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Fault at transmission line system may lead to major impacts such as power
quality problems and cascading failure in the grid system. Thus, it is very
important to locate it fast so that suitable solution can be taken to ensure
power system stability can be retained. The complexity of the transmission
line however makes the fault point identification a challenging task. This
paper proposes an enhanced fault detection and location method using
positive and negative-sequence values of current and voltage, taken at both
local and remote terminals. The fault detection is based on comparison
between the total fault current with currents combination during the pre-fault
time. While the fault location algorithm was developed using an impedance-
based method and the estimated fault location was taken at two cycles after
fault detection. Various fault types, fault resistances and fault locations have
been tested in order to verify the performance of the proposed method. The
developed algorithms have successfully detected all faults within high
accuracy. Based on the obtained results, the estimated fault locations are not
affected by fault resistance and line charging current. Furthermore, the
proposed method able to detect fault location without the needs to know the
fault type.
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1. INTRODUCTION

Fault is a phenomenon which can cause the supply of electrical power interrupted. It can happen at
any component and location in power system. However, transmission line has the highest probability with
fault occurrence because it is exposed to the environment and extreme weather conditions [1]. The causes of
fault occurrence are such as lightning strikes, tree and crane encroachment, equipment defect and many other
causes [2]. When a fault happened, it must be located fast so that the affected line can be energized back into
the network as soon as possible. The longer the time taken for the faulted line to be re-energized, will cause
the power system in stress condition and can reduce the power system security and reliability. This happens
when other lines becoming overloaded due to the increase of power flow to compensate the power on the
faulted line. After a fault occurrence, the maintenance crews will need to check the substation to obtain the
fault location information from the installed protection relay. The accuracy of the fault location given by the
device is dependent on the algorithm and the measurements it uses. A small error of fault location estimation
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can be equivalent to several kilometers at the actual transmission line. Thus, it is difficult task to find the
exact fault location.

In the early years, the fault location algorithms were using the measurements at one-terminal only.
This is due to most of the relays at that time were standalone type where no communication channel to
transfer the data between both connected substations. Examples of one-terminal algorithm which have been
used for a long time are such as simple impedance, reactance, Takagi and modified Takagi [3]. One-terminal
algorithms still widely used in the present days because the process to replace the electromechanical and
static relays will take time and costly. The error produced by the methods which use one-terminal data is
significant because many unknown parameters can affect the accuracy of fault location estimation such as
fault resistance, remote in-feed current and source impedance [4]. With the advancement of intelligent
electronic devices (IEDs) and numerical protection relays, the requirement for the communication between
both terminals also increases such as for protection and fault location functions. The devices at both terminals
have to be synchronized using a global positioning system (GPS) so that the travelling time delay can be
compensated internally in each device [5]. With the availability of measurements from both terminals, fault
location algorithms that use data from both terminals will be more accurate. This can be done since many
assumptions can be removed to produce accurate fault location. Fault location using two-terminal data
basically can be divided into several main methods such as using impedance [6]-[9], travelling wave
[10]-[12], neural network [13], [14], optimization [15], and state estimation [16], [17]. The methods also can
be classified into using synchronized [9], [18], [19] or unsynchronized [6]-[8], [20] measurements between
both terminals.

In impedance-based method, the estimated impedance represents the fault location from the terminal
point until the fault point. The recorded data and phasor information were used by Hessine et al. [7] to
estimate the fault location using apparent impedance calculation. The data from both terminals do not need to
be synchronized. Yu et al. [6] used the unsynchronized data and estimate the fault location based on
reactance calculation. An analytical synchronization of the unsynchronized measurements was performed by
Izykowski et al. [8]. Then, the fault location was determined using the symmetrical components of the
transposed transmission line. The fault location method for line with more than half-wavelength was
proposed by Lopes et al. [9] where the distributed parameter line model was used instead of a lumped line
model. A fault detector based on differential current principle was developed to determine fault occurrence
and identify whether the fault is symmetry or not.

The second main method is fault location using travelling wave (TW). The time taken by the
waveform to reflect from the fault point is used to estimate the fault location. Lopes et al. [10] proposed the
TW method which requires neither data synchronization nor line parameter. The time difference between the
first incident TW and the successive reflection from the fault point at both terminals were used to estimate
the fault location. The first two waves arrival time which recorded inside IED at both ends were used by
Naidu and Pradhan [11]. Then, the correct fault location solution was determined using faulted half section
identification. The comparison of the rise time for the first TW at both ends was made to determine the
faulted section. Andanapalli and Varma [12] used the wavelet transform to capture the travelling time of the
transient between fault point and relay location. Then, the fault location was determined using the time
difference between the arrival of backward and forward travelling waves. TW methods require very high
sampling frequency in the range of MHz for accurate arrival time estimation. Higher sampling frequency will
burden the processor and require more memory capacity. Most of the distance relays do not have this very
high sampling capability thus the price for the relays which use TW for fault location function definitely
higher [5]. An example of relay which uses the travelling wave method is SEL-T401L [21].

Artificial neural network (ANN) has long been used in various applications to solve problems,
mainly for a complex data set that has unclear pattern. With no exception, ANN also has been used to
estimate the fault location in a power system. Capar and Arsoy [13] used one cycle post-fault voltage and
current from one or two-terminal measurements as the training data set. Before training, the measurements
were converted to symmetrical components and phasor values using discrete Fourier transform (DFT). ANN
method which used both fault and pre-fault voltage and current measurements was proposed Mazon et al.
[14]. In training period, the method considered both correctly measured magnitudes values and magnitudes
affected by errors. The ANN method may produce an error if the actual data used to test the trained system
are outside the training data range. Second, the ANN has to be trained with data which consider various
parameters and there might exist some parameters which are unknown in reality. Besides that, to train every
line in a power network which have different parameters will take a lot of effort and impractical.

Optimization technique is a method used to solve a problem based on the defined objective
functions. Huynh et al. [15] proposed a method using an improved cuckoo search (ICS) optimization to
locate a fault at double circuit transmission line. From the results, the ICS has superior ability compared with
cuckoo search (CS), particle swarm optimization (PSO) and genetic algorithm (GA). Genetic algorithm (GA)
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was used by Davoudi et al. [19] to estimate the fault location. The method was based on distributed time-
domain representation and does not require the line parameters. The last method for fault location is using
state-estimation by Liu et al. [16]. The line was modelled in detail and represented as a multi-section line.
Fault location was treated as a state of the dynamic line model and the fault location was estimated using
dynamic state estimation algorithm.

Many methods have been researched on estimating the fault location at the transmission line. From
the literature, some of the methods did not mention how the fault was detected [6], [8], [13], [14], [16], [19].
Before the fault location can be performed, normal and fault conditions must be differentiated. Once the fault
is detected, the fault location process will take place. The fault detection signal can be taken from the relay
tripping signal or from the algorithm inside the IED itself. The second important parameter in fault location is
charging current. The effect of charging current is very small and can be neglected for a short line. However,
the impact of charging current is significant for the long transmission line [22], [23]. This charging current
exists during both normal and fault conditions. They are some researchers [7], [8], [16] who used a
distributed parameter line model to represent the actual transmission line but no discussion or comparison has
been made on the effect of charging current on fault location accuracy.

This paper presents the transmission line fault detection and location using two-terminal
measurements. The first algorithm is to detect the fault where the tripping signal from the relay is not
required. The fault detection is using the comparison of positive-sequence total fault current between fault
condition and pre-fault condition. The second algorithm is the fault location which uses the impedance-based
method and negative-sequence values. From the results, the fault location algorithm produced better accuracy
using negative-sequence values compared with positive-sequence values due to negative-sequence values
have very small effects of charging current. The final fault location was taken at two cycles after the fault
detection time. A long transmission line has been modelled using ATPDraw software and the algorithms
were developed using MATLAB/Simulink.

2. FAULT DETECTION AND LOCATION ALGORITHMS

This section presents the proposed fault detection and location algorithms using the measurements
from both local and remote substations. The fault detection and location algorithms are two different
algorithms which work together. The function of fault detection algorithm is to detect the fault occurrence at
each protected line and differentiate the condition with normal condition. While fault location algorithm is
used to estimate the fault location at the faulted line from local terminal. The fault location algorithm will
only be initiated once it gets the signal from fault detection algorithm which indicates that a fault just
occurred at the protected line.

2.1. Fault detection method

The proposed fault detection method uses the comparison of total fault current which flow toward
the fault point between pre-fault and fault conditions to decide the fault occurrence. When a fault occurs at a
line, both local fault current, I,  and remote fault current, I p will be flowing toward the fault point as
shown in Figure 1. Thus, the total fault current, I will become very high compared to pre-fault value if both
local pre-fault current, I, prr and remote pre-fault current, I pr; are added together as shown by (1).

Local ILF Iz F Remote

. I | 1
Other netw ork - Other network
connection ault &IF connection
-

Figure 1. Current flow during fault condition

Ir » (I pre + Ir,prE) 1)
I = (pr + Irr) (2
The algorithm proposed only uses the positive-sequence values which can be converted directly

from the phase values. Thus, the computation is easier compared with the algorithms which computed using
the phase values. The positive-sequence versions for total fault current comparison are shown by (3). A fault
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at the line will be detected once the total positive-sequence fault current, I} (summation of local positive-
sequence fault current, I and remote positive-sequence fault current, Iz -) more than the summation of
local positive-sequence pre-fault current, I,z and remote positive-sequence pre-fault current, I ppp-

It >» (I} pgg + I} prE) 3)

11} = (Ill,,F + II%,F) 4
A threshold can be set to determine the fault condition as shown in (5).

I >nx (ILI,PRE + II%,PRE) ©)
where, n > 1 (constant).

During normal condition, there will be no difference between I} and the summation of I} pz; and
I} pre as shown by (6). The situation for normal condition is shown in Figure 2 where the currents from both

terminals will always be in the same direction where one will be exporting the power and the other one will
be importing the power.

I F IR F
Local ﬁ’ , 2 Remote
- - I ' - .- -
Other network | Un-faulted line Other network
connection connection

Figure 2. Current flow during normal condition

11} = (Ig,PRE + I}%,PRE) (6)

At normal condition, theoretically, the value of IX will be zero because of both positive-sequence
pre-fault currents, I pr and I pgi are in the same direction. However, I3 has a small value due to the effect
of line inductance and capacitance. To differentiate between normal and fault conditions, the threshold, n can
be set more than one where the present value of I: will be compared with the multiplication of n with
previous one cycle value (pre-fault value) of I} (refer (5)). At fault condition, the current from both terminals
will be flowing toward the fault point (opposite direction) which will result in a very high value of I%. Thus,
this very high value of I} can be easily detected using the threshold setting, n which is slightly more than one.
The reason why negative-sequence values were not chosen for the comparison of the total fault current
between fault and pre-fault conditions is that during pre-fault time, all phases are in balance condition, thus
the negative-sequence values are very small, and this will make it difficult to make the comparison with the
values during fault condition.

2.2. Fault location method

The fault location algorithm proposed in this research was developed based on two-terminal fault
location method [5]. This method requires measurements from both terminals. The measurements from both
terminals are assumed to be synchronized. Figure 3 shows a transmission line with a fault at a point between
local and remote terminals.

& ml - (1-m)l >
other network ILF IRF Vg othernetwork
connection VLI’F % VE — |' connection
______ i F——----
Local RE l Ir Remote

Figure 3. A transmission line with a fault between local and remote terminals
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As can be seen from Figure 3, a fault occurred at ml kilometer from local substation and (1-m)I
kilometer from remote substation where m is fault location in per unit and | is the line length in kilometer.
The voltage at the fault point, Up has equal values when measured from both ends. The currents from both
terminals will flow toward the fault point and through the fault resistance, Rr which is unknown. The
summation of these two currents equal to the total fault current, I.. The voltage equations as seen from local
and remote terminals are shown by (7) and (8) respectively.

UL = leL—R[L + UF (7)

UR = (1 - m)lZL_RIR + UF (8)
where the line impedance per km,

Z, g =R, p+iX, g ©)
R;_gr :line resistance per km
X, _r line reactance per km
I . line current measured from local terminal
Ip - line current measured from remote terminal
By arranging both (7) and (8) for Up, it will obtain (10) and (11).

UF = UL - leL—RIL (10)

Up=Ur — (1 —m)lZ, _glg (11)

Then, both (10) and (11) were equalized as in (12) until (14).

UL - leL—RIL = UR - (1 - m)lZL_RIR (12)
UL - leL—RIL = UR - lZL—RIR + leL—RIR (13)
UL_UR+IZL—R[R =leL—R(IL+IR) (14)

Based on (14), it was arranged for m and will obtain,

m= Up—-UR+1Zy_RIR (15)

1Z—RUL+IR)

As shown in (15) for m which is in per unit can be separated into three different forms based on
sequence components which are positive, negative and zero-sequences as shown by (16), (17) and (18)
respectively. Both Z}_, and Z?_, can be calculated based on (9) using each sequence parameters for the line.
Line negative-sequence impedance, Z2_ is equal to Z}_p. To get the fault location in kilometer, m has to be
multiplied with the line length. The fault location can be calculated using these three m sequence equations.
The zero-sequence component only exists during ground faults thus the zero-sequence equation for m is not
suitable to be used to estimate fault location for unground faults where the zero-sequence component is not
existing. The positive-sequence component exists in all types of faults including both symmetrical and
unsymmetrical faults while the negative-sequence component will only exist during unsymmetrical faults.
This research proposes a fault location method using a negative-sequence (17) because it is less affected by
line charging current compared with the algorithm using a positive-sequence equation. Theoretically, the
negative-sequence component cannot be used to estimate the fault location for symmetrical three-phase fault.
However, this is not a problem. In a practical fault condition, it is impossible for symmetrical three-phase
fault which has the same values of fault impedance between phases to happen. There must be at least a slight
difference in fault impedance between different phases. Although a three-phase fault has a very slight
difference of fault impedance between phases, the negative-sequence component will exist due to small
imbalance conditions. Thus, the negative-sequence equation can be used to estimate the fault location for
three-phase fault.

_ UL-Ug+1Zj_plk
- 1 1,1
1Z;_gUp+Ig)

(16)
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_ UL-UR+1zE_plk
1z0 gUEHIR) 17
_ UL-UR+LZ]_glj
1z gUPHIR) (18)
To measure the performance of fault location algorithm, (19) was used to compare between actual, FL actual
and estimated, FLestimated fault locations.

FLestimated (KmM)—FLactyal (km) % 100 (19)

% Error =
% Line Length (km)

3. COMBINATION OF FAULT DETECTION AND LOCATION METHODS

The flowcharts for fault detection and location methods are shown in Figures 4 and 5 respectively.
For fault detection, firstly, both local and remote three-phase currents will be continuously measured by the
fault detector. Then, the current measurements for both ends will be converted to their equivalent positive-
sequence values. The positive-sequence values of currents from both ends will be added together to get the
total positive-sequence current. Next, this current will be hold one cycle to represent the pre-fault value.
After that, the present value of total current will be compared with the threshold current setting (n times pre-
fault total current value). If the present total current is more than the threshold current, the fault is detected, and a
signal will be sent to fault location algorithm to estimate the distance of fault point from local end. The fault
detection scheme will continue to measure the currents and the flow is repeated when no fault been detected.

Measure local
Current

Measure remote
Current

Calculate positive- Calculate positive-
sequence value sequence value

Add local and remote
currents

Hold one cycle

Pre-fault value Present value

Present value >
threshold
current

Fault detected

Figure 4. Flowchart of fault detection method

Next, for fault location in Figure 5, the fault locator will continuously measure the current and
voltage from both ends of the line. Then, the negative-sequence values for both end measurements will be
calculated. Using negative-sequence values, the fault location will be estimated continuously based on (17)
no matter what the line condition is. When the fault locator gets a signal from fault detector (FD=1)
indicating that a fault just occurred at the line, the fault locator will take the estimated fault location at two
cycles starting from fault detection time. Finally, the fault location from local terminal will be displayed.
When no signal been received by the fault locator (FD=0) from fault detector, the overall process of fault
location is repeated but no-fault location estimation been taken.
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Measure local Measure remote
current and voltage current and voltage
Calculate negative- Calculate negative-

sequence values sequence values
L Calculate fault location
using Eq. (17)

Take fault location at two cycles
after fault been detected

|

Display fault location
from local terminal

Figure 5. Flowchart of fault location method

4. METHOD

This section presents the development of fault detection and fault location algorithms on
transmission line. The two-terminal transmission line has been modelled using ATPDraw software. The
network connections at the back of local and remote substations were presented by the equivalent voltage
sources. The type of the line used was distributed parameter line where the resistor, inductor, and capacitor
(RLC) parameters are distributed uniformly along the line. The long transmission line has been chosen in this
work due to the total charging current is very high. The parameters for the transmission line are listed below.
The line parameters are taken from line 1-to-2 in 39-bus New England network [24].

- Line length=275.5 km

- Rated voltage=500 kV

- Nominal frequency=60 Hz

- Positive-sequence resistance=0.032 Q/km

- Positive-sequence inductance=0.989413 mH/km
- Positive-sequence capacitance=0.002692 uF/km
- Zero-sequence resistance=0.318 Q/km

- Zero-sequence inductance=2.968240 mH/km

- Zero-sequence capacitance=0.001615423 pF/km

Different fault locations, fault types and fault resistances have been simulated using the line model
in ATPDraw and the measurements for all fault conditions were transferred to MATLAB/Simulink software
where the fault detection and fault location algorithms were developed. The developed algorithms of fault
detection and location were combined and shown in Figure 6. There are five main subsystems, namely two-
terminal measurements, positive-sequence conversion, negative-sequence conversion, fault detection
algorithm and fault location algorithm subsystems.

The blocks inside fault detection algorithm subsystem are shown in Figure 7. This subsystem is used
to detect the fault occurrence at the protected line and send a signal to fault location subsystem. As can be
seen in the figure, the combination value of local, I} and remote, I positive-sequence currents will always be
compared between present time and previous one cycle time. Thus, when a fault happened, the combination
of these two currents will be very high compared with their combination value for the previous one cycle
which is during pre-fault. The transport delay block (dashed circle) is used to delay the combination value of
both currents to represent the pre-fault value. The D-latch block is used to maintain the detection signal while
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the delay 2 cycles block is used to stop the simulation at 2 cycles after a fault has been detected. Hence, the
fault location value at the simulation stop time will be taken as the final fault location value.

"L

] Ind Cud
_I—D | REMCTE NEG

NEGATIVE SEQUENCE

CONVERSION
2755 LENGTH (KM}

FAULT LOCATION ALGORITHM

>
m {km} »

VL ™
L o Inf Outl 1L FD w1 |
VR
IR 182 ou) IR IF1 rIl:l |
TWO-TERMINAL
MEASUREMENTS POSITIVE SEQUENCE FAULT DETECTION N l:l
CONVERSION ALGORITHM
> In Outl »{vLoCAL NEG
=2 0al |—DVREMOTE neg MO L > II | E— |
In3 Cud
»{ I LOCAL NEG

Figure 6. Combined fault detection and location algorithms developed using MATLAB/Simulink
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Figure 7. Blocks inside fault detection algorithm subsystem

A threshold value of 1.5 times the pre-fault value was set to detect the fault. When the current
combination value is more than this threshold setting, fault is detected. This constant 1.5 is sufficient since
the pre-fault combination value is very small because both currents at that time are in the same direction.
When a fault occurred, both currents will be in opposite direction thus the value will be very high and far
from threshold current setting. After a fault is detected, the fault location estimation will be taken at two
cycles starting from the edge of fault detection. This was realized using the on/off delay block (dashed box)
where the simulation will be stopped after the delay finished. The last value of the estimated fault location at
the stop time will be taken as the final fault location.

Figure 8 shows the blocks inside fault location algorithm subsystem. The blocks were arranged
based on (17). The outputs from this subsystem are the fault location, m in per unit and in kilometer. The line
impedance was calculated inside compute Z; subsystem and the blocks inside this subsystem are shown in
Figure 9. The subsystem in Figure 9 uses the positive-sequence parameters to calculate the negative-sequence
line impedance-based on (9). The parameters required are per km values of positive-sequence line resistance
(R1) and inductance (L1), nominal frequency (f) and line length (1).
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Figure 8. Blocks inside fault location algorithm subsystem
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Figure 9. Blocks inside compute Z; subsystem

5. RESULTS AND DISCUSSION

This section presents the results of fault detection and fault location algorithms. As been mentioned
earlier, the fault detection algorithm uses the positive-sequence values while the fault location algorithm uses
the negative-sequence values. First, an example is shown on how the proposed method detected and located a
single line-to-ground fault. Then, followed by the test on the effect of fault resistance, test for various fault
conditions, comparison between positive and negative sequence values as the inputs to fault location and
finally, the test on three-phase fault using negative sequence values.

5.1. An example of fault detection and location operation

To show the example of the waveform and how the method works, a red phase-to-ground fault was
simulated from 0.1 to 0.15 s, at 20% (55.1 km) from the local terminal with 15 Q of fault resistance.
Figures 10(a) and 10(b) show the phase currents measured from local and remote terminals respectively. It
can be seen that the red phase current increased significantly after 0.1 s for both terminals. The maximum red
phase current for the local terminal (9,534 A) is higher than the maximum red phase current for the remote

terminal (2,466 A). This is because the fault occurred at a point nearer to the local terminal (20% from the
local terminal) than the remote terminal.

x 10 3000

;,\‘ \ N
N 2000 Max = 2466 A
05 H H "l f ‘I / ‘| |I \

| ‘ 1000 ‘ \

| ;
0/\{\/\/\A/\M\/W
| \ .

Current (A)
o
Current (A)

-1000 |

| } | |
05 l‘ [ : ‘l i . bl
| |1 -2000
'H \ | |1 v v
4 i i U . -3000,
0 0.02 0.04 0.06 0.08 01 0.12 0.14 0.16 0.18 02 0 0.02 0.04 0.06 0.08 01 0.12 0.14 0.16 0.18 02
Time (s) Time (s)
(@) (b)

Figure 10. Measured phase currents for; (a) local terminal and (b) remote terminal
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Figure 11 shows the results combination of Figure 11(a) total local and remote currents summation,
Figure 11(b) total current which has been hold and delayed for one cycle, Figure 11(c) fault detection signal
and Figure 11(d) simulation stop signal. At 0.102 s (0.002 s time difference from fault initiation), the fault
was detected after the total current (222.3 A) more than the threshold current setting which was equal to
172.2 A (1.5 times the pre-fault total current of 114.8 A at 0.102 s). At 0.1353 s (approximately two cycles
after fault detection time), the simulation was stopped where the estimated fault location was taken as the final
value. Figure 12 shows the final fault location value equal to 55.13 km with an error of 0.03 km or 0.01089%.

8
8

Current (A)
=
- 8

I
Fault inifiated at 0.1s™ |~ " Ttotal = 2223 A
0.1

0 0.02 0.04 0.06 0.08 0.12 014
Time (s)
(a)
<4000 |
Ezggg_... ............ -total =114.8-A /_/ _
= | L 0N
s % 0.02 0.04 0.08 0.08 0.1 0.12 0.14
Time (s)
(b)
; .
Tos Fault detected at 0.102 s
o S
% 0.02 0.04 0.06 0.08 01 0.12 0.14
Time (s)
(©)
1 . —_— .
- Simulation stop at 0.1353 s
505 " o
“ 0
0 0.02 0.04 0.06 0.08 0.1 012 0.14
Time (s)
(d)

Figure 11. Results combination of fault detection for red phase-to-ground fault (a) total local and remote
currents summation, (b) total current which has been hold and delayed for one cycle,
(c) fault detection signal, and (d) simulation stop signal
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Figure 12. Final fault location at two cycles after fault detected

5.2. The effects of fault resistance on fault location accuracy

Three different types of faults have been simulated and tested to compare the accuracy of fault
location estimation for different fault resistance values. Figures 13 to 15 show the results of fault location
errors for single line-to-ground fault (SLG), line-to-line (LL) fault and double line-to-ground (LLG) fault
respectively. For each fault type, the fault resistance was varied for 0.1, 20 and 50 Q. For each fault
resistance, the fault location also was varied from 10% until 90% of the line length from the local terminal
with a 10% step. From all those three figures, it can be seen that there is no significant difference in fault
location error between different fault resistance values. This shows that the fault resistance has no effect on
the proposed fault location algorithm. All the errors are near zero and no error more than 1%.
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Figure 13. SLG fault with different fault resistances and fault locations
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Figure 14. LL fault with different fault resistances and fault locations
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Figure 15. LLG fault with different fault resistances and fault locations

The reason why fault resistance does not affect fault location accuracy is because by using two-
terminal data from both local and remote terminals, the value of fault resistance is not required in two-
terminal algorithm. This is not true for fault location algorithms which only use one-terminal data where fault
resistance is unknown and normally been estimated using many assumptions or left unknown thus can greatly
affect the fault location accuracy if the actual fault resistance is very high.

5.3. Fault detection and fault location for various fault conditions

As been mentioned earlier, the fault detection algorithm uses the positive-sequence values to detect
the fault while the fault location algorithm uses the negative-sequence values. Three types of unsymmetrical
faults with different fault resistances and fault locations have been simulated and the results of fault detection
and location are shown in Table 1. All faults were initiated at 0.1 s. As can be seen from Table 1, all faults
have been successfully detected and located. When the faults occurred, the combination value between
positive-sequence local current and remote current were very high compared with their combination value
during pre-fault time. It was possible due to during fault time, both currents were in opposite direction. Thus,
the fault occurrences were easily detected. From the results, the average fault detection time is 0.1018 s and
the average time period between fault detection time and fault initiation time is 0.0018 s which is about
0.108 cycle. This shows that the fault detection algorithm is very fast in detecting any fault occurrence even
for very high fault resistance. The results of the estimated fault location as in Table 1 were taken at two
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cycles after fault detection time. The average error of fault location produced for various fault conditions is
0.0678 km and the average error in percentage is 0.0246%. The results of fault location estimation are very
accurate where there is no estimated fault location which more than 1 km or more than 1% thus the algorithm is
reliable.

Table 1. Results of fault detection and location algorithms for three different fault types
No Fault Re Actual Fault Actual Fault Fault Detected Fault Detection Fault Detection Estimated |Error |Error

Type (Q) Location Location (Yes/No) Time (s) Time-Fault Fault Location  (km)| (%)]
(%) (km) Initiation Time (s) (km)

1 SLG 01 10 27.55 YES 0.1015 0.0015 27.620 0.070 0.025
2 50 137.75 YES 0.1020 0.0020 137.800 0.050  0.018
3 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018
4 20 10 27.55 YES 0.1015 0.0015 27.630 0.080 0.029
5 50 137.75 YES 0.1025 0.0025 137.800 0.050  0.018
6 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018
7 50 10 27.55 YES 0.1020 0.0020 27.640 0.090  0.033
8 50 137.75 YES 0.1025 0.0025 137.800 0.050  0.018
9 90 247.95 YES 0.1020 0.0020 247.900 0.050  0.018
10 LL 0.1 10 27.55 YES 0.1015 0.0015 27.660 0.110 0.040
11 50 137.75 YES 0.1020 0.0020 137.800 0.050  0.018
12 90 247.95 YES 0.1015 0.0015 247.800 0.150  0.054
13 20 10 27.55 YES 0.1015 0.0015 27.620 0.070  0.025
14 50 137.75 YES 0.1020 0.0020 137.800 0.050  0.018
15 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018
16 50 10 27.55 YES 0.1015 0.0015 27.640 0.090  0.033
17 50 137.75 YES 0.1025 0.0025 137.800 0.050  0.018
18 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018
19 LLG 0.1 10 27.55 YES 0.1015 0.0015 27.660 0.110 0.040
20 50 137.75 YES 0.1020 0.0020 137.800 0.050  0.018
21 90 247.95 YES 0.1015 0.0015 247.800 0.150  0.054
22 20 10 27.55 YES 0.1015 0.0015 27.590 0.040  0.015
23 50 137.75 YES 0.1020 0.0020 137.800 0.050  0.018
24 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018
25 50 10 27.55 YES 0.1015 0.0015 27.620 0.070  0.025
26 50 137.75 YES 0.1025 0.0025 137.800 0.050  0.018
27 90 247.95 YES 0.1015 0.0015 247.900 0.050  0.018

Average 0.1018 0.0018 Average 0.0678  0.0246

5.4. Comparison between negative and positive-sequence fault locations

The comparison of fault location errors between algorithm using negative-sequence values and
algorithm using positive-sequence values is shown in Table 2. Three types of faults have been simulated
(SLG, LL, and LLG). Each fault type was varied with three different fault resistances (0.1, 20 and 50 Q) and
various fault locations (10% until 90% of the line length with 10% step). In this case, the transmission line
used is long transmission line which have high charging current. For each fault type, only the average,
maximum and minimum values of errors for different fault locations and fault resistances were put in the
table to summarize the comparison.

From Table 2, it can be seen that for SLG faults, the fault location algorithm which used the
positive-sequence values has a higher average error (1.2 km or 0.436%) compared with the one which used
the negative-sequence values (0.167 km or 0.06%). Both average and maximum errors for positive-sequence
fault location are more than 1 km compared with average and maximum errors for negative-sequence fault
location which both average and maximum errors are less than 1 km. However, for LL and LLG faults,
positive-sequence fault location only has a very small increase in fault location error compared with the error
for the negative-sequence fault location and thus the difference can be neglected. The average and maximum
errors for LL and LLG faults for both fault location algorithms (positive and negative-sequences) are less
than 1 km.

SLG fault using positive-sequence fault location has higher error than the negative-sequence fault
location is because of the charging current. For long line as used in this paper, the total charging current
which is distributed along the line is high. When SLG fault occurred, the charging current at the faulted phase
will also include in the fault current and the charging current cannot be eliminated. The positive-sequence
charging current is more than the negative-sequence charging current thus it will produce an additional effect
to the fault location algorithm for SLG fault type. This is not the case for LL and LLG fault types where most
of the charging current between different faulted phases will cancel each other thus will only produce a very
small effect on fault location estimation.
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Table 2. Comparison of errors between negative and positive-sequence fault locations

Fault Type km/%  Negative-Sequence Fault Location Positive-Sequence Fault Location
Average  Minimum  Maximum  Average  Minimum  Maximum

SLG Km 0.167 km 0.01 km 0.6 km 1.2 km 0.05 km 2.18 km

% 0.06% 0.004% 0.218% 0.436% 0.018% 0.791%

LL Km 0.107 km 0 km 0.2 km 0.408 km 0.05 km 0.68 km

% 0.039% 0% 0.073% 0.148% 0.018% 0.247%

LLG km 0.104 km  0.04 km 0.2 km 0.354km  0.05km 0.85 km

% 0.038% 0.015% 0.073% 0.128% 0.018% 0.309%

5.5. Three-phase fault location using negative-sequence values

Theoretically, negative-sequence values will not exist in a symmetrical three-phase fault condition
[25]. However, a three-phase fault is very rare to happen in practice. Thus, a three-phase fault which has the
same fault resistance value between phases is impossible to occur. At least there must be a slight difference
of fault resistance value between phases. This will make the three-phase fault condition asymmetry so the
negative-sequence fault location can be used to estimate the fault location. Two types of three-phase fault
which are LLL and LLLG have been used to test the fault location algorithm. The fault resistance values for
both fault types and the performance of the negative-sequence fault location in estimating the fault locations
are shown in Table 3. As can be seen from the table, the errors produced for both faults are very small
although negative-sequence values were used in fault location algorithm. This was due to the differences of
fault resistance values between phases and phases to ground which made the faults asymmetry.

Table 3. Fault location errors for three-phase fault

Fault Types Re (Q) Actual Fault Estimated Fault Error (km) Error (%)
Location (km) Location (km)
LLL RF RY:251 RF YB:3O 35 35.11 0.110 0.040
LLLG Re r=22, Re v=25, Re, 5=27, Rg, =15 234.175 2344 0.225 0.082

6. CONCLUSION

This paper presented the development of fault detection and location methods using sequence values
and impedance-based method. Fault was detected by comparing the positive-sequence total fault current
between fault condition and previous one cycle or pre-fault value. The fault location algorithm was
developed using two-terminal impedance-based equation and the inputs to this algorithm are the negative-
sequence values. Various faults with different fault types, fault locations and fault resistances have been
successfully detected. The errors for all unsymmetrical faults are less than 1 km and 1%. The final fault
location for each fault was taken at two cycles after fault detection time with the aim to avoid the unstable
value of estimated fault location during transient period. To improve the accuracy of fault location, negative-
sequence values have been used instead of positive-sequence values. Based on the obtained results, fault
location algorithm which used negative-sequence values have better accuracy compared with the algorithm
which used the positive-sequence values especially for SLG fault type. It is possible due to the negative-
sequence values are not affected by the line charging current which is significant for long lines. Although
negative-sequence values been chosen, the fault location algorithm also can be used to locate the three-phase faults
which have different fault resistances between phases or between phases and ground. The fault resistances
imbalance made the three-phase faults asymmetry which then made the negative-sequence values existed.
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