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Earthing Systems — Fundamentals of Calculation and
Design

Introduction :-

The earthing system, sometimes simply called ‘@agthis the total set of measures used
to connect an electrically conductive part to eafie earthing system is an essential part
of power networks at both

high- and low-voltage levels. A good earthing syste required for:

» protection of buildings and installations agaiigttning

« safety of human and animal life by limiting toushd step voltages to safe values

» electromagnetic compatibility (EMC) i.e. limitati@f electromagnetic disturbances
» correct operation of the electricity supply netkvand to ensure good power quality.

All these functions are provided by a single eadlsystem that has to be designed to fulfil
all therequirements. Some elements of an earthysteism may be provided to fulfil a
specific purpose, but arenevertheless part of orgdesearthing system. Standards require
all earthing measures within aninstallation to baded together, forming one system.

What is earthing?

The whole of the world may be considered as a gastluctor which is at
reference (zero) potential. In the UK we refer hs tas 'earth' whilst in the
USA it is called 'ground'. People are usually maréess in contact with earth,
so if other parts which are open to touch beconaegdd at a different voltage
from earth a shock hazard exists. The process rhieg is to connect all
these parts which could become charged to the gemnsaiss of earth, to
provide a path for fault currents and to hold tlaetp as close as possible to
earth potential. In simple theory this will preveat potential difference
between earth and earthed parts, as well as pegnikie flow of fault current
which will cause the operation of the protectivetsyns.

The standard method of tying the electrical suggbtem to earth is to make a
direct connection between the two. This is usuedyried out at the supply
transformer, where the neutral conductor (oftenstiae point of a three-phase
supply) is connected to earth using an earth @éetor the metal sheath and
armouring of a buried cable. {Figure 5.1} showslsacconnection. Lightning
conductor systems must be bonded to the installaarth with a conductor
no larger in cross-sectional area than that oetréhing conductor,



The advantages of earthing

The practice of earthing is widespread, but not@lintries in the world use it.

There is certainly a high cost involved, so theresttbe some advantages. In
fact there are two. They are:

1. - The whole electrical system is tied to the pbé&mof the general mass of
earth and cannot 'float' at another potential. &ample, we can be fairly
certain that the neutral of our supply is at, cameero volts (earth potential)
and that the phase conductors of our standard suifer from earth by 240
volts.

2. - By connecting earth to metalwork not intendedctory current (an
extraneous conductive part or a an exposed comgug@art) by using a
protective conductor, a path is provided for faaltrrent which can be
detected and, if necessary, broken. The path ferfaélult current is shown in
{Fig 5.2}.

path for earth fault current
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Fig 5.2 Path for earth fault current (shown by arrows)

The disadvantages of earthing

The two important disadvantages are:

1. - Cost: the provision of a complete system of grive conductors, earth
electrodes, etc. is very expensive.

2. - Possible safety hazard: It has been arguedctiraplete isolation from
earth will prevent shock due to indirect contaatéaese there is no path for the
shock current to return to the circuit if the sypgarth connection is not made
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(see {Fig 5.3(a)}). This approach, however, ignotks presence of earth
leakage resistance (due to imperfect insulation) and phase-to-earth
capacitance (the insulation behaves as a dieledinicnany  situations the
combined impedance due to insulation resistanceeartti capacitive
reactance is low enough to allow a significantcéhourrent (see {Fig

1
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Fig 5.3 - Danger in an unearthed system

a) apparent safety: no obvious path for shock current
b) actual danger: shock current via stray resistancecapacitance

Basic definitions :

Earthing or earthing system the total of all means and measures by which @aan
electrical circuit,accessible conductive parts lefcical equipment (exposed conductive
parts) or conductive parts in thevicinity of anogfeeal installation (extraneous conductive
parts) are connected to earth.

Earth electrodes a metal conductor, or a system of interconnentethl conductors,

or other metal partsacting in the same manner, ddgzkin the ground and electrically
connected to it, or e.g. foundation embedded invthieh is in contact with the earth
over a large area (of a building).

Earthing conductor: is a conductor which connects a part of an elaitric
installation, exposed conductive parts or extraseoonductive parts to an earth
electrode or which interconnects earth electrod@ibs.arthing conductor is laid above
the soil or, if it is buried in the soil, is instda from it.

Reference earth:is that part of the ground, particularly on thetleaurface, located
outside the sphere ofinfluence of the considerath eslectrode, i.e. between two
random points at which there is no perceptibleagdts resulting from the earthing



current flow through this electrode. The potentidl reference earth is always
assumed to be zero.

Earthing voltage (earthing potential) VE: is the voltage occurring between the
earthing system and reference earth at a giverevafuthe earth current flowing
through this earthing system.

Earth resistivity p (specific earth resistance)is the resistance, measured between
two opposite faces, of a one-metre cube of earju(€ 1). The
earth resistivity is expressedam.

Earth surface potential Vx : is the voltage between a pokbn the earth’s surface
and reference earth.

{1

Figure 1 - Diagrarﬁ ill_ustrating the physical sensfecarth resistivityp

System classification

1-TT systems

2 - TN-S system

3 - TN-C-S system
4 - TN-C system

S - IT system

The electrical installation does not exist on ®enpthe supply is part of the
overall system. Although Electricity Supply Compamiwill often provide an

earth terminal, they are under no legal obligatmmlo so. As far as earthing
types are concerned, letter classifications ard.use



The first letter indicates the type of supply earthing.
T -indicates that one or more points of the Supglg directly
earthed (for example, the earthed neutral at thansformer).

I -indicates either that the supply system is nothed at all, or that the
earthing includes a deliberately-inserted impedatieepurpose of which is to
limit fault current. This method is not used fobpa supplies in the UK.

The second letterindicates the earthing arrangement in the ingtata
T - all exposed conductive metalwork is connecteceally to earth.
N - all exposed conductive metalwork is connectegatly to an earthed
supply conductor provided by the Electricity Sup@lympany.

The third and fourth letterandicate the arrangement of the earthed supply
conductor system.

S - neutral and earth conductor systems are quitgarate.

C - neutral and earth are combined into a singlegotor.

A number of possible combinations of earthing systen common use is
indicated in the following subsections.

Protective conductor systems against lightning nieetle connected to the
installation earthing system to prevent dangeraisrgial differences. Where
a functional earthing system is in use, the protectequirements of the
earthing will take precedence over the functioeguirements.

1-TT systems

In aTT earthing system, the protective earth connectioth® consumer is
provided by a local connection to earth, indepehdérmny earth connection
at the generator.

The big advantage of the TT earthing system iddbethat it is clear of high
and low frequency noises that come through theraleutire from various
electrical equipment connected to it. This is why Thas always been
preferable for special applications like telecomrmation sites that benefit
from the interference-free earthing. Also, TT doex# have the risk of a
broken neutral.

In locations where power is distributed overhead @i is used, installation
earth conductors are not at risk should any overlaesribution conductor be
fractured by, say, a fallen tree or branch.

In preRCD era, the TT earthing system was unattractive femegal use
because of its worse capability of accepting highrents in case of a live-to-
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PE short circuit (in comparison with TN systemsut Basresidual current
devicesmitigate this disadvantage, the TT earthing sydtegomes attractiv
for premises where all AC power circuits are F-protectec

The TT earthing system is used throughout Japan, with RGEs in mos
industrial settings. This can impose added requerémonvariable frequenc
drivesandswitchedmode power supplii which often have substantial filte
passing high frequency noise to the ground cond!

Senerator ar
transformer

TN L1
L . L7
LN L3
! . . M
1 N B EU
Earth : Consumer : Earth

2-TN networks

In aTN earthing system, one of the points in generatc or transformeris
connected with earth, ually the star point in a thrgghase system. The bo
of the electrical device is connected with eartnthis earth connection at t
transformer.




Generator or
transformer

TN L1
TV . Lo
N L3
! . . I
- FE
E;_;h :_ -(-Jtm_su_ m_er _:

The conductor that connects the exposed metallits md the consumer
calledprotective eart (PE). The conductor that connects to the star point
three-phassystem, or that carries the return current single-phasesystem,
is calledneutral (N). Three variants of TN systems are distinguis

TN-S

PE and N are separate conductors that are connegether only near tf
power source. This arrangement is the current atanftbr most residenti
andindustrial electric systems in North America anadpe

3-TN-C

A combined PEN conductor fulfills the functions bbth a PE and an
conductor. Rarely use

4-TN-C-S

Part of the system uses a combined PEN conductachws at some poir
split up into sepata PE and N lines. The combined PEN conductor &y
occurs between the substation and the entry poiat the building, an
separated in the service head. In the UK, thisesgysis also known ¢
protective multiple earthing (PM, because of the prao¢ of connecting th
combined neutradnc-earth conductor to real earth at many locations
reduce the risk of broken neutre- with a similar system in Australia beil
designated aswultiple earthed neutral (MEI.
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L1 L1 L1

Lz - Lz - Lz

L3 L3 L3

K- - FER - . I

FE - FE
CansLmer : ConsLmer : Consumer :

TN-S: separat TN-C: combined Pl  TN-C-S earthing
protectiveearth (PE and N conductor é system combinec
and neutral (N the way from th PEN conductor frot

conductors fror  transformer to th transformer t
transformer t consuming devicebuilding distributior
consuming devici point, but separa
which are nc PE and I
connected togeth conductors in fixe
at any point after tf indoor wiring ant
building distributior flexible powe
point. cords.

It is possible to have both -S and TN-CS supplies from the san
transformer.For example, the sheaths on some underground ceblesde
and stop providing good earth connections, andosoels where "bad earth
are found get converted to -C-S.

5-IT network

In anIT network, thedistribution system has no connection to earthlaba
it has only a highimpedanc connection. In such systems, insulation
monitoring devices used to monitor the impedar
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Senerator or

transformer
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Y . L2
YT L3
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: Consurmear : Earth

Electrical properties of the ground:

The electrical properties of the ground are charexd by the earth resistivi
p. In spite of the relative simple definition of p given above, th
determination of its value is often a complicatesktfor two mai reasons:

« the ground does not have a homogenous structuteis dormed of

layers of different materic
» theresistivity of a given type of ground varies widé€lyable 1) and i
very dependent on moisti content.

The calculation of the earthing resistance reis a good knowledge of tl
soil properties, particularly (its resistivityp. Thus, the large variation in t|
value ofp is a problem. In many practical situation homogenous grour
structure will be assumed with an average valyg wfhich must be ¢imated
on the basis of soil analysis or by measurement. There emstablishel
techniques for measuring earth resisti
One important point is that the current distribaotim the soil layers use
during measurement sho
simulate that for the final stallation. Consequently, measurements
always be interpreted carefu
Where no information is available about the valtip @ is usually assumegl
= 100Qm. However, ¢ Table 1 indicates, the real value can be very affe
S0 acceptance testiraf the final installation, togethevith an assessment
likely variations due to weather conditions and rowéetime, must be
undertaken.
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Ground resistivityp [Qm]

Upe G gt Range of values| Average value
Boggy ground 2-50 30
Adobe clay 2-200 40
Silt and sand-clay ground, humus 20-260 100
Sand and sandy ground 50-3,000 200(moist)
Peat >1,200 2,000
Gravel (moist) 50-3,000 1,000(moist)
Stony and rocky ground 100-8,000 2,000
Concrete: 1 part cement + 3 parts | 50-300 150
sand
1 part cement + 5 parts gravel 100-8,000 400

Table 1 - Ground resistivity for various kinds of the soil and concrete [2, 3]

Electrical properties of the earthling system:

The electrical properties of earthing depend essnbon two parameters:
« earthing resistance
» configuration of the earth electrode.
Earthing resistance determines the relation betveaeth voltage/E and the
earth current value. The configuration of the eaf#éctrode determines the
potential distribution on the earth surface, which
occurs as a result of current flow in the earthe Pbtential distribution on the
earth surface is an important consideration in ssi8g the degree of
protection against electric shock because it detesnthe touch and step
potentials. These questions are discussed brieftynb
The earthing resistance has two components:
» dissipation resistand®D, which is the resistance of the earth between
the earth electrode and the reference earth
» resistanceRL of the metal parts of the earth electrode and ef th
earthing conductor.
The resistanc®&L is usually much smaller than the dissipation rasistRD.
Thus, usually the earthing resistance is estimiidxet equal to the dissipation
resistanceRD. In the literature, ‘earthing resistance’usuallfers to the
dissipation resistance.
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Any earth connection made available by the suppiprears in parallel with
the locally provided earth and may well be expectedhave a lower

impedance at fundamental and harmonic frequencléswever, the

availability and characteristics of this path asydnd the designer’s control
and hence should not be considered in the desigredarthing system which
should be adequate for the required purpose owtsright.

Earthing resistance and potential distribution:

In AC circuits one must consider essentially thpeatance of an earthirgk,
which is the impedance between the earthing syateihthe reference earth at
a given operating frequency. The reactance of dmthimg system is the
reactance of the earthing conductor and of metds wd the earth electrode.
At low

frequencies - the supply frequency and associasethdnics - reactance is
usually negligible in comparison to earthing resise, but must be taken into
account for high frequencies such as lightning

transients. Thus, for low frequencies, it is asdlintbat the earthing
impedanceZE is equal the dissipation resistanBd®, which is in t:urn
assumed to be approximately equal to the eartl@sigtanceRR:

ZE~RD=R(1)

The earthing resistané®of an earth electrode depends on the earth rasjistiv
p as well as the electrode geometry. In order toemehlow values oR the
current density flowing from the electrode metaletrth should be low, i.e.
the volume of earth through which the current flagisas large as possible.
Once the current flows from metal to earth it sgeeaut, reducing current
density. If the electrode is physically small, egpoint, this effect is large, but
is very much reduced for a plate where spreadioglis effective

at the edges,there are four value for earthingtasce:

1. Earthing resistance for the lightning protectiostsyn shall not exceed 5
OHM.

2. Earthing resistance for the power system earthingawer station and
power plants shall not exceed 5 OHM.

3. Earthing resistance for the electrical earthinguj@epent earthing) shall
not exceed 4 OHM.

4. Earthing resistance for the electronic devicestrumsentations shall not
exceed 1 OHM.
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9. TYPES OF EARTHING SYSTEM:

In industrial installations, where both electriaald instrumentation equipment
are incorporated and installed, three types ofheaytsystem is generally
introduced, designed and erected to provide safefyprotective measures.

» Electrical Earthing Systems
The earthing system, which is designed, installed aonnected to all
electrical machineries and equipment as well aplhet’'s bulk equipment is
called the “Electrical earthing system” or “Electi earthing network”
1. The overall earthing resistance of the electrieatheng system should not
be greater than 4 OHM, no matter which point of grel is put under
measurement.
2. In earthing systems, where bare conductors of #énthiag grid is buried
directly underground, each section of the undemglagrid actually acts as an
individual earth
well, parallel to the existing earth wells, thuswttuting in reduction and
improvement of the overall earthing resistar®ezarthing connections made
to the marshaling earth buses, equipment’'s eadbdsoetc. should be carried
out with such skill and workmanship to prevent @agsible misconnections,
which could lead to added earth resistance otlaar ¢éstablished and required.
* Instrument Earthing Systems
In an industrial installation with sophisticated wey and electronic
equipment, protective measures should be taken dfegsard the
instrumentation and the relevant control panels
against the sudden high voltages which might het éhrthing system in the
event of a fault (short-circuit) in the power citcof the installation. To
achieve this, as a standard design practice, araepaarthing system is
defined, designed and installed in such plants.
Technical specification, particularly, the instdba of instrument earthing
system is quite the same as that of electricaksystescribed in detailed in
earlier sections, except for that the earthingstasce should not be greater
than 1 OHM throughout the instrument earthing nekwoDetails on
instrument earthing system, particularly the ddfer types of instrument
earthing shall be offered during the specific ceuta this document several
concept of instrument earthing is introduced tottagees of common course
period.
1. Sufficient distance should be maintained betweenribtrument earth wells
and the electrical earth wells. Standard distascat ileast twice that of the
greatest length of the earth rod driven in eitheribstrument or the electrical
well.
2. Separate earthing marshalling points (Marshallingels) is defined and
installed to be used for independent connectiomsstoument devices.
3. Instrument earth buses are generally installeddengne control building
where the instrumentation control are installed egwatralized.
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4. The metal clad body of the instrument panels, paldrly those which
accommodate the power supply line, should be cdaedet the electrical
earth system.
5. Instrumentations installed inside the plant, shal connected to the
instrument earthing system via the shield wires toé corresponding
instrument cables.
6. Instrument earth wells are installed adjaceti¢ocontrol building.

* lightning earthing system

How to do grounding system testing:

The measurement of ground resistance for an elethr@de system is very
important. It should be done when the electrodirss installed, and then at
periodic intervals thereafter. This ensures that résistance-to-ground does
not increase over time. There are two (2) methodsekting an existing earth-
electrode system. The first is the 3-point or E&llPotential method and the
second is the Induced Frequency test or clamp-aimade The 3-point test
requires complete isolation from the power utilijot just power isolation,
but also removal of any neutral or other such gdooconnections extending
outside the grounding system. This test is the nsogfble test for large
grounding systems and is also suitable for smatteddes. The induced
frequency test can be performed while power is mh @&tually requires the
utility to be connected to the grounding systemauridst. This test is accurate
only for small electrodes, as it uses frequencigbe kilo Hertz range, which
see long conductors as inductive chokes and threrelm not reflect the 60 Hz
resistance of the entire grounding system.

Fall-of-Potential Method or 3-Point Test

The 3-point or fall-of-potential method is usedneasure the resistance-to-
ground of existing grounding systems. The two primeequirements to
successfully complete this test are the abilitystdate the grounding system
from the utility neutral and knowledge of the diagblength of the grounding
system (i.e. a 10’ x 10’ grounding ring would havé4’ diagonal length). In
this test, a short probe, referred to as probesdriven into the earth at a
distance of ten times (10X) the diagonal lengthhef grounding system (rod
X). A second probe (Y) is placed in-line at a dista from rod X equal to the
diagonal length of the grounding system.
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3-Point Test

Signal Generator

Violt Meter | I

1 [—

ift. 10fe. 200 301L 400 SO0 60, T0f1. 80ft. 901 ]

B21t. 100ft.

10ft. Driven Rod

At this point, a known current is applied acrossXZ, while the resulting
voltage is measured across X & Y. Ohm’s Law cam the applied (R=V/I) to
calculate the measured resistance. Probe Y isrtimaered out to a distance of
2X the diagonal length of the grounding systemjrie-with X & Z, to repeat
the resistance measurement at the new intervas Wii continue, moving
probe Y out to 3X, 4X, ... 9X the diagonal lengbhcomplete the 3—point test
with a total of nine (9) resistance measurements

3-Point Test

U1 i |

B21t. 100ft.

10ft. Driven Rod
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Graphing & Evaluation

The 3-point test is evaluated by plotting the ressals data points with the
distance from rod X along the X-axis and the rasise measurements along
the Y-axis to develop a curve. Roughly midway betwéhe center of the
electrode under test and the probe Z, a platediladispot” should be found,
as shown in the graph. The resistance of this @atactually, the resistance
measured at the location 62% from the center oélbéetrode under test, if the
soil is perfectly homogeneous) is the resistanegrtoind of the tested
grounding system.

Invalid Tests

If no semblance of a plateau is found and the gisplvserved to rise steadily
the test is considered invalid. This can be duthéofact that probe Z was not
placed far enough away from rod X, and can usuatlicate that the diagonal
length of the grounding system was not determirggdectly. If the graph is
observed to have a low plateau that extends theedanhgth and only rises at
the last test point, then this also may be alscsidened invalid. This is
because the utility or telecom neutral connectiemains on the grounding
system.

Ground Resistance Testing

2-POINT METHOD

Accurate
True Test
] Resistance

Invalid Test

Distance

Induced Frequency Testing or Clamp-On Testing

The Induced Frequency testing or commonly callezl “thlamp-On” test is
one of the newest test methods for measuring thistamce-to-ground of a
grounding system or electrode. This test uses aapeansformer to induce
an oscillating voltage (often 1.7 kHz) into the ginding system. Unlike the 3-
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point Test which requires the grounding systemeadmpletely disconnected
and isolated before testing, this method requine¢ the grounding system
under test be connected to the electric utilities @ther large grounding
system such as from the telephone company) grogrgjistem (typically via
the neutral return wire) to provide the return gaththe signal. This test the
only test that can be used on live or ‘hot” systeHswever, there are some
limitations, primarily being:

1. The amount of amperage running through the tesgsterm must be
below the equipment manufacturer’s limits.

2. The test signal must be injected at the propettimtaso that the signal
is forced through the grounding system and intoeimgh.

3. This instrument actually measures the sum of tisestance of the
grounding system under test and the impedance eolutility neutral
grounding, including the neutral wiring. Due to thegh frequency
used, the impedance of the neutral wiring is nogligibdle and can be
greater than the ground resistance of a very I@istance grounding
system, which can therefore not be measured aetyrat

4. The ground resistance of a large grounding syste®0aHz can be
significantly lower than at 1.7 kHz.

Many erroneous tests have been conducted whereteittaician only
measured metallic loops and not the true resisttorgeound of the
grounding system. The veracity of the Induced Feegy Test has been
guestioned due to testing errors, however whengshpapplied to a small to
medium sized, self-standing grounding system, ttast is rapid and
reasonably accurate.

Test Application

The proper use of this test method requires tHgyutieutral to be connected
to a wye-type transformer. The oscillating voltage induced into the

grounding system at a point where it will be forgetb the soil and return

through the utility neutral. Extreme caution must taken at this point as
erroneous readings and mistakes are often mademdke common of these
occur when clamping on or inducing the oscillatuaifage into the grounding
system at a point where a continuous metallic patbts back to the point of
the test. This can result in a continuity test geperformed rather than a
ground resistance test.
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10ft. Utility
Ground Rod

Understanding the proper field application of thest is vital to obtaining
accurate results. The induced frequency test cetngteunding systems that
are in use and does not require the interruptionsefvice to take
measurements.

Ground Resistance Monitoring

Ground resistance monitoring is the process of mated timed and/or
continuous resistance-to ground measurement. Tiedieated systems use
the induced frequency test method to continuousiyitar the performance of
critical grounding systems. Some models may alavige automated data
reporting. These new meters can measure resistargreund and the current
that flows on the grounding systems that are in As®ther benefit is that it
does not require interruption of the electrical vemr to take these
measurements

19



Conclusions:

Earthing resistance and earth surface potentidfilmiion are the main
parameters characterizing electrical propertigb®fearthing system.
Electrical parameters of the earthing system demendboth soil properties
and earth electrode geometry.

Soil properties are characterised by earth regigtiwhich changes over a
wide range from a few Wm up to few thousand Wm,etheling on the type of
ground and its structure, as well as its humidity.a result, it is difficult to
calculate an exact value of earthing resistancé.rédtionships describing
earthing resistance

are derived with the assumption that the groundahbemogenous structure
and constant resistivity.

Ideally, the earth surface potential should be iflathe area around the earth
electrode. This is important for protection agaie$tctric shock, and is
characterized by touch and step voltages. Rod retkes have a most
unfavourable surface potential distribution, whileeshed electrodes have a
much flatter distribution.

The behaviour of the earthing system for high tiemtscurrents should be
considered. Very high current values diminish eaglresistance due to the
strong electric field between the earth electraatk the soil, while fast current
changes increase earthing impedance due to eaditragle inductance. The
earthing impedance is, in this case, a superposifidooth these events.
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