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Abstract—The primary problem of distribution system protec- ASC will change the fault characteristics, challenging fault
tion is single-line-to-ground (SLG) fault, particularly in networks detection and fault location, especially for high impedance
with distributed generators (DGs), where asymmetrical phase faults (HIF) [5], [6]. Furthermore, if the ground fault is accom-sequence components caused by SLG faults may lead to system
instability. Currently, the location and suppression methods of panied by intermittent arcing, it will lead to arc overvoltage,
SLG faults are based on reliable fault diagnosis. Therefore, con- which could risk the insulation of the line being damaged.
sidering the imbalance of line parameters, this paper analyzes the In addition, ASC cannot fully suppress the active
component
fault characteristics of zero-sequence voltage (ZSV), and proposes and high-frequency harmonics component, which may
cause
a threshold-online-calculating-based SLG fault diagnosis method,accidents such as fire and large-scale power outages [7].which includes fault detection, fault occurrence moment capture
and fault nature estimation. Firstly, the ZSV is measured in In addition, smart power distribution systems are gradually
real time by the designed feeder terminal unit (FTU), which being implemented driven by the widespread integration of
is embedded with the proposed SLG fault diagnosis method. distributed generators (DGs), and the development of sens-
Secondly, the ZSV signal is decomposed by the Mallat algorithm, ing and communication technologies [8]. The smart power
and the fault diagnosis thresholds are calculated through the distribution systems can realize multi-energy flow synergy,maximum margin hyperplane, which is used for fault detection
and fault nature estimation. Finally, the fault occurrence moment namely “electricity-gas-heat”. By combining existing
sensing
is captured by variational mode decomposition (VMD) and and communication technologies, the information interaction
its Teager Energy Operator (TEO). The proposed SLG fault of “source-network-load” can be realized. It helps to improve
diagnosis method has been tested in simulation and physical the self-diagnosis capability which is a pivotal characteristic
experiments in a 10kV system, the effectiveness and feasibility of the smart power distribution system [9], [10]. When anhave been validated.

SLG fault occurs, determining the faulty feeder or faulty
Index Terms—Distribution network, single-line-to-ground section is necessary [11],[12]. Additionally, in a resonant

fault, fault diagnosis method, fault occurrence moment capture, ground system with an active arc suppression device, rapidfault nature estimation.
initiation of the arc suppression device after SLG faults is

important [13], [14]. The traditional method mainly uses a
ZSV threshold (typically set at 15% of the phase voltage) as

I.INTRODUCTION thefaultdetectioncriterion[11],[15].Inaneutralungrounded
system, the amplitude of ZSV may not satisfy traditional

THENEUTRALpointofmedium-
voltage(MV)powerfaultdetectioncriteriainth
ecaseofHIFs.Furthermore,thedistributionsyst
emsaretypicallyearthedviaanarcamplitudeof
ZSVrisesslowlyinresonantgroundsystems,
suppression coil (ASC) in Europe, Africa, Asia and some which satisfies the fault detection criterion only after severalparts of North America [1], [2], which is called resonant cycles from the fault occurrence moment. Most of the existingground system. The SLG faults account for more than 80% methods extract fault transient features based on the momentof distribution network line faults, and the ASC is utilized to when the fault is detected, which may lead to inaccuratesuppress the fault current [3], [4]. However, during SLG faults, transient feature extraction and affect the accuracy of faulty

feeder and faulty section identification. Consequently, the
rapid detection of SLG faults and accurate capture of fault

occurrence moment are crucial.
(Corresponding author: Moufa Guo.) In recent years, numerous methods for SLG fault detection

have been proposed, such as those based on signal processing
technology and artificial intelligence (AI). Among them, the
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Reference [16] detects HIFs by summing the periodic variation
ofZSV.Themethodishighlyfeasible,butthedetectiontime
is long. In [17], mathematical morphology is utilized as the
detection method for HIFs. This method is sensitive to the
variation of ZSV but is susceptible to non-fault disturbances.
Reference [18] introduces the SLG fault detection method that
calculates the input impedance and locates the fault position
by the impulse injection in power line communication, but it
is suitable only for HIFs.
The time-frequency analysis methods retain the time-
frequency characteristics of the waveform. This method is
widely used because it can extract more transient character- Fig. 1. SLG fault of resonant ground system.
istics of SLG faults. The time-frequency analysis algorithm
mainly consists of short-time Fourier Transform (STFT) [19],
Hilbert-Huang transform (HHT) [20], wavelet transform algorithm. Finally, the criteria for fault nature estimation are (WT) [21],
[22], variational mode decomposition (VMD) [23], defined. The effectiveness and feasibility of the proposed SLG empirical
mode decomposition (EMD) [24], etc. In [21] faultdiagnosismethodareverifiedbysimulation,experimental and [25], Guo et al.
utilized the Mallat algorithm to simplify and field data.
wavelet transform and realized the rapid detection of SLG The remainder of the paper is organized as follows. faults. However,
the determination of the threshold coefficient Section II analyzes the SLG fault characteristics of ZSV relies on empirical
knowledge. The applicability is limited under different conditions. In Section III, the fault diagnosis with high sensitivity to non-
fault disturbances, which have method is proposed, including fault detection, fault occurrence a high risk to cause mal-detection
of faults. In [13], a HIF moment capture and fault nature estimation. In Section IV, the detection method based on empirical
wavelet transform (EWT) proposed method is verified by simulation data. In Section V, is proposed, which realizes the adaptive
selection of fault theproposedmethodisverifiedbyexperimentalandfielddata. characteristic frequency bands. However, the
methods based Section VI draws the conclusions.
on modal decomposition are computationally time-consuming,
resultinginalongtimeforfaultdetection. II.ANALYSISOFZERO-SEQUENCEVOLTAGE
AI-basedmethodsfindextensiveapplicationinfaultdiag- CHARACTERISTICS
nosis and location because of their powerful data processing
A. The ZSV Analysis of SLG Fault
capabilities [26], [27], [28]. Unlike traditional methods, AI-
basedmethodsdonotrequirespecificthresholdstobedefined. 1)SLGfaultoccurs:Fig.1illustratesasimplifiedresonant After the AI
algorithms are trained by sample data, they can ground system, assuming that the SLG fault occurs on phase automatically
calculate the classification boundary. However, A of Ln.
AI-based fault detection methods typically require a substan- The ZSV can be represented as
tialvolumeofhistoricaldataforlearningandtraining,which U̇

˙0=U̇ ˙A−Ė ˙A  (1)
presents a significant challenge, as the actual fault data are
often limited and difficult to collect. Without sufficient realistic where U̇˙ is the phase-to-ground voltage of the faulty phase,
iningdata,itwillle Ė˙AtraadtooverfittingandweakgeneralizationAisthesourcevoltageofthefaultyphase.

abilityofAI-basedmethods. DuringanSLGfault,thefaultcurrentflowstothebus In actual distribution network, the relay protection
systems through the fault point. In resonant ground systems, the fault

are required to isolate permanent faults quickly. Therefore, current can be expressed as
the rapid detection of SLG faults and the estimation of

()1thefaultnatureareimportant.However,theexistingfaultİ˙f≈−U̇˙0jωC +G −(2)
detectionmethodsmostlyfocusontheidentificationofHIF, jωLASC
ignoring some key issues, such as the speed of fault detection, where C  is the total earth capacitance of resonant ground
the accurate estimation of fault nature and the impact of system, G  is the total earth conductance, and LASC is the
unbalancedlineparameters. inductanceofASC.Ingeneral,topreventtheoccurrenceof

Therefore, this paper proposes an SLG fault diagnosis resonance overvoltage, the detuning degree of pre-tuned ASC
method based on online dynamically calculated thresholds, istypicallyestablishedat5%[29].Underthenormalfrequency
which is capable of detecting faults rapidly, capturing the f0, it can be approximately considered that the inductive occurrence
moment of SLG faults and estimating the fault reactance of ASC is equal to the capacitive impedance of total
nature. Firstly, when SLG faults occur or disappear under the earth capacitance. With the frequency increasing, the earth
condition of unbalanced line parameters, the characteristics of capacitive impedance decreases, and the inductive reactance of
ZSV are analyzed. Then, the appropriate thresholds of SLG ASC increases. At the early stage of SLG fault, the dominant fault
occurrence and disappearance can be calculated in real frequency of the system (f1) is typically several times f0, thus
time by the maximum margin hyperplane. At the same time, the system is seen as capacitive [11]. During the transient
the fault occurrence moment can be captured by VMD-TEO process, the relationship between the inductive reactance of
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Fig. 3. The equivalent zero-sequence circuit.

Fig.2. Therelationshipbetweenthree-phasevoltageandZSV:(a)Under normal
conditions, (b) SLG fault transient process, (c) SLG fault steady state process.

ASC and the capacitive impedance of total earth capacitance
can be expressed as

()121ωLL≈=CC

1
(3)

ω C∑

It can be seen that the ratio between inductance from the
ASC and the phase-to-ground capacitance from the network
is(f1/f)20.Therefore,thefault-currentcompensationeffectof
ASC is relatively weak during the transient process, namely,
the actual fault current İf is relatively high, which can result
in high phase-to-ground voltage for the faulty phase. With the
development of SLG fault, the oscillation component with f1
is damped and disappears, the main frequency of the resonant
ground system is f0. The capacitive component of the fault
current is suppressed by ASC, resulting in a reduction of the
phase-to-ground voltage of the faulty phase. Fig. 2 illustrates
the phase relationship between three-phase voltage and ZSV.

The ZSV rises slowly, especially in case of HIFs. If the
traditional fault detection method is utilized, the moment when
the fault is detected lags behind the actual fault occurrence
moment by several cycles. This delay may result in the
inaccurate extraction of fault transient features, making it
challenging to determine the faulty feeder or faulty section.

2) SLG fault disappears: Based on Thevenin’s theorem
and the circuit superposition principle, the equivalent zero-
sequence circuit can be derived, which is shown in Fig. 3.
And the fault-disappearance characteristics of ZSV can be
analyzed.

Fig. 3 shows an RLC parallel second-order circuit, if SLG
fault disappears, it is a zero-input response circuit. The
differential equation of the circuit can be obtained.
d2iL(t) LdiL(t)
LC 
+i2L(t)=0(4)dt3Rfdt
Its characteristic equation is

LC s2 
+10 (5)

A

1

A

2

Assuming
rewritten as

s )

1
)3Rf

A

( 1 ) 3 R

The problem of unbalanced line parameters is common in
distribution networks, which causes a presence of ZSV. In the

resonant ground system, the ZSV will be higher, which may
lead to the mal-detection of SLG faults. According to Fig. 1

and Kirchhoff’s current law, the following expression can be
derived

(12)

L j LASC

Under the condition of unbalanced line parameters, the ZSV
can be expressed as
AA ĖBẎB ĖCC 

U̇0bd (13)
AẎBCL
j12◦

αe0, ẎA B C,(13)canbe

( )ĖAAααCU̇0bd (14)Ẏ  L

Consequently, in scenarios where the distribution network
exhibits no mismatch and a constant damping ratio, the greater
the imbalance of line parameters, the higher the amplitude

(6)

(7)

] ,
· ]±− C   · f ·C  

(8)

where A1 and A2 are characteristic constants determined by
the initial values of the dynamic element, s1 and s2 are two
solutions of characteristic equations. According to Fig. 3, the
expression of ZSV can be obtained.

= diL(t)u0(t)uC (t)=uL(t)=L (9)dt
Based on (7) and (9), the expression of ZSV can be rewritten

as

u0t
=L·(As1t1s1e+As)()22s2et(10)

Due to the damping, the ZSV gradually attenuates after SLG
fault disappears.

Consequently, when a HIF occurs in the resonant ground
system, the ZSV rises slowly. When this fault disappears, the
ZSV decreases slowly.

(Ė˙) ) )U̇Ẏ˙( (A0A ĖBU̇0Ẏ˙B ĖCU̇0Ẏ˙C U̇0ẎL0(11) where Ẏ
˙A , Ẏ˙B , ẎC  and ẎL are the phase-to-ground total

admittance and the admittance of ASC, respectively, which
can be expressed as
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⎨Ẏ˙A =jωCA +GA Ẏ˙B =jωCB +GB 

⎪ ⎪ ⎪
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Fig. 5.

Fig. 4. The waveform of ZSV.

The three-sequence network of distribution network with IIDGs.

Fig. 6. The simplified three-sequence network.

of ZSV. Taking the ZSV waveform of a transient SLG fault in
a substation as an example, the SLG fault lasts for about 3s.
The characteristics of ZSV during fault occurrence and
disappearance are
√depictedinFig.4.TheratiooftheZSVtransformeris(103)kV/6.5
V.
According to the requirements of the relay protection systems,

reliable fault detection is particularly important. On the other
hand, most of the existing faulty feeder and faulty section

identification algorithms generally utilize transient features.
Therefore, the accurate capture of fault occurrence

moment is critical.

In general, the distribution network feeder is interconnected
with the distributed generators (DGs) via a transformer with
a Star/Delta winding configuration [13], [30]. Therefore, the

zero-sequence component on the DG side will not be injected
into the distribution feeder. However, the inverter-interfaced

distributed generators (IIDGs) operating in current control
mode can be equivalently represented as a positive-sequence
current source in parallel with filtering capacitors [31], [32].
Consequently, the three-sequence network of a distribution

network with IIDGs operating at power frequency is depicted
in Fig. 5. The positive-sequence, negative-sequence, and zero-

sequence inductive reactance (including line and transformer
inductive reactance) from the fault point to the distribu-

tion network side are denoted by Z , , and ,
espectively′′′L(1)ZL(2)ZL(0)r.Similarly,Z

L(1), ZL(2), ZL(0) denote the inductive
reactance from the fault point to IIDGs side, respectively. Ż

˙ C
is the total capacitive impedance from the fault point to the
distribution network side. Z′C is the total capacitive impedance
from the fault point to IIDGs side. Z′ , ′ and ′

C(1)ZC(2) ZC(0)

(17)

represent the positive-sequence, negative-sequence, and zero-
sequence capacitive impedance of the distributed generators,
respectively.
The capacitive impedance of the line significantly exceeds the

inductive reactance, allowing the inductive reactance of the
line to be neglected. If the source impedance is considered, the

simplified three-sequence network is illustrated in Fig. 6.
U̇
˙f0 is the fault point voltage, U̇bus0 is ZSV of the bus.

The fault point voltage U̇f0, affected by the harmonics
resulting from IIDGs, can be represented as
U̇

˙f0 U̇0sin(ω0t ϕ0) U̇1sin(ω1t+ϕ1)
U̇nsin(ωntϕn) (15)

where U̇
˙0sin(ω0t ϕ0) is the ZSV component of the source

voltage of faulty phase. U̇isin(ωit ϕi),(i
=1,...,n)isthe

harmonic voltage of IIDGs. U̇i, ωi and ϕi, (i
= 1 , . . . ,n ) ,

are the amplitude, angular frequency, and inception angle,
respectively. According to Fig. 6 and Kirchhoff’s law, U̇̇f0 can
be represented as

) ] ˙
∑CDGdU30U̇f0U̇bus0RfC+İ˙L(16)2dt
where CDG is the equivalent capacitance of distributed gener-
ator. After Laplace transform, U̇bus0 can be expressed as
n
i

i

∑ )+C3DG3L∑+CDGf2ASCC2

It can be observed that the harmonic voltage produced
by IIDGs overlaps with the fundamental frequency ZSV.
The zero-sequence component on the IIDGs side cannot be
interconnected with the distribution network side, and only
the equivalent positive-sequence current source affects ZSV. In
general, the amplitude of the harmonic voltage is lower than
the amplitude of the fundamental frequency ZSV. According
to equation (17), the SLG fault characteristics of harmonic
voltage are consistent with the fundamental frequency ZSV.
Furthermore, when the source impedance is negligibly small,
it becomes equivalent to a parallel connection of Ė

˙A and İ˙DG,
the current source representing IIDGs can also be neglected.

Consequently, when an SLG fault occurs, the influence of
IIDGs on the amplitude of ZSV is relatively minor and does
not change the main characteristics of ZSV variation.
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Fig. 7. The diagram of fault diagnosis method.

TABLEI
FILTER C

Fig. 8.

Fig. 9.

Fig. 10.

Signal decomposition process.

ZSV envelope spectrum of SLG fault.

ZSV of intermittent faults and its marginal spectrum.

OEFFICIENT

2j
2j is odd

Multi-resolution analysis can effectively retain and analyze
the local information of the signal [25]. The Mallat algorithm

is applied to the multi-scale decomposition of signals. This
method can realize the wavelet decomposition by obtaining

the filter coefficients of each scale. The recurrence equation is

S(p)fn2S(p)j1jk1hk
2j1fn 2 k iseven
W(p1)fn 1gS(p) pj1j k0k
2j1fn2k

(18)
2
k j

(19)

whereSistheapproxima jth2j tecomponentofthescale,W2jis
the detailed component of the jth scale, hk is the low-pass filter
coefficient, gk is the high-pass filter coefficient. The signal
decomposition diagram is shown in Fig. 8, where fs is the
sampling frequency.

Because the derivative function of cubic B-spline is symmet-
rical, the linear phase of response filter can be guaranteed to
avoid phase distortion. It is utilized as the mother wavelet func-
tion of Mallat signal decomposition algorithm, the coefficients
are shown in Table I.

III. DIAGNOSIS METHOD OF SLG FAULT
Fig. 7 shows the comprehensive framework of the proposed

SLG fault diagnosis method. The proposed algorithm is
implemented in the FTU which can collect ZSV in real time.
The fault detection, fault occurrence moment capture, and fault
nature estimation can be realized by the Mallat algorithm and
maximum margin hyperplane. The fault diagnosis results are
sent to the control center for further processing of SLG faults.
This includes determining the faulty feeder or section by the
faulty feeder or faulty section identification algorithms, and
triggering the active arc suppression device quickly when the
distribution network is equipped with this device.

Unbalanced line parameters may also cause ZSV to rise
as mentioned previously. In general, if an SLG fault occurs,
the ZSV will further increase, so the amplitude of the

To obtain the appropriate number of decomposition levels,
the envelope spectrum is used to analyze the frequency com-

position of ZSV waveform illustrated in Fig. 4. The frequency
band components of ZSV are calculated by the envelope

spectrum, which is normalized and shown in Fig. 9.
When an SLG fault occurs, the main components of ZSV

are concentrated in the low-frequency band, especially within
0-400Hz. In addition, intermittent faults are special cases in
SLG faults, where multiple transient faults occur in a short
period, so the ZSV in these cases has more high-frequency

components [25]. The ZSV of an actual fault obtained from a
substation and its normalized marginal spectrum is shown in

Fig. 10.
Therefore, the ZSV is decomposed into four layers

by Mallat algorithm. The approximate component S(0) (0-
24f
312.5Hz) and the detailed component W(3)

24 f(937.5-1250Hz)
are taken as the analysis object of the fault diagnosis.

335

337

336

338

329

330

331

332

333

334

339

340

341

342

343

344

345

346

347

348

317

318

319

320

321

322

323

324

325

326

327

328

366

367

368

369

370

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

S
j
W
j

f n
1)

f n

hpkW2j 1f n
gpkWfn

2 1

A. Signal Multiscale Decomposition

B. Thresholds Calculation Method Based on Maximum
Margin Hyperplane

{

{

∑
∑

∑ k
∑

(
(

(
(

)
)

) k
) k

(

( p

)

)

2
2

2
2

(2)
2

(2
2

p

p

( )
( )

( )
( )

=
=

=
=

−
−

−
−

+

+

=−

=

=−11
=0

−

−

−1

−1

−

−

( )
−
( )

−



IEE
E P

ro
of

6 IEEE TRANSACTIONS ON SMART GRID

ZSV between normal and SLG faults can be distinguished.
Therefore, the appropriate threshold ε can be obtained by the
maximum-margin hyperplane which is defined as wT

· x +
b

= 0 [33], [34]. The distance from each input vector to the
hyperplane can be expres

yi
×(wT·xi+)sedasb≥1,∀i∈(1,2,...,N)(20)

where yi is the label of input vector, xi is the input vector,
(×) represents performing a product operation, (·) represents
performing a dot multiplication operation, w and b are the
weight and bias, respectively. The following relationships can
be satisfied.

{T· ,ywx i+b=≥1 i=1
≤

{− (21)1,yi=−1∃ wT·xk1+b=1(xk1,xk2),s.t.

( wT· (22)xk2+b=−b=−wT·x Tk1+w·) 1xk2/2 (23)

Construct all inputs into a one-dimensional array, the inputs
with positive labels are x1, x2, . . . , xm, the inputs with

negative
labels are xm +1,xm+2,...,xN, N = m + n. Since the input
one-dimensional variable, wT can be equivalent to w, and the
following re

{lationshipcanbeobtained.wxk1=min(wx1,...,wxm)wx
k2= (24)max(wxm+1,...,wxm+n)

To calculate the threshold, the expression of the maximum-
margin hyperplane can be rewritten as
wε1

+b=0 (25)
Based on (21)–(25), the threshold can be calculated.

ε1
=(min(wx1,...,wx)+···max(wx,...,wTm m+1 xN))/2w

(26)

Calculate w by the Lagrange multiplier method [34], the
relevant expression is as follows.

1
∥∥L(w,b,λ)
∥ ∥∥w2∥ ∑N= + λi(1−yi(wxi+b))2 i=1

{s.t.λi≥0{(27)∂L(w,b,λ)w=∑0w0∂1λxy∂(,,λ)→
∑−Ni=iii=LwbNb=(28)00∂i=1λiyi=

The ZSV approximate components of unbalanced line
parametersS(0)f (0)40bdandSLGfaultSfarebroughtinto(22 240f 6),
the threshold can be calculated

ε
= (0) (0)1(min(wS4f(f),...,wS4f210 2m(0f))+···

max(wS(0) f
+,...,wS(0)4m()4fN(0bd)2w(29)210bd))/2

Si il l th f lt th h ld 2 f d t il d t

(34)

According to the waveform illustrated in Fig. 4, after
the SLG fault disappears, ZSV starts to decrease, and its

variation is large, which can be used as a criterion for
detecting fault disappearance. However, when the fault resis-

tance varies non-linearly, the ZSV also varies significantly.
To distinguish the variation of ZSV is caused by fault

disappearance or other disturbances, the approximate compo-
nent variation and detailed component variation of ZSV are

calculated.
The variations of approximate component and detailed

component can be calculated by

k
k k

1 k

=
where t istheDiracfunction,ukisthedecomposedsignal,
ωk is the center frequency of each component. Obtaining
the optimal solution of constraint expression by alternating
direction multiplier method. TEO can quickly and accurately
track the instantaneous changes of signal energy, which is
defined as

[]dst2 d2[]=()−·s(t)ψs(t) s(t) (32)dt dt2

where s(t) is the original signal. For discrete signals, the
forward difference method is used to obtain the discrete
expression of TEO.
ψ [s(n)]

=(s(n))2−s(n+1)×s(n−1) (33)
TEO of the first modal component is calculated, the moment

when the first spike in the spectrum is located is the fault
occurrence moment.

where L is the number of sampling points in a cycle.
Analyzing the field waveform of ZSV illustrated in Fig. 4,

with the time window of 3s to 3.6s being intercepted. Its
approximate component variation and detailed component

variation are shown in Fig. 11(a). And Fig. 11(b) depicts the
variation of approximate component and detailed component

in the disturbance.
It can be seen that the detailed component is more sensitive

to waveform change than the approximate component, the dif-
ference in approximate component variation between the fault
disappearance and disturbance is more obvious. To distinguish

For the accurate extraction of fault transient features, it is
very important to process the signals at the fault occurrence
moment. Therefore, VMD-TEO algorithm is introduced to
capture the fault occurrence moment. Where, VMD refers

to an adaptive, non-recursive signal processing method [35],
which can decompose the input signal u into multiple sub-

signals with specific sparsity.

)]min{Kj−2jωt,ω}k=1∂t∂(t)+πtuk(t)e2(31)
u u
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Fig.11. Approximatecomponentvariationanddetailedcomponentvariation of
ZSV: (a) SLG fault disappears, (b) SLG fault with disturbance.

TABLE II
CALCULATED FAULT THRESHOLDS

According to Section II, the applicable fault threshold varies
based on the different distribution network components, such

as the asymmetry of line parameters, overcompensation of
arc suppression coils, and fault resistance values. Although
the optimal threshold can be calculated from the maximum
margin hyperplane, the corresponding thresholds differ for

distribution networks with different fault conditions. Based on
the simulated data, the appropriate fault detection thresholds
under different configurations and SLG fault conditions are

presented in Table II.
Based on the analysis results of Section II-B, in case of

low overcompensation of ASC and high asymmetry of line
parameters, the amplitude of ZSV is high during normal

operation of the distribution network, possibly exceeding the
fault threshold associated with high overcompensation of ASC
and low asymmetry of line parameters, leading to misjudgment

of SLG faults. Therefore, the SLG fault detection thresholds
should be calculated in real time. The comparison coefficient

from disturbance, the proposed maximum margin hyperplane
is used to calculate the optimal threshold ε3 for detecting
fault disappearance. If the approximate component variation
exceeds ε3, it is considered that the SLG fault has

disappeared.
In addition, according to Fig. 10, because of the short duration
of intermittent faults, if the approximate component falls
below the threshold ε1 or the detailed component falls below
the threshold ε2, it also indicates that the fault has
disappeared.

λ can be defined and used to avoid misjudgment caused by
this situation:

( )

=4λ (35)()
4

where S(0)4 f 2 train1istheapproximatecomponentundernormal
conditions in the training samples, S(0)4 f

2 train2istheapproximate
component under fault conditions in the training samples.
The threshold-comparison coefficient ελ between 1 and λ
can be calculated by maximum margin hyperplane. Therefore,
the fault threshold of approximate component ε1 can be
expressed as

()=·(0)ε1ελmaxS4f(36)2test1

wheremaxS(0)(4fis
2 test1) theapproximate-componentmaximum

value of ZSV collected in real time under normal condition.
Similarly, ε2 can also be calculated. Additionally, ε3 is directly
calculated based on the approximate component variation of
ZSV through the maximum margin hyperplane.

The proposed fault diagnosis method can rapidly detect SLG
faults, capture the fault occurrence moment, and estimate the

fault nature. The flowchart for a fault diagnosis cycle is shown
in Fig. 12. According to the IEEE standard 1234-2019 [36],

the time criterion for the fault nature estimation is set to 10s.
Consequently, the time for a fault diagnosis cycle is 10s. The

specific steps are as follows.
Step 1: Collect ZSV signal in real time and calculate its

approximate component S(0)f and detailed component W(3)
24 24f.

Step 2: According to Section III-E, the fault-disappearance
threshold ε3 can be calculated. And the SLG fault detection
thresholds ε1 and ε2 are calculated in real time based on the
sampled ZSV.

Step 3: An SLG fault occurs when the approximate or
detailed component of ZSV exceeds the fault detection thresh-
old ε1 or ε2. Meanwhile, the real-time calculation of these
thresholds is stopped and the current thresholds are stored.
And the fault occurrence moment is captured by the VMD-
TEO algorithm.

Step 4: In the fault diagnosis cycle, if the fault does not
satisfy the fault disappearance criterion, then the SLG fault is
determined as the prolonged fault.

Step 5: The main characteristic of intermittent faults is that
they occur several times in a short period and the duration is
very short [37]. The transient faults exhibit longer fault dura-
tions than intermittent faults. Nevertheless, the transient faults
disappear after a certain duration and are not characterized
by recurrence. Therefore, in a fault diagnosis cycle, a fault
is transient if it satisfies the fault disappearance criterion and
does not recur. If it recurs more than three times, the fault is
intermittent.

Step 6: The transient features are extracted based on the
captured fault occurrence moment, which can be utilized to
identify faulty feeder and faulty section.
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Fig. 12. SLG fault diagnosis flow chart.

Fig.13. Simulationmodelof10kVactivedistributionnetwork,thepower supplies
of DG1 and DG2 are 0.15MW and 0.1MW, respectively.

Fig. 14. The control block diagram of the PV system.

TABLE III
LINE DISTRIBUTION PARAMETER

Step 7: After completing one cycle of fault diagnosis, the
next cycle of diagnosis is started, realizing the online detection
of SLG faults.

IV. SIMULATIONVERIFICATION
The effectiveness of the proposed fault diagnosis method

is verified by the 10kV active distribution network simu-
lation model, which is shown in Fig. 13. Where Tz is the
grounding transformer, f1, f2, f3 are the fault points, OL is
the overhead line, and CL is the cable line. Meanwhile, the
IIDGs, such as photovoltaic (PV) farms and energy storage
(ES) systems, are connected in the distribution network, which
serves to verify the correctness of the analysis results in
Section II-C.

The control block diagram of the PV system is illustrated in
Fig. 14. In the process of DC/DC control and inverter control,

the adaptive integral backstepping (AIB) control scheme has
high robustness [38]. Therefore, this non-linear controller is

employed for the PV system.
Meanwhile, the ES system is connected to the grid through
DC/AC converter, and can equivalently operate as an IIDG

when it is in a power supply state [39], [40]. A basic two-level
(2L) converter is employed as the converter within ES system,
and its control strategy is droop control, which includes phase-

locked loop (PLL) control, outer loop control, and inner loop
control. The control block diagram of the 2L converter within

the ES system is similar to that of the inverter utilized in the
PV system [39].

The distribution lines adopt the pi-type equivalent model,
the line distribution parameters are listed in Table III.

1) ε1:Inthedistribution network, the asymmetry of OL
parameters is typically within

1.5% and the asymmetry of CL parameters is typically within
0.5% [41]. The model shown in Fig. 13 has been simulated
with the ASC overcompensation of 2-10% with a step of 2%,
and the fault resistances of 10 , 50 , 500 , and 5000 .
From the simulation, 30 sets of data representing normal
operating conditions and their corresponding 120 sets of
data representing SLG fault conditions can be obtained. The
relative threshold ελ can be calculated as 2.7 by the maximum
margin hyperplane.

The Mallat algorithm can quickly decompose the original
signal, which only requires 46 sample points of discrete data,
this process takes only 4.6ms with a sample rate of 10kHz.
Therefore, the fault thresholds can be calculated quickly.

However, if the line parameters and the loads are symmetri-
cal, the ZSV under normal conditions is relatively low, which
can lead to the fault thresholds being small, thus resulting in
the fault detection algorithm being too sensitive. Therefore,
a reference value of approximate component S(0)

24 fref is set
to improve the robustness of fault detection algorithms. The
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TABLE IV
RESULTS OF F D

Fig.15. ThedetectionresultsofSLGfault:(a)Approximatecomponent exceeds S(
)

4f undernormalconditions,(b)Approximatecomponentdoes
not exceed S( )
4f undernormalconditions.

Fig. 17. The waveforms of the first modal component and its TEO.

Fig.16. Thedetectionresultsofnon-faultdisturbances:(a)CS,(b)LS, (c) DGO,
and (1) Approximate component exceeds S(0) under normal
24 fref
conditions, (2) Approximate component does not exceed S(0) under normal
24 frefconditions.

0
2ref

0
2ref

THEANALYSIS AULT ETECTION

(max

S

max

max

following relationship should be satisfied.

(37)

Consider the ZSV of a normally operating neutral
ungrounded system under the condition of maximum line

parameter imbalance, S(0)f
24 ref can be calculated as 120V.

2) Analysis of simulation results of SLG faults: Because the
Mallat algorithm simplifies the signal decomposition process,
thresholds under normal system conditions can be quickly
calculated. Take the cases where approximate components
exceedS(0)f S(0)

24 ref and those do not exceed f24 ref under normal
conditions as examples, the fault detection results are illus-
trated in Fig. 15.

The rate of correct SLG fault detection under different
situations is shown in Table IV.

3) Influence of non-fault disturbances: The non-fault dis-
turbances discussed in this paper include load switching (LS),
capacitor switching (CS), and DG off-grid (DGO) [42]. In
Fig. 16, td is the occurrence moment of disturbance, the
detection results of these three non-fault disturbances are
demonstrated. It can be observed that the approximate com-
ponents of non-fault disturbances do not exceed the SLG fault
threshold. For LS and CS, the change in ZSV is due to a
surge in the transient switch. Meanwhile, because the line
parameters are asymmetrical, after the switching action, the
ZSV will oscillate. Because the amplitude of this oscillation
is attenuated, the ZSV does not exceed the threshold which is
calculated in real time. In addition, because the primary sides
of DG transformers are delta connected and not grounded [13],
when the DGs are disconnected, the ZSV does not change
significantly.

According to the requirements of the relay protection
system, the accurate estimation of SLG fault nature is impor-

tant. The simulation obtained 150 sets of ZSV data with
transient, intermittent and permanent fault, which include

In resonant ground systems, there is a time interval between
the fault detected moment and the actual fault occurrence

moment. The higher the fault resistance, the longer this time
interval will be. Part of the difficulty in detecting HIFs is

due to inaccurate estimation of fault occurrence moment. In
this paper, the VMD-TEO algorithm is utilized to capture the
SLG fault occurrence moment. The simulation data collected

from the distribution network depicted in Fig. 13 is utilized as
the example, a time window with a length of 0.5s is chosen,

assuming the SLG fault occurs at 0.3s and the fault resistance
is 2000 . Meanwhile, the Gaussian white noise is added to
ZSV with a signal-to-noise ratio of 5dB. After the 5-layer

decomposition of ZSV by utilizing VMD, the waveforms of
the first modal component (imf1) and its TEO are shown in
Fig. 17.

It can be observed that the estimation error of detected
fault occurrence moment is only 0.1ms. Taking into account
the potential for extreme fault scenarios in actual distribution
networks, noise above 2000Hz is filtered out during the data
processing stage to enhance the robustness of the proposed
fault diagnosis method.
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TABLEV
A

Fig.18. SLGfaultdisappearancejudgment:(a)Prolongedfault,(b)Transient fault,
(c) Fault resistance variation. TABLE VI

S

Fig.19. Intermittentfaultdetectionanalysis:(a)ZSV,(b)Theapproximate
component, (c) The fault signal.

FAU LTOCCURRENCENALYSIS RESULTS

THERESULTS OFENSITIVITY ANALYSIS

The impedance of the line leads to a certain voltage, which
can usually be ignored. It is defined as the distribution line

voltage in this paper. Without considering the distribution line
voltage, the ZSV measured at different positions is consistent.

However, when the line is very long, the influence of the
distribution line voltage on ZSV at different measurement

different fault resistances, different line parameters asymmetry, positions along this line cannot be ignored.
and different arc suppression coil overcompensation degrees. Furthermore, when the HIF occurs, the small amplitude Then, the
threshold for fault disappearance is calculated as of ZSV and the long transient process are challenging for 398V by the
maximum margin hyperplane. The distinguished SLG fault diagnosis. Therefore, it is necessary to analyze the results between
prolonged faults and transient faults are shown applicability of the proposed fault diagnosis method in these inFig.18. cases.

Only when the SLG fault disappears, the approximate- According to Fig. 13, it is assumed that the SLG fault
component variation of ZSV will exceed the fault occursatthebeginningofashortlinef1 ortheendofa
disappearance threshold. Through the active distribution long line f3, with fault resistances of 10k , 13k , 16k ,
network model illustrated in Fig. 13, the cases of different and fault inception angles of 0◦, 30◦, 60◦, 90◦, respectively. fault
resistances and different line asymmetry are simulated, The overcompensation of ASC is 5% and 10%, respectively. and the
fault diagnosis results are shown in Table V. It can And the asymmetry degree of the line parameters is 1%.
be observed that the proposed fault diagnosis method can Consequently, there are 24 sets of fault samples for both f1
accurately detect the occurrence and disappearance of SLG and f3. Assuming a perfect instrument transformer is used,
faults, and accurately capture the fault occurrence moment. measurement errors can be disregarded, the test results are
According to the analysis of intermittent faults, if an SLG shown in Table VI.
fault occurs and disappears more than three times within 10s, It can be observed that the proposed fault diagnosis method it can
be judged as intermittent fault. Under the condition of still can reliably detect the occurrence and disappearance of intermittent
faults, if the approximate component falls below SLG faults. However, when the fault occurs at the end of the
the threshold ε1 or the detailed component falls below the long line and the fault resistance is high, the estimation results
threshold ε2, it indicates that the fault has disappeared. Take of the fault occurrence moment have a relatively large error.

the approximate component as an illustrative example. The That is because the ZSV amplitude of a HIF is relatively low. It
characteristics of the intermittent faults and the detection result is difficult to accurately detect the small changes in the ZSV if

andareshowninFig.19. themeasurementpositionisfarfromthefaultpoint.InFig.20, It can be observed from Fig. 19(c) that the
proposed method a violin plot is utilized to illustrate the estimation error of fault effectively detects the occurrence and

disappearance of SLG occurrence moment, which includes 288 sets of simulation faults, which ensures the reliable identification
of intermittent data. The median estimation error of fault occurrence moment SLGfaults.

is0.1ms.Themaximumpositiveerrorandminimumnegative
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Fig. 21.

Fig. 20.

XPERIMENTAL AND IELD

Power distribution network experimental structure.

VALIDATION

The error of fault occurrence moment for the proposed method.

Fig. 22.

TABLE VII
LP

10kV experimental platform and the simulated SLG fault scenarios.

V.E F

The effectiveness of the proposed fault diagnosis method
is further verified by the 10kV distribution network prototype
experimental platform. The structure of this experimental
system is shown in Fig. 21, where Fi, i

=1,2,...,4,indi-
cates the installation position of the FTUs. The line parameters
are shown in Table VII.

Through this experimental platform, the conditions of resis-
tance grounding fault, stone grounding fault and branches
grounding fault are simulated. Among them, the fault resis-
tances of resistance grounding faults are 100 , 200 , 2000 ,
5000 , 10k , and 16k , respectively, including the simula-
tion of HIFs. The 10kV prototype experimental platform is

error are 6ms and -3.6ms, respectively. It can be observed that
the proposed method provides a relatively accurate estimation
of fault occurrence moment.

In addition, to mitigate the influence of long distribution lines
on the precision of fault occurrence moment estimation, the

algorithms introduced in this paper are integrated within FTUs
of overhead lines. Consequently, several measurement points

are configured in the distribution network so that the fault
position and the measurement position are as close as

possible.

shown in Fig. 22, which includes four feeders and simulated
fault scenarios. These feeders are simulated through Pi RL
components. In Fig. 22, ZT is the grounding transformer, DR
is the damping resistance, RT is the regulator transformer, and
ST is the step-up transformer. The designed FTU and its
connection method are shown in Fig. 23. The fault diagnosis
algorithm is embedded in the Raspberry Pi of the designed
FTU. The ZSV is collected and stored by the AD7606 chip
and STM32F407 microcontroller and then sent to the
Raspberry Pi which has two processes running the fault
detection algorithm and the fault occurrence moment capture
algorithm respectively. When the microcontroller has stored a
0.5s length of ZSV, it is sent to the Raspberry Pi and starts the
next 0.5s acquisition. In addition, the SLG fault detection
algorithm calculates the fault threshold in real time and it takes
only 0.038s to judge whether the fault occurs. If an SLG fault
occurs, it stops the threshold calculation and saves the current
thresholds, and then sends the ZSV data for the first 0.2s and
the last 0.1s of that detection point to the fault occurrence
moment capture algorithm. It takes only 0.12s to calculate the
fault occurrence moment. Therefore, the real-time diagnosis of
SLG faults can be realized.

The branches grounding faults are usually accompanied
by fault arcing and have the characteristics of HIFs. The
burning of branches and changes in arc length usually result in
unstable fault resistance. Therefore, to better illustrate the
effectiveness of the proposed fault diagnosis method, take the
branches grounding fault as an example. The detection results
of SLG fault occurrence and disappearance are shown in Fig.
24. When the fault signal is 1, it indicates that an SLG fault
has occurred. When the fault signal is 0, it indicates
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Fig. 23.

Fig. 24. Experimental data analysis.

TABLE VIII
DATA A

The designed FTU and the exhibition of its connection method.

Fig. 26. The field data playback.

Fig.27. Intermittentfaultdetectionanalysis:(a)Originalsignal,(b)The detailed
component of ZSV, (c) Fault signal.

Fig.25. TheapproximatecomponentofZSV:(a)Transformerenergization, (b)
Cold load pickup, (c) Hot load removal, (d) Rotating load connection.

EXPERIMENTAL NALYSIS RESULTS

that the fault disappears. Furthermore, the proposed fault
diagnosis method can capture the fault occurrence moment.
Table VIII shows the detection results of different fault
scenarios.

Several non-fault disturbances are simulated on the exper-
imental platform to verify the robustness of the proposed

method, including transformer energization, cold load pickup,
hot load removal, and rotating load connection. Among them,

the cold load pickup is simulated by connecting the load of
Feeder 2, which is initially in a non-operational state, during

the normal operation of the experimental system. And the hot
load removal is simulated by subsequently removing the load

of Feeder 2 after the experimental system has operated with
this load for 15 hours. Taking the approximate component of

ZSV as an example, the detection results of these non-fault
disturbances are shown in Fig. 25. It can be observed that

these non-fault disturbances will not be misclassified as SLG
faults.

Through the relay protection tester, the fault record data in
the actual distribution network can be reproduced. The wave-
form testing for the actual distribution network is depicted in

Fig. 26. Taking the fault data of a master station as an example,
the test results of the fault occurrence and disappearance are

illustrated in Fig. 27. It can be observed that the SLG fault
repeatedly occurs 5 times in a short period. Therefore, it is the

data of intermittent fault. Table IX shows the analysis results of

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

B. Field Data Analysis



IEE
E P

ro
of

LIN et al.: EARTH FAULT DIAGNOSIS METHOD BASED ON ONLINE DYNAMICALLY CALCULATED THRESHOLDS 13

F

TABLEX
C

TABLE IX
ANALYSISR

EFERENCES

[1] “IEEE PES distribution system analysis subcommittee.” Distribution
Test Feeders. 2017. [Online]. Available: http://ewh.ieee.org/soc/ pes

/dsacomtestfeeders/index.html
[2] H. L. Willis, “Power delivery systems,” in Power Distribution Planning

Reference Book, 2nd ed. Boca Raton, FL, USA: CRC Press, 2004,
pp. 29–35, ch. 1.
[3] Y.Duetal.,“Singleline-to-groundfaultedlinedetectionofdistribution

systems with resonant grounding based on feature fusion framework,”
IEEE Trans. Power Del., vol. 34, no. 4, pp. 1766–1775, Aug. 2019.
[4] M.A.Barik,A.Gargoom,M.A.Mahmud,M.E.Haque,H.Al-Khalidi,

and A. M. Than Oo, “A decentralized fault detection technique for
detecting single phase to ground faults in power distribution systems

with resonant grounding,” IEEE Trans. Power Del., vol. 33, no. 5,
pp. 2462–2473, Oct. 2018.
[5] J. Li, Y. Liu, C. Li, D. Zeng, H. Li, and G. Wang, “An FTU-based

method for locating single-phase high-impedance faults using transient
zero-sequence admittance in resonant grounding systems,” IEEE Trans.

Power Del., vol. 37, no. 2, pp. 913–922, Apr. 2022.
[6] C.Ozansoy,“Performanceanalysisofskewnessmethodsforasymmetry

detection in high impedance faults,” IEEE Trans. Power Syst., vol. 35,
no. 6, pp. 4952–4955, Nov. 2020.
[7] S.-R. Nam, S.-H. Kang, S.-J. Ahn, and J.-H. Choi, “Single line-to-

ground fault location based on unsynchronized phasors in automated
ungrounded distribution systems,” Electr. Power Syst. Res., vol. 86,

pp. 151–157, May 2012.
[8] D. R. R. Penido, L. R. De Araujo, V. T. S. Rodrigues, and

K. B. Do Nascimento, “An analytical zero sequence method to locate
fault in distribution systems rich in DG,” IEEE Trans. Smart Grid,

vol. 13, no. 3, pp. 1849–1859, May 2022.
[9] Y. Zhang, S. Xie, and S. Shu, “Decentralized optimization of multi-

area interconnected traffic-power systems with wind power uncertainty,”
IEEE Trans. Ind. Info., vol. 19, no. 1, pp. 133–143, Jan. 2023,

doi: 10.1109/TII.2022.31528-15.

IELD DATA

RESULTSOFTHE OMPARISON

ESULTS

the field data which is measured from an operating distribution
system.

It can be observed that the feasibility and effectiveness of
the proposed fault diagnosis method have been verified.

The effectiveness of different methods for SLG fault
diagnosis is compared by the experimental data and field
data. The criterion for traditional fault detection methods

(TFD) is whether the ZSV exceeds 15% of the phase volt-
age [11]. In [13], a fault detection method based on empirical
wavelet transform and differential faulty energy (EWT-DFE)
is proposed. In [17], mathematical morphology (MM)-based

method is utilized to detect SLG faults. And a discrete wavelet
transform (DWT)-based fault detection method is proposed
in [25]. Through the experimental data and field data, fault

detection correct rate η1, non-fault disturbance detection cor-
rect rate η4, and maximum error for fault occurrence moment
t2 of these methods and the proposed method are calculated
and listed in Table X. There are 138 sets of SLG fault data,
and 50 sets of non-fault disturbance data, including CS, LS
and transformer energization, etc.

It can be observed that the proposed fault diagnosis method
exhibits the highest correct rate in fault detection as well
as non-fault disturbance detection. Although EWT-DFE-based
method also achieves high correct rate, it does not provide
an estimation of the fault occurrence moment. Consequently,
the error of fault occurrence moment is relatively large. In a
resonant ground system, if the faulty feeder and section iden-
tification algorithms have not been triggered within one cycle
after the occurrence of an SLG fault, the feature differ-
ence between the healthy and faulty feeders may decrease.
Therefore, the minor error in fault occurrence moment can
contribute to enhancing the rate of correct faulty feeder and
faulty section identification.

In addition, the fault diagnosis thresholds of the proposed
method are calculated in real time through the maximum
margin hyperplane and can be better adapted to different asym-
metric conditions of the distribution network. Meanwhile, the

proposed method also integrates three functions, namely fault
detection, fault occurrence moment capture and fault nature
estimation, improving the utilization rate of the designed
device.

VI. CONCLUSION
This paper has proposed an SLG fault diagnosis method for

resonant ground systems. Firstly, the ZSV is collected by

FTU.
Then, the approximate and detailed components are calculated
and compared separately with their thresholds which are
the optimal thresholds calculated by the maximum margin
hyperplane in real time. Finally, effective fault detection
and accurate fault nature estimation have been realized. The
following key conclusions can be obtained from this research
work:

1) The proposed fault diagnosis method calculates the SLG
fault thresholds in real time, which makes the method highly
robust to line parameter imbalance and non-fault disturbances.
Its feasibility and applicability are verified by simulation,
experimental and field data.

2) The proposed fault diagnosis method has the capability
of accurately capturing the moment of fault occurrence, which
has been verified. It is of great importance in accurately
extracting the transient features of SLG faults and improving
the accuracy of faulty feeder and faulty section identification.

3) This method integrates the three functions of fault
detection, fault occurrence moment capture and fault nature
estimation with the same requirements for hardware devices
and measurement signals, which improves the applicability
and equipment utilization of the designed FTU.
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Abstract—The primary problem of distribution system protec- ASC will change the fault characteristics, challenging fault
tion is single-line-to-ground (SLG) fault, particularly in networks detection and fault location, especially for high impedance
with distributed generators (DGs), where asymmetrical phase faults (HIF) [5], [6]. Furthermore, if the ground fault is accom-sequence components caused by SLG faults may lead to system
instability. Currently, the location and suppression methods of panied by intermittent arcing, it will lead to arc overvoltage,
SLG faults are based on reliable fault diagnosis. Therefore, con- which could risk the insulation of the line being damaged.
sidering the imbalance of line parameters, this paper analyzes the In addition, ASC cannot fully suppress the active
component
fault characteristics of zero-sequence voltage (ZSV), and proposes and high-frequency harmonics component, which may
cause
a threshold-online-calculating-based SLG fault diagnosis method,accidents such as fire and large-scale power outages [7].which includes fault detection, fault occurrence moment capture
and fault nature estimation. Firstly, the ZSV is measured in In addition, smart power distribution systems are gradually
real time by the designed feeder terminal unit (FTU), which being implemented driven by the widespread integration of
is embedded with the proposed SLG fault diagnosis method. distributed generators (DGs), and the development of sens-
Secondly, the ZSV signal is decomposed by the Mallat algorithm, ing and communication technologies [8]. The smart power
and the fault diagnosis thresholds are calculated through the distribution systems can realize multi-energy flow synergy,maximum margin hyperplane, which is used for fault detection
and fault nature estimation. Finally, the fault occurrence moment namely “electricity-gas-heat”. By combining existing
sensing
is captured by variational mode decomposition (VMD) and and communication technologies, the information interaction
its Teager Energy Operator (TEO). The proposed SLG fault of “source-network-load” can be realized. It helps to improve
diagnosis method has been tested in simulation and physical the self-diagnosis capability which is a pivotal characteristic
experiments in a 10kV system, the effectiveness and feasibility of the smart power distribution system [9], [10]. When anhave been validated.

SLG fault occurs, determining the faulty feeder or faulty
Index Terms—Distribution network, single-line-to-ground section is necessary [11],[12]. Additionally, in a resonant

fault, fault diagnosis method, fault occurrence moment capture, ground system with an active arc suppression device, rapidfault nature estimation.
initiation of the arc suppression device after SLG faults is

important [13], [14]. The traditional method mainly uses a
ZSV threshold (typically set at 15% of the phase voltage) as

I.INTRODUCTION thefaultdetectioncriterion[11],[15].Inaneutralungrounded
system, the amplitude of ZSV may not satisfy traditional

THENEUTRALpointofmedium-
voltage(MV)powerfaultdetectioncriteriainth
ecaseofHIFs.Furthermore,thedistributionsyst
emsaretypicallyearthedviaanarcamplitudeof
ZSVrisesslowlyinresonantgroundsystems,
suppression coil (ASC) in Europe, Africa, Asia and some which satisfies the fault detection criterion only after severalparts of North America [1], [2], which is called resonant cycles from the fault occurrence moment. Most of the existingground system. The SLG faults account for more than 80% methods extract fault transient features based on the momentof distribution network line faults, and the ASC is utilized to when the fault is detected, which may lead to inaccuratesuppress the fault current [3], [4]. However, during SLG faults, transient feature extraction and affect the accuracy of faulty

feeder and faulty section identification. Consequently, the
rapid detection of SLG faults and accurate capture of fault

occurrence moment are crucial.
(Corresponding author: Moufa Guo.) In recent years, numerous methods for SLG fault detection

have been proposed, such as those based on signal processing
technology and artificial intelligence (AI). Among them, the
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Reference [16] detects HIFs by summing the periodic variation
ofZSV.Themethodishighlyfeasible,butthedetectiontime
is long. In [17], mathematical morphology is utilized as the
detection method for HIFs. This method is sensitive to the
variation of ZSV but is susceptible to non-fault disturbances.
Reference [18] introduces the SLG fault detection method that
calculates the input impedance and locates the fault position
by the impulse injection in power line communication, but it
is suitable only for HIFs.
The time-frequency analysis methods retain the time-
frequency characteristics of the waveform. This method is
widely used because it can extract more transient character- Fig. 1. SLG fault of resonant ground system.
istics of SLG faults. The time-frequency analysis algorithm
mainly consists of short-time Fourier Transform (STFT) [19],
Hilbert-Huang transform (HHT) [20], wavelet transform algorithm. Finally, the criteria for fault nature estimation are (WT) [21],
[22], variational mode decomposition (VMD) [23], defined. The effectiveness and feasibility of the proposed SLG empirical
mode decomposition (EMD) [24], etc. In [21] faultdiagnosismethodareverifiedbysimulation,experimental and [25], Guo et al.
utilized the Mallat algorithm to simplify and field data.
wavelet transform and realized the rapid detection of SLG The remainder of the paper is organized as follows. faults. However,
the determination of the threshold coefficient Section II analyzes the SLG fault characteristics of ZSV relies on empirical
knowledge. The applicability is limited under different conditions. In Section III, the fault diagnosis with high sensitivity to non-
fault disturbances, which have method is proposed, including fault detection, fault occurrence a high risk to cause mal-detection
of faults. In [13], a HIF moment capture and fault nature estimation. In Section IV, the detection method based on empirical
wavelet transform (EWT) proposed method is verified by simulation data. In Section V, is proposed, which realizes the adaptive
selection of fault theproposedmethodisverifiedbyexperimentalandfielddata. characteristic frequency bands. However, the
methods based Section VI draws the conclusions.
on modal decomposition are computationally time-consuming,
resultinginalongtimeforfaultdetection. II.ANALYSISOFZERO-SEQUENCEVOLTAGE
AI-basedmethodsfindextensiveapplicationinfaultdiag- CHARACTERISTICS
nosis and location because of their powerful data processing
A. The ZSV Analysis of SLG Fault
capabilities [26], [27], [28]. Unlike traditional methods, AI-
basedmethodsdonotrequirespecificthresholdstobedefined. 1)SLGfaultoccurs:Fig.1illustratesasimplifiedresonant After the AI
algorithms are trained by sample data, they can ground system, assuming that the SLG fault occurs on phase automatically
calculate the classification boundary. However, A of Ln.
AI-based fault detection methods typically require a substan- The ZSV can be represented as
tialvolumeofhistoricaldataforlearningandtraining,which U̇

˙0=U̇ ˙A−Ė ˙A  (1)
presents a significant challenge, as the actual fault data are
often limited and difficult to collect. Without sufficient realistic where U̇˙ is the phase-to-ground voltage of the faulty phase,
iningdata,itwillle Ė˙AtraadtooverfittingandweakgeneralizationAisthesourcevoltageofthefaultyphase.

abilityofAI-basedmethods. DuringanSLGfault,thefaultcurrentflowstothebus In actual distribution network, the relay protection
systems through the fault point. In resonant ground systems, the fault

are required to isolate permanent faults quickly. Therefore, current can be expressed as
the rapid detection of SLG faults and the estimation of

()1thefaultnatureareimportant.However,theexistingfaultİ˙f≈−U̇˙0jωC +G −(2)
detectionmethodsmostlyfocusontheidentificationofHIF, jωLASC
ignoring some key issues, such as the speed of fault detection, where C  is the total earth capacitance of resonant ground
the accurate estimation of fault nature and the impact of system, G  is the total earth conductance, and LASC is the
unbalancedlineparameters. inductanceofASC.Ingeneral,topreventtheoccurrenceof

Therefore, this paper proposes an SLG fault diagnosis resonance overvoltage, the detuning degree of pre-tuned ASC
method based on online dynamically calculated thresholds, istypicallyestablishedat5%[29].Underthenormalfrequency
which is capable of detecting faults rapidly, capturing the f0, it can be approximately considered that the inductive occurrence
moment of SLG faults and estimating the fault reactance of ASC is equal to the capacitive impedance of total
nature. Firstly, when SLG faults occur or disappear under the earth capacitance. With the frequency increasing, the earth
condition of unbalanced line parameters, the characteristics of capacitive impedance decreases, and the inductive reactance of
ZSV are analyzed. Then, the appropriate thresholds of SLG ASC increases. At the early stage of SLG fault, the dominant fault
occurrence and disappearance can be calculated in real frequency of the system (f1) is typically several times f0, thus
time by the maximum margin hyperplane. At the same time, the system is seen as capacitive [11]. During the transient
the fault occurrence moment can be captured by VMD-TEO process, the relationship between the inductive reactance of
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Fig. 3. The equivalent zero-sequence circuit.

Fig.2. Therelationshipbetweenthree-phasevoltageandZSV:(a)Under normal
conditions, (b) SLG fault transient process, (c) SLG fault steady state process.

ASC and the capacitive impedance of total earth capacitance
can be expressed as

()121ωLL≈=CC

1
(3)

ω C∑

It can be seen that the ratio between inductance from the
ASC and the phase-to-ground capacitance from the network
is(f1/f)20.Therefore,thefault-currentcompensationeffectof
ASC is relatively weak during the transient process, namely,
the actual fault current İf is relatively high, which can result
in high phase-to-ground voltage for the faulty phase. With the
development of SLG fault, the oscillation component with f1
is damped and disappears, the main frequency of the resonant
ground system is f0. The capacitive component of the fault
current is suppressed by ASC, resulting in a reduction of the
phase-to-ground voltage of the faulty phase. Fig. 2 illustrates
the phase relationship between three-phase voltage and ZSV.

The ZSV rises slowly, especially in case of HIFs. If the
traditional fault detection method is utilized, the moment when
the fault is detected lags behind the actual fault occurrence
moment by several cycles. This delay may result in the
inaccurate extraction of fault transient features, making it
challenging to determine the faulty feeder or faulty section.

2) SLG fault disappears: Based on Thevenin’s theorem
and the circuit superposition principle, the equivalent zero-
sequence circuit can be derived, which is shown in Fig. 3.
And the fault-disappearance characteristics of ZSV can be
analyzed.

Fig. 3 shows an RLC parallel second-order circuit, if SLG
fault disappears, it is a zero-input response circuit. The
differential equation of the circuit can be obtained.
d2iL(t) LdiL(t)
LC 
+i2L(t)=0(4)dt3Rfdt
Its characteristic equation is

LC s2 
+10 (5)

A

1

A

2

Assuming
rewritten as

s )

1
)3Rf

A

( 1 ) 3 R

The problem of unbalanced line parameters is common in
distribution networks, which causes a presence of ZSV. In the

resonant ground system, the ZSV will be higher, which may
lead to the mal-detection of SLG faults. According to Fig. 1

and Kirchhoff’s current law, the following expression can be
derived

(12)

L j LASC

Under the condition of unbalanced line parameters, the ZSV
can be expressed as
AA ĖBẎB ĖCC 

U̇0bd (13)
AẎBCL
j12◦

αe0, ẎA B C,(13)canbe

( )ĖAAααCU̇0bd (14)Ẏ  L

Consequently, in scenarios where the distribution network
exhibits no mismatch and a constant damping ratio, the greater
the imbalance of line parameters, the higher the amplitude

(6)

(7)

] ,
· ]±− C   · f ·C  

(8)

where A1 and A2 are characteristic constants determined by
the initial values of the dynamic element, s1 and s2 are two
solutions of characteristic equations. According to Fig. 3, the
expression of ZSV can be obtained.

= diL(t)u0(t)uC (t)=uL(t)=L (9)dt
Based on (7) and (9), the expression of ZSV can be rewritten

as

u0t
=L·(As1t1s1e+As)()22s2et(10)

Due to the damping, the ZSV gradually attenuates after SLG
fault disappears.

Consequently, when a HIF occurs in the resonant ground
system, the ZSV rises slowly. When this fault disappears, the
ZSV decreases slowly.

(Ė˙) ) )U̇Ẏ˙( (A0A ĖBU̇0Ẏ˙B ĖCU̇0Ẏ˙C U̇0ẎL0(11) where Ẏ
˙A , Ẏ˙B , ẎC  and ẎL are the phase-to-ground total

admittance and the admittance of ASC, respectively, which
can be expressed as
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B. Analysis of ZSV in the Unbalanced Distribution Network
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Fig. 5.

Fig. 4. The waveform of ZSV.

The three-sequence network of distribution network with IIDGs.

Fig. 6. The simplified three-sequence network.

of ZSV. Taking the ZSV waveform of a transient SLG fault in
a substation as an example, the SLG fault lasts for about 3s.
The characteristics of ZSV during fault occurrence and
disappearance are
√depictedinFig.4.TheratiooftheZSVtransformeris(103)kV/6.5
V.
According to the requirements of the relay protection systems,

reliable fault detection is particularly important. On the other
hand, most of the existing faulty feeder and faulty section

identification algorithms generally utilize transient features.
Therefore, the accurate capture of fault occurrence

moment is critical.

In general, the distribution network feeder is interconnected
with the distributed generators (DGs) via a transformer with
a Star/Delta winding configuration [13], [30]. Therefore, the

zero-sequence component on the DG side will not be injected
into the distribution feeder. However, the inverter-interfaced

distributed generators (IIDGs) operating in current control
mode can be equivalently represented as a positive-sequence
current source in parallel with filtering capacitors [31], [32].
Consequently, the three-sequence network of a distribution

network with IIDGs operating at power frequency is depicted
in Fig. 5. The positive-sequence, negative-sequence, and zero-

sequence inductive reactance (including line and transformer
inductive reactance) from the fault point to the distribu-

tion network side are denoted by Z , , and ,
espectively′′′L(1)ZL(2)ZL(0)r.Similarly,Z

L(1), ZL(2), ZL(0) denote the inductive
reactance from the fault point to IIDGs side, respectively. Ż

˙ C
is the total capacitive impedance from the fault point to the
distribution network side. Z′C is the total capacitive impedance
from the fault point to IIDGs side. Z′ , ′ and ′

C(1)ZC(2) ZC(0)

(17)

represent the positive-sequence, negative-sequence, and zero-
sequence capacitive impedance of the distributed generators,
respectively.
The capacitive impedance of the line significantly exceeds the

inductive reactance, allowing the inductive reactance of the
line to be neglected. If the source impedance is considered, the

simplified three-sequence network is illustrated in Fig. 6.
U̇
˙f0 is the fault point voltage, U̇bus0 is ZSV of the bus.

The fault point voltage U̇f0, affected by the harmonics
resulting from IIDGs, can be represented as
U̇

˙f0 U̇0sin(ω0t ϕ0) U̇1sin(ω1t+ϕ1)
U̇nsin(ωntϕn) (15)

where U̇
˙0sin(ω0t ϕ0) is the ZSV component of the source

voltage of faulty phase. U̇isin(ωit ϕi),(i
=1,...,n)isthe

harmonic voltage of IIDGs. U̇i, ωi and ϕi, (i
= 1 , . . . ,n ) ,

are the amplitude, angular frequency, and inception angle,
respectively. According to Fig. 6 and Kirchhoff’s law, U̇̇f0 can
be represented as

) ] ˙
∑CDGdU30U̇f0U̇bus0RfC+İ˙L(16)2dt
where CDG is the equivalent capacitance of distributed gener-
ator. After Laplace transform, U̇bus0 can be expressed as
n
i

i

∑ )+C3DG3L∑+CDGf2ASCC2

It can be observed that the harmonic voltage produced
by IIDGs overlaps with the fundamental frequency ZSV.
The zero-sequence component on the IIDGs side cannot be
interconnected with the distribution network side, and only
the equivalent positive-sequence current source affects ZSV. In
general, the amplitude of the harmonic voltage is lower than
the amplitude of the fundamental frequency ZSV. According
to equation (17), the SLG fault characteristics of harmonic
voltage are consistent with the fundamental frequency ZSV.
Furthermore, when the source impedance is negligibly small,
it becomes equivalent to a parallel connection of Ė

˙A and İ˙DG,
the current source representing IIDGs can also be neglected.

Consequently, when an SLG fault occurs, the influence of
IIDGs on the amplitude of ZSV is relatively minor and does
not change the main characteristics of ZSV variation.
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Fig. 7. The diagram of fault diagnosis method.

TABLEI
FILTER C

Fig. 8.

Fig. 9.

Fig. 10.

Signal decomposition process.

ZSV envelope spectrum of SLG fault.

ZSV of intermittent faults and its marginal spectrum.

OEFFICIENT

2j
2j is odd

Multi-resolution analysis can effectively retain and analyze
the local information of the signal [25]. The Mallat algorithm

is applied to the multi-scale decomposition of signals. This
method can realize the wavelet decomposition by obtaining

the filter coefficients of each scale. The recurrence equation is

S(p)fn2S(p)j1jk1hk
2j1fn 2 k iseven
W(p1)fn 1gS(p) pj1j k0k
2j1fn2k

(18)
2
k j

(19)

whereSistheapproxima jth2j tecomponentofthescale,W2jis
the detailed component of the jth scale, hk is the low-pass filter
coefficient, gk is the high-pass filter coefficient. The signal
decomposition diagram is shown in Fig. 8, where fs is the
sampling frequency.

Because the derivative function of cubic B-spline is symmet-
rical, the linear phase of response filter can be guaranteed to
avoid phase distortion. It is utilized as the mother wavelet func-
tion of Mallat signal decomposition algorithm, the coefficients
are shown in Table I.

III. DIAGNOSIS METHOD OF SLG FAULT
Fig. 7 shows the comprehensive framework of the proposed

SLG fault diagnosis method. The proposed algorithm is
implemented in the FTU which can collect ZSV in real time.
The fault detection, fault occurrence moment capture, and fault
nature estimation can be realized by the Mallat algorithm and
maximum margin hyperplane. The fault diagnosis results are
sent to the control center for further processing of SLG faults.
This includes determining the faulty feeder or section by the
faulty feeder or faulty section identification algorithms, and
triggering the active arc suppression device quickly when the
distribution network is equipped with this device.

Unbalanced line parameters may also cause ZSV to rise
as mentioned previously. In general, if an SLG fault occurs,
the ZSV will further increase, so the amplitude of the

To obtain the appropriate number of decomposition levels,
the envelope spectrum is used to analyze the frequency com-

position of ZSV waveform illustrated in Fig. 4. The frequency
band components of ZSV are calculated by the envelope

spectrum, which is normalized and shown in Fig. 9.
When an SLG fault occurs, the main components of ZSV

are concentrated in the low-frequency band, especially within
0-400Hz. In addition, intermittent faults are special cases in
SLG faults, where multiple transient faults occur in a short
period, so the ZSV in these cases has more high-frequency

components [25]. The ZSV of an actual fault obtained from a
substation and its normalized marginal spectrum is shown in

Fig. 10.
Therefore, the ZSV is decomposed into four layers

by Mallat algorithm. The approximate component S(0) (0-
24f
312.5Hz) and the detailed component W(3)

24 f(937.5-1250Hz)
are taken as the analysis object of the fault diagnosis.
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ZSV between normal and SLG faults can be distinguished.
Therefore, the appropriate threshold ε can be obtained by the
maximum-margin hyperplane which is defined as wT

· x +
b

= 0 [33], [34]. The distance from each input vector to the
hyperplane can be expres

yi
×(wT·xi+)sedasb≥1,∀i∈(1,2,...,N)(20)

where yi is the label of input vector, xi is the input vector,
(×) represents performing a product operation, (·) represents
performing a dot multiplication operation, w and b are the
weight and bias, respectively. The following relationships can
be satisfied.

{T· ,ywx i+b=≥1 i=1
≤

{− (21)1,yi=−1∃ wT·xk1+b=1(xk1,xk2),s.t.

( wT· (22)xk2+b=−b=−wT·x Tk1+w·) 1xk2/2 (23)

Construct all inputs into a one-dimensional array, the inputs
with positive labels are x1, x2, . . . , xm, the inputs with

negative
labels are xm +1,xm+2,...,xN, N = m + n. Since the input
one-dimensional variable, wT can be equivalent to w, and the
following re

{lationshipcanbeobtained.wxk1=min(wx1,...,wxm)wx
k2= (24)max(wxm+1,...,wxm+n)

To calculate the threshold, the expression of the maximum-
margin hyperplane can be rewritten as
wε1

+b=0 (25)
Based on (21)–(25), the threshold can be calculated.

ε1
=(min(wx1,...,wx)+···max(wx,...,wTm m+1 xN))/2w

(26)

Calculate w by the Lagrange multiplier method [34], the
relevant expression is as follows.

1
∥∥L(w,b,λ)
∥ ∥∥w2∥ ∑N= + λi(1−yi(wxi+b))2 i=1

{s.t.λi≥0{(27)∂L(w,b,λ)w=∑0w0∂1λxy∂(,,λ)→
∑−Ni=iii=LwbNb=(28)00∂i=1λiyi=

The ZSV approximate components of unbalanced line
parametersS(0)f (0)40bdandSLGfaultSfarebroughtinto(22 240f 6),
the threshold can be calculated

ε
= (0) (0)1(min(wS4f(f),...,wS4f210 2m(0f))+···

max(wS(0) f
+,...,wS(0)4m()4fN(0bd)2w(29)210bd))/2

Si il l th f lt th h ld 2 f d t il d t

(34)

According to the waveform illustrated in Fig. 4, after
the SLG fault disappears, ZSV starts to decrease, and its

variation is large, which can be used as a criterion for
detecting fault disappearance. However, when the fault resis-

tance varies non-linearly, the ZSV also varies significantly.
To distinguish the variation of ZSV is caused by fault

disappearance or other disturbances, the approximate compo-
nent variation and detailed component variation of ZSV are

calculated.
The variations of approximate component and detailed

component can be calculated by

k
k k

1 k

=
where t istheDiracfunction,ukisthedecomposedsignal,
ωk is the center frequency of each component. Obtaining
the optimal solution of constraint expression by alternating
direction multiplier method. TEO can quickly and accurately
track the instantaneous changes of signal energy, which is
defined as

[]dst2 d2[]=()−·s(t)ψs(t) s(t) (32)dt dt2

where s(t) is the original signal. For discrete signals, the
forward difference method is used to obtain the discrete
expression of TEO.
ψ [s(n)]

=(s(n))2−s(n+1)×s(n−1) (33)
TEO of the first modal component is calculated, the moment

when the first spike in the spectrum is located is the fault
occurrence moment.

where L is the number of sampling points in a cycle.
Analyzing the field waveform of ZSV illustrated in Fig. 4,

with the time window of 3s to 3.6s being intercepted. Its
approximate component variation and detailed component

variation are shown in Fig. 11(a). And Fig. 11(b) depicts the
variation of approximate component and detailed component

in the disturbance.
It can be seen that the detailed component is more sensitive

to waveform change than the approximate component, the dif-
ference in approximate component variation between the fault
disappearance and disturbance is more obvious. To distinguish

For the accurate extraction of fault transient features, it is
very important to process the signals at the fault occurrence
moment. Therefore, VMD-TEO algorithm is introduced to
capture the fault occurrence moment. Where, VMD refers

to an adaptive, non-recursive signal processing method [35],
which can decompose the input signal u into multiple sub-

signals with specific sparsity.

)]min{Kj−2jωt,ω}k=1∂t∂(t)+πtuk(t)e2(31)
u u

399

376

382

383

390

401

409

384

395

396

405

400

393

406

394

402

403

404

407

408

410

411

397

398

371

372

373

374

375

385

386

387

388

389

391

392

377

378

379

380

381

420

427

447

431

428

429

430

412

413

414

415

416

417

418

419

421

422

423

424

425

426

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

448

449

450

451

452

453

454

455

456

457

458

,
,

γ

  S (i)

  W

(i)

( )

4 ( )

S(0)24fi
W(3)f i
2

S(0)24 f (i
W(3)f(

24

C. Capture the Fault Occurrence Moment

L)

iL)

D. Judgment Method of SLG Fault Disappearance

=

=

−

−

−

−

⎧
⎨

∑u}{⎩s.tK.k=
∂()

⎧
⎨
⎩

{ ∑

∣
∣
∣
∣
∣

∣
∣
∣
∣
∣
∣
∣

∥ ∥
∥ [ (

∣ ∣
∣

∣ ∣
∣

∣ ∣
∣

∣ ∣
∣

∣ ∣
∣ ∣ ∣ ∣

∣ ∣
∣ ∣ ∣ ∣

∥
∥}
∥



IEE
E P

ro
of

LIN et al.: EARTH FAULT DIAGNOSIS METHOD BASED ON ONLINE DYNAMICALLY CALCULATED THRESHOLDS 7

Fig.11. Approximatecomponentvariationanddetailedcomponentvariation of
ZSV: (a) SLG fault disappears, (b) SLG fault with disturbance.

TABLE II
CALCULATED FAULT THRESHOLDS

According to Section II, the applicable fault threshold varies
based on the different distribution network components, such

as the asymmetry of line parameters, overcompensation of
arc suppression coils, and fault resistance values. Although
the optimal threshold can be calculated from the maximum
margin hyperplane, the corresponding thresholds differ for

distribution networks with different fault conditions. Based on
the simulated data, the appropriate fault detection thresholds
under different configurations and SLG fault conditions are

presented in Table II.
Based on the analysis results of Section II-B, in case of

low overcompensation of ASC and high asymmetry of line
parameters, the amplitude of ZSV is high during normal

operation of the distribution network, possibly exceeding the
fault threshold associated with high overcompensation of ASC
and low asymmetry of line parameters, leading to misjudgment

of SLG faults. Therefore, the SLG fault detection thresholds
should be calculated in real time. The comparison coefficient

from disturbance, the proposed maximum margin hyperplane
is used to calculate the optimal threshold ε3 for detecting
fault disappearance. If the approximate component variation
exceeds ε3, it is considered that the SLG fault has

disappeared.
In addition, according to Fig. 10, because of the short duration
of intermittent faults, if the approximate component falls
below the threshold ε1 or the detailed component falls below
the threshold ε2, it also indicates that the fault has
disappeared.

λ can be defined and used to avoid misjudgment caused by
this situation:

( )

=4λ (35)()
4

where S(0)4 f 2 train1istheapproximatecomponentundernormal
conditions in the training samples, S(0)4 f

2 train2istheapproximate
component under fault conditions in the training samples.
The threshold-comparison coefficient ελ between 1 and λ
can be calculated by maximum margin hyperplane. Therefore,
the fault threshold of approximate component ε1 can be
expressed as

()=·(0)ε1ελmaxS4f(36)2test1

wheremaxS(0)(4fis
2 test1) theapproximate-componentmaximum

value of ZSV collected in real time under normal condition.
Similarly, ε2 can also be calculated. Additionally, ε3 is directly
calculated based on the approximate component variation of
ZSV through the maximum margin hyperplane.

The proposed fault diagnosis method can rapidly detect SLG
faults, capture the fault occurrence moment, and estimate the

fault nature. The flowchart for a fault diagnosis cycle is shown
in Fig. 12. According to the IEEE standard 1234-2019 [36],

the time criterion for the fault nature estimation is set to 10s.
Consequently, the time for a fault diagnosis cycle is 10s. The

specific steps are as follows.
Step 1: Collect ZSV signal in real time and calculate its

approximate component S(0)f and detailed component W(3)
24 24f.

Step 2: According to Section III-E, the fault-disappearance
threshold ε3 can be calculated. And the SLG fault detection
thresholds ε1 and ε2 are calculated in real time based on the
sampled ZSV.

Step 3: An SLG fault occurs when the approximate or
detailed component of ZSV exceeds the fault detection thresh-
old ε1 or ε2. Meanwhile, the real-time calculation of these
thresholds is stopped and the current thresholds are stored.
And the fault occurrence moment is captured by the VMD-
TEO algorithm.

Step 4: In the fault diagnosis cycle, if the fault does not
satisfy the fault disappearance criterion, then the SLG fault is
determined as the prolonged fault.

Step 5: The main characteristic of intermittent faults is that
they occur several times in a short period and the duration is
very short [37]. The transient faults exhibit longer fault dura-
tions than intermittent faults. Nevertheless, the transient faults
disappear after a certain duration and are not characterized
by recurrence. Therefore, in a fault diagnosis cycle, a fault
is transient if it satisfies the fault disappearance criterion and
does not recur. If it recurs more than three times, the fault is
intermittent.

Step 6: The transient features are extracted based on the
captured fault occurrence moment, which can be utilized to
identify faulty feeder and faulty section.
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Fig. 12. SLG fault diagnosis flow chart.

Fig.13. Simulationmodelof10kVactivedistributionnetwork,thepower supplies
of DG1 and DG2 are 0.15MW and 0.1MW, respectively.

Fig. 14. The control block diagram of the PV system.

TABLE III
LINE DISTRIBUTION PARAMETER

Step 7: After completing one cycle of fault diagnosis, the
next cycle of diagnosis is started, realizing the online detection
of SLG faults.

IV. SIMULATIONVERIFICATION
The effectiveness of the proposed fault diagnosis method

is verified by the 10kV active distribution network simu-
lation model, which is shown in Fig. 13. Where Tz is the
grounding transformer, f1, f2, f3 are the fault points, OL is
the overhead line, and CL is the cable line. Meanwhile, the
IIDGs, such as photovoltaic (PV) farms and energy storage
(ES) systems, are connected in the distribution network, which
serves to verify the correctness of the analysis results in
Section II-C.

The control block diagram of the PV system is illustrated in
Fig. 14. In the process of DC/DC control and inverter control,

the adaptive integral backstepping (AIB) control scheme has
high robustness [38]. Therefore, this non-linear controller is

employed for the PV system.
Meanwhile, the ES system is connected to the grid through
DC/AC converter, and can equivalently operate as an IIDG

when it is in a power supply state [39], [40]. A basic two-level
(2L) converter is employed as the converter within ES system,
and its control strategy is droop control, which includes phase-

locked loop (PLL) control, outer loop control, and inner loop
control. The control block diagram of the 2L converter within

the ES system is similar to that of the inverter utilized in the
PV system [39].

The distribution lines adopt the pi-type equivalent model,
the line distribution parameters are listed in Table III.

1) ε1:Inthedistribution network, the asymmetry of OL
parameters is typically within

1.5% and the asymmetry of CL parameters is typically within
0.5% [41]. The model shown in Fig. 13 has been simulated
with the ASC overcompensation of 2-10% with a step of 2%,
and the fault resistances of 10 , 50 , 500 , and 5000 .
From the simulation, 30 sets of data representing normal
operating conditions and their corresponding 120 sets of
data representing SLG fault conditions can be obtained. The
relative threshold ελ can be calculated as 2.7 by the maximum
margin hyperplane.

The Mallat algorithm can quickly decompose the original
signal, which only requires 46 sample points of discrete data,
this process takes only 4.6ms with a sample rate of 10kHz.
Therefore, the fault thresholds can be calculated quickly.

However, if the line parameters and the loads are symmetri-
cal, the ZSV under normal conditions is relatively low, which
can lead to the fault thresholds being small, thus resulting in
the fault detection algorithm being too sensitive. Therefore,
a reference value of approximate component S(0)

24 fref is set
to improve the robustness of fault detection algorithms. The
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TABLE IV
RESULTS OF F D

Fig.15. ThedetectionresultsofSLGfault:(a)Approximatecomponent exceeds S(
)

4f undernormalconditions,(b)Approximatecomponentdoes
not exceed S( )
4f undernormalconditions.

Fig. 17. The waveforms of the first modal component and its TEO.

Fig.16. Thedetectionresultsofnon-faultdisturbances:(a)CS,(b)LS, (c) DGO,
and (1) Approximate component exceeds S(0) under normal
24 fref
conditions, (2) Approximate component does not exceed S(0) under normal
24 frefconditions.

0
2ref

0
2ref

THEANALYSIS AULT ETECTION

(max

S

max

max

following relationship should be satisfied.

(37)

Consider the ZSV of a normally operating neutral
ungrounded system under the condition of maximum line

parameter imbalance, S(0)f
24 ref can be calculated as 120V.

2) Analysis of simulation results of SLG faults: Because the
Mallat algorithm simplifies the signal decomposition process,
thresholds under normal system conditions can be quickly
calculated. Take the cases where approximate components
exceedS(0)f S(0)

24 ref and those do not exceed f24 ref under normal
conditions as examples, the fault detection results are illus-
trated in Fig. 15.

The rate of correct SLG fault detection under different
situations is shown in Table IV.

3) Influence of non-fault disturbances: The non-fault dis-
turbances discussed in this paper include load switching (LS),
capacitor switching (CS), and DG off-grid (DGO) [42]. In
Fig. 16, td is the occurrence moment of disturbance, the
detection results of these three non-fault disturbances are
demonstrated. It can be observed that the approximate com-
ponents of non-fault disturbances do not exceed the SLG fault
threshold. For LS and CS, the change in ZSV is due to a
surge in the transient switch. Meanwhile, because the line
parameters are asymmetrical, after the switching action, the
ZSV will oscillate. Because the amplitude of this oscillation
is attenuated, the ZSV does not exceed the threshold which is
calculated in real time. In addition, because the primary sides
of DG transformers are delta connected and not grounded [13],
when the DGs are disconnected, the ZSV does not change
significantly.

According to the requirements of the relay protection
system, the accurate estimation of SLG fault nature is impor-

tant. The simulation obtained 150 sets of ZSV data with
transient, intermittent and permanent fault, which include

In resonant ground systems, there is a time interval between
the fault detected moment and the actual fault occurrence

moment. The higher the fault resistance, the longer this time
interval will be. Part of the difficulty in detecting HIFs is

due to inaccurate estimation of fault occurrence moment. In
this paper, the VMD-TEO algorithm is utilized to capture the
SLG fault occurrence moment. The simulation data collected

from the distribution network depicted in Fig. 13 is utilized as
the example, a time window with a length of 0.5s is chosen,

assuming the SLG fault occurs at 0.3s and the fault resistance
is 2000 . Meanwhile, the Gaussian white noise is added to
ZSV with a signal-to-noise ratio of 5dB. After the 5-layer

decomposition of ZSV by utilizing VMD, the waveforms of
the first modal component (imf1) and its TEO are shown in
Fig. 17.

It can be observed that the estimation error of detected
fault occurrence moment is only 0.1ms. Taking into account
the potential for extreme fault scenarios in actual distribution
networks, noise above 2000Hz is filtered out during the data
processing stage to enhance the robustness of the proposed
fault diagnosis method.
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TABLEV
A

Fig.18. SLGfaultdisappearancejudgment:(a)Prolongedfault,(b)Transient fault,
(c) Fault resistance variation. TABLE VI

S

Fig.19. Intermittentfaultdetectionanalysis:(a)ZSV,(b)Theapproximate
component, (c) The fault signal.

FAU LTOCCURRENCENALYSIS RESULTS

THERESULTS OFENSITIVITY ANALYSIS

The impedance of the line leads to a certain voltage, which
can usually be ignored. It is defined as the distribution line

voltage in this paper. Without considering the distribution line
voltage, the ZSV measured at different positions is consistent.

However, when the line is very long, the influence of the
distribution line voltage on ZSV at different measurement

different fault resistances, different line parameters asymmetry, positions along this line cannot be ignored.
and different arc suppression coil overcompensation degrees. Furthermore, when the HIF occurs, the small amplitude Then, the
threshold for fault disappearance is calculated as of ZSV and the long transient process are challenging for 398V by the
maximum margin hyperplane. The distinguished SLG fault diagnosis. Therefore, it is necessary to analyze the results between
prolonged faults and transient faults are shown applicability of the proposed fault diagnosis method in these inFig.18. cases.

Only when the SLG fault disappears, the approximate- According to Fig. 13, it is assumed that the SLG fault
component variation of ZSV will exceed the fault occursatthebeginningofashortlinef1 ortheendofa
disappearance threshold. Through the active distribution long line f3, with fault resistances of 10k , 13k , 16k ,
network model illustrated in Fig. 13, the cases of different and fault inception angles of 0◦, 30◦, 60◦, 90◦, respectively. fault
resistances and different line asymmetry are simulated, The overcompensation of ASC is 5% and 10%, respectively. and the
fault diagnosis results are shown in Table V. It can And the asymmetry degree of the line parameters is 1%.
be observed that the proposed fault diagnosis method can Consequently, there are 24 sets of fault samples for both f1
accurately detect the occurrence and disappearance of SLG and f3. Assuming a perfect instrument transformer is used,
faults, and accurately capture the fault occurrence moment. measurement errors can be disregarded, the test results are
According to the analysis of intermittent faults, if an SLG shown in Table VI.
fault occurs and disappears more than three times within 10s, It can be observed that the proposed fault diagnosis method it can
be judged as intermittent fault. Under the condition of still can reliably detect the occurrence and disappearance of intermittent
faults, if the approximate component falls below SLG faults. However, when the fault occurs at the end of the
the threshold ε1 or the detailed component falls below the long line and the fault resistance is high, the estimation results
threshold ε2, it indicates that the fault has disappeared. Take of the fault occurrence moment have a relatively large error.

the approximate component as an illustrative example. The That is because the ZSV amplitude of a HIF is relatively low. It
characteristics of the intermittent faults and the detection result is difficult to accurately detect the small changes in the ZSV if

andareshowninFig.19. themeasurementpositionisfarfromthefaultpoint.InFig.20, It can be observed from Fig. 19(c) that the
proposed method a violin plot is utilized to illustrate the estimation error of fault effectively detects the occurrence and

disappearance of SLG occurrence moment, which includes 288 sets of simulation faults, which ensures the reliable identification
of intermittent data. The median estimation error of fault occurrence moment SLGfaults.

is0.1ms.Themaximumpositiveerrorandminimumnegative
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Fig. 21.

Fig. 20.

XPERIMENTAL AND IELD

Power distribution network experimental structure.

VALIDATION

The error of fault occurrence moment for the proposed method.

Fig. 22.

TABLE VII
LP

10kV experimental platform and the simulated SLG fault scenarios.

V.E F

The effectiveness of the proposed fault diagnosis method
is further verified by the 10kV distribution network prototype
experimental platform. The structure of this experimental
system is shown in Fig. 21, where Fi, i

=1,2,...,4,indi-
cates the installation position of the FTUs. The line parameters
are shown in Table VII.

Through this experimental platform, the conditions of resis-
tance grounding fault, stone grounding fault and branches
grounding fault are simulated. Among them, the fault resis-
tances of resistance grounding faults are 100 , 200 , 2000 ,
5000 , 10k , and 16k , respectively, including the simula-
tion of HIFs. The 10kV prototype experimental platform is

error are 6ms and -3.6ms, respectively. It can be observed that
the proposed method provides a relatively accurate estimation
of fault occurrence moment.

In addition, to mitigate the influence of long distribution lines
on the precision of fault occurrence moment estimation, the

algorithms introduced in this paper are integrated within FTUs
of overhead lines. Consequently, several measurement points

are configured in the distribution network so that the fault
position and the measurement position are as close as

possible.

shown in Fig. 22, which includes four feeders and simulated
fault scenarios. These feeders are simulated through Pi RL
components. In Fig. 22, ZT is the grounding transformer, DR
is the damping resistance, RT is the regulator transformer, and
ST is the step-up transformer. The designed FTU and its
connection method are shown in Fig. 23. The fault diagnosis
algorithm is embedded in the Raspberry Pi of the designed
FTU. The ZSV is collected and stored by the AD7606 chip
and STM32F407 microcontroller and then sent to the
Raspberry Pi which has two processes running the fault
detection algorithm and the fault occurrence moment capture
algorithm respectively. When the microcontroller has stored a
0.5s length of ZSV, it is sent to the Raspberry Pi and starts the
next 0.5s acquisition. In addition, the SLG fault detection
algorithm calculates the fault threshold in real time and it takes
only 0.038s to judge whether the fault occurs. If an SLG fault
occurs, it stops the threshold calculation and saves the current
thresholds, and then sends the ZSV data for the first 0.2s and
the last 0.1s of that detection point to the fault occurrence
moment capture algorithm. It takes only 0.12s to calculate the
fault occurrence moment. Therefore, the real-time diagnosis of
SLG faults can be realized.

The branches grounding faults are usually accompanied
by fault arcing and have the characteristics of HIFs. The
burning of branches and changes in arc length usually result in
unstable fault resistance. Therefore, to better illustrate the
effectiveness of the proposed fault diagnosis method, take the
branches grounding fault as an example. The detection results
of SLG fault occurrence and disappearance are shown in Fig.
24. When the fault signal is 1, it indicates that an SLG fault
has occurred. When the fault signal is 0, it indicates
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Fig. 23.

Fig. 24. Experimental data analysis.

TABLE VIII
DATA A

The designed FTU and the exhibition of its connection method.

Fig. 26. The field data playback.

Fig.27. Intermittentfaultdetectionanalysis:(a)Originalsignal,(b)The detailed
component of ZSV, (c) Fault signal.

Fig.25. TheapproximatecomponentofZSV:(a)Transformerenergization, (b)
Cold load pickup, (c) Hot load removal, (d) Rotating load connection.

EXPERIMENTAL NALYSIS RESULTS

that the fault disappears. Furthermore, the proposed fault
diagnosis method can capture the fault occurrence moment.
Table VIII shows the detection results of different fault
scenarios.

Several non-fault disturbances are simulated on the exper-
imental platform to verify the robustness of the proposed

method, including transformer energization, cold load pickup,
hot load removal, and rotating load connection. Among them,

the cold load pickup is simulated by connecting the load of
Feeder 2, which is initially in a non-operational state, during

the normal operation of the experimental system. And the hot
load removal is simulated by subsequently removing the load

of Feeder 2 after the experimental system has operated with
this load for 15 hours. Taking the approximate component of

ZSV as an example, the detection results of these non-fault
disturbances are shown in Fig. 25. It can be observed that

these non-fault disturbances will not be misclassified as SLG
faults.

Through the relay protection tester, the fault record data in
the actual distribution network can be reproduced. The wave-
form testing for the actual distribution network is depicted in

Fig. 26. Taking the fault data of a master station as an example,
the test results of the fault occurrence and disappearance are

illustrated in Fig. 27. It can be observed that the SLG fault
repeatedly occurs 5 times in a short period. Therefore, it is the

data of intermittent fault. Table IX shows the analysis results of

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

B. Field Data Analysis



IEE
E P

ro
of

LIN et al.: EARTH FAULT DIAGNOSIS METHOD BASED ON ONLINE DYNAMICALLY CALCULATED THRESHOLDS 13

F

TABLEX
C

TABLE IX
ANALYSISR
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IELD DATA

RESULTSOFTHE OMPARISON

ESULTS

the field data which is measured from an operating distribution
system.

It can be observed that the feasibility and effectiveness of
the proposed fault diagnosis method have been verified.

The effectiveness of different methods for SLG fault
diagnosis is compared by the experimental data and field
data. The criterion for traditional fault detection methods

(TFD) is whether the ZSV exceeds 15% of the phase volt-
age [11]. In [13], a fault detection method based on empirical
wavelet transform and differential faulty energy (EWT-DFE)
is proposed. In [17], mathematical morphology (MM)-based

method is utilized to detect SLG faults. And a discrete wavelet
transform (DWT)-based fault detection method is proposed
in [25]. Through the experimental data and field data, fault

detection correct rate η1, non-fault disturbance detection cor-
rect rate η4, and maximum error for fault occurrence moment
t2 of these methods and the proposed method are calculated
and listed in Table X. There are 138 sets of SLG fault data,
and 50 sets of non-fault disturbance data, including CS, LS
and transformer energization, etc.

It can be observed that the proposed fault diagnosis method
exhibits the highest correct rate in fault detection as well
as non-fault disturbance detection. Although EWT-DFE-based
method also achieves high correct rate, it does not provide
an estimation of the fault occurrence moment. Consequently,
the error of fault occurrence moment is relatively large. In a
resonant ground system, if the faulty feeder and section iden-
tification algorithms have not been triggered within one cycle
after the occurrence of an SLG fault, the feature differ-
ence between the healthy and faulty feeders may decrease.
Therefore, the minor error in fault occurrence moment can
contribute to enhancing the rate of correct faulty feeder and
faulty section identification.

In addition, the fault diagnosis thresholds of the proposed
method are calculated in real time through the maximum
margin hyperplane and can be better adapted to different asym-
metric conditions of the distribution network. Meanwhile, the

proposed method also integrates three functions, namely fault
detection, fault occurrence moment capture and fault nature
estimation, improving the utilization rate of the designed
device.

VI. CONCLUSION
This paper has proposed an SLG fault diagnosis method for

resonant ground systems. Firstly, the ZSV is collected by

FTU.
Then, the approximate and detailed components are calculated
and compared separately with their thresholds which are
the optimal thresholds calculated by the maximum margin
hyperplane in real time. Finally, effective fault detection
and accurate fault nature estimation have been realized. The
following key conclusions can be obtained from this research
work:

1) The proposed fault diagnosis method calculates the SLG
fault thresholds in real time, which makes the method highly
robust to line parameter imbalance and non-fault disturbances.
Its feasibility and applicability are verified by simulation,
experimental and field data.

2) The proposed fault diagnosis method has the capability
of accurately capturing the moment of fault occurrence, which
has been verified. It is of great importance in accurately
extracting the transient features of SLG faults and improving
the accuracy of faulty feeder and faulty section identification.

3) This method integrates the three functions of fault
detection, fault occurrence moment capture and fault nature
estimation with the same requirements for hardware devices
and measurement signals, which improves the applicability
and equipment utilization of the designed FTU.
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