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Abstract—This paper presents an investigation into lightning
surges induced in buildings with the FDTD method. When down
conductors (DCs) in a building discharge a lightning current,
induced surges ar e observed in adjacent distribution circuits due
to electric and magnetic coupling. The induced voltage in an open
circuit and the induced current in a close circuit are respectively
determined by the current surge and voltage surge on the DC. It
is found that connected capacitors can reduce the induced surge
voltages, but may not be effective. SPDs are then recommended
installing at two far ends of a distribution circuit. They are not
required to dissipate substantial lightning surge energy observed
in the down conductors. The surge currents in SPDs can be
estimated using the closed-form formula.

Keywords- lightning current, induced surge, LV distribution
circuit, FDTD

protection system and distribution circuits are modeled using
the Finite-Difference  Time-Domain (FDTD) method.
Simulations are then performed to study the induced surges in
the distribution circuits. Different circuit parameters, such as
spacing and distance, are considered in the study, and their
impact on the induced surges is revealed. The impact of loads
connected to the circuits is investigated as well. A protective
measure for suppressing induced surges in a distribution
system is presented finally. This is an extended version of the
paper submitted to ICLP2014 [12].

2. SIMULATION MODELS

Insulated down conductors (IDCs) are adopted in modern
buildings. They are installed in electrical duct, and run in
parallel with power distribution circuits. When a building is

struck by lightning, the lightning current in the down

1. INTRODUCTION conductors emits electromagnetic fields and propagates

Electronic equipment has proliferated in buildings to meeflownwards to the ground. The lightning electromagnetic
the ever-increasing demand of businesses. Such equipmenplgses will induce surge voltages and currents in the adjacent
susceptible to electrical disturbances generated by lightningonductors, such as distribution power cables. These
In the past few years the surge environment in buildings hasonductors are finite in length, and run vertically above the
become worse, particularly when insulated down conductorground. The traditional transmission line theory is not
were adopted in lightning protection systems. To protechpplicable for surge analysis in such cases. The FDTD method

sensitive equipment against lightning it is necessary t@ then applied to study the induced surge voltages and
evaluate and characterize the surge environment in buildingScyrrents in these conductors.

_ Lightning surges in buildings can be generated via (a) The power distribution circuits in the buildings are made
inductive/capacitive coupling and (b) resistive coupling. Theyjth single-core cables. These cables run vertically from
mechanism of resistive coupling has been discussed widely Wistripution transformers to users’ equipment on different
past decades [1-2]. The surge currents/voltages dispersed @i}, s Note that a transformer is normally modeled as an

low vqltage systems have been analyzed under d'ffe.re%tntrance capacitance in fast transient analysis. For simplicity
scenarios, and were well documented [3-5]. Location

categories have been introduced in IEEE standards [7-9]. Ti fdlscussmn%l the tgntranceh Cap‘?‘c"g!”ci is removed in the
lightning surges experienced in buildings have beehETErENCE contiguration, as shown in =g. L.
characterized, and the waveform and amplitude of the surges Fig. 1 shows the configuration of a simplified system

in different locations have been specified. These surgasnder investigation. It consists of a single down conductor and
generally impinge at the service entrance from the circuitgyo single-core cables situated over the ground. For worst-
outside the buildings. However, little work has been done 0gage analysis the contribution from the currents in other DCs
the surges arising from inductive/capacitive coupling inig not taken into account. The down conductor is represented
buildings during a direct lightning strike. by a 90m-tall cylinder with the radius of 5mm. It is connected
This paper presents an analysis of induced surge voltagts a perfect ground via a 100ohm lumped resistance, and to a
and currents in a building distribution system during a directurrent source at other end. An upward conductor is placed at
lightning. The building is protected by a lightning protectionthe upper end to mimic a lightning channel. Two distribution
system with insulated down conductors placed in the vicinitgables are modeled by cylinders as well with the heighofl
of building distribution circuits. In this paper both the lightning30m and the radius dr of 5mm. The distances of the down
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conductor to two conductors argandr,, respectively. In the

reference case, both andr, are equal to 0.5m and 0.7m,

respectively. The bottom end of the distributiorcgit is 60m
away above the ground. A lightning return strokerext is
injected at the top end of the down conductor.
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Fig.1. Configuration of the down conductor and djaeent distribution
circuit

The working volume of the simulation model is AMmXx
92.1m. It is surrounded by six planes of perfeatigtched
layers (PML) with absorbing boundary conditions niggi
enforced. There are seven layers of the absorhirfgces in
the model, so that the reflection wave on the Hacen be
effectively minimized [10]. It is assumed that thpward
conductor runs to infinity, and no reflected surige the
upward channel travels back to the down condud@diL
absorbing boundary conditions are then appliechatheight
of 92.1m in the simulation model. The working vokins
divided into cuboid cells. The side length of cubeélls in the
z-direction is 50mm near the conductors, and ise#sed to
500mm gradually to the boundary. The side lengththé x
and y directions are 0.5mm near the conductors, aned
increased to 500mm gradually. Time step is detegthivy the
Courant condition,
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wherec is the speed of light, and\x, Ay, Az are the side
lengths of the smallest cell in meter.

3. INDUCED SURGESIN OPEN CIRCUITS

A subsequent return stroke current was appliedhi t
simulation to investigate induced surges in thdridistion
circuit. The current source was a fast-front puléth the rise

As the induced surge is greatly affected by theesaont of
an injected surge, time-domain results of the surfge the
time period of Rs are given in the figures.

The induced voltages in a distribution circuit waitlh any
connected load were simulated as well. For compayithe
10kA source current with the rise time of 0.2uS8u8. and
1.0us was respectively applied in the simulatidre results
are presented in Fig. 3. It is observed that theiéged voltage

increases when the surge propagates downwards. When

reflected surge travels back, the induced voltageds to
decline and continues to oscillate with the surgiage on
IDC. It is also found that the induced surge vataipes not
vary significantly when the rise time gbd is changed from
0.2ps to 0.3us. However, the induced surge volsgeduced
significantly in the case of 1.0us rise time. Tii®ecause the
reflected surge travels back to the observationtdmfore the
surge current reaches its peak value, as seeg.ii3.Fi
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Fig. 2 Surge currentsift) along the down conductor at different heights
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Fig. 3 Induced voltage at the bottom end of therilistion circuit
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Computer simulation was also performed to invegtigae
effect of the distance to the distribution circuis the surge

time of 0.3is and the amplitude of 10kA. Fig. 2 shows,qjage was induced between two phase conductortheof

waveforms of the surge curreni€) at different positions of
the down conductor. Because of the surge refleatiorthe
ground the surge current at a lower position of dosvn
conductor is generally higher. The oscillation fregcy is
determined by the travel time of two round tripstbe IDC.

circuit, distances of two phase conductqrandr, to the IDC
were of concern. The peak voltage in the distrduttircuit
was then evaluated by varying distaniceandr .



The induced voltage at the bottom end of the distion  where®y_,,,, represents the magnetic flux of the close loop
circuit was computed with different values of distasr; and  associated with the current in conductor X. The fher unit
r,. Tables 1 and 2 show respectively the peak vabfidhe  length in the z direction is expressed by
voltage when the spacind) (d=r;-r,) is fixed to be 200mm, |
and the distance is fixed to be 0.5m. It is noted that the peak ® Holioe gy
value of the voltage decreases with increasingudést to the 271x
phase conductor, but increases with increasing wmod _ (7 Mol eam [dix A3)
spacing. Further investigation reveals that thgesamplitude cabttoop oo 271X
is linearly proportional to a logarithmic functioof r,/r; .
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Tables 1 and 2 also present the verification resittwo — Peanatoop —Iro —;n;bz Ldlx
cases, that is, (1) with variabtg and (2) with variablel. o i ) .
‘ _ _ o Substituting (3) into (2) yields an equation forttbahe
Table 1 Ratid of peak voltage tén (r,/r;) with variabler, (d is fixed) induced currents and IDC current. Note that the B@rent
I, | PeakVoltage (kV)| r/n In(r,/r) | K(KV) varies with position on the IDC. The average inducarrent
05m 224.0 0.7/05 0336] 6666 Iqr at positionz on the distribution circuit is determined
approximately by
1.5m 82.06 1.7/1.5 0.125| 6565 L D+(2)
- z z
2.5m 49.62 2,725 0.077| 6444 I (2 :m—zm
In(r, / @
Table 2 RatiK of peak voltage tin (r,/r;) with variabled (r, is fixed) = n(rZ rl) DIch(Z)
d | Peak Voltage (kV)| r/n In(,/r) | K(Kv) 2'“[ (r,-r)/ "o]
0.2m 224.0 0.7/0.5 0.336| 666.6 Both induced currents,;,; andl.,;,, in (4) are generally
05m 2623 105 0693| o672 different. However, they tend to be the same atfew@nds.
1.0m 728.8 1.5/0.5 1.098| 663.7 600 T

4. INDUCED SURGESIN SHORT CIRCUITS

4.1 Induced surgesin a circuti with two close ends

In this case, the distribution circuit is shortédbath two
ends, which mimic a short circuit at two ends anrection of
SPDs to the circuit. There are apparently zeroeswaitages
at two far ends because of the short circuit. leducurrents 400}
are however observed along the distribution cirtatween
two ends. L

Top end(FDTD) ]
— — — Bottom end(FDTD) |+

—#— Top end(4)
—+— Bottom end(4)

Fig. 4 shows the waveforms of induced currentswat t Ry
ends of the distribution circuit when a lightningrent is Time(us) '
injected at the top end of the down conductorslkmnown Fig.4 Induced currents at two far ends of a shatstiibution circuit
from the figure that the induced current at the ¢opl has a
waveform similar to that of the source currenteliches 475A 800
approximately around 0.3us. However, the surgesatiat the
bottom end has a waveform and a peak value diffdrem
those of the current on the top end although threyima the 80
same closed loop. The difference is primarily cdusg the 5001
surge reflection of the IDC current at the ground.

700+ E

400 1

Current{A)

For comparison, induced current using the low-fesguy
approximation was evaluated as well. At low frequeonly
magnetic coupling caused by the current on the down ¥ :
conductor is considered. Assume that the distdbutircuit is oo (f : R e
made of perfect electrical conductors and the socterent o : —— 1y (FDTD)
remains the same along the IDC. According to thed@ay's L .
law, magnetic flux contributed by the source currés "0 02 04 06 08 1 12 14 16 18 2

. Time(us)
balanced by induced curren and I on two

y ts.abl cab2 Fig.5 Induced currents at the middle of a shoristtidution circuit
conductors of the close loop, that is,

qJ cl:)v:fs\bl—loop + qJ(‘abz—loop (2)

300

IDC-loop —



The results made with the FDTD method and the lowealculated with (5) is totally different from thabtained with

frequency approximate formula are presented in Iagh 4
and 5. Fig. 4 shows the surge currents at the avefids of
the distribution circuit. It is seen that the cutrevaveforms
match very well, and the difference of surge cumeis
generally less than 5%. Fig. 5 shows the surgeentgrat the
middle of the distribution circuit (75m above th@gnd). It is
found that bothi.,,, andI.,,, calculated with the FDTD
methods are significantly different, and are défgrfrom the
estimated result with (4). However, the waveform tbé

average current matches well with the low-frequency 150 | = =~ Voltage at8Om .

approximate result, as shown in Fig. 5. The diffieee in
magnitude between the FDTD and estimated resultthef
average current at the middle point is less than 9%

4.2 Induced surgesin a circuti with one open end and one
closeend

Fig. 6 shows the induced voltage along the distidiou
circuit when the top end is close and the bottothieropen. It
is found that the induced voltage is not equaleim although
a short circuit is made at the top end. The angitof
oscillation voltage increases gradually towards dpen end,
and reaches the maximum at the open end. The @dad of
the induced voltage can reach 170kV.

When a surge propagates downwards on the IDC, @éutluc
voltage in the distribution circuit remains zerdgially. This is
due to the interaction between the IDC current mgdiced
current in the circuit. When the induced surgevasiat the
bottom end, a substantial voltage is observed thEnes is
because the induced surge current in the distabutircuit
could not go further at the bottom end, and ariflection of
surge voltage yields at this location. The indusee current
then travels back towards the close end, and gesethe
surge voltage along the circuit.

The surge current continues to propagate alongitbait,
and has subsequent reflections at the top endt(shouit)
and at the bottom end (open circuit). This leadsato
oscillation waveform for the surge voltage in thewit. The
oscillation frequency is determined by the trawelet of two
round trips. This is because the surge currentdincait with
one open end and one close end changes its pdiarigytime
period of a round trip. The induced voltage at ptloeation
has the same pattern as that at the open end. ageitode of
the induced voltage at other location is less gdhyeras seen
in Fig. 6.

Similar to the induced current in the closed loopluced
voltage at the open end is estimated using the eti@gn
coupling formula. Induced voltage, , due to low-frequency

magnetic coupling is expressed by

V., (2) = Holo 1y (E}M (5)
2 r dt

wherely is the length of the distribution circuit. Fig.shows

the induced voltage calculated with (5) at the doottend of
the distribution circuit. It is found that inducegbltage

the FDTD method. The low-frequency result is preipoal to

the derivative of the IDC current, and decays dyias the
current derivative becomes small. The FDTD ressitan

oscillation surge. The amplitude gradually increaeeits peak
level, and then decays to zero. This is becausetrigle
coupling at the open end is significant, but is taken into
account in the low-frequency approximation.
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Fig. 6 Induced voltages on the distribution cirauith one open end and one
close end
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Fig. 7 Induced voltages on the distribution cirauith the open end and
the close end with the approximate formula

5. INDUCED SURGESIN LOADED CIRCUITS

Most of equipment used in buildings has an inputudi
(e.g., EMI filter). It is connected to the supplycait even in
standby mode. The input circuit generally has aacigpr,
which could suppress the surge induced on theilaisiton
circuit connected. The effect of an input capaciterinduced
surges in a distribution circuit is then investaghtin this
section.

In the simulation the distribution circuit was |leadwith a
capacitor at the bottom end, and was open or dose top
end. The capacitor placed at the circuit was an ¢Xpacitor,
which is normally used in EMI filters for switchinmode
power supply. Two different models of the capacieere



considered in the simulation. Model A was a pungac#ance
of 0.22uF. Model
R=0.1220hm, L=0.38uH and C=0.22uF. In the secondeino
the frequency response of the capacitor was takeo i
account.

Fig. 8(a) shows the waveforms of the surge voli@gthe
capacitor using these two different models whertapeend is
open. It is found that the peak voltage acrossMoelel A
capacitor reaches 300V. Compared with the resunlsig. 2,
the pure capacitance can suppress the induced saligge
significantly. The induced voltage is highly affedtby rise
time or change rate of the injected surge curféftien the
Model B capacitor is connected to the distributbincuit, the
induced surge voltage is increased to severahkilts. This is
caused by stray inductance of the capacitor, wilaklsts
physically in a practical component. The oscillatiof the
induced surge voltage
reflections of the surge current on the IDC.
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Fig. 8 Surge voltages and currents on the loadeditivith an open end on
the top

Fig. 8(b) shows the waveforms of the surge curcenthe
capacitor. As the circuit eventually behaves like @pen
circuit, the induced current on the capacitor deagyickly to
zero. It is also found that the surge current umderdifferent
models matches well. This shows that the surgeentidoes

is determined by the multiple

not change significantly, as long as the variat@nload

B was a series RLC circuit with impedance is small.
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Fig. 9 Surge voltage and currents on the loadeditiwith a close end on the
top

Fig. 9 shows the waveform of both surge voltage samde
currents when the distribution circuit is shortédre top end.
In this case the distribution circuit is loadediwé Model A
capacitor. It is found that the surge currentsvarg similar to
those in the case of a short circuit in the eadsiqul of time,
and are primarily determined by the IDC currentisTls
because the capacitor behaves like a short ciaduihigh
frequency. Both induced voltage and current evdlytirave
slow-oscillation waveforms, as seen in Fig. 9. uadly a
resonant circuit is formed by the capacitance ebibttom end
and the equivalent inductance of the distributionuit. It is
noted that the capacitor voltage reaches 6.5k\eakpand is
much higher than that when the top end is operoutd cause
damage to the capacitor or connected loads. Howvekrisr
voltage is much lower than the induced voltage whien
distribution circuit is open at two ends.

6. PROTECTION OF INDUCED SRUGESWITH SPDs

Surge protective devices (SPDs) are effective
suppressing lightning surges propagating in théribigion
circuits. In modern high-rise buildings, lightnisgirges may

in



impinge at a service entrance, or be induced frioendown
conductor. In the later case, the surges will pgapa
downwards from the top end of the distribution witc To
suppress induced lightning surges, it is necessaigstall a
SPD at the top end. It is noted from Section IVt ttize
induced surge continues to increase towards th@rhoend
even if a short circuit is made at the top end.edosnd SPD
then is required at the bottom end to suppressuhge there.
This pair of SPDs also serves to suppress any $ogjaging
at the service entrance from the circuit outsideg EO
illustrates the protection scheme adopted for fis&rilution
circuit within a building.

é Distribution Circuit

‘ SFD

30m

90m ‘

je— 11 —|

SPD

fe—— 2 —

Down
Conductor

Z

L,

X Perfect Ground

1000hm

Fig. 10 Protection scheme for a building distribattircuit

Computer simulation of induced surges was performed

using the model shown in Fig. 10. Both SPDs in rinedel
have a residual voltage of 1150V, and actually pleva
means of a short circuit under the
environment. The simulation results of SPD voltagesl
currents are presented in Fig. 11 and 12. It ischétom the
figures that surge voltages at both ends are linite the
residual voltage of SPDs. It is also noted that suege
currents in the SPDs are very similar in wavefoomhose
found in the short circuit, and are determinedl,gy. This
indicates that induced current in a closed loop lwarreated
an independent current source, and is not affebiedoad
impedance significantly. It is noted that in AnnExof IEC
standard 62305-1 [11] that the induced currentehaaveform
of 8/20us in a closed loop, given by a 10/300u&ttimg
return stroke current to a structure. This is défe from what
is found in this study. The SPD currents are fotmbe small
generally, and are just a few hundred Amperes iakpe
compared with the 10kA in the down conductor. Tfaee
SPDs installed in the distribution circuit are onked to limit
the surge voltages, and are not required to dissgpastantial
lightning surge energy observed on the IDC.

7. CONCLUSIONS

lightning surge

generated in the adjacent circuits due to bothtrdezoupling
and magnetic coupling. The induced surges areréifit from
those obtained using quasi-static models.
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Fig. 11 Surge voltages on the circuit with SPDsailfesd at two ends
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Fig. 12 Surge currents in the circuit with SPDgalied at two ends

It is concluded that the induced voltage in an ogesuit is
determined by surge voltage on the IDC, and thaided
current in a close circuit by surge current on fB€. Both
induced voltage and current are proportional togatdithmic
function of the ratio of distances to two circuinductors. It
is found that capacitors connected to the circaiit @duce the
induced surge voltage, but may not be effectiveuippressing
the voltage down to an acceptable level. It is meoended
installing SPDs at two far ends of a distributiarcait. As the
surge currents are relatively small, those SPDs raot
required to dissipate substantial lightning surgeergy
observed on the down conductor. It is also fourad tie surge
currents in SPDs are very similar to those in sbiocuits. The
induced current can be treated as an independemteso
current. It is determined by the current in the daenductor,
and has a waveform similar to the down-conductarect.
The surge induced current can be estimated usihgwa

This paper presented a numerical investigation intdrequency approximate formula.

lightning-induced surges in building distributionirouits.
When the lightning current to the building is diacded by an
insulated down conductor, substantial induced surgee
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Fig.1. Configuration of the down conductor and an adjacent distribution circuit

Current(kA)

Current at 90m
= === Gurrentat 80m
—+— Current at 70m |
s Gurrent at 60m
2 . L L L L L L L L
0 02 04 0.6 0.8 1 12 14 16 18 2
Time(us)

Fig. 2 Surge currents (lipc) along the down conductor at different heights
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Fig. 3 Induced voltage at the bottom end of the distribution circuit
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Fig. 6 Induced voltages on the distribution circuit with one open end and one close end
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Fig. 7 Induced voltages on the distribution circuit with the open end and the close end with the approximate formula
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Fig. 8 Surge voltages and currents on the loaded circuit with an open end on the top
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Fig. 9 Surge voltage and currents on the loaded circuit with a close end on the top
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Fig. 10 Protection scheme for a building distribution circuit



05

Voltage(kV)
o

05F 4

15 I I I L I I ' I I
o 0.2 04 0.6 08 1 12 14 16 18 2

Time(us)

Fig. 11 Surge voltages on the circuit with SPDs installed at two ends
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Fig. 12 Surge currents in the circuit with SPDs installed at two ends





