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ARTICLE INFO ABSTRACT

Keywords: DC fault location technology is crucial for estimating the fault location and developing multi-terminal direct
MTDC current (MTDC) systems. This article presents a novel fault location method using the parameter fitting
Fault location approach. The propagation of traveling waves (TWs) in the decoupled line-mode fault network is first

Traveling wave

o discussed, resulting in analytical expressions for the backward line-mode current TWs containing fault location
Parameter fitting

R . information. Then, the adaptive multi-step Levenberg-Marquardt (AMLM) algorithm is applied for parameter
Adaptive multi-step Levenberg-Marquardt L | | i o g . ) ) .
algorithm fitting owing to its fast processing speed and precision. The exact fault location is estimated using the fitted
RTDS coefficient. Different testing MTDC systems modeled in PSCAD/EMTDC and a real-time digital simulator

(RTDS) validate the proposed fault location method. Based on numerous simulation tests, the AMLM-based
parameter fitting and the proposed method are accurate, with errors smaller than 0.5%. Compared to the
existing methods, the proposed method has desired performance under close-in faults, can withstand 35 dB
noise interference, and obviates the need for an extremely high sampling frequency, estimation of tws velocity,
and communication devices.

1. Introduction location technique is important for system operators, which would
significantly minimize electricity loss, and fasten the fault section repair
The modular multilevel converter (MMC)-based HVDC transmission and system restoration process.
systems are widely recognized as the most efficient and cost-effective
solutions for interconnecting separate national or regional grids. They 1.1. Related works
are frequently utilized to link fluctuating offshore wind farms and
transmit electricity over extended distances. Notable examples include Many researchers have developed numerous methods to cope with

the Zhangbei, and Zhoushan multi-terminal HVDC (MTDC) grids in
China [1] and the BorWin, DolWin, and NorNed offshore HVDC projects
in the North Sea.

Unpredictable different DC faults can occur at any location along
the HVDC transmission line. In the case of a DC fault, DC voltage can
drop considerably, and the fault current will swiftly increase to its peak
value in just a few milliseconds. Such a contingency can damage the
power electronics (e.g., IGBTs) and lead to a complete system collapse
and power outage [2]. To mitigate this risk, it is crucial to develop
methods for detecting DC faults, clearing faults, locating faults, and
recovering from faults to ensure continuous operation and stability in
MTDC systems. Among these critical elements, an accurate DC fault

the problem of fault location. The natural frequency-based methods aim
to establish the mapping relationship between natural frequency, fault
location, and reflection coefficients. The natural frequencies contained
in post-fault voltages/currents can be obtained using the MUSIC or
PRONY algorithm [3,4]. These frequencies are then utilized to calculate
the velocity of the TWs and the reflection coefficient for estimating the
fault location. Generally, these methods require a very high sampling
frequency (e.g., 10 MHz as cited in [3]) and fail to accurately determine
the fault location when the fault is near the line terminal, that is to
say, a dead zone may exist. Additionally, the performance of these
methods heavily depends on the accurate values of line parameters [3],
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the system structure, physical boundary conditions, and the precision
of the natural frequency extraction method. Furthermore, in the case
of asymmetrical faults, cross-coupled line- and zero-mode signals can
cause aliasing problems in the measured natural frequency.

The time-domain analysis-based methods calculate the voltage/
current expressions at any point and then locate the fault using the fault
characteristics of measured voltages/currents. The authors in [5] pro-
posed a simplified R — L representation to model a detailed frequency-
dependent transmission line by calculating the R — L parameters for
fault location. In [6], the voltage distribution along the cable is cal-
culated using voltages and currents based on the numerical Laplace
transform (NLT). Then, the cable parameter suitable for the NLT is
combined with the multiround iteration (MRI) algorithm for fault lo-
cation purposes. Compared to natural frequency-based methods, these
methods do not require a very high sampling frequency. However, they
rely on an aggregated transmission line model, and the accuracy of
these fault analysis methods is not guaranteed when applied to long
transmission lines with frequency-dependent characteristics.

The active injection-based methods in [7,8] will actively inject a
specific detecting signal at the line terminal, and the characteristics
of the reflected signals from the fault point are utilized to calculate
the fault location. However, an additional device or a control loop
for signal injection is generally required. The timing, signal type, and
mechanism of the signal injection must be specifically designed for the
applied system, which causes additional burden and cost, and reduces
the adaptability of these methods. Moreover, the accuracy of these
methods can be affected by fault resistance and the size of the DC
inductor.

The Al-based methods discussed in [9-11] focus on preprocessing
extensive fault data and training AI models to estimate fault locations.
In [9], a set of profiles of the difference between the 1-mode and
0-mode voltages are used as inputs for the artificial neural network
(ANN). Empirical mode decomposition (EMD) is employed in [10] to
decompose fault signals into intrinsic mode functions (IMFs), which
are then used to train a convolutional neural network (CNN) for fault
location. The approach in [11] uses discrete wavelet transform (DWT)
to decompose the current signals, the detailed and approximate com-
ponents are feed into an ANFIS-based fault model for fault detection
and localization. However, these Al-based methods require a lot of
input data and samples (e.g., 2190 input vectors in [10]). Various
fault conditions, including fault types, locations, and associated resis-
tances, must be simulated to build a comprehensive fault data library.
These data need to be processed using tools like VMD and DWT to
obtain additional fault features as input, which causes an extremely
high computational burden. Besides, such fault data can be generated
in simulation environments like PSCAD/EMTDC. However, collecting
such fault data sets via real DC faults for the AI model training in
practice is not realistic. Moreover, the complexity of model design,
such as network architecture, neuron count, network model, and re-
quired sampling data, which poses further challenges for adapting these
methods to other systems.

Due to the above limitations, the aforementioned methods are
still at the theoretical and simulation testing stage, and the practical
application needs further research.

Traveling wave-based fault location methods are simple and easy
to implement in reality and have the advantage of high precision,
which is widely applied in real environments. There are two categories
of TW-based methods: single-ended and double-ended. The authors
in [12] utilize the least squares error (LSE) algorithm to analyze the
low-frequency components in voltage/current traveling waves (TWs)
from both terminals to locate the faults. Similar research can be also
found in [13,14]. However, these methods have inherent shortcom-
ings. For example, the measured TWs signals at different relays and
measuring units must be synchronized, and the reliability and accu-
racy can be affected by communication interruption, data damage or
loss, and synchronization errors. The single-ended methods eliminate
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the need for data synchronization. The fault location is determined
based on the time interval between two consecutive wavefronts of the
fault-induced TWs using different time—frequency analyzing tools, in-
cluding the Successive Variational Mode Decomposition (SVMD) Teager
Energy Operator (TEO) and Modified Variational Mode Decomposi-
tion (MVMD)-TEO [15,16], the S- transform and stationary wavelet
transform (SWT) [17,18], etc.

1.2. Motivation and main contributions

Despite the several advances in the existing TWs-based methods, the
following aspects of limitations are exposed:

+ the need for an extremely high sampling frequency to detect the
wavefronts/turning points to determine the TW’s arrival time;

+ the reduced accuracy and reliability under close-in faults;

« the need for precise calculation of the TWs propagation velocity;

+ the non-independence to the boundary and fault conditions;

In this context, this article proposes a parameter fitting-based fault
location method. Compared with the existing fault location methods,
the novelty and the main contributions of our research are threefold.
Firstly, the proposed method provides a new perspective on fault
location in MTDC systems. It uses the fitted coefficients of the Backward
Line-mode Current TWs (BLCTWSs) to estimate the fault location, elim-
inating the need to estimate the TWs velocity. Secondly, the proposed
fault location method does not require an extremely high sampling
frequency to detect the refraction/reflection time of TWs. This sig-
nificantly reduces hardware requirements and investment in practical
applications and guarantees fault location accuracy. Thirdly, compared
to existing methods, the fault location accuracy is independent of the
size of the DC inductor, noise disturbance, and sampling frequency and
is robust to close-in faults.

The rest of the paper is organized as follows. Section 2 outlines the
testing system setups in PSCAD/EMTDC. Section 3 presents the theoret-
ical analysis of the backward line-mode current traveling waves after a
DC fault. Section 4 describes the proposed fault location method using
AMLM-based parameter fitting. Section 5 validates the performance of
the fault location in the PSCAD environment. Section 6 provides the
RTDS simulation conditions and the corresponding experimental test
results. Finally, conclusions are elaborated in Section 7, which also
refers to future work.

2. Test system in PSCAD

The four-terminal MMC-based HVDC system depicted in Fig. 1
is modeled in the PSCAD/EMTDC environment, following the CIGRE
benchmarked testing model DCS2 (B4.57 working group) [19]. The
DC voltage level has been adjusted to a +320 kV rating. The AC grids
labeled G, to G4, operate at a rated frequency of 50 Hz. The DC buses
are denoted by M, N, P, and Q. Each cable is equipped with a 40 mH
DC inductor (L,.) at the end to limit the rate of rise and the peak value
of the fault current.

In Fig. 1, four MMC converters are connected using frequency-
dependent (phase) cables (/,, — /3,) with a distance of 200 km. The
practical cable line is modeled with frequency-dependent distributed
parameters. Such a cable model can accurately take into account the
high-frequency transient response of traveling waves along a long
distance. The detailed cable model adopted can be seen in Fig. 2. At
each end of the DC cable, two relay units R;; and R;; are installed on the
positive and negative poles to measure the current/voltage signals, the
subscript i, j € {1,2,3,4} denotes the connections of MMCs to the DC
cables. The focus of this paper is estimating the precision fault location
in the faulty section. The DC protection in the studied system uses the
protection algorithm developed in [20], and all thresholds have been
adjusted to this testing system. The fault current interruption using the
VSC-assisted resonant current (VARC) DCCBs following the approach
presented in [21]. The system and MMC parameters are listed in the
Table 1.
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Fig. 2. The configuration of frequency-dependent cable model.
Table 1
Detailed parameters of the testing system.

Items MMC1&4 MMC2 MMC3
Rated capacity 1500 MVA 1500 MVA 1500 MVA
DC link voltage +320 kV +320 kV +320 kv
SMs number per arm (N) 200 200 200
Arm capacitance (C,,,) 15000 pF 15000 pF 15000 pF
Arm inductance (L,,,,) 5 mH 5 mH 5 mH
DC inductance (L,,) 40 mH 40 mH 40 mH
IGBT on-state (R,,) 1.361 mQ 5.445 mQ 0.908 mQ

3. Time-domain expression analysis of the backward line-mode
current traveling wave

The parameters of time-domain expressions of Backward line-mode
current TWs are independently mapped to the fault location and thus
can be used for fault location. This section aims to derive detailed
expressions of BLCTWs after typical DC faults in the MTDC systems.

3.1. Pre-data processing

The following modal transform is used to eliminate the mutual
coupling effect of the bipolar transmission line:

[i?] - \Lﬁ [i _11] [ﬁ”] &)

where A, represents the decoupled line- and zero-mode DC volt-
age/current components. A, , refers to measured positive and negative
pole voltage/current components.
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Table 2
Line- and zero-mode initial voltages at fault point [20].
Item ptp ptg ntg
v -V, 2 -V, 2 -V, 2
F1 Z<<I)+R/ Zn(l]+l((01+4R/ ZL(H+Z(KW+4R/
AU[-'O 0 _\/EV/ Zum \/EV/ Zk((ll

Zey oo HR, ZantZao H4R,

Equivalent
Impedance

Fig. 3. (a) Fault f;, in the line-mode network. (b) MMC equivalent impedance. (c)
Line-mode fault component Peterson equivalent circuit.

3.2. The time-domain expressions of line-mode current TWs

The initial values of the line-mode voltage at the fault point dvg,
for a typical pole-to-pole (ptp) fault, positive pole-to-ground (ptg) fault,
and negative pole-to-ground (ntg) fault can be obtained using the fault
sequence networks, and are summarized in Table 2.

In Table 2, V, denotes the rated line voltage, R, refers to the fault
resistance, Z., and Z,, represent the line- and zero-mode character-
istic impedances, respectively. According to Table 2, the initial value of
Avp is zero for the ptp faults, indicating that the zero-mode TWs are
unsuitable for fault location analysis as they cannot reflect all types of
fault information. Therefore, the line-mode components generated by
Avp, are considered for analyzing the TWs propagation in the following
analysis.

We selected cable /5, as the faulty cable and thus the relay units
R34 and Ry3 as the observed relays. Fig. 3(a) describes the diagram for
an internal DC fault f3; in the line-mode network. Fig. 3(b) denotes
the equivalent impedance of MMC converter; Fig. 3(c) presents the
line-mode fault component Peterson equivalent circuit [20].

As shown in Fig. 3(b), Z,;,c represents the equivalent impedance
of the MMC converter, which is generally considered a series RLC

N 6C
circuit [20]: R,, = %(Rarm + R, Ly = %Larm, and C,, = —2.
Here, R

N
eq» Leg» and C,, are the equivalent resistance, inductance, and

capacitance of the MMC, respectively. For the adopted MMC model,
we have R,, = 0.907 mQ, C,, = 045 x 103 pF, and L,, = 3.33 mH.
To simplify the subsequent analysis, Z ¢ (s) ® 1/(sC,y) + sL
impact of R,, is negligible.

o> @s the

According to the Peterson rule, the voltage source in the equivalent
Peterson circuit equals twice the voltage at the fault point. As such, one
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can obtain the Laplace-domain expression for line-mode current i(j34(s)
and voltage v;)3(s) using the circuit Fig. 3(c):
24vp 1
s Zyyt+sLy+Zp
_ 24vpy (s —2))(s — 29)
s (Z.) + 5Ly )(s = p)(s—p)’

24vp,y Z0
U(1y34(s) = <1 -7 T =7
s ey tsLhae + Zp
_ 24vp, <1 _ Zeys -z —2y) )
(Z1y + 5Ly )(s = pi)(s = pa) ’

where z,, z,, p;, p,, and Zp in (2) are calculated by:

~Z1)Ceq = \/(Zc<1>ceq)2 = 4Coy(Lye + Leg)
Z ’

b2 2Ceq(de + Leq)

i(1y34(8) =

(2)

N

_Zc(])ceq + \V/(ZL‘(I)Ceq)2 - 8Ceq(de + 2ch)

3P, = , 3)
1.2 2C, (Lge +2L,,)

(Zeqy + 5Ly )= + 5Lgy)
- -

Zp= - :
Zc(l) + Sde + E + SLeq
Given that the L,, = 40 mH, and the line-mode characteristic
impedance is Z,;, = 19.0 Q, one can obtain that: Zcz(l)Cezq =73.10 x 10°

3 8C, (2L, + Ly,) = 167.97x10° > 4C, (L4, + L,,) = 77.99x 10%. Given
these values, we can simply the roots in (3) as follows: z; = p; = 0,
2y ® —Z.qy/(Lye + Loy, and p, & —Z.yy/(Lye +2L,,). if we further
consider that L,. + L,, =43.33 mH = L, +2L,, = 46.66 mH, we have:

. ) 2Avp, 1
L1)34(8) = o
O s Zc(]) +sLy,
24 (C)]
UF1 sLy,
U(1y34(8) = :

s Z,.1) +sLy.

To describe the attenuation effect of line-mode TWs along the
traveling distance / and the velocity v(; in the cable, the i(y34(s) and
U(1y34(s) in (4) can be further extended as [20]:

24vp, 1 -k —s;—

i 5) = e
(134(5) s Zyayt+sLye 1+stl
, ®)

24vp, sk, L -k 5y
s Zygy+sLy 1+ szl

Unyzals) =

To this end, we have obtained the detailed S-domain expressions of
i(134(s) and u(jy34(s), and the time-domain expressions can be achieved
by using the Inverse Laplace Transform of (5). However, using the line-
mode components will increase complexity and data-analyzing load
as the time-domain expressions of i3, (f) and ugy,(r) are complex.
The parameters of i(;)3,(f) and uy34(7) are not independently mapped
to the fault location due to the injections/reflections at the DC line
boundary. As such, the reliability and precision of the final fault
location results might be reduced. Therefore, in the next section, the
backward traveling waves (BTWs) will be introduced and analyzed for
fault location.

3.3. The time-domain expressions of backwards line-mode current TWs

As described in Fig. 3(a), we assume the direction of the forward
traveling waves (FTWs) from the DC bus to the cable. In contrast,
the direction of the BTWs is from the cable to the DC bus. According
to detailed derivations provided in [22], the BTWs of voltage/current
Up(1y34(s) and ip(1)34(s) can be calculated as:

U(1)34(5) - Zc(l)i<1)34(5)
) ,

; (5) = —Up(1y34(8)

b(1)34(8) = ——/—.

(1), Zc(l)

Up1y34(s) =

©
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Fig. 4. Simulation of iy, (1) in the testing system.

Combining (4) and (6), the expression of i b(1)34 () with fault location
| becomes:
Z(1yi1y34(8) — U(1y34(5)
2Z .y

s
e U = A r__ 1 e~5Tao
s s+1/7

Using the Inverse Laplace Transform, we obtain the following time
domain expression for iy )(?):

ip1y34(8) =

7
_ Avpy 1—kgl @

B SZ,qy 1+ sl

1=Ty0

iy () = Ag <1 —e 0 > u(t="Ty). ®

where, the function u (t — T,) represents a step function with a time
delay of T, = I/v,. The values of A, and 7, can be calculated as:
Aoy (1 = ko))

Ay
Z‘,(l)

s 79 = 7l. 9
where the values are k; = 5.0 X 107 /km, and 7 = 6.98275 x 10~7s/km
for the studied cable model.

The simulation of iyy34(?), ip(1)34() and i s(;)34(f) can be seen in Fig. 4,
assuming that the metallic ptg fault occurs at /3, with a fault location
of 80 km. Since the wavefront of BTWs (waveform between the two
blue circles) monitored at relay units is not refracted or reflected by the
line boundaries, the i,;)3,(f) contains pure fault location information
as the parameter A, and 7, are independently mapped to /. Thus, they
are preferred objects for studying the initial fault characteristics and
response and for fault location.

Similarly, the expression for the i,;)43(f) measured at relay unit Ry;
can be expressed as:

_7!
_’TdO

s =A1-¢ 0 Ju(e-T). (10)

where the values for Aj, T and 7 can be obtained by replacing / with
(L —=1)in (9). L is the length of cable /5.

According to (8) and (10), it is feasible to determine the fault
location / once the values of A, 7, or A, and 7, can be obtained from
the sampled data of ij)3,(t) and ij)a3(0).

4. Introduction of the AMLM-algorithm based fault location
method

This section introduces the AMLM algorithm-based parameter fit-
ting and the proposed fault location method.
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4.1. AMLM-based parameter fitting

4.1.1. Fitting function

Define the merit function as:
min || H(x)||? an
xER2

Taking ijy34(?) as an example, the error function for parameter fitting
is:

_I—Tdo
H(x) = i34 — Ag (1 —e ) (12)

Here x is a two dimensional vector: x = [A, 7g]xo-

4.1.2. Adaptive multi-step levenberg-marquardt algorithm

To solve the nonlinear least-squares problems in (11), this work
adopts the AMLM algorithm [23], which significantly reduces the
number of iteration steps to converge to the optimal solution compared
to the classic Levenberg-Marquardt (LM) algorithm in [24,25].

The iterate x, using the AMLM algorithm is computed by:

= 5 5 2 Dos
[ Hi ||~ || Hy+My 5 || 13)
Xie» otherwise,

xp 46, ifrg
X+l =

In (13), the criteria r, > p, controls the adaptive step size §, at the
kth iteration during iterations. p, is a small positive value set as 0.0001.
The §, in (13) is determined as:

-M!H,

P S —
T (MT M+ A )

(14)

where [ is an 2 x 2 identity matrix. 4, is the LM parameter and is
calculated by:

if r, > p; and s < p,

As
At = {ﬁ:ﬂ ||Hk+1|‘5, otherwise, 1)
where
1B if rj < py,
Bir1 =19 br» if py <7 < p3, (16)
max {czﬂk,ﬁmm} , if rp > ps.

L L
The M, is the Jacobian J;, which is [—1 +e TO,%e w0 |, or the
0

Jacobian used at the last step x;:

M,,
My, = J
k+1>

If the stop condition ”MkTHk” < 1075 is met, it shows that the

ifr, > p; and s < u, an
otherwise,

algorithm converges superlinearly under a small tolerance, the solution
at step k x, = [Agy.7p,] is optimal for (11) and the iteration is
terminated. Otherwise, the algorithm continues to the next iteration.
The parameter fitting for i) )4;(t) can be achieved following the above
procedures by replacing the / with (L—/) in the error and merit function
in (11)-(12).

Applying (14)-(17), the fault location method using the AMLM
algorithm can be formulated as the following Algorithm 1.

4.2. Single-ended fault location method

In Egs. (8) and (10), it is shown that the indices A, 7, or Ag, and
7, contain information about the fault location /. However, deriving
I directly in terms of A, or Aj is complicated, as they are affected
by the fault type and the fault resistance R, according to Table 2. In
contrast, the parameter 7, and 7, are solely associated with /, making

it a preferred indicator for fault location.
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Algorithm 1 The proposed fault location method using the adaptive
multi-step Levenberg Marquardt algorithm

Require: Selected data iy 34, ip(1)43 by FEO
Require: x; € R%,¢; > 1>¢,>00<py<p, <p <p3<1,1<8<
2,t>1,6; > Pin >0
Ensure: Set G, = J;, 4, = §, ||H1||5, k=1,s=1,i=1k =1
po < 0.0001, p; < 0.50, p, < 0.25, p3 < 0.75
c; < 4.0, ¢, < 0.25,
By < 1073, B, < 1078
while ”MkT Hki” #0do

& — —MTH/ (MM + A1) > (14)
Bes1 < ¢ or f or max{c,fy. Buin} > (16)
At < A OF Prt | Hen | > (15)
Xpp1 < X + O > (13)
if r, > p, and s < p at x, then > (17)

My~ M,s=1i=i+1,k =k
else if Otherwise then
M < J,s=s+1.
end if
if ”MkTHk” <1075 then
Terminate iteration
else if ”MkTHk” > 1075 then
k=k+1
end if
end while

Return A, 79, 4

> x, is optimal for (11)

!/
> TO

As the DC fault in /5, is the internal fault for both relays R;, and

R,3, the fault location can be determined either using the sampled
data i34 OF ipy43 (without data exchange between Rs, and Ry3). To
ensure the accuracy of the fault location, we first fit the data of sampled
ip1y34 and iy)3. Then, it selects the data with higher R* values for
subsequent fault locations. Here, the R? is an efficient index to evaluate
the performance of the AMLM-based parameter fitting. The formula for
R is:
SSR
SST’
where S.S R denotes the sum of squared residuals, and SST is the total
sum of squares. The R? € [0, 1], where a higher value indicates a better
fit between fitted and simulated data.

As such, the estimated fault location /* is:

7 e p2 2
F=d T, if Ry, 2 Ry,
= . .
L— 70 otherwise,

R*=1- (18)

19

Using (19), the accuracy of fault location for close-in faults can be
significantly enhanced. This is because the data measured at the far end
of relays is closer to the theoretical expressions derived in (8) and (10)
due to less attenuation over the traveling distance and fewer injections
and reflections. Consequently, this data contains purer fault location
information with a longer data window, allowing for better parameter
fitting and resulting in more accurate fault location results.

4.3. Data window determination

To ensure that the selected data is as close as possible to (8) and
(10), the data window is chosen from either (¢, 7, +1,) or (), 7] +t,) us-
ing the calculator FEO (Fenley Energy Operator) for parameter fitting.
Here, #, and 7, are the times when the fault-induced TWs arrive at the
relay units Ry, and Ry; with time delays of T,, and T}, respectively.
The Values #, and 7| are the times when iy;y34(r) and i3 (¢) reach their
peak values. Here, the FEO energy operator has the merits of detecting
transients and frequency shifts in signals, which can be seen as

qbfeo(s(n)) =s(n+ 1D? = s(n— Ds(n) + s(n — 1)*> = s(n)s(n + 1), (20)
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Fig. 5. The flowchart of the proposed fault location method.

where the ¢/,,(s(n) is the energy calculated by FEO used to select the
data window; The s(n) is the discrete data of iyy34, ip(1)43-

Value r; = 50 ps is a short time window added to improve anti-noise
interference ability. This value can be adjusted if a different sampling
frequency is used and a different maximum noise level is considered;
For the 200 kHz and 35 dB SNR noise investigated in the manuscript,
t, = 50 ps is tested as an optimal solution; if the value of 1, is increased,
the selected data might not closely refer to the expressions in (8) and
(10). If the value of t; decreases, the anti-noise ability will be reduced.
As such, r; = 50ps is a trade-off and is considered a fair solution
considering the conditions in the studied system and fault conditions.
For other testing systems, this value needs to be adjusted by different
considerations; The general principle is: if the sampling frequency f;
is increased, the value of ¢, should be decreased, otherwise additional
data are added to the data window which does belong to the range of
Eq. (8) and vice versa; if the noise level is increased, the value of ¢,
should be increased accordingly, otherwise noise will severely affect
the identification of the data window’s endpoint, especially in cases of
close-in faults. The exact value of adjustment of r; must be carefully
designed based on numerous tests.

To evaluate the accuracy of the proposed fault location method in
the following contents, the error is defined by:

—‘ [=1" |q, 1)

Lcable34
where L, ;034 = 200 km.

To implement the proposed fault location in other testing systems, it
is necessary to determine suitable initial values required in Algorithm
1 and 7 in (9) according to the previous analysis. The overall proposed
fault location method can be seen in Fig. 5.

5. Simulation and discussion in PSCAD

The simulations are carried out in the PSCAD/EMTDC environment
for the MMC-MTDC system shown in Fig. 1. All the faults are simulated
at /,. The data are measured from the relay units Rs;, and Ry;. In
practice, cable faults are commonly caused by metallic damage [1].
Due to this, the faults with large values of the R, are not considered
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Fig. 7. Results evaluation of parameter fitting using R?> values. (a) Results at relay
R3,. (b) Results at relay Ry;.

in this work. The sampling frequency f, = 200 kHz in PSCAD/EMTDC
was chosen for testing the method, which is technically possible to
achieve in practice, e.g., the commercially available high-resolution
relays SEL-T401L, SEL-T400L, and SEL-TWFL.

5.1. Fault location performance

Taking the ptp faults as examples, the parameter fitting results with
different fault locations can be seen in Fig. 6. It is concluded that the
fitted waveform of i;)3, by the AMLM algorithm closely matches the
simulated one, which proves the previous results (8) and the accuracy
of the AMLM algorithm. Additional testing results evaluated using the
R? are presented in Fig. 7. The fault locations range from 5 km to 195
km in /3, with a step of 5 km. Due to the Symmetrical system structure
and the results shown previously in Table 2, the ijy34 and iy )43 under
ptg and ntg faults are the same in theory. As such, the measured and
fitted results shown in Fig. 7 are mostly overlapped. The results shown
in Fig. 7 include 239 different fault scenarios, with the average and
median values of R? are 0.98171 and 0.9937. Almost all the R? values
at both sides are close to 1.0, indicating that the AMLM algorithm has
successfully optimized the objective function in (12). The AMLM-based
parameter fitting yields highly accurate indexes regardless of the fault
location or fault type. Consequently, the fitted data can be used for
estimating the fault location. The mapping relationship between z, and
7, is reliable and precise.

Typical ptg and ptp faults are simulated to validate the proposed
fault location method, and the results are given in Table 3. According
to Table 3, the proposed method has well-estimated the fault locations.
The fault location errors are less than 0.4% for all presented scenarios.
These results confirm that the proposed method has a desirable TWs
parameter fitting ability and is employable for fault location purposes.
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Table 3
Results of the fault location method (Metallic fault).

Scenario I* (km) e (%) Scenario I* (km) e (%)

ptg_4 km 3.5910 0.2045 ntg 55 km 55.8099 0.4050
ptg_30 km 29.9685 0.0157 ntg_60 km 60.9447 0.4724
ptg_35 km 35.0759 0.0379 ntg_80 km 80.8442 0.4221
ptg_40 km 40.1708 0.0854 ntg_120 km 119.1547 0.4226
ptg_45 km 45.4280 0.2140 ntg_145 km 144.2494 0.3753
ptg 50 km 49.9017 0.0491 ntg_150 km 149.3475 0.3263
ptg_80 km 80.7592 0.3798 ntg_160 km 159.8216 0.0892
ptg 90 km 89.9084 0.0457 ntg_165 km 164.9836 0.0082
ptg 110 km 110.1069 0.0534 ntg 170 km 170.4508 0.2254
ptg_120 km 119.1602 0.4199 ptp_30 km 29.8193 0.0903
ptg 150 km 150.1790 0.0894 ptp_40 km 40.4864 0.2431
ptg_160 km 159.8287 0.0857 ptp 50 km 49.6853 0.1573
ptg 165 km 164.9902 0.0049 ptp_60 km 60.5644 0.2822
ptg 170 km 169.9483 0.0258 ptp_80 km 80.555 0.2775
ntg_3 km 2.510 0.2450 ptp.120 km 119.4688 0.2656
ntg_30 km 29.5524 0.2238 ptp_140 km 139.4427 0.2786
ntg_35 km 35.0843 0.0421 ptp_150 km 150.2883 0.1441
ntg_40 km 40.1794 0.0897 ptp.160 km 159.4507 0.2746
ntg_45 km 45.4373 0.2187 ptp 170 km 170.1694 0.0846

5.2. Influence of boundary conditions

The DC inductor L,,, acting as the boundary element, has an impact
on the propagation process of TWs as it reflects voltage/current TWs
when they arrive at the relay units and the final performance of fault
location methods. Using the i, )3, has the merit of avoiding this issue
emerging in classical TWs-based methods as the wavefront of BLCTWs
is not reflected at the boundary. This section investigates the influence
of different values of the L, (strong or weak boundary conditions)
on the proposed parameter fitting-based fault location method. Six
independent DC faults with various sizes of L,. are simulated in the
tested system. Taking the fault f3, prg 110 km as an example, the
parameter fitting results are shown in Fig. 8. Due to the different sizes
of L,., the TWs of iy, after faults and the data window used for
parameter fitting vary accordingly. However, the applied AMLM fitting
algorithm still performs well in all cases, as shown in Fig. 8.

Table 4 lists the corresponding fault location results. Since L, is
a system parameter, the value of r must be adjusted for parameter
fitting when different values of L,, are used. Specifically, for L, €
{20 mH, 60 mH, 80 mH, 100 mH}, 7 € {5.559x1077,6.2383x 1077, 6.405x
1077,6.6325 x 1077}, respectively. The results demonstrate that, with a
reasonable selection of r values, the proposed method exhibits a high
degree of independence from the size of L;,. Moreover, the estimated
error e exhibits only marginal changes in response to variations in the
size of L,., remaining within an acceptable range. This also indicates
that the proposed method can be flexibly applied to other MTDC
systems with different boundary conditions and can be extended in
conditions of DC protection algorithms that do not rely on boundary
devices.

5.3. Noise effects

The measured voltage or current may contain noise from the CT
and PT during measurement or when the power systems operate un-
der abnormal conditions, such as load changing or control switching.
To ensure the simulation environment reflects real conditions more
accurately, this section introduces signal-to-noise ratios (SNR) of var-
ious noise levels in the MTDC system to test the anti-noise ability of
the proposed method. The AMLM-based parameter fitting and fault
locations results are given in Fig. 9 and Table 5. According to Fig. 9,
the parameter fitting is minimally affected by noise interference, and
the waveform of i,)3(f) can be well fitted with the R, values of
0.99754 and 0.99879, respectively. As the noise is stochastic, this paper
repeated each set of noise tests 50 times. The results, e.g., R?, I* and
e in Table 5, are all averaged values. As expected, the noise impacts
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Fig. 8. Parameter fitting results for iy, with various sizes of L,.. (a) L, =20 mH;
(b) L, =60 mH; (c) L, =80 mH; (d) L, =100 mH.

Table 4

Influence with different DC inductors.
Scenario L, =20 mH L, =60 mH

R? I* (km) e (%) R? I* (km) e (%)
ptg 50 km 0.99943  49.1671 0.4164  0.99988  50.2065 0.1032
ptg 110 km  0.99784  109.6796  0.1602  0.99748  110.7108  0.3554
ptg 150 km 0.99943 150.8419 0.4209 0.99988 149.8727 0.0636
ptp_80 km 0.99875  80.7125 0.3563  0.99848  79.9116 0.0442
ptp 140 km  0.99958  139.5485  0.2258  0.99973  139.5749  0.2125
ptp 170 km 0.99903 170.4169 0.2084 0.99985 169.8425 0.0788
Scenario L, =80 mH L,. =100 mH
R? 1* (km) e (%) R? I* (km) e (%)

ptg_50 km 0.99986  49.9345 0.0328  0.99977  49.8645 0.0678
ptg 110 km  0.99724  110.7103  0.3552  0.99694  110.7833  0.3916
ptg 150 km 0.99986 150.1212 0.0606 0.99785 149.8734 0.0633
ptp_80 km 0.99825  80.0269 0.0135  0.99793  79.7753 0.1124
ptp 140 km  0.99958  139.548 0.2260  0.99928  139.9985  0.0007
ptp 170 km  0.99991  170.0706  0.0353  0.99969  170.2024  0.2024

Table 5

Fault location results under different noise levels.
Noise level No noise 50 dB 45 dB 40 dB 35 dB 30 dB
Avg errors (%)  0.2139 0.2542 0.3689 0.4339 0.6575 1.8956
Max errors (%)  0.5687 0.6259 0.7853 0.8564 1.3965 2.5436
Avg R? 0.99987  0.99875 0.99842 0.99736 0.98642 0.97826

the performance compared with the results in Table 5. This is because
the noise may affect the selected data window, reducing the R®> of
parameter fittings. The largest error is 1.3965% when the prp_60 km
fault occurs. Overall, the fault location results under noise are accurate
as all the estimated errors are smaller than 0.7%, indicating that the
proposed method has a tolerance to noise up to 35 dB. When the noise
level is up to 30 dB, the performance of the proposed fault location
method is significantly reduced. Compared to the methods developed
in [26-29], this method exhibits improved anti-noise ability. It is worth
noting that when there are higher noise levels in the measurements
(i.e., SNR less than 35 dB), the DC fault location becomes more chal-
lenging, particularly for close-in faults. However, such situations are
quite rare in real environments. Therefore, the proposed method has
enough anti-interference ability to be implemented in real projects.
Further work will be continued to enhance the anti-noise ability of the
proposed method.

5.4. Performance with lower sampling frequencies
Here, six metallic faults are performed to investigate the perfor-

mance with lower sampling frequencies. According to the R? values
in Table 6, the adopted AMLM Algorithm 1 can still optimize (11)
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Fig. 9. Parameter fitting under fault f;, prg 80 km: (a) No noise; (b) SNR = 50 dB;
(c) SNR = 45 dB; (d) SNR = 40 dB; (e) SNR = 35 dB; (f) SNR = 30 dB.

Table 6

Influence with lower sampling frequency f,.
Scenario f; =50 kHz fs =20 kHz

R? 1* (km) e (%) R? I* (km) e (%)

ptg 130 km  0.99929  128.1488  0.9256  0.99992  132.0088  1.0044
ptg_ 140 km  0.99978  140.1209  0.0604  0.99993  139.9478  0.0261
ptg 150 km 0.99982 151.1544 0.5772 0.99994 147.0590 1.4705
ptp 110 km  0.99691  107.2704  1.3648  0.99991  112.2724  1.1362
ptp 120 km  0.99958  125.4541  2.7271  0.99995  119.5548  0.2226
ptp_130 km 0.99930 130.0928 0.0928 0.99997 125.5855 2.2073

to obtain the corresponding indexes for fitted TWs curve well for
lower f,. However, the accuracy of parameter fitting and fault location
are influenced compared to the results in Table 3. This is due to a
significantly reduced data window with a lower sampling frequency
affecting the accuracy of fitted values of 7, and 7. Taking the fault
ptg_140 km as an example, the number of discrete sampling data used
for AMLM parameter fitting is 9 and 23 under f, being 20 kHz and
50 kHz, respectively. However, when the f, is 200 kHz, the number
of data that can be utilized jumps to 90. To guarantee accuracy and
reliability and reduce the range of ‘dead zone,’” the lowest sampling
frequency for the proposed method, based on numerous tests, is 20 kHz.
More research is needed in future to improve the performance under
lower f;, e.g., 10 kHz.

6. RTDS experimental validation

This section evaluates the proposed fault location method within the
RTDS environment.

6.1. Test system in RTDS

A +525 kV three-terminal MMC-HVDC system depicted in Fig. 10
is modeled in detail in RTDS. The MMC is modeled using the most
detailed model requiring three Xilinx Virtex-21 FPGA boards (GTFPGA)
for one MMC unit. Two NovaCor racks, each with seven cores, are re-
quired for the system in Fig. 10. Cross-rack communication is achieved
via a global bus hub and an IRC switch. The racks are connected to the
GTFPGA units via the GTIO port, with signal exchanges facilitated by
two full-duplex fiber optic cables using the standard high-speed Aurora
protocol. The real-time wind speeds from the North Sea are extracted
using the Selenium tool in a software-in-the-loop (SIL) configuration.
The online wind data is communicated to RSCAD via a TCP/IP connec-
tion, with a communication delay of 100 ms, and data updates every
2 s. More detailed RTDS system descriptions, protection settings, and
control allocations are discussed in [22,30,31].
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Fig. 11. Parameter fitting results for i3, under faults: (a) prg 90 km; (b) prg_ 225 km;
(c) ptp_45 km; (d) ptp270 km.

6.2. Experimental fault location results

Cable I, in Fig. 10 is the studied cable. The cable length is 300 km.
Typical DC faults of different fault locations and fault types are used to
test the performance of the proposed fault location method. The main
time step in RTDS is 50 ps, and the sampling frequency is 20 kHz. The
value of 7 is 1.0255 x 107% in the studied system in Fig. 10. All the
DC faults are metallic. Additional noise tests (each test is repeated 50
times) at 35 dB level are performed to validate the anti-noise capability
in the RTDS environment.

The obtained results of the parameter fitting and detailed fault
location are presented in Fig. 11 and Table 7, respectively. It can be
observed from Fig. 11 that the proposed AMLM algorithm accurately
fits the sampled TWs at relays R, and R,,, with R? values approaching
1.0. Thus, the obtained indices provide sufficiently accurate estimates
for the fault location. The results are shown in Table 7 and demonstrate
that the proposed method accurately estimates the fault location in both
normal and noisy environments, with errors within 1.0%. Although the
accuracy slightly decreases compared to Table 3 in certain scenarios, it
should be noted that this is due to the limitations of parameter fitting
caused by a sampling frequency of 20 kHz. Overall, the results are
presented in Table 7 still yields satisfactory outcomes for the proposed
method.

7. Comparative analysis

The proposed method is thoroughly compared to other TWs-based
fault location methods.

7.1. Compared to TW velocity-dependent methods
Apart from the above-compared methods, almost all the previous

methods require the value of TW propagation velocity, which acts as
a key factor affecting the fault location accuracy. In [32], the TWs
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Table 7 Table 8

Fault location results in RTDS environment (Metallic fault). Comparisons with existing TWs methods.
Scenario Normal SNR=35 dB Method 5 km 10 km 20 km 30 km 60 km 70 km

R FoGm)  e(%) R I km)  e(%) Proposed 512 9.86 1975 2997 5978  69.34

pig 200 km  0.99354 199.5236  0.2382  0.99091  201.2045  0.6472 S-Transform [17]  7.26  8.89 19.45 2987 5941 69.10
pig210 km 099375  208.3584 0.8208  0.99087  209.8657  0.0672 DWT [35] 313 7.98 19.56 2897 60.45 7123
pig 220 km  0.99349  219.4096 0.2952  0.99386  219.8608  0.0696 SVMD-TEO [16] 419 1145 2003 2974 6078  69.09
pip200 km  0.99228  198.2448  0.8776  0.99269  198.8083  0.5958 Method 90 km 100 km 110 km 120 km 130 km 150 km
pip210 km 099232  208.1911  0.9044 0.9912  208.9830  0.5085 Proposed 01 9945 11011 1016 12935 1s01s
pip220 km  0.99216 219.0346  0.4827  0.9918  219.7597  0.1202 STmsform [17] 80.56 99.67 11078 11889 12012  149.67
pip230 km  0.9920  230.0341 0.0170  0.99235  230.1496  0.0748 DWT [35] 8079 o856 10045 12101 12908  149.02
ptp240 km  0.9916  241.6480  0.8240  0.99073  240.9215  0.4607 SVMD-TEO [16] 8923 98.79 10879 11912 12776 14847

velocity is represented by a mathematical function that is fitted to
simulated and/or actual fault data to obtain a more accurate velocity
estimation. In [33], the TW velocity is estimated by setting a fault at
the T1 node with a distance of 60 km. The initial TWs arrival time at
terminal M1 is 2.015 x 10~ s. Then, the velocity is determined to be
297.76 km/ms. In [26], the TW velocity is set to 183.5 km/ms using
empirical knowledge. The method in [15] designed the TW velocity
as a frequency-dependent variable, calculated using the frequency of
the maximum IMF. In [34], an iterative-based modification equation
is used to correct the velocity spectrum for different line segments.
In [17], the velocities at terminal M and N are found to be v,, = 299.220
km/ms and v, = 299.184 km/ms respectively by analyzing the modified
frequency spectrums. In [29,35], the velocity is directly treated as fixed
at 295.0 km/ms and 300 km/ms, respectively. Although these methods
propose various approaches to estimate the velocity of TWs propagation
for fault location, the TWs velocity in real projects is determined by
various factors such as the conductor material, insulating medium,
environmental conditions, transmission line structure, frequency, and
load levels. As such, it is not an absolute constant value. The un-
certainty of the velocity makes a significant impact on fault location
accuracy.

In comparison, the proposed fault location method utilizes the fitted
parameters ¢ and 7z’ from BLCTWs obtaining desired fault location
results, which eliminates the necessity of estimating the TW velocity
and the unreliability and low accuracy caused by inaccurate estimation
of the TW velocity.

7.2. Compared to other TWs-based methods

To prominent the performance of the proposed method, this sec-
tion provides the comparison study with the existing TWs-based fault
location methods.

The authors in [17] introduced a TWFL method and the fault
location /] is set as:

_ VMl NwEm = IND + Vaymnwl 12

I , (22)
Vymuw t V()N

where in [17], the line-mode TWs velocities at terminal M and N
Vymrw and Uy, are identified as 196.0784 km/ms and 196.3350
km/ms, respectively.

In [16,35], the first and second voltage TWs peaks at single side
are used to reflect to the TWs arrival time. The fault location can be
expressed as:

_ Oy X (Tp = Ty)
- 2
where vy, is the TWs velocity at line-mode network; Ty, and T, are
the second and first peak value timings of voltage magnitude.

It is evident that methods in [16,17,35] are dependent of TWs ve-
locities, the precise estimation of vy, Uy @0d U(pyny,, are needed.
Besides, another key to TWFL1 and TWFL2 is the precise identification
of t), and 7y, which is determined using the S-transform in [17],
DWT in [35] (‘Haar’ wavelet as mother wavelet and decomposition
level is 2) and SVMD-TEO in [16];

I (23)

For comparison studies, all the faults are metallic ptg faults set at
I, in Fig. 1 using a same f, 200 kHz. The comparison results can be
seen in Table 8 by reproducing the fault location algorithms in the same
testing condition in [16,17,35] among the proposed method.

According to the results presented in Table 8, the proposed method
provides more accurate fault location results compared to other meth-
ods. It is important to note that the methods in [16,17,35] use different
time-frequency analysis tools to extract the high-frequency components
contained in the faulty traveling waves (TWs), generated by the bound-
ary element at the line terminal. The peak values in the frequency
spectrum are mapped to the TWs’ arrival times at the relays. However,
the performance of these tools, especially their time-frequency resolu-
tion, is limited by the sampling frequency. When using a reduced value
of f, (compared to the values in [16,17,35]), the TWs’ arrival times
cannot be precisely identified, which consequently affects the accuracy
of the fault location results. This drawback becomes more pronounced
in close-in faults, such as the 5 km case shown in Table 8, where the
available data is further reduced. All these limitations inherent in the
classical methods [16,17,35] are mitigated by the proposed method
through the use of fitted parameters for fault location.

7.3. Compared to other fault location methods

In this part, the proposed method is further compared to other
methods using indexes such as sampling frequency (SF), Noise With-
stand Ability (NWA), Synchronization (Sync), Close-in faults accuracy
(CIFA), and Computational Complexity (CC), Real-time testing (RTT).
The compared methods include the MMGA-based method in [28], the
SAE-based method in [29], the CWT-based method in [27], and the
SVMD-TEO-based method in [16]. The comparison results can be seen
in Table 9.

The MMGA algorithm in [28] is applied to detect the first two
wavefronts of voltage TWs by measuring the geometric characteristics.
However, the accuracy of this method is significantly reduced under
close-in faults. As reported, 4.39 km is estimated when the real location
is 2 km (2390 meter error), which is caused by the low signal decompo-
sition resolution of MMGA. This limitation is addressed in the proposed
method. In [29], a 20 ps data window with 100 samples is collected
as inputs for the stacked auto-encoder (SAE), which utilizes a 5 MHz
for sampling. Similar issues are also exposed in the CWT-based method
in [27] which uses a 2 MHz sampling to capture the wavefronts using
the CWT coefficients, and the SVMD-TEO-based method in [16] which
adopts an 1 MHz sampling rate to decompose the IMFs contained in the
TWs. The EMD is used in [13] for measuring the 1st mode of IMF, multi-
wavefronts are needed to obtain the fault location. The complex logic
under various fault conditions and synchronization errors will reduce
the accuracy under close-in faults and may limit the real applications.
Similar to [15], the EMD also requires a high sampling rate (500 kHz
in [13]) to obtain accurate IMFs. Besides, the performance under close-
in faults is reduced, as the wavefronts are challenging to identify due
to frequent injections/refractions of short propagation distance.

The real-time testing of these methods using a 50 ps simulation step
(20 kHz sampling) needs further investigation, as the performance of
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Table 9

Comparisons with other fault location methods.
Method in [28] [29] [27] [16] [13] Proposed
SF (kHz) 200 5000 2000 1000 500 200
NWA 50 dB 60dB - 30dB - 35 dB
Sync No No Yes Yes Yes No
CIFA Low Low Low Low Low High
RTT No No No No No Yes

these methods on a real-time simulation platform, in terms of reliability
and accuracy, has not been tested or validated, and their potential and
feasibility in practical applications cannot be guaranteed. In compar-
ison, the proposed method exhibits comprehensive advantages under
these compared methods.

8. Conclusion

This article proposes a new single-ended DC fault location method
based on backward line-mode current TWs for the MTDC power system.
Firstly, it is derived that the backward line-mode current TWs can be
approximated to an exponential function with a parameter containing
the fault location. Then, the AMLM algorithm is used for parameter
fitting. The calculating procedure of the AMLM algorithm is elaborated.
Finally, the performance validation of the proposed method is done via
PSCAD/EMTDC and RTDS platforms.

According to the results, the proposed parameter fitting algorithm
and fault location method are accurate, with all the R? values close
to 1.0 (perfect fitting), and most errors are smaller than 0.5%. It also
performs excellently with different sizes of DC inductors. The method
does not require a high sampling frequency and communication chan-
nel, significantly reducing the hardware requirements and investment
in practical applications. The authors also investigated noise tests.
The presented results confirm the superiority of the proposed fault
location method in withstanding the 35 dB noises. Additionally, by
comparing the R? values of the fitted BLCTWs, the optimal coefficients
from the sampled and fitted BLCTWs are used for fault location, which
significantly enhances the reliability and accuracy of fault location
under close-in faults.

This work can be extended in the following directions: (1) En-
hancing the method’s anti-noise ability to resist higher noise levels
(SNR < 35 dB); (2) Implementing the proposed fault location method
in the FPGA units and conducting hardware-in-the-loop (HIL) testing
using RTDS; (3) Extend the proposed method to apply to overhead and
cable/overhead hybrid transmission lines. (4). Considering the impact
of nonlinear fault resistance to the fault analysis and fault location
performance;
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