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Abstract: Settings of protection are essential to ensure the sensitivity and selectivity needed to detect
defects. Making the correct settings requires the calculation of the fault currents with as little error as
possible. Fault currents are influenced by the parameters of the electrical networks, including the
state of the insulation and the Petersen coil, which changes during their operation electrical networks.
This paper analyzes how the insulation parameters of medium voltage power lines, the parameters
of the Petersen coil used to treat the neutral of the medium voltage electrical network and the value
of the resistance at the fault location influence the fault current in the case of a single-phase fault. The
large number of single-phase faults that occur in medium voltage electrical networks justifies this
analysis. The symmetrical components method was used to calculate the fault current. The results
obtained by calculation were verified experimentally by causing a single-phase-to-ground fault in a
real medium voltage network. The paper presents the situations in which the analytical calculation
of the single-phase-to-ground fault current can lead to inadmissibly large errors, even over 50%, but
also the situations in which the errors fall below 3%.

Keywords: single-phase-to-ground fault; fault current; resonant grounded system; symmetrical
components; insulation of electrical networks

1. Introduction

Single-phase-to-ground faults are most commonly encountered in the operation of
medium voltage electrical networks [1–3], which is why it is necessary to develop protec-
tion systems that allow for the selective detection of these faults [4–11]. For the correct
adjustment of the protective relays, it is important that the analytical determination of
the single-phase-to-ground fault current is made with the best possible accuracy. In the
analysis of the protective relay settings, it must be taken into account that in the case of
medium voltage networks with a resonant ground system, the current intensity values
when the fault is single phase are low, which is the reason why unbalanced three-phase
loads can significantly influence the value of these currents [5,6,12–19]. Ensuring the reso-
nance regime of medium voltage networks with a resonant ground system requires the
need to make coils with controllable parameters [20–22] which can be changed depending
on the characteristics of the medium voltage network. The high-precision determination of
the single-phase fault current requires the knowledge of how various parameters specific
to medium voltage electrical networks influence the fault current as a complex quantity
(effective value and phase). This paper analyzes the influence of the insulation state of
medium voltage networks, and particularly, the characteristics of the Petersen coil on the
single-phase-to-ground fault current. In the literature it is usually considered that the
Petersen coil is ideal (the electrical resistance of the coil is zero) and the network insulation
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is perfect (the electrical resistance of the insulation is infinite). The mathematical model for
calculating the single-phase fault current is presented in the literature, but the insulation
of the medium voltage network is usually considered to be ideal, i.e., the losses of active
power in the insulation are neglected, and in the equivalent scheme it is considered that
the electrical resistance of the insulation (Riz) has infinite value. It is also considered that
the Petersen coil is ideal, i.e., in the equivalent scheme of the coil only its reactance occurs,
and that the electrical resistance (RPC) equivalent to the coil has the value zero. The paper
shows that accepting these simplifications using the mathematical model to calculate the
single-phase fault current can lead to unacceptable errors. Very large errors can be made
even if the Riz and RPC parameters are not neglected in the mathematical model, but the
values considered for them are far from reality. As a result, the phase angle between the
current through the Petersen coil (iPC) and its voltage (uPC) is less than 90◦. The phase
difference between the voltage uPC and the current iPC is denoted by ϕPC. Thus, in the
equivalent scheme the coil also intervenes in the electrical resistance, and not only the
inductive reactance. Furthermore, the capacitive current of the medium voltage network
(ic) has an active component, which causes an electrical resistance to intervene in the
equivalent scheme in parallel with the capacitive reactance. The phase difference between
the zero-sequence voltage of the medium voltage bus bars in the transformer substation
(u0) and the total capacitive current of electrical networks must be less than 90◦. The
phase difference between the zero-sequence voltage of the medium voltage bus bars in
the transformer substation (u0) and the total capacitive current of electrical networks is
denoted by ϕc. In the paper, it is considered that these phase angles vary in the range
[83◦–90◦]. This paper also analyzes the influence of the resistance at the fault location Rt on
the single-phase fault current. For this parameter, the values 8 Ω, 100 Ω, 268 Ω, 575 Ω and
1100 Ω were considered.

The analytical results were verified experimentally in a real medium voltage network
by causing single-phase-to-ground faults. The 20 kV electrical network in which the
experimental determinations were performed is in the city of Calan in the Hunedoara
region of Romania. Figure 1 shows the diagram of the medium voltage network in which
the single-phase fault was analyzed. Single-phase faults were caused in the same medium
voltage network to verify the results obtained using the analytical model for the calculation
of the fault current in the case of the single-phase fault. The notations used in the scheme
in Figure 1 have the following meanings:

• T1 and T2 power transformers with apparent powers 10 MVA and 16 MVA, respec-
tively, and voltages of 110/20 kV. Transformer T1 is not connected to bus bar 1 (this
results from Figure 1), so it does not influence the fault;

• NUT utility transformer of 20/0.4 kV having the connection of the primary winding
in a zig-zag, and which is used to achieve the artificial neutral. The nominal apparent
power is 1200/250 kVA (NUT has different apparent powers for the primary and
secondary winding, because the 20 kV winding of the transformer is also used to
create the null point of the 20 kV grid, to which the Petersen coil is connected, and
the apparent power of the primary winding is higher than of the secondary winding.
This solution is used in most 110/20 kV substations in Romania.);

• UT—utility transformer, at 20/0.4 kV with an apparent power of 250 kVA;
• L1—the 20 kV line on which the single-phase fault occurs, having practically zero

capacitive current, with the fault being caused in the line cell, and the line separa-
tor open;

• L2—the 20 kV line whose capacitive current is 6.9 A and is out of phase before the
zero-sequence voltage by 75◦ (1.31 radians);

• L3—the 20 kV line whose capacitive current is 20.5 A and is out of phase before the
zero-sequence voltage by 88◦ (1.54 radians);

• L4—the 20 kV line whose capacitive current is 21.1 A, and is out of phase before the
zero-sequence voltage by 86◦ (1.5 radians);

• Rt—the resistance at the fault location;
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• BCS—the bus coupler switch;
• MG1—the measuring group of bus bar system 1;
• MG2—the measuring group of bus bar system 2.
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Figure 1. The scheme of the substation and the medium voltage electrical network.

The method of symmetrical components was used to calculate the single-phase fault
current. The use of the symmetrical components method assumes that the quantities have
sinusoidal variation over time, so the aperiodic component that intervenes in the fault
current is assumed to be amortized. This simplification is accepted in the literature [23–25].

2. The Mathematical Model for the Analysis of a Single-Phase-to-Ground Fault

Figure 2 shows an asymmetric three-phase element in which U1, U2 and U3 are the
phase voltages represented in the complex, I1, I2 and I3 are the phase currents repre-
sented in the complex, and Z1, Z2 and Z3 are the phase impedances represented in the
complex. The sequence voltages as a function of the phase voltages are expressed by the
relations [23–25],

U0 = Z1+Z2+Z3
3 I0 + Z1+a2 ∗ Z2+ a ∗ Z3

3 I+ + Z1+ a ∗ Z2+ a2∗ Z3
3 I−

U+ = Z1+ a ∗ Z2+ a2∗ Z3
3 I0 + Z1+ Z2+ Z3

3 I+ + Z1+ a2∗ Z2+ a ∗ Z3
3 I−

U− = Z1+ a2∗ Z2+ a ∗ Z3
3 I0 + Z1+ a ∗ Z2+ a2∗ Z3

3 I+ + Z1+ Z2+ Z3
3 I− .

(1)
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In the particular case where the three-phase element is balanced (Z1 = Z2 = Z3 = Z)
the relations (1) become,

U0 =
Z1 + Z2 + Z3

3
I0. U+ =

Z1 + Z2 + Z3
3

I+. U− =
Z1 + Z2 + Z3

3
I−. (2)

Relationships (2) show that in the case of a balanced three-phase element, the sequence
schemes become independent.

The fault current in the case of a single-phase fault is calculated by applying the
Thévenin theorem. Since the calculation of the parameters of the Thévenin generator
is done with it operating without load, it results that the parameters of the Thévenin
generator are determined in the absence of the single-phase fault. Considering that the
phase parameters of the medium voltage network constitute a balanced three-phase circuit,
the sequence schemes are independent. If the single-phase fault is on phase 1, the currents
of phase 2 and 3 are zero, i.e., the following relations are satisfied,

I2 = I0 + a2∗I+ + a ∗ I− = 0
I3 = I0 + a ∗ I+ + a2∗I− = 0.

(3)

It follows from relations (3) that the sequence components of the currents in the case
of a single-phase fault satisfy the relation.

From relation (4) it results that the sequence schemes, in the case of a single-phase
defect, are connected in series (Figure 3).

I0 = I+ = I− (4)
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The significance of the sizes in Figure 3 is as follows: U+
e —the plus-sequence compo-

nents of the three-phase voltages system at the fault site before the fault occurs; U+—the
plus-sequence voltage at the fault location; U−—the minus-sequence voltage at fault loca-
tion; U0—the zero-sequence voltage at the fault location; I+—the plus-sequence current
at fault location; I−—the minus-sequence current at fault location; I0—the zero-sequence
current at the fault location; Z+—the plus-sequence impedance of the passivated cir-
cuit seen from the fault location (positive-sequence network); Z−—the minus-sequence
impedance of the passivated circuit seen from the fault location (negative-sequence net-
work); Z0—the zero-sequence impedance of the passivated circuit seen from the fault
location (zero-sequence network).

From the scheme shown in Figure 3 for the sequence currents, the following rela-
tion results,

I0 = I+ = I− =
U+

e

Z+ + Z− + Z0 + 3 ∗ Rt
. (5)

Respectively, the single-phase fault current is expressed by the relation,

I f c = I0 + I+ + I− = 3 ∗ U+
e

Z+ + Z− + Z0 + 3 ∗ Rt
. (6)
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If it is accepted that the three-phase system of phase voltages at the fault location,
before the fault occurs, is symmetrically the minus- and zero-sequence components of the
Thévenin generator, and the voltages become zero, the current at the fault location can be
expressed by the relation,

I f c = 3 ∗ U+
e

Z+ + Z− + Z0 + 3 ∗ Rt
. (7)

3. Computing of Single-Phase-to-Ground Fault Current

For the calculation of the single-phase fault current it is considered that, in the 20 kV
network of the diagram in Figure 1, a single-phase defect occurs at the beginning of line
L1 (point K in Figure 1). The sequence schemes corresponding to this defect are shown in
Figure 4.

Energies 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

circuit seen from the fault location (positive-sequence network); 𝑍−—the minus-sequence 

impedance of the passivated circuit seen from the fault location (negative-sequence net-

work); 𝑍0—the zero-sequence impedance of the passivated circuit seen from the fault lo-

cation (zero-sequence network).  

From the scheme shown in Figure 3 for the sequence currents, the following relation 

results, 

I0 = I+ = I− =
Ue

+

Z+ + Z− + Z0 + 3 ∗ 𝑅𝑡

 . (5) 

Respectively, the single-phase fault current is expressed by the relation, 

Ifc = I0 + I+ + I− = 3 ∗
Ue

+

Z+ + Z− + Z0 + 3 ∗ 𝑅𝑡

 . (6) 

If it is accepted that the three-phase system of phase voltages at the fault location, 

before the fault occurs, is symmetrically the minus- and zero-sequence components of the 

Thévenin generator, and the voltages become zero, the current at the fault location can be 

expressed by the relation, 

Ifc = 3 ∗
Ue

+

Z+ + Z− + Z0 + 3 ∗ 𝑅𝑡

 . (7) 

3. Computing of Single-Phase-to-Ground Fault Current 

For the calculation of the single-phase fault current it is considered that, in the 20 kV 

network of the diagram in Figure 1, a single-phase defect occurs at the beginning of line 

L1 (point K in Figure 1). The sequence schemes corresponding to this defect are shown in 

Figure 4.  

 

Figure 4. Equivalent sequence scheme for the single-phase fault in the 20 kV line. 

The parameters involved in the scheme diagram in Figure 4 have the following mean-

ings: 

 𝑈𝑝ℎ —the electromotive forces of Thévenin equivalent generators, of the plus se-

quence and of the network of 20 kV as seen from the place of fault (the phase voltage 

of the faulty phase before causing the fault); 

 𝑍𝑇2
+ —the plus-sequence impedance of the transformer T2 in Figure 1; 

 𝑍𝑇2
− —the minus-sequence impedance of the transformer T2 in Figure 1; 

 𝑍𝐿1
+ —the plus-sequence impedance from the substation bars to the fault location of 

the fault line (L1 in Figure 1); 

 𝑍𝐿1
− —the minus-sequence impedance from the substation bars to the fault location of 

the fault line (L1 in Figure 1); 

 𝑍𝐿1
0 —the zero-sequence impedance from the substation bars to the fault location of 

the fault line (L1 in Figure 1); 

Figure 4. Equivalent sequence scheme for the single-phase fault in the 20 kV line.

The parameters involved in the scheme diagram in Figure 4 have the following meanings:

• Uph—the electromotive forces of Thévenin equivalent generators, of the plus sequence
and of the network of 20 kV as seen from the place of fault (the phase voltage of the
faulty phase before causing the fault);

• Z+
T2—the plus-sequence impedance of the transformer T2 in Figure 1;

• Z−T2—the minus-sequence impedance of the transformer T2 in Figure 1;
• Z+

L1—the plus-sequence impedance from the substation bars to the fault location of
the fault line (L1 in Figure 1);

• Z−L1—the minus-sequence impedance from the substation bars to the fault location of
the fault line (L1 in Figure 1);

• Z0
L1—the zero-sequence impedance from the substation bars to the fault location of

the fault line (L1 in Figure 1);
• Z+

NUT—the plus-sequence impedance of the own service transformer used to achieve
the artificial neutral of the 20 kV network (transformer NUT in Figure 1);

• Z−NUT—the minus-sequence impedance of the own service transformer used to achieve
the artificial neutral of the 20 kV network (transformer NUT in Figure 1);

• Z0
NUT—the zero-sequence impedance of the own service transformer used to achieve

the artificial neutral of the 20 kV network (transformer NUT in Figure 1);
• ZPC—the impedance of the Petersen coil;
• X0

c —the zero-sequence capacitive reactance of the electrical network with voltage
20 kV;

• Rin—the equivalent electrical resistance corresponding to active power losses in the
insulation of the electrical network with a voltage of 20 kV;

• Rt—the resistance at the fault location.

In the scheme in Figure 4, the plus-sequence and minus-sequence impedances of
own service transformer (UT in Figure 1) were neglected because they had values much
higher than the zero-sequence impedance (Table 1). Additionally, the ground impedances
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(transverse impedances) on the plus and minus sequences of the 20 kV network were
neglected because they had much higher values than the longitudinal ones.

Table 1. The values of the sequence impedances of the elements in the scheme shown in Figure 1.

Name of Electrical Equipment Z
—

+ [Ω] Z
—
− [Ω] Z

—
0 [Ω]

T2 (Y0/∆) 0.18 + j3.1 0.18 + j3.1 ∞
NPT(Z0/Y0) 2.91 + j752 2.91 + j752 2.78 + j8.34

20 kV lines [Ω/km] 0.52 + j0.9 0.52 + j0.9 0.57 + j2.7
Petersen coil j254.9 j254.9 j764.7

Given the relation (7), the current at the fault (Ifc) place is computing with the relation,

I f c =
3 ∗ Uph

Z+
T2 + Z+

L1 + Z−T2 + Z−L1 + Z0
L1 + 3 ∗ Rt +

( Z0
NPT+3 ∗ ZPC)∗

(
Riz(−j∗X0

c
Riz−j∗X0

c

)
Z0

NPT+3 ∗ ZPC+
Riz(−j∗X0

c
Riz−j∗X0

c

. (8)

The values of the sequence impedances of the electrical equipment from the scheme
in Figure 1 are presented in Tables 1 and 2.

Table 2. The parameters of the 20 kV network without fault lines were determined experimentally.

20 kV Line ϕ
′
c[◦]

Capacitive Current (Riz)
[Ω]

Xc
0

[Ω]Active [A] Reactive [A]

L2 75◦ 1.79 6.66 20,997 5643
L3 88◦ 0.72 20.5 52,202 1833
L4 86◦ 1.47 21.05 25,568 1786
Total 85.3◦ 3.98 48.21 9444 779.6

In Table 2, ϕ′c represents the phase difference between the zero-sequence voltage of
the transformer substation bars and the capacitive current of the without fault line (L2, L3
and L4 in Figure 1).

The single-phase-to-ground fault was considered to occur at the beginning of line L1,
in the cell of the line in the transformer station. Because of this, the plus-sequence and
minus-sequence impedances of the L1 line in relation (8) had values equal to zero. The
phase shift angle between the zero-sequence voltage of the substation bars and the total
capacitive current of the 20 kV network was denoted by ϕc.

From the measurements made in the real 20 kV network, it resulted that the phase
shift between the total capacitive current (ic) of the 20 kV network and the zero-sequence
voltage (u0) of the 20 kV bars in the transformer station was 85.3◦, and the phase shift
between the current through the compensation coil and the zero-sequence voltage of the
20 kV bars in the transformer station was 86.6◦.

The values of the phase electrical resistance to earth of the zero-sequence capacitive
reactance, if the phase shift values were between u0 and ic, were 86◦, 87◦, 88◦, 89◦and 90◦,
respectively, which are presented in Table 3.

Table 4 shows the values of the Petersen coil parameters as a function of the phase
shift between the coil voltage and the current through the coil, RPC, which represents the
resistance of the Petersen coils, and XPC, which represents the reactance of the Petersen coil.

The module in which the insulation characteristics of the 20 kV network, the charac-
teristics of the Petersen coil and the value of the switching resistance at the fault location
influence the value of the fault current, when the 20 kV network operates in resonance
regime, was analyzed. The results obtained are presented in Tables 5–10. The calculation of
the fault current was performed considering that the three-phase system of phase voltages,
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in the absence of the fault, is symmetrical. In this situation U+
e = Uph, and U−e , respectively

U0
e are equal to zero.

Table 3. The values of the insulation parameters of the electrical network 20 kV.

Order
Number

ϕc
[◦]

Capacitive Current Riz
[Ω]

Xc
0

[Ω]Active [A] Reactive [A]

1 86◦ 3.37 48.26 11,153 778.8
2 87◦ 2.53 48.31 14,857 778.1
3 88◦ 1.67 48.34 22,507 777.6
4 89◦ 0.84 48.36 44,747 777.2
5 90◦ 0 48.37 ∞ 777.1

Table 4. Petersen coil parameters depending on the phase shift between uPC and iPC.

Order Number ϕPC [◦] RPC [Ω] XPC [Ω]

1 90◦ 0 276.6
2 89◦ 4.83 276.5
3 88◦ 9.65 276.4
4 87◦ 14.48 276.2
5 86◦ 19.29 275.9
6 85◦ 24.1 275.5
7 84◦ 28.91 275.1
8 83◦ 33.71 274.5

Table 5. Effective value of the fault current depending on ϕPC, when ϕc = 85.3◦ (experimentally
determined angle value ϕc in the real network 20 kV).

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 5.32 4.95 4.93 4.48 3.86
2 89◦ 5.94 5.50 5.43 4.87 4.12
3 88◦ 6.61 6.08 5.96 5.27 4.38
4 87◦ 7.31 6.69 6.49 5.67 4.64
5 86◦ 8.03 7.39 7.04 6.07 4.89
6 85◦ 8.77 7.94 7.58 6.46 5.13
7 84◦ 9.52 8.57 8.11 6.76 5.36
8 83◦ 10.27 9.20 8.64 7.21 5.58

Table 6. Effective value of the fault current depending on ϕPC, when ϕc = 86◦.

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 4.86 4.82 4.60 4.23 3.69
2 89◦ 5.46 5.36 5.07 4.60 3.93
3 88◦ 6.11 5.95 5.57 4.98 4.19
4 87◦ 6.79 6.56 6.09 5.37 4.45
5 86◦ 7.50 7.19 6.62 5.76 4.70
6 85◦ 8.23 7.83 7.15 6.15 4.94
7 84◦ 8.97 8.48 7.68 6.53 5.17
8 83◦ 9.73 9.13 8.20 6.89 5.39
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Table 7. Effective value of the fault current depending on ϕPC, when ϕc = 87◦.

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 4.30 4.32 4.17 3.90 3.47
2 89◦ 4.83 4.81 4.59 4.22 3.69
3 88◦ 5.43 5.35 5.07 4.60 3.94
4 87◦ 6.09 5.94 5.57 4.98 4.20
5 86◦ 6.77 6.56 6.09 5.38 4.46
6 85◦ 7.49 7.19 6.62 5.77 4.71
7 84◦ 8.22 7.83 7.15 6.16 4.95
8 83◦ 8.96 8.48 7.68 6.53 5.18

Table 8. Effective value of the fault current depending on ϕPC, when ϕc = 88◦.

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 3.97 3.92 3.82 3.63 3.31
2 89◦ 4.39 4.30 4.15 3.89 3.47
3 88◦ 4.91 4.79 4.56 4.22 3.69
4 87◦ 5.50 5.34 5.06 4.59 3.94
5 86◦ 6.14 5.92 5.56 4.98 4.20
6 85◦ 6.81 6.54 6.08 5.37 4.46
7 84◦ 7.51 7.17 6.61 5.77 4.71
8 83◦ 8.23 7.71 7.14 6.15 4.95

Table 9. Effective value of the fault current depending on ϕPC, when ϕc = 89◦.

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 3.67 3.66 3.60 3.49 3.26
2 89◦ 3.97 3.92 3.82 3.64 3.32
3 88◦ 4.40 4.32 4.17 3.90 3.49
4 87◦ 4.92 4.80 4.59 4.24 3.71
5 86◦ 5.51 5.35 5.07 4.61 3.96
6 85◦ 6.15 5.93 5.57 4.99 4.21
7 84◦ 6.82 6.55 6.10 5.39 4.47
8 83◦ 7.52 7.18 6.62 5.78 4.72

Table 10. Effective value of the fault current depending on ϕPC, when ϕc = 90◦.

Order
Number

ϕPC
[◦]

Ifc [A]

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 3.37 3.23 3.39 3.34 3.23
2 89◦ 3.51 3.34 3.47 3.36 3.16
3 88◦ 3.83 3.62 3.72 3.55 3.25
4 87◦ 4.28 4.03 4.10 3.85 3.45
5 86◦ 4.83 4.53 4.56 4.21 3.70
6 85◦ 5.46 5.08 5.07 4.62 3.97
7 84◦ 6.12 5.67 5.61 5.03 4.25
8 83◦ 6.82 6.29 6.17 5.46 4.53

4. Experimental Results

The results obtained by calculation were experimentally verified in a real 20 kV
mains. Figure 5 shows the diagram of the 20 kV network, the transformer substation and
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the parameters recorded using a data acquisition system. Figure 5 shows how the data
acquisition system and the recording equipment were connected to the measuring groups
in the substation. The following parameters were recorded during the fault:

• i01—the zero-sequence current (fault current) of the line L1 on which the fault occurred;
• i02, i03, i04,—the zero-sequence currents of the non-fault lines;
• iPC—the current through the Petersen coil;
• u1, u2, u3—the phase voltages of the medium voltage bars in the transformer substation;
• u0—the zero-sequence voltage of the medium voltage bars in the transformer substation;
• uPC—the Petersen coil voltage.
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Figure 5. Wiring diagram of the data acquisition equipment and recording of the measured parameters.

The parameters were recorded with a digital recorder (CDR-10 in Figure 5).
For the measurements taken in the real networks of 20 kV, command and control

equipment was designed and made (control devices in Figure 5). This equipment allows
you to perform the following operations: control the start and stop of the recording
equipment; adjust the time interval from the start of the recording equipment to the
connection of the source to the faulty line; adjust the length of time the faulty line is
connected to the source; command to close and disconnect the faulty line switch; command
to disconnect the BCS switch (Figure 5) when the faulty line switch does not open. In the
real 20 kV network, single-phase defects were made in which the resistance at the fault site
had the values: 8 Ω, 100 Ω, 268 Ω, 575 Ω and 1100 Ω.

Figure 6 shows the oscillogram obtained for Rt = 8 Ω, and Figure 7 shows the oscillo-
gram obtained for Rt = 1100 Ω.

From the oscillogram shown in Figure 6, when the resistance at the edict site was
8 Ω, it was found that the waveform of the current through the fault line was far from
the sinusoidal variation. This current contained an important transient component. The
transient component also intervened in the capacitive currents of the without fault lines.
The Petersen coil current did not contain the transient component.

From the oscillogram shown in Figure 7, when Rt = 1100 Ω, the transient component,
both in the current line with fault and in the currents of the lines without defect, was
much smaller. For this reason the waveforms of currents were practically sinusoidal. The
voltage waveform, both in the oscillogram from Figure 6 when Rt = 8 Ω, as well as in the
oscillogram in Figure 7 when Rt = 1100 Ω, was sinusoidal, a hypothesis that was accepted
in the analytical calculation of the fault current. The values of currents and voltages during
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the single-phase-to-ground fault obtained from the measurements in the real network of
20 kV are presented in Table 11.

Energies 2021, 14, x FOR PEER REVIEW 10 of 16 
 

 

 

Figure 5. Wiring diagram of the data acquisition equipment and recording of the measured pa-

rameters. 

The parameters were recorded with a digital recorder (CDR-10 in Figure 5). 

For the measurements taken in the real networks of 20 kV, command and control 

equipment was designed and made (control devices in Figure 5). This equipment allows 

you to perform the following operations: control the start and stop of the recording equip-

ment; adjust the time interval from the start of the recording equipment to the connection 

of the source to the faulty line; adjust the length of time the faulty line is connected to the 

source; command to close and disconnect the faulty line switch; command to disconnect 

the BCS switch (Figure 5) when the faulty line switch does not open. In the real 20 kV 

network, single-phase defects were made in which the resistance at the fault site had the 

values: 8 Ω, 100 Ω, 268 Ω, 575 Ω and 1100 Ω. 

Figure 6 shows the oscillogram obtained for Rt = 8 Ω, and Figure 7 shows the oscillo-

gram obtained for Rt = 1100 Ω. 

 

Figure 6. The waveform of currents and voltages during the single-phase fault when Rt = 8 Ω 

and the network operates in resonance regime. 
Figure 6. The waveform of currents and voltages during the single-phase fault when Rt = 8 Ω and
the network operates in resonance regime.

Energies 2021, 14, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 7. The waveform of currents and voltages during the single-phase fault when Rt = 1100 Ω 

and the network operates in resonance regime. 

From the oscillogram shown in Figure 6, when the resistance at the edict site was 8 

Ω, it was found that the waveform of the current through the fault line was far from the 

sinusoidal variation. This current contained an important transient component. The tran-

sient component also intervened in the capacitive currents of the without fault lines. The 

Petersen coil current did not contain the transient component. 

From the oscillogram shown in Figure 7, when Rt = 1100 Ω, the transient component, 

both in the current line with fault and in the currents of the lines without defect, was much 

smaller. For this reason the waveforms of currents were practically sinusoidal. The voltage 

waveform, both in the oscillogram from Figure 6 when Rt = 8 Ω, as well as in the oscillo-

gram in Figure 7 when Rt = 1100 Ω, was sinusoidal, a hypothesis that was accepted in the 

analytical calculation of the fault current. The values of currents and voltages during the 

single-phase-to-ground fault obtained from the measurements in the real network of 20 

kV are presented in Table 11. 

Table 11. The values effective of currents and voltages during the single-phase-to-ground fault. 

Rt 

[Ω] 

𝑰𝟏
𝟎 = 𝑰𝒇𝒆 

[A] 
𝑰𝟐

𝟎 [A] 𝑰𝟑
𝟎 [A] 𝑰𝟒

𝟎 [A] 𝑰𝑷𝑪[A] 𝑼𝟏 [V] 𝑼𝟐 [V] 𝑼𝟑 [V] 𝑼𝟎 [V] 𝑼𝑷𝑪 [V] 

8 7.8 7.0 20.5 21.1 45.3 63 21,700 21,700 12,619 12,530 

100 7.2 6.9 20.3 20.9 44.9 725 21,800 21,300 12,507 12,419 

268 6.9 6.5 19.1 19.7 42.2 1850 21,900 21,900 11,758 11,675 

575 6.1 6.3 18.4 18.9 40.7 3520 21,900 19,500 11,338 11,258 

1100 5.1 5.6 16.3 18.6 36.3 5610 15,500 21,700 10,112 10,041 

5. Discussion 

The assessment of the degree of accuracy of the calculation of the fault current using 

the mathematical model presented in the paper was made by calculating the difference 

Ɛ%, between the actual values of the fault current obtained experimentally (Ife) and those 

obtained by analytical calculation (Ifc). The difference in the percentages of the effective 

values of the fault current obtained experimentally and analytically was calculated with 

the relation, 

Figure 7. The waveform of currents and voltages during the single-phase fault when Rt = 1100 Ω
and the network operates in resonance regime.

Table 11. The values effective of currents and voltages during the single-phase-to-ground fault.

Rt [Ω] I0
1=Ife [A] I0

2 [A] I0
3 [A] I0

4 [A] IPC [A] U1 [V] U2 [V] U3 [V] U0 [V] UPC [V]

8 7.8 7.0 20.5 21.1 45.3 63 21,700 21,700 12,619 12,530
100 7.2 6.9 20.3 20.9 44.9 725 21,800 21,300 12,507 12,419
268 6.9 6.5 19.1 19.7 42.2 1850 21,900 21,900 11,758 11,675
575 6.1 6.3 18.4 18.9 40.7 3520 21,900 19,500 11,338 11,258

1100 5.1 5.6 16.3 18.6 36.3 5610 15,500 21,700 10,112 10,041
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5. Discussion

The assessment of the degree of accuracy of the calculation of the fault current using
the mathematical model presented in the paper was made by calculating the difference
ε%, between the actual values of the fault current obtained experimentally (Ife) and those
obtained by analytical calculation (Ifc). The difference in the percentages of the effective
values of the fault current obtained experimentally and analytically was calculated with
the relation,

ε% =
I f e − I f c

I f e
∗ 100. (9)

The difference between the effective values of the fault current obtained experimentally
and analytically was calculated for the case when the phase shift between voltage u0 and
current ic was 85.3◦, when the insulation of the 20 kV network was ideal (phase shift
between u0 and ic is 90◦). The phase differences between the voltage uPC and the iuPC
current were 83◦, 84◦, 85◦, 86◦, 87◦, 88◦, 89◦ and 90◦, and the values of the resistance at
the fault location were 8 Ω, 100 Ω, 268 Ω, 575 Ω and 1100 Ω. The results obtained are
presented in Tables 12 and 13, respectively.

Table 12. The difference between the effective values of the fault current determined experimentally
and analytically (ϕc = 85.3◦).

Order
Number

ϕPC
[◦]

ε%

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 31.8 31.3 28.6 26.6 24.3
2 89◦ 23.8 23.6 21.3 20.2 19.2
3 88◦ 15.3 15.6 13.6 13.6 14.1
4 87◦ 6.3 4.17 5.94 7.05 9.02
5 86◦ −2.95 −2.64 −2.02 0.50 4.12
6 85◦ −12.4 −10.3 −9.86 −5.90 −0.59
7 84◦ −22.1 −19.0 −17.5 −10.8 −5.10
8 83◦ −31.7 −27.8 −25.2 −18.2 −9.41

Table 13. The difference between the effective values of the fault current determined experimentally
and analytically (ϕc = 90◦).

Order
Number

ϕPC
[◦]

ε%

Rt = 8 Ω Rt = 100 Ω Rt = 268 Ω Rt = 575 Ω Rt = 1100 Ω

1 90◦ 56.8 55.1 50.9 45.2 36.7
2 89◦ 55.0 53.6 49.7 44.9 38.0
3 88◦ 50.9 49.7 46.1 41.8 36.3
4 87◦ 45.1 44.0 40.6 36.9 32.4
5 86◦ 38.1 37.1 33.9 31.0 27.5
6 85◦ 30.0 29.4 26.5 24.3 22.2
7 84◦ 21.5 21.3 18.7 17.5 16.7
8 83◦ 12.6 12.6 10.6 10.5 11.2

Figure 8 shows the difference between the measured value (I f e) and the calculated
value (I f c) of the fault current, depending on the phase difference between the voltage (uPC)
and current (iPC) of the Petersen coil (ϕPC), considering the real insulation for electrical
networks was 20 kV and the difference phase between u0 and ic was 85.3◦. In this case, the
active component of the total capacitive current was no longer zero.

Figure 9 shows the difference between the measured value (I f e) and the calculated
value (I f c) of the fault current, depending on the phase difference between the voltage
(uPC) and current (iPC) of the Petersen coil (ϕPC), considering the ideal insulation for
electrical networks was 20 kV and the difference phase between u0 and ic was 90◦.
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Figure 8. The dependence of difference between the effective values of the fault current, determined experimentally and
analytically, and function on the difference phase between uPC and iPC, when ϕ c = 85.3◦.

Figure 9 shows the difference between the measured value (I f e) and the calculated
value (I f c) of the fault current, depending on the phase difference between the voltage
(uPC) and current (iPC) of the Petersen coil ( ϕ PC), considering the ideal insulation for

electrical networks was 20 kV and the difference phase between u0 and ic was 90◦.

Figure 8. The dependence of difference between the effective values of the fault current, determined
experimentally and analytically, and function on the difference phase between uPC and iPC, when
ϕc = 85.3◦.
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The results from Figure 9 show that when considering the insulation of the perfect
medium voltage network (the active component of the capacitive current is zero) when the
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Petersen coil was considered ideal, the errors in determining the single-phase fault current
became very large, reaching 56.8% if the resistance value at the fault location was 8 Ω, and
36.7% if the resistance value at the fault location was 1100 Ω.

The smallest errors for determining the single-phase fault current, if the 20 kV mains
insulation was considered to be perfect, were obtained when the phase shift between the
Petersen coil voltage and the current through it was 85.3◦. In this case, the error became
12.6% if the fault resistance at the fault location was 8 Ω and 11.2% if the fault resistance at
the fault location was 1100 Ω.

The data from Table 12 and Figure 8 show that the calculation error of the fault current
using the analytical method decreased with the increase of the resistance of passage to the
fault place. When the Petersen coil was ideal, the maximum value of the error was 31.8% if
Rt = 8 Ω and the minimum value of error was 24.3% if Rt = 1100 Ω.

The lowest values of the analytical determination errors of the single-phase fault
current were obtained if the insulation of the 20 kV network was considered as imperfect,
when the phase shift between the Petersen coil voltage and the current through it was 86◦,
if the resistance values switching locations are 8 Ω, 100 Ω, 268 Ω and 575 Ω, respectively,
and when the phase shift was 85◦ if the resistance at the fault location was 1100 Ω.

The error obtained by analytically calculating the single-phase-to-ground fault current
when the phase shift between uPC and iPC was 86◦ obtained the values: −2.95% if the
resistance at the fault location was 8 Ω and −2.64% if the resistance at the fault location
was 100 Ω; −2.02% if the resistance at the fault site was 268 Ω; 0.5% if the resistance at
the fault site was 575 Ω. If the phase shift between uPC and iPC was 85◦, the analytical
calculation error of the single-phase fault current was −0.59% if the resistance at the fault
location was 1100 Ω.

6. Conclusions

As the insulation of electrical networks deteriorates over time, its parameters are mod-
ified, the active component of the total capacitive current of the medium voltage network
changes, and as a result, the value of the single-phase-to-ground fault current changes,
which can cause the wrong operating on protective relays. Avoiding the malfunction of the
protective relays requires correcting their settings according to the values of the insulation
parameters of the medium voltage power lines.

The change in time of the parameters of the Petersen coil, used to treat the neutral
of the medium voltage electrical networks, determines the change of the difference phase
between the coil voltage and the current through the coil. The electrical resistance value of
the coil depends on the electrical resistance of the winding and the losses of active power
in the ferromagnetic core of the coil. The non-sinusoidal variation of the current through
the coil leads to the increase of the active power losses in the ferromagnetic core, and thus
to the increase of the electrical resistance of the coil. The use of a ferromagnetic core with
low losses through hysteresis and eddy currents, leads to a decrease in the resistance of
the coil, and thus to an increase in the differnce phase between the uPC voltage and the
iPC current.

For the Petersen coil to ensure the break of the electric arc from the single-phase-to-
ground fault location, the effective value of the fault current must not be higher than 5 A.
Tables 3–10 show that the effective value of the single-phase-to-ground fault current is
less than 5 A if the resistance of the electric arc is low (<10 Ω), only if the difference phase
between uPC and iPC is greater of 86◦ and if the insulation of the medium voltage network
is perfect (the active component of the capacitive current is zero, ϕc = 90◦). If the insulation
of the medium voltage electrical network deteriorates (if ϕc decreases) the effective value
of the single-phase-to-ground fault current increases, so the conditions of the break of the
electric arc at the fault location worsen (Tables 5–10).

The results obtained from the measurements performed in the real 20 kV network
showed that the mathematical model used to calculate the single-phase fault current led to
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correct results if the corresponding values of the medium voltage grid parameters were
used in the calculation relations.

If we consider both the insulation of the medium voltage network and the Petersen
coil as perfect (Riz = ∞, and RPC = 0), the errors involved in the calculation of the single-
phase-to-ground fault current are very large, exceeding 50%, so they become unacceptable.

The very large differences between the effective values of the single-phase-to-ground
fault current obtained by calculation and determined experimentally are due to the fact
that in the calculation used, the values of the parameters Riz and RPC do not correspond to
reality. In order to reduce these differences, it is necessary to know the more precise values
of the mentioned parameters.
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