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Abstract-- Insulation levels of EHV systems have been 

determined based on the statistical distribution of switching 
overvoltages since 1970s when the statistical distribution was 
found for overhead lines. Responding to an increase in the 
planned and installed EHV cables, the authors have derived the 
statistical distribution of energization overvoltages for EHV 
cables and have made clear their characteristics compared with 
those of the overhead lines. This paper identifies the causes and 
physical meanings of the characteristics so that it becomes 
possible to use the obtained statistical distribution for the 
determination of insulation levels of cable systems. 
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I.  INTRODUCTION 

HE statistical distribution of switching overvoltages has 
long been used for determining insulation levels of EHV 

systems since it was derived in 1970s for EHV overhead lines 
(OHLs) [1]–[4]. With an increase in the number of planned 
and installed EHV cables, it has become possible and 
necessary to obtain the statistical distribution of switching 
overvoltages for EHV cables using the physical and electrical 
data of these cables. 

The authors have derived the statistical distribution of 
energization overvoltages of EHV cables through a number of 
computer simulations in PSCAD® [5]. Ten types of EHV 
cables and OHLs were studied in order to derive the statistical 
distribution of the switching overvoltages. In addition, 
different line lengths and feeding networks (source impedance 
values) were considered as parameters for each type of EHV 
cables and OHLs. 

Characteristics of the statistical distributions were found 
through comparison of the statistical distributions of EHV 
cables and OHLs. In particular, it has been found that 
energization overvoltages for cables are lower than those for 
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OHLs with respect to maximum, 2 %, and mean values. Also, 
the effects of line lengths and feeding networks were found to 
be different for cables and OHLs. 

Reference [5] discusses possible causes that can lead to the 
characteristics, but the discussions were limited to qualitative 
analyses. This paper identifies causes and physical meanings 
of the characteristics so that it becomes possible to use the 
obtained statistical distribution for the determination of 
insulation levels of cable systems. Section II summarizes the 
characteristics of the statistical distribution. Sections III – V 
discuss each characteristic by analyzing voltage waveforms of 
energization overvoltages. Finally, the conclusion is given in 
Section VI. 

 

II.  CHARACTERISTICS OF THE STATISTICAL DISTRIBUTION 

Reference [5] studied the energization overvoltages of 
EHV OHLs and cables based on data from 10 planned or 
existing lines, respectively. Four line lengths and four feeding 
networks were considered as parameters. These parameters 
were varied in a reasonable range as shown in Table 1. The 
source impedance of 1 mH was included for two reasons. The 
first reason is that effects of a steep initial voltage rise which 
is expected in the line energization from a distributed 
parameter source can be analyzed by it. The second reason is 
that a very small source impedance is often selected for the 
analysis of OHLs in order to find the most severe overvoltages, 
and therefore it was assumed that the same approach applied 
for cables would give most severe overvoltages as well. 

 
TABLE I 

STUDY CONDITIONS AND PARAMETERS 

Line length 24, 48, 72, and 96 km 

Feeding 
network 

1, 15, 30, and 100 mH 
(corresponds to fault current of 735, 49, 
25, and 7 kA at 400 kV) 

 
The simulations were performed 200 times with random 

switches under each study condition. In the study the 
following main characteristics of the statistical distribution 
was found: 
 Energization overvoltages for cables are lower than those 

for OHLs with respect to maximum, 2 %, and mean values. 
 Energization overvoltages for cables do not show any 

dependence on the line length while those for OHLs peak 
with a line length of 72 km. 

 Energization overvoltages for cables become lower for a 

T



larger source impedance while those for OHLs peak with 
the source impedance 30 mH. 
This paper focuses on the identification of causes and 

physical meanings for these three main characteristics. The 
analysis in this paper shows only one of 10 OHLs and one of 
10 cables because the same characteristics and contributing 
factors were found in all OHLs and cables. The physical and 
electrical data of the selected 400 kV cable is shown in Fig. 1. 
The cable was modeled with frequency-dependent model in 
the phase domain in PSCAD [6]. 
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R2 = 3.26cm, R3 = 6.14cm, R4 = 6.26cm, R5 = 6.73cm 

Core inner radius: 0.0cm, Core resistivity: 1.724×10-8Ωm, 

Metallic sheath resistivity: 2.840×10-8Ωm, 

Relative permittivity (XLPE, PE): 2.4 
Fig. 1 Physical and electrical data of the cable. 

 
 
 
 
 
 

The cable was assumed to be directly buried at a depth of 
1.3 m with a horizontal separation of 0.3 m as shown in Fig. 2. 
The cross-bonding diagram of the cable is shown in Fig. 3. 

 

 
Fig. 2 Cable layout. 

 
Key parameters of the selected 400 kV OHL are 

summarized in Table 2. 
 

TABLE II 
KEY PARAMETERS OF THE SELECTED OHL 

Phase conductor Martin 
# of conductors in a bundle 2 
Conductor separation [cm] 40 
Resistance per conductor [Ω/km] 0.04259 
Layout, top phase (X, Y) [m] (±6.65, 34) 
Layout, middle phase (X, Y) [m] (±8.60, 26) 
Layout, bottom phase (X, Y) [m] (±7.10, 20) 

Ground wire 68 / 138 AL 
Resistance per conductor [Ω/km] 0.208 
# of ground wires 2 
Layout (X, Y) [m] (±3.00, 41) 

 

 
Fig. 3 Cross-bonding diagram of the selected cable. 
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Shunt reactors were directly connected to the cable at both 
ends when the line length was 24, 48, or 72 km. The 
compensation rate was set to 100 % so that only the transient 
component of the energization overvoltage can be observed. 
With the line length of 96 km, the shunt reactors were 
additionally connected to the center of the line. Necessary 
capacity of shunt reactors for 100 % compensation was shared 
by shunt reactors at both line ends and at the center with the 
proportions of 1/4, 1/4, and 1/2. 

Charging capacity of the OHL was also compensated to 
100 % in order to set the same condition as the cable. 
However, it is already known that the compensation does not 
have a noticeable impact on the energization overvoltage of 
the OHL [5]. 

III.  ANALYSIS OF THE HIGHEST OVERVOLTAGES 

This section analyzes why energization overvoltages for 
cables are lower than those for OHLs with respect to 
maximum, 2 %, and mean values. This is achieved by 
analyzing voltage waveforms of energization overvoltages. 
Here, we define the maximum overvoltage as the largest 
overvoltage found in 200 random simulations. 

Fig. 4 shows initial voltage waveforms of the energization 
overvoltage at the receiving end (Vr) and at the sending end 
(Vs) in phase a for one of 10 OHLs. The OHL was energized 
at the voltage peak of phase a (5 ms), and the voltage 
waveforms of phase a are shown in Fig. 4. The line length and 
the source impedance were fixed to 48 km and 30 mH, 
respectively. 

 

 
Fig. 4 Initial voltage waveforms of the energization overvoltage for an OHL 

(line length: 48 km, source impedance: 30 mH). 

 
For the OHL, the overvoltage of the inter-phase mode 

travels at the speed of light. It arrives at the receiving end 
0.16 ms (= 48 km / 300 m/μs) after it departs from the sending 
end (1st wave). 

The inter-phase mode is reflected back to the sending end, 
but Vr rises towards around 2 pu as the overvoltage of the 
earth-return mode arrives. The propagation time of the earth-
return mode can be obtained by performing a frequency scan 

on the energized system or by performing a Fourier transform 
of the voltage waveform. The result of the frequency scan 
shows the dominant frequency 980 Hz, which corresponds to 
the cycle time 1.02 ms. The result is realistic as Fig. 4 shows 
the voltage peak of the earth-return mode with an interval of 
1.02 ms. 

The initial voltage rise time at the receiving end is difficult 
to find theoretically since the initial voltage waveform does 
not follow the sinusoidal wave. The receiving end voltage 
starts to rise at 5.16 ms. Looking at the voltage amplitude of 
the earth-return mode, the voltage starts to rise from near the 
minimum. It suggests that it takes about 0.51 (= 1.02 / 2) ms 
to reach the maximum of the earth-return mode, but Fig. 4 
shows the earth-return mode reaches its maximum in 
approximately 0.32 ms after it starts to rise. 

This can be explained by the rate of voltage rise. When the 
voltage starts from the minimum, the rate of the voltage rise 
should increase in the first 0.255 (= 1.02 / 4) ms and should 
decrease in the remaining 0.255 (= 1.02 / 4) ms, assuming the 
receiving end voltage follows the sinusoidal wave. However, 
in Fig. 4, the rate of voltage rise is largest when the receiving 
end voltage starts to rise. This makes the voltage rise time to 2 
pu shorter, and the earth-return mode reaches its maximum in 
approximately 5.48 (= 5.16 + 0.32) ms. 

This reduction of the voltage rise time affects the 
magnitude of the highest overvoltage since 5.48 ms is exactly 
when the inter-phase mode comes back to the receiving end 
(2nd wave). As shown in Fig. 4, the inter-phase mode comes 
back to the receiving end with an interval of 0.32 ms as it 
travels at the speed of light. Since the peak of the earth-return 
mode (1st wave) and the peak of the inter-phase mode (2nd 
wave) reach their maximum almost at the same time, around 
5.48 ms, Vr goes above 2 pu and reaches to 2.3 pu. 

The same analysis on the initial voltage waveforms is 
performed for one type of underground cables. Fig. 5 shows 
initial voltage waveforms of the energization overvoltage at 
the receiving end (Vr) and at the sending end (Vs). Study 
conditions, such as the switch timing (5 ms), line length 
(48 km) and source impedance (30 mH), are kept equal to the 
study on the OHL. 

 

 
Fig. 5 Initial voltage waveforms of the energization overvoltage for a cable 

(line length: 48 km, source impedance: 30 mH). 



In case of the underground cable, the overvoltage of the 
coaxial mode first arrives at the receiving end (1st wave). 
When a cable is not cross-bonded, the coaxial mode travels at 
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Here, ɛi is the relative permittivity of the insulation, which 

is converted to account for semiconductive layers (as 
described in [7]). 

Since it is known that the propagation velocity is decreased 
for a cross-bonded cable [8], the propagation velocity is 
derived from the propagation time. Fig. 5 shows the coaxial 
mode (1st wave) arrives at the receiving end 0.28 ms after it 
leaves the sending end. The propagation velocity is calculated 
as 171 m/μs (= 48 km / 0.28 ms). The reduction of 7 m/μs or 
3.5 % is a typical value [8]. 

Similarly to the OHL, the coaxial mode is reflected back to 
the sending end, but Vr rises towards around 2 pu as the 
overvoltage of the inter-phase mode arrives. The propagation 
time of the inter-phase mode can be obtained by performing a 
frequency scan on the energized system or by performing a 
Fourier transformation of the voltage waveform. The result of 
the frequency scan shows the dominant frequency 260 Hz, 
which corresponds to the cycle time 3.85 ms. The result is 
reasonable as Fig. 5 shows the voltage peak of the inter-phase 
mode with an interval of 3.85 ms. 

The modes found in the energization overvoltage of the 
OHL and the cable are summarized in Table 3. 

 
TABLE III 

DOMINANT MODE AND SUPERIMPOSED MODE 
OF THE ENERGIZATION OVERVOLTAGE 

 OHL Underground cable

Dominant mode 
(cycle time) 

Earth-return 
mode 

(1.02 ms) 

Inter-phase mode 
(3.85 ms) 

Superimposed 
mode 
(propagation time) 

Inter-phase 
mode 

(0.16 ms) 

Coaxial mode 
(0.28 ms) 

 
Now, comparing the initial voltage waveforms of the OHL 

and the cable, the superimposition of two different modes 
found in the OHL cannot be observed clearly in the cable. 
There are some distortions of voltage waveforms on the inter-
phase mode caused by the coaxial mode, but the distortions 
only have a small contribution on the highest overvoltage. 
This is because the overvoltage of the coaxial mode is smaller 
and more obtuse, compared with the inter-phase mode in the 
OHL. 

Another factor affecting the difference in the highest 
overvoltage is the long cycle time of the inter-phase mode in 
the cable. About the time when the inter-phase mode reaches 
its maximum (1st wave), the 4th wave of the coaxial mode 
arrives at the receiving end. At this time, the coaxial mode is 

highly damped and is difficult to observe. Even in the OHL, 
the inter-phase mode can have an impact on the highest 
overvoltage only until its 2nd wave. It is highly damped and is 
difficult to observe after the 3rd wave. 

 

IV.  ANALYSIS ON THE EFFECTS OF LINE LENGTH 

This section analyzes why energization overvoltages for 
cables do not show any dependence on the line length while 
those for OHLs peak with the line length 72 km. 

Fig. 6 shows initial voltage waveforms of energization 
overvoltages of the OHL at the receiving end (Vr). The switch 
timing is set to 5 ms as in the last section. The source 
impedance is set to 30 mH since the maximum overvoltage 
was observed with the source impedance 30 mH. 
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Fig. 6 Initial voltage waveforms of the energization overvoltage for the OHL 

(source impedance: 30 mH). 

 
Fig. 6 demonstrates that highest overvoltages are caused by 

the superimposition of the earth-return mode (1st wave) and 
the inter-phase mode (2nd wave), regardless of the line length. 
However, depending on the line length, the inter-phase mode 
(2nd wave) comes back to the receiving end at different 
points-on-wave of the earth-return mode (1st wave). For 
example, when the line length is 24 km, the inter-phase mode 
(2nd wave) comes back to the receiving end before the earth-
return mode (1st wave) reaches its maximum. As a result, the 
highest overvoltage becomes lower when the line length is 24 
km. When the line length is 72 km, the inter-phase mode (2nd 
wave) comes back to the receiving end exactly when the 
earth-return mode (1st wave) reaches its maximum. This is 
why energization overvoltages of OHLs peak with the line 
length 72 km. 

It has been shown that, for the source impedance 30 mH, 
the line length 72 km leads to the highest overvoltage. 
Considering how highest overvoltages are caused, different 
line lengths should lead to the highest overvoltage for 
different source impedances. For example, when the source 
impedance is 100 mH, the cycle time of the dominant 
overvoltage becomes larger. Therefore, a longer line length, 
which requires longer propagation time, should lead to the 
highest overvoltage. 

 



Fig. 7 shows initial voltage waveforms of energization 
overvoltages of the OHL when the source impedance is 
100 mH. It demonstrates that the line length 96 km leads to 
the highest overvoltage as expected. This was, however, not 
observed in [5] since the source impedance 100 mH was not 
the study condition that leads to the maximum overvoltage. 
That is, the study condition 100 mH and 96 km caused a lower 
overvoltage than 30 mH and 96 km. 
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Fig. 7 Initial voltage waveforms of the energization overvoltage for the OHL 

(source impedance: 100 mH). 

 
Fig. 8 shows initial voltage waveforms of energization 

overvoltages of the cable at the receiving end (Vr). The source 
impedance is set to 1 mH since the maximum overvoltage was 
observed with the source impedance 1 mH. As the source 
impedance is set so small, not only the rate of voltage rise but 
also the magnitude of the overvoltage becomes larger, 
compared with other source impedance values. 

Another significant difference from other source 
impedance values is how the coaxial mode is reflected at the 
sending end. With the source impedance 1 mH, the reflection 
at the sending end is negative reflection, whereas the 
reflection at the sending end is positive reflection with other 
source impedance values. It is because the voltage level at the 
sending end is fixed to the source voltage when the source 
impedance is 1 mH. 

The difference in the reflections can be clearly observed in 
Fig. 8. So far, the superimposition of the two modes raised the 
highest overvoltage. On the contrary, in Fig. 8, the negative 
coaxial mode (2nd wave) makes dents on the peaks of the 
inter-phase mode (1st wave). The inter-phase mode (1st wave) 
is larger for shorter line lengths, but the negative coaxial mode 
(2nd wave) is also larger for shorter line lengths. As a result, 
the highest overvoltage is observed in case of the line length 
48 km, and the effect of the line length on the highest 
overvoltage is reduced. 
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Fig. 8 Initial voltage waveforms of the energization overvoltage for the cable 

(source impedance: 1 mH). 

 
Fig. 9 and Fig. 10 compare initial voltage waveforms of 

energization overvoltages of the cable for source impedances 
30 mH and 100 mH. 
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Fig. 9 Initial voltage waveforms of the energization overvoltage for the cable 

(source impedance: 30 mH). 
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Fig. 10 Initial voltage waveforms of the energization overvoltage for the cable 

(source impedance: 100 mH). 

 
With the source impedances 30 mH and 100 mH, shorter 

line lengths lead to higher overvoltages as expected. This 
characteristic was, however, not observed in [5] since the 
source impedance 30 mH or 100 mH was not the study 
condition that leads to the maximum overvoltage. The 
negative coaxial mode is not observed in these cases. 

As we found in the last section, the cycle time of the 
dominant mode of the cable is long (3.85 ms) with the line 
length 48 km and the source impedance 30 mH. It becomes 
even longer for longer line lengths or larger source 



impedances. As such, the horizontal axis of Fig. 9 and Fig. 10 
is extended from 8 ms to 12 ms. The cable is energized at the 
voltage peak of phase a (5 ms), but the source voltage goes 
down to zero at 10 ms. This also contributes to lower 
overvoltages in case of longer line lengths or larger source 
impedances. 

 

V.  ANALYSIS ON THE EFFECTS OF FEEDING NETWORK 

This section studies why energization overvoltages for 
cables become lower for a larger source impedance while 
those for OHLs peak with the source impedance 30 mH. 

Fig. 11 shows initial voltage waveforms of energization 
overvoltages of the OHL at the receiving end (Vr). The switch 
timing is set to 5 ms as in the previous sections. The line 
length is set to 72 km since the maximum overvoltage was 
observed with the source impedance 72 km. 
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Fig. 11 Initial voltage waveforms of the energization overvoltage for the OHL 

(line length: 72 km). 

 
As discussed in the last section, the highest overvoltage of 

the OHL is determined by the timing when the earth-return 
mode reaches its maximum and the inter-phase mode arrives 
at the receiving end. Fig. 11 shows that source impedances 
15 mH and 30 mH have the timing to cause high overvoltages. 
When the source impedance is 1 mH, the overvoltage of the 
inter-phase mode is smaller, which results in the lower 
overvoltage. 

Fig. 12 and Fig. 13 show initial voltage waveforms of 
energization overvoltages of the cable for line lengths 24 km 
and 48 km. These two lengths were selected as we learned in 
the last section that shorter line lengths lead to higher 
overvoltages except when the source impedance is 1 mH. 

Fig. 12 demonstrates that smaller source impedances lead 
to larger overvoltages as we found in [5]. This is not true only 
when the source impedance is 1 mH. 
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Fig. 12 Initial voltage waveforms of the energization overvoltage for the cable 

(line length: 24 km). 

 
When the source impedance is 1 mH, the highest 

overvoltage is caused when the line length is 48 km as we 
learned in the last section. Looking at the source impedance 
1 mH in Fig. 13 and other source impedances in Fig. 12, it is 
clear that smaller source impedances lead to larger 
overvoltages. 

 

-400

-200

0

200

400

600

800

0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [s]

V
ol

ta
g

e 
(V

r)
 [

kV
]

1mH

15mH

30mH

100mH

 
Fig. 13 Initial voltage waveforms of the energization overvoltage for the cable 

(line length: 48 km). 

 
It is reasonable to have larger overvoltages with smaller 

source impedances as the rate of voltage rise becomes larger 
for smaller source impedances. The larger rate of voltage rise 
is apparent as the smaller source impedances lead to a higher 
dominant frequency contained in the energization overvoltage. 
For larger source impedances, due to their slow rates of 
voltage rise, the fundamental component already starts to 
decrease from the voltage peak by the time when the inter-
phase mode reaches its maximum. 

 

VI.  CONCLUSION 

This paper analyzed the characteristics of the energization 
overvoltage observed in [5]. The analysis has found that these 
characteristics are not caused by random switching by 
accident. Rather, there are contributing factors and physical 
meanings behind the characteristics. 

In summary, the analysis has identified contributing factors 
and has explained their physical meanings as follows: 
 Energization overvoltages for cables are lower than those 



for OHLs because the overvoltage of the coaxial mode in 
cables is smaller and more obtuse, compared with the inter-
phase mode in OHLs. The long cycle time of the inter-
phase mode in cables also affects this characteristic. 

 Energization overvoltages for cables do not show any 
dependence on the line length because the maximum 
overvoltages are observed with the source impedance 
1 mH. The negative coaxial mode makes dents on the 
peaks of the maximum overvoltage when the source 
impedance is 1 mH. With the other source impedances, 
shorter line lengths lead to higher overvoltages. 

 Energization overvoltages for cables become lower for 
larger source impedances, which is reasonable from the 
theoretical analysis. 

 Highest energization overvoltages for OHLs are caused by 
the superimposition of the inter-phase mode on the earth-
return mode. The timing of the superimposition determines 
the magnitude of the highest overvoltage, and the line 
length and the source impedance affect this timing. The 
energization overvoltage for OHLs peak with the line 
length 72 km and the source impedance 30 mH because the 
combination provided the best timing for the 
superimposition within the studied conditions. 
 
Since the contributing factors and physical meanings of the 

characteristics have been identified, it is now possible to use 
the obtained statistical distribution for the determination of 
insulation levels of cable systems. Especially, the obtained 
statistical distribution suggests a possible application of lower 
insulation levels to cable systems compared with OHLs. 
However, it may present a future challenge to define 
insulation levels for temporary overvoltages since a possibility 
of severe temporary overvoltages are reported in relation to 
cable systems [9]-[12]. 
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