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Analysis of the effect of symmetrical load on the value of 
negative voltage asymmetry factor in medium-voltage power 

networks 
 
 

Streszczenie. Zjawisko asymetrii napięciowej występuje powszechnie w sieciach elektroenergetycznych i jest powodem występowania szeregu 
niekorzystnych zjawisk występujących, takich jak wzrost strat mocy i energii, a także nieprawidłową pracę niektórych odbiorników. Do jednego z 
wielu czynników rzutujących na asymetrię napięciową w sieci elektrycznej zaliczyć można także wpływ symetrycznego obciążenia, jednak w 
przypadku sieci elektroenergetycznych średniego napięcia w literaturze wpływ ten się pomija. W artykule przedstawiono i oceniono wpływ zmian 
obciążenia symetrycznego mocą czynną i bierną pobieraną przez odbiorców na wartości wskaźników asymetrii przeciwnej napięć αU2% w sieciach 
elektroenergetycznych średniego napięcia z punktem neutralnym uziemionym przez dławik gaszący (cewkę Petersena). Z analiz teoretycznych 
przeprowadzonych przez Autorów wynika, że wraz ze wzrostem mocy czynnej rośnie wartość współczynnika asymetrii na końcu linii i zmiana ta – w 
całym analizowanym przedziale mocy – wynosi 47,3% wartości maksymalnej. W celu zweryfikowania poprawności opisu zjawisk zachodzących w 
układzie przez zaproponowany model matematyczny, przeprowadzone zostały badania terenowe w punkcie przyłączenia zakładu przemysłowego 
branży metalowej położonego w północno-wschodniej Polsce. Aproksymując uzyskane wyniki badań zależnością liniową otrzymano zależność 
wprost proporcjonalną pomiędzy zarejestrowanymi wartościami mocy biernej oraz współczynnika asymetrii przeciwnej. Jest to zgodne z zależnością 
uzyskaną na podstawie obliczeń analitycznych. (Analiza wpływu symetrycznego obciążenia na wartość współczynnika asymetrii przeciwnej 
napięć w elektroenergetycznych sieciach średniego napięcia). 
  
Abstract. The phenomenon of voltage asymmetry is common in electricity networks and is the cause of several unfavourable phenomena occurring, 
such as an increase in power and energy losses, as well as the abnormal operation of specific loads. One of the many factors impinging on voltage 
asymmetry in the electrical network is the influence of symmetrical loading, which is ignored in the literature for medium-voltage power networks. 
This paper presents and evaluates the influence of changes in the symmetrical load of active and reactive power consumed by consumers on the 
values of negative voltage asymmetry factor in medium-voltage power networks with the neutral point earthed by arc-suppression reactor 
(Petersen’s coil). The authors' theoretical analyses show that as the active power increases, the value of the negative asymmetry factor at the end of 
the line increases, and this change - in the whole analysed power range - amounts to 47.3% of the maximum value. In order to verify the correctness 
of the description of the phenomena occurring in the system by the proposed mathematical model, field tests were carried out at the connection point 
of a metal industry plant located in north-eastern Poland. A directly proportional relationship was obtained between the recorded reactive power 
values and the negative asymmetry factor by approximating the test results with a linear relationship. It is consistent with the relationship obtained 
from the analytical calculations.  
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Introduction 
Voltage asymmetry occurs when voltages are unequal 
across phases or angles between consecutive voltages. 
Asymmetrical voltage systems are decomposed into 
symmetrical components [1-4]: 
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or in matrix form: 
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where: U0 , U1 , U2 - the composite values of the 
voltages symmetrical components of the zero, positive and 
negative sequence, UL1 , UL2 , UL3 - the composite values of 
the phase voltages, a - the rotation operator described by 
the equation:  
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Asymmetry in the system of supply voltages results, 
among other things, in the appearance of symmetrical 
components of the negative order, which is described by 
the negative voltage asymmetry factor αU2% [5,6]: 
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There are two basic types of asymmetry in electricity 
networks: 

 the internal asymmetry of individual network 
components (e.g. power lines, transformers) caused 
by impedance imbalances in individual phases, 

 external asymmetry: 
- at the supply points - the three-phase voltage at 

these points is asymmetrical, 
- at consumption points locally - the loads connected 

at individual points on the network have different 
capacities in each phase, 

- at spatial consumption points, single-phase loads 
are connected to the network at different points. 

The leading cause of voltage asymmetry in electricity 
networks is non-uniform voltage drops in individual phases 
caused by load asymmetry (unequal distribution of single-
phase consumers) [7,8]. In the case of medium-voltage 
networks, unequal ground capacitances (mainly in 
overhead lines) and mismatch of the arc-suppression 
reactor (in networks operating with the neutral point earthed 
by a Petersen’s coil), leading in some cases to resonance 
[9, 10]. Nowadays, more and more photovoltaic power 
plants [11-14] and wind power plants [15-17] appear in 
electricity systems, significantly affecting power quality 
parameters, including negative voltage asymmetry. Other 
potential sources of voltage asymmetry are electric car 
charging stations [18,19] and energy storage facilities [20, 
21]. 
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The adverse effects resulting from the occurrence of 
voltage asymmetry in MV supply networks include, in 
particular [22, 23]: 

 increased power and energy losses occurring in power 
lines, MV/LV transformers and capacitor banks;  

 faster wear and tear on induction motors - the rotating 
magnetic field takes on an elliptical shape instead of a 
circular one, resulting in faster wear and tear on the 
machine's bearings and an additional increase in 
temperature in the rotor; 

 unwanted tripping of earth fault protection;  
 an increase in the pulsation of the rectified voltage and 

a reduction in the allowable DC power of the converter 
systems. 

The permissible value of negative voltage asymmetry 
factor αU2% in medium-voltage power systems have been 
set in Polish law [24-26] at 2 % (for 95 % of the aggregated 
10-minute values recorded during the week).  

The electricity network can operate with the neutral point 
isolated or earthed [27, 28]: 

 directly, 
 through a resistor whose resistance value is selected 

so that the earth fault current does not exceed 600 A; 
 through a arc-suppression reactor (Petersen’s coil), 

whose inductance value is selected based on the 
earth capacitance in all the lines connected to the 
same busbar section. 

Poland has no medium-voltage distribution power grids 
with the neutral point directly earthed. The most common 
mode of operation of the neutral point is earthing through a 
reactor or resistor. In networks with an isolated neutral 
point, the circuit of the symmetrical zero component is not 
closed, as the zero impedance is theoretically equal to 
infinity. However, in natural systems, the closure of the 
earth (neutral component) circuit is achieved through the 
existing transverse conductances (capacitances and 
leakage) in the network [29].  

An inductive current can compensate for the capacitive 
earth current when one phase is short-circuited to earth in 
an isolated neutral point system. This compensation is 
achieved by earthing the neutral point of the system with an 
inductive coil, called a Petersen’s coil [2]. To incorporate the 
quenching coil, an additional earthing transformer is 

installed in the medium-voltage switchgear, to whose 
neutral point the coil is connected. In order to reduce 
overvoltages occurring in ground faults, the neutral point of 
the network is earthed via a resistor. The resistor's 
resistance value should allow the earth fault current to flow 
with a value ensuring the correct operation of the earth fault 
protectors installed in the network. Phenomena related to 
voltage asymmetry are particularly evident in networks 
earthed through a Petersen’s coil and must be considered, 
among other things, when determining the operating 
conditions of earth fault protections [30]. The voltage is 
usually more symmetrical in networks with predominantly 
cable lines than overhead lines [31]. 

A general schematic of a medium-voltage (MV) power 
network supplied from an HV/MV substation operating with 
the neutral point earthed through a arc-suppression reactor 
is shown in Figure 1. The HV/MV power transformer is 
usually made with windings in the YNd (star-delta) 
arrangement, the MV/LV earthing and own-needs 
transformer operate in the ZNyn (zigzag-star) arrangement, 
while the MV/LV consumer transformers operate in the Dyn 
(delta - star) arrangement [32, 33]. 

HV
MV

LV

Line MV

Line MV

LV LV

LV LV LV

TRP

LV TRE

TRL TRL TRL

TRL TRL TRL

 
 
Fig 1. General diagram of MV power network supplied from HV/MV 
substation. HV - high voltage, MV - medium voltage, LV - low 
voltage, TRP - power transformer, TRE - earthing and auxiliary 
transformer, TRL - load transformer (own elaboration). 
 

The general network diagram in Figure 1 will correspond 
to the surrogate model shown in Figure 2. 
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Fig 2. Equivalent model of an MV power network with the neutral point earthed by a arc-suppression reactor (earth fault compensation).  
LE - arc-suppression reactor, RL1 , RL2 , RL3 - MV line longitudinal resistances, LL1, LL2, LL3 - MV line longitudinal reactances, CL1, CL2 , CL3 - 
MV line earth capacitances (own elaboration). 

 
 

Most often in the literature, when identifying the causes 
of voltage asymmetry in the electricity network, load 
asymmetry is taken as the main reason. On the other hand, 
it is believed that a symmetrical load (especially one 
connected in delta) does not affect negative voltage 
asymmetry, or this effect is so tiny that it can be neglected 
[34]. As shown by preliminary analyses carried out by the 
authors [16, 17], the value of this factor is affected not only 

by the active power flowing through the line but also by the 
value of the reactive power transmitted through it. 
Therefore, it was decided to take a closer look at this issue. 
The mathematical analyses and field tests aimed to 
determine the influence of symmetrical active and reactive 
power flowing through power lines on the value of the 
negative voltage asymmetry factor at the end of the line. 
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Material and methods 
In order to determine the influence of the symmetrical 

load on the value of the negative voltage asymmetry, a 
symmetrical load was attached to the simplified equivalent 
diagram from Figure 2, which was illustrated by interfacial 
impedances (ZL12, ZL23, ZL31) of equal values through which 
the load currents flow (IL12, IL23, IL31) - Figure 3. The voltage 
vector system corresponding to the analysed loaded 
network is shown in Figure 4. 
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Fig 3. Equivalent diagram of the MV power network taking into 
account symmetrical line loading (own elaboration). 

 

UL1EL1

UL2

UL3

U0

EL2

EL3

 
 

Fig 4. Voltage vector system for the diagram in Figure 3 (own 
elaboration). 

The relationship between the voltages for the diagram 
considering the line loads in Figure 3 can be converted by 
equations using the nodal potential method:  
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and then 
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After transformation to matrix form, equation (6) can be represented as follows: 
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Using Cramer's method, the end-of-line phase voltages UL1 , UL2 , UL3 were determined from the system of equations 7: 
 

(8)   

0 1 2 3 1 1 2 2 3 3 2 3

1 1 1 12 31

2 2 2 1 12 23 2 23

3 3 3 23 3 23 31 3
1

0 1 2 3 1 2 3

1 1 1 12 31 12 31

2 12 1 12 2

     



    

    


   

   

  

Y Y Y Y Y E Y E Y E Y Y
L L L L L L L L L L L

Y Y E Y Y
L L L L L

Y Y E Y Y Y Y Y
L L L L L L C L

Y Y E Y Y Y Y Y
L L L L L L L CU

L Y Y Y Y Y Y Y
L L L L L L

Y Y Y Y Y Y Y
L L C L L L L

Y Y Y Y Y
L L L L L 3 2 23

3 31 23 3 23 31 3



   

Y Y
C L

Y Y Y Y Y Y Y
L L L L L L C

 

(9)   

0 1 2 3 1 1 1 2 2 3 3 3

1 1 1 12 31 1 1 31

2 12 2 2 23

3 31 3 3 3 23 31 3
2

0 1 2 3 1 2 3

1 1 1 12 31 12 31

2 12 1 12 2

     

    



    


   

   

  

Y Y Y Y Y Y E Y E Y E Y
L L L L L L L L L L L

Y Y Y Y Y Y E Y
L L C L L L L L

Y Y Y E Y
L L L L L

Y Y Y E Y Y Y Y
L L L L L L L CU

L Y Y Y Y Y Y Y
L L L L L L

Y Y Y Y Y Y Y
L L C L L L L

Y Y Y Y Y
L L L L L 3 2 23

3 31 23 3 23 31 3



   

Y Y
C L

Y Y Y Y Y Y Y
L L L L L L C

 

 



292                                                                             PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 100 NR 7/2024 

(10)  

0 1 2 3 1 2 1 1 2 2 3 3

1 1 1 12 31 12 1 1

2 12 1 12 23 2 2 2

3 31 23 3 23 31 3
3

0 1 2 3 1 2 3

1 1 1 12 31 12 31

2 12

     

    

    

   


   

   



Y Y Y Y Y Y Y E Y E Y E
L L L L L L L L L L L

Y Y Y Y Y Y Y E
L L C L L L L L

Y Y Y Y Y Y Y E
L L L L L C L L

Y Y Y Y Y Y Y
L L L L L L CU

L Y Y Y Y Y Y Y
L L L L L L

Y Y Y Y Y Y Y
L L C L L L L

Y Y Y
L L 1 12 23 2 23

3 31 23 3 23 31 3

  

   

Y Y Y Y
L L L C L

Y Y Y Y Y Y Y
L L L L L L C

 

 
On this basis, the value of the negative voltage 

asymmetry factor αU2% can be described as follows: 
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In order to observe the effect of symmetrical loading on 
the value of the negative voltage asymmetry factor, an 
example medium-voltage (15 kV) power system was 
modelled using the equivalent diagram in Figure 3, for 
which the values of the voltages UL1, UL2, UL3 and the 
negative voltage asymmetry factor αU2% at the end of the 
line were then determined.  

A power line made in a flat system with bare steel-
aluminium ACSR conductors with a nominal cross-section 
of 70 mm2 was adopted for the calculations 

The line operates at 15 kV and has a length of 5 km. 
The following equivalent line parameters were adopted for 
the calculations:  

ZLA = 0.488 + j0.7674 Ω/km 
ZLB = 0.488 + j0.7692 Ω/km 
ZLC = 0.488 + j0.7674 Ω/km 
CLA = - j0.0093 μF/km 
CLB = - j0.0103 μF/km 
CLC = - j0.0093 μF/km 

The line is supplied with symmetrical voltage with the 
following values: 

EL1 = 8660 ej0⁰ V 
EL2 = 8660 e-j120⁰ V 
EL3 = 8660 ej120⁰ V 
It was assumed that a symmetrical load connected in a 

triangle with active power in the 0 to 4 MW range and 
reactive power in the range of - 1 to 1 Mvar (from capacitive 
to inductive character) would be connected at the end of the 
line. The relationships described by equations (8) and (9) 
were used for the calculations.  

In order to verify the correctness of the description of the 
phenomena occurring in the analysed system by the 
proposed mathematical model, field tests were carried out. 
These tests were carried out at the point of connection of a 
metal industry industrial plant in north-eastern Poland. Most 
of the equipment installed in the plant under study was 
three-phase, so it could be assumed (according to the 
recorded active power values) that load it was a 
symmetrical. The plant was supplied by an overhead cable 
line consisting of the following sections: 

• overhead line with bare conductors ACSR 70 mm2 with 
a length of 4.2 km, 

• cable line made with cable type NA2XS(F)2Y 70 mm2  

with a length of 0.55 km. 
A portable SONEL PQM-701 power quali 
ty analyser, with serial number 960060, holding 

calibration certificate 
no. 073645, issued by the Research and Calibration 

Laboratory in Swidnica, was used to record changes in the 
values of electrical quantities. The analyser records network 
parameters in accordance with class A of the EN 61000-4-
30 standard. Values were recorded for one week, with an 
interval of one second. Based on the recorded values, the 
dependence of the negative voltage asymmetry factor as a 
function of the active and reactive power of the load was 
determined. 

 

Results and discussion 
As a result of analytical calculations, using the 

equivalent model (Figure 3) and relations (8 - 11), the 
values of the negative voltage asymmetry factor as a 
function of the load power were obtained. Figures 5 and 6, 
in order, show the determined dependence of 

 the reverse voltage asymmetry factor αU2% as a function 
of the active power P and reactive power Q of the 
symmetrical load.  

When analysing the values shown in Figure 5, a clear 
rectilinear relationship between the value of the negative 
voltage asymmetry factor and the active power of the line 
load is noticeable. As the active power increases, the value 
of the negative voltage asymmetry factor at the end of the 
line increases and this change - over the entire power range 
analysed - is 47.3% of the maximum value.  

Analogous calculations were carried out for the system 
loaded with reactive power, and the results obtained are 
presented in Figure 6. The analysis of the values contained 
therein shows that with the increase in reactive power, the 
negative voltage asymmetry coefficient's value increases, 

similarly to the load with active power. In this case - in the 
whole analysed power range - the change in the value of 
the coefficient αU2% amounts to 53.4%, and this is an 
approximately linear relationship. 

 
Fig 5. Dependence diagram of the negative voltage asymmetry 
factor αU2% as a function of the active power of the load P, 
determined using the analytical method (own elaboration). 

 
In order to verify the results obtained using the analytical 

method, field tests were carried out to determine the 
dependence of the negative voltage asymmetry factor on 
the active load power. The dependencies obtained from the 
measurements are presented in Figure 7. A rather 
significant scatter of the measured values is noticeable, 
resulting from the fact that multiple values of the negative 
voltage asymmetry factor αU2% were recorded for one load 
power value. This is mainly due to the fact that the actual 
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operating conditions of the grid at a given point are the 
resultant of the operation of the entire power system, in 
which a number of processes and phenomena take place. 
The analytical system is simplified according to the 
assumptions made. 

 

 
Fig 6. Diagram of the dependence of the negative voltage 

asymmetry factor αU2% as a function of the reactive power of the 
load Q, determined using the analytical method (own elaboration). 

 
 

 
Fig 7. Dependence diagram of the negative voltage asymmetry 

factor αU2% as a function of active load power P, determined during 
field tests (own elaboration). 

 

 
 

 
Fig 8. Dependence diagram of the negative voltage asymmetry 

factor αU2% as a function of reactive load power Q, determined 
during field tests (own elaboration). 

 
Adding a trend line to the values obtained, with a 

correlation of 48.5%, it can be seen that the relationship 
between active power and voltage asymmetry is analogous 
to that obtained analytically. The value of the negative 
voltage asymmetry factor increases with an increase in the 
active power of the load. This change is significant over the 
entire power range analysed and amounts to more than 
17.4 %. It is worth highlighting that loads in the 0 to 1.8 MW 

range were recorded during the field tests. In the analogous 
power range, for the analytical model, the calculated 
increase in the value of the negative voltage asymmetry 
factor was 27.3 %. The discrepancy between these values 
is mainly due to the non-idealities of the power system 
under study - first of all, there was no equality of load power 
in individual phases (the recorded values were only close to 
each other, and the difference between them, at any time, 
did not exceed 4.3 %) 

The dependence of the negative voltage asymmetry 
factor as a function of the reactive power load was 
measured similarly to before. The recorded values are 
shown in Figure 8. As in the case of active power, the 
scatter of the recorded values is also noticeable here, 
although it is smaller than in Figure 7. 

By approximating the results obtained with a linear 
relationship (with a correlation of nearly 59.6 %), a directly 
proportional relationship was obtained between the reactive 
power of the load and the value of the negative voltage 
asymmetry factor. It is also consistent with the relationship 
obtained from the analytical calculations. Analogously, as 
before, it can be seen that the values of the negative 
voltage asymmetry factor increase with increasing reactive 
power (from capacitive to inductive). This change is 
significant over the entire power range analysed and 
amounts to more than 32.6%. In the plant analysed, 
reactive power loads varied during the recording period 
from -0.17 Mvar (capacitive in nature) to 0.33 Mvar 
(inductive in nature). In such a range of reactive power 
changes for the analytical model, the increase in the value 
of the negative voltage asymmetry factor was 18.4% 

 
Conclusions 

The leading cause of voltage asymmetry in electricity 
networks is the unequal loading of the different phases, 
resulting mainly from operating single-phase loads or 
sources. Voltage asymmetry can lead to various problems, 
such as malfunctioning electrical equipment and an 
increase in its temperature, which in extreme cases can 
lead to damage. Many articles can be found in the literature 
on this issue. However, when determining the negative 
voltage asymmetry factor, none of the authors considered 
the effect of a symmetrical load. This article shows that for 
MV electricity networks with the neutral point earthed by a 
reactor (Petersen’s coil), voltage asymmetry occurs in 
power lines even with a symmetrical power source and a 
uniform load. As can be seen from the authors' studies and 
analyses, the values of the negative voltage asymmetry 
factor αU2% depend strictly on the value of the load power - 
they are directly proportional to both the active and reactive 
power of the load. These conclusions are analogous to the 
model analysed analytically and are derived from the field 
tests carried out by the authors in one of the industrial 
plants. The recorded changes are pretty significant, as they 
exceed 17 % in each case (the increase in the negative 
voltage asymmetry factor αU2% as a function of changes in 
active power was 27.3 % for the theoretical analysis and 
17.4 % from the field tests. The change in αU2% as a 
function of reactive power was 18.4 % and 32.6 %, 
respectively). These changes are significant and should be 
considered primarily in the design process of natural power 
systems. Therefore, in the detailed analyses of system 
stability and the quality of electricity transmitted through 
power grids, according to the authors, the nature and the 
value of the load occurring in the studied system should be 
considered when determining the value of the negative 
voltage asymmetry factor.  
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