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Abstract: A methodology for determining the
virtual dendty of clouds, which takes into account both
the values of direct and reflected solar radiation, using
the method of reverse transformation is given. Beer's
law presented in the paper describes a decrease in the
total radiation intensity, calculated per unit of the surface
area perpendicular to the direction of radiation
distribution. The article considers three cases of a ratio
between the linear velocity of clouds and the velocity of
the Sun, which is determined by its angular
displacement. Each case is supported by an algorithm for
the calculation of virtual cloud dengty, formulas for the
computation of solar intensty, cloud projections onto
solar panels, and a linear absorption coefficient, whose
values are correlated with the cloud density. Using the
example of cumulus clouds, two of the set of physical
parameters that characterize the state of cloud cover are
evaluated. A formula for the calculation of fracta
dimension is given. In order to determine whether a solar
pane cell is shaded with the presence of haze, an S
curve is used. The two-dimensional discrete Vilenkin-
Krestenson transformation with a finite argument is
proposed to determine the virtua cloud density.
Formulas for direct and reverse Vilenkin-Krestenson
transformation are given. Basic functions for symmetric
transformation on finite intervas are presented. It is
shown that knowing the virtual cloud density and fractal
dimension of a cloud cover projection onto the areas of a
solar power station alows sections with sef-similar
properties to be found.

1. Introduction

In recent decades, power plants with renewable
energy sources are widdy used in Smart Grids in the
world in general and in Ukraine in particular [1]. For
example, in 2016, the installed peak power of solar
power plantsin Ukraine exceeded 450 MW [2].

According to Heisenberg' s uncertainty principle, for
the efficiency of solar power plant operation to be
improved, it is necessary that two-channel control be
implemented. The first channd is to provide control on
the basic interval to ensure the required level of energy
for charging the storage. The second channel is to
provide control on a minimum duration of the

observation interval to ensure the maximum level of the
possible energy of solar pands[3].

The necessary step in solar power plants control is
describing the parameters of the environment, for
example, intensity of solar radiation, pressure, air
temperature, humidity, etc.

The leve of solar power plant energy is determined
by the total area of the solar pand s, the efficiency factor,
and the average monthly solar radiation intendty. The
intensity, in turn, depends on the geographical position,
climate conditions, time of day, atmosphere
transparency, clouds presence, nature of underlying
surface, etc. [4, 5].

There are several methods for the estimation of solar
panels energy level, including: 1) use of light sensors;
2) position fixation; 3) use of algorithms for maximum
power point finding. When considering the current at the
solar panels output as a final result of the passage of
solar radiation through the external environment over the
solar pandls, it is advisable to evaluate the effect of this
medium on the magnitude of the generation energy.

In addition, clouds may be accompanied by haze,
fog or other physica phenomena. A complex of clouds
and the accompanying haze is called cloud cover. To
evaluate the impact of the external environment on the
amount of energy at the output of a solar power plant, we
consider the method of determining two of the set of
physical parameters that characterize the state of the
cloud cover —fractal dimension and density of clouds.

The aim of this paper is to develop a method for the
calculation of virtual cloud cover dendty and fracta
dimension, and to show numerical results.

2. Virtual Cloud Density

When considering large power plants such as the
Ivanpah Solar Electric Generating System [6] consisting
of 300.000 solar panels of 14 m? each, given that the area
of the cloud projection (for example, bulky) reaches an
average of 100.000 m? a continuous calculation model
can be used.

Since the transverse dimensions of a Sun’'s beam are
much smaller than the longitudinal ones, the beam is
characterized by the intensity 1(z) in each specific
point. When quanta of solar radiation pass through a
cloud, the total radiation intensity, calculated per unit of
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surface area, perpendicular to the direction of the
radiation distribution, decreases in accordance with
Beer’'slaw [7]:
- émE)dz

1(2)=1,e° : D
where z is the coordinate of a point on the line along
which the radiation is distributed; 1o istheinitial vaue of
intensity, or the intensity of radiation emitted into the
Earth’s atmosphere;, m(Z) is the linear absorption
coefficient, which is a function of three spatial
coordinates (X, y, 2) that form a radius vector Z. Values
of the coefficient m(z) are calculated in points on a

straight line, parallel to the axis Oz and correlate with the
values of the cloud density in the points of the vector z.
The magnitude of the intendty of the solar radiation
passing through the cloud is inversely proportional to the
density of the cloud.

The logarithm of the ratio of the intengty of
radiation emitted to the solar panel, to the initia
intensity, will be called the projection of the cloud along
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the line of radiation distribution p(z) =- In , or

z
p(2) = (‘)r’r(E)dX . Tofind the density of a cloud, a set of
0

its projections for al possible cloud positions in the
coordinates x, y, zis needed.

Connecting a power converter (in general case, a
pulse regulator) to each dementary cell of the solar
power plant (a separate solar pane is caled an
elementary cell) provides the implementation of methods
for the estimation of a solar panels output energy level
with further summation of the energy in the common
node[8, 9].

Depending on the ratio between the linear velocity
of the cloud motion and the velocity of the Sun, which is
determined by its angular displacement, the following
cases are possible:

1. the linear velocity of the cloud is significantly
greater than that of the Sun: Vgoug >> Van. Then a a
certain observation interval (for example, 1 hour), the
position of the Sun is considered fictitious (Fig. 1, a).
Lines of therays A— A, A’ — A', A" — A retain their
colliarity while the projection of the cloud passes the
distance h;

2. thelinear velocity of the cloud is significantly
less than that of the Sun: Vgoug << Vain. Then the lines of
the rays vary from A — A to B — B with the Sun
displacement angle . It varies in the certain limits

Amin <4 <dmax (Fig. 1, b);

3. the linear velocity of the cloud and the velocity of
the Sun have the same order of magnitudes. Veoud = Vaun-
This case combines the features of two previous cases.

Zh

b

Fig. 1. Clouds projections onto a solar panel: a— provided that
Veioud >> Vaun; b—provided that Vgoug << Vain.

Although the definition of the shape of a cloud
projection is an important task, in this article to smplify
the calculations, the shape of the cloud projection is
approximated by circle of a certain radius R with a center
in the point O.

Since the total intensity of the Sun’s radiation is
determined by: 1) adirect solar radiation flow through
the cloud; 2) an absorbed radiation flow; 3) a radiation
flow reflected by the surface of the Earth;
4) a radiation flow reverted from the surface of the
cloud; 5) an inducted flow from other objects on the
surface [10], to simplify the calculations, we shall use
some equivalent virtual cloud density. This will take
into account both the magnitude of the direct and the
reflected radiation. In addition, for clarity, we shall
calculate the density of one cloud. Though a dozen
clouds of different sizes, shapes and densities pass
through a solar power station overnight, the
calculation method for each of the clouds will remain
the same. There are several methods for determining
the virtual density, one of which is the method of
inverse transformation, which allows determining the
density of an object based on a set of its projections
onto a certain plane [11].
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Assuming that the velocity of the cloud is
significantly greater than the velocity of the Sun, the
calculation method for virtual cloud density that is
based on the inverse transformation is described as
follows.

On the solar panel we select the origina
Cartesian coordinate system Oxyz with the center O.
The solar radiation is distributed along the axis Oz.
With z = O, initial cloud projection 1 is situated on
the plane Oxy. The center of the plane coincides with
the projection center (Fig. 2, @). Since the position of
the Sun is fixed, we investigate a number of collinear
beams, the Sun displacement angle § = 0. The next
cloud projection 1' is calculated in the coordinate
system Ocg . The center is transferred to the point

O’ with the coordinates (a, b); the axis Oc direction
coincides with that of the axis Ox; the axis Og

direction coincides with that of the axis Oy. The
position of the new coordinate system relative to the
initial oneis determined by the foll owing equations:
jc=X-a
| .
1g=y-b
According to equation (1), the solar radiation
intensity on the plane of a solar pane is determined as
follows:

xy
- QOn(x- ¢,y-g)dcdg

[(Xy)=1,e°° . 2
For further calculations we assume that outside the
cloud 4 = 0, and the integral in equation (2) is calculated
solely on the segment that is located inside the circle
area.
Let us rewrite an equation for the cloud projection
onto asolar panel asfollows:

Xy
p(X,y) = goMm(x- ¢,y- g)dcdg.
00

Given that the change in the function u(x, y, 2) per
unit of distance along the axis Oz is determined by the

operator pz=%, and applying the inverse

transformation [12], we obtain the following expression
for the clouds linear absorption coefficient:

PX+p,Y)

¥ .
m(x,y,2) = op(x,y)e'*>Pdp, |
0

which determines its density.
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Fig. 2. The scheme of coordinate system location:
a—provided that Vgoug >> Van; b—provided that Vgoug << Van.

When the linear velocity of the cloud is
significally less than the velocity of the Sun, we
assume that the displacement of the Sun aong the axis
Oy is negligible. Then, relative to the stationary
coordinate system Oxz, we introduce a moving system
with the axis directed as shown in Fig. 2, b. The
position of the moving system relative to the fixed one
is determined by the angle 9.

iz =zcosq +Xxsing
}x =-zsinQ +Xcosq

The intensity of solar radiation for a certain value of
the cloud projection coordinate y is determined by the
angle 6 of the current beam displacement relative to the
initia one;

- XA o
LX,y,d) =1, expg- om(x, y, Z)dVE’
0

where Zis the upper boundary of the cloud.
The sat of cloud projections on the axis Ox is
determined as follows:

ya
px,y,q) = om(x,y,2)dV.
0
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Considering that the axis Ox is rotated relative to

p

the axis Ox with the angle > - g , the equation of the

projection X, of theaxis Ox onto the axis Ox iswritten
as X, =-z+Xxctgq .
Then, denoting the set of cloud projections through

p(X,,Y,q) and taking into account that 3— =w, isthe
X

change in the angle of rotation of the coordinate system
per distance unit on the axis Ox, we obtain the following
equation for cdculating the linear absorption coefficient:

¥ .
m(X, Y, 2) = op(X,, ¥,q)e™*dw, ,
0

which, as in the previous case, determines the virtual
cloud density.

In the case when the linear velocity of the cloud and
the velocity of the Sun have the same order of
magnitudes, it is necessary that the features, mentioned
in the previous two cases be taken into account. If the
Sun's displacement along the axis Oy is negligible,
similar caculations can be performed in a new
coordinate system:

1z =zcosq +xsing
| .
X =-2zsinq +xcosq ,

1g=y-b

. d d
using the operators — and —.
dz dx
3. Cloud cover fractal dimension
The boundary between individua bulk cloud
projections in mist is defined as the average value of the
distance between the neighboring cloud projections. In
the limits obtained, part of the solar panels generates
more energy, and part of the panels generates less. This
indicates the possibility of using the notion of fracta
dimension [13] of the projection of a cloud cover areaon
separate parts of the solar power plant:

InN
Do Inn "’ ®)
where n is the number of elementary cells of the
solar panel, shaded by a cloud; N is the total number of
elementary cells of a solar panedl in each of the isolated

sections of the solar power plant.
In the case when there are no clouds over the solar
power plant surface, the fractal dimension of the areais

D, =2 . When the surface area of the solar power plant
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. InN
is completely covered with clouds, D, =I|®rr(1)|— =0.
n®o0 |nn

In all other casesD, <2. The areas of the solar power

plant for which the value of fractal dimension is similar
will be considered self-similar.

To determine whether the solar panel cell is shaded,
we use the membership function or the S-shaped curve
[14]. It allows determining the collision state depending
on the magnitude of the solar radiation intensity. It is
calculated asfollows:

1

l+e‘(|*+|*mraﬁoid)

f.(17)=

where " =1/1, istherelative solar radiation intensity,

I"T 0..1,,; | and |, arethe intensities of radiation

that enters the solar panel and in the Earth’ s atmosphere;

| tresroia 1S the threshold value of intensity; |, isthe

maximum value of intensity on the solar panel surface.

For example, et us consider a solar power plant with
100 solar panels (10 10). The values of solar radiance
varies randomly from 150 to 500 W/m? on each cdll. We
calculated the maximum and minimum values of a solar-
induced current: lgnmax = 3,67 A, lpmmin = 1,47 A. If the
current value is less than Ignmin the cell is considered to
be shaded. A Simulink model of current measurement
for each solar cdl in shownin Fig. 3.
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Fig. 3. Smulink modd of current measurement
for each solar cell.

The current have been measured, we find that 47 of
the 100 cells are shaded. Taking into account eguation
(3), we then calculate the fracta dimension of a cloud

cover projection: Dy =———=——-=1196»1,2.

4. Determination of cloud transfer and weight
functions

A cloud transfer function is determined by the ratio
of the solar radiation intensity at the cloud output to the
solar radiation intensity at the input. The values of the
solar radiation intensity at the output and the input of the
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cloud are the functions of spatial coordinates (X,y) and

time. The time of measurement of input and output
radiation intensity is sdected from the following
conditions:

loud <«<X

EY2

I L
T Dt >A‘/cloud <Y

where Dt <<T,, Dt<<T,. T, and T, is the time

during which the projection of the cloud passes distances
X and Y . These distances are determined by the maxi-
mum size of a solar power plant. The minimum linear
dimensions of the cloud projection onto the plane of the
solar panel are determined by the Kotelnikov theorem
with steps T, /N, , T, /N, aong the axes Ox and Oy.

Ny and N, are the numbers of elementary cells of the
solar panel aong the axes.

Since the solar radiation intensity at the input and
the output of the cloud for a minor interval throughout
the plane is uniform and constant, the transfer function
of the cloud in the image area is determined by the
following equation:

_ (P py)
lo (P, By)

where 1(p,, py, p) and 1,(p,, p,, p) arethevalues of

W(p

% Py)

solar radiation intensity at the cloud output and input.
The weight function is considered as a system

response to the input influence. In order to find it in the

coordinates(X, y) , we apply the inverse transformation

to the transfer function:

w(x,y) = L {W(p,, p,)} =

¥

o OW(p,, p,)e™ ™ dp,dp, .
-¥ ¥

1
[

x|
<|r

Since to find the cloud transfer function, it is
necessary that a two-dimensional data array of solar
radiation intensity be processed, we consider a two-
dimensional Vilenkin-Krestenson transformation for the

function of two variables n, and n,, defined on the

intervals N, @m* and N, @m? where m, n,, m,,

n, ae some integers. The application of this

transformation reduces the amount of computations
required for the transition from the origina to the image
and vice versa.

The direct and inverse Vilenkin-Krestenson

transformations on the interva N =N,N, are

described by the following equations:

101

1 Né—l Nz-l 3
W(nxfny)zﬁ a *a W(nxiny) fW(nx’ny’nxiny)’

n,=0 n,=0

Né-l Né-l ; .
W(nx,ny)z a *Xa W(nx,ny) fw O,Nn,,N n,),

yriixey
ny=0n,=0

where w(n,,n ) and W(n,,n,) arethe discrete values
of the origina and the image of the cloud transfer

function; f,, (,n,,n,n) ad f, (,n,n,n,

are the basic and complex-conjugate functions; the values
n, and n, can be intepreted as the number of

X
revolutions, which the vector of discrete exponentia
functionswill perform on theintervals N, and N, [15].

The complex nature of the Vilenkin-Krestenson
transformation functions and the unequa appearance of
direct and inverse transformations complicate the
application of this method. This method retains
information about the phase, i.e. the direction of cloud
motion. If this information is not important, it is
advisable to use a symmetric transformation on finite
intervals [16]. The basic functionsfor this transformation
in the case of two variables are described by the
following equation:

j Oyny,n,n)=
a&p o 0 ap 0
= CBSQ— & nx(s)n X(s) =0 CBSQ—p 3 ny(s)r.I y(s) =,
e s=1 a e s=1 o

where 0 isthe sign of the“main action” operation.

5. Conclusion

The described method allows two main parameters
of the cloud cover to be determined: the fracta
dimension of a cloud cover projection onto the area of a
solar power dtation, and the coefficient of linear
absorption or the virtua cloud density. The
determination of these parameters makes it possible to
identify the areas with self-similar properties. It is the
basis for the development of identical control algorithms.
The example of calculating fractal dimensions shows the
resultsthat verify the theoretical data.
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BU3HAYEHHS ITAPAMETPIB
XMAPHOI'O IIOKPUBY

Karepuna Ocunienko, Banepiii XKyiikos

HaBeneno Meronyky BU3HA4YEHHS BipTyallbHOI LIIJTBHOCTI
XMap 3 BHKOPHCTAHHSM METOIY 3BOPOTHOIO II€PETBOPEHHSI.
PosryissHyro  Tpu  BUNAAKM  CIIBBIJHOIIEHHS  JIHIHHOL
MIBHAKOCTI pyxy XMap Ta mBrAKocTi COHIY, sIKa BU3HAYAETHCS
Horo KyTroBHM TepeMilleHHsSM. /[ KOXHOro BHIAIKy
HaBEJCHO CXeMy sl OOYMCICHHS BipTyallbHOI IIUIBHOCTI,
(dopMynu Uil pO3paxyHKY IHTEHCHBHOCTI COHSYHOTO BHIIPO-
MIHIOBaHHS, MIPOEKI[] XMapy Ha IUIOMIMHY COHSYHUX HaHeNeH
Ta KoedilieHTa JiHIHHOrO moriauHaHHsA. HaBeneHo OIHKY
IBOX (i3MYHMX [apaMeTpiB, IO XapaKTEPU3YIOTh CTaH
XMapHOTo MOKPHBY Ha MUK KyrmdacTux xmap. [Ipencrasiena
¢dopMynna w1 po3paxyHKy (pakTaibHOI posMipHOcTi. Jlis
BU3HAUCHHS BIPTYallbHOI IIUJIBHOCTI XMap 3alpOHNOHOBAHO
BHUKOPUCTOBYBAaTH [JBOBHMIPHE JMCKPETHE IE€PETBOPECHHS
Binenkina—Kpecrencona 3 kinneBuM aprymentoM. IlokasaHo,
IO 3HAHHSA BIPTyaJbHOI MLIUJIBHOCTI XMap Ta (paKTanbHOL
PO3MIPHOCTI MpOoeKLii XMapHOro MOKPUBY Ha OKPEMi AUISHKU
COHSYHOI €JISKTPOCTAHIIT 1a€ MOEJIUBICTh 3HAXOAUTH JIUISTHKH
13 CaMOIIOiOHMMH BJIACTUBOCTSMH.
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