RAPORT DE CERCETARE
POSTDOCTORALA 2021

CONTRIBUTII LA OPTIMIZAREA PRODUCTIEI DE ENERGIE
ELECTRICA UTILIZAND CONVERSIA FOTOVOLTAICA IN
SISTEME COMPLEXE AVANSATE

Postdoc: Dr. Ing. Dan CRACIUNESCU
Mentor: Prof. Dr. Ing. Laurentiu FARA"

BUCURESTI 2021

» Membru Titular in Cadrul Sectiei de Stiinte Fizice, Academia Oamenilor de Stiinta din Romania (AOSR)




dan.craciunescu@renerg.Eub.ro

From: stephen.wang@mdpi.com on behalf of Stephen Wang <stephen.wang@mdpi.com>
Sent: Thursday, December 9, 2021 8:13 AM

To: Laurentiu Fara

Cec: Stephen Wang; Dan Craciunescu; Energies Editorial Office

Subject: [Energies] Manuscript ID: energies-1523808 - Assistant Editor Assigned

Dear Dr. Fara,

Your manuscript has been assigned to Stephen Wang for further processing who will act as a point of contact for any
questions related to your paper.

Journal: Energies

Manuscript ID: energies-1523808

Title: Intelligent Approach of Fuzzy Logic Controller for High Efficiency and Optimization of the Photovoltaic System
Performances

Authors: Dan Craciunescu, Laurentiu Fara *

Received: 08 December 2021
E-mails: dan.craciunescu@renerg.pub.ro, Ifara@renerg.pub.ro

You can find it here:
https://susy.mdpi.com/ user/manuscripts/review_info/8e3f8be14eb2294a8f036aac6f2ab14f

Best regards,

Stephen Wang

Section Managing Editor

Email: stephen.wang@mdpi.com

Energies (IF: 3.004; CiteScore: 4.7; http://www.mdpi.com/journal/energies)
Linkedin: https://www.linkedin.com/company/energies-mdpi/

Twitter: @energies_MDPI

Editor's Choice: https://www.mdpi.com/journal/energies/editors_choice

Performance Enhancement of a Multiresonant Piezoelectric Energy Harvester for
Low Frequency Vibrations
http://www.mdpi.com/1996-1073/12/14/2770

Energy Retrofitting Effects on the Energy Flexibility of Dwellings
http://www.mdpi.com/1996-1073/12/14/2788

You are welcome to download your annual contribution report at
https://susy.mdpi.com/user/manage_accounts

Disclaimer: MDP! recognizes the importance of data privacy and protection. We
treat personal data in line with the General Data Protection Regulation

(GDPR) and with what the community expects of us. The information contained
in this message is confidential and intended solely for the use of the

i




individual or entity to whom it is addressed. If you have received this
message in error, please notify me and delete this message from your system.
You may not copy this message in its entirety or in part, or disclose its
contents to anyone.




dan.craciunescu@renerg.eub.ro

From: susy@mdpi.com on behalf of Editorial Office <energies@mdpi.com>
Sent: Wednesday, December 8, 2021 11:37 PM

To: Laurentiu Fara

Cc: Dan Craciunescu

Subject: [Energies] Manuscript ID: energies-1523808 - Submission Received

Dear Dr. Fara,

Thank you very much for uploading the following manuscript to the MDPI submission system. One of our editors will be
in touch with you soon.

Journal name: Energies

Manuscript ID: energies-1523808

Type of manuscript: Article

Title: Intelligent Approach of Fuzzy Logic Controller for High Efficiency and Optimization of the Photovoltaic System
Performances

Authors: Dan Craciunescu, Laurentiu Fara *

Received: 8 December 2021

E-mails: dan.craciunescu@renerg.pub.ro, fara@renerg.pub.ro Submitted to section: B1: Solar Energy and Photovoltaic
Systems, https://www.mdpi.com/journaI/energies/sections/solar_energy

Analysis and Numerical Modeling in Solar Photovoltaic Systems
https://www.mdpi.com/journal/energies/special_issues/ANM_SPS

You can follow progress of your manuscript at the following link (login
required):
https://susy.mdpi.com/ user/manuscripts/review_info/8e3f8bel4eb2294a8f036aac6f2ab14f

The following points were confirmed during submission:

1. Energies is an open access journal with publishing fees of 2000 CHF for an accepted paper (see
https://www.mdpi.com/about/apc/ for details). This manuscript, if accepted, will be published under an open access
Creative Commons CC BY license (https://creativecommons.org/licenses/by/4.0/), and | agree to pay the Article
Processing Charges as described on the journal webpage (https://www.mdpi.com/journal/energies/apc). See
https://www.mdpi.com/about/openaccess for more information about open access publishing.

Please note that you may be entitled to a discount if you have previously received a discount code or if your institute is
participating in the MDP! Institutional Open Access Program (10AP), for more information see
https://www.mdpi.com/about/ioap. If you have been granted any other special discounts for your submission, please
contact the Energies editorial office.

2. | understand that:

a. If previously published material is reproduced in my manuscript, | will provide proof that | have obtained the
necessary copyright permission.

(Please refer to the Rights & Permissions website:

https://www.mdpi.com/authors/rights).




b. My manuscript is submitted on the understanding that it has not been published in or submitted to another peer-
reviewed journal. Exceptions to this rule are papers containing material disclosed at conferences. | confirm that | will
inform the journal editorial office if this is the case for my manuscript. | confirm that all authors are familiar with and
agree with submission of the contents of the manuscript. The journal editorial office reserves the right to contact all
authors to confirm this in case of doubt. | will provide email addresses for all authors and an institutional e-mail address
for at least one of the co-authors, and specify the name, address and e-mail for invoicing purposes.

If you have any questions, please do not hesitate to contact the Energies editorial office at energies@mdpi.com

Kind regards,

Energies Editorial Office

St. Alban-Anlage 66, 4052 Basel, Switzerland
E-Mail: energies@mdpi.com

Tel. +41 61 683 77 34

Fax: +41 61302 89 18

*%% This is an automatically generated email ***




soibusug
Joj siequiapy picog jeuoups Buniniday
LZ0T J8qWaNON €

pieog [euolpd Moddng
o1 paysijgrisy [aued AiosiApY [edidoL
1207 48quisAoN gL

uonounRsIiCy , S18Ydiessay

paud AuBIH 1202, Buineoay
siaquisyy pieog [eiolp IdGIN 022
LZ0T $2qWaroN 22

‘feusnol sip 1o sansst Sunuocoyuo;
SA19791 0} SS3IPPE [[BW-8 IN0A PPY

Hoieas

dn ubig / upubig

—

“suopnsu

z 1dam Aq mz__:o
ussuibua JuswdoEasp
< e sisobisuzg

Auowiwas nm:mm_nna 51 pue EwEmmmcmE pue xu;oa ur seipns au pue Bu
ABojouyda) yoIeasas JURUSIDS pajead Jo feuinof ssadoe uado *

nam

soibioug

1desuoD au jo sabusjieyd
pue sjuawalg Yiomauleid syl Yim uoniuisqg Buipjing Abisusz SAIMSOd

sadAl SpPMY IV saifisuy

mnoqy seAneliu] $80IABG JoUiny uofjeuuojul sfewnor

PaMBIA F PRUD IS0
S9DIUY B2I0UD SJ0UPT
Buiaoly p Buixapu)
afireyn Buissad0id 30Y
SUONI|I0D B SUCHISS
sanss| [eads

SIOUINY JO] SUONINIISU]
jaueq AosiApy jeaidol

plecg Jamainly
pieog {euolp3
adoog R Swiy

AIesisniuuy Wsz

s

§ Sigulng

r



Multumiri

Acest program postdoctoral nu ar fi fost complet fara implicarea deosebita
a Domnului Prof. univ. dr. ing. Laurentiu FARA cdruia tin sd ii
multumesc in mod deosebit pentru timpul §i consultanta stiintifica
pretioasd acordata pe perioada acestuia cat si pentru indrumarea si
incurajarea acordata pe parcursul stagiului de cercetare, asigurandu-1 pe
aceasta cale de intreaga mea consideratie.

Doresc si mulfumesc, in mod deosebit, ACADEMIEI OAMENILOR
DE STIINTA DIN ROMANIA (AOSR), pentru sustinerea tinerilor
cercetdtori si aportul adus la formarea calitifilor de cercetator, sincere
multumiri si sentimente de recunostinta pentru sprijinul acordat precum si
pentru oportunitatile si perspectivele de dezvoltare profesionala de care am
beneficiat prin intermediul programului de cercetare Postdoctorala.




Academia Oamenilor de Stiintd din Roméania
Universitatea Politehnica Bucuresti

Tema: “Traditii si progrese in stiinfa romdneasca”
CONFERINTA STIINTIFICA DE TOAMNA AOSR, 19.11.2021,

BUCURESTI

Optimization of Performances and Reliability for Building
Integrated Photovoltaic Systems (BIPV)

Dan Craciunescu!, Laurentiu Fara?

1Ppolytechnic University of Bucharest, Romania

2Academy of Romanian Scientists (AOSR), Romania
E-mail: dan.craciunescu@renerg.pub.ro, lfara@renerg.pub.ro

Bucharest 2021




HIGHLIGHTS

(1) Innovative contribution based on Fuzzy Logic Controller (FLC) to detect sudden
weather conditions and rapidly changing uncertainties in specific applications of PV
systems.

(2) Analyses of the influence of the temperatures and solar irradiance on the
characteristics and main parameters of the PV generator.

(3) Operational optimisation of the PV system based on FLC managed to stabilise
and improve its output performances from the point of view of safety in power
supply of the load.

(4) Unifying approach of PV systems to increase their efficiency integration for
specific application.
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The author studied one of the main intelligent methods for the Maximum Power
Point Tracking (MPPT) providing an innovative approach based on Fuzzy
Algorithm in varying weather conditions and rapidly changing uncertainties. Fuzzy
Logic Controller (FLC) is obtained by implementing a Fuzzy Algorithm in a
specialized software (MATLAB / Simulink) and could detect the sudden changes
and heuristic variables for a power control system used in specific applications.

The article highlights the development and implementation of a numerical
simulation model for determining the MPPT that used FLC for a photovoltaic system
considered for analysis. It is described the foundation of the research and the
motivation that led to this work. The study analyzed and discussed the influence of
the temperature and solar irradiance on the characteristics and main parameters of
the PV generator, as well as the operational optimization of the PV system based on
FLC benefit. The authors managed to stabilize and improve the output performances
of the PV system from the point of view of safety in power supply of the load. The
results could be developed and applied for stand-alone and on-grid complex PV
systems.
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Intelligent Approach of Fuzzy Logic Controller for High
Efficiency and Optimization of the Photovoltaic System
Performances
Dan Craciunescu!, Laurentiu Farab2?
1polytechnic University of Bucharest, Romania

2p cademy of Romanian Scientists (AOSR), Romania
E-mail: dan.craciunescu@renerg.pub.ro, fara@renerg.pub.ro

Abstract:

One of the main intelligent methods for the Maximum Power Point Tracking (MPPT) provide an
innovative approach of this study based on Fuzzy Algorithm in varying weather conditions and rapidly
changing uncertainties. Fuzzy Logic Controller (FLC) is obtained by implementing a Fuzzy Algorithm in
a specialized software (MATLAB / Simulink) and could detect the sudden changes and heuristic variables
for a power control system used in specific applications.

The article highlights the development and implementation of a numerical simulation model for
determining the MPPT that used FLC for a photovoltaic system considered for analysis. It is described the
foundation of the research and the motivation that led to this work. The study analyzed and discussed the
influence of the temperature and solar irradiance on the characteristics and main parameters of the PV
generator, as well as the operational optimization of the PV system based on FLC benefit. The authors
managed to stabilize and improve the output performances of the PV system from the point of view of
safety in power supply of the load. The results could be developed and applied for stand-alone and on-grid
complex PV systems.

This study could be useful to be implemented in a real fuzzy control system on real hardware. It will
be the subject of future research to be developed by the authors.

Keywords: Photovoltaic System, Efficiency, MPPT, FLC, Performance, MATLAB/Simulink, Artificial Intelligence,
MATLAB/Simulink

1. Introduction

The increase in electricity dependence of the current population has led to an increase in the electricity produced.
High demand for electricity supply has also forced concerns about the quality aspects of electricity, namely energy
production to be reliable and stable, thus increasing consumer safety in terms of electricity supply. Unfortunately, the
qualitative aspects of electricity produced from renewable sources are not yet favorable to the energy system, raising
problems of compatibility with the electricity grid [1-3]. There are a number of concerns about increasing the
conversion efficiency of photovoltaic (PV) solar cells. In present the maximum conversion efficiency of solar cells is
about 47% under laboratory conditions [3, 4]. Due to the fact that the conversion rate is still low, various methods of
improving electrical efficiency for building integrated photovoltaic systems (BIPV) are being considered, such as the
use of Maximum Power Point Tracking (MPPT), the implementation of various Fuzzy Logic-based techniques, as
well as the development of artificial intelligence technologies [4, 5]. In literature, the artificial intelligence (AD)
technologies considered for photovoltaic systems are represented by the following algorithms, [6, 7]: (1) neural
network (NN); (2) fuzzy logic (FL); (3) simulated annealing (SA); (4) genetic algorithm (GA); (5) ant colony (ACO);
(6) particle swarm (PSO) and (7) hybrid techniques, such as adaptive neuron fuzzy inference systems (ANFIS), GA-
fuzzy, and NN-fuzzy [8-14].

Various applications of artificial intelligence (Al) for PV systems can be studied: (1) Detection of incidents, either
using unsupervised learning or by comparing measured data with simulated electrical measurements; (2) Detection of
short-circuit failures of photovoltaic networks using artificial neural networks (ANN) [15, 16]; (3) Hierarchical
methods for diagnosing anomalies depending on the context, to identify the automatic operating conditions of
individual strings; (4) Prediction of pollution effects using a Bayesian neural network and polynomial regressions
[12]. Based on these applications, the following qualities of Al algorithms have been established, [17, 18]: (a) ANFIS
with more precision in the applications of parameter identification compared to GA and SA. (b) NN with the highest
accuracy obtained in the sizing of photovoltaic systems and the maximum power tracking point (MPPT); (c) fuzzy
controllers and fuzzy hybrid controllers are the most commonly used MPPT control devices. (d) GA achieves the
highest accuracy in solar tracking applications. (€) NN is the most widely used algorithm for fault diagnosis. Al
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algorithms could provide an alternative method of sizing PV pumping systems in many regions that do not have
complete data [19, 20].

In order to achieve a high level of performance and implicitly of competitiveness of photovoltaic systems, it is
necessary to perform individual analyzes on each type of PV system, respectively on each type of application in which
they can be integrated and correlated with the energy performances of the studied PV systems to elaborate an efficient
strategy. The operational optimization of photovoltaic systems is possible through the use and optimization of MPPT
and FLC algorithms that lead to the improvement of the electrical performance of PV systems in fluctuating operating
conditions (random meteorological parameters).

In the present article, we aimed to increase the performance of PV systems by adopting a modified FLC algorithm and

implemented it in the MATLAB / Simulink environment. On this basis it is possible to increase the output power of

photovoltaic systems, as well as optimization from the point of view of the electricity consumer. The implementation

of the optimization of photovoltaic systems was done by:

(1) optimizing the operation of photovoltaic systems from the point of view of the temperature and solar irradiance
influence on the PV generator performances;

(2) increasing the electricity production of PV systems, with the ultimate goal of integrating them in specific
applications with different degree of difficulty and use.

The main objective of this article is to develop a unifying approach of photovoltaic systems in order to increase
their efficient integration for specific applications, as well as the analysis and implementation of numerical models,
resulting in increasing and user confidence.

The innovative contribution of this study was to adapt and develop an improved numerical simulation model,
based on artificial intelligence technique available in the MATLAB Simulink work environment , with direct
implication for increasing the performance of photovoltaic systems, in order to respond efficiently to the fluctuating
character of the output parameters of the PV generator, respectively in obtaining notable results regarding the behavior
and evolution of the electrical parameters of the PV systems in different conditions.

The potential of digitalization approach based on Machine Learning(ML), Digital Twin(DT) and Internet of
Things(IoT) techniques could be followed up in future studies in the context of sustainable development,
characterization, and operational optimization of photovoltaic systems.

2. Knowledge and state of the art for a specific application of nZEB PV systems

The photovoltaic technology developed by one of the important companies in the field, namely SunPower, has a major
impact, contributing to the development of some of the most ambitious and futuristic projects in the world. Thus, the
city of Masdar from Abu Dhabi Emirate, represents a developing global technology cluster, with the aim of being one
of the most sustainable urban areas in the world, powered by renewable energy. By 2017, over 6,000 SunPower E19
/315 W panels were installed in Masdar, both on the facades of the buildings, where shading and production of "green"
energy is ensured, as well as on their roofs.

The sophisticated campus in this city offers an ideal framework for innovation and real development of new PV
technologies. At the same time, the Masdar Institute, in collaboration with IRENA (International Renewable Energy
Agency) aims to certify the ESTIDAMA Pearl Building Rating System, one of the strictest standards of energy
efficiency and sustainability in the world [21]. The main objective of the PV program for the city of Masdar is to
produce 7% renewable energy from the country's energy potential by 2020 [21].

The Masdar Institute hosts both educational institutions, and important actors in the energy field, such as Siemens
Electric Company and the International Renewable Energy Agency (located in an nZEB - Nearly Zero Energy
Building), which contributed to the development and implementation of pilot projects based on PV systems [22].
Residential buildings in Masdar city are governed by well-defined standards, which provide heights up to five floors
for buildings built on narrow streets and which must be equipped with roofs covered with PV modules and solar
tarpaulins at street level, which ensures both the shading of the sidewalk, and the production of electricity (see Figure
1).

Fig. 1: Architecture of integrategfhoibvoitaic systems in the structure of buildings located on the campus of the
Masdar Institute, Abu Dhabi *

% Photo taken by Dan CRACIUNESCU, one of the authors of this work during his visit to the Masdar Institute, Abu Dhabi, on the occasion of the SWC2017
Congress




There are also other challenges to the pilot project developed by the Masdar Institute, such as the sustainable
development of photovoltaic technology (PV modules) for both land and air transport (see Figure 2). In this respect,
alternative smart buses (up to 4 people) that do not have manual operation (they are fully automated) have been
developed and tested. The Masdar Institute also presents a daring project in relation to alternative airplanes using
solar energy [23].

Fig. 2: Pilot project based on the sustainable development of transport means based on the use of photovoltaic
technology developed by the Masdar Institute, Abu Dhabi §

The energy strategy of Masdar City presented in Figure 3 consists in the exclusive use of renewable energy and in
particular the production of the city's electricity demand using photovoltaic systems. The Abu Dhabi region, which
also includes Masdar, uses 62% of the emirate's electricity [24]. Atthe same time, a considerable amount of electricity
produced in the town of Masdar will be directed and used in the desalination of water and will be produced using
central power solar systems with concentrators (based on tower and heliostats field).

Fig. 3: Pilot project for Masdar town based on the use of photovoltaic technology developed by the Masdar
Institute, Abu Dhabi’*

3. Numerical modelling and simulation tool
3.1 Modeling and simulation techniques applied for PV systems

The design of the stand-alone photovoltaic system was fully developed in MATLAB/Simulink to characterize the
components of the PV system.

This section describes the procedure used to simulate the electrical characteristics of the PV generator, namely the I-
V and P-V characteristics, respectively the output power of the photovoltaic system. An important aspect is how the
structure of the PV matrix is defined and implemented in MATLAB, as the performance of the system depends mainly
on it. PV system modeling is based on modular blocks. A modular structure facilitates efficient modeling of other
system structures and the replacement of their components, such as a DC load instead of an AC load. The MATLAB
/ Simulink tool has features that can be used to improve the understanding and simulation of I-V and P-V
characteristics for stand-alone photovoltaic systems, as it has a user-friendly interface. It can also be used to study the
effect of temperature and solar itradiance, the variation of shading patterns characterized by multiple peaks in
characteristic curves, and which disrupt the efficiency of the system by default affecting the load. A notable advantage
of this approach in the MATLAB work environment is the fact that once created the photovoltaic generator model it

$.3 Photo taken by Dan CRACIUNESCU, one of the authors of this work during his visit to the Masdar Institute, Abu Dhabi, on the SWC2017 Congress




can be later interfaced with current system models that make it possible to simulate complex photovoltaic systems and
their interaction with other systems. A major advantage of using MATLAB software is due to its availability in most
academic research and industrial organizations, being useful for a wide range of engineering disciplines. It also offers
some features that can be used to simulate very complex systems, circuits, electronic and power systems. Figure 4
shows the conceptual electrical configuration of a PV stand-alone(autonomous) system.

oc e/
s
- // 5 DC——B /H/
o Woc | T AG D-AC-#
or 1 tnveréer i
PV Generator + _i & - el E
Load - Consumer
Storage system

Fig. 4: Conceptual configuration of an autonomous photovoltaic system
3.2 The theoretical aspects of Fuzzy Logic Controller (FLC).

The mathematical model underlying fuzzy logic is presented below, taking into account the most accurate definition
of the terminology that characterizes this method, namely: variables, values, and rules in fuzzy language [25 - 30].
After choosing the FLC inputs and outputs, there must be a language description for each of the respective input and
output sizes. For a fuzzy system, we will describe the fuzzy input as w; and its variable as i, and for the output we
will have y; ; the output size variable will also be described as in the case of the input variable, ¥,. After establishing
the input or output of the FLC, a description of each variable must be made, namely 1, and #,. Figure 5 shows the
fuzzy block diagram that converts the actual number of input values to fuzzy sets, and then through the inference
mechanism (that uses specific fuzzy or basic rules to produce the default fuzzy sets or fuzzy conclusions that ultimately
serve to setting the output values) the FLC outputs are obtained. To perform the FLC we will repeat the following
steps, namely we will fuse the two input variables using standardized fuzzy sets for each of the three triangular member
functions (MFs): Small, Medium, and High, as it is shown in Figure 6.

| Accurste
I output values

]

Accurale
input values

|

. . Interference
Fuzzification mechanism
Uy Ym

mall  Medium High

a) b)
Fig.6: a) Membership of the first entry (absolute value Sy), b) the function of member of the second entry (Coiq)
The mathematical characterization of the triangular member entry function is shown below:
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The output variable consists of a normalized fuzzy set of five triangular MFs: Large Negative (NB), Low Negative
(NS), Zero (ZO), Small Positive (PS), and Large Positive (PB), as it is shown in Figure 7. The mathematical
characterization of the membership for the triangular function is presented below in the relations (4)-(8).
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Depending on the value of the absolute power slope, the Power-Voltage characteristics of the PV panel is divided into
three regions, as it is shown in Figure 8. Given the old Cola disturbance stage, the FLC controller will cause the change

to the new step to reach the MPP.

Power 7, [W]

Voltage V,, [V]
Fig. 8: Power-Voltage characteristics of the PV panel with FLC based on P&O

a) Fuzzification:
Assuming that the operating point is at P1, where the absolute value of the slope S, is high, then it means that the

operating point is far from MPP. The old step can have three different values in this case. If Cqq is small then the




change in the step size AC must be large positive (PB) to reach MPP quickly. If Cota is medium, the change in the step
size AC must be small positive (PS) to reach the MPP without oscillating around it. Finally, if Coid is large, the change
in step size AC must be Zero (ZO) to avoid overtaking the MPP in the opposite direction leading to oscillations. As
a result, Sa determines three rules, each with its premise and conclusion, as follows;

¢ For the operating point P1

- If S, is high and Coiq is small then AC is positively high
Hpremise (1) = MinN (llhigh (Sa) Bsman (Cold)) ©))]

11(1)(136) = min {llpB (A0, Upremisa (1)} (10)

- If S, is high and Cq is medium, then AC is positive small
Hpremise (2) = min(ﬂhigh (Sa)ﬂ Umedium (Cora)) 11

H(l)(AC) = min {ﬂPs(AC)f Upremise (2)} (12)

- If S, is high and Co is high, then AC is zero
Upremise 3) = min(.uhigh (Sa); Urign (Cald)) (13)

176)) (AC) = min {//‘Zo (AD), Hpremise (3)} (14)

Assuming that the operating point is at P2, where the absolute value of the slope Sa is average, then it means that the
operating point is closer to the MPP than in the previous case, but still does not give it up. The old step can also have
three different values in this case. If Cou is small, then the change in step size AC must be small positive (PB) to reach
the MPP without oscillating around it. If Ceq is medium, the change in step size AC must be zero (ZO) to avoid
overtaking the MPP in the opposite direction leading to oscillations. Finally, if Cou is large, the change in step size
AC must be negatively small (NS) so as not to exceed MPP. As a result, Sa determines three rules, each with its
premise and conclusion, as follows:

e For the operating point P2

- If S, is medium and Coq is small, then AC is positive small
Hpremise (4) = min(l“medium(sa)r Hsmall (Coa)) (15)
H(a)(AC) = min {ups(AC), Upremise @) (16)

- If S, is medium and Cyq is medium, then AC is zero
Upremise (5) = min(Umedium (Sa)s Bmedium (Coa)) an

H(s) (AC) = min {uzo (A0), Upremise (5)} (18)

- If S, is medium and Cyq is high, then AC is negative small
Upremise (6) = min(Umedium (Sa)» Unigh (Cold)) 19)

HU(e) (AC) = min {[.le(AC), Hpremise (6)} (20)

Assuming that the operating point is at P3, where the absolute value of the slope S, is small, then it means that the
operating point is close to the MPP. The old step can have three different values in this case. If Cou is small, then the
change in step size AC must be zero (ZO) to avoid overtaking the MPP in the opposite direction leading to oscillations.
If Cou is medium, the change in step size AC must be negative small (NS), so as not to exceed MPP. Finally, if Coi
is large, the change in step size AC must be large negative (NB) so as not to exceed MPP.

As a result, S, determines three rules, each with its premise and conclusion, as follows:
¢ For the operating point P3

-If S, is small and Coyq is small, then AC is zero




Upremise (7) = min(fsman (Sa)l Usman (Cora)) 2 1)

#(7)(AC) = min {Uz0(AC), Hpremise (7)} (22)
- If S, is small and Cgyq is medium, then AC is negative small

Hpremise @) = Mi(Hsmauc(Sa) Hmedium (Cota)) (23)

ll(e)(AC) = min {uys(AC), Hpremise (a)} (24)
- If Sa is small and Cold is high, then AC is negative high

premise 3) = M (Hmic(Sa)s thigh (Cota)) (25)

U) (AC) = min {uyp(AC), tyremise ©} (26)

The FLC rules are presented in Table 1. The premise, which is the first part of the rule, is calculated using the
minimum inference operator. The inference operator compares the rules for each of the MF inputs and chooses the
minimum rule.

Table 1: FLC rules

Cold
Small | Medium | High
. = dP/d
Small Z0O NS NB
Medium PS ZO NS
High PB PS Z0

The last step in the FLC process is defusing, which takes the default fuzzy set and turns it back into a real number
or an exact output.

b) Defuzzification:

ACTed = (-1 [ u) BOY+(-0.5) [ uge) (AOI+O) [up) (AO) (=0.5) J ugg) (AC)+(0) J u(s) (AC)+(05) [ ugy) (AC)

o, fu(a) Yoo S (a0 +
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z,?=1 f u; (AC)

Substituting with the values in the above equation with the premises we obtain:
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where:
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To obtain the final equations in the relations (27) and (28) two functions are introduced, respectively fi and £5:
Acreal = —05 fl (Sa' Cold) + 0.5 fz (Sa' Cold) (29)

where:




2 2
e U
2 (ﬂpremise O _(_p_reﬂé_sg@_)_) + (I‘premise ® = g__ple_m_;_e(@l_)

z?=1f u; (AC)

z 2
. -
2 (u,,remise - (premise ) emése(‘*)) ) + (um ise (@ — .(_P_”i’"_é_“_@_)_>

Yooy fu (AC)

2
( (ﬂpremtse (6)) )
Upremise (6) — 7

I Ju; (AC)

2
[1 .
(l»‘premise ¢\ ( premise (1)) )

Yoo fu (A0)

f (Sal Cold) = +

f2 (Sa: Cota) = +

3.3 Implementation of the simulation tool for the adapted FLC algorithm to a PV system

A) MPPT-based FLC controller for the PV generator

Maximum Power Point Tracking is implemented using an incremental algorithm and a logic fuzzy controller. The
incremental algorithm compares the actual power of the PV system (Ppv) with the estimated value for the maximum
power (reference power) (Py), via the FLC controller, at equal time intervals. The output of the FLC controller is used
to direct the reference power to a new level, which is added to the previous value of each interval. The highest value
of power can be considered as the maximum power. The output signal from the FLC controller is routed to a PWM
(Pulse Width Modulation) to control the operating cycle of the DC-DC voltage converter. The DC-DC converter
raises the voltage to the value at which the PV system can operate at full power. To implement the FLC-based MPPT
technique we used the Fuzzy tool from MATLAB Fuzzy to design the FLC controller. The first step in implementing
the controller is to define the FLC design parameters (inputs, outputs, defuzzification method) in the FIS (Fuzzy
Inference System) editor, as it is shown in Figure 9, then each member function is defined and named as it is shown

in Figure 10 a, b, and c.
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The last step is to implement the FLC controller and to define the basic rules to create the input and output maps,
according to Figure 11,
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Fig. 11: The rules editor in the MATLAB window
After creating the FLC controller in the MATLAB working environment, based on the P&O algorithm we made the
FLC controller configuration for each component of the PV system as follows, namely: Figure 12 shows the
configuration of the MPPT based on the FLC controller with the following notations: Ppy is the actual power of the
PV system, Ipy is the current in the system, Vey is the system voltage, P; is the maximum estimated reference power,
and S is the signal from the FLC controller.
In the FLC algorithm implementation diagram in the MATLAB / Simulink simulation software (see Figure 13), the
input to the FLC controller is represented by the estimated reference power (P;) and the actual power of the PV system
(Ppv), and the output from controller is represented by the command signal (S).

B —
=

Delay unit

Fig.13: Logic diagram for implementing the control algorithm in
MATLAB

Fig. 12: MPPT-based FLC
controller configuration




Each input variable is represented by three triangular member functions: small, medium, and high. The output variable
is a singleton function with three variables. small (S)at 1, medium (M) at 5 and high (B) at 10. Figure 14 shows the
input functions for two cases: a) the reference power (P)); b) the actual power of the system (Ppv) based on FLC and
MPPT.

a) Entry member function Fuzzy P, b) Entry member function Fuzzy Ppy
Fig. 14: FLC function for MPPT

The purpose of the FLC controller is to force the control signal (PWM) to increase the actual power (Ppv) as close as
possible to the maximum estimated reference power (Pr). When the actual power is much lower than the reference
power, the control signal triggers the increase of the actual power. The value of the FLC output signal depends very
much on the variation between the two values of P; and Py power. Next, the Fuzzy rules are presented, indicating
the meanings of the sizes of the FLC incremental algorithm.

If P; is small and Ppv is small, then S is small

If P; is medium and Ppv is low, then S is medium
If P, is average and Ppy is average, then S is small
If P, is high and Ppy is low, then S is high

If P; is high and Ppy is medium, then S is medium
If P, is high and Ppy is high, then S is medium

S O

B) Configuration of the FLC for the charge battery and load

Battery charging and power transfer operations are fast-changing, For this reason, it can be said that the control
operation of the battery regulator is essential for the efficiency and stability of the PV system. The operation of the
battery to control the total power distribution and the operation of charging and discharging, using the FL.C control
algorithm can be described in the following ways:

1) Charging mode: the power in the PV generator is higher than the load requirements (Ppv> Pr). The power taken by
the battery represents the difference between the two powers (Pev - Pv).

2) Discharge mode: the power supplied by the PV generator is lower than the load requirements (Pev <Pp). The battery
is discharged (P1, - Ppy), to ensure the load, when the system can not meet the requirements of the consumer.

3) Standby mode: the load is equal to or almost equal to the power provided by the PV generator (Ppy = Pi). No need
to discharge the battery.

Figure 15 shows the configuration of the FLC controller, with the following specifications: the input power to the
FLC controller (Ppy) is the difference between the desired power (Pq) and the actual battery power (Ps). The desired
power can be found in the difference between the power of the consumer (Py) and the power of the PV generator (Pev).
The output signal from the controller (I') is compared to the actual battery current (Ig) after which it is directed to the
PWM. PWM generates the signal that determines the operating cycle of the DC-DC converter; it changes the current
to charge and discharge the battery according to the operating conditions of the PV system.

The operation of charging and discharging the battery required to simulate the complex PV system is shown in the
diagram from Figure 16. By the control method used, the voltage, current and output power are adjusted and stabilized
at the optimum load value.

Figure 17 shows the configuration of the load controller, with the following notations: (V1) represents the actual load
voltage, (Vv4) represents the desired load voltage, (I”) represents the reference current and (I.) is the load current, In
any load specification there are certain values of current /voltage, respectively of the power that must be supplied
correctly to the load during the operation of the complex PV system. The control of voltage and load current is done
by implementing an FLC algorithm based on MPPT in the MATLAB / Simulink work environment, for power control.




Fig. 15: Configuration of FLC controller. Fig. 17: Voltage regulator control diagram

4. Numerical modelling and simulation of the characteristics and performances of the PV
generator. Case study

4.1 The study of the temperature and solar irradiance influence on the PV generator characteristics
In order to determine the performance of the solar cell and PV panel in the MATLAB / Simulink work environment,

a numerical modeling and simulation methodology based on the block diagram presented in Figure 18 was developed.
The input data for performing the PV generator simulation are shown in Figure 19.
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Fig. 18: PV generator test block diagram implemented in MA TLAB/Simulink

Module data Model parameters
Module: |User-defined o 7 ) v!  Light-generated current IL (A}
8.6517
taximum Power (W) Cells per module (Hcell)
218,86 @ J Diode saturation current 10 (A)
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Fig. 19: PV Generator Test Interface - MATLAB / Simulink




In this section, the modeling and simulation of the solar cell and PV panel allowed to obtain its behavior for different
values of temperature and solar irradiance, respectively. The current voltage (I-V) characteristic of the PV generator
was determined for 1000 W /m? at different values of temperatures and solar irradiance in relation to the reference
size represented by the red line (STC) (see Figure 20). In the case of the power-voltage characteristic of the PV
generator, both the values of solar irradiance and temperature were varied.

The maximum power recorded by the PV panel can be seen in Figure 21. Tt can be seen that, in the case of both
characteristics, the curves obtained by numerical modeling are very close to the reference curve, which indicates the
accuracy of the model, respectively the accuracy of the MATLAB/Simulink working environment.

-V Characteristic

s 00D VM § 25°C
1o Wi §25°C
[ X
a5k 750\-‘“:7\)1-10!.
== 500 Wm? S B8 G

c W F 106

E ‘| P-V Characteristic
g
o)
[+ 5

Current [A]

s s :
it o1 02 ni 04

Voltage [V]

o7

03 04

Voltage [V]

Fig. 20: Current-voltage (I-V) characteristic of the
solar cell obtained with the help of MATLAB
software, for different values of solar irradiance,
respectively of temperature

Fig. 21: Power-voltage (P-V) characteristic of the solar
cell obtained with the help of the MATLAB software for
different values of the solar irradiance, respectively of the
temperature

The technical parameters of the PV generator were obtained from the SUNTECH manufacturer's catalog. In order to

model and simulate the electrical performance of the PV generator, they used the library of the Simulink/ MATLAB
PV modules for its implementation and testing.

The characteristics and performances of the photovoltaic generator were analyzed for a temperature range between
20-100°C in Figures 22 and 23. At the same time, the characteristics and performances of the photovoltaic generator
were analyzed from the point of view of the values of solar irradiance in the field 200-1000 W/m? in Figures 24 and
25. For a numerical simulation test as close as possible to the existing (veal) panels, the total number of cells was set

to be equal to 40. Based on the input sizes, respectively the block scheme implemented in MATLAB/Simulink, the
output characteristics were obtained. of the PV module.

In Figure 22, respectively in Figure 23, the evolution of current and voltage, respectively power and voltage can be
observed for different temperature values. With the help of the block diagram in Figure 18 it was possible to determine
the values of the maximum power points associated with current and voltage (Imp and Vmp).
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Fig. 22: The current-voltage (I-V) characteristic of the
PV module obtained with the help of MATLAB/
Simulink software for different temperature values

Fig. 23: Power-voltage (P-V) characteristic of the PV
module obtained using MATLAB / Simulink sofiware
for different temperature values



In the same way, the output characteristics of the PV module were determined in relation to the variation of the solar
irradiance, within the limits indicated in the obtained figures; we can extract from the diagram the values of the
maximum power points associated with the maximum values of current and voltage (Imp and Vimp), as seen in Figures
24 and 25. For the tested module (by simulation) a power was obtained maximum of approximately 219 W, a value
comparable to that of existing models on the market (real). The final analysis of the PV generator is presented from
the point of view of the main parameters (indicators): Ise, Voc, Pmax, FF.
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Fig. 24: The current-voltage (I-V) characteristic of the
PV module obtained with the help of MATLAB/
Simulink software for different values of solar
irradiance

Fig. 25: Power-voltage (P-V) characteristic of the PV
module obtained with the help of MATLAB / Simulink
software for different values of solar irradiance

4.2. Results and discussion regarding the studied PV generator main parameters

Based on the results obtained in Table 2 (values related to the obtained characteristic curves) it was possible to
determine the performance of the PV module. The graphical representation of the main parameters of the PV generator
took into account the real operating conditions, where the temperature was observed in the range of 20-100°C.

It was highlighted the way in which these main parameters behave at temperature variations, namely: 1) short circuit
current L (Figure 26), 2) open circuit voltage Voc (Figure 27), 3) maximum power Pmax (Figure 28), and 4) the
filling factor FF (Figure 29). This was made possible by activating a function in the model that allows the random
generation of temperature in order to simulate the real operating conditions of the PV generator.

Table 2: The main parameters of the studied PV generator

T env Tsc Vo Pmax FF
°C A v w -
20 8.5537 |37.60 | 218.86 | 75.47
25 8.4796 |37.45 |197.64 |74.98
30 8.3578 |36.87 | 194.94 |74.02
35 8.3222 |35.87 | 190.91 | 73.60
40 82754 |35.00 | 187.67 | 72.29
45 8.2466 |34.12 | 176.65 | 72.03
50 82185 |33.84 | 172.27 | 71.26
55 82075 |33.05 | 170.11 | 71.05
60 8.1917 |32.53 | 168.94 |70.25
75 8.1810 |29.12 | 162.12 | 69.06
80 8.1267 |28.69 | 160.71 | 68.18
85 8.0916 |28.03 | 158.39 | 67.47
90 8.0887 |27.59 | 15532 | 66.31
95 8.0472 |27.02 | 152.89 | 65.45
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5. Operational optimization of the PV system based on FLC benefit. Novelty results and
discussions

Following the simulations performed with the MATLAB/ Simulink software and the MPPT based on FLC algorithms,
interesting results were obtained regarding the behavior and performance of the studied PV system. The block diagram
specific to the stand-alone (autonomous) photovoltaic system is presented in Figure 30 and includes the following
elements of BOS (battery, controller, inverter), respectively PV generator, and load. The modeling and simulation of
the behavior of the photovoltaic system is based on the block elements of the considered PV system. In the following,
the Fuzzy Logic Controller, MPPT and storage system (battery) will be presented and analyzed separately in order to
determine their performances.
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Fig.30: Block diagram of the autonomous photovoltaic system




The results obtained from the modeling and simulation in the MATLAB / Simulink working environment of the FLC
controller based on MPPT show an increase in, both the power of the PV generator, and the power developed by the
storage system (batteries). These findings are graphically represented from the point of view of the power of the PV
system, the power being a decisive parameter in determining the respective efficiency and performance of the systems
based on the production of electricity. In order to highlight the contribution of FLC - MPPT in relation to the simple
version of MPPT in which photovoltaic systems usually work, the authors of the study made a series of comparisons
designed to assess the performance of the PV system, as follows: '

Figure 31 shows the power behavior of the photovoltaic generator. We can see that the maximum value of the
power is around 225 W using the "simple" MPPT technique at a temperature of 20° C and a solar irradiance of
1000W/m?2. If we analyze Figure 32 we can see that after using the FL.C controller based on MPPT the power value
of the PV generator rises to a maximum value (peak) of about 260 W.

We can conclude that the PV generator is able to produce a surplus of power in different meteorological
conditions that are fluctuating and disruptive for the PV system. For an adequate visual analysis in Figure 33 the
comparison between MPPT and MPPT - FLC is highlighted with emphasis on the power gain in the case of the PV
generator.

In general, photovoltaic systems have energy storage systems with battery. Given this aspect, it is critical that
the performance analysis is not limited to the PV generator, which is why the authors studied in the same way (as the
PV generator) the analysis of the behavior and performance of the storage system based on MPPT and FLC-MPPT.
Thus, in Figure 34 and Figure 35, respectively the performance trend is similar to that recorded in the case of the PV
generator. In this case a surplus of approximately 50 W was registered.

The values for the two cases are: 1) simple MPPT, the maximum registered value of the power reached the value
of approximately 190 W, and 2) MPPT — FLC, the maximum value of power was around 150 W. Similarly, in the
case of the PV generator in Figure 36 is highlighted the comparison between MPPT and MPPT - FLC with emphasis
on the power gain recorded by the storage system (batteries). Figure 37 addresses in a unifying manner, both the PV
generator, and the storage system, thus determining the overall performance of the photovoltaic system. We can
conclude that the MPPT-based FLC extracts a power of about 260 Wp, while the only MPPT produces about 225 Wp.
This means that the fuzzy controller contributes about 10% more power than the MPPT under the same conditions to
charge the batteries.
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Fig.31: The performance of the PV generator based on MPPT

performance of the PV generator MPPT - FLC
Fuzzy based on MPPT

I

% 100 200 300 400 500 600 700 800 9200 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Time (seconds)

Fig.32: The performance of the PV generator based on MPPT — FLC




Performance of the PV generator obtained in two conditions: 1) based on MPPT and 2} based on FLC - MPPT
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Fig.33: Comparison between MPPT and MPPT — FLC in terms of power gain (PV generator)
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Fig.34: The performance of the storage system (battery) based on MPPT
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Fig.35: The performance of the storage system (battery) based on MPPT — FLC
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Fig.36: Comparison between MPPT and MPPT— FLC in terms of power gain (storage system - battery)
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Fig.37: Comparison between MPPT and MPPT — FLC in terms of power gain for whole PV system

5. Conclusions

We have proposed an innovative method of optimizing photovoltaic systems, which uses a MPPT-based FLC
controller to improve the efficiency of electrical output parameters, able to respond appropriately to sudden variations
in solar radiation. We analyzed the influence that the FLC controller has on the output power of the photovoltaic
system. In this way we managed to stabilize and improve the output parameters of the photovoltaic system in terms
of safety in power supply of the load. The obtained results can be developed and widely applied, both for complex
stand-alone photovoltaic systems and on-grid. The main purpose of this research was to devise an approach to
extracting the maximum power from a PV system. To this end, the authors modeled the PV generator for determining
and tracking the maximum power point, along with operational optimization based on the MPPT-FLC controller.
Specifically, the authors modeled and simulated a reference PV system based on fuzzy logic for tracking optimal
power.

The results show that a significant amount of additional energy can be extracted from a photovoltaic generator by
applying a "tracker” to "track" the maximum power point based on fuzzy logic. Atthe same time, these results indicate
an improved efficiency of the PV system, as the batteries can then be charged and used during periods of low solar
radiation.
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Abbreviations:

PV ~ Photovoltaic GA - Genetic Algorithm

MPPT — Maximum Power Point Tracking ACO — Ant Colony

AC — Alternative Current PSO — Particle Swarm

DC _ Direct Current ANFIS ;y?tc;?r;l)twe Neuron Fuzzy Inference

I-v — Current-Voltage characteristics ML - Machine Learning

P-v — Power-Voltage characteristics Al — Artificial Intelligence

FLC — Fuzzy Logic Controller DT — Digital Twin

FIS — Fuzzy Inference System IoT ~ Internet of Things

NN — Neural Network nZEB  —nearly Zero Energy Building

FL — Fuzzy Logic Cotd — old disturbance

SA — Simulated Annealing IRENA — International Renewable Energy Agency

MF -Member Function P -reference power

NB -Large Negative Ppv -actual power

NS -Low Negative Py -consumer power

PS -Small Positive W, -watt peak

PB -Large Positive ANN -Artificial Neural Network

Z0 -Zero Sa -slope

AC -Exit membership PWM -Pulse Width Modulation

S -command signal FF -filling factor

I -short circuit current Is -battery current

Voe -open circuit voltage Via -actual load voltage

Punax -maximum power I -load current

I -reference current BOS -Balance Of System
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