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Abstract

A technology called solar energy is a very promising technique, and is consi-
dered as the cleanest and the most abundant renewable resource that is natu-
rally available every day. In this paper, a MATLAB environment has been de-
veloped to calculate real-time power incidence on a PV system. It takes into
account the time, location, PV tilt, and azimuth angles, and weather condi-
tions to estimate incident power. In this paper, one case study is considered at
New York State location. It has been applied to a newly installed 8 kW resi-
dential system located in Inwood. The solar panels are made up of silicon
HIT (Heterojunction with Intrinsic Thin Layer) cells by Panasonic and solar
cell rated at 19%. The result shows that the system is performing at its rated
efficiency. The calculations involve the determination of direct, diffused and
reflected radiation on the panels taking into account the time of the day, loca-
tion, PV area, and orientations and weather conditions. The cloudiness index
may be estimated based on the weather data and included in the calculations.
After performing the irradiance calculations, the output power is estimated
based on the rated efficiency at its temperature and compared with the gen-
erated output power. The real-time assessment of a PV system performance,
during the operational time monitors the health of the PV system. The data
obtained by this calculator may accompany production data provided to the
consumer by the utility company.
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1. Introduction

These days’ traditional resources, such as fossil fuels and natural gas, are known

to be restricted resources in the main time and may produce air pollution emis-
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sions which is of great concern to the environment and problems such as global
warming. Conversely, utilizing clean energy sources, such as solar energy has
become a major player in the solution for the energy crisis in the near future.

Consequently, this clean energy technology has widely spread in the field of
power systems and production. It has been significantly modified and improved
throughout diverse stages of progress [1]. These stages of modification and im-
provement experienced by this field are the outcomes of several factors which
have both harmed and benefited the development of clean energy technology.
Today, the world economies are more drastically distinct than they were pre-
viously. The clean power energies have been developed at a stage much faster
than some other analysts have predicted, because these technologies had been
supported and developed by some researches and national governments [2].
Thus, the international communities such as the United States Environmental
Protection Agency (EPA) have set extra stress and work on developing clean
energy in terms of reducing the need of using fossil fuels and other energy
sources that can negatively affect the environment.

Therefore, solar energy systems are gaining popularity among these clean
energy sources which are highly recommended for the environment. To raise its
popularity, it is critical to improving the efficiency of solar energy capabilities to
convert light-to-electricity energy. Based on that, the efficiency of the solar sys-
tem has significantly been improved utilizing new technologies [3]. These im-
provements have forced the need for the photovoltaic (PV) system to be a sig-
nificantly important system in the generation of electrical power worldwide.

Accordingly, the main function of all these PV systems is to convert solar
radiation into electricity [4]. Wherefore, there are several types of photovoltaic
systems in the market that have been designed in terms of providing energy to
meet the needs of electricity with very high efficiency at the lowest cost. Based
on that, there are two ways to ensure a better efficiency of the PV system. One is
to study the behavior of the PV system while increasing the temperature, shadow
effects on solar PV arrays, spectral mismatch and so on in the outdoor environ-
ment [5].

Moreover, observing the performance of photovoltaic systems have become a
fundamental mission to have a robust and reliable system. The observation of
the performance can offer beneficial information about the photovoltaic’s opera-
tion and can designate what is required to be done to ameliorate the perfor-
mance of the system if the dataset is conveyed correctly, in the opposite, the en-
deavors are wasted. This observation can also give a piece of good information
on relevance of the operation to a third party in terms of notifying them about
their PV arrays in case of unexpected events. For instance, if the real power gen-
erated from a solar PV array falls far below the designed level, which at times,
can lead to a complete loss in the efficiency. Moreover, if shading happens it can
cause a long term performance loss, hence the shortfall in the expected level of
annual power production [6].

In this paper, an assessment of the performance of the PV system is used in
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terms of involving a third party to be aware of the performance of the PV system
that is installed on their property. The system output can be sensed every
minute, or every hour and the results stored. Even with hourly or minutely
sensed output, a huge amount of dataset is generated. To be useful, the raw da-
taset must be checked for integrity and then summarized. Data needs to be col-
lected for at least twelve months to reflect seasonal variations, even though
monthly averages are a convenient interval for summarizing energy production,

consumption, losses and efficiency [7].

2. The Sun Position and Solar Angles

There are three main factors to locate the sun’s position in the sky [8]. These
factors can be described as the solar altitude o« , the solar azimuth W and the
solar angle of incidence 6. These angles are specifically defined based on given
geographical location, its latitude Z, longitude ¢, at a given time of day and year.
On the other hand, there are other angles related to solar panels that have to be
taken into consideration, namely, the slope surface tilt angle S and surface
azimuth angle y [8]. In the following, the description and formulation for each
angle is given. Yet, before giving the formulation of solar altitude and azimuth
angles, the solar declination ¢ and hour angle » have to be addressed in all

other solar angle formulations.

2.1. Declination Angle, §

Declination is the angle that locates between the sun’s direction and the orbit
plane of the earth around the sun. It changes generally as a result of the rotation
of earth around an axis. The maximum value is 23.45° at midsummer in the
northern hemisphere and the minimum value is 23.45° at northern midwinter
[9]. It can be expressed as follows

284
5:gsin{%}, (1)

where, &=23.45" is constant value, and n represents the day of the year.

2.2. Solar Altitude Angle, o

The solar altitude angle, «, is the solar angle that is located between the hori-
zontal and the solar beam, that is, the complement of the zenith angle. It can be
given as follow

a =sin" {sin(L)sin(5)+cos(L)cos(é) cos(a))}, (2)

where, the hour angle is @ =15(localTime—12). Therefore, during morning
time the solar altitude angle rises until achieving the peak at noon which
matches the sun’s crucial elevation in the sky with regarding to an observation

point on the earth [9].

2.3. Solar Azimuth, ¥

The solar azimuth angle, ¥, is the sun’s deviation of the projection from the
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north hemisphere is zero for a surface facing due south, 180" due north, 0° to

180° for a surface facing westwards and, 0° to 180° eastward [9].

¥ =180—cos™ (cos(‘P)), if sin(W)<0

3

¥ =180+cos™ (cos(‘{’)), if sin(¥)>0 ®

. cos(5)sin(w) @
cos(a)

2.4. Solar Incidence Angle, 6

The angle incidence, 0, is the angle between the beam radiation on the surface
and a vector orthogonal to the surface of a solar panel on the ground, it can be
expressed as
cos(6)=sin(B)sin(L)cos(S)—sin(5)cos(L)sin(B)cos(y)
+cos(&)cos(L)cos(f)cos(w)+cos(5)sin(L)cos(y)cos(w)  (5)
+cos(&8)sin(B)sin(y)sin(w)

2.5. Solar Radiation on the Earth’s Surface

In this experimental study, the three-component model of the solar irradiance is
considered to compute the total solar irradiance on an inclined surface that can
be expressed as S(., the superscripts 7" indicates tilted surfaces, arriving at an
inclined PV-module

Y X[cos¢9+p(1—cosﬂ)J+Sg ><[(1+p)+(coszﬂ’—pcos,li’)j ©)

cosz 2

where, S represents the direct beam irradiance measured at the horizontal
surface that reaches the PV-module without being reflected or scattered, S,
represents the diffused solar irradiance on horizontal surfaces which is scattered
by the clouds and the reflection coefficient p is the reflected solar irradiance

by the ground, see Figure 1.

/
/
1/ Diffused solar Radiation

\ \
Reflected Solar Radiation \ -
\ \ -

N -l

GROUND

Figure 1. Definition of various solar irradiance on the PV model.
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Therefore, as mentioned solar irradiance components can be defined as fol-
lows

o The direct beam irradiance on a horizontal surface can be defined by

S =1, x {1 +0.033 cos[2n ’; ;:j}x e HOILMPR) cog () )

where, I, represents the solar constant, known as 1360 W/m? the Linke tur-
bidity factor is represented by 7, , the Rayleigh scattering optical depth is
represented by D, (m), and air mass is represented by m [10]. Thus, the air
mass m equation is formulated by Kasten Young (1989) in [10] as

1

m=
c0s z+0.50572x(96.07995 - )

-1.6364 (8)

Moreover, the Linke turbidity factor, 7, is described as the number of Ray-
leigh atmospheres necessary to exemplify the actual optical thickness of D(m)
as

T, = (9)
where the empirical equation for D, (m) is given by [10] as follows
1
Dy (m)

~ 6.6296+1.7513m—0.1202m” +0.0065m° —0.00013m"
o The diffused irradiance on a horizontal surface is defined by [11].

(10)

Therefore, a useful direction that can be used to define the extent of cloudi-
ness of the sky is through some mathematical relationships among the available
solar fluxes like global irradiance, diffuse irradiance and extraterrestrial irra-
diance. Two parameters inter-relating these fluxes are defined as the diffuse frac-
tion of horizontal radiation, K, and the clearness index, K. These two pa-

rameters thus can be expressed as

SH
K,=-"2 (11)

D Sg
S

€ Extraterrestrial horizontal irradiance

(12)

thus, in this work [11], the study determined that solar radiation characteristics
can be utilized to defined the following model of diffused fraction related to the
clearness index as
N {0.98, if K. <1 (13)
? 10910 +1.15K . —4.936K? +2.848K?, if 0.1<K.<0.7

3. Experimental Study

In this study, a solar radiation program is done using the MATLAB environment.
The program designed to accept the values of the geographical location such as

latitude Z, longitude ¢, at any given time of day and year and the panel tilt an-
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gle along with the azimuth angle as inputs. This program is designed to define
the time of the sunset and sunrise for any solar panel. Thus, it can be also used to
calculate daily irradiance on the solar panels. In this study, a Panasonic HIT so-
lar cell is considered to evaluate the system performance during a specific day of
operation at the location of Inwood, New York. The parameters used in irra-

diance calculations are given in Table 1.

Table 1. Parameters of irradiance that is used in calculations, at Inwood, New York.

Type Parameters
Latitude 44.16 N
Longitude 77.16 W
Day 5t
Month 3
Year 2020
Module Tilt Angle, £ 27
Modules, Azimuth Angle, ¥ 61 E
Modules, Azimuth Angle, ¥, 241 SE
Solar Constant 1360 Wm™
Ground Reflectivity, p 0.2
Linke Turbidity, 7, 1
Clearness Index, K. 0.5
Number of Modules, 16
Number of Modules, 9
Module Area 1.461 m?

4. Experimental Results

In this study, the performance of a PV system depends mainly on solar irra-
diance and temperature. Evaluating the system efficiency is significantly impor-
tant in daily operations to provide sufficient energy to cover the need for elec-
tricity. On the other hand, there are some other factors that can effect the system
performance such as dust, dirt, and shadows. These factors can be accumulated
on the PV system HIT module surface, blocking some of the sunlight and re-
ducing output [12].

Although typical dirt and dust is cleaned off during every rainy season, it is
more realistic to estimate system outputs by taking into account the reduction
due to dust build-up in the dry season [12]. As an example of that, if we have a
system of a PV system HIT panels that is designed to operate at 2000 kW, with
some accumulated dirt/dust it may operate on average at about 1958 kW [12].
Therefore, regarding the energy conversion efficiency, it was evaluated accord-
ing to the following relation

P ...
production
=— (14)
e 1l
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where, A represents the area surface on the panel, P,

production

trical production and /] is the incoming solar irradiation. The temporal evo-

represents the elec-

lution of this solar system electrical efficiency is described in Figure 2.

60 T T T T T T T

50 |

40

10 F OO : 3

06:00 08:00 10:00 12:00 14:00 16:00 18:00
Time of the Day

Figure 2. System performance.

It can be seen that the electrical efficiency is decreasing up to noon due to the
negative effect of the solar cells temperature during this period of the day and it
is increasing for the rest of the day. It is also noticed that the PV panel electrical
efficiency is higher for white soil due to its higher electrical production. As a re-
sult of the given plot, the blue graph represents the total power of both models
from sunrise at around 6:15 a.m. up to sunset at around 7:15 p.m., while the red
graph is the power production at the homeowner during the day. By using the
Equation (14), the system efficiency can be obtained based on the given parame-
ters. Thus, the system efficiency is described by the white dotted line and shows
that the system efficiency is 19%. Therefore, the homeowners have daily access
to track the system performance and they can report the system’s insulators
about their concerns based on the data reading. Thus, this program has the abil-
ity to provide and evaluate the system performance during each slot of opera-

tion.

5. Conclusion

In this paper, an experimental study of specific PV panels has been designed us-
ing the MATLAB environment to perform a daily evaluation on the efficiency
and performance of the model. It has been done by using equations that have
been formulated by extensive study of previous researches and extending the
model to the present problem that is identified. The measurement of the PV
system performance ensures, as an assessment of the health of the system, veri-
fication of a performance model to then be applied to another system. A per-
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formance assessment is most valuable when it is completed, yet currently, no
standard exists to guide this process. The results of this research are very prom-
ising, with a considerable enhancement of the efficiency relative to the PV mod-
el. This model provides some advantages in order to evaluate the performance of
the PV system during the operational time and to assess the health of the PV
system. Moreover, this program can be also developed in solar tracking system
to set or determine a good position for the PV panels where it can absorb more
sunlight to provide enough energy to support the loads. Thus, this technique will
help reduce the dependency of traditional sources which could be depleted in the
near future by enhancing the use of solar energy, especially the PV model.
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