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Abstract-- In order to apply advantageously the symmetrical
components theory to Single Line to Ground (SLG) falt

transients in distribution systems we take profit & similitude of

transient components in faulted phase current and n zero
sequence current on faulted feeder. Then we are abto take into
account the load current contribution within voltage drop

account of zero sequence equivalent circuit. The salt is an
Extended Zero Sequence circuit, of better accuracgomparing to

Traditional Zero Sequence circuit or Full Sequencé-p-n circuit.

It reproduces the overall response of distributionsystem to an
SLG fault inception, whereas traditional equivalent circuits

assume only one frequency analysis. Consequentijzetnew zero
sequence circuit is more adapted for evaluation cimplitudes of
actual transients or for fault location tasks.

Index Terms—power distribution lines, power cables, fault
diagnosis, fault location, equivalent circuits

Siuccessful approach in power system fault analjidis

with negative sequence and zero sequence quantiezs
for relaying. A special challenge is its applicatito the still
unresolved problem of an SLG fault location in wlisttion
networks. The problem is fundamental, as an arsabased on
symmetrical components assumes only steady stdtesiagle
frequency phenomena, either for fundamental frequem an
extracted salient component of charging currenieddmain
frequency” component. This orientation, denying essc to
useful fault information contained in transient wborms,
limits efficiency of equivalent circuits in evaliat of
transients and in fault location procedures.

For almost two decades two Single Frequency appesac
in full sequence 0-p-n equivalent circuit have bermied for
fault location task: the method exploiting Main ¢uency of
charging components [2-5] and the one which use&dRa
Frequency component [2, 4, 6]. The simulation tssulere
reported satisfactory for small value of fault s¢snce.

Not more successful were other location proceduiles,
the method based on iterative identification ofitkdi section
followed by application of current pattern ruleq,[@nother
one using recursive least squares approach [8jrtficial
neural networks [9], wavelet, ANN and differenteduation
[10] or least squares fitting [11]. None of thesetiods
reached beyond SDfault resistance value.

One of reasons may have been lack of truly equivale
circuit capable to reproduce adequate response atdt f
inception voltage both in transient and in steathtes The

|. INTRODUCTION

principal problem here is with supply voltage, whio case of
the zero sequence circuit should be the pre-faltage in the

fault occurrence point. This voltage, that we gatkeption one,

often cited in literature [12] has never been gigeranalytical

form and usually is replaced by secondary transéowoltage,

with intention to assure zero sequence voltage theeparallel

branch carrying zero sequence currents (Fig. 2 pitoper

calculation of this voltage is a topological chaie, because it
depends on taking into account the faulted phaseeru
contribution in zero sequence overall voltage demgount,

what seems rather contradictory.

We have solved this difficulty by integrating this
contribution not explicitly, but rather as a cotec factor of
input voltage. This voltage is then given an anedytform
without altering the zero sequence current paths.

The new circuit is an extended Zero Sequence QCirtui
presents better performances than any of equivalettorks
in use, both in terms of waveforms equivalence tuedfault
parameter’s range in location procedures.

mmetrical component theory has been for decades arhe following development and applications are enésd

within distribution system grounded with Petersemil.C
However, their principle is still valid in systerggounded with
high impedance as well as ungrounded systems, @tuinn
solidly grounded ones.

We consider a radial networkFig. 1) supplied by a
generator through a delta — star transformer gredndith
Petersen coil (PC). A single line-to-ground (SLG&ulf
through a resistand®; is installed on one of the feeders at the

DEVELOPMENT

distancd; from busbar on the phase 3.

—ﬂ* 2y, -
Py ! 3 5
Wy Ciot™ Cf Oy Cf\\l/ Cyo Uy
e T T T
Vs los = = =
e > Ly —ing =
LN L \ —
JJphd  —13m
e g [Zu) Wy
y § Vo ¢ Cr Cr
. e w [T T
. i == = 4
= . =

Fig. 1. A phase-to-ground fault in a radial netkyaall the sound feeders
aggregated in one



The traditional zero sequence representation caepine 1
zero sequence branch in series with the faulteceotibranch

supplied by the secondary transformer voltage, nobshe n|=Vo[Q+V 0~
times with line impedances neglected. fo 1
t=0 I Zup p I Iph3+ja)30fv0
a_f - 4 I
z € PN Zup_n T e 3
L 1] M
Rf f = Zup_O | ph2
TJUTS @ A = 3 Ctet - Cpl Ry Ly . . . ®)
where the Fortescue transformation matrix T is
1 1
T=la® a (6)
Fig. 2 Traditional equivalent circuit a al

It can produce good transient response for weakt fau When getting back to the phase referential by left-
resistance values and with the fault located neasb&r. multiplying the equation (5) by T, we obtain (7)
Otherwise the equivalence is always poor evenédfftulted

segment from the fault to busbar is included inesewith R Vig =Va —E+Zy, It +kV 7
(Fig. 2). with the correction component of the supply voltage
A. Extended equivalent circuit 5
With fault on phase 3 we take this phase as referéh) tp_p 12 1 I pha
E=|Z,p o @7 a | ora (8)
2
Vs Vy. Vs :v|1 a2a|T 1) Zyp ol 12 2" Lflpn

the capacitive correction factor
and the equation system for the network of the Eipas the

form (2) k=1-Z,, sjaBCq 9)

where the up-stream self impedance is

t3| ["Rels 1 [ ] | ona
= =Vl +V]a®[- |z, ||l )
f1 f1 0 upl|' pha 1
a | Zup_s zg(zp_up 2y wp +ZO_up) (10)
f2 f2 ph2

where the symbols are:gVphase to ground voltage on fault The voltageV¢; in (7) can be expressed (Fig. 1) by
emplacement for the k-th phase,-Von Petersen coil, M~ on V..=R.(=1.) and then the (7) becomes
the k-th transformer secondary winding, & the matrix of the fs f ( f ) ™

up-stream line impedances angy is the k-th phase steady R 7
state current in system with fault. V, = ~Vs+E {_f + S—“p} ; (11)
The voltages Y are considered the same before and after k k k

fault occurrence, in other words the influence hef fault on
the internal voltage drops in sources is neglected.

The phase currents on phase 1 and 2 are compodealdof ' =" .
and capacitive current, whereagylis the sum of load, (Fig. 2) :
capacitive and fault currents. The latter can beodgosed to
get explicitly the fault current | Vo=V~ Ryl (12)

This equation is structurally the same as the one
representing the traditional zero sequence equitval&cuit

Lo =l prg =1o )+ 1o ¢ =(lpg—lg )+ jaBC;Vy =1  with the zero sequence voltage and the fault current;

3) supplying the zero sequence branch of Petersenmandilthe
zero sequence capacitances in parallel. In the ewvivalent
circuit the fault position is taken into accountida: through

. the correction componente/k of the supply voltage

I prs =1 prg = To_s ) (accounting for the role of the symmetric up-stream
impedances) and explicitly through the upstreamf sel
and get in the symmetric components domain impedance in the fault current branch.

We note



In usual conditions the coefficient k can be assteci to 1, B. Quasi sinusoidal regime of transient state

as the up-stream self impedance is always very weakunder certain conditions (low capacitive lines ereavy
comparing to that of the capacitive reactance effdulted |oads...) a quasi sinusoidal regime can isolated ajuthe
feeder. For a network e.g. of 8 line feeders, 3@auh, fault transient state. This is because zero sequencentwn the

location near loads and distributed line parame@grd.141F  faulted feedet, (is dominated by faulted curreht (Fig. 5).
and Z,=(0.198+j0.325Q/km the value is

1- (@007 +j10°)01. This leads to simple form of the

extended zero sequence circuit (Fig. 3) with inceptoltage Ut
= oA0 |
Vine =V3 +E (13) g 0
s

-Ie 1o r
t=0

Igp s Zlg

i 100 ¢ , , ]
F T * Iy 10 15 20 25
t (tms]
Fig. 5(-11) , Ipnz @andlg ¢ in a low resistancghase-to-ground fault in a radial
_HEI 3Cy "‘3 (Ctot - Cyl "‘ Ey Ly network
The zero sequence current being easily measunableise

Fig. 3 The new extended zero sequence equivaliectit it to get a quasi-sinusoidal compondhy,; (4) out of the

faulted phase transient current. This componenery close
In order to construct the new equivalent circuit meeed to to the pre-fault phase current on the faulted pliaig 6).
know the transformer secondary voltage before thelt f

occurrence, three phase currents on the faultedefeactual T ' ' '

100
tuning and symmetric distributed line impedancese T z s0f
calculated inception voltage (3¥E) is very near the simulated ‘;é'
value on EMTP complete system model (Tab.1). % U
50
TABLE | q00
INCEPTION VOLTAGE SIMULATED IN FULLEMTP MODEL VS THE EQUATION [ ) , ) )
BASED VALUES (THE CAPACITIVE COMPONENT NOT CORRECTED 10 15 a0 25
Fault position 0 0.5 1 tms)
Inception voltage [V] as if 5507 5183 4874 Fig. 6 The pre-fault current on the faulted ph@s®nstructed out of the after-
equation (13) fault faulted phase current :(Iph, f) vs. the original pre-fault current
Inception voltage [V] -
simulated 5507 5209 4932 _ _ -
Error [%] 0 105 ) With zero sequence capacitance the correspondimg t

constants are very short and the capacitive cigreah be
Once the inception voltage properly calculated. dheuit rapidly taken as sinusoidal. If on the other hahd fault
. ption ye properly ca o resistance is not too high, then the zero sequeoitage also
will reproduce transient regimes upon its switchimg at . - -
inception moment. The equivalence is much betten that on takes rapidly sinusoidal form.
P ment. 'Ne eq . . Then the right side of the equation system (149juasi-
traditional circuit (Fig. 4), permitting good evation of . . .
) , . sinusoidal and can be reasonably treated with Soute
charging currents’ amplitudes. . T . -
transformation, with its right side transformed kily when
: : : multiplied by T*:
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Fig. 4 Faulted residual current from the full EMTERcuit and from its =T | Vo[I+Via [ZUp Iphl
equivalent circuits: the traditional zero sequeaiceuit (T) and the extended a [
one (EC). in a 10kV network of 8 feeders ph2

(22.5+24+26+28+32+34+36+37.5)km, tuning 100%, ttats 10MVA and
=50Q at 0.8 ofthe 37.5km feeder’s length. . . .
R g with both voltage drops of the fault current asatad, the first
over fault resistanceRd; and the second over upstream
impedance\V;.
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When getting back to phase coordinates, the leafe,siwe have got the fault position with average eresslthan 12%
without being transformed explicitly, presents agk drop up toR=200Q.

over the faulted current bran¢R: + Z,;) carrying the faulted

currentl;, whereas the rignt side completes the extended zero

sequence circuit by the inception voltage/ E) and the
zero sequence brankRb.

TABLE Il
LINE SYSTEM, EMTP (“ACTUAL”") VALUES VS FITTING VALUES CALCULATED

FROM EQUIVALENT CIRCUIT

The assumption of quasi - sinusoidal nature of (4)[ Tuning EMTP EC Err
pertinent only under conditions mentioned above. &s [%] [Rr, Ir, 6] [R, Ir, 61] It
consequence, the equivalence of circuit issued aduthis f(?o i g'g’ 22 2;19'005117'5%8 +125
analysis will be assured in shorter range of faesistance in 105 108 90 16 069 84 1375
cable systems (up to 200 comparing to that in overhead 95 300, 0.2, 60 307, 0.16, 58 -20
lines (3K2). 100 300, 0.5, 90 288, 0.58, 86 +16

105 300, 0.8, 30 300, 0.83, 24 +3.75
95 600, 0.2, 90 584, 0.27, 88 +35
[Il. NEW CIRCUIT TO FAULT LOCATION 100 600, 0.5, 30 602, 0.52, 26 v

The extended zero sequence circuit of distributigstems 105 600, 0.8, 60 606, 0.80, 54 0
grounded with Petersen Coil and an SLG fault (Riphas f(?o ;gg' g'g' gg ?gi* g'gi 22 T:
been applied in a three parameters least squawdsiepr, 105 700, 0.8 60 705.0.80 54 )
where the actual fault resistané®  fault position | and 95 1000, 0.2, 30 1003, 0.20, 28 0
inception angled are given by the equivalent circuit's begt 100 1000, 0.5, 60 997, 0.55, 56 +10
fitting curve, with EMTP currents taken for refecendata. 105 1000, 0.8, 90 1028, 0.70, 84 123

" _ . ) 95 3000, 0.2, 60 2979, 0.26, 58 +30
The fitting uses data of transient fault regimetheri zero 100 3000. 0.5. 90 3019. 0.49. 86 )
sequence current on faulted feedgrdr zero sequence current 105 3000, 0.8, 30 2981, 0.87, 24 +8.7p
on any of sound feedergd as well as the neutral point current
In, always with comparable results. The fitting catseare TABLE Il
issued from matlab simulation of the equivalentuiir as on CABLE SYSTEM, EMTP ("ACTUAL”) VALUES VS FITTING VALUES
he Fig. 3. The EMTP currents, simulated field dedse b L e
the Fig. 3. Ti , [ Tuning EMTP CE Err
calculated with frequency dependant parameters. For [o IRy, It, 6] IRy, I, 6] Iy
robustness reasons the Levenberg — Marquart digmgitis 95 1,0.2, 30 1.0, 0.22, 30 +10

; i . ; 100 1,0.5, 60 1.2, 0.50, 60 0

adopted with a modifiable positive tepgl added to diagonal
Hessi i 105 1,0.8,90 2.8, 0.75, 90 -6.25

essien matrix. 95 20, 0.2, 60 20, 0.20, 60 0

At each iteration the output parameters are unden a 100 20, 0.5, 90 23,0.42, 90 -16
fulfilment test, satisfied in proximity of the regsted 105 20, 0.8, 30 20, 0.80, 30 0
minimum of minimization function at confirmation ah the 95 50, 0.2, 90 52, 0.12, 90 -40
next calculation step involves less than 10% viarabdf R, 100 50, 0.5, 30 50, 0.51, 30 *+2
1% variation ofl; and 0.2° variation of inception angle. As f 105 20.0.8, 60 20, 0.79, 60 129

vardl fana v P gie. AS 10—g5 200, 0.2, 30 201, 0.17, 30 15
optimization constraints we hav& >0 and O<li<1(relative 100 200, 0.5, 60 203, 0.41, 90 18
values). 105 200, 0.8, 90 203, 0.67, 59 -16.2p

The algorithm has been tested on overhead and tiable
radial networks. In an eight feeders line systemleoigths

(22.5+24+26+28+32+34+36+37.5)km, at 95...105% tuning, IV. CONCLUSION
inception angles from 0° to 90°, 10MVA total loaddathe correct calculation of inception voltage assuresodyo
fault resistance up to 8k with zero sequence current acqu"e@quivalence of new extended zero sequence cirdiits
at frequency 600Hz in the acquisition window [S..BS]from  \qtage takes into account the contributions ofiloarrents on
inception moment we have got the fault positiorhviéss than the fault-to-busbar segment of the faulted line.pigd in
13% mean error relative to fault position. In Tdoknd 2 we rve fitting procedures the new circuit permittes push
present EMTP declared valuesRfl; and & compared to the forward the parametrical limits in SLG fault loaati
fitting R, Ir and & values of matlab calculated Equivalengrocedures.
Circuit currents.

In cables high fault resistances are not relevdnég
insulation breakdown being generally definitive, iotly
developing to permanent solid fault. The cable ivar®f the
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