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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy
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George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA
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The choice and the dimensioning of the controller for the maximum power point tracking (MPPT) are determined for the ideal
energy efficiency of the photovoltaic (PV) systems. Many works have been developed in the field of MPPT methods, especially
fuzzy logic controllers. However, these are robust if the parameters of the membership functions have been well designed. In this
paper, the performances of an intelligent fuzzy logic controller (FLC)-based MPPT method have been optimized by an evo-
lutionary genetic algorithm (GA). The works presented in the literature have shown the efficiency of the proposed method
compared to classical methods. In our paper, the validation of the experimental results obtained is given with respect to a reference
signal. The control of the simulated PV source and the proposed method are built using the Simulink/Matlab environment and
implemented on the dSPACE DS1104 controller to validate the practical execution of the suggested method. The standalone PV
system has been tested in an emulated test bench experimentation. Experimental results confirm the efficiency of the proposed
method and its high accuracy in handling fast varying load conditions.

1. Introduction

Renewable energy is critical to sustainable development
around the globe. Photovoltaic (PV) energy is one of the
most abundantly available and cost-effective renewable
energy sources. PV power is utilized in grid-integrated,
standalone, and hybrid energy systems [1]. Standalone PV
systems are utilized in distant locations where power from
the main AC grids is not available. PV systems that include
an energy storage system. PV power is also integrated into

a grid using power converters, and in order to meet the
standards of grid codes, the integration of such power source
needs sophisticated control techniques. Hybrid power sys-
tems can be produced by combining solar photovoltaic
systems with wind, tidal, and thermal energy [2]. However,
due to the stochastic nature of solar/PV energy, the output
power produced by PV systems is also fluctuating.

The solar panel can give the maximum amount of power
to the load at its ideal operating point. Maximum power
point (MPP) is the common name for the specific operating
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point. Because solar irradiation and cell temperature have
a significant impact on the current-voltage characteristic of
PV modules, the locus of MPP exhibits nonlinear change.
The MPPT is to be created for the PV system due to the
nonlinearity of PV modules. At any solar irradiation and
temperature, MPPT is able to determine the PV panel MPP
operating voltage. The PV system controls the PV module’s
voltage to the MPP operating voltage. It is possible to draw as
much power as you can. As a result, the PV system’s ef-
fectiveness can be increased [2, 3].

Several research algorithms have been reported to ex-
tract the maximum power from solar panels under stochastic
environmental conditions. A number of techniques have
been presented in recent years as examples, including
perturb and observe (P&O) [4], incremental conductance
(INC) [5], and fuzzy logic controller (FLC) [6].

The simplest algorithms are P&O and INC. However,
due to the fact that the disturbance continues even when the
system is functioning at the MPP, these techniques lead to
power oscillations around the MPP. The duty cycle step
might be decreased to address this problem. However, in this
scenario, as atmospheric circumstances change, the system
will track the MPP slowly. The PV system’s total efficiency is
decreased as a result of the power losses. A slight change in
the step size in the P&O algorithm disrupts algorithm
control. The measurement of PV system output power
causes a slight modification to the direction of the step size
specified by the P&O technique. Common problems could
occur if a PV panel’s output power is increased or decreased
abruptly [7].

Alternatively, the FLC is used to track an MPP with more
accuracy due to its inherent advantages in handling non-
linearity and the lack of a mathematical model, but this
algorithm is greatly related to user experience with the PV
panel characteristics. As reported in [8], an MPPT algorithm
based on the FLC has been applied successfully for a pho-
tovoltaic generator system with a variable resistive. From the
presented results, the FLC-based MPPT algorithm ensured
enhanced performance as compared to the P&O technique.
Similarly, in [9], an FLC-based MPPT controller is tested
under variable atmospheric conditions. The FLC MPPT
controller proposed in [9] guaranteed the optimal operation
and performance of the autonomous PV system. In [10, 11],
authors reported fuzzy controllers to regulate the power
generated in a hybrid system containing PV and wind
turbine systems. The study of interval type-3 fuzzy logic
controllers (IT3 FLCs) has gotten a lot of attention recently.
Numerous studies have demonstrated that IT3 FLCs can
manage uncertainties better than their type-1 (T1) and type-
2 (T2) counterparts [12].

Even though FLC controllers have many advantages,
building them is still challenging since there is no stan-
dardized method for locating fuzzy control rules and fine-
tuning the membership function parameters of the con-
trollers. To get the better of this limitation, the design
procedures are formulated as optimization problems that are
typically solved using evolutionary algorithms [13-15], such
as genetic algorithms (GAs). GAs are widely regarded as one
of the most effective optimization techniques. The GA is
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capable of solving a wide range of complex optimization
problems, including those with nonderivable cost functions
[16]. Genetic algorithms attempt to simulate the evolu-
tionary process of species in their natural environment: an
artificial transposition of basic concepts of genetics and the
laws of survival stated by Darwin.

A GA is constructed in quite analogous way. In the
solution set of an optimization problem, a population of size
N consists of N solutions (the individuals in the population)
suitably marked by coding that identifies them completely.
An evaluation procedure is necessary to determine the
strength of each individual in the population. Then, there is
a selection phase (in which individuals are chosen in pro-
portion to their strength) and a recombination phase (in
which artificial operators of crossing and mutation are used
to generate a new population of individuals with a good
chance of being stronger than those in the previous gen-
eration). From generation to generation, the strength of the
individuals in the population increases, and after a certain
number of iterations, the population is entirely composed of
strong individuals, that is to say, of quasi-optimal solutions
to the problem.

Theoretical work on the optimization problem of fuzzy
controllers has been widely reported in the literature. A GA-
based optimization problem is solved in [17] to find the
optimal scaling parameters of a fuzzy logic-based MPPT
controller that maximizes the efficiency of a PV pumping
system. In [18], the algorithm GA is used to optimize the
following two controllers: the fuzzy PI (proportional and
integrator) and the P&O PI. The simulation results presented
in this article have demonstrated that the fuzzy PI-GA is
better than the P&O PI-GA in terms of response time.
Similarly, in [19], theoretical simulations have been carried
out. The authors have used a hierarchical genetic algorithm
to design a fuzzy controller for the command of a photo-
voltaic conversion system.

The implementation aspect of optimized fuzzy controllers
has been reported in [20-25]. An experimental study on the
MPPT controller using the FPGA (field programmable gate
array) has been presented in [21]. Based on the obtained
results, the authors concluded that the optimized FLC out-
performs the conventional P&O method in terms of response
time and steady-state fluctuations. In [23], FPGA imple-
mentation of MPPT-based fuzzy logic is investigated for
standalone PV conversion systems. In [24], FPGA imple-
mentation of a fuzzy controller is reported for a PV system.
The authors in [25] discuss the MPPT technique based on
GAs for a standalone PV conversion system. The results have
been compared with the conventional techniques. The results
have been validated experimentally using a dSPACE control
board. Another two hardware implementations of fuzzy
controllers for MPPT of PV systems have been described in
recent works [26, 27]. The experimental results obtained have
been compared to a conventional P&O method. The fuzzy
controller design has been better than the P&O. However, it
shows significant oscillations at the optimal point.

This paper discusses the hardware implementation of
a fuzzy controller optimized by the GA algorithm for MPPT
tracking using the dSPACE 1104 control board. The
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proposed MPPT method is tested for maximum harvesting
power under real-time environmental conditions. The fol-
lowing is a summary of the primary differences between the
current work and the related literature:

(i) The fuzzy controller is optimized to improve the
convergence speed for maximum power harvesting
of the PV system. The suggested technique can also
track the global MPP (GMPP) efficiently, which is
very beneficial in variable atmospheric conditions.

(ii) The proposed algorithm is tested for fast-changing
solar irradiation and a variable resistance load.

(iil) In the cited literature [20-25], the design of a fuzzy
MPPT controller using the GA optimization algo-
rithm is accomplished for a learning profile of
constant conditions (T=25°C and S = 1000 W/m?).
However, atmospheric conditions are constantly
changing. In this work, different variations of the
irradiance (600 W/m?, 1000 W/m?, and 800 W/m?)
are adopted to test the robustness of the optimized
control utilized.

The paper’s sections are structured as follows: Section 2 is
a description of the system. Section 3 shows the design
procedures of the fuzzy controller. Section 4 shows the
proposed optimized control strategy. Section 5 presents the
steps of the details of the experimental real-time platform.
The result discussion is also presented in this section. Finally,
Section 6 presents a general conclusion that will summarize
the content of this work and put forward the results
obtained.

2. Standalone PV System Description

Figure 1 shows a block diagram of a standalone PV system.
The components of the system are the PV panel connected to
a variable resistive load through a matching stage. The latter
is composed of a boost converter. The switch of the converter
is controlled by the signals generated by the proposed
method.

2.1. PV Panel Model’s Mathematical Equation. There are
a few different sorts of models, such as single-diode and two-
diode models [28, 29]. The two-diode model accounts for
a second diode that is wired in parallel with the first diode in
the circuit that functions as a single diode’s equivalent.
Compared to a two-diode model, the one-diode model has
fewer parameters and is simpler to model. The electrical
properties P (V) and I (V) of the solar panel as simulated and
experimental data clearly demonstrate that the results are
identical, according to the paper [29]. The one-diode model
of the solar cell is used in this paper [29].

The PV panel model’s mathematical equation is for-
mulated according to the cell’s number in series only, and
the cell’s number in parallel is equal to 1 according to our BP
SX150S model in the following equation:

V.,+I,,R V., + IR
Ipv:IPh_Is<eXp<%>_l>_<%>> (1)
sV T sh

where V' is equal to (a.k.T/q).

The PV panel electrical parameters shown in equation (1)
are reported in Table 1.

Table 2 lists the BP SX150S solar panel from BP solar,
which is reported at the Standard Test Condition (STC, i.e.,
25°C and 1000 W/m?).

2.2. Boost Power Converter. The boost power converter is
inserted between the PV panel and the load as an
impedance-matching stage. The PV output voltage (V) is
regulated to keep it at the nominal voltage (Vpp) by means
of an MPPT controller. Voltage regulation is equivalent to
controlling the opening and closing of the IGBT power
switch through a pulse width modulation (PWM) tech-
nology. The IGBT switching frequency is 8 kHz.

To get the most power out of the PV panel that is now
available, a new duty ratio D of the PWM signal must be
generated in real-time. Table 3 lists the parameter values for
the boost converter that was designed. The mathematical
equation of the boost converter’s output voltage and current
has been given as follows [30]:

1

V,=—V
°71-D

i

)
I,=(1-D)I,

where V, and I, are the output’s voltages and currents of
boost converters, respectively, and V; and I; are the input’s
voltages and currents of boost converters, respectively.

3. Fuzzy MPPT Controller

The fuzzy MPPT controller is an intelligent method of
tracking a PV system’s maximum power point. In lieu of
a precise mathematical model, it uses the fuzzy set theory.
The internal functioning of a fuzzy controller of the
Mamdani type is based on the structure presented in
Figure 2, which includes four blocks [31].

The fuzzification consists in calculating, for each real input
value, the degrees of membership to the associated fuzzy sets
predefined in the database of the fuzzy system. This block
carries out the transformation of the real inputs into symbolic
information that can be used by the inference mechanism.

The inference mechanism consists, on the one hand, in
calculating the degree of truth of the different rules of the
system and, on the other hand, in associating an output value
to each of these rules. This output value depends on the
conclusion part of the rules, which can take several forms. It
can be a fuzzy proposition, and we will speak of a rule of type
Mamdani “IF-THEN” in this case:

IF (...)THENY is X, X issetflou. (3)

The defuzzification consists in replacing the set of output
values of the various rules resulting from the inference by
a single real value representative of this set.

The inputs and outputs of the FLC controller are rep-
resented by the triangular and trapezoidal MFs. In Table 4,
the letters P and N stand for positive and negative linguistic



equation (4) and error variation equation (5):
Py, (k) - P, (k-1)
va (k) - va (k - 1) ’

e(k) = 4

Ae(k) =e(k) —e(k—1). (5)

Based on these two inputs, the FLC calculates the
subsequent operating point using MFs and a rule table. The
operating point will be on the right or left side of the MPP,
depending on whether E is positive or negative. When E
equals zero, the MPP is reached. The operational point
moves in the MPP direction according to the e-input.

The duty ratio D is computed as follows:
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I
pv
Boost
converter
J_LI-'_ Variable
resister
BP §X1508
Panel PWM
ane:
Filtering Fuzzy MPPT
Filtering controller
/ e Ae AD,,
Optimization algorithm
GA
F1GUrk 1: The illustrative diagram of the implemented PV system.
TaBLE 1: PV panel electrical parameters. TaBLE 2: The BP SX150S solar panel.
Parameters Designations Parameters
" Diode thermal voltage Nominal power (Pypp) 150 W
a Diode ideality factor Output power tolerance + 5%
K Boltzmann constant Nominal current (Iypp) 435A
T Cell’s temperature Nominal voltage (Vypp) 345V
Q Electron charge Open circuit voltage (V) 435V
Ipy Light generated current Short circuit current (I.) 475A
I, Diode saturation current Cells number in series (N ) 72
R Series equivalent resistances
Ry, Parallel equivalent resistances
TaBLE 3: DC-DC boost converter specifications.
bl velv. The | S and ZE additionall Electrical specifications
Varlz(ii Es, r%s.pecglve l}i (21 e;ters Bl,:. ,and ZE a 1.1t10r1.a .y Inductor (L) 0.6mH
star'l or Big, Small, an gro. ve .separate inguistic Input capacitor (C;) 500 uF
variables are allocated to.each input Varlablf:, e(k) and e(k). Output capacitor (C,) 2200 4F
As aresult, there are 25 different fuzzy rules in the suggested Switching frequency (f.) 8 kHz
set of fuzzy rules. The entire set of fuzzy rules is presented in IGBT SKM50GB12T4
Table 4 [31].
The two input variables that are characterized by the
following expressions at a sampling instant k are the error D(k) = Gp, x ADy (k) + D (k - 1), (6)

where ADy is the duty ratio at the controller output and G,
represents the factor’s scaling output.

4. Proposed Optimized Fuzzy-Based MPPT

Generally speaking, the following steps can be used to define
the genetic algorithm.

4.1. Procedure Genetic Algorithm

Step 1 (initialization). Generate an initial population Pop (¥)
of size N of chromosomes in a random manner.
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FIGURE 2: The synoptic diagram of a fuzzy controller.

TaBLE 4: The rule base table for the fuzzy MPPT controller.

Ae
¢ NB NS ZE PS PB
NB ZE ZE PB PB PB
NS 7E 7E PS PS PS
ZE PS 7E ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE

Step 2 (evaluation). Each chromosome is decoded and
evaluated Pop (1).

Step 3 (Selection). Production of a new population of N
chromosomes with the use of a suitable selection technique,
select Pop (#) from Pop (¢-1).

Step 4 (recombination). According to their probability,
crossover, and mutation of some chromosomes within the
new population.

Step 5 (termination). To phase 2, as long as the problem stop
condition is not satisfied.

4.2. Structure of Chromosomes. In this paper, the mem-
bership functions of the fuzzy MPPT controller are opti-
mized. The inputs and output membership functions are
each defined by five parameters. For a fuzzy controller with
two input variables and one output variable, the membership
function numbers are in order 3 x5. Therefore, the GA
chromosome’s structure is given as a vector of fifteen pa-
rameter values, as shown in Figure 3.

4.3. Initial Population. The chromosomes of the original
population are set to random variables. A sequence of
random numbers r; ; between 0 and 1 is created for each
element X; ; of particle i. Then, by projecting [0, 1] into (X%,
XEI], X;,j is determined as follows:

L U L
Xy = X] + 1, x(X] - X5), 7)

where Xf represents the inferior limit of X;; and XS.]
represents the upper limit of X; ;.

4.4. Optimization Criterion. The goal of designing a fuzzy
MPPT controller is to discover the optimal settings that
minimize energy loss in the PV system, which is mostly caused
by meteorological conditions. The optimization criterion’s
objective function given in equation (8) describes an integral
squared error (ISE) function. At each learning step, an ISE
value is calculated, and at the end, the best value is returned.

ISE = J: (e(£)dt, (8)

where e () = Py (t) = Py, (), Py is the PV panel’s rated
power, P, is the PV panel’s instant power, and f is the
simulation time.

4.5. Selection Process. The selection process is applied to the
chromosomes of the algorithm. This process is the first step
in the selection of the best chromosomes suitable for rep-
lication. The tournament selection is used in this work. This
selection technique uses proportional selection on chro-
mosome’s pairs and then chooses from these pairs the
chromosome with the best adaptation (fitness) score.

4.6. Crossover and Mutation Operators. In this study, for
a real-coded genetic algorithm, the Laplace crossover op-
erator is suggested [32, 33]. For the real string, a real value
mutation has been created. Each parameter X; ; receives an
addition of a random with the probability rate pm. The direct
application of this mutation can create new parameters
outside the interval [XJL, XS»]]. Therefore, we propose the
following mutation equation (9) for keeping parameters in
their range of variation:

. - X ; + rand, x(XE.] - Xi’j) if rand; <0.5, (©)
7| X+ rand, x(X5 - X, ;) if randy 2 0.5,

where rand,, rand,, and rand; are random numbers between
[0, 1].

5. Experimental Results and Discussion

The experimental test bench for the simulated PV system is
depicted in Figure 4. The GREAH laboratory in France is
where the hardware implementation was developed. The
implementation in real time of the proposed MPPT
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FIGURE 3: The N chromosome’s real coding structure.

controller has been given by a dSPACE DS1104 board. The
Simulink model of the PV panel as well as the solar radiation
and temperature profiles were implemented on a Dspace
1104 board. The reference current and voltage signals
computed by the panel control an adjustable DC power
supply. Figure 5(a) shows the acquisition chain of the PV
source emulator (EPVS). The emulated system involves the
use of a boost converter to connect an EPVS to a variable DC
load, and the boost’s converter specs are illustrated in Ta-
ble 3. The block for generating PWM signals from the duty
ratio values is given in Figure 5(b). The two sensors for
measuring voltage and current are Cleqee A622 and TA057,
respectively. The sensors have been connected to the
dSPACE acquisition board through the ADC ports. The
measurements of the sensors have been filtered with digital
filters implemented on the dSPACE board, as can be seen
through Figure 5(a). The experimental results in Figure 6
have been given at a varying load profile. The load variation
was controlled from a dSPACE signal. Figure 5(a) shows the
blocks providing the load variation. The observed voltage
and current signals are rescaled using gain scales of 10 and
20, respectively. The sample step time in this study is set to
50 ps.

Elgar 5500, a programmable DC power supply, has been
used to emulate the electrical characteristics of the PV panel.
With the help of this panel emulation, it is possible to make
up for the absence of the PV panel and simulate variations in
the different profiles. A dSPACE DS1104 controller with
a 50us sample period is utilized to create the PV panel
Simulink model. The boost converter is controlled by the last
via PWM signals with an 8 kHz switching frequency. A DAC
output is used to create the analog signal (0-10V range)
needed to command the Elgar 5500 source. The practical
properties of the EPVS, as determined by adjusting the
power DC supply’s output current, are shown in Figure 7

5.1. Optimized Fuzzy MPPT Controller Using dSPACE
Implementation. As discussed in the introduction, the
reason for implementing the fuzzy MPPT approach is to
verify the proposed algorithm experimentally using
a dSPACE control board. The fuzzy MPPT controller is
computed and optimized under Matlab/Simulink. The
control system is set up in accordance with the configuration
described in Section 3.

Five membership functions are used to calculate the
output variable (ADy) for the FLC as well as the input
variables (e and Ae)). The variation’s ranges for Ae, e, and the
output are [-50, 50], [-35, 5], and [-1.5, 1], respectively.

The dSPACE board is the appropriate hardware pro-
totyping improvement solution for doing real-time simu-
lations in many domains and prototyping high-speed digital
controllers. These controllers use the MATLAB real-time
interfacing toolbox to connect the SIMULINK model to the
actual hardware models. Control desk software is used as an
acquisition management tool to facilitate real-time analysis
of system performance and visualization of PV output
waveforms. It is simple to adjust the controller’s settings,
manage the output load, or change the PV panel’s model’s
mimicked weather patterns using the control desk software.
The obtained currents and voltages may also be easily stored
and displayed. The main points in the fuzzy MPPT-GA
designing in this article are as follows:

(1) GA learning algorithm

(2) Experimental testing results

5.1.1. GA’s Learning Profile. It is important to note that the
optimal parameters of the fuzzy MPPT controller obtained
by the GA are strongly related to the adopted methodology.
The richer the learning profile and the more real variations
in atmospheric conditions are taken into account, the higher
the performance of the GA should be. At each step of the
algorithm, we have to compromise between exploring the
search space to avoid stagnating in a local optimum and
exploiting the best individuals obtained to reach better
values in the surroundings. If the individuals of a population
are too similar, the following populations may become more
and more homogeneous. In this case, the evolution of
a population may be reduced to the evolution of a single
dominant individual, thus reducing the exploration of the
search space (premature convergence). In order to be able to
efficiently search, it is, therefore, required to maintain
a balance between the exploitation of the good solutions
encountered and the exploration of unknown areas. An
excess of exploitation can lead to a premature convergence
(bogging down in a local optimum), just as an excess of
exploration could lead to a quasi-random search (no
convergence).
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FIGURE 4: The experimental real-time platform.
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Ficure 7: EPVS’s experimental electrical characteristics.

The learning profile of the GA adopted is important for
an optimal parameter result and must include any scenario
that the system may encounter in the irradiance variations
and from the values returned by the objective function ISE.
A selection of the best chromosome (individuals) has been
made by the algorithm. For this purpose, the parameters of
the best chromosome were introduced to the fuzzy MPPT
controller.

The value in the learning profile begins at 600 W/m?> and
changes at 1100 W/m” after 2's; this value is maintained until
4 s after another change occurs to reach the value of 800 W/m®.

The simulation results are given at a population of 20
chromosomes, and the training of the algorithm has been
given at 200 iterations. The values of the fitness function
ISE evolve in a decreasing way from iteration 01 to it-
eration 50. Beyond this iteration, the evolution of the
curve is constant until it reaches the value ISE 0.372. The
fact of training the algorithm beyond 50 iterations tells us
that the algorithm has found a global optimum. The
evolution of the ISE function curve per iteration is shown
in Figure 8.

5.1.2. Experiments Testing Results. After the learning process
is accomplished, we can see the tracking performance
corresponding to the optimal solution obtained by the GA.
The experimental testing results are obtained using the
following two scenarios. The studied EPVS system has been
evaluated in a 2 s total duration with a 50 ys fixed step size
during the testing phases.

(i) In the first test, the solar irradiance and tempera-
ture are kept constant at STC conditions, but an
instantaneous load change is performed at 1s. The
resistance goes from a value of 20 2 to 14 Q.

(ii) In the second test, the load is kept constant at
R =20 0. However, the goal of this test is to study the
impact of the fast-changing of solar irradiance on the
performance of the proposed MPPT algorithm.

(1) Performance Test at Standard Conditions and Fast
Varying Load Conditions. An interface controls the
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parameters of the experimental test bench of the EPVS
system and thus displays the curves and results of the
electrical characteristics. The control of parameters is given
by two buttons: START and PWM STOP. In order to activate
the control part, the START value is set to 1, and the PWM
STOP value is set to 0. The values of the electrical charac-
teristics represented are voltage (V), power (W), and current
(A). The curves shown are the power-voltage curve, the duty
cycle of the proposed controller, and thus the voltage, power,
and current.

The results represented in this interface have been given
for a temperature of 25°C and sunshine 1000 W/m? as well as
a fast-varying resistance load. Figure 6 shows the control
desk interface of the EPVS system.

Figures 6 and 9 show the results of the generated EPVS
power of the proposed fuzzy MPPT-GA. In the presented
results, during the transient load step of R=20 (2 between 0 s
and 0.5, it can be seen that the proposed fuzzy MPPT-GA
converges rapidly to the MPP at a time of 0.08s with
a tracking error of 3% and a steady state-error of 99.87% and
then the power is maintained around 150 W with an ex-
tremely low steady-state error of about +0.13%. The total
error between the tracking error and the steady-state error is
about 96.87%.

In the second transient load step of R=14 between
0.5s and 1s, it is clearly observed that the proposed fuzzy
MPPT-GA shows better power generation, which much
perfectly rated around 150 W with an extremely low steady-
state error of about +0.13% (99.87%) as depicted in Figures 6
and 9. It can be concluded that the proposed fuzzy
MPPT-GA completely follows the maximum power of
150 W to the STC test profile and also to the fast-varying
load conditions.

Figure 10 shows the result of the duty ratio of the
proposed fuzzy MPPT-GA at the STC. It can be observed
a variation in the duty ratio value as soon as 0.5s. In the
presented results, during the transient load step of R=20Q
between 0s and 0.5, it can be seen that the proposed fuzzy
MPPT-GA generates a duty ratio of the value D=0.25. It is
evident that the proposed fuzzy MPPT-GA generates the
corresponding new duty ratio D (D =0.15) for each trans-
action period in the second transient load level of R=14 .0
between 1s and 2 s, which establishes the new position of the
desired MPP inversely. In this case, the duty ratio of the
proposed fuzzy MPPT-GA is optimally adjusted. It is clearly
shown that a perfect duty ratio is generated in order to keep
the power produced at its desired value.

(2) Performance Test under Fast-Changing Solar Irradiation.
The test at standard conditions, as well as at the fast variation
of the load, has been successfully performed. Now, a test at
fast variation solar irradiation has been performed. The load
was held fixed at R=20 0. The choice of the value between
R =200 or R=14Qisnotimportant since the result given in
Figures 6 and 9 clearly shows that the power is maintained at
150 W with an error of 0.13% at the static regime for both the
resistance values.

Figure 11 shows the irradiance profile, which varies
between 1000W/m* and 1100 W/m? and both the
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FIGURe 10: The experimental result of the duty ratio ADy under
STC and fast-varying load.

temperature and the load charge are kept constant during
the experiments at 25°C and R =20 (, respectively.

The experimental performance test has been carried out
at the fixed charge 202 and the fast-changing solar irra-
diance, as shown in Figure 11. In this test case, the objective
has been to evaluate and observe the response of the pro-
posed fuzzy MPPT-GA only to the fast-changing solar ir-
radiance and at the constant ambient temperature 25°C.
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Figure 11: The irradiance profile.

Figure 12 shows the results of the generated EPVS
power of the proposed fuzzy MPPT-GA. In the presented
results, during the transient irradiance value between 0s
and 0.5, it can be seen that the proposed fuzzy MPPT-GA
converges very rapidly to the MPP at a time of 0.06 s with
a tracking error of 2.6% and a steady-state error of 99.85%
and then the power is maintained around 150 W for
a 1000 W/m? with an extremely low steady-state error of
about +0.10%. The total error between the tracking error
and the steady-state error is about 97.25%. In the second
step, the transient irradiance value is between 0.5s and
1.4s. It can be seen that the proposed fuzzy MPPT-GA
also converges at the MPP with an extremely low steady-
state error of about +0.12% (99.82%). In the last step,
during the transient period of 1.4s to 2, it can be seen
that the proposed fuzzy MPPT-GA also converges at the
MPP with an extremely low steady-state error of about
+0.14% (99.79%). The efficiency of the EPVS system in the
three transient irradiance values has been given at 98.95%.
It can be clearly observed that the result, when the MPP
abruptly changes, is that the proposed fuzzy MPPT-GA
may immediately push the EPVS system to the new MPP.

Figure 13 shows the result of the duty ratio of the
proposed fuzzy MPPT-GA under fast-changing solar
irradiation. It can be clearly observed that a new value of
the duty cycle has been generated at each variation of
the irradiance. In this case, the duty ratio of the pro-
posed fuzzy MPPT-GA has been optimally adjusted in
order to keep the operating point at each instant at
the MPP.

Now, the proposed fuzzy MPPT-GA has been com-
pared with a few strategies which have been published in
recent works to optimize FLC-based MPPT meths. Au-
thors in [18, 24, and 25] have performed the performance
tests of standalone PV systems only at STC conditions
with a fixed resistance load. The results of tests for a profile
of variable irradiance that present overshoots when
changing the values of irradiance more or less different
from one paper to another have been presented in [18, 19,
and 21].

For a more logical comparison, the optimization algo-
rithms should use the same objective function (equation (7)),
the same initial population, and also the same number of it-
erations. The advantages of our design strategy, which provides
the best objective function (ISE) value at the conclusion of the
optimization process, have been shown in Figure 8.
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FIGURe 12: The experimental result of PV power under fast-
changing solar irradiation.
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FIGURE 13: The experimental result of the duty ratio ADy under
fast-changing solar irradiation.

6. Conclusion

This paper presents a modeling and experimental validation
of a standalone PV system. The system under investigation
consists of a DC power source that simulates a solar panel,
a DC/DC boost converter, a resistive load, and a real-time
maximum power point tracking controller integrated into
a dSPACE DS1104 board. The GA has been successfully
applied in this study to optimize the productivity of a fuzzy
MPPT algorithm by improving the controller’s membership
function parameters. From the objective function values
obtained in the simulation, it is seen that the GA provides
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a good approach for designing efficient fuzzy MPPT. The
following are the main highlights of the current work:

(i) The proposed GA algorithm’s learning profile was
extremely important. The results obtained during the
tests using the various profiles clearly show that the
parameters of the fuzzy controller’s input/output
membership functions determined during the op-
timization process accurately follow the GMPP with
a steady-state error of around +0.13%.

(ii) Similar to that, a reference signal has been used to
compare the proposed approach. The outcomes
demonstrated the suggested algorithm’s capability to
track the GMPP with quicker convergence and fewer
power fluctuations than before. The suggested fuzzy
controller optimized-based MPPT’s viability and
efficacy have been tested experimentally, and the
findings unmistakably show that it is capable of
tracking the GMPP with an average efficiency of
98.66% and an average tracking time of 0.08 s and
0.06 s under the STC and the fast-changing solar
irradiance, respectively.

The outcomes demonstrated that the suggested approach
was workable and that it was capable of tracking the maximal
power point with high efficiency that exceeded 97.8% in all
tested scenarios. The method proposed has been described in
some detail and can be used in other similar systems.
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In this research, a methodology is discussed to develop an intelligent system for optimal geometric design for the culinary product.
An optimum geometric design meets certain specified criteria in the most efficient or cost-effective way possible. The criterion for
an optimum design will depend on the specific goals and constraints of the specific problem. In this methodology, partial
differential equation and weighted Bonferroni mean are consolidated to develop the intelligent system for optimal geometric
designs for the required product with the blend of fuzzy soft sets. Fuzzy soft sets allow capturing the incorporation of subjective or
personal opinions into decision-making processes, as well as the consideration of multiple conflicting criteria. A parameter known
as the smoothness parameter is used to control the shape of the optimal geometric model. The smoothness parameter, used as
a fuzzy number, is important in this developed system as it fulfills the requirements for the desired intelligent system for product
design according to the industries’ demands. To verify the credibility of this system, an illustrated example is presented to design

a culinary product, which is profitable for the hotel industry.

1. Introduction

Computer-aided design (CAD) is a technique discussed by
Sarcar et al. in [1]. This technique is used in the creation,
modification, analysis, and optimization of the geometric
modeling of products with the help of computers. As
mentioned in [2], the fewer number of design variables and
the intuitive control of the design for the user are the key
aspects of efficiency in systems used for the mathematical
modeling of three-dimensional surfaces. Surface modeling,
solid modeling, and particle system modeling are the dif-
ferent types of three-dimensional modeling discussed in [3].

Authors discussed in [4], when one surface patch of a set
of patches is varied, it creates difficult situations such as
maintaining the smooth continuity of the shape. According
to Frey and Borouchaki in [5], a surface can be defined
geometrically by moving a line in space in a direction other
than the line itself. The surface under consideration can be
defined as the area swept by the movement. If either the line
or the movement is curved, the resulting surface is curved.

The direction of the line is known as the g direction in
mathematics, and the direction of movement of the line is
known as the h direction. The h parameter notation is crucial
in CAD concepts and plays an important role in generating
surfaces as discussed in [6]. Patches are classified based on
the shape of their originating curves. As mentioned in [7],
Bezier splines produce a Bezier patch, and two B-spline
curves produce a B-spline patch, as discussed in [8]. A patch
will inherit features such as control points from its original
spline curves. As a result, the number and position of
a patch’s control points are determined by the control points
associated with each of the spline curves. These control
points can be used to modify the patch in the same way that
control points can be used to manipulate a curve.

The smoothness and extendibility of the surface’s to-
pology are the two most important issues in the computer
modeling of surfaces. As mentioned in [9], patches, which
are mathematically truly curved, are the solution for smooth
surfaces. They must, however, be constructed with grid-like
rows and columns. According to the author’s explanation in
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[10], surfaces are subdivided to make them smooth. To
achieve the smooth curvature of the surface, the simple
polygonal model is subdivided into smaller polygons in this
technique. The extent to which the original polygons are
subdivided is determined by the curvature of the end surface.
When a curve or surface is infinitely subdivided, the result is
truly curved and is known as a limit curve or limit surface as
discussed in [11]. The most important aspect of the sub-
division technique is that it allows to manipulate the shape of
the model with both the original polygonal model and the
subdivision model. When the original polygonal model is
used, the subdivision result is also modified. Moreover, if the
subdivision model is manipulated, the changes will have no
effect on the original polygon model.

The surface generation method based on partial differ-
ential equations, mentioned in [12], is another efficient
mathematical model for representing real-world objects that
addresses some of the drawbacks discussed in the preceding
methods. It is particularly appealing due to the fact that it
allows for intuitive manipulation of the shape of the object
with minimal user interaction. With a slight change in its
design parameters, it generates a wide range of shapes from
a single equation. This technique, also known as the PDE
method discussed in [13, 14], entails solving a suitable partial
differential equation over a set of boundary conditions. A
design parameter is also included in the equation to give the
user more flexibility in changing the shape of the object with
less effort. This method’s rendering process is also simple, as
it entails solving a mathematical equation to generate points
and plot them to create the desired surfaces and shapes.
Patches of the surfaces generated by this method can be used
to create objects with complex shapes.

According to Ugail and Wilson in [14, 15], geometric
modeling, using the spline approach for design optimi-
zation, has the disadvantage of making it difficult to
maintain a smooth transition between adjacent patches
during the design process. It happens because they typ-
ically represent an object shape as a mesh of rectangular
curvilinear parts. The parameterizations of a product’s
shape are considered relatively simple if it is made up of
standard geometric constructs such as circles, squares,
cubes, and cylinders. However, in general, most products
cannot be completely constructed using these standard
shapes alone but must also include free form surfaces in
their design to achieve the desired shape. Regardless of
how minor these surfaces are in the overall shape of the
object, they may be critical if they are part of the object’s
functionality. It should be noted that the PDE method is
similar in some ways to previously established surface
design methods such as Bezier patches and rational B-
splines discussed in [15-18]. However, PDE’s global
smoothing approach, in conjunction with its elliptic
boundary-value formulation, clearly distinguishes it from
those traditional spline-based techniques. When com-
pared to the hundreds of control points required by
existing spline-based techniques, PDE requires only
a small set of design variables. As mentioned in [19], Ugail
et al. research in the area of interactive design demon-
strated that PDE surfaces could be defined and
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manipulated efficiently in real time. Authors also dem-
onstrated that surface manipulation could be performed
in an interactive environment with an interactively de-
fined set of parameters, discussed in [19-22]. These pa-
rameters, by definition, make their effect on the geometry
of the surface obvious.

Regarding interactive design using the PDE method,
Bloor and Wilson showed in [23] that, this method can
produce simple surfaces in an interactive environment.
This work was then extended by Ugail et al., mentioned in
[19, 20]. They used four boundary conditions in the PDE
method to generate surface. Later, their work was ex-
tended by Ugail et al., discussed in [24], in which they used
six boundary conditions to generate the geometric sur-
face. It was easier to work with six boundary conditions
than with four boundary conditions, as a more curvier
geometric model can be generated and a complex geo-
metric model can be generated more easily. In this article,
their work is further extended by using eight boundary
conditions to develop the complex geometric model with
the help of a set of interactively defined parameters. The
boundary conditions are responsible to control the overall
form of the surface of the designed model, while a set of
parameters control all the coordinates of the boundary
conditions. One of the parameters involved in the de-
signing of the desired model is the modified smoothness
parameter, responsible for the smoothness and quality of
the geometric model, which is developed with the help of
the fuzzy soft matrix (FSM) along with weighted Bon-
ferroni mean (WBM).

The fuzzy soft matrix (FSM) is a very useful tool to gather
requirements of the industry for designing their products,
while weighted Bonferroni mean (WBM) blend the re-
quirements of industry into a single entity. According to
Zadeh discussed in [25], fuzzy sets theory is useful for
modeling uncertain circumstances better than standard
theories. In 1999, Molodtsov introduced the concept of soft
set, discussed in [26], and successfully solved some un-
certainties. Later, Maji et al. [27] modified the concept of soft
set theory and successfully applied it to decision-making
problems. In 2001, Maji et al. in [28] presented the concept
of the fuzzy soft set by combining the concept of the fuzzy set
with the soft set. One of the main advantages of fuzzy soft
sets is that they allow for the incorporation of subjective or
personal opinions into decision-making processes, as well as
the consideration of multiple conflicting criteria. This can be
particularly useful in situations where there is a lack of
objective data or where multiple stakeholders have different
viewpoints or priorities.

Fuzzy soft sets have been applied in a wide range of fields,
including decision analysis, artificial intelligence, in-
formation retrieval, and control systems. They are often used
in conjunction with other techniques, such as fuzzy logic or
artificial neural networks, to improve the accuracy and
robustness of decision-making systems. This theory opened
the path to many new concepts. Neog and Sut mentioned in
[29] used fuzzy soft complement and fuzzy soft matrix
operation to solve decision-making problems. Sut in [30]
utilizes fuzzy soft relations in a decision-making problem.
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Cagman et al. in [31] proposed a decision-making method
that makes use of a fuzzy soft aggregation operator and
a cardinal set. Celik and Yamak in [32] used fuzzy soft set
theory with a fuzzy aggregation operator to diagnose pa-
tients’ diseases. In 2018, Beg et al. [33] developed a time-
dependent model to analyse human attributes by fuzzy soft
matrix (FSM) and Bonferroni mean (BM). BM was de-
veloped by Bonferroni in [34], which was helpful in the
multiple comparison test. Yager in [35, 36] and Beliakov
etal. in [37] discussed useful properties of BM to capture the
interrelationships among arguments. Using the concept of
BM with fuzzy soft matrix, Beg et al. explained in [33] and
defined Bonferroni fuzzy soft matrix (BFSM) and weighted
Bonferroni fuzzy soft matrix (WBFSM) for data represen-
tation. They also used WBFSM for design making.

An optimum geometric design is a design that meets
certain specified criteria in the most efficient or cost-effective
way possible. The criteria for an optimum design will depend
on the specific goals and constraints of the problem at hand
and may include factors such as strength, stiffness, weight,
cost, and manufacturability.

In this article, the concept of WBESM is used to calculate
the modified smoothness parameter used in the partial
differential equation. Since the requirements for designing
an intelligent system to generate a geometric model for an
industry can only be provided in the form of fuzzy soft set
and single value is required for smoothness parameter, so
this intelligent system was needed to convert fuzzy soft set in
a single number. For this purpose, WBFSM is used in this
article as it is an ideal tool to blend multiple values in
a single value.

To verify this intelligent system, an example is taken
from the hotel industry to design a drinking glass for fizzy
drinks. According to a case study discussed in [38], drinking
behavior of a person highly depends on the design of a glass.
If the glass has an effective design and is easy to drink from,
then the person will drink more than usual. The design of
a glass also depends on the type of drinks. It is also discussed
in the same case study, how design of glass affects the
drinking behavior of a person. Considering the drinking
behavior and the type of drink, it can be very helpful in
designing a glass. In the making of a drinking glass, many
parameters are considered (such as quality, material used in
glass, and price) according to the requirement of the cus-
tomer. But the problem is that a customer is not able to see it
until the manufacturing of the glass is complete. Sometimes,
the final result is not according to the customer’s re-
quirement. For this purpose, a three-dimensional design of
a drinking glass according to the required parameters is
generated. The intelligent system developed in this article is
used to generate multiple designs of drinking glass according
to customer’s requirements. After modeling these designs,
multicriteria decision-making (MCDM) is used to select the
glass which efficiently fulfills the customer requirements.

The structure of this article is as follows: Section 2 is
devoted, the basic definitions used in this research, which
will help the reader in understanding this research. Section 3
provides the detail on the PDE used in this research along
with some geometric models generated using the involved

PDE method. In Section 4, forming of the smoothness
parameter with the help of WBFSM is discussed in detail. In
this section, we also developed an intelligent system and with
the help of illustrated examples, we verified the credibility of
the developed system. Finally, the last section of this article is
concluded with the discussion on the benefits and utilization
of the developed system in different designing industries. A
path for further research is also mentioned in this section.

2. Preliminaries

Partial differential equation (PDE) is a tool which is used in
every field of mathematics. In this article, a hybrid meth-
odology is developed by using fuzzy sets and soft sets theory
with blend of eighth order PDE with some boundary
conditions and a set of parameters. In this chapter, some
basic definitions are discussed which will be helpful in
further discussion.

Definition 1 [25]. Let X be a nonempty set. A fuzzy set A in
X is characterized by its membership function
Ua: X — [0,1], and py (X) is interpreted as the degree of
membership of element x in the fuzzy set A for each x € X.

Definition 2 [26]. Let Y be a universal set, E be a set of
parameters, and A be a subset of E. Power set of Y is denoted
by P(Y), then the pair (F; A) is said to be a soft set over the
universal set Y, where F is mapping given by
F: A — P(Y). Infact, a soft set is a parameterized family of
subsets over the universal set Y . Every set (F(e);e) rep-
resents the set of elements of the soft set (F; A).

Definition 3 [39]. If Y be the universal set, E be the set of
parameters, and BSE and P! be the set of all fuzzy subsets of
Y, then (G, B) is said to be the fuzzy soft set over Y, where G
is a mapping such that G: B — PY. Tabular representation
of a fuzzy soft set is represented in Table 1.

Definition 4 [37]. Let there be two natural numbers s, t and
r; 20 for (i =1,2,---,n). Then, Bonferroni mean F*' is as

follows:
(1/s+t)
rfr; > . (D

The Bonferroni mean (BM) is a useful aggregative op-
erator that is an extension of the arithmetic mean. The
Bonferroni mean (BM) has the property of capturing the
interrelationships between factors that are significant for
multicriteria decision-making, according to Yager [35]. The
following scenario for BM was studied by Dyckhoff and
Pedrycz [40] for various s and t values.

St 1 <
E _<n(n— 1) Z

ij=Li# ]

(i) If s=1and t =0, then

L0 _ ln )
F _<"er> (2)

(ii) If s=2 and t = 0, then
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TaBLE 1: Tabular representation of a fuzzy soft set (G, B).

M1 )2 V3 ‘.- n
€ ar a2 a3 Ain
€ ax az; ass cee (57
€3 asy ass ass cee Az
€m Am1 A2 A3 ... Ann

i=1

L& (1/2)
2,0 _
F = <E Zn) . (3)

(iii) If s — + oo and t = 0, then

lim F* = max {r,}. (4)

s — +00 i

(iv) If s — 0 and t = 0, then

n (1/n)
1 s,0 = . . 5
ShmOF <| |rl> (5)

i=1

(v) If s=1and t =1, then

(1/2)
1,1 1 i (6)
F» = Tt .
n(n-1), .4, Y

In equation (6), the operator’s interpretation is a com-
bination of the relational operators “and” and “average.”
Product activities, in particular, can be leveraged to im-
plement two satisfaction requirements. As a result, r; and r;
denote the degree to which the two requirements are sat-
isfied. As a result, F“! (r,,r,,---r,) estimates the reference
pair’s average satisfaction.

Definition 5 [35]. If s and t are two natural numbers and
r; >0 for all (i =1,2,3,---,n) and for any weighted vector
W = (w' 20) of r;, which has condition Y7 ,w; = 1, then
weighted Bonferroni mean is

St 1 o
WE™ = <n(n— 1) Z

ij=Li#j

(1/s+t)
(wiri)s(wjrf)t> - @

Definition 6 [33]. Let there be a fuzzy soft matrix F! =
[ff’j] wherei=1,2,---,m,j=1,2,---,nand h=1,2,---,4.
Then, Bonferroni fuzzy soft matrix (BFSM) is defined as

1 2
an = [fmn]> Where fmn = Fs’t (fmn’fmn’ ot ’f?nn)’ Here’ S
and t are natural numbers.

Definition 7 [33]. Let a fuzzy soft matrix be F,,., = [f;;],
where i=1,2,---,m and j=1,2,---,n. Then, weighted
Bonferroni fuzzy soft matrix (WBFSM) is defined as F,,; =
[d;,] for weight vector W = w), which is the weight of f; ;.
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The weight vector has the condition }w;=1. Here,
diy =WF*(fir fizs- > fin)-

Definition 8 [33]. Optimum fuzzy soft constant (OFSC) is
Optimum = max; (c; ), where ¢, is from the last definition.

2.1. Partial Differential Equation Surfaces. Wood ward in-
troduced in [41] that the PDE method mainly aims to
provide a skillful function accepting some specific boundary
and continuity conditions, and this function works as
a connecting surface for primary neighboring surfaces.
Follow that a second order elliptic PDE method was used by
Bloor and Wilson [42] to generate blend surfaces in the field
of CAGD. They then extended their work and generated
PDE surfaces using fourth order PDE [19, 20], which used
four boundary conditions to generate surfaces. In this article
using their work as a reference, eight order PDE surfaces are
generated using eight boundary conditions.

* Lo
(ﬁ‘l’l’] a_ﬁz) Q((X,/j) =0, (8)
where Q(a,8) = (x(a, B), ¥ (&, ), z (&, ) is a parametric
function.

To preserve the shape of the surface, the selection of
boundary conditions and parametric domain are essential
for equation (8). Here, Q is normally taken as a rectangle,
that is, Q: oy <a < ay, fy <P <. The parameter 7 is known
as a smoothness parameter which plays an important role for
the shape reconstruction of a model [41].

To solve the eighth order PDE, equation (8) required
eight boundary conditions so that a unique solution in x, y,
and z coordinates can be obtained. Due to this, in this
research, the required PDE surface is generated by the so-
lution of equation (8) with eight positional curves taken by
the given geometric shape with the help of CAGD and used
as boundary conditions. An illustrated solution of equation
(8) with 8 boundary conditions is drawn in Figure 1 as
representing the 3D model of an apple.

Let the domain of () be finite defined as
Q: 0<a<1,0<B<2m such that
Q(0,B) = 1y (B)s
Q(k) ﬁ) = hk (ﬁ))
QL B) =1 (B),
Q(m,B) = n,, (B),
9

Q(np) = h,(B),
Q(0, ) = 1, (),
Q(p,p) =1, (p),
Q(1,B) = hy (B),

1o (B)s T (B 1y (Bt (B)s 1y (B)y g (B), 1, (B), Ty () are the
boundary conditions. The relative position of the boundary
curve depends on the parameters 0 <k <I<m<n<o<p<1.
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FIGURe 1: 3D model of an apple.

In this research, equation (8) is solved by using the  where
method of separation of variables as follows:

F
Q(a, f) =0y (a) + Z [0; () cos (i) + T; () sin (iB) ],
i=1

(10)

2 3 4 5 6 7

Qo = Hoo + Hor & + Hop & + o3& + Hog @ + Hos &+ oK+ [o7 & (11)

e i nie e g i 3 3 i

0, =V, + Ve " + V0™ + Ve ™ + Vs e + Y ae T+ Va7 + Ve M, (12)

= ia | ¢ _-nia i —nie | ¢ 2 nia | ¢ 2 —nia 3 nia 3 _-nia

7, =&+ Epe T+ Epae™ + Eyae T+ e + Egate T + Eqate ™ + Egae M (13)
Here, all the values of i, , and £ are unknown. 2.2. Error Analysis. The unknown constants are Fourier

The effect in the final shape of a model due to these  coefficients. They can be calculated using suitable numerical
boundary conditions is shown in Figure 1. A slight changein ~ techniques on the given boundary conditions. The shape of
the position of the curves can change the shape of the entire ~  the final model involves some error. The following equation
model. The unknown parameters, y, v, and &, also have  shows that error:

a huge role in obtaining the final shape.

F
Q(a, f) =0y (@) + Y [7; (@) cos(if) +T; () sin(iB)] + R(at, p), (14)
=1

1

where the error is shown by R and F is a finite natural by the term R(a, ). Because of the finite value of F, this term

number. has an effect on the overall shape of the model. The following
In the boundary conditions, the coefficients p(«) and equation is used to find this term:

7 («) can be calculated using the amplitude of the i mode.

The role of high frequency modes to the final model is shown

R(a p) = @, (B)e™ + @, (B)e " + @, (B)ae™ + @, (B)ae ™ + @, (B)ae’™ + Wy (B)a’e ™ + @, (B)a’e’™ + Wy (B)a’e ™. (15)

Here, w,, w,, w5, Wy, @5, Wg, W5, Wg, and [ are obtained, by  2.3. Different Geometric Models Using PDE Surfaces. The
taking the difference of the original boundary conditions  various geometrical figures can be generated from a variety
with the conditions fulfilled by the function in equation (10).  of curve options. The examples mentioned demonstrate the



efficacy and comprehensibility of the PDE approach for the
generation of complex geometry shapes, which supports the
main goal of this study. The figures from 2 to 9 are generated
using eight boundary conditions with Q: 0<a<1,0<<
2m, where x = acos(f), y = asin(f)and0<z<1. In Fig-
ure 2, only a single point is taken for the first curve and the
surface is generated by joining that point to each point of the
next curve. Figure 3 is also generated using a point for top
and bottom curves. A circular curve is used for the first curve
of Figure 4 and a point for its bottom curve which gave it the
shape of a pot. To generate the shape of a peach in Figure 5,
the position of the first curve is taken between the second
and third curves. (Figures 6-9) are also drawn in the same
manner according to the related boundaries conditions.

3. Intelligent Systems for Designing of the
Culinary Product Based on the Fuzzy Soft
Partial Differential Equation

In optimum designing of the culinary product, the Bon-
ferroni mean has the ability to capture desirable properties
among arguments’ interrelationship. While the fuzzy soft set
deals with the situation where uncertainty occurs, differ-
ential equation is a useful tool to analyse the rate of change of
dependent variables with respect to the independent vari-
able. Therefore, the characteristic of BM with blend of fuzzy
soft sets and differential equation becomes a very useful
instrument to design an optimum culinary product
according to the requirement of the industry. In this section,
fuzzy soft matrix is used with weighted Bonferroni mean to
calculate the value of the smoothness parameter, #, in the
PDE defined in equation (8). An example is also developed
to demonstrate the reliability of the developed technique.

3.1. An Intelligent System for Optimum Geometric Design.
In the previous section, equation (8) was used to generate
a PDE surface using eight curves. This equation has a pa-
rameter #, known as the smoothness parameter, which plays
an important role in the shape and smoothness of a surface.
Usually, # is considered 1 by default. But when this PDE
method is applied to design a product for some customers,
a specific value of 7 is needed as it plays an important role in
fulfilling the requirements of the customer. The parameter,
1, consists of all the specifications for designing a product,
for example, price, quality, design, volume, and shape. Due
to the uncertainty involved during product designing, it is
not possible to take #=1. To develop an intelligent system
for designing the required product using # in the PDE given
in equation (8) for different requirements of the industry, the
following steps should be considered.

Step 1: there are r decision makers, who provide r
number of decision matrices, in the form of fuzzy soft
matrices A} = [ann], wherem=1,2,...,iandn=1,2,
... j, according to industrial requirements to design
a specific product. A weight vector W = {w;, wp, w3, . . .,
w,} is also given according to the industry re-
quirements. W must satisfy the conditions w, >0 for
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p=123,---,jand Zézlwp = 1, then using Definition
7, we calculate WBFSM for each A,,,,, = [an]. For each
decision matrix Amn, a unique resultant matrix of the
form WAs,t=[a,,], form=1,2,3,...,1iands, t are
natural numbers, are developed. Each entry of WA™
(say #u,) provides a unique product design by using
Equation (8) as specified by the industry.

Step 2: a matrix E=[#,,,], where m =1,2,---,i and
n=12,---j, will be generated by the calculated values
of #,,, in step 1.

Step 3: to select the best product design between the
generated designs by each 7,,,, we use

Optimum Smoothing Parameter (7" )

(16)
= max(max (1)),

wherem=1,2,..,iand n=1, 2, ..., j. This intelligent
system helps obtain an optimal geometric design with
the help of 7. This is the best design of the desired
product which completely fulfills the requirements of
the industry.

3.2. llustrated Example. Mr. Khan is an owner of a juice bar,
who wants to buy cold drink glass for serving fizzy drinks. He
wants the design of the glass to be attractive but simple. Also, the
glass should be of fine quality with price as low as possible, and
the volume of the glass should be appropriate for one serving.
He went to a glass design company. He selected five different
basic designs for glass according to his given parameters which
are P ={p(price), v(volume), and g(quality)}. Mr. Khan also
gave some weight W = (0.40.30.3) to each of these param-
eters. Then, these designs were given to five experts de singers
={d,,d,,ds,d,,ds}. All the designers gave their suggestions
for each glass according to Mr. Khan’s requirements. Following
is the fuzzy soft matrix for the basic design of the first glass
according to the suggestions of the experts.

[0.30 0.70 0.20 7
0.90 0.60 0.70
0.60 0.75 0.40 |. (17)
0.80 0.60 0.50
L 0.40 0.50 0.35 J

Then, using the definition (2.0.9) of weighted Bonferroni
fuzzy soft matrix (WBFSM), the WBFSM for the first glass
design G; is according to the given weights for the pa-
rameters, which is as follows:

0.1225
0.2437

0.1913 |- (18)
0.2102

0.1373
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FIGURE 2: Tomb of a mosque with the following boundary con-
dition in which 0<f<2m C;=(0.0cos(B), 0.0sin(f), 1.0),
C,=(0.1cos(f), 0.1sin(fB), 0.8), Cs=(0.3cos(f), 0.3sin(B), 0.7),
Cy=(0.5cos(B), 0.5sin(f), 0.6), Cs=(0.6cos(f3), 0.6sin(f), 0.5),
Cs = (0.8cos(B), 0.8sin(f), 0.3), C; =(0.9cos(f), 0.9sin(f), 0.2), and
Cs =(0.7cos(), 0.7sin(f), 0.0).
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F1GURE 3: Sphere with the following boundary condition in which
0<B<2m: Cy=(0.0cos(f), 0.0sin(f), 1.0), C, = (0.2cos(3), 0.2sin(p),
0.8), C5(0.6cos(f), 0.6sin(f), 0.7), C4=(1.0cos(B), 1.0sin(B), 0.5),
Cs=(0.6cos(B), 0.6sin(f), 0.3), Cs=(0.2cos(f), 0.2sin(f), 0.2),
C,=(0.1cos(p), 0.1sin(B), 0.1), and Cg = (0.0cos(f3), 0.0sin(/3), 0.0).

R~
e ——
e —-
. _
—
0]

FIGURE 4: A cooking pot with the following boundary condition in
which 0< <2 C; =(0.7cos(fB), 0.7sin(f), 1.0), C,=(0.5cos(f3),
0.5sin(f8), 0.95), C;=(0.6cos(f), 0.6sin(f), 0.7), C,=(0.7cos(f),
0.7sin(f), 0.6), Cs=(0.8cos(B), 0.8sin(f), 0.5), Cs=(1.0cos(p),
1.0sin(f), 0.4), C,=(0.4cos(f), 0.4sin(f), 0.2), and Cg=(0.1cos(f3),
0.1sin(B), 0.0).

Now, for matrix G, there are five different values. Each
value defines a smoothness parameter 7,,, for a separate
glass. Each value will be used in equation (8) as 7#,,, to get
a slightly different glass design. Here, the values are
M =0.1225, 15 =0.2437, 13, =0.1913, 74 =02102, and
#51 =0.1373. Putting these values in equation (8), the fol-
lowing designs are generated:

As it can be seen from the data 77, > 14, > 113, > %151 > 11>
so the glass designed in Figure 10(b) with the value #5,; is the
best between these five glass designs described in
Figures 10(a)-10(e). The difference between these glasses is

o >
-
< >
>
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FIGURE 5: A peach model with the following boundary condition in
which 0<B <27 C; =(0.0cos(fB), 0.0sin(f), 0.8), C,=(0.3cos(f3),
0.3sin(f), 1.0), C;=(0.5cos(fB), 0.5sin(B), 0.7), C,s=/(0.8cos(p),
0.8sin(f8), 0.6), Cs=(1.0cos(f), 1.0sin(B), 0.5), Cs=(0.8cos(f),
0.8sin(f), 0.3), C,=(0.3cos(f), 0.3sin(f), 0.2), and Cg = (0.0cos(f),
0.0sin(), 0.0).

FIGURE 6: A glass bowl with the following boundary condition in
which 0<f<2m C;=(0.8cos(B), 0.8sin(B), 1.0) C,=(0.7cos(f),
0.7sin(f), 0.9), C;=(0.8cos(f3), 0.8sin(f), 0.7), C,=(0.85cos(f),
0.85sin(f), 0.6), Cs=(0.9cos(B), 0.9sin(fB), 0.5), Ce=(1.0cos(f),
1.0sin(f), 0.3), C; = (0.9cos(3), 0.9sin(f3), 0.15), and Cg = (0.5cos(f3),
0.5sin(B), 0.0).

F1GURE 7: Drinking glass with the following boundary condition in
which 0<f<2m C;=(1.0cos(f), 1.0sin(B), 1.0), C,=(0.9cos(f3),
0.9sin(f), 0.8), C;=(0.7cos(B), 0.7sin(B), 0.7), Cys=/(0.6cos(p),
0.6sin(f), 0.6), Cs=(0.5cos(f), 0.5sin(f), 0.5), Cs=/(0.4cos(f),
0.4sin(B), 0.3), C, = (0.3cos(f), 0.3sin(f), 0.2), and Cg = (0.2cos(f),
0.2sin(3), 0.0).



A

FIGURE 8: A cone model with the following boundary condition in
which 0<B<2m C;=(0.0cos(B), 0.0sin(f), 1.0), C,=(0.1cos(f3),
0.1sin(B), 0.9), Cs=(0.2cos(f), 0.2sin(f), 0 8) C4=(0.4cos(p),
0.4sin(f), 0.6), Cs=(0.6cos(f), 0.6sin(B), 0.5), Cs=/(0.8cos(p),
0.8sin(f), 0.3), C;=(0.9cos(f), 0.9sin(f), 0.2), and Cg = (1.0cos(p),
1.0sin(f), 0.0).
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FIGURE 9: Vase with narrow mouth with the following boundary
condition in which 0<f<2m C;=(0.5cos(fB), 0.5sin(B), 1.0),
C,=(0.3cos(f), 0.3sin(f), 0.8), C;=(0.25cos(f3), 0.25sin(f), 0.7),
C4=1(0.3cos(f), 0.3sin(f8), 0.6), Cs=(0.4cos(B), 0.4sin(f), 0.5),
Cs=(0.75co0s(B), 0.75sin(f), 0.3), C;=(0.5cos(f), 0.5sin(B), 0.2),
and Cg=(0.15cos(f), 0.15sin(f), 0.0).

so small that one cannot detect it just by looking at their
pictures, but when the data are observed, it can be seen that
the glass with the best quality and moderate volume is se-
lected. Here, volume of 0.5 is approximately equal to 250 ml
that is also considered as one serving of a drink. If the given
data of Figure 10(e) are observed, it has the exact volume of
one serving, but the quality of the material of glass is very
low, so it is not a good choice for the customer.

The fuzzy soft matrix for the second design of the glass
according to the suggestions of the experts is as follows:

[ 0.10 0.65 0.30 7
0.60 0.53 0.70
0.40 0.60 0.50 |. (19)
0.50 0.57 0.60

[ 0.80 0.48 1.00 J
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Similarly, WBFSM for the matrix G, is as follows:

0.0982
0.2016
0.1631 |- (20)
0.1835
0.2485

Here, 112 =0.0982, 122 =0.2016, 732 =0.1631,
42 =0.1835, and 75, = 0.2485. Putting these values of #,,,, in
equation (8), the generated designs are as follows:

Here, %55 > 122 > 142 > 32 > H12. SO, 45, gives the best
glass from the abovementioned five glasses shown in
Figures 11(a)-11(e). It can be noticed from the data that
152 has the highest quality and moderate volume for one
serving.

The fuzzy soft matrix for the third glass design is as
follows:

[0.20 0.25 0.35 7
0.70 0.58 0.50
1.00 0.48 0.65 |. (21)

0.40 0.25 0.50
L 0.10 0.10 0.30 J

For matrix Gs, the WBESM is as follows:

0.0862
0.1973

0.2336 |- (22)
0.1255

0.0500

B; =

Here, Nz = 00862, N2z = 01973, N33 = 02336,
143 =0.1255, and #53=0.0500. Figures 12(a)-12(e) designs
are generated by the values of 7, after putting them in
equation (8):

As 133> 123> 43 > Y13 > 153, so the selected design for
G; seen in Figure 12(c) is the design made by #33. This
design has the highest quality, and the volume is close to
250 ml.

Now, for the fourth glass design, the fuzzy soft matrix is
as follows:

[0.20 0.10 0.30 7
0.80 0.60 0.50
0.40 0.37 0.60 |. (23)

0.10 0.20 0.10
L 1.00 0.40 0.80 J

The weighted Bonferroni fuzzy soft matrix (WBFSM) for
fuzzy soft matrix G, is as follows:
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FIGURE 10: (a) First glass model when the smoothness parameter is #;, = 0.1225. (b) First glass model when the smoothness parameter is
121 =0.2437. (c) First glass model when the smoothness parameter is 73; = 0.1913. (d) First glass model when the smoothness parameter is
741 =0.2102. (e) First glass model when the smoothness parameter is 75, =0.1373.

0.0640 Na= 00640, Naq = 02102, N34 = 01489, Nag = 00424, and
54=0.2400. Putting these values in equation (8) for

0.2102 Nmngives slightly different designs.
B, =] 0.1489 | (24) 54 > a4 > N34 > N14 > Nag. Similarly, by observing the
0.0424 data given for this design, it is noticed that #s4 has the finest

0.2400 quality with volume closer to 250 ml. So, the glass generated
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(d)

FIGURE 11: (a) Second glass model when the smoothness parameter is #7;, = 0.0982. (b) Second glass model when the smoothness parameter
is 712,=0.2016. (c) Second glass model when the smoothness parameter is #3,=0.1631. (d) Second glass model when the smoothness
parameter is 74, =0.1835. (¢) Second glass model when the smoothness parameter is 75, =0.2485.
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(d) (e)

FIGURE 12: (a) Third glass model when the smoothness parameter is #;3 =0.0862. (b) Third glass model when the smoothness parameter is
#23=0.1973. (c) Third glass model when the smoothness parameter is 733 = 0.2336. (d) Third glass model when the smoothness parameter is
43 =0.1255. (e) Third glass model when the smoothness parameter is #s53 =0.0500.
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(@) () (©)

(d) (e)

FIGURE 13: (a) Forth glass model when the smoothness parameter is #;4 = 0.0640. (b) Forth glass model when the smoothness parameter is
#24 = 0.2102. (c) Forth glass model when the smoothness parameter is 734 = 0.1489. (d) Forth glass model when the smoothness parameter is
44 =0.0424. (e) Forth glass model when the smoothness parameter is 754 = 0.2400.
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(a) (®) (©

(d) (e)

FIGURE 14: (a) Fifth glass model when the smoothness parameter is 7,5 = 0.2163. (b) Fifth glass model when the smoothness parameter is
#25 = 0.2365. (c) Fifth glass model when the smoothness parameter is #35 = 0.1741. (d) Fifth glass model when the smoothness parameter is
45 =0.1494. (e) Fifth glass model when the smoothness parameter is #55=0.1192.
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in Figure 13(d), with #s4, is the selected glass from the glass
design for G4 shown in Figures 13(a)-13(e).

Fuzzy soft matrix for the last glass design according to
the suggestions of the designers is as follows:

[ 0.90 0.30 0.80 7
1.00 0.35 0.83
0.60 0.70 0.30 |. (25)
0.50 0.63 0.25

L 0.40 0.20 0.50

Now, for this last fuzzy soft matrix Gs, WBFSM is as
follows:

0.2163
0.2365
Bs =1 0.1741 |- (26)
0.1494
0.1192

Here, 7’]15 = 02163, 7125 = 02365, 7’]35 = 0].741,
a5 = 0.1494, and 755 = 0.1192. Putting these values for 7,,,,, in
equation (8) gives slightly different designs shown in
Figures 14(a)-14(e):

N25> 15> M35 > Has > Nss. Here, 1,5 has the greatest
value, so it is our selected glass for Gs. The selected glass
shown in Figure 14(b) has volume closer to 250 ml and finest
quality.

Now, all the values of 7,,,,, will generate a matrix such that

[0.1225 0.0982 0.0862 0.0640 0.2163 7
0.2437 0.2016 0.1973 0.2102 0.2365
0.1913 0.1631 0.2336 0.1489 0.1741 |. (27)
0.2102 0.1835 0.1255 0.0424 0.1494
L 0.1373 0.2485 0.0500 0.2400 0.1192 |

A maximum value has been selected from each column
of the abovementioned matrix, and by the definition of the
optimum smoothness parameter, #,,, defined in Step 3 will
be used, which is as follows:

max (0.2437,0.2485, 0.2336, 0.2400, 0.2365),

! (28)
77 = 0.2485.

As 7 = 0.2485, so the glass design generated from this
value is the best design according to the customer’s re-
quirement. If the data of the glass designs mentioned pre-
viously are observed, it can be seen that the final selected
design has the lowest price and finest quality among all the
five designs. Also, the volume of the selected glass design is
slightly less than 250 ml, which is in the favor of our cus-
tomer. The shape of the designed glass is also favorable for
fizzy drinks. According to the case study about glass design
on drinking behavior discussed in [38], it can be concluded
that the selected design has the best effect on the drinking
behavior of a person since the selected glass design has the
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curve that makes it easy for a person to take a sip of his drink.
Also, its shape does not allow the fizz in the drink to die
down immediately, so a person can enjoy his drink for a long
time. Hence, the selected glass design has the best result in
the favor of the customer, and it also fully satisfies his
requirements.

From the influence of each glass design on the drinking
behavior of a person, it can be proved that the selected glass
is the best choice for Mr. Khan. Looking at the design of G,
glass, it can be seen that it is shaped like a parabola. It also
has a wide mouth, which makes it easier for a person to drink
from it. Although it is a good shape of glass to serve juices,
but it is not an ideal shape for fizzy drinks since it does not
hold the fizz in the drink for a long time. Due to its wide
mouth and parabolic shape, the fizz in the drink dies down
fast. The design of glass G; is like a cylinder. Although it has
a curve in its shape, which makes it a good choice for fizzy
drinks, but its mouth is so narrow which makes it difficult for
a person to drink from it. Its narrow mouth and low volume
does not make it a good choice for fizzy drinks, but it is
a good choice for alcoholic drinks because these types of
glasses reduce the consumption of alcoholic drinks which is
also mentioned in a case study on drinking behaviors [38].
The next glass design G, is a V-shaped glass. As it can be seen
in the figure mentioned previously, this glass has a wide
mouth with no curve in its shape, which makes it a bad
choice for fizzy drinks. The reason for this glass not being
a good choice for fizzy drinks is the same as the design of
glass Gy, but unlike glass design Gy, it has a small volume,
which makes it a good choice for nonfizzy drinks taken in
small quantity. They are also a good choice for small serving
of juice for kids. The glass design Gs has a design like a vase
or a tulip flower. Although it has an attractive shape, its deep
curve and narrow mouth does not make it a good choice for
fizzy drinks. This type of glasses is best for serving milk
drinks such as milk shakes or coconut milk. Now, on ob-
serving the selected design of the glass which is G, glass
design, it is clear that its shape is the ideal shape for fizzy
drinks. It has a right amount of curve to hold the fizz in the
drink for a long time and its mouth is not narrow, which
allow a person to drink from it easily and enjoy his drink. On
observing all the designs of the glasses, it is proven that the
selected glass not only has the best shape for fizzy drinks but
also fulfills the requirements of the customer, Mr. Khan.

4. Conclusion

In this article, an intelligent system is developed for geo-
metric designing of products according to industrial re-
quirements. This intelligent system is developed using the
fuzzy soft partial differential equation with weighted Bon-
ferroni mean to design the geometric models of the required
product. For this purpose, a parameter known as the op-
timum smoothness parameter is defined, using WBEFSM, in
the PDE. This parameter fulfills industrial requirements and
generates the optimal design of the desired product. The
overall shape of the surface is determined by the boundary
conditions (which are effectively defined by curves in 3-
space) at the edge of the surface patch. As a result, it is
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relatively simple for a designer to use this intelligent system
to create objects of practical significance using standard
computer devices. As this intelligent system uses close
curves, rather than using standard shapes, such as ellipse,
square, and cylinder, it is easier to shape it according to the
need. Finally, to show the effectiveness of the developed
technique, an illustrated example is developed for the hotel
industry to design a drinking glass according to their re-
quirements. From these geometric designs of the glasses, the
design developed using the optimum smoothness parameter
was selected, as it fulfilled the customer’s requirements in the
best way possible. All of this process was performed prior to
the development of the product, which reduced the time and
money spent on the development of the glass.

The developed intelligent system of PDE with weighted
Bonferroni fuzzy soft matrix can be useful in many in-
dustries. In the future, this developed system can further be
extended in the development of many products. It can be
used in the development of capsule shells in pharmaceutical
companies because temperature has a major effect on these
capsule shells. Extreme temperature can melt them, so this
PDE method can be used by taking temperature as the main
parameter. Similarly, it can also be used in the
manufacturing of robots, aircrafts, and home decor
products.
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