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Connection of photovoltaic sources to the low voltage
distribution network vs. risk of overloading the transformer
station. Part 2: Simulation analysis

Abstract. The article is the second part of the analysis of the impact of connecting PV sources to the low voltage distribution network on the risk of
overloading the transformer station. Based on the simulations, the problem of overloading MV/LV transformers by connecting a large number of
photovoltaic sources was characterized. The model was used to assess the degree of load of the distribution transformer for different values of its
rated power. The results of the simulations and analyzes are presented in this article.

Streszczenie. Artykut stanowi drugg cze$¢ analizy wptywu przytaczenia zrodet PV do sieci dystrybucyjnej niskiego napiecia na ryzyko przecigzenia
stacji transformatorowej. Na podstawie przeprowadzonych symulacji scharakteryzowano problem przecigzenia transformatoréw SN/NN poprzez
przytgczenie duzej liczby zrédet fotowoltaicznych. Model postuzyt do oceny stopnia obcigzenia transformatora rozdzielczego dla réznych wartosci

Jjego mocy znamionowej. Wyniki

symulacji i analiz przedstawiono w niniejszym artykule. (Przyfgczenie zrédet fotowoltaicznych do sieci

dystrybucyjnej niskiego napiecia a ryzyko przeciazenia stacji transformatorowej. Cze$¢ 2: Analiza symulacyjna).
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Introduction

This article is a second part of the analysis of the impact
of connecting PV sources to the low voltage distribution
network on the risk of overloading the MV/LV transformer
station. Due to significant amount of material to be
presented, the paper is divided into two parts.

The second part discusses the performed simulations
and presents the analysis of the obtained results.

Micro-installations in Poland in numbers

The number of micro-installations in Poland is constantly
growing, photovoltaics has become one of the fastest
growing type of Renewable Energy Sources (RES). Each
year brings new records in terms of the number of
connected PV installations.

According to the report of the Polish Electricity
Transmission and Distribution Association (PTPIREE) [1], at
the end of 2021, nearly 854,000 micro-installations were
connected to the grid in Poland, the source of which are
almost 100% photovoltaic panels (exactly 99.19%). Only in
2021 alone, over 396,000 prosumers were connected to the
network, almost twice as much as in previous years in total.
The cumulative number of PV micro-installations in
particular years is presented in Figure 1, the chart was
compiled based on data from PTPIiREE reports from
individual years [1-7].

The total capacity of connected micro-installations in
May 2022 was 8.177 GW So currently, the power of micro-
installations connected by Distribution System Operators
(DSO) already exceeds 7 GW, which, according to the
assumptions of the "Poland's Energy Policy until 2040" was
to be achieved in 2030. The increase in the number of PV
installations in Poland may soon be halted due to new
regulations and the problem to adapt the current power
infra-structure to bidirectional energy transmission. Another
issue is the installation by prosumers of modules with a
power significantly exceeding their demand and expanding
installations without reporting them . More and more energy
companies refuse to connect photovoltaic power plants or
expand existing installations for this reason. A large number
of micro-installations may cause overloading of network
elements (lines, transformers) and excessive voltage

increase - there are areas where PV installation inverters
are turned off for this reason. On April 1, 2022, an
amendment to the Energy Law [8] came into force, which
introduces changes to the prosumers settlement system.
The Discount System for PV Micro-installations was
withdrawn. The new net-billing system, introduced from
June 30, 2022, consists in selling energy at the price from
the wholesale market of all prosumers and is consistent
with the requirements of the EU directive regarding
separate billing of energy introduced and taken from the
grid. The proposed change reduces the profitability of
investments in a home PV installation - prosumers buy
energy from the operator at a price much higher than the
selling price (at the peak of demand, the market price of
energy is higher). The new system is more demanding for
prosumers in terms of installation awareness and being an
active participant in the PV market. On the other hand, it
should increase the safety and stability of the power grid -
abandoning the oversizing of installations, encouraging
prosumers to increase the self-consumption of the PV
energy, cessation of treating the network as a commonly
available almost free, energy storage.
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Fig 1. Cumulative number of PV micro-installations in Poland in
individual years
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Influence of PV sources on MV / LV stations

A significant and rapid increase in the number of
photovoltaic installations in the LV grid increases voltage
asymmetry (especially when a large number of single-
phase inverters are connected to one of the phases, even
despite limiting the power of such an installation to 3.68 kW
[9]) and exceeds the permissible voltage levels (voltage
increases in grid nodes) in the period of the highest
generation and low energy consumption electricity. The
voltage drop in a line where no additional generation occurs
can be expressed by the equations (1). In turn, equations
(2) shows the dependence on the voltage drop in the line to
which consumers with additional sources were connected,
e.g. PV micro-installations (Fig. 2).
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where: P, is active and Q: is reactive power of load, R; and
X, are line parameters (for line LV X; = 0), U_ is the line
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where: Ppy is active and Qpy is reactive power of PV
source.
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Fig 2. Diagram of the line to which the consumer with an additional
source of electricity are connected

Excessive saturation of the grid with PV installations
leads to the problem of reverse power flow. Changing the
direction of the power flow in accordance with the above
relationship and the Figure 2 causes a change in the sign of
the voltage drop. The final voltage level will be determined
by the superposition of the interactions of distributed
sources and loads, so the sources will increase the voltage
value, while the loads - its decrease. In the event of a
significant  difference between the production and
consumption of energy, a situation may arise where a
voltage higher than the voltage on the busbars of the supply
station occurs at the point of power input. The greater the
difference between the energy generated and consumed by
the recipient, the greater the chance of exceeding the
permissible voltage values.

The summary of energy produced by photovoltaic
panels and energy consumed during the year for an
example of a PV installation is shown in Figure 3. The
electricity produced by photovoltaic sources depends on the
value of insolation. When analyzing the chart, it is possible
to notice overproduction in the summer months and a
shortage of this energy in the winter. Additionally, in the
period May-July the greatest differences between
generated and consumed energy are visible. Pursuant to
the regulations, prosumers connected before April 1, 2022
consume excess energy production in the winter months
(settlement of prosumers producing energy in installations
up to 10 kWp is settled in the ratio of 1 to 0.8 for larger
installations, up to 50 kWp, in a ratio of 1 to 0.7 [8]), e.g. for
heating purposes, which further complicates the operation
of the network.
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Fig 3. Production and consumption of energy at home with a PV
installation with a power of 9.9 kWp panels on an annual statement
[10]

The Figure 4 shows the summary of the instantaneous
power of the real PV installation and the power consumed
during the day, the day with the highest energy export to the
grid has been selected.
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Fig 4. Instantaneous power of a PV installation with a power of 9.9
kWp and consumed during the day, red color - consumed power,
green - instantaneous PV power [10]

When analyzing the graph, it can be noticed that the
largest amount of electricity is transferred to the LV grid
between 11:00 and 15:00. The amount of energy generated
by PV installations is difficult to predict due to the high
unpredictability of weather conditions. In the case of
connecting more photovoltaic installations to the same
MV/LV transformer station, there is a risk of overloading the
circuits of the station, the transformer installed in it and the
line supplied from it due to the sum of the currents flowing
through the transformer towards the MV network. Based on
the above charts, it can be concluded that the greatest
probability of such a situation occurs in the summer months
in the midday hours. The problem of the influence of PV
sources on the line load is described in [11].

Simulation analysis

Based on the characteristics of the low-voltage
distribution network and the profiles of consumers and
sources in the form of home photovoltaic installations, a
simplified network model was developed as shown in Figure
5. The model was used to assess the degree of load of the
distribution transformer for various unit power values: 40,
63, 100 and 160 kVA.
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Fig 5. Simplified LV network model for the analysis of the
transformer load level

The simulations were made on the basis of real 15-
minute data from April from the existing MV/LV station and
the PV installation located in Greater Poland. It was
assumed that the line was made with a YAKY cable with a
70 mm? cross-section. Figure 6 depicts the load level of a
station with a 100 kVA transformer depending on the
number of connected 9.9 kWp prosumer installations.
Figure 7 shows the results obtained for the standard profiles
from the Instructions for the Movement and Operation of the
Distribution Network (IRIESD) of the Energa Operator
company assuming 20 customers of the G12 tariff group [9].
In the presented analyses, a prosumer was simultaneously
included as a producer and a consumer (e.g. 20 consumers
+ 10 prosumers was understood as 20 consumers, of which
10 have an installed PV micro-installation).
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Fig 6. Load level of MV/LV station with a 100 kV transformer,
assuming consumers: without PV generation, with 1 prosumer, with
5 prosumers, with 10 prosumers, and with 15 prosumers
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Fig 7. Load level of MV/LV station with a 100 kV transformer,
assuming 20 consumers (G12 tariff): without PV generation, with 1
prosumer, with 5 prosumers, with 10 prosumers, and with 15
prosumers
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When analyzing the obtained graphs, it can be noticed
that the connection of one prosumer installation with a
capacity of 9.9 kWp resulted in a reduction of the load level
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of the transformer station. Increasing the number of
connected prosumers or the power of PV installations
causes a noticeable increase in the station load due to the
transformation of electricity from low voltage to medium
voltage. Based on the weather archive for the place of
installation of the sources [12], it was found that the highest
loads were recorded on sunny days (high electricity
production by PV installations), while in the case of
significant cloud cover (e.g. at the beginning of the month -
Fig. 6), the transformer load in network, to which was
connected a significant number of prosumer installations, is
lower than in the absence of photovoltaic sources. The
greater the difference between the amount of energy
produced and its consumption, the greater the load on the
transformer.

Figure 8 shows the load change of MV / LV stations with
oil transformers with the capacity of 40, 63, 100 and 160
kVA depending on the number of connected prosumer
installations with a unit capacity of 9.9 kW. The worst case
in the analyzed month was considered - the day when the
difference between electricity production and consumption
is the greatest. The simulation results were presented both
for real data from balancing counters (Advanced Metering
Infrastructure) and for data from standard profiles.
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Fig 8. Max. load level of MV / LV stations on the day in depending
of the number of prosumer installations

The Figure 9 shows a diagram of voltage changes on
LV busbars at the point of coupling of consumers. The
performed simulations allow to conclude that in the case of
connecting a significant power of the PV installation to the
LV grid, there is a risk of overloading the transformers and
substation circuits. The greater the number of prosumers
connected, the greater the risk becomes. In addition, the
risk of exceeding the permissible voltage values, voltage
fluctuations or the flicker factors defined in the power quality
norms is also increased. The problem of voltage increase
caused by the intensive development of photovoltaics is
described in more detail in [13, 14], while the impact of PV
sources on voltage flicker and fluctuations in [15].

Too high a voltage value (above 1.1Un) can, for
example, be reduced with the transformer's tap-changer,
however, as shown in Figure 10, this will increase the load
on the station. The presented model is simplified and does
not take into account a number of real factors influencing
the change of currents flowing in the network (e.g.
decreasing / increasing the value of the current generated
by the PV in the case of a higher / lower voltage value in
order to transmit the appropriate power).
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Conclusions

The article presents selected issues related to MV/LV
transformer stations to which local energy sources are
connected in the form of home PV installations. In this part
of the article risk of overloading stations to which PV
installations are connected in large numbers is presented.

IT tools allow to assess the impact of connecting
additional PV installations. Performing simulations and
analyzes allows you to estimate how the newly connected
installation will affect the transformer or line, which may
prevent reaching a critical load level.

According to the authors, a correct analysis of the
problem of overloading MV/LV transformers, taking into
account the new operating conditions, will allow for the
extension of their operation time and better management of
network assets. During further considerations, the influence
of various factors on the transformer aging process should
be assessed, e.g. environmental factors (ambient
temperature, the influence of insolation, wind speed, etc.),
harmonic content, phase load irregularity. It is also
necessary to take into account the assessment of the
degree of degradation of transformers, taking into account
dynamic temperature increases, e.g. during short-circuits or
starts.
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It should be borne in mind that in the case of PV
electricity production (the direction of power flow from LV to
MV), the value of the current flowing through the MV/LV
station is equal to the sum of the values of the currents
flowing to the station from the low-voltage circuits
connected to this station. The more so that the simultaneity
factor for the station load (PV energy production) in such
cases is practically always equal to 1, and not less than 1
as it is commonly assumed when determining the power
demand (transformer power).
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