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Due to limited fault-isolation capability, the initial protection action in DC distribution systems may de-energize
a feeder-level or multi-section area containing multiple candidate components. Identifying the specific pole-to-
ground (PTG) faulted section within such a de-energized area using recorded fault transients remains challenging
under limited measurement coverage and network parameter uncertainty. By exploiting the localized dominant
response characteristics of transient zero-mode current (TZMC) during the early stage of PTG faults, this paper
proposes a fault section localization method through sparse recovery of the dominant nodal TZMC support. First,
the propagation and attenuation characteristics of early-stage TZMC are analyzed to identify a frequency band in
which the nodal TZMC responses exhibit localized sparsity. A sparse localization model is then formulated via the
impedance mapping between nodal TZMC responses and limited transient zero-mode voltage (TZMV) mea-
surements, accounting for parameter-induced structured mismatch. Furthermore, a topology-aware residual-
discriminative matching pursuit (TRMP) algorithm is developed to improve support recovery and thereby
enhance fault section localization under such mismatch. The proposed method is validated on a modified IEEE
33-node DC distribution network in PSCAD/EMTDC. Simulation results show that the proposed method can
distinguish bus faults from line-section faults and achieves higher localization accuracy than the compared sparse
reconstruction methods under varying fault resistances, measurement noise levels, and network parameter un-
certainty. Specifically, under network parameter uncertainty, the proposed method achieves average localization
accuracies of 96.80 % and 98.99 % for bus-fault and midpoint line-fault scenarios, respectively.

service restoration [6,7].
Existing methods for fault section localization within de-energized

1. Introduction

Direct current (DC) distribution networks offer inherent advantages
for the flexible integration of distributed generators (DGs), DC loads,
and energy storage systems [1-3]. With the increasing penetration of
power electronic converters and DGs, modern DC systems are evolving
toward highly complex architectures with multi-terminal in-
terconnections [4,5]. In practice, however, DC breakers are not always
deployed at all candidate isolation points in DC distribution systems.
Therefore, when a permanent pole-to-ground (PTG) fault occurs, the
initial protection action often de-energizes multiple sections including
the faulted one, rather than isolating the faulted section directly. After
such an initial isolation action, identifying the specific faulted bus or line
section within the de-energized area becomes essential for subsequent
selective isolation, maintenance dispatch, network reconfiguration, and

* Corresponding author.
E-mail address: neepu_lsq@163.com (8. Li).

https://doi.org/10.1016/j.ijepes.2026.112252

areas can be broadly classified into two categories based on the infor-
mation used for localization: active interrogation methods and passive
fault-response methods. Active interrogation methods inject probing
signals into the de-energized area and identify the faulted section from
the resulting responses [8,9]. In [8], an additional control strategy co-
ordinated with a resonant branch was employed to inject detection
signals, and the fault section was identified from single-terminal infor-
mation, whereas [9] utilized a hybrid HVDC circuit breaker to inject
diagnostic pulses and identified the faulted line based on the resulting
transient responses. Although these methods are well suited to
restoration-oriented applications, their practical implementation
generally requires additional signal-injection hardware or temporary
intervention in converter control.
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Passive fault-response methods, in contrast, infer the faulted section
from fault-induced transient data recorded before the initial isolation
action. These methods mainly include traveling-wave-based and model-
based approaches. Traveling-wave methods exploit high-frequency
wavefront information and can provide fast and informative signa-
tures for fault section localization [10,11]. However, they depend on the
reliable observation of early wavefronts and often require synchronized
double-ended measurements, particularly in branched networks. Model-
based methods establish analytical relationships between fault sections
and measured responses [12,13]. In [12], the fundamental-frequency
components of post-fault voltages and currents were estimated using
least squares and then used for fault section localization. However, the
method required a 5 ms post-fault window, during which the estimated
components may be affected by emergency fault-control actions. To
avoid reliance on fundamental-frequency estimation, [13] used high-
frequency transients within the first 2.5 ms after fault inception and
identified the faulted line by comparing transient impedances at branch
terminals. Nevertheless, its applicability depends on the observability of
branch-end high-frequency responses, limiting its use under sparse
measurement configurations.

To reduce the dependence on measurement coverage, recent model-
based studies have introduced sparse reconstruction into fault section
localization [14-17]. These methods recover sparse fault representa-
tions from limited measurements using an impedance-based sensing
matrix and identify the faulted section from the reconstructed support.
However, two issues remain. First, the selected fault-feature components
must retain sufficient transient energy while exhibiting clear node-
domain sparsity; otherwise, their support may not be reliably recov-
ered. Second, network parameters often deviate from their nominal
values due to modeling simplifications, aging effects, and operational
variations [18]. In sparse-reconstruction-based localization, such de-
viations manifest as structured impedance-mapping mismatch and may
lead to incorrect support identification.

To address these challenges, this paper proposes a limited-
measurement-based PTG fault section localization method that iden-
tifies the specific faulted bus or line section within a de-energized area
by recovering the dominant nodal transient zero-mode current (TZMC)
support from recorded transient zero-mode voltage (TZMV) under
network parameter uncertainty. The main contributions of this paper are
summarized as follows:

1) A frequency-dependent TZMC propagation model is constructed to
quantify its local attenuation along DC feeders, revealing the spatial
dominance of fault-adjacent nodal responses and providing a phys-
ical basis for characteristic-band selection and dominant-support-
based fault section localization.

2) An impedance-mapping-based sparse localization model is estab-
lished to recover the dominant nodal TZMC support from limited
TZMV measurements, with network parameter deviations charac-
terized as structured model mismatch.

3) A topology-aware residual-discriminative matching pursuit (TRMP)
algorithm is proposed to reduce mismatch-induced false support
selection through topology-constrained neighbor expansion and
residual-energy validation, thereby improving fault section
localization.

The remainder of this paper is organized as follows. Section 2 pre-
sents the overall implementation framework of the proposed method.
Section 3 analyzes the propagation and node-domain characteristics of
TZMC and determines the characteristic frequency band. Section 4
characterizes the impedance-mapping mismatch caused by network
parameter uncertainty, formulates the corresponding sparse localization
model, and presents the proposed TRMP algorithm and fault-section
decision criterion. Section 5 evaluates the localization performance,
robustness, and computational efficiency of the proposed method
through simulation studies. Finally, Section 6 concludes the paper.
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2. Overall framework of the proposed method

Following a PTG fault, the pole-voltage transients are first recorded
during the interval before the initial protection action. The initial pro-
tection action may de-energize a feeder-level or multi-section area. The
proposed method then uses the previously recorded fault transients to
determine the specific PTG-faulted bus or line section within the
resulting de-energized area for subsequent selective isolation and
restoration support.

As shown in Fig. 1, the localization procedure consists of three main
stages. First, the previously recorded pole-voltage transients are trans-
formed into TZMV signals, and their characteristic-band components are
extracted as observations. Second, based on the localized sparsity of
fault-induced TZMC within the selected characteristic band, an
impedance-mapping-based sparse localization model is established, in
which network parameter uncertainty is represented as a structured
mismatch between the nominal and actual impedance mappings. In the
third stage, the proposed TRMP algorithm is employed to recover the
dominant nodal TZMC support. The faulted section is then determined
according to the reconstructed support pattern. Under the single-PTG-
fault assumption, a dominant single-node support is interpreted as a
bus fault, whereas a dominant adjacent-node-pair support indicates a
line-section fault. This structured representation is established for PTG
fault section localization within the de-energized area formed after the
initial protection action, while multiple simultaneous faults and bipolar
short-circuit faults are beyond the scope of this study.

3. Transient fault characteristics of PTG faults
3.1. Transient characteristics of PTG faults

During the early capacitor-discharge stage of a PTG fault, the tran-
sient fault current is primarily governed by the discharge of MMC sub-
module capacitors, the DC-side capacitors of voltage-source converters
(VSCs), and the DC-side capacitors of dual-active-bridge (DAB) con-
verters [19-21]. The main fault-current contributors and their associ-
ated current paths are schematically illustrated in Fig. 2.

Accordingly, the fault current in this stage can be approximately
expressed as:

if(t) ~ iMMC(t) +iVSC(t) + iDAB(t) (1)

where ipymc(t), ivsc(t), and ipap(t) denote the dominant discharge-
current components contributed by the MMC submodule capacitors,
the DC-side capacitors of the VSCs and DAB converters, respectively.
As shown in Fig. 2, the faulted pole is directly affected by the
grounding fault path, while the non-faulted pole may also exhibit
coupled transient responses. Therefore, the pole-mode transformation is
employed to separate the line-mode and zero-mode components:

V21 1
527{71 1} @
X L [x V21 -17[x
= %] =2 R

where Xp and Xy represent the electrical quantities at the positive and
negative poles, respectively, and X; and X, denote the line-mode and
zero-mode components. Compared with PTP faults, which mainly excite
the line-mode component, PTG faults produce a more pronounced zero-
mode component. Therefore, TZMC is adopted for subsequent PTG fault
analysis and localization [16,17].

As shown in Fig. 3, during the initial stage of a PTG fault with
Ry =1 Q, the time-domain responses of TZMC exhibit oscillatory decay
behavior, while the spectral energy is mainly concentrated in the low-
and medium-frequency ranges. As the fault resistance increases, the
dominant frequency components tend to shift toward lower frequencies



H. Wang et al. International Journal of Electrical Power and Energy Systems 182 (2026) 112252

€ZMV Feature Extracﬁgn\ gparse TZMC Reconstruction M‘“ﬁ\ TRMP-Based Sparse Reconstruction
————————————————— N under Network Parameter Uncertainty
|U MxL . P1 P2 PM | Tmpedance 92 ——————————— ~ TRMP Topology-Constrained Atom Selection
| — | Mapping Matrix | ¥ Network Parameter p
tE 1§ : i : Uncertainty : 2ot Residual-Energy-Based Atom
I I | Validation
\ Line Parameter Variations | Y L 4
Ymmmmmmemme=== - Sparse Support Identification
T =TT
f @ Pole-mode Sparse TZMC | | ———————— - v - ~
! Sotemivg Reconstruction Model { (" Single-Node Activation ") (Adjacent-Node-Pair Activation b
1 I
|
P"% | —0—0—0!0—0—0—0— [
: / C y

( " Limited Pole—Voltage ( " Dominant Node-Domain \ (, Faulted Bus/Line \
«__ Measurements - Response Pattern J N _Sictl'_ﬂ’ll_ __7

10/110kV

MMC
B DC Circuit Breaker
B 4C Circuit Breaker
L Smoothing Reactor
Fault Current Limiter
@ Measurement Unit

o=y
ACLoad DAB DCLoad DAB

Fig. 1. Overall implementation framework of the proposed PTG fault section localization method under network parameter uncertainty.

the fault point is modeled as an equivalent virtual current-injection node
representing the aggregated fault-induced TZMC contributed by multi-
ple converter-connected feeders, as illustrated in Fig. 4.

As illustrated in Fig. 4, during the early capacitor-discharge stage,
the DC-side responses of VSC and DAB converters are mainly governed
by their equivalent capacitances. Therefore, they are represented by a
unified equivalent capacitive impedance:

1

anp :m 4)

where Cqp denotes the equivalent DC-side capacitance of the VSC/DAB
converters. Unlike VSC and DAB converters, the MMC contains distrib-
uted submodule capacitors and arm inductances. Its discharge behavior
is therefore represented by an equivalent RLC impedance:

Fig. 2. Schematic of the main fault-current contributors and paths during the +Re ®)

. 1
Zvmc = Req +]WLeq +]—
early capacitor-discharge stage.

WCeq

where Reg, Leq and Cq are the equivalent discharge parameters of the
because the equivalent discharge path becomes more resistive and the
high-frequency transient components are further attenuated.
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Fig. 4. Schematic illustration of fault-induced TZMC propagation during the
early capacitor-discharge stage of a PTG fault.

3.2. Propagation and node-domain characteristics of fault TZMC

Zk+
Lu]

During the early transient stage of a PTG fault in a multi-terminal DC =
distribution network, multiple converter-connected DC feeders simul-
taneously release capacitive discharge currents toward the fault point.
To analyze the propagation and node-domain characteristics of TZMC,
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Fig. 3. Time- and frequency-domain characteristics of TZMC. (a) Time-domain characteristics. (b) Frequency-domain characteristics.
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MMC, Req = Rm/3, Ceq = 3Co/N1, and Leg=(Lz + Ln)/3, Ry, represents the
on-state resistance of the bridge arm switches, Cy denotes the capaci-
tance of the MMC sub-modules, N; is the number of sub-modules per
phase, Ly, is the bridge arm inductance, and Ly is the equivalent induc-
tance of the star reactor on the AC side of the MMC converter.

In Fig. 4, a PTG fault is assumed to occur between node k and node
k + 1, with d €[0, 1] denoting the normalized distance from the fault
point to node k, the line impedance between adjacent nodes is denoted
by ZK . Let Z’gq, denote the equivalent impedance seen from the down-
stream side of the k-th node, which can be recursively expressed as:

Zumc + Zige -1
Zﬁqr: sis k ©)
(zk zk1)+z k>1

eqr cap line

To characterize the propagation behavior of TZMC along the feeder,
the local propagation ratio is defined as:
i z,

1
_i§+i’éﬂp_Z’c‘aP+Z§qr_Zk /Zlc(ap‘f‘l

eqr

)

8(w)

where g (w) represents the fraction of TZMC propagating through the k-
th feeder section. Based on the parameter values listed in Appendix
Tables A.1-A.3, the variation of |gi(w)| for typical feeder sections is
shown in Fig. 5.

As shown in Fig. 5, the local propagation ratio |g(w)| exhibits
oscillatory behavior in the low-frequency region due to resonance and
anti-resonance effects in the multi-branch RLC network, whereas a
clearer attenuation trend appears in the medium- and high-frequency
bands. Here, k = 1 corresponds to the boundary feeder section directly
connected to the MMC equivalent impedance, whereas k > 1 represents
recursively aggregated downstream sections. To highlight the propa-
gation characteristics of typical internal feeder sections, only the cases
with k = 2-5 are shown in Fig. 5.

Meanwhile, the time- and frequency-domain responses in Fig. 3
indicate that the main fault-induced transient energy is distributed
mainly in the low- and medium-frequency ranges. In addition, Fig. 5
shows that the local propagation ratio presents a clearer attenuation
trend in the medium-frequency range than in the low-frequency reso-
nance region. Considering both transient energy concentration and local
attenuation characteristics, the 200-400 Hz range is selected as the
characteristic band in this study, which provides sufficient transient
information while maintaining distinguishable node-domain responses
for subsequent fault section localization. It should be noted that the
selected band is used as a preset band-pass filtering range to obtain the
corresponding band-limited time-domain component from the 4 ms
fault-recording window for subsequent localization, rather than for
high-resolution spectral estimation.

Within this band, TZMC responses are generally more significant at
nodes close to the faulted section and gradually attenuate with propa-
gation distance. This spatially nonuniform response provides the phys-

L . I L
0 100 200 300 400 500
Frequency / Hz

Fig. 5. Frequency-dependent local propagation ratio |g(®)| along typical
feeder sections (k = 2-5).
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ical basis for identifying the dominant nodal support associated with the
faulted section, although nonzero responses may still occur at other
nodes owing to transient propagation. Accordingly, a dominant-
response indicator for node n can be conceptually represented as:

OFm < I

®
L

D{lcn;o —

where Fe™ represents the peak magnitude of the TZMC within the

characteristic frequency band at node n, and I{f;‘;" is a conceptual
threshold for identifying relatively dominant characteristic-band TZMC
responses. It should be noted that the nodal TZMC responses are not
directly measured in practical applications; instead, their dominant
support is inferred from limited TZMV measurements through the sub-
sequent sparse localization model. The candidate dominant-response

node set is therefore given by:
Sc = {n|pl™ =1} ©

Under the single-PTG-fault assumption, the adopted localization
representation uses a dominant single-node support centered on the
faulted bus for a bus fault and a dominant two-node support associated
with the adjacent terminal nodes of the faulted line section for a line
fault. This representation is used for fault-section identification rather
than as a strict upper bound on the number of nodes exhibiting TZMC
responses.

4. Sparse fault section localization under network parameter
uncertainty

4.1. Nominal impedance-based sparse localization model

According to the analysis in Section 3, the fault-induced TZMC re-
sponses exhibit a dominant node-domain response pattern within the
selected characteristic frequency band. Within this band, the measured
TZMV components and the nodal TZMC components satisfy

Uﬁmo _ ZMXNI{SFBO (10)

where U’”;@”‘” and I{?F‘“’ denote the characteristic-band TZMV and nodal
TZMC components, respectively, and Zyy is the nominal impedance
mapping matrix from the N nodal TZMC components to the TZMV
components at the M measurement points.

To identify the dominant nodal support rather than reconstruct
phase-accurate transient waveforms, the magnitude of the nominal
impedance mapping matrix is adopted to preserve the spatial response
pattern required for support identification [14]. The discarded phase
information and within-band impedance variations are treated as
modeling errors in the reconstruction residual. Accordingly, the com-
plex relationship in (10) is approximated over L sampling instants as

U = (2w B an

Here, U/S® denotes the measured characteristic-band TZMV com-
ponents, measured at M measurement points over L sampling instants
within the complete 4-ms fault-recording window, and I{,C?L“ denotes the
sparse nodal coefficient representation associated with the
characteristic-band TZMC responses. Under ideal conditions, the
dominant-support structure of £ enables reliable fault section local-
ization via sparse reconstruction. Accordingly, the reconstructed coef-
ficient matrix provides an equivalent representation of the dominant
nodal TZMC support for localization, rather than a pointwise recon-
struction of the physical TZMC waveform.
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4.2. Fault section localization model under network parameter
uncertainty

In practice, line parameters are subject to estimation errors,
modeling simplifications, and operating variations. As a result, the
actual line resistance and inductance between adjacent nodes deviate
from their nominal values, which introduces perturbations into the
admittance matrix and, consequently, into the impedance mapping used
for localization. The perturbed resistance and inductance between nodes
i and j can be expressed as:

Ry = Ry(1 + ay)

Ly =Ly(1 + ay)

aj| <8 12)

)

where R;j and L; are nominal line parameters, a; denotes the relative
perturbation coefficient, and § represents parameter perturbation level.
For simplicity, the same bounded perturbation coefficient is assigned to
the resistance and inductance of the same line section to characterize
line-parameter deviation. Accordingly, the perturbed admittance matrix
is expressed as:

Y=Y+AY 13)

where Y denotes the nominal admittance matrix and AY represents the
perturbation induced by network parameter uncertainty. Under the

small-perturbation assumption H?flAYH2 <1, first-order matrix
perturbation theory yields

(Y+AY) ' =Y fY’IAY?’lJro(HAYHZ) 14

Accordingly, the perturbed full nodal impedance matrix can be
approximated as

Znn = Znen - ZuewAYZyon (15)

The rows associated with the M measurement points form the
impedance mapping used for fault localization. Therefore, the perturbed
impedance mapping can be expressed as:

Zatew = Zopsn + DZuien (16)

where AZy.n represents the topology-coupled perturbation in the
impedance mapping induced by line-parameter deviations. Accordingly,
the equivalent localization model based on the impedance-magnitude
mapping can be expressed as:

Uﬁ?fg ~ |2MxN\I{§iBL° + VML + €mxi

_ a7)
= |Zan] )fzf?ff

VuxiL = (‘ZMXN

where ey, denotes measurement noise and vy, represents the
equivalent structured disturbance induced by network parameter un-
certainty.

In practical localization, only the nominal parameters are available,
while the actual parameter perturbation level § is unknown. Since the
sparse nodal coefficients are estimated independently at each sampling
instant, the sparse reconstruction problem for the I-th sample can be
formulated as

_ 2
min e, st [~ it [ a9

where 7 bounds the squared residual energy induced by measurement
noise and uncertainty-related model mismatch. Since the residual
associated with the impedance-mapping mismatch also depends on the
unknown TZMC responses, # is difficult to specify a priori. Therefore,
instead of directly solving (18) with a fixed global bound, the proposed
TRMP evaluates each candidate neighboring atom according to its
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contribution to the reduction in residual energy.
4.3. Proposed TRMP reconstruction algorithm

To improve support identification under network parameter uncer-
tainty, a TRMP algorithm is proposed. Compared with conventional
greedy sparse reconstruction methods, the proposed algorithm improves
support identification through two mechanisms.

1) Topology-aware support expansion: Instead of searching over all
candidate nodes, the support search is restricted to physically connected
nodes in the network graph. This topology-constrained expansion re-
duces the risk of selecting spurious supports caused by uncertainty-
induced distortion in the impedance mapping.

2) Residual-discriminative atom validation: A residual-energy-based
contribution criterion is introduced to evaluate whether a newly added
atom leads to a meaningful reduction in the reconstruction residual.
Unlike conventional greedy pursuit methods that update support purely
according to correlation ranking, the proposed strategy uses the initial
fault-induced response as a fixed reference to assess the effectiveness of
newly introduced atoms, thereby improving support stability under
structured model mismatch.

Algorithm 1. TRMP Reconstruction Algorithm

Input: sensing matrix A = |Zyn|, the observed matrix y = U’;j}f‘ip containing L, post-
fault samples; the adjacency matrix Gy, the residual-contribution threshold y.
Output: Reconstructed coefficient matrix éNX,_p
1. Initialization: the initial post-fault sampling index as | = 1 with l € [LL,,}, and
reconstruction coefficient matrix Oy, » = Onxi,
2. Iterative sparse reconstruction: For each sampling instant [ =1, 2, ..., L,
1) Set iteration index t = 1, reference residual r, =y.;, 7 =rb.
2) Compute the Pearson correlation coefficient.
p; = |corr(A;,rh)|(19)
3) Select preliminary index S; = argmaxp;.
4) Construct the topology-constrained neighboring candidate set.
A; = {m|G(m,S;) =1,m € [1,N]}(20)
S = argrrzlg\)‘(pm(zn

5) Determine the support set for the current iteration:
{$1p =1
Ne = { {sl,§1} t=2 22
6) Estimate coefficients using initial reference residual:
d), — argmin|r} ~ Aoy | - (Ahax) AL @3
Ne

7) Compute the residual of the current support set.
F =) —Ay,0y, (24
8) Evaluate the residual-energy contribution of the current iteration.
e = (IFeally - IRI3) /I [525)
9)Ift < 2, sett =t + 1, and return to step 5). Otherwise, evaluate the residual-energy
contribution of the newly introduced atom. If ¢; < 7, set ) 1= ?;:l; otherwise, set

~ ~t
0.1 = 0y,. Terminate the reconstruction at the current sampling instant.

Under the single-PTG-fault assumption, TRMP recovers the dominant
structured support defined in Section 3 rather than the complete nodal
TZMC response. A bus fault corresponds to a dominant single-node
support, whereas a line-section fault corresponds to a dominant
adjacent-node-pair support; therefore, the maximum support size is set
to two, and responses propagated to other nodes are not treated as
additional localization supports. The implementation steps are sum-

marized in Algorithm 1. The reconstructed coefficient matrix 0 repre-
sents the estimate of the sparse nodal coefficient representation in (11)
and (18). Accordingly, TRMP is a finite-step support-selection procedure
that terminates after no more than two selection steps. Correct
dominant-support recovery requires that (19) selects a true dominant
atom as Sp; for a line-section fault, the other terminal node of the faulted
line should subsequently be selected by (21) and retained according to
Step 8 and Step 9, whereas, for a bus fault, the additional neighboring
atom should be rejected by this criterion.
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The residual-contribution threshold y controls the retention of the
newly introduced neighboring atom. An excessively large y may reject
the weaker but valid secondary support associated with the other ter-
minal node of the faulted line section, whereas an excessively small
value may retain spurious neighboring supports. Therefore, y should be
selected as a relatively small positive threshold to avoid premature
rejection of weak secondary supports. In this study, y = 0.02 is used as
the fixed setting, while occasionally retained spurious supports can be
further screened based on the node activation ratio over the observation
window.

4.4. Faulted-section decision based on node activation ratio

After obtaining the reconstructed coefficient matrix over the post-
fault transient window, the node activation ratio is calculated to
determine whether the reconstructed pattern corresponds to a bus fault
or a line-section fault. Specifically, the activation ratio of node i is
defined as:

o= (|8, /s 26)

where éi_: denotes the i-th row of 5,%. Let iy = argmaxv;, iz =
L
argn;axvi. If G(iy,i2) = 1 and v(iz)>&-0(iy ), a line fault between nodes (i,
1#11

i) is determined, otherwise, a bus fault at node i; is identified.

The physical basis of this criterion is related to the different nodal
activation patterns caused by bus and line faults. For a bus fault, the
transient response is mainly concentrated at the faulted node because
the fault point directly corresponds to a single node, resulting in a single-
node dominant pattern. In contrast, a line fault occurs between two
adjacent nodes, and the transient response propagates toward both
terminals of the faulted section, leading to effective support formation at
two adjacent nodes. Therefore, the activation ratio provides an effective
measure to identify whether a secondary node forms an effective support
over the observation window, thereby distinguishing the single-node
dominant pattern of bus faults from the dual-node support pattern of
line faults.

Moreover, the fault-discrimination coefficient ¢ specifies the mini-
mum relative activation ratio required for the secondary-node support.
An excessively large ¢ may reject highly unbalanced two-node re-
sponses, particularly for near-terminal line faults, whereas an exces-
sively small value may allow intermittent spurious activations to satisfy
the criterion, thereby increasing false identification risks. Therefore, &
should be properly selected to retain weak but effective secondary
supports while maintaining discrimination against spurious activations.
In this study, & = 0.1 is used as the fixed setting.

5. Simulation and analysis
5.1. Test system and simulation settings

To validate the proposed method, simulations are conducted on a
modified IEEE 33-node DC distribution network implemented in
PSCAD/EMTDC, as shown in Fig. 6. The system includes MMC, VSC, and
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Fig. 6. Modified IEEE 33-node DC distribution network.
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DAB converters, representing AC grid interfaces, DGs, and load in-
terfaces, respectively. The network nodes are interconnected through
DC feeders equipped with isolation switches, while DC circuit breakers
are installed at MMC stations and DG access points. The detailed system
parameters are given in Tables A.1-A.3 in the Appendix.

In Fig. 6, MMC1 operates in constant DC-voltage control mode,
whereas MMC2 adopts constant active-power control. The VSC is
controlled in AC-voltage regulation mode, and the DAB employs single-
phase-shift control. The AC side of the MMC is grounded through a star-
reactor grounding scheme with neutral-point resistance, while the DC
side is grounded through a clamping resistor. The VSC and DAB units are
grounded at the midpoint of their dc-link capacitors.

Based on the previous sparse-measurement localization studies in
[14,16,17], seven measurement points are configured at By, Bs, Bg, B;7,
Bo1, Bog, and Bs;. Specifically, By and B,7 are located at the two MMC
interfaces, Bs and Bg are located in the main feeder and major branching
areas, and Bsj, Bog, and Bs; cover different downstream branches and
terminal sections. The measurements from different locations are
required to be time-synchronized before constructing the TZMV
response matrix, so that the transient responses at different measure-
ment points correspond to the same sampling instants. The rows corre-
sponding to these measurement nodes are extracted from the nodal
impedance matrix Zyy to form the sensing matrix Zyy used for fault-
section localization.

The sampling frequency is set to 25 kHz to provide sufficient tem-
poral resolution for capturing transient dynamics. For each fault event, a
4 ms fault-recording window, including 2 ms before and 2 ms after fault
inception, is adopted to capture the early capacitor-discharge-
dominated transient stage before converter control responses and
emergency fault-control actions significantly affect the network
response. Based on the transient propagation analysis in Section 3, the
200-400 Hz range is selected as the characteristic band. The impedance
mapping matrix is calculated at the center frequency of the selected
band, i.e., 300 Hz, and used as the representative characteristic-band
impedance mapping for sparse reconstruction, which is then used for
subsequent fault section localization.

5.2. Localization performance under ideal conditions

Under ideal noise-free and nominal-parameter conditions, the cor-
rectness of the proposed sparse fault section localization model is first
verified. Both positive PTG (PPTG) and negative PTG (NPTG) faults are
simulated at all candidate nodes and at the midpoint of every line sec-
tion, with fault resistance values ranging from 0.1 Q to 200 Q. For each
fault-resistance setting, considering both fault polarities, 66 bus-fault
cases and 64 midpoint line-fault cases are constructed based on the 33
candidate buses and 32 line sections, respectively. The overall locali-
zation results are summarized in Table 1.

As shown in Table 1, all bus-fault cases and midpoint line-fault cases
are correctly localized over the tested fault-resistance range from 0.1 Q
to 200 Q. This result verifies the basic feasibility of the proposed
localization model and confirms that the characteristic-band TZMC re-
sponses can provide distinguishable dominant support patterns in the
node domain under nominal conditions. For illustrative purposes, two
PPTG faults with Ry = 1 Q, one at node By; and the other on line L1o_13,
are selected as representative bus-fault and line-fault cases, respectively,
and the corresponding reconstructed support patterns are shown in
Fig. 7.

As illustrated in Fig. 7(a), when a PPTG fault occurs at node B11, the
reconstructed coefficient pattern is dominated by the faulted node,
while the coefficients at other nodes remain relatively small. For the
PPTG fault on line L1p_11 shown in Fig. 7(b), the two dominant recon-
structed coefficients correspond to the adjacent terminal nodes By and
B11. These results are consistent with the adopted localization repre-
sentation, in which a bus fault is identified by a dominant single-node
support, whereas a line-section fault is identified by a dominant
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Table 1
Fault section localization results under different fault resistances.
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Fault type Performance metrics Fault resistance Ry (Q)
0.1 1 10 50 100 200
Bus fault Correct cases / total 66/66 66/66 66/66 66/66 66/66 66/66
Location accuracy 100 % 100 % 100 % 100 % 100 % 100 %
Line fault Correct cases / total 64/64 64/64 64/64 64/64 64/64 64/64
Location accuracy 100 % 100 % 100 % 100 % 100 % 100 %
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band TZMC responses and the corresponding reconstructed co-
efficients for the same representative fault cases. For trend comparison,
both quantities are normalized by their respective maximum absolute
values.

For the bus fault at B11, the reconstructed coefficient at B1; exhibits a
temporal variation consistent with the main response trend of the
filtered TZMC at the same node. For the line fault on Lig_11, similar
trend-level correspondence is observed at both terminal nodes B,y and
Bi1. These results provide additional qualitative evidence that the
reconstructed single-node and adjacent-node-pair supports are consis-
tent with the characteristic-band TZMC responses.

5.3. Robustness under network parameter uncertainty

To emulate practical network-parameter deviations caused by
parameter-estimation errors and incomplete asset records, relative
perturbations are introduced into the line parameters. The parameter
perturbation level is set to § = 0, 0.05, 0.10, and 0.15, and the corre-
sponding relative line-parameter perturbations are randomly generated

Time relative to fault inception (ms)
(c)

Fig. 8. Representative temporal comparisons between filtered TZMC responses
and reconstructed coefficients under ideal conditions. (a) Node By, for the bus
fault at B;. (b) Node B for the line fault on Lo_17. (¢c) Node By, for the line
fault on Lyg_11.

within [—6, 6]. Under these conditions, a PPTG fault with Ry = 1 Q is
simulated at all candidate nodes and at the midpoint of every line sec-
tion. For each fault location and each perturbation level, 100 indepen-
dent line-parameter realizations are generated. The localization
accuracy is first evaluated over these realizations and then averaged
over all bus-fault or midpoint line-fault locations, respectively. The
proposed TRMP method is compared with Bayesian compressed sensing
(BCS) [14], compressive sampling matching pursuit (CoSaMP) [15], and
generalized orthogonal matching pursuit (GOMP) [16], as shown in
Fig. 9. For a fair comparison, all methods use identical measurement
settings and the nominal impedance-based sensing matrix. The 4-ms
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Fig. 9. Fault section localization accuracy of different algorithms under vary-
ing parameter perturbation levels. (a) Averaged results for all bus-fault cases.
(b) Averaged results for all midpoint line-fault cases.

fault record is retained for signal processing, and only the 2-ms post-
fault samples are used for sparse reconstruction. Since the faulted-
section pattern is unknown before reconstruction, the sparsity level of
CoSaMP and GOMP is fixed to 2 to cover both bus-fault and line-fault
cases. It should be noted that the sparsity level determines the number
of candidate supports retained during the reconstruction process. After
reconstruction, dominant nodes are identified from the relative coeffi-
cient magnitudes, followed by the node-activation-ratio criterion in
Section 4.4 for fault-section determination. All benchmark parameters
are selected once and kept fixed throughout the experiments without
case-by-case retuning.

As shown in Fig. 9(a), for the bus-fault scenario, the effect of
network-parameter mismatch becomes more pronounced as the
parameter perturbation level increases, resulting in a gradual decrease
in localization accuracy for all methods. Nevertheless, the proposed
TRMP method consistently achieves the highest localization accuracy
over the entire perturbation range. This advantage is mainly attributed
to the topology-aware support search and the residual-based atom
discrimination mechanism, which jointly mitigate incorrect support
selection under structured model mismatch. Averaged over all pertur-
bation levels, TRMP achieves an average localization accuracy of
96.80 % for bus-fault cases, which is higher than CoSaMP, GOMP, and
BCS by relative gains of 1.29 %, 2.98 %, and 4.89 %, respectively. These
results indicate that TRMP shows better relative robustness under
parameter uncertainty, although the accuracy decreases as the param-
eter perturbation level increases.

Similar observations can be made in the line-fault scenario shown in
Fig. 9(b). Although all methods experience performance degradation as
the parameter uncertainty increases, the proposed method achieves the
highest average fault section localization accuracy among the compared
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algorithms. Averaged over all perturbation levels, TRMP achieves an
average localization accuracy of 98.99 % for midpoint line-fault cases,
yielding relative accuracy gains of 2.23 %, 1.14 %, and 3.22 % over
CoSaMP, GOMP, and BCS, respectively.

5.4. Ablation analysis of the TRMP components

To evaluate the contributions of the two key components of TRMP,
two ablated variants are constructed. The residual-based matching
pursuit (RMP) removes the topology constraint while retaining the
residual-contribution criterion, whereas the topology-constrained
matching pursuit (TMP) retains the topology constraint but removes
the residual-contribution criterion. Except for the removed component,
all other procedures and settings follow Section 5.3. The average
localization accuracies are evaluated separately for all bus faults and all
midpoint line faults, and the corresponding ablation results are shown in
Fig. 10.

As shown in Fig. 10(a), all three methods achieve perfect localization
under nominal parameters. As the parameter perturbation level in-
creases, the localization performance of RMP and TMP degrades more
noticeably, whereas TRMP maintains relatively high accuracy. Averaged
over all perturbation levels, TRMP achieves relative accuracy gains of
3.58 % and 3.09 % over RMP and TMP, respectively. These results
indicate that both the topology constraint and residual-contribution
criterion contribute to improving bus-fault localization under param-
eter mismatch.

For the midpoint line-fault cases shown in Fig. 10(b), TRMP consis-
tently achieves higher localization accuracy than both ablated variants
over the tested perturbation levels. Averaged over all perturbation
levels, TRMP achieves relative accuracy gains of 7.30 % and 3.80 % over
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Fig. 10. Ablation results under line-parameter perturbations: (a) bus faults; (b)
midpoint line faults.
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RMP and TMP, respectively. These results further confirm the contri-
butions of both components to line-fault localization. Under the tested
midpoint line-fault conditions, the larger performance degradation of
RMP indicates that the topology constraint provides the more pro-
nounced contribution by restricting support recovery to physically
feasible adjacent-node combinations, while the residual-contribution
criterion provides further improvement in support reliability.

5.5. Influence of representative frequency on fault section localization

To assess the influence of the representative frequency, the test set-
tings in Section 5.3 are retained, while the impedance-magnitude
mapping matrix is recalculated at 200, 250, 300, 350, and 400 Hz.
The resulting matrices are applied to the same bus-fault and midpoint
line-fault cases under parameter-perturbation levels of § = 0, 0.05, 0.10,
and 0.15. The comparison results are shown in Fig. 11.

As shown in Fig. 11, the localization performance exhibits a certain
dependence on the representative frequency, particularly under stronger
parameter perturbations. For both bus-fault and midpoint line-fault
cases, the localization accuracy generally increases from the lower
band edge toward 300 Hz and then decreases toward the upper band
edge. Among the tested frequencies, the 300 Hz mapping consistently
achieves the highest localization accuracy under all considered
parameter-perturbation levels. Averaged over all perturbation levels,
the 300 Hz mapping achieves localization accuracies of 96.80 % and
98.99 % for bus faults and midpoint line faults, respectively. These re-
sults support the use of 300 Hz as the representative frequency for the
selected 200-400 Hz band.
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Fig. 11. Fault section localization accuracy under different representative
frequencies and parameter perturbation levels. (a) Averaged results for all bus-
fault cases. (b) Averaged results for all midpoint line-fault cases.
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5.6. Robustness under measurement noise

The robustness of the proposed method against measurement noise is
further assessed under different signal-to-noise ratio (SNR) levels from
10 dB to 50 dB. A PPTG fault with Ry =1 Q is simulated at all candidate
nodes and at the midpoint of every line section, respectively. For each
SNR level, independent Gaussian white noise is injected into the
measured TZMV signals. In this study, the SNR is defined based on the
TZMV signal before noise injection, and represents the power ratio be-
tween the original TZMV signal and the added Gaussian white noise.
Each fault scenario is repeated 100 times with independent noise re-
alizations, and the averaged localization accuracy is reported. The
comparison results of the proposed method, CoSaMP, GOMP, and BCS
are shown in Fig. 12.

As shown in Fig. 12(a), the localization accuracy of all methods
improves as the SNR increases. The proposed TRMP method exhibits a
clear advantage at relatively low SNR levels, while the performance
differences gradually diminish as the SNR increases. Averaged over all
tested SNR levels, the proposed method yields relative accuracy gains of
1.32 %, 3.54 %, and 2.33 % over CoSaMP, GOMP, and BCS, respectively.

A similar trend is observed in the midpoint line-fault scenario shown
in Fig. 12(b). TRMP maintains better localization performance under
relatively low SNR conditions, whereas the performance differences
among the compared methods gradually decrease as the SNR increases.
Averaged over all tested SNR levels, the proposed method yields relative
accuracy gains of 3.15 %, 1.51 %, and 6.45 % over CoSaMP, GOMP, and
BCS, respectively. Overall, the results demonstrate that the proposed
method maintains better localization robustness against measurement
noise, particularly under relatively low-SNR conditions.
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Fig. 12. Fault section localization accuracy of different reconstruction algo-
rithms under varying SNR levels. (a) Averaged results for all bus-fault cases. (b)
Averaged results for all midpoint line-fault cases.
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5.7. Robustness under combined uncertainties

To further evaluate the robustness of the proposed method under
combined uncertainties, a representative high-resistance PTG fault with
Ry = 100 Q is simulated at bus B;; and the midpoint of line Ljg_11
(d = 0.5), respectively. Independent Gaussian white noise is injected
into the measured TZMV signals, and the SNR is set to 20 dB. Mean-
while, different line-parameter perturbation levels (§ = 0,0.05,0.10, and
0.15) are considered to emulate network parameter uncertainties. For
each uncertainty condition, 100 independent realizations are generated,
and the averaged localization accuracy is calculated. The comparison
results of the proposed method and benchmark methods are shown in
Fig. 13.

As shown in Fig. 13(a), under the high-resistance PTG fault condition
with combined measurement noise and network parameter uncertainty,
the localization accuracy of all methods decreases as the line-parameter
perturbation level increases. The proposed TRMP method consistently
achieves the highest localization accuracy among all compared
methods. Averaged over all parameter perturbation levels, the proposed
method achieves an average localization accuracy of 88.39 %, yielding
relative accuracy gains of 4.01 %, 7.52 %, and 11.07 % over CoSaMP,
GOMP, and BCS, respectively.

For the midpoint line-fault scenario shown in Fig. 13(b), TRMP also
maintains better localization performance than the benchmark methods
under all uncertainty levels. Averaged over all parameter perturbation
levels, the proposed method achieves an average localization accuracy
of 85.92 %, yielding relative accuracy gains of 3.00 %, 1.47 %, and
14.09 % over CoSaMP, GOMP, and BCS, respectively. Overall, the results
demonstrate that the proposed TRMP method consistently outperforms
the benchmark methods under combined measurement noise and
network parameter uncertainty, indicating its stronger robustness for
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PTG fault section localization with different node activation patterns.
5.8. Influence of fault-position coefficient on line-fault localization

5.8.1. Network-wide localization performance at different fault positions

To further evaluate the applicability of the proposed method to
different internal fault positions across the network, PTG faults are
separately applied at multiple internal positions on each line section. For
each line section, the fault-position coefficient d is varied from 0.1 to 0.9
with a step of 0.1. The fault resistance is fixed at Ry = 1 Q, and the line-
parameter perturbation levels are set to § = 0, 0.05, 0.10, and 0.15.
Under each perturbation level, 100 independent tests are performed
using randomly generated parameter perturbations, and the network-
wide average localization accuracy over all line sections is calculated.
The results are shown in Fig. 14.

As shown in Fig. 14, the localization accuracy exhibits a consistent
variation with the fault-position coefficient d under different parameter-
perturbation levels. As the fault moves from a near-terminal position
toward the middle of the line, the localization accuracy gradually in-
creases and reaches its highest level at around d = 0.5, and then de-
creases toward the opposite terminal. This behavior is mainly caused by
the variation in the two-node support balance: near the line middle, both
terminal-node responses are pronounced, whereas near a terminal, one
response becomes dominant and the other weakens, reducing the
distinguishability of the weaker support under limited measurements
and parameter mismatch. Meanwhile, the increasingly dominant near-
terminal response makes the two-node support pattern less distin-
guishable from the single-node-dominant pattern of an adjacent bus
fault. Nevertheless, the weaker terminal response still contributes to
support recovery, and TRMP can exploit topology-constrained support
expansion and residual-contribution validation to maintain localization
capability over the tested internal fault positions. Therefore, the
observed position dependence mainly reflects the reduced distinguish-
ability of the adjacent two-node support for near-terminal faults, while
the proposed method remains applicable across the tested internal fault
positions.

5.8.2. Comparative localization performance at different fault positions
To further compare the localization performance of the considered
algorithms under varying fault positions, line Lip_1; is taken as a
representative line section. PTG faults with Ry = 1 Q are applied at
d = 0.2, 0.4, 0.6 and 0.8, while the line-parameter perturbation levels
are set to 6 = 0, 0.05, 0.10, and 0.15. The proposed method is compared
with CoSaMP, GOMP, and BCS. Fig. 15 shows the localization accuracy
of different methods under each fault-position coefficient, and Table 2
gives the averaged accuracy over different perturbation levels for each d.
As shown in Fig. 15 and Table 2, although all methods exhibit certain
fault-position dependence, TRMP achieves the highest averaged

Average localization accuracy(%)

0.3 0.4 0.5 0.6
Fault-position coefficient d

0.7 0.8 0.9

Fig. 14. Network-wide averaged localization accuracy under different fault-
position coefficients and parameter-perturbation levels.
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Table 2
Averaged localization accuracy under different fault-position coefficients.
d TRMP CoSaMP GOMP BCS
0.2 90.82 % 81.65 % 83.23 % 76.27 %
0.4 95.99 % 90.62 % 93.35 % 88.61 %
0.6 97.15 % 93.87 % 93.75 % 89.78 %
0.8 91.59 % 84.18 % 83.89 % 82.01 %

localization accuracy at each tested position. Averaged over the four
tested fault-position coefficients, TRMP yields relative accuracy gains of
7.20 %, 6.02 %, and 11.55 % over CoSaMP, GOMP, and BCS, respec-
tively. These results indicate that TRMP provides better overall locali-
zation performance under varying fault positions and line-parameter
mismatch, consistent with its topology-constrained support expansion
and residual-contribution-based discrimination mechanisms.

5.9. Parameter validity analysis

To evaluate the validity of the selected parameters under different
test conditions, four scenarios are constructed by considering measure-
ment noise, line-parameter uncertainty, and fault position for bus and
line faults. The detailed settings are summarized in Table 3. For each
scenario, y is varied from 0.01 to 0.30 with an interval of 0.01, and ¢ is
varied from 0.02 to 0.50 with an interval of 0.02. For each parameter
combination, the average localization accuracy is calculated over all bus
faults or all line faults corresponding to the considered scenario. The
results for Scenarios 1-4 are shown in Fig. 16(a)-(d), respectively.

As shown in Fig. 16, the parameter sensitivity differs between bus
and line faults. For the bus-fault cases in Scenarios 1 and 3, high local-
ization accuracy is maintained over a broad range of y and £. In contrast,
the line-fault cases in Scenarios 2 and 4 exhibit a narrower high-
accuracy region, particularly under Scenario 4, where the near-
terminal fault position, increased line-parameter uncertainty, and
measurement noise jointly reduce the distinguishability of the second-
ary support. Nevertheless, the selected parameter pair (¢ = 0.1,y = 0.02)
remains within the high-accuracy region in all four scenarios. These

Table 3
Test scenarios for parameter validity analysis.
Scenario Fault Type d S SNR (dB) Rs ()
1 Bus fault — 0.05 40 1
2 Line fault 0.5 0.05 40 1
3 Bus fault - 0.15 20 1
4 Line fault 0.1 0.15 20 1
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results further verify the suitability of the fixed parameter setting
(£ = 0.1, y = 0.02) under the considered test conditions.

5.10. Computational efficiency analysis

To evaluate the computational efficiency of the sparse reconstruction
stage, PPTG faults with Ry = 1 Q are simulated at each candidate node
and at the midpoint of every line section. Each experiment is repeated
100 times, and the average reconstruction time is recorded. All recon-
struction algorithms are implemented under the same computing envi-
ronment on a computer equipped with an Intel Core i7-8750 CPU and
16 GB RAM. The comparison results are shown in Fig. 17.

As illustrated in Fig. 17, the proposed TRMP method achieves an
average reconstruction time of approximately 0.078 s per fault event,
averaged over all simulated bus-fault and line-fault cases. Its runtime is
lower than those of CoSaMP and GOMP, and moderately higher than
that of BCS. Nevertheless, the proposed method maintains competitive
computational efficiency while providing improved localization
robustness under measurement noise and network parameter
uncertainty.

It should be noted that the time reported in Fig. 17 only refers to the
sparse reconstruction stage. It is used to evaluate the computational
efficiency of different reconstruction algorithms rather than the com-
plete fault localization procedure. Regarding scalability, the runtime of
TRMP increases with network size as more candidate nodes are involved
in support searching, while the topology-constrained secondary-support
search and limited support size help restrict the additional computa-
tional burden. Overall, the obtained reconstruction time is acceptable
for post-fault localization and restoration-support applications.

6. Conclusions and future work

This paper presented a limited-measurement-based method for
locating PTG-faulted buses or line sections within de-energized areas of
DC distribution systems. Within the selected characteristic frequency
band, fault-induced TZMC responses exhibit spatial dominance near the
faulted section, yielding dominant single-node and adjacent-node-pair
supports for bus faults and line-section faults, respectively. Based on
this property, a sparse localization model was formulated to represent
impedance-mapping mismatch caused by line-parameter deviations.
The proposed TRMP algorithm combines topology-constrained neigh-
boring-node selection with residual-energy-based validation to improve
support identification under such mismatch.

Simulations on a modified IEEE 33-node DC distribution network
with seven voltage measurement points demonstrated the feasibility of
the proposed method. Under nominal conditions, all tested PPTG and
NPTG bus-fault and midpoint line-fault cases were correctly localized
over the fault-resistance range of 0.1-200 Q. In separate tests involving
measurement noise and line-parameter perturbations, TRMP achieved
the highest average localization accuracy among the compared sparse
reconstruction methods. Its computational time is compatible with post-
fault section localization and restoration-support applications rather
than primary protection tripping.

The present study assumes a single PTG fault and uses a fixed mea-
surement configuration in a simulation environment. Future work will
investigate measurement-point placement for improved fault
observability.
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Fig. 16. Parameter validity under different test scenarios. The red marker denotes the selected parameter setting (¢ = 0.1, y = 0.02). (a) Scenario 1; (b) Scenario 2;

(c) Scenario 3; and (d) Scenario 4.
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Appendix

Table A.1

International Journal of Electrical Power and Energy Systems 182 (2026) 112252

Detailed parameters of DC distribution network.

System parameters

Rated DC voltage (kV)
Rated AC voltage (kV)
DC smoothing reactor (mH)

The resistance of DC line (©/km)
The inductance of DC line (mH/km)

Length of DC line (km)
Grounding resistance (kQ)

Table A.2

Detailed parameters of converters.

Converter parameters

Rated Capacity of MMC (MVA)
Rated Capacity of VSC (MVA)
Rated Power of DAB (MW)

Bridge arm inductance of MMC (mH)

Submodule capacitance (uF)

Number of MMC bridge arm sub-modules

Clamp resistors on the DC side of the MMC (Q)

DC-link capacitance of the VSC (pF)
Number of VSC bridge arm sub-modules

High voltage side capacitance of the DAB (uF)

Value

+10

10

2

0.0781

0.8

10

1
Value
20
5
3
20
2000
50
10°
2000
50
1000

Table A.3
Load Parameters.
Node Load(MW) Node Load(MW) Node Load(MW)
2 0.36 11 0.46 22 0.62
3 0.61 12 0.54 23 0.35
4 0.54 13 0.42 25 0.39
5 0.35 14 0.58 26 0.58
6 0.37 15 0.39 27 0.46
7 0.58 16 0.52 28 0.54
8 0.52 18 0.58 29 0.52
9 0.49 19 0.43 30 0.49
10 0.62 20 0.61 31 0.72
[7] Liu L, Xie F, Kang X, Hao Z, Leki¢ A, Popov M. Parameter fitting-based traveling

Data availability

Data will be made available on request.
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