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ABSTRACT The early fault of a cable is usually a incipient fault, which is difficult to find and can easily
develop into an insulation breakdown fault. Thus, it is of great significance to quickly and accurately find an
incipient cable fault. This paper presents an fault location method for cable insulation based on the electric
quantities of both ends. Based on the equivalent circuit model of three-phase single-core cable distribution
parameters, the calculation method of the voltage along the cable is derived. The equivalent model of cable
insulation in resistive and capacitive parallel is proposed and applied to the early fault modeling of cable.
On the basis of the calculation formula of the voltage along the cable and the electric quantity at both ends
of the cable, the analytical expression of the cable fault location is obtained by solving the fault equation
directly. Extensive simulations show that the algorithm, this method can locate the incipient fault accurately,
and is not affected by the fault point, fault resistance and fault inception angle.

INDEX TERMS Cable insulation, fault location, distributed parameters, equivalent model, sheath current.

I. INTRODUCTION

Cables are widely used because they seldom require mainte-
nance and are not affected by unfavorable climatic conditions.
However, cable faults occur frequently in the processes of
designing, manufacturing and constructing cables, and they
are difficult to directly detect because most cables are buried
directly underground or laid on the seabed [1]. Therefore,
the rapid and accurate location of cable faults is of great
significance to ensure the safe and stable operation of power
systems [2], [3].

The cable material under different external factors can lead
to aging factors that mainly include electric cable material
aging, mechanical aging, thermal aging, environmental water
aging (acid erosion, pollution, air flow, sand erosion, salt,
etc.) and overload aging; aging is the direct result of mate-
rial insulation performance degradation, which results in a
decline in the reliability of the cable.

Cable faults can be divided into the main insulation fault,
sheath fault, body fault and joint fault, depending on the fault
location [4]. Since the main insulation of the cable is directly
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connected to the cable core, a main insulation fault will
directly lead to a cable line or even a regional power outage.
Therefore, this paper focuses on main insolation faults. If the
cable is exposed to moisture for a long time, water branches
will be generated in the insulation [5]. When the cable suffers
lightning or over-voltage, the instantaneous over-voltage is
enough to cause the water branch to be converted into an
electric branch, leading to the cable insulation breaking down
in a relatively short amount of time, resulting in a power
outage [6], [7]. Before an insulation breakdown occurs in the
cable, the occurrence of a power outage can be effectively
reduced by finding the weak point of the insulation.

The early fault duration of the cable is short, so the over-
current protection cannot be triggered, but the monitoring
device can record the fault waveform. The existing cable
fault location methods mainly include the traveling wave
method, the impedance-based method, and the fault analy-
sis method [8]. The traveling wave method [9]-[12] is not
affected by the fault type, transition resistance, etc., and can
be mainly divided into two types. One is to use the time
difference between the transient traveling wave head to locate
the fault, but it is difficult to detect the wave head and it is
greatly affected by the fault angle [9], [10]. The other is to
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make use of high voltage signals to induce partial discharge of
the cables to perform traveling wave ranging [11], [12]. This
method requires additional high voltage equipment. There-
fore, it can only be detected off-line. The impedance-based
method [2], [13], [14] simplifies the cable into a lump param-
eter model without considering the existence of a distributed
capacitance, so the calculation error cannot be eliminated the-
oretically, and it cannot be applied when the fault resistance
is large. The fault analysis method [15]-[17] uses the voltage,
current and other electric quantities of the monitoring point
after the fault occurs, and is combined with various character-
istic parameters related to the system to establish the locating
equation. After the analysis and calculation, the distance
between the fault point and the monitoring point is solved.
According to the different sources of the fault, the analysis
can be divided into the single-end method and the both-
ends method. The former [15], [16] method uses the voltage
and current measured by a single end of the fault line to
eliminate the unknown variables and obtain the fault distance
by solving the locating equation. However, due to the lack
of information, the single-end method has a principle defect.
Boundary conditions usually need to be supplemented, but
the solution to the equation becomes complicated, and the
iterative search may cause the equation to not converge. The
latter method [17] uses the electric quantities of both ends of
the cable to form the location equation, which has sufficient,
known information, and thus makes up for the deficiency in
the single-end method, in principle.

In this paper, for a multiconductor system composed of a
three-phase cable, the cable distribution parameter equivalent
model [18], [19] is used to derive the calculation formu-
las of the voltage and current along the cable. For early
cable failure caused by cable insulation aging, considering
the influence of the metal sheath, the equivalent model of
cable insulation in parallel with resistance and capacity is
proposed and applied to the early fault modeling of cable.
Considering the calculation formula of the voltage along the
cable, based on the electric quantity at both ends of the
cable and combined with the equivalent circuit model of a
three-phase cable, the analytical expression of the cable fault
location is obtained by directly solving the fault equation and
diagonalizing the impedance matrix and admittance matrix
by using the method of phase-mode transformation. A large
number of simulation experiments were used to analyze the
location of cables under different fault conditions, and the
results show that this method can effectively locate the fault
position.

Il. THREE-PHASE CABLES TRANSMISSION MODEL

A. SINGLE-CORE CABLE STRUCTURE

The research object of this paper is a high voltage single-core
Cross Linked Polyethylene (XLPE) cable, which is mainly
composed of a conductor (core), semiconductive main insu-
lation, a metal sheath, and outer insulation [20]. Its structure
is shown in Fig. 1.
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FIGURE 2. Distributed parameters model of single-core cable.
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FIGURE 3. Distributed parameters cable model.

According to the single-core cable structure shown in
Figure 1, the equivalent circuit model of single-core cable
distribution parameters is shown in Figure 2. Loop 1 is com-
posed of a wire core and a metal sheath, while loop 2 is
composed of a metal sheath and earth. The mutual impedance
between cable core and sheath is mainly caused by the fact
that loops 1 and 2 share a metal sheath.

B. EQUIVALENT CIRCUIT MODEL
The cable sheath is regarded as a conductor that is parallel to
the core, and the equivalent circuit model of the distributed
parameters is established as shown in Fig. 3, including the
three-phase core and the metal sheath of phases A, B and C.
There are six parallel conductors in total. Since the cables
of each phase are compact coaxial cylinders and take the
earth as the return circuit, the current in the A phase - earth
circuit inevitably impacts the pressure drop in the B phase and
C phase loops, which is reflected in the mutual impedance
between phases. Here, z. is the impedance per unit length of
the core, zs is the impedance per unit length of the sheath,
and m is the mutual impedance per unit length. y. is the
admittance per unit length between the core and the metal
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sheath, while yy, is the admittance per unit length between
the sheath and the earth. g denotes ground, superscripts A,
B and C represent the three phases, respectively, subscript ¢
denotes the core, and subscript s denotes the metal sheath.

C. DERIVATION OF THE VOLTAGE FORMULA

As shown in Fig. 3 and taking phase A as an example,
according to Kirchhoff’s voltage law, the voltage expression
can be obtained as follows:

VA
VA =VA+ a—;dx + zeedx - I + mABdx - B

+mACdx - 1€ + m2dx - 1A + mABdx - IB

+ mgcdx . If 1)
A A, OV AA A AB B
Vo =Vt de +megdx -1+ megdx -
+ chstx : IcC + zgsdx - IYA + mf;de . IA?
+ mgcdx . ISC )

The resolution of equations (1) and (2) has the following
solution:

A
A2 /A L mAB B L AC C
I =Zec Ao +my Lo +mp -,

gt I+ m(E I SIS G)

BVSA AA IA+ AB IB+ AC IC
m e meg -1, Meg - e

0x
g A+ mAB 1B 4 mAC L C )

S

Similar to phase A, the voltage equations of phase B and
phase C can be obtained. Therefore, the three-phase voltage
formula can be expressed in the following matrix form,

_ i VC — ZCC ZL‘S . IC (5)
0x Vs ch Zss Is
Ve, Vs and I, I represent the vectors of the voltages and

currents related to the core and sheath conductors, respec-
tively, which transposed are given by Egs. (6), (7), (8) and (9),

Ve=[vA vB veT (6)
ve=1tvh vEover Q)
L=[14 15 1°9" (8)
L=t 1f ol ©)

The impedances matrices Z.., Zgs and Z.; are symmetrical
and square of order 3 in the form:

[ zee  mAE miS]

Zee = mEA Zec chcC (10)
L mel meP oz
i Iss m?SB mg“SC ]

Zss = mEyA Zss mEg‘C (11)
Lmit mGE
[meh e e

Zes = | mBA mBB mBC (12)
Lt m miE
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In matrix Z,., in the diagonal are the self-impedances per
unit length of the phase conductors and in the off diagonal are
the mutual impedances per unit length between phases;

In matrix Zg, in the diagonal are the self-impedances per
unit length of the sheaths and in the off diagonal are the
mutual impedances per unit length between the sheaths;

In matrix Z, in the diagonal are the mutual impedances
per unit length between the core and sheath of the same phase
and in the off diagonal are the mutual impedances per unit
length between the core and sheath of different phases.

D. DERIVATION OF THE CURRENT FORMULA

Similar to the previous section, taking phase A as an exam-
ple and according to Kirchhoff’s current law, the following
expression can be obtained.

aIA
A =15+ ﬁdx + Yesdx - (VA — VA (13)

C C
A A 81? A A A
I =17+ de + Yesdx - (Vi = V) + ygdx -V
(14)

The resolution of the Egs. (13) and (14) has the following
solution:

Z)IC‘,A A A

— o = Yes * Vo — YesVy 3)
8]? A A

B a;c = —Yes Ve + es + Ysg) - Vs (16)

Similar to phase A, the current equations of phase B and
phase C can be obtained. Therefore, the three-phase current
formula can be expressed in the following matrix form,

J Ic ch _ch Vc
- = . 17
ox |:]s ] |:_ch ch + Yxs Vs ( )

The admittance matrices Y., and Yy are symmetrical and
square of order 3 in the form:

Yes 0 0

Yoo = 0 Yes 0 (18)
| O 0 Yes
y¢ O 0

Yoo = 0 Ysg 0 (19)
LO 0 s

In matrix Y., y¢s is the core/sheath admittances per unit
length of the phase conductors;

In matrix Yy, yg is the sheath/ground admittances per unit
length of the metal sheath.

Through the above process, the matrix expressions of the
three-phase cable voltage and current as shown in Egs. (5) and
(17) are obtained. The above voltage and current equations
are abbreviated as:

9,
o Al

a1,
Tox V4 (20)
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where V; and I}, given by Eq. (19), respectively represent the
voltages and currents vector of the cores and sheath. Z; and
Y;, given by Eq. (22), respectively indicate the impedances
and the admittances matrix of the same sequence.

1’ (21)

_ch
22
Yoo + Ym} @2)

v=tveo v
ch ch YCC
Z; = ;Y=
J |:ch Zss i| / [ _ch

E. DECOUPLING METHOD
By establishing the equivalent model of the three-phase cable,
the voltage and current equations shown in Eq. (18) are
derived, and the analytical formula for the cable terminal
voltage and current can be obtained by solving this equation.
However, the voltage and the current components in the
equation are decoupled for the convenience of solution.

The voltage and the current equations in Eq. (18) are
differentiated again, and the order 2 differential equations of
the voltage and current are obtained, as shown in Eq. (21).

3%V,

a2 = 4N

3%

a2 = Vidili (23)

It can be seen from Eq. (12) that the order 2 differential
equation regarding voltage contains only a voltage variable,
while the current equation contains only a current variable;
that is, the decoupling between voltage and current is realized.

Both the impedance parameter matrix Z; and the admit-
tance parameter matrix Y; are off-diagonal matrices, which
reflect the existence of electromagnetic coupling with phases.
The products Z;Y; and Y;Z; between them are also nondiago-
nal matrices. Therefore, it is necessary to decouple Eq. (21)
by means of a phase-mode transformation.

The essence of the phase-mode transformation is the sim-
ilarity diagonalization of the matrix. The phase-mode trans-
formation matrix is applied to the parameter product matrix
Z;Y; and Y;Z; to make it diagonalized. When the cable is
not transposable, its impedance matrix and admittance matrix
are both symmetric matrices, instead of the balance matrix.
Therefore, in this case the fixed modulus transformation
matrix used for a similarity transformation of the balance
matrix cannot be adopted, and the selection of each element of
the transformation matrix is related to the cable parameters.

The impedance matrix Z; and admittance matrix Y; are
shown as follows:

Zec Mcs m?f m?? chcC chSC

Mg Zgs m?SB mgB m?sc m?sc
e I A Y

m;g Mg Meg ZSS meg Mg

m?cc mi.\sc m?cc mgc Zee Mg

mgc m‘gc m?sc mgc Meg Tss
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Yes —Yes 0 0 0 0
—Yes Yes +Yeg O 0 0 0
Y: — 0 0 Yes —Yes 0 0
! 0 0 —Yes Yes + Yeg 0 0
0 0 0 0 Yes —Yes
0 0 0 0 —Yes Yes + Yeg

(25)

Regardless of the arrangement mode of the three-phase
cable, there are:

AB _ _AB _ _AB
mcc - mcs _mss
BC _ _BC __ _BC
Mee = Mg = Mg
AC _ AC _ AC
mcc - mcs - mss (26)

Let N = Y;Z;. With N products of the matrix diagonaliza-
tion algorithm for the parameters, obtain the corresponding
eigenvalue and eigenvector 7; and T,, = T;T. T; and T,
represent a phase transformation process, i.e., the current
and voltage, respectively, as well as the decoupled model
transformation matrix. The 7; and T, mode transformation
of the matrix function to the admittance matrix Y}, the current
column /; and impedance matrix Z; is shown in Eq. (27).

Vin(0) = T,7'V; 1(0) = T;'1;
Zn =T\ ZiT; Y, =T YT, (27)
By substituting Eq. (27) into Eq. (21), the order 2 differ-

ential equation of the voltage and current expressed by the
modulus as shown in Eq. (28) can be obtained.

Vi,

8x2 = ZmYme

921,

5z = YnZuln (28)

where

Vie Vs Vie Vil (@9
JA SR (o8 1 (30)

mc

Vi =[V4. VA

ms
Im = [I;;‘u Ir/r‘zs IB

mc
Ill. ANALYTIC CALCULATION FORMULA FOR THE FAULT
LOCATION

A. CALCULATION FORMULA FOR VOLTAGE

The original equation is obtained by a phase-mode trans-
formation, where Z,,, Y, and their products are diagonal
matrices of order 6, Z,,Y;, = Y,Z,, = A, and A represents
diagonal matrices.

Y =VZm - Ym=YmZn

Zy = va/Ym

1) Take the electric quantities of the start-end of the cable
as the known quantities.

Give the start-end voltage V,,,(0), current 7,,(0), and solve
Eq. (28),

eVF 4 VX VX _ oy

Vin(x) = Vin(0) — 2o~ L) (1)
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2) Take the electric quantities of the terminal of the cable
as the known quantities.

Let the cable length be /, given the terminal voltage V,,,(1),
current I,,(]). Similar to 1), the difference lies in the solution
to Eq. (28). The equation is an order 2 linear homogeneous
differential equation with constant coefficients, and the gen-
eral solution is as follows:

Vin(x) = cre’* + cpe™ 7* (32)

The initial conditions are as follows,

V(D) = cre’t + cre™!

Vo) = =Zuln(l) = crye”’ —caye™ (33)
By solving Eq. (33),

_ 7 VD) = Zul()
2y - erl

By substituting Eq. (34) into Eq. (32),

oV O _ gy )
Vi) —Zo———F———1Im(D)

2 2
(35)

e =D oy
V)= ——FF——

Egs. (31) and (35) are written as hyperbolic functions as
follows:

Vin(x) = Vin(0) - cosh(yx) — Zpl;»(0) - sinh(yx)  (36)
Vin(x) = V(D) cosh y(x — 1) — Zpl,(I) sinh y (x — 1)
(37)

Based on the above analysis process, the transmission
equations of the three-phase single-core cable is derived,
and the voltage calculation formula for the cable is solved.
The voltage of the cable can be easily calculated by using
Egs. (36) or (37).

B. ANALYTICAL FORMULA FOR THE LOCATION
When a main insulation fault occurs at a certain point of
the cable, the electrical quantity of the cable sheath will
change significantly. Eqs. (36) and (37) respectively contain
the electric quantities at the start-end and the terminal-end
of the cable. Combining Egs. (36) and (37), the analytical
calculation method of the cable fault location x is deduced.
It can be seen from the forms of Eqs (36) and (37) that
the reference points of calculation are both the start ends of
the cable. Therefore, x in the two equations is consistent and
represents the same point. Let Eq. (36) be equal to Eq. (37);
then, the following formula for the cable fault location is
obtained,
V() cosh(y 1) +Zol,,, (1) sinh(y ) — V,,,(0)
V(1) sinh(y 1) +Zoln (1) cosh(y 1) —ZoI,n(0)
(38)

Eq. (38) refers to the calculation method of the fault loca-
tion by using the electrical quantities at both ends of the cable
when taking the metal sheath into account.

X = —ar tanh
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FIGURE 4. Schematic diagram of the 220 kV cables network system.

§

FIGURE 5. Equivalent circuit of the cable insulation.

IV. SIMULATION VERIFICATION

A. SIMULATION MODEL

This section focuses on the location of the main insulation in
the case of a centralized fault in the cable network. A three-
phase single-core cable network simulation model is built in
PSCAD, and the cable main insulation fault is taken as an
example to perform the simulation test.

As shown in Fig. 4, S| and S; are 220 kV and ideal power
supplies with a phase difference of 1.05°. In the simulation
model, the cable is equivalent to a four-layer structure with
two semiconductive layers added (as shown in Fig.1). The
radius of the core is 0.242 m, the main insulation radius
is 0.05355 m, the radius of the metal sheath is 0.6085 m,
the radius of the external insulation is 0.06875 m, and the
thickness of the semiconductive layer is 0.001 m. Here, L1
is 40 km, L2 is 2 km, L3 is 40 km and L4 is 30 km. The
transformer capacity is 180 MVA, the transformer ratio is
220/36.75 kV, and the percentage of short-circuit voltage
is 10%.

The main insulation fault is simulated by a parallel circuit
of the resistor and capacitor, as shown in Fig. 5, where Ry
is the equivalent fault resistor and Cy is the equivalent fault
capacitor. The relevant regulations stipulate that the tané
value be in the range of 0.0002~0.0025 and the safety value
be 0.008 when an XLPE cable is well insulated. The value of
tan § is calculated by the following formula,

1
2nfRy Cr

where f is the frequency of the system.
The cable parameters are shown in Table 1.

tand = 39)

B. INFLUENCE OF THE FAULT DISTANCE

Taking the insulation fault of the phase-A cable as an exam-
ple, Ry = 1 MQ, Gy = 1 uF, tand = 0.00318, and core
current is 0.3 kA. The voltage of the core terminal-end is
shown in Fig. 6.
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TABLE 1. Cable section and material parameters.

Parameters Value
Distance between center and core/mm 24.2
Distance between center and inner
. 53.55
insulator/mm
Distance between center and metal sheath/mm 60.85
Distance between center and outer
. 68.75
insulator/mm
Core resistivity/Q'm 1.72x10°®
Metal sheath resistivity/Q-m 2.2x107
Permeability for core, metal sheath 1
Permittivity for inner insulator 2.5
Permittivity for outer insulator 2.3
180.5
—#—Phase A
—&—Phase B
18045 | —& phase C
180.4 P 1
§ 180.35 ——_
>O E — g
180.3
180.25
180.2 = 3 : L !
5 10 15 20 25 30 35

Fault distance/km

FIGURE 6. The voltage at the end of the cable core.

According to the comparison of the results in Fig. 6, with
an increase in the fault distance, the voltage of the fault
phase (Phase A) core has a small increase, but the increase
amplitude is not more than 0.02%, and the voltage of the
nonfault phase has no change. At this point, the cable can
supply power normally.

As both ends of the metal sheath are grounded, an induced
voltage is generated in the metal sheath, resulting in an
induced current. When the fault distance changes, the sheath
current will change accordingly. The sheath current of differ-
ent fault distances is shown in Fig. 7.

It can be seen from Fig. 7 that the sheath current of the fault
phase decreases with an increase in the fault distance, while
the sheath current of the nonfault phase almost remains the
same with an increase in the fault distance.

Based on the results in Fig. 6 and Fig. 7, the existence of
an early fault in the case of sheath grounding can be judged
by the characteristics of no significant change in the fault
phase voltage and a significantly increased fault phase sheath
current. By substituting the voltage and current values of both
ends of the cable into Eq. (38), the fault location of the cable
can be obtained through calculation. In the actual cable fault,
the site maintenance personnel should find the fault point in
time and eliminate the hidden trouble. Therefore, absolute
error is selected to represent the location accuracy in this

paper.
& =|d. — dg| (40)
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FIGURE 7. The sheath current at the head of the cable.

TABLE 2. Result of the fault location.

d, (km) d.(km) & (km)
5 5.054 0.054
10 10.068 0.068
15 15.091 0.091
20 20.106 0.106
25 25.103 0.103
30 30.113 0.113
35 35.124 0.124

where ¢ represents the absolute error of the fault location,
d, is the calculated fault distance, and d, is the actual fault
distance. The location results are shown in Table 2.

According to the results in Table 2, the method deduced
from this paper has a high location accuracy at differ-
ent fault points, with the maximum error not exceeding
0.124 km.

C. INFLUENCE OF THE FAULT SEVERITY
According to the analysis in the previous section, when a
cable insulation fault occurs, it will have an impact on the
electrical quantities of the cable. Considering the influence of
different fault severities on the location accuracy, both ends
of the sheath are grounded. The core current is 0.3 kA, the
core voltage of the terminal-end is shown in Fig. 8, and the
sheath current of the start-end is shown in Fig. 9. The fault
severities are as follows:

(@). Rr =0.5MQ, Cr =1 uF, tand = 0.00637;

(b). Ry =0.05MQ, Cr = 1.05 uF, tané = 0.0606.

As seen from Fig. 8, with an increase in the fault distance,
the voltage of fault phase increases slightly. When the main
insulation fault of the cable is further deepened, the voltage
of the fault phase at the same fault point does not change
significantly.

It can be seen from Fig. 9 that at the same fault point, with
a deepening of the insulation fault, the sheath current did not
change significantly because the dielectric loss caused by the
early-stage concentrated insulation fault of the cable is only a
small part, so it had little impact on the overall sheath current
value. Therefore, under a different severity of the fault, there
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FIGURE 8. The voltage at the end of the cable core. (a).Rf = 0.5 M,

(b)

Cr=1uF, (b).Rf =0.05 M€, Cf = 1.05 uF.

TABLE 3. Fault location results with different fault severities.

dkm) T dokm) £ (km)
5 a 5.047 0.047
b 5.049 0.049

10 a 10.069 0069
b 10.064 0.064

15 a 15.088 0.088
b 15.080 0.080

20 a 20.097 0.097
b 20.091 0.091

25 a 25.113 0.113
b 25.105 0.105

30 a 30.098 0.098
b 30.095 0.095

35 a 35.102 0.102
b 35.119 0.119

is no obvious difference in the electric quantities, such as
the sheath current and terminal-end voltage at the same fault
point. The ratio of the fault phase sheath current to the core
current is greater than 0.795.

The location results are shown in Table 3.

According to the results of Table 3, the proposed method
has a high location accuracy for different fault severities, with
the maximum error not exceeding 0.119 km.

VOLUME 8, 2020

Fe —#— Phase A

0261 ke ]
~—e_ ——&—Phase B
«-.,\*‘__ —+*—Phase C
g T
—e_
2024 =il
=
o
5
o
£ 0.23
©
@
¥
7]
0.22
T - s - S
0.21 ' : . : :
5 10 15 20 25 30 35
Fault distance/km
(a)
P —#—Phase A
0.25 Tl —5—Phase B ]
*\--k_ —#—Phase C
T
——
g
g 0.24 —3
=
o
5
(3
£ 023
@O
@
¥ =
(7]
021 i : i i ’
5 10 15 20 25 30 35
Fault distance/km
(b)

FIGURE 9. The sheath current at the head of the cable. (a).Rf = 0.5 M€,
Cs=1uF, (b).Rf =0.05 M, Cf =1.05 uF.

D. INFLUENCE OF THE GROUNDING MODE

Let Rf = 0.1 MQ, Cf = 1 uF and tané = 0.0318. The
core current is 0.3 kA. With the fault distance in different
grounding modes, Fig. 10 show the variation in the core
voltage at the terminal-end and Fig. 11 show the variation of
the sheath current at the start-end.

It can be seen from Fig. 10 and Fig. 11 that under
the two grounding modes, the voltage of the fault phase
has no significant change, and under different fault dis-
tances, the maximum change in fault voltage does not
exceed 0.042%. In the case of single-end grounding, the
change in the nonfault phase sheath current is more obvi-
ous than that in the case of both-ends grounding. With an
increase in the fault distance, the ratio of the nonfault phase
sheath current to the core current in the case of single-
end grounding is 0.814. The location results are shown
in Table 4.

As seen from Table 4, the method presented in this
paper is well applicable to the main insulation fault
location of a cable when the metal sheath is grounded
by the single-end and both-ends method. The maximum
errors under the two grounding modes are not more
than 0.117 km.
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FIGURE 10. The voltage at the end of the cable core. (a) Single-end
grounding, (b) both-ends grounding.

TABLE 4. Results with different sheath grounding methods.

Fault

d, (km) scenarios d. (km) & (km)
5 a 5.038 0.038
b 5.044 0.044

10 a 10.053 0.053
b 10.062 0.062

15 a 15.073 0.073
b 15.082 0.082

20 a 20.083 0.083
b 20.094 0.094

25 a 25.088 0.088
b 25.104 0.104

30 a 30.089 0.089
b 30.096 0.096

35 a 35.106 0.106
b 35.117 0.117

E. CROSS BONDING

This section discusses the problem of fault location
under the cross bonding of the metal sheath. The fault type
adopts the same main insulation fault as in the previous
sections. The core current is 0.3 kA, Ry = 0.05 M@, Cr =
1.05 uF, and tané = 0.0606. The cable parameters are the
same as in Table 1, and the cable length is 4.5 km. The
metal sheath is connected by means of cross bonding, which
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FIGURE 11. The sheath current at the head of the cable. (a) Single-end
grounding, (b) both-ends grounding.

Cross-bonding

FIGURE 12. Schematic diagram of the cross-bonding of the metal sheath.

usually divides an entire cable into several large segments and
divides each segment of three small segments. The schematic
diagram of the cable cross bonding is shown in Fig. 12.

The simulation model is built in PSCAD, and the schematic
diagram is shown in Fig. 13. The simulation results show
that in the case of cross bonding, the ratio of the fault phase
sheath current to the core current is 0.214, and the fault phase
sheath current to the nonfault phase sheath current is 13.26.
The results of the fault location are shown in Table 5.

As shown in Table 5, in the case of cross bonding, the error
of the location results do not exceed 0.041 km, indicating that
the fault location method described in this paper is suitable for
the case of cross bonding of a metal sheath.
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FIGURE 13. Schematic diagram of a simulation model for a 220 kv
three-phase single-core cable.

TABLE 5. Location results with sheath cross-bonding.

d, (km) d. (km) £ (km)
0.5 0.460 0.040
1.0 1.026 0.026
1.5 1.541 0.041
2.0 2.029 0.029
25 2.537 0.037
3.0 3.025 0.025
3.5 3.523 0.023
4.0 4.041 0.041

TABLE 6. Distance error with different fault inception angles.

fault inception

angle(o) de (kl‘l‘l) & (km)
0 1.981 0.019
30 2.027 0.027
60 2.054 0.054
90 2.079 0.079

TABLE 7. Distance error with different fault resistances.

fault
resistance(MQ) . (km) € (km)
0.02 1.958 0.042
0.04 1.966 0.034
0.06 2.013 0.013
0.08 2.043 0.043
0.5 1.964 0.036
1.0 1.891 0.109
1.1 1.882 0.118
1.2 1.878 0.122
1.5 1.866 0.134

F. INFLUENCE OF FAULT INCEPTION ANGLE(1, 5)

The core currentis 0.3 kA, Ry = 0.05M€2, Cr = 1.05 uF, the

fault distance is 2 km and the fault inception angle is 0°, 30°,

60° and 90°. The fault location result is shown in Table 6.
According to the results in Table 6, the location error

increases as the fault inception angle increases.

G. INFLUENCE OF FAULT RESISTANCE

The core current is 0.3 kA, Cy = 1.05 uF, the fault distance
is 2 km, the fault inception angle is 0°, and the fault resistance
is 0.02 M€ to 1.5 M. The fault location result is shown in
Table 7.

As shown in Table 7, the location accuracy increases
with a decrease in fault resistance. This is because as
the aging degree of the cable deepens, the fault resis-
tance of the decreases, the current flowing through the
metal sheath also increases, and the location result is more
accurate.
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TABLE 8. Distance error with different loads.

load(MW) d, (km) £ (km)
10 1.948 0.052
20 1.968 0.032
40 1.946 0.054
60 1.973 0.027
80 1.981 0.019
100 1.995 0.005

TABLE 9. Distance error with different solution time steps.

step(us) d, (km) & (km)
0.2 1.981 0.019
0.4 1.981 0.019
0.6 1.981 0.019
0.8 1.981 0.019
1.0 1.981 0.019

H. INFLUENCE OF LOAD

The fault distance is set as 2 km, the fault inception angle is

0°, Ry = 0.05m, Cr = 1.05 uF, and the load is set as 10 MW

to 100 MW. The fault location result is shown in Table 8.
According to the results shown in Table 8, the overall

trend of the location accuracy is that it improves as the load

increases.

I. INFLUENCE OF THE SOLUTION TIME STEP
The core currentis 0.3 kA, Ry = 0.05 M€, Cy = 1.05 uF, the
fault distance is 2 km, the fault inception angle is 0°, and the
simulation step is set from 0.2 us to 1.0 us. The fault location
result is shown in Table 9.

According to the location results in Table 9, the simulation
step size has no influence on the location accuracy.

V. CONCLUSION

Based on the basic structure of a single-core XLPE cable
and the cable double 7 equivalent circuit model, this paper
deduced the calculation formula for the voltage along a cable
based on the both-ends electric quantities of the cable, and
used the phase-mode transformation to decouple the formula.
On this basis, a fault location method suitable for single-end
and both-ends grounding of the sheath is proposed.

In this paper, we considered main insulation incipient fault
cases, set different fault severities and different grounding
modes, and obtained the fault distance through calculations.
The results show that this method has a better location
accuracy, the maximum error under non cross-bonding does
not exceed 0.124 km, and the maximum error under cross-
bonding does not exceed 0.134 km.
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