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1. Introduction
The laser-forming process is a non-contact method that
uses laser energy to form and bend sheets without using
rigid tools or external force. The ability to form sheet
metals with high strength, not using a set of tools, the
flexibility of the process, and good automation capability
combined with other laser applications, such as cutting and
welding, are among the significant advantages of this
method compared to other traditional forming processes.
These advantages are mainly due to the use of a laser beam
as a part of the deformation tool in the process. The
principle of the laser-bending process is depicted in Fig 1.
Most of the materials used in the research were
titanium, magnesium, steel, and their alloys. In this paper,
the extent and type of the influence of different parameters
on the laser-bending process, such as laser energy
parameters and geometric parameters of the sheet on the
bending angle were studied. Moreover, their values were
optimized to achieve the maximum bending angle using
experimental, numerical, and statistical methods on a 6061
aluminum sheet. Therefore, the moot point investigated in
this paper is to achieve a correct understanding of the
impact of various process parameters on the bending angle
and to achieve the maximum bending angle by optimizing
the existing parameters of the process.

Laser beam

Free edge
Sheet holder

T After hending

Bending angle

Workpiece Befor bending

Figure 1. Schematic of the laser-bending process
2. Experimental setup procedure

A Nd: YAG pulsed laser machine (model 4297 PMT) with
a maximum power of W400 was employed to perform the

experimental tests. The specimens wused in the
experimental tests are made of AA 6061 sheets with
dimensions of 2 x 50 x 100 mm. The sheet surface was
covered by the graphite spray to increase the absorption
coefficient of the laser beam. To measure the bending
angle created in the specimen, a coordinate measuring
machine CMM Mora3 with an accuracy of 0.001 mm was
used. To measure the bending angle using the CMM
machine, the position of 4-5 points was determined on
each of the bent plates of the sheet. Next, by determining
the passing plane through the identified points, the bending
angle between the two planes was calculated in Inca 3D
software. Figure 2 represents the experimental setup along
with the bent sheet.

Figure 2. Experimental setup of the laser-bending process

3. Numerical simulation

The model dimensions used in the simulation were
considered the same as the dimensions of the sheet in the
experimental tests. The heat flux created by the laser beam
leads to high-temperature differences that affect the
material properties; therefore, temperature-dependent
properties were used in the simulations. In addition,
mechanical boundary conditions were used to limit the
displacement of the sheet during the simulation process.
The subroutine DFLUX of the ABACUS software was
utilized to define heat flux with non-uniform distribution
as a function of temperature, time, and position. The
amount of heat flux density applied to the surface was
calculated using Equation 1.
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:ZAf exp(fzr;l) (1)
zr r

Therefore, the average heat flux within the laser beam

diameter range is calculated by integrating heat flux

function in the range of laser beam radius (Equation 2).

l r
I, = b[l(Z;zrl)drl
(2)
27 [ 2AP 2r? 0/ 865 AP
= exp(— r,)dr,=——
ﬁrzb[zrrz p( r2 )(r)dry 7r?

In order to simulate the laser-bending process, the
element type C3D8T was used. In addition, five elements
were created along the sheet thickness for an accurate
representation of the thermal gradient. Figure 3 illustrates
the model with the assigned mesh used in this study.

Figure 3. Meshing the 3D model of the sheet

4. Optimization by Response Surface Method

The behavioral modeling of the process is a method that
can provide acceptable accuracy by eliminating time-
consuming and costly experiments. One of the most
common methods of behavioral modeling is the response
surface methodology (RSM). The purpose of using this
method is to determine a relationship between the response
(YY) and several controllable or input variables, which are
illustrated by X1, Xa, ..., and Xk. RSM can be designed into
different methods according to their application. In this
study, the central composite design (CCD) method was
used to optimize and evaluate the effect of parameters in
the laser-bending process. Table 1 shows the selected
parameters and their corresponding values.

Table 1. Selected parameters and their corresponding levels

- o Levels
Q C <
Q S 3
o = o —-a -1 0 +1 | +a
7] =3
Laser power W P | 375 | 400 | 425 | 450 | 475
Beam mm | D|15] 2 | 25| 3 | 35
diameter
Scan velocity | mm/s | V | 14 | 18 | 22 | 26 | 30
Step time s t 8 10 | 12 | 14 | 16
Pass number - n 3 5 7 9 11
Sheet length mm L 90 | 100 | 110 | 120 | 130
Sheet width mm W 40 50 60 70 80
Sheet
thickness mm S 2 25 3 35 4

5. Results and Discussion

Experimental results

Two specimens of AA 6061 sheets with a thickness of 2
mm were tested at different laser powers in order to
examine the repeatability of the experimental tests. The
values of these parameters and their measured bending

angle are illustrated in Table 2. According to the results
shown in Table 2, the AA 6061 sheet bending using the
laser-bending process has a high repeatability.

Table 2. Parameters and values used in the experimental

test
w
- w o @ @ @
25 |8 .5 |82(82| 8
= = 3 5 5| 2=
$<|35|2| 32|32 |228| 28
e g |3 T3 |Pe | =
@D = g @ 3 N3 =1
= < | = @ & &
220 10 7 3 0.636 | 0.649 2
240 15 10 3 0.784 | 0.789 | 0.6
270 10 8 3 1171 | 1168 | 0.3
330 15 8 3 1.296 | 1.238 1

Validation of numerical simulation

In order to validate the simulation results, the experimental
test was conducted for five laser power values of 240, 270,
300, 330, and 390 W, while other parameters were
considered constant. The results of comparing
experimental and simulation results are shown in Figure 4.
As can be seen, there is a good agreement between the
bending angle obtained from the simulation and the
experimental tests.

=—— Experimental data —8— Numerical data

425 |
35 |
275 F

125 |

Bending angle (degree)

0.5

220 250 280 310 340 370 400
Laser power (W)

Figure 4. Comparison of experimental and simulation
results under the conditions: D=3mm, V=18mm/s,
S=2mm, n=9

Simulation results

An important phenomenon that occurs in the laser-bending
process using the temperature gradient mechanism (TGM)
is the counter-bending at the beginning of the process. This
phenomenon cannot be observed due to the small amount.
The counter-bending is observable by plotting a diagram
of the free-edge displacement of the sheet in terms of the
time obtained from the numerical simulation results.
Figure 5 shows the time-displacement graph.

Displacement (mm)

Time (sec)

Figure 5. Time-displacement graph
Figure 6 indicates the graph of temperature versus
time. This graph shows the temperature difference
between the top and bottom surfaces of the sheet obtained
from the numerical simulation. The created temperature
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difference is the cause of the TGM. The maximum
temperature difference between the upper and lower
surfaces of the sheet is 350°C.

Temp at bottom surface ——— Temp at top surface

Temperature (°C)
w
S
=)

0 5 10 15 20 25 30 35 40

Time (sec)

Figure 6. Temperature-time graph at the center of the sheet

Effect of process parameters
The influence of each of the examined parameters on the
bending angle is shown in Figure 7.

One Factor One Factor

ree)

Bending anghe (deg
Bending angie (degree)

H: Sheet thikness (mm) D: Pass number

@ )

One Factor

Bending angle (degree)
Bending ange (degree)

!

Bending angle (degree)

Bending angle (degree)

8: Scan velocity (mm/s)

©

One Factor

A Laser power (W)

©

One Factor

100

108

F: Sheet length {mm)

@

ing angle (degree)

Bending angle (degree)
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(@)
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E Sizp time is

)

‘One Factor

G Sheet width (mm)

)

Figure 7. Influence of parameters on the bending angle

According to the evaluations conducted based on the

design of the experiment (DOE) using the CCD method,
with the increase in thickness from 2.5 mm to 3.5 mm, the
bending angle decreased from 1.7° to 0.379°; that is, with
an increase of 1 mm in the thickness in two experiments
with the combination of specific parameters based on the
DOE conducted in this study, the bending angle decreased
by about 77%. On the other hand, with the rise in the pass
number, the value of the bending angle augments.
Increasing the pass number means replicating the laser
radiation, which increases the bending angle. However, as
the scan velocity rises, the value of the bending angle will
decline because as the scan velocity increases, the amount
of thermal energy applied to the surface of the sheet along
the scanning path decreases. Raising the laser beam
diameter leads to a decrease in the bending angle. In other
words, as the laser beam diameter increases, the energy
intensity per unit area of the sheet decreases, and as a
result, the value of the bending angle also decreases, while
the bending angle rises with increasing laser power.
Increasing the laser power means raising the input energy
and the effect of the laser energy. The results showed that
the slant of the graph for step time, sheet length, and sheet
width have the lowest values compared to other
parameters. Therefore, the parameters of step time, sheet
length, and sheet width do not have a great effect on the
bending angle, so the effect of these three parameters on
the bending angle can be ignored in this process.

In order to validate the effects shown for the
parameters, an analysis of variance was used. This analysis
was performed assuming the normality of the error
distribution, the stability of the wvariance, and its
independence. The normal probability plot of the residual
is shown in Figure 8. The scatter of the test points around
the diagonal line indicates that experiments were
performed correctly and reliable results were obtained.

Naormal Plot of Residuals

Maormal % Probability
g

T T
1300 -500 040 500 000 1500

Externally Studentized Residuals

Figure 8. Normal probability plot of residuals

The most important results of analysis of variance
(ANOVA) are shown in Table 3. This table summarizes
the effectiveness or ineffectiveness of the factors evaluated
in this study and also the extent of the impact of each of
the effective factors in the process. As can be seen, all
selected parameters with a p-value of less than 0.05 are
among the effective parameters in the process. In addition,
the F-value denotes the effectiveness of every parameter in
the process. Generally, the higher F-value of a parameter
showed the higher influence of that parameter.
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Table 3. ANOVA table for parameters

source sum of Mean F p-value
squares | square | -Value
Model 350.61 7.97 224.91 < 0.0001
A-Laser power 22.69 22.69 640.52 < 0.0001
B-Scan velocity 34.72 34.72 979.90 < 0.0001
C-Beam 2067 | 2067 | 58346 | <00001
diameter
D-Passnumber | 4195 | 4195 | TotZ | <0001
E-Step time 0.1108 0.1108 3.13 0.0782
F-Sheet length 1.18 1.18 33.35 < 0.0001
G-Sheet width 3 3 84.74 < 0.0001
H-Sheet 17145 | 17145 | 483021 | <0-0001
thickness
AB 0.7849 0.7849 22.15 < 0.0001
AC 0.4177 0.4177 11.79 0.0007
AD 2.09 2.09 58.96 < 0.0001
AE 0.0114 0.0114 0.3205 0.5718
AF 0.0368 0.0368 1.04 0.3092
AG 0.2649 0.2649 7.48 0.0067
AH 5.25 5.25 148.24 <0.0001
BC 0.823 0.823 2.32 0.1289
BD 3.82 3.82 107.89 | <0.0001
BE 0.0020 0.0020 | 0.0551 0.8146
BF 0.1247 0.1247 3.52 0.0618
BG 0.0396 0.0396 1.12 0.2916
BH 11.79 11.79 332.74 < 0.0001
CD 2.30 2.30 65.01 <0.0001
CE 0.0111 0.0111 | 0.3123 0.5768
CF 0.0031 0.0031 | 0.0887 0.7661
CG 0.1706 0.1706 4.82 0.0292
CH 4.23 4.23 119.49 | <0.0001
DE 0.0129 0.0129 | 0.3648 0.5464
DF 0.0593 0.0593 1.67 0.1969
DG 0.4470 0.4470 12.62 0.0005
DH 18.25 18.25 515.25 <0.0001
EF 0.0353 0.0353 | 0.9969 0.3191
EG 0.0823 0.0823 2.32 0.1289
EH 0.0004 0.0004 | 0.0104 0.9189
FG 0.0056 0.0056 | 0.1590 0.6904
FH 0.6295 0.6295 17.77 < 0.0001
GH 0.3711 0.3711 10.47 0.0014
A? 0.0033 0.0033 | 0.7602 0.0933
B2 0.1770 0.1770 | 0.0264 5.00
C? 0.0191 0.0191 | 0.4638 0.5386
D? 0.0028 0.0028 | 0.7782 0.0795
E2 0.0029 0.0029 | 0.7737 0.0829
F2 0.0108 0.0108 | 0.5821 0.3038
G? 0.0343 0.0343 | 0.3264 0.9671
H2 2.55 2.55 72.03 <0.0001
Residual 8.40 0.0354 - -
Lack of Fit 8.40 0.0368 - -
Pure Error 0.001 0'0501 - -
Adeq Precision 68.4682 - - -
Cor Total 359.01 - - -

Optimizing the laser-forming process

The purpose of optimization is to reach the maximum
value for the bend angle. Considering the specified limits
for the process parameters, the optimal value for reaching
the maximum bending angle for each parameter is shown
in Figure 9. Moreover, Figure 9 demonstrates the lowest
(0.008°) and highest (5.369°) actual values for the bend
angle, while the maximum bending angle predicted by the
regression model considering the optimal values for each
parameter is 4.911°,

18 26 400 450

B:Scan velocity = 18.0003 Al aser power = 450

H 9 2 3

D:Pass number = 9 CBeam diameter = 2

100 120 10 L

E:Sheet length = 100

Hisheet thikness = 2.5 GiSheat width = 70

8ending angle = 4911

Figure 9. Optimal value of each parameter

7. Conclusion

In order to investigate the effect of parameters on the laser-

bending process and to optimize the parameters to achieve

the maximum bending angle, the process parameters were
numerically, experimentally, and statistically investigated.

The following results were summarily obtained from this

study:

» Among the eight investigated parameters, the parameters
of sheet thickness, pass number, scan velocity, laser
power, and laser beam diameter were introduced as the
parameters that had the greatest influence on the
bending angle.

* Step time as well as the length and width of the sheet
were identified as the parameters that do not have
much effect on the bending angle.

» The experimental and numerical results demonstrated
that sheet thickness, laser beam diameter, scan
velocity, step time, and sheet length have an inverse
relationship with bending angle. On the other hand, the
three remaining parameters, i.e. laser power, pass
number, and sheet width, are directly related to the
bending angle in this process.

* The results of the simulation revealed that the value of
the bending angle increases with a rise in the number
of pass numbers, but the value of the increase in the
bending angle in the number of high passes per pass
decreases slightly.

* The optimization results showed that the maximum
bending angle obtained through the model (4.911°) is
obtained when the sheet thickness (2.5 mm), laser
beam diameter (2 mm), step time (10 s), sheet length
(100 mm), and scan velocity (18 mm/s) are at a low
level, and the pass number (9), sheet width (70 mm),
and laser power (450W) are at a high level.
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Investigating the Effect of Process Parameters and Optimization of Bending Angle in Laser Bending

Aliakbar Asgharpour Mohammad Bakhshi-Jooybari Hamid Gorji

Abstract The laser forming process is an emerging area of research and industry, primarily focused on materials like
titanium, magnesium, steel, and their alloys. However, aluminum alloys have received less attention due to challenges
related to surface reflection and low absorption coefficients. In this research, the effect of different process parameters
on bending angle in the laser bending of Al 6061 sheets was investigated by experiments and finite element simulation.
The parameters were optimized by Response Surface Method (RSM) to achieve the maximum bending angle. In addition,
the reproducibility of the process, as well as the accuracy and validation of the simulation, were examined by
conducting experiments that involved accurate measurement of the bending angle. The results revealed that the sheet
thickness had the most significant effect on the bending angle. Specifically, with an increase of 1 mm in the sheet
thickness, the bending angle decreased by 77%. Additionally, through process parameter optimization, the maximum
bending angle achieved was 4.911 degrees.

Key Words Laser bending, Optimization, Bending angle, Finite element simulation, Response Surface Method (RSM).
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1-Introduction

Since the beginning of the space age, parachute-based
recovery systems have often been used to recover space
cargo. In this case, two-stage parachute systems are
usually used to recover a space cargo. Due to the high
initial speed of the cargo when it enters the atmosphere, a
high-speed parachute stage is used to reduce the speed of
the cargo and make it stable. The so-called first-stage
parachute is called a brake chute. Brake chutes are usually
of balut, ribbon, and ring slot types, which are selected and
designed according to the cargo speed, altitude, weight,
and atmospheric conditions. Braking parachutes have
more porosity than textile parachutes. The higher the
porosity of a parachute, the lower the drag coefficient and
opening force, but the higher its stability. This is the reason
for using brake parachutes as the first stage of space cargo
recovery. After reducing the speed of the cargo and
stabilizing it with the braking parachute, the main textile
parachutes are used as the second step of recovery and lead
to a gentle landing of the cargo on the ground.

One of the methods of studying parachutes is to perform
flight tests. In these tests, the cargo and parachute
assembly are tested by a rocket or aircraft. Flight tests are
the most accurate method of evaluating the performance of
parachutes and are the most consistent with realistic
conditions. However, these tests are expensive and cannot
obtain all the required parameters, such as canopy pressure
distribution. In addition to flight testing, other methods,
including truck towing and wind tunnel testing are also
common for evaluating parachute performance.

The truck towing test is performed by restrained
movement (towing) of the parachute by a vehicle, such as
an airplane, missile, truck, van, or boat. Truck towing test
has some advantages, including relatively easy control of
test conditions, accurate performance measurement,
reusability of test vehicles, ease of repeated testing, and
low cost. On the other hand, this method has some
disadvantages, namely the impossibility of testing for high
speeds, limitation in the distance of the parachute from the
vehicle, measurement errors due to diverse factors (e.g.,

ground effects, the effects of vehicle wake region on
parachute aerodynamics, change of wind direction).

In addition to the experimental methods, with the
advancement of computational fluid dynamics (CFD)
techniques and the increase in the processing power of
computers, the use of this method in the design and
performance evaluation of parachutes is constantly rising.
Although the flexible fabric structure of parachutes makes
it difficult to use CFD for performance evaluation,
significant progress has been made in this regard.
Therefore, today we see a wide range of numerical studies
in the field of parachute aerodynamics.

In this research, a flat circular ribbon parachute was
designed and constructed. The parachute model was
created in CATIA software and after mesh generation by
Pointwise software, it was numerically analyzed using
Fluent software. In addition to the numerical simulations,
the performance of the constructed parachute was
evaluated by the truck tow test, which is one of the well-
known tests for evaluating the performance of parachutes.
Comparing the drag coefficient measured in the truck tow
test with the numerical results shows the effectiveness of
this method despite its very low costs compared to other
parachute testing methods. Based on the searches by the
researchers of the present study, no similar research has
compared the results of the truck tow test with those of
CFD onribbon parachutes. Therefore, the current research
can be considered innovative in this sense.

2-Numerical Simulations

The simulations were performed at seven speeds in the
range of 10-120 m/sec. In this case, the flow regime
according to the dimensionless Reynolds number
(Re=puL/p) and considering the inflated diameter of the
parachute as a length scale is in the range of 1-106.
Accordingly, the flow is considered to be incompressible
and fully turbulent. Calculations were performed in three
dimensions on a grid with about 2 million cells using the
finite volume method. Figure 1 shows the designed
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parachute model. An image of the constructed parachute is
also shown in Figure 2.

Figure 3 demonstrates the flow streamlines passing
through and around a sector of a parachute at a speed of
120 m/sec. The color of streamlines is set based on the
velocity magnitude. As can be seen, a large part of the flow
passes through the openings of the parachute. The flow
passing through these holes leads to the breaking of the
vortices in the wake area and prevents the asymmetric
vortex shedding in the wake region. This issue reduces the
range of parachute fluctuations and is the main cause of the
high stability of ribbon parachutes.

3-Experimental Measurements

Unlike the numerical simulations that were performed at
seven speeds of 10, 20, 30, 40, 80, 100, and 120 m/s.
Experimental measurements were performed only at two
speeds of 20 and 30 m/s. The reason for this problem is the
power limitation of the vehicle used to reach speeds greater
than 30 m/s.

Fig. 1. Designed parachute model

Fig. 2. Constructed parachute

The process of inflating the parachute from the
moment it is thrown out of the vehicle to the full
opening stage is shown in Figure 4. The drag coefficient
values calculated by numerical simulation and the
values measured in the truck towing test are shown in
Figure 5. As can be seen, the drag coefficient has almost
a constant value in the investigated speed range.

This issue shows the lack of change in the flow
structures in the examined speed range. As mentioned,
due to the limitations in the speed of the vehicle,
experimental measurements were performed only at
two speeds of 20 and 30 m/s. The difference between
numerical results and experimental data at these speeds

was approximately 10%. This difference can be
attributed to numerical errors, such as discretization
error, turbulence modeling, steady-state simulation, and
grid quality. On the other hand, uncertainties related to
experimental measurements, such as wind speed and
direction, parachute oscillations, and vehicle wake
affect parachute aerodynamics and resualts.

Fig. 3. Flow streamlines around a parachute sector

—_—

Fig. 4. Parachute inflation process
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Fig. 5. Comparison between numerical and experimental
result.

4- Conclusion

In this research, the performance of a flat circular ribbon
parachute was evaluated using CFD and truck towing tests.
The drag coefficient the most important aerodynamic
coefficient of a parachute was measured and compared
using both methods. The comparison of the results showed
the appropriate accuracy of the truck towing test as a
preliminary estimate of the aerodynamic characteristics of
a parachute.
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Derivation of Aerodynamic Characteristics of a Ribbon Parachute by Truck Tow Test
Mohammad Reza Salimi  Amir Hamzeh Farajollahi  Amir Hosein Mohseni kafshgarkolae Mahmood Ayoobi

Abstract Ribbon parachutes are used for speed reduction and stabilization of high-speed payloads and aircraft. The
high porosity and their different geometrical shape are due to the performance of these parachutes at high speeds. In this
paper, a ribbon parachute for recovery of a 350 kg spatial consignment has been designed, and by means of a set of tools,
the aerodynamic and structural loads are calculated. The canopy is made from nylon 66; its deployed diameter is equal
to 1.2 m. First, the types of parachute test methods are introduced. After the initial parachute design, the output of the
design is modeled and simulated. Finally, to evaluate the design brake parachute, the vehicle's parachute traction test
was used for validation. Comparing the results of simulations and experimental data obtained from the truck tow test are
in acceptable agreement with each other, which shows the effectiveness of the truck tow test as a low-cost method for
approximate measurement of drag coefficient and parachute stability at low speeds.

Key Words Brake Parachute Design, Parachute Simulation, Space Payload Recovery, Ribbon Parachute, Truck Tow
Test.
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1. Introduction

Increasing energy consumption in educational spaces, as
one of the leading consumers of fossil fuels, is a critical
issue in the contemporary era. Research shows that
buildings that do not have optimal thermal comfort hurt
mental health and well-being. One of the effective passive
methods of energy-saving is using thermal energy storage
and thermal inertia to maintain optimal thermal comfort
inside the building and reduce the energy demand of the
building.

According to previous studies, favorable internal
environmental conditions have a direct impact on the
architectural features and executive details, which include
diverse parameters, such as plan, orientation,
configuration, building thermal cover features, window-
to-wall ratio, and external shading of buildings.

Fig. 1. A: The modeled view of the building in Design
Builder software; B: The current state of the Ehsan School
building

2. Methods

This study examined an existing primary school building
as a reference building to investigate the influence of using
passive solutions on boosting the building's energy
efficiency. The reference building was in Kermanshah
City, a region with moderate winters and very hot and dry
summers. Kermanshah City is at 34 degrees 30 minutes
north and 47 degrees 15 minutes east and has an altitude
of 1305 meters from the sea level. This study investigated
the thermal behavior and comfort condition in the
reference  building through  simulation in the
DesignBuilder software version 6.1 before and after using
the proposed passive solutions (Fig. 1). The passive
solutions consisted of adding insulation and using light-
transmitting walls in various configurations. The main
studied properties of the proposed insulation were their
type, thickness, and position in layering. Moreover, the
effect of using different types of light-transmitting walls
on boosting the energy efficiency of the building was
studied considering various thicknesses of the used glass,
gases in air gap, types of glass, and number of walls.

3- Results

This study examined the energy efficiency of the reference
building influenced by six different types of insulation:
expanded polystyrene, extruded polystyrene, glass wool,
stone wool, polyurethane, and natural materials (e.g., rice
husk on the north and south sides of outer walls). The
results indicated that the mentioned insulations had almost
the same performance. Moreover, as shown in Fig2. ,
adding polyurethane insulation to the exterior wall of the
north classroom reduced the building heating load and
discomfort time by about 14.07% (176.5 kwh) and 1.5%,
respectively.

In addition, our results indicated that using
polyurethane insulations of 5, 7, 10, 12, and 15 cm in the
southern classroom reduced the building heating load up
to 16.51%, 17.36%, 18.16%, 18.27%, and 18.65%,
respectively. Furthermore, this research investigated and
compared the effect of installing polyurethane insulation
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in four different configurations on building energy
consumption (Fig. 2). The results showed that mounting
10 cm thick polyurethane insulation in the layer behind the
joinery plaster (Fig. 2, layer 1) had the most significant
performance.

Insulatior

4- Conclusion:

This study concludes that the best solutions for optimizing
the energy consumption of the studied building were using
polyurethane insulation with a thickness of 10 c¢cm in
layering number 1 and installing window-type 5 in the
northern classroom and window-type 7 in the southern

manglassroom. As the findings indicated, using the proposed
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Figure 2. Insulation position in different layers of the outer
wall of the studied spaces

Heat transfer and heat loss through the transmitting wall
were more than the standard level. Therefore, this study
investigated and compared the influences of installing nine
transmitting wall configurations on mitigating the
mentioned variables. The results showed that in the
northern classroom, using 3x13x3 cm double-glazed
windows with low-emissivity glass and argon gas
decreased heat transfer and heat loss through the windows
by about 28.4%, compared to the reference building.

insulations increased the cooling load of the building,
known as the anti-insulation phenomenon. Therefore, this
study suggests conducting more extensive research to find
solutions to overcome this shortcoming.
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Investigating the Effect of Optimizing External Skins and Translucent Walls on Reducing Energy Consumption
and Investment Return Time of Educational Buildings in a Temperate Climate with Dry and Very Hot Summers

Amir Yarinezhad Abbas Mahravan

Abstract A comfortable indoor environment is essential for the health, performance, and academic efficiency of students
in schools. The high amount of energy consumption to provide environmental comfort in Iran's educational buildings has
placed these buildings among the biggest consumers of the energy sector with energy consumption of more than 160
kilowatt hours per square meter, and the need to reduce energy consumption in this sector through solutions It is
necessary to be compatible with the environment. The purpose of this research is to reduce energy consumption and
provide comfortable conditions in educational buildings by making changes in the layering of building shell elements
including walls and light-transmitting walls as a static combination solution. The research method in this study is
quantitative and its modeling through the use of Design Builder software; to examine the existing situation and optimize
the energy of the building with variables such as; The type of thermal insulation, the thickness of the thermal insulation
of the walls, the layering of the insulation, the type and thickness of the glass, the gases between the walls, the thickness
of the walls were discussed. The results showed that in the studied building, the use of polyurethane insulation in the
innermost layer (behind the carpentry plaster) of the south and north classrooms with a thickness of 10 cm had the most
optimal performance. In the northern classroom, a double-paned light-transmitting wall with low-emissivity glass with a
thickness of 3 mm and a middle wall of 13 mm argon gas with a 28.40% reduction in energy consumption, and in the
southern classroom with windows with a triple-paned light-transmitting wall and normal glass. 3mm and 13mm of air
have the best performance among other configurations with a 23.04% reduction in energy consumption. Also, in the
calculation of the investment return time, it was found that glass wool insulation with an investment return time of 27.92
years is the most appropriate insulation option in terms of investment return.

Key Words Energy consumption, Energy optimization, Thermal performance of schools, Thermal insulat.
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1. Introduction

The uncontrolled growth of cells causes a cancerous mass
in the body. Mechanical properties play an important role
at different scales in biological issues. Identifying the
mechanical properties of unknown cells, bacteria, and
viruses is of high importance in finding a way to treat
incurable diseases, including cancers. The MCF10 cancer
tissue displacement and theoretical simulation of cancer
tissue using the Hertz contact model have been studied
using an atomic force microscope and three different types
of cantilevers with rectangular, V-shaped, and dagger
geometries. The current research is novel in terms of using
three types of cantilevers with different geometries to
achieve a more accurate modulus of elasticity and apply
less force in order not to damage the tissue.

2. Results

In this section, Young's modulus of MCF-10 cancer tissue
is estimated with the results obtained from the
experimental test based on the atomic force microscope
using three geometries of rectangular, V-shaped, and
dagger-shaped cantilevers. Moreover, in order to ensure
the obtained results, the findings of the experiments are
compared, and theoretical simulations are discussed.
According to Figure 1, the force-depth diagram of
penetration resulting from breast cancer cell displacement
is shown for all three cantilever geometries, including
rectangular, V-shaped, and dagger, where the force is in
nano-newtons and the depth of needle penetration is in
nanometers. During the loadings, the tests were performed
five times and the average results were plotted. In addition
to achieving a more accurate Young's modulus, the reason
for using three different cantilever geometries was to
choose the right cantilever in order not to damage the
tissue. As the loading force increases, the penetration
depth rises. To prevent the destruction of cancer cells,
appropriate loading should be selected based on the

biological particle and the allowed indentation depth
should be taken into account.
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Figure 1. Force-penetration depth diagram for three
columns with rectangular, V-shaped, and dagger
geometries

Figure 2 shows the Young's modulus of breast cancer cells
extracted using rectangular, dagger, and V-shaped
cantilevers. In figures 2-a, 2-b, and 2-c, the ranges of
Young's modulus were considered 1000-1400, 1120-1320,
and 1200-1250 pascals, respectively.
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Figure 2. Experimental and theoretical comparison
of Young's modulus of breast cancer tissue using (a)
rectangular, (b) dagger, and (c) V-shaped cantilevers

3. Verification

The geometry of the V-shaped cantilever shows a more
accurate Young's modulus than the other two geometries.
Therefore, in this section, in order to check the available
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data, the value of Young's modulus obtained in this
research with the V-shaped beam has been compared with
references [5] and [24]. An atomic force microscope was
used in all the results. As could be seen from the obtained
results, considering the V-shaped column in this article,
the experimental results are more precise within the range
of the theoretical findings and between the values of 1200-
1250 pascals. Figure 3 compares the minimum and
maximum values of Young's modulus of breast cancer
tissue considering other studies.

5. Conclusion

In this research, using an atomic force microscope, three-
dimensional images of MCF-10 breast cancer tissue were
extracted to estimate the geometric shape of the tissue. In
addition, graphs of the penetration depth of the atomic
force microscope needle in the tissue according to the force
applied to it using three geometries of rectangular, V-
shaped, and dagger-shaped cantilevers were obtained to
determine Young's modulus. The cell geometry is assumed
to be spherical. Young's modulus of MCF-10 cancer tissue
was extracted by examining the graphs obtained from the
experimental results and comparing them with
simulations. Simulations were performed for all three
cantilever geometries using the Hertz contact model and
the obtained results showed that since the V-shaped
cantilever exerts less force on the tissue, this will result in
a more accurate prediction of the Young's modulus of the
breast cancer tissue. The range of Young's modulus for the
V-shaped cantilever was more accurate than the other two
geometries, which led to the accurate detection of
cancerous tissues and the differentiation of healthy and
cancerous tissues.

0 Available Available Available Wangetal. | Lietal [24]
article with = article with  article with [5]
V-shaped rectangular | rectangular
cantilever cantilever cantilever
B Minimum Young's modulus 1200 1000 1120 1231/07 480
B Maximum Young's modulus 1250 1400 1320 1985/72 1210

Figure 3. Validation charts
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Experimental and Theoretical Investigation of Young's Modulus of Breast Cancer Tissue (MCF-10)
Using Different Cantilevers of Atomic Force Microscope

Moein Taheri  Ali Jabbari  Zahrasadat Eghdami  Hamed Faraji  Nima Rahmani

Abstract Today, the atomic force microscope has various applications in the manufacture of small-scale parts and the
study of their mechanical properties. The study of mechanical properties of tissues can be considered as biomarkers for
early detection of cancer and help in new treatments. There are diferent ways to detect cancerous tissues, and one of
these ways is to check Young’s modulus of the tissue. One of the most recent methods for extracting Young's modulus in
biological tissues is the use of atomic force microscopy. In this study, atomic force microscope was first used to extract
Young's modulus of MCF-10 breast cancer tissue using 3 different cantilevers with rectangular, V-shaped and dagger
geometries. The geometry of the cell was also assumed to be spherical according to the images obtained by atomic force
microscopy. The force- indentation depth diagram was plotted by averaging the experimental results for each of the
cantilevers separately. Finally, Young's modulus of breast cancer tissue for 3 cantilevers with rectangular, V-shaped and
dagger geometries is extracted with Hertz contact model. By comparing the experimental and theoretical results and by
changing the assumed range of Young's modulus for all 3 geometries of the cantilevers, it was observed that the use of V-
shaped cantilever predicts a more accurate range of Young's modulus due to applying less force to the tissue. Young's
modulus of breast cancer was considered between 1200 and 1250 (Pa) using V-shaped cantilevers.

Key Words Atomic force microscope, MCF-10 cancer tissue, Rectangular cantilevers, Dagger cantilevers, V-shaped

cantilevers
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1- Introduction

Parallel robots can achieve higher accuracy and structural
stiffness compared to serial robots. A new branch of
robots, known as hybrid robots, has emerged that takes
advantage of both serial and parallel robots. These robots
can be utilized in wvarious applications, including
minimally invasive surgical procedures, machining
operations, and simulation industries.

In 2020, Enferadi [12] introduced the 3RSS-S spherical
parallel robot, which has suitable features for motion
simulation. By modifying the introduced robot and
combining it with an XY gantry serial robot, he introduced
a full DOF hybrid motion platform. The main attribute of
the robot is the hollow shaft design and consequently,
unlimited yaw motion of the robot. On the other hand, the
compact design of the robot and its suitable workspace
volume index have made it suitable for simulator
applications. Therefore, analyzing the kinematics and
dynamics of the introduced robot is of special importance.

There are certain simple methods to obtain kinematic
equations and Jacobian analysis of robots. Obtaining a
dynamic model of a robot is a prerequisite for control and
simulation purposes. To obtain the dynamic equation of
the PP-(3RSS-PS) hybrid robot, the Gibbs-Appell method
is considered a simple energy-based method in which less
computational burden is required. To ensure the accuracy
of the dynamic model, the robot is modeled in MSC-
ADAMS software. For this purpose, six independent
trajectories according to each DOF of the robot were
defined and results were verified. The presented robot has
the potential to be used as a new platform for the
simulation industry.

2- Structural model of the PP-(3RSS-PS) robot

The PP-(3RSS-PS) robot is a 6-DOF hybrid robot
constituting a 4-DOF parallel robot mounted on a
conventional serial XY table. In Figure 1, a hybrid robot is
shown in which the parallel part of the robot is mounted
on the XY table. The parallel robot part has a 3RSS-PS
structure which consists of a base platform connected by
four kinematic chains to the moving platform. Three of

these kinematic chains are identical RSS legs responsible
for the robot’s orientation and the fourth kinematic chain
isa PS leg.

Figure 1: The 3D Model of the PP-(3RSS-PS) hybrid robot

3- Governing kinematics equations of the robot
Kinematics is the study of relationships between the end-
effector motion and robot actuators. Figure 2 shows the
kinematics chain of the robot. By solving the inverse
kinematics of the hybrid robot, eight solutions for the robot
actuators are obtained.

Figure 2: The it" closed kinematic chain of the PP-(3RSS-
PS) robot

The matrices g =[X Y Z 6, 6, 93]T and X =
X v Z Q, Q, Q" are defined as the joint
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velocities and EE velocities of the robot, respectively. As
a result, the Jacobian matrix of the PP-(3RSS-PS) robot is
obtained as:

X=J4 J=J"h (1)
in which J is the Jacobian matrix.

3. Governing dynamics equations of the robot
The general form of the Gibbs-Appell equation is as
follows:

2

+ md,. (07 x 7 /A)

1 1/, 0H _
S = 3271l(£i4.ii4) + = <(i.':§z;1> + if.(EB X }t4)

+mdy. [ x (@ x 7 /A] @)

As can be seen, the terms of the Gibbs-Appell equation
are similar to those of kinetic energy function. To specify
the motion of the robot, a set of generalized coordinates
should be selected. In the case of PP-(3RSS-PS) hybrid
robot, the generalized coordinates are defined as the vector
form ¢g=[X Y Z 6, 6, 65]". In order to find
generalized forces governing the robot motion
corresponding to each generalized coordinate, first, the
Gibbs-Appell equation is constructed for each of the
moving components of the robot. Next, the derivative of
these equations concerning the acceleration of the desired
generalized coordinates is calculated. By the superposition
of the obtained partial derivatives, the equation of
generalized forces is written as follows:

_0Sn, 05, 05, = 0s] o as)
Y04y 04y 04; £udg; £a0d;
j=1 j=1
as
+
04, 3)

In Eq. 3, the acceleration energy function of X, Y, and Z
actuators are represented by Sp,, Sp,, and Sp,, respectively.
Moreover, the acceleration energy function for the jt*
rotary actuators, j* middle link, and moving platform are
indicated by S2, S/, and Sp, respectively. Also, Q; refers to
the generalized force corresponding to the i" generalized
coordinate that is equal to:

=1k, F, K, ©u 172 w37 (4)
where F, is the applied force, and &; and t; represent the
applied torque to each rotary link.

4- Simulation and results validation

To ensure that the dynamic equations of the robot have
been solved properly, the results of the theoretical model
are compared with MSC-ADAMS commercial dynamics
modeling software. In order to create a suitable simulation
for the desired hybrid robot, six trajectories are defined in
the Cartesian workspace. Figure 3 shows the diagram of
the forces and torques of the robot actuators for the Surge
trajectory, which shows a good agreement between the
analytical solution and the simulation.

F,(N)
>

0o 05 1 15 2 25 3 35 o 05 1 15 2 25 3 35
Time (s) Time (s)

Figure 3: Required actuators force of the PP-(3RSS-
PS) robot applied in the surge trajectory

5- Conclusion

Simulation results using MSC-ADAMS outputs in six
particularly defined trajectories proved the correctness of
the obtained dynamic model for global consideration. As a
result, analytical and simulation models can be used
interchangeably. The straightforwardness of Gibbs-Appell
method made equation derivation and programming code
generation easy since a fixed function is used to calculate
the dynamic of each part separately. What distinguished
this robot from other robots is its independent modular X
and Y workspace and unlimited yaw movement with a
compact footprint design. Independent movement in the X
and Y directions, despite the need to use larger actuators
in these two directions, will make the path design and
control of the robot much simpler in these directions. The
proposed PP-(3RSS-PS) hybrid robot could be used as a
case study for optimization and comparison with other
conventional simulators considering different performance
indices.
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Implementation of Gibbs-Appell Method in Dynamic Analysis of a Novel Serial-Parallel Hybrid Robot
PP-(3RSS-PS)

Seyed Nader Nabavi Javad Enferadi

Abstract This paper introduces a conceptual design of a new hybrid robot, named PP-(3RSS-PS), specifically intended
for motion simulation. The presented robot offers several notable advantages, including a simple and compact structural
design that optimizes its large workspace. The modular X and Y axes are engineered to facilitate extended acceleration
phases, while the power transmission system's hollow shaft design enables unlimited yaw motion. In certain applications
like aerial maneuvers, dogfights, and helicopter operations, the ability to achieve unlimited yaw motion holds significant
importance for delivering precise and immersive simulations. To establish the relationship between joint space and
Cartesian space parameters, comprehensive kinematic, Jacobian, and dynamic analyses of the robot are performed. These
preliminary relations lay the foundation for subsequent investigations, such as optimization studies. The Gibbs-Appell
formulation is employed to derive the dynamic equations, leveraging its computational efficiency over the Lagrange
method. To validate the analytical model, a simulation using MSC-ADAMS software is conducted. This simulation
incorporates six predefined trajectories adopted from an industrial motion simulator. Successful validation of the results
would not only confirm the accuracy of the analytical model but also motivate further research in search of an exceptional
alternative motion simulator.

Key Words Hybrid robot, Robot synthesis, Dynamic, Gibbs-Appell, Motion simulator.
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1. Introduction
Among the unique uses of solar energy is the use of solar
ovens to collect and strengthen the energy of the sun for
cooking food and boiling water. In general, three types of
solar ovens have been studied by researchers, namely
indirect solar ovens, solar ovens with vacuum tubes, and
parabolic solar ovens. Parabolic ovens include a
concentrator, a base, supports, a movable arm, and a pan-
holding jaw. In the design of this oven, the holder of the
container should be placed in the focal point of the
parabolic oven. In this research, a parabolic solar oven was
designed, built, and tested using extensive and regular
mirror work. Among the innovations of the current
research, the following can be mentioned:
e Using available and cost-efficient materials
e High ability to upgrade and repair the device
e The possibility of making and using stoves for
teaching in schools and universities
e The possibility of changing the angle in all three
dimensions of spatial coordinates
e Calculation of energy efficiency in all experiments
e Investigating the effect of container material,
container size, container body color, and container lid
placement on solar oven performance

2. Design and Construction
According to Figure 1, The equipment of the location of
the container should be located at the focal point which is
obtained by the equation (1):

dZ

f=Ta @

In the above relationship, d is the diameter of the dish
and h refers to the depth of the dish, which are 81 and 7.7
cm in this research, respectively. Therefore, the focal
distance, f, is equal to 53 cm.

The holding equipment is designed so that the device can
change its position in three dimensions. The red arrows in
Figure 2 show the methods of moving and adjusting the
angle and spatial coordinates in three dimensions. The
final shape of the solar oven is shown in Figure 3.
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Fig. 1. Schematic of dish and focal point
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Fig. 2. Support base and movable arm to adjust the angle in
three dimensions

Fig. 3. The actual and final image of the solar oven device

3. Experimental Investigation of Performance
Investigating the effect of different amounts of water in
a fixed container on water temperature

In this experiment, different amounts of water were tested
inside a copper container of the same size. According to
Figure 4, 0.5 L of water reached the boiling point
(temperature of 100°C) after 20 minutes. In the same
period, 0.75 L of water reached a temperature of 93°C, and
1 L reached a temperature of 85°C.
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Investigating the effect of copper and aluminium  temperature per unit of time:

container material on water temperature

In this experiment, two copper and aluminum containers ~ my Gy (Typ — Ty) (3)

with almost equal dimensions were examined with a
constant amount of 0.5 L of water. As shown in Figure 5,
in 40 minutes, the temperature of the copper and aluminum
containers reached 90°C and 78°C, respectively. As a
result, in a certain period, the temperature of the water in
the copper container rose more than the temperature of the
water in the aluminum container. This result can be
explained by the higher thermal conductivity of copper
metal (398 W/mK) compared to aluminum metal (248
W/mK).

v At

In the above equation, m,, and C,, are the mass and
specific heat capacity of water, respectively, and T,,; and
T, s are the water temperature at the beginning and end of
the test period, respectively. In order to check the thermal
performance of the built device, the thermal efficiency of
the device should also be checked. Using equation (2) and
(3), the energy efficiency of the parabolic solar oven is
obtained from the following equation:
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Fig. 5. Solar oven performance test for investigating the
effect of container material (copper and aluminum)

Investigating the effect of black color on absorbing the sun's
heat

In this experiment, normal and smoked aluminum
containers with a constant amount of 0.5 L of water were
examined under direct sunlight. As shown in Figure 6, the
smoked aluminum container reached the boiling
temperature in 25 minutes, while the normal aluminum
container reached a temperature of 75°C during this
period. The reason might be the high absorption coefficient
of black body radiation.

Thermodynamic analysis (energy efficiency calculation)
In this part, thermodynamic analysis was performed to
calculate energy efficiency. The input energy rate in the
parabolic solar oven as the considered system is the sun
energy, which is obtained by:
Es = IaveAap (2)
Where, 1, is the average rate of solar radiation input to
the parabolic solar oven in a time interval where the value
of 941 W/m? is considered. A,, refers to the area of the
solar concentrator aperture. The rate of thermal energy
consumed according to equation (3) is equal to the amount
of thermal energy required for water to reach a certain
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Fig. 6. Solar oven performance test to investigate the effect
of black color

Energy calculations for different experiments are
obtained according to Table 1. Based on this table, the
highest energy efficiency is related to a medium copper
container with a closed lid (18.52%).

Table 1 - Energy efficiency for different experiments (%)
Medium copper pot with a fully closed door 18.52
Medium copper pot with a fully open door 7.67
Small copper container with a closed lid 17
Aluminum pot 9.62
Smoked aluminium pot 16.93

4. Conclusion
In this research, a parabolic solar oven with simple
usability and educational use was made. Available and
cost-efficient materials were used for all pieces of
equipment. This device could be upgraded highly and
easily. In addition, due to the change of the sun's radiation
angle at different hours, it can change the angle in three
dimensions of the spatial coordinates. In order to ensure
the tests, the repeatability chart was presented and to
ensure the accuracy of the results, uncertainty analysis was
conducted. The following results were obtained in
summary from the experiments:

e A copper container with 0.5 L of water boiled in 20
minutes and 1.5 L of water reached 82°C in this time.

e The temperature of the copper container reached 86°C,
while the aluminum container reached 76°C in 30
minutes.

e The smoked and non-smoked aluminum containers
reached the temperatures of 100°C and 75°C in 25
minutes, respectively.

e The result of thermodynamic calculations to extract
energy efficiency showed that the highest energy
efficiency was related to medium copper container
with closed lid with 18.52%.
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Design, Construction and Experimental Investigation of Parabolic Solar Cooker Performance

Nasser Baharlou-Houreh Ali Sadeghi Saeed Golshadi

Abstract Considering the abundance and freeness of solar energy in the country and gas supply problems, solar oven
is considered a very suitable alternative for cooking food. In this paper, a parabolic solar cooker was designed, built and
tested. The equipment used in the construction includes iron parabolic dish, mirrors to reflect light on the focal point,
cans and iron belts to make the jaw and support base. Among the innovations of the present device, we can mention the
use of cheap materials, the ability to upgrade and repair, simple use and educational use, and the ability to change the
angle in all three dimensions of spatial coordinates. To ensure the accuracy of the results, the repeatability chart is
presented and the uncertainty analysis is calculated for all parameters. By comparing the aluminum container and the
copper container, the result is that the temperature of the water in the copper container reaches 86 degrees and in the
aluminum container reaches 76 degrees Celsius in 30 minutes. In another experiment, a smoked (black) aluminum
container was checked, and according to the experiment, water in the smoked container boils in 25 minutes. According
to the thermodynamic analysis that was done to calculate the energy efficiency in all experiments, the medium copper pot
with a closed lid with 18.52% efficiency and a small copper container with a closed lid with 17% efficiency, are ranked
first and second respectively.

Key Words Solar energy, Parabolic solar cooker, Water boiling, Energy efficiency, Construction and testing.
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1- Introduction

While the kinematic and dynamic modeling of mechanical
systems is well developed, the numerical solution of the
governing equations of many of these models is still a large
field under investigation. In any constrained mechanical
system, the connections of the connected bodies restrict
their relative movement. Therefore, the governing
equations of the model usually form a system of
differential-algebraic equations that includes both
differential and algebraic equations. It should be noted
that, unlike the analytical and numerical solutions of
differential equations, the analytical and numerical
behavior of differential-algebraic equations is more
complex and completely different from differential
equations. In this paper, a high-accuracy method for
solving the system of differential-algebraic equations
arising in mechanical systems is presented. The presented
method is based on the use of a pseudospectral method that
will transform the solution of the system of differential-
algebraic equations into the solution of a system of
algebraic equations. Next, an optimization technique is
utilized to facilitate solving the obtained system of
algebraic equations. In the end, some numerical
experiments are performed on several benchmark
problems to show the accuracy and applicability of the
method.

2- Problem Statement

In this paper, differential-algebraic equations are
investigated in the most common form of its
representation, which is the following form

y' = f(t,y,2),

0=g(t,yz),
And is called a nonlinear semi-explicit form. Here,
y(t) = [yl(t),...,yp(t)]T and z(t) = [zl(t),....zq(t)]T are
differential and algebraic functions, respectively, and
f:RXxR?xR? - R? and g: RxR? xR? — R?
are continuously

t et T],

differentiable functions.
boundary conditions
should be placed next to the system of nonlinear semi-
explicit differential-algebraic equations.

Furthermore, the initial and

3- Proposed Method

To implement the proposed method for solving the system
of nonlinear semi-explicit differential equations, first,
suppose that

0, = (T —t,)0, +(T+t,) /2 i=1..,n for a
given positive integer n , are the shifted Legendre-Gauss-
Radau (LGR) points to the interval [¢,,T") . By adding the
pointd,,, = T ,asetof n+1 points

{6,.6,,....0, =T},

is constituted which are used for approximating
y = y(t)and z = z(¢). For this purpose, we
approximate the k£ — th component of y = y(¢) and
z = z(t)as
n+1
Y. (t) =~ ch,i(z;i(t)v k=1..,p,
i=1

n+1

Zk(t) = Zd]“‘éi(t)a k= 1;"'7%
i=1

in which

2 L T+ t())
T —t, T —t,
are the Lagrange polynomials based on the shifted LGR
points to the interval [#,,7’) . In general, we can write

d;[(t) = d)L(

n+1 R
Y(t) = Zci(bi(t)’
i

2(t) = 37 di6,(1),

in which
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¢, = ¥(0,) = 1,0 yx, 0],
dz' = Z(ez) = [zl(ei)ﬂ'“az]\fz (ei)]Ta
are unknown parameters. Now, we can approximate y’as
n+1 R
"(t) = ¢0l(t)
i=1

By substituting these approximations into the system of
nonlinear semi-explicit differential equations, and

then collocating them in just éj, j = 1,...,n, we have
n+1 n+1 n+1
ff@gjé 2ﬁ¢ j=1..n,
= n+1 n+1
j=1..n.

0~ 86,340, 3°46,0))

In addition, by discretizing the initial and boundary
conditions of the problem, we have

vy, =t) ~ ¥,

n+1 n+1
~ g6, = tovzci¢i(91 = t())’zdid)z‘,(al =
77L+1 n+1

=T, ZC (0,1 = T)’Zdiqgi(éwrl =T1)).
-1

It is worth noting that although 6,

O_g n+l

= T is used beside
the shifted LGR points to approximate y = y(¢) and
z = z(t), we do not use this point for the collocation
process. Now, with the Kronecker property, we have

2 n+1 .
o chd“ Nf(9‘]7c77d7), j=1...,n,
0 i=1
ONg( J’Cj’dj) .]:17"7n7
in which
d; = /6,), i=1.,n+1 j=1..n

is the (i, ) —th component of the n x 1by n x 1 matrix

D, which is called the differentiation matrix. Furthermore,
using the Kronecker property, we also have

n+1
91 =1,) Zc = ¢,
n+1
y(én—i-l = T) Z ¢ n+1 = Cpi1
n—i—l
Z(én—H = T) Z d n+1 dn+1’
and therefore,
¢ = Yo

0 =g = {c,.d)),
=T . .,d ).

PUn+1 T+l

Finally, the system of nonlinear semi-explicit differential
equations beside its initial and boundary conditions is
discretized to the following system of nonlinear algebraic
equations

2 n+1
S edy —£(6,,¢.d,)
T 0 i=1
¢
. n+1
c L1 ch in erwcn’dn)
Fl " — 0 i=1 =0,
d g(0,, cl,d)
dn+1 (9n7cn’d )
G =¥
(T,Cn+1,dn+1)

in which, to make it easier to solve, we transform it into
the following optimization problem

Min J = (Cl - y0)2 + (g(T7Cn+17d71+1))2
S.t.
9 n+1
—£(0 ,Cqs =0.
T _ . ; 7l ( 1 )
g(én7cn’dn) = 0

After solving the optimization problem, the unknown
parameters c,,d.,i=1..,n + 1, are obtained, and

solving the target system of nonlinear semi-explicit
differential equations will be completed.

4- Conclusion

In this paper, a Radau pseudospectral method based on
using the Legendre-Gauss-Radau points was applied,
along with optimization techniques, for solving the system
of differential-algebraic  equations appearing in
mechanical systems. Four illustrative benchmark
examples were given to demonstrate the validity and
applicability of the proposed method. Compared to the
existing methods for solving this class of problems, it can
be said that the proposed method has very good accuracy,
and it can satisfy the algebraic equations appearing in the
problem without the occurrence of the drift-off effects.
Furthermore, using the optimization technique to solve the
system of algebraic equations, resulting from the
implementation of the method, makes it possible to
implement the proposed method without any distress of
finding a good initial guess for the unknown parameters.
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A High Accuracy Method for Solving the Differential-Algebraic Equations Arising in Mechanical
Systems

Faezeh Kalantari Mohammad Ali Mehrpouya Nabi Chegini

Abstract While the kinematic and dynamic modeling of mechanical systems is well developed, the numerical solution
of the governing equations of many of these models is still a large field under investigation. Since in any constrained
mechanical system, the connections of the connected bodies restrict their relative movement, therefore the governing
equations of the model usually form a system of differential-algebraic equations that includes both differential and
algebraic equations. It should be noted that, unlike the analytical and numerical solution of differential equations, the
analytical and numerical behavior of differential-algebraic equations is more complex and completely different from
differential equations. In this paper, a high accuracy method for solving the system of differential-algebraic equations
arising in mechanical systems is presented. The presented method is based on the use of a pseudospectral method that
will transform the solution of the system of differential-algebraic equations into the solution of a system of algebraic
equations. Then, an optimization technique is utilized to facilitate solving the obtained system of algebraic equations. At
the end, some numerical experiments are performed on several benchmark problems to show the accuracy and
applicability of the method.

Key Words Mechanical Systems, Differential-Algebraic Equations, Numerical Methods, Pseudospectral Method
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1- Introduction
The necessity of renewable energy in recent years has
significantly risen due to the daily price hike of fossil fuels,
such as oil and gas, along with the increasing
environmental pollution following the use of these fuels.
Solar energy has been widely investigated among
renewable energies because of the degage availability of
this energy. Lately, accurate modeling of the voltage (I-V)
of solar cells has attracted the attention of many
researchers. The main drawback in precise modeling is the
absence of information about the accurate values of the
model parameters to create a good coordination between
the experimental data and the results of the models, and
this variable identification is performed well with the
assistance of an optimization technique. So far, several
models have been proposed and expanded to demonstrate
the behavior of the system under different exploitation
conditions. In order to indicate the performance of the
solar cell, three solar cell models are extensively used in
practice, namely the single-diode, double-diode, and
triple-diode models containing five, seven, and nine
unknown variables, respectively. The solution key in
deriving an effective mathematical model is the precise
estimation of these parameters, and therefore, these
parameters must be extracted and calculated with

high accuracy to reach a correct balance between the
current (1) and voltage (V) of the solar cell outputs. In this
article, the neural network optimization algorithm (NNA)
is used to achieve the optimal values of the unknown
variables of commercial silicon solar cell models (R.T.C.
France) with a diameter of 57 mm for the single-diode,
double-diode, and triple-diode models. To evaluate the
performance of NNA, the optimization results obtained
from this method were compared with the results obtained
by the other optimization algorithms recently used for this
problem. It was proved that applying the NNA method led
to the best results compared to other approaches.

2- Solar Cells Diode Circuit Models

Investigating several solar models revealed the triple-
diode model among all existing solar cell models as the
most accurate model. It solved the drawbacks of other

models by taking into account almost all the physical
details and leakages in actual solar cells, leading to the
improved accuracy of the results. However, complexity
and time consumption are the main defects of this model.
The theoretical relations of this model have been described
briefly as follows.

Triple-Diode Model

The nodal current equation at the entrance terminal can be
written as Eq. (1) utilizing Kirchhoff’s law for the triple-
diode model, where the constant q is the charge of the
electron (1.6021x101°); C, K represents the constant of the
Boltzmann (1.2806x10%); and J/K and T is the
tar-eratt -2 of thr *netinn in Kel r

I = Ly, — Lean. [exp (%) - 1] -

Lsqz- [eXD (q(nqiwrlt)) - 1] B (1)

q( It) \ ;1
Loas-|exp () — 1] = 72

In Eq. (1), X=[1, L Lgzr Digar Ry Ryponyunyng

is the unknown parameter matrix of the triple diode model
which reflects the solar cell model performance against the
actual solar cell behavior. Each parameter of this matrix
indicates a distinct physical element of the model circuit.
Moreover, Iy and V; refer to the terminal current and
voltage, respectively. Applying nine design variables in the
triple-diode model has made this model more capable and
efficient for estimating the actual performance of the solar
cell in practice compared to the single- and double-diode
models having five and seven unknown parameters,
respectively.

3- Optimization Model and Optimizer
The first step of the optimization process is to define each
extracted solution by a solution vector, namely x, where

X=[1 0 Ly Lo Ligss Rey Rgpnyny,n ] for the triple-
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diode model. The error function of the considered models
is as follows:

E(It Vi, X) = IMeasured — Icalculated (2)
where Ipypacuq 1S Obtained from the experimental
datasheets of recent sources and Icyeuwea Will be
calculated based on parameters extracted from the
optimization algorithm and Eq. (1). Now, using Eq. (2) the
root mean square error (RMSE) which is the objective
function can be defined by the following relation:

1 N )
RMSE = \/— i (E(1,,V,, X)) 3)
N

c

where N, is the number of the coupled experimented data.
The domain of the solution vector for each unknown
parameter is compiled from the literature and the cost
function is minimized during the optimization based on
this parameter domain limitation. In the last step, the
RMSE function of all three models will be imported to the
NNA as the objective function in order to extract the
optimal unknown parameters for each model.

Neural Network Algorithm

The NNA is a newly created metaheuristics motivated by
the unique structure of artificial neural networks (ANNS)
and biological system-inspired optimizers. To produce
new candidate solutions, the NNA benefits from the
complex nature of ANNs and operators. For other
metaheuristic optimization algorithms, the NNA starts
with an initial population called the population of the
pattern solution. Inspired by ANNs, each iteration in the
NNA assumes the best solution achieved (i.e., time-
optimal solution) as the target data, and the aim is to
minimize the error between target data and other predicted
pattern solutions. Therefore, based on the given definition,
the NNA is programmed to minimize optimization
problems (i.e., reduce the error between the target and the
model solutions). It should be emphasized that at each
iteration this target solution will be updated.

4- Results and Discussions
MATLAB software environment was used to identify the
unknown parameters of the reported solar cell models. The

1 ¢. Triple Diode model
2 -
05
o
0
E Voltage (V)
3-0.5
04 02 0 02 04 06

optimization task was performed for 30 independent runs
using the NNA for all three models and optimized
parameters extracted from the corresponding best RMSE.
In the case of the triple-diode model, the best RMSE value
is 9.84e-04. For this model, the NNA has the lowest RMSE
value, showing that the nine extracted parameters by this
method are closer to those in practice.

Therefore, the calculated currents are determined for
all three models and compared with the measured current
as can be seen in Fig. 1. Existence of such a matching level
between results means that the variables extracted from the
NNA are very accurate for all three solar cell models and
are so close to the real values. Other characteristics, such
as relative error and voltage-power, can be extracted using
the calculated currents in order to evaluate the accuracy of
estimated parameters by NNA.

5- Conclusions

In this paper, NNA was studied to obtain accurate results
of single-, double-, and triple-diode solar cell models. The
NNA could provide an effective optimization model for
solving optimization problems by taking the idea of the
unique structure of neural networks in the human brain.
The proposed algorithm was used to identify the design
and unknown parameters of a solar cell with a 57 mm
diameter (R.T.C. France). The obtained optimization
results by the proposed algorithm are quite promising and
overcome the results reported in the literature. In all three
diode models, the NNA suggested more accurate and
optimal solutions. This is especially evident in the double-
and triple-diode models, where the number of unknown
design parameters is higher (the nonlinear complexity of
the problem is higher). It shows the successful
performance of the proposed algorithm in solving more
complex problems with a nonlinear nature. As a result, the
NNA can be considered as a suitable candidate for solving
the optimization problems of the solar cell systems.

. Comparisson between Measured and Calculated currents

] .
y
X
—— Calculated Current of TD model %f.
Calculated Current of DD model i
——Calculated Current of SD model p
o Measured Current Voltage (V)

0.2 0 02 04 06

=
in

=

“alculated Current (A) a

C
S

& ]

0.4

Fig. 1. Current-Voltage characteristic diagrams (I-V) obtained from c) Triple-Diode model, d) Comparison of the calculated currents of all
three models with the measured current
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Parameter Optimization of Various Solar Cell Models by Neural Network Algorithm*
Ali Sadollah Javad Riazat

Abstract Precise recognition of unknown variables for different types of solar cells is important in design, control,
quality, cost estimation, and prediction of solar cell performance. Aggregation and development of a single solar cell to
a set of cells (solar panels) is usually based on a single operating point on the current-voltage characteristic curve. In
recent years, a new method to predict cell performance and cell screening by modeling the cell is represented using an
equivalent electrical circuit in which each variable corresponds to a physical phenomenon in the solar cell. These
analytical models can be represented by a five-variable, seven-variable, and recently nine-variable models. Due to the
nonlinearities and inability of traditional methods in introducing and identifying the unknown variables of the system,
recently intelligent algorithms have attracted considerable attentions in solving engineering and industrial problems.
Neural network algorithm (NNA) is a metaheuristic optimization algorithm that is inspired by the function of the neural
network of human brain. In this article, the optimum parameter identification technique of a silicon commercial solar
cell is used for single diode, two diode, and three diode models. The obtained optimization results of this research are
compared with other optimizers in the literature and the surrounding discussions are carried out. The attained
numerical optimization results of the proposed NNA method have the highest accuracy among the other optimizers in
the literature. Therefore, the NNA can be considered as a suitable optimizer in solar industry where high accuracy is
needed.

Keywords Solar cell; Optimization; Metaheuristics; Parameter identification; Neural network algorithm.
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S Ve (V) | Ik (A)
14 0.4137 | 0.728
15 0.4373 | 0.7065
16 0.459 | 0.6755
17 0.4784 | 0.632
18 0.496 | 0.573
19 0.5119 | 0.499
20 0.5265 | 0.413
21 0.5398 | 0.3165
22 0.5521 | 0.212
23 0.5633 | 0.1035
24 0.5736 | 0.010
25 0.5833 | 0.123
26 0.590 | 0.210

H"Vu.;(ﬁ' o/vw‘w_}w;/[w

Sl o sl 5 (63,05 pale 4



AR

Mé} J{}?- — /e JLG

Bl bl eagdoe s a5 L Ga U c(g5laig
il 6lm (NNA) as K 25 S 0
s mb odal Cows &b S 6168 @ J e Sla urne
A Aal g aslial alsl s il 345 Jlade Bl 4 1y
osls OLES (1) s 55 o1l sl bl b 5 oV us
e polal & 5 cadn ) Jbe b sla e Lo
S il (2 S Lo g 5 4 (o Dbl 5
o3teassl s U 1 5 Ll Sle oS a3 B s
A aS C.él} g o eslaial SVsles s 5 ol
S G825 2 Jmoly Al S Ss S S &6l

RO PN WP

$3503 dw 3 (S35 35 «($3 325 ST sladde Jd (g o>

b sl e ol A | YL
R, () 0 0.5
Re () 0 100
Ton (A) 0 1
Isp1, Isp2, Isps (HA) 0 1
nq, Ny, N3 1 2

s 45 o5 R (55l B9
4o dle
Gl 13 ilaang 0, S S a3, S
Gl 5 fe) as Sl 14 S el 5
<! (Artificial Neural Networks, ANNS) . size oz
28] ol 0l sl sy (3l Bles > sl S
Neural ) oae oS3 o S0 o6 Looledn o)
5,4 pasee jltle Wl (Network Algorithm, NNA
oS Sl s wals ann S ppean e gl
5 Frmas peas LSS sl Sl 5l eas S
b oS o e sladel ddy gl Shls Slas
g0 St wals 53 kg b dies pdir 05S
Sl e i S LS B el w8 S 15 e
343 b ileag Blae 5o anls e3gdme 55 e

:Jj":d‘ ML>:.4
~ q(Ve + Rglp)
f(1, Ve, X) = It — Ipp + Isp [e"p< n.K.T Nt
(Ve+Rsly)
Rsh
()

Vi + RgI
f(lt, Vt' X) = It — Iph + ISDl [exp (M) _ 1] +

ng. K. T
q(Ve+RsIDY (Ve+Rslp)
Ispz [exp( n, KT ) 1] + Rgh

av)
Lbcb 353 dwr e (gl (F) dslas 3l Culg 5
Dl el osles

q(V + Rslt)> _ 1] n
n.K.T

q(Vi + Rl
ISDZ [exp (ﬁ -1+

f(lp, Ve, X) = I — Ipp + Ispg [exp (

lsps [exp (%) - 1] + (Vt]::lslt)

Y
05 5 4l s ) s sl @U Olha &S F Lluis
G233 A 3 4S5 93 (S2520 S slads sl i i
03 250 o0 dpwloma 0l 03l T glaesls I i s (gl
sl sl Vi I sl (VY) B (V) OVl
Glast 5 dmes bl 0L 5 5 6l edd (5 ,Se 1l
Root Means Square Error, ) aio, Slke Sla e ) sdoes
O ol 5 CadS s Gl p Golee Ol « (RMSE
Sl s S elind s sl 5 Jl b
Jsbo iluang dies 55 aum L Cua @U RMSE

35 o iy 25 (V) dslas Law s RMSE Ll (sl 55

RMSE = [£ SN (i, Vo X0)? av)

J‘_"'.’.‘J’e d)—b DL k:”_w‘ rfﬁ L_EL_AGJ‘J b‘.a\_x.? N d

Sl o Glwlms 5 (52,05 psle 4 0

IF:V"M;JL«J‘MJWJLN



(E3 32D A 3§35 33§35 SO sladbo o)l Ll o) 5 g iluatg

\YY

09 sl

i s J S sl sty 0 3 sl |
23 adsl W05 LS 0 S 5 1 2505 S e nl S35
WS By g ks Blalslhel opias ae laaSl
doles glast @ az o5 L il s 5 ST e sles
O0) adely 3 W (55 et ile Kisdipn Sas & aKd o
il ol enls sl I sl el Crar (5
Wiy = [Wy, Wy, W3, ..., Wp] (o)

Sl gl s Wy b Npop X Npgp 20 0 Sl S W s
o e S S SG sb a |y esla slael 1SS e s S
sl s s el S0 L s Gt 5 uS 0 g S U
sip ) 3358 OF G Jomely sdilad & bgye 0
el K3 SN sl ooy 35 palie 4 b e 055 05
Sl S Aibe s 4 bgse 035 gbls S Joely s
o ol U syt 5555 & b iy S A
O edd JrasS U3 jls s O3y ol S (s
Sl S ey G sl s paeme & el s
o)y JSO 4 Llg e ol S 1S A sl S s
s x5 (VF)

i=123,..,N (%)

N
T Pwy® =1, »Npop

j=1

=8 51 =2l 05y ol gl (osdome ir 2525
o g a3 L S s ol W5 51 Sl
S S sla Loly dW) O35 o il LS5 51 g ol
e S5 Sl as OY) dslas 3l eslanal L (XNEW) 0
b S Ll o pan as (a3 eslinal 5558 O35
28] 53 o drsloee ol

Npop
XYW e+ 1) = ) wy (O x %0, = 1,2,3,, Npop
- av)
Xi(t+ 1D =X® + XMW +1), i=1,2,3,.., Ny
OA)

SsSN ol cpl s ol S, S Laxlat O 5 oS
(10) 5 (VF) SVslas 5l eslinal L oIt + 1) L1551 Sy
‘)‘J‘_‘iJ‘;- Lﬁj—i’“ L_Euy—e\) qu.‘)(ww( er'G)_})d.o

05 4S ) Jlde op 2 sl o A3 Sl s Cmar

V.:El.}' “ )L:) ru\.& s )\;5 L?MJLLO‘ S0 b .}afl
GFn s b Sos ekd s Sleag glaen, S Ll

A (ol

ad sl oy
s 45 o2y S 3 (s s slaasd Sl pldl L
Jools on) 5SS a s edal s 4 ol 0 2 (NNA)
Sl Bda 5 Wsd o 2,5 da glaesls Olge 4 (B0 wge
Gl oly sl 5 Oas glaesls o et 2alS LIS
WhE i pagie pelad ol sld i S
-yal)wwoxu)y\»gdtﬁwmﬁ)ﬁ\

sl ol 03l Az g j.i” FRELRV éu

gl Comerr A g
Pattern ) s X1 e, (s D (gileang s S o
3909 Sbesls &8 el IxD (g ou s 5L K (Solution
oo 4,13 el e e LS ae ‘D/‘rip-:i)}ﬂ‘)’ B
V":‘«)f_@ ot Gl s e iy [x1, X5, X3,..., Xp]
L ol S sl 51 alas Ol SO (g5l
osb 4 S X 5l 5y pl sl sd e A5 Npgpx D o3l
b o Sl wals S ol 5 2V las e o ol
Sl S Jomely G s el = Nipgpx Do jile S
= € slm m) aupn w6 bl b e sla)l SO

fl 25 e ab e 6 S el

i=1,23.,Nygp.  OF)

C; = f(x,x}, ..., xb)
ol 31 Ay el Gon i s VY ey 3
05,5 Wy 5o abo o S0 (sla Jomols ola (81 458 b
o=l 53 el e 3 e oS (il SO el o e
2L e o meS U Sl g Joly S oSl
31 (XTARGET) g |-l IS (S e S P AV
Jols b bl (WHAREET) o 055 G831 gls Jool s

g Ol (O35 e Sle) O35 Camezr o 5 AL Gl

H"Vu.;(ﬁ' o/vw‘w_}w;/[w

Sl o sl 5 (63,05 pale 4



'Yy

Mé} J{}?- — /e JLG

Dy planil (Bds ooly) ooy (p gy 40 042 5S35
S sl JLisl Sles S5 Ol 4 (M) el ol ol
s 8 ) Oy 4 Corex Sl g gl el slgiy

3 g s

Xi(t+1)=TF (ii(t + 1)) =X(t+ 1)+

2 x Rand x (iTarget(t) —X(t+ 1))
xv)

las )8 5 me S5 gilaa g r-:i)}—{” el

Sladshe (29] oo 4 sla 2y Jod Sl s il

s Loy wdige lwang bles 5[30,31] s
el 4 S 13 eslizal 5 50 [23-34]

ol 5 b
oo (V) W5 —0L > aasein i ol s
(il 3 RT.C) (ol (g me Joo OV 5580k (e >
FosS s AUk Jseme bl b
s laesls el ok a3 § L s (NNA) e oS
O W2 oles (g 5ldie) Olo ) b 55 a8 adanws
5> ledd sl )l 513 518 Sl w3 T gles 3
Lo Sl ens (512 [85] (2 sSU a5l G
s i 5 Comar gLl slnd) ae 4 o, S
S S B e el e eslial (1SS
Jols iy b Je aw a sl (NNA) oz
Oljee &3 B ml apuiloes Jlde ooy SLe 5 00 a5l Comer
Kleds b S b5 s (gilwang Aol elxil sl 10000
sbbs Gl oS s leae sl Slds sl
odd a8 ks LSS L Y aLb e sla i
sleld Zgx MATLAB 5l 5 Lo 3l ppoman ol
Ll ekt ool (it 2 Jsbe Jbe e ol
oS By B s el s 4 bl s () Jsar
sl sl a § Ja0 5 Jle ¥ gl 1) a3
s e DL (g o

RMSE liis 5 odd ang b sla eyl (F) Jsis
4S5 80 a5 823 35 (303 S slade ¢l L)
Al b aglin s et ol sl NNA 2 Sl Lo s

= e Al 55 05 e Sl 0t e el i
= Shesissas dilee G (14) oyl 3L el Sl 54
s e slgis 1y 055 e Sle gl ol
WOPdated (¢ L 1) = Wi () +
2 x rand x (WTarget(t) -W (t)) ,

i=1,2,3 .., Npop

(\4)

ol s
Aoy polas [, Sas (NNA) Las S V.g)jijl 33
ol S5l sk Comer 53 1y S sla ol 1 one
SXYEW(E+ 1) st 555U ool oS Lan ol oS s
ool o 5L WIPRE (e 4 1) ot 5 4 055 Sl
ol oo Olan &S B 2yl yskiie pl (gl al
AS 1y S Gla fomoly do s S 3 55 oo iy a3 ASL
B o 2 Badsl Slde S e s 1 AL s L
5 38 i Sl (sl Jlail o3 Vor n) o
DSS a3 ks sb 4 OF e 5 (sl 1SS 3 Cone
ol o sl wolsl 3 45 2alS Jge 3l eslizu L

el dal 5 e

t=1,2,3 ... Max. Iteration
(Y+)
oS4 Bl e el i sk 4 halas Slas
OB Jooly i Sn b aig Jool) Sl p ot o5l
03 S sla ool 53 s Sl i Sl e 5 Al
AS Sl ole gla)l SO

B(t+ 1) = B(t) x 0.99

Jus Ses
ot St 5 (NNA) a4 2, S0
b At 55 sla el (JUzl Klas (ANNS) e sas
Ao e gladd 3 o e Comd e Sl Cmes o
sladeol, W 5 Sl s 4 sk & i glacaad s
Sy das o JLESl Gda Lol ) G 4 g S L

j#@&d&léuye\)gfl_gu&)eb

Sl o Flwlms 5 (52,55 psle 4 0

H‘»r““_,@ ‘)w‘/"‘:‘“j—jcfw JL.«



(E3 32D A 3§35 33§35 SO sladbo o)l Ll o) 5 g iluatg

\YW¥

el e mls om0 5 o SO JAe I HS
S, 5 ol a5 NNA (ol o, S 51 bl
Jsdr 53 mman 2505 3525 hss aw opl Ol (6 5005
3l o580 Sl el s @ (535 4 o el (F)
—alad g3lmaiag wp s S e s i b e 40
[44] (ALO) 3 4 30 sLwag 40] (MFO) <l
- g [42] (SCA) (o 508 = o g (3l 025 S
S i [43] (MVO) = i (55
S il o251 5 [39] (GWO) (s sl
Jsbs S (51— [45] mloe s <5 [41] (WOA) aa il
ol 03551 4l 3 RT.C. oS 5 (e oo OV (gl ) >
RMSE s o353 o sdalive o5 b Olaa Llodld acylis
e Jde cpl (sl orae 43 5 S Lo 5 0 dsloms
il e 3 e 5ol sde ol oS 2ol 9.843e-4
S Sl ol i g b e al 5 25 o e L,
LV o 10 o ms e e sl 5 addllas s
21 3 la By b 4 S

SLa prie oS 4 45 ol arile 0L islis caslsl s
by s as St pu, s S Es Sl el 2l sl
4 Klodal s w0 55 —0l > osls i s ¢l il
S o Sl iie iamed 5 0l (S 03 OL ol jen
3568353 ST e 4 Gl 50 e als (Y1) ol )
(V) L5 (0) skl 3 45 sk ol sl (63,535 4w 5 452523

HIN WA aJJJT

23 (e das e 0L (1R (gsleag sl )
i ol aalllas slnen 558 (gl 35 Ao (F) Jsax
gl Al sl il Sds 5 S s s Oliee o)l sk
G ol s alie 5 a4t o, ST S 4 e
el 0l 03,51 s sla s, b

e 5 S350 33 (S350 S slads i (F) s o
las S Sl w8 Glaiss B L g
S 18] (GAS) K53 Sl [17] (CPSO)
(ABSO) s 5mas Lso & $us3 &Y o5l (Soluang
S A37] PS) [y S (s pmier slapn, S [36]
Sosole Gamina 5 [19] GA) el giluand oyl
SIS sb Oles ledd esls il s awslie [38] (HS)
S 31 ol RMSE i o5 55 e sdalie (F) Jsdr
13y Sl Sl S0s sl bss Obe L3 ae 4K
@ Ol8 o sy ke iled e e bl 4 a5 L
okd gl gla il pslie (SospaS s n o e
OO O oS 4 e ((dls Sy 5 sk Sla )l
L oagd e odd (S e3ll 0Lz 5 ok dulons 0L 2 Ol
St @SN S 58 S UG e gt il 65
- S5 e Sl L S50 5 e s (NNA) oas
Get oSl 4 S (S50 4w 5 ($3m3 53 (SO0
er oo 53 3, Shas ol el ools € 0l e
sl 5 i ges 310 43 GAS 5 ¢CPSO ¢SA PS5 5,

}ABSO u,':l:})j.) hw): c.La] CM.)A.’@LTJ u_p_,&);

NNA x3 L g gl s Jshe calis sladue L;!/.!o.xniwsgéjb% ngbI@L:J Y Jsd

oo dae | s oSl | b Ol | e | R e
SAedy 5~ RMSE RMSE RMSE RMSE *RMSE
©353> S | 0.003838 | 0.0017789 | 0.0005161 | 0.00098666 0.29012
232 95 | 0.005485 | 0.0014478 | 0.0008677 | 0.00098262 0.59932
533 4v | 0.008652 | .+0.0014278 | 0.0014483 | 0.00098435 1.014147

Sl s Laesls Slre Ol b ol il Sl i g i %

H"Vu.;(ﬁ' o/vw‘w_}w;/[w

Sl o sl 5 (63,05 pale 4




YO

g_:wd'éj J{}?- — /e JLG

b ldlae glaasl b oacslie s NNA (555 g (6555 4w 58555 33 (835350 sladds (gl 5 ol glAsel b Jsgmme slajeine ¥ Jpr

S5 e b sls i NNA
. (sl ol ABSO[28] | HS[30] | CPsO[17] | PS[29] | SA[19] | GAs[18]
Re(Q) 0.036452 0.0365 0.0366 0.0354 0.0313 0.0345 0.0299
Rep (Q) 53.206652 52.290 53.504 59.012 64.102 43.103 42372
Ip, (A) 0.760784 0.7608 0.7607 0.7607 0.7617 0.762 0.7619
lsq (HA) 0.317032 0.3062 0.3049 0.004 0.998 0.4798 0.8087
n 1.479304 1.4758 1.4753 1.5033 1.6000 15172 1.5751
RMSE 9.8666-04 9.91e-4 9.95¢-4 | 000139 | 001494 | 001900 | 0.01908
) 1 2 3 4 5 6 7
SRR - 0.443% 0.844% | 29.02% | 93.39% | 94.807% | 94.829%
2 dbe b gls i NNA
o (sl ) ABSO [28] | MFO[40] | HS[30] | GWO[39] | PS[29] | SAT[19]
Rs(Q) 0.036675 0.03657 0.0345 0.03545 0.0335 0.0320 0.0345
Ren (@) 55.376133 54.6219 60 468269 | 56.7361 | 81.3008 | 43.1034
Ipn (A) 0.760778 0.76078 0.7609 0.76176 0.7614 0.7602 0.7623
Ieqs (HA) 0.237307 0.26713 0.286 0.12545 0.337 0.9889 0.4767
Ieaz (HA) 0.651648 0.38191 0.306 0.25470 0.246 0.0001 0.0100
nt 1.455202 1.46512 1.4906 1.49439 1.5431 1.6000 15172
n2 1.995709 1.98152 1.6617 1.49989 1.5442 1.1920 2.0000
RMSE 9.8266-04 4-9.834e | 00011 0.00126 0.0014 | 001518 | 0.01664
) 1 2 3 4 5 6 7
e o> - 0.085% 1067% | 22015% | 29.81% | 9352% | 94.09%
o e (b sle i NNA GWO ALO MVO MFO SCA WOA
Soms (bl axllias) [39] [44] [43] [40] [42] [41]
Rs(Q) 0.036988 0.0346 0.0338 0.0351 0.0300 0.0302 0.0488
Rgh () 56.97410 58.9166 | 54.8311 | 59.1165 50 60 58.6704
Ipn (A) 0.760778 0.7611 0.7615 0.7614 0.7605 0.7560 0.7667
Teqs (HA) 0.175548 0.30297 0.3897 0.3327 0.200 0.200 0.223
Teaz (HA) 1.227080 0.2238 0.3738 0.3997 0.400 0.359 0.390
Isgs (HA) 3.545¢-10 0.30436 0.3742 0.2217 0.399 0.400 0.390
n1 1.430222 1.9892 1.8705 1.9463 1.5863 2 1.9539
n2 1.999999 1.6676 1.5059 1.5218 2 2 1.7596
n3 1.000000 1.4925 1.9555 1.6737 1.5358 1.5081 1.5185
RMSE 9.843¢-4 0.0012 0.0015 0.0030 0.0038 0.0059 0.0179
<) 1 2 3 4 5 6 7
i Aoy - 17.97% 3438% | 67.19% | 74.00% | 8331% 94.5%

Sl o Flwlms 5 (52,55 psle 4 0

H‘»r““_,@ AJL«J‘M_/J.« JL.«




(E3 32D A 3§35 33§35 SO sladbo o)l Ll o) 5 g iluatg

\Y8

Fogske OV Jlad L 558l (65l (gl g2 e SO 6l o ot ol om0 0L 2 ol dilns 5 o 2 laeals O s

G333 S dde sl

. It (A) I (A) . It (A) It (A)

S e | ea Sl s sl SxSelul s Lbiloes i g Sel | e ek
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