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Abstract: The fault location algorithm based on a differential equation-based approach for a transmission line
employing a unified power flow controller (UPFC) using synchronised phasor measurements is presented.
First, a detailed model of the UPFC and its control is proposed and then, it is integrated into the transmission
system for accurately simulating fault transients. The method includes the identification of fault section for a
transmission line with a UPFC using a wavelet-fuzzy discriminator. Features are extracted using a wavelet
transform and the normalised features are fed to the fuzzy logic systems for the identification of fault section.
After the identification of the fault section, the control shifts to the differential equation-based fault locator
that estimates the fault location in terms of the line inductance up to the fault point from the relaying end.
Shunt faults are simulated with wide variations in operating conditions and a pre-fault parameter setting. The
instantaneous fault current and voltage samples at the sending and receiving ends are fed to the designed
algorithm sample by sample, which results in the fault location in terms of the line inductance. The proposed
method is tested for different fault situations with wide variations in operating conditions in the presence of a UPFC.
1 Introduction
In the current open access environment, transmission systems
are being required to provide increased bulk power transfer
capability and to accommodate a much wider range of
possible generation patterns. This has led to an increased
focus on transmission constraints and on the means
by which much constraint can be alleviated. FACTS
[1] devices offer a versatile alternative to conventional
reinforcement methods. One of the more intriguing and
potentially most versatile classes of FACTS devices is the
unified power flow controller (UPFC) [2]. These devices,
which consist of two linked self-commutating converters,
connected to AC systems through series and shunt
transformers, offer a unique combination of fast shunt and
series compensation. The UPFC offers new horizons in
terms of power system control, with the potential to
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independently control up to three power system parameters,
for instance bus voltage, line active power and line reactive
power. Although the use of a UPFC improves the power
transfer capability and stability of a power system, certain
other problems emerge in the field of power system
protection, in particular transmission line protection [3–5].

The presence of a fault with a FACTS device in the fault
loop affects both transient and steady-state components of
the voltage and current. Therefore the calculations of the
apparent impedance (which includes the line inductance)
for fault location from the relaying end should take into
account the variable series voltage source and its angle, and
the shunt current and admittance presented by the shunt
converter of the UPFC. However, if the UPFC is not
present in the fault loop, the calculations of the apparent
impedance are similar to that of the ordinary transmission
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lines. Further, depending on the severity and the type of fault
and its duration, the magnitude and phase angle of the
variable series voltage source are adjusted. Thus, because of
the presence of UPFC in a transmission system, the
calculation of the fault location is greatly affected and
difficult to deal with.

Some research has been done to evaluate the performance
of the distance relay for a transmission system with FACTS
controllers. The determination of the fault location using
an Adaptive Kalman filter [6] for advanced series
compensation (ASC) line employs differences in transient
current signals for faults including and not including ASC.
It provides the fault location in terms of line resistance and
reactance. However, the Kalman-filtering approach finds its
limitation in that fault resistance cannot be modelled and
further it requires a number of different filters to
accomplish the task. In another approach [7], the apparent
impedance is calculated and it is found that the trip
boundaries are significantly affected in the presence of a
UPFC in the transmission line. Thus, finding the fault
location from the relaying point in the presence of the
UPFC is a challenging issue to deal with. The research
work done earlier does not include a pre-fault parameter
setting, whereas the proposed study includes the same,
which has a larger impact on fault analysis in a power system.

This paper presents a new approach for fault location using
differential equation-based approach [8] using synchronised
phasor measurements. The proposed scheme works on the
assumption that the fault detection and classification has
been done. The pre-fault and post-fault boundary are
detected by using the fault detector that uses a short data
window (four samples) algorithm [9]. The final indication
of the fault is given only when three consecutive
comparisons give the difference more than a specified
threshold value. There are two parts in the proposed
method. The first part identifies the fault section showing
whether the fault includes a UPFC or not, using a wavelet-
fuzzy discriminator. After the fault section is identified, the
fault locator determines the fault location. The fault
location algorithm works on the assumption that the
voltage and current signals of both the sending and
receiving ends are synchronised. Two fault locators are
designed, one for a fault before the UPFC (not including
UPFC) and the other for a fault after the UPFC (including
UPFC). After knowing the occurrence of the fault, before
or after the UPFC, the corresponding differential equation-
based fault locator starts calculating the distance of the fault
from the relaying point in terms of the line inductance.
The proposed study includes setting the UPFC and
transmission line parameters resultant from the pre-fault
power flow solutions, which are not included in the earlier
studies [3–5]. The pre-fault magnitude and phase angle of
the series injected voltage plays a vital role in the
functionality of the UPFC. The proposed method is tested
for different faults with wide variations in operating
conditions.
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2 UPFC and transmission system
model
2.1 Transmission line employing UPFC

The schematic diagram for the studied system is shown in
Fig. 1a. The system is simulated using a PSCAD
(EMTDC) package as shown in the Fig. 1b. The network
has two areas connected by the transmission line of
400 kV. The transmission line is of a distributed model
with zero sequence impedance Z0 ¼ 96.45þ j335.26 V

and positive sequence impedance Z1 ¼ 9.78þ j127.23 V

and E1 ¼ 400 kV and E2 ¼ 400 / d kV. ZS1 and ZS2 are
the source impedances of the sending- and receiving-end
sources, respectively. ZL1 is the line impedance from the
relaying point to the UPFC location and ZL2 is the line
impedance from the UPFC location to the receiving end.
The UPFC is connected at the mid point of the
transmission line.

The basic components of the UPFC are two voltage
source inverters (VSIs) sharing a common DC storage
capacitor, and connected to the system through coupling
transformers. One VSI is connected in shunt to the
transmission system via a shunt transformer, whereas the
other one is connected in series through a series
transformer. The UPFC consists of two 48-pulse VSIs that
are connected through a 2000 mF common DC
capacitance. The STATCOM is connected to the power
system through a 400/20 kV shunt transformer and injects
reactive power to the transmission system to regulate the
voltage at the connecting point. Another inverter SSSC
connects into the power system through a 20/60 kV series
transformer to inject almost sinusoidal voltage of variable
magnitude and phase angle to regulate the power flow
through the transmission line. A basic UPFC functional
scheme is shown in Fig. 1b.

The relaying point is as shown in the Fig. 1a where data are
retrieved for different fault conditions. The synchronised
faulted voltage and current signals of both the sending and
receiving end are retrieved and fed to the proposed
differential equation-based fault location algorithms. The
sampling rate is 1.0 kHz at a base frequency of 50 Hz. The
UPFC is placed at 50% (mid point) of the line with series
injected voltage varying from 0 to 15%. The proposed
distance relaying scheme is shown in Fig. 2.

2.2 UPFC control

The UPFC control system is divided into two parts,
STATCOM control and SSSC control. The STATCOM
is controlled to operate the VSI for reactive power
generation at the connecting point voltage Vref. The
voltages at the connecting points are sent to the phase-
locked-loop (PLL) to calculate the reference angle,
which is synchronised to the reference phase voltage. The
currents are decomposed into the direct and quadrature
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Figure 1 UPFC based transmission system

a Transmission system with UPFC
b UPFC-based transmission line model developed using PSCAD
Figure 2 Proposed protection scheme
components, Id and Iq by a d-q transformation using the PLL
angle as reference. The magnitude of the positive sequence
component of the connecting point voltage is compared
with Vref and the error is passed through the PI controller
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to generate Iqref. The reactive part of the shunt current is
compared with Iqref and the error is passed through the PI
controller to obtain the relative phase angle of the inverter
voltage with respect to the reference phase voltage. This
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phase angle and the PLL signal are fed to the STATCOM
firing circuit to generate the desired pulse for the VSI.

The series injected voltage is determined by the closed-
loop control system to ensure that the desired active and
reactive power flow occurs despite power system changes.
The desired Pref and Qref are compared with the measured
active and reactive power flow in the transmission line, and
the error is passed through the PI controller to derive the
direct and quadrature components of the series inverter
voltage, Vdref and Vqref. Thus, the series injected voltage
and phase angle can be found out from the rectangular to
polar conversion of the Vdref and Vqref. The dead angle
(found out from the inverter voltage and DC link voltage),
phase angle and the PLL signal are fed to the firing circuit
to generate the desired pulse for the SSSC VSI.

3 Fault section identification
3.1 Feature extraction using wavelet
transform

For fault section identification, the fault current (half cycle
post-fault current) is processed through wavelet transform
(db4) [10–12] and features such as x1 and x2 are found out
from wavelet coefficients. As wavelet transform is an ideal
tool for fault transient analysis and, thus, feature extraction
is done by pre-processing the current signal through
wavelet transform. The db4 is selected as it is well suited
for power system transient analysis. The signal is
decomposed into three levels of decomposition. This results
in a1 (0–250 Hz) and d1 (250–500 Hz) in level 1, a2 (0–
125 Hz) and d2 (125–250 Hz) in level 2, and a3 (0–
62.5 Hz) and d3 (62.5–125 Hz) in level 3. Thus, d1

contains fifth (250 Hz) and seventh (350 Hz) harmonic
components, whereas d2 contains third (150 Hz) and fifth
(250 Hz) harmonic components, respectively. The features
are extracted using the above wavelet coefficients as follows

x1 ¼
energy of the detailed coefficients (d2)

energy of the approximate coefficients (a3)

x2 ¼
energy of the detailed coefficients (d1)

energy of the approximate coefficients (a3)

Thus, x1 and x2 show the harmonic component information
with respect to fundamental components. As in the case of a
transmission line with FACTS devices such as a UPFC,
higher harmonic components such as the third, fifth and
seventh are highly pronounced and, thus, for section
identification these above features are extracted for a final
classification using fuzzy logic system (FLS).

The respective values of x1 and x2 are normalised and fed to
the FLS to obtain the fault section. Table 1 shows values of x1

and x2 for different types of fault situations such as ‘a–g’, ‘a–b’,
‘ab–g’, ‘abc’ and ‘abc–g’ faults occurring before and after the
UPFC. For an ‘a–g’ fault at 45% of the line, the values of x1
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and x2 are 0.168 and 0.231, respectively. However, for a
similar fault occurring at 55% of the line, the respective values
are 0.814 and 0.795. Similar observations are made for an ‘a–
b’ fault occurring before and after the UPFC. It is seen that
the values of x1 and x2 are higher for faults after the UPFC
compared to those for faults before the UPFC.

3.2 FLS for fault section identification

After feature extraction using a wavelet transform,
the automatic fault section identifier is designed using an
FLS [12]. Fuzzy logic is highly suitable for handling
uncertainties such as a fault process that is subject to wide
variations in operating conditions of the power system
network. The FLS is designed using the information of
different types of fault conditions. Then, a fuzzy IF-
THEN rule base is formulated for fault section
identification. The FLS is designed as follows. For an ‘M ’
class classification with ‘n ’ feature vectors, the rule is Lj: If
x1 is Pj1 and xn is Pjn, then the class is Mj, where
j ¼ 1, 2, 3 . . . N and X ¼ (x1, x2, . . . , xn). Here, Pji is the
linguistic value, ‘M ’ is the respective class and ‘N ’ is the
fuzzy IF-THEN rules. The gradation of the rule Lj is
found out by the following operation

mj(x) ¼ min {mj1(x1), mj2(x2), . . . , mjn(xn)} (1)

Table 1 Features x1 and x2 for faults at different locations

Fault location x1 x2

10% (a–g at Rf ¼20 V, a ¼308) 0.214 0.302

20% (a–g at Rf ¼30 V, a ¼ 458) 0.198 0.258

45% (a–g at Rf ¼50 V, a ¼ 608) 0.168 0.231

45% (a–g at Rf ¼100 V, a ¼ 608) 0.112 0.168

55% (a–g at Rf ¼20 V, a ¼ 908) 0.814 0.795

65% (b–g at Rf ¼50 V, a ¼ 308) 0.715 0.723

90% (a–g at Rf ¼20 V, a ¼ 458) 0.698 0.645

90% (a–g at Rf ¼150 V, a ¼ 458) 0.625 0.612

10% (a–b at Rf ¼20 V, a ¼ 608) 0.285 0.298

20% (b–c at Rf ¼50 V, a ¼ 308) 0.210 0.201

45% (c–a at Rf ¼70 V, a ¼ 308) 0.198 0.167

55% (a–b at Rf ¼20 V, a ¼ 608) 0.847 0.798

55% (a–b at Rf ¼200 V, a ¼ 608) 0.689 0.618

65% (b–c at Rf ¼50 V, a ¼ 308) 0.755 0.742

90% (ab–g at Rf ¼20 V, a ¼ 458) 0.701 0.682

90% (abc at Rf ¼50 V, a ¼ 608) 0.694 0.657

90% (abc–g at Rf ¼20 V, a ¼ 908) 0.706 0.699

90% (abc–g at Rf ¼200 V, a ¼ 908) 0.695 0.628
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where mji(xi) is the membership function of the linguistic value
Pji. Now, without a certainty grade [13], the respective pattern
can be classified by the single winner rule Ljþ, defined as

mjþ(x) ¼ max {mj(x), j ¼ 1, 2, 3, . . . , N } (2)

The features x1 and x2 are fuzzified with a triangular
membership function. The triangular membership function
for x1 is shown in Fig. 3, where the input is partitioned into
three classes, low (L), medium (M) and high (H). Similar
membership is defined for x2. The fuzzified inputs are fed
to a fuzzy rule base consisting of nine rules.

Fuzzy rule base:

Rule1: If x1 ¼ L and x2 ¼ L, then the fault occurs before the
UPFC

Rule2: If x1 ¼ L and x2 ¼M, then the fault occurs before
the UPFC

Rule3: If x1 ¼ L and x2 ¼ H, then the fault occurs before the
UPFC

Rule4: If x1 ¼M and x2 ¼ L, then the fault occurs before
the UPFC

Rule5: If x1 ¼M and x2 ¼M, then the fault occurs after the
UPFC

Rule6: If x1 ¼M and x2 ¼ H, then the fault occurs after the
UPFC

Rule7: If x1 ¼ H and x2 ¼ L, then the fault occurs before the
UPFC

Rule8: If x1 ¼ H and x2 ¼M, then the fault occurs after the
UPFC

Rule9: If x1 ¼ H and x2 ¼ H, then the fault occurs after the
UPFC

Figure 3 Triangular membership function
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The results obtained from the FLS are given in Table 2.
When the fuzzified inputs are fed to the fuzzy expert system,
one of the above nine rules is fired for each input set, and the
corresponding output is ‘1’ for the fault after the UPFC and

Table 2 FLS output for identification of fault section

Fault at different location FLS output
(wavelet)

FLS output
(DFT)

a–g (Rf ¼20 V, a ¼ 308 at
20%)

0 0

b–g (Rf ¼100 V, a ¼ 458 at
20%)

0 0

ab–g (Rf ¼30 V, a ¼ 608 at
30%)

0 0

ab (Rf ¼50 V, a ¼ 908 at
45%)

0 0

ab (Rf ¼100 V, a ¼ 458 at
45%)

0 0

abc (Rf ¼50 V, a ¼ 608 at
45%)

0 0

abc–g (Rf ¼50 V, a ¼ 908
at 45%)

0 0

abc–g (Rf ¼200 V, a ¼ 908
at 45%)

0 0

a–g (Rf ¼20 V, a ¼ 458 at
55%)

1 1

ab (Rf ¼50 V, a ¼ 608 at
60%)

1 1

ab (Rf ¼200 V, a ¼ 908
at 60%)

1 0

bc (Rf ¼120 V, a ¼ 458
at 65%)

1 0

ab–g (Rf ¼100 V, a ¼ 308
at 65%)

1 0

abc (Rf ¼150 V, a ¼ 608
at 70%)

1 0

abcg (Rf ¼150 V, a ¼ 908
at 85%) with source
impedance changed
(increased by 10%)

1 0

abcg (Rf ¼150 V, a ¼ 608
at 85%) with source
impedance changed
(increased by 30%)

1 0

abcg (Rf ¼200 V, a ¼ 908
at 90%) with source
impedance changed
(increased by 30%)

1 0
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‘0’ for a fault before the UPFC. For an ‘a–g’ fault with fault
resistance Rf ¼20 V, inception angle a ¼ 308 at 20% of the
line, the FLS provides ‘0’ as the output. This shows that the
fault occurred before the UPFC (not including the UPFC).
However, for a similar fault with fault resistance Rf ¼20 V,
inception angle a ¼ 458 at 55% of the line, the output is ‘1’,
which means that the fault occurred after the UPFC
(including the UPFC). The proposed FLS has been tested for
fault situations with Rf ¼200 V and inception angle a ¼ 908,
which are the extreme cases, and it provides accurate results.
Similar results are computed using the Discrete Fourier
Transform (DFT) and FLS for fault section identification
and the results of comparison between the proposed wavelet
transform and FLS, are depicted in Table 2. In the
comparison, it is found that the DFT is unable to identify the
fault section for remote-end faults and faults with high fault
resistance.

4 Fault location determination
using differential equation approach
After the fault section is identified, the control shifts to the
differential equation-based fault locator. The fault location is
determined in terms of the line inductance to the fault
location from the relaying point. The line inductance is
determined using a differential equation approach separately
for faults before and after the UPFC using synchronised
current and voltage signals of both the sending and receiving
ends. The control shifts to the appropriate differential
equation-based algorithm depending upon the fault section.
The following section deals with the determination of the
fault location for faults occurring before and after the UPFC
using a differential equation approach.

4.1 Pre-fault parameter setting

Initially, the pre-fault condition of the UPFC-based line is
studied according to the model given in Fig. 1a. The
power flow equations are formulated and solved using the
Newton-Raphson method. The phase angles and voltage
magnitudes of all the buses are found out at a constant
shunt voltage, which are as follows
Gener. Transm. Distrib., 2009, Vol. 3, No. 1, pp. 86–98
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Series injected voltage- Ese (pu)

Series current- Ise (pu)

Series injected voltage phase angle- Thse (radian)

Shunt voltage- Esh (pu)

Shunt current- Ish (pu)

Voltage of the UPFC bus- Vupfc (pu)

Phase angle of the UPFC bus- Thupfc (radian)

Thus, the series injected voltage and phase angle result for
specific operating pre-fault conditions. The different shunt
voltages ‘Esh’ at which the parameters of the different
buses are found out are 1.0 pu (per unit), 1.05 and 0.95 pu.
Table 3 shows the different magnitudes and phase angles at
Esh ¼ 1.0 pu. The above study was made with different
loading conditions of PL and QL. After obtaining the
different values of series injected voltage and phase angle
for the pre-fault condition, the parameters of the UPFC
model developed using PSCAD are set and faults are
created with various operating conditions like variations in
fault resistance, inception angle and fault locations. The
magnitude and phase angle of the series injected voltage
plays a vital role in the functionality of the UPFC.

4.2 Current injection-based UPFC model

The UPFC consists of shunt and series voltages with
the respective impedances as shown in Fig. 1a. However, the
proposed technique uses the current injection model for
the determination of fault location in terms of the line
inductance. The original model is reduced to the current
injection model, and the equivalent impedance models are
shown in Figs. 4a and 4b, respectively.

4.3 Differential equation-based
fault locator

4.3.1 Fault locator for fault at F1(before UPFC):
For a fault at F1(� from the relaying point), before the
UPFC, the UPFC-based line and the equivalent model are
developed and are shown in Figs. 5a and 5b, respectively.
R, L and C are the line parameters, YF is the fault path
Table 3 Power flow solutions for pre-fault situation with Esh ¼ 1.0 pu

Ish Ise Ese Thse Vupfc Thupfc (PL QL)

0.4475 0.2854 0.1087 0.9714 0.9910 0.0301 (0.2 0.2)

0.4475 0.3636 0.1197 1.0244 0.9916 0.0276 (0.3 0.2)

0.4475 0.5026 0.1371 0.9864 0.9948 0.0252 (0.4 0.3)

0.4475 0.5861 0.1480 1.0321 0.9949 0.0226 (0.5 0.3)

0.4475 0.7063 0.1615 0.8878 1.0011 0.0234 (0.5 0.5)

0.4475 0.9425 0.1929 1.0134 1.0010 0.0154 (0.8 0.5)

0.4475 0.7226 0.1652 1.0012 0.9980 0.0202 (0.6 0.4)
91

& The Institution of Engineering and Technology 2008

t 07:29 from IEEE Xplore.  Restrictions apply.



92

& T

www.ietdl.org
Figure 5 UPFC-based line and equivalent model for fault at F1

a UPFC-based line for fault at F1
b Equivalent model for Fault at F1

Figure 4 Equivalent current injection and admittance model

a Equivalent current injection model
b Equivalent admittance model
admittance; and ‘v ’ and ‘i ’ are the voltage and current at the
sending and receiving ends. If the fault occurs at F1, then the
voltage equation around the fault point F1 is given as

xR1(i1� ic1)þ xL1

d

dt
(i1� ic1)þ vf ¼ v1

) xR1i1� x2R1C1

dv1

dt
þ xL1

di1

dt
� x2L1C1

d2v1

dt2
þ

if

YF

¼ v1

(3)
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The corresponding fault current if can be derived as

if ¼ (i1� ic1)þ (i2� ic2� iL� is2þ iSH )

¼ i1� xC1

dv1

dt

� �
þ i2�C2

dv2

dt
� v2YL

�

� Ys2 v2�R2(i2� ic2� iL)�L2

d

dt
(i2� ic2� iL)

� �
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þ(YSH þ YSI )

v2�R2(i2� ic2� iL)

�L2

d

dt
(i2� ic2� iL)

�RSE(i2� ic2� iL� is2)

�LSE

d

dt
(i2� ic2� iL� is2)

2
6666664

3
7777775

1
CCCCCCA

(4)

Putting the value if in (3) and expanding further results in

xR1þ
1

YF

� �
i1þxL1

di

dt
� x2R1C1þ

C1

YF

� �
dv1

dt

�x2L1C1

d2v1

dt2

þ

1

YF

þ
YS2

YF

�
(YSH þYS1)R2

YF

�
(YSH þYS1)RSE

YF

þ
(YSH þYS1)YS2R2RSE

YF

2
664

3
775i2

þ
(YS2L2)

YF

�
(YSH þYS1)2

YF

�
(YSH þYS1)YS2L2RSE

YF

�

�
(YSH þYS1)LSYS2R2

YF

�
di2

dt
�

(YSH þYS)

YF

LSEYS2L2

� �
d2i2

dt2

þ
(YS1R2YL)

YF

þ
(YSH þYS1)

YF

þ
(YSH þYS1)R2YL

YF

þ
YL

YF

�

þ
(YSH þYS1)RSEYL

YF

þ
(YSH þYS1)RSEYS2

YF

�
(YSH þYS1)RSEYS2R2YL

YF

�
v2

þ

C2

YF

þ
(YS2R2)

YF

þ
(YS2YLL2)

YF

þ
(YSH þYS1)R2C2

YF

þ
(YSH þYS1)RSEC2

YF

�
(YSH þYS1)YS1C2RSE

YF

�
(YSH þYS1)RSEYS2YLL2

YF

�
(YSH þYS1)YS2R2C2RSE

YF

�
(YSH þYS1)RSEYS2R2YLL2

YF

þ
(YSH þYS1)RSEYS2R2C2

YF

�

(YSH þYS1)LSEYS2R2YL

YF

2
66666666666666666666666664

3
77777777777777777777777775

dv2

dt

þ
(YSH þYS1)YS2L2C2

YF

þ
(YSH þYS1)YS2L2C2RSE

YF

�

þ
(YSH þYS1)LSEYS2C2R2

YF

þ
(YSH þYS1)LSEYS2YLL2

YF

�
d2v2

dt2

þ
(YSH þYS1)LSEYS2L2C2

YF

� �
d3v3

dt3
¼ v1 (5)
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The differential equation (5) can be represented as a
difference equation and in a matrix form as below

m11 m12 m13 m14 � � � m111

m21 m22 m23 m24 � � � m211

m31 m32 m33 m43 � � � m311

..

.

m111 m112 m113 m114 � � � m1111

2
66666664

3
77777775

n1

n2

n3

..

.

n11

2
66666664

3
77777775
¼

o1

o2

o3

..

.

o11

2
66666664

3
77777775

(6)

where

mN 1¼
Dt

2
(i1kþN þ i1kþN�1), mN 2¼ (i1kþN � i1kþN�1),

mN 3¼�(v1kþN �v1kþN�1)

mN 4¼�
1

Dt
(v1kþN �2v1kþN�1þv1kþN�2),

mN 5¼
Dt

2
(i2kþN þ i1kþN�1), mN 6¼ (i2kþN � i2kþN�1)

mN 7¼�
1

Dt
(i2kþN �2i2kþN�1þ i1kþN�2),

mN 8¼
Dt

2
(v2kþN þv2kþN�1), mN 9¼ (v2kþN þv21kþN�1)

mN 10¼
1

Dt
(v2kþN �2v2kþN�1þv21kþN�1),

mN 11¼
1

Dt2
(v2kþN �3v2kþN�1þ3v2kþN�2�v21kþN�1)

ON ¼
Dt

2
(v1kþN þv1kþN�1)

i1k, i1kþ1, . . . , i1kþ11 samples of i1

i2k, i2kþ1, . . . , i2kþ11 samples of i2

v1k, v1kþ1, . . . , v1kþ11 samples of v1

v2k, v2kþ1, . . . , v2kþ11 samples of v2

k is the sample number and Dt the sampling interval

The divided parts of the (6) can be represented as

G1 G2

G3 G4

� �
H1

H2

� �
¼

Y1

Y2

� �
(7)
93

& The Institution of Engineering and Technology 2008

t 07:29 from IEEE Xplore.  Restrictions apply.



94

& T

www.ietdl.org
where

H1 ¼
n1

n2

� �
¼ G1 � G2G�1

4 G3

� ��1
Y1 � G2G�1

4 Y2

� �
(8)

n2 ¼ xL1

n1 and n2 are found out from (8), and n2 ¼ xL1 is the desired
estimate of the line inductance to the fault point from the
relaying end. As the line inductance is directly proportional
to the fault location from the relaying point, the fault
location is found out accurately.

4.3.2 Fault locator for fault at F2 (After UPFC):
For a fault at F2 (x from the receiving end), after the
UPFC, the UPFC-based line and the equivalent model are
developed and shown in Fig. 6a and 6b, respectively. R, L
and C are the line parameters; YF is the fault path
admittance; and ‘v ’ and ‘i ’ are the voltage and current at
the sending and receiving ends. If the fault occurs at F2,
then the voltage equation around the fault point F2 is
given as

xR2(i2 � ic2 � iL)þ xL2

d

dt
(i2 � ic2 � iL)þ vf ¼ v2

) xR2 i2 � xC2

dv2

dt
� v2YL

� �
þ xL2

d

dt

� i2 � xC2

dv2

dt
� v2YL

� �
þ vf ¼ v2 (9)

The fault current if is derived as

if ¼ (i1 � ic1 þ iSH � IS2)þ (i2 � ic2 � iL)

¼ i � 1� C1

dv1

dt

� �
þ (YS1 þ YSH )v1 � iSE

þ i2 � xC2

dv2

dt
� v2YL

� �
(10)

Now, putting the value of if in (9) and expanding further
results in

1

YF

þ
YS2R1

YF

þ
YS2RSE

YF

�
YS2(YSH þ YS1)RSER1

YF

� �
i1

þ

�
(YSH þ YS1)L1

YF

�
(YSH þ YS1)YS2L1RSE

YF

þ
L1YS2

YF

þ
LSEYS2

YF

�

(YSH þ YS1)YS2LSER1

YF

2
66666664

3
77777775

di2

dt
he Institution of Engineering and Technology 2008

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 13, 2009 a
�
(YSHþYS1)YS2LSEL1

YF

� �
d2i1

dt2

þ
(YSHþYS1)þYS2þYSE(YS1þYSH )RSE

YF

� �
v1

þ

C1

YF

�
(YS1þYSH )R1C1

YF

þ
YS2R1C1

YF

�
YS2L1C1

YF

þ
YS2C1RSER1(YSHþY1)

YF

þ
YS2LSE1(YSHþY1)

YF

2
664

3
775dv1

dt

� �
L1C1(YSHþY1)

yF

þ
YS2RSEL1C1(YSHþY1)

YF

�

�
YS2LSEC1

YF

þ
YS2LS(YSHþY1)

YF

�
d2v1

dt2

þ
YS1LSEL1C1

YF

d3v1

dt3
þ

xR2

YF

i2þxL2

di2

dt

�
YL

YF

þxR2YL

� �
v2�

xC2

YF

þx2R2C2þxYLL2

� �
dv2

dt

�x2L2C2

d2v2

dt2
¼v2 ð11Þ

The differential equation (11) can be represented as a
difference equation and in a matrix form as below

m11 m12 m13 m14 ��� m112

m21 m22 m23 m24 ��� m212

m31 m32 m33 m43 ��� m312

..

.

m121 m122 m123 m124 ��� m1212

2
66666664

3
77777775

n1

n2

n3

..

.

n12

2
66666664

3
77777775
¼

o1

o2

o3

..

.

o12

2
66666664

3
77777775

ð12Þ

where

mN 1¼
Dt

2
(i2kþNþi2kþN�1), mN 2¼(i2kþN�i2kþN�1)

mN 3¼�
Dt

2
(v2kþNþv2kþN�1), mN 4¼�(v2kþN�v2kþN�1)

mN 5¼�
1

Dt
(v2kþN�2v2kþN�1þv2kþN�2)

mN 6¼
Dt

2
(i1kþN�i1kþN�1), mN 7¼(i1kþN�i1kþN�1)

mN 8¼�
1

Dt
(i1kþN�2i1kþN�1þi1kþN�2)

mN 9¼�
Dt

2
(v1kþNþv1kþN�1)
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Figure 6 UPFC-based line and equivalent model for fault at F2

a UPFC-based line for fault at F2
b Equivalent model for fault at F2
mN 10¼(v1kþN�v1kþN�1)

mN 11¼�
1

Dt
(v1kþN�2v1kþN�1þv1kþN�1)

mN 12¼
1

Dt2
(v1kþN �3v1kþN�1þ3v1kþN�2�v1kþN�3)

ON¼
Dt

2
(v1kþN þv1kþN�1)

i1k, i1kþ1, . . . , i1 kþ12 samples of i1

i2k, i2kþ1, . . . , i1kþ12 samples of i2

v1k, v1kþ1, . . . , v1kþ12 samples of v1

v2k, v2kþ1, . . . , v2kþ12 samples of v2

k is the sample number and Dt the sampling interval

The divided parts of the equation (12) can be represented
as

G1 G2

G3 G4

� �
H1

H2

� �
¼

Y1

Y2

� �
(13)

H1 ¼
n1

n2

� �
¼ [G1 � G2G�1

4 G3]�1 Y1 � G2G�1
4 Y2

� �
(14)

n2 ¼ xL2

n1 and n2 are found out from the (14), and n2 is the desired
estimate of the line inductance to the fault point. Here, ‘xL2’
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is the line inductance of the fault point from the receiving
end. Thus, fault location from the relaying point is found
out by deducting ‘xL2’ from the line inductance of the
complete line.

4.4 Computational results for fault
location

The fault location is determined in terms of the inductance to
the fault point. For a fault at ‘F1’ (before the UPFC), the line
inductance measured is ‘xL1’ from the relaying point.
Similarly, ‘xL2’ measured from the receiving end, provides
the fault location from the receiving end for a fault at ‘F2’.
The fault location for a fault at ‘F2’ from the relaying point
is found out by deducting ‘xL2’ from the line inductance of
the complete transmission line. The error in fault location
is calculated as follows

% error ¼
xLe � xL

L
� 100 (15)

where xLe is the estimated line inductance to the fault point
and xL the actual line inductance to the fault point. ‘L’
represents the line inductance of the transmission line for
its complete length.

Tables 4–9 depict the fault location for different operating
conditions of the line and the UPFC. The series injected
voltage phase angle ‘Thse’ resultant from the power flow
solution is in radian and converted to degree before setting
the value in the UPFC model. The inception angle of the
fault is represented by ‘a’. Table 4 provides the fault
location for an ‘L–G’ (a–g) fault with ‘Ese’ ¼ 0.1371 and
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‘Thse’ ¼ 0.9864 (28.258) at 10% of the line. The error in
fault location is 0.13% when RF ¼0 V. However, the
location error increases to 4.06% for RF ¼ 200 V for a
similar fault situation. Table 5 shows the fault location for
an ‘LL–G’ (ab–g) fault with ‘Ese’ ¼ 0.1480 and
‘Thse’ ¼ 1.0321 (29.568) at 45% of the line. The errors are

Table 4 Fault location for ‘a–g’ fault at 10% of line with
different fault resistance at Esh ¼ 1.0 pu

Fault resistance, V a ¼ 308,
10% of line,

L–G fault

xL1 ¼ 40.5 mH

xLe1 Error, %

RF ¼ 0 41.05 0.13

RF ¼ 30 43.58 0.76

RF ¼ 70 45.48 1.22

RF ¼ 100 48.96 2.08

RF ¼ 120 51.25 2.65

RF ¼ 150 52.69 3.00

RF ¼ 170 54.21 3.38

RF ¼ 200 56.98 4.06

Ish ¼ 0.4475; Ise ¼ 0.5026;
Ese ¼ 0.1371; Thse ¼ 0.9864;
Vupfc ¼ 0.9948; Thupfc ¼ 0.0252;
PL ¼ 0.4; QL ¼ 0.3

Table 5 Fault location for ‘ab–g’ fault at 45% of line with
different fault resistance at Esh ¼ 1.0 pu

Fault resistance,
V

a ¼ 408, 45%
of line, L–G fault

xL1 ¼ 182.25 mH

xLe1 Error, %

RF ¼ 0 182.49 0.05

RF ¼ 30 183.45 0.29

RF ¼ 70 187.59 1.31

RF ¼ 100 189.25 1.72

RF ¼ 120 190.85 2.12

RF ¼ 150 192.38 2.50

RF ¼ 170 195.69 3.31

RF ¼ 200 197.85 3.85

Ish ¼ 0.4475; Ise ¼ 0.5861;
Ese ¼ 0.1480; Thse ¼ 1.0321;
Vupfc ¼ 0.9949; Thupfc ¼ 0.0226;
PL ¼ 0.5; QL ¼ 0.3
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0.05% and 3.85% for RF of 0 and 200 V, respectively.
Table 6 depicts the fault location for an ‘L–G’ (b–g) fault
with ‘Ese’ ¼ 0.1676 and ‘Thse’ ¼ 0.9754 (27.948) at 90%
of the line. Here, the inductance xL2 is measured from the
other end (receiving end), and the corresponding line
inductance from the relaying point (xL1) is found out by
deducting it from the total line inductance. The error varies

Table 6 Fault location for ‘b–g’ fault at 90% of line with
different fault resistance at Esh ¼ 1.05 pu

Fault resistance, V a ¼ 908, 90% of line,
L–G fault

xL2 ¼ 40.5 mH
(xL1 ¼ 364.5 mH)

xLe1 Error, %

RF ¼ 0 366.98 0.61

RF ¼ 30 369.85 1.32

RF ¼ 70 372.45 1.96

RF ¼ 100 376.54 2.97

RF ¼ 120 379.58 3.72

RF ¼ 150 381.45 4.18

RF ¼ 170 384.59 4.96

RF ¼ 200 386.98 5.55

Ish ¼ 0.9475; Ise ¼ 0.7189; Ese ¼ 0.1676;
Thse ¼ 0.9754; Vupfc ¼ 1.0058;
Thupfc ¼ 0.0152; PL ¼ 0.8; QL ¼ 0.5

Table 7 Fault location for b–g fault at 15% of line with
different series injected voltage Esh ¼ 1.0 pu, PL ¼ 0.6 pu
and QL ¼ 0.4 pu

Series injected voltage
Ese in %

a ¼ 308, 15% line, L–G fault

xL1 ¼ 60.75 mH

RF ¼ 30 V RF ¼ 150 V

xLe1 Error,
%

xLe1 Error,
%

0 62.69 0.47 64.56 0.94

2 64.59 0.94 67.85 1.75

5 66.87 1.51 69.84 2.24

7 69.98 2.27 72.45 2.88

10 72.45 2.88 75.48 3.63

12 75.85 3.72 78.98 4.50

15 78.45 4.37 81.95 5.23

Ish ¼ 0.4475; Ise ¼ 0.7226; Thse ¼ 1.0012;
Vupfc ¼ 0.9980; Thupfc ¼ 0.0202; PL ¼ 0.6; QL ¼ 0.7
IET Gener. Transm. Distrib., 2009, Vol. 3, No. 1, pp. 86–98
doi: 10.1049/iet-gtd:20080285

t 07:29 from IEEE Xplore.  Restrictions apply.



IET
doi:

www.ietdl.org
from 0.61 to 5.55% for variation in the fault resistance from 0
to 200 V, respectively. Table 7 depicts the fault location for
an ‘L–G’ (b–g) fault at 15% of the line with variations in
the series injected voltage from 0 to 15% of the line
voltage. The error varies from 0.47 to 4.37% when the series
injected voltage varies from 0 to 15%, respectively, with a
fault resistance of 30 V. However, the fault location errors
vary from 0.94 to 5.23% with a fault resistance of 150 V,
with other operating conditions remaining the same.Table 8
provides the fault location for variation in the series injected

Table 8 Fault location for c–g fault at 15% of line with
different series injected voltage phase angle at
Esh ¼ 1.0 pu, PL ¼ 0.5 pu and QL ¼ 0.5 pu

Series injected
voltage phase angle
‘Thse’ in degree
(series injected
voltage at 10%)

a ¼ 308, 25% of line, L–G fault

xL1 ¼101.25 mH

RF ¼ 30 V RF ¼ 150 V

xLe1 Error,
%

xLe1 Error,
%

0 104.52 0.80 106.54 1.30

45 107.58 1.56 1.09.68 2.08

90 109.56 2.05 110.25 2.22

135 112.87 2.86 113.65 3.06

180 116.54 3.77 115.68 3.56

270 119.84 4.59 119.85 4.59

360 123.45 5.48 124.56 5.75

Ish ¼ 0.4475; Ise ¼ 0.7063; Ese ¼ 0.1615; Vupfc ¼ 1.0011;
Thupfc ¼ 0.0234; PL ¼ 0.5; QL ¼ 0.5

Table 9 Fault location for a–g fault at 45% of line with
different loading conditions at Esh ¼ 1.0

Loading conditions a ¼ 308, 45% of line, L–G fault

xL1 ¼182.25 mH

RF ¼ 30 V RF ¼ 150 V

xLe1 Error, % xLe1 Error, %

PL QL 183.96 0.42 184.56 0.57

0.2 0.2 184.56 0.57 186.95 1.16

0.3 0.2 183.89 0.40 185.69 0.84

0.4 0.3 187.54 1.30 188.69 1.59

0.5 0.3 184.96 0.66 188.46 1.53

0.6 0.4 186.95 1.1 186.78 1.11

0.8 0.5 185.78 0.87 187.56 1.31

Ish ¼ 0.4475; Ise ¼ 0.9425; Thse ¼ 1.0134; Ese ¼ 0.1929;
Vupfc ¼ 1.0134; Thupfc ¼ 1.0010
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voltage phase angle with a series injected voltage at 10%.
The fault location error varies from 0.80 to 5.48% for a
variation of the phase angle from 08 to 3608, respectively,
and with fault resistance of 30 V. However, the errors vary
from 1.30 to 5.75% with a fault resistance of 150 V. Table 9
depicts the fault location for different loading conditions
with variations in the fault resistance, and the fault location
error is restricted below 2%. It is observed that the fault
location error increases when the fault impedance, series
injected voltage and series injected voltage phase angle
increase, which are three important parameters for
transmission line fault location process with the UPFC.

The fault location errors from the proposed study have been
compared with the existing works, which does not include
FACTS, in the transmission line. The wavelet-based
approach [14] has a fault location error of up to 4.13%, and
the online trained neural network [15] has a location error of
up to 3.5%. However, the proposed study has fault location
errors within 3–4% for average operating conditions, but it
goes up to 5.75% in the case of extreme operating
conditions of the UPFC and fault condition in the
transmission line. Thus, the proposed technique provides
better results with the UPFC compared with the exiting
techniques without FACTS units in the transmission line.

The identification of the fault section is achieved within a
half cycle (10 ms) from the inception of the fault. Then, the
control shifts to the differential equation-based fault locator.
As the fault locator takes 12 (maximum) samples for location
calculation, the time taken for the fault location is 12 ms.
Thus, the total time taken for the identification of the fault
section and fault location is 22 ms from the inception of the
fault on a cycle time of 20 ms. As the proposed scheme
works under the assumption that the phasors measured at the
sending and receiving end are synchronised, the time
consumed excludes the time of synchronisation.
Synchronisation ensures that the samples from the two ends
can be time aligned. Consequently, the effect on the
performance of protection from variation in the channel delay
[16] can be ignored by proper synchronisation. The
synchronised measurement is achieved using the global
positioning system [17, 18], which can easily and precisely
provide a time signal, with an accuracy of 1 ms, at any
location on the power network, satisfying the requirement of
system protection.

5 Conclusions
The proposed method finds the fault location in the
transmission line in the presence of the UPFC using
synchronised phasor measurements. This includes
developing a transmission line model employing a UPFC
and its control. The fault location is determined in terms of
the line inductance measured from the relaying end to the
fault point. The first part identifies the fault section using a
wavelet-fuzzy discriminator, providing an output ‘0’ for a
fault before the UPFC and ‘1’ for a fault after the UPFC.
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After the identification of the fault section, the fault location
is determined using a differential equation-based approach.
The fault location error varies from 0.05% under normal
operating conditions to 5.75% under extreme operating
conditions (fault resistance of 150 V, series injected voltage
phase angle of 3608 and series injected voltage magnitude
of 10%). Thus, the proposed method provides a fast and
robust fault locator for a transmission line with a UPFC
having wide variations in operating conditions with a pre-
fault parameter setting.
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