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Abstract — This work presents a new system of single-

phase-to-earth faults compensation based on the Petersen 

Coil. This system provides an inductive current in the 

neutral point of the network to neutralize the surging 

capacitive current during an earth fault. 

The basics of the new system is the use of a Proportional 

Integral Controller for a Single-Phase Voltage Source 

Inverter (VSI) and to simulate an active compensation 

system, inserted in a 60/15 kV electrical grid, using 

MATLAB/Simulink software. 

An experimental validation of the system is performed 

with the assistance of dSPACE MicroLabBox equipment 

and active compensation of a single-phase-to-earth fault is 

achieved. The behaviour of the electrical grid voltages and 

currents is analysed. 

Future developments and experimentations with other 

voltage levels and other equipment connected to the grid 

are necessary to ensure the robustness and efficacy of the 

controller. 

 

Index Terms — Continuity of Service, Petersen Coil, 

Resonant Grounding, Single-Phase Voltage Source 

Inverter, PI Controller, dSPACE MicroLabBox. 

 

 INTRODUCTION 

he electrical power system is regarded as one of the 

greatest achievements of the 20th century, but also one 

of the most complex system ever designed. In the 

present time, energy suppliers are growing concerns to 

improve the quality of the service by trying to reduce medium 

and long duration interruptions. 

Voltage magnitude and the continuity of availability of 

supply are the most important parameters to consider when 

maintaining the Quality of Energy by the consumers is 

important. As so, new systems have been researched to 
implement this. 

Fault currents can create a lot of destruction in the electrical 

system. The magnitude of these currents is typical several 

times higher than load currents. The consequences of these 

high currents can be catastrophic to the normal operation of 

the electrical network, from mechanical stress on the 

conductors to exceeding the thermal limit. Lastly, at the fault 

location, the energy released can create an electric arc that can 

extend the damage in the system if not detected [1]. 

Faults in the primary distribution network, i.e., in Medium 

Voltage (MV), are the ones that affect the most consumers.  

 
Since 75% of the faults that occur in MV networks are 

single-phase to earth faults, i.e., the majority, it becomes 

interesting to further analyse this type of fault [2]. 

In the field of electrical energy and substations, it is known 

that grounding, i.e. the type of connection between the neutral 

and earth of a substation, has a major impact on the behaviour 

of the currents and voltages when the network is presented 

with an earth fault 

The appropriated choice of the neutral system/grounding 

has a fundamental role in the safety of the electrical network 

and in the quality of energy. From the view of the energy 

distributor, rapid detection and fast location of faults is very 
important, being relevant to know the expected behaviour of 

fault currents. 

In 1917, from observations made in Germany, the pioneer 

Waldemar Petersen made the theoretical development, 

establishing the basis, for the behaviour analysis of MV 

networks for different types of Grounding, that today still 

maintains its validity [4]. 

The Resonant Grounding offers the self-extinguishing of 

arcs in overhead lines of about 80% of earth-faults. Assuming 

80% of all earth faults are temporary, then more than 60% of 

earth faults in overhead lines disappear without the need to 
open circuit breakers [4]. 

Currently, with the advancements in semiconductor 

technologies, especially with the evolution of power 

electronics, a new system based on this type of converters is 

studied. 

 BACKGROUND ON PETERSEN COIL 

The resonant grounding is a special version of isolated 

systems. In this case, a coil with adjustable impedance is 
inserted between the neutral and earth, operating as a 

compensator for earth faults. 

The idea behind of this neutral system is the creation of an 

inductive current able to compensate the capacitive earth fault. 

As consequence, the inductive current cancels the capacitive 

current and the total current to earth is reduced. 

The coil can be connected at the neutral of the distribution 

transformer, if this one is connected in wye at the secondary. 

If this option is not available, the coil can be connected to the 

network via a grounding transformer connected in zigzag as it 

is in this work. 
The resonant grounding via Petersen Coil allows the 

reduction of the short-circuit to earth to about 3 to 10% 

compared to the isolated system. When the coil impedance is 

adjusted to compensate the fault in his totality, i.e., a 100% 
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tuning, the magnitude of the fault current will be determined 

solely by Joule losses in the coil, by harmonics present in the 

system and by leakage currents [4]. 

The biggest advantage of this type of grounding is the self-

extinction of a major part of earth faults, but also the fact that 
it allows continuity of service with only two phases during a 

fault in one phase. The major disadvantage is the difficulty to 

detect permanent or systematic faults, since the current that 

circulates in the neutral is reduced. Also, the system needs to 

be capable to measure the total zero-sequence capacitance to 

earth automatically, making its implementation more complex 

at the engineering level. 

As with isolated systems, from the perspective of protection 

systems and protection of people, it might be necessary to 

utilize complementary protection functions to detect these 

types of faults, for example the maximum neutral voltage 

function (ANSI 59N). 
In order to determine the more relevant equations for the 

study of resonant grounding and the method of compensation, 

some approximations and simplifications can be made. So, it 

can be considered that: 

- The capacitances and conductances phase-to-earth are 

equal in all the phases; 

- Transient phenomena and harmonics are neglected; 

- Line parallel resistance and reactance are neglected; 

- All the unbalances are transposed to phase A; 

- For first observations, there is no load path. 

In fact, there are always resistive losses in the coil, in the 
lines, in the transformer and in the isolators, leaving the fault 

current always with a portion of active current, while the 

reactive current is cancelled by the inductive current that the 

coil creates, as can be seen next. The simplified equivalent 

circuit in Figure 1 contains the described approximations. 

 

Figure 1 – Equivalent circuit [6]. 

 

In a three-phase system, phase voltages lag 120º between 

each other, and that rotation is represented by factor 𝑎 =
𝑒−𝑗120º and it is verified 1 + 𝑎 + 𝑎2 = 0. For voltages 𝐸𝐴

̅̅ ̅, 𝐸𝐵
̅̅̅̅  

e 𝐸𝐶
̅̅ ̅ result the following expressions: 

 

 𝐸𝐴
̅̅ ̅ = 𝐸𝐴𝑁𝑒𝑗0º    (1) 

 𝐸𝐵
̅̅̅̅ = 𝑎2𝐸𝐴

̅̅ ̅ (2) 

 𝐸𝐶
̅̅ ̅ = 𝑎𝐸𝐴

̅̅ ̅ (3) 

 

From the simplified equivalent circuit in Figure 1, the 

equations below can be formulated: 

 

 0 = 𝐼�̅� + 𝐼�̅� + 𝐼�̅� + 𝐼�̅� (4) 

 𝑈𝑁
̅̅ ̅̅  𝑌𝑃

̅̅̅ = 𝐼�̅� (5) 

 (𝐸𝐴
̅̅ ̅ + 𝑈𝑁

̅̅ ̅̅ ) 𝑌�̅� = 𝐼�̅� (6) 

 (𝐸𝐵
̅̅̅̅ + 𝑈𝑁

̅̅ ̅̅ ) 𝑌𝐵
̅̅ ̅ = 𝐼�̅� (7) 

 (𝐸𝐶
̅̅ ̅ + 𝑈𝑁

̅̅ ̅̅ ) 𝑌�̅� = 𝐼�̅� (8) 

 

The conductances are given by: 

 

 
𝑌𝑃
̅̅̅ = 𝐺𝑃 +

1

𝑗𝜔𝐿𝑃

, (9) 

 𝑌�̅� = (𝐺 + Δ𝐺) + 𝑗𝜔(𝐶 + Δ𝐶)  (10) 

 𝑌𝐵
̅̅ ̅ = 𝑌�̅� = 𝐺 + 𝑗𝜔𝐶  (11) 

 

Replacing expressions (2), (3), (5), (6), (7) e (8) in equation 

(4) it comes to: 

 

 0 = 𝑈𝑁
̅̅ ̅̅ (𝑌𝑃

̅̅̅ + 𝑌�̅� + 𝑌𝐵
̅̅ ̅ + 𝑌�̅�)

+ 𝐸𝐴
̅̅ ̅(𝑌�̅� + 𝑎2𝑌𝐵

̅̅ ̅ + 𝑎𝑌�̅�)  
(12) 

which is equivalent to: 

 

 
𝑈𝑁
̅̅ ̅̅ = −𝐸𝐴

̅̅ ̅
𝑌�̅� + 𝛼2𝑌𝐵

̅̅ ̅ + 𝛼𝑌�̅�

𝑌𝑃
̅̅̅ + 𝑌�̅� + 𝑌𝐵

̅̅ ̅ + 𝑌�̅�

  (13) 

 

From this equation both the numerator and denominator can 

be simplified: 

 

 𝑌�̅� + 𝛼2𝑌𝐵
̅̅ ̅ + 𝛼𝑌�̅� = Δ𝐺 + 𝑗𝜔Δ𝐶 (14) 

 𝑌�̅� + 𝑌𝐵
̅̅ ̅ + 𝑌�̅� = (3𝐺 + Δ𝐺) + 𝑗𝜔(3𝐶 + Δ𝐶) (15) 

 

The neutral voltage can be summarized as: 

 

 
𝑈𝑁
̅̅ ̅̅ = −𝐸𝐴

̅̅ ̅
𝑌𝑈
̅̅ ̅

𝑌𝑈
̅̅ ̅ + 𝐺𝑊 + 𝑗(𝐵𝐶 − 𝐵𝐿 )

= −𝐸𝐴
̅̅ ̅

𝑌𝑈
̅̅ ̅

𝑌𝑈
̅̅ ̅ + 𝑌𝑂

̅̅ ̅  (16) 

 

where 𝑌𝑈
̅̅ ̅ corresponds to the unbalance in fault location, 𝐺𝑊  

corresponds to the thermic component of 𝑌𝑂
̅̅ ̅, 𝐵𝐶 corresponds 

to the capacitive component of 𝑌𝑂
̅̅ ̅ and 𝐵𝐿 corresponds to the 

inductive component of 𝑌𝑂
̅̅ ̅. The summary of the equivalences 

is below: 

 

 𝑌𝑂
̅̅ ̅ = 𝐺𝑊 + 𝑗(𝐵𝐶 − 𝐵𝐿 )  (17) 

 𝑌𝑈
̅̅ ̅ = Δ𝐺 + 𝑗𝜔ΔC  (18) 

 𝐺𝑊 = 3𝐺 + 𝐺𝑃    (19) 

 𝐵𝐶 = 𝜔3𝐶   (20) 

 
𝐵𝐿 =

1

𝜔𝐿𝑃

   
(21) 

 

Figure 2 presents the equivalent circuit for equation (16) of 

the analysis of an earth fault with resonant grounding via the 
Petersen Coil. 
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Figure 2 – Single-Phase equivalent circuit for earth faults. 

 

This circuit is valid for single-phase to earth faults with low 

impedance and for electrical systems with a negligible 

unbalance between the fictious line capacitances. 

For perfect tuning or resonance, the magnitude of the 

inductive current created by the Petersen Coil must be equal to 

the magnitude of the total capacitive current of the entire 
downstream electrical network. So, from the equivalent circuit 

in Figure 2, perfect tuning is obtained if: 

 

 
𝐵𝐶 = 𝐵𝐿  ⇔  𝜔3𝐶 =

1

𝜔𝐿𝑃

  (22) 

 

Placing the inductance 𝐿𝑃 in evidence, one can obtain: 

 

 
𝐿𝑃 =

1

3𝜔2𝐶
  (23) 

 

This was the expression proposed by Petersen for the sizing 

of reactance in order to compensate the capacitive fault 

currents [8]. Also, from the previous considerations, it can be 

proved that the voltages in the healthy phases go to values 
close to phase-to-phase voltages during earth faults: 

 

 𝑈𝐵
̅̅̅̅ = 𝐸𝐵

̅̅̅̅ + 𝑈𝑁
̅̅ ̅̅ ,  (24) 

 𝑈𝐶
̅̅̅̅ = 𝐸𝐶

̅̅ ̅ + 𝑈𝑁
̅̅ ̅̅   (25) 

 

Neglecting any fault impedance, the neutral voltage can be 

approximated to the inverse of the faulted phase: 

 

 𝑈𝑁
̅̅ ̅̅ ≅ −𝐸𝐴

̅̅ ̅  (26) 

 

 Then, the current 𝐼�̅�, that is the circulating current in the 

neutral can be approximated to: 

 

 𝐼�̅� = 𝑈𝑁
̅̅ ̅̅  𝑌𝑃

̅̅̅ ≅ −𝐸𝐴
̅̅ ̅ 𝑌𝑃

̅̅̅ (27) 

 

The capacitive current is given by: 

 

 𝐼𝐶𝑎𝑝
̅̅ ̅̅̅ = 𝑗3𝜔𝐶𝐸𝐴𝑁 (28) 

 

The detuning factor 𝜈 indicates what is the level of 
compensation by the Petersen Coil. This factor corresponds to 

the ratio between the fault current 𝐼𝐷 and the capacitive 

current 𝐼𝐶𝑎𝑝 that appears during the fault: 

 

 
𝜈 =

𝐼𝐷

𝐼𝐶𝑎𝑝

=
𝐼𝐿𝑃

− 𝐼𝐶𝑎𝑝

𝐼𝐶𝑎𝑝

= 1 −
1

3𝜔2𝐿𝑃𝐶
 (29) 

 

Total compensation implies controlling the detuning factor 

to zero. Typically, full compensation is not utilized to avoid 

resonance problems, so the Coil is detuned to limit the fault 

current to a certain value, generally 40 A in MV grids [9]. 

The damping factor, 𝑑, is defined as the ratio between the 

active component of the residual fault current and the 

capacitive fault current [7]: 

 

 
𝑑 =

𝐼𝑊

𝐼𝐶𝑎𝑝

=
𝐺𝑊

3𝜔𝐶
 (30) 

 

and 𝐺𝑊  represents the resistive losses from all the resistive 

elements in the circuit, combined. The zero-sequence 
admittance calculated in (17) can be expressed depending of 

the tuning factor and the damping factor:  

 

 𝑌�̅� = 3𝜔𝐶(𝑑 + 𝑗𝜈) (31) 

 

Analysing Figure 2, the fault current 𝐼�̅� can be expressed 

by: 

 

 𝐼�̅� ≅ 𝑈𝑁
̅̅ ̅̅ ∙ 𝑌�̅� = 3𝐸𝐴𝑁𝜔𝐶(𝑑 + 𝑗𝜈) (32) 

 

The curve in Figure 3 shows the variation of the fault 

current with the detuning factor and the damping factor. 

The point of exact tuning will be the minimum of the curve, 

meaning the minimization of the fault current, leading to the 

creation of a good environment for auto-extinction of the 

electric arc. At this point, the fault current will be purely 

resistive, and given by: 

 

 𝐼�̅� = 𝐼𝐶𝑎𝑝
̅̅ ̅̅ ̅ − 𝐼𝐿𝑃

̅̅ ̅̅ = 3𝐸𝐴𝑁𝜔𝐺𝑊  (33) 

 

 
Figure 3 – Ratio of Fault Current to Capacitive Current [7]. 

 

Since it is not possible to compensate the resistive 

component of the fault, the inductive current expected to be 

injected in the neutral point is: 

 

 𝐼�̅� = −𝐼�̅� ∙ (1 + 𝑣) = 𝑗3𝜔𝐶𝑈𝑁(1 + 𝑣) (34) 

 

 TRANSIENT EARTH FAULT 

A system is said to be in a transient state when there is a 

sudden variation in its behaviour, lasting until a stable position 

is achieved. The transient component of the earth fault current 

can achieve initial magnitudes much higher than the observed 
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ones in steady state [10]. The initial transient stablished during 

a fault can be divided in three different components. The 

discharged transient is initiated when the voltage in the faulted 

phase drops and the stored charge in the fictitious capacitances 

to earth is removed. The frequencies of this component vary 
from 500 to 2500 Hz, however its magnitude represents only 5 

to 10% of the fault current.  

On the other hand, due to the voltage rise in the healthy 

phases, which can reach the line-to-line voltage value, another 

component, in this case a charge transient, is created [10]. By 

its name one can understand this transient is a result of the 

charge that the conductors in the healthy phases start to supply 

to balance the faulted phase that is not supplying the 

downstream load. These component frequencies are lower and 

may vary from 100 to 800 Hz. 

The charge transient component dominates the magnitude 

of the whole transient and typically has a duration of 1 cycle. 
Thus, the transient current magnitude can be estimated by the 

following model in Figure 4. 

(a)     

(b)      
Figure 4 – Model for the charge transient (a) and equivalent circuit 

(b). 

 

The angular frequency of the charge component not 

considering any damping factor is given by: 

 

 
𝜔𝑐 =

1

√𝐿𝑒𝑞𝐶𝑒𝑞

 (35) 

 

where, by the equivalent circuit, we have: 

 

 𝐿𝑒𝑞 = 1,5𝐿𝑇;                𝐶𝑒𝑞 = 2(𝐶 + 𝐶𝑀) (36) 

 

The variable 𝐿𝑇  represents the phase inductance of the 

substation transformer, 𝐶𝑀 is the mutual capacitance and 𝐶 is 

the earth-phase capacitance. Therefore, the damping factor is 
given by: 

 
𝜔𝑐 =

1

√3𝐿𝑇(𝐶 + 𝐶𝑀)
 (37) 

 

In case that the short-circuit occurs when the instant voltage 

in that phase is in its maximum magnitude, the transient 

current magnitude is given by the expression [10]: 

 

 
𝑖�̂� =

𝐶𝑒𝑞𝜔𝑐

3𝐶𝜔
𝐼�̂� (38) 

 

where 𝐼�̂� is the magnitude of the fault current not compensated 

in steady state. Therefore, the magnitude linearly depends on 

the frequency 𝜔𝑐  so, considering the values that it can take, 

the maximum current magnitude can be more than 15 times 

higher the fundamental frequency component of the non-

compensated fault current [5]. 

 ELECTRONIC PETERSEN COIL 

In Figure 5 the schematics of the new compensation system 

are represented, based on the Petersen Coil theory, performed 

using power electronics equipment. 

 
Figure 5 – Electronic Petersen Coil (EPC) System. 

 

Table 1 shows the parameters that will be considered for the 

sizing of the new compensation system for earth faults, using 
power electronics equipment [11] [12]. 

 
Table 1 – Sized parameters for the simulated invertor. 

DC side 

Voltage 𝑉𝐶𝐶 

540 V Filter Inductance 𝐿 1,10 𝑚H 

DC side 

Capacitor 𝐶𝐶𝐶 
4700 𝜇F Losses Resistance 𝑟𝐿 0,1 Ω 

Switching 

frequency 𝑓𝑐 

5150 Hz IGBT maximum 
current 𝐼𝑁𝐼𝐺𝐵𝑇

 
1400 A 

 

Besides sizing the controller parameters, the input reference 

current needs to be calculated. 

The reference current that should be in the primary side, 

i.e., imposed in the electrical grid is 𝐼𝑟𝑒𝑓𝑝
: 

 

 𝐼𝑟𝑒𝑓𝑝
̅̅ ̅̅ ̅̅ = −𝐼𝐶𝑇

̅̅ ̅̅ ∙ (1 + 𝑣) = 𝑗3𝜔𝐶𝑇𝑈𝑁(1 + 𝑣) (39) 

 

with 𝐶𝑇 as the total earth capacitance of the feeders. 

In the secondary side, the 𝐼𝑟𝑒𝑓𝑠
 current must be multiplied 

for the transformation relation of the coupling transformer. 

This current 𝐼𝑟𝑒𝑓 is going the be the reference current for the 

controller (secondary side of the CT), given by: 

 

 𝐼𝑟𝑒𝑓
̅̅ ̅̅ = 𝐼𝑟𝑒𝑓𝑠

̅̅ ̅̅ ̅ = 𝐼𝑟𝑒𝑓𝑝
̅̅ ̅̅ ̅ ∙ 𝑛 = 𝑗3𝜔𝐶𝑇𝑈𝑁 ∙ 𝑛(1 + 𝑣) (40) 

 

In Figure 6 is represented the schematics of the algorithm 

designed in Simulink to determine the imposed reference 
current to the inverter controller. 
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Figure 6 – Block diagram of the algorithm that calculates the 

reference current for the controller. 

 

This way, one can obtain the final expression for the 

reference current that will be injected in the current controller: 

 

 𝑖𝑟𝑒𝑓(𝑡) = 3𝜔𝐶𝑇𝑛(1 + 𝑣) ∙ 𝑈𝑚 sen(𝜔𝑡) (41) 

 

Figure 7 represents the block diagram of the controller for 

the inverter, a Linear Controller. 𝐼0 is the current that is 

injected in the secondary side of the CT during the earth fault 

in the MV system. The injected current and the reference 

current are both multiplied by the current sensor gain 𝛼𝑖 and 

the difference between them will be the error of current which 

is then applied to the compensator 𝐶(𝑠). This compensator 

produces a modulation wave 𝑢𝑐 that enters the modulator of 

the inverter. The injected current in the grid is then calculated 

by the output voltage in the inverter 𝑉0 and the grid circuit that 

it is connected to. 

With the new system, the connection of the inverter to the 
coupling transformer is made through an inductive filter, as 

the current 𝐼0 is given by Ohms Law calculated in the filter 

with an applied voltage of 𝑉0 − 𝑈𝑁 [11]. 

 

 
Figure 7 – Block diagram of the current controller of the EPC. 

 

Generally, the association between the modulator and the 

power converter can be represented by a transfer function 

𝐺𝐶(𝑠) with a 𝐾𝐷 gain and a delay 𝑇𝐷 , which is mathematically 

presented as: 

 
𝐺𝐶(𝑠) =

𝑉0(𝑠)

𝑢𝑐(𝑠)
=

𝐾𝐷

1 + 𝑠𝑇𝐷

   (42) 

 

in which 𝐾𝐷 depends upon voltage 𝑉𝐶𝐶  and the maximum 

voltage magnitude of the modulation wave (that will be 

considered equal to 1), given by: 

 
𝐾𝐷 =

𝑉𝐶𝐶

𝑢𝑐𝑚𝑎𝑥

 (43) 

 

Still in expression (42), it is considered that the delay 𝑇𝐷  in 

the response of the converter is equal to the average of the 

commutation of the switches period 𝑇𝑐: 

 

 
𝑇𝐷 =

𝑇𝑐

2
 (44) 

 

The compensator 𝐶(𝑠) is a proportional integral controller 

(PI), which has two components: one proportional to the 

current error; one proportional to the integral value of the 

current error. The proportional action pretends to eliminate 
signal oscillations at the output, generating an error offset 

(with the objective to maintain the error different from zero). 

The proportional integral action produces an output signal that 

is proportional to the magnitude and to the duration of the 

error, correcting the offset error generated by proportional 

action and accelerating system response.  

The objective of this controller is to ensure that the static 

error between the injected current and the reference current 

tends to zero, and it is represented by expression (45) [19]. 

 

 
𝐶(𝑠) =

𝑢𝑐(𝑠)

𝐼𝑟𝑒𝑓(𝑠) − 𝐼0(𝑠)
=

1 + 𝑠𝑇𝑍

𝑠𝑇𝑃

 (45) 

 

with 𝑇𝑍 being the zero of the function and 𝑇𝑃  is the function 

pole.  

For the sizing of 𝑇𝑍  it is considered that the compensator 

zero cancels the lower frequency pole introduced by the 

connection filter to the neutral of the grid [11]. To simplify the 

sizing of the controller an equivalent resistor 𝑅𝑁 in the neutral 

point is defined by: 

 
𝑅𝑁 =

𝑈𝑁

𝐼0

 (46) 

 

This way, the zero in (45) is determined by: 

 
𝑇𝑍 =

𝐿𝐿

𝑟𝐿 + 𝑅𝑁

 (47) 

 

in which 𝐿𝐿 represents the inductance of the connection filter 

and 𝑟𝐿  is the losses resistor associated to the filter, and in 

series with 𝑅𝑁, it supplies the total equivalent impedance at 

the output to the controller. 

The final equation for the compensator pole 𝑇𝑃  can be 

derived and given by (48). 

 
𝑇𝑃 =

2𝐾𝐷𝛼𝑖𝑇𝐷

𝑟𝐿 + 𝑅𝑁

 (48) 

 

 EARTH FAULT DETECTION ALGORITHM 

Using the neutral voltage, it is possible to determine the 
intervals in which there are earth-faults and the inverter is 

operating, thus providing additional information about the 

electrical grid. 

An algorithm was developed in Simulink, see Figure 8, that 

uses only the neutral voltage 𝑈𝑁 as his reference. Since the 

neutral voltage is approximately zero in normal operation and 

rises to the inverse of the phase voltage in defect (in an earth-

fault with the compensation system), this voltage is a robust 

indicator of the presence of an earth-fault. 

 

 
Figure 8 – Block diagram in Simulink for earth-fault detection. 
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 For the simulation of a fault at 40 milliseconds and 300 

milliseconds, both with 130 milliseconds of duration, it can be 

observed in Figure 9 that the fault intervals overlaps with the 

average of 𝑈𝑁
4 , with a fault being detected 3 milliseconds after 

the rise of the neutral voltage and the end of the fault being 

detected 23 milliseconds after the fall of the neutral voltage. 

This shows a good robustness of the algorithm. 

 

 
Figure 9 – Fault intervals obtained with the detection algorithm. 

 

 GRID SIZING 

The electrical system in simulation corresponds to a typical 

upstream power grid connected to a distribution substation in 
the 60 kV voltage level with 15 kV feeders. The feeders are 

considered all with inductive loads to facilitate the sizing. 

The electrical grid as a nominal frequency of 50 Hz, as used 

in Portugal. The upstream short-circuit current 𝐼𝑐𝑐 of 16 kA is 

considered [13]. The short-circuit apparent power 𝑆𝑐𝑐 is given 

by: 

 

 𝑆𝑐𝑐 = √3𝑈𝐻𝑉𝐼𝑐𝑐 (49) 

 

with 𝑈𝐻𝑉 as the nominal high voltage 60 kV. A X/R ratio of 

22 was assumed [1]. 

Considering the normative document for power 

transformers of Energias de Portugal (EDP) [14], a 31,5 MVA 

ONAF transformer was considered with 12,5% short-circuit 

voltage and group of connections YNd11. An ABB 

transformer was selected, its data is in Table 1. 

The results for the equivalent parameters of the power 

transformer can be found in Table 2. 

 
Table 2 – Sizing parameters for the HV/MV transformer in pu 

values. 

Primary coil Secondary coil Magnetization branch 

𝑅1 [pu] 𝑋1 [pu] 𝑅2 [pu] 𝑋2 [pu] 𝑅𝑚 [pu] 𝑋𝑚 [pu] 

0,00214 0,0625 0,00214 0,0625 1750 1064 

 

In Table 3 the line parameters that are used for sizing the 

feeders of the substation in the substations are summarized. 

 
Table 3 – Line Data for the 𝜋 model of the grid in study [15]. 

Line Rd 

[Ω/km] 

Rh 

[Ω/km] 

Ld 

[mH/km] 

Lh 

[mH/km] 

Cd 

[nF/km] 

Ch 

[nF/km] 

60 kV  0,113 0,396 0,883 3,092 46,671 13,335 

15 kV 0,445 1,557 0,960 3,360 42,749 12,214 

 

In Table 4 the parameters for the equivalent loads at the end of 

the feeders are summarized. 

 

 

 

Table 4 – Load Data to consider for the grid model in study. 

Number of 
feeders 

Feeder 
length 
[km] 

Power factor 

cos 𝜃 

Active 
Power P 
[MW] 

Reactive 
Power Q 
[Mvar] 

4 30 0,90 2,50 1,21 

4 35 0,85 3,00 1,86 

 

Since the power transformer in study is connected in 

YNd11, there is no accessible neutral point in the MV side. 

The EPC needs to be connected to the neutral, so an artificial 

neutral point needs to be created. For this situation, a zigzag 

transformer is used, as one can observe in Figure 10, and a 

neutral point is created [17] [18]. 

 

 
Figure 10 – Zigzag transformer connected to the MV grid to create 

the artificial neutral point. 

 

This zigzag transformer is also considered a limiting 

reactance which is sized to limit the fault current to 300 A if 

no compensation system is in place. In Table 5 the data 

considered in the simulations are summarized. 
 
Table 5 – Neutral Reactance data considered in the model of the grid. 

Power 𝑆𝑍𝑖𝑔 

[kVA] 

Resistance 

𝑅𝑚  [pu] 

Reactance 

𝑋𝑚 [pu] 

Resistance 

𝑅0 [Ω] 
Reactance 

𝑋0 [Ω] 
44 325,93 253,30 33,67 94,28 

 

 COMPUTATIONAL SIMULATIONS 

With MATLAB/Simulink software, a single-phase earth-fault 
was simulated 5 kilometres outside of the substation in the 

model of the distribution system. 

It was considered a transient fault long enough for the 

analysis, i.e. 130 milliseconds, starting at 40 milliseconds and 

ending at the 170 milliseconds mark of the simulation time. 

The first analysis is done for the response of the new system 

of the Electronic Petersen Coil to an earth-fault in one of the 

substation feeders. As explained before, the process to 

determine the reference current to impose into the controller 

passes by manipulate the measured neutral voltage. 

In Figure 11 one can observe the reference current provided 
to the controller and the correspondent output current of the 
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inverter that is injected in the neutral, this one responsible for 

the compensation of the capacitive fault current. 

For the simulations, a detuning factor of 𝑣 = −10 % is 

used, i.e., a tuning of 90% is assumed. This value is 
considered with the objective of obtaining results closer to a 

real operation of a Petersen Coil. As one can notice, the 

injected current is almost entirely overlapped with the 

reference current. 

 

 
Figure 11 – Reference current for the controller overlapped with the 
real injected current by the inverter in the secondary of the coupling 

transformer. 

 

Figure 12 shows the error of the current, i.e., the difference 

between the reference current given to the controller and the 

injected current by the inverter in the secondary side of the 

coupling transformer. 
Since the maximum value of the injected current is 

approximately 825 A, and the error of the current is 17 A, the 

relative error will be around 2% (≈ 17/825 × 100). Since 

this error of 2% is calculated in the secondary, so it will reflect 

in the primary 𝑛 times lower, with 𝑛 being the ratio of the 

coupling transformer, one can confirm this error is very low 

and the Proportional Integral Controller is robust. 

 

 
Figure 12 – Difference between the reference current and the 

injected current. 

 

Figure 13 shows the real current that is injected by the EPC 

between the artificial neutral point created by the zigzag coil 

and the earth. It can also be observed the compensated fault 

current and the capacitive fault current without compensation, 

i.e., if the system was isolated. 

The overlap of the injected current with the fault current 

with isolated system (capacitive) serves to visualize the phase 

opposition, proving that the injected current is inductive. 

In the primary side the current will be 26 times lower due to 

the ratio of the coupling transformer, i.e., 825/26 ≈ 32 A, as 

proven in the results. It is also important to refer the 

instantaneous reaction of the control system in detecting the 

fault and injecting the inductive current for its compensation. 

 

 
Figure 13 – Injected current by EPC, capacitive fault current 
(isolated system) and fault current compensated by the EPC. 

 

In Figure 14 one can observe in detail the compensated fault 

current for an earth fault with 0 Ω and 400 Ω fault resistance. 

With the compensation, the fault current is decreased to 5 A 

from 40 A, making it possible for auto extinction of the fault 

according the IEC 60071 standard, that considers it possible if 

the current is lower than 65 A for compensated systems [20]. 

In the same figure, as expected, the 400 Ω fault resistance 
provides enough damping to the fault current, removing most 

of the initial peak current to only 30 A, from the 180 A with 

the bolted fault simulation. The high frequency in the transient 

is also decreased substantially. 

 

 
Figure 14 – Fault current compensated by the EPC for a bolted fault 

and a fault with 400 Ω of resistance. 

 

In Figure 15 one can observe the phase-to-phase voltages in 

the MV grid, during and after the simulation of an earth fault 

with grounding via the new compensation system with EPC. 

By analysing the results, it can be seen clearly, that 

choosing to compensate the fault current helps maintaining the 

phase-to-phase voltages very stable during the fault, 

undoubtedly inside the 10 % positive or negative variation 

allowed by the energy distributer to maintain Continuity of 
Service and the quality of the voltage waveform. This is 

possible if the fault is only happening between one phase and 

the earth. 

 

 
Figure 15 – Phase-to-phase voltages in MV grid with grounding via 

EPC. 
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In Figure 16 the results for the single-phase voltages and the 

neutral voltage in response to an earth fault can be observed 

when grounding with EPC. 

The voltage in the faulted phase gets near zero during the 

fault. At the same time, the voltages in the healthy phases are 
destabilized, going to the value of the phase-to-phase voltages, 

or approximately 1,73 times the nominal voltage. For this 

reason, when a substation is designed, if the neutral system 

provokes a rise in the voltages during a fault, all the 

equipment and conductors should be sized to support safely 

the possible over voltages. If not, it can result in insulator 

contours and other damages. 

 On the other side, the slow rise of the voltage, in the faulted 

phase after the fault is cleared, is the property that explains 

why the range of self-extinguishing fault current is higher than 

any other type of grounding. 

 

 
Figure 16 – Response of single-phase MV voltages and neutral 
voltage to an earth-fault when grounding the grid with the EPC. 

 

In Table 6 one can find the summarized magnitudes of the 
most important variable to take into account for the 

comparison of behaviour of the grid depending on the 

grounding system. The results were entirely obtained via the 

simulations in Simulink. 

 By analysing the results, in can be verified that, except for 

the direct grounding, in an earth fault, the voltages in the 

healthy phases suffer high over voltages. This way, as said 

before, the sizing of the elements of the grid in these situations 

should be taken into consideration. 

 
Table 6 – Comparison of grid measured values for an earth fault with 

different grounding systems. 

Type of 

Grounding 

Fault 

current 

Voltage 

healthy 

phases 

Neutral 

Voltage 

Guaranteed 

self-

extinguishing? 

Electronic 

Petersen Coil 

5 A 1,73 pu −𝐸𝑎 Yes 

Isolated 37 A  < 2 pu −𝐸𝑎 No 

Limiting 
Reactance 

278 A 1,73 pu −𝐸𝑎 No 

Direct to earth 1650 A 1 pu Null No 

 

 

The particular characteristic that most differentiates the 

Isolated Neutral grounding from the new solution with EPC, is 

that with the isolated neutral, the neutral voltage, after the 

extinction of the fault current, has nowhere for damping, 

keeping itself with an almost constant value even after this 

extinction. This residual capacitive load, responsible for the 

remaining neutral voltage, ends up being discharged through 

the primary of the voltage transformers and other parasitic 

conductances. On the contrary, the Petersen Coil is not fully 

tuned for the compensation of the fault, so there is no total 

compensation and it does not enter in resonance, which would 
make the behaviour of the voltages unpredictable, especially at 

the end of the fault. 

In addition to the behaviour of the voltages with the 

compensation system being more predictable and more 

appreciated from the point of view of restoring the normal 

functioning of the electrical network, the current 

compensation is the most important factor of this solution, 

since it allows continuity of service in the presence of a phase-

to-earth fault. 

The advantage of the neutral regime with Limiting 

Reactance is the good behaviour of the voltages when the fault 

ends and the current limitation to values easily visible by the 
protective equipment. However, it does not allow faults to be 

self-extinguished. 

With the use of Direct Grounding, the faults that occur on 

the medium voltage side will have very high fault currents, in 

the order of magnitude of faults between phases, so fault 

detection will be quite easy and quick for maximum intensity 

protections. 

The consequence is that, any fault in the medium voltage 

will also affect the 60 kV side, degrading the quality of the 

voltage wave at that level, which will affect the entire 60 kV 

network, being more serious the closer it is to the point of 
fault. At medium voltage there will be no overvoltage 

problems in the healthy phases in case of earth fault, but the 

current that will circulate in the underground cable sheath will 

be very high. 

 EXPERIMENTAL IMPLEMENTATION 

The electrical system and the compensation equipment 

setup tested in laboratory can be observed in Figure 17. The 

control system for the single-phase voltage inverter was 
implemented via dSPACE MicroLabBox as an interface for the 

program developed in Simulink. 

 

 
Figure 17 – Experimental setup. 

 

  

                
   

   

 

  

  

 
 
  
 
 
 
  
 
 
 

 
 

 
 

 
 

                

        

   

   

 

  

  

 
 
  
 
 
 
  
 
 
 

 
 



9 

 

Table 7 contains the data for the electrical network in 

testing. Capacitors C1, C2, C3 represent the equivalent 

capacitances of an overhead line. The resistances represent the 

loads at the extremity of the line. Data of coil ratios and power 

of the transformers is also available. 
In regards to the compensation system, the inductances L1 

and L2 represent the filter for the connection of the inverter to 

the electrical system and are connected in series. 

It is considered a detuning factor of -10%, i.e. a 90% 

compensation of the fault current is expected. 

 
Table 7 – Parameters of the electrical system tested in laboratory. 

Power 

Transformer 

PT Power Voltage in 

“MV” Side 

Coupling 

Transformer 

CT Power 

400/133 V 2 kVA 44 V 230/174 V 1 kVA 

Resistive 

Loads 

Capacitance 

C1 

Capacitance 

C2 

Capacitance 

C3 

Fault 

Resistance 

600 Ω 15,67 𝜇F 14,72 𝜇F 13,61 𝜇F 5 Ω 

Filter L1 Filter L2 Detuning 

Factor 

Switching 

Frequency 

DC Side 

Voltage 

14,59 𝑚H 14,92 𝑚H -0,10 5150 Hz 40 𝑉𝐶𝐶  

 

Figure 18 shows the response of phase voltages and neutral 

voltage to an earth fault with an isolated system. It can be seen 

easily that the neutral voltage rises to the inverse of the faulted 

phase and the voltages of the healthy phases go to the phase-
to-phase voltage. When the fault is eliminated, the expected is 

verified, i.e., the neutral retains the instantaneous voltage at 

that moment and the voltage does not find any point to damp 

itself. 

 

 
Figure 18 – Waveform of the voltages in the presence of an earth 

fault in phase A in an isolated system. (Yellow): Phase A voltage (20 
V/div); (Violet): Phase B voltage (20 V/div); (Blue): Phase C voltage 

(20 V/div); (Green): Neutral Voltage (20 V/div). Time scale: 𝑡 (50 

𝑚s/div). 

 

Figure 19 shows the response of phase voltages and neutral 

voltage to a single-phase to earth short circuit with the 

application of the new system of compensation. It can be seen 

easily that the neutral voltage rises to the inverse of the faulted 

phase and the voltages of the healthy phases go to the phase-

to-phase voltage. 

When the fault is eliminated, the expected is verified, i.e., 

the neutral voltage goes to zero rapidly. In the same way, the 

phase voltages return to the nominal rapidly but with a stable 
increasing or decreasing depending on the phase. This 

behaviour avoids high transients that can lead to the reignition 

of the electric arc. 

 

 (a)     (b)  

 (c)     (d)  
Figure 19 – Waveform of the voltages in the presence of an earth 

fault in phase A with compensation. (Yellow): Phase A voltage (20 
V/div); (Violet): Phase B voltage (20 V/div); (Blue): Phase C voltage 

(20 V/div); (Green): Neutral Voltage (20 V/div). Time scale: (a) 

𝑡 (100 𝑚s/div); (b) 𝑡 (50 𝑚s/div); (c) 𝑡 (10 𝑚s/div); (d) 𝑡 (25 

𝑚s/div). 

 

In Figure 20 the compensated fault current via the 

Electronic Petersen Coil can be observed (Violet) by the 

injection of the compensation current in the neutral (Blue). By 

comparison, in d) is presented the fault current with the system 
isolated. 

As one can verify, there is a reduction of nearly 72% of the 

fault current with the compensated system when comparing 

with the isolated system for the same electric system tested in 

the laboratory, see Table 8. This value is in line with the 

simulations in Simulink in which a reduction of about 80% 

was achieved. However, if the voltages used for the testing 

were higher, better results would be expected, and possible 

much similar to the simulated ones. 

 
Table 8 – Peak currents values of the bolted fault currents. 

Grounding System Fault Current Peak Value 

Electronic Petersen Coil 0,20 A 

Isolated 0,70 A 

 

 (a)     (b)  

 (c)     (d)  
Figure 20 – Waveform of the most relevant currents: (a) / (b) / (c) 

(Violet): Compensated fault current (0,2 A/div); (Blue): Injected 

current by the inverter (0,5 A/div). (a) Time scale: 𝑡 (25 𝑚s/div); (b) 

Time scale: 𝑡 (5 𝑚s/div); (c) Time scale: 𝑡 (50 𝑚s/div). (d) (Violet): 

Fault current in isolated system (0,2 A/div), Time scale 𝑡 (50 𝑚s/div). 
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 CONCLUSIONS 

The objective of this thesis was to develop a new 

compensation system based on the Petersen Coil, able to 

compensate the earth-fault capacitive currents in an electrical 

system. This new system uses power electronics, namely the 

voltage source inverter to inject an inductive current in the 

neutral of the substation to replace the more difficult 

controllable electromechanics in the classic Petersen Coil. 

The theoretical background was developed to determine the 

equations for the expected fault current and the corresponding 

neutral voltage in order to compute the current to inject during 

an earth-fault. Also, an extensive research was made to create 

a model for an electrical grid closest to reality. 
Results were obtain using Linear Controllers. It was chosen 

the Proportional Integral Linear Controller with 3 level PWM 

modulation capable of, through measuring the neutral voltage 

in the electrical grid, to calculate the reference current to be 

injected in the neutral point of the substation to compensate 

the capacitive earth-faults. 

Through the computational simulations in Simulink, 

comparative results for the same grid model with grounding 

via the new system versus isolated system, solid grounding 

and grounding via current limiter reactance were obtained. 

Depending on the necessity of the energy supplier, i.e. 
continuity of service or fast fault elimination, different 

grounding systems can be adapted, thus making it important to 

assess the different options. 

It was also developed an algorithm capable to detect earth 

faults using the measuring of the neutral voltage when the new 

system of compensation is used. 

In the laboratory of Electrical Machines of Instituto 

Superior Técnico, an experimental work was conducted to 

validate the new earth-fault compensation system, and a 

comparison between this system and the isolated neutral was 

assessed.  

With this new system based on the Petersen Coil, the earth 
fault current is reduced to very low values, so the algorithm 

created to detect the faults can be a redundancy to the 

detection of faults in the electrical system. 

The main recommendation of this work is to implement 

more grounding systems that are capable of compensate 

single-phase earth faults when there is a necessity for 

continuity of service during the fault. These systems reduce 

the fault current and maintains stable voltages.  

 FUTURE WORK 

For future research, it will be interesting to study and 

investigate a method to find automatically the resonant point 

and use it to provide that information to the Electronic 

Petersen Coil for better compensation, without previously 

knowing the total capacitance to earth of the grid. The 

algorithm should maintain a fast compensation response when 

a fault is detected.  

To improve the quality and reliability of the results, this 

new system also needs to be tested in a laboratory able to test 

for higher voltages. 
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