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CHAPTER 1. INTRODUCTION  
 

The rapid proliferation of generation from renewable sources such as wind and solar has created a 
need for a smarter and more flexible grid, which can adapt instantly to a different load, production 
and failure situations. The hierarchical one way electricity supply infrastructure established more 
than 100 years ago is being transformed to Smart Grid in which intelligent and controllable elements 
in different parts of the network facilitate adding more distributed generation and improve the 
reliability.  

One way to make the grids smarter is to introduce elements in the grid, which can vary their 
inductance in real time. Availability of such controllable reactor would help in many essential Smart 
Grid challenges such as compensating reactive power, controlling voltage in a distribution grid or 
compensating earth fault currents. Controllable inductance is not a new concept, on the contrary. 
Mechanically operated solutions have existed long time, but they are slow and complex. Thyristor 
controlled reactors also exist, but they reduce the quality of electricity, if not filtered. But, filtering 
would require additional capacitors, which reduce the effectiveness of thyristor controlled reactors.  

One alternative way to create variable inductance is to change the magnetic properties of the limbs 
of the reactor effectively altering reluctance of the magnetic path. Prior research exists, which show, 
that such a virtual air gap can be created by arranging direct current (DC) in holes of the limb of the 
reactor. This perpendicular DC current saturates part of the magnetic core thereby changing the 
reluctance of the magnetic circuit and thereby affecting change in inductance. However, while the 
previous research has shown progress, there is an issue of high amount of harmonics created. 
Furthermore, the prior research has not elaborated on the electromagnetic theory behind virtual air 
gaps.  

In this thesis a qualitative theory was developed to explain the behavior of the virtual air gap using 
fundamental electromagnetics. Also a number of different alternative topologies were investigated 
using finite element simulation method. Based on this analysis a topology was found in which the 
response of the controllable reactor is linear and fast, thus fulfilling the needs of practical Smart Grid 
applications. Prototype of this topology was built and it’s performance in comparison to the 
established theory was validated.  

One promising application for this new type of instantly controllable and linear controllable reactor 
is in compensating earth faults in resonant earthed distribution networks. When an earth fault 
occurs in resonant earthed network, there is a controllable reactor called arc suppression coil (ASC), 
which shows up in parallel to earth capacitances and when properly adjusted it can reduce the fault 
currents considerably. When fault currents are reduced, safety is improved as the touch voltages 
reduce and continuity of electrical supply can be provided in many cases. Also for earth faults, where 
an arc is formed, it is the idea of an ASC, that smaller fault currents would mean, that arc 
extinguishes more easily. Typically arc suppression coils are not tuned to exact resonance, which is 
due to practical difficulties in operating the mechanical arc suppression coils. In this thesis it is 
investigated, what is the effect, when the inductance is controlled so, that is in full resonance with 
the earth capacitances. Mayr black box model, which considers the plasm physics aspects of 
electrical arc and which is most applicable for low current arcs seen in resonant earthed networks, 
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was applied and analytical and simulation models were built. Based on them a functional relation 
was found, which ties the arc extinguishment probability to the values of the magnitude of earth 
fault current and rate of rise of recovery voltage. This new result shows, that full resonance tuning 
does improve the performance of an arc suppression coil and therefore magnetically controlled 
reactor is potentially a good replacement for the current mechanically operated arc suppression 
coils.  

In a typical earth fault compensation arrangement the substation transformer provides delta 
connection to the medium voltage side thereby lacking neutral connection. ASC coil is connected 
between earth and neutral, which means that normally an earthing transformer is needed to provide 
connection point for ASC. When looking this from the point of view of sequence impedances, it is 
observed, that ASC represents variable zero sequence impedance, while earthing transformer has 
small zero sequence impedance and large positive and negative sequence impedances. This leads to 
the idea, that earthing transformer and ASC could be combined with a single structure, if the 
sequence impedances can be arranged accordingly. In this thesis various complex reactor topologies 
were investigated to find such, that fulfills these sequence impedance criteria. Simulation studies 
have shown, that one promising structure satisfied these requirements: a four limb reactor with zig-
zag windings in three limbs and magnetically controlled reluctance in the fourth one. This makes it 
possible to implement earth fault compensation in single package, where earthing transformer and 
arc suppression coil functions are integrated into a same space saving structure, while instant 
control of compensation degree is facilitated using the magnetically control function developed. 

When attempting to analyze this new topology literature search disclosed that the current 
transformer analysis literature did not provide suitable tools for analyzing this structure containing 
unorthodox winding topology (uneven zig-zag) and asymmetric four limb magnetic core. To facilitate 
analysis two new methods were developed and validated: matrix based transformer modeling 
framework and electromagnetic duality based generalized method. Using these new methods and 
circuit solvers such as EMTP/ATP it is possible to analyze any magneto-electric structure in such a 
way, that no assumptions need to be placed on the magnetic element structure (eg. 3 limb, 5 limb, 
number of phases, vector groups etc.). The methods were validated in practical applications using 
EMTP/ATP and using them was a basis to validate the performance of the above-mentioned four 
limb earth fault compensating reactor. 

 

1.1 Research objectives and contribution 
 

The research objectives of this thesis originated from observations of developments going on in 
electrical power industry. The rapid proliferation of renewable generation in the grid had instigated 
initiatives to make the distribution grid smarter, hence the introduction of term Smart Grid some 10 
years ago. While providing intelligence to control the grid in real-time, it was also understood, that 
not only does it help to measure the working of the grid, but elements are required, which can 
change the dynamics of the grid based on different production, consumption and fault situations. 
Thus came the idea, that a dynamically controllable inductance would be one way to make grids 
smarter as variable inductance can be used, for example, actively compensating reactive power, 
compensate earth fault currents and establish voltage control in distribution network to mitigate the 
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effect if distributed generation. In particular it was thought, that using such a controllable reactor 
could provide a way to improve current solutions for compensating earth fault currents in 
distribution networks. Therefore research questions were formulated for this thesis as follows: 

1) Find and validate a topology for a power system reactor in which inductance can be controlled 
quickly and linearly.  

2) Investigate electric arc models to find out how much earth fault arc extinguishment probability 
increases, when arc suppression coil can be tuned to full resonance.  

3) Investigate topologies for earth fault compensating reactors in which a controllable reactor 
would provide tangible benefits.  

In [P2] it is demonstrated, that a magnetically controllable power system reactor with linear and fast 
response is possible, next step in the research of this thesis was to find out optimal ways to exploit it 
in compensating earth fault currents in resonant earthed distribution grids. The practical setting in 
distribution grids is, that often substation transformers have delta connection in medium voltage 
side, which means that resonant earthing calls for a separate earthing transformer to create a 
neutral point. Analyzing sequence impedances characteristics of such combination of earthing 
transformer and ASC it was discovered, that similar impedances can be created by a single special 
reactor constituting variable reluctance limb and three zig-zig wound limbs. A mathematical model 
of this reactor was developed and validated with EMTP/ATP simulations and it was confirmed, that it 
provides similar sequence impedances as the combination constituting earthing transformer and 
ASC thus making it suitable for earth fault compensation purposes. Results of this work are 
documented in publication [P1].  

The work in [P2] constituted analysis of unorthodox and complex transformer structures for whom 
there was not applicable analysis methods. This resulted in research work in this thesis in which two 
advanced analysis methods were developed with which any transformer structure of any complexity 
can be analyzed. Results are presented in [P3] and [P5].  

Availability of magnetically controlled arc suppression coil, as demonstrated in [P2], makes it 
possible to implement 100% compensation in resonant earthed distribution network. One research 
objective in this thesis was to find out the impact of full resonance compensation to the probability 
of extinguishing earth faults. After all, as the name suggests, the main function of ASC is to suppress 
fault arcs. In [P4] a mathematical framework using known plasm physics black box models is 
developed. A functional model relating fault current amplitude to RRTRV was found, which serves as 
a predictor for earth fault extinguishment and indicates, that 100% compensation degree does 
improve earth fault extinguishment probabilities. 

The detailed objectives of the publications are as follows: 

[P1] A novel 4-limb earth fault compensation reactor for distribution network. To model earth fault 
sequence impedance characteristics and explore different reactor structures, which would provide 
same performance as earthing transformer and arc suppression coil do in such a way. To perform 
mathematical analysis of a novel earth fault compensating reactor and validate it with EMTP/ATP 
simulations.  
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[P2] Smart grid element: efficient controllable inductance with virtual air gap. To explore the known 
solutions in literature as to how to control inductance in power system reactor and to identify 
magnetic topologies allowing controllable inductance. To develop a qualitative analytical model to 
describe the operation of a virtual air gap. To simulate with finite element tools most promising 
topologies and validate their performance with  laboratory measurements. 

[P3] Data Driven Analytical modeling of power transformers. To make a literature search of 
transformer analysis methods and develop a data driven matrix based method in which any 
magnetic structure can be analyzed irrespective of the complexity of the core, windings or electrical 
surrounding network. To validate the method with EMTP/ATP simulations.  

[P4] Optimal Tuning for Fast Arc Suppression Coil. To use existing black box mathematical models for 
low current electric arcs to model the dynamics of earth fault arc and establish a functional relation 
between fault current and rate of rise of recovery voltage (RRTRV) to predict fault arc extinction 
probability as a function of earth fault compensation degree.  

[P5] Reluctance Network Analysis for Complex Coupled Inductors. To make a literature search of 
transformer analysis methods and develop a systematic method based on electromagnetic duality 
principles, which allows analysis of complex transformer structures of any complexity. To validate 
the method with EMTP/ATP simulations. 

 

1.2 Dissertation outline 
 

In this thesis the main results of the five articles are summarized. The summary is organized as 
follows: chapter 1 gives a short introduction to the research topics in this thesis. Chapter 2 covers 
the theoretical analysis of magnetically controlled reactor and experimental validation of the 
models. Chapter 3 presents analytical and simulation studies related to the analysis of fault arcs 
extionction probability as a function of fault current amplitude, RRTRV and compensation degree. 
Chapter 4 discusses the research of a novel four limb earth fault compensating reactor. Chapter 5 
gives the methods used for transformer analysis.  Finally the main conclusions are given in chapter 6 
and in Chapter 7 there are suggested future research areas.  
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CHAPTER 2. Novel Smart Grid element 
 

2.1 Virtual air gap 
The concept of a controllable inductor is not new [13,15-24] – it has a rich history originating from 
the plunger cores which was a straight forward method to change the mechanical structure of the 
magnetic core. Another known method is to use motor operated tap changers. Both of these 
solutions are, however, mechanically operated and are therefore considered too coarse, inaccurate, 
and slow. Furthermore they have lower resolution, require periodic maintenance and are limited in 
the number of control operations. Power semiconductor technologies have enabled the 
implementation of thyristor controlled reactors, but certain weaknesses and limitations have been 
observed in them such as reduced power quality due to generation of harmonics, complexity of 
implementation, and high cost.  

One alternative way to create controllable inductance is to use magnetic means to change the 
reluctance of the limbs of the reactor to establish, what can be called as a virtual air gap [11]. 
Convincing research exist, where a controllable inductor is formed via perpendicular direct current 
(DC) saturating parts of the magnetic core. Drawback in this work has been the significant amount of 
harmonics created and due to the limiting control range and the negative effect to power quality the 
solution is not attractive for commercial applications. 

According to an extensive set of investigations in this thesis, it was found out, that a good 
performance for virtual air gap could be achieved with a double DC winding structure as presented 
in Fig. 1. In this structure there are two DC windings, whose magnetization directions are opposite to 
each other and in perpendicular compared to the main AC magnetic flux. In this figure, the red dots 
show the current the downward direction while blue dots represent the upward direction. They also 
share common point in the center of the magnetic core. Because of the perpendicularity of the DC 
windings compared to AC windings, there is no induction caused to the DC windings. It should also 
be noted, that there is a symmetry in the windings, which is a reason for a linear operation of the 
structure.  

 

Fig. 1. Layout of the virtual air gap 

The presented virtual air gap structure can be analyzed with a reluctance network model. Figure 2 
describes the situation, where the magnetic core is modeled using larger amount of reluctance 
elements. When DC current is increased progressively more reluctance elements get saturated 
symmetrically until a triangle type of structure is reached. The red color presents saturation 
elements of the core. As the current in ampere-turns increases from 10 A- 200 A there is a 
proportional increase in saturation leading to gradual increase of reluctance seen by the main 
magnetic path.  
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Fig. 2. Effect of progressively increased reluctance elements by the influence of increased DC current  

 

2.2 Finite element simulations 
Figure 3 illustrates the dimensions of the practical transformer model used in the experimental tests 
and simulation. Figure 4 illustrates finite element simulation (FEM) [25] results with different DC 
winding currents (ampere-turns).  

 
Fig. 3. Physical dimensions of transformer 
 
 

 

(a). With no current  (b). With medium level current   (c). With high DC current 

Fig. 4. FEM Analysis of B(H) curve and saturation behavior for transformer core 

 
Dimensions (mm): 

 Width:  200 
 Height: 200 
 Yoke height: 40 
 Limb width:  40 
 Depth: 50 
 Hole diameter: 15 
 X= 15 
 Y= 45 
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Figure 5 illustrates the simulation results of the structure in Fig. 3. It shows magnetic field 
density (T) as a function of AC current in the main magnetic path for different DC currents 
(ampere-turns). The different slopes of the curves demonstrate that the inductance is 
controllable.  

 

 

 

Fig. 5.  FEM simulation- impact of VAG on the B(H) curve horizontal axis= ampere-turns (A) and vertical axis= 
magnetic field density (T) 

 

2.3 Experimental validation 
To validate the theoretical and simulation studies of the described virtual air gap structure, 
experimental tests were carried out with a three phase transformer in which hole was drilled in one 
yoke in which DC winding was arranged according to Fig. 6. Transformer under test is described in 
Fig. 3. The test set-up was arranged so, that it had the same conditions as there were in the finite 
element simulations. Result was an output voltage measured in a secondary winding, which was also 
predicted by the simulations. These two are presented in Fig. 7 and it can be stated, that the actual 
experimental results aligned with the simulation results. Based on these results the reluctance 
change due to the virtual air gap can be approximated by assuming that the flux generated by the 
voltage in the primary divides between the two limbs based on the ratio of the reluctances. When 
there is no DC current the reluctance of the limb containing the virtual air gap is approximated to be 
equal to the one without virtual air gap and the flux divides equally between the limbs. When the 
reluctance of the virtual air gap increases the flux in the limb decreases. With this approximation the 
results shown in Fig. 7 indicate, that the reluctance was changed by a ratio of 1:14.  
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(a). Three phase transformer 

 
(b). Coil winding through hole 

Fig. 6. Transformer under test for VAG technique 
 

 

 

Fig. 7. Comparison of the measured and simulated results. 

 

Second test was carried out in finding out the time constant of the DC control circuit. This was done 
by analyzing the frequency response of the DC coil as a response to the frequency sweep of 1 kHz-
100 kHz, which gave an estimation for the inductance of the DC coil of 2 mH. This indicates, that the 
control of the inductance can be made within a few milliseconds, making it much faster than the 
conventional controlled inductances. 

To assess the linearity of the virtual air gap a test was carried out in which the harmonics created 
were measured in two situations: with zero DC current and with 100 ampere-turns. Figures 8(a) and 
8(b) show the spectra of the of the current up to the 20th harmonic, when there was no DC current 
and when there was 100 ampere-turns in it. Table 1 shows the harmonic voltages in relation to the 
current in the fundamental frequency in these two cases. The case with no DC current can be 
considered a baseline, where virtual air gap has no impact. In this case the non-linearity is solely due 
to the non-linearity of the magnetic core. As compared to this baseline we can see, that the amount 
of harmonics reduces in all other cases, except the 2nd harmonic, which increases slightly, but still 
keeps under the limit (2%) specified in EN-50160 standard. This increase is likely due to asymmetric 
drilling of the virtual air gap hole as it could conceivably cause a situation, where other half of the 
cycle in the flux in the core causes different current, than in the other.  
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Table 1. Current harmonics in relation to the fundamental frequency current 

Harmonic number (multiples of 
50 Hz) 

No DC current DC current 100 ampere-turns 

2nd 0.5% 1.4% 
3rd  2.8% 1.1% 

4th  0.0% 0.0% 
5th  1.2% 0.5% 
6th  0.0% 0.0% 
7th  0.3% 0.6% 

 

  

     (a) Harmonic content with no DC              (b)   Harmonic content with 100 ampere-turns DC 
            DC current                                                          current 

Fig. 8. Harmonic content of output voltage 

 

2.4 Summary of the chapter 
In this section a novel virtual air gap concept was presented by means of which it is possible to 
implement controllable inductor with wide dynamic tuning range (20:1) and fast control without 
moving parts having time delays in the order of magnitude of milliseconds, which is more than 
enough for practical power applications. Furthermore, it has been evaluated that inductance control 
can be implemented with low level of harmonics. Low cost and straightforward technical 
implementation makes it possible to apply controllable inductors in many power applications such as 
reactive power compensation, fault current limiting and voltage control. 

  



 

17 
 

CHAPTER 3. Optimal Tuning of Fast Arc Suppression Coil 

3.1 Research questions 
Traditionally ASC is tuned off resonance by some 5%-20%. Full resonance can cause overvoltages 
during normal operation and traditional ASC being mechanical devices cannot be tuned during fault, 
which means that the only possibility is to keep the ASC off resonance. This increases fault currents 
and reduces the probability, that ASC is able to perform it’s required function to suppress faults as 
well as it could [1-3, 5,6,7,8]. 

In the studies in this thesis it has been demonstrated, that fast, magnetically controlled reactor is 
possible without mechanical parts allowing fast tuning. This open up a possibility, where such 
magnetically controlled reactor as an ASC could be tuned off resonance during normal operation 
and, once fault appears, tuning to 100% would occur, which in turn would reduce fault currents to 
the minimum. This obviously would require, that the 100% resonance point is known, which is 
possible using known current injection methods, for example. 

Current literature in earth fault arc suppression in resonant earthed networks suggests, that the 
fault extinguishment probability is linked to the amplitude of earth fault current, but there lacks a 
more complete holistic view of the impact of other parameters to fault arc suppression such as 
compensation degree and rate of rise of recovery voltage (RRTRV) [3].  

Thus, considering this background the research questions were formulated as follows: 

 Can earth faults in resonant earthed network be suppressed significantly better with 100% 
compensation as compared to off-resonance tuning? 

 Can the arc black box models such as Mayr, Cassie or Schartz be used in such a way, that arc 
extinguishment condition can be predicted as a function of the fault current and RRTRV? 
 

3.2 Mayr model and dynamics after current zero 
The history of investigating electrical arc properties using black box derived from the plasm physics is 
rich [48,49]. Most such models are based on the energy balance calculations.  Mayr model is 
considered to be the most descriptive for small currents up to tens of amperes and shorter arcs. 
Mayr demonstrated, that heat transfer stays relatively constant for low current arcs. He further 
assumed that temperature in the arc varies, but the arc diameter stays constant. This leads to a non-
linear first order differential equation (1).  

1)()('
0P

titvtGtG                                 (1) 

At current zero there is thermal energy in the arc. The electrical power coming to the arc is zero, but 
starts to increase, while transient recovery voltage (TRV) increases. Thereafter there is a competition 
between two processes: cooling via heat transfer to surrounding air and warming via the electrical 
energy due to the increasing TRV. If the cooling process loses energy faster, than is brought in by 
electrical power, then there is no restrike and the arc is extinguished. If the incoming power exceeds 
the cooling heat transfer, then the arc restrikes.  



 

18 
 

For successful arc suppression the prevention of this kind of thermal breakdown is necessary, but 
not sufficient. When the arc has extinguished it still has to possess adequate dielectric strength. 
When the arc no longer exists, the breakdown mechanism is a Townsend discharge and the 
dielectric strength follows the Paschen law [50]. The standard Paschen law formulas cannot, 
however, be used as there still is higher temperature between the electrodes. In [50] the 
temperature impact on the breakdown voltage has been investigated and a modified Paschen 
formula has been derived to take into account the temperature. According to this research the 
dielectric strength stays at high level until temperature reaches 1100 C, when it reduces sharply. 
Thus, the temperature of the arc is a demarcation of  two domains: at lower temperatures it takes 
another Townsend discharge to ignite the arc, while at higher temperatures the gas is already warm 
enough so, that it is governed by the black box models. 

To analyze the conditions necessary to extinguish arc Mayr model is applied. The differential 
equation (1) is of first order for the conductance G(t), where the model parameters are time 
constant  and power outflow P0  while v(t) and i(t) are the instantaneous values of voltage and 
current in the arc. This differential equation models the situation taking into consideration two 
empirical conditions found out by Mayr: heat transfer from the arc is constant and arc diameter 
does not change. These conditions have been found to approximately hold for shorter arcs with low 
currents. The non-linear differential equation can be numerically solved, once the initial value of 
conductance is known. After current zero the behavior of the arc can be studied by exposing the arc 
to linearly increasing voltage and then it is possible to calculate the cumulative energy of the arc at 
any time instant after current zero. Figure 9 shows the energy of an arc after current zero for two 
different slopes of TRV: 0.6 MV/s and 1.1 MV/s.  From this it can be seen, that with the lower RRTRV 
the arc energy goes to zero, while with the higher RRTRV it starts to grow. This illustrates, that 
between those two RRTRV:s there is a limit RRTRV value below which the arc extinguishes.  

 

 

 

Fig. 9.  Energy in the arc as a function of time with  two different RRTRV values 
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3.3 Convergence of trajectories before current zero 
In the previous analysis, there is a requirement to set arc conductance as an initial condition for the 
Mayr differential equation at current zero. This obviously is a critical parameter, but the challenge is, 
how to find the right value to facilitate analysis post current zero. Solution is to look into the 
trajectories of Mayr equation solutions before current zero. Prior research for low voltage arcs [51] 
demonstrate, that the conductance trajectories converge. Figures 10 and 11 illustrate a simulation of 
Mayr model, when arc is assumed to have created at voltage maximum in a circuit involving sine 
wave voltage source, resistor and the arc as illustrated in Fig. 12. The equations used to derive this 
result are (1) and (2). It shows, that the conductance at current zero converge to the same value, 
irrespective of the initial value of the conductances at the voltage maximum. This means, that the 
analysis of the dynamics after current zero can be made even when the initial breakdown process 
cannot be modeled. This lack of capability of arc black box models to describe breakdown behavior is 
often cited as a barrier to make detailed post arc analysis [43]. This problem is eliminated by the 
observation of convergence of conductance trajectories. This is a fundamental observation, which 
helps to analyze the arc extinguishment conditions post current zero.  

 

)(
)(

1)( ti
tG

RtSinV                                (2) 

 

 

Fig. 10.  Trajectories of conductances before current zero with different initial values 

 

 

Fig. 11. Trajectories of conductances at close to current zero time instant 
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Fig. 12. Circuit for the simulation of electrical arc 

 

Changing the value of resistor R in circuit depicted by Fig. 12 we can also derive dependency 
between current amplitude and energy of the arc at current zero. This can be done by integrating 
the instantaneous power expressed as function of current and conductance as shown in (3), where 
tz is the current zero time instant and t0 is the time instant for the breakdown. In evaluating this 
integral, tz needs to be first calculated, as there is a small lag between voltage zero and current zero, 
even though the circuit is purely resistive.  

 

zt

t
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0

2

                                (3) 

 

The arc energies at current zero vary considerably as a function of the amplitude of the resistor 
value R as shown in Fig. 13. Because the fault current amplitude has a significant impact on the 
energy of the arc at current zero, this implies that fault arc has a memory effect, as the larger energy 
at current zero means lower probability of extinguishment. This effect has been referred to in [52]. 

 

 

Fig. 13. Arc energies (J) at current zero as a function of resistance 
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Similarly the conductance at current zero is strongly dependent on resistance, or fault current 
amplitude as shown in Fig. 14.  

 

 

Fig. 14. Arc conductance (S) at current zero as a function of resistance (Ohm) 

 

3.4 Derived relation between fault current and RRTRV 
In order to investigate analytically the impact of RRTRV and fault current to the arc extinguishment 
probabilities a model to describe post arc situation can be built using the conductance and energy 
values at current zero as initial values for post arc analysis. This can be done by exposing the arc to a 
steadily increasing source voltage mimicking the effect of TRV. By varying the rate of increase of this 
ramped voltage source it can be investigated, what is the maximum RRTRV, when there still is no arc 
restrike. When this is repeated for all conductance initial values, as derived in previous chapter we 
get a dependence function I(RRTRV), which describes the line between two areas: area where there 
is no restrike and area where there is. Figure 15a describes the results of the analysis in which blue 
area means that no restrike occurs while elsewhere it does. Qualitative explanation of this is, that 
low RRTRV means that high currents are tolerated without restrike occurring. Conversely, when 
RRTRV is high, even small currents make the arc restrike.  
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Fig. 15a.  Arc extinction areas 

 

3.5 Simulation 
The previous chapters established a functional relation between fault current and RRTRV, when it 
comes to fault arc extinguishment. In order to investigate the behavior of ASC with different 
compensation degrees, leading to different fault currents and RRTRV:s a simulation was carried out 
using EMTP/ATP. The simulated network was overhead type similar to the one operating in Eastern 
Finland (see Fig. 19. later).  

 

The simulations consisted of looking at the RRTRV as a function of compensation degree (80%, 90%, 
100%, 110% and 120%) for different fault resistances from 1 Ohm up to 10k Ohm. Results are 
presented in Fig. 15b and they indicate, that RRTRV is smallest, when the system is in full resonance. 

 

 
 

Fig. 15b. RRTRV as a function of compensation degree and fault resistance 
 

3.6 Predicting fault arc extinguishment 
The results from the above analysis can be used to create a prediction of conditions for fault arc 
extinguishment. Analytical model in chapter 3.4 summarized in Fig. 15a provides a condition for fault 
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arc extinguishment as a function of RRTRV and fault current. Simulation in previous chapter provides 
RRTRV as a function of compensation degree for different fault resistances. Combining these two 
indicates how earth faults extinguish in different situations. Fig 16 combines data from the 
simulation and analytical models so, that the restrike limit is shown in the same graph with the 
simulated RRTRV/fault current combinations for the five compensation degrees. Based on that we 
can conclude the following: 

 When compensation degree is 100% fault arc is always extinguished.  
 Departing from 100% compensation gradually worsens the extinguishment probability. With 

80% and 120% compensation degree only the small resistance faults can be extinguished.  

 

 
 

Fig. 16. Simulation results shown in the context of restrike limit 

 

As a result of these analyses a framework has been built in which earth fault extinguishment can be 
predicted taking into consideration compensation degree and fault current. This result is new: 
traditionally earth fault extinguishment is assessed mainly on the basis on fault current amplitude 
only. 

Another conclusion is that this provides an answer to the original research question. Full 100% 
compensation does increase the fault extinguishment probability.  

CHAPTER 4. Four Limb earth fault compensating reactor 
 

4.1 Research questions and objectives 
In the research conducted in this thesis is has been established, that fast control of inductance is 
possible (“A Novel Smart Grid Element: Efficient Controllable Inductance with Virtual Air Gap”). 
Another contribution in thesis has been, that full resonance tuning of ASC can improve the 
probability of fault arc suppression. Additional research question set out in this thesis was if an earth 
fault compensating reactor could be built, which: 

• Can be tuned rapidly during fault to exact resonance to limit fault currents to the minimum, 
exploiting the said magnetically controlled inductance.  
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• Could be connected directly to delta connected substation transformer and get rid of the 
need for bulky earthing transformer. 

The motivation for setting research question as above was to achieve more economical earth fault 
compensation solution. In practical setting in distribution grids it often is, that substation 
transformers have delta connection in medium voltage side, which means that resonant earthing 
calls for a separate earthing transformer to create a neutral point. Then ASC can be connected 
between this artificially created neutral point and earth. This arrangement consumes space and is 
costly [6]. Thus came the interest to look for compact solution in which both earthing transformer 
and ASC functions could be implemented in the same space saving structure.  

Analyzing symmetrical components based sequence impedances of a combination of earthing 
transformer and ASC it was discovered that zero sequence impedance is variable, while positive and 
negative sequence impedances are high. After reviewing large number of different reactor 
topologies a promising one was discovered, which provides similar sequence impedance 
characteristics. This novel topology and the traditional one are presented in Fig. 17a. The new 
topology is a special type of reactor, that has four limbs in three of which there are uneven zig-zag 
windings, while the fourth limb has no windings, but variable reluctance using the virtual air gap 
concept presented in earlier chapters.  

Novel earth fault compensator

Compensating coil &                                                  Four limb reactor
motor operated                                                           with no moving parts
single phase coil                                                          and fast operation

 

Fig. 17a. Traditional earth fault compensation system (left) and proposed novel system 

 

Functional description of the novel earth fault compensator is, that zero sequence current creates 
magnetic flux that propagates via fourth limb and the reluctance of the fourth limb manifests itself 
as an inductance to the zero sequence circuit. Therefore, the zero sequence impedance is non-zero 
and controllable electrically. Positive and negative sequence currents do not generate magnetic flux 
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on the fourth limb as their sum is zero. Thus, the positive and negative sequence impedances are 
high and not impacted by the varying reluctance in the fourth limb. 

Earth fault compensators  are typically tuned to undercompensation in order to avoid excessive 
neutral voltage during normal operation. The tuning varies between 80-95% depending on 
unbalance of network capacitances. Also, in the case of a long line, the resonance point will change 
due to the fault, which may increase the mismatch of the compensation. Hence, the capability of the 
novel earth fault compensator to quickly change the compensation degree will provide the 
possibility of gaining 100% compensation during the fault, thus increasing the possibility of fault arc 
extinction.  

While this high level functional description of the novel earth fault compensator is relatively 
straightforward, the detailed analysis of the topology required advanced mathematical techniques, 
which we also developed as part of this thesis and are described in chapter 5. This method meant 
that the characteristic parameters of the topology were mapped into a few matrices: one describing 
the windings (N), one describing the core reluctance (R) and one describing the core topology (Q). 
From these the generalized inductance (4) matrix L can be created to analyze the impedance 
characteristics of the topology. 

L=NT QTR-1Q N      (4) 

The method is applied to the topology presented in Fig. 17a. N1 and N2 are the number of turns in 
the zig-zag winding, RL is the reluctance of the limbs, RY is the reluctance of the yokes, R0 is the 
reluctance of the leakage flux path from the limbs, and RC is the variable reluctance of the 
controllable virtual air gap in the fourth limb. The resulting reluctance network is presented in Fig. 
17b.  

 

Fig. 17b. Reluctance model of the four limb three phase controllable reactor1 

                                                           
1 Including the numbering of loops and limbs and direction of the fluxes, all needed for subsequent 
matrix analysis.  
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The matrices are: 

N=
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000
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0
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0
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     (5) 

 

R=
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            (6) 

 

Q=

11000000000
01110000000
00011000000
00001110000
00000011000
00000001110
00000000011

   (7) 

 

Completing this analysis using the methodology presented in chapter 5 we get a matrix representing 
the sequence impedances. This matrix when assuming zero yoke reluctances is in (8).  
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    (8) 

The first diagonal term 
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Z0
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is the zero sequence impedance, while  

Z1 =Z2=
LR

NNNNs
2
221

2
1      (10) 

are the positive and negative sequence impedances respectively. The sequence impedances satisfy 
the conditions presented in Section 1. Zero sequence impedance is controllable via RC while positive 
and negative sequence impedances are large and are not affected by the control variable RC. 

In the dimensioning of the parameters of the device, there are 2 objectives: Z1 should be kept 
relatively high in order not to have higher reactive current and Z0 should be in the required range. It 
can be seen from the equations that it is advantageous to have N1 relatively close to N2, since this 
makes Z0 smaller in relation to Z1. For further analysis, 3 scaling parameters have been introduced 
as  

L

C

R
R

      (11) 

1

2
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Nk       (12) 
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2

1       (13) 

 

This gives expressions on the sequence impedances: 
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0
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1 1      (15) 

 

Considering the above formulas the tuning range for Z0 can be calculated based on the ratio 
between maximum and minimum reluctance of the fourth limb (λMAX). With minimum fourth limb 
reluctance Z0 becomes s((1−k)^2/4)Lb. With maximum fourth limb reluctance Z0 becomes 
s((1−k)^2/(3 λMAX+1))Lb, where λMAX is the maximum of the fourth limb reluctance divided by the 
minimum of it. 

Using design values as in Table 2, it therefore be evaluated that zero sequence inductance can be 
controlled in the range of 58 to 4500 mH. Furthermore, positive sequence inductance is 



 

28 
 

independent of the changes of zero sequence inductance and remains at high level to keep reactive 
currents low. 

 

Table 2.  Design parameters of a four limb earth fault compensator 

N1 RL(1/H) k 
MAX  L0(minimum, 

mH) 
L0(maximum, 
mH) 

L1(H) 

1000 6600 0.4 10 58 4500 78 
 

 

 

Fig.18. Earth fault current as a function of  

 

4.2 Simulation 
A medium voltage overhead network representing a typical network in central-eastern part of 
Finland is modeled. The network consists of approximately 300 km overhead line having 5 feeders as 
shown in Fig. 19. This is the same network as was used in the simulation in chapter 3.5 concerning 
earth fault transient analysis [46].  
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Fig.19. Simulated network 

Three simulation runs were performed with different compensation degrees (-20%, 0% and 20%) 
and fault current at fault location was measured. Fault currents in the simulated three cases are 
presented in Fig. 20 from which it can be concluded, that the analytical and simulation models agree. 
It is also confirmed, that the proposed novel earth fault compensation system performs in such a 
way, that it can be used as a replacement for earthing transformer/ASC additionally providing 
instant tuning opportunity.  

 

Fig.20. Fault currents in simulation runs and analytical model as a function relative reluctance 

4.3  Conclusions on this chapter 
In this chapter a novel four limb reactor structure has been presented, which incorporates uneven 
zig-zag winding in three limbs and controllable reluctance in the fourth limb, using the virtual air gap 
concept developed in the previous paper. It was proven mathematically, that this new reactor 
structure provides variable smaller zero sequence inductance and fixed/high positive and negative 
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sequence inductances. Furthermore it was shown, that the behaviour of the new reactor is 
equivalent to a combination of earthing transformer (ET) and single phase arc suppression coil (ASC) 
and therefore can be used as a replacement of these two elements providing space and cost saving 
solution. The operation of the novel four limb earth fault compensation reactor is linear and 
therefore its performance matches to the performance of traditional motor operated compensation 
coils, when it comes to harmonics present in the network.  
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CHAPTER 5. Transformer analysis 

5.1 Background 
The four limb earth fault compensating reactor presented in chapter 4 is quite a complex 
transformer structure, whose analysis is difficult using the traditional transformer analysis methods. 
Literature search [53-55, 57-64] disclosed that most of the existing transformer analysis methods are 
not directly applicable to analyze these and other unorthodox magnetic structures. Rich transformer 
analysis literature exists, but the methods presented in them often assume some “hard wired” 
environment in which the analysis is made, such as vector group, number of limbs (three or five), 
three phase of single phase, no tertiary or tertiary – and so on.  

In this thesis two mathematical methods have been develop, which overcome the “hard-wired 
nature” of existing transformer analysis methods in literature. In the first one transformer topology 
including winding structure and the physical connections of limbs and yokes in the magnetic core are 
described by matrices, from which a generalized inductance matrix is created in a systematic 
manner. The second method systematized use of electromagnetic dualism so, that transformers of 
any complexity can be reduced to a solvable electric circuit.  These two methods are described in the 
next chapters.  

 

5.2 Data Driven Analytical modeling of power transformers 
To address the shortcomings of current power transformer analysis, as described above, this work 
provides a systematic treatment of coupled inductors so, that any power transformer core structure, 
vector group or surrounding electrical network can be modeled without changes needed in the 
analysis method. The proposed method is data driven: transformer core is modeled by a numerical 
matrix representing its reluctance network and the windings are modeled as another numerical 
matrix. Thus, the analysis method stays the same for all core structures and winding configurations 
of any complexity providing improvement over current methods. 

Furthermore, this work makes it straightforward to include the complex power transformer in 
electrical network analysis as the coupled inductors are mapped to an inductance matrix, which can 
be handled in electrical domain using the commonly available solvers such as EMTP/ATP or Spice. In 
the next section a method is described, where the transformer core and winding configuration are 
mapped to an inductance matrix. Section 5.2.2 shows a method to include the transformer 
inductance matrix in nodal analysis and EMTP/ATP electric circuit solver.  

5.2.1 Matrix representation of a complex inductor 
Referring to Fig. 21, some topological concepts related to magnetic circuits are defined: 

 Any magnetic circuit can be considered to consist of a set of interconnected limbs, which form a 
reluctance network. 

 Fluxes in the limbs, that terminate to a node add up to zero (Kirchhof law electrical analogy). 
 Magnetomotive force in any loop of limbs equals to the sum of limb reluctance times flux in the 

limb (Ohm law electrical analogy). 
 There are windings in some, but not on all limbs.  
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Fig. 21. Magnetic circuit topological definitions 

 

In this framework the transformer analysis can be performed in the following steps: 

Currents in windings are represented by a vector I.  
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Winding configuration is described with a matrix N which maps the currents in the windings to 
currents in the limbs. 
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Core topology is represented by matrices R and Q. Elements of R map the loop fluxes to 
magnetomotive forces in the loops, while Q maps fluxes in the limbs to fluxes in the loops. 
Considering example topology in Fig. 22 we get the following matrices.  
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Fig. 22. Reluctance network of single phase transformer with leakage flux path 

 

With the matrices N, R and Q we can compose a generalized inductance matrix for the transformer 
(16).  

L=NT QTR-1Q N      (16) 

 

This generalized inductance matrix gives the voltages in the transformer windings as a function of 
currents in the windings (17).   

sLIV       (17) 

The benefit of the method is, that it is data driven: composing matrices N, R and Q is relatively 
straightforward numeric exercise and is not hard wired in the method as is the case with many of 
the methods in transformer analysis literature.  

 

5.2.2 Using derived inductance matrix in nodal analysis 
Typically larger electrical circuits are solved using nodal analysis. List of nodes is constructed and the 
admittances between the nodes and the ground are included in the admittance matrix Y. Current 
sources are represented as a vector I denoting the currents arriving at each individual node. Then 
the voltage in the nodes can be solved by solving the matrix equation: 

IYV       (18) 

The coupled inductor and it’s generalized inductance matrix can be integrated into the nodal system 
of equations by taking into consideration that it adds to the currents in similar way as the current 
sources.  

JIYV       (19) 
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Thus, the inductance matrix L of the coupled inductor can be taken into consideration by considering 
the inductor as a current source J, driven by the scaled integral of the voltages. As the numbering of 
transformer windings differ from the numbering of the nodes a conversion matrix mapping is 
required ( ). Considering, that node voltages are represented by vector V and the current source is 
J, then we have: 

VL
s

J T 11
     (20) 

 

Thus, the modified matrix equation becomes: 

VL
s

IYV T 11
     (21) 

 

Solving for node voltages V we get: 

IVL
s

YV T
1

11
     (22) 

 

In this way the traditional nodal analysis circuit solvers can include transformers of any complexity 
without any need to modify the solver algorithm in any way.  

5.1.3 Integrating inductance matrix to EMTP/ATP transient analysis 
More often, than not, electrical circuits are simulated numerically using solvers such as Spice or 
electromagnetic transient analysis software [12,42]. In this thesis we present a method, whereby the 
inductance matrix for the coupled inductor can be incorporated into EMTP/ATP electromagnetic 
transient analysis. This can be made by representing the coupled inductor using the MODELS 
capability in ATPDRAW [16], where simplified Fortran code is written to integrate phase voltages 
multiplied by the inverse of the impedance matrix of the compensator2. Result is a current vector, 
which is fed into a TACS controlled current source. This current is fed back to the original nodes from 
where the voltage inputs were taken to the MODELS module. Thus, the performance of the node 
therein created simulates the performance of a coupled inductor represented by the inductance 
matrix. The principle of simulating the coupled inductor is shown picture 23. In this way, any 
transformer of any complexity can be added as an additional circuit element to the simulation.  

                                                           
2 dttVLtI )()( 1  
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Fig. 23. Principle for simulating the coupled inductor3 

 

5.3 Reluctance Network Analysis for Complex Coupled Inductors 
 

5.3.1 Electromagnetic duality principle 
Magnetic circuits are commonly represented by equivalent electrical circuits. In magnetic cores flux 
increases when magnetomotive force increases in the same way as current increases by increasing 
voltage in resistor. Thus the analogies between magnetic and electrical circuit where reluctance 
corresponds to resistance and electromotive force corresponds to magnetomotive force. Also, 
magnetic fluxes in a reluctance network add up to zero in a same way as currents add up to zero in 
electrical circuit in a same way as currents add up in electrical circuits. Therefore, a magnetic circuit 
can be modeled by first identifying reluctance elements in a transformer structures (limbs, yokes, 
leakage flux paths) and mapping them as resistances [53,55]. Winding currents are replaced as 
voltage sources and the resulted electrical circuit is solved using the traditional circuit analysis 
methods. 

This mapping between electric and magnetic domain is often called electromagnetic duality. Current 
maps to magnetic flux and electromotive force (EMF) maps to magnetomotive force (MMF). 
Exploiting these duality principles in analysis of magnetic elements has a long history and the 
intention was not to reinvent it, but to use them to build a systematic method in which transformer 
of any complexity could be broken down in a rule based and stepwise manner and converted to an 
equivalent electric circuit. Once the corresponding electric equivalent circuit has been derived, it can 
be integrated to circuit analysis tools, such as SPICE or EMTP/ATP [12].  

  

                                                           
3 The resistors are of very high value and are required by the EMTP/ATP solver for numerical 
integration.  
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5.3.2 Rules mapping elements in magnetic domain  
 

Rule 1: Transformation of Voltage source into current source 

Faraday’s law of induction illustrate that the magnetic flux created by the voltage source is an 
integral of the voltage and can be represented in Laplace space according to eq. (x), where E is the 
ideal voltage source, N is the number of turns and  is the magnetic flux. This implies a rule, where 

voltage source E in electrical domain becomes current source 
sN
E

 in magnetic domain.  

 

Rule 2: Transformation of current source into voltage source 

When there is a current source connected to transformer windings, this can be represented in 
magnetic circuit as a voltage source using the traditional analogy: current I is mapped to MMF of NI, 
when N is the number of turns.  

 

Rule 3: Transformation of Resistive load into inductance 

Considering a transformer limb in which there is constant flux ( ) and winding in which there is a 

resistive load RLOAD connected, there is a relationship between flux ( ) and current (I) as in (23). 

 

IRsN LOAD      (23) 

 

On the other hand, the magnetomotive force is NIVm NIVm . Combining this with (x) mV  can 

be written as,  

 

LOAD
m R

sNV
2

      (24) 

 

This describes that resistive load connected to transformer windings can be represented as a 

reluctance of 
LOADR

sN 2

. Considering the nature of the expression it can be seen, that a resistive load in 

electrical domain can be represented as an inductor in magnetic domain.  
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Rule 4: Transformation of inductive load into resistance 

When the impedance connected to the winding is an inductor, similar analysis as described above 
can be done to get that the reluctance presented is not frequency dependent as can be seen in eq. 
(23). Thus, an inductive load connected to transformer windings can be represented as a resistor in 
magnetic domain.  

L
NRM

2

      (25) 

 

Rule 5: Transformation of capacitance into non-linear negative resistance   

When the impedance in the winding is purely capacitive, the resulting reluctance becomes as 
described as in (26). In frequency space the reluctance is negative, real and squarely dependent on 
frequency (27).  

 

CNsRM
22      (26) 

CNRM
22      (27) 

       

Rule 6: Transformation of complex impedance into complex reluctance 

When the impedance connected to the transformer contains both resistive and reactive parts, the 
derived reluctance has a complex value: 

jXR
NjRM

2

     (28) 

22

22

XR
RNjXNRM      (29) 

 

Rule 7: Transformation of Thevenin source into Thevenin or Norton source 

When Thevenin equivalent source is connected to transformer windings, it transforms to a Thevenin 
source in magnetic domain using the same methodology as above. Thevenin source voltage 
becomes as in (30) and the corresponding impedance as in (31).  

Z
NEVT

      (30) 
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Z
sNRT

2

      (31) 

 

Summary of mapping rules 

Table 3 summarizes the analogies between electric lumped elements and their magnetic 
counterparts.  

 

Table 3.  Mapping of lumped electric elements to magnetic equivalents 

 

Electric lumped 
element 

Variable Mapped magnetic 
element 

Transform in  
Laplace space 

Voltage source E Flux source 

sN
E

 

Current source I Voltage source NI  
Resistance R Inductance 

R
sN 2

 

Inductance L Resistance 

L
N 2

 

Capacitance C Negative 
impedance with 
square frequency 
dependency 

CNs 22  

Thevenin source E, Z Thevenin or 
Norton source 
with inductance 

Voltage: 
Z

NE
 

Current: 
sN
E

 

Impedance: 
Z

sN 2

 

 

A practical example of the application of the above rules is illustrated via an example. In Fig 24 there 
is a wye-delta connected transformer powered by source with resistance RW and load is delta 
connected with phase load RL. 
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Fig. 24. Three phase wye-delta transformer 

 

Using the rules above this transforms to circuit in Fig. 25, which can be used using the traditional 
circuit solvers.  

 

 

          

Fig. 25. Reluctance network of transformer under study 

 



 

40 
 

The impedances and sources in Table 3 are presented by means of the Laplace variable s. The 
resulting circuit, such as the one in Fig. 25, can be analyzed in time space, by considering s a 
differentiating operator and writing the related differential equations. Furthermore, all reluctances 
in the differential equations can be written as non-linear current dependent voltage sources, 
thereby taking into  consideration the B(H) characteristics of the core material. Then all non-linear 
transformer structures can be solved with the presented method.  

Using the methods presented a number of complex transformer structures has been analyzed and 
validated and the method can be used for modeling linear coupled inductors of any complexity in 
networks of any size. 

 

5.4. Conclusions of the chapter 
 

The original starting point of this work described in this chapter was the recognition, that some new 
type of transformer structures for earth fault compensation could not be analyzed using the known 
methods. Particularly clear this become, when a new transformer topology was invented, which 
included four limbs, with uneven zig-zag winding in three of them, while the reluctance of the fourth 
leg was variable as described in Fig. 17.  

An extensively literary search on transformer analysis literature did not disclose methods with which 
the performance of this new transformer could be analyzed with reasonable complexity. This 
observation lead to the development of the two new transformer analysis methods proposed in this 
chapter. First method establishes transformer inductance matrix in a data driven manner from easily 
understandable winding and topology matrices. The second method exploits well known duality 
principles in a systematic manner to map any magnetic structure to an electrical network using well 
defined transformation rules. The advantage of both of these methods are, that they both provide 
easy integration to numerical solvers such as EMTP/ATP or Spice. 
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CHAPTER 6. CONCLUSIONS 
 

One major result in this thesis is the development and validation of a novel virtual air gap reactor 
concept in which the inductance can be controlled quickly and linearly. The performance of it was 
simulated with FEM and validated in experimental tests. It was shown, that a reactor limb reluctance 
can be changed at a ratio of 1:14 by the presented virtual air gap structure.  

Earth fault transients in distribution grids were analyzed and a new framework was established, 
which predicts fault arc extinguishment as a function of compensation degree and fault current. 
Traditionally only fault current has been used as a predictor of fault current extinguishment 
probability, thus the work in this thesis establishes a new paradigm in earth fault compensation. 
Furthermore, it was established, that fast tuning of ASC substantially improves earth fault 
extinguishment probability and makes a case for using virtual air gap reactor as an ASC. EMTP/ATP 
simulations were performed and analytical model was developed to derive the results.  

To analyze the complex magnetic structures involved in the new magnetic topologies it was 
necessary to have methods identified, developed and validated, that allow the analysis of complex 
magnetic reactor topologies. Both methods were validated by EMTP/ATP simulations.  

A novel four limb reactor topology with virtual air gap was identified, which can be used to 
compensate earth faults, removing the need for separate earthing transformer and ASC. The 
performance of the novel reactor was analytically analyzed and validated by simulations.  
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CHAPTER 7. Suggested future research avenues 
In this thesis it has been demonstrated, that a continuously, linearly and quickly tuned control of a 
power system reactor is possible with a novel virtual air gap technology developed during the 
research. It was also established, that use of such controllable reactor improves earth fault arc 
extinguishment probability and facilitates the implementation of earth fault compensation in smaller 
space and more economically, than is possible today. One suggested future research work, based on 
these foundations is to build a prototype of the magnetically controlled four limb ASC and testing in 
a live network. Therefore, as a next step a research and development project has been proposed 
with commercial partners to establish the commercialization potential of the earth fault 
compensation system as described in Fig. 26.  This includes the following components: 

 4LIMB ASC is the magnetically controlled four limb reactor proposed, where the zero sequence 
impedance is varied based on the DC current input IDC.  

 DCDC is a low power current feedback isolated DC to DC converter. 
 RTU is a programmable device, which has voltage sensor interfaces and can detect earth fault 

based on the voltage and current measurements and can tune compensation degree by varying 
the input voltage to DCDC converter. This is an off-the-shelf device.  

 ACAC  injects zero sequence current IAC at a frequency, which is not a multiple of the 
fundamental frequency (50 Hz) to the medium voltage grid via the four limb reactor 4LIMB, 
which manifests itself as a zero voltage measured by RTU. This gives an estimation of the zero 
sequence earth capacitance, which can be used for tuning during earth fault. This module can be 
implemented using off-the-shelf frequency converters.  

 

 

Fig. 26. System diagram of the proposed earth fault compensation system 
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A test set-up for system presented in Fig. 26 is shown in Fig. 27. It is designed to operate in low 
voltage network as it is considered to be a good starting point, before going to live testing in 
medium voltage networks. It is anticipated, that the results in low voltage set-up are representative 
to the expected results in medium voltage environment.  This enables testing the full functionality of 
the proposed earth fault compensation system in low voltage environment. The test set-up consists 
of the following: 

 Use star connected low voltage connection as if it were delta connected by not connecting the 
neutral wire. Instead, introduce a “virtual earth”, which emulates the earth in the medium 
voltage network.  

 Use low voltage capacitor to simulate earth capacitances. 
 Place a manual switch and resistor to emulate an earth fault.  
 Use voltage transformers to measure voltages between power lines and the “virtual earth”.  
 Use tunable spark gap to simulate arcing earth fault. 

 

 

Figure 27, Proposed test arrangement in low voltage configuration 

 

Another useful future work would be to establish laboratory test of arc extinguishment conditions in 
medium voltage environment to experiment the conditions of as to how arc extinguishment varies 
as a function of both RRTRV and fault current amplitude.  
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