
IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 19, NO. 4, OCTOBER 2004 1587
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Abstract—A new fault detection/location technique with consid-
eration of arcing fault discrimination based on phasor measure-
ment units for extremely high voltage/ultra-high voltage transmis-
sion lines is presented in this two-paper set. Part I of this two-paper
set is mainly aimed at theory and algorithm derivation. The pro-
posed fault detection technique for both arcing and permanent
faults is achieved by a combination of a fault detection index
and a fault location index , which are obtained by processing
synchronized fundamental phasors. One is to detect the occurrence
of a fault and the other is to distinguish between in-zone and out-of-
zone faults. Furthermore, for discriminating between arcing and
permanent faults, the proposed technique estimates the amplitude
of arc voltage by least error squares method through the measured
synchronized harmonic phasors caused by the nonlinear arc be-
havior. Then, the discrimination will be achieved by comparing the
estimated amplitude of arc voltage to a given threshold value. In
addition, in order to eliminate the error caused by exponentially
decaying dc offset on the computations of fundamental and har-
monic phasors, an extended discrete Fourier transform algorithm
is also presented.

Index Terms—Arcing fault discrimination, extended discrete
Fourier transform (EDFT), fault detection, fault location, phasor
measurement unit (PMU).

I. INTRODUCTION

I N POWER SYSTEMS, high-voltage transmission lines are
vital links that achieve the essential continuity of service

from generating plants to end users. Over the past 20 years,
many studies have been done on the transmission-line protec-
tion including fault detection/location and arcing fault discrimi-
nation for avoiding reclosing on a permanent fault [1]–[12]. The
majority of investigations on fault detection/location are con-
cerned with permanent faults [1]–[6], [11], [12]. However, most
of the faults on extremely high voltage (EHV)/ultra-high voltage
(UHV) overhead transmission lines are temporary fault (arcing
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fault) such as insulator flashover… etc. Recently, Djuric et al.
took the arcing fault into account for estimation of fault location
[7].

The arcing fault on the transmission lines can be cleared
by momentarily de-energizing the faulted lines. Automatic
reclosing is one of the economical and effective means to clear
a temporary fault for improving the quality of customer power
supply and system stability [1]. Nevertheless, reclosing on a
permanent fault is undesirable and it may aggravate the poten-
tial damage to the system and equipment. To avoid reclosing
on the permanent faults, some techniques were developed in
the past [7]–[10]. In [7] and [8], the arc voltage is modeled as
a square waveshape in phase with the fault current and M.B.
Djuric et al. proposed numerical algorithms for arcing fault
detection on overhead lines in spectral and time domain. In [7],
the proposed time-domain solution for single-phase arcing fault
detection is favorable for short and single-end sourcing trans-
mission lines due to neglecting the existence of line capacitance
and suffering from infeed current. In [8], the presented spectral
approach is suitable for symmetrical arcing fault detection only.
In [9], three criteria for distinguishing between temporary and
permanent faults are proposed by virtual of analyzing voltages
on the opened phase conductor during the reclosing dead time.
In [10], an adaptive single-pole autoreclosure (SPAR) technique
was developed using three-layer neural networks trained by
frequency-domain decomposition of features.

In this two-paper set, we present a phasor-measurement-unit
(PMU)-based fault detection/location technique for both arcing
and permanent faults. It is achieved by processing the funda-
mental frequency voltage and current phasors, and a spectral al-
gorithm utilizing the synchronized harmonic phasors measured
at both ends of lines is also proposed for arcing fault discrimina-
tion. The distributed parameter model of long transmission lines
is adopted to develop these algorithms. For an arcing fault, the
arc voltage is modeled as a square waveshape in phase with the
arc current [7], [8], and the unknown amplitude of arc voltage is
estimated by least error squares (LES) method. By comparing
the estimated amplitude of arc voltage with a given threshold
value, the reclosing is decided to perform or not. In addition,
in order to eliminate the error caused by exponentially decaying
dc offset on the computations of fundamental and harmonic pha-
sors, an extended discrete Fourier transform (EDFT) algorithm
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is also presented. Utilizing EDFT enhances the convergence
speed and accuracy on the fault location/detection and the es-
timation of amplitude of arc voltage.

II. DYNAMIC CHARACTERISTICS OF THE FAULT ARC

A long arc, typical of the power system fault, possesses the
highly nonlinear characteristics influenced by a number of fac-
tors (e.g., the arc path, arc column geometry, etc.). Some studies
have shown that the dynamic arc characteristics can be repre-
sented by the following arc equation [8], [13]–[15]:

(1)

where is the time-varying arc conductance, is the stationary
arc conductance, and is the time constant.

The unknown model parameters in (1) can be estimated from
the field test data. Goda et al. [15] have experimentally obtained
the voltage-ampere cyclogram, which defines the arc hysteresis
effect in the test of high current fault arc in free air. There are
two important features in the measured arc voltage and current:
1) The arc voltage is in phase with arc current, and 2) the non-
linear variation of the arc manifest itself into producing high-fre-
quency components which, in turn, distorted the arc voltage
waveform into a near squarewave. In this paper, the arc model
presented in [7] and [8] is adopted for derivation of proposed
algorithm and is described as follows.

A. Time-Domain Characteristics [7], [8]

The arc voltage would be approximately expressed as a
squarewave and depicted in (2)

(2)

where and are arc voltage and current, respec-
tively, and is the amplitude of arc voltage. The function sign
is defined as sign if , sign , if . The
value of is obtained from the product of arc-voltage gradient
and the length of the path. Fig. 1 shows the computer simulated
arc voltage and current waveforms.

B. Spectrum-Domain Characteristics [8]

The square wave has an important feature in the spectral do-
main. Namely, Fourier series containing odd sine components
only as following can represent the square wave

(3)

where , , and are the order of harmonic, fundamental
angular frequency and phase angle of the th harmonic,
respectively.

Therefore, the phasor of the th harmonic is expressed as

(4)

Fig. 1. Computer simulated arc voltage and current waveforms.

III. OVERALL CONFIGURATION OF THE PROPOSED TECHNIQUE

To demonstrate the proposed technique, assume that an
a-phase arcing ground fault occurs on the transmission lines at
D (per unit) away from the receiving end as shown in Fig. 2.

The outsides of both ends of lines are replaced by Thevenin’s
equivalences and plotted in a one-line diagram for simplicity.
The PMUs are equipped at both ends of the lines to synchro-
nously measure three-phase fundamental and harmonic voltage
and current phasors. In our previous paper [12], the design, im-
plementation, and tests of the PMU have been detailed and the
timing difference between two PMUs of less than 1 s has been
proven. The proposed algorithms combined with PMUs and
communication links form the fault location/detection system
with the consideration of arcing fault discrimination. In Fig. 2,
the a-phase arcing fault is modeled as a serial connection of arc
voltage and fault resistance. The flowchart of the proposed al-
gorithm is shown in Fig. 3 and described as follows.

The synchronized phasors measured by PMUs will be trans-
mitted to the central computer via communication channels. In
order to reduce the burden of communication channels, the har-
monic phasors will be transmitted to the central computer after
a fault has been detected. For fault detection/location on the
transmission lines, the three-phase fundamental voltage and cur-
rent phasors are utilized and transformed by symmetrical trans-
formation to decouple the coupling effect among interphases.
Then, the fundamental positive-sequence phasors will be uti-
lized to calculate the fault detection index and fault loca-
tion index . We utilize and to detect/locate a fault
irrespective of arcing or permanent faults. The is utilized
to detect the occurrence of a fault by comparing it with a small
threshold value , and the is utilized to discriminate
between in-zone and out-of-zone faults by examining the value
and convergence of four consecutive after the occurrence
of a fault. The proposed criteria to examine the value and conver-
gence of four consecutive are as follows: 1) All of them lie
in the interval (0,1), and 2) the deviations of them are less than
a given threshold value . Furthermore, it is notable that a
transmission-line parameter estimation technique proposed in
our previous papers [11], [12] is also utilized to reduce the error
caused by the uncertainty of line parameters. When a fault is de-
tected and located, the harmonic voltage phasors at fault point
and the harmonic current phasors passing through the fault path
can be computed through the measured harmonic phasors at
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Fig. 2. Configuration of the fault detection/location system with the consideration of arcing fault discrimination.

Fig. 3. Flowchart of fault detection/location technique with the consideration of arcing fault discrimination.

both ends of lines. Then, the proposed voltage estimator will
estimate the amplitude of arc voltage. If four consecutive esti-
mated voltages are not greater than a threshold value , the
fault will be identified as a permanent (arcless) fault and the au-
tomatic reclosing should be blocked. Otherwise, the fault will
be identified as an arcing fault and the automatic reclosing will
be executed after deadtime.

IV. ALGORITHM DERIVATION

The fault detection/location algorithm for a permanent fault
has been presented in our previous papers [11], [12], and we
utilize the same algorithm to detect/locate an arcing fault. Here,
we only review briefly the fault detection/location algorithm and
focus on arcing fault discrimination and extended DFT algo-
rithm. The readers are encouraged to refer to [11] and [12] for
detailed derivation of fault detection/location algorithm.

A. Fault Detection/Location Algorithm

Consider that a fault occurs on transposed three-phase trans-
mission lines and the positive-sequence network of the faulted
lines is shown in Fig. 4. The subscript 1 in Fig. 4 denotes the
positive-sequence component.

The voltage at fault point can be expressed in terms of
two positive-sequence phasor sets and .
So the fault location index away from receiving end will be
resolved easily and given in (5)

(5)

where

(6)

(7)
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Fig. 4. Positive-sequence network of faulted lines.

where
, positive-sequence voltage phasors at both ends

of the lines;
, positive-sequence current phasors at both ends

of the lines;
, propagation constant and characteristic

impedance in positive-sequence network, re-
spectively;
length of protected lines.

In this study, (5) will be utilized to locate both arcing and per-
manent faults. Moreover, it is remarkable that for untransposed
lines, one can also find the transformation matrix for decoupling
the coupling effect among interphases by eigenvalue/eigen-
vector theory [16]. Thus, (5) will be also used for untransposed
transmission lines. In (7), the value is theoretically equal to
zero under prefault condition and will increase rapidly as soon
as a fault occurs. It possesses the great property to work as the
fault detection index. The fault location index in (5) will
converge fast to a value between 0 and 1 when an in-zone fault
occurs. Nevertheless, it will be an undetermined value when an
out-of-zone fault occurs. So it will be utilized to promote the
security of fault detection.

B. Derivation of Arcing Fault Discrimination Algorithm

The key point of arcing fault discrimination is to estimate
the amplitude of arc voltage described in (2). Then, discrimi-
nating between arcing and permanent faults will be achieved by
comparing the estimated amplitude of arc voltage with a given
threshold value. The algorithm for estimating amplitude of arc
voltage is derived in following. It is based on an assumed condi-
tion that the fault type is known. Some practical fault-type clas-
sification schemes can be found in [2].

C. Single-Phase Arcing Ground Fault

Consider that an a-phase arcing ground fault occurs on trans-
mission lines and the representation of the faulted lines is shown
in Fig. 2. The arcing fault is modeled as a serial connection of arc
voltage and fault resistance . The faulted three-phase trans-
mission lines shown in Fig. 2 can be represented by three de-
coupled single-phase faulted lines (i.e., positive-, negative-, and
zero-sequence faulted lines, and they are shown in Figs. 5–7,
respectively. In Figs. 5–7, the subscript denotes the th har-
monic phasors caused by an arcing fault, and 0, 1, and 2 de-
note the positive-, negative-, and zero-sequence components,
respectively.

Fig. 5. Positive-sequence faulted line.

Since the fault location is obtained by (5), one can cal-
culate the harmonic voltage at fault point and the harmonic
current passing through the fault path by taking the sum-
mation of positive-, negative-, and zero-sequence components.
The and are given in (8) and (9)

(8)

(9)

where the subscript denotes the th harmonic component,
,1,2 denote the zero-, positive-, and negative-sequence

components, respectively, and and are the propagation
constant and characteristic impedance of transmission lines with
the angular frequency of the th harmonic, respectively.

So far, we have calculated the and . Taking observa-
tion on Fig. 2 and (4), the relationship between and is
given in (10)

(10)

After some algebraic manipulation in (10), we obtain

(11)

where denotes the magnitude of a complex number.
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Fig. 6. Negative-sequence faulted line.

Fig. 7. Zero-sequence faulted line.

Combining (11) and (4), one can obtain

(12)

where denotes inner product of two complex numbers.
If harmonic phasors are measured, (12) determines linear

equations in three unknowns. For example, the third, fifth, sev-
enth, and ninth harmonic phasors are measured, and then (12)
will be written in matrix form as the following:

(13)

where is a 4 1 error vector that represents the error caused
by approximation of arc model and the measurement errors in
CT and PT.

To write (13) in abbreviation from , the unknown
can be estimated by means of the LES method in (14)

(14)

From the authors’ experience, it is enough to take the third, fifth,
seventh, and ninth harmonics into account for the estimation of

, and the ninth harmonic is as redundancy. The fundamental
frequency phasors are not applied to the estimation of be-
cause the magnitudes of the fundamental frequency phasors are
largely greater than the magnitudes of harmonics caused by an
arcing fault. Applying fundamental frequency phasors to the
LES method is easy to cause the ill condition in .

Fig. 8. BC-phase arcing fault.

D. Symmetrical Arcing Fault

For a symmetrical arcing fault (i.e., three-phase arcing ground
fault), the linear equations as following are obtained by simpli-
fying (12) with :

(15)

Taking the third, fifth, seventh, and ninth harmonic phasors into
account, (15) determines four linear equations in one unknown.
The unknown can be estimated by means of the LES method
too.

E. Phase-to-Phase Arcing Fault

For a bc-phase arcing fault shown in Fig. 8, one can calcu-
late the differences of harmonic voltages between b-phase and
c-phase at fault point. They are shown in the following equation:

(16)

where . Combining (16) and (4), one can ob-
tain the following equation:

(17)

Taking the third, fifth, seventh, and ninth harmonic phasors into
account, (17) determines four linear equations in one unknown
and can be written in matrix form shown in (18)

(18)

The unknown can also be estimated by means of the LES
method. Furthermore, it is worth being mentioned that (18) is
equivalent to the equation for arcing fault discrimination given
in [8]. It provides the useful idea for the derivation of (18).
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F. Extended DFT Algorithm

In order to eliminate the error caused by exponentially de-
caying dc offset on fundamental and harmonic phasor compu-
tations, an extended DFT (EDFT) algorithm is presented in this
subsection.

Consider a waveform containing fundamental compo-
nent, harmonics, and exponentially decaying dc offset as the
following:

(19)

where
harmonic order;
amplitude of the th harmonic;
phase angle of the th harmonic;
fundamental frequency;
exponentially decaying dc offset.

Suppose that is sampled with a sampling rate to
produce the sample set as following:

(20)

where .
Taking DFT to in the th moving window, one can obtain

(21)

where are harmonic order, and

(22)

(23)

In (21)–(23), is the correct phasor of the th harmonic and
is the error caused by exponentially decaying dc offset on

the phasor computation of the th harmonic. Conventional DFT
incurs error on the fundamental and harmonic phasor computa-
tions when exponentially decaying dc offset appears. Taking ob-
servation on (21)–(23), one can find the following relationships:

(24)

(25)

where

and

(26)

(27)

It is notable that the in (25) is independent of variable . So
is a constant for every harmonic. Taking some algebraic ma-

nipulations in (21), (26), and (27) on the fundamental frequency
component, one can obtain

(28)

According to (26) and (28), one can obtain correct phasors
of fundamental component and harmonics in the th moving
window as the following:

(29)

V. CONCLUSION

In part I of this two-paper set, we present the theory and al-
gorithms for the proposed technique. The proposed fault detec-
tion/location technique by processing the synchronized funda-
mental voltage and current phasors will be utilized to both arcing
and permanent faults, and the proposed arcing fault discrimina-
tion technique by processing the synchronized harmonic voltage
and current phasors is to avoid reclosing on a permanent fault. In
this paper, an extended DFT algorithm is also presented to elim-
inate the error caused by exponentially decaying dc offset on
the computations of fundamental and harmonic phasors. In this
study, a great deal of computer simulations by Matab®/power
System Blockset simulator has been done for performance eval-
uation on the proposed technique. These simulation results and
a test case using real-life measured data will be presented in the
companion paper.
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