
Protection and Control of
Modern Power Systems

Biswal and Biswal Protection and Control of Modern Power Systems  (2017) 2:8 
DOI 10.1186/s41601-017-0038-0
ORIGINAL RESEARCH Open Access
A positive-sequence current based
directional relaying approach for CCVT
subsidence transient condition

Monalisa Biswal* and Sandeep Biswal
Abstract

In this work, a directional relaying algorithm is proposed for transmission line to prevent relay maloperation during
coupling capacitor voltage transformer (CCVT) subsidence transient. The effect of CCVT subsidence transient during
single-pole-tripping condition is highlighted in this paper. The proposed method which is based on phase
angle difference of post fault and prefault positive sequence current can help the directional relay to take
accurate decision during erroneous CCVT secondary response. The available CCVT model in PSCAD is not able
to generate significant subsidence transient in the secondary side. So, a new CCVT model is developed in
EMTDC/PSCAD domain for transient response analysis and to check the relay operation. Next, the performance of
different voltage and current information based directional relaying techniques have been analyzed and compared
with the proposed method. The results are evaluated for different system and fault conditions. Results demonstrate the
accuracy of the proposed method.

Keywords: System impedance ratio (SIR), Voltage peak transient, Voltage zero transient, Ferroresonance suppression
circuit (FSC), Fault resistance, Protection of transmission line
1 Introduction
Directional relay decision is imperative for distance relay
to maintain system integrity and stability [1]. However,
the decision of directional relay is often affected by the
instrument errors [2, 3]. CCVT is generally applied in
high voltage and extra high voltage system as it is cap-
able of producing the exact replica of the line voltage in
the secondary side at lower cost and with improved
accuracy. The output response of CCVT is affected by
subsidence transient which may contain decaying dc
component, high frequency decaying and low frequency
decaying components [4]. Under such conditions, the
phasor estimation process will be either delayed or erro-
neous [3, 4]. The presence of subsidence transient in the
secondary side of CCVT is either due to zero voltage
fault, high source impedance ratio (SIR), fault with
zero resistance path, close-in fault and several other
causes such as configuration of ferroresonance sup-
pression circuit (FSC), high burden on the secondary
side etc. [5–8]. Fault during single-pole-operation is
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one of many causes behind CCVT subsidence transi-
ent [5, 9]. Fault at voltage zero causes magnitude
reduction and a phase angle shift of the CCVT out-
put voltage [10, 11]. This reduced voltage magnitude
if further supplied to directional relay may cause relay
maloperation [7, 10].
In the past few years, researchers have been developed

different CCVT model using various software packages
to conduct the transient studies [12–16]. In [17], a detail
review of different mathematical models of CCVT to
represent the nonlinear behavior of the magnetic core is
provided. Also in the literature several phasor estimation
techniques have been proposed to reduce the impact of
CCVT on distance relay [10, 18]. In [19], the perform-
ance report of CVT (capacitive voltage transformer) with
electronic FSC under different system and fault condi-
tions is provided. In the literature several mathematical
modeling methods, phasor estimation techniques and
distance relay algorithms have been reported to mitigate
the impact of CCVT subsidence transient. However, no
such specific research article providing the solution to
mitigate the impact of directional relaying during CCVT
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subsidence transient has been reported. With this motiv-
ation, the impact of CCVT subsidence transient gener-
ated during single-pole operation on directional relaying
is investigated in this work and a solution is provided.
In the literature several techniques have been reported

to solve the directional relaying problems of transmis-
sion line [20–23]. The algorithms are mainly based on
voltage or current information. With large CCVT error
correct direction estimation is a challenging task for
many relaying algorithm. Sometimes relay correctly see
the fault direction but further asserted which causes line
relay to operate incorrectly [5, 10]. Distance relay algo-
rithms are implemented with CCVT transient detection
logic [24]. With such facility, new solutions can be pro-
vided to avoid relay malfunction. To obtain subsidence
transient at the secondary side of CCVT, a new CCVT
model is developed in EMTDC/PSCAD environment
considering the nonlinear elements. Next, a current
based approach is proposed which computes the phase
angle difference between positive sequence post fault
and prefault current. The impacts of voltage zero transi-
ent, voltage peak transient, passive FSC, different faults,
fault resistance, high system SIR and fault location on
the performance of proposed method are studied and
results are compared with conventional techniques.
The rest of the paper is organized as follows: direc-

tional relaying challenges with CCVT transient during
SPT is described in Section 2. Section 3 explains the dif-
ferent directional methods and the proposed method.
Simulation results are presented in Section 4. Finally,
the conclusion is drawn in Section 5.
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Fig. 1 Simulated three phase power system
2 Directional relaying challenges with CCVT
transient during single-pole operation
CCVT is generally applied over high voltage and extra-high
voltage transmission system as it is inexpensive and not
subject to ferroresonance condition. In modern numerical
relays, fundamental voltage and current information based
techniques are employed to estimate the actual fault direc-
tion. Relay algorithm either requires three phase infor-
mation or sequence components for fault direction
discrimination. Since, during single pole operation unavail-
ability of faulty phase information may create challenges for
relaying algorithm sequence component based algorithms
are more advantageous as compared to phase information
based techniques. However, with such phenomenon the re-
duced magnitude of sequence voltage computed using
remaining healthy phase voltages is a further matter of con-
cern for directional relaying algorithm [5]. Further any fault
during such a period introduces transient at the secondary
terminal of CCVT known as subsidence transient. Direc-
tional relay algorithms which rely on voltage information
are affected during such a condition.
In order to demonstrate the directional relaying issues
with CCVT transients during SPT condition, a 500 kV-
50 Hz test system [18] as shown in Fig. 1 is considered.
In the system, line segments are modeled with distrib-
uted parameter in EMTDC/PSCAD. The directional
relay at bus Q is studied in this paper. The current and
voltage signals required for directional relay are col-
lected from CT and CCVT secondary having ratios of
1000:5 A and 500 kV: 110 V respectively.
A schematic diagram of CCVT model as considered

in the study is shown in Fig. 2 [18]. The CCVT is
represented by: coupling capacitors C1 and C2, series
inductance, step-down transformer (SDT). The active
and passive ferroresonance suppression circuit models
used in CCVT is shown in Fig. 3(a) and (b) respect-
ively [15–17, 25, 26]. The line side CT and CCVT in-
formation is considered for the study and comparative
assessment. The detailed system parameters are provided
in Appendix 1. The internal parameters of CCVT are
mentioned in the Appendix 2 [18].
The CCVT is applied over high voltage system for sev-

eral advantages [26, 27]. However, it is subjected to
power system transients followed by faults. The tran-
sients at the secondary side of CCVT not present in the
primary are introduced by the CCVT internal parame-
ters. The nonlinear internal parameters of CCVT intro-
duce small oscillations but can take the form of large
distortions in voltage signal [28]. During steady state
condition, the time response of CCVT is an actual
replica of the primary side. While, the transient response
includes high frequency decaying component, low fre-
quency decaying component and dc decaying compo-
nent [18]. The presence of various transient components
depends on the fault inception point on voltage wave,
type of FSC, system SIR, burden, fault resistance and
fault location. In Fig. 4, the time response of CCVT in-
cluding different transient components for any fault dur-
ing single pole operation is shown. In the figure the
transient response of CCVT is compared with the out-
put response of an ideal potential transformer (PT) of
same ratio which will not able to generate transient in it
secondary output.
Directional relay algorithm based on phasor compo-

nents either uses voltage or current information as a ref-
erence quantity. Negative sequence directional element
provides better directional security during SPT condition
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Fig. 2 Schematic diagram of the studied CCVT circuit. (b) Active ferroresoance suppression circuit
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[29–32]. However, during high resistance fault the relay-
ing decision based on negative sequence component is
not reliable [33]. Relaying algorithm based on line side
information finds problem due to CCVT secondary tran-
sient. In Fig. 5 the angular plot for negative sequence
voltage is provided for reverse side (Fx side) and forward
side (Fy) side fault considering the effect of CCVT tran-
sient and without transient. Line side CCVT information
is considered in the study. For fault in Fy side the nega-
tive sequence voltage is shifted more than 90°. This
creates problem for directional relay using negative
sequence voltage as reference quantity.
Fault direction estimation during SPT condition using

positive sequence components can be possible. However,
during single pole operation in applications with line-
side potential, eventual corruption of polarizing quantity
can occur if the input voltage to the memory circuit is
corrupted. Invalid memory polarization may cause direc-
tional element malfunction. For this reason, the positive
a b
Fig. 3 Schematic diagram of a Passive ferroresoance suppression
circuit. b Active ferroresonance circuit
sequence voltage input to the polarizing memory is gen-
erally eliminated when the voltage is distorted [29]. To
overcome from this problem a positive sequence current
based approach is proposed in this paper. The method
requires only current information measured at relay
location to decide whether the fault is in forward side or
reverse side. The performance of the method is inde-
pendent of CT location.
3 Directional relaying techniques
3.1 Conventional directional algorithms
To detect accurate fault direction different methods are
available in the literature. Different directional methods
are mentioned below:
3.1.1 Method-1: Phase angle difference between negative
sequence fault current and fault voltage [32]
First method uses the phase angle difference between
negative sequence fault current and fault voltage (ϕ1 ¼ ∠
I 2FSPT−∠V 2FSPT ). This method is commonly used for dir-
ectional relaying during SPT condition. The value of ϕ1 is
positive for reverse fault and negative for forward side
fault. The placement of CCVT and fault very close to relay
location are the two cases which influence the perform-
ance of this method.
3.1.2 Method-2: Phase angle difference between negative
sequence fault current and prefault current [30]
The second method is the angle difference between nega-
tive sequence fault current and prefault current (ϕ2 = ∠
Ī2FSPT − ∠ Ī2PFSPT) during SPT. The rule of decision with
this method will be that positive angle corresponds to the
reverse side fault and negative angle for the forward side
fault. Fault with high resistance and high SIR creates prob-
lems to this method.
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3.1.3 Method-3: Phase angle difference between positive
sequence superimposed voltage and current [23]
The third method is the angle between superimposed
voltage and current ( ϕ3 ¼ ∠ΔV 1SPT−∠ΔI1SPT ) during
SPT. For reverse side fault the angle is positive and nega-
tive for forward fault. Such a method is affected during
open pole situation as the memory voltage corrupted. The
location CCVT is another source of relay maloperation.
It was projected before that the different voltage infor-

mation based techniques which are used for directional
relaying during SPT condition have limitations due to
CCVT transient. Instead of using voltage information,
negative sequence based current-only techniques are
also preferred during SPT. However, for high system SIR
value the negative sequence component based technique
will get affected. To solve these problems, in this paper a
positive sequence current base approach is proposed as
described below.
a

90

180 0

With CCVT transient   

Fig. 5 Angular position of negative sequence voltage at relay location with
Fy side
3.2 Proposed method
A subsidence transient appear at the secondary side
of CCVT either due to close-in fault or any fault
during single-pole operation may be a damped,
decaying, oscillatory or unidirectional signal. How-
ever, the presence of decaying dc component is more
pronounced in subsidence transient [10]. Least
square technique is more applicable in power net-
work for filtering the decaying dc component. In this
context, to filter the dc component and to extract
the fundamental component least square approach is
applied in this work.
Fault current signal not only contain fundamental

component but also harmonic and decaying dc compo-
nent. In (1) the mathematical expression of fault current
sample at an instant is given where both fundamental
and harmonic components are expressed as a sinusoidal
function.
90

180 0
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Without CCVT transient

and without presence of CCVT transient for fault. (a) At Fx side. (b) At
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i tð Þ ¼ Idce
−kTs

�
τ þ Im sin kω0Ts þ φð Þ ð1Þ

where Idc is the magnitude of the decaying dc offset
at t = 0, τ is the time constant of the decaying dc off-
set, Im is the peak of the fundamental component, φ
is the phase angle of the fundamental frequency compo-
nent, ω0 is the fundamental frequency and Ts is the
sampling interval.
In (1) the fundamental component of current using

least square approach can be estimated taking N number
of samples per cycle as described below:

A½ � X½ � ¼ B½ � ð2Þ
where

A½ � ¼

sin ω0Tsð Þ cos ω0Tsð Þ 1 −Ts T 2
s

sin ω02Tsð Þ cos ω02Tsð Þ 1 −2Ts 2Tsð Þ2
: : 1 : :
: : 1 : :

sin ω0NTsð Þ cos ω0NTsð Þ 1 −NTs NTsð Þ2

2

66664

3

77775
and

X½ � ¼ Im cosφp Im sinφp k0
k0
τ

k0
2τ2

� �T

In (2), the vector matrix [B] can be represented as

[B]= i t0 þ Tsð Þ i t0 þ 2Tsð Þ : : i t0 þ NTsð Þ½ �T.
Using least square technique, the unknown parameters

in [X] can be estimated by using

X½ � ¼ ATA
� �−1

AT
� �

B½ � ¼ A† B½ � ð3Þ

where A† is the left pseudoinverse of A. The first two
rows of A† contains the coefficients of sine and cosine
digital filters. These two filters can be used to evaluate
the fundamental frequency components. With fault in-
ception, all the three phase currents can be calculated as

X̂ ¼ Xc þ jXs ð4Þ
where Xc and Xs are the real and imaginary part of X̂ .
During single pole operation the positive sequence
current measured at relay location as shown in Fig. 1
will be ĪPFSPT. Further, with any fault during single pole
operation either in the upsteam side i.e., in line-1 i.e., or
in the downstream side i.e., in line-2, the current calcu-
lated at relay location will be ĪFSPT. Using phase angle
difference between prefault and fault currents the direc-
tion of fault can be discriminated as,

θ ¼ ∠I FSPT−I PFSPT
	 
 ¼ þve forFxside fault

‐ve forFy side fault

� �
ð5Þ

The above relation can be used to discriminate the for-
ward and reverse side fault during CCVT subsidence
transient with transmission line in single pole operation.
The flow diagram of the proposed method is shown in
Fig. 6.

4 Simulation results
The proposed directional algorithm is tested in the sys-
tem as shown in Fig. 1. The line side CCVT information
is used for the relaying algorithm. To create SPT condi-
tion a-g fault is created at certain distance in line-1 and
2. Fault is initiated at 0.3 s and cleared at 0.4 s by open-
ing breaker B3 and B4 simultaneously. With single-pole
operation further fault in the line causes transient at the
secondary side of CCVT. To test the performance of
proposed method for transient period during single-pole
tripping, different fault cases are simulated using
EMTDC/PSCAD. Simulations are carried out for various
power system events, such as forward side fault, reverse
side fault, fault with different SIR value, voltage zero and
voltage peak fault, close-in fault, phase-to-phase fault,
ground fault, high resistance fault, end zone fault etc.
The AFSC and PFSC are considered separately for the
performance evaluation of proposed method. Nonlinear
CT model is considered in the simulation. Least square
technique with decaying dc component is used for
phasor estimation process. Sampling rate is maintained
at 1 kHz. The performance of proposed method along
with different conventional techniques are evaluated and
demonstrated below.

4.1 Impact of voltage zero transient
To investigate the impact of voltage zero transient on
the performance of proposed method, a phase-to-phase
fault case is simulated during SPT. B-c fault at 0.3911 s
in both reverse (Fx side) and forward side (Fy side) of
relay at a location of 5 km is simulated. The SIR is con-
sidered as 20. Fig. 7a and b compares the dynamic
responses of different methods for faults in Fx and Fy
side. Using (4) the fundamental voltage and current
components of each phase are calculated. For b-c fault
in line-1, the value of ϕ1 is initially positive and incon-
sistent later. The value of ϕ3 is in the negative side pro-
vides wrong fault direction. Since, both ϕ2 and θ are
consistently in the positive side indicates the correct dir-
ection of fault. The value of θ is calculated using (5).
The response of different methods along with proposed
technique is shown in Fig. 7a. Similarly, in Fig. 7b the
dynamic responses of different methods for b-c fault at
Fy side are provided. For forward side close-in fault dur-
ing SPT at voltage zero point, negative sequence voltage
based methods (method-1) is maloperated. Due to CT
saturation, method-2 based on negative sequence
current is also getting affected. The output of method-3
based on superimposed components and the proposed
method are negative which is clear from Fig. 7b. The
location of CCVT, high SIR and close-in fault condition



Fig. 6 Flow diagram for discriminating the forward and reverse fault condition
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has negative impact on the performance of method-1, 2
and 3 as evident from the Fig. 7. However, the proposed
method is not influenced by such conditions. Also it is
concluded from the results that during voltage zero
transient with single pole breaker operation the pro-
posed method correctly declares the fault direction
where other methods are not able to do so.

4.2 Impact of passive ferroresonance suppression circuit
(FSC)
The impact of passive ferroresonance circuit (PFSC)
during different situations and system conditions with
SPT operation are investigated in this section. Consider-
ing PFSC in CCVT secondary different fault cases are
simulated. Phase fault and ground fault at different
locations of the line-1 and line-2 (Fig. 1) are created.
The system SIR is assumed as 30. The sensitivity of the
proposed method is checked for different fault inception
angles like 0°, 45°, 90° and 180°.

4.3 Impact of voltage peak transient
The impact of voltage peak CCVT transient for fault
during SPT is investigated in this section. B-g fault at
0.3824 s on both side of the relay at a distance of 45 km
is created. The fault resistance is considered as 100 Ω.
SIR is considered as 30. It should be noted that the
ground fault case as shown in Fig. 8a is a worst case in
which the voltage peak transient at CCVT secondary
affect the performance of method-1 and 3 which are
based on voltage information. The value of ϕ2 based on
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negative sequence fault and prefault current provided
positive value for Fx side fault. Using proposed method,
for Fx side fault relay measures the angle difference be-
tween prefault current during single-pole-operation i.e.,
ĪPFSPT and fault current ĪFSPT. So, for this case both the
method-2 and proposed method provides correct deci-
sion on fault direction as clear from Fig. 8a. In Fig. 8b,
the responses of different methods for forward side fault
are provided. For this case, all the three methods i.e.,
method-1, 2 and 3 are failed. The nonlinear response of
CT, fault initiation point, location of CCVT, higher SIR
and fault resistance have negative impacts on method-1,
2 and 3. However, the proposed method performs well
for these conditions also as cleared from Fig. 8b. As, it is
a current only based method the impact of CCVT sub-
sidence transient does not affect the relay performance.

4.4 Impact of end zone fault
Directional relay decision is often erroneous during end
zone faults. Sometimes the CCVT transient is more pro-
nounced during end zone low resistance fault [18]. To
see the impact of such a fault case on the performance
of proposed method, a single-line-to-ground fault (c-g)
at 245 km from relay terminal is created at Fy side i.e.,
forward side. The fault resistance is 1 Ω. The system SIR



Table 1 Results for b-c in reverse side with PFSC in CCVT
secondary, SIR = 30

Fault
location
in km

Fault
inception
Angle

Method-1 Method-2 Method-3 Proposed
method

ϕ1 (rad) ϕ2 (rad) ϕ3 (rad) θ (rad)

5 0° 1.951 0.6180 −0.5766 0.4580

25 0° 1.921 0.6258 −0.7199 0.4686

45 0° 2.043 0.6677 −0.4975 0.4279

5 45° 1.956 0.5320 −0.4078 0.6206

25 45° 1.871 0.5220 −0.7646 0.5816

45 45° 1.953 0.5269 −0.4359 0.5944

5 90° 2.271 1.023 −2.274 0.228

25 90° 2.148 0.980 −1.901 0.298

45 90° 2.080 0.832 −2.160 0.277

5 180° 1.735 0.640 −0.549 0.454

25 180° 1.665 0.652 −0.694 0.477

45 180° 1.745 0.648 −0.561 0.478

Table 2 Results for b-g in forward side with PFSC in CCVT
secondary, SIR = 30, fault resistance =100Ω
Fault
location
in km

Fault
inception
angle

Method-1 Method-2 Method-3 Proposed
method

ϕ1 (rad) ϕ2 (rad) ϕ3 (rad) θ (rad)

5 0° 1.474 0.0221 −2.783 −0.053

25 0° 1.675 0.2674 −2.365 −0.107
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is assumed to be 30. Fault is created at 0.4 s i.e., during
reclosing period. The responses of method-1, 2, 3 and
proposed method are shown in Fig. 9. During an end
zone fault at reclosing period, method-2 and method-3
provides incorrect decision and thus the value of ϕ2 and
ϕ3 are negative. However, method-1 and proposed
method perform correctly as observed from the dynamic
response shown in Fig. 9.
In the first case, faults are created at different locations

on the line in reverse side and the obtained results are
presented in Table-I. In Table-I, the positive values of ϕ1

and ϕ2 measured after one cycle of fault inception indi-
cates that the fault is in Fx side i.e., reverse side of relay,
which is correct. However, for different fault in reverse
side with the presence of PFSC in the circuit during SPT
condition, ϕ3 is consistently negative. This provides
wrong information regarding fault direction. Hence, for
such a system and fault condition superimposed based
technique is not reliable enough. Moreover, the value of
θ calculated using proposed method is consistently posi-
tive for different phase-fault in the reverse side of relay.
This proves the correct operation of proposed method.
From Table 1 it is clear that proposed directional relay-
ing algorithm is not affected by the presence PFSC in
CCVT secondary circuit during SPT condition.
Similarly, different single-line-to-ground faults (b-g

fault) at different locations in line-2 are created with dif-
ferent fault inception angles. The SIR is similar to the
previous case i.e., 30. Fault resistance is considered as
100Ω. The obtained results are provided in Table 2. Φ1

and ϕ2 are consistently positive for different b-g faults in
the forward side of the relay. This indicates that the fault
is in reverse side i.e., Fx side, which is not correct. For
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Fig. 9 Comparison of different methods for end zone c-g fault in
Fy side

100 0° 1.680 0.0008 −2.429 −0.153

200 0° 1.972 0.6303 −2.257 −0.108

245 0° 1.836 0.7106 −2.743 −0.262

5 45° 1.843 0.4704 2.994 −0.140

25 45° 1.852 0.5514 −3.059 −0.170

100 45° 1.676 0.5335 −2.204 −0.177

200 45° 1.702 0.5531 −1.915 −0.133

245 45° 1.717 0.4896 −2.615 −0.194

5 90° 1.691 0.3730 −3.051 −0.127

25 90° 1.575 0.3495 −2.192 −0.070

100 90° 1.511 0.3928 −1.887 −0.090

200 90° 1.999 0.8744 −2.838 −0.259

245 90° 1.659 0.4606 2.902 −0.228

5 180° 1.235 0.0187 2.572 −0.057

25 180° 1.541 0.3977 2.790 −0.135

100 180° 1.518 0.4808 −2.490 −0.181

200 180° 1.706 0.6632 −2.267 −0.155

245 180° 1.779 0.5900 2.278 −0.172



Table 4 Results for different reverse side fault during single-
pole-tripping

Fault type Fault
location
in km

θ (rad), Fault resistance = 50 Ω

SIR = 0.2 SIR = 1 SIR = 5 SIR = 10 SIR = 30

c-g 5 −0.4201 −0.5444 −0.6910 −1.034 −1.276

c-g 100 −0.4213 −0.4160 −0.6337 −0.8548 −1.294

c-g 200 −0.4290 −0.4290 −0.6120 −1.0557 −1.380

c-g 245 −0.4107 −0.4107 −0.6094 −0.8571 −1.318

bc 5 −0.6531 −0.8536 −0.9889 −1.0347 −1.096

bc 100 −0.7162 −0.7149 −0.9585 −1.012 −1.156

bc 200 −0.7051 −0.7051 −0.9247 −0.9723 −0.944

bc 245 −0.6844 −0.6844 −0.8693 −0.8940 −0.969

bc-g 5 −0.5217 −0.7392 −0.9371 −1.0310 −1.223

bc-g 100 −0.5728 −0.5715 −0.8904 −0.9608 −1.157

bc-g 200 −0.5839 −0.5839 −0.8081 −0.8364 −0.808

bc-g 245 −0.5730 −0.5730 −0.7894 −0.8315 −0.892

Biswal and Biswal Protection and Control of Modern Power Systems  (2017) 2:8 Page 9 of 11
such a fault case, from the different obtained values ϕ3

and θ as provided in Table 2, it is clear that method-3
fails during five cases. However, the proposed method
correctly sees the fault direction as the value of θ is con-
sistently negative (in Table 2) for different fault inception
angle and fault location. This shows that the positive
sequence current based method is immune to the influ-
ence of PFSC, fault inception angle and higher SIR
value.

4.5 Results for various faults
The performance of proposed method is evaluated for
various fault cases such as single-line-to-ground fault,
double-line fault, and double-line-to-ground fault at
different locations on the line. Fault is created at both
forward and reverse side of the relay. Results are pro-
vided for different SIR values, such as 1, 2, 5, 10, 20 and
30. For reverse side fault resistance is assumed as 1 Ω
whereas, for forward side 50 Ω.
In Table 3, the simulation results for different reverse

side faults initiated during reclosing period are pre-
sented. A shown in Table 3, the proposed method pro-
vides correct decision for different SIR values. In all
reverse side fault conditions, the value of θ is consist-
ently positive.
In Table 4, the simulation results for different forward

side faults initiated during reclosing period are pre-
sented. The performance of the proposed method does
not adversely affected by the fault location and fault type
which is clear from Table 4. For worst system condition
(SIR = 30) when the chance of CCVT subsidence transi-
ent is more prominent [34], the proposed method oper-
ate correctly i.e., θ is negative. This indicates forward
side fault.
So, it is clear from the results that the proposed direc-

tional relaying method based on phase angle difference
of fault to prefault positive sequence current has satis-
factory performance for different critical system and
Table 3 Results for different forward side fault during single-
pole-tripping

Fault type Fault
location
in km

θ (rad), Fault resistance =1 Ω

SIR = 0.2 SIR = 1 SIR = 5 SIR = 10 SIR = 30

b-g 5 1.098 1.728 1.774 1.794 1.804

b-g 25 1.119 1.745 1.790 1.809 1.819

b-g 45 1.757 1.749 1.801 1.823 1.835

bc 5 1.747 1.984 1.995 1.998 2.003

bc 25 1.742 1.988 1.998 2.001 2.005

bc 45 1.745 1.989 2.00 2.004 2.009

bc-g 5 1.786 1.993 1.995 1.997 1.998

bc-g 25 1.796 2.00 2.003 2.004 2.006

bc-g 45 1.820 2.001 2.007 2.009 2.011
fault conditions. CCVT subsidence transient during SPT
condition is not an issue for this method as it is independ-
ent of voltage information. Also the other factors like fault
on voltage point of wave, CT saturation, high SIR value,
fault location and fault inception angle are not a cause of
error for the method as cleared from the results.

5 Conclusions
CCVT subsidence transient is a major reason behind the
directional relay malfunction. Fault during single-pole-
tripping is one of many causes of CCVT secondary sub-
sidence transient. Conventional directional techniques
based on voltage information are affected by transient
condition. Negative sequence based directional relaying
methods are not reliable for higher SIR system
condition.
In this paper, a positive sequence current based direc-

tional relaying method is proposed for CCVT secondary
transient during SPT condition. The method computes
the fundamental components of fault and prefault
current using least square technique. Then phase angle
difference of fault and prefault positive sequence current
is calculated for fault directional estimation. The positive
sequence current based methods have although limita-
tion for high resistance far end fault, and load change
situation but during such situation CCVT transient is
not possible. So, once the CCVT transient at the
secondary side is detected, the proposed method can be
applied as a stand-alone protection scheme to avoid any
nuisance directional relay operation. The presence of
AFSC and PFSC, higher system SIR value, fault type,
fault location, fault resistance, and fault inception angle
have negligible impact on the performance of proposed
method. The proposed method is 100% efficient for
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CCVT subsidence transient condition as based only
current information. Results demonstrate the promise of
the proposed method.

6 Appendix 1
Three phase, 50 Hz power system (Fig. 1).
System Voltage: 500 kV
Load Angle (δ): 30°
Line-1 length: 50 km
Line-2 length: 250 km
CT ratio: 1000/5 A
CCVT ratio:500 kV/110V
Line Parameters:
Positive Sequence Impedance: (0.1548+ j 0.3050) Ω/km
Negative Sequence Impedance: (0.1548+ j 0.3050) Ω/km
Zero Sequence Impedance: (0.3743+ j 0.9429) Ω/km
Positive Sequence Shunt Capacitive Reactance: 0.26326

MΩ.km
Zero Sequence Shunt Capacitive Reactance: 0.42473

MΩ.km
Source Impedance = SIR* Total line impedance

7 Appendix 2
CCVT Parameters
Capacitor Divider:
R1 = 3310.7 Ω, C1 = 0.001605 μF, R2 = 59.0338 Ω, C2 =

0.089991 μF. Inductance: RE = 950.06 Ω, LE = 67.922 H.
Step Down Transformer: RP = 850.02 Ω, LP = 4.4433 H,

RS = 0.2467 Ω, LS = 0.00064991 H, SDT ratio = 75.8503.
Ferroresonance Suppression Circuit: R1F = 0.08 Ω, R2F =

1.2301 Ω, C1F = 165.36 μF, L1F = 0.0543 H, R3F = 13.333 Ω.
CCVT Burden (1 VA): R1B = 24227.73 Ω, R1B =

10870.9 Ω, L1B = 0.04994 mH.
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