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Abstract: Worldwide, photovoltaic installations are making an increasing contribution to electric
energy generation. These are power-unstable sources due to the rapid and frequent change in
insolation. As a result, a common problem noted in low-voltage power grids is that the permitted
voltage values at the source connection point are exceeded. There are several methods of limiting
the voltage values present at the inverter. One of them is the generation of reactive power in
a photovoltaic installation. In the literature, one can find many relationships that allow one to
determine the increase in voltage caused by the change in reactive power, where the imaginary part
of the voltage loss is omitted as insignificant. The authors’ research has shown that this can lead
to significant errors. Omitting the imaginary value causes the determined values to be even more
than 4.5 times smaller—these differences increase with the length of the line. The analyses carried
out by the authors show that the determination of voltage increments with and without taking into
account the imaginary part of the voltage loss in the calculations differs from the values determined
via computer simulation (failure to take into account the imaginary part results in calculated values
of voltage increase being lower than the values determined via a computer by about 40% on average).

Keywords: voltage regulation; reactive power; power line; overvoltage

1. Introduction

As PV power generation capacity increases, its impact on the electric power system
becomes greater [1,2]. The high variability of PV generation [3] causes difficulties during
power system operation [4,5] and uncertainty in planning work [6]. Most of the energy
generated by PV installations is produced during the circadian valley period, which is char-
acterized by a significant reduction in system load, affecting the operation of conventional
units [7]. Due to the randomness of the occurrence of solar energy in a given region, the
amount of power generated in a PV installation varies over time. It significantly impacts
the power quality delivered to consumers [8]. Therefore, it is recommended that PV power
plants work with energy storage to increase the amount of self-consumption [9,10]. If
this is not the case, it may lead to shutdowns of PV plants (e.g., resulting from exceeding
the permissible voltage levels at the power plant’s connection point) [11]. It can only be
prevented by increasing the active participation of controlled load in regulating power
system parameters [12].

The power generation of PV power plants above the demand of a given consumer
causes an increase in voltage at their point of connection [13]. The operation of electrical
installations at increased voltage levels reduces the insulation materials’ strength (lifetime)
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and, in extreme cases, can even lead to failure [14]. The voltage increase at the point of
connection of PV installations depends on the power of the connected source and the
structure of the grid [15]. A significant proportion of PV installations in a given area can
significantly affect the stability of the power supply through outages caused by exceeding
the acceptable voltage values. In addition, during disturbances in the power system, there
are more significant voltage drops [16] and voltage oscillations in the lines, which can
lead to voltage instability [17]. The magnitude of the disturbance introduced is mainly
influenced by the power of the PV source, its location, and how the generated power is
controlled [18]. More minor voltage fluctuations are noticed near the transformer station.
PV systems equipped with three-phase inverters do not significantly affect the voltage
imbalance that occurs on the grid [19]. However, installing multiple small PV systems
with single-phase inverters significantly contributes to voltage unbalance [20]. The change
in voltage at the connection point of a photovoltaic installation depends not only on the
actual power generated but also on the system’s impedance (which is influenced by the
length and cross-section of the power line cables and the quality of the connections) [21].
No correlation has been observed between flicker factor values and the power generated in
PV installations [22]. The effect of PV installations on voltage distortion—with prosumer
installations—is negligible [23,24]. Exceedances of regulatory voltage distortion are mainly
due to non-linear loads in the system [25,26].

The simplest and cheapest way to avoid unnecessary outages of PV installations resulting
from an above-normal voltage value at the inverter connection point is to consume the power
generated at the source by the consumers installed there [27]. When the load on the line
is much smaller than the power generated by the PV installations, the voltage at any point
on that power system is higher than the voltage at the feeder transformer. To prevent this,
GFM inverters that mimic the behavior of synchronous generators can be used [28,29], or
transformers can be replaced by autotransformers (however, this is a costly solution).

The regulation of voltage values can also be done from the inverter level. Seifi and
Moallem showed that proportional-resonant controllers cannot accurately regulate the am-
plitude and phase of the current injected into the grid during frequency changes (resulting,
for example, from PV plant operation). They proposed a synchronization method based on
a closed-loop resonant filter derived from the internal model principle [30]. Implementing
programmable control based on digital non-Foster electronics (using digital control tech-
niques and switch electronics) avoids tedious manual operation, providing active circuits
with real-time tuning [31].

As outlined in the introduction, the problem of voltage occurring at the point of
connection of photovoltaic power plants is common and has been reported many times in
the literature. One way to reduce the voltage at the inverter is to generate reactive power
at the source. Although this issue is not new, some additional correlations not described
in the literature were found as a result of the study carried out by the authors. This paper
presents the results of a simulation study of the influence of parameters describing a given
power system on the correlation between the amount of reactive power generated by the
inverter and the voltage present at the connection point of the power plant.

2. Materials and Methods

In order to determine the influence of reactive power on the voltage value occurring
in the power system, it is first necessary to determine the relationship that describes load-
induced voltage changes. The complex value of the voltage loss in a power line caused by
the flow of load power (active and reactive) can be described using the equation [32]:

∆U =
PRk + QXk

UPCC
+ j

PXk − QRk
UPCC

(1)

where P, Q is the active and reactive power of the line load, Rk, Xk is the equivalent
resistance and reactance of the electric power network at the load or source switching point,
UPCC is the voltage at the load or source switching point.
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The complex value of the unit voltage increase at the considered point of the network
caused by the increase in the value of reactive power can be described as the derivative of
the voltage loss relative to the reactive power:

δU0 =
d(∆U)

dQ
=

Xk − jRk
UPCC

=
Xk

UPCC
− j

Rk
UPCC

[
V

var

]
(2)

For this case, the values of the absolute voltage increase can be expressed as follows:

δU =
Xk − jRk

UPCC
∆Q =

Xk
UPCC

∆Q − j
Rk

UPCC
∆Q [V] (3)

where ∆Q is the increase in the value of reactive power.
It is commonly believed in the literature [32–34] that in the case of low-voltage trans-

mission lines, the imaginary portion of the voltage loss is usually tiny and can be omitted.
Therefore, the voltage drop is defined as the actual part of the voltage loss. Then, it can be
written that the voltage increment at the grid point is equal to:

δU =
Xk

UPCC
∆Q (4)

Voltage drop can also be defined as the voltage loss modulus. It will then take the
form of:

δU =

√(
Xk

UPCC
∆Q

)2
+

(
Rk

UPCC
∆Q

)2
=

√
R2

k + X2
k

UPCC
∆Q =

Zk
UPCC

∆Q (5)

In order to verify the correctness of calculating the voltage changes determined using
Relations (4) and (5), a computer model of a section of the power grid consisting of
a 15/0.4 kV transformer station (with a 100 kVA transformer installed) and three low-
voltage power lines of 2 km each was created. The overhead lines have 35, 50, and
70 mm2 uninsulated conductors. Receiving and generating branches occur every 100 m. A
schematic of this model is shown in Figure 1.
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Figure 1. Diagram of the computer model of the electric power network under study.
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The parameters of the power system section adopted for the analysis were as follows
(Table 1).

Table 1. Parameters of the overhead lines.

Cross-Section mm2 35 50 70

resistance for positive component R1 Ω/km 0.836 0.592 0.417
reactance for positive component X1 Ω/km 0.336 0.325 0.313
capacitance for positive component C1 µF/km 0.010 0.011 0.011
resistance for zero component R0 Ω/km 1.262 0.991 0.763
reactance for zero component X0 Ω/km 1.316 1.192 1.083
current carrying capacity A 175 220 275

Short-circuit parameters on the MV buses of the substation:
short-circuit power 100 MVA
short-circuit current 3.85 kA
short circuit impedance ratio (Xk/Rk) 2

Parameters of the MV/LV transformer supplying the low-voltage network:
rated power 100 kVA
rated overvoltage 15.75 kV
rated lower voltage 0.42 kV
connection group Dyn5
short circuit voltage 4.5%
load loss 1.6 kW
idle losses 0.26 kW

Load parameters at individual network nodes:
active power 2 kW
reactive power 0.66 kvar
power factor cosφ 0.95

Generation parameters of PV installations connected to individual grid nodes:
active power 10 kW
reactive power −10 ÷ 10 kvar

The low-voltage electric power network model created was subjected to voltage analy-
sis using Neplan software (version 5.42). This software also allows the dynamic modelling
and simulation of electric parameters in power systems with renewable energy sources.

The first stage of the analysis was to calculate the effect of reactive power generation
on the voltage value using an analytical relationship (Relation (4)). It was followed by
simulation calculations using the Neplan software. The final stage was to analyze and
compare the results obtained.

Simulation calculations were carried out for individual PV power plant connection
points. In the first case, the PV power plant generated no reactive power, while in the
second case, a reactive power generation of 1 kvar of an inductive nature was assumed. In
each case, the voltages at the connection point of the PV power plant were recorded, and
then their difference was calculated, obtaining the voltage increment δU. Figures 2 and 3
show example simulation results in Neplan for the case of a PV power plant connection at
a distance of 0.5 km from a substation.
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Figure 2. Example simulation results for power plants connected at a distance of 0.5 km from the
substation without reactive power generation at the PV plant.
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Figure 3. Example simulation results for power plants connected at a distance of 0.5 km from a
substation with reactive power generation at a PV plant of 1 kvar.
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In order to visualise the calculations and analyses carried out, a block diagram of the
computer simulations and analytical calculations is shown in Figure 4.
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Figure 4. A block diagram of the simulations and analytical calculations was carried out.

3. Results and Discussion

For the same network parameters as those adopted in the computer model, the voltage
gain (δU) was calculated using Relations (4) and (5). Results are shown in Figures 5 and 6.
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Figure 5. Voltage increment (δU) per 1 kvar of reactive power as a function of line length, determined
according to Relation (4).

Analyzing the curves presented in Figure 5, it can be seen that the voltage increase
caused by the change in reactive power increases linearly with the distance from the
transformer station. With small line lengths (up to about 200 m), the cross-section of the line
does not matter much. With the increase in the distance from the transformer station, the
differences in the voltage increase for individual cross-sections increase, and the increase is
more significant the smaller the cross-section of the line conductor.
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Figure 6. Voltage increment (δU) per 1 kvar of reactive power as a function of line length, determined
according to the Relation (5).

Comparing the waveforms presented in Figures 5 and 6, it can be seen that the values of
voltage increments caused by the change of reactive power determined from Relations (4) and (5)
differ significantly. Considering the imaginary part in the calculations causes the voltage in-
crements to differ significantly for different conductor cross-sections, practically in the entire
analyzed line length range. This is because the resistance values are more significant in low-
voltage power lines than the reactance. Table 2 shows the determined differences in the values of
voltage increments determined from Relations (4) and (5). As can be seen, the values of voltage
increment determined only from the natural part are even more than twice lower compared
to the voltage increments determined from Relation (5). These differences decrease with the
increase in the cross-section of wires in power lines.

Table 2. Results of theoretical calculations of voltage gain (δU).

Line
Length

Voltage Increase (δU) Calculated via
Relation (4)

δUt(4)

Voltage Increase (δU) Calculated via
Relation (5)

δUt(5)

Ratio of Calculated Values
δUt(5)/δUt(4)

35 mm² 50 mm² 70 mm² 35 mm² 50 mm² 70 mm² 35 mm² 50 mm² 70 mm²

[km] [V/kvar] [V/kvar] [V/kvar] [V/kvar] [V/kvar] [V/kvar] [-] [-] [-]

0.0 0.111 0.111 0.111 0.118 0.118 0.118 1.06 1.06 1.06
0.1 0.195 0.192 0.189 0.315 0.268 0.237 1.61 1.40 1.26
0.2 0.280 0.273 0.267 0.532 0.430 0.363 1.90 1.58 1.36
0.3 0.365 0.355 0.345 0.752 0.595 0.490 2.06 1.68 1.42
0.4 0.451 0.436 0.422 0.970 0.759 0.617 2.15 1.74 1.46
0.5 0.538 0.518 0.500 1.188 0.923 0.744 2.21 1.78 1.49
0.6 0.625 0.599 0.577 1.405 1.086 0.871 2.25 1.81 1.51
0.7 0.714 0.681 0.655 1.621 1.249 0.997 2.27 1.83 1.52
0.8 0.802 0.763 0.732 1.836 1.411 1.123 2.29 1.85 1.53
0.9 0.892 0.846 0.809 2.049 1.572 1.248 2.30 1.86 1.54
1.0 0.982 0.928 0.887 2.261 1.733 1.372 2.30 1.87 1.55
1.1 1.066 1.009 0.965 2.486 1.901 1.503 2.33 1.88 1.56
1.2 1.150 1.091 1.043 2.711 2.070 1.633 2.36 1.90 1.57
1.3 1.234 1.172 1.122 2.937 2.239 1.763 2.38 1.91 1.57
1.4 1.318 1.253 1.200 3.161 2.408 1.894 2.40 1.92 1.58
1.5 1.403 1.335 1.278 3.387 2.576 2.024 2.41 1.93 1.58
1.6 1.487 1.416 1.357 3.613 2.745 2.154 2.43 1.94 1.59
1.7 1.571 1.497 1.435 3.836 2.914 2.285 2.44 1.95 1.59
1.8 1.655 1.579 1.513 4.062 3.082 2.415 2.45 1.95 1.60
1.9 1.739 1.660 1.592 4.288 3.253 2.546 2.47 1.96 1.60
2.0 1.823 1.741 1.670 4.512 3.421 2.676 2.48 1.97 1.60
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In order to verify the curves shown in Figures 4 and 5, Figure 6 shows the dependence
of voltage changes caused by the change in reactive power as a function of line length,
determined based on computer simulation.

The lines of voltage increase caused by the change of reactive power shown in Figure 7
are not (compared to the values obtained analytically) straight-linear. In addition, these
values are simultaneously more minor than the values determined from Relation (5) and
more significant than the values calculated from Relation (4). In each analyzed case, how-
ever, the voltage increase decreases with the increase in the cross-section of the conductor
used in the power line.
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Figure 7. Voltage increment (δU) per 1 kvar of reactive power as a function of line length, determined
based on computer simulation.

In addition, Table 3 presents the results of a comparative analysis of the values of
voltage increments calculated theoretically and determined based on computer simulation.
The following values of the percent error (PE) were used for the analysis:

PE =
δUt − δUk

δUk
100% (6)

where δUt is the voltage increment per 1 kvar of reactive power calculated theoretically,
δUk—voltage increment per 1 kvar of reactive power calculated from computer simulation.

The analysis of the results presented in Table 3 shows that the failure to take into
account the imaginary value (Relation (4)) when determining the voltage increase caused
by the change in reactive power results in an average 40% underestimation of the obtained
results in relation to the values obtained using the Neplan program. These differences
decrease with the increase in distance from the transformer station and with the increase in
the cross-sectional area of the conductor used to construct the line. Interesting relationships
can be noticed by comparing the voltage increment determined from Relation (5) with the
increase obtained in the computer simulation. In the vicinity of the transformer station,
the voltage increments determined from Relation (5) are up to 60% smaller. For more
considerable distances (depending on the cross-section of the line), the voltage increments
determined in the Neplan program are greater than those determined in Relation (5). How-
ever, these differences are even several times smaller than in the case of using Relation (4).
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Table 3. Results of a comparative analysis of the values of voltage increments calculated theoretically
and determined based on computer simulation.

Line
Length

Percentage Error of Voltage Increase
Value Calculated via Relation (4)

PE(4)

Percentage Error of Voltage Increase
Value Calculated via Relation (5)

PE(5)

35 mm² 50 mm² 70 mm² 35 mm² 50 mm² 70 mm²

[km] [%] [%] [%] [%] [%] [%]

0.0 −67.16 −67.16 −67.16 −65.12 −65.12 −65.12
0.1 −56.08 −55.56 −55.48 −29.08 −38.00 −44.08
0.2 −50.49 −49.16 −48.70 −5.77 −19.85 −30.19
0.3 −47.56 −45.21 −44.26 7.99 −8.05 −20.68
0.4 −45.99 −42.66 −41.31 16.22 −0.13 −14.15
0.5 −45.24 −41.13 −39.20 21.02 5.03 −9.46
0.6 −44.86 −40.08 −37.66 23.92 8.65 −5.96
0.7 −44.65 −39.28 −36.49 25.77 11.33 −3.29
0.8 −44.60 −38.84 −35.62 26.78 13.06 −1.26
0.9 −44.54 −38.37 −34.95 27.42 14.59 0.30
1.0 −44.43 −38.05 −34.38 27.96 15.67 1.59
1.1 −44.62 −37.78 −33.79 29.15 17.23 3.14
1.2 −44.73 −37.51 −33.25 30.28 18.63 4.49
1.3 −44.73 −37.24 −32.76 31.52 19.92 5.72
1.4 −44.66 −36.93 −32.26 32.68 21.17 6.93
1.5 −44.46 −36.54 −31.75 34.12 22.51 8.07
1.6 −44.20 −36.14 −31.25 35.60 23.83 9.20
1.7 −43.84 −35.69 −30.72 37.16 25.17 10.32
1.8 −43.39 −35.20 −30.15 38.98 26.53 11.50
1.9 −42.87 −34.63 −29.58 40.88 28.11 12.64
2.0 −42.27 −34.03 −28.98 42.88 29.64 13.82

Based on the results of computer simulations, empirical relationships were developed
to calculate the value of the voltage gain (δU) caused by the change in reactive power. To
determine the empirical relationships, STATISTICA (the calculations were performed using
STATISTICA version 13.3 software, originally developed by StatSoft and now maintained
by TIBCO Software Inc., Palo Alto, CA, USA) software was used using the method of
polynomial regression approximated with a 3rd degree polynomial depending on the
length of the line (l). Due to significant differences, separate equations have been developed
for lines with different wire cross-sections:

• for 35 mm2 cross-sectional line

δU35mm = −0.1781l3 + 0.5121l2 + 1.0982l + 0.3301 (7)

• for 50 mm2 cross-sectional line

δU50mm = −0.0983l3 + 0.2839l2 + 0.9765l + 0.3332 (8)

• for 70 mm2 cross-sectional line

δU70mm = −0.0592l3 + 0.1695l2 + 0.9053l + 0.3342 (9)

For all relationships, the value of the fit factor of the regression equation was R2 = 1. It
can also, at the expense of reducing the accuracy of the fit, simplify these relationships to
linear equations:

• for 35 mm2 cross-sectional line

δU35mm = 1.471l + 0.2832 (10)

• for 50 mm2 cross-sectional line

δU35mm = 1.1847l + 0.3065 (11)
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• for 70 mm2 cross-sectional line

δU35mm = 1.0276l + 0.3192 (12)

The values of the fit factors of the regression equations are R2 = 0.9987 for Equation (10),
R2 = 0.9994 for Relation (11), and R2 = 0.9997 for Relation (12), respectively, which is
considered to be sufficient accuracy.

Changing the voltage value in power grids by altering the reactive power generation
has been proposed by Fukushima et al. [35,36], among others. Their proposed method
shares information with all consumers in a low-voltage distribution line and autonomously
injects reactive power according to a point. However, as the authors emphasized, this
method was developed under laboratory conditions and must be verified on a real distri-
bution network. A similar algorithm was used by Zhang et al. [33]. However, they, too, did
not consider the dependence of voltage changes as a function R and X. Also, Moondee and
Srirattanawichaikul [34] showed a theoretical relationship between voltage and the amount
of reactive power generated. Bletterie et al. [37] propose a power control strategy based on
the voltage and line impedance magnitude at the grid connection point, which uses the
residual power of the inverter when the voltage at the grid connection point exceeds the
upper limit. Ruiz-Tipán et al. [38] proposed using reactive power compensation, which
is connected in parallel to the load, for voltage control. This paper, as well as in [39],
highlighted the voltage instability that occurs with parallel compensation. According to the
authors’ analyses, this may be the reason for not considering the voltage dependence on
the reactance-to-resistance ratio of the supply line. The use of a simple voltage regulation
method has the problem of insufficient advantages and apparent disadvantages, which in
most cases is insufficient to meet the requirements of a high penetration rate of distributed
PV grid connection [40]. Zhang et al. [41] proposed a coordinated method for managing
the reactive power margin of multiple PV inverters for voltage regulation. Based on the
distribution network model, a relationship between the PV reactive power margin and the
power flow was obtained. However, the analysis was carried out for the one line impedance
value, not considering (as the authors of this article) the variation of the line impedance
with its length.

4. Conclusions

The stabilization of the voltage at the point of connection of photovoltaic power plants
is essential. Many researchers have dealt with this topic, paying particular attention to the
possibility of regulating the voltage value at the connection point of the power plant by
changing the reactive power flows. The relationships describing this phenomenon are not
new and are repeatedly cited in various publications. As the authors have shown in this ar-
ticle, changing the voltage value dependent only on the actual equivalent impedance of the
power supply system and the voltage occurring in the network can lead to significant errors.
Other researchers realized this problem by stating that reactive power values calculated
analytically could not be used to stabilize voltage values, and they based their proposed
algorithms on direct measurements of quantities occurring in power grids. However, none
of them attempted to find the source of this problem. Failure to consider the imaginary
component when determining the voltage increase due to changes in reactive power leads
to an average underestimation of approximately 40% compared to the results obtained from
computer simulations. Calculating voltage changes taking into account the impedance
of the circuit leads to more minor errors, but for short distances from the transformer
station, these errors are harmful, as this only changes the sign and increases the value with
the distance.

The relationships determined by the authors, showing the increase in voltage caused
by the change of reactive power as a function of line length, are different for different
cross-sections of power lines. Further work by the authors will continue towards the
development of universal dependencies covering the type and cross-section of line wires
and the type and power of the MV/LV transformer.
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