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This paper presents a novel fault location method for series compensated transmission lines. It is
established based on synchronized voltages sampling and Thevenin impedance from both ends of
series compensated transmission line. The method is based on the use of phasor measurement units
(PMU) technology which is aimed to be independent of current measurements, fault type, fault
resistance, fault inception angle and line loading angle. This method includes two subroutines for the
faults located on the right and left sides of series capacitor (SC). Lumped modeling is considered for
compensated transmission line with SC equipped with metal oxide varistor (MOV) arrester. The
nonlinear behavior of SC-MOV system is investigated in the analysis. Proposed current independent
fault location algorithm has been thoroughly tested using signals taken from simulations. According to
the results, the percentage errors for the fault distances estimation are in proper ranges.
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1. INTRODUCTION

Compensated transmission lines with series capacitors
(SC) brought several advantages to power system
operations such as improving power transfer capability,
transient stability and damping power oscillations [1]. In
spite of these capabilities, series compensated lines have
serious challenges regarding distance protection
scheme. During fault occurrence and short circuit,
system equations are affected by the nonlinear operation
of parallel metal oxide varistor (MOV) as a protective
unit of the series capacitor. Therefore, due to flow of
high non-linear current through the line, the distance
protection and fault location process have to be adapted.

Many fault location algorithms have been developed
so far. The majority of them were performed by
impedance measurement in fundamental power
frequency. However, the non-linearity of MOV element
affects the performance of the traditional impedance-
based methods. The proposed solutions for this problem
are series unit modeling that can be divided into
empirical and analytical categories. One of the most
used models in the fault location of series compensated
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lines is Goldsworthy’s model [2]. Despite various
attempts to different SC modeling techniques, this
linearized approach is still considered and widely used.
Various algorithms for series compensated two-
terminal lines have been analyzed in the literature. In
some of them, the process is established based on
impedance measurements. The impedance-based
approaches can be categorized as one end [3, 4] and two
ends [5-9] measurements. These techniques have to be
adjusted to deal with the nonlinear characteristics of the
MOV unit of the series compensator. These solutions
include the use of fundamental frequency model of the
series compensated line and single ended measurements
[3], distributed time domain modeling of the
transmission line and two ended synchronous sampling
of voltages/currents [4]. A fault locating algorithm is
proposed by Hussain and Osman [5] for compensated
transmission lines using unsynchronized two-ended
measurements. Post-fault data samples are used for data
synchronization to improve the algorithm capability.
Another method is proposed by junior et al. [6] for
single and double-circuit series compensated lines
which used voltages and currents measurements. This
method is independent of fault resistance is performed
by taking the differences of the voltages at both sides of
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the fault. Performance of the mentioned algorithm lead
to low errors rates in different categories. A fault
location strategy is carried out in literature [7] by
lumped model of series compensated lines to avoid
complexity without affecting accuracy. Apostolopoulos
and Korres [8] presented a algorithm based on Phasor
Measurement Units (PMUs) to deal with inter-circuit
faults in double-circuit lines. This technique requires
current measurement from both ends and the voltage
only from one end.

The majority of fault location methods use the
voltage and current samples to develop the algorithm
and fault distance estimation. Current transformers (CT)
and their undesired dynamic behavior under short
circuits leads to certain construction limitations. The
solution methods are aimed to make fault location
algorithms independent of distorted secondary currents.
The first remedies for assuring high accuracy under CT
saturation can be performed by limiting the use of fault
current phasors. The other remedies for CT saturation,
except an intentional use of voltage signals, require
identifying the CT saturation [10-12]. These algorithms
are not independent of fault type and resistance.

Generally, the two-terminal location methods are
more accurate than one-terminal methods and are able
to minimize or eliminate the effects of fault resistance,
loading, and charging current [13]. Faultlocation
methods based on Synchronized Phasor Measurement
are an interesting concept in the field of distance
protection of transmission lines. There are a number of
references that suggest using PMU for two-terminal
cases [13]. Several methods based on synchronized
phasor measurement are developed in literature [14-16]
for Two-Terminal transmission lines. Due to CT
inherent problems during fault interval, some new
techniques based on synchronized voltage measurement
have been presented in literature [17, 18]. Although the
method was not independent of fault type and fault
resistance. Firouzjah and Sheikholeslami [19] presented
a method independent of fault type, fault resistance, and
fault inception angle.

As mentioned above, this paper presents a fault
location technique based on synchronized voltage
measurement for series compensated transmission lines.
The main objective is to present a method independent
of measured signals with the current transformer.
Simulationresults are presented to show the accuracy of
proposed technique in different fault types. Also,
different fault resistances are applied at different points.

2. PROPOSED FAULT LOCATING ALGORITHM

2. 1. Two Terminals Compensated Line at Pre-
fault Figure 1 shows a two-terminal series
compensated line. The compensation process is done
with a series capacitor protected by parallel MOV.Epa,

Ztha, Ethe and Zmg show Thevenin model from bus A
and B respectively. Irighe and lerr are the distances of
capacitor's point from Buses A and B, respectively.
Consequently, per unit distance from the Bus B is:

k, = lRight/l ‘ 1)
line

Symmetrical components theory is used in order to
transform three phase components (abc) to symmetrical
components (with T matrix).

Vo1z = T_IVabc 1012 = T_llabc )

7902 =T71Z,, T Y12 =T71Y,, T 3)

Consequently, Figure 1 can be illustrated in
Symmetrical coordinate form as shown in Figure 2.
Where, the superscript ‘012” denotes the symmetrical
components which represent the zero, positive and
negative sequences, respectively. Etna®*? and Etng®?? are
Thevenin voltage sources of bus A and B, respectively.
Regarding Figure 2, the procedure is proposed in
Equations (4) to (7). As Equation (7), Ic is the pre-fault
SC current matrix.

V&1 = V9] — (1 - ko[22 ([2833] 7 (N3] -

012 ()
V912]) = (0.5 — ke/ DY °12][V912])
V821 = V2] - ke[2°%2) ([2933] " ([E%43] - .
[V§2]) — ke[r*12)[v3*2]) ©
271 = ([283] ™" (B3] - ) - 05 - :
ke/2IYO2IVE12]) = (0.5 — ke/2) Y21V ©
1221 = (28331 ([E933] - ve21) - .

(ke/2[YO21[VE12]) = (ke /2)[Y 2] V2]

2. 2. Two Terminals Compensated Line During
Fault A vast majority of fault location algorithms
devoted to the series compensated lines have been
established based on a two-stage analytical algorithm
for distance protection. The fault analysis program is

Surge Arrester

Line pi section at Series Line pi section at
the left side of capacitor the right side of
series capacitor series capacitor

us

(1-k)Z: Series impendence
(1-4])Y/2: Parallel admittance

(kJ)Z: Series impendence
(kJY/2: Parallel admittance

Thevenin impedance Ztna
Thevenin impedance Ztg

Thevenin source Thevenin source
Etha Etns

Figure 1. Single line diagram of typical compensated line
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Figure 2. The = model of typical line in a symmetrical form

developed for the faults located on the left and right
sides of SC. So, the algorithm is performed into two
subroutines for the faults on the right and left sides of
SC.

2. 2. 1. Faults on the Right Side of SC In this
stage, the algorithm is performed for unknown faults
occurred in right side of the capacitor. where, |1 and I, are
the distances from B and capacitor installation point to
fault point, respectively. Thus, per unit fault distance
from the B can be expressed as k:

szll/ ' 1- k _IZ/ cllne (8)

According to Figure 3, the faulted line is divided into
two © equivalent models. Figure 3 expresses the typical
two-terminal network during fault on the basis of
Thevenin equivalent circuit diagrams. In this figure,
buses voltages have been considered as the difference
between pre-fault and during-fault voltages. Thus,
according to superposition theory, the current is the
difference between during fault and pre-fault currents.
f ° f o

[AV]=V1-M 1 [Al]=01]-1] ©)
Regarding Figure 3, Alc can be calculated by Equation
(10).

[A12%2] = ([Z22) ™" + (0.5 — ke /D)[Y 2] [V12]) —

((o.s — e/ (Iav*211 - 10)

k)[2012) (~([Z82]7 + (05 — kc/z>[Y°12][v,?“]))))

H .

|A|5Am| |AVA012| |AVCA012| Alcm

:. H

For a compensated transmission line, a precise modeling
of series capacitors and metal oxide varistors are
required for any fault location algorithm. SCs and
MOVs can be represented as fundamental-frequency
equivalent in the form of resistance—capacitive
reactance series branch for the algorithms based on the
phasor technique. During fault interval, the capacitor
current and consequently, its voltage drops rise to
extremely high values. Thus, MOV starts conducting
immediately after the instantaneous voltage across the
capacitor exceeds a certain level. Thus, equivalent
impedance of the compensator unit varies from
capacitive to capacitive-resistive during fault interval.
According to the capacitor fault current and capacitor
protective current level (that is determined by the
certain voltage level of the capacitor), the equivalent
impedance is defined by Goldsworthy’s model which is
formulated as a function of SC current (I¢).

Z0c)=Rlacr—jXlag) (11)

This model is modified by normalized SC current based
on the capacitor protective level (ly).

Ipuzlc/lpr (12)

Zg ) =Rla,n=1Xla (13)

The equivalent model is defined by Goldsworthy [2] as
Equation (14). Where, Xcs is the nominal capacitor
impedance.

if Ic < 0.98L, = {Rt = 0, X(s = X5

if Ic = 0.98L,, —
RL = Xoq (o 0745 + 0.49¢~02431pu ) (14)
cTre —0.6e 1 4lpu — 350 Slpu

Xts = X¢s(0.1010 — 0.0057491,,, + 2.088¢ 08566/

Figure 3 shows a series compensator unit with the
equivalent procedure. SC-MOV equivalent model is
formulated using the compensator current during fault
interval (I¢").

Regarding the superposition theory at Equation (9),
this current can be obtained using Equations (7) and
(20):

s s

Faultz point

—AWV

rOlZ
(1-k, Y°12/2

Fundamental
frequency equivalents

Al +]'71 ke) (Ko) szﬂ:

1k (k) 222

™} ﬂ? C)Y“ﬂ:

Figure 3. Thevenin equivalent model of the faulted system (Fault on the right side of SC)
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[el=[c]1+[Al] (15)

The capacitor current in Figure 3 (Alc) is determined
based on the difference between during fault (I'c) and
pre-fault capacitor currents (I°c). Then, SC-MOV
equivalent impedance is calculated and transferred to
symmetrical form.

[ =[] (16)

(257 ]=T [ diagonal (2,22, 25, ) [T (17)
Using this model, following relations are performed as
Equations (18) to (20). The analytical process aims to
calculate the fault point voltage (Vg) using system
parameters as Equations (21) and (22).

(V33?1 = ([AV;’“] - (- ko2 (- (12833] " -
(18)
(05 - kc/2>[y°“][Av,§’“]))) - [2&37]1a1g]

[A1832] = [A122] — (05 = ke/Dkc[YO21[AVEE])  (19)
[81832] = — ([Z943] " + (ke /2K [YO12]) [AVSY2]  (20)

[aVe,] = (1] = (05 — ke /2)k [YO12D[AVE?]) -

(21)
(05 — ke/2)kc[YO12][a1212])

[AVe,| = ~keke[z02] (1] + [2833] " +
(ke / 2k [Y012]) [AV$22]

where, AVe_ and AVeg are fault point voltage obtained
using bus data on its left side (Bus A) and right side
(Bus B), respectively. [I] is a 3-by-3 identity matrix. It
is clear that the difference between these values must be
minimized to zero. Therefore, the difference is defined
as a final equation to obtain fault location as Equation
(23). Where ke value obtained using this equation is
named as kgRiont,

[AVFR] - [AVFL] =0- f(kF) =0- fRight(kp) =0 (23)

(22)

2. 2. 2. Faults on the Left Side of SC In order to
analyze the faults on the left side of the SC, a
hypothetical substitution has been used as follow. Similar
to Figure 3, the faulted line is divided into two =
equivalent models at two sides of fault point. Thus,
similar to Equations (21) to (23), final relation to obtain
fault distance on the left side of SC is as Equations (24)
to (26). Where kg value obtained using this equation is
named as ke,

[AVi,] = (U1 = (05— ke /2)(1 -
kY21 [arg?]) - (05 — ke /2)(1 ~ (24)
k) [YO12][-a1212] )

[AVe] = —ke(1 = kD120 (1] + [2933] " +

(25)
(ke /2)(1 = kY121 ) [AV212]

[AVE] = [AVE] = 0= fu) = 0= freren = O (26)

2. 2. 3. Selecting the Fault Region with Respect to
SC Regarding to Equations (23) and (26), k9" and
ke“e™ are obtained as fault location which is calculated
based on the consideration of fault region with respect to
SC. A recognizer algorithm for selecting either kR and
ket as Figure 4 is proposed. In the practical application,
there is no data about the fault region.The three phase
voltage from the buses A and B are only the known
signals.

Determination of fault side is depending on the
values of the variables ke®9" and ke-"from Equations
(23) and (26). As shown in recognizer algorithm of
Figure 4. If only one of these variables is in the range of
[0,1], the fault is in its associated side. In the case of
faults near SC, both keRi9" and ke-¢f values are obtained
in the [0,1] interval. Therefore, the fault side is
determined by comparison of frigni(ke) and fien(ke) in
such a way that the fault occurs in the side which its
objective function is lower. Therefore, each equation
that is minimized in the lower value (ideally near to
zero) results in the acceptable ke value.

=

| Measurement the pre and during fault intervals voltages at buses A, B

Right subroutine: Eq. 23 aimed to minimize frignd k)
Left subroutine: Eq. 26 aimed to minimize fieq(ke)

A
Fault at Left side of SC Fault at right side of SC
left

ks distance to Bus A ki€ distance to Bus B

I

Figure 4. Detection of faulted section with respect to SC point
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3.SIMULATION STUDY AND RESULTS ANALYSIS

Simulation for a 300 miles, 400 kV two-terminal
transmission line was carried out. Table 1 shows the
system parameters [20]. The simulations are established
based on synchronized voltage phasor measurement of
bus. The instantaneous voltages obtained from
ATP/EMTP are applied to the Fourier transform. The
fundamental power frequency component of the
instantaneous voltages is used as voltage phasor.

In order to achieve a comprehensive evaluation of
the proposed fault location method, it should be useful
to consider following factors which affects the accuracy.

3. 1. Accuracy Evaluation Performing the fault
location accuracy evaluation, different factors affecting
the accuracy are taken into account. The main
commonly changeable factors during the analysis are
fault type, fault resistance, loading angle of the
transmission line, fault inception angle and calculation
of Thevenin impedance at both ends.

3. 1. 1. Fault Type and Resistance = Transmission
lines are subject to the unknown faults with various
types and resistances. Hence, the proposed fault location
algorithm must be independent of fault types and
resistances variation. Simulation results have been
presented in various fault types and resistances to
validate the method. Figure 5 shows the percentage
error of the fault location process with several
faulttypes. The percentage error does not exceed 0.8%.

TABLE 1. System data used for the transmission line model

R 0.249168 Q /mile
Positive/Negative L 1556277 mH /mile
sequence
3 Cc* 19.469 nF/mile
>
E] R® 0.60241 Q /mile
%- Zero sequence L° 4.8303 mH /mile
S
= (o 12.06678 nF/mile
@
& Length L 300 mile
Qo
g Voltage 400 kv
@
Degree of ) 75 %
compensation
SClocation lright 150 mile
ZSA*™" 17.177+j45.5285 Q
ZSA® 2.5904+j14.7328 Q
Thevenin Impedance
ZSB*r 15.31+j45.9245 Q
ZSB® 0.7229+j15.1288  Q
Reference current 44 kA
MOV data Reference voltage 330 kv
Exponent 23

3. 1. 2. Loading Angle of the Transmission Line
(8) The line loading angle (6=3a-88) is the factor that
influences the algorithm. Hence, this method is tested
by various loading angle (5 to 45°) in two fault types
applied behind and front of SC. As Figure 6, the error
does not exceed 1%. So, the method is almost
uninfluenced by the line loading angle.

3. 1. 3. Fault Inception Angle Regarding the
transient behavior of faulted system, it can be
considered that maximum overvoltage and harmonic
voltage will occur at voltage peak. The incepted faults at
this time, lead to great transient state and changing
fundamental frequency component of voltages. Figure 7
shows the error during the LG fault from 0 to 90-degree
fault inception angles (o). According to this figure, the
percentage error does not exceed 0.8%.

Error(%)
<

\ ’gg 6 s BURS L
S "BoQuh LG -
' Le

250 300 LG

Fault type
Actual fault location (mile)

Figure 5. Percentage errors for various fault types

o4
LG

0020 o L6 Fault type
Actual fault location (mile)

Figure 6. Percentage error for LLLG and LG faults located on
the left and right sides of SC versus & (Rraut=10 Q)
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0.3 S ?
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g o0 0
E\A
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R0 Lp
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&b SRRy
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Figure 7. Percentage error for the LG faults versus (o)
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3. 1. 4. Calculation of Thevenin Impedance at
Ends The effectiveness of the method depends on the
accurate calculation of the Thevenin impedance.
Therefore, an appropriate sensitivity analysis of the
method to variations of the Thevenin impedance must
be applied.

In this way, sensitivity analysis of the method to
variations of the Thevenin impedance and also
calculation error of this impedance are simulated.

At the first, the Thevenin impedance is varied
between 50 and 150% of the typical Thevenin
impedance (see Table 1). It is assumed that the
Thevenin impedance used in the simulation model and
fault location algorithm is the same. In another word,
the calculation error of the Thevenin impedance is not
applied. Figure 8 shows the error for LLLG faults and
various Thevenin impedance. The Thevenin impedance
rate is defined as:

ImpedanceApplied in algorithm ~ ImpedanceTypiCﬁ| value

and simulation model x100% (27)
IMmpedance i vae

According to this definition, the Thevenin impedance
rates varied between -50 and +50% of typical Thevenin
impedance. As shown in Figure 8, the lower Thevenin
impedances lead to lower fault location error left and
right sides of SC versus Thevenin impedance variation.
At the second process, the typical Thevenin impedance
value is used in the simulation, but the value used in
fault location process is varied between 80 and 120%.

In fact, the fault location algorithm is tested by

calculation error of the Thevenin impedance:
ImpedanceApplied - ImpedanceTypical value used

in algorithm in simulation model x 100% (28)
I m pEdan CeTyplcaI value used

in simulation model

According to this definition, the calculation error of the
Thevenin impedance varied between -20 and +20% of
typical Thevenin impedance. The estimation error of the
proposed algorithm for LLLG faults and various
Thevenin impedance is shown in Figure 9.

0.3 0.4

o
o

Error (%)

e

Thi
0.2 N

°

150

50 B )

50 0 Thevenin 50 \ 0 Thevenin
Actual fault location impedance Actual fault location ™~ -25 impedance
(mile) 0 .50 rate (%) (mile) -50 rate (%)

Rraur=10 Q left sides of SC Rraur=10 Q right sides of SC

Figure 8. Percentage error for the LLLG faults located on the
left and right sides of SC versus Thevenin impedance error

3. 1. 5. SC Placed at One End of the Line In this
section, compensation is studied for the case that one
SC is located at one end of the line. Figure 10 shows
the simulation results for the case that one SC is
placed at bus A with different fault types and
resistances. As this figure, the errors for studied cases
are below than 0.04%.

3. 2. Discussion and Comparative Study Table 2
shows the comparison of the algorithm between
proposed methods and also reported in literature [6-8,
17]. Results include maximum, minimum, mean and
standard deviation amounts of fault location errors in
different techniques for various fault resistances,
inception angles and distances.The results verify the
accuracy of the proposed algorithm. Note that this
technique does not use information of CT during fault
conditions. Regarding the accuracy evaluation of the
proposed method, the main advantage is the fault
location independent of current measurement.
Inaddition, some benefits can be listed as:

e The process is uninfluenced by fault type (according
Table 2, STD of the errors related to the five fault types
are less than other methods), fault resistance (STD in
Table 2), variation of line loading angle (Figure 6) and
fault inception angle (Figure 7)

o Calculation of the Thevenin impedance at both ends
could not able to change the estimation process. It
means that technique is insensitive to source parameters
of the system (Figures 8 and 9)

i I
17 "””///////"
74\

IS

%
T7550

7 /////;/),oo
77

Error (%)

~

Error (%)

N

150 150

Actual fault 50 //”/0 0 :I'hev:nin Actual fault 59 _—<"_ 0Thevenin
location (mile) 0 Impedance location (mile) 0 impedance
20 error (%) {mile) 20 error (%)

Rrau=10 Q left sides of SC Rraur=10 Q right sides of SC

Figure 9. Percentage error for the LLLG faults located on the
left and right sides of SC versus Thevenin impedance error

O-Re=1
0.05 —o—R=10
==
7= ©-R_=100
0.04 TS imeepesier .
s atbus A g
5 003 5
I i
0.02 o "
0.01 01 Ry
0 ! - I
0 M 1 1 2 2!
0 5 100 150 200 250 300 0 % 0o 0200250 300
Actul faut locaton (i) Actual fault location (mile)

Figure 10. Percentage error for the LG and LLLG faults with
various resistances on the right side of SC (SC at bus A)
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TABLE 2. Statistical results of the percentage error for the
proposed algorithm compared to other related algorithms

Fault type Measurement

Factor Method
LG LLG LLLG LL LLL v i
Proposed ‘0.091‘0.049‘ 0.077 |0.086(0.066| Y N
[6] 0371 0135 x |0.137(0.041| Y Y
[7] 4623 1513 x 3396 5277 Y Y
[7]* 15138738 x 6.008 2270 Y Y

Mean

[7]** 8.738 0924 x 3506 4112 Y Y
[8]" [0.088(0.168 0.205 0.263 0.228 Y Y
[8]" 1.411 1.739 1.344 0.969 1.292 Y Y
[17] 0.705 0468 x 1518 0478 Y N

Proposed‘0.139 0.088| 0.113 |0.110(0.070

[6] 01960104 x 0.125/0.027

[71 3996 1.398 x  4.242 4.860

[7]* 1398 8848 x 2339 3577
STD

[7]** 8848 1588 x 3912 3.677

[8]" ]0.097|0.149 0.149 0.126 0.120
[8]" 0.870 0.935 0.591 0.269 0.437

[17] 0628 0300 x 1135 0.241

[7] * Takagi algorithm, ** Two end algorithm
[8]* Without (** Whit) considering measurement transformers
x there is no information about this fault type

4. CONCLUSIONS

In this paper, a new fault location method based on
synchronized phasor measurement for Two—Terminal
series compensated lines is presented. The proposed
method estimates the fault location using the voltages of
terminals at pre-fault and during-fault intervals. Series
capacitor (SC) and metal oxide varistor (MOV) in
series-compensated lines causes some difficulties for
fault location. In order to develop the fault location
algorithm, a linearized model  based on
empirical/practical results can be used instead of series
compensator. The linearized resistive-capacitive
equivalent impedance is considered as SC during fault
interval. Different priorities are applied in this paper
with respect to use the particular symmetrical
components in the conventional Thevenin theory. The
results indicate the accuracy of the algorithm with
percentage error lower than 1%. Also, the proposed
method recognizes the faulted section with respect to
SC through two subroutines. The advantages of this
method in comparison with the previous methods are
CT elimination which makes the presented method
independent of CT inherent problems. Fault location is

independent of fault type, resistance, inception angle,
line loading angles and source parameters.
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