Available online at www.sciencedirect.com
" ScienceDirect BoSEe

Electric Power Systems Research 77 (2007) 1305-1313

RESEARCH

www.elsevier.com/locate/epsr

Analytical prediction of abnormal temporary overvoltages
due to ground faults in MV networks

FM. Gatta™, A. Geri, S. Lauria, M. Maccioni

Department of Electrical Engineering, University of Rome “La Sapienza”, Via Eudossiana n° 18, 00184 Roma, Italy

Received 22 November 2005; received in revised form 31 May 2006; accepted 28 September 2006
Available online 28 November 2006

Abstract

The paper deals with the temporary overvoltages that build up in radial MV distribution networks following the inception of a 1-phase-to-ground
fault. It will be demonstrated that, for extended cable/overhead MV distribution networks with ungrounded neutral, in case of low resistance faults
at critical locations along overhead lines, the neutral voltage can reach very large values, significantly higher than 1p.u. (up to 2.5p.u.). The
attendant temporary overvoltages on healthy phases can be very large, much higher than /3 p.u. (up to 3.5 p.u.). Fault currents are also affected,
reaching twice the value calculated with simplified methods, i.e. neglecting series impedances. Quick yet accurate analytical formulas for the
prediction of maximum overvoltages, fault currents and critical fault distances are presented, together with their validation by detailed ATP-EMTP
simulations. The results of a study on an existing Italian 15kV-50 Hz extended mixed cable/overhead distribution network are finally presented

and discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

European MV (3.3-33kV) distribution networks have var-
ious topologies, but radial operation with the provision for
back-feed is widespread. In comparison to meshed operation,
this practice allows simpler control and cheaper system protec-
tion but, on the other hand, it decreases the security of supply
for MV customers and MV/LV distribution networks. Neutral
grounding practices in Europe differ widely on a national basis
(and sometimes within the same country), mainly due to histor-
ical and economical factors. Solutions adopted by distributors
range from solidly grounded neutral (e.g. UK) to ungrounded
neutral (e.g. Italy, parts of Finland and Spain), and include all
kinds of impedance grounding or resonant grounding. In Italy
the majority of public MV networks is currently operated with
ungrounded neutral, but a complete conversion to compensated
grounding is envisaged in the mid-term.

Temporary overvoltages originated by 1-phase-to-ground (1-
®-to-Gr) faults are among the most important consequences
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of the neutral grounding practice. When calculating 1-®-to-Gr
fault currents and overvoltages in networks with ungrounded
or high impedance-grounded neutral, line series impedances
are usually neglected. This approximation was justified when
dealing with small distribution networks, consisting of mostly
overhead lines. Today, MV networks can be relatively large
(200400 km of aggregate line length) consisting mostly of
cables, with long overhead and mixed cable/overhead lines in
suburban areas. For such networks and in case of ungrounded
neutral, neglecting line series impedances can lead to unac-
ceptable underestimation of 1-®-to-Gr fault currents and
overvoltages.

The above simplification yields maximum healthy phase
temporary overvoltages just a little larger than the phase-to-
phase nominal voltage (/3 p.u. to ground), i.e. 1.823 p.u. with
ungrounded neutral [1], for the critical fault resistance value
Rr=0.124/(wCoN).

On the contrary, larger overvoltages are actually recorded
in real networks: with ungrounded neutral, critical but cred-
ible network configurations in case of 1-®-to-Gr fault are
liable to experience healthy phases’ overvoltages over 3 p.u.
[8]. Such overvoltages can cause insulation failure at weak
points of the healthy phases, thus leading to a double fault
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to ground (as often recorded by MV line protection systems).
Furthermore, double faults in ungrounded neutral networks,
often imputed to intermittent arcs to ground, could be indeed
explained in terms of the above described fault-originated over-
voltages.

In this paper, the calculation of 1-®-to-Gr fault quantities
for ungrounded or impedance-grounded networks is reap-
praised, leading to simple and accurate closed-form analytical
expressions for fault currents and, notably, for temporary
overvoltages.

Formulas have been validated by detailed ATP-EMTP sim-
ulation of an existing Italian 15kV-50Hz extended mixed
cable/overhead line distribution network.

2. Temporary overvoltages in extended MV distribution
network

2.1. Basic considerations

In order to avoid underestimating 1-®-to-Gr low-resistance
fault current [2-4] and attendant temporary overvoltages in
ungrounded neutral networks, the longitudinal impedance of
the faulted line must be taken into account. In fact, at crit-
ical fault locations, the ratio between zero-sequence and
positive-sequence reactances, though still negative, can assume
relatively small absolute values (e.g. <10), thus, approach-
ing a resonant region [6,8]. From the physical point of
view, the increase of the healthy phases voltage at fault
point and, even more, at the MV supply busbars, is due to
the marked Ferranti effect engendered by the relatively high
capacitive fault current flowing in the inductive series line
impedances.

In the following, it will be evidenced that, in case of 1-®-to-
Gr bolted fault, neutral and healthy phases voltages may attain
1.5-2.5 and 2.5-3.5 p.u., respectively. Moreover, fault currents
are also significantly greater than those yielded by simplified
calculations, raising concerns about touch and step voltages at
the fault point.

The phenomenon causing these high overvoltages has been
pointed out in the first half of the 20th century, in the devel-
oping stage of HV transmission and subtransmission systems
[4,5] which, today, are in general effectively grounded [6]. The
next sections show that this phenomenon also occurs in large,
ungrounded neutral MV networks. Moreover, the sequence com-
ponent network analysis and proposed formulas can be also
applied to impedance-grounded and resonant-grounded net-
works, especially in order to predict system response during
critical compensation contingencies (e.g. large mismatch and/or
loss of compensation devices).

2.2. Sequence component network analysis

Let us consider the MV distribution network shown in Fig. 1,
consisting of many overhead/cable radial lines originating from
the MV busbars (B) of the primary substation (PS), which is
supplied by a HV/MV step-down transformer with ungrounded
neutral (switch S open in Fig. 1a).

In case of 1-®-to-Gr fault at receiving end of a radial line, the
fault current /g and the healthy phases’ voltages are evaluated
by solving the circuit of Fig. 1b. The positive/negative sequence
impedance of the HV/MV step-down transformer, Z|NTR, can
be neglected in comparison with the series impedances of the
faulted line, Z;q. Considering the zero-sequence capacitance
of the faulty line connected to the MV busbars, the circuit
of Fig. Ic is then arrived at. The latter approximation is cer-
tainly acceptable in case of a large MV network, as in the case
under consideration. Solving the circuit of Fig. 1¢ the following
expressions are found:

3E

Ir = ;
2R + Rog + 3R + j2X1a + Xog — 1/(wCoN))

ey

Ro + j(Xon — 1/(wConN))

Eop = — -
2R + Ro + 3R + j2X1a + Xoa — 1/(wCoN))
)
E —1/(jwCon)
0B = - E
2R + Rog + 3R + j2X1a + Xog — 1/(wCoN))
3
Erp = [ —1/(jwCoN)
2R1q + Rog + 3R + j2X1a + Xog — 1/(wCoN))

+ (141200)4 4
The latter can be also written as
JE
[2ria + ron) + j(2x1a + xon)]Lrloc+3Rrloc — JE

ETBZ{

+(14120°)]E} &)
Egs. (1)—(5) point out to several interesting results:

e Increasing the distance of the fault from the MV busbars, the
magnitude of Iy yielded by (1) has a maximum at a given
distance (see Appendix B) and then decreases: in fact, the
capacitive zero-sequence impedance is lowered by the induc-
tive series reactance of the faulted line but the augmented
series resistance of the same phase tends to increase the over-
all impedance. This behaviour is more marked in overhead
MYV lines, usually not equipped with shield wires, whose zero
sequence reactance Xog can be three to four times the posi-
tive sequence reactance Xg. For MV cables with grounded
screen/armour the increase of Ir is small, because frequently
it is Xog < X1q4 and Rog > R1q.

e The magnitude of zero-sequence voltage at fault point, EgF,
can be higher than 1p.u., due to the Ferranti effect of the
capacitive fault current, Iop, flowing in the positive and neg-
ative sequence inductive line impedances (Fig. 1c). It also
follows that negative and positive sequence voltages have
amplitudes greater than 1 and Op.u., respectively. The cor-
responding voltage of the healthy phases can be significantly
higher than /3 p.u.
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Fig. 1. Radial MV distribution network: (a) single-line diagram; (b) connection of sequence networks in case of 1-®-to-Gr fault at the end of a line; (c) equivalent
circuit (see text for approximations).

e The zero sequence voltage magnitude at the PS busbars, Eyg, 2.3. MV network with ungrounded neutral: a test case
is even higher than Egp, due to the Ferranti effect on the zero
sequence faulted line impedance. The increase can be esti- The above phenomena can be quantified by considering the

mated at about 1-1.5kV per 100 A of zero sequence fault simple 20 kV-50 Hz radial distribution network of Fig. 2, includ-
current and 10km of line length. As a consequence, at the ing 170km of overhead lines (r]+jx;=0.23 +;0.35 Q2/km;
MYV busbars the healthy phase voltages may attain 2.5-3.5 p.u.
with a faulted phase voltage over /3 p.u.

e Fault current and voltages are very sensitive to fault and line B OHL 10 km
resistances. A fault resistance, R, of some tens of Ohms |
drastically reduces fault current and overvoltages. 20kV busbars 7;2
e The critical fault distance from PS busbars, Lppyax, corre-
sponding to the maximum overvoltages on healthy phases, 32KV S S0 é Fl
depends on the network size (i.e. on Coyn) and on Rg. Equa- A ‘@— --------
tions yielding the fault distances, Lomax and Lppyax, thatinturn ~  ——J1 — — [roommmmmmmmemees
maximize Ig, Eop and Etg, and the fault resistance, R, that PS [ 777

engenders the maximum healthy phases busbars overvoltage
are given in the Appendix B. Fig. 2. 20kV-50 Hz radial network (80 km cable plus 170 km OHLs).
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Table 1
Fault current and overvoltage for 1-®-to-Gr faults in 20kV ungrounded neutral network of Fig. 2
Fault location Ir=3Ipr (A) Voltages at Ey (p.u.) ERr (p.u.) Es (p.u.) Et (p.u.)
F1 Rp=0%Q 528 Fault point 1.34 0 1.78 2.52
PS busbars 2.43 1.78 2.47 3.39
Rp=25Q 270 Fault point 0.70 0.58 0.89 1.81
PS busbars 1.24 1.24 1.04 2.24
F2 Rp=0% 251 Fault point 1.05 0 1.77 1.83
PS busbars 1.16 0.17 1.83 1.90
Rp=25Q 216 Fault point 0.89 0.47 1.35 1.85
PS busbars 0.99 0.53 1.39 1.92
ro+jx0=0.376 +j1.48 Q/km, co=4.5nF/km) and 80km of g Emax[p.u.]
underground cable lines (cp =240 nF/km). Ter=600 A Ic=450 A T¢p =300 A Ier=150 A

Two 1-®-to-Gr fault locations are considered: at the end of a
10km long overhead line (OHL), or at the end of a 50 km long
overhead line (i.e. F1 and F2 in Fig. 2).

Table 1 reports voltages and currents for fault locations F1
and F2, with fault resistance Rg =0 and 25 Q2.

The 1-®-to-Gr fault (R-phase) at the end of the 50 km long
line with Rp =0 €2 causes a very high overvoltage, up to 3.4 p.u.
on T-phase of PS busbars; at fault location the overvoltage on
the same phase reaches 2.52 p.u. With a 25 2 fault resistance,
the overvoltages are reduced to 2.24 and 1.81 p.u., respectively.
If the 1-®-to-Gr fault occurs at receiving end of the 10 km long
overhead line, maximum overvoltages, found with Rp =25 €,
are lower: 1.92 and 1.85 p.u., respectively, at PS busbars and
fault location.

Very large neutral overvoltages may occur at PS busbars and
at every healthy MV line, ranging from 1.24 to 2.43 p.u. when
Rp is between 0 and 25 2.

Note that for faults near PS busbars, the maximum overvolt-
ages are found for Rp # 0 2 (e.g. for the F2 fault, 10 km distant
from the PS busbars, 1.96 p.u. would occur for Rp=13.4 2).
For distant faults, i.e., at the end of long lines, the maximum
overvoltages occur when Rp =0 €2 (see Appendix B).

For bolted faults (Rp =0 2), I at the end of long lines is far
greater than the value yielded by the usual simplified calculation
approach: e.g., in F1, it is of 528 A instead of 217 A. For short
lines, the increase is smaller (up to 251 A in F2).

Table 1 shows also that, for faults far from the busbars, cur-
rents are markedly affected by Ry. For example, I at location F1
halves (from 528 to 270 A) with Rf increasing from O to 25 €2,
while at location F2, the corresponding decrease of I is only
15% (i.e. from 256 to 216 A).

Fig. 3 shows the maximum healthy phases’ overvoltages at
supply busbars, versus the fault distance, with Rp =0 2 and for
different values of the capacitive fault current IcF, i.e. different
overall network extensions. Note that Ep,x on the healthy phases
is the same (3.77 p.u.) for all network extensions: in fact, Eq.
(5), shows that when Rp =0 €2, Enax is a function of the product
Lglcr; it follows that in larger networks (i.e., with high Icp),
Enax 1s found for lower values of the fault distance.

Fig. 4 shows Epax versus fault distance, for Icp=300 A
and Rg=0, 5, and 10 2. For Rp=10Q Ey,x occurs for fault

1 \ : i

0 20 40 60 80 100 . [km]

Fig. 3. Maximum healthy phases’ overvoltages vs. fault distance from supply
busbars (Rp =0 2).

distances in the 40-45km range and decreases from 3.77 to
2.66 p.u.

Fig. 5 shows that fault resistance reduces Epax more effec-
tively in large MV networks (as already stated). From Fig. 5 it
can also be seen that, for credible values of network extension
and fault resistances (Icp=300A and Rrp=5 and 10 Q2-typical
secondary substation grounding resistances-) Epx can be very
high, up to 2.6-3.15 p.u. for faults at the end of a 40 km overhead
line.

Fig. 6 reports the “critical” fault distance Lpmax (for healthy
phase maximum overvoltages) versus capacitive fault current,
for Rg ranging from 0 to 50 2. It can be noticed that Lppax

§ E nax [p-]
R=00Q
Rp =56
3
7 R +100
2 /
;’/ \
Iep =300 A ~——|
|
0 20 40 60 80 100 Lp[km]

Fig. 4. Maximum healthy phases’ overvoltages at busbars, vs. fault distance.
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values of Rg and IcE.
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Fig. 6. Critical fault distance from supply busbars vs. capacitive fault current,
for different values of fault resistance.

decreases with the increase of MV network extension and fault
resistance. For high values of Rf, the maximum healthy phases’
overvoltages occur in case of fault at the supply busbars.

Finally, maximum overvoltages, Enax, versus capacitive fault
current are shown in Fig. 7 for various values of Rg.

Fig. 8 reports the vector diagrams of the voltages at fault
point and at supply busbars, for a bolted 1-®-to-Gr fault at the
receiving end of the 50 km long line.

E nax [p-u]

150 225 300 375 450 525 leplAl

Fig. 7. Maximum healthy phases’ overvoltages at supply busbars vs. capacitive
fault current.

Fig. 8 shows that phase-to-phase voltages are strongly asym-
metrical, with magnitudes greater than /3 p.u., only at or near to
the fault location. At the supply busbars and along healthy lines,
phase-to-phase voltages are close to normal operating values
and they are practically symmetrical.

MYV windings of MV/LV distribution transformers are often
delta-connected (e.g. in Italy); in this case, only transformers
close to the fault may saturate, thus mitigating the overvoltages
on healthy phases (the delta connection does not allow zero-
sequence saturation). Saturation of voltage transformers, whose
MYV windings are connected in grounded wye, can mitigate the
overvoltages. It should be pointed out that transformer saturation
does not drastically limit the temporary overvoltages, because
the voltage is in quadrature with the magnetic flux: when the
flux is high (i.e. high current) the voltage is near zero.

The main causes of the overvoltage reduction are loads,
additional losses related to increased voltages and magnetizing
harmonics produced by core saturation. Detailed time-domain
simulation is required in order to evaluate these effects,
especially for complex network structures (e.g. ramified con-
figurations of the long faulted cable/overhead mixed line).

2.4. MV networks with compensated neutral: a test case

InFig. 1 letus consider the switch S closed, so that the neutral
is connected to ground by Petersen coil, X,,, and parallel resis-
tance, R,. X, is chosen equal to 1/(3wCon) [3-7] while R, is
set in such a way to limit the resistive fault current at some tens
of A (e.g. ENEL in Italy and EDF in France limit the resistive
current to about 40 A and 20 A, respectively).

With the same approximations introduced in Section 2.1, and
assuming an ideal perfect compensation of the zero-sequence
network capacitances, solution of the circuit in Fig. 9 yields the
following zero sequence voltages at fault point (6) and at supply
busbars (7) in case of 1-®-to-Gr fault at the end of a radial line:

3R, + Roa + jXon

Egr = — - E
2R + Rog + 3R, +3Rg + j(2X1a + Xon)

(6)

—3R,
— E
2Ria + Ros + 3R, +3Rr + j2X1a + Xon)

Epg = @)

From (6) and (7) it follows that for bolted faults (Rg=0)
the amplitudes of Egp and Egp are less than 1 p.u.; since the
neutral resistance R, is prevalent, both above voltages are phase
shifted by about 180° with respect to the pre-fault phase voltage
E. Furthermore, as E g, Ef, E2p, EoF are very small, it can be
concluded that the maximum overvoltages on healthy phases are
not greater than /3 p.u. for every fault location. For the network
of Fig. 2, which requires X, =53 Q2 and R, =288 Q2 (resistive
fault current =40 A), current and voltages for the fault at F2
(see Fig. 1) are reported in Table 2.

For bolted fault, the maximum neutral voltage is 0.97 p.u. at
fault location, whereas the maximum healthy phase overvoltage,
practically constant along each line, is not greater than 1.75 p.u..

For Rp=25< the above overvoltages decrease to
0.87-0.89 p.u. and to 1.66—1.68 p.u., respectively.
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Fig. 8. Vector diagrams of the voltages at fault point and at supply busbars, in case of a 1-®-to-Gr bolted fault at the end of a 50 km long overhead line.

Table 2

Fault current and voltages, in case of 1-®-to-Gr fault at location F2 of Fig. 2
network, with 100% compensated neutral

3. 15kV-50 Hz distribution network: a case study

An existing Italian 15kV-50Hz distribution network

Rp ()  Eor (pu)  Erp(pu)  Eg (pu)  Erg(pu) Ir(A) . . .
(Fig. 10) has been simulated by means of ATP-EMTP, in order to
0 0.97£178° 1737148 095/173%  175/146°  39.47-5.1° quantify the maximum temporary overvoltages which can occur
25 0.892178° 1.66£146° 0.87£173° 1.68£145° 26.3/-4.7° following 1-®-to-Gr faults
B Rig+iXyp B Ryn+iX p B Rop Xon
0F
—— —— | AT
3X. 5%
Ep=E E; Ep=E  Egx — R, Eor

AN
3R

Fig. 9. Sequence networks connection in case of radial MV network with compensated neutral (100% compensation).
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Fig. 10. Existing 15kV-50 Hz Italian distribution network simulated with ATP-EMTP.

The 15kV network, supplied by a 132/15kV 25 MVA step-
down transformer, has an overall line extension of 237 km,
73km of which are cable lines. One of the five main radial
mixed cable/overhead lines is 40km long (from supply bus-
bars to node N1_10 in Fig. 10). A special very long cable
line, whose screens/armours are connected to the buried ground
wire (30km from L1.02 to C1_12 in Fig. 10), is fed from
a 15kV switching substation of the first main radial line
(B/L1.03).

Two neutral grounding connections are analysed:
ungrounded and grounded by a Petersen coil in paral-

lel with a resistance, (respectively, rated X, =83 and
R, =280 Q-resistive fault current of 31 A-).

1-®-to-Gr faults were simulated by ATP-EMTP at every bus
of the network but results are reported for the most relevant
fault locations: supply busbars (bus B); line end of the 40 km
long main mixed radial line (bus N1_10); sending, mid point
and receiving end of the 30 km long cable line (C1.00, C1.05,
C1.12), for the case of ungrounded neutral.

Table 3 shows the fault current and the maximum overvolt-
ages occurring at supply busbars and in the above sections of
the 30 km long cable line.

Table 3
Fault current and overvoltages for 1-®-to-Gr faults in 15kV network of Fig. 10, with ungrounded neutral
Fault point B N1_10 C1.00 CL05 CL.12
Fault resistance, Rg (2) 0.5 1 5 30 - - -
Fault current, Ir (A) 122 122 146 112 124 125 127
Maximum voltage (p.u.)
C1.00, B 1.76 1.76 2.37 2.00 1.76 1.79 1.82
Cl.04 1.76 1.76 2.37 2.00 1.76 1.79 1.82
Cl.12 1.76 1.76 2.38 2.00 1.76 1.79 1.82
Table 4
Fault current and overvoltages for 1-®-to-Gr faults in the network of Fig. 10, with 100% compensated neutral
Fault point B N1_10 Cl1.00 Cl1.05 ClL.12
Fault resistance, Rg (2) 0.5 1 5 30 - - -
Fault current, Ir (A) 42 42 36 33 41 40 40
Maximum voltage (p.u.)
C1.00, B 1.74 1.74 1.71 1.66 1.74 1.74 1.74
C1.04S 1.74 1.74 1.71 1.66 1.74 1.74 1.74
Cl_128 1.74 1.71 1.71 1.67 1.76 1.74 1.74
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Overvoltages up to 2.38 (2.00) p.u. are found for faults at the
end of the 40 km long line with Rg =5 (30) €2. For the same case,
Eq. (5) yields 2.33 (2.03) p.u. overvoltages. These values occur
at supply busbars and in all healthy lines. The difference between
the values obtained by ATP-EMTP and those calculated by ana-
lytical formulas is less than 2.2%. Faults at the end of the long
cable line cause lower maximum overvoltages (1.82p.u.), due
to low zero sequence series reactance of the faulted cable line.
A fault at the supply busbars engenders the lowest overvolt-
ages (1.76 p.u.), practically equal to the phase-to-phase rated
voltage.

The fault current is in the 112-146 A range, with the max-
imum value occurring for a fault at the end of the long
overhead line: with Rp=5 it is 20% greater than the fault
current at the supply busbars. Fault currents in the long cable
line do not practically change with fault position along the
line.

Table 4 finally reports the results obtained for the case of
compensated neutral. Fault current values are in the 33-42 A
range, while maximum healthy phase overvoltages are limited
to 1.74 p.u. (1.73 p.u. according to Eq. (5)) even for faults at
the end of the long overhead line, as predicted. In this case the
overvoltages at the supply busbars are in the 1.71/1.66 p.u. range,
while Eq. (5) yields 1.68/1.61 p.u. overvoltages. The difference
between the values obtained by ATP-EMTP and those calculated
by analytical formulas is less than 3%.

4. Conclusions

The paper dealt with the temporary overvoltages and
fault current following 1-®-to-Gr faults in extended, mixed
cable/overhead line, radial MV networks.

For networks with ungrounded neutral, it has been shown
that:

e 1-®-to-Gr faults at the receiving end of long overhead lines
can cause abnormal overvoltages, especially at Primary Sub-
station busbars and in healthy lines.

e Overvoltages on neutral and healthy phases can reach val-
ues greater than 2.5/3.5 p.u., respectively, in case of bolted
fault.

o For low resistance faults, maximum overvoltages do not occur
at the fault point, but at the MV primary substation and at
healthy lines: values obtained for an existing Italian 15kV to
50 Hz radial network are in the 2.3-2.5 p.u. range.

e For a given MV network and fault resistance, there exists a
critical fault distance which causes the maximum overvoltage
on healthy phases.

e 1-®-to-Gr fault current increases with the distance of the
fault from the MV primary substation; fault current magni-
tudes at remote locations can be significantly larger than those
calculated with the usual approximations.

Analytical formulas, allowing quick and accurate evaluation
of all quantities of interest (maximum overvoltages, fault cur-
rents and critical fault distances) have been arrived at.

The above phenomena and the presented formulas, have been
respectively confirmed and validated by detailed ATP-EMTP
simulation.

The paper also showed that, with compensated neutral, the
above phenomena may be largely suppressed, as long as the com-
pensation degree is near 100%. In the latter case the maximum
overvoltages are not greater than /3 p.u. However, the same
phenomena highlighted for ungrounded neutral can be found
also for compensated neutral networks, in case of partial or total
failure of the neutral grounding impedance. Furthermore, in both
cases of ungrounded and compensated neutral, special attention
must be paid to evaluation of touch and step voltages, given the
possible occurrence of earth fault currents larger than usually
expected.

The authors are currently investigating the occurrence
of abnormal phenomena in networks with imperfect neutral
compensation (due to faults or changes in network struc-
ture).

Appendix A. List of symbols

Con MYV network zero-sequence capacitance

Cin» Con MV network positive-sequence and zero-sequence
capacitance (minus the faulted line)

Ciq, Con faulted line positive-sequence and zero-sequence
capacitance

E MYV supply voltage

Emax  maximum healthy phases’ overvoltage

Etr, ETg T-phase voltage at fault location and at MV supply
busbars

Ep, E»p, Egp positive-, negative-, and zero-sequence voltages
at MV supply busbars

Er, E>r, Egp positive-, negative-, and zero-sequence voltages
at fault location

Icg, Ioc total and zero-sequence capacitive fault current
(neglecting series impedances: Icp = 3Ipc = 3wCoNE)

Ig, Ipp  fault current, zero-sequence fault current (=/g/3)

Lr fault distance from MV supply busbars

Lpmax  critical fault distance from MV supply busbars (for
healthy phase overvoltage at busbars)
Lomax  critical fault distance from MV supply busbars (for fault

current and zero-sequence voltage at supply busbars)
F1fl, Y0fl, X1fl, Xof positive-sequence and zero-sequence series
resistances and reactances of the faulted line up to fault
location, per unit length
Rp fault resistance
Ris1, Roa, X1, Xog  positive-sequence and zero-sequence series
resistances and reactances of the faulted line up to fault
location
neutral grounding reactance (Petersen coil) and parallel
resistance
Ziq, Zop positive-sequence and zero-sequence  series
impedances of the faulted line, up to fault location
ZINTR, ZonTR HV/MV  transformer positive-sequence and
zero-sequence impedance

X}’h Rn
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Appendix B

In the following, practical formulas are given to evaluate
quantities of interest in case of 1-®-to-Gr faults.

e Maximum overvoltage of the healthy phase at fault point is

[v3(Ron + RF) +2X 10 + Xon — 1/(@Con)]

1313

[v/3(Xon — 1/(@Con)) — 2R1a + Rog — 3RF]

Etp = — -
2R + Ro + 3R + j2X1a + Xog — 1/(wCoN))

e Maximum values of Ir and Eyg occur for the fault distance
from the supply busbars given by

(2x18 + xon)/(@wCon) — 3Rg(2r1a + roa)
LOmax = 5 0]
2r1a + ron)” + 2x18 + xon)

e Maximum overvoltage on healthy phases occurs for the fault
distance given by

ﬁE
2R1a + Ron + 3Rr + j2X1a + Xoa — 1/(0Con)) | 2
(B.1)

(B.2)

2J(@Con) + 3v3Re  \/(A/02Ch) + (B/awCon) + C?

LPmax = -

V3R-X

where

R=2rin+ron, X =2xi1a+x0n C=06RX;
e Maximum overvoltage on healthy Primary Substation phase

occurs the for fault resistance given by

VR + X2(/3R — X)

(B.3)

A =7R*+ X% +2V3RX; B =230RREX + 6v3X%Rp

_ @Xin + Xon — 2/(wCon)) + VX1 + Xon — 2/(@Con))” +3(2X1n + Xon — 1/(@Con))*  2Rin + Ron

(B.4)

R
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