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Reconstruction of objects buried under rough surfaces using 

Supbspace Optimization Method 

 
1,*Rēza Erhan Akdoĵan, 1,*Yasemin Altuncu 

1Niĵde ¥mer Halisdemir University, Faculty of Engineering,  
Department of Electrical and Electronics Engineering 

*ariza@ohu.edu.tr 
 

Abstract: This study provides a solution to the problem of reconstructing cylindrical 
objects buried beneath rough surfaces. This problem, which involves an inverse 
electromagnetic scattering scenario, has been addressed using the Subspace 
Optimization Method (SOM). The roughness of the surface is incorporated into the 
solution through the Buried Object Approach (BOA), which models the rough 
interface as buried objects. The SOM technique divides the induced current space 
into a signal subspace and a noise subspace. The part associated with the signal 
subspace is extracted through spectral analysis, while the portion associated with 
the noise subspace is obtained through optimization techniques. Consequently, the 
inverse algorithm becomes more robust against noise. To demonstrate the 
effectiveness of the method in recontruction of the objects buried under rough 
surfaces, various numerical simulations are presented. 
Keywords: Electromagnetic scattering, rough surface, buried object, inverse 
scattering, subspace optimazation. 

 

 
1. Introduction 

The purpose of an inverse scattering problem is to determine the unknown properties 
of a scattering object using electromagnetic waves. These objects can exist in various 
environments, such as a homogeneous medium or an inhomogeneous medium such 
as layered media. In the case of a homogeneous background, since observations can 
be made from all directions around the unknown object, the solutions to the problems 
of objects buried in such environments are relatively simpler than those buried in 
inhomogeneous environments. A primary challenge in determining objects buried in 
layered environments arises from the constraint that receivers and transmitters must 
be located in the upper region. In such cases, the investigating objects remain 
unilluminated from all directions and the scattered fields cannot be measured from all 
angles, leading to incomplete data available for the solution of the inverse problem. 
Nevertheless, such problems offer more realistic approaches to real-world issues. 
Problems related to the characterization of objects buried in layered media have many 
practical applications in real-life scenarios such as medical imaging (Mohammed et al., 
2014; Fhager et al., 2018), geophysics (Cui et al., 2001), and mine detection (Wang et 
al., 2001).  

One of the main challenges in solving an inverse scattering problem are the ill-
posedness and the nonlinearity due to the relationship between the scattered field and 
the scattering object (Bucci et al., 2000). Under specific conditions, the nonlinearity 
can be addressed. Linear models, such as the Born approximation and the Rytov 
approximation, can be employed to linearize the solution. The Born approximation is 
effective at low frequencies, while the Rytov approximation provides more suitable 
results at higher frequencies. In scenarios where these approaches cannot be applied 
due to high contrast between the object and the background, iterative methods can be 
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utilized. These iterative methods include the Born iterative method (BIM), distorted 
Born iterative method (DBIM), variational Born iterative method (VBIM) and contrast 
source inversion method (CSIM), as well as source-based methods like the subspace 
optimization method (SOM). 

In a significant amount of studies related to direct and inverse scattering problems 
concerning objects buried in layered environments, the interface separating the 
layered media is commonly assumed to be planar (Chen et al., 2017; Zamani et al., 
2020). However, real-world problems often encompass scenarios with rough interfaces 
(Altuncu, 2008). Consequently, considering the presence of a rough surface in these 
scenarios becomes essential for accurately reconstructing buried objects. 

This study presents a solution to the inverse scattering problem related to the 
reconstruction of two-dimensional objects buried in a rough-interfaced half-space. The 
addressed inverse problem is solved using the SOM (Pan et al., 2009). SOM offers a 
subspace-based optimization technique aiming to reconstruct the relative permittivity 
of the scatterer. In this optimization method, the induced current density is 
decomposed into two complementary parts: a deterministic part and an ambiguous 
part (Chen, 2018). The deterministic part is determined through spectral analysis, while 
the ambiguous part is obtained using the optimization method. SOM has been 
demonstrated to exhibit rapid convergence and the ability to reconstruct search domain 
with distinctive shapes (Chen, 2009). The roughness of the interface is incorporated 
into the solution through the Buried Object Approach (BOA) (Altuncu et al., 2006; 
Altuncu et al., 2006). According to the BOA method, the peaks and valleys forming the 
rough interface are modeled as objects buried on either side of an imaginary, planar 
interface passing through the center of the roughness. As a result, the influence of the 
rough interface is integrated as a solution to the direct scattering problem concerning 
these objects. 

The rest of the study is organized as follows: In Section 2, we present a comprehensive 
overview of the formulations addressing solutions for both the direct and inverse 
scattering problems. This section also delves into explanations of the Buried Object 
Approximation (BOA) and the Subspace Optimization Method (SOM). In section 3, a 
presentation is made on the results obtained from the reconstruction of relative 
permittivity constants for objects buried in a half-space with rough interface. Moreover, 
the efficacy of both the SOM and BOA techniques is demonstrated. Finally, Section 4 
is dedicated to discussing and exploring the findings and insights gathered throughout 
this study. 

2. Material and Method 

The problem geometry under consideration is depicted in Fig.1. In this setup, space is 
divided into two half-spaces by a locally rough surface denoted as ũ. Such that, while 
ῲ is characterize by a function ὼ Ὢὼ  in a limited region ὒ, let ὼ π outside ὒ. 
The upper half-space is defined by the electrical parameters ‐ȟ‘ ‘ and „ π, 
while the lower half-space is characterized by ‐ȟ‘ ‘ and „. Arbitrary shaped 
objects are assumed to be buried in the lower half-space. The entire configuration 
remains invariant along the ὼ-direction. The objective of this study is to determine the 

electrical properties of objects within a designated research domain Ὀ in the lower half-
space. Suppose there are objects denoted by ὄ inside Ὀ. The objective of solving the 
inverse problem is to determine both the geometry and electrical properties of these 
entities denoting ὄ. From the point of view of the inverse problem, it is clear that we 
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have no knowledge of ὄ. We want to determine ὄ in Ὀ that we are considering with an 
inverse algorithm to be used. To achieve this goal, the domain is illuminated by TM-
polarized plane wave which are incident at different angles. Subsequently, the 
scattered fields produced by these interactions are collected by receivers positioned 
along a straight line denoted as ὒ.  

 

 

Figure 1. Representation of problem geometry 

 

2.1. Forward Scattering Model 

Let's consider that the incident field has only an ὼ component, given as ╔ πȟπȟό  
with 

ό ὀ Ὡ ● ●                                                                                                                  ρ 

where ‰ is the incident angle as shown in Fig.1. Due to the geometry's invariance in 

the ὼ direction, the total field also possesses only an ὼ component, expressed as 

Ἇπȟπȟό. The total field has two components as 

όὀ ό ὀ ό ὀȢ                                                                                                                          σ 

Here, ό is the background field which accounts for the total field in the absence of any 

scatterer in D, while ό is the scattered field due to the presence of the scatterers. The 

scattering field is expressed by the Fredholm integral equation of second kind, which 

includes the Greenôs function of the rough interfaced half-space Ὃ  

ό ὀ Ὧ ὀ Ὃ ὀȟὁ…ὁόὁὨὁ                        ὀɴ Ὓȟὁɴ Ὀ                                            τ 

where … is the contrast function that represents the permittivity difference between the 

buried objects and background. It is represented by the following formula 
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…ὁ
Ὧ ὁ

Ὧ
ρ                                                                                                                                   υ 

It is clear from the formula that …ὁ is non-zero at the interior points of the buried 

objects and zero at the outside points. Because, except for the interior points of the 

objects, Ὧὁ ὯȢ Hence, even though the above integral is taken over Ὀ, due to the 

fact that … will be zero outside of ὄ, it will be equivalent to an integral taken over ὄ.  

I It should be emphasized here that since the background space is a half-space with a 

rough interface, the background field ό must characterize the roughness and half-

space features.  In this study, the effect of roughness is included in the solution using 

the BOA method. According to this method, the peaks and valleys forming the rough 

interface are modeled with a total of P objects buried on both sides of an imaginary, 

planar interface that passes through the middle of the rough surface, as shown in 

Figure 2. 

Figure 2. Representation of rough interface as buried objects 

As a consequence of this approach, determining the background field constitutes 
another direct scattering problem related to objects buried into the planar interfaced 
half-space. Accordingly, the background field ό can be represented by the sum of the 

field in the planar interfaced half-space due to the incident field ό and the scattered 
field originated from the BOA objects, i.e. 

ό ό ό                                                                                                                                           φ 

where ό is the electric field in the half-space background in the absence of roughness  

ό ὀ
ό ὀ ὙὩ ● ●      ȟ        ὼ π

ὝὩ ● ●                       ȟ        ὼ π
                                                    χ 

Here, Ὑ and Ὕ are the reflection and transmission coefficients for the planar interface 
of the half-space problem geometry, respectively. ό  is the scattered field from BOA 
objects that represent the the rough surface and it is determined from the following 
integral equation, similar to equation (4). 
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ό ὀ Ὧ ὼ Ὃ ὀȟὁ… ὁό ὁὨὁ                                                                           ψ 

where 

Ὧὼ
Ὧȟ    ὭὪ Ὥ Ὥί έὨὨ
Ὧȟ    ὭὪ Ὥ Ὥί ὩὺὩὲ

                                                                                                                  ω 

and 

…

ừ
Ử
Ừ

Ử
ứὯ

Ὧ
ρȟ    ὭὪ Ὥ Ὥί έὨὨ

Ὧ

Ὧ
ρȟ    ὭὪ Ὥ Ὥί ὩὺὩὲ

                                                                                                           ρπ 

is the contrast function related to the BOA objects. It should be noted here that, unlike 
equation (4), Ὃ  is a half-space Greenôs function with a planar interface. Finding the 
half-space Greenôs function with the rough interface is also obtained by the BOA 
method, as in the finding of the incident field. The only difference is that a line source 
is used instead of a plane wave source (Altuncu, 2006). 

Solving the inverse problem requires determining the object function in the inverse 
solution of this equation by using the scattered field data measured at the observation 
points in equation (4). In the next section, the object function and the imaging of the 
object are provided by using the SOM method. 

 

2.1. Inverse Scattering Model 

In solution of the inverse problem numerically, first the search domain is discretized by 
dividing it into M small enough square pieces ά ρȟςȟȣȟὓ . In this case, equations 
(4) can be written in discrete form as follows, 

ό ● Ὧ Ὃ ὀȟὁ …ὁ ό◐ Ўὁἵ                        ὀɴ Ὓȟὁɴ Ὀ                                 ρρ 

Where …◐  and Ўώ  is the contrast function and area of άth cell, respectively. Total 
field that necessary to calculate during the inverse scattering calculation can be written 
in discrete form as, 

όὀ ό ὀ Ὧ Ὃ ὀȟὁἵ …ὁ□ όὁἵ Ўὁἵ   ὀɴ Ὀȟὁɴ Ὀ                                        ρς 

ρρ and ρς can be expressed in compact form as follows, 

ό ὋӶӶ…Ӷό                                                                                                                                             ρσ 

ό ό ὋӶӶ…Ӷό                                                                                                                                     ρτ 

In these equation, ὋӶӶ is an ὔ ὓ matrix including the Greenôs function values defined 

from domain to observation points, while ὋӶӶ is an ὓ ὓ including the Greenôs function 
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defined from domain to domain. Here, we need use elementwise multiply between the 

…Ӷ and ό. Equations ρσ and ρτ, which are expressed in the form of matrix equations 

and called field and state equtation, are used to determine the buried object. Also the 

multiplication of …Ӷ and ό corresponds to induced current in the discrete search domain 

and expressed as  Ὅ. Field and state equtation can be rewritten in terms of equivalent 

currents as follows, 

ό ὋӶӶὍӶ                                                                                                                                               ρυ 

ὍӶ …Ӷό ὋӶӶὍӶ                                                                                                                                    ρφ 

Here, ὋӶӶ is an operator matrix mapping equvalent induced current in the investigating 

domain Ὀ to the measurement domain Ὓ. The SOM divides the induced current into 

deterministic and ambiguous parts. The deterministic part which is related to signal 

subspace is determined through spectral analysis, while the ambiguous part is 

determined using the optimization method. The SOM algorithm starts by appliying 

singular value decomposition (SVD) to ὋӶӶ as ίὺὨὋӶӶ Ὗɫ ὠᶻ. Here  z means that 

Hermitian of the matrix. The left singular matrix Ὗ is an ὔ ὔ matrix, the right singular 

matrix ὠ is ὓ ὓ matrix, and consist of ό  and ὺ  coulumn vectors. The singular 

value matrix ɫ which is ὔ ὓ matrix that the diagonal elements are singular values, is 

composed of „ . With this definition, the SVD can be written in a simple form as 

ὋӶӶὺӶ „ό . According to this form, ρυ can be rewritten span of the right singular 

matrix. ὍӶ ὠϽ‌. Here is the ‌ is the ὓ dimensional coefficient vector ‌
 

.  

ὍӶ ὠ Ͻ‌ ὠ Ͻ‌                                                                                                                        ρχ 

ὠ  represents deterministic part subspace and contains the first ὒ columns. Also, ὒ 
determined as a threshold level against noise and indicates the total number of singular 

values. ὠ  represents the ambiguous part subspaces and consists of ὓ ὒ columns.  

‌
όᶻ ό

„
ȟ     Ὦ ρȟςȟȣȟὒ                                                                                                             ρψ 

The deterministic part of ὍӶ can be calculated with ὠ Ͻ‌ . The ὒς norm mismatch of 

the field equation using ρχ in conjunction with ρυ is as follows,  

ɝ ὋӶӶϽὠ Ͻ‌ ὋӶӶϽὠ Ͻ‌ ό                                                                                      ρω 

The optimum solution of the unknown ‌  is obtained by the optimization of ρω. After 

obtaining the optimum solution, the ὒς norm mismatch expression of ρφ is as follows, 

ɝ ὠ …ӶϽὋӶӶϽὠ ‌ …ӶϽό ὋӶӶϽὠ Ͻ‌ ὠ Ͻ‌                                 ςπ 

The contrast function is obtained by using the cost function calculated using equations 
defined in ρω and ςπ. The cost function is defined as follows, 
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Ὢ…Ӷ
ɝ

ᴁόᴁ

ɝ

ὠ Ͻ‌
                                                                                              ςρ 

3. Numerical Implementations 

In this section, various numerical implementations are presented to demonstrate the 
effectiveness of the method. In all the examples, the upper half-space is considered 
as free space, and the operating frequency is set at 300 MHz. 

In the first example, lower half-space is assumed as dry soil characterized by the 
parameters ‐ σȢσ, „ υ ρπ ὛȾά . An Austria profiled object is centered at 
πȟπȢψς in the lower half-space. The electrical parameters of the object is ‐ σȢψ, 
„ πȢπρφρπ ὛȾά  (quartz). The measurement domain is considered as a line at 

ὼ πȢυ‗ and ςππ receivng points are selected. The roughness of the surface is taken 
into account rondom with rms height is πȢχ‗, and the peak-to-peak πȢσφ‗. The effect of 
the ὒ parameters and noisy scenario on the reconstruction results are examined in 
Figure 3. 

 

(a)                                        (b)                                         (c) 

  

(d)                                        (e)                                         (f) 

Figure 3. Reconstruction result due to effect of L parameter and the Gaussian 
noise (a) ╛ , (b) ╛ , (c) ╛  (d) Ϸ  Gaussian noise, ╛ , (e) Ϸ  

Gaussian noise, ╛  and (c) Ϸ  Gaussian noise, ╛ .  

The ὒ parameter plays a significant role in achieving accurate results in the SOM 
algorithm. From the results, it's evident that the best performance, in terms of 
accurately reconstructing the position, shape, and relative dielectric constant of the 
buried object, was achieved when the ὒ parameter was set to σω. This implies that an 
appropriate choice of ὒ leads to optimal results, indicating the importance of selecting 

the right number of singular values. If ὒ is not chosen appropriately, the algorithm may 
produce unsuccessful or inaccurate results. When adding noise into the 
measurements, the impact of the ὒ parameter becomes more pronounced. As low 
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noise is added to the measurements, the results suggest that higher values of ὒ yield 
better results. This could be due to the fact that higher ὒ values can capture more 
details and features in the presence of noise. On the other hand, as the noise level 
increases, lower values of ὒ seem to be more appropriate, possibly because a more 
simplified representation is needed to mitigate the effects of noise. 

In the second example, the effect of the roughness size is examined. The same 
configuration of the geometry of the previous example is considered. In the following 
figure, the reconstruction results for different peak-to-peak value Ὤ and the roughness 
length ὒ are given. 

 

(a)                                        (b)                                         (c) 

  

(d)                                        (e)                                         (f) 

Figure 4. Reconstruction result due to selection of peak to peak value and 
length of the rough interface ╛╡ (a)▐ Ȣ , (b)▐ Ȣ ⱦ, (c)▐ Ȣ ⱦ, 

(d)╛╡ ⱦ, (e)╛╡ ⱦ and (f)╛╡ ⱦ.  

Regardless of the specific characteristics of the rough interface or its irregularities, 
the results consistently show that the algorithm is able to accurately determine the 
position, shape, and relative dielectric constant of the buried object. This consistency 
indicates that the BOA is robust and reliable in different scenarios, which is a 
valuable insight for applications. 

4. Conclusion 

In summary, the ὒ parameter in the SOM has a clear influence on the quality of the 

results. Choosing the right ὒ value is crucial for accurately reconstructing the properties 

of buried objects, especially in the presence of noise. The optimum ὒ value might 

depend on the characteristics of the data, the nature of the objects being reconstructed, 

and the noise level. Experimenting with different ὒ values and assessing their impact 

on the reconstruction accuracy would help determine the most suitable ὒ value for a 

given scenario. In addition, the BOA appears to have a remarkable impact on 

overcoming the challenges posed by an rough interface. The results suggest that the 
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algorithm's focus on the buried object's properties is robust and effective, and it is less 

influenced by the characteristics of the rough interface itself. This insight could have 

implications for improving the accuracy of object detection and characterization in 

complex environments. 
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¥zet: Fotovoltaik paneller ve y¿kselten ­eviriciler s¿rd¿r¿lebilir enerjide sēklēkla 
kullanēlmaktadēr. Bu ­alēĸmada y¿kselten ­eviricinin giriĸ gerilimi i­in fotovoltaik 
panel kullanēlmēĸtēr. Y¿kselten ­eviricinin devre yapēsē analiz edilerek a­ēk ­evrim 
denetim ger­ekleĸtirilmiĸtir. A­ēk ­evrim denetim fotovoltaik panel beslemeli 
y¿kselten ­eviricinin tasarēm doĵruluĵunu test etmek i­in yapēlmēĸtēr. Benzetim 
­alēĸmalarē Matlab/Simulink ortamēnda ger­ekleĸtirilmiĸtir. Benzetim ­alēĸmasēndan 
elde edilen sonu­lar a­ēk ­evrim denetim ile yapēlan tasarēmēn doĵruluĵunu 
kanētlamēĸtēr.  

Anahtar Kelimeler: Fotovoltaik Panel, Y¿kselten ¢evirici, A­ēk ¢evrim Denetim 

 

 
1. Giriĸ 

G¿n¿m¿zde artan enerji talebinden dolayē s¿rd¿r¿lebilir enerji kaynaklarēna olan 
ihtiya­ artmēĸtēr. S¿rd¿r¿lebilir enerji kaynaklarē i­erisinde (g¿neĸ, r¿zgar, hidrojen) gibi 
g¿neĸ enerjisi daha y¿ksek s¿rd¿r¿lebilirliĵe sahip olmasē sebebiyle ºn plana 
­ēkmaktadēr (Gani, 2020). G¿n¿m¿zde teknolojinin geliĸimi ile birlikte g¿­ elektroniĵi 
devrelerine olan gereksinim hēzla artmēĸtēr. Geleneksel doĵru akēm (DA) g¿­ kaynaklarē 
aĵēr ve pahalē elektronik elemanlar gerektirirken, DA ­eviriciler y¿ksek frekanslarda 
anahtarlanmalarē dolayēsē ile daha hafif ve ucuzdurlar. DA-DA ­eviriciler giriĸ gerilim 
seviyesini bir deĵerden baĸka bir deĵere ­eviren elektronik devrelerdir. DA ­eviriciler 
­eĸitli devre topolojilerine sahiptir Bunlardan en temel ­evirici devre topolojileri azaltan 
ve y¿kselten devre topolojileridir (Ke­ecioĵlu ve ark., 2019). Araĸtērma literat¿r¿ 
incelendiĵinde y¿kselten ­eviricinin analizi, tasarēmē ve denetimi ile ilgili sayēsēz 
­alēĸmaya rastlanēlabilir. Bunlardan bazēlarē aĸaĵēda verilmiĸtir. A­ēkgºz ve Ke­ecioĵlu 
yaptēklarē ­alēĸmada aralēklē tip-2 bulanēk mantēk kullanarak y¿kselten DA ­eviricinin 
kapalē ­evrim gerilim mod denetimini deneysel olarak ger­ekleĸtirmiĸlerdir (A­ēkgºz ve 
Ke­ecioĵlu, 2020). Abusorrah ve ark.  fotovoltaik beslemeli  y¿kselten bir ­eviricinin 
kararlēlēk analizini deneysel ortamda test etmiĸlerdir (Abusorrah ve ark.,2013).Gani ve 
ķekkeli fotovoltaik panel beslemeli y¿kselten ­eviricinin tasarēmēnē ve kapalē ­evrim 
gerilim mod denetimini aralēklē tip-2 bulanēk mantēk kullanarak ger­ek atmosferik ĸartlar 
altēnda analiz etmiĸlerdir (Gani ve ķekkeli 2022). Kececioglu ve ark., y¿kselten DA 
­eviricinin durum uzayē modelini elde ederek doĵrusal quadratik d¿zenleyici ile gerilim 
mod denetimini ger­ekleĸtirmiĸlerdir (Kececioglu ve ark., 2019). Yukarēda bahsedilen 
­alēĸmalar genel olarak ºzetlenecek olursa y¿kselten DA ­eviricinin fotovoltaik panel 
beslemeli ve beslemesiz olarak kapalē ­evrim denetimine odaklanēldēĵē sºylenebilir. Bu 
­alēĸmada ise araĸtērma literat¿r¿ndeki ­alēĸmalardan farklē olarak fotovoltaik panel 
beslemeli y¿kselten ­eviricinin a­ēk ­evrim denetimine odaklanēlmēĸtēr. ¢alēĸmanēn geri 
kalan bºl¿mleri ĸu ĸekilde ifade edilebilir. Ķkinci bºl¿m materyal ve metot kēsmēnda 
y¿kselten ­eviricinin analizi ve tasarēm kriterleri yapēlmēĸtēr. ¦­¿nc¿ bºl¿m bulgular 
kēsmēnda benzetim ­alēĸmalarē verilmiĸtir. Dºrd¿nc¿ bºl¿m sonu­lar kēsmēnda ise 
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benzetim ­alēĸmasēndan elde edilen sonu­lara gºre genel bir deĵerlendirme 
yapēlmēĸtēr. 

2. Materyal ve Metot 

DA g¿­ ­eviricileri i­erisinde enerji depolayan pasif elemanlar (ind¿ktºr, kapasitºr) 
barēndēran g¿­ elektroniĵi devreleridir. DA y¿kselten g¿­ ­eviricinin devre elemanlarē 
kararlē durum analizi yapēlērken ideal kabul edilmektedir. Kararlē durum analizi 
anahtarēn iletimde ve kesimde olma durumlarē i­in yapēlmaktadēr. ķekil 1ôde DA 
y¿kselten g¿­ ­evirici temel devre modeli verilmiĸtir (Gani, 2020). 

 

ķekil 1. DA y¿kselten g¿­ ­evirici temel devre modeli 

2.1 Anahtarēn Ķletimde Olma Durumu 

Anahtarlama elemanēna darbe geniĸlik mod¿lasyonu iĸareti uygulandēĵēnda, 
anahtarlama elemanē iletime ge­mektedir.Bu durumda diyoda ters gerilim 
uygulandēĵēndan diyot kesime gitmektedir. Anahtarlama elemanēnēn iletim durumu i­in 
DA y¿kselten g¿­ ­eviricisinin eĸdeĵer devresi ĸekil 2ôde verilmiĸtir. 

 

ķekil 2. Anahtarēn iletimde olma durumu i­in eĸdeĵer devre 

Devrede enerjiyi saĵlayan Vg gerilim kaynaĵē, L ind¿ktºr¿, S anahtarlama elemanē 
(IGBT), D diyotu, ­ēkēĸ C filtre kapasitºr¿ ve sabit bir RL y¿k¿ bulunmaktadēr. Kirchhoff 
ôun gerilim yasasēna gºre ind¿ktºr gerilimi giriĸ kaynak gerilimine eĸit olmaktadēr. Bu 
durum denklem 1ôde verilmiĸtir. 

Vg

L

D  

C

Li

+

-

S  

+ -

iC

VL

RL VRL

Vg

L

C

Li

LR

+

-

+ -

iC

VL

VRL
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L
L g

di
v L V

dt
= =                                                                                                                              (1) 

Ķnd¿ktºr akēmēndaki deĵiĸim oranē sabittir, bu nedenle anahtar iletimdeyken akēm 
doĵrusal olarak artmaktadēr. Ķnd¿ktºr akēmē deĵiĸimi denklem 2ôde verilmiĸtir. 

gL L
Vi i

t DT L

D D
= =

D
                                                                                                                          (2) 

Denklem 2ôden 
LiD  ­ekilirse; 

( )
g

L sw on

V DT
i

L
-D =                                                                                                                      (3) 

elde edilmektedir. 

2.2 Anahtarēn Kesimde Olma Durumu 

Anahtarlama elemanēnēn kapē ucuna gelen darbe geniĸlik mod¿lasyonu iĸareti sēfēr ise 
anahtarlama elemanē kesime gitmektedir. Kesimde olma durumunun eĸdeĵer devresi 
ĸekil 3ôde verilmiĸtir. 

 

ķekil 3. Anahtarēn kesimde olma durumu i­in eĸdeĵer devre 

Bu durumda, ind¿ktºr ¿zerindeki gerilim, giriĸ gerilimi ve y¿k geriliminin farkēna eĸit 
olmaktadēr. Bºylece y¿k, hem giriĸteki kaynak hem de ind¿ktºr ¿zerinde biriken enerji 
ile beslenmektedir (Atacak,2005). Ķnd¿ktºr ¿zerindeki gerilim denklem 4ôte verilmiĸtir. 

L

L
L g R

di
V L V V

dt
= = -                                                                                                                   (4) 

Ķnd¿ktºr akēmēndaki deĵiĸim oranē sabittir, bu nedenle anahtar kapalēyken akēm 
doĵrusal olarak deĵiĸmektedir. Ķnd¿ktºr akēmēndaki deĵiĸim denklem 5ôde verilmiĸtir. 

(1 )

Lg RL L
V Vi i

t D T L

-D D
= =

D -
                                                                                                         (5) 

Denklem 5ôten 
LiD  ­ekilirse; 

Vg

L

C

Li

+

-

+ -

iC

VL

RL VRL
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( )(1 )
( ) Lg R

L sw off

V V D T
i

L
-

- -
D =                                                                                                 (6) 

elde edilmektedir. Devrenin kararlē ­alēĸmasē i­in anahtarēn iletim ve kesim 
durumundaki ind¿ktºr akēmēndaki toplam deĵiĸim sēfēr olmalēdēr. Denklem 3 ve 
denklem 6 kullanēlarak denklem 7 elde edilmektedir. 

( )(1 )
Lg Rg

V V D TV DT

L L

- -
=                                                                                                         (7) 

Denklem 7ôde 
LRV ­ekilirse; 

1L

g

R

V
V

D
=
-

                                                                                                                                (8) 

elde edilmektedir. DA y¿kselten g¿­ ­eviricisinin ideal olarak ­alēĸtēĵē varsayēlarak 
yapēlan analizde, kaynak tarafēndan saĵlanan ortalama g¿­, RL y¿k¿ tarafēndan 
absorbe edilen ortalama g¿­ ile aynē olmalēdēr. G¿­ ­eviricisinin ­ēkēĸ g¿c¿ denklem 
9ôda verilmiĸtir. 

L L LR R RP V I=                                                                                                                                 (9) 

G¿­ ­eviricisinin giriĸ ve ­ēkēĸ g¿­leri eĸitlenirse denklem 10 elde edilir. 

2

2(1 )

g

g L

L

V
V I

D R
=
-

                                                                                                                     (10) 

IL akēmē denklem 10ôdan ­ekilirse; 

2(1 )

g

L

L

V
I

D R
=
-

                                                                                                                      (11) 

elde edilmektedir. Maksimum ve minimum ind¿ktºr akēmlarē ind¿ktºr¿n ortalama akēmē 
ve ind¿ktºr akēmēndaki deĵiĸim kullanēlarak denklem 12 ve denklem 13ôdeki gibi 
belirlenmektedir. 

maxL 22 (1 ) 2

g gL
L

L

V V DTi
I I

D R L

D
= + = +

-
                                                                                     (12) 

minL 22 (1 ) 2

g gL
L

L

V V DTi
I I

D R L

D
= - = -

-
                                                                                      (13) 

2.3. DA-DA Y¿kselten G¿­ ¢evirici Eleman Deĵerleri Se­imi 

S¿rekli iletim modunda ­alēĸma i­in tasarlanmēĸ bir DA y¿kselten g¿­ ­eviricisinin 
minimum sēnēr ind¿ktºr ve ­ēkēĸ kapasitºr¿ deĵerleri sērasēyla denklem 14-15ôte 
verilmiĸtir. 

2

min

(1 )

2

LD D R
L

f

-
=                                                                                                                    (14) 
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min
( / )L C C

D
C

R V V f
=

D
                                                                                                              (15) 

S¿rekli iletim modunda ­alēĸma i­in ind¿ktºr ve ­ēkēĸ kapasitºr¿ deĵerleri hesaplanan 
sēnēr deĵerlerinden daha y¿ksek se­ilmelidir (Hart, 2011). 

3. Bulgular 

Bu bºl¿mde ilk olarak ­alēĸmada kullanēlan fotovoltaik panelin benzetimi yapēlmēĸtēr. 
Bu kapsamda benzetim ­alēĸmasēnda kullanēlan 250W g¿c¿ndeki fotovoltaik panelin 
Matlab/Simulink ortamēnda farklē ēĸēnēm ve sēcaklēk deĵerleri i­in akēm-gerilim ve g¿­-
gerilim eĵrileri ­ēkarēlmēĸtēr. Benzetim ­alēĸmasēnda kullanēlan fotovoltaik panelin akēm- 
gerilim ve g¿­-gerilim karakteristik eĵrileri sabit ēĸēnēm (1000 W/m2) ve farklē sēcaklēklar 
i­in ĸekil 4óde verilmiĸtir. 

 

ķekil 4. Sabit ēĸēnēm ve farklē sēcaklēklar i­in fotovoltaik panel karakteristik 

eĵrileri 

Fotovoltaik panel modelinin sabit sēcaklēk (25ÁC) ve farklē ēĸēnēmlar i­in akēm-gerilim 
ve g¿­-gerilim karakteristik eĵrileri ĸekil 5óte gºr¿lmektedir. 

 

ķekil 5. Sabit sēcaklēk ve farklē ēĸēnēmlar i­in FV panelin karakteristik eĵrileri 
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Ardēndan DA y¿kselten g¿­ ­eviricisinin eleman deĵerleri belirlenmiĸ ve tasarēm 
doĵruluĵu a­ēk ­evrim denetim ile Matlab/Simulink benzetim ortamēnda test edilmiĸtir.  
DA y¿kselten g¿­ ­eviricisinin a­ēk ­evrim denetimi i­in yapēlan kabuller, hesaplanan 
ve se­ilen eleman deĵerleri (L ve C) tablo 1ôde verilmiĸtir. 

 

Tablo 1 Y¿kselten DA ­evirici i­in yapēlan kabuller, hesaplanan ve se­ilen 
deĵerler 

Benzetim ­alēĸmasē i­in yapēlan kabuller 

Panel Gerilimi                             Vg                                         30.7V 

Y¿k Direnci RL  15Ý 

Y¿k Gerilimi  VL  60V 

Anahtarlama Frekansē fs  20Khz 

Giriĸ Kapasitºr¿ C0  330ÕF 

¢ēkēĸ G¿c¿ P0  240W 

Hesaplanan deĵerler 

Ķnd¿ktºr  Lmin 0.0478mH 

¢ēkēĸ Kapasitºr¿ Cmin    163.33ÕF 

Se­ilen deĵerler 

Ķnd¿ktºr L 10mH 

¢ēkēĸ Kapasitºr¿   C 220ÕF 

Ķnd¿ktºr Akēmē     ȹiL %8 

Dalgalanma Oranē 

¢ēkēĸ Kapasitºr¿ Gerilim     ȹVC %1 

Dalgalanma Oranē 

 

Fotovoltaik panel beslemeli DA y¿kselten g¿­ ­evirici a­ēk ­evrim denetim blok 

diyagramē ĸekil 6ôda verilmiĸtir. 
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ķekil 6. DA y¿kselten g¿­ ­evirici a­ēk ­evrim denetim blok diyagramē 

 

ķekil 6ôda gºr¿ld¿ĵ¿ a­ēk ­evrim ile denetlenen fotovoltaik panel beslemeli DA 
y¿kselten g¿­ ­eviriciye sabit darbe geniĸlik mod¿lasyon oranē uygulanmaktadēr. 
Fotovoltaik panel gerilim dalgalanmalarēnē azaltmak i­in C0 kapasitºr¿ fotovoltaik panel 
ile y¿kselten g¿­ ­eviricisi arasēna paralel baĵlanmēĸtēr. Fotovoltaik panel i­in test 
koĸullarē 1000 W/m2 ve 25ÁC se­ilmiĸtir. Tasarēm i­in hesaplanan sabit darbe geniĸlik 
mod¿lasyon oranē (0.49) DA y¿kselten g¿­ ­eviricisine uygulandēĵēnda elde edilen 
­ēkēĸ gerilimi ĸekil 7ôde verilmiĸtir. 

 

ķekil 7. Sabit 0.49 anahtarlama oranē i­in DA y¿kselten ­evirici ­ēkēĸ 
gerilimi 

ķekil 7 incelendiĵinde ­evirici ­ēkēĸ geriliminin istenen deĵere 0.03s gibi kēsa bir 
zamanda dayanēklē bir ĸekilde oturduĵu gºr¿lm¿ĸt¿r. 

 

L D

CC0 S RL
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4. Sonu­lar 

Bu ­alēĸmada fotovoltaik panel beslemeli y¿kselten ­eviricinin a­ēk ­evrim denetimi 
yapēlmēĸtēr. A­ēk ­evrim denetim ile fotovoltaik panel beslemeli y¿kselten g¿­ ­evirici 
tasarēmē doĵrulanmēĸtēr. Ķlerleyen ­alēĸmalarda tasarēmē ger­ekleĸtirilen fotovoltaik 
panel beslemeli y¿kselten g¿­ ­eviricisinin farklē yºntemlerle kapalē ­evrim akēm ve 
gerilim mod denetiminin ger­ekleĸtirilmesi hedeflenmektedir.  
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Abstract: With the increase in population, changes occur in both urban and 
countryside. Climate conditions related to this adversely affect the ecosystem, 
creating differences in land cover and land use. Information about the Earth's 
surface can be acquired as a result of the rising amount of satellite images and the 
accessibility of free content. Land cover and land use maps are prepared using 
these remote sensing data. These maps are important in various fields as they 
serve as base maps. In this study, the feasibility of producing land use maps is 
tested using a machine learning algorithm through the Google Earth Engine web-
based cloud platform. For this purpose, Sentinel-2 satellite images from 01/01/2023 
to 31/01/2023 were used. Five classes (Wetland, Green Area, Building, Roads, and 
Barren Area) were established using a random forest technique.Firstly, training and 
test data were created using only Sentinel-2 satellite images. Then, validation data 
were generated, and the results were evaluated. The initial error matrix indicates 
an overall accuracy of 0.98379 and a kappa value of 0.971953 for the map. In the 
validation-generated error matrix, the overall accuracy is calculated as 0.92871, 
and the kappa value is 0.877396. 
Keywords: Google Earth Engine (GEE), Land Use Land Cover, Machine Learning, 
Random Forest (RF) 

 

 
1. Introduction 

Land cover maps provide crucial details about the surface of a region (Zhang et al., 

2020). These maps depict the distribution of both natural elements such as water, soil, 

and vegetation, as well as artificial elements like human-made structures (Zhang et al., 

2020). These maps are utilized as base maps in various fields, including land use 

planning, environmental management, agriculture, forestry, water resource 

management, and natural disaster risk analysis (Birhanu et al., 2019). Moreover, land 

cover maps guide decision-makers and planners in matters related to conservation of 

natural resources, environmental management, urban planning, and agricultural 

productivity enhancement (Birhanu et al., 2019). These maps play an essential role in 

making strategic decisions in numerous domains, such as assessing the impacts of 

natural disasters (Ishihara and Tadono, 2017), preserving ecosystems (Bindajam et 

al., 2021), understanding and protection of biological diversity (Shumba et al., 2020), 

monitoring agricultural areas, and managing urban growth (Sapena and Ruiz, 2015). 

Remote sensing has been regarded as an affordable and practical method for creating 

these maps at broad spatial dimensions (Zhang et al., 2020, Weiss et al., 2020). 

Among the most important data sources used for this purpose is the Landsat satellite 

(Wulder et al., 2016). Other data sources used in Land Use and Land Cover (LULC) 

studies include the SPOT (The Systeme Probatoire d'Observation de la Terre) satellite, 

Synthetic Aperture Radar (SAR), MODIS (Moderate Resolution Imaging 

Spectroradiometer), and Sentinel-2 satellites (Xin et al., 2013, Arēkan and Yēldēz, 
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2023).However, challenges such as the need for satellite images to cover large areas, 

limited access to specific data sources, and gaps in historical data availability are 

present. The connected to the cloud Google Earth Engine (GEE) platform was created 

to solve these disadvantages (Yaman and Gºrm¿ĸ, 2022). GEE offers easy access to 

various satellite images. In addition, it is a cloud platform that provides users with 

ready-made codes snippets for accessing algorithms (Zhang et al., 2020). Due to its 

high storage capacity and computational power, GEE has become more well-liked in 

recent times. The GEE platform enables a variety of investigations, from small-scale 

to large-scale, including the detection of agricultural and forested areas (Xiong et al., 

2017, Li et al., 2020, Hackman et al., 2020), wetland or drought analysis (Amani et al., 

2019), forest fires and air pollution (Arikan and Yildiz, 2023). 

In this study, classification was carried out using Sentinel-2 satellite imagery and the 

Random Forest (RF) method. Sentinel-2 imagery is widely preferred in the literature 

due to its ability to effectively discriminate between various land classes (Vaudour et 

al., 2019, Korhonen et al., 2017, Zhang et al., 2020). Sentinel-2 data with a spatial 

resolution of 10 meters that was freely available was therefore used for this study. The 

primary objective of this study is to carry out the classification process with a machine 

learning algorithm using the GEE platform. Additionally, the study involves a 

comparison between the classified green areas and the Normalized Difference 

Vegetation Index (NDVI) results in the Karaman region. 

2. Materials and Methods 

2.1. Study Area 

The study area was chosen to be the central part of Karaman province, encompassing 

an approximate area of 1658,18 kmĮ (Figure 1). The area of interest is geographically 

located at 37Á 03Ë 0" N, 33Á 31Ë 30" E coordinates. Located at a height of approximately 

1030 meters above sea level, the northern region of the city features steppe vegetation, 

while the southern part is covered by forested areas. Due to the prevalence of diverse 

vegetation types, this region was selected for the study. 

 

Figure 1. Study area 
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2.2.The Data Used in The Study 

The classification process and data acquisition were conducted through the GEE 

platform. Rapid data processing and querying are made possible by this cloud-based 

geospatial technology (Yaman and Gºrm¿ĸ, 2022). The presence of sample code 

snippets within the platform also offers users the convenience of ready-to-use code. 

With its extensive data repository, GEE provides access to various satellite data and 

long-term observations (Zhang et al., 2020). In this way, spatial variability or seasonal 

information (such as phenological features) can be detected over time. It features an 

application interface for writing and running script files 

(https://earthengine.google.com/platform/). Figure 2 shows the workflow diagram for 

the study. 

 

Figure 2. Scheme of the study using Google Earth Engine 

Sentinel-2 Surface Reflectance picture archives with a spatial resolution of 10 meters 

were used to collect remote sensing data for GEE. Out of the 13 available bands in the 

satellite imagery, 4 bands (Red, Green, Blue, Near-Infrared) were used for the study. 

The temporal range of the data used was from January 1, 2023, to January 31, 2023. 

To remove pixels contaminated by clouds and cloud shadows that encompass the 

study area, The Quality Assessment (QA60) bands-based cloud screening method 

developed by GEE was used. The Normalized Difference Vegetation Index (NDVI), 

which is based on the surface reflectance bands, was computed to see if green regions 

were correctly identified. NDVI is a spectral index primarily designed to detect and 

monitor the photosynthetic green portions of vegetation (Sellers et al., 1992). It 

provides insights into the health and growth activity of vegetation. The index ranges 

from -1 to +1. When approaching negative values, it indicates less dense or unhealthy 

vegetation, while values close to positive and 1 signify dense and healthy vegetation 

(Pettorelli et al., 2005). 
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The chosen classification method for this study is the RF algorithm, introduced by Leo 

Breiman and Adele Cutler in 2001 (Breiman, 2001). The foundation of this algorithm is 

built upon decision trees (Breiman, 2001). The basic idea behind the technique is to 

build decision trees by taking numerous random samples from the training data. Each 

decision tree is trained independently on its own subset of samples. Subsequently, the 

results of multiple decision trees are combined to produce more reliable and accurate 

predictions. For classification and regression issues, this approach is primarily used. 

The reason why this method is used; able to handle overfitting and manage hundreds 

of input variables, making it a widely used classification algorithm in the literature 

(Rodriguez-Galiano et al., 2012). From 2010 to the present, the RF algorithm has been 

the most commonly preferred method through GEE (Piao et al., 2021). In this method, 

the number of training samples for the classes to be modeled should be well 

determined and evenly distributed within the study area (Mather and Tso, 2016, Arēkan 

and Yēldēz, 2023). This is crucial because the output product is directly dependent on 

the training data. Additionally, other parameters influencing the performance of the 

algorithm in classification include the satellite imagery used and the combinations of 

bands (¦st¿ner, 2013). 

The GEE platform's "ee.Classifier.smileRandomForest" function was used in this 

investigation. All the procedures were carried out using pre-existing code snippets 

available in the platform. For the RF classification in our study, a number of 10 trees 

were chosen. The majority vote from all the trees determines the final categorization. 

High-resolution reference images are utilized in order to evaluate the classification's 

correctness and establish the accuracy ratings of the maps that result. For this 

purpose, random samples of pixels were collected for each class. Initially, the results 

were evaluated as training and testing. Subsequently, the results were assessed for 

validation using the same training data. Accuracy metrics are used to evaluate the 

model's performance or improve it in classification problems. Concepts such as 

Precision, Recall/Sensitivity, F1 Score, and Accuracy are metrics used for evaluating 

the model's performance, and their calculation is illustrated in Figure 3. 
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Figure 3. Evaluation metrics 

3. Findings 

Using the Sentinel-2 data from January 2023, the RF algorithm was applied on the 

GEE platform to generate a land cover map. In the study, classification was performed 

for 5 land cover categories: Wetland, Green Area, Barren Area, Building, and Roads. 

The resulting land cover maps are depicted in Figure 4. The obtained results were 

analyzed to determine the land conditions that occurred during the specified time 

period. The outcome of the machine learning algorithm was evaluated.   

 

Figure 4. Land cover map produced as a result of random forest algorithm  
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Figure 5. NDVI map 

In Figure 5, when examining the NDVI map, the green areas represent healthy 

vegetation, while the red areas indicate areas with unhealthy or no vegetation. It can 

be observed that the NDVI map and the algorithm's results for green areas coincide. 

Table 1 provides the User's Accuracy, Producer's Accuracy, overall accuracy, and 

Cohen's Kappa results for each class after the method's training data. According to the 

RF Error matrix presented in Table 1, the overall accuracy and Cohen's Kappa values 

for the generated map are 0.983793997 and 0.971953192, respectively. 

Table 2 Sentinel RF Error Matrix 

Sentinel 
RF error 
matrix:  

Wetlan
d 

Gree
n 
Area 

Buildin
g 

Roads Barren 
Area 

Total User's 
Accura
cy (%) 

Wetland  1608 8 0 0 38 1654 0,97218
8 

Green 
Area 

0 1467
3 

0 1 99 14773 0,99323
0 

Building 0 10 1049 27 85 1171 0,89581
5 

Roads 0 13 27 1732 187 1959 0,88412
4 

Barren 
Area 

0 124 17 33 21550 21724 0,99199
0 

Total 1608 1482
8 

1093 1793 21959 41281 
 

Producer'
s 
Accuracy 
(%)  

1 0,989
546 

0,95974
3 

0,96597
8 

0,98137
4 

  

Overall 
Accuracy 
(%)  

0,983793997 

Cohen's 
Kappa (%) 

0,971953192 
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Even though the RF algorithm's classification accuracy might be high, it is important to 

validate the output maps. In the generated land cover map, validation data were used 

to ensure spatial consistency. According to the Error matrix shown in Table 2, the 

overall accuracy and Cohen's Kappa values for the obtained map are 0.92871 and 

0.87396, respectively. As indicated by these values, both accuracy and Kappa scores 

are high, suggesting that the classification was performed accurately and reliably. 

Table 2 Sentinel Validation Matrix 

Sentinel 
Validation 
error 
matrix:  

Wetlan
d 

Green 
Area 

Buildin
g 

Roads Barren 
Area 

Total User's 
Accurac
y (%) 

Wetland 379 6 2 0 32 419 0,904534 
Green 
Area 

2 3558 0 0 132 3692 0,963705 

Building 0 5 123 50 97 275 0,447272 
Roads 0 10 28 241 193 472 0,510593 
Barren 
Area 

0 111 15 58 5353 5537 0,966769 

Total 381 3690 168 349 5807 1039
5 

 

Producer'
s 
Accuracy 
(%)  

0,99475 0,9642
27 

0,73214
2 

0,69054
4 

0,92181
8 

  

Overall 
Accuracy 
(%)  

0,92871 
      

Cohen's 
Kappa (%) 

0,87396 
      

 

4. Results 

The Earth's dynamic land and water surfaces undergo changes over time. While 

utilizing high spatial resolution satellite imagery for free is possible, storing, processing, 

and analyzing this data has been challenging. Particularly, generating global to local-

scale Land Use and Land Cover (LULC) maps is a demanding process. The GEE 

platform, frequently used in recent times, offers efficiency in processing multi-band 

satellite images and enables rapid analysis. Moreover, its accessibility to various 

satellite archives and the ease of access, combined with its free availability, make it a 

preferred choice for land cover monitoring studies (Midekisa et al., 2017, Xiong et al., 

2017). In this study, the GEE platform is employed to provide more observation data 

for delineating detailed features among land cover classes in vast areas. 

The presented study assesses the land conditions in the Karaman region using 

spaceborne multispectral imagery. To achieve this goal, the machine learning 

algorithm RF is utilized through GEE, a cloud computing service for geospatial 

analysis. The output map is validated using satellite imagery. 
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In large-scale land cover mapping, misclassifying land cover types with similar spectra 

is a common challenge. For instance, incorrect classification is frequent for structures 

and buildings due to their similar spectral characteristics. This issue might arise from 

the similarity in spectral features or the spatial resolution of the satellite ¦st¿ner, 2013 

and Arēkan and Yēldēz, 2023 encountered similar challenges in their studies, and their 

findings align. 
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Abstract: IMU is a measurement unit that usually consists of sensors such as 
accelerometers, gyroscopes and magnetometers. Odometry is the estimation of 
incremental or absolute position and orientation of the device by processing sensor 
data over time. This paper focuses on how deep learning, a subtopic of artificial 
intelligence, can be used for IMU odometry. IMU odometry is solely the use of data 
from IMU sensors for position and orientation estimation. IMU sensor 
measurements are subject to many errors and noise, and therefore the 
measurements obtained may not reflect the true values. Our study filters these 
measurements with deep learning algorithms to provide a more consistent 
estimate. Our study uses recurrent neural networks such as LSTM, GRU and a 
hybrid CNN-LSTM network to estimate the position of a micro aerial vehicle using 
IMU data and compares the results with the ground-truth data by means of defined 
metrics. EuRoC MAV dataset is used for this purpose. Our study also aims to 
predict orientation change in terms of rotation angle using only IMU data utilizing a 
deep learning model. While GRU model performed the best on position estimation 
by an R2 value of 0,996, orientation estimation reached an R2 value of 0,56. The 
promising results enable the use of the proposed method as an intermediary 
position estimation on high level SLAM algorithms as a future work.  
Keywords: IMU Odometry, Deep Learning, LSTM, GRU, CNN-LSTM. 

 

 
1. Introduction 

Odometry or dead reckoning is used to estimate the position and movement of devices 
such as robots, autonomous vehicles, drones and virtual reality devices, often using 
data from different sensors such as accelerometers, gyroscopes and magnetometers.  

IMU (Inertial Measurement Unit) odometry is used to accurately track the position and 
movement of devices in areas where GPS signals are insufficient or unavailable. For 
example, when a drone is flying outdoors and GPS signals are weak or completely 
lost, it can still be flown accurately using IMU odometry. 

IMU odometry can also provide positioning and navigation systems with higher 
localization and orientation accuracy, improving the efficiency of the devices and 
helping them to perform their tasks more accurately. 

Deep learning, a sub-branch of artificial intelligence, consists of artificial neural 
networks, similar to the way the human brain works. These neural networks pass input 
data through many layers, learning complex relationships between the data and 
ultimately producing an output. The processing steps between these layers are 
performed by performing mathematical operations with the inputs of each layer, using 
weights and bias values. As a result of these operations, the network produces an 
output that matches the given input. 

Since the data from IMU sensors can have many errors and noise, it is difficult to obtain 
accurate output data and to facilitate this process, it is necessary to filter out these 
many errors and noise. Deep learning algorithms can be used for this filtering process 
and thus a more accurate result can be obtained. 



рΦ ¦ƭǳǎƭŀǊŀǊŀǎƤ ¢ǸǊƪ 5ǸƴȅŀǎƤ CŜƴ .ƛƭƛƳƭŜǊƛ ǾŜ aǸƘŜƴŘƛǎƭƛƪ YƻƴƎǊŜǎƛ  
15-мт 9ȅƭǸƭ нлноΣ .ƛǒƪŜƪ - YƤǊƎƤȊƛǎǘŀƴ 

39 

 

Deep learning, as mentioned above, learns from data using a structure of artificial 
neural networks and can perform particularly well on large data sets. Therefore, using 
data from IMU sensors, deep learning algorithms can more accurately estimate the 
position and motion of the device by filtering out errors and noise in the sensor data. 

Position and orientation estimation from IMU sensor is firstly defined in strapdown 
inertial navigation system (SINS) model (Titterton, et al., 2004) where double 
integration on linear accelerations and integration on angular velocities are carried out. 
However since accumulated error makes the estimation unstable, pedestrian dead 
reckoning (PDR) model is suggested with zero velocity constraint that enables 
eliminating accumulated error periodically (Lu, et al., 2019). 

A local positioning system that uses 2D dead reckoning principle is proposed in 
(Zheng, et al., 2023). The system estimates real-time pose information using MTI 
Silicon Micro Inertial Measurement System. The proposed system uses Kalman filter 
on speed-acceleration model to reduce error of the odometer and uses a linear error 
model to minimize the accumulative error of the gyroscope. The cumulative error of 
the results obtained is within 2 meters in 100 meters distance interval. 

An IMU dead reckoning method that filters noise data and determines the position of 
the vehicle accurately is proposed in (Toy, et al., 2022). The experimental results the 
article obtains show the proposed system is effective with rotational and translational 
errors of 1.03 degrees and 1.04 meters. 

A hybrid visual-inertial odometry solution for autonomous navigation of unmanned 
vehicles in GPS-denied environments is proposed in (Mahmoud & Atia, 2019). The 
proposed system loosely couples integration between stereo cameras and IMU that is 
filtered by an Extended Kalman Filter (EKF) to estimate IMU biases. Then the system 
is downgraded into a single camera getting the motion scale from the calibrated IMU. 
The results the article obtained have less than 2m overall position estimation error. 

A deep learning model based on separate input layers fed to sequential LSTM layers 
followed by a concatenation layer and several more sequential LSTM layers is 
proposed in (Abolfazli Esfahani, et al., 2020). 

Another deep learning model based on CNN layers followed by two bidirectional LSTM 
layers and a fully connected last layer is proposed in (Silva do Monte Lima, et al., 
2019).The network is trained in a multi-task learning framework where two distinct loss 
functions for position and orientation is fused together.  

One of the most referenced 3D SLAM methods, LIO-SAM, uses IMU pre-integration 
step as an initial guess for LiDAR feature matching. It is reported that when the IMU 
pre-integration step fails to produce accurate position estimates, LIO-SAM cannot 
reach real time conditions or fails too (Shan, et al., 2020). 

The rest of the study is organized as follows: Section 2 introduces the methods used 
in position and orientation estimation and gives details about the deep learning models 
used, Section 3 states the experimental setup, Section 4 gives the experimental results 
and discussions about these results, and Section 5 summarizes the study with results 
and discussion and gives future work remarks. 
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2. Materials and Methods 

This section deals with the models proposed for position and orientation estimation 
based on IMU data. Position estimation is carried out by several RNN architectures 
whereas for orientation estimation a sequential fully connected model is utilized. 

2.1. Position Estimation with Time Series Forecasting 

A time series is a series of time-based values in an observation. Time series 
forecasting is scientific forecasting using historical data. In literature RNN networks 
such as LSTM and GRU are used for time series forecasting, in this study 
aforementioned networks are utilized for IMU odometry estimation. 

2.1.1. Long Short-Term Memory 

Long Short-Term Memory (LSTM) is a type of recurrent neural network (RNN) 
architecture designed to capture and retain long-term dependencies in sequential data. 
It overcomes the vanishing gradient problem of traditional RNNs by introducing a 
memory cell and gating mechanisms to control the flow of information. LSTMs are 
widely used in applications such as natural language processing and time series 
analysis (Van Houdt, et al., 2020). 

A sequential model consisting of two LSTM layers with 50 units each, followed by a 
dense layer with 3 units is used. The model takes input sequences of shape (10, 9) 
and aims to minimize the mean squared error loss using the Adam optimizer. The 
model summary is given with Fig. 1. 

 

(a) 
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(b) 

Figure 1. a) Summary, b) Visualization of LSTM Model 

2.1.2. GRU 

GRU (Gated Recurrent Unit) is a simplified type of recurrent neural network (RNN) 
architecture that addresses the vanishing gradient problem. It combines the input and 
forget gates of LSTM into a single update gate, making it more computationally 
efficient. GRUs capture long-term dependencies in sequential data and are commonly 
used in applications like natural language processing and speech recognition (Heck & 
Salem, 2017), (Niu, et al., 2023). 

A sequential model with two GRU layers followed by a dense layer is used. The input 
shape is (10, 9), representing a sequence length of 10 time steps and 9 features per 
step. The first GRU layer has 50 units and returns the full sequence. The second GRU 
layer also has 50 units but only returns the last output. The final dense layer has 3 
units. The model summary is given with Fig. 2. The model is trained using the mean 
squared error loss function and the Adam optimizer. 
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(a) 

 

(b) 

Figure 2. a) Summary, b) Visualization of GRU Model 

2.1.3. CNN-LSTM 

CNN-LSTM is a hybrid neural network that combines Convolutional Neural Networks 
(CNNs) and Long Short-Term Memory (LSTM) networks. It can process sequential 
data with spatial information, like images or videos. CNN extracts spatial features, 
while LSTM models temporal dependencies. This architecture is used in tasks such as 
video analysis and action recognition (Donahue, et al., 2016). 

A sequential model that combines CNN and LSTM layers is used. It takes input 
sequences of shape (10, 9, 1) and applies a 1D Convolutional layer with 64 filters and 
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a kernel size of 3 to each time step independently. MaxPooling1D with a pool size of 2 
is then applied to reduce spatial dimensionality. The output is flattened and processed 
by an LSTM layer with 50 units to capture temporal dependencies. Finally, a Dense 
layer with 3 units produces the output. The model summary is given with Fig. 3. The 
model is trained using mean squared error loss and the Adam optimizer. 

2.2. Orientation Change Estimation with Quaternion Data 

Quaternions are units that represent the spatial orientation and rotation of objects in 
three-dimensional space. In our dataset, we have quaternion data for w, x, y and z 
dimensions for each time instant. Using this data, the formula for finding the change in 
orientation of the object in terms of rotation angle at each time interval is given in (1) 
where qt is the quaternion representation of orientation at time step t with respect to 
the orientation at time step 0, ἆ is the Hamilton product and ɝ‰ is the orientation 
change between time step t-1 and t. 

ɝ‰ ςẗÃÏÓ
ȿή ἆήȿ

ᴁή ᴁẗᴁήᴁ
                                                                                                        ρ 

By applying this formula, the rotation differences between each pairwise rows were 
found. A deep learning network was trained with IMU data as input and orientation 
differences as output.  

 

(a) 



рΦ ¦ƭǳǎƭŀǊŀǊŀǎƤ ¢ǸǊƪ 5ǸƴȅŀǎƤ CŜƴ .ƛƭƛƳƭŜǊƛ ǾŜ aǸƘŜƴŘƛǎƭƛƪ YƻƴƎǊŜǎƛ  
15-мт 9ȅƭǸƭ нлноΣ .ƛǒƪŜƪ - YƤǊƎƤȊƛǎǘŀƴ 

44 

 

 

(b) 

Figure 3. a) Summary, b) Visualization of CNN-LSTM Model 

A sequential model with six dense layers is used to estimate the orientation difference. 
It starts with a layer of 128 units, followed by layers of 256, 512, 256, and 128 units, all 
using the ReLU activation function. The final layer has a single unit and serves as the 
output layer. The sequential fully connected model is given with Fig. 4. The model is 
trained using the Adam optimizer and the mean squared error loss function. Its goal is 
to minimize the MSE during training. 
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(a) 

 

(b) 

Figure 4. a) Summary, b) Visualization of the Fully Connected Sequential Model 
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3. Experimental Setup 

In this section the dataset used is introduced and the experimental setup is explained 
and the metrics used for comparison is defined. 

3.1. Dataset 

The dataset used is named "The EuRoC MAV Dataset". It presents visual-inertial 
datasets collected on a Micro Air Vehicle (MAV). These datasets include stereo 
images, synchronized 6 DoF IMU measurements (accelerometer, gyroscope), high 
fidelity motion and true position information. Our study uses only IMU measurements 
and true position information of the current frame and tries to estimate true position 
and orientation of the next frame from these IMU measurements. For this purpose, we 
use the dataset named "Machine Hall 01" from the site for supervised learning of our 
artificial neural network algorithm and test our network on the dataset named "Vicon 
Room 1 01" (Burri, et al., 2016). 

3.2. Data Preprocessing 

There are two different csv files in the dataset, one with ground-truth location 
information and one with IMU data. These two files were combined into a single table 
by merging the rows with common timestamps. The table has 28377 rows and 10 
columns. The data was scaled with the MinMaxScaler. When the data is prepared for 
time series prediction, first the data is added to the X array as timesteps value. Then 
timesteps + 1 is added to y array as output value. The window is scrolled until the end 
of the data set and the data is added to the X and y arrays. Data is used to train 3 deep 
learning models that are described in Section 2.1, namely LSTM, GRU, CNN-LSTM 
models. 

Quaternions are units that represent the spatial orientation and rotation of objects in 
three-dimensional space. In our dataset, we have quaternion data for w, x, y and z 
dimensions for each time instant. The rotation angle obtained from quaternion data is 
used as output and IMU data is used as input. Data is used to train deep learning 
model described in Section 2.2, namely fully connected sequential model. 

3.3. Metric Definitions 

This section provides definitions of the metrics used in performance evaluations. 
Parameters used in the metric is defined as ώ as the actual value, ώ as the predicted 
value, whereas n is the total number of estimated values. 

3.3.1. Mean Absolute Error (MAE) 

The average magnitude of errors in a series of predictions or forecasts is measured 
using the metric known as Mean Absolute Error (MAE). Prior to averaging these 
discrepancies, it determines the absolute difference between the expected and actual 
values. Without taking into account the direction of the mistakes, MAE offers a simple 
and simple-to-interpret measurement of how well a model performs in terms of 
absolute prediction accuracy as given in (2). Usually, it is represented in the same units 
as the predicted variable. 

ρ

ὲ
ȿώ ώ

ͮ
ȿ                                                                                                                                          ς 
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3.3.2. Mean Squared Error (MSE) 

Mean Squared Error (MSE) measures the average of the squared differences between 
predicted and actual values as given in (3), giving more weight to larger errors. It is 
commonly used in regression analysis and machine learning. 

ὓὛὉ
ρ

ὲ
ώ ώ

ͮ
                                                                                                                         σ 

3.3.3. Root Mean Squared Error (RMSE) 

Root Mean Squared Error (RMSE) is the square root of the average of the squared 
differences between predicted and actual values as given in (4), providing a measure 
of prediction accuracy in the original units. 

ὙὓὛὉ
ρ

ὲ
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3.3.4. R2 Score 

The R2 score, also known as the coefficient of determination, is a statistical metric that 
evaluates the goodness of fit of a regression model. It measures the proportion of the 
total variance in the dependent variable that can be explained by the independent 
variables in the model as given in (5), where residual is the difference between the 
predicted value and the actual value and total sum of squares is defined as the 
variance of the actual values. Ranging from 0 to 1, a higher R2 score indicates a better 
fit, with 1 representing a perfect fit. 

Ὑ ρ
ВǎǉǳŀǊŜǎ ƻŦ ǊŜǎƛŘǳŀƭǎ

ǘƻǘŀƭ ǎǳƳ ƻŦ ǎǉǳŀǊŜǎ
                                                                                                         υ 

4. Results and Discussion 

The trained deep learning models are evaluated both qualitatively and quantitatively 
by means of accumulated odometry estimation graphs and metric calculations.  

4.1. Qualitative Evaluation on Position Estimation 

Birds eye view and 3D accumulative position estimation graphs are given as qualitative 
evaluation of LSTM, GRU and CNN-LSTM models respectively in Fig. 5. It can be 
easily seen that GRU has the best accumulated position estimation. 

4.2. Quantitative Evaluation on Position Estimation 

Metric results for LSTM, GRU and CNN-LSTM models are given respectively in Table 
1. As seen in the experimental results, LSTM and RNN models performed similarly 
with high accuracy in route prediction with time series. The GRU model performed 
better by a small margin with lower error values and higher R2 Score. The CNN-LSTM 
model has a high loss value. As seen in the experimental results section, the error 
values are quite high. The R2 Score is as low as 0.25. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Position Estimation Results for a-b) LSTM, c-d) GRU, e-f) CNN-LSTM 

Table 1. Metric Results for Position Estimation 

Metric LSTM GRU CNN-LSTM 

MAE 0,01 0,005 0,10 

MSE 0,00015 0,00004 0,02 

RMSE 0,011 0,006 0,12 

R2 0,98 0,996 0,25 
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In the literature for position estimation, SINS model is reported to have a MAE value 
of 0,0172 and RMSE value of 0,0198 whereas AbelDeepIO model has a MAE value of 
0,0119 and RMSE value of 0,0146 with the same test data. The proposed method in 
this study has better MAE (0,01) and RMSE (0,011) results compared to those previous 
two methods. The method proposed by Silva do Monte Lima, however, has a MAE 
value of 0.0075 and RMSE value of 0.0099 which are better compared to our results. 

4.3. Qualitative Evaluation on Orientation Estimation 

Orientation change estimation is qualitatively evaluated with estimation and ground 
truth graphs provided respectively.  

  
(a) (b) 

Figure 6. a) Orientation Change Estimation Results for the Fully Connected 
Model, b) Ground-truth Data 

As can be seen in the graphs, the predictions show a remarkable correlation with the 
actual values, but the accuracy should be further improved. 

4.4. Quantitative Evaluation on Orientation Estimation 

Metric results for the fully connected model for orientation change estimation are given 
in Table 2. 

Table 2. Metric Results for Position Estimation 

Metric Fully Connected Model 

MAE 0,02 

MSE 0,001 

RMSE 0,040 

R2 0,56 

 

An R2 Score of 0.56 was obtained for the orientation change with quaternion data.  

In the literature for orientation change, SINS model is reported to have a MAE value of 
0,0174 and RMSE value of 0,1723 whereas AbelDeepIO model has a MAE value of 
0,0134 and RMSE value of 0,1724 with the same test data. Even though the proposed 
method in this study has a worse MAE (0,02) value compared to previous two methods, 
RMSE (0,040) value is better those previous two methods.  
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4. Conclusion 

In the study, odometry prediction is carried out using IMU data. The experiments are 

divided into two main subjects int the first part, route prediction is performed with time 

series prediction using IMU and ground-truth data. LSTM, GRU and CNN-LSTM 

models are used for time series prediction. In this study, LSTM and GRU models gave 

good results while CNN-LSTM model was inadequate with an R2 score of 0,25. 

In the second part, the orientation difference at two time-intervals is estimated as 

rotation angle using IMU data. The rotation angle obtained from quaternion data is 

trained in a deep network model with IMU inputs. An R2 Score of 0,56 was obtained. 

The results are promising by means of robustness. Therefore it can concluded that 

feeding deep learning based IMU odometry prediction into SLAM algorithms as an 

initial guess for each optimization step can increase the robustness of the SLAM 

algorithm.   

For future work given the results this article obtains, combining IMU odometry and 

wheel odometry using deep neural networks may provide better results. It is possible 

that wheel sensor and IMU data complement each other. As the proposed work only 

relies on IMU and wheel sensors data it can be used in rough environments which are 

visually challenging and GPS unavailable or unreliable. 
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¥zet: Bu makale, sanal atalet ve sºn¿mleme (virtual inertia and damping, VID) 
kontrol¿ i­eren zaman gecikmeli mikro ĸebeke (MG) sistemlerinin g¿rb¿z kararlēlēk 
gecikme payē ¿zerindeki etkisini incelemektedir. Yenilenebilir enerji ¿retim 
sistemlerinin mevcut g¿­ ¿retimi i­erisinde hēzlē artēĸē, senkron jeneratºr tabanlē 
klasik g¿­ ¿retim santrallerinin y¿k frekans kontrol¿ (YFK) sistemlerinde etkinliĵini 
azaltarak, g¿­ sisteminin ­alēĸmasēnē ve nominal frekans kararlēlēĵēnē bozacak bazē 
ºnemli problemlere neden olmaktadēr. ¥zellikle haberleĸme zaman gecikmesi 
i­eren MG merkezli bir kontrolºrde, denetleyici performansē ve sistem frekansē, 
haberleĸme kanalēndaki zaman gecikmelerinden ve parametrik belirsizliklerden 
olumsuz etkilenir. Dolayēsēyla, bu makalede, g¿rb¿z kararlēlēk gecikme paylarē, 
oransal-integral (PI) denetleyicinin farklē kazan­ deĵerleri i­in Kharitonov Teoremi 
ve MATLAB/Simulink programē kullanēlarak benzetim ­alēĸmalarē ile elde edilmiĸtir. 
Anahtar Kelimeler: Y¿k frekans kontrol, Sanal atalet ve sºn¿mleme, G¿rb¿z 
zaman gecikmesi, Kharitonov Teoremi 

 

 
1. Giriĸ 

G¿n¿m¿z mikro-ĸebeke (MG) sistemlerinin, frekans kontrol¿n¿n ve kararlēlēĵēnēn 
saĵlanmasē a­ēsēndan iki ºnemli sorunla karĸēlaĸtēĵē bilinmektedir. Bu sorunlar, 
yenilenebilir enerji kaynaklarē (YEK) tabanlē ¿retim birimlerinin yoĵun olarak MG 
sistemlerine dahil edilmesi sonucu atalet momenti ve sºn¿mleme yetersizliĵinin 
meydana gelmesi (Benvari et al. 2021) ve MG sistemlerde haberleĸme aĵlarēnēn 
kullanēmē ile oluĸabilecek haberleĸme zaman gecikmeleridir (Mohan, Meskin, and 
Mehrjerdi 2020). 

Artan enerji talebini karĸēlamak, geleneksel enerji ¿retimlerinin neden olduĵu ­evresel 
etkileri azaltmak i­in g¿neĸ enerjisi ve r¿zgar t¿rbini gibi yenilenebilir enerji 
kaynaklarēna dayalē elektrik enerjisi ¿retimi giderek yaygēnlaĸmaktadēr (Kerdphol et al. 
2019). Bºylesi daĵētēk g¿­ ¿retimleri (DG'ler), geleneksel enerji ¿retimlerinin neden 
olduĵu ­evresel etkileri azaltmak, g¿­ sisteminin g¿venlik ve g¿venilirlik gereksinimini 
iyileĸtirmek ve yoĵun talep sērasēnda kēsa vadeli g¿­ ¿retimini saĵladēĵēndan dolayē 
elektrik g¿­ sistemlerinde ve MG sistemlerde kurulumu her ge­en g¿n artmaktadēr 
(Benvari 2017) (G¿l, Sºnmez, and Ayasun 2022). 

Genel olarak MG sistemler, YEK'lerin ĸebekeye entegrasyonuna ºnemli katkēlar 
saĵlamaktadēr. Yenilenebilir enerji kaynaklarē ve enerji depolama sistemleri (energy 
storage systems, ESS'ler) i­eren DG'ler, MG'lerin ana yapēsēnē oluĸturur (Dreidy, 
Mokhlis, and Mekhilef 2017). YEK'ler bir mikro ĸebekeyi oluĸturan ana bileĸenler 
olmasēna raĵmen, YEK tabanlē sistemler frekans kararsēzlēĵē sorunlarēyla karĸē 
karĸēyadēr. Bu durum, genellikle YEK'lerin doĵal aĸērē deĵiĸken ¿retim yapēsēndan ve 
ayrēca g¿­ elektroniĵi tabanlē YEK'lerin neden olduĵu sistem ataletindeki azalmalardan 
kaynaklanmaktadēr. MG sistemlerinde, gerilim ve frekans kararlēlēk kontrol¿, ĸebekeye 
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baĵlē ­alēĸmaya kēyasla daha zor olmasēndan dolayē son yēllarda araĸtērmacēlar i­in en 
ºnemli konulardan biri olmuĸtur. (G¿nd¿z, Sºnmez, and Ayasun 2017) (Hasen, 
Sºnmez, and Ayasun 2023). Aynē zamanda frekans kontrol servisi ¿zerinde, klasik 
senkron jeneratºr tabanlē ¿retim birimlerinin etkinliĵinin azalmasēna ve mikro ĸebeke 
sistemlerinde, atalet momenti ve sºn¿mleme yetersizliĵine yol a­maktadēr (Kerdphol 
et al. 2021a). 

Dolayēsēyla, YEK tabanlē DGôlerin ¿retime olan katkēlarēnēn artmasē ile sistemde 
oluĸabilecek g¿­ dengesizliĵi, frekans kararlēlēĵēnē olumsuz etkileyerek frekans 
d¿zleminde dalgalanmalarēn artmasēna neden olmaktadēr (Yēldērēm, Gheisarnejad, and 
Hassan Khooban 2022). MG sistemlerin atalet momenti ve sºn¿mleme ihtiyacēnē 
karĸēlamak amacēyla, ger­ek bir senkron jeneratºr davranēĸēnēn dikkate alēnmasē ile 
­eĸitli topolojiler oluĸturulmuĸtur (Kerdphol, Rahman, and Mitani 2018; G¿l, Sºnmez, 
and Ayasun 2022). Bu yºntemler arasēnda, en ­ok kullanēlan ve aktif g¿­-frekans 
dengesi dikkate alēnarak belirlenen frekans deĵiĸim oranē (the Rate of Change of 
Frequency, RoCoF (Kerdphol et al. 2021b) ) tabanlē sanal atalet kontrol¿ MG frekans 
kontrol sistemlerine etkin olarak uygulanmēĸtēr. 

D¿ĸ¿k atalet momenti ve sºn¿mleme probleminin yanēnda, MG sistemlerinde 
oluĸabilecek haberleĸme zaman gecikmeleri denetleyici performansēnē ve sistem 
frekans kararlēlēĵēnē olumsuz etkileyebilmektedir. G¿­ ¿retim birimlerinden elde edilen 
ºl­¿m deĵerlerini bir MG kontrol merkezine gºndermek ve kontrol merkezinden alēnan 
kontrol sinyallerini ¿retim birimlerine aktarmak amacēyla haberleĸme aĵlarēndan yoĵun 
bir ĸekilde faydalanēlmaktadēr. Bu durumda, sistemde haberleĸme zaman gecikmeleri 
meydana gelmektedir. (Thangaiah and Parthasarathy 2017). Bu anlamda, denetleyici 
parametre tasarēmēnda ve sistemin kararlēlēk analizi ­alēĸmalarēnda g¿rb¿z kararlēlēk 
gecikme payē deĵerleri dikkate alēnmalēdēr. Bir diĵer ºnemli husus, elektrik g¿­ 
sistemlerinde, parametrik deĵiĸiklikler, y¿k deĵiĸimi ve modellemeden kaynaklanan 
bir­ok belirsizliĵin olmasēdēr (Bervani, 2014). Ayrēca, elektrik g¿­ sisteminin ­alēĸma 
koĸullarēnēn (¿retim, t¿ketim veya kontrol) g¿n boyunca deĵiĸim gºstermesi ve 
yenilenebilir enerji santraller i­eren g¿­ sistemlerinde, ºl­¿m bilgisi ve kontrol 
sinyallerinin a­ēk ve daĵētēlmēĸ haberleĸme aĵē ¿zerinden iletilmesi belirli bir aralēkta 
deĵiĸen haberleĸme zaman gecikmelerine sebep olmaktadēr. Dolayēsēyla, bu 
belirsizlikler altēnda sistemin g¿rb¿z zaman gecikmesi analizinin yapēlmasē ve elde 
edilen sonu­lara uygun denetleyici parametre tasarēmēnēn yapēlmasē olduk­a ºnemlidir. 

Literat¿rde MG sistemlerin nominal parametre deĵerleri altēnda sistem kararlēlēĵēnē 
garanti edecek kararlēlēk gecikme payē deĵerleri hesaplanmēĸtēr (G¿nd¿z, Ayasun, and 
Sºnmez 2019; Hasen, Sºnmez, and Ayasun 2022). Ayrēca, mevcut literat¿r parametrik 
belirsizlikleri dikkate almadan genellikle g¿rb¿z denetleyici parametre tasarēmēna 
odaklanmēĸtēr (Govindaraju and Sivalingam 2021; Yao et al. 2023; G¿nd¿z, Sºnmez, 
and Ayasun 2022). Ancak sistemde oluĸabilecek parametrik belirsizlik durumlarēnda 
sistemin kararlēlēĵēnē garantileyecek g¿rb¿z kararlēlēk gecikme payē bilinmesi olduk­a 
ºnemlidir. Bu baĵlamda, bu ­alēĸma zaman gecikmeli MG-VID sistemlerde olasē 
parametrik belirsizlikler karĸēsēnda, sistemin g¿rb¿z kararlēlēĵēnē saĵlayabilen gecikme 
payē deĵerlerinin elde edilmesini saĵlamaktadēr. Bu ama­la, Kharitonov Teoremi 
kullanēlarak ºncelikle MGïVID sisteminin parametrik belirsizlikleri altēnda olasē t¿m 
karakteristik polinomlarē elde edilmiĸtir. Daha sonra, elde edilen Kharitonov 
polinomlarēnēn t¿m¿ i­in benzetim ­alēĸmalarē uygulanarak t¿m polinomlarēn 
kararlēlēĵēnē saĵlayabilen gecikme ¿st sēnērē deĵeri belirlenmiĸtir. Sonu­ olarak, 
Kharitonov polinomlarēnēn kararlēlēĵēnē garanti eden ve dolayēsēyla, parametrik 
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deĵiĸimler karĸēsēnda MG-VID sistemin g¿rb¿z kararlēlēĵēnē saĵlayan gecikme deĵeri 
olarak deĵerlendirilecektir. 

Ayrēca, elde edilen sonu­larēn doĵruluĵunu gºstermek ve MG-VID sisteminde, farklē 
parametrik deĵiĸimler altēnda elde edilen g¿rb¿z gecikme deĵerlerinde sistemin 
frekans cevabēnē incelemek i­in benzetim ­alēĸmalarē uygulanmēĸtēr (Simulink, 2019). 
Bu sayede, salēnēmlarēn hēzlē sºn¿mlenmesi, daha d¿ĸ¿k maksimum aĸma ve daha 
kēsa yerleĸme zamanē bakēmēndan sistemin daha iyi bir dinamik performansa sahip 
olabilmesi i­in, g¿rb¿z kararlēlēk gecikme payēnēn, PI  denetleyici parametre deĵerleri 
dikkate alēnarak belirlenmesinin gerekli olduĵu gºsterilmiĸtir. 

2. Zaman Gecikmeli VID Kontrol¿ Ķ­eren MG Sistemin Dinamik Modeli 

Birka­ mikro kaynaktan ve farklē tipte y¿klerden oluĸan MG'ler, k¿­¿k ºl­ekli g¿­ 
sistemleridir. ķekil 1ôde VID kontrol bloĵu eklenen ve zaman gecikmesi i­eren bir mikro 
ĸebeke sisteminin dinamik modeli verilmiĸtir. Klasik MG sistem modelinden farklē 

olarak, ikincil kontrol ­evrimi tarafēnda se t-  ile gºsterilen zaman gecikmesi ifadesi ve 

bir VID kontrol ­evrimi eklenmiĸtir. Ķkincil kontrol dºng¿s¿, y¿kteki bir bozulma 
nedeniyle frekans sapmasēndaki sabit durum hatasēnē sēfērlamak ve frekans kararlēlēĵēnē 
artērmak i­in YFK mekanizmasēnē i­ermektedir. Ek olarak, bu kontrol seviyesinde, bir 

PI  denetleyici yer almakta ve  ve P IK K  denetleyici kazan­ deĵerlerini gºstermektedir. 

ķekil 1'den gºr¿ld¿ĵ¿ ¿zere, YFK sisteminin ikincil kontrol dºng¿s¿ ­evriminde, PI 
denetleyici kullanēlmēĸtēr. 
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ķekil 1 VID kontrol ­evrimi i­eren MG sistemi blok diyagramē 

Sistem modeli i­erisinde yer alan, , , , , , , ,  ve g t WT PVM D R ACE T T T Tb  sērasēyla, jeneratºr 

atalet ve sºn¿m sabitleri, hēz reg¿lasyon d¿ĸ¿ĸ sabiti, frekans yºnelim faktºr¿, alan 
kontrol hata sinyali, devir sayēsē reg¿latºr¿, t¿rbin, r¿zgar g¿­l¿ t¿rbini ve g¿neĸ enerji 
sistemi zaman sabitleridir. Sistemin dinamik modelinde, durum ifadeleri, 
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, , , , ,  ve m V VI L WT PVf P P P P P PD D D D D D D olarak tanēmlanmēĸ ve bu ifadeler sērasēyla, 

frekans deĵiĸimini, mekanik g¿­ ­ēkēĸēnēn, valf pozisyonunun, VID kontrol ­ēkēĸēnēn, 
y¿k¿n, r¿zgar ve g¿neĸ santralinde ¿retilen g¿­ deĵiĸimlerini temsil etmektedir. 

Burada,  ve P IK K  oransal ve integral denetleyici kazan­larēdēr. Ayrēca, sistemde 

yaĸanabilecek haberleĸme zaman gecikmesi (t), ķekil 1ôde t-se  terimi ile ifade edilir.  

ķekil 1ôde, frekansē d¿zenlemek i­in ¿­ farklē kontrol ĸemasē gºsterilmiĸtir. Bunlar 
birincil, sanal atalet ve ikincil kontrol dºng¿leridir. Birincil frekans kontrol¿, sapmaya 
uĵrayan sistem frekansēnēn sabit bir deĵere getirebilmesi i­in merkezi m¿dahale 
olmaksēzēn otomatik ¿retim kontrol¿ne dahil santraller tarafēndan ger­ekleĸtirilen ilk 
kontrol eylemi olarak bilinmektedir. Tamamlayēcē bir kontrol dºng¿s¿ olan ve ķekil 2ôde 
detaylē olarak gºsterilen VID kontrol ­evrimi, /df dt  gibi bir t¿rev kontrol tekniĵi ile ESS 

kullanarak atalet enerjisini saĵlamaktadēr. Son olarak mikro ĸebeke merkezi kontrol 
(MGCC) yoluyla ger­ekleĸen ikincil kontrol dºng¿s¿, y¿kteki bir bozulma nedeniyle 
frekans sapmasēndaki sabit durum hatasēnē sēfērlamak ve frekans kararlēlēĵēnē artērmak 
i­in YFK mekanizmasēnē ger­ekleĸtirir. 
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ķekil 1 Sanal sºn¿mleme kontrol¿ i­in frekans cevabēna ait blok ĸemasē 

 

VID kontrol bloĵunun detaylē bir ĸekilde gºsterimi ķekil 2ôde gºsterilmiĸ ve bu kontrol 
­evriminin RoCoF tabanlē transfer fonksiyonu Denklem (2)ôde verilmiĸ olup frekans 
dalgalanmalarēna gºre, sanal sºn¿mleme bileĸeni, hēzlē bir oturma/stabilizasyon 
zamanē i­in geliĸtirilmiĸtir. RoCoF, invertºr tabanlē ESS aracēlēĵēyla aktif g¿c¿ dinamik 
olarak yºnetmek i­in kullanēlēr. Bu nedenle, sistem sanal atalet g¿c¿n¿ sºn¿mleme 
ºzelliĵi ile d¿zg¿n bir ĸekilde taklit edebilir, sistem ataletini ve sºn¿mleme yeteneklerini 
geliĸtirebilir. ESS ile VID kontrol dºng¿s¿n¿n ­ēkēĸ denklemi,  
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olarak elde edilmektedir. Burada DVI, KVI, RVI ve TINV sērasēyla, VID kontrol ­evriminin 
sanal sºn¿m ve atalet sabitleri, inverter tabanlē ESS sanal hēz d¿ĸ¿ĸ sabiti ve zaman 
sabitini temsil etmektedir.  
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3. Kharitonov Teoremi 

G¿­ sistemlerinin pratik ve ger­ek uygulama alanlarēnda, sistemin parametrik 
belirsizliĵinden ve modellemeden kaynaklē oluĸabilecek hatalar sistem dinamik 
performansēnē ve kararlēlēĵēnē olumsuz etkileyebilmektedir. Bu durumda kontrol 
sistemleri alanēnda g¿rb¿z kararlēlēk analizi, sistemin en ºnemli ­alēĸma alanlarēndan 
biridir. Bununla birlikte, b¿y¿k karmaĸēk ger­ek zamanlē uygulamalarēn ­oĵunda, 
sistem parametrelerinin kesin deĵerleri bilinmemekte, bunun yerine sistem 
parametresinin deĵiĸmesi muhtemel olan bir deĵer aralēĵē tahmin edilmektedir (Sondhi 
and Hote 2016). Bu gibi durumlarda aralēk polinomlarē olarak bilinen, belirli bir aralēk 
i­inde deĵiĸen karmaĸēk veya ger­ek katsayēlē polinomlarēn kararlēlēĵēnē analiz eden 
grafiksel bir yºntem olan Kharitonov Teoremi kullanēlmaktadēr. Teoreme gºre sistem 
modeli aralēk bi­iminde temsil edilerek dºrt kºĸe polinomu elde edilir. Bu polinomlar ile 
sistemin kararlēlēĵēnē garanti edebilecek g¿rb¿z kararlēlēk gecikme payē deĵerlerinin 
belirlenmesi ama­lanmaktadēr.  

Bu ­alēĸma kapsamēnda g¿rb¿z zaman gecikmesi deĵerlerini benzetim yoluyla elde 
edebilmek ve Kharitonov teoremini zaman gecikmeli MG-VID sisteme uygulamak i­in 
ķekil 1 óde verilen sistemin a­ēk ­evrim transfer fonksiyonu aĸaĵēda verildiĵi gibi 
bulunabilir.  
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Burada, a ve b sadece nominal sistem parametrelerini i­eren katsayēlarēdēr. 

Kharitonov teoremi, Denklem (3) ile verilen MG-VID sisteminin parametrik belirsizlikleri 
olmasē halinde uygulandēĵēnda hem pay hem de payda polinomlarē i­in belirsizlikler 
i­eren sadece dºrt adet aralēk polinomu belirlenebilir. Bu polionomlar aĸaĵēdaki gibi 
yazēlabilir. 
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Burada, tanēmlanan sistem belirsizlikleri altēnda pay ve payda polinomlarēnēn 

katsayēlarē  ( 0,1,2,...,6)i i i ia a a¢ ¢ =  ve  ( 0,1,2,3)i i i ib b b¢ ¢ =  olarak ifade edilen alt 

ve ¿st sēnēr deĵerlerinde deĵiĸim gºsterecektir. Kharitonov teoremine gºre g¿rb¿z 
kararlēlēk analizinin uygulanabilmesi i­in alt ve ¿st sēnēr deĵerlerinin sēfērdan b¿y¿k 

olmakla birlikte 0ia¸  ( 0,1,2,...,6)i=  ve 0ib¸  ( 0,1,2,3)i=  olmasē gereklidir. Pay ve 

payda polinomlarē i­in oluĸturulan dºrt Kharitonov polinomunun her biri Routh-Hurwitz 
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kararlēlēk testini saĵlamasē halinde MG sistemin g¿rb¿z kararlēlēk ĸartēnē saĵladēĵē 
sºylenebilir. Pay ve payda polinomlarēnēn sistem parametreleri cinsinden katsayēlarē, 
alt ve ¿st limit deĵerleri aĸaĵēda verilen Denklem (5), (6a) ve (6b)ôde sunulmuĸtur. 
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Dºrt pay Kharitonov polinomunun 
1 4

( ) - ( )  
N N

s sK K ve dºrt payda Kharitonov polinomunun 

1 4
( ) - ( )  

D D
s sK K  t¿m kombinasyonlarē dikkate alēndēĵēnda, Kharitonov transfer 

fonksiyonlarēnēn seti aĸaĵēdaki gibi oluĸturulur: 
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          (7) 

 

Dikkat edilecek olunursa, pay ve paydanēn kombinasyonu ile ( )PiG s  i=1,2,é,16 olarak 

tanēmlanan olasē on altē Kharitonov polinomu elde edilir. Denklem (7) kullanēlarak MG-
VID sisteminin kapalē ­evrim transfer fonksiyonu aĸaĵēda verildiĵi gibi yazēlabilir.  
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Denklem (7)ôde verilen 16 adet a­ēk ­evrim transfer fonksiyonundan dolayē Denklem 
(8)ôde MG-VID sisteminin 16 adet ¿stel terim i­eren karakteristik polinomu 
hesaplanabilir. Belirsizlikler i­eren sistem parametreleri ve se­ilen PI  denetleyici 
parametre deĵerlerinde, zaman gecikmesi 0t=  anēnda bu polinomlarēn zaman 

gecikmesine baĵlē kararlēlēk analizi incelenmelidir. Bu durumda, t¿m polinomlarēn 
kararlēlēk ĸartlarēnē saĵlamasē ve her bir polinom i­in kºklerinin kompleks d¿zlemin sol 
yarē d¿zleminde bulunmasē gereklidir. Ancak, t deĵeri artērēldēĵēnda polinom kºklerinin 

bazēlarē sanal ekseni keserek kompleks d¿zlemde saĵ yarē bºlgeye doĵru ge­ebilir. 
Dolayēsēyla, t¿m polinomlar i­in bu durumun ger­ekleĸmesi halinde sistemin g¿rb¿z 
anlamda zaman gecikmesine baĵlē kararlēlēk analizi incelenebilir. Dolayēsēyla, zaman 
gecikmesi i­eren MG-VID sistemini, PI  parametre denetleyicisinin belirli bir seti i­in 
parametrik belirsizlikler altēnda g¿rb¿z anlamda sistemin kararlēlēĵēnē saĵlayacak 

gecikme paylarē belirlenmiĸtir. 

4. Sonu­lar 

Bu bºl¿mde, sanal sºn¿mleme ve atalet parametreleri ile ikincil kontrol dºng¿s¿nde 

yer alan zaman gecikmesinin, sistem kararlēlēĵē ¿zerine etkileri incelenmiĸtir. Denklem 

(8)ôde verilen belirsizlikler i­eren MG-VID sisteminin 16 adet karakteristik 

polinomlarēnēn her biri i­in benzetim ­alēĸmalarē uygulanarak her bir polinomun g¿rb¿z 

kararlēlēk gecikme payē deĵerleri elde edilmiĸtir. Farklē parametrik deĵiĸimler ve 

denetleyici parametreler altēnda her bir polinomun frekans d¿zleminde yapēlan 

benzetim ­alēĸmalarē sonu­larēna baĵlē olarak sistemi kararlē yapacak maksimum 

zaman gecikmesi deĵeri belirlenmiĸtir. Sistem parametrelerinin nominal deĵerleri 

aĸaĵēda verilmiĸtir. 
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Denklem (4a) ve (4b)ôde verilen vertex polinomlarēnēn t¿m kombinasyonlarē dikkate 

alēndēĵēnda elde edilecek 16 Kharitonov polinomlarē i­in ºncelikle belli parametrik 

deĵiĸim deĵerine baĵlē olarak sistem katsayēlarēnēn alt ve ¿st limitleri hesaplanmalēdēr. 

Bu baĵlamda, °5%ôlik bir deĵiĸim olmasē halinde MG-VID sistem karakteristik 

denklemini oluĸturan polinomlarēn katsayēlarē aĸaĵēda verilmiĸtir. 
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Bu ­alēĸma kapsamēnda ilk olarak Kharitonov teoremine baĵlē olarak oluĸturulan ve 

zaman gecikmesi i­eren on altē vertex polinomlarēn MATLAB/Simulink ortamēnda 

benzetim ­alēĸmalarē ger­ekleĸtirilmiĸtir. 0 1 0 1.  ve .P IK K= =  parametre deĵerleri 

altēnda 16 polinomun 
1 2 3 4 5 16

[ , , , , ..., ]K K K K K KD D D D D D her birinden elde edilen 

maksimum t deĵerleri 27 1 25 8 26 8 28 1 27 2 28 5. , . , . , . , . ,..., .s s s s s s  olarak bulunmuĸtur. 
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Sistemin g¿rb¿z kararlēlēĵēnē saĵlayacak *t  deĵeri bu 16 polinomun sahip olduĵu en 

k¿­¿k zaman gecikmesi deĵeridir. Dolayēsēyla, 16 polinomun t¿m¿n¿n kararlēlēĵēnē 

saĵlayabilen gecikme ¿st sēnērē 2
KD  i­in elde edilen 25 8. sΩdir. Genel olarak, farklē PI  

denetleyici parametrelere ve °5%ôlik parametrik deĵiĸim deĵerlerine baĵlē olarak 

sistemi kararlē yapacak maksimum g¿rb¿z kararlēlēk gecikme payē deĵerleri belirlenmiĸ 

ve Tablo 1ôde verilmiĸtir.  

Tablo 1. Farklē PI  parametreleri altēnda MG-VID sistemin maksimum zaman 

gecikmesi deĵerleri 

* ( )st  K i 

KP 0.05 0.1 0.15 0.2 

0.05 55.1 25.4 6.1 2.4 

0.1 56.3 25.8 6.2 2.5 

0.2 58 26.5 6 2.6 

 

Tablo 1ôden de gºr¿ld¿ĵ¿ ¿zere 0 1 0 1.  ve .P IK K= =  denetleyici parametre deĵerinde, 

Kharitonov polinomlarēnēn t¿m¿n¿ kararlē yapacak g¿rb¿z zaman gecikmesi deĵeri 

25 8* . st=  olarak belirtilmiĸtir. 0 1 0 1.  ve .P IK K= =  ve °5%ôlik parametrik deĵiĸim 

oranēnda elde edilmiĸ olan g¿rb¿z zaman gecikmesi 25 8* . st=  deĵeri sisteme 

girilerek, 0 1D =.LP pu  y¿k bozucu etkisi ve 0 05D =D =.WT PVP P pu  g¿­ ¿retim deĵiĸimi 

karĸēsēnda elde edilen g¿rb¿z zaman gecikmesinin doĵruluĵunu gºstermek i­in MG-

VID sisteminin frekans yanētlarē incelenmiĸtir. ķekil 3ôte, elde edilen gecikme deĵerine 

yakēn sonu­lar ¿reten sadece 1 3
D D,  K K  ve 4

KD  Kharitonov polinomlarēnēn ve 2
DK  i­in 

sistemin frekans cevaplarē gºsterilmiĸtir. 

Benzetim ­alēĸmalarē sonucundan gºr¿ld¿ĵ¿ ¿zere, en k¿­¿k zaman gecikmesi 

deĵerinde 2
KD  polinomunun frekans tepkisinde sistemin sēnērda kararlē olduĵu 

gºr¿lmekte diĵer polinomlarda ise, sistemin frekans tepkisinin salēnēmlarēn 

sºn¿mlenerek kararlēlēĵa doĵru gittiĵini gºstermektedir. Ayrēca, bu durumun sistemin 

geriye kalan diĵer polinomlarē i­inde yapēlan frekans yanētlarēnda ge­erli olduĵu 

sºylenebilir.  
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ķekil 3. 25 8* . st= , 0 1 0 1.  ve .P IK K= =  denetleyici parametre deĵerlerine baĵlē 

olarak bazē Kharitonov polinomlarēnēn frekans tepkisi 

Yapēlan baĸka bir ºnemli analiz ise 0 1 0 1.  ve .P IK K= =  denetleyici parametre ve 

g¿rb¿z zaman gecikmesi 25 8* . st=  deĵerleri altēnda nominal, rastgele ve °5%ôlik 

sistem parametre deĵerleri altēnda sistemin g¿rb¿z frekans yanētēnēn incelenmesidir. 

Sistemin nominal parametreleri, 5%+ , 5%-  ve °5%ôlik sēnēr i­erisinde kalan rastgele 

bir parametrik deĵiĸim durumunda bu sēnērlar ve parametrik deĵiĸimleri karĸēsēnda 

ķekil 5ôte gºr¿ld¿ĵ¿ ¿zere, frekans tepkisindeki salēnēmlarēn sºn¿mlenerek sistemin 

kararlēlēĵa gittiĵi gºr¿lmektedir. 

 

ķekil 5: 25 8* . st= , 0 1 0 1.  ve .P IK K= =  se­ilen denetleyici kazan­ deĵerlerinde 

ve nominal sistem parametrelerinde sistemin frekans yanētē 
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5. Sonu­ 

Bu ­alēĸmada, VID kontrol ­evrimi i­eren bir bºlgeli MG sisteminin Kharitonov teoremi 

¿zerine dayalē olarak g¿rb¿z kararlēlēk gecikme deĵerleri benzetim ­alēĸmalarē 

yardēmēyla incelenmiĸtir. ¥ncelikle, MG-VID sistemi i­in 16 Kharitonov polinomlarē 

oluĸturularak farklē PI  denetleyici parametre deĵerleri altēnda sistemin g¿rb¿z 

anlamda kararlēlēĵē saĵlayacak gecikme marjē deĵerleri belirlenmiĸtir. Elde edilen bu 

gecikme deĵerlerinde polinomlarēn frekans yanētē incelenerek sistemin g¿rb¿z frekans 

kararlēlēĵēnēn saĵlandēĵē gºr¿lm¿ĸt¿r. Sonu­ olarak, deĵiĸken parametre deĵerlerinde 

sistem frekans tepkisi incelenmiĸ ve g¿rb¿z kararlēlēk gecikme marjē deĵerinin sistemi 

kararlē yaptēĵē gºr¿lm¿ĸt¿r. Aynē zamanda, benzetim sonu­larē, se­ilen denetleyici 

parametrelerinde sistemin parametrik deĵiĸimler karĸēsēnda frekans kararlēlēĵēnē 

saĵladēĵēnē gºstermektedir. Ķlerleyen ­alēĸmalarda, VID parametrelerinin g¿rb¿z 

kararlēlēk gecikme payē ¿zerindeki etkileri Kharitonov teoremi ile birlikte zaman 

gecikmesinin hesaplanmasē amacēyla kullanēlan direkt metot ile birleĸtirilerek kapsamlē 

bir analiz yapēlacaktēr. 
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ɸʙʩʪʨʘʢʪ: ɼװʡʥᴇʜᴇʛװ ʩʘʥʘʨʠʧʪʝʰʪʠʨװװ ʧʨʦʮʝʩʩʠ ʘʣʜʳשʢr  ʪʝʤʘʣʘʨʜʳʥ ʙʠʨʠ. 
ʉʘʥʘʨʠʧ ʬʦʨʤʘʜʘʛʳ ʤʘʘʣʳʤʘʪʪʘʨ ʠʥʪʝʨʥʝʪ ʘʨʢʳʣʫʫ ʪʘʰʳʣʘʪ, ʦʰʦʥʜʫʢʪʘʥ 
ʠʥʪʝʨʥʝʪʪʠʥ ʳʣʜʘʤʜʳʛʳ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘʣʳʢ ʪװʟװʤװ ʢʘʪʘʨʳ ʢʘʡʩʳ ʤʦʙʠʣʜʠʢ 
ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʢʦʣʜʦʥʫʣʛʘʥʜʳʛʳʥʘʥ ʢᴇʟ ʢʘʨʘʥʜʳ. 
ʆʰʦʥʜʫʢʪʘʥ ʞʘʣʧʳ ʆʨʪʦ ɸʟʠʷ ʯᴇʣʢᴇʤװʥʜᴇʛװ ʞʘʥʘ ʊװʨʢʠʝ ʤʘʤʣʝʢʝʪʠʥʜʝ 
ʢʘʡʩʳ ʤʦʙʠʣʜʠʢ ʪʝʭʥʦʣʦʛʠʷʣʘʨ ʢʦʣʜʦʥʫʣʫʧ ʢʝʣʝ ʞʘʪʘʪ ʜʝʛʝʥ ʩʫʨʦʦʣʦʨ 
ʢʘʨʘʣʛʘʥ. ɸʥʜʘʥ ʪʳʰʢʘʨʳ ʫʯʫʨʜʘʛʳ 5G ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʢʦʣʜʦʥʩʦʢ 
ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʙʘʛʳʪʳʥʜʘ ʢʘʥʜʘʡ ʘʨʪʳʢʯʳʣʳʢʪʘʨʜʳ ʙʝʨʝʪ ʜʝʛʝʥ 
ʩʫʨʦʦʣʦʨ ʢʘʨʘʣʛʘʥ. ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʂʳʨʛʳʟ ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘʛ r
ʘʙʘʣʳ ʢʘʥʜʘʡ ʵʢʝʥʜʠʛʠ ʙʦʶʥʯʘ ʤʘʘʣʳʤʘʪ ʙʝʨʠʣʝʪ.  
ɸʯʢʳʯ ʩᴇʟʜᴇʨ: ʄʦʙʠʣʜʠʢ ʪʘʨʤʘʢ ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ, ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ 

 

 
ʂʠʨʠʰװװ 

ʉʘʥʘʨʠʧʪʝʰʪʠʨװװ ʧʨʦʮʝʩʩʠ ʫʯʫʨʜʘ ʙװʪʢװʣ ʜװʡʥᴇ ʞװʟװʥʜᴇ ʠʰʢʝ ʢʠʨʛʠʟʠʣʠʧ 
ʞʘʪʢʘʥ ʫʯʫʨ. ɼʝʤʝʢ, ʩʘʥʘʨʠʧʪʝʰʪʠʨװװ ʘʘʣʘʤʜʘʰʫʫʛʘ ʞʦʣ ʘʯʫʫʩʫ, ʠʥʪʝʨʥʝʪ 
ʢʦʣʜʦʥʫʫʯʫʣʘʨʳ װʯװʥ ʯʦש ʤװʤʢװʥʯװʣװʢʪᴇʨʜװ ʪװʟʜװ.  

ʋʯʫʨʜʘ ʪʝʭʥʦʣʦʛʠʷʥʳʥ ᴇʥװʛװװʩװʥװʥ ʞʳʡʳʥʪʳʛʳʥʜʘ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ 
(Internet of Things) ʪװʰװʥװʛװ ʧʘʡʜʘ ʙʦʣʜʫ. ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʙʫʣ 
ʩʝʥʩʦʨ/ʩʝʟʛʠʯ ʤʝʥʝʥ ʪʠʛʠʣʛʝʥ (embedded) ʬʠʟʠʢʘʣʳʢ ʦʙʲʝʢʪʝʨʜʠʥ (ʞʝ 
ʦʙʲʝʢʪʝʨʜʠʥ ʛʨʫʧʧʘʩʳ) ʦʨʪʦʩʫʥʜʘ ʤʘʘʣʳʤʘʪ ʘʣʤʘʰʫʫʩʫ, ʤʘʘʣʳʤʘʪ ʪʘʰʳʣʫʫʩʫ 
ʤʝʥʝʥ ʠʥʪʝʨʥʝʪ ʞʝ ʙʘʰʢʘ ʙʘʡʣʘʥʳʰ ʪʘʨʤʘʢʪʘʨʳ ʘʨʢʳʣʫʫ ʞװʨʛװʟװʣװʰװʥ ʘʡʪʫʫʛʘ 
ʙʦʣʦʪ. ɹʫʣ ʬʠʟʠʢʘʣʳʢ ʦʙʲʝʢʪ ᴇʟװʥװʥ ʠʰʪᴇᴇ ʧʨʠʥʮʠʙʠʥʝ ʳʣʘʡʳʢ ʢʝʨʝʢʪװװ 
ʧʨʦʛʨʘʤʜʳʢ ʞʘʙʜʳʢ ʤʝʥʝʥ ʢʘʤʩʳʟʜʘʣʛʘʥ ʞʘʥʘ ʙʫʣ ʦʙʲʝʢʪʝʨ ʦʨʪʦʩʫʥʜʘ 
ʤʘʘʣʳʤʘʪ ʘʣʤʘʰʫʫ, ʪʘʰʳʣʫʫ ʧʨʦʮʝʩʩʠ ʘʪʢʘʨʳʣʘʪ.  

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʙʘʛʳʪʳʥʳʥ ᴇʥװʛװװʩװʥᴇ ʤʘʩʩʘʣʳʢ ʩʝʥʩʦʨ ʞʘʥʘ 
ʢʠʡʠʰʠʣʛʝʥ ʩʠʩʪʝʤʜʝʨ (embedded systems) ʞʘʥʘ ʤʘʰʠʥʘ ϾʡʨЊʪϾϾʩϾ ʩʳʷʢʪʫʫ ʙʠʨ 
ʢʘʥʯʘ ʙʘʛʳʪ ʞʘʥʘ ʪʝʭʥʦʣʦʛʠʷʥʳʥ ʙʠʨʠʛװװʩװ ʥʝʛʠʟʠʥʜʝ ʢʝʣʠʧ ʯʳʢʪʳ ʜʝʩʝʢ ʙʦʣʦʪ.  

ʀʥʪʝʨʥʝʪʪʝ ʢʦʣʜʦʥʫʫʯʫʣʘʨʜʳʥ ʢᴇʧ ʙʦʣʫʰʫ ʘʥʜʘʥ ʪʳʰʢʘʨʳ ʫʯʫʨʜʘʛʳ 
ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʞʘʙʜʳʢʪʘʨʳʥʳʥ ʦʨʪʦʩʫʥʜʘ ʤʘʘʣʳʤʘʪ ʪʘʰʳʣʫʫʩʫ װʯװʥ 
ʞʦʛʦʨʢʫ ʳʣʜʘʤʜʳʢʪʘʛʳ ЊʪʢЊʨϾϾ ʪʠʣʢʝʩʠʥ (bandwith) ʪʘʣʘʧ ʢʳʣʳʥʘʘʨʳ 
ʙʝʣʛʠʣװװ. ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʢʘʪʘʨʳ ʵʩʝʧʪʝʣʛʝʥ ʩʝʟʛʠʯ ʞʘʙʜʳʢʪʘʨ 
ʦʨʪʦʩʫʥʜʘ ʜʘ ʪʝʢʩʪ, Ͼʥ, ʩϾʨЊʪ ʞʘʥʘ ʚʠʜʝʦ ʘʛʳʤʜʘʨʳ ʩʳʷʢʪʫʫ ʤʘʘʣʳʤʘʪʪʘʨʜʳ 
ʩʘʥʘʨʠʧ ʬʦʨʤʘʜʘ ʘʣʤʘʰʫʫ ʧʨʦʮʝʩʩʠ ʞװʨᴇʪ. 
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ʆʰʦʥʜʫʢʪʘʥ ʠʥʪʝʨʥʝʪʪʠʥ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘʣʳʢ ʪװʟװʤװ ʢʘʪʘʨʳ ʵʩʝʧʪʝʣʝʛʝʥ 
ʪʝʣʝʢʦʤʤʫʥʠʢʘʣʠʷʣʳʢ ʪʘʨʤʘʢ (ʪʘʰʫʫ ʯЊʡʨЊʩϾ ʢʘʪʘʨʳ ʟʳʤʜʫʫ, ʟʳʤʩʳʟ/ʨʘʜʠʦ 
ʢʘʥʘʣ ʞʘʥʘ ʦʧʪʠʢ ʟʳʤʳ) ʤʘʘʣʳʤʘʪ ʪʘʰʳʣʫʫ ʳʣʜʘʤʜʳʛʳʥ ʘʥʳʢʪʘʛʘʥ ʙʠʨʜʝʥ ʙʠʨ 
ʢʨʠʪʝʨʠʷ ʙʦʣʫʧ ʵʩʝʧʝʪʝʣʝʪ. ʋʟʘʢ ʞʘʡʛʘʰʢʘʥ ʩʝʟʛʠʯ ʬʠʟʠʢʘʣʳʢ ʦʙʲʝʢʪʝʨ 
ʦʨʪʦʩʫʥʜʘ ʙʫʣ ʪʝʭʥʦʣʦʛʠʷʣʘʨʜʳʥ ʠʯʠʥʝʥ ʟʳʤʩʳʟ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ 
ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ ʳʣʘʡʳʢʪʫʫ ʞʘʥʘ ʢᴇʧ ʢʦʣʜʦʥʫʣʘʪ, ʩʝʙʝʙʠ, ʵʢʦʥʦʤʠʢʘʣʳʢ ʯʳʛʳʤ 
ʘʟ ʞʘʥʘ ʵʥʝʨʛʠʷʥʳʥ ʢʦʣʜʦʥʫʣʫʰ װʣװʰװ ʪᴇʤᴇʥ. ɸʥʜʘʥ ʪʳʰʢʘʨʳ ʥʝʨʩʝʣʝʨʠʜʠʥ 
ʠʥʪʝʨʥʝʪʠ ʞʘʙʜʳʢʪʘʨʳʥʳʥ ʦʨʪʦʩʫʥʜʘ ʤʘʘʣʳʤʘʪʪʳʥ ʢʦʦʧʩʫʟ ʞʘʥʘ ʪʝʟ 
ʞʝʪʢʠʨʠʣʠʰʠ ʙ.ʘ. ʠʥʪʝʨʥʝʪʪʠʥ ʳʣʜʘʤʜʳʛʳ ʩʳʷʢʪʫʫ ʢʨʠʪʝʨʠʷʣʘʨ ʤʘʘʥʠʣװװ ʨʦʣʜʫ 
ʦʡʥʦʡʪ. 

ʀʥʪʝʨʥʝʪʪʠʥ ʳʣʜʘʤʜʳʛʳ ʙ.ʘ. ʪʝʡʣᴇᴇ ʩʘʧʘʪʳʥʘ ʙʘʡʣʘʥʰʳʪʫʫ ʢᴇʡʛᴇʡʣᴇʨʛᴇ ʢʘʨʘʪʘ 
ʕʣ ʘʨʘʣʳʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʙʠʨʠʤʜʠʛʠ (International Telecommunication Union) 
ʪʘʨʘʙʳʥʘʥ Y.1541 ʩʫʥʫʰʫ IP ʪʘʨʤʘʛʳʥʜʘʛʳ QoS ʢʣʘʩʩʳʥ ʞʘʥʘ ʪʘʨʤʘʢʪʳʥ 
ʠʰʪʝʰʠʥʝ ʢʘʨʘʪʘ ʪʘʣʘʧʪʘʨʜʳ ʘʥʳʢʪʘʡʪ (ñY.1541 : Network performance objectives 
for IP-based servicesò). ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʜʘ ʪʝʡʣᴇᴇ ʩʘʧʘʪʳʥʘ ʢʘʨʘʪʘ 
ʪʘʣʘʧʪʘʨʛʘ ʞʦʦʧ ʙʝʨʠʰʠ ʢʝʨʝʢ. ʉʝʙʝʙʠ, ʠʥʪʝʨʥʝʪ ʘʨʢʳʣʫʫ ʞʠʙʝʨʠʣʛʝʥ 
ʧʘʢʝʪʪʝʨʜʠʥ ʞʦʛʦʣʫʫʩʫ (loss) ʞʝ ʢʘʨʤʘʣʫʫʩʫ (delay) ʟʘʤʘʪʪʘ ʢʘʙʘʨʣʘʰʫʫʥʫ ʪʘʣʘʧ 
ʢʳʣʛʘʥ ʢʦʣʦʜʦʥʤʦʣʦʨʜʦ ʪʝʡʣᴇᴇ ʩʘʧʘʪʳʥʳʥ ʢᴇʨʩᴇʪʢװʯʪᴇʨװ ʪᴇʤᴇʥ ʙʦʣʛʦʥ ʫʯʫʨʜʘ 
ʩʠʩʪʝʤʜʠʥ ʠʰʪʝʰʠʥʝ ʪʝʨʩ ʪʘʘʩʠʨ ʙʝʨʠʰʠ ʤװʤʢװʥ. 

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠʥʠʥ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘʣʳʢ ʪװʟװʤװ ʙ.ʘ. ʤʦʙʠʣʜʠʢ 
ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʪʝʭʥʦʣʦʛʠʷʣʘʨʜʳʥ ʳʣʜʘʤʜʳʛʳ ʤʘʘʥʠװװ ʵʢʝʥʜʠʛʠ ʞʦʛʦʨʫʜʘ 
ʘʡʪʳʣʜʳ. ʆʰʦʣ ʩʝʙʝʧʪʝʥ www.gsmarena.com ʤʦʙʠʣʜʠʢ ʪʘʨʤʘʢ ʙʦʶʥʯʘ 
ʤʘʘʣʳʤʘʪ ʙʘʟʘʩʳ ʢʳʟʤʘʪʳʥʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ ʆʨʪʦ ɸʟʠʷ ʯᴇʣʢᴇʤװʥʜᴇʛװ 
ʤʦʙʠʣʜʠʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ ʘʙʘʣʳ ʙʦʶʥʯʘ ʤʘʘʣʳʤʘʪ 
ʢʘʨʘʣʛʘʥ. ɸʥʜʘʥ ʪʳʰʢʘʨʳ ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʂʳʨʛʳʟ ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘ 
ʢʘʥʯʘʣʳʢ ʜʝשʛʵʵʣʜʝ ᴇʥװʛװʧ ʞʘʪʘʪ ʜʝʛʝʥ ʩʫʨʦʦʣʦʨʛʦ ʞʦʦʧ ʙʝʨʠʣʝʪ. 

1 ɿʳʤʩʳʟ ʤʦʙʠʣʜʠʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ 

1G ʪʘʨʤʘʢʪʘʨʳ (G-ʤʫʫʥ ʜʝʛʝʥʜʠ ʪϾʰϾʥʜϾʨЊʪ/Generation of Mobile Technology) 
ʟʳʤʩʳʟ ʪʝʣʝʬʦʥ ʪʝʭʥʦʣʦʛʠʷʩʳʥʳʥ ʙʠʨʠʥʯʠ ʤʫʫʥʫ 1980-ʞʳʣʜʘʨʳ ʧʘʡʜʘ ʙʦʣʛʦʥ. 
ɸʣ ʵʤʠ 1991-ʞʳʣʳ 2G ʪʘʨʤʘʛʳ ʧʘʡʜʘ ʙʦʣʛʦʥ. 2G ʪʝʭʥʦʣʦʛʠʷʩʳʥʜʘ ʩʘʥʘʨʠʧʪʠʢ 
ʩʠʛʥʘʣʜʳ ʰʠʬʨʣᴇᴇ ʤװʤʢװʥ ʙʦʣʫʧ, װʥʜװ ʛʘʥʘ ʵʤʝʩ, ʪʝʢʩʪ ʞʘʥʘ ʩװʨᴇʪʪᴇʨʜװ (SMS 
ʞʘʥʘ MMS) ʜʘ ʙʝʨװװ ʤװʤʢװʥ ʙʦʣʛʦʥ. ʂʠʡʠʥʢʠ 2.5G (GPRS) ʞʘʥʘ 2.75G (EDGE) 
ʤʦʜʠʬʠʢʘʮʠʷʣʘʨʳʥʜʘ ʀʥʪʝʨʥʝʪʢʝ ʢʠʨװװ ʤװʤʢװʥʯװʣװʛװʥ ʪװʟװʣʛᴇʥ. 3G 
ʪʝʭʥʦʣʦʛʠʷʩʳʥʜʘ ʤʘʘʣʳʤʘʪ ʧʘʢʝʪ ʪװʨװʥʜᴇ ʤʘʘʣʳʤʘʪ ʪʘʰʳʣʫʫʩʫ ʤʫʨʫʥʢʫ ʤʫʫʥ 
ʤʦʙʠʣʜʠʢ ʪʘʨʤʘʢʢʘ ʢʘʨʘʛʘʥʜʘ ʪʝʟʠʨʵʵʢ ʙʦʣʫʧ ʢʘʣʛʘʥ. 2000-ʞʳʣʜʘʨʜʘʛʳ 
ʤʦʙʠʣʜʠʢ ʙʘʡʣʘʥʳʰ ʩʪʘʥʜʘʨʪʳ 3G ʤʦʙʠʣʜʠʢ ʪʘʨʤʘʛʳ ʠʰʢʝ ʢʠʨʛʠʟʠʣʛʝʥ. 4G 
ʪʝʭʥʦʣʦʛʠʷʩʳ 2010-ʞʳʣʜʘʨʳ ʧʦʧʫʣʷʨʜʫʫ ʙʦʣʫʧ ʙʘʰʪʘʛʘʥ. ʀʥʪʝʨʥʝʪʪʠʥ ʪʝʟ 
ʠʰʪʝʡ ʙʘʰʪʦʦʩʫ ʤʝʥʝʥ ʤʦʙʠʣʜʠʢ ʦʶʥʜʘʨʜʳ ʦʡʥʦʦ, ʯʦש ʢᴇʣᴇʤʜᴇʛװ ʦʥʣʘʡʥ 
ʚʠʜʝʦʣʦʨʜʫ ʢᴇʨװװ ʞʘʥʘ ʚʠʜʝʦ ʯʘʣʫʫʣʘʨʜʳ ʞʠʙʝʨװװ ʩʳʷʢʪʫʫ ʤװʤʢװʥʯװʣװʛװʥ ʪװʟװʧ 
ʙʝʨʜʠ.  

1-ʪʘʙʣʠʮʘʜʘ1980-ʞʳʣʜʘʥ ʙʘʰʪʘʧ ʘʨ ʙʠʨ ʦʥ ʞʳʣʜʳʢʪʘ ʤʦʙʠʣʜʠʢ ʪʘʨʤʘʢʪʘʨʜʳʥ 
ᴇʥװʛװʧ ʦʪʫʨʛʘʥʜʳʛʳʥ ʙʘʡʢʘʣʘʪ. ʊʘʙʣʠʮʘʜʘ ʢᴇʨʩᴇʪװʣʛᴇʥʜᴇʡ 5G ʪʝʭʥʦʣʦʛʠʷʩʳʥ 
ʢʦʣʜʦʩʦʢ, 1 ʛʠʛʘʙʘʡʪʪʳʢ ʤʘʘʣʳʤʘʪʪʳ 0,4 ʩʝʢʫʥʜʘ ʞʠʙʝʨװװʩװ ʢᴇʧʪᴇʛᴇʥ 
ʤװʤʢװʥʯװʣװʢʪᴇʨʜװ ʪװʟװʧ ʙʝʨʝʪ.  
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1-ʪʘʙʣʠʮʘ. ʄʦʙʠʣʜʠʢ ʪʘʨʤʘʢ ʪʝʭʥʦʣʦʛʠʷʩʳʥʳʥ ʤʫʫʥʜʘʨʳ 

ʄʫʫʥʜʘʨʳ  
(Generatio
n)-G- 

ʄʘʘʣʳʤʘʪ 
ʪʠʧʪʝʨʠ 

ʊʝʭʥʦʣʦʛʠʷ ʊʝʭʥʦʣʦʛʠʷ
ʛʘ ʢʘʨʘʪʘ 
ʤʘʘʣʳʤʘʪ 
ʪʘʰʫʫ 
ʳʣʜʘʤʜʳʢ 
ʯʝʢʪʨʠ 

1 ʛʠʛʘʙʘʡʪʪʳʢ 
ʤʘʘʣʳʤʘʪʪ 
ʢᴇʯװʨװʧ ʘʣʫʫ 
 ʯʫʥ ʢʘʥʯʘװ
ʫʙʘʢʳʪ ʪʘʣʘʧ 
ʢʳʣʳʥʘʪ 

1980 ʞʳʣ 
1-ʤʫʫʥ 

 ʥ ɸʥʘʣʦʛת
ʪʝʣʝʬʦʥʜʦʨ 

  

1990 ʞʳʣ 
2-ʤʫʫʥ 

SMS-
ʪʝʢʩʪ  
MMS-
ʩϾʨЊʪ 

Basic GSM 
(2G) 

14.4Kbps 6 ʢװʥ 

GPRS (2G) 48Kbps 2 ʢװʥ 

EDGE (2G) 236Kbps 9 ʩʘʘʪ 

2000 ʞʳʣ  
3-ʤʫʫʥ 

ʀʥʪʝʨʥʝʪ
ʢʝ 
ʪʫʪʘʰʫʫ 
ʠʥʪʝʨʥʝʪ 
ʞʘʨʜʘʤʳ 
ʤʝʥʝʥ 
ʚʠʜʝʦ/ʘʫʜʠ
ʦ ʯʘʣʫʫʣʘʨ 

UMTS (3G / 
IMT-2000) 

384Kbps 6 ʩʘʘʪ 

HSPA (3G / 
IMT-2000) 

14.4Mbps 10 ʤʠʥʫʪ 

HSPA+ (3G / 
IMT-2000 

84Mbps 1,6 ʤʠʥʫʪ 

WiMAX 
802.16e (3G / 
IMT-2000) 

128Mbps 1 ʤʠʥʫʪ 

LTE (3G / 
IMT-2000) 

100Mbps 1,6 ʤʠʥʫʪ 

2010 ʞʳʣ 
4-ʤʫʫʥ 

3-ʤʫʫʥʛʘ 
ʢʘʨʘʛʘʥʜʘ 
ʳʣʜʘʤʜʳʢ 
ʞʘʢʰʳʨʪʳ
ʣʛʘʥ 

WiMAX2 
802.16m (4G / 
IMT-
Advanced) 

1Gbps 1 ʩʝʢʫʥʜʘ 

LTE-
Advanced (4G 
/ IMT-
Advanced) 

1Gbps 1 ʩʝʢʫʥʜʘ 

2020 ʞʳʣ 
5-ʤʫʫʥ 

ʅʝʨʩʝʣʝʨʜ
ʠʥ 
ʠʥʪʝʨʥʝʪ
ʠ 
ʘʢʳʣʜʫʫ Ͼʡ 
ʢʦʥʮʝʧʮʠʷʩ
ʳʥʘ ʞʦʣ 
ʘʯʪʳ 

5G (IMT-
2020) 

20Gbps 0,4 ʩʝʢʫʥʜʘ 

 

ɼʝʤʝʢ, 5G ʤʦʙʠʣʜʠʢ ʪʝʭʥʦʣʦʛʠʷʥʳʥ 4G ʪʝʭʥʦʣʦʛʠʷʩʳʥʳʥ ʳʣʜʘʤʜʳʛʳʥʘ 
ʢʘʨʘʛʘʥʜʘ 20 ʵʩʝ ʪʝʟ ʠʰʪʝʡʪ, ʵʥʝʨʛʠʷ ʘʟ ʢʦʣʜʦʥʦʪ ʞʘʥʘ ʤʘʘʣʳʤʘʪʳʥ ʢʦʦʧʩʫʟ 
ʞʝʪʢʠʨʠʣʠʰʠʥ ʢʘʤʩʳʟʜʘʡʪ.  

5G ʪʝʭʥʦʣʦʛʠʷʩʳ ʢʘʡʩʳ ʞʝʨʜʝ ʢʦʣʜʦʥʩʦ ʙʦʣʦʪ ? 
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ǒ 3D ʚʠʜʝʦ, UHD screen, ʙ.ʘ. ʚʠʨʪʫʘʣʜʳʢ ʨʝʘʣʜʫʫʣʫʢ: ʚʠʨʫʘʣʜʳʢ ʘʪʘʡʳʥ ʢᴇʟ 
ʘʡʥʝʢ ʞʘʨʜʘʤʳ ʤʝʥʝʥ 2018-ʞʳʣʳ ʆʨʫʩʠʷ-ʊװʨʢʠʷ ʬʫʪʙʦʣ ʙʝʪʪʝʰʠ 
ʫʯʫʨʫʥʜʘ ʩʪʘʜʠʦʥʛʦ 360 ʛʨʘʜʫʩʪʫʢ ʙʝʰ ʢʘʤʝʨʘ ʦʨʥʦʪʫʣʫʧ, ʘʥʳʥ ʩװʨᴇʪ5 װG 
ʪʘʨʤʘʛʳ ʘʨʢʳʣʫʫ MegaFon ʢʝשʩʝʩʠʥʝ ʞʠʙʝʨʠʣʠʧ ʪʫʨʛʘʥ.  

ǒ ɸʢʳʣʜʫʫ ʰʘʘʨ: ʞʦʣ ʢʳʡʤʳʣʳʥ ʙʘʰʢʘʨʫʫ ʙ.ʘ.ʩʚʝʪʘʬʦʨʣʦʨ, ʛʘʟ, ʩʫʫ ʞʘʥʘ 
ʞʘʨʳʢʪʳ ʙʘʰʢʘʨʫʫ.  

ǒ ɸʢʳʣʜʫʫ ʠʤʘʨʘʪ: ʞʳʣʫʫʣʫʢʪʫ ʢᴇʟᴇʤᴇʣʜᴇᴇ, ʥʳʤʜʫʫʣʫʢʪʫ ʢᴇʟᴇʤᴇʣʜᴇᴇ, 
ʵʣʝʢʪʨ ʧʨʠʙʦʨʣʦʨʫʥ ʢᴇʟᴇʤᴇʣʜᴇᴇ. 

ǒ ʄʘʰʠʥʘʥʳ ʧʠʣʦʪʩʫʟ ʙʘʰʢʘʨʫʫ: ʢʝʨʝʢʪװװ ʞʝʨʛʝ ʤʘʰʠʥʘ ʙʘʰʢʘʨʫʫʯʫʩʫʟ ʵʣʝ 
ʘʡʜʘʧ ʙʘʨʫʫʩʫ. 

ǒ ɸʛʨʦʢʫʣʴʪʫʨʘʥʳ ʘʚʪʦʤʘʪʪʘʰʪʳʨʫʫ: ʞʝʨ ʢʳʨʪʳʰʳʥʳʥ ʥʳʤʜʫʫʣʫʛʫ, ʞʘʨʳʢ 
ʠʥʪʝʥʩʠʚʜװװʣװʛװ, ʞʝʨ ʢʳʨʪʳʰʳʥʳʥ ʢʫʨʘʤʳ ʩʳʷʢʪʫʫ ʤʘʩʝʣʝʨʜʝ ʢʦʣʜʦʥʫʫ. 

ǒ ʕʢʦʣʦʛʠʷ: ʘʙʘʥʳʥ, ʩʫʫʥʫʥ ʢʠʨʜװװʣװʛװʥ ʘʥʳʢʪʦʦ ʞʘʥʘ ʢᴇʟᴇʤᴇʣʜᴇᴇ. 

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ: ʥʝʛʠʟʠʥʝʥ ʘʢʳʣʫʫ װʡ, ʘʢʳʣʜʫʫ ʰʘʘʨ ʩʳʷʢʪʫʫ 
ʢʦʥʮʝʧʮʠʷʥʳʥ ʥʝʛʠʟʠʥ ʪװʟᴇʪ. 

2 ʆʨʪʦ ɸʟʠʷ ʤʘʤʣʝʢʪʪʝʨʠʥʜʝ ʤʦʙʠʣʜʠʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ 

ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ ʘʙʘʣʳ 

ʆʨʪʦ ɸʟʠʷ ʤʘʤʣʝʢʝʪʪʝʨʠʥʜʝ ʤʦʙʠʣʜʠʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ 
ʢʦʣʜʦʥʫʫ ʘʙʘʣʳ 2-ʪʘʙʣʠʮʘʜʘ ʢᴇʨʩᴇʪװʣʛᴇʥ (ñList of all mobile phone brandsò). 

ʆʨʪʦ ɸʟʠʷ ʯᴇʣʢᴇʤװʥʜᴇ 5G ʪʝʭʥʦʣʛʠʷʩʳʥ ᴆʟʙʝʢʩʪʘʥ ʤʘʤʣʝʢʝʪʠʥʜʝ 5G 700, 5G 
2300, 5G 3500 ʠʰʢʝ ʢʠʨʛʠʟʠʣʛʝʥʜʠʛʠ ʢᴇʨװʥװʧ ʪʫʨʘʪ. ɸʥʜʘʥ ʪʳʰʢʘʨʳ 4G 
ʪʝʭʥʦʣʦʛʠʷʩʳ ʘʨ ʢʘʥʜʘʡ ʪʝʭʥʦʣʦʛʠʷʣʘʨʳʥ ʢʦʣʜʦʥʫʣʫʧ ʢʝʣʝ ʞʘʪʘʪ. ɹʫʣ 
ʤʘʘʣʳʤʘʪʪʘʨʛʘ ʪʘʷʥʩʘʢ ᴆʟʙʝʢʩʪʘʥ ʙʫʣ ʪʝʭʥʦʣʦʛʠʷʥʳ ʢʦʣʜʦʥʫʫʜʘ ʙʠʨ ʪʦʧ 
ᴇʥװʢʢᴇʥʜװʛװ ʢᴇʨװʥװʧ ʪʫʨʘʪ. ʊʘʞʠʢʩʪʘʥʜʘ ʜʵʵʨʣʠʢ 4G ʢʦʣʜʦʥʫʣʙʘʛʘʥʳ ʤʝʥʝʥ 5G 
3500 ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʠʰʢʝ ʢʠʨʛʠʟʠʣʛʝʥʜʠʛʠ ʢᴇʨװʥװʧ ʪʫʨʘʪ. ɸʣ ʵʤʠ ʢʘʣʛʘʥ 
ʤʘʤʣʢʝʪʪʝʨʜʝ ʘʟʳʨʳʥʯʘ 5G ʪʝʭʥʦʣʦʛʠʷʩʳ ʙʦʶʥʯʘ ʵʯ ʢʘʥʜʘʡ ʤʘʘʣʳʤʘʪ 
ʢᴇʨʩᴇʪװʣʛᴇʥ ʵʤʝʩ. 
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2-ʪʘʙʣʠʮʘ. ʆʨʪʦ ɸʟʠʷ ʤʘʤʣʝʢʝʪʪʝʨʠʥʜʝ ʤʦʙʠʣʜʠʢ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʷ 
ʪʝʭʥʦʣʦʛʠʷʣʘʨʳ 

 
2-G 3G 4G 5G 

 

GS
M 
900 

G
S
M 
18
00 

UM
TS 
900 

UM
TS 
21
00 

LTE 
210
0 

LT
E 
26
00 

LT
E 
80
0 

LT
E 
90
0 

LT
E 
18
00 

LTE 
700
, 
LTE 
230
0, 
LTE 
270
0 

5G 
700
, 
5G 
230
0  

5G 
35
00 

ᴆʟʙʝʢʩʪʘʥ + + + + + + + - + + + + 

ʂʘʟʘʢʩʪʘʥ + + - + + - + - + - - - 

ʊʘʞʠʢʩʪʘʥ + + - + - - - - - - - + 

ʂʳʨʛʳʟʩʪʘʥ
  

+ + - + - + - - - - - - 

ʊװʨʢʠʝ + + - + + + + + + - - - 

 

2.1 ʅɽʈʉɽʃɽʈɼʀʅ ʀʅʊɽʈʅɽʊʀ 

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠïʩʝʥʩʦʨ/ʩʝʟʛʠʯ ʤʝʥʝʥ ʪʠʛʠʣʛʝʥ (embedded) ʬʠʟʠʢʘʣʳʢ 
ʦʙʲʝʢʪʝʨʜʠʥ (ʞʝ ʦʙʲʝʢʪʝʨʜʠʥ ʛʨʫʧʧʘʩʳ) ʦʨʪʦʩʫʥʜʘ ʤʘʘʣʳʤʘʪ ʘʣʤʘʰʫʫʩʫ 
ʠʥʪʝʨʥʝʪ ʞʝ ʙʘʰʢʘ ʙʘʡʣʘʥʳʰ ʪʘʨʤʘʢʪʘʨʳ ʘʨʢʳʣʫʫ ʞװʨʛװʟװʣװʰװ ʙʦʣʫʧ 
ʵʩʝʧʪʝʣʝʪ. ɸʣ ʦʙʲʝʢʪ ʧʨʦʛʨʘʤʜʳʢ ʞʘʙʜʳʢ ʙʘʰʢʘ ʪʝʭʥʦʣʦʛʠʷʩʳ ʤʝʥʝʥ ʜʘ 
ʢʘʤʩʳʟʜʘʣʛʘʥ.  

ʉʘʣʪʪʫʫ ʢʠʡʠʰʠʣʛʝʥ ʩʠʩʪʝʤʜʝʨʜʠʥ ʟʳʤʩʳʟ ʩʝʥʩʦʨʜʫʢ ʪʘʨʤʘʢʪʘʨ ʞʘʥʘ 
ʙʘʰʢʘʨʫʫ ʩʠʩʪʝʤʜʝʨʠʥ ʘʚʪʦʤʘʪʪʘʰʪʳʨʫʫ (װʡʜװ ʘʚʪʦʤʘʪʪʘʰʪʳʨʫʫ ʞʘʥʘ 
ʠʤʘʨʘʪʪʳ ʘʚʪʦʤʘʪʪʘʰʪʳʨʫʫ) ʙʠʨʠ ʙʠʨʠʥʜʝʥ ʢᴇʟ ʢʘʨʘʥʜʳʩʳʟ ʥʝʨʩʝʣʝʨʜʠʥ 
ʠʥʪʝʨʥʝʪʠʥ ʢʘʤʩʳʟʜʘʧ ʙʝʨʝʪ. 

ʂʝʨʝʢʪᴇᴇ ʨʳʥʦʛʫʥʜʘ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʢʘʪʘʨʳ ñʘʢʳʣʜʫʫ װʡò 
ʢʦʥʮʝʧʮʠʷʩʳʥʘ ʪʫʫʨʘ ʢʝʣʝʪ ʜʝʧ ʘʡʪʳʧ ʢʝʪʪʠʢ. ɼʝʤʝʢ, ʞʘʨʳʢʪʘʥʜʳʨʫʫ, 
ʪʝʨʤʦʩʪʘʪʪʘʨ, װʡ ʢʦʦʧʩʫʟʜʫʢ ʩʠʩʪʝʤʘʣʘʨʳ ʞʘʥʘ ʢʘʤʝʨʘʣʘʨʳ, ʘʥʜʘʥ ʪʳʰʢʘʨʳ 
ʪʠʨʠʯʠʣʠʢ ʪʝʭʥʠʢʘʣʘʨʳ (ʪʝʣʝʚʠʟʦʨ, ʤʫʟʜʘʪʢʳʯ ʞ.ʙ.ʫ.ʩ), ʘʧʧʘʨʘʪʪʳʢ 
ʞʘʙʜʳʢʪʘʨʜʳ ʩʤʘʨʪʬʦʥʜʦʨ ʞʘʥʘ ʘʢʳʣʜʫʫ ʜʠʥʘʤʠʢʪʝʨ (ʩװʡʣᴇᴇ) ʩʳʷʢʪʫʫ 
ʘʧʧʘʨʘʪʪʳʢ ʞʘʙʜʳʢʪʘʨʜʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ ʙʘʰʢʘʨʫʫ ʞʘʥʘ ʢᴇʟᴇʤᴇʣʜᴇᴇ 
ʤװʤʢװʥʯװʣװʛװ ʙʘʨ. ɸʥʜʘʥ ʪʳʰʢʘʨʫʫ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ (IoT) ʢᴇʧ ʙʘʛʳʪʪʘ 
ʢʦʣʜʦʥʩʦ ʙʦʣʦʪ, ʘʣʘʨʜʳʥ ʙʠʨʠ ʩʘʣʘʤʘʪʪʳʢʪʳ ʩʘʢʪʦʦ ʩʠʩʪʝʤʜʝʨʠʥʜʝ ʜʘ 
ʢʦʣʜʦʥʫʣʫʫʜʘ.  
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ɸʢʳʣʜʫʫ Ͼʡ (smart home) ï ʞʦʛʦʨʢʫ ʪʝʭʥʦʣʦʛʠʷʣʳʢ ʞʘʙʜʳʢʪʘʨ ʤʝʥʝʥ ʞʘʙʜʳʣʳʧ, 
ʘʚʪʦʤʘʪʪʘʰʪʳʨʳʣʛʘʥ ʟʘʤʘʥʙʘʧ װʡ. ʄʳʥʜʘʡ װʡʜװʥ ʘʨʪʳʢʯʳʣʳʛʳ ï ʢʦʦʧʩʫʟʜʫʢ 
ʞʘʥʘ ʳשʛʘʡʣʫʫʣʫʢ. ɸʢʳʣʜʫʫ װʡ ʵʣʝʢʪʨʦʥʜʫʢ ʢᴇʨʩᴇʪʢװʯʪᴇʨʜᴇʥ ʢʝʣʛʝʥ 
ʙʝʨʠʣʠʰʪʝʨʜʠ ʢʦʣʜʦʥʫʧ, ʙʝʣʛʠʣʝʥʛʝʥ ʯʝʢʪʝʨʜʝ ʘʚʪʦʤʘʪʪʳʢ ʯʝʯʠʤʜʝʨʜʠ ʠʰʢʝ 
ʘʰʳʨʘ ʘʣʘʪ. ʄʠʩʘʣʳ, ʀʥʪʝʨʥʝʪ ʘʨʢʳʣʫʫ ʘʙʘ-ʳʨʘʡʳʥ ʙʠʣʠʧ, ʘʛʘ ʞʘʨʘʰʘ װʡʜװʥ 
ʠʯʠʥʜʝʛʠ ʪʝʤʧʝʨʘʪʫʨʘʥʳ, ʥʳʤʜʫʫʣʫʢʪʫ ʞ.ʙ. ʢᴇʨʩᴇʪʢװʯʪᴇʨʜװ ᴇʟʛᴇʨʪᴇ ʘʣʘʪ. 

ɸʢʳʣʜʫʫ Ͼʡ ʩʠʩʪʝʤʠʥ ʙʘʰʢʘʨʫʫʥʫʥ ʙʠʨ ʥʝʯʝ ʪװʨװ ʙʘʨ. ʉʠʩʪʝʤʛʝ ʪʫʪʘʰʢʘʥ 
ʩʳʨʪʪʘʛʳ ʞʘʥʘ װʡʜװʥ ʠʯʠʥʜʝʛʠ ʙʘʨʜʳʢ ʠʰʪʝʨʜʠ ʙʠʨ ʛʘʥʘ ʞʝʨʜʝʥ ʙʘʰʢʘʨʫʫʛʘ 
ʞʘʥʘ ʢᴇʟᴇʤᴇʣʜᴇᴇʛᴇ ʤװʤʢװʥʜװʢ ʙʝʨʝʪ. 

ǒ ʇʫʣʴʪ ʘʨʢʳʣʫʫ- ʉʠʩʪʝʤʛʝ ʪʫʪʘʰʪʳʨʳʣʛʘʥ ʦʙʲʝʢʪʠʣʝʨʜʠ ʙʠʨ ʵʣʝ ʧʫʣʴʪʪʫʥ 
ʞʘʨʜʘʤʳ ʤʝʥʝʥ ʙʘʰʢʘʨʫʫ. 

ǒ ʉʝʥʩʦʨʜʫʢ ʵʢʨʘʥ ʘʨʢʳʣʫʫ- ʉʠʩʪʝʤʜʠ ʙʘʰʢʘʨʫʫ ʠʰʠ װʡʜװʥ ʢʠʨʝ 
ʙʝʨʠʰʠʥʜʝʛʠ ʜʫʙʘʣʛʘ ʦʨʥʦʪʫʣʛʘʥ ʵʢʨʘʥ ʘʨʢʳʣʫʫ ʙʘʰʢʘʨʳʣʫʫʩʫ. 

ǒ תʥ ʘʨʢʳʣʫʫ-ï ɻ ʯ ʢʘʥʜʘʡ ʙʘʰʢʘʨʫʫʯʫ ʵʢʨʘʥ ʞʝ ʧʫʣʴʪʪʫʥ ʢʝʨʝʛʠ ʞʦʢ, װʥʜװ ʙʠʡʠʢ 
ʯʳʛʘʨʫʫ ʤʝʥʝʥ ʙʘʢʘʰʫʫ ʤװʤʢװʥʯװʣװʛװ. 

ǒ ɹʝʣʛʠʣʝʥʛʝʥ ʫʙʘʢʳʪ ʘʨʢʳʣʫʫ- ʉʠʩʪʝʤʛʝ ʪʫʪʘʰʢʘʥ ʠʰʪʝʨʜʠʥ ʤᴇᴇʥᴇʪװ ʘʣʜʳʥ 
ʘʣʘ ʪʫʫʨʘ ʙʝʣʛʠʣʝʥʝʪ ʞʘʥʘ ʞᴇʥʜᴇʣᴇʪ 

ǒ ʀʥʪʝʨʥʝʪ ʘʨʢʳʣʫʫ- ʂʘʡʩʳ ʞʝʨʜʝ ʞװʨʩᴇװשʟ ʜʘ, װʡװשװʟʛᴇ ʢᴇʟ ʩʘʣʳʧ, ʩʠʩʪʝʤʜʠ 
ʙʘʰʢʘʨʫʫ ʤװʤʢװʥʯװʣװʛװ. 

ǒ ʋʶʣʜʫʢ ʪʝʣʝʬʦʥ ʘʨʢʳʣʫʫ- ɸʪʘʡʳʥ ʦʨʥʦʪʫʣʛʘʥ ʧʨʦʛʨʘʤʜʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ 
 .ʛᴇ ʞʘʨʜʘʤ ʙʝʨʝʪװװʨװʛᴇ ʞʘʥʘ ᴇʯװװʩʠʩʪʝʤʜʠ ʠʰʢʝ ʢʠʨʛʠʟ װʡʜᴇʛװ

ɸʢʳʣʜʫʫ Ͼʡ -ʵʤʥʝʩʠ ʤʝʥʝʥ ʘʢʳʣʜʫʫ? 

ʉʠʩʪʝʤʛʝ ʪʫʪʘʰʢʘʥ ʦʙʲʝʢʪʠʣʝʨʜʠʥ ʠʰʠʥ ʢʘʘʣʘʛʘʥ ʫʯʫʨʜʘ ʠʰʪᴇᴇʩװʥ ʞʝ ᴇʯװװʩװʥ 
ʞᴇʥʛᴇ ʩʘʣʳʧ ʪʫʨʫʫʛʘ ʙʦʣʦʪ. תʡʜᴇ ʢʠʰʠ ʞʦʢ ʢʝʟʜʝ ʞʘʨʳʢʪʳʥ ʢװʥʜװʟ ᴇʯװʧ, ʪװʥʢװʩװʥ 
ʞʘʥʳʧ ʪʫʨʫʰʫʥ ʞʘʥʘ ʪʝʨʝʟʝ ʧʘʨʜʘʣʘʨʜʳʥ ʘʯʳʣʳʧ-ʞʘʙʳʣʳʰʳʥ ʢᴇʟᴇʤᴇʣʜᴇʧ 
ʪʫʨʘʪ, ʤʫʥʫʥ ᴇʟװ ʢʦʦʧʩʫʟʜʫʢ ʞʘʢʪʘʥ ʢʘʨʘʛʘʥʜʘ çװʡʜᴇ ʘʜʘʤ ʙʘʨè ʜʝʛʝʥ ʵʣʝʩ 
ʢʘʣʪʳʨʘʪ.ɼʝʤʝʢ, ʫʫʨʫʣʘʨʜʘʥ ʩʘʢʪʘʡʪ. ɻʘʟʜʳ ʞʝ ʩʫʫʥʫ ʙʝʢʠʪʧʝʡ ʢʝʪʢʝʥ ʫʯʫʨʜʘ 
 ʥ ʘʣʜʳʥ ʘʣʘʪ. ɸʥʜʘʥ ʪʳʰʢʘʨʳװʥװװʥ ʠʯʠʥʜʝ ᴇʨʪ ʞʝ ʩʫʫ ʢʘʧʪʦʦ ʙʦʣʫʧ ʢʝʪװʡʜװ
ʘʢʳʣʜʫʫ װʡ ʠʯʠʥʜʝ ʢʦʣʜʦʣʛʘʥ ʞʘʙʜʳʢʪʘʨ ʙʦʶʥʯʘ ʪᴇʤᴇʥʜᴇ ʤʘʘʣʳʤʘʪ ʙʝʨʠʣʝʪ: 

ǒ ʕʰʠʢ, ʪʝʨʝʟʝʣʝʨ- תʡʜᴇ ʢʠʰʠ ʞʦʢʪʦ ʙʘʨʜʳʢ ʵʰʠʢʪʝʨ, ʪʝʨʝʟʝʣʝʨ ʘʚʪʦʤʘʪʪʳʢ 
ʪװʨʜᴇ ʙʝʢʠʪʠʣʠʧ, ʩʠʛʥʘʣʠʟʘʮʠʷ ʠʰʢʝ ʢʠʨʝʪ. תʡ ʵʵʣʝʨʠ ʢʝʣʛʝʥ ʫʯʫʨʜʘ ʵʰʠʢ, 
ʜʘʨʙʘʟʘ ʢʘʡʨʘʜʘʥ ʙʠʨ ʛʘʥʘ ʙʫʡʨʫʢ ʙʝʨװװ ʤʝʥʝʥ ᴇʟװ ʘʯʳʣʘʪ. ʕʛʝʨ װʡʜᴇ ʢʠʰʠ 
ʞʦʢʪʦ ʵʰʠʢ ʞʝ ʪʝʨʝʟʝ ʘʯʳʣʩʘ, ʜʘʨʦʦ װʡ ʵʵʩʠʥʠʥ ʯᴇʥʪᴇʢ ʪʝʣʝʬʦʥʫʥʘ 
ʢʘʙʘʨʣʘʥʘʪ. 
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ǒ ʂʘʤʝʨʘ- תʡ ʵʵʣʝʨʠ ʘʣʳʩʪʘ ʞװʨʛᴇʥ ʫʯʫʨʜʘ ʢʘʤʝʨʘʣʘʨʜʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ 
 .ʥװʤʢװʘʙʘʣʜʳ ʪʝʢʰʝʨʠʧ ʪʫʨʫʫʛʘ ʤ װʡʜᴇʛװ

ǒ ʕʣʝʢʪʨʦʥʜʫʢ ʢװʟᴇʪʯת -װʡʜᴇ ʢʠʰʠ ʞʦʢʪʦ ʢʠʤʜʠʨ ʙʠʨᴇᴇ ʢʠʨװװʛᴇ ʘʨʘʢʝʪ ʢʳʣʩʘ, 
ʠʪʪʠʥ װʥװ ʞʘʟʳʣʛʘʥ ʩʠʩʪʝʤ ʠʰʢʝ ʢʠʨʝʪ. ɸʣ ʯʦʦʯʫʥ ʘʜʘʤ ʘʣʳʩ ʢʝʪʤʝʡʠʥʯʝ װʨװʧ 
ʪʫʨʘ ʙʝʨʝʪ. 

ǒ ɻʘʟ- ʂʵʵʜʝ ʛʘʟʜʳ ᴇʯװʨʙᴇʡ ʫʥʫʪʫʧ ʢʝʪʠʧ, ʙᴇʣʤᴇʛᴇ ʛʘʟ ʪʦʣʫʧ, ʢʦʨʢʫʥʫʯ ʞʘʨʘʣʛʘʥ 
ʫʯʫʨʣʘʨ ʙʦʣʦʪ. ʄʳʥʘ ʦʰʦʥʜʦ ʩʠʩʪʝʤ ʠʰʢʝ ʢʠʨʠʧ, ʛʘʟ ʪװʪװʢ ʙʫʫʣʫʧ, ʛʘʟ ʜʘʨʦʦ 
ʪʦʢʪʦʪʫʣʘʪ. ɸʥʜʘʥ ʩʦש ʢʫʪʢʘʨʫʫ ʢʳʟʤʘʪʳʥʘ ʞʘʥʘ װʡ ʵʵʩʠʥʠʥ ʪʝʣʝʬʦʥ 
ʥʦʤʝʨʠʥʝ ʢʦʨʢʫʥʫʯ ʪʫʫʨʘʣʫʫ ʢʘʙʘʨ ʞᴇʥᴇʪᴇʪ. 

ǒ ʉʫʫ- תʡʜᴇ ʩʫʫ ʢʘʧʪʦʦʥʫʥ ʙʝʣʛʠʩʠ ʙʠʣʠʥʩʝ, ʩʫʫ ʢʝʣװװʯװ ʪװʪװʢ ʙʝʢʠʪʠʣʠʧ, 
ʢʫʪʢʘʨʫʫ ʢʳʟʤʘʪʳʥʘ ʞʘʥʘ װʡ ʵʵʩʠʥʝ ʢʘʙʘʨʣʘʥʘʪ. 

ǒ ɾʘʨʳʢ- ɹʘʨʜʳʢ ʞʘʨʳʢ ʙʝʨװװʯװ ʣʘʤʧʘʣʘʨʜʳ ʞᴇʥʛᴇ ʩʘʣʳʧ, ʢʝʨʝʢʪװװ ʫʯʫʨʜʘ 
ʞʘʥʜʳʨʳʧ, ʢʝʨʝʢʩʠʟ ʫʯʫʨʜʘ ᴇʯװʨװʧ ʪʫʨʘʪ. תʡ ʵʵʣʝʨʠ ʞʘʨʳʢʪʳ ᴇʯװʨʙᴇʡ ʫʢʪʘʧ 
ʢʘʣʩʘ, ʘʣ ʪװʥװ ʙʦʶ ʞʘʥʳʧ ʪʫʨʘ ʙʝʨʙʝʩʪʝʥ, ʙʝʣʛʠʣʝʥʛʝʥ ʤᴇᴇʥᴇʪʪᴇ ᴇʟװ ᴇʯᴇʪ. 

ǒ ʊʝʤʧʝʨʘʪʫʨʘ- תʡʜװʥ ʠʯʠʥʜʝʛʠ ʪʝʤʧʝʨʘʪʫʨʘʥʳ ʙʠʨ ʢʘʣʳʧʪʘ ʩʘʢʪʦʦ װʯװʥ 
ʞʳʣʫʫʣʫʢ ʞᴇʥװʥʜᴇ ʢʘʙʘʨʣʘʧ ʪʫʨʘʪ. ʄʫʥʫ ʤʝʥʝʥ װʡʜװʥ ʠʯʠ ʤʫʟʜʘʢ ʙʦʣʩʦ, 
ʙʫʡʨʫʢ ʘʨʢʳʣʫʫ ʞʳʣʫʫʣʫʢ ʙʝʨװװʯװ, ʳʩʳʧ ʢʝʪʩʝ ʩʘʣʢʳʥʜʘʪʫʫʯʫ ʵʣʝʢʪʨ 
ʧʨʠʙʦʨʣʦʨʫ ʠʰʢʝ ʢʠʨʛʠʟʠʣʝʪ. 

ǒ ʇʘʨʜʘʣʘʨ- ʊʝʨʝʟʝʛʝ ʪʘʛʳʣʛʘʥ ʧʘʨʜʘʣʘʨ ʜʘ ʙᴇʣʤᴇ ʠʯʠ ʢʘʨʘשʛʳ ʙʦʣʩʦ ʘʯʳʣʳʧ, 
ʘʯʫʫ ʪʠʡʛʝʥ ʢװʥʜװʥ ʥʫʨʫ ʙᴇʣʤᴇʛᴇ ʪװʟ ʪװʰװʧ ʪʫʨʛʘʥ ʫʯʫʨʜʘ ʞʘʙʳʣʘʪ. 

ǒ ʄʳʥʜʘʥ ʩʳʨʪʢʘʨʳ ʩʳʥʘʣʛʳ, װʥʘʣʛʳ, DVD, װʡ ʢʠʥʦʪʝʘʪʨʳ, ʯʘʡʥʝʢ, ʵʣʝʢʪʨ 
ʤʝʰʠ, ʢʦʥʜʠʮʠʦʥʝʨ ʞʘʥʘ ʙʘʰʢʘʣʘʨʜʳ ʫʟʘʢʪʘ ʪʫʨʫʧ ʧʫʣʴʪ ʞʝ װʥ ʘʨʢʳʣʫʫ 
ʙʘʰʢʘʨʫʫʛʘ ʙʦʣʦʪ. ʆʰʦʥʜʦʡ ʵʣʝ ʘʢʚʘʨʠʫʤʜʘʛʳ ʙʘʣʳʢʪʘʨʛʘ ʤʘʘʣ-ʤʘʘʣʳ 
ʤʝʥʝʥ ʞʝʤ ʙʝʨʠʧ ʪʫʨʫʫ ʤʝʥʝʥ ʙʘʩʩʝʡʥʜʝʛʠ ʩʫʫʥʫʥ ʘʙʘʣʳʥ ʪʝʢʰʝʨʠʧ ʪʫʨʫʫ 
ʤװʤʢװʥʯװʣװʛװ ʙʘʨ. ɸʣ ʵʤʠ ʵʨʪʝש ʤʝʥʝʥ ʵʨʪʝ, ʙʝʣʛʠʣʝʥʛʝʥ ʫʙʘʢʪʘ 
ʘʫʜʠʦʘʧʧʘʨʘʪʪʘʛʳ ʤʫʟʳʢʘʥʳ ʠʰʪʝʪʠʧ, ʦʡʛʦʪʢʫʯ ʩʘʘʪʪʳʥ ʢʳʟʤʘʪʳʥ ʞᴇʥʜᴇʡʪ. 

 

2.2 ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ- ʂʳʨʛʳʟ ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘʛʳ ʘʙʘʣʳ 

ʂʳʨʛʳʟ ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘ ʢʦʦʧʩʫʟʜʫʢʪʫ ʞʦʛʦʨʫʣʘʪʫʫʛʘ, ʘʥʳʥ ʠʯʠʥʜʝ ʞʦʣ 
ʢʳʨʩʳʢʪʘʨʳʥʳʥ, ʦʰʦʥʜʦʡ ʵʣʝ ʘʣʘʨ ʙʦʶʥʯʘ ʪʘʣʘʰʪʘʨʜʳʥ ʩʘʥʳʥ ʘʟʘʡʪʫʫʛʘ, 
ʢʳʣʤʳʰʪʘʨʜʳ ʘʯʳʢʪʦʦʛʦ, ʪʝʨʨʦʨʠʩʪʪʠʢ ʞʘʥʘ ʢʨʠʤʠʥʘʣʜʳʢ ʢʦʨʢʫʥʫʯʪʘʨʛʘ ʢʘʨʰʳ 
ʪʫʨʫʫ װʯװʥ 2018 ʞʳʣʳ çɸʢʳʣʜʫʫ ʰʘʘʨè ʜʦʣʙʦʦʨʫ ʠʰʢʝ ʢʠʨʛʠʟʠʣʛʝʥ (ñᴆʢʤᴇʪ 
ʢʦʦʧʩʫʟʜʫʢ ʙʦʶʥʯʘ çɸʢʳʣʜʫʫ ʰʘʘʨè ʜʦʣʙʦʦʨʫʥ ʠʰʢʝ ʘʰʳʨʫʫ װʯװʥ çHuawei 
Technologies Co., Ltdè ʢʦʤʧʘʥʠʷʩʳ ʤʝʥʝʥ ʠʥʚʝʩʪʠʮʠʷʣʳʢ ʢʝʣʠʰʠʤʛʝ ʢʦʣ ʢʦʡʜʫò). 

çɸʢʳʣʜʫʫ ʰʘʘʨè ʢʦʥʮʝʧʮʠʷʩʳʥʜʘʥ ʙʘʰʪʘʧ çʘʢʳʣʫʫ װʡè ʂʳʨʛʳʟ 
ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘ ʢʦʣʜʦʥʫʣʘ ʙʘʰʪʘʣʜʳ. ʋʯʫʨʜʘ ɹʠʰʢʝʢ ʰʘʘʨʳʥʜʘʛʳ ʘʡʨʳʤ 
ʬʠʨʤʘʣʘʨ ʯʝʪ ᴇʣʢᴇʜᴇʥ װʡʜװʥ çʙʘʰʢʘʨʳʣʫʫʩʫ ʙ.ʘ. ʤʵʵʩʠʥè ʠʰʪʝʪʝ ʪʫʨʛʘʥ ʘʨ 
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ʢʘʥʜʘʡ ʩʠʩʪʝʤʜʝʨʜʠ ʘʣʳʧ ʢʝʣʠʧ ʩʘʪʳʰʫʫʜʘ. ɸʣʘʨʜʳʥ ʙʘʘʩʳ ʜʘ ʪװʨʜװװ. ʀʤʘʨʘʪ 
ʠʯʠʥʜʝʛʠ ʞʘʨʳʢʪʘʨʜʳ ʙʘʰʢʘʨʫʫ, ʵʣʝʢʪʨʦʥʜʫʢ ʢʫʣʧʫʣʦʦ, ʚʠʜʝʦʢᴇʟᴇʤᴇʣ, ʞʘʨʳʢʪʳ 
ʞᴇʥʛᴇ ʩʘʣʫʫ ʞʘʥʘ ʧʘʨʜʘʣʘʨʜʳ ʙʘʰʢʘʨʫʫ ʩʳʷʢʪʫʫ ʞʘʙʜʳʢʪʘʨʜʳ ʢʝʟʜʝʰʪʠʨװװʛᴇ 
ʙʦʣʦʪ. ɼʝʤʝʢ, ʠʤʘʨʘʪ ʯʝʛʠʥʜʝ ʙʫʣ ʪװʨʜᴇʛװ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʞʘʙʜʳʢʪʘʨʳ 
ʢʦʣʜʦʥʫʣʫʧ ʢʝʣʝʪ (TTN Bishkek - Post, 2019). 

ɸʥʜʘʥ ʪʳʰʢʘʨʳ Internet Society Kyrgyz Chapter ʪʘʨʘʙʳʥʘʥ ʂʳʨʛʳʟ 
ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘʛʳ ʪʘʙʠʛʳʡ ʢʳʨʩʳʢʪʘʨʜʳ ʘʥʳʢʪʦʦ ʞʘʥʘ ʘʣʜʳʥ ʘʣʫʫ װʯװʥ 
LoRaWAN ʰʣʶʟʜʘʨʳʥ ʞʘʥʘ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠʥ ʢʦʣʜʦʥʫʫ ʙʦʶʥʯʘ 
ʜʦʣʙʦʦʨʜʫ ʠʰʢʝ ʢʠʨʛʠʟװװ ʧʣʘʥʳ ʙʘʨ. (Internet Society Kyrgyz Chapter Use 
LoRaWAN and IoT to Detect and Predict Natural Disasters, 2022). 

3 ɾʳʡʳʥʪʳʢʪʦʦ 

ɸʣʙʝʪʪʝ ʫʟʘʢʪʘʥ ʞʝ ʟʳʤʩʳʟ ʯᴇʡʨᴇ ʘʨʢʳʣʫʫ ʩʝʟʛʠʯ ʞʘʙʜʳʢʪʘʨʜʳ ʙʘʰʢʘʨʫʫʜʘ 
ʠʥʪʝʨʥʝʪ ʳʣʜʘʤʜʳʛʳʥ ʤʘʘʥʠʩʠ ʯʦש. ʆʰʦʥʜʫʢʪʘʥ ʥʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠʥ 
ʢʦʣʜʦʥʫʫʜʘʥ ʤʫʨʫʥ ʠʥʪʝʨʥʝʪʪʠʥ ʳʣʜʘʤʜʳʛʳʥ ʞʘʢʰʳʨʪʫʫʙʫʟ ʢʝʨʝʢ. ʉʝʥʩʦʨ 
ʤʝʥʝʥ ʢʘʤʩʳʟʜʘʣʛʘʥ ʬʠʟʠʢʘʣʳʢ ʦʙʲʝʢʪʠʣʝʨʜʠʥ ʦʨʪʦʩʫʥʜʘ ʳʣʜʘʤ ʠʥʪʝʨʥʝʪʪʠ 
ʢʘʤʩʳʟʜʦʦ ʤʝʥʝʥ ʙʫʣ ʦʙʲʝʢʪʠʣʝʨ ʦʨʪʦʩʫʥʜʘ ʳʣʜʘʤ ʠʥʪʝʨʥʝʪ ʢʘʩʤʳʟʜʦʦ ʤʝʥʝʥ 
ʪʘʣʘʧ ʢʳʣʳʥʛʘʥ ʢʦʣʜʦʥʤʦʣʦʨ װʯװʥ ʢʝʨʝʢʪװװ ʳʣʜʘʤʜʳʢ ʢʦʦʧʩʫʟʜʫʢʪʫ ʢʘʤʩʳʟʜʘʧ 
ʙʝʨʝʪ.  

ʂʳʨʛʳʟ ʈʝʩʧʫʙʣʠʢʘʩʳʥʜʘ 5G ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʢʠʨʛʠʟװװ ʤʝʥʝʥ ʥʝʨʩʝʣʝʨʜʠʥ 
ʠʥʪʝʨʥʝʪʠ ʙʘʛʳʪʳʥʜʘ ʤʘʤʣʢʝʪʪʝʠʢ ʜʝשʛʵʵʣʜʝ ʢᴇʧ ʜʦʣʙʦʦʨʣʦʨʜʫ ʘʪʢʘʨʫʫ 
ʤװʤʢװʥʯװʣװʢ ʪװʟװʣᴇʪ. 

ʂʦʣʜʦʥʫʣʛʘʥ ʘʜʘʙʠʷʪʪʘʨ 

¶ ᴆʢʤᴇʪ ʢʦʦʧʩʫʟʜʫʢ ʙʦʶʥʯʘ çɸʢʳʣʜʫʫ ʰʘʘʨè ʜʦʣʙʦʦʨʫʥ ʠʰʢʝ ʘʰʳʨʫʫ װʯװʥ 
çHuawei Technologies Co., Ltdè ʢʦʤʧʘʥʠʷʩʳ ʤʝʥʝʥ ʠʥʚʝʩʪʠʮʠʷʣʳʢ 
ʢʝʣʠʰʠʤʛʝ ʢʦʣ ʢʦʡʜʫ. (n.d.). ʄʠʥʠʩʪʨʣʝʨ ʂʘʙʠʥʝʪʠ. Retrieved August 10, 
2023, from https://www.gov.kg/ky/post/s/km-t-koopsuzduk-boyuncha-akyilduu-
shaar-dolboorun-ishke-ashyiruu-ch-n-huawei-technologies-co-ltd-kompaniyasyi-
menen-investitsiyalyik-kelishimge-kol-koydu 

¶ Internet Society Kyrgyz Chapter use LoRaWAN and IoT to detect and predict 
natural disasters. (2022, October 4). The Things Network. Retrieved August 10, 
2023, from https://www.thethingsnetwork.org/community/bishkek/post/internet-
society-kyrgyz-chapter-use-lorawan-and-iot-to-detect-and-predict-natural-
disasters 

¶ Tools. (n.d.). GSMArena.com. Retrieved August 10, 2023, from 
https://www.gsmarena.com/network-bands.php3 

¶ TTN Bishkek - Post. (2019, August 31). The Things Network. Retrieved August 
10, 2023, from https://www.thethingsnetwork.org/community/bishkek/post/ttn-
bishkek 

¶ Y.1541 : Network performance objectives for IP-based services. (2019, 
December 17). ITU. Retrieved August 10, 2023, from https://www.itu.int/rec/T-
REC-Y.1541 
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LoraWAN ʪʝʭʥʦʣʦʛʠʷʩʳ ʞʘʥʘ ʯʦש ʙʝʨʠʣʠʰʪʝʨ 

 
1,*ɸʡʞʘʨʢʳʥ ʉʘʠʪ ʢʳʟʳ, 2ʈʠʪʘ ʀʩʤʘʠʣʦʚʘ 

1ʂʳʨʛʳʟ ʊװʨʢ ñʄʘʥʘʩò ʫʥʠʚʝʨʩʠʪʝʪʠ, ʀʥʞʝʥʝʨʜʠʢ ʬʘʢʫʣʴʪʝʪʠ, ʂʦʤʧʴʶʪʝʨ ʠʥʞʝʥʝʨʜʠʛʠ 
ʙᴇʣװʤװ 

2ʂʳʨʛʳʟ ʊװʨʢ ñʄʘʥʘʩò ʫʥʠʚʝʨʩʠʪʝʪʠ, ʀʥʞʝʥʝʨʜʠʢ ʬʘʢʫʣʴʪʝʪʠ, ʂʦʤʧʴʶʪʝʨ ʠʥʞʝʥʝʨʜʠʛʠ 
ʙᴇʣװʤװ 
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ɸʙʩʪʨʘʢʪ:. ʊʝʭʥʠʢʘ ʞʘʥʘ ʪʝʭʥʦʣʦʛʠʷʥʳʥ ᴇʥװװʛװ ʧʨʦʮʝʩʩʠʥʠʥ ʞʳʡʳʥʪʳʛʳ 
ʢʘʪʘʨʳ ʩʝʟʛʠʯ ʞʘʙʜʳʢʪʘʨʜʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ ʘʡʣʘʥʘ-ʯᴇʡʨᴇʥװ ʢᴇʟᴇʤᴇʣʜᴇᴇ, 
ʜʝʥ ʩʦʦʣʫʢ ʩʳʷʢʪʫʫ ʘʨ ʢʘʥʜʘʡ ʙʘʛʳʪʪʘ ʢʦʣʜʦʥʫʣʫʧ ʢʝʣʝ ʞʘʪʘʪ. ɹʫʣ ʩʝʟʛʠʯ 
ʤʘʘʣʳʤʘʪʪʘʨʜʘʥ ʢʘʥʪʠʧ ʙʝʨʠʣʠʰ ʪʦʧʪʦʣʦʪ ʢʘʥʜʘʡ ʪʝʭʥʦʣʦʛʠʷ ʳשʛʘʡʣʫʫ 
ʜʝʛʝʥ ʩʫʨʦʦʛʦ ʞʦʦʧ ʙʝʨװ װװʯװʥ LoraWan ʪʝʭʥʦʣʦʛʠʷʩʳ ʙʦʶʥʯʘ ʤʘʘʣʳʤʘʪ 
ʙʝʨʠʣʛʝʥ. ɹʫʣ ʞʘʙʳʢʪʘʨʜʘʥ ʪʦʧʪʦʣʛʦʥ ʙʝʨʠʣʠʰʪʝʨʜʠʥ װʩʪװʥᴇʥ ʠʰʪᴇᴇʜᴇ 
ʢʘʥʜʘʡ ʢʘʜʘʤʜʘʨ ʘʪʢʘʨʳʣʳʰ ʢʝʨʝʢ ʜʝʛʝʥ ʩʫʨʦʦʛʦ ʙʫʣ ʞʝʨʜʝ ʤʘʘʣʳʤʘʪ 
ʙʝʨʠʣʝʪ.  
ɸʯʢʳʯ ʩᴇʟʜᴇʨ: ʟr ʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʛʳ, ʯʦש ʙʝʨʠʣʠʰʪʝʨ, 

 

 

 ʂʠʨʠʰװװ  

ʋʯʫʨʜʘ ʞʘʩʘʣʤʘ ʠʥʪʝʣʣʝʢʪʪʠʥ ᴇʥװʛװװʩװ ʤʝʥʝʥ ʙʠʨʛʝ ʯʝʯʠʤ ʢʘʙʳʣ ʘʣʫʫ װʯװʥ ʯʦש 
ʙʝʨʠʣʠʰʪʝʨ ʢʦʣʜʦʥʫʫʜʘ. ʊʝʭʥʠʢʘ ʞʘʥʘ ʪʝʭʥʦʣʦʛʠʷʥʳʥ ᴇʥװװʛװ ʧʨʦʮʝʩʩʠʥʠʥ 
ʞʳʡʳʥʪʳʛʳ ʢʘʪʘʨʳ ʅʝʨʩʝʣʝʨʜʠʥ ʀʥʪʝʨʥʝʪʠ (Internet of Thing/ IoT) 
ʪʝʭʥʦʣʦʛʠʷʩʳ ʘʣʜʳʙʳʟʛʘ ʯʳʢʪʳ. ɹʫʣ ʪװʨ ʪʝʭʥʦʣʦʛʠʷʣʘʨ, ʤʘʘʣʳʤʘʪʪʳ ʪʦʧʪʦʦ 
 ʥ. ʊʦʧʪʦʣʛʦʥ ʤʘʘʣʳʤʘʪ, ʙʠʨʠʢʪʠʨʠʣʠʧ, ʯʦϼװʤʢװʥ ʢʦʣʜʦʥʫʣʫʰʫ ʤװʯװ
ʙʝʨʠʣʠʰʪʝʨʜʠ (Big data) ʪװʟᴇʪ. ɹʫʣ ʪʦʧʪʦʣʛʦʥ ʙʝʨʠʣʠʰʪʝʨ ʥʝʛʠʟʠʥʜʝ ʯʝʯʠʤ 
ʯʳʛʘʨʫʫ ʘʣʛʦʨʠʤʜʝʨʠʥ ʢʦʣʜʦʥʦʙʫʟ. ʏʦש ʙʝʨʠʣʠʰʪʝʨʜʠ ʅʝʨʩʝʣʝʨʜʠʥ ʀʥʪʝʨʥʝʪʠ 
ʪʘʨʤʘʛʳʥʳʥ ʞʘʨʜʘʤʳ ʤʝʥʝʥ ʙʝʨʠʣʠʰʪʝʨʜʠ ʪʦʧʪʦʦ ʞʘʥʘ ʘʣʘʨʜʳʥ ʥʝʛʠʟʠʥʜʝ 
ʯʝʯʠʤ ʯʳʛʘʨʫʫ ʤװʤʢװʥʯװʣװʛװ ʙʘʨ. ɸʥ װʯװʥ, ʅʝʨʩʝʣʝʨʜʠʥ ʀʥʪʝʨʥʝʪʠ 
ʙʘʡʣʘʥʳʰʫʫʩʫʥʜʘ ʢʦʣʜʦʥʫʣʛʘʥ ɿʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʛʳʥʳʥ (Wireless sensor 
network/WSN) ʧʨʦʪʦʢʦʣʜʦʨʫʥʫʥ ʙʠʨʠ ʙʦʣʛʦʥ ʞʘʥʘ ʘʟ ʵʥʝʨʛʠʷ ʩʘʨʧʪʘʛʘʥʜʳʢʪʘʥ 
ʘʥʳ ʵʢʦʥʦʤʠʢʘʣʳʢ ʞʘʢʪʘʥ ʘʣʛʘʥʜʘ ʳשʛʘʡʣʫʫ ʧʨʦʪʦʢʦʣʫ LoraWAN (Low Power, 
Wide Area Network) ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʵʩʝʧʪʝʣʝʪ. ʆʰʦʥʜʫʢʪʘʥ LoraWAN (Low Power, 
Wide Area Network) ʪʝʭʥʦʣʦʛʠʷʩʳ ʠʰʪᴇᴇ ʧʨʠʥʮʠʙʠ ʙʦʶʥʯʘ ʞʘʣʧʳ ʤʘʘʣʳʤʘʪ 
ʙʝʨʠʣʝʪ. ɸʥʜʘʥ ʪʳʰʢʘʨʳ ʫʯʪʘʛʳ ʞʘʙʜʳʢʪʘʨʜʘʥ ʢʝʣʛʝʥ ʤʘʘʣʳʤʘʪʪʳ ʠʰʪʝʪװװ 
 .ʘʤʘʣʜʘʨʜʳʥ ʢʘʜʘʤʜʘʨʳ ʢʘʨʘʣʛʘʥ װװʥ ʢʝʨʝʢʪװʯװ

ɿʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʢʪʘʨʳ 

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʪʠʥʜʝ (Internet of Things/IoT) ʪʝʭʥʦʣʦʛʠʷʩʳʥʜʘ 
ʢʦʣʜʦʥʫʣʛʘʥ ʙʝʨʠʣʠʰʪʝʨʜʠ ʟʳʤʩʳʟ ʞʠʙʝʨװװ ʙʘʡʣʘʥʳʰʫʫʩʫʥʜʘ ʪᴇʤᴇʥʢװ 
ʳʣʜʘʤʜʳʢ ʰʘʨʪʳʥʜʘ ʵʬʬʝʢʪʠʚʜװװʣװʢ, ʢʘʪʘʛʘ ʪʫʨʫʢʪʫʫʣʫʢ, ʘʜʘʧʪʠʚʜװװʣװʛװ ʞʘʥʘ 
ᴇʟװʥ ᴇʟװ ʫʶʰʪʫʨʫʫ ʩʳʷʢʪʫʫ ʩʘʧʘʪʪʘʨ ʤʘʘʥʠʣװװ ʨʦʣʜʫ ʦʡʥʦʡʪ. ɹʫʣ ʩʘʧʘʪʪʘʨʛʘ 
ʞʦʦʧ ʙʝʨʛʝʥ ʩʪʘʥʜʘʨʪ IEEE802.15.4 ʬʠʟʠʢʘʣʳʢ ʜʝשʛʵʵʣʜʠ ʘʥʳʢʪʘʧ, 
ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʜװװ ʞʝʢʝ ʪʘʨʤʘʢʪʘʨʜʳ ʫʶʰʪʨʫʫʜʘ ʢʦʣʜʦʥʫʣʘʪ. ɹʫʣ ʪʘʨʤʘʢʪʘʨʜʳ 
ʫʶʰʪʫʨʫʫʜʘ ZigBee, WirelessHart, MiWi, 6LoWPAN, LPWAN, LoRaWAN 
ʧʨʦʪʦʢʦʣʜʦʨʫ ʙʘʨ. ɸʣʘʨʜʳʥ ʠʯʠʥʝʥ ʟʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʛʳʥʳʥ (Wireless sensor 
network/WSN) ʧʨʦʪʦʢʦʣʜʦʨʫʥʫʥ ʙʠʨʠ ʙʦʣʛʦʥ LoRaWAN ʧʨʦʪʦʢʦʣʫ ʘʟ ʵʥʝʨʛʠʷ 
ʩʘʨʧʪʘʛʘʥ ʪʝʭʥʦʣʦʛʠʷʣʘʨʜʳʥ ʙʠʨʠ ʵʢʝʥʠʥ ʘʡʪʳʣʛʘʥ.  

LoRaWAN ʪʝʭʥʦʣʦʛʠʷʩʳ 

https://ru.wikipedia.org/wiki/ZigBee
https://ru.wikipedia.org/wiki/WirelessHART
https://ru.wikipedia.org/w/index.php?title=MiWi&action=edit&redlink=1
https://ru.wikipedia.org/wiki/6LoWPAN
https://ru.wikipedia.org/wiki/LPWAN
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LoRaWAN - ñʘʟ ʵʥʝʨʛʠʷò (Low Power) ʞʘʥʘ ñʛʣʦʙʘʣʜʳʢ ʪʘʨʤʘʛʳò(Wide Area) 
ʩʧʝʮʠʬʠʢʘʮʠʷʩʳʥʳʥ ʪʘʨʤʘʢ ʧʨʦʪʦʢʦʣʫ  ʨʝʛʠʦʥʘʣʜʳʢ, ʫʣʫʪʪʫʢ ʞʘʥʘ ʛʣʦʙʘʣʜʳʢ 
ʪʘʨʤʘʢʪʘʨʛʘ ñʥʝʨʩʝʣʝʨʜʠʥò ʙʘʪʘʨʝʡʢʘ ʢʦʣʜʦʥʫʧ ʟʳʤʩʳʟ ʙʘʡʣʘʥʳʰʫʫʩʫʥ ʞʘʥʘ 
ʵʢʠ ʙʘʛʳʪʪʫʫ ʙʘʡʣʘʥʳʰ (full duplex), ʫʯʪʘʥ ʫʯʢʘ ʙʘʡʣʘʥʳʰʪʘ ʢʦʦʧʩʫʟʜʫʢʪʫ (end-
to-end) ʢʘʤʩʳʟʜʦʦ, ʤʦʙʠʣʜװװʣװʢ ʞʘʥʘ ʢʳʟʤʘʪʪʘʨʜʳʥ ʣʦʢʘʣʜʫʫʣʫʛʫ ʩʳʷʢʪʫʫ 
ʪʘʣʘʧʪʘʨʜʳ ʢʘʤʩʳʟʜʦʦ װʯװʥ ʜʦʣʙʦʦʨʣʦʥʛʦʥ. 

LoRaWAN ʪʘʨʤʘʢ ʘʨʭʠʪʝʢʪʫʨʘʩʳʥʜʘ ʢʝשʝʡʪʠʣʛʝʥ ʞʳʣʜʳʟ ʪʦʧʦʣʦʛʠʷʩʳ 
(expanded star topology) ʢʦʣʜʦʥʫʣʫʧ, ʛʝʡʪʚʝʡ (ʢʘʧʢʘ) (ʙʠʟʜʠʥ ʫʯʫʨʜʘ ʙʘʟʘʣʳʢ 
ʩʪʘʥʮʠʷ) ʫʯʪʘʛʳ ʞʘʙʜʳʢʪʘʨʜʘʥ (ʙʠʟʜʠʥ ʫʯʫʨʜʘ ʤʦʜʫʣʜʘʨ) ʢʝʣʛʝʥ ʩʠʛʥʘʣʜʘʨʜʳ 
ʪʘʨʤʘʢ ʩʝʨʚʝʨʠʥʝ ʢʘʙʘʨʣʘʨʜʳ ʞʠʙʝʨʠʧ ʪʫʨʘʪ. ʂʘʧʢʘ (ʙʘʟʘʣʳʢ ʩʪʘʥʮʠʷ) ʙʠʟ 
ʙʠʣʛʝʥ ʩʪʘʥʜʘʨʪʪʳʢ IP-ʜʘʨʝʢʪʠ ʢʦʣʜʦʥʫʧ ʩʝʨʚʝʨʛʝ ʪʫʪʘʰʘʪ, ʙʦʣʛʦʥʫ ʘʣ ʨʘʜʠʦ 
ʞʳʰʪʳʢ-RF (radio frequency technology 867-868ʄHz ʞʘʥʘ 5GHz ʞʳʰʪʳʛʳʥʜʘʛʳ 
ʩʠʛʥʘʣʜʘʨ)- ʧʘʢʝʪʪʝʨʜʠ IP-ʧʘʢʝʪʢʝ ʢʫʙʫʣʪʘʪ ʞʝ ʪʝʨʩʢʝʨʠʩʠʥʯʝ ʘʤʘʣ ʘʪʢʘʨʘʪ.  

 

1-ʩװʨᴇʪ. LoRaWAN ʪʝʭʥʦʣʦʛʠʷʩʳʥ ʢʦʣʜʦʥʫʫ ʘʨʭʠʪʝʢʪʫʨʘʩʳ 

ʋʯʪʘʛʳ ʪװʡװʥʜᴇʨ/ʤʦʜʫʣʜʘʨ ʩʫʫʥʫ ʯʝʥᴇᴇ, ʪװʪװʥ ʩʠʛʥʘʣʳ, ʥʳʤʜʫʫʣʫʢʪʫ ʯʝʥᴇᴇ, 
ʵʣʝʢʪʨ ʵʥʝʨʛʠʷʩʳʥ ʩʘʨʧʪʦʦ ʩʳʷʢʪʫʫ ʩʝʟʛʠʯ ʞʘʜʳʢʪʘʨʜʘʥ ʪʫʨʘʪ. ʄʠʩʘʣʳ, 
ʙʝʣʛʠʣװװ ʫʙʘʢʳʪ ʤʝʟʛʠʣʜʝʨʠʥʜʝ ʘʙʘʥʳʥ ʥʳʤʜʫʫʣʫʛʫ ʙʦʶʥʯʘ ʤʘʘʣʳʤʘʪʪʳ 
ʙʘʟʘʣʳʢ ʩʪʘʥʮʠʷʛʘ ʞʠʙʝʨʠʧ ʪʫʨʘʪ, ʙʘʟʘʣʳʢ ʩʪʘʥʮʠʷ ʘʥʜʘʥ ʘʨʳ ʢʦʣʜʦʥʤʦ 
ʩʝʨʚʝʨʛʝ ʤʘʘʣʳʤʘʪʪʳ ʪʘʨʤʘʢ (3G, Ethernet Backhaul) ʘʨʢʳʣʫʫ ʞʠʙʝʨʝʪ. 
ʄʘʘʣʳʤʘʪʪʳʥ ʢʦʦʧʩʫʟʜʫʛʫ װʯװʥ AES  ʧʨʦʪʦʢʦʣʫ (Advanced Encryption Standard ) 
ʢʦʦʧʩʫʟʜʫʢ ʢʨʠʧʪᴇᴇ ʩʠʩʪʝʤʠ TCP/IP SSL (Secure Sockets Layer ) ʢʦʣʜʦʥʫʧ 
ʞʠʙʝʨʝʪ. ɸʣ ʵʤʠ ʢʦʣʜʦʥʤʦ ʩʝʨʚʝʨʣʝʨ ʞʠʙʝʨʠʣʛʝʥ ʤʘʘʣʳʤʘʪʪʘʨʜʳ ʪʦʧʪʦʦ ʞʘʥʘ 
ʘʥʘʣʠʟʜᴇᴇ ʘʤʘʣʳʥ ʘʪʢʘʨʘʪ (LoRa Alliance). 
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2-ʩװʨᴇʪ. ɿʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʢʪʘʨʜʳʥ ʢʦʣʜʦʥʤʦʣʦʨʫ 

ɹʫʣ ʢᴇʧʪᴇʛᴇʥ ʤʦʜʫʣʴʜʘʨʜʘʥ, ʙʫʣ ʜʦʣʙʦʦʨ ʘʣʢʘʛʳʥʜʘ ʙʠʨʠʥʯʠʣʝʨ ʢʘʪʘʨʳ 
ʵʢʦʣʦʛʠʷʣʳʢ ʢᴇʨʩᴇʪʢװʯʪᴇʨʜװ ʪʦʧʪʦʦ ʤʦʜʫʣʴʜʘʨʳʥʳʥ ʪʘʣʜʘʣʫʫʩʫ ʳʣʘʡʳʢʪʫʫ, 
ʩʝʙʝʠ ʫʯʫʨʜʘ ʵʢʦʣʦʛʠʷʣʳʢ ʤʘʩʝʣʝʣʝʨʜʠ ʯʝʯװװ ʘʨʪʳʢʯʳʣʳʢʪʫʫ ʤʘʘʥʠʛʝ ʵʵ. 
ɿʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʛʳʥʳʥ ʠʰʢʝ ʢʠʨʛʠʧ, ʪʝʩʪʪʝʨʜʠ ʵʢʦʣʦʛʠʷʣʳʢ ʢᴇʨʩᴇʪʢװʯʪᴇʨ 
ʙʦʶʥʯʘ ʤʘʘʣʳʤʘʪʪʪʘʨʜʳ ʪʦʧʪʦʦ ʤʝʥʝʥ ʙʫʣ ʙʘʛʳʪʪʘʨʜʘ ʠʰʪᴇᴇ ʤװʤʢװʥʯװʣװʛװ 
ʪװʟװʣᴇʪ. ɿʳʤʩʳʟ ʩʝʟʛʠʯ ʪʘʨʤʘʢʪʘʨʜʳ ʢᴇʧ ʙʘʛʳʪʪʘ ʢʦʣʜʦʥʩʦ ʙʦʣʦʪ. ɸʣʘʨ: 
ʪʨʘʥʩʧʦʨʪ ʞʘʥʘ ʣʦʛʠʩʪʠʢʘ, ʘʛʨʦʢʫʣʴʪʫʨʘ ʞʘʥʘ ʞʘʥʳʙʘʨʣʘʨʜʳ ʢᴇʟᴇʤᴇʣʜᴇᴇ, 
ʘʡʣʘʥʘ-ʯᴇʡʨᴇʥװ ʢᴇʟᴇʤᴇʣʜᴇᴇ, ʜʝʥ ʩʦʦʣʫʢʪʫ ʢᴇʟᴇʤᴇʣʜᴇᴇ ʞʘʥʘ ʜʠʘʛʥʦʩʪʠʢʘ ʩʳʷʢʪʫʫ 
ʘʜʘʤʜʳʥ ʞʘʰʦʦʩʫʥʜʘ ʢᴇʧ ʪʘʨʤʘʢʪʘ ʢʦʣʜʦʥʫʫ ʤʝʥʝʥ ʢʝʨʝʢʪװװ ʤʘʘʣʳʤʘʪʪʘʨʜʳ 
ʪʦʧʪʦʡ ʘʣʘʙʳʟ (Types of Wireless Sensor Networks : Attacks & Their Applications). 

ʏʦש ʙʝʨʠʣʠʰʪʝʨ 

ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʙʝʨʠʣʠʰʪʝʨʜʠ ʙʘʰʢʘʨʫʫʜʘ ʙʠʨ ʢʘʥʯʘ ʤʦʜʫʣʜʘʨʜʘʥ 
ʢʝʣʛʝʥ ʠʰʪʝʪʠʣʙʝʛʝʥ (ʩʪʨʫʢʪʫʨʘʣʘʥʙʘʛʘʥ) ʙʝʨʠʣʠʰʪʝʨʜʠ ʠʰʪʝʪװװ ʞʘʥʘ 
ʙʘʰʢʘʨʫʫʥʫ ʪʘʣʘʧ ʢʳʣʘʪ. ɹʫʣ ʪʝʨʤʠʥ ʯʦש ʙʝʨʠʣʠʰ ñbig dataò ʪʝʨʤʠʥʠ ʘʙʜʘʥ ʯʦש 
ʙʝʨʠʣʠʰ ʢᴇʧʪװʛװʥ ʪʦʧʪʦʦ, ʩʘʢʪʦʦ, ʩʫʨʘʤ, ʘʥʘʣʠʟʜᴇᴇ ʤʝʥʝʥ ʞʝʪʢʠʨʠʣʛʝʥ ʠʨʝʪʠʥʜʝ 
ʙʘʰʢʘʨʳʣʳʧ, ʅʝʨʩʝʣʝʨʜʠʥ ʠʥʪʝʨʥʝʪʠ ʘʤʘʣʳʥ ʘʪʢʘʨʫʫʜʘ. ʏʦש ʙʝʨʠʣʠʰʪʝʨ 
ʪʝʭʥʦʣʦʛʠʷʩʳ ʥʝʛʠʟʛʠ װʯ ʯʝʥʝʤʜʝʨ (ʧʘʨʘʤʝʪʨ) ʙʦʶʥʯʘ ʘʥʳʢʪʘʣʘʪ ʞʘʥʘ IoT 
ʙʝʨʠʣʠʰʪʝʨʠ ʘʥʘʣʠʟʜʝʥʝʪ: 

¶ ʂᴇʣᴇʤ- IoT ʩʝʟʛʠʯʪʝʥ ʪʦʧʪʦʣʛʦʥ ʙʝʨʠʣʠʰʪʠʥ ʢᴇʣᴇʤװ; 

¶ ʓʣʜʘʤʜʳʢ-ʤʘʘʣʳʤʘʪʪʳ ʩʝʟʛʠʯ ʤʦʜʫʣʴʜʘʥ ʘʣʫʫ ʳʣʜʘʤʜʳʛʳ;  

¶ ɹʝʨʠʣʠʰ ʪװʨʜװװʣװʛװ ïʪʦʧʪʦʣʛʦʥ ʙʝʨʠʣʠʰ ʪʠʙʠ (Sezer et al., 2017). 
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ʏʦש ʙʝʨʠʣʠʰʪʝʨʪʝʨ ʙʘʰʢʘ ʙʝʨʠʣʠʰ ʢᴇʧʪװʛװʥᴇ ʩʘʣʳʰʪʳʨʛʘʥʜʘ ʘʙʜʘʥ ʯʦש 
ʩʪʨʫʢʪʫʨʘʣʘʥʙʘʛʘʥ ʙʝʨʠʣʠʰʝʪʨʜʠ ʢʘʤʪʳʡʪ. ɾʘʰʳʨʳʣʛʘʥ ʞʘʥʘ ʞʘשʳ 
ʤʘʘʣʳʤʘʪʪʘʨ ʙʫʣ ʯʦש ʙʝʨʠʣʠʰʪʝʨʜʠ ʘʥʘʣʠʟʜʝʛʝʥʜʝ ʪʘʙʳʣʳʧ ʢʘʣʳʰʳ ʤװʤʢװʥ. 
ʆʰʦʣ ʩʝʙʝʧʪʝʥ ᴇʥʜװʨװʰʪᴇ (ʠʥʪʫʩʪʨʠʷ) ʞʘʥʘ ʦʢʫʤʫʰʪʫʫʣʘʨ (ʘʢʘʜʝʤʠʢ) װʯװʥ 
ʢᴇʥװʣװʥ ʙʫʨʫʧ ʘʙʜʘʥ ʢʳʟʳʢʪʫʫ ʪʝʤʘʣʘʨʜʘʥ ʙʦʣʫʧ ʞʘʪʘʪ. ʅʝʨʩʝʣʝʨʜʠʥ 
ʠʥʪʝʨʥʝʪʠʥʜʝ ʩʝʟʛʠʯ ʤʦʜʫʣʴʜʘʨ ʤʘʘʥʠʣװװ ʙʝʨʠʣʠʰʪʝʨʜʠ ʞʘʨʘʪʳʧ ʞʘʥʘ 
ʙʝʨʠʣʠʰʪʝʨ ʙʘʪ ʢᴇʙᴇʡᴇʪ. ʄʠʩʘʣʳ,  RFID ʪʘʛʳ ʩʘʥʳ 2021 ʞʳʣʛʘ 209 ʤʠʣʣʠʦʥ ʞʝʪʝ 
ʪʫʨʛʘʥʳ ʙʦʞʦʤʦʣʜʦʥʫʫʜʘ (Chen et al., 2014).  

ɾʘʣʧʳ ʯʦש ʙʝʨʠʣʠʰʪʝʨ ʤʝʥʝʥ IoT ʯʦש ʙʝʨʠʣʠʰʪʝʨʠʥ ʩʘʣʳʰʪʳʨʛʘʥʜʘ IoT ʯʦש 
ʙʝʨʠʣʠʰʪʝʨʠ ʙʘʰʢʘʯʘ ᴇʟʛᴇʯᴇʣװʢʪᴇʨʛᴇ ʵʵ. ɹʫʣ ᴇʟʛᴇʯᴇʣװʢʪᴇʨ װʯ ʢʘʪʝʛʦʨʠʷʛʘ 
ʙᴇʣװʥᴇʪ. ɸʣʘʨ: ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʞʘʨʘʪʳʣʳʰʳ (data generation), ʙʝʨʠʣʠʰʝʪʨʜʠʥ 
ʩʘʧʘʪʳ (data quality), ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʰʘʡʢʝʰʪʠʛʠ (data interoperability) (Qin et al., 
2016). 

ʏʦʥ ʙʝʨʠʣʠʰʪʝʨʜʠ ʞʘʨʘʪʫʫ ʞʘʥʘ ʢʘʙʳʣʜʦʦʜʦ ʘʨ ʢʘʥʜʘʡ ʪʠʧʪʝʛʠ ʙʘʰʢʘʯʘ 
ʘʡʪʢʘʥʜʘ ʠʰʢʘʥʘ ʙʝʨʠʣʠʰʪʝʨʠ (ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʙʫʣʘʛʳ ʙʘʨ -ᴇʥʜװʨװʤ 
ʯʳʛʘʨʫʫʜʘʛʳ ʙʝʨʠʣʠʰ, ʩʘʪʫʫʜʘʛʳ ʙʝʨʠʣʠʰ, ʬʠʥʘʥʩʳʣʳʢ ʙʝʨʠʣʠʰʪʝʨ), IoT 
ʙʝʨʠʣʠʰʪʝʨʠ (ʩʝʟʛʠʯ ʤʦʜʫʣʴʜʘʥ ʢʝʣʛʝʥ ʙʝʨʠʣʠʰ), ʙʠʦ-ʤʝʜʠʮʠʥʘʣʳʢ ʙʝʨʠʣʠʰ 
(ʘʜʘʤʜʳʥ ʛʝʥʠ, ʙʠʦʣʦʛʠʘʣʳʢ ʯʝʥʝʤʜʝʨ ʙʝʨʠʣʠʰʪʝʨ ʞ.ʙ.ʫ.ʩ) ʞʘʥʘ ʙʝʨʠʣʠʰʪʠʥ 
ʙʘʰʢʘ ʙʫʣʘʛʳ (ʘʩʪʨʦʥʦʤʠʷ) ʩʳʷʢʪʫʫ ʙʝʨʠʣʠʰʪʝʨ ʙʘʨ (Sezer et al., 2017). 

ɸʣ ʵʤʠ ʯʦש ʙʝʨʠʣʠʰʪʝʨʜʠ ʩʘʢʪʦʦʜʦ ʯʦש ʩʘʢʪʘʛʳʯʪʘʨʛʘ ʪʘʣʘʧ, ʙʘʰʢʘʨʫʫ ʞʘʥʘ 
ʘʥʘʣʠʟʜᴇᴇ ʤʘʩʝʣʝʜʝʨʠʥʜʥ ʩʘʣʪʪʳʢ ʙʝʨʠʣʠʰʪʝʨʜʠ ʩʘʢʪʦʦʛʦ ʢʘʨʘʛʘʥʜʘ ʙʘʰʢʘʯʘ 
ʤʝʪʦʜʜʦʨ ʢʦʣʜʦʥʫʣʘʪ. ʉʘʣʪʪʳʢ ʤʘʩʩʠʚʜʠʢ ʙʝʨʠʣʠʰʪʝʨʜʠ ʩʘʢʪʦʦ ʩʠʩʪʝʤʜʝʨʠ 
ʪװʟʤᴇ-ʪװʟ ʪʫʪʘʰʢʘʥ ʩʘʢʪʘʛʳʯ (direct attached storage /DAS), ʪʘʨʤʘʢʢʘ ʪʫʪʘʰʢʘʥ 
ʩʘʢʪʘʛʳʯ (network attached storage /NAS) ʞʘʥʘ ʙʝʨʠʣʠʰʝʨʜʠ ʩʘʢʪʦʦ ʪʘʨʤʘʛʳ 
(storage area network /SAN) ʩʳʷʢʪʫʫ ʢʣʘʩʩʪʘʨʛʘ ʙᴇʣװʥᴇ ʘʣʘʪ. ɹʫʣ ʪʠʧʪʝʛʠ 
ʩʘʢʪʘʛʳʯʪʘʨ ʯʦש ʙʝʨʠʣʠʰʪʝʨʛʝ ʳʣʘʡʳʢʪʫʫ ʵʤʝʩ. ʂʦʰʫʤʯʘ ʢʘʪʘʨʳ, 
ʙᴇʣװʰʪװʨװʣʛᴇʥ ʩʘʢʪʦʦ ʩʠʩʪʝʤʜʝʨʠ (distributed storage systems) ʤʘʩʩʠʚʜװװ ʢᴇʧ 
ʩʘʥʜʘʛʳ ʙʝʨʠʣʠʰʪʝʨʜʠ ʩʘʢʪʦʦ װʯװʥ ʤʘʢʩʘʪʪʘʣʛʘʥ. ɹʠʨʦʢ, ʢʨʠʪʠʢʘʣʳʢ 
ʬʘʢʪʦʨʣʦʨʛʦ ʵʵ ʵʢʝʥʠ ʪᴇʤᴇʥʜᴇ ʢᴇʨʩᴇʪװʣʛᴇʥ (Chen et al., 2014), (Kaur, 2015):  

¶ ʓʨʘʪʪʫʫʣʫʢ (Consistency): ʢᴇʧʪᴇʛᴇʥ ʙᴇʣװʰʪװʨװʣʛᴇʥ ʩʘʢʪʘʛʳʯ 
ʩʠʩʪʝʤʜʝʨ  ʙʠʨʠ ʙʠʨʠ ʤʝʥʝʥ ʙʠʨ ʳʨʛʘʢʪʘ ʠʰʪʝʰʠ ʢʝʨʝʢ. ʉʝʙʝʙʠ ʙʠʨ ʵʣʝ 
ʙʝʨʠʣʠʰʪʠʥ ʢᴇʧʪᴇʛᴇʥ ʢʦʧʠʷʣʘʨʳ ʩʝʨʚʝʨʜʠʥ ʠʰʪʝʥ ʯʳʛʳʰʳʥ ʘʣʜʳʥ ʘʣʘʪ. 

¶  ɾʝʪʢʠʣʠʢʪװװʣװʢ(Availability): ʩʠʩʪʝʤʜʝʛʠ ʢᴇʧʪᴇʛᴇʥ ʩʝʨʚʝʨʣʝʨ ʢᴇʧ 
ʧʨʦʙʣʝʤʘʛʘ ʞʘʥʘ ʢʘʪʘʣʘʨʛʘ ʞʦʣ ʘʯʘʪ. ʂʦʣʜʦʥʫʫʯʫʥʫʥ ʪʠʣʝʛʠ ʙʘʨʜʳʢ 
ʩʝʨʚʝʨʣʝʨ ʵʯ ʢʘʥʜʘʡ ʤʘʩʝʣʝʩʠʟ ʠʰʪʝʰʠ ʢʝʨʝʢ. 

¶ ɹᴇʣװʰʪװʨװװʜᴇ ʪʫʨʫʢʪʫʫʣʫʢ (Partition Tolerance): ʩʠʩʪʝʤʜʝʛʠ ʢᴇʧʪᴇʛᴇʥ 
ʩʝʨʚʝʨʣʝʨ ʙʠʨʠ ʙʠʨʠ ʤʝʥʝʥ ʪʘʨʤʘʢ ʘʨʢʳʣʫʫ ʙʘʡʣʘʥʳʰʢʘʥ. ʕʛʝʨʜʝ 
ʪʘʨʤʘʢʪʘ ʧʨʦʙʣʝʤʘ ʯʳʢʩʘ ʘʥʜʘ ʙװʪװʥ ʩʠʩʪʝʤʘ ʢʝʨʝʢʪװװ ʘʙʘʣʜʘ ʠʰʪʝʙʝʡ 
ʢʘʣʘʪ. ɹʘʨʜʳʢ ʙᴇʣװʰʪװʨװʣʛᴇʥ ʩʠʩʪʝʤ ʢʘʥʘʣʛʘ, ʪװʡװʥʛᴇ ʞʘʥʘ ʪʘʨʤʘʢ 
ʧʨʦʙʣʝʤʜʝʨʠʥʝ ʪʫʨʫʢʪʫʫ ʙʦʣʫʰʫ ʢʝʨʝʢ. 
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ʏʦש ʙʝʨʠʣʠʰ ʪʘʣʜʦʦ 

ʏʦש ʙʝʨʠʣʠʰʪʝʨʛʝ ʙʦʣʛʦʥ ʢʳʟʳʢʯʳʣʳʢ, ʤʘʨʢʝʪʠʥʛ ʪʘʨʘʙʳʥʘʥ ʪʘʣʘʧ ʢʳʣʳʥʳʧ, 
ʧʨʦʛʥʦʟʜʦʦ ʘʥʘʣʠʪʠʢʘ ʞʘʥʘ ʩʪʨʫʢʪʫʨʘʣʳʢ ʤʘʘʣʳʤʘʪʪʘʨʳ ʙʦʶʥʯʘ ʙʘʛʳʪʪʘʣʛʘʥ. 
ɹʫʣ װʯװʥ ʧʨʦʛʨʘʤʤʘʣʳʢ ʞʘʥʘ ʘʧʧʘʨʘʪʪʳʢ ʞʘʙʜʳʢʪʘʨ ʤʝʥʝʥ ʠʰʪʝʛʝʥ ʘʜʠʩʪʝʨ 
ʢᴇʧʪᴇʛᴇʥ ʢװʯ-ʘʨʘʢʝʪʠ ʩʘʨʧʪʦʦʜʦ. ɸʥʪʢʝʥʠ ʘʪʳ ʘʡʪʳʧ ʪʫʨʛʘʥ ʢᴇʣᴇʤ ʪװʰװʥװʛװ, ʯʦש 
ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʢᴇʧʪᴇʛᴇʥ ᴇʟʛᴇʯᴇʣװʢʪᴇʨװʥװʥ ʙʠʨ ʛʘʥʘ ᴇʣʯᴇʤװ (Gandomi & Haider, 
2015). ɹʠʨʦʢ ʯʦש ʙʝʨʠʣʠʰʪʝʨ װʯװʥ ʙʝʨʠʣʠʰ ʪʦʧʪʦʦ ʳʣʜʘʤʜʳʛʳ ʞʘʥʘ ʞʳʰʪʳʛʳ 
ʜʘʛʳ ᴇʪᴇ ʤʘʘʥʠʣװװ ʢᴇʨʩᴇʪʢװʯʪᴇʨʜװ ʙʠʨʠ ʙʦʣʫʧ ʩʘʥʘʣʘʪ. ʏʦש ʙʝʨʠʣʠʰʪʝʨ ᴇʟ 
ʘʣʜʳʥʯʘ ʢᴇʧ ʢʳʟʳʢʪʫʫ ʵʤʝʩ. ɸʥʳʥ ʯʳʥʜʳʢ ʤʘʘʥʠʩʠ ʞʘʥʘ ʙʝʨʛʝʥ 
ʤװʤʢװʥʯװʣװʢʪᴇʨװ, ʯʝʯʠʤ ʢʘʙʳʣ ʘʣʫʫʛʘ ʢʝʣʛʝʥʜʝ ʦʨʪʦʛʦ ʯʳʛʘʪ. 

ʏʦש ʤʘʘʣʳʤʘʪʪʘʨʜʳ ʪʘʣʜʦʦ ʙʝʰ ʢʘʜʘʤʜʘʥ ʞʘʣʧʳʩʳʥʘʥ ʪʫʨʘʪ. ɹʫʣ ʙʝʰ ʢʘʜʘʤ, 
ʵʢʠ ʥʝʛʠʟʛʠ ʵʪʘʧʪʳ ʪװʟװʰᴇʪ. ɹʫʣ ʵʪʘʧʪʘʨ - ʙʝʨʠʣʠʰʪʝʨʜʠ ʫʶʰʪʫʨʫʫ ʞʘʥʘ 
ʘʥʘʣʠʪʠʢʘ ʵʪʘʧʪʘʨʳ. 

¶ ɹʝʨʠʣʠʰʪʝʨʜʠ ʫʶʰʪʫʨʫʫ ʞʘʥʘ ʜʘʷʨʜʦʦ ʠʰʪʝʨʠ,  

o ʙʝʨʠʣʠʰʪʝʨʜʠ ʪʦʧʪʦʦ ʞʘʥʘ ʞʘʟʜʳʨʫʫ; 

o ʙʝʨʠʣʠʰʪʝʨʜʠ ʯʳʛʘʨʫʫ, ʪʘʟʘʣʦʦ; 

o ʪʘʣʜʦʦ װʯװʥ ʙʝʨʠʣʠʰʪʝʨʜʠ ʜʘʷʨʜʦʦ ʞʘʥʘ ʢʘʡʨʘ ʢʘʣʳʙʳʥʘ ʢʝʣʪʠʨװװ  

ʩʳ̫ʢʪʫʫ ʜʘʷʨʜʦʦ ʧʨʦʮʝʩʩʠʥ ʞʘʥʘ ʢʦʣʜʦʦ ʪʝʭʥʦʣʦʛʠʷʣʘʨʜʳ ʩʘʪʳʧ ʘʣʫʫʥʫ 
ʢʘʤʪʳʡʪ. 

¶ ɸʥʘʣʠʪʠʢʘ ʵʪʘʙʳ,  

o ʙʝʨʠʣʠʰʪʝʨʜʠ ʪʘʣʜʦʦ ʞʘʥʘ ʤʦʜʝʣʴʜᴇᴇ, 

o ʤʦʜʝʣʴ ʞʳʡʳʥʪʳʢʪʘʨʳʥ ʠʥʪʝʨʧʨʝʪʘʮʠʷʣʦʦ 

ʳʢʤʘʣʘʨʳʥ ʢʘʤʪʳʡʪ.  

ʆʰʝʥʪʠʧ, ʯʦש ʤʘʘʣʳʤʘʪ ʘʥʘʣʠʪʠʢʘ ʯʦש ʤʘʘʣʳʤʘʪʪʘʨʜʳʥ "ʪװʰװʥᴇ ʘʣʫʫ" 
ʧʨʦʮʝʩʩʠʥʠʥ ʞʘʣʧʳ ʵʪʘʙʳ ʢʘʪʘʨʳ ʢʘʨʦʦʛʦ ʙʦʣʦʪ (Labrinidis & Jagadish, 2012). 

ɸʥʘʣʠʪʠʢʘ ʵʪʘʙʳʥʜʘ ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʪװʨװʥᴇ ʢʘʨʘʪʘ ʙʠʨ ʢʘʥʯʘ ʪʝʭʥʠʢʘʥʳ 
ʢʦʣʜʦʥʫʫʛʘ ʙʦʣʦʪ. ʄʠʩʘʣʳ, ʪʝʢʩʪ ʪʘʣʜʦʦ װʯװʥ ʤʘʘʣʳʤʘʪ ʯʳʛʘʨʫʫ, ʪʝʢʩʪʪʠ 
ʞʘʣʧʳʣʦʦ, ʩʫʨʦʦʣʦʨʛʦ ʞʦʦʧ ʙʝʨװװ, ʩʝʛʤʝʥʪ ʘʥʘʣʠʟʠ ʩʳʷʢʪʫʫ ʘʥʘʣʠʪʠʢʘʣʳʢ 
ʪʝʭʥʠʢʘʣʘʨ ʢʦʣʜʦʥʩʦ, ʘʣ ʵʤʠ ʘʫʜʠʦ ʘʥʘʣʠʪʠʢʘʛʘ ʪʨʘʥʩʢʨʠʪʧ ʥʝʛʠʟʠʥʜʝʛʠ 
ʪʝʭʥʠʢʘʣʘʨ ʞʝ ʬʦʥʝʪʠʢʘ ʥʝʛʠʟʠʥʜʝʛʦ ʪʝʭʥʠʢʘʣʘʨ ʢʦʣʜʦʥʫʣʘʪ.  
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ʀʟʠʣʜᴇᴇʯװʣᴇʨʜװ ʵש ʢᴇʧ ʢʳʟʳʢʪʳʨʛʳʥ ʘʣʜʳʥʘ ʘʣʘ ʙʠʣʠʧ ʘʡʪʫʫ (ʞʝ ʧʨʦʛʥʦʟʜʦʦ, 
ʘʥʛʣ. predictive) ʘʥʘʣʠʪʠʢʘʩʳʥʜʘ ʜʘʛʳ ʙʠʨ ʢʘʥʯʘ ʳʢʤʘʣʘʨ ʢʦʣʜʦʥʫʣʘʪ. ʏʦש 
ʙʝʨʠʣʠʰʪʝʨʜʠ ʢʦʣʜʦʥʫʫ ʤʝʥʝʥ ʯʳʛʘʨʳʣʛʘʥ ʠʣʠʤʠʡ ʤʘʘʣʳʤʘʪʪʘʨʛʘ ʪʘʷʥʳʧ, 
ʘʣʜʳʥ ʘʣʘ ʙʠʣʠʧ ʘʡʪʫʫ ʘʥʘʣʠʪʠʢʘ ʪʘʨʳʭʳʡ ʞʘʥʘ ʘʟʳʨʢʳ ʤʘʘʣʳʤʘʪʪʘʨʜʳʥ 
ʥʝʛʠʟʠʥʜʝ ʢʝʣʝʯʝʢ ʪʫʫʨʘʣʫʫ ʘʣʜʳʥ ʘʣʘ ʙʦʞʦʤʦʣʜʦʦ ʪʝʭʥʠʢʘʣʳʢ ʳʢʤʘʣʘʨ ʪʫʨʘʪ. 
ʀʰ ʞװʟװʥʜᴇ, ʧʨʦʛʥʦʟʜʦʦ ʘʥʘʣʠʪʠʢʘ ʜʵʵʨʣʠʢ ʙʘʨʜʳʢ ʙʘʛʳʪʪʘʨ װʯװʥ ʢʦʣʜʦʥʫʣʫʰʫ 
ʤװʤʢװʥ. ʄʠʩʘʣʳ, ʙʠʨ ʥʝʯʝ ʩʝʥʩʦʨʣʦʨʜʫʥ ʙʝʨʠʣʠʰʪʝʨ ʘʛʳʤʳ ʙʦʶʥʯʘ ʫʯʘʢ 
ʤʦʪʦʨʣʦʨʫʥʫʥ ʙʫʟʫʣʫʰ ʥʘʪʳʡʞʘʩʳʥ ʙʦʞʦʤʦʣʜʦʜʦʥ ʙʘʰʪʘʧ, ʢʘʨʜʘʨʣʘʨʜʳʥ 
ʵʤʥʝʥʠ, ʢʘʯʘʥ ʩʘʪʳʧ, ʞʝ ʙʦʣʙʦʩʦ ʩʦʮʠʘʣʜʳʢ ʪʘʨʤʘʢʪʘʨʜʘ ʵʤʥʝ ʜʝʛʝʥʠʥʠʥ 
ʥʝʛʠʟʠʥʜʝ ʘʣʘʨʜʳʥ ʢʠʡʠʥʢʠ ʩʘʪʳʧ ʘʣʫʫʯʫ ʙʫʶʤʫ ʵʤʥʝ ʙʦʣʦʦʨʫʥ ʘʣʜʳʥʘ ʘʣʘ 
ʘʡʪʫʫʛʘ ʯʝʡʠʥ (Gandomi & Haider, 2015). 

ɾʦʛʦʨʫʜʘ ʘʡʪʳʧ ʢʝʪʢʝʥʜʝʡ ʵʣʝ, ʞʘשʳ ᴇʥװʛװʧ ʢʝʣʝ ʞʘʪʢʘʥ ʙʝʨʠʣʠʰʪʝʨ ʠʣʠʤʠ 
(data science), ʤʘʪʝʤʘʪʠʢʘʣʳʢ, ʩʪʘʪʠʩʪʠʢʘʣʳʢ, ʢʦʤʧʴʶʪʝʨʜʠʢ ʞʘʥʘ ʞװʨװʰ-ʪʫʨʫʰ 
ʠʣʠʤʜʝʨʠʥʠʥ ʥʝʛʠʟʠʥʜʝ ʯʦש ʙʝʨʠʣʠʰʪʝʨʜʝʥ ʞʳʡʳʥʪʳʢ ʯʘʛʳʨʫʫʛʘ ʙʘʛʳʪʪʘʣʛʘʥ, 
ʘʣ ʵʤʠ ʘʣʜʳʥʘ ʘʣʘ ʙʠʣʠʧ ʘʡʪʫʫ (ʧʨʦʛʥʦʟʜʦʦ) ʘʥʘʣʠʪʠʢʘʩʳ, ʙʫʣ ʞʳʡʳʥʪʳʢʢʘ 
ʞʝʪװ װװʯװʥ ʢʦʣʜʦʥʫʣʛʘʥ ʠʥʩʪʨʫʤʝʥʪʪʝʨʜʠʥ ʞʳʡʳʥʳ (Hazen et al., 2014). ɹʫʣ 
ʜʦʣʙʦʦʨ ʘʣʢʘʛʳʥʜʘ, ʙʫʣ ʘʥʘʣʠʪʠʢʘʥʳʥ ʥʝʛʠʟʛʠ ʢʘʜʘʤʜʘʨʳ, ʘʪʘʧ ʘʡʪʢʘʥʜʘ ï 
ʙʝʨʠʣʠʰʪʝʨʜʠ ʪʦʧʪʦʦ ʞʘʥʘ ʪʘʣʜʦʦ װʯװʥ ʜʘʷʨʜʦʦ, ʪʘʣʜʦʦ ʞװʨʛװʟװװ ʞʘʥʘ ʘʥʳʥ 
ʥʝʛʠʟʠʥʜʝ ʤʦʜʝʣʴ ʯʳʛʘʨʫʫ, ʞʘʥʘ ʞʳʡʳʥʪʳʢʪʘʨʜʳ ʠʥʪʝʨʧʨʝʪʘʮʠʷʣʦʦ ʢʘʜʘʤʜʘʨʳ 
ʢʦʣʜʦʥʫʣʘʪ.  

ɼʦʣʙʦʦʨʜʦ ʢʦʣʜʦʥʫʣʘ ʪʫʨʛʘʥ ʳʢʤʘ ʞʘʥʘ ʠʟʠʣʜᴇᴇ ʞʦʣʜʦʨʫ (ʤʘʘʣʳʤʘʪ ʪʦʧʪʦʦ 
ʞʘʥʘ ʘʥʘʣʠʟ ʞװʨʛװʟװװ ʳʢʤʘʣʘʨʳʥ ʢʦʰʢʦʥʜʦ) ʪʠʝʰʝʣװװ ʘʜʘʙʠʷʪʪʘʨʛʘ ʰʠʣʪʝʤʝ 
ʢʝʣʪʠʨװװ ʤʝʥʝʥ ᴇʟ-ᴇʟװʥʯᴇ ʪװʰװʥʜװʨװʣװʧ ʙʝʨʠʣʠʰʠ ʢʝʨʝʢ. ʆʰʦʥʜʦʡ ʵʣʝ, ʦʰʦʣ 
ʳʢʤʘ ʞʘʥʘ ʞʦʣʜʦʨʜʫʥ ʜʦʣʙʦʦʨʜʦ ʘʣʜʳʛʘ ʢʦʶʣʛʘʥ ʤʘʢʩʘʪ ʞʘʥʘ ʤʠʣʜʝʪʪʝʨʛʝ 
ʪʫʫʨʘ ʢʝʣʝ ʪʫʨʛʘʥʜʳʛʳ ʯʝʯʤʝʣʝʥʠʧ ʙʝʨʠʣʠʰʠ ʢʝʨʝʢ. 

ʀʥʬʨʘʩʪʨʫʢʪʫʨʘʣʳʢ ʩʠʩʪʝʤʘ  ʦʨʥʦʪʫʣʛʘʥʜʘʥ ʢʠʡʠʥ ʢʠʡʠʥʢʠ ʘʪʢʘʨʳʣʯʫ ʢʘʜʘʤʜʘʨ: 

¶ ʊʦʧʪʦʣʛʦʥ ʤʘʘʣʳʤʘʪʪʘʨʜʳ ʘʥʘʣʠʟʜᴇᴇ; 

¶ ʊʦʧʪʦʣʛʦʥ ʤʘʘʣʳʤʘʪʪʘʨ ʙʦʶʥʯʘ ʙʦʞʦʤʦʣʜʦʨ ʥʝʛʠʟʠʥʜʝ ʧʨʦʛʥʦʟ (ʘʣʜʳʥʘ 
ʘʣʘ ʙʠʣʠʧ ʘʡʪʫʫ) ʞʘʩʦʦ. 

ɸʢʳʨʢʳ ʢʘʜʘʤʜʘ ʞʝʪʝʢʪᴇᴇ ʤʝʥʝʥ װʡʨᴇʥװװ (supervised learning) ʘʣʛʦʨʠʪʤʜʝʨʠʥʠʥ 
ʢʦʣʜʦʥʫʣʫʰʫ ʧʣʘʥʜʘʣʫʫʜʘ. ɹʫʣ ʘʣʛʦʨʠʪʤʜʝʨʜʠʥ ʢʵʵʙʠʨʠʥ ʘʪʘʧ ʢʝʪʩʝʢ, ʙʫʣ 
ɾʘʩʘʣʤʘ ʅʝʡʨʦʥʜʫʢ ʊʘʨʤʘʢ (Artificial Neural Networks - ANN), ʊʝʨʝש ʅʝʡʨʦʥʜʫʢ 
ʊʘʨʤʘʢ (Deep Neural Networks - DNN), ɹʘʡʝʩ ʪʘʨʤʘʢʪʘʨʳ (Bayesian networks - 
BN), ʯʝʯʠʤ ʜʘʨʘʢʯʘʣʘʨʳ (decision trees) ʞʘʥʘ ʙʘʰʢʘ ʢᴇʧʪᴇʛᴇʥ ʳʢʤʘʣʘʨʜʳ 
ʢʘʤʪʳʡʪ. LoRaWAN ʧʨʦʪʦʢʦʣʫʥʜʘ ʙʝʨʠʣʠʰʪʝʨʜʠʥ ʬʦʨʤʘʪʳʥʘ ʢʘʨʘʪʘ, ʙʫʣ 
ʜʦʣʙʦʦʨ ʘʣʢʘʛʳʥʜʘ ʞʝʪʝʢʪᴇᴇ ʤʝʥʝʥ װʡʨᴇʥװװ ʘʣʛʦʨʠʪʤʜʝʨʠʥʠʥ ʙʠʨᴇᴇ ʪʘʥʜʘʣʳʧ, 
ʙʦʞʦʤʦʣʜʦʨ ʥʝʛʠʟʠʥʜʝ ʧʨʦʛʥʦʟ ʞʘʩʦʦ ʤʦʜʝʣʠʥʠʥ ʠʰʪʝʧ ʯʳʛʫʫ ʤװʤʢװʥ. 

ɾʳʡʳʥʪʳʢʪʦʦ 

ʋʯʫʨʜʘ ʘʢʪʫʘʣʜʫʫ ʪʝʤʘʣʘʨʜʳʥ ʙʠʨʠ ʢʘʪʘʨʳ ʵʩʝʧʪʝʣʝʪ. ɹʫʣ ʙʘʛʳʪʪʘ ʢᴇʧʪᴇʛᴇʥ 

ʠʣʠʤʠʡ ʠʟʠʣʜᴇᴇʣᴇʨ ʞװʨʛװʟװʣװʧ ʢʝʣʝʪ. 
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Abstract: In this paper, a speed-sensorless model predictive controlled induction 
motor (IM) drive system is proposed and tested through simulation studies. To 
perform high-performance IM control, predictive current control (PCC) strategy is 
chosen since it eliminates weighting factor adjustment. Also, a stator current-based 
model reference adaptive system (MRAS) is chosen to estimate the speed and flux 
information due to its simple structure, low computational complexity, and sufficient 
estimation performance. Different from the current literature, this MRAS estimator 
uses a least mean Kurtosis (LMK) algorithm optimized by a genetic algorithm (GA) 
to further improve the speed and flux estimations. The proposed IM drive is tested 
by the simulation studies under a challenging scenario that includes wide speed 
range operation of the IM with linear- and step-type load torque variations. The 
simulation results verify the robustness of the proposed speed-sensorless PCC-
based IM drive. Moreover, from the simulation studies, it is clearly seen that the 
proposed IM drive is reliable for both industrial and electrical vehicle applications. 
Keywords: Model reference adaptive system, Genetic algorithm, Induction motor 
drive, Least mean Kurtosis, Predictive current control 

 

 
1. Giriĸ 

Induction motors (IMs) are commonly used electrical motor for both industrial and 
electrical vehicle applications due to their advantages such as cost effectiveness, 
simplicity, and low maintenance requirement. Therefore, different methods are 
proposed in the current literature to perform high-performance control applications of 
the IMs. The methods can be given as field-oriented control (FOC) (Reddy et al., 2022), 
direct torque control (DTC) (Demir, 2023a), and model predictive control (MPC) 
(Vazquez et al., 2017). Comparing them, MPC is a quite new for the high-performance 
control applications of the IMs and it has some advantages such as simple structure, 
ability to deal with nonlinearities, and faster dynamic response (Korkmaz, 2020; Wang 
et al., 2018; Zerdalē→ and Demē→r, 2021). For the IM control applications, predictive torque 
control (PTC) (Mousavi et al., 2023) and predictive current control (PCC) (Mousavi et 
al., 2021) compose the main MPC strategies. Comparing PTC and PCC, while the 
stator flux magnitude and electromagnetic torque errors are evaluated with a weighting 
factor, the stator current error is assessed in PCC method. Moreover, rotating axis to 
stationary axis transformation is required for PCC but it is not used in the PTC method. 
Both PTC and PCC method use proportional-integral (PI) controller in the external 
speed control loop. The PCC method does not require any weighting factor in the 
absence of additional control objectives, while the PTC method requires the use of a 
weighting factor (Wang et al., 2018). 
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To combine the advantages of MPC strategies with that of speed sensorless control, 
various model-based estimators/observers have been proposed. These 
estimators/observers can be classified as model reference adaptive system (MRAS) 
(Das et al., 2018), reduced/full-order observers (Orlowska-Kowalska et al., 2019), 
extended Luenberger observer (You et al., 2018), sliding-mode observer (Mousavi et 
al., 2023), and nonlinear Kalman filters (Yildiz et al., 2020). 

MRAS estimator, one of the most popular model-based methods, is a widely used 
estimator due to its advantages such as simplicity, low computational load, and 
sufficient estimation performance. As for the different MRAS methods used in the IM 
drives, the rotor flux (Pal et al., 2018), stator current (Orlowska-Kowalska and 
Dybkowski, 2010), active and reactive power (Bednarz and Dybkowski, 2019), motor 
torque (Mapelli et al., 2017), a fictitious quantity X (Teja et al., 2012), and a fictitious 
quantity Y (Basak et al., 2013) based MRAS methods are proposed in the literature. 
As it well known, the conventional PI controller is generally used in the adaptation 
mechanism of the conventional MRAS methods. In recent years, least mean square 
(LMS) least mean Kurtosis (LMK), and Recursive least squares (RLS) method are 
used in the adaptation mechanism of the MRAS instead of conventional PI (Demir, 
2023b; Zerdali and Meng¿­, 2019). Marei et al. (2009) use an adaptive linear neuron 
(ADALINE) method based on the adaptation rule in LMS to estimate rotor resistance 
and speed of the IM. Zerdali and Meng¿­ (2019) estimates the rotor speed with stator 
current-based MRASs with complex LMS (CLMS) and complex LMK (CLMK) using an 
open loop test rig. Inan et al. (2021) use a stator flux based MRAS with LMS adaptation 
to estimate rotor speed for the speed-sensorless input/output feedback linearization 
controller (IOFLC) based DTC. Demir et al. (2023) simulate a PTC-based IM drive 
using stator current-based MRAS with LMS adaptation and compare its performance 
with that using conventional PI adaptation. Reddy et al. (2022) use the MRAS based 
on least-square method to estimate rotor time constant for the FOC of the IM. Demir 
(2023b) designs speed-sensorless PCC-based permanent magnet synchronous motor 
drives using LMS- and LMK-based MRAS estimators and compares their performance 
through simulation studies. 

The main contribution of this paper is to propose a speed-sensorless PCC-based IM 
drive based on a stator current-based MRAS estimator with optimized LMK adaptation. 
To perform high-performance IM control, predictive current control (PCC) strategy is 
chosen since it eliminates weighting factor adjustment. Also, a stator current-based 
MRAS is chosen to estimate the speed and flux information due to its simple structure, 
low computational complexity, and sufficient estimation performance. The MRAS 
estimator uses the LMK algorithm to improve the speed and flux estimations. To further 
improve the estimation performance, the step size and forgetting factor of the LMK 
algorithm is optimized by a genetic algorithm (GA). Finally, the proposed PCC-based 
IM drive is tested and validated over a wide speed range under challenging load torque 
variations.  

This paper is organized into five sections. Section I presents the current literature, while 
Section II introduces the design of the adaptive filtering-based MRAS. Details on the 
optimization of the LKM algorithm with GA is given in Section III. The performance of 
the proposed PCC-based IM drive is shown in Section IV. Finally, Section V clarifies 
the conclusion. 
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2. Design of Adaptive Filter-based MRAS 

The stator current based MRAS estimator is based on the comparison between the 
directly measured stator currents, namely the reference model outputs, and the 
estimated currents, namely adaptive model outputs, obtained from the stator-current 
model. The mathematical equations of the stator currents are as follows: 

 

Ὥ • • ὺ     (1) 

Ὥ • • ὺ     (2) 

 

The stator-current equations require information about the rotor fluxes. The rotor flux 
equations used in the stator current model are given below. 

 

Ὥ • ὴ‫ •        (3) 

Ὥ ὴ‫ •  •        (4) 

 

where ‌‍  represents stator stationary axis, ὺ , ὺ , Ὥ , and Ὥ  are the ‌‍  axis 

component for stator voltages and currents; •  and •  are the ‌‍  axis component 

for rotor fluxes; ὒ and ὒ rotor and stator leakage inductance, respectively; ὒ  is 

magnetizing inductance; ὒ  „ὒ ὒ ὒȾὒ stator transient inductance; Ὑ and Ὑ 
rotor and stator resistance, respectively; ‫  is rotor mechanical speed; ὴ number of 

pole pairs. 

The block scheme for the stator current-based MRAS estimator is demonstrated in 
Figure 1. The stator current based MRAS estimator is used the LMK algorithm in the 
adaptation mechanism in this paper. The current model (rotor fluxes) and adaptive 
model (stator currents) equations given in Figure 1 are obtained by discretizing 
equations (1)-(4) with forward Euler approximation and are shown in (5)-(8). 

Adaptive Model 

Eq. (5)-(6)

Adaptation 

Mechanism

Eq. (13)

+

-

kw

kx

Current Model 

Eq. (7)-(8)

kx

mwĔ

mwĔ
abj,r

ri abs,

ai abs,

si
e

 

Figure 1. The stator current-based MRAS with LMK adaptation 
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Ὥȟ ρ Ὕ Ὥȟ ὺ ȟ • ȟ
ȟ • ȟ   (5) 

Ὥȟ ρ Ὕ Ὥȟ ὺ ȟ
ȟ • ȟ • ȟ  (6) 

• ȟ Ὥȟ ρ • ȟ  Ὕὴ‫ ȟ• ȟ     (7) 

• ȟ Ὥȟ Ὕὴ‫ ȟ• ȟ  ρ • ȟ     (8) 

 

The adaptive model output given with (5) and (6) can be rewritten as follows: 

 

ἱȟ ὀἿ            (9) 

 

where ὀ and Ἷ  are the input matrix and the weight vector of the adaptive model, 
respectively, and they are given as follows. 

 

ὀ

Ὥȟ Ὥȟ

• ȟ • ȟ

• ȟ • ȟ

ὺ ȟ ὺ ȟ 

          (10) 

Ἷ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợρ Ὕ

ȟ

Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

          (11) 

 

The error vector between the reference and adaptive model outputs is defined by (12). 
The update of the weight vector of the LMK algorithm is given by (13). 

 

Ἥἱȟ ἱȟ ἱȟ           (12) 

Ἷ Ἷ ‘σ„ ἭἱȟἭἱȟ ὀἭἱȟ        (13) 

 

where ‘ is the step size. The error variance term „ ὉἭἱȟἭἱȟ  can be computed 

by the following recursion (Tanrikulu and Constantinides, 1994), 
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„ ‗„ ▄░ȟ▄░ȟ           (14) 

 

where ‗ is the forgetting factor and it is chosen between 0 and 1. In order to guarantee 
the stability of the LMK algorithm, ‘ must theoretically be selected as in (15) (Meng¿­ 
et al., 2020; Meng¿­ and Acēr, 2018) 

 

π ‘
Ȣ ἠ

        (15) 

 

where ‗  and „  are the greatest eigenvalue of the correlation matrix ἠ Ὁὀὀ  
(Haykin, 1996) and and the measurement noise variance, respectively. 
 

3. Metaheuristic optimization with GA 

In this section, GA is used to optimize the ‘ and ‗ parameters given in equations (13) 
and (14) of the LMK algorithm over rotor speed error. GA is chosen due to the fact that 
it is well known metaheuristic method used for optimization problems, especially for 
engineering field (G¿rel and Zerdali, 2022). Here, the proposed IM drive is 
implemented in Matlab/Simulink and thus the optimization toolbox of Matlab is used for 
the optimization process because of its practicality and adaptability (MathWorks, 
MATLAB). The cost function defined for the rotor speed error presented in (16) and 
GA parameters for the optimization process are presented in Table 1. 

 

Ὢ В ὲ ȟ ὲ ȟ         (16) 

 

Table 1. Parameters of GA used in LMK optimization 

Parameter Value Parameter Value 

Pop. Size 30 Lower Bound [ρπ , ρπ ] 

Max. Gen. 20 Upper Bound [ρ ρπ , ρ ρπ ] 

Crossover Rate 0.8 Crossover Func. @crossovertwopoint 

Selection Func. @tournament Mutation Func. @mutationadaptfeasible 

 

To optimize ‘ and ‗ parameters of the LMK over speed error, a scenario including ὲ  
and ὸ changes in Figure 2 is designed. The resulting fitness values against the 
generations are presented in Figure 3.  
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Figure 2. ▪□ and ◄╛ changes for optimization data 

 

Figure 3. The resulting fitness values against the generations 

 

After optimization with GA for 20 generation, the best fitness for the cost function and 
the optimized ‘ and ‗ parameters for best fitness are presented in Table 2. 

 

Table 2. Parameters of GA used in LMK optimization 

Best Fitness Optimized Ⱨ Value Optimized ⱦ Value 

Ȣ ὀ  πȢυψχτ πȢωωωω 

 

4. Simulation Studies 

To verify the proposed speed-sensorless PCC-based IM drive whose block diagram 
given in Figure 4, it is implemented in Matlab/Simulink as stated in Section 3. In Figure 
4, the linear controller represents a conventional PI controller whose gain is determined 
by trial and error. —  and ί are the rotor flux angle and Laplace operator, respectively. 

Furthermore, the IM refers to three-phase squirrel cage IM and rated parameters along 
with the specifications of the IM is presented in Table 3. For the simulation studies of 
the proposed IM drive, optimized ‘ and ‗ values in Table 2 are used and sampling time 
(Ὕ) is chosen as ςυ‘ί. 
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Figure 4. The proposed PCC based IM drive using MRAS with optimized LMK 
(Wang et al., 2018) 

Table 3. Specifications and rated parameters of the IM used in simulations 

╟ [kW] ╥ [V] ╘ [A] █ [Hz] ▬▬ ▪□▪ [r/min] 

3 380 6.9 50 2 1430 

╡▼ [Ý] Ὑ [Ý] ὒ  [H] ὒ [H] ὒ [H] ὸ [N.m] 

2.283 2.133 0.22 0.2311 0.2311 20 

 

The topology and the switching vectors of the two-level voltage source inverter (2L-
VSI) shown in Figure 4 are presented in Figure 5. The switching state and output 
voltage of the 2L-VSI can be defined as:  

 

Ὓᴆ Ὓ ὥᴆὛ ὥᴆὛ           (17) 

ὺᴆ ὠ Ὓᴆ            (18) 

 

where ὥᴆḯὩ Ⱦ  and ὠ  represents the inverter DC link voltage as in Figure 4.  

 

Figure 5. 2L-VSI circuit topology and the possible voltage vectors. 

 

The predictive of the stator currents and cost function given in Figure 4 are defined as 

Ὓὥ 
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Ὥȟ
 

ρ Ὕ Ὥȟ • ȟ
ȟ • ȟ ὺ ȟ   (19) 

Ὥȟ
 

ρ Ὕ Ὥȟ
ȟ • ȟ • ȟ ὺ ȟ  (20) 

Ὣ В Ὥ Ὥȟ Ὥ Ὥȟ Ὅȟ ȟὮɴ πȟρȣȟχ    (21) 

 

where ὔ is the prediction horizon and is accepted as one. Ὅ is the overcurrent 
protection term and is defined as follows. 

Ὅȟ
πȟὭὪ  ᴆȟ Ὥȟ

ЊȟὭὪ ᴆȟ Ὥȟ
         (22) 

 

 

Figure 6. ȿⱴ►ȿ
►▄█, ▪□

►▄█
, and ◄╛ values applied to the proposed IM drive. 

 

To test the robustness of the proposed IM drive, a challenging scenario including wide 
speed range operation of the IM with ὸ changes is designed. The reference values for 
the IM drive together with the applied ὸ values for challenging test scenario are 

presented in Figure 6. Here, ñ z  ò refers to the determined reference value for the 

proposed IM drive. As it can be seen from Figure 6, ȿ•ȿ  value is determined as 
constant. The estimation result for the MRAS with optimized LMK adaptation and the 
tracking performance of the PCC based proposed IM drive is shown in Figure 7 where 
ñ z ò indicates to estimated value. The resulting estimation error for the MRAS with 
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optimized LMK adaptation is graphically demonstrated in Figure 8 and numerically 
presented in Table 4 with mean square error (MSE) values. In Figure 8, ñ Ὡz  ò 

represents the estimation error calculated by the difference between measured and 
estimated value. 

 

 

Figure 7. Tracking robustness of the proposed IM drive and estimation 
performance of the optimized MRAS.  

 

Figure 8. Resulting estimation errors for optimized MRAS with LMK adaptation. 
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In light of the simulation results presented in Figure 7 and Figure 8, the following 
remarks can be deduced. 

¶ The proposed PCC based IM drive is tested under a wide speed range scenario 
with challenging ὸ changes. However, it is clear that satisfactory estimation 
performance for MRAS with optimized LMK and robust control performance for 
the proposed IM drive is obtained. 

¶ By performing optimization of ‘ and ‗ parameters of the LMK with GA, it is 
aimed to prevent performance deteriorations due to improper selections of 
these parameters.  

¶ The DC condition is also tested with the test scenario. The proposed IM drive 
has still highly promising performance for this challenging condition. 

¶ Although linear and step-like changes are performed in ὸ, robust control 
performance is obtained for ὸ variations. 

¶ Lastly, the presented simulation results prove that the proposed IM drive is 
reliable for high-performance control applications of the IMs. 
 

Table 4. MSE values for estimations errors given in Figure 8. 

▄░▼♪ ═ ▄░▼♫ ═ ▄ⱴ►♪ ╥Ȣ▼ ▄ⱴ►♫ ╥Ȣ▼ ▄▪□ ►Ⱦ□░▪ 

Ȣ ὀ  ρȢρχςØρπ  σȢςυχØρπ  τȢσρσØρπ  τȢχψπØρπ  

 

5. Conclusion 

In this paper, a speed-sensorless PCC-based IM drive based on a MRAS with 
optimized LMK adaptation has been proposed. Here, a GA has been used to optimize 
‘ and ‗ parameters of the LMK algorithm. By using optimized LMK adaptation in stator 
current-based MRAS, ‫  value has been estimated and updated in each iteration as 
weight coefficient. Furthermore, —  value required for the PCC method has been 

calculated by using estimated rotor fluxes. The proposed IM drive has been tested and 
validated under a determined challenging scenario which contains wide speed range 
operation of the IM with linear- and step-type changes of ὸ. The simulation results 
demonstrate both the effectiveness and robustness of the proposed PCC-based IM 
drive. Consequently, it is clear from the simulation studies that the proposed IM drive 
system is reliable and applicable for both industrial and electric vehicle applications. 
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¥zet: R¿zgar hēzē ve yºn¿ tahmini, yenilenebilir enerji kaynaklarēnēn yºnetimi, hava 
trafik kontrol¿ ve hava tahmini gibi ­eĸitli uygulamalar i­in ­ok ºnemlidir. Bu 
­alēĸmada, kompleks-deĵerli sinyaller kullanarak r¿zgar hēzēnēn ve yºn¿n¿n tahmini 
gºrevi i­in ¿­ farklē derin ºĵrenme yºntemini karĸēlaĸtērēyoruz. Bu yºntemler ­ok 
katmanlē algēlayēcē (MLP), bir boyutlu evriĸimsel sinir aĵlarē (1DCNN) ve uzun-kēsa 
s¿reli belleklerdir (LSTM). Bu modellerin baĸarēmē, kapsamlē bir r¿zgar veri k¿mesi 
¿zerinde doĵruluk, hesaplama verimliliĵi a­ēsēndan deĵerlendirilerek analiz 
edilmektedir. Elde edilen sonu­lar, kompleks-deĵerli sinyaller kullanarak r¿zgar 
hēzē ve yºn¿ tahmininde derin ºĵrenme yºntemlerinin potansiyelini ortaya 
­ēkarmaktadēr ve gelecekteki tahmin uygulamalarēnda ºnemli bir rol 
oynayabileceĵini gºstermektedir.  

Anahtar Kelimeler: R¿zgar Sinyali, Yenilenebilir Enerji, Derin ¥ĵrenme, MLP, 
CNN, LSTM. 
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Abstract: Prediction of the wind speed and direction is essential for numerous 
applications, including managing renewable energy resources, air traffic control, 
and weather forecasting. In this paper, we compare three deep learning methods, 
namely multilayer perceptron (MLP), one-dimensional convolutional neural 
networks (1DCNN), and long-short-term memories (LSTM) networks, predicting 
wind speed and direction using complex-value signals. The evaluation of these 
models is conducted based on their accuracy and computational efficiency using a 
comprehensive wind dataset. The results demonstrate the potential of deep 
learning methods in predicting wind speed and direction using complex-valued 
signals and demonstrate their importance in future forecasting applications. 
Keywords: Wind Signal, Renewable Energy, Deep Learning, MLP, CNN, LSTM. 

 

 
1. Giriĸ 

Kºm¿r, petrol ve doĵal gaz gibi geleneksel fosil yakētlar, end¿striyel dºn¿ĸ¿m¿n ve 
modern yaĸamēn temel enerji kaynaklarēdēr. Ancak, bu yakētlarēn yoĵun kullanēmē, 
atmosferdeki sera gazlarēnēn artmasēna ve k¿resel ēsēnma olarak bilinen iklim 
deĵiĸikliĵine olumsuz katkēda bulunmaktadēr. Geleneksel fosil yakētlar yalnēzca 
­evreye zarar vermekle kalmaz, aynē zamanda yenilenebilir enerji kaynaĵē deĵildir (Li 
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ve diĵerleri, 2018). Bu t¿r yakētlar, ekonomik kalkēnmanēn ºn¿nde ºnemli bir engel 
olup, insan yaĸamē i­in de tehdit oluĸtururlar. ¥rneĵin, g¿n¿m¿zde ¢in h¿k¿meti, 
mevcut enerji durumunu dikkate olarak, temiz ve yenilenebilir enerjinin geliĸtirilmesine 
yºnelik bazē politikalarē ortaya koymuĸtur. Bunlarēn i­erisindeki en belirgin politika, hem 
fotovoltaik enerji ¿retimini ve hem de r¿zgar enerjisi ¿retimini i­erisine alan daĵētēlmēĸ 
enerji ¿retimine ait stratejik hedeftir (Long ve diĵerleri, 2022). Aslēnda, temiz enerjinin 
geliĸtirilmesi, g¿n¿m¿zde enerji krizini teknik d¿zeyde ­ºzmenin ana yolu haline 
gelmiĸtir (Tian vd., 2021; Nguyen ve Phan, 2022). Bu enerji kaynaklarē arasēnda en 
aktif yenilenebilir enerji kaynaĵē r¿zgar enerjisidir. ¢¿nk¿ r¿zgar enerjisi, temiz ve 
kirlilik i­ermeyen, zengin rezervleri ve d¿ĸ¿k geliĸtirme maliyeti gibi b¿y¿k avantajlara 
sahiptir (Wang ve diĵerleri, 2022; Li ve diĵerleri, 2022). Son zamanlarda, 2021 yēlēnda 
K¿resel R¿zgar Enerjisi Konseyi (GWEC) tarafēndan yayēnlanan Global R¿zgar 
Raporuôna gºre; 2020 yēlēnda k¿resel r¿zgar enerji end¿strisi, bir ºnceki yēla gºre %53 
artēĸla 93 GWôlēk yeni kurulu g¿­le yeni bir atēlēm ger­ekleĸtirmiĸtir. (Lee ve diĵerleri, 
2021). 

Bununla birlikte, r¿zgardan elektrik ¿retiminin bazē dezavantajlarē mevcuttur. Baĸlēca 
dezavantajlardan biri, r¿zgarēn kesintili bir enerji kaynaĵē olmasēdēr; bu, r¿zgar hēzē, 
hava yoĵunluĵu ve t¿rbin ºzellikleri gibi ­eĸitli faktºrlere baĵlē olarak enerji ¿retiminde 
b¿y¿k deĵiĸkenlik getirmektedir. Diĵer bir dezavantajda, r¿zgarēn genellikle 
daĵētēlamayan bir enerji kaynaĵē olarak karĸēmēza ­ēkmasēdēr. R¿zgara dayalē 
kaynaklardan enerji ¿retimini talebe gºre yºnetmek ger­ekten zordur. R¿zgarēn aralēklē 
olmasē genellikle enerjinin sevk edilebilirliĵi ile ilgili bir problem getirmesine neden olur 
(Dale ve diĵerleri, 2003). ¥zellikle r¿zgar hēzē, r¿zgar t¿rbinleri tarafēndan ¿retilen 
elektrik miktarē i­in kritik ºneme sahiptir. ¢¿nk¿ r¿zgardan ¿retilebilecek teorik enerji 
miktarē, r¿zgar hēzēnēn k¿p¿ ile orantēlēdēr ve r¿zgar hēzēndaki k¿­¿k deĵiĸimler 
r¿zgardan ¿retilen toplam elektrik miktarēnda ºnemli deĵiĸimlere neden olmaktadēr. Bu 
y¿zden, r¿zgar hēzēnēn doĵru bir ĸekilde anlēk veya belirli s¿relerde tahmin edilmesi 
kritik ºnem taĸēmaktadēr. Literat¿rde, r¿zgar hēzēnē tahmin etmek i­in farklē teknikler 
kullanēlmēĸ olup ve bu teknikler genellikle dºrt farklē kategoride sēnēflandērēlmēĸtēr 
(Erdem ve Shi, 2011). 

Ķlk kategori, r¿zgar hēzēnē tahmin etmek i­in arazi, engeller, basēn­ ve sēcaklēk gibi bazē 
fiziksel ºzelliklerin kullanēlmasēnē i­ermektedir (Lei ve diĵerleri, 2009, Giebel ve 
diĵerleri, 2003). Genellikle bu kategoride, b¿y¿k ºl­ekli hava tahmini yapabilmek i­in 
sayēsal hava tahmini modelleri (Numerical weather prediction, NWP) kullanēlmaktadēr. 
Fakat bu modeller, yerel sahalardaki kēsa vadeli r¿zgar hēzēnē tahmin etmek i­in 
g¿venilir sonu­lar ¿retememektedir. Ķkinci kategori, klasik istatistiksel yaklaĸēmlarē 
i­ermektedir. Literat¿rde dikkate deĵer istatistiksel yaklaĸēmlar arasēnda BoxïJenkins 
(Box ve diĵerleri, 1994) tarafēndan tanētēlan otoregresif b¿t¿nleĸik hareketli ortalama 
(Autoregressive integrated moving average, ARIMA) tabanlē modeller bulunmaktadēr. 
¥rneĵin; (Lalarukh ve Yasmin, 1997)ôde yer alan ­alēĸmada, Lalarukh ve Yasmin 
r¿zgar hēzēnē tahmin etmek i­in ARIMA modellerinde otokorelasyon, Gauss olmayan 
daĵēlēm ve g¿nl¿k duraĵan olmamayē bir araya getimiĸlerdir. Brown ve arkadaĸlarē ise 
yaklaĸēk Gauss olan r¿zgar hēzē daĵēlēmlarēnē elde etmek i­in karekºk dºn¿ĸ¿m¿ 
kullanmēĸ ve r¿zgar hēzē ile g¿­ arasēndaki baĵlantēyē kurmuĸ ve ge­miĸ r¿zgar hēzē 
verileri i­in otokorelasyonlarē analiz etmiĸlerdir (Brown ve arkadaĸlarē, 1984). Bir baĸka 
­alēĸmada ise Torres ve arkadaĸlarē ARIMA tabanlē modelleri kalēcēlēk tabanlē 
modellerle karĸēlaĸtērmēĸlardēr (Torres ve arkadaĸlarē, 2005). Kalēcēlēk modeli 
tarafēndan saĵlanan tahminlerin daha kēsa tahmin ufuklarē i­in ARIMA tabanlē 
modellerden daha iyi baĸarēm sergilediĵi, daha uzun tahmin ufuklarē i­in ise ARIMA 
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tabanlē modellerin kalēcēlēk modeline kēyasla tutarlē bir ĸekilde daha iyi baĸarēm 
gºsterdiĵi ortaya konulmuĸtur (Torres ve arkadaĸlarē, 2005). ¦­¿nc¿ kategoride ise 
mekansal-zamansal modeller yer almaktadēr. Sadece zaman serisi verilerini iĸleme 
kabiliyetine sahip istatistiksel yaklaĸēmlardan farklē olarak, mekansal modeller konum 
bilgisini dikkate alēr ve komĸu bºlgelerdeki hēz bilgisine dayalē olarak r¿zgar hēzēnē 
tahmin etmeyi ama­lamaktadērlar. Bu modelin altēnda yatan temel fikir, r¿zgar 
hēzlarēnēn komĸu bºlgelerde birbiriyle iliĸkili olduĵudur. Bu modelle ilgili yapēlan 
­alēĸmalar (Damousis ve arkadaĸlarē, 2004; Barbounis ve Theocharis, 2007; Mabel ve 
Fernandez, 2008; Thiaw ve arkadaĸlarē, 2010; Li ve Shi, 2010)ôda yer almaktadēr. Son 
olarak, dºrd¿nc¿ kategori ise yapay zeka ve makine ºĵrenimi yºntemlerini 
i­ermektedir. Literat¿rde yapēlan ­alēĸmalar incelendiĵinde, Li ve Shi, r¿zgar hēzēnē 
tahmin etmek i­in ¿­ farklē yapay sinir aĵēnē kendi i­erisinde karĸēlaĸtērmēĸlar ve sinir 
aĵē tipi ve parametrelerinin se­iminin r¿zgar hēzē tahmininin baĸarēmēnē b¿y¿k ºl­¿de 
etkilediĵini ortaya koymuĸlardēr (Li ve Shi, 2010). Farklē bir ­alēĸma olarak, Mabel ve 
Fernandez, YSA tabanlē bir modeli eĵitmek i­in girdi deĵiĸkenleri olarak r¿zgar hēzē, 
baĵēl nem ve ¿retim saatlerini kullanmēĸlar ve olduk­a tatmin edici sonu­lar elde 
etmiĸlerdir (Mabel ve Fernandez, 2008). Literat¿rde benimsenen diĵer yºntemler 
arasēnda bulanēk mantēk, destek vektºr makinesi ve bazē hibrit yºntemlerde ayrēca yer 
almaktadēr (Landberg, 2001; Damousis ve arkadaĸlarē, 2004; Thiaw ve arkadaĸlarē, 
2010). ¥te yandan, r¿zgar yºn¿, belirli bir r¿zgar hēzēnda en fazla g¿c¿ elde etmek ve 
bºylece verimi artērmak i­in t¿rbin kontrol¿nde de dikkate alēnmasē gereken ºnemli bir 
deĵiĸkendir. Bu deĵiĸken tahmin edilerek, en fazla enerji ­ēkēĸēnē elde etmek i­in t¿rbini 
r¿zgar yºn¿ ile hizalamak m¿mk¿n olabilmektedir. Fakat literat¿rde r¿zgar yºn¿n¿ 
tahmin etmeye yºnelik araĸtērmalar ­ok fazla deĵildir.  

Son zamanlarda, (Goh ve diĵerleri, 2004; Goh ve diĵerleri, 2006)ôdaki ­alēĸmalarda, 
vektºr alanlarēnēn analizi ve modellenmesi i­in r¿zgar vektºr¿n¿n kompleks-deĵerli bir 
nicelik olarak temsil edildiĵi ve hem r¿zgar hēzēnēn hem de yºn¿n¿n aynē anda 
modellendiĵi yeni bir ­er­eve sunulmuĸtur. Bu ĸekilde, doĵal olarak r¿zgar hēzē ve 
yºn¿n¿n heterojen f¿zyonu saĵlanmēĸtēr. Hem hēz hem de yºn, r¿zgar sinyalinin 
ayrēlmaz bileĸenleri olduĵundan, pratik uygulamalarda yalnēzca hēz bileĸeni deĵil aynē 
zamanda yºn bileĸeni de dikkate alēnarak r¿zgar tahminlerindeki sistematik hata 
ortadan kaldērēlmēĸtēr (Alexiadis ve diĵerleri, 1998). Kompleks d¿zlemin getirmiĸ olduĵu 
bu avantajlar adaptif sinyal iĸlemenin yapē taĸēnē oluĸturan adaptif filtreleme teknikleri 
ile birleĸtirilerek, literat¿rde yer alan bir­ok ­alēĸmada kompleks d¿zlemde r¿zgarēn 
hem hēzē hem de yºn¿ anlēk olarak modellenebilmiĸtir (Mandic ve diĵerleri, 2009a; 
Mandic ve diĵerleri, 2009b; Meng¿­ ve Acēr, 2018). Fakat bu ­alēĸmalar 
incelendiĵinde, kullanēlan adaptif filtre yapēlarēnēn genellikle sonlu d¿rt¿ cevabē (Finite 
impulse response, FIR) veya nadiren sonsuz d¿rt¿ cevabē (Infinite impulse response, 
IIR) filtre yapēlarē olduĵu gºzlemlenmiĸtir. Bu filtre yapēlarē lineer filtre yapēlarē 
olduĵundan r¿zgar sinyallerinin doĵrusal olmayan dinamiklerini takip etmekte 
zorlanmakta ve aynē zamanda eĵitim s¿recinin ardēndan yapēlan test s¿recinde tatmin 
edici baĸarēmlar sergileyememektedir. 

Bu ­alēĸmada, r¿zgarēn sadece hēz ve yºn bilgileri kullanēlarak r¿zgar  hēzēnē ve yºn¿n¿ 
tahmin etmek i­in farklē aĵ yapēlarē kurularak incelemeler yapēlmēĸtēr. Diĵer 
­alēĸmalardan farklē olarak, kompleks-deĵerli r¿zgar verileri giriĸ olarak aĵlara 
verilmiĸtir. Bu ­alēĸmanēn amacē, kompleks r¿zgar verileri ¿zerinde derin ºĵrenme 
yºntemlerinin baĸarēmlarēnē ve etkinliĵini analiz etmek ve gelecekteki r¿zgar kestirim 
uygulamalarē i­in ºnemli bir temel saĵlamaktēr. Bu ama­ doĵrultusunda, kompleks 
d¿zlem kullanarak r¿zgar hēzēnēn ve yºn¿n¿n tahmini i­in ¿­ farklē derin ºĵrenme 
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yºntemi karĸēlaĸtērēlmaktadēr. Bu ­alēĸmada kullanēlan yºntemler sērasēyla ­ok katmanlē 
algēlayēcē (MLP), bir boyutlu evriĸimsel sinir aĵlarē (1DCNN) ve uzun-kēsa s¿reli 
belleklerdir (LSTM). Bu modellerin baĸarēmē iki farklē r¿zgar veri k¿mesi ¿zerinde 
deĵerlendirilmiĸ olup baĸarēmlarē ve verimlilikleri detaylē olarak analiz edilerek 
karĸēlaĸtērēlmēĸtēr. 

2. Method 

Bu ­alēĸmada, kēsa vadeli r¿zgar hēzē ve yºn¿n¿n tahmin edilmesi i­in kompleks-
deĵerli r¿zgar verilerini giriĸ olarak alan farklē derin ºĵrenme yapēlarēnēn baĸarēmlarē ve 
verimlilikleri incelenmiĸtir. Kompleks-deĵerli verilerin standart aĵ yapēlarēnda 
kullanēlmasēnē saĵlayan bir yapē ķekil 1'de verilmiĸtir. ķekil 1'de gºr¿ld¿ĵ¿ gibi, giriĸ 
olarak alēnan kompleks-deĵerli veriler, reel ve imajiner kēsēmlarēna ayrēlarak aĵ 
yapēsēna sunulmaktadēr. Bºylece, kompleks d¿zlemin getirmiĸ olduĵu avantajlar derin 
ºĵrenme yapēlarēna aktarēlmasē ama­lanmēĸtēr. 

 

  

ķekil 1. Kompleks-deĵerli verilerin standart aĵ yapēlarēnda kullanēlmasēna 
olanak saĵlayan yapē 

Kēsa vadeli r¿zgar tahmini ger­ekleĸtirebilmek i­in ¿­ farklē aĵ yapēsē kullanēlmēĸtēr: ­ok 
katmanlē algēlayēcē (MLP), bir boyutlu evriĸimsel sinir aĵlarē (1DCNN) ve uzun kēsa 
s¿reli bellek (LSTM). Her bir modelin mimarisi ve eĵitim detaylarē, bu bºl¿mde alt 
baĸlēklarda ayrēntēlē olarak a­ēklanmēĸtēr. Ayrēca, r¿zgar hēzēnēn ve yºn¿n¿n kompleks-
deĵerli sinyallere dºn¿ĸt¿r¿lmesi Bºl¿m 2.1'de veri ºn iĸleme bºl¿m¿nde sunulmuĸtur. 

2.1 Veri ¥n iĸleme 

MLP, 1DCNN ve LSTM aĵlarēna kompleks-deĵerli r¿zgar bilgisi giriĸ olarak verilecektir. 
Fakat veri setlerinde bulunan hēz ve yºn terimleri reel-deĵerli olarak bulunmaktadēr. 
Aĵlara giriĸ olarak uygulanacak olan r¿zgar hēzēnē ve yºn¿n¿ i­eren kompleks-deĵerli 
r¿zgar sinyali ὼὯᶰᴇ , Denklem (1)'de tanēmlanmaktadēr. 

ὼὯ ὃὩ  (1) 

 
burada ὃ ᶰᴙ  ve — ᶰᴙ  sērasēyla r¿zgar hēzēnē ve r¿zgar yºn¿n¿ temsil etmektedir. 

2.2 ¢ok katmanlē algēlayēcē (MLP) 

¢ok katmanlē algēlayēcēlar (Multilayer perceptrons, MLP), derin ºĵrenme alanēnda 
yaygēn olarak kullanēlan bir yapay sinir aĵē modelidir. MLP'ler, en az bir gizli katmana 
(hidden layer) sahip olan ileri beslemeli bir yapay sinir aĵē modelidir. 

R¿zgar verisinin analizi i­in kullanēlan MLP (Multi-Layer Perceptron) aĵēnda, ὔ adet 
sēralē ge­miĸ veri kullanēlmaktadēr. Bu veriler, r¿zgarēn hēzē ve yºn¿ gibi ºzellikleri 
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i­eren ve Denklem (1) yardēmēyla tanēmlanan kompleks-deĵerli verilerdir. Bu ὔ adet 
sēralē ge­miĸ veri, MLP aĵēna ὔ adet giriĸ olarak tek bir seferde verilmektedir. MLP 
modeli, bu ὔ adet giriĸ verisini analiz ederek, r¿zgarēn yakēn gelecekteki hēzēnē ve 
yºn¿n¿ tahmin etmektedir. Kullanēlan MLP yapēsēnda ¿­ adet gizli katman 
bulunmaktadēr ve her bir katmandaki nºron sayēsē σς olarak belirlenmiĸtir. ¢ēkēĸ 
katmanēnda ise r¿zgarēn hēzē ve yºn¿ kullanēlarak tanēmlanan kompleks-deĵerli 
ifadenin reel ve imajiner kēsēmlarēna ait iki adet ­ēkēĸ bulunmaktadēr. Kullanēlan MLP 
yapēsē ķekil 2'de verilmiĸtir. 

  

ķekil 2. ¢ok katmanlē algēlayēcē (MLP) yapēsē 

 

2.3 Bir boyutlu evriĸimsel sinir aĵlarē (1DCNN) 

Bir boyutlu evriĸimsel sinir aĵlarē (1DCNN), ºzellikle zaman serisi verileri gibi sēralē 
bilgiler i­eren verilerin iĸlenmesinde kullanēlan bir derin ºĵrenme modelidir. 1DCNN'ler 
geleneksel evriĸimli sinir aĵē mimarisine benzer ĸekilde ­alēĸēr, ancak 1DCNN'ler veriye 
bir boyutlu evriĸim iĸlemi uygulamak i­in ºzel olarak tasarlanmēĸtēr. Bu evriĸim iĸlemi, 
verinin belirli ºzelliklerini ­ēkarmak i­in bir pencereyi veri ¿zerinde kaydērarak bir nevi 
ºzel aĵērlēklē filtre uygulamaktadēr. 1DCNN'ler, zaman serisi tahmini, metin 
sēnēflandērma ve ses iĸleme gibi bir­ok uygulamada kullanēlmaktadēr. 

Bu ­alēĸmada, 1DCNN yapēsēna, MLP yapēsēnda olduĵu gibi ὔ adet sēralē kompleks 
r¿zgar bilgisi ὔ adet giriĸ olarak verilmektedir. Aĵ yapēsēnda da ¿­ adet gizli katman 
kullanēlmēĸtēr ve her bir katmandaki nºron sayēsē σς ve evriĸim iĸlemleri i­in filtre boyutu 
ise σ olarak belirlenmiĸtir. En son katmanda elde edilen ºznitelikler tam baĵlantēlē 
katmana giriĸ olarak verilmektedir.  Tam baĵlantēlē katmanēn ­ēkēĸēnda ise r¿zgar 
sinyaline ait reel ve imajiner bileĸenler elde edilmektedir. Kullanēlan 1DCNN yapēsē 
ķekil 3'te verilmiĸtir. 



рΦ ¦ƭǳǎƭŀǊŀǊŀǎƤ ¢ǸǊƪ 5ǸƴȅŀǎƤ CŜƴ .ƛƭƛƳƭŜǊƛ ǾŜ aǸƘŜƴŘƛǎƭƛƪ YƻƴƎǊŜǎƛ  
15-мт 9ȅƭǸƭ нлноΣ .ƛǒƪŜƪ - YƤǊƎƤȊƛǎǘŀƴ 

98 

 

  

ķekil 3. Bir boyutlu evriĸimsel sinir aĵē (1DCNN) yapēsē 

2.4 Uzun-Kēsa s¿reli bellek (LSTM) 

Uzun-kēsa s¿reli bellek (long short term memory, LSTM), uzun vadeli baĵēmlēlēklarē ele 
almak i­in tasarlanmēĸ bir yinelemeli sinir aĵē (recurrent neural network, RNN) 
modelidir. LSTM'ler, uzun vadeli hafēza sorununu ­ºzmek amacēyla geleneksel 
RNN'lerin kaybolan gradyan problemini aĸan geliĸmiĸ bir bellek h¿cresi yapēsē 
kullanērlar. LSTM h¿cresi, giriĸ kapēsē, unutma kapēsē, hafēza h¿cresi ve ­ēkēĸ kapēsēnē 
i­ermektedir. Tipik bir LSTM h¿cresi ķekil 4'te verilmektedir. 

 

  

ķekil 4. Uzun-Kēsa s¿reli bellek (LSTM) h¿cresi 

 

Bu kapēlardan giriĸ kapēsē, unutma kapēsē ve ­ēkēĸ kapēsē hangi bilginin hafēzaya 
alēnacaĵēnē, hangi bilginin unutulacaĵēnē ve hangi bilginin ­ēkēĸ olarak kullanēlacaĵēnē 
kontrol eder. Hafēza h¿cresi ise uzun vadeli baĵēmlēlēklarē korumak ve etkin bir ĸekilde 
kullanmak i­in bu h¿crede bilgi saklanmasēnē saĵlar. Bu ºzellikleri LSTM'i, baĸta dil 
iĸleme, zaman serisi analizi (finansal piyasa tahmini, hava durumu tahmini, trafik 
tahmini) ve diĵer uzun vadeli baĵēmlēlēklarē i­eren bir­ok makine ºĵrenmesi uygulama 
alanē i­in pop¿ler bir se­im haline getirmiĸtir. 

Kompleks-deĵerli r¿zgar verileri 1DCNN ve MLP aĵēndan farklē olarak LSTM aĵēnda 
tek tek sēralē giriĸ olarak verilmiĸtir. Diĵer yapēlarda olduĵu gibi ge­miĸ zamandan 
alēnan ὔ adet bilgi i­in, ὔ zaman adēmē olarak belirlenerek aĵ yapēsē oluĸturulmuĸtur. 
En son LSTM h¿cresinin ¿rettiĵin ºznitelikler ise tam baĵlantēlē katmana giriĸ olarak 
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vererek r¿zgar verisine ait ait reel ve imajiner bileĸenler elde edilmektedir. Kullanēlan 
LSTM yapēsē ķekil 5'te verilmiĸtir. 

  

ķekil 5. Uzun-Kēsa s¿reli bellek (LSTM) yapēsē 

 

3. Benzetim Sonu­larē 

Bu bºl¿mde ilk olarak aĵlarēn eĵitim ve test iĸlemleri i­in kullanēlan veri setleri hakkēnda 
detaylē bilgiler verilmektedir. Aĵlarēn eĵitiminde kullanēlan veri setlerine ait veri 
normalizasyon ve eĵitim ve test setlerine bºlme dahil olmak ¿zere ºn iĸleme adēmlarē 
ºzetlenmiĸtir. Ayrēca baĸarēm ºl­¿tleri ve deĵerlendirme kriterleri de verilmiĸtir. 

3.1 Veri seti ve ­alēĸma ortam tanēmē 

Bu ­alēĸmada kullanēlan r¿zgar veri seti, Washington eyaletinde bulunan hava durumu 
istasyonlarē tarafēndan toplanan otomatik meteoroloji sistemleri tarafēndan saĵlanmēĸtēr 
(AWOS, 2010). AWOS istasyonlarē, r¿zgar hēzē ve yºn¿ gibi ­eĸitli hava durumu 
ºl­¿mlerini d¿zenli aralēklarla kaydetmektedir. ¢alēĸmamēzda 2010 yēlēna ait ķubat ve 
Aralēk aylarēnēn r¿zgar bilgilerini i­eren iki faklē veri seti kullanēlmēĸtēr. Kullandēĵēmēz veri 
k¿meleri, bir aylēk bir s¿re boyunca bir dakikalēk aralēklarla ºl­¿len verileri i­ermektedir. 
Kullanēlan ķubat ve Aralēk aylarēna ait veri setleri sonraki bºl¿mlerde VeriSeti1 ve 
VeriSeti2 olarak adlandērēlmēĸtēr.  

Kullanēlan veri setleri aĵlara giriĸ olarak uygulanmadan ºnce y¿ksek frekanslē 
g¿r¿lt¿lerin etkisini azaltmak i­in ham r¿zgar verilerine 100ô¿nc¿ dereceden hareketli 
ortalama filtresi uygulanmēĸtēr. Tahmin gºrevindeki sēralē verilerin ardēĸēk yapēsē dikkate 
alēnarak, her bir veri setinin Ϸχπôi eĵitim seti olarak ve kalan Ϸσπôu ise test seti olarak 
kullanēlmēĸtēr. Sim¿lasyonlar MATLAB R2023a yazēlēm ortamēnda AMD Ryzen 7 4800 
HS 2.9 GHz CPU, 16 GB RAM ve NVIDIA GeForce GTX 1650 Ti ekran kartē i­eren bir 
kiĸisel bilgisayar ile ger­ekleĸtirilmiĸtir.  

Aĵ yapēlarēn eĵitimi i­in Adam yºntemi kullanēlmēĸtēr. Her bir yapē i­in ρπππ epokluk bir 

eĵitim ger­ekleĸtirilmiĸtir ve ilk ºĵrenme oranē πȢπυ olarak belirlenmiĸtir. ¥ĵrenme 
oranē her ρςυ epokta πȢυ faktºr¿ ile otomatik olarak ºl­eklenmiĸtir. Her bir aĵ yapēsē i­i 
eĵitim iĸlemi ρρ kez tekrarlanmēĸ olup her tekrarda elde edilen sonu­larēn ortalama ve 
medyan deĵerleri hesaplanarak MLP, 1DCNN ve LSTM yapēlarēnēn baĸarēmlarē ve 
verimlilikleri karĸēlaĸtērēlmēĸtēr. 

3.2 Baĸarēm metrikleri 
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Aĵlarēn ­ēktēlarēnda ¿rettikleri r¿zgar sinyallerine ait reel ve imajiner bileĸenlerin tahmin 
doĵruluklarē ve hesaplama verimlilikleri incelenerek karĸēlaĸtērēlmēĸtēr. Elde edilen bu 
bilgilerinin doĵruluklarē iki farklē yºntemle test edilmiĸtir. Bu yºntemler sērayla Denklem 
2 ve 3'te verilen standart tahmin kazancē (standard prediction gain, Ὑ ) ve korelasyon 

katsayēsēdēr (correlation coefficient, ὅὅ). 

Ὑ Ὠὄ ρπ ÌÏÇ
ʎ
ʎ    (2) 

 

ὅὅ  
ὧέὺὨȟώ

ʎʎ
 (3) 

burada Ὠ ifadesi ger­ek r¿zgar verilerini temsil ederken, ώ ifadesi tahmin edilen r¿zgar 
verilerini ifade etmektedir. Hata sinyali ise Ὡ Ὠ ώ ĸeklinde hesaplanmaktadēr. 
Ger­ek r¿zgar sinyali Ὠ'nin varyansē ʎ olarak tanēmlanērken, hata sinyalinin varyansē 

ʎ ile tanēmlanmaktadēr. Ayrēca, ὧέὺ ise kovaryans fonksiyonunu temsil etmektedir. 

3.3 Deneysel sonu­lar 

VeriSeti1 ve VeriSeti2 i­in farklē metotlar (MLP, 1DCNN ve LSTM) kullanēlarak r¿zgar 
sinyali tahminleri yapēlmēĸtēr. Elde edilen sonu­lar Tablo 1 ve Tablo 2ôde verilmiĸtir. 
Tablolarda ilk s¿tun da yºntemler belirtilirken ikinci ve ¿­¿nc¿ s¿tunlarda eĵitim 
iĸlemlerine ait bilgiler verilmiĸtir. Bunlar sērasēyla her bir yºntemim 1000 epokluk eĵitimi 
tamamlamak harcadēĵē s¿re ve eĵitimin en son epokuna ait kayēp deĵerleridir. Tabloda 
diĵer s¿tunlarda yer alan sonu­lar ise test veri k¿mesinden elde edilmektedir. Bu 
ifadeler ise r¿zgar sinyali i­in Ὑ  ve ὅὅ deĵerleridir. Ķki tabloda, her bir h¿crede sērayla 

ortalama ve medyan deĵerleri olmak ¿zere iki deĵer verilmiĸtir. 

Tablo I VeriSeti1ôde elde edilen sonu­lar 

Metot Eĵit. 
S¿resi 

Kayēp Deĵ ╡▬(Hēz) ╡▬(Yºn) ╒╒ 

MLP 0:56\0:57 1.28E-
03\1.30E-

03 

33.6136\3
3.6708 

31.8468\3
1.8038 

0.99971\0.
99973 

1DCNN 0:59\0:59 9.91E-
04\9.90E-

04 

34.2742\3
4.4434 

32.5565\3
2.6308 

0.99977\0.
99978 

LSTM 10:56\10:
56 

9.39E-
04\9.40E

-04 

35.5151\
35.6487 

33.3067\
33.3598 

0.99982\
0.99982 

   Tabloda her bir h¿crede verilen deĵerler sēra ile ortalama\medyan deĵerleri temsil etmektedir. 

Tablo I I VeriSeti2ôde elde edilen sonu­lar 

Metot Eĵit. 
S¿resi 

Kayēp Deĵ ╡▬(Hēz) ╡▬(Yºn) ╒╒ 

MLP 1:02\1:
02 

1.80E-
03\1.80E-03 

31.9815\32
.0013 

31.5534\31
.5847 

0.99967\0.
99969 1DCN

N 
1:05\1:
06 

1.50E-
03\1.50E-03 

32.5049\32
.0013 

32.02293\3
1.9011 

0.99971\0.
99969 LSTM 10:58\1

1:00 
1.50E-

03\1.50E-03 
33.4051\33

.3665 
33.2129\33

.0854 
0.99979\0.

99979    Tabloda her bir h¿crede verilen deĵerler sēra ile ortalama\medyan deĵerleri temsil etmektedir. 

Tablo I ve Tablo IIôdeki sonu­lar eĵitim s¿resi gºz ºn¿ne alēnarak MLP, 1DCNN ve 
LSTM yºntemleri kēyaslandēĵēnda, MLP en hēzlē eĵitim s¿resine sahip olan yºntem 
olduĵu gºr¿lmektedir. Fakat 1DCNN ve MLP yºntemlerinin eĵitim s¿resi birbirine 
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olduk­a yakēndēr. ¥zellikle LSTM'in eĵitim s¿resi diĵer yºntemlere kēyasla en uzun olan 
yºntem olduĵu a­ēk­a gºr¿lmektedir. 

Kayēp deĵer a­ēsēndan karĸēlaĸtērēldēĵē zaman, 1DCNN ve LSTM yºntemleri benzer 
baĸarēm sergilemektedir. MLP'nin kayēp deĵeri ise diĵer yºntemlere kēyasla biraz daha 
y¿ksektir. Kayēp deĵer, modelin ne kadar iyi ºĵrendiĵini ve hedef deĵiĸkeni ne kadar 
doĵru tahmin ettiĵini gºsteren bir ºl­¿tt¿r. D¿ĸ¿k kayēp deĵeri, daha iyi model baĸarēmē 
anlamēna gelir. Ancak, kayēp deĵeri tek baĸēna yeterli deĵildir; bu nedenle, model 
se­erken kayēp deĵeri ile birlikte diĵer metrikler de dikkate alēnmalēdēr. 

Test veri k¿mesinde Rp ve CC deĵerleri i­in yapēlan karĸēlaĸtērmalarda, LSTM yºntemi 
en y¿ksek baĸarēyē sergilemektedir. Fakat 1DCNN yºntemi de LSTMôe olduk­a yakēn 
sonu­lar ¿retmektedir. Hem Veriseti1 hem de Verseti2 i­in r¿zgar sinyali tahminleri i­in 
LSTM ve 1DCNN'nin Rp ve CC baĸarēmlarē MLP'ye kēyasla daha y¿ksek olduĵu 
gºr¿lmektedir. 

MLP yºntemi, eĵitim s¿resi a­ēsēndan en hēzlēsē olmasēna raĵmen, diĵer yºntemlere 
kēyasla daha y¿ksek eĵitim kayēp deĵeri ve daha d¿ĸ¿k test baĸarē deĵeri ile sēnērlē bir 
performans sergilemektedir. Bu nedenle, tahmin yeteneĵi ve model baĸarēsē a­ēsēndan 
MLP yºnteminin diĵer iki yºnteme gºre geride kaldēĵē gºzlemlenmiĸtir. 

¥zellikle 1DCNN yºntemi, eĵitim s¿resi ve tahmin doĵruluĵu gibi kritik faktºrler gºz 
ºn¿ne alēndēĵēnda, LSTM yºntemine kēyasla daha verimli olduĵunu gºstermektedir. Bu 
sonu­lar, r¿zgar hēzē ve yºn¿ tahmininde derin ºĵrenme yºntemlerinin potansiyelini 
vurgulayarak, gelecekteki tahmin uygulamalarēnda ºnemli bir rol oynayabileceĵini 
gºstermektedir. 

4. Sonu­lar 

Bu ­alēĸmada, r¿zgar hēzē ve yºn¿ tahminini kompleks d¿zlemde ger­ekleĸtirmek i­in 
¿­ farklē derin ºĵrenme yºntemi (MLP, 1DCNN ve LSTM) kullanēlmēĸ ve baĸarēmlarē iki 
veri k¿mesi ¿zerinde detaylē olarak deĵerlendirilmiĸtir. Elde edilen sonu­lara gºre 
LSTM yºntemi en y¿ksek baĸarēya ulaĸmēĸtēr. Ancak, 1DCNN yºntemi de LSTM'e 
olduk­a yakēn sonu­lar elde etmiĸtir. MLP yºntemi ise eĵitim s¿resi a­ēsēndan en hēzlēsē 
olmasēna raĵmen, diĵer yºntemlere kēyasla daha y¿ksek eĵitim kayēp deĵerine ve 
daha d¿ĸ¿k test baĸarē deĵerine sahiptir. 1DCNN yºntemi ise eĵitim s¿resi ve tahmin 
doĵruluĵu gºz ºn¿ne alēndēĵēnda, LSTMôe gºre daha verimli olduĵu gºzlenmektedir. 
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Abstract: This study presents a design of a 2Ĭ2 multiple-input multiple-output 
(MIMO) antenna for ultra-wideband (UWB) applications. The design initially starts 
with the theoretical calculation and dimensional optimization of a single MIMO 
element, based on a rectangular patch. For the UWB frequency range, a defected 
ground plane is utilized. Enhancements to the design involve the addition of four T-
shaped stubs around the rectangular patch and an F-shaped stub on the ground 
plane. These modifications shift the lower frequency limit of the antenna to the left 
and the upper frequency limit to the right, effectively increasing the antenna 
bandwidth. As a result, a dual-mode antenna element operating in the frequency 
ranges of 2.15-2.348 GHz and 3.04-15.911 GHz is obtained. Subsequently, the 
transition to the MIMO antenna design takes place, with antenna elements 
positioned vertically to achieve high isolation between them. The proposed MIMO 
antenna maintains a compact form factor of 39mm x 39mm. A physical prototype 
of the antenna is manufactured and measured. In the measurement results, the 
operational frequency bandwidth is observed to be 2.508-15.69 GHz. Furthermore, 
the bandwidth where the return loss remains below -15 dB spans from 3.385 GHz 
to 15.69 GHz. The antenna also demonstrates a low envelope correlation 
coefficient (ECC) better than 0.045 and yields favorable diversity gain.  
Keywords: Ultra wide band, MIMO antenna. 
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¥zet: Bu ­alēĸma, ultra geniĸ bant (UWB) uygulamalarē i­in 2Ĭ2 ­ok giriĸli ­ok 
­ēkēĸlē (MIMO) bir anten tasarēmē sunmaktadēr. Tasarēm baĸlangē­ta, dikdºrtgen bir 
yamayē temel alan tek bir MIMO elemanēnēn teorik hesaplamasē ve boyutsal 
optimizasyonu ile baĸlar. UWB frekans aralēĵē i­in bozulmuĸ bir toprak d¿zlemi 
kullanēlmēĸtēr. Tasarēmdaki geliĸtirmeler, dikdºrtgen yamanēn etrafēna dºrt adet T-
ĸekilli saplamanēn ve toprak d¿zleminde F-ĸekilli bir saplamanēn eklenmesini i­erir. 
Bu modifikasyonlar, antenin alt frekans sēnērēnē sola ve ¿st frekans sēnērēnē saĵa 
kaydērarak anten bant geniĸliĵini etkili bir ĸekilde artērēr. Sonu­ olarak 2.15-2.348 
GHz ve 3.04-15.911 GHz frekans aralēklarēnda ­alēĸan ­ift modlu bir anten elemanē 
elde edilmiĸtir. Ardēndan, aralarēnda y¿ksek izolasyon elde etmek i­in dikey olarak 
konumlandērēlan anten elemanlarē ile MIMO anten tasarēmēna ge­iĸ ger­ekleĸir. 
¥nerilen MIMO anteni, 39 mm x 39 mm'lik kompakt bir form faktºr¿n¿ korur. 
Antenin fiziksel bir prototipi ¿retilmiĸ ve ºl­¿lm¿ĸt¿r. ¥l­¿m sonu­larēnda, ­alēĸma 
frekansē bant geniĸliĵinin 2,508-15,69 GHz olduĵu gºzlemlenmiĸtir. Ayrēca, geri 
dºn¿ĸ kaybēnēn -15 dB'nin altēnda kaldēĵē bant geniĸliĵi 3.385 GHz ile 15.69 GHz 
arasēnda deĵiĸmektedir. Anten ayrēca 0.045'ten daha iyi bir d¿ĸ¿k zarf korelasyon 
katsayēsē (ECC) gºsterir ve uygun ­eĸitlilik kazancē saĵlar. 
Anahtar Kelimeler: Ultra geniĸ bant, MIMO anten. 
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1. Introduction 

Ultra-wideband (UWB) communication systems have gained significant attention due 
to their ability to provide high data transmission rates, low power consumption, 
immunity to noise, and cost-effectiveness. The Federal Communications Commission 
(FCC) has designated the 3.1-10.6 GHz range as the unlicensed band to support UWB 
communication (FCC, 2002). Among the fundamental components of a UWB 
communication system, the UWB antenna holds a crucial role. Its purpose lies in 
enabling signal transmission across an extensive frequency range, thus establishing a 
substantial channel capacity. To address a significant issue that diminishes UWB 
system performance, multipath fading, UWB systems often employ Multiple-Input 
Multiple-Output (MIMO) technology. By doing so, channel capacity and connection 
quality are enhanced, while simultaneously achieving multiplexing gain and diversity 
gain (Kareemulla and Kumar, 2023). 

The rapid development of wireless communication technologies has led to a period in 
which the next generation 5G technology is met with increasing demand. It is an 
obvious fact that the revolutionary services and advantages of 5G technology will 
shape the communication standards of the near future. In order to meet the high data 
rate requirement of 5G technology, compact, high-isolation, and high-performance 
MIMO antenna designs are of great importance. However, in MIMO structures where 
multiple antennas come together, the common coupling problem between antenna 
elements can become even more complex, especially when 5G antenna sizes are 
small. To overcome this difficulty, various techniques such as neutralization lines, 
decoupling networks, and positioning of antenna elements in different planes are used. 
However, these techniques can increase the complexity of the antenna structure and 
reduce its overall efficiency. For this reason, antenna designs aimed at increasing the 
isolation without reducing the efficiency of the antenna are still one of the important 
challenges in this field, and it is possible to come across many studies in the literature 
(Zhao and Wu, 2015; Jetti and Nandanavanam, 2018; Nadeem and Choi, 2019; Dadel 
et al., 2021). 

This study focuses on the design of a 2Ĭ2 MIMO antenna operating within the Ultra-
Wideband (UWB) frequency band. The antenna designs were initially carried out using 
the three-dimensional full-wave electromagnetic simulation program CST (Computer 
Simulation Technology). The S-parameters, bandwidth, radiation pattern, gain, 
directivity, envelope correlation coefficient (ECC), and diversity gain (DG) performance 
characteristics of the designed antenna were investigated to determine if the 2Ĭ2 
antenna met the MIMO requirements. The 2Ĭ2 antenna was fabricated using a printed 
circuit board with copper-coated FR-4 substrate material on both sides. The S-
parameters of the antenna prototypes were measured using a vector network analyzer. 
Isolation was improved by placing the antennas vertically to each other. To enhance 
the bandwidth, a modified ground structure was employed, triangular slots were 
introduced on the ground plane, and an F-shaped stub was added. The prototype of 
the designed antenna was fabricated and its measurement results were compared with 
simulation outcomes. The produced antenna operates within the frequency range of 
3.385 GHz to 15.69 GHz and demonstrates performance with mutual interaction below 
-15 dB within this frequency range. The antenna boasts a compact size, measuring 
39mm x 39mm. Below, detailed information regarding the simulation and measurement 
results of the antenna is provided. 
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2. Design of Single Antenna Element 

The MIMO design begins with a single radiating antenna element. During the design 
process, an FR-4 substrate material with a dielectric constant of 4.37, loss tangent of 
0.02, and thickness of 1.6 mm is considered. In the initial design step, starting with a 
radiating rectangular patch as the radiating element within the UWB range, the 
dimensions of the patch are theoretically determined using equations derived from a 
transmission line model (Balanis, 2005). 

The ground plane has been modified to enhance the broadband characteristics of the 
theoretically calculated single-element patch antenna. In pursuit of this goal, a 
triangular aperture was strategically etched out from the ground plane, while a delicate, 
thin metal F-shaped stub was introduced onto the same plane. Furthermore, 
accompanied by the removal of a rectangular segment from the lower corners of the 
patch antenna and four T-shaped patches were judiciously incorporated around the 
single-element patch antenna. These meticulous alterations collectively led to an 
expanded impedance bandwidth for the antenna. 

The simulation results illustrating the return loss (S11) of the optimized single-element 
patch antenna are depicted in Figure 1g for each step. The impact of the implemented 
modifications on the antenna's bandwidth is conspicuously evident from this visual 
representation. According to the outcome of these simulations, the antenna effectively 
furnishes a commendable impedance bandwidth within the ranges of 2.15-2.348 GHz 
and 3.04-15.911 GHz. 

 
(a)    (b)    (c) 

   
(d)    (e)    (f) 
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                                                                  (g) 
Figure 1. Design steps of a single element patch antenna (a) Step 1, (b) Step 2, 
(c) Step 3, (d) Step 4, (e) Step 5, (f) Step 6, (g) Comparison of S11 at each step 

The antenna's definitive dimensions, achieved through rigorous optimization, are 
shown in Figures 1 and 2: Ws=Ls=39mm, Wp=9.2mm, Lp=11.3mm, Wf=3mm, 
Lf=5.2mm, Wg=24mm, Lg=4.25mm, Ld=1.8mm, Wx1=4.6mm, Wu=5mm, 
Lu=3.36mm, Wx=9.5mm, Wx2=4.1mm, G1=1mm, G2=G3=0.3mm, w=0.5mm, 
W0=2.8mm, W1=W2=W4=0.5mm, W3=0.75mm, L0=3mm, L1=L4=1.5mm, 
L2=L5=2.5mm, L3=3.75mm, Lx=12.4mm, Wd=12.3mm, Lx1=17mm, and Lx2=4.6mm. 

2. 2Ĭ2 MIMO Antenna Design and Fabrication 

By situating two of the specifically designed ultra-wideband antenna elements onto a 
single substrate measuring 39mmĬ39mmĬ1.6mm, a 2Ĭ2 MIMO antenna configuration 
is established. These antenna elements are strategically aligned in a vertical 
arrangement to ensure effective isolation between the input ports. Subsequently, the 
designed MIMO antenna is fabricated, followed by comprehensive performance 
assessments through measurements. Top and bottom views of the designed and 
fabricated 2Ĭ2 MIMO antenna are given in Figure 2, respectively. An in-depth 
examination of the performance attributes intrinsic to the MIMO antenna, 
encompassing critical aspects like bandwidth, radiation pattern, gain, directivity, 
envelope correlation coefficient (ECC), and diversity gain (DG), has been conducted. 
The results of both simulation and measurement reveal the antenna's operational 
capability within the Ultra-Wideband (UWB) frequency spectrum, underscored by a 
mutual coupling level of less than -15 dB. 
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    (a)               (b) 

        
    (c)      (d) 

Figure 2. UWB 2Ĭ2 MIMO antenna (a) Top view, (b) Bottom view, (c) Prototype 
top view, (d) Prototype bottom view 

 

3. Simulation and Measurement Results 

The MIMO antenna is printed on FR4 substrate material with a thickness of 1.6 mm, a 
dielectric constant of 4.37, and a loss tangent of 0.02. The top and bottom views of the 
produced antenna are as in Figure 2(c)-(d). The antenna elements are fed through 50 
Ohm SMA connectors. The measurements of the produced antenna were carried out 
in the laboratory with the Keysight PNA N5222A model vector network analyzer device. 
For the radiation pattern measurements, a double-ridged horn antenna with a 
maximum gain of 17 dBi in the frequency range of 1.6 GHz-20 GHz was used as the 
transmitting antenna. 

The results of the return loss simulations and measurements for the proposed antenna 
are illustrated in Figure 3(a). It is evident that this metric remains below -10 dB within 
the span of 2.508-15.69 GHz, signifying an impedance bandwidth of 13.182 GHz. 
Furthermore, Figure 3(b) provides a comparative overview of the isolation performance 
of the antenna, showcasing both simulation and measurement results. 

In the case of the proposed 2Ĭ2 MIMO antenna, it is noteworthy that the common 
interference level remains consistently below -15 dB across the operational spectrum, 
which aligns with a bandwidth ranging from 3.385 GHz to 15.69 GHz. The 
manufactured prototype of the MIMO antenna effectively covers a frequency range 
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between 3.385 GHz and 15.69 GHz, demonstrating a good mutual coupling value 
below -15 dB. The collected measurements corroborate the successful fulfillment of 
UWB requirements by the MIMO antenna design. 

     
(a)                                                                   (b) 

Figure 3. S-parameters of 2Ĭ2 MIMO antenna (a) S11 results, (b) S21 results 
 

The simulated and measured radiation patterns of the 2Ĭ2 MIMO antenna in the E-
plane (xz-plane) and H-plane (yz-plane) for three distinct frequencies (4 GHz, 8 GHz, 
and 11 GHz) are displayed in Figure 4. Notably, the H-plane pattern resembles that of 
a dumbbell, while the E-plane pattern exhibits a pronouncedly directional nature. Given 
the ground plane's positioning within the xy-plane, the radiation patterns in both the xz 
and yz planes exhibit a versatile characteristic. This suggests that the proposed 
antenna is capable of emitting signals across a broad range of directions. However, 
it's worth noting that as the frequency increases, the previously omnidirectional 
radiation tendencies experience a mild degradation. 

 
         (a)                                                        (b) 
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         (c)                                                        (d) 

 
         (e)                                                        (f) 

 

 

Figure 4. Radiation patterns (Port_1 excited, Port_2 terminated with matched 
load) (a) 4GHz xz-plane, (b) 4GHz yz-plane, (c) 8GHz xz-plane, (d) 8GHz yz-

plane, (e) 11GHz xz-plane, ( f) 11GHz yz-plane 
 

On the other hand, Figure 5 provides an analysis of the gain and directivity of both the 
single-element and 2Ĭ2 MIMO antennas across the entire operational frequency 
spectrum. The gain of the single-element antenna demonstrates a variation from 
approximately 1.397 dBi to 7.617 dBi across this frequency range. Specifically, the 
gain values for the single-element antenna are recorded as 1.47 dBi at 4 GHz, 3.61 
dBi at 8 GHz, and 7.474 dBi at 11 GHz. Likewise, the directivity of the same antenna 
spans from around 3.185 dBi to 9.276 dBi as it traverses the operational frequency 
band. The 2Ĭ2 MIMO antenna, its gain spans from nearly 0 dBi to 5.646 dBi. Detailed 
gain values for this antenna are 1.72 dBi at 4 GHz, 3.776 dBi at 8 GHz, and 5.623 dBi 
at 11 GHz, corresponding to different frequencies. Similarly, the directivity of the 2Ĭ2 
MIMO antenna ranges from about 2.694 dBi to 7.344 dBi as the frequency varies. 
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Figure 5. Simulation results of gain and directivity of a single element and 2Ĭ2 

MIMO antenna 
 

The Envelope Correlation Coefficient (ECC) stands as a crucial performance metric in 
MIMO systems, it is calculated by using the following formula  (Blanch, 2003; Patre 
and Singh,2018). 

Ὁὅὅ
ȿὛᶻὛ ὛᶻὛ ȿ

ρ ȿὛ ȿ ȿὛ ȿ ρ ȿὛ ȿ ȿὛ ȿ
 

        (1) 

 

In practice, an ECC value below 0.5 is desired (Gollamudi et al. 2022). Another critical 
factor to consider when evaluating MIMO performance is diversity gain. A higher 
diversity gain implies more effective isolation between antenna elements. Diversity 
gain (DG) is related to the envelope correlation coefficient and is calculated using the 

formula ὈὋ ρπρ ȿὉὅὅȿ (Li et al. 2023). 

The ECC value, computed using Equation 1 for the proposed MIMO antenna, is found 
to be below 0.04 within the frequency range of 2.508-15.69 GHz. This indicates a 
strong degree of isolation achieved by the proposed antenna. Additionally, the diversity 
gain in the same frequency range changes between 9.769 and 9.999 dB. In practical 
terms, values around 10 dB are desirable for this parameter.  his measurement reflects 
the robustness of the MIMO system, with higher diversity gain values corresponding 
to more effective isolation. As a result, according to the obtained ECC and DG values, 
the reliability and performance of the presented design are quite good. 

4. Conclusions 

This study presents the design, fabrication, and measurement of a compact 2Ĭ2 MIMO 
antenna with good isolation characteristics, customized for ultra-wideband (UWB) 
applications. The arrangement of antenna elements at perpendicular orientations was 
strategically employed to attain low correlation. Comprising two identical patch 
antennas with microstrip feeds and an FR-4 substrate material incorporating a 
defected ground plane, has dimensions of 39mmĬ39mmĬ1.6mm. Its operational 
bandwidth spans  2.508ï15.69 GHz, encompassing the UWB frequency band's 3.1ï
10.6 GHz range. 

The antenna's gain is observed to vary between 0 dBi and 5,646 dBi, while its directivity 
spans from 2,694 to 7,344 dBi. Notably, at frequencies of 4 GHz, 8 GHz, and 11 GHz, 
the antenna's gain measures 1.72 dBi, 3.776 dBi, and 5.623 dBi, respectively. In 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































