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Abstract

The integration of a large amount of renewable energy sources into the new distribution
system has significantly altered its fault characteristics, resulting in variable operation
modes and limited short-circuit currents. Hence, early arc faults can serve as indicators of
impending system short-circuits, and prevent the difficulty of tripping the new distribution
system by effectively detecting them in advance. A quantitative analytical model for the
early fault current and temperature is developed, and a theoretical analysis reveals the
challenges of achieving reliable detection based solely on either current or temperature. A
novel early fault detection method that combines current and temperature is proposed, DOLI: o

which further utilizes arc power as a complex feature to identify early faults. The proposed 10.23967/j.rimni.2024.04.003
feature integrates the promptness of the electrical signal (zero-sequence current) and the
high sensitivity and reliability of the thermal signal (temperature), and exhibits higher
reliability than the existing method. The validity of the proposed method is verified by
PSCAD simulation, field data and laboratory simulated fault tests. "'Key words"': Early arc
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1. Introduction presenting challenges in calibration and a pronounced

The incorporation of emergent energy modalities into the
distribution matrix has profoundly reconfigured the fault profile
of the nascent distribution schema. Oscillations in the output of
novel energy vectors compel the power distribution framework
to oscillate across a spectrum of operational modalities, while
the short-circuit current engendered by these new energy
conduits is delimited in both magnitude and phase, culminating
in a diminished short-circuit current within the system. Such
dynamics introduce exigencies in reliability, particularly under
conditions of elevated transition resistance. The literature
chronicles a litany of forest conflagrations, infrastructural
impairments, human casualties, and other dire repercussions
stemming from the dereliction of prompt circuit disengagement
during fault conditions [1]. Within this milieu, the precursory arc
fault emerges as a harbinger of an imminent system short
circuit; its early identification and interruption are instrumental
in forestalling short circuit faults and, concomitantly,
attenuating the propensity for erroneous protective measures
[2]. Ergo, the exploration of early fault detection methodologies
within this new distribution paradigm is imperative.

Detection stratagems extant can be dichotomized into electric
and non-electric taxonomies, contingent upon the fault's
characteristics. Electric detection is bifurcated into linear and
nonlinear approaches [3], predicated on the consideration of
the arc's nonlinear traits [4]. The linear paradigm postulates the
early fault arc as a linear resistor, deploying traveling wave
impedance [3] and transient zero-sequence component
correlation [5] for fault identification. Conversely, the nonlinear
paradigm formulates its criterion via the early fault arc's current
waveform distortion [6] and high-frequency energy [7,8].
Nonetheless, the nascent stage's fault current and voltage
features are subtle and readily conflated with systemic noise,

resistance to movement when reliant exclusively on electrical
attributes.

Non-electric detection surveils line temperature via an array of
thermometric apparatuses. The deployment of distributed
optical  fiber technology for line temperature
measurement—capable of real-time thermal data acquisition
along extensive lengths—has been operationalized in
engineering contexts. The optical fiber concurrently functions
as a conduit for signal transmission and a thermal sensor. Given
the negligible zero-sequence current amplitude characteristic of
early-stage faults in the new distribution system, the arc
suppression coil's efficacy in arc quenching is compromised,
perpetuating arc combustion and thermal escalation post-fault.
Thus, a detection methodology predicated on the
characteristics of line temperature elevation presents a viable
avenue [9]. However, the principal challenge in relying solely on
overtemperature traits for early fault identification lies in the
gradual nature of temperature shifts and the heterogeneity of
spatial distribution characteristics, engendering randomness in
the measurements procured by thermometric devices,
complicating configuration, and undermining promptness.

Faced with the problems of insufficient reliability of electrical
quantity characteristics and poor speed of temperature quantity
characteristics, this paper analyzes the problems of detection
methods relying solely on a single characteristic quantity based
on an early fault equivalent model, and proposes a new early
fault detection method for distribution systems that combines
current quantity and temperature quantity. Using the sudden
change characteristics of the fault zero sequence current
waveform to form a disturbance detection threshold, and then
detecting early faults based on composite feature quantities.
This feature combines the speed of electrical signals and the
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high sensitivity and reliability of thermal signals, providing a
new optional approach for fault detection in new distribution
systems with high proportion of new energy access. The
effectiveness of the proposed method was verified through
PSCAD simulation, on-site data, and laboratory simulated fault
tests.

2. Analysis of early fault arc characteristics

2.1 Analysis of power characteristics of early
fault arc

The equivalent circuit model for early faults is composed of a
constant resistance Rg and an arc resistance Rarc connected in
series [2]. The constraint equations for the voltage and current
at the fault point are:

uf(t) = if(t)(Rarc +Rf) (1)

In Eq. (1), the arc resistance Rarc is @ dynamic nonlinear
resistance. Among the existing research results on modeling
Rare, the Kizilcay arc model is most widely used from the
perspective of arc energy balance [10], so this model is chosen.
The control equation is:

dgac®) _ 1 (__1EO
dlf - T U, T To | if(t)l garc (t) (2)

where i is the arc current, 7, u, and ry are the arc time constant,
arc characteristic voltage, and characteristic resistance,
respectively. Based on experimental data of underground cable
arc faults [11], arc parameters were obtained. 7 takes 0.2~0.4
ms, u, takes 300~4000 V and r, takes 0.005~0.015 Q.

Egs. (1) and (2) together constitute the equivalent model of the
fault point under early faults. In order to study the power
characteristics of the fault arc, further analytical analysis is
conducted on the model. Solve differential Eq. (2) and obtain:

-t -t tit
- A | Tf e _ 3
g(t)=Ce™ + e uO/Iif(t)|+r0dt (3)

t

Considering that the attenuation index component Ce © usually
decays to 0 within 2-5 cycles, which is extremely short in time
scale compared to temperature changes, it can be ignored. At
the same time, considering that: 1) the arc current waveform is
approximately a power frequency sine wave, the influence of
waveform and phase error can be ignored, so i;(t) = I;sin(wt),
Iy is the current amplitude at the fault point. 2) Considering that
Uy Tolip(t) |, the latter can be omitted. The analytical formula
for arc conductivity derived from this is:

I/u
_ 1 __f 1 _
g(t) = 1, ) 1 +w2(Tsmwt wcoswt) @

I sinwt 7

The second term in Eq. (4) basically only affects the conductivity
phase and can be ignored, thus simplifying it as follows:

_ 1 Ao
g(t) TP ¢ 5)
- = +T,
If sinwt

where Ap represents the phase difference generated by the
second term of Eq. (4) through triangular transformation, and
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Ag is slightly less than 0, indicating that the arc is inductive to
the outside. The analytical expression for early fault arc power
is:

Qare(t) = Isin*wt - (?—;’sinwt + ro) (6)

Considering that the time scale of power is in seconds, the
effective value expression of early fault arc power Q... can be
calculated:

Qare = 0.8491;u, + 0.5I7r, (7)

Under the clamping effect of a large transition resistance, the
early fault is approximately Uy = Uy. By substituting the fault
circuit equation into Eq. (7), the quantitative relationship
between the early fault arc power and the transition resistance
at the fault point can be obtained:

- Un Uy Uy —Up \?
Qarc = 0849u0m + OBFO(W) (8)

As shown in Eq. (8), the arc power is inversely proportional to
the transition resistance. The fault arc power value remains at
1.35 kW under the level of 3 kQ transition resistance, and the
temperature rise time scale of the fault point is in the second
level. The cable load loss power during normal operation is
typically less than 1 W/m, and the line temperature fluctuations
induced by this are usually in the hourly range [12], which are
negligible compared to the fault arc power. Hence, early failures
exhibit significant temperature rise characteristics compared to
normal operation.

2.2 Analysis of temperature characteristics of
early fault arc

The line temperature rise characteristics induced by the early
faulty arc power can be measured by the distributed optical
fiber temperature measuring equipment, which is usually
installed near the line, as illustrated in Figure 1.

Cable core.

Distributed fiber optic
temperature measurement

Figure 1. Actual physical model of the fault point

As shown in Figure 1, the temperature measurement fiber is
limited to measuring the temperature at a specific point in the
cross-sectional dimension of the line. The temperature data
obtained at the installation point of the optical fiber exhibit
considerable variability depending on the location of the fault.
Moreover, the temperature rise is negligible when the fault
occurs far away from the laying point of the optical fiber. Hence,
the temperature distribution function of this section, which is
determined by the temperature distribution characteristics on
the cross-sectional dimension of the line surface after the fault,
needs to be analyzed to enable the accurate measurement of
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the temperature
equipment.

value by the temperature measuring

The physical model of this problem, which is a complex two-
dimensional unsteady heat transfer problem, is depicted in
Figure 2(a). In this paper, the two-dimensional problem is
simplified and decomposed into the superposition of multiple
one-dimensional problems. The simplification approach is as
follows: 1) The structure in the line that has negligible influence
on the surface temperature distribution is omitted. 2) The heat
transfer sequence after the fault is as follows: the air gap is
heated up first, followed by the heat transfer between the metal
layer and the outer protective layer, which is referred to as the
transverse heat transfer process; Due to the much higher heat
transfer capacity of metal than that of polyethylene material,
the heat transfer process of the metal layer outer sheath is
referred to as the longitudinal heat transfer process.

Fault heat source

Heat transfer process

Metal layer | Transverse heat transfer
Metal
layer

X

Sheath eat transfer process

Figure 2. Simplification of heat transfer in cable section

The simplified model obtained from the above simplification is
shown in Figure 2 (b). Considering the small volume of the air
gap at the location of the fault damage, a centralized parameter
thermal path model is used to solve it. The dynamic process is
represented by series connection of thermal resistance R, and
heat capacity C,;,-, and the faulty heat source is equivalent to a
constant source Qg [13]:

Tair(t) = TO v QarcRair(l - e_t/Rair Cair) )

where T, is the line temperature before the fault.
The heating process of the metal layer by the air gap can be

solved by the following equation based on boundary @ in Figure
2 (b):

aT, T, (10)
B.C.x = 0, Tal(X)t) = Tair(t)
1.C. t =0,T,(x,t) =T,

where a, = Ag/pgCy is the thermal diffusion rate of the metal,
Aar Pa @nd ¢, represent thermal conductivity, density, and
specific heat coefficient, respectively. r,; is the outer radius of
the metal layer, Ty, is the air gap temperature shown in Eq. (9),
and T, is the temperature distribution function of the metal
layer.

By substituting Eq. (9) into the boundary conditions of equation
(10), the expression for the temperature distribution of the
metal layer can be obtained:

https://www.scipedia.com/public/Wang_et_al_2024a

-t/R

@
Tal(x’ t) = Ty + QairRair(1 -e W alr)erfc (

X
nfae) 0D

where erf(x) and erfc(x) belong to the family of Gaussian error
functions.

The definite solution equation on boundary @ is similar to Eq.
(10) and will not be repeated. By integrating boundaries @, @,
and ®, the temperature distribution pattern of early fault lines
can be derived:

Te(x,t) = QairRair(1 - (12)
~t/R:.C_: th
e air-airy orfe X erfc e +
) f (2 At ) f (2 Qet )

QairRair erfc ( 2 Xae ) +T

where a, is the thermal diffusion rate of polyethylene, the is the
thickness of the outer protective layer, x; is the spatial variable
in the radial dimension of the outer protective layer, T,;(x,t) is
the temperature distribution of the metal layer shown in Eq.
(11), T,o(x, t) is the surface temperature of the cable before the
fault, and T is the temperature distribution function of the
outer protective layer.

According to the function erfc(x) = fexp(—xz)dx in Eq. (12), it

can be seen that the overall fault temperature shows a
monotonic upward trend with the increase of time variable t; As
the spatial variable x increases, it rapidly decays, and the spatial
distribution shows a significant temperature gradient. This
inference mathematically confirms the previous viewpoint:
limited to the installation method of distributed temperature
measurement optical fibers, there is a certain degree of
randomness in the temperature changes measured by the
equipment after a fault, which will affect the criterion setting
and detection speed. More effective detection algorithms are
needed to adapt to it.

3. Early fault detection method

As deduced from the above theory, the early fault has a large
fault heating power and a conspicuous temperature rise
characteristic at the fault point. However, the existing
temperature measuring equipment has a limitation that causes
the line temperature measurement value to be random. Hence,
the fault criterion is formulated by combining the composite
characteristics of zero sequence current and fault temperature,
and the software algorithm is employed to compensate for the
condition limitation of hardware equipment and enhance the
reliability and detection speed.

3.1 Analysis of the principle of compound
characteristic quantity criterion

The theoretical analysis reveals that the early fault temperature
changes slowly and the spatial distribution is not uniform.
Therefore, the temperature measuring equipment suffers from
greater measurement randomness when the fault randomly
occurs at a certain cross-section position, leading to difficulty in
setting and poor rapidity. The problem can be solved by
collecting temperature data in a fixed time window and
identifying faults based on the temperature waveform features
illustrated in the fault temperature distribution expression (12),
as shown in Figure 3.

The line's surface temperature does not increase instantly after
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Figure 3. Composite eigenvalue criterion principle

an early fault, rendering the temperature measuring equipment
incapable of determining the fault's zero time point solely based
on temperature information. Consequently, the horizontal axis
information of the temperature rise waveform remains
undetermined. Hence, electrical characteristics are introduced
to construct a low disturbance detection threshold for the
algorithm's initiation and to provide the fault zero time point for
the identification of temperature rise waveform features.

3.2 Disturbance detection threshold based on
sudden change of zero sequence current
waveform

As stated in section 3.1, the electrical characteristics are
required as the disturbance detection threshold. However, the
amplitude information of zero sequence voltage and current is
hard to discern effectively for early faults above 3 kQ. Hence,
the waveform mutation feature of zero sequence current before
and after the fault is chosen as the disturbance detection
threshold in this paper, which is independent of the amplitude
information and can circumvent the problem of the algorithm's
rejection.

The fault equivalent circuit after early system failures can be
represented by Figure 4. Among them, L is the equivalent
inductance of the arc suppression coil; Cq is the sum of the

equivalent ground capacitance of the busbar and the healthy
line; Ln and Cn are the equivalent inductance and capacitance
on the faulty line, respectively; ir, ic_, and ic, represent the

current flowing through L,CZ and Cn, respectively. us=

Umsin(wt + @) is the zero sequence fault component voltage (
Um is the phase voltage amplitude during normal system
operation, w is the power frequency angular frequency, ¢ is the
initial phase angle of the fault); i is the zero sequence current
flowing through the fault point; iy and iy, are the zero
sequence currents obtained from the measurement points of
the healthy and faulty lines, respectively; Rg and Rarc are the
constant transition resistance and nonlinear arc resistance in
the early fault equivalent model, respectively.

Write differential equations based on fault equivalent circuitsl

o dlL

B d’i, .
uf(t)— (Rg+Rarc)[(COZ+COn)M+lL] dt (13)

https://www.scipedia.com/public/Wang_et_al_2024a

Figure 4. Resonant grounding system fault equivalence circuit

As deduced from Eq. (13), the analytical expressions for the
currents iy, and iy; flowing through the faulty and healthy lines
can be obtained. The transient response process is essentially a
second-order zero state response that encompasses nonlinear
components [2]. The zero sequence current displays a weak
power frequency sine wave under normal operation due to
factors such as line to ground capacitance, three-phase
parameter imbalance, and measurement errors. Under the
second-order transient response of faults, the zero sequence
current flowing through the measurement point undergoes a
discontinuous mutation. For instance, when compensating for
system over damping, without considering the nonlinearity of
grounding arc, the zero sequence current of the faulty line can
be expressed as a piecewise function in the following form:

Asin(wgt + ¢),t <0

figg = (14)
QF ~ t t .
G, + ™ + Dsin(wt + ¢),¢ >0

The piecewise function shown in Eq. (14) reveals that the
transient waveform of the zero sequence current of the faulty
line will undergo a sudden change at time t=0, and coupled with
the nonlinear influence of the arc, its waveform mutation
characteristics will be more severe.

In order to identify this feature, this paper selects a low
computational complexity and high sensitivity multi-resolution
morphological gradient to extract it. The core process of the
algorithm is the combination of four basic operations (dilation,
corrosion, open operation, and closed operation) of the
structural element g(x) on the target signal f, which can achieve
one-dimensional signal waveform mutation feature recognition.
For one-dimensional signals, flat structural elements are usually
selected:

g ={1,1,--,1,0,0,-,0}

1/2+1 1/2-1 (15)
g ={0,0,--,0,1,1,---,1}
1/2-1 1/2+1

where g* and g- are the two structural sub elements used to
identify the rising and falling edges of the signal, respectively,
and [ is the length of the structural element.

Based on the structural factor g(x), the proposed algorithm first
performs filtering preprocessing on the collected zero sequence
current data to improve its tolerance to noise. The
preprocessing algorithm is a morphology based open close
filtering operation, as shown in Eq. (16):

Wi = (fX) 2 g(0)) - g (x) (16)

After filtering, in order to extract mutation information from the
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data waveform, the morphological gradient in the waveform is
calculated using the following method:

M) = (ME e g) 00 - (ME 0g%) 00 Wz

Mg-() = (Mg~ @ g) 00 - (Mg~ 0.g-) ()
Mg(f) = Mg () + Mg-(f)

The calculation symbols shown in Egs. (16) and (17) are the
basic operation rules defined by MMG, please refer to reference
[14] for details. In Eq. (17), k is the number of MMG operations,
usually taken as 3. MX. and M- are the values of the structural
sub elements g* and g- after the k-th operation, respectively.
ME(f) is the final calculation result.

The key to applying MMG to the waveform mutation
characteristics of fault zero sequence current is that the
structural factor should match the geometric shape of the
target signal in order to reliably identify the mutation
characteristics in the signal. For sinusoidal periodic signals, the
length | of the one-dimensional structural factor used in this
article should correspond to the system's power frequency
period. When the zero sequence current flowing through the
measuring point is a sine wave, the MMG calculation result
M3 (ig,) = 0. When the waveform undergoes a sudden change at
a certain moment, the MMG calculation result Mff(io,,) > 0. Set
the setting value Mfg’set to obtain the criteria for sudden changes
in the waveform of the fault zero sequence current as follows:

Py = M3(ipy) > My (18)

where iy, is the zero sequence current measured on the n-th
section. To ensure a low rejection threshold for disturbance
detection, the threshold value M. should be set low 0.

3.3 Fault detection
eigenquantity criterion

based on compound

After initiating the algorithm through the disturbance detection
threshold and acquiring the zero time point information of the
fault, this section utilizes the known information to identify the
fault temperature rise waveform characteristics, which form a
composite feature quantity early fault detection criterion.

According to the theoretical analysis in sections 2.1 and 2.2,
when the heating power of early faults is Q, the temperature
distribution function on the cable surface along the cross-
sectional dimension can be written as T = f(Q, x, t). From this
equation, it can be seen that the waveform characteristics of the
fault temperature rise measured by distributed optical fibers
are determined by the three parameters: Q, x, and t. The
temperature T and time t can be obtained separately through
temperature measurement equipment and disturbance
detection threshold, as well as two unknown parameters Q and
Xx. Therefore, based on Eq. (12), this article identifies the
unknown parameters Q and x using the data of known
variables T and t, and constructs fault criteria based on the
range of values of (Q,x).

The above waveform parameter identification process is
essentially an unconstrained nonlinear least squares fitting
problem, with the objective function F(X) being:

m

F(X) = min Z%[T(Q,x,ti)—TOi]z (19)

i=1
$.t.020,x20

https://www.scipedia.com/public/Wang_et_al_2024a

where m represents the number of temperature data, and T, is
the i-th sampling value. The sampling frequency of existing
distributed fiber optic temperature measurement devices is
usually 1Hz. After extensive simulation and experiments, this
paper determines that taking m as 20 can better balance the
detection speed and identification accuracy of the algorithm.
From this, it can be concluded that the sampling time of the
proposed algorithm is 20 seconds.

This optimization problem can be solved based on the
Levenberg Marquardt (LM) algorithm, which has a mature
encapsulation module in Matlab, and will not be repeated due
to space limitations. After calculating the identification values
(Q,x*) of (Q,x), a two-dimensional fault detection criterion
can be constructed based on its different value ranges under
fault and non-fault conditions, as shown in Figure 5.

O A

Outside/Disturbance
Q the.max

Inside

Q the.min

-
Xthe.min Xthe.max .x

Figure 5. Rectangular fault discrimination area

The setting principle of the fault criterion shown in Figure 5 is as
follows:

1) For the tuning of x, according to theoretical analysis, the
value range of x should be (0,kmry). Among them, k is the
maximum mapping coefficient, which is only related to the
parameters of the cable itself, and r,; is the outer diameter of
the metal layer. Introducing a margin coefficient kp = 1.2, the
tuning range of x is ( - 0.1, kpkmry).

2) For the tuning of Q, in principle, Q = 0 when there is no fault,
but considering interference factors, the algorithm always
calculates an error value Q,-, SO Q needs to avoid interference
error Q. The temperature measurement is less affected by
interference factors, mainly from equipment measurement
errors (distributed fiber optic temperature measurement error
+0.5 °C), temperature noise errors, and interference heat
source errors. Among them, the temperature noise error can be
selected based on empirical values, usually 0.5 °C is sufficient to
meet the requirements. Based on the measurement error and
noise error of the comprehensive equipment, Q.. can be
calculated by substituting the normal operating temperature
fluctuation of +2 °C into Eq. (19). The interference heat source
error comes from factors such as cable core heating and
sunlight exposure. Based on a large amount of on-site
operation data, it is known that such heat sources usually have
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an impact on cable temperature on an hourly time scale [14].
This article only collects temperature information within 20
seconds and is almost unaffected. Similarly, considering the
margin coefficient kp, the tuning range of Q is (kp Qerr, Inf).

The final criterion for fault identification is:

_ (kp Qerr < Q* < Inf) n
2

= (20)
(-01<x.<kp -k-mry)

Based on the previous analysis, this paper uses the sudden
change characteristics of the zero sequence current waveform
and the information of the line temperature rise waveform
within 20 seconds to form the early fault composite
characteristic quantity criterion. The algorithm flow is shown in

Figure 6.

MMG calculation value for calculating the
waveform characteristics of zero sequence
current

section

|
|
: ’ The judgment result is a fault, locate the
|
|
|

Electrical disturbance startup
threshold provides fault zero time
point

Aufomatically start he temperafure ’m‘mm Seaiificatcs
d calculate isti 2
\ and

device and conti ly collect
fthe temperature of each point on the line for 25|
econds, with a sampling interval of 0.5 seconds)

\7

P, is judged as 0, jump out of loop
Fault j basis

Figure 6. Flow chart of fault detection method

4. Simulation verification

To validate the proposed detection criteria for the composite
characteristic of early faults, a composite simulation model of
the electromagnetic field and temperature field of early faults of
the line was constructed as follows: First, a typical 10 kV neutral
grounding distribution network model through arc suppression
coil was built based on the PSCAD simulation software, as
illustrated in Figure 7(a). The system comprises four lines, and
detailed line parameters are presented in Table 1. The arc
model at the fault point is provided in section 2.1. The
compensation of arc suppression coil was set to 8%. Outgoing
line 4 was faulty 8km from the bus bar.

Using COMSOL finite element simulation software, the
electromagnetic and temperature fields of a 10kV YJV22-6/10kV
500mm? nominal section cable were coupled and modelled, as
depicted in Figure 7(b). The cable had a length of 10m, and
Table 2 lists its detailed material and geometric parameters.

https://www.scipedia.com/public/Wang_et_al_2024a

a

@ 14km F1
Fiber optic host -
110kV/10kV Skm il
115kV -

Temperature measuring optical fiber
20km

L =

L 1L 8km a 10km F4
= = ;/ =

(b)

Fiber optic host

Insulation layer

Sheath
Cable core

Figure 7. Simulation model. (a) Distribution network fault simulation model.
(b) Multi physical field simulation model for single core cables

Table 1. Distribution model line parameters

Ry | G [ Ih [ Ry | G | Lo
Q/km | Q/km | Q/km | Q/km | Q/km | Q/km
Aerial conductor | 0.17 [0.00971.2096| 0.23 | 0.006 |5.4749
Cable 0.27 | 0.339 | 0.255 | 0.27 | 0.28 | 1.019

Line type

Table 2. Geometric and material parameter table of XLPE cable

Stucture/Materi |Thickne|Relativ (Condu| Relative | Thermal [Densi| Constant

al ss/radiu| e perm [ctivity| dielectric|conductivit|ty (kg| pressure heat
s (mm) |eability| (S/m) | constant |y (W/(mxK) /m3) capacity

0/(kgxK))

Cable 303 1 55274 1 30.1 8700 385

core/Copper

Conductor 8.50E-04 1 2 225 10 1055 2405

shielding layer/Se

miconductor

mixture

Insulation 19.5 1 1.00E- 1215} 0.46 930 2302

layer/XLPE 18

Insulation screen/|8.50E-04 1 2 2.25 10 1055 2405

Semiconductor

mixture

Metal 25 1 3.77E+ 1 238 2700 900

layer/aluminium 07

Sheath/polyethyl 29 1 1.00E- 2.5 0.46 935 2302

ene 18

4.1 Early fault arc power analysis verification

The parameters in the fault model are set as follows: a constant
resistance Ry of 8 kQ, an arc characteristic voltage parameter u,
of 1 kV, and a characteristic resistance parameter r, of 0.015.
Through PSCAD simulation, the zero sequence current, arc
voltage, arc current, and early fault arc power of each line are
obtained as shown in Figure 8.
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Figure 8. Verification of fault electrical quantity characteristics. (a) Fault arc voltage
and current. (b) Zero sequence

current waveform of each line. (c) Theoretical and simulation values of early fault arc
power

As shown in Figures 8 (a) and (b), the voltage and current
waveforms of the arc display significant nonlinearity after the
fault occurs. The zero sequence current waveform in the system
experiences significant waveform changes at time ¢ = 0, which
agrees with the piecewise function equation (14). Additionally,
due to the presence of the nonlinear resistor Rarc, the zero
sequence current after the fault has significant high-frequency
harmonics. Therefore, the presence of fault arcs increases the
waveform change characteristics of the zero sequence current,
which is consistent with theoretical analysis.

As can be seen from Figures 8 (c), the calculation results of the
early fault arc power analytic formula derived from Eq. (8) are in
good agreement with the simulation, and the waveforms of the
two differ by a phase angle A¢ in phase, which accords with the
conclusion obtained during the simplification of Eq. (5).
Combined with theoretical calculation and simulation, it can be
seen that the early fault arc power of 8kQ is still as high as
1.46kW, which has obvious temperature characteristics, and the
fault detection idea based on this feature is feasible.

4.2 Analytical verification of temperature
distribution characteristics of early faults

The surface temperature distribution characteristics of the cable
after the fault were obtained by importing the COMSOL model
with the early fault arc power values from the previous
simulation as conditions, as illustrated in Figure 9.

As Figure 9 illustrates, the temperature distribution on the cable
cross-section dimension exhibits a monotonic increase overall
and extremely uneven local characteristics after the fault.
Consequently, the installation principle constrains the
distributed fiber optic temperature measurement equipment,
and the measured values display a certain degree of
randomness, which agrees with the theoretical analysis in the
article. The temperature rise amplitude within 20s may be less
than 10 °C if the fault occurs far from the fiber optic installation
point, resulting in the problem of early faults evolving into short
circuit faults that are challenging to detect reliably.
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Figure 9. Characterizations of faulty temperature quantities

4.3 Disturbance detection threshold verification

This section verifies the action performance of disturbance
detection threshold. When a constant resistance Ry is set to 10
kQ. Figure 10 shows the detection results of the F4 fault on the
output line.
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Figure 10. Verification of disturbance detection threshold. (a) Transition resistance
10kQ. (b) Overlay 20dB of noise

As shown in Figure 10 (a), the waveform mutation
characteristics of zero sequence current at a transition
resistance value of 10 kQ can be effectively detected by the
disturbance detection threshold. Based on (a), a 20dB noise
signal is superimposed in Figure 10 (b), and the MMG
calculation results cross the threshold effectively. It is evident
that the proposed method has a certain level of noise tolerance.
Zero sequence current may also exist in the system during
normal operation due to factors such as measurement errors of
current transformers, load and line parameter imbalance, and
the waveform is usually a sine wave. To examine the effect of
such working conditions on the disturbance detection threshold
performance, a system three-phase asymmetry of 3.5% was set
in PSCAD, and the discrimination results of the disturbance
detection threshold are presented in Figure 11.
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Figure 11. Verification of three-phase unbalanced current and noise impact. (a)
Asymmetry degree of 3.5%.
(b) Overlay 40dB of noise

As Figures 11 (a) and (b) illustrate, mismatched three-phase line
parameters cause the zero sequence currents measured in each
section during normal operation to display a sinusoidal
waveform, which agrees with the theoretical analysis previously
mentioned. The amplitude change of the zero sequence current
before and after the fault is relatively small at a 3.5%
asymmetry, rendering it unsuitable as a fault identification
feature. Under this operating condition, the MMG calculation
value of the disturbance detection threshold can cross the
threshold reliably, and can also initiate reliably under 40dB
noise. The proposed method only detects sudden changes in
waveform information and does not depend on changes in
amplitude, demonstrating its suitability for detecting early faults
under large transition resistances.

4.4 \Verification of composite
detection criteria

eigenvalue

According to the tuning principles of the criteria and the
parameters of the constructed model, the error term Q. is
calculated to be 0.247. In fault criterion (20), the set values of Q
and x are (0.3, ») and (-0.1, 4.2), respectively.

To verify the effectiveness of the proposed early fault detection
method. According to the theoretical derivation of the
characteristics of early fault arcs, it can be inferred that the main
conditions affecting the temperature characteristics of faults
are the arc model parameter u,, constant resistance Rg, and the
location x of the fault cross-section. For the above three
conditions, the detection results of the proposed method
obtained through the joint simulation model of PSCAD and
COMSOL are shown in Figure 12 and Table 3.
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Figure 12. Fault identification results (I)

Figure 12 highlights the effectiveness of the proposed method
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at different cross-sectional positions x . On the surface of the
cable from A to E in Figure 12 (b), 19 equidistant points at
different positions were selected for verification. The four
different colored dots represent the verification results under
four different (u, R¢) fault conditions. The green dots represent
external fault noise. Considering the most unfavorable
conditions, set the amplitude of noise outside the area to +2 °C.

Table 3. Fault identification results (II)

Transition | Characteristi| Fault | Power [ Detection value Detection Result
resistance/Q| c voltage/kV [ locatio Qf/kw 0 X accuracy(Qf—
n QNQy
1000 1 B 53 5.24 0.15 1.13% v
2 C 8.6 7.37 1.61 14.30% v
2000 0.5 D 1.5 1.35 2.88 10.00% v
1 E 2.8 2,62 35 6.43% v
4000 2 D 23 2.08 2.88 9.56% v
4 E 25 235 3.52 6.00% v
6000 0.3 D 0.36 0.355 2.94 1.69% v
0.5 E 0.51 0.52 3.49 2.10% v
7000 0.3 D 0.31 0.32 34 3.20% v
0.5 E 0.44 0.464 3.41 5.64% v
8000 0.4 C 0.3 0.278 1.47 7.33% x
1 D 0.69 0.64 2.67 8.33% v

Table 3 verifies the fault detection performance of the proposed
algorithm when arc model parameters u, and constant
resistance R, are different. The identification errors of the
temperature rise waveform parameters (Q, x) and the results of
fault identification are given in the table. Combining Table 3 and
Figure 12, it can be seen that although the randomness of fault
occurrence location leads to the randomness of measurement
of temperature measuring equipment, the proposed method
can identify and determine the compound characteristic
parameters Q and x more accurately, and use their fault value
ranges to reliably detect faults. The proposed method may not
cause misjudgment until the transition resistance is 8kQ.
Moreover, when the noise waveform is +2 °C, the parameter
identification values will not fall into the action zone, and the
proposed method has a high noise tolerance ability.

5. Field data validation of disturbance detection
thresholds

The validity of the proposed disturbance detection threshold is
further verified by using a set of actual wave recording data
after one of the two outlet lines of HY Station in Jiaungsu in
2022 suffered a high-resistance early failure. The verification
results are shown in Figure 13.
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Figure 13. On site data recording and detection results. (a) Zero sequence current
waveform.
(b) Disturbance detection results

As Figure 13(a) illustrates, the zero sequence current exhibits a
large waveform mutation at t = 0 before and after the fault. The
MMG calculated value of the disturbance detection threshold
surpasses the threshold in the output lines F1 and F2, which can
initiate the subsequent fault detection algorithm reliably.
Different decibels of noise were superimposed on the field data
to verify the disturbance detection threshold’s anti-interference
ability. The second test in Table 4 displays the verification
results. The disturbance detection threshold maintains a good
detection effect when 10dB noise is superimposed.

Table 4. Noise impact results
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Figure 14. Schematic diagram of laboratory temperature detection test platform

temperature measuring optical fiber and transmitted to the
control host, and the fault identification algorithm shown in
equation was used for calculation. The heating and vibration
simulator was heated at 37 m of the cable with 2 kW power
gear, and the test recording and broadcasting data were
obtained as shown in Figure 15.
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Figure 15. Artificial failure simulation test temperature recording data

No. [MMG calculation value (1) | Result [ MMG calculation value (1) | Result
1(30dB) 67.5 v 22 v
2 (20dB) 50 v 25 v
3(10dB) 40 v 1 v

6. Laboratory simulation of early failure test
verification

Figure 14 illustrates the artificial simulation test platform for
early earth fault in the laboratory. The test equipment consists
of a control host, a temperature measurement optical fiber, and
a heating device. The distributed temperature measurement
fiber measures the line with a total length of 112 m and a
sampling frequency of 0.33 Hz. Figure 14 (b) displays the specific
components of each equipment.

A fault heating and vibration simulator, which was fixed at 37 m
along the cable, was employed as the heating equipment. It had
two heating gears of 2 kW and 4 kW, and could simulate the
fault arc heating effect well. Alternatively, a hot air gun could be
used to heat any position of the cable, with adjustable heating
power, but the simulation effect was inferior. Since the existing
test equipment could not generate the real early ground fault
directly, the fault arc heating was approximated by heating the
cable with the heating equipment. The artificial simulation
process of the early ground fault was as follows: the heating
equipment was applied to different positions of the cable, the
temperature data along the cable was collected by a
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Figure 15 demonstrates that the temperature increases
gradually after heating, and only ascends by less than 10 °C
within 25 s. Hence, it is challenging to differentiate fault and
interference heat source by merely employing overtemperature
characteristics and neglecting temperature change velocity
information.

Table 5 presents the fault identification results achieved by
heating the cable at various power levels of the
temperature/stress simulator and the identification results
attained by heating the cable at different positions of the heat
gun at diverse power levels. The results indicate that the
proposed method can identify early faults dependably.

Table 5. Incipient fault manual simulation test

Heating Equipment Power Fault Temperature rise Result
gear/kW location/m waveform
characteristic
parameters

Q X
Heating and vibration 2 37 2.9 2.2 v
simulator 4 37 5.8 26 v
Hot air gun 0.4 48 0.5 0.8 v
0.6 75 0.8 2.2 v
0.8 105 0.9 1.5 v



https://www.scipedia.com/public/File:%E5%9B%BE13.jpg
https://www.scipedia.com/public/File:%E5%9B%BE13.jpg
https://www.scipedia.com/public/File:%E5%9B%BE14.jpg
https://www.scipedia.com/public/File:%E5%9B%BE14.jpg
https://www.scipedia.com/public/File:%E5%9B%BE15.jpg
https://www.scipedia.com/public/File:%E5%9B%BE15.jpg

S I P E D I A L. Wang, X. Chen, Y. Zhao, J. Yu and H. Zou, Research on early fault detection method for a new distribution system
based on automatic arc power, Rev. int. métodos numér. célc. disefio ing. (2024). Vol. 40, (2), 15

7. Conclusions

In the dynamic domain of distribution systems, increasingly
suffused with renewable energy sources, the traditional
topology is marked by pronounced variability. This variability
engenders a limitation in fault current magnitude, thereby
diminishing the reliability of fault detection. To surmount this
impediment, it is imperative to discern early-stage failures that
presage short-circuit faults, leading to the following deductions:

1.A model has been devised, analytically enumerating the
electrical and thermal parameters characteristic of nascent
faults. Scrutiny of the non-uniform  thermal field
distribution across the cable surface during such faults
divulges that dependence on a solitary electrical or thermal
parameter thwarts the achievement of reliable detection.

2.Advocated is a collaborative detection schema, integrating
both current and temperature, further enhanced by the
incorporation of arc power as an amalgamated diagnostic
indicator. This indicator amalgamates the promptness of
the electrical signal (zero sequence current) with the
amplified sensitivity and steadfastness of the thermal
signal (temperature). Ergo, the proposed strategy eclipses
extant methodologies in detection promptness and
dependability, forging an innovative archetype for fault
identification within contemporary, energy-diversified
distribution frameworks.
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