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PRINCIPLES OF PROTECTION OF GROUND BASED RADIO STATIONS AND

OTHER INSTALLATION S FROM DAMAGE BY LIGHTNING

ABSTkACT :

~‘The primary purpose of this manual is to supply recommendations for the

protection of vulnerable equipment in Naval H.F. radio stations from the

damaging effects of lightning strikes in areas of relatively high lightning

incidence. The recommendations , which can be applied to any installation

containing electronic equipment operating in a high lighting—incidence area,

include methods of interception of direct strokes, protection against induced

current and voltage surges, and protection against ground currents due to

lightning.

The expected number of lightning strikes per year to an installation

may be based on the thunderday level for the region. This information may be

combined with the statistical distributions of peak current in lightning

flashes to predict the frequency of occurrence of injected currents of various

magnitudes. Adequate earthing arrangements, depending on the local soil

resistivity , will prevent excessive potentials within or between various

parts of an installation. With suitably placed grounded overhead shield

wires, it should be possible to prevent to direct strikes to any vulnerable

part of an installation excepting antennas. Receiving antennas are vulner-

able, and special measures may be needed ~o protect connected equipment.

Measures are recommended to protect R.F. feeder runs to both transmitting

and receiving antennas from direct strike. Power and signal conductors may

be subjected to induced surges even when protected from direct strike.

Protection of connected equipment can be achieved by surge diverters, gas

arresters , current limiting series impedances, and various forms of

secondary protection.

The recommended protectives measures should reduce damage to vulnerable

equipment and increase personnel sarety in a high lightning incidence area.
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1. INTRODUCTION

1.1 Features of the lightning disc harge to ground

The following description of the lightning discharge , and its effects

on structures is the result of research carried out intermittently in various

parts of the world since the eighteenth century . Many aspects of the pheno-

mena are still poorly understood , and experts differ in their explanations

and theories. Even apparently simple measurements, such as counting the

number of lightning discharges in a given area and time interval, or measur-

ing current waveshapes in lightning, have proved difficult to carry out.

Nevertheless sufficient is known to specify protective measures for instal-

lations which will ensure a reasonable degree of immunity from lightning

damage. A glossary is provided for the reader unfamiliar with the terms

used in describing lightning phenomena, (p. 63~.

A lightning discharge to ground injects into the stricken point a

current typically about 2OkA , and occasionally in excess of lOOkA . The

current rises to peak value in a few ps and has a maximum rat... of rise

typically 1010 As~~ and occasionally up to 1011 As~~ . This current is for

practical purposes independent of the impedance to ground at the stricken

point. Thus the voltage rise produced in an engineering structure is

calculable from the impedance presented to the assumed lightning current

waveshape, and may well be a few MV for elevated structures. The high initial

rate of rise and peak value of the lightning current is followed by a variety

of current waveshapes, of lesser magnitude but longer duration .

Detailed descriptions of the lightning discharge are given in refer-

ences [1] to [5). A typical lightning flash to ground consists of several

separate strokes, each of which injects a separate current impulse lasting

less than lms into the stricken point. The time interval between strokes is

about 5Oms. During most interstroke intervals the injected current falls

almost to zero, but in about 50% of flashes, a stroke is followed by a con-

tinuing current of about 200A lasting about lOOms. The complete current

waveshape passing through a resistive portion of an engineering structure

will cause heating by the injection of lO~ to l0~ J per ohm of resistance.

This may cause melting of thin metal structures , or burning of resistive

materials.

A knowledge of the detailed structure of the complete lightning dis-

charge is not usually required for purposes of determining protection of

equipment, as damage, if any, usually occurs at the beginning of the first

stroke. However the subsequent current waveshape contributes to energy

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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injection, and there may be special situations where the effects of con-

tinuing currcnts ,or the effects of several successive strokes in a single

discharge, should be considered.

Any conductor near a lightning discharge path, or near another con-

ductor struck by lightning, will have a voltage surge induced in it by

electric and magnetic coupling . These surges involve less voltage and energy

than those caused by a direct strike, but may be sufficient to damage some

classes of equipment.

Lightning strikes to ground near an installation may cause currents

to enter the installation through earth connections. The amount of current

will be a fraction of the current injected by the lightning stroke ; the

fraction being determined by the resistivity and structure of the ground ,

and the distance from the lightning strike to the earth connections. This

will cause the installation local earth potential to rise, and may cause an

excessive voltage difference between the local “earth” and incoming con-

ductors from other parts of the installation, unless suitable protective

devices limit the voltage difference.

Thus the threat of lightning damage to engineering structures and

equipment can be described in terms u~ excessive voltages and currents

caused by a direct strike, by induced surges, and by ground currents.

1.2 Va riability of thunderstorm and lightning characteristics

• The recommendations contained herein apply primarily to areas of

relatively high lightning incidence, implying a thunderday level greater

than 40 per year, and a corresponding number of lightning flashes to

ground per unit area and per year (ground flash density) greater than

2 km 2 yr~~. The extent to which the recommendations are applied in areas

of lesser lightning incidence will depend on economic factors, and the

importance of the continuity of the service provided . It is a matter of

observation that there are large year—to—year variations, so it must be

expected that occasionally an installation will be struck by lighting far

more often than would be expected from the long—term average. These

periods of high incidence will occur in intense thunderstorms of a few

hours duration. Thus it would be unwise to assume that lightning strikes

• to an installation will always occur singly in time, with opportunity to

• repair damage following the strike. The m-~re conservative assumption is a

long period of inactivity followed by a short period with several strikes

in succession and no opportunity to repair damage between strikes.
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There are substantial variations in the estimates of lighting para--

meters made ~y investigators of lightning. The values of parameters stated

here and assumed i.n calculations are selected so as to result in conservative

recommendations. It follows from this uncertainty regarding the character-

istics of lightning , and the frequency with which any given installation will

be struck, that precise calculations of currents , voltage , and imparted

energy in a particular equipment are not usually justified. It is generally

sufficient to make order—of—magnitude calculations to determine the level of

protection necessary in a particular situation and th~n adopt a standardised

set of protective measures.

1.3 Protection of an installation

1.3. 1 Ju~tL~Lc~ttLon ~oI~ £ h.-tnAiig p~~-tec-t~i-o n

The decision as to the extent of lightning protection justifiable for

any particular installation is an economic one which must be based on a

comparison of the additional cost of providing the protection , the estimated

cost of repairing unprotected damaged equipment , and the cost of •~n interrup-

tion to the service provided by the installation. Some factors which should

be considered in this comparison are as follows.

(i) Provision of lightning protection at the time of designing the instal-

lation and specifying the associated equipment may be cheaper than

provision of equivalent protection after the completion of the

installation.

(ii) A single lightning strike may simultaneously damage several parts of

an unprotected installation.

(iii) The provision of lightning protection has incidental benefits, such

• as minimising equipment malfunction caused by switching surges.

(iv) The general trend towards replacing vacuum tube devices by solid

state devices increases the need for surge protection. Vacuum tubes

can withstand surge currents and voltages far in excess of steady—

state ratings whereas solid—state devices are more vulnerable to

transient overvoltages and transient excess energy injection.

Protective measures satisfactory with vacuum tube equipment may not

be adequate with solid—state equipment.

(v) Provision of lightning protection will increase the personal safety

of those who have to operate equipment during thunderstorms.

~~~~ • • • ~~~~~ • • • • •
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1. 3. 2 S~tAa~cgtJ o~ &gh tnui~ p.w~tec-tLon

The basic strategy in protecting an 1~istallation is as follows :

(i) Provision of a system of overhead earthed conductors to intercept

direct lighting strikes as far as is technically permissible.

An overhead earthed conductor plays an active role in diverting

a lightning stroke. The first stroke of a lighting flash is initiated

by a leader which progresses from the thundercloud towards earth.

Normally , the leader conveys negative charge from the thundercloud , and
during its progression to earth deposits negative charge in a sheath

along its path. When the leader tip is about lOOm from earth, the

electric field at the earth’s surface caused by the leader charge

rises to such a high value that breakdown occurs at elevated objects

on the ground especially if their shape tends to increase the local

electric field. The resulting streamers progress towards the tip of

the downcoining leader. Several such streamers may start , but usually

only one reaches the downcoming leader. When this happens the hi gh—

current return stroke commences. The successful streamer may move

laterally for tens of metres , as well as upward , thus effectively

diverting the lightning from the path which would have been followed

in the absence of the elevated object.

(ii) For structures whose function would be adversely affected by an over-

head conductor , provision of means for diverting the full lightning

current to earth.

The only structures to which this applies in radio stations are
open—wire aerials and monopoles. Aerials connected to transmitters

are likely to be struck periodically , and the full lightning current

delivered down the RF feeder. The normal method of protection is by

spark gaps, which experience has shown to protect adequately the

power vacuum tubes in the final stages of transmitters. Occasional

damage to balun transformers and other components between transmitter

and RF feeder is acceRted as inevitable.

Some aerials used for receiving are currently protected by a

• combination of spark gaps, fuses and neon tubes , (section 5.2). Ii is

probable that many existing open wire aerials could have their light-

ning resistance improved by the minor changes detailed in sections

3.1 and 6.5.9, namely extension to supporting towers to help inter-

cept lightning, increasing insulation between tower and aerial and

• replacing spark gaps by gas arresters .



The protection of monopoles from LL effects of a direct ~t ri h

presents a special problem. Current practic e is to accep t occasional

dest ruct ion of the balun t rans fo rmer  used t o  coup le the monopole to

the coaxial cable , and to use a gas arrester to prevent damage to the

cable and connected equipment.

(iii) For conductors exposed to induced surges and connected to vulnerable

equipment , the provision of suitable means for diverting surge curren t

to earth and preventing a voltage rise above the insulation level of

equipment.

(iv) Provision of a system of in—earth conductors to provide a low impedance

path for earth currents , thus preventing dangerous rises in local earth

potential near an installation.

(v) Provision of a suitable protective components at the points of connect-

ion of signal and power conductors to equipment used in an installation .

These components should preferably be included at the design stage and

built into the equipment, but may alternatively be included as separate

units interposed between an existing item of equipment and its signal

and power connections.

Thus the methods of protection , decribed in detail below, can be sum-

marized as surge current diversion , insulation coordination , and adequate

earthing.

p

1
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2. C} IARJ \CTEJ UST ICS OF LJGHT NIUG CURRENTS

The lightning cur~ent ~hich flows in a s tr i c k € n  uxpo sed st~ u~Lurc Is

believed to be almc’:t independent of the impedance of the structae. The

lightning st roke is therefore  represented as a current source , ~-:Lth peak

current  and waveshape characteristics occurring according to the s tat ist ical

distributions given below . The frequency of occurrence of lightning strikes

to a s t ruc ture  is related to the ground flash density , which is normally

estimated from the number of thunderdays per year at the site.

2.1 Estimation of ground flash density

Thunderday levels over Australia are given in Fig. 1, based on [6).A

procedure for assessing the lightning risk at any site is given in section

3.4 of [7]. This may be useful in determining the degree of lighting pro-

tection justified at a site for which no previous records of lightning

incidence exist.

Groun d flash density may be estimated from the thunderday level u sing

the relation shown in Fig. 2. Where no thunderday information is available ,

the latitude of the site may be used in Fig. 3 to estimate these quanti t ies .

• Details of the source information is given in [8] to 112]. From the above

information , the expected number of lightning strikes per year to any

installation is given by:

No. of lightning strikes per year = NgA (1)

where Mg = ground flash density (km 2 yr 1) and A = ef fective area of

• installation (km2 ) .  In app lying (1) to an area of f lat  open ground , A is

equal to the actual ar ea of ground under consideration .

2 .2 Lightning currents in low level installations

Frequency distr ibutiens of peak current in lightn ing st rokes have

been reported in [13] to [22] .  The heavy line , marked (i) in Fig. 4 g ives

a f r equency dist r ibution of lightning curr ents which is reasonably clos e to

the majority of published measurements. The lines labelled (ii) show the

limits between which most measured distributions fall.  Most measurements

have been made on tall towers , transmission lines , and tall buildings .

In [23], by allowing for  the e f fec t  of structure height on the measured

distributions , the synthetic distribution of line (iii) is proposed as

the frequency distribution of currents to open ground and structures less

than about 5m high. From this distribution , approximately 50% of peak

currents exceed l6kA, 10% exceed 45kA and 3% exceed 8OkA . Considering ,

for example , a low—level installation covering an area of 0.5km2 in an
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area where Ng 6km 2 yr 1 . The ingtaliat.ion will be struck 3 tiir.c-~ per

year , or 30 times in 10 years. Hence a peak current, of 8OlcA can be

expected somewhere in the installation every 10 years, a peak cur rent of

45kA every 3 years , and a peak current of l6kA every 2/3 of a year. A

peak current of 8OkA is therefore selected as a reasonable basis for

“worst case” calculations , and gives an expected protection failur e rate

of not more than one failure in 10 years in the above example, assuming no

lightning current below 8OkA causes failure .

2.3 Lighting currents in elevated structures

Any elevated structure tends to protect  an area of surrounding ground ,

as the lightning path is diverted towards the structure . The means whereby

this occurs is explained in section 1.3.2, although the details of the

process are not well understood. The relation between the height of an

object, h, and the extent to which the object can divert sideways the

path of lightning determines the radius , ra, of the zone over which the
object is li kely to in tercept the ligh tnin g strike. The higher the object ,

the greater the size of the zone below protected from lightning. In [3]

empirical relations are presented , which have been used to compute the

relation between ra and h given in Fig. 5.

It is probable that the impedance of the source supplying current to

an upward streamer affects the rate of growth of the streamer. Thus a

streamer fed from a low impedance source , such as the top of an earthed

mast, has a greater probability of meeting the down—coming leader than a

streamer fed from a higher impedance source supported by the mast , su ch as

an aerial. Thus the mast tends to protect the aerial, even though not much

higher than it.

For an installation containing elevated structures , or on a hill top ,

or both , the effective area (s greater than the ground plan area, and may

be estimated as indicated In Appendix 1. As a result, the number of light—

ning strikes is greater than would occur to the same area of flat ground .

For an isolated structure of height H (m), the number of str~~.es per

year to the structures increases with h in the manner shown in Fig. 6 for a

region with about 30 thunderday per year based on [3] and [24].

A further complication is that the attractive distance of an elevated

object is believed to be greater for large—current strokes than for small—

current strokes. The reason advanced for this is that large—current strokes

are associated with large amounts of leader charge, hence large fields at

ground level, hence longer upward streamers which may permit greater lateral 

—-~~~~—- - •— ~~ - — _ _ _ _ _ _ _
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diversion of the stroke path . Th is affects the distribution of currents ,

the median current incrcasing with tower hei ght as shown in Fig. 7 based on

[23] . To compensate , a peak curren t hi gher than 8OkA should be seiceted

for  “worst case ” calculations relating to objects greater than 2Oni hi gh ,

using line (i) of Fig . 4 to guide in the selection of “worst ease ” peak

current.

2.4 Rate of rise 0f lightning current

The frequency distribution of maximum rates of rise of lightning

currents is given in Fig. 8, based on [3] and [13). Subsequent strokes

have larger rates of rise of current than first strokes , but usually smaller

peak current than first strokes . Thus it is usual to assume that  peak cur ren t

and peak rate of rise of current do not occur at the samc time wh cn the com-

plete lightning discharge is being considered. However , when any particular

stroke of the discharge is under consideration , it is quite po~~ib1e for th e

largest rate of rise of current to occur just before the current pe~tk, so

that for conservative calculation they should be considered to coincide .

___________ _____ —, __________________ • _____________
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3. I N F [ R C L P T I O N  OF DIRECT STR O K ES

Ve ry e f f ec t i ve  low—cost lighting protec t ion  can i c  p rovide d  by

careful ly  placed and properly c~ rth ed shield conductors Over V U l 1 ) t F 1b 1 e

inst.illatior ,s. This takes adva~itage of t h e  ~i cL i v e  role p layed  b y an

elevated conductor  in divert ing to ibielf  the pat h of t h e  l i g h t i n g  s t roke .

3.1 Zone of protection of an elevated conductor

Any elevated conductor having a low—li-pedance iTathl to earth Lei~d~; to

prote ct objects wi thin  a certain shielding angle (Fi g. 2 of [ 7 ) )  as i~h io :it

Fi g. 9. Experience shows that the number of shielding fa i lures  fai ls  as t~~e

shielding angle decreases , and a maximum value of 20
0 is recommoin~od for

installations with vulnerable electronic equipment. In t~iany cases , a

shielding angle approaching zero or even a negative shielding angie can

be obtained with little additional expense.

Some existing radio station buildings may already be partially pro—

tected from direct strike by a nearby mast or tower , used for supporting

aerials or microwave antennas. In these cases the protection could be made

more complete ~y an overhead shield wire from the existing tower to ano th er

tower or pole on the opposite side of the building (or group of bu i ld ings ) .

This method is illustrated in Fig. 10 and has been used successfully for

many years to protect electricity substations and switchyards [25). This

approach is probably cheaper than protecting the building as shown in

Fig. 11 by a system of earthed conductors over the roof of the building and

around its periphery and has the further advantage of keeping lightning

currents away from the building. Further details of lighting protection of

bui ldings are given in Appendix 2.

Buried coaxial cable used to connect aerials to receivers is period-

ically damaged by lightning ground currents , the sheath being distorted as

though struck by a chisel. Similar damage to underground communication

cables has been reported In [26) and [27]. Coaxial cables are sometimes

run 2 or 3m above ground as a temporary measure , often strapped to a

supporting wire. Inspection for fault location and maintenance are simpler

in this position. These cables could be well protected from lightning by

suspending them about l.5m below the supporting wire, which then acts as an

overhead shield wire. The recommended arrangement is shown in Fig. 12.

Note that the clearance of 1.5 Di between cable and metal support minimises

L 

the risk of flashover from a stricken support wire to the cable.

Each supporting post , at intervals of not more than 20m , drains li ghtning 

- -- - - - - - ---~~- -‘- - - -- - -~~~~ - - — - - - - — -
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19.

I

Insulation str engtle ;  of s t rings  of disc in su la tor s .
Insulator size: 254 mm (clia) x 146 IOn .

Number of Breakdown vol tage  (kV) (average values)
insulators

Power frequency Negative impulse (i-Jet
in st r ing ~w e t )  or dry)

1 50 130
2 90 255
3 130 345
5 215 495
7 295 670

10 415 930
15 600 1360
20 775 1785
25 950 2210

Values extracted from NGK Insulators Catalogue Number 65.

TABLE 2

Target earth resistance for  various structures.

Target Low—frequen cy Prob ab ~.e app rox .
Structure ~~~e of Earth earth resistance resistance und erConnection oIlm impulse conditions

(I . 801CA~Med p h i gh p IIidX

Large Bui~ ding Multiple Earth 1 1 1
— Stakes or Earth

Mat

Small Building Earth Stakes at 2 3 1.5
1Cm intervals
around building

Medium Tower, 4 Earth Stakes at 10 20 6
Aerial Mast, at Corners o~

Tower

Minor support— Single Earth 20 40 8
ing structure Stake or ~-Icta1
eg. for shield— Pipe Etc. Buried
ed 0/11 cable ~v its in Ground
run , or RF -

open—wire
feeder

Med p :  Medium resistivity soil: p l021~ ~
High p: High resistivity soil: p 1O~~ n~

- - —--- -~~~~~~ ~ —--- —~~~~~ -- - ‘— - 5- . - 5 5 - - - — - -  --- ~~~--• 5 
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current  to ea r t h .  To do this effectively, the 0 1 - i ~ .i S t a I I C C  to ear th  at enc -h

post sho uld not normally exeeed 20 Ohl .~, s” ’ s e  ct ion 3.3.

Open wire RI! feede r s  conaect ieg t rae :y Lt t er s  to can als ~rc Ll~~enLL1y

run on gantries . Improved li ghtz~ing p forn~ance IUL:~ bc-ce fou ed  to resul t

f rom mounting the feeder insu la tor s  on wooden crossarms , and :Ai J owi -lL g t h e
ver tical steel pipe supports to pro jec t  above the upperm ost  crossar io.

Fu rth er  pro tec t ion  could be achieved b y c-xtc-a diig the ver t ica l  memb er s end

running ear ti led overhead shield wi r e s  above the fec.ders as shown in Fi g. 13.

This ar r ang ement  is recommended for  long runs of exposed RF feeder , wheee

no protection is a f fo rded  by nearb y i las ts  an d buildings . This would Cii~-ure

that a direct s t r ike  would only occur to the aerial , and the ene rgy in tile

st roke would be par t ly  dissipated in the RF feeder before  reaching

vulnerable components.

Steerable log—periodic arrays are protected to some e~ Lent by the

central beats, see Fig. 14, which is at earth potential and somewhat hi gher

than the radiating elements. Protect ion could be improved by increasing

the height of the top member of the beam , or by a sp ine running along the

beam , as shown in Fig. 14(b). It would be necessary to establish that

these measures did not adversely a f f e c t  the performance of the antenna .

As noted in section 2.3 , an ope n—wire aerial is to some extent

protected from direct strokes by its earthed supp ort ing masts.  This

protective effect could be enhancec3 , without detracting appreciably from

the aerial performance , by mounting a vertical metal rod on top of each

mast , project ing 4m above the top of the mast , and electrically connect1 -i

to it. Although this would not provide complete protection , it shou ld

ensure that at least all high—current strokes strike the mast instead of

the aerial wire . Some further improvement in lightning performance would

result from ensuring low earth resistance at the base of each mast ( e .g . ,  b

not greater than 10 ohm) and increasing the int~ulation between aerial al-Id

mast , to a level of the order of 1MV for impulse voltages. ‘I ’his could be

achieved by adding insulation of adequate impulse strength to the normal

aerial insui.-otion . The object of this is to prevent flashover from a

stricken mast to the aerial or the downlead . The impulse strengths of

strings of a typical disc insulator are given in Table 1 (p. 19).

3.2 Selection of conductors for lightnin g protection

The selection of conductor size is based on the requirement of low -

electrical resistance , mechanical strength , and resistance to corrosion .

Experience has shown that the conductors listed in Appendix 2 satisfy these

requirements . Selection of a suitable conductor must be based on local 

-.--—•—--,--—-- —~~~~ — - — .~~~~~—‘- 



cn~’i rui ~n~ n (  ~1 COLISI dC r at ions and econoni cs. For - .~~~aIi i-al t 1i’ .-:~ res or

shield wires ; not d i rec t ly  at tached to b u i l d i u g~~, ual . of stLaIlch~d galvan i sI d

st Oo l wire is rL’ L- (I~’ n 1 f l d E d

For li g h t n i n g  conductors to be attached to but clings , pr~ ference

should be given to copper s tr i p or rod c f cross sec t ion  at least 50 n m 2 
011

the grounds of durabi l i ty  and case of iie-~ta 11ati on and j o i n t i n g .  ) 1o~ e v c - r ,

conductors of much smaller cross sect i on  wi ll  carry t y p ica l li gh t i n g

cu r ren ts  and serve to pro tec t  s t ruc tures  \- - ‘ l I l c IL  i - i i g ht not be C011 ’ ;l d e r e d

wo r th  pro tec t ing  to the extent recolaIsJ-n/lc d above , e . g .  domestic dwe l l i ng s .

Examples of con ductors  are stranded copper earth w1 re and sing le st rand

galvanised steel wi re. The method of calculat ing the heating effect of

li ghtning current is given in Appendix 3. Mater ia l,  for  earth stakes

should be chose n for  durabi l i ty , cor ros iom resis tance in the local
environment , and mechanical st rength to c i t i s t an d  d i J v i n g  to a depth of

at leas t lm. A stake thus chosen would have adequ ate  cross section for

ca r ry ing lightning cu rr ent , simp ly on account  of t iie cross sectional

area needed to provide mechanical s t rength .

3.3 Earthing requirnients

Any overhead lightning conductor system requires a low—impedance

connection to earth comprising suitable down leads and an earth terminal

cozbprising a system of driven rods and bur ied  conduc to r s .  The details

of the earthing system must be adapted to the layout of the installation

and to the resistivity and structure of the ground.

All buildings should be provided with an earth having a res is tance

of not more than 1 ohm for  a large bui lding , 2 ohm for  a small building

(Table 2 ,p . l9) . Normally this can be achieved by driving stakes at

intervals around the building peri phery , linking each stake to a ring

conductor around the buildin~g. This may be ei ther below or above groun d

level and should be installed so as to avoid corrosion problems and —

mechanical damage . Li ghtning conductors fastened to the upper part  of

the bui lding , sho uld be connected to this ea r th by at least fou r down—

leads. The s t ruc tura l  metalwork of the bui ld ing ,  an d steel re infor cing

rods in concrete should be electrically connected to the building earth

at or near ground ievel. Further details of recommended building earthing

are given in Appendix 4.

Towers and masts should be provided with up to four earth stakes

linked to the metal w~ork so as to achieve a res is tance of not more than

10 ohm , or 5 ohm for a largd tower (Table 2). Driven stakes arc consider—

ed preferable to buried plates on economi c grounds . Buried wire should

only be necessary in areas where the earth resistivity is high (see

—--— 5-----— . - .--~~~~ - - -- - - - - -------—-—----—— - -- - -. ------ .- ~~~ -- - .- - -5- - - .~—- -- -- -,--—-— —---—— 
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s i - c t i e i i  3 .3 . 2 ) .

I t  has bc - en  observed tha t  t h e  oi l  - r t ! i v~ n~ ~istance of on earth coan~ c~-’

ion is less und er  i i .~p u i s e  condi t ioiv-~ than under  d .c .  or 10-.. f i c  c n n y , la-v

vo lt a~, e , cond i t ion s . In [28] t i ie  .Lmpu ice ea r th  rc a s ta n c e  is n - t a l n d  to be

t m an— d epende n t , e n ! , using a model for  h realaj a: . n processes in en i Lii , the

e f f e c t i ve  i ns  t~~L~~i icc -  fo r  an 3Oic A i i pulac c-ocr C u f f .  is estinaL~ ! ~o he Ci . 13 to

0.65 of the low f re q u e n c y  va lue  fc i  t 1:a type of ear th  conncct i~~ no: a lly

used on a to-.:er. This phenomenon p~~oV.i deS an add it i on a l  m-an t;ii: of s a f e t y

in reducing to:-v and b u i i d J n g  p ot e ut aa l s  betsy the value ca lcula ted  frori

the ]ow—frequeney earth resistance . Seen  reduc t ion  f a c t o r s  r e l at i n g  resist-

ance under  impulse and low frcc~ :c-n: y cond i t i ons  are given in Tcb le 3. \ - Thc - ie

an earth n-at exists , building and Lcsn. i’ e~ r t h i a  sho-ild be bonìded to this

earth mat .  Methods of measu ring ea r th  ren i stac ce  are given in [ 7 ] .

- 
TABLE 3

Reduction of res is tance of ea r th  connect ion
under iln 1)u ise conditions

Eartliing connection Depth in earth (m) 3.05
dimensions and —_____________ ______

arrangement Diameter (rs-~) [ 10

No. of rods and 1 isolated 4 rods at corner s
- arrangement  rod of square 3 .O5ri 51(10

Peak current injected kA 80 80

Time to current crest u s 4 4

Soil resistivity , p, ~
‘l m . 10~ l0~ 102 jQ3

Resistance at low currents , Q 30 300 10.5 105

Resistance at current peak, c~ 11.3 54 6.8 37

Resist ance at curren t_p k  0.30 0.18 0.65 0.35
Resistance at low currents

Derived from [28], where values listed were calculated using a dynamic
analytical model of soil ionisation under impulse conditions.

3.3.1 Low R i~vLty Mccu

In installations built on ground having a substantial depth of low

resistivity soi l , an cart:hlng system associated w i t h  each structure construct-

ed as described above will enable the target  resistances shown in  Table 2 to

be achieved. Under these condi t ions , the ligh t n i n g  current either to the

structure or to ground near the s t r u c t u r e  should not cause an excessive

voltage rise.
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If n-n a d  - a i ’ L I t i  ng methods (inc lu-~i ug m et  -id~: of o:- :teis l ng  Lii i -  c-at L i i —

lug gi ‘.a a ì - . j~~ o nd I a 4) are  il~~~-i~~
c
~

-
~

. : - , ei tie r bc-cause of overall  h i

r~-~- - :3 r c s i st i - ; i L y ,  or becnu ’;c  of u i i c l e c ] v i n g  1:i g lj  I L - S  s t i v i ty  : :nt i i i , li -n

i t  is rcc-o n .cuclcd t h a t  the cs5:2 lCLt ’ i n s t a l lat io n  bc ea rt l t ed  b y ~~~ vs l t :  of

under g round  ooncl : lors  , i i n h  ug all. st cucaurcs in the Insta l  lot :  ion .  Th is

recomas:ndal ion is  baa~ d on the n d - c on s  i t)’ O~~ OVO!:) J a g  ~ .\ CC5S ivc d l f f c - - i a~ Cc-: :

in po ten t ia l .  b~-tvccn ssgar: te par t s  of t h e  i n S L - : i i : : t  i o : .  F u r t h e r  dcL~ I Is

arc given in App endix 5.

3.4 I3v~ r~ 11 protection of an inst alla tian ccn si s~~ ing  of a nu :~:bcr of
s epa rat e  s t r u c t u re s

Assuming that  each i n d i v i d u a l  s t r u c t ure is  p ro tec t ed  as far as is

technically feasib le  by th e methods given  above , it remains  to ensure t h a c

exoesoLve differences of potential do not occur be tween d i f f e r e n t  p a r t s  of

an installation. For example , an ins ta l la t ion c o ns i s t i n g  of t i -- c  ‘-:eli—

separaL ed parts linked by signal and power conduc tors  run in ducting could

experience a large po tent i a l  d i f f e r e n ce  between L h i ~ pen  ts if one i-:ere

struck by lightning. To minimise possible r e su l t i n g  damage to equipment ,

it is recommended that the building or o the r  ear ths  of each part be

elect rically connected by a low—impedance connect ion.  If the duct is

constructed of  r c in fo rccd concrete , ~I a n  the steel r ei n f o r c ing  rods sh o a l d

be electr ically continuous along the Je-ngt h of tie duct , should be bonded

transversely at intervals of no more than 15m , and should be securely

electr ically connec ted to the local ear th at each e nd .

3.5 The problem of separate building and equipniont earths

It may be necessary in some in.- tni1~~tions to have an equipment  e a r t h

f loa t ing  (i .e.  electrically isolated) with r cn -j: -ec t to the bui lding earth .

here the technical and lightning pro tec t ion  r e n l u i l d i n i n i s  conflict:  to some

extent, as resistance to denage by surge voltages is easier to ensure if

t h e  equipment earth is connected to the building earth . Problems may be

exp eri enced i f  a voltage impulse i n j e c t e d  along si giio i conductors causes

a rise in potential of the equipment earth wi th respect  to incoming a.c.

power conductors.

Precautions which should be taken in th is situation are as follows:

(1) Ensure tha t  all equipment w i t h  a f loa t ing  ea r th is protected from

direct strokes and that  induced surges , and impulse  voltages inj~ cted

at any entry point  are d iver ted  to the equi pment : ea rth by su i tabie

p rotective devices. 
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(ii) Provide p ro t ec t i ve  dcvic~ s to flo ii the : n ~ . i ::  poL i t b  I di f f  e r c o o t

b et. a ’cc- thii: equipment  iii- :! i n u i  1dJ  eg o : r t h :  . A c irly -:H or :-r~ lid :

‘SiiCfl this i s  done is t i ::: one can I ni cot I ~htufng c c r L L i : L a  i 5 i o

mains  — it  is then necessarr  to con t ro l  ti a- p s l c n t i a l  c~i f f ~ c -rei ~cc

betW e efl l i e -  mains ari d ti c - k r  c - n  earth p i n  t .

(ii i)  Provide f ie t ing a. c. mains 5U~~~iY to cqu i 1 : - ::t with I f eting i l l  tI

using tlaninform’2 r wind i g:: with a d c - q i: l I1 n U ~ - .t I Oi l .

The manner in which this could be done is ill u traLed in b ig  15.
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As explained l.n sect ion  2 the 3 g i l  ni  i:g stroke i s  t rea ted  a:; a current

Suurcnn  having c i a r a c L i r i s t ics  given U ” f l  l i U c e ;  4 and ~. Observations of

li gh t n i n g  currents  [29]  , [30] she- -i the;. h i - a I ro i L of t i e  currc-ut s:ccvr:-l::rje it;

usual ly concave , w i t h  maximum slope o c c u r r i n g  jus t b -n i  ore the current g -nk.

This co:’:!-ination of hi gh current and sii : u i t n n eou s  hi gh rate of r ise of

curr ent  wi l l  cOlo n: a hi gh voltage in s t r u c t u r es , r equ i r ing  adequate clear-

ances f rom nearby conductors  at earth p o ten t i a l  if fir; I~ovec is to be avoided .

Even if there is no fiashover substantial : ‘i ; eed volt~~gos and c u rr e n t s  occur

and these may damage equipiTeut in some C 1rCUSV-t af lCC S .  Li ght n i ng c u r r e n t s  to

- 
ground near an i n s t a l lat i on  may cause de:n g ing p o t e n t i a l  d i f f o - i o n c c s  bc:t’:eon

different parts of an installation.

4.1 Effects of direct stri kes

To calculate the largest voltage and current surge which could occur

in a g iven conducto r , it may be assumed that the peak current , Tr-~~: 
and the

peak rate of rise (dI/dt)may coincide in any particular stroke. For an

electrically short conducting system , the peak voltage VP is given by

VP Rl.m~~ + L (d I/dt)r~ax 
(2)

where R resistance , and L inductance measured between stricken point ari d

earth.

In apply ing this equa tion , it is riot realistic to take simultaneously

the largest  current from line (i) of Fig. 4 and the largest rate of rise of

current from line (Ii) of Fig. 8, as the former app lies to first U L L - o k c s  and

the latter to subsequent strokes. A determination should be made as to

whether the system i nvolved is more sensit ive to peak current or peak rate

of rise of current. If thie former , damage is likely to be caused by the

first return stroke , and appropriate ju:r;’meters would be

SEVERE ‘max 8OkA to lOOkA

FIRST

STROKE (dI/dt)max 3Ok A/pS

If the system is mainly sensitive t.o dI/dt, and hence to subsequent

strokes the appropr ia te  parame ters would he

SEVERE ‘max ~ LiOkA

SUBSEQ UEN T -

STROKE (di/ilt)~ ax lOOk A/bi S

The method of calculation for typ ical structures is given in Appendix
6. For an electrically long structure where the travel time of the voltage

____________________________ —- — - -~~~~~~~~~~~~~~~ “-~~~~~~~~~~~~ -- -~~~~~~~~— - - - -~~~~~---
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waves becono;; COS1T000U1C to t h e  i sn  d i :  - of LII ’ ii odin :! c u e ~ ; i t  p u l  - ,

ii is l i t - C U S S  F’’ to L~~hc O C C O u i i L  of refiec tn- d \ L ~lI  0 ~- - ave : as di s~ ;i: ;~ cd ii;

Appn ndi>.  6. For long Ove rhc-ad conductors , th e vol tages an. - n o : u a L e ; r

calculable fr o n ;  t i i - charact e n i L : ) ; n dnflcc of th ry;-~ t c  n , t~ ‘ie g i S tO

account  r e L i c  t~~d WOVUS where Wi Les :- ny  . SOUd- t a r e t ~~-J C a : i :uo voltages

on teas :;;:i SU  ion l i n e s  Or; ’ g iven in  i -
~~ ft 4 , be -c on [18] , [31] , [3?] — r d

[33].

T/g’- l _ g  4

F . c ; j  vo l t age- -. ( -0  structiS c S
direct l y t I L L L ; C L  by li gh t n i n g

- Reference i r u nSt ruc ture  N o t €  aVol t age

Perry (1941) 40kv transmission l i e  tower 
8 5d~ i* E st iin :’red I rc~

[31] w i t h  25Of~ loot ing r e s i st a n c e .  - 3~, l i r n a s u c ~-d
stroke C U F T U O L
in L O ’ e C .

Golde (1946) Trausmissica line tcn-a-r , in— 20 X Calculated (- r oes
[~~3] ducLance  lOpH , tower spacing Peak current  l .CNV for 8OkA

~ 260m. footing res. 2O~t . c u r r e n t ) .

Sargent and 220kV transmission line l.5MV Calculated from
Darvcniza tower tol). measured 141;kA
(1967) [32] stroke , r i T e tine

4~is.

Wagner and 110kv wood pole unsh ielded 5t~ I-least re d 4 i-:il
McCann transmission line . (‘k’ 6 la ;)  f rom
(1950) point c-f s t r i ke

[18] on line
p. 561

* Probably overestimated as iow-- c u r r ~ cst f o o t in g  resis tance used in ca l cu l a tion .
If impulse resistance 0.2 x lô--.’ u r r e ct  valu e , 

~
‘
i~~~~ 

l.1~IV.

4.2 Induced voltages and currents

A signal conductor near a S t  ci ellen overhead conductor will 1;~ - ’e a

voltage surge induced in it: which can be es t imated  from the current in jec ted

int o the stricken conductor and t h e  couplin g b o tn ss -n  the two con d u c t o r ;- .

A review of induced surges in ~ i gi ; : ;i  and ov er m an conductors is g i ven  in

Appe ndix 7 showing that an Induced current of OIi A is possible . Thus ,

p rotection at the terminals of connected cqu i ~ . ;n t  is requi red , and g ; is

arresters are appropriate .

An induced voltage surge wl l.l occur in exposed equipment near a

—~~ --~~~--- ~~~~~~---~~—----~~~~~- —-- -- —---- - - --- - ~~~ - - —-
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O P N  WIRE I [tell:
TO R H O M IIIC A N T I [ N A

SPARK I ;~Po

-®-~
- --

NEON

FUSE TUBES FUSE

I C T

I - ~ “~~~ - BALUN
7511 T R A a J C W; - [ R

LOCAL COAX IAL
EARTH -= F L E D L R

Fig. 16 Ex~- rt Las : 7 L s :  ;~ ar gr o:~ - - a t  La: a a een:e 01 2;a Zen ~ c-: a~- O Y W e - 2 -  at
toe barr Of an EF fooder fi-e ;; a i 7:u’a ; - a a-rLcc::a or :.~ ep a ’l ~ea a ,
fuses, and neon t-~rc- r.

MONOPOL E
A N T E N NA

I I
V T R A N S F O R M E R

90V GAS
ARRESTER

(BUTTON TYPE) -

To 
U—-

LOCAL
EARTH

Fig. 17 l,~c; k; 1- / -o j  1ro t-c’otiea sc~iernc J e  1 z Z i e :  / - i ; c rf oi ~nc ’r end coaxial eel Ye-
W ; f l j  t t ) V  / (i  aVIS ’ :~- - V. 
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l i a i i t u i i i g  f l e s h  to earth. D u r i i g  ~~~ prug. ( - : - ~ a of tg0 l~ --a r d i ; ;J ai ge

towards earthì , negative cIi;Irg; 1;; a pos L l e d  a o ; n ’ i  t hin-  I ;-e;r ; cl , a ; - ;;e 1 by

radial corolla current:::. When I i ’ ;  r at  U ;  S sI  ro~~: -c- ; ir iC n C ; ; a por t on of
Ill

th is  uc~ ati \ ’e charge is ~ei::ov ’d . T h e  amount  re :- ‘.-cd i s  of Lbn o: d- -r of 1C

In a t i m e  c~ e~’out  50j~s. The rn-  : _  t i u g  1-s r 
~~~~

‘ ; cnm en P° - t i v e— g o i ; 1 ;  3 : ~~, -~
of electric ~ieid at the Car  Li :  ~ 5 sun ace induces a la rge  I - u ;  I Live C C - i  L i I g C

surge In a~y - :-:posed i i : :u i n i e d  ~:J n - ~~~rodo . T u e  sudden increases in c u r C e - i t

at the be g i usin g of the return i i  re 1
~~- coo- c- ;; a r ap i d ly—c) ; :  g ing n-~~ n ; - t r  I c

f i e l d  near Lh ~e s t roke channel wh i c h  a-ill in , !uc e currents  -in c l o c~~i con-

duct ing pa ths .  I n general , gas ar r e st e r s  i l l  p rovide a d o ~uj t c  I;r~~r e 1  ,‘

protection agains t these surges.

Induced voltage surges in a r : . i a l : ;  and aerial feeders  p robab ly oc c;;r

in exist ing insta llations , e i ther Iron nearb y lightning flash es to ground ,

or strikes to thr mast. It is i~~~ ’~ ble that n:sly of the h]own fuses occur-

ring in the protective scheme shown in Fig. 16 are caused thus . Induced

surges also undoubtedl y occur Iii th e mon opole n:ti ’nnas shown in Fig. 17

and are diverted to ear th  by the gas arrester.

4.3 Effects of earth currents

Any buried conductor such as steel  duc t or p ipe may carry por t ion  of

the current spreading from a nearb y ]i ghtn ing  stroke to ground.  in high

resistivity soil , most of the ligh tn ing  cur ren t  may enter the  under ground

conducto r and f low along i t , causing a vol tage gradien t along the conductor.

If the conductor is a duct or pipe con tain ing  signal or pcwcr conductors at

the p otential of earth remote f rom the stricI-~en point , large d i f fe r c -n c c s  of

potentia l can occur . Consequont l y i t  is r cc-osa cndcd that precautions be

taken to drain the lightning curr en t: away f ree ;  the duc t or p ipe so tha t  the

voltage differences are reduced to a to1c~aIde level. It is ti crelare

recommended that the steel re~n1orc ing rod- in concrete ducts ln; conr.c cited

to earth stakes at approximately 30’; intervals. This recommendation is

made despite the fact that the earth rods could divert lightning grou nd

currents into the duct metalwo rk in some cria c- ;:tnnces. Best overall

protection should be obtained with earth stakes , r ather than without  them .

Exp er ien ce w i t h  signal conductors  in d u c t s  arid pipes in a hi gh

lightning incidence a rea shows tha t  sustained insulation breakdown between

conductors and p ipe or duct Is not  a common cause of f a i lu re . The chief

problem is damage to unprotected equ i pment connected to the signal conductors

caused by induced surges. It t h er e f o r e  appear ); that bur ied galvanised steel

water pipe and reinforced concrete ducts give adeq uate protec t ion  aga in st

_ _ _ _ _ _ _ _ _ _ _  _ _ _ __ _
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duct ~n an a: r L ; ~ v~ if l St a  lie a : :  e:. bus- ef~ 0~~- - - : - :d - -f l a w  us : ;a: : . - a
beI ,~,ecn ~7;c cab lee and t7;c ~

-
~~ic - ~: a’ ; f - ~ - ‘- . - - - - - : if - : v; - -‘rb-; 1 a f- :

cable daí - -azj o L g l;-~~:t~ -z- -eg’ c10--ivnfr - .  ; l :€ ca w f - ; - g z ! - ; a  

- ~~—~~~~~~~~~~~~—-~~~~~— - — -



~~~~~~~~~~~~~~~~~ - — - ~~~~~~~~~~~~~ --

g i o u - ; d C U C .c L : I I t S  ~~1 a l~~ah I t I i r o ~. I t  15 l e e  C le~~~ i l - C O ; ’  - fkdn 1~ L i 1. L I e

5 i ;;i::;) aod Oi hi- r con:lu stors  ri : : Ii i  s g t -c- 1. p~~ - : .- 1;aa ’ - C h i ~~i u ;- L practicable

a-;; ii:il of in :  ;;~~et los and s e p a r a t i o n  f tc -a the ~- : .  Li of ~ ip- - , and th at

c O - ; : . ) iii I c  cu;ci e t h e r  cor d e r  t o ;  a run a d u C  I -
~ h e sep ar~~ted f r om  the: c : ; ]  is

and f l o o r  of the  duct: by su iLab le  r 1~auCr s , g iving 3 c i i  I . - ‘ :  cI C:era)ld of j (  C:) : : .

One arrongcus- ;t ~- h 1 c h p  lee -  g iven : at i s f e r l :o i  ;- : 5 - c -  ice in a hi gh lightici eg ~5 : -_ 15

shown in Fi g. 18, although protect i- : a Ire:.: e e l- g i rt W e ’:  not  the ~ r i ’: - - i n t r - t i

in this e rr S :  ;e; I: ’:)  t .

It i;; neC ossary that tht~ spacers r e t  u i ii  th ; u . ;  r S nea l  o t i  n~ I’ : cper  i i

under the d, :.:p and unfavourabie er;: 1~~~on.~ i t :  the bot tom of r i : -: clout . !ssu:.’ I

a long i t ud  i ; e i  r c : , i  stance of 1 Ci:;; t i  L\- en ‘0 t n t  s of e n t r y  to ri ;; 1 d r ; a e t e - ; r  from

the duct of a curre-ut of 8OkA , as CO~ \’ p c ’L u i t id d i f f e r e n c e  may appcao brta ’ - u en

si gnal c o i k e t o r o  at remote ea r th  po ten t i a l  and ~1;u duct walls . T i e  spacers

should h e ce;; i gi :e-d to maintain insulation ui: inst voltages of this  i ’rgs itudc .

P o r c e l a i n  post  insulators  should be considered fo r  the app iica ticn.
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5.1 k~c:1u Pci::-: iLS and a~ip 1 I ca L i of l s  of dcvi on

ih:ote:et a- c: ~c-vi ens ar€- s eal to-  p r  - - - c it arnii .  :3 va l t : ga -: SOl ~~e-S I c-a

e n t e r i l : _ -, c pl c-cc ’ of equija’;cnL , ti t h i - .u; ad e ree- l y c . [ f e e t  i i ;  t h e -  - a -  e l

ape-ra t ion of t i le  c-qii L pmcnt . a; ~c lt ;:~: -  u ’ge :- ;  c a ;  occur  at  I::::i;’’ I-c ):ts in

a cOteji I et C  sySt c: :l  or i n s ta l l a t  - :- :i , ;ur : c ’ iTt - iy he eausc:;~ be’ l :\- i t~~ I i  cict. O r  e

t rnn e i .e ; ;t  cond ~th;~~;, as well ~s li t ’h : t n i r : f . , it:  is reco;r- :. usdeh - d t h a i  l ’ro t . -c t i  \‘C

devices i-c’ i i ;- ;t a lh d at ce rt e i ; i  p O i r t S  i :  t ) ; e s;’ : - t c : - : .

The fu:ust l e a  of a pr o te - : :  1 as d e v i c e  cec:uc-ct ed in - L :-? c:Cn a t r j ; g  nd and

the ea r th  of a 5 i J C L ~~ of cq uij:a~ at  is to p m -scot  a h i gh i rap edan ;- - 
~1’ 0 a

certe in critical voltage , and a low ci y ea-;: c i: ::pe-dance above this  \ e l t  age ’ ,

so thet the cne c Cv in incident voltage e u r g c u  i~; diverted to earci - , no d  t h e

insulation stre’ :gth of the equipment is not exceeded.

5.2 Spark gaps

A typical  curve r e la t i n g  ‘e r e u k d o c - .r; volt age to tir ;:a to brecd :dot’n for

a 10cm spark gap b etneen rods is shomn in Fig. 19. to; the vol tage  iic~eu l s e

resulting f rom a direct stroke may rise to peak value in 1~is , Fig. 19 ;:hi;n~-s

that a spark gap may f~i1 to protect the insul ati on of equi p l ent When sub— j
jected to steep—fronted voltage irg u l ses .  Solid ins ula tion has 

time to breakdown than air , as shown in Fi g. 19 for typical insulzit -ng l :S it --

erials  used in transformers [ 34].

Desp ite this limitation , spark gaps provide valuable low--cost pro-

tection for equipment exposed to direct strike or large induced vc’itaI;c

impulses. Often it is advantageous to place the epork gap sor : distance frI ;: :

the ncrru-5 t point at which a direct stroke can contact the conducte,’ t e l  i-c

protected. For exam-p ie , if a transmitting aerial is connected by an open—

wire KF feeder to a balun transformer , and the  RF feeder is prot -~~ t ent by

overhead earth i- - i Yes so that the nearest pofnt like ly to be stru fi . is t h e

aerial itself , then  the surge propagated alcng thin kF feeder ~i1:L bc

attenuated , and the steepness of the volta ge front will be reduced by

corona effects and other losses. The spoil; gap(s) placed at the lalun

transformer are then more effective in protecting tile insulation of the

t ransformer  than if the strike were to the RF feeder close to the t rans—

former. On one service t r an sm i t t i n g  st a t n on , the p ractice is to set the

spark gaps at 10% more sepai-ation than is necessary to preven t breakdown

by the RF voltage.

- 
In apply ing opark gaps to the protection of (- ‘lu i pinent connected to

receiving aerials , relatively small gaps are needed to protect the equipment.
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- La .  n ’, c~
a; a Ye uasat  i s i .u c L a ;y  as t In y ‘ toy he Ito e5 1 cd b y m O ’ :esee ,

in.- e et s , ( I tt ’ , With soti::i.;ctOry I;a Lhi ;~t l i C a 1  d ;;-; i ~gt , small - .1::lO;a -at ):

gaps g ive u s e F u l  p r o t e c t i o n , p r o v i d -d th e I - ,-nete ; ci L I :  up p~eced v e i t a g e

cave a; no~ too great.

‘I nc i - ~‘t  ect iV~ a r r a n g e me nt  sac- n I i -. • l(~ has 1~c- ;~ found to g i v e

pretectio of the b aL e  tr e ie- for : : . e r  c m l  cable , in a 111gb 1 igh t a in g  i ; - ’ .:id -i c c

area , rep ] ;a -e ; :; 5 -nt of fu ; ~ :— b e f o g  t u e  ciPI 
~ 

a:L I Cu normall y needed to res to re

ti le un it  followi:i :; l i gh t o in g  acti v i t y .  In Ic ’n - I t i e , :  dcci ‘ c  1 f r o m  [35] on ti;,:

breakdown c t i o r cctcr i st i c s  of span; gaps in ;:Lr is given ill Table  b.

TA~ JI 5

Spheue- - gap bia-c e;oa;n v c L t a g a s

N eg at i v e  voitc~,e applied to one sphere , o t h e r
sphere grouade-i , in air at 20°C, 760 ma Hg pressure .

Extracted from [35], Table XV and XV1II.

Breakdown voltages in kV peak

Gap Sphere l)ioa:eter in cm
between -— ___________________________

spheres , cm 2 5 10 15 25

0.05 2.8
0.2 8.0
0.5 17.1

1 30.2 32.0 31.6 31.3 31
2 57.4 59.1 59.2 59
3 75.4 84.1 85.5 86

4 105 110 112
5 123 132 137
7 150 169 184

10 209 243
14 304

5.3 Gas discharge devices

The dependence of striking time. on striking voltage for a particular

gas—filled surge arrester is shown in Fig. 20. Relevant electrical chi aract —

eristics are listed in Table 6. These protective devices can be used where

a very high impedance (in particular , low capacitance) is requi red  du r ing

normal operation and the insulation strength at the terminals of the equi p-

ment is in the range 100V to 1000V .

- _ , , ~_ I.. ~~~~~~~~~~~~~~~~~~ _______
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‘
~ ~~ 0 C I a : ;  4 - L t -  C i: t:i so oi a t y p t e a l

gas—fl jim -J su~ am u t - s t  ca

l-b-; tr;t’:t’ -d fr om ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ d;:ta shmeL ~ fee L~~;~
16~\ a l i ;  icc ~oicctrodu gas—fi l l -a d Si : !  ge iu j . J m - t  s .

D . C .  S t r ik i n g  Voitag : - 
j,~Q _ 3 ~ g:~ J ) .  C~

D.C.  A r e  \ a l t - a c~n 30V i ’:a-: .

0per~ tC: Dc t :.y ~i ;e iga imox.

l rm- ulatic:-n l~e ; :i atancc  ~~~ oh ;

Capac i t ance , end to centre 2.5 pF

t i e ; . Pulse C u r r e n t  2 0(8/20 W a v ef o c u - u)  0 A

Max. S t r ik ing  Volt~ gic fo r
20 I-S/ps app lied vol tage Ap~’rex . 100UY
ramp .

An app licatica of a 90\’ g;n-; discharge device in protect ing tI C auto—

transicre-aur used to match a m- :eup-aie aerial to coaxial cable is shio~-,-a in

Fit. 17. Thin short—time current rating of these devices is ‘~ io~,’ so th ey

are capable of discharg ing a re la tive ly  small ligh tning cu rrent as ~- ‘el1 as

by—pass i n g  inJuc ed  vo l tage  su r p : -u ;  to ea r th .  Fur ther , the  manu~ ccLe ;e-r  clam s

tha t they fai l  to a shor t circui t , and therefore should pro tec t  t I~_ cable

even when themselves destroyed by a direct  stroke to the monopoic.

Gas discharge devices are n ot  sc1f--c~nenching , so when used in a posi-

tion where a transmitter (or other source of poWer) can mainta in  the discharge

current , it is necessary to provide neanc of disconnecting the pover briefly ,

thus allowing the discharge to cease , and t ime gas d i scha rge  device to r ev er t

to the high impedance state.

5.4 Surge diverters

Surge diverters consist of a suitab l: housed combination of non—linear

resistor( s) and spark gap (s); tire properties and app l ica t ions  of these

devices are described in [36), [37), [38), and [39). Their primary applicat—

ion is in protection of LV and distribution—voltage—level mains-connected

equipment with rating of 240V and above . They may also be usefu l  in other

app lications re qui r ing dischar ge of a current surge cau se d by a di r ect

st roke to a conductor.  Some of their characteristics are summarised in

Table 7. Surge diverters are able to quench t im e power—follow current a ft e r

limit ing a voltage surge by discha rging current, to ea r th , and in t h i s  respect

ar e superior to gaps and gas di:;chiarge device’- . Surge diverter flashover

voltage rises as t i n e  to f lash over fal ls , as indicated in Table 7 b ac - e- d  on

information in [40].
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Chai~~~L e e I s L i c :  mc ]  ~~~ ~~~~~ P :\ ~~m: I : - : ; ;

L ’:tr acted ~~cT e: , ! [ J & [4 (d )

S v c a t - : i  ~ u: : ’ i :F  iii --~ u - - lLu~ ~~~~~~~~~
‘cc] Loge 

- ----- - - - — - - - -  - - - — - -- - -— - -~--~~- --- —--—- - 
~~‘~~~1P a l ed  di~~ i ‘ ~r

(c~ , a u e ; - t i - d  h oc ’ to ~- cc ’u :ad )  30 24 10.5 9 0.5 0. 2C
kV n ;:

lI la L er. :-parko’.-ee V o L t  e gL- cit
po:a~r f t u u ~ - a t o m e v  45 36 16 13 0.75 C, 4~

kV r i ’ ;

Na -:i a’a c ;p a r k e v e r  vo lt age  fo r
fo r  1.2/50 j ; ~aul~ e \-~iiV~ 108 87 38 33 2 .0  1.5

LV p~ c~~
___ ____-

MaaLt : mre f ron t— of - - ; - ;~ vc lepulse
sparkover voltage 125 100 44 38 2 .5  7 .0

kV peak

Steepness of wavefront  
250 200 87 75 10 10kV/p s

Sparkover vol tages ~cr e n t  Time 1- t
at higher dV/dt 0.2 Ps * 41—46 31 cc

vaL es (kV peak) 0.1 ps 47—54 37
(Neg. i n ;pulse) 0.05 Ps >58 48

Nominal
Impulse
Cur r ent
Rat ing

Hi gh impulse cur— LA peak
rent ui thnt , :cad 10 100 100 103 100
test. hA peak. 5 65 65 65 65 65 65
(4/10 waveshape) 2.5 25 25

Ma:-: [iauia res idual  10 108 87 38 33
voltage when 5 108 37 38 33 2.5 2.0
passing rated 2.5 2.5 2.0
impulse  curr ent
kV 1’e~ k

* Not known.

If the su rge diverter is f i t t e d  with  a pre ssure rel ief  device , it shouf l
conform to the n . e .  f a u l t  current  ~- - it h s L an d  test  in Clause 5.6 of [ 36 ) .

t These are measured values on par t icular  surge diver ter :;  repor ted in [h O ] .
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5.5 ~-s 1 i t o Lc : g c : - -’ices -

1 1, i ; ] ‘CU 1 I ,I L J 5  7c -s i t s - m i cc:  i d :  a . ; : i : - i c - r s , c ’ :i— .f I r m c a ~ v s

P 1 :‘-d c c. ; , ; c- c ar ; dlod ; ’ c~, E1LI .1 La .’ “ Ct(’ c I i  ‘ce dc- ’,] em -c : ; . ‘
~~‘,‘~ - i cal c u t  a nt !

Voltci ;:L - ch - .c : ~ t c-c y i ; ;tj ss  arc :;1 c - - - - ;i’ I :: I ] .  7j ;;nd m - i c - : C t ’ c C c i i_ amid aim -a rc; -

I,Oi c. Z I C F i i S . icS ; - ; I r  I~i• I~ c’~~r ,,,’ Oi a : in c ~-L c - .. ’ ::mo a

is p 1 - - l ~~ - C . ;::g ac~u t 1 ’ ; - - ccmmL c c  t i e  a m .  C I ; t 1 -
>

- g o .  a ~~~~~~ i i .  1) c o t e e E i ~: -

e n t r y  ~- :Y i i ;t  c-f ~~ ] !  :ci cc:c t  ;- ‘ I e c Cc L J .C  l :o ;l— l .~ -u ; 1 - ;i ;c pcdaue~ ] :  . c e a) ’  c - c  i V tic:

dccc ’]  cc (~ i- c1~’ t h u  c - i icags -— de~- : i c c L m i L  e : I p a c i t a ; ; - a)  a I l l .  n et  a- - k: tI -a

a I eu -c d :tc:: I r anuf; ;c.t ce-a - r c ; ]~ ‘ E- - rm ;te ’ro  [ 4 1] to 44 ] fo r  f e e  I - 
-

detai La

‘j I,c: idc’a] . llIOtCC tl’. c — C - -, - CL C - I C L I ’ ] . - ~~~,, c c : : - - C I I  a C t .  ii ,] -  IL

currc ci t up to a f i  :;cd (prot- ecl i V i - )  y r i c i v i  1 c c c i  tha n 2 L  cc  ci . age of

vol tage i.’ith cuem at  ( i . e  • ;;ero eCu . .J c Si c ; -~ s L u t  a ~~) . ‘c i - - vt-el I ac

selection of VP: -  1 ; , else volt  ego m . ~ k - . a ‘ .1 ic -.- c] C-f t e a~~soc - - t i n —

ment j u ;st ab-c. - c t i -:’ fi:- :cd p i o E c e t i ’ ,’c -s o lt; p m . i~~s ; 1. Z’ :’ r c i o c ,  -

this ideal , cmi are valuable c c l i  c-r e. the C r c :: I c ams, r~ ; -:~ ~- : ; a - e ~ Lt1’~’-,- L~~.V l i -c

not hi gh , (no t o’,a r ‘~ 3d) . On mippii :e ]icmu of 7 L f l C t  d i o-k- a , a - c c - t m —

junc t io c i  c - i t h i  ncra:a1 diodes , is  Chan t: in f J  g. 22 .  Lc rc - t h -  C i ,  - of L 1 c ~
m c ]  , 1L - i t t  s ur ge  is l imi ted  icy I~ p rotc-e L f - - c  dec-J cars at t h e  fk, r c a d  of

the im ~cc-~cing cobb .

An app licat  on of m e t a l— o e a- c- v ac -] s tors ia  p r ot i - c L i  a~. a t e u i c ~foru -er

is shown in Fi g. 23. lIc une t i m e  ~€ - TL c iL i y c i ’ t  large e ne r gy  :cbsorl ] m c ’ -  ce~ a P i )

(10 to 40 J) is an advantage , end L I e  Sc] t t l s’ei \  i a .- shunt i fed. tee is not

a d isadvantage .

5.6 Fuses

The relat ion ba-t~een Cu,: een] : cusP nelt ir ig  11 - for one t y p I c  of fnu1c

is shea-n in Pig. 24. The relatively lonk I. i - - c c : to isialt i l l i p i l e u c  Li .c t lu ca s

should not be expected to provide p r o t -  -- - L io r  apt: i c - a t shor t  d u i a m L P - Im U I E 1 I 1 SC S .

They arc app licable for protection at:;;] m i n t  relat i v m - l v  11011];- d t ; c e  I ion over—

cur r en t s .  If subjected to Cl i:: fuLl current of a lii )it~~in~, S ta lc or eVe’s

a Ire; L i o l l  of i t , t h e  f u e t -  w i n -  i-,’ O m i l c I  vap or  i c e ’ , i c i d  the cu r ren t  ~,- , - i c 1 d n o t ; ]  l i i i ’ :

f l ow in g  as an arc i i i  the  me ta l  v a p o u r .  1) l seomuic ’ m -L i o n of L Imc -  l i t  u ~t dcc ; -,

not oc;e-ur u n t i l  the sur f  C current fa i l’;  Lo zero .
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c. REd~~I:~LI:L:1I) S I- CIFIC;k; 1 t : : Y i i:5kL~ ,: \ L- L:~~- - L ~~~L ;  I : ]

I i - - . I LId 1. L

‘J f c c  ~~~~- d n ~ ~,c~Ci ic :’c P1 ci -- J e ! , n - -d ~~~~. c’ c c i :  s-cue - - ct

c,’mc cd ommigc s wh ch t :my d r1c: ; p.: c - q u i p c - - m t  . m ; - ~ c i Pj , ’; : hId ,-,- t i me  Cer I c ce 1 - c  cuiCc- jc

v m i l t r i p : : , and e m m e l m : y  l f lJ (  c L i c c a u : - , I a t : i - , t i u , ,Lc : - ] ,  /~c o o a P ;m 1;ly , L ie  p r o t e c t  ‘ t

of mmml : : ,  c l o d  ; a : i I  ~ 1a a m m e - ] f o r  f u t u C O  I I I  t3l .a- i~i c a  C te l  I L a , m - c  ~~~~~~~ j o  a d v m  ‘ c ~
and t I . c reqe ii-c-d i ’ .ca ’ - — ‘s’c e J C ; , e vi Cc lm v, -ls c u - t i  be m - , - 1 - c ; f ,cl ;i . F~ r

e x is t  l i m p  unpr otected e q ; i .p t ;u c a : - i  , n u l u c i ’  Ic’ p ro ]  CCI  S’,’cc fm a - c  a Cu , ;  i c -  i : ; - J c  c u - a ,

to f c  Pace  I lar p ee -P a id ) i ry at  f u t  eec Pr l;:ape

6. 1 Cr tc b o - m ’ cs o f c-~u~ pc~~nt to Lo p i ’c L :r I c

Lr~u 1 gm - ii is a c-c c e - cm ; :  [ c c c - I  i n  the f - a l : - - ; ;  l :L ’C: C cat 
~~

_ r i c a , 5t c1 eP i-c l

t i e -  vo l t age  :isd l a - a r e 1c-v- ,:ls at j - -  ‘ - c m  c a rr y  po in t s  and el  pa il . CC - ,c e c t i c - a

p o i n t s .

A. POl-~hOiI DIP’] 0 t iff ] UP  L~ U i . L’:- ] i1.I ~ -EPIc i-~O ,‘1 ’fJEPmI 01 ‘J t f

Dis tr .i P i - L l O f l  — 1 eVC1 C t ’ , - L C ; I L - m ’] L~ u I  c-ad-: m c  cound lines -d e:tb]a- :-; , a

for i :cea c  and r o t at in e  p ] e : u L  (1: -a lo es  and p e m ! c c r : L u e c . )

13. IE1 J I :  a C c , ; , _ . !c Lt ,JPt R , 1) .] CIl’f cc. ~ ,‘~ ,j )  A f f ~~~i T h ’  Lc~1’uaII~~P F

D.C.  power su p p l i u s  , control system , recciv c;s rc 1 l:i fi’crs end l u f  f cc - c :

( l i n e a r ) ,  d a t a  Tmlodems , ru _ l i  ~~ ‘ :a _  5:; ;l dJ  Pc-r:u1LJ ~~le:-;o~ n , di gital s y s L C - c - : ;

C. HI CH—F O ’- -k tI LEVJ- L IIICP-— i’iL ( -LI IC’f 1, ~Pi
RI! t r a n s m i t ter s .

6.2 Specifi ed Ilipul S e leve ls  oi p~~- am d i s t r ibu t ion  equipicent .

In accoc d un- : : w i t h  nit agre ct - ic -u t  be twcc cn the Def - retc P( J \’ i c;L ;- , ti ’c

Aus t r a l i an  Tel c-c ’ ea c j;liC tt I aces Cci :;: scicam , and t i c  paa ’5mr aupp l y a u t h orS  1. s

[1i6] , all r im -ti n t ;  l;o :c; 1 to re-P i o  s t a t i on ; ;  l u st  be Cc -p iled  via u ; i dc- rgca t - i ; id

cable fo r  a rm j a - - ci f i ed  l c i n i n c u ; : d i s t a n c e  of 1.1 Ja. i l l s  practice c-cm - nrc-c ;

inter alia , U n it  ligh tn ing  — caun: ,d  1;;:: ] as snr;1cs w il l  be list LI : d nm c t m p i l t u e c

and i- .i cue Lii ;;-: - by the underground ceble run . I ,c V; : r L h I ’lCSS , to s in  ca p cs - - ; . l.’le

dancage by r e sidua l  mains surges , or by t ime ec t J I c - c t c ;  of ~~i C O 1 i i i  c u rr e n t s , it  is

recommended t h at  surge diverters s c i c - I -;t cii in aceor c ’cumc ;e ~- m l t l m  1-0 1307—1974

(see also Table 7) he installed on th i ~ IIV and LV e. id c  of all L r a n s fc ’ i i i c - r s

connected to i i i c e - : c i i i i g  f eeders , being p h ;,ct-cl as c- J~~- ,-i’ as possible to t i m e

t ran sformer t e rmin a l s .  LV surge div.-m . L ’ cs should be connected t a r t - C L  tc ~~1j V,

ter minals and e m - t i m  at all distribut . i-n ; panels and mit all items of plant with

a power ratio]-, of 1OkVA or more unless t h e  i~~i t ire : V S I  oem is i - r o t c c t -d f r ’ mm

entry of ground cul’ronts.

ht 
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TAI3LE 8 R~ c~~:ci a-i ;dcd i n su lat ion  lccvc I ui for h ’ ,~L t r a n s f o n - c : r m u
Ex t rac t ed  fr - : -a ~ [3 7 ] .

Insu la tion  level is given as l i i i -  peal. impulse i. i tl;stand volt:pc’. i.or
i/S Op s imp -m u se waveshape app lied to one m in d i n g  w i th  all othe r  i-. nciings
grounded.

IP ,-: ; m t eal  ru1a In su la t ion
Rat ing  Exposure to Surges Vol tage  R a t i n g  Leve l.

of ‘eSinding (Peak V o l t n g c c . )

Lines connected to winding
exposed to d i rec t  s t r ike  or 33kV 200kV
induced surge f rom s t r i cken  11kV 95kV
shield I - ir e .  (Sui tab le 1kV or less 30kV
surge dia~c ’rtc- -r s at winding

lOkVA t e rmina l s ) .
or — -

~~~~~~~~~~~~~ 
__________ ___________

more Transformer  wi th in  f u l l y
p ro tec ted  (non exposed)
zone , subj ect only to res— 11kV 75kV
idual surges passing surge 1kv or ices 30kv
diverters  elsewhere in
system.

Less Transformer in fully shield— Less than 4 x rated rms
than ed zone 1kV voltage + 4kV~
1OkVA

* Alternatively ,  f or power frequency insulation test: 2 x Rated rms voltage
+ 2 kV as rms value of a .c .  withstand voltage .

TABLE 9 Recomme nded insulat i on levels of powe r equipment
other than t rans formers

Insulation levels given as the peak impuls’m wi ths tand voltage (1/50
waveshape) and as the isis power f requency  wi ths tand  voltage , the voltage
being app lied to the winding etc. under Lest with all other parts grounded.

Rating Exposure to Surges Nominal rms Insulation Level
voltage ——
rat ing Impulse Power

kV peak Frequency
kV r ’-cm s

Connected lines subject  to 
11kVdi rect strike or induced 95 8

surge from stricken shield
wire. Suitable surge divert— V 20

1OkVA er s at equipment terminals, or less

more Equipment within fully pro— 11kV 75 38
tected zone. Supply lines
equipped with surge diverters 1kV

or less 20 to 30 10 to 15

Less Equipment in fully protected Less than’ 2 x rated
than zone 1kV m s  vol—

1OkVA 
_______________________________ - - -________ 

tage +2KV

. — - - — —

~



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~ 
— ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -

~

63.

Testing of distribution trausf~ rmaer s simou].d be. in accordance  -~s- i t . h i  [ 37 ] .

Consideration should be given to in m p ie- lclc ’ i iLing  the recommendations in ~47J for

modif icat ions to the required type tests on distribution transformers.

Recommended insulation levels are list ed in Table 8.

For moto rs , gene rators , and other equi pment no t normal ly sub ji c t ed

to impulse voltage tests , insulation tests at power frequency may be sub-

stituted for impulse voltage tests iii accordance with Table 9. The impulse

or power frequency test voltage is applied between the mains—connected

winding as a unit and earth with all other parts  of the equipment at earth

potential. Surge diverters normally installed between mains terminals and

frame (earth) are removed during these tests.

6.3 Protection of signal conductors in exposed positions

It is desirable that signal conductors in exposed si tuat ions should

be protected from direct lighting strikes. To achieve this , they shou ld be

installed in ducting or metal pipe at or below ground level. Alternatively ,

signal conductors may be run above ground , provided they are entirely within

the protective zone of an earthed overhead conductor system. An arrangement

of overhead shield wire protection for above—ground signal conductors is shown

In Fig. 12. Note that a minimum clearance of l.5m must be maintained between

the overhead earth wire or downleads and the signal conductors to min imise

the possibility of flashover from a stricken overhead earth 1-Jire to the signal

conductor .

Signal conductors in ducting should be run with a minimum clearance of

10 cm from the walls and floor of the duct to minimise the risk of flashover

when the duct carries a portion of the lightning current, see Section 4.3.

Recommended protective devices and insulation levels at the terminations of

signal conductors are dealt with in Section 6.5

6.4 Specified ii~pu ls~ levels and protection at a.c. mains connection point

6.4.1 Equ~pmeni ~L~-i co tego .’ty S

The insulation of the mains—connected winding of transformers in

category B equipment should be specified and type—tested In accordance with

- : Table 8. For equipment of less than 1OkVA rating supplied from 240V mains ,

this would mean an insulation level of 5kV r.m .s. at mains frequency .

Type—testing of representative items of equipment should include

measurement of the voltage peak on the d.c. side of transformer—rectifier

combinations when a specified impulse voltage is superimposed on the normal

mains voltage. For 240V mains powered equipment , the recommended test  vol-

tage is a 10kv, 2/50i,is impulse superimposed on the normal mains voltage ,

- - - -~~~ _--- - ~- ---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-a ~~~--- -~~~~~~~~~~~ 
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and app lied bet l-?een act i~~c and neut ral t e rmin a l s  w i t h  sur~;c. diverter s  at

the mains terminals removed. The r esu 1t i rm~ vol t- age peal; on the d .c .  s ide

of t rans former—rec t i f ie i -  comb inations should no t exceed the peak inverse

voltage rating of the rectifier , or such lower value as may be r equired

t o avo id damage to o ther compo nen ts on Lime d.c. side .

In normal service protective devices such as metal oxide varistors

should be employed to prevent damage by :nai ns—born c volt:age surges , as

shown in Fi g. 23(a) and (b) .  They may be posit ioned to protect trans-

former insulation , or the rectifier assembly , or both. Capacitor input

filters provide surge protection for the associated rectifier assembly

and would obviate the need for a metal oxide varistor on the secondary

side . A p rotective device on the primary side could still be desirable

to protect the transformer insulation.

Provided the a.c. mains supp ly and individual items of equipment

have been protected as recommended above , and ground currents cannot enter

the equipment , damage from mains surges due to light ning is unlikely.

Under certain conditions mains surges can be generated within an instal-

lation by swi tching [48] or by other transient conditions. These surges

may cause malfunction and insulation breakdown. It is therefore considered

good practice to instal the recommended protective devices on all equip-

ment In this category , even where the risk of li ghtning—caused surges is

small.

Problems may arise in applying these protective measures to equip-

ment whose earth floats with respect to the mains earth , to which the

mains neutral will normally be connected. In this situation , a floating

a.c. supply , obtained from an adequately—insulated transformer winding

shou ld be used to power the eq u ipmen t , and a p rotective device connected

between each a.c. terminal and the equipment earth , see Fig. 15. A pro-

tective device is required between the floating earth and local earth to

limit the voltage across the transformer insulation.

6.4. 2 Equipmen-t ~Ln Co~tego/tg C

Provided the associated LV mains distribution panels are protected

by surge diverters , and the mains connected windings are insulated as

recommended in Tables 8 and 9, no further protection should be necessary

at mains power connection points. The same considerations should app ly

to transformer—rectifier combinations , as discussed in 6.4.1 above. 

-— --—
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6.5 Sped ~ied impulse 1 ev c l s  a i m d JrL te.ct~t.rl po~ ;t o~ c y t cti o~ o~ signalcoriduc Lot’ s to equi pment. -

6. 5. 1 Genc~’ta,P_ cab ~d~Jw.,t4ion2. ~tn j )to c t—cori o~ 4-~~’utC eo;:ducLo~ cc zccL~ ’ .
poAJl-t4

All signal conductors not within a f u l l y  shielded zone should be

protected from direct str ike by one of the methods given above (Sections 3.1

and 4.3). Thus only induced surg~’.s ahould occur in these conduc to r s .  The

two exceptions considered in tiuis report  are the RF feeders from open— m ire

aerials and monopoles. Gas arresters are alread y specified fo r surge current

diversion on some monopoles , and similar action is recommended for all

open wire aerials. Assuming that this is done, voltages and currents at the

receiving end of the RF feeders should be no worse than those caused by the

most severe induced surge assumed in this report , provided the feeder itself

is protected from direct strike. Thus the forms of protection recommended

are applicable to any low power level signal conductor system.

An induced surge in a signal conductor connecting equipment in dif-

ferent parts of an installation can damage the input (or output) circuits

of the equipment unless the surge is limited to a level tolerable to the

equipment. Where the possibility of induced surges exists , a suitable

combination of protective devices should be interposed between the signal

conductor and the equipment terminals , either as an addition to existing

equipment or as an integral part of the equipment. The protective system

should be selected in accordance with the type of signal transmitted , the

normal signal voltage amplitude , and the e f f e c t  of shunt capaci tance  on

the system performance . The types of signal considered are:

(a) signals with voltage excursions of both polarities : low frequency

analogue signals, low—level RF signals .

(b) signals with voltage excursions of one polarity : logic—level signals ,

modulated pulse—train signals.

6. 5.2 Se~veALty o~ £ndu,ced 4WL~ge4 and ba4J ~c p-~Lo~tQct~on ~ tka.~~gy

It is shown in Appendix 7 that a current surge of the order of 8kA
can be induced in signal conductors under certain conditions . The recom-

mended primary protective device is therefore a gas arrester , which should

be installed at the point of ent ry  of the signal conductor  to the fu l ly

shielded zone, e.g. the building, Se~ Fig. 25.

In addition , protective devices at the equipment terminals should

be installed to protect against the residual surge resulting from the

finite time to breakdown of the gas arrester , from voi.tagc’s too low to

cause the gas arrester to conduct , and from t rans ients  r e su l t ing  from the
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breakdown of the gas a r res te r .

If an appreciab le leng th  of si gnal conductor  exists between the euI:ry

point to the f u l l y  shielded zone and the equipment , the impedance of t h i s

section will be su f f ic ient  to limi t the current to a value within the capa-

bility of the secondary p r o t e c t i o n , Fig. 25(a ) . Al terna t ive ly , addi t ional

impedance should be included in se ri es  with the signa l conductor , Fig.  25(b)

and (c).

6. 5. 3 Ve-ta_LfA o~ p/L-&na~’uJ ~~~
-
~~~~‘ tac~t~~-n

For primary protection , a selection is required of the type of gas

arrester (two—electrode or tiLree--e1ectro-~ -), and of the d.c. striking voltage

rating of the ar res ter  (range approx.  luOV to l000V).  Three electrode

arresters are recommended wll~~rc two si gmmal  l ines arc involved , or where the

signal line is a coaxial f o -e dL r at Jme point of entry to the receivtng equi p-
ment , as gaseous breakdown between one line and earth can spread rapidly
throughout the tube, and prevent a voltrigi rise of the other line with respect

to earth . Typ ical gas arrester characteristics are given in Table 6.

6.5.4 Vc-ta~L~ o~ 4eJi-~e~-~ ~nipccLancc

The function of the series impedance is to limit the current  entering

the secondary protection to a tolerable level. Assuming this curren t to be -

15A , the breakdown voltage of the srrester to he lOOV , and the voltage across

the secon dary protect ion to be l5V , the series impcdance must be about (100—15)
/15 6 ohm. If this exceeds the series resistance of the signal line b~ t~- ecn

the gas arrester and th e equi pment , the balance must be provided at the equip-

ment. Considering the case where the entire 6 ohm is provided as a discrete

series resistor at the equipment terminals , aiid a surge just insufficient to

fire the arrester occurs , with duration lms , the resistor must absorb

85 x l 5 x l O 3
~~l.3J.

If a larger series resistance could be used without degrading system

performance , the severity of the current pulse entering the secondary pro—

tection would be lessened , simplif ying the design o this porLion of the

p rotective circuit .  Emp loyment of a resistor as the series impedance has

the advantage that the unwanted surge energy is dissipated , not stored , and

current is limited regardless of the nature of the voltage changes occurring

across the gas arrester. Use of series resistance is therefore recommended

provided system performance is not degr-d -d to an unacceptable extent .

However, for situations where the degradation is unacceptable , a choice must

be made of other forms of series impedance.  One manufacturer [49] recommends

the use of a series capacitor for RF si gnals and a seri es inductor for ]v~ ic

L 
signals. Assuming that the impedance of the series capacitor , C, at 1 l i i i , -; is 

~~~~~~~~~~~~ ~~~~~~~~~~
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not to exceed 1 ohm , its value must be C = 1/211 x 106 0.2 jiF. Using

(dV/dt)111~~ Tinax/C, with I~~X 
l5-~, (dV/dt)m~~’ 100 V/s , correspoeding to

the voltage r is ing f rom zero to the d . C .  s t r ik ing  voltage of the ari -st~ r in

about 1ps. I t  is considered likely that th is r a t e  qf change would be exceeded

either on the front of the incoming surge , or at tile moment of firing of the

arrester , when the voltage across the arrester falls rapidly to zero with the-

capacitor charged to abou L 90V. Under these- circumstance , the current would

be determined by stray circui t  inductance , L5, and the value of C. Assuming

at worst that  the stored energy 1/2 CV2 is transferred to energy 1/2 L512,

then I V(C/L5)l/2. If the largest tolerable value of I is l5A , the smallest

allowable L5 C(V/l)2 0.2 x 10—6 x 62 7p11. If the connections between

the gas arrester  and the equi pment terminals have less inductance , damage to

the secondary protection is likely. If a larger PS series impedance can be

tolerated resulting in a smaller C, the smallest allowable L5 is correspondingly

reduced.

The manufacturer referred to above recommends use of a series inductor ,

L , as the series impedance element in the protect ion of log ic signal lines.

The most severe duty in the system occurs with a long—duration voltage surge

jus t  below the d.c. striking voltage of the gas arrester , say b oy . U s i n g

dI/dt = V/L or I = (l/L) J Vdt , then L [fvdtl/lmax is the smallest allow-

able series inductance. If 1max iSA , V 102 volt , dt 10 5s, then L = 70p11.

manufacturer recommends use of a lOOpil choke , having established that pulse

~‘~itage rise—times were not significantly degraded by its use. The a s su rTt ion

mau~- above that V = 100 volts for not more than l0ijs appears reasonable. If

the coupling between the stricken conductor and the signal wire is predominently

capacitive , current injection would occur only during the fron t of t~-~c li gh t n i n g

current waveshape. If t h e  coupling is b y mutual  ir du ctan ce , then the ~na1ysis

of Appendix 7 shows that a current is injected into the si gnal w i r e  whi i c i ,  is

similar in waveshape to that of the lightning current. If the induced si gna l.

line current 1s 0.01 of the lightning current , then a lower ]imi- of dI5/dt

would be n’.- 106 A/s and the voltage across lO ’
~f{ wwu ld be 100V , i.e. the gas

arrester would fire for nearly all Induced voltage surges in a time much less

than 10~is.

6. 5. 5 Ve~taLC4 o~ 4c.coiLdaIuJ p~to~tec cm

In manufac ture rs ’ l i t e ratu re  and elsewhere [50] many d i f f e re n t  arrange—

ments of diodes and zener diode ; are 8Uggc sted which will prevent  cxcess ive

voltage while not interfering w i t h n,rmal operation . Ii is assumed that the
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a
equi pment under consideration here can wi ths t and  input  vol tages  in the rai ;ge

5 to 30V , making gas arresters inapp licable . It  is also assumed that  non—

recurrent  surges are l imited to ‘~ 15A by the ser ies  impedance.

Seconda ry protect ion can thus be achieved by a comb ination of d icdes

and zener diodes [ 4 2 ] ,  [43], ar ranged to suit the na ture  of t h e  si gnal and

the permissible voltage swing at t h e  input terminals of the equ ipmen t .  The

capacitance between the signal line and ear th  caused by the diodes and zener

diodes may be an importan t f a c t o r  in selecting the appropr ia te  form of see—

onda ry protection . A silicon diode such as type 13Al48 wh i ch is capab le of

carrying a non—repetitive forward current pulse of b5A , has a capacitance

Cd at zero applied voltage of ‘~ 35pF. Cd falls with increasing reverse

voltage, VR, as shown in Fig. 26.

Diodes capable of carrying a current surge of ~‘ l5A generally have

an appreciable turn—on time of the order of hi s when forward biassed.

During the turn—on time , a relatively large voltage (10 to 20V) may occur

across the diode , which could cause a short—duration voltage pulse at the

equipment terminals. It would be necessary to ensure that this pulse could

not damage the equipment. Alternatively , if the signal lines and associated

circuits prevented large rates of change of voltage from occurring , the

finite diode turn—on time would not affect the performance of the protective

circuit. Dynamic behaviour of diodes and other semiconductor devices is

discussed in Ch. 20 of [51].

Zener diodes with rated zener voltage of about 1OV have Cd values

from about 100 to l000pF or more , depending on the current and power dis-

sipation rating . By placing a diode such as BA148 in series with the zener

d iode , the capacitance is reduced to 30 to 4Op F , provided the signal amp li—

tude is small (e.g. tens of isv). This is evidently relied upon in the

protective circuit of Fig. 22.  In s i tuat ions  where shunt capacitance of

50 to lOOp F is unaccep table , the shunt capacitance can be reduced by
reverse biassing the diodes as discussed below .

6.5.6 Unbia~~ed 4econdo uf pflO~~c~t’~OI1 ct’tauLt4

Fig. 27(a) shows an arrangement for a low—level analogue signal where

the number of diodes in series , N , in each branch is chosen to suit the

largest amplitude Vm of the incoming signal.  If ye is the largest forward

-: voltage across a diode at wh i ch th e-  forward diode current produces a neg-
lig ible loading r.n the si gnal line , then we requi re  N ~ Vrn /V e. Assuming

surge current to be limited to ]~~~~\ , and the for~- ai -d diode voltage drop to

be Vh at this current , the largest voltage surge at tile equi pment te r mi n als

L 
wou].d be NVh.

-— —
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Fi b . 2 7 ( b ) shows an arrangement suited to a di g i t a l/pu lse  s i gnal of

posi t ive  polar i ty  o nJ y ,  zener diode Dl be ing  selected to conduct at a voltage

jus t above the  normal signal ampl i tude . T h e  shunt capacitance will be that

of the zener diode , in the range 100 to l000p F. Assuming the zener diode ,

• to be type BZ h 7O— 5V6 , the voltage across the device  when carry ing 15A would

be about 9V ~42]. Allowing a lV drop across diode D2 ( e .g .  type BA148) , a

voltage pulse of about lOV ampli tude occurs ~.-Ia:a t ile protection operates , and

the logic c i r cu i t  input would have to be rated to wi ths tand  this pulse .  Fi g.

27(c) shows a similar arrangement wi th s imilar character is t ics  fol lowed by a

f u r t h e r  stage of surge p ro t ec t ion  to avoid damage to the input circuit  of a

C—MO S ga te .  For example if R l00~~, D4 and D5 are silicon diodes such as
BA1O2 [35] th~ additional time constant  introduced would be of the order of

100 ohm x lOOpF, which is negligible . The selection of Dl is rendered less

critical as the voltage pulse across Dl and D2 may now considerably exceed

~~~ without  causing a gate input voltage greater than V~~ plus one diode

voltage drop . Fig. 2 7 ( d )  and (e) consisting of a single zener diode of

appropriate rating or a pair of zener diodes back—to—back may be adequate

in some situations. These circuits can be adapted for balanced signal lines

as shown in Fig. 28.

6.5.7 5i~a~ s~d i~ecok1da uJ p / w~t~c~t-Lon c ’tcuLt~

The shun t capacitance presented by the circuits described above can

be considerably reduced by suitable biassing as shown in Fig. 29, 30 and 31.

For signals of both polarities on one active line the circuit of Fig . 31(a) is

suitable. R is selected to maintain approximately 1OV across the zener diodes.

The shunt capacitance is the sum of Cdl and Cd2 for diodes Dl and D2 respect-

ively . The manner in which shunt capacitance varies with app lied voltage may

be estimated graphically as shown in Fig. 31(b). For circuits with one

po lar ity of signal , the circuits of Fi g. 29 are suitable , and for balanced

signal transmission with both polarities of signal , the cir cuits of Fi g. 30

may be used.

6.5. 8 SpecA4-Lca.tL on o~ ~n~uJa —t~on ~eve~~
Tile impulse voltage to be withstood by the equi pment  input  circuit

can be calculated from the characteristics of the secondary protection and

the maximum current (e.g. 15A) to be absorbed by it. The portion 01 the

signal lines exposed to induced surges should be insulated from earth for

a voltage at least 10 times lil ;- d.c. striking voltage of the gas ~rrester

used. This will render unlikely insulat ion br . - z ;kd o~n before thc; gas

L 

arrester fire-s on sleep—fronted ~ul ges , and allow for some potent lal drop

along ti-ic signal line .
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The specification of the impulse withstand level of t h e  signal lines

and connected equipment may thus be expressed in terms of the expected wave--

shape of the induced surge , the breakdown characteristics of the primary

p rote ctive device (normal ly a gas ar rester) , the impedance of the signal
conductor , toge ther  wi th  any addit ional  impedance , interposed between the

gas arrester and the equipment , and the vol tage—current  charac ter i s t ic  of

the secondary protection.

6 . 5 .9  Excwlp-ee o~ opp!Lca.-tion o~ p iw-tec.~t-Lva d~v~Lce~

As an example of overall lightning protection strategy , the protect-

ion of an RF feeder from a rhombic antenna will be considered , without

implying that any particular system is under consideration . The system is

shown in Fig. 32. Possible ways a lighting—caused surge could enter this

system are as follows :

* (a) Direct strike to ant enna wire

(b) Strike to supporting mast followed by flashover to antenna wire or open—

wire feeder down mast.

(c) Strike to mast causing induced surge in open—wire feeder.

(d) Strike to shield wire protecting coaxial feeder , assumed to be arranged

as shown in Fig. 12, causing induced surge in coaxial feeder.

The surge impedance of a mast of the type used to support a rhombic

antenna is of tile order 100 to 200 ohm during the first microsecond or two

of lighting current injection , so the mast top potential can exceed 1MV for

typical lightning currents. While coupling between mast, antenna wire , and

RF feeder tends to reduce the potential difference between them , it is

advisable to provide insulation here for at least 1MV , and more if this is

practical.

The recommended protective device to cater for (a), (b), and (c) above

is a three electrode gas arrester , as this has low shunt capacitance and high

discharge current rating. While a direct strike to the antenna wire will

probably destroy the arrester , the balun transformer and coaxial feeder should

escape damage.

To cater for (d) above, gas arresters are provided at each end of

the coaxial cable as shown , The gas arrester at th e 75 ohm side of the

balun transformer will protect th e in t e r — w i : i d i n g  insula t ion  provided this

has a strength of ‘~‘ 2kv. The coaxial cable i n su lat i on  between inner and

outer conductors should also have at least th is 1IlT- ulation strength . 
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The arrangement shown in Fig. 12 should provide adequate insulation

between the coaxial cable and the supporting ~nd shielding parts.

For protection of the equipment input , a series capacitor C, and

biassed secondary protection diodes Dl, D2 , D3 and D4 are provided . The

most severe conditions occur when C is charged to about OOV and the gas

arrester fires. It would be necessary to establish that the resulting

current pulse through the diodes did not exceed their transient current

rating (
~ l5A). If the voltages conditions and diode types were as shown

Fig. 31, the shunt capacitance presented to the RF signal under normal

conditions would be about 25pF, and the peak voltage pulse at the equip-

ment terminals would be about l5V lasting at most about 10~s. The equip—

inent input would have to be specified to withstand this pulse.

An alternative method of surge protection in R.F. feeders is under

inves tigation at the University of Queensland. This is based on transformer

coupling to provide common—mode surge isolation, saturation of the trans—

former core being used to limit the amount of surge energy transferred under

differential mode conditions . High pass filtering is also incorporated in

this protective device to remove the low frequency components of transmitted

surges. These techniques could be extended to the device providing the
coupling between monopole antennas and coaxial R.F. feeders.

6.6 The transient control level concept

The concept of a transient control level for electronic equipment

has recently been presented in (52] and [53). This is analogous to the BIL

(Basic Insulation Level] approach to insulation coordination which has been

used successfully for many years in specifying electric power system

apparatus. If some measure of agreement can be reached between manufacturers

and users of electronic equipment regarding the iriplementation of the proposals

made u-s (52] and [53] it will greatly simplify the user’s task in ensuring

protection of his equipment from damage by transients, whether from lightning

or any other source. 
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7. ASSESSMENT OF OVEP~LL SY STEM PERFO RMANC E

While the recommendations contained in this re~ort should 1~eep the

number of lightning—caused faults to an acceptably low level, it  must be

expeL~ed that occasional failures of the protective system will occur . In

order to permit assessrient of tile cause of the failure , with a view to

future improvements in protection , it is essential that all relevant infor—

mation concerning faults which involve the protective system be recorded and

reported to Engineering Design Authorities. I)etails to be reported are

listed at Appendix 9.
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g: GLOSSARY

Thunderstorm—day or thunder—day : Day wi th  thunder heard at one location . 
- 

-

Lightning flash : An electrical discharge in the atmosphere usually occur-

ring between electrically charged zones in -a cuinulonimbus cloud or

between one of these zones and earth . The discharge typ ically has

a length of the order of kiloinetres and a duration of the order

of a second.

Lightning discharge : Synonymous with ligh tning flash .

Ground f lash  : A ligh tn ing  f lash between a cha r ged zone in a cloud and

earth. (Sometimes referred to as a cloud—ground flash or a light—

ning flash to ground).

Cloud flash : A lightning flash which does not strike the ear th .  (Sometimes

referred to as a cloud—cloud flash or sky—flash).

Intra—cloud flash : A could flash within one thundercloud .

Inter—cloud flash : A cloud flash between two thunderclouds , or at least

between two distinct and separate cells within a bank of clouds .

Lightning stroke : A partial discharge during a ground flash , having a

durat ion of the order of a millisecond and involving one hi gh—

current impu l se  in the discharge channel between cloud to earth .

Multi p le—st roke ground flash : A ground flash comprising more than one

li ghtni ng stroke .

Interstroke in terval . :  Time interval between successive strokes in a mult i ple—

stroke flash.

Sign of electric f i e ld  change : The electric f ield change resul t ing from a

ground flash is defined as positive when this change is causad by

a transfer of negative charge from cloud to ground .

Groun d f lash  density (Ng) : The number of groun d flashes per unit time and

per uni t  area of the earth ’s surface.

Cloud flash density (Ne) : The number of cloud flashes per unit  time and

per unit  area of the earth ’s surface.

Total f lash  density : Ne + Ng.
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0 0
( a )  

TOWE R

______—____ GROUND LEVELT
jI—, INTERCEP1 ]ON ZONE

(b)~~~~~~~~~~~ 
J

BUILD?NG

I 
__________ GROUND LEVELxh

INT ERCEPTION ZONE

Fig. /11.1 Illustration of the zone over Which an elevated structure
intercepts lightning (interception zone).
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APPENDIX 1

ESTIMATION OF EFFECTIVE AREA OF AN ELEVATED INSTALLAT I ON OR
STRUCTURE FOR IN TE R C EP T It ~G LIGh TNING

As shown in section 2.3 and Fig. 5, any elevated object tends to

divert towards itself the down—coming 1i~ htning leader , and is the r e fo r e

s t ruck more o f t en  than its p lan area would indicate.  If the object is h

metres high , it intercepts lightning strikes over a radius r a. Let t ing

x = ra/h, we see from the broken lines in Fig. 5 that the rat io x var ies

to some extent wi th  h , and has a value of about 3 to 5 or more for  objects

up to 100 m high , according to [3).

It appears reasonable to extend the idea of the interception zone of

an isolated tower to a situation involving a tall building of relatively large

plan area , or a building on a hill top , as shown in Fig. Al .l .  The technique

illustrated enables the dimensions of the interception zone to bi. abta incd b y

calculation or scale drawing, and hence the e f fec t ive  area , Aef f  fo r in ter—

ceptiori of lightning to be calculated. Then the expected number of l ightning

strikes per year is simply NgAeff. For conservative estimates of this

quantity , it is recommended that the value x = 5 be used , corresponding to

tan 15 = 79°

It should be noted that the notion of an interception zone has only

a statistical validity , as some high— current flashes outside the zone may

strike the object and some low—current flashes may strike the ground within

the interception zone. Thus the interception zone should n.t be interpreted

— as a protected zone. For satisfactory protection , much smaller angles are

required (or even negative angles) as shown in Fig. 9.
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~)oc~
. 

~ c~-

çO~
~~~~ OVER 5m MAX . DEAD- END

~ EARTN~~~~ - c  
~~ -~~~~~ TO OTHER DOWN

ROD fi ~~~
- -- CONDUCTOREARTH / .~ TEST JOINTS

ELECTROD E / 1~INT ER-CONNECTION OF 7 ADDITIONAL DOWN
EART H TERMINATIONS EARTH CONDUCTOR TO

DESIRABL E. ELECTRODES ALLEV IAT E DEAD - END
AS NECESSARY
TO ACHIEVE REQUIRED
RESISTANCE .
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450 ~~~~~~~~~ 450

)i ~~~
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Fi g. A2. 1 De tai l of air te~~nination~;, ~~wnZcads and earthi~~ system
for lighting protection of ’ a I i1J~ -~-j. Adapted fr~rn Fi~1. 5
of’ [‘~J. 
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APP LNDI)~ 2 
-

LIGHTNING PROTECTION OF BUILDINGS , INCLUDING CONDUCTOR TYPES

A general account of lightning protec t ion  of buildings is gi~-un b y

R.I-t . Golde [54] and specific recommendations fo r  Australian conditions are H

contained in Australian Standard ASl768 — 1975 [ 7 ) .  A br ief  account  is given

here of the main recommendations in [7)  which should be applied where the

cheap and ef f e c t i v e , but aesthetically less pleasing protect ive system

suggesting in section 3.1 and Fi g. 10, cannot be emp loyed.

For buildings of simple shape such as the one shown in Fig. 11, the

basic principle is to place earthed conductors in positions where they are

likely to launch a “successful” return streamer , i.e. one which diverts the

lightning path to the conductor. Such a conductor is termed an air terminat—

ion. They should be placed along all upper edges of the building as shown

in Fig. 11 and Pig. A2.l. Additional horizontal conductors should be placed

acrosss the roof so that no part of the roof is more than iOn f rom a conduc to r .

Down conductors linking the air terminations to the earthing system should be

placed at intervals not greater than 3Cm around the building . Where d i f f e ren t

portions of a building hav e d i f f e r e n t  hei ghts , as in Fig. A2 .l , the additional

air terminations required should be provided with an additional downlead ,
unless the overhang is less than 5 m (see Fig. A2 .l) .

The materials recommended for both air terminations and downleads

are copper and aluminium. The minimum dimensions are as foLlows .

Strip : 2O n u n x 3 i n r n

Rod : lO mm dia.

Stranded conductors: 35 mm2

Where aluminium is selected , coppe r or copper—covered or copper alloy fittings

should not be used. FastenIngs-and jointing should ensure low resistance

electrical joints, freedom from corrosion troubles , and mechanical soundness.

L
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APPENDIX -

CALCULATION OF HEATING EFFECT OF LIGHTNING CURRENTS

This appendix is concern ed chief ly with cal culat ing the t r ansien t

heating of overhead ground wires used to intercept and divert to earth

[ lightning stroke currents. Some references to observations on the heating

of thin metal sheets are also given.

It will be assumed that the l ightning current , I , f lows through a

metal conductor of uniform cross section area Aw, length L, and that the

metal has density D, resistivity at ambient temperature (~ 20°C) p o ,  therma l

coefficient  of resist ivi ty a , and specific heat S. The temperature rise

above ambient is e(°c). It will be assumed that the energy injection occurs

in about 1 s, so heat loss by radiation etc. is negligible . Thus the energy

injected is entirely stored as thermal energy in the conductor.

The energy injection can be measured in terms of the quantity g = JI
2 dt ,

referred to in [3] as the action integral , where it is stated that for 50% of

f l ashes g exceeds A x lO~A2 s , and f or 2% of f lashes g exceeds lO 6A2 s.

The problem is comp licated by the fact that several of the variables

involved are functions of temperature , bu t for  the presen t calculation it will

be assumed that the dominant effect is change of resistivity with temperature ,

and that this can be allowed for by assuming a constan t , so

p = p0(l + aO) (A3.l)

gives the resistivity at any temperature rise, 0.

Following the treatment given in [55] p. 253, consider an incremental

temperature r ise dO caused b y an increment dg in g, during time dt . The

following relations hold.

Mass of wire = D A~L (A3.2)

Resistance of wire = PL/ A~

Po (l + aO)L/Aw (A3.3)

Energy injection = I-dtp0 (l + cxO)L/Aw (A3.4)

This energy is stored as an incremental increase in thermal energy .

As I2dt = dg, (A3.5)

we have D A~L S dO dgp~~(1 + cm O)L/ A w . 
(A3.6)

_____  

dg p o
So = (A3.7)l + aO 

~~
2 D S

On integrating this, and apply ing the condition 0 = 0 when g = 0, we obtain

i log~ (1 + a O)  = 
A 2
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or loge (1. + aO) ~~ , (A3.8)DS

1r ~~~so 0 — exp (-~
-
~
-) (—s—) — l~ ( A 3 . 9 )

L)~~ ~~ 2

The materials most likely to be used in this application are copper , galvan—

ised steel , and aluminium . Approximate values of D, S , ~~~ a, and p0a/DS
for these materials are listed in Table A3 .l.

TABLE A3 .l

Material D S P0 a p0cx/DS
g.cm 3 Jg 1°C 1 ohm cm °c~~ ohm cm 1’J 1

Copper 8.9 0.385 l.77xl0 6 0.004 2.07xl0 9

Galv. steel 7.8 0.460 llxl0 6 0.004 12.27x 10 9

Aluminium 2.7 0.945 2.83xl0 6 0.004 4.44xl0 9

Using the constants in Table A3 .l, the relation between 0 and gI A~
2

may be plotted for each material , as in Fig. A3 .1, where g is in A2s, and
A~ is in cm2. These curves may be used to determine minimum values of Aw

for given maximum temperature rise and assumed value of g. For example , if

0max = 500°C, g = 1O6A2s corresponding to a severe lightning flash , the

minimum values of Aw are as follows

Minimum A~ Diameter of
cia2 round conductor (cm)

Copper 0.043 0.23

Galv. Steel 0.105 0.37

Aluminium 0.063 0.28

Thus conductors of practical size have a considerable safety margin

against thermal damage , even allowing for some additional heat injection

from the lightning channel near the point of strike. That the above con-

ductor sizes are conservative can be inferred from the observation in [56)

that only one out of 100 lightning strikes to telecommunication lines causes

melting and breaking of the wires which have a cross sectional area of about

10 mm2. It appears that the localised melting at the point of strike is

caused more by heat transferred from the li ghtning channel than by 12R heating .

Observations of the punc tu re  of thin metal sheets by lightning a r e

reviewed in (54]. The size of the bole made in the sheet appears  to be

related to the charge delivered , and the  tbicknes~ of the metal sheet.

For example , delivery of a charge of lOOC , corresponding to a fairly sevele

lightning flash , was observed to cause holes as follows.



_________  
______ -

~~~~~~~~~~~~~~~~~~~~~~~ :~~~~~~~~~~~~~~~~~~~~~
“— 

-

70.

Material Thickness (nun) ~pyrox. size of hole (run ’)

Stainless steel 0.25 300

Copper 0.51 150

Aluminium 1.3 60
Aluminium 2.54 20

900 - /
GALvAN IZED I

STEEL /
800 -

COPPER
700 -

I
• I ALUMINIUM

• 500
I.-
z
LU

z4
LU -

>
0
a,
4
wU)
~ 300 -

Ui

0 200 -

1

100 -

I I I I I
0 2 4 6 8 xI0 ~

g , A2 s cm 4
w

Fig. ~3• I Transient heating curves for  cor -p er , aluminiwn , and galvanised
steel conductors carry ing lightning current.
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APPENDIX

RECOMMENDED EARTHING FOR L’UILDINGS AND TOWERS
AND MEA SUREMENT OF EART H RE SISTANCE

A general account of earthing for the purpose~of lightning protection

is given in [54] and [57] and detailed recommendations are given in [56),

[58], and [59]. In this appendix a summary is given of. some of the recommend-

ations contained in these references.

The general layout of the earthing system suitable for  a building is
shown in Fig. 11 and in Fig. A2.l. Individual earthing rods are driven to a

depth of one or two metres and may be copper , aluminium , or galvanised steel,

depending on local experience with corrosion problems . An isolated round
rod of radius a(m) dr iven a distance £(m ) into ground of un i fo rm resistiv i ty

p ( ~mni) has a resistance R(c�) given, according to [54] by

R = -
~~~~~~~

- (loge — l)c~ (A4.1)

Thus the variation of earth resistance with the depth to which the rod

is driven can be plotted as in Fig. A4.l, where the curve is drawn for a rod

or pipe 25mm outside diameter. The vertical ordinate for  a given 9. is multi-

plied by the resistivity p, to obtain R. The curve shows that R decreases

quite slowly once a depth of 1 to 2m is reached , so it is more profitable to

drive, say, four rods to a depth of im than one rod to a depth of 4m, provided

the four rods are well spaced (e.g. 3m or more apart). An exception to this

general rule exists where high resistivity surface soil overlays low resist-

ivity soil. It may then be essential to drive rods to consid~rab1e dep th to

achieve a required earth resistance.

-~ - 
The building earth would normally have earth rods at each corner of the

building , and sufficient additional rods to achieve the target earth resist-

ance. In high resistivity soil where the required number of rods L L L o : u ~-s

excessive, i.e. the rods have to be placed very close together , it would be

no longer valid to combine their resistances as independent parallel paths

to earth. It would then become necessary to extend the earthing system out—

- 
- ward from the building , as su~gested in Fig. A2 .l.

- 
- 

It may be found that a buried strip electrode becomes more economical

tnan a number of driven rods. The earth resistance of a strip electrode of

radius a(m), length f (m), buried at depth d (m) is soil of resistivity p (thn)

is given according to [54] by

R 
~j 

(lo ge ,~~ j  
— 1) f2 (A6 .2)

~ 
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1-2 2Smm. DIA . ROD DRIVEN DISTANCE , I .(rr~INTO GROUND.

I MULTIPLY ORDINATES BY p (JIm)
1 -0 TO OBTAIN EARTH RESISTANCE .

0-~

p
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0-6

0-4

0-2

0 I I

0 I 2 3 4 5
DEPTH OF ROD IN GROUND , L , (ml

Fig.  A4.1  Relation between earth resistance of driven rod , 25mm die., and
depth driven into ground.

~~~~ I BURIED STRIP ELECTRODE
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DEPTH IN SOIL : 0-Sm

0 12  MULTIPLY ORDINAT E BY p (tim) TO
OBTAIN EARTH RESISTANCE.
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Fi g. A4. 2 Re lation between earth resistance of 1—1ou ~ed str ip l2nin U~z. ,
buried 0. Lm into ground, and lcn~-itJi of strip.
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The manner in which R/p varies with 2, for a 12mm dia. rod buried O.5m

below the sur~aee is shown in Fig. A4.2.

Where the combination of driven rod electrodes adjacent to the build-

ing foundations , and additional buried strip electrodes , (for example , four

strips radiating from each corner of the building) is insufficient to provide

the required earth resistance it will be necessary to consider the methods

outlined Th Appendix 5 for very high resistivity areas.

For steel lattice towers, basically the same earthing techniques i~ay

be applied. An earth stake adjacent to each tower leg, and linked to the leg

may be adequate in low resistivity areas. For areas of higher resistivity ,

extension of the earthing network by the methods outlined above will be

necessary , i.e., additional driven rods,or buried strip electrodes radiating

from each tower leg, or both.

The manner in which the effectiveness of multiple driven rods decreases

as the rod—to—rod spacing decreases is discussed in [56] where the percentage

increase in earth resistance of individual rods is given as a function of

rod—to—rod spacing. This information is reproduced in Fig. A4.3. It appears

that it could be applied , for example, to a number of driven rods along a line,

as in Fig. A2.].

* 

For preliminary calculations, it may be useful to have an approximate

value of resistivity , depending on the type of soil or rock. Some typical

values given in (56] are reproduced in Table A4.l. It is pointed Out in [56]

that soil resistivity may be highly moisture and temperature dependent. Clay

with “h. 15% moisture varies from p 72c2 in at 20°C to p 790c�m at —5°C. ror a

sand/clay mixture, p varies froml07~mat zero moisture content to 42~ m at 30%

moisture.

Methods and instrumentation for earth resistance measurements are given

in [7) and [56].
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--—~~~~~~~-—-~-..— -- - - - ---- - — - - ------ - --—---- - ----“---

- - - - - - - - - - ----—--—— ---



— -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______

74.

- 
TABLE A4.l (FROM [563)

TYPI CAL VALUES OF RESISTIVITY OF SOME SOILS AND WATERS

Typical Usual limitsType of soil or water resistivity 
~ m

Seawater 2 0.1— 10
Clay 40 8— 70
Ground , well and spring water 50 10— 150
Clay and sand mixtures 100 4— 300
Slates, shale, sandstone, etc. 120 10— 1,000
Peat , loam and mud 150 5— 250
Lake and brook water 250 100— 400
Sand 2,000 200— 3,000
Moraine gravel 3,000 40— 10,000
Ridge gravel 15,000 3,000— 30,000
Solid granite 25,000 10,000— 50,000
ice 100,000 10,000—100,000

200

— 

o’ro~s 
________

I I I 
I-~ 2 

I I I I !

SPACING BETWEEN RODS
ROD LENGTH

Fi g.  A4. 3 Re lation between ~c~z-cen ta~j e  increase i-n cai ’th resistance of an
array of rods driven into ~2 o unJ ~z~ J the 1 1tiO ]~~ l~~~L l ? ~~ b c tw-L ~i
rods to rod !- njth in ground. Adap i~ -i ~~~ [ s a ] .
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APPENDIX 5

- SPECIAL EART U ING ARRANGEMENTS FOR .

HIGH RESISTIVITY AREAS

In situations where the recommended target’ earth resistances for

buildings , towers, etc. cannot be obtained with reasonable numbers of

driven rod or buried strip electrodes , it will be necessary to adopt

the alternative strategy of creating a common earth system for the

complete installation. The objective here is to prevent dangerous

differences of potential anywhere within the installat ion , even though

the entire earthing system is momentarily raised to a hi gh potential . This

type of situation occurs , for example , in installations on rocky mountain

tops where the high resistivity of the rock prevents satisfactory earthing

by conventional methods.

Recommendations for a common earthing system for this type of

situation are contained in (60]. The use of a common earth for incoming

power and communication services may conflict with the codes or regulations

of the relevant authorities. Nevertheless it is considered important to

implement the proposal in the interest of equipment survival and personnel

safety.

The common earth system should be created by linking tc-~--ether the

earths of the various buildings , towers, etc., that make up the complete

installation. The links should have resistance sufficiently low to prevent

dangerous potential differences (or potential gradients) between any two

parts of the installation when carrying the largest lightning current under

consideration (e.g. 80 or lOOkA) . This earthing system would normally be

linked by dow’nleads to overhead shield wires used to protect  the instal—

lation from direct strikes, and should be arranged to intercept ground

currents from strikes outside the installation .

If the overall earth resistance of the complete installation were

still excessive despite the measures outlined above (this could occur , for

example, if the hill top were composed mainly of quartzite), it would be

necessary to run an additional buried strip conductor to a remote site of

lower resistivity. 
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APPENDIX 6

CALCULATION OF LIGHTNING-CAUSED CURRENTS AND VOLTAGES

IN TYPICAL STRUCTURES

A lightning strike to an elevated object such as a mast or tower

or tall building, causes injection of current having the characteristics

described in Ch. 2. The consequent variation of voltage in the object

depend in a complicated way on the current waveshape and the geometry
and other properties of the object. The values of the time to current

peak or crest, tC, and the time required for an electromagnetic wave to

travel from the top of the object to earth and back tw are important in

determining the current/voltage relationship. If tw << tc, corresponding
to an object, say, less than 20m high, the potential of the top of the
object will be determined mainly by a combination of the resistance and

inductance of the object, and the resistance of the earth connection . An

approximate equivalent circuit is shown in Fig. A6.l. The distributed

capacitance to earth of various parts of the object is represented by

one or more lumped capacitance elements as shown; these may affect the

potential in some situations .

Where tw and t~ are of the same order of magnitude , the system

becomes more difficult to analyse, as the travelling waves of current

and voltages have a dominant effect on the potentials at various parts of

the system in the first few microseconds of the lightning stroke current

injection. This is the type of situation that exists in the steel lattice

towers of high voltage power transmission lines, of the order of 30m or

more high. A number of authors have analysed this situation in relation

to the lightning performance ct tiTese h u e s  [61 , 62 , 63 and 64], to which

the reader is referred for detailed treatments. It will suffice for the

present purpose to summarise the main conclusions reached by these authors

that appear relevant to the estimation of peak voltages at the top of

structures such as microwave towers and antenna masts.

Iii [64] it is shown that the variation with time of tower top

potentials can be calculated using travelling wave methods , assuming

earth and tower have infinite conductivity, no corona effects , waves

of charge and current travel at the velocity of light , and current waves

maintain their waveshape as they travel.

For each individual travelling wave , the voltage/current relation—

ship is expressed as a surge impedance . Where the current wave can be

approximated as a ramp commencing at t -‘ 0, and the object can be approx—

m ated as a cylinder of height ii , radius r , it is shown that the surge 

~~~~~— ——--—~~~
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impedance ii~ given by

- 
Z 60 log~~(v”~~~~) — 60 ohm (A6.l)

provided ct >> r and ii >> r.

Where the object can he approximated as a right circular cone , the

surge impedance is given by

Z 60 hog~ (V’~
’/S) ohm (A6.2)

where S is the sine of the half angle of the cone.

The validity of the methods given in [64] was confirmed by actual

potential measurements in scale model tests. In particular , the response

of a steel lattice tower of a type used for a high voltage transmission

line was determined. The more important aspect of the results obtained is

the manner in which the peak tower top potential is related to the tower

surge impedance, and the time to crest , tc of the current wave. This

relationship is shown in Fig. A6 .2, adapted from Fig. 3 of [64].

As an example of the application of these relations, consider a

steel lattice tower of height about 30m (similar to the structures analysed

in [64)) representable as a cone of half angle 5
0
, subjected to a current

impulse rising to peak value I~ in 2.5 ps . From (A6.2) the surge impedance

is approximately 170 ohm, and the peak tower top potential would be about

26 V/A from Fig. A6 .2, i.e. 26 ~~ volt. For a peak current of 8OkA assumed

as the “worst case” situation, the peak tower top potential is about 2MV .

Estimates of this type are probably accurate enough for the purpose

of selecting insulating levels , specifying clearances, etc. Where more

detailed information of the time variation of potential is required , travol—

- - ling wave calculations as described in [65] would have to be undertaken.

- i 
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,1

- V ( POTENTI A L AT TOP OF STRICKEN OBJECT)

J___
~~~ LIGHTNING I L “ R EPR ESENT

CURRENT OBJECT ~ DISTRIBUtED
SOURCE IMPEDANCE 1 CAPACITANCE

R 
C2 ~~ TO EA RT H.

uI-~EARTH
RESISTANCE

Fi g.  AG.  .1 ApI ~rox~r-~at~ equivalc~~t circuit of an electricall y short object
s truck by li g htning . —

50

NOMINAL TIME TO CREST ___.—

-J OF WAVE : 2-5~uS .—
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~~~~~~~~~~~~~~ 
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Fi g. AG. 2 Relation between peak tower top potential and tower ~~ ye
impedance for stee l la t- t-~ce towers of the t~~; -  used i~ q i
voltage transmission t L ~:s. Adap ted from I-i j. 3 of [64].
Vt peak tower top potential.
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APPENDIX 7

- CALCU LATION OF INDUCED SURGE IN A SIGNAL CONDUCTOR

- In the situation shown in Fig. 12 the signa l conductors connecting
equipment in separate parts of an installation are protected from direct

strike by the overhead shield wire . Flashover to the signal conductors  f rom

a stricken par t  of the system is prevented by maintaining adequate clearances

and by low resistance earthing . At each end , it will be assumed that the
signal conductors enter a portion of the installation (building, etc.) where

no voltage surge can be induced by lightning. The recommended protection in

this situation is shown in Figures 25 to 32, depending on the type of signal

under consideration.

The expected behaviour of this protective system can be assessed in

terms of the approximate equivalent circuit shown in Fig. A7.1 (p.~~i). The light-

ning current injection is represented by a current source , with peak current

1~ and front time of tf. Assume that the shield wire is earthed at intervals

of Z metres , each earth stake has resistance Re to earth , and that the current

is entirely discharged by n earth stakes along the length of the signal

conductor.

Then the resistance to earth is Re/n, from shield wire to earth , and

the voltage on the shield wire will rise to I-~ Re/n in tf seconds , assuming

the system is electrically short.  This voltage will be coupled to the signal

conductor through the capacitance , C~~. The lightning current f lowing through

the shield wire to the earth stakes will cause a longitudinal induced voltage

in the signal conductors because of the mutual inductance. These two voltage

sources will be considered separately .

The capacitance Cc can be estimated from

Cc/ne irc/log~ (d/a) F/rn. (A7.l)

where d is the separation and a the radius of the conductors. For a 4mm

and d lm, C~ /L 5 x lO”12 F/m ; nZ is the distance over wh ich coupling

exists between shield wire and signal conductor.

Assuming the signal conductor is held at approx. earth potent ia l  by

a protective device carrying a current 1s~ 
then

= c(dV/d t )

C~ 
(,~V/ tf )

~ 
Cc (Re/n) (lm / tf )

,r cn2 - Re Jrn
[1og~ (d/ a) ]n  t~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~TE i  1
~e 

‘inSo, ‘S [1og~ (d/a)]tf 
(A7.2)

For 1Tc/log~ (d/a) 5 x 10— 12 F/in , 9~ = 20rn, Re, 20Q, I
~ 

8OkA , and tf = l0 6s,

5 x l0 12 x 20 x 20 x 80 x 103/10—6

l6OA (flowing for ips)

Note that this current is independent of the length over which coupling

exists provided £ is constant, i.e. the shield wire is earthed at regular

intervals.

The worst situation for causing a longitudinal voltage exists when

the shield wire is struck near one end , and the surge current flows one vay

along the shield wire , each earth stake carrying l/nth of the current. The

me an current in the shield wire is then one half the stroke current injected ,

see Fig. A7.l. From [66] the mutual inductance , M, is given by

M/n9~- loge ‘s” (H/rn), (A7 .3)

and the self inductance is given by

L/rt9~ 
2 loge -

~~‘~~‘ (~1Jm) (A7.4)

The meaa value of dI/dt along the shield wire is

dI/dt = f Im/tf A/s , for t = 0 to tf. (A7.5)

Hence the longitudinal induced voltage

= M dI/dt (A7.6)

Assume as before that a protective device holds the signal wire at approx-

imately earth potential by carrying current I~ . The equivalent circuit of

this system consists of a voltage source H dI/dt for ti~c tf in series with

the self inductance of the signal wire , L.

As L (d15/dt) = M dI/dt (A7.7)

= 

~ J0~/~ dt = ~~ tf

So, I~ = 2L 
(A7 .S)

Substituting from (A7.3) and (A7.4),

nQ (p 0/2ii)log~ (d’/d) loge (d’/d)

2n9 (p 0/2ii)iug~ (2h/ a) tm 2 log~ (2h/ a) Im~ (A7.~

~~~~~~~~~ 

. 
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Typical values are 
-

5m , d = lm , h 3m, a 4mm

Whence

0.1 I~ (A7.10)

For I~ = COkA , I~ 8kA , showing that a gas arrester is the best choice of

p rote ctive dev ice , hav ing a rapid breakdown and a current capacity of about

lO’
~A .

MUTUAL
INDUCTANCE PROTECTIVE

i DEVICE7 I
SIGNA L WIRE / 

______/ — •.

LIGHTNING Cc I M
CURRENT I
INJECT I ON SHIELD WIRE

ru
Re Re fl EARTH STAKES Re

Fi g. A7. 2 Approximate equivalent c-~rc~~t J
’ r coup ling L~-’t~cen a str~~~c~;shield wire and a si gna l wLrc .
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APPENDIX S

PROTECTION OF TELECOtIMUNICATION LINES

A comprehensive review of the lightning protection of telecommunication

lines is given in a manual published by C.C.l.T.T.* Study Group V , [67].

Detailed recommendations for application in Australia are given in internal

documents of Australian Telecommunication Commission [58) and [68]. A review

of recent developments in lightning protection in Australia is given in [69].

While details of the lightning protection of incoming telecommunication

services must , of course, be left to the appropriate authority , some special

consideration should apply where the installation served has an earthing pro-

blem, as in a high resistivity area. If the strategy suggested in Appendix 5

has to be adopted , then the combined installation earth should be used as the

earthing point for protective equipment (e.g. gas arresters) ut~ed for the

-‘ protection of incoming telecommunication lines. If this is not done , danger

to personnel and equipment may result.

* The International Telegraph and Telephone Consultative Committee

ii  
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APPE N DIX 9

RECOMMENDED FAULT REPORTING FOR LIGHTING-CAUSED FAULTS

The following information should be supplied .

1. Identification of damaged part(s).

2. Description of nature of damage.

3. Observation of any consequent damage to other components or equip-

ment.

4. Route by which lightning—caused surge reached equipment.

5. Nature of protective devices, if any, and reason for failure of

protective system.

6. Description of weather conditions at time of occurrence of fault ,

e.g. occurrence of nearby lightning flashes to ground.

L
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