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Abstract—In this paper is presented the protection of transmission power 
lines of the Kosovo Power System from atmospheric discharges, with the use of 
surge arresters. Atmospheric discharges represent one of the main causes of in-
terruptions for the Kosovo Power System. In addition, the ground flash density 
for Kosovo is given. The transmission lines with the worst performance regard-
ing atmospheric discharges are discussed in more detail and are presented rec-
ommendations about the surge arresters used to protect the system from these 
overvoltages. The data provided by the localized lightning system in Kosovo 
enable us to provide a detailed correlation of the reported outages of the Kosovo 
Power System and corresponding atmospheric discharges. Recommendations 
for protection in terms of surge arresters are given, followed by subsequent dy-
namic simulations using MATLAB software. 

Keywords—Atmospheric discharges, ground flash density, surge arresters, Ko-
sovo Power System, MATLAB. 

1 Introduction 

The power system of a country and its regular operation is of high importance for a 
country, both in social and economic aspects. Power outages affect the daily human 
activities and the economic performance of a country. This is evident with the close 
relation of gross domestic production (GDP) on the one side and power supply on the 
other. Depending on the mode and time of the occurrence, all overvoltages are divid-
ed into atmospheric, internal and induced overvoltages. Whenever the overvoltages 
are present in power systems, regardless of the nature of the traveling waves, they will 
spread throughout the length of the line. When these overvoltage waves meet in a 
joint or point of discontinuity, multiple reflections will occur in these locations and in 
this case a wave with two times greater the amplitude than the traveling overvoltage 
wave, will arise. Such a phenomenon should be considered during the design of high 
voltage equipment and lines for the coordination of isolation [1]. The analysis of the 
impact of lightning overvoltages in power systems and effective protection measures 
increases the reliability of the functioning of the process of transmission of the elec-
tric energy in general and reduces the overall costs for implementation and mainte-
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nance of the transmission system of the electric energy. One of the main causes of the 
power outages for power systems are atmospheric discharges (external overvoltages), 
with a percentage of approximately 30-40%. External overvoltages are a major source 
of constraints on the electric power system, both at the distribution level and at the 
transmission level. The direct impact of lightning poses a dangerous increase in volt-
age when current discharge pulse propagates through constructive elements. We have 
analyzed this phenomenon as a very dangerous effect with reference to the power 
transmission lines. Induced overvoltages are a common and very dangerous effect of 
atmospheric discharges for electrical equipment. When the lightning strikes the 
shielding wire or the tower, the flashover can occur. The study of flashovers is very 
important to assess the performance of the atmospheric discharges, which more 
strikes phase conductors than the shielding wires [2]. 

2 Atmospheric discharges in power systems 

Atmospheric discharges are electrical discharges that come because of the charged 
cloud. It is well known that lightning clouds are electrically charged, and that the 
negative charge center is located at the bottom of the cloud, where the temperature is 
approximately 5°C. The center of the positive electric charge is located several kilo-
meters above the cloud, where the temperature is usually below -20°C. However, in 
most lightning clouds there is also a number of positive charges localized close to the 
cloud base, where the temperature is 0°C [3]. Negative charges at the bottom of the 
cloud induce reverse polarity charges on the transmission line. Electrically charged 
clouds can be discharged directly to the line. If the line is located away from a station 
or substation, then the overvoltage wave will travel in both directions of the line. The 
waveform of these overvoltages will be like the current during atmospheric discharge. 
The discharge current (strike current) i is divided into equal values in two directions 
of the phase conductor and gives a traveling wave with a size u: 
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where Z is the surge impedance of the phase conductor. However, direct lightning 
strikes on transmission lines are less common than indirect strikes and the effects that 
cause indirect strikes on the lines are considerably smaller than the effects of direct 
strikes.  

When atmospheric discharge strikes the pole without a shielding wire, then the po-
tential change to the pole and the phase conductor will be: 
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Where ei is the induced voltage in the phase conductor due to lightning. If the light-
ning strikes the shieldeing wire, the overvoltage wave will travel in two directions 
through the shielding wire. When these waves reach the adjacent towers, they will 
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partially have reflected, and the reflective waves will return back to the tower, after 
half the time between the towers. Other reflections will occur as the waves continue to 
travel through the shielding wire and reach the other towers. To calculate the resulting 
voltage and potential change through isolation, the initial period, the first reflection 
period, the second reflection period and so on should be considered. If the lightning 
strikes an object close to the line, then charges in line which so far were tied, now will 
travel almost at the speed of light through the line, to equalize potential at all points of 
the line. These tied charges cause the line to generate a voltage wave in each direction 
[4]. For well-designed lines that have shielding wires, most lightning strikes will be 
stopped by the shielding wire. Stroke current will travel along the shielding wire until 
it reaches a structure through which it will be conducted to the ground. Since trans-
mission lines and high voltage equipment are protected by surge arresters, which 
drains the surges rapidly before the insulation is damaged, the surge arrester must 
operate below the minimum insulation level to withstand the surges. The IEEE pro-
vides an imaginary method to calculate the flashovers caused by atmospheric dis-
charges and the level of failure of high voltage lines. The calculation is based mainly 
on the following parameters: Distribution of maximum currents of atmospheric dis-
charges; ground flash density Ng through the line; pole geometry (phase position) and 
grounding resistance [5]. 

3 Ground flash density for Kosovo 

The frequency at which the atmospheric discharge will strike the transmission lines 
will depend on a number of factors, such as the overall level of lightning activity for a 
region in which the lines are located, physical dimensions, the presence of natural 
protective objects, etc. The frequency of the occurrence of atmospheric discharges is 
not easy to measure without any special equipment, such as the lightning localization 
system. In our case, the data on the frequency of lightning appearances were obtained 
from observations made at the Meteorological Department and the lightning detection 
system called Automated Lightning Alarm and Risk Management (ALARM) at 
Prishtina International Airport ”Adem Jashari”. This system provides the position and 
frequency of atmospheric discharges with a suitable presentation of atmospheric dis-
charges, providing cloud to earth and cloud to cloud lightning activities within a 56 
km radius. In Table 1 is presented the number of days with lightning through the 
years and on average for Kosovo during the period 2003-2016.  

One can see that there is an average of 31 days with lightning for the considered 
period. This number of days with lightning is associated with marked instability and 
convective clouds. 

Atmospheric discharges occur mainly during the summer months when the tem-
perature is high, and the air is humid. It should be noted that the incidence of atmos-
pheric discharges is statistically significant, and it varies significantly from year to 
year and from season to season. The density of ground lightning, referred to as 
Ground Flash Density (GFD) or Ng, is defined as the number of atmospheric dis-
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charges that strikes the earth per unit of area and per year. Typically, an average value 
of a long time of observing days with atmospheric discharge is taken [6]. 

GFD is defined as a function of TD (days with thunderstorms or keraunic level) or 
TH (thunderstorm hours). This is important in cases where GFD data from lightning 
localization systems are not available. The ground flash density can be found using 
the expression presented below, respectively [7].   

 year/km/flashesTD04.0N 225.1
g =  (3) 

The results for ground flash density for Kosovo are presented in Table 2. 

Table 1.  Number of days with lightning and 
in average for Kosovo for years 2003-

2016 

Year Number of days with lightning 
2003 18 
2004 25 
2005 28 
2006 32 
2007 30 
2008 38 
2009 42 
2010 28 
2011 33 
2012 28 
2013 30 
2014 52 
2015 20 
2016 31 
Average 31.1 

Table 2.  Ground flash density for Kosovo for 
years 2003-2016 and in average 

Year Ground flash density 
(flashes/km2/year) 

2003 1.5 
2004 2.2 
2005 2.6 
2006 3.0 
2007 2.8 
2008 3.8 
2009 4.3 
2010 2.6 
2011 3.2 
2012 2.6 
2013 2.8 
2014 5.6 
2015 1.7 
2016 2.9 
Average 3.0 
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4 Modeling and dynamic simulation of metal-oxide surge 
arresters 

Surge arresters are devices that enable efficient protection of electrical equipment 
from overvoltages. The model for surge arresters is based on IEEE recommendations 
and this is actually a frequency-dependent model. Such a model is given in Fig. 1. 
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Fig. 1. Frequency-dependent IEEE model 

For low-frequency surges, the impedance of the filter will be very small, and there-
fore A0 and A1 will be practically connected in parallel. For high-frequency surges, 
the impedance of the filter will increase, causing a current between the two nonlinear 
resistors. Due to the impact of L1, the current through A0 increases when the wave 
front decreases. The V-I characteristic for two nonlinear A0 and A1 resistances, which 
are separated by an R-L filter (R1 and L1), will be obtained from Table 3 and these 
values will be used for Matlab simulation of ZnO surge arresters [8]. The surge ar-
rester parameters will be obtained using the IEEE model and the experimental results: 
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d is the height of the ZnO arrester in meters and n is the number of parallel col-
umns (from the ABB catalog, d = 1.236 m and parameter n is chosen to be 1). 

A voltage level of 110 kV is chosen for the computer analysis of the line surge ar-
resters, using software package Matlab [9]. These lines have the worst performance 
regarding atmospheric discharges (See Table 4). 
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Table 3.  V-I characteristics for nonlinear resistances A0 and A1 

A0 A1 
I[kA] V[p.u.] I[kA] V[p.u.] 
0.01 1.3 0.01 1.1 
0.1 1.37 0.1 1.17 
1 1.56 1 1.36 
2 1.6 2 1.4 
4 1.66 4 1.46 
6 1.76 6 1.56 
9 1.81 9 1.61 

10 1.84 10 1.74 
20 2.06 20 1.86 
40 2.35 40 2.15 
50 2.5 50 2.3 

Table 4.  Outages of transmission lines in Kosovo Power System regarding atmospheric 
discharges for years 2007-2016 and in average 

Element 
outages/Year 

Transmission 
lines 

110 [kV] 

Transmission 
lines 

220 [kV] 

Transmission 
lines 

400 [kV] 
2007 42 2 1 
2008 61 5 1 
2009 58 0 3 
2010 74 19 10 
2011 48 10 7 
2012 12 7 3 
2013 49 8 5 
2014 36 6 3 
2015 52 4 2 
2016 29 8 1 

Average 46.1 6.9 3.6 
 
The surge arresters for the voltage level 110 kV can be with a maximum voltage of 

Um = 145 kV. Based on the ABB surge arresters catalog, the rated voltage for surge 
arresters, for the direct grounding system is [10]: 

 Ur0=0.72xUm=0.72x145=104.4 kV 

The surge arrester with rated voltage Ur = 108 kV will be selected. The best option 
for 145 kV is class 2 arrester, named PEXLIM R type. This arrester has a ratio of the 
lightning impulse protection level to the rated voltage: Upl/Ur = 2.59 and this means 
Upl = 280 kV at 10 kA. With external insulation withstand Uwl = 550 kV this surge 
arrester would give a protective margin Mrl = (550/280 ! 1) x100 = 96%. If the cho-
sen type of the arrester does not offer the desired protection margins, the selection 
should be changed by choosing a higher arrester discharge class leading to Upl reduc-
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tion. In cases where the margin is insufficient, we will select the arrester class 3, with 
the same rated voltage 108 kV. Metal oxide surge arresters can be built with one or 
more parallel columns. In the power systems where large strikes occur, the metal 
oxide surge arresters are constructed of two or more parallel systems. Currents from 
atmospheric discharges vary in amplitude and shape. Most lightning strikes from 
cloud to earth differ from kA to several tenth of kA. Discharges over 100 kA are rare; 
because the largest reported strike current value is 200 kA. The waveform of the cur-
rent and the corresponding voltage is different for each stroke. The current generator 
of different shapes is used for testing the overvoltage surge arresters in the laboratory. 
Based on the IEEE recommendations, overvoltage surge arresters should be tested for 
10 kA and 20 kA discharge currents with impulse waveform 8/20 µs/µs [11]. 

In Fig.3 is presented the MATLAB model for the discharge current generator. 
The earthed arrester is connected directly to the end of the generator as in Fig. 4. 

I8/20[kA]

I
Ie-at

-Ie-bt

I8/20(t)=I(e-at-e-bt)

 
Fig. 2. The exponential form of the current impulse caused by atmospheric discharge  

 
Fig. 3. Model for discharge current generator with possibility of striking amplitude regulation 
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Fig. 4. The simulation model for the performance analysis of ZnO surge arresters 

5 Simulations 

Simulation is done for 10 kA and 20 kA discharge currents. The figures 5 and 6 
show relevant results from simulation through Matlab. 

From the simulation results (from Fig. 6), it is seen that the remaining voltage Ur = 
280 kV is almost identical to the residual voltage that the ABB manufacturer guaran-
tees for the class 2 PEXLIM R surge arrester type. The difference between the 550 kV 
and the remaining voltage 280 kV defines the protective margin of the arrester. 

 
Fig. 5. The discharge current of 10 kA with impulse shape 8/20 µs/µs 
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Fig. 6. Residual voltage for discharge current 10 kA with impulse form 8/20 µs/µs (Ur = 280 

kV) 

 
Fig. 7. The discharge current of 20 kA with impulse form 8/20 µs/µs 
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Fig. 8. Residual voltage for discharge current of 20 kA with impulse form 8/20 µs/µs (Ur = 315 

kV) 

From the simulation results (from Fig. 8) one can see that residual voltage Ur = 310 
kV is almost identical to the residual voltage that the ABB manufacturer guarantees 
for the class 2 PEXLIM R surge arrester type. The difference between the 550 kV and 
the residual voltage 310 kV now is smaller. If this margin does not guarantee efficient 
protection, then it is preferable to choose a higher surge arrester class, which will 
increase the protective margin. The simulation results show that the residual voltage is 
almost identical to the residual voltage that is guaranteed by the manufacturer [6]. 

6 Conclusion 

The parameters that are important for calculating the performance of power trans-
mission lines and for calculating various protection methods are the lightning currents 
and ground flash density. The consequences of lightning strikes on high voltage 
transmission lines depend on the design and construction of the line, the amplitude 
and the shape of the lightning current, the position where the lightning strikes and the 
degree to which the protection is provided with the surge arresters. An accurate model 
of ZnO surge arresters has been introduced. It is based on frequency-dependent IEEE 
model. Knowledge of the frequency of occurrence of lightning strikes, defined as the 
ground flash density, is of major importance in the design of protection against at-
mospheric discharges. Since the level of ground flash density in Kosovo is increasing, 
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this implies that the number of strokes in the transmission lines and other power 
equipment is increasing also. 
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