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Influence of measurement uncertainty on parameter
estimation and fault location for transmission lines

Jianfeng Fu, Guobing Song, Member, IEEE, and Bart De Schutter, Fellow, IEEE

Abstract—Fault location algorithms for transmission lines use
the parameters of the transmission line to locate faults after the
faults have occurred along the line. Although these parameters
can be estimated by the phasor measurement unit(s) (PMU(s))
at the terminal(s) of the transmission line continuously, the
uncertainty in the measurements will give rise to stochastic errors
in the measured values. Thus, the uncertainty in measurements
definitely influences the estimations of the parameters of the
transmission line, which in its turn influences the results of
fault location algorithms. Inaccurate results of fault location
algorithms may lead to costly maintenance fees and prolonged
outage time. Therefore, in this paper, we estimate the parameters
of the transmission line considering the uncertainty in the
measurements so that a more accurate fault location can be
derived. The uncertainty in the measurements will be modeled as
a stochastic distribution and the maximum likelihood estimation
(MLE) method will be adopted to reduce the uncertainty in the
measurements. In addition, as an illustration, the telegrapher’s
equations will be used to calculate the parameters of the trans-
mission line and the two-terminals positive sequence network
fault location algorithm will be used to locate the fault. In a
simulation case study of a real-life transmission line the influence
of the uncertainty in the measurements on the transmission line
parameter estimations and the effectiveness of the MLE method
for estimations are simulated and analyzed. The results show
that the influence of the uncertainty in the measurements on
the positive sequence network fault location algorithm should
not be neglected and that the proposed method is very effective
in significantly reducing the influence of the uncertainty in the
measurements.

Note to Practitioners: Abstract—The objective of this paper is
to address the significant effects of inaccuracies in the measure-
ments for fault location determination in transmission lines in
power systems. These inaccuracies increase the cost and duration
of the search process for the actual fault location, and they thus
also enlarge the outage duration and reduce the power system
reliability. This paper aims to analyze and reduce the influence of
the uncertainties in the measurements in order to obtain a much
more accurate fault location estimate when a fault has occurred
along the transmission line. One of the key contributions of the
paper is the development of a model for the uncertainties in the
measurements based on a confidence level and deviation bounds;
this model can then be used if the information on the distributions
of the uncertainties in the measurements is not available. Another
key contribution is a maximum likelihood estimation method to
estimate line parameters more accurately and consequently to
reduce the influence of the uncertainties in the measurements on
the fault location estimate.
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I. INTRODUCTION

AULT location algorithms for transmission lines are used

to locate the fault after a fault along the transmission line
has occurred and they are operated by protection relay devices
[1]-[4]. After that, the maintenance team of the transmission
line operator searches the area near the located spot that
is calculated by fault location algorithms to find out where
exactly the fault is, and then performs maintenance actions
to resolve the fault. For a given transmission line, a large
deviation between the exact fault location and the evaluated
fault location may emerge when the evaluated location is
derived from an inaccurate fault location algorithm. This
deviation will enlarge the search burden, searching costs, and
the unavailability period of the faulty transmission line. For
example, for a 300 km long transmission line lying beneath the
continental shelf in a sea area, a 1% deviation in the location
will give rise to a =3 km gap between the exact fault location
and the evaluated fault location and searching such a large
area in the sea is extremely costly. Thus, the accuracy of the
fault location algorithm is very relevant for the reduction of
the costs in power system maintenance [5], [6].

At present, in the literature on fault location algorithms,
factors related the inaccuracy of the fault location algorithms
are discussed and analyzed as follows:

Firstly, the generation of the DC offset and harmonics
during the fault transient stage by the faults results in in-
accuracy of the voltage and current phasor calculations and
thus inaccuracy of the fault location algorithms [7]-[12]. These
factors are usually considered as additional signals added to
the fundamental signals. Thus, the solution approach to ad-
dress this factor is mainly related to signal transformations (or
filters). For example, the paper [7] proposes a new application
of Park’s transformation to calculate fundamental components
among the sampled voltages and currents that are distorted by
the DC offset and harmonics. The authors of [8] propose a
method for phasor calculation of the fundamental component
by obtaining the DC amplitude from the Hilbert transform and
the fault current signals within 20 ms. The paper [9] proposes
a method for removing the exponential component among
the electrical signals in the transient stage to evaluate the
fundamental frequency phasor.

Secondly, noise and disturbances caused by the external
environment also result in inaccuracy of fault location algo-
rithms [13], [14]. This factor is usually addressed by robust



filters or transformations. For example, the paper [13] proposes
an approach for the protection of parallel transmission lines
by using the S-transform that is an extension of the wavelet
transform. The test results show the robustness of the proposed
algorithm by adding significant noise to the simulated voltage
and current. In [14] a pattern recognition approach with a new
S-transform method is proposed by using different types of
techniques, e.g. frequency scaling, to reduce the computational
cost and to remove redundant information. The simulation
results show the robustness of the proposed algorithm in an
environment with significant noise.

It can be concluded that the influences of the DC offset
and harmonics during the transient stages on the fault location
algorithms can be reduced in a systematic way by using a
patched algorithm, and that the influence of some noises and
disturbances can be reduced by designing a more robust algo-
rithm. Apart from these factors, the fault location algorithms
are also influenced by inaccuracies regarding the values of
the transmission line parameters. For example, a transmission
line might be put into practice in summer and the parameters
are measured and recorded before its putting into use. Then
under a fault occurs in winter, the fault location results are no
longer accurate when the parameters recorded in summer are
used. In addition, the inaccuracies of the parameters may also
result from different humidity and temperature circumstances.
However, these factors can be addressed by the increasing
popularization of phasor measurement units (PMUs) that are
installed at the terminal(s) of the transmission line. Installed
PMUs can measure the transmission line parameters contin-
uously by using the voltage and current phasors collected
and calculated from the instruments and the computing unit
inside the PMUs [15]-[17]. However, the uncertainty in PMU
measurements emerges during the calculation of the phasors,
which will lead to inaccuracies of the calculated transmission
line parameters. For example, papers [18]-[21] reveal the un-
certainty phenomena and mechanisms during the transmission
line measurement by PMUs. In paper [18] the systematic
errors in the measurements are assumed to be constant values
when calculating the transmission line parameters. However,
[19]-[22] reveal that the error between the exact value and
the measured value cannot be properly evaluated nor corrected
because of the multitude of influential factors, e.g. humidity,
temperature, and load level on top of the systematic errors;
the authors of [19]-[22] recommend to use the uncertainty
to describe the possibility distribution of the error in the
measurements. In [19], [20], the bounds of the uncertainties
in the measurements are analyzed and calculated for ensuring
the reliability of protection relay algorithms. However, these
bounds cannot be applied in fault location algorithms because
the bounds will lead to conservative results. In addition, [23],
[24] have analyzed the influence of all the uncertainties of the
transmission line parameters on fault location algorithms, but
they do not model the uncertainty in the measurement specif-
ically nor do they propose a method to calculate and reduce
the influence due to the uncertainties in the measurements of
PMUs on transmission line parameters.

Thus, it can be concluded from the literature a lot of
work still needs to be done on the analysis of the influ-

Fig. 1: Mechanism for estimations of line parameters

ence of the uncertainty in the measurements on the behavior
of fault location algorithms. Further, the uncertainty in the
measurements should be addressed properly. Both topics will
be addressed in this paper. Thus, the contribution of the
paper can be summarized as follows: firstly, we analyze the
influence of the uncertainty in the measurements on the fault
location algorithms based on a case study; secondly, we
model the uncertainty in the measurements of PMUs based
on the information supplied by the PMU supplier, or by a
newly proposed method based on the confidence level and
deviation bounds if the information on the distributions of the
uncertainties is not available; thirdly, we propose an estimation
method based on maximum likelihood estimation (MLE) that
can effectively reduce the uncertainty in the measurements
when determining the transmission line parameters.

The paper is organized as follows: In Section II, the model-
ing method for the uncertainty in the transmission line param-
eter measurements is introduced. In Section III, a method is
proposed to obtain the distributions of the uncertainties based
on the data provided by the device supplier or by using big
data methods. In Section IV, a method is given to reduce the
influence of the uncertainty in the measurements. In Section V,
a case study is presented to show and analyze the influence
of the uncertainty in the measurements on the two-terminal
positive sequence network fault location algorithm as well
as the effectiveness of the proposed method. In Section VI
conclusions are drawn and some topics for future work are
discussed.

II. TRANSMISSION LINE PARAMETERS CALCULATION
MODEL WITH UNCERTAINTIES

The transmission line parameters measurement process is
shown in Fig. 1. In Fig. 1, the voltage and current phasors
from the M and N terminals of the line are marked as UM,
UN, I M, and fN. The phasors collected from the PMUs at the
two terminals will be used to calculate the transmission line
parameters. In the view of the single phase of the transmission
line [25], [26], the telegrapher’s equation of the voltage and
current phasor from both two terminals can be described as:

Uyt = Uncosh(yD) — Inzesinh(yD) .
Int = Unsinh(yD)/z, — Ixcosh(yD) M

where v is the propagation constant of the transmission line,
and z is the characteristic impedance of the transmission line,



and D is the length of the transmission line. According to (1),
v and z. can be obtained as:

1 Uuly — Uxix
—cosh™ " ————F———
D UnIv — Unmin 2)
2= (O - DR/ - 1)
Thus, the transmission line parameters of the positive se-
quence network can be derived as [27]-[29]:

21 = vz =711 +ixg
y1:7/zc:ib1

gl

3)

where z; and y; are respectively the positive sequence
impedance and admittance of the unit length; r1, 1, and b; are
the positive sequence resistance, reactance, and conductance;
and i represents the unit imaginary number. It should be
mentioned that because the value of the susceptance is rather
small, the susceptance is neglected mostly in fault location
algorithms for transmission lines. Thus, we do not consider
the susceptance. Thus, z; and y; can be obtained based on
(2) and (3), such that

z1 =71 +ir1 = vz
y1 =iby = /2
5 L osn! (UMIMA(QM + ¢m) — UnInZ(On + ¢N))
D UnInZ(Ox + ém) — UnINZ(On + én)
. :\/(UM)24(29M) — (Un)?4£(20n)
‘ (Im)?£(2¢m) — (In)?£(2¢n)

“)

Howeyver, the error between the exact value and measured
value should be considered in order to obtain more accurate
parameter estimations. In addition, this error cannot be evalu-
ated properly and corrected because of its complex influential
factors, e.g. the humidity, temperature, and load. According
to the guide to express the uncertainty in the measurements
(GUM) that is published by the joint working group of the
International Electrotechnical Commission (IEC), the Interna-
tional Organization for Standardization (ISO), etc. [30], the
uncertainty in the measurements can be used to describe the
distribution of the error deviations where the error in the
measurements is seen as a stochastic variable.

Thus, if we define the voltage or current phasor at the
M or N terminal as the combination of the amplitudes and
angles, the collected value vectors from the PMUs can be
expressed as X0 = [Ug Ug Iy Ig)T and X208 =
05 0% o5 %" where UC and 6° are respectively the
voltage amplitude and angle of collected voltage phasors at
the M and N terminals, and where /¢ and ¢° are the current
amplitude and angle of collected current phasors at the M and
N terminals. Furthermore, the true value vector of the actual
phasors can be expressed as Xomw = [Uf; UL If,  I"Y
and X{n% [0, 0% o o%]T where Ut and 6' are
respectively the voltage amplitude and angle of true voltage
phasors at the M and N terminals, and where I* and ¢* are the
current amplitude and angle of true current phasors at the M
and N terminals. Then we define two 4-dimensional vectors
e = [eyu  enu T as the errors between

eMI €N1]

TABLE I: Maximum uncertainty in measurements

Voltage amplitude (%) Current amplitude (%) Voltage angle (degree) Current angle (degree)
1 1 0.667 1

amp amp ang __ T
Xcollect and Xtrue » alalr(il e = [624119 ENO EMo eN(j)} as
the errors between X} . and X 1%, such that:

amp __ yramp amp
Xcollcct - Xtrue © (14><1 +e ) (5)
ang _ yrang ang
Xcollect - Xtruc +e

where 1441 is the unit vector of four rows and the symbol ®
represents the Hadamard product.

III. MODEL THE UNCERTAINTIES IN THE MEASUREMENTS

To model the uncertainty in the measurements, the am-
plitude error e*™P and angle error e*'¢ are considered as
stochastic variables subject to specific distributions. These
specific distributions of errors can be given by the supplier
of the PMU or by big data algorithms, e.g. [31]. In the
worst case that no distributions of errors are available, the
maximum bound of the uncertainty in the measurements of
the PMU will usually be known [32], [33] and the normal
distribution will be recommended to model the distribution
of errors as indicated in the GUM. For instance, assuming
that no information about the distributions of the errors is
available, however the maximum uncertainty in the mea-
surements of one certain PMU using the 1S accuracy class
current and voltage transformers is given, as listed in Table
1 [33]. Based on the character of the standard deviation in
the normal distribution, the maximum uncertainty boundaries
can be approximately seen as end points of the confidence
interval between p £ 3o (the error has 99.7% possibility to
lie in this interval) where p and o are the expectation and
standard deviation of the normal distribution, and as a result,
the distribution of error can be obtained. Define f2™P and f2"¢
as the probability density function (PDF) of e*™P and e®"®

individually where f2™P = [famp  famp  gamp  famp)T
ang __ ang ang ang ang]T
and f@ - [ eMu fENU eM1 ENI ]

IV. REDUCE THE UNCERTAINTY IN MEASUREMENTS

In order to evaluate the true values defined as X and
X8 by using the collected values and PDFs of e*™ and
e®"&, theoretically both the MLE method and the method of
moments can be used. However, considering the case that all
the errors are subject to the normal distribution, the expectation

. amp (-rang
and variance of X __,- . are both related to the parameter X . ;

that is required to be estimated. Simply using the least squares
method (for the first moment) to estimate the parameter Xfr?fé
will lead to a loss of accuracy because of neglecting the
variance of X% . Thus, the MLE method is a better method
to address the estimation problem. Therefore, we introduce the
MLE method to estimate undetermined parameters as follows:

1) Derive PDFs: According to the PDFs of e¢*™P and e?"&

as well as (5), the PDFs f2mP and f218 of X"\ and X7"¢

collect collect



can be obtained such that:
fumme (XColloer) = fomme (Xirue © (Isx1 + €™P))
fIa"g (X:(?I%ect) = ffa“g (X&Iili + eang)

where X{7Y and X{,.5 are values required to be evaluated.

2) MLE: According to (6) and using the sampling points

(6)

Xeoleet(to — n) o X0 (to) and X% (to — n) to
X208 .+ (to), the maximum likelihood functions can be ex-
pressed as:
. n
LX) = sup ]| (Xt | Xire ()
true k:l (7)
LX) = sup ]| p(X it | Xine (k)
true k=1

where L(-) is the MLE function and p(X2'P | X0 (k))
is the probability of X2 (k) that can be expressed by the
parameter X/.\.". Because the distributions of ¢*™P and e*"&
will be influenced by environmental factors, e.g. humidity,
temperature, load level, and so on, the distributions may vary
during long time periods [34]. Thus in (7), a large n value is
not recommended and the value of n can be set to a number of
sampling points during which the environmental factors have
little influence on the distribution e.g., the number of points in
a time period of 0.5 s [35]. According to (7), the best estimated
values X2 and X% can be obtained. Then, substituting the
estimated results obtained from (7) into (4), the estimations of

parameters of the transmission line can be obtained as follows:
21 =1 +1i%1 =%
i =iby = /%
L (Bl )~ G0 4550
D UX I £ (0% + 0ks) — UNIK Z(0h + 64)
. \/ (0%)*£(20%) — (U%)*£(20%)
(I4)>£(20%) — (IX)>£(20%) )

By solving (8), the estimated values 2; and ; can be
obtained. In addition, these estimated values will largely
reduce the uncertainty in the measurements. In Section IV,
the parameters evaluation will be illustrated specifically based
on a practical transmission line model and the uncertainties in
measurements subject to normal distributions.

After obtaining the estimated parameters of the transmission
line, we can use following equation and measured phasors after
a fault occurs to obtain the fault location L:

_ Ui — Uni + D(f1 +id1) 1,
D(fy +i21) (I3 + 13y)
The nomenclature, illustration, and derivation can be found in
the appendix.

€))

V. CASE STUDY

In the first subsection of this section, a simulation case
study will be presented to show the influence of the uncer-
tainty in the measurements on the fault location algorithm
and the effectiveness of the proposed uncertainty reduction

TABLE II: Transmission line parameters

S Resistance Inductance Capacitance
equence  /km) (H/km) (F/km)
Positive 0.0386 1.02846 - 10~%  11.575-107°

Zero 0.2955 3.377-1073 7.2-107°

TABLE III: Parameters of the sources

Terminal ~ Voltage (kV) Angle (degree)  Impedance (£2)
M 400 30 0.1014 4-18.0133
N 400 0 1.128 4+116.0391

TABLE IV: Parameters of the uncertainty distributions

Distributions Expectation Standard Deviation
eMuU 0.0001 5-1073
enu 0 5-1073
eM1 0.0003 5.1073
eNI 0 5-1073
emeo 0.001 rad 581073
ENg Orad 5.8-1072
eMep 0.001 rad 8.7-1073
eNg Orad 8.7-1073

method. In addition, the influence of the uncertainty in the
measurements on the parameter evaluation and the positive
sequence impedance fault location method will be analyzed.
In the second subsection of this section, the effectiveness of
the proposed MLE method will be illustrated.

A. Background set-up

The transmission line used in this case study is a 500 km
long transmission line whose standard fundamental frequency
is 50Hz and its topology is shown in Fig. 1 [36]. The
parameters of this transmission line are listed in Table II. The
parameters of the sources at the M terminal and the N terminal
are listed in Table III where the “Voltage” and “Current”
represent the line-to-line voltage and current respectively. The
PMUs compute the current and voltage phasors 50 times
per second. The number of samples n in (7) is 25 [35]
where during a period of 0.5 second, environmental factors
have little influence on the distributions of the uncertainties
in the measurements. In addition, the distributions of the
uncertainties in the measurements are assumed to be normal
distributions whose parameters are listed in Table IV where
the unit of the angle error is “rad”.

B. Influence of uncertainty in measurements on fault location

During the normal operation status (no faults occurring),
the true value of the voltage and current phasors at the M
and N terminals simulated by MATLAB/Simulink are listed
in Table V. After adding the uncertainties, which are subject
to the normal distributions whose parameters are shown in
Table IV, to the measurements of the phasors, the phasors
are distorted as seen in Fig. 2.



TABLE V: Voltage and current phasors

Phasor Amplitude (kV or kA) Angle (degree)
Ulf/[ 188.4414 28.02
Uf\’I 186.7095 3.8564
Iy 0.8131 28.6925
I 0.7931 -165.7
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Fig. 2: Distorted phasors

In Fig. 2, the red line represents the exact value and the
circles represent values distorted by the uncertainty in the
measurements. In all the sub-figures of Fig. 2, 20 scenarios of
the uncertainty are generated by a Monte-Carlo method based
on the distributions whose parameters are shown in Table
IV. In Fig. 2, it can be seen that both the amplitudes and the
angles are distorted slightly, within quite small intervals that
are no larger than 2% in the amplitudes and not larger than
0.04/rad in the angles. After substituting the distorted values
into (4), the transmission line parameters can be evaluated as
shown in Fig. 3.

In Fig. 3, the positive sequence transmission line
parameters distorted by the uncertainty in the measurements
are indicated by circles and the exact positive sequence
transmission line parameters are indicated by red plusses.
All these points are computed using the voltage and current

0335
o
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= 0331 o O
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(b) Distorted positive sequence admittance

Fig. 3: Distorted positive sequence transmission line parame-
ters

phasors obtained from Fig. 2. According to Fig. 3, it can be
seen that the variations of the transmission line parameters
are large (16% for the impedance and 8% for the admittance).
From Fig. 2 and Fig. 3, it can be concluded that even slight
distortions in the measurements caused by the uncertainty in
the measurements can result in large distortions in calculated
transmission line parameters. Then according to (9), the gaps
between the fault location calculated by exact transmission
line parameters and calculated by the distorted transmission
line parameters are listed in Table VI.

In practical operation of a transmission line, the fault
can occur anywhere along the line, while different fault
locations may cause different fault characters. Thus, different
fault locations are usually considered when evaluating and
examining the performance of a fault location algorithm.
These fault location cases are usually dispersed along the line.
Thus, in Table VI, we have selected 5 fault locations and the
distances between these 5 fault locations; the M terminal are
set to 50km, 125km, 250 km, 375 km, 450km respectively.
In addition, by considering 5 different fault locations, we
also intend to examine whether our proposed MLE method is
effective for all fault locations, and whether the fault location
gaps between the exact value and the calculated value are
influenced by the different fault locations. Note that the gaps
listed in Table VI are all relative values, so not absolute
values. Thus, a positive or negative value represents whether
the distance between the calculated fault location and the M
terminal is larger than or less than the distance between the
exact fault location and the M terminal.

In Table VI, it can be seen that the gaps are large and
even sometimes the gap is larger than 1km, which cannot
be ignored in the practical fault maintenance. A gap larger
than 1km will actually result in an additional 2km search



TABLE VI: Fault location gaps considering the uncertainty in the measurements

Fault location (km)

Scenario
50km 125km 250km 375km 450km

1 0.1 0.221 -0.187  -0.053 -0.318

2 -0.06 -0.125  -0.051 0.088 -0.366

3 -0.168  -0.032 0.178 0.890 0.002

4 0.327 -0.160 -0.036 -0.033 -1.161

5 -0.166  -0.005 0.049 -0.644 0.500

6 -0.271 0.241 0.014 0.449 0.910

7 0.333 0.112 -0.243 -0.214 0.724

8 -0.225 -0.14 -0.198  -0.201 0.035

9 0.446 0.023 0.144 0.081 0.564

10 0.325 0.062 0.042 0.026 0.944

11 0.048 0.067 -0.044  -0.026 0.023

12 -0.01 0.131 -0.095  -0.017 -0.253

13 0.104  -0.045 0.167 -0.023  -0.120

14 0.306  -0.052 0.146 -0.265 0.796

15 0.034 0.115 -0.054  -0.831 0.025

16 0.197 0.069 -0.337  -0.102 0.265

17 -0.184  0.044 0.089 0.885 0.957

18 0.270 0.012 0.328 0.097 0.065

19 0.146 0.138 -0.228 0.318 -0.404

20 0.113 0.157 0.203 0.067 0.98
work by the maintenance personnel, which means a large 0325 °
additional cost. In addition from the comparison between G 0.3245 o
the columns of Table VI, it can also be observed that the § 0.324 o o 0<9 08 0
variance of gaps for the fault at 125km is smaller than $ 03235 o ° % + ® o
at any other location. That is because during the fault 0323
location calculation (see (9)), the variance of the gaps is 00% 0065 0037 00375 003 003 000 003 004
transmitted from the uncertainty in the measurements to the 10 Resistance/Q
fault location result. Thus, the variance of the gaps changes a7 °
following the changes in the parameters in (9), including % o 0
the measured voltage and current values after a fault has 5 o © o ® o o
occurred. It can be seen that the variances of the gaps for goe ° °+ 0, o,
different fault locations are different because different fault @ o
locations lead to different measured voltages and currents 8o e : o : - : -
after a fault has occurred. Moreover, because the different Conductancels <10%

values of fault resistances also result in different voltage and
current values after a fault has occurred, it can be inferred
that the fault resistance also influences the variance of the gap.

C. Simulation results of the proposed method

As 1illustrated above, the influence of the uncertainty in
the measurements on the positive sequence impedance fault
location method cannot be neglected. Thus, this subsection is
designed to show the effectiveness of the proposed method in
reducing the uncertainty in the measurements.

Firstly the PDFs of e?™P and e®"& are normal distributions
that can be expressed by X2™P and X8 which are
required to be estimated. Then according to the PDFs of

e®™P and e*"® and (5), the distributions of X7P . and

Fig. 4: Estimated transmission line parameters using MLE
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PDFs of X70\P . and X2"%  are respectively fymas and fyans
as defined in (6). Then, based on the PDFs, the parameters
can be evaluated by substituting the sampled data into (7).
The results of parameter estimations using MLE are shown
in Fig. 4.

More specifically, Fig. 4 shows 20 scenarios of the
uncertainty in the measurements. The red plus represents
transmission line parameters obtained from the exact voltage

such

true true and



TABLE VII: Fault location gaps by using the MLE method

Fault location (km)

Scenario

50km 125km  250km 375km  450km
1 -0.00375 0.011 0.0048 -0.0530 -0.0495
2 -0.0083 -0.0193 -0.0124 -0.0571 -0.0400
3 0.0179 0.0066 -0.0007 0.0213  0.0585
4 0.0385 -0.0036 -0.0125 -0.1095 0.0917
5 -0.0340 -0.0015 -0.0525 -0.0114 -0.0499
6 0.0438 0.0205 0.0143  0.0055 0.0720
7 0.0233 0.0054 -0.0014 0.0082 -0.0068
8 0.0212 0.0019 -0.0079 -0.0516 0.1116
9 0.0035  -0.0125 -0.0229 -0.0119 0.0200
10 0.0270 0.0118 0.0029 0.0012 0.0216
11 0.0125 -0.0267 -0.0062 0.0604 -0.0377
12 0.0515 0.0235 0.0140 0.0053 0.0770
13 0.0011 -0.0041 -0.0166 -0.0131 -0.0712
14 -0.0033  0.0151 -0.0194 0.0082 -0.0051
15 0.0268 0.0094 -0.0097 -0.0203 0.0458
16 0.0568 -0.0115 0.0013 -0.0274 0.0777
17 -0.0057 -0.0125 -0.0117 -0.0438 0.0423
18 0.0390 0.0118 0.0146  0.0130 -0.0269
19 0.0404  -0.0069 -0.0132 0.0371 -0.0005
20 0.0033 0.0073 -0.0172 0.0959 -0.0277

and current phasors and the circles represent parameters
obtained from 25 sampled points under the uncertainty in
the measurements by using the MLE method to reduce the
uncertainty. It can be observed that the distortions of the
resistance, reactance, and susceptance are respectively 0.67%,
0.05%, and 0.015%. Note that the value of the conductance
is very small so that the distortion of the conductance can
be neglected. Comparing the results of Fig. 3 and Fig. 4,
the uncertainty in the measurements can be largely reduced
by using the MLE method in estimating the transmission
line parameters. Furthermore, gaps between the fault location
results using exact transmission line parameters and the
results using distorted parameters but addressed by the MLE
method are shown in Table VII.

By comparing Table VI with Table VII, different from the
analysis results of the Table VI, the gaps no longer influenced
by the measured terminal voltage and current phasors after
a fault has occurred. It can also be observed that the gaps
are largely reduced. Thus, the MLE method is suitable and
effective to reduce the uncertainty in the measurements when
the distributions of the measurement errors are known.

VI. CONCLUSIONS AND FUTURE WORK

This paper has analyzed the influence of uncertainty in the
measurements on the transmission line parameter estimations,
which in its turn influence the results of the fault location
methods. In this analysis, we have used the classic two-
terminal positive sequence network fault location algorithm

as an example. We have adopted the maximum likelihood
estimation (MLE) method to reduce the uncertainty in the
measurements by using the distribution of the uncertainty.
Simulation results show that even if the uncertainty in
the measurements only causes a slight distortion in the
measurements of less than 2%, the distortions on transmission
line parameter calculations can be even larger than 10%.
In addition, the gap between the calculated fault location
and the exact fault location is sometimes larger than 1km
for a 500km transmission line. Thus, the influence of the
uncertainty in the measurements cannot be neglected. By
using the proposed MLE method, both the distortion of
the transmission line parameters and the gap between the
calculated fault location and the exact fault location are at
least 10 times lower than when the proposed MLE method
is not used. Thus, the proposed MLE method is suitable and
effective to handle the uncertainty in the measurements.

Future work could investigate how to obtain more accurate
stochastic distributions of phasor errors by using big data
methods. Bayesian inference might be an effective way to
derive the error distributions by considering the different
environmental factors that influence the errors in the
measurements.

APPENDIX
FAULT LOCATION ALGORITHM

According to the mechanisms used in fault location al-
gorithms, the fault location algorithms can be categorized
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Fig. 5: Positive sequence network of the transmission line

into 2 main categories: fault analysis algorithms [37] and
traveling-wave-based algorithms [38]. Both the fault analysis
algorithms and traveling-wave-based algorithms are influenced
by inaccurately measured transmission line parameters. In this
paper we consider a typical fault analysis algorithm based on
the two-terminal positive sequence impedance [39], which is
widely applied for the transmission lines in China, because its
performance is independent from source impedance variations,
fault types, fault resistances, and fault distances. According
to the pi model of the transmission line [40], the positive
sequence network of the transmission line when a fault has
occurred along the line can be explained using Fig. 5:

In Fig. 5, the fault occurs at the location that is L km
away from the M terminal where the length of the whole
transmission line is D km. Note that in Fig. 5 all the impedance
and conductance parameters are positive values. In detail,
Zmi, ZNts Cmy = 1Dby/2, Cy1 = iDby /2, L(# + idy),
(D — L)(#1 + i%1) and R¢ are respectively the M terminal
equivalent impedance, N terminal equivalent impedance, shunt
capacitance between the fault location and the M terminal,
shunt capacitance between the fault location and the N termi-
nal, impedance between fault location and the M terminal,
impedance between fault location and the N terminal, and
the fault resistance. In addition, 71, 1, and I;l are evaluated
transmission line parameters that can be obtained by (8). Note
that all the phasors in Fig. 5 are fault components of the
positive sequence network by extracting the fault components
from the positive symmetrical components [41]. In detail, Eu,
UM1, IM1, Icn11 and 1! M are respectively the voltage of the M
terminal source, voltage at M terminal, current at M terminal,
current of shunt capacitance of the M terminal side and current
from the M terminal injecting into the fault point. The phasors
for the N terminal are defined similarly. Furthermore, ff1
is the current flowing through the fault resistance. Then the
Kirchhoff’s law functions concerning the fault location can be
formulated as follows:

Uni = L(#1 +id1) Iy + Un, (10a)
Uni = (D — L)(#, + id1)Iny 4 Up, (10b)
Iem1 = iDby U1 /2, (10c)

Ien1 = iDbUny /2, (10d)

Iy = hit — Lemt, (10e)

Iy =Iny — Iem (10)

where w is the angular velocity of the AC current. From (10),
we can derive the final fault location:
_ Uwmi — Un1 + D(#y +id1) I,
D(#y +id1) (I, + Iy)
After substituting (10c-f) into (11), the fault location L can
be expressed using the measured phasors UMl, IMl, UN1 and
IN1 that are collected after a fault has occurred. In practice,
the expression of the fault location has fluctuations during an
electromagnetic transient stage. Thus, a criterion should be
used to derive the fault location result, such that: if the gap
between the L value at time step ¢y and that at the next time
step to + 1 is less than a threshold 7, then the fault location
at time tq is L.

(1)
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