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Introduction

(This introduction is not a part of IEEE Std C62.92.1-2000, IEEE Guide for the Application of Neutral Grounding in
Electrical Utility Systems—Part I: Introduction.)

This guide is the introduction to the IEEE C62.92 series of five guides on neutral grounding in electrical
utility systems. In this series of guides, individual considerations and practices are given to the grounding of
synchronous generator systems, generator-station auxiliary systems, distribution systems, and transmission
and subtransmission systems.

In the entire IEEE C62.92 series, emphasis is on power-system grounding practices as contrasted with the
grounding, e.g., of industrial systems, which are covered in other guides and standards. Those guides and
standards should be referenced, when appropriate, to gain a full picture of other grounding practices.

Besides updating the format of the guide, this revision expands the bibliography, adds a new annex to clarify
the effects of grounding resistances and grounded conductors, and attempts to clarify areas that elicited
guestions or comments in IEEE Std C62.92-1987.

It is impossible to give recognition to all those who have contributed to the technology and practices of
grounding of power systems. However, the assistance of members, past and present, of the Neutral
Grounding Devices Working Group of the Surge Protective Devices Committee, and other similar groups
with comparable purposes, is gratefully acknowledged.

The American National Standards Committee C62, Surge Arrestors, had the following members at the time
this guide was approved:

J. L. Koepfinger, Chair
J. A. Gauthier, NEMA Co-Secretary
N. Ahmad, IEEE Co-Secretary

L. Bock P. Jefftries R. Odenberg
J. J. Burke R. A. Jones J. Osterhout
E. Cameron W. H. Kapp T. J. Rozek
J. S. Case G. E. Lee K. B. Stump
C. Chrysanthou D. W. Lenk E. Taylor
T. Compton W. A. Maguire S. G. Whisenant
W. Etter F. D. Martzloff J. J. Woodworth
A. Haa G. N. Miller T. A. Wolfe
P. Nortarian

At the time this guide was completed, the IEEE Neutral Grounding Devices Working Group had the
following members:

Douglas C. DawsonChair

C. L. Ballentine D. W. Jackson S. Mazumdar

A. Benge E. Knapp E. R. Taylor, Jr.

J. J. Burke J. L. Koepfinger S. G. Whisenant
G.E. Lee
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IEEE Guide for the Application
of Neutral Grounding in Electrical
Utility Systems—~Part I: Introduction

1. Overview

1.1 Scope

This guide is intended for application to three-phase electrical utility systems. This is Part | of the five-part
IEEE C62.92 series. This part provides definitions and considerations that are general to all types of
electrical utility systems. The remaining four parts provide specific guidance on synchronous generator
systems (IEEE Std C62.92.2-1989), generating station auxiliary systems (IEEE Std C62.92.3-1993),

distribution systems (IEEE Std C62.92.4-1991), and transmission and subtransmission systems (IEEE Std
C62.92.5-1992).

1.2 Purpose

This guide presents basic considerations for the selection of neutral grounding parameters that will provide
for the control of overvoltage and ground-fault current on all parts of three-phase electrical utility systems.
2. References

This guide shall be used in conjunction with the following publications. When the following publications are
superseded by an approved revision, the revision shall apply.

IEEE Std 80-2000, IEEE Guide for Safety in AC Substation Grouri‘ding.

IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commercial Power
SystemsIEEE Green BooR").

LEEE publications are available from the Institute of Electrical and Electronics Engineers, Inc., 445 Hoes Lane, P.O. B»caB31,
away, NJ 08855-1331, USA (http://standards.ieee.org/).

Copyright © 2001 IEEE. All rights reserved. 1
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ASC C2-1997, Accredited Standards Committee, National Electrical Safety QuESC®).2

IEEE Std C62.92.2-1989 (Reaff 2000), IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems—~Part II: Grounding of Synchronous Generator Systems.

IEEE Std C62.92.3-1993 (Reaff 2000), IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems—~Part Ill: Generator Auxiliary Systems.

IEEE Std C62.92.4-1991 (Reaff 1996), IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems—~Part IV: Distribution Systems.

IEEE Std C62.92.5-1992 (Reaff 1997), IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems—~Part V: Transmission Systems and Subtransmission Systems.

3. Definitions

For the purpose of this guide the following terms and definitions apply. Terms other than those defined here
have standard definitions as listed e Authoritative Dictionary of IEEE Standards TerBsyenth Edition
[B10].3

3.1 class of groundingA specific range or degree of grounding; e.g., effectively and noneffectively.

3.2 means of grounding:The physical devices by which various degrees of grounding are achieved; e.g.,
inductance grounding, resistance grounding, or resonant grounding.

4. Basic considerations

There is no one simple answer to the problem of grounding. Each of a humber of possible solutions to a
grounding problem has at least one feature that is outstanding, but which is obtained at some sacrifice of
other features that may be equally worthy. Thus, the selection of the class and means of grounding is often a
compromise between somewhat conflicting solutions (see IEEE Tutorial Course [B17]).

4.1 Goals of system grounding
The basic goals in selecting a grounding scheme for any given system are as follows:

a) \oltage ratings and degree of surge-voltage protection available from surge arresters

b) Limitation of transient line-to-ground overvoltages (see Generator Grounding Guide [B2], and IEEE
Tutorial Course [B17])

c) Sensitivity and selectivity of the ground-fault relaying
d) Limitation of the magnitude of the ground-fault current

e) Safety (see Accredited Standards Committee C2-1997 (National Electrical Saféty Mteec®)
and IEEE Std 80-200t)

2The NESC is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ
08855-1331, USA (http://standards.ieee.org/).

3The numbers in brackets correspond to those of the bibliography in Annex C.
“4For more information on references see Clause 2.

2 Copyright © 2001 IEEE. All rights reserved.
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These basic goals, when properly evaluated, can have a significant influence on system economics, details of
system design and physical layout, and service continuity.

4.2 System neutral grounding vs apparatus neutral grounding

In power engineering, it is common to spealg@unding the system neutraither directly or through an
impedance. Actually, of course, thgstermeutral is a convenient fiction, not a physical point or conductor,

and cannot be physically connected to ground. It is the neutral grounding of specific pieces of power-system
apparatus, especially power transformers and generators, that effects system neutral grounding.

In this guide, the terrmeans of grounding used to describe the particular technique used to ground the
neutral of a specific piece of apparatus. For examesistance groundings a means of grounding the
neutral of a piece of apparatus, in this case by means of a resistor. Thotatsmf groundings used to
categorize system grounding in terms of its performance characteristics.

In a simple power system, like the typical distribution system or power-plant auxiliary system, where a
single transformer serves as both the power source and system-neutral grounding point, the means of
grounding of that transformer neutral defines the grounding class of the system. For example, a system
supplied by a single transformer whose neutral is grounded through a resistance would typically be classed
as aresistance-grounded system.

In more complex systems, like typical high voltage (HV) or extra-high voltage (EHV) transmission systems,
there are many pieces of apparatus (transformers, capacitor banks, reactors, etc.) that may have grounded
neutrals. In such multiple-grounded systems, the class of grounding of the system is determined by the
cumulative effect of all the grounding points. If most of the major transformer neutrals are grounded by
similar means, then the system may loosely be described as being of one classirtdigetaarce grounded

systenh In general, where there are multiple grounding points of different types of apparatus and different
means of apparatus neutral grounding, the class of grounding can only be determined by the zero-sequence
to positive-sequence symmetrical component ratios, as viewed from a selected location. (See Clause 7 and
Table 1.) (For further information see Clarke [B6], and Wagner and Evans [B22].)

5. Means of grounding

5.1 Solidly grounded

Definition: Connected directly to ground through an adequate ground connection in which no impedance
has been inserted intentionally.

The termgrounded solidlythough commonly used, may be somewhat misleading since a transformer may
have its neutral connected solidly to ground, and yet the resulting zero-sequence impedance (see Figure 1)
could be so high, due to the system or transformer characteristics, that high phase-to-ground voltages would
develop during ground-fault conditions. Instead, so as to define grounding positively and logically as to
degree, the terreffectively groundetlas come into use, as is discussed in 7.1.

5.2 Inductance grounded
Definition: Grounded through an impedance, the principal element of which is inductance. This class of

grounding is sometimes loosely referred toemstance grounded:.he class is often subdivided intav- or
high-inductancecategories.

Copyright © 2001 IEEE. All rights reserved. 3
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The inductance may either be inserted directly in the neutral connection to ground or obtained indirectly by
increasing the reactance of the ground return circuit. The latter may be done by intentionally increasing the
zero-sequence reactance of apparatus connected to ground or by omitting some of the possible connections
from apparatus neutrals to ground.

5.3 Resistance grounded

Definition: Grounded through an impedance, the principal element of which is resistance. This class is
frequently subdivided intow- or high-resistanceategories.

The resistance may be inserted either directly in the connection to ground or indirectly as, for example, the
following:

a) Inthe secondary of a transformer, the primary of which is connected between neutral and ground.

b) Inthe corner of a broken-delta connected secondary of a wye-delta grounding transformer.

(See IEEE Std C62.92.2-1989 and IEEE Std C62.92.3-1993 for application information on resistance
grounding.)

It should be noted that a grounding resistor may have a considerable inherent inductance. For example, a cast-
iron grid resistor may have a power factor of 98% or less, resulting in a reactance of about 20% of the
resistance, at system frequency (see T&D Reference Book [B5]).

5.4 Resonant grounded

Definition: Inductance grounded through such values of reactance that, during a fault between one of the
conductors and ground, the power-frequency inductive current flowing in the grounding inductance(s) and the
power-frequency capacitance current flowing between the unfaulted conductors and ground are substantially
equal in magnitude and 180ut of phase. Therefore, they almost cancel each other in the fault. The type of
grounding inductor used is commonly referred to g@and fault neutralizer, arc-suppression coil, or Peter-

son coil(see Transmission Grounding Guide [B3], and Willheim and Waters [B23]).

It is expected that the quadrature component of the rated-frequency, single-phase-to-ground fault current
will be so small that an arcing fault in air will be self-extinguishing. See Ground Fault Neutralizer Guide
[B8], and Willheim and Waters [B23] for application information about resonant grounding in transmission
and substransmission systems; and IEEE Std C62.92.2-1989 for application to synchronous generator
grounding.

5.5 Capacitance grounded
Definition: Grounded through an impedance, the principal element of which is capacitance.

Capacitance is seldom, if ever, inserted directly in a connection to ground for system grounding purposes.
However, capacitance may be connected to ground for voltage surge front-of-wave sloping purposes. Also,
neutrals of shunt capacitor banks have been connected solidly to ground on otherwise ungrounded systems.
Such applications should be carefully analyzed for overvoltages during fault conditions (see Ground Fault
Neutralizer Guide [B8], and Peterson [B20]). Capacitance grounding should be avoided, or carefully
analyzed, for resonance conditions or increased fault current.

4 Copyright © 2001 IEEE. All rights reserved.



IEEE
IN ELECTRICAL UTILITY SYSTEMS—PART I: INTRODUCTION Std C62.92.1-2000

5.6 Ungrounded (isolated neutral)

Definition: A system, circuit, or apparatus without an intentional connection to ground, except through
voltage-indicating or measuring devices, or other very-high-impedance devices (see IEEE Tutorial Course
[B17)).

An ungrounded system is coupled to ground through the distributed capacitance of its phase conductors and
machine windings.

5.7 Neutral grounding equipment

Requirements and tests for neutral grounding devices may be found in IEEE Std 32-1972 [B11].

6. Classes of grounding

6.1 Grounded system

A system that is a combination of lines, cables, or conductors with apparatus may be broadly classified as
either grounded or ungrounded. A grounded system is a system in which at least one conductor (usually the
neutral point of a transformer or generator winding) is intentionally connected to ground either directly or
through an impedance. A system grounded through an impedance is referred to genericaiypedate
groundedsystem.

6.2 Quantitative determination of classes of grounding

Various classes of grounding are available to the system designer, each having a unique set of attributes. The
response characteristics of the various classes of grounding may be defined or classified in terms of the ratios

of symmetrical component parameters, such as the positive-sequence red¢tance , the negative-sequence
reactanceX, ,the zero-sequence reactafjce , the positive-sequence reRistance , the negative-sequence
resistanceR, , and the zero-sequence resist&jce (see Clarke [B6], Wagner and Evans [B22], and

Willheim and Waters [B23)).

To facilitate an understanding of this approach, reference is made to the simplified, idealized three-phase
circuit in Figure 1 and its equivalent sequence diagram for a single-line-to-ground fault as shown in Figure 2.
Subscripts 1, 2, and 0 indicate positive-, negative-, and zero-sequence parameters, respectively. Note that
this conventional representation does not include all impedances in the ground current path and may not give
conservative results in all cases. (See Annex B for more information on this topic.)

6.3 Coefficient of grounding

The termcoefficient of groundingCOG) is used in system grounding practice. 0®@efined as 100%

E, o/EL L. E g is the highest root-mean-square (rms), line-to-ground power-frequency voltage on a sound
phase, at a selected location, during a line-to-ground fault affecting one or more phaisetheline-to-

line power-frequency voltage that would be obtained, at the selected location, with the fault removed. COG
for three-phase systems are calculated from the phase-sequence impedance components, as viewed from the
fault location. The COG is useful in the selection of a surge arrester rating for a selected location (see IEEE
Std 32-1972 [B11], IEEE Std C62.2-1987 [B14], IEEE Std C62.22-1997 [B15], and IEEE Tutorial Course
[B17)).

Copyright © 2001 IEEE. All rights reserved. 5
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Paay Lo L)
SR L

Xn = =

C, = C4+Cy c,=3c,
_ 1 _ 1 1 _
Xcs wC,’ XCQ /3 = ong /3"’ XCQ wC, ; @ =2

NOTE—

C,is the total system capacitance to ground and is obtained by connecting all three phases
together and measuring the capacitance with the neutral grounding branch open-circuited.

C4/3 is the grounded-wye partial, or zero-sequence, capacitance of the system.

C; is the ungrounded wye equivalent of the interphase partial capacitances of the system,
obtained by subtracting the zero-sequence capacitance C,/3 from the positive sequence
capacitance C;.

f is frequency in hertz.

V¢ is the prefault line-to-ground voltage at the fault, the energization voltage, shown in Figure 2.

Figure 1—Idealized system

6.4 Earth-fault factor (EFF)

The termearth-fault factor(EFF) is, to a limited extent, now used instead of COG. At a selected location on

a three-phase system, and for a given system configuration, the EFF is the ratio of the highest rms line-to-
ground power-frequency voltage on a sound phase during a fault to ground (affecting one or more phases at
any point) to the rms power-frequency voltage that would be obtained at the selected location with the fault
removed (see |IEEE Std 1313.1-1996 [B16]). Thus, the EFF is related to the CQG by ; as shown in

Equation (1).

B COG
EFF= ./3 o0 (1)

where
EFF is the earth-fault factor,

COGis the coefficient of grounding expressed as a percentage.

6 Copyright © 2001 IEEE. All rights reserved.
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Rg+]jXg is the same as seen by all three sequence networks

=Xy = b X = L w = 2mf

X ; -5
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C1

11 __ 1 1.1
Ri+iXy  Ry+jXy  Rg+jXg [Xpp Rg+iXg

1 - 1 1. 1
Ro*1Xg (Rg*3R)+I(X5+3X,) Xog (Rg*3R,)+](Xg+3X,)

—ix
V,=V_x—2Cl =V
Fmrla Ro+j(Xg—Xgy) 8

where

V¢ is the Thevenin circuit prefault voltage

V, is the line-to-neutral source of Figure 1

3lp is the fault current through closed switch S of Figure 1

= indicates the result when capacitance is negligible

Figure 2—Sequence diagram for line-to-ground fault,
through closed switch S of Figure 1

7. Characteristics of the classes of grounding

Ratios of the symmetrical component parameters are used to characterize the classes of grounding. These
characteristics, and the unique set of attributes defining the various classes of grounding, are given in Table 1
and briefly discussed in 7.1, 7.2, 7.3, 7.4, 7.5, and 7.6. Table 1 contains a general classification of grounding,

together with the associated class, fault current, and transient voltage characteristics.

7.1 Effectively grounded

Definition: Grounded through a sufficiently low impedance (inherent or intentionally added, or both) so that

the COG does not exceed 80%.

Copyright © 2001 IEEE. All rights reserved. 7
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This value is obtained approximately when, for all system conditions, the ratio of the zero-sequence reactance
to the positive-sequence reactanceyXX) is positive anck 3, and the ratio of zero-sequence resistance to
positive-sequence reactancegy/fR), is positive and < 1 (see IEEE Std C62.1-1989 [B12], IEEE Std C62.2-
1987 [B13], IEEE Tutorial Course [B17], and Willheim and Waters [B23]). Effective grounding is frequently
employed in distribution and transmission systems (see IEEE Std C62.92.4-1991 and IEEE Std C62.92.5-
1992).

7.2 Noneffectively grounded
Definition: Any system or location on a system where the COG exceeds 80%.

Note that, because of the impedance of lines and cables, certain locations or portions of an effectively-
grounded system may be noneffectively grounded, even though the majority of the system is effectively
grounded. In general, all of the impedance-grounded systems listed in 7.3, 7.4, 7.5, and 7.6 are
noneffectively grounded.

7.3 Resistance grounded
Definition: A system that is predominately grounded by means of resistance.

When a system is resistance grounded, the zero-sequence reactance viewed from the fault may be inductive or
capacitive, depending on the size, number, and location of the neutral-grounding resistors and the capacitance
to ground of the remaining system. With low-resistance groun¥ifng will ordinarily be positive, the
fundamental-frequency phase-to-ground voltage will, in general, not exceed normal line-to-line voltage, and
the neutral-to-ground voltage will not exceed normal line-to-neutral voltage.

If a system is low-resistance grounded, the natural-frequency voltages at the initiation of a ground fault are
significantly reduced. The phase voltages are essentially the fundamental-frequency voltages. The
fundamental-frequency voltages with low-resistance grounding are generally higher than the fundamental-
frequency voltages obtained with corresponding values of neutral-grounding inductive reactance.

With high-resistance groundiny,,  may be negative. In that event, phase-to-ground voltages may be greater
than normal line-to-line voltages, and neutral-to-ground voltages may be greater than normal line-to-neutral
voltages (see Clarke, Crary, and Peterson [B7], and Peterson [B20]).

7.4 Inductance grounded

An inductance-grounded system is one which is predominately grounded by means of neutral inductors or
grounding transformers, or by omitting connections to ground on some of the transformers of a multiple-
grounded system.

When a system is grounded through an inductance (less than that of a ground-fault neutralizer), the zero-
sequence reactance viewed from the fault is inductive rather than capacitive, and the zero-sequence resistance
is relatively small. Accordingly, during a fault, the fundamental-frequency phase-to-ground voltages will not
exceed normal line-to-line voltage and the neutral-to-ground voltage will not exceed normal line-to-neutral
voltage.

Following the initiation of a fault, simple, linear systems with inductance-grounded neutrals will have
maximum transient voltages to ground on the unfaulted phases not exceeding 2.73 times normal. The
voltage to ground at the neutral will not exceed 1.67 times normal line-to-neutral voltage (see Clarke, Crary,
and Peterson [B7], and Peterson [B20]).

8 Copyright © 2001 IEEE. All rights reserved.
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Table 1—Characteristic of grounding

IEEE

Std C62.92.1-2000

. . Percent Per gnit
_ Ratios of symmetrical component fault transient
Grounding classes and means parameters current LG Reference
Nete @) o @) | Votoge
Xo/ X4 Ry/ Xy Ry/ Xq
A. Effectively—Note (4)
1. Effective 0-3 0-1 - > 60 <2 [B3]
2. Very effective 0-1 0-0.1 - >95 <15
B. Noneffectively
1. Inductance
Low inductance 3-10 0-1 - > 25 <23 [B3]
High inductance >10 <2 <25 <273 [B3]
2. Resistance
Low resistance 0-10 >2 <25 <25
High resistance—Note (8) >100 <(-1) <1 <273 [B7], [B17]
3. Inductance and >10 - >2 <10 <273
resistance
4. Resonant—Note (5) - - <1 <273
5. Ungrounded capacitance
Range A—Note (6) o-t0—40 | — - <8 <3 [B6], [B20]
Range B—Note (7) -40to 0 _ - >8 >3 [B6], [B20)

NOTES

1—Values of the coefficient of grounding (COG) corresponding to various combinations of these ratios are shown in the figures
in Annex A. COG affects the selection of surge arrester ratings (see IEEE Std C62.2-1987 [B13] and IEEE C62.22-1997 [B15]).

2—Ground fault current in percentage of the three-phase short circuit value [IEEE Std 142-1991].

3—Transient line-to-ground voltage, following the sudden application of a fault, in per unit of the crest of the prefault line-
ground operating voltage, from (Clarke, Crary, and Peterson [B7], and Peterson [B20]), for a simple, linear network.

4—In linear circuits, Class Al limits the fundamental line-to-ground voltage on an unfaulted phase to 138% of the prefault
voltage; Class A2 to less than 110%.

5—See 7.5, Willheim and Waters [B23], and precautions given in IEEE Std C62.92.2-1989, IEEE Std C62.92.3-1993, |IEEE Std
C62.92.4-1991, and IEEE Std C62.92.5-1992.

6—Usual isolated neutral (ungrounded) system for which the zero-sequence reactance is capacitive (negative).

7—Refer to 7.6. Each case should be evaluated on its own merits.

8—1In a high-resistance grounded syst&q, X, andX, are negligible compared tg,Rnd X
Ro * }Xg = 3Ry (43X cg) / (BR, —i8Xg)- Thus R/ X = —Xc4/ R, For a properly designed high-resistance system,
Rn < Xcg and therefore i/ X < (-1).

Copyright © 2001 IEEE. All rights reserved. 9
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7.5 Resonant grounded

A resonant-grounded system is one which is grounded through one or more ground-fault neutralizers (see
Willheim and Waters [B23]). When a system is to be grounded through a ground-fault neutralizer, the neutral
inductance provided by the neutralizer coil is adjusted [Equation (2)] so that,

3Xgg = 3Xn+ X @

where
Xcg s the capacitive reactance of system to grqund
Cg is thetotal capactitance of system to ground

X, is the neutral reactance.
(See Figure 1 and Figure 2 for further definitionsgf, Apd )

For resonant-grounded systents, and X can generally be neglected because they are very small in
comparison toX, andX¢, . Thus, when adjusted to resonaXge;, X,

+jX Ois the equivalent series representation of the parallel inductance/capacitance network, as defined in
Figure 3. WithR, neglected, approaches infinity, since the zero-sequence network is parallel resonant.
With resistance includedRr, is very large with respeciXtp . Based on either assumption, the zero-
sequence network presents a very high impedance to the flow of 60 Hz current through a fault to ground. The
fundamental-frequency voltages on the unfaulted phases, during a line-to-ground fault, are essentially line-to-
line voltages. They are not increased by the presence of fault resistance. The maximum transient voltages to
ground of the unfaulted phases are less than 2.73 times normal and the neutral-to-ground voltage is less than
1.67 times normal line-to-neutral voltage (see Clarke, Crary, and Peterson [B7], and Peterson [B20]).

&
Ro* JXs

— ; Ro+ %o
~

Koo = ‘j3XCg

Ay

j3X,

Figure 3—Resonant zero-sequence network

7.6 Ungrounded systems

An ungrounded system is one with no intentional connections to ground except for voltage measuring or

surge protection apparatus. In an ungrounded systgm, is negative and of the order of magnitude of the
zero-sequence capacitive reactance, WRjleXx, is relatively small. Under fault conditions, the fundamental-

frequency phase-to-ground voltages may be in excess of normal line-to-line voltages, and in some cases,
particularly when the system is large in extent, these voltages may be considerably higher (see Clarke,
Crary, and Peterson [B7], and Peterson [B20]).

10 Copyright © 2001 IEEE. Al rights reserved.
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There are a number of economic factors and operating practices governing the choice between grounded and
ungrounded systems. Ungrounded systems may require higher insulation levels as a result of possible severe
transient overvoltages. Abnormal insulation stress may be reducedXylien lies between and —40.

When X,/ X; is in the range of —40 to O, severe series-resonance overvoltages can occur if the circuit
response is linear. However, in ferro-nonlinear circuits involving a saturating transformer, highly distorted,
less severe oscillations may be generated over a broad range of nég#tie (see Clarke, Crary, and
Peterson [B7], and Peterson [B20]). Generally, capacitance grounding and such circuit conditions should be
avoided and each case should be carefully analyzed (see Karlicek and Taylor [B18]). However, cases exist
showing that ungrounded systems can have satisfactory operating performance.

8. Annexes and bibliography

The figures in Annex A give COG for the ranges of posifyg X; &pd X, , and generally indicate
the ranges of each class. Annex B contains a discussion of the effects and the modeling of earth-return path
impedances such as neutral conductors, overhead ground wires, tower footing resistances, and substation
ground-grid resistances. Annex C is a bibliography of related standards, texts, and technical papers, some of
which are referenced in this guide.

Copyright © 2001 IEEE. All rights reserved. 11
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Annex A
(informative)

Calculation of coefficients of grounding

The termcoefficient of groundin¢COG) is defined as the ratio of &E, | , expressed as a percentage, of the
highest rms line-to-ground power frequency voltagesf®n a sound phase, at a selected location, during a
fault to earth affecting one or more phases to the line-to-line power frequency voltapgth&E would be
obtained, at the selected location, with the fault removed. Coefficient of grounding may be calculated from
the known impedances of the system and the fault. For this purpose, it is convenient to express the system
impedances in terms of their equivalent symmetrical component impedapc& , Z, and (see Clarke
[B6], and Wagner and Evans [B22]).

As defined above, the coefficient of grounding for a specific location may vary depending on the type
of fault, the fault location, and the impedance in the fault. For the purposes of constructing Figure A.2,
Figure A.3, Figure A.4, Figure A.5, and Figure A.6, the following assumptions were made

a) The coefficient of grounding is to be determined for the same location that the fault is placed.

b) The fault type (single or double phase to ground) is that which produces the highest coefficient of
grounding.

c) The fault impedance, if any, is purely resistive and has that value which produces the highest
coefficient of grounding.

d) The negative sequence impedance of the system at the fault location is equal to the positive sequence
impedanceZ, = Z;) .

For a system with positive, , coefficients of grounding for locations other than the fault location are
generally the same as or lower than the coefficient for the fault location. In exceptional circumstances,
coefficients may be slightly higher at locations where appreciable capacitive zero sequence current flow
through high inductance lines to reach the fault location.

In systems with negativi, , the coefficient of grounding is generally lowest at the fault location and higher
at remote locations. For this reason the usefulness of the coefficient on such systems is limited to systems
in which line impedances are negligibly small.

Given these assumptions and the definition above, the quantities that must be calculated to determine the
coefficient of grounding are tteephase voltageV,,, s , for a phaseandc-phase-to-ground fault and the

b- andc-phase voltages/,,, ;s and, s . foraphase-to-ground fault. These faults and their symmetrical
component-equivalent networks are shown in Figure A.1.

12 Copyright © 2001 IEEE. Al rights reserved.



IEEE
IN ELECTRICAL UTILITY SYSTEMS—PART I: INTRODUCTION Std C62.92.1-2000

v, F = FAULT LOCATION v, F = FAULT LOCATION

3z,

a-PHASE-TO-GROUND FAULT b- andc- PHASE-TO-GROUND FAULT

Figure A.1—Symmetrical component equivalent networks for two fault types
used in calculation

From Clarke [B6], the significant voltages for these faults are given in Equation (A.1), Equation (A.2), and
Equation (A.3):

v v 3Z,(Z,+2Z;) A1)
akte 12,7, +(Z,+Z,)(Zo+ 3Z¢) '
Vo = 3a2ZF — |./3(Z, + aZ,) A2)
LG = T Z,+Z,+2Z,+3Z ‘
v - 3aZF + j./3(Z, + a2Z,) A3)
cLe T N Z,+Z,+2Z,+3Z; '
where
/3
= —0.0+ |—
0.5+ >
Letting Z, = Z,, Z = R and rearranging,
Vo o=V olotORe (A.4)
aLLG = N7, +2Z,+6R: -
__fo”41 [
Vol = f%i o+ Zo n 3R,J] (A.5)

Copyright © 2001 IEEE. All rights reserved. 13
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Zo—Z; [

Vele = Vf%‘_221+zo+3RF[ (A-6)
By the definition of coefficient of grounding,
Z,+ 2R
- /3 %o F_[
CFG, f?’Elzl + 27,7 3R 0 (A7)
_ 102 Zo-Z1
CFG, = ﬁ,% 57T 7 +aRD (A.8)
_ 1 Zo=Zy [
CFG, = [3%_221+Zo+3R,ﬂ (A.9)
In order to eliminate one parameter, it is convenient to divide each impedaixge by
Defining the ratiosR} = R;/X;,Ry = Ry/ X}, Xg = Xo/ X, Re = Re/ X
_ @n (Re*2R)+iXp
CFG, = /35 RTT2R, T 6R. (L4 2K (A.10)
12 (RR)+i(X-1)
CFG, = —m= — — A.11
° [3% (2R + Ry +3Re) + (X o+ 21 (AL
1 (ReR)+jX-1)
CFG, = —=m— —— A.12
S B ER R IR 10T )] (A12)

In Figure A.2, Figure A.3, Figure A.4, Figure A.5 and Figure A.6, the curves were obtained by means of a
digital computer analysis of Equation (A.10), Equation (A.11), and Equation (A.12). In particular, Equation
(A.13), the computer was programmed to find pdtts X', , ) for which

CFG =limitCand 0CFG/0Rr = 0;0or R.>0 0rdCFG/0R-<0 ;R =0 (A.13)

where

CFG is max(CFgG CFG,, CFGQ),
C is a selected limit, for example 80%,

andR'; was fixed at five discrete values between 0 and 2 to produce the five graphs.

The partial derivative was simulated by a discrete differential.

It should be recognized that in some circumstances, the assumptions made in producing these curves will not
be valid and coefficient of grounding may be higher than shown. For example, a capacitive fault impedance
that can be obtained from a ground fault in a capacitor bank could yield a higher coefficient of grounding.
Such cases can be analyzed individually by the use of Equation (A.1), Equation (A.2), and Equation (A.3).

14 Copyright © 2001 IEEE. Al rights reserved.
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NOTE: Parameters value given against each curve indicate limiting value of coefficient of grounding
within area circumscribed by curve. Definitions of grounding class or means is indicated in each area.

Figure A.2—Boundaries for coefficients of grounding for ratio of positive-sequence

resistance R;to positive-sequence reactance
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NOTE: Parameters value given against each curve indicate limiting value of coefficient of grounding
within area circumscribed by curve. Definitions of grounding class or means is indicated in each area.

Figure A.3—Boundaries for coefficients of grounding for ratio of positive-sequence
resistance R; to positive-sequence reactance  X;of 0.2
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NOTE: Parameters value given against each curve indicate limiting value of coefficient of grounding
within area circumscribed by curve. Definitions of grounding class or means is indicated in each area.

Figure A.4—Boundaries for coefficients of grounding for ratio of positive-
sequence resistance R; to positive-sequence reactance  X; of 0.5
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NOTE: Parameters value given against each curve indicate limiting value of coefficient of grounding
within area circumscribed by curve. Definitions of grounding class or means is indicated in each area.

Figure A.5—Boundaries for coefficients of grounding for ratio of positive-sequence
resistance R;to positive-sequence reactance  X;of 1.0
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Figure A.6—Boundaries for coefficients of grounding for ratio of positive-sequence
resistance R;to positive-sequence reactance  X;of 2.0
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Annex B
(informative)
Identity of ground and neutral conductors

In the calculation of the zero-sequence impedance of power transmission lines (see IEEE Std
C62.92.5-1992) and distribution lines (see IEEE Std C62.92.4-1991), it has been a conventional

practice to include simplifying assumptions about the grounding network in order to reduce the
complexity of the calculations.

— The impedance of grounding electrodes, such as ground rods, tower footings, and station ground
grids to remote ground has been assumed to be negligible. Grounded conductors such as multi-

grounded neutrals, cable sheaths, and overhead ground wires are assumed to be perfectly connected
to earth.

— The impedance of the earth-return path has been incorporated into the zero-sequence impedance of
the line conductors so that the earth can be considered an equipotential surface. A consequence of
this assumption is that zero-sequence voltages calculated with respect to local ground are correct;
however, the calculations cannot provide zero-sequence voltage at a given point with respect to

ground at another point; likewise, differences in ground potential between two points cannot be
calculated

Even though computer programs could easily deal with the complexity, these simplifying assumptions
persist to the present day because of the following:

a) The data about the impedance of grounding electrodes is not as readily available as conventional line
impedance data.

b) It is generally believed that the results of ignoring the grounding impedances are conservative, i.e.,

fault studies ignoring grounding impedances will yield the highest fault currents and highest
temporary overvoltages.

c) The distribution of fault currents in the grounding network and differences in ground potential are
generally not considered significant for short-circuit duty and arrester application purposes.

In order to illustrate the significance of these simplifying assumptions, consider the system shown
diagramatically in Figure B.1. This system consists of a three-span transmission line, with overhead ground
wire, linking two substations with transformers whose neutrals are grounded through inductors. (The
overhead ground wire could also represent the multigrounded neutral conductor of a distribution line.)

Figure B.1—Diagram of transmission line and substations

20 Copyright © 2001 IEEE. Al rights reserved.
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Figure B.2 shows the conventional zero-sequence impedance diagram for this system, assuming fully
transposed phase conductors. Note that only the zero sequence impedance of the line, the transformers and
the neutral inductors are specifically represented. The effect of the ground or multi-grounded neutral
conductor and the impedance of the earth-return path are incorporated into the vgjuemnd Ao not

appear directly.

Figure B.2—Conventional simplified zero-sequence network

Figure B.3 shows an expanded version of Figure B.2 in which the identity of the overhead neutral conductor
has been retained in the zero-sequence network. Note that only two towers are shown in Figure B.3; most
lines would have many more towers. Retaining the identity of the neutral conductor and towers permits
separate evaluation of phase-to-neutral and phase-to-ground voltages and fault currents at a particular
location. For a phase-to-ground faljt3 enters the network gtand exits at p; for a phase-to-neutral fault,

I/ 3 enters at n and exits at p. The only information lost by this representation is the difference of earth
potential between earth points.

Zo Zo P Zo
IV IV Y L__g /Y YV
3Z,h- /L32ph-n 13th-n
Xot 1 phn n Xot
3Znn 3Znn 3Znn

3X, 3Xn
3R; 3R;
9
NOTE—

Rgg is the substation ground mat resistance to ground
R; is the tower footing or pole ground resistance to ground

Z, is the zero-sequence self-impedance of line section between two towers, ignoring neutral
conductor

Z,, is the self-impedance, with earth return, of neutral conductor section between two
towers

Zpp.p is the average mutual impedance, with earth return, from phase conductors to neutral
conductor

Figure B.3—Zero-sequence network with OHGW retained
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Techniques for calculation ofpZZ,,, and Zy,., are provided in Anderson [B1], Clarke [B6], and Wagner
and Evans [B22].

Calculation methods for 3 and R are presented in IEEE Std 80-2000.

The method of calculating line impedances with earth return, as presented in Anderson [B1], Clarke [B6],
and Wagner and Evans [B22], and most other texts, is based on the work of John R. Carson [B4]. In Carson'’s
work, the impedance of the earth-return path is incorporated into the calculated impedance for the line and
equivalent circuits. Carson’s formulations do not give differences in potential between ground points.

ZO 'SZg Zo '329 p ZO '3Zg

Y'Y YN Y YY
r1\:3)2;;h.n'32g r]\?th-n':SZg 13th.n'32g

XOt _/WY\__NW\_Q_/'YW\_ XOt

32,324 3Zp-3Lg 3Zp-3Zg
£) K)
§ R ; 3R
3Rgg 3Rgg

3Z4 3Z,
Y YV Y g

Figure B.4—Zero-sequence impedance diagram with earth-return impedance

Clarke [B6], using the work of Rudenberg [B21], provides a method of separating the impedance of the
earth-return path from the impedance of the line. Figure B.4 shows a detailed zero-sequence diagram based
on the model proposed by Clarke. Note that the substation ground-grid resistagcte ®wer footing
resistances, {Rthe overhead ground wire, n, and the earth-return impedageeare all specifically
represented.

_ f . f D
Zy = 0.0592&)+ 10.17366—O Oogs, h ohms/km
where
f is the frequency in Hz,
pis theearth resistivity in meter-ohms,

Deis 658.404/p/ f in meters,

h is the average conductor height in meters.
The zero-sequence parameterg,aRd X, calculated from Figure B.3 or Figure B.4 for a phase-to-tower
fault (terminals p-n) may be significantly different from those for a phase-to-ground fault (terminals p-g).

Likewise, the zero-sequence voltage seen by a piece of equipment connected from phase to the tower (p-n)
may be different from those seen phase to ground (p-g).
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The curves of Annex A show how the coefficient of grounding increases rapidlyyfo€ (R 1. Since the
inclusion of Ry and R tends to increasegRdetailed representation of a line may be necessary to establish
accurate maximum values of the coefficient of grounding.

A recent paper, Mancao, Burke, and Myers [B19], which uses a three-phase analysis program with complete

representation of the neutral conductor and grounding impedances, suggests that temporary overvoltages on
distribution systems may be significantly higher when grounding impedances are represented.
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Annex C

(informative)
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