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ABSTRACT

Hydro-Québec conducted a research program aimed at
characterizing lightning overvoltages on LV (low-volt-
age) networks. Field measurements were made at five
sitesand theresults wee used to validate an EMTP-based
computer model. Finallghe main conclusions afsensi

tivity analysis identifying the key system parameters that
influenceovervoltages on\. networks a presented. multigroundeq
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1. INTRODUCTION \ / r N
In recent studies [1, 2], the mechanisms which lead to " ? L Iz
lightning overvoltages on\Lnetworks have beetlassi <— LV cables
fied in three groups: 0m 7m \[ PE
— Direct strokes on theM_network. ' Y %;T 77:
— Induced overvoltages on the LV network by a nearby

stroketo ground. transformer-> < R customer—> 3 R,
— Overvoltages on the MV (medium-voltage) line (due ground ground

to a direct stroke or induced from a nearby stroke to
ground) transferred to the LV line. Two mechanisms Figurel Distribution system including a single-phase
areidentified in this case. The first relates to the ever MV line, MV/LV transformer and LV cables
voltages transferred capacitively through the MV/LV (three-phas®V lines are similar)

transformer. The second comes from the fact that in

the systemgonsidered in these studies, thérneutral -

is isolated from the transforméank and ground; ifthe ~ Because of the short length of the ircuits, the proba
LV terminal flashes over, the lightning current is Dbility of a direct stroke on theMLnetwork is reduced.
injectedin the LV grounding network.

Therelative importance of these three causes depends on
}_Te dcharac,tt()ar|s't|cs tOf the systemb. IA brief description of 1 ot veen grounds [1]. With typical distances of 20 to
ydro-Que eg system 1s glv.en .eowl 50 m, the probability of reaching harmful voltages from

As elsewhere in North Americegsidential loads are fed  inductionon LV lines is very low

by single-phase MV/LV transformers (see Fig. 1). MV

linescarrya neutral conductor to ensure the return path of If the topology of North American distribution systems
theloadcurrent. Grounds on MLV and telephone sys contributego reducing overvoltages originating from the
tems are connectéd The grounds along the line, includ LV network, the probability of transferred overvoltages
ing those of customers, are thus tied to the MV neutral and from the MV line is increased (see Fig. 2).

constitute an extended grounding system cédheualti-

The probability that the induced voltage on a line exceeds
agivenvalue is proportional to the square of the distance

grounded neutral.”

MV/LV transformer power ratings typically range from Q/;/ 144 kV/liO V240V

25 to 100 kVA. They feed one or two customers only in | - - - 7‘ Ll
rural areas and up to ten in urban areag.networks are ‘ ‘l

short: their length rarely exceeds 100 m. There are multigrounded \ ‘ N
almost no LV structures. For lengths up to 30 m, the LV neutral |a¢ \ ! 1.2
cable connects the transformer directly to the customer -

installation. Otherwise, the LV cable is usually installed PE

the same conductor (see Fig. 1).
1 The TN-S systemis applied in customerinstallations:the

customergroundis connectedo the neutralof the LV line anda Figure 2 Distribution of the arrester current in the
separat@rotectionconductor(PE)is used(seeFig. 1). groundingsystem Ig=l¢+lc+1p)

onthe MV line where theW and the MV neutrals share o i i <|— §¢ | | ¢
n t c




The arrester protecting the transformer limits the over- i i
p g - 10 sections 10 sectlons»‘

andphase-to-neutral voltages in thé hetwork.

voltageson the MV line (induced or due to a direct stroke) of 100 m T of 100 m

by diverting the lightning current in the grounding sys- S T -

tem. This currentlf) splits between the transformer 400 0 D 400 0
ground {;), the customer ground(s):X and the other o Lo -
groundsconnected to the multigroundedutral {,,) (see -

Fig. 3). These currents produce both neutral-to-ground Rt SR 2R Rio ¢ Rig 2 R
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Figure 3 Overvoltages on the LV network caused by  Figure 4 Topology of the computer model including
thearrester currerlg, the MV line, the MV/LV transformer and the
LV network
Neutral-to-ground voltages at both ends of the LV cable
result from current andl¢ in the transformer and cus-
tomergrounds, respectivelyThe current in theustomer

Due to the inductance reduction and high attenuation
which characterize lines in the ground return mode at

; _ high frequencies, a frequency-dependent model is used
ground (¢) splits between the neutral and phase conduc :
tors of the LV cable. The respective impedances of the for Poth the MV line andV cables.
transformer, the LV cable and the customer load deter- The MV line topology is shown in Figure 1. For this
mine the current division between the phase and neutral studyr,rfhase and neutral conductors were modeled using
conductors. 85 mnt Al and 68 mm ACSR conductors, respectively.

) Twistedconductor cables are used on theretwork. A

As the overvoltages reach a few kilovolts on the LV net- polyethyleneinsulation is used on the two phase corduc

work, surge protection devices operate and/or flashovers {qrs A cable with 34 mm Al conductors was modeled.
occurat the customer installation (ttreansformer BIL on

the LV side is 30 kV) and the current in the transformer Duringthetests, the customer load is constantly changing
LV windings increases. Laboratory tei@fhave shown ~ and its exact nature is unknown. It is therefore approxi-
that surge currents entering the secondary windings can mated by a simple parallel RLC circuit with the induc-
producelocal overvoltages in the MV winding and cause tance representing the subtransient reactance of motors
aninsulation failure. However the influence of the mudti andC, the total capacitance of the installation.

grounded neutral on surge currents and associated volt- Figure Spresents the transformer model. The frequency
ages in the LV network is poorly documented. Hydro- dependence of the leakage inductances and winding re-
Québedhas conducted a project to study this phenomenon. sistancesre taken intaccount. The intewinding capae
itances are not included because they are very small and

Section 2describes the model implemented in EMTP o0 53y no significant role in the phenomenon studied.

and Section 3 presents the field test results including a

comparison with the model. Section 4 summarizes the Typical short-circuit impedances of MWLtransformers

resultsof the sensitivity study vary between 1.5 and 2%. Table 1 gives the model pa-
rameterdor a 25-k\A transformer

2. COMPUTER MODEL

14,4 kV/120 V/240 V

o . . S
Themodel includes an MVN transformer located ithe i z, Zi1 Cu 1
middle of a 2-km MV line (see Fig. 4). Th¥ Inetwork C R %
representation includes each customer fed by the trans- P 3 ‘ o
former and the Y cables connecting them (Fig. 4 shows R, %7 CroL
onecustomer). R %f

ZLZ L2

To model adequately the multigrounded neutral, the MV o—* 7 . ©
line is divided in 100-m sections. The ground resistance
at each node results from paralleling all the grounds L L,
located within a 50-m distance. At each end of the line, Ry Lo
Rof is equal to the multigrounded neutral impedance at Zp ZL1, Zp2
the power frequency (in the order ofifor rural lines). Ry Ry

Thetransformer anthe customer ground&(andR.) are
representechdividually. g &(andFe) Figure 5 Model of a single phase MVXLtransformer



Table 1 Computer model parameters of a 25-kVA '
MV/LV transformer (shell-type, non-interlaced MV/LV ' )
LV windings) transformer < neutral of the MV line
Ry (Q) | Ry () | R (Q) |Ly (uH)|L; (uH) |L> (uH) location
A 17 100 1 020000 | 2000 Ving measurement
L circuit
Zr 1| 0.0024 2 18 12 35 4 Current injection
Z1,] 00037 3| 24| 17| 51| 5 arent
400 Q J2 <« LV cable
R, G Ry ; CrLi Ry Cr2 !
100Q|13nF| 20Q| 1nF| 20Q| 1nF R
The parameters are obtained from impedance measure- R
ments in the frequency domain. The resistance of wind-
ing L1 for example, increases from 2.4nto 20 Q . 20
betweerDC and 1 MHz while the inductance drops from ' m

51 to 15uH over this frequency range. Figure 6 shows ; i antian
the driving impedance of winding L1 with L2 short-cir- Figure 7 l\c/ll\J/rrﬁ:é pulse injection in the neutral of the

cuited.

108

Five rural sites were chosen. Sites 1 and 2 are located

E I B 20 km east of Montréal, site 3, 80 km at the north-east
B i 212=Vally /’\\ andsites 4 and 5, 50 km north @uébec City Sail resis
102 = TV1 7 tivity is low at sites 1 and 20€100Q2-m), medium at
F [ ” \ site 3 (100<p<500Q2-m) and high at sites 4 and 5
10t E 1 7 \ (0>1 000L2-m). Sites4 and 5 are located on the same line
S /\V et v ly a hundred met t
<) g | \ only a hundred meters apart.
N
N 10° E K —— measured Table 2gives the values of the main parameters for the
T — model five sites. All transformers feed only one customer
107 exceptfor the 100-k¥A at site 5 which feeds two custem
S - ersvia two 100-m V cables. In all cases except otteg
10_£/\ Liri Lol LI LoLrrn | R LoLrirn Lo Customelground res'stance IS |OW9r than that Of the t_rans
10t 10 100 10* 106 10F 10/ former. An extensive measurement campaign on rural
Frequency (Hz) lines[4] hasshown that the average resistance of grounds

at the foot of poles on MV lines is 2.5 times higher than

Figure6 Driving impedance of winding L1 with L2 thatof customer grounds.

short-circuited25-kVA transformer)
, Results are grouped in three sections: the ground current
The first resonance at 5 kHz relates to the resonance of gisyription, the impedance of the grounding system and
the MV winding. The main resonance frequency of LV {he phase-to-neutral voltages tre LV network. Results
windingsexceeds 1 MHz. from the measurements at site 1 epenpared with those
of the model.
3. FIELD TESTS

All current and voltage measurements are normalized

Field tests were performed to study the overvoltages on andrefer to the crest value of the injected current)(l
the LV networkcaused by the arrester current injected in

themultigrounded neutral. Aurrent pulsel() is injected Table 2 Transf. kVA rating, number of cust., ground
in the neutral from a ground electrode located 100 m resist.and length of I/ cable for the 5 sites
from the line (see Fig. 7). This current dissipates into the —

groundsimilarly to the arrestesurrent () in Figure 3 in site | kVA | #cust. | R () | R (Q) |y (m)

the case of a direct stroke to the transformer 1 25 1 20 10 30

A portable pulse generator (called “GOFM”) was 2 50 1 30 30 40
designechnd used for the tests. It produd€sA current 3 25 1 100 20 50
pulses with a time to cregt) of 1 us and a time to half

value (500) of 25us. Both the MV line and the LV net- 4 25 1 >1000/502 50 20
work remained energized during the tests. The transient 5 100 ) 1000502 |50, 200 100

currentsand voltages had to be extracted fromgbhever
frequencycomponent. Pulses were generated at a rate of 2
approximately 5 pulses/sec.; noise cancellation was
achievedby averaging measurements over a 18Qsee
ondperiod.

Problems related to lightning were experienced by
customers at sites 4 and 5. Since the ground resistances
(Ry) exceeds 1 k€2 a 200-m-long counterpoise was installed
under the MV line on an experimental basis. The DC
The measurements include currehidy, It andle, the ground resistance of the counterpoise is 15 € and its tran-
neutral-to-ground voltageVf,g) and phase-to-neutral sient impedance is 50 Q Tests were performed with and
voltageson the IV network (see Fig. 3). without it.



3.1 Ground currents

Figure 8 gives the measured and calculated values at
site 1 of the distribution of the injected current)(
betweerthe transformer ground), the customer ground
(Ic) and the neutraly).

Despite the fact that the transformer ground resistance is
twice that of the customer, it initially dissipates almost
80% of the current; this is the lowest inductance path.
Only 40% of the total current reaches the customer
ground and it has a longer time to crest. The closest
grounds on the multigrounded neutral are located more
than200 m from the transformeConsequent|ythe newu

tral dissipates only a small fraction of the current during
the first microseconds. The calculated currents are in
agreementvith the measured values.

Measurements were made with three different values of
the transformer ground resistand®)(to evaluate its
influenceon the current in the customer ground. Figure 9
presentshe results at site 1.

1 T
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Figure 8 Distribution of the current in the grounding
systemat site 1

By disconnecting the transformer groum=co £2), the
fraction of the current in the customer ground is increased
to 90% of the total current and thiee to crest drops be
low 2 us. By reducing the resistance of the transformer
ground to 102, the customer ground current is reduced
to 30% of the total current.

Table 3summarizes the results for the 5 sites. The time
to crestof the current in the customer ground is increased
by the LV cable inductance. Although the arrester may
inject currents with very fast rise times in the ground

1
0.8 r
Q 0.6 T
I, 041
02 r
0 Il Il Il Il
0 5 10 15 20 25
time (us)

Figure9 Current in the customer groundg)( for
differentvalues ofR at site 1

Table3 Peak value and time to crestlgffor the five

sites
site 1 2 3 4 53
I/ 104 035]06 | 0502¢ | 0.230.16*
t-(us) | 5 5 3 1.5/1.54 1/34

3 current in the 5@ customer ground 4 with counterpoise

systemthe time to crest of currents in th¥ table typi
cally reaches a few microseconds. At site 4, tiechble

is short (20 m) and the time to crest is similar to the
injected current. The counterpoise contributes to
reducingthe current in the customer ground by more than
half at site 4.

3.2 Impedanceof the grounding system

Figure 10presents both the measumet calculated neu
tral-to-ground Ying) voltages at site 1. The voltage ex-
ceeds 20 V/A and drops significantly during the first
microseconds.
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Figure10 Neutral-to-ground voltage at site 1

Figure 1 gives transient ground impedance of the neu-
tral. The impedance reaches@0during the first micre
second. This impedance results mainly from the sum of
thelocal transformer ground resistance 2Pand the in
ductive impedance of the 7-m-long conductor connect-
ing it to the neutral. As thél/dt decreases, the customer
ground and other grounds on the MV line contributes to
the impedance reduction. The impedance drops below
5 Q within 5ps.

Oscillations on the voltage and impedance curves result
from reflections on grounding points along the multi-
groundecheutral.

0 2
time (us)

Figure 1 Measured transient impedance of the multi-
groundecdheutral at site 1

o
—_



The impedance of the multigrounded neuatadite 1 was
alsomeasured at 50, 500 and 5 000 Hz using the series in
jectionmethod described in [4]Figure 12 presents mea
sured and calculated values. Between 50 Hz and 5 kHz,
the impedance increases by a factor of twenty. The im-
pedance of the multigrounded neutral, particularly in ru-
ral areas, increases significantly with the frequency

1% E
F —— calculated
__ 10l: 4 measured
s
N 100 £
l | T T I AT L1 LIl
100 10 108 104 10°

Frequency (Hz)

Figure 12Impedance of the multigrounded neutral as
afunction of frequency at site 1

From customer ground resistances (Table 2) and mea-
sured currents (Table 3), neutral-to-ground voltages at
customer installationsfng, see Fig. 3) vary from 4 to
25V/A (the customer ground inductance is neglected).
In TN systems, all grounded conductors at the customer
installation are at the same potential since the customer
groundis tied to the LV line neutral. Consequentigu
tral-to-ground voltages do not pose significant problems
in these systems.

3.3 Phase-to-neutralvoltages on the V network

Phase-to-neutral voltages were measured at both the
transformer and customer ends of the LV cable (see
Fig. 3). Figure 13 compares timeeasured and calculated
phase-to-neutraloltage on winding L2f the transform

er at site 1. The customer load is disconnected in order
to obtain a circuit with known parameters. The nram
onance frequency is close to 1 MHz. High frequencies
are to be expected since both the transformer and the LV
cableresonates at such frequencies.

}J\ m AA (\ ) measured

U\j\/v

MA/\“M/\WW o
[Nv

‘ 10

time (us)

Figure 13Phase-to-neutral voltage at site 1 on winding
L2 of the transformefR=co 2), no load

calculated |

5 15 20 25

Table 4presents the results for the five sites. The value of
Vio is given since the voltage is systematically higher on
winding L2 of the transformer due fts higher impedance.

Thehigh frequencies in Figure 13 are found at each of the
five sites. In some casdewer frequencies (tens of kHz)
are also present. By improving the transformer ground
at sites 4 and 5, voltages are reduced by half at the cus-
tomerend and by one third at the transformer

Table 4 Peak value of phase-to-neutral voltages (in
V/A) measured at the transformer and customer
endsof the LV cable

site 1 2 3 4 5
Vo/l, |38 |23 ] 1.8 3.72.16 | 0.9/0.65
VLS [ ——=108 | 1 | 23/1.20 | 0.8/0.4°

5 the maximum o¥/1 andVc» is given 6 with counterpoise

Voltages at the customer end tend to be lower due to the
overall capacitance of the installation. With voltages in
the order of 1 V/A, a current of a few KA in the arrester
will cause the surge protection devices to operate and/or
multiple flashovers to occur at the customer installation.
The LV cable being short-circuited at the customer end,
the current in the LV windings of the transformer in-
creases.The sensitivity study assumes this condition.

4. SENSITIVITY STUDY

The comparison of the field test results with the model in
the preceding section shows that the latter is adequate to
calculatethe overvoltages on thé&/ network. The sensi
tivity study uses the circuit in Figure 4 to illustrate the
influenceof five parameters on the phase-to-neutodt-
agesacross the transforme¥Llwindings: the transformer
kVA rating, the transformer ground resistan&),(the
ratio of the transformer to the customer grouRdR;),

the length of the MV cable and the time to crest of the
injectedcurrent. Bble 5 lists the valuesf these parame
ters. Ground resistances on the MV lirfg {R,g andRyy)
depend orr and are defined to obtain typical values for
the ground impedance of rural lines. The transformer
feedsone customer and the load is short-circuited.

Table 5 System parameters for the sensitivity study

parameter values
transformer capacity (kVA) 25,50, 100
R (Q) 10, 100, 1000
Ri/R 1,3,10
Ri—=Rqs () R/3
Bor () JR/30
length of LV cable (m) 15, 30, 100
time to crest of injected current (us) 1,2, 10

Figure 14gives the range of values obtained for the 25,
50 and 100-kVA transformers, respectively; the current
injectedhas a Jus time to crest.

Smaller transformers tend to produce higher overvol-
tagesdue to their higher impedance. Laboratory tests [3]
have shown that they are more vulnerable to LV current
surges.
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Figure14 Range of phase-to-neutral voltage values on
the LV side of the transformer

Figure 15shows the influence of the ratio of the trans-
former to the customer ground resistance. For low
groundresistance value®RE10 2), R/R; has little influ

ence on overvoltages. However, with higher ground

5. CONCLUSIONS

LV networks on Hydro-Québec's system are short, typi-
cally under 50 m. The probability of a direct stroke or
reaching harmful induced overvoltages from a nearby
stroke are consequently reduced compared to extended
LV networks.

The multigrounded neutral of the MV line connects the
transformer ground, the LV line neutral and customer
grounds. Overvoltages on the MV line (induced or due
to a direct stroke) cause the arrester protecting the trans-
formerto inject high-enayy current pulses in thé/net

work. Consequently, the probability of overvoltages
originating from the MV line are increased compared to
systemawith the transformer ground isolated from thé L
neutral.

A portable pulse generator (called “GOFM”") was
designed and used to perform tests at five sites. Results
showthat 20-60% of the current the arrester dissipates

resistance values, overvoltages can be reduced by into the ground via the LV network. This current pulse

improving the transformer ground. For example, volt-
ageswere reduced by half attes 4 and 5 with a reduced
transformer ground resistance.

5 /
—~ 4 7 A A A
<
S 34
S tt =1us
> A —
1 R=10Q 25 kVA
= R=1000Q I=15m
0 T T T T
0 2 4 6 8 10
Ri/R;
Figure 15Influence of the R/R. ratio on
phase-to-neutral voltages on the LV side of
thetransformer

The time to crest of the current injected in the neutral
influencesthe LV overvoltages (see Fig. 16). Resonance
frequencies in the MHz range are hardly excited by cur-
rents with lowerdl/dt. These currents consequently{ro
ducelower overvoltages.

= 25kVA
A 100 kVA

(VIA)
[ N W b (6]

T T T T T T T
1 2 5
time to crest of injected current (us)

10

Figure16 Influence of the time to crest of the injected
current on phase-to-neutral voltages on the
LV side of the transformer

causes voltages to appear both in common and differen-
tial modes. In rural areas where the transformer feeds
only one or two customers, values in the order of
10 kV/KA and 1 kV/KA for neutral-to-ground and phase-
to-neutral voltages, respectively, are typical at the cus-
tomer installation (voltages are referred to the current in
thearrester). In TN systems, problems are mostly related
to phase-to-neutral voltages.

As the overvoltages reach a few kilovddiisthe customer
installation,flashovers occur anithe current in the trans
former LV windings increases. The sensitivity study
shows that voltages across the transformer LV windings
range between 1 to 5 kV/KA, with higher values related
to small kK\A ratings.

When problems caused by lightning overvoltages in the
LV network require mitigation measures, different solu-
tions are available. In high soil resistivity areas particu-
larly, improving the transformer ground helps reduce the
current and associated overvoltages in the LV network.
Changesn the desigrof transformers and/or the installa
tion of arresters on the\Lsidecan help reduce their fail
urerate when economically justified.
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