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1 Introduction 

The rapidly increasing renewable generation capacity on the low voltage grid encourages the study of hosting 

capacity and of the operation of the network. This process also goes on in Hungary: the amount of rooftop 

photovoltaic (PV) systems rapidly grows [1]. 

Generation on high and medium voltage levels was already present, but it was uncommon in the case of low 

voltage level before. Therefore, distributed generation poses the biggest challenge to low voltage networks. 

PV systems heavily depend on the current weather and on the time of the day. Moreover, the generation of 

every PV unit on the same LV line behaves the same way to the change of weather (due to the small 

geographical distances). Unfortunately, the expected generation is the largest when the usual residential 

consumption is the lowest. Residential consumption is dominant on low voltage networks, hence the 

challenge we face regarding the integration of PV systems. Besides, the consumption changes rapidly on an 

LV line due to the relatively small number of customers; this hasn’t changed. All this complicated behavior of 

the low voltage network with renewable generation is an actual and important topic of interest. 

These small scale, but distributed renewable generating units are more widespread in many countries than 

in Hungary, for example in Germany or Italy. An IEEE PES article from 2012 [2] gives a nice overview of the 

situation in Germany back then. This was one of the reasons I have started to research this area. The 

examples of Germany, Italy or the Czech Republic show how unexpected and quick the spreading of 

renewables can be. In most of the cases, problems that arose could be backtracked to situations that were 

not studied or regulated by the authorities. Uncontrolled spreading of renewables can have detrimental 

effect on the network. 

Using smart equipment on the network could be advantageous besides building lines and transformers. For 

example, the built-in regulating functions of grid tied inverters, on-load-tap-changer, series voltage regulator, 

or balancer. Many of the currently available equipment present on the market supports built-in local voltage 

regulation capabilities. 

The effect of these equipment is an ongoing field of research, there aren’t any final conclusion on the topic 

yet. The different network characteristics of different countries makes this probably a series of answers 

taking into consideration the unique needs of the countries instead if a single all-in-one solution. 

The above mentioned supported the need for a research that focuses on low voltage networks that are 

present in Hungary. These “European” networks were not in the focus of current researches.  
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2 Modelling low voltage networks 

Modelling the low voltage grid and creating representative sets of models is a complicated, but essential task 

when one wants to study the effect of distributed generation. Not only the topology, but also the 

consumption and generation are very important and needs proper addressing in order to facilitate it to the 

model networks. 

The opinion of industry experts can be misleading: one can only account for the facts that he or she has 

already encountered. This statement only highlights the importance of data oriented modelling and of course 

not devalues expertise and practical knowledge.  

I used my own ideas to enhance the solutions available in the literature in order to develop a new 

methodology for creating representative model network sets. The input data is also the result of my own 

research. No one used the data this way for this reason before me.  

I used this method to create a set of representative model networks that makes it possible to study more 

detailed effects and relationships. For example, these include the number and placement of laterals, different 

cross sections throughout the line. 

Table 1: New ideas for creating model networks 

Aspect Literature to date New ideas 

Input Data Data that is only appropriate for 

coarse characterization: e.g. cable or 

overhead line, total length without 

any further detail. 

The broadest range of parameters that is 

possible with current state of DSO databases: 

e.g. length by conductor type, length by cross 

section, length of individual laterals, number 

of laterals, etc.  

These are the results of my own research 

with the DSOs. 

Number of 

processed 

lines 

Few (hundreds), many times these 

were given to the researchers by 

experts stating that it is 

representative, but no further 

information is given, mostly 

subjective considerations. 

Roughly 60 000 individual lines were 

processed with their full topology and details. 

These datasets are the results of my own 

research cooperating with the DSOs. 

Analyzed 

types of 

networks 

Mostly medium voltage, very few 

studies low voltage. Many times 

there are other filtering 

Expected to cover the whole country 

(Hungary) with no restriction. These 
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considerations (e.g. climate, 

geographical or other non-electric 

parameter). Mostly North-American 

type networks. 

(“European”) types of reference networks 

were not available in literature. 

Methodology Varies. There are not any universal 

method or parameters. 

Topological preprocessing creates many 

usable indicator for the following steps. 

Principal component analysis helps to detect 

the important dimensions. Then comes the 

creation of reference networks in multiple 

steps based on these main dimensions. 

Therefore not just a single clustering without 

any further consideration. 

In summary, 11 topology represents adequately the Hungarian low voltage network: 2 cable and 9 overhead 

type. These are shown on Figure 1 and Figure 2 

 
 

 

Figure 1:  Reference lines for overhead networks. The numbers show the distance in 30 m units. The solid line represent a cross 
section of 95 mm2 and the dotted line repersents 50 mm2. The dashed lines on the left figure marks the end of the line for the 

750 m long cases.  

 
Figure 2: Reference lines for underground cable networks. The numbers show the distance in 30 m units. 
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Consumption, generation 

Following a literature survey, I decided to use a properly sized database of quarter-hourly measured real 

consumptions for modeling the consumption on the reference networks. This does not have the limitations 

of top-down methods that is associated with using probability densities, nor the uncertainty and parameter 

requirement of bottom-up methods. Moreover, it also preserves relations that are not considered explicitly. 

It is relatively easier to create the loads on the network. All it needs is “just” a properly sized measurement 

database. This way, every household in every time step of the simulation is modelled by appropriately 

sampling this database. This suits Monte-Carlo simulations. 

The actual consumption on a line can differ significantly from the standard residential load profile and this 

actual consumptions is very volatile, changes from one time step to another. These residential load profiles 

give a poor estimation for the line load due to the small number of households that are connected (tens of 

consumers). Figure 3 gives a nice overview of the situation: There are significant deviations (both positive 

and negative). 

I used my own solution for defining a reactive power for every active power sample; this is more realistic 

than pure active power flow. The power factor is estimated in two main regions: small load (0.86 inductive – 

0.99  capacitive), higher loads (0.95-1.0 inductive) (see Figure 4). 

There was a previous series of measurement of household consumption available. I further processed the 

raw measured values in order to see how the phases are generally used (see Figure 4): Even though the 

households have three phases connected, but only one phase is dominant in most of the times – the high 

current equipment are distributed among the phases, but they never operate at the same time. 

I modelled the (PV) generation based on actual measurements of a solar power plant: The measured value 

were normalized and was used as a scaling parameter for the installed rooftop PV units. This preserved the 

seasonality, and all the circumstances that is not even accounted for explicitly. This produces a predictable 

yearly yield. 
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Figure 3 

Left: A randomly chosen housheold’s load compared to the residential load profile.  
Right: 30 randomly chosen housholds’ consumption compared to 30 residential load profile for a three day period( Friday-

Saturday-Sunday) 

  

Figure 4 
 Left: Current magnitude vs. current angle. 

Right: A hosuhold’s load by phases for a period of two weeks. 

Thesis I: I created a set of reference model networks that represents the Hungarian low voltage network. 

This gives the opportunity to study effects and indices that was previously not possible based on the 

literature. I also researched measurements and databases in order to produce the input data for the 

creation of these reference networks and models. 

Publication: [S1][S3][S5][S6][S7] 

 

0 10 20 30 40 
0 

0.5 

1 

1.5 

2 

2.5 

3 

Time (Hour) 

Load profile of a random household 

  

  
Standard profile 
Random profile 

C
o
n
s
u
m

p
ti
o

n
 (

k
W

) 

 

0 10 20 30 40 50 60 70 
2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 
30 standard consumption vs 30 measured consumption 

Time (Hour) 

C
o
n
s
u
m

p
ti
o

n
 (

k
W

) 

  

  
Random profile 
Standard profile 

-75

-55

-35

-15

5

25

0 5 10

C
u

rr
en

t 
an

gl
e 

(d
eg

re
e)

Current magnitude(A)
0

1

2

3

4

5

6

7

8

9

10

C
u

rr
en

t 
m

ag
n

it
u

d
e 

(A
)



6 
 

3 The effect of distributed generation and voltage control on the 

Hungarian low voltage network 

There aren’t enough data until this day to give exact answer to the question: What is the effect of renewable 

distributed generation on low voltage networks? 

Renewable generation only consists of PV systems in Hungarian low voltage networks. Therefore, PV 

penetration is made a study parameter. This is the ratio of yearly solar generation relative to the yearly 

consumption. (See further details in the thesis work.) It should be noted that this penetration is not 

homogenous in the country. 

This thesis studies the hosting capacity at the base case without any regulation, then with inverter control 

(active and reactive power), and with direct voltage control (on-load-tap-changer) 

Worst case studies are not the most adequate methods, because it gives a too conservative result, it is too 

strict. Moreover, it gives absolute no indication on whether the standard network conditions are met (e.g. 

MSZ-EN 50160) 

I used Monte-Carlo simulations. This is required by the construction of the consumption and load on the 

reference networks, but it also makes possible to preserve and study different relations. For example: using 

only probability densities would not indicate the usual network operation. The main indices for evaluating 

the cases are steady state voltage, current and losses. 

The main new ideas that extends this work beyond the literature: 

In order to have a view on the whole country’s state, I used the reference networks of my first thesis. 

I evaluated topology dependence of these effects. 

This many parameter and modelled networks in a single study is not present in the literature. 

 

3.1 Symmetric operation – base case – sunny summer day  

Figure 5 and Figrue 6 show the results of this scenario. The following could be stated:  

 The losses (relative value) has a distinct curve shape, that is not dependent on the topology. The 

minimal losses correspond to roughly 20% to 30% penetration with an “ideal” sunny day like this. 

 The voltages quickly reaches the operational limits with growing penetration; protection would 

disconnect the units in these cases. It has a topology dependence. However, these groups cannot be 

described by using a single indicator. All three major parameter are needed (total length, maximal 

length, number of laterals) 
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 First, the load on the equipment decreases slightly with growing penetration, and then it increases 

quickly. The minimal network load corresponds 20% to 30%, just like with losses. 

 The voltage and current values demands some kind of control. 

 

Figure 5: Current magnitude distribution. Without control, 750 m length, three laterals, average consumption. 

 

Figrue 6: Overhead lines without control, average consumption. 
Left: Losses vs. PV penetration.  

Right: The largest 90th percentile voltage on the network. The red line represents the operational limit. 

Something important to note is that a higher yearly household consumption does not necessarily decrease 

the need for regulation: most of the added consumption is “produced” when someone is at home, and this 

usually does not coincides with the time when the largest generation appears. Moreover, higher yearly 

household consumption usually means bigger installed PV capacity. 
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3.2 Symmetric operation: voltage control and power control – simulations for a 

full year  

3.2.1 Direct voltage control 

In this case, the results show an almost linear offset of the curves: the effect of lower voltage on current is 

negligible. The losses and all other behavior is very similar to the base case. This means that the hosting 

capacity could be greatly enhanced with an OLTC transformer. If one also uses series voltage regulator(s), 

then the voltage would never be outside the limits. Therefore, only the load on the equipment would limit 

the hosting capacity. 

3.2.2 Inverter power control 

Local active power control (P(U)) is one of the investigated case. This mode always keeps the voltages in the 

allowed range, since the cause of the voltage rise is controlled. This is very effective, but it conflicts with 

customers’ interest. A different type of indicator is required to show the effects: utilization. This means how 

much energy is actually generated compared to the theoretically possible. 

The type of network (i.e. bare overhead or bundled – the geometry) is an important factor in the case of 

reactive power control (Q(U)). Usual bare wire LV networks have an r/x ratio of around 1, while bundled 

configurations have an r/x ratio that is higher than 3 (up to 10). Moreover, utilities in Hungary will only use 

bundled configurations in the future.  

P(U) control on its own is very effective and greatly enhances the hosting capacity. It more than doubles this 

by sacrificing a few percent of generated energy. Of course, the generating units along the line is not evenly 

affected. Some kind of reimbursement is important to encourage customers’ participation in regulation in a 

way that is optimal on a system level. 

Using P(U) and Q(U) control together decreases the energy-not-generated (i.e. increases utilization). But it 

never reaches 100%, therefore Q(U) control by itself (with r/x ~ 1) is not enough to keep the voltages inside 

the allowable limits. Thus, Q(U) control’s usefulness with networks that have high r/x ratios (>1) is 

questionable at least.  

Looking at the calculated distribution of currents (Figure 8): Higher currents appear with increasing PV 

penetration even without any control as it was already seen at the case of single day simulations. P(U) control 

does not produce higher currents, in fact, it even keeps higher currents from appearing when control is 

needed. Q(U) control greatly increases currents, thus overloads can happen on the network.  The less control 

is needed the less effect it has on indicators. 

Figure 9 shows the losses with various control strategies. The optimal point lies somewhere around 40%, a 

little bit higher than a single sunny day suggested in the previous chapter. Again, P(U) does not increase 
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losses, it can decrease it. Q(U) control heavily increases losses, as it was expected from the higher currents it 

produces. The less control is needed the less effect it has on indicators. 

 

Figure 7: Yearly utilization on line level – P(8) control, average consumption. 

Thesis II: I used the reference networks from Thesis I to estimate the hosting capacity of the Hungarian low 

voltage network using symmetrical calculations for the base case and utilizing direct voltage control and 

power control.  

Thesis II, Sub thesis I: I proved that Q(U) control is not effective in the case of the Hungarian low voltage 

network.  

Publications: [S1][S3][S4][S6][S7]  
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Figure 8: Current distribution for a year. From top to bottom: without control, P(U) control, P(U) and Q(U) control. 750 m long 3 
laterals line, average consumption. 
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Figure 9:  Change of yearly losses of a line. From top to bottom: without control, P(U) control, P(U) and Q(U) control. 750 m long 
3 laterals line, average consumption. 

70%

90%

110%

130%

150%

170%

190%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Lo
ss

es
 c

o
m

p
ar

ed
 t

o
 b

as
e 

ca
se

PV penetration

Yearly losses - without control

Straight cable

1 lateral cable

Straight OHL 990 m

1 lateral OHL/ 990 m

2 lateral OHL/ 990 m

3 lateral OHL/ 990 m

3 lateral OHL/ 750 m

2 lateral OHL/ 750 m

Straight OHL 500 m

1 lateral OHL/ 500 m

70%

90%

110%

130%

150%

170%

190%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Lo
ss

es
 c

o
m

p
ar

ed
 t

o
 b

as
e 

ca
se

PV penetration

Yearly losses  - P(U) control

Straight cable

1 lateral cable

Straight OHL 990 m

1 lateral OHL/ 990 m

2 lateral OHL/ 990 m

3 lateral OHL/ 990 m

3 lateral OHL/ 750 m

2 lateral OHL/ 750 m

Straight OHL 500 m

1 lateral OHL/ 500 m

70%

90%

110%

130%

150%

170%

190%

210%

230%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Lo
ss

es
 c

o
m

p
ar

ed
 t

o
 b

as
e 

ca
se

PV penetration

Yearly losses - P(U) and Q(U) control

Straight cable

1 lateral cable

Straight OHL 990 m

1 lateral OHL/ 990 m

2 lateral OHL/ 990 m

3 lateral OHL/ 990 m

3 lateral OHL/ 750 m

2 lateral OHL/ 750 m

Straight OHL 500 m

1 lateral OHL/ 500 m



12 
 

4 Asymmetry 

Asymmetry and its effect on the studied indicators is a very important aspect with low voltage networks. 

Most of the consumers and a significant share of generating units on the LV network is single phase 

connected. Moreover, the network structure by itself is asymmetric and introduces asymmetry to the voltage 

drop. The presence of neutral conductor makes zero sequence current flows possible and the multiple 

grounded nature of it complicates calculations. Despite all this, it is a less popular topic among literature.  

An appropriate calculation methodology is the first step in calculating asymmetric network operation. I have 

not found such that also fitted my calculation framework. Thus, I created a new algorithm. The main 

challenge was the handling of neutral and its groundings simultaneously with neutral voltage calculation.  

We should consider conclusions of many article that deals with unbalance with caution, since – in many 

occasions – the reference to the actually used calculation method is missing, or a reference is presented to a 

calculation method that produces incorrect results. 

I used my new calculation algorithm to investigate two major topics: The effect of the neutral conductor on 

LV lines and how the symmetrically calculated results of Thesis II change with asymmetry.  

4.1 Creation of a new asymmetric load-flow method  

The most obvious place of handling the phase-neutral load with BFS load-flow methods is at the current 

calculation step. A few questions needed proper addressing: 

 Distribution of zero-sequence currents between earth and neutral. 

 Ground current flows handling. 

 The root neutral voltage deviation, it is not foreseen before the iterations. 

My method addresses these questions with the following answer: I explicitly introduced the ideal, distant 

earth to the network. All of the grounded points connect to this ideal earth with the grounding resistance. 

The resulting highly meshed network then can be calculated with BFS methods with loop calculation 

capability. The last question remains: neutral voltage deviation at the line’s start. This can be easily accounted 

for by offsetting all voltages with the introduced ideal earth’s voltage. This will not modify the flows on the 

network, since all voltages are modified with the same value (i.e. only the reference is changed).  

The method I created is fast, robust and easy to implement, it can handle any number of phases. 

4.2 The importance of neutral in LV network operation.  

The main goal of my asymmetric load-flow method was the enhanced modelling capability of multiple-point-

grounded neutrals. It was a logical next step to closely study a network behavior with asymmetry of a given 

model network. The question I sought answers was: How much difference does it make to use incorrect 



 

13 
 

calculation or different grounding resistance configurations? Does this has an effect on the voltage control 

strategies? 

In case of neutral, not only the magnitude of its voltages are important but also the angle. This latter shows 

on which phase it has the most impact.  

I used a simple, straight line network for the studies with initial groundings. Load was assigned to every pole 

to reconstruct an actual network’s condition. 

I used my new algorithm (Method “B” in the thesis work) to every scenario (the full details can be found in 

the thesis work) except that of Method “C”. This latter is a commonly referenced method, but gives incorrect 

results.  

Figure 10 shows the neutral voltages for the various scenarios. Local voltage control always relies on local 

phase-neutral voltages. The effect is not negligible, considering the typical bandwidth of control 

characteristics (2-5 V).  

Current, in contrast to voltage, is not that much affected by this. Thus, the losses also change by only a 

marginable value (around 0.2 % in these cases).  

 

Figure 10: Neutral voltage Left: Neutral voltage magnitude, Right: Neutral voltage angle. 
Black – case a, (base), blue x – case b, (isolated neutral), red dashed – case c, (red. netw. gr.), cyan x – case d, (incr. netw. gr.), 

gren dotted – case e, (incr. tr. gr.), orange dashed-dotted – case f, (red. tr. gr.),  
magent circle – case g, ( „C” method calculated) 

4.3 The effect of asymmetry on hosting capacity  

This chapter is about how the results of Thesis II are affected by asymmetry. I used the long straight reference 

network (extended all the way back to MV busbar) for this reason. I modelled all three phases, the neutral 

and the groundings. 
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Of course, the results show that the asymmetry introduces phase-neutral voltages that are far more 

unfavorable than the symmetrical calculations indicated. The real question was how much does it matter. 

There are significant differences between phases especially towards the end of the LV line section. Here, 

even the type of network (i.e. bundled or not) really matters. The differences between phases are at a level 

where symmetrical control strategies are not useful, because the difference is larger than the regulatory 

allowable min-max limit threshold. It is notable that PV penetration to a certain (to around 60%) level helps 

to symmetrize voltages during daytime, the optimal value is around 30%. This is in correlation with the 

optimal value for losses during symmetric calculations. 

Both PV penetration and the level of asymmetry is important from a losses point of view. The added losses 

due to asymmetry is around 15% even when symmetrical layout of costumers on a yearly consumption level 

basis are used. The losses increase rapidly with growing asymmetry: when 53% of yearly consumption is 

assigned to one phase the losses increases by 50%, by 270% with 73% load on one phase and by 460% with 

93% load on one phase.  

Table 2: Average phase voltage differences, bare wire – lateral configuration case. 

Average phase voltage differences (V) 

0,4 kV feeding point 0,4 kV endpoint   

Ratio of customers connected to 

phase A 

 

Ratio of customers connected to 

phase A 

P
V

 p
en

et
ra

ti
o
n

   

33,3% 53,3% 73,3% 93,3% 

 

33,3% 53,3% 73,3% 93,3% 

0% 0,40 1,88 3,59 5,24 0% 6,46 16,48 29,42 42,04 

30% 0,56 1,27 2,16 3,11 30% 8,81 13,72 20,61 28,43 

60% 0,65 2,02 3,79 5,64 60% 10,63 21,36 37,33 54,75 



 

15 
 

  
Figure 11  

Losses (right) and the largest 90th percentile voltage (left) vs asymmetry – without control on a bare wire – lateral configuration 
line.  

The effect on control 

I conducted the calculations with single phase inverters; the control strategies relied on local phase-neutral 

voltages. The principle of the control strategy was the same (same droop, same limits). The general difference 

in the main indices was in the same order than that was showed here before for the uncontrolled case.  

However, there are more parameters to consider in case of asymmetry. For example, by which phase it 

controls, or does it do anything between phases. Nevertheless, phases affect each other through neutral in 

every case.  

Figure 12 shows an example on how the increased voltage sensitivity introduced by asymmetry affects a 

power control strategy. There are not any stable operation point. Only one single phase generating unit is 

enough for this behavior (20 A – roughly 4.6 kVA). Less rated power is also enough for destabilization, but 

this would not introduce high enough voltage that needs control either.  This behavior is defined by the 

network and control characteristic. For stability, the control’s gradient should be lower than the network’s, 

but control is not required in these cases (small power, high gradient control) or the control would be not 

sufficient (higher power, low gradient control). 

Moreover, the phases are not independent from each other due to asymmetry. This means that a controlling 

equipment that operates on a phase could destabilize even a stable control operating point on the other 

phase. The control stability could be enhanced by integration, delay and by other control theory methods. 

However, the operating point is inherently not stable. 

This topic is interesting for future studies. 
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Figure 12: A 700 m long low voltage line’s characteristic with a single phase generating unit’s control characteristic.  

Thesis III: I created a new, not Newton-Raphson based load-flow algorithm that is robust, fast and easy to 

implement. The novelty lies in the handling of neutral and groundings. 

Thesis III, Sub thesis 1: I used the newly created load-flow algorithm to show the behavior of neutral with 

multiple-point grounded network. I showed the differences – that are in the range typical control 

bandwidths – with other calculation method and with various grounding configurations.  

Thesis III, Sub thesis 2: I showed the effect of asymmetry on the results of Thesis II. 

Thesis III, Sub thesis 3:  I presented the stability issues that root from asymmetry. Only a single, regulatory 

allowed generating unit could trigger this (single phase, around 4 kVA). 

Publications: [S2] [S9] 
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5 Industrial importance, uses 

This thesis work and its results are not only scientifically evaluable; they are useful for the current state of 

the industry and profession. I always tried to keep this in sight throughout my work, and the feedback from 

the many person I met also appreciated this. The low voltage network needs to change also “physically” in 

order to integrate this much renewable energy. This includes not only the wires and transformers but also all 

the equipment. From now on, the network is not “independent” from the “auxiliary” equipment.  

My theses bring us a step closer to more precise calculation and estimation of low voltage network states. 

The results of my thesis work already supplemented my professional work, among these are the following: 

 Hungarian Energy and Public Utility Regulatory Authority 

o 2015, A háztartási méretű kiserőművek (HMKE) villamosenergia-rendszerre gyakorolt 

hatását bemutató tanulmány  (translation: Study on the effects of small scale household 

generation on the electrical power system) 

o 2015, Study in the topic of implementation of Article 15, paragraph (2) of the Directive 

2012/27/EU on energy efficiency, assessment of the energy efficiency potential of the 

Hungarian electricity infrastructure 

o 2016 - MEKH, Javaslat az elosztó hálózati veszteség indokolt mértékére (mennyiség és ár) 

(translation: Proposal on the technical losses of the power system (quantity, prices)) 

 E.ON Hungary- 2018, Kisfeszültségű hálózatok feszültségszabályozásának lehetőségei (translation: 

Voltage control methods of low voltage networks) 

These theses acquired validation throughout these project works. 

One other topic where my theses would be useful is the planning (both “everyday” and strategic) of low 

voltage networks. 
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