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SUMMARY

In this paper, the initial transients due to arc reignitions associated with high impedance faults caused by leaning
trees are extracted using discrete wavelet transform (DWT). In this way, the fault occurrence is localized. The
feature extraction is carried out for the phase quantities corresponding to a band frequency 12.5–6.25 kHz. The
detection security is enhanced because the DWT corresponds to the periodicity of these transients. The selectivity
term of the faulty feeder is based on a novel technique, in which the power polarity is examined. This power is
mathematically processed by multiplying the DWT detail coefficients of the phase voltage and current for each
feeder. Its polarity identifies the faulty feeder. In order to reduce the computational burden of the technique, the
extraction of the fault features from the residual components is examined. The same methodology of computing the
power is considered by taking into account the residual voltage and current detail coefficients where the proposed
algorithm performs best. Test cases provide evidence of the efficacy of the proposed technique. Copyright # 2007
John Wiley & Sons, Ltd.
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1. INTRODUCTION

Electrical faults due to leaning trees are common in the Nordic countries as a result of the large forest

areas. These faults cannot be detected by conventional relays due to the high resistances of the trees [1].

In distribution networks, there are several earthing concepts, such as unearthed, compensated,

earthed through impedance, and solidly earthed at their neutral. Compensated earthing has grown in

interest and its practical applications have increased [2–3]. In this case, the earth fault current is

somewhat decreased when compared to its value in a corresponding unearthed system. This is due to

the parallel resonance of the inductance connected to the neutral and network earth capacitances.

Therefore, traditional detectors reacting at current thresholds are no longer practical.
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One of the protection methods for detecting earth faults in compensated networks was to short circuit

the Petersen coil using a parallel resistance to enable their detection [2]. However, the coil function was

not fully gained in this case. Furthermore, a complicated mechanism is required to apply such

techniques. One of the main contributions of References [3–4] was based on the analysis of the

variation of the relative directions of the transient residual voltages and currents which occur during

earth faults in a compensated network. When a fault occurred, whatever the earthing system used, the

transients of the residual current and voltage are in opposite directions in the defective section and in

the same direction in the others. However, the sensitivity limit is reached for larger fault resistances. In

Reference [5], a comparison of the residual current with each phase current was used to distinguish the

faulty feeder using the scalar product as the means of comparison, which reduced a number of

measuring devices. Another detection technique was introduced based on analyzing the variation of the

system parameters and its steady state quantities [6]. Others investigated the system harmonics, such as

second order, third order, even, odd, nonharmonics, high frequency spectra, and harmonic phase angle

considerations [7–9]. However, such techniques are still limited by larger fault resistance, in particular

resistances greater than 100 kV, such as the tree resistances.

In this paper, the directionality of the initial transients associated with faults due to leaning trees is

analyzed for fault selectivity purposes after extracting these transients using discrete wavelet transform

(DWT). It is found that fingerprints can enhance this fault detection; that is, the transients are repeated

for each half cycle due to the arc reignitions after each current zero crossing. The fault localization is

carried out by investigating the DWT detail d3 coefficient of the phase voltages, which in our case

corresponds to the frequency band 12.5–6.25 kHz. The sum over one power cycle is computed for the

setting aim. The DWT detail coefficients of the phase currents and voltages are multiplied together.

Then a summation is computed over a period of two power cycles to estimate its polarity. This polarity

is used as the directionality condition and it can discriminate between the healthy and faulty feeders.

However, this technique is applied on three-phase quantities (voltages and currents). To reduce the

algorithm computations, the proposed technique is applied to residual voltage and currents and a better

performance is gained. A practical 20 kV compensated network is simulated in ATP/EMTP and

ATPDraw is used as the graphical interface. The fault model is incorporated in the network and the

associated arc is implemented using the universal arc representation.

2. PROPOSED TECHNIQUE PRINCIPLES

The proposed technique mainly depends on DWT for the fault detection, as depicted in Figure 1. At

each measuring node, phase voltages and feeder phase currents are measured. The fault features are

extracted using DWT. The absolute sum of the phase voltage detail d3 coefficient over one cycle period

of the power frequency is estimated for fault detection purposes. A threshold value of 1.0 is suggested

to discriminate the fault features from measurement noise, as described in Subsection 4.1. Considering

the special nature of faults due to leaning trees, a timer is used for determining the fault period to

enhance the fault security. It can be implemented using a sample counter. Under certain circumstances

controlled by wind speeds, the tree can move towards and away from the electrical network and the

fault features can be repeated several times. Therefore, a counter can be added and used to determine a

number of fault events.

In order to determine the faulty feeder, the details d3 of the voltage and current of each connected

feeder are together multiplied to compute the power. Using the sum over a period of two power cycles,

the power direction in the form of its polarity is utilized to identify the faulty feeder. When this power is

negative, the fault occurrence is in this feeder; however, when it is positive the feeder is healthy. In a
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Figure 1. The proposed detection technique.

A SELECTIVITY TECHNIQUE FOR HIGH IMPEDANCE ARCING FAULT
general form, when the fault features appear on the voltage details, the fault tracking process is

considered. At the end of the paper, the feature extractions are carried out for the residual voltage and

currents instead of the phase quantities. Therefore, the computational burden can be reduced to

approximately one-third.

3. SIMULATED SYSTEM

Figure 2 shows the single line diagram of a compensated 20 kV, five-feeder distribution network

simulated using ATP/EMTP, in which the processing is created by ATPDraw [10]. The feeder lines are

represented using the frequency dependent JMarti model consistent with the feeder configuration given

in the Appendix. The neutral of the main transformer is connected by a Petersen coil to achieve earth

fault compensation. The current distributions in compensated networks during ground faults are

addressed in Reference [2].

The faults due to leaning trees are modeled using two series parts: a high resistance and a dynamic

arc model. For the considered case study, the resistance is equal to 140 kV and the arc is modeled

according to the thermal equilibrium that is adapted as follows [1,11]:

dg

dt
¼ 1

t
ðG� gÞ (1)

G ¼ ij j
Uarc

(2)

t ¼ AeBg (3)
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Figure 2. Simulated system for a substation energized 251 km distribution network (five feeders).

N. I. ELKALASHY ET AL.
where g is the time-varying arc conductance, G is the stationary arc conductance, ij j is the absolute

value of the arc current, Uarc is a constant arc voltage parameter, t is the arc time constant, and A and B

are constants. In Reference [1], the parameters Uarc, A, and B were found to be 2520V, 5.6E-7, and

395917, respectively. Considering the conductance at each zero crossing, the dielectric is represented

by a variable resistance until the instant of reignition. It is represented using a ramp function of 0.5 MV/

ms for a period of 1 ms after the zero crossing and then 4 MV/ms until the reignition instant.

The dynamic arc Equations (1), (2), and (3) are implemented using the universal arc representation

[12]. As shown in Figure 3, the arc current is measured and transposed into the transient analysis
Figure 3. EMTP network of the high impedance arcing fault.
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control system (TACS) field using sensor type 91 and the arc model is solved using the controlled

integrator device type 58. The solved arc resistance is then sent back into the power network using the

TACS-controlled resistance type 91 and so on. Control signals are generated to distinguish between

arcing and dielectric periods to fulfill the reignition instant after each zero crossing.

The aforementioned medium voltage (MV) network and the fault modeling are combined in a single

arrangement, as shown in the ATPDraw circuit in the Appendix. When the phase-a to ground fault

occurred at the end of Feeder 1, the corresponding waveforms of the voltages and faulty feeder currents

are shown in Figure 4. The fault instant is at 32 ms. The initial transients due to arc reignitions are not

obvious in the waveforms, due to the tree resistance. However, the phase current and voltage

waveforms contain information that correlates with the transients due to arc reignition. These initial

transients were localized at different measuring nodes as will be depicted in Section 4 and also were

obvious on the residual current waveforms, as will be discussed in Section 5. It is necessary to extract

this information using a suitable signal processing technique such as DWT.
4. DWT-BASED FAULT DETECTION

Wavelets are families of functions generated from a single function called the mother wavelet, by

means of scaling and translating operations. 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
Figure 4. The waveforms when the fault occurred at the end of Feeder 1.
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analyzed. Then the translation is used to obtain the time information. In this way a family of scaled and

translated wavelets is created that serves as the base for representing the function to be analyzed [13].

The DWT is in the form:

DWTcf ðm; kÞ ¼
1ffiffiffiffiffiffi
amo

p
X
n

xðnÞc k � nboa
m
o

amo

� �
(4)

where C(�) is the mother wavelet that is discretely dilated and translated by amo and nbo a
m
o , respectively.

ao and bo are fixed values with ao> 1 and bo> 0. m and n are integers. In the case of the dyadic

transform, which can be viewed as a special kind of DWT spectral analyzer, ao¼ 2 and bo¼ 1. DWT

can be implemented using a multi-stage filter with down sampling of the output of the low-pass filter.

The practical realization of the DWT is addressed in Reference [14], where its experimental

implementation was accomplished using DSP board (DSP1003), but with a reduction of its lengthy

execution time.
4.1. Fault detection

Several wavelet families were tested to extract the fault features using the Wavelet toolbox

incorporated into the MATLAB program [15]. Daubechies wavelet 14 (db14) is found appropriate for

localizing this fault with a sampling frequency of 100 kHz. The details d3 including the frequency band

12.5–6.25 kHz have been investigated. The sampling rate can be reduced to 50 or 25 kHz but the used

coefficients will be details d2 or d1, respectively. Furthermore, the sampling rate can be reduced to less

than 10 kHz when considering detail d1, as concluded from testing the algorithm performance, but the

test cases are not explored in the paper. However, the performance has lower gain. On the other hand,

there is a practical trend for increasing the sampling rate because the speed of microprocessors is

rapidly increasing. Also, signal processing implementations are continuously being advanced.

For the fault case depicted in Figure 4, fault features are extracted using DWT, as shown in Figure 5.

It is obvious that the initial transients due to arc reignitions are frequently localized in the healthy and

faulty phase voltage details d3. Furthermore, they are localized in the phase current details d3 of faulty

and healthy feeders because there are couplings between the network phases and the earth along with

the feeder lengths. Even though these transients are generated due to arc reignitions, they are controlled

not only by the fault characteristics but also by the electrical network parameters and fault locations.

Using the voltage details in preference to the current details, the absolute sum value of over a period

of the power frequency is computed in a discrete form, as in References [16–17]:

SUðkÞ ¼
Xk

n¼k�Nþ1

d3UðnÞj j (5)

where SU(k) means the detector in the discrete samples, which is the detail level d3U of the phase

voltage U. n is used for creating a sliding window covering 20 ms and N is the number of window

samples. The performance of SU for different phases is shown in Figure 6. The detectors are high not

only at the starting instant of the fault occurrence but also during the fault period, which improves the

protection security. However, a threshold value equal to 1.0 is suggested to discriminate between this

fault case and the measurement noise. This is evident with the aid of the experimental waveforms of this

fault current and voltage illustrated in Reference [1]. In this reference, the experimental waveforms

were processed using DWT with the same mother wavelet db14 for comparison purposes. It was found

that the fault features are extracted using the experimental data using details d3 and d4 and there is good
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Figure 5. Details d3 of the phase voltage and current waveforms.
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agreement with the simulation results. By applying the discriminator SU Equation (5) on the DWT

details d3 of the experimental fault voltages in Reference [1], it was found that a threshold value of 1.0

can discriminate between the fault features and noise.
4.2. Faulty feeder discrimination

It should be noted that the aforementioned detectors can only localize the fault event; however, they

cannot discriminate the faulty feeder. This shortcoming can be overcome with the aid of Figure 7,

which is an enlarged view of the details d3 of the voltage, faulty Feeder 1 current, and the healthy

feeders’ currents for phase-a. It is recognizable that the details d3 of the voltage and currents of the

healthy feeders are in-phase. However, the detail of the faulty feeder current is out of phase. This

shifting can be observed by multiplying the details of the voltage (d3U) and current (d3I) for each phase

at each feeder. It can be considered to be the harmonic-band power over the frequency range

12.5–6.25 kHz. Then its polarity is estimated using summation over a period of two power frequency

cycles. As an example, this power for phase-a and for Feeder j is in the form:

PaðFeeder jÞðkÞ ¼
Xk

n¼k�2Nþ1

d3UaðnÞ � d3IaðFeeder jÞðnÞ
�� �� (6)

where Pa(Feeder j)(k) is used for the discrimination and its polarity is used to point out the fault point.
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The discriminator performance P is shown in Figure 8. The discriminator polarity is positive for

healthy feeders and negative for faulty Feeder 1 as shown in Figure 8a, where phase-a quantities are

considered, and as shown in Figure 8b and c, where phase-b and c quantities are used, respectively.

Therefore, this property is found to be the same for each phase, which serves to ensure the fault

detection and its selectivity. However, the faulty phase is not determined. Therefore, the proposed

technique can be examined considering the residual components (voltage and currents) as described in

the following section and in this case the computation steps of the proposed algorithm are reduced.
5. FAULT FEATURE EXTRACTION FROM RESIDUAL WAVEFORMS

In distribution networks, the residual waveforms can be analyzed to enable detection of high

impedance earth faults. They are computed as:

ir ¼ ia þ ib þ ic (7)

ur ¼ ua þ ub þ uc (8)

where ir and ur are the residual current and voltage, respectively. ia, ib, and ic are the phase currents. ua,

ub, and uc are the phase voltages. In order to investigate these residual waveforms during the fault,

Equations (7) and (8) are implemented in TACS.

Considering the same fault test case, the corresponding residual waveforms are shown in Figure 9.

From the enlarged view shown in Figure 9a, the impact of the arc reignition is periodically obvious in

the residual currents of both the faulty and healthy feeders. Figure 9b illustrates the residual voltages

containing information related to the transients due to arc reignitions. The fault features are extracted

from the residual components using DWT as shown in Figure 10, in which the same db14 is used. The

flag described in Equation (5) is recalculated considering the residual voltage details and the results are

shown in Figure 11. It is evident that the fault is also detected in a similar way and with higher gain.

To test the proposed selectivity technique, a view of the details d3 coefficients of the residual voltage

and currents is enlarged as illustrated in Figure 12. Also, it is recognizable that the details d3 of the
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Figure 8. Comparison between the discriminator P of the different feeders for each phase.
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residual voltage and currents of the healthy feeders are in-phase. However, the detail of the faulty

feeder residual current is out of phase. This shifting is supervised considering a similar formula to

Equation (6), but where the details of the phase quantities are replaced by the details of the residual

waveforms. The discriminator performance can point out the faulty feeder as illustrated in Figure 13,
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Figure 11. The detector S of the residual voltage details d3.
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Figure 13. The discriminator Pr to determine the faulty feeder.
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where its polarity is positive for healthy feeders and negative for the faulty feeder. By comparing the

results shown in Figure 8 with those depicted in Figure 13, the performance of the proposed selectivity

technique is more readable when it is applied using the residual waveforms.

The proposed detection and selectivity technique is further evaluated considering a second set of

fault conditions, in which the fault distance is changed to Lf equal to 5 km and the fault instant is at

35 ms. The corresponding performance of the proposed detector and discriminator during these fault

conditions is shown in Figure 14a and b, respectively. Figure 15 confirms the performance when a third

fault case is considered, where the fault instant is changed to 30 ms and Feeders 1, 3, and 4 are

unloaded.

The proposed technique may respond to transients generated due to switching, such as adding or

removing a feeder. However, such transients are only created at the disturbance instant without

repetition after each zero crossing and the proposed detector will respond only for one power cycle.

This point is useful for discriminating between switching and high impedance faults [17]. Another

issue is that the proposed technique response can be blocked by a blocking signal from the circuit

breaker operation. For example, if the breaker interrupts or connects a feeder, the breaker will send a

signal to block the detection function for a period of one power cycle. These two latter points will

enhance the fault detection security.
6. CONCLUSIONS

A novel technique for detecting a high impedance arcing fault due to a leaning tree has been introduced.

The fault features have been extracted using DWT. The absolute sum over one power cycle has been
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Figure 14. The performance when the second fault case conditions are considered.
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Figure 15. The performance when the third fault case conditions are considered.
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Figure 16. The ATPDraw network.
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computed for the phase voltage detail d3 coefficients. The periodicity of the arc reignitions gives a

specific performance for the DWT with this fault type and the results enable fault detection. The fault

track has been estimated using the polarities of the power computed by multiplying the detail d3

coefficients of the voltage and current. This technique considers the residual voltage and currents

instead of the phase quantities. It is found that the proposed technique is improved. Sensitive and secure

detection of the faults due to leaning trees has been attained using DWT. In work to follow, an extensive
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Figure 17. The feeder configuration.
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investigation of the proposed technique will be carried out on a wide range of measurements gathered

from different locations in the network using wireless sensors.
7. LIST OF SYMBOLS AND ABBREVIATIONS
amo d
Copyright # 2
ilation
ao and bo fi
xed values with ao> 1 and bo> 0
A and B c
onstants
g t
ime-varying arc conductance
G s
tationary arc conductance
ij j a
bsolute value of the arc current
ir r
esidual current
ia, ib, ic p
hase currents
m and n i
ntegers
n c
ounter for carrying out a sliding window covering 20 ms
nboa
m
o t
ranslation
N n
umber of samples
P p
ower computed by multiplying the DWT detail coefficients of the voltage and current

and then averaging over two power cycles
SU(k) t
he detector in discrete samples
Uarc a
 constant arc voltage parameter
ur r
esidual voltage
ua, ub, uc p
hase voltages
c(�) m
other wavelet
t a
rc time constant
ATP a
lternative transient program
db14 D
aubechies wavelet 14
DWT d
iscrete wavelet transform
EMTP e
lectromagnetic transient program
MV m
edium voltage
TACS t
ransient analysis control system
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APPENDIX

Figure 16 illustrates the considered ATPDraw network. It contains the MV network, the universal arc

representation, and the residual current and voltage waveforms described by Equations (7) and (8),

respectively. The feeders are represented using a frequency dependent JMarti model. Their

configuration is shown in Figure 17.
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