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Abstract— This paper presents the design of an algorithm to detect, identify, and locate faults in power distribution
feeders of Provincial Electricity Authority (PEA). The algorithm consists of three major steps. First, the adaptive
algorithm is applied to track/estimate the system electrical parameter, i.e. current phasor, voltage phasor, and
impedance. Next, the impedance rule base is used to detect and identify the type of fault. Finally, the current
compensation technique and a geographic information system (GIS) are applied to evaluate a possible fault location.
The paper also shows the results fromfield tests and illustrates the effectiveness of the proposed fault location scheme.
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a single line to ground fault. Then, it can develo
1. INTRODUCTION other types, e.g. double line to ground fault. A=sult,
to improve the accuracy and ability of automated
distribution system fault locator the algorithm shibbe
able to track the change in type of fault types.

Basically, there are two different approaches for
locating faults in distribution system. One is lthee the
algorithms that use measurements of voltage anerur
signals from a fault recorder at a substation §}]-The
latter is based on fault detectors installed alarfgeder
[7]. Both approaches can combine to determinate the
position of fault in distribution feeders. For exam the
scheme is used to determinate possible fault loestin
the main line, while fault detectors at lateralrtnizes are

Variety of configuration: Typical distribution feeders applied to locate possible fault locations betwesin
are arranged in various configurations. As a resire  and lateral line.
is no linear relationship between line impedance an Provincial Electricity Authority (PEA) in Thailanis
distance between a fault locatiand a substation. responsible for supplying electricity to the cusermin

Branch lines: Unlike transmission lines, typical 73 provinces. PEA service areas account for 99%hef
distribution feeders have several lateral branciidm  territory. The procedure to identify fault locatiohPEA
fault locationprocedure may result in several points of is still based on customer calls, line visual ircjoe and
possible locations. trial and error method. After receiving custometlsca

Distributed load along the feeder: The current feeder maps and protection design manuals will el u

measurecht a substation during fault occurrence is a sum®© tl(lienf'glfytr?n outlz)alge are'z:\. Aftert\)/vard, thef crﬁws sent
of load currents at eactode. In contrast to transmission '?hq 0 fix the p:p ems. AS can be seen, tau iogain
systems, fault current in the distribution systenfaiirly IS manner IS ime-consuming.

low comparing with load current. Consequently, st i lThlihpapter 'j tcor;ce_rgedt_fwnh tgeldestlgnfoflta new
impossibleto accurately determine fault current. aigorithm to detect, identity and locate faulls on

, o inhomogeneous distribution feeders of PEA. The
Incorrect fault type identification: Impedance-based algorithm is based on the previous work [8]-[11)dan
fault locating methods require fundamental voltagel applied the following techniques:
current quantities corresponding to the fault for 1. A new adaptive algorithm is used to track dvrami
calculating for fault locations from the apparent ' P 9 y

impedance. According to field tesiata, it is found that voltage-current _phasor, and frgquency of .the_ power
most of faults in PEA’s distribution system arertsgtd as system [8]-[9]. The_ accuracy of th|§ algorithm nadk!ng
orthogonal coefficients and real-time frequencyésy

high. Besides, it is easy to implement.
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Fast and accurate determination of a fault locaiton
electrical power system is a vital part in power
restoration. A range of fault location techniquesvé
been proposed in many literatures [1]-[3]. Howetkey
were mainly developedor transmission systems. The
methods can be divided intwo categories, which are
based on travelling waveend based on line impedance
calculation seen from the linerminal and estimate the
distance of fault. Nonetheless, very few methodsewe
proposed for distribution networks due to the failog
reasons.
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3. The algorithm applies one-ended method tostructure of ADALINE for tracking dynamic voltage-
calculate the apparent reactance. current phasor and frequency of the power system.

4. The fault boundary factor (K) represents possibl . _______________________________________
faulted areas. In real situation, the only inforimat
available is where to start and to stop searching.

5. Geographic Information System (GIS) provides
information about network topology and electrical
parameters. The implementation of the algorithfaiisy
easy by using a set of computer with a data adepnsi
board inside. In addition, the algorithm reducesorsr
caused by load current, fault resistance and iecorr

fault classification index (FI)

#FI

i Calculate impedance (2) and

fault type identification. ]2
The paper also shows the obtained results from the Impedance rule based «

field test of the automated fault location system . | |

employing the techniques mentioned above. Thiseayst Fault type | Fault detection

integrates the information of feeder configuratand ---------------4---------"--~--~---~--~-—~—---

geographic information system (GIS). The service

restoration process will be significantly sped up. Select voltage, current

The method proposed by [12] describes a f_ault quat according to the type of fault

algorithm based on the voltage and current inpynas

provided by digital disturbance recorders instabédhe %Vselecﬂ | e

substations. The fault location algorithm uses the 3

symmetrical components of the voltage and current
phasor quantities derived from these records. Fault
location system based on artificial intelligencetimoels
(fuzzy logic) [6], [13]. Nonetheless, the proposgdtem
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currents information provided by fault detectiorvides
installed along the feeders. The estimation of altfa
distance is obtained from the current measuredhby t
digital over current relays while fault resistarisenot
considered. As a result, this method will estimet@ult
location that, in most cases, is far from the dctuee.
Other recent efforts have focused on developindt fau
diagnosis systems using knowledge based approaches
[14]-[15]. Knowledge-based techniques often rely on
external information, e.g. SCADA alarms, substatod
feeder switch status, feeder measurements, loaegeol
sensors, etc. However, in many distribution sysfems
knowledge-based approaches may not be feasible sinc
measurements are usually only available at thetatitns v e T |

¢ Fault boundary area

Geographic Information
System (GIS)

v

Fault location report

and information about the operation of feeder mtdte Stages 2
devices are normally unknown. > Calzutate
> o

2. DESIGN OF AN ALGORITHM

The flow chart in Fig.1 shows the algorithm that
consisting of three sequential processes. The Btk

is the adaptive algorithm used to track voltageentr
phasor, and frequency of the power system. Thenskeco
block presents the impedance rule base used ta@tdete
and identify the type of fault. The third block &wates
possible fault locations with one-ended method gisin
fault boundary factor and GIS.

The following will be explanations of each indivalu
process.

X(t)
y(t) y+

e(t)

Process 1: Adaptive algorithm for on-line tracking
voltage-current phasor

Firstly, the adaptive algorithm is used to trackfeate  rjgo ADALINE structure for tracking voltage-curre nt
voltage-current phasor of power system. Fig. Zithtes  phasor.
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The structure is formed by the linear combinatidn o x(t) input signal (voltage or current).
its input vector[cos@st) -sin &) ] at any given time. k  index of iteration.

The input vector is multiplied by the weighting t@c a learning parameter.

[w; wy] (orthogonal coefficients), and then summed up to . . . L

produce the linear outpy(t). The weighting vector can ~ FOr discrete-time signal, the weighting vector ¢en
be adjusted using Least Mean Square algorithm (LMS) updated by using Widrow-Hoff delta rule as follogin
This will provide outputy(t) that is close to the input

signal x(t) (voltage or current signal)Different from W(k+1) = W(k)+aEe(k)D((k) 9)
other methods, the proposed new algorithm assunags t X(k) X'(K)

the phasor and frequency are dynamic. The main

procedure is divided into two stages. First, wdigit SubstitutingX (k) X (k)=1into (9), one can obtain

vector is estimated. Then, the angular speed of
fundamental frequency of input vector will be adpas
by Aa to obtain the actual value.

_Stages_l:Let assume that the observation model of an A perfect learning in (10) is completed when theoer
input signal (voltage or current) at the measurdmen

location can be expressed as (1).

W(k+1) = W(K)+a, Ce(k)IX(Kk) (10)

(‘qz) is brought to zero. The weighting vectat/(k)) of
voltage and current signal at the measurementitotat

y (t) = Acos@+Aot+o.t) Q) will be represented in phasor or complex form.
Therefore, the system can track voltage and current
where phasor.
A magnitude of signal. Stages 2:A study of previous work has revealed that
6 phase angle. most of voltage and current phasor estimation are n
@ angular speed of fundamental frequency. §uitab|e for extracting th_e fundamental compon€eniss
Aw @small change in angular speed of is because the observation model neglects a sheatige

in angular speed of fundamental frequenfyd). In this
paper, the effect of Aw must be considered and being
adjusted to its actual value. A small change inutarg
speed of the fundamental frequency is computed
accurately from the weighting vector accordingt)(

fundamental frequency.
t time of observation.

Applying the trigonometry relationship ebs(a+ b) =
cos(aylcos(b)-sin(a) sin(bto the above equation will
result in Ado= w, (K) O, (K)-w (k) v’ (k) (11)

(w3 (K)+w3(K))

y (t) = Acos@+Aot) [Eos,t) @)
- Asing+Aot) [Sin(oy) From (11), w!(k)andw),(k) are the derivative of

weighting vector respect to time. A differentiation

Equation (2) can be rewritten in a matrix form as o4 can be used to compute (k) andw (k)

following: . ) o2y
_ according (12) and (13), whergt is the sampling time
X(t) = [cos@,t) -sin@)] (3) interval.
w, = Acosp+Ant) (4) w. (k-
! W;(k): Wl(k) Wl(k 1) (12)
w, = Asinp+Awt) 5) At
, w, (K)-w, (k-1
W =[w, w,] (6) w, (9=l (13)
= t 7
y (O =WOXO " For discrete-time signal, the angular speed of the
e (t) = x(t)-y(t) (8) fundamental frequency according to the observation
model in (1) can be updated to the actual valuedigg
where (14).
X(t) input vector.
P ay(k+1)= w (K Hhw (14)

W(t) weighting vector representing the orthogonal
coefficients of voltage-current.

W, orthogonal coefficient representing a real part of Process 2: Fault detection and fault type identification

voltage-current phasor. algorithm
W, orthogonal  coefficient  representing  an Fault detection is an important step in the faotiation
imaginary part of voltage-current phasor. procedures. The task of fault detection include® tw
y(t) output signal from the observation model. major parts. The first part is to create fault sifisation
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index, using as the indicator. The second parthés t
design of a decision rule to detect and classiéy feult

As a
classification

result, it is possible to formulate fault
index KlI) by adding H terms

type. The process can be described as follows. Theorresponding to the “Fault Type” in column asdalk.

magnitude of phase impedance a, b and ¢ was ctddula
by applying Ohm’s law according to (15).

Za(k):m 7 (k)_ﬂ Zc(k):w (15)
(k) (k) I (k)
where
V,(K),V (kand V (k) are the voltage phasor
quantities.
I,(k),1(k)and | (k) are the current phasor
quantities.

Z,(k), Z,(k)and Z (k) are phase impedance.

The average magnitude of phase impedahgek) can

be calculated by using (16) and phase impedantaiad
¢ can be normalised by using (17) - (19).

Z, (k)= Za(k)+Zb§k)+Zc(k) (16)

2, (k=22 (17)
Z, (k)

Zyn = 2% (19
Z, (k)

2, (= 280 (19
Z, (k)

where z . (k),Z,,(kand Z (k) are normalized

impedance of phase a, b and c.

According to observation and experiment, the values

of normalised phase impedance relates to unsynuoaktri
faults as shown in Table 1. The letter H means ttat
normalized impedance of a particular fault typedsial
or greater than 1. In contrast, the letter L mehas the
normalized impedance is less than 1. Table 1 dgikes
inter-relationship between the fault types andpbsition
of letterH. It is noticeable that there are thids in each
fault type.

Table 1. Logic relation for asymmetrical fault
Normalized Fault t{)pe >
impedance | a-g | b-g| cg a%-g a?:(-:g bc(-:g

Z,.(K L H H H

Z,,(K) H L H L H L

Z,.(k) H H L H L L

1-Zy, (k) H L L H H L

1-Z,, (K) L H L H L H

1-Z,. (k) L L H L H H
The letterH means the normalized impedance is more than or
equal to 1. The lettdr means the normalized impedance is |less
than 1.

Flog=™ (1-Zya () +Zy, ()42 (K) (20)
Fly o= (1-Zyy, (K)+Zy, (K)+Z.(K) (21)
Fleg= (1-Zyo (K))+Zy, (K)+Z,,c (K) (22)
Flapang™ (1-Z oK) +(1-Z o (K)+Z oK) (23)
Flacacs™ (1-Z nl(K)+(1-Z \(K))+Z 1, (K) (24)
Flocoeg™ (1-Znp(K)+(1-Z (K)+Z o (K) (25)

whereFI is fault index and the subscriptg, b-g, c-g, ab,
ab-g, ac, ac-g, bc and bc-g denote the type of
unsymmetrical fault. After obtaining the fault inds from
the equations above, the new rules base can bel&iet
by using the fault classification index and carekglained
as follow.

Impedance rule base for faults detection and type
identification

If FI<3 and , distribution feeder is

IRN

bl

normal, wherel  is a pick phase current.

> |, the fault is symmetrical or
three phase fault.

If FI=3, The fault is unsymmetrical and the
maximum value of fault classification index in etjoa
(20)-(25) are used to identify the type of asymimatr
fault. For an example, ifl_ is the maximum value and

more than 3, the fault type is phas® ground fault.

Process 3: Fault location algorithm with load current
consideration

One-ended method calculates a fault location from t
apparent reactance seen by looking into the lioe fone
end. In fact, the current that flows through thedfer
consists of load and fault current as shown in &ig.

S | =i F
| |
Substation i+l !
] —>| | L
~ {Tf
o] Vs Load 1 Load 2 Load 3

Fault locator

Fig.3. Effects of the load current to evaluation th fault
location.

Therefore, load current needs to be eliminatedhan t
algorithms for distribution systems fault locatiots
reduce the error. When considering the effect aflJdhe
apparent impedance seen by looking into the lioenfr
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the measuring point can be expressed by:

Vs _,
1+,

HX (26)

app_R app

Multiply (26) by(l,+I ) , then
Ve=Z,,0+Z .0, (27)
Divide (27) by|,, then

Vs

I

=z, (1+ (28)

|f app( If )

fault current.
load current during fault.
apparent impedance.
apparent resistance.
apparent reactance.
pre-fault current.
lawing-faut  during-fault current.
Let assume that =| and |, =|

Xapp

I pre-fault

Subsequently, the ratio of load current to faultrent is
estimated according to (29). This ratio is defimedhis
paper as the fault boundary fact&d).(

pre-fault during-fault_ pre-fault”

L. pre-fault =K (29)
If lduring-fault_I pre-fault
SubstituteK from (29) into (28), then
V
Ys=7, (1+K) (30)

Iy

Table 2. The ratio of the selected voltage to thelseted

current
Fault v | SP EP
Type et et (km) (km)
o Va L X X, [1+K
+
b_g Vb Ib app appm )
XS XS
C-g Vc lc
ab
! V.-V I -l
ab_g a b a'b
ac lvev, | 1 Xap | X [U14K)
ac-g a e ac XX XX
bc
' V.-V I -l
bC'g b c b "c
a-b-c Same as phase-to-phase faults.

where X, andX , are self and mutual reactance of feeder
line per kilometer.

fault boundary factorK) in (30). The boundary of the
faulted area can be determined between the stgrtimg
(SP) and the ending point (EP) as shown in TablEh2.
apparent reactance X4p) is calculated from the
imaginary part of the selected voltafl&qe) divided by
the selected currentiy{sy) according to the fault type.

3. IMPLEMENTATION AND FIELD TEST
RESULTS

Automated distribution system fault locator develdp
by using the techniques described above is presémte
Fig. 4. The data acquisition system based on patson
computer is composed of an analog to digital caever
(A/D) with sampling rate at 16 samples per cyclbisT
A/D digit is 16 bits with anti-aliasing RC filterf @ut off
frequency 1.0 kHz. The current signal is delivei@the
data acquisition system from a 600/5 A current
transformer.

Fig.4. Automate distribution system fault locator.

In order to evaluate the performance of the dewelop
system, field tests have been conducted on several
distribution feeders. The paper uses a power digign
at Phuket as an example to show the performantieeof
proposed method.

Casel: The operating voltage of Phuket’'s distribution
system is 33kV, 50Hz. The actual fault location veas
3.25 km in the main feeder. Fig.5 (Check figure tafile
number again) illustrates the fault current-voltage the
digital signal for fault detection and type ideiuttion
according to Fig.5. According to the waveforms, the
faults started on phase a-b. Afterward, in less thalf a
cycle, the fault changed into phase c-a. It is obsithat
the algorithm can correctly detect and identify tyyee of
fault.

The apparent reactance is the imaginary part of the
selected voltage phasor divided by the selectedetr
phasor according to the type of fault. Adaptiveoaiihm
was used to track/estimate the selected voltage and
current phasor quantities and the apparent reastaac
shown in Fig. 6. It is apparent that the new adapti
algorithm can effectively calculate the phasor ditigs
though the magnitude of each component changed.

The errors of the fault distance are compensated by
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Fig.5. Current-voltage signal and digital signal fo fault
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Fig.6. Current-voltage phasor and apparent reactane.

All parameters for determining the position of taul
were reported by automated distribution systemtfaul
locator. The parameters are initial fault type,ltfaype
on steady-state, pre-fault current phasor
), select voltage phasor quantitieg_(_ ), select

(Ipre-fault
current phasor quantities| (_ ),

(X_ ), fault boundary factorK ), self reactance of line

app

per kilometer & ), mutual

Table 3.

When considering the effect of the load curreng th
boundary of faulted area is calculated. The reaetaf
the fault is compensated By 0.01 factor in Table 3. The
estimated error boundary around the calculatedt faul
location can be obtained by searching the netwark i
outward direction from the source. The actual fault
= 3.25 km in the main feeder. The
algorithm estimate the fault location to be locatexin
SP = 3.24 km to EP = 3.27 km. Accordingly, possible

location is at AP

apparent

reactance of line per
kilometer (x ), start point of finding (SP) and end point
of finding (EP). The parameters can be summarired i

Table 3. The parameters for determining the positiorof

fault

Type of fault (initial)

a-b

Type of fault (on steady-state)

a-c

lprefaut @t t = 0.05 s of Fig 6.)

-24.86+j90.65 A

lset = (@t t=0.15 s of Fig 6.)

5429.93+j6299.64
A

Veet = (@t t=0.15 s of Fig 6.) ;/1679'31-”12040'92
Xapp = iIMagVegect/l setect) 1.10 Ohms
K= abs(orefault/(lsdai - Iprefault)) 0.01

Xs (see as appendix)

0.74 Ohms/km

Xm (See as appendix)

0.40 Ohms/km

SP =Xaap/ (Xs-%m) = 1.10/(0.74 -

guastitie

reactance

0.4) 3.24 km
EP =Xaap(1+ K)/ (XeXe) =
1.10(1+0.01)/(0.74 - 0.4) 3.27 km
Main line %‘
m 3
] b\ &

J
A
uoneIsqns

—

"~ Estimate fault boundary region in branch line.

O Estimate fault boundary region in main line.

é Actual fault location.

Fig.7. Fault location results in GIS.

fault location areas are mapped on the geographic
information system (GIS) as shown in Fig. 7.

Case 2:The actual fault location was at 7.0 km in the
main feeder. Fig. 8 illustrates the fault curreattage

and digital signal for fault

detection and type

identification. According to the waveforms, the Ifau

started on phase c-g.
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Fault Current Signal, Voltage Signal and Fault Detection/Classification Signal
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Fig.8. Current-voltage signal and digital signal fo fault

detection and type identification.

The selected current-voltage phasor quantitiesthad

apparent reactance are shown in Fig. 9.
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Fig.9. Current-voltage phasor and apparent reactane

All parameters for determining the position of faare

summarized in Table 4.

Table 4. The parameters for determining the positiorof

fault
Type of fault (on steady-state) c-g
lpreaur (@t t=0.05s of Fig 9.)|  7.64+j250.47 A
latet = (a1 1= 0.15's Of Fig 9.) | 1132311220010
Vedeet = (at t=0.15 s of Fig 9.) 3300'73'118426'84
Xapp = IMagVeaect | siect) 4.93 Ohms
K= abs(prefault/(lgea _Iprefault)) 0.11
Xs (see as appendix) 0.74 Ohms/km
Xm (see as appendix) 0.40 Ohms/km
SP=Xqap/%s = 4.93/0.74 6.66 km
EP =Xaap(1+K)/xs =
4.93(1+0.11)/0.74 7.40 km

The actual fault location at AP = 7.0 km in the mai

feeder. The algorithm estimate the fault locationbe
located from SP = 6.66 km to EP = 7.40 km.

Table 5 presents field test results for six cases i
Phuket. As one can see, the entire actual faulhtpoi
(AP) lie within the starting point (SP) and endipgint
(EP).

Table 5. Summary of field test results

Start | End | Actual
point to| point to| fault
Fault | finding | finding | location| Error
type %
P SP | EP (km)| AP (km) (%)
(km)

Case

1 a-b/a-c 3.24 3.27 3.25 0.31

2 c-g 6.66 7.40 7.00 4.86
3 b-c 7.73 8.25 8.00 3.37
4 c-g 3.70 3.85 3.75 1.38
5 a-g 4.09 4.32 4200 2.62

6 b-g/b-c 6.48 6.77 6.50 0.3

The percent of error of the fault location is cédted
by the following equation.

SP-A
%Error = APH x10( (31)

where
SP is start point to finding fault.
AP is actual point to finding fault.

4. DISCUSSION

Short duration faults or transient faults are fahét can
self cleared in half a cycle to one cycle as shawn
Fig.10.
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Fig.10. Actual record waveform of short duration fault.

The proposed algorithm in this paper available for
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locate permanent faults, it may be too short tinlkeenv  [5] Tenschert, W. 1993 Fault location using fault

short duration faults in haft a cycle. Because tdap distance measurement of digital relaysPtoc. 12th

algorithm that used to track voltage-current phassed Int. Conf. Electricity Distribution. CIRED, London,

about one cycle of signal to extract voltage-curren U.K., pp. 4.20.1-4.

phasor. [6] Jarventausta, P. 1998. Using Fuzzy Sets to Fault
Location in Distribution NetworksPhysica Verlac.

5. CONCLUSION New York.

[71 Johns, A. T.; Lai, L.L.; EFHami, M. and Daruvala, J.
1993. New approach to directional fault locatiom fo
overhead power distribution feedersFroc. Ing. Elect.

Eng. C, Gen,, Tranam, Digrib. vol. 138, no. 4, pp. 38-43.
Wattanasakpubal, C. and Bunyagul, T. 2005.
Estimation and Tracking Current Phasor, Voltage
Phasor, Impedance and Local Frequency in Power
Systemsby Adaptive Algorithm. InProceedings of

the Electrical Engineering Conference (EECON-
28). Thailand, 20-21 October.

Wattanasakpubal, C. and Bunyagul, T. 2008. A
processing unit for tracking/estimating voltage-
current phasor and frequency in power system. In
Proceedings of the Electrical Engineering/Electronics,
Computer, Telecommunications and Information

This work presents a complete algorithm to detect,
identify, and locate all fault types on power disttion
feeders. The field test results prove the robustrzes
performance of the algorithm and encourage fortfmac (]
use with promising result. The errors from fieldstte
results are within 5%. Consequently the service
restoration process will also be significantly spgd

Several benefits can be obtained by using the [@exho
algorithm. The method helps decrease the time dpent
maintenance crews for locating the fault considigrab [9]
from 4-5 hours to approximately 1 hour per case in
daytime and from 8-12 hours to approximately 2 Bour
per case during nighttime. As a result, reliabilitythe
distribution system improves. Furthermore, fast and
accurate estimation of the fault location can repped

Technology, International Conference 5th (ECTI-
up crew work and reduce the total number of stayd b CON). Thailand, Vol. 2, 14-17 May, pp.1061-1064
crews Cost of operational maintenance and supply, y o~ o i

interruptions are also reduced. Consequently tyutill [10] Wattanasakpubal, C. and Bunyagul, T. 2007. Design

. Algorithm for Detection, Identification and Fault
receive a good feed-back from the crews and custome 9

: 2 . 3 . Location on Inhomogeneous Distribution Feeders. In
The |dent|f|cat!on of particular areas Wlt.h a hlgjlhm_ber Proceedings of Advance Power System Automation
of short duration faults makes it possible to cctive

maintenance work such thermal vision patrol or tree[ll]\a;vngtgr?;escat:l?;u(tf\;AgAazr?ggijlrf;;;ii Zﬁ_zzé&prgesign
trimming. So, in future work, we would like to dgsithe T A .

. ) . . : of an algorithm for detecting, identifying and
algorithm t_hat can |n_deqt|fy areas with a high nembf locating on inhomogeneous distribution feeders. In
short duration faults is distribution system.

Proceedings of Developments in Power System
Protection 9" (DPSP) International Conference.
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Frequency = 50 Hz.
Operating voltage = 33kV.
System ground is solidly ground.
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Main line is partial insulation conductor 185 sq.mm

Self impedancez, = 0.27+0.74i Ohms/km.
Mutual impedancez,, = 0.06+0.40i Ohms/km.
Self reactance_ = 0.74 Ohms/km.

Mutual reactancez, ;= 0.40 Ohms/km.
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