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Abstract—This paper presents a traveling wave-based fault
location algorithm for hybrid multi-terminal transmission
systems that consist of one onshore overhead line and multiple
offshore submarine cables. Such hybrid transmission systems are
common for interconnection of offshore wind farms to the main
grid. The input to the algorithm is synchronized transient voltage
measurements from all the receiving ends. These measurements
are obtained by optical voltage transducers equipped with global
positioning system (GPS) receivers for time synchronization. The
discrete wavelet transformation (DWT) is utilized to decompose
the mode-1 voltages at the receiving ends. The first wave arrival
times are then obtained by observing the squares of wavelet
transformation coefficient (WTC?2). The transient simulations
and the post-fault analysis are carried out using EMTP-RV and
MATLAB Wavelet Toolbox, respectively. The accuracy,
limitations, and capabilities of the proposed algorithm are
presented and discussed for different fault conditions.

Index Terms—Fault location, hybrid transmission systems,
submarine cables, traveling waves, wavelet transformation.

I. INTRODUCTION

OWADAYS, a growing number of wind farms are

deployed in offshore areas. Offshore wind farms are
often connected to the main grid via a hybrid transmission
system consisting of an overhead line, a collector bus, and
several submarine (subsea) cables, as shown in Fig. 1 [1], [2].
Accurate fault location is a necessary post-fault tool that
results in a quick system restoration after a fault and prevents
more economic losses. Fault location in submarine
transmission systems is a challenging task due to the following
reasons:

e Wind farms are mostly built in wild seas, which are
harsh working places for maintenance crews.

e Submarine cables are usually  Cross-linked
PolyEthylene (XLPE) insulated [1]-[3]. The fault arc
does not solidly burn through the entire XLPE
insulation [4]. Therefore, the fault path is available only
when the cable is energized, and thus, offline fault
location methods have limited practical applicability.

e Hybrid transmission systems have a relatively complex
structure that makes fault location a difficult task.
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Historically, fault location methods are mainly divided into
three categories [5]: power frequency-based (i.e., impedance-
based), traveling wave-based, and artificial intelligence-based
methods. In [6] and [7], it is shown that the zero-sequence
impedance of a fault loop and the fault location are not
linearly proportional for cross-bonded cables because of
discontinuities at the cross-bondings. References [8] and [9]
show that the impedance-based methods estimate the fault
location in cross-bonded cables only when the faulty major
section is identified. In [10], a fault location method based on
distributed sequential impedances is presented. This method
identifies the faulty section in cross-bonded cables for only
single-line-to-ground (SLG) faults. In [11], a power
frequency-based fault location method is presented that locates
SLG faults in underground cables without laterals. In [12], a
power frequency-based method is improved using
characteristic frequencies corresponding to every possible
fault location. Due to the above-mentioned limitations, power
frequency-based fault location methods have limited
applicability for cables.

Traveling wave-based fault location methods are more
accurate and reliable compared to power frequency-based
methods [13]. The advent of optical high-voltage transducers
together with high-frequency transient recorders (TRsS) makes
traveling wave-based methods practical [14]. In [15], fault
initiated traveling waves are extracted and used for fault
location. The use of discrete wavelet transformation (DWT)
for extracting the traveling waves from the modal voltages is
first proposed in [16]. Reference [17] presents a traveling
wave-based fault location method for three-terminal
transmission systems consisting of three overhead lines.
In [18], a fault location method based on current traveling
waves for multi-terminal transmission systems is proposed.
In [19], synchronized arrival times of the traveling waves are
utilized for faulty line identification and fault location in
overhead transmission grids. References [2] and [7]
demonstrate that the modal transformation reduces the cross-
bonding effect, and the use of traveling wave-based fault
location methods are thus applicable to hybrid transmission
systems. In [20], a single-ended traveling wave-based fault
location method for hybrid transmission systems consisting of
an overhead line and an underground cable is presented.
In [21], a support vector machine (SVM) classifier is utilized
for faulty segment and faulty half identification. This method
is applicable on the systems comprising one overhead line and
one underground cable. In [22], an online fault location
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method for underground cables is presented that uses sheath
currents. In [23], a traveling wave-based fault location method
is presented for a hybrid three-terminal transmission system
with one overhead line and two submarine cables. Hybrid
multi-terminal transmission systems are widely used for
interconnection of offshore wind farms to the main grid.
However, custom-designed fault location methods for the
mentioned systems have been less addressed in the literature
and still remain an open problem.

In this paper, the preliminary results in [23] are extended
and a traveling wave-based fault location method for hybrid
multi-terminal transmission systems consisting of one
overhead line and multiple submarine cables is presented. The
sensitivity of the proposed algorithm is evaluated for the
following parameters: fault type, grounding system, fault
inception angle (FIA), transducer bandwidth, TR sampling
frequency, fault resistance, non-ideal fault, and non-linear arc.
The advantages of the proposed method are: 1) It is not
severely affected by the fault parameters. 2) The proposed
method is based on an analytical solution and does not require
a large number of simulations for training data as required by
artificial intelligence-based methods. 3) It estimates fault
location via the weighted least squares (WLS) method, which
uses the first arrival times of fault induced traveling waves.
Therefore, the fault location errors due to measurement
uncertainties are reduced.

Our proposed fault location algorithm has the following
major steps: 1) Synchronized transient voltages of power
system terminals are measured through optical transducers
equipped with GPS signal receivers. 2) The Clarke’s
transformation is applied to the measured voltages for
obtaining the mode-1 voltages. 3) Discrete wavelet
transformation (DWT) is applied to the calculated mode-1
voltages, and the first arrival times are measured by observing
the squares of wavelet transformation coefficient (WTC?s). 4)
The faulty segment identification and fault location are
executed using the differences among the measured first
arrival times.

The remainder of this paper is organized as follows: in
Section |1, the proposed fault location method is provided. In
Section I11, an illustrative test case, the sensitivity assessment,
and comparison are provided. The conclusion is stated in
Section IV.

Il. PROPOSED FAULT LOCATION METHOD

The proposed fault location method is based on the
following assumptions and requirements: 1) Optical voltage
transducers are available at all power system
terminals [16], [18]. 2) The terminals are equipped with GPS
signal receivers for synchronizing the transient voltage
measurements [18]. 3) Measuring devices at the joint point
(so-called, collector bus, “J” in Fig. 1) are not required. 4) The
wave traveling time (i.e., the time that a traveling wave passes
along a segment) in each segment is known a
priori [2], [16], [17].
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Fig. 1. One-line diagram of hybrid multi-terminal transmission systems
(equipped with transient recorders and GPS signal receivers).
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Fig. 2. Lattice diagram of traveling waves initiated by a fault in Segment 1-J.

A. Theory of the Proposed Method

Synchronized transient voltage measurements are obtained
using TRs equipped with GPS signal receivers. DWT is
applied to the calculated mode-1 voltages, and the first wave
arrival times are measured by observing the WTC?s. Then,
the arrival time differences are compared to the a priori known
wave traveling time differences. This provides sufficient
information for identifying the faulty segment. Once the faulty
segment is identified, the fault location is estimated.

Fig. 2 shows the lattice diagram of a fault in the overhead
line (i.e., Segment 1-J). The fault induced first arrival times at
Terminals 1to N are

fl A 0 .. 01Ty tf &1

t 1-4) 1 .. 0f|r7 t &

t:z _|( : ) Lo O R |+ 2 1)
ZN (1 - /’{) 0 1 TN tf EN

where £, to £y [s] are the measured first arrival times at
Terminals 1 to N due to an unknown fault location on
Segment 1-J. A is the unknown ratio of the fault-to-terminal
distance to the faulty segment length as shown in Fig. 2. 7, to
Ty [s] are the known wave traveling times in Segments 1-J to
N-J, t; [s] represents fault inception time, which is also
unknown, and &~MN(0,62),Vi=12,..,N are zero-mean
Gaussian noises with ¢ variances. The noises are
independent, but non-identical. t; in (1), can be canceled out
by subtraction of any two arrival times. Therefore, £, is
defined as

Ern = B — £, Y(m,0) = 1,2, ., N )

where £,,, and £, [s] are the measured first arrival times, m and
n are terminal indices. Applying (2) to (1) yields

0 flz s le
di=|fm Dot Q
le ENZ s 0

where At is the matrix form of arrival time differences. Each

0885-8977 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2016.2589265, IEEE

Transactions on Power Delivery

.. Can have only one of the following general forms

Ern = (24 — 1Ty, — Ty + £y, if m-J is faulty
Emn = (1 — 27, + Ty + Epp, if -/ is faulty (4)
Tn = Tm — Tn + Emn, Neither m-J nor n-J is faulty

In the upper and lower triangular parts of the matrix A%,
there are (N — 1) elements related to the faulty segment and
the remaining elements are related to the non-faulty segments.

The differences between each pair of the wave traveling
times are shown with At as

0 14 .« Tin
N ©
Tvi Tyz - O

where 1, =T, —7,, and the wave traveling times are
known a priori. In order to compare A% with Az, the matrix A4
is defined as follows
A = |AT — AT| (6)

where |.| denotes the absolute value. 4 is a symmetrical
matrix with zero diagonal elements. Referring to (4) and (5),
the differences between each t,,,, and its corresponding t,,,
related to non-faulty segments are relatively small (i.e., they
are not exactly zero due to the measurement uncertainties).
Therefore, a 4,,, related to a non-faulty segment is relatively
small. On the contrary, the difference between each t,,, and
its corresponding t,,, related to the faulty segment is large,
and therefore, the corresponding 4,,, is large. Thus, the
largest values in 4 have an index (m or n) equal to the faulty
segment, and they are also located in one row and its
corresponding column. Accordingly, the row/column number
with (N — 1) maximal values indicates the faulty segment.

In order to identify the faulty segment, the matrix A4 is first
calculated. Then, the (N —1) maximal values in A are
identified. If they are located in the same row/column, the
row/column number (denoted by c*) identifies the ending
terminal of the faulty segment (i.e., all the segments have a
common end “J”, therefore, with one terminal index, the faulty
segment can be identified), and thus, the Segment c*-J is
faulty. Otherwise, the faulty segment is unidentifiable and the
proposed method is not able to find the fault location. The
ability of the proposed method in detection of the faulty
segment is discussed in Appendix A.

Once the faulty segment is identified, the elements on the
c*-th column of At are utilized to provide (N — 1) equations
for estimation of A as follows

tmer = (1 =207 + Ty + €, VM =1,2,...,N,m %
#c*

where c¢* is the terminal index corresponding to the identified
faulty segment (c*-J). 7.+ refers to the wave traveling time in
the identified faulty segment. t,, denotes the wave traveling
time in non-faulty segments. Equation (7) is written in matrix
form as

At (y_1)x1 = —2T(y_1yxat + Ty-1)x1 + Tv-1)x1 + ®)
En-1)x1

where

AT = [E4 B0 s Emer]T, VM = 1,2, ... ,N,m = ¢*

T = [T, Tpry oo, Ter )T

T= [Tl,rz,...,rm‘],Vm =12,..,Nm#c"

T
£= [sl—ec*,ez—sc*, v Em— ec*] ,vm=1.2,..,N,m +# c".

In order to make (8) more readable, b = t* + T — AT* is
defined, and (8) is rewritten as

2T(y_1)x1A = Bv—1)x1 T Ev-1)x1 9)

Equation (9) is an overdetermined set of linear equations,
therefore, A is estimated using the WLS method as

m/lin t"A—b)TR'(2T°2 - b) (10)

Additional explanations for the WLS-based method are
provided in Appendix B. Once A is calculated (i.e., the
estimated value of 1) the fault location is calculated by

EFD = AXL (11)

where EFD [mi] is the estimated fault-to-terminal distance and
L is the length of the identified faulty segment [mi].

B. Algorithm

Fig. 3 shows the flowchart of the proposed algorithm with
the following steps:

1. Transient three-phase voltages at all terminals are
synchronously measured through optical voltage
transducers equipped with GPS signal receivers.

2. The Clarke’s transformation is applied to the measured
voltages to obtain mode-1 voltages. The usage of mode-1
voltages reduces the effect of environmental
parameters [7].

3. DWT s utilized to calculate wavelet transformation
coefficients (WTCs). We use Daubechies-4 (db-4) mother
wavelet in scale-1 for time-frequency decomposition of
the synchronized mode-1 voltages at all terminals. A
typical fault induced distortion in the voltage waveform,
db-4 mother wavelet, and the resulted normalized WTC?
are provided in Appendix C.

4. The first wave arrival times (f) at all the terminals are
obtained by observing the WTC?.

5. Time differences between each pair of the synchronized
arrival times (£,,,) are calculated using (2).

6. In order to compare the matrix A% with Az, the matrix A
is calculated using (6).

7. (N — 1) maximal values in the matrix A are found.

8. If all the maximal values are in the same row/column, the
row/column number is denoted by c*, and the faulty
segment is c*-J. Otherwise, the faulty segment is
unidentifiable and the proposed method fails to find the
fault location.
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(1]‘ Synchronized transient voltage measurement |

(2)‘ Calculation of mode-1 voltages |

(3)‘ Calculation of WTC? (db-4, scale-1) |

(4)‘ Detection of first arrival times (f) ‘
w ~

(5)‘ Calculation of ¢, |
v

(6)‘ Calculation of the matrix A |
v

(7)| Finding (N-1) maximal values in 4 ‘

-
/// \.\\\
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(8) - values are in the same b
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Faulty segment is
unidentifiable, and the method
fails to find the fault location

row/column number is ~—
c*, and segment c*-l is
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(9)‘ Calculation of ‘

(10)‘ Estimation of fault location ‘
Fig. 3. The flowchart of the proposed fault location algorithm.

9. Having found the faulty segment, one can find 1 using
(10).
10. The fault location is estimated using (11).

In the following section, the simulation results and the
related discussions are presented.

I1l. SIMULATION RESULTS AND DISCUSSIONS

In order to evaluate the proposed fault location algorithm,
we used EMTP-RV and MATLAB Wavelet Toolbox to carry
out the transient simulations and post-fault analysis,
respectively. The test case is a 170-kV, 60-Hz, hybrid seven-
terminal transmission system. The transmission system
consists of one overhead line and six submarine cables, as
shown in Fig. 4. The frequency-dependent line and cable
models (EMTP FD and FDQ models) are used for the
overhead transmission line and cables. The lengths of the
segments and traveling times are provided in Table I. The
sheaths of the cables are assumed to be fully cross-bonded and
steel wire armour is continuously grounded [23]. Overhead
line specifications are based on [24]. Two different cable types
are used for submarine cables (i.e., Cable type 1 and 2 are
based on Nexans, “TKRA 170 kV” and “A2XS(FL)2Y RM
87/150 170 kV”, respectively [25]). Cable type 1 is used for
Segments 2-J, 3-J, and 4-J, and cable type 2 is used for the
Segments 5-J, 6-J, and 7-J. Transmission line transposition
increases its attenuation constant [26]. Therefore, the traveling
waves initiated by faults are more mitigated, and fault location
becomes more challenging. Accordingly, we used a fully
transposed overhead line in our simulation studies. In order to
consider the effect of measurement uncertainties, zero-mean
Gaussian noises with variances of (1}, x 0.01) are added to all
transient voltage measurements, and V}, is the peak voltage of
the system voltage [21]. Referring to Fig. 1, the main grid and
wind farms are simulated using voltage sources behind series
impedances with the following resistance and inductance

Submarine cable

f

“ 70 (] 12)

T5 (] 1)
WH‘U

Overhead transmission line

1] |
¥ 100 mi] ﬂ z oy 16)
- 45 [mi] 1(6)
]
50 [mi] 17)

Fig. 4. One-line diagram of the test case (seven-terminal hybrid system).
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Fig. 5. WTC?s of mode-1 voltages in scale-1, SLG fault in the overhead line
at 50 mi from Terminal 1, F; = 200 kHz, and Z; = 1 Q.

matrices:
1.8 04 04 0.0132 0.0053 0.0053
R, =104 1.8 0.4],Lm = [0.0053 0.0132 0.0053]
04 04 1.8 0.0053 0.0053 0.0132
25 0.8 08 0.0185 0.0074 0.0074
R, =108 25 08],L, = [0.0074 0.0185 0.0074]
0.8 0.8 25 0.0074 0.0074 0.0185

where R,,, [@] and L,, [H] are related to the main grid, R, [2]
and L,, [H] are related to the wind farms.

A. lllustrative Test Case

The steps of the proposed method for an SLG fault are
provided in this section. The SLG fault is located in the
middle of the overhead line (Segment 1-J) with the following
conditions: Z; = 1 Q, which is the fault impedance, FIA = 8°
and F; = 200 kHz, which is the sampling frequency of the
TRs. Fig. 5 shows the normalized WTC2?s and the
corresponding first arrival times based on steps 1 to 5,
described in “Section 11-B”. Table | provides wave traveling
time differences (At) and the measured arrival time
differences (4t). The matrix A is also provided in Table I, and
the six maximal values are located in the first row/column.
Hence, ¢* = 1, and therefore, Segment 1-J is identified as the
faulty segment. According to (8) to (10), the below vectors are
used to find the fault location in the identified faulty segment,
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TABLE |. TRAVELING TIMES IN DIFFERENT SEGMENTS

TABLE Il. RELATION BETWEEN FAULT TYPE AND ERROR

L1.J =100,
L,.; =10, L3y =15, L4y =20,
L5,J :40, LG,J 245, L7,J =50

T1y = 550,
T2, = 105, 135 = 155, 14, = 205,
Ts.) — 410| Te- — 460, T7-3 = 510

Segment Lengths [mi]*

Wave Traveling Times
(7) [us] at 75 kHz 2

0 445 395 345 140 90 40
|-445 0 —50 —100 —305 —355 —405]
|-395 50 0 —50 -255 -305 —355|

At=|-345 100 50 0 —205 -255 —305
140 305 255 205 0  —50 —100
—90 355 305 255 50 0 -50
—40 405 355 305 100 50 0 |
0 -100 —150 —200 —410 —465 -515
100 0 -50 -100 —310 —365 —415
150 50 0 —50 -260 —315 —365

Af=[200 100 50 0 -210 —-265 -315
410 310 260 210 0 -55 —105]

I465 365 315 265 55 0 —50|
|-515 415 365 315 105 50 0 J

[0 545 545 545 550 555 555]
|545 O 0 0 5 10 10|

|545 0 0 0 5 10 10 |
A=|545 0 0 0 5 10 10
550 5 5 5 0 5 5
555 10 10 10 5 0 0
[555 10 10 10 5 0 0 J

! L denotes segment length.

2 As sampling frequency is 200 kHz, the measurement frequency contents are
up to 100 kHz, and in wavelet scale-1, the frequency range from 50 to 100
kHz is considered. Therefore, wave traveling times at 75 kHz are utilized.

At =[100,150,200,410,465,515]7,
" = [550,550,550,550,550,550 ]7,

T = [105,155,205,410,460,510]7, and
b = [555,555,555,550,545,545 ]”.

The system voltage is 170 kV and noise variances in all the
measurements are 170000 x /2/3 x 0.01, therefore,
R = diag(2800,2800,2800,2800,2800,2800) based on
Appendix B. The estimated 1 is A = 0.50075 and the fault
location is calculated using (11) as EFD = 0.50075 x 100 =
50.075 mi. The fault location errors are finally calculated
using
|AFD — EFD|

L
where err is the fault location error, AFD [mi] is the actual
fault distance, EFD [mi] is the estimated fault distance, and L
is the faulty segment length [mi]. The error related to the

150=50.0751 1y = 0.075%.
100

err = x 100% (12)

illustrative case is

B. Sensitivity Assessment

In this section, the sensitivity of the proposed algorithm is
evaluated for the following parameters: fault type, grounding
system, FIA, optical transducer bandwidth, TR sampling
frequency, fault resistance, non-ideal fault, and non-linear arc.

1) Fault Type and Grounding
In this paper, all five types of fault (i.e., single-line-to-
ground (SLG), line-to-line (LL), line-to-line-to-ground (LLG),

Faulty | AFD Fault Type
Seg. [m] | sLG LL LLG 3L 3LG
1 0.174 0.174 0.173 0.173 0.173
1-J 50 0.080 0.080 | 0.080 | 0.079 | 0.080
99 0.296 0.294 0.295 0.295 0.294
1 3.010 3.010 | 3.012 | 2.998 | 2.998
2-J 5 0.375 0.374 0.374 0.372 0.372
9 8.174 8.174 8.175 8.167 8.167
1 3.454 3.455 | 3.454 | 3.454 | 3.454
3-J 7 0.146 0.146 0.146 0.143 0.144
Error 14 7.059 7.048 | 7.091 | 7.052 | 7.051
[9%] 1 2.687 2.692 2.698 2.688 2.689
4-) 10 0.198 0.198 | 0.201 | 0.198 | 0.198
19 5.375 5374 | 5.376 | 5.366 | 5.366
1 0.268 0.268 0.267 0.266 0.266
5-J 20 0.013 0.012 | 0.012 | 0.011 | 0.011
39 0.467 0.467 0.468 0.468 0.466
1 0.335 0.334 | 0.334 | 0.332 | 0.332
6-J 22 0.012 0.012 | 0.012 | 0.011 | 0.011
44 0.499 0.504 | 0.505 | 0.488 | 0.487
1 0.272 0.273 0.273 0.272 0.272
7-J 25 0.017 0.015 | 0.016 | 0.014 | 0.014
49 | 0406 | 0.404 | 0.407 | 0.405 | 0.404
5 < 10° . 105
Pht PhZ Pn3 ~ ~
s/ N/ ‘\.‘ /X s Ph-1 Ph2 Ph3 JAVAN
] “ by NS \ woqp \\/ A / \
z \ XN \ : A A A \
% 0 ‘ \ ¥ I\ ‘L“.‘ /// E 0 .’/ '\_\ \\ ¥ ¥
= \'\,_/ \\‘ / L\ z 2 . \ )4
2 @) - \ -3 ®) .
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time [ms] Time [ms]

Fig. 6. Three phase voltages at Terminal 2 (SLG fault in the middle of
Segment 2-J, Z; =1 Q, FIA = 8°). (a) Grounded system. (b) Ungrounded
system.

three-phase (3L), and three-phase-to-ground (3LG)) are
studied. The magnitudes of the traveling waves increase for
multiple-phase type of faults. Therefore, the signal-to-noise
ratio (SNR) increases, and the fault initiated traveling waves
are more detectable. Table Il provides the average of the fault
location errors for 1000 Monte Carlo simulations (MCSs)
(Zr =1 Q, FIA =8°, Fs =200 kHz) at different locations.
In each MCS, Gaussian random numbers are added to the
simulated transient voltages to account for the measurement
noises. As it is observed in Table Il, the proposed method is
not affected by the fault type since the traveling waves
initiated by SLG faults are large enough to be detected.

The effect of grounding system is also studied in this paper.
Although the fault currents are smaller in ungrounded systems
compared to that in grounded systems, the voltages are more
distorted in ungrounded systems, as shown in Fig. 6 (SLG
fault in the middle of Segment 2-J, Z; = 1 Q, and FIA = 8°).
Therefore, the traveling wave magnitudes are larger and more
detectable. As the proposed method is less efficient in
grounded systems, the studies are limited to grounded
systems.

2) Fault Inception Angle (FIA)
FIA affects the severity of the traveling waves initiated by a
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TABLE Ill. EFFECT OF FIA

Faulty AFD [mi] FIA[?]
Segment 5 6 7 8
1.3 1 N/A N/A v v
99 N/A N/A N/A v
2.3 1 N/A v v v
N/A v v v
3 1 N/A v v v
14 N/A v v v
4 1 N/A v v v
19 N/A N/A v v
5. 1 N/A v v v
39 N/A N/A v v
63 1 N/A N/A v v
44 N/A N/A v v
7.3 1 N/A N/A v v
49 N/A N/A N/A v

N/A shows that the proposed method is not applicable.
V' shows that the proposed method is applicable.

TABLE IV. RELATION BETWEEN THE SAMPLING FREQUENCY AND ERRORS

Faulty | AFD F Error | Faulty | AFD F Error

Seg. [mi] [kHz] [%] Seg. [mi] [kHz] [%]
B 0wt M | 2 oo
2 | 5 Sofosr] % | 2w oo
2 | 7 Setie] M| B [w oo
sl B

fault. As the FIA of a fault decreases, SNRs of the arriving
waves decrease. Thus, detection of the traveling waves, and
estimation of the fault location become more challenging. This
concept is shown in Appendix C. Table Il shows the effect of
FIA on the proposed method. As the closest locations to the
terminals and joint point are the most challenging locations for
the proposed method, SLG faults with different FIAs at those
places are studied and the results are given in Table Ill. The
location of the faults with the minimum FIA of 8° are
estimated by the proposed method (Z; = 1 Q, Fs = 200 kHz).
However, the location of the faults with smaller FIAs can be
estimated for segments with lesser attenuation factors (i.e.,
attenuation factor equals e =%, where « is attenuation constant,
L is segment length [mi], [27]) or in less noisy situations.

3) Measuring Device Characteristics

An optical voltage transducer has a limited bandwidth.
According to the Nyquist-Shannon’s sampling theorem,
frequency contents up to half of the sampling frequency of
TRs can be measured. Hence, transducers together with TRs
filter out high frequency contents of the transient voltages, and
thus, the sharpness and magnitudes of the measured arriving
waves reduce. Consequently, they become less detectable by
DWT. Furthermore, as sampling frequency decreases, the
proposed method resolution decreases [28]. Table IV shows
the relation between the sampling frequency and the proposed
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Fig. 7. Noise and arriving waves for a fault in the middle of Segment 1-J
(F; = 500 kHz, Z; = 1 Q, FIA=8°). The arriving waves at Terminals 1 to 4
are distinguishable from noise. However, the arriving waves at Terminals 5 to
7 disappears in the noise because of the larger attenuation factors of Segments
5-J,6-J and 7-J.

algorithm accuracy for SLG faults at the given locations (Z; =
1 Q, FIA = 8°. It is noted that the accuracy of the proposed
method increases as sampling frequency increases. On the
other hand, the attenuation constants of the line and cables
increase for higher frequencies of traveling waves. Therefore,
the higher frequencies of traveling waves mitigate more and
the traveling waves received at the terminals fade in the noise.
Fig. 7 shows normalized WTC?s related to the arriving
waves induced by a fault identical to that in the illustrative test
case. However, the sampling frequency is 500 kHz. It is
observed that the arriving waves are well-distinguishable from
the noise in Segment 1-J whose attenuation factor is 0.6274 at
187.5 kHz (for 50 mi, @ = 0.009323). Cable type 1 is used
for Segments 2-J, 3-J, and 4-J and their attenuation factors are:
0.4365, 0.2885, and 0.1906 at 187.5 kHz, respectively (a =
0.082897). Therefore, the arriving waves are still
distinguishable from the noise as shown in Fig. 7. Cable type 2
is used for Segments 5-J, 6-J, and 7-J and their attenuation
factors are: 2.8833 x 107*, 1.0403 x 10~*, and 3.7537 x
1075 at 187.5 kHz (a = 0.203785), respectively. Therefore,
arriving waves mitigate more, and consequently, the traveling
waves disappear in the noise. Thus, the attenuation factors
limit the highest applicable sampling frequency. However,
higher sampling frequencies can be utilized in a less noisy
situation, with higher DWT scales such as scale-2, or using the
suggestions in [29] and [30] for reducing the noise effects.
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Fig. 8. The mode-1 voltages at the overhead line terminal for faults in the
middle of the overhead line, Z; = R + j X, = 10 Q and X/R ratio is variant.

4) Fault Resistance

The proposed method is evaluated for a range of fault
resistances. As the fault resistance increases, the magnitudes
of the fault initiated traveling waves decrease. Therefore, the
traveling waves are prone to vanish because of attenuation
factors and noises. The proposed method is able to estimate
the location of a fault with a resistance up to 150 Q (FIA =
8° and F; = 200 kHz).

5) Non-ldeal Faults

In this section, the effect of fault impedance (Z in Fig. 4)
on the proposed method performance is studied. As a common
practice, a resistive Z¢ is considered in the literature. However,
when a fault occurs between phases and ground wires or
towers, the inductive part of Z, becomes larger [31], [32]. Fig.
8 shows the effect of inductive fault impedances on traveling
wave shapes. Total fault impedance is constant in all the cases,
however, the X/R ratio varies (Zr = R + jX;, = 10 Q). The
fault impedances with larger X/R ratios generate traveling
waves with smooth shapes. Consequently, the detectability of
traveling waves degrades. Our simulation studies indicate that
faults with X /R < 71, which correspondsto L/R < 0.19 H/Q,
and FIA > 8° enable traveling waves to be detectable using
DWT with db-4 mother wavelets and F;, = 200 kHz. As stated
in [31] and [32], the inductive part of a fault impedance is
usually small compared to its resistance. Hence, the proposed
method is not affected by usual inductive faults in power
systems. As for R-C fault impedances, the capacitive part does
not make the traveling wave smooth. Therefore, R-C faults do
not affect the proposed method performance.

6) Non-Linear Arc
The proposed algorithm is evaluated for long non-linear

arcs that can occur in the overhead segment. A long arc is a

non-linear fault influenced by a number of factors (e.g., the

convection of the air and plasma, wind speed, pressure, and
humidity) [33]. An arc in the air has two main stages:

e The first stage is the arc leader propagation in which the
air gap breaks down and provides an ionized hot plasma
channel [33] and [34]. The arc leader propagation for
string insulator or rod-plane is modeled as [33]
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Fig. 9. The effects of arc leader propagation and long arc on the proposed
method (fault in the overhead line at 50 mi from Terminal 1, Fg = 200 kHz).
(a) The current through arc channel. (b) The mode-1 voltage at Terminal 1.
(c)-(i) Normalized WTC?s at Terminals 1 to 7.

v? Vi X

D-n" k2 (D —x) Y (13)
i=C.V.v

where v is the arc leader propagation velocity [m/s], V [V] is
the voltage across the air gap, i is the pre-discharge current
[A], D and x [m] are the gap and leader lengths, respectively,
and C; =5 x 1071% F/m according to [33]. We assume D is
0.3 m. The following parameters are utilized for simulations
mostly based on [35]: V =V, sin(2r X 60 x t), V, = 138.8
kV that equals to 170 kV (LL-RMS), k; =2 x 10~7 and
k, = 3 x 1073 for both positive and negative leaders.
e The second stage considers the dynamic behavior of an
established long arc in which the arc resistance is non-
linear and time-variant. Long arcs are modeled as [36]

Rere =1/g
dg/dt=1/1 (G - g)
G = |iarc|/Vst

where R,,.. [Q] is the time-varying arc resistance, g [S] is the
time-varying arc conductance, i,,. [KA] is the arc current, G
[S] is the stationary arc conductance, T [s] is the arc time
constant, and Vy, [kV] is the stationary arc voltage, defined as

(15)

where u, [V/cm] is the constant voltage per arc length, » [m
Q/cm] is the arc resistance per length, and [ [cm] is the arc
length. The following parameters are utilized for the
simulation study: T = 1073 s, uy = 12 V/cm, r = 2 mQ/cm,
and [ = 40cm.

Similar to the illustrative test case, the arc fault is located at

U=k1

(14)

Vse = (Uo + 7. Jigre]) X 1
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50 mi from Terminal 1 and F; = 200 kHz. The fault current
through the arc is shown in Fig. 9(a) to demonstrate the arc
leader behavior. As it is observed, there is a sharp increase in
the arc current during the first stage that generates large and
sharp traveling waves. Fig. 9(b) shows the mode-1 voltage at
Terminal 1 in which a sharp change in the voltage waveform
is observed due to the fault induced traveling waves. Fig. 9(c)-
(i) show the resulting WTC?2s and their corresponding arrival
times. The estimated fault location error is 0.08%. Thus,
considering the second row of Table Il, the proposed method
accuracy does not deviate for non-linear arcs since they
generate sharp large-amplitude traveling waves.

C. Error Assessment

One thousand MCSs for SLG faults (Z; = 1 Q, FIA = 8°,
and Fg = 200 kHz) at every mile along the segments are
carried out. A small portion of the faults are not correctly
identified due the measurement uncertainties. The
unsuccessful fault locations in the case studies are as follows:
a) For faults at 99, 98, 97, and 96 mi from Terminal 1, the
faulty segment is not correctly identified in 78, 58, 29, 8% of
MCSs, respectively. b) For the faults at 44 mi from Terminal
6, 9% of the faults are not correctly identified. c) For the faults
at 49 and 48 mi from Terminal 7, 16 and 8% of the faults are
not correctly identified. For the other locations, the faults are
identified in all Monte Carlo case studies.

Fig. 10 shows the average of the fault location errors in the
logarithmic plane for all segments. A common trend is
observed in all the segments, that is, the fault location errors
decrease for the faults in the middle of the segments.
Additionally, the faults close to the terminals and joint point
lead to higher fault location errors. Furthermore, the faults
close to the joint point result in higher errors compared to the
faults near the terminals in accordance with [18], [20],
and [21]. The fault location errors in the cables are larger
compared to the errors in the overhead line since (12) is used
for calculation of the errors and the shorter lengths of the
cables lead to larger errors. The average errors related to the
Segments 2-J, 3-J, and 4-J are larger compared to the errors in
the literature because the lengths of these segments are shorter
than the lengths in the literature [18]-[21] and [37].

D. Cable Aging

The inductance of a cable increases with cable aging.
Therefore, traveling wave velocity decreases, and
consequently, wave traveling time increases [38]. As the
proposed method is based on a priori known wave traveling
times, its accuracy degrades with cable aging. This
shortcoming can be addressed by introducing a correction
factor, which translates the changes in cable parameters to a
change in traveling wave velocity. The correction factor can
be determined by carrying out site tests in certain time
intervals or by employing a parameter estimation tool.

E. Comparison

The accuracy and requirements of the proposed method are
compared with the existing methods in the literature. The
average errors are calculated and presented in Table V for

1 2 5 10 20 50 100
Fault-to-Terminal Distance [mi]
Fig. 10. Fault location errors along the segments, Z, = 1 Q, FIA = 8% Fs =
200 kHz.
TABLE V. COMPARISON OF THE FAULT LOCATION METHODS

T(S)ﬁ)tleongﬁjly SIA* | PIT? A\I/Eer.rcfg/o ] Noise (’)\‘ful\rﬂn:g Ref.
uc? _ P 274 No 1 [10]
1-Segment
1-S;Jgrcnent - P 1.73 No 1 [11]
1-Stsé?nent - T 1.132 Yes 1 [39]
2-SeLé](r:nent S T 0.43 No 3 [40]
Z-Eggrtrignt - T 0.81 Yes 1 [21]
Z-Eggrtrignt S T 03 Real 4 2 [41]
3-$eyrtr]:i(rjma| S| T 1.37 No 3 [23]
7-$eyrt;fr1ii?1a| s | T 0.36 Yes 7 P'\r/loeptﬁzzd

1 S/A indicates synchronous or asynchronous measurements.

2 P/T indicates power frequency-based or traveling wave-based fault location
methods.

3UC indicates underground cable.

4 Only one real experience is reported.

providing an insight into the accuracy of other methods. As it
is observed from Table V, traveling wave-based fault location
methods are more accurate compared to power frequency-
based (i.e., impedance-based) methods. It is also observed that
the proposed method has less error compared to the existing
methods, however, it requires synchronized transient recorders
at all terminals which can be economically justified for
important transmission systems such as offshore wind power
interconnection.

IV. CONCLUSION

This paper proposes a traveling wave-based fault location
algorithm for hybrid multi-terminal transmission systems
consisting of one overhead line and multiple submarine cables.
Hybrid transmission systems are common for interconnection
of offshore wind farms to the main grid. The proposed
algorithm uses synchronized transient voltage measurements
at all ending terminals. The measurements are provided using
optical voltage transducers equipped with GPS signal
receivers. The mode-1 voltages at all terminals are calculated
using the Clarke’s transformation. Discrete wavelet
transformation (DWT) is then applied to the calculated mode-
1 voltages to obtain the time-frequency components. The
squares of wavelet transformation coefficients (WTC?s) of
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mode-1 voltages are observed to detect the arrival times at the
terminals. The proposed faulty segment identification
algorithm and fault location formulation are based on the
differences among the first arrival times at all terminals. The
effectiveness of the proposed method is evaluated through
simulation results of a hybrid seven-terminal transmission
system. The transient simulations and the post fault analysis
are carried out using EMTP-RV and MATLAB Wavelet
Toolbox, respectively. The performance of the proposed
algorithm is studied for the following conditions: fault type,
grounding system, fault inception angle (FIA), transducer
bandwidth, measurement device sampling frequency, fault
resistance, non-ideal fault, and non-linear arc. According to
the simulation results, the proposed method is able to identify
the faulty segment and estimate the fault location. However,
its performance reduces in the case of the faults close to the
joint point and ending terminals.

APPENDIX A

The ability of the proposed method in detection of faulty
segments is discussed in this appendix. The proposed method
has no mathematically unidentifiable zones, i.e., the faulty
segment can be identified for a fault close to the joint point or
terminals, provided there is not any uncertainty in the
measurements. In order to justify the above claim, if there is
no uncertainty in arrival time detection, ¢ is removed from (1)
and (4). Therefore, the arrival time differences are

Enn = 21 — D1,y — 1, if m-J is faulty
tn = (1 = 21, + 7., if n-] is faulty
tmn = Tm — Tp, Neither m-J nor n-J is faulty

(16)

Considering (6), the elements of the matrix 4 are
Ay = 12A = D1y, — Ty — (T — To) |, if m-J is faulty
DA = |1 = 2D 10 + T — (T — ‘I,'n)|, if n-J is faulty
Apn = T — Tn — (T — T)|, neither m-J nor n-J is faulty
This can be written as
A = 2(A — D1y, if m-J is faulty
A = 2(1 — D)1y, if n-J is faulty
A, = 0,neither m-J nor n-J is faulty

(17)

It is noticed from (17) that the elements of the matrix 4 are
a function of the wave traveling time in the faulty segment and
the fault location. Then, the index of the column or row with
A;; > 0 shows the faulty segment, unless A = 1. Thus, the
proposed method is not affected by the size of the system, the
length of the segments, and the fault location.

However, measurement uncertainties slightly change the
values of the elements of the matrix 4 (as shown in Table I).
Therefore, for a fault close to the joint point (1 - 1), the
elements of the matrix A become close to one another, and the
proposed method probably fails to identify the faulty segment,
and subsequently, the fault location cannot be estimated.

APPENDIX B

Remark: If X;~N(0,62) and X,~N(0,02) are two
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Fig. C1. (a) Typical fault induced distortion in the voltage waveform. (b) db-4
mother wavelet. (c) The resulted normalized WTC?2.
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Fig. C2. The relationship between FIA and arriving waves. (2) FIA ~ 90°. (b)
FIA =~ 15°.(c) FIA =~ 0°.

independent Gaussian random variables, then (X; —
X;)~N (0,02 + a2). As the uncertainties in the arrival time
measurements are related to TR noises, the elements of the
diagonal weight matrix (i.e., R™! in (10)) are selected
according to the noise variances of TRs. Thus, Ry_1yxn-1) =

diag(a2 + 6%),¥vm =12,..,N,m # ¢* and the solution to
(10) is

A=1/2(r"R 7)) "R b (18)
where the variables are defined in (10). It is noted that this
estimator is not robust against outliers. A robust estimator

based on least-absolute-value (LAV) may be used instead, as
suggested in [19].

APPENDIX C

Daubechies-4 (db-4) mother wavelet is selected for
detection of the discontinuities induced by fault initiated
waves because of its wide use in fault location literature and
according to our investigations of different mother wavelets
such as Haar and Symlet. A typical fault induced distortion in
the voltage waveform, db-4 mother wavelet, and the resulted
normalized WTC? are shown in Figs. C1(a), C1(b), and C1(c),
respectively.

Since the sensitivity of the proposed method to FIA is
studied, the effect of the FIA on the arriving waves is shown
in Fig. C2 (SLG fault in the middle of Segment 1-J, Z, = 1 Q,
Fs = 200 kHz). Fig. C2(a) shows the mode-1 voltage for a
fault with FIA ~ 90° that generates large arriving waves. Fig.
C2(b) shows the mode-1 voltage for a fault with FIA =~ 15°
that generates smaller arriving waves compared to the first
one. Fig. C2(c) shows the mode-1 voltage for a fault with
FIA ~ 0° where no arriving wave is detected.
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