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Abstract 
Presently there is a great interest in underground cable trans-
mission lines in extra high and high voltage level networks. 
The undergrounding of the transmission system can lead to the 
decrease of the resonance frequencies resulting in high over-
voltages and possible power system component damages. It is 
therefore necessary to analyze possible resonance problems in 
the mixed power transmission system. In this work a frequency 
dependent model for transmission systems is implemented and 
the frequency scan results are presented. In order to gain a 
better understanding of the nature and extent of the resonance, 
a resonance mode analysis is also executed. The proposed pro-
cedure is tested on two examples: a ten-node power system and 
the Swiss extra high voltage (EHV) power transmission system. 
Power systems comprising solely overhead lines and different 
variations of mixed power system are examined.

Keywords 
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1 Introduction
Power transmission systems need to be expanded due to con-

tinuously rising demand and existing plans for increasing the 
generation share of renewable energy sources. Nowadays it is 
necessary to consider the importance of citizens’ and environ-
mental groups’ opinions in the choice of the transmission line 
construction. There is therefore a high interest in transmission 
system undergrounding. At the same time the power system 
becomes more and more complex due to the increasing usage 
of power electronic components. Furthermore, overlay DC net-
works are increasingly considered as a network extension option. 
Electronic components are often sources of harmonics and nor-
mally act like frequency-dependent current sources exciting 
system resonance frequency. Throughout this paper resonance 
frequency is understood as parallel resonance frequency (imped-
ance is at its maximum). Because of their capacitive behavior 
underground (UG) cables can lead to a drop in resonance fre-
quency. These facts increase significantly the risk of overvoltage 
in the system, which may in turn cause severe damage to net-
work components. To prevent these problems a frequency analy-
sis of the power transmission system should be done.

There have been reports of resonance problems in various 
large scale power transmission systems. For example, reso-
nances were detected and studied in the transmission system 
of SBB (Swiss Federal Railways). The studies were done for 
the frequency range up to ~300 Hz (the fundamental frequency 
is 16.67 Hz). Legacy clear track signaling systems still operate 
at ~103 Hz (6th harmonic order) and no resonance is therefore 
allowed in the network at frequencies near 100 Hz. However 
due to the increased utilization of UG cables (planed up to 355 
km by 2025) this limit may be reduced to ~87 Hz [1].

The risks related to power transmission undergrounding 
are discussed in [2-4]. In [5-7] the resonance mode analysis 
(RMA) method is presented. The authors discuss the character-
istics of the eigenvalues in terms of the detection of the nature 
and extent of the resonance. The possible implementation of 
RMA is also pointed out. In [8] the authors compare two meth-
ods of analysis for network resonances: frequency scan and 
RMA. These methods are applied to a test system and then the 
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RMA is implemented for one part of the German power trans-
mission system. Scenarios of high (inductive behavior) and low 
load (capacitive behavior) conditions are presented. It is also 
concluded that the switching operations of any series or shunt 
power system component may dramatically influence the sys-
tem resonance. Harmonic issues associated with a long under-
ground cable in the transmission system are discussed in [9]. In 
[10] subsea power cables are considered. This paper shows the 
importance of the interactions between all of the power system 
components in harmonic studies of ac-dc systems. Frequency 
domain transformer models are elaborated in [11] and [12]. In 
[13] a review of the modeling of network components and anal-
ysis of harmonic propagations in power systems is illustrated.

The objective of this project is to analyze possible resonance 
problems in mixed power systems related to the addition of UG 
cables and to investigate the impact of different voltage levels 
on each other.

This paper is organized in five sections. Following the intro-
duction, the methods and models implemented in this work are 
explained in Section 2. A case study is then introduced and the 
results obtained are discussed in Sections 3 and 4, respectively. 
Finally, conclusions are drawn in Section 5.

2 Methods and models
2.1 Frequency scan method

The frequency scan method is based on the nodal impedance 
matrix:
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The nodal impedance at any node is equivalent to the corre-
sponding diagonal element of the nodal impedance matrix. It is 
therefore possible to obtain the frequency characteristics of the 
nodal impedance by performing a frequency scan of the related 
diagonal element of the nodal impedance matrix [14].

2.2 Resonance mode analysis
The resonance mode analysis (RMA) is another tool to 

obtain the frequency characteristics of the power system. 
Unlike frequency scan method RMA is based on the eigena-
nalysis and it therefore allows to determine impedances in the 
modal coordinate system. The nodal impedance matrix can be 
transformed into the modal impedance matrix:

[ ] ,Z L

Z Z Z
Z Z Z

Z Z Z

Rm

n

n

n n nn

= [ ]



















[ ]

11 12 1

21 22 2

1 2

�
�

� � � �
�

Where

[ ] ,Z

Z

Z

Z

m

m

m

mn

=





















1

2

0 0

0 0

0 0

�
�

� � � �
�

Sub-indices n and m are node and mode number, respec-
tively. [L] and [R] are the left and the right eigenvector matri-
ces, respectively [5]. Since phase shifting transformers are 
ignored the system admittance matrix is a symmetric matrix 

L R[ ] = [ ]−1 .

The modal impedance matrix is the inverse of the diagonal 
eigenvalue matrix:
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All the variables in the above stated equation are frequency 
dependent [5]. 

The participation factors of the nodes to the critical mode 
can be found [5]:

PF L Rn m m
n

m
n

, =

2.3 Proposed model
The model is prepared for a general power system. The 

overall procedure is carried out as shown on Fig. 1. The fre-
quency range and nominal frequency need to be provided as 
input data by the user, and the algorithm determines the studied 
frequency interval at each step. In order to decrease the number 
of frequency steps used for frequency analysis, the frequency 
interval should be adjusted automatically i.e. it should depend 
on the difference between the last determined values of the 
impedance magnitude and phase and the reference ones. The 
values of the impedance magnitude and phase at the nominal 
frequency are used as the reference values.

To compute the admittance matrices for each voltage level 
(VL) it is necessary to determine the transmission line param-
eters at harmonic frequencies. In this paper two types of trans-
mission lines are considered: overhead (OH) lines and UG 
cables. The following assumptions were made for the model-
ling of the transmission lines: the same type and configuration 
of pylon is used for all OH lines of the same voltage level; char-
acteristics of transmission line corridors are considered to be 
the same all over the power system; the UG cables are buried at 
the same depth on their entire length. The following effects are 
included: frequency dependence of the line parameters, skin 
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effect, long-line effect, line imbalances, and line transpositions. 
The procedure of the transmission line parameters determina-
tion is explained in [15] for overhead lines (π-model) and in 
[14] and [16] for UG cables.

The power transformer is modeled with the following sim-
plifications: since in this work the studied frequency range is 
up to 2 kHz the capacitive effect and the saturation effect are 
neglected [17]. The skin effect is taken into account since it 
becomes important at harmonic frequencies. The modelling of 
the three-phase transformer is described in [15], [14], and [17].

3 Case study
Two power systems are used in this study: an imaginary 

ten-node system and the Swiss power transmission system 
(380/220 kV). 

3.1 Ten-node system
The ten-node system contains two voltage levels: 380 kV and 

60 kV, and a star-ground – star-ground transformer, Fig. 2. Each 
of these networks contains five nodes and five transmission lines. 

The purpose of implementing a ten-node system is to show the 
difference in resonance frequency of the power system contain-
ing solely overhead lines and of the meshed power system com-
prising both overhead lines and underground cables. This exam-
ple is also aimed at studying the possible interactions between 
two network levels. Four simulations were therefore done:

•	 case A – all transmission lines are OH lines;
•	 case B – line 3-5 (380 kV) changed to UG cable;
•	 case C – lines 2-3 and 3-5 (60 kV) changed to UG cable;
•	 case D – lines 3-5 (380 kV), 2-3 and 3-5 (60 kV) changed 

to UG cables.
The length of transmission lines remained the same in all 

studied cases.

2

3

5 1

4

2

3 4

5

380kV 60kV

1

Fig. 2 Ten-node system

3.2 Swiss EHV power transmission system
The configuration of the Swiss EHV power transmission 

system is shown in Fig. 3.

20

1 47

60
2

69

125
91

3

95

4 29

88

99

22
5 43

64116
89

6

35

7
92

8

30

102

9 83

10

104

113

11
82

12

101

13

16
59

109
126

14

55

78

15

25

34

54

73

77 75
94

17
71

130

18

93

129

128

19

90
97

112 123

21

63

23

33

48

24 105

13126

27

28

31

32

40

45

117

36
58

79

37

127

38
56

39

41
62

100
42

68

84

44

106

46
107110

122

49

50

51 5253

121

103

5774

61

111

65

66

67

76

72
70

80

86

81

85

87 114

115 118

96

98
108

124

120

119 6

20

7

14

183

19

9

31

17

30

29

22

16

33

15

12

28

10

1
1

4
13
2627

5

23

2
25

24 1

8

3221

Fig. 3 Swiss EHV Power Transmission System:
Red – 380 kV, Green – 220 kV

This system comprises two voltage levels (380 kV and 220 
kV). It consists of 164 nodes, 244 transmission lines, and 18 
power transformers (only 380/220 kV transformers).

This example allows investigating the possible challenges 
related with undergrounding of transmission power system. 
The results of the following simulations are therefore presented 
in this paper:
•	 case E – the actual power system;
•	 case F – line 81-100 (220 kV) represented as UG cable 

(connection nodes have high PF);
•	 case G – line 31-71 (220 kV) represented as UG cable 

(connection nodes have medium PF);
•	 case H – line 23-89 (220 kV) represented as UG cable 

(connection nodes have neglectable PF).

Fig. 1 Flowchart diagram of the proposed model
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The cumulated length of transmission lines remained the 
same in all studied cases. The proposed examples highlight the 
influence of the participation factor in the best way.

4 Results and discussions
In this section the results of the above described exam-

ples will be presented and discussed. The studied frequency 
ranges are up to 2 kHz and 1.5 kHz, where capacitive coupling 
in transformer is ignored, for the ten-node system and for the 
Swiss EHV power transmission system, respectively.

4.1 Ten-Node System
The simulation results for the ten-node system in the four 

cases stated above are shown on Fig. 4.

Fig. 4 Ten-node system, self-impedance as a function of frequency

As seen from the figure, the resonance peaks in cases with 
a power system comprising underground cables have shifted 
to the left compared to the case of a power system with solely 
overhead lines. It is also seen that the utilization of under-
ground cables in the 60 kV voltage level network (case C) 
affects mainly the frequency peaks in which participate nodes 
of this voltage level. However, the utilization of underground 
cables in the 380kV voltage level network (case B) affects the 
frequency peaks of both voltage levels. 

The mutual impact of voltage levels on each other was also 
investigated. For this purpose a 1 A current injection was sim-
ulated in node 1 (380 kV) at the nominal frequency, and at 
the frequencies of first two resonance peaks for each studied 
case. The results are shown on Fig. 5. One can see that the 
injection of the current at the frequency of the first resonance 
peak produces voltage in all nodes of the power system. The 
injection of 1 A at the frequency of the second resonance peak 

leads to a very high voltage generated in 60kV network. This 
can be explained by the fact that the second resonance peak is 
originally provoked in the 60kV network.

Fig. 5 Ten-node system, impact of voltage level 1 (380kV) 
on voltage level 2 (60kV)

4.2 Swiss EHV Power Transmission System
The simulation of the actual Swiss EHV power transmis-

sion system (base case) was performed and the result of the 
frequency scan is shown on Fig. 6. Fig. 7 presents the results of 
RMA for each case.

Fig. 6 Swiss EHV power transmission system, self-
impedance as a function of frequency

The participation factors (PF) were calculated for each bus at 
each studied frequency. In this work we focus on the resonance 
peak at 750 Hz (case E) since various nodes are participating in it.

Fig. 7 Swiss EHV power transmission system, resonance mode analysis
(for clarity, curves are arbitrary shifted vertically)
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Table 1 presents the values of the PF of the nodes involved 
in the 750 Hz resonance peak (PF > 0.003). It is therefore pos-
sible to illustrate the impact of undergrounding of transmission 
system at different locations of the system (nodes with high or 
low PF). The frequency scan results of nodes participating in 
the resonance peak at 750 Hz are presented on Fig. 8 case E.

Table 1 Participation factors at 750Hz

Node 
Number

PF
Node 

Number
PF

Node 
Number

PF

25380kV 0.0032 37220kV 0.0452 85220kV 0.0150

28380kV 0.0036 42220kV 0.0495 91220kV 0.0062

2220kV 0.0095 51220kV 0.0042 100220kV 0.0493

11220kV 0.0052 55220kV 0.0030 105220kV 0.0225

14220kV 0.0031 60220kV 0.0042 124220kV 0.0247

17220kV 0.0257 68220kV 0.0044 125220kV 0.0142

19220kV 0.0044 71220kV 0.0265 127220kV 0.0452

25220kV 0.0107 78220kV 0.0036 130220kV 0.0227

26220kV 0.0065 81220kV 0.0569 131220kV 0.0228

31220kV 0.0254 82220kV 0.0045

   Fig. 8 Swiss EHV power transmission system, self-impedance
in function of frequency

Node 81 (220 kV) has the highest PF at 750 Hz. There is only 
one transmission line connected to this node, it is line 81-100. 
The results of the frequency scan and of RMA for case F (line 
81-100 is an underground cable) are shown on Fig. 8 Case F and 
Fig. 7. The resonance peak common for all considered nodes 

was at 750 Hz in the base case and in case F this resonance 
peak moved toward lower frequencies (420 Hz). Figure 8 Case 
G presents the result for frequency scan when the line 31-71 is 
an underground cable (case G). As in case F, in case G the reso-
nance peak is at a lower frequency compared to the case E (670 
Hz) however the frequency change is not as dramatic as in case 
F. In case H, the line between nodes 23 and 89 is changed to an 
underground cable. Both of the nodes have very low participa-
tion factor (< 0.0001) at the frequency of 750 Hz, actually they 
do not participate significantly in any of the resonances in the 
studied frequency interval (up to 1500 Hz). The results for this 
case are shown in Fig. 8 case H. As could be expected from the 
low PF, the resonance peak remains at the same frequency as in 
the base case (750 Hz). Furthermore the results of the RMA of 
the base case and case G are almost identical.

5 Conclusion
In this work the frequency dependent model of a transmis-

sion system was implemented. Two methods, frequency scan 
and resonance mode analysis, were applied. The model was 
tested on two examples: the ten-node system and the Swiss 
power transmission system. Four simulations were performed 
for each example: case of the actual power system comprising 
solely overhead lines and three cases of mixed power systems 
with underground cables.

It is shown that the introduction of underground cables in 
a power transmission system can lead to the reduction of the 
resonance frequency. The participation factors of all nodes are 
determined. It is illustrated that undergrounding of the trans-
mission line between nodes with high participation factors 
leads to a dramatic resonance frequency drop. On the other 
hand the transmission lines between the nodes with participa-
tion factor close to zero can be replaced by underground cables 
without considerable changes in the frequency response of the 
power transmission system. 

The impact of one voltage level on another was also exam-
ined. It can be deduced that current injection in the node of one 
voltage level has a significant effect on the nodes of second volt-
age level especially at a frequency corresponding to a resonance 
peak provoked by one of the nodes of the second voltage level.

To conclude, the presented frequency analysis enables iden-
tification of weak nodes in a power transmission system and 
provides valuable information to avoid resonance frequency 
drop when undergrounding transmission lines in the system. 
To achieve better simulation results further refinements in the 
modeling of frequency dependent components and the inclu-
sion of harmonic-sources like AC/DC convertors in the model 
are necessary. The data acquired from the real power system 
components could help to quantify the potential risk of reso-
nance in a better way.
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