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1. Overview
1.1 Scope

This guide is primarily concerned with outdoor ac substations, either conventional or gas-insulated.
Distribution, transmission, and generating plant substations are included. With proper caution, the methods
described herein are also applicable to indoor portions of such substations, or to substations that are wholly
indoors?!

No attempt is made to cover the grounding problems peculiar to dc substations. A quantitative analysis of
the effects of lightning surgesis also beyond the scope of this guide.

1.2 Purpose

Theintent of this guideisto provide guidance and information pertinent to safe groun ticesinac

substation design.

The specific purposes of thisguide are to

a) Establish, as abasisfor design, the safe limits of potential differences tha

safe design.

c) Provide aprocedure for the design of practic

asubstation yard should not be present within a
building. This will be true provid either assures an effective insulation from earth
potentials, or else is effectively equi t to a conductive plate or close mesh grid that is always at
substation ground potential \theludi

entrances) and from transferred potentials described in Clause 8.
-insulated facilities, the effect of circulating enclosure currents may

from perimeter
Furthermore, j

This guide is primarily concerned with safe grounding practices for power frequencies in the range of 50—
60 Hz. The problems peculiar to dc substations and the effects of lightning surges are beyond the scope of
this guide. A grounding system designed as described herein will, nonetheless, provide some degree of
protection against steep wave front surges entering the substation and passing to earth through its ground
electrodes.? Other references should be consulted for more information about these subjects.

1.3 Relation to other standards

The following standards provide information on specific aspects of grounding:



— |EEE Std 81-1983° and |EEE Std 81.2-1991 provide procedures for measuring the earth resistivity, the
resistance of the installed grounding system, the surface gradients, and the continuity of the grid
conductors.

— |IEEE Std 142-1991, also known as the IEEE Green Book, covers some of the practical aspects of
grounding, such as equipment grounding, cable routing to avoid induced ground currents, cable sheath
grounding, static and lightning protection, indoor installations, etc.

— |EEE Std 367-1996 provides a detailed explanation of the asymmetrical current phenomenon and of the
fault current division, which to a large degree parallels that given herein. Of course, the reader should be
aware that the ground potential rise calculated for the purpose of telecommunication protection and
relaying applications is based on a somewhat different set of assumptions concerning maximum grid
current, in comparison with those used for the purposes of this guide.

— |EEE Std 665-1995 provides a detailed explanation of generating station grounding

— |EEE Std 837-1989 provides tests and criteria to select connections tg @ the groun
that will meet the concerns described in Clause 11.

2. References

This guide should be used in conjunction with the followi
are superseded by an approved revision, the revision shal

Accredited Standards Committee C2-1997, National El

|IEEE Std 81-1983, |IEEE Guide for Measuri
Potentials of aGround System (Part 1).°

in large degree is the fact tha
case of lightning surgesthan i
3Information on
“The NESC ig

from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane,
J08855-1331, USA (http://standards.ieee.org/).

IEEE Std 367+1996, IEEE Recommended Practice for Determining the Electric Power Substation Ground
Potential Rise and Induced V oltage from a Power Fault.

IEEE Std 487-1992, IEEE Recommended Practice for the Protection of Wire-Line and Communication
Facilities Serving Electric Power Stations.

IEEE Std 525-1992 (Reaff 1999), |IEEE Guide for the Design and Installation of Cable Systems in
Substations.

IEEE Std 665-1995, |IEEE Guide for Generating Station Grounding.



IEEE Std 837-1989 (Reaff 1996), |IEEE Standard for Qualifying Permanent Connections Used in
Substation Grounding.

|EEE Std 1100-1999, | EEE Recommended Practice for Powering and Grounding Electronic Equipment
(IEEE Emerald Book).

|IEEE Std C37.122-1993, |EEE Standard for Gas-Insul ated Substations.
|IEEE Std C37.122.1-1993, |EEE Guide for Gas-Insulated Substations.

3. Definitions

o fukther references
ther\definitions are

Most of the definitions given herein pertain solely to the application of this guide.
will be made to any of the definitions stated below, unless necessary for clarity.

current path throughout the
, are made only at the

entire enclosure length. Cross-bondings, connecting t
extremities of the installation and at afew selected inter

t can be broken into two parts, a
symmetrical alternating component and a tional (dc) component. The unidirectional component can
be of either polarity, but will not chang i d will decrease at some predetermined rate.

ction with the symmetrical ground fault current
ions. It determines the rms equivalent of the asymmetrical
accounting for the effect of initial dc offset and its attenuation
during the fault.

5The numbersi ond to those of the bibliography in Annex A.

3.5 effective
theinter i Figure1).

(1)

I isthe effective asymmetrical fault current in A
It isthe rms symmetrical ground fault currentin A
Dy is the decrement factor
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3.7 fault current division factor: A factor representing the inverse of a ratio of the symmetrical fault
current to that portion of the current that flows between the grounding grid and surrounding earth.

Sf = Ig/3|0
@)

where

S isthefault current division factor
lgisthe rms symmetrical grid currentin A



I isthe zero-sequence fault current in A

NOTE—In reality, the current division factor would change during the fault duration, based on the varying
decay rates of the fault contributions and the sequence of interrupting device operations. However, for the
purposes of calculating the design value of maximum grid current and symmetrical grid current per
definitions of symmetrical grid current and maximumgrid current, the ratio is assumed constant during the
entire duration of agiven fault.

3.8 gas-insulated substation:A compact, multicomponent assembly, enclosed in a grounded metallic
housing in which the primary insulating medium is a gas, and that normally consists of buses, switchgear,
and associated equipment (subassemblies).

tric circuit or
that serves in

3.9 ground:A conducting connection, whether intentional or accidental, by which, an
equipment is connected to the earth or to some conducting body of relatively |
place of the earth.

3.10 grounded:A system, circulit, or apparatus provided with a ground(s)

dissipating ground current into the earth.

3.13 ground mat: A solid metallic plate or a system of
to and often placed in shallow depths above a
obtain an extra protective measure minimizi
acritical operating area or places that are
above the soil surface, or wire mesh
ground mat.

he danger o re to high step or touch voltagesin
ly used by people. Grounded metal gratings, placed on or
under the surface material, are common forms of a

3.14 ground potential rise (GPR):
attain relative to a distant
GPR,is equal to the maxim

um electrical potential that a substation grounding grid may
assumed to be at the potential of remote earth. This voltage,
the grid resistance.

NOTE—Under normal cond ounded electrical equipment operates at near zero ground
potential. That i ptential Of a grounded neutral conductor is nearly identical to the potential of remote
earth. During portion of fault current that is conducted by a substation grounding grid
into the earth ca grid potential with respect to remote earth.

3.15gfound r it;,A circuit in which the earth or an equivalent conducting body is utilized to

co aifow current circulation from or to its current source.

interconnectedhare conductors buried in the earth, providing a common ground for electrical devices or
metallic structdres, usually in one specific location.

NOTE—Grids buried horizontally near the earth’s surface are also effective in controlling the surface
potential gradients. A typical grid usualy is supplemented by a number of ground rods and may be further
connected to auxiliary ground electrodes to lower its resistance with respect to remote earth.

3.17 grounding system: Comprises all interconnected grounding facilitiesin a specific area.

3.18 main ground bus: A conductor or system of conductors provided for connecting all designated
metallic components of the gas-insulation substation (Gl S) to a substation grounding system.



3.19 maximum grid current:A design value of the maximum grid current, defined as follows:

lg=Dsx Ig (3)
where

Igisthe maximum grid current in A

Dy isthe decrement factor for the entire duration of fault t;, givenins

Ig isthe rms symmetrical grid currentin A

3.20 mesh voltage: The maximum touch voltage within a mesh of aground grid.

3.21 metal -to-metal touch voltage: The difference in potential between metallic obj
within the substation site that may be bridged by direct hand-to-hand or hand-to-f

enclosures.

In aconventional substation, the worst touch voltageis
a hand and the feet at a point of maximum reach distanc
from hand-to-hand or from hand-to-feet, both situati
conditions. Figure 12 and Figure 13 illustr
illustrates these situationsin GIS.

phase conductor electrically isol
each enclosure section.

3.23 primary ground elect : ode specifically designed or adapted for discharging the
ground fault current into the\grod in"a specific discharge pattern, as required (or implicitly called

3.24 step vol surface potential experienced by a person bridging a distance of 1 m
with the feet wit i grounded object.
3.25 e Reactance of a generator at the initiation of a fault. This reactance is used in

3.26 surface'material: A material installed over the soil consisting of, but not limited to, rock or crushed
stone, asphalt,/0r man-made materials. The surfacing material, depending on the resistivity of the material,
may significantly impact the body current for touch and step voltages involving the person’ s feet.

3.27 symmetrical grid current: That portion of the symmetrical ground fault current that flows between
the grounding grid and surrounding earth. It may be expressed as

lg=S¢ xPs 4)
Where

lg isthe rms symmetrical grid currentin A



It isthe rms symmetrical ground fault currentin A
Sisthefault current division factor

3.28 symmetrical ground fault current: The maximum rms value of symmetrical fault current after the
instant of aground fault initiation. As such, it represents the rms value of the symmetrical component in the

first half-cycle of a current wave that develops after the instant of fault at time zero. For phaseto-ground
faults

lton=3o" (5
Where
I 1o+ istheinitial rms symmetrical ground fault current

lo 7 is the rms value of zero-sequence symmetrical current that develops immediat e instant of
fault initiation, reflecting the subtransient reactances of rotating machines co ing to the

This rms symmetrical fault current is shown in an abbreviated notation as I
The underlying reason for the latter notation is that, for purposes o i

eferred to only as 3ly.
initial symmetrical fault

3.29 touch voltage: The potential difference between th i (GPR) and the surface
potential at the point where a person is standing while ing a hand in contact with a
grounded structure.

enclosure of GIS systems. Typicall
effectively prevent the occurrenc

ients generated internally within a gas-insul ated substation
high frequency. VFT is generated by the rapid collapse of

the discharge of lumped capacitance (voltage transformers). Typically, VFTO will not
hough higher magnitudes are possible in specific instances.

3.34 X/R rati@’Ratio of the system reactance to resistance. It is indicative of the rate of decay of any dc
offset. A large X/R ratio corresponds to alarge time constant and a slow rate of decay.

4. Safety in grounding

4.1 Basic problem

In principle, asafe grounding design has the following two objectives:

— To provide meansto carry electric currents into the earth under normal and fault conditions without



exceeding any operating and equipment limits or adversely affecting continuity of service.
— To assure that a person in the vicinity of grounded facilitiesis not exposed to the danger of critical
electric shock.

A practical approach to safe grounding thus concerns and strives for controlling the interaction of two
grounding systems, asfollows:

— Theintentional ground, consisting of ground el ectrodes buried at some depth below the earth’s
surface.

— The accidental ground, temporarily established by a person exposed to a potential gradient in the
vicinity of agrounded facility.

People often assume that any grounded object can be safely touched. A low substation ground resistance is
not, initself, a guarantee of safety. Thereis no simple relation between the resist round system

relatively low ground resistance may be dangerous, while another substatiol
be %{fe or can be made safe by careful deﬂgn For mstance if a substatje

Figure 2(b)]. In either case, the effect of that portion
substation area should be further analyzed. If the g
characteristics, and other factors contribute to an exc
grounding system may be inadequate despite j
durations permitted by protective relays.

Clause 5 through Clause 8 detail tho!
necessary factorsin protecting hum

mptions and criteria that enable the evaluation of all
ious element of the accidental circuit.

tions, the flow of current to earth will produce potential gradients within
hows this effect for a substation with a simple rectangular grounding



—
lg+1g

(b)

le

Figure 2—Equipotential contours of a typical grounding grid
with and without ground rods

(a)

Figure2—Equipotential contoursof atypical grounding gridwith and without ground rods
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Unless proper precautions are t
may be of sufficient magnitude duri
dangerous voltages may deyelop betw

nct fault conditions to endanger a person in the area. Moreover,
ounded structures or equipment frames and the nearby earth.

d) Absence of/sufficient contact resistance or other series resistance to limit current through the body to a
safe value under circumstances a) through c).

€) Duration of the fault and body contact, and hence, of the flow of current through a human body for a
sufficient time to cause harm at the given current intensity.

The relative infrequency of accidents is due largely to the low probability of coincidence of al the
unfavorable conditions listed above.

5. Range of tolerable current



Effects of an electric current passing through the vital parts of a human body depend on the duration,
magnitude, and frequency of this current. The most dangerous consequence of such an exposure is a heart
condition known as ventricular fibrillation, resulting in immediate arrest of blood circulation.

5.1 Effect of frequency

Humans are very vulnerable to the effects of electric current at frequencies of 50 Hz or 60 Hz. Currents of
approximately 0.1 A can be lethal. Research indicates that the human body can tolerate a slightly higher 25
Hz current and approximately five times higher direct current. At frequencies of 3000—-10 000 Hz, even
higher currents can be tolerated (Dalziel and Mansfield [B33]; Dalziel, Ogden, and Abbott [B36]). In some
cases the human body is able to tolerate very high currents due to lightning surges. The International

direct and oscillatory impulse currents are reported in Dalziel [B25][B27].

Informetion regarding special problems of dc grounding is contained in
Substations Committee [B21]. The hazards of an electric shock produc

The most common physiological effects of electric currenf on the bod inforder of increasing current
magnitude, are threshold perception, muscular contracti iousness, fibrillation of the heart,
respiratory nerve blockage, and burning (Geddes and B B74]; IECI60479-1 (1994-09) [B82]).

passing current (Dalziel [B27]).
Currents of 1-6 mA, often term

women and 16 mA for men,
[B34]).

t magnitudes in the range of 60—100 mA are reached that ventricular fibrillation,
, or inhibition of respiration might occur and cause injury or death. A persontrained in

Hence, this guide emphasizes the importance of the fibrillation threshold. If shock currents can be kept
below thisvalue by a carefully designed grounding system, injury or death may be avoided.

As shown by Dalziel and others (Dalziel, Lagen, and Thurston [B35]; Dalziel and Massogilia [B34]), the

nonfibrillating current of magnitude IB at durations ranging from 0.03-3.0 s is related to the energy
absorbed by the body as described by the following equation:

S5 = (I) *x ts (6)



Where

Is isthe rms magnitude of the current through the body in A
ts isthe duration of the current exposureins
S is the empirical constant related to the electric shock energy tolerated by a certain percent

of agiven population
A more detailed discussion of Equation (6) is provided in Clause 6.

5.3 Importance of high-speed fault clearing

Considering the significance of fault duration both in terms of Equation (6) and implicitly as an accident

exposure factor, high-speed clearing of ground faults is advantageous for two reasons

b) Tests and experience show that the chance of severe injury or gé
duration of acurrent flow through the body is very brief.

the low combined probablllty that relay malfunctions will
for an accident, as described in Clause 4. It is more con
in Equation (6), because they assure greater saf ety margi

e that a hu becomes increasingly susceptible to
to current is approaching the heartbeat period, but that the
rent isin theregion of 0.06-0.3 s.

requent, and shocks from high ground gradients

ten of very short duration. Thus, it would not be
merely painful and do not cause serious injury; that is, for

guation (6). Based on the results of Dalziel’s studies (Dalziel [B26]; Dalziel and Lee
3 ed that 99.5% of all persons can safely withstand, without ventricular fibrillation, the

passage of a cdfrent with magnitude and duration determined by the following formula:

Ig = kivt, (7)

where, in addition to the terms previously defined for Equation (6)

k=vSs

Dalziel found that the shock energy that can be survived by 99.5% of persons weighing approximately 50

kg (110 Ib) results in a value of SB of 0.0135. Thus, k50 = 0.116 and the formula for the allowable body
current becomes



Ig=0.116/ vts for 50 kg body weight (8)
Equation (8) resultsin values of 116 mA forts= 1 sand 367 mA forts=0.1s.

Because Equation (7) is based on tests limited to a range of between 0.03 s and 3.0 s, it obviously is not
valid for very short or long durations.

Over the years, other researchers have suggested other values for IB. In 1936 Ferris et al. [B66] suggested
100 mA as the fibrillation threshold. The value of 100 mA was derived from extensive experiments at
Columbia University. In the experiments, animals having body and heart weights comparable to humans
were subjected to maximum shock durations of 3 s. Some of the more recent experi

existence of two distinct thresholds. one where the shock duration is shorter than ong h eat period and
another one for the current duration longer than one heartbeat. For a 50 kg (1 adult, Biegelmeier
[B7]1[B8] proposed the threshold values at 500 mA and 50 mA, respectively. Other this subject

were carried out by Lee and Kouwenhoven [B31][B95][B99]. The equati current

6.2 Alter native assumptions

Fibrillation current is assumed to be a function of indivi veight, as Illustrated in Figure 4. The
figure shows the relationship between the critical curr weight forjseveral species of animals
(calves, dogs, sheep, and pigs), and a 0.5% common thr

In the 1961 edition of this guide, constants SB
and 0.165, respectively, and had been assum
(155 Ib). Further studies by Dalziel [B28
of k =0.157 and SB = 0.0246 as being

for 99. eople weighing approximately 70 kg
n which Equation (7) is based, lead to the alternate value
ersons weighing 70 kg (155 Ib). Thus
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oz higher body currents can be alowed where fast-operating protective
devices can befre imit the fault duration. A judgment decision is needed as to whether to use
the clearing ti i i
calculatig

curve has a500' mA limit for short times up to 0.2 s, then decreases to 50 mA at 2.0 s and beyond.

"Typically, these conditions can be met in places that are not accessible to the public, such as in
switchyards protected by fences or walls, etc. Depending on specific circumstances, an assessment should
be made if a 50 kg criterion Equation (8) ought to be used for areas outside the fence.
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Using Equation (8), the tolerable body ent will be less than Biegelmeier’s Z curve for timesfrom 0.06 s
t00.7s.

6.4 Note on reclosing

reclosure4ee ecand shock, initiated within less than 0.33 s from the start of the first. It is this
secong’shoc ; arelatively short interval of time before the person has recovered, that might

fect of two or more closely spaced shocks has not been thoroughly evaluated, but a
reasonable allgWance can be made by using the sum of individual shock durations as the time of a single

exposure.
7. Accidental ground cir cuit

7.1 Resistance of the human body

For dc and 50 Hz or 60 Hz ac currents, the human body can be approximated by a resistance. The current

path typically considered is from one hand to both feet, or from one foot to the other one. The internal
resistance of the body is approximately 300 O, whereas values of body resistance including skin range from



500 O to 3000 O, as suggested in Daziel [B26], Geddes and Baker [B74], Gieiges [B75], Kiselev [B94],
and Osypka [B118]. The human body resistance is decreased by damage or puncture of the skin at the point
of contact.

As mentioned in 5.2, Dalziel [B34] conducted extensive tests using saltwater to wet hands and feet to
determine safe let-go currents, with hands and feet wet. Values obtained using 60 Hz for men were as
follows: the current was 90 mA; corresponding voltages were 21.0 V for hand-to-hand and 10.2 V for
hand-to-feet. Hence, the ac resistance for a hand-to-hand contact is equal to 21.0/0.009 or 2330 Oand the
hand-to-feet resistance equals 10.2/0.009 or 1130 O, based on this experiment.

Thus, for the purposes of this guide, the following resistances, in series with the body resistance, are

assumed as follows:

a) Hand and foot contact resistances are equal to zero.
b) Glove and shoe resistances are equal to zero.

A value of 1000 O in Equation (10), which represents the resistance of e @
and also from hand-to-hand, or from one foot to the other foot, will be used threughe

Rs = 1000 O (20)
7.2 Current pathsthrough the body
It should be remembered that the choice of a 1000 O resistance valuerel paths such as those between

t passes through parts of the body

German s [B100] mentioned that much higher
foot-to-foot than hand-to-foot currents h used to produce the same current in the heart region. He

stated that the ratio isas high as 25:1.

1000 O could possibly be allowed, where a path
from one foot to the other foot is con 4 e following factors should be considered:

inful but not fatal, might result in afall that could cause a

rom foot-to-foot contact are far less than from the other type. However,
d from case a) above, it is a danger that should not beignored (Bodier [B14];

Using the valtie of tolerable body current established by either Equation (8) or Equation (9) and the
appropriate circuit constants, it is possible to determine the tolerable voltage between any two points of
contact.

The following notations are used for the accidental circuit equivalent shown in Figure 6:
I isthe body current (body is part of the accidental circuit) in A

Ra isthetotal effective resistance of the accidental circuitinO
V, isthe total effective voltage of the accidental circuit (touch or step voltage) in V
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Figure 6—Exposureto touch voltage X
The tolerable body current, Ig, defined by Equation (8) or EquatiogA9 ine the tolerable total
effective voltage of the accidental circuit (touch or step voltage): tive voltage of the
accidental circuit is that voltage that will cause the flow of o0 the tolerable body

current, Ig.

Figure 6 shows the fault current It being discharged to theiground by the grounding system of the substation
and a person touching a grounded metallic structure at arious impedances in the circuit are shown in
Figure 7. Termina H is a point in the system
flows and terminal F is the small areaont
feet. The current, Ib, flows from H thr
theoremallows us to represent this tw

rface of the at is in contact with the person’s two
body of the person to the ground at F. The Thevenin
) network of Figure 7 by the circuit shownin Figure 8

etween terminals H and F when the person is not present. The
f the system as seen from points H and F with voltage sources
gh the body of a person coming in contact withH and Fis

(1)

© | e
——¢——+———— Grid

True
Ground

oM
Rm [ 2

Figure 7—Impedances to touch voltage cir cuit
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Figure 8—Touch voltage circuit

Where

Rs isthe resistance of the human body inO

Figure 9 shows the fault current If beingdischarged to d by the grounding system of the
substation. The current, Ib, flows from g F1 through the body of the person to the other foot, F2.
Terminals F1 and F2 are the areas of the earth that are in contact with the two feet,
respectively. The Thevenin theorem t this two-terminal (F1, F2) network in Figure 10.
The Thevenin voltage VTh is the, s F1 and F2 when the person is not present. The
Thevenin impedance ZTh is theim the system as seen from the terminals F1 and F2 with the
voltage sources of the system short cir@uited. The current Ib through the body of a person is given by

The Thevenin equivalent imp is computable with a number of methods (Dawalibi, Southey,
and Baishiki [B d Ma [B50]; ERPI EL-2699 [B60]; Thapar, Gerez, and Kejriwal
[B143];
Z(system)
1
g M —
If
- ®
I
L ‘ ﬁ :
= - 12

Stotion Grid

Figure 9—Exposureto step voltage
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Figure 10—Step voltage cir cuit
Laurent [B97]). In this guide, the following conservative\formulas for t enin equivalent impedance
are used.
For touch voltage accidental circuit
Zm=R /2 (12)

And for the step voltage accident cuit

Zm = 2R (13)
Where

Rristhe ground rg el h presence of the substation grounding system ignored) in O

For the purpose ita i3, the human foot is usually represented as a conducting metallic disc and
the contg i socks, etc., is neglected. The ground resistance in ohms of a metallic disc of
radius/b 2 e of ahomogeneous earth of resistivity ? (O-m) isgiven by Laurent [B97]

R = 2145 (14)
Traditionally,\thé netallic disc representing the foot is taken as a circular plate with a radius of 0.08 m.
With only slight approximation, equations for ZTh can be obtained in numerical form and expressed in
termsof ?asfollows.

For touch voltage accidental circuit

ZTh=15? (15)

And for step voltage accidental circuit
ZTh=6.0? (16)



Based on investigation reported in Dawalibi, Xiong, and Ma[B50]; Meliopoulos, Xia, Joy, and Cokkonides
[B107]; and Thapar, Gerez, and Kejriwal [B143], Equation (15) and Equation (16) are conservative in the
sense that they underestimate the Thevenin equivalent impedance and, therefore, will result in higher body
currents.

The permissible total equivalent voltage (i.e., tolerable touch and step voltage), using Equation (15) and
Equation (16), is

Etouch = IB(RB + 1.57p (17

And

Estep = IB(RB + 6.0?) (18)
7.4 Effect of a thin layer of surface material
Equation (14) is based on the assumption of uniform soil resistivity. Howe in) layer

O
ove the ground grid to

bstation. The relatively

of high resistivity matenal such as gravel, is often spread on the earth’s su

However, for a person in the substation area, the surface
the lateral direction.

If the underlying soil has a lower resistivity than the , only some grid current will go
upward into the thin layer of the surface materi e will be very nearly the same as
that without the surface material. The curr | be lowered considerably with the

addition of the surface material because reater contact resistance between the earth and the feet.
However, this resistance may be con than that of a surface layer thick enough to assume
uniform resistivity in all directions. i ds on the relative values of the soil and the surface
material resistivities, and on the thi
e underlying soil has a higher resistivity than the
surface material, a substantial portion‘@hthe grld current will go upward into the thin layer of surface
the preceding paragraph, the surface potentials will be
altered substantially duetot i f current near the surface. Thus, the effective resistivity of
the surface material should

R¢=[?s/ 4b] (19)
Cs=1+ 160/ 252 (20)
(21)
Where
Cs isthe surface layer derating factor

K isthe reflection factor between different material resistivities
?s is the surface material resistivity inO-m



? istheresistivity of the earth beneath the surface material in O-m

hs isthe thickness of the surface material in m

b isthe radius of the circular metallic disc representing the foot in m

Rm(2nhs) isthe mutual ground resistance between the two similar, parallel, coaxial plates,
separated by a distance (2nhs), in an infinite medium of resistivity, ?s, inO-m

For the determination of Rm(2nhs), consider a thin circular plate, D1, in the xy plane with the z axis
passing through its center. The radius of the plate is b and it discharges a current | in an infinite uniform
medium of resistivity, ?s. Using cylindrical coordinates, the potential at any point (r,2) is given by the
following equations (Jackson [B89]):

(22)

(23)

(24)

8Expr&esu ons for the ground resistance of the foot givenin Equation (16) thro ation (19) of the 1986

es. This simplification

of the surface layer. The new revised expressions for the ground resi iven in this standard
are based on the circular plate representation of the foot.

b2 zq +P+b2

= -#

Consider another similar plate, D2, placed parallel and coaxial to the circular plate, D1, and at a distance
(2nh) from it. The potential produced on D2 can be determined by evaluating the average potential over the
surface of the plate. It isgiven by

(25

The mutual ground resistance, Rm(2nhs), between the two platesis given by

(26)



Comparing Equation (14) and Equation (19), Cs can be considered as a corrective factor to compute the
effective foot resistance in the presence of a finite thickness of surface material. Because the quantity Cs is
rather tedious to evaluate without the use of a computer, these values have been precalculated for b = 0.08
m and are given in the form of graphsin Figure 11.
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Figure 11—Csversus hs

Computer models have also been used to determine the value of Cs (Dawalibi, Xiong, and Ma [B50];
Meliopoulos, Xia, Joy, and Cokkonides [B107]). There is a close match in the values obtained from these
computer models with the values given in Figure 11.

The following empirical equation gives the value of Cs. The values of Csobtained using Equation (27) are
within 5% of the values obtained with the analytical method (Thapar, Gerez, and Kejriwal [B143]).

27)



8. Criteria of tolerable voltage

8.1 Definitions
NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the
reader.

8.1.1 ground potential rise (GPR): The maximum electrical potential that a substation grounding grid
may attain relative to a distant grounding point assumed to be at the potential of remote earth. This voltage,
GPR, isequal to the maximum grid current times the grid resistance.

NOTE—Under normal conditions, the grounded electrical equipnent operates at zero ground
potential. That is, the potential of agrounded neutral conductor is nearly identical to the potential of remote
earth. During a ground fault the portion of fault current that is conducted by a i rounding grid
into the earth causes the rise of the grid potential with respect to remote earth.

8.1.2 mesh voltage: The maximum touch voltage within a mesh of a group

8.1.3 metal-to-metal touch voltage: The difference in potential
within the substation site that may be bridged by direct hand-to-ha

is assumed to be negligible in conventional substti
between metallic objects or structures bonded to the :
substation site, such as an isolated fence, but not bond the groundigrid may be substantial. In the case
of a gas-insulated substation (GIS), the metal-togmetal tol ween metallic objects or structures
faults or induced currents in the

ituationS should be investigated for the possible worst reach
conditions. Figure 12 and ate these situations for air-insulated substations, and Figure 14

illustrates these situationsi

tage: A special case of the touch voltage where a voltage is transferred into or out of
Or to aremote point external to the substation site.

22
2hs+ 0.09
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Figurg 13—Typical situation of extended transferred potential

8.2 Typical shock situations

Figure 12 and Figure 13 show five basic situations involving a person and grounded facilities during a
fault. For a foot-to-foot contact, the accidental circuit equivalent is that of Figure 9, and its driving voltage
U is equal to Es (step voltage). For the three examples of hand-to-feet contact Figure 12 applies, and U is
equal to Et (touch voltage), Em (mesh voltage), or Etrrd (transferred voltage), respectively. The accidental



circuit involving metal-to-metal contact, either hand-to-hand or hand-to-feet, is shown in Figure 14 where
U is equal to the metal-to-metal touch voltage, Emm.

During a fault, the earth conducts currents that emanate fom the grid and other permanent ground
electrodes buried below the earth’s surface. The resulting potential gradients have a primary effect on the
value of U.

In the case of conventiona substations, the typical case of metal-to-metal touch voltage occurs when
metallic objects or structures within the substation site are not bonded to the ground grid. Objects such as
pipes, rails, or fences that are located within or near the substation ground grid area, and not bonded to the
ground grid, meet this criteria. Substantial metal-to-metal touch voltages may be pr when a person
standing on or touching a grounded object or structure comes into contact with a metallic@bject or structure
within the substation site that is not bonded to the ground grid. Calculation of the,actual, metal-to-metal
touch voltage is complex. In practice, hazards resulting from metal-to-metal con ay Rest be avoided

touches

by bonding potential danger points to the substation grid.
o] m gint touches a conductor

potential to ground may

Typically, the case of transferred voltage occurs when a person standing
a conductor grounded at a remote pomt or a person standmg at arem

in Clause 17, the transferred voltage may exceed the sum GPRs of both bstations, due to induced
voltages on communication circuits, static or neutral Is impractical, and often
impossible, to design a ground grid based on the touch external transferred voltages.

Hazards fromthese external transferred voltages are best\avoided by u ng isolating or neutra||2| ng devices
and by treating and clearly labeling these ci rw pes,

Ewo (A - A2) Ei (A-B)

X X X X X X

Figure 14—Typical metal-to-metal touch situation in GIS

8.3 Step and touch voltage criteria

The safety of a person depends on preventing the critical amount of shock energy from being absorbed
before the fault is cleared and the system de-energized. The maximum driving voltage of any accidental
circuit should not exceed the limits defined as follows. For step voltage thelimitis

(28)

for body weight of 50 kg



(29)

for body weight of 70 kg

(30)

Similarly, the touch voltage limit is
(3D

for body weight of 50 kg

(32

for body weight of 70 kg

(33

Where

Estep sthestepvoltageinV
Etouch isthetouch voltagein V

Cs is determined from Figure 11 or Equation (27)
Rs istheresistivity of the surface material inO-m
Ts isthe duration of shock current in secopds

the total resistance of the accidental i ual to the body resistance, RB.

With the substitution of ?s
metal touch voltage limit is

ce terms of Equation (32) and Equation (33), the metal-to-

B
??

=2 7?- 1B

Estep50 2000 + 1.5Cs - ?s?
0.116

ts



0.157
ts

or body weight of 50 kg
(34
for body weight of 70 kg
(39
Where
Emm s the metal-to-metal touch voltagein V

ess than ective
red volt are best

The actual step voltage, touch voltage, or metal-to-metal touch voltage should
maximum allowable voltage limits to ensure safety. Hazards from extej %
avoided by isolation or neutralizing devices and labeling these danger pointSias

lines.

8.4 Typical shock situationsfor gas-insulated substations

grounded. Because a voltage is induced in the enever @/current flows in the coaxial busbar,
certain parts of the enclosure might be at different potenti ith"respect to the substation ground. To
evaluate the maximum voltage occurring bus enclosure during a fault, it is necessary to determine

A person touching the outer sheath might be exposed to voltages resulting from two basic fault
conditions

Because ! ) a grounded metal grating and the accidental circuit may involve a hand-
to-ha ugrent path, the analysis of GI S grounding necessitates consideration of metal-to-

difference betieén individual enclosures, and the potential difference between an enclosure and other
grounded struetures, does not exceed 65-130 V during a fault. The metal-to-metal touch voltage equations,
Equation (34) and Equation (35), revea that this voltage range corresponds to fault times ranging from 0.8s
to 3.2 sif a 50 kg criterion is used, and ranging from 1.46 s to 5.8 s for the assumption of a 70 kg body.
This relationship is, however, better perceived in the graphical form of Figure 15, which aso helps to grasp
the related problem of sufficient safety margins.

The fault conditions and the corresponding circuit eguivalents for determining or verifying the critical
saf ety design parameters of GIS grounding is detailed in Clause 10.

Emm - touch50
116



ts

157

8.5 Effect of sustained ground currents

After the safe step and touch voltage limits are established, the grounding system can then be designed
based on the available fault current and overall clearing time. The designer should also consider sustained
low level (below setting of protective relays) fault magnitudes that may be abov let-go current
threshold. Some sustained faults above the let-go current, but below the fibrillation thr
asphyxiation from prolonged contraction of the chest muscles. However, it would e practical to design
against lesser shocks that are painful, but cause no permanent injury.

9. Principal design considerations

9.1 Definitions

NOTE—The following definitions are also listed in Clause 3, but{fepeated he
reader.

or tie convenience of the

9.1.1 auxiliary ground electrode: A ground electrodeiwith certain d or operating constraints. Its

S0

obtain an extra protective measure
a critical operating area or places that
above the soil surface, or esh pl

er of the exposure to high step or touch voltagesin
equently used by people. Grounded metal gratings, placed on or
directly under the surface material, are common forms of a

ground mat.
TOUCH
V)
200 N ~
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\T‘ \L\ o 130V
»
100 ETOUCH‘R‘-
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Figure 15—Touch voltage limits for metal-to-metal contact and a typical range of enclosure voltages
toground



9.1.4 grounding grid: A system of horizontal ground electrodes that consists of a number of
interconnected, bare conductors buried in the earth, providing a common ground for electrical devices or
metallic structures, usually in one specific location.

NOTE—Grids buried horizontally near the earth’s surface are also effective in controlling the surface
potential gradients. A typical grid usualy is supplemented by a number of ground rods and may be further
connected to auxiliary ground electrodes, to |lower its resistance with respect to remote earth.

9.1.5 grounding system: Comprises all interconnected grounding facilitiesin a specific area.
9.1.6 primary ground electrode: A ground electrode specifically designed or adapted fo, discharging the

ground fault current into the ground, often in a specific discharge pattern, as required (@fimplicitly called
for) by the grounding system design.

9.2 General concept

In the dlscusson that follows, it is assumed that the system of gr e form of a grid of
pds connected to the grid.
Based on two surveys, the flrst reported in an AIEE
published in 1980 (Dawalibi, Bauchard, and Mukhed ept represents the prevailing
practice of most utilities both in the United States and in :

ed, the fesult is essentially a grid arrangement of ground
ive. If the connecting links happen to be buried in a soil having
t an excellent grounding system. Partly for this reason,
some utilities depend on th one. However, ground rods are of aparticular value, as

explained initem b).

azard can be eliminated only by control of local potentials through the entire
ines a horizontal grid and a number of vertical ground rods penetrating lower soils

ges on the earth’s surface, provided that the grid isinstalled in a shallow depth [usually
(12-18 in) below grade], sufficiently long ground rods will stabilize the performance of
a combined system. For many installations this is important because freezing or drying of
upper soil layers could vary the soil resistivity with seasons, while the resistivity of lower soil
layers remains nearly constant.

2) Rods penetrating the lower resistivity soil are far more effective in dissipating fault currents
whenever a two-layer or multilayer soil is encountered and the upper soil layer has higher
resistivity than the lower layers. For many GIS and other space-limited installations, this condition
becomes in fact the most desirable one to occur, or to be achieved by the appropriate design means
(extra-long ground rods, grounding wells, etc.).



3) If the rods are installed predominately along the grid perimeter in high-to-low or uniform soil
conditions, the rods will considerably moderate the steep increase of the surface gradient near the
peripheral meshes. See Clause 16 for details of this arrangement. These details are pertinent to the
use of simplified methods in determining the voltage gradient at the earth’s surface.

9.3 Primary and auxiliary ground electrodes

In general, most grounding systems utilize two groups of ground electrodes. Primary ground electrodes are
specifically designed for grounding purposes. Auxiliary ground electrodes are electrodes that comprise
various underground metal structures installed for purposes other than grounding. Typical primary
electrodes include such things as grounding grids, counterpoise conductors, ground rods, and ground wells.
Typical auxiliary electrodes include underground metal structures and reinforcing bars in concrete,
if connected to the grounding grid. Auxiliary ground electrodes may have a limited Qurrent carrying
capability.

9.4 Basic aspects of grid design

layout plan, showing

Conceptual analysis of a grid system usually starts with inspection of the
r following points may

al major equipment and structures. To establish the basic ideas
serve as guidelines for starting atypical grounding grid design:

a) A continuous conductor loop should surround the peri ch area as practical. This
measure helps to avoid high current concentration and, in the grid areaand near
the projecting cable ends. Enclosing more area also redu e grounding grid.

in) below grade, spaced 3-7 m (1
would be securely bonded togeth
perimeter. Ground rods may also
multilayer or high resistivity sails, it

at major equipment, especially near surge arresters. In
t be useful to use longer rods or rods installed at additional

€) The rati grid meshes usually is from 1:1 to 1:3, unless a precise (computer-aided)
analys exfreme values. Frequent cross-connections have a relatively small effect on

voltage drepyin the'grid itself, and providing a certain measure of redundancy in the case of a conductor
failure.

9.5 Design in difficult conditions

In areas where the soil resistivity is rather high or the substation space is at a premium, it may not be
possible to obtain alow impedance grounding system by spreading the grid electrodes over alarge area, as
is done in more favorable conditions. Such a situation is typical of many GIS installations and industrial
substations, occupying only a fraction of the land area normally used for conventional equipment. This
often makes the control of surface gradients difficult. Some of the solutionsinclude

a) Connection(s) of remote ground grid(s) and adjacent grounding facilities, a combined system utilizing
separate installations in buildings, underground vaults, etc. A predominant use of remote ground electrodes



requires careful consideration of transferred potentials, surge arrester locations, and other critical points. A
significant voltage drop may devel op between the local and remote grounding facilities, especially for high-
frequency surges (lightning).

b) Use of deep-driven ground rods and drilled ground wells.

¢) Various additives and soil treatments used in conjunction with ground rods and interconnecting
conductors are more fully described in 14.5.

d) Use of wire mats. It is feasible to combine both a surface material and fabricated mats made of wire
mesh to equalize the gradient field near the surface. A typical wire mat might consist of copper-clad steel
wires of No. 6 AWG, arranged in a0.6 m ?0.6 m (24 in ? 24 in) grid pattern, inst on the earth’s
surface and below the surface material, and bonded to the main grounding grid at multiple lgcations.

an extra (satellite) grid. This satellite grid, when sufficientl
overall resistance and, thus, the ground potential rise of odinding grid. Whe nearby low resistivity
material may be a clay deposit or it may be a part of sofe large stréigture, such as the concrete mass of a
hydroelectric dam (Verma, Merand, and Barbeau [B148]

9.6 Connectionstogrid

Conductors of adequate ampacity and
connections between

ical strength (see Clause 11) should be used for the

a) All ground electrodes, such
water, or gas pipes, water well casin

s, ground wells, and, where applicable, metal,

b) All above-ground cond
structures, machine frames,
guards, etc. Also, conductive

metal at might accidentally become energized, such as metal
ings of’conventional or gas-insulated switchgear, transformer tanks,
at might be at a different potential relative to other metal parts

that have becom zed should be bonded together, usually viathe ground grid.

c) All fault curr surge arresters, capacitor banks or coupling capacitors, transformers,
and, wh neutrals and lighting and power circuits.

Copp usually employed for these ground connections. However, transformer tanks are
someti used as|part of a ground path for surge arresters. Similarly, most steel or aluminum structures

connections, dhd can be maintained & equivalent to that of the conductor that would normally be
installed. Where this practice is followed, any paint films that might otherwise introduce a highly resistive
connection should be removed, and a suitable joint compound should be applied, or other effective means,
such as jumpers across the connections, should be taken to prevent subsequent deterioration of the
connection. In the case of GIS installations, extra attention should be paid to the possibility of unwanted
circulation of induced currents. Clause 10 covers the subject in more detail .

Equal division of currents between multiple ground leads at cross-connections or similar junction points
should not be assumed.



All accessible ground leads should be inspected on a periodic basis. Exothermic weld, brazed, or pressure-
type connectors can be used for underground connections (see 11.4). Soldered connections should be
avoided because of the possibility of failure under high fault currents.

Open circuits, even in exposed locations, can escape detection, and it obviously is impractical to inspect
buried portions of the grounding network once it is installed. More detailed discussion of test methods used
to determine the continuity of buried grounding systemsis included in 19.4. Those facilities that are most
likely to supply or carry a high current, such as transformer and circuit breaker tanks, switch frames, and
arrester pads, should be connected to the grid with more than one ground lead. The leads should preferably
be run in opposite directions to eliminate common mode failure.’

10. Special considerationsfor GIS
10.1 Definitions

NOTE—The following definitions are also listed in Clause 3, but repeated
reader.

the conv e of the

‘ ath throughout the
entire enclosure length. Cross-bondings, connecting the other ph made only at the

extremities of theinstallation and at afew selected interm 0

10.1.3 gas-insul ated substation: A compactgmulticompon
housing in which the primary insulating
switchgear, and associated equi pment

ly, enclosed in a grounded metallic
is a compressed gas, and that normally consists of buses,

phase conductor electrically
each enclosure section.

10.1.6 transien V). Very fast transient phenomena, which are found on the
grounded enc us, Typically, ground leads are too long (inductive) at the frequencies of
interest to effect nt the/occurrence of TEV. The phenomenon is also known as transient ground
rise (T

104 (VFT): A class of transients generated internally within GIS characterized by
short dugati ery high frequency. VFT is generated by the rapid collapse of voltage during

breakdow ifAsulating gas, either across the contacts of a switching device or line-to-ground during a
fault. These Slents can have rise times in the order of nanoseconds implying a frequency content
extending to about 100 MHz. However, dominant oscillation frequencies, which are related to physical
lengths of GIS bus, are usually in the 20-40 MHz range.

°One possible exception is grounding of the secondaries of potential and current transformers. The
grounding of such devices usually must be restricted to a single point to avoid any parallel path that could
cause undesirable circulation of currents affecting the performance of relays and metering devices.

10.1.8 very fast transients overvoltage (VFTO): System overvoltages that result from generation of VFT.
While VFT is one of the main congtituents of VFTO, some lower frequency (? 1 MHz) component may be
present as a result of the discharge of lumped capacitance (voltage transformers). Typicaly, VFTO will not
exceed 2.0 per unit, though higher magnitudes are possible in specific instances.



10.2 Gl Scharacteristics

GIS are subjected to the same magnitude of ground fault current and require the same low-impedance
grounding as conventional substations.

Typicaly, the GIS installation necessitates 10-25% of the land area required for conventional equipment.
Because of this smaller area, it may be difficult to obtain adequate grounding solely by conventional
methods. Particular attention should be given to the bonding of the metallic enclosures of the GIS
assembly, as these enclosures carry induced currents of significant magnitude, which must be confined to
specific paths. In this respect, grounding recommendations by the manufacturer of a given GIS usually
need to bestrictly followed.

As aresult of the compact nature of GIS and its short distances, electrical breakd thélinsulating gas,
frequency transients that can couple onto the grounding system. In some ca
be considered in the overall grounding design. These transients may cause
ground rises and are aso the source of electromagnetic interference (EM
beyond the scope of this document, the EMI mitigation techniqu

the grounding design (Harvey [B79]).

e GIS. While EMI is
pecial considerationsin
10.3 Enclosures and circulating currents

The shielding effectiveness of the bus enclosure is determined by | edance, which governs the
circulation of induced currents.

With separate enclosures for each phase, the nitude and ioR’ of the enclosure current is influenced
by the size of the enclosure and the p acing between the buses, as well as by the method of
interconnecting the enclosures.

enclosure by the current in the conductor that it
surrounds, producing a longitudin flow in the enclosure. When a continuity of al phase
intai ections at both ends, the enclosure current is only slightly less
site direction. This current returns through the housing

flow. Also, voltages might be induced in each enclosure by the currentsin
by it. Nonuniform voltages result, causing local current flows in each isolated

10.4 Grounding of enclosures

Normally, the continuous-type enclosures provide a return path for induced currents so that the conductor
and enclosure form a concentric pair with effective external shielding of the field internal to the enclosure.
However, under asymmetrical faults, the dc component is not shielded and causes an external voltage drop
due to enclosure resistance.

Frequent bonding and grounding of GIS enclosures is the best solution to minimize hazardous touch and
step voltages within the GIS area. Additional measures10 include the use of conductive platforms (ground
mats) that are connected to GI S structures and grounded.



To limit the undesirable effects caused by circulating currents, the following requirements should be met:
a) All metallic enclosures should normally operate at ground voltage level.

b) When grounded at the designated points, the bus enclosure design should ensure that no significant
voltage differences exist between individual enclosure sections and that neither the supporting structures
nor any part of the grounding systemsis adversely influenced by the flow of induced currents.

c) To avoid the circulation of enclosure currents beyond regular return path within the GIS assembly,
power cable sheath grounds should be tied to the grounding system via connections that are separated from
the GIS enclosures. To facilitate this isolation, the design of cable terminations should,be such that an
isolating air gap or proper insulation elements are provided. Very fast transients gener. by switching or
by faultsin the GIS may cause these insulation elements to flashover. In such c
such flashovers on current distribution within the grounding system should b
Croadll, and Foty [B68]).

d) Enclosure return currents also cannot be permitted to flow through any

10.5 Cooperation between GIS manufacturer and user

the grounding grid will interfere with the required enclos
the GIS design. That may be especialy pertinent if
interconnections between the GIS components
ground bus loop) is furnished.

Usually the GIS manufacturer also provi onsible for

intentionally grounded parts of the bly and between those parts and the main ground bus of the
GIS.

sufficient mechanical strength to withstand electromagnetic
le of carrying the anticipated maximum fault current in that

for a connection to the substation ground if the main ground bus of the GIS assembly does not actually
exist.

d) Recommending proper procedures for connections between dissimilar metals, typically between a
copper cable or asimilar ground conductor and al uminum enclosures.

The user usually provides information on the sources of fault current and the expected magnitudes and
durations that should be considered. Moreover, the user should assist the GIS manufacturer in reviewing all
proposed grounding provisions to assure proper interfacing of



a) Connections for the neutral current of grounded equipment or apparatus and for dissipating surges
caused by lightning and switching within the GIS.

b) Devicesfor dissipating lightning and switching surge currents external to the GI S assembly.

c) Reguirements of protective relaying, and satisfying the provisions necessary for telephone and
communication facilities.

d) Ground connections to all GIS supporting frames and structures, metallic sheaths, and installation of
shielding for cable terminations where applicable.

€) Connectionsto all pads or connectors furnished by the GIS manufacturer.

f) Safe voltage for step and touch, under both normal and abnormal operating cefiditions\external to the

GlSassembly.

g) Compliance with the grounding specifications, related to correct ground
to by the GI'S manufacturer and the user.

10.6 Other special aspects of GIS grounding

Precautions should be taken to prevent excessive curr
structures, or reinforcing steel, and to avoid establishm
such as transformers or separate switchgear. If there i
ground connections, or if any sustained current path
structures, the substation grounding scheme an
GIS manufacturer.

Undesirable current loops via
close or pass through grounded
uld be carefully reviewed with the

Where applicable, all isolati
occur between the locally
transients generated by swit

at other interface points. One typical problem area is the auxiliary piping
of jndividual GIS terminators and the oil diffusion chamber at the end of a pipe

[B52]; Ford and Geddes [B67]; Fujimoto, Croall, and Foty [B68]).
In these and similar circumstances,11 a close cooperation with the GIS manufacturer in the early stages of
the design is very important.

10.7 Notes on grounding of GISfoundations

Since the earth path of ground currents is strongly affected by the relative position of conductive objects
that are in the ground, more attention should be paid to those portions of the GIS grounding system that
include discontinuities, or where the design requires an abrupt change in the pattern of ground electrodes.
The following circumstances are of concern.



In the limited space of GIS substations, a substantial part of the substation area is often occupied by
concrete foundations, which may cause irregularities in a current discharge path. In this respect, a simple
monolithic concrete steel reinforced slab is advantageous both as an aixiliary grounding device and for
seismic reasons.

If a continuous floor dlab is used, a good adjunct measure is to tie its reinforcing steel mesh to the common
ground bus (main ground bus) so that both the GIS enclosures and the structural steel in and above the
foundation will be approximately the same potential level. The assumption is that this measure should
produce a better ground and the reinforcing bars, being considerably closer together than the wires of a
typical ground grid, should produce more even potentials within the floor and at the surfac

GIS foundations, which include reinforcing bars and other metals, can act as auxili
and may be so used provided that under no circumstances the discharge of current
of concrete because of local overheating or a gradual erosion of the concrete-st
details, refer to 14.6.

y greund electrodes
Itin adamage
For further

10.8 Touch voltage criteriafor GIS

to ascertain that the entire installation is safe. Having thi
interconnecting the GI S with agrounding system are bri

A certain paradox, inherent to the GIS design, may occu
GIS grounding. In contrast to the general wisdom that a larg connection necessarily equals a good
i ated in the GIS enclosures during a fault should also be
taken into account. To be considered age: these currents will circulate, and 2) where and to what
degree the design engineer or GIS m

Typically in a continuous enclosu of enclosure currents includes some structural
members of the GIS frame and the enc es themselves. With each phase enclosure tied to the enclosures
of adjacent phases at both are formed. Because a cross section of the mentioned
structural members is usual 1 han that of the enclosure and comparable to that of the
grounding strapsthat connect bly to aground grid (and for that matter, also to the reinforcing
bars of the concrg dation)yseveral ‘Questions need to be asked

"The direct eff closure voltage (TEV) on humans may not be fatal, but its secondary
effect op - Of concern to the design engineer and the manufacturer. In addition, TEV

migh g moye stringent electromagnetic compatibility requirements be considered for

uniform voltage at the floor level if no current would flow into the reinforcing bars from the ground system.
If the bars ar@lednnected, the electrical field in the earth between the bars of the slab and the underlying
grid would bezero. (As both mats are at the same potential, hardly any current would flow out of the bars
into the concrete and toward the ground grid.) Therefore, the concrete with reinforcing bars will produce a
substantially uniform potential field across the floor surface.

a) If the currents divide and flow via all available metallic paths, what ratio is to be expected between the
currents circulating within the GI S assembly and those circulating via a ground connection?

b) How much current circulating via a ground connection loop is too much?

¢) Should the GIS be designed to be safe if no circulating current would (at least for an external fault)
circulate viaground connections?



d) And finally, how much grounding is needed for the best balance between operational and saf ety-related
requirements?

Presently, there are no clear-cut answers and solutions to the questions listed above. Some manufacturers
prefer to supply a special ground bus (main ground bus) as a part of the GIS package, with clearly
designated ground connection points. Others do not use any main ground bus at all, but simply designate
certain points on the enclosure as grounding pads and | et the utility complete the grounding.

In either case, it becomes necessary to limit the body current to some value in a milliampere range, while
the fault currents that are of concern range from hundreds to thousands of amperes. Thus, one can safely

account the maximum inductive voltage drop occurring within the GIS assem

Thetouch voltage criterion for GIS is

(36)

Where

Et is the maximum touch voltag deter for thejpoint underneath a person’ s feet

E ' to max is the (predominantly ind aximum metal-to-metal voltage difference on
and between GIS enclo r between these enclosures and the supporting structures,

including any horizol

occurs. This makes the calculation o itidinally induced currents difficult and for some remote external
faults often outright unpr y parameters remain undefined. As a rule, because of a great
variety in possible physic GIS assembly, the GIS manufacturers perform detailed
calculations for determining ameters, such as spacing and location of bonds.

Thefollowing r ns should be considered for GISinstallations:
a) Wh voltage criterion Equation (36), the following facts should be considered. The
casé h ground return reguires the addition of the resistive and inductive voltage drop

to-ground fad e voltages induced on the sheath should be checked for ahand-to-hand metal-to-metal
contact, but the calculation of step and touch voltages at the earth’s surface is the same as that for
conventional installations|[i.e., theinductive term E' to max in Equation (36) is zerq].

Et

2 Eto max
'?

2

+ ? Etouch



b) In evaluating the magnitude of induced voltages caused by faults external to the GIS, only the case of a
closein fault [case (B) in Figure 16] needs to be analyzed because remote external faults will cause less of
aproblem.

11. Sdection of conductor s and connections

In assessing which conductor material and what conductor size or what maximum allowable temperature
limit needs to be applied in individual design situations, the final choice should always reflect the
considerations outlined in 11.1-11.4.

11.1 Basic requirements

Each element of the grounding system, including grid conductors, connections, connecti
primary electrodes, should be so designed that for the expected design life of thed
will

leads, and all
latign, the element
a) Have sufficient conductivity, so that it will not contribute substantially je

b) Resist fusing and mechanical deterioration under the most adver
duration.

¢) Be mechanically reliable and rugged to a high degree.

d) Be able to maintain its function even when exposed tojeorrosion or ph abuse.

SR s
/ (A) INTERNAL FAULT
= (B) CLOSE EXTERNAL FAULT
' // (C) REMOTE EXTERNAL FAULT
|
'
v/
Figurel pical faultsin GIS

11.2 Choice of material for conductors and related corrosion problems

11.2.1 Copper

Copper is a common material used for grounding. Copper conductors, in addition to their high
conductivity, have the advantage of being resistant to most underground corrosion because copper is

cathodic with respect to most other metals that are likely to be buried in the vicinity.

11.2.2 Copper-clad steel



Copper-clad steel is usually used for underground rods and occasionally for grounding grids, especially
where theft is a problem. Use of copper, or to a lesser degree copper-clad steel, therefore assures that the
integrity of an underground network will be maintained for years, so long as the conductors are of an
adequate size and not damaged and the soil conditions are not corrosive to the material used.

11.2.3 Aluminum

Aluminum is used for ground grids less frequently. Although at first glance the use of aluminum would be
a natural choice for GIS equipment with enclosures made of aluminum or aluminum alloys, there are the
following disadvantages to consider:

a) Aluminum itself may corrode in certain soils. The layer of corroded aluminum materialfis nonconductive

for all practical grounding purposes.

11.2.4 Steel

Steel may be used for ground grid conductors and rods.
paid to the corrosion of the steel. Use of a galianized
cathodic protection, istypical for steel groundi

11.2.5 Other consider ations

A grid of copper or copper-clad
the lead-based alloys that might be
latter. Tinning the copper has been tri
to steel and zinc by about\5@
slightly sacrificial to lead).
concentrates the natural corro

able shéaths. This galvanic cell may hasten corrosion of the
me of the utilities. That reduces the cell potential with respect
eliminates this potential with respect to lead (tin being
f using atinned copper conductor is that it accelerates and
oYy the chemicals in the soil, of the copper in any small bare area.

¢) Cathodic pretection using sacrificial anodes or impressed current systems.
d) Use of nonmetallic pipes and conduits.

In GIS, the use of cathodic protection may also be required for other reasons. Cathodic protection is
commonly used to protect facilities that are external to the GIS, such as pressurized pipe-type cables, lead
shielded cables, etc. Because of the complexity of GIS installations, it is essential to consider all aspects of
corrosion prevention before designing the grounding system. Specific guidelines are difficult to establish
because substation conditions may be different due to |ocation and application in the electric power system.



The subject of underground corrosion and cathodic protection is complex. Many studies have been made
and much has been published on this subject. A detailed discussion of these phenomena is beyond the
scope of thisguide.

11.3 Conductor sizing factors
11.3.1 Symmetrical currents

The short time temperature rise in a ground conductor, or the required conductor size as a function of
conductor current, can be obtained from Equation (37) through Equation (42), which are taken from the
derivation by Sverak [B133]. These equations are also included as Appendix B in IEEE Std 837-19809.
These equations evaluate the ampacity of any conductor for which the material constantsf@te known, or can
be determined by calculation. Material constants of the commonly used grounding materigls are listed in

Table 1. Equation (37) through Equation (42) are derived for symmetrical currents (i offset).
(37)

Where

I isthe rms current in kA

Amm2 is the conductor cross section in mm2

Tm isthe maximum allowable temperature i

Ta isthe ambient temperaturein ? C

Tr is the reference temperature for materi@ constantsin

?0 isthe thermal coefficient of resistivity ?CinlU?C

?r isthe thermal coefficient of resistivity perature Tr in1/? C

o istheresistivity of the gro temperature Tr in ? O-cm

Ko Vaoor (Var)—-Trin?

Tc isthe duration of cur

TCAP i [ efrom Table 1, in J/(cm3-? C) (further defined in
It should be noted that ar and ?r are b be found at the same reference temperature of Tr ? C. Table 1

If the conductor sizeisgiveni ? 2.974 = kemils), Equation (37) becomes

(38)
Tablel—Mater
Descript i r factor Koat0?C | Fusinga r20?C TCAP
j at 20? C (0?C) temperature | (? O-cm) thermal
(1?C) Tm capacity
?0C) [J/(cm3-? C)]
Copper, 0.003 93 234 1083 172 342
annealed 100.0
soft-drawn
Copper, 97.0 0.003 81 242 1084 1.78 342
commercial
hard-drawn
Copper-clad | 40.0 0.003 78 245 1084 4.40 3.85
steel wire




Copper-clad | 30.0 0.003 78 245 1084 5.86 3.85
steel wire

Copper-clad | 20.0 0.003 78 245 1084 8.62 3.85
steel rod®

Aluminum, 61.0 0.004 03 228 657 2.86 2.56
EC grade

Aluminum, 535 0.003 53 263 652 3.22 2.60
5005 alloy

Aluminum, 525 0.003 47 268 654 3.28 2.60
6201 alloy

Aluminum 20.3 0.003 60 258 657

clad

steel wire

Steel, 1020 10.8 0.001 60 605 1510, 3.28
Stainless- 9.8 0.001 60 605 40 4.44
clad

steel rod°®

Zinc-coated | 8.6 0.003 20 293 419 20.10 3.93
steel rod

Stainless 2.4 0.001 30 49 72.00 4.03
steel, 304

aFrom ASTM standards.
bCopper-clad steel rods based on<0:
cStainless-clad steel rod based on 0.5
core.

.010in) ¢opper thickness.
.020 in) No. 304 stainless steel thickness over No. 1020 steel

I A

mm?2

TCAP 10-4 -
tcar?r

| 5.07 10 —3Akcmil
TCAP
tcar?r




?
- ??

|

Equation (37) and Equation (38), in conjunction with Equation (39) (which defines TCAP), reflect two
basic assumptions

a) That all heat will be retained in the conductor (adiabatic process).
b) That the product of specific heat SH) and specific weight SW), TCAP, is approximately constant
because SH increases and SW decreases at about the same rate. For most metals, these premises are

applicable over areasonably wide temperature range, as long as the fault duration is within afew seconds.

11.3.1.1 Alter nate formulations

TCAP can be calculated for materials not listed in Table 1 from the specific h ific weight.
Specific heat, SH, in cal/(grams ? ?C) and specific weight, SW, in gram/ related e thermal
capacity per unit volumein J(cm3? ? C) asfollows:
4.184 J=1 calorie
Therefore, TCAP is defined by;

TCAP [cal/(cm3 - ? ? C)] =H [cal/(gram - ? C)Jf- SW (gr

or

TCAP [J/(cm3 -? C)] = 4.184 (Jcal) - SH [( 20)]- /cm3) (39)

Once TCAP is determined, Equation (
conductor.

ion (38) can be used to determine the ampacity of the

Equation (37) and Equation (38) c ged to”give the required conductor size as a function of
conductor current.

(40)
(41)
Example: A ta ade, using Equation (41) and Table 1, to get data for 30% and 40%
copperc 2 0% and 97% copper conductors. For instance, to calculate the 1 s size of a 30%

coppe : cter, one gets
Thus, for 1 =1 and using Equation (41)

11.3.1.2 Formula simplification

The formulain English units can be simplified to the following:
(42)

where

Akcmil isthe areaof conductor in kemil
| isthe rmsfault current in kA



A

mm2 |

1

TCAP 10-4 -
tcar?r

??
??In
Ko+Tm
Ko +Ta

267.61
e =12.06 k cmil or 1 /KA
Akemil =1- Kftc

tc
Kf

Table2—Material constants

onductivity (%) Tm® (°C) Kf

100.0 1083 7.00

97.0 1084 7.06

hard-drawn

Copper, commercial | 97.0 250 11.78
hard-drawn

Copper-clad steel wire 40.0 1084 10.45
Copper-clad steel wire 30.0 1084 12.06
Copper-clad steel rod 20.0 1084 14.64
Aluminum EC Grade 61.0 657 12.12
Aluminum 5005 Alloy 535 652 12.41
Aluminum 6201 Alloy 525 654 12.47

Aluminumclad steel | 20.3 657 17.20




wire

Steel 1020 10.8 1510 15.95
Stainless clad steel rod 9.8 1400 14.72
Zinc-coated steel rod 8.6 419 28.96
Stainless steel 304 2.4 1400 30.05

8See 11.3.3 for comments concerning material selection.

Examples: Using Equation (42) for a 20 kA, 3 sfault
(@ For soft drawn copper

Averit =20 x 7.00v3
= 242.5 kcmil

use 250 kemil
b) For 40% conductivity copper-clad steel conductor

Ayemit =20 x 10.45v3
= 362.0 kemil

use 19/#7 conductor
¢) For steel conductor
Akcmi =20 xv 3

= 552.5 kcmil

a) The col should have the strength to withstand any expected mechanical and corrosive abuse
during the desigilife of the grounding installation.

b) The conductor should have a high enough conductance to prevent any possible dangerous voltage drop
during afault, for thelife of the grounding installation.

¢) The need to limit the conductor temperature (see 11.3.3).
d) A factor of safety should be applied to the grounding system as with other electrical components.
11.3.2 Asymmetrical currents

11.3.2.1 Using decrement factor




In cases where accounting for a possible dc offset component in the fault current is desired, an equivalent
value of the symmetrical current, Ig, representing the effective value of an asymmetrical current integrated
over the entire fault duration, tc, can be determined as a function of X/R by using the decrement factor Df
Equation (79) in 15.10, prior to the application of Equation (37) through Equation (42).

g =1 fxDf (43)
The resulting value of IF is always larger than If because the decrement factor is based o n a very
conservative assumption that the ac component does not decay with time but remains constant at its initial
subtransient value.

11.3.2.2 Using asymmetrical current tables

Because the dc offset in the fault current will cause the conductor to reach a hi temperature for the

Table 3—UItimate current carrying capal
currents are RM S values, for frequ of 60

/IR = 40; current in kiloamperes

Cable Nominal 6 cycles 30cycles | 45cycles | 60cycles | 180cycles
size, Cross (100 ms) (500 ms) (750 ms) (1s) (39)
AWG section,
mm?

#2 #233.63 12 10 9 5
#1 42.41 16 13 11 7
10 53.48 20 17 14 8
2/0 25 21 18 11
3/0 32 27 23 14
4/0 53 40 34 30 17
250 kemil 62 47 40 35 21

r 87 67 56 49 29

ate cUrrent carrying capabilities of copper grounding cables; currentsare RM S
alues, for frequency of 60 Hz, X/R = 20; current in kiloamper es

Cable inal 6 cycles 15cycles | 30cycles | 45cycles | 60cycles | 180cycles
size, Cross (100 ms) (250 ms) (500 ms) (750 ms) (1s) (39)
AWG section,
mm?
#2 33.63 25 18 13 11 9 5
#1 42.41 32 22 16 13 12 7
10 53.48 40 28 21 17 15 9
2/0 67.42 51 36 36 26 22 11
3/0 85.03 64 45 33 27 24 14
4/0 107.20 81 57 42 35 30 18




250 kemil

126.65

95

67

50

41

36

21

350 kemil

177.36

134

94

70

58

50

Table5—UItimate current carrying capabilities of copper grounding cables; currentsare RMS
values, for frequency of 60 Hz, X/R = 10; current in kiloamperes

Cable Nominal 6 cycles 15cycles | 30cycles | 45cycles | 60cycles | 180cycles
size, Cross (100 ms) (250 ms) (500 ms) (750 ms) (19 (39
AWG section,

mm?
#2 33.63 27 19 5
#1 4241 35 23
10 53.48 44 30
2/0 67.42 56 33 11
3/0 85.03 70 48 14
4/0 107.20 89 60 18
250 kemil | 126.65 105 71 21
350 kemil | 177.36 147 9 30

Table 6—Ultimate current carrying capabilities of
values, for frequency of 60 Hz, X/R

pper grounding cables; currentsare RM S
: current jn kiloamperes

Cable Nominal 6 cycles 45cycles | 60cycles | 180cycles
size, Cross (100 ms) (750 ms) (1s) (39)
AWG section,

mm?
#2 33.63 31 11 9 5
#1 4241 14 12 7
10 53.48 18 15 9
2/0 67.42 62\ 22 19 1
3/0 0 28 25 14
4/0 36 31 18
250 kemil 43 37 21
350 kemi 104 73 60 52 30

1—The current values in Table 3 through Table 6 were computed from the computer program RTGC
(Reichman, Vainberg, and Kuffel [B122]). This computer program can be used directly to determine the
grounding cable size requirements for known X/R ratio and fault clearing time.

2—Current is computed for maximum dc offset (see 15.10).

3—Initial conductor temperature = 40 °C; final conductor temperature = 1083 °C.

4—Metric values are soft conversions. Soft conversion is a direct area calculation, in metric units, from the

AWG size.




11.3.3 Additional conductor sizing factors

The designer should take precautions to ensure that the temperature of any conductor and connection in the
grounding installation does not pose adanger to the safe operation of the substation. For instance

a) Typically, conductors and connections near flammable materials should be subject to more stringent
temperature limitations.

b) If the strength of hard drawn copper is required for mechanical reasons, then it may be prudent not to
exceed 2507 C to prevent annealing of the conductors.

ven When the correct
Std 837-1989 test

The possible exposure to a corrosive environment should be carefully examined.
onductor size and the selected joining (connecting) method have satisfied al th

an the grid conductors or
pacity for the total fault

In practice, the requirements on mech
seem proper for the designer to
conservatismdeserves considerati

will set the minimu m conductor size. While it might
sizes in light of local conditions, the need for

time is usually adequate for\Sizin toy. For smaller substations, this may approach 3 s or longer.
However, because large sub: i
generally beclearedin 1 sor I 5

All connections made in a grounding network above and below ground should be evaluated to meet the
same general requirements of the conductor used; namely, electrical conductivity, corrosion resistance,
current carrying capacity, and mechanical strength. These connections should be massive enough to
maintain a temperature rise below that of the conductor and to withstand the effect of heating. The
connections should also be strong enough to withstand the mechanical forces caused by the electromagnetic
forces of maximum expected fault currents and be able to resist corrosion for the intended life of the
installation.

IEEE Std 837-1989 provides detailed information on the application and testing of permanent connections
for use in substation grounding. Grounding connections that pass IEEE Std 837-1989 for a particular



conductor size range and material should satisfy al the criteria—electrical conductivity, corrosion
resistance, current carrying capacity, and mechanical strength—for that same conductor size range and
material.

12. Soil characteristics

12.1 Soil asa grounding medium

The behavior of a ground electrode buried in soil can be analyzed by means of the circuit in Figure 17. As
shown, most soils behave both as a conductor of resistance, r, and as adielectric. Except for high-frequency

and steep-front waves penetrating a very resistive soil material, the charging current js negligible in
comparison to the leakage current, and the earth can be represented by a pure resistance.

Y G y L L Y 4 )¢

Figure 17— model

12.2 Effect of voltage gradient

The soil resistivity is not affected by a nt unless the latter exceeds a certain critical value. The
value somewhat varies with the g ly has the magnitude of several kilovolts per
centimeter. Once exceeded, arcs WO glectrode surface and progress into the earth so as to
increase the effective size of the electr@de, until gradients are reduced to values that the soil material can
withstand. This condition\is,i the presence of gaps in Figure 17. Because the substation
grounding system normally ply with far more stringent criteria of step and touch voltage

limits, the gradient can alway suimed to’be below the critical range.

12.4 Effect of moisture, temperature, and chemical content

Electrical conduction in soils is essentially electrolytic. For this reason the resistivity of most soils rises
abruptly whenever the moisture content accounts for less than 15% of the soil weight. The amount of
moisture further depends upon the grain size, compactness, and variability of the grain sizes. However, as
shown in curve 2 of Figure 18, the resistivity is little affected once the moisture content exceeds
approximately 22%, as shown in |[EEE Std 142-1991.

The effect of temperature on soil resistivity is nearly negligible for temperatures above the freezing point.
At 0 ? C, the water in the soil starts to freeze and the resistivity increases rapidly. Curve 3 shows this
typical variation for a sandy oam soil containing 15.2% of moisture by weight.
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The composition and the amount of , or alkali present in the soil may considerably affect
itsresistivity. Curve 1 of Figure 1

Figure 18—Effects of moi

Figure 18 should not be u urposes. To determine the actual soil resistivity, tests such as
those described in |EEE Std

retarding sture and, thus, in limiting the drying of topsoil layers during prolonged

dry weéther pe ' discussed in 7.4, covering the surface with a material of high resistivity is
ver, ] ock currents. The value of this layer in reducing shock currents is not always
fully re (S\by Bodier [B14] at a substation in France showed that the river gravel used as yard

danger factO o of body to short-circuit current) by a ratio of 10:1, as compared to the natural moist
ground. Tests/by Langer [B96] in Germany compared body currents when touching a hydrant while
standing on wet coarse gravel of 6000 O-m resistivity with body currents while standing on dry sod. The
current in the case of dry sod was of the order of 20 times the value for wet coarse gravel. Tests reported by
others provide further confirmation of these benefits (Elek [B54]; EPRI TR-100863 [B64]).

In basing calculations on the use of a layer of clean surface material or gravel, consideration should be
given to the possibility that insulation may become impaired in part through filling of voids by compression
of the lowest ballast layers into the soil beneath by material from subsequent excavations, if not carefully
removed, and in some areas by settlement of airborne dust.



The range of resistivity values for the surface material layer depends on many factors, some of which are

kinds of stone, size, condition of stone (that is, clean or with fines), amount and type of moisture content,
atmospheric contamination, etc. Table 7 indicates that the resistivity of the water with which the rock is wet

has considerable influence on the measured resistivity of the surface material layer. Thus, surface material

subjected to sea spray may have substantially lower resistivity than surface material utilized in arid

environments. As indicated by Table 7, local conditions, size, and type of stone, etc., may affect the value
of resistivity. Thus, it is important that the resistivity of rock samples typical of the type being used in a
given area be measured.

Table 7 gives typical resistivity values for different types of surface material measured by several different
parties in different regions of the United States (Abledu and Laird [B2]; EPRI TR 100863,[B64]; ammond
and Robson [B78]; Thompson [B145][B146]). These values are not valid for all types izes of stonein
any given region. Tests should be performed to determine the resistivity of the stone typically purchased by
the utility.

13. Soil structure and selection of soil model

13.1 Investigation of soil structure

information on the presence of various layers and the n
as to the range of resistivity at the site.

Table7—Typical

Number Description of
surface material

Resistivity of sample O-m

(U.S. statewherefo Dry Wet
1 Crusher run granite with 1300 (ground water, 45
(N.C) om)
2 1.5in (0.04 m) crUs 4000 1200 (rain water, 100 W)
granite (Ga.) with
— 6513 (10 min after 450-m
water drained)
157 206t04.5? 206 5000 (rain water, 100 O-m)
2.67? 206 to 3 ? 206 10 000 (Rain water, 100
Om)
77?206 2000-3000 (ground water,
! 45 O-m)
ed granite, similar to 27206 10000
0.75in (0.02 m) gravel
8 Washed granite, similar to pea 40 ? 206 5000
gravel
9 #57 (0.75 in) (0.02 m) washed 190 ? 206 8000 (ground water, 45
granite (N.C.) Om)
10 Asphalt 2?206to0 30 ? 206 10 000 to 6 ? 206
11 Concrete 1?7206to17?209a 2110100




#0ven dried concrete (Hammond and Robson [B78]). Values for air-cured concrete can be much lower due
to moisture content.

13.2 Classification of soilsand range of resistivity

A number of tables exist in the literature showing the ranges of resistivity for various soils and rocks. The
tabulation from Ridenberg [B125] has the advantage of extreme simplicity. More detailed data are
available in engineering handbooks and publications (for instance, Sunde [B130] and Wenner [B150]). See
Table8.

13.3 Resistivity measurements

Estimates based on soil classification yield only a rough approximation of the r . Attual resistivity

tests therefore are imperative. These should be made at a number of places within the station sites
where the soil may possess uniform resistivity throughout the entire area 3 depth are
seldomfound. Typically, there are several layers, each having a different changes
also occur, but in comparison to the vertical ones, these changes usually are e/gradual. Soil resistivity

tests should be made to determine if there are any important vg esistivity with depth. The
number of such readings taken should be greater where the variati@ eCialty if some readings
are so high asto suggest a possible safety problem.

Table 8—Range of

Type of earth

Wet organic soil

Moist soil 102
Dry soil
Bedrock 104

ith depth, it is often desirable to use an increased range of probe
ate of the resistivity of deeper layers. This is possible because, as the

A number € asuring techniques are described in detail in IEEE Std 81-1983. The Wenner four-pin
method, as shawn in Figure 19, is the most commonly used technique. In brief, four probes are driven into
the earth along a straight line, at equal distances a apart, driven to a depth b. The voltage between the two
inner (potential) electrodes is then measured and divided by the current between the two outer (current)
electrodes to give avalue of resistance R.
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Figure19—Wenner four-pin method
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If b is small compared to a, asis the case of probes pengtrating the gro y a short distance, Equation
(44) can be reduced to

(45)

The current tends to flow near the e small probe spacing, whereas more of the current
penetrates deeper soils for large spaci ally a reasonable approximation to assume that the
the apparent resistivity of the soil to adepth of a

Schlumburger-Palmer [B119
sensitivity for large probe spa




Where

Lr isthe length of therodin m
d isthe diameter of therod in m

A plot of the measured apparent resistivity value ?a versus the rod length Lr provides a visual aid for
determining earth resistivity variations with depth.

Tests conducted by Ohio State University [B62] demonstrated that either the Wenner four-pin method or
the driven-rod three-pin method can provide the information needed to develop a soil model.

The Wenner four-pin method is the most popular method in use. There are a number
popularity. The four-pin method obtains the soil resistivity data for deeper layers wjthou

to determine to what depth the ground rods can be driven. Knowing if and ho ods can be driven into
the earth can save the need to redesign the ground grid. Often, begaliSe ers in the soil such as
rock, hard clay, etc., it becomes practically impossible to drivg the t ther resulting in

deep in the ground, it usually loses contact with the due to the vibration and the larger diameter
couplers resulting in higher measured resistange values. d designed with these higher soil
resistivity values may be unnecessarily consgative. The dri ethod presents an uncertainty in the

resistance value. The 62% rule isvalid o ge electrode separation and uniform soil. In nonuniform
soils, this assumption may A
(1)
NS
¢ (v)
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—‘— _‘_
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Figure 20—Circuit diagram for three-pin or driven-ground rod method

affect the outcome of the readings. If the flat portion of the curve is used to determine the test rod
resistance, this flat portion may not give the correct resistance in nonuniform soil, and the flat portion may
not even be obtained unless the test and current rod separation is very large (Dawalibi and Mukhedkar
[B39][B44]).



Resistivity measurement records should include temperature data and information on the moisture content
of the soil at the time of measurement. All data available on known buried conductive objects in the area
studied should also be recorded.

Buried conductive objects in contact with the soil can invalidate readings made by the methods described if
they are close enough to alter the test current flow pattern. Thisis particularly true for large or long objects.
For this reason, the soil resistivity measurements are likely to be significantly distorted in an area where
grid conductors have already been installed, except for shallow-depth measurements in or near the center of
avery large mesh rectangle. In such cases, a few approximate readings might be taken in a short distance
outside the grid, with the probes so placed as to minimize the effect of the grid on the current flow pattern.
Though not conclusive as to conditions inside the grid, such readings may be used fop approximation,

the soil stratification.
as described in EPRITR
pnof the actual soil

actual soil. Soil resistivity varies laterally and with respect to depth, depen
Seasonal variations may occur in soil resistivity due to varying wea eonditio
100863 [B64]. It must be recognized that the soil model is o
conditions and that a perfect match is unlikely.

The most commonly used soil resistivity models are
model. Two-layer soil models are often a good approximati fructures while multilayer soil
modds may be used for more complex soil conditions. pretation of the soil resistivity measurements
may be accomplished either manually or by useg@f comp i
Dawalibi [B13]; Blattner [B11][B12]; Endreftyi
EPRI EL-2699 [B60]; Lazzara and Bar 98]; Meliopoulos, Papelexopoulos, Webb, and Blattner
[B105]; Meliopoulos and Papelexopo Moore [B110]; Nahman and Salamon [B112]; Roman
[B123]; and Tagg [B135)].

is a moderate variation in apparent resistivity. In
occur in practice, the uniform soil model may be reasonably

homogeneous soil conditions, which r
et apparent resistivity, the uniform soil model is unlikely to

accurate. If there is alarge tion inm
yield accurate results.

layer of infinite are several techniques to determine an equivalent two-layer model from

apparen inedfrem field tests. In some instances a two-layer model can be approximated by
visug ot,of the apparent resistivity versus depth from driven rod measurements or
appa i probe spacing from Wenner four-pin measurements (Blattner [B10][B12]; IEEE

Computer progieims available to the industry may also be used to derive a two-layer soil model and
multilayer soi¥” models (Dawalibi and Barbeito [B38]; EPRI TR-100622 [B63]; EPRI EL-2699 [B60];
Orellaraand Mooney [B117]).

In some instances the variation in soil resistivity may exhibit minimums and maximums such that an
equivalent two-layer model may not yield an accurate model. In such instances a different soil model, such
as amultilayer model, may be required as described in Dawalibi, Ma, and Southey [B46] and Dawalibi and
Barbeito [B38].

13.4.1 Uniform soil assumption

A uniform soil model can be used instead of the multilayer soil model whenever the two-layer or multilayer



computation tools are not available. Unfortunately, an upper bound of the error on all relevant grounding
parameters is difficult to estimate in general, but when the contrast between the various layer resistivitiesis
moderate, an average soil resistivity value may be used as a first approximation or to establish order of
magnitudes. The approximate uniform soil resistivity may be obtained by taking an arithmetic average of
the measured apparent resistivity data as shown in Equation (47).

?aavl?
?a2?a2?a3? ?2aA? + + +
n

?a2?a2?a3? ?2aA? + + +
(47)

where

are the measured apparent resistivity data obtained at different
spacings in the four-pin method or at different depthsin the driven
ground rod method in O-m

nistotal number of measurements

A majority of the soils will not meet the criteria of Equation (47)alt is difficlltto develop a uniform soil
model when the resistivity of a soil varies significantly. . puch voltage eguations of
this guide are based on uniform soil models, an attempt a/guideline to approximate a
nonuniform soil to a uniform soil. Apparent soil resisti ffied using the four pin method
fromseveral different geographical locations. The soil location were approximated with
three different equivalent soil models. These i nsisted of one computer-generated
(EPRI TR-100622 [B63]) two-layer model two unifor

determined from measured apparent resistj

uniformly distributed ground rods ing a computer program (EPRI TR-100622 [B63]).
The depth of the ground rods w
lower 4ayer. Refer to Annex E for more details of this
eters computed for the two-layer model were compared with
that computed using the un The grounding parameters computed using the uniform soil

arent resistivity value (from measured data) in O-m.
arent resistivity value (from measured data) in O-m.

with caution. example, use of Equation (48) is not recommended for a ground grid without ground rods
(Dawalibi, Ma; and Southey [B47]). In addition, if the uniform soil resistivity determined using Equation
(48) is employed to design a ground grid, the ground rods should at least reach the depth where the
measured resistivity corresponds to the computed value of ?a(av2).

There are several methods suggested by different authors to approximate a nonuniform soil with a uniform
soil model. One of these methods includes using the average of upper layer apparent resistivity for the
touch and step voltage calculations and the average of lower layer apparent resistivity for the grounding
system resistance calculation. Dawalibi, Ma, and Southey [B46]; Dawalibi and Barbeito [B38]; EPRI TR
100622 [B63]; Fujimoto, Dick, Boggs, and Ford [B69]; and Thapar and Gerez [B140] may provide
additional information about interpretation of the measured soil data and the influence of multilayer, two-
layer, and uniformsoil models on grounding parameters.



13.4.2 Nonuniform soil assumptions

Another approach to situations where resistivity varies markedly with depth is suggested by Sunde [B130],
and in some of the books on geophysical prospecting to which he refers. For example, it is often possible
from field readings taken with a wide range of probe spacing to deduce a stratification of the earth into two
or more layers of appropriate thickness that will account for the actual test variations (Moore [B110]).

13.4.2.1 Two-layer soil model (general)
A two-layer soil model can be represented by an upper layer soil of afinite depth above a lower layer of
infinite depth. The abrupt change in resistivity at the boundaries of each soil layer can be described by

means ofa reflection factor. The reflection factor, K, is defined by Equation (49).

?afhax?atin?

?1 isthe upper layer soil resistivity, inO-m
?2 isthe lower layer soil resistivity, inO-m
228v2?

While the most accurate representatio ding system should certainly be based on the actual

variations of soil resistivity pr site, it will rarely be economically justifiable or
technically feasible to model all i , in most cases, the representation of a ground
electrode based on an equivalent two ssufficient for designing a safe grounding system.

IEEE Std 81-1983 provides
layer of soil and the height of LUpp r such amodel.

ore’information about the interpretation of soils and the impact of multilayer,
nodels (Dawalibi, Ma, and Southey [B46]; Dawalibi and Barbeito [B38]; Thapar

A two-layer $0il model can be approximated by using graphical methods described in Blattner and
Dawalibi [B13]; Endrenyi [B56]; Tagg [B136]; Roman [B123]; and Sunde [B130]. Sunde's graphical
method is described in the following paragraphs.

In Sunde’s method, the graph shown in Figure 21 is used to approximate a two-layer soil model. The graph
in Figure 21, which is based on the Wenner four-pin test data, is reproduced from figure 2.6 of Sunde
[B130], with notations revised to match the symbols used in this guide.

Parameters ?1 and ?2 are obtained by inspection of resistivity measurements (see the example in Figure
22). Only h is obtained by Sunde’ s graphical method, as follows:



a) Plot agraph of apparent resistivity ?a on y-axis vs. pin spacing on x-axis.

b) Estimate ?1 and ?2 from the graph plotted in a). ?a corresponding to a smaller spacing is ?1 and for a
larger spacing is ?2. Extend the apparent resistivity graph at both ends to obtain these extreme resistivity
valuesif thefield data are insufficient.

c) Determine ?2/?1 and select a curve on the Sunde graph in Figure 21, which matches closely, or
interpolate and draw a new curve on the graph.

d) Select the value on the y-axis of ?a/?1 within the sloped region of the appropriate ?2/?1 curve of Figure
21.

€) Read the corresponding value of a/h on the x-axis.

f) Compute ?a by multiplying the selected value, ?a/?1, in (d) by ?1.

0) Read the corresponding probe spacing from the apparent resistivity gr

a) Plot Figure 22.
b) Choose ?1 =100 O:m, ?2=3000-m

) ?2/?1 = 300/100 = 3. Draw curve on Figur
d) Select ?a/?1 = 2.

€) Read a/h = 2.7 from figure Figure 23
f) Compute 7a: 7a = 271 = 2(100) =
g) Read a = 19 on the apparent resi
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13.4.2.3 Com son of uniform and two-layer soil model on grounding systems

The two-layer model approach has been found to be much more accurate than the uniform soil model. A
grounding system in a two-layer soil environment behaves differently in comparison with the same system
in uniform soil.

Generally, for a grounding system in uniform soil or in two-layer soil with ?1 less than ?2 (upper layer soil
resistivity less than lower layer soil resistivity, a positive reflection factor), the current density is higher in
the conductors at the outer edges of the grounding grid. In two-layer soil with ?1 greater than ?2 (the soil in
the upper layer is more resistive than the lower layer soil, a negative reflection factor), the current density is



more uniform over all the conductors of the grounding system. This is caused by the tendency of the grid
current to go downward into the layer of lower resistivity, rather than up and outward to the more resistive
upper layer. Studies by Thapar and Gross [B141] and Dawalibi et a. [B41][B43][B48] provide awealth of
information on this subject.

a) Variations in soil resistivity have considerable influence on the performance of most grounding systems,
affecting both the value of ground resistance and ground potential rise, and the step and touch surface
voltages. In general, for negative values of K (upper layer more resistive than lower layer), the resistance is
less than that of the same grounding system in uniform soil with resistivity ?1. In contrast, for positive
values of K, the resistance is generally higher than that in uniform soil and resistivity ?1. A similar
relationship exists for the step and touch voltages produced on the surface of a two-layer garth versus that
on the surface of uniform soil. For negative values of K, the step and touch voltages generally lower
than the voltages for the same grounding system in uniformsoil of resistivity ?1. Also, foRpositive values
of K, the step and touch voltages are generally higher than in uniform soil.13

b) Other parameters, such as the upper layer height h, also affect the diff ance of
ground electrodes in a two-layer environment and in uniform soil conditio at when
the upper layer height h becomes significantly larger than the electrode’ s ow ensions, the performance

of the electrode approaches the performance of the same electrode i g/l resistivity ?1.

c) Also, it must be recognized that the above characteristics are e p e of a constant fault
current source. The actual currents in the grounding systenaswii e to case as afunction of

?1 and ?2, reflecting the local changes relative to all othgr ground fau paths predetermined by the
fault location. This current division is discussed in Cl ) n certain cases some of the
assumptions given above may not always hold true.

mple groun gements of electrodes buried in a
reasonably uniform soil, the approximat ds provided elsewhere in the guide will be suitable for

obtaining arealistic design with adequate gins. However, for designs involving alarge grounded
area, oddshaped grids, etc., or w of soil is clearly very nonuniform, the engineer
responsible for the design should ed methods are needed (Zaborszky [B152]).

models.

could appea ' ighresistivity layer, having the layer height h, much less than the depth of the grounding system, might
worsen bol ouch voltage. However, thisis not the case. The surface material is used to increase the contact resistance

voltages can be @ ed if ahigh resistivity surface material is present.



include several horizontal layers or vertica layers. Techniques to interpret highly nonuniform soil
resistivity require the use of computer programs or graphical methods (Dawalibi, Ma, and Southey [B46];
Dawalibi and Barbeito [B38]; EPRI TR 100622 [B63]; EPRI EL-2699 [B60]; Orellara and Mooney
[B117]).

The equations that govern the performance of a grounding system buried in multilayer soil can be obtained
by solving Laplace’s equations for a point current source, or by the method of images, which gives
identical results. The use of either method in determining the earth potential caused by a point current
source results in an infinite series of terms representing the contributions of each consequent image of the
point current source. Exact formulation of the equations that include these effects is given in Dawalibi and
Mukhedkar [B42]; Heppe [B80]; and Sunde [B130].

14. Evaluation of ground resistance

14.1 Usual requirements

i ze the GPRYFor most
O or less. In smaller
distribution substations, the usually acceptable rangeisfrom 1 O to on the local conditions.

14.2 Simplified calculations

Estimation of the total resistance to remote earth is one
layout of a grounding system. The resistance depen
grounding system, which is usually known in the early
value of the substation grounding system resistance in
formulaof acircular metal plate at zero dept

area to be occupied by the
afirst approximation, a minimum
an be estimated by means of the
(50)

Where

Rg is the substation ground_resistance i
? isthe soil resistivity inO-

Next, an upper li the substation ground resistance can be obtained by adding a second term to the
above formul 5

(51)

In the case of7a grid rod combination in uniform soil, a combined length of horizontal conductors and
ground rods will yield a dlightly conservative estimate of LT, because ground rods usually are more
effective on aper unit length basis.

The second term recognizes the fact that the resistance of any actual grounding system that consists of a
number of conductors is higher than that of a solid metallic plate. The difference will decrease with the
increasing length of buried conductors and will approach O for infinite LT, when the condition of a solid
plateis reached.

Sverak [B132] expanded Equation (51) to take into account the effect of grid depth



(52)
Where
h isthe depth of the gridin m

For grids without ground rods, this formula has been tested to yield results that are practically identical to
those obtained with Equation (56) of Schwarz [B128], described in 14.3.

The following tabulation from Kinyon [B93] offers some idea of how the calculated and actual measured
resistance for five different substations compare. Equation (51) was used to compute the,grid resistance.
SeeTable 9.

Table9—Typical grid resistances

Parameter soil | Sub 1 Sub 2 Sub 3
texture sand and | sandy loam sand and clay
gravel
Resistivity 2000 800 200
(C-m)
Grid area (ft2) | 15159 60939 1884
Buried length | 3120 9500 1475
(ft)
Rg (calculated | 25.7 4.97 2.5 16.15 0.19
0)
Rg (measured | 39.0 3.65 18.20 0.21
0)

An average value of all me
in Equation (51). If this a

- accepted equations for a straight horizontal wire to represent the ground resistance, R1,
of a grid consisting of crisscrossing conductors, and a sphere embedded in the earth to represent ground
rods, R2. He al'so introduced an equation for the mutual ground resistance Rm between the grid and rod bed.
Schwarz used the following equation introduced by Sunde [B130] and Ridenberg [B127] to combine the
resistance of the grid, rods, and mutual ground resistance to calculate the total system resistance, Rg.

(53)
Where
R1 ground resistance of grid conductorsinO

R2 ground resistance of all ground rodsinO
Rm mutual ground resi stance between the group of grid conductors, R1, and group of ground rods, R2 in O.



Ground resistance of the grid

(54

Where

? isthe soil resistivity inO-m

Lc isthetotal length of all connected grid conductorsin m
a' isfor conductors buried at depthhinm, or

a isa for conductor on earth surfacein m

2a is the diameter of conductor in m

A isthe area covered by conductorsin m2

k1, k2 arethe coefficients[see Figure 25(a) and (b)]
Ground resistance of the rod bed

(55

Where

Lr isthelength of each rod in m

2b isthe diameter of rodin m

nR number of rods placed in area A

Mutual ground resistance between the grid and therod b

(56)

The combined ground resistance of th e rod bed will be lower than the ground resistance of
either component alone, but still hig allel combination.

Schwarz compared the results of his to previously published theoretical work and to model tests
to verify the accuracy of his equations. ‘Since they were published in 1954, Schwarz's equations have been
modified by Kercel [B92] t i r constantsk1 andk?2 and further expanded to include the
use of equationsin two-layer amon [B113][B114]).
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ya = 0.15x + 5.50

CURVE B — FORDEPTH h = 1/10 /AREA
yg = 0.10x + 468

CURVE C— FOR DEPTHh = 1/6 /AREA

yc = -0.05x +4.40

Figure 25—Coefficients k1 and k2 of Schwar z'sformula:
(a) coefficient k1, (b) coefficient k2

14.4 Note on ground resistance of primary electrodes

In general, the ground resistance of any primary electrode depends on the soil resistivity and the size and
type of arrangement of al individual conductors comprising the ground electrode. In more complex

arrangements involving crisscrossed wires and a large number of rods in the same area, the mutual

resistance between individual elements plays an important role.



14.5 Soil treatment to lower resistivity

It is often impossible to achieve the desired reduction in ground resistance by adding more grid conductors
or ground rods. An alternate solution is to effectively increase the diameter of the electrode by modifying
the soil surrounding the electrode. The inner shell of soil closest to the electrode normally comprises the
bulk of the electrode ground resistance to remote earth. This phenomenon is often utilized to an advantage,
as follows:

a) Use of sodium chloride, magnesium, and copper sulfates, or calcium chloride, to increase the
conductivity of the soil immediately surrounding an electrode. State or federal authorities may not permit
using this method because of possible leaching to surrounding areas. Further, the salt treatment must be
renewed periodically.

resistivity r&eults mainly from an electrolytrc process between water N
(lime), MgO (magnesra) and other mineral salts that |on|zeform|ng a

surrounding environment. Bentonite needs water to obtain
initial moisture content is obtained at installation when t
relies on the presence of ground moisture to maintain it
moisture so that drying out is not a concern. The hygro
available water to maintain its as installed condition. If
preventing the drying process from penetrating

resistance (Jones [B90]).

¢) Chemical-type electrodes consist of filled with a salt. Holes in the tube allow moisture to
enter, dissolve the salts, and allow t i leach into the ground. These electrodes are installed

of bentonite), are typically rod in an augured hole or around grounding conductorsin a
trench in either adry form i i urry. Some of these enhancement materials are permanent

with local soil | ts and will slowly leach into the surrounding soil, lowering the earth
resistivity.

14.6 Con

pic, attracts moisture. Buried in soil, a concrete block behaves as a
semico i ium with a resistivity of 30-90 O-m. This is of particular interest in medium and
highly resi i}S because awire or metallic rod encased in concrete has lower resistance than a similar
electrode bu firectly in the earth. This encasement reduces the resistivity of the most critical portion of
material surrotinding the metal element in much the same manner as a chemica treatment of soils.

However, this phenomenon may often be both a design advantage and disadvantage. Some of the reasons
areasfollows:

a) On the one hand, it is impractical to build foundations for structures where the inner steel (reinforcing
bars) is not electrically connected to the metal of the structure. Even if extreme care were taken with the
anchor bolt placement in order to prevent any direct metal-to-metal contact, the semiconductive nature of
concrete would provide an electrical connection.



b) On the other hand, the presence of a small dc current can cause corrosion of rebar material. Although ac
current as such does not produce corrosion, approximately 0.01% of the ac current becomes rectified at the
interface of the steel bar and concrete (Rosa, McCollum, and Peters[B124]).

c) Splitting of concrete may occur either due to the above phenomenon because corroded steel occupies
approximately 2.2 times its original volume, producing pressures approaching 35 MPa or the passage of a
very high current, which would vaporize the moisture in the concrete.

Fortunately, there is a certain threshold potential for dc corrosion, approximately 60 V dc, below which no
corrosion will occur. A number of field tests concerning the maximum current loading is reported in

Bogajewski, Dawalibi, Gervais, and Mukhedkar [B16]; Dick and Holliday [B53]; and Miller, Hart, and
Brown [B107]). The short-time current loading capacity, ICE, of concrete-encased trodes can be
estimated by means of Ollendorff’s formulal4 for an indefinitely sustainable current 18, agjusted by a 1.4

multiplying factor, or directly from Figure 26.

(57)
Where

?g isthe thermal conductivity of the earth in W/(m °C)

Rzisthe ground resistance of the concrete-encased electrode in O

? isthe soil resistivity inO-m

Taisthe ambient temperaturein °C

Tvisthe maximum allowable temperature to prevent sudden evaporation Isturein °C
18 istheindefinitely sustainable currentin A

in Bo Dawalibi, Gervais, and Mukhedkar
d testing of concrete poles. In generd, if damage isto be
value of ICE determined by Equation (57). A 20-25%

B16], which reports on the results of ext
prevented, the actual current should be

trodes may be used as auxiliary ground electrodes.

for obtaining the ground resistance, RCE—rod, of avertical



(=]
(=]
[=3
o~
g 2
A °
£
o
3 o
& -]
5
g e
® o
. : ©
238883888 & 8
EEEEEEEE £
cacaccccacca S
- - c ©
~ B ® N N B G
N Q \\ T o &
> 0
\ \  °
~ o
»n
NAAN S 5 2
\ @ £
[a]
ﬁz =%
ma S
o
= c
8 B 3
F
=) E
- =
2
@
=
=
Y s
B
]
£
o
& }
&
o 2
3
o
i
g - L s
< 22 2 = 2 = oW o o —
mF"
2

? isthe resistivity of the soil inO-m
Lr isthelength of the ground rod in m

d isthe diameter of the ground rod in m
DC isthe diameter of the concrete shell inm

Equation (58) can be related to the commonly used formulafor aground rod of length Lr and diameter d, as
follows:

Rrod
?



= - ?In8Lr /d21?

RCE —rod
1
2er
------------ ??2?21In8Lr /DC21?+ 2c?In8Lr /d21? —2c? InBLr /DC2 1?7 ?
RSM F?30%°?
RDM = F?2c30%? F?3 G2 F2c3 &?
(59)

then Equation (58) can be resolved into
(60)

representing a combination of two resistancesin series:

a) Ground resistance calculated by Equation (59) of a concrete cylinder g
soil ?

b) Ground resistance of the inner segment of diameter DC, containi

Obvioudly, the latter term is obtained as a difference of
concrete, if d and DC are entered into the single-medium

Such an approach is generally valid for any other
convenience

trode having a different shape. Noting, for

(61)

(62)

RSM is the electrode resista
RDM is the electrode resist

variety of electrodes, buried in soil, and assumed to be surrounded by a
erial that has different resistivity than the soil. One possible model of this type, for

a) Connect anehor bolt and angle stubs to the reinforcing steel for areliable metal-to-metal contact.

b) Reduce the current duty and dc |eakage to allowable levels by making sure that enough primary

ground electrodes (grounding grid and ground rods) will conduct most of the fault current.

¢) Ground enhancement material may be used in the areas of a high soil resistivity to reduce the resistance
of primary grounding. Augering a 100250 mm (4-10 in) hole and backfilling it with asoil enhancement
material around a ground rod is a useful method to prevent the predominance of auxiliary electrodes in
dissipating the fault current.



15. Determination of maximum grid current
15.1 Definitions

NOTE—The following definitions are also listed in Clause 3, but repeated here for the convenience of the
reader.

15.1.1 dc offset: Difference between the symmetrical current wave and the actual current wave during a
power system transient condition. Mathematically, the actual fault current can be broken into two parts, a
symmetrical alternating component and aunidirectional (dc) component. The unidirectional component can
be of either polarity, but will not change polarity, and will decrease at some predetermined

15.1.2 decrement factor: An adjustment factor used in conjunction with the symmetrigal ground fault
current parameter in safety-oriented grounding calculations. It determines th equivaent of the
asymmetrical current wave for agiven fault duration, tf, accounting for the effect of ini fset and its

attenuation during the fault.

15.1.3 fault current division factor: A factor representing the inverse of a the symmetrical fault
current to that portion of the current that flows between the groundi d unding earth.

(63)

Where

Sisthefault current division factor
Igistherms symmetrical grid currentin A
10 is the zero-sequence fault current in A

NOTE—In reality, the current division
decay rates of the fault contribution of interrupting device operations. However, for the
purposes of calculating the des
definitions of symmetrical grid curr imumgrid current, the ratio is assumed constant during the
entire duration of agiven fault.

15.1.4 maximum grid curreRt:
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Ig
30
IG =Df? Ry
Ig=Sf 2 Pf

(64)



where

IG isthe maximum grid current in A

Df is the decrement factor for the entire duration of faulttf, givenins
Igisthermssymmetrical grid currentin A

15.1.5 subtransient reactance: Reactance of a generator at the initiation of a fault. This reactance is used
in calculations of theinitial symmetrical fault current. The current continuously decreases, but it is assumed
to be steady at thisvalue as afirst step, lasting approximately 0.05 s after a suddenly applied fault.

15.1.6 symmetrical grid current: That portion of the symmetrical ground fault current that flows between
the grounding grid and surrounding earth. It may be expressed as

(65)

Where

Igisthermssymmetrical grid currentin A
If isthe rms value of symmetrical ground fault current in A
Sisthefault current division factor

15.1.7 synchronous reactance: Steady-state reactance
calculate the steady-state fault current. The current
voltage regulator or governor.

15.1.8 transient reactance: Reactance of a gemerator b transient and synchronous states.
rrent during the period between the
continuously during this period, but is assumed to be

o resistance. It is indicative of the rate of decay
time constant and a slow rate of decay.

of those ground faults that are likely to produce the greatest flow of current
id, and surrounding earth, and hence the greatest GPR and largest local surface

c¢) For each fault, based on its duration time, tf, determine the value of decrement factor Df to allow for the
effects of asymmetry of the fault current wave (see 15.10).

d) Select the largest product Df ? Ry, and hence the worst fault condition (see 15.11).
15.3 Types of ground faults

Many different types of faults may occur in the system. Unfortunately, it may be difficult to determine
which fault type and location will result in the greatest flow of arrent between the ground grid and



surrounding earth because no simple rule applies. Figure 28 through Figure 31 show maximum grid current
IG for various fault locations and system configurations.

In determining the applicable fault types, consideration should be given to the probability of occurrence of
the fault. Multiple simultaneous faults, even though they may result in higher ground current, need not be
considered if their probability of occurrence is negligible. It is thus recommended, for practical reasons,
that investigation be confined to single-line-to-ground and line-to-line-to-ground faults.

In the case of aline-to-line-to-ground fault, the zero sequence fault current is

10
E R2 +jX2?
R1 + jX1? ? RO+R2+3Rf+jX0 + X2? +R2 + jX2? RO+3Rf+ X0?

10

E

3RHR1I+R2+RO+jX 1+X2+X07?
10

E- X2

X1 RO + X2#X2 + X07?
10

E

X1+X2+X0

(66)

Where

10 isthe symmetrical rms value of efault elrrentin A

E isthe phaseto-neutral voltageinV

aent system reactancein O
nt system reactance in O

In many cases, however, the effect of the resistance terms in Equation (67) is negligible. For practical
purposes, the following simplified equations are sufficiently accurate and more convenient.

Zero sequence current for line-to-line-to-ground fault:
(68)

Zero sequence current for line-to-ground fault:



(69)

15In most calculationsit is usually permissible to assume aration of X2/X1 equal to unity, and, hence, X1 =
X2, especidly if an appreciable percentage of the positive-sequence reactance to the point of fault is that of
static apparatus and transmission lines.
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15.4 Effect of substation ground resistance

In most cases it is sufficient to derive the maximum gfiel current 1G) as described in 15.2 and 15.3, by
neglecting the system resistance, the substation
thus introduced is usually small, and is alw. n the side o owever, there may be unusual cases
where the predicted substation ground r e is so large, in relation to system reactance, that it is
worthwhile to take the resistance into luding it into the more exact Equation (66) or Equation
(67). This poses a problem because i und system is not yet designed and its resistance is
not known. However, the resist i
14.3. This estimated resistance gen

IG.

sufficieat accuracy for determining the current Ig, and hence

15.5 Effect of fault resistance

If the fault is a
resistance of th

ation bregkdownAvithin the local substation, the only safe assumption is that the
assumedizero (see Figure 28 through Figure 31).

In the casese e‘oithe local substation area, on a line connected to the substation bus (Figure
31), it 0 onservative (minimum) value of fault resistance Rf can be assigned, to use thisin

the fault resistanée should be neglected. Any error from neglecting Rf will, of course, be on the side of

safety.
15.6 Effect of overhead ground wires and neutral conductors

Where transmission line overhead ground wires or neutral conductors are connected to the substation
ground, a substantial portion of the ground fault current is diverted away from the substation ground grid.
Where this situation exists, the overhead ground wires or neutral conductors should be taken into
consideration in the design of the ground grid.



Connecting the substation ground to overhead ground wires or neutral conductors, or both, and through
them to transmission line structures or distribution poles, will usually have the overall effect of increasing
the GPR at tower bases, while lessening it at the substation. This is because each of the nearby towers will
share in each voltage rise of the substation ground mat, whatever the cause, instead of being affected only
by alocal insulation failure or flashover at one of the towers. Conversely, when such a tower fault does
occur, the effect of the connected substation ground system should decrease the magnitude of gradients
near the tower bases.

15.7 Effect of direct buried pipes and cables

Buried cables with their sheaths or armor in effective contact with the ground, and buri
will have a somewhat similar effect when they are bonded to the substation ground
beyond its perimeter.

metallic pipes
em, but extend

Buried cables with their sheaths or armor in effective contact with the earth, and etallic pipes
bonded to the substation ground system and extending beyond its perimete ilar to
that of overhead ground wires and neutrals. By conducting part of the grg rom the
substation, the potential rise of the grid during the fault, and the local grad the substation will be

somewhat lessened. As discussed in Clause 17, external hazards s&y i be introduced (Bodier
[B15]; Rldenberg [B125]).

Because of the complexities and uncertainties in the patte e effect is often difficult to
calculate. Some guidelines to the computation of the i current paths leaving the
substation are supplied by Ridenberg [B125] and Laur . efecent study of this problem is
presented in EPRI EL-904 [B59], which provides met for computing the impedance of both above-
ground and buried pipes. From these values i ivisi
ground current between these paths, the sub:
present and connected.

15.8 Wor st fault type and location

The worst fault type for a given gr i stem is tsually the one resulting in the highest value of the
maximum grid current IG. rent is proportional to the zero sequence or ground fault current
and the current division fa e current division is almost independent of the fault type, the
Iting in the highest zero sequence or ground fault current

flow into the earth, 310. Inad ; asingle-line-to-ground fault will be the worst fault type if Z1
Z0> Z2 2 at theg and a line-to-line-to-ground fault will be the worst type if Z1Z0< 22 2. In
the usual casg i ed,equal to Z1, the above comparisons reduce to Z0 > Z1, and Z0 < Z2,
respectively

71,7

Z1 (70)

z2 (72)

Z0=R0+ X0 (72)

The question of the fault location producing the maximum grid current 1G involves several considerations.
The worst fault location may be either on the high voltage side or on the low voltage side, and in either case
may be either inside the substation or outside on aline, at a certain distance from the substation. A fault is
classified as inside the substation if it is related to a metallic structure that is electrically connected to the
substation grounding grid via negligible impedance. There are no universal rules for the determination of
the worst fault location. The following discussion relates to some, but by no means all, possibilities.

For distribution substations with the transformer grounded only on the distribution side, the maximum grid



current |G usually occurs for aground fault on the high-side terminals of the transformer. However, if the
source of ground fault current on the high side is weak, or if a parallel operation of several transformers
results in a strong ground fault current source on the low side, the maximum grid current may occur for a
ground fault somewhere on the distribution circuit.

For ground faults on the low-side terminals of such a secondary grounded transformer, the transformer’s
contribution to the fault circulates in the substation grid conductor with negligible leakage current into the
earth and, thus, has no effect on the substation GPR, as shown in Figure 28.

For ground faults outside the substation on a distribution feeder (far enough to be at remote earth with
respect to the ground grid), a large portion of the fault current will return to its source fthe transformer
neutral) viathe substation grid, thus contributing to the substation GPR.

transformer; both locations should be checked. In either case, it can be assu
is at the terminals of the transformer inside the substation if the system

Exceptionsto the above generalities exist. Therefore, for asp
for the maximum grid current should be considered. Fo

voltages, as discussed in Clause 8. If th learing time for a particular fault is relatively long, the
corresponding tolerable voltages may values that make this fault condition the worst case,
even though the grid current for thi imum value. This situation generally occurs where
a delta-wye grounded transform
some distance down a rural distrib er. In this case, the high (delta) side fault current may be
side feeder faults are determined primarily by the transformer
opsidered, a feeder fault several kilometers down the feeder,

and feeder impedances. If b
depending on the high side device
seconds to clear. The tolerabl

this case may be significantly lower than that for a high side
e worst case for the grid design. Thus, the worst fault type and
not only the maximum value of grid current IG, but also the tolerable

lg=Sf x(30)* (73)

To determine g, the current division factor Sf must be computed.

The process of computing consists of deriving an equivalent representation of the overhead ground wires,
neutrals, etc., connected to the grid and then solving the equivalent to determine what fraction of the total
fault current flows between the grid and earth, and what fraction flows through the ground wires or
neutrals. & is dependent on many parameters, some of which are

a) Location of the fault, as described in 15.8.
b) Magnitude of substation ground grid impedance, as discussed in Clause 4.



¢) Buried pipes and cables in the vicinity of or directly connected to the substation ground system, as
discussedin 15.7.
d) Overhead ground wires, neutrals, or other ground return paths, as discussed in 15.6.

Because of Sf, the symmetrical grid current Ig, and therefore also |G, are closely related to the location of
the fault. If the additional ground paths of items c) and d) above are neglected, the current division ratio
(based on remote versus local current contributions) can be computed using traditional symmetrical

components. However, the current Ig, computed using such amethod may be overly pessimistic, even if the
future system expansion is taken into consideration.

The remajning discussion refers only to overhead ground wires and neutral conductors, although the

High-voltage transmission lines are commonly prowded with overhead static wires,
length or for short distances from each substation. They may be grounded at eac

erma and Mukhedkar
engineer. Because it is
| possible system

and overhead ground wires or neutrals are reduced
estimating purposes, Endrenyi recommends including th
introduces a coupling factor to account for the i
phase conductors. This technique is devel opedffurthier by Ver ukhedkar [B149].

ped impedance. Except for
multiple ground conductors and

and the individual span matrices i resulting matrix representing the entire line. This
technique allows a person to tak
footing grounds), and the location fault. A €orrection for the end effects of the lineis suggested,
using a modified screening factor.

With some limitations in ty an@”accuracy, the span-by-span calculation technique can be
considerably simplified. A ty in which all mutual couplings between the neutral conductor
and phase condug neutral conductors are ignored, has been described by Garrett [B70]. In
this technique ral conddictor is modeled by the impedance of each span and the equivalent ground
impedance of ea o.form gnetwork resembling aladder. Thisladder network is then reduced, using

simple pe j Iques, to an input impedance as seen from the fault point. The input
impedance o it js combined with the grid resistance and three times this resulting value is

current law to obtain the current division between the grid resistance and the input
ircuit. Although this, or similar approximate approaches, is limited in applicability and
accuracy, in many cases it may provide a reasonable estimate of the influence of overhead ground wires
and neutrals om’both the resi stance of the grounding system and the current division ratio.

Dawalibi [B37] provides agorithms for deriving simple equations to solve for the currents in the grid and
in each tower. These equations are obtained from one or both ends of each line and do not require the large
computer storage requirements of the techniques that model each span individualy. Dawalibi also
addresses the effects of the soil structure (that is, multilayer earth resistivities) on the self and mutual
impedances of the conductors and on the current division ratio.

Meliopoulos et a. [B104] introduced an equivalent conductor to represent the effects of earth using
Carson’'s formula. Every span in each line is modeled and the resulting network is solved for current flows.



From this solution, the current division ratio is computed. The number of lines and substations modeled are
limited only by the computer used to solve the network (EPRI TR-100622 [B63]).

Garrett and Patel [B73] used the method of Meliopoulos [B104] to perform a parametric analysis of the
parameters affecting Sf, and to develop a set of curves of & vs. grid resistance for some of the most critical
parameters. This provides a quick and simple method to estimate the current division that avoids the need
for some of the simplifying assumptions of the other approximate methods, though the results are still only
approximate. These curves, along with a few new curves and an impedance table added for this guide, are
included in Annex C. Refer to Annex C for limitations on this method.

Obviously, the techniques that model the static wires, phase conductors, towers, etc., in detail will give the

best evaluation of the current division factor Sf. However, the approximate methods di above have
been compared with the detailed methods and found to give comparable answers f@r many simple
examples. Thus, the choice of the method used to determine Sf will depend on the of the system
connected to the substation and the desi red degree of accuracy. A S|mple example showing the

approximate methods of Endrenyi and Garrett and Patel are compared
Meliopoulos' more accurate methods.

m long and the distance
resistivity of 200 O-m.

wire, and the mutual impedance between these (transmigsion line only) for use with Endrenyi’s formula
and Garrett and Patel’s split-factor curves. i
impedances necessary for the current split
tower footing resistance, remote terminal

putations. s impedances for each line section
esistance, and substation grid resistance are

Rtg = 10.0 + j0.0 O/section
Rdg = 25.0 + j0.0 O/section
Rs=3.0+j0.00
Rg=25+j0.00
Z1=382+ j9.21 O for the

Rdg is the impedénce to remote earth of each distribution ground electrodeinO
Rsisthe remote terminal ground impedance (equivalent) inO

Rg isthe station ground impedance to remote earthin O

Z1 isthe equivalent positive sequence impedance for the 115 kV linein O

Z0(a) is the zero sequence self impedance for the 115 kV phase conductorsin O
Z0(g) isthe zero sequence self impedance for the 115 kV ground wirein O
Z0(ag) isthe zero sequence mutual impedance between phase and ground conductors for the 115 kV line
inO

Z0 isthe equivalent zero sequence impedance for the 115 kV linein O

Zs-| isthe self impedance of the 115 kV overhead static wire in O/span

Zs—f isthe self impedance of the 12.47 kV feeder neutral in O/span



Adding the 115 kV line impedances to the source impedances gives the following equivalent fault

impedance at the 115 kV bus:

Z18q2 3.82 + j19.010
Z08q2 12.54 +46.320

Thus, for a 115 kV single-line-to-ground fault
310

3. 115000/3
23.82 + j19.01922.54 +[46.32?

= 2297A

As shown in the figure, a single-line-to-ground fault occurs at the substation fro

to the substation neutral.

Using Endrenyi’s [B57] method, the equivalent impedance of the overhgé

fault point and ignoring the effects of coupling) is

Zeq—-1=05- 224+ j0.55? 10 2.24 +j0.552 4.22 + j1.040

=534.5— |22

conductor bus

The equivalent impedance of the feeder neutral (as seen fro 3

Zeq—f=05- 0.11+j0.112 25 ©.11 +j0.112 1.88 + |

The resulting equivalent of the overhead sta%e and

equivalent impedances:

90

er neutral is found by paralleling the above

Linnet Raven
(Ea)__| 336 ACSR-20kM-101A 1/0 ACSR-4.0kM-201D | -
| 7410 AV- R o = 10 OHMS #2ACSR Rag= 25 OHMS |
SPAN = 0.5 kM Sporrow
Z;= 0,4+)98 ohns A SPAN = 0.122 kM
%= 0+]66 ohns . \ﬁ 1S5/12 KV
Rg= 3.0 OHMS 21=Z5 = 0.2+J10% ON 25 MVA

SOIL RESISTIVITY = 200 OHM-METERS

101A

Rg= 25 DHMS

Figure 32—Example system for computation of current division factor Sf

Zeq

1

1
Zeq-1



= =1.31 + j0.520

The current division factor, Sf, is

SfZeq

Zeq+Rg

-------------------- 1.31+j0.52

2.31+j0.52% 2.5

== =037

and the resulting grid current Ig is
Ig=Sf- 310=0.37- 2297 =850 A

Using Garrett and Patel’ s table of split factor equivalents (Annex C), the equi f the ov atic
wire and feeder neutral is

Zeq = 0.91 +j0.4850

and the split factor is

-------------------- 0.91 +j0.485
0.91 +j0.485% 2.5
==- 0.30

Thus, the grid current is

Using Garret and Patel’ s split factor igure C.31n Annex C), the approximate split factor

Thus, the grid current is
Using EPRI TR 100622 [B6
the fault current flows throu

urrent 31 0is 2472 A . Approximately 34% (Ig= 836 A) of
ote earth, so the current division factor equals 0.34. Similar

As shown above i d detailed methods are in close agreement for this example. However,
for morg ) both local and remote ground sources and with dissimilar lines and
SOUrce ults t bein close agreement (see Annex C).

The design offa@rounding grid must consider the asymmetrical current. A decrement factor, Df , will be
derived to take€ into account the effect of dc current offset. In general, the asymmetrical fault current
includes the subtransient, transient and steady-state ac components, and the dc offset current component.
Both the subtransient and transient ac components and the dc offset decay exponentially, each having a
different attenuation rate.

However, in typical applications of this guide, it is assumed that the ac component does not decay with
time, but remains at its initial value. Thus, as a periodic function of time, t, the asymmetrical fault current
may be expressed as

i ff2 E Yac sin?t +a—?@
—t/Ta



=. .22 sna-??
(74)

Where

if(t) isthe asymmetrical fault current, in A, at any instantt,tins

Eisthe prefault rms voltage, line-to-neutral V

? isthe system frequency in radians/s

aisthevoltage angle at current initiation in radians

? isthecircuit phase angle in radians

Y acis the equivalent ac system admittance in mhos

Taisthe dc offset time constant in s[Ta= X/(? R), for 60 Hz, Ta= X/(120pR)]

The X/Rratio to be used hereisthe system X/R ratio at the fault location for agiv
components of the system subtransient fault impedance should be used to determinet

In redlity, faults occur at random with respect to the voltage wave. Howeve ﬁ

the moment the fault is initiated. Hence, to allow for the most severe condit S necessary to assume
that the maximum possible dc offset will be present at the moment identalpshock contact.
Maximum dc offset occurs when: (a—?) =—p/2

Then Equation (74) becomes

l[g=Sf- 310=0.30- 2297 =689 A
lg=Sf- 310=0.28- 2297 =643 A

current wave for the maximum ti
definition of the effective asym i

IF isthe effectiv,
tfisthe time dufa 0
tisthetime (variable

----?1i f?? 2dt
0

=?

IFIf

2

tf

----?10 2 2dt



=+
(77)

Therefore, the decrement factor Dfis determined by the rati f,
(78)

(79)

Equation (79) can be used to comp
durations.Typical values of the decr
Table 10.

decrement factor for specific X/R ratios and fault
r various fault durations and X/R ratios are shown in

of the dc offset current can be assumed to be more than
ient component of ac current. A decrement factor of 1.0 can be

For relatively long fault durations,

ortest single fault duration, even if the time, ts, used elsewhere in
m,of the individual shock durations. However, the preceding discussion

separated by anly a few cycles, the design engineer should judge whether or not to use the longest shock
duration for time ts elsewhere in the calculations and the shortest fault duration for the time tf in computing
the decrement factor with Equation (79).

It is important that the values of the decrement factor given in Table 10 not be confused with the
multiplying factors given by IEEE C37.010-1979 [B84]. The decrement factor is D f, and is used to
determine the effective current during a given time interval after inception of a fault, whereas the
multiplying factors given by IEEE C37.010-1979 [B84] are used to determine the rms current at the end of
this interval. Because of the decay of ac and dc transient components with time, the decrement factors
determined by Equation (79) are slightly higher than the factors given by IEEE C37.010-1979 [B84] for
short fault and shock durations.



Table 10—Typical values of Df

Fault duration, tf Decrement factor, Df
Seconds Hz Cyclesat 60 X/R=10 X/R=20 X/IR=30 X/IR=40
0.008 33 0.5 1.576 1.648 1.675 1.688
0.05 3 1.232 1.378 1.462 1.515
0.10 6 1.125 1232 1.316 1.378
0.20 12 1.064 1.125 1181
0.30 18 1.043 1.085
0.40 24 1.033 1.064
0.50 30 1.026 1.052
0.75 45 1.018 1.035

1.00 60 1.013 1.026 )\

15.11 Effect of future changes

It is a common experience for maximum fault glifrents at a locatfon to increase as system capacity is
added or new connections are made to thefgsid. While an inc in system capacity will increase the
8Ctions may increase or decrease the maximum grid current

IG. One case in which the grid curre
are added with ground or neutral vyi al, if no margin for increase in IG isincluded in
the original ground system desig ome unsafe Also, subsequent additions will usually
be much less convenient and more expe etoinstal. It hasbeen awidely accepted practice to assume the
rround| ng earth (that is, ignoring any current division) in an

conditions, it may not --. computed considering current division and system growth. If
the system growthmis i and current division is ignored, the resulting grid will be

additions for & At d be exercised when future changes involve such design changes as
disconnectio pd wi

ead ground wires, may decrease the current division ratio, resulting in the
ing overdesigned.

16.1 Design criteria

As stated in 4.1, there are two main design goals to be achieved by any substation ground system under
normal aswell asfault conditions. These goals are

a) To provide means to dissipate electric currents into the earth without exceeding any operating and
equipment limits.

b) To assure that a person in the vicinity of grounded facilities is not exposed to the danger of critical
electric shock.



The design procedures described in the following subclauses are aimed at achieving safety from dangerous
step and touch voltages within a substation. It is pointed out in 8.2 that it is possible for transferred
potentials to exceed the GPR of the substation during fault conditions. Clause 17 discusses some of the
methods used to protect personnel and equipment from these transferred potentials. Thus, the design
procedure described here is based on assuring safety from dangerous step and touch voltages within, and
immediately outside, the substation fenced area. Because the mesh voltage is usually the worst possible
touch voltage inside the substation (excluding transferred potentials), the mesh voltage will be used as the
basis of this design procedure.

Step voltages are inherently less dangerous than mesh voltages. If, however, safety within the grounded
area is achieved with the assistance of a high resistivity surface layer (surface material), which does not
extend outside the fence, then step voltages may be dangerous. In any event, the com step voltages
should be compared with the permissible step voltage after a grid has been designed that stisfies the touch
voltage criterion.

For equally spaced ground grids, the mesh voltage will increase along mesh
of the grid. The rate of this increase will depend on the size of the grid
rods, spacing of parallel conductors, diameter and depth of the conductors, andithesesistivity profile of the
soil. In a computer study of three typical grounding grids in unifg i ity, the data shown in

worst case Em occurs slightly off-center (toward the corn , but is oflly slightly higher than the
Emat the center of the mesh.

As indicated in Table 11, the corner mesh voltage is g
This will be true unless the grid is unsymmetgical (has prejections Jis L-shaped, etc.), has ground rods
located on or near the perimeter, or has extrefely honunifo ctor spacings. Thus, in the equations
for the mesh voltage Emgivenin 16.5, on esh voltage at the center of the corner mesh is used as the
basis of the design procedure. Analysi computer programs, described in 16.8, may use this

approximate corner mesh voltage, esh voltage, or the actual worst-case touch voltage
found anywhere within the grou the design procedure. In either case, the initial
criterion for a safe design is to i puted mesh or touch voltage to below the tolerable touch

Unless otherwise specified,
touch voltage at the center of t

er-to-corner mesh voltage

Number of meshes Em cor ner/center
1 10x 20 271
2 20x 20 555
3 30 x 30 8.85

16.2 Critical parameters

The following site-dependent parameters have been found to have substantial impact on the grid design:
maximum grid current |G, fault duration tf, shock duration ts, soil resistivity ?, surface material resistivity
(?s), and grid geometry. Several parameters define the geometry of the grid, but the area of the grounding
system, the conductor spacing, and the depth of the ground grid have the most impact on the mesh voltage,
while parameters such as the conductor diameter and the thickness of the surfacing material have less
impact (AIEE Working Group [B3]; Dawalibi, Bauchard, and Mukhedkar [B45]; Dawalibi and Mukhedkar



[B43]; EPRI EL-3099 [B61]). A brief discussion or review of the critical parameters is given in 16.2.1—
16.2.5.

16.2.1 Maximum grid current (1G)

The evaluation of the maximum design value of ground fault current that flows through the substation
grounding grid into the earth, |G, has been described in Clause 15. In determining the maximum current 1 G,
by means of Equation (64), consideration should be given to the resistance of the ground grid, division of
the ground fault current between the alternate return paths and the grid, and the decrement factor.

16.2.2 Fault duration (tf) and shock duration (ts)

The fault duration and shock duration are normally assumed equal, unless the fault duratign is the sum of

body current. Typical values for tf and ts range from 0.25 sto 1.0 s. Morg
5.2-6.4and 15.10 on the selection of tf and ts.

16.2.3 Soil resistivity (?)
The grid resistance and the voltage gradients within a

be gathered for a substation yard. The Wenner method
Co. [B102]; Wenner [B150]).

Because the equations for Em and Es giv
employ only a single value for the resistivi
uniformsoil resistivity.

.5 assu i soil resistivity, the equations can
fer to 13.4.1 for guidance in determining an approximate
16.2.4 Resistivity of surface lay

the body current by adding resistance to the equivalent body

A layer of surface material_helpsin li
S ilson the application of this parameter.

resistance. Refer to 7.4 and

16.2.5 Grid geometry

install ag g system. Clause 18 describes some of the limitations encountered in the

instal & a0kid. example, the digging of the trenches into which the conductor material is laid
li spacing to approximately 2 m or more. Typical conductor spacings range from 3 m to
15 m, al grid depths range from 0.5 m to 1.5 m. For the typical conductors ranging from 2/0

of the grounding system is the single most important geonetrical factor in determining
of the grid. The larger the area grounded, the lower the grid resistance and, thus, the lower

voltage. The'®
the resistance
the GPR.

16.3 Index of design parameters

Table 12 contains asummary of the design parameters used in the design procedure.

16.4 Design procedure

The block diagram of Figure 33 illustrates the sequences of steps to design the ground grid. The parameters



shown in the block diagram are identified in the index presented in Table 12. The following describes each
step of the procedure:

— Step 1: The property map and general location plan of the substation should provide good
estimates of the area to be grounded. A soil resistivity test, described in Clause 13, will determine
the soil resistivity profile and the soil model needed (that is, uniform or two-layer model).

— Step 2: The conductor size is determined by equations given in 11.3. The fault current 310 should
be the maximum expected future fault current that will be conducted by any conductor in the
grounding system, and the time, tc, should reflect the maximum possible clearing time (including
backup).

— Step 3: The tolerable touch and step voltages are determined by equations givep in 8.3 and 8.4.
The choice of time, ts, is based on the judgment of the design engineer, with

6.3.

— Step 4: The preliminary design should include a conductor loop surrou tire grounded
area, plus adequate cross conductors to provide convenient access for equi nds, etc. The
initial estimates of conductor spacing and ground rod locations sh urrent 1G

and the area being grounded.

— Step 5: Estimates of the preliminary resistance of the grounding
determined by the equations given in 14.2 and 14.3. For th
of the resistance may be desired. Computer analysis ba
grounding system in detail can compute the resistance w i egree of accuracy, assuming
the soil model is chosen correctly.

— Step 6: The current 1G is determined by the eq
of the grounding system, only that portion of
grid to remote earth should be used in designingthe grid. The current IG should, however, reflect
the worst fault type and location, the degrement f future system expansion.

— Step 7: If the GPR of the prelimi ign is tolerable touch voltage, no further
analysis is necessary. Only additj nductor required to provide access to equipment grounds
iS necessary.

— Step 8: The calculation of
approximate analysis t i
computer analysis techniqu

reserved for those sections.

uniform soil can be
ore accurate estimates

voltages for the grid as designed can be done by the
6.5 for uniform soil, or by the more accurate
in 16.8. Further discussion of the calculations are

2p or touch tolerable limits are exceeded, revision of the grid design is
isions may include smaller conductor spacings, additional ground rods, etc.

include conductors near equipment to be grounded. Additional ground rods may be required at the
base of surge arresters, transformer neutrals, etc. The final design should also be reviewed to
eliminate hazards due to transferred potential and hazards associated with special areas of concern.
See Clause 17.



Table 12—Index of design parameters

Symbol Description Clause number
? Soil resistivity, O-m Clause 13
?s Surface layer resistivity, O-m 74,125
310 Symmetrical fault current in 153

substation for conductor sizing, A
A Total area enclosed by ground 14.2

grid, m2
Cs Surface layer derating factor 7.4 ‘
d Diameter of grid conductor, m 16.5
D Spacing between parallel

conductors, m
Df Decrement factor for determining

IG
Dm Maximum distance between

two points on the grid,
Em Mesh voltage at the
Es
Estep50 8.3
Estep70 8.3
Etouch50 etouch voltage for 8.3

with 50 kg body weight,

Etouch70 olerable touch voltage for 8.3

human with 70 kg body weight,
V

Depth of ground grid conductors, | 14.2
m

Surface layer thickness, m 7.4

Maximum grid current that flows | 15.1.4
between ground grid and
surrounding earth (including dc

offset), A
g Symmetrical grid current, A 15.1.6
K Reflection factor between 7.4
different resistivities
Kh Corrective weighting factor that 16.5

emphasizes the effects of grid
depth, simplified method




Ki Correction  factor for grid | 16.5
geometry, simplified method

Kii Corrective weighting factor that 16.5
adjusts for the effects of inner
conductors on the corner mesh,
simplified method

Km Spacing factor for mesh voltage, 16.5
simplified method

Ks Spacing factor for step voltage, 16.5
simplified method .(

Lc Total length of grid conductor, m | 14.3

LM Effective length of Lc + LR for 16.5
mesh voltage, m

LR Total length of ground rods, m

Lr Length of ground rod at each
location, m

LS Effective length of Lc + kR fo
step voltage, m

LT Total  effective [length  of
grounding syste conductor,
including grid and g

Lx 16.5

Ly 165

n 16.5

nR 14.3

Rg R ance of grounding system, 14.1-144
O

S Fault current division factor (split | 15.1.3
factor)

tc Duration of fault current for | 11.3
sizing ground conductor, s

tf Duration of fault current for | 15.10
determining decrement factor, s

ts Duration of shock for 5.2-6.3

determining allowable body
current, s

16.5 Calculation of maximum step and mesh voltages

Computer algorithms for determining the grid resistance and the mesh and step voltages have been
developed in EPRI TR-100622 [B63]; Dawalibi and Mukhedkar [B42]; Garrett and Holley [B71]; Heppe



[B81]; and Joy, Meliopoulos, and Webb [B91]. These algorithms required considerable storage capability
and were relatively expensive to execute, but improverrents in the solution algorithms and the proliferation
of powerful desktop computers have alleviated most of these concerns.

In some cases, it is not economically justifiable to use these computer algorithms, or the designer may not
have access to a computer with the required capabilities. This subclause, in conjunction with Annex D,
describes approximate equations for determining the design parameters and establishing corresponding
values of Emand Es without the necessity of using acomputer.

16.5.1 Mesh voltage (Em)

The mesh voltage values are obtained as a product of the geometrical factor, Km a c
which accounts for some of the error introduced by the assumptions made in derivi
resistivity, ?; and the average current per unit of effective buried length of the groufgi
(IG/ILM).

tive factor, Ki,
Km the soil
em conductor

(80)

Em=?- Km Ki- IG/LM
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Figure 33—Design procedure block diagram
The geometrical factor Km (Sverak [B132]), is as follows:
(81)

For grids with ground rods along the perimeter, or for grids with ground rods in the grid corners, as well as
both along the perimeter and throughout the grid area

Kii =1



For grids with no ground rods or grids with only a few ground rods, none located in the corners or on the
perimeter.

(82

ho = 1m (grid reference depth) (83)
Using four grid shape components developed in Thapar, Gerez, Balakrishnan, and Blank [B144], the
effective number of parallel conductors in a given grid, n, can be made applicable to rectangular or
irregularly shaped grids that represent the number of parallel conductors of an equivalent rectangular grid.
(84)
Where
(85
nb =1 for square grids
nc = 1 for square and rectangular grids
nd = 1 for square, rectangular and L-shaped grids
Otherwise
(86)

87
(89)

LCisthetotal length of the conductor int izontal gridin m
Lpisthe peripheral length of the grid i
Aistheareaof thegridin m2

Lx is the maximum length of the
Ly is the maximum length of the gri
Dmisthe maximum distance between

LR isthetotal length of all ground rodsin m

For grids with ground rods in the ©rners, as well as along the perimeter and throughout the grid, the
effective buried length, LM, is

(91)

Where



Lr isthelength of each ground rod in m
16.5.2 Step voltage (Es)

The step voltage val ues are obtained as a product of the geometrical factor, Ks; the corrective factor, Ki; the
soil resistivity, ?; and the average current per unit of buried length of grounding system conductor (IG/LS).

(92)
For grids with or without ground rods, the effective buried conductor length, LS, is

(93)

The maximum step voltage is assumed to occur over a distance of 1 m, beginnin
of the perimeter conductor at the angle bisecting the most extreme corner of the grid.
depth of 0.25 m <h < 2.5 m (Sverak [B132]), Ksis

ending outside
usual burial

(94)

16.6 Refinement of preliminary design

hence, the maximum transferred voltage. The
increasing the area occupied by the grid. Dgép driven rods may be used if the available area is
i St ers. A decrease in substation resistance may or may not
decrease appreciably the local gradient on the method used.

plate can be approached more clo:
a cost. The problem at the peri
is high. However, it is usug
ensure that the steeper gradie

us potentials within the substation can thus be eliminated at
e more difficult, especially at a small substation when resistivity
ying the grid ground conductor outside the fence line, to
outside this grid perimeter do not contribute to the more
We and economical way to control gradients is to increase the

density of grou i . This density may be decreased toward the center of the grid.
Another apprg trollmg pe |meter gradients and step potentials is to bury two or more paralel
conductors arou successively greater depth as distance from the substation is increased.

Another apprea e grid conductor spacing with closer conductors near the perimeter of the
grid (£ p [B3]; Biegelmeier and Rotter [B8]; Laurent [B97]; Sverak [B131]).

fault current be diverted from the grid. In connection with the latter, however, the effect on fault
gradients near4ower footings should be weighed.

d) Limiting total fault current: If feasible, limiting the total fault current will decrease the GPR and all
gradients in proportion. Other factors, however, will usualy make this impractical. Moreover, if
accomplished at the expense of greater fault clearing time, the danger may be increased rather than
diminished.

€) Barring access to limited areas: Barring access to certain areas, where practical, will reduce the
probability of hazardsto personnel.



16.7 Application of equationsfor Em and Es

Several simplifying assumptions are made in deriving the egquations for Em and Es. The equations were
compared with more accurate computer results from cases with various grid shapes, mesh sizes, numbers of
ground rods, and lengths of ground rods, and found to be consistently better than the previous equations.
These cases included square, rectangular, triangular, T-shaped, and L-shaped grids. Cases were run with
and without ground rods. The total ground rod length was varied with different numbers of ground rod
locations and different ground rod lengths. The area of the grids was varied from 6.25 m2 to 10 000 m2.
The number of meshes along a side was varied from 1 to 40. The mesh size was varied from 2.5 m to 22.5
m. All cases assumed a uniform soil model and uniform conductor spacing. Most practical examples of grid
design were considered. The comparisons found the equations to track the computer resultswith acceptable
accuracy.

16.8 Use of computer analysisin grid design

Dawalibi and Mukhedkar [B42]; EPRI TR 100622 [B63]; and Heppe [B80
for modeling grounding systems. In general, these algorithms are based ol

17. SpecCial areasof concern

Before the final grounding grid design calculations are completed, there still remains the important task of
investigating possible special areas of concern in the substation grounding network. This includes an
investigation of grounding techniques for substation fence, switch operating shafts, rails, pipelines, and
cable sheaths. The effects of transferred potentials should also be considered.

17.1 Service areas



The problems associated with step and touch voltage exposure to persons outside a substation fence are
much the same as those to persons within fenced substation areas.

Occasionally, a fence will be installed to enclose a much larger area than initially utilized in a substation
and a grounding grid will be constructed only in the utilized area and along the substation fence. The
remaining unprotected areas within the fenced area are often used as storage, staging, or general service
areas. Step and touch potentials should be checked to determine if additional grounds are needed in these
areas.

A reduced substation grid, which does not include the service area, has both initial cost advantages and
future savings resulting from not having the problems associated with “working around” a previously
installed total area grid system when future expansion is required into the service area. ever, a reduced
grid provides less personnel protection compared to a complete substation grid, which includes the service
area. Also, because of the smaller area and less conductor length, a service area grj ced substation
grid will have a higher overal resistance compared to a complete substation gri includes the
service area.

17.2 Switch shaft and operating handle grounding

Operating handles of switches represent a significant concern if thg handles a
Because the manual operation of a switch requires the pr
several things could occur that may result in a fault to
electrical shock. This includes the opening of an energiz C
of a switch insulator, or attempting to interrupt a gr value of ljne-Charging current or transformer
magnetizing current than the switch can safely interrupt.

ot ately grounded.
ear/a grounded structure,
ecting the operator to an

It is relatively easy to protect against th azards when ating handle is within a reasonably
extensive substation ground grid area. If nding system has been designed in accordance with this
standard, touch and step voltages near, handle should be within safe limits. However, quite
ety factor for the operator. For example, the switch

operating the switch. The ground mathi rectly to the ground grid and the switch operating
shaft.

ties that responded required grounding of substation air switch operating
id. The methodology for accomplishing this grounding was almost equally

Approximately 90% of the utilities utilized a braid for grounding the switch shaft. The remaining 10%
utilized a braidless grounding device. A typical braided ground is shown in Figure 35 and a braidless
grounding device is shown in Figure 36.
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Figure 35—Typical braided ground



17.3
Fence grounding is of major impor; ce is usually accessible to the general public. The
substation grounding design sho ch potential on the fence is within the calculated

Several philosophies exist egand to grounding of substation fence. The National Electrical Safety
Code® (NESC®) ' S €ommittee C2-1997) requires grounding metal fences used to

enclose electrics 5 ioms having energized electrical conductors or equipment. This metal fence
grounding r : plished by bonding the fence to the substation grounding grid or to a
separate undergro below or near the fence line using the methods described in the NESC.
The vay actices are that the

ted to a separate grounding conductor.

- Fencéisoutside of ground grid area, but is not connected to the substation ground grid. The fence
is not connected to a separate grounding conductor. The contact of the fence post through the
fence post concreteto earth isrelied on for an effective ground.

If the latter two practices on fence grounding are to be followed, i.e., if the fence and its associated grounds
are not to be coupled in any way to the main ground grid (except through the soil), then three factors
require consideration:

Isthefalling of an energized line on the fence a danger that must be considered?

Grounding of subste



Construction of transmission lines over private fences is common and reliable. The number of lines
crossing a substation fence may be greater, but the spans are often shorter and dead-ended at one or both
ends. Hence, the danger of a line falling on a fence is usually not of great concern. If one is to design
against this danger, then very dose coupling of the fence to adjacent ground throughout its length is
necessary. Touch and step potentials on both sides of the fence must be within the acceptable limit for a
fault current of essentially the same maximum value as for the substation. This is somewhat impractical
because the fence is not tied to the main ground grid in the substation and the adjacent earth would be
required to dissipate the fault current through the local fence grounding system.

May hazardous potentials exist at the fence during other types of faults because the fence line crosses the
normal equipotential contours?

Fences do not follow the normal equipotential lines on the surface of the earth which It from fault
current flowing to and from the substation grounding grid. If coupling of the fence undiis based solely

would, hence, be unsafe.
In practice, can complete metallic isolation of the fence an

e fence and the substation
the grid and the fence areas may
its, water pipes, etc. These metallic
ous local potential differences could
is not closely coupled to the nearby ground by its own

It may be somewhat impractical to expect conplete
ground grid. The chance of an inadvertent electrical co
exist. This inadvertent electrical connection maygbe from

insulated joints in the fence at r
the possible hazard.

Several different practices
companies ground only the

Us fence grounding practices on fence touch potential, five fence grounding
ing computer analysis. The fence grounding techniques analyzed were

- Case 2. Ground grid and fence perimeter approximately coincide. The outer ground wire is
directly alongside the fence perimeter. The fence is connected to the ground grid. Refer to Figure
39 and Figure 40 for grid layout.

- Case 3: The outer ground grid wire is 0.91 m inside the fence perimeter. The fence is connected to
the ground grid. Refer to Figure 41 and Figure 42 for grid layout.

- Case 4: Ground grid is inside of fence area. The outer ground grid wire is 6.7 m inside the fence
perimeter. The fence is connected to the ground grid. Refer to Figure 43 and Figure 44 for grid
layout.



- Case 5: Ground grid is inside of fence area. The outer ground grid wire is 6.7 m inside the fence
perimeter. The fence is locally grounded but not connected to the ground grid. Refer to Figure 45
and Figure 46 for grid layout.

The fenced area for each case is a square having sides of 43.9 m. The test calculations are based on the
following parameters:

?=600'm
lc = 5000 A
hs=0.076 m

rs = 3000 O-m, extending 0.91 m beyond the fence
Ry =0.66 W for cases 1-4
Ry =0.98 W for case 5

ts=05s
D;=1.0
The factor Cs for derating the nominal value of surface layer resistivity isd t on the thickness and
resistivity of the surface material and the soil resistivity, and is co in uation (29) and Figure
11:
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The allowable step and touch voltages calculated using Equation (29) and Equation (32). For test cases
1-5:

Estepso = (1000 + 605. Syt = 1995V

f

where

Es (%) isthe step potential in terms of percent of GPR
Em (%) isthe mesh potentialsin terms of percent of GPR



Equating the actual step and mesh voltage equations to the tolerable step and touch voltage values (Egep =
Es and Eoyen = Ern) and solving for E¢(%) and E(%), the equations become

E yep 100"
Es(%) = ————
R,?,D,
100"
Em (%) — Etouch
R,?,D,

Substituting the assumed parameters for these test cases yields the following:
For cases 14

Es (%) = 60.5

Em(%) = 18.8
For case 5

E(%) = 40.7

Em(%) = 12.7

I an 60.5% and 18.8%, respectively,

ustrate how the voltage above remote earth decreases rapidly as one leaves the
id area. As seen in Figure 37, the step voltage is no greater than 3-4% and is far

The results of the voltage profiles for test case 2 are shown in Figure 39 and Figure 40. The voltage profile
in Figure 40 for aline through the grid from one side to the other indicates that the touch potential 0.91 m
outside of the fenceisvery nearly equal to the allowable touch voltage. However, as seen in Figure 39 for a
voltage profile along the fence and 0.91 m away from it, it is clear that the touch voltages on certain areas
of the fence are not safe for a person to contact. By comparing Figure 37 and Figure 39, one can clearly see
the effect of having aground grid wire 0.91 m outside of the fence and around the fence perimeter.

The results of the voltage profiles for test case 3 are shown in Figure 41 and Figure 42. These results are
very similar to those of test case 2 and illustrate that the touch potential on the fence is generally not safein
several areasfor a person to contact.



The results of the voltage profiles for test case 4 are shown in Figure 43 and Figure 44. These results again
illustrate that the touch potential on the fence during a fault condition is not safe to contact. It can be seen
by comparing Figure 37, Figure 39, Figure 41, and Figure 43 that the touch potential along the length of the
fence increases as the outer ground grid wireis moved inward toward the substation.

The results of the voltage profiles for test case 5 are shown in Figure 45 and Figure 46. The tolerable touch
voltage has decreased from 18.8% to 12.7% because of an increase in the substation grid resistance. The
grid resistance increase is a result of less wire and reduced area in the grid for test case 5. According to the
computer program results, the potential rise on the isolated, separately grounded fence during a ground
fault condition is 43.7% of GPR, which is shown as a horizontal line on the graphs. The potential rise on
the fence is caused by the coupling through the earth from the ground grid to the fence. own in Figure
45, the potential rise on the earth 0.91 m beyond the fence corner caused by a ground fault condition is
corner and is

potential on the fence could reach 100% of GPR and the results would be
(Figure 43 and Figure 44).

Test cases studied for an isolated ungrounded fence yield very si est cases run for an
isolated, separately grounded fence shown in Figure 45 and Figure4

175 Control cable sheath ¢
Metallic cable sheaths, unless effectively grounded, may s voltages with respect to ground.

These voltages may result from insulation faiftire, char ue to glectrostatic induction, and flow of

currents in the sheath, or from the voltage rig€during faults ng to the substation ground system to

which the sheaths are connected. All gro
to provide apermanent low-resistanc

nnections should be made to the shield in such away as
ire or strap used to connect the cable shield ground

Sheath currents on single-conductor
the cable length is not excessive. For |

be reduced by grounding one end of the sheaths only, when
ables, the sheath should be grounded at both ends and at each

be encountered with any of these grounding arrangements can only be determined by careful analysis of
each specific case.

17.6 GlISbus:

A number of unique problems are encountered in the grounding of a GIS vis-avis conventional
substations. The grounded metal enclosure of GIS equipment can be a source of dangerous touch voltages
during fault conditions. Refer to Clause 10 for techniques of evaluating touch voltagesin GIS.



17.7 Surgearrester (

Surge arresters should always be provided with a reliable low-resistance ground connection. Arresters
should be connected as close as possible to the terminals of the apparatus to be protected and have as short
and direct a path to the grounding system as practical. While many utilities provide separate ground leads
from arresters mounted on metal structures, other utilities use the arrester mounting structures as the surge
arrester ground path because the large cross section of the steel members provides a lower resistance path
than a copper cable of the usual size. In these cases it is important to ensure adequate electric connections
from the structure to both arrester ground lead and ground grid; and also to be sure that the steel
crosssectional area is adequate for conductivity, and that no high resistance is introduced into joints from
paint films, rust, etc.

17.8

The practice of having separate grounds within a substation areais rarely used

a) Higher resistances for separate safety and system grounds are pr would be the case for
asingle uniform ground system.

b) In the event of insulation failures in the substation, hig
ground.

c) Because of a high degree of coupling betw
d) Often dangerous potentials would

17.9

A serious hazard may result during
ground grid area and outside locatio
circuits, conduit, pipes, metallic fences,

is transferred potential may be transmitted by communication
voltage neutral wires, etc. The danger is usually from contact

es a conductor connected to the substation grounding grid. The
e very high magnitude of potential difference, which is often
ence may equal or exceed (due to induced voltage on unshielded

17.9.1 Communication circuits

For communications circuits, methods have been developed involving protective devices and isolating and
neutralizing transformers to safeguard personnel and communications terminal equipment. These will not
be discussed here except to emphasize the importance of adequate insulation and isolation from accidental
contact of any of these devices and their wiring, which may reach a high voltage with respect to local
ground. The introduction of fiber optics to isolate the substation communications terminal from the remote
terminal can eliminate the transfer of high potentials. Fiber optics should be considered when potentials
cannot be easily controlled by more conventional means. Refer to IEEE Std 487-1992 for more detailed
information.

Separ at

Transferred



17.9.2 Rails

Rails entering the substation can create a hazard at a remote point by transferring al or a portion of the
GPR from the substation to a remote point during a ground fault. Similarly, if grounded remotely, a hazard
can be introduced into the substation area by transferring remote earth potential to within the substation.
These hazards can be eliminated by removing the track sections into the substation after initial use, or by
using removable track sections where the rails leave the ground grid area. However, insulating flanges, as
discussed in the following paragraphs, should also be utilized to provide as much protection as possible
when therailroad track isintact for use.

Insulating splices or flanges are manufactured by a variety of vendors. The general practi€g is to install two
or three sets of these devices such that a rail car would not shunt a single set. |nvestigation of these

insulating splices has shown that they are primarily designed for electrical isol track from
another for signal scheme purposes. The typical insulated joint consists of asectlon 0 ade from an
insulated material called an end post, instaled between rail ends. The side int are
also insulated from the rail sections. The breakdown voltage of theinsula deredin

It should be noted, however, that insulating flanges are not primary means of
protection, as they may create their own hazardous situ lace [B72]). If the track
sections outside the substation and beyond the insulating flange are ith the soil, a hazardous
voltage may exist between that rail section and arail i e grounded to the substation
grid during afault. If the rails are not bonded to the sub i i ardous voltage may exist between
the rails and grounded structures within the i i [
Garret and Wallace [B72] that may result i@"hazardous vo us, removal of rail sections at the
perimeter of the grounding system is reco

17.9.3 Low-voltage neutral wir

Hazards are possible where low-volt s or secondary circuits, serving points outside the substation
area, have their neutrals connected to bstation ground. When the potential of the substation ground
grid rises as the result of gre flow, al or alarge part of this potential rise may then appear

To avoid these W voltage neutral may be isolated from ground at the substation itself;
awaysp °this does not result in slowing down the clearing time for low voltage faults
to thegpoi € al hazard is increased rather than diminished. If the low-voltage neutral is isolated
fro 7 d, it then becomes necessary to avoid hazards at the substation due to the

system by inS
of being conta

17.9.4 Portable equipment and tools supplied from substation

Similar hazards need to be considered in the case of portable mining, excavating, or material handling
equipment, or portable tools, which are supplied electrically from the substation and are used outside of the
area of the grid where the mesh potential is held within safe limits. Such loads are often supplied by
temporary pole lines or long portable cables. An example is often seen when an addition to an existing
substation is being constructed.



A hazardous transferred potential might appear between equipment and the nearby earth during a fault, if
the neutral or grounding wire to the equipment is also connected to the substation ground. In cases such as
these, it is common to isolate the supply circuits from the substation ground; to ground the neutrals and
equipment to earth at the site of the work; and to make sure that the maximum fault current to the local
ground islimited to alow value that will not itself cause gradient hazards.

17.9.5 Piping

Pipelines and metallic conduits should always be connected to the substation grounding system to avoid
hazards within the substation area. Transferred potentials may be reduced or stopped at the substation
boundary by inserting insulating sections of sufficient length to avoid shunting by the
insulating sections must be capable of withstanding the potential difference between reMote earth and the
substation.

17.9.6 Auxiliary buildings

installations, depending on circumstances. If the buildings and substatl relatively close, and
especidly if the buildings are linked directly to the substation by y e sheaths, phone lines,
etc., it is appropriate to treat such buildings and their immediate area as pa ation. As such, the
buildings should be grounded using the same safety criteria as buildings are not as
close, and if such conducting links are lacking, it may be reat such'Buildings as separate units
Wlth the|r own local safety grounds. If served electricall ey should have their own

17.9.7 Fences

Substation fences have been extend eas of a site at some locations. This also presents a
possible transferred potential hazard i ected to the substation grounding grid.

To lessen this hazard, the substation inSulated from the fence leaving the substation area. It
is recommended that insulating section installed to prevent the transfer of potential through the soil and

he insulating section.

énce connected to a substation grounding grid and leaving the
igure 47. A's can be seen, the touch potential on the fence after it leaves the
not safe to contact.
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18. Construction of a grounding system

The method of construction, or combination of methods chosen, will depend on a number of factors, such
as size of agrid, type of soil, size of conductor, depth of burial, availability of equipment, cost of labor, and
any physical or safety restrictions due to nearby existing structures or energized equipment.

There are two commonly employed methods to install the ground grid. These are the trench method and the
cable plowing method. Both of these methods employ machines. Where these machines are not employed
dueto lack of space to move them or small size of the job site, the ground grid isinstalled by hand digging.

18.1 Ground grid construction—trenc

conductors.
a trenching
are dug to

Flags are staked on the perimeter along two sides to identify the spacing betw
These markers also serve as a guide for the trenching machine. The trenches
machine usually along the side having the larger number of parallel conductg

driven and connected to the conductors. Pigtails for equipment grounds ma this time.
These initial ditches are then backfilled with dirt up to the location 0 i

The next step is to dig cross-conductor ditches (often to a shallo lo}:
guide. Care must be taken when digging these ditches to avoi ctor laid in the backfilled
ditches at cross points. The conductors are installed in aining ground rods are
driven and connected to the conductors. Remaining pig gted to these conductors. Cross-
type connections are made between perpendicular condugtor runs. The gitches are then backfilled with dirt.

An aternative method consists of confining
this section entirely before moving to an
prior to any conductor being placed. Inst
the preceding paragraphs.

In this event, trenches are all dug at the same depth
conductors and ground rods are the same as described in

18.2 Ground grid construction—conductor plowit

Another procedure for the | nd conductors, which may prove economical and quick when
conditions are favorable and i
plow is used, which may be ttaCheet to, or drawn by, a tractor or four-wheel drive truck, if thereis
sufficient maneu . THe plow #may also be drawn by a winch placed at the edge of the yard. The

tractor or truck,
blade of

are made as desCribed in 18.3.

With adequate equipment, and the absence of heavy rock, this method is suitable for all of the conductor
sizes and burial depths normally used. The reader can find additional information in IEEE Std 590-1992
[B85].

18.3 Installation of connections, pigtails, and grt

Once the conductors are placed in their trenches, the required connections are then made. Generaly, the
points of crossing require a cross-type connection, while tee connections are used for taps to a straight



conductor run located along the perimeter. Types of connections are many and varied and depend on the
joint, the material being joined, and the standard practice of the utility concerned (see 11.4).

Pigtails are left at appropriate locations for grounding connections to structures or equipment. These
pigtails may be the same cable size as the underground grid or a different size depending on the number of
grounds per device, the magnitude of the ground fault current, and the design practices of the utility
concerned. The pigtails are then readily accessible after backfilling to make above-grade connections.

The installation of the ground rods is usually accomplished by using a hydraulic hammer, air hammer, or
other mechanical device. The joining of two ground rods is done either by using the exothermic method or
a threaded or threadless coupler. The connection between the ground rod and grid conductor can be made
using various methods.

184 Construction sequen sideration for ground grid i

underground pipes and conduits are installed and backfilled. The securit
after the ground grid installation. In cases where deeper underground pi
before ground grid installation, an attempt should be made to cg
logical manner.

duits are not installed
enching procedure in a

18.5 consider ations during subsequent e
As shown in 7.4, the insulating value of alayer of clean
ground fault conditions. Therefore, when an excavati
applied, care should be taken to avoid mixi
surrounding rock surfacing material.

rface material or gravel is an aid to safety under
iSs necessary after a rock surfacing has been
istivity/'soil from the excavation with the

During subseguent excavations there ces to snag the ground conductor. In such a case a
check should be made to determinegd
or joints, or both, must be imm
the break before it is repaired. The t
installed according to safeggrounding
conductor ends.

ary ground connection should be suitable for the application and
ices, because a voltage may exist between the two ground

only general methods are discussed. For more detailed information refer to |IEEE Std 81-
1983. Several important points of this guide have been used here, where applicable. Whilein this clause the
ohmic value is referred to as resistance, it should be remembered that there is a reactive component that
should be taken into consideration when the ohmic value of the ground under test islessthan 0.5 O, and the
areais relatively large. This reactive component has little effect on grounds with an impedance higher than
050.

19.1.1 Two-point method



This method measures the total resistance of the grounding system and an auxiliary ground. The measured
value in ohms is then expressed as the resistance of the grounding system because the resistance of the
auxiliary ground is presumed to be negligible.

This method is subject to large errors for alow value of the grounding system resistance or when grounds
are close to each other, but it may be useful if a“go or no go” type of test isall that is needed.

19.1.2 Three-point method

This method involves the use of two test electrodes with their resistances designated as r, and r3 and with
the electrode to be measured designated as r;. The resistance between each pair of electrades is measured
and designated as rq5, 3, and rp3, where ry, = rp + rp, etc. Solving the simultaneous ions, it follows
that

I PN I S
M, 2, 20

2

r
‘
23"

e use of an oscilloscope that would record the voltage between selected
agnitude of the voltage may be quite large and require a potential transformer to

The location qFthe actual points to be measured is, of course, dependent on the information desired; but in
all cases due allowance should be made for coupling between test circuits.

19.1.5 Fall-of-potential method

This method has several variations and is applicable to al types of ground resistance measurements (see
Figure 48). Basically, the ground resistance measurement consists of measuring the resistance of the
grounding system with respect to a remote ground electrode. The remote electrode is theoretically at an
infinite distance from the grounding system where the earth current density approaches zero. Although the
fall-of -potential method is universally used, it presents many difficulties and sources of error when used to



measure the resistance of large grounding systems usually encountered in practice. These difficulties occur
mainly because of the size and configuration of the grounding system and soil heterogeneity.

ALTERNATE 2 ALTERNATE 1

C
/4 ,ﬁﬁ‘
4 | X SOTENTIAL : §CURRENTW

1 ELECTRODE : ELECTRODE

|
RID
STATION GRID | b K !
1 1

POTENTIAL
ELECTRODE AT P,

POTENTIAL _
ELECTRODE AT P,

(b)

potential curve tends to be

: it may appear to do so also because of lack of sensitivity
of the instruments used. It iS

, dthough not always correctly, that the nearly horizontal

section of the curve gives the ‘tes e'R,. For large grounding systems, large distances D may not be
practical or evel e and as,a result, the nearly horizontal section of the curve will not exist. In this
case, accurategeasure illfpet be obtained unless one has already a good idea of the exact probe
position P.

C e current source is connected between the substation ground mat E and a
curre d at a distance of several hundred meters from the substation. The potential-
measuri ircui then connected between the substation mat E and a potential electrode P, with
measureme iflg made at various locations of the electrode outside the substation. This potential
e moved toward the current electrode in egual increments of distance, starting near the
substation, and the resistance readings obtained at the various locations may be plotted against distance
from the substation. The resulting graph should resemble curve EPC of Figure 48(b). From E to P, the
voltage per ampere of test current rises, but the voltage gradient decreases reaching a minimum at P.
Continuing toward C, the effect of current converging on the current test probe becomes apparent and a
rising voltage gradient is observed as the current probe is approached. The slowly rising, nearly horizontal
portion of the graph, if any, represents azone where the interaction of the tested and return electrodes is
small. When the return electrode is placed at afinite distance from the grounding system and the potential
probe is driven at a specific location, then an accurate measurement of the resistance is obtained.
Unfortunately, the exact location of the potential electrode iswell defined only for someideal cases such as
hemispherical or very small electrodes buried in uniform or two layer soils (Dawalibi and Mukhedkar
[B39][B44]). The case of alarge grounding system buried in uniform soil assuming uniform current density



distribution in the conductors has been analyzed by Curdts and Tagg [B23][B137][B138][B139]. In
practice, however, grounding systems consist of a complex arrangement of vertical ground rods and
horizontal conductors, usually buried in nonuniform soils.

For large grounding grids the spacings required may not be practical or even possible, especially where the
transmission line overhead ground wires and feeder neutrals connected to substation ground effectively
extend the area of influence. Consequently, the so-called flat portion of the curve will not be obtained and
other methods of interpretation must be used. Previous work has shown that when soil is not uniform and
separation is not large compared to ground system dimensions, the 61.8% rule, which corresponds to the so
called flat portion of the curve, may no longer apply (Dawalibi and Mukhedkar [B39][B44]). Locations
varying from 10% to 90% were found to be quite possible. These methods are discussed jn IEEE Std 81-
1983.

It should be noted that placement of the potential probe P at the opposite side wij eclito electrode C

givesthe actual resistance.
The primary advantage of the fall-of-potential method is that the pog
accuracy of the measurements.

19.2

with a heavy current load on the ground mat.
tests as a routine practice. If, however, lar
known anomalies in the ground resistiviti
such tests may be considered. Thisis
and further improvement of the gro

In such situations, it may be worthwi the grounding system with atest current (preferably in the
order of about 100 A) measurements of potential gradients at selected locations
throughout the substation imeter. An EPRI project (EPRI TR-100622 [B63]) included
such afield test. The project isons of the field test results with a computer solution. The
method of measurement was )

The relatively high contact resistances involved generally rule out the use of instruments designed for
ground resistance measurements since they operate over a limited range of potential probe resistance. To
use a voltmeter-ammeter method, it is usually necessary to have a high-impedance voltmeter, and use test
currents high enough to overcome the effects of residual ground currents.

Several methods of measuring and recording voltages may be used. Using a high-impedance voltmeter,
profiles and contours of open-circuit contact voltages may be plotted for the entire substation. By assuming
suitably conservative values of body-and-foot-to-ground resistances, and safe body current, the maximum
safe value to open-circuit contact voltage can be determined and hazardous touch and step voltages can be
located on the potential map.



Langer [B96] and Bodier [B15] have described measurement techniques in which the effect of actual
contact and body resistances are simulated. The operator wears rubber gloves and rubber-soled boots
equipped with metallic-mesh contact surfaces. Voltages between these metal contact surfaces are measured
by a vacuum tube voltmeter shunted by a resistance equal to an assumed value of body resistance and
current is measured by a milliammeter. The ratio of shock current to total ground current is thus
determined. More recent test and results are described in EPRI TR-100863 [B64].

By including foot-to-earth contact resistances as a part of the test procedure, the effect of variations in
surface conductivity is taken into account. Thus, the additional safety factor provided by surface coverings
of surface material, pavement, etc., isincluded in the test results.

Additional information on making field measurements of potentialsis available in IEEE Std\81-1983.

19.3

suspicion, the latter being, in general, less reliable. Each case will have 1o be judged on its merits to
determine whether the discrepancy is such as to warrant ftither investigation or additional measurement of
the resistivities, employment of larger safety f ment of danger potentials or shock
currents as described in 19.2.
194 Ground grid int
Many times, solid-state relays, t
control house get damaged due to ali
Typlcally, the ground grid+

t recorder circuits, or power supply unitsin the
g surge or afault if the substation has a poor grounding system.
erformed following such an event Eval uatlon of older ground

he integrity before the substatlon is approved for operation.
open circuit or isolated structure or equipment in a substation.

cuit/including the test leads. The measurement of the current division at the riser being
-on ammeter provides additional data to evaluate the ground path. Keeping the
ected, the second test lead is moved around to test risers at other equipment and

unknown or Broken ground conductor. The cable tracer detects the magnetic field produced by the test
current and generates an equivalent noise, which can be heard through headphones. Absence of the noise is
indicative of abroken ground wire or open connection.

It is necessary to determine the voltage drop of the test leads. This is done by shorting the leads across the
test set and measuring the voltage drop by flowing 300 A in the loop. This one-time measurement yields
the series impedance of the test leads. To obtain a correct impedance value, the test lead impedance is
subtracted from the measured impedance between the risers. Though the integrity test is the most practical
and convenient test to perform, its results can only be analyzed subjectively. One way to evaluate a ground
grid is to compare the impedance values with each other and determine the test risers, which have



abnormally high impedance values. One can also evaluate a ground grid by comparing the voltage drop
with a known reference value (typically 1.5 V/50 ft between test risers) and determining the weak ties
between the risers. Measured current divisions can indicate if there is a high impedance or open path in
either direction. More information on this method can be found in Gill [B76].

195 Periodic checks of installed groundi

Some utilities recheck substation ground resistance periodically after completion of construction. It is also
well advised to review the ground system from time to time for possible changes in system conditions that
may affect the maximum value of ground current, as well as extensions to the substation itself that may
affect the maximum current, the substation ground resistance, or local potential differenc

20. Physical scale models

It often is difficult to draw valid conclusions concerning a general grounding rom actual
field data. The lack of consistent results caused by the inability to cQ eather
conditions, and other variables affecting the condition of the soil, and di S'in data collecting, all

hamper the ability to run and duplicate tests. Because it is helpf rification of theoretical
assumptions or computer techniques, or both, scale models have ; e the gap. The use of
small models can be used to determine the resistance and potential

parameters to be observed.

In the late 1960s, a two-layer laboratory mo devel —gfle Polytechnique to verify computer
technigues. This method used concrete blo represent the |0 ayer of soil (Mukhedkar, Gervais, and

and two-layer soil models were
potentials (EPRI EL-3099 [B61])’

The results of model tests ale nodels can be effectively used for parametric studies for
grounding grid design and f ifiyi
and Kasten [B134]).
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Sample calculations

This annex illustrates the application of equations, tables, and graphs for designing a substation grounding
system. The specific objectives are as follows:

a) To show the application of principal equations of this guide for several refinements of the design
concept toward a satisfactory final design solution.

b) b)Toillustrate thetypical differencesto be expected between results obtained usifig the simplified

calculations of this guide and the more rigorous computer solutions.
c) c) Toillustrate such design conditions for which the use of simplifie
caution.

In view of these objectives, the following series of examples (B.
to be, the best or most efficient way to design agrounding system.

A computer-based grounding program described in EPRI
these examples.

Fault durationt; =0.5s

Positive sequence equivalen
Zero sequence equivale
Current division fa

dcation = 115,000 V

Availgble grounding areaA =63 m? 84 m

Transformer impedance, (Z; and Zy) = 0.034 + j1.014 O (13 kV)
(Z=9% at 15 MVA, 115/13 kV)

The crushed-rock resistivity is assumed to be a conservative estimate based on actua measurements of
typical rock samples. The equivalent system fault impedances and current division factor & are determined
for the worst-fault type and location, including any conceivable system additions over the next 25 years.
Thus, no additional safety factor for system growth is added. In addition, it is assumed that the substation
will not be cleared by circuit breakers with an automatic reclosing scheme. Thus, the fault duration and
shock duration are equal .



B.1 Square grid without ground rods—I

Using the step-by-step procedure as described in 16.4 and illustrated in Figure 33, the following design
eval uations can be made.

Step 1: Fidd data. Although the substation grounding grid is to be located within a rectangle of 63 m x 84
m (5292 nf), for the initial design assessment it may be expedient to assume a square 70 m x 70 m grid
with no ground rods. Consequently, the area occupied by such a grid is A = 4900 nf. An average soil
resistivity of 400 O-misassumed, based on soil resistivity measurements.

Step 2: Conductor size. Ignoring the station resistance, the symmetrical ground fault:
computed using Equation (67)

rrent I = 3lg, is

E
T 3R, ?R2R,?R, P X, ?X,?2X,?

lo

For the 115 kV bus fault

. 31115,000/ /3
" 39% 2.074.0710.0% | 20.0710.02%0.0

and, hence
[3lg] = 3180 A, and the X/Rratio = 3.33

For the 13 kV bus fault, the 115 kV
the transformer. It should be not

3%13,000/4/3"
20.085?20.0347 j 1.14271.1427 1.0147

and, henceé

[31g] #6814 A, and the X/Rratio is 16.2

The 13 kV bus fault value of 6814 A should be used to size the grounding conductor.

Using Table 10 for a fault duration of 0.5 s, the decrement factor Dy is approximately 1.0; thus, the rms
asymmetrical fault current is also 6814 A. This current magnitude will be used to determine the minimum
diameter of ground conductors.

Assuming the use of copper wire and an ambient temperature of 40 °C, Equation (42) and Table 2 are used
to obtain the required conductor cross-sectional area. For 0.5 s and a melting temperature of 1084 °C for
hard-drawn copper, the required cross-sectional areain circular milsis



Ayemit =1 - Kf'\/E (B.2)

Aicmil =6.814 - 7.06/ 0.5 = 34.02kcmil
34.02 kemil = 17.2 mn?

Because Am2 = pd’/4, the conductor diameter is approximately 4.7 mm, or 0.0047 m if it is solid
conductor.

Based on this computation, a copper wire as small as size #4 AWG could be u but due to the
mechanical strength and ruggedness requirements, a larger 2/0 AWG stranded conductor

0.0105 m(0.414 in) isusually preferred as a minimum.

Consequently, at this stage, the designer may opt to check if, alternately, thed
copper-clad steel wire and the imposition of a more conservative maxi ature limit’of 700 °C
will still permit the use of a conductor with diameter d = 0.01 m.

Using Equation (41) and Table 1 gives
197.4

At =1 (B3
\/g TCAP 2 3K, 2T,

3n

? ?
7702 K?

In this case, d min = 6.5 mm, or 0.0065
30% copper-clad steel wire of approxi

Step 3: Touch and step criteria. Fo 7102 m (4 in) layer of crushed rock surfacing, with resistivity of
2500 O-m, and for an earthywi i f 400 O-m, the reflection factor K is computed using Equation
(21)

(B.4)
Figure 11 i or K =-0.72 the resistivity of crushed rock isto be derated by areduction factor Cq
" 0.74. There
2 22
0.09317—3
2 7%
G=1- (B.5)

2h,20.09



2 2
0.09717? 400 ?
? 25007

- 21.102%0.09

Assuming that for the particular station the location of grounded facilities within the fenced property’’ is
such that the person’s weight can be expected to be at least 70 kg, Equation (30) and Equation (33) may be
used to compute the tolerable step and touch voltages, respectively, asfollows:

Exepro = (1000 + 6G,2) 0157/t (B.6)
Exepro = [(1000 + 6(0.74)2500)] 0.157/ +/0.5 = 2686.6
Ewepro = (1000 + 15C;2) 0.157/ 1, 7)

Esepro = [(1000 + 1.5(0.74)2500)] 0.157/ +/0.5 = 838.2 V

Step 4: Initial design. Assume a preliminary layout of 70 mx 70 grid wit
as shown in Figure B.1, with spacing D = 7 m, grid buri h%=0.5 m, andjno ground rods. The total
length of buried conductor, Ly, is2x 11 x 70 m = 1540

70m

70m

Figure B.1—Square grid without ground rods

Step 5: Determination of grid resistance. Using Equation (52) for L = 1540 m, and grid area A = 4900
nt, the resistanceis

Y That is, not accessible to the general public.



?1 1 2, 1 ’f’
(B.8)

79_9
AN «/20A;’)l 1?7hJ/20/ A 77

? 9 »
R,=400 27— 3’ 80
21540 20’.21900 2 1'70 5420/ 4900

Step 6: Maximum grid current | . Per the procedure and definitions of 15.1, the maxim
is determined by combining Equation (63) and Equation (64). Referring to Step 2, f
given current division factor & = 0.6,

grid current Ig
= 1.0, and the

and

lo =Dy - g

(B.10)

Though the 13 kV bus fault value of 6814 A is greaterfthan the 11 It value of 3180 A, it is
recalled from Clause 15 that the wye-grounded 13 kV {transformer winding is a “local” source of fault
current and does not contribute to the GPR. Thus, them m grid current is based on 3180 A.

lc=Df-S-3-1g (B.11)
I =(1)(0.6)(3180) = 1908 A
Step 7: GPR. Now it is nec ol e the prpduct of I and Ry, or GPR, to the tolerable touch

voltage, Eiuch7o

GPR= I - R, (B.12)

which far excee
evaluations are

pred in Step 3 as the safe value of E o7 - Therefore, further design

pg Equation (81) through Equation (83), K ,, is computed

'>D2 ’bozoh’? h?2K..? 8 7
LMo

' B.13
> 5 46hA 8D 4% K, »p?z?m’?’ 19

where

Kii = (814)



1
= W =0.57

Kn = /1'.>hL (8.15)
0

and

12?2 7 7792'2)57 0.5 3 057|n'>

Km= ?;I
299 916’2)5’2)01 870.01 4’2)017 1.225

The factor K; is computed using Equation (84) through Equation (

=0.644 +0.148 - n (B.16)

where
N=nNg'Np NNy (B.17)
Na= L (B.18)

Finally, En, is computed using Equation (80) and Equation (90)

Em= KK (B.19)
"L 7L,

4001908'0.892.272
E, = = 1002.1V

1540




Step 9: E, vs. E ouch- The mesh voltage is higher than the tolerable touch voltage (that is, 1002.1 V versus
838.2 V). The grid design must be modified.

For comparison, the EPRI TR 100622 [B63] computer program resulted in 2.67 O and 984.3 V for the grid
resistance and touch voltage, respectively, for this example.

B.2 Square grid with ground rods—t

In the previous example, B.1, Step 10 of the design procedure has not been reached due to the failure to
meet the criterion of Step 9. Generally, there are two approaches to modifying the grid design to meet the
tolerable touch voltage requirements

a) Reduce the GPR to a value below the tolerable touch voltage or to a value to result in a

value of E,, below the tolerable touch voltage.
b) Reduce the available ground fault current.

Usually reduction of the available ground fault current is difficult
depth, addition of ground rods, etc. In this example, the preliming
ground rods, each 7.5 m long, around the perimeter of thei*

70m

E ® ® — Grid Conductor
[=1
= -+— Ground Rod
T -9
+ I
l *——o *——o ®
FigureB. grid with20 7.5 m rods

Step 5. Using£quation (52) for Lt = 1540 + 20 - 7.5 = 1690 m, and A = 4900 nt yields the following value
of grid resistance Ry:

? 2 P
L L o 1 37 (B.20)
AR

? f)_’)
R N ZOA’):))]- 1?hJ20/ A




? 2 »
? e,
1 1 9 1 9%

R, = 400 " ? ? =2.750
')1 »
690 /2029005 1, [20_ %
f 2 4900 75

Steps6 and 7. The revised GPR is (1908)(2.75) = 5247 V, which is still much greater than 838.2 V.

Step 8. Using Equation (81) and Equation (83), Kn,is computed

1 ? ? D? D’?Zh h'7K 8'7"
Km= ?i '} 1
22 5 5 6’Jh’£i 8D 4?19 K, 7972?1917
where
Kii = 1.0 with rods
And
= h B.22
s (B.22)
0.5
V710 7
22 ?2 8 ??
N~ ,5,9 0.77
.'J001 4'0 017 1225 »)9721191
(B.23)

4001908 0.77°2.272

=7474V
75 ’7?
1540971 5571. 22?

5,/70270 »;3

Because the step voltage has not been calculated yet, Equation (89) and Equation (92) through Equation
(94) are used to compute K, Eg, Ls, and K, respectively. Note that the value for K; is still 2.272 (same as for
mesh voltage).



1?1 1 1
K= 9—’7—?—1?0.5”?22 B.24
?2h D?h D ? (824

1?7 1 1
K= —9—’? =170. 5“72'2 0.406
? 25 7'70 5 7

Then

22, XK. K,
0.752.20.852

Es=

25)

4001908'0.406'2.272
E = = 5489V
0.75254070.85250

Step 9: E VS. Etouch- NOw the calculated corner mesh voltage ig
(747.4V versus 838.2 V), and we are ready to proceed to Step 10.

lerable touch voltage

Step 10: E vs. Eep. The computed Es is well below t
Example 1. That is, 548.9 V is much less than 2686.6 V.

determined in Step 3 of

Step 11: Modify design. Not necessary for this example.

Step 12: Detailed design. A safe design h
ground rods for surge arresters, etc., sho

obtained. At point, all equipment pigtails, additional
to complete the grid design details.

For comparison, the computer pro of EPRI TR 2 [B63] resulted in 2.52 O, 756.2 V and 459.1 V

for the grid resistance, touch volt d voltage, respectively, for this example.
B.3 Rectangular grid with ground rods—t
In this example the preliminar C ill be reconciled in terms of the actual shape of the grounding

areaas an aterna



84m

St

— Grid Conductor

—+— Ground Rod

63m

SRSESSRNRE:

Figure B.3—Rectangular grid with thirty-eight 10 m ground rods

Step 5. Again, using Equation (52), but for Lt = 1659 m + (38)( A=63mx84m=

5292 nt, gives

? 2 x?
Rg:?oi? L 29 1 o) (B.26)

ol «/2OA?3L 17hn/207 Adés

?1
Ry = 400 ——7
52039

Steps6 and 7. Using Ig =
is much greater than 838.2

used to estimate C ) voltage. However, because the grid is rectangular, the value of n to be

used in the ifon will be different, based on the factors determined using Equation
(84) through Eq

(8.27)
(B.28)
21
Na= —= =11.29
Lp
LP
np = (B.29)



294
n, = |———== =1.005

42/5292

n. = 1 for rectangular grid
ng = 1 for rectangular grid
n=1129-1005-1-1=1135

Now K, is computed using Equation (81) and Equation (83)

K_1,;;902 D?Zh h?K g )
s 6167n21 8D 4217 K, 7’972?017

where

Kii = 1 for agrid with ground rods

, 05
Kn=./17— =1.225
1.0

? 2 2 2
‘- 1 A 7 ??7. D.
22 3 41670.52.01

7 B2 ') 8 ?
? ; an 742 = 077
01 4D.01, 1.225 52113571 e,

Equation (89) is used to compute K;

Ki=0.644 +0.148 -n (B.31)
=0.644 +0.148
Finaly, Ey iscol and Equation (91)
X
(B.32)

op L B
"JLZ ’>L2 "7
4001908 0.77°2.324
En=# =5958V
10 2
1659’7"1 5571, 22’,?7T 22380
3 3637847 32

Step 9. This calculated mesh voltage is well below the E;gychro limit of 838.2, but uses 119 m of additional
conductor and 230 m of additional ground rods, as compared with the previous example. Thus, the mesh
spacing could be reduced, the number and/or length of ground rods could be reduced, or both to achieve the
same margin of safety as example 2.



The remaining steps are the same as demonstrated in example 2 and will not be repeated here.

For comparison, the computer program of EPRI TR 100622 [B63] resulted in 2.28 O, 519.4 V and 349.7 V
for the grid resistance, touch voltage, and step voltage, respectively, for this example.

B.4 L-shaped grid with ground rods—I

In this example the design of Example 2 is modified to illustrate the use of the equations for an L-shaped
grid with ground rods. The total area and mesh spacing are the same as that of Example 2, and the ground
rods are located only around the perimeter of the grid, as shown in Figure B.4. All other parameters are the
same as Example 2, except the number of rods (24). Thus, Steps 1-4 are the same as example 2, and this
example begins with Step 5.

Step 5. Using Equation (52) for Lt = 1575 m + (24)(7.5 m0.) = 1755 mand A = 4

2 ) '77
1 1 5 1

9')_’)
AN «/20A§l 17h/20/ A 7?

'7
= 400
R 571755 A2 900') 1’70

Steps 6 and 7. The revised GPR is (1908)(2.74) = 5228
voltage of 838.2 V.

ch greater than the tolerable touch

Step 8. Using Equation (84) through Equétion , and Equation (81) and Equation (89), n, Kp,, and K; are
computed

N=Na=nNy-N¢-Ng (B.34)
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l : — Grid Conductor
* ) —+— Ground Rod ’
@ 99— 9 |

. .

o —@
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Figure B.4—L -shaped grid with tw iur 7. ground rods

(B.35)
(B.36)
0.7(4900)
7L 2, ? 70009
Ne= 2——° =121 (B.37)
2 Ao

ng = 1 for L-shaped grid

n = (9)(1.12)(1.21)(1) = 12.2



Now K, is computed using Equation (81) and Equation (83)

Kii =1
h= 1?%=1.225
V™10
K_17’;'302 ‘D?22h", h’?K 83
e ';167h’£I 8D 4?19 K, 9:')72?1’?

17 2 7 %?205)7, 05 2 10
Km= ? AN~

23 ')16(0 50.01 8§7)0.01 4(0.01)5 1.225

Equation (89) is used to compute K;
=0.644 +0.148 -n (B.39)
= 0.644 + 0.148(12.2) = 2.45

Finally, E,, iscomputed using Equation (81) and Equatiofy(91)

27.X, K,
2

(B.40)

(B.41)
1?7 1 1 1
Ke= —o—? 2=770. 512”2'2 0.41
? 52(05) 7?05 7 5
Then
£= — e KK, (B.42)

0.752..20.852



.. (400)(1908)(041(245)

0.75(1575)?0.85(180)

Step 9. Note that this is close to the results of Example 2, and is lower than the tolerable Eigycn7o limit of
838.2 V. Proceed to Step 10.

Step 10. The computed Esis well below the tolerable step voltage determined in Step 3 of example 1. That
is, 574.6 V ismuch less than 2686.6 V.

Step 11. Not required for this example.

Step 12. A safe design has been obtained and final details can now be added to the design.

B.5

Using the computer program of EPRI TR 100622 [B63], an
modeled.

As shown in Figure B.5, the 61 mx 61 m grid consisted :
each 9.2 m long. The diameter of ground rods was 0.01] consisted of four meshes per side,

rface. The depth of the upper layer

The computer-calculated values of resi rner mesh voltage, and maximum step voltage, are as
follows:

Ry=1.3530 Em = 49.66% of

esh voltage coordinates were X = =75.00 ft, and Y==75.00 ft,
that is, near the center of the . aximum step voltage (not shown) was calculated outside
the grid, between the grid comy = =100 ft) and the point at X, Y = =102.12 ft, that is, approximately
over 1 m distancein adiagon

Unequally spaced grid with ground rodsin uniform soil-

Using th agram of EPRI TR-100622 [B63], a square grid with unequally spaced conductors
wasi ) igure B.7.

mesh voltag

As shown in Figure B.8, the corner mesh voltage is only 9.29% of the GPR, while the maximum touch
voltage, occurring above the largest interior mesh, is 17.08% of the GPR.

The maximum touch voltage, thus, did not occur in the corner mesh. For other choices of conductor
spacings, the naximum touch voltage may occur above some other meshes. Therefore, for unegual

spacings, the touch voltages must be investigated over the entire grid, and the simplified criterion for
checking the corner mesh voltage alone is not sufficient. On the other hand, the resistance Ry is not too
dependent on the exact configuration of grid conductors and ground rods. For instance, were Ry estimated
by equation (54) for a combined length of grid conductors and ground rodsLt =18 x91.44 m + 25 Xx9.2 m



= 1876 m, the calculated value of 1.61 O would be less than 14% higher than the value of 1.416 O
calculated by the computer program of EPRI TR 100622 [B63].
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Figure B.5—Equally spaced squaregrid with ninero two-layer soil
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Figure B.6—Diagonal voltage profile for the grid of Figure B.5in two-layer soil
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Figure B.7—Unequally spaced square grid with twenl‘-five 9.2M
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Annex C
(informative)

Graphical and approximateanalysis of current division
Cl1

A graphical method for determining the maximum grid current, based on results obtained using a computer
program of EPRI TR-100622 [B63] has been developed. This method attempts to correlate the substation
zero sequence fault obtained from a standard short circuit study to the actual current flowing between the
grounding system and surrounding earth. The original presentation of this concept was pdilished in Garret,
Myers, and Patel [B73]. That paper describes the parametric analysis performed and the résulting basis for
the assumptions used to develop the curves. Additional curves have since been dew€loped to address other
system configurations. The following is an explanation of the use of the gr Figure C.1
through Figure C.22.

The graphs are divided into the following four categories:

- Category A: 100% remote and 0% local fault current con
substations with delta-wye transformer, with X tran
through Figure C.16)

ypical distribution
d eeders (Figure C.1

- Category B: 75% remote and 25% local groundifault current cO
C.18)

gtion (Figure C.17 and Figure

- Category C: 50% remote and 50% |
C.20)

und f ontribution (Figure C.19 and Figure

- Category D: 25% remote an d fault current contribution (Figure C.21 and Figure

C.22)
Categories B-D represent typical tran jon substations or generating plants with X transmission lines
(feeders are considered to issi ines in these cases), and with local sources of zero sequence
current, such as auto transfor ding transformers, generators (grounded-wye GSUs), etc.
Category A works well for practiga es. Categories B-D are rough approximations, and the accuracy
depends on sever, i eters (particularly the source of the local ground fault current).

Thefollowing %

ACSR copductor.
d) Distribution line length of 4 km and a distance between grounds of 122 m.
e) Distribution pole footing resistance of 25 O or 200 O.

f) Distribution pole three-phase triangular layout, with one 336.4 kcmil, 26/7 ACSR phase and 1/0
ACSR neutral conductor.

g) Soil resistivity of 1000-m.

Int



h) Substation grounding system resistancesof 0.10, 0.50, 1.0 O, 5.00, 10.0 Oand 25.00.
i) Number of transmission linesvaried from 0, 1, 2, 4, 8, 12, and 16.
i) Number of distribution lines varied from O, 1, 2, 4, 8, 12, and 16.
k) One remote source for each two transmission lines.
C.2 How to use the graphs and equivalent imped

Referring to Figure C.1 through Figure C.22, a family of curves is plotted, with each curye representing a

resistances from 0.1 O to 25.0 O. The ordinate is the percent of the total zero uenc substation bus
ground fault current which flows between the grounding system and surrounding ., the grid current

ly).

the multiplier of the split factor, because th|sfault current |sthe one that |sf mote sources and is the
basis of these curves. When using Category B-D curves, the fa ntrlbutlons should be
determined for all transmission voltage levels and the case result igt current should be
used.

Table C.1 shows the equivalent transmission and distri .
remote contribution with X transmission linesand Y dist i e first column of impedancesis
for transmission line ground electrode resistance Ry 5 O and strl bution feeder ground electrode
resistance Ry of 25 O. The second column gfaimpedan g Of 100 O and Ry of 200 O. To
determine the GPR with current splits, parallékthe grid resist the appropriate impedance from the
table and multiply this value by the total i ission li
and two distribution feeders hasagrou
and Ry of 25 W, From Table C.1,
systemis 0.54 +j0.33 O. Them

ce of 50, atotal fault current of 1600 A, Ry of 150,
ance of the transmission and distribution ground

divide the GPR by the ground grid resistance.

The grid current may also be computed directly by current division.

| (0542j0.33) |

5070547033

llgl = 1600 -

C3



To illustrate the use of the graphical analysis, consider a substation with two transmission lines and three
distribution feeders, and a ground grid resistance of 1 O, as shown in Figure C.23. Using EPRI TR-100622
[B63], the maximum grid current is 2354.6 A, with the total bus ground fault is 9148.7 A. The system in
question has two transmission lines with Ry of 15 O and Ryg of 25 O. Figure C.3 shows curves for two
lines/two feeders and two lines/four feeders. Thus, interpolation is necessary for this example. From Figure
C.3, we see that the approximate split factor &is (32+23)/2 or 27.5%. The maximum grid current is

lg = (9148.7)(0.275) = 2516 A

Using Table C.1, the equivalent impedance of the transmission and distribution ground system for two lines
and two distribution feeders is 0.455 +j0.241 W, and for two lines and four distribution ersis 0.27 +
j0.165 0. The average of the split factors for these two cases will be used.

0.455?0.241 |
S= " =0.349
1.070.455? 0.241]
0.272j0.165 |
S= - =0.247
1.070.27?0.165|

Thus, §=(0.349 +0.247)/2 = 0.298 or 29.8%

Theresulting grid current using this method is

lg = (9148.7)(0.298) = 2726

Both methods compare favorably with t f 2354.6 A or 26% of 3, from the computer program,

puter program results in a value of 4034.8 A, or 21% of 3 . This does not compare
ith 100% remote contribution, but is still closer than using the total fault current, or
ocal contribution. The equivalent impedance method (Table C.1) does not work as well
for cases other than 100% remote contribution, and is not included in Table C.1.

C4 Equationsfor computing linein

The following equations are found in the ABB T&D Reference Book, Fourth Edition [B1]. The definitions
of the terms used in the equations are

GMD is the geometric mean distance between the phase conductorsin ft
GMR is the geometric mean radius of the conductor in ft

da isthedistance between conductorsaand b in ft

ro istheacresistance of the conductor at frequency f



Xa istheinductive reactance of the conductor to one foot spacing at frequency f
f isthefrequency in Hz

De istheequivaent depth of earth returnin ft

r isthesoil resistivity in O-m

The positive sequence impedance, Z;, of a transmission line (with earth return), ignoring the effects of
overhead shield wires, is

Zy =rg+ jXg + jXg O/mi (C.D

Where

Xq=0.2794 - |Og]_0

GMR
and
f
GMD = 0.2794 - — - logso%/d , B, 2.,
60
The zero sequence self impedance, Zy), of the transmi ine eturn), with no overhead
shield wiresis
Zo@y=Ta+let jXa+ jXe— 2 - Xg O/mi (C.2)
where
re=0.00477 -f
and

The zero sequence self impedance, Zy(g), of two overhead shield wires (with earth return) is

Zog)=3 -Ta+Te+j3-Xa+ jXe O/mi (C.49)

Where

f
X4 =0.2794 - & - logy oy



dy is the distance between the two overhead shield wires, r, and X% are as defined above using
characteristics of the overhead shield wire, and reand x. are as defined above.

The zero sequence mutual impedance, Zg(ag) between one circuit and n shield wires (with earth return) is
Zojeg) = Yo+ Xe— 3 X4 O/mi (C5)

where

r
[
'

f r
a= 02794 — - l0go 50 G g1 o+ Aagn Blogn

gn “bgn * ~cgn

dy1 is the distance between phase a and the first overhead shield wire, etc., and g€ and Xg are as defined
above.

Then, the zero sequence impedance of one circuit with n shield wires (and ) is

2
0(ag)

Zy= ZO(a) - O/mi (C.6)
0(9)
These equations for Z; and Z; are used, along with appfopriate imp transformers, generators,
etc., to compute the equivalent fault impedance.
To compute the impedance of an overhead shi i for use in Endrenyi’s formula, the
simple self impedance (with earth return) of
I
X (C.7)

ZS:rc+§e+jxa+ j— i

where

ro and x; are as defined abov aract ics of the overhead shield wire or feeder neutral, and re and

Xe are as defined above.



Table C.1—Approximate equivalent impedances of transmission line over head shield wiresand

distribution feeder neutrals

Number of Number of distribution Rig = 15; Ryg = 25; Rig = 15; Ryq = 25;
transmission lines neutrals R +jx (O) R +jx (O)
0.91 +).485 3.27 +].652
0.54 +j0.33 2.18 +j.412
0.295 + j0.20 132 +j.244
0.15 +j0.11 0.732 +j.133
0.10 +j.076 0.507 + j.091
0.079 + j.057 0.387 + j.069
0.685 + }.302 ( 2.18 +).442
0.455 + j.241 1.63+).324
0.27 +).165 \.1.09 +j.208

N N N N e Y N R B S I B Y R T T R R Y

1
1
1
1
1
1
2
2
2
2 0.15 +j0.10 685 + .122
2 +,j.087
2 366 + }.067
4 1.30 +).273
4 1.09 +j0.22
4 0.817 + j0.16
4 0.546 + |.103
4 0.41 +j.077
4 0.329 + j0.06
8 0.72 +].152
8 0.65 +j.134
8 0543 + j0.11
8 0.114 + j.061 0.408 + .079
8 0.085 + j.049 0.327 + j.064
8 0.067 + j.041 0.273 + j.052
12 0.191 + j.054 0.498 + |.106
12 0.17 +j.055 0.462 + |.097
12 4 0.14 +j.053 0.406 + |.083
12 8 0.098 + |.047 0.326 + |.066
12 \ 0.077 + j.041 0.272 + j.053
12 16 0.062 + }.035 0.234 + |.046
16 1 0.148 + j0.04 0.380 + |.082
16 2 0.135 + j.041 0.360 + .076
4 0.113 + j.041 0.325 + j.067
8 0.086 + j.038 0.272 +j.055
12 0.068 + j.034 0.233 + j.047
16 0.057 + j0.03 0.203 + j.040
0 2.64 +]0.60 6.44 +|1.37
2 0 1.30 +j0.29 3.23+j0.70
4 0 0.65+).15 1.61+j.348
8 0 0.327 + .074 0.808 + |.175
12 0 0.22 +j.049 0.539 + |.117
16 0 0.163 + |.037 0.403 + |.087
0 1 1.29 +).967 6.57 +j1.17
0 2 0.643 + |.484 3.29+j0.58
0 4 0.322 + |.242 1.65 +].291
0 8 0.161 + j.121 0.826 + }.148
0 12 0.108 + j.081 0.549 + j.099
0 16 0.080 + j.061 0.412 + j.074
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Annex D
(informative)

Simplified step and mesh equations

In the previous editions of this guide, the following equation was provided for determining the value of a
mesh voltage (in volts) on the earth’s surface above the center of a corner mesh (assuming an equally
spaced rectangular grid, which is buried at depth h in a homogeneous soil of uniform resistivity). This grid
may consist of n parallel conductors spaced D apart, and of an undetermined number of cross connections.
All grid wires are assumed to be of diameter d. The spacing of parallel conductorsD, aswell asd and h, are
in meters.

2K, KD
= tmTife )
LM

Where

Enm isthe mesh voltagein V

? isthe average soil resistivity inO-m

Ig is the maximum rms current flowing betw

Lm is the total length of buried conductors

combined length of ground rodsin m
K; isthe corrective factor for current irreg

Km isthe mesh factor defined for

iciencies in the equation for Ky, Sverak [B132]
for Ky. The resulting equation for K, was more

.2 8 7

D D.2
b 9?22?15 2

For grids W
perimeter.

K, = (D.3)

’ h
Kn= 1?h— ho = 1 (grid reference depth) (D.4)
b



Because of assumptions made in the derivation of K, acorrective factor K; is needed to compensate for the
fact that the subject mathematical model of n parallel conductors cannot fully account for the effects of a
grid geometry; that is, for two sets of parallel conductors that are perpendicular to each other and

interconnected at the cross connection points. For a large number of sguare and rectangular grids, the mesh
voltage was dbtained using a computer. From this computer generated data, a new expression for K; was
found to better fit in the mesh voltage equation (Thapar, Gerez, Balakrishnan, and Blank [B144]). This
factoris

K; =0.644 + 0.148 - n (D.5)

The simplified Em equation used in the previous edition of the guide has been limited to square and

rectangular grids with square meshes. In practice, alarge number of grounding grids hav.

Thapar, Gerez, Balakrishnan, and Blank [B144] to alow Equation (D.2), Equation

(D_E(Sj) to be effective for a variety of grid shapes, including symmetrical T- jangular, shaped
grids.

N=nNg-Np-N¢-Ng (D.6)
where Q

21 ‘
Ny = 3 (D.7)
P

n, = 1 for square grids

n; = 1 for square and rectangu ids

ng = 1 for square, rectan andyL-shaped g
Otherwise

(D.8)

(D.9)

(D.10)

where

L. isthetotal length of the conductor in the horizontal grid in m

L, isthe peripheral length of the gridinm

Aisthe areaof the grid in nf

Ly is the maximum length of the grid in the x direction in m

Ly isthe maximum length of the grid in the y directionin m

Dp, is the maximum distance between any two points on the gridinm



While these changes to the equations did expand their use to include a variety of practical ground grid
shapes, they did not include the use of ground rods. An attempt was made to expand these equation to
include the use of ground rods. If Lc represents the total grid conductor length, Lg represents the total
length of all ground rods, and L, represents the average length of each ground rod, then for grids with
ground rods in the corners, as well as along the perimeter and throughout the grid.

27, K, K.
En= (D.11)
L 2
L. °’>1 5571, 22? e
LZQLZ ’})

?

The multiplier for Lg is an empirical function that reflects the fact that the curr
ground rods than in the horizontal grid conductors for uniform soil.

higher in the

In the previous editions of this guide, the following equation was provided ining the value of the
worst case step voltage (in volts):

27K K,
E,=—C& 5" 1 (D.12)
LS
where
Es isthe step voltagein V
? isthe average soil resistivigythin O-m

t geometry of a ground grid with no ground rods. As with
the mesh voltage, this K is p e step voltage Es. Again, computer simulations were used to
derive empirical fg i i

(Thapar, GerezgB ‘ \ Blan[144])
5 1?0.5“?2'2 (D.13)

are defined above.

While these clianges to the equations did expand their use to include a variety of practical ground grid
shapes, they did not include the use of ground rods. An attempt was made to expand these equations to
include the use of ground rods. If Lc represents the total grid conductor length and Lg represents the total
length of all ground rods, then for grids with or without ground rods

__ 7KK
= (D.14)
0.752_20.852

These new simplified equations were compared to computer solutions for hundreds of different ground
grids and the results compared favorably.



Annex E
(informative)

Equivalent uniform soil model for nonuniform soils

In the interest of simplicity, several assumptions have been made in developing the ground grid design
equations of this guide. One such assumption is that these equations are only valid for a uniform soil
resistivity model regardless of the soil under consideration. A survey indicated the need to provide a
guideline for representing a soil regardless of its type by a uniform equivalent and, thus, remove this
limitation in the use of the design equations.

A typical soil has several layers, each having a different resistivity. Most often lateral changes also occur,
but in comparison to the vertical layers, these changes usually are more gradual. Station sités where the soil
may possess uniform resistivity throughout the area and to a considerable d m found. A
uniform soil interpretation of apparent resistivities obtained in the field, un i ces, isthe
most difficult task to perform even with the help of computers. Accordingl
unlikely.
However, it has been recognized that the two-layer representatio a_Soi oser to the actual soil
conditions compared to its uniform equivalent.

Sometimes, in a multilayer soil, the variation in apparent ect to depth or pin
spacing is not too great. Such a soil can be represented ngle soil resistivity value.
Although it is difficult to draw a clear line to indicate whether the soil | or not, the approach taken
here consisted of defining the uniform soil based on t uivalents of several field measured
resistivity profiles. The computer program of EPRI TR as used to compute an equivalent
represented as a uniform sail if the

soil can be approximated as uniform, th parent resistivity value computed from Equation (E.1)
represents that soil in the design equations.

?a0 7 a2 ? 2y
?a(avl) = (ED)
Where ?a2), ?a@), Za@)-- ? resistivity measurements obtained at n different spacings in
four-pin method of i driven ground rod method in O-m.

A magjority of the i get the above criteria for the uniform soil. To determine uniform soil
models to repr 1 M S

(E2)

where

Pamax) 1S the maximum apparent resistivity value (from measured data), O-m.

Pamin) 1S the minimum apparent resistivity value (from measured data), O-m.

The next step was to compute the ground grid resistance Ry, the corner mesh voltage Eqen, and the corner
step voltage Ege, for atypical ground grid using PRI TR-100622 [B63]. A 76.2 m x 76.2 m ground grid
with 64 meshes and uniformly distributed ground rods was selected for this investigation. The length of the
ground rods varied with the soil model. For a given soil model, this length was determined so asto reach



the depth (or pin spacing) where ?a(av1) O ?a(av) OCcurred in the measured apparent resistivity profile. Figure
E.1 illustrates the modeled ground grid including the locations for computed step and touch voltages.

Figure E.1 - Theground grid modeled foWounding parameters

Following the computations, the groundin eters computed with the two layer model were compared
with those computed using the unifor i s. This comparison indicated that the mesh and step

Table E.1 presents the comparison of ding parameters computed using the two-layer soil model with
those computed using the u resented by ?aavo for two typical soils. The soil resistivity
values shown in Table E.2 we i derived from assumed two-layer soil models.

Table E.1—Gr afs computed with two-layer soil compared with those computed with
equivalent uni

g parameters with two- Computed grounding parameters with
soil model uniform soil model

Rg ?av2) Rg
om Em(V) Es(V) om o Em(V) Es(V)
1.28 126 85 158 0.89 151 86

0.72 187 92 193 1.09 185 106




Table E.2—Calculated resistance and apparent resistivity data for soil type 1 and type 2 of TableE.1,

based on the four-pin method

Probe separation Soil typel Soil type 2
(ft) m) Resistance | Apparent resistivity | Resistance | Apparent resistivity
(@] 2,0'm O 2.0'm
1 0.305 29.73 56.94 89.13 170.74
3 0.915 15.33 88.07 45.85 263.46
5 1.524 9.97 95.48 29.55 283.06
15 4.573 3.85 110.71 9.39 26
20 6.098 3.15 120.76 6.46
30 9.146 249 143.10
50 15.244 190 181.70
70 21.341 156 208.78
% 27.439 132 227.75
110 33.537 115 241.48
130 39.634 101 251.77
150 45.731 0.90 259.7




Annex F
(informative)

Parametric analysis of grounding systems

(This Annex is taken from Dawalibi, F., and Mukhedkar, D., “Parametric analysis of grounding systems,”
|EEE Transactions on Power Apparatus and Systems, vol. PAS-98, no. 5, pp. 1659-1668, Sept./Oct. 1979;
and Dawalibi, F., and Mukhedkar, D., “Influence of ground rods on grounding systems,” |EEE
Transactionson Power Apparatus and Systems, vol. PAS-98, no. 6, pp. 2089-2098, Nov./ Dec. 1979.)

To efficiently design a safe grounding system it is necessary to have knowledge of how
affect the performance of the grounding system. Some of these parameters include gri
and arrangement, number of ground rods, location and length, and soil resistivi
homogeneous or multilayered with various surface layer thickness and values
coefficient).

ious parameters
c@nductor spacing
parameters (that is,
lection factor

This annex gives a brief discussion of how the above parameters affect the
for uniform soil resistivity and for two-layer soil resistivity. There aig,man
affect the performance of the grounding system, but it is not withig
parameters.

of grounding systems
er parameters that may
nex to discuss these

F.1

F.1.1  Current density—grid only

cohductors, along any one of the conductorsis
ner. However, alarger portion of the current is discharged
an from the conductors at or near the center of the grid
of making the current density more uniform between
niform conductor spacing, with the conductor
aller toward the perimeter. However, analysis of grids with
using the simplified methods of this guide, but must be done
the references.

For a grounding system consisting only of gri
discharged into the earth in a fairly unifor
into the soil from the outer grid condu
(refer to Figure F.1 and Figure F.2).
the inside and periphery conduc

.5, the resistance also shows a gradual decrease with burial depth, until it approaches
e value at the surface as the depth increases to infinity. But for typical variations of

depth is negligible for uniform soil.

Ur
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F.1.3  Step and touch voltages—qgrid only

Since most of the current in a uniformly spaced grid is diSeharged intojthe earth from the outer conductors,

saturation limit is reached. Beyond this
effect on reducing the voltages (refer

resistance and corresponding
depth, the touch voltage may aci#

approximately alue at the surface as the depth of the grid approaches infinity, while the earth
surface potel al?infinite depths. Therefore, depending on the initial depth, an increase
in grid burial dep crease or decrease the touch voltage, while the step voltage is always
reduced{6

F.7.

For system gting only of ground rods, the current has been found to discharge into the earth at afairly
uniform rate @@ng the length of the rod with a gradual increase with depth and with slightly higher

increases in cdrrent density near the ends (refer to Figure F.12). Asin the case of the grid conductors, the
current density is greater in the rods near the periphery of the grounding system than for those in the center
(refer to Figure F.13 and Figure F.14). Thus, the step and touch voltages are higher near the outer ground
rods.

Increasing the length of the rods is effective in reducing the resistance of the system, and therefore,
reducing the step and touch voltages. Increasing the number of rods also reduces the resistance until the
grounded area is saturated, and is even more effective in reducing the step and touch voltages as shown in
Table F.1. This is true because in addition to the lower resistance and lower ground potential rise, the
spacing between the rods is reduced, which tends to make the earth surface potential more uniform. The
comments above on the effects of grid burial depth also apply to the effects of the top-of-the-rod depths.
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F.15 Gridand ground rod combinations

When a combination of grid conductors und rods are used In a grounding system, the number and
length of ground rods may have a great i n the performance of the grounding system. For a given
length of grid conductor or ground r

does the grid conductor, as shown it’Fi
discharged mainly in the lower ‘po . Therefore, the touch and step voltages are reduced
significantly compared to that of grid

F.1.6  Conclusions

In general, a unifg spacedd@roundifig system consisting of a grid and ground rods is superior to a
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F.2 Two

The performance of a grounding system in multilayered earth can differ greatly from the same system in
uniformsoil. In addition to other parameters, the performance is affected by the resistivity and thicknesses
of the soil layers and the burial depth of the grounding system. The following discussion will consider only



two-layer earth models, due to the complexity and numerous combinations possible for additional layers.
For an explanation of two-layer earth analysis of grounding systems, refer to 13.4.2 of thisguide.

For brevity of the discussion, the following variables are defined:

?1 = resistivity of upper layer of soil
?, = resistivity of lower layer of soil
?,??,

K = reflection factor coefficient
h = height of upper layer of soil

F.2.1  Current density—grid only

K and h, as shown in Figure F.1 and Figure F.2. For negative values of K
fairly uniform over the entire grid with slightly higher densities in the
points on the grid, and is slightly higher for outer conductors than for conduc gar the center of the grid.
ductors becomes more
dominant. This can be explained as follows. For small values of i
grid goes downward into the low resistivity soil, while for large

of the uniform soil model discussed in F.1, the outer
current into the earth than do the center conductors.

For positive values of K (?; < ?,), the curr as a much hi
soil, even for moderately small values of increases, the current density rapidly approaches that of a
uniform soil, with higher current densiti j

F.22 Resistance—grid only

ive layer of soil. As h increases the resistance of the grid
e same resistivity as the upper layer. Assuming that the grid is

The step, touch voltages, and mesh voltages may also vary significantly with K, h, and grid depth. They
may be very much higher or lower than a corresponding uniform soil model. See Figure F.6 through Figure
F.9.

For grids buried near the surface of the earth, increasing the number of meshes is an effective means of
reducing the mesh voltages. However, as the grid depth increases, the effectiveness of this method of

reducing the mesh voltages decreases until at some characteristic grid depth, the mesh woltages begin to
increase.



The reasons for this phenomenon are identical to those described previously for uniform soil. For a very
large number of meshes (that is, small spacing between parallel conductors), the touch voltages are
relatively unaffected by h and K.

For negative values of K (7, > ?,), the highest touch potential occurs when his slightly greater than the grid
depth. For positive values of K (?; < %), the highest touch potentials occur when h is less than the grid
depth, or when h is much greater than the grid depth.

One way of reducing the touch voltage without increasing the total amount of conductor is to omit the
cross-connecting conductors (except at the ends) and reduce the spacing between the remaining parallel
conductors. It must be noted, however, that while the touch voltage is reduced, the step voljage is increased
when thisdesign is used.

F.24  Ground rodsonly

The behavior of a grounding system consisting only of ground rods may v
soil. The mgjor differences are because the current density in each rod
the rod located in the lower resistivity layer, depending on the value of
increases, so does the percentage of the current discharged from thg
resistivity layer of soil, as shown in Figure F.12.

e absolute value of K
od located in the lower

Assuming that the rod extends through the top layer into t f the current density in the
i ear the boundary of that
! er depth h. For rods that are
rrent censity in the outer rods as
in the high resistivity layer the
ess (see Figure F.14).

< ?) generally give a higher resistance and negative
stem of ground rods as compared to the identical

] e soil, the current density is higher in the ground rods than in the grid
igure F.17 and Figure F.18.

largely dependent on h, or on the length of the rods in the more conductive layer. Depending on the
magnitude of K and h, the lengths of the rods are effectively shortened so that they may not contribute
significantly to the control of step and touch voltages. However, for moderate positive K values and large h
values, the ground rods can be used to effectively improve the step and touch voltages.



Table F.1—Touch voltages for multiple driven rods

(A) Uniform soil
R1 R2 R3 R4 RS

Electrode type R R R A R A B A

1 v 1

R el Rt S i I SR S S Y S P S Y

1 I V| i 1 1 ! 1 1 1 1 1 ' 1

| S R — o oo o = o ....__.__J .___|__. ._,"__.
Resistance (£2) 11.85 6.43 4.52 3.01 2.16
Touch* Voltage (%) 847 720 68.2 59.1 40.8

(B) R? in two-layer soil (H=5m)

Reflection factor K -0.9 -0.5 Uniform soil (0.0) 0.5 09
Resistance (2) 0.169 0.926 2.16 421 8.69
Touch* Voltage (%) 51.1 474 40.8 31.8 19.3

es are ced significantly with the addition of ground

If K is negative (?, > ?,), the step and touch vol
mediu h, relatively all of the current is

rods to a system of grid conductors. For

discharged into the lower soil layer, ther ucing the step and touch potentials. As h increases, the
performance of the grounding system hat of an identical system in uniform soil of resistivity
1.

F.3

ve can have considerable influence on the performance of
g the uniform soil techniques can give results for step and

; ing from highly pessimistic to highly optimistic, depending on
eters’ Table F.2 summarizes the effects of a two-layer soil environment
ad rod to agrid, and on the touch voltage for agrid-rod combination.

touch potentials and station resistz
the specific valug arious paga



Table F.2—Touch voltagesfor grid and ground rod combinationsin two-layer soil

(A) Uniform soil

S4 SR1 SR2 SR3 SR4
Electrode type " " . . "
Resistance (£2) 2.58 — 2.28 2.00 1.81
Touch* Voltage (%) 350 — 31.0 25.0 21.0

(B) SR9 in two-layer soil (H =5 m)

Reflection factor K 0.9 0.5 Uniform soil (0.0) 0.5 0.9
Resistance (£2) 0.164 — 1.81 3.50 7.78
Touch* Voltage (%) 35.0 — 21.0 134 6.6




Annex G
(informative)

Grounding methods for high-voltage stations with grounded neutrals
(Erdungsmassnahmen fur Hochstspannungsanlagen mit Geerdetem Sternpunkt)

Walter Koch,?° Electrotechnische Zeitschrift, vol. 71, no. 4, pp. 89-91, Feb. 1950.

It is not economically feasible to provide grounding in high-voltage stations with grounded neutral, which
will limit contact potentials to ground electrodes and the connected apparatus to less th 5V. Onehasto

deal with a multiplicity of potentials which may be established between the plant and the surroundings
under short-circuit conditions.

With a directly grounded neutral point there fows into the systems It point the so-called
groundfault current instead of the total single-phase short-circuit ggound ounded system). This
groundfault current depends upon the generating capacity of the i e area and on the
impedance of the ground circuit. The grounding systems of a ork will carry a portion

angerous gontact potentials by suppression of
ground short-circuit currents, thisis not usu i rounded neutral systems because it
does not appear to be practicable. For gr: -fault currents e 1000 A, grounding systems of vast
dimensions must be installed in order to fneet usual 125 V contact potential requirement. A numerical
example will show this. The surface r substation may be 250 m x 250 m. Here one hasthe
possibility of placing a ground pl e station. With an average ground resistivity of
100 O-mand the equivalent circu m the ground resistance is

or

With , a ground-fault current of 5000 A will produce a 900 V potential above the more-
which is many times the potential allowed by VDE. In spite of this, it has the
indisputable a tage that the entire station on this metal plate will have no potentials between parts
within itself tHat are worth mentioning. For persons inside the station there will not be the slightest danger
from undue contact potentials at such a high current. There would be danger only if at the moment of fault
one were to enter or leave the plant or touch it from the outside. It is not practical to construct such a
ground plate. However, in order not to endanger the personnel of an electrical plant, ways must be sought
to fulfill this requirement.

20 English translation by T. W. Stringfield. Some portions on Petersen coil systems and German (VDE)
regulations omitted.



Besides the dangers to personnel, there will be some to the material of the control and communications
equipment if it is not provided against. The sheaths of the control cables provide a connection between the
controlled apparatus in the high-voltage bays and the control point. Thereby, a fault to ground in the station
can cause a very large current to flow through the sheath and melt it. Communication cables which leave
the plant will also conduct ground currents away since intentionally or unintentionally they come into
contact with building construction parts. Thereby, the sheaths acquire the high potential of the station in
their vicinity while the conductors approximate the potential of the more-distant surroundings, so that
insulation failures may occur. So likewise the cables of the low-voltage plant and the windings of control
motors among others may be endangered by large potential differences. Indeed, for these reasons it is not
permissible to rely only on a sufficient interconnection of all apparatus such as circuit breakers, transformer
cases, frame parts, etc. To this all cable sheaths within the plant must also be connected;,so likewise the
control mechanisms in the switching station to which the control cables are connected. ically the entire
plant should be provided with a built-up ground mat for the ground-fault current, to which all equipment
parts in the plant are connected. So likewise, the existing neutral conductors of t low-voltage
systems should be tied to the ground mat. By this method there will be the |east significant

For this purpose the operating position may be provi
withstanding the high potential or with a metallic grid i

late is a suitable protection against al step potentials
allic plate installation is not realizable, the question

As mentioned in the introduction, a |
and contact potentials within the pl
arises on how far one can go in

with {rregular depth of burial which is the way they are used for the
er complicated grounding structures, one is led to the use of models.
strements using an electrolytic tank were undertaken. A metal container
served as the semi -infinite space for the current diffusion. Figure G.1
arrangement. The potential distribution for model M can be obtained by a null

The model of the ground mat consisted of a copper wire 0.2 mm in diameter arranged in a square with 120
mm sides and set on the surface. For the usual ground straps with a cross-section of 30 mm x 3 mm
corresponding to an equivalent diameter of 23 mm this model represented a replica of a ground system with
alength of

20
— -120 =13 800 mm



r.S

M = GROUND SYSTEM REPLICA U = ROTATING SWITCH

P = POTENTIOMETER W = ELECTROLYTIC TANK

S = ELECTRODE A = INTERRUPTER (CHOPPER)
T = TELEPHONE RECEIVER

Figure G.1—Circuit for obtaining potential distributi

ed until 64 ‘subsquares

were attained and in each case the potential inside the square was mg S 2 mesh becomes finer the
effect approaches a plate electrode. In Figure G.2 through FigurefG. ) he center point of
each square is given in percent of the potential of the groungh mat. The " differences which

mats at A-B, C-D, EF and GH of Figure G.2 through Rigure G.5 are\shown in Figure G.6. To determine
the effect of only a partial fine mesh inside the outer gement shown in Figure G.7 was
investigated and as shown in Figure G.8 with ngle mesh. From this it follows that

in the area of a fine mesh the same relat roportions) hold as in the complete meshing of the total
grounding area. The still finer subdivisio e mesh resultsin afurther raising of the potential inside
the mesh, that is, a corresponding de tial differences and thereby the step potential

The measurements show, as migh y using a fine mesh a considerable reduction in
potential differences within the mat aréa€an be obtained. Further, it is apparent that small protected areas
can be produced by parti t completely matting the entire grounding area. Practical

0 S e locations of the passageways to the protected areas which remain a hazard
when i during the time of a fault. Figure G.6 shows the high potential drops at the edges

can be encod
called potentigramps in order to obtain a small, and as far as possible, uniform potential drop. Wooden
passageways have likewise already been used in the Siemens-Schuckert works in 200 kV stations.

The means of potential control through grounding straps buried at progressively deeper depths is shown in
principlein Figure G.9, the effectiveness of which was proved by the leveling off of the potential surfacein
a model. Figure G.10 shows the application of potential control around the footing of a tower when one
does not desire to, or is not able to, employ afence.

The magnitude of the expected step potential for a ground mat depends upon the ground resistance, the
short-circuit current and the mesh density. If one takes the area of an outdoor substation 250 m square, then
a ground strap around the periphery will be 1000 m long. Without regard to the cross connections and



matted grounds, the ground resistance of this strap is R = ?/pL In (2L/d); where ? isthe ground resistivity
(generaly 100 O-m), L isthe length of the strap in centimeters, and d is the equivalent diameter of the strap
as a conductor with a semicircular cross-section (for the usual ground-strap d = 2.3 cm). With these figures
R =0.36 O. The resistance is thus only twice as great as for a solid plate 250 x 250 m. The reactance will
be reduced by the cross-connections which are required for tying in the apparatus to be grounded.

With a short-circuit current of, for example, 5000 A, the voltage to the ground system will be about 1800
V. With aground rating as shown in Figure G.5, the greatest step potential to be expected will be about 11—
12% of this value, or 200 V, the effect of which on persons can be reduced effectively by using gravel fill.
According to Figure G.8, with a mesh spacing of 0.85 m the potential inside the mesh is 7% of the ground
mat potential and for a ground mat potential of 1800 V the step potential can thereby be r
V if necessary.

The systematic application of the protective measures descri bed makes the

a separated star neutral ground system requires a tremendous amount of Jé i There is
no advantage worth nentioning for this since a protective ground is still

described in the foregoing or otherwise for a separate grounding
for an ample development of the protective ground system.

Tying together both systems (protective and operating) h
within the station the ground-fault current corponent
ground mat but is conducted directly over the grounding
Also, one has only to reckon with the differenge betw

wire which appears to be nec
ample design.

Summary

Large contact and step poten fit conditions must be considered in high-voltage stations using
grounded star ng point. Potential differences which may endanger cable insulation and low-voltage
apparatus and (for eXample, windings of control motors) may be eliminated by metallic
interconnection sing, sheaths of control and service cables and their neutral conductors,
and the @ iONgp e control house. For protection of personnel at the danger points, narrow

meshe > spacing of about 1 m will serve. The potential distribution of such ground

ended, since connection of the latter to a general ground system designed according to
the viewp@ ined herein, has advantages over separation. Approaches to parts of the ground system
which have patential control can be made safe by the so-called potential ramps.
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Figure G.4—Measured potential distribution for various ground mats
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