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Abstract: Renewable sources of energy (RES), especially photovoltaic (PV) micro-sources, are very
popular in many countries. This way of clean power production is applied on a wide scale in Poland
as well. The Polish legal regulations and tariffs specify that every prosumer in a low-voltage network
may feed this network with a power not higher than the maximum declared consumed power. In
power networks with RES, the voltage level changes significantly along the power line and depends
on the actually generated as well as consumed power by particular prosumers. There are cases
that prosumers connected to this line cannot produce and inject the full permissible power from PV
sources due to the level of a voltage higher than the technically acceptable value. In consequence, it
leads to the lack of profitability of investments in installations with PV sources. In this paper, voltage
variations in a real rural low-voltage network with PV micro-sources are described. The possible two
general solutions of voltage levels improvement are discussed—increase in the cross-sectional area
of the bare conductors in the existing overhead line as well as the replacement of the overhead line
with a cable line. The recommended solution for the analyzed network, giving the best reduction of
voltage variations and acceptable cost, is underlined. Such a recommendation can also be utilized in
other rural networks.

Keywords: load flow; photovoltaic systems; power system analysis computing; voltage control

1. Introduction

In recent years, a significant increase in the number of installed photovoltaic (PV)
sources has been noticed. According to the report from 2019 [1], photovoltaic energy
sources produce almost 1200 MW in Poland. PV sources are the most popular renewable
energy sources (RES) among prosumers [2], especially in the so-called micro-installations
(up to 50 kW). In general, the weather-related instability of PV energy production is a
problem for the entire power system [3]. Moreover, as the power of installed micro-sources
in the distribution network increases, problems begin to appear related to maintaining
the required voltage. During the peak of the power generation by PV sources, the energy
consumption by prosumers is most often low. These phenomena lead to a voltage level that
exceeds the permissible value. According to the national legal regulation [4] and standard
EN 50160 [5], the permissible range of the network voltage is (0.9–1.1) Vn, where Vn is the
nominal voltage of the network. Furthermore, too high a voltage in the network may cause
automatic disconnection of PV sources, which disables the production of clean power and
is unfavorable from the economical point of view.

The discussed state of affairs was presented in publications [6,7]. The problems most
often concern rural networks, which are characterized by long circuits [8,9]. For the network
analyzed in the paper [10], it was shown that only with a 20% share of power generation
by PV sources installed in the low-voltage (LV) network, no voltage problems were noted.
Therefore, it seems to be reasonable to apply restrictions regarding the maximum installed
power of renewable sources. In Poland, this limitation is defined by the maximum declared
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consumed power, which, according to [4,11], is active power drawn or injected into the
network based on the concluded contract. In turn, the contracted power may not exceed the
power for which the line supplying a consumer has been designed. It has been proved in
the article [12] that limitations regarding the installed power of PV sources cannot be rigid
because voltage problems for each network start at a different power value of these sources.
The voltage problems depend on, among others, the length of the circuits, cross-sections of
the power lines, load profiles and the location of the PV source. An interesting idea is to
specify the active power limit that can be used for voltage control purposes, as shown in
the paper [13].

In the power system, the topic related to voltage variations/deviations is important—it
initiates the search and study of the possibility of reducing voltage variability [14]. In order
to reduce too high voltage level in the distribution network resulting from the production
of power by PV sources, the following solutions are considered/applied nowadays:

1. The reconfiguration of the LV network or construction of new LV networks in such
a way that the LV power lines supplying consumers are as short as possible. Such
assumptions can be taken into account when a new power infrastructure is built, as
presented in the paper [15]. For economic reasons, such a method is not feasible in
the situation of the existing power infrastructure due to the necessity to add/relocate
medium-voltage/low-voltage (MV/LV) power substations, demolition of existing
lines and construction of new ones.

2. The application of the on-load tap changer on a transformer in the MV/LV power
substation. This solution is presented in papers [16,17]. Such control of voltage is
justified when the entire LV network is saturated with PV sources. If at least one
circuit from the power substation has no PV sources, it may turn out that the voltage
at this point in the network will be inappropriate. The control is global in nature and
does not reduce voltage problems occurring along the power line.

3. Control the reactive power at the photovoltaic sources. Due to the possibility of receiv-
ing/supplying reactive power by the inverter, it is possible to control the voltage in
the network—such a solution is presented in papers [18–21]. The disadvantage of this
solution is that, due to the significantly higher value of resistance over reactance in
the LV network, the control is carried out in a narrow range. Some solutions combine
both local voltage control by inverters in the depth of the network and global control
by an on-load tap changer [22,23]. However, such a method of control requires the
possibility of making the device, which is an inverter belonging to the customer but
available to the Distribution System Operator (DSO). Additionally, the solution re-
quires sophisticated communication systems that allow sharing information between
power network components about their state, taking into account various transmis-
sion disturbances. In such networks, a fully distributed cooperative control protocol,
as presented in [24], which allows for appropriate cooperation of devices in the power
network, can be utilized. Unfortunately, such a solution involves additional costs
related to the use of special data transmission and processing technologies.

4. The use of energy storage units and, thus, control over the flow of active and reactive
power in the network. This solution has been heavily analyzed in recent years. There
are many publications on this subject, including [25–29]. It should be noted here that
the cost of this solution is high. Additionally, the estimated lifetime of energy storage
units is not long, approx. 10 years. Therefore, the question arises whether it is not
more economical to replace the power lines with larger cross-section lines, which can
be utilized for at least 25 years.

5. The identification of places/nodes in the network where it is possible to install PV
sources or limit the produced power. These methods are not used in practice because
they assume unequal treatment of consumers in terms of the possibility of generating
power by renewable sources.

6. The use of electric vehicles—especially since electric vehicle charging techniques are
becoming more and more advanced and user-friendly [30]. However, it will take time
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to implement these solutions in many countries, and the power network problems
related to PV sources are already present.

7. Replacement of power lines with larger cross-section lines. This method does not
involve placing additional devices in the network that require additional mainte-
nance. Additionally, it does not require a complete reconstruction of the network in
overhead lines, and it may be enough to replace the wires. It is clearly simpler than
the reconfiguration mentioned in point 1. The authors’ investigation is focused on
this method.

This article presents an analysis of the voltage conditions in a real rural low-voltage
network located in northern Poland. The analysis of the current state of this network shows
that in the case of no PV generation, the voltage in some nodes may be very close to the
lower permissible limit (0.9 Vn). However, when PV generation is active, the voltage may
exceed the upper permissible limit (1.1 Vn). The solutions that enable a decrease in voltage
variations, especially that enable keeping them within the permissible normative range,
are proposed. The most suitable solution related to the voltage improvement, which can be
implemented by the operator of the analyzed network, is expressed.

The rest of this paper is organized as follows. In Section 2, the description of the
analyzed real low-voltage network and its computer model are presented. Section 3
discusses the effect of the increase in the cross-sectional area of the bare conductors on the
voltage variations, the possibility of voltage variations reduction by the replacement of
the overhead line with a cable line as well as includes economic calculations. Conclusions
flowing from the investigations, along with the recommendation for the operator of the
analyzed network, are included in Section 4.

2. Materials and Methods
2.1. Description of the Analyzed Network

The analyzed low-voltage network is an overhead rural network in which the main
supply line is 4 × AL 35 mm2 (four-wire, aluminum bare conductors of nominal cross-
sectional area 35 mm2). The farthest prosumer is 1.15 km away from a 15/0.4 kV power
transformer substation. The loads are mainly single-family or summer-holiday houses
(profile 3 and 4, respectively—Figure 1). Other loads are a shop and small farms, which
correspond to load profiles 2 and 1, respectively (Figure 1). The maximum declared
consumed power of individual loads is presented in Table 1. To perform the computer
analysis, the profiles of the loads from Figure 1 were assumed.
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Figure 1. Assumed profiles of the loads: profile 1: shop; profile 2: agricultural; profile 3: detached
house; profile 4: detached (summer) house.
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Table 1. The maximum declared consumed power by loads in the analyzed network.

Symbol of the Load Declared Max Consumed Power kW
O301_1 12
O301_2 12

O301_3A 6
O301_3B 6
O301_4A 12
O301_4B 12
O302_1 6
O303_1 6
O303_2 6
O304_1 12
O304_2 10
O304_3 12
O305_1 12
O305_2 12
O305_3 6

O325 3

The maximum permissible generated power is equal to the maximum consumed
power [11]. The modelled structure of the analyzed low-voltage network is depicted
in Figure 2. For the node relatively far from the transformer substation (node w_325),
daily voltage variations have been measured (Figure 3). One can see that these variations
(recorded for 9 days) are within the wide range and even exceed the upper permissible
limit (dashed trace). It is an example to show that voltage variations/deviations in this
network may really exceed the upper limit, which is unacceptable. Therefore, this real
low-voltage network was modelled to perform extended voltage analysis.
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Figure 2. A diagram of the analyzed low-voltage network. Example symbols: Numbers of nodes: w_301, w_301_4 and
w_325; section of the main distribution line between nodes w_301 and w_302: L301 302; power line supplying node
w_301_4: L301_4; 4 × AL16: overhead line composed of 4 bare aluminum conductors of cross-sectional area 16 mm2;
AsXSn4: overhead line composed of 4 insulated aluminum conductors; YKY 4 × 10: cable line composed of 4 copper
conductors of cross-sectional area 10 mm2; O301_1, Profile 3: modelled load in node w_303_1, the prosumer has profile 3
(see Figure 1); P301_1: modelled PV generation in node w_301_1; 0.10 and 0.06—the length of the power line, 0.10 km and
0.06 km, respectively.
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Figure 3. Measured voltage-to-neutral (August 2020, 10-min average) at node w_325 in the analyzed network of the nominal
voltage 230 V (daily variations of voltage recorded for 9 days).

The main line, which parameters are changed in subsequent computer simulations,
runs from the substation node to node w_325 (Figure 2). Connections to prosumers or
another intermediate node depart directly from the selected nodes. The network is a radial
type. The analyzed low-voltage network has been modelled with the use of DIgSILENT
Power Factory software. Voltage conditions (daily variation) in selected nodes (w_301—
nearest to the transformer; w_303—in the middle of the main line; w_325—at the end of
the main line) for the current network status are presented in Figure 4a, whereas Figure 4b
presents assumed daily profile of the PV generation.

The most favorable voltage conditions are observed in node w_301 (Figure 4a). For the
whole day (24 h), the voltage is within the permissible range—the lowest voltage is around
0.95 Vn (the case without PV generation, ca. 7:00 a.m.), and the highest voltage is almost
1.06 Vn (the case with PV generation, ca. 12:00 p.m.). A much wider range of voltage
is noted in the case of node w_303. Moreover, during the maximum PV generation, the
voltage value exceeds the upper permissible level of 1.1 Vn. The worst voltage conditions
are observed in node w_325. This node (w_325) is far from the transformer (1.15 km) and,
due to the voltage drop, the voltage at the period 7:00 a.m.—8:00 a.m. is below permissible
0.9 Vn. What is worse, during the period with the maximum PV generation (11:00 a.m.—
2:00 p.m.), the voltage value significantly exceeds permissible 1.1 Vn. It may lead to the
damage of the prosumer’s current-using equipment. Additionally, PV generators can
be disconnected automatically. The voltage conditions in the analyzed network are not
acceptable, so local DSO is searching for the solution, which in a relatively simple way
could improve levels of voltage.

2.2. General Assumptions

To improve voltage conditions in the analyzed low-voltage network, the following
main solutions are considered:

1. Replacement of the actually utilized bare conductors of the overhead main line 4 × AL
35 mm2 with bare conductors consecutively: 4 × AL 50 mm2, 4 × AL 70 mm2;

2. Replacement of the overhead main line 4 × AL 35 mm2 with a cable line YAKY
4 × 35 mm2.
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The aforementioned first solution makes that the reactance of the line practically does
not change, but the resistance decreases significantly. In the second solution, the line
resistance is almost constant, but the reactance decreases around 4 times. As an extension,
the effect of cables YAKY 4 × 50 mm2 and YAKY 4 × 70 mm2 is also analyzed. Table 2
presents the nominal parameters of the overhead lines and the cable lines.

Table 2. Nominal parameters of the considered bare conductors and cable lines.

Cable/
Overhead Line

Resistance at 20 ◦C
Ω/km

Reactance
Ω/km

Rated Current
A

4 × AL 35 mm2 0.8385 0.360 180
4 × AL 50 mm2 0.5920 0.360 225
4 × AL 70 mm2 0.4166 0.320 285

YAKY 4 × 35 mm2 0.8680 0.080 118
YAKY 4 × 50 mm2 0.6410 0.080 142
YAKY 4 × 70 mm2 0.4430 0.080 176
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Voltage conditions along a line mainly depend on the voltage drop in it. Figure 5
presents the general relation between voltages in two nodes. Voltage VfB at node B depends
on the geometric difference of the voltage phasor VfA at node A and the voltage drop
∆VAB across the A-B section. Due to the fact that for MV and LV networks, the angle β
reaches small values (VfA · cos(β) ≈ VfA), the following formula can be used to calculate
the voltage at node B:

VfB = VfA − 1
VfB

(RL · P + XL · Q) (1)

VfA—line-to-neutral voltage in node A;
VfB—line-to-neutral voltage in node B;
RL—resistance of the section A-B;
XL—reactance of the section A-B;
P—active power flow (consumed at node B);
Q—reactive power flow (consumed at node B).
Based on the aforementioned description (Figure 5 and Equation (1)), the computer

simulation assumes that PV sources generate only active power (it refers to practice), so
the voltage drop in the line is affected by its resistance. During consumption of energy, the
assumed load reactance-to-resistance ratio is 0.2.
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Figure 5. Simplified equivalent circuit (for a single-phase) between nodes A and B (a), and its phasor diagram (b); VfA—
line-to-neutral voltage in node A; VfB—line-to-neutral voltage in node B; RL—resistance of the section A-B; XL—reactance
of the section A-B; ∆VAB—voltage drop between nodes A and B; ∆VR—voltage drop between nodes A and B across the
resistance of the line; ∆VX—voltage drop between nodes A and B across the reactance of the line; Iw—load current in
the line; Ic—the active component of the load current; Ib—reactive component of the load current; P—active power flow;
Q—reactive power flow.

3. Results
3.1. Increase of the Cross-Sectional Area of the Bare Conductors in the Main Line

Figures 6–9 present daily variation of the voltage in selected nodes for various cross-
sectional areas of bare conductors without PV generation as well as with PV generation. For
the nodes that are located relatively close to the transformer substation (Figure 6—nodes
w_301 and w_301_4), voltage variations are quite narrow for all the cases (35 mm2, 50 mm2

and 70 mm2). Node w_303 (Figure 7) has worse voltage conditions but acceptable from the
normative point of view (voltage is within the range 0.9–1.1 Vn).
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Figure 6. Daily voltage variations in nodes: (a) w_301 (node nearest the transformer substation);
(b) w_301_4; for three variants of the overhead bare conductors of the main line: 4 × AL 35 mm2,
4 × AL 50 mm2 and 4 × AL 70 mm2.
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Figure 7. Daily voltage variations in node w_303 for three variants of the overhead bare conductors
of the main line: 4 × AL 35 mm2, 4 × AL 50 mm2 and 4 × AL 70 mm2.
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Figure 8. Daily voltage variations in node w_325 (end of the main line) for three variants of the
overhead bare conductors of the main line: 4 × AL 35 mm2, 4 × AL 50 mm2 and 4 × AL 70 mm2.

In the case of the nodes w_325 (Figure 8), w_305 and w_305_3 (Figure 9), the voltage
exceeds the permissible range (in selected periods of the day) when the cross-sectional
area of the conductors is equal to 35 mm2. For other cross-sections (50 mm2, 70 mm2), the
voltage varies in the permissible range.

Aggregated results of the voltage variations for the cross-sections 35 mm2, 50 mm2 and
70 mm2 are presented in Figure 10. The highest voltage variations are at node w_325—the
farthest analyzed node from the power transformer substation.D
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Figure 9. Daily voltage variations in nodes: (a) w_305; (b) w_305_3; for three variants of the overhead
bare conductors of the main line: 4 × AL 35 mm2, 4 × AL 50 mm2 and 4 × AL 70 mm2.

The voltage variations in the main line are the critical point of concern because, for
radial power networks, they are of the greatest importance from the voltage stability point
of view. If there are no significant voltage variations in the main line, the branches can be
analyzed then. Figure 10a shows that the highest voltage variations (especially changes
from node to node) are in the main line—compare relative changes in the main line (e.g.,
node w_301 vs. node w_302) and relative changes in the branch line (e.g., node w_301
vs. nodes w_301_1/w_301_2/w_301_3). Therefore, it is reasonable to reduce the voltage
variations/deviations by the main line modernization.

It is clearly seen that replacing currently installed conductors 4 × AL 35 mm2 with
conductors 4 × AL 70 mm2 gives a positive result, and voltage variations are limited to the
acceptable range (with some excess) in every node. Thus, taking into account the obtained
results, one can conclude that the decrease in the line resistance results in a significant
decrease in the voltage variation/deviations in the considered network.
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Figure 10. Aggregated results of the daily voltage variations (vertical black bars) for all nodes,
during PV generation, for the following cross-sectional areas of the bare conductors of the main line:
(a) 4 × AL 35 mm2; (b) 4 × AL 50 mm2; (c) 4 × AL 70 mm2.
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3.2. Replacement of the Overhead Line with a Cable Line

As an alternative to the low-voltage overhead line, a cable line can be installed. Such a
solution is favorable from the point of view of the reliability of supply but requires that the
power line is completely rebuilt. In the computer simulations, a cable line, as an alternative
to the overhead line with the same cross-section, is considered. The investigation aims to
verify the effect of the power line reactance reduction on voltage variations.

The results of the simulations for two selected characteristic nodes: w_301 and w_325,
are presented in Figures 11–13. In each case, both compared power lines (overhead AL vs.
cable YAKY) have the same nominal cross-sectional areas of the conductors (almost the
same resistance), but the cable line reactance is around 4 times lower than the overhead
line (see Table 2). On the basis of these simulations, one can conclude that a significant
decrease in the line reactance (the use of the cable line instead of the overhead line) does
not give the expected result.
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Figure 11. Daily voltage variations in nodes: (a) w_301; (b) w_325; for two variants of the main line:
overhead line 4 × AL 35 mm2 vs. cable line YAKY 4 × 35 mm2.
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Figure 12. Daily voltage variations in nodes: (a) w_301; (b) w_325; for two variants of the main line:
overhead line 4 × AL 50 mm2 vs. cable line YAKY 4 × 50 mm2.

Generally, the voltage is slightly higher than for the overhead line, but in the case of
high PV generation, this further aggravates the voltage conditions in the network. In the
case of node w_325, during the highest PV generation (around 12:00 p.m.), power cables
YAKY 4 × 35 mm2 (Figure 11b) and YAKY 4 × 50 mm2 (Figure 12b) give higher voltage
excess (beyond the upper permissible limit 1.1 Vn) than solutions based on overhead
AL lines.
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Figure 13. Daily voltage variations in nodes: (a) w_301; (b) w_325; for two variants of the main line:
overhead line 4 × AL 70 mm2 vs. cable line YAKY 4 × 70 mm2.

3.3. The Costs of Not Maintaining the Required Voltage Level in the Power Network

In order to estimate the financial losses related to the inability to inject power/energy
into the grid (due to too high a voltage level in the network), a simplified economic analysis
was performed. The economic analysis assumes average electricity prices for the first
quarter of 2021 [31]. The cost Ev referred to the inability to inject the power to the network
by prosumers can be presented in the following form:

Ev = Pv · tv · cv (2)

where:
Ev—is the cost related to the inability to inject the power to the network by prosumers

due to voltage that exceeds the acceptable value;
Pv—is the power produced by prosumers, which cannot be injected into the network;
cv—is the unit cost of energy; 0.18 EUR/kWh;
tv—is the time in which the level of voltage in the network is beyond the acceptable range.
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Results of calculations according to (2) are presented in Table 3. It was estimated that
production of energy by PV sources is possible in (365/2) sunny days per year (0.5 years)
according to the profile of PV generation (see Figure 4b). The volume of energy that cannot
be produced by prosumers in the analyzed network (main overhead line 4 × AL 35 mm2)
is assumed to be equal to 155 kWh/day (cost 27.9 EUR/day) or 28 288 kWh/year (cost
5 092 EUR/year). This volume has been calculated with the use of DIgSILENT Power
Factory software, based on the aforementioned profiles of generation and levels of voltages
in the network. The power Pv, which cannot be injected into the network, is calculated
based on the maximum declared consumed power by loads (it is equal to the maximum
power of PV sources—the power list is given in Table 1) and the profile of generation (it is
presented in Figure 4b). In nodes where the voltage exceeded the value of 1.1Vn in a given
hour, it was impossible to inject the produced power/energy into the power network. The
Pv value is the sum of the expected generation only for nodes where the voltage is higher
than 1.1 Vn. A higher cost of Ev in case no. 4 than in case no. 1 (Table 3) is due to an even
worse voltage level (a higher amount of energy cannot potentially be injected into the grid).
In case no. 5, the voltage level is clearly improved, but a certain amount of energy still
cannot be injected into the network.

Table 3. Costs of energy related to the individual cases of the main line (1.15 km).

Case Cable/Overhead Line Ev(year) EUR/Year COMMENTS

1 4 × AL 35 mm2 5092 incurred cost
2 4 × AL 50 mm2 −5092 avoided cost
3 4 × AL 70 mm2 −5092 avoided cost
4 YAKY 4 × 35 mm2 5522 incurred cost
5 YAKY 4 × 50 mm2 886 incurred cost
6 YAKY 4 × 70 mm2 −5092 avoided cost

It is assumed in calculations that the cost Ev referred to the production of power/energy
from PV sources has a negative value if the voltage is within the acceptable range (after
modernization of the network) and the production of clean energy is possible. The negative
value of the cost can be treated as the “avoided cost”—the DSO does not contribute to the
inability of the production energy from PV sources. Otherwise, it is called the “incurred
cost”—the DSO is responsible for the inability of the production of clean energy, and
prosumers may demand compensation.

The costs of replacement of the AL 4 × 35 mm2 overhead line with the other lines
considered in the paper have been evaluated as well. Table 4 presents the specification of
costs as well as total costs referring to each considered solution. One case sees that the
previously recommended solution (based on the technical aspect), i.e., replacing conductors
4 × AL 35 mm2 with conductors 4 × AL 70 mm2, is associated with a relatively low total
cost (11,800 EUR).
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Table 4. Costs related to the modernization of the main line (1.15 km).

No. List of Works

Modernization Costs for the Analyzed Cases (EUR)

Overhead Line Cable Line

AL
4 × 50 mm2

AL
4 × 70 mm2

YAKY
4 × 35 mm2

YAKY
4 × 50 mm2

YAKY
4 × 70 mm2

1 Dismantling of the existing bare conductors
(AL 4 × 35 mm2) 1546 1546 - - -

2 Installation of new bare conductors (higher
cross-sectional area) 8983 10,254 - - -

3
Dismantling of the existing overhead line AL

4 × 35 mm2

(conductors, insulators, poles)
- - 5724 5724 5724

4
Construction of a cable line

(cost of cables, mechanical ground
preparation, laying cables)

- - 18,232 20,224 22,770

Total cost 10,529 11,800 23,956 25,948 28,494

Note: All costs refer to the main line of the length equal to 1.15 km. Every unit cost (EUR/km) has been evaluated after analyzing the offer
of the local market.

4. Conclusions

In low-voltage networks without PV generation, the highest voltage is at the supply-
ing node (with transformer MV/LV), and the lowest voltage is at the end of the line. When
distributed PV generation is applied, the voltage profile along the distribution line can be
unexpected. Voltage can be the highest far from the transformer. In some cases, the voltage
may exceed the permissible range, and, as a consequence, the automatic protection of the
PV installation disconnects the installation from the public network. The prosumer cannot
inject the power into the network, which leads to the lack of profitability of investments
in installations with PV sources. The considerations presented in this paper show that
a decrease in the line resistance (the increase in the cross-sectional area of the conduc-
tors) gives effective limitation of the voltage variations/deviations when distributed PV
generation is installed. It is a relatively simple way of voltage profile improvement. The
other solution—the line reactance decrease by modernization to the cable line—requires a
complete reconstruction of the network (overhead line to underground cable line) and, in
addition, does not give a positive effect to the voltage profiles. Thus, the recommended so-
lution in the considered case is to replace bare conductors 4 × AL 35 mm2 with conductors
4 × AL 70 mm2. The DSO is now considering modernization of the network according to
the recommendation indicated by the authors.
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