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1 Introduction 
 
The increasing demand for electric power and for its economical use entails the use of 

energy converters with higher power. This also means that the serial network elements 
(mainly the conductors and the contact units) must withstand the thermal and dynamic effects 
of high operating and short-circuit currents. These loads make the distribution of both the 
exciting current in the live conductors and of the induced currents in other metal parts – e.g. 
in enclosures – non-uniform. The non-uniformity of the current generates increased losses, 
and increased thermal stress, as a result of the interaction between the electromagnetic (EM) 
and thermal fields. Smaller the distance between the conducting bodies, more pronounced is 
this effect. That is, we have to reckon with increased EM and thermal proximity effects. 
Besides the losses and thermal stress, the magnitude of the EM field outside the enclosure of 
the equipment must also be considered. The currents induced in the enclosures make the outer 
field smaller; therefore they play an important role in shielding the magnetic field. 

In switchgears, the conductors and contacts must have sufficiently large cross sectional 
areas. On the other hand, the economical installation and power transmission requires the 
possible smallest size that can be achieved. To minimize size, different switchgear 
combinations, e.g., the metal enclosed gas insulated switchgears (GIS), and gas insulated 
busbars have been developed. As a result, the size of the conductors and contacts has risen 
and the distance between them has become smaller and smaller. The screened, underground 
cables can also be mentioned as another example. The newly developed insulation materials 
made possible the production of thinner insulation between the conductor and sheath, in 
which the screen behaves like the metal enclosure in switchgears. 

In short, larger conductors placed close to each other result in a more pronounced 
proximity effect. Mainly with medium and high voltage switchgears and underground cables, 
new problems have arisen, caused by the increased losses, the thermal stress and the 
effectiveness of magnetic shielding. Discussion of the two equipment types together is 
justifiable by their common basic structure – namely current carrying conductors inside a 
metal enclosure or screen. Their calculation models can be similar with different input 
parameters. 

 
 

2 Currently used methods, their advantages and 
disadvantages 

To estimate thermal effects, switchgear constructors still often use analytical methods, in 
which they neglect many influencing parameters, such as the uneven distribution of the heat 
source, namely the non-uniformity of the loss-distribution. The non-uniformity occurs to a 
greater extent with short, fault current impulses [1]-[7]. The situation is similar with the 
ampacity calculation of underground cables. There are analytical and half-analytical methods 
for solving such problems with typical geometric arrangements. Usually, these methods 
provide the solution in the form of mathematical series. Another way of modeling can be the 
division of the conducting bodies into elementary current filaments, and solving a system of 
linear equations of many unknowns. The coefficients of these equations can be derived from 
the self and mutual impedances between the current filaments. However, while these methods 
generally provide accurate results, it is difficult to use only them to draw general conclusions 
valid for other arrangements with different size.  
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The advances of computer technology made possible the solution of similar problems on a 
purely numerical base, by dividing a volume or its boundary into small elements, within 
which the field quantities are approximated by common mathematical functions – finite 
difference (FD), finite element (FE), boundary element (BE) methods. These procedures can 
provide precise results, and can be applied for any kind of arrangements. Although, the main 
geometric dimensions do not even appear directly in the equations describing the model, 
therefore the effect of their change is harder to follow. 

 

3 Aims and methods of research 
One of my goals was to develop analytical models, which help us to understand what 

happens in the heart of our equipment and show the influence of different parameters – like 
size or material properties – in the form of easily derivable formulae. I discuss two such 
models in my work. The first one – developed on my own and appearing as a separate new 
finding – helps the analysis of steady-state losses in the enclosures of separately enclosed 
busbars [1]. The second one describes short, transient processes [2], [3], [7], [11]. The initial 
hypothesis of the second model (that is the skin effect is more significant with short fault 
current impulses than in steady-state case) and the results deduced from the model are my 
own work. However, my colleagues took a major part in working out the details; therefore I 
publish only the most important relations, and my own deductions in the thesis. I proved by 
FE simulations that some of the results from the transient model can be valid for three-phase 
systems as well. 

Based on the results of the 1D models I used FE simulations to investigate the steady-state 
and transient distribution of the EM field, the losses and the temperature in the busbars of 
switchgears and in underground cables. I used the commercially available ANSYSTM software 
for the FE simulations. This tool supports EM, thermal and fluid flow analyses and their 
coupling. We can obtain important information about the losses, the power-distribution and 
the outer field merely from the analysis of the EM field as well. By changing the input 
parameters of the FE models, the validity of the 1D models can be proved, and optimal 
solutions can be obtained for particular configurations.  

Although there are similarities in the structure of the metal enclosed switchgears and the 
screened underground cables, there is an important difference between them. Instead of the 
solid busbars and housing of the switchgears, the conductors and screens of the cables usually 
consist of twisted wires. Due to the twists, the distribution of the current among the 
practically insulated thin wires of the screens is uniform within one cable. One section of my 
work deals with the 2D FE modeling of cables with wire-screens [6], [10], [16]. It compares 
two FE procedures with the analytical loss calculation of the international standard IEC 
60287-1-3:2002. A conventional 2D FE model considers the screen as parallel wires, whereas 
the other one takes the twists into account. I used the electric circuit modeling capabilities of 
the FE tool to yield uniform current distribution in the twisted wires of the second model. My 
aim was to compare the different methods and to show their applicability. The comparison 
was based on the statistical analysis of two cable types laid in many different configurations. 

The losses from EM simulations are the input for thermal calculations. This means that the 
EM model must be coupled with a thermal or a fluid flow analysis. Although a considerable 
amount of work was devoted to these calculations, the new findings related to them are only 
minor. The major purpose of these calculations was to test and verify the statements and 
results of the findings based on EM calculations, and to test the models by comparing their 
results to measurement data. I presented four minor findings together at the end of my work in 
a separate section. All these are results of the different models and might be useful for the 
equipment designers. 
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4 New scientific results 
 

4.1 1D model for determining enclosure losses 
Although significant simplifications characterize the 1D models, they can take into 

account the EM skin and proximity effects with relatively simple analytical formulae. They 
can help to follow the influence of different input parameters, and can provide estimation 
prior to the more accurate but more time consuming numerical simulations. 

The technical literature describes several 1D models for different practical applications. 
For instance, semi-infinite conductors and infinite plates can represent single conductors, and 
axisymmetric models can explain induction heating or single circular conductors. Since all 
these models are used for calculating the distribution of field quantities within the conductors, 
the dimensions perpendicular to the direction of the magnetic field (thickness) play a crucial 
role in them. Knowledge of the field quantities allows us to determine the current and loss 
distribution or the total losses. 

 

Finding 
I created a 1D analytical model that describes the EM field distribution within the 

enclosures of separately enclosed current conductors. This model is the extension of the 
single infinite plate discussed in [17]. The difference is that my model takes into account an 
adjacent enclosure at a finite distance by considering the current return path with a symmetry 
condition. This assumes that the enclosures are short circuited at their ends that is, they form 
a conductor loop. Besides eddy currents, current can be induced in the loop as well. With this 
assumption, a new parameter, the distance between the enclosures, appears in the model, 
which has not been considered by others in previous 1D models.  

 
The model allows us to easily understand the influence of enclosure thickness, enclosure 

distance, and material properties on the losses and shielding effectiveness. It is useful for the 
description of separately enclosed busbars of GIS.  

 

Related publications 
[1], [4], [5], [8], [9], [12] 
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4.2 FE modeling of cable wire-screen 
Analytical methods are discussed in international standards for calculating the losses 

necessary for ampacity calculations of underground cables. In case of complex configurations, 
the IEC TR 62095:2003 recommends the FE method for the simulation of thermal field with 
losses obtained from the analytical formulae of IEC 60287. There are commercial FE tools 
that support the coupling of thermal and EM fields, making such modeling easier and the 
analytical EM calculations – that still need special computer software – unnecessary. 
However, it is not simple to consider the twisted nature of the conductor strands in a 2D FE 
model, especially of the wire screen where the wires are separated. Because of the twists, the 
current is the same at power frequency excitation in the thin wires of the wire screen 
belonging to one cable. This condition is not fulfilled in a simple 2D model where the wires 
are parallel.  

 

Finding 
I examined two dissimilar, single-core, underground cable types with double-bonded wire 

screens in different laying arrangements. I varied the laying type, the number of grouped 
systems and the phase sequence. By comparing and statistically analyzing the results of two 
FE methods and the analytical method of the standard, I showed that the screens contribute 
the most to the difference in the losses yielded by the different methods. By considering the 
live conductors in the FE models as solids with appropriately chosen resistivity, the losses in 
them hardly differ from the analytical results. The resistivity can be determined from the cross 
sectional area and the DC resistance obtained from IEC 60228:2004. The analytical method 
uses the same DC resistance. 

I demonstrated that a simple FE model taking the wire screens into account as parallel 
wires can provide appropriate results in the majority of the practical cases (cables with 
screens of small cross sectional area). The difference from the analytical results is negligible. 
When modeling of the twists is necessary, uniform current in the wires can be provided by the 
IEC method or a special 2D FE technique I have developed. For instance, transient thermal 
simulations need accurate modeling that can be solved by this technique. 

I proved that the twists of the wires can be taken into account in 2D FE models by 
exploiting the symmetry conditions and circuit modeling capabilities of the FE tools. My 
model makes the calculation of loss distribution available, even if the temperature 
distribution is not uniform that is, the resisitivity varies from point to point within the cables. 
Besides the wire-screens of single core underground cables, this technique can model the 
twists of conductors connected parallel and insulated from each other.  

 

Related publications 
[6], [10], [13], [14], [16] 
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4.3 Increased skin and proximity effects during short current 
impulses 

The current distribution during short transients has been investigated by others for single 
circular conductors. They reduced the problem to switching on or off a DC excitation. In a 
linear model, an arbitrary current impulse can be approximated by the superposition of these 
two cases. The method discussed in my work is different. The spectral decomposition of the 
current impulse combined with the simplest (1D) geometric models yields mathematical 
formulae that allow us to understand the physical processes within the conductors. For 
sinusoidal impulses occurring in the engineering practice, these formulae can be deduced in 
closed form. Based on the results of the 1D model, I formed a hypothesis, which I proved by 
FE simulations. I stated that in three-phase systems, the current and energy density 
distribution of an impulse can be even more non-uniform also around the circumference of the 
conductor bars than of a quasi steady-state current. 

The phenomenon must not be neglected at places, where the current is constrained to a 
narrow path, like in contacts. The non-uniform current flowing through the contact resistances 
can cause significant temperature difference, local overheating and damage. The main 
contacts of circuit breakers are exposed to this effect to a higher extent, since the current 
decreases very fast as the arcing contacts take current conduction over. 

 

Finding 
Based on physical considerations, I assumed that the skin effect can be more pronounced 

with short impulses than with permanent loads within the conductors and contacts of high 
current equipment. The depth of EM field penetration into the conductor is less with short 
impulses than in a quasi steady-state case. This effect is caused by the high frequency 
components of the impulse, and can lead to a highly non-uniform loss and temperature 
distribution. Together with my colleagues I created a 1D analytical model to prove this 
hypothesis. 

From the results of the 1D model I inferred that the displacement of the current affects the 
current density distribution around the circumference of the conductors as well. In case of 
short fault current impulses, the current density distribution is different from that of the quasi 
steady-state case. Depending on the impulse shape, it can be even more non-uniform. I 
proved this hypothesis by transient FE simulations of a medium voltage switchgear.  

 

Related publications 
[2], [3], [7], [11], [15] 
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4.4 Collection of minor results 
The first three findings deal with the EM modeling of electrical equipment. The 

development and test of the models required many calculations and simulations of several 
different apparatuses. The investigations covered both EM and thermal calculations. During 
this work, I obtained some minor results that might be useful for designers. Since these results 
are related to each other, and they are connected with more than just one of the discussed 
models, instead of separating them, I collected them together in one section.  

 

Findings 
a) I proved that there is a maximum in enclosure loss as function of thickness. The highest 

loss and the corresponding thickness depend on the distance of the current return path 
that is, on the distance to the adjacent enclosure wall, and on the material properties as 
well. Careful selection of size and material is necessary to avoid maximum loss. 

b) Rounding of enclosure edges affects losses as well. I demonstrated by FE simulations of a 
medium voltage switchgear that an increase in the curvature reduces the losses with 
particular thicknesses. Since higher curvature results in less material need, cost saving 
can be achieved even with a minor reduction of losses. 

c) By means of coupled EM and thermal FE analysis, I showed that besides loss 
distribution, the temperature distribution within electrical equipment is significantly 
influenced by the geometric arrangement of the conductors and the enclosure. This holds 
true both for conductive and convective heat transfer as well. Furthermore, I 
demonstrated that inside gas insulated switchgears, the convection of high pressure SF6 
transfers most of the heat from the busbars to the enclosure, whereas outside of the 
equipment, the radiation is also significant in addition to the air flow. 

d) By means of coupled FE simulations, I demonstrated that with double bonded, wire-
screened cables, rated load can cause several K (in trefoil arrangement even around 10 
K) temperature difference between the wires of the screen. With the help of transient 
simulations, I showed that during earth faults – if the fault occurred in a previously 
loaded cable line – the rapidly increasing temperature cannot equalize the initial 
temperature difference between the wires. 

 

Related publications 
[1], [12], [13], [14] 
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5 Applicability of results 
During my work I have dealt with the losses, magnetic field and heating of high current 

electrical equipment. These three fields are highly related, since loss goes hand in hand with 
temperature rise, and magnetic field is generated by the currents that cause the losses. Loss 
calculation is based on determining the EM field in the conductors and insulators. This entails 
the knowledge of the distribution of field quantities, like magnetic induction or magnetic field 
strength. Although a thermal model is usually separate, it needs the losses as an input from an 
EM simulation. 

The primary users of my results are switchgear designers, who want to know the 
distribution of losses and temperature in their equipment during operation. By developing 
analytical models and with the help of FE simulations of specific apparatuses, I showed that a 
careful selection of materials and some geometric modifications can provide optimal solution. 
The results and methods discussed in my thesis can help designers in choosing the way of 
possible modifications, and the method of analysis. 

My research of underground cables provides useful information for ampacity calculation 
of cable lines. The advances in computer technology made it possible to use previously time 
consuming FE simulations for both loss and thermal calculations. Most of the commercially 
available FE tools support the coupling of EM and thermal models. For the designer, it is 
easier to use this coupling capability than to couple an analytical EM model to an FE thermal 
simulation and vice versa. However, designers should know the difference between and the 
applicability of the different methods, what I discuss in my thesis. 

I have used different modeling techniques on the way to my results. These techniques are 
applicable in other fields of research as well, for instance in the field of induction heating. 

 
 

6 Possibilities of further research  
The research at its current stage has not been finished; I might say that only the first step 

of a longer project has been accomplished. Besides the losses of conductors and enclosures, 
the steady-state heating is significantly affected by the losses of the contact resistances as 
well. Their calculation and modeling is much more complicated than the problems discussed 
in my work. Transient current density distribution is of primary importance also at the 
contacts. Due to its non-uniformity, some contact elements can be exposed to higher thermal 
stress than others. Therefore more precise, 3D models are necessary to take the contact 
resistances into account. 

In the field of cables, research can be continued by creating more precise thermal models. 
It is still common today that designers use thermal circuit models for ampacity calculations. 
FE method yields more accurate solutions of temperature distribution both inside and outside 
of the cables. This makes possible the simulation of such critical situations, when heat transfer 
into the environment is less effective, due to the hot soil surface. 
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