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A Line-to-ground Cable Fault Location Method for Underground Distribution System

Xia Yang, Duck-Su Lee, Myeon-Song Choi
Myongji-university Next-generation Power Technology Center

Abstract - This paper proposes a line-to-ground cable fault
location method for underground distribution system. The
researched cable is composed of core and sheath. And
underground cable system has been analyzed using
Distributed Parameter Circuit. The effectiveness of proposed
algorithm has been verified through EMTDC simulations.

1. Introduction

Modern  power systems demand  larger  capacity
transmission and higher quality electric power than ever.
Due to the increased environmental concern, electrical
cables are present in a very large number of industrial and
residential areas. One of the main applications of
underground  circuits is  for underground residential
distribution. But when there are some faults in underground
cable system, finding the failure is harder, and fixing the
damage or replacing the equipment would take longer at
great costs. So cable fault location must be estimated as
accurately as possible. So far many techniques and methods
of cable fault location have been reported. For instance,
one of the fault location methods is using Traveling Wave
[1].

This paper proposes a new algorithm calculating the fault
distance for one-phase to ground fault on an underground
power cable. Proposed algorithm has been tested with
various fault distances and fault impedances.

2. Proposed Algorithm
2.1 Distributed Parameter Circuit (DPC) [2]
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Fig.1 Relationship of Voltage and Current in the line

Cable impedance zgh and admittance gy are distributed
parameter on every dx of the cable line as shown in Fig.1.
The basic equation of distributed parameter circuit is:

dE=—Lzdx dl=~ Eydx (n
And then (1) can be expressed as follows:

—dE/dx=1Iz —dl/dx= Ey (2)
Combining (1) and (2), it is easy to get the result:
d*Ede?=2yE d¥dc =z (3)

Assuming =V zy, | and E can be solved as follows:
{I=A19"“—-A29”‘
E=y/Ap "+Ap" 4

Ay and A, can be calculated through undetermined

coefficient method.

Since an exponential function can be transformed into
hyperbolic function via the formula which is expressed as
follows:

3 *% = cosh yx= sinh yx (5)

Finally the solution of E and [ can be expressed by
hyperbolic function.

Ex=Esoosh7x~—JZ) I sinhyx
1,=—%Exsinh7x+lscosh7x )

That means, as long as the voltage and current of
sending-end is known, the voltage and current of some
point in the line can be calculated through the
above-mentioned solution (6).

2.2 Proposed Algerithm

2.2.1 Equations based on DPC

A simplified model of cable system is shown in Fig.2.
In comparison with overhead line, underground cable takes
on significant characteristics such as a little smaller
inductance and quite larger capacitance.
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Due to the analysis of Distributed Parameter Circuit, it is
easy to get the following equations:

—3It /0= Y 4 VC 4+ Y5 o V5 i 9)
where

Zc g core impedance for three phase

75 4 sheath impedance for three phase

ZcS 4 core-to-sheath mutual impedance for three phase
Ye 4 core impedance for three phase

Y5 4 sheath impedance for three phase

Yes 44 core-to-sheath mutual impedance for three phase
Through symmetrical conversion, (7) to (10) can be
expressed in matrix form as follows:
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Ve o/ 0x 0 0 Zeyy Zosop | Veos

—~| aVagplox|=] 0 0 oz Doz || Vg
dlcyplox Yoo Yosgpp 0 0 Icys
3[5012/396 YCSOIZ YSOIZ 0 ] Is 2 (11)

Zero-sequence, positive-sequence and negative-sequence
are independent in (11). In order to explain this proposed
algorithm more clearly, the equation of positive-sequence
would be chosen to analyze below.

In positive-sequence, the eigenvalues of coefficient matrix
in (11) can be calculated as @; and B So according to
the analysis of Distributed Parameter Circuit, (11) can be
solved. The solutions would be expressed in hyperbolic
function, which are illustrated as follows:

V. 4(0=A,csha x+B;sinha x+Ccosh B x+D;sinh8x (12)
Vu(0=A)cosha x+ Bsinha x+C)coshf x+D)sich8 (13)
I 4(x=a,ceha x+bsinhax+c,cshfx+d sinhBx  (14)
1 4(0=a;osha x+bsinha x+c cshf x+d sinhgx  (15)

Through undetermined coefficient method, all coefficients
can be solved as listed below:
A=CyA, B\=CB, C,=CyC, D,=CyD,

a‘1=C3131 b’1=C31A1 C’I=C4lDl d,1=c4lcx

a,=CyB, b=CyA, ¢,=CqD, d,=C4C,

So 16 coefficients can be decreased to 4 coefficients.
And (12) to (15) are expressed in matrix form as follows:

V@] [ omhax srhap  oxhfx  shBix A,
Va(®|=|Cucshax Cysirhax CaashBix CpsithBix|| B,
I, | |Casithayx Cyoehayx CysthByx CyaehByx|| ¢,
Ia® Cysithax Cgomshax Cgsith8yx Cgamhf ] D, (16)

Also through undetermined coefficient method, all
constants can be solved as shown below:

Com P 50 S 58 28 o Ya+YuCy

WS Yo tZ4Yy Y T B

C,= BZ_Zde_Zde Coy=— Yd+YsiCll
a Z ¥ y+Z 47, * 7% a,
Y,+Y,C Y4t+Y,C
Cy=— d al«sl u' Cq= o lsl 2

By the same way, it is easy to get the equations and
constants of zero-sequence and negative-sequence.

2.2.2 Analysis of fault conditions
Assuming that core-to-sheath to ground fault occurs in
phase a, the equivalent circuit model is shown in Fig.3.
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Fig.3 Equivalent circuit model

The cable system is divided into two sections which are
Section A and B. Section A is from sending-end to fault
point, and Section B is from fault point to receiving-end.
According to (16), it is easy to establish the equations of
Section B. For example, the equations of positive-sequence
is expressed as follows:

Va()) [ cehey srhey aehfy  sthBy |1E
Via()|=| Cucshayy Cyshayy Cychfyy CasihByyli Fy
Ia()| |Casnhay Cyosha,y Cysith8y CyoshBy)|l G,
Ia()| |Casthay Coomhay Casih8yy CoashBy]| pr (17)

Assuming the actual fault location is p and x=p is
same point with y=(.

In order to calculate unknown parameters, all conditions
in the whole system would be summarized.

(a) Conditions for zero-sequence, positive-sequence and
negative-sequence

The following conditions are analyzed at the sending-end:
(i) Core voltage is equal to source voltage.

V,ﬂ)(O)= Ve, VrAl(O)= Va, VcA2(0)= Ve (18)
(if) Core current is equal to source current.

100)=Ig, I40=I;, I0)=I, (19
(iii) Sheath voltage of zero-sequence is equal to the
multiplication of grounding resistance of zero-sequence and
sheath current of zero-sequence, but sheath voltage of
positive-sequence and negative-sequence are equal zero.

The following condition is analyzed at the fault point:
(iv) Core voltage of Section A is equal to that of Section
B.

Vaa@=Va@, Va@®=Va®, Vad=VeO @)

The following conditions are analyzed at the
receiving-end:

(v) Core voltage is equal to the multiplication of the load
impedance and core current.

Vea(l=0=Z o 5(I-p)

ch(l—p) =Z,11ca(l_p)

Voo~ =Z ) (i1~ (22)
(vi) Same as Condition (iii).

(b) Conditions in phasec a, b and ¢

The following conditions are analyzed at the fault point:
(vii) Sheath voltage of the faulted phase a in both Section
A and B are equal to zero.

V=0, Vagz0)=0 24)
(viii) In the non-faulted phase b, core current of Section A
is equal to that of Section B; Also sheath current of
Section A is equal to that of Section B.

I.4(0=150), I.B)=Ix50) (25
(ix) In the non-faulted phase ¢, the condtions are same
with condition (viii).

1 4D=150), I,H=I1z(0) (26)

From all conditions above, it is easy to establish 24
equations based on proposed algorithm to calculate all
parameters, such as A, B, C, D, E, F, G, H, for
positive-sequence. At the same time, other parameters for
Zero-sequence and negative-sequence also can be calculated
easily.

2.2.3 Analysis of the solution
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Fig.4 Core-to-sheath to ground fault in phase a

In Fig.4, it is casy to get the fault equation V,=I.R,
and the following equation can be made.

f(p, R/)= VaAﬂ_(]ﬂAp"Ia H))R/=0 (27)
And then (27) can be divided as follows:
Ao, R)=FL0.RY+if{6,Rp=0 (28)
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That means, f.(p,R)=0, f{p,R)=0 (29)
At last, Newton-Raphson iteration method is dedicated in
getting the value of fault distance p

2.2.4 Equivalent method for one-section
For simplification, Assuming that there are two sections
in cable system, which is shown in Fig.5.
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Fig.5 Circuit of cable system with two sections

According to Fig.5, equivalent method is depicted as
follows:

2 o]z o
]) abc 0 R;:J

1) The admittance Y, =Y/2
Tst —_ - .
iii) 1 equivalence: Zeq_ax = Zawe (E+ Yo Z0p )™ | s ey
€ matrix.
2nd _ 1
iv) 2" equivalence: 2oy o = Line_ane + 20y

drd — 7nd 2nd -1
v) 3¢ equivalence:qu_alx—Zeq_abc‘(E+Yabc'zwhc) , 50

finally it would be expressed as follows:

S _[Z 2,
eq _obc Z3 Z‘

As tested in EMTDC, z, is much smaller than z,, that
means the influence of sheath-to-core is very smaller when
using equivalent method to calculate the equivalent
impedance.

Due to the analysis of impedance equivalent method,
Condition (v) is changed as:

Veall=D=2Z I z(i-p)

{ Vca(l_P)=ZuIC&(l"P)

VooU—D=Z ,I (i~ (30)
Condition (vi) is changed as:

Vea(I=0=Z gl (=0 +Z oI zf{i-p)

Vﬂ(l——p)=0
Va(i-9=0 (31

As discussion above, the analysis of all conditions are
suitable for cable system with one section. In order to
make this algorithm fit other cable system with two or
more than two sections, some conditions have to be
changed. So equivalent method regards a complex cable
system as a simple cable system with one section. So the
above-mentioned conditions can fit it without any change.
If fault occurs in the second section in Fig.5, Condition (i)
and (ii) have to be changed. That is, the values of source
voltage and current would be changed into that of the
beginning of the second section. Also, Considering that
sheath voltage and current are very sensitive, in Condition
(itt), the sheath current at the sending-end would be
assumed, which makes proposed algorithm more precisely.
If there are more than two sections in cable system, it
would be done by the same way.

3. Case Study
3.1 Underground cable system model
The cable type is SC coaxial cable consisting of core
and sheath (of 2000 jpy2 kraft) [3], and the model system
is composed of four sections as shown in Fig.6. The
voltage level is 154 kV and cable total length is 1200m.

All grounding resistance are 10[ ¢J. The parameters of the
tested cable impedance and admittance are obtained from
EMTDC simulation.
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Fig.6 Simulation model system in EMTDC

3.2 Test results

In this test, the fault type is a core-to-sheath to ground
fault in phase A. In each case, four different fault distances
varying from 150[m] to 1050[m] by 300[m] step and three
fault resistances of 0.1[ Q, 15[ ¢, 30[ ¢ have been
considered. The phasors of the core voltages and currents
at the sending-end are obtained by the Discrete Fourier
Transform (DFT) having one cycle data window. The error
of the fault location is calculated by the following
equation.

Erontog) —-\ Btimated Emeezchenl dilmcd iy ()
Figure 7 shows the estimation error with three different
fault resistances. The maximum error of 0.9[%] is observed
for a fault resistance less than 15[ (J, especially the
maximum error of 1.1{%] is observed for a fault resistance
of 30[ . Therefore, proposed algorithm is efficient to
estimate fault location for underground cable system.
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Fig.7 Estimation Error of the proposed algorithm

4. Conclusion

This paper proposes a line-to-ground cable fault location
method for underground distribution system. Test results
verify that proposed algorithm is useful to estimate cable
fault location for underground distribution system. Circuit
equivalent method makes it more effective and flexible.
That means proposed algorithm is suitable for more
complicated cable system. The further research is going to
deal with real cable system which combines underground
cable and overhead line.
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