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Abstract: In modern digital power system protection systems, statistical coefficients technique is recently used for fault
analysis. A correlation technique is developed for faults detection and discrimination. The proposed technique is able to
accurately identify the condition of phase(s) involved in all ten types of shunt faults that may occur in extra high-voltage
transmission lines under different fault resistances, inception angle and loading levels. The proposed technique does not
need any extra equipment as it depends only on the three line-currents measurements which are mostly available at the
relay location. This technique is able to perform the fault detection, type and phase selection in about a half-cycle period.
Thus, the proposed technique is well suited for implementation in digital protection schemes. The suggested scheme is
applied for a part of 500 Kv Egyptian network. Alternative transient program (ATP) and MATLAB programs are used to

implement the proposed technique.
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1. Introduction

In modern power system protection, accurate, fast and
reliable fault classification technique is an important
operational requirement. On one hand, correct information
of the type of fault is readily needed for fault location
algorithms [1]. On the other hand, in digital distance
protection schemes, for proper operation of the protective
relays, correct determination of the fault type is a
prerequisite [2]. A significant amount of research work has
been directed to address the problem of an accurate fault
classification scheme. Among the various techniques
reported for fault classification in transmission system,
Artificial-neural-network (ANN) approach is the most
widely used techniques. Although the neural-network-
based approaches have been quite successful in
determining the correct fault type, the main disadvantage
of ANN is that it requires a considerable amount of training
effort for good performance, especially under a wide
variation of operating conditions such as, system loading
level, fault resistance, fault inception instance [3-9].
Similarly, Expert system-based approach -effectiveness
depends largely on the domain knowledge of the experts,

which is often quite time-consuming to be obtained [10-12].

Fuzzy and fuzzy neural-network-based approaches also

require extensive training of the ANN [13-14]. Recently,
fault classification techniques suitable for a fault recorder
has been proposed in [15], which can identify all ten types
of short-circuit faults. Some statistical coefficients
techniques were used for fault analysis such as an
alienation technique was developed for faults detection and
discrimination. The paper [16] presented protection scheme
for transmission lines based on alienation coefficients for
current signals; the scheme used another algorithm besides
alienation coefficients to distinguish between double phase
and double phase-to-ground faults. In this paper, a fault
detection and selection based on correlation technique is
proposed which is able to determine accurately, during one
cycle period of fundamental frequency, all fault types and
phase selection. Also this technique takes into
consideration the wide variations of operating conditions
such a switching, pre-fault power level, fault resistance and
fault inception angle.

2. Fault Classification Strategy

The fault selection algorithm is based on the auto-
correlation technique of two half successive cycles with the
same polarity. For transmission lines protection, this
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method needs only three line-current measurements
available at the relay location (i, ip, i.).

2.1. Correlation Coefficients Calculation

The auto-correlation coefficient is estimated as follows
for any two dependant variables, y;(x) and y,(x) [17]. The
auto-correlation coefficient (r) calculated as follows:
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Where, N, = the number of samples per cycle used in the
simulation

r: empirical correlation coefficient of y; (x), and y; (x).

y; (x): is the initial instantaneous value of the current at
time t,.

vy (x): is the instantaneous value of the current at next
cycle.
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The strength of linear association between two variables
is quantified by the correlation coefficient (7), its value lies
between - 1 and +1 [17].

2.2. Fault Detection and Faulty Phase Selection

To implement our technique, three tasks are starting in
parallel: fault detection, fault confirmation, and faulty
phase selection as follows:

2.2.1. Fault Detection (Initiation)
A transition is detected if: A > 20% 1,, where I, is the
line nominal current.

2.2.2. Faulty Phase Selection

- Fault confirmation and faulty phase selection are done
according to the following sequences.

Three-phase current correlation coefficients values are
calculated. If fault is detected, phase current correlation
values are sorted in ascending order and compared.

- If fault is detected, phase current correlation values are
sorted into ascending order and compared. The possible
fault cases are:

(a) If the three-phase correlation coefficients are nearly
equal and their values are less than 0.7, then the fault is
three-phase fau

-Ifr,= r, = r. <0.7, the fault is three-phase (a-b-c fault)

(b) If the two-phase correlation coefficients are equal
and their values are nearly 1, while the third phase

, v, arithmetic means of y; (x) and y, (x), respectively.

correlation coefficient is less than 0.7, the fault is single-
phase to ground fault.

-Ifr, <07, r,=1,r1,
ground fault (a-g fault)

-Ifr, <07, 1,=1, .=
ground fault (b-g fault)

-Ifr, <07, r,=1, 1,
ground fault (c-g fault)

(c) If the two-phase correlation coefficients are equal
and their values are less than 0.7, while the third phase
correlation coefficient is nearly 1, the fault is double phase-
to-ground fault.

-Ifr,= 1,<0.7, r, = 1 the fault is double phase-to-
ground fault (a-b-g fault)

-Ifry, = r.<0.7, r, = 1 the fault is double phase-to-
ground fault (b-c-g fault)

-Ifr,= r.<0.7, 1, = 1 the fault is double phase-to-
ground fault (a-c-g fault)

(d) If the three-phase correlation coefficients are not
equal and their values: one phase is less than 0.3, second
phase is less than 0.7, while the third phase alienation
coefficient is nearly 1, the fault is phase-to-phase fault.

-Ifr, < 0.7, 1, <0.7, r, = 1 the fault is phase-to-phase
fault (a-b fault)

-Ifr, <0.7, 1. < 0.7, r, = 1 the fault is phase-to-phase
fault (b-c fault)

-Ifr, <07, 1. < 0.7, 1, = 1 the fault is phase-to-phase
fault (a-c fault)

- To make sure of distinguishing between double phase
and double phase-to-ground faults, the cross-correlation
between the two phase currents of the faulted phases is
calculated.

If the value of cross-correlation is nearly -1, the fault is
double phase fault.

- If 1y, = -1 the fault is phase-to-phase (a-b fault)
otherwise the fault is double phase-to-ground (a-b-g fault).

- If r,, = -1 the fault is phase-to-phase (b-c fault)
otherwise the fault is double phase-to-ground (b-c-g fault).

- If r,, = -1 the fault is phase-to-phase (a-c fault)
otherwise the fault is double phase-to-ground (a-c-g fault).

0

1, the fault is single phase- to-

1, the fault is single phase- to-

0

1, the fault is single phase- to-

3. Case Study Power System

The proposed technique is applied on the power system
shown in Fig.1. The system parameters are obtained from
one-generation unit in EI-KURIEMAT power station that
produces 320 MVA [18]. The parameters of the selected
system are as follows:

BB;
zL1
s —
, L2
Machine 1 Generator Tr. 1 a
Aux. Tr. 1 K F /

=
(toad 1] [load 2]

Figure 1. The simulated power system.
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Machine 1 (Sending Source):

Rated line voltage is 19 kV, Volt-Ampere rating is 320
MVA, Frequency is 50 Hz, Voltage phase angle is 20" and
number of poles is 2.

Machine 2 (Receiving Source):

Machine 2 has the same parameters of Machine 1 except
the steady-state voltage phase angle is 0°.

Main Transformers:

At each side there is a step up transformer 340 MVA,
19.57/500 kV (Delta/Star earthed neutral), its primary
impedance is 0.0027 + j0.184 Q, its secondary impedance
is 0.7708 +j 61.8 Q.

Aux. Transformers:

At each side there is an auxiliary transformer 32 MVA,
19.57/6.3/6.3 kV (Delta/Star/Star earthed neutral), its
primary impedance is 0.02978 + j0.4894 Q, its secondary
impedance is 0.0039 +j 0.0261 Q.

Lines

Transmission line (T.L.) impedance is 0.0217 +j0.302 Q
/Km with 200 Km length for each circuit.

Loads

Each load is represented as impedance of value 100.0 +
j60.0 Q.

4. Simulation Results

A fault (F) was considered at the middle of one circuit of
the transmission line assuming that short circuit is
temporary and not resistive. The developed technique was
applied by calculating the auto-correlation coefficient (7y)
between two successive half cycles with the same polarity
of current signals at the sending-end where relays would
normally be installed. The proposed technique is capable to
discriminate between the two types of two -phase faults
either earthed or isolated. To confirm the two faulted phase
type, a cross-correlation coefficient is calculated for the

faulted phase. To implement the present technique, the
studied power system configuration was simulated by
using ATP software [19]. The generated and measured
three phase line current signals are taken from the
transmission line terminals at " BB," side. Five simulation
case studies are done to discriminate between the faulty
phases, by using the proposed method, for fault
classification. These cases are done under effects of
different pre-fault power level, fault resistance, and fault
inception angle located on the simulated power system.
The current measured signals sampling rate is 50 samples
per cycle, which means sampling time of 0.4 mSec. The
total simulation time is 2 Sec (i.e. the total number of
samples is 5000). The fault inception time is 0.402 Sec and
the fault clearing time is 0.502 Sec from the beginning of
the simulation time.

4.1. Three Phase-to-Ground Fault (Case 1)

This case studies the performance of the proposed
technique during the three phase-to-ground fault condition
on the proposed technique. The operating power angle of
generator 1 (§;) is 20 Degree. Figure 2 shows the
simulation results for case "1". Figures 2(a-c) present the
instantaneous values for the three phase currents. In this
case, it is noticed that the three phase currents during the
fault are higher than the pre-fault currents; their values are
nearly five times the pre-fault current. The correlation
coefficients (r,) are calculated between two successive
half-cycles with the same polarity for the three-phase
current signals. The three-phase current correlation
coefficients r, ry and r, are shown in Figs. 2 (d-f).The
values of 7, ry, r;. are equal and close to one before fault
inception and after fault clearing. At fault start they are
equal and less than 0.24 while they are less than 0.40 at
fault clearing. From the above results, it is clear that the
correlation coefficient values at fault initiation are good
detector to determine the faulted phases; Their values are
closely to one for current signals in case of normal
operation and they are less than one in case of fault
condition. Summary of the correlation coefficients for the
measured current signals at the different periods are shown
in Table 1.

Table 1. Correlation coefficients in case of three phase-to-ground fault (5, = 20 degree, three phase-to-ground faults (a-b-c-g) with Ry = 0 ohm).

Fault type Signals (r) pre-fault (r) at fault start (r) during fault (r) at fault clearing  (r) post-fault
. ia ria=1 0.24 1 0.20 1
grh;jz;”f‘:u;" ib rib=1 021 1 035 1
ic ric=1 0.23 1 0.40 1

4.2. Single Line-To-Ground Fault (Case 2)

All parameters are kept as in case "1", except the fault
type is changed from three lines-to-ground fault (a-b-c-g)
to single line-to-ground fault (a-g). Figures 3 (a-c) present
the instantaneous values for three-phase currents. The
faulty phase current value is nearly six times the pre-fault

current, while both the healthy phase currents are equal and
nearly 1.35 times the pre-fault value. The three phase
current correlation coefficients 7y, 7y, 7;. are shown in Figs.
3 (d-f). Their values are equal and close to one before fault
inception and after fault clearing. At fault start r;, is less
than 0.74 while 7;, and 7. are nearly one. At fault clearing,
ry 1s equal one while 7, 7, are less than 0.74. From the
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above results, it is clear that the correlation coefficient
value at fault initiation is good indicator to determine the
faulted phase A. Summary of the correlation coefficients

for the measured signals at the different periods are shown
in Table 2.

Table 2. Correlation coefficients in case of single phase-to-ground fault (6, = 20 degree, single phase-to-ground faults (a-g) with Ry = 0 ohm).

Fault type Signals (r) pre-fault (r) at fault start  (r) during fault (r) at fault clearing (r) post-fault
ia ria=1 -0.1 1 0.15- 1

Single line-to- . oo

St Bl ib rib=1 1 1 1 1
ic ric=1 0.74 1 0.74 1

4.3. Double Line-To-Ground Fault (Case 3)

This case studies the effect of double line-to-ground
fault condition on the performance of the proposed
algorithm. Therefore, all parameters are kept as in case "1",
except the fault type is changed to double line-to-ground
fault (a-c-g). Figures 4(a-f) show the simulation results for
three-phase currents as the two faulty phases currents are
nearly ten times the pre-fault values while the healthy
phase current is nearly 1.35 times its pre-fault current value.
The values of correlation coefficients 7, r; and r;. are
equal and close to one before fault inception and after fault
clearing. At fault starts, 7, and r;. are less than the value of
0.71, whereas r;, is nearly one. At fault clearing, r,, and r;.
are less than 0.78 whereas r;, is nearly one. From the above

results, it is clear that the correlation coefficient value at
fault initiation can define the double line-to-ground fault.
The cross-correlation coefficient 7., calculated between
the two faulted phases (4 and C), at fault start has a value
of - 0.85; this value confirms the type of fault is double
line-to-ground fault. Before fault inception, the value of
cross-correlation coefficient 7y, is equal to cos(120°) = —
0.5, which is considered a normal value. Summary of the
correlation coefficients for the measured signals at the
different periods is shown in Table 3. From the obtained
results, it is clear that the correlation coefficient value at
fault initiation is good detector to determine the faulted
phases (4 and C).

Table 3.Correlation coefficients in case of double phase-to-ground fault (5, = 20 degree, double phase-to-ground faults (b-c-g) with Ry = 0 ohm).

Fault Type Signals (r) pre-fault (r) at fault start (r) during fault (r) at fault clearing  (r) post-fault
ia ria=1 -0.05 1 -0.07 1

Double line-to- ib rib=1 0.71 1 0.78 1

ground fault ic ric=1 0.27 1 0.38 1
ib & ic ribc=-0.5 -0.85 -0.5 -0.58 -0.5

4.4. Double Line Fault (Case 4)

This case studies the effect of double line fault
Condition on the performance of the proposed algorithm.
Therefore all parameters are kept as in case "1", except that
the fault type is changed to double line fault (a-c). Figures
5(a-f) show the simulation results for the three-phase
currents as the two faulty phases currents are nearly ten
times the pre-fault values, whereas the healthy phase
current is nearly 1.35 its pre-fault value. The values of
correlation coefficients r;, r;, and r;. are equal and close to
one before fault inception and after fault clearing. At fault
start, r;, ry and r, have different values with values of -
0.55, 0.95 and 0.27, respectively. While at fault clearing, r;,
ry, Fie have values of -0.57, 0.95 and 0.38, respectively.
The cross-correlation coefficient r;,., calculated between
the two faulted phases (4 and C), at fault start has a value

of — 1, whereas its value is equal to — 0.5 before fault
inception. The value of cross-correlation coefficient, at
fault inception, confirms that the fault type is phase-to-
phase fault. Consequently, our technique can determine the
fault type whether double phase-to-ground or phase-to-
phase fault by calculating the cross-correlation between the
two faulted phases. If r,. = -1, at fault starts, the fault type
is phase-to-phase otherwise it is double phase-to-ground.
Summary of the correlation coefficients for the measured
signals at different periods is shown in Table 4. These
results show that the correlation coefficient value at fault
initiation is good detector to determine the faulted phases
and distinguish between phase—phase isolated and
grounded faulty without adding any extra measuring
equipments.

Table 4. Correlation coefficients in case of double phase fault (6, = 20 degree, double phase fault (b-c-g) with Ry = 0 ohm).

Fault type Signals (r) pre-fault (r) at fault start (r) during fault (r) at fault clearing (r) post-fault
ia ria=1 -0.55 1 -0.57 1
. ib rib=1 0.95 1 0.95 1
Double line fault ric=1 027 1 0.38 1
ib & ic ribc = - 0.5 -1 -1 -0.62 -0.5
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4.5. Three Phase-to-Ground Fault with High Resistance
(Case 5)

This case studies the effect of three-phase-to-ground
fault with high fault resistance on the proposed technique.
In this case, the applied fault resistance (R;) is 200 ohm.
The operating power angle of generator 1 (J;) is 20 degree.
Figure 6 shows the simulation results for case 5. Figure 6
(a-c) present the instantaneous values for the three-phase
currents. In this case, it is noticed that the three-phase
currents during the fault are higher than the pre-fault
currents; their values are nearly four times the pre-fault
currents (these values are less than that are in case "1").
The auto-correlation coefficients (r,) are calculated
between two successive half-cycle for the three-phase
current signals. The three-phase current correlation

coefficients ry, ry, r;. are shown in Fig. 6 (d-f).The values
of ry, ry r. are equal and close to one before fault
inception and after fault clearing. At fault start they are
equal and less than 0.65 while they are less than 0.74 at
fault clearing. From the above results, it is clear that the
auto-correlation coefficient values at fault initiation are
good detector to determine the faulted phases with high
resistance. Also, the correlation coefficient values at fault
initiation are higher than that are in case "1".The
correlation coefficient values are closely to one for current
signals of healthy phase and they are less than one for
faulty phase. Summary of the correlation coefficients for
the measured current signals at the different periods are
shown in Table 5.

Table 5. Correlation coefficients in case of three phase-to-ground fault (3, = 20 degree, three-phase to ground faults (a-b-c-g) with Ry = 200 ohm).

Fault type Signal (r) pre-fault (r) at fault start (r) during fault (r) at fault clearing (r) post-fault
Three line-to- ia ria=1 0.58 1 0.65 1
ground fault with ib rib=1 0.65 1 0.47 1
high resistance i ric=1 0.54 1 0.74 1
current signal ia correlation coefficient(ria)
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Figures 6(a-f). The simulation results for case 5, 6, = 20 degree, Three-phase to ground faults (a-b-c-g) with fault resistance (Ry) = 200 ohm.

From the comparison between case "1" and case "5" we
deduce the following findings:

(a) The greater the applied fault resistance (R, ) the lower
the DC components in the fault current (because of the
lower primary time constant of the power system, (z,
=XL/COR)

(b) The greater the applied fault resistance (R)) the
greater the correlation coefficient values at fault initiation.

(c) The greater the applied fault resistance (R;) the
greater the degree of power system stability.

5. Simulation Results and Technique
Evaluation

From the different case studies, we summarize the
following:

(1) Faults cause transient of the transmission line’s
currents and as a result cause collapse for power system
voltage magnitude.

(2) The proposed technique is based on the two types of
algorithms for fault detection:

Algorithm 1: Fault detection using superimposed
quantities (delta algorithm)

Algorithm 2: Fault detection using auto-correlation
coefficient value

(3) Three tasks are starting in parallel for fault detection,
fault classifications and faulty phase selection.

(4) Auto-correlation coefficient between two successive
half-cycles with the same polarity for each phase current
signal can be used to identify the faulted phase status. The
cross-correlation coefficient between the two faulted



102 R. Abd Allah: Protection Scheme for Transmission Lines Based on Correlation Coefficients

phases is useful for determining the type of fault either
double phase-to-ground or phase-to-phase fault.

(5) An extensive simulation studies are done to study the
effects of different loading levels, fault resistances (Ry) and
fault inception angle on the performance of the proposed
technique. The results show that our technique has high
accuracy and efficiency for fault detection and
classification with a wide range of fault resistances from
zero value up to 500 Q.

6. Conclusions

In this paper, a correlation technique of transmission line
for fault identification and faulty phase selection has been
proposed. The main achievements of this work are as
follows:

1. Three line current measurements are sufficient to
implement this technique.

2. It is accurate to identify all ten types of short-circuit
faults.

3. It is efficient to distinguish between phase—phase
isolated and grounded faulty without needing any extra
equipment.

4. The reliability of the proposed method is quite high.

5. It is quite effective over a wide range of a pre-fault
power level, fault resistance, and fault inception angle.

6. Fast and simple method, as the time taken by this
method is about 10 ms (for a 50-Hz power system).

7. The effects of DC components and harmonics are
eliminated with estimation of correlation coefficients.

8. The faulted phases can be determined by using
correlation technique.

9. The technique does not use the data of power system
element but it needs only three phase current measurements
available at the relay location.
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