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Abstract: Connecting photovoltaic micro-installations to a low-voltage network changes the operating
conditions of the network. As a result, in certain situations, the permissible operating limits may
be periodically exceeded. The risk of exceeding the normal operating conditions of the network
depends on multiple factors, including the installed capacity of the photovoltaic sources. In this
article, we use a time-series method to determine the annual risks of exceeding the bus voltage limits,
the rated current of the lines and transformer, and the acceptable limit of the negative sequence
component of bus voltage, as well as the risk of a reverse flow occurring, and the risk of energy losses
increasing. We calculate these risks for different levels of penetration of the photovoltaic sources,
different divisions of the rated power of the photovoltaic sources between individual phases, and
different consumer load profiles. We perform calculations on a CIGRE test network using OpenDSS
and statistical meteorological data for the Katowice (Poland) weather station. The results obtained
indicate that connecting photovoltaic micro-installations to a low-voltage network has the greatest
impact on the risk of reverse flow occurring and the risk of energy losses increasing. In addition,
the risk of overvoltage and branch overload increases substantially. The method we present allows
one to determine the value of the hosting capacity of a given low-voltage network, ensuring that the
assumed risk of exceeding the normal operating conditions of the network is retained.

Keywords: photovoltaic micro-installation; prosumer; low-voltage network; grid impact; hosting
capacity; risk evaluation; time-series method; OpenDSS

1. Introduction

Solar energy has developed rapidly in recent years, with photovoltaic (PV) power
generation one of its most prominent applications. Worldwide, in 2020, cumulative installed
PV capacity exceeded 707 GW and represented 25% of the total installed capacity of
renewable energy sources [1]. Within many regions globally, including European countries
that are subject to moderate insolation, PV power generation is exhibiting rapid growth.
In Poland, PV sources are the fastest-growing power generation technology, with a total
installed rated power of 3.94 GW at the end of 2020, increasing from 1.47 GW the previous
year (an increase of 170%) [2]. More than 75% of the installed capacity of PV sources in
Poland comes from micro-installations.

According to Polish distribution system operators [3], in mid-2021, there were over
600,000 micro-installations connected to the grid (on-grid), and the average rated power of
the newly connected installation was 7.64 kW. Development of PV micro-installations in
Poland has surged throughout 2019–2020; at the end of 2018, only 54,000 PV sources were
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connected to the grid. Such an increase has been caused by the implementation of support
mechanisms for prosumers: individuals who both produce and consume energy. These
support mechanisms include investment subsidies [4] and a favorable settlement scheme
for the energy produced [5]. Due to the planned continuation of these mechanisms, we
assume that the upward trend in the number of grid-connected PV micro-installations will
continue.

On-grid micro-installations are connected to a low-voltage (LV) network. On aver-
age, prosumers for their current needs consume approximately 30% of the energy they
produce [6]; as a consequence, there are periods during the day when generation exceeds
demand. If, as in the majority of cases, the prosumer does not possess a suitable form
of energy storage, the excess of generated energy is transmitted to the grid. If there are
relatively few prosumers within a given area, the energy generated by micro-installations
is negligible, and the operation of the grid is unaffected. However, if there are many
prosumers, the total power generated by photovoltaic installations can be large enough to
produce periodic adverse effects on the operation of the LV network. These adverse effects
primarily include the following:

• A voltage rise, leading to overvoltage [7–12];
• An increase in voltage unbalance [11,12];
• An increase in current flow, leading to the overload of network components [7,10];
• The appearance of reverse power flows; for example, power flows from the LV grid to

the medium voltage (MV) grid [9,12]; and
• Increased power losses [8,9,12].

Photovoltaic sources connected to the LV grid also increase voltage fluctuations and
affect the level of harmonics, the value of short-circuit currents, and the rotor angle stability.

To safely integrate PV sources into an LV network, the impact of these sources on
the network must be analyzed. The maximum amount of distributed energy resources
(DER) that a given distribution network can accommodate without exceeding its normal
operating conditions and without requiring infrastructure development is known as the
hosting capacity (HC) [13–16]. Generally, HC is mainly limited by:

• Overvoltage—power generation that is greater than load can cause the bus voltage to
exceed acceptable levels and potentially damage devices connected to the bus [13,15,16];

• Voltage unbalance—the unequal loading of phases increases the negative sequence
component of voltage, thereby decreasing the power quality [16];

• Thermal overload—lines and transformers can overheat if their rated currents are
exceeded, leading to various operational failures [15,16];

• Protection problems—the reverse power flow caused by DER generation can lead to
the unintentional activation of protective systems during normal conditions, or the
malfunction of such systems during fault conditions [13,15]; and

• Power losses—DER generation can decrease the transmission efficiency of the distri-
bution network, leading to an increase in energy losses [15].

There is no unique HC for a given LV network. The HC depends directly on the
selection and quantification of the limiting factors. The HC also depends on the size of
the individual PV micro-installations and their location within the network. However, the
most important factor affecting the HC is the risk of exceeding the operational limits that
distribution network operators and customers are willing to accept [17].

Traditionally, stochastic methods are used to assess risk in power systems [18]. Such
methods have been used recently to determine the risk of disturbances within grids with
connected PV sources [19–24]. Stochastic methods are suitable due to the stochastic variabil-
ity of PV generation, which is caused by the unpredictability of weather conditions leading
to variable solar irradiance. Other unknown variables include customer load, the size and
location of PV sources, and the availability of network components. These uncertainties
are included in stochastic methods by the use of probability distribution functions. The
state of the analyzed power grid is then determined by sampling the assumed probability
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distribution functions of each variable. Once the grid states are obtained, the power flow
can be calculated for each state. Statistical methods are used to illustrate the results.

One drawback of stochastic methods is their considerable computational complexity;
as the number of unknown variables increases, so does the complexity and run time
of the simulation. However, the most notable shortfall of such methods is the mutual
independence of the system variables over time. Where the relationship between systems
variables is important, time-series methods are required.

Time-series methods [14] take power consumption and PV production time series’ as
inputs. This approach accounts for correlations between different uncertain parameters
such as load and solar irradiance. The input data can be taken from direct measurements or
can be generated using appropriate stochastic process models. By combining the data with
a distribution grid model, output profiles can be obtained via power flow calculations.

The use of time-series methods allows uncertainties to be handled appropriately. These
methods provide a realistic overview of the operation of the grid under different levels
of PV penetration, accounting for the time-varying nature of power consumption and
generation. As in the case of stochastic methods, computational complexity is an important
consideration also in time-series methods. The computation time is a function of the time
resolution and length of the time series. Typical time resolutions are 10 min, 15 min, and one
hour, and the typical length of a time series can range from one year to several years [14].
The choice of resolution and length of the time series depends on data availability.

In the article, we use a time-series method to determine the risk of exceeding the
normal operating conditions of an LV distribution network due to PV generation. We
use a three-phase low-voltage network model with four time series’ as inputs: power
consumption, solar irradiance, wind speed, and ambient temperature. Each time series has
a time resolution of one hour and a length of one year. Bus voltages, branch currents, and
energy losses are calculated for each hour of the year analyzed. Using this approach, we
determine the number of hours in the year for which the following hold:

• The voltage of a given bus is higher than 1.1 Vn or lower than 0.9 Vn, where Vn is the
nominal voltage of the network;

• The negative sequence component of voltage in a given bus is greater than 2% of the
positive sequence component;

• The current flow in a given network component (line or transformer) is greater than
the rated current of that device;

• The reverse power flow from the LV grid to the MV grid appears;
• The energy losses within the LV grid are greater when PV sources are connected than

without PV sources.

By determining these values, we can calculate the risk of exceeding the normal op-
erating conditions of the LV distribution grid due to PV generation. For the given time
series’ and the location of the PV micro-installations within the network, the level of risk
depends on the rated power of the connected sources; the greater the total power of the PV
sources, the greater the risk. Therefore, the HC can be set in accordance with the level of
risk accepted by the distribution system operator and customers.

The remainder of this article is organized as follows. Section 2 provides a detailed
description of the CIGRE test network, the simulation environment, the input data, and
the proposed risk calculation method. Section 3 presents the results obtained from the
time-series method for different penetration levels of the PV sources, different divisions
of the rated power of the PV sources between individual phases, and different consumer
load profiles. Section 4 discusses the results, and Section 5 presents the conclusions and
suggests future work.

2. Materials and Methods
2.1. Test Network and Simulation Environment

The CIGRE technical brochure [25] provides models of test systems in various config-
urations, which can be used to analyze the influence of DER on the operation of power
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systems. The LV test network we selected from the brochure, shown in Figure 1, is a three-
phase cable network that supplies residential consumers. The network has a conventional
European configuration (TN-C). Figure 1 also shows the peak powers of complex loads
representing groups of customers supplied by individual buses. The given values apply to
three-phase loads and are divided proportionally between the three phases (complex loads
are star connected with the neutral wire).

Figure 1. Diagram of the CIGRE LV test network for supplying residential consumers, showing
component parameters.

We simulated the LV test network using the open-source electric power distribu-
tion system simulator OpenDSS, developed by the Electric Power Research Institute [26].
OpenDSS is designed to support DER grid integration and power network modernization.
It provides support for the complex analysis of current and future power networks, using
configurable models of individual grid components. Notably, OpenDSS is capable of calcu-
lating power flows in multiphase power system networks with the inclusion of asymmetric
loads and power generation.
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2.2. Yearly Load Variability

The load values shown in Figure 1 demonstrate the peak load of the CIGRE test
network. The technical brochure [25] also provides the daily load profile of the customers,
shown in Figure 2. This profile is the same for all loads.

Figure 2. The daily load profile (p.u. of peak load) of residential loads in the CIGRE test network.

We prepared yearly load profiles for each customer using the daily load profile. Each
time series had a time resolution of one hour and a length of one year. We used two types
of yearly load profiles: symmetric and asymmetric. To generate the symmetric profiles,
we treated each daily load profile throughout the year as identical and consistent with
the profile shown in Figure 2 for each phase and all customers. As an example, Figure 3
shows the weekly symmetric load profile. In contrast, the yearly asymmetric load profiles
were generated randomly around the symmetric profile, which was used as a mean. To
create the random profiles, we used a pseudorandom number generator with a normal
distribution. The coefficient of variation (the ratio of standard deviation to mean) was
assumed to be a constant of 0.3 for each customer throughout the simulation period. We
replaced any negative load values that were sampled with the corresponding value from
the symmetric load profile. Figure 4 shows the weekly asymmetric load profile. The total
energy consumed during the year by all customers connected to the CIGRE network was
1644.7 MWh for the symmetric load profile and 1646.1 MWh for the asymmetric profile.

Figure 3. Weekly symmetric load profile (p.u. of peak load).
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Figure 4. Weekly asymmetric load profile (p.u. of peak load).

2.3. Determination of PV Penetration Level and the Rated Power of Individual PV Sources

The literature lacks consensus on the definition of PV penetration level [16,27]. A
possible definition is the ratio of the total rated power of all PV sources to the peak load
of the network or the rated capacity of the transformer. Another definition is the ratio of
customers with PV generators to the total number of customers in the given area. The PV
penetration level (PL) can also be defined based on energy consumption, as the ratio of
the total yearly energy generated by the PV systems (EPV) to the total yearly energy (E)
consumed by customers connected to the analyzed network:

PL =
EPV

E
× 100%. (1)

In the article, we use the last definition. For the simulations, we assumed two PV
penetration levels (PL = 25% and PL = 50%) corresponding with two levels of yearly energy
generated by the PV sources within the test network: EPV = 1644.7 MWh × 0.25 = 411.2
MWh for PL = 25%, and EPV = 1644.7 MWh × 0.5 = 822.4 MWh for PL = 50%.

From the EPV value, it is possible to determine the rated power of the PV sources.
When calculating this power, the billing method for the energy produced by the prosumer
should be considered. Poland has no fixed tariff for the surplus energy generated by
prosumers. Instead, prosumers can exchange the surplus energy for energy received from
the grid. If the PV source is rated at 10 kW or lower, for every 1 kWh of energy supplied
to the grid, the prosumer can receive 0.8 kWh in return without any charge, with the
settlement being made on an annual basis. As such, prosumers treat the power system as
virtual energy storage with an efficiency of 0.8. The above rules can be encapsulated in a
formula to calculate PrPV, the required rated power of a PV installation:

PrPV= SC
EPV

CF× 8760
+(1− SC)

EPV
EVS

CF× 8760
, (2)

where the self-consumption coefficient SC is the yearly energy generated by the PV source
that is consumed immediately by the customer, the PV capacity factor CF is the ratio of the
actual yearly production to the maximum possible yearly production, EVS is the efficiency
of virtual energy storage, and 8760 (with units of hours) is the number of hours in a year.

We assume that the PV sources are connected to each load bus of the CIGRE test
network and that the PV penetration level is the same for each bus. We used the following
values to calculate the rated power of the PV sources: CF = 0.114, a typical value for Poland;
SC = 0.25; and EVS = 0.8. We assumed that the rated power of a PV source connected to a
given bus is the sum of the rated power of multiple micro-installations, each with a capacity
of no more than 10 kW. Table 1 shows the rated power of the PV sources calculated using
Formula (2) for the two PV penetration levels.
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Table 1. Rated power of PV sources for two PV penetration levels.

Load Bus PL = 25% PL = 50%

No S pf P E EPV PrPV EPV PrPV

- kVA - kW MWh MWh kW MWh kW

R1 200 0.95 190.0 814.2 203.6 241.7 407.1 483.4
R11 15 0.95 14.3 61.1 15.3 18.1 30.6 36.3
R15 52 0.95 49.4 211.7 52.9 62.8 105.8 125.7
R16 55 0.95 52.3 223.9 56.0 66.5 111.9 132.9
R17 35 0.95 33.3 142.5 35.6 42.3 71.2 84.6
R18 47 0.95 44.7 191.3 47.8 56.8 95.7 113.6

Sum 404 - 384.0 1644.7 411.2 488.2 822.4 976.5

The rated power of the PV sources applies to three-phase installations. Within the
simulations, the powers of installations are divided symmetrically and asymmetrically
between the three phases. The asymmetrical division was generated randomly and is
different for each load bus but the same for both PV penetration levels. The division of the
rated power of the PV sources between the individual phases of the load buses is shown
in Figure 5. The yearly energy generated by the PV sources during simulation does not
differ by more than 0.1% from the assumed energy used to calculate the rated power of the
sources.

Figure 5. Division of the rated power of PV sources (kW) between the individual phases of the load
buses in the CIGRE test network.

2.4. Model of a PV Source

The PV source model used by OpenDSS is presented in Figure 6. To parameterize
the model, we first define the rated power of the PV panels PrPV under standard test
conditions. The power generated by the PV panels is determined for a given level of solar
irradiance and is dependent upon the panel temperature, so the obtained power value
must be corrected accordingly. The temperature of the PV panels TPV is calculated using
an external model based on the ambient temperature Ta, solar irradiance intensity SI, and
wind speed WS [28]:

TPV= Ta+SI× e−3.473−0.0594×WS. (3)
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Figure 6. The PV source model used by OpenDSS, with the daily profiles of ambient temperature,
solar irradiance, and wind speed based on the weather conditions on 17 May.

The DC power generated PDC is then converted according to the efficiency character-
istic of the inverter, for which the rated power Sr, rated voltage Ur, and power factor pf
are given. The active power P and the reactive power Q generated by the PV source are
calculated at the output of the inverter.

2.5. The Variability of Weather Conditions

As described in the previous section, PV electricity generation is dependent upon
solar irradiance and other atmospheric variables that affect panel efficiency. Therefore,
PV performance is predominantly influenced by the variables that define the weather
conditions for a particular day and location. As such, to calculate the power generation
of PV sources, we require meteorological data. The data we used corresponded to typical
meteorological years, sets of data that have been prepared to fulfill the needs of energy
calculations, energy auditing, design works, and simulations. The methodology to pre-
pare a typical meteorological year was developed by the International Organization for
Standardization and accepted by the Comité Européen de Normalisation as the EN ISO
15927–4:2005 standard [29]. The 12 months of weather data are selected from at least 10
years of meteorological observations for a given location. Figures 7–10 present, respectively,
ambient temperature, wind speed, solar irradiance, and calculated PV panel surface tem-
perature during a typical meteorological year, obtained by the Katowice meteorological
station, located at 50◦14′ N 19◦02′ E [30].
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Figure 7. Ambient temperature (◦C) during the typical meteorological year for the Katowice meteo-
rological station.

Figure 8. Wind speed (m/s) during the typical meteorological year for the Katowice meteorological
station.

Figure 9. Solar irradiance (kW/m2) during the typical meteorological year for the Katowice meteoro-
logical station.
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Figure 10. PV panel surface temperature (◦C) during the typical meteorological year calculated on
the basis of the ambient temperature, solar irradiance intensity, and wind speed for the Katowice
meteorological station.

2.6. Variants of the CIGRE Test Network Operating Conditions

Using the load profiles defined in Section 2.2, in addition to the PV penetration levels
and the division of the rated power of the PV sources between individual phases, defined in
Section 2.3, we defined ten variants of operating conditions for the test network simulations.
The defined variants are shown in Table 2. The simulations for each variant used the same
weather conditions described in Section 2.5.

Table 2. The ten variants of operating conditions used in yearly simulations of the CIGRE test
network.

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

Load profile Symmetric x x x x x
Asymmetric x x x x x

PV penetration
level

0% x x
25% x x x x
50% x x x x

Division of the PV-rated
power

Symmetric x x x x
Asymmetric x x x x

2.7. Risk Calculation

To assess the risk of exceeding the normal operating conditions of the LV network due
to PV generation, we first define normal operating conditions for the network:

• The voltage of each bus is within the range 0.9–1.1 Vn [31];
• The negative sequence component of voltage in each bus is not greater than 2% of the

positive sequence component [31];
• The current flow within each branch does not exceed the rated current of the trans-

former and cable lines; for the test network, the transformer is rated for 722 A, and we
assume that the rated current of the cable lines is 401 A for a cross-section of 240 mm2

and 157 A for a cross-section of 50 mm2 [32];
• The reverse power flow, i.e., the power flow from LV to MV network, does not appear;
• Energy losses do not exceed those incurred without PV sources.

Severity degrees are commonly used to calculate the risks associated with the operation
of PV sources in power systems [19,20,22,23]. We also use this concept in the article. We
define several severity degrees as follows. The severity degrees of the upper and lower
limits of bus voltage are given by:

SV =

{
Vi −Vmax if Vi > Vmax
0 if Vi ≤ Vmax

, (4)
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SV =

{
Vmin −Vi if Vi < Vmin
0 if Vi ≥ Vmin

, (5)

where Vi is the voltage at bus i, and Vmax and Vmin are the upper and lower limits of
the voltage, respectively. The severity degree of the upper limit of the negative sequence
component of the bus voltage is given by:

SV2 =

{ (
V2i
V1i
× 100%− 2%

)
if V2i

V1i
× 100% > 2%

0 if V2i
V1i
× 100% ≤ 2%

, (6)

where V1i and V2i are the positive sequence and negative sequence components of the
voltage at bus i, respectively. The severity degree of the rated current of a branch is given by:

SI =

{
Ii − Ir if Ii > Ir
0 if Ii≤ Ir

, (7)

where Ii is the current flow in branch i, and Ir is the rated current of the branch. The severity
degree of the reverse power flow is given by:

SR =

{
ILV→MV if ILV→MV > 0
0 if ILV→MV ≤ 0

, (8)

where ILV→MV is the current flow from the LV network to the MV network. The severity
degree of energy losses is given by:

S∆E =

{
∆EPV − ∆E if ∆EPV > ∆E
0 if EPV ≤ ∆E

, (9)

where ∆EPV and ∆E are the energy losses in the entire network with and without PV
sources, respectively.

Based on the simulation results, we calculated the severity degrees defined by Formu-
las (4)–(9) for each hour of the analyzed year. We then determined the number of hours
during the year when each severity degree is greater than zero. On this basis, the risk of
exceeding the normal operating conditions of the network is given by:

RSi =
NSi>0

N
· 100%, (10)

where i = (V, V, V2, I, R, ∆E), NSi>0 is the number of hours during the year when the value

of the i-th severity degree is greater than zero, and N = 8760 is the total number of hours in
a year. We calculated SV , SV , SI , and SR for the individual phase-to-phase voltages and

phase currents, while SV2 and S∆E for individual buses or the entire network, respectively.
We calculated the risk values in the same manner.

3. Results
3.1. Results of the Daily Simulations for Symmetric Load Profile without PV Sources—Variant V1

Tables 3 and 4 show the calculated voltages and currents within the CIGRE test
network under the peak load condition shown in Figure 1. We found that the results
obtained using OpenDSS were consistent with those presented in the CIGRE brochure [25],
confirming the correct implementation of the test network in OpenDSS. The observed
unbalance of voltages and currents for individual phases of a given bus or branch results
from the impedance unbalance of the network (for the calculations, we assumed a phase
symmetry of loads).
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Table 3. Phase-to-phase voltages (V) for load buses in the CIGRE test network.

Bus Phases CIGRE O_DSS Bus Phases CIGRE O_DSS

R1

L1–L2 393.04 393.04
R16

L1–L2 375.84 375.86
L2–L3 393.02 393.02 L2–L3 377.58 377.60
L3–L1 393.01 393.02 L3–L1 376.21 376.23

R11

L1–L2 385.83 385.84
R17

L1–L2 373.40 373.42
L2–L3 386.61 386.62 L2–L3 375.56 375.59
L3–L1 385.98 385.99 L3–L1 373.86 373.88

R15

L1–L2 370.02 370.03
R18

L1–L2 372.32 372.35
L2–L3 371.49 371.50 L2–L3 374.59 374.61
L3–L1 370.33 370.34 L3–L1 372.81 372.84

Table 4. Current flows (A) in branches that supply load buses in the CIGRE test network.

Branch Phase CIGRE O_DSS Branch Phase CIGRE O_DSS

R0–R1

L1 557.69 557.72
R6–R16

L1 74.28 74.29
L2 559.38 559.18 L2 74.73 74.68
L3 561.07 561.28 L3 75.18 75.24

R3–R11

L1 20.84 20.85
R9–R17

L1 46.91 46.92
L2 20.90 20.89 L2 47.27 47.23
L3 20.96 20.96 L3 47.63 47.67

R14–R15

L1 69.19 69.19
R10–R18

L1 62.80 62.81
L2 69.55 69.51 L2 63.30 63.24
L3 69.88 69.93 L3 63.81 63.86

Respectively, Figures 11 and 12 illustrate the daily variability of phase-to-phase volt-
ages in load buses and the daily variability of current flows in the branches that supply
those buses. The variability is the result of the assumed load profile shown in Figure 2. For
variant V1, this variability is identical for each day of the year. The results presented in
Figures 11 and 12 constitute a background for the analysis of the impact of PV sources on
the operating conditions of the CIGRE test network.
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Figure 11. Daily simulation results showing the phase-to-phase voltages (V) in the test network for
variant V1.

Figure 12. Daily simulation results showing the phase currents (A) in the test network for variant V1.
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3.2. Results of the Daily Simulations for the Symmetric Load Profile with Symmetric PV
Sources—Variants V2 and V3

The PV source models, with the rated power given in Table 1, were implemented in the
CIGRE test network model. For each model, yearly simulations of network operation were
performed for the weather conditions described in Section 2.5. We present the simulation
results for 17 May, the day on which the maximum intensity of solar irradiance was
observed; the weather conditions for 17 May are shown in Figure 6.

Figure 13 compares the total load and the total PV generation in the CIGRE test
network for the two PV penetration levels. The results show that for both variants, there
are periods during the day when the generation of PV sources exceeds the load. It is during
these hours that the largest changes in network operation conditions should be expected.
This is illustrated by Figures 14–17, which show the daily voltage and current profiles in
the test network when the PV sources are connected.

Figure 13. Total daily load and total PV generation (kW) in the CIGRE test network.

Figure 14. Daily simulation results showing the phase-to-phase voltages (V) in the test network for
variant V2.
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Figure 15. Daily simulation results showing the phase currents (A) in the test network for variant V2.

Figure 16. Daily simulation results showing the phase-to-phase voltages (V) in the test network for
variant V3.
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Figure 17. Daily simulation results showing the phase currents (A) in the test network for variant V3.

Power generation via PV sources also affects the negative sequence component of the
bus voltage and the transmission losses. Figures 18 and 19 show a comparison of these
parameters for variants V1, V2, and V3. Appendix A presents the simulation results for the
remaining operating condition variants.

3.3. Results of the Yearly Simulations—Values of Risk of Exceeding the Normal Operating
Conditions of the CIGRE Test Network

As a result of the yearly simulations, the values of bus voltages, branch currents,
symmetrical components, and network losses were calculated for each hour during the year
for every variant of the CIGRE test network operating conditions. From this, we calculated
the severity degrees defined by Formulas (4)–(9) and the corresponding risk values defined
by Formula (10). The results are presented in Tables 5–10.
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Figure 18. Daily simulation results showing the negative sequence component of the bus voltage (%)
for variants V1, V2, and V3.

Figure 19. Daily simulation results showing the energy losses (kWh) for variants V1, V2, and V3.
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Table 5. The risk of exceeding the upper limit of the bus voltage RSV
(%) for load buses in the CIGRE

test network.

Bus Phases
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

R1

L1–L2 0 0 0 0 0 0 0 0 0 0
L2–L3 0 0 0 0 0 0 0 0 0 0
L3–L1 0 0 0 0 0 0 0 0 0 0

R11

L1–L2 0 0 0 0 0 0 0 0 0 0
L2–L3 0 0 0 0 0 0 0 0 0 0
L3–L1 0 0 0 0 0 0 0 0 0 0

R15

L1–L2 0 0 0.51 0 0.01 0 0 0.48 0 0
L2–L3 0 0 0.26 0 0.76 0 0 0.26 0 0
L3–L1 0 0 0.35 0 0.55 0 0 0.40 0 0

R16

L1–L2 0 0 0 0 0 0 0 0 0 0
L2–L3 0 0 0 0 0.01 0 0 0 0 0.03
L3–L1 0 0 0 0 0 0 0 0 0 0

R17

L1–L2 0 0 0 0 0 0 0 0.01 0 0
L2–L3 0 0 0 0 0.19 0 0 0 0 0.15
L3–L1 0 0 0 0 0 0 0 0 0 0

R18

L1–L2 0 0 0.03 0 0 0 0 0.03 0 0
L2–L3 0 0 0 0 0.34 0 0 0 0 0.33
L3–L1 0 0 0 0 0 0 0 0 0 0.01

Table 6. The risk of dropping below the lower limit of the bus voltage RSV (%) for load buses in the

CIGRE test network.

Bus Phases
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

R1

L1–L2 0 0 0 0 0 0 0 0 0 0
L2–L3 0 0 0 0 0 0 0 0 0 0
L3–L1 0 0 0 0 0 0 0 0 0 0

R11

L1–L2 0 0 0 0 0 0 0 0 0 0
L2–L3 0 0 0 0 0 0 0 0 0 0
L3–L1 0 0 0 0 0 0 0 0 0 0

R15

L1–L2 0 0 0 0 0 1.87 1.87 1.87 1.87 1.87
L2–L3 0 0 0 0 0 1.26 1.26 1.26 1.26 1.26
L3–L1 0 0 0 0 0 0.74 0.74 0.74 0.74 0.74

R16

L1–L2 0 0 0 0 0 0.03 0.03 0.03 0.03 0.03
L2–L3 0 0 0 0 0 0.02 0.02 0.02 0.02 0.02
L3–L1 0 0 0 0 0 0 0 0 0 0

R17

L1–L2 0 0 0 0 0 0.25 0.25 0.25 0.25 0.25
L2–L3 0 0 0 0 0 0.11 0.11 0.11 0.11 0.11
L3–L1 0 0 0 0 0 0.02 0.02 0.02 0.02 0.02

R18

L1–L2 0 0 0 0 0 0.71 0.71 0.71 0.71 0.71
L2–L3 0 0 0 0 0 0.24 0.24 0.24 0.24 0.24
L3–L1 0 0 0 0 0 0.07 0.07 0.07 0.07 0.07
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Table 7. The risk of exceeding the upper limit of the negative sequence component of the bus voltage
RSV2 (%) for load buses in the CIGRE test network.

Bus
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

R1 0 0 0 0 0 0 0 0 0 0
R11 0 0 0 0 0 0 0 0 0 0
R15 0 0 0 0 0 0.40 0.40 0.40 0.40 0.40
R16 0 0 0 0 0 0.01 0.01 0.01 0.01 0.01
R17 0 0 0 0 0 0.03 0.03 0.03 0.03 0.03
R18 0 0 0 0 0 0.06 0.06 0.06 0.06 0.06

Table 8. The risk of exceeding the rated current of branch RSI (%) in the CIGRE test network.

Branch Phase
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

R0–R1

L1 0 0 1.44 0 0.34 0.67 0.67 2.15 0.67 1.00
L2 0 0 1.50 0 4.57 0.72 0.72 2.16 0.72 5.43
L3 0 0 1.51 0 0.96 0.76 0.76 2.35 0.76 1.78

R1–R2

L1 0 0 0.87 0 0.25 0.13 0.13 1.05 0.13 0.33
L2 0 0 0.90 0 1.18 0.15 0.15 1.07 0.15 1.31
L3 0 0 0.96 0 1.40 0.15 0.15 1.10 0.15 1.55

R3–R13

L1 0 0 0 0 0 0 0 0 0 0
L2 0 0 0 0 0 0 0 0 0 0
L3 0 0 0 0 0 0 0 0 0 0

R14–R15

L1 0 0 0 0 0 0 0 0 0 0
L2 0 0 0 0 0 0 0 0 0 0
L3 0 0 0 0 0 0 0 0 0 0

R6–R16

L1 0 0 0 0 0 0.02 0.02 0.02 0.02 0.02
L2 0 0 0 0 0.33 0.01 0.01 0.01 0.01 0.38
L3 0 0 0 0 0 0 0 0 0 0.03

R9–R17

L1 0 0 0 0 0 0 0 0 0 0
L2 0 0 0 0 0 0 0 0 0 0
L3 0 0 0 0 0 0 0 0 0 0

R10–R18

L1 0 0 0 0 0 0 0 0 0 0
L2 0 0 0 0 0 0 0 0 0 0.02
L3 0 0 0 0 0 0 0 0 0 0

Table 9. The risk of reverse power flow occurring RSR (%) in the CIGRE test network.

Branch Phase
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

R0–R1

L1 0 13.50 21.99 9.20 20.07 0 13.68 21.66 9.50 20.00
L2 0 13.50 22.00 17.83 22.47 0 13.66 21.70 17.57 22.42
L3 0 13.50 22.00 12.03 21.26 0 13.72 21.84 12.17 21.29

Table 10. The risk of energy losses increasing R∆E (%) in the CIGRE test network.

Branch
Variants of the CIGRE Test Network Operating Conditions

V1 V2 V3 V4 V5 V6 V7 V8 V9 V10

Entire
network 0 1.62 12.92 1.95 13.93 0 1.69 12.81 2.17 13.76

The results in Table 5 show that the voltage exceeded the upper limit in several load
buses for variants V3, V5, V8, and V10, variants for which the penetration level of PV
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sources is 50%. The highest risk was observed for bus R15. Figure 20 shows the number of
hours during a year when the upper limit of bus R15 was exceeded. The degree by which it
was exceeded is shown, in the ranges 0–1 V, 1–2 V, 2–3 V, etc. The data show that the upper
limit of bus R15 is rarely exceeded by 5 V or more.

Figure 20. The number of hours in the year when the upper limit of the R15 bus voltage is exceeded
within one of the defined ranges (V): (a) V3, (b) V5, and (c) V8.

Table 6 shows the risks that the load bus voltages drop below their minimum limits.
The risks are non-zero for four buses when using variants V6–V10. The V1 and V6 variants
have no PV sources. These variants differ only in the load profile; V1 has a symmetric
load profile, while V6 has an asymmetric load profile. Hence, the voltage fell below the
lower limit in the V6 variant due to an asymmetric load profile. The risks of the subsequent
variants are the same as those of the V6 variant, indicating that for these variants, the PV
sources did not increase the risk of dropping below the minimum limits of the bus voltages.
A similar situation occurs in the case of the negative sequence component of the voltage,
with the results shown in Table 7.

Table 8 shows the risks of exceeding the rated branch currents. The rated currents of
the transformer (branch R0–R1) and lines R1–R2 are exceeded. The rated current of line
R2–R3 is also exceeded; this is not shown in the table because the line operates in series
with line R1–R2. The transformer and line-rated currents are exceeded when using variants
V3, V5, V8, and V10, where the penetration level of PV sources is 50%. The rated currents
of those components are also exceeded when using variants V6, V7, and V9; however, this
is caused by the asymmetric load profile and not by the operation of the PV sources. When
comparing variants V3 with V5 and V8 with V10, the asymmetric division of the PV-rated
power noticeably impacts the load of the network branch. This impact can be favorable
by mitigating overload, or unfavorable, by increasing overload. This issue is illustrated
in Figure 21. Comparing Figure 21a–d shows that with the asymmetric division of the
PV-rated power, the total number of hours in which the transformer overloads in phases L1
and L3 decreases, while the total number of hours in which the transformer overloads in
phase L2 increases.
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Figure 21. The number of hours during the year in which the rated current of the transformer (branch
R0–R1) is exceeded by a value within the defined ranges (% of the rated current): (a) V3, (b) V5, (c) V8,
and (d) V10.

In our simulations, reverse power flow occurred in each variant that contained PV
sources. However, the risk of reverse flow is much higher in variants V3, V5, V8, and V10,
where the penetration level of PV sources is 50% (see Table 9). The results show how the
division of the PV-rated power between individual phases impacts the risk (Figure 22).

Figure 22. The number of hours during the year in which the reverse power flow is within the defined
ranges (% of the rated current of transformer): (a) V3, (b) V5, (c) V8, and (d) V10.

Table 10 shows the risk of energy losses increasing in the CIGRE test network with
connected PV sources. To calculate the risk, the energy losses in V2–V5 variants were
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compared to losses in the V1 variant, while losses in V7–V10 variants were compared to
losses in the V6 variant. For all variants with PV sources, an increase in energy losses is
observed. The risk of increasing losses is much higher in variants where the penetration
level of PV sources is 50%. The asymmetrical division of the PV-rated power between
individual phases has a noticeable impact on the risk of increasing losses. Figure 23 shows
the number of hours during the year in which the increase in energy losses is within the
given ranges for variants V3, V5, V8, and V10.

Figure 23. The number of hours during the year in which the increase in energy losses is within the
defined ranges (kWh): (a) V3, (b) V5, (c) V8, and (d) V10.

4. Discussion

When comparing the daily variability of phase-to-phase load bus voltages (Figure 12,
Figure 14, and Figure 16, and the corresponding figures in Appendix A), the voltage
increases are particularly noticeable during periods in which PV power generation exceeds
the power demand. The greater the installed capacity of PV micro-installations, the greater
the voltage increases. For variants where the PV penetration level is 50%, the differences
between the minimum and maximum voltages in certain buses (e.g., bus R15) reach 90
V. The minimum voltage occurs at approximately 9 p.m., coinciding with high customer
demand and no PV generation. The maximum voltage occurs at approximately noon,
coinciding with low customer demand and high PV generation. In these circumstances,
overvoltage can occur, which may cause damage to the receivers powered from the bus. To
avoid exceeding the upper limit of the bus voltage, inverters are equipped with overvoltage
protections, which cause them to automatically deactivate. Deactivating PV installations
is unfavorable to their owners due to the interruption of energy production, independent
of the weather conditions. The results show that within the CIGRE test network, the risk
of the bus voltages going beyond the relevant bounds is substantial within only certain
buses when using variants where the PV penetration level is 50%. The risk did not exceed
0.8%, meaning that bus voltages were outside the permissible values for no more than 70 h
during the year.

The operation of PV micro-installations has a two-fold impact on the flow of cur-
rents within the network (Figures A13, A15 and A17, and the corresponding figures in
Appendix A). When PV generation is lower than demand, the load of network elements is
reduced without the current direction changing. This is a favorable situation and, among
other effects, provides a reduction in transmission losses. Correspondingly, during periods
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in which PV generation exceeds demand, a change in the direction of current flow occurs:
Power flows in reverse, from the LV network to the MV network.

This reverse flow takes different values depending on the PV penetration level in the
LV network. For example, on the day of the highest intensity of solar irradiance during the
year (17 May), for a PV penetration level of 25%, the reverse flow within the transformer
was comparable to the current flow during the evening peak of the network load (Figure 15).
For a PV penetration level of 50%, the reverse flow was almost twice as high (Figure 17). The
risk of incurring a reverse power flow depends on the rated power of the PV sources. For a
PV penetration level of 25%, the risk of reverse power flow within the test network was
approximately 14% when using variants V2 and V7. Hence, for more than 1200 h during
the year (approximately 50 days), power flowed from the LV network to the MV network.
For a PV penetration level of 50%, the risk increases to approximately 22% (variants V3 and
V8), corresponding to almost 2000 h (more than 80 days).

The operation of the PV sources connected to the LV network also affects the load
of individual components within the network. The simulations show that the MV/LV
transformer was the network component most exposed to the risk of overload. The risk of
overload appeared at a PV penetration level equal to 50%. With a symmetric division of
the rated power of PV sources between individual phases (variants V3 and V8), the risk
of overload was approximately the same for each phase: approximately 1.5% (130 h) for
the V3 variant and approximately 2.2% (190 h) for the V8 variant. The difference in risk
(approximately 0.7%) is caused by the risk of overloads resulting from the asymmetry of
the load (variant V6). With the asymmetric division of the power of PV sources between
individual phases (variants V5 and V10), the highest risk was observed for the maximum-
loaded phase. This risk was approximately 5%, corresponding to 440 h during the year
(more than 18 days). Furthermore, the overload value is notable, reaching greater than
100% of the rated current (Figure 21). In the remaining phases, both the risk and the level
of overload were significantly lower. Therefore, to minimize both the risk and the degree of
overload of individual network components, single-phase PV sources should be connected
so that the load of individual phases is even.

The change in current flow resulting from the operation of PV sources causes a change
in transmission losses (Figures 19 and A19). The yearly simulations show that the risk of
increasing transmission losses occurs for all variants with modeled PV sources. For variants
with a PV penetration level of 25%, the risk of increasing transmission losses ranged from
1.6% to 2.2%. However, in variants with a 50% share of PV sources, the risk ranged from
12.8% to 13.9%: doubling the rated power of PV sources resulted in an eight-fold increase
in the risk of increasing energy losses. From the perspective of network users, this is an
adverse situation, as it causes an increase in the variable costs of energy distribution, which
translates into an increase in the rates of distribution charges.

Voltage asymmetry is a common occurrence within the LV network. In addition
to impedance asymmetry, voltage unbalance is primarily caused by the uneven load of
individual phases due to the operation of single-phase receivers. PV sources can also be
deployed as single-phase installations, and with an uneven distribution of their power
between individual phases, they can affect the level of voltage unbalance. This phenomenon
is visible when comparing Figures 18, A15, A17 and A18: voltage unbalance increases
(the negative sequence component of the bus voltage increases) due to the operation of
PV sources with power distributed asymmetrically between individual phases. However,
it should be emphasized that the yearly simulations show that the limiting value of the
negative sequence component of the bus voltage was not exceeded as a result of the
operation of the PV sources. Moreover, the operation of PV sources did not reduce the
nodal voltage below the permissible values.

Comparing the results obtained by us with those described in similar studies, one can
notice their general consistency. The authors of the article [7] concluded that overload of
network components and overvoltage appears only with high PV penetration levels. In
addition, in our simulations, overload of network components and overvoltage appeared
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at the 50% PV penetration level. The same article also shows a very strong relationship
between reverse power flow and the PV penetration level. Our research also confirms this
relationship. Articles [8–10] emphasize that PV sources reduce total losses until a certain
penetration level and further increase in PV installations also increases grid losses. Our
research also confirmed this observation. The article [11] states that the influence of PV
sources on voltage asymmetry is at the level of 1%. In our research, we obtained a slightly
higher value, but the level of asymmetry did not exceed the acceptable limit.

5. Conclusions

During the majority of the year, the cooperation of PV micro-installations with the
power network causes no interruptions, and the parameters that characterize the operation
of the LV network are within acceptable limits. Due to the growing number of prosumer
micro-installations, such parameters are exceeded more frequently. The method we pre-
sented in this article determines the risk of exceeding the normal operating conditions of
an LV network due to the operation of connected PV sources. Hence, the method can be
used to determine the HC of existing LV networks at which the assumed risk of exceeding
the individual parameters that characterize the operation of the network will be met. This
method can also be used to assess the impact of newly connected PV micro-installations on
the operation of the existing LV network.

As part of further research, we plan to develop a method that allows the connection of
a greater number of PV micro-installations without the need for substantial development
of the network. This will be achieved by increasing energy consumption at the place of its
production during generation. That is, by increasing the self-consumption of the energy
produced by prosumers. Selected receivers and electric energy storage devices owned by
prosumers can be used for this purpose. Energy storage devices connected to the MV/LV
substation that powers the given network can also be used to increase the hosting capacity
of the network. The development of a method to optimally control selected receivers
and energy storage devices will allow the hosting capacity of existing LV networks to be
increased while maintaining the assumed risk level of exceeding the normal operating
conditions. This method could also be used to control the LV network. The application of
the method should make the operation of the LV grid more flexible, which is necessary for
the development of electromobility, among other purposes [33].
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Appendix A

Daily simulation results for variants V4–V10, showing phase-to-phase voltages, phase
currents, negative sequence components of bus voltage, and energy losses.
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Figure A1. Daily simulation results for variant V4: phase-to-phase voltages (V).

Figure A2. Daily simulation results for variant V4: phase currents (A).
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Figure A3. Daily simulation results for variant V5: phase-to-phase voltages (V).

Figure A4. Daily simulation results for variant V5: phase currents (A).
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Figure A5. Daily simulation results for variant V6: phase-to-phase voltages (V).

Figure A6. Daily simulation results for variant V6: phase currents (A).
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Figure A7. Daily simulation results for variant V7: phase-to-phase voltages (V).

Figure A8. Daily simulation results for variant V7: phase currents (A).
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Figure A9. Daily simulation results for variant V8: phase-to-phase voltages (V).

Figure A10. Daily simulation results for variant V8: phase currents (A).
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Figure A11. Daily simulation results for variant V9: phase-to-phase voltages (V).

Figure A12. Daily simulation results for variant V9: phase currents (A).
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Figure A13. Daily simulation results for variant V10: phase-to-phase voltages (V).

Figure A14. Daily simulation results for variant V10: phase currents (A).
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Figure A15. Daily simulation results for variants V1, V4, and V5: negative sequence component of
bus voltage (%).

Figure A16. Daily simulation results for variants V1 and V6: negative sequence component of bus
voltage (%).
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Figure A17. Daily simulation results for variants V6, V7, and V8: negative sequence component of
bus voltage (%).

Figure A18. Daily simulation results for variants V6, V9, and V10: negative sequence component of
bus voltage (%).
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Figure A19. Daily simulation results for variants (a) V1, V4, and V5; (b) V1 and V6; (c) V6, V7, and
V8; and (d) V6, V9, and V10: energy losses (kWh).
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