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AßSTRACf
This paper describes arecent lightning current injection
cxperiment performed in a Swiss nuclear power station. The
mainpurpose of this experiment was 10 verify the theoretica1
analysis of the lightning prolection system (LPS) and the
methods 10 prediet ligbtning-induced volrages in the instru 
mentat ion and contral system.

Induced vnltages at both ends of a number of cantrol cabIes
were measured witb different lightning injection points and
current wavefo rms, An opt ica1 triggcr system was used
tagether wiLh digital oscilloscopes. \Vitb this set-up, a precis e
time correlation between injected curre nt and induced vol
tages was achieved and it was possible ro successfully dis
criminate current-lnduced signals from background noise an d
interference caused by the plant control system which was
operaring during experiments. T0 measure induced
differential-mode and common-mode voltages at floating
potential under EMI-free conditions, the cable terminals
under test were linked with batrery po wered optically isolated
preamplifiers.
The characterislies of tbe injected currentwaveforms obtained
with the experimental setup are discussed with regard to the
induced voltages measured at the cabl e ends . A simple model
is proposed to simulate the transient response of the current
injeetion system inc1uding the spiderlike current retum path.

1. Introduclion

Alightning proteetion system (LPS) of a nuclear power starlon
should be des igned to ensure reliable operation of the plant
even in the event of a direct lightning strike. Nuclear power
plants have very extensive instrumentation and control
systems which are based on solid sta te and microprocessor
technology. Such systems usually employ a -huge num ber of
signal and conuol cables between different sections and
buildings of the plant.
A direet lightning strake on a power station causes a distri 
buted surge current in the LPS. This alrrent splits into
branches ofthe !.PS and passes througb down-eondudors and
building steelwork into the grounding mesh of the station.
SubsequentlYI tbe current propagates via grounding mesh to
ground. If lbe LPS measures are insufficient, tbe traveling
current wave induces excessive interference vollages in the
instrumenta tion and contral cables which mayadverselyeffect
vital control and protection functions of the power plant.

Due to the large extent of the plant installations and due ro
the complexity of the various coupling mechanisms,a purely
theoretica1 method of predicting lightning-induced inter
ference voltages in a nuclear power plant, even witb greatly
simplified assumptions, is very difficult and not reliable
enougb. Tberefore, an experimental check of the LPS mea
sures using anificiallightning currents and the determina tion
of the lightning-induced imerference voltage levels on safery
related instrumentation and control circuits is mandatory for
all Swiss nuclear power sta tions.
Several on-site experiments to study the characteristics 0:"

lightning-induced Interference voltages in nuc1 ear power
srarions and telecommunica tion buildin gs have been
described in the literature (e .g. /1/./2/./3/./4/./S/./6/).
Th e ligbtning simulation exp eriment described here has been
carried out in a nudear power generating station in Switzer
land after a major upgrade of the emergency comrol system.
The plant consists of {Wo 1120 megawart PWR units with an
electrical outpur of 350 megawart per uni t. During the
experiment, tbe reactor of the unit under test was shut down.
however, the control system was operating (testing pbase) .
This created a considerable background noise level on some
control circuits to be investigated, Toovercome these lnberen:
on-sire noise problems, opticallinks have been used for both.
EMI-free signal acqu isition and triggering.

2. Experimental Setup

There are several metbods and experimental arrangemercs
for injecting artificial lightning current Impulses into large
objects /4/. In the mOSt simple configuration, a curre n:
impulse generator (IG) is located outside the object ongrounj
le\'el and a conneetion from the output terminal of th~

generator to [he injection point (i.e. roof) is mad e via a single
wire or h.v. cable. Oue to the high inductance of the rathc: r
targe loop of the aJ.ITent injection circuit, it is generally not
possible with this arrangement to achieve fast rising curre m
impulses witb bigh di/dl.

In order to sirnulate ligbtning currents with high di/dt and to
obtain a realistic approximation of the current distribution in
the LPS and in the grounding system., an experimental setup
witb spiderlike current return path was used for the presem
investigation..The impulse current source was instalJed on the
roof of a large building complex adjacent [0 the react or
containment. An overvi ew oftbe situation is given in Figure I.
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Figur 2 Expe~imental setup for lightning surge simulation
and slffiultaneous measurement of current induced
inte rferenee voltages at botb ends of cables.

Type Parameters Parameters REx LEx
for Design ofpresent

(HSK-Values) Experimem [n I {mH]

Middle 1 / 1000 llS 1.8/15 llS 150 -
100 kA 4 kA

Steep 0.25I 50 IJ.S 0.7/50[JS 600 -
50kA l.1kA

Slow 40/200 llS 17/ 53 [JS 150 6.0
300 kA UkA

3. \ \' averorm s or Inj ected Cu rrents

The design of tbe LPS ofa nuc1earpower stat ion in Switzerl and
has to comply with lighming cuerent parameters which are
specified by the S"iss nuelear safelJ' depan men. (HSK). Th e
Swiss regulation defines three different ligbtni ng eurrent
wavefonns which are representative for first negative strakes,
subsequent negative strakes an d positive flashes, de noted bere
with "rniddle", "steep" and "slow", respeetively. Th e values of
tbc HSK-parameters are give n in Table 1 together with the
waveforms and arnplitudes used for the experimental verifi
cation of the LPS measures in the present investigation.

2.3 Mcasuring Equ ipment and Trioger System

The injected euerent was measured with a 18 rnQ- coaxiat
shunL The measuring signal of the shunt was recorded on a
8 bi t, 100 MS/s digital storage oscilloscope (DSO) with
40 MHz analogae bandwith (yOKOGAWA, Model
DL 1200A) which wasoperated inside a shielded cabinet.

Two wideband current transformen. Cft and Cf2 in Fig. 2,
in the main currem path of the impulse generare r were used
as current sensors genera ring a trigger slgnal which wasstrictly
correl a red in time with the corresponding current injection.
The outpur of tbese current transforme rs excited fast LED's
who se light Impulses were transmitred througb optical fibres,
up to 300 m in length, to the measurlng sites, In the presem
expe rlment, the time de lay caused by the opt ical trigger link
was less .than one us and was therefore negligibly smal l ccm
pared with the time range of the induced interference signals
10 be observed (typical duration: 50 to 1001lS).

An essent ial step in the experimental set-up was made wit h
the application of uptically isclated wideban d links between
meas uring Instruments and the cable termirrals under test.
Battery powered optical ly isu lated amplifie r systems (DIAS )
with op tical flbres up to 100 m in length were used throughout
the experiment: prob lems due to signal pick-up in lan g mea
suring Joops or other e1ectrical disturbances of the measuring
system could be avoided . Moreover, all measurernents could
be carried out at floating potential with high sensitivity.

At each of tbe two measuring sites, a 100MHz OlAS
(SONY-TEKlRONIX, Model A6903S) and a 10 sn,
100 M~z digital storage osci lloscope (LE CROY. Model
9430) with a pe-system was installed for data acquisition and
storage.The {Wo measuring sites near the cable termirralswere
typically several hundred meters apart frcm each other, i.e.
Site l .near the racks ofthe control and instrumenta tion system
an d Site 2 dose ( 0 the co rresponding lransducer ar aCUJation
deviee (reIay, valve e lc.).

Table 1 ü gbtning eurrent para.'1leters (front time, time [ 0

balf-value, peak amplitude) for design and
experimental verificat ion of US measures in a
nud ear power plant

Du e to tbe limited ene rgy slOred in the capaeitors of the IG ,
it was impossible to generate long wave tails for tbe middle
and slow wavefarm. However, it 15 mainJy the steepnes.sof (he
lightning cu rrent front and the current ampli tude which
de te rmine tbc interference val tages in the instrumentation
and contral d rcuilS.
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Figur 1 Lightning simulation experimernin a nuclear power

stauen. Top view of rhe expe rimenta l setup.

:!.l CJ![ rcO! R elurn PjlJh

wuhthe Insta llatio n cra distributed, spiderlike eurrent return
pa th, the present experimental setup could fulfil [Wo requi
remems: (01) low induetance of the maio current pa th 10injert
steep current impulses, and (b) realistic current dis tribut ion
in the eanhing system in tbe surroundings of the test object.
The retum path conslsted of ten rad ially arranged steel wires.
2.5 mm in diameter, which were connected on one end 10 an
clectricallyisolated collectionpoint loca ted5 mabove the roof
leve l of the highest pan of the bu ilding (seetion 1 in Fig. 1).
Th e other end of eacb wire was directly connected with the
grounding grid . These ground ing points of the wires were
loca ted in a half circ le of abour 50 m radius.

2.2 Impulse O,[[ent Generator (Ja)

A low inductan ce (lOpH) Marx generator, rated 800 kV.
4U IJ, 125 nF (10 stages in series), was se t up as an impulse
~rrent sou rc~ on the roof of the building in seetion 2 (see
Fig. 1). Th e Impu lse generator ineludi ng its contrei an d
charging unil, current measuring system an d apower
generator were placed on an electrically isolated platform
(4 m .by 8 m) cove red with a me ta! sheet. The IG grou nd
term mal (platfonn) was connc:cted with ei ther of the [Wo
cur rent injeclion points (see Fig. 1). Ta minimize add ition al
eircu it induc tanee, a fine metal mesh of 1 m width was used
for the connection between platform and injeetion po ints . The
ou tput tenninal of lhe IG was connected with the cemral
col!ect ion point of the current return patb via an external
res IStar REx and additional inductance LEx, as sh own in
Fig . 2. Different values for Rex and LEx have been inse rted
in the circuilto adjust the current waveforms (see T able I) .

'Lr-S,,,,
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For this reason, the eurrent wavefo rms and the amplitudes
(Table 1) obtained with the preseru se tu p were acceptable 10
invest igate effects of natural Iightnin g str ikes es lang as the
sensitivity for unambiguous determination of the induced
interference signals was high enough.

With the present experiment, the pe ak currents were mainly
limiled by the maximum charging vcltage of the IG . Ta save
Iife time of the capacitors, the gen erarer was oaly charged 10
aböut 90% of the rated vojtage (73 kV per stege).

In the case of the steep waveferm, an exte rn al resist or of600 0
was inserted in the circa it to obtain high di/dt values in the
eurrent front, Th is result ed in a significant reduct ion of th e
eurrent amplitude. Duc to refleetions in the eurrent re turn
path, high frequency oscill ations were su pe rimposed on the
steep current waveform (for diseussion, sec Sec. 4.2) . To
stmulare a Iightning current with longer rise time (type : slo w),
an external Inductance LEx of about 6 mH was utilized whieh
lead to an Impulse shape with abipolar swinging wavc tail .
Figures 3 and 4 show measured curre nt waveforms of th e
prese nt simulation experiment.
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Figure 3 Injeeted current measured with a coaxial shu nt.
Wavefonn type: middle, injectio n point 1.
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Figure 4 Injected eur rem measured wi th a coaxial shunt .
Wavdorm type: steep, injeetion poin t 2.

·t An21)'sis and Circuit Mode l

To 3SSess the limits of the presem lighl;ning simulation
expe riment, an anempt was made [Q analyze an d mod el th e
obse rved behavior of the current injection cirOJit.

4.1 Ci rOljt Paramet ers

The induCI:mce of each wire in therorrem return path (sp ider)
was C3.1culated to bc 1081lH with a res istance of 184 O . The
app roximate length of the wires was 65 m.

Th e total resistance Rs of 10wires in parallel becomes 18.4 0 ,
howcver, the total induetance Ls of the spidc rlike a rranged
wires is larger than 10.8 lJH du e to th e mutual eoupling nea r
the colleetion point (see Fig. 1). A valu e of several tens of
miera Henry is assume d for Ls.

The induetanee of the LPS in the bu ilding is est imated to be
in the sarne range as thc spiderlike ~u.rre~t return path, sin ce
the eurrent ccncectrates near the mjecttcn poi nt. AU c ther
inductanees in the circuit, in partieular that of the conneetion
IG rc injeetion point are assumed to be negligible small
eomp ared with the to~ .circuit inductance Ltot of approxi
mately lOO...1501ili.TIns Issupported bythe fact that changing
the injecti on point bad nearly no influence on the eurrem
waveforms.
A good estimate of the total circuit inductanee 401 can be
obtained fro m the time constant 'f = (!.totfRd) or from the
front time Tgof the measured eurrent impulse if the damp ing
reslstor Rd of the circuit is kno wn. For the waveform in F ig. 3
(type: middle) we have Rd = ( ISOn + 18.4 n) and the to tal
inductan ce is estimated to be:

L,ol = ('f ' Rd) = (Tf / 25) . Rd = 121 ~H .
For the high frequency rang e covered with the steep euerem
waveform (Fig. 4), the stray capacitance Cp of the isolated
platforrn (Fig. 2~ cannot be neglected. This platform covered
an area of 32 m , the distanee ro the roof was 05 m. Usiog a
parallel plane arrangement, a value for Co of 283 pF is cal
culated assuming image charges 0.5 m befow the roof level.
Th is value for Cp is comparable witb the capacitance of an
isolated circular plate of the same su rface area which was
calculated to be 226 pF.

42 Mod elioe Qe tbc GIITCet Iniect jon Cjooljt

Based on the an alysis above, a simplified equivaJem circuit
was ut ilized for computer simulation . The mod el and the
values of the circuit elements are given in Figure 5. The
inductance oftbe buildingstrueture ind uding the LPS has {Wo

parts: (a) 4, of the buildiog wall, and (b) L" modeling the LPS
near the cur rent injection point (roof) wnich is affeeted by
capaci tive eoupling effeets <G?).There are two trans mission
line elements in the mo del to inclu de trave lling wa\'c effeclS
in the spid erli ke current return pa th and in the LPS of the
buildingwilh propagation times Ts and Tb of 180 osand SOns,
respectively. Cons idering the size of the objeets, the eharae·
teris tic sur ge impedan ce of these transm ission lioes a re
assumed to be in the raog e of 20 - 50 n / 5/. Wilhin th is
impedanec range , the influence upon the euerem waveform is
ooly very small.

Rd l.s Ts

SW - -

Cigl
111

Lp Lb Tb

- '"
Figure 5 Circuit for simu lation of injected currents.

t.: 901tH. L,,: 40 Iili, 4,: 30 ~H, Cp: 280 p F.
Cig: 125 nF,10charged to 730 kV. Rd : see lext.

Figures 6 an d 7 sbowcakulated curr ents in lp (po sition of th~
measu ring shunt) for tbe middle and steep waveform. The
same Rd-values were used mthe sim ulat ion as in tbe experi
ment (see Table 1).10 general, the ca.lculated eurrents are in
good agreeme nt wiLh the expe rime ntal v."3ve forms (Figs. 3 and
4). Th is suppo rts the val idity of the mo del proposed here.
The superimposed high frequency osci lla tions in Fig.7 are::
somewhat smaller than in the measu red cas e (Fig. 4), while in
Fig.6 oscillations are targer in amplitude and longer in
durauon compared with the measurements (Fig .3). These
small differ ences are supposed to originate ma inly from
distributed coupling between tbe plat form and the building
strueture and !rom the losses in thc LPS and grounding grid
which are nOl taken ioto aceounl in the presem model.
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Figu re8 Background noise pro duced by the insl rumentation
and control system (differential .m ode signal) .
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Figu re 9 Derection of induced signal [up pe r tra ce) caused
by current injec tio n (4~ rise time 1.8IJS, uthe r
wisesame cond ition as Fig. 8). Lo wer trace: trigger
signal.

It sho uld be noted, that the re carded wave shape of the trigger
signal (see lower trace in Fig. 9) is not representative for the
shape of the injected current due to nonlinear effec ts in the
electro-opti cal transducers of the trigger circuit.

G. Concluding Remarks

Due to the complicated structur e and extens ive installation in
a nucJear power plant, an experimen tal verification of the
lightning pro tectlon measures is highly desirabl e. The preseru
invest igation confirms that car efully des igned curren t injec
rion cireuits can deliver appropriate current waveshapes and
real istic eurrent distributicns in the LPS and in the grounding
grid .

An optimizatie n of the current injection circuit is possible by
usinga simplified model. G ood agreement between simul ated
and measured currents was obtained which suppons rhe
validi ryof the proposed model for the injection circu it.

By applying op ticall inks Cor bo th, signal and trigger channel,
the sensi tivity a nd noise imm unity req uired for unambiguous
detecrion of low level common-mode a nd differe mial -modc
interference voltages, cause d by artificia lly injec ted lightning
currents, could be reached even in a har sh no tsc envirunmeru .
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Figure 7 Sirnu ta ted curre nt Ior steep wavefo rm (er. Fig. 4) .

5. lnterfere nce voltage Mcasu rements

D uc 10 the operanon of the control and inst rumemauen
system of the plant, a high backgrouud noise level was presem
during the measure ments. Sa me int erfe rence sources could
be ide ntifie d to be 50 Hz powe r sup plies. AC-AC or OC·DC
converte rs a nd impulsive nois e origina ting Irom sta tus mes
sages and ccntrol seq uences. Figu res 8 and 9 show a rypical
situation with signals measu re d at Site 1 betwee n two clamps
(diffe rential mode) of a com rol system rack.

The background nolsein this panieular case (Fig. 8) consisrs
of a triangular signal of about 4 kHz with high frequency noise
spikes superimposed on it, This noise pattem is caused by a
D C-D e converter which is present in that particular circuit.

Although the lightning eurrent induced interference voltage
(circle in upp er trace of Fig. 9) is much smaller than the
background no ise, the induced signal can readü y be det ect ed
an d identified by making use of the time corre latic n with the
tri gger signal {lower trace in Fig . 9). A more de railed view of
the induced interfer ence voltage is pessible by expansion of
the signal tea ce on the OSO. It is obvious , that a convc:ntia nal
even t trigger methad would have neve r worked under thes~

ca nditions.

3 .0

4 .0

Fig urc 6 Simulated current far middle waveform (er. Fig. 3).
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