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a b s t r a c t

We have derived an analytic model to describe the correlation of cloud-induced fluctuations on photo-
voltaic (PV) system power generation versus distance or time lag in terms of the parameters that describe
the clouds (duration, opacity, ramp smoothness and lag). Clouds are modeled as clear-sky index devia-
tions with sigmoidal ramps. The found auto-correlation function is suited to deterministically describe
the correlation versus distance or time lag over a short period of recent time (up to several hours depend-
ing on the amount of clouds and the temporal resolution of the data) to a very high level of detail, as
opposed to other methods that use a statistical approach. The sensor-pair cross-correlation of a cloud
with variable width (and/or specified to a more complex or two-dimensional localized shape) can also
be fully understood. Application of the model is investigated in terms of relative aggregate variability
of an ensemble of (virtual) PV-systems for one, two or three subsequent clouds. This analysis explicitly
relates the shape of clouds to the dimensions of a dense PV-network which is beneficial for understanding
variability of PV-systems in a large plant or dense urban region.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

With increasing amount of photovoltaic (PV) systems in opera-
tion globally, the total global installed capacity, which was
307 GWp by the end of 2016 and projected to grow to multiples
of this value the coming decades SPE (2017), more and more atten-
tion is given to the nature and impact of variability of the electrical
power output of these systems on individual and aggregate level
(Mills and Wiser, 2010; Hoff and Perez, 2010; Perez et al., 2012;
Elsinga and Van Sark, 2014; Widén et al., 2015; Widén, 2015;
Lohmann et al., 2016). Strong fluctuations (or ramp rates) of irradi-
ance and hence generated electrical power as a result of moving
clouds can lead to problems in (weak) electricity networks and
can hinder the further deployment of PV, especially used in the dis-
tribution grids (Lave and Kleissl, 2010; 3E, 2015). Knowledge of the
localized simultaneity of fluctuations in relation to cloud velocity is
therefore important and it is our aim to contribute to this subject
by analyzing the nature of the correlations of these fluctuations
as a function of PV-system separation (in time or in distance).

This subject has been reported by several authors by means of
statistical auto-correlation methods in which (auto) correlation
functions are assumed rather than defined (Hoff and Perez, 2010;
Lonij et al., 2013; Arias-Castro et al., 2014; Widén, 2015). In this

paper we derive a newmethod that evolved from a bottom-up ana-
lytic approach for finding a correlation function based on assump-
tions of the time series of the shadows of moving clouds.

2. Clear-sky index and correlation

The clear-sky index time series, here denoted as k�t , is defined as
the Global Horizontal Irradiance (GHI), I normalized by the clear
sky GHI, Iclear, see Eq. (1). This is a useful quantity in order to de-
trend the deterministic part of the GHI time series consisting of
the diurnal pattern.

k�t ¼
It

Iclear;t
ð1Þ

The clear-sky index fluctuation (step-change) at a measurement
location i is defined as the difference of sequential (Dt averaged) k�t
values at temporal resolution Dt : Dk�i;t ¼ k�i;ðtþ1Þ � k�i;t . The (empiri-
cal) Pearson correlation coefficient between the clear-sky index
time series of a pair of PV-systems i and j is stated in Eq. (2). The
fluctuations could, in principle, be divided by Dt, but this factor
would occur squared both in the numerator and the denominator
and thus drop out of Eq. (3), which is the explicit form of qij that

sums over the entire length T of the time series, k�ði;jÞ;t , with

k ¼ 1=T
PT

t¼1kt the mean.
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qij ¼
CovðDk�i;t ;Dk
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¼
PT

t¼1 Dk�i;t � Dk�i
h i

Dk�j;t � Dk�j
h ih i
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t¼1 Dk�i;t � Dk�i
h i2XT

t¼1

Dk�j;t � Dk�j
h i2vuut

ð3Þ

Apart from clear-sky index, correlation relations can be found
for other (congruent) time series, like (normalized) power produc-
tion or hourly energy production, but this paper will focus on clear-
sky index fluctuations as that gives a location and orientation inde-
pendent measure of performance of PV-systems.

2.1. Time lag versus distance lag

PV-systems in the context of this research are spatially fixed. In
that respect it makes sense to discuss correlation in relation to
inter-system (or station-pair) distance. This distance was calcu-
lated following the curvature of the Earth. The analytic correlation
model that is described in this paper, however, is based on time lag
and temporal shape of the clear-sky index time series. It is
assumed that the shade-velocity, or ground-projected cloud veloc-
ity ðvcÞ is constant. This way, the results can be interpreted both in
terms of time lag sij and distance dij and are mathematically iden-
tical under sij $ dij=vc . When the PV-system pairs are further spec-

ified to a inter-pair direction d̂ij ¼ d
!

ij=jd
!

ijj within ±5� of a global
(wind) direction, the projected distance can be defined as:
dij ! dijj cosðaijÞj, where aij is the angle between the chosen wind
direction vector and the vector from location i to j, or equivalently:

cosðaijÞ ¼ ½v
!
c � d̂ij�=jv

!
cj.

2.2. Examples from literature

Scattering of correlation versus PV system pair distance data, at
coarse temporal resolution (>30 min) has been reported to result in
first order exponential decay of correlation, or (de) correlation of
fluctuations of power or clear-sky index as a function of inter-
system distance (Murata and Otani, 1997; Wiemken et al., 2001;
Glasbey et al., 2001; Mills and Wiser, 2010; Lave and Kleissl,

2013; Perez and Fthenakis, 2015; Munkhammar et al., 2017). How-
ever, simulation or observation of data at finer temporal resolution
(seconds to minutes) shows more detail in the (empirical) correla-
tion: Hoff and Perez (2010), Lonij et al. (2013) show a distinct
effect of the correlation to cross the q ¼ 0 line and find anti-
correlation for system-pairs along the wind direction (along-
wind). Perez et al. (2012) show that the correlation between pairs
of PV-systems in a virtual network follows an intricate form, con-
taining much more information than only the zero-crossing
ðq ¼ 0Þ or the first order decay (see e.g. Fig. 2. in that paper, or
Fig. 1 here). Fig. 1 a and b show examples of correlation qðdijÞ as
a function of distance for cross-wind and along-wind situations.
A clear ‘‘dip” can be seen for the along-wind condition, followed
by ‘‘noise” around q ¼ 0 that hints at more structure, for larger
dij. This has been investigated further by Hinkelman (2013) with
high resolution data in which the wind direction was accounted
for. Although these studies show in detail the shape of the correla-
tion, they do not explain in detail the correlation function and how
it relates to the underlying process of moving clouds: most of the
correlation functions used are based on statistical (auto) correla-
tions or a fit thereof.

The following subsections contain a brief discussion of
approaches by Lonij et al. (2013), Arias-Castro et al. (2014) and
Widén (2015) to describe the (auto) correlation function of moving
clouds in a statistical sense, followed by our own deterministic
approach.

2.2.1. Lonij et al. 2013
Lonij et al. (2013) propose a (statistical) mixed spatio-temporal

correlation function of clear-sky index time series of the form:

f ðDx
!
; sÞ ¼ AExp � jDx

!
�v

!
csj

rx
� jsjq

rq
t

0
@

1
A ð4Þ

This function combines first order (de) correlation over spatial

lag Dx
!

(including cloud drift with wind velocity v
!

c) as well as time
lag to the power q. Time lag in our paper is denoted as s, contrary
to the notation by Lonij et al. (2013), who use Dt; moreover, we use
Dt for temporal resolution that is noted as t in their paper. Scaling
parameters rx and rt are to be derived from statistics on historic

Fig. 1. (a & b) Semilogarithmic saxophone-shaped plots of inter-system correlation qij versus inter-system distance dij , projected on the wind direction for approx. 150 PV-
systems on June 3rd, 2015 between 10:00 and 13:20 (UTC), at data temporal resolution Dt ¼ 120 s. Selection of locations within ±5� in the cross wind (a) or along the wind (b)
direction (indicated by arrows). The cloud motion direction, found by cloud camera image tracking at the location of the red star (UPOT) was very consistently 94� (Eastward
motion) in that period (indicated by the gray arrow). Fig. (c) shows an equirectangular map of the PV-systems, with example time series at some of the locations. The details
of the collected data (AC Power from PV-systems converted into k�) are described in Elsinga et al. (2017). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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