequency of photon, is changed by atom
to atom. (McGrayne et al., 2023)

The symbolic atom and orbitals are described below. The assumption is that there are 4
orbitals in the atom. Further distance between electron and the outer orbital, the electron
become free electron. The nucleus gravity force is decreased by the further distance. After

4™ orbital, the electron become free when the nucleus gravity force is broken.

Ionization Energy

Ionization Energ

Delta—2—otbital—

Figure 2.4. Atom and orbital

In figure 2.4, delta surface is selected for showing orbitals and explain the condition. The
delta surface is defined as € and this ¢ is too small to assume the circle area is nearly linear.
The linear configuration shown in Figure 2.5. There are energy gaps between two orbitals

the figure is also shown in Figure 2.5.
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Figure 2.5. The Delta surface and Energy Gap

The electron energy conditions are shown in figure 2.6.

Ionization Energy Ionization Energy
€ fiee electon
—&-4—orbital € 4-orbital—
3-orbital 3-orbital—
energy
consume&\

2-orbital | | = b 2-orbitat—
6 1orbitate- - 1—orbital —

— Nucleus— Nucleus

Figure 2.6. Electron movement on delta surface
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The energy consumed arrow shown the energy consumption. The electron moves to the
higher energy level. In the energy release arrow part, electron reduce its energy by
producing photon and the electron move to lover energy level (orbital). The figure 2.6 right
figure shows that electron emitted photon. The energy of emitted photon is higher than the
energy gap between 4. And 2. orbitals, and the electron become free electron. In the figure
2.6 left figure energy consumed means electron consumes photon energy. The energy

release means the electron produces photon to reduce its energy.

2.1.3. Modelling of PV panel

In the part 2.1, the PV panel is investigated totally and the modelling of the PV is
mentioned. The PV panel is a special device that aimed to produce electrical energy form
sun light. The PV panel has one P-N Junction area like diode and internal resistance like all
circuit elements. So, the PV Panel is modelled by using one controlled current source, one

diode, one shunt and one series resistance.

o [

Figure 2.7. PV one diode model

The one diode model of the PV panel is shown in Figure 2.7. In this model one diode
model is shown without defining the current names There is also two diode model of the

PV, but in this thesis only one diode model of the PV panel is used.
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Figure 2.8. PV one diode model Current Model

There are 4 current flow as Ipp, Ig, Ip, Ipy defined in the model in Eq 2.15 the relation

between source current (Ipy) and other current values are shown (Ig, I, Ipy).

The Ipy, is controlled current source and the I, value is found in Eq. 2.16:

Ipp = [Ishort * Ceellshort * (T - Tref)] * Srs_ef (2.16)

I4 is diode current and is found from Eq. 2.17:

CBoltzman*VPN

Ipy = Isqr * (6 Tkewin -1 (2.17)
Ia¢ 1S dark saturation current and it is found using MATLAB PV model.

I, is the current passing through Ry,
Ipy 1S
I'p

kp /3¢

Figure 2.9. Resistance Diagram
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VPV = Ip * Rp - IPV * RS (218)

VPV + IPV * RS = Ip * Rp (219)
_ Vpy+Ipy*Rs

I, = T (2.20)

From Eq. 2.17, Eq. 2.18, Eq. 2.19, Eq. 2.20 that Ipy;

CBoltzman*VPh Vpy+Ipy*R
s

IPh = Isat * (e Neell*Tkelvin  — 1) + - + IPV (221)
14
cBoltzman*VPh N
Iy = Ipp, — Logp * (e ncel*Tkelvin  — 1> — W (2.22)
p

The original formulas (Edouard and Njomo, 2013: 26-27), (Sera, Teodorescu and
Rodriguez, 2007: 2392-2393)

The important conditions are Open Circuit, Short Circuit, at Maximum Peak Point

Open circuit

Figure 2.10. Open Circuit Model

Vey = Voc (2.24)
CBoltzman*Yoc v
0 =1Ipp — Lsqt * <e Neell*Tkelvin  — 1> — f (2,25)
14
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Short circuit

Iph v s
i I i " | S
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Figure 2.11. Short Circuit Model

Ipy = Ishore o
. (2.27)
CBoztzmar;*IshO_Tt*Rs Ishort*Rs
Isnort = Ipp — Isqe ¥ | € TcettTkelvin -1)- TR, 229
p

Maximum power point
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1,;;(‘) V kp 21

Figure 2.12. Maximum Power Point Model

__ Vupptimpp*Rs (2.29)

¢Boltzman*VMpP+IMpp*Rs)
-1
Rp

IPV = IPh —_ Isat * (e Neell*Tkelvin

2.1.4. Types of PV panel

PV panels conduction contains one of the following materials; “Silicon (Si), Gallium
Arsenide (GaAs), Copper Indium Diselenide (CIS), Cadmium Telluride (CdTe)” [The

more information is given in (Edouard and Njomo, 2013: 25)], “Ribbon Silicon,
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Amorphous Silicon” (Eksi, 2019: 12), etc. From using these materials, the PV panel
construct. The other classification is “monocrystalline Silicon, polycrystalline Silicon”
(Caligkan, 2011: 7), and “Thin Film PV’s”. (Can, 2016: 38), other similar studies that
examine types of the PV (Eksi, 2019), (Raof, 2020).

2.2. Thermoelectric Generator (TEG)

The Thermoelectric Generator device means that both convert thermal difference to
electrical power and electrical power to thermal energy. The Thermoelectric Generator will
use both producing electrical energy from using heat energy, and producing heat from

using electrical energy. The Thermoelectric Power Generators has many types:

o Fossil Fuel Based Generators: This type of generators is used fossil fuel such as
natural gas, wood etc. Their power values are limited between 10 and 100W.

o Solar Source Based Generators: Although this type of generators cannot compete
with solar panels, there are areas where they are used.

o Nuclear-fueled generators: The fuel is nuclear fuel. The nuclear reaction of the
nuclear element creates energy and the energy become electricity from using this type of
Thermoelectric Power Generators. The power range is between 107° to 100 W (Strohl,
Harpestre, President, Intek Inc., Westerville, Ohio, Hosch and The Editors of Encyclopedia
Britannica, 2007)

In this experiment our heat energy is produced by our designs most heated element or the

external head source. The TEG device is used some important principles;

- Seebeck effect
- Peltier effect
- Thomson effect

- Joule Heating

2.2.1. Seebeck effect

In 1794, Alessandro Volta designed an experiment that found that heated material was

electrically attached. This is the first example of the Seebeck influence. (Jouhara,
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Zabnienska-Gora, Khordehgah, Doraghi, Ahmad, Norman, Axcell, Wrobel and Dai, 2021)
In 1821, However, Thomas Johann Seebeck was firstly defined this effect. (Jouhara et al.,
2021), (Strohl et al.,2007). The experiment shown that temperature difference between two
different conduction material cause voltage difference and it also generate magnetic field.
If the two different conductions, whose temperatures were different, was disconnected the
current flow was stopped, but in open circuit condition the voltage difference was
maintained (Jouhara et al., 2021), (Strohl, et al., 2007), (Kanimba and Tian, 2016)

In the Seebeck phenomenon, there are three variables. The first variable is voltage
difference, The second is temperature difference, and the last one is Seebeck coefficient.

AV = aAT (2.30)
If the initial voltage value is V(0)=0, the formula becomes

V = adT (2.31)
(Kanimba and Tian, 2016: 462), ( Strohl, et al. , 2007: Seebeck effect)

roert 1

|

Ports 2
Figure 2.13. Example of TEG

In Figure 2.13, dark side shows hot surface, and grey side shows cold surface. The Port 1

and Port 2 show the entrance of the measurement elements or the circuit connection ports.
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2.2.2. Peltier effect

In 1834, (Strohl, et al., 2007: Peltier effect) Jean Charles Athanase (Strohl, et al., 2007:
Peltier effect) examined the Seebeck effect and he discovered that one junction of the
system would be consumed heat energy, but on the contrary side of the system emitted.
(Jouhara et al., 2021)

2.2.3. Thomson effect

In 1855, William Thomson (Lord Kelvin) defined Peltier effect related to junction current,
and also, he defined the relation between Peltier and Joule effects (Strohl, et al., 2007). He
also defines Celsius degree (known as Thomson coefficient). (Jouhara et al., 2021)

2.2.4. Joule heating

In 1840, Joule was done lots of experiment and examined the first law of thermodynamics.
From the result relationship between electrical current and temperature (rising) was

involved. (Jouhara et al., 2021)

2.2.5. Mathematical equivalent of the TEG device

__ Baserde

v_The C) V_TH® _eut

Figure 2.14. Equivalent Model of TEG

In Open Circuit Condition

VTEG = Qa * AT (232)
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AT is temperature difference between two surfaces.

The circuit

Rseerbs

Figure 2.15. Example Circuit

The aim is to obtain maximum power transfer to R_Load. The system seems like Thevenin
equivalent circuit of the system in the figure 2.15. The equivalent circuit of maximum

power transfer is only the equal power conditions.

Rseries = PRLoad (233)
P
VRseries * IRseries = VRLoad * IRLoad = TZEG (234)
Rseries = VRLoad (235)
Rseries = IRLoad (236)
It is assumed that Py is constant.
VTEG = VRseries + VRLoad (237)
ITEG = IRseries = IRLoad (238)

In the same Thermal conditions,
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Rserbs

o=

—L

Figure 2.16. TEG Model of Open Circuit Condition

Open circuit equivalence

Vrge = Vopen
VTEG = 2 * VRseries

_ VreG _ Vopen

Rseries — 2 2

ITEG = IRseries = IRLoad = 0

__ Vrec __ Vopen

Rseries — 2 2
Short circuit equivalent

In the same Thermal conditions

Lt R

| I

VA - c)

Figure 2.17. TEG Model of Short Circuit Condition

Lspore = ITpc

(2.39)
(2.40)

(2.41)
(2.42)

(2.43)

(2.44)
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Maximum power point

Rserbs

A - Rload V/Load

Figure 2.18. Maximum Power Point Circuit

ITEG = IRseries + IRLoad (245)

Ispore = 2 % IRLoad (2.46)
IS or

IRpoaa = =5 (2.47)

The related study about the Fuel Cell formulas is (Mamur and Coban,2020)

2.3. Fuel Cell

The third RES is Fuel Cell. From above the sun light is converted to the electricity by
using PV panel. The heat energy is converted to the electricity by using TEG device. The
third conversion is chemical bound energy is converted to the electricity.

The fuel cell device is used to convert chemical bound energy to the electrical energy the
fuel cell device has an advantage to other chemical energy to electrical energy device that
the fuel cell has several types. Each type uses different sources. According to (Hydrogen
and Fuel Cell Technologies Office, n.d., para. 1), if the hydrogen selected as fuel, the
output is only heat, electricity, and water. The fuel cell device will be supply continuously
for external sources, so it is long life time than batteries. Because of that the fuel cell will
be used for space devices, space crafts, and some places like hospital, school, and other
buildings. A fuel cell will design to work reversible. This type of application, the oxygen
and hydrogen are produced water, and also the water can be produced the hydrogen and

oxygen in working time (Schumm et al., 2023)).
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2.3.1. Thermodynamical reaction

Each reaction has own dynamics. The Fuel Cells are devices that using hydrogen, carbon
monoxide, and methane like materials in the combustion reactions and this combustion
energy turns directly to the electrical energy. Theoretically in ideal conditions the %100 of
the free energy is changed to the electrical energy. In reality the value is decreasing.
(Mortimer, 2004: 441)

AHC is the standard enthalpy change where at 1 atm (atmosphere pressure unit), at 25°C

(Mortimer, 2004: 209). AH is represented the enthalpy change. AE is the change of the

energy.
AE = Efinal — Einitial (2.48)
If assume:

Efina1 = q (2.49)

Positive value of g means absorb heat by system. Negative value of g means produce heat

by system (Figure 2.24).

Einitial = W (2.50)

And Positive value of w work done by system. Negative value of w means work done
against the system. The definitions is given (Mortimer, 1999: 129) (Figure 2.25)

H=E+PV (2.51)
(Mortimer, 1999: 130)

H: Enthalpy

E: Energy of the system

P: Pressure of the gas

V: Volume of the gasses
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For the ideal gasses law

PV = nRT (2.52)

(Mortimer, 2004: 236)

P: Pressure of the gas

V: Volume of the gasses

n: gasses mollar

T: Temperature

From this the equation become

AH = AE + (An)RT (2.53)

(Mortimer, 1999: 132)

Where,

J

R = 8,3143
K * mol

In the thesis the system uses PEM Fuel Cell so the H2O molecules calculations:
The formation enthalpy of the H,O is:

H(g) +50,(g) - H,0(s) AH® = —285,9k] (2.54)
For gas formation
H(g) +50,(g) > H,0(g) AH® = —241,8K] (2.55)

(Mortimer, 2004: 209-210)
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All chemical bounds contain energy to bound the elements each other. In the formula 2.56,

. . . kj .
these chemical bound energies are mentioned to m—(’)l unit.

H-H(g)— 2H(g) AH = 435K]

0-0(g)— 20(g) AH = 138K]

0,(g) » 20(g) AH =494Kk]

H-O-H(g)— 2H(g) + 0(g) AH = 926K]

O-H (g)— 0(g) + H(g) AH = 425 K]

H-O-H (g)— H(g) + O — H(g) AH =501K] (2.56)

The bound of the Hydrogen, Oxygen, Hydroxy and Water molecules. Phase condition is
also important for the reactions. (Mortimer, 1999: 134-136)

The Enthalpy is mentioned 2.3.1 part. The other important definition is the disorder or

randomness of the system. This is called entropy.

The entropy is

AStotar = ASSystem — ASEnvironment (2.57)
(Mortimer, 1999: 137-139)

The third important equation is Gibbs free Energy

AG = AH —T * AS (2.58)
At 25°C and 1 atm pressure the liquid water is produced:

2H,(g) + 0,(g) —» H,0(s) AG = —474,42K] (2.59)

(Mortimer, 1999: 144)
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2.3.2. Working principle

The Fuel Cell system is a system that convert chemical reaction power to the electrical

power.
Non_Reversible Chemical Reactions
Chemicall+Chemical2— Chemical Product+ Electrical Energy

Reversible Chemical Reactions
Chemical1+ChemicaI2: Chemical Product+ Electrical Energy (2.60)

In the Fuel Cell reaction some fuel cell reactions will be reversible. It allows to be
designed the system with fuel cell as storage unit. The Fuel Cell has four important parts.
The first part is anode part, the second is cathode part, and the other part is catalyzer and
the last part of the fuel cell (for example for PEM fuel cell the Proton Exchange Membrane
part is this part.) In the thesis the fuel cell system is PEM Fuel Cell. For PEM system the
reaction is become according to (Karanfil, 2020: 59):

The Anode reaction is:

Anode Reaction

H, - 2H* + 2e~ (2.61)
But the real reaction done by catalyzing the Platinum so the reaction will arrange.

Anode Reaction

p,Platinumy s | oo (2.62)
ﬁ

The reaction is done by two time to obtain 4H" to obtain the
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2H, — 4H* + 4e~ (2.63)
(Bhuyan, Sao and Mahapatra, 2012: Description of Fuel Cell)

ZHZPIati_r)lum4H+ + de" (2.64)

The Catalyzer (Platinum), started the reaction and does not affect after reaction the
Platinum is started the reaction catalyze the reaction. If the product is produced the
Catalyzer also does not affect resultant part of the reaction.

The second reaction is Cathode reaction according to (Karanfil, 2020: 59):
Cathode Reaction
0, + 4H* + 4e~ - 2H,0 (2.65)

The Produced Hydrogen ions and electrons reacts with the oxygen and the 2 molecules of
water atom are produced. The simple for of the reaction is:

2H* +20, + 2e7 - H,0 (2.66)
(Biyikoglu, 2003: 527)

The Total Reaction is:

ZHzPlatl_r)lum4H+ 4 4e-
+

0, + 4H* + 4e~ - 2H,0

2H, + 20, — 2H,0 + Heat energy + Electrical energy (2.67)

(Karanfil, 2020: 59)



45

In the reaction the oxygen and hydrogen become water. The electrical energy produced,
but the heat energy and chemical bound energy are losses of the system.

2.3.3. Equivalent circuit

= | | |
| | | T

+
V_Fuel Source<> V fuel

Figure 2.19. Fuel Cell Equivalent Circuit

V_ act V_ohm V concent
| | |
| | 1

—AG | RxT Py,./P
Vruel source = OxF + ﬁln(?}l—ooz) (2.68)
2
2,3*R*T 1
Vacr = r—2 * In(79) (2.69)
Vonm = Irc * Rin (2.70)
v =T wma -k (2.71)
concent — nelec*F n( IL) -
Open circuit voltage
—AG | RxT Py,./P AS
Eopen =5 + 511 (%) —— (T —298,15) (2.72)
2
A.s
F =968445 —
mol

AG = Delta free Gibbs Energy

Py, = Pressure of Hydrogen Gasses (atm)
Po, = Pressure of Oxygen Gasses (atm)

Py,o = Pressure of Water Gasses (atm)

J

R = 8,3145
mol. K

T = Stack Temperature
a = Charge transfer coefficient

Nelec = NUMber of electron
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Igc = Fuel Cell Current
I, = Exchange Current
R;, =Total electron and proton resistance
I, = Limiting Currrent

AS = entropy variation

The related studies to this topic (Karanfil, 2020), (Bhuyan, Sao and Mahapatra, 2012),
(Biyikoglu, 2003: 527), (Omran et al., 2021), (Ural and Gencoglu, 2010).

2.3.4. Types of fuel cell

Polymer electrolyte membrane fuel cell

Compared to other types, it is light and high powered. It produces electrical energy using
hydrogen, oxygen and water. It uses solid polymer, platinum or platinum alloy as catalyst.
It is more durable and operates at relatively low temperatures. It is sensitive to carbon

monoxide.

Direct methanol fuel cell

It uses fuels such as methanol, ethanol, hydrocarbon. Methanol is the most used fuel.

Alkaline fuel cell

It is one of the oldest fuel cells. The reaction with metals is carried out as a catalyst to the
potassium hydroxide solution in water. These types are similar to Polymer Electrolyte

Membrane Fuel Cell in general features. It is sensitive to carbon dioxide.

Phosphoric acid fuel cells

These are fuel cells with liquid phosphoric acid as electrolytics and platinum catalyst. It is
one of the oldest fuel cells like Alkaline Fuel cells. It is more resistant to poisoning than
PEM Fuel cell.
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Molten carbonate fuel cells

Uses a mixture of inert ceramic lithium, aluminum oxide suspended carbon salts for the
reaction. These types use fuels such as natural gas and biogas as fuel without the need for

an additional catalyst. They work at high temperatures such as 650 degrees.

Solid oxide fuel cells

Electrolytes are made of ceramic. They work at high temperatures such as 1000 degrees. It
has a high tolerance to Sulphur. They are not affected by carbon monoxide.

Reversible fuel cells

Their fuels are hydrogen and oxygen. Heat and water are produced as products. The
reaction is reversible. They can work reversibly with the help of renewable energy

(Hydrogen and Fuel Cell Technologies Office, n.d.).
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3. MAXIMUM POWER POINT TRACKING (MPPT)

Power Electronics aims to convert one type of electrical power to another type like
DC/DC, DC/AC, AC/DC, AC/AC, electrical power to mechanical power, mechanical
power to electrical power and other types, or other special topics like STATCOM, High
Voltage DC etc.

In the energy conversion of the DC/DC, DC/AC, AC/DC, AC/AC, the source can be linear
power sources or nonlinear power sources. The main aim of all the systems is to obtain
efficient, low total harmonic distorted, reliable energy conversion. The conversion is done
by using switching elements (Diode, BJT, MOSFET, IGBT etc.) which are mostly
produced by using semiconductor elements and has special working principles. The power
electronic branch uses these devices on special modes to convert energy efficiently. In
order to obtain efficient and reliable system, these type of power circuits must be
controlled.

From this information, the control techniques are very important and several control
methods have been proposed and applied to the systems. There are two types of sources as
linear and nonlinear. Linear systems have linear power increases or decreases. However, in
the nonlinear system the power does not change linearly. After some conditions, it can
rapidly increase, decrease or direction change. Voltage and current relation of the
nonlinear systems changes related to the outer conditions. For this type of applications, the
aim is to obtain the maximum power extraction/defining the MPP to the source. Optimize

the system that follows the characteristic behavior and found MPP.

In this thesis, the sources are chosen as RESs, and they are also nonlinear power sources,
so the aim is selected the control that extract maximum power from the source, and the
conversion efficiency must be higher. For this aim, the MPPT control algorithms are

searched and one system selected as control mechanism.
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3.1. MPPT Algorithms

The aim of the MPPT Algorithm is to obtain MPP of the source. For this reason, MPPT
algorithm are defined and examined. Some researches are classified according to their
different features. Other researches examined the MPPT algorithms and found optimal
usage areas. Some studies investigated the MPPT methods with controlling nonlinear
sources. The RESs topic is used also nonlinear sources, so the MPPT is important for

renewable energy research. The MPPT methods are discussed and described at this section.

3.1.1. Constant voltage method

This technique was mentioned in several researches. In some studies, the name was
changed, but the technique was similar. According to the (Mao, Cui, Zhang, Guo, Zhou,
and Huang, 2020), (Tozlu and Calik, 2021), (Mnati, Araujo, Abed, and den Bossche, 2018)
there were two techniques about constant voltage. One of them is called as open circuit
theorem or fractional open circuit voltage. These resources said that the constant voltage
method selected the voltage, and it was closed to actual Voltage MPP. The controller
obtains the error and adjust the voltage level. The other method was called as Fractional
Open-Circuit Voltage. In this method, the open circuit voltage is multiple with a constant
between 0 to 1. The selected values are between 71%-80% (0.71 or 0.8), but the optimal
usage was 76% (0.76) according to (Caglayan, Kayisli, Zhakiyev, Harrouz and Colak,
2022). The other sources assumes that these techniques are similar. The main point is that
the voltage is constant, the selected voltage is different from open circuit voltage. The

selected voltage was near to the MPP.

3.1.2. Constant current method

The similar condition is also valid. Some sources report that there are two different
theorems (Constant Current or Short Circuit). The other theorem called Short Circuit
Current Theorem. According to the (Caglayan, Kayisli, Zhakiyev, Harrouz and Colak,
2022), the constant range was 78%-92% (0,78-0,92), but the optimum usage was 86%
(0,86).
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3.1.3. Some special methods

The other theorems are Look-up-Table, Load current or Load Voltage Maximization, PV
Output Senseless, Online MPP Search, DC-link Capacitor, (Tozlu and Calik, 2021),
Feedback Voltage or Current method, Temperature gradient method, Linear current control
method etc. (Baba, Liu and Chen, 2020). In the study (Baba, Liu and Chen, 2020), all the

MPPT method classification is given.
3.1.4. Incremental conductance and perturb & observe methods

The most used MPPT methods are Incremental Conductance (IC) algorithm, Perturb and
Observe (P&O) algorithm (Hill Climbing).

o Incremental Conductance (IC) algorithm use mathematical calculation to the found
the MPP. The method uses this mathematical model which is given in Eq. 3.1.

ar 1 (3.1)

av v

—: Relation of the model

If the = < — - MPP is on the left. (right of MPP)
If the = > — -~ MPP is on the right. (left of MPP)

If the % = —é MPP is founded.

The related studies (Tozlu and Calik, 2021), (Mnati et al., 2018), (Onat and Erséz, 2009),
(Kurak, Erdemir and Dursun, 2016: 4), (Celikel and Giindogdu, 2021)
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Figure 3.1. PV Panel with controlled by IC

o Perturb & Observe method is based on changes between voltage or duty and power
values. Some sources assume that the Hill climbing is also Perturb and Observe (P&O). It
was mentioned in (Mao et al., 2020) page 1315. The other assumes that there was
difference between them (Baba., Liu and Chen, 2020). The main point is to change one
parameter and track the difference to the other parameter.

The main algorithm: (Voltage selected.)

Table 3.1. The table of P&O Voltage Power Relation and Decision

Perturb and Observe Algorithm
Voltage Change Power Change Next Step for Voltage
(1) Increase (1) Increase Increase
(2) Increase (2°) Decrease Decrease
(3) Decrease (3’) Increase Increase
(4) Decrease (4’) Decrease Decrease
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Figure 3.2. PV Panel Controlled by P&O

The related researches (Mao et al., 2020), (Baba, Liu and Chen, 2020), (Onat and Ersoz,
2009), (Celikel and Giindogdu, 2021), (Mnati et al., 2018), (Tozlu, and Calik, 2021), (Dris
and Djilani, 2013), (Raj et al., 2015), (Kurak, Erdemir and Dursun, 2016),

3.1.5. Parasitic capacitance method

This method uses the parasitic junction capacitance value to find MPP. The mathematical

calculation ensures the MPP which is given in Formula 3.2.

Voc—I*R
I=lonoto 1o (e 7% —1) (32)

To find the capacitance according to (Baba, Liu and Chen, 2020: Parasitic Capacitance),

the equation become as;

Vy+Rg*I dv dv
I=IL—IO*[exp(%)—1]+Cp*d—:=F(vp)+Cp*d—: (3.3)
For calculation:
dF(vp) |72 74 F(vp)

S Gr () v =0 (3.4)

(Baba, Liu and Chen, 2020, para. Parasitic Capacitance)
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The related studies (Mao et al., 2020) , (Baba, Liu and Chen, 2020), (Tozlu and Calik,
2021)

3.1.6. Soft switching techniques with MPPT

This is another option to get MPP. In one research, the soft switching techniques with
MPPT was used to reduce the losses of switching. The Soft Switching techniques are
“Zero Current Switching, Zero Voltage Switching, Zero Voltage Transition, Zero Current
Transition” (Erdogan et al., 2014: 1057).

3.1.7. Intelligent methods

These methods are based on artificial intelligence-based techniques. These techniques are
Fuzzy logic, Artificial Neural Networks, Particle Swarm Optimization, Ant Colony
Optimization, Grey Wolf Optimization (Tozlu and Calik, 2021) etc. In the (Mao et al.,
2020, fig. 1) the artificial intelligent topic was written two different subtitle one of them is
MPPT techniques/Intelligent, and MPPT Techniques/MPPT under Partial Shading
Conditions. In the second title, the Artificial Intelligent Controls would extend to Particle
Swarm Optimization, Artificial Bee Colony, Salp Swarm Algorithm, Gray Wolf
Optimizer, Genetic Algorithm, Differential Evolution. The other related studies for neural
network topic (Raj et al., 2015)

3.1.8. Sliding mode based MPPT methods
The examples of the MPPT methods can be extended, but one MPPT model is selected for
this thesis. This MPPT is called Super Twisting Sliding Mode Control (STSMC). This

control is based on SMC and this is a second order SMC method.

Sliding mode control

According to (Kayisli and Caglayan, 2022), the SMC is a nonlinear system control known
as robust control. According to (Gtiler, 2021: 62), the SMC is nonlinear system, and not

sensitive to the system. It has fast dynamics for instant changings; however, it has



55

chattering problem, because of variable switching frequency, and this situation effects the

efficiency of the system.

The sliding mode systems can be improved by using other systems, and other additional

features. The order of the system can be greater. It can be classified as First Order SMC,
Second Order SMC and High Order SMCs. In the thesis, one of the second order SMC is

used to control. The aim is to obtain high efficient sustainable hybrid system. Additionally,

this system is robust to dynamic, nonlinear, and disturbing attempts. Also, the proposed

system is minimizing the chattering problem.

Super twisting SMC

STSMC is based on SMC and Super Twisting algorithm. This is classified as high order
SMC (Hatlehol: Zadeh, 2022). The STSMC Model is shown in Figure 3.3.

ref

Subtract

signal

Sliding Algorithm

Figure 3.3. The algorithm of STSMC

error= Ref-Signal
Parameter= gain*error+

Control output

[ sign(Parameter)dt
error= Ref-Signal(t)

Parameter= gain*(Ref-Signal(t))+

d(Signal(t))
dt

Parameter= gain*(Ref-Signal(t))-

d(errror)

(u)=

dt

d(Signal(t)) _

»

Parameter
3

¥

Fodud "

»-

T ) SR )
Control output{u)

™
—
Sigr1 rlegator

d(Ref-Signal(t))_
t

Super Twisting

(3.5)
(3.6)

|VParameter| » sign(Parameter) — gain x

(3.7)
(3.8)

Parameter= gain*( Ref-Signal(t))-
(3.9)

(3.10)

Duty Signal= |,/par| x sign(par) — gain * [ sign(par)dt (3.11)
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The result of the equation is shown above in here, the solution will be obtained.

\/gain * (Ref — Signal(t)) — @ * sign (gain * ( Ref — Signal(t)) —
@) — gain * [ sign (gain * (Ref — Signal(t)) — W) dt (3.12)

Open version of the equation is shown

If the signal is voltage the signal of the will replace with V(t)

* sign (galn * (Ref = V(1)) — d(v(t)))

u= ‘\/galn * (Ref = V(1)) — M gain *

[ sign (gain + (Ref = V(t)) — 52) e (3.13)

For every RESs, V(t) formula is changed.
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4. DC-DC CONVERTERS

There are several DC-DC type converters are used practically These converters can be
classified as isolated converters and non-isolated converters. Isolated converters contain
transformer device in the topology and thanks to the transformer, the input side and output
side are separated from each other. Only the magnetic effect maintains the circuit’s energy

flow.

4.1. Boost Converter

In this part, one of the non-isolated converters is examined. The main aim is to increase the

average voltage level, but ideally the input power is equal to output power. The used boost

converter topology is shown figure 4.1.

a Sourca-iﬂ— -\

—&| Ground

Source

Boost Converter Load

Figure 4.1. Boost Converter Topology

In this case the components are ideal, so the inner losses are neglected. The efficiency is
assumed as 100%. The MOSFET and Diode are working in switching mode, so they are

simple switches. For this reason, there are two stages in this circuit.
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- First Stage is

o

l R T

Source Block
Boost Converter Block

Load Block

T

Figure 4.2. MOSFET is On. Diode is Off

MOSFET is OFF and diode is ON. In this mode, the capacitor is discharging and the

inductance is charging.

=
e=Cx2 4.1)
dve = =% i * dt (4.2)
t t .
[ldve =), ic xdt (4.3)
t . o . t.
v,(t) :%f_mlc*dt:%*(f_oolc*dt+f0 i, *dt) (4.4)
2 i *dt = ve(0) (4.5)
ve() = £+ (v (0) + [ i dt) = v (0) +3 [ i * dt (4.6)

v.(0) is constant, % is constant.
The original formula (Irwin, Nelms and Patnaik, 2015: 233-234)

For inductance

v, =L+ 4.7)

diL = %* vy * dt (48)



t
T
i (t) =%*f_toovL * dt =%*(f_ooovL*dt+f0tvL*dt)
[, v * dt = iy (0)

iL(8) = 7 * (i, (0) + J, v, * dt)

i, (0) is constant, % is constant.

() =i, (0) + % * fot vy * dt

The original formula (Irwin, Nelms and Patnaik, 2015: 239)

From Eq. 4.13,

0<t<D=*Tgyitch
lL(t) = lL(O) + % * fot vL * dt
lL(O) = ILmin’ iL(t) = ILmax

1t
+ox Jvy xdt

ILmax = Lmin
1
AIL -1 * Vin * D * TSWitch

_ Vin*D
Al = YD

L*fswitch

1 pt.
v:(t) = v.(0) + EfO icxdt
v.(t) = V;)minr v:(0) = Vomax b = —o

|74

Omin

1 pt
= Vomax +Ef0 —I, *dt

1 ot 1
A%:Efolo*dt:E*Io*D*Tswitch

AVO — Io*D

C*fswitch
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(4.9)

(4.10)
(4.11)

(4.12)

(4.13)

(4.14)
(4.15)
(4.16)
(4.17)
(4.18)
(4.19)
(4.20)
(4.21)
(4.22)

(4.23)

(4.24)
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- Second Stage is

.
8| Source+

———8| Ground
L —

Source Block1 Boost Converter Block1

Load Block1

Figure 4.3. Second Stage MOSFET off. Diode on

MOSFET is OFF and diode is ON. In this mode, the capacitor is charging, and the

inductance is discharging.

For inductance

diy,

v, = Lx—= (4.25)
diy =z x vy x dt (4.26)
t t 1

S di, = f_mz * vy, * dt (4.27)
. 1 t 1 0 t

lL(t) = Z * f_oo vL * dt = z * (f_oo vL * dt + fO UL * dt) (428)
2 v, *dt =i,(0) (4.29)
i (t) = 1% (i,(0) + [ v, * dt) (4.30)

i, (0) is constant, % is constant.
iL(8) = i,(0) + 7% [, vy * dt (4.31)

The original formula (Irwin, Nelms and Patnaik, 2015: 239)
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From this formula,

D Tswitch st< Tswitch (4-32)
. . 1 Tswitc
i, () = i, (D * Tswicen) + ¥ fD*Ts:vi’:ch v *dt (4.33)
i,(D * Towiten) = I UL (T) = I .. (4.34)
1 Tswitc
Din = Ty + 7 % fD*TS:Vi’ZCh v, * dt (4.35)
1
=4I, = T * VU * (Tswitch —D x Tswitch) (436)
v, = Vin = Vour (4.37)
1 1-D
=4l = 7 x (Vin = Voue) * o (4.38)
_ (Vin=Vout)*(1-D)
AIL - L*fswitch (439)
Vin = Vour * (1 — D) (4.40)
AIL — (Voue*(1=D)=Vour)*(1-D) (441)
L*fswitch
_ (Vout)*(D_Dz)
AIL - L*fswitch (442)

The current and voltage equations of the boost converter should be used to control of the

circuit and the transfer function should be obtained.

B
-
: ‘ ]

J Ground ¢
Source Block1 Boost Converter Block1
Load . Load Block1

Ground

+ J_ Boost Gonverter Block

Source Block
Load Block

Figure 4.4. All conditions of Boost Converter

SouresE « ]
s Loads »%J
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For Stage 1

L*%zvi"mz’ C*%:%

For Stage 2

L+ Dau Vingy ~ Voay 1 C * Loa — A

dt

Total operation

_d. 3 ~
L l;?ll - (vinAll) *d + (vinAll - vOAll) *(1=d)

dv, . N v,
Cx—A = (i, )*(1—d) ——2L

ac R
DC and AC signal
gy =T H iy Yoy = Vo + Vo, Ving, = Vin + Vin, d=D+d

d(Ip+ig)
L % — ;tlL. =W +tv)*(D+d)+ Vi +vip — Vour — Vour) * (1 —D — d)

d(Vy+v,)
dt

Vo
R

C * =(IL+iL)*(1_D_d)—%—
DC

da(ly)
L dtL = (Vin) * (D) + (Vin = Vour) * (1 = D)

L*d(IL)_Vin_VO(l_D)

ac
0="Viy—-V1-D)
Vin
o= an;
d(Vo+v,) . v .
C*TVZ(IL-l'lL)*(l—D—d)—;—%
Yo
0=(I)*(1-D)—=2

Vo
O —-IL'_ h‘*JD —-7;

=)+ -D)=1,

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)
(4.52)
(4.53)
(4.54)
(4.55)
(4.56)

(4.57)
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AC
da(l )
L = % (Vm + vm) (D + d) + (Vm + Vin — Vout - vout) * (1 -D - d) (4-58)
C+H = (1 4y« (1-D—d)—2 -2 (4.59)
d
L (lL) (Vln + vln) (D + d) + (Vm + Vin — Vout - vout) * (1 -D - d) (4-60)
Q—D*Q—izOﬂﬂ{l—D)zﬁﬂﬂl—D%:ﬁ (4.61)
R R Iy,
Vo Vo
R = = a (4.62)
d(ip)
L * =2 = vin — (Voue * Vour) * (1 =D — d) (4.63)
L~ d((iiL) = Vin + Vour *d — Voyr + Vour * D + Uyt * d (4.64)
S*L*iL=vin+Vout*d_vout+vout*D+vout*d (465)
Cx M) — (1 4 i)« (1-D—d)— 22 (4.66)
C « 20 —Ipxd+i,—i,*D—i* d—%" (4.67)
S*C*vo=—IL*d+iL—iL*D—iL*d—%° (4.68)
Matrix form
x—[ ] (4.69)
L * dfil;) = vin + Vout * d - vout + vout * D + vout * d (470)
C * d;vt") IL*d+lL—lL*D—lL*d—— (4.71)
. . . vO
C*v’o]_ —IL*d+lL—lL*D—lL*d—§
L =1, 1 0 1 0
L Vout*d*[o 1]+(vin+Vout*d_vout+vout*D+vout*d)*[0 1]
4.72)
. o -1, *xd
C * U — i %D —=2 L
L*lo] [ ’ R l+[V *d*[l O]+U *d] (4.73)
L +( Uout + Uout * D) out O 1 out
From there

—i+d =0 (4.74)
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Vour *d =0

'UinEO

[C*vo] 1-D vo [
L*lL ]__|_D Vout

PR 1
[C 0]*[1{0 _| -z 1-D
0 L" lul | 14+4p o
. 1
C 0]*[1{0: -~ 1-D
0 L7 tul |-1+p
‘U.O—_ 1* ]*
wl oL 1+D
v,] 1 _L L—Lx%D
. R
bl ¢Ll_c+cxD 0
1 1-D 1
Yol _| e ¢ [UO] T c
S = .|+
[ 17, ] —1+D I
L - 0 0
x=A*xx+B=+*d
Where,
1 1D
CxR C
A=1_ip
L
1 -1
yzvout Vout
_ Vout
y=1[1 O][iL]
y=C+x+0xd
y=Cx*x
C=[1 0]
1 1D
CxR C
A=_ulp

== O

Vo

.
d

Vo

]*

* d

1,

[+ [V

lr

1
lL] * Vout

o). ik

l

KA

tEK

1
C*L

* d

* d

=~ O

[Vout

ol ] -

(4.75)
(4.76)

(4.77)

(4.78)

(4.79)

(4.80)

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)

(4.86)
(4.87)

(4.88)
(4.89)
(4.90)

(4.91)
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B=|,: (4.92)
L

C=[1 0] (4.93)

X’=AX+BU (4.94)

Y=CX+DU (4.95)

And other parameter analysis shown in the Texas Instrument Report (Zaitsu, 2009)

Load condition of the boost converter

SoUrcest--, .
| st 4

e e -+

acd+ & J

+
A L
L o
+ 1 E
——8| Ground ' J(u|_:“|:1'£|

Source

Load

Boost Converter

Figure 4.5. Boost Converter Topology

Boost Converter is controlled by the duty cycle which produced by the controller unit. The
Boost converter ideally increase the voltage average value without changing power value.
The input power is equal to output power, if the losses are neglected. For this part, there is

an important equation:

y, =Y (4.96)

" 1-D

From above calculation and enlighten to this knowledge:

Py = Pyt (4.97)
Pip = Vip * Iin (4-98)
Pout = Vout * lout (4-99)

Pin = Vin * lin = Vour * lour = Pout (4-100)
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Vin * lin = Vout * lout (4-101)
Vin

Vin * lin = (E) * Loy (4-102)
Iou

Vin * lin = Vout * lout (4-104)

Vin = Rin * i (4-105)

Vour = Rout * lout (4-106)

Rin * Iin * Iin = Royt * lout * lout (4-107)
Iou Iou

Rip * j * 1_; = Rout * lout * lout (4.108)

Rin = Royt * (1 = D)? (4.109)

The similar examination was done in (Omran et al., 2021: 4)

- .—|:| T - =

Figure 4.6. Equivalent Circuit of Boost Converter

4.2. Buck Converter

The Buck Converter is one of the non-isolated converters. This converter ideally reduces
the average value of the output voltage and increase the average of the current value. In the
ideal case the output power is equal to the input power supplies power value. In this case
the components are ideal, so the inner losses are neglected. The efficiency is 100%. The
MOSFET and Diode are working in switching mode, so they are simple switches. For this

reason, there are two stages.



doosgr .,

+ —— 8| Ground

Source Buck Converter

Load

Figure 4.7. Buck Converter

First Stage is

67

This stage is working during 0 < t < duty * tg,;:c, iNterval. The inductor is charging in

this stage.
oUdINLeT -—‘"Iv“\_
SIS
i Lpad+ =
;L Ground
) Sourcel Buck Converter1
T Load1
)

Figure 4.8. Buck Converter MOSFET off

di
v, =L*—=
dt

iL = % * f—too det
The original formula is (Irwin, Nelms and Patnaik, 2015: 239)

t
f_oo(US_VLoad)dt .
L =l

vs(=00) = v5(0) = 0

vLoad(_oo) = vLoad(O) =0

(4.110)

(4.111)

(4.112)

(4.113)
(4.114)
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US(t) = vs(dUty * tswitch) = Ivsl

vLoad(t) = vLaod(duty * tswitch) = IvLaodI

Vs — Vigaa =V = L *x—=
dv,
ic=Cx—
¢ dt
1 t
Ve =% o lcdt

The original formula is (Irwin, Nelms and Patnaik, 2015: 233-234)

t . .
— f_oo(lL_lLoad)dt
c

is(=00) = i5(0) = 0

Ve

iLoad(_oo) = iLoad(O) =0

diy,
dt

iS(t) = is(duty * tswitch) = |is|

iLoad(t) = iLaod(duty * tswitch) = |iLaod|

i = lpoaa =lc =C*

Second Stage is;

It works only duty * teyicen < t < tswiren INterval. The inductor is discharging.

d‘UC

dt

a| Source+

Source2

Ground

A
bl

T

i OBO

Buck Converter2

Load2

Figure 4.9. Buck Converter MOSFET on

(4.115)
(4.116)

(4.117)
(4.118)

(4.119)

(4.120)

(4.121)
(4.122)
(4.123)
(4.124)

(4.125)



For Inductance,

The original formula is (Irwin, Nelms and Patnaik, 2015: 239)

tswitch
t
fduty*tswitch(vl')d —_—
L
v, (Eswiten) = 0, v, (duty * toyircn) = [Vioaal
diy
0 —Vipaa = vy :L*E

Figure 4.10. Buck Converter Topology and MOSFET Behavior

From super position rule

L % diLall _ (Ws—voaa)*duty*tsyirch+(=VLoaa)*(1—duty)*tsyiccn
dat tswitch

diLgy
dt

L = = (VS - vLoad) * duty + (_vLoad) * (1 - duty)

L « diLgy

dt = Vs * duty — VLroad

dve
all __ ;
C * at lp = lroad

Wau = tac + ILDC

Vs = Usye T VSDC

Em*}"j_r | v
= Ground | J + 8| Ground [
1 - ‘ 1
Buck Converter < Sourcez o Ye—— s
Losd <L I Loaiz <,
YSomroar—— T ]
-t
s Eoal
G I
3
o Buck Converter! <
Loadt <
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(4.126)

(4.127)

(4.128)
(4.129)
(4.130)

(4.131)

(4.132)
(4.133)

(4.134)

(4.135)
(4.136)
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Ve = Vioad (4.137)

Vioad = Vioadse T VLoadDC (4.138)

iLoad = 22 (4.139)

duty = duty,c + dutypc (4.140)
di dai dal

L * % =Lx ;?C + L * :fc = (USAC + VSDC) * (du'tyAC + dutyDC) - (ULOCldAC +

VLoadDC) (4-141)
dve,, Avioad Vioadpe _ (. VLoad gtV Load

C * — U_ (Cx = AC 4 - DC _ (lLAC + ILDC) _ ACR DC (4.142)

Derivative of the DC components are zero because of the derivative of constant values.

di

L (I;:C - (USAC + VSDC) * (dutyAC + dutyDC) - (ULoadAC + VLoach) (4143)
AVioad , Vioad -tV Load

Cr—gr == (izae + Tpc) = I (4.144)

diy,
For L » —4<
dt

L+ dicLiic = Usye * AUtYac + Vs, * dutype + Vi * dutyac + Vopo * dUtype = Vioadae —
Vioad, (4.145)
C * —dvuc)li—dAc =g Flipe — vLO:dAC - VLO:dDC (4149)
L+ dicLl?C = Uspe * QULYac + Vsye * dutype + Vs * dutyac + Vs * AUtYpe = Vioadse —
Vioads., (4.147)

If the derivative of DC is zero pure DC part must be cancel

I/SDC * dutyDC - VLOCldDC =0 (4148)
Vspe * dutypc = Vioadpe (4.149)
Vin xd = Vour (4.150)
di
L * ::C = Vs, * Autyye + Vs, * dutype + Vs * dutYac — Vioaa,, (4.151)
AVioad . VLoad Vioad
L e (4.152)



I _ VLoadDC
Lpc — R

AVioad . VLoad
Cx AC = AC

dt AC R
L ZLac * duty,c + * dutype + Vs, . * duty,c —
de USAC UlYac USAC UtYpc Spc UlYac vLOCldAC

C* dVLoadAC . _ vLOG.dAC

ac ‘Lac R
Transform to s domain

L*sxi,. =vs,.* duty,c + Vs o * dutypc + Vepe * dutysc — Vioadac

. vLoadAC
Cx*sx* vLOCldAC - lLAC - R

For simplification:

i = lp,er Vs = Vs, d=dutyse, D= dutypc, Vs =V,

VLoad = VLoadac

L*S*iL=vs*d+vS*D+Vs*d—vLoad

VLoad

C*S*Vppaq =1 — R

ve*xd Vs*xD + Vs*d Vioad

L * iL = +
N N N
iy VLoad
Cxv ==
Load s R+s
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(4.153)
(4.154)
(4.155)

(4.156)

(4.157)

(4.158)

(4.159)
(4.160)
(4.161)
(4.162)

(4.163)

(4.164)

vs * d = so small value so it will be ignored, the source voltage assumed to the DC value

so the input voltages ac component is zero. vg = 0

. Vsxd v
L*lL:+S _Lz;ad

To obtain i, equivalent ;

_Vsxd  vpgad
i =————=

Lxs Lxs
(VS*d_"Load) v
Load
C x 1 — _Lxs Lxs _
Load s RS
Vs*d 14 v
C * Vioad = S*¢  YLoad _ YLoad

Lxs2 Lxs2 R*s

(4.164)

(4.165)

(4.166)

(4.167)
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VLoad * (C +

To matrix form

L*S2 Rx*sS

1 ) _ Ve*xd
T Lxs2

diy,
AC
L * 2t = Usac * duty,c + Vs, * dutypc + VSDC * duty,c
AVioad V5oad
Cx ———AC — i _ AC
dt AC R

b= loger Vs

VLoad = VLoadyc

= Vs,oo d =dutysc, D = dutypc, Vs = Vs

DC

di
L*d_tL_vs*d+vS*D+VS*d_ULoad
d
C % Zkoad _ ; _ ZLoad
dt R

L *

iﬁLoad

[C 0] % -I?Load-

0 L [ l0ad |

[8 2] % ‘li’Load
L ‘Load

[6 O[]

[C*vLOad]Z[US*d+US*D+VS*d_ULoad

i — VLoad
L R
Vexd+ Vs *D+Vs*xd—Vpaa
= :_ Vioad ]
l _R

vS*d+VS*d+vs*D_vLoad
i — VLoad
L R
Us * D - VLoad
__ VLoad + [VS * d]

R

15

~ VLoadyc

(4.168)

(4.169)

(4.170)

(4.171)
(4.172)

(4.173)

(4.174)

(4.175)

(4.176)

(4.177)

(4.178)

vg means AC part of the source voltage. In this case the source is DC voltage source. There

is no AC part,

] [vLoad
lLoad
] [vLoad
lLoad

—ULoad] L "
| LLoad

:L O] l——1

—ULoad

] L,
_LLoad C*L |

VLoad
Vioad | + [VS * d]

-
-

|
R R R R e e R

[—L O
B e R A

*d

(4.179)

(4.180)

(4.181)

(4.182)

(4.183)



1 i Vs
VLoad T c 0 [vLoad] c 0
[ lLoad | — 1 l lLoad 0 Kﬁ
L*+R L | L
1 i Vs T
VLoad — T c 0 " [?Load] c 0 «d
_iLoad- — 1 l lLoad 0 Kﬁ
L*R L] L
xX=Axx+Bx*xd
1
- 0
A= I
| L«R L
4
?5 0
B = 0 vs
| L
VLoad
=101+ [
y Load [ ] iLoad
y=Cxx+0xd
c=1[1 0]
Load condition of the buck converter
"jﬁffgﬁi* Dk ]
i Lo
A Ground 1
|
Source Buck Converter

L
I

Load

Figure 4.11. Buck Converter Topology
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(4.184)

(4.185)

(4.186)

(4.187)

(4.188)

(4.189)

(4.190)
(4.191)

From Eq. 148, Eq. 149, Eq. 150, the duty cycle input and output voltage relation found as

follows:

Vin *d = Vot

(4.192)
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Ideally the Buck Converter output and input power values are equal:

Pin = Poue

Pin = Vin * Iin

Vin = Rin * Iy

Pout = Vout * lout

Vout = Rout * lout

Vin * lin = Vour * Lout

Vin * Iip = Vi *x Duty * Ioy,

lin = Duty * Ioy;

Vin * lin = Vout * Iout

Rin * Iin * Duty * Loy = Vour * lout
Rin * Iin * Duty = Vo

Rin * Duty * loye * Duty = Voye

Vout

Ry * Dutyz = = Royt
Tout

- Rout

M puty?
Sobree: e
Sl

e el

Gi d i 1

Figure 4.12. Buck Converter to Equivalent Model

Rload/D*2

%
1

(4.193)
(4.194)
(4.195)
(4.196)
(4.197)
(4.198)
(4.199)
(4.200)
(4.201)
(4.202)
(4.203)
(4.204)

(4.205)

(4.206)
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5. THREE PHASE DC-AC CONVERTER AND SINUSOIDAL PULSE
WIDTH MODULATION

The topology is shown in figure 5.1. The aim is to obtain 3 phase AC sinus wave from the
output load. One branch of the 3 Phase inverter there are two MOSFET. Each MOSFET
works inversely. Using special control method (PWM) the variable length pulse signal is
produced. Using suitable filter this signal is converted to the AC signal. Product signal can
be triangle, another pulse or sinus signal, but the signal has positive half cycle and negative
half cycle. In thesis, the load side has 3 phases, because of that the inverter should be
chosen as one of the 3 phase inverter topologies. The selected topology is 3 phase Half

Bridge (H bridge) inverter.

1 [

Figure 5.1. 3 Phase Half wave Inverter

There are three individual half bridge inverter that obtain the inverter’s out signal

Vopeak/2 |oousvirnniiiinnnn

-V _peak/2}....... TU .......

Figure 5.2. Half Wave Sinus wave form

[\
=
%

One period of the sinus wave form is shown. The period is 0-2x.
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V opeak/2 f .o uiiviiiiiinnt,

-V_ peak/2

V_peak/2 P P

-V peak/2 | ..o AL

Figure 5.3. Half Wave Sinus wave form and Switching

In the system the DC voltage is supplied the three different half bridge converters. The half
bridge topology produces the AC signal with half value of the DC voltage. For obtaining
the sinus wave form the special control techniques are used. These controls are Sinusoidal
Pulse Width Modulation, Space Vector Pulse Width Modulation and the other methods.

A Phase Load Volt age

ru mn MWH\““\“HW\
‘ i

,H ‘

W |

\M |H H |
_ ‘UH\HM u \m\ H\
QT

0 0.1 02 03 04 05 06 07 08 0.9 1
Time (s)

N
=]
]

w
=]
=]

W’W‘
1 '}

[N]
o
[S]

=]
o

Voltage (V)
8 'a
o o o

&
S
1S3

-400

Figure 5.4. Phase A Load voltage



Filter

a
H
I
1
L
7T

H
L
T

3
1
TTT

Figure 5.5. 3 Phase Half Bridge and Filter

For each phase the pure wave form is obtained for using LC filter combination.

2nf =w

w* L =
wxC

If L value is known:

2 1
wex [ =—
c
2 _1
2rf) *L ==
c
1
(@mf)?sL
800 A Phase Load Voltage Without Filter 06 A Phase Load Voltage Without Filter
L
400 1 ' 400 |
200 ‘ ‘H;
< z ‘ ‘1 ‘
o o I I
g° o A
o O [ I
- s gL
200 ki
-400 | l‘
600 . . . . \ : ) . . 600 — . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1 0.955 0.96 0.965 0.97 0.975 0.98 0985 099 0.995 1

Time (s) Time (s)

Figure 5.6. Before Filter
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(5.1)
(5.2)

(5.3)
(5.4)

(5.5)
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In these results, the obvious thing is that the DC voltage is switched from using MOSFET
and using half bridge inverter topology for three phase inverters. The result is not Sinus
wave without filtering. If the Fourier analysis is done, the result has 50 Hz’s (the 50 Hz
assumed to be base frequency) dominant component, but the other component is also
written in the analysis. From using filter, the main aim is to eliminate some of the
frequency part of the signal. For using this elimination, the result is more like to the sinus
wave form. The only disadvantage is for this filter if the base frequency or near

frequencies are selected, the main wave form is started to distort.

.
_

. . . . . L _
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

1

1 L 1 1 f 1 L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Figure 5.7. 3 Phase Sinus Wave 50Hz

The figure 5.7 shows ideal sinus wave form.

In the control part especially the Sinusoidal Pulse Width Modulation use above reference

for obtaining sinus signal.

The sinus wave form is obtained for 2. If desired wave form is related to time period the

below calculation must done.

For 10000Hz
£ = 10000 (5.6)
T=-=——=1x10""%s (5.7)

f 10000
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2m angle must be equal to 1« 10™* s

2m=1%10"° xangle (5.8)

2T
104

angle = mod ( * currenttime, 211) (5.9)
Is the wanted angle function. Mod function is allow to control the angle value must be in

the range of 0 to 2.

1 2 3 4 5 6 74 8 9 10
x 10

Figure 5.8. 3 Phase sinus wave form 10000Hz

For 50 Hz the function will be written as

Angle=100 1t * currenttime (5.10)

The output is:



_
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1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Figure 5.9. 3 Phase sinus wave form 50Hz

Positive cycle

1T

Phase B

e - WFW

Figure 5.10. Stage 1 A Phase Half Wave inverter

Negative cycle

Lc
VY
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C_souree 25
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A
3 beot
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Figure 5.11. Stage 2 A Phase Half Wave inverter

In the Figure 5.12 and 5.13 the systems control signals are shown. In the Figure 5.13 The

control signals are sinus wave form and they does not converted to the Pulse Wave model
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Sinus Control Signal
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o
w
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0.93

0.1 02 03 04 05 06 07 08 0.9
Time (s)

1

Figure 5.12. The Sinus waveform of Control Signal
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Figure 5.13. 3 Phase Pulse Control Signal
The total power of the 3 legs.
V1 = Vac,pq * COS (o) (5.11)
V2 = Vacyoq, * COS (a+120) (5.12)
V3 = Vacpeqy * cos(a + 240) (5.13)
i, = iacpeak * cos () (5.14)
I3 = lacyeqq * COS (B +120) (5.15)
I3 = lgcyeq, * €OS (B + 240) (5.16)
poweriytqr = POWeETr; + power, + power; (5.17)
POWeTtprqr = Vq * 11 + Uy * iy + V3 * i3 (5.18)
1
cos(a) cos(B) = > (cos(a — B) +cos(a + B)) (5.19)
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POWeTtotal = Vacpear * lacyear (cos(a)cos(B) + cos(a+ 120) xcos(B +120) +
cos(a + 240) * cos(B + 240)) (5.20)

Xpower = % * power * (cos(a — ) +cos(a + B) + cos(a — B) +cos(a + B + 240) +

cos(a — B) +cos(a + B + 480)) (5.21)
cos(a + B) +cos(a + B + 240) +cos(a +  +480) =0 (5.22)
So,

Xpower = % « power(cos(a — B) + cos(a — B) + cos(a — B)) (5.23)
Xpower = % * power * cos(a — f8) (5.24)

(Irwin, Nelms and Patnaik, 2015: 481)

Finally, 3 Phase Behavior of the proposed control is shown in Figure 5.14.

a, B is equal to wt values of the system, power values are instantaneous power values.

A phase Load PN Voltage A phase Load PN Current
400 40
g 200 | g 20
> =
g o | e o
=) >
= -200 |  © 20
-400 -40
0 0.5 1 0 0.5 1
Time (s) Time (s)
A phase Load PP Voltage A Phase Voltage PN (without filter)
1000 1000
—~ 500 —~ 500
= =
S | | S
g 0 | g
o Ke)
> 500 = -500
-1000 -1000
0 0.5 1 0 0.5 1
Time (s) Time (s)

Figure 5.14. A Phase Output Behavior

In the 5.14 Figure A Phase Voltage PN (without filter) title the unfiltered voltage is contain
other frequency values, so the voltage maximum value is nearly equal to 500V, however
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the 50 Hz component value is nearly 302V. The filter is filtered the other frequency values
and the AC voltage is obtained.
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6. SIMULATION STUDIES

In this thesis, three different type RESs are used as PV, TEG and Fuel Cell. The designed
system, RESs and the control method are examined under two different types of models;
mathematical model and circuit Model. In the design part, the all switching components
are ideal and the used MPPT method is STSMC method. In the simulation and real system,
there must be one energy converter to adapt the RESs’ produced energy to the load side.
For this reason, in PV, TEG and Fuel Cell sources converter is selected as boost converter.
In the thesis, the electrolyser is used as DC Load. For electrolyser system, the selected
converter is buck converter. These boost and buck converters control signal is produced by
STSMC. For using mathematical model, the system behavior is shown and it can be

optimized. The block diagram of the proposed system is shown below.

DC-Load

=]
SunLight pRE— —

enclBlecy]| | convere||
Tempersture 3 Phase Load

iercnce . . =l
o o st 3 Phase Half Bridge 3 Phase Filter Resistive,
[ JTEG Device Block comsll BUS e o

e
[ FuelCel I I
(Converter ]

Input Side DC-DC DC-AC I AC-Filter AC-Load

Converter Converter
I T
I

Figure 6.1. Block Diagram of Proposed System
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Figure 6.2. The Proposed System
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6.1. PV System
The Simulation single diode equivalent circuit model PV is used. In the ideal case, the
diode is working only a switch, so in the model diode is modelled as controlled current
source to simulate the diode behavior properly,

PV model

The used PV panel parameters and the behavior of the PV panels Voltage - Power, Voltage
— Current is shown. The Figure 6.3. is shown the selected panel values.

Table 6.1. PV Panel’s Parameters

PV Panel Parameters
Parameter Symbol Value
V. 40V
Vinppt 20V
Veoers —0,36428
Ishort 7A
Imppe 64
Leoess 0,03
100
Lsat 2,533 % 10710
ideal 1,13
R, 0,31105
R, 28,4988
N 36
T 27°C,298°K
Sun 1000 KZ
m
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Figure 6.3. PV Voltage-Power and Voltage-Current graphics
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Figure 6.4. Model of PV based mathematical equivalent
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Figure 6.5. PV Circuit Model

PV panel that 4 series panel as one PV panel

From the design, the PV panel model is simplified to following panel. Because of the
recursive calculation of the PV panel's Diode voltage and current the system needs to

combine PV panel models.

Table 6.2. 4 Series PV Panel as one Panel Parameters

4 Series PV Panel Parameters
Parameter Symbol Value
Ve 100V
Vinppt 80V
Veoefr —0,36428
Ishort 74
Lnppt 64
Leoess 0,03
100
Loge 2,7656 * 10710
ideal 1,134
R, 1,2434
R, 122,9058
N 144
T 27°C,298°K
Sun 1000 %
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PV Panel V-P Graph
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Figure 6.6. PV Behavior 4 Series Panel as one Panel
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Figure 6.8. PV Circuit Model

Total circuit

In this part, the used PV panel, boost converter and STSMC system is explained. The
mathematical model is designed to optimize system. The PV model is 320 V 6A (4 series
80V 6A). For using the mathematical model, STSMC behavior is optimized according to

obtained results. The used formulas and device parameters are shown in this part.

Mathematical model

) Resistance{ohm) Outt >

¥

PV_Model
1000 | Inz2 Outt |:I

V_MPPT

R_out

Resi
\oltage Out1 Duty

Memory Boost Converter

PY

Super Twisting Sliding Mode Control

Figure 6.9. Standalone PV with Boost Converter
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Figure 6.10. Equivalent Model of 4 Series PV
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Figure 6.11. Super Twisting Sliding Mode Control

The mathematical model is shown in Figure 6.9, Figure 6.10, Figure 6. 11.

Table 6.3. PV System’s Boost Converter

Boost Converter Parameters
Parameter Symbol Value
L 0,05H
C 3 107*F

The boost converter model is ideal in this simulation study.



Table 6.4. PV System’s STSMC Parameters

STSMC Parameters
Parameter Symbol Value
Vier 320V
Lambda 10
Alpha 0,00001
Beta 200
From 2.1.3.

Ipv = Iph — ldiode — IRp

Vdiode = Rp * (Iph — Lgiode — IPV) = Ipy * (Rs + RLoadin) = (Isource — Ipv) *

1
T —)
Rp RS+Rloadin
1
Req =7 T

Rp Rs+Rjpad;,

Ve stem = (Ph = ldiode) * Req

1

VPV - vasystem B RS * Rs+Rjoad;
in

PV panels boost converter

From 4.1

Pin = Pout Idea”y Vin * Iin = Vout * lout

V.
V — 1n
out = 7_
Vin = lin * Rip

Vout = lout * Rout

Vin

Vin * Iin = 75 * Lout

1
Iin 1-D * Iout
lin * Rin * lin = lout * Rout * lout

1 1
1-D * Ioue * Rip * 1-D * Iout = lout * Rout * lout

Rin * (ﬁ)z = Rout

Rin = (1 - D)z * Rout
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(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)
(6.8)

(6.9)
(6.10)
(6.11)
(6.12)

(6.13)
(6.14)
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Super twisting sliding mode control of PV panel

A = 320 - VPVMPPT (615)
e=10+A+5 (6.16)
d = ay/|e| * signum(e) — B signum (e)dt (6.17)

ol=oc|10A+d—A
dt

* signum (10A + i—i) — BJ signum (10A + %)dt (6.18)

for model
Rin = (1 - d)z * Rout (619)

The model of the system is shown simply in the figure 6.12.

i V_MPP
Super Twisting Sliding Mode duty Converter Resistance Source -
Control
d R v
v q R

Figure 6.12. Control Model of Standalone PV

PV circuit standalone model

The standalone PV panel is shown this part. In this part, The standalone model is designed,

and behavior of the output is obtained.

Figure 6.13. PV Standalone Model
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Figure 6.14. Total PV Panel model

8 Panel is connected, 4 of them series, 4 of them parallel

Clogk Gotol
M
Vollage
From lambda Sart alpha
[elock]
320 Subtract
Clock B
From1 v delta
Constant 4 A
Vold
fen M
ang _
MATLAB Function1 1 =
Subtract1 Saturation outt
Transport Relational
Delay2 Signt Integrator  beta Operator
Transport
Delay3
D%{ 4b cock A triangle
From2 fen

MATLAB Function

Figure 6.15. Super Twisting Sliding Mode Control Model

For minimize the algebraic Loop Behavior 4 panel is combined as one panel. For initial
condition, there are 16 panel as series connected two panel series as parallel connected to
obtain 320V 12A for obtaining nearly 50% duty cycle worked boost converter that obtain
4402 V as a AC side voltage in 3 phase half bridge based inverter system. These means
that there is 32 algebraic loops for only PV panel of simulation. The system gets more
slower than the other systems. 4 Panel as one model is reduce this number to 4 series

connected two parallel series to obtain same values.
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6.2. TEG System

In this part TEG system is designed and the results are shown. The TEG device model has

two components; one controlled voltage source and one resistance.

TEG model

In this part, selected TEG device parameters and behavior is shown. Mathematical model

is used for the optimization the STSMC behavior.

Table 6.5. TEG Device’s Parameters

TEG Device Parameters
Parameter Symbol Value
V.. 40V
Vinppt 20V
Alpha 0,2
I short 8108A
Imppt 4,04A
500
Rteg — ohm
101
AT 200
- Voltage-Power 5 i Voltage-Currer-t
30 P 457
70 4r
35
60
3
5 50 €
2 East
o 40 o
sl
30
1.5.F
20 1
10 0.5
0 0
15 20 25 30 35 40 15 20 25 30 35 40
Voltage Voltage

Figure 6.16. TEG Device
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(6.20)

The used TEG block standalone Mathematical model is shown in Figure 6.17. In this part
the TEG block is produced 320V 4,04A electricity. The mathematical model is used to

optimize the system according to obtained results.

158.4158 Rin

R_out

Voltage outl Memory
Super Twisting Sliding Mode Control

Duty

Boost

Figure 6.19. Mathematical Model of TEG

V MPPT
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Constant

TEG Device

Constant1

Figure 6.20. TEG device 16 TEG as Series
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Figure 6.21. Super Twisting Sliding Mode Control

TEG devices boost converter

From 4.1

Pin = Pout Idea”y Vin * Iin = Vout * lout

Vour = 2= (6.21)
Vin = lin * Rin (6.22)
Vout = lout * Rout (6.23)
Vin * lin = 7 5 Loy (6.24)
lin = —=* lout (6.25)
lin * Rin * lin = Iout * Rout * lout (6.26)
——* Toue * Rin * —=* loue = loue * Rout * lout (6.27)
Rin * (25)” = Roue 629)

Rin = (1 - d)z * Rout (629)
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Super twisting sliding mode control of TEG panel

A = 320 - VTEGMPPT (630)
_ da

e=8xA+— (6.31)

d = ay/|e| * signum(e) — B signum (e)dt (6.32)

dA
d=a |8A+E

* signum (8A + 3—?) — BJ signum (8A + %)dt (6.33)

The system is simply shown in figure 6.22.

i V_MPP
Super Twisting Sliding Mode duty Converter Resistance Source -
Control
d R v
v p R

Figure 6.22. Control System

TEG device standalone

The standalone model is shown this part. In this part the TEG system is designed and the

wanted values are obtained.

Figure 6.23. Standalone TEG System
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o 1 | | ——1 || =

Figure 6.24. TEG total Model

32 TEG Device is connected, 16 Series Connected, 16 Parallel connected.

Boost converter

Table 6.6. TEG System’s Boost Converter

Boost Converter Parameters
Parameter Symbol Value
L 0,013H
C 08«10 °F

The Boost Converter model is ideal

Super twisting sliding mode control

Table 6.7. TEG Device’s STSMC Parameters

STSMC Parameters
Parameter Symbol Value
Vier 320V
Lambda 8
Alpha 0,00001
Beta 500
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6.3. Fuel Cell

The fuel cell is very complicated system, In the model there are one voltage source, two
diode and one resistance. In this thesis, the concentration polarization part is neglected.
The system is worked under ideal conditions. This means that the diode is worked like
switch, so the activation losses is subtracted by the fuel cell voltage, and calculated voltage
send to the controlled voltage source. The behavior of the system is shown in figure 6.25.

The parameters of Fuel Cell is given as:

Table 6.8. Fuel Cell’s Parameters

Fuel Cell Parameters
Parameter Symbol Value
|/ 42V
Vinax 20,85V
Vinppt 24,23V
Lnax 61,54A
Lnppt 51A
| 0,027318
gas constant 8,3145
Temperature 328°K
alpha 0,308
e num 2
Faraday, ns 96485
Rinner 0,33 ohm

Voltage-Power -
1400 : ‘g 3 i Voltzjlge Current .

140
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1000 | 100

80

60 \

40

20 \
\.\

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Voltage Voltage

800

Power
Current

600 -

400

200 r

Figure 6.25. Fuel Cell VVoltage-Power and Voltage- Current
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Figure 6.26. Maximum Values of Fuel Cell
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Figure 6.27. Fuel Cell Mathematical Model
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Figure 6.28. Fuel Cell Circuit Model

Total circuit
The mathematical model of the system is shown in the Figure 6.29, Figure 6.30. The
mathematical model is used for the optimization of the STSMC behavior. According to

obtained results the behavior is optimized.

Mathematical model

Rout Goto16
[Riead] J D
L Fuel VMPPT

From1 Rin
ﬁ i
— V_Fi
Vorsge Qutt Memory Boost Converter -
Fuel
Super Twisting Sliding Mode Control

I_MPPT

Figure 6.29. Fuel Cell Mathematical Model
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Figure 6.30. Fuel Cell Mathematical Model

From Part 2.3.3.

V_act V_ohm V concent
| |
| L

N —{

V_Fuel Source V fuel

Figure 6.31. Fuel Cell Circuit

v _ —AG n R+T In(PHZ\/POZ)
Fuel Source — 2%F 24F Ph,0

__ 2,3%RxT Irc

Vact ~ am * In(_)
elec*F Io
Vonm = Ipc * Rin
_ R+T Irc

Vconcent - = * In(l - _)

Nelec*F Iy,

(6.34)

(6.35)

(6.36)
(6.37)
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Open circuit voltage

Eopen = 22 + 2 1y (P”T VZ") ~ 25 (T - 298,15) (6.38)
4G = Gy, + G, — G0 = 0+ 0 — (—237,13) = 237,13 (6.39)
4S = 131 + 205 — 69,9 = 266,1 (6.40)

In the model I used V,., V4. as primary design the resistance is placed to adjust voltage and
current values of the fuel as simulate according to real values. The diode is ideal diode and

it’s duty is to prevent reverse current condition. For reverse current the electrolyser is used.

Reverse modelling of Fuel cell.

Fuel cell standalone model

The standalone model is used for design the Fuel Cell system and obtain the wanted
behaviors.
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Figure 6.32. Standalone Fuel Cell
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Figure 6.33. Total Fuel Cell Circuit

4 Panel are connected series.

Boost converter

Table 6.9. Fuel Cell System’s Boost Converter

Boost Converter Parameters
Parameter Symbol Value
L 0,003H
C 110> F

The boost converter model is ideal.

Super twisting sliding mode control

Table 6.10. Fuel Cell’s STSMC Parameters

STSMC Parameters
Parameter Symbol Value
Vyer 96,92V
Lambda 20
Alpha 0,0001
Beta 200




6.4. Electrolyser
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The electrolyser is used to convert the extra energy (if the produce energy is higher than

the load demand) to the fuel of the fuel cell device. The aim is to convert extra energy to

the fuel of the fuel cell.

) e )
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Figure 6.34. The model of Electrolyser
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Figure 6.36. 24,23-640 V changing voltage

The reverse system of the Fuel Cell is used for electrolyser. In the thesis if the energy level
is higher than the wanted value. The electrolyser is started to work and the energy is
balanced. Positive side working principle is because of the initial conditions, the important

part is Negative cycle.

In this part the used converter is Buck Converter.

Electrolyser devices buck converter

From 4.2

Pin = Pout Idea”y Vin * Lin = Vout * lout

Vout = Vin x D (6.41)
Vin = lin * Rin (6.42)
Vout = Iout * Rout (6.43)
Pin = Pout = Vin * Iin = Vout * Iout (6.44)
Vin * Iin = Vip * D * Ioye (6.45)
lin = D * Iyt (6.46)
lin * Rin * Iin = Iout * Rout * lout (6.47)
D * Iyt * Rin * D * Ioue = Iout * Rout * Iout (6.48)
R, = Sout (6.49)

D2
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Super twisting sliding mode control of electrolyser

A= —2423+ Vpy, oo (6.50)
e=20+A+5 (6.51)
d = ay/|e| * signum(e) — B signum (e)dt (6.52)

ol=oc|20A+d—A
dt

* signum ( 20A + 24) B/ signum (20A + 94t (6.53)
dt dt

It is also controlled by the Super Twisting Sliding Mode Controller.
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7. SIMULATION RESULTS

In this part the proposed system is tested under defined conditions and the results are
shown. There are Subtitle Under STSMC control and non-ideal condition the overall
system efficiency test for using R or Motor load, and The comparison part that testing
under three different condition advantages and disadvantages of the STSMC compare to

P&O control.

7.1. STSMC

In this part, the system is tested under non ideal condition and the control method is
STSMC control.

7.1.1. Nonideal condition resistive load

In this part, the used control is STSMC control, however the system is tested under
nonideal condition to obtain the efficiency of the system. The system is tested under

resistive load.
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Figure 7.1. PV Panel Behavior
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Figure 7.4. Electrolyser Behavior
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Figure 7.5. Output waveforms of inverter
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The result efficiency is higher than 99% according to ratio of total produce power and total

power of the DC and AC load (DC load electrolyser, AC load is resistive load)

7.1.2. Nonideal condition motor load

In this part, the used control is STSMC control, however the system is tested under

nonideal condition to obtain the efficiency of the system. The system is tested under motor

as a load.
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Figure 7.6. PV Panel Behavior
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Figure 7.7. TEG Panel Behavior
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Figure 7.9. Electrolyser Behavior
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Figure 7.10. Output waveforms of inverter

The efficiency is higher than 99% according to ratio of total produce power and total
power of the DC and AC load (DC load electrolyser, AC load is motor as load). From the
Input and the Output Power values of nonideal condition comparison the power
transmission is greater than 99%. The system will work with PV, TEG, Fuel Cell
components under 8000W input power. Above this value the Electrolyser unit started to

work with controlled to STSM controller. The system tested under R, and Motor Load.

The used MOSFET and Diodes are:

MOSFET for PV Panel Boost Converter, TEG Device Boost Convert and 3 Phase Half
Bridge Inverter (Infineon, 2021)

Diode for PV Panel Boost Converter, TEG Device Boost Convert (Infineon, 2018)

MOSFET for Fuel Cell Boost Converter and Electrolyser Buck Converter (Microsemi,
2020)

Diode for Fuel Cell Boost Converter and Electrolyser Buck Converter (ROHM
SEMICONDUCTOR, 2021)
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Figure 7. 11. PV Sun Radiation

In the test the Sun Radiation is given like figure 7.11.

7.2. Comparison

In this part the comparison between STSMC and P&O controlled system behavior is done.

The working condition is the ideal condition. The results are compared from some wanted

features of the system. These criterions:

- The load power values
The RES’s voltage and current behavior
The behavior of the system’s RESs, electrolyser part, and the load behavior under

resistive, motor-based load.

There are three test conditions:

Under ideal source and constant load (the sun light radiation is constant 1000)
Under changing Sun radiation and TEG’s temperature difference

Under ideal source and changing Load condition.



7.2.1. Comparison of STSMC and P&O under constant ideal condition

Resistive load

The Test is done by using resistive load.
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Figure 7.12. PV panel behavior under resistive load (Test 1)
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In Figure 7.12, The results shown that the STSMC system find stable point faster than the
P&O control and additionally the P&O wave form has fluctuation according to Figure 7.12

second figure. The Black one more fluctuated than the Blue one.
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Figure 7.13. TEG Device behavior under resistive load (Test 1)

In Figure 7.13, The results shown that the STSMC system find stable point faster than the
P&O control and additionally the P&O wave form has fluctuation according to Figure 7.13

second figure. The Black one more fluctuated than the Blue one.
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Figure 7.14. Fuel Cell behavior under resistive load (Test 1)

From the Fuel Cell system, the aim is to detect nominal working condition. In our system
the nominal working condition is 96.92V at 51A. The MPP is 83.4 V at 62.54A. The two-
control mechanism is working and found different points. The STSMC obtained the

nominal working place correctly, however the P&O found maximum values.
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In the thesis (Cavusoglu, 2006), the reason that why the fuel cell doesn’t work at MPP is
detailly explained. Briefly the main reason of the tracking nominal point is in the

maximum condition, the unwanted conditions will obtain, so the P&O is not suitable for

Fuel Cell Application.
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Figure 7.15. Electrolyser behavior under resistive load (Test 1)

In the system scenario, the input sources are produced 8000W power, after than if the
system’s power value is continued to increase the Electrolyser part started to work. The
Electrolyser convert nearly 1300 W power to fuel of the system. For this reason, the Buck
Converter control is started after some time, but the P&O system is not suitable for this
condition. There are two options; one of them it started to work but the input part is not

stable, or is not working. So, the P&O control is not suitable for Electrolyser part.
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Figure 7.16. Output behavior under resistive load (Test 1)

From electoryser analyses, the electrolyser is not working on P&O control and the P&O
control is forced the fuel cell that worked the maximum operation. This must be reflected
that the output voltage and current must be higher than the STSM control.
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Figure 7.17. Output peak values under resistive load (Test 1)

From figure 7.17, the STSMC works under 3680W (from RMS values) at one phase.
However, the P&O control is 4080W from one phase. Total difference 1200W for three
phases. It is lower than the Electrolyser compensated power, so the STSM control has

higher efficiency than P&O control in ideal conditions.
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Motor load

The Test is done from using motor as a load.
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Figure 7.18. PV Panel behavior under motor load (Test 1)
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In Figure 7.18, the results show that the STSMC find stable point faster than the P&O
control and additionally the P&O wave form has fluctuation according to Figure 7.18. The

Black one more fluctuated than the Blue one.
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Figure 7.19. TEG device behavior under motor load (Test 1)
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In Figure 7.19, the results show that the STSMC find stable point faster than the P&O
control and additionally the P&O wave form has fluctuation according to Figure 7.19. The

Black one more fluctuated than the Blue one.
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Figure 7.20. Fuel Cell device behavior under motor load (Test 1)

From the Fuel Cell system, the aim is to detect nominal working condition. In the proposed
system, the nominal working condition is 96,92V at 51A. MPP is obtained at 83,4 V and
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62,54A. The two-control mechanisms are working and found different MPPs. The STSMC

obtain the nominal working place correctly, however the P&O found maximum values.

In the thesis (Cavusoglu, 2006), the reason that why the fuel cell is not work Maximum
Point is detailly explained. Briefly the main reason of the tracking nominal point is in the

maximum condition, the unwanted conditions will obtain, so the P&O is not suitable for

Fuel Cell Application.
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Figure 7.21. Electrolyser behavior under motor load (Test 1)

In the system scenario, the input sources produce 8000W power, after than if the system’s
power value continue to increase the electrolyser part start to work. The electrolyser
converts nearly 1300 W power to fuel of the system. For this reason, the buck converter
control is started after some time, but the P&O system is not suitable for this condition.
There are two options; one of them it started to work but the input part is not stable, or is

not working. So, the P&O control is not suitable for electrolyser part.
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Figure 7.22. Output behavior under motor load (Test 1)

From electoryser analyses, the electrolyser is not working on P&O control and the P&O
control is forced the fuel cell that worked the maximum operation. This must be reflected

that the output voltage and current must be higher than the STSM control.
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Figure 7.23. Output Peak Values under motor load (Test 1)

From figure 7.23, the STSMC works under 2015W (from RMS values) at one phase.
However, the P&O control is 2240W from one phase. Total difference 225W for three
phase one motor. In the system, there are two motor loads. It is lower than the electrolyser
compensated power, so the STSMC has higher efficiency than P&O control in ideal
conditions. The both control motor is high load than the resistive condition so the source
side reflected resistance is higher. According to peak voltage and current, the motor load is
nearly equal to 22,85714286 ohm, however from the other loads the equivalent load is

nearly 14Q. The difference is nearly the double resistive load condition.
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7.2.2. Comparison of STSMC and P&O under variable irradiation and temperature
differences

In this test the Load is constant, however the Sun radiation and the TEG device’s
temperature difference is changing the graphs are shown below. (The TEG device voltage

is change so the reference voltage is also change)
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Figure 7.24. Source Parameter Signal (Test 2)
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Resistive load
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Figure 7.25. PV panel behavior under resistive load (Test 2)

According to Figure 7.25, the two MPPT system follow the changing the response time is
nearly is the same, but 400 — the STSMC control signaled peak value is slightly higher

than the P&O controlled signal.
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Figure 7.26. TEG behavior under resistive load (Test 2)

According to the Figure 7.26, the two PPT signal is flows the MPP point the results are

nearly is the same of two MPPT signal controlled wave form.
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Figure 7.27. Fuel Cell behavior under resistive load (Test 2)

The wave form is nearly the same as figure 7.15. The P&O controlled system the
electrolyser unit does not integrate, because the changing source is change the voltage,
current and power values from that the electrolyser control is produced error in the
MATLAB system this is a big disadvantages of the P&O control because the system has
electrolyser unit and the electrolyser unit is not worked on this test.
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Figure 7.28. Load Output under resistive load (Test 2)

The two MPPT signal controlled wave forms are nearly similar, the only difference is the
electrolyser is not worked on the P&O control. From the result, the P&O is one of the old,

reliable and common control method. The proposed STSMC control is relatively new,
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robust control. In this part the results shown that the STSMC control is as reliable as the
P&O control in this system, additionally, the system requirements are defined as DC Load
(Electrolyser) should be added. According to tests the P&O is failed to start the
Electrolyser unit, and because of the source condition change the electrolyser control
produce error during the operation. The result of test is The STSMC is completed of all the
goals of thesis, however the P&O control is failed some of them. The STSMC is true chose

of control according to this result.

Motor load
PV Voltage
400 & : : :
|
2 ——sTsMC| |
=g —— P8O
> D L L L 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
Time(s)

PV Current

E 10 —— STSMC |-
B =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time(s)
PV Power

0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 1

Time(s)
PV Voltage
o 350 ;
o
S 300
o
> 250 1 1 1 1 1
0.25 0.3 0.35 0.4 0.45
Time(s)
PV Current
15 T T T T T T
=
g0 \ ——sTsNC] A
s > — 7]
0.2 0.25 0.3 0.35 0.4 0.45
Time(s)
PV Power
4000 T
@ 3000 1
£ 2000 - ﬁ;f)“"c B
o 1000 | 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

Figure 7.29. PV panel behavior under motor load (Test 2)

According to Figure 7.29, the two MPPT system follow the changing the response time is

nearly is the same. The ripple of the P&O control is higher than PV at 400 % radiation.
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Figure 7.30. TEG behavior under motor load (Test 2)

According to the Figure 7.30, the two PPT signal is flows the MPP point the results are

nearly is the same of two MPPT signal controlled wave form.
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Figure 7.31. Fuel Cell behavior under motor load (Test 2)

The wave form is nearly the same as figure 7.21. the P&O controlled system the
electrolyser unit does not integrate, because the changing source is change the voltage,
current and power values from that the electrolyser control is produced error in the
MATLAB system this is a big disadvantages of the P&O control because the system has
electrolyser unit and the electrolyser unit is not worked on this test.
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Figure 7.32. Load Output behavior under motor load (Test 2)

The two MPPT signal controlled wave forms are nearly similar, the only difference is the
electrolyser is not worked on the P&O control. From the result, The P&O is one of the old,
reliable and common control method. The proposed STSMC control is relatively new,

robust control. In this part the results shown that the STSMC control is as reliable as the
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P&O control in this system, additionally, the system requirements are defined as DC Load
(Electrolyser) should be added. According to tests the P&O is failed to start the
Electrolyser unit, and because of the source condition change the electrolyser control
produce error during the operation. The result of test is The STSMC is completed of all the
goals of thesis, however the P&O control is failed some of them. The STSMC is true chose

of control according to this result.

7.2.3. Comparison of STSMC and P&O under variable load condition

In this test, the load values are changing (the resistance is 14 ohm and 28 ohm and motor is
two paralleled motor and one motor) and sources conditions are constant (constant
temperature difference of TEG, constant Sun radiation). For resistive case the load
changing to 14 ohm — 28 ohm, for motor case two parallel motor is started to working one

motor is stopped. After some time, the stopped motor is starting to work again.
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Figure 7.33. Load Side Control Signal (Test 3)
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Figure 7.34. PV panel behavior under resistive load (Test 3)
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According to Figure 7.34 the two MPPT signal control system follows the MPP Point,

however the ripple of the P&O controlled signal is higher than the STSMC controlled

signal.
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Figure 7.35. TEG behavior under resistive load (Test 3)

According to Figure 7.35 the two MPPT signal control system follows the MPP Point,
however the ripple of the P&O controlled signal is higher than the STSMC controlled

signal.
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Figure 7.36. Fuel Cell behavior under resistive load (Test 3)

In the Figure 7.36, the results shown that the STSMC control is follows the changing
correctly, however the P&O control is not following the change correctly. The P&O

controlled signal is distorted between 0,34 second and 0,6236 second.
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Figure 7.37. Electrolyser behavior under resistive load (Test 3)

According to Figure 7.37, the STSMC controlled system follows the changing the load

change is occurred at 0,3 second, and from the figure the changing is detected.
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Figure 7.38. Load Output behavior under resistive load (Test 3)

The two MPPT signal controlled wave forms are nearly similar, the only difference is the
electrolyser is not worked on the P&O control. From the result of the system, the STSMC
controlled signal is follow the load change. According to the figure 7.37, the changing is
done at 0,3 second. The P&O control is following the changing of the load according to
figure 7.34, and figure 7.35. In these figures, the ripple of the P&O is higher than STSMC
controlled signals. According to 7.36 the P&O controlled system is distorted on operation
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time. The results of the test shown that the STSMC control behavior much better than
P&O control.
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Figure 7.39. PV panel behavior under motor load (Test 3)

According to Figure 7.39 the two MPPT signal control system follows the MPP Point,
however the ripple of the P&O controlled signal is higher than the STSMC controlled

signal.
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Figure 7.40. TEG panel behavior under motor load (Test 3)

According to Figure 7.40 the two MPPT signal control system follows the MPP Point,
however the ripple of the P&O controlled signal is higher than the STSMC controlled

signal.
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Figure 7.41. Fuel Cell panel behavior under motor load (Test 3)

In the Figure 7.41, the results shown that the STSMC control is follows the changing
correctly, however the P&O control is not following the change correctly. The P&O

controlled signal is distorted between 0,34 second and 0,614 second.
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Figure 7.42. Electrolyser panel behavior under motor load (Test 3)

According to Figure 7.42, the STSMC controlled system follows the changing the load

changing is increase the ripple according to Figure 7.42.



Voltage

500

-500

Current

Figure 7.43. Load Output behavior under motor load (Test 3)

40

20

-20

-40

Load Voltage

——STSMC
—P&0

il

—

0.1 0.2 0.3 0.4 0.5 0.6
Time(s)
Load Current

0.7

08 09

1

——STSMC
—P&0

I

0.1 02 03 04 05 06
Time(s)

0.7

08 09

Voltage

-400 f

Current

400 [ 7
200

-200

Load Voltage

141

0.3

0.35

0.4

0.45 0.5

Time(s)

Load Current

0.55 0.6

0.35

0.4

0.45 0.5
Time(s)

The two MPPT signal controlled wave forms are nearly similar, the only difference is the

electrolyser is not worked on the P&O control.

From the result of the system, The STSMC controlled signal is follow the load change.

According to the figure 7.41, the ripple slightly increases after 0,3 second. The P&O

control is following the changing of the load according to figure 7.37, and figure 7.40. In

these figures the ripple of the P&O is higher than STSMC controlled signals. According to

figure 7.41 the P&O controlled system is distorted on operation time. The results of the test
shown that the STSMC control behavior much better than P&O control.
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8. CONCLUSION

The energy production is very important issue to continue the technological devices to
work. Today most of the devices use electrical energy to the working or tried to supplied
by electrical energy. For that reason, the electrical energy demand is increasing. There are
several electrical energy production ways such as Fossil fuel-based systems, nuclear
energy-based systems, hydroelectrical energy-based systems etc. Each source has limits,
advantages and disadvantages. Some of the systems produce byproduct. Some byproducts
are damaging the environment or will damage the environment if it is not stored proper
conditions. On the other hand, some of the sources will be efficiently use very limited
areas. From these conditions, new ways, combinations, or techniques must be found to

maintain electrical energy production save and efficiently.

In this thesis the aim is to design system that using MPPT control high efficiency and
robustness is ensure, and also the design must have more than one different type of
sources. From that reason three different RES is selected and the system control method is
selected according to usage frequency. The main proposes is to obtain high efficiency
(higher than 98% to nonideal condition), robustness (according to the popular control
methods), and show the advantages according to the popular control method.

In this thesis there are three RESs; PV, TEG, Fuel Cell. The sources energy is converted
to another energy level by using Boost Converter. The energy is connected each other
with using 2 capacitor and inductor. The load side is AC load, from obtaining the AC
power 3 phase Half Bridge topology is used. The examination is done for 2 different
source type. Resistive Load, and Motor Load. The Design has also additional part, if the
energy demand is lower than the produced energy. In this condition one electrolyser is

placed and supplied by the system from using Buck Converter Topology.

The other important part is the control method selection. The renewable energy systems
are nonlinear systems, so from finding the maximum power (except fuel cell. In Fuel cell
nominal condition should be found) is the aim. The selected control technique is called
MPPT technique. This type techniques are aimed to find maximum power point of the
system. From controlling the PV, TEG, Fuel Cell and Electrolyser the STSM control is
selected. For PV and TEG system the aim is to find MPP, however, for Fuel Cell, and
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Electrolyser the aim is to obtain nominal working point finding. DC part control is
important, but the AC part control as important as DC type control. For the controlling
AC part, the Sinusoidal Pulse Width Modulation (SPWM) is selected. The main power
limit is 8000W above. Above 8000W, Electrolyser started the work.

The first test is the nonideal efficiency of the STSMC controlled system. The PV, TEG,
Fuel Cell’s behavior is obtained, and the DC-Load (Electrolyser), and AC-Load (Resistive
Load or Motor) behavior is obtained. According to the system output and input values, the
efficiency is higher than 99%. The system worked properly under STSMC and nonideal

switching components.

The second test is Ideal Source (1000 % and constant temperature difference). According

to the results the STSMC controlled signal has lower fluctuation on PV, and TEG system.
The signal is found the stable point faster in STSMC controlled signal in PV and TEG.
The STSMC is found nominal point, however P&O found Maximum Point. The behavior
Fuel Cell of nominal condition is more optimize than behavior of MPP. In this test the
electrolyser unit control is not working stable so the electrolyser closed. The Load part the
one of the important unit is electrolyser, so this is disadvantages of the P&O system. For
this reason the power difference is seen. According to calculation the power difference is
higher than the obtained difference. This means that P&O controlled system efficiency of

power production is lower than the STSMC controlled system.

The Third Test is variable radiation and variable temperature difference. Under the
variable source condition (radiation for PV, temperature difference for TEG) the
electrolyser control produces errors on MATLAB simulation this is one of the important
disadvantages of P&O control. The both system follows the changing values, however in
PV system the ripple is slightly higher on P&O controlled system. The TEG, and Fuel

Cell results are the same as each other.

The Last Test of comparison is variable load condition. According to results of PV and
TEG behavior of the higher load, The P&O controlled system has significant ripple than
STSMC system. In the Fuel Cell graphs, there is distorted part (the signal is increased and
not follow the MPP) both loads. In the Resistive Load the first load changing is detected
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on Electrolyser unit, the overshoot is obtained. In the motor load this overshoot is not seen
in the electrolyser only the ripple is increased.

According to the test result, The STSMC’s efficiency is higher than 99%. The P&O
system is relatively older and more common control, so the from testing part the P&O is
selected as a reference control. According to the following test results, the STSMC has
advantages on the results. The Electrolyser system is not stably working of P&O system,
so in the tests of P&O the Electrolyser is closed. From Ideal Source test the power
production value of STSMC is higher than P&O. In the variable source condition test, the
main disadvantage of P&O is the produced error on the Electrolyser control, so the
Electrolyser is disconnected to the system. In the thesis the electrolyser is one of the
important DC loads. The Electrolyser cannot work during P&O control, but the
disconnect means that in the test the P&O is failed according to the results. On the other
hand, the STSMC is started and worked the electrolyser system. According to the test
STSMC is passed the test. In the third test (Variable Load Test), The results shown that
the ripple is higher on P&O controlled PV and TEG behavior than STSMC Controlled PV
and TEG. The Fuel Cell behavior is distorted on P&O controlled system. In electrolyser
behavior, the resistive load effected the occurs overshoot, however in the motor load this
change is shown as small ripple on STSMC. In summary, the STSMC is passed all the
tests according to results. Using STSMC some ripples and behavior distortions are

prevented. The all goals that mentioned in hypothesis is obtained.
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Appendix - 1. PV Panel Drawing

Figure 1.1.: PV Panel Drawing
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