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1. Introduction 

In my doctoral research the impact of small photovoltaic power plants on the 

distribution electricity network is examined. In the focus of my researches was to examine 

the impact of the large number of small photovoltaic power plants (500 kVA) on the 

electricity system and the power quality (the rapid voltage change). The aim of my research 

is to investigate the applicability of the methods presented in the literature for the Hungarian 

medium voltage (MV) distribution system, improve them, and based on the simulations 

develop principles, methods and models, which can be used in the network design and 

development processes. 

In order to provide relevant answers to the above mentioned question, it is necessary 

to review the available Hungarian electricity grid models on which stochastic simulation can 

be run, and whether is there any simulation framework in which the effect of cloud 

movements over the photovoltaic system on rapid voltage changes can be examined.  

For the first questions, the task is reviewing and selecting network models. In this 

case, after reviewing the available MV benchmark networks, I found that due to the large 

number and various topology of MV grids in Hungary, they are not suitable to get a 

comprehensive picture of the photovoltaic systems spreading on the domestic distribution 

electricity system. The software mapping of the domestic MV distribution network and 

running a large number of stochastic simulations on them is a time- and resource-consuming 

task, so it is advisable to generate representative network models that describe and represent 

the grid well. It is true that this is only an approximation of the given environment, but the 

result is more likely to be a set of principles that distribution system licensees can apply in 

designing network developments and in changing the regulatory process to maintain the safe 

operation of the network. To create the Hungarian KÖF representative networks, the 

topologies extracted from the MV database of the E.ON group (DÉDÁSZ, ÉDÁSZ, 

TITÁSZ) is used. The network models are validated with the relevant voltage level 

topologies of DÉMÁSZ. 

For the second, simulation, my research team and I reviewed the international 

available simulation frameworks for cloud-shadow movements and the power quality 

parameters identified during the simulations. I have found that the effects of cloud shadow 
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moving over the power grid on rapid voltage changes is not used as in the here examined 

aspect. 

As the focus of my doctoral research is on photovoltaic systems with an output power 

of 500 kVA, stochastic simulations were only run for network models that are physically 

suitable to host these large-scale photovoltaic small power plants. 
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2. Methods and new scientific results 

Thesis I. 

For the modelling of the Hungarian electricity system, a synthetic topology 

generating framework is developed, which is suitable for generating multi-voltage network 

models. For the network model, the transmission network is mapped based on the high 

voltage network data for 2019. For the modelling of the distribution network, MV 

representative network models have been generated. A method for clustering the distribution 

networks is also developed, which can be used for network clustering, in the appropriate 

form. For modelling the distribution network, I developed MV representative network 

models. During the development of the method, the number of variables (8 - v1: number of 

switches, v2: number of transformers, v3: average impedance of feeders [Ω], v4: total node 

number, v5: average node degree, v6: characteristic impedance [Ω], v7: diameter of the 

feeders [m], v8: average betweenness centrality) characterizing each network was reduced 

by principal component analysis in such a way that the information loss carried by the 

variables does not exceed 5%. The principal component analysis performed on the MV 

database (E.ON group) used to construct the representative network models showed that the 

first three principal components contain 95.1% of the original information. 

Weighing the advantages and disadvantages of clustering methods, in my research 

k-means clustering was used to generate network clusters using the database, described with 

the principle components. The clustered database can see in Fig. 1. 

 

a) 

 

b) 

 

c) 

Fig. 1. Clustered database a) vPC1 - vPC2, b) vPC1 – vPC3, c) vPC2 – vPC3 

Four independent validation methods, namely the Calinski-Harabasz (CH), Davies-

Bouldin (DB), Silhouette (S), and Gap (G) criteria, were used to determine the optimal 

cluster number to be formed. The optimal cluster number is determined from the size of the 

clustered database, which is concentrated in the range [2;30].  I further reduced this range, 
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so that the optimal cluster number was determined in the range [2;10]. Using majority 

statistic, the optimal cluster number was set to 6.  

The clustered network groups were characterized using the nearest network to the 

centre of the cluster. To characterize each network group and its representative networks, 

the empirical distribution functions of the variables is approximated by a normal distribution. 

The comparison of networks and network groups is carried out by comparing the expected 

values and standard deviations of the approximating distributions. For the characterization 

of each individual network or network group, an overhead line ratio (Table 1) and a line-

type logic (Table 2) were introduced. 

Table 1. The overhead line ratio (OHR) in each cluster 

 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 

OHR 96.09% 97.25% 21.57% 33.17% 96.05% 90.48% 

 

The characterization of the clusters in line-type is shown in the following table.  

Table 2. Line-type logic in each cluster1 

Voltage 

level 

Line 

type 
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 

1
1
 k

V
 

OH - - - + - + 

UG - - ++ ++! - ++ 

2
2
 k

V
 

OH ++! ++ + + ++! ++! 

UG + + ++! + + + 

3
5
 k

V
 

OH ++ ++! ++ ++ - ++ 

UG + + + + - + 

 

By comparing the typical parameter values and line characteristics for each network, 

the groups and the networks are identified according to the supply area types as shown in 

Table 3.  

                                                 

1 Legend: line type: OH – overhead, UG – underground; ‘-’– the cluster does not contain the given type (voltage 

and place) of line; ‘+’ and ‘++’ – the cluster contains a particular type of line ‘++’ marks the dominant type; 

‘!’ – dominant voltage level. 
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Table 3. The type of the supplied areas in each cluster 

Cluster ID Type of the supplied area Group ID 

Cluster 1 (Nr.1) Densely built-in sub-urban area 1 

Cluster 2 (Nr.2) Unique consumers supplied with overhead lines 3 

Cluster 3 (Nr.3) Unique consumers supplied with underground lines 3 

Cluster 4 (Nr.4) Urban area 2 

Cluster 5 (Nr.5) Rural area 1 

Cluster 6 (Nr.6) Rarely built-in suburban area 1 

My research focuses on the higher capacity small power plant range, so the 6 clusters 

are further divided into 3 groups (Table 3). The impact on the distribution network is 

examined only in Cluster 1 (where a 500 kVA photovoltaic power plants can be physically 

located). The topographic representation of the representative network models shown in 

Table 3 is shown in Fig. 2.  

 

Fig. 2. Topographical representation of representative networks 

The topographic validation of the sample networks was also performed, thus 

confirming the correct typologization of the supply areas.  

The methodology developed in my research has been validated with DÉMÁSZ MV 

distribution network topologies (Fig. 3). 

 vPC1-vPC2 vPC1-vPC3 vPC2-vPC3 
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 Fig. 3. Cluster validation2 

The goodness-of-fit of the generated representative network models (RNM) was 

determined by comparing the Kullback-Leibler divergence values between the 

                                                 

2 Blue: MV feeders of E.ON group (ÉDÁSZ, DÉDÁSZ, TITÁSZ), orange: MV feeders of DÉMÁSZ 
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approximating normal distributions of the variables. Based on the results, I found that, 

despite the different characteristics of the supply areas, the clusters and RNMs can be used 

with a high degree of accuracy in this area. 

 

Fig. 4. Degree distribution of synthetic power system and small world model 

 

Fig. 5. Degree distribution of synthetic power system and scale-free network 

 

Fig. 6. Degree distribution of synthetic power system and random graph 

The developed multi-voltage network was compared with synthetic models (small 

world model, scale-free graph, random graph) used in the literature for modelling the 

electricity system. The comparison was made by determining the Kullback-Leibler 

divergence and Wasserstein distance between the approximating normal distributions (Fig. 
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4-6) of their degree distributions. Based on the results, I found that although the Hungarian 

transmission network shows small-world characteristics, the Hungarian electricity system 

cannot be characterized by the small-world model and other mathematical models that are 

widely used in the literature. 

Based on the scientific findings, the following as a new scientific result is 

determined:  

Thesis I: I have developed a new method for grouping topological patterns in 

medium-voltage distribution networks. By using k-means clustering and taking into 

account the characteristics of the clusters generated using data from a Hungarian 

distribution system operator’s network, I have created a representative network model 

set that can be used to simulate the network impacts of photovoltaic systems. I found 

that the representative network set describes supply areas with different 

characteristics with high accuracy.  

The efficiency of the developed method was successfully validated using data 

from another Hungarian distribution system operator. 

Sub-thesis I/A: Using complex network analysis techniques, I proved that the 

solutions commonly used in the literature for generating synthetic topologies (small 

world model, scale independent graph, random graph) are not suitable, thus the 

developed representative network model set can be used to generate multi-voltage 

synthetic topologies too. 

The results of the research can be used to examine the impact of new power 

generation units and technologies (e.g. photovoltaic power generation, battery energy 

storage, etc.) connected to the distribution grid as a result of increasing decarbonization on 

the operation and the power quality of the electricity system. The results of this research 

have been directly used in the VEKOP-2.3.2-16-2016-00011 grant is supported by the 

European Structural and Investment Funds jointly financed by the European Commission 

and the Hungarian Government. The research is prepared with the professional support of 

the Doctoral Student Scholarship Program of the Co-operative Doctoral Program of the 

Ministry for Innovation and Technology from the source of the National Research, 

Development and Innovation Fund. 

Publications related to the thesis: [S6] – [S14] 
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Thesis II. 

To investigate the impact of small photovoltaic power plants on the medium-voltage 

distribution network, my research team and I have developed a simulation framework to 

study the impact of cloud movements passing over the electricity grid on rapid voltage 

changes. The resolution of the simulation is on the order of a minute, allowing the rapid 

voltage changes defined in MSZ EN 50160 standard to be examined.  

In the simulation, the following steps must be followed:: 

1. Building a network model 

2. Parameterization of the network model, definition of the line directions (power flow 

directions) 

3. Activating a betweenness-based photovoltaic placement strategy (Fig. 8.) 

o For nodes with minimum, average, maximum betweenness 

o Penetration levels 

 Decentralized electricity generation  

 2019: 1×PV, 2025: 5×PV, 2030: 8×PV 

 Decentralized electricity generation 

 2025: 5×PV, 

4. Determination of the coordinates of nodes in the network model 

5. Determination of the irradiation for each node using cloud movement simulation 

o Input data:  

 Direction of cloud movement 

 Speed of cloud movement; [m/s] 

 Cloud diameters [m] 

 Proportion of cloud coverage [%] 

6. Determination of the production profile 

o Normalized irradiance distribution → 500 kW(kVA) for unit output power 

o Power factor (cosφ = 1) 

7. Determination of consumer profiles 

o Random consumer profile (based on database) 

o Power factor (cosφ = 0,95-1) 

o MV/LV transformer load factor (δtr = 30-35%) 

8. Determination of the number of tests to be run (50) 
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9. Duration of the simulation - for which interval of the day should the simulations be 

run (summer solstice – 21th June)  

The structure of the simulation framework and the simulation process are shown in 

Fig. 7.  

 

Fig. 7. The process of the stochastic simulation 
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Fig. 8. Photovoltaic placement strategy for modelling centralized and decentralized power generation 

 As a result of the simulation, the distribution functions for rapid voltage changes can 

be used to determine if they exceed the 2% limit specified in EN 50160 or not. The 

simulations are run on the 3 RNMs of Group 1 presented in Thesis 1, as these networks are 

typically able to accommodate large solar penetration (due to area availability). The 



13 

maximum values of the rapid voltage changes obtained for each network are shown in Fig. 

9. 
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Fig. 9. Maximum value of rapid voltage change 3 

The results show that for decentralized generation, the value of the rapid voltage 

change exceeds the 2% limit allowed by the standard only for the RNM5 network in the 

years 2025 and 2030. In the case of centralized generation, for all three networks, the rapid 

voltage change exceeds the value specified in the standard by the year 2025. 

The results of the rapid voltage changes obtained for each cloud movement direction 

are shown in Fig. 10. 

  

                                                 

3 The individual colors indicate the different betweenness groups: yellow - minimum betweenness, green - 

average betweenness, brown - maximum betweenness 
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Fig. 10. Maximum of rapid voltage change according to cloud movement directions4 

The results show that in the case of decentralized power generation, a significant 

correlation between the direction of cloud movement and the value of rapid voltage change 

can only be observed in the N-S direction. In the examined cases, the smallest maximum 

rapid voltage change is seen in this direction. The reverse is true for centralized energy 

production. In all three examined cases, the N-S cloud movement results in the highest value 

of rapid voltage changes.  Among the cloud migration directions, the NE-SW direction has 

the second highest probability after the N-S direction (p = 21.14% and p = 16.87%, 

respectively). similar ratio in the values of rapid voltage changes cannot be observed in either 

                                                 

4 The individual colors indicate the different betweenness groups: yellow - minimum betweenness, green - 

average betweenness, brown - maximum betweenness. Penetration levels: 2019: ’-’; 2025: ’- -’; 2030: ’…’ 
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the decentralized or centralized case. Summarizing the results, no significant correlation can 

be found between the direction of cloud migration (wind direction) and the magnitude of the 

rapid stress change. 

Based on the scientific findings, the following as a new scientific result is 

determined:  

Thesis II: Using the representative network set (RNM1-6) of the Hungarian 

medium-voltage distribution network, I have shown by simulations that for the 

networks with a significant amount of photovoltaic capacity (RNM1, 5 and 6), besides 

the size of the network, the location of the photovoltaic systems also affects the value of 

the rapid voltage changes. 

Sub-thesis II/A: I have found that, even for decentralized placement of 

photovoltaic systems, it is possible to define an allocation strategy based on a 

topological parameter (betweenness) that due to clouds passing over the network keeps 

the rapid voltage changes below the standard limit. 

Sub-thesis II/B: I have found that the RNM1 and RNM6 networks are capable 

of hosting the photovoltaic penetration defined in the National Climate and Energy 

Policy targets for decentralized placement even in the medium term, while the RNM5 

networks are not. In order to maximize photovoltaic penetration, the power generation 

units should be installed on network nodes with average betweenness for RNM1 and 

maximum betweenness for RNM6. 

Sub-thesis II/C: I have found that, in the case of centralized placement, the 

RNM1, 5 and 6 networks are no longer suitable to host the planned photovoltaic 

penetration in the mid-term without violating the standard limits for rapid voltage 

changes. 

The results of the research can be used to examine the impact of new power 

generation units and technologies (e.g. photovoltaic power generation, battery energy 

storage, etc.) connected to the distribution grid as a result of increasing decarbonization on 

the operation and the power quality of the electricity system. The results of this research 

have been directly used in the VEKOP-2.3.2-16-2016-00011 grant is supported by the 

European Structural and Investment Funds jointly financed by the European Commission 

and the Hungarian Government. 

Publications related to the thesis: [S17, S19] 
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