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Abstract

Solar PV systemis anewtype of energy that is being developed for use in shipscent years
However,Solar photovoltaics are affected by many kinds of loads such as static loads and wind
loadsand it is important for designers to take into account the amount of stres$s ydod loads)
experienced by the solar PV systenm this paperstructural deformation oftandalone, solar
tracker, and module support of the photovoltaic system arealyzedunderdifferentwind-wave

loads Based on von Mises criterion, no structufallure (yielding/plastic deformation) is
predicted to take place in all the solar PV systems reviewed in this paper under the given loading
conditions.

1. Introduction

Renewable energy is becoming an increasingly important optionitigating climate change and
reducing pollution around the world. Due to its rramventional, no#intrusive, and dependable
nature, solar photovoltaic systems are becoming a widely used technology for power generation
all over the world1]. Despite their widespread use on land, PV system#$ati# a limited role

in modern marine technology, serving mostly as providersnial sailing yacht batterielsuoys

and small lighthouseand thisis expected to improve in the nesiréuture[2]. Solar energy is a

novel type of energy that is being developed for use in ships. Solar photovoltaic (PV) modules are
stretched across the hull deck in the shape of arrays, and solar energy is gafiteckeceoenergy

for the ship[3].

However, photovoltaic (PV) systems are commonly subjected to mechanical pressure loading
within deployment conditions for both mainland and maritime applicatMasy types of loads,

such as sitic loads and wind loads, affect solar photovoltaic structures. Wind loads occur when
high wind forces such as hurricanes or typhoons drift about the PV panel, whereas static loads
occur when physical loads such as weight or force are applied4fo Moreover with several
mechanical loading tests included into module qualification requirem@®htsand cyclic
deformation recognized as a source of component fatigue degraf&tidhe importance of
withstanding thesgressure loadings well known. Despite the need to cut costs and materials,
module deformation under load is still a desirable quantity to lower.

Due to the increasing demand for sglanels in mainland and maritime areas around the world, a
significant amount of research has already been done to make them more cost effective, beaming,
and efficient.However, it is also a challenge for construction engineers to equip them in such a
way that they can withstand the susceptible wind Id&dlsin such mild or strong wind load
conditions researchers all around the world are working to ensure not just the safety of the panels,
but also the safety of trsaipport structured.herefore, this paper explores/reviews the analysis

of strength and structural deformation of standalone, solar tracker, and module support of
photovoltaic system under wind-wave loads.



2. von Mises Stress

The von Mises stress is aquivalent or effective stress at which yielding is predicted to occur in
ductile materials. von Mises stress is given using principal axes in terms of the principal stresses
ocl, o2, [BE9d 03 as
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Nonethelesghere might b&ormal and shear stresses present at sigeyyin the materidghat are
undereither static or dynamic loads. dilefore the state of stregsn also betatedn terms of the
nor mal stresses ox oy , and oz and the sh
axes are noprincipal axesThe von misses stress with respect to 4poimcipal axes is given
below [10]:
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3. Stand-alone Solar PV System

Many parameters such as wind direction effect and drag and lift force coefficient have been
investigated to show how muphessure is impacting on photovoltaic panels due to different wind
direction and inclination angle. Also, the delamination approach of the internal package bonding
of the layers of the panel which is mainly disturbed by the internal stress, strain,ratructu
deformation and error managemégti] [12]. These are essentially main factors in a PV panel for

its sustainability in long run and all these effects are created because of the sevdmadvind
Therefore, this area of analysis becomes very imperative for the designers to understand how much
damage is occurring and in which position the damage is mainhedréatnsure long lasting
capacity of the solar PV system

In order tosimulate thestress, strain and structural deformation phenomena occurring inside the
standalone PV panel situated in roof top or ground plane due to severe wind3omazn et all

[4] used the computational fluid dynamics (CFD) technique in ANSYS fluent platidris was

done by introducin@D Reynolds averaged Navier Stokes algorithm through computational fluid
dynamics (CFD) approach using the model of shear stress transport (8SUyhdulenceThe
standalone solar PV module was then immersed in the computational fluid doifiaen.
dimensions of the Si matertalsed market available PV pamblosenis shown in Table &And

Table 2 shows the mechanical properties of each layer of the PV module with thickness.



Table 1: Solar Panel Specifications

Parameter Value
Length 65 inches
Width 39 inches
Depth 2 inches

Inclination angle 25°

Table 2: Mechanicgiroperties of each layer of the PV module with thickness

. Young’s Poisson’s
Layers Thickness modulus (GPa) ratio
Glass cover 0.003 70 0.22
PV cell (Si) 220 x 1¢° 180 0.275
EVA 400 x 1¢° 0.02 0.28
Rear contact 10 x 10° 108 0.25
PVF 1x 104 11 0.4

In their study, lhe wind speewas vaiedfrom a normal wind speed 10 km/h to severe wind speed
or super cyclone 260 km/h to check that howdblar panel will behave when it is hit by such
kind of severe wind loadl.o obtaina panoramic view of stress, strain and structural deformation
of how these parameters are gradually increasing with their spe&igsri, 2, 3 showsthesteady
increasingnature of these parameteatswind speedsf 10 km/h, 100 km/land 260 km/h.
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Figure 1 The spectrum of a) stress, b) strain and c) total deformation characteristics of the panel
in 10 km/h wind load

-
z
0.000 0.800 (m) "‘—T"
——

0.400

(a)



-
x<—i'z
0.000 0.800 (m)

L S—

0.400

(b)

"n_._t'z
0.000 0.800 (m)
L —

0.400

(e)

Figure 2: The spectrum of alress, b) strain and c) total deformation characteristics of the panel
in 100km/h wind load
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Figure 3: The spectrum of a) stress, b) strain and c) total deformation characteristics of the panel
in 260km/h wind load

It can be seen from figure 1 al®that when the wind load is 10 km/hr. (normal wind speed), the
stress and strain generated inside the panel is 161.74 Pa is 26503 respectively and these
values are negligible. Also, the spectrum shows that there is no change as suctiefototaition.
However,as the wind load was increased to 100 kastshown in figure,2he stress and strain
values increased to 1613.9 Pa and 2.553-9 &0d a clear sign of internal lamination breakshg
visible.

Moreover when the wind speed increased to apeed of 260 km/fsuper cycloneas shown in

figure 4 the internal stress and straagreasedo 4196.4 Pa and 6.6403 9-andA huge amount

of internal package breaking is visibl.common failure mode noticed in laminated panel is
delamiration where a material fractures into layers and this affects the lifetime of the solar
photovoltaicsFrom the deformation nature and the strain characteristics, it was also observed that
the pressure effectesemaximum near to the leading edge on the top portion of the solar panel and
gradually decreasdewardsto the trailing side of the pandrhis shows thatsathe deformation
increases the internal bonding of the atoms falls and it shetisss characteticwhich is caused

due to the deformation of the atoms.

The effect of wind pressure on stress, strain and structural deformation is also shown in Figure 4
below.
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Figure4: Wind load vs. a) maximum stress, b) maximum strain, ¢) maxitotahdeformation
when the wind speed varying from 10 to 260 km/h
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Figure 5: Overall view of maximum internal stress vs. maximum total deformation when the
wind speed is varying from 10 to 260 km/h.

It can be seen that the as wind pressure increasestréiss, strain and structural deformation of

the solar PV also increased gradually and due to this, the internal packaging is delaminated. As
shown in Figure 5 (structural deformation vs stress), the structural deformation increased linearly
as the stredsuild up increased inside a solar photovoltaic panel.

Overall,the amount of stress, strain and structural deformation experienced by solar PV system
increases as the wind pressure/speed incre@bissalsothat shows the amount of stress being
generated inside the solar PV due to this wind loadsesatrsictural @mage and delamination.

This shows that as the deformation increases the internal bonding of the atoms falls and it shows
a stress characteristic which is caused due to the deformation of the atoms.

4. Solar Tracking PV System

A solar tracker is an important equipment iplaotovoltaic system which enhance the annual
power output by keeping the solar cell directed toward the sun and maintain power generation
efficiency at a high levelA photovoltaic sgtem with a solar tracker is particularly sensitive to
wind loadsbecausdhe drive mechanism supports the se#ight of modules and wind loads.
Nonethelessdr areliable operation athe solar PV systenmot only is the solar trackeequired

to be able to withstand its own weight and external wind lo&ds,also requird to keep its
deformation below a certain threshold

In order to investigate the effects of sekight and wind loads on the structural deformatiba
reliablef a 2kW PV sun tracking system, ChKuang et all[13] used finite element analysis
(FEA) in ANSYS to developomputeraided engineering (CAE) techniguenhe solar PV tracking
system investigated consist of a solar tracker attached to nirpaflat PV moduleswith
dimensios 1668 X1000 X40 mm. Table2 belowshows the layer wise material properties of the
photovoltaic panel.

Table2: Material Properties of solar tracker used in the model

Material Young’s Poisson’s  Yield stress  Density
modulus (GPa) ratio (MPa) (kg/mq)
Solar glass 70 0.22 2500
A5052 aluminum 0.33 193 2680
70.3
alloy
A6063T6 aluminum 63.9 0.33 214 2700
alloy '
AISI 1053 steel 205 0.29 610 7850
AISI 4140 steel 205 0.29 415 7850
SUJ2 steel 205 0.29 2035 7850
SS400 steel 205 0.29 250 7750




In their studythe effect of gravity only, wind speed of 7n(25.2 km/h)and 12 m/g43.2 km/h)

on structural deformation of the PV system was investigated and for each wind speed, the elevation
angle was varied from 10 to 75 degredswever,the simulations were conducted in a linear
elastic moddecause the calculated von Mises equivalent sivasiund to bdess than the yield

stress for each component of the PV systeimder gravity only condition, the highly stressed
regionin the solar trackewasfound at the ball bearings and bushing.

The variation of maximum von Mises equivalent stregh elevation angle for the ball bearings
and bushing are shown in Figur&&ow
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Figure 8 Maximum von Mises equivalent stresses in the bushing and ball bearings at various
elevation angles under the effect of gravity.

It can be seen in figure 6 that as the elevation angle increases, the maximum von Mises equivalent
stress in the ball bearingdreases. Also, the maximum von Mises equivalent stress in the bushing

is of 161.2MPa at elevation angles of 45 degrees and this figure is less than the yield stress of
SS400 steel (250 MPa) as shown in Table 3. This shows that no structural failuredpéddtic
deformation) is likely to occur for the solar PV system under gravity only during operation.

The variation of maximum von Mises equivalent stress with elevation angle for the ball bearings
and bushing under a wind speed of 7 amd 12 m/sareshown in Figure and 8below.



a
< 180 b v
% = 280 - m Gravity only (no wind) O Wind direction of 120
2 150 g e Wind direction of 0° 4 Wind direction of 150°
o %’ 240 | A Wind direction of 30° ¥ Wind direction of 180
@ 2 v Wind direction of 60° . A
& 120 2 200} o Wind direction of 90°
2 2 A v e
5 --m-- Gravity only (no wind) e 2 O M
g 9 Wind direction of 0° 5 1eor
- - @ Wind direction of 0 g A - a g
3 --A- Wind direction of 30° 2 120] 8 Jut v - "
E& 60 --w-- Wind direction of 60° = -
S 0+ Wind direction of 90° § o0} -
E a0 ~0~ Wind direction of 120° £
L ) £ )
£ Bushing A Wind direction of 150° g aof %ﬁ:?iﬁllﬂsm e
>

s Wind speed of 7 m/s - Wind direction of 180° 3

O 1 1 1 1 1 ] E

0 L . L ) ) .
15 30 45 60 75 90 0 15 30 45 ) 75 90

Elevation Angle (°)

Elevation Angle (°)

Figure7: Maximum von Mises equivalent stresses in the (a) bushing and (b) ball bearings at
various elevation angles under the effect of a wind speed of 7 m/s.
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Figure8: Maximum von Misegquivalent stresses in the (a) bushing and (b) ball bearings at
various elevation angles under the effect of a wind speed of 12 m/s.

As the wind load was increased to 7m/s and 12m/s, and the absolute maximum von Mises
equivalent stress takes place at bathringsMoreove, as seen in Figure 7 and 8 abave, wind
loadings do not generatarmful effect on the bushing since tin@ximum von Mises equivalent
stress in the bushing for gravity only (161.2 MPa) and wind speeds of 7 m/s (165.8 MPa) and 12
m/s (170.5 MPaareall less than the yield stress of SS400 steel (250 M¥s9, for awind load
increased to 7m/and 12 m/sthe absolute maximum von Mises equivalent stress in the ball
bearing is 226.3MPand 338.1MPa respectively (badhelevation angle 75and wind direction

30°) and this figure is less than the yield stress of SUJ2 steel (2035 MPa). This shows that no
structural failure (yielding/plastic deformation) is likely to occur for the solar PV system under a
wind load by awind speed of 7m/and 12m/sluring operation.

Fig. 9 belowshows a comparison of the maximum stress in the ball bearings under the effects of
gravity alone and wind speeds of 7 m/s and 12 m/s in the wind directiordeiy8ée.

10



400

= | A Wind speed of 12 m/s

o 360 | ® Wind speed of 7 m/s

=S m  Gravity only (no wind) A
9 320 - A

9 L

o 280 |

= L A

D 240

S 200 |-

hij s A ]

@ 160 -

gt 4 . .
= 120 |- ° - n

5 H [

e ]

> 80 '

E 0 r Ball bearings

E T Wind direction of 30°

‘2‘5 0 N L \ L L 1 L | L 1 L |

0 15 30 45 60 75 90

Elevation Angle (*)

Figure 9: Comparison of the maximum stress in ball bearings undeffélots of gravity alone
and wind speeds of 7 m/s and 12 m/s with direction &f 30

It can be seen th#tte maximum von Mises equivalent stress in the ball beaincgsasd rapidy

for gravity only to wind speeds @im/s (25.2 km/h) and 12 m/s (43.2 kinfrom 133.7 MPa to
226.3 MPa and 338.1 MRarrespondinglyas slown in figure9. However the absolute maximum
von Mises equivalent stress for each ofihied loadsis less than the yield stress of the material.
Therefore, no structural failure is predicted for the given PV system subjettes$éonind loads.

Overall, the amount of stress experienced by solar tracking PV system increases as the wind
loading due to wd speed increaseonethelesghese stresses are lower than the yield stress of
the materials used for the components. Based on von Mises criterion, no structural failure
(yielding/plastic deformation) is predicted to take place in tRR&V2PV solar tacking PV system

under the given loading conditions.

5. Solar Module Support

The module support structures of solar panels play a majomralesolar Photovoltaic system.
Since the system would undergommon environmental loads and the wind load, ial&so
imperative to consider theffects of these loads on the module support to prevent destruction of
module supporl4]. In order to investigate the effect of wind loadstloa structural deformation

of a module support, Hong et[ab] used flow field analysis iIANSYS onthe solar PV modules

and supports which consist of solar panels (470mm X 680mm X 25mm) and K(stekedisnder
several wind loadsThe simulation was carried out using a PV inclination angle of 30° and wind
direction of 90°.The wind speed considered were 32m/s (115.2 km/h), 42%1s2 km/h and
50m/s(180 km/h).

Thevon Mises equivalent stresd the PV supportinder 32m/s wind speedsiown in FigurelO
belowfrom the structural static analysiEhe largest von Mises stress (185MPa) is observed at the
support junction in the bracket, where the thickness is shorteshamsttesses of the PV module
support are significantly lower than the yield stress of steel at other secimgrefore,no
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structural failure (yielding/plastic deformation) is predicted to take place in the solar PV module
support.
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Fig 10:von Misesstress of PV modulsupport(wind speed of 32m/s)

The von Mises equivalent stress of the PV support under 42m/s wind speed is shown inlFigure 1
belowfrom the structural static analysiie maximum von Mises stress (265MPa) is observed at

the support junction in the bracket, where the thickness is shortest and the stresses of the PV
module support are significantly lower than the yield stress of steel in other settiensfore,

no stuctural failure (yielding/plastic deformation) is predicted to take place in the solar PV module
support.
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Fig 11: von Mises stress of PV module support (wind speddrofs)

The von Mises equivalent stress of the PV support usiifets wind speed is shwvn in Figure 2
below.The maximum von Mises stress also occurs at the support junction in the bracket where the
stress concentration occurs, and the stresses of the PV module support are significantly smaller
than the yield stress of steel at other lmoed, as seenTherefore, no structural failure
(yielding/plastic deformation) is predicted to take place in the solar PV module support.
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Fig 12: von Mises stress of PV module support (wind speed of 50m/s)

Overall, the amount of stress experienced bwrsBV module support increases as the wind
loading due to wind speed increases. Nonetheless, these stresses are lower than the yield stress of
steel used. Based on von Mises criterion, no structural failure (yielding/plastic deformation) is
predicted to take place the solar PV module support under the given loading conditions.

6. Conclusion

As the wind pressure/speed increases, the amount of stress, strain and structural deformation
increases in the solar PV and the internal bonding of the atoms falls gradually and due to this, the
internal packaging is delaminatédoreover the amount of s¢ss experienced by solar tracking
systemalso increases as the wind loading due to wind speed increldsestructural failure
(yielding/plastic deformation) is predicted to take place in tRR&V2PV solar tracking PV system
consideredbased on von Misesriterion under the given loading conditiomdso, for a solar
module supportthe amount of stress experienced by solar PV module support increases as the
wind loading due to wind speed increases. Nonethefdb®, stressesxperienced by the support

are lower than the yield stress of steel ysedstructural failure (yielding/plastic deformation) is
predicted to take place in the module suppased on von Mises criterion under the given loading
conditions.Therefore, itis important for designers to take into account the amount of stress (due
to wind loads) experienced by the solar PV systeofar tracker and module supporthile
choosing the best material for manufacturing and installation.
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