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Abstract. The authors explore a number of methods of calculating insolation on a tilted arbitrarily oriented surface and choose the most efficient one
for conducting the performance and efficiency analysis of solar power plants. The validity of the method is tested using the statistical data of the
Kaliningrad region. The authors describe an algorithm for calculating insolation in the Matlab software programme, based on the following data: the
position of the Sun, the average monthly climatic characteristics of the region, beam, scattered and reflected insolation as well as the proportion of
these types of insolation on a tilted surface. The authors validate the results of their calculations by comparing them with statistical averages.

Streszczenie. Analizowano metody obliczania nastonecznienia dowolnie pochylonej powierzchni. Walidacje metody przeprowadzono na podstawie
danych statystycznych regionu Kaliningrad. Obliczenia przeprowadzono na podstawie znajomo$ci pozycji stonca, Sredniej miesiecznej informacji
klimatycznej, $redniego nastonecznienia. (Metoda obliczania nastonecznienia dowolnie pochylonej powierzchni)
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Introduction

The construction of solar power plants requires
assessment of energy potential of a chosen territory. In
most cases, design solutions for solar power plants are
based on long-term average measurements that include the
average daily solar energy (kWh/(m®day)), average daily
wind speed (m/s), etc. The main sources of data used for
estimating solar energy potential are insolation maps,
NASA data [1] and the data provided by the World
Radiation Data Centre [2] for actinometric stations of the
World Meteorological Organization (WMO) network, etc. [3].
There is an extensive body of literature on hybrid energy
solutions, types of renewable energy, their classification
and composition. Reviews on different types of solar energy
solutions are presented in [4-6].

There is a need for a more accurate assessment of the
efficiency of solar power plants. This task requires more
objective data reflecting the impact of a number of factors
associated with the location and the position of solar
panels, annual variations in the length of daylight hours,
and cloudiness. In our research, we propose to move from
the average energy parameters, which are, in essence,
quantitative characteristics of insolation, to instantaneous
values of insolation incident on a tilted surface in order to
determine daily fluctuations of insolation. We also propose
a method for assessing the efficiency and performance of
solar power plants based on this approach.

The aim of the research

The main aim of our research is to test a method of
calculating insolation for obtaining more accurate data on its
instantaneous values based on geographical location and
average climatic parameters. We hold that the obtained
data can be used for modeling and assessing the energy
generation performance of solar power plants [7] and the
optimization of their control algorithms. We tested the
proposed method using input data for the Kaliningrad region
and validated the results of the calculation.

To achieve the aim, we analysed a number of
calculation methods, which are based on the algorithm for
determining the position of the Sun for different geographic
locations and seasons (Section 1). Various computational
methods for estimating insolation on the Earth's surface are
dedscribed in the works of Liu and Jordan [8-10], Kolares-
Pereira and Rabl [11], and Gueymard [12-13].

We have chosen one calculation method that meets the
objectives of our research (See Section 2) and used it for

the determination of solar insolation on a tilted surface
(Section 3). The selected model has been applied to obtain
insolation data for the Kaliningrad region for one vyear.
Power plants based on renewable energy sources can be
simulated with obtained data, as shown in [14-15]. The
results of our calculations have been verified (Section 4).

1. Methods of calculating the position of the Sun

The existing methods of estimating instantaneous
values of insolation require the analysis of the position of
the Sun above the Earth's surface [16]. The annual change
in solar activity is associated with two main factors: the
annual change in the solar declination angle J;, and the
annual change in the distance between the Earth and the
Sun. The axial tilt of the Earth’s orbit is 23.45°. Thus, the
declination angle J, (solar declination) varies in the range
from -23.45° to 23.45° during the year and can be
calculated using the Cooper formula [17]:

" d, = 23.45°5in[360(284+n) / 365°]

where n is the ordinal number of the day in the year.

To simplify the calculation of the position of the Sun
above the Earth's surface, the Earth is considered as a
stationary object. Figure 1 shows that the observation point
is assumed as the origin of the coordinates. In this system,
the Sun is a moving object and rotates around the centre of
the Earth with an angular velocity of 15° per hour. The
zenith point (or local noon) is taken as the starting point for
the revolution of the Sun. The value characterizing the
movement of the Sun around the Earth is called the solar
hour angle ;. It is calculated using the formula:

15°
h, = hours from local solar noon)=
$ [hourj( /i )

_ minutes from local solar noon

@) 4 min / deg

The two values, the angular height of the Sun « and the
azimuth angle of the Sun o, are used to calculate the
spherical coordinates of the position of the Sun above the
Earth's surface:

3) sin o= sin L sin 6 +cos L cos dg cos hy

. cos O sin h

sin ag = 0505 St hs.
cos a

4) ,

where L is the geographical latitude.
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Fig.1. Determination of the solar hour angle 4, the angle of
declination of the Sun J,, the angular height of the Sun a and the
azimuth angle «;

Solar radiation on the Earth's surface depends on the
changes in the distance between the Earth and the Sun
during the year: on the day of the winter solstice, December
21, it is 1,471-1011 m and on the day of the summer
solstice, June 21, it constitutes 1,521-10"" m. This variability
is a function of the elliptical shape of the Earth's orbit, which
is taken into account when translating the so-called solar
time (the zenith time is 12.00) into local time using the
following formula:

) Solar time = LST + ET +(lgt - [ 1)

where ET is the equation of time, taking into account the
variability of the Earth's rotation speed around the Sun, [, is
the standard time meridian, /.., is the local longitude. ET is
determined using the formula given below:

©6) ET = (9.87sin 2B-7.53cos B-1.5sin B)

where B =360(n-81)/364 deg

2. The analysis of the methods of calculating insolation
on the Earth’s surface

The calculation of insolation on the surface of the Earth
is a difficult task since it requires taking into account a
variety of factors. There are many empirical or semi-
empirical approaches to the problem within which a number
of simplifying assumptions are made. Each of the
assumptions is based on the calculation of three main types
of insolation on the Earth's surface: beam insolation (7,.),
scattered or diffused insolation (/,.) and reflected insolation

(L.0):

w
le=(petlgetlre)—5
(7) m-.

To account for the absorbing effect of clouds, a monthly
clearness index (Kj) is introduced. It can be calculated
using the formula:

(8) :
where H, [kWh/(mz-day)] is the monthly averazqe daily
radiation on a horizontal surface, and H,, [kWh/(m*-day)] is
the monthly average daily extraterrestrial radiation [16].

This index was first proposed in the works of Liu and
Jordan [8-10]. The method of calculating radiation,
considered in the framework of this approach, is applied to
monthly average values. In our research, we propose to
calculate the instantaneous values of insolation during the
day. There are a number of methods that allow researchers
to move from average values of solar radiation to
instantaneous ones:

. the Kolares-Pereira and Rabla method developed
in 1979 (CPR-method) [11],

. the Kolares-Pereira and Rabla method, modified
by Gyeumard in 1986 (CPRG-method) [12],

o the Daily Integration (DI) Model, developed by
Gyeumard in 2000 [13].

Based on the data presented by Christian A. Gueymard
in [13], the daily integration (DI) model is more accurate
than other methods listed above. Therefore, in this paper,
the calculation of insolation is done using this method.

The daily integration model is based on the calculation
of r, and r, which change during daylight hours. They
demonstrate the dependence of instantaneous diffused
insolation and instantaneous insolation on a horizontal
surface on the total daily scattered insolation and total daily
insolation on a horizontal surface, respectively.

The coefficient ry is defined as follows:

1 -
d _m  coshg-cos hg

) 'd Hy 24 sin hgg - hgg coshss‘
where h, is the solar light angle corresponding to the
sunset, hereinafter expressed in radians. The method of
calculating 4, is described in [16].

According to the daily integration model, the
coefficient is calculated as follows:

]+q>< Q xA(hss)xrd X(24j
_ Iy ay 4

hp=——=
H, qu[azjxj(zss)
(10) a] (SS)

where the absorption of radiation in the atmosphere is taken
into account using the ratio a/a;:

a; =0.41341 K; +0.61197 K7 -0.01886 K;S) +
007598,

ay = Max(0.054,0.28116+2.2475 Ky - 1.7611 K7 -
(12)  -L-84535siniy +1.681sin>hy ).

The coefficients 4(h,) and B(h,,) are defined as follows:
(13) A(hgg ) = sin hgg - hgg cos hgg ’

(4 Blhs)=hs(0.5+ cos®hgg )-0.75 sin 2hgg

Missing values for the calculation are defined as
indicated below:

(15) q=cos L cosdg

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 96 NR 11/2020 129



Ah
sin hy :qizss)
(16) ss,
24
Sp = —hss
17) T .

Thus, the instantaneous value of insolation on the
horizontal surface I, [Wh/mz] and the instantaneous value of
diffused insolation I, [Wh/mz] can be calculated in the
following way:
(18) ]h =n Hh ,
(19) la=ratq

Then, beam insolation on a horizontal surface, I,
[Wh/mz] is calculated according to the formula:

20) Ion=Ih—la=nHy—rgHy

3. Calculation of solar radiation on a tilted surface

The values of insolation obtained using the daily
integration method are to be converted into insolation
values for solar panels oriented and tilted in a particular
way. The position of solar panels is set at the following
angles (Fig. 2): the tilt of the solar panels § and the azimuth
angle of the solar panels «,. The incident angle of sunlight
on the surface of the solar panels i is determined as follows:

21) cosi = cosa cos(og -a,, ) sin f+sina cos ff

Using simple transformations, we determine the fraction
of beam insolation on the tilted surface I, :
22) cosi = cosa cos(ag - a,, ) sin f+sina cos f§ .

Fig.2 Calculation of insolation on a tilted surface

Scattered insolation (Z,.) on the surface of solar panels
is estimated as follows:

I 1;(1+cos ) 1, Sing(ﬁj:

d.c 2 >y

= ”dH_d sin’ (EJ
(23) 2

Reflected insolation (7,..) is calculated using the formula:
I, .= plhsin2 (Ej = pr,H_hsinz (ﬁj

where p = 0.2 for the surface not covered with snow, and 0.8
for the snow-covered surface.

Thus, the insolation on the tilted surface is determined
as follows:

— — cosi
Io=ptlget1..)=(Hy-1;Hg)

+ry H_dsin2 (éj +pr; H_hsin2 (gj

+

cos o

(25)

4. Calculation of insolation for the Kaliningrad region

The calculation method described in the sections above
was used in the MATLAB software programme for obtaining
the annual insolation data for the Kaliningrad region
(54°43'N, 20°30°E). The algorithm (Fig. 3) is based on
NASA resource data [1], where H, is average monthly total
radiation on a horizontal surface per day, H, is average
monthly total scattered radiation, and K; is monthly
clearness index:

Start

Data input: longitude,
latitude, Hy, Hg, K,
ay, B, start and finish
dates (n1 u n2)

|

1. Calculation of serial number
of modeled day of the year.
2. NASA data interpolation.

|

k=1:(n;-ny)

|

Calculation of insolation shape
for k-th day

|

Ic array creation

|

‘ Stop

Fig.3 Block diagram of the algorithm for calculating insolation

Other input data for the algorithm are the latitude, the
longitude of the chosen terrain, the start and finish dates of
the formation of the calculated insolation values, as well as
parameters characterising the location of the solar panels.
The algorithm performs the calculation of the ordinal
numbers of the days in the year (taking into account leap
years) for which the calculation of solar insolation is done.
NASA data are monthly averaged, so before starting the
calculation, the change in monthly average indicators is
interpolated, and their values for each day are determined.
The variable, linearly dependent on time, is the hour angle
of the Sun 4y, for which every minute values are calculated.
After all the data have been formed, the MATLAB software
programme calculates the total insolation on a tilted
surface, thus forming the data array /..

Figure 4 shows the calculated insolation on the surface
of a solar panel having a 30° tilt angle on December 21,
June 21, and March 1.

The reliability of the calculation method and the data
obtained have been assessed. To perform the assessment
we analysed the calculated total monthly radiation incident
on a horizontal as well as on a tilted surface. The results
are shown in Fig. 5, where H,. ..., is the calculated average
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monthly total radiation, H, is the average monthly total
radiation according to NASA [1], and H, is the monthly
average total radiation.
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Fig.4 Insolation on the tilted surface
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Fig.5 Estimation of the data reliability

The graph shows that the margin of error of the
proposed method is minimal. It allows us to use the
obtained data for the performance and efficiency analysis of
solar power plants.

Conclusions

In our research, a number of methods for calculating
instantaneous values of insolation have been analysed. The
methods are based on the calculation of the coordinates of
the position of the Sun (the angular height and the azimuth
angle), as well as the average climatic parameters of the
season.

Our analysis of the calculation methods has shown that
the daily integration model (Dl) is the most effective one. On
the basis of this model, we proposed an algorithm for
calculating insolation using the MATLAB software
programme. This allowed us to determine instantaneous
values of insolation for a wide variety of temporal and
geographic conditions. The algorithm can be used to form
an array of objective data on the instantaneous values of
insolation on the tilted surface of solar panels, as a
combination of beam, diffused and reflected insolation.

We validated the obtained data and identified the margin
of error of the proposed method, which turned out to be
insignificant. The proposed method of calculation can be
used to simulate the operation of power plants working on
renewable energy sources, evaluate their efficiency and to
conduct further research on optimizing control algorithms
for autonomous solar power plants.
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