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Abstract

Earth fault detection and location are very important issues in distribution net-

works. Current methods for faulty feeder selection are based on measurements

of steady-state or transient signals. The work presented here identifies and gives

analyses of scenarios when ground protection based on these methods is prone

to misoperation in resonance grounded systems. It is shown that the tradi-

tional watt-metric approach can malfunction depending on network and fault

parameters. The admittance methods help to eliminate many issues, however

they might have complex settings depending on network configurations. Special

attention is paid to approaches based on transient signals as the most promis-

ing alternative solution. The current work considers methods utilizing zero

sequence current, angle, power, energy and admittance transients. The paper

reveals limitations for their application mainly due to presence of electrostatic

asymmetry, cables in a network, fault resistance and inception angle. Neverthe-

less, dependability of these methods is higher than the steady-state especially

for intermittent faults. It is also found that analysis of prefault information is

important both for the steady-state and the transient methods. The obtained

results can be used to enhance reliability of protective schemes and as drivers
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for further developments of new algorithms.

Keywords: ground fault protection, resonant grounding, transient method,

watt-metric

1. Introduction

From the current operation practice of medium voltage (MV) networks, it

is well known that the vast majority of faults are single-line-to-earth type. In

order to decrease fault current, a system can be operated as an isolated or a

non-solidly earthed. In this work, the special type of grounding of the main5

distribution transformer is considered – through a Petersen coil that is quite

common in Nordic countries. In resonance grounded systems, ground faults

are easily detected (apart from high impedance faults) by measuring the zero

sequence voltage magnitude |Ū0| (exceeds thresholds at a substation), and fault

current is suppressed facilitating self-extinguishing of the arc.10

For permanent faults, in order to affect as few customers as possible, it is

necessary to find the faulty point in the system and isolate it. Measured |Ū0|
does not significantly depend on fault location in a network; moreover, fault

current is comparable with load currents that also jeopardizes selectivity of the

protection. Typically, problem of faulty feeder selection is considered and X.15

Zhang et al. [1] provide comprehensive review on the developed methods for

this purpose. They can be divided into three groups: injection of additional

signals in a substation (voltage, current with frequencies equal to fundamental

or higher), usage of steady-state signals, and utilization of transients arising

during faults. The injecting methods require additional equipment and they are20

out of the scope of this paper.

The traditional way of faulty feeder selection based on steady-state signals

is the watt-metric approach [1]: detection of a magnitude and direction of zero

sequence current Ī0 with respect to Ū0 – normally, healthy feeders and a faulty

have different quadrants and magnitudes. In other words, |Ī0| cos(ϕ0) (where25

zero sequence angle ϕ0 is between Ū0 and Ī0) will have a different sign for a faulty
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feeder comparing to a healthy. Thus, directionality of the ground protection is

tuned according to this fact.

Paper [2] describes insufficiency of the watt-metric approach and a need for

a resistor connected in parallel to a Petersen coil. Such operation leads to in-30

crease of fault current, produces transient overvoltages in a grid and it requires

additional equipment; therefore, it is of interest to find new approaches. In case

of sufficient line-to-ground conductance and arcing faults (small impedances),

|Ī0| cos(ϕ0) can be applied without the resistor. Nevertheless, reference [3] re-

ports the special cases when the sign of |Ī0| cos(ϕ0) in both a healthy and a35

faulty feeders are opposite compared to the prescribed polarity that can lead

to misoperation of relays. It is also worth mentioning that a magnitude of zero

sequence current by itself is not a reliable indicator for high impedance faults or

presence of cables in a system. A new steady-state solution, in contrast to the

watt-metric approach, based on zero sequence admittance is proposed in [4]. It40

copes with lose of sensitivity and other issues.

As an alternative, transient methods are becoming a promising solution. In

addition to what was given in [1], authors of [5, 6] suggest to utilize the shape

of the charge-voltage curves. In [7, 8] deviation of the feeder capacitance to

the ground is estimated. Paper [9] suggests to measure only phase current with45

further detection of its relative change with respect to the previous periods.

Besides the wavelet analysis, other approaches are also performed, such as the

Hilbert-Huang [10] and the S-transform [11] investigations. Authors of [12] de-

scribe research on the frequency spectrum. The artificial intelligence algorithms

involving the fuzzy-logic [13], application of the analytic hierarchy process [14]50

and the small-world network theory [15] can be found in literature as well.

The first-half-wave methods [1] based on low frequency transients deserve

special attention due to suitability for compensated and isolated systems, and

practical realization connected with limited sampling frequencies (few kilohertz)

of used modern relays. High frequency transients might be contaminated by55

noise from measuring devices that makes application of associated methods dif-

ficult. The basic idea behind the first-half-wave methods is different polarity of
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instantaneous zero sequence current i0 (with respect to voltage u0) of a faulty

feeder in comparison with other right after fault inception that helps to make

decision in the first half of a period. Paper [16] illustrates this effect and pro-60

poses the algorithm calculating zero sequence impedance through averaged over

a specified time window quantities. Authors of [17] utilize simple differential of

i0 (calculated at the first milliseconds) for faulty feeder selection. References

[18, 19] present extraction of transient ϕ0 and application of it as a main indi-

cator. In order to enhance dependability, different summation and integration65

techniques are proposed. For instance, papers [20, 21, 22] calculate zero sequence

active power over a quarter of the period, [23] – energy (integration time is not

specified). In contrast, the Cumulative Phasor Summing (CPS) technique of

zero sequence admittance for different moments of a transient period is used in

[24].70

To summarize, effect of difference between the prescribed and a factual sign

of cos(ϕ0) in a faulty feeder illustrated in [3] is a key factor leading to inade-

quacy of ground protection based on the watt-metric approach. As the nature

of this effect has not been analyzed in literature in details, the first contribution

of the current paper is a deep analysis of it. Moreover, the paper shows how the75

effect might jeopardize the steady-state [4] and even transient methods. From

the variety of the transient methods, the paper will substantially deal with the

basic approaches utilizing transients of zero sequence current [16], angle [19],

energy [23], and admittance [24]. As it is slightly mentioned in [1], the transient

methods are vulnerable to network and fault parameters; therefore, several ad-80

verse effects deteriorating performance of the algorithms have not been revealed

in the prior studies due to simplicity of the models (e.g. ideal symmetry) and

lack of simulation cases. Hence, the next contribution of the paper is revealing

what network nonidealities and fault origins can affect performance of ground

relays based on these transient methods. The presented results might be valu-85

able for estimation of the limitations of the methods both in relay planning in

compensated distribution systems and as background for developments of new

algorithms.
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Figure 1: Simplified network for analysis with two feeders.

2. Theoretical analysis on fault locating utilizing steady-state signals

Let us consider a simple network depicted in Fig.1 with the ground fault in90

phase b of the upper feeder.

The network parameters: Ȳa,f = Ȳc,f = kf Ȳ = kf (G + jωC), where kf Ȳ

expresses the share of the faulty feeder in the total shunt admittance to the

ground of the network per phase, Ȳ , that consist of conductance G and capac-

itance C of a phase. Similarly, Ȳa,h = Ȳc,h = (1 − kf )Ȳ = khȲ . Indices f and95

h in the paper denote the faulty and the healthy feeder correspondingly. MV

networks have capacitive imbalance ∆Ȳ = jω∆C that is normally 1-5% from

3Ȳ [25]. Let us assume that it takes place in phase b, then Ȳb,f = kf (Ȳ + ∆Ȳ )

and Ȳb,h = kh(Ȳ + ∆Ȳ ). The fault impedance is assumed to be pure resistive,

Ȳf = GF . In this work, only permanent resistive fault is studied.100

For simplified steady-state analysis of ground faults, series impedances of

transmission lines and loads can be neglected in comparison with large shunt

impedances of lines. Taking this into account, the following set of equations can

be written to describe the system in steady-state conditions:
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



3Ī0,h = 3Ū0khȲ + Ūbkh∆Ȳ

3Ī0,f = 3Ū0kf Ȳ + Ūbkf∆Ȳ + ŪbGF

ĪL = 3Ī0,f + 3Ī0,h

Ēph = Ūph + ŪL

ĪL = ȲLŪL = −ȲLŪ0

, (1)

where index ph stands for phases a, b and c; Ūph – phase voltage; Ēph – the105

balanced source of voltage; ĪL and ŪL are current and voltage of the Petersen

coil, and ȲL = (jωL)−1 its admittance; zero sequence voltage and currents are

determined as 3Ū0 =
∑

Ūph and 3Ī0,f/h =
∑

Īph,f/h.

Let us assume for simplicity that kf = kh, then the second equation in (1) is

turned to 3Ī0,f = 3Ī0,h + ŪbGF . The phasor diagram for this case can be found110

in Fig.2a (∆Ȳ is 1%, direction of zero sequence current is from the substation).

As it is possible to see, ϕ0 of the healthy feeder is less than 900 (|Ī0,h| cos(ϕ0,h) >

0) and vice versa for the faulty feeder (|Ī0,f | cos(ϕ0,f ) < 0). The traditional

ground protection is based on this fact. It should also be noticed that such sys-

tems in Norway are overcompensated, therefore in further analyses |ȲL| > 3|Ȳ |.115

After fault identification, a resistor can be connected in parallel with the coil

that increases ϕ0 in the faulty feeder and helps to facilitate the selection if

watt-metric contribution is scarce.

Now, let us assume that ∆Ȳ is 5% in the network (it provokes decrease of

ŪL and ĪL to preserve the same compensation rate). The phasor diagram for120

this case is illustrated in Fig.2b. The zero sequence currents for both feeders

change the quadrants: apart from the previous case, |Ī0,f | cos(ϕ0,f ) > 0 and

|Ī0,h| cos(ϕ0,h) < 0. The protection can misjudge the healthy feeder as the

faulty that is referred to as polarity disruption of ground relays. A parallel

resistor will aggravate the situation. Authors of [3] showed through simulations125

that such situation appears for faults in a phase with the biggest capacitance.

As a matter of fact, it can also occur in other phases depending on network and
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(a) (b)

Figure 2: Phasor diagram of the simplified network for fault in phase b and a) ∆Ȳ = 1%, b)

∆Ȳ = 5%.

fault parameters, therefore this effect requires more thorough investigation.

2.1. Analysis of the polarity disruption

Finding of dependencies of the performed effect on network and fault param-130

eters can be derived analytically through solution of (1) and decompositions of

an angle of Ī0,h/f/Ū0 into real and imaginary parts. Here, numerical sensitivity

analysis is performed with the following parameters (the base is 22 kV and 20

MVA): |Ēph| = 1 p.u., Ȳ = (0.24 + j6.64) · 10−3 p.u. and kf = kh.
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Figure 3: Dependency of cos(ϕ0) on fault resistance in healthy feeder for fault in different

phases, ∆Ȳ = 1% and 5%, fixed compensation rate.

It is possible to get from (1) that135

Ū0 =
Ēb∆Ȳ + ĒbGF

−ȲL − 3Ȳ − ∆Ȳ − GF
(2)

Assuming GF = 0 as prefault conditions and choosing overcompensation

rate K = |Ū0/Ēb| as 5% [25] (hereafter, such definition is used), inductance of

the coil can be calculated for different network parameters. Having Ū0 for fault

conditions (GF ̸= 0), cosine of angle of Ī0,h/f/Ū0 can be determined.

Fig.3 shows the results of analysis for constant compensation rate: depen-140

dency of cos(ϕ0) on fault resistance for three phases and different capacitive

imbalance (1% and 5%).

From the plot, it can be seen that dependencies are not prominent for the
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small ∆Ȳ , whereas more evident for the high imbalance. It must be noted

that insufficiency of watt-metric contribution (small G) shifts all curves down.145

Taking this fact and the dependencies into account, it is possible to conclude

that probability of relay misoperation in the healthy feeder (cos(ϕ0,h) < 0)

increases with rise of fault resistance for phase b and decreases for a and c. The

same conclusions are valid for the faulty feeder.

Fig.4 demonstrates the results for variation of compensation rate. It is ob-150

servable from the upper plot (the small fault resistance) that cos(ϕ0,h) < 0 only

occurs for phase a and ∆Ȳ = 5%. Nevertheless, all curves might fall into the

negative half-plane in case of insignificant G. The dependencies are more non-

linear for the high fault resistance (the lower plot). As the curves are shifted

down with decrease of G, then larger overcompensations (small L) might lead155

to misjudgment (cos(ϕ0,h) < 0) for faults in phase b and increase dependability

of ground protection for faults in phases a and c. It is seen that the opposite

situation arises for higher L. Analysis for the faulty feeder demonstrates the

same results.

From these conclusions, it is noticeable that reliability of the traditional160

steady-state approach is low for insignificant natural watt-metric contribution

and high electrostatic imbalance. Moreover, dependency of the polarity disrup-

tion effect on network and fault parameters prejudices application of |Ī0| cos(ϕ0)

for faulty feeder selection without the parallel resistor. The effect also has im-

pact on the alternative admittance method [4]; therefore, full analysis including165

lines (with kf ̸= kh) and loads follows.

3. Theoretical analysis of fault location utilizing transient signals

In this paper, signals are only analyzed at the fundamental frequency and

all high frequency components are filtered out. For the system in Fig.1, the

following set of equations is valid for the instantaneous quantities:170
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Figure 4: Dependency of cos(ϕ0) on inductance of the Petersen coil in healthy feeder for fault

in different phases, ∆Ȳ = 1% and 5%, two fixed fault resistances Rf = 0.4 p.u. and 124 p.u.

The legend is the same as in Fig.3.





3i0,h = 3du0

dt khC + 3u0khG + dub

dt kh∆C

3i0,f = 3du0

dt kfC + 3u0kfG + dub

dt kf∆C + ubGF

iL = 3i0,f + 3i0,h

eph = uph + uL

uL = LdiL

dt = −u0

(3)

Numerical solution of this set, based on the Runge-Kutta method with time

discretization 10−5 s, with the same parameters used before and GF = 0.008

p.u., ∆Ȳ = 0.02 · 3Ȳ , K = 5% (L = 0.113 p.u.) is demonstrated in Fig.5 as
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Figure 5: Numerical solution of the differential equations in (3) for zero sequence voltage u0

and currents in healthy i0,h and faulty feeder i0,f .

u0(t), i0,f/h(t). The initial conditions (in p.u.) corresponding to ub(0) = 0:

ea(0) = −1.222, eb(0) = −0.006, ec(0) = 1.228, u0(0) = 0.006, iL(0) = −1.98.175

The dynamic changes of the zero sequence currents in the faulty and the

healthy feeder right after the fault (t = 0) are in opposite directions due to

(dis)charging processes of the line capacitances. This peculiarities is used, for

example, in the algorithm performed in [16]. Furthermore, considering the rest

part of the transient period, it is seen that the zero sequence angle in the faulty180

feeder ϕ0,f tends to values greater than 900. This phenomenon is used, for in-

stance, in [19]. As a matter of fact, the transient period is significantly affected

by network structures, parameters (including loads and line impedances), pre-

senting nonidealities and fault origins; therefore, it requires further thorough

investigation using an EMTDC-like software.185
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4. Test case network

The study is carried out based on the network depicted in Fig.6. The model

is built in PSCADTM/EMTDCTM. The main grid is modeled as an ideal voltage

source with inductance (provides short circuit capacity). The distribution net-

work consists of two feeders (transmission lines TL1, TL2 with variable lengths190

10-50 km) with frequency dependent distributed parameters. For the given in

Appendix A geometry, PSCAD calculates an admittance to the ground of each

line per phase (per km) that gives possibility to determine the total network

admittance per phase Ȳ . Electrostatic imbalance in the network ∆Ȳ = jω∆C is

modeled as additional capacitors connected to phase b at the beginning and the195

end of each feeder; their values can be calculated as kf/h∆C/2. Coefficients kf

and kh will only depend on line lengths since their geometric parameters are the

same, and ∆Ȳ is chosen as 1-5% from 3Ȳ to determine ∆C. The main distribu-

tion transformer has delta-wye connection and the secondary low voltage side is

grounded by the inductor. L is varied in accordance with 3Ȳ and so that to get200

compensation rate K = 1−5% from phase voltage of the transformer secondary

side. In order to exclude influence of mutual inductances between phases, the

lines are ideally transposed. Other parameters can be found in Appendix A.

The ground fault is always applied in Feeder 1 at the end (the location on

the feeder is fixed because its change will not significantly alter the results).205

Simulated voltages and currents (as in Fig.5) are processed through the Dis-

crete Fourier Transform (one-cycle at 50 Hz, sampling frequency is 4 kHz) with

low-pass filtering (second order Butterworth with 1.5 kHz cut-off frequency) in

order to extract magnitudes and angles of the fundamental components only.

Consequently, apart from instantaneous quantities, we obtain dynamic variation210

of Ū0 and Ī0 (time-varying 50 Hz phasors) for further analysis.

Models of current transformers are not included into this study; however, it

must be noted that their accuracy might be a concern for small fault currents

and, as a consequence, for the locating methods.
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Figure 6: Test case network.

5. Results and discussions215

5.1. Steady-state signals

Impact of variable network and fault parameters on the watt-metric approach

has been studied using the performed model (for kf = kh). The results obtained

through the simulations demonstrates similar dependencies of cos(ϕ0,h) as in

Fig.3 and Fig.4, and therefore are not presented. Additionally to the previous220

conclusions, it was found that load variation has indirect influence provoking

changing of L in order to keep the same compensation rate; it can be regarded

as the dependency on inductance in Fig.4. Finally, it was identified that ground

resistivity does not have significant influence on performance of the steady-state

methods.225

The new admittance-based method described in [4] has been investigated for

faulty feeder selection: the results are performed in Fig.7a (kf = kh, both lines
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are 50 km). Zero sequence admittances Ȳ0 = (Ī0−Ī0pre)/(Ū0−Ū0pre) = G0+jB0

(“pre” stands for prefault) are calculated for the faulty (the red markers) and

the healthy feeder (the blue) for different network and fault conditions. As230

it is possible to see, the faulty admittances fall into the operating area for

the faulty feeder irrespectively of phase, compensation, electrostatic imbalance,

fault impedance or watt-metric contribution of the network.

Fig.7b shows the admittances calculated for kf ̸= kh, fault resistance Rf = 3

kΩ, ∆Ȳ is 2%, K = 5%. If the faulty feeder is shorter than the healthy (10 km235

versus 50 km, that is kf = 1/6 and kh = 5/6), Ȳ0,f is in the operating area (the

red o–marker). If it is longer (50 km versus 10 km, that is kf = 5/6, kh = 1/6),

Ȳ0,h falls into the operating area, whereas Ȳ0,f is in the non-operating (the x–

markers). Such situation is present due to two reasons: firstly, it is the polarity

disruption effect; secondly, prefault ϕ0 displacements caused by |Ī0,f | > |Ī0,h|240

(prefault) because kf > kh. This issue requires individual settings for each

feeder with more complex operating area in order to avoid misoperation.

It has been found that for cases with kf ̸= kh, the same conclusions regarding

postfault cos(ϕ0) are applicable (Fig.3, Fig.4). Displacement of ϕ0 must be taken

into account if a method utilizes prefault measurements. This phenomenon is245

typical for a network with cables and will be illustrated later.

5.2. Transient signals

This section examines scenarios when the algorithms [16, 19, 23, 24] based on

transient signals are prone to misoperation. Furthermore, two fault start times

are applied: when phase voltage uph in faulty phase crosses 0 that is referred250

to as 00 inception angle (might occur when an extraneous object is in contact

with a power line); when uph has a maximum value, that is 900 inception angle

(can happen due to leakage ground current through an aged isolator). Below

application of different quantities as an indicator of the faulty feeder is studied.
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Figure 7: Calculated zero sequence admittances for (a) equal feeder lengths of 50 km, kf =

kh = 0.5 and (b) different feeder lengths: kf = 1/6, kh = 5/6 and kf = 5/6, kh = 1/6.
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5.2.1. Indicators based on zero sequence angle255

Fig.8a shows the typical behavior of cos(ϕ0) in case of fault (K = 5%, Rf = 3

kΩ, ∆Ȳ = 1%, 00 inception angle, both lines are 50 km) in the phase with small

capacitance to the ground. The similar picture is observed for symmetrical

systems regardless of a phase. Paper [19] suggests to use a simple threshold

(the dashed line) to select the faulty feeder; however, it is not suitable solution260

in case of faults in the asymmetrical system: Fig.8b shows the transients for

the same ground fault in phase b – cos(ϕ0) of the healthy and the faulty feeder

cross the threshold.

Simulations have revealed that the transient process is not significantly af-

fected by ∆Ȳ , but extended penetration of cos(ϕ0,h) into the negative half-plane265

mainly occurs for large K and phase a with 900 inception angle or b with 00

hindering the decision making procedure. Additionally, small fault resistances

make the process faster (all important transients are only present during the first

5 ms) and oscillatory (change of the sign) that complicates signal acquisition

and processing.270

5.2.2. Indicators based on zero sequence energy

Paper [23] offers to use e0 for feeder selection:

e0 =
1

T

∫ tstop

tinc

∫ t

t−T

i0(τ)u0(τ)dτ, (4)

where tinc is time of fault inception, tstop – time of the end of integration,

T is the period of the fundamental component.

Such parameter can help to avoid uncertainties caused by variation of cos(ϕ0)275

during the transient process. Fig.9a illustrates the application of it for the same

fault in phase b (Fig.8b) – e0 of the faulty feeder develops into the negative

half-plane as shown in [23]. Nevertheless, due to the polarity disruption effect

appearing for high ∆Ȳ , e0 for the healthy and the faulty feeder can change the

half-planes (the dashed curves). This effect can also jeopardize other methods280

based on power, energy, impedance or admittance calculations. Proper choice

of tstop might not improve the situation because, as it is shown in Fig.9b for
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Figure 8: Transient characteristics of cos(ϕ0) for high impedance fault (∆Ȳ = 1%, 00 inception

angle) in phase a) a, b) b.

faults in phase a with 00 inception angle and Rf = 10 Ω, e0 of the healthy feeder

comes into the negative half-plane (and vice versa for he faulty) breaking the
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preset polarity. The reason was shown in the theoretical analysis (Fig.3, Fig.4):285

cos(ϕ0,h) < 0 occurs for phase a and low fault resistances. Additionally, it was

found that the method is highly sensitive to correct determination of tinc (error

in 1 ms is sufficient to get the wrong decision because of phase oscillations) and

requires different settings for relays. It was also shown by [3] that the polarity

disruption has negative influence on this method in the steady-state period.290

5.2.3. Indicators based on polarity of instantaneous zero sequence current

The method based on polarity of i0 described in [16] shows correct operation

in all cases above. Nevertheless, the approach is compromised for the system

with an underground cable. In order to demonstrate this, the model (Fig.6) is

modified as follows: Feeder 1 has a 25 km overhead line and a 25 km underground295

cable (the parameters are given in Appendix A) connecting the load and the

line, length of TL2 is 50 km.

Fig.10 shows the normalized by the steady-state values instantaneous zero

sequence currents and voltage for high impedance fault in Feeder 1. It is possible

to see that right after the fault inception di0,h/dt < 0 and du0/dt < 0 as well;300

from the theoretical analysis and previous studies, di0,f/dt > 0 must be true

(as in Fig.5), whereas it is not regardless of inception angle (or phase) due to

large capacitance to the ground of the cable. However, this effect is not present

during faults in Feeder 2 (without cables) or low Rf .

It is worth mentioning that e0 is not the reliable indicator for high impedance305

faults occurring at 900 inception angle for the given system because of strong

capacitive current from the cable.

5.2.4. Indicators based on zero sequence admittance

The Cumulative Phasor Sum proposed in [24] is calculated as:

ΣȲ0 =

tstop∑

i=tinc

Ȳ0(i), (5)

where Ȳ0(i) = Ī0(i)/Ū0(i) is the zero sequence admittance (the fundamental310

frequency is considered) at specific time instant i.
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Figure 9: Zero sequence energy e0 for fault in phase a) b with Rf = 3 kOhm, b) a with

Rf = 10 Ohm, and different ∆Ȳ .

With proper tstop (otherwise ΣȲ0 will have an opposite sign due to the polar-

ity disruption effect), this method analogously demonstrates good performance
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Figure 10: Normalized by steady-state values instantaneous u0 and i0 for high impedance

fault in feeder with cable.

for cases in subsections 5.2.1 and 5.2.2. Moreover, it is fast (designed for inter-

mittent faults) and does not require variety of settings – the decision is made315

on the ground of phasor positions. Nevertheless, an adverse effect appears for

the system with the cable in subsection 5.2.3.

Fig.11 demonstrates extracted cos(ϕ0) for fault in phase a, K = 3%, ∆Ȳ =

2%, 900 inception angle, Rf = 10 Ω and Rf = 3 kΩ. Presence of the cable

leads to significant inequality of prefault zero sequence currents in the feeders,320

|Ī0,f | ≫ |Ī0,h|; therefore, as can be seen from the plot, there is displacement

of prefault cos(ϕ0) of the healthy feeder mentioned in section 5.1. Due to this

reason together with high Rf = 3 kΩ, faults in Feeder 1 will lead to cos(ϕ0,h) < 0

during the transient and the steady-state periods. For Rf = 10 Ω, cos(ϕ0,h) is
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Figure 11: Transient characteristics of cos(ϕ0) for fault (phase a, ∆Ȳ = 2%, 900 inception

angle) in feeder with cable and two fixed fault resistances Rf = 3 kΩ and 10 Ω.

predominantly in the positive half-plane. Thus, the CPS method works correctly325

for low-ohmic faults, see Fig.12. However, for high impedance faults, both

phasors fall into the operating area (the dashed arrows).

Dependability of the method is improved if displacement tends to zero (op-

eration point is close to resonance) because angle transients fall into the positive

half-plane (as for low-ohmic faults); therefore, careful analysis of prefault con-330

ditions is important as in the case with steady-state methods.

To summarize, the transient methods are prone to malfunctioning in case

of high impedance faults in compensated systems with significant electrostatic

imbalance of phases and presence of underground cables. Finally, simulations

have revealed that ground resistivity and load imbalance will not have significant335
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900 inception angle, Rf = 3 kΩ and 10 Ω) in feeder with cable.

impact on transient methods.

To conclude this section, we shall note that similar results will be obtained for

models of networks with more complex topologies because they can be wrapped

into two-feeder model (Fig.6), where the healthy feeder will perform a back-

ground network as it is shown in [8]. Furthermore, many methods were theo-340

retically illustrated on two-feeder models and tested on complex models or on

real measurements, e.g. [4].

6. Conclusion

The current work presents the most important methods (some of them can be

founded in modern relays) for ground fault locating in distributed networks with345

resonant grounding and possible scenarios of their misoperations. The summary
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is presented in Table 1. It indicates combination of the network parameters

together with the worst fault conditions leading to inadequacy of the methods.

Table 1: Summary on the analyzed methods.

Method Network conditions of inade-

quacy

The worst fault conditions

SS1, |Ī0| cos(ϕ0)

[2]

↓2 G, ↑3 ∆Ȳ , ↓ L HIF4 in phase with the

highest Ȳ (among three

phases).

SS, Ȳ0 [4] ↑ ∆Ȳ , prefault |Ī0,f | > |Ī0,h| HIF in phase with the

highest Ȳ .

T5, cos(ϕ0) [19] ∆Ȳ ̸= 0, fault inception an-

gle.

HIF at 00 inception angle.

T, e0 [23] ↓ G, ↑ ∆Ȳ , ↓ L, wrong detec-

tion of fault inception time.

LOF6 in phase with the

smallest Ȳ .

T, i0 [16], ΣȲ0

[24]

Prefault |Ī0,f | ≫ |Ī0,h| (espe-

cially in mixed networks).

HIF in the feeder with

large penetration of ca-

bles.

1 steady-state, 2insufficient/small value, 3 excessive/big value, 4 high impedance

fault, 5 transient, 6 low-ohmic fault.

The protection based on steady-state signals is prone to the polarity disrup-

tion when a healthy feeder can be misjudged as a faulty. The obtained results350

clearly indicate how this effect depends on network and fault parameters. In

many cases, this problem can be eliminated applying the parallel resistor; how-

ever, it provokes new challenges and finding of better solutions is still an ongoing

process.

Utilization of transients to extract information is a more evident solution,355

however it requires more developed technologies (in terms of signal acquisition
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and processing) and careful analysis in order to avoid incorrect decisions. The

results show that the network electrostatic asymmetry, phase, fault impedance

and inception angle have significant impact on the transient period compromis-

ing the algorithms. Other challenges might appear for cumulative criteria in net-360

works with extensive penetration of cables, however mainly for high impedance

faults. All these circumstances imply a need for further development of algo-

rithms applicable for different network and fault types, as well as independent

of information about system parameters, complex signal processing tools or ad-

ditional equipment. It is advantageous to have universal settings for all relays365

in a system and fast operation time.

The further work will be dedicated to finding of an algorithm meeting the

described requirements and handling all adverse effects performed in the current

paper.
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Appendix A. Model parameters370

Table A.2: Elements of the model and their description.

Element Description

Main grid 66 kV (line-to-line), short circuit capacity 250 MVA, 50 Hz

Transformer 20 MVA, 66/22 kV, leakage reactance 10%, copper losses

0.45%, tap 0.906 (primary side)

Overhead

line (TL1

and TL2)

Hight 7.1 m, distance between 3 conductors (radius 10

mm, DC resistance 0.43 Ohm/km) 1.5 m (plane geometry),

shunt conductance 10−8 S/km

Cable (part

of TL1)

Depth 1 m, distance between phases 0.5 m (plane geome-

try); conductor: resistivity 4.2 · 10−8 ohm·m, radius 5 mm;

insulator: relative permittivity 5, radius 9 mm

Ground resistivity 200 ohm·m

Load (100%) interphase impedance 60 + j19 Ohm
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