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Abstract As the main transmission equipment of electric energy, cable is one of the key electric facilities to build
stable and efficient power network. In recent years, £ 800kV high-voltage DC cable buffer layer erosion accidents,
this paper launches the real-time monitoring research on the status of the cable. By analyzing the structure of the
cable buffer layer and fault characteristics, the research foundation is laid. Then, the linear tensile test of the strain
relationship between the high-voltage DC cable and the sensing fiber, as well as theoretical analysis, to establish
the strain relationship between the high-voltage DC cable and the sensing fiber. Then the strain measured by the
distributed fiber optic sensing technology is used to calculate the strain of the HVDC cable body and realize the
monitoring of the HVDC cable. At the same time, the finite element method is used to establish the cable
monitoring model and complete the strain calculation. In the K-fold cross validation, the average accuracy of the
cable monitoring model based on distributed fiber optic sensing is 92.4% and relatively stable, with strong
generalization ability as well as stability.

Index Terms buffer layer ablation, real-time monitoring, distributed fiber optic sensing, high-voltage DC cable

. Introduction

China's rapid economic development and increasing productivity since the 20th century have resulted in an
increasing demand for electric energy [1]. However, due to the vastness of China, the distribution of load centers
and energy resources is not balanced, so large-scale long-distance transmission is required [2], [3]. In order to
reduce the huge line loss caused by long-distance transmission, the voltage level of transmission lines has been
gradually increased, and compared with AC transmission, DC transmission has the advantages of large
long-distance transmission capacity and low line power loss [4]-[6]. Therefore, under the impetus of the growing
demand for electricity and the continuous development of power electronics technology, DC transmission projects
such as high-voltage DC transmission and flexible DC transmission are being constructed more and more [7]-[9].
In addition, both power cables and overhead lines are important carriers of DC transmission. Compared with
overhead lines, although the structure of power cables is relatively complex and the cost required to manufacture
the same length of cables is higher, the cables are simple to wire, have high reliability of power delivery, do not
require the support of towers, and will not have a large impact on the environment when buried in the ground or laid
on the seabed [10]-[13]. Therefore, at present, high-voltage DC power cables are increasingly used in flexible DC
transmission systems [14].

After the commissioning of high-voltage DC cables, the aging deterioration of insulation will occur under the
action of many factors, which include temperature, electric field, moisture, stress, etc., and the deterioration of
insulation will cause the operational reliability of cables to decrease [15]-[17]. Secondly, the accumulation, transfer
and disappearance of space charge in DC cables will also directly lead to the distortion of the electric field inside
the dielectric, thus affecting the electrical properties of HVDC insulating materials in various aspects such as
conductivity, breakdown and aging [18]-[20]. Therefore, the establishment of a real-time monitoring system for
+800KkV high-voltage DC cable buffer layer faults is conducive to guaranteeing the good operating condition of the
cable, which is a key link in maintaining the stability and safety of the rail transit power system [21], [22].

This paper starts from the perspective of the construction of the buffer layer of high-voltage DC cable, discusses
in detail the main characteristics of the buffer layer failure and the electric field distribution characteristics of the
cable, summarizes and analyzes the buffer layer ablation phenomenon as well as the causes. Combined with the
fiber grating coupling mode theory and linear tensile theory, it explains the strain relationship between the
high-voltage DC cable and the sensing fiber. And based on the finite element model method, use the sensing fiber

653



fis
strain to calculate the high-voltage DC voltage strain, so as to construct the cable detection model based on
distributed fiber optic sensing. Through the application experiment of cable temperature distribution detection and

K-fold cross validation, the practical application results of the model are examined. The model is also used to carry
out experiments of multi-physical quantity monitoring to expand the monitoring characteristics of cable faults.

Distributed fiber optic sensing-based real-time monitoring technology for +800kV high-voltage DC cable buffer layer faults

ll. High voltage cable buffer layer failure mechanism

Il. A.Structural analysis of the buffer layer

The buffer layer is located between the inner sheath and the insulation shield, and its structure is shown in Fig.
1.The inner sheath of Chinese cables is mostly crumpled aluminum sheath, which has the functions of radial
water-blocking, mechanical protection, and good electrical conductivity.

The buffer layer usually includes water-blocking tape, gold cloth and air gap. Water-resistant tape tightly
wrapped around the surface of the insulation shield, gold cloth wrapped around the surface of the water-resistant
tape, water-resistant tape and wrinkled aluminum sheath wave valley close contact with the aluminum sheath wave
peaks between the air gap. Water-resistant tape usually consists of fluffy cotton, water-resistant powder and
non-woven fabrics, used to buffer the interaction between the insulation shield layer and the inner sheath, reducing
the internal thermal expansion of the cable caused by the insulation shield layer - the inner sheath between the
compressive stress. The water-blocking powder in the water-blocking tape absorbs water and expands to block
water in the radial direction. The main component of water-resistant powder is sodium polyacrylate, which is
weakly alkaline, and also contains monomer CM (chlorinated polyethylene), crosslinking agent, initiator and
deionized water.
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Figure 1: Cable profile

Il. B.Buffer layer fault characterization
In the current high-voltage XLPE cables, the wrinkled aluminum sheath is the most widely used metal sheath
structure in practice, and its axial structure is shown in Figure 2.
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Figure 2: High voltage XLPE cable axial structure
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Through the observation and analysis of the buffer layer ablation typical failure cases, found that the following
characteristics: cable body on the existence of multiple ablation points, these ablation points are distributed in the
metal aluminum jacket, semi-conductive buffer layer and the main insulation outside the semi-conductive layer.
Ablation site has a large number of white water-blocking powder precipitation, semi-annular distribution, and the
phenomenon has nothing to do with the location of the cable. Ablation is mainly concentrated in the wrinkled
aluminum sheath inside the raised parts (i.e., the location of the trough). The degree of ablation and wrinkled
aluminum sheath contact degree has a certain degree of correlation, wrinkled aluminum sheath and
semiconducting buffer tape contact the more closely, the more serious the ablation, and the metal sheath is not
tightly adhered to the circumference of the surface is rarely obvious ablation point.

Based on the above characteristics of the buffer layer erosion failure, the cause of the failure may be the buffer
layer can not keep the insulation shielding layer and the metal sheath of good electrical contact between the buffer
layer, resulting in the buffer layer inside the suspended potential, and this suspended potential will make the buffer
layer inside the air gap field strength increases, once more than the air breakdown field strength, it will trigger a
partial discharge. Localized discharge continues to develop, will eventually cause cable insulation breakdown.

Il. C.Characterization of electric field distribution
Single-core conductor structure of high-voltage XLPE cable, the theoretical calculation of the electric field
distribution is usually used concentric cylinder structure see Figure 3.

&1 Rl

&2

Figure 3: Cable concentric cylinder structure

Assuming that the radius of the shield of the cable core is R, and the radius of the outer surface of the
insulation is R, , when the cable is subjected to AC or impulse voltage U , the electric field strength at any point r
from the center of the core is given in equation (1):

E=(U/r)In(R,/R,) (1)

For high-voltage XLPE cables, the dielectric properties of the cross-linked polyethylene main insulation and the
semi-conductive shielding layer, water-blocking tape are very different, belonging to different properties of the
medium. In order to calculate the electric field distribution in the multilayer structure of XLPE cables, select any two
layers, such as Figure 3 shows the medium 1 and medium 2, the relative dielectric constant of ¢ and ¢,, R, for

the inner diameter of the medium 1, R, for the outer diameter of the medium 2, R for the intersection line of the

medium 1 and medium 2.
The electric field distribution in dielectric 1 and dielectric 2 can be found according to Gauss's law:

When R <r <R, there is equation (2):

_ 27mAu _ Au
= =
R
11’1£ i+i In— 1n&
R\e &) | R, "R (2)
1 gl 82

When R<r<R,, there is equation (3):
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27mAu Au
Fe= R(1 1) R R
In=2| —+— In— 12
R\g &) , | R, "R (3)
81 82

Semi-conductive cushioning, water-blocking tape structural characteristics are shown in Figure 4|, it is usually
composed of a layer of semi-conductive nonwoven fabric and a layer of semi-conductive fluffy cotton of about
1.5mm thickness, coated with a layer of polyacrylate expansion powder in the middle.

/— Fluffy Cotton
I'4

Water Resistant
Powder

xé

/—Non-woven fabric
K

Figure 4: The structure of semiconductor buffer and water block

Although the semi-conductive fluffy cotton has semi-conductive properties, but the loose and porous structure
makes it less conductive. The polyacrylate expansion powder itself does not have the conductivity to meet the
water-blocking requirements. These factors lead to the cable insulation core and metal sheath (shielding) contact
ability to decline, semi-conductive insulation shielding in suspension potential state. With the rise of the voltage on
the cable, this suspended potential is also higher, and then there is a poor contact class discharge, and the amount
of discharge with the rise in voltage and rise.

lll. Cable monitoring model based on distributed fiber optic sensing

Fiber grating is an optical fiber-based sensor with unique advantages such as high sensitivity, high accuracy, and
distribution monitoring capability. Therefore, this chapter explores the relationship between the fiber grating system
and the strain of high-voltage DC cables based on the sensing mechanism of the fiber grating system. The finite
element method is borrowed to establish a cable monitoring model based on distributed optical fiber.

lll. A. Fiber grating coupling mode theory
Fiber Bragg gratings are made by photochemically treating an optical fiber using a UV laser or UV laser beam. The
UV laser causes the refractive index in the fiber to change periodically along the core direction, enabling periodic
refractive index modulation, which can also be described as a grating. When the wavelength of the incident light
wave is equal to the Bragg wavelength (i.e., when the wavelength of the incident light wave is divided by two times
the effective refractive index in the fiber is equal to the period of the grating), the Bragg condition will be satisfied
and the incident light wave will be reflected by the Bragg grating. The rest of the wavelength will not be affected by
the grating and will continue to be transmitted. The coupled mode theory is to analyze the transmission
characteristics of light waves in the fiber core, using the solution of the optical waveguide to discuss the Bragg
wavelengths as well as other wavelengths that are almost unaffected.

According to the set of electromagnetic field propagation equations, the fluctuation equations of light waves in
fiber Bragg gratings are introduced as Egs. (4)-(5):

V2E+k§n2E+V(E-Ej:O (4)
£
2 2 2 Ve
VH +kyn’H+—x(VxH)=0 (5)
£

In the above equation k, = @/ x,&, is the reciprocal of the wavelength in vacuum. »’> =¢/¢, , and since the &

of the Bragg fiber is a constant value and Ve =0, the simplification of the fluctuation equations of the light wave
leads to Egs. (6)-(7)):
VE+kn’E=0 (6)
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VzI_I +k§n2H =0 (7)

All arbitrary light rays are expressed in fiber propagation as Egs. (8)-(9):
E(xpai)=e(xr)e/ " X
H(x,y,Z,t) = h(x’y)eisﬁz_(ut) (9)

B is the propagation constant, e(x,y) is the electric field mode field, and A(x,y) is the mode field of the
magnetic field. Introducing them into the fluctuation equation leads to the eigen solutions as in Egs. (10)-(11):

E, (x,y.z,t)=¢e,(x,)) ) (10)

H,(x,y,z,t)=h,(x,) e/l (11)

Assuming that the optical field propagates in the fiber, the waveguide is free of defects, the refractive index

distribution is uniform and regular, and the coupled field propagates in the z -axis of the fiber is expressed as Eqgs.
(12)-(13):

E= (x’y’ Z,t) = Z(Aveiﬁvz + Bvefiﬂvz )ev (x’y)efiﬂvz (12)

H(x,y,z,t)= Z(Aveiﬂ‘/z +B,e )hv (x,y)ef"ﬁvz (13)
where 4, and B, represent the magnitude of the retarded variables propagating positively and negatively along
the Z axis of the fiber, respectively. The superposition of each eigenmode can be expressed in terms of the
electromagnetic field, from which the coupled mode equations can be derived as Egs. (M)—(@):

a4, id, (K., +K;, )" 0r

vu

dz (14)
+Y B, (K, K} )e I
dB :
v —id (K!, +KZ, )P
dZ A'V( vu VM)
Y B (KL K )
where K: is the longitudinal coupling coefficient between the u -order and v-order modes, K: 00 K. for

Bragg fiber modes, and is therefore negligible. There are Egs. (ﬂ)—(ﬁ) when only the coupling of the forward
transfer reverse transfer mode is considered:

(15)

A _ ik, +iBke (16)
dz
9B _ Bk, —idk' e (17)
z
27 k, k, = . L ) :
where k, = T(Sncff , k= P 25"6-” , n, are the effective refractive indices of the fiber core, and ¢ is the
phase mismatch quantity, which is mathematically expressed as equation (@):

5=p-" (18)

where g is the propagation constant at any wavelength and A is the grid period. Disregarding the self-coupling
term leads to Egs. (19)-(20):

A _ e (19)

z

9B _ ke (20)
zZ

Selecting an FBG grating of length L, Eq. (ﬂ) is obtained in accordance with the boundary conditions of the
fiber grating waveguide:

A4(0)=1,B(L)=0 (21)
When k* < &2, the reflectivity of the fiber Bragg grating is expressed as equation (22):
REO k" sinh (sL ) 22)

- |A(O)|2 5% cosh? (sL)+ &2 sinh? (i)

The transmittance of the fiber Bragg grating is expressed as equation (23):
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4(2)f s
r= 2T 2 2 T 2 (23)
|A(0)| s® cosh® (sL)+ 6 sinh® (sL)
Thus it follows that R+7 =1, and when & is zero, there are equations (24)-(25):
R, =tanh® (kL) (24)
T, = cosh® (kL) (25)

It can be seen that the transmission of light waves in the fiber core and the exchange of power between various
styles can be accurately described by the theory of fiber grating coupling modes.

lll. B. Theoretical analysis of linear tensile test

The high-voltage DC cable is cylindrical, and the structural components of each layer are symmetrically distributed
around the center of the axis. In order to establish a theoretical model of the strain relationship between the
high-voltage DC cable and the sensing optical fiber, this section calculates from the perspective of geometric
analysis.

For the convenience of analysis, it is assumed that the volume of the high-voltage DC cable remains unchanged
during the stretching process, there is no relative displacement between the layers of the structural components of
the high-voltage DC cable, and the change in the diameter of the optical unit is ignored. Optical unit stranded
structure and high-voltage DC cable before and after stretching along the axial expansion, L is the stranded pitch
of the optical unit of the high-voltage DC cable, r is the distance between the axis of the optical unit and the axis
of the conductor, Lg is the length of the optical unit in a pitch, & is the angle of stranding of the optical unit, Ar
is the radial change of the high-voltage DC cable after stretching, AL is the length change of the high-voltage DC
cable. Is the length change of the HVDC cable, and ALg is the length change of the optical unit.

According to before and after stretching, the volume of the HVDC cable is unchanged can be obtained from
equation (26):

r’lL =7r(r+Ar)2(L+AL) (26)
Egs. (27)-(28) can be obtained from the collinearity theorem:
r +(27zr)2 =Lg’ (27)
(L+ALY +[272(r+4r)] =(Lg +ALg)’ (28)
Associative equations (26) and (28) lead to equation (29):
2
L
L+ALY +47° == (Lg+ALg) 29
( ) +4r L+AL (Lg +ALg) (29)
Associative equations (27) and (28) lead to equation (30):
Lg*-I')L ,
L+AL2+(—: Lg+AL (30)
(L+AL) +3——-—=(Lg+ALg)
Let L+AL=L(1+¢,),and Lg+ALg=Lg(l+¢,) leads to equation (31):
sin0((1+¢,) =1)+1
&f\/ ((ean) ) -1 (31)
I+¢,

where ¢, and ¢,, are the strains of the HVDC cable and the optical unit. Since the strain value is generally very

small before the HVDC cable breaks, the product, square and cubic terms of the strain in Eq. (31) can be
neglected, and then a simplified formula can be obtained as Eq. (32):
3sin’ @ -1
g = > & (32)
In the strain of the high-voltage DC cable and the optical unit, with the increase of the strain of the high-voltage
DC cable, since the strain of the optical unit calculated by the simplified formula is slightly smaller than that
calculated by the original formula before the simplification, but it is basically the same within 6%, and the
high-voltage DC cable is already broken when it is stretched to this strain, the strain relationship between the
high-voltage DC cable and the optical unit can be described by the simplified formula.
In addition, the optical fiber generally exists in the optical unit with a residual length of about 0.5%, and the
optical unit will first consume the fiber residual length at the beginning of the stretching stage, and will transfer the
strain to the optical fiber after the residual length is consumed, so the effect of the fiber residual length needs to be
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added to the calculation of the strain of the high-voltage DC cable based on the fiber strain measured by the
distributed fiber-optic sensing device in Eq. (32). At the same time, it can be seen from Eq. (@) that in a certain
strain range, the optical unit and the high-voltage DC cable should become an approximate linear relationship. The
coefficient of the strain relationship between the two is related to the stranding angle of the optical unit, the larger
the angle the larger the coefficient, the larger the strain of the optical unit under the same strain of the high-voltage
DC cable.

lll. C. Finite element modeling

YJQ42 high-voltage DC cable has a complex structure with 12 layers, and the high-voltage DC cable model is
simplified in order to reduce the amount of calculation. Conductor shielding and insulation shielding and XLPE
insulation mechanical parameters are approximate, can be merged into the insulation layer. Semiconductor
water-blocking tape and brass tape thickness is small, poor mechanical properties, merged into the structure with
similar properties in its neighborhood. In straight line stretching, the steel wire pinned mounting layer has no effect
on the optical unit stranding layer, so the layers outside the optical unit layer do not need to be built up. Finally, the
HVDC cable is simplified into six parts: copper conductor, XLPE insulation, lead alloy sheath, HDPE sheath, optical
unit and PET filler strip, and the related parameters are shown in Table [1. The overall strain of the HVDC cable and
the strain of the HDPE sheath are equal, so the HDPE sheath strain can be extracted as the overall strain of the
HVDC cable.

Table 1: Collection dimensions and parameters of submarine cable components

Name Density Elasticity modulus Poisson ratio Geometrical parameter(cm)

(t/cm3) (0.1Mpa) Thickness Calculated outside diameter
Copper conductor 8.51*10° 1.3*108 0.341 - 2.09
XLPE insulation 1.40*10° 1.41*10* 0.302 2.176 6.42
Aluminium alloy sheath 9.01*10°® 2.02*10° 0.400 0.401 7.22
HDPE sheath 1.12*10° 9.01*10° 0.301 0.496 8.23
Optical unit 2.62*10° 7.02*10° 0.272 0.6 9.78
PET filler strip 1.73*10° 6.51*10° 0.300 0.6 9.78

The high-voltage DC cable is 10 meters long, and the unit type of each component is a three-dimensional explicit
structure SOLID164 solid unit composed of 8 nodes, and the material type is selected isotropic elastic material.
Sweep mesh delineation method is used for uniform meshing of the components. The cross-section of the optical
unit is relatively small, in order to increase the degree of realism of the model, the optical unit is encrypted, and
finally the high-voltage DC cable finite element model is established.

The structure of the HVDC cable is complex, and mutual contact occurs between the layers of the HVDC cable,
between the optical unit and the PET filler strip, and between the PET filler strips, and the direction of contact is
difficult to accurately determine. Automatic contact settings can be used, which are automatically recognized by the
computer according to the actual contact situation to improve the modeling speed. At the same time, the cross
section of one end of the HVDC cable is fixed, i.e., constraints in all directions are applied to the nodes in that cross
section. At the other end, an axial displacement load is applied, ranging from 0 to 8%, with a loading time of 8 s and
a time step of 9*107 s. Finally, the model is solved.

IV. Testing and evaluation of model performance

In this chapter, we address the needs of distributed temperature monitoring and multi-physical quantity feature
monitoring for HVDC cables, and firstly, we examine the performance of a cable monitoring model based on
distributed fiber-optic sensing in terms of temperature distribution. Then, electromagnetic-thermal coupling
simulation experiments and temperature monitoring are carried out successively to explore the possibility of
applying temperature characteristic signals to the monitoring model. Finally, the accuracy of the model for fault
monitoring is verified by K-fold cross validation to assess the effectiveness of the model in this paper.

IV. A. Monitoring and analysis of cable temperature distribution

Applying the model of this paper to the D cable monitoring system, Fig. ﬂ shows the results of distributed
measurements taken by the D system on June 23, 2022 on the cable to be tested. From the figure, it can be seen
that the load current is around 80 A until 06:00 a.m., and thereafter continues to rise to around 170 A. It reaches the
morning peak of 162.12 A at 12:00 a.m., decreases and continues to maintain around 135 A, and reaches the peak

electricity consumption of 170.25 A near 20:00 a.m. According to the principle of thermal circuit, it can be seen that
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due to the presence of the heat capacity of an object resulting in the process of heat generation and dissipation are
not Not synchronized, high-voltage cable in the temperature of each structure should lag behind the change in load
current, but depends on the specific heat capacity of the object itself and the size of the mass. The process of heat
generation in the conductor and heat dissipation through the skin takes time. The load current reaches its morning
peak of 162.12 A at 12:00, and the ambient temperature peaks at 23.9°C near 14:00, both of which together result
in a maximum measured temperature of 24.39°C near 14:00. On the day of the experiment, the overall load current
amplitude of the cable under test was at a low level and the current change was not obvious, and the internal heat
generation of the conductor was less, so the measurement results depended more on the influence of the
temperature change in the environment on the cable temperature, and therefore it was considered that the
hysteresis of the temperature change due to the heat capacity of the material had an acceptable influence on the
experimental results.
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Figure 5: The experimental results of the cable temperature monitoring

In Fig. 5 it can be seen that between 00:00 and 04:00 the ambient temperature hardly changes while the
measured temperature decreases as the load current decreases. Around 12:00, the ambient temperature is
decreasing, while the measured temperature increases as the load current increases. There is a positive
correlation between the measured temperature and the load current. Between 12:00 and 19:00 the load current
changes very little, and the trend of the measured temperature is also correlated with the ambient temperature.
The experimental results show that the minimum temperature of the cable to be measured at 03:00 a.m. is
18.888°C, and the maximum temperature of the cable to be measured at 14:00 p.m. is 24.298°C. The measured
external surface temperature of the cable to be measured at 14:00 p.m. is 24.298°C. The measured outer skin
temperature of the cable to be tested rises gradually with the increase of ambient temperature, and when the load
current rises and the external ambient temperature is approximately constant, the measured outer skin
temperature of the cable to be tested rises with the increase of load current.

Fig. 6 shows the change curve of conductor temperature calculated according to the fitting formula with the
simulated conductor temperature and the error relationship between the two.
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Figure 6: A comparison of the cable conductor temperature calculation results
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As can be seen from Fig. 6, the calculated cable conductor temperature is basically consistent with the
temperature results obtained from the electromagnetic-thermal coupling simulation, with a maximum error of about
2.5°C. Due to the low temperature on the day of the measurement, the actual load currents are at a low level, with
a maximum load current of no more than 200 A, and the heat losses generated by the conductor energization are
also very small. In this case, the heat exchange process is very slight. The influence of the ambient temperature
and the variation of the load current together determine the measurement results, resulting in an error of only about
2.5°C. The measurement results are based on the ambient temperature and the load current. When the cable is in
an unstable environment and the load current continues to rise significantly, the heat loss in the cable increases
and the heat exchange process intensifies, at which point the error may change. In addition, the temperature error
increases with sudden changes in load current, which is due to the time delay in the temperature change between
the cable's outer skin and the inner conductor.

In summary, with the algorithmic support of the model proposed in this paper, the monitoring system can realize
the distributed temperature monitoring of the outer skin of the cable, and calculate the temperature of the cable
conductor under different ambient temperatures and load currents by monitoring the obtained outer temperature.

IV. B. Multi-physical monitoring

IV. B. 1) Simulation experiments based on finite elements

In this subsection, the finite element method is used to investigate the temperature distribution characteristics of
the cable buffer layer region under electro-thermal coupling by applying the model proposed in this paper. The
effects of the conductivity of the buffer layer material, gb, and the length of the poor electrical contact, Linsul, on the
maximum temperatures inside and outside the ablation region of the buffer layer, 61, 6>, and the intensity of the
internal heat source, Q. The results of the effects of different conductivities and electrical contacts on the ablation
region are shown in Fig. 7. As can be seen from the figure, 1 andf, have a similar trend of change, which are both
monotonically rising with the decrease in the conductivity and monotonically increasing with the prolongation of the
length of poor electrical contact. Figures M(b) and 7(d) give the variation of the intensity of the heat source. When
the conductivity decreases, the resistance of the buffer layer rises, the Joule heat generated increases and the
temperature rises. When the length of the longitudinal electrical contact failure increases, the current concentration
increases, again leading to a rise in temperature. Under extreme conditions, the internal heat source intensity at
the ablation site can be as high as 9.7x10’W/m°. Conductivity is an intrinsic property of the buffer layer material,
and both it and the degree of electrical contact malpractice have a significant effect on the heating phenomenon at
the ablation site.

Experiments have shown that when the conductivity of the buffer layer deteriorates, or the cable longitudinal
electrical contact is poor, the local area will be high temperature, the buffer layer ablation area of the highest
temperature exceeds the thermal decomposition temperature of the buffer layer material, which in turn releases
small molecule gases, produces local hot spots, resulting in ablation failure.
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Figure 7: Influence of poor conductivity and electrical contact on ablative region

IV.B. 2) Temperature monitoring results
This subsection is based on the proposed model to carry out the study of the temperature and evolution law
generated by the buffer layer ablation process.

In the unpressurized state, change the water content (mass fraction) of the buffer layer sample and carry out the
ablation experiment, record the change rule of the buffer layer center temperature with the ablation time is shown in
Fig. 8. It can be found that the temperature of the buffer layer in the unpressurized state rises slowly at the
beginning of the application of the current, and then there are several times of the temperature rises suddenly as
well as decreases, i.e., the existence of a number of sudden changes in the temperature peaks. In addition, the
presence of moisture will make the appearance of the temperature peaks earlier, the higher the water content, the
more significant temperature anomalies.

In the dry state, the mass of the weight above the buffer layer sample was changed to regulate the contact
pressure between the electrode and the buffer layer, and the change rule of the temperature of the buffer layer
center with the ablation time was recorded in Fig. 9, which shows that the temperature of the buffer layer in the
pressurized state always rises slowly, and the buffer layer warms up more slowly under higher pressure. The whole
ablation process did not appear temperature peaks, which is significantly different from the characteristics of the
temperature change in the ablation of the non-pressurized state.
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Figure 8: The variation trend of different temperature with current time
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Figure 9: Temperature variation trend of dry buffer layer under pressure

Experiments show that temperature can be used as a characteristic signal of buffer layer ablation, which is more
sensitive to the ablation process of the buffer layer in different water quantity states.

IV. C. K-fold cross validation

To further evaluate the generalization and stability of the model proposed in this paper, K-fold cross validation is
performed on simulated data.K-fold cross validation divides the simulated dataset into K equal number of subsets,
using (K-1) of these subsets for training, and then testing on one of the remaining subsets. This is repeated K
times, with each subset being used as a test set once, and the results are eventually averaged to more reliably
estimate the performance of the model. Table 2 demonstrates the results of K-fold cross validation, in this study
K=5. As can be seen from Table 2, the average accuracy of K-fold cross validation is 92.4% and the accuracy of
each K-fold cross validation is relatively stable, which indicates that the algorithm in this paper has a good
generalization ability and stability.

Table 2: K-fold cross-validation results on the test dataset

Number of folds 1 2 3 4 5 Average

Accuracy rate (%) 93 90 94 92 93 92.4

V. Conclusion

For the high-voltage DC cable buffer layer can not be continuously insulated good electrical contact, resulting in
buffer layer ablation accident. In this paper, the distributed fiber optic strain is used to calculate the strain of
high-voltage DC cables, and a real-time monitoring method of the cable status is proposed.

(1) Based on the fault characteristics of high-voltage DC cable buffer layer, distributed fiber optic sensing
technology is used as the core technology for real-time fault monitoring. Establish the strain relationship equation
between the high-voltage DC cable and the distributed optical fiber during linear stretching, and use the strain
measured by the distributed optical fiber sensing technology to calculate the cable body strain. Through the finite
element model method, the cable monitoring model based on distributed fiber optic sensing is constructed.

(2) With the technical support of the model proposed in this paper, design the electric-coupled finite element
simulation experiments as well as temperature monitoring. It is found that more obvious buffer layer ablation fault
characteristics can be observed by monitoring the temperature characteristics, which provides a reference for the
wide application of this characteristic in practical monitoring.

(3) In the temperature monitoring of the cable state, the monitoring system equipped with the model of this paper
can monitor the temperature change of the cable more accurately. In the K-fold cross-validation, the average
accuracy of this paper's model in different datasets is as high as 92.4%, showing excellent generalization ability.
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