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A Novel Algorithm of Underground Cable Fault Location based on the analysis of
Distributed Parameter Circuit
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Abstract - In this paper, a novel algorithm of underground
cable fault location based on the analysis of distributed
parameter circuit is proposed. The proposed method makes
voltage and current equations about core and sheath, and
then establishes a function of the fault distance according
to the analysis of fault conditions. Finally gets the solution
of this function through Newton-Raphson iteration method.
The effectiveness of proposed algorithm has been verified
by Matlab program, and the cable parameters such as
impedance and admittance are from EMTP simulation.

Keyword: Underground cable, fault location, distributed
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1. Introduction

Electric power systems becomes more complicated and
diversified with rapid economic growth during last several
decades. Modern power systems require larger capacity
transmission and higher quality electric power, and in order
to supply much stable electric power without injuring fine
view, a lot of underground cables are installed so far,
which gradually comes into being complex cable systems.

Because the cable systems have to be pulled down to
check for defects in the underground faulted section and
any wear and tear in the cable sheaths. In order to
minimize disruption in services, utilities have to maintain
these cables usually at great costs. That is why fault
location estimation and repair are more difficult than those
of overhead transmission and distribution  systems.
Therefore, an efficient fault location method is urgently
needed in the cable system networks. For this purpose,
many researches about the analysis of underground cable
using the EMTP are in progress [1]. In recent years, many
techniques and methods for the location of earth faults
have been reported {2,3]. For instance, one of the fault
location method is using Traveling Wave. But in this
method there is a problem that the fault data sampling
frequency should be in high band because when the data is
filtered the data attenuation phenomenon happens. So it is
difficult to apply in practice.

This paper proposes a novel algorithm of underground
cable fault location estimation based on the analysis of
distributed parameter circuit and fault conditions of the
cable system.

2. Cable Fault Location Algorithm

2.1 Analysis Of Distributed Parameter Circuit [4]

Cable impedance Z and admittance Y are distributed
parameter on every dx of the cable line. The basic equation of
distributed parameter circuit(called "DPC" afterwards) is as

follows:
av dI
=z E oy
o M
The solution of Eqn.(1) is as follows:
V =ae™P 4 be™V T [ = ce VP getiTis 3}

Exponential function can be transformed to hyperbolic function,
the formula is as follows:

&Y% =coshyx tsinhy x 3)
So the solution can be transformed as follows:

V = a'cosh VZY x + b'sinh VZY x 4)

I = ¢'cosh V/ZY x + d'sinh VZY x )

2.2 Proposed Algorithm Based On DPC
Proposed algorithm is based on the analysis of distributed
parameter circuit. And in this case, the cable type is a
single-core(SC) coaxial cable, and the cable consists of core
and sheath. There are mutual impedance and admittance
between core and sheath. Generally the cable inductance is
1/3 of that at the overhead line, but the capacitance of the cable
is 30 times of that at the overhead linc. That means the influence
of the cable capacitance has to be considered
The equivalent circuit model of underground cable system is
illustrated as Figure 1.
{
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Fig.1 Cable system equivalent circuit model

Cable section A voltage and current equations is
expressed as follows [5]:

o Ix V4 ¥4 V4 I V4 V4 zZ 7
ca ca “em “em|ea csa “csm “esm| sa

v Ix|=|Z V4 ¥4 + Z ¥4
cb em “cb “em|cb esm “csb “esm| sb

v I Y4 Y4 ¥4 I V4 V4 V4 I (6)
cc em “em “ce A'ec csm “esm “cseN'se

o I V4 z z i) V4 zZ V4 I
sa sca “sem “sem|ea sa “sm "sm| sa

anb/ax = Zscm Zscb Zscm ch + Zsm zsb zsm Isb

o /e |2 zZ 11 (O]
sc sem “sem “sccNce sm “sm “seNse
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In this case, assuming fauit distance is p, the cable total
length is /, and then analyzing all conditions to establish
24 equations to calculate 4.B0.Co, Dy £y £y Gy, Hyy  and
4,.B,C,D, E,F,G,H, and 4,,8,,C;.D,, E;, F5,G;, H,, The

ca cm cm ca csa csm yCSm sa
o Jax|=|Y Y, Y |V, |+Y Y
cb cm ¢cb “em| ch esm “csb “esm|sb
o /x| {Y_ Y Y |V Y Y (8)
ce em “em “ee Ace esm “csm Tesc A sc
a_lax) |7 Y Y v Y Y Y |V
sa sca sem sem| ca sa ‘sm “sm| sa
o= Y vV, [+Yy, Y, Y |V
sb sem “scb “sem |} ch sm ‘sb “sm| sb
a_Jlax| |Y 14 Y Y 12 9)
sc sem “sem “scc A cc sm sm “sc A sc
By symmetrical conversion and expressed in matrix:
i’:m 0 Y Zeoyy  Zesop || Vo
_ Vesa - 0 0 Zscyy Zsyy | Voon
Ion Yoo, Yesy, Y Y T
Iy, Yscy, Yoo 0 0 | ey, (10)

Then the eigenvalues of this matrix equation can be calculated
respectively for each sequence, which are defined as @, Bo for
zero-sequence, &, B for positive-sequence, :,8. for
negative-sequence.

Based on distributed parameter circuit analysis, hyperbolic
function can be used to express for cable voltage and current
equations which are listed as follows.

(1) Equations of cable Section A
positive-sequence, and negative-sequence

For zero-sequence,

24 conditions are summarized as follows.

Zero- sequence

positive-sequence

negative-sequence

Voo (P) =V 5,(0)
Veao(P) = Vepo(0)
Lal-p) =YV (- P)
Vo= p)=0

s (P) = 1.5 (0)

Vo (0) =V V@)=V, Ve =V,
L ©®=1s La©)=1, Ta®=1,
V,0(0)=0 V.(0)=0 V(0)=0

Vou(P)=V (0
Voulp) =V 5(0)
Ipd-p)=Y,Vu(-Pp)
Vo (l-p)=0

L (P) =15 (0)

V.a(P)=V,5,(0)

Ve (P) =V 5:(0)
In(-p)=YVp(-p
Vil - p) =0

Lo (P) = 14(0)

And then establishing the equation:

(2) Equations

of cable Section B

positive-sequence, and negative-sequence

V.0 (x) cosha,x sinha,x cosh B,x sithfx Y 4,
Vao(®) | 1 Cpcoshayx Cgsinhagx  Cyucoshfox Cysinh Bix § B,
Io(x)| | Cpsinherx Cycoshax Cysithfx C,eosh x| C,
I o(x) Cyysitha,x  Cy,coshayx  Cysinh Bx  Cy, cosh B,x A D, (i)
V. (x) cosha,x sinha, x cosh B, x sinh 8, x 4,
V 1(x) Cycoshayx Csinhax CycoshBx Cysinhfix | B
L. |7| ¢, sicha,x C,coshax €, sinh fx C,cosh fix | €,
La(®) \Cysinhax Cycoshax CysinhBx €, coshgxAD, J(12)
V_(x) cosheax sinh e, x cosh B,x sinhB,x Y 4,
Vo) | C.cosha,x C,sinha,x Ccoshfx Cisinhfx | B,
I, | | Cysinha,x Cpcoshax Cysinhfx CpeoshBx | C,
I a0 Cy,sinha,x C,,cosha.x Cg,sinh B,x CgcoshBx AD, (13)

For zero-sequence,

V. (¥) cosha,y sinha,y cosh B,y sinhB,y YE,
V() _ Cpcoshayy Cysinha,y CycoshByy Cysinh By Fy
Lo®)| | Cosinhayy Cpooshany Cusithfy Creoshfy] G,
L)) \Cusinhayy Cocoshary CosithByy CocoshAy\H, )(14)
Vo (y) cosha,y sinha, y cosh B,y sinh 8,y E,
Vo] |Cocoshay C,sinhay CyooshBy Csinhpy f £,
{.5(3) Cy sinha,y C, cosha,y C,sinhBy C,coshfylG,
1, (Cosithayy Coohay CysivhBy C,oohgyh#)(15)
V() cosha,y sinha,y cosh B,y sinhB,y YE,
Vi (9) |_| Cacosha,y Cpsinha,y Cyeoshfy Chsinhfyy | Fy
1.0 Cy;sinha,y C,,cosha,y C,sinhfB,y C,coshB,y{G,
1s:(») Cyysinha,y Cycosha,y CgsinhfB,y CpcoshBiy \H, ( 1 6)
where,
zero-sequence positive-sequence negative-sequence
a\,:—Zd,Y,‘l ~Z Y _ ’112 =ZoYo - Zea¥en _ azz‘ er¥er = Z0¥ ey
Cp=—2 0 " |() = Cp=
Zo¥oo+20oY0 lzclyc:\ “Zeata ZoYonZen¥n
c - B ~ZYo~2Z. Y0 Co= B —ZaYo-ZaYe Cn= B =Zo¥o = Zabuy
» ZoY 0+ Z oY, ZaYea « Zea¥a Z V2 LoV
¢,y =T YauCo ¢,y = - Jat Yt Co et t¥erCo
0 Py 3 a 1 a,
) A ]
€. =_Yao *TeCio c. = Yat¥uCu ¢, = Yer t TG
0 , 3 a, 2 a,
Coo=— Yo +¥.Ch Cyy=- Yoa +¥,Cy Cer= _Zgz_*_ytlci
* B ' &

SS = MM x NN (17)
Where,
s, S,=[V, I, 0000 0 0O
SSpen=| S| and {8=lV, 1, 0 000 0 0O
s, S,=[v, I, 00 00 0 o
N, No=[Ao B, G D, E, £ G Ho}
NNewy=|N,| and { N=[4 B C D & F G H]
N, N=[4 B ¢ D, E F G H)
Mlly, MI124, MlBM)}
MM (3400 = | M 21 5,4, M22(m) M23(8!!)
M3l M324, M33,,
And then,
NN =inv(MM )x §S (18)
Note: 4, B.C.D» E,FR.G.H, E,F,G,H, E,F,G,H,
4,8,C, 0, E,F,G,H,, expressed as the functions of fault
distance p.

In this case, a core-to-sheath to ground fault is assumed in
phase A as shown in Figure 2.

rap YT 1amo
S e —
Re %l If
1

Core

Sheath

Fig.2 core-to-sheath to ground fault in phase A

And it is easy to know fault equation is ¥, =7, xR, In Figure
2, the following equation can be made.

S(p.R)=Va,~(a, —lag )R, =0

Where, Y24 = Veuo (P) + Ve (P) +Vos2 (p)
fa,, =1 44(P)+1.0(P)+1.:(P)
la gy = 1.50(0) + 1.5,(0) +1,4,(0)

(19

And then Eqn.(19) can be divide as follows:
f(p,R)=f,(p. R+ if(P,R)=0
That means,

£(p.R)=0 f(p.R)=0 2n
At last, Newton-Raphson iteration method is dedicated in
getting the final solution of Eqn.(21).

(20
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3. Case Study

3.1 SC Cable System Model in EMTP
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Fig.3 cable system model in EMTP

The cable type is SC coaxial cable consisting of core and
sheath (of 2000m, kraft), and the voltage level is 154 KV. The
cable total length is 10km. All these situations can be set
some corresponding parameters in the EMTP subroutine to get
the distributed parameters such as cable impedance and
admittance.

In this case, assuming core-to-sheath to ground fault in phase
A. Because of the EMTP own problem, EMTP simulation
can not be used for testifying this proposed algorithm. But
a new way is found out, which is assuming Vps2 and Inerz
to estimate exact Vi Iz and Y2 through analytic
method. All work have been done by MATLAB program.

3.2 Test Result

In each case, nine different fault distances vary from
0.1[pu] to 0.9[pu] by 0.1 step with four different fault
resistances such as 0.1[Q], 10{Q], 30[Q], 50{Q].

The error of the fault location is calculated by the
following equation.

P, -P
%Error = Lui %100
P, (22)

Table 1 illustrates the estimated fault distance p [pu]
with different fault resistance.

Table 1. estimated fault distance with different fault resistance

pu] RA9) 0.1 10 30 50
0.1 0.09999 0.09999 0.09999 0.10000
0.2 0.20000 0.20000 0.19999 0.20000
0.3 0.29999 0.30000 0.30000 0.29999
04 0.39999 0.39999 0.39999 0.39999
0.5 0.50000 0.50000 0.49999 0.49999
0.6 0.59999 0.59999 0.59999 0.60000
0.7 0.70000 0.70000 0.69999 0.69999
08 0.80000 0.80000 0.79999 0.79999
0.9 0.90000 0.89999 0.89999 0.89999

And the corresponding figure is shown as follows.
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Fig.4 estimated fault distance with different fault resistance
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4. Conclusion

This paper proposes a novel algorithm of underground
cable fault location based on the analysis of distributed
parameter circuit. Proposed method makes voltage and
current equations about core and sheath, and then
establishes a function of the fault distance according to the
analysis of fault conditions. Finally gets the solution of the
function using Newton-Raphson iteration method.

This algorithm has taken into account most conditions
when fault occurs in the complicated cable system. So that
proposed method is able to estimate the fault distance more
efficiently.
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