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Abstract- Efforts are exerted worldwide to increase the deployment of renewables specifically solar photovoltaic (PV) systems.
One main challenge to face is the perturbation due to the fluctuating nature of the solar energy. The intermittency of the irradiance
received by the solar PV systems is mainly caused by the cloud covering the PV system. In this paper a statistical analysis of
the received Global Horizontal Irradiance (GHI) by a real PV plant as well as the meteorological conditions/parameters
surrounding the PV arrays is performed. The results for the GHI analysis shows that the relative change of GHI over the period
of the study is 70% or less for 63.32% of the time. Moreover, the GHI decay duration is equal to 20 seconds or less for 68.07%
of the time for the study period. The meteorological data analyzed include the speed of the cloud, gust, number of clouds passing,
width of the clouds, and the time interval between consecutive clouds. Detailed numeric results are obtained and depicted for
these parameters over the time period set for the study. One objective of this study is to indicate and adjust the parameters that
are to be fed to a Cloud Motion Simulator (CMS); which is a software that simulates the repeated passage of clouds over an
electric power system model which includes interconnected PV.

Keywords Global horizontal irradiance, meteorological parameters, cloud cover, photovoltaic power.

1. Introduction

According to the Renewables 2019 Global Status Report
the solar photovoltaic (PV) power continued dominating the
investments for renewable energy resources in 2018, the
investments accounted for 48% of the total renewables
investments. This is depicted in Fig. 1. The investment
commitments for solar power in 2018 was $139.7 billion. The
trends for the global investment in renewables in 2019 was
$45.4 billion in the first quarter of 2019. Several cities
worldwide are exerting efforts to increase the deployment of
renewables. One reason is to provide a cheaper and more
stable alternative to imported fuels, reducing CO, harmful
emissions and other pollutants [1]. Furthermore, about 100

GW PV plants were installed in 2018 which is about 55% of
the total global renewables capacity installations of 181 GW.
In addition to the increased investments and installations of
renewables and specifically PV, there is also a significant
increase in researching this area [2-4]. Various factors studied
that affect the output power of PV modules include dust [5, 6],
rise in temperature of PV cells [7, 8], depreciation of cells over
time[9] and of course clouds. Recently, a lot of research in the
literature addressed forecasting and predicting the solar
irradiance as it is considered the primary information for
designing and assessing PV systems [10-15]. Moreover, many
studies investigated the performance of photovoltaic (PV)
power systems under real meteorological conditions,
analyzing and modelling the solar irradiance and other



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Omran et al., Vol.10, No.1, March, 2020

meteorological parameters [16-18]. Furthermore, it is declared
in [19] that clouds can significantly limit the PV power
generation; specifically it is mentioned that in 45 seconds it
can drop to 90%. Thus, several studies investigated and
considered the impact of cloud covers and shading on the GHI
irradiance values and accordingly on PV system intermittency
[20-31]. For example, [20] proposed a prediction model for a
PV system output based on a cloud model. This model is

developed taking into consideration
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in 2018[1]

environmental factors such as the temperature, humidity, and
radiation intensity. Moreover, [21] investigated the effect of
large variations in PV power under cloud cover and low-
voltage-ride-through on the power grid of a real system. In
addition, [26] presented a PV generation parametric modelling
that relies on raw data for the cloud cover obtained from
meteorological resources incorporated with electrical power
generation measurements. This model can be implemented
when integrating large-scale PV plants within the grid.
Furthermore, [22] proposed a geometric technique to
determine the clouds speed and direction based on high
resolution sky images projected over the PV panels. Thus,
tracking the cloud from the moment it approaches the PV
panel till it leaves it. Also, [27] used real sky images to
determine the cloud cover distribution and its characteristics
concerning light transmission. This was in turn used to
develop an irradiance profile on the surface of inclined PV
panels within a real PV plant. This studies aimed to estimate
precisely the fluctuations of the PV power and accurately
determine the exact PV output. In the present work, field data
from a real system is used to conduct an analysis of the clouds
passing over a solar PV array in Brookhaven, New York and
determine how these clouds impact the received irradiance by
the PV plant [32]. A statistical analysis of the received
irradiance by this PV plant as well as the meteorological
conditions/parameters surrounding the PV arrays is
performed. The meteorological data analyzed include the
speed of the cloud, gust, number of clouds passing, width of
the clouds, and the time interval between consecutive clouds.
One main contribution of this study 1is to
indicate/calibrate/adjust the parameters that are to be fed to a
Cloud Motion Simulator (CMS); which is the software that
simulates the repeated passage of clouds over a distribution

model and interconnected PV. The CMS simulates the effects
of cloud shadows on PV systems, and the consequent voltage
fluctuations in a quasi-steady-state fashion [33, 34]. Another
main contribution of the study is performing the analysis on a
real life system using field data to be able to obtain precise
estimates of the PV output of this plant under real cloudy
weather conditions. It is also worth mentioning that the GHI
measured data over the PV panels in the 1 MW PV power
plant in Brookhaven, New York, is 1 second recorded data
rather than data recorded in the range of minutes used in
previous studies. The remainder of the paper is organized as
follows. Section 2 defines describes what the CMS. Section 3
presents the data collection and methods used for analyzing
the global horizontal irradiance (GHI) and meteorological
parameters. Section 4 is devoted to results and discussion of
the analysis. Finally, section 5 concludes the paper.

2. Cloud Motion Simulator

The effect of cloud shadows on PV generation and its
consequent impact on power systems may be simulated and
studied using several methods. Some studies have simulated
the cloud shadow effect using step changes[35, 36]. In the step
change technique two power-flows are conducted, one at the
beginning to determine the state of a system and the other for
determining the final state. Then, the difference between the
two states is calculated. In step-change tests a sudden drop in
PV inverter output power is experienced when a cloud covers
the PV systems, and in the same fashion, the inverter output
returns to the initial value, or to a new value, after the cloud
passes away. In other studies an assumption that the cloud is
covering all the PV generators is used to simulate the system.
These are two non-realistic assumptions that should be
handled. The Cloud Motion Simulator (CMS) conducts a more
precise simulation of the PV generation fluctuations due to
cloud shadows using quasi-steady state simulations. In these
simulations steady state models are used; nevertheless, the
inputs (whether generation or loads) will change from one
steady state solution to the other. This implies that clouds
affecting a particular section of the PV system can be
monitored and tracked. Moreover, the direction of the motion
of the clouds can be detected and considered in the simulation
[33, 34]. In this research the cloud simulation needs specific,
detailed meteorological data. Analysis of solar irradiance,
global horizontal irradiance (GHI), and meteorological data is
presented in the following sections for a real PV system.

3. GHI and Meteorological Parameters Analysis

The output of the PV plant is represented by solar
irradiation measured by solar resource instrumentation at
multiple locations within the array. Data was obtained in the
form of 12 text files for 12 months for the year 2013. Each file
includes 1 second recorded data of the Global Horizontal
Irradiance (GHI) measured over the PV panels in the | MW
PV power plant. The text files were converted to database files
for running queries required for the study.

After the pre-processing of the data files and performing
the queries, the following stage was plotting the data. As 1
second recorded data for 12 months was a huge amount of data
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to plot, one month was chosen from each season to plot its
corresponding measurements. Meteorologists divide the year
into 4 meteorological seasons of 3 months each:

* Spring - from March 1 to May 31;
* Summer - from June | to August 31;
* Fall (autumn) - from September | to November 30; and,

* Winter - from December 1 to February 28 (February 29
in a leap year) [37].

The mid-month of each season was chosen as
representative of the season. Thus the authors plotted the 1
second GHI measured data for April, July, October, and
January for the year 2013. Days with variations in GHI values
were spotted and variations (decay and recovery) were
coloured for elaboration. Sample plots for selected durations
of selected days from the four months are depicted in the
following figures. Fig. 2 and Fig. 3 present variations in GHI
values measured on January 23,2013 at 11:05:00 to 11:15:59,
and April 14,2013 at 09:46:00 to 09:59:59 respectively.

3.1. GHI relative % change

The normalized relative % changes for GHI values were
calculated. Assuming the GHI values drops from GHI; to GHJj
and then recovers once more to reach GHIx, as shown in Fig.
4, then the Decay Normalized Relative % change (DNR) and
the Recovery Normalized Relative % change (RNR) can be
calculated using the following equations, respectively.

oNR o, = LGHL = GHI:| "
GHIy

aNR o = = GHI, @
GHIy

where GHIwm is the maximum GHI value observed over
the current hour.

The values of the DNR% and RNR% are both referred to
as the GHI normalized relative % changes. These % changes
are evaluated for each of the 4 chosen months and a statistical
analysis performed. The changes were categorized/divided
into classes/ranges, and then a histogram plot representing the
frequency of each GHI normalized relative % change range
was plotted. The mean and standard deviation of the
normalized relative % change values were used to calculate
the Probability Density Function (PDF) and the Cumulative
Distribution Function (CDF). The PDF presents the
probability of a normalized relative % change value occurring.
The CDF indicates the probability that a certain normalized
relative % change value is equal or less than a specified value.

The Matlab® Statistics and Machine Learning Toolbox
built in functions “pdf” and “cdf” shown below were used and
yielded the presented results.

P = pdf('Normal', x, p, 0);

C = cdf('Normal', x, p, 6);

where 'Normal' refers to the name of the distribution
used, x is a vector of the GHI normalized relative % changes,
p is the average value, and ¢ is the standard deviation.

The statistical formulas used for the PDF and the CDF
calculations are as follows.

The probability density function (PDF) is:

—(x—p)?
202 , O

1
[ =—7=¢
>0 3)

The cumulative distribution function is:

R = | TG
xX) = —— e 20
o OV2T
>0 (4)

where p is the mean, o is the standard deviation, and ¢? is
the variance.

dt ,o

3.2. GHI decay duration

The decay duration is the time taken for the GHI curve to
drop from point GHIito point GHJj before starting to recover
as shown in Fig. 4. The values of the decay durations for each
of the 4 chosen months are evaluated. They are categorized
into ranges and then the histogram plot, which represents the
frequency of each decay duration range, is plotted. The mean
and standard deviation of the decay duration values are used
to calculate the PDF and the CDF.

3.3. Meteorological parameters analysis

The CSM meteorological parameters are analyzed in this
section, including the mean speed of the cloud, the cloud gust,
the number of clouds passing each hour, the width of the
clouds, and the time interval between consecutive clouds are
analyzed in this section.

The length and width of the cloud are parameters that
should be incorporated into the analysis. In the CMS the cloud
is simulated as a rectangle with a length equal to the widest
side of the circuit in the direction of the cloud motion [33, 34],
where the width of the cloud can be set to a measured value.
The width of the cloud can be estimated roughly using the
decay duration and the average cloud/wind speed as follows:

Cloud Width (feet) =

decay duration (sec) x mean cloud speed (feet/sec) (5)
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Fig. 2. January variations in GHI values measured on 01/23/2013 at 11:05:00 - 11:15:59
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Fig. 3. April variations in GHI values measured on 04/14/2013 at 09:46:00 - 09:59:59

4. Results and Discussion

4.1. GHI relative % change analysis results

The histogram, the cumulative density function (CDF)
and the probability density function (PDF) for the GHI
normalized relative % change calculated values are depicted
for each of the 4 months in Fig. 5 to Fig. 8. It is observed that
the dominant (most frequent) value of the GHI relative %
change for January, July and October is in the range of 70%
to 80%. Whereas, the dominant (most frequent) value of the
GHI relative % change for April is in the range of 60% to 70%.

It is noted that July has the worst GHI relative % change
which is equal to 80% or less for 98.59% of the time. The GHI

relative % change value with the highest PDF for July is
62.5%. April has the lowest value for GHI relative % change
among the 4 months which is 70%, or less for 82.64% of the
time. The GHI relative % change with the highest PDF for
April is 61.4%. It is worth noting that the GHI relative %
change with the highest PDF for October is 70.30%.

When combining the GHI normalized relative % change
for the 4 months and plotting them we get a most frequent GHI
normalized relative % change in the range of 70% to 80%.
The relative change of GHI for the 4 months combined is 70%
or less for 63.32% of the time, and this is depicted in Fig. 9(a).
In Fig. 9(b) it is shown that the GHI normalized relative %
change with the highest PDF for the 4 months combined is
64.26%.
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Fig. 4. Variations in GHI values measured over a specified time interval
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4.2. GHI decay duration analysis results

The histogram, the CDF, and the PDF for the GHI decay
duration calculated values are depicted for each of the 4
months in Fig. 10 to Fig. 13. It is observed that the most
frequent decay duration time for January and July is in the
range of 10 to 15 seconds, whereas for April and October it is
in the range of 5 to 10 seconds. It is shown in Fig. 14(a) that
when combining the GHI decay duration values for the 4
months and plotting them we get a most frequent GHI decay

duration values in the range of 10 to 15 seconds.
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The GHI decay duration is equal to 20 seconds or less for
68.07% of the time for the 4 months combined. In Fig. 14(b)

it is shown that

the GHI decay duration for the 4 months with

highest PDF value is 19 seconds. Table 1 shows a brief

comparison of

the GHI analysis results for the different

months of the study.
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Table 1. Comparison of the GHI analysis results for the different months of the study

January | April | July October | Normalized for the 4 months
Most frequent value of the GHI relative % change 70-80 60-70 | 70-80 70-80 70-80
Most frequent GHI decay duration time in seconds 10-5 5-10 10-15 5-10 10-15

4.3. Meteorological parameters analysis results

Fig. 15 to Fig. 19 depict the analysis of the CMS
meteorological parameters. The average cloud speeds for the
4 months January, April, July, and October of the year 2013
were combined as a representative of the 4 seasons of the year
2013. Frequency, CDF, and PDF of the cloud average speed
are calculated and plotted in Fig. 15. It is observed that the
most frequent average speed is 5 to 10 ft/sec (3.41 to 6.81
mph). It is also noticed from Fig. 15(a) that the mean cloud
speed is less than or equal to 15 ft/sec for 88.61% of the time.
The mean cloud speed with the highest PDF is 10 ft/sec (6.81
mph), as shown in Fig. 15(b). Fig. 16 presents the clouds gusts
analysis for the 4 months. Fig. 16(a) shows that the dominant
clouds gust falls in the range of 35-40 ft/sec (23.86 -
27.27mph). It is observed that for 70.7% of the time the clouds
gust is less than or equal to 40 ft/sec (27.27mph). The cloud
gust with the highest PDF is 36 ft/sec (24.54 mph).
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Fig. 14. The four months combined GHI decay duration
values in seconds (a) CDF and Frequency (b) PDF

Fig. 17 shows the cloud width analysis for the 4 months
as per the definition of the cloud width elaborated in Section
3.3. The most frequent cloud width is in the range of 100 -200
feet. For 79.18 % of the time the cloud width is less than or
equal to 300 feet. The cloud width with the highest PDF is
220.5 ft. The time interval between two consecutive clouds is
the time taken for the GHI value to change from GHIk value
to the consecutive drop in the GHI value as shown in Fig. 4.
Fig. 18 depicts the analysis for the time interval between 2
consecutive clouds for the 4 months combined. The most
frequent time between 2 successive clouds is in the range of
10 to 20 seconds. The interval between 2 successive clouds is
less than or equal to 30 seconds for 79.79% of the time. The
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interval that has the highest PDF value is 21 seconds between
successive clouds.

The number of clouds per hour is analysed in Fig. 19. The
most frequent number of clouds per hour is 5 clouds or less.
The number of clouds is less than or equal to 10 clouds per
hour for 70.83% of the time. The number of clouds per hour
that has the highest PDF value is 8 clouds per hour. Table 2
presents a comparison of the meteorological parameters
analysis results.
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Time interval between 2 clouds - combined
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Number of clouds per hour - combined
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5. Conclusion

Accurate simulation of clouds, which are the key reason of
variability in the irradiance received by PV generators, is of
interest due to the escalating growth in solar resources
implemented worldwide. This paper introduces a statistical
analysis of the received irradiance by a real PV plant as well
as the meteorological conditions/parameters surrounding the
PV arrays. The meteorological data analyzed include the
speed of clouds, number of clouds passing, width of the
clouds, and the time interval between consecutive clouds.
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Table 2. Comparison of the meteorological parameters
analysis results

Normalized for

the 4 months
Most frequent average cloud speed in ft/sec 5-10
Most frequent clouds gust falls in ft/sec 35-40
Most frequent cloud width in feet 100-200
Most frequent time between 2 successive 10-20
clouds in seconds
Most frequent number of clouds per hour 5 clouds or less

One objective of this study is to determine the parameter
values needed by a Cloud Motion Simulator (CMS), which is
a software that simulates the repeated passage of clouds over
an electric power system model with PV generation. The CMS
simulates the effects of cloud shadows on PV systems, and the
consequent voltage fluctuations in a quasi-steady-state
fashion. For the relative % change in GHI values, results
showed that July has the worst GHI relative % change which
is equal to 80% or less for 98.59% of the , and April has the
lowest value for GHI relative % change among the 4 months,
which is 70%, or less for 82.64% of the time. The relative
change of GHI for the 4 months combined is 70% or less for
63.32% of the time. For the GHI decay duration analysis
results, it is noted that the most frequent decay duration time
for January and July is in the range of 10 to 15 seconds,
whereas for April and October it is in the range of 5 to 10
seconds. Moreover, the GHI decay duration is equal to 20
seconds or less for 68.07% of the time for the 4 months
combined. The meteorological parameters analysis results for
the 4 months cobined showed that: The most frequent average
cloud speed is 5 to 10 ft/sec (3.41 to 6.81 mph). The mean
cloud speed is less than or equal to 15 ft/sec for 88.61% of the
time. The cloud gusts analysis for the 4 months showed that
the dominant cloud gust falls in the range of 35-40 ft/sec
(23.86 - 27.27mph). The most frequent cloud width is in the
range of 100-200 feet. The most frequent time between 2
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successive clouds is in the range of 10 to 20 seconds. The most
frequent number of clouds per hour is 5 clouds or less. These
parameters are to be fed to the CMS which is the software that
simulates the repeated passage of clouds over a distribution
model and interconnected PV, to study the effects of cloud
shadows on the PV system output, and the consequent voltage
fluctuations. The results of this analysis enable further studies
on the characterization of the uncertainties associated with PV
generation.
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