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Two Terminals Numerical Algorithm for Distance Protection,
Fault Location and Acing Faults Recognition Based on
Synchronized Phasors

Chan-Joo Lee' , Jong-Bae Park*, Joong-Rin Shin* and Zoran Radojevi¢*

Abstract - This paper presents a new numerical algorithm for fault location estimation and for faults
recognition based on the synchronized phasors. The proposed algorithm is based on the synchronized
phasor measured from the synchronized PMUs installed at two-terminals of the transmission lines. In
order to discriminate the fault type, the arc voltage wave shape is modeled numerically on the basis of
a great number of arc voltage records obtained by transient recorder. From the calculated arc voltage
amplitude it can make a decision whether the fault is permanent or transient. The results of the
proposed algorithm testing through computer simulation are given.
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1. Introduction

In the competitive electricity market, a rapid fault
restoration on a transmission line is faced with the quality
of the utility's power service. Most of the faults on
transmission lines are transient and the remaining faults
are permanent ones. The reasons for the transient faults
are lightning, swing wires, temporary contact with foreign
objects, and etc. These transient faults frequently take
place in power systems and pose a risk to the stability of
the power system as well as lower the quality of the
utility’s power service. Therefore, following the
occurrence of a fault, the utility tries to restore power as
quickly as possible and rapid restoration of service
reduces customer complaints, outage time, loss of revenue,
and crew repair costs. To aid in rapid and efficient service
restoration, an accurate fault location estimation and fault
discrimination technique are needed.

Many studies regarding transmission line protection
have been done in the last decade. Most of the one-
terminal algorithms have been based on the analysis of
voltage and current data at the end of the transmission
lines [1-3]. While these algorithms provide accurate
results, certain error will remain due to the inherent
assumptions that are required in the algorithms. The rapid
progress in technology helps us to solve these problems.

The GPS (Global Positioning System) is a system with
the ability to provide time synchronization to +lus
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accuracy over a wide area as covered by a power system
network. Recently, many studies for a fault location/
detection technique using the GPS have been done [4-6].
The GPS in the power system is applied for many parts
such as PMUs (Phasor Measurement Units), state
estimation, prediction of instability, adaptive relaying, and
control/monitoring.

This paper presents a new numerical spectral domain
algorithm devoted to blocking unsuccessful automatic
reclosing onto permanent faults and fault location
calculation. The proposed algorithm only wuses the
synchronized phasor measured from the synchronized
PMUs installed at two-terminals of the transmission lines.
In order to discriminate the accurate fault type, the arc
voltage wave shape is modeled numerically on the basis of
a great number of arc voltage records obtained by
transient recorder. The calculated arc voltage amplitude
can make a decision as to whether the fault is permanent
or transient. In this paper the proposed algorithm for
arcing faults discrimination and fault location estimation
using DFT (Discrete Fourier Technique) is given.

2. The Fault Model
2.1 Synchronized Phasors
The GPS is a space-based positioning, navigation, and
timing system and consists of 24 satellites that constantly

revolve around the earth. Since a GPS receiver provides
time synchronization to +1us accuracy, the PMUs using
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GPS techniques in the power system are mainly applied
for the fault location and protection of the EHV
transmission line. When a fault occurs on any
transmission line, each detector detects the fault generated
high frequency transients and records the instance when
the initial traveling wave generated by the fault arrives.
The GPS is used to synchronize the clocks of the detectors
through the receiver unit. Comparison between the
arriving time of the fault transient signals at each busbar
can be used to determine the accurate fault location.

For two-terminal fault location estimation based on
samples, a measurement unit at each end of the transmission
line is required. Two synchronized sampling units at each end
of the transmission line are shown in Fig. 1.

ANTENNA

CT : Current Transformer  CB : Circuit Breaker
PT : Potential Transformer  SSU : Synchronized Sampling Unit

Fig. 1 Synchronized sampling arrangement

In Fig. 1 the synchronized sampling units constantly
acquire voltage and current data from the PT and CT at
the end of each line. The voltage and current data
collected from the synchronized sampling units are sent to
a central control computer. These synchronized voltage
and current data from a central control computer can be
applied to many parts of a power system.

2.2 Characteristics of a Long Electric Arc [7]

The long electric arc in free air is a plasma discharge and
has a nonlinear variation. A nonlinear characteristic of the
arcing fault on the transmission line causes the distortion of a
voltage and current waveform at each end of the transmission
line. In [8] the arc voltage is modeled by a nonlinear arc
resistance. Also, the arc voltage in [9] is modeled by the
piecewise arc voltage-current characteristics.

The typical arc voltage wave shape can be
approximated into a near square waveform as indicated in
Fig. 2. The arc voltage model in Fig. 2 gives a normalized
cycle of the arc voltage model with arc voltage amplitude
vV, =10[pu].
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Fig. 2 The accepted arc voltage wave shape

The arc model in Fig. 2 can be numerically represented
by Fourier series containing odd sine components only
and the coefficients(k”)) of the % -th harmonic are
obtained to use the DFT algorithm as shown in Table 1.

)

v )= D P = Zk(h)Va sin(har) )]

h=1,3,5,.. h=1,3,5,..

Table 1 Coefficient of the 4-th harmonics of the arc voltage
h 1 3 5 7
K 1.23 0.393 0.213 0.135

where h=1,3,5,7, ... is the odd harmonic order, v{"(¢)

is the A-th harmonic of arc voltage, V, is a scalar, @ is
the fundamental radian frequency and k% is the coefficient
of the A-th harmonic.

The advantage of the arc voltage presentation through
the sequence of numerical values is its flexibility. One can
create various waveform shapes and calculate the
corresponding coefficients kX, depending on the modeling
application.

2.3 Derivation of Arcing Fault Location Estimation
Algorithm

Faults on overhead lines are divided into two types.
About 70-90% of faults on most overhead lines are
transient faults and the remaining 10-30% of faults are
permanent faults. In this paper, it is considered that a-
phase arcing ground fault occurs on transmission lines.
The representation of ag-phase arcing ground fault in
spectrum domain is shown in Fig. 3 [7].
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Fig. 3 a-phase arcing ground fault model

The arcing fault in Fig. 3 is modeled as a serial
connection of arc voltage and fault resistance Rp. From

Fig. 3 the A-th harmonic of the fault voltage is given in (2).

Vi = VP + RpI) @

where V® is the h-th harmonic of the arc voltage and

a

I® is the A-th harmonic of the fault current.

This paper presents a new two-terminal fault location
estimation algorithm using the synchronized sampling
technique. To demonstrate the proposed algorithm, assume
that an a-phase arcing ground fault occurs on the
transmission lines at £ away from the sending end as
shown in Fig. 4. Due to the shortness of the line, the shunt
capacitance and the shunt conductance of the transmission
line will be neglected. In Fig. 4, all variables have radian
frequency and all line parameters are calculated in terms
of (hw). The fault point is denoted by F at a distance £
from the sending end (S).
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Fig. 4 Single phase to ground arcing fault on three phase
overhead line

where index » denotes the order of harmonic, D is line
length, and subscripts S and R denote the sending- and

receiving end of the line, respectively.

The three phase circuit from Fig. 4 can be presented by
the three single-phase equivalent sequence circuits of the
faulted lines as indicated in Fig. 5. The three single-phase
equivalent circuits are positive (p), negative (n), and zero
(0) sequence circuits, respectively.
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Fig. 5 Equivalent sequence network connection of faulted
lines

For the equivalent sequence network depicted in Fig. 5
the following equations can be written:

V;f’ =z H;’;) + V;j) 3)
Vi =@ i® + v (4)
VD =2 P 0P + v (5)
ved =P (-0 + VP (6)
V,gf’ =:" (D=1 1'}{:) + V;:’) (7
VD =2 (D=0 1Y) + VP (8)

where,

y® p : the h-th harmonic of positive-, negative-, and
.0 p.0

zero sequence phase voltage at both ends of
the lines;
I [ the h-th harmonic of positive-, negative-, and
pn.0 P10

zero sequence phase current at both ends of
the lines;
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Véh)o : the A-th harmonic of positive-, negative-, and
P,

zero sequence faulted phase voltage at the fault
point;

™ . positive- or negative sequence line impedance.

By adding the above equations and using the basic
symmetrical component equations, the 4-th harmonic of
phase voltage and current at both ends of the lines can be
obtained:

PO VP VP 4P ©

I =1 + I+ I (10)

V=V v vy (11)

IR =10+ 10+ 1) (12)
and

v =Py D 1y (13)

The A-th harmonic of phase voltage of the sending- and
receiving end is given by:

S _ () () () Gk > (h

v =z® (P + kP I e+ v (14)

ARy _ ) 7Ry p () () _ 7 (h)

Vel =2 Iy +k; IR0 D=0+ Vg (15)
where Iéﬁh) = (z'(()h) —z'(h))/ ™ is the zero sequence

compensation factor, which can be calculated in advance.

Subtracting equation (15) from (14), one equation for
the fundamental harmonic can be obtained:

VO 10 =209+ I -2V + K IYD-) (16)

The fault location /
calculated as follows:

from equation (16) can be

PO P 420U + KO IO)D
L= - - — - a7
;M7 1 M7 M
Vg + 1y + kg (ISO +1R0)]

Equation (17) is the explicit fault location expression

for the short three-phase transmission line. Unknown
parameter ¢ from equation (17) can be calculated by
using the faulted loop equation from the synchronized
voltage and current data at both transmission line
terminals.

After calculating the fault distance £, the third
harmonic of fault voltage from equation (14) can be
calculated. The fault resistance Ry from equation (2) can
be expressed as follows:

VO oy,

where £ is the coefficient of the third harmonic and
¢, 1s the phase angle of the fundamental harmonic.

Since the fault resistance is a scalar, equation (18) is
expressed as follows:

7O _ oy
Im{Rp}=Im{—F——2{-90 (19)
¥ '

V(3) k(3)
Im{—E£_t -Tm{=—1V =0 (20)
i® FI©)
F F
The unknown arc voltage amplitude from equation (20)
is calculated as follows.

74E)
Imq 42—
J®
_ F
Vo= @n
{k@ }
Imq —
i3
Y
The calculated arc voltage amplitude is used to decide a
fault type. The fault is classified as an arcing transient fault
if the calculated value of arc voltage amplitude is greater
than the product of arc voltage gradient and the length of
the arc path, which is equal to or greater than the flashover

length of a suspension insulator string. The average arc
voltage gradient lies between 12 and 15 V/em [10].

3. Computer Simulated Tests

The EMTP (Electromagnetic Transient Program) is
used to test the validity of the proposed algorithm. The
schematic diagram of the 400kV power system is shown
in Fig. 6. Shunt capacitance and conductance on
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transmission line will be neglected.

Network A D Network B
Tr.A d D-i Tr.B
CH 2D
W O W0

v, (1)
vs(?) ve(t) ve(®)
Re

Fig. 6 Schematic of the test power system

Here, vg(?), is () are the digitized voltages and

currents, and the line parameters that are calculated via a
line constant program were D = 100 [km], » = 0.0325
[Q/km], x = 0.3 [Q/km], o= 0.0975 [Q/km], and x, = 0.9
[Q/km]. Network data is shown in Table 2. The equivalent
electromotive force of networks 4 and B are E, and Ep,
respectively.

Table 2 Network data
RIQl | LMl | RlQ] | LH]
Network 4 1 0.064 2 0.128
Network B 0.5 0.032 1 0.064

Single-phase to ground faults are simulated at different
points on the transmission line. The pre-fault load is
present on the line. A synchronization error of 0 degrees
was added to the test input data.

Figs. 7, 8, 9, and 10 show the faulted phase voltages
and currents at each end of the transmission line, sampled
with the sampling frequency s, =3840 Hz(64 samplerT,) for the

single phase to ground fault with arc. The fault is initiated
at 10% of the line.
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Fig. 7 Faulted phase voltages at the sending end
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Fig. 10 Faulted phase currents at the receiving end
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The arc voltage waveform and amplitude are assumed
to be of square wave shape with amplitude of ¥, =4.5 [kV]
as shown in Fig. 11. The fault inception is 33 [ms] and
fault resistance is Rp= 8 [Q].
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Fig. 11 Arc voltage and fault current

Fig. 12 depicts the estimated fault location and arc
voltage amplitude using the proposed two-terminal
algorithm. From the estimated values the fault on the
transmission line occurred at about 10 km away from
sending end. Since the estimated arc voltage amplitude
converges to about 4.5 kV, the type of fault is the transient
fault.

1ault location {Sync, error =1ms)

fautt location (8ymc)

[KM], [kv]
3

are voitage ampl.(Sync, emor = 1ms)

arc oltage amgl. (Sync)

0 L L Ll . . L ' L '
"o 002 004 008 008 O 012 014 018 018 0.2
ime (s)

Fig. 12 Estimated fault location (exact value used by
EMTP was 10 km) and arc voltage amplitude
(exact value used by EMTP was 4.5 kV)

In Fig. 12 while the fault location and arc voltage
amplitude with synchronization error of 1 [ms] are both
inaccurate and unstable, the estimated values at the arc
voltage amplitude using the proposed algorithm are
accurate, fast and stable.

4. Conclusions

This paper presents a two-terminal approach for fault
location estimation and for faults recognition using the

synchronized sampling technique. The proposed algorithm
is also based on the synchronized phasor measured from
the synchronized PMUs installed at two-terminals of the
transmission lines. Only the fundamental and third
harmonic phasors calculated by DFT (Discrete Fourier
Transform) are needed to estimate the unknown
parameters such as the fault location and the arc voltage
amplitude. The fault location can be used for distance
protection and the arc voltage amplitude can be used for
blocking reclosing of the transmission line with
permanent faults. Also, the validity of the proposed
algorithm was proven for the computer simulation.

By knowing the fault location and the fault type more
accurately, utilities should be able to reduce outage time
and improve the quality of power service.
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