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Te choice and the dimensioning of the controller for the maximum power point tracking (MPPT) are determined for the ideal
energy efciency of the photovoltaic (PV) systems. Many works have been developed in the feld of MPPTmethods, 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). Te works presented in the literature have shown the efciency 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. Te 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. Te standalone PV
system has been tested in an emulated test bench experimentation. Experimental results confrm the efciency 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-efective 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 fuctuating.

Te 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 specifc operating
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point. Because solar irradiation and cell temperature have
a signifcant impact on the current-voltage characteristic of
PV modules, the locus of MPP exhibits nonlinear change.
Te 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. Te PV system controls the PV module’s
voltage to theMPP 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 themaximumpower 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].

Te 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. Te 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. Te PV system’s total efciency is
decreased as a result of the power losses. A slight change in
the step size in the P&O algorithm disrupts algorithm
control. Te measurement of PV system output power
causes a slight modifcation to the direction of the step size
specifed 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 anMPPwith 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 MPPTalgorithm
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. Te 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. Te 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 fne-
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 efective optimization techniques. Te GA is

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
artifcial 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 identifes them completely.
An evaluation procedure is necessary to determine the
strength of each individual in the population. Ten, there is
a selection phase (in which individuals are chosen in pro-
portion to their strength) and a recombination phase (in
which artifcial 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.

Teoretical 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 fnd the
optimal scaling parameters of a fuzzy logic-based MPPT
controller that maximizes the efciency 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.Te 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. Te authors have used a hierarchical genetic algorithm
to design a fuzzy controller for the command of a photo-
voltaic conversion system.

Te implementation aspect of optimized fuzzy controllers
has been reported in [20–25]. An experimental study on the
MPPT controller using the FPGA (feld 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&Omethod in terms of response
time and steady-state fuctuations. 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.
Te authors in [25] discuss the MPPT technique based on
GAs for a standalone PV conversion system. Te results have
been compared with the conventional techniques. Te 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]. Te experimental results obtained have
been compared to a conventional P&O method. Te fuzzy
controller design has been better than the P&O. However, it
shows signifcant oscillations at the optimal point.

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

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

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

(iii) In the cited literature [20–25], the design of a fuzzy
MPPT controller using the GA optimization algo-
rithm is accomplished for a learning profle of
constant conditions (T� 25°C and S� 1000W/m2).
However, atmospheric conditions are constantly
changing. In this work, diferent variations of the
irradiance (600W/m2, 1000W/m2, and 800W/m2)
are adopted to test the robustness of the optimized
control utilized.

Te 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.
Te 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.
Te components of the system are the PV panel connected to
a variable resistive load through a matching stage. Te latter
is composed of a boost converter.Te switch of the converter
is controlled by the signals generated by the proposed
method.

2.1. PV Panel Model’s Mathematical Equation. Tere are
a few diferent sorts of models, such as single-diode and two-
diode models [28, 29]. Te two-diode model accounts for
a second diode that is wired in parallel with the frst 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. Te 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]. Te one-diode model
of the solar cell is used in this paper [29].

Te 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:

Ipv � IPh − Is exp
Vpv + IpvRs

NsVT

  − 1  −
Vpv + IpvRs

Rsh
 , (1)

where VT is equal to (a.k.T/q).
Te 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 1000W/m2).

2.2. Boost Power Converter. Te boost power converter is
inserted between the PV panel and the load as an
impedance-matching stage. Te PV output voltage (Vpv) is
regulated to keep it at the nominal voltage (VMPP) 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. Te 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. Te mathematical
equation of the boost converter’s output voltage and current
has been given as follows [30]:

Vo �
1

1 − D
Vi,

Io � (1 − D)Ii,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(2)

where Vo and Io are the output’s voltages and currents of
boost converters, respectively, and Vi and Ii are the input’s
voltages and currents of boost converters, respectively.

3. Fuzzy MPPT Controller

Te 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.
Te internal functioning of a fuzzy controller of the
Mamdani type is based on the structure presented in
Figure 2, which includes four blocks [31].

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

Te inference mechanism consists, on the one hand, in
calculating the degree of truth of the diferent rules of the
system and, on the other hand, in associating an output value
to each of these rules. Tis 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 is set f lou. (3)

Te defuzzifcation 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.

Te 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
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variables, respectively. Te letters B, S, and ZE additionally
stand for Big, Small, and Zero. Five separate linguistic
variables are allocated to each input variable, e(k) and e(k).
As a result, there are 25 diferent fuzzy rules in the suggested
set of fuzzy rules. Te entire set of fuzzy rules is presented in
Table 4 [31].

Te two input variables that are characterized by the
following expressions at a sampling instant k are the error
equation (4) and error variation equation (5):

e(k) �
Ppv(k) − Ppv(k − 1)

Vpv(k) − Vpv(k − 1)
, (4)

∆e(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. Te
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. Te operational point
moves in the MPP direction according to the e-input.

Te duty ratio D is computed as follows:

D(k) � GD × ∆DN(k) + D(k − 1), (6)

where ∆DN is the duty ratio at the controller output and GD

represents the factor’s scaling output.

4. Proposed Optimized Fuzzy-Based MPPT

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

4.1. Procedure Genetic Algorithm

Step 1 (initialization). Generate an initial population Pop (t)
of size N of chromosomes in a random manner.

Table 1: PV panel electrical parameters.

Parameters Designations
VT Diode thermal voltage
a Diode ideality factor
K Boltzmann constant
T Cell’s temperature
Q Electron charge
IPh Light generated current
Is Diode saturation current
Rs Series equivalent resistances
Rsh Parallel equivalent resistances

Table 2: Te BP SX150S solar panel.

Parameters
Nominal power (PMPP) 150W
Output power tolerance ± 5%
Nominal current (IMPP) 4.35A
Nominal voltage (VMPP) 34.5V
Open circuit voltage (Voc) 43.5V
Short circuit current (Isc) 4.75A
Cells number in series (Ns) 72

Table 3: DC-DC boost converter specifcations.

Electrical specifcations
Inductor (L) 0.6mH
Input capacitor (Ci) 500 μF
Output capacitor (Co) 2200 μF
Switching frequency (fs) 8 kHz
IGBT SKM50GB12T4

BP SX150S
Panel

Boost
converter

Variable
resister

PWM

Ipv

Vpv

Fuzzy MPPT
controllerFiltering

Optimization algorithm
GA

Filtering

e Δe ΔDN

Figure 1: Te illustrative diagram of the implemented PV system.
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Step 2 (evaluation). Each chromosome is decoded and
evaluated Pop (t).

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

4.2. Structure of Chromosomes. In this paper, the mem-
bership functions of the fuzzy MPPT controller are opti-
mized. Te inputs and output membership functions are
each defned by fve parameters. For a fuzzy controller with
two input variables and one output variable, the membership
function numbers are in order 3× 5. Terefore, the GA
chromosome’s structure is given as a vector of ffteen pa-
rameter values, as shown in Figure 3.

4.3. Initial Population. Te chromosomes of the original
population are set to random variables. A sequence of
random numbers ri,j between 0 and 1 is created for each
element Xi,j of particle i. Ten, by projecting [0, 1] into [XL

j ,
XU

j ], Xi,j is determined as follows:

Xi,j � X
L

j
+ ri,j × X

U
j − X

L
j , (7)

where XL
j represents the inferior limit of Xi,j and XU

j

represents the upper limit of Xi,j.

4.4. Optimization Criterion. Te 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. Te 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 � 
tf

0
(e(t))

2dt, (8)

where e(t) � Pmax(t) − Ppv(t), Pmax is the PV panel’s rated
power, Ppv is the PV panel’s instant power, and tf is the
simulation time.

4.5. Selection Process. Te selection process is applied to the
chromosomes of the algorithm. Tis process is the frst step
in the selection of the best chromosomes suitable for rep-
lication. Te tournament selection is used in this work. Tis
selection technique uses proportional selection on chro-
mosome’s pairs and then chooses from these pairs the
chromosome with the best adaptation (ftness) 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 Xi,j receives an
addition of a randomwith the probability rate pm.Te direct
application of this mutation can create new parameters
outside the interval [XL

j , XU
j ]. Terefore, we propose the

following mutation equation (9) for keeping parameters in
their range of variation:

Xi,j �
Xi,j + rand1 × X

U
j − Xi,j  if rand3 < 0.5,

Xi,j + rand2 × X
L
j − Xi,j  if rand3 ≥ 0.5,

⎧⎪⎨

⎪⎩
(9)

where rand1, rand2, and rand3 are random numbers between
[0, 1].

5. Experimental Results and Discussion

Te experimental test bench for the simulated PV system is
depicted in Figure 4. Te GREAH laboratory in France is
where the hardware implementation was developed. Te
implementation in real time of the proposed MPPT

Δe
ΔDNFuzzification

Fuzzy
involvement

Defuzzification

Decision-making mechanism

Fuzzy rules’s inference
IF...THEN...

Rules
aggregation

Fuzzy controller

e

Figure 2: Te synoptic diagram of a fuzzy controller.

Table 4: Te rule base table for the fuzzy MPPT controller.

e
∆e

NB NS ZE PS PB
NB ZE ZE PB PB PB
NS ZE ZE PS PS PS
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE
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controller has been given by a dSPACE DS1104 board. Te
Simulink model of the PV panel as well as the solar radiation
and temperature profles were implemented on a Dspace
1104 board. Te 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). Te 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. Te block for generating PWM signals from the duty
ratio values is given in Figure 5(b). Te two sensors for
measuring voltage and current are Cleqee A622 and TA057,
respectively. Te sensors have been connected to the
dSPACE acquisition board through the ADC ports. Te
measurements of the sensors have been fltered with digital
flters implemented on the dSPACE board, as can be seen
through Figure 5(a). Te experimental results in Figure 6
have been given at a varying load profle. Te load variation
was controlled from a dSPACE signal. Figure 5(a) shows the
blocks providing the load variation. Te observed voltage
and current signals are rescaled using gain scales of 10 and
20, respectively. Te sample step time in this study is set to
50 μs.

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 diferent profles. A dSPACE DS1104 controller with
a 50 μs sample period is utilized to create the PV panel
Simulink model.Te 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. Te 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. Te fuzzy MPPT controller is
computed and optimized under Matlab/Simulink. Te
control system is set up in accordance with the confguration
described in Section 3.

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

Te 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. Tese 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.
Te obtained currents and voltages may also be easily stored
and displayed. Te 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 Profle. 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.
Te richer the learning profle 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
efciently 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).

MFs of Error (e) MFs of Change in Error (Δe) MFs of Output (ΔDN)

X1 X2 Xi

Xi,1 Xi,2 Xi,3 Xi,4 Xi,5 Xi,6 Xi,7 Xi,8 Xi,9 Xi,10 Xi,11 Xi,12 Xi,13 Xi,14 Xi,15

XNXN–1... ....

Figure 3: Te N chromosome’s real coding structure.
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Figure 4: Te experimental real-time platform.
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Te learning profle 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.

Te value in the learning profle begins at 600W/m2 and
changes at 1100W/m2 after 2 s; this value is maintained until
4 s after another change occurs to reach the value of 800W/m2.

Te simulation results are given at a population of 20
chromosomes, and the training of the algorithm has been
given at 200 iterations. Te values of the ftness 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. Te
fact of training the algorithm beyond 50 iterations tells us
that the algorithm has found a global optimum. Te
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.
Te experimental testing results are obtained using the
following two scenarios. Te studied EPVS system has been
evaluated in a 2 s total duration with a 50 μs fxed step size
during the testing phases.

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

(ii) In the second test, the load is kept constant at
R� 20Ω. 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

Figure 6: Te control desk interface of the EPVS system.
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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. Te control of parameters is given
by two buttons: STARTand PWMSTOP. In order to activate
the control part, the START value is set to 1, and the PWM
STOP value is set to 0. Te values of the electrical charac-
teristics represented are voltage (V), power (W), and current
(A). Te curves shown are the power-voltage curve, the duty
cycle of the proposed controller, and thus the voltage, power,
and current.

Te results represented in this interface have been given
for a temperature of 25°C and sunshine 1000W/m2 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� 20Ω between 0 s
and 0.5 s, it can be seen that the proposed fuzzy MPPT-GA
converges rapidly to the MPP at a time of 0.08 s with
a tracking error of 3% and a steady state-error of 99.87% and
then the power is maintained around 150W with an ex-
tremely low steady-state error of about ±0.13%. Te total
error between the tracking error and the steady-state error is
about 96.87%.

In the second transient load step of R� 14Ω between
0.5 s and 1 s, it is clearly observed that the proposed fuzzy
MPPT-GA shows better power generation, which much
perfectly rated around 150W 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
150W to the STC test profle 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 0.5 s. In the
presented results, during the transient load step of R� 20Ω
between 0 s and 0.5 s, 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� 14Ω
between 1 s 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.
Te 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. Te load
was held fxed at R� 20Ω. Te choice of the value between
R� 20Ω or R� 14Ω is not important since the result given in
Figures 6 and 9 clearly shows that the power is maintained at
150Wwith an error of 0.13% at the static regime for both the
resistance values.

Figure 11 shows the irradiance profle, which varies
between 1000W/m2 and 1100W/m2, and both the

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

Te experimental performance test has been carried out
at the fxed charge 20Ω 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.

0.6

0.55

0.5

Fi
tn

es
s

0.45

0.4

0.35
0 50 100

Generation

150 200

Figure 8: Evolution of the ftness function curve.

150
X: 1.595
Y: 150.2

100
Po

w
er

 (W
)

50

0
0 0.5 1

Time (s)

1.5 2

R=14ΩR=20Ω

96.87% 96.87%

Figure 9:Te experimental result of PV power under STC and fast-
varying load.

0 0.5 1

Time (s)

1.5 2

1

0.8

0.6

D
ut

y 
cy

cl
e

0.2

0.4

0

Figure 10: Te experimental result of the duty ratio ∆DN under
STC and fast-varying load.

Mathematical Problems in Engineering 9



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 0 s
and 0.5 s, 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 150W for
a 1000W/m2 with an extremely low steady-state error of
about ±0.10%. Te 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 0.5 s and
1.4 s. 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 1.4 s to 2 s, 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%). Te efciency 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 fxed resistance load.Te results of tests for a profle
of variable irradiance that present overshoots when
changing the values of irradiance more or less diferent
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.Te 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.

6. Conclusion

Tis paper presents a modeling and experimental validation
of a standalone PV system. Te 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. Te 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 efcient fuzzy MPPT. Te
following are the main highlights of the current work:

(i) Te proposed GA algorithm’s learning profle was
extremely important.Te results obtained during the
tests using the various profles 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. Te outcomes
demonstrated the suggested algorithm’s capability to
track the GMPP with quicker convergence and fewer
power fuctuations than before. Te suggested fuzzy
controller optimized-based MPPT’s viability and
efcacy have been tested experimentally, and the
fndings unmistakably show that it is capable of
tracking the GMPP with an average efciency 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.

Te outcomes demonstrated that the suggested approach
was workable and that it was capable of tracking themaximal
power point with high efciency that exceeded 97.8% in all
tested scenarios.Temethod proposed has been described in
some detail and can be used in other similar systems.
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Te data supporting the fndings of the current study are
available from the corresponding author upon request.
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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 specifed criteria in the most efcient or cost-efective way possible. Te criterion for
an optimum design will depend on the specifc goals and constraints of the specifc problem. In this methodology, partial
diferential 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 conficting criteria. A parameter known
as the smoothness parameter is used to control the shape of the optimal geometric model. Te smoothness parameter, used as
a fuzzy number, is important in this developed system as it fulflls 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 proftable for the hotel industry.

1. Introduction

Computer-aided design (CAD) is a technique discussed by
Sarcar et al. in [1]. Tis technique is used in the creation,
modifcation, 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 efciency 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 difcult situations such as
maintaining the smooth continuity of the shape. According
to Frey and Borouchaki in [5], a surface can be defned
geometrically by moving a line in space in a direction other
than the line itself. Te surface under consideration can be
defned as the area swept by the movement. If either the line
or the movement is curved, the resulting surface is curved.

Te 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.Te h parameter notation is crucial
in CAD concepts and plays an important role in generating
surfaces as discussed in [6]. Patches are classifed 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. Tese control
points can be used to modify the patch in the same way that
control points can be used to manipulate a curve.

Te 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. Tey 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. Te extent to which the original polygons are
subdivided is determined by the curvature of the end surface.
When a curve or surface is infnitely subdivided, the result is
truly curved and is known as a limit curve or limit surface as
discussed in [11]. Te 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 modifed. Moreover, if the
subdivision model is manipulated, the changes will have no
efect on the original polygon model.

Te surface generation method based on partial difer-
ential equations, mentioned in [12], is another efcient
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. Tis technique, also known as the PDE
method discussed in [13, 14], entails solving a suitable partial
diferential equation over a set of boundary conditions. A
design parameter is also included in the equation to give the
user more fexibility in changing the shape of the object with
less efort. Tis 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 difcult 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. Te 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 defned and

manipulated efciently in real time. Authors also dem-
onstrated that surface manipulation could be performed
in an interactive environment with an interactively de-
fned set of parameters, discussed in [19–22]. Tese pa-
rameters, by defnition, make their efect 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.
Tis work was then extended by Ugail et al., mentioned in
[19, 20]. Tey 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 defned parameters. Te
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 modifed 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).

Te 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] modifed 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 conficting criteria. Tis can be
particularly useful in situations where there is a lack of
objective data or where multiple stakeholders have diferent
viewpoints or priorities.

Fuzzy soft sets have been applied in a wide range of felds,
including decision analysis, artifcial intelligence, in-
formation retrieval, and control systems.Tey are often used
in conjunction with other techniques, such as fuzzy logic or
artifcial neural networks, to improve the accuracy and
robustness of decision-making systems. Tis 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
et al. 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
defned Bonferroni fuzzy soft matrix (BFSM) and weighted
Bonferroni fuzzy soft matrix (WBFSM) for data represen-
tation. Tey also used WBFSM for design making.

An optimum geometric design is a design that meets
certain specifed criteria in the most efcient or cost-efective
way possible.Te criteria for an optimum design will depend
on the specifc goals and constraints of the problem at hand
and may include factors such as strength, stifness, weight,
cost, and manufacturability.

In this article, the concept ofWBFSM is used to calculate
the modifed smoothness parameter used in the partial
diferential 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 fzzy
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 efective design and is easy to drink from,
then the person will drink more than usual. Te design of
a glass also depends on the type of drinks. It is also discussed
in the same case study, how design of glass afects 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 fnal 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. Te 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 efciently fulflls the customer requirements.

Te structure of this article is as follows: Section 2 is
devoted, the basic defnitions 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 verifed the credibility of
the developed system. Finally, the last section of this article is
concluded with the discussion on the benefts and utilization
of the developed system in diferent designing industries. A
path for further research is also mentioned in this section.

2. Preliminaries

Partial diferential equation (PDE) is a tool which is used in
every feld 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 defnitions are discussed which will be helpful in
further discussion.

Defnition 1 [25]. Let X be a nonempty set. A fuzzy set A in
X is characterized by its membership function
µA: X⟶ [0, 1], and µA(X) is interpreted as the degree of
membership of element x in the fuzzy set A for each x ∈ X.

Defnition 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). In fact, 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).

Defnition 3 [39]. If Y be the universal set, E be the set of
parameters, and B⊆E and PY 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.

Defnition 4 [37]. Let there be two natural numbers s, t and
ri ≥ 0 for (i � 1, 2, · · · , n). Ten, Bonferroni mean Fs,t is as
follows:

F
s,t

�
1

n(n − 1)


n

i,j�1,i ≠ j

r
s
i r

t
j

⎛⎝ ⎞⎠

(1/s+t)

. (1)

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

(i) If s � 1 and t � 0, then

F
1,0

�
1
n



n

i�1
ri

⎛⎝ ⎞⎠. (2)

(ii) If s � 2 and t � 0, then
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(iii) If s⟶ +∞ and t � 0, then

lim
s⟶ +∞
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i

ri . (4)

(iv) If s⟶ 0 and t � 0, then

lim
s⟶ 0
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(1/n)

.⎛⎜⎝ (5)

(v) If s � 1 and t � 1, then

F
1,1

�
1

n(n − 1)


n

i,j�1,i≠ j

rirj
⎛⎝ ⎞⎠

(1/2)

. (6)

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, ri and rj

denote the degree to which the two requirements are sat-
isfed. As a result, F1,1(r1, r2, · · · rn) estimates the reference
pair’s average satisfaction.

Defnition 5 [35]. If s and t are two natural numbers and
ri ≥ 0 for all (i � 1, 2, 3, · · · , n) and for any weighted vector
W � (wi ≥ 0)T of ri, which has condition 

n
i�1wi � 1, then

weighted Bonferroni mean is

WF
s,t

�
1

n(n − 1)


n

i,j�1,i≠ j

wiri( 
s

wjrj 
t⎛⎝ ⎞⎠

(1/s+t)

. (7)

Defnition 6 [33]. Let there be a fuzzy soft matrix Fh
mn �

[fh
ij] where i � 1, 2, · · · , m, j � 1, 2, · · · , n and h � 1, 2, · · · , q.

Ten, Bonferroni fuzzy soft matrix (BFSM) is defned as
Fmn � [fmn], where fmn � Fs,t(f1

mn, f2
mn, . . . , fq

mn). Here, s

and t are natural numbers.

Defnition 7 [33]. Let a fuzzy soft matrix be Fm×n � [fi,j],
where i � 1, 2, · · · , m and j � 1, 2, · · · , n. Ten, weighted
Bonferroni fuzzy soft matrix (WBFSM) is defned as Fm×1 �

[di,1] for weight vector W � wj, which is the weight of fi,j.

Te weight vector has the condition 
n
jwj � 1. Here,

di,1 � WFs,t(fi,1, fi,2, . . . , fi,n).

Defnition 8 [33]. Optimum fuzzy soft constant (OFSC) is
Optimum � maxi(ci,1), where ci,1 is from the last defnition.

2.1. Partial Diferential Equation Surfaces. Wood ward in-
troduced in [41] that the PDE method mainly aims to
provide a skillful function accepting some specifc 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 feld
of CAGD. Tey 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.

z2

zα2
+ η2

z2

zβ2
 

4

Ω(α, β) � 0, (8)

where Ω(α, β) � (x(α, β), y(α, β), z(α, β)) 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, Ω is normally taken as a rectangle,
that is, Ω: α0 ≤ α≤ α1, β0 ≤ β≤ β1. Te parameter η 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 Ω be fnite defned as
Ω: 0≤ α≤ 1, 0≤ β≤ 2π such that

Ω(0, β) � Z0(β),

Ω(k, β) � Zk(β),

Ω(l, β) � Zl(β),

Ω(m, β) � Zm(β),

Ω(n, β) � Zn(β),

Ω(o, β) � Zo(β),

Ω(p, β) � Zp(β),

Ω(1, β) � Z1(β),

(9)

Z0(β), Zk(β), Zl(β), Zm(β), Zn(β), Z0(β), Zp(β), Z1(β) are the
boundary conditions. Te relative position of the boundary
curve depends on the parameters 0< k< l<m< n< o<p< 1.

Table 1: Tabular representation of a fuzzy soft set (G, B).

y1 y2 y3 . . . yn
e1 a11 a12 a13 . . . a1n
e2 a21 a22 a23 . . . a2n
e3 a31 a32 a33 . . . a3n
. . . . . .
. . . . . .
. . . . . .
em am1 am2 am3 . . . amn
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In this research, equation (8) is solved by using the
method of separation of variables as follows:

Ω(α, β) � ϱ0(α) + 

F

i�1
σi(α) cos(iβ) + τi(α) sin(iβ) ,

(10)

where

90 � µ00 + µ01α + µ02α
2

+ µ03α
3

+ µ04α
4

+ µ05α
5

+ µ06α
6

+ µ07α
7
, (11)

σi � ]i1e
ηiα

+ ]i2e
− ηiα

+ ]i3αe
ηiα

+ ]i4αe
− ηiα

+ ]i5α
2
e
ηiα

+ ]i6α
2
e

− ηiα
+ ]i7α

3
e
ηiα

+ ]i8α
3
e

− ηiα
, (12)

τi � ξi1e
ηiα

+ ξi2e
− ηiα

+ ξi3αe
ηiα

+ ξi4αe
− ηiα

+ ξi5α
2
e
ηiα

+ ξi6α
2
e

− ηiα
+ ξi7α

3
e
ηiα

+ ξi8α
3
e

− ηiα
. (13)

Here, all the values of µ, ], and ξ are unknown.
Te efect in the fnal shape of a model due to these

boundary conditions is shown in Figure 1. A slight change in
the position of the curves can change the shape of the entire
model. Te unknown parameters, µ, ], and ξ, also have
a huge role in obtaining the fnal shape.

2.2. Error Analysis. Te unknown constants are Fourier
coefcients. Tey can be calculated using suitable numerical
techniques on the given boundary conditions. Te shape of
the fnal model involves some error. Te following equation
shows that error:

Ω(α, β) � ϱ0(α) + 
F

i�1
σi (α) cos(iβ) + τi (α) sin(iβ)  + R(α, β), (14)

where the error is shown by R and F is a fnite natural
number.

In the boundary conditions, the coefcients ρ(α) and
τ (α) can be calculated using the amplitude of the ith mode.
Te role of high frequencymodes to the fnal model is shown

by the term R(α, β). Because of the fnite value of F, this term
has an efect on the overall shape of the model.Te following
equation is used to fnd this term:

R(α, β) � ω1(β)e
lα

+ ω2(β)e
− lα

+ ω3(β)αe
lα

+ ω4(β)αe
− lα

+ ω5(β)α2elα
+ ω6(β)α2e− lα

+ ω7(β)α3elα
+ ω8(β)α3e− lα

. (15)

Here, ω1,ω2,ω3,ω4,ω5,ω6,ω7,ω8, and l are obtained, by
taking the diference of the original boundary conditions
with the conditions fulflled by the function in equation (10).

2.3. Diferent Geometric Models Using PDE Surfaces. Te
various geometrical fgures can be generated from a variety
of curve options. Te examples mentioned demonstrate the

Figure 1: 3D model of an apple.
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efcacy and comprehensibility of the PDE approach for the
generation of complex geometry shapes, which supports the
main goal of this study.Te fgures from 2 to 9 are generated
using eight boundary conditions with Ω: 0≤ α≤ 1, 0≤ β≤
2π, where x � α cos(β), y � α sin(β) and 0≤ z≤ 1. In Fig-
ure 2, only a single point is taken for the frst 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 frst 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 frst 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, difer-
ential equation is a useful tool to analyse the rate of change of
dependent variables with respect to the independent vari-
able. Terefore, the characteristic of BM with blend of fuzzy
soft sets and diferential 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, η, in the
PDE defned 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. Tis equation has a pa-
rameter η, known as the smoothness parameter, which plays
an important role in the shape and smoothness of a surface.
Usually, η is considered 1 by default. But when this PDE
method is applied to design a product for some customers,
a specifc value of η is needed as it plays an important role in
fulflling the requirements of the customer. Te parameter,
η, consists of all the specifcations 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 η= 1. To develop an intelligent system
for designing the required product using η in the PDE given
in equation (8) for diferent 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 Ar

mn = [amn], where m= 1, 2, . . ., i and n= 1, 2,
. . ., j, according to industrial requirements to design
a specifc product. A weight vector W= {w1, w2, w3, . . .,
wn} is also given according to the industry re-
quirements. W must satisfy the conditions wp > 0 for

p � 1, 2, 3, · · · , j and 
j
p�1ωp � 1, then using Defnition

7, we calculate WBFSM for each Amn= [amn]. For each
decision matrix Amn, a unique resultant matrix of the
form WAs,t = [am1], for m= 1, 2, 3, . . ., i and s, t are
natural numbers, are developed. Each entry of WAs,t

(say ηmn) provides a unique product design by using
Equation (8) as specifed by the industry.
Step 2: a matrix E= [ηmn], where m � 1, 2, · · · , i and
n � 1, 2, · · · j, will be generated by the calculated values
of ηmn in step 1.
Step 3: to select the best product design between the
generated designs by each ηmn, we use

Optimum Smoothing Parameter η−
( 

� max max ηmn( ( ,
(16)

where m= 1, 2, . . ., i and n= 1, 2, . . ., j. Tis intelligent
system helps obtain an optimal geometric design with
the help of η. Tis is the best design of the desired
product which completely fulflls the requirements of
the industry.

3.2. Illustrated Example. Mr. Khan is an owner of a juice bar,
who wants to buy cold drink glass for serving fzzy drinks. He
wants the design of the glass to be attractive but simple. Also, the
glass should be of fne 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 fve diferent
basic designs for glass according to his given parameters which
are P � {p(price), v(volume), and q(quality)}. Mr. Khan also
gave some weight W � (0.4 0.3 0.3) to each of these param-
eters. Ten, these designs were given to fve experts de singers
� d1, d2, d3, d4, d5 . 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 frst glass
according to the suggestions of the experts.

G1 �

0.30 0.70 0.20

0.90 0.60 0.70

0.60 0.75 0.40

0.80 0.60 0.50

0.40 0.50 0.35

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (17)

Ten, using the defnition (2.0.9) of weighted Bonferroni
fuzzy soft matrix (WBFSM), the WBFSM for the frst glass
design G1 is according to the given weights for the pa-
rameters, which is as follows:

B1 �

0.1225

0.2437

0.1913
0.2102

0.1373

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (18)
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Now, for matrix G1, there are fve diferent values. Each
value defnes a smoothness parameter ηmn for a separate
glass. Each value will be used in equation (8) as ηmn to get
a slightly diferent glass design. Here, the values are
η11 � 0.1225, η21 � 0.2437, η31 � 0.1913, η41 � 0.2102, and
η51 � 0.1373. Putting these values in equation (8), the fol-
lowing designs are generated:

As it can be seen from the data η21 > η41 > η31 > η51 > η11,
so the glass designed in Figure 10(b) with the value η21 is the
best between these fve glass designs described in
Figures 10(a)–10(e). Te diference between these glasses is

Figure 2: Tomb of a mosque with the following boundary con-
dition in which 0≤ β≤ 2π: C1 � (0.0cos(β), 0.0sin(β), 1.0),
C2 � (0.1cos(β), 0.1sin(β), 0.8), C3 � (0.3cos(β), 0.3sin(β), 0.7),
C4 � (0.5cos(β), 0.5sin(β), 0.6), C5 � (0.6cos(β), 0.6sin(β), 0.5),
C6 � (0.8cos(β), 0.8sin(β), 0.3), C7 � (0.9cos(β), 0.9sin(β), 0.2), and
C8 � (0.7cos(β), 0.7sin(β), 0.0).

Figure 3: Sphere with the following boundary condition in which
0≤ β≤ 2π:C1 � (0.0cos(β), 0.0sin(β), 1.0),C2 � (0.2cos(β), 0.2sin(β),
0.8), C3(0.6cos(β), 0.6sin(β), 0.7), C4 � (1.0cos(β), 1.0sin(β), 0.5),
C5 � (0.6cos(β), 0.6sin(β), 0.3), C6 � (0.2cos(β), 0.2sin(β), 0.2),
C7 � (0.1cos(β), 0.1sin(β), 0.1), and C8 � (0.0cos(β), 0.0sin(β), 0.0).

Figure 4: A cooking pot with the following boundary condition in
which 0≤ β≤ 2π: C1 � (0.7cos(β), 0.7sin(β), 1.0), C2 � (0.5cos(β),
0.5sin(β), 0.95), C3 � (0.6cos(β), 0.6sin(β), 0.7), C4 � (0.7cos(β),
0.7sin(β), 0.6), C5 � (0.8cos(β), 0.8sin(β), 0.5), C6 � (1.0cos(β),
1.0sin(β), 0.4), C7 � (0.4cos(β), 0.4sin(β), 0.2), and C8 � (0.1cos(β),
0.1sin(β), 0.0).

Figure 5: A peach model with the following boundary condition in
which 0≤ β≤ 2π: C1 � (0.0cos(β), 0.0sin(β), 0.8), C2 � (0.3cos(β),
0.3sin(β), 1.0), C3 � (0.5cos(β), 0.5sin(β), 0.7), C4 � (0.8cos(β),
0.8sin(β), 0.6), C5 � (1.0cos(β), 1.0sin(β), 0.5), C6 � (0.8cos(β),
0.8sin(β), 0.3), C7 � (0.3cos(β), 0.3sin(β), 0.2), and C8 � (0.0cos(β),
0.0sin(β), 0.0).

Figure 6: A glass bowl with the following boundary condition in
which 0≤ β≤ 2π: C1 � (0.8cos(β), 0.8sin(β), 1.0) C2 � (0.7cos(β),
0.7sin(β), 0.9), C3 � (0.8cos(β), 0.8sin(β), 0.7), C4 � (0.85cos(β),
0.85sin(β), 0.6), C5 � (0.9cos(β), 0.9sin(β), 0.5), C6 � (1.0cos(β),
1.0sin(β), 0.3), C7 � (0.9cos(β), 0.9sin(β), 0.15), and C8 � (0.5cos(β),
0.5sin(β), 0.0).

Figure 7: Drinking glass with the following boundary condition in
which 0≤ β≤ 2π: C1 � (1.0cos(β), 1.0sin(β), 1.0), C2 � (0.9cos(β),
0.9sin(β), 0.8), C3 � (0.7cos(β), 0.7sin(β), 0.7), C4 � (0.6cos(β),
0.6sin(β), 0.6), C5 � (0.5cos(β), 0.5sin(β), 0.5), C6 � (0.4cos(β),
0.4sin(β), 0.3), C7 � (0.3cos(β), 0.3sin(β), 0.2), and C8 � (0.2cos(β),
0.2sin(β), 0.0).
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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 250ml
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.

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

G2 �

0.10 0.65 0.30

0.60 0.53 0.70

0.40 0.60 0.50

0.50 0.57 0.60

0.80 0.48 1.00

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (19)

Similarly, WBFSM for the matrix G2 is as follows:

B2 �

0.0982

0.2016

0.1631
0.1835

0.2485

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (20)

Here, η12 � 0.0982, η22 � 0.2016, η32 � 0.1631,
η42 � 0.1835, and η52 � 0.2485. Putting these values of ηmn in
equation (8), the generated designs are as follows:

Here, η52 > η22 > η42 > η32 > η12. So, η52 gives the best
glass from the abovementioned fve glasses shown in
Figures 11(a)–11(e). It can be noticed from the data that
η52 has the highest quality and moderate volume for one
serving.

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

G3 �

0.20 0.25 0.35

0.70 0.58 0.50

1.00 0.48 0.65

0.40 0.25 0.50

0.10 0.10 0.30

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (21)

For matrix G3, the WBFSM is as follows:

B3 �

0.0862

0.1973

0.2336
0.1255

0.0500

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (22)

Here, η13 � 0.0862, η23 � 0.1973, η33 � 0.2336,
η43 � 0.1255, and η53 � 0.0500. Figures 12(a)–12(e) designs
are generated by the values of ηmn after putting them in
equation (8):

As η33 > η23 > η43 > η13 > η53, so the selected design for
G3 seen in Figure 12(c) is the design made by η33. Tis
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:

G4 �

0.20 0.10 0.30

0.80 0.60 0.50

0.40 0.37 0.60

0.10 0.20 0.10

1.00 0.40 0.80

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (23)

Teweighted Bonferroni fuzzy soft matrix (WBFSM) for
fuzzy soft matrix G4 is as follows:

Figure 8: A cone model with the following boundary condition in
which 0≤ β≤ 2π: C1 � (0.0cos(β), 0.0sin(β), 1.0), C2 � (0.1cos(β),
0.1sin(β), 0.9), C3 � (0.2cos(β), 0.2sin(β), 0.8), C4 � (0.4cos(β),
0.4sin(β), 0.6), C5 � (0.6cos(β), 0.6sin(β), 0.5), C6 � (0.8cos(β),
0.8sin(β), 0.3), C7 � (0.9cos(β), 0.9sin(β), 0.2), and C8 � (1.0cos(β),
1.0sin(β), 0.0).

Figure 9: Vase with narrow mouth with the following boundary
condition in which 0≤ β≤ 2π: C1 � (0.5cos(β), 0.5sin(β), 1.0),
C2 � (0.3cos(β), 0.3sin(β), 0.8), C3 � (0.25cos(β), 0.25sin(β), 0.7),
C4 � (0.3cos(β), 0.3sin(β), 0.6), C5 � (0.4cos(β), 0.4sin(β), 0.5),
C6 � (0.75cos(β), 0.75sin(β), 0.3), C7 � (0.5cos(β), 0.5sin(β), 0.2),
and C8 � (0.15cos(β), 0.15sin(β), 0.0).
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B4 �

0.0640

0.2102

0.1489
0.0424

0.2400

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (24)

η14 = 0.0640, η24 = 0.2102, η34 = 0.1489, η44 = 0.0424, and
η54 = 0.2400. Putting these values in equation (8) for
ηmngives slightly diferent designs.

η54> η24> η34> η14> η44. Similarly, by observing the
data given for this design, it is noticed that η54 has the fnest
quality with volume closer to 250ml. So, the glass generated

(a) (b) (c)

(d) (e)

Figure 10: (a) First glass model when the smoothness parameter is η11 � 0.1225. (b) First glass model when the smoothness parameter is
η21 � 0.2437. (c) First glass model when the smoothness parameter is η31 � 0.1913. (d) First glass model when the smoothness parameter is
η41 � 0.2102. (e) First glass model when the smoothness parameter is η51 � 0.1373.
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(a) (b) (c)

(d) (e)

Figure 11: (a) Second glass model when the smoothness parameter is η12 � 0.0982. (b) Second glass model when the smoothness parameter
is η22 � 0.2016. (c) Second glass model when the smoothness parameter is η32 � 0.1631. (d) Second glass model when the smoothness
parameter is η42 � 0.1835. (e) Second glass model when the smoothness parameter is η52 � 0.2485.
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(a) (b) (c)

(d) (e)

Figure 12: (a) Tird glass model when the smoothness parameter is η13 � 0.0862. (b) Tird glass model when the smoothness parameter is
η23 � 0.1973. (c)Tird glass model when the smoothness parameter is η33 � 0.2336. (d)Tird glass model when the smoothness parameter is
η43 � 0.1255. (e) Tird glass model when the smoothness parameter is η53 � 0.0500.
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(a) (b) (c)

(d) (e)

Figure 13: (a) Forth glass model when the smoothness parameter is η14 � 0.0640. (b) Forth glass model when the smoothness parameter is
η24 � 0.2102. (c) Forth glass model when the smoothness parameter is η34 � 0.1489. (d) Forth glass model when the smoothness parameter is
η44 � 0.0424. (e) Forth glass model when the smoothness parameter is η54 � 0.2400.
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(a) (b) (c)

(d) (e)

Figure 14: (a) Fifth glass model when the smoothness parameter is η15 � 0.2163. (b) Fifth glass model when the smoothness parameter is
η25 � 0.2365. (c) Fifth glass model when the smoothness parameter is η35 � 0.1741. (d) Fifth glass model when the smoothness parameter is
η45 � 0.1494. (e) Fifth glass model when the smoothness parameter is η55 � 0.1192.
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in Figure 13(d), with η54, 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:

G5 �

0.90 0.30 0.80

1.00 0.35 0.83

0.60 0.70 0.30

0.50 0.63 0.25

0.40 0.20 0.50

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (25)

Now, for this last fuzzy soft matrix G5, WBFSM is as
follows:

B5 �

0.2163

0.2365

0.1741
0.1494

0.1192

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (26)

Here, η15 � 0.2163, η25 � 0.2365, η35 � 0.1741,
η45 � 0.1494, and η55 � 0.1192. Putting these values for ηmn in
equation (8) gives slightly diferent designs shown in
Figures 14(a)–14(e):

η25> η15> η35> η45> η55. Here, η25 has the greatest
value, so it is our selected glass for G5. Te selected glass
shown in Figure 14(b) has volume closer to 250ml and fnest
quality.

Now, all the values of ηmnwill generate amatrix such that

0.1225 0.0982 0.0862 0.0640 0.2163

0.2437 0.2016 0.1973 0.2102 0.2365

0.1913 0.1631 0.2336 0.1489 0.1741

0.2102 0.1835 0.1255 0.0424 0.1494

0.1373 0.2485 0.0500 0.2400 0.1192

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (27)

A maximum value has been selected from each column
of the abovementioned matrix, and by the defnition of the
optimum smoothness parameter, η�mn defned in Step 3 will
be used, which is as follows:

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

η � 0.2485.
(28)

As η � 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 fnal selected
design has the lowest price and fnest quality among all the
fve designs. Also, the volume of the selected glass design is
slightly less than 250ml, which is in the favor of our cus-
tomer. Te shape of the designed glass is also favorable for
fzzy 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 efect on the drinking
behavior of a person since the selected glass design has the

curve that makes it easy for a person to take a sip of his drink.
Also, its shape does not allow the fzz 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 satisfes his
requirements.

From the infuence 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 G1
glass, it can be seen that it is shaped like a parabola. It also
has a widemouth, whichmakes 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 fzzy drinks since it does not
hold the fzz in the drink for a long time. Due to its wide
mouth and parabolic shape, the fzz in the drink dies down
fast. Te design of glass G3 is like a cylinder. Although it has
a curve in its shape, which makes it a good choice for fzzy
drinks, but its mouth is so narrowwhichmakes it difcult for
a person to drink from it. Its narrow mouth and low volume
does not make it a good choice for fzzy 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].
Te next glass designG4 is a V-shaped glass. As it can be seen
in the fgure mentioned previously, this glass has a wide
mouth with no curve in its shape, which makes it a bad
choice for fzzy drinks. Te reason for this glass not being
a good choice for fzzy drinks is the same as the design of
glass G1, but unlike glass design G1, it has a small volume,
which makes it a good choice for nonfzzy drinks taken in
small quantity. Tey are also a good choice for small serving
of juice for kids. Te glass design G5 has a design like a vase
or a tulip fower. Although it has an attractive shape, its deep
curve and narrow mouth does not make it a good choice for
fzzy drinks. Tis 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 G2 glass
design, it is clear that its shape is the ideal shape for fzzy
drinks. It has a right amount of curve to hold the fzz 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 fzzy drinks but
also fulflls 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. Tis intelligent system is developed using the
fuzzy soft partial diferential 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 defned, using WBFSM, in
the PDE. Tis parameter fulflls industrial requirements and
generates the optimal design of the desired product. Te
overall shape of the surface is determined by the boundary
conditions (which are efectively defned by curves in 3-
space) at the edge of the surface patch. As a result, it is

14 Mathematical Problems in Engineering



relatively simple for a designer to use this intelligent system
to create objects of practical signifcance 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 efectiveness 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 fulflled 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.

Te 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 efect 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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