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ARTICLE INFO ABSTRACT

The cloud enhancement (CE) of solar irradiance is a well-known phenomenon, but its effects on PV power plants
are not thoroughly understood. Because of scalability, the diameters of PV generators can vary from some meters
up to several hundreds of meters. The output power of a PV generator depends mainly on the irradiance to the
PV panels. Therefore, if the irradiance is enhanced, the actual output power might exceed the nominal power.
We created a method to estimate the average irradiance over typical land areas of PV generators. The average
irradiance over the PV generator land area was used to calculate the frequency, duration and average irradiance
of the CE events. The analysis was based on actual irradiance measurement data from an array of pyranometers
on an area of 1400 m?, which corresponds to the land area of 0.1 MW PV generator. We found out that the focus
areas of the CE events have diameters of the order of tens of meters. Therefore, up to 0.1 MW power range, the
land area of the PV generator does not greatly affect the maximum average irradiances. In this power range, the
average irradiance was measured to be up to 1.5 times the clear-sky irradiance. The CE events affecting utility-
scale PV generators were estimated to have maximum average irradiances of 1.4 times the clear-sky irradiance,
but the number of these CE events is considerably lower.
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1. Introduction

The global irradiance is a sum of direct, diffuse and reflected irra-
diances (Stoffel, 2013). The direct normal irradiance (DNI) is the direct
irradiance from the sun on a perpendicular surface to the direct irra-
diance path, and the diffuse horizontal irradiance (DHI) is the indirect
irradiance that is scattered from the clouds, air molecules and aerosols
in the atmosphere. The DNI is measured with 2.5° half-angle around the
solar disk and therefore, in practice, the direct irradiance contains some
diffuse irradiance (Blanc et al., 2014). Reflected irradiances can be
caused naturally by snow, water, ice, and ground albedo or by reflec-
tions from building facades in built environments. The global tilted
irradiance (GTI), i.e., the actual irradiance received by the tilted PV
panel depends on its tilt and azimuthal angle, and on several environ-
mental parameters. The nominal power of PV panels is defined under
the standard test condition (STC) irradiance of 1000 W/m?.

On partly cloudy days, the irradiance can exceed the expected clear
sky irradiance value. This well-known phenomenon is known as cloud
enhancement (CE), but it is also referred as overirradiance or irradiance
enhancement. The CE phenomenon can be observed all around the
world - from the equator to high latitudes and from sea level to high
altitudes. Measurements of extreme irradiance values have been pub-
lished on numerous papers. Emck and Richter (2008) measured global
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horizontal irradiance (GHI) of 1832 W/m? in Ecuador at the altitude of
3400 m, (Gueymard, 2017a) measured GTI of 2000 W/m? at 40 degrees
Northern latitude at an altitude of 1829 m, and (Yordanov et al., 2015)
measured 1.6 kW/m? at sea level at 60 degrees of Northern latitude.
Traditionally, the CE phenomenon has been explained by reflections
from cloud edges (Norris, 1968). However, this is insufficient and too
general explanation of the complex phenomenon. Yordanov et al.
(2013a) states that the CE phenomenon is mainly due to strong forward
Mie scattering inside the cloud, and that the strongest CE events occur
when a narrow gap is surrounded by thin clouds within 5° around the
solar disk. In Yordanov et al. (2015), such conditions caused a CE event
with irradiance of 1.6 kW/m?2 Gueymard (2017b) and Gueymard
(2017a) reviewed the typical explanations of CE and studied the effect
of cloud and albedo enhancement to GHI and GTIL In (Gueymard,
2017b) the CE events were categorized in three groups: (i) the tradi-
tional case is the enhancement of irradiance by clouds near the sun disk;
(ii) it is possible that under homogenous cloud deck the DHI can be
large before and after the CE event so that the cloud edges do not
contribute much to the irradiance enhancement, and (iii) the sun is
partially obscured by a thin cloud layer so that the DHI can get very
high values while the direct irradiance has relatively low values.
Especially on cases (ii) and (iii), high ground albedo can further en-
hance the irradiance. The CE phenomenon has been studied by
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Fig. 1. Dimensions and layout of the TUT solar PV power research plant of Tampere University.

simulations. Yordanov (2015) utilized NASA’s I3RC 3D Monte Carlo
model to simulate the radiative transfer of solar photons through a gap
in a cloud. They showed that in case of overhead sun, irradiance could
be 1.8 times the clear-sky irradiance. Pecenak et al. (2016) used 2D
Monte Carlo radiative transfer model to study the effect of cloud optical
depth and solar zenith angle to the irradiance enhancement. They
showed that irradiance could be enhanced 1.47 times the clear-sky ir-
radiance in case of one cloud and 1.63 times in case of two clouds, and
that the irradiance enhancement increases with increasing solar zenith
angle.

Because the CE phenomenon is tied to clouds, the affected land
areas are limited in size. Typically, the irradiance measurements have
been done by using only one sensor, and therefore the results cannot be
directly applied to large PV generators that are spread on relatively
large land areas. If the sampling frequency is too low, the CE events
with short duration might not be detected, or similarly, if the response
time of the sensor is too long, some CE events might not be detected or
several CE events within short time period might be detected as one.
Even though the CE phenomenon is well known, its effect on actual PV
systems has not been thoroughly studied. Zehner et al. (2012) analyzed
the operation of a PV panel during CE events and showed that the
power can be 30% higher than the nominal power. The spatial extent of
the phenomenon has been covered in some papers. E.g. in Weigl et al.
(2012), it was proven that the CE phenomenon can affect the operation
of large PV generator by analyzing the irradiance measurement data of
17 pyranometers spread on large land area. Similarly, Espinosa-Gavira
et al. (2018) presented a measurement setup consisting of 16 pyr-
anometers spread on land area of 15 m X 15 m with two examples of
CE areas covering the test setup completely. However, these papers do
not provide systematical analysis on the occurrence or duration of the
CE events. Luoma et al. (2012) studied the effect of CE phenomenon on
inverter sizing. They estimated the output power of a PV generator by
time averaging the irradiance data based on average movement speed
of the clouds. In addition, some papers list durations of some of the CE
events that can be used to some extent to estimate the land areas of the
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CE events (de Andrade and Tiba, 2016; Yordanov et al., 2013a).
However, clouds do not move with constant speed (Lappalainen and
Valkealahti, 2016) and using an average value does not provide ex-
haustive results.

The sizes of the CE areas and the average irradiances are relevant
factors when assessing the operation of PV power plants. Operational
characteristics of PV cells are heavily related to environmental condi-
tions — the short circuit current is almost directly proportional to the
irradiance, and the open circuit voltage is inversely proportional to the
temperature of the cell. In practice, the irradiance over the PV cell gives
a good estimate on what is the maximum output power. Therefore,
during the CE events, actual maximum power of a PV generator can be
much higher than the nominal power defined in the STC irradiance,
especially in cold and in high irradiance environments. If the PV gen-
erator power is higher than the rated power of the inverter, the inverter
will operate in power limiting mode. In practice, power is limited by
increasing the operating voltage, thus reducing the current and conse-
quently the power. The effect of CE events on inverters have been
discussed in Tapakis and Charalambides (2014) and on the operating
point of the PV generator in Zehner et al. (2012).

The novelty of this paper is in the analysis of average irradiance
over land areas corresponding to land areas from residential to large
utility-scale PV generators. We studied the characteristics of CE areas
by using real irradiance measurement data from an array of pyr-
anometers with sufficient sampling frequency and spatial extent. We
created a method to estimate the average irradiance over the land areas
of different PV generator sizes and counted the frequency, measured the
durations, and calculated the average irradiances of the CE events. The
method was validated by comparing the results based on estimated
average irradiance to results based on actual average irradiance mea-
sured by an array of pyranometers over an area corresponding to a
0.1 MW PV generator and a close accordance was noticed.
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2. Data
2.1. Measurement setup

The measurement data consist of irradiance measurements of 21
photodiode based pyranometers (Kipp & Zonen SP Lite 2) in the TUT
solar PV power research plant on the rooftop of Tampere University in
Finland in Northern Europe Torres Lobera et al. (2013). The pyr-
anometers have fast response time (< 500 ns to 95%) and they can
measure irradiance up to 2000 W/m?. The pyranometers are installed
in fixed 45° tilt angle facing 23° east of due south. The irradiance data is
read with CompactRIO data-acquisition card by National Instruments,
and then stored to database. The dimensions of the research plant and
the layout of the panels and pyranometers are presented in Fig. 1. The
distance between two furthermost pyranometers is 56 m and the land
area marked with dotted red line is approximately 1400 m? which
corresponds to the land area of a 0.1 MW PV generator (Ong et al.,
2013). This land area consisting of 21 pyranometers is referred later as
0.1 MW TUT PV plant.

2.2. Measurement data

The analysis is based on 23 summer months from 2014 to 2018. The
sampling frequency of the measurements was 10 Hz. Typically, to en-
sure the accuracy of the analysis, sub-second sampling frequency is
needed when analyzing CE events (Yordanov et al., 2013b). Irradiance
profiles of a clear-sky day on 28th of May 2018 and a partly cloudy day
seven days later on 4th of June 2018 are presented in Fig. 2. Both
measurements were done with pyranometer S12 located in the middle
of the research power plant. Solar noon during these days was 12:22
and 12:23, and sun altitude was 50° and 51°, respectively. Due to the
installation angle, the pyranometer is facing the sun at 11:18 and 11:19
while the sun altitude was 48° and 49°, respectively. The peak irra-
diance value on the clear sky day is approximately 900 W/m?2. On
average, the clear-sky day peak irradiance measured with this setup in
June and July is approximately 915 W/m?. This value is used as re-
ference clear-sky irradiance when analyzing the results. On the partly
cloudy day in Fig. 2, irradiance exceeds the clear-sky irradiance nu-
merous times throughout the day. The peak irradiance value was
1215 W/m?, which was 1.32 times the average clear-sky peak irra-
diance value.

2.3. Data validation

Because of the non-ideal measurement environment, occasionally
some of the pyranometers were measuring abnormal irradiance values.
These abnormalities are caused by small differences in the orientation
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Fig.2. Irradiance profiles on clear-sky and partly cloudy days on 28th of May
2018 and 4th of June 2018.
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of the pyranometers, shadings and reflections from the nearby trees and
building structures, snow albedo on some spring days, and occasionally
some fast shading events are caused by birds. Because of the 45° tilt
angle, the pyranometers are susceptible to snow albedo, and therefore
inclusion of the days affected by this would unduly skew the results.
Therefore, to consider only the effect of the CE phenomenon and to
increase the accuracy of the results, we detected these abnormalities by
systematically analyzing the clear-sky periods, when all the pyr-
anometers should be under uniform irradiance conditions. In case of
some of the measurements had systematic errors, they were fixed to
correspond the measurements of other pyranometers. In case the ab-
normalities were occasional in nature, the measurement data from af-
fected pyranometers was neglected or the day was removed from the
analysis. The measurements are affected to some extent by ground al-
bedo during the summer months. The roof is tar-and-gravel roof and the
area in front of the pyranometers is mostly open. The 45° tilt angle is
close to the typical 35° tilt angle used in Central Europe.

3. Methods
3.1. Cloud shadow movement

Because the CE events are tied to clouds, the speeds and movement
directions of the CE areas can be estimated by analyzing the cloud
shadow speeds and movement directions. The cloud shadow speeds and
movement directions were calculated by analyzing the time differences
of increasing and decreasing irradiance transitions between three
nearby pyranometers using the method presented in Lappalainen and
Valkealahti (2016). The attenuation of irradiance due to shading with
respect to unshaded situation irradiance on the leading and tailing
edges of the identified cloud shadows was required to be at least 30%.
The irradiance transitions identified in the measured data were para-
metrized to fit the modified sigmoid function presented in Lappalainen
and Valkealahti (2015a). We used pyranometers S2, S5 and S6 to de-
termine the speeds and movement directions of around 18,000 cloud
shadows on 512 days. If a different group of sensor had been used,
individual speeds and movement directions would have differed
slightly, but the average of the speeds would be have been almost the
same (Lappalainen and Valkealahti, 2015b).

3.2. Cloud enhancement area movement

A simple and relatively good method to estimate the movement of
CE areas would be to use the daily average speeds of the cloud shadows
(Jarveld et al., 2018). However, on days with clearly changing trend in
cloud shadow speeds, the usage of the average speeds will distort the
results. To take the variation and changing trends in speeds into con-
sideration, a better method is polynomial curve fitting. Fig. 3 presents a
third order polynomial fitting on a day with clear increasing trend of
cloud shadow speeds. Because the method used to estimate the cloud
shadow speeds is based on assumptions that the cloud shadow edge is
linear, the velocity is constant, and the sensors are covered by the
shadow of the same cloud, it may occasionally give distinctly odd re-
sults to the prevailing trend. Moreover, clouds on several altitudes with
different speeds and gusts of wind on the altitude of the clouds may
exist which may lead to results differing from the trend. Therefore, 10%
of the deviant data points were excluded from the analysis so that the
relative root mean square error (RRMSE) of polynomial curve fit was
minimized. During the day presented in Fig. 3, the RRMSE of the fit to
the speeds of 90% of the cloud shadow event was 13.4% and estimated
cloud shadow speeds gradually increased from 9 m/s to 15 m/s.

The estimated speed of cloud shadows matches closely the speed of
CE areas. This can be observed in Fig. 4, which presents synchronized
irradiance measurements of pyranometer S9 on the west side and S14
on the east side of the research power plant during a CE event on a
partly cloudy day on 23rd of May 2015. Both irradiance profiles have
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Fig. 3. Cloud shadow speeds and the fitted polynomial curve on 15th of June
2015.
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Fig. 4. Synchronized irradiance measurements of two pyranometers 40 m apart
from each other on a partly cloudy day on 23th of May 2015.

almost identical shapes. The movement direction of the cloud shadows
was approximately from west to east and the speed was about 18 m/s.
The time difference between all irradiance transitions is close to two
seconds, which matches with the 40 m distance between the pyr-
anometers, and the movement directions and speeds of the cloud sha-
dows. The leading edge of the CE area has smooth transition, but the
tailing edge has several fluctuations before the final drop in irradiance.
The irradiance peaks at the tailing edge do not have identical values
between the pyranometers, meaning that the geometry of the cloud is
changing slightly, thus the irradiance is also changing. The duration of
the CE event was approximately 33 s when measured from the clean
leading edge until the first irradiance dip on the tailing edge. When
considering the 18 m/s average movement speed, the diameter of the
CE area with almost constant irradiance is more than 0.5 km.

The CE area presented in Fig. 4 was observed on all pyranometers.
The leading edge had clean shape and it was perpendicular to the
movement direction. The tailing edge did not have as clean shape, but
the movement speed was the same as that of the leading edge. Evi-
dently, the CE area edges are tied to clouds and the speeds and
movement directions of the CE areas can be deduced by analyzing the
speeds and movement directions of the cloud shadows. The irradiance
profiles during this CE event are presented in Fig. 10 and further ana-
lyzed in Section 4.2.

3.3. Validation of the cloud data

When the movement directions and speeds of the cloud shadows are
consistent enough, the CE areas are also moving in the same directions,
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with the same speeds, and with relatively stable shapes. As presented in
Fig. 4, this gives accurate results when calculating the actual diameters
of the CE areas. However, it is not always possible to use the average
speeds and directions of cloud shadows to estimate the CE area char-
acteristics reliably. Clouds can be categorized into low, mid and high
clouds according to their altitude (Houze, 2014) and because of wind
shear, wind speed and direction can vary as a function of altitude.
Therefore, clouds and consequently cloud shadows can have different
movement directions and speeds. In these kinds of cases, the CE areas
cannot be presumed to have all the time consistent enough shapes,
speeds and movement directions.

The RRMSE gives a good estimate how closely the determined cloud
shadow speeds follow the estimated overall speed. Because clouds can
be on different layers, the analysis must be limited on days with con-
sistent enough cloud shadow speeds to ensure the affiliation between
the cloud shadow and the CE area speeds. The criteria to include the
days into the analysis must be strict, because the 10% of the deviant
data points, which might have been valid measurements, were removed
from the analysis. To get a good estimate of the cloud shadow speeds,
we limited the analysis on days with 20 or more identified cloud sha-
dows. In addition, the RRMSE must be under 20% and the estimate of
the CE area speed should not change more than 50% of the mean value
within a day. The variation in movement directions of cloud shadows
within the days was not found to affect the results and therefore it was
not used as a validation criterion. The chosen criteria affect directly the
accuracy of the results.

We identified cloud shadows on 512 separate days of which 260 had
more than 20 identified cloud shadows. The rather strict validation
criteria were fulfilled by 77 days. However, seven of these days had to
be removed from the analysis because of abnormal irradiance mea-
surements that were too deviant in nature. Eventually, 70 days were
included in the final analysis.

3.4. Estimating the average irradiance

PV power plants are constructed of blocks consisting of a PV gen-
erator, an inverter and a transformer. The power of the PV generator is
related closely to the inverter type. Because the PV generator power is
almost directly proportional to the land-area, we selected the studied
land-areas based on typical power ratings of medium size and large
string inverters, and medium size and large central inverters. The
powers, land areas, side lengths and power densities of the studied PV
generators are listed in Table 1. The land areas are based on typical land
areas of such PV generators (Ong et al., 2013). PV generators are as-
sumed to have a square shape, although, in practice, PV generators
have different shapes depending on many factors. The side length of the
PV generator is used as an input parameter for the simulations. One
should also note that the 0.1 MW PV generator with a side length of
35 m corresponds to the land area of the 0.1 MW TUT PV plant, which
serves as a reference to validate the results.

To measure the actual irradiances and the shape of the CE areas
more precisely, measurements over a huge land area would be required.
Unfortunately, such measurements are not available. The average dia-
meter of the cloud shadows is about 800 m and the median diameter is
about 300 m (Lappalainen and Valkealahti, 2016). Therefore, we

Table 1
Power ratings, land areas, side lengths, and power densities of the studied PV
generators.

Power (MW) Land area (m?) Side length (m) Power density (W/m?)
0.02 225 15 89
0.1 1225 35 82
1 15,625 125 64
4 62,500 250 64
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assumed that the CE areas crossing the PV generators were created by
linear cloud edges and the movement direction was perpendicular to
the PV generator side with a parallel edge. In this way, the CE areas can
be studied in one dimension and calculation of the average irradiance is
straightforward. This is a valid assumption when the studied land areas
are relatively small. However, the uncertainty of the results increases
the larger the studied land-area is. The average irradiance was calcu-
lated by time averaging the single point irradiance data. Time aver-
aging factor was calculated based on the side length of the PV generator
land area and the estimate of the cloud shadow speed. The average
irradiances of the studied PV generator sizes are presented in Fig. 5 for
a period of 2 min. The black line presents the raw irradiance data from
the pyranometer S12 in the middle of the research power plant and the
red line presents the interpolated measured average irradiance over the
research power plant area marked with the dashed red’ line in Fig. 1.
The blue, green and magenta lines present the estimated average irra-
diance over land areas of 0.1, 1 and 4 MW PV generators, respectively.
During this period, two CE events occurred, the first lasting approxi-
mately 33 s and the second 13 s. The movement speed of the CE areas
was 16.5 m/s and, consequently, the diameters of the CE areas were
approximately 545 m and 215 m, respectively.

The rate of change of average irradiance depends on the land area of
the PV generator. The bigger the land area, the slower are the changes
in the average irradiance. In addition, if the diameter of the CE area is
smaller than the dimension of the PV generator, the CE area cannot
cover the PV generator completely. Consequently, the average irra-
diance on the PV generator cannot get high values, as is the case with
the 4 MW PV generator during the second CE event in Fig. 5.

When the irradiance profile has a clean shape, the estimated
average irradiance of the 0.1 MW PV generator and the actual measured
average irradiance of the 0.1 MW TUT PV plant matches each other
accurately. The biggest differences can be observed during the periods
when the irradiance has fast and strong fluctuations or when the edge of
the CE area moves over the research power plant. This might cause
some inaccuracies in the analysis of CE events with short duration.

3.5. Analyzing the cloud enhancement events

An easy way to define a CE event is to compare the average irra-
diance to clear-sky irradiance value. In there, a CE event begins when
the average irradiance exceeds the expected clear-sky irradiance and
ends when the irradiance drops below it. However, from the PV power
system point of view, a better way is to compare the average irradiance
to the STC, clear-sky maximum or some other static irradiance value.
Therefore, we recognized all the events where the average irradiance
exceeded a certain value. We did this systematically for a range of ir-
radiance values and measured the durations and counted the number of
these events for each irradiance value separately. It should be noted,
that by using this method, the average irradiance could occasionally
drastically exceed the set irradiance limit.

The used definition and analysis of CE events is exemplified in
Fig. 6, where the average irradiance of land areas corresponding to
0.1 MW and 4 MW PV generators are aligned with the irradiance data of
pyranometer S12. The CE events exceeding a set limit of 1000 W/m?>
are highlighted with a thicker line. The average irradiance of the
0.1 MW PV generator follows the single point irradiance quite closely
and, consequently, there are two CE events with durations of 15 s and
19 s. However, under the same irradiance conditions, the average ir-
radiance of the 4 MW PV generator varies less resulting in only one CE
event with duration of 29 s, which is due to spatial smoothing. The
average irradiance over the 4 MW PV generator stays over the 1000 W/
m? limit even though there is a brief dip in the measured single point

! For interpretation of color in Figs. 1, 5, 7, 8 and 12, the reader is referred to
the web version of this article.
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irradiance. In addition, the peak average irradiance of the 0.1 MW PV
generator reaches 1200 W/m? but is only 1100 W/m? for the 4 MW PV
generator.

Durations of the CE events are systematically calculated for different
average irradiance limits. It should be emphasized that the average
irradiance can considerably exceed the set limit value used to define the
beginning and the end of a CE event. This is relevant especially with
smaller PV generators where the land areas can be considerably smaller
than the CE areas. In addition, the irradiance in some parts of the CE
area might also be less than the set limit. This is more relevant for larger
PV generators with relatively large land areas.

Average irradiance can be used to estimate the theoretical max-
imum power of a PV generator. In practice, the actual maximum power
of the PV generator depends on several parameters, such as irradiance
profile, cell temperature and temperature differences between the cells,
configuration and layout of the panels, and movement direction of
shading or enhancement areas. The performance of crystalline silicon
cells depends heavily on the cell temperature. In steady state condi-
tions, the cell temperature is almost linearly dependent on the irra-
diance (Koehl et al., 2011). On partly cloudy days the operating con-
ditions can change fast, and the cell temperature can drop during the
shading periods preceding the overirradiance events, which will further
enhance their effect on the PV generator power. In (Weigl et al., 2012)
the operation of a PV power plant during a CE event was simulated
when the PV power plant was constructed by either string or central
inverters. They showed that the possible non-uniformity of the irra-
diance profile affects the current-voltage characteristics of the PV
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generator. These non-uniform operation conditions will cause mis-
match losses, which will lead to lower actual maximum power than the
theoretical maximum power. In Paasch et al. (2014), it was shown that
the mismatch losses depend on the movement direction of cloud sha-
dows. However, many of the parameters causing non-homogenous
conditions for the PV generator have finally revealed to cause only
marginal energy losses. For example, different panel configurations
have only a small practical effect on mismatch losses (Lappalainen and
Valkealahti, 2017), and instead of one, having multiple maximum
power point trackers on spatially long PV string does not affect the net
energy gain in long term (Paasch et al., 2015). The inclusion of para-
meters causing mismatch losses to the simulation model would sig-
nificantly complicate the analysis and escalate the research space to be
infeasible. Therefore, for the sake of clarity, we have chosen to use the
simple method of counting the CE events only based on the average
irradiance.

4. Results and discussion
4.1. Number of cloud enhancement events

The cumulative number of CE events as a function of average irra-
diance on PV generators of different sizes are presented in Fig. 7. The
number of events decreases with increasing average irradiance and with
increasing PV generator land area. In addition, the maximum average
irradiance experienced by the PV generators decreases with increasing
generator size. The number of CE events experienced by the estimated
0.1 MW PV generator and the actual 0.1 MW TUT PV power plant were
almost the same along the analyzed irradiance range.

One main criteria for selecting days for analyses was a minimum of
20 identified shading events in a day. Therefore, the numbers in Fig. 7
cannot be directly used to analyze the overall occurrence of CE events.
However, the results can be used to compare the occurrence of the
events between PV generators of different sizes. During the 70 days
included in the analysis, the irradiance measured with a single pyr-
anometer exceeded the STC irradiance of 1000 W/m? approximately
6000 times, and the average irradiance of the 0.1 and 1 MW PV gen-
erators exceeded it over 3000 and 2000 times, respectively. The relative
difference between the numbers of CE events on 0.1 MW and 1 MW PV
generators increases with increasing average irradiance limit. This is
plausible due to increase of spatial smoothing of irradiance with in-
creasing generator area.

4.2. Duration of cloud enhancement events

The maximum durations of CE events exceeding the average
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Fig. 7. Cumulative number of CE events as a function of average irradiance on
PV generators with different sizes.
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Fig. 8. Maximum durations of CE events exceeding the average irradiance limit
of PV generators with different power ratings.

irradiance limit for different PV generator sizes are presented in Fig. 8.
The durations of the events decrease fast with increasing irradiance.
Peak values of average irradiances were close to 1400 W/m?, which is
over 1.5 times the average clear-sky peak irradiance. The maximum
durations of the strongest CE events with average irradiance exceeding
1300 W/m? were approximately ten seconds covering an area with
dimensions of few hundred meters. CE events with average irradiances
exceeding 1200 and 1100 W/m? lasted from one up to four minutes
covering areas from several hundred meters up to few kilometers in
dimension, respectively. These results are in line with other papers,
where the enhanced irradiance has been reported to be over the STC
irradiance for several minutes (de Andrade and Tiba, 2016; Yordanov
et al., 2013a). The maximum durations of the CE events were not de-
pendent on the PV generator land area up to 1200 W/m? irradiance,
because the dimensions of PV generators are comparatively small with
respect to the diameters of CE areas. Only at high irradiances, the
diameters of the CE areas approach the dimensions of PV generators
leading to decreasing maximum duration with increasing generator
size. The steps in the maximum duration curves are due to single events
defining the maximum durations in certain irradiance ranges. For ex-
ample, the red curve (TUT 0.1 MW) is due to CE events occurring on
eight different days.

The maximum durations of the CE events for the estimated 0.1 MW
PV generator and for the actual 0.1 MW TUT PV plant are equal almost
up to 1300 W/m?, but at higher irradiances, the maximum duration on
the estimated PV generator is approximately three seconds longer. This
is mostly caused by the differences in the dimensions of the actual and
estimated PV generators. The 0.1 MW TUT PV plant does not have a
square shape and has a long maximum dimension of 56 m compared to
the side length of 35 m of the estimated PV generator. Because the
measurement setup consists of 21 pyranometers spread on relatively
tight grid, it is possible to examine the exact irradiance profiles of the
CE events. We used the linear interpolation method of Matlab’s griddata
function to calculate the irradiance values between the pyranometers.
The irradiance profile of a CE event with the peak average irradiance of
1363 W/m? is shown in Fig. 9. This event defined the shape of the TUT
0.1 MW maximum duration curve (Fig. 8, red line) on irradiance values
of 1282-1363 W/m? and for the estimated 0.1 MW area (Fig. 8, blue
line) on irradiance values of 1278-1373 W/m?. Movement direction of
the CE area was approximately from west to east and the speed was
13 m/s. By considering the duration of this CE event (Fig. 8), its dia-
meter can be estimated to be of the order of the side length of the
estimated 0.1 MW generator explaining the difference in duration at
high irradiances. This is also visible in irradiance distribution of Fig. 9.
The extended PV generator areas smooth out these kind of high and fast
CE events quite effectively.
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Fig. 10. Irradiance profile of the leading edge (top row), constant irradiance area (middle row) and tailing edge (bottom row) of a CE event on 23th of May 2015.

Because of the 10 Hz sampling frequency, the irradiance data can be
used to create detailed videos of the CE area movement. Fig. 10 pre-
sents the irradiance profile of the leading edge (0.5 s sampling), con-
stant irradiance area (6.0 s sampling) and the tailing edge (1.0 s sam-
pling) of the CE area presented previously in Fig. 4. The irradiance had
clear transition from shaded area to CE area, the edge of the CE area
was almost linear, and it was perpendicular to its movement direction.
During the CE event, the irradiance remained practically constant. The
tailing edge of the CE area did not have a clear transition from CE area
to shaded area. However, the movement speed of the tailing edge
(leading edge of new cloud shadow), was the same as the leading edge
of the CE area (tailing edge of passing cloud shadow).

The maximum durations presented in Fig. 8 are the longest CE
events on the observation period. However, the distributions of the
durations give a better understanding of typical characteristics of the
CE events and their effect on PV power systems. Fig. 11 presents the
distributions of the durations of the CE events on the estimated 0.1 MW
PV generator and the actual 0.1 MW TUT PV plant for three different
irradiance levels. The distributions of the estimates and actual
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=
-~
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Fig. 11. Distributions of CE event durations exceeding the average irradiances
of 1100, 1200 and 1300 W/m? over the land areas of the estimated 0.1 MW PV
generator and the actual 0.1 MW TUT PV plant.

143



M. Jdrveld, et al.
102 | Estimated 0.02 MW (15 m)
Estimated 0.1 MW (35 m)
Estimated 1.0 MW (125 m)
— Estimated 4.0 MW (250 m)
2
o 10! 1
=]
e
<
=
A
10° ;
10! . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Quantile

Fig. 12. Distributions of the durations of CE events exceeding 1200 W/m? over
the land areas of the estimated 0.02, 0.1, 1 and 4 MW PV generators.

measurements are approximately the same; they differ only at high ir-
radiances to some extent as already discussed in connection of Fig. 8.
The distributions have almost the same shape at all irradiance levels,
the overall duration just decreases with increasing irradiance en-
hancement in line with Fig. 8. The share of the CE events with durations
exceeding tens of seconds was quite small and the longest measured
durations lasting minutes were rare. Similarly, the CE events with
durations less than one second were occurring rarely. These events
were due to average irradiance peaking at a certain value. Typical
duration was from seconds up to a minute having diameters of hun-
dreds of meters. The similarities between the measured and estimated
number of the CE events (Fig. 7), maximum duration (Fig. 8), and
duration distributions (Fig. 11) validates the used approach for esti-
mating the average irradiance on PV generators.

In Fig. 12 are the distributions of the durations of CE events ex-
ceeding the estimated average irradiance of 1200 W/m? over the land
areas of the studied PV generators. The shapes of the distribution curves
for all the generators are approximately the same as in Fig. 11: the
longest and shortest events were quite rare compared to bulk mass of
the CE events lasting from seconds up to one minute.

It can be observed from Fig. 8 that the maximum durations were
approximately the same for all the PV generator sizes up to average
irradiance close to 1250 W/m?2. However, the average duration of the
CE events increases with increasing PV generator area in Fig. 12. The
irradiance profile is the same on all of the PV generators, but due to the
spatial smoothing, the peaks and notches are averaged out in large
generator areas. Therefore, a sudden but brief drop in irradiance can
cause a CE event to be counted as two separate events on a small land
area, but as one on large land area leading to longer durations, as ex-
emplified in Fig. 6. Therefore, the number of the CE events and the peak
average irradiances increase with decreasing PV generator land area.

5. Conclusion

The characteristics of CE events were studied from the PV power
generation point of view by analyzing irradiance measurement data
from an array of pyranometers spread on land area corresponding to a
0.1 MW PV generator. The irradiance data was used to calculate the
speeds and movement directions of cloud shadows. Then the CE area
speeds were deduced from the cloud shadow speeds. We also created a
simple method to estimate the average irradiances over land areas
corresponding to typical PV generator sizes. The method was validated
by comparing the estimated average irradiances of CE events to actual
measured average irradiances over a land area of a 0.1 MW PV gen-
erator. The results obtained by our method matched the actual mea-
surements well. Finally, we calculated the numbers and durations of the

144

Solar Energy 196 (2020) 137-145

CE events over the land areas of different PV generator sizes.

The average irradiances over land areas up to 0.1 MW PV generator
sizes can occasionally be 1.5 times the clear-sky irradiance. Up to this
power range, the size of the PV generator does not really affect the
expected maximum average irradiance values. This is because the
diameters of the strongest CE areas are of the order of tens of meters,
which matches the typical dimensions of PV generators in the power
range of string inverters. On land areas corresponding to megawatt-
scale PV generators, the average irradiances can be over 1.4 times the
clear-sky irradiance value. However, the number of the CE events ob-
served by the PV generator decreases with increasing PV generator land
area.

The durations of the longest CE events exceeding 1.3 times the
clear-sky irradiance were up to several minutes. However, the bulk
mass of the events had significantly shorter durations from seconds up
to one minute. Because the observed diameters of CE areas can be
considerably longer than the dimensions of the PV generators, the PV
generator land area does not affect the maximum duration of the events
that much. In fact, the larger the PV generator land area is, the longer is
the average duration of the CE events. This is because small transitory
drops in enhanced irradiance are smoothed out and the average irra-
diance over large land areas remains at high level.
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