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Abstract--The accuracy of fault location has a direct impact on
restoration of service and outage management in distribution
systems. Information on accurate fault location available just
after the fault helps utility personnel to expedite service
restoration and to make adequate reconfigur ation of the network
for reducing outage time and operating costs. Therefore, more
efficient methods for fault location, supply restoration and high
quality customer service, which reduce the overall costs, are
highly required. This paper delivers detailed results of an
extended evaluation of a new fault location method for
distribution networks with the neutral, which is solidly grounded
or grounded across small resistance. The fault location algorithm
is based on impedance measurement principle and uses recor ded
three-phase voltage and current signals as well as the network
impedance for particular symmetrical components — pre-
calculated after each change in the network configuration and
stored in the database. The fault location technique is based on
the fundamental frequency component of voltages and currents
measured at the line terminal. Extensive sensitivity studies of the
fault location technique have been done and some of the results
are included in the paper. Computer simulation showed that the
proposed algorithm has sufficient accuracy and robustness.

Keywords: keywords. fault location, distribution network,
system protection, impedance calculation.

. INTRODUCTION

ONTRARY to HV and EHV networks, MV Distribution
Networks (DN) are usually nonhomogeneous and with
load taps. Moreover, Fault Locators (FLs) are usually assumed
to be of a centralized type, i.e. they are based on measured
guantities which are common for the whole substation (bus-
bar voltages and feeder currents) what makes the accurate
fault location more difficult. Therefore, the agorithms
proposed for HV lines could not be directly used for MV
networks. The following factors contribute to this:
e MYV lines may be multi-terminal and/or contain loops what
creates well known problemsin fault location;
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e MV lines may supply loads of motor-type which are a
source of infeed effect;

e when a current of the faulty line is not directly available to
the FL, certain error is introduced when assuming the feeder
current during afault to be a current of the faulty line;

e single phase to ground faults in ungrounded or
compensated networks are extremely difficult to locate;

e the task of fault location in MV networks is often
combined with alarm processing: in the case of
malfunctioning of relays and/or Circuit Breakers (CBs),
prior to locating a fault (in terms of distance to a fault), a
faulty element is selected on the base of logical
computations.

Fault location in MV Distribution Networks (DN) has been
a subject of interest to utility engineers and researchers [1-3].
The accuracy of fault location has a direct impact on
restoration of service and outage management in distribution
systems. Information on accurate fault location available just
after the fault helps utility personnel to expedite service
restoration and to make adequate reconfiguration of the
network for reducing outage time and operating costs.
Therefore, more efficient methods for fault location, supply
restoration and high quality customer service, which reduce
the overall costs, are highly required [4-7].

This paper delivers detailed results of an extended
evaluation of a new fault location method for distribution
networks with the neutral, which is solidly grounded or
grounded across small resistance. The fault location algorithm
is based on impedance measurement principle and uses
recorded three-phase voltage and current signals as well as the
network impedance for particular symmetrical components —
pre-calculated after each change in the network configuration
and stored in the database. Voltage is measured at the
supplying bus-bar, while three-phase current is delivered from
the faulty feeder (Fig. 1).
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Fig. 1. Equivalent scheme of the considered DN




The current can also be taken from supplying transformer,
if only one centralized type digital fault recorder isinstalled at
the substation. The fault location technique is based on the
fundamental frequency component of voltages and currents
measured at the line terminal. The assumption of the algorithm
is that the network impedance is obtained for particular
symmetrical components. The investigation on the accuracy of
the fault location algorithms in case non-symmetrical structure
of the line conductors is beyond the scope of this paper.

In the following sections, short description of the proposed
algorithm as well as distance to fault estimation for different
fault types are briefly discussed. The impact of Distributed
Generation (DG) on the distance to fault location on
Distribution Network is mentioned. The simulation for a
particular network is described and showed that the proposed
algorithm has sufficient accuracy and robustness.

. THE PROPOSED ALGORITHM

The presented method overcomes the above mentioned
difficulties by utilizing the following two-step procedure for
fault location in distribution networks (Fig. 2).

e First, the equivalent positive- (Z',) and zero-sequence (Z'o)
impedance of the network is computed in pre-fault steady-
state for al k =1, , M nodes of the network based on
existing topology, loads and feeder parameters. These
values represent positive- and zero-sequence impedance as
seen from the substation up to a given k node of the
network.

e Then after the fault the specific fault-loop parameters are
calculated depending on the fault type (phase-to-phase or
phase-to-ground) and the place of measurements (at the
supplying transformer or at the faulty feeder).
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Fig. 2. Basic block diagram of the proposed fault location algorithm

The fault place is determined as a result of checking the
following set of conditions for consecutive nodes of the
network:

Im(Z4)20,k=122.M (1)
where:
7 Zy 2y —for ph- to- phfault
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and: Vy, - voltage at the faulty phase, Zy; - positive-sequence
fault-loop impedance obtained from measurements, I,, I -
adequately: fault-loop and residual currents obtained from
measurements.

The fina distance to fault will be chosen when the
condition as in (1) is fulfilled. The method of calculation of
the parameters (Zi, 1, ) depends on the place of
measurement (at the substation or at the feeder).

A. Measurements at the faulty feeder

As far as only one-end supplied radia networks are
considered, the positive sequence fault-loop impedance is
calculated according to well-known eguations depending on
the type of fault (Fig. 3).

e Phase-to-phase fault loop (phase-to-phase, phase-to-phase-
to-ground or three phase fault):

Vv
Z, = —pp (4
Digp
where:
Vi - Phase-to-phase fault loop voltage, for example:
\i pp = \i A _\l B!

lyp - phase-to-phase fault loop current, for example:
l_kpp =la—lis-

e Phase-to-ground fault loop (a phase-to-ground fault):

V
Z,=— " (5)
- I+ k|
Zkph T BKN LKN
where:
Von, Lipn - voltage and current from afaulty phase,
Z,-2,
Kin = =0 = (6)
3z,

yA '0, Zl - zero and positive sequence impedance per length of
the faulted feeder,

v =Lia+ L +Lic (7)

B. Measurements at the substation level

In this case we assume that the faulty line is identified.
Moreover, some of the described below pre-fault parameters
of the network are also known or can be estimated from the
SCADA information.

Let afaulty feeder (say feeder k) from the considered radial
network has the pre-fault equivalent impedance Z« (Fig. 3).
The remaining parallel-connected feeders are represented with
the equivalent branch of the impedance Z (i.e
12z, =1/2,+1/Z,+..+1/Z,). Both Z, and Z ae
assumed to be the positive sequence impedance.

The aim of the analysis is to determine the post-fault
positive sequence impedance Z, under assumption that the



equivalent impedance Z, remains unchanged during a fault.
The following equation is valid for the pre-fault state (Fig. 4):

Z _\ipre _ ZL;LK

Zpre — -
I_pre zL +;Lk
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where:  Vpre, lpre - are phase-to-phase or phase-to-ground (for
symmetrical condition) variables.
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Fig. 3. Diagram of the network: measurements are taken in the faulty feeder

Two post-fault cases should be considered:
o Phase-to-phase fault loop (phase-to-phase, phase-to-phase-
to-ground or three phase fault).
The positive sequence impedance seen from the substation
is aobtained from the equation:

_\lpp — ;L;k

- Lpp ;L+;k
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where:
Ve - phase-to-phase fault loop voltage, for example:
\i pp =\1A _\iB '

lgp- phase-to-phase fault loop current taken at the substation,
for example: |\, =1,-1g,

Combining (8) and (9) yields:
ZZ
Zy=0 o (10)
; pre ;(l_ ISzk)
where:
ey =20 = Sue (11)
Tz S
S| - power in the faulty linein the pre-fault conditions,
S, - power in al the linesin the pre-fault conditions.
Combining (8) and (11) one also obtains
K, =—2L (12)
THZ 42y,

The coefficient ky for each line is estimated on the basis of
the pre-fault steady-state conditions. In a substation with a
large number of feeders these coefficients are close to zero
and change only alittle, e.g. for two identical lines: ky =0.5 (if

only line reactance is taking into account) while for twenty
lines: ky = 0.05. One should observe that, in general, ky is a
complex number.
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Fig. 4. Equivaent circuits of the distribution network

From equation (10) one can caculate the fault loop
impedance using the measurements from the substation.
Dividing numerator and denominator of (10) by Zy. and
substituting (9) for Z, equation (10) can be rewritten in a more
convenient form:

Z, - w (13)
Zk \Lpp
l_pp - (1_ sz)

Zpre

e Phase-to-ground fault loop (phase-to-ground fault).

In the case of a phase-to-ground fault, the positive sequence
fault loop impedance is calculated according to the second
equation in (2). One can observe that as only a single phase-
to-ground fault is considered (say, in feeder k) the zero
sequence current measured in the substation contains the
faulty feeder current I and the zero-sequence current flows
through capacitances of the healthy feeders I¢.. Knowing
voltage and current measurements at the substation and
network parameters the fault loop impedance can be
established in the similar way as for measurements from the
feeder [6].

Summarizing the above derivations we can represent
currents I, Iy in (3) asfollows:

- for measurements in the feeder:

I_ p = l_ph ’ (14a')
Ion=ly=la+lg+lc (14b)
- for measurements at the substation:
\i h _\10
Lp=1lp—-(-k,)=—2— (153)
Zpre
1-k, 0V
Ly =1 - Kaolo (156)
= Xco
where:
Ko = Xco _ Cok
&0
XCOk CCO
Cox - zero-sequence capacitance of the faulty feeder,
Ccoo - zero-sequence capacitance of al MV network,

Kz asin (11),



7 \i pre

Zye= - pre-fault positive-sequence impedance at the

~pre
supplying transformer,
index ph stands for the faulty phase.
Moreover, the positive sequence fault loop impedance Zy;
seen from the substation can be obtained from division of
adequate voltage drop by difference of currents:
VAT \iﬂ

I—pp

(16)

where: V,, - phase-phase voltage, |, - phase-phase current,
eg.for A-Bfault: V. , =V, -Vg, 1 n=1o-15.

Having the network impedance Z'y and Z'o for steady-state
condition, and fault loop parameters: Zy, ki, Ziy given from
measurements according to (2, 3) with respect to (4-6) it is
possible to utilize the criterion (1) for distance to fault
calculation.

1. DISTANCETOFAULT ESTIMATION

Distance to fault can be determined on the basis of criterion
(1). In the searching agorithm two impedances: first one
calculated for steady state while the second - obtained from
measurements should be compared against matching the
criterion. Two different algorithms are used depending of the
fault loop type: phase-to-phase or phase-to-ground fault loops.

A. Phase-to-phase fault

In this case the measured impedance in (2) is represented
by the positive-sequence impedance Z;; which is compared
with the impedance Z' for successive k=1.,M network
nodes. Let us consider the phase-to-phase fault at node k of
the network asin Fig. 5. It is assumed that the impedance Z'
(positive-sequence network impedance as seen from the
substation under assumption that the fault with no resistance
occurs at the node k) is known from steady-state calculations
and Z;; is obtained from measurements according to (6).

Fig.5. Scheme of the network for phase-to-phase fault at node k

For further analysis the fault loop seen from the substation

flof2
MZy Zyi
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zl =@a-mzit+
= = mZ +Z1fk2

(17)

The separate impedance in (7) can be easily determined
from the known impedance Z' by choosing the parameter m
(0<m<1).

Representation of the impedance Z'y in aform asin Fig. 6
gives possihility to include the fault resistance into considered
fault loop what is depicted in Fig. 6a. The residual impedance
AZ; represents the equivalent impedance involved in the fault
loop due to the fault resistance R, if the fault occurs at node k
or behind them. The equivalent scheme for representing the
impedance AZ; is shown in Fig. 6b. Here:

Zy - equivaent shunt impedance at node k,

Z, - impedance of the cable section between nodesk, k+1,
Z'1k+1) - €quivalent impedance of the network seen from the
node k+1 up to the end of the feeder.

a-mzy mz)! @
o—
f2
Zif = Zy AZ;
K X2 @-%Z, k+1 D)
AZi—> Z, Rs ZilL.l(k+1)
d X 1-x
—r |« | «——»

Fig. 6. Equivalent scheme of the fault loop: a - from the substation up to the
fault point, b - beyond the fault point

The impedance Zy.1) should be also calculated for steady-
state conditions for all network nodes and stored in the
database.

The distance to fault di (m) is determined as a sum of a
distance d (m) from substation up to node k (Fig. 6b) and a
distance Xl (m) inside a given section:

df :d‘l‘Xlk (18)

where | is alength of the section.
The agorithm for the distance x calculation is derived as
follows:
1. The fault-loop impedance Z;s measured at the substation
meets the following relation (Fig. 6a):
(mzlfkl +AZy )élsz
MZyl+AZ  +Z 1

2. After rearranging (19) the value for residuum impedance

Z, =@-mzit+ (19)

is represented with the equivalent scheme as in Fig. 7. The a4 pe obtained as:

following condition is fulfilled for this scheme:



f1 f1, 5f2 f1
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3. The impedance AZ; represents the scheme seen from the
node k up to the fault place (Fig. 6b) what can be determined as:

Re(1-02, +24.0)
Ri +(1=X)Z | +Zyy )

Ry ((1— XNZ, +;:lll(k+l))
Rt +(L-X)Z | +Zyy)

(20)

AZ;

Zy| X2+

(21)

Ly +XxZ +

4. Right-hand sides of (20) and (21) should be equal what
leads to determination of the unknown fault resistance:

R; =Xx?A-xB+C (22)

where: A= ZE(Zlk _Azf), B= Z'-(M +2Azlek),
M M

Co AZs Zyy (ZL + Zf(kﬂ))

M = (Zlk —AZg XZL + Z1(41) )— AZZyy -

5. Distance to fault x can be obtained from (22) under
condition that the fault resistance takes real value:

IM(R; ) = X2A —xB, +C; =0 (23)
where: A =Im(A), B, =Im(B), C; =Im(C)
After rearranging one obtains:
' B —
Xl:BI+\/E,X2: | \/E' (24)

2A
where: p=B? -4AC; .
First root of (24) takes unredlistic value so, finaly, a
distance to fault is determined as X = Xs.

2A

B. Phase-to-ground fault

For phase-to-ground faults the criterion for distance to fault
estimation, defined by (1) with respect to the second equation
in (2) is equivalent to the following condition (for simplicity
the equdlity is considered):

2y =2y -k 25,
where: k, and Zy are defined by (3).

The parameters k, and Z;y in (25) can be calculated from
measurements whereas Z' and Z'y are actual positive- and
zero-sequence impedance of the assumed fault loop and are
available from steady-state conditions.

Equivalent scheme of the fault loop circuit, which satisfies
the condition (25) is similar to the phase-to-phase one
(Fig. 7). Instead of Z;; now the impedance combination Z;n—
k-Z'o is used. Bearing this in mind, the algorithm for a
distance x (p.u.) to the fault at section k, k+1 can be derived by
repeating points 1-5 from the previous section. Fina relation
is represented by (22), where:

(25)

A sz(zek —Azf) 5 ZeL(M +2Azfzek)

M M

oo A Zek(ZL + Zg(k+1))
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Index e reates to the equivalent impedance of the scheme in
Fig. 7b. The distance to fault is aso calculated according to (18).
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Fig. 7. Equivaent scheme for A-G fault-loop: a- from the substation up to the
fault point, b - beyond the fault point.

V. SIMULATION RESULTS

The considered 10 kV substation is supplied from 150 kV
system [6]. The cable network is operated in a radial way.
Measurements of current are available at the supplying
transformer or at the feeders. Cable shield is considered as
grounded only at the load points.

For a distance to fault calculation the each feeder should be
represented by the detail scheme with adequate line and load
models. In the cable networks grounding system has different
structure than feeders have (open cables may have connected
grounding circuits), what should be aso represented in the
model. This requires representing al feeders connected in a
given substation in the general simulation model. However,
for proper post-fault transient analysis some simplifications
can be introduced: - supplying system is described by steady-
state parameters; - analyzed feeder is represented in detall; -
al other feeders are represented by equivalent schemes with
reproducing only the grounding system connections.

Example of the analyzed network is presented in Fig. 8.
Cable sections are represented by appropriate 7 -schemes,
while loads and equivalent circuits are reflected by R—L or
R—-L-C scheme.
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Fig. 8. Equivalent scheme of the analyzed network; dotted lines are for
grounding system connection

EMTP/ATP model [8] of the analyzed network has been
extensively used for investigation of the proposed fault
location algorithm. The MV network consists of 16 feeders
which, except of the particular analyzed feeder, are
represented by their equivalent schemes. Let us consider an
example of A-G (phase A to ground) fault a node 17 in the
analyzed feeder (actual distance to fault - 8138 m, Fig. 8) with
assuming the fault resistance Ry = 0.1 Q. Phase voltages and
currents observed at the substation are presented in Fig. 9.

1
s N0 " K
/\ //\\ r/ i I [y \\ ! \\rl \ ! \:/ \
qo 0.5 \ ‘\V | A i A FR A\ "’ v
.)‘<_| ,'\ "\ | J y’\ \‘ I‘\\ t /;\ |
> f v‘\ ‘l / /’ | I " | : " \ | " \l
[0} 0 R ll\ ‘, t R IRV ;’ 1 \ /o ,’ (T
VAR il vy ) H
E’ \l \/ / \‘ | /r / \\l I, | \\ ] >\ | “) ’, /
S -0.577 /\/“\ b ,}\ AN RS R P RL
T v wdy \ \ !
-1 ]
0 0.02 0.04 0.06 0.08 0.1
15 | b)
1.0 /\ A N N N
VAT AN AN
< 05
R O o W )
[} _;(_KX./X‘— 7 AN ’,/\“\/ \f./\\r\l
3-05
< )\
-1.0 V4 AV} AV A\
-15
0 0.02 0.04 0.06 0.08 0.1
time, s

Fig. 9. Phase voltages (a) and currents (b) during A-G fault at node 17

Results of distance to fault estimation for 3-phase and
phase-to-ground fault are gathered in Table 1. It can be seen
that the algorithm gives quite good results.

V. IMPACT OF DISTRIBUTED GENERATION ON
FAULT LOCATION ESTIMATION

The MV Didtribution Networks are supplied from HV/MV
transforming substations. The dlectricd energy is then
transported via a series of underground-cable and overhead line
circuit to the customers. In some cases a Distributed Generation
(DG) can be connected to the network. The particular line
sections are of length from a few hundred meters to some
dozens of kilometers. Although due to different loads and the
network development, separate feeders are made up of sections

with different technical data: varying cable cross-section and
OH line parameters. The configuration layout and complexity of
distribution networks vary widely depending on the application
[7]. In order to analyze thoroughly the effects of distributed
generation on the requirements for the protection and fault
location of distribution networks, detailed simulation studies
including dynamic modeling of various types of DG
technologies are necessary [9,10].

Table 1.
Typeof fault | Fault resistance, £ | Obtained result, m | Error, m
3-phase 0.1 8145 +7
2.0 8135
A-G 0.1 8131
2.0 8081 -57
VI. CONCLUSIONS

The presented fault location agorithm for MV Distribution
Networks (DN) is based on impedance measurement principle
and uses three-phase voltage and current phasor estimation as
well as the network parameters. The agorithm was
investigated and proved on the basis of voltage and current
data obtained from versatile EMTP/ATP simulations.

The developed algorithm utilizes the current measurements
delivered from the faulty feeder or from the substation. In the
latter case the estimation error depends on accuracy of pre-
fault condition determination in the MV substation. The
distance to fault estimation error depends on the accuracy of
measurements as well as cable parameters. Extensive tests by
utilizing fault data from EMTP/ATP detailed model confirmed
the accuracy and validity of the method presented in the paper.
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