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ABSTRACT 

This article presents a publicly available power system 

model suitable for studying switching transients 

considering the effect of resonances, as well as the spread 

of harmonics. The model covers voltage levels from 400 kV 

to 400 V, with all relevant parameters included. The 

system is characterized by a large share of cables at 

transmission level, with a first resonance frequency 

between 100 and 150 Hz. This article describes the overall 

layout of the model as well as the modelling of different 

components. Application examples are given, including 

the study of transfer impedances and transformer 

energization transients. Limitations of the model and 

further developments of the model are provided. 

INTRODUCTION 

Power systems are undergoing a number of changes in the 
transition to more sustainable energy systems. These 
changes include integration of a large amount of renewable 
energy sources, introduction of more cables at higher 
voltage levels, and changes in load composition. 
Some consequences of these changes are resonances at 
lower frequencies and increased uncertainties regarding 
the damping and the frequency of the resonances [1], [2]. 
In order to study the impact of these changes there is a need 
for grid models suitable for resonance related studies. 
While there is ongoing work within CIGRE to develop 
EMT test cases [3] these are not focused on the impact of 
low-order resonances. This article describes an example 
grid developed with the following studies in mind: 
 

• Transients following energizing of transformers, 
capacitor banks, cables, etc., considering the 
effect of resonances 

• The spread of harmonics to and from the 
transmission and subtransmission grid 

The example grid is partially based on an existing grid. The 
line types, tower configurations, cables etc. are also based 
on what is typical in the existing power system. The 
example grid covers voltage levels from 400 kV to 400 V, 
with all relevant parameters included. The grid model and 
all details are publicly available [4], together with an up to 
date list of revisions [5]. It has been used e.g. in [6] to study 
the impact of uncertainties on resonant overvoltages and it 
has been proposed for studies within CIGRE WG C4.46 
[7]. 

OVERVIEW 

Fig. 1 shows a single-line diagram for the 400 kV, 220 kV 

and 130 kV voltage levels in the example grid. The system 

is fed by large generation units located to the west and to 

the south, connected through long overhead lines. The grid 

is characterized by a large share of cables, yielding a first 

resonance frequency between 100 and 150 Hz. 

COMPONENT MODELLING 

The following sections describe the modelling of electrical 

components such as cables, overhead lines and 

transformers. 

Cables and overhead lines 

Cables at 400, 220 and 130 kV are modelled based on their 

geometrical and electrical data. Important parameters 

include the thickness and permittivity of the insulating 

layers as well as the DC-resistance of the conductors. 

As an example, Fig. 2 shows the cable laying configuration 

for one of the 400 kV cable circuits. 

 

 

Figure 1 – Overview of the example grid 
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Figure 2 – Example of a trefoil configuration with three cable 

groups and two earth wires 

Two cable screen bonding schemes are used in the 

example grid: Both-ends-bonded (BB) and Cross-bonded 

(CB). Fig. 3 details the principle behind cross-bonding, 

where the cable screens are cross-connected between the 

minor sections and connected to the earth wire and 

grounded after each major section. 

 
Figure 3 – Cross-bonding of cable screens 

Models of overhead lines are based on their geometrical 

and electrical data. Important parameters are the 

configuration of phase conductors and shield wires, 

including their diameter and DC-resistance. Fig. 4 shows 

an example of a tower layout used in the example grid. 

 
Figure 4 – Example of a 400 kV tower layout 

Some of the overhead lines in the example grid are 

transposed; Fig. 5 shows the transposition scheme used in 

the model. 

 
Figure 5 – Transposition scheme – 3 sections of equal length 

Shunt elements 

Shunt reactors are used to compensate the reactive power 

generated by the cables in the example grid. Data given 

include the voltage and MVAr rating. The reactors 

considered are of air-gap type; thus, the effect of saturation 

is negligible considering the intended scope of the model. 

Mutual coupling is not considered as the reactors are five-

legged. 

Due to the large share of cables, no capacitor banks are 

present at the 400-130 kV levels. 

Transformers 

Data given for transformers include the main electrical 

parameters, such as MVA rating, rated voltages, 

impedance and losses. Fig. 6 shows an example of the core 

saturation characteristics for one of the transformer types. 

 
Figure 6 – Transformer saturation curve 

HVDC link 

An HVDC link is located at bus G3. The HVDC link 

model is based on a typical configuration for a 1000 MW 

HVDC Classic [8]. The layout of the converter is given in 

Fig. 7.  

Data is given for the converter transformers as well as the 

different filter groups. The converter impedance at 

different operating points has not been included in the 

model. 
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Figure 7 – HVDC layout, adopted from [8] 

Network equivalents 

The external network is modelled as equivalents at buses 

G1-G5. The external network is mainly inductive, 

characterized by long overhead lines connected to remote 

sources. A large power plant is located at bus G6. 

DOWNSTREAM NETWORKS AND LOADS 

The networks  at voltage levels below 130 kV have been 

modelled based on [9] and [10], which describe 

representative MV grids corresponding to urban and rural 

areas. Those network models are added to the example 

network at select 220 and 130 kV buses in a modular 

fashion depending on the load level at each bus. 

Equivalent urban network model 

Fig. 8 shows the layout of the equivalent urban network 

model. The urban grid model is cable-based and the 

maximum load of one feeder is around 5.6 MW. The 

number of feeders and the rating of the transformers are 

adjusted depending on the total load at each 220 and 

130 kV node. Electrical parameters are given for the 

transformers, cables and low voltage loads. 

 
Figure 8 – Equivalent urban network model 

Equivalent rural network model 

Each equivalent rural network model consists of a 

simplified 40 kV regional network, with three 40/10 kV 

substations. Each substation is made up of a combination 

of different 10 kV modules (B1-B3) representing 

distribution networks with varying shares of cables.  

Fig. 9 shows an example of an equivalent rural network, 

and Fig. 10 shows an example of one of the 10 kV network 

modules (in this case type B3). 

Data is given for the electrical parameters of the 

transformers, overhead lines, cables and low voltage loads. 

 
Figure 9 – Example of an equivalent rural network 

 
Figure 10 – Representative rural grid module, type B3 

EXAMPLE STUDIES 

This section details some studies using the example grid. 

For these studies, a model of the example grid was 

implemented in PSCAD version 4.6.3. The model was 

developed following the guidelines in [11] and [12]. 

Impact of changes in the grid 

This study demonstrates the impact on the source 

impedance by changes in the grid. The first example shows 

the effect of replacing up to five 400 kV overhead lines by 

cables (CA1-CA5); Fig. 11 shows the source impedance at 

bus 9 when the number of overhead lines replaced by 

cables varies from zero to five. The second example 

illustrates the effect of contingences; Fig. 12 shows the 

impedance in four different N-1 scenarios. 
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Figure 11 – Source impedance seen from bus 9 for different 

shares of 400 kV-cables 

The results show that the share of cables has a significant 

impact on the resulting impedance profile.  

 
Figure 12 – Source impedance seen from bus 9 for different N-1 

scenarios 

As can be seen from the figure, different N-1 scenarios 

have a large impact on the impedance above 200 Hz. 

Transformer energizing 

This study is focused on temporary overvoltages following 

transformer energizing, with the goal to illustrate the 

importance of including the loads when studying resonant 

overvoltages. Fig. 13 shows the source impedance seen 

from bus 9 without loads, with average loads, and with 

maximum loads included in the model. 

 
Figure 13 – Source impedance seen from bus 9 for different 

loading levels 

From the figure it is apparent that the loads provide 

significant damping of the low-order resonances. 

Fig. 14 shows the resulting overvoltages for average load 

and no-load conditions when one of the transformers at 

bus 9 is energized by random closing and with 

consideration for a remanence of 0.8, 0, and -0.8 pu in the 

three phases. 

 
Figure 14 – Example of overvoltages following transformer 

energizing with loads (upper) and without loads (lower) included 

in the model 

As expected, the case without loads results in significantly 

higher overvoltages, and it is evident that downstream 

networks and loads should be included in order to avoid 

severely underestimating the damping.  

Cable energizing 

This study deals with switching transients following 

energization of cable CA4 from bus 9. The aim was to 

investigate the impact on the overvoltage level from the 

mechanical spread in closing instant when synchronized 

switching is employed. The spread was assumed as ± 1 ms 

with uniform statistical distribution. The making target 

was chosen at 1 ms after voltage zero crossing in each 

phase in order to minimize the impact of the mechanical 

spread and to avoid prestrikes. 

Table 1 shows the resulting maximum, 2%, and mean 

overvoltage levels based on 200 energizations. The 

maximum recorded overvoltage corresponds to around 

1.40 pu. 

 
Table 1 – Summary of overvoltages following cable energizing 

Umax U2% Umean 

462 kVpeak 455 kVpeak 392 kVpeak 

 

Fig. 15 shows the resulting overvoltages (at the remote end 

of the cable) for the worst case. 

 
Figure 15 – Worst-case overvoltages following cable energizing 
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LIMITATIONS AND FUTURE 

DEVELOPMENTS 

While the example grid contains a lot of detail there are 

some limitations and room for further development. At the 

time of writing, the following limitations or suggested 

improvements have been identified: 

 

• The network equivalents at G1-G5 are 50 Hz 

equivalents. This means that they do not consider 

the frequency dependency of the resistance, 

which will lead to conservative results 

• The HVDC converter impedance is missing in the 

model due to the difficulties in obtaining such 

data 

• The LV loads are represented by an impedance 

connected to the secondary side of the 

distribution transformers, based on the average or 

maximum loading cases from [9] and [10]. If it is 

desired to study the impact of different LV 

network configurations the model can be 

extended with LV network representations 

 

CONCLUSIONS 

This article describes a publicly available example grid 

suitable for resonance-related studies, including switching 

studies and transfer of harmonics. Several example studies 

are shown, including cable energizing, transformer 

energizing and the study of source impedances. 

The example cases illustrate the suitability of the model. 

Studies to be performed with this model include e.g. the 

sensitivity of the results to the modelling of the network 

equivalents and to the amount of detail in the modelling of 

the networks at lower voltages. 
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