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ABSTRACT

A high impedance arcing fault due to a leaning tree in medium voltage (MV) networks
is modeled and experimentally verified. The fault is represented in two parts; an arc
model and a high resistance. The arc is generated by a leaning tree towards the
network conductor and the tree resistance limits the fault current. The arcing element
is dynamically simulated using thermal equations. The arc model parameters and
resistance values are determined using the experimental results. The fault behavior is
simulated by the ATP/EMTP program, in which the arc model is realized using the
universal arc representation. The experimental results have validated the system
transient model. Discrete Wavelet Transform is used to extract the fault features and
therefore localize the fault events. It is found that arc reignitions enhance fault
detection when Discrete Wavelet Transform is utilized.

Index Terms - Arc simulation, ATP/EMTP, dynamic arc equations, high impedance
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arcing faults, faults due to leaning trees.

1 INTRODUCTION

HIGH impedance faults often draw small currents which
cannot be detected by conventional relays. When these faults
persist, it is hazardous for both human beings and electrical
equipment, especially when they are associated with arcs. Such
faults are very common in distribution networks [1]. So, many
protection algorithms have been introduced to detect these faults
[1-7].

In the Nordic countries, fault categories are classified into
snow burden 35%, fallen trees 27%, boughs on pole transformers
9%, diggers 6%, lightning impulses 6%, and the rest are probably
caused by animals. Due to the forest area, the electrical network
is exposed to faults due to leaning trees [2]. This fault is
categorized as high impedance due to high resistance of the tree.

Recently, recorded field data have been used to enhance
protection relay performance [2-4]. These data are used for
practical investigation of network abnormal conditions or to test
the relay reliability and its security. However, they are not
suitable for modeling faults, especially high impedance faults.
That is due to the fact that the fault characteristics cannot be
managed using measurements at the network terminals.
Furthermore, the fault scenario is not well-known and such data
do not provide a dependable basis on which to base protection
functions.

Consequently, many researchers have performed actual fault
events on real networks and have captured fault data from
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ultimately known events and locations [4-7]. It is worthwhile to
introduce practical protection functions using such data,
especially if the fault event is recorded at both the fault branch
and the measuring terminals. However, it imposes a high and
severe risk on the electrical networks and there are restrictions
against further use of staged faults. On the other hand,
experimental work is still used to determine characteristics of the
high impedance faults associated with arcs [8]. However, these
investigations are insufficient for managing situations where
several faults simultaneously occur at a number of locations in
the network.

In order to overcome the complications of obtaining staged
fault data or of studying difficult abnormal conditions in the
electrical networks, accurate fault modeling incorporated in the
networks at different locations reproduces the well-known fault
circumstances. Avalanche data can also be used to introduce and
examine relay functions. Fault modeling requires experimental
data to fulfill its equations and their parameters. So in this paper,
an experimental setup is used to establish a high impedance fault
of a leaning tree type. The test results are used to model the fault.
The model parameters are determined. The experimental work is
implemented using the ATP/EMTP package. The tree impedance
is represented using a resistance and the arc element is modeled
by a thermal model and realized using universal arc
representation in the ATP code. The simulation results are
compared with the experimental results to examine the validity of
the fault model. Then, fault signals are analyzed using Discrete
Wavelet Transform (DWT) and its detection is also discussed
using terminal data of a simulated 20 kV unearthed network.

1070-9878/07/825.00 © 2007 IEEE
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2 EXPERIMENTAL WORK

2.1 LABORATORY SET UP

An experiment has been performed to measure the
characteristics of a high impedance fault occurring in a 20 kV
distribution network. It was carried out at the Power Systems
and High Voltage Laboratory, Helsinki University of
Technology (TKK), Finland. Figure 1 shows the experimental
configuration and corresponding parameters are indicated in
Appendix 7.1. When the conductor is energized at 11.5 kV
and the tree bends close, an arc is created as shown in Figure
2.

2.2 EXPERIMENTAL RESULTS

The experiment was accomplished in two steps. First, the
tree resistance was measured when the tree and conductor
were touching. The applied voltage on the tree was then
increased gradually. At each increasing voltage step, the tree
voltage and current values were measured to estimate the tree
resistance as shown in Figure 3. The solid line was obtained
using measured data, while the dotted one gives the data
fitting that represents the initial resistance value. It is found
equal to 201 kQ. The dispersion of the experimental data can
be much better estimated using the standard deviation. It
represents the average variation as a function of the resistance
value 201 kQ and it is equal to 18 kQ. The resistance value is
related to the measuring location across the tree and the
laboratory atmospheric conditions. However, when the
temperature is less than -15 °C, the resistance is found to be
approximately 800 kQ for the same tree. Therefore, the tree
resistance varies according to the annual season in the range
of several hundreds of kQ [3].

In the second step of the experiment, the fault characteristics
were measured as described in the following scenario. The
system voltage was applied to the conductor. As the tree was
moved towards the conductor, however, the measured current
was almost zero. When the tree was very close to the conductor
bar, less than 2-3 cm, an arc was established initiating the
current and distorting the voltage wave. The arc was then
elongated by moving the tree away, to a distance greater than 4-
7 cm, and hence the arc was extinguished. This scenario means
the fault is "self-extinguishing", however, if the tree does not
move far away from the conductor, the fault becomes
permanent. Figure 4 illustrates the fault voltage and current
waveforms when it is associated with arcs at different locations.
It reveals that the distortions in voltage and current waveforms
are influenced by the arc behavior. Therefore, non-steady state
periods with spikes in the voltage and current waveforms have
been evident at the reigniting instants. This is clearly depicted in
the enlarged figures at the vicinity of the zero-crossings as
shown in Figure 4a. Identification of these features can enhance
this fault detection. On the other hand, if the arc is continuous
the waveform pattern of voltage and current is as in Figures 4b
and 4c.

3 ARC MODELING

It is extremely difficult to accurately simulate a complete
arc circumstance due to its irregularity. The arc behavior
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changes from one half-cycle (power frequency) to the other as
revealed by the experimental arc characteristics shown in
Figure 5. This constitutes one cycle specific to an arc and it is
characterized by unsymmetrical half-cycles. So, the arc model
parameters extracted using the positive half-cycle are
inappropriate for the others.

There are several models used for describing the arcs. Most
models are used for circuit breaker arcs [9-10] and several of
them have been applied to long arcs or arcing faults [11-12].
There are various concepts for arc modeling. The most
popular rules depend on thermal equilibrium. The thermal
model has the longest history of the dynamic arc models, since
Cassie [13] and Mayr [14] introduced the first description of
arc conductivity in the form of a first order differential
equation. These dynamic equations have been improved and
modified to increase the models' validity and reduce the
computational burden. Also, they have been adapted to long
arc representation as [11]:
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Figure 2. Arc-associated tree bending over the conductor.
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dt
where g is the time varying arc conductance, G=|i|/V,,. is the
stationary arc conductance, |i| is the absolute value of the arc
current, V. is a constant arc voltage parameter, and 7 is the
arc time constant. The equation parameters are determined so
as to match the results from high arc current experiments. For
arc representation associated with short arc length and small
currents, they are changed to fit the new application.

To enable measurement of the arc characteristics, the arc
position is experimentally moved to a new point between the
tree and the calibrated series resistance. Therefore, the
capacitor divider can then be connected across the arc
element. The experimental characteristics shown in Figure 5
are used to determine the parameters of the arc equation (1).
There are two unknown parameters needed in our application,
Vae and 7, of which V,,. describes the arc voltage clipping
level. It can be determined when dg/d=0, synchronized with
the instant at which the maximum current occurs [11]. For the
positive cycle it is found that V,,.=2520V. For determining z,
the arc equation is discretely written as:

glk+D)—g(k) _ 1 Jith)] _ 2
Y = (V gk) k=12,. @

Equation (2) contains the unknown parameter z. Using the
experimental data of the arc current and voltage, it can be
determined as a function of arc conductance as shown in
Figure 6. Consequently, 7 is defined as:

T =Ae™ 3)
where 4 and B are constants. Using two fitting coefficients
accurately tracks the arc nature. The arc hysteresis in the
simulation phase is sensitive to 7, whose behavior during the
half cycle is dominated by the constant B as evident from
Figure 6. The suitable values are found to be 4=6.6E-5 and
B=41977 for the time constant shown in Figure 6. Figure 7
compares the simulated with the experimental arc
characteristics. These results are obtained using the simulated
system described in the following subsection. Although there
is good agreement in the characteristics during the positive
half cycle, the bad matching through the negative half cycle is
obvious. On the other hand, the appropriate parameters for the
negative half cycle shown in Figure 5 are V,=2100 V,
A=2.0E-5, and B=85970.30. The corresponding simulated arc
characteristic is illustrated in the comparison shown in Figure
8. These comparisons confirm the model accuracy.
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4 SIMULATION RESULTS

The experimental system shown in Figure 1 has been
implemented using the ATP/EMTP program as described in
Appendix 7.2 with the parameters summarized in Appendix
7.1. Figure 9 illustrates the simulation circuit using the
ATP/EMTP program. This circuit was realized using
ATPDraw which is a graphical interface used to simplify the
ATP/EMTP processing [15]. The arc model was implemented
using the universal arc representation [16], in which the
dynamic arc equation (1) is solved as illustrated in Appendix
7.2.

The control signal required for the controlled integrator
and acquired from the case depicted in Figure 4a is shown in
Figure 10a. Considering the conductance at the zero crossing
associated with arc extinction, the dielectric of the medium
until the instant of reignition is represented by a variable
resistance as a ramp function of 0.5 MCY/ms for a period of 1
ms after each zero-crossing and then 4 MQ/ms until the
reignition instant. These variables are used for matching the
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experimental current and voltage waveforms until the
reignitions. They are compromise ramp values obtained with
the aid of fitting the resistance curves computed from the
experimental voltage and current during such periods. The
corresponding simulated fault waveforms are illustrated in
Figure 10b. In the same manner, the test case shown in Figure
4c has been simulated as shown in Figure 10c. The utilized
fault parameters have been selected to be suitable for each
case where the parameters R,.., V.., A and B are found to be
140.5 kQ, 2520 V, 5.6E-7 and 395917 for the first simulated
case, and 130.0 k2, 2050 V, 8.5E-5 and 99987 for the other,
respectively.

In the two simulated fault cases, the parameters A and B are
compromised values for the positive and negative half cycles.
In these cases, there are differences in the arc behavior. The
first case is when the fault is in the foliage and there are
frequent and obvious reignitions. However, the second case is
when the fault is at the tree trunk and the impact of the arc in
the form arc reignitions is reduced. Due to the differences in
the arc behavior, the arc model parameters of each case are
not the same as depicted in the aforementioned parameters.
By comparing the simulated and experimental waveforms, it
appears that the fault modeling due to a leaning tree is

accurately represented.
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5 DWT-BASED FAULT FEATURES
EXTRACTION

Due to the arc reignitions after each zero-crossing, the
waveforms are not stationary. So, the Fast Fourier Transform
(FFT) is not suitable for well-timed tracking because the arc is
haphazard. It is important to use an appropriate signal
processing technique such as Wavelet Transform.

Wavelets are families of functions generated from one
single function, called the mother wavelet, by means of
scaling and translating operations. They are oscillatory, decay
quickly to zero, and integrate to zero. The scaling operation is
used to dilate and compress the mother wavelet to obtain the
respective high and low frequency information of the function
to be analyzed. Then the translation is used to obtain the time
information. In this way a family of scaled (dilated) and
translated (shifted) wavelets is created and serves as the base
for representing the function to be analyzed [17].

The discrete wavelet transform is in the form [17]:

DWT, f(m.k)= FZx(n)t//(k LA

where ¥(.) is the mother wavelet that is discretely dilated by
the scale parameter a”, and translated using the translation

parameter nb,a”,, where a, and b, are fixed values with a,>1 (a) Details of theT el;I;)eeEislllental current
and b,>0. m and n are integers. In the case of the dyadic Figure 11. Details of the experidm3enta1 case shown in Figure 4a.
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The main obstacle of this fault identification is that its
features overlap other faults and furthermore, they may be
dissipated when the signals are measured at substations
because the fault current is very small. However, the fault can
be recognized by considering these fingerprints on the
residual current and voltage waveforms. Therefore, it is
important to implement the fault at different locations in the
network and to test a capability of this fault detection as
following discussed.

5.2 FAULT DETECTION

Figure 13 is a single line diagram of a 20 kV unearthed
distribution network simulated using ATP/EMTP and
preprocessed by ATPDraw, as is depicted in Appendix 7.3.
The line frequency dependent model in EMTP is intentionally
selected to account for unsymmetrical faults. When the
network and the fault modeling are combined in one
arrangement, the network behavior during this fault can be
investigated.

In Nordic Countries, the neutral is commonly unearthed and
compensated MV networks are increasingly being used [20].
In this study, the neutral of the main transformer is isolated
consistent with an unearthed system. Although this network is
not intentionally connected to the earth, it is grounded by the
natural phase to ground capacitances. Therefore, the fault
phase current is very low allowing a high continuity of
service. The current distributions in unearthed networks
during ground faults are discussed in [20].

The earth fault protection can be based on residual voltage
and current. Their waveforms are digitally computed as:

u,=u,+u,+u, ()
I, =1,+1, +I, (6)

where u, and i, are the residual voltages and currents,
respectively. u, , u;, and u, are the phase voltages. i, , i, and i,
are the phase currents. Figure 14 illustrates the residual
voltage and current waveforms at the measuring point as
illustrated in Figure 13. The fault parameters of the
experimental case depicted in Figure 4a are used for
implementing the fault event when it is started at 0.026 s. The
corresponding residual current is very small and the impact of
the initial transients (charges/discharges) due to the arc
reignitions is obvious after each zero-crossing. These
transients are traveled and attenuated for approximately one-
quarter of the power cycles, as illustrated in the enlarged view
of the residual current shown in Figure 14b. Even though the
initial transients are due to the arc reignitions, they are
controlled not only by the fault characteristics but also by the
electrical network parameters, fault location and fault instant.

Figure 15 illustrates the waveforms when the fault location
is changed along the faulty feeder L1 to a fault distance Ly
equal to 5 km. It reveals that the waveform magnitudes are not
changed by altering the fault location because the fault is a
high impedance type. However, the initial transients due to arc
reignitions are changed, as shown in the enlarged view, and
they are also changed if the fault instant is altered.
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Figure 14. The transient waveforms when the fault occurs at the end of feeder
L1 on the unearthed network.

The Daubechies wavelet 14 (db14) is also used to extract
features of the fault case shown in Figure 14, in which the
sampling frequency of 100 kHz is considered. However,
DWT execution time is one of limitation issues restricting its
practical implementation. This issue is in the phase of
overcoming where DWT has been experimentally
implemented using DSP board with reducing its lengthy
execution time as discussed in [19]. The sampling rate can be
reduced; however, a different mother wavelet should then be



IEEE Transactions on Dielectrics and Electrical Insulation Vol. 14, No. 2; April 2007

used. The corresponding details are shown in Figure 16. It is
obvious that the responses of the DWT to initial transients
frequently appear with each zero crossing due to the arc
reignitions. This confirms that the fault features are
highlighted not only at starting instants of the fault events but
also during the fault period. So, the periodicity of arc
reignitions is a significant behavioral trait associated with
faults due to a leaning tree. Therefore, the DWT performance
ensures the fault detection.

It is obvious that this fault impact on the network is very
small. However, distributed wireless sensors are recently
installed at different locations in the electrical networks. They
are sensitive to the small change in the network. Moreover,
the electrical quantities can be gathered from different
locations in the network and therefore the protection function
can be applied on a wide range for the electrical network
measurements. This will be considered in a future work.
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(b) Enlarged view of fault and residual currents (irand i,,).
Figure 15. The transient waveforms when L¢is equal to 5 km.

6 CONCLUSIONS

High impedance faults due to a leaning tree have been
investigated and the arc associated with the corresponding
small fault current has been accurately modeled. An
experiment was carried out to ascertain the fault features and
therefore aid their simulation. The arc model parameters were
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estimated using the dynamic arc equation and the complete
circumstances of the experimental test cases were simulated.
The fault modeling has been incorporated in a 20 kV
unearthed network. Analysis using DWT has been carried out
and the results prove the fault detection method. The DWT
has a specific performance with this fault type, in which the
periodicity of the arc reignitions enhances the fault
identification. So, sensitive and secure detection of the faults
due to a leaning tree can be carried out based on DWT and
this will be extended in work to follow. In this work, this fault
detection and location will be discussed considering the
current measurements at different locations in the network.
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Figure 16. Details of the fault case shown in Figure14.

7 APPENDIX
7.1 EXPERIMENTAL SET UP DATA

With the aid of the experimental configuration shown in
Figure 1, the capacitor divider and calibrated resistance are
used for transforming the fault voltage and current signals
respectively to be suitable inputs to the oscilloscope. The
experimental setup data are:

Source: 25 A, 50 Hz, 2.6% short circuit
impedance (using transformer bases).
Transformer: 10 kVA, 0.243/20 kV, 4.2%

0.490488 Q.
High voltage 100 PF, 100 kV, Low
voltage 100 nF with calibrated scale

Calibrated resistance:
Capacitor divider:

factor 994.

Oscilloscope and PC.

Atmospheric conditions: T=20 °C, PH%=12.8 and P=1016.15
hPa.
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7.2 UNIVERSAL ARC REPRESENTATION USING
ATPDRAW

Referring to the dynamic arc equation (1), the arc current is
inputted into the Transient Analysis Control Systems (TACS)
field as shown in Figure 17. Its absolute value is divided by
the constant arc voltage parameter V,,. and then the outcome
minus the arc conductance computed in the previous step is
divided by the arc time constant 7 as described in equation (3).
The resultant is inputted to the Controlled Integrator type 58
to solve equation (1). So, the arc conductance is updated at
each time step. Its inverse value is passed back to the power
network using TACS controlled resistance type 91 and so on.
Therefore, the arc interaction with the electrical power
network is accomplished. However, the integrator output is
equal to the reset signal RES when the control signal CTR is
low. This option is valuable for representing reignition events
after current zero crossing as depicted in Figure 4a. When the
control signal is high, the dynamic arc equation is solved as
mentioned but when it is low, the reset value RES dominates
in forming the dielectric withstand against recovery voltages.
The corresponding ATPDraw network is shown in Figure 18.

7.3 SIMULATED SYSTEM

Figure 19 illustrates the ATPDraw network under
consideration. It contains the MV network described in Figure
13, the universal arc representation and the residual voltage
and current (u, and #,) equations (5) and (6), respectively. The
line is represented using the frequency dependent JMarti
model according to the configuration shown in Figure 20.
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