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Abstract
Earth faults is a challenging fault type to locate in resonant grounded networks due to their
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naturally low fault current, and the problem inctreases with an increased fault impedance.
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1 | INTRODUCTION

Earth faults in resonant grounded systems represent a particu-
latly challenging case for protection systems due to their very
low fault currents. As a result, conventional protection systems
such as over-current and distance protection can not be used.
Large fault impedances also create problems for transient based
earth fault protection due to the absence of earth fault tran-
sients with sufficient magnitude. The terms “high impedance”
and “low current” are relative terms, given different meaning
by different authors in the scientific literature. While for exam-
ple Norwegian regulations require detection of faults up to 3 kQ
[1], faults up to hundreds of ks are not uncommon [2, 3]. High
impedance faults may evolve into more serious faults over time,
so it is of interest to be able to detect them as eatly as possible.
Therefore, this paper is concerned with faults above 3 k€.
Specialized earth fault location schemes have been proposed
extensively in the literature. The magnitude of the neutral volt-
age is the standard fault detecting approach in the case of low
impedance faults, but this is not reliable in the case of very high
fault impedances [3]. The neutral voltage increment can be used

results and demonstrate the expected earth fault indicator response.

instead to provide sensitive detection [3], while the slow tran-
sient build-up of the fault current is used in [4]. The method
presented in [5] uses the deviation of the neutral voltage and
current from their known healthy values to estimate an equiv-
alent fault resistance, and a sufficiently low resistance estimate
signifies a fault. Methods based on the admittance-principle are
also common, monitoring the ratio of the zero-sequence voltage
and current to obtain detection and directionality [6].

Fault location may be implemented as a separate stage or inte-
grated with the fault detection stage. If not integrated with the
fault detection, it can then be either passive or active. Active
methods can for instance involve injection of a super-imposed
signal that can be traced in the network [7, 8], or a short-time
de-tuning of the arc suppression coil (ASC) [5, 9, 10]. The draw-
backs of such methods are the added complexity and the need
for external equipment or integration with the ASC controller.
Reference [11] describes a mobile solution based on injection
of non-fundamental frequency currents. This is however meant
for ground personnel and represents a much slower, manual
localization process. Decentralized or wide-area methods using
either fault passage indicators (FPIs) [6] or feeder terminal units

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2023 The Authors. [T Generation, Transmission & Distribution published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

5446 wileyonlinelibrary.com/iet-gtd

IET Gener. Transm. Distrib. 2023;17:5446-5457.


https://orcid.org/0000-0001-9858-5032
mailto:thomas.treider@ntnu.no
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-gtd
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fgtd2.13059&domain=pdf&date_stamp=2023-12-07

TREIDER and HOIDALEN

5447

(FTUs) [12] have also been proposed, requiting more units and
infrastructure to provide sufficient coverage.

Several passive methods for earth fault location can also
be found in the literature. In [13] it is proposed to moni-
tor the zero-sequence energy on each feeder, whete the sign
of the energy will indicate forward/reverse fault. The authors
of [14] report that this principle becomes less reliable for
very high fault impedances combined with network asymme-
try, and [15] further illustrates the problem with asymmetry.
In [16], very sensitive detection is achieved based on a charge
similarity approach. However, the method assumed and was
verified with a perfectly symmetrical network in which no zero-
sequence currents flow in healthy operation. Real networks can
have considerable asymmetry [17] in which the high impedance
fault may be difficult to separate from the natural asymme-
try, and it may even temporarily reduce the asymmetry [3].
Reference [18] proposes a complex method where the faults
are detected based on neutral voltage displacement, the faulty
phase is identified based on the phase voltage variations, and a
transient principle is applied to locate the faulty feeder. Again,
the asymmetry of the network is mentioned as a limitation,
and the method requires several relay units in the network for
faulty section determination.

To deal with the problem of measurement errors and net-
work asymmetry, current and voltage increments are often
used [3, 19-21]. This enables more sensitive detection as the
healthy state asymmetry contribution can be canceled out.
These methods generally report very sensitivity, that is, in the
10-200 k€ range.

Except for reference [5], it is only the task of fault detection
and an initial faulty feeder indication which is emphasized in the
literature, whereas the ability to provide continuous fault indica-
tion throughout a sectionalizing process is neglected. In [5] the
fault indication is achieved using a short-time de-tuning of the
ASC to map the parameters of the healthy system, but it is not
apparent how reliable this is during sectionalizing. Fault indica-
tion during a sectionalizing process is an important feature to
consider as (1) the initial faulty feeder indication may be incon-
clusive or wrong, and (2) it may be of interest to determine the
faulted section more precisely, not just the faulted feeder. High
impedance faults are not time critical, and it is preferable to iso-
late the faulty part of the network systematically while affecting
a limited number of customers. During this process fault indi-
cation based on the increments of the feeder currents will be
inaccurate, and the neutral voltage magnitude, which can serve
this purpose during low-impedance faults, is not reliable when
the fault impedance is very high due to its much lower displace-
ment duting fault and its possibly equally large displacement
during sectionalizing.

This paper contributes with the following: First, the detailed
implementation of a novel method for detection and location
of earth faults with very low fault currents in compensated net-
works. The method is based on two independent fault current
estimates which together provide sensitive and selective fault
detection. One of these estimates is based on the phase currents
on each feeder, while the other makes use of the ASC current,
voltage and compensation degree. The method also enables
continuous monitoring of the fault’s presence in the network
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FIGURE 1 (a) Neutral point impedance coil split and (b) network model.

during sectionalizing, and it can therefore aid operators when
clearing the fault. Second, this paper presents laboratory tests
to validate the proposed method, and to investigate factors lim-
iting the sensitivity. A physical 400 V laboratory network model
is used for this purpose, which enables teal-life complicating
factors such as measurement sensor accuracy and off-nominal
network frequency to be included in the tests. The paper also
discusses the applicability of such laboratory tests as substitutes
for field tests.

The rest of the paper is organized as follows: Section 2
describes the theoretical foundation for the method, and this
is used to derive the proposed fault detection and location
method which is presented in Section 3. Section 4 describes the
laboratory test setup, and the results from these tests are pre-
sented in Section 5. The applicability of the results is discussed
along with the challenge of transferring the laboratory results
to a real network in Section 6, and conclusions are given in
Section 7.

2 | MODELLING EARTH FAULTS

The theoretical foundation for the method discussed in this
paper has previously been published in shorter format in ref-
erence [22], but it is included here for the sake of readability and
further development.

2.1 | Neutral coil split
Consider a network compensated by an ASC tuned to some
degree £ > 0, so that its value L, is given by (1).

1
]Jn = E . [‘rey' (1)
The inductance L, corresponds to the resonance condition,
that is, the coil inductance which compensates for the total

shunt capacitance of the network C}; as desctibed by (2).

‘wCi, = 0. 2
Jwl,. + jwCyy @)
The coil L, is replaced, in theory, by two coils in parallel, Z,,;
and 7., such that 7, = L,,/||Z,. This is illustrated in Figure 1a.
The coil L, is related to the actual value of the physical coil Z,
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through the compensation degree £ as described by (3). Rl g i S A R ' '
U= Fault current magnitude
7 = & 7 3 3r Net Kk data: N - = Theoretical
P =1 " 3) < chwons dasai | Simulated
= 5| G = 9395 nF, G = 5632 nS |
The benefit of introducing this notation is the more compact = gp = 06274 Q, k = 1-é27 E, =12.7kV
. . . . . 1t = -12797+7469 n 1
form of the equations derived in this paper as the total capaci- Network load S = 3.46+;1.26 MVA -~
tance to ground in the system is cancelled by Z,,;, as described 0 s . s . -
10° 10 10 10° 104 10°

in (2).

2.2 | Neutral voltage
In the network in Figure 1b the total phase-ground admittances
for the three phases are as given in (4),

Y, =Y =G+ jaC,
Y=Y +Yp, =G+ Gpy+ jo(C + Cyy), @
Y[ = Y+YA[ =G+ GA[+/‘CI)(C+CA[),

where C and G are the total phase-ground capacitance and con-
ductance in phase a, respectively, and Cy,, Cp,, G, and Gy,
describe the deviation of capacitance and conductance in phases
band ¢ with respect to phase « that stems from the natural asym-
metry in the network. The neutral voltage in the healthy network
can be expressed as

o >

[ p—— ©
G+ —+—
R, Jel,
where Ed is the phase-neutral voltage of the reference phase, in
this case phase 4, and

D= /72YA/7 + bYA[,
R ©)

G = 3G + Gpy + Gy,
In (6), the operator b = /120°
coil losses as well as any external resistor which may be perma-
nently connected. When a fault occurs in phase 4, the neutral

. The resistor R, represents the

voltage becomes instead as given in (7).

1
i - R_/
T/;l = _Ed N 1 1 1 * (7)
G+—+—+—
Ry R, jwL,

2.3 | Fault current

Assuming a fault taking place in phase 4, the fault current
according to Figure 1 is

I =——— ®)

Rf [©]

FIGURE 2  Fault current magnitude estimated using (9) and simulations
in ATP.

A more useful expression for the fault current in the system can
be derived by combining (7) and (8):

1 G+%+%—D

- > JwLl

[f=EdR_ N 1]7 1]) 1 .
e+ —+—+—
ijp Rp R/

©)

Figure 2 shows the magnitude of the fault current as a function
of fault resistance for a selected set of network parameters, both
from simulations in ATP and by using (9).

3 | METHOD FOR FAULT DETECTION
AND LOCATION

3.1 | Estimating the fault current during fault
The fault detection and location method described in this paper
relies on two separate approaches for estimating the earth
fault current, and the theoretical foundation for both these

approaches is explained in the following two subsections of

the paper.

3.1.1 | Using the neutral current

Assume that the compensation degree £ of the network is
known. Then, the current }; flowing through R, and L, as
illustrated in Figure 1 can be computed based on the measured
neutral current 7” and voltage _:Z as shown in (10).

-

Vi
./a)LN‘J‘ '

-

I,=1,+

(10)

It can be shown that _1;) will, during healthy (pre) and faulty
(fault) conditions, satisfy (11).

a’

G
- R 1\~ 1\> ()
]p, fault =G+ R_f T/;7, fault +| D+ E Ed .
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» 3b 16 @u-r * Jo = AL — (8], + A, (15)
I, I B 2
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FIGURE 3  Equivalent circuit for healthy and faulty network considering

the asymmetry as a current source.

By assuming that the voltage E , remains unchanged during the
fault, as is reasonable considering small fault currents, and rec-
ognizing that the asymmetry factor D is constant as long as the
network topology does not change, (12) is obtained. The term
GAV is assumed neghglble and thus the fault current can be
approximated as A[P.

- - -

A[,D = Ip,ﬁz/{/t ,D,Dré’ = GAV + ]}z ~ I/J (12)

Equation (12) can also be derived considering Figure 3,
which is derived from Figure 1 using Thevenin—Norton trans-
formations. It shows that the current flowing in 7, and R, in
the healthy state is caused by the asymmetry of the system,
and if the conductance is assumed negligible, then the current

7], pre = 7D = E D. When the fault occurs, the switch is closed
and the fault current is found as / r= ] —Ip= A[ , which is

the same result as in (12).

3.1.2 | Using phase currents

The currents flowing onto the feeders are assumed to consist
of a load current, a capacitive current to ground, a capacitive
current to the two others phases, as well as an induced current
caused by the mutual inductance between the phases. Equa-
tion (13) shows these components for the healthy state current
in phase a.

(V +E )Y + 1 /,/CO ab + %[ijM + ]iﬂd. + ]/add' (13)

When a fault occurs in the network in Figure 1, the phase
currents will change. By assuming that (1) line voltages remain
constant during fault, (2) the loads remain unchanged due to
the constant line voltages, and (3) that the change in phase
current magnitude is so small that the induced currents can
be assumed constant, then (14) describes the changes in phase
currents during a fault in phase a.

AL = AT,Y +1,
Al = AV,(Y + Ya)), (14)

AL = AT,(Y + Yp,).

These current increments can be combined to produce three
earth-fault indicators, named /,, /, and /,, as described by (15).

- 1 - -
Jo = AL = ST+ AD),

By inserting (14) in (15), and by assuming that
Ya, = YA, R0, it is seen that the three earth-fault indica-
tors remain at approximately zero during healthy operation. For
an earth-fault in phase 4, the three earth-fault indicators on the
faulty feeder takes on the values in (16), whereas they remain
zero on the healthy feeders.

- 1-
Jarfate = L o faue = Jofou = =51y (16)

As mentioned eatlier, the asymmetries Yy, and Y, can not
be assumed to be zero in real networks. Generally, the tran-
sition from (15) to (16) becomes less accurate as Y, and Yu,
increase. Equation (17) shows the values of the indicators /,_,
during fault when the asymmetries are included:

> 1
Ja s = Iy = AV, = (Yap + Yao),

1- > 1
I e = =515 + AV”<YA/7 - EYAz>’ 17)

1- > 1
Jofuuts = =51y + AT/IZ<_§YA/7 + YAf>-

The errors introduced by the asymmetry are only a few per-
cent of the magnitude of the fault current even in the case of
very unsymmetrical networks (D & 5% of 3Y [17]), and this can
be shown to be independent of the fault resistance. As a result,
(16) is a valid simplification of (17).

3.2 | Criterion for fault detection

To detect earth faults in the network, it is proposed to monitor
the three indicators in (15) on each feeder. During an earth fault
they are expected to have a fixed relationship between them as
indicated by (106):

1) The magnitude of the faulty phase indicator is approximately
twice as large as the magnitudes of the indicators in the two
healthy phases.

2) The phase angles of the healthy phase indicators are equal
and approximately 180 degrees out of phase with the faulty
phase indicator.

For all other fault types, this relationship will not be observed.
Asymmetric load changes could in theory result in a similar
response from the indicators, but the current A};, is unaffected
by load changes and can be used to give an extra criterion for
secure detection of earth faults. If the compensation degree
of the network is known with reasonable accuracy, the value
obtained for A}; should be comparable with the faulty phase
indicator, both in magnitude and angle. A similar approach
was suggested in [5], although by utilizing zero sequence cur-
rents increments on every feeder. The difference is that the
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zero sequence currents are less suited to provide informa-
tion on faulted phase, and directionality can not be obtained
without comparing the current increments on all the feeders.
The phase current indicators in (15) can perform the required
computations without input from the other feeders.

3.3 | Searching for and clearing faults

As the load in the network can not be assumed constant over
long periods, the indicators in (15) are not reliable for prolonged
fault indication. Once a permanent fault has been detected in
the network, the continued monitoring of the fault is done
through A};,. The pre-fault value _)p, sre 18 then no longer updated
but instead kept at its last value before the fault was detected.
This way A_I;j remains high as long as the fault is present in the
network, whereas it returns to zero if the fault is cleared.

Once the sectionalizing process begins, the ASC is assumed
to be kept constant. If a section of the network is disconnected
during this process, the compensation degree £ increases due
to the reduced network capacitance. This increases the value of

L

s> and the computation of the current 7;) using (10) must then

-

be done with an updated value of L. Keeping the current o, pre
as an estimate of the current 7D in the network is a simplifica-
tion because the sectionalizing process may alter the asymmetry
parameter [, and as a result, the current A_I;, will most likely not
return exactly to zero when the fault is cleared. If the fault cur-
rent was in the same order of magnitude as this residual value
the success of the fault clearing is not possible to determine.

3.4 | Logicimplementation and settings

The computation of the current increments is implemented
using a sliding window. The current phasors are updated every
sample, and the increment of current 7 at sample ; is then
computed as

Al = 1y = Ly—13- 1> (18)

where 75y is the length of the sliding window in seconds and £,
the sampling frequency in Hz. Based on (10), a fault in phase «
can be signaled when the criteria in (19) are met.

|2], — £],| € [180° — ¢,180° + ¢
|£], — 2],] € [180° — ¢,180° + ¢]

K/: €[0.5—K,0.5 + K] (19)

Vel
Uﬂl

The criteria in (19) are visualized in Figure 4, where a fault

€ [0.5—K,0.5+ K].

in phase « is considered. The parameters K and ¢ are margins
added to allow for some deviation from the ideal vector rela-
tionship in (16). A fault is detected when both the vectors /,//,
and /./J, come into the shaded area. Similar zones are imple-

FIGURE 4 Indicator relationship during fault in phase a, with the red
field representing “trip zone” for a fault in phase # according to (19).

mented for the fault indication in phases # and ¢ as well, and
they are mutually exclusive.

The criteria in (19) are derived from the expected relationship
between the vectors /,_,, and in simulations these are sufficient.
However, in a physical implementation the indicators are never
truly zero. Small fluctuations due to noise and cross-talk from
surrounding conductors can cause the criteria in (19) to be met
accidentally and quite frequently unless a magnitude threshold
is considered. The criterion in (20) is added to account for this.

.l > €. (20)

Adding the magnitude threshold is necessary for secure oper-
ation of the indicators, but it does necessatily reduce the
sensitivity of the fault detection. Determining the value of this
threshold is also a challenge as it must be set higher than the
aforementioned noise in healthy operation, and this will require
study on the network in question. A final criterion is as men-
tioned previously to consider the neutral current component
A}:D as well, discarding all trips from the indicators that do not
coincide with a similar response in this current. This way, the
neutral current criterion provides added security against false
fault detection. The parameter A}; is computed in the same way
as the phase current increments, as shown in (18), but with a
longer sliding window length Zgyp; to account for the slower
current dynamics in the coil.

A vector comparison between A}} and the faulty phase indi-
cator could be made as well, but this assumes knowledge of the
compensation degree £. If £ is considered to be uncertain, a
simple magnitude criterion like the one in (21) could be used to
monitor A};,.

|AL| >, 21)

If £ is known, (21) is extended to (22) to include a vec-
tor comparison such as the one used for the phase current
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FIGURE 5 Indicator relationship during fault in phase a, with the red
field representing trip zone” for a fault in phase @ according to (22).

indicators, where K, and ¢, are margins similar to K and ¢ in

(19). Both /, and A?; should be identical during fault according
to (12) and (16), and the detection logic in (22) can be used in
addition to (21). Figure 5 illustrates this vector comparison.

A7) EN-K,1+K)
VA e ©2)

|2Al, — 2],| < ¢,

Correct values for the settings in (19)-(22) will primarily be
affected by the quality of the measurements, and selecting the
correct settings to balance the need for precision and avoiding
misoperation is the major challenge. Generally, the sliding win-
dow length 7§ should be long enough to capture the transients
during earth faults, but not so long that the load current can
not be assumed constant on the interval, making the transition
from (13) to (14) incortrect. The window 7§y, should be long
enough to allow for the current to increase in the coil, but lim-
iting this window length is not critical as the neutral current is
relatively constant.

Once a fault has been detected, the computation of
A_[;, using the sliding window is stopped. Assuming that
a fault was detected at time 7/, A7p(t) is computed as
A};, () = A};) () — A};,(z‘f — T5yp) going forward. This way, con-
tinuous fault indication is obtained for the sectionalizing
process. The phase current indicators can not assist in the sec-
tionalizing process because (1) the load currents can not be
assumed constant over many seconds, and (2) the sectionalizing
process will necessarily change the phase currents and render
(14) invalid. However, their continued calculation using sliding
windows is still of interest as the relationship between the indi-
cators that signal a fault is also observed if a fault disappears on
its own.

The flowchart in Figure 6 details the fault detection and
localization process described above.

4 | TEST SETUP AND MEASUREMENT
PROCESSING

4.1 | Norwegian national smart grid
laboratory

The laboratory verification is conducted in the distribution
network model implemented in the National Smart Grid Lab-

-
Sample number j
Phasor estimation: fa[j], fb[j], fc[j] s fn[j] and 17" 4

Compute fPh‘I

for all current phasors

v

[ Compute indicators J,, J, and J, using (15) ]

v

[ Check for faults using (18) - (21) ]

[Compute increments Afm = f[j] - f[j*Tsw- 7s] ]

Fault
detected

next sample
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Fault detection &
faulty feeder selection

Store value fl’[jfTswfs] as I,

Lock ASC in current position

Sectionalize and update estimate of
compensation degree k

Compute I,(t) using new value of k,
and AL(t) = L,(t) — I,

No

Yes

[ Fault cleared ]

FIGURE 6 Flowchart for fault detection process.

oratory, which is a joint NTNU-SINTEF facility intended for
testing of various smart grid technologies [23, 24].

4.1.1 | Distribution network model

The laboratory contains a 400 V distribution network model
which is constructed using physical resistors, inductances and
capacitors to emulate a real distribution network. Figure 7
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TABLE 1 Iaboratory equipment.

Current sensors

CT,, (default): Fluke i200s, set to 0.1V/A CT; »: LEM HAS 50-s, 50/5A CT , and CT: Gossen Metrawatt WZ 12-C, ImV,/mA.

Both /; and /, are measured on a 50-turn coil in order to better suit the measurement range of the probes used.

Voltage sensors
ASC Leybold three-phase inductor, model nr. 732 42.

Other Sampling frequency 4 kHz.

VT, Tektronix P5200, ratio 1V/500V VT n;: Tektronix P5200A, ratio 1V,/50V

Ly
Sec. 22 F~—{Sec. 23

L 2
13
Sec. 12}~—Sec. 13
FIGURE 7  Test network single line diagram.
40 T T
Il| 30 ]
(mA] 20 B
10 1
10 102 10° 10* 10°

R, [9)]

FIGURE 8 Measured fault current magnitude as function of fault
resistance for the selected ASC setting,

shows the network topology, where two feeders with three PI-
sections each can be operated radially or as a ring-network. The
Pi-equivalents can be tuned to represent a 22 kV system with
two radials with up to 24 km of overhead lines each, and the net-
work has a voltage scaling of 22:0.4 and current scaling of 50:3
[25]. The network is supplied through a A/Y 400 V transformer
which is grounded through an inductor for the tests considered
in this paper.

412 | Network configuration

Both feeders represent 24 km of FeAl 240 mm? conductors.
The laboratory network has a total of 3C,=2.4 U F capacitance
to ground, resulting in an uncompensated earth fault current of
approximately 175 mA.

A variable inductor is placed in the transformer neutral to
make the network resonant grounded. As the ASC is not pet-
fectly linear, its impedance will vary with the voltage across it.
This impedance is therefore estimated continuously by measur-
ing the current and voltage of the ASC. Two resistor banks are
used to provide loads up to 9 A and 3 A at the end of feeder 1
and 2, respectively. According to the laboratory documentation,
this corresponds to loads in the range 50-150 A [25]. Finally,
a variable resistor is connected between phase and ground
through a controllable switch to emulate a high impedance fault.
Figure 8 shows the magnitude of the fault current as function
of the fault resistance obtained through measurements in the

Q
-
=

]

BV

B |

Q
_%'4

B

BV |

Bt |

]

VCT;
FIGURE 9 Laboratory setup with equipment as given in Table 1.

lab with the chosen ASC setting, The complete setup of the lab
and the equipment used is given in Table 1 and Figure 9, and an
overview of the complete laboratory can be found in [25].

4.2 | Processing of measurements

421 | Phasor estimation

The fault detection method is based on current and voltage pha-
sors. Most phasor estimation techniques assume a 50 Hz signal,
and off-nominal frequencies result in a gradual drift of the phase
angle over time. For many applications this is not an issue as the
relationship between the phasors at any point in time is correct,
but because the method presented in this paper relies on pha-
sor increments, that is, changes over time, the phasor estimation
must account for the drift in phase angle that can occur when
the system frequency deviates from its nominal value.

The SDFT algorithm [26] is used for this purpose. It is
based on a conventional recursive DFT-based phasor estima-
tion, along with a frequency estimation stage. The frequency
of the signal in each window is estimated based on the previ-
ous three consecutive phasor outputs using equations (10), (12)
and (13) in [20]. By estimating the frequency of the signal at
each sample, the expected drift in phase angle can be estimated.
The resulting phasors can then be rotated back to their correct
values, thus producing phasors with constant phase angles.

In order to produce a stable and accurate frequency estimate,
a constant sinusoidal signal must be used. The line voltage is
proposed to be used for this purpose as it remains constant dur-
ing ecarth faults. The estimated phase angle drift based on this
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voltage measurement is then used to correct all the other phasor
estimates. A 100 Hz low-pass filter is applied to the line voltage
. . . 240 300
measutements to give a better phasor estimation, whereas all 270

other measurements are unfiltered.

Figure 10 shows the estimated frequency and resulting phasor
angle before and after this method has been used. The uncor-
rected phasor angle which assumes a constant 50 Hz frequency
can be seen to drift considerably.

5 | LABORATORY TEST RESULTS AND
ANALYSIS

5.1 | Phase current indicators

To illustrate the desired response of the phase current indica-
tors in (15), the faulty feeder indicators during a 5 kQ fault is
showed in Figure 11. It can be seen that the expected relation-
ship between the three indicators is observed, both in terms
of phase angles and magnitudes. Furthermore, the indicators
relate to the fault current as predicted by (16). The fault detec-
tion response for phase « with settings €,=10 mA, 7g>=100
ms, K=0.1 and ¢=15° is also shown on the tight y-axis, illus-
trating that the fault detection logic is triggered both when the
fault occurs as well as when it disappears. The indicators on the
healthy feeder did not increase during the fault.

By inspection of Figure 11a, it can be seen that the phase
current indicator magnitudes are not truly zero in healthy oper-
ation. These small fluctuations give rise to the need for the
threshold €; to avoid frequent false detections in healthy oper-
ation, and this effectively limits the maximum sensitivity of the
fault detection. Figure 12 shows the indicator magnitudes dut-
ing a 20 kQ fault, where the magnitude of the fault current and
indicators no longer are detectable with the €,=10 mA setting.
Furthermore, the magnitude of the fluctuations are now more
significant compared to the fault current magnitude, distorting
the ideal expected relationship between the three vectors as pre-
dicted by (16). Lowering the sensitivity threshold €; is thus not
necessarily going to guarantee detection of very small fault cur-
rents, and it also increases the probability of false detections.

(b)

FIGURE 11
feeder during a 5 kQ fault, and (b) corresponding normalized vectors obtained
at time t=1.02 s. The fault is applied at t=1 s and disconnected at t=2.1 s.

(a) Fault current and indicator magnitudes on the faulty

Fault
Detec.

[mA]

FIGURE 12 Indicator magnitudes during a 20 kQ fault. The fault is
applied at t=1 s and disconnected at t=2.2 s.

The indicators detected faults successfully up to 15 kQ using
€, = 10 mA.

To investigate the magnitude of the fluctuations, a constant
load current was measured in the lab using two different sen-
sors, thatis, 7, and C7}),, in Table 1. The resulting magnitude
of the indicator J,, computed with 7g;>=100 ms, is shown in
Figure 13. The different curves correspond to different nomi-
nal values of the load current, and the results illustrate clearly
that the two sensors have different properties. In the case of
C1},5 sensor, the magnitudes are relatively large compared to
CT}, but they are also independent of the magnitude of the
primary current. C7,, generally gives smaller fluctuations in /,
but it is in turn dependent on the primary side current. Table 2
shows the number of false detections over the same period using
CT1}, as function of the load level and the sensitivity €;. To
avoid false detection in this case the sensitivity must either (1)
be limited to €; = 10 mA, or (2) adapted in real-time based
on the present value of the load current, which would allow
more sensitive settings during low-load conditions. To identify
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5¢ 30 * At =1, L5 is opened. Section 13 is now disconnected

4 —29 :\' w_dc;;r:nti 87 A from the network, but the fault is still present. Disconnecting

section 13 increased the compensation degree and decreased

g 3! z 0 the neutral voltage. As a result, the neutral current decreased

=, | | E«; as well, but the fault current increased slightly. A_];, correctly
= [ = captures this behavior.

—]

2.6 2.8
tls] t[s]
(a) (®)
FIGURE 13  Magnitude of indicator /, when measuring a constant load

current with (a) the Fluke sensor or (b) the LEM sensor. Horizontal lines show
average values over 30 s.

TABLE 2 Number of false detections during 30 s as function of load
current /; , with ¢ = 15°, K = 0.1, Ty = 0.1s.

I, [A] g =4mA ¢ =6mA & =8mA ¢ =10mA
2.9 2 0 0 0
5.9 22 1 1 0
8.7 35 3 0 0
" —|I}| 200
_ll’Ll
40 1AL 100

mA
w
S
deg
o

N
B | |
T T2 T3 T4 T5 TG

(a) (b)

-200 -
T

FIGURE 14  Magnitude (a) and angle (b) of fault current, neutral current
and A/, during sectionalizing process for a 20 k€ fault.

the exact mechanism involved in determining the magnitude of
these fluctuation requires further studies, but the importance of
sensor quality is clearly seen.

5.2 | Sectionalizing

In order to verify the sectionalizing principle, a series of breaker
operations is performed. By monitoring A};’ throughout this
process, the faulty section can be determined as explained in
Section 3.3. Figure 14 illustrates how A}; is estimated through-
out the sectionalizing sequence when clearing a fault, compared
to both the fault current and the neutral current. The fault
resistance was 20 kQ. See Figure 7 for breaker locations:

* Atz = 1j, the fault is applied between section 11 and Z5.

* At t =15, Ly is closed to bring section 13 back in, but
now fed from feeder 2. The network now regains its original
compensation degree.

* From ¢ = 7;-T7;, section 12 is also disconnected from
feeder 1 and connected to feeder 2.

* Att = T, the faulty section, section 11, is correctly discon-
nected by opening breaker 2. A_l;) goes to zero, confirming
that the fault is cleared.

The entire process from 7; to 7; took 11 s. Note that this
breaker sequence is only intended to demonstrate the behav-
ior of A};, during temporary disconnection of both healthy
and faulty sections of the network. In a real network with a
different feeder layout and breaker arrangement, the optimal
breaker sequence may be different. The optimization of this
sectionalizing process is not considered in this paper.

In addition to the case shown in Figure 14, the sectional-
izing indicator was verified for faults in the range 10-50 k€.
There were no signs of reduced accuracy for increased fault
resistances, but fault resistances above 50 k) were not available
at the time of testing. The indicator also functioned as intended
in both an over-compensated and under-compensated network.

The network in the lab is very symmetrical, meaning that TZ,
and 7 are both very small in normal operation. This makes it
qulte easy to determine the presence of the fault based on either
V or [ as well, but in a network with A larger healthy state
T/;, and [,7, this would not be possible. AI], could then provide
a much more sensitive fault indication, because the change in
compensation degree is accounted for. Furthermore, A7P will
also match the faulty phase indicator /,, enabling a more trust-
worthy and selective fault detection. The test shown in Figure 14
illustrates that A_[;, is a good approximation of the fault cur-
rent, and it enables continuous monitoring of much higher fault
resistances than |1,| can.

6 | LABORATORY VS. REAL NETWORKS

The results in Section 5 have verified the feasibility of the pro-
posed method both for detecting and locating faults, and a
few key factors have been identified and discussed in detail.
It remains a challenge, however, to determine to what extent
these laboratory tests can be used to predict the behavior in a
real network.

6.1 | Scaling up the laboratory quantities

The first issue is the scaling of the laboratory model, and
how the normal phase current indicator fluctuations (noise) are
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FIGURE 15
and high values of R, ina 22 kV network with a 50 A charging current.

|7/ | computed using (9) and two approximations for low

related to the load cutrents and the earth fault current. The
results so far have shown that the phase current indicators are
ultimately limited by the magnitudes of these fluctuations, as the
fault current eventually fails to stand out above them when the
fault resistance increases. The question then becomes how the
currents and fault resistances should be scaled.

To analyse the sensitivity of the method, the system currents
can be scaled based on the fault current’s relationship with the
network voltage. By analysing (9), it can be found that the fault
current, for a given fault resistance, is proportional to the system
voltage when the fault resistance is high enough. Exactly how
high R, needs to be for this approximation to be valid is best
illustrated with a figure. Consider a hypothetical 22 kV network

with a 50 A charging current 7, = wC,, 17,/ \/g The fault
current magnitude is computed using (9) and two approxima-
tions of (9) valid at low and high fault resistances, respectively, as
shown in Figure 15. The breaking point of the curve, marked by
the vertical line, is found where Rj[ =1/(@GC,, (|1 — £])). This
limit is approximately 10 kQ in the lab, and it is lower in larger
networks where C;, is higher. Below this limit, the fault cut-
rent is determined by multiple parameters such as G, R,, £ and
D, while the approximation |7f| ~ |f5 a|/ R is valid beyond Rj,.
The latter is therefore valid when discussing the upper limit of
the method’s sensitivity.

The above approximation implies that a fault resistance in the
400 V laboratory network is equivalent to a fault resistance 55
times higher in a 22 kV network (22/0.4 = 55). Alternatively, the
fault current is increased 55 times when considering the same
fault resistance in a 400 V and a 22 kV network. The laboratory
load currents, which are in the range 2.9-8.7 A, will then corre-
spond to 160—480 A in a 22 kV network. Similarly, the 175 mA
capacitive charging current in the laboratory network will corre-
spond to a 10 A current. 10 A is a too low value for a realistic
resonant grounded network (a more realistic value would be in
the range of 50 A and higher), but this will only impact |7f|
up to the threshold R*. The unusually small charging current is
therefore not affecting the fault current magnitude for high fault
resistances, that is, at the maximum detectable fault resistance.

It is the method’s maximum detectable fault resistance which
is of primary interest to be able to scale so that it can be com-
pared to other methods. The method proposed in this paper

FIGURE 16 Earth fault indicator magnitudes during a field test and
laboratory test (right y-axis). R =20 kQ in both cases, with pre-fault phase
currents approximately 3 A and 20 A in the lab and the real network,
respectively.

relies on detecting the fault current, and if the method’s sen-
sitivity is absolute—that is, it has some constant downward
threshold for a detectable fault current—then the previous anal-
ysis have demonstrated that the laboratory results can be scaled
directly based on the network voltage. This implies that a 20 kQ
fault resistance in the lab is equivalent to a 1.1 MQ in the 22
kV network, which is not realistic. It is instead more reasonable
to expect that the lowest detectable fault current will increase
when moving from the 400 V laboratory to a 22 kV network,
due to for instance increased measurement noise. The results so
far have shown that the phase current fluctuations are the lim-
iting factor, so the results in a real network will depend on how
they scale. If their increase cancels out the effect of a larger fault
current, then the maximum detectable fault resistance in the
real network will be the same as in the laboratory. This remains
uncertain until sensors and their properties can be studied in the
field, as will be discussed next.

6.2 | Current sensor properties

The second challenge encountered when analysing these results
is comparing the properties of the current sensors used in the
laboratory to those of CTs in real networks. Figure 13 shows
that two different sensors radically impacted the feasibility of
the fault detection method. One of the sensors was impacted
by the current magnitude, suggesting that the interference from
surrounding conductors impacted its measurements. The other
sensot, however, while being unaffected by the current magni-
tude, generally gave much higher measurement noise. Whether
this is due to the measurement principle, current rating or some-
thing else entirely is not known. Whatever the reason, the results
have shown that the indicators /,_, will have a non-zero value
in healthy operation, and a sufficiently large fault current is
required to stand out above this noise.

Figure 16 shows the phase current indicator magnitudes on
the faulty feeder measured during two 20 k€ earth fault tests,
where one set of measurements comes from the laboratory tests
conducted in this paper, and the other from a field test con-
ducted by Norwegian network operator Glitre Energi Nett in
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their 22 kV network. The 22 kV network was operated with
a 55 A ASC, which corresponded to a compensation degree
of 10% over-compensation. Note that the indicators estimate a
10 mA and 0.55 A fault current in the two networks, fitting well
with the analysis in Section 6.1 where a scaling factor of 55 was
predicted. In the lab test the phase currents were 2.9 A, whereas
they were 20 A in the field tests. Although the ratio between the
fault current and the load currents is higher in the field tests, so
is the ratio between the fluctuations and the load currents. In
other words, the ratio between the fault current and the fluctu-
ations is almost identical in the two recordings, making the fault
detection equally challenging.

This finally raises the question about whether different sen-
sors in the 22 kV network could have given better results and
lower fluctuations. The field tests were conducted using class
5p20 protection cores, which are likely less accurate than the lab-
oratory measurements. The field tests were not conducted with
the purpose of verifying the method presented in this papet,
and using metering cores or a different sensor type in a different
location could have yielded different results. A detailed overview
of the measurement chain used in the field tests is unfortunately
not available, and their comparison with the lab tests is therefore
done cautiously. The simple example in Figure 16 corroborates
the lab results and demonstrates that the phase current indica-
tors function as intended, but dedicated field tests are required
to study the current sensors and the measurement quality in
a real network, which currently is the limiting factor for the
proposed method.

6.3 | Comparison with other methods

There are comparable methods found in the literature which
are able to detect and locate faults for very high fault resistances,
and which have been verified experimentally. These methods are
all based on incremental values and on manipulating the same
basic set of equations as in Section 2, but using zero-sequence
cutrents. In [27], a probabilistic method is presented which
functioned up to 220 kQ, and the method in [3] can detect faults
in the range 100-200 kQ. The method in [28] functioned suc-
cessfully up to 180 k€, but does require closed-ring operation
of the network. Two methods functioning up to 100 kQ are
presented in [20], along with a fault location method aimed at
narrowing down the faulted section. It is however dependent
on detailed network data and may not always give a conclusive
fault location estimate. The method in [19] functioned up to
160 k€, and the authors mention potential challenges with not-
mal system operation triggering responses in the zero-sequence
parameters similat to those observed during faults.

The sectionalizing indicator showed no considerable loss of
accuracy up to the maximum available 50 kQ fault resistance,
indicating that its limit is well above 50 k€. The phase current
indicators functioned up to 15-20 k€, but, as discussed eatlier,
the exact mechanism involved in determining this threshold is
not fully understood. The scaling of the fault resistances in the
lab is as discussed earlier a challenge; with ideal measurements
the results can in theory be scaled up to any network by the same
factor as the system voltage increase, but this implies sensitivity

in the MQ-range for the proposed method and does not seem
realistic. The evaluation of the fault resistances and their scaling
can not be done separately from the analysis of the current sen-
sors and their properties, and this does require field tests with
applicable sensors.

Regarding the sectionalizing indicator, no comparable
method for during-fault sectionalizing has been found in
the literature.

7 | CONCLUSION

This paper has presented a detailed description of the imple-
mentation and laboratory verification of a novel earth fault
detection and location method. The method shows promis-
ing results in the laboratory tests, and one field test from a
22 kV network corroborate this. The main contributions of
these results are as follows:

1) The new method makes each feeder capable of determining
a forward fault using only local phase current measurements
without need for input from other feeders or using voltage
as a polarizing quantity.

2) A sectionalizing indicator is presented and verified, which
can be used to provide continuous fault indication in a
network during the sectionalizing process. The indicator is
based on the neutral current in the network and is not limited
to radial networks.

The results also show that phase currents can be used for
low-current earth faults, a domain which traditionally has been
handled exclusively with zero-sequence currents.

In addition to the mentioned contributions, the paper has
also identified limitations, both of the method itself and the
applicability of the tests, as well as further work required before
the method can be implemented. The measurement quality is
currently identified as the main limitation of the method, and 50
Hz noise found to be dependent on the current sensors and the
magnitude of the load currents limits the sensitivity. This phe-
nomenon is dependent on the sensors used, and understanding
and quantifying this represents the most important future work
as it relates directly to the attainable sensitivity and reliable
pickup levels for the fault detection. Dedicated field tests are
required to study the impact of different current sensors and
CT cores on the method further.
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