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Fault Location in Hybrid AC/DC Transmission Grids
Containing DERs and HVDC Lines

Cesar Galvez

Abstract—This paper introduces a new fault location method for
hybrid AC/DC complex transmission grids containing Distributed
Energy Resources (DERs) and Modular Multilevel Converter-High
Voltage Direct Current (HVDC) lines. Digital Fault Recorders
(DFR) in the DC grid cannot observe faults occurring in the AC
network and vice-versa. The proposed algorithm accurately locates
faults irrespective of their location using a subset of DFRs selected
by a K-means clustering method. The algorithm is tested using
an AC/DC complex transmission network formed by merging the
modified IEEE 39 bus transmission system and the CIGRE B4 DC
grid test systems under several fault conditions using EMTP-RV
and MATLAB as simulation tools.

Index Terms—Fault location, AC and DC faults, traveling waves,
discrete wavelet transform, K-means, tree network.

1. INTRODUCTION

ROVEN benefits of increased power transmission capacity,
P reactive and active power control flexibility, long distance
transmission, low line loss, and facilitating access to remote dis-
tributed energy resources (DER) make HVDC networks overlaid
on AC grids an attractive alternative. Moreover, high penetration
of DERs connected via Inverter Based Power Sources (IBPS)
creates new challenges in protection and fault location in AC/DC
networks. Impedance-based conventional fault location methods
have limitations due to unknown faultimpedance [ 1], asymmetry
of lines, and the fault ride-through (FRT) requirements of renew-
ables imposed by grid codes [2]. On the other hand, the traveling
wave (TW) based methods lack such limitations [3], [4], but need
to address other issues such as non-symmetric or mixed-phase
lines and cables, synchronization-time or measurement errors,
differentiating fault transients from capacitor or load switching,
and attenuation of signals by power transformers. Fault loca-
tion methods using the TW approach is already used in DC
transmission projects [5], [6]. Traditional TW methods for fault
location in DC systems utilize either double-ended or single-
ended measurements. Single-ended approaches compared with
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double-ended methods do not need communication devices and
Global Positioning Systems (GPS) [5], [7]. The single-ended
method utilizes the time differences between two consecutive
wave fronts of fault-generated traveling waves in order to deter-
mine the precise fault distance. Thereby, capturing the wave
front is critical to obtain the right precision in single-ended
methods [6], [8]. The high resolution of wavelet transform (WT)
is used to capture the two wave fronts with high precision [7],
[9]. A single-ended case for DC lines is presented in [10], but
it was limited to strictly radial networks. Overall, single-ended
methods tend to lose precision in locating faults in multi-terminal
and meshed networks. On the other hand, two-terminal fault
location methods are precise and can be used in any type of
network topology. The technique presented in [11] can locate
faults in meshed DC micro-grids, using the Pearson correlation
coefficient and a user specified detection threshold which is
not always easy to choose. It also requires a large number of
measurement points to estimate the fault distance for a simple
meshed network. In [12], the fault current is registered and
compared with a threshold. Although, this process is simple, it is
challenging to establish a suitable threshold. In [13], a minimum
detector placement and fault location based on two invariant
graphs are presented, but application for large grids and impact
of real disturbances in power grids are not provided.

The above methods contribute to the fault location in AC
and DC power networks but with some limitations. In general,
fault location capability of the previous methods is diminished
in complex DC meshed transmission networks containing line-
cable hybrid configurations. Moreover, they are designed either
only for AC or only for DC networks, but none can locate faults
in mixed AC/DC systems. In case of a fault, it is important
and useful to quickly know if the fault occurs in the AC or DC
network and its exact location. Our early work [14] showed
that faults could be located in meshed distribution networks
by placing DFRs in lateral terminals. Despite its effectiveness,
the number of required DFRs increases with system size and
complexity.

This paper presents a more efficient alternative approach
and introduces a new Digital Fault Recorder (DFR) placement
method to successfully implement it. The proposed method can
accurately locate faults in AC/DC networks regardless of their
location in AC or DC network and the use of TWs current lim-
iting reactors or unknown fault impedances will have no impact
on the performance of the proposed method. It is noted that
the method is an off-line application which uses synchronized
DFRs to capture the time-of-arrivals (ToAs) extracted from the
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Fig. 1. Small hybrid AC/DC transmission system.

fault initiated traveling waves (TW) to estimate the accurate
fault location. In case of an AC/DC network, the proposed
method uses a small subset of available DFRs selected using
K-Means clustering. The selected DFRs are then used to identify
the faulted network and determine the fault-closest bus, which
is identified as the one yielding the minimum ¢, norm. The
edges incident to the closest bus to the fault are then selected,
but since the faulted edge is unknown, the shortest routes from
fault to clustered DFRs for each incident edge are modeled as a
weighted directed tree. This representation facilitates forming of
ToA matrices at each terminal bus of incident edge and provides
redundancy in the fault distance estimation, making the proposed
method robust against bad data and time-synchronization errors.
Finally, all possible ToA pairs are formed and using a new two-
terminal fault location method, the fault location is accurately
estimated.

II. PROBLEM FORMULATION

A small hybrid AC/DC transmission system shown in Fig. 1
will be used to describe the details of the proposed fault location
method. The model contains a 345 kV AC transmission system
connected via two MMC-HVDC to a 400 kV DC transmission
system. Besides, a wind turbine (WT2) and a synchronous
generator (G2) provide power to the DC system via two MMC-
HVDC converters. Note that the DC system also has a cable
section connecting the buses 1-2. Consider a fault F1 occurring
at 50 km from bus 2 along the 400 kV DC line as shown in Fig. 1.
While the fault location method proposed will be illustrated for
meshed DC systems, it can readily be used for AC transmission
systems as will be shown in the simulation section.

A. Optimal DFR Placement (ODP)

Initially, the AC and DC networks in the small AC/DC
transmission system are virtually disconnected as shown in Fig.
1. Therefore, fault identification and optimal DFR placement
(ODP) are carried out separately for the AC and DC networks,
each of which is represented as undirected weighted graphs
as shown in Figs. 2 and 3. Each graph is then denoted by
G = (v,e,T), where v is the set of buses or nodes with size
n, € is the set of edges or lines with size L (L > n — 1), and
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T is the set of weights given by the traveling times 7;(us) of
each edge i, where (1; = 1;/V; = 1;\/L;.C;), l; being the line
length, V; the TW speed for each edge i, and C; and L; are
conductor capacitance and inductance per unit length for each
edge i. The new optimal DFR placement (ODP) approach, which
ensures the identification of any fault in the system using a
minimum number of DFRs will be described first. The ODP
method follows the same approach for AC and DC networks as
will be shown in the sequel. When a fault occurs on a line-cable
hybrid network, fault-generated traveling waves propagate from
the fault to system buses following the shortest traveling time
routes. Now, let us select any branch from the AC network to
explain the optimal DFR placement (ODP) approach proposed
in this work. Considering branch 5-6 as the section in evaluation,
the shortest travel times from its terminal buses 5 (a;) and 6 (b;)
to all system buses n (red and blue arrows respectively) can be
computed as shown in Fig. 2. Note that if a fault occurred along
branch 5-6, the shortest travel times 75 ¢ and 76 5 would be the
only two needed to estimate the fault distance. Hence, a binary
vector for each terminal bus of branch 5-6 can be computed
using the conditions (1) and (2) as illustrated below.

1 If there is at least a shortest traveling
time from bus “a;” to system buses

n” containing bus “b;”
0 Otherwise

Tla;m) = (1)

1 If there is at least a shortest traveling
time from bus “b;” to system buses

n” containing bus “a;”
0 Otherwise

@)

j)n) =

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 18,2024 at 22:09:37 UTC from IEEE Xplore. Restrictions apply.



GALVEZ AND ABUR: FAULT LOCATION IN HYBRID AC/DC TRANSMISSION GRIDS CONTAINING DERs AND HVDC LINES 331

where, a; and b; are the terminal buses of network branches and
n represents the system buses. The binary vectors for buses 5
and 6 will then be obtained as follows:

56 7 8
Tlas,n) =

—_

]
]

as |

00
7 8
0 0

— Ot o
oD

Teom = g |

Repeating the procedure for all other system branches (5-7, 6-
7, 7-8), the following 2L x n binary matrix 7" can be formed,
where L is the number of branches:

b 56T 8
b50100
a61000
b50011

T—a71000 (3)
b60011
a70100
b70001
|l 111 0|

Once matrix 7' is formed, the ODP problem can be formulated
for a system with n buses and L branches as follows:

n

minimizeZw;C X “4)
k=1
s.t. [T)[X]>b )
where,
T = [T}2L><n
X =[x1, T2, T3, ooy T |1
b = [17 1,1,...., l]ngl

Where, x;, will be 1 if a DFR is installed at bus k& or O
otherwise, and wy, represents the installation cost of DF' Ry, at
bus k. Assuming that the cost of installation for all the DFRs
is the same, the optimal DFR placement (ODP) for the AC
transmission network of Fig. 2 will be given by:

X=[1 10 1)F

This implies that buses 5, 6, and 8 are the optimal locations
for installing DFRs in the AC network. Now, applying the ODP
method to the DC network of Fig. 3 will yield the 2L x n binary
matrix 7" given below in (6), where L and n are the number
of branches and buses of the DC network. The red and blue
arrows in Fig. 3 correspond only to the processing of branch
2-3. Repeating the process for all other branches (1-2, 1-4, 2-4,

3.3\\.23 b ®35
. 0 .
*\w\\o .4 13 14. 0::; ) 2;
32 -m.12 4 . Q‘MZ.Q%
11® . . ° 3. . . » 6 29 \3.8
3o .% . 2 ® \\?7
7 g - % 30
EX—
Fig. 4. Optimal DFR placement (ODP) for IEEE 39-bus system.
4-3) will yield the complete matrix 7" below:
1 2 3 4
ai[ 01 1 0]
bo 1 0 00
ai 00 01
by 1 0 0 0
T=ay| 00 0 1 (©6)
by 01 00
az| 0 0 1 O
b3 1100
b3 00 10
00 0 1]

The optimal DFR locations for the DC network will then be
given by:

X=[1 11 1"

This implies that buses 1, 2, 3, and 4 are optimal locations for
installing DFRs in the DC system. Therefore, seven DFRs (three
AC DFRs and four DC DFRs) will be required to make any fault
identifiable in the small hybrid AC/DC transmission system of
Fig. 1. Next, the same procedure will be applied for the larger
IEEE 39-bus system [15] shown in Fig. 4. The resulting optimal
DFR locations are given below:

ODP=[5 10 19 22 23 28 29 39

The bus locations of these eight DFRs determined by ODP are
also marked in red in Fig. 4. Note that this example only involves
an AC system which contains power transformers radially con-
nected to the network. Therefore, these laterals are represented
with line lengths of zero and are not included in the optimization
problem. If a fault occurs in any of the power transformers, the
proposed algorithm will detect it at the bus where the faulted
transformer connects to the network.

B. Initial Considerations

AC and DC transmission lines are modeled using the
Frequency-Dependent (FD) line model [16]. Three-phase AC
voltage signals recorded by the DFRs are converted from phase
to modal domain using Clarke’s Transformation [17]. No such
conversion is needed for the DC voltage signals. Discrete
Wavelet Transforms (DWT) (with Daubechies2 as the mother
wavelet (DB2) [18]) of the modal domain voltage waveforms
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Fig. 6. WTC? captured by DFRS for fault F1 in AC network.

are then calculated. Among the five computed wavelet-transform
coefficients (WTCs), those at level 1 (D1) are then processed to
determine ToAs due to their rich high-frequency content. Finally,
to reduce the effect of noise, squares of WTCs are used as done
also in [3].

C. Selecting a Subset of DFRs

Fault location in hybrid networks with the presence of power
transformers and HVDCs is very challenging due to the ground
connection of power transformer neutrals as well as the switch-
ing of converters in MMC-HVDCs, which attenuate and distort
the TWs. For example, the TWs generated by a fault at F1 in
Fig. 1 will be precisely captured by DFRs 1, 2, 3, and 4 due
to their proximity to the F1 location in the DC system. On
the other hand, the DFRs 5, 6, and 8 in the AC system will
capture erroneous ToAs because HVDC converters act like filters
distorting the fault-generated TWs when these pass through
them. This is illustrated in Figs. 5 and 6 for fault F1, where
DFR3 in DC network captured high magnitudes of WT'C?, but
DFRS in AC network registered erroneous magnitudes close to
zero as shown in Fig. 6. Hence, instead of using the entire set
of DFRs, a subset of DFRs can be selected to determine the
faulted network and estimate the accurate fault location. These
DFRs are selected using K-Means clustering, which will display
a cluster as shown in Fig. 7. The red cluster C'; will contain the
correct ToAs from DFRs located in the DC system, while ToAs
from the blue cluster C5 will be erroneous due to the distortion
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Fig. 7. K-Means cluster for identification of faulted system.

produced by the HVDC converters. The feature vector z(*) used
by K-Means will be given by:

2@ = (t;,10g,(WTC? + 1)) (7)

where:

z(® is the feature vector for p DFRs, i = 1,2,...,p.

t; is the ToA recorded by DF' R;

WTC? is the magnitude of the squared Wavelet Transform
Coefficient recorded by DIF'R;.

Due to the WT'C? magnitude differences between DFRs, log-
arithms of WT'C? are used instead to better visualize clusters.
Also, WT'C? are replaced by (1 + WT(C?) before taking their
logarithms to avoid negative values corresponding to erroneous
(close to zero) magnitudes captured by some DFRs. Logarithms
will all be positive for the clusters as displayed in Fig. 7. The
K-Means algorithm [19] is then used to determine suitable
assignments of clusters (C,...,C}), and the representatives
(Centroids) of each of the k clusters (z1,....,2;). K-Means
requires as input the cluster number k, which can be determined
using the well-known elbow method [19]. Given the set of
feature vector S,, for p DFRs and the number of clusters k,
the K-Means algorithm performs the following steps:

S, = {x@')\z‘ - 1,2,.....,p} @®)

1) Randomly select z1, . .
2) Iterate
a) Given zq,....., 2, assign each feature vector 2@ to
closest z;, so that.

Lz forg=1,....k

P
(21, 28) = i G) _ 2
Cost(z1,. .., 2k) Zl :r%nnKHx zill - (9)
1=
b) Given C1, .. ..., C} determine the best representatives
Z1y ...y Zk, SUch that.
zj = argmin, Z |z — 2|2 (10)
’LGCJ
where:
p is DFR number in DC and AC networks, forz =1,....,p.
k is the cluster number, for j = 1,.. .., k.
C are the clusters, for j = 1,...., k.
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In the case of F1 fault at Fig. 1, using K-Means will yield two
clusters C7 and C5 and their best representatives or centroids
z1 and z5 for each cluster as depicted in Fig. 7. The cluster Cy
formed by DF'R;,1 = 1,2, 3, and 4, and placed in DC network
will then capture the correct ToAs to compute the precise fault
distance. Hence, the fault location computations will be based
on the measurements by these four DFRs only.

D. Identifying the Fault-Closest Bus

Using K-Means clustering in the small hybrid AC/DC trans-
mission system of Fig. 1 will identify the DC network as the
faulted network. Hence, only the DC network will be used
to determine the fault-closest bus and estimate accurate fault
location. Considering the F1 fault of Fig. 1 close to bus 2 is
recorded first by DFR2. Hence, DFR2 will be the reference DFR
in the identification of fault-closest bus. The ToAs registered by
clustered DFRs from previous step at buses 1, 2, 3, and 4 are
then stored as:

ToAlT:[tl ty ts t4] (11)

Using bus 2 as the reference a relative ToA, vector with
respect to DFR2 can be formed as:
TOAQT = {tl — tg tg — t2 t3 - t2 t4 — tz} (12)

Now, consider the p X n matrix 74 formed by traveling times
between buses:

1 2 n—1 n
1 0 712 Ti.(n-1) Tln
2 721 0 To.(n-1) T2
TA= 3 T3.1 T3.1 T3.(n-1) T3.n (13)
p Tp.1 Tp.2 Tp.(nfl) Tp.n

where p is the number of buses with DFRs and n is the number of
buses in the network. Besides, let the p x p matrix D be defined
as:

1 k 3 .p—17p
1 1 -1 0 0 O
k 0 0 0 0 0
D= 3 0 -1 1 0 0 (14)
D o -1 0 ... 0 1

Where £ corresponds to the reference DFR and column & con-
tains all “-1”s except for the k& row which is 0. Taking the product
of D and 74, areduced relative ToA matrix 7,..4 can be obtained:

Tred = D x TA (15)

pxXn PXp  pxn

Now, subtracting the T'0 A, vector of (12) from every column
of 7,4, a travel time mismatch matrix A7 is obtained as:

AT = Tpeq — [T0A2].[111....1]

pxXn. pxn px1 1xn

(16)

(c) Directed Tree For Edge 2-4 (e3)

Fig. 8. Directed tree model for incident edges. (a) Directed tree for edge 2-1
(e1)). (b) Directed tree for edge 2-3 (e2). (c) Directed tree for edge 2-4 (e3).

The fault-closest bus j will then be given by the bus that
minimizes the following:

;n})

For the case of F1 fault at Fig. 1, 7 =2 and n = 4. Note
that only the four buses of DC network are included in the
identification of the fault-closest bus 2 due to the selected DFRs
are placed in the DC transmission network.

) = min(|Ar; s § € {1,2,.... a7

E. Determining the Accurate Fault Distance

The incident edges to the fault-closest bus 2 (2-1, 2-3, 2-4) of
Fig. 3 must be evaluated in order to determine the faulted line
section which will lead to the precise fault location. For the sake
of illustration, consider the ToAs (ms) recorded by DFRs 1, 2,
3, and 4 for fault F1 to be 30.711, 30.166, 30.333, and 30.566,
respectively. Then, the location of the fault will be determined
as follows:

1) Form the weighted directed tree for each edge incident to
the fault-closest bus. For the example in Fig. 1, the three
directed trees corresponding to the edges 2-1, 2-3, and
2-4 are shown in Fig. 8 In Fig. 8, the unknown location
of the fault F1 is highlighted by green in each incident
edge; terminals of incident edges by yellow, and DFR
locations by light blue. Also, light blue circled buses
indicate presence of a DFR.

2) Determine the shortest traveling times to all p DFRs using
(18) in Fig. 8 and assuming the fault at the fault-closest
bus 2 and the faulted edge “e;” (2-1). Repeat this for edges
“eo” (2-3) and “e3” (2-4) and save the results ina p X €
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3)

matrix 7,. Repeat the same process assuming the fault is
at the “other” terminals (1, 3, 4) of the faulted edge. Save
the results in a p X € matrix 7 as shown below:

N
ih=3m a
j=1

€1 €2 €3
1 Tiy Tia Tib
Ta = 2 Toh Toh Toh
3 Tsh Tin Tih
4 Tibh Tih Tih
€1 €2 €3
1066.67 544.9  544.9
= 0 0 0
500 866.67 500
400 400  966.67
€1 €9 €3
1 TIh Tis Tia
Ty = 2 TSN Tas Toy
3| T5h T3 T3y
4 TIh Tis Tia
€1 €9 €3
0 1133.3 666.6
= 1066.6 866.67 966.6
1133.2 0 466.6
666.6 466.6 0

where e;, for i = 1, 2,..., €, are the incident edges, h =
1,2, .., m, correspond to terminal buses of incident lines,
andk =1,2,...,p,arethe DFR indices. 7; is the traveling
time for line section j along the shortest path from each
terminal bus to the DFRs, and NV is the number of line
sections in the shortest path.

Form the t, and t; arrival time matrices as:
ta = [ToAq].[111....1]— 7, (19)
pXxe px1 1xe pxe
t, = [ToA;].[111....1]— 7 (20)

pXxe px1 1xe pXxe

where T'0A; is the vector containing ToAs of p DFRs.
The matrices ¢, and t; are evaluated as below in order
to find the correct ToAs corresponding to the shorter path
between those from the two terminals of the incident edges
to the DFRs:

. N .
ta (i) = 0 | 1f7'a(k,.z)_7'b(k’,z) 21
to(k,i) otherwise
i 7 (ki) > 70 (ki
wikiy= 0 T D 27D g
ty(k,i) otherwise

where k£ and 7 are the row and column indices at each
matrix. For the directed tree of Fig. 8, ¢, and ¢; will be
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Fig. 9.

4)

Tx=ta-tf U
l‘ X a }I(

Ty=tb-tf

|«

Tt=Tx+Ty
Fault distance estimation.
given as:
€1 €9 €3
1 0 ta<1,2> ta<1.3>
ta= 2 tap,y taps laws
3 | tag, O 0
4 ta(4-,1) ta(4~2) 0
€1 €9 €3
0 30.167 30.167
= 30.167 30.167 30.167
29.833 0 0
30.167 30.167 0
€1 €9 €3
1 o) 0 0
ty = 2 0 0 0
3 0 ta(&Q) taw‘@
4 0 0 agas)
€1 €9 €3
30.711 0 0
= 0 0 0
0 30.333 29.866
0 0 30.567

Selecting the same columns corresponding to the edges
“e;”,1 =1,2, .., ¢,int, and t;, form ToA pairs to compute
the fault distance.

Compute the fault location vector X p for each incident
edge e;. Letus use Fig. 9 to derive a new two-terminal fault
location method. Assume that the correct ToA number
(non-zero) in column e; of t, and ¢, are “q” and “v”
respectively. Hence, there will be s = ¢ x v, possible ToA
pairs for r = 1, 2,...., s. Consider a fault F1 occurring at
t; along the line as indicated in Fig. 9. It can be shown
that, given the actual travel time 7; for the incident edge
e, it is possible to solve for travel time 7.,y from F1 to
the fault-closest bus as follows:

1 . .

5 () =t + 7))
For the case of column e; int, and t;, ¢ = 3 and v = 1.
Hence, s =3 x 1 = 3, for r =1, 2, 3. The computation
for column e, will yield the same number of ToA pairs as
e, but the computation for column ez will yield four ToA

(23)

To(r) =
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TABLE I
FAULT LOCATION TABLE FOR FAULT F1 OF FIG. 1

Edge ta ty Te Ve Xp Te Tt erry,
2-1 30.167 30.712 0.02 183505  0.00 54490 54494  0.01
2-1 29.833 30.712 -166.83 183505 -30.61 878.60 54494 61.23
2-1 30.167 30.712 0.02 183505  0.00 54490 544.94  0.01
2-3 30.167 30.333  166.63 300000 49.99 166.73 500.00 66.65
2-3 30.167 30.333  166.63 300000 49.99 166.73 500.00 66.65
2-3 30.167 30.333  166.63 300000 49.99 166.73 500.00 66.65
2-4 30.167 29.867 350.00 300000 105.00 300.00 400.00 25.00
2-4 30.167 30.567 0.02 300000 0.00 399.97 400.00 0.01
2-4 30.167 29.867 350.00 300000 105.00 300.00 400.00 25.00
2-4 30.167 30.567 0.00 300000 0.00  400.00 400.00  0.00

pairs. Finally, taking the fault-closest bus as a reference,
the fault distance X,y for pairs s can be estimated as:

X(7,) = U(ei).’rx“) (24)

where v, is the TW speed for the edge e;.
The computed fault distances X, are then stored in the
fault location vector X p.

Xp=[X X2 X Xo1 X @9)

Note that X p must be calculated for each incident edge e;.
For the case of Fig. 8, X p must be estimated three times
for eq, es and e3 using (23) and (24).

5) The last step determines the accurate fault distance
through the fault location table computation. The ToA
pairs formed by combining the corresponding columns
e; in t, and t; are used in (23) and (24) to compute Xp
for each incident edge e; and populate the fault location
Table I. Note that the actual travel time 74, and TW
speed v, for each incident edge e; are known network
parameters.

The incident edges 2-1, 2-3, and 2-4 correspond to the labels
e1, eo and eg, respectively. As evident in Table I, the estimated
fault distances in X p for edge 2-3 are very close. On the other
hand, the fault distances computed for the other two edges
are rather different (2-1 and 2-4) or equal to zero. Hence, it
is concluded that the most likely faulted edge is 2-3. Another
accurate way to identify the faulted edge is by comparing the
estimated traveling time 7, given by (26) with the actual traveling
time 7;. As shown in Table I, 7. and 7; are similar for two pairs
in the edges 2-1 and 2-4. On the other hand, 7. are completely
different than 7; for the three pairs in the edge 2-3. This is due
to the fact that unless F1 occurs at one of the terminal buses, 7;
and 7. will always be different.

T (26)

Identification of the faulted edge is automated in the proposed al-
gorithm by computing the estimated traveling time error err-,
given by (27), which must satisfy condition (28) for all errors
that belong to the same incident edge. For the case of F1, the
errors marked in red in Table I satisfy the condition (28) and
thus it will identify the faulted section as 2-3.

Tiled) — Te(T)

erre, ., % = x 100 Q7

Ti(eq)

erre, ., % > 0.2 (28)

Once the faulty section 2-3 is known, the fault location vector
X p is then extracted from Table I as:

Xp = [49.99 49.99 49.99 (29)

Any outliers are then removed by first taking the median of X p
entries, followed by the mean of the remaining entries to yield a
fault distance of 49.99 km. Note that there are zero distances for
branches 2-1 and 2-4. Negative distances are bad data generated
by the directed tree, appearing on non-faulted incident edges.
Additionally, if condition (28) is not satisfied, the algorithm will
identify the fault to be at the fault-closest bus.

F. Differentiating Between Faults and Other Disturbances

The proposed algorithm can differentiate between faults and
other disturbances such as switching capacitors, sudden load
changes, and high-frequency harmonics. Short-circuits mostly
occur along lines, while other disturbances always happen in
substation buses. Hence, the disturbance location can serve as
one differentiating factor. Besides, the recorded transient voltage
at the closest DFR to the disturbance will easily confirm if itis a
disturbance or a fault. Additionally, any higher harmonics do not
affect the performance of the algorithm because the frequency
content of fast transients generated by short-circuits are higher
than harmonics whose W T'C? magnitudes remain insignificant
compared to those of faults.

G. Flow Chart of Proposed Fault Location Algorithm

The flowchart of the proposed fault location algorithm is
shown in Fig. 10. The algorithm assumes that the Optimal DFR
Placement (ODP) algorithm of Section II-A is used to place
DFRs in the network. First, ToAs recorded by all DFRs are
considered and the entire network is modeled as a weighted
undirected graph. If the network is an AC/DC network, first AC
and DC networks will be virtually disconnected and a weighted
undirected graph is created for each. Then, K-Means clustering
is applied to select a subset of DFRs from the entire set to be
used for identifying the AC or DC faulted network. The ToAs
of the selected DFRs, along with the undirected graph of the
faulted network, are used to determine the fault-closest bus. Each
branch incident to the fault-closest bus is modeled as a weighted
directed tree network to represent the shortest travel times from
fault to DFRs, and to compute the matrices of traveling time (7,
7p) and arrival times (¢, t;). The conditions (21) and (22) are
then used to obtain the correct ToAs in matrices ¢, and t;. ToAs
stored in ¢, and ¢, are used to determine the vectors X p for each
incident edge and then populate the fault location table. Finally,
condition (28) is used to extract the vector X p corresponding to
the real faulted section. Taking the median detects and removes
any outliers from X p, and taking the mean of the rest yields the
best fault distance estimate.

III. PRACTICAL IMPLEMENTATION
A. Simulation Model

The AC/DC complex transmission network of Fig. 11, created
from the modified IEEE 39 bus system and the CIGRE B4 DC
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Voltage Signals From
3¢ DFRs and DC DFRs

H

l Clarke Transformation on 3¢ voltage signals |
[
v
Apply Discrete Wavelet Transform (DWT) to voltage signals
to obtain five wavelet transform coefficients (WTC)

DC Voltage
Signals

[ Determine (WTC)* from Coefficient D1 I

l Extract ToAs (Time of Arrivals) I

Is network an AC/DC
Transmission Grid?

YES

Model each AC and DC network
independiently as a Weighted
Undirected Graph G = (v, €, T)

Model the entire network as a
Weighted Undirected Graph
G=(v,e 1)

Use K-Means to select a subset of DFRs for Select entire set of
determining the AC or DC Faulted Network DFRs

Use minimum L2 norm to identify the fault-closest bus )1—‘

Form the weighted directed tree graph for each incident edge
connected to the fault-closest bus.

Compute matrices of the traveling times (ta,tb) and arrival
times (ta, to) using (18), (19) and (20).
¥

Use conditions (21) and (22) to find correct
arrival times in fa and tb matrices
12
Compute the XD vectors for each incident edge using
(24) and populate the fault location table

Y
Use condition (28) to extract the vector XD
corresponding to faulted section

[Remove outliers from Xp using Median Methodl

¥

[ Fault Distance :Compute the Mean of array (XD) ]

End

Fig. 10.  Flowchart of the proposed fault location algorithm.

grid test systems whose model data for EMTP-type simulations
studies developed by CIGRE [15], [20] are used to validate the
fault location algorithm for hybrid AC/DC transmission grids.
Two wind generators of type-III (Doubly-fed induction Gen-
erator, DFIG), and type-IV (Full Frequency Converter, FFC),
whose detailed model can be found in [21], are connected to
the buses 25 and 2. The parameters and settings of these wind
turbines can be obtained from [15].

The Voltage Source Converter (VSC) based DC grid system is
composed of 2 onshore AC systems-red color (A0, Al, BO, B1,
B2, and B3), 4 offshore AC systems-brown color (C1, C2, DI,
El, and F1), 2 DC nodes (B4 and B5), and 3 VSC-DC systems
(DCS1, DCS2, and DCS3) of colors light-blue, green and blue
as shown in Fig. 11. DCSI area is a 2-terminal symmetrical
monopole HVDC link (+/— 200 KV), DCS2 area is a 4-terminal
symmetrical monopole HVDC system (+/— 200 KV), and the
DCS3 area is a 5-terminal bipole HVDC meshed grid (+/—
400 KV). DCS3 also contains a DC-DC converter Cb-E1 that
connects DCS3 and DCS2 through a transformation ratio of
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2. The detailed information of B4 DC grids test systems is
presented in [20].

VSC stations are based on Modular Multilevel Converter
(MMC) technology, having 201 levels (200 Sub-Module/half
arm) in each converter. Several types of MCC models are de-
veloped for EMT-type program [22]. However, model 3 pre-
sented in [23] is used in the simulation model. Simulation
of AC/DC complex transmission system is carried out using
EMTP-RV [24]. Simulated voltage signals captured by DFRs
are then used by the proposed algorithm.

The AC and DC networks of AC/DC Complex Transmission
System of Fig. 11 are virtually disconnected to create four
different networks (AC Network 1, AC Network 2, DC Network
1,and DC Network 2) as shown in Fig. 12. Applying ODP to each
network yields 10 AC DFRs in AC Network 1, 2 AC DFRs in
AC Network 2, 4 DC DFRs in DC Network 1, and 2 DC DFRs
in DC Network 2. Hence, 18 DFRs are required to make the
system identifiable for any fault in the network, twelve of which
are three-phase AC DFRs (light blue) and the rest are DC DFRs
(green) as depicted in Fig. 11. Due to the existence of several
overhead line configurations, a 3 x 10° km/s TW speed is used
as a good approximation for overhead lines. On the other hand,
a 183 524.37 km/s TW speed is used for cables computed using
the capacitance and inductance per unit length at each cable
section. A sampling frequency of 1 MHz is used to accurately
estimate fault distances.

B. Fault Simulations in AC/DC Complex Grid

1) Pole-to-Ground (P-G) Fault F1 At 25 Km From Bus 46:
A Pole (Positive) to ground fault (F1) shown in Fig. 11 occurs
along the 200 km DC overhead line connecting DC buses 47-46,
25 km from bus 46. The fault is simulated assuming a 40 €2 fault
resistance and a 180 ms fault inception time. The fault-generated
voltage signals registered by DFRs are processed to obtain the
squared wavelet transform coefficients (W71'C?) from which the
Time of Arrivals (ToAs) are extracted. The K-Means clustering
with cluster k£ = 2 determined by elbow method is then used to
select a DFRs subset. For this case, selecting the blue cluster of
DFRs 46, 53, 43, and 52 as shown in Fig. 13 are sufficient to
determine the faulted network and accurate fault distance. Note
that these selected DFRs are installed in DC Network 1 formed
by the DCS2 and DCS3 networks as depicted in Fig. 12. Hence,
the proposed algorithm will virtually evaluate the DC Network
1 as separated from the entire AC/DC network. The four ToAs
of clustered DFRs shown in Table II are then used to compute
the minimum /5-norm using (17) to identify the bus 46 as the
fault-closest bus as shown in Fig. 14. The incident edges 46-47,
46-41,46-41, and 46-45 connected to the bus 46 are then selected
to identify the edge containing the fault. Note that there are two
equal length parallel edges 46-41, which will be evaluated as
one edge. The shortest paths from terminal buses of incident
edges to clustered DFRs are modeled as weighed directed tree
networks to compute using (18), (19) and (20) the matrices of 7,
and 7, travel time and the ¢, and ¢, arrival time. The conditions
(21) and (22) are used in ¢, and t; to find the correct ToAs.
The correct ToAs (non-zero) stored in ¢, and ¢, can then form
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Fig. 1. AC/DC complex transmission system.
AC Network 2 TABLE II
AC Network 1 DC Network 2 ToA(Ms) FOR FAULTS F1, F2, F3, AND CAPACITOR
-
BT T DFR ToAr, | DFR ToAp; | DFR ToAps | DFR ToAca,
46 180.08 5 185.15 52 186.21 19 182.16
DC Network 1 53 181.59 10 185.17 46 187.07 22 182.27
p 43 182.51 19 185.56 43 188.71 10 182.45
52 183.36 22 185.67 53 188.74 5 182.52
- - 39 186.03 - - 28 182.91
- - 28 186.31 - - 61 182.95
- - - - - - 62 182.95
- - - - - - 63 182.95
- - - - - - 39 183.4
- - - - - - 54 183.84
Fig. 12.  Virtual disconnections for AC/DC complex system. "
6000 :
- 43 5 i
£ 4000 [ 9 =5
5 4 | ; !
25 ———= . 7 7 2000 ! ¥ g | | | |
* Cluster 1 “ox P R R R - .
* Cluster 2 41 43 44 45 46 4T 48 49 50 52 53
- 20 « Centroids 53y Buses
j—
N:) 15 x Fig. 14.  ¢3-norm for F1 fault in DC network.
% 10 43**
) 5 TABLE III
L 5- 7 FAULT LOCATION TABLE FOR FAULT F1
56710
40 2862 42
0- Fes 124 *s 7 Edge ta ty To Ve Xp Te Tt errr,
| | | 46-41 180.085 181.420 -0.75 300000 -0.22 1334.83 133333 0.11

0.04 006 008 01 012 014 016 018 02 46-41  179.919 181.420 -83.93 300000 -25.18 1501.19 133333 125
Time(s) 46-41 180.086 181.420 -0.37 300000 -0.11 1334.07 1333.33 0.05

46-45 180.085 181.175 -0.38 183524 -0.07 1090.53 1089.77  0.06

46-45 179.919 181.175 -83.56 183524 -1534 125690 1089.77 153
Fig. 13.  K-means for F1 fault in DC network. 46-46  180.086 181.175 0.37 183524 0.07 1089.04 1089.77  0.06
46-47 180.085 180.585 83.18 300000 24.95 500.30 666.67 24.95

46-47 180.086 180.585 83.93 300000 25.18 498.81 666.67 25.17

46-47 180.086 180.585 83.56 300000 25.07 499.54 666.67 25.06

pairs by selecting columns with the same index at ¢, and ;.

These ToAs pairs are then used in (23) and (24) to compute the As shown in Table III, the estimated traveling times 7, for
fault location vector X p and populate the fault location Table IIl  two arrival time pairs are similar to the actual traveling time 7,
shown below: in incident edges 46-41 and 46-45. Other 7. values are totally
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Fig. 15. K-means for F2 fault in AC network.

Fig. 16.

£2-norm for F2 fault in AC network.

different from 7; for each arrival time pair in edge 46-47. More-
over, the estimated travel time errors err,, marked in red satisfy
the condition (28). Hence, the faulted edge will be identified
as 46-47 and fault location vector X p will be extracted from
Table III as shown below:

Xp =1[24.95 25.18 25.07]

Taking the median will detect and remove outliers from X p.
Since there are no outliers in X p, mean of the entries in X p
will yield the best estimate for the fault distance of 25.067 km.
Comparing it with actual distance of 25 km yields an absolute
error of 67 m.

2) DLG Fault F2 At 13.6 Km From Bus 14: A double-line-
to-ground (DLG) fault F2 shown in Fig. 11 happens along the
33.6 km AC overhead line, which connects buses 4-14, 13.6 km
from bus 14. The fault is simulated using a 100{2 fault resistance
and a 90° fault inception angle, which is set to 184.97 ms. The
time of arrivals (ToAs) generated by fault voltage signals are
captured by DFRs as shown in Table II. Applying K-Means
clustering, the blue cluster of DFRs 5, 10, 19, 22, 39, and 28
shown in Fig. 15 are selected to estimate the accurate fault
distance. These selected DFRs are placed in the AC Network 1
as shown in Fig. 12. While DFRs 54, 61 62, and 63 also belong
to the AC Network 1, K-Means clustering places them in the red
cluster due to their distance from fault F2. Only the six ToAs of
the blue cluster shown in Table II are used to identify bus 14 as
the fault-closest bus as well as shown in Fig. 16. The incident
edges 14-4, 14-13, and 14-15 to bus 14 are then selected and
the shortest traveling time routes from their terminal buses to
clustered DFRs are modeled as weighted directed tree networks
to compute using (18), (19), and (20) the traveling time (7, and
7p) and arrival time (¢,, and ¢;,) matrices. The conditions (21) and
(22) are utilized in ¢, and ¢, to filter the correct ToAs. Selecting
columns of equal index at ¢, and ¢;, ToA pairs can then be formed

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 39, NO. 1, JANUARY 2024

e 16;.? 16.501 16.5
—_ ®
£
X 16
5
®©
(s
o15
[%2]
i}
o
C
.jﬂg 14 bid 13549 13548 1;75 136 13.599
(@) * * * * *
13
10-5 10-39 10-28 19-5 19-39 19-28 22-5 22-39 22-28
Time of Arrivals (ms)
Fig. 17.  Gross errors detected by median.
* Cluster 1 46
25 *Cluster 2 52*
: %
. x Centroids x
— 20 43
N+ *53
[©)
= 15
=
~< 10
o)
o
5 56 % 57
542054 635 19, 39
0.05 0.1 0.15 0.2
Time(s)
Fig. 18. K-means for F3 fault in DC network.

to compute the fault location table. For an issue of space only
the fault location vector X p extracted from the table is shown
below:

Xp=[13.713.5413.548 13.652 13.501 13.5 13.75 13.6 13.59]

Using the median method does not detect any outliers in X p.
Finally, calculating the mean of X p will yield the fault distance
of 13.6 km, and comparing it with the actual distance of 13.6 km
will produce an absolute error of 0.0 m.

3) Performance in the Presence of Gross Errors in ToAs:
Consider the same fault F2 and let DFRs 19, 53 and 62 have
gross errors of 20 s, 25 ps and 20 ps in their ToAs. Applying
K-Means clustering excludes DFRs 53 and 62 and selects the
six DFRs marked in blue in Fig. 15. Hence, only the error of
DFR 19 can impact fault estimation accuracy. However, taking
the median of X p will remove the three gross errors marked in
red in Fig. 17. Note that these outliers are formed by DFR pairs
19-5, 19-39, and 19-28.

The median removes the outliers and calculating the mean of
the remaining entries will yield the fault distance of 13.62 km,
which has an absolute error of 20 m.

4) Pole(+)-to-Pole(-) Fault F3 in DC Cable At 40 Km From
Bus 50: Pole (Positive) to pole (Negative) fault F3 shown in
Fig. 11 occurs along the 100 km DC cable, which connects buses
50-49, 40 km from bus 50. The fault is simulated assuming a
185 ms fault inception time. Using K-Means, the red clusters
of DFRs 52, 46, 43, and 53 shown in Fig. 18 are selected to
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Fig. 20. K-means for capacitor switching at bus 24.

estimate the accurate fault distance. These selected DFRs are in
DC network 1 as shown in Fig. 12. Hence, the DC Network 1
will be evaluated as an independent network to compute the faul
distance. The ToAs of clustered DFRs are shown in Table II.
The minimum ¢5-norm identifies bus 50 as the fault-closest bus
as shown in Fig. 19. Then, incident branches 50-51 and 50-49
are selected to compute the arrival time matrices ¢, and ¢; and
the fault location vectors X p for each incident edge. To avoid
redundancy only the vector X corresponding to the faulted
section extracted from the fault location table is shown below.

X =[40.038 39.962 40.007]

The median does not detect any outlier, and calculating the
mean yields a fault distance of 40.002 km. Comparing it with
the actual distance of 40 km yields an absolute error of 2 m.
Even though the fault occurs in the cable section, the pro-
posed algorithm is able to estimate the fault location accurately,
demonstrating the robustness of the method for line-cable hybrid
networks.

5) Differentiating Between Faults and Switching Events:
Transients generated by switching of capacitors or
load/generation can be differentiated from fault transients
by their location. As an example, consider switching of a
345KV, 90 MVAR capacitor at bus 24 as shown in Fig. 11.
The switch closing angle is 30° (or 181.9 ms). The K-Means
clustering yields the cluster of DFRs 19, 22, 10, 5, 39 28, 63,
62, 61, and 54 marked in red in Fig. 20, and placed in the AC
Network 1 of Fig. 12. The ToAs of clustered DFRs shown in
Table II are then used to identify bus 24 as the fault-closest bus.
Then, the fault distance vector X p is computed as:

Xp =10.0900.050.10.0400400000.1.....00]
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Fig. 21.  Voltage transients of capacitor switching at bus 24.
TABLE IV
FAULT LOCATION ERRORS AT AC/DC SYSTEM
Fault Location Rf Fault Angle Fault Type Err (m)

F1-DC 125% Lag_a7  S0Q - pH —g 67
F2-AC 40.47% Lyg—4 15092 135° AC-g 0.0
F3-DC 40% Lso— a9 . - p(H) — p(=) 2
FA-DC  17.75% Lao_42  45Q - pi)—g 35.8
F5-AC 24.7% Log—_29 2092 45° A-g 12.5
F6-AC 12.1% Los_26 20082 90° B-g 10.25
F7-AC 21.2% Lig_16 16092 135° ABC 9.5
F8-DC 25% L47_41 400 - p(+) —-g 423
F9-DC 5% L4974g 55Q - p(+) —g 55
F10-DC  46.67% La3_44 - - pt) — p(>) 15.5
F11-AC 21.7% L24_23 902 450 C»g 7.5
F12-AC 39.51% Lo_3 75 45° AC 14.8
F13-AC 23.8% L4_3 15092 150° A-g 17.8
F14-AC 20% Lso—_57 1909 90° AB 10.5
F15-DC 2.5% Las—46 - R p(H) — p(=) 34.3
F16-DC Bus 50 150 - p(t) —g 24.8
F17-DC 25% La3—41 - R p(H) — p(> 45.5

The mean of X yields a fault distance of 0.032 km, which
is very close to bus 24. This result implies the possibility of
a switching event instead of a short-circuit. It can be readily
verified by observing the recorded voltage transient by DFR 19,
the closest to the location of the disturbance. As seen in Fig. 21,
the 3-phase voltage transients last about 13.9 ms and return back
to steady-state, verifying it as a switching event.

C. Summary of Simulated Fault Location Cases.

AC and DC fault scenarios as depicted in Fig. 11 are simulated
for the AC/DC Complex Transmission System using different
fault conditions in the presence of non-transposed AC lines,
DC lines, IBPSs, and VSC-HVDCs. Simulation results give
maximum and average absolute errors of 67 m and 23.82 m
as shown in Table IV. The obtained results confirms that the
proposed algorithm can determine accurately the fault location
in DC and AC transmission grids.

IV. CONCLUSION

This paper presents a robust and precise fault location algo-
rithm for hybrid AC/DC transmission grids containing DERs and
HVDC lines. It can locate faults irrespective of their occurrence
in the DC or AC parts of the network. An optimal strategy for
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placing DFRs is also developed and implemented. Detailed de-
scription of the fault location algorithm and underlying method-
ology are provided with tutorial examples. An AC/DC complex
transmission system is used to illustrate the performance of
proposed method under different fault scenarios and locations.
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