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This  paper  presents  a study  of  overvoltages  caused  by cloud-to-ground  lightning  strikes  on  loads  con-
nected  to  a complex  low-voltage  distribution  network.  The  importance  of  the  transformer  grounding  in
the  resulting  load  overvoltages  is discussed  for two different  lightning  events.  These  events  emphasize
either  the  induced-voltage  component  or the surge  transference  through  the  distribution  transformer  as
the main  source  of overvoltages  on  the  connected  loads.  A  brief  discussion  is also  presented  on  the  effi-
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ciency  of  low-voltage  surge  arresters  in  protecting  loads  connected  to  complex  low-voltage  networks.  The
obtained  results  indicate  that  the effectiveness  of  improving  the  transformer  grounding  and  of installing
surge  arresters  at specific  points  of  the  low-voltage  network  is limited  in  terms  of load  protection  if
a  complex  network  topology  is  considered.  In some  cases,  especially  for  a lightning  strike  close  to  the
low-voltage  line,  improving  the  transformer  grounding  can  even  increase  load  overvoltages.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

One of the main difficulties regarding the study of lightning
vervoltages on loads connected to complex distribution networks
s in the fact that there are too many possibilities of interaction
etween lightning and the connected loads [1–3]. For example, in
he case of a lightning strike to a building in an urban area, part
f the energy associated with the lightning current will penetrate
he distribution system through voltage gradients created in the
round, which will inject currents into nearby medium-voltage
MV) and low-voltage (LV) lines through the existing grounding
oints [4]. Another part of the energy associated with the lightning
urrent will be injected into the LV line through the back-flow of
ommon-mode currents from the building to the low-voltage line
onductors [4–6]. Also, the electromagnetic fields radiated by the
ightning channel will induce voltages on both MV  and LV distribu-
ion lines [7,8]. Finally, part of the surges induced on the MV lines
Please cite this article in press as: A. De Conti, et al., On
on protecting loads from lightning-induced voltages in compl
http://dx.doi.org/10.1016/j.epsr.2014.02.035

ill be transferred to the LV lines through distribution transformers
nd/or insulation breakdown [8–10].
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A. De Conti).

ttp://dx.doi.org/10.1016/j.epsr.2014.02.035
378-7796/© 2014 Elsevier B.V. All rights reserved.
In addition to the myriad of possibilities regarding the interac-
tion of lightning with complex distribution lines, another difficulty
regarding the analysis of this phenomenon is the fact that there
are too many parameters to be considered, each of them playing a
different role on the resulting load overvoltages [8–13]. This often
makes it difficult for the analyst to take a decision about the most
appropriate protection design for a given line topology. For exam-
ple, it is believed that for reducing load overvoltages due to the
surge transference from MV  to LV distribution lines through dis-
tribution transformers the Rt/Rc ratio should be kept low, where
Rt and Rc are, respectively, the transformer and consumer ground-
ing resistances [14]. However, in a different scenario considering
a lightning strike to the ground in the vicinity of a complex distri-
bution network [e.g., 8–10], the resulting load overvoltages will be
caused not only by the transference of surges from the MV  line to
the LV line through the distribution transformer, but also by the
effect of the lightning electromagnetic fields that illuminate the
LV line. In such case, the effect of reducing the Rt/Rc ratio on the
associated load overvoltages is, in principle, not known.

In this paper, an attempt is made to identify the influence of
transformer grounding and LV surge arresters on overvoltages
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

caused by nearby cloud-to-ground lightning strikes on loads con-
nected to a complex distribution network typically found in urban
areas. The analysis considers the simultaneous effect of surges
transferred from the MV  line to the LV line through the distribution

dx.doi.org/10.1016/j.epsr.2014.02.035
dx.doi.org/10.1016/j.epsr.2014.02.035
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:conti@cpdee.ufmg.br
mailto:albertodeconti@yahoo.com.br
dx.doi.org/10.1016/j.epsr.2014.02.035
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ransformer and the illumination of the LV lines by the incident
ightning electromagnetic fields. The obtained results are believed
o give an indication of actions that power utility companies may
ake or not for reducing lightning-related problems in LV networks.

. Developments

.1. Simulated system

The simulated system is shown in Figs. 1 and 2. It reproduces the
omplex distribution network studied in [10], except that now the
ccurrence of flashovers at the MV and LV insulators is considered.
he network topology consists of two MV  lines connected to four
V lines through distribution transformers. The transformers are
rotected by ZnO surge arresters at their primary and secondary
ides. The system topology is such that a continuous, effectively
rounded neutral conductor is shared by the MV and LV lines. The
onnecting point of the neutral of each LV line to the neutral of
he MV  line is located at the transformer poles, more exactly at the
ransformer grounding, Rt. The neutral is also grounded at every
ervice entrance with a single grounding rod, named Rc. The use of

 continuous, effectively grounded neutral conductor is a requisite
or the short-circuit protection of the lines, as adopted by many
ower utility companies in Brazil. In principle, it has no relation
ith the lightning protection of the lines.

The MV lines adopt the open-wire configuration shown in Fig. 1.
he neutral wire is laid down 1.2 m below the phase conductors. It
s grounded at poles P1, P2, P3, P5, P7, P8, P9, P10, and P11 with a
ingle vertical rod, while at the transformer poles P4, P6, P10, and
12 three vertical grounding rods are used. As discussed above,
he grounding points at poles P4, P6, P10, and P12 are shared
y the neutral conductors arriving at the MV and LV sides of the
ransformers. To avoid reflections, the MV  line 1 is matched at
oth ends. Each of the LV networks is formed by a three-phase line
ith four vertically stacked wires as shown in Figs. 1 and 2.

.2. Modeling of system components

The distribution system shown in Figs. 1 and 2 was implemented
n the Alternative Transients Program (ATP) [15]. The grounding

odel used in the simulations reproduces the frequency response
f grounding configurations comprising either one or three verti-
al rods up to a few MHz. It consists of an RC parallel circuit with

 = 0.346�  and C = 0.0256εr (for the case of one 2.4-m long vertical
od buried in the ground) and R = 0.119� and C = 0.0743εr (for the
ase of three parallel rods of 2.4 m buried in intervals of 3 m)  [16]. In
uch expressions, R and C are given in � and nF, respectively, and �
nd εr are the conductivity and the relative electric permittivity of
he ground, which for the base case considered here are respectively
ssumed as 0.002 S/m and 10. All grounding down-conductors were
odeled as 7.2-�H inductances.
The transformer model reproduces the frequency response of a

ypical 30-kVA (13.8 kV/220-127 V, delta-wye) three-phase distri-
ution transformer up to a few MHz  [17]. The ZnO surge arresters
rotecting its primary and secondary sides present a nonlinear
ehavior that, for currents ranging from 0.1 to 1 kA, assure termi-
al voltages between 25 and 30 kV at the primary side, and around
.65 kV at the secondary side [10].

Loads were connected between phase and neutral. They were
epresented as a linear circuit that fits the frequency response

 
 

 

Please cite this article in press as: A. De Conti, et al., On
on protecting loads from lightning-induced voltages in compl
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f typical consumer installations in the lightning frequency
ange [18]. Each load was connected to the LV line through a
on-illuminated, 15-m long service drop consisting of twisted
onductors.
 PRESS
ms Research xxx (2014) xxx–xxx

For representing insulation breakdown, the MV line insula-
tors were modeled as ideal switches controlled by the integration
method, DE =

∫ t

to
[U(t) − U0]kdt, where DE is the so-called disrup-

tive effect, U(t) is the incident voltage, U0 is the onset voltage, k
is a constant, and to is the time at which U(t) ≥ U0 [19]. For repre-
senting the central insulator of the MV  line, it was assumed that
U0/CFO = 0.8, DE/CFO = 1.545 × 10−6, and k = 1, where CFO = 165 kV
is the critical flashover overvoltage [20]. Insulation breakdown was
neglected at the outer insulators because their CFOs are usually high
enough to withstand lightning-induced voltages. In the LV lines, a
simpler flashover model was  used. It considers insulation break-
down from the phase and neutral wires to ground whenever the
incident voltage exceeds 1.1CFO, where CFO = 35 kV and the factor
of 1.1 accounts for the turn-up in the insulator volt-time curve [20].
Following [11,21], each pole was represented as a non-intentional
grounding resistance given by Rp = 0.4/�.

2.3. Simulation details

Two stroke locations were considered as illustrated in Fig. 1.
Event A corresponds to a lightning strike to ground at a point 50 m
far from MV line 1, in the area between LV lines 1 and 2 (coordi-
nates X = 0 m,  Y = −50 m).  Event B corresponds to a lightning strike
to ground also 50 m far from MV  line 1 but about 500 m far from
LV lines 1 and 2 (coordinates X = −450 m,  Y = −50 m).  As in [10],
both events were chosen to simulate conditions in which either
the direct illumination of the LV lines by the incident lightning elec-
tromagnetic fields (event A) or the surge transference through the
distribution transformers (event B) is expected to prevail in terms
of load overvoltages.

Lightning-induced voltages were calculated in most cases
assuming a 31-kA lightning current with shape and time-
characteristics reproducing the median parameters of first stroke
currents of downward negative lightning measured at Mount San
Salvatore, Switzerland (see [22] for details). For obtaining the spa-
tial and temporal current distribution along the lightning channel,
the modified transmission line model with linear current decay
with height (MTLL) with a propagation speed of 130 km/�s and
a channel height of 7.5 km was considered [23]. Remote light-
ning electromagnetic fields were calculated assuming the lightning
channel to consist of a vertical antenna [24]. The influence of ground
conductivity on remote lightning electromagnetic fields was taken
into account with the Cooray-Rubinstein formulation [25,26]. The
field-to-line coupling was performed with the model of Agrawal
et al. [27], and the interaction of the incident fields with the lines
was implemented in ATP as shown in [28].

In theory [29,30], a lightning discharge with a prospective cur-
rent of 31 kA would result in a direct strike to MV  line 1 or to LV
lines 1 or 2 if events A and B are considered. Here, it is assumed that
some protruding object such as a tree or tower diverts the lightning
discharge from the lines, although for simplicity both the field dis-
tortion caused by the strike object and the injection of currents
into the LV lines due to voltage gradients created in the ground are
neglected.

3. Influence of transformer grounding on load overvoltages

In distribution systems in which the neutral conductor is shared
by the MV and LV lines, the transformer grounding can reduce
the amplitude and energy of surges transferred from the MV  line
to the LV line [13,14]. This conclusion, which stems from stud-
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

ies considering direct lightning strikes to MV lines, relies on the
fact that reducing Rt will reduce the potential rise caused by
the currents drained to ground by the surge arresters that pro-
tect the transformer primary. As a consequence, common-mode

dx.doi.org/10.1016/j.epsr.2014.02.035
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Fig. 1. Simulated system and resp

urrents flowing into the LV conductors are attenuated, together
ith the associated load overvoltages. In the particular case of a
irect lightning strike to the MV line it is thus desirable to obtain

 low Rt/Rc ratio, where Rt and Rc refer to the transformer and
onsumer grounding resistances, respectively, with both Rt and Rc

eaching values as low as possible [13,14].
In this section, an attempt is made to verify whether the same

easoning is valid for load overvoltages caused by cloud-to-ground
trikes in the vicinity of the complex distribution network of Fig. 1.
owever, the analysis is more difficult in the present case because

oad overvoltages are now the result of two simultaneous events,
amely the voltage induction due to the electromagnetic fields gen-
Please cite this article in press as: A. De Conti, et al., On
on protecting loads from lightning-induced voltages in compl
http://dx.doi.org/10.1016/j.epsr.2014.02.035

rated by the lightning discharge and the transference of surges
hrough the distribution transformer. To simplify the analysis, it is
ssumed that all consumer loads have identical grounding resis-
ances of Rc = 173 �,  obtained from the grounding model of Section
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2.2 for � = 0.002 S/m, while the transformer resistance Rt is varied.
Following the value assumed for �, the non-intentional ground-
ing resistance of the poles were set as Rp = 200 �.  All remaining
grounding points of the neutral conductor at poles P1, P2, P3, P5,
P7, P8, P9, and P11 of the medium-voltage line were assumed to
have grounding resistances of 173 � corresponding to the use of a
single grounding rod as detailed in Section 2.2. This value remained
unchanged in all calculation results presented in the text.

3.1. Influence of transformer grounding and insulation
breakdown on the waveforms of load overvoltages
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

To exemplify and illustrate the effect of transformer grounding
on the waveforms of load overvoltages associated with event A,
which corresponds to a cloud-to-ground strike at a position close
to the LV lines, Fig. 3 shows phase-to-neutral and phase-to-ground
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ig. 3. Voltages calculated on loads C2-2 and C2-12 for event A considering three
reakdown in LV line 2.

oltages calculated on loads C2-2 and C2-12 considering three
ifferent values for Rt, namely 6, 60 and 600 �.  The value of 60 � is
erived from the grounding model of Section 2.2 for � = 0.002 S/m.
he remaining values represent a tenfold variation of Rt above and
elow the base value. The corresponding Rt/Rc ratios are 0.0347
Rt = 6 �),  0.347 (Rt = 60 �),  and 3.47 (Rt = 600 �).  For simplicity,
he waveforms shown in Fig. 3 were calculated neglecting insula-
ion breakdown in the LV lines. In Fig. 4, the analysis is repeated
ssuming the occurrence of flashovers.

First analyzing the waveforms shown in Fig. 3, which were
alculated neglecting insulation breakdown, it is seen that increas-
ng Rt from 60 � to 600 � does not have a significant effect on
he load overvoltages. This suggests that instead of using three
rounding rods at the transformer pole, which leads to Rt = 60 �
or � = 0.002 S/m, a simpler transformer grounding consisting of a
ingle rod could be used, which would lead to Rt = 173 � for the
ame ground conductivity. On the other hand, if Rt is reduced from
0 � to 6 � a significant voltage reduction is observed on load C2-2.
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his is in line with the recommendation of a low Rt/Rc ratio based
n the analysis of transferred lightning surges from MV  to LV lines
13,14]. Conversely, a low Rt/Rc ratio leads to a voltage increase on
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load C2-12. One possible reason for this behavior, at least regarding
phase-to-neutral overvoltages, is the fact that if the grounding of
the neutral conductor is improved, the voltage induced on the neu-
tral with respect to ground by the incident electromagnetic field is
reduced more significantly than the voltage induced on the phase
conductors with respect to ground, thus increasing the differential
voltage between phase and neutral [31]. However, in the present
case load overvoltages are the combination of induced voltages and
surges transferred from the MV  to LV line [10], which let the analy-
sis less straightforward. In fact, the polarity of the induced voltage
component on LV line 2 due to event A is essentially positive in the
immediate vicinity of the stroke location and typically negative at
farther points due to the influence of ground conductivity [32]. On
the other hand, it can be shown that the transferred voltage com-
ponent is of positive polarity along the LV line 2 for event A. The
combination of the induced and transferred surge components will
therefore determine either an increase of the total voltages (most
likely at an observation point close to the stroke location, e.g., at
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

load C2-2, where the surge components are of the same polarity) or
a relative reduction in the total voltages (most likely at an observa-
tion point relatively far from the stroke location, e.g., at load C2-12,
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ig. 5. Voltages calculated on loads C2-2 and C2-12 for event B considering three d
f  insulation breakdown in LV line 2.

here the surge components are of opposite polarity). Since the
mplitude of the positive voltage component associated with the
urge transference from the MV  line to the LV line is less signifi-
ant for Rt = 6 � than for Rt = 60 �,  the total overvoltages observed
n load C2-2 are therefore less positive if Rt is reduced from 60 �
o 6 �,  while the overvoltages observed on load C2-12 are more
egative for the same condition, which could in part explain the
ehavior observed in Fig. 3.

The analysis above regarding the influence of Rt on the voltages
alculated on loads C2-2 and C2-12 is still valid if a more realistic
ase including the possibility of flashovers in the LV line 2 is con-
idered. The obtained results, which are shown in Fig. 4, suggest
hat insulation breakdown tends to reduce the relative importance
f Rt on the calculated phase-to-neutral overvoltages in LV line 2
or the considered event. This happens because additional ground-
ng paths are created through the poles due to the flashovers.
hese new grounding paths also modify the calculated waveforms,
hich becomes apparent if the voltages calculated on load C2-2

onsidering or neglecting flashovers are compared in Figs. 3 and 4.
nterestingly, in the particular case of load C2-2 flashovers lead to a
elative reduction in the phase-to-neutral overvoltages, but in the
ase of load C2-12 the occurrence of flashovers contributes to a
elative increase in the calculated overvoltages. A detailed analysis
f the mechanisms leading to one condition or the other requires
he consideration of multiple reflections at the discontinuity points
f the line, resonant phenomena involving the natural frequencies
f the circuit, the location and characteristics of the flashovers (if
hase to ground, neutral to ground or both), and the relative posi-
ion of the stroke location respective the observation point, among
thers. Such analysis is not straightforward and is out of the scope
f this paper.

To conclude this section, Fig. 5 illustrates overvoltages calcu-
ated on loads C2-2 and C2-12 associated with event B, which
orresponds to a cloud-to-ground strike on a point relatively far
rom LV line 2. In this particular case, the transferred surge com-
onent is expected to prevail over the induced voltage component
10]. From the point of view of the load overvoltages, the evaluated
ondition thus approaches that of a direct lightning strike at some
oint of the MV line, except that the associated voltage levels are
Please cite this article in press as: A. De Conti, et al., On
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uch lower. In this case, the analysis becomes qualitatively similar
o the one presented in [14] and a reduction in Rt will always be
xpected to contribute for reducing load overvoltages. This happens
ecause the voltage rise at the transformer grounding is responsible
t values for Rt , namely (1) 6 �,  (2) 60 � or (3) 600 �,  and including the possibility

for injecting currents into the phase and neutral conductors of the
LV line. These currents circulate through the loads and return to
the transformer pole through the ground. For this reason they are
usually referred to as common-mode currents. If the transformer
grounding is improved, the voltage rise at the transformer pole is
reduced due to the more effective grounding of the neutral and, as a
consequence, both the common-mode currents affecting the loads
and their associated overvoltages are reduced. Following the same
reasoning, a poor transformer grounding is expected to increase the
associated load overvoltages in this case. This behavior is observed
in Fig. 5, but interestingly a tenfold increase of Rt from 60 � to
600 � again does not change the calculated voltage waves sig-
nificantly. This can be due to the fact that in the particular case
considered here the equivalent consumer grounding impedance
seen from the transformer pole is much less than 173 � because
of the parallel association of all connections to ground in LV line
2. Therefore, a transformer grounding resistance of 60 � is already
too large for characterizing a favorable Rt/Rc ratio in the consid-
ered case, and a transformer grounding resistance of 600 � will
perform similarly. On the other hand, if Rt is reduced from 60 �
to 6 � a more significant reduction is observed in both phase-to-
neutral and phase-to-ground overvoltages. However, the voltage
levels, especially the ones appearing between phase and neutral,
are already much lower than the ones observed for event A. It is
to be noted that the voltages illustrated in Fig. 5 were calculated
including the possibility of insulation breakdown on the LV lines.
However, the voltage levels on LV line 2 were insufficient to cause
flashovers.

3.2. Analysis of the Rt/Rc ratio

To better illustrate the effect of the Rt/Rc ratio on the load over-
voltages associated with events A and B, additional simulations
were performed for the same conditions considered in the previous
section, except that Rt was varied to assure an excursion of the Rt/Rc

ratio from 0 to 2. The obtained results are illustrated in Fig. 6, which
shows the peak values of phase-to-neutral and phase-to-ground
overvoltages calculated on loads C2-2, C2-5, C2-7, C2-9, and C2-12
for events A and B, all cases considering insulation breakdown.
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

First analyzing Fig. 6(a), which refers to a cloud-to-ground strike
close to the LV line 2 (Event A in Fig. 1), it is seen that the effect
of reducing Rt on the phase-to-neutral overvoltages is significant
only for very low Rt/Rc ratios. This is a consequence of insulation

dx.doi.org/10.1016/j.epsr.2014.02.035
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Fig. 6. Peak value of overvoltages calculated on loads connected

reakdown in LV line 2, which creates additional grounding paths
nd minimizes the influence of Rt on the voltages across the load
erminals, at least for the considered event. As discussed in the
revious section, depending on the observation point on the line,
educing Rt can lead either to an increase or a decrease in load
vervoltages. A similar analysis can be addressed to the phase-
o-ground overvoltages associated with event A, except that they
re comparatively more sensitive to the Rt/Rc ratio. For lightning
urrents of larger amplitudes, the effect of the Rt/Rc ratio on the
ssociated load overvoltages is likely to become less smooth and
ess predictable because of the greater number of flashovers.

Now analyzing Fig. 6(b), which refers to a cloud-to-ground strike
elatively far from the LV line 2 (event B in Fig. 1), it is seen that a
eduction of the Rt/Rc ratio will always contribute to reduce the
ssociated load overvoltages, as discussed previously. It is to be
oted, however, that the protection effect propitiated by reducing
t is only effective for very low Rt/Rc ratios. This is because the
quivalent consumer grounding impedance seen from the trans-
ormer pole is too low because of the many grounding points
xisting at LV line 2. Also, the voltage levels associated with event B
re much lower than those associated with event A, which in theory
ould minimize the need for a significantly improved transformer

rounding when dealing with load protection.

.3. Cumulative overvoltages

Although illustrative of the effect of the Rt/Rc ratio on lightning-
nduced overvoltages on loads connected to complex LV networks,
he analysis of the previous sections is focused on a small group
f loads connected to LV line 2. Also, since a low Rt/Rc ratio
an lead either to an increase or a decrease on load overvolt-
ges associated with the simulated lightning events, the analyses
f the previous sections remain inconclusive about the possi-
le benefits or drawbacks of reducing the Rt/Rc on the load
vervoltages. Here, the analysis is extended to all the 36 loads
onnected to the LV lines 1–4. For this, a base case considering
c = 173 � for all consumer loads and Rt = 60 � for all transformers

s assumed as in Section 3.1, with two cases representing a tenfold
ariation of Rt above and below the base case, namely Rt = 6 � and
t = 600 �.  In all cases, insulation breakdown was considered. Also,
Please cite this article in press as: A. De Conti, et al., On
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n addition to the 31-kA lightning current considered in the pre-
ious sections, a more severe lightning current of 90 kA (obtained
imply by scaling up the 31-kA lightning current waveform) was
aken into account to give a better idea about the effect of the
 line 2 for events (a) A and (b) B as a function of the Rt /Rc ratio.

Rt/Rc ratio on the load overvoltages. The obtained results are shown
in Fig. 7, which presents cumulative phase-to-neutral and phase-
to-ground overvoltages on the connected loads for events A and
B.

First analyzing the phase-to-neutral voltages in Fig. 7, it is
observed that about 80% percent of the voltages associated with
event A are below 1.5 kV and 5.0 kV for currents of 31 kA and
90 kA, respectively, while for event B there are no phase-to-neutral
overvoltages exceeding 2 kV. Overvoltages exceeding a few kV are
expected to cause flashovers in electrical appliances [33]. Although
neglected here for simplicity, this phenomenon can be important in
a more rigorous analysis of lightning overvoltages in LV networks.

With regard to the influence of the transformer grounding on
the resulting overvoltages, it is apparent from Fig. 7 that a reduc-
tion of Rt from 60 � to 6 � leads to an overall reduction both on
the phase-to-neutral and phase-to-ground overvoltages associated
with event B, regardless of the considered peak current. As dis-
cussed before, this happens because for a cloud-to-ground strike
on a position relatively far from the LV lines the surge transference
from the MV  line to the LV line is expected to play a more signifi-
cant role on the load overvoltages than the illumination of the LV
lines by the incident lightning electromagnetic fields. This lets the
analysis analogous to that of a direct strike to the MV  line [13,14]
except for the lower voltage magnitudes. In Fig. 7, it is seen that
a tenfold increase of Rt from 60 � to 600 � does not significantly
change the overvoltages associated with event B.

Regarding event A, which corresponds to a lightning strike to
ground on a position relatively close to the LV lines, the effect of
the incident electromagnetic field plays a more important role on
the characterization of the load overvoltages than the transfer-
ence of surges from the MV  lines to the LV lines [10]. However,
as for event B, the reduction of Rt contributes to an overall reduc-
tion in the phase-to-ground voltages regardless of the considered
peak current. When it comes to phase-to-neutral overvoltages, a
reduction in Rt from 60 � to 6 � leads to an apparent increase in
the calculated voltages for a peak current of 31 kA. As explained
before, this could be related to the increase in the differential
voltage across the phase and neutral wires of the LV lines as the
voltage of the grounded wires is reduced with the improvement
of the transformer grounding. It could also be related with dif-
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

ferent compositions of the transferred and induced components,
which can present opposite polarities depending on the obser-
vation points on the line. An increase in Rt from 60 � to 600 �,
on the other hand, does not have any significant effect on the
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ig. 7. Cumulative distributions indicating the percentage of overvoltages below t
oads  connected to LV lines 1–4.

hase-to-neutral overvoltages associated with the 31-kA lightning
urrent. In the considered case, this indicates that using three
ods at the transformer grounding would be essentially a waste
f material; no significant differences would be observed in terms
f phase-to-neutral load overvoltages if a simpler grounding con-
guration were used instead. For a peak current of 90 kA, the effect
f Rt on the phase-to-neutral overvoltages is even less significant
han for a peak current of 31 kA. This can be explained by the greater
umber of flashovers occurring for the 90-kA peak current, which
reates additional grounding paths in the LV lines and minimizes
he role of Rt.

For the sake of consistency, it is instructive to check to
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hat extent the conclusions drawn from the results illus-
rated in Fig. 7 would still hold for a simpler LV line
opology. This is made in Fig. 8, where the analysis of Fig. 7 is
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ig. 8. Same as Fig. 7, except that all laterals were removed from LV lines 1, 2, and 3, and
3-1,  C3-5, and C3-9 (in LV line 3), and C4-1 were considered.
icated value for a lightning current of either (a) 31 kA or (b) 90 kA considering all

repeated for a simplified line topology based on Figs. 1 and 2, in
which all laterals were removed from LV lines 1, 2, and 3, and only
loads C1-2, C1-7, C1-12, C2-2, C2-7, C2-12, C3-1, C3-5, C3-9, and C4-
1 were kept in the LV lines. Overall, it is seen that the results shown
in Fig. 8 are qualitatively similar to the ones illustrated in Fig. 7. This
gives support to the idea that improving the transformer ground-
ing will not necessarily reduce overvoltages across loads connected
between phase and neutral, because its action is dependent on
the balance between the effects of the incident electromagnetic
field and the transferred surge component on the resulting load
overvoltages. Perhaps the most remarkable feature of the results
illustrated in Fig. 8 is the fact that the voltages induced on the phase
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

conductors with respect to ground are more significantly affected
by the improvement of the transformer grounding than in the case
of a LV line with a greater number of loads. This can be explained
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 only loads C1-2, C1-7, and C1-12 (in LV line 1), C2-2, C2-7, and C2-12 (in LV line2),
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ig. 9. Cumulative distributions indicating the percentage of overvoltages below th
V  surge arresters, (2) LV surge arresters at the transformer secondaries, and (3) LV

y the reduced number of grounding points on the load side of the
V line, which increases the equivalent consumer grounding resis-
ance seen from the transformer pole and let the influence of Rt

lone more significant in reducing the total overvoltages than in
he case where a greater number of grounding points is available
n the LV line.

. Influence of LV surge arresters

In the previous sections it is assumed that the transformer sec-
ndary is protected by LV surge arresters, which is a measure
dopted by many power utilities to reduce lightning-induced fail-
res in power transformers. Here, an attempt is made to identify
hether LV surge arresters installed at the transformer secondary

an protect loads connected to a complex LV line. For such, cumu-
ative overvoltages were calculated on all 36 loads connected to LV
ines 1–4 for events A and B considering three conditions as fol-
ows: (1) no surge arresters on the LV lines, (2) surge arresters only
t the transformer secondary, and, to evaluate a possible action
hat power utilities could take to protect consumer loads, (3) surge
rresters at the transformer secondary and at both ends of the LV
ines (more specifically at the poles where the service drops feed-
ng loads C1-2, C1-12, C2-2, C2-12, C3-1 and C3-9 are derived from).
n all cases insulation breakdown was considered. It was  assumed
hat Rt = 60 � and Rc = 173 �.

The results are shown in Fig. 9, where it is seen that the pres-
nce of surge arresters at the transformer secondary offers limited
rotection to the loads. In the case where arresters are installed
t the ends of the LV lines, a greater reduction is observed in the
hase-to-neutral overvoltages compared to the cases in which such
rresters are absent. However, the observed reduction is insuffi-
ient to assure load protection, especially for event A. This becomes
pparent if it is observed that over 60% of the overvoltages calcu-
ated for such event for a lightning current of 90 kA exceed 1 kV,
ven though the protective level of the installed LV arresters is of
.65 kV. This result is indicative that that surge arresters should
e installed in shorter intervals along the LV lines for improved
Please cite this article in press as: A. De Conti, et al., On
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oad protection, preferably with surge protective devices connected
lose to sensitive loads inside the consumer installations. It is also
lear in Fig. 9 that surge arresters installed between phase and neu-
ral have a negligible effect on phase-to-ground overvoltages. This
cated value for a lightning current of either (a) 31 kA or (b) 90 kA considering (1) no
 arresters at the transformer secondaries and at the end of the LV lines.

is explained by the order of magnitude differences observed in the
voltages induced from phase to neutral (a few kV) compared with
the voltages induced from phase to ground (tens of kV); reductions
in the former are therefore expected to have nearly no effect in the
latter.

5. Discussion

The obtained results indicate a limited effectiveness of improv-
ing the transformer grounding and of installing surge arresters
at specific points of a complex LV network in terms of reducing
phase-to-neutral overvoltages caused by nearby cloud-to-ground
strikes. For stroke locations relatively far from the LV lines, assur-
ing a low Rt/Rc ratio is always beneficial, which is in line with
the recommendation of [13,14] applicable to direct strikes to MV
lines. However, the sensitivity of the phase-to-neutral overvolt-
ages to the Rt/Rc ratio is very low because of the great number of
grounding points existing in a complex LV line. This fact, together
with the observation that load overvoltages associated with light-
ning strikes at points relatively far from the LV lines are usually
less harmful, poses a question about whether is justifiable or not
to invest in a transformer grounding that be significantly better
than the remaining grounding points in the LV lines. To complicate
more, it has been shown that a very low Rt/Rc ratio can actually
increase lightning overvoltages across the terminals of the loads,
especially for a stroke location that is close to the LV line. Since in
principle it is not possible to control the point where the lightning
discharge will hit the ground, investing in a very low Rt/Rc ratio
through a significant improvement in the transformer grounding
remains questionable, at least from the point of view of phase-to-
neutral overvoltages caused by cloud-to-ground lightning on loads
installed in complex distribution networks. Similar conclusions can
be extended to phase-to-ground overvoltages. Although a full sta-
tistical analysis using the Monte Carlo method would be preferred
for a more accurate assessment of the influence of the Rt/Rc ratio, it
is believed that the analysis presented here is able to give at least
a qualitative indication about it. In fact, similar conclusions have
 the role of transformer grounding and surge arresters
ex distribution networks, Electr. Power Syst. Res. (2014),

been obtained for different stroke locations and lightning currents
with characteristics that differ from the ones considered here [34].

With regard to the use of surge arresters in LV networks, some
studies of the transference of surges from MV  to LV lines point

dx.doi.org/10.1016/j.epsr.2014.02.035
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ut to the possibility of surge arresters installed at the transformer
econdary to actually increase load overvoltages [e.g., 14]. This con-
ition, which would result from the bypassing of the transformer
econdary impedance by the LV surge arresters and the consequent
ncrease of common-mode currents associated with the voltage rise
t the transformer grounding, was not verified in none of the cases
nvestigated here. This can be due to the fact that all evaluations
resented here consider the illumination of the LV lines by the inci-
ent lightning electromagnetic fields, an effect that was neglected

n [14]. In any case, it must be expected that surge arresters installed
t the secondary of distribution transformers will fail to extend
heir protective behavior to loads connected to complex LV lines.

The limited effectiveness of reducing the transformer ground-
ng resistance and installing additional surge arresters at specific
oints of the LV line in reducing load overvoltages can be seen as

 combination of many factors, such as the occurrence of insu-
ation breakdown, the relatively large distances between loads,
ransformer grounding points, and surge arresters, the relative
mportance of the mechanisms responsible for generating load
vervoltages, and the particularities of a system topology that
nvolves laterals and many grounding points. Another factor that
s expected to reduce the relative importance of the transformer
rounding resistance on mitigating load overvoltages is the fact that
n actual distribution networks the grounding resistances of the
onsumer loads are never uniformly distributed as assumed here,
hich makes it difficult to think objectively in terms of a uniquely
efined Rt/Rc ratio.

. Conclusions

This paper has investigated the efficiency of reducing the trans-
ormer grounding resistance Rt and installing additional LV surge
rresters in the protection of loads connected to a complex distribu-
ion network subjected to lightning-induced voltages. The results
how that it is not possible to assure that reducing the Rt/Rc ratio
hrough the improvement of the transformer grounding will always
ontribute for reducing the resulting overvoltages on the connected
oads. The presence of surge arresters at the transformer secondary

as shown to be ineffective in terms of load protection. Simi-
arly, surge arresters at the ends of the LV lines failed to assure

 uniform protection to the loads. It is therefore expected that an
mproved load protection scheme in a complex LV line should not
ely exclusively on reducing the Rt/Rc ratio, being recommended the
nstallation of surge arresters at shorter intervals in the LV lines as

ell as the use of surge protective devices near sensitive loads.
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