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Abstract—This paper introduces an advanced mathematical model for generating and analyzing cloud cover images, 
specifically designed to enhance photovoltaic (PV) partial shading studies. The model development involved a detailed anal-
ysis of real cloud cover images, with a particular emphasis on capturing their anisotropic spectral characteristics. This was 
achieved through a combination of spectral analysis and advanced image processing techniques. The research methodolog-
ically focused on developing a four-parameter model to accurately represent cloud formations' spectral properties. Key 
parameters were identified and fine-tuned to match the real cloud formations' characteristics. This involved analyzing  
the magnitude and phase spectra of the cloud covers and fitting them to a model capable of replicating these properties 
accurately. A significant part of the research was dedicated to formulating a novel phase spectrum generation technique. 
This technique was specifically designed to control the degree of similarity between the synthesized and original images, 
thereby ensuring the model's effectiveness in various simulation scenarios. The process involved manipulating the phase 
information of cloud cover images while maintaining their high-frequency components to enhance the detail and realism of 
the synthesized images. The model's accuracy in replicating cloud cover features was tested against traditional spectral 
synthesis methods. This comparative analysis involved generating cloud cover images using the developed model and estab-
lished methods, then comparing these images to the original cloud covers in terms of visual similarity and approximation 
error. Additionally, the model was utilized to generate pseudo-random cloud cover images by varying the phase spectrum 
parameters. This process ensured that the generated images, while being random, adhered to the spectral characteristics of 
the original cloud covers. The research methodology also involved a detailed examination of the images' key characteristics, 
such as direction, length, and density, to ensure fidelity to the original samples. In summary, this paper details an approach 
to cloud cover image synthesis, with a focus on the accuracy of spectral properties and the development of an algorithm of 
model parameters estimation. The research highlights the use of advanced spectral analysis and image processing techniques 
in deriving key model parameters, leading to a significant advancement in cloud imaging for solar energy applications. 

Keywords — spectral image synthesis; partial shading; cloud cover modeling; image approximation accuracy; spectral ani-
sotropy; frequency response analysis; phase spectrum generation 

 

I. INTRODUCTION 
 Year a�er year, electricity demand grows by 1.5-5% 

[1], and installing new genera�on capaci�es based on  
renewable energy sources (RES) is a promising and o�en 
indispensable method of mee�ng these increasing needs 
[2, 3]. Predic�ons suggest that by 2025, these demands 
will be fulfilled primarily by low-emission sources, pre-
dominantly through RES [4, 5]. Besides mi�ga�ng envi-
ronmental impact, RES usage offers several other bene-
fits, including decentraliza�on and reduced electricity 
transmission losses, among others. In addi�on, RES are 
well aligned with the concept of distributed electricity 
genera�on. Despite this, a significant drawback of  
the use of RES is the variability and dependence of  
the output power on weather condi�ons [6]. 

Ukraine aligns with global trends by integra�ng RES 
into its energy system, as reflected in its energy strategy. 
This strategy underscores the importance of decarboni-
za�on and the u�liza�on of RES in the energy sector [7]. 
According to approximate es�mates, the technically 

achievable annual RES poten�al without taking into  
account hydropower of Ukraine is about 370 TWh [8, 9]. 

Among all renewable sources, solar energy has a spe-
cial role. Over the last decade, considerable progress has 
been made in the technology of manufacturing solar 
panels, which has made them widely available and cost-
effec�ve [10, 11]. In addi�on, solar modules do not have 
moving parts and during their opera�on do not create 
noise and vibra�on pollu�on in comparison with wind 
energy. Coupled with suppor�ve government policies, 
these factors have led to a substan�al rise in the number 
of low-power autonomous solar power plants, primarily 
for private household use. That is why in Ukraine in 2021 
the share of solar electricity was about 56% among other 
RES [9]. 

When opera�ng a solar power plant, the panels  
receive different amounts of solar radia�on [12]. This 
phenomenon is called the par�al shading effect. The rea-
sons for its occurrence can be various factors, but  
the most significant is the presence of cloud cover. In  
addi�on to reducing the output power, par�al shading 
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can cause overhea�ng and damage to individual ele-
ments of the solar panel [13, 14]. In this regard, a lot of 
research is being conducted to determine ways to mini-
mize or eliminate the nega�ve impact of the par�al shad-
ing effect while simultaneously maximizing power  
extrac�on [15]. To check the effec�veness of these  
methods, a mathema�cal model of the cloud cover is 
needed, which will accurately reproduce the opera�on 
of the array of solar panels in condi�ons of par�al shad-
ing. 

The aim of this work is to develop a cloud cover  
simula�on model that accurately replicates real-life con-
di�ons of par�al shading and allows to maximize power 
output of solar panel array. 

II. METHODS 

A. Cloud optical thickness and 1/f noise 
To quan�fy the impact of cloud cover on solar radia-

�on received per unit area of a solar panel, the op�cal 
thickness of the cloud cover is used, determined as fol-
lows [16]: 

,

,
ln ,e i

e t

E
T

E
τ = =  

where ,e iE  – illuminance of incident sunlight, ,e tE  –  
illuminance of transmited through the medium sunlight, 
T  – medium transmitance.  

In prac�ce, τ  is measured experimentally by employ-
ing ground-based equipment, satellites, or a combina-
�on of these methods [17–19]. The disadvantage of  
using experimentally obtained data is the low frequency 
of measurements, which does not allow simula�ng  
the opera�on of an array of solar panels (SP) in real �me. 
Consequently, an approach to cloud cover genera�on  
using a mathema�cal model that delineates the op�cal 
thickness of the cloud cover has gained popularity [20, 
21]. 

Like most natural processes, the image of cloud cover 
has a characteris�c of power spectral density (PSD), 
which is described by the following distribu�on law [22]: 

 ( ) ,
m

c
S f

f α
≈  (1) 

where m  – dimension of space, 2

1

m
i

i
f f

=
= ∑  – norm of 

the m -dimensional frequency vector ( )1 , , mf f , if  – 
the frequency component along the  
i-th axis, α  – fade coefficient, which defines the color of 
the process (noise), c  – some coefficient. 

In the discrete scenario, the PSD distribu�on law for 
noise follows the same descrip�on as in the con�nuous 
case (1). 

Owing to the nature of its magnitude spectrum, this 
process is referred to 1 f  noise. Similar processes are 
found in electronics [23], biology [24] and many other  
areas of human ac�vity. In this regard, many studies have 
been conducted to analyze their nature, as well as to  
create a mathema�cal model [25].  

The concept of noise is quite o�en used instead of 
the terms random process or signal, therefore, in further 
explana�ons, these defini�ons will be considered inter-
changeable. 

For the sake of simplifica�on, we introduce the defi-
ni�on of the term “noise” as a random process with  
the following proper�es: 

1. Sta�onarity – absence of dependence of sta�s�-
cal parameters of this process (such as average 
value and variance) on �me. This simplifies  
the analysis because the proper�es of the pro-
cess remain constant. 

2. The normal distribu�on law – at any moment in 
�me, the process corresponds to a normal distri-
bu�on, which is characterized by an average 
value and a standard devia�on. 

3. Spectrum range limita�on – defined as noise 
having non-zero spectrum components exclu-
sively within a specific frequency range or band-
width. In many real-world scenarios, such limita-
�ons are observed where noise occurs within 
certain frequency ranges  

4. Ability to control the PSD. The power spectrum 
of a signal reflects how its energy is distributed 
among different frequencies. By controlling  
the power spectrum, it is possible to control  
the energy distribu�on over the different  
frequency components of the noise. This can be 
important for reproducing the proper�es of real 
processes and phenomena. Such property can be 
achieved directly or by summing independent 
normalized noises. 

The direct control of the noise spectrum significantly 
enhances its quality. Among the various cloud cover  
genera�on methods, the spectral synthesis method and 
its deriva�ves are notable for allowing spectrum control 
[26, 27]. 

B. Spectral synthesis method 
Spectral synthesis methods rely on various integral 

transforma�ons [26]. This approach enables direct  
opera�on on the spectral characteris�cs of the output 
signal. Methods u�lizing the Fourier transform have 
gained significant popularity. The algorithm of this 
method in the one-dimensional case is considered as fol-
lows. 

Ini�ally, white noise with a normal distribu�on law is 
generated in the spa�al domain of the required size. 
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Commonly, this involves using noise with zero mean and 
unit variance, also known as Gaussian noise. However, 
depending on specific requirements, these sta�s�cal  
parameters may vary. 

Then, the noise spectrum is obtained using the Fou-
rier transform: 

[ ] ,R F r X jY= = +  

where ,X  Y  – random variables with normal distribu-
�on. 

Once the spectrum of white noise in the frequency 
domain is determined, a filtering func�on F  is applied to 
achieve the desired PSD. Various func�ons can serve this 
purpose. To generate the cloud cover, a discrete version 
of the 1 f  noise distribu�on law, as previously  
described, is u�lized. Consequently, the following is  
obtained: 

 R R F′ = ⋅  (2) 
To find the original noise with the necessary spectral 

characteris�cs, the inverse Fourier transform is used: 

1r F R−  ′=    
 

An example of cloud cover obtained by two-dimen-
sional spectral synthesis is shown in Fig. 1. 

The isotropic nature of the resul�ng noise, atributed 
to the filter func�on being a rota�on figure, poses a dis-
advantage in cloud cover modeling, as real cloud cover 
exhibits a certain degree of anisotropy. To address this 
limita�on, modifica�ons to the current spectral synthesis 
method are required. 

C. Mathematical model of anisotropic spectral 
synthesis 

For model development, an analysis of the spectral 
characteris�cs using a real image of cumulus cloud cover 
(Fig. 2) is required. 

The Fourier transform presupposes the periodicity of 
the target func�on. However, the example cloud cover 
image (Fig. 2) is not periodic, resul�ng in a pronounced 
jump at the image boundaries. This discrepancy leads to 
spectrum leakage, significantly influencing the spectral 
characteris�cs [28]. 

To mi�gate or reduce this effect, various window 
func�ons are employed [29]. For the two-dimensional 
case, window func�on is defined as: 

( )
2 2

2 2

1
,

max

x y

x y

k k
W

k k

− +
=

+
 

where xk  – the number of the spectral component along 
the abscissa axis, yk  – the number of the spectral com-
ponent along the ordinate axis. 

The window func�on is applied to the original image, 
and the constant component of the original image is  
excluded to simplify the subsequent analysis of its spec-
tral characteris�cs: 

( )0 ,p W p p= −  

where [ ]p E p=  – mean value of examined image. 

Upon the applica�on of this window func�on,  
the appearance of the original image is as shown in  
Fig. 3. This applica�on results in a visually smooth reduc-
�on in the brightness of the original image near its edges,  
effec�vely minimizing the impact of the spectrum  
leakage phenomenon.  

The next step is to find the spectrum of the prepro-
cessed image 0p  using the Fourier transform: 

[ ]0P F p X jY= = +  

As well as magnitude and phase spectra (Fig. 4 and 
Fig. 5, a, respec�vely): 

 

Fig. 1 An example of a cloud cover image obtained using two- 
dimensional spectral synthesis. Arrows determine the posi�ve  
direc�ons of the axes 

 

Fig. 2 Studied original image 
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( )arg arg
P

P

A P X jY

P X jY

= = +

ϕ = = +
 

The magnitude and phase spectra display dis�nct 
characteris�cs, notably the sec�ons along the axes and 
an ellip�cal component (Fig. 4 and Fig. 5, a). For  
the genera�on of cloud cover using spectral synthesis, 
these specific features of the spectral characteris�cs 
need to be replicated. 

The analysis begins with the phase response and its 
components along the axes. Approxima�ng the phase  
response presents a complex task, as the distribu�on law 
is not clearly established, in contrast to the amplitude  
response. Therefore, spectral synthesis is employed for 
genera�ng the phase.  

Ini�ally, the spectrum of the phase response is deter-
mined using the Fourier transform:  

[ ]F X jYΦ = ϕ = +  

Followed by its magnitude spectrum: 

 A X jYΦ = Φ = +  (3) 

The obtained magnitude spectrum (3) is then used as 
a filtering func�on in the spectral synthesis procedure 
previously described (2):  

 [ ]1 ,out F A R−
Φϕ = ⋅  (4) 

where R  represents the white noise spectrum. 

The applica�on of this approach yields an approxi-
mate phase response outϕ  (Fig. 5, b), mirroring the fea-
tures and distribu�on law of the original phase response 
(Fig. 5, a).  

In genera�ng the phase spectrum characteris�cs by 
this method, it is observed that boundary values may  
extend beyond the range of [ ], .−π π  Nonetheless,  
the normaliza�on of the phase spectrum is unnecessary 
due to the periodicity of the basic’s func�ons in the Fou-
rier transform.  

Using the generated phase spectrum outϕ , the origi-
nal magnitude spectrum PA , and the inverse Fourier 
transform, reconstructed image of the cloud cover can 
be defined as:  

1 approxj
Pp F A e ϕ−   =   

 

Upon analysis of the restored cloud cover image  
(Fig. 6), it is evident that the generated phase spectrum 
successfully captures most features of the research  
image of the cloud cover.  

However, since this method of phase spectrum  
genera�on is pseudo-random, images produced using 
this phase will bear visual similarity to the original image. 
To address this limita�on, a random phase spectrum can 
be defined as follows:  

 ( )1 ,P rϕ = εϕ + − ε ϕ  (5) 

 

Fig. 3 Preprocessed studied image 

 

Fig. 4 Magnitude spectrum of windowed image: 1 – axial compo-
nent, 2 – ellip�cal component 

 

Fig. 5 Phase spectrum of windowed image (a) and generated 
phase spectrum (b). Axial components are emphasized with  
circles 
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where Pϕ  – phase spectrum of the original image, rϕ  – 
random phase spectrum, 0 1ε =   – blending coeffi-
cient. 

The subsequent step involves the approxima�on of 
the ellip�cal component of the magnitude spectrum. 
This requires determining the rota�on angle of the ellip-
�cal component, as well as quan�fying the atenua�on 
along its major and minor semi-axes. 

To determine the angle of rota�on, it is necessary to 
select the ellip�cal component of the magnitude spec-
trum: 

,
,

0, 0
P P

el
P

A A th
A

A

 ≥=  <
 

where th  represents the threshold value corresponding 
to the boundaries of the ellip�cal component.  

This threshold value is established experimentally, 
and for the magnitude spectrum of the analyzed image 
(Fig. 3) on a logarithmic scale it is equal to 9th = . None-
theless, this approach does not allow for the complete 
separa�on of the ellip�cal component from the axial 
components, resul�ng in poten�al inaccuracies in deter-
mining the rota�on angle. To mi�gate this issue, sec�ons 
of the spectrum that cannot be dis�nctly categorized are 
subs�tuted with zero values or the nearest discernible 
components (either horizontal or ver�cal), emphasizing 
the presence of the ellip�cal component. Fig. 7 illustrates 
this process, with the relevant modifica�ons highlighted 
in red. 

A�er that, the angle of rota�on is determined 
through linear regression. Addi�onally, a weigh�ng func-
�on is implemented to augment the impact of low-fre-
quency components on the regression outcome. In this 
context, the objec�ve is to minimize the following differ-
ence using the least squares method:  

 ( )2 ˆ ,el y x
i j

SSE A k ak= −∑∑  (6) 

where ,xk  yk  – the number of the spectral component 

along the corresponding axis, elA  – ellip�cal component 
of the magnitude spectrum. It should be noted that all 
variables in equa�on (6) are dependent on i  and j ,  
although this dependency is omited in the nota�on for 
simplicity. 

For this purpose, the par�al deriva�ve with respect 
to the angular coefficient is calculated and then set to 
zero: 

 ( )2 ˆ2 0
ˆ el y x x

i j
SSE A k ak k

a
∂

= − − =
∂ ∑∑  (7) 

Having solved the resul�ng equa�on for the desired 
parameter, a linear regression equa�on through  
the origin of coordinates is obtained [30], with  
the magnitude spectrum serving as a weigh�ng func�on: 

 

2

2 2 2
ˆ

ellipcit y x
y xi j

ellipcit x x
i j

A k k
k k

a
A k k

= =
∑∑

∑∑
 (8) 

The average value in formula (8) is determined as fol-
lows: 

 ( )
( )2

2

,
,

ellipcit
i j

ellipcit
i j

A f i j
f i j

A
=
∑∑

∑∑
 (9) 

Regression analysis involves the presence of  
a dependent variable and one or more independent  
variables. Formula (8) assumes that is an independent 
variable, but experimentally it was established that 

 

Fig. 6 Restored image using generated phase 

 

Fig. 7 Ellip�cal magnitude spectrum component. The solid line 
approximates the major axis of the ellipse, the dashed – minor 
axis. The red line shows the area of magnitude spectrum, where 
the components along the abscissa axis were replaced with the 
nearest neighboring 
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some�mes it is more appropriate to choose as an inde-
pendent variable. In this case, equa�on (8) takes  
the form: 

 
2

ˆ y x

y

k k
a

k
=  (10) 

The next step involves approxima�ng the magnitude 
spectrum along the axes of the ellip�cal component.  
The PSD distribu�on law of the 1 f  noise (1) is proposed 
as the approxima�ng func�on. However, this approach 
necessitates determining two parameters: the atenua-
�on coefficient α  and the constant c . Employing  
the method of least squares in this context necessitates 
solving a system of two transcendental equa�ons, which 
demands the applica�on of numerical methods [31]. 
Such a requirement significantly complicates the algo-
rithm and reduces its computa�onal speed.  

Therefore, for simplifica�on, the magnitude spec-
trum normaliza�on is performed as follows: 

( )max
P

Pn
P

A
A

A
=  

Using this approach allows you to significantly sim-
plify the approxima�on process. 

Next, employing the method of least squares results 
in an exponen�al regression scenario that simplifies to  
a linear case [32]: 

 ( )
2

ˆlog logPn
i

SSE A k = − −α  ∑  (11) 

By applying the approach used in equa�ons (7)-(8) to 
equa�on (11), the following is obtained: 

 2 2

log log log log
ˆ

log log

Pn Pni

i

k A k A

k k
α = − = −

∑

∑
 (12) 

In turn, the following distribu�on func�on is used to 
approximate the magnitude spectrum: 

 ( ) 2 21 ,outA M N= −η + η  (13) 

where 1 majη = −α αmin  – blending coefficient which 
determines the degree of stretching of the symmetric 
distribu�on law 1M xα= minor  along line 

y xN k k= −αmaj , majα , αmin  – atenua�on coefficient 
along the major and minor axes respec�vely. 

It was also experimentally established that the linear 
components of the magnitude spectrum along the axes 
are quite difficult to approximate, and their influence on 
the generated images is quite small, so they can be  
neglected. 

Thus, to generate images of cloud cover of a certain 
type, it is necessary to find four parameters: the atenu-
a�on coefficient along the major majα  and minor αmin  

axes of the ellip�cal components of magnitude spec-
trum, the angle of rota�on a  of the ellip�cal compo-
nent, and the phase spectrum ϕ  (original or pseudoran-
dom). That is, the developed cloud cover model contains 
four parameters. 

D. Algorithm for finding the parameters of  
the developed model 

The flowchart of the algorithm for finding the param-
eters of the developed model is shown in Fig. 8. 

Cloud cover images of a specific type serve as  
the input data. In scenarios involving mul�ple images, 
the algorithm is applied to each image individually. Sub-
sequently, the parameters determined from each image 
are averaged. Based on these averaged parameters,  
the output image is then generated. 

In the process of approxima�ng the magnitude spec-
trum, as exemplified in equa�ons (8) and (10), a change 
in the signal energy occurs. This altera�on can result in  
a notable discrepancy in values between the original set 
of images and the generated image. To counteract this 
issue, normaliza�on is required. This involves the use of 
a propor�onality factor, which quan�fies the ra�o by 
which the energy of the original image exceeds that of 
the generated image: 

( )

( )

2

,
2

,

,
,

,

out
i j

PSD
P

i j

A i j
c

A i j
=
∑

∑
 

where outA  – magnitude spectrum of generated image, 

PA  – magnitude spectrum of the source image or  
the average magnitude spectrum of a set of input  
images. 

 

Fig. 8 Flowchart of the proposed method 
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Moreover, when employing a random phase at values 
0ε ≈  in equa�on (5), there are instances where  

the value of propor�onality 1PSDc ≈ , indica�ng that  
the energies of the output and generated signals are 
equivalent. Nonetheless, this can result in the presence 
of areas in the generated image that exceed the value 
range of the original image.  

To align the generated image within the value range 
of the original image, linear regression is u�lized [32]: 

22
ˆ

ˆ ˆ

approx P approx P

P P

P approx

A A A A
a

A A

b A a A

−
=

−

= −

 

Thus, the normalized magnitude spectrum is deter-
mined as follows: 

 ˆˆapprox PSD approxA ac A b′ = +  (14) 

In addi�on, a�er genera�ng the cloud cover image, 
using (14), it is necessary to bring the image to the range 
of the original image: 

( ) ( )
( ) ( )
( ) ( )

, min max

min , min

max , max

outp inp outp inp

outp inp outp inp

inp outp inp

R R R R

R R R R

R R R

 ≤ ≤′ = ≤ ≥

 

Furthermore, experimental findings indicate that in 
cases where long tails are present along one of the  
frequency response axes, it is recommended to consider 
this variable as the dependent variable in determining 
the magnitude spectrum rota�on angle â , u�lizing  
the appropriate formula – either (8) or (10). For instance, 
in the magnitude spectrum of the studied image (Fig. 4), 
tails are observed along the x  axis, thus making the use 
of formula (10) more suitable. Employing formula (8)  
in such scenarios could result in an inaccurate es�ma�on 
of the rota�on angle. 

III. RESULTS AND DISCUSSION 
To validate the developed method of spectral synthe-

sis, a compara�ve analysis was conducted against  
the tradi�onal method of spectral synthesis, focusing on 
the accuracy of approxima�ng the original image.  

In both approaches, the phase spectrum of the origi-
nal image was employed. In the tradi�onal method,  
the frequency response is determined using equa�on 
(13), under the assump�on of symmetry, i.e. 0η = .  

The accuracy of the approxima�on is es�mated using 
the root mean square error: 

( ) ( )
2

1 1

1
, , ,

n m

i j
RMSE P i j P i j

mn = =

 ′= −   ∑∑  

where ( ),P i j  – pixel value of the original image with  

coordinates ( ),i j , ( ),P i j′  – pixel value of the generated 

image with coordinates ( ),i j  

The results obtained from applying the proposed  
algorithm (Fig. 8) and the tradi�onal approach to the an-
alyzed image are displayed in Table 1. Images restored 
using these methods are illustrated in Fig. 9 and Fig. 10. 

TABLE 1 APPROXIMATION PARAMETERS OF THE ORIGINAL CLOUD COVER IMAGE 

 Proposed method Basic approach 

majα  1,447 - 

αmin  1,591 1,572 

a  -2,095 - 
η  0,0996 - 

RMSE  22,956 28,982 

 

 

Fig. 9 Recovered images using a tradi�onal spectral synthesis  
approach 

 

Fig. 10 Recovered images using proposed method 
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Table 1 demonstrates that the proposed method 
yields a 20.79% lower image approxima�on error for  
the studied image compared to the tradi�onal method. 
Both methods yield similar values for the atenua�on  
coefficient αmin .  

In the analysis of the generated images (Fig. 9 and  
Fig. 10), it is evident that the image produced using  
the proposed method visually is more similar to the orig-
inal image (Fig. 2). The tradi�onal method, characterized 
by an isotropic magnitude spectrum with an atenua�on  
coefficient αmin , leads to a reduc�on in the amplitude 
of harmonics along the ellip�cal component's semimajor 
axis, resul�ng in a loss of detail in the tradi�onally gener-
ated image. 

Addi�onally, examples of the proposed method in 
producing pseudo-random cloud cover images is demon-
strated, employing a range of values of 0,4ε =  (Fig. 11) 
and 0,6ε =  (Fig. 12) in the equa�on (5). While  
the quality of these images may be lower compared to 
the recovered image (Fig. 10), they serve the purpose of 
genera�ng pseudo-random cloud cover that closely 
mimics the spectral parameters of the input image. 

The images generated through this method success-
fully retain key characteris�cs of the original, such as  
the direc�on and length of low-frequency components. 
The values of 0,5η<  effec�vely maintain the phase  
informa�on of the high-frequency components of  
the original image, sustaining the detail in the generated 
images. While, values 0,5η≥  lead to a dominance of  
the random component in the phase spectrum, facilitat-
ing the crea�on of pseudo-random images.  

CONCLUSIONS 
In this study, a new mathema�cal model for crea�ng 

images of cloud covers has been developed. This model 
is par�cularly beneficial for studying how cloud shadows 
affect solar panels, known as PV par�al shading.  
The focus was on achieving images that closely match 
real cloud paterns. 

The main achievement of this work is the accurate 
replica�on of cloud appearance and behavior. This is cru-
cial for understanding the impact of cloud-induced shad-
ows on solar panels, influencing their energy output. 

The significance of this research extends beyond just 
producing cloud images; it plays a vital role in solar  
energy advancement. The model allows for beter plan-
ning and management of solar panel systems, par�cu-
larly in areas with variable sunlight due to cloud cover. 

Looking forward, this model could be integrated into 
systems predic�ng solar panel energy output, enhancing 
the reliability and efficiency of solar power. 

In essence, this study represents a significant  
advancement in producing accurate cloud images and 
contributes substan�ally to op�mizing solar panel per-
formance under varied cloud condi�ons. 

Compara�ve analysis indicates that the proposed 
cloud cover image synthesis method yields, on average, 
a 20% lower approxima�on error rela�ve to the tradi-
�onal spectral synthesis approach. Visually, this trans-
lates to a greater resemblance to the original cloud cover 
image. 

  

 

Fig. 11 Pseudo-random image generated using proposed method 
with 0.4ε =  

 

Fig. 12 Pseudo-random image generated using proposed method 
with 0.6ε =  
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Генерація анізотропного хмарного покриву 
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Анотація—У цій статті представлено розробку математичної моделі для генерації та аналізу зображень хмарного 
покриву, спеціально призначеної для покращення дослідження часткового затінення фотоелектричних систем. Розро-
бка моделі включала ретельний аналіз реальних зображень хмарного покриву, з особливим акцентом на відтворення 
їх анізотропних спектральних характеристик за допомогою комбінації спектрального аналізу та різноманітних методів 
обробки зображень. Методологічно дослідження було зосереджено на розробці моделі з чотирма параметрами для 
точного відображення спектральних властивостей хмарного покриву. Основні параметри були визначені за допомогою 
використання різноманітних моделей регресійного аналізу, щоб відповідати характеристикам реальних хмар. Це вклю-
чало аналіз амплітудних та фазових спектрів хмарних покривів та їхню адаптацію до моделі, здатної точно відтворювати 
ці властивості. Важливою частиною дослідження було формування нової техніки генерації фазового спектру. Ця техніка 
була розроблена для контролю ступеня схожості між згенерованим та оригінальними зображеннями, що забезпечує 
ефективність моделі в різних сценаріях моделювання хмарного покриву. Точність моделі у відтворенні характеристик 
хмарного покриву була перевірена порівняльним аналізом із традиційними методами спектральної синтезу. Цей аналіз 
включав генерацію зображень хмарного покриву за допомогою розробленої моделі та порівняння цих зображень із 
оригінальними хмарами за візуальною схожістю та похибкою апроксимації. Було встановлено, що розроблена модель 
у порівнянні з традиційним підходом спектрального синтезу забезпечує в середньому на 20% меншу похибку апрокси-
мації вихідного зображення. Візуально це відображається у більшій чіткості згенерованого зображення хмарного пок-
риву. Окрім того, модель була застосована для генерації псевдовипадкових зображень хмарного покриву шляхом зміни 
значення параметру моделі, який відповідає за анізотропію амплітудного спектру. Це дозволяє генерувати зображення, 
які одночасно є випадковими та відповідають спектральним характеристикам вихідного зображення хмарного пок-
риву, зберігаючи ключові особливості, такі як напрямок, довжина та щільність. У підсумку, ця стаття детально описує 
створення високоточної моделі синтезу зображень хмарного покриву, з акцентом на точності спектральних властивос-
тей. Дослідження підкреслює використання передових методів спектрального аналізу та обробки зображень для  
визначення ключових параметрів моделі, що призвело до значного прогресу в імітації хмарного покриву для сонячної 
енергетики.  

Ключові слова — спектральний синтез; часткове затінення; моделювання хмарного покриву; точність апрокси-
мації зображення; спектральна анізотропія; аналіз частотної характеристики; генерація фазового спектру  
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