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Abstract. The power generated by large
photovoltaic (PV) plants is of an intermittent nature,
due to cloud passage, which can create considerable
fluctuations in output. Therefore, if the penetration of
PV power in the overall electricity system is high
enough, these fluctuations could have a serious effect
on the quality and safety of the power supply. This
article aims to characterise these fluctuations and to
look at the smoothing effect of the PV plant size and
that of the geographical dispersion of the PV plants.
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1. Introduction

The variations in irradiance produced by changes in
cloud cover can cause rapid fluctuations in the power
generated by large PV plants. For intervals of less
than 10 minutes, these fluctuations are directly
absorbed by the electricity system in the form of
frequency variations, yet without the utility operator
having the response capacity to correct the
imbalances. If these frequency deviations exceed the
permitted limits, then there is a risk of a power system
failure. This fact, together with the high levels of
penetration achieved by PV power generation sector
over the last few years, alerted the grid operator in
Spain,Red Eléctrica de Espafi@EE), who was led

to promote a research initiative to study these
fluctuations. Thdnstituto de Energia SolalES), the
INGEPER Research Group of th&niversidad
Publica de NavarraandAcciona Solarlso took part

in the project.

This paper presents the main conclusions reached in
the project. The results are shown for the
synchronised continuous monitoring, with a one
second resolution, from April 2008 onwards, of 7 PV
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plants located in Spain and with output powers
ranging from 1 MWp to 9.5 MWp (a total of 20
MWp). The research focussed on studying the
irradiance and power fluctuations for time intervals of
less than 10 minutes, paying particular attention to the
characterisation of the magnitude and frequency of
occurrence of these fluctuations. The study also
analysed the influence of the PV plant size and the
number of PV plants grouped in a multi-site system,
on the magnitude of the fluctuations. Finally, a PV
plant was modelled, making it possible to simulate the
dynamics of the power generated by a PV plant based
on irradiance data.

2. Experimental set-up

A review of the scientific literature prior to this study
reveals a significant lack of experimental data on the
magnitude of fluctuations. The number of studies on
the subject is significantly small and it has only been
over the last few years when the study of the
fluctuations has gradually taken on greater
importance. In this way, irradiance fluctuations have
been monitored and analysed in countries such as
Germany [1], Japan [2], Belgium [3] and Australia
[4]. On the other hand, as far as the study of power
fluctuations is concerned, the number of studies made
is even more limited. The literature available only
includes measurements with a 5 minute resolution on
100 PV systems (243 kWp in total) in Germany [5];
data taken at 10 second and 1 minute intervals at a
fixed 4.6 MWp system and measurements taken every
10 minutes at three 100 kWp plants in Arizona (USA)
[6] and, finally, data recorded with a one minute
resolution over a 3 month period on 52 PV systems in
Japan, with an approximate mean power per system of
3.2 kWp [7].

In an attempt to cover this lack of prior empirical

research, within the framework of this project,
monitoring  equipment has been designed,
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programmed and installed in a number of PV plants
owned byAcciona Solar This equipment, which has
been operating since April 2008, makes a
synchronised recording every second of the irradiance
and the power generated by 7 PV plants located in
Spain. The plants have powers ranging from 1 MWp
to 9.5 MWp (a total of 20 MWp). Likewise, data are
available from two sections of the same plant (48
kWp and 143 kWp), also recorded with a one second
resolution. Six of the plants are located in the South of
Navarre, separated by distances ranging from 6 km to
60 km. The seventh plant is situated in the locality of
Socuéllamos (Ciudad Real) at a distance of 345 kms
from the other plants in Navarre (Fig 1). The most
representative details of these plants are shown in the
following table:

PV plants Peak Power | Transformer Power | Area
(kWp) (kw), P* (Ha), S
Arguedas 958 775 4,1
Sesma 990 800 4,2
Cintruénigo 1438 1155 6,4
Rada 1780 1400 8,7
Castejon 2640 2.000 11,8
Milagro 9500 7243 52
Socuéllamos 2600 1975 18
Total 19906 15348 -

Table 1: Characteristics of the photovoltaic (PV) plants.

- - > -
'@ Socuéllamos .}

Fig. 1: Location of the 7 photovoltaic (PV) plants studied.

3. Fluctuation definition

The magnitude of a power fluctuatiatiP,, (t) at
an instantt for a given sampling perioddt, is
calculated as the difference between the two power
outputs, normalized to the transformer powr of
the plant under consideration, Eq. (1). That is:

[P(t +At) - P(t)]

(1)
P

AP (t) =
This definition can also be applied to irradiance

fluctuations AG,;, normalizing byG* = 1000 W/m.
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4. Fluctuation at a PV plant

Fig. 2 shows the irradiance fluctuation distributions
observed at the Cintruénigo site over the course of a
year (from May 2008 to April 2009) foft equal to

10, 20, 60 and 600 s. All the distributions are
normalized, so that the total area below the curve is
equal to one. Visual appearance gives a different
impression because the frequency axis has a
logarithmic scale. A positive correlation between the
fluctuation magnitude and the sampling time is
observed again. Table 2 shows the values of some
fluctuation intervals. Note that a significant
fluctuation of, let us say, more than 3% in 1s, is
relatively rare. In fact, this is why frequency is
presented in logarithmic scale in Fig. 6. However, the
relative frequency is close to 41% at 600s.
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Fig. 2: Distributions of the irradiance fluctuatiomsGAt(t),
recorded at the Cintruéingo site in the course of a year, for
At =10, 20, 60 and 600s.

It is noteworthy that all the irradiance fluctuation
features calculated at the rest of places (and not
presented here), essentially coincide with the features
at Cintruénigo site, in accordance with the fact that all
sites belong to the same climatic region.
Consequently, the power fluctuations will not be
affected by the effects of geographic location.

At (S)
AG (%)
1s 20s 60s 600 s
0%<AG<3% 98.94 % 92519% 87.50% 59.37 6
3%< AG < 10% 0.92 % 447 %| 7.619% 28.24%
10%< AG< 50% 0.16 % 271%| 466% 11.25%
50%< AG< 100% | 2.35-10°% | 0.32% | 0.70% 1.35 %

Table 2: Influence ofit on the frequency distributions of
the fluctuations.

On the other hand, Fig. 3 shows the maximum
irradiance fluctuations recorded at the various sites for
an entire year in relation to the different sampling
times A4t considered. The value of the maximum
fluctuation is extremely useful for the power utility
operator, making it possible to check the robustness of
a grid. The values observed fdt greater than 2
seconds are over 80%. Therefore, although the
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irradiance fluctuations can reach very high values, this

is a relatively rare phenomenon in annual terms.
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Fig. 3: Maximum irradiance fluctuation recorded at each PV

plant site vs4t.

With regard to the power fluctuations produced by
a PV plant, the magnitude of these fluctuations is
influenced not only byit, but also by the PV plant
size. It is therefore to be expected that, the larger the
plant size, the lower the power fluctuations in relation
to the irradiance fluctuations. This reasoning is based
on the fact that a cloud will always take longer to
cover an entire PV plant than an irradiance
measurement module. Thus, the shorter the sampling
time, the greater the smoothing effect. This fact can
clearly be observed in Fig. 4, showing the annual
power fluctuation distributions for the powers
recorded at each PV plant fdt = 20s. As was to be
expected, the filtering effect on the fluctuations
increases in line with the increased plant size whilst,
on the other hand, it decreases A4is increases.
Likewise, this smoothing effect can be clearly seen in
Fig. 5, showing the value of the maximum power
fluctuation recorded over a year at each plant in
relation toAt. However, fordt= 600s, the smoothing
effect is non-existent, and fluctuations of 90% can be
reached, regardless of the plant size.
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Fig. 4: Distributions of the power fluctuationgP .(t),
recorded at each PV plant over an entire yeayftfer 20 s.
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plant vs.4t.

The relationship between thee smoothing effect
and PV plant size is embodied in the following
proposed empirical Eq. (2), which determines the
peak power fluctuation value of a PV plant of any size
S[Ha] and for any sampling timdt:

Max@P,) =90%-(1-e>**").S™ (2)

Smoothing coefficient for At= 1s is 0.5, thus the
smoothing effect on the fluctuations can be described
quite accurately by &/Slaw. However, fort=600s,
coefficientc is equal to 0.02 which supports the idea
that, for these sampling times, the plant size is not a
smoothing factor for the fluctuations. A more detailed
and supplementary account of the results shown in
this and the previous section can be found in [8].

5. Fluctuationsin a multi-site PV plant
system

We shall now go on to quantify the smoothing of PV
power fluctuations by geographical dispersion.
Thanks to the synchronised monitoring made, it is
possible to determine, second by second, the
combined power generated by a group of PV plants,
by monitoring plant behaviour, in the same way as the
system operator.

Fig. 6 shows the normalised distributions for the
fluctuations recorded in 2009 fodt = 60s
corresponding to just one plant (Arguedas,
P,*=0.775 MW), to a group of 3 plants (Castejon,
Milagro and Sesma&s* = 10.043 MW, COMB3) and
a further group of 6 plants (all located in southern
Navarre,Pg* = 13,373 MW, COMBS®6). It can clearly
be observed how the magnitude and frequency of the
fluctuations decreases in line with an increase in the
number of plants grouped togethsk, It is important
to emphasise the fact that the smoothing effect
extends as far as the long sampling tim#s=(600 s)
in contrast to the effect observed for plant size.
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Fig. 6: Distributions of the power fluctuationgP ,,y,
recorded in the course of an entire year (2009) at the
Arguedas PV plant and the combinatiorNof 3 (COMB3)
andN = 6 (COMBS6) for multi-site PV plants, all in Navarre,
for At = 60s.

Fig. 7 below shows the value of the peak power
fluctuation recorded versus the sampling tinte
based on the number of plants grouped togetker,
for all plants located in Navarre. It is possible to
observe a considerable reduction in the magnitude of
the fluctuations, irrespective of thi. Furthermore, it
was found that for a giveN, no plant combination
had a greater smoothing effect than another. In other
words, the location of each PV plant in relation to the
others within the group, had no effect on the
magnitude of the smoothing effect. Therefore, the
fluctuations of a group of PV plants will be smoothed
provided that there is sufficient distance from one
plant to another. This leads on to the question of what
is the minimum distance between plants in order to
ensure that the plant fluctuations remain independent
of each other and to guarantee smoothing. For this,
Fig. 8 shows the distribution of fluctuations for the
entire year of 2009 for the Arguedas-Castejon group,
separated by a distance of 6 kms, and the distribution
for the Arguedas-Socuéllamos pair, 345 kms apart. As
can be seen, there are hardly any differences between
the fluctuations of any two-plant combinations.
Therefore, a distance of 6 kms, being the shortest
distance between any plant and our observatories
(located at Arguedas and Castejon) is sufficient to
guarantee the independence of plant power
fluctuations for time intervals of less than 10 minutes
or, to put it another way, to guarantee smoothing by
geographical dispersion.
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Fig. 7: Peak power fluctuationdP, \, recorded over an
entire year for all possible combinations fd=1...6 plants
(all in Navarre).
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Fig. 8: Distribution of the power fluctuationgP4t,2,
recorded over an entire year (2009) at the combination of
Arguedas—Castejon PV plants (distance = 6 km) and
Arguedas—Socuéllamos (distance = 345 kmfor 1, 20,

60, and 600 s.

The data shown in Fig. 7 was used to obtain an
empirical Eq. (3) which provides the value of the peak
power fluctuation for a group dil PV plants of a
certain sizes, for any4t of less than 10 minutes.

99‘“(11 PAt,N): 99th(A P600,]) . (1_e-0.24m) SN (3)
ac>0

This equation describes the smoothing of the
fluctuations resulting from the plant size and also the
geographical dispersion. Whenever coefficiemtare
greater tharc, as in Table 4, the smoothing due to
dispersion is greater than that due to plant size.

At c a

1s 0.49 25.55
5s 0.29 64.09
20s 0.11 88.2
60s 0.05 91.6
600s 0.02 94.07

Table 4: Estimated parameteasand ¢ for empirical
Eq. (3).

Based on Eg. (3), Fig. 9 shows the fluctuations of
atotal PV power of 100 MW in relation to the number
of plants amongst how this power is distributed and
sampling timedt. As can be seen, after approximately
100 plants (1 MW each) the fluctuations are smoothed
considerably, and it is debatable whether the power
needs to be distributed still further, given the fact that
this would have little effect on the smoothing
achieved. All these conclusions, together with some
additional analyses can be found in [9].
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Fig. 9: EstimatedMax(4P ) values for differentft andN,
P* PV plants combinations;
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6. Fluctuationsin the frequency domain

The periodicity character of irradiance and the power
generated by a PV plant due to solar resource, invites
an analysis of these two variables in the frequency
domain. The study of the PV power fluctuations in
this domain makes it possible to consider the plants as
low-pass filters. Indeed, what has up to now been
called smoothing due to plant size, could be
interpreted as a filtering of the signal representing
irradiance. The Discrete Fourier Transform was used
to convert to the frequency domain.

Fig. 10 shows the spectrum for the irradiance
normalised byG*, recorded for the entire year of
2009 at the Milagro plant, together with the
normalised power spectra for this same plant
(P*=9.5 MWp) and that for the Sesma plant
(P* = 0.9 MWp), also recorded over this same period.

10°

Amplitude

10° o — -
10 10 10
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Fig. 10: Spectrum of the irradianG, recorded at Milagro,
output powerPy at Sesma (P = 0.99MW) and Milagro
(P* = 9.5MW) over 1 year. The linear region for the higher
frequencies of the power spectra can be well fitted by a
function of the fornf 7.

It is possible to observe the corresponding peaks at
frequencies of 24, 12h etc, due to the cyclic nature of
the solar resource, being independent of the spectrum
considered. In the low frequency zone (up to
approximately 18 Hz), all the spectra had a similar
performance, with a downward trend’f. However,
after a certain frequencf, which differed from one
plant to another, a change in trend was observed,
implying the increased smoothing of the higher
frequencies. As was to be expected, the greatest
smoothing was obtained for the plant with the largest
size. The mathematical expression of the new trend is
form f 7 and is independent of the PV plant
considered. The cut-off point for functions®f
and f ™' can be identified as cut-off frequentyfor
the systems in question. Furthermore, the difference
between the slope for the two functions is the unit,
which means that the corresponding low pass filter is
first order, with a pole at cut-off frequendy This
exercise was extended to the other PV plants,
obtaining the corresponding value fdg. These
experimental values were generalised to obtain
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empirical Eqg. (4) to provide the value of the cut-off
frequency in relation to the ar&of a PV plant:

f;=002187°° (4)
As a result, it is now possible to propose a PV

plant model relating the irradiance received in the

tracker plane and the power generated, Fig. 11:

G(45%a)

———————————————

(211'-0.020

)s+1

Fig. 11: Proposed transfer function for a PV plant with a
surface area equal ®

whereK is the energy gain of the PV plantmThis
model has been validated in both the time and
frequency domains, thereby permitting the simulation
of fluctuations in any real electricity system, insofar
as it makes it possible to convert relatively easy-to-
generate irradiance time data into power data for any
potential PV plant size. By way of example, Fig. 12
shows the distributions of the real and simulated
maximum daily fluctuations, fort equal to 600s at
Milagro PV plant. As can be seen, the frequency
distributions are very similar. A more detailed
description of this model can be found in [10].
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Fig. 12: Histograms of the real maximum daily power
fluctuation observed in the course of a year at Milagro PV
plant and the simulated fluctuations #ir=600 s.

7. Conclusions

The quality and safety of the electricity supply can be
seriously affected by large PV plant power
fluctuations caused by the variability in irradiance due
to cloud passage. This article has presented the study
of these fluctuations, obtaining the following results:

- A unigue monitoring system, in place since April
2008, and which makes synchronous recordings with
a one second resolution, of the power delivered to the
grid by seven PV plants, with powers ranging from 1
MWp to 9.5 MWp and with a total combined power
of almost 20 MWp.
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- The power fluctuations occurring in a PV plant
within time intervals of less than ten minutes, are very
high and relatively infrequent, although they are
smoothed in relation to the irradiance variations. The
smoothing factor is the PV plant size, and is relevant
for times of just a few seconds, disappearing as the
sampling time increases. Likewise, an empirical
equation is proposed, and which provides the value of
the peak power fluctuation in relation to the PV plant
size.

- The geographical dispersion of the PV plants is a
highly effective way of smoothing the power
fluctuations, even for ten minute sampling intervals. It
is sufficient to locate two PV plants at a distance of 6
kms, one from the other, to ensure that the
fluctuations over 10 minute intervals are independent
of each other and are smoothed out when combined.
Furthermore, an empirical equation is proposed, that
will give the value of the peak power fluctuation,
based on the number of plants grouped together and
the PV plant size.

- A spectral analysis of the power and irradiance
data measured over the course of a year has made it
possible to characterise a PV plant as a first order
system and, specifically, as a low pass filter whose
cut-off frequency is directly related to the plant size.
This model can be a highly useful tool for utility
operators, in the sense that the operator simply needs
to obtain irradiance data and the PV plant size in order
to simulate any photovoltaic scenario.

With regard to future lines of investigation, the
conclusions of this work suggest the need to continue
studying the correlation of fluctuations for distances
of less than 6 km. Currently ongoing and still
provisional studies suggest that risky days result from
the combination of high wind speed (about 60 km/h,
or more) with intermediate daily clearness index
(0.35 <K; < 0.65). Because wind speed and clearness
index can be predicted from 1 day to another (in fact,
it is already being done in standard weather forecast),
this likely opens the door for future prediction of
fluctuations in daily terms. Finally, there is a need to
study the combination of PV generators - storage
batteries. As well as limiting power fluctuations, this
alternative would allow the PV systems to play an
active part in frequency regulation and would also
make it possible for the plants to increase their daily
production curve, to a certain extent, in an endeavour
to adapt it to consumption.
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