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Abstract. This paper reviews the SLG(Single-Line-to-Ground) fault location methods in NUGS(Neutral Un-
effectively Grounded System), including ungrounded system, resonant grounded system and high-resistance
grounded system which are widely used in Northern Europe and China. This type of fault is hard to detect and
location because fault current is the sum of capacitance current of the system which is always small(about tens of
amperes). The characteristics of SLG fault in NUGS and the fault location methods are introduced in the paper.

1 Introduction

In medium voltage, 10kV~35kV, distribution system in
China and Nordic countries are mainly NUGS (Neutral
Un-effectively Grounded System). The SLG (single-line-
to-ground) fault is the most common fault type in NUGS
which is also called earth fault by some scholars. It is

reported that about 50-80% of all faults are of this type[1].

This type of fault is different from the line-to-line fault in
NUGS and the SLG fault in neutral effective grounded
system, the load is not affected by the fault and the fault
current is always tens of Amperes which is determined by
the capacitive charging current of the system. But the
healthy phases’ voltage would arise to line-to-line voltage
which may cause insulation breakdown and lead to fault
expands. The SLG fault may lead to the fire hazard and
electric shock. So it is necessary to locate the SLG fault
as soon as possible, then isolate it and repair such a fault.

Research on SLG fault location has been conducted
for decades. There are many methods have been proposed
and can be divided into single measurement based and
multiple measurements based, steady signal based and
transient signal based, time domain based and frequency
based, and so on. However, there is no one could solve
the problem very well for many reasons, especially the
small fault current and complex system structure. All the
methods will be introduced in the paper.

2 The Characteristics of SLG Fault and
Problem Definition

The typical SLG fault model in NUGS can be depicted as
in Fig 1. The system is neutral ungrounded system when
breaker K is open, and it is resonant grounded system
when K is closed. Considering the fault resistance Ry and
fault distance D is zero, the fault phase voltage will drop
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to zero and two healthy phase to ground voltages will
increase to times of phase voltage. There is no large fault
current for the fault path is high impedance. Fault current

If is the sum of all line to ground capacitive current.
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Figure 1. The SLG fault model in neutral ungrounded and
resonant grounded system

The transient is obvious when SLG fault happened
because large number of energy-storage
elements(inductance and capacitance) contained in the
system which is introduced in [2] in detail. It has larger
amplitude than the steady state fault current. The typical
three phase voltage and three phase current waveforms of
fault feeder are shown in Fig. 2. When a SLG fault
happens, three different components can be distinguished
in the transient signal[3]. The discharge transient is
initiated when the voltage of the faulty phase falls and the
charge stored in its earth capacitances is removed.
Because of the voltage rise of the two sound phases,
another component, called charge transient, is created.
The interline compensating components equalize the
voltages of parallel lines at their substation terminals. In
compensated networks there is, in addition, a decaying
DC-transient of the suppression coil circuit. This
component is usually at its highest, when the fault takes
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place close to voltage zero. If the coil is saturated, the
current may also include harmonics.

Figure 2 The typical waveforms of SLG fault in NUGS(fault in
phase C)

3 Review of SLG Fault Location Methods
in NUGS

3.1 The Classification of the Methods

In the past two decades, many algorithms have been
proposed to locate the SLG fault in NUGS. Those
methods can be divided into many groups (see Fig 3),
which are introduced in this chapter respectively. The
passive methods utilize the features cause by fault, and the
active methods need some other device to produce
disturbance for accurate fault location. The passive
methods can be subdivided into single-ended methods and
multiple measurements methods based on the number of
required measurement devices.

SLG fault location in NUGS
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Figure 3. SLG fault location methods in NUGS
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3.2 Electrical Parameter Calculation Based
Methods

3.2.1 Fundamental Based Methods

This types method mainly used in effectively grounded
system. Because the fault would cause large fault current
which can be used for fault distance calculation. It also
can be classified into phase analysis based method[4],
sequence analysis based method[5].

Measurement

Fault signal path

Figure 4. Fault signal path

3.2.2 Transient Based Methods

The transient based methods calculate the fault distance
by calculating the inductance L of fault path. There are

three methods to calculate the L, including differential
equation method, Fourier transform based method and
wavelet based method.

(1) Differential equation methods

The simplified equivalent circuit of fault path is
considered as one order R-L circuit. Then the differential
equation algorithm calculates the fault distance by
numerical solving the differential equation as follows:
di(t) 0

dt

where u(t) is the instantaneous voltage; i(t) is the
instantaneous current; R is the resistance of equivalent R-
L circuit; L is the inductance of equivalent R-L circuit.
The equation can be solved with a numerical integration
and the inductance of the fault path can be calculated if
three equally spaced pairs of phase currents and voltage
samples are available[6].

= ﬂ[(i/m 1 )Veo V) = Go 5V +%0)
2 (ik+1 + ik )(ik+2 - ik+1) - (ik+2 + ik+1 )(i/m - ik)

2

u(t)=R-i(t)+L-

(2) Fourier transform based methods

In ref[7], a method using the Fourier-transform to
calculated the line impedance in frequency domain. The
reactance of the faulty line length is obtained directly as
the imaginary part of the impedance calculated from the
corresponding frequency spectrum components of the
voltage and current. Ref[8] use this type method in the
cable fault location. But the high frequency signal
contained in transient signal is an exponential decaying
signal which could cause error using FFT analysis.
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Figure 5. Electrical parameter calculation based methods
(3) Time-frequency transform based methods

This type of method uses time-frequency transform to
extract transient voltage and current to calculate the line
impedance. It is based on one specified damped
exponential signal for electrical parameter calculation.
The wavelet transform is the typical method to extract
time variant signal. Ref[9] use continuous wavelet
transform to extract the specified signal to calculate fault
path inductance.

L= 1 imag {—UW (kAL /) } (3)

1) 1 (kAt, f)

Where o is angular frequency; L is inductance of fault
path; Uw and Iw are the wavelet coefficient of voltage and
frequency separately; f is frequency for the distance
calculation.

The electrical parameter calculation based methods
estimate the fault distance by calculating the inductance of
transmission line from substation to fault position. These
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methods are mainly single ended, and can be divided into
fundamental signal based and transient signal based as
shown in Fig 5. The fault distance equation can be
formulated in time domain and frequency domain.

3.3 Traveling Wave Based Methods

This type of method is not affected by fault type, because
it is not based on the fault current analysis. Traveling
waves(also called surges) on power lines arise from a
number of causes, of which the most common are faults,
switching operations, and lighting. Surges on overhead
power lines travel at the speed of light, approximately
3x10® m/sec, and consist of a voltage wave and a current
wave related through the surge impedance of the line[10].
There are two types of traveling wave based methods, first
one utilizes the traveling wave propagates time from fault
point to substation combine with traveling wave speed for
calculation; another one is based on the traveling wave
frequency for calculation.

3.3.1 Time-distance based methods

The traditional traveling wave based method in
distribution system is the single-ended method using the
time difference between the first arrival of an incident
traveling wave generated by a fault and corresponding
reflected wave reflected from point. We nominated this
type method time-distance based traveling wave method
in this paper. The principle of the method is shown in Fig
6. Knowing this time delay and traveling wave velocity
the place of fault is determined. In three-phase networks,
the traveling waves are mutually coupled which means a
single traveling wave velocity does not exist. Therefore,
the phase domain signals are first decomposed into their
modal components by means of the modal transformation
matrices and each node is treated separately.

Considering the fault is detected at end S, the single-
ended fault distance calculation is as follows[11]:

— v(ts—ty)

D 5 (7)
where D is fault distance, v is traveling wave velocity; t0
is fault time, then the fault generate arrives at end S at
time ¢,;, and #; is the time traveling wave reflect from
fault point. It is necessary to distinguish between the
reflected wave from the fault point and that from the
remote bus-bar.

Busbar S D Busbar R

ty = fy
P -
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Figure 6 The reflection of traveling wave in the system

In this method, high-frequency voltage signals in the
frequency range of 1 to 10MHz are captured for fault
location purpose[11]. In order to apply the method in
three-phase systems, modal transform are used to extract

the aerial mode and ground mode signals. It has been
proven that the fault-generated high-frequency transient
signal is not affected by the variation of fault type or fault
path impedance.

The most critical issue in these methods is detecting
and extracting desired part of the signal, which indicates
the traveling of the waves. There are many methods have
been proposed to identify the reflected wave, including
cross-correlation[ 12], wavelet transform and so on.

3.3.2 Frequency-distance based methods

Another type of traveling wave based method is emerged
in recent years which utilize the relationship between
specific paths in the network and traveling wave
frequency. Fault-originated traveling waves propagate
along the network and reflect at line terminations,
junctions between feeders, and the fault location. The
characteristic frequency of the path is determined by the
length and structure of the system[13].

Ref[14] introduced the relationship between
characteristic frequency, traveling wave speed and signal
path. Assuming the network topology and the traveling
wave speeds of the various propagation modes are known,
frequency of mode through path can be evaluated a priori
as:

v,

Soi=— (8)

anp

where v, is the traveling speed of the ith propagation mode,
L, is the length of the pth path and n,(EN) is the number
of times needed for a given traveling wave to propagates
along path p before attain again the same polarity. p-1
values are used to identify the faulted section and the
remaining one to identify the fault distance between
observation point m and the fault location. The method of
associating a characteristic frequency to each path was
introduced in the paper.

3.4 Multiple Measurement Based Methods

The multiple measurements based methods is a kind of
fault section identification method. The fault section is
identified by comparing the current or some other features
measured along the distribution line. It can be recognized
as expansion of fault feeder identification. The methods
can be subdivided into transient based and steady state
based. Most of these methods are on-line fault location,
and there are some requirements for the measurement
device, such as sample frequency, synchronization, tele-
communication and so on. The comparison of the
different methods are shown in Table 1.

3.5 Signal Tracing Based Method

This method is a typical active method which locates the
fault by tracing the injected signal path by signal detector,
including handheld detector and fixed detector along the
line. The signal injection methods have been used for the
fault detection and fault feeder identification. The fault
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location can be recognized as the expansion of these
methods which need to trace the injected signal path.

The injected signal would pass through the fault point
and back to the injected point through the ground. It
means that the fault is in the downstream of measure point
if the injected signal can be detected in this point.

The requirements for the injected signal are that: 1) it
is distinguishable; 2) the signal and its source do not
adversely affect the performance of the equipment. There
are three typical research team have used this type of
method as shown in Fig. 7. Then the three methods and
modified would be introduced separately.

3.6 Signal Diagnosis Methods

The signal diagnosis algorithm is based on transfer
functions and frequency spectrum analysis, using the
response of the applied impulse in the frequency domain
to construct criteria for the fault location[27]. It is a type
of active method which needs signal injection. The
method has been proposed for several years but it is
verified just by the computer simulation and hasn’t been
used in field test.

Signal tracing method
(three typical groups)
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Figure 7. The comparison of three typical signal tracing based methods

Table 1. The comparison of the different multiple measurements based method

Features Ref. Measurements General principle
Steady state Amplitude of 7, 14 1, along the line and magnetic Upload the I, along the line to primary substation for fault section
based field detection identification, then detect the fault position by detecting the magnetic
methods field of fundamental frequency signals
(using The phase difference 15 U, of bus and [, along the line The voltage and current need to be synchronous measurement. Measures
fundamental | between U, of bus and I, current using portable current measurement based on magnetic field
signal) of the line detection.
The phase difference 16 1y along the line The fault section is identified based on the absolute different between the
between the 7, of two approximate zero-sequence angles of two adjacent nodes.
adjacent nodes
Direction of zero 17 U, of bus and [, along the line Measure the zero sequence current using magnetic detection, use the
sequence power synchronized zero sequence voltage of bus to calculate zero sequence
power
5™ harmonic 18 electric and magnetic field Detect the fault point by the portable and non-contact voltage and current
measurement, the amplitude and phase are considered simultaneously
Composite method 19 U, of bus and 7, along the line Combine the magnitude and phase comparison implemented by using the
mobile zero sequence CT and wide area phase measurement
The increment of 7, 20 U, of bus and [, along the line Detect zero sequence current variation after adjust Peterson coil
Transient Transient reactive power 21 The electric field and magnetic The reactive power direction calculated using the transient signals in the
signal based direction field selected frequency band is used for the fault section identification
methods Polarity of a specific Residual voltage and residual Fault section identification is based on the polarity of a specific
frequency band power 22 current frequency band power computed by multiplying the DWT detail
coefficient
The waveform similarity 23 The waveform of 7, Calculate the correlation of transient zero current for fault section
of two adjacent nodes identification.
The relationship between 24 Three phase currents Utilize the difference between phase current and zero sequence current
phase current and 7
The product of transient 25 Line-to-line voltage and /yalong | The product of transient line-to-line voltage after Hilbert transformation
line-to-line voltage and the line and transient zero-mode current is defined as the parameter of fault
I direction.
Composite 26 Line-to-line voltage and /, along | Upload the fault data by FTU, and identified the fault section combine
the line transient reactive power direction method and transient current similarity
location method
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| Where Uj is zero sequence voltage and I, is zero sequence current.
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